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Abstract

Background X chromosome inactivation (XCl) is a critical epigenetic event for dosage compensation of X-linked
genes in female mammals, ensuring developmental stability. A robust in vitro model is required for mimicking XCl
during the early stages of embryonic development. This methodology article introduces an advanced framework

for the in-depth study of XCl using human pluripotent stem cells (hPSCs). By focusing on the transition between naive
and primed pluripotent states, we highlight the role of long non-coding RNA X-inactive specific transcript (X/ST)

and epigenetic alterations in mediating XCl.

Results Our methodology enables the distinction between naive and primed hESCs based on XIST expression

and the activity of X-linked reporters, facilitating the investigation of XCl initiation and maintenance. Through detailed
experimental procedures, we demonstrate the utility of our hESC lines in modeling the process of human XCl, includ-
ing the establishment of conditions for random XCl induction and the analysis of X chromosome reactivation.

Methods The study outlines a comprehensive approach for characterizing the X chromosome status in hPSCs,
employing dual fluorescent reporter hESC lines. These reporter lines enable real-time tracking of XCl dynamics
through differentiation processes. We detailed protocols for the induction of X chromosome reactivation and inacti-
vation, as well as the X status characterization methods including cultivation of hESCs, flow cytometric analysis, RNA
fluorescence in situ hybridization (FISH), and transcriptome sequencing, providing a step-by-step guide for research-
ers to investigate XCI mechanisms in vitro.

Conclusions This article provides a detailed, reproducible methodology for studying XCl mechanisms in vitro,
employing hPSCs as a model system. It presents a significant advance in our ability to investigate XCl, offering poten-
tial applications in developmental biology, disease modeling, and regenerative medicine. By facilitating the study

of XCl dynamics, this methodological framework paves the way for deeper understanding and manipulation of this
fundamental biological process.
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Background

XCl is a critical epigenetic event during early embryonic
development in female mammals. This process involves
the coordinated regulation of multiple genes at the tran-
scriptional and epigenetic levels, leading to the random
inactivation of one X chromosome and achieving dosage
compensation for X-linked traits. The proper initiation,
completion, and maintenance of XCI play crucial roles
in embryonic development. Deviations from normal XCI
processes can result in various XCl-related abnormali-
ties, such as abnormal gene expression, skewed allelic
inactivation, somatic reactivation of the X chromosome,
and non-integer ploidy of sex chromosomes [1]. Cur-
rently, XCI is known to be regulated by XIST. In the ini-
tiation phase, XIST RNA envelops the X chromosome,
recruits the polycomb repressive complexes (PRC1 and
PRC2) [2-6], and associates with them, leading to the
enrichment of ubiquitination of histone H2A [7, 8] and
trimethylation at lysine 27 of histone 3 (H3K27Me3) [9].
The inactivated X chromosome then accumulates in the
nucleolus, with histone H2A replaced by various mac-
roH2A variants. Finally, promoter regions of the X chro-
mosome undergo extensive methylation, resulting in the
silencing of genes across the entire X chromosome [10,
11].

Over the past six decades of XCI research, most find-
ings and conclusions have been derived from studies uti-
lizing mice as the primary research model. However, the
mechanisms governing XCI in mice may represent just
one of several ways mammals regulate X chromosome
dosage. In the 4-8 cell stage of female mouse embryos,
the paternal X chromosome undergoes imprinted inacti-
vation, persisting specifically in the trophectoderm cells
of the extraembryonic tissue [12, 13]. Upon embryonic
development to the blastocyst stage, inner cell mass cells
reactivate both X chromosomes, erasing the Xist RNA
coating and H3K27Me3 modification. Subsequently, dur-
ing the embryo implantation stage, epiblast cells express
Xist and initiate the random inactivation of one X chro-
mosome. Mouse embryonic stem cells (mESCs) derived
from the pre-implantation epiblasts maintain a naive
pluripotent state. These cells possess two active X chro-
mosomes, lack Xist expression, and can achieve random
XCI upon differentiation [14, 15]. Therefore, both mouse
pre-implantation epiblast and mESCs represent a state
before XCI (pre-XCI), characterized by the absence of
Xist expression.

In contrast to mice, no process of imprinted inactiva-
tion has been observed during early embryonic develop-
ment in human female embryos. In the inner cell mass,
both X chromosomes remain in an active state, with
biallelic expression of XIST [16, 17]. Following implan-
tation, one of the two X chromosomes undergo random
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inactivation [18]. In vitro, primed pluripotent human
embryonic stem cells (hESCs) or human-induced pluri-
potent stem cells (hiPSCs) have mostly undergone XCI
(post-XCI), and the X chromosome state is unstable [19—
22]. Based on their X chromosome status, hPSCs were
categorized into three classes [10]. Class I primed hPSCs
obtain two active Xs with no XIST expression. Class II
and III hPSCs both have undergone XCI. The inactive X
of Class II primed hPSCs is coated with XIST, whereas
almost no expression of XIST in Class III primed hPSCs,
leading to exposing of the original inactive regions [10].
More importantly, the X chromosome state continues
to be maintained post-differentiation [23-25]. Therefore,
primed hPSCs cannot serve as suitable cellular models
for studying XCI. Recently naive hESCs were established
[26-34], some of which have demonstrated the reacti-
vation of both X chromosomes [35-37]. However, most
of these cells express XIST on only one X chromosome,
inconsistent with the X chromosome state of human
pre-implantation inner cell mass. Furthermore, these
cells mostly fail to achieve random XCI post-differen-
tiation [36, 38]. In our previous work, utilizing human
embryonic stem cell lines carrying a tandem fluorescent
reporter system for X chromosomes, we established naive
hESCs with transcriptomes and X chromosome states
consistent with human pre-implantation early embryos.
Moreover, through staged differentiation, we success-
fully simulated the process of random XCI in vitro [39].
This paper provides a detailed description of the research
methodology for in vitro modeling of human XCI.

Results

X chromosome status of conventional cultured primed
hESCs

To dynamically monitor the X chromosome status
of female hESCs, we utilized four primed pluripo-
tent human embryonic stem cell lines, WIBR3MST and
WIBR2MST with their original wildtype (WT) hESCs
(WIBR3 and WIBR2). Both primed WIBR3MST and
WIBR2MET featured a dual fluorescent reporter system
on the X chromosome [38]. Through TALEN gene edit-
ing technology, GFP and tdTomato fluorescent reporter
genes were individually inserted downstream of both
alleles of the X chromosome gene MECP2 in WIBR3
and WIBR2 hESCs with primed pluripotency, establish-
ing the WIBR3MST and WIBR2MST cell lines [38-40]
(Fig. 1A). In our previous work, we demonstrated that
post-XCI primed WIBR3MST and WIBR2MST hESCs
exhibited X-linked GFP-positive and tdTomato-negative
status (single GFP positive, SG), while their pre-XCI
primed hESCs were double positive (tdTomato and GFP
positive, TG) (Fig. 1B, C) [39]. The following results took
WIBR3MET as an example. The transcripts of XIST and
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X-linked ATRX were stained by RNA FISH method, and
co-stained with immunofluorescence of H3K27Me3.
A punctate signal of ATRX could be detected in each
nucleus of all cells (Fig. 1D), indicating that these con-
ventional cultured primed hESCs contain an activated X
chromosome. Approximately 20% of primed WIBR3MSET
hESCs detected colocalization of XIST cloud-like signal
and H3K27Me3 signal in one cell nucleus (Fig. 1D). This
shows that primed WIBR3MST hESCs have undergone
XCI, and most cells have lost the ability to express XIST.
We selected 4 single-nucleotide polymorphism (SNPs)
on the X chromosome [40] (Fig. 1E). The cDNA sequenc-
ing results of reverse-transcribed mRNA showed that
SNPs signals could only be detected on the GFP-labeled
activated X chromosome (Fig. 1E).

X chromosome status of t5iLA naive hESCs

We applied the t5iLA naive pluripotency induction sys-
tem [34, 38] to establish naive pluripotent embryonic
stem cell lines. The following results took WIBR3MGT
t5iLA naive hESCs as an example. During the reset-
ting, we observed two significantly different popula-
tions of double-positive cells: one group of cells with

low expression of tdTomato (LT) and another group
with high expression of tdTomato (HT) (Fig. 2A, B). For
the WT t5iLA naive hESCs, we usually distinguished
HT and LT cells based on their morphology, which HT
naive cells exhibited more dome-shaped, whereas LT
cells were more flat (Fig. 2C).

X chromosome status of sorted WIBR3MST HT and LT naive
hESCs

The results of RNA-FISH showed that both HT and LT
naive hESCs expressed ATRX and XACT on both X
chromosomes. HT cells expressed biallelic XIST, while
LT cells expressed monoallelic expression (Fig. 2D).
The results of principal component analysis (PCA)
showed that t5iLA HT naive hESCs were separated to
primed hESCs, while LT naive hESCs were between
HT naive and primed hESCs (Fig. 2E). By analyzing
the SNPs sites on the X chromosome, it was found that
after t5iLA induction, SNPs signals spanning the entire
chromosome can be detected on both X chromosomes
of HT and LT cells (Fig. 2F), further confirming that the
two X chromosomes are active.
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Fig. 2 Characterization of X Status of t5iLA naive hESCs. A Phase contrast and fluorescence images of WIBR3M®T HT and LT t5iLA and WT naive
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Detection of XCl in t5iLA naive hESCs through teratoma
formation in vivo

We induced differentiation by subcutaneously inject-
ing t5iLA HT naive hESCs into NOD mice (Fig. 3A).
The formed teratomas were identified by immunohis-
tochemistry and could significantly distinguish cells of
the three germ layer lineages, thus proving the differen-
tiation potential of t5iLA HT naive hESCs (Fig. 3A). The
isolated teratomas were then digested into single cells,
and flow cytometry analysis revealed that 80% of the
cells expressed only one fluorescent reporter gene on the
X chromosome and both single GFP (SG) or tdTomato
(ST) positive cells were detected, whereas the proportion
of SG and ST cells was unbalanced (Fig. 3B). Next, we
detected the X status of teratoma cells through XIST and
ATRX RNA FISH and H3K27Me3 immunofluorescence
co-staining. Among them, both most cells have monoal-
lelic expression of XIST on the X chromosome and co-
localize with enriched H3K27Me3, while a single ATRX
signal is separated from it, confirming that these two
groups of cells exhibit a complete XCI state. In contrast, a

small proportion of cells only had two ATRX signals and
no XIST expression or H3K27Me3 enrichment (Fig. 3C),
indicating that after teratoma formation, most cells
underwent XCI, and each chromosome has a chance to
be selected to be inactive or remain active. The failure of
a small proportion of cells to complete XCI may be due to
differentiation that differs from development in vivo.

Detection of XCl in t5iLA naive hESCs through re-priming

in vitro

Previous studies have shown that after mESCs (naive
pluripotency) differentiate into mEpiSCs (mouse epiblast
stem cells, mEpiSCs, primed pluripotency), all cells will
undergo XCI [41]. The following results took WIBR3MST
t5iLA naive hESCs as an example. We transferred
WIBR3MET t5iL A HT naive hESCs back into the primed
pluripotent culture system to induce differentiation (re-
priming). It was found that after 5 days of differentiation,
we detected SG, ST, and TG re-primed hESCs (Fig. 4A,
B). The results of RNA FISH showed that about half of
the re-primed hESCs displayed a co-localized signal of
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ATRX and XACT in each nucleus, and a separate XIST
signal (Fig. 4C), indicating that these cells completed
XCIL. However, the other half of the re-primed hESCs
possess two co-localization signals of ATRX and XACT,
and neither the expression of XIST nor the enrichment
of H3K27Me3 was detected (Fig. 4C, D), indicating that
the two X chromosomes are still activated. The SNPs sig-
nal analysis results showed that the X-linkedSNP signals
of the two FACs sorted post-XCI primed hESCs closely
corresponded to the activities of the reporter genes they
carried, indicating that the entire X chromosome was

completely silenced after differentiation (Fig. 4E). In con-
trast, the sorted TG primed hESCs have SNPs signals
covering the entire chromosome on both X chromo-
somes (Fig. 4D).

Random XCI through embryoid body differentiation

into fibroblasts

We differentiated pre-XCI re-primed hESCs into fibro-
blasts by forming embryoid bodies (EBs) (Fig. 5A). Typi-
cally, the fibroblasts grow out of the attached EBs after
two days (Fig. 5A). The results of flow cytometry analysis
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of three biological replicates showed that all fibroblasts
were single positive, and the proportions of ST and SG
fibroblasts were similar, indicating that after this differ-
entiation process, cells underwent almost completely
random XCI (Fig. 5B). Furthermore, the results of RNA
FISH of XIST and immunofluorescence co-staining of
H3K27Me3 showed that all ST and SG fibroblasts exhib-
ited co-localization of XIST and H3K27Me3 signals on a
single inactivated X chromosome (Fig. 5C). Using RNA-
Seq data of SG and ST fibroblasts, by analyzing SNPs
across the X chromosome, it was found that in the two
cells, corresponding SNP signals were only detected on
the X chromosome activated by the fluorescent reporter
gene, while the inactivated X chromosome was complete
silenced (Fig. 5D).

Discussion

Most hESCs, derived from pre-implantation blastocysts,
exhibit post-implantation epiblast molecular properties
with XCI characteristics, hindering their utility in study-
ing human X chromosome repression events [18]. Recent
advancements in culture conditions have enabled the
reversion of primed hESCs to a naive pluripotent state
for modeling pre-implantation development, revealing
heterogeneity in XCI among naive hESC populations
[36, 37]. Two subpopulations, HT and LT, displayed dis-
tinct X chromosome activities, reminiscent of human
pre-implantation epiblasts [17, 37]. HT cells exhibited
bi-allelic XIST expression, in contrast to mono-allelic

expression in LT cells. Despite previous reports, re-
priming of HT naive hESCs resulted in XCI in 60% of
cells in vitro and in vivo, and single GFP and tdTomato
positive cells were both detected, whereas the propor-
tions of these two types of cells were unbalanced. These
findings challenged the existing understandings [36, 38].
In vitro differentiation protocols significantly impacted
XCI outcomes, suggesting unknown mechanisms at play.
The nascent field of human naive pluripotency, while
advancing reprogramming techniques, faces the chal-
lenge of benchmarking against in vitro-generated human
embryos [42]. The study’s workflow offers insights into
refining culture conditions for maintaining homogene-
ous naive pluripotency, a crucial step in modeling early
human development. The asynchronous establishment of
XCI in humans, accommodated by primed pluripotency
in vitro, underscores the need for further investigation
into the in vivo relevance of these findings [43]. The pro-
posed reporter system holds promise in shedding light on
the intricate dynamics of human XCI.

Conclusions

The establishment of naive hESCs and their successful
modeling of XCI through various methodologies, includ-
ing teratoma formation in vivo and stepwise differen-
tiation in vitro, represent X status during early embryo
development. The observed heterogeneity in XCI out-
comes among naive hESC subpopulations, along with
the proposed reporter system’s potential, highlights the
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evolving landscape of naive pluripotency research and
emphasizes the need for further exploration of in vivo
implications.

Methods

Workflow of monitoring human XCl in vitro

This study provides a comprehensive set of protocols for
simulating human XCI in vitro using pluripotent stem
cells (Fig. 6). The workflow is divided into two main
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parts: inducing X chromosome reactivation and inacti-
vation. The assays for inducing to reactivate the X chro-
mosome includes the establishment of human naive
pluripotency and cultivation of hPSCs; the assays for
inducing XCI includes re-priming, teratoma formation,
EB formation, and fibroblast culture. The detailed meth-
ods for each type of cell culture and cell state transition
were described below. As it is necessary to characterize
the X chromosome status of the cells obtained at every
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step of the above research workflow. We also detailed the
characterization methods, which primarily include flow
cytometry analysis or sorting, RNA-FISH, and analysis of
X status based on RNA-seq data. The detailed methods
for each technical approach are introduced in the follow-
ing sections.

Induction of X chromosome reactivation

Establishment of human naive pluripotency

We followed the t5iLA naive resetting procedure based
on our previous work. The culture medium and relevant
biological reagents used in the experiments are detailed
in Additional file: Table S1, and the recipes of media are
listed in Additional file: Table S2.

Primed hESCs were first dissociated into single cells
using Accutase. After 5 min, the cells were resuspended
in E8 medium supplemented with Y27632 (10 pM) and
counted. After centrifugation at 800 rpm for 5 min,
the supernatant was removed. Cells were resuspended
in human embryonic stem cells media (HESM) sup-
plemented with Y27632 (10 uM) and plated on a pre-
seeded feeder layer. Approximately 3-5x10° cells were
plated per well in a six-well plate (exact cell numbers
varied depending on the tolerance of different cell lines
to the naive culture medium). The cells were cultured at
377C, 5% O,, 5% CO,. After 1 to 2 days of recovery, the
medium was switched to t5iLA medium [34]. Significant
cell death may be observed at the initiation of induction.
Fresh medium was replaced daily. Typically, after the
third passage, WIBR3MST and WIBR2MST naive colo-
nies could be enriched through fluorescence-activated
cell sorting. Naive hESCs were passaged every 3 to 5 days
using Accutase for single-cell dissociation.

Cultivation of hPSCs

Primed or re-primed hPSCs were cultured on Matrigel at
37 °C, 5% CO, using commercialized E8 medium. Cells
were passaged at a ratio of 1:3 to 1:6 every 3-5 days.
For passaging in a 6-well plate, cells were washed once
with Ca®*- and Mg?**-free DPBS, then 1 mL of warmed
0.5 mM EDTA was added per well and incubated at 37 °C
for 5 min. Subsequently, after gentle removal of EDTA,
1-2 mL of fresh E8 medium was added. The cells were
then dissociated by gently pipetting 3-5 times with a
5-mL pipette to ensure complete detachment. The cells
were transferred to a 15-mL centrifuge tube, then cen-
trifuged at 600 rpm for 5 min. Following centrifugation,
the supernatant was carefully aspirated, and fresh E8
medium was added. Subsequently, the cells were seeded
onto Matrigel pre-coated dishes and allowed to adhere
for a minimum of 1 h prior to daily media replacement.
The culture medium was detailed in the Additional file:
Table S2.

Page 8 of 12

Induction of X chromosome inactivation

Re-priming of naive hPSCs in vitro

For naive-to-primed pluripotency differentiation (rep-
riming), naive hESCs were digested with Accutase and
counted. Subsequently, 5x10° cells were plated in each
well of a six-well plate and reseeded onto a feeder layer.
The medium directly used was HESM supplemented
with Y27632. The next day, Y27632 was removed, and
the medium was replaced. After 5 days of induction,
re-primed hESCs were washed once with pre-warmed
DMEM/F12. Each well was then treated with 1 mL
of 1 mg/mL Collagenase Type IV for digestion. After
20 min, the edges of flattened re-primed hESC clones
curled up visibly. Cells were scraped oft the culture
plate using a cell scraper, transferred to a 15-mL centri-
fuge tube, and allowed to settle by gravity. After 5 min,
the supernatant was carefully removed, leaving approxi-
mately 1 mL of cell suspension. Subsequently, 4 mL of
HESM was added for resuspension, followed by a fur-
ther 5-min incubation. After removing the supernatant,
cells were resuspended in E8 medium supplemented with
Y27632 and seeded onto Matrigel for expansion.

Teratoma formation in vivo

To promote teratoma formation and differentiation, we
resuspended digested WIBR3MST naive hESCs in 250
uL of Matrigel at 4 °C. Subsequently, 1.0x 10° cells were
injected on opposite sides of the dorsal region of each
immunodeficient mouse. Approximately 8 weeks later,
when teratomas reached a diameter of 3 ¢cm, mice were
euthanized. Each isolated teratoma was cut into two
halves. Then half of each terotoma was fixed in formalin,
embedded in paraffin, and sectioned. Prepared sections
were stained with hematoxylin and eosin for observa-
tion under a microscope, enabling the discrimination of
three germ layers. The remaining half of each teratoma
was immediately digested with 0.25% Trypsin—EDTA for
5 min, followed by flow cytometric analysis. The cell pro-
cessing method for flow cytometric analysis is referenced
from section above.

Embryoid body formation and differentiation into fibroblasts
To differentiate into fibroblasts using embryoid body
differentiation, Class I re-primed hESCs were digested
into single cells using Accutase. After centrifugation at
800 rpm for 5 min, hESCs were resuspended in fibro-
blast culture medium (Additional file: Table S3) supple-
mented with 10 uM Y27632. The amount of resuspension
medium was calculated based on a ratio of 5x10° Class
I re-primed hESCs per 30 pL, containing added Y27632.
Subsequently, 30 pL drops were evenly pipetted onto
the lids of 100-mm culture dishes. Next, 15 mL of fibro-
blast culture medium was added to the dishes, and the
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prepared lids were carefully inverted onto the dishes.
After 5 days, multiple embryoid bodies formed in each
droplet. The entire content was washed down with fibro-
blast culture medium and seeded onto a new 100-mm
culture dish pre-coated with gelatin. Fresh medium was
exchanged every 2 days, and the entire differentiation
process lasted approximately 3 to 5 days.

Major characterization methods for X chromosome status
Flow cytometric analysis and sorting

Cells were analyzed when confluency reached at least
50%. Cells were washed once with DPBS, followed by the
addition of 1 mL of pre-warmed Accutase, with subse-
quent incubation at 37 °C for 5 min. Then gentle pipet-
ting with a 1-mL pipette was employed, followed by the
addition of 2 mL of E8 or t5iLA medium supplemented
with 10 uM Y27632. Upon thorough mixing and removal
of cell clumbs, the cells were passed through a 40-pm fil-
ter to obtain a homohenous single-cell suspension. This
suspension was then transferred to a 15-mL centrifuge
tube, centrifuged at 800 rpm for 3 min, and the superna-
tant was carefully decanted. Subsequently, the cell pel-
let was resuspended in 0.5-1 mL of DPBS containing
5% FBS and maintained on ice. The resulting digested
single-cell suspension underwent analysis using the LSR
II SORP flow cytometer (Beckton-Dickinson). Excita-
tion was achieved using a yellow/green laser (561 nm, 25
mW), while detection utilized a 610/20 bandpass filter
for Cy3. Additionally, a blue laser (Sapphire Solid State
488 nm, 100 mW) was utilized for excitation, with detec-
tion employing a 525/50 bandpass filter for Green Fluo-
rescent Protein (GFP). Flow cytometry data analysis was
conducted using Flowjo software (v10.0.7).

Preparation of RNA-FISH probes

This study utilized a reported RNA FISH probe prepa-
ration method [44]. The homemade XIST probe was
derived from the first exon of the XIST gene (GenBank
U80460: 61251-69449), while the XACT probe was
derived from the BAC integrating XACT (RP11-35D3,
BACPAC). Both XIST and XACT DNA probes were
labeled with Cy3-dUTP or FITC-dUTP using the Nick
Translation Kit. The reaction system is listed in Addi-
tional file: Table S3.

We added 2 pg XIST and XACT DNA in the above
reaction system, and underwent a 2 h reaction at 15 °C
in a PCR instrument, followed by a 15-min reaction at
65 °C. Subsequently, 2 pg (2 pL) Cot-1 DNA and 40 pg
(4 pL) of fish sperm DNA were added to each reaction
system, followed by the addition of 1/10 volume of 2.6 pL
Na-Acetate and 52 pL of ethanol. The mixture was then
cooled at — 20 °C for 30 min, followed by centrifugation at
16,000 g, 4 °C for 30 min. The supernatant was removed,
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and the precipitated probe DNA was air-dried. The probe
was dissolved in hybridization buffer using 100 pL to
achieve a final concentration of 20 ng/pL. Finally, the
probe was aliquoted, protected from light, and stored
at—20 °C. The ATRX RNA-FISH probe was purchased
from Stellaris.

RNA-FISH

This study employed a well-established RNA FISH
method [44]. Firstly, 75% ethanol immersed glass cover-
slips were placed in a culture dish and coated with feeder
cells or Matrigel. Naive, primed or re-primed hESCs, ter-
atoma cells as well as fibroblasts, were passaged at least
three generations in vitro before detection. After aspirat-
ing the supernatant, cells were washed once with DPBS
and then digested with Accutase to single cells, which
were then seeded onto feeder cells or Matrigel-coated
plates.

Once cell confluence reached above 60%, the superna-
tant was removed, and the cells were air-dried for 5 min.
Subsequently, cold DPBS was added and allowed to stand
for 5 min. After removal, cold CSK-T was added for a
3-min membrane permeabilization treatment. Then, the
supernatant was aspirated, and 4% paraformaldehyde
was added for a 10-min fixation. The coverslip with cells
was picked up using a syringe needle, sequentially soaked
in 70%-80%-90%-100% ethanol for 5 min each during
dehydration, and the probes were denatured at 80 °C for
10 min during this period. The coverslip was then rapidly
transferred to a pre-heated 42 °C hybridization cham-
ber, and pre-annealed for 5 to 60 min (exact time deter-
mined by the required dehydration time). Meanwhile,
the hybridization reaction container was prepared. A
100-mm culture dish was prepared, three layers of DEPC
water-soaked paper towels were placed on the dish, and
the sealed film was placed on the paper towels.

After dehydration, the coverslip with cells was air-
dried. Then, approximately 100 uL of hybridization fluid
containing the probe was added dropwise to the sealed
film, and the coverslip with cells was inverted onto the
hybridization buffer. The 100-mm culture dish was
tightly sealed with the sealed film. Then, it was placed in
a hybridization oven preheated to 42 °C for 12 to 16 h.

Before collecting the coverslip after hybridiza-
tion, 2XSSC-50% formamide and 2XSSC were pre-
heated to 45 °C. The coverslip was taken out, washed
three times with 2XxSSC-50% formamide, and then
washed three times with 2xSSC, each time for 5 min.
Finally, approximately 10 uL of DAPI-containing anti-
quenching mounting solution was added to the slide.
The coverslip with cells was then placed on the mount-
ing solution. After drying, images were captured using
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a Leica TCS SP8 laser confocal microscope, equipped
with various filters for DAPI, Cy3, Cy5, and FITC.

RNA-seq for identifying X chromosome status

To prepare RNA-Seq samples, 1.0 X 10° naive or primed
hESCs were treated with Trizol to extract total RNA.
Paired-end sequencing reactions with 150-bp reads
were performed on an Illumina X Ten sequencer. All
sequencing data were aligned to the UCSC human
genome annotation (hgl9) using Hisat2 (2.1.0) and
Cufllinks (2.2.1) software under default settings. Reads
with FPKM (fragments per kilobase of transcript per
million mapped reads) values not less than 1 and with
unique genome positions were used in subsequent
analyses. Principal component analysis and clustering
analysis were performed using prcomp and pheatmap
in R, respectively.

The SNP annotation file (dAbSNP151) was used to iden-
tify X chromosome allelic-specific expression. Addition-
ally, SNP sites used in the analysis were detected in at
least one sample. Based on previous research on human
pre-implantation embryos [17], the analysis method
for overall expression levels of X chromosome genes
involved a sliding window of 50 genes, and the selected
genes had FPKM values not less than 1 in all samples.
Previous RNA-FISH and RNA-seq analyses confirmed
that HT naive hESCs exhibited activation of both X chro-
mosomes with biallelic expression of XIST, consistent
with the X chromosome status of the human pre-implan-
tation epiblast. In contrast, LT naive hESCs, although
also exhibiting biallelic activation of both X chromo-
somes, expressed XIST on only one X chromosome.
Consequently, HT naive hESCs were used for subsequent
simulation of human XCI.

Immunofluorescence staining

Following DPBS washing, cells underwent membrane
permeabilization using CSK-T, followed by fixation with
4% paraformaldehyde. Blocking solution was applied for
20 min. Primary antibodies (1:500) diluted in FBS were
added, and the cells were incubated overnight at 4°C.
After three 5-min washes with washing solution, second-
ary antibodies (1:1000) were added, and cells were incu-
bated at 37°C in the dark for 1 h. Subsequently, cells were
washed three times for 5 min each with washing solu-
tion. Finally, cells were mounted using anti-fade mount-
ing medium with DAPI. Images were captured using a
Leica TCS Sp8 laser scanning confocal microscope, and
data were processed using Image] (1.47 V) software. For
a comprehensive list of antibodies, see Additional file:
Table S4.
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Identification of dedfined X-linked SNPs

In this study, the genomic information obtained from
WIBR3 hESCs, as detected by the Affymetrix human
SNP array 6.0, was analyzed [40]. The array intensity
data and SNP information were extracted using Affy-
metrix Genotyping Console (v4.20) software. Cell sam-
ples were lysed, and total RNA was extracted using
Trizol. cDNA was synthesized using the TransScript
One-Step gDNA Removal and cDNA Synthesis Super-
Mix kit. Subsequently, approximately 500-bp fragments
containing SNP sites were amplified using AccuPrime
Taq DNA polymerase. The PCR products were then
ligated to the T vector using the pEASY-T1 Clon-
ing Kit, followed by transformation into DH5a E. coli
on plates. After 16 h, 15 to 20 individual clones were
selected and sequenced. By calculating the number of
different clones, the distinct genotypes of SNPs in naive
and primed hESCs were determined.

Abbreviations
FISH Fluorescence in situ hybridization

FPKM Fragments per kilobase of transcript per million mapped reads
H3K27Me3  Trimethylation of lysine 27 on histone 3
hESCs Human embryonic stem cells

hiPSCs Human induced pluripotent stem cells
hPSCs Human pluripotent stem cells

HT High expression of tdTomato

LT Low expression of tdTomato

mEpiSCs Mouse epiblast stem cells

mESCs Mouse embryonic stem cells

PCA Principal component analysis

PRC Polycomb repressive complex

SG Single GFP positive

SNP Single-nucleotide polymorphism

ST Single tdTomato positive

TG TdTomato and GFP double positive

WT Wildtype

Xcl X Chromosome inactivation
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