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SUMMARY
Primed and naive human embryonic stem cells (hESCs) do not fully recapitulate the X chromosome status
observed in human preimplantation epiblast and fail to initiate random X chromosome inactivation (XCI)
upon differentiation. Therefore, an ideal system for studying XCI during early human development is yet to
be established. We show that incomplete blocking of autocrine fibroblast growth factor 2 (FGF2) signaling
in naive hESCs drives significant heterogeneity in X chromosome and pluripotency status. We derived homo-
zygous XaXa naive hESCswith dual allelic XIST expression and high levels of TFCP2L1, whose transcriptome
and X chromosome states are similar to human preimplantation epiblast. Random XCI was initiated upon
naive-to-primed conversion of these cells, and both pre- and post-XCI primed hESCs were obtained.
We observed random XCI in all cells upon further differentiation of pre-XCI primed hESCs. Together, these
findings enable derivation of homogeneous naive hESCs and establish a powerful platform to study
human XCI.
INTRODUCTION

X chromosome inactivation (XCI) is an important epigenetic

event during early development of female mammals. One of

the two X chromosomes is randomly inactivated to ensure that

gene expression level is consistent between XX and XY individ-

uals, and XCI failure is usually lethal (Disteche, 2016). The pro-

cess of XCI has been extensively studied in mice. Random XCI

is initiated in the epiblast lineage at the implantation stage,

generating an active X chromosome (Xa) and an inactive X chro-

mosome (Xi). Xist, a long non-coding RNA encoded on the X

chromosome, coats the X chromosome and recruits multiple

proteins involved in chromatin remodeling and nuclear organiza-

tion to form Xi (Escamilla-Del-Arenal et al., 2011; Gendrel and

Heard, 2011; Lee and Bartolomei, 2013; Lessing et al., 2013;

Plath et al., 2002; Sahakyan et al., 2018). Representing the naive

pluripotency of preimplantation epiblast (Nichols and Smith,

2009), female mouse embryonic stem cells (mESCs) serve as a

powerful model system to study XCI mechanism because they

have two active X chromosomes that are Xist negative

(XaXIST�XaXIST�). Upon differentiation, they upregulate Xist on

one X chromosome and undergo random XCI (Chen et al.,

2016; Pintacuda and Cerase, 2015).
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The X status in human preimplantation embryos is dramati-

cally different from mouse. In the inner cell mass (ICM) of hu-

man preimplantation blastocysts, both X chromosomes remain

active with bi-allelic expression of XIST (Okamoto et al., 2011;

Petropoulos et al., 2016). The detailed characterization of hu-

man XCI remains elusive due to the lack of proper models.

Different from the naive pluripotency of mESCs, human embry-

onic stem cells (hESCs) are in the primed pluripotency state,

which is similar to the postimplantation epiblast (Escamilla-

Del-Arenal et al., 2011; Nichols and Smith, 2009). Based on

the XCI status, primed hESCs are categorized into three clas-

ses (Shen et al., 2008; Silva et al., 2008). Class I hESCs have

two active X chromosomes and no XIST expression

(XaXIST�XaXIST�) and can be derived under 5% O2 (Lengner

et al., 2010). hESCs at this state are difficult to derive and main-

tain, and most female hESC lines have undergone XCI and

have one XIST-coated Xi and one Xa (XaXIST�XiXIST+), catego-
rized as class II. Moreover, during in vitro culture, the Xi grad-

ually loses the ability to express XIST, followed by the erosion

of previously silenced X-link genes (Xe). These hESCs

(XaXIST�XeXIST�) are classified as class III, and they cannot re-

express XIST upon differentiation (Mekhoubad et al., 2012; Na-

zor et al., 2012; Vallot et al., 2015). Due to the instability and
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heterogeneity of X chromosome status, primed hESC is not an

idea model for studying human XCI.

Recently, multiple groups reported the derivation of naive

hESCs, which resemble mouse embryonic stem cells (mESCs)

to various degrees in terms of morphology, transcriptome, and

epigenomic features (Carter et al., 2016; Chan et al., 2013;

Chen et al., 2015; Duggal et al., 2015; Gafni et al., 2013; Guo

et al., 2016; Hanna et al., 2010; Qin et al., 2016; Takashima

et al., 2014; Theunissen et al., 2014; Ware et al., 2014). Among

different culture systems, the naive hESCs cultured in 5iLA and

2iLGö systems are alike and more similar to the epiblast of

mouse, monkey, and human preimplantation embryos (Collier

and Rugg-Gunn, 2018; Nakamura et al., 2016; Stirparo et al.,

2018; Theunissen et al., 2016). Previous studies found both X

chromosomes were active in naive hESCs, although most cells

have mono-allelic XIST expression, with a small portion of cells

expressing XIST bi-allelically, and this heterogeneity varied

among different batches (Guo et al., 2017; Sahakyan et al.,

2017; Vallot et al., 2017). Importantly, differentiation of naive

hESCs resulted in non-random X inactivation (Sahakyan et al.,

2017; Theunissen et al., 2016). Therefore, there is no ideal sys-

tem available to study X chromosome regulation and random

XCI during early human embryonic development.

Here, using hESC lines carrying X-linked reporters, we identi-

fied heterogeneity of pluripotency states that is correlated with

different X chromosome status in naive hESCs. We further

uncovered that this heterogeneity was due to the incomplete

blocking of fibroblast growth factor (FGF) signaling caused by

autocrine FGF2. Based on these findings, we derived homoge-

neous naive hESCs with a transcriptome and X chromosome

status highly similar to human preimplantation epiblast. Upon

naive-to-primed differentiation, XCI was initiated in a fraction of

the cells and both pre- and post-XCI primed hESCs were ob-

tained. Further differentiation from pre-XCI primed hESCs led

to random XCI in all differentiated cells. Our study derived

more homogeneous naive hESCs and established a robust plat-

form for studying X chromosome regulation during early human

development.

RESULTS

Dual X Reporters Identified Heterogeneity in
Naive hESCs
To monitor the status of both X chromosomes in female hESCs,

we used primed hESC linesWIBR3MGT andWIBR2MGT, both car-

rying dual X-linked reporter genes (Theunissen et al., 2016). To

establish these cell lines, reporter genes GFP and tdTomato

were independently inserted in frame within each allele of the

X-linked gene MECP2 in WIBR3 and WIBR2 hESCs (Lengner

et al., 2010). In the primed state, both WIBR3MGT andWIBR2MGT

are GFP positive and tdTomato negative (Figure S1A). We first

examined the X chromosome status in both cell lines by co-

staining nascent transcripts of XIST and ATRX (a non-escaping

X-linked gene) using RNA fluorescent in situ hybridization

(FISH) along with immunofluorescence (IF) staining of the histone

modification H3K27Me3. A single ATRX transcription spot per

nucleus was detected in all the cells indicating one single active

X chromosome, whereas fewer than 20% of cells had co-local-

ized signals for one XIST cloud and oneH3K27Me3 focus per nu-
cleus (Figure S1B). To further examine allele-specific expression

of X-linked genes, we selected four X-linked single-nucleotide

polymorphisms (SNPs) in WIBR3 (Lengner et al., 2010) and

confirmed that the alleles on only one X chromosome were ex-

pressed, presumably on the active GFP-targeted X chromosome

(Figure S1C). These results indicate that WIBR3MGT and

WIBR2MGT cells are post-XCI, and the X chromosome carrying

tdTomato has lost the XIST expression in most cells, exhibiting

class III status (Lessing et al., 2013; Shen et al., 2008; Silva

et al., 2008).

We applied the 5iLA resetting method (Theunissen et al., 2014,

2016) to establish WIBR3MGT naive hESCs. Conspicuously, we

found that, after only two passages, the expression of tdTomato

was activated in more than 90% of cells (Figures 1A and 1B).

Further, there were clearly two distinct populations of double-

positive cells: one with low tdTomato reporter expression and

the other with high tdTomato expression (Figure 1B). We noted

that this heterogeneity persisted throughout continuous

passaging (up to passage 20 [P20]). We observed similar hetero-

geneity of tdTomato expression during naive resetting of

WIBR2MGT cells using 5iLA (Figure S1D) andWIBR3MGT cells us-

ing 2iL+DOX system (Takashima et al., 2014; Figure S1E).

To further characterize the X chromosome status during

primed-to-naive conversion, we performed RNA-FISH of XIST,

ATRX, and XACT after every passage. Consistent with the re-

porter activity, almost all cells had two ATRX foci at P2, indi-

cating a very fast reactivation of the silenced X chromosome,

and the majority of cells had no XIST expression (Figure 1C).

With further passaging, most cells expressed XIST by P4.

Consistent with previous studies, we detected significant het-

erogeneity of XIST expression patterns (Sahakyan et al., 2017):

from P4 to P10, about 40%–80%of cells expressedmono-allelic

XIST, and the rest expressed bi-allelic XIST. We also noted that

over 95%of cells expressed the reporter genes,ATRX and XACT

bi-allelically, indicating that both X chromosomes remained

active (Figures 1B and 1C). Consistent results were obtained in

WIBR2MGT hESCs (Figure S1F).

Next, we carried out 5iLA naive resetting of wild-type (WT)

hESCs (WIBR3 and H9) and performed FISH from P0 to P5.

The results were consistent with those of the cell lines carrying

X reporters (Figures S1G and S1H). Collectively, these results

demonstrate that both X chromosomes are reactivated by

primed-to-naive conversion during early passages and reveal

notable heterogeneity of X reporter and XIST expression in naive

hESCs.

Characterization of HT and LT Naive hESCs in 5iLA
Condition
To characterize these two types of cells in detail, we fluores-

cence-activated cell sorting (FACS)-sorted tdTomatohigh and

tdTomatolow cells (Figure S2A), and both populations had high

alkaline phosphatase activity (Figure S2B). Next, we performed

NANOG, REX1, and TFCP2L1 (genes upregulated in naive plu-

ripotency) IF staining and RNA-FISH of XIST and ATRX to char-

acterize their pluripotency and X chromosome status. Although

both tdTomatohigh and tdTomatolow cells have higher expression

of these naive specific genes than primed hESCs, the expression

level of these genes in tdTomatohigh cells was much higher than

tdTomatolow cells (Figures 2A and 2B). Quantification of the
Cell Stem Cell 27, 482–497, September 3, 2020 483



Figure 1. Heterogeneity of X Reporter Activity and XIST Expression Pattern in the Derivation and Maintenance of 5iLA Naive hESCs

(A) Representative images of WIBR3MGT primed hESCs and their 5iLA resetting derivatives. Images were taken every 3 passages from P0 to P10. Scale bars

indicate 150 mm.

(B) Left panel: FACS analysis of the GFP and tdTomato expression at every passage during WIBR3MGT 5iLA resetting. Right panel: histograms show the single

GFP (SG, in green), double positive (TG) with low tdTomato (tdTomatolow, in yellow), and high tdTomato (tdTomatohigh, in orange) populations from P0 to P10

during WIBR3MGT 5iLA resetting. Single tdTomato-positive primed hESCs are shown as control.

(C) Left panel: representative RNA-FISH images of WIBR3MGT cells from P0 to P10 during 5iLA resetting, detecting XACT (green), XIST (red), and ATRX (yellow)

transcripts. Scale bars indicate 10 mm.Right panel: quantification of the cells having different RNA-FISH patterns (depicted by the cartoon below) at each passage

is shown.

See also Figure S1.
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expression ofmore pluripotent genes using IF staining and qPCR

obtained similar results (Figures S2C and S2D). We named these

two populations as HT (highly expressing TFCP2L1 and

tdTomato) and LT (lowly expressing TFCP2L1 and tdTomato)

naive hESCs.

RNA-FISH analysis showed dramatically different XIST

expression patterns in HT versus LT cells. More than 95% of

HT cells had bi-allelic XIST expression and two ATRX pinpoints

co-localizing with XIST clouds (XaXIST+XaXIST+; Figures 2A and

2C), which resembled the X status in human preimplantation em-

bryos (Okamoto et al., 2011; Petropoulos et al., 2016). In

contrast, more than 90% of LT cells had a single XIST signal

and two ATRX signals per nucleus (XaXIST�XaXIST+; Figures 2A

and 2C). Both WIBR3MGT HT and LT cells exhibited normal kar-

yotype (Figure S2E). These results show that X chromosome sta-

tus is closely associated with the pluripotency state in

naive hESCs.
484 Cell Stem Cell 27, 482–497, September 3, 2020
Cultured under either 5% or 20% O2, WIBR3MGT 5iLA HT and

LT cells largely maintained their reporter activity along passages

(Figure 2D). The HT cells from WIBR2MGT in 5iLA and WIBR3MGT

in 2iLGö maintained their reporter activity stably as well (Fig-

ure S2F). After 10 passages, HT and LT cells still expressed

ATRX and XACT from both X chromosomes, and the XIST

expression pattern was also maintained (Figures 2E and S2G).

We then performed H3K27Me3 staining together with XIST and

ATRX FISH and found no H3K27Me3 foci in either HT or LT cells

(Figure 2F), consistent with the previously reported lack of

H3K27Me3 enrichment on X chromosomes in human preimplan-

tation embryos (Okamoto et al., 2011).

HT and LT naive hESCs exhibited distinct morphological fea-

tures: HT cells form clumpy domed colonies although LT col-

onies are flatter and generally larger (Figures S2A and S2H).

Thus, during 5iLA naive resetting of WIBR3 and H9 hESCs, we

were able to distinguish and pick all of the HT-like colonies at



Figure 2. Characterization of the HT and LT Naive hESCs

(A) Representative images of HT and LT naive hESCs sorted based on reporter activity, detecting XIST (red) and ATRX (yellow) transcripts by RNA-FISH and

NANOG, REX1, or TFCP2L1 protein by IF co-staining. A nucleus with the most-prevalent pattern is highlighted with a white line box and enlarged. Scale bar

indicates 30 mm.

(B) Expression level of NANOG, REX1, and TFCP2L1 quantified by mean fluorescence intensity (MFI).

(C) Quantification of the cells having different RNA-FISH patterns.

(D) FACS analysis showing the tdTomato reporter activity in HT and LT naive hESCs at different passages in 5iLA medium under 5% and 20% O2.

(E) Upper panel: representative FISH images of HT (P0/P10) and LT (P0/P10) naive hESCs to detect XIST (red), XACT (green), and ATRX (yellow) transcripts. More

nuclei are shown in Figure S2G. Lower panel: quantification of the cells having different RNA-FISH patterns is shown.

(F) Upper panel: representative images of HT and LT naive hESCs, analyzed by RNA-FISH to detect XIST (red) and ATRX (yellow) transcripts and by IF co-staining

of H3K27Me3 (green). Human dermal fibroblasts are used as control. Lower panel: quantification of the cells with different RNA-FISH and H3K27Me3 IF patterns

is shown. Scale bars indicate 10 mm.

See also Figure S2.
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P3 (Figures S2H and S2I). Upon consecutive passaging, most HT

cells exhibited bi-allelic expression of XACT, XIST, and ATRX

and absence of H3K27Me3 enrichment (Figures S2J and S2K),
although LT cells only expressed XIST mono-allelically with bi-

allelic expression of XACT and ATRX (Figure S2J). The karyo-

types of H9 naive hESCswere normal (Figure S2E). These results
Cell Stem Cell 27, 482–497, September 3, 2020 485
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show that homogeneous HT naive hESCs can be derived via

the morphology-based enrichment during early passages, and

their X chromosome status resembles human preimplantation

epiblast.

HT, but not LT, Naive hESCs Are Similar to Human
Preimplantation Epiblasts at Transcriptome Level
We performed RNA sequencing (RNA-seq) on 5iLA HT and LT

naive hESCs from WIBR3, H9, WIBR3MGT, and WIBR2MGT lines

together with WIBR3MGT class III primed hESCs and 5iLA reset-

ting P2 and P10 hESCs. Hierarchical clustering analysis sepa-

rated each cell type nicely and showed that the HT cells differed

most from the primed hESCs (Figure 3A). The LT cells and P2 and

P10 resetting hESCs were clustered together, exhibiting gene

expression patterns lying in between the primed and HT naive

hESCs (Figure 3A). Clustering analysis using genes upregulated

in D6 or D12 female human epiblast (Zhou et al., 2019) and in E8

or E16monkey embryos (Nakamura et al., 2016) showed that HT

naive hESCs upregulated most genes highly expressed in hu-

man female D6 epiblast and monkey E8 preimplantation

epiblast, and downregulated genes highly expressed in human

female D12 epiblast, monkey E16 postimplantation embryo,

and primed hESCs (Figures S3A and S3B).

The expression of multiple naive-specific genes in HT cells

was consistently higher than that in other samples, similar to

those of early human epiblasts based on single-cell RNA-seq

data (Petropoulos et al., 2016; Figure 3B). In contrast, LT naive

hESCs and P2 and P10 resetting hESCs had lower expression

of these genes. Consistent results were observed in WIBR2MGT

and H9 HT and LT naive hESCs (Figure S3C). The XIST expres-

sion in HT cells was about twice as much as that in LT cells (Fig-

ure S3D), correlated with their XIST FISH patterns. Principal-

component analysis (PCA) showed that HT cells were closer to

E5 and E6 epiblasts than the others on the score plot, while LT

cells were positioned between HT and primed hESCs (Figures

3C and S3E).

Because expressed transposable elements (TEs) provide

denser coverage than genes for assessing transcriptional activ-

ity, we performed clustering and PCAs using multiple naive and

primed differentially expressed TEs (Theunissen et al., 2016) and

obtained patterns similar to those based on gene expression

(Figures S3F and S3G). We further performed gene ontology

(GO) term and Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis of genes differentially expressed between HT

and LT naive hESCs. Notably, autophagy-related genes were

upregulated in HT cells (Figure S3H), suggesting HT cells have

more robust autophagy activity than LT cells.

X-linked SNP analysis showed bi-allelic expression of genes

across the entire X chromosome in all the samples after 5iLA

naive resetting (Figure 3D). P2 resetting hESCs showed the level

of bi-allelic expression similar with P10 and other samples, indi-

cating a very fast reactivation of the entire X chromosome that

was previously silenced, consistent with our above-mentioned

FISH and reporter data. Expression of allele-specific SNPs was

also detected across both X chromosomes in WIBR2MGT HT

and LT naive hESCs, although the expression at multiple SNP

sites showed more allele-specific preference than WIBR3MGT

lines (Figure S3I). We calculated the ratio of the X-linked gene

expression level in female naive hESCs to that in male naive
486 Cell Stem Cell 27, 482–497, September 3, 2020
hESCs (WIBR1). The median of this ratio in class III primed

hESCs was close to one, although those of all naive samples

were about 1.2 and there was no notable difference between

LT and HT samples (Figure 3E). These results were consistent

with previously observed female-to-male ratio of X-linked gene

expression in naive hESCs (Theunissen et al., 2016).

Autocrine FGF Signaling Affects Pluripotency and XIST

Expression in Naive hESCs
Given that blocking mitogen-activated protein kinase (MAPK)

pathway signaling induced by autocrine FGF4 is essential for

maintaining homogeneous naive pluripotency in mESCs (Kraw-

chuk et al., 2013; Ying et al., 2008), wewonderedwhether the het-

erogeneity of pluripotency in naive hESCs was due to the incom-

plete blockade of autocrine FGF signaling. By comparing the

expression levels of FGF family genes in 5iLA HT, LT naive, and

class III primed hESCs, we found that HT cells had high FGF4

and low FGF2 expression (Figures 4A and S4A), similar to mESCs

and monkey preimplantation epiblast (Figure S4B; Lanner and

Rossant, 2010; Nakamura et al., 2016; Ying et al., 2008). Interest-

ingly, primed hESCs highly expressed FGF2 instead of FGF4, and

LT cells expressed both FGF4 and FGF2 (Figure 4A). Consistent

with the expression data, ELISA analysis identified high concen-

tration of FGF4 (3.1 ng/mL) and low FGF2 (0.6 ng/mL) in HT cul-

ture medium and high FGF2 (3.7 ng/mL) and lower FGF4 concen-

tration (1.3 ng/mL) in LT culture medium (Figure 4B). In the

heterogeneous naive 5iLA P10 resetting culture, the FGF2 level

in the medium was about 3 ng/mL (Figure 4B).

Recalling our finding that HT cells can be stably maintained in

5iLA medium (Figures 2D and S2F), we speculate that the

mitogen-activated protein kinase (MEK) inhibitor PD0325901

present in the 5iLA medium is sufficient to block MEK/extracel-

lular signal-regulated kinase (ERK) signaling induced by FGF4.

Therefore, we asked whether autocrine FGF2 released by LT

cells is responsible for the heterogeneity of naive hESCs. Ameth-

odological consideration bears particular emphasis here. Specif-

ically, during the original development of 5iLA naive system,

FGF2 was included to promote cellular survival and proliferation

during primed-to-naive resetting (Theunissen et al., 2014), and

this reagent has been used in culture medium of naive hESCs

by numerous following studies (Bredenkamp et al., 2019; Collier

et al., 2017; Di Stefano et al., 2018; Liu et al., 2017; Pastor et al.,

2016, 2018; Sahakyan et al., 2017; Wang et al., 2018; Yang et al.,

2016). However, the effects of FGF2 on human naive pluripo-

tency have not been studied in detail.

Pursuing this, we added FGF2 into 5iLA medium (4 ng/mL) to

culture HT cells and monitored changes of the reporter activity.

The addition of FGF2 caused reduced tdTomato expression at

P1. The proportion of cells with reduced tdTomato expression

reached 75%byP4, and by P10, almost all cells expressed tdTo-

mato at a lower level (Figure 4C). FISH analysis showed thatmost

FGF2-treated 5iLA (5iLAF) HT cells were XaXIST�XaXIST+ (Fig-

ure 4D), the same X chromosome status as 5iLA LT cells. PCA

and clustering analyses using expressed genes and TEs group-

ed 5iLAF hESCs together with 5iLA LT hESCs, lying between the

naive and primed pluripotency (Figures 4E, S4C, and S4D).

Furthermore, 5iLAF hESCs had chromosome-wide, bi-allelic

SNP signatures (Figure S4E), and the expression levels of

naive-specific genes are similar to 5iLA LT hESCs (Figure S4F).



Figure 3. Transcriptional Profiling of 5iLA HT and LT Naive hESCs

(A) Heatmap of RNA-seq data from class III primed, P2 and P10 naive resetting WIBR3MGT hESCs, and LT and HT naive hESCs derived from WIBR3MGT,

WIBR2MGT, WIBR3, and H9 lines. Hierarchical clustering is based on the genes with FPKM more than 1 in all samples.

(B) Expression of naive specific genes inWIBR3MGT primed hESCs andWIBR3MGT andWIBR3 HT and LT naive hESCs, comparing with single-cell RNA-seq data

from human early embryos. Expression levels of genes are represented using Log2(FPKM). Each blue dot represents one cell in single-cell RNA-seq data or one

replicate of each sample. Red line in each sample represents median of expression among all cells or replicates.

(C) PCA of RNA-seq data comparing with single-cell RNA-seq data from human early embryos. Every single dot represents one sample in each cell line or one cell

in human early embryos at different embryonic day.

(D) Heatmap of allelic expression of X-linked genes based on reads covering X-linked SNPs.

(E) Female-to-male ratio of X-linked gene expression shown in violin plots. Every dot represents the ratio of female hESCs FPKMX-linked gene to male naive hESCs

FPKMX-linked gene for each gene, box in each violin plot represents the diversity of this ratio, middle lines represent the medians, and the red diamonds indicate

the means.

See also Figure S3.
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Thus, the addition of FGF2 into 5iLA medium induces HT-to-LT

transition, suggesting that the autocrine FGF2 released by LT

cells is responsible for the heterogeneity of naive hESCs.
To further characterize the effects of FGF2 on pluripotency, we

analyzed the expression of genes downstream of FGF/ERK

signaling pathways, using the RNA-seq data of mESCs exiting
Cell Stem Cell 27, 482–497, September 3, 2020 487



Figure 4. Autocrine FGF Signaling Affects Pluripotency and XIST Expression in Naive hESCs

(A) Expression of FGF family genes quantified using average FPKM of RNA-seq data. Each sample has 3 biological replicates and error bars represent SD of

triplicates.

(B) Quantification of the human FGF2 and FGF4 (pg/mL) in the medium ofWIBR3MGT LT and HT naive hESCs and P10 resetting hESCs using ELISA. Each sample

has 3 biological replicates and error bars represent SD of triplicates.

(C) Left panel: FACS analysis showing the X-linked GFP and tdTomato reporter activity in 5iLAWIBR3MGT HT naive hESCsmaintained in the presence or absence

of FGF2. Right panel: histograms show the quantification of the FACS analysis.

(D) Upper panel: representative images of 5iLA WIBR3MGT HT naive hESCs maintained in 5iLA and 5iLAF medium (P10), analyzed by RNA-FISH of XIST (red) and

ATRX (yellow) and IF co-staining of H3K27Me3 (green). Scale bars indicate 10 mm. Lower panel: quantification of the cells having different patterns for XIST,ATRX,

and H3K27Me3 is shown.

(E) PCA for RNA-seq data of WIBR3MGT class III primed hESCs, 5iLA LT and HT naive hESCs, and 5iLAF naive hESCs and single-cell RNA-seq data from human

early embryos.

(F) Heatmap of expression patterns of selected genes downstream of MEK/ERK signaling pathways in WIBR3MGT class III primed, 5iLA LT and HT naive, 5iLAF

naive, P10 resetting hESCs, and WIBR3 LT and HT naive hESCs, compared with the data of mouse ESCs exiting pluripotency.

(G) Left panel: FACS analysis showing the distribution of tdTomatolow and tdTomatohigh populations in WIBR3MGT 5iLA LT naive hESCs maintained in 5iLA

medium with addition of FGFR inhibitors (1 mM BGJ398, 1 mM PD173074, and 1 mM SU5402). Right panel: quantification of the FACS analysis is shown.

See also Figures S4 and S5.
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naive pluripotency as reference (Kalkan et al., 2017, 2019). ERK

response genes, negative-feedback regulators, and the ERK

phosphatases were all repressed in HT cells, indicating an effi-

cient inhibition of MEK/ERK signaling, while 5iLA LT and 5iLAF

hESCs expressed these genes at notably higher level, suggest-

ing an incomplete blockade of MEK/ERK signaling (Figure 4F).

HT cells exhibited the gene expression pattern most similar to

mESCs, and 5iLA LT and 5iLAF hESCs showed activation of

MEK/ERK signaling similar to the mESCs 16 h after exiting naive

pluripotency. These results further confirmed that HT naive

hESCs resemble the ground state pluripotency of mESCs, and

the 5iLA condition is not sufficient to completely block FGF

signaling in the presence of FGF2.

To completely block FGF signaling, we introduced several

FGF receptor tyrosine kinase inhibitors together or indepen-

dently into 5iLA medium and cultured LT naive hESCs. Upon

addition of these inhibitors, we noted certain degree of cell death

and slower cell proliferation, although the tdTomato signal inten-

sity of the LT naive hESCs gradually increased with each pas-

sage, with most cells becoming HT by P10 (Figure 4G). Consis-

tently, after treatment with SU5402 for ten continuous passages,

almost all of the heterogeneous 5iLA P10 resetting hESCs were

converted into HT cells (Figure S4G). These HT cells converted

from LT hESCs exhibited bi-allelic XIST, XACT, and ATRX

expression (Figure S4H). These data indicate that complete

blocking FGF signaling led to homogeneous naive pluripotency,

supporting our speculation that incomplete blockage of FGF

signaling is a major cause of the heterogeneity in naive hESCs.

We tried the primed-to-naive conversion using 5iLAwith addition

of SU5402 and failed to establish naive pluripotency due to poor

cell survival. Because primed hESCs rely on FGF2 to maintain

their pluripotency, complete block of FGF signaling might be

too harsh for the cells to survive. Further optimization would be

needed to establish better naive resetting protocol.

FGF2-Induced DNA Methylation Correlates with the X
Chromosome Status
A previous study derived and cultured naive hESCs in 5iLAF me-

dium and reported that both X chromosomes were active at P20

while most cells expressed XIST mono-allelically (Sahakyan

et al., 2017). We repeated naive resetting using 5iLAF medium

and monitored the X chromosome status from P0 to P10 using

FACS. In contrast to 5iLA resetting, in which both tdTomatohigh

and tdTomatolow cells coexist, almost all the 5iLAF reset cells

became tdTomatolow by P7 (Figure S5A). We obtained similar re-

sults using WIBR2MGT hESCs (Figure S5B). FISH analysis

showed that most cells expressed ATRX and XACT bi-allelically

but expressed XIST mono-allelically (Figure S5C), consistent

with the aforementioned study (Sahakyan et al., 2017).

Considering that genomic methylation level in mESCs was

significantly upregulated in the presence of FGF2 (Ficz et al.,

2013), we performed whole-genome bisulfite sequencing

(WGBS) and found that the X-chromosome-wide DNA methyl-

ation level in 5iLAF cells was considerably higher than that in

5iLA HT cells (Figure S5D). Allele-specific DNAmethylation anal-

ysis quantified the DNA methylation level around X-linked SNPs,

andwe did not observe dramatic difference between two X chro-

mosomes in cells cultured either in 5iLA or 5iLAF (Figures S5E

and S5F).
We further quantified the methylation level at the promoters of

XIST, XACT, and MECP2. 5iLA HT naive hESCs had the lowest

methylation level at MECP2 and XIST promoters, and 5iLA LT

and 5iLAF naive hESCs had medium level methylation, corre-

lating with their XIST expression patterns and reporter activity.

The XIST promoter in class III primed hESCs was completely

methylated, agreeing with the lack of XIST expression (Fig-

ure S5G). No notable difference of methylation level was

observed at XACT promoter in all samples. Regarding the

methylation at gene body of XIST, XACT, MECP2, and ATRX,

we did not detect apparent differences at specific sites between

5iLAHT and 5iLAF naive hESCs, although the overall methylation

level in 5iLA HT naive hESCs was lower than 5iLAF naive hESCs

(Figure S5H).

Naive hESCs Form Teratoma and Initiate Random X
Chromosome Inactivation
Next, we investigated whether random XCI would be induced in

these homogeneous 5iLA HT naive hESCs cells upon differenti-

ation. We injected 5iLA HT hESCs subcutaneously into NSG

(non-obese diabetic [NOD] severe combined immunodeficiency

[SCID] gamma) mice, and teratomas composed of tissues

derived from all three germ layers formed readily, confirming plu-

ripotency (Figure S6A). FACS analysis showed above 80% of

teratoma cells expressed one of the two reporters, indicating

the occurrence of XCI (Figure S6B). Revealing apparent random-

ness in XCI, both tdTomato andGFP single-positive cells (ST and

SG cells, respectively) were obtained. However, 10%–20% of

the teratoma cells remained double positive (TG), indicating their

failure to execute XCI. The oxygen concentration at which these

5iLA HT hESCs were cultured prior to teratoma injection did not

have a strong impact on the XCI outcome (Figure S6B).

We then FACS sorted the single- and double-positive cells and

performed XIST and ATRX RNA-FISH and H3K27Me3 IF anal-

ysis. Consistent with the reporter activity, ST and SG cells had

mono-allelic XIST expression that was co-localized with

H3K27Me3 focus with one ATRX signal positioned apart, indica-

tive of complete XCI status (Figure S6C). In contrast, most TG

cells had two ATRX foci and neither XIST nor H3K27Me3 focus,

again suggesting the failure to execute XCI (Figure S6C). This

likely represents an artifact due to improper differentiation during

teratoma formation, suggesting that differentiation method

might have a significant effect on the outcome of XCI upon

hESC differentiation.

Class I and Class II Primed hESCs Emerge from Naive-
to-Primed Differentiation
Because mouse ESCs (naive)-to-EpiSCs (primed) differentiation

induced XCI (Kobayashi et al., 2016), we wondered whether the

differentiation of 5iLA HT naive hESCs into primed pluripotency

would induce XCI. We adapted WIBR3MGT 5iLA HT naive hESCs

into the primed culture medium (re-priming) and found single-

positive cells started to appear on day 4 (Figure 5A). By day 5,

roughly 20% cells had become single GFP positive (SG), 40%

single tdTomato positive (ST), and 40% remained double posi-

tive (TG) (Figure 5B). Similar results were obtained during the

re-priming of WIBR3MGT 2iLGö HT andWIBR2MGT 5iLA HT naive

hESCs (Figure 5B). The appearance of ST and SG primed hESCs

implied that random XCI had happened while TG cells were at
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Figure 5. Random XCI in hESCs during Naive-to-Primed Conversion

(A) Representative images of re-priming WIBR3MGT HT naive hESCs from day 1 to day 5. Scale bars indicate 200 mm.

(B) Histograms showing the distribution of SG (green), ST (red), and TG (yellow) hESCs re-primed from 5iLA HT and LT, 5iLAF and 2iLGö HT naive WIBR3MGT

hESCs, and HT and LT derived from WIBR3MGT and WIBR2MGT by FACS analysis.

(C) Upper panel: examples of WIBR3MGT SG, ST, and TG re-primed hESCs analyzed by RNA-FISH of XIST (red), XACT (green), and ATRX (yellow) transcripts.

Scale bars indicate 10 mm. Lower panel: quantification of the cells with different RNA-FISH patterns is shown.

(D) Heatmap of RNA-seq data with clustering displays different gene expression patterns in WIBR3MGT class III, class I, and class II ST and SG re-primed hESCs.

(E) PCA analysis using RNA-seq data from samples in (D).

(F) Heatmap of allelic expressing X-linked SNPs in above samples comparing with WIBR3MGT HT and LT naive hESCs (Figure 3D), based on reads covering

indicated SNPs.

(G) Upper panel: moving expression average along the X chromosome based on reads of RNA-seq data from samples above. Lower panel: female-tomale ratio of

X-linked (left) and chromosome 1 linked (right) gene expression shownwith violin plots. Every dot represents the ratio of female primed hESCs FPKMX-linked gene to

male primed hESCs FPKMX-linked gene for each gene, box in each violin plot represents the diversity of this ratio, middle lines represent the medians, and the red

diamonds indicate the means.

(H) Methylation level of XACT, XIST, andMECP2 promoters in WIBR3MGT re-primed hESCs. White and black dots represent unmethylated and methylated sites,

respectively.

See also Figure S7.
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Figure 6. Differentiation of the Pre-XCI Re-primed hESCs Induces Random X Chromosome Inactivation

(A) FACS analysis showing the distribution of GFP and tdTomato-positive fibroblasts derived from WIBR3MGT class I re-primed hESCs via direct differentiation.

TG cells obtained via teratoma differentiation (Figure S6B) were used as control for gating. Histograms reporting the proportions of SG (green), ST (red), and TG

(yellow) cells are shown.

(B) FACS analysis showing the distribution of GFP and tdTomato-positive fibroblasts derived from WIBR3MGT class I re-primed hESCs through embryoid body

(EB) differentiation.

(C) Fluorescence images of sorted SG and ST fibroblasts derived from WIBR3MGT class I hESCs.

(D) Using sorted fibroblasts in (C), expression of XIST (red) and ATRX (yellow) as well as H3K27Me3 enrichment (green) are analyzed by RNA-FISH and IF co-

staining. Histogram shows the proportion of cells with different patterns of XIST, ATRX, and H3K27Me3. Scale bars indicate 10 mm.

(E) Heatmap of allelic expressing X-linked SNPs in fibroblast samples, based on reads covering indicated SNPs.

(legend continued on next page)
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pre-XCI state. In contrast, re-priming of 5iLA LT and 5iLAF naive

hESCs only gave rise to SG and TG cells, indicating a non-

random XCI (Figure 5B). These results highlight that the X status

in naive hESCs correlates with the outcome of XCI upon

differentiation.

We FACS sorted the SG, ST, and TG re-primed hESCs and

performed RNA-FISH. The majority of ST and SG cells showed

single co-localized ATRX and XACT foci and one separate

XIST focus per nucleus (Figure 5C). H3K27Me3 IF staining ex-

hibited one single focus co-localizing with XIST (Figure S7A).

This implied that these cells had initiated XCI and resided in

XaXIST�XiXIST+ state, classified as class II primed hESCs (Lessing

et al., 2013; Shen et al., 2008; Silva et al., 2008). Comparing to

naive hESCs, the signal of XIST cloud was smaller and more

compact in primed hESCs (Figure S7B), consistent with previous

studies (Sahakyan et al., 2017; Vallot et al., 2017). TG cells, how-

ever, had two ATRX foci and two co-localizing XACT foci and

were devoid of XIST and H3K27Me3 focus (Figures 5C and

S7A), suggesting that both X chromosomes remained active

and the cells were at XaXIST�XaXIST� state, classified as class I

primed hESCs (Lessing et al., 2013; Shen et al., 2008; Silva

et al., 2008). WIBR3MGT re-primed hESCs had normal karyotype

(Figure S7C). Similar results were also obtained from the

WIBR2MGT re-primed hESCs (Figure S7A).

To assess the transcriptome difference among class I, II, and

III primed hESCs, we performed RNA-seq analysis. Differential

gene expression (DEG) and PCA analyses showed clear separa-

tion of three classes (Figures 5D, 5E, and S7D). TEs expression

profile analysis exhibited similar clustering result (Figure S7E).

X-chromosome-wide SNP signals of class II cells showed a clear

correlation with the reporter gene expression, indicating suc-

cessful inactivation of the entire X chromosome. In contrast,

TG primed hESCs have bi-allelic expression of SNP signals

across the X chromosome (Figures 5F, S7F, and S7G). Consis-

tent with the FISH results, the XIST expression of class II re-

primed hESCs was the highest, while class I re-primed hESCs

barely expressed XIST (Figure S7H).

To compare X-chromosome-wide expression in primed

hESCs of different classes, we calculated the ratio of X-linked

gene expression in female primed hESCs (WIBR3MGT and

WIBR2MGT) versus that in male primed hESCs (WIBR1). In com-

parison with SG and ST class II and class III cells, the level of

X-linked gene expression was notably higher in TG class I

hESCs. The median of X-linked gene expression in class I re-

primed hESCs was about 1.5-fold of that in class II and III primed

hESCs (Figures 5G and S7I). These results further demonstrated

that class I re-primed hESCs had two active X chromosomes

with higher X-linked gene expression and class II re-primed

hESCs have executed XCI, reaching similar X expression level

as male hESCs.

Bisulfite sequencing showed that the promoter of XIST in class

I cells was heavily methylated, which was only half methylated in
(F) Upper panel: through single-colony picking, WIBR3 5iLA re-primed subclones

(yellow) with IF co-staining of H3K27Me3 (green). Scale bars indicate 10 mm. Low

H3K27Me3 (green) pattern within each subclone is shown.

(G) Left panel: examples of fibroblasts derived fromWIBR3 class I re-primed subc

co-staining of H3K27Me3 (green). Scale bars indicate 10 mm. Right panel: cell nu

See also Figure S7.
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class II cells, corresponding to the absence of XIST expression in

class I cells andmono-allelic XIST expression in class II cells. The

methylation levels atMECP2 and XACT promoters in class I cells

are much lower than that in class II cells, also consistent with

their expression patterns (Figure 5H).

Previous studies have reported that class I primed hESCs

could be derived and stably maintained under the 5% O2,

although 20%O2 induced XCI (Lengner et al., 2010). We cultured

re-primed TG class I hESCs under 5% and 20% O2. FACS anal-

ysis showed stable bi-allelic expression of X reporters main-

tained under 5% O2 for over 10 passages, while the proportion

of double-positive cells gradually reduced under 20% O2 (Fig-

ure S7J), confirming that pre-XCI status in primed hESCs is sen-

sitive to oxidative stress.

Taken together, we found that, during the process of naive-to-

primed pluripotency differentiation, a significant portion of the

cells initiated XCI and became class II primed hESCs. However,

the XCI was not initiated in all the cells, as both X chromosomes

in a fraction of cells remained active, and these class I primed

hESCs could be stably preserved under 5% O2.

In Vitro Differentiation of Pre-XCI Re-primed hESCs
Results in Random XCI
Next, we askedwhether differentiating pre-XCI re-primed hESCs

(class I) would lead to random XCI. At first, we differentiated

class I hESCs (re-primed from 5iLA HT naive hESCs) by directly

transferring them into fibroblast medium. FACS analysis showed

that these directly differentiated fibroblasts all became single re-

porter positive, with SG and ST cells accounting for about 80%

and 20%, respectively (Figure 6A), suggesting that all cells

executed XCI during differentiation with a skewing of X choices.

Wondering whether different differentiation methods would

affect the outcome of XCI, we differentiated class I TG cells

through embryoid bodies (EBs) to obtain fibroblasts (Figures

6B and 6C). FACS analysis showed that all fibroblasts were sin-

gle reporter positive and similar portion of ST and SG cells were

obtained in all three biological replicates, indicating nearly

random X chromosome inactivation (Figure 6B). Similar results

were obtained using WIBR2MGT pre-XCI re-primed hESCs (Fig-

ure S7K). RNA-FISH of XIST and ATRX and H3K27Me3 IF

showed that nearly all ST and SG fibroblasts exhibited mono-

allelic XIST expression co-localizing with a single H3K27Me3

focus on the Xi and one singleATRX focus apart (Figure 6D), con-

firming that ST and SG fibroblasts had undergone XCI. X-chro-

mosome-wide SNP analysis of ST and SG fibroblasts transcrip-

tome exhibited a nearly exclusive expression from one specific X

chromosome, correlated with the expressed reporter gene, indi-

cating successful inactivation of the entire X chromosome (Fig-

ure 6E). These results showed that complete XCI with a balanced

X choice was achieved through in vitro differentiation of class I

re-primed hESCs. Furthermore, together with the aforemen-

tioned teratoma differentiation data, our results highlight that
are classified by X chromosome status using RNA-FISH of XIST (red) and ATRX

er panel: quantification of the cells with specific XIST (red), ATRX (yellow), and

lones analyzed by RNA-FISH of XIST (red) and ATRX (yellow) expression with IF

mber counting based on the pattern of XIST, ATRX, and H3K27Me3 is shown.
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differentiation methods are highly impactful for the outcome and

X choices of XCI upon hESC differentiation.

To further validate this human XCI model using WT hESCs, we

picked and expanded 10 subclones ofWIBR3 5iLA HT re-primed

hESCs. RNA-FISH analysis showed that 4 subclones were

XaXIST�XiXIST+ (class II, post-XCI) and 4 subclones maintained

XaXIST�XaXIST� (class I, pre-XCI; Figure 6F). We differentiated

class I subclone no. 1 and no. 2 into fibroblasts through EBs.

Co-staining showed that more than 90% cells had undergone

XCI with mono-allelic expression of XIST co-localized with single

H3K27Me3 focus and one ATRX nascent transcript signal (Fig-

ure 6G), indicating the execution of XCI.

DISCUSSION

Mouse has been the major model organism for studying the

mechanisms of X chromosome dosage compensation in mam-

mals. Recent studies found significant differences of the X chro-

mosome status and dosage compensation mechanisms be-

tween mouse and human during early development (Deng

et al., 2014; Disteche, 2016; Lessing et al., 2013). The paternal

imprinted XCI in early mouse embryos does not occur in human

embryos. In female mouse blastocysts, the ICM cells reactivate

the paternal X chromosome, ending with two active and Xist-

negative X chromosomes. After implantation, Xist is expressed

from one X chromosome, leading to the silencing of this entire

chromosome (Chen et al., 2016; Pintacuda and Cerase, 2015).

In contrast, human preimplantation epiblast cells have two active

and XIST-expressing X chromosomes (Okamoto et al., 2011;

Petropoulos et al., 2016). To characterize these human-specific

X chromosome events and dissect the underlying mechanisms

during early human development, a good human model system

is essential.

Using the established human naive pluripotency culture condi-

tion, previous studies showed that the silenced X chromosome in

primed hESCs was reactivated after naive resetting. However,

these naive hESCs mainly had mono-allelic XIST expression

with significant heterogeneity and batch to batch variation of X

chromosome status (Guo et al., 2017; Sahakyan et al., 2017; Val-

lot et al., 2017). Importantly, differentiation of these naive hESCs

resulted in non-random XCI, leading to the silencing of the X

chromosome that was silenced in the starting primed hESCs,

indicating the naive resetting did not completely remove the

epigenetic memory of prior Xi (Sahakyan et al., 2017; Theunissen

et al., 2016). In this study, we used X-linked dual reporters to

monitor the X chromosome activity during naive resetting and

identified clear heterogeneity composed of two populations of

cells, one of which highly expressed naive specific markers

(HT cells). Impressively, all the HT cells have two active X chro-

mosomes and express XIST bi-allelically, recapitulating the X

status in human preimplantation epiblast. The other population

of cells (LT hESCs) resides at an intermedia state between naive

and primed pluripotency with two active X chromosomes and

mono-allelic XIST expression. These results reveal that the het-

erogeneity and variability of X status in naive hESCs observed

in previous studies were due to the coexistence of two popula-

tions of cells residing in different pluripotent states.

Blocking autocrine FGF signaling is key to the establishment of

2iLIF culture condition that maintains mESCs at a homogeneous
naive pluripotent ‘‘ground state’’ (Ying et al., 2008). In the

following studies trying to establish culture conditions that cap-

ture human naive pluripotency, all the medium formulations con-

tained MEK inhibitor PD0325901 (Collier and Rugg-Gunn, 2018),

borrowed from the original mESCs 2i formula (Ying et al., 2008).

Although it was assumed PD0325901 was able to block MEK/

ERK signaling induced by autocrine FGF in naive hESCs, our

data suggest otherwise. By characterizing the expression of

different FGF family genes, we found that, similar to mESCs,

HT hESCs have high FGF4 and low FGF2 expression and can

be stably maintained in 5iLA medium, indicating PD0325901 is

sufficient to block MEK/ERK signaling induced by autocrine

FGF4. However, LT cells release a high concentration of FGF2,

which cannot be fully blocked by PD0325901, therefore acti-

vating downstream signaling and pushing cells away from naive

pluripotency. By adding additional FGF receptor (FGFR) inhibi-

tors, we were able to fully block autocrine FGF signaling and

obtain only HT cells, albeit with a slower cell proliferation. Further

optimization of the naive hESCs derivation and culture condition

is desirable.

Our results reveal that, in both 5iLA and 2iLGö culture condi-

tions, a true naive population (HT) and a more primed population

(LT) coexist, and FGF2 released by LT cells induces this hetero-

geneity. These findings have important implications, as many

recent studies added FGF2 in their naive hESCs culture medium

(Bredenkamp et al., 2019; Chan et al., 2013; Collier et al., 2017;

Di Stefano et al., 2018; Duggal et al., 2015; Liu et al., 2017; Pastor

et al., 2016, 2018; Sahakyan et al., 2017; Wang et al., 2018; Ware

et al., 2014; Yang et al., 2016). Our results indicate that 5iLAF

hESCs are similar to LT cells, and to obtain true naive hESCs,

HT cells need to be purified based on either X chromosome sta-

tus or colony morphology and maintained in 5iLAmedium. 5iLAF

should not be used for long-term maintenance of naive hESCs.

The X chromosome status (XaXIST+XaXIST+) of these HT naive

hESCs is homogeneous and resembles human ICM, therefore

providing a good model for studying X chromosome regulation

in early human development. One key question is: when is XCI

initiated? One previous study showed that naive-to-primed dif-

ferentiation generated only pre-XCI primed hESCs (Sahakyan

et al., 2017), while another study suggested that XCI was initiated

during this process (Guo et al., 2017). Our results show that XCI

has already been initiated in a portion of cells during re-priming,

with the rest remaining pre-XCI. Significantly, either allele could

be chosen to be silenced or active in these post-XCI hESCs, indi-

cating a realization of random XCI. This result is consistent with

the fact that both pre- and post-XCI primed hESCs can be

derived from human embryos and maintained in vitro, indicating

that human primed pluripotency is compatible with either pre- or

post-XCI status (Lengner et al., 2010). The disparity of our results

with some of the previous studies could be due to the difference

of homogeneity level of naive hESCs and the re-priming proto-

cols used, further suggesting human XCI is very sensitive to

the differentiation method and environmental stress.

MESCs (naive) have two Xa devoid of Xist expression, and

when differentiated into mEpiSCs (primed), all cells initiate XCI

with Xist coating Xi. In contrast, XIST is expressed from both

Xa of naive hESCs and coats Xi of the post-XCI primed hESCs.

Our data show that XIST signal in post-XCI hESCs is more

compact than in naive hESCs, in which XIST cloud is more
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Figure 7. Modeling Human Random XCI Using Naive hESCs

Through 5iLA resetting, we converted primed pluripotency of class III hESCs into naive pluripotency. HT and LT naive hESCs coexist in 5iLA culture, leading to the

heterogeneity of pluripotency and X chromosome status caused by the autocrine FGF2 released by LT cells. HT naive hESCs have two active X chromosomes

with bi-allelic expressing XIST and higher expression of naive-specific genes. Upon differentiation of HT naive hESCs to primed hESCs, random XCI is initiated in

a fraction of cells, classified as class II hESCs. The other re-primed hESCs remained XaXa without XIST expression, categorized as class I hESCs. Differentiation

of the class I re-primed hESCs into fibroblasts via EBs resulted in random XCI in all the cells. The color of the cartoon does not represent the X-linked reporter’s

activity quantitatively.
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diffused (Figure S7B). Considering the difference of XIST

pattern between naive and primed hESCs is correlated with

XIST localization on Xa or Xi, we suspect that XIST plays different

roles in regulating X chromosome activity in two pluripotency

states of human. Further characterization of XIST functions and

exploring the underlying mechanism in human will be an impor-

tant task.

It has been reported that X status in primed hESCs is sensitive

to the oxygen concentration. Pre-XCI hESCs could be derived

from human preimplantation embryos under 5% O2, while 20%

O2 is sufficient to induce XCI (Lengner et al., 2010). Consistent

with this notion, we found that the pre-XCI re-primed hESCs

could stably maintain their XaXIST�XaXIST� status under 5% O2,

and 20% O2 induced XCI. Curiously, 20% O2 does not induce

XCI in naive hESCs, as both HT and LT cells maintained their X

status during prolonged culture under 5% or 20% O2 (Figures

2D–2F, S2F, and S2G). These results suggest that the induction

of XCI in hESCs by 20% O2 is dependent on the epigenetic and

transcriptome status of the primed pluripotency.
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Patel et al. (2017) reported that pre-XCI hESCs derived from

blastocyst could not initiate XCI after differentiation in vitro,

although earlier studies defined class I pre-XCI hESCs as having

the capability of executing XCI upon differentiation (Lengner

et al., 2010; Shen et al., 2008; Silva et al., 2008). In our study,

pre-XCI hESCs underwent complete XCI upon differentiation.

Importantly, either paternal or maternal X chromosome could

be chosen to be silenced, highlighting the realization of random

XCI. Because XCI in primed hESCs is highly sensitive to environ-

mental factors, we suspect that this discrepancymight be due to

different culture and differentiation conditions.

Direct differentiation of the class I re-primed hESCs to fibro-

blasts led to heavily skewed X chromosome choice, although

EB-mediated differentiation resulted in more balanced X choice.

Together with our teratoma differentiation data, these results

imply that the outcome and X choice of human XCI are expres-

sively affected by the differentiation methods. This systemmight

provide an interesting opportunity to dissect the molecular

mechanisms governing X chromosome choice during XCI.
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Taken together, through delineating the heterogeneity of naive

hESCs and testing different differentiation methods, we derived

homogeneous naive hESCs and established a platform to model

X chromosome regulation and random XCI during early human

development (Figure 7). The dual X reporters faithfully report

the status of the entire X chromosome, therefore, could serve

as a valuable tool for genetic and chemical screens. We believe

this platform will be useful for the identification of key genes and

pathways involved in X chromosome regulation in preimplanta-

tion epiblast, XCI initiation upon implantation, X chromosome

choice during XCI, as well as XCI execution and maintenance

in human.

Limitations of Study
During the primed-to-naive conversion, we observed massive

cell death as described in previous study (Theunissen et al.,

2014), and different hESC lines exhibited different 5iLA deriva-

tion efficiencies and survival rates. Being aware of this cell-

line-specific variation, we note that the density of primed cell

seeding needs to be optimized and the naive resetting should

be done under 5% O2 to improve the success rate for each spe-

cific hESC line.

To derive HT naive cells from WT hESC lines, we picked and

enriched the HT-like colonies at early passages based on the

colony morphology, which is highly dependent on the experi-

menter’s experience and judgement. Although addition of

FGFR inhibitor SU5402 to 5iLA medium led to the conversion

of LT to HT naive hESCs, we failed to achieve primed-to-naive

conversion using this medium. A better derivation protocol to

obtain homogeneous HT naive hESCs is desirable in future

investigation.
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Antibodies

Rabbit polyclonal anti-human NANOG antibody Abcam Cat# ab21624; RRID: AB_446437

Goat anti-Rabbit Secondary Antibody, Alexa Fluor 488 ThermoFisher Scientific Cat# A11070; RRID: AB_2534114

Goat anti-Mouse Secondary Antibody, Alexa Fluor 546 ThermoFisher Scientific Cat# A11030; RRID: AB_2534089

Goat anti-Mouse Secondary Antibody, Alexa Fluor 594 ThermoFisher Scientific Cat# A11032; RRID: AB_2534091

Goat anti-Rabbit Secondary Antibody, Alexa Fluor 647 ThermoFisher Scientific Cat# A21244; RRID: AB_2535812

Mouse monoclonal anti-human STELLA antibody Merck Millipore Cat# MAB4388; RRID: AB_2094156

Rabbit polyclonal anti-human H3K27Me3 antibody Merck Millipore Cat# 07-449; RRID: AB_310624

Mouse monoclonal anti-human OCT4 antibody Santa Cruz Biotechnology Cat# sc-101534; RRID: AB_2237389

Rabbit polyclonal anti-human KLF4 antibody Santa Cruz Biotechnology Cat# sc-20691; RRID: AB_669567

Rabbit polyclonal anti-human TFCP2L1 antibody ThermoFisher Scientific Cat# PA5-34361; RRID: AB_2551713

Rabbit polyclonal anti-human REX1 antibody ThermoFisher Scientific Cat# PA5-27567; RRID: AB_2545043

Chemicals, Peptides, and Recombinant Proteins

Small molecules and growth factors used in all experiments This paper Table S1

Critical Commercial Assays

Human FGF4 PicoKine ELISA Kit BOSTER Cat# EK0345

Human FGF2 PicoKine ELISA Kit BOSTER Cat# EK0342

Nick Translation Kit Roche Cat# 10976776001

EZ DNA Methylation-Gold Kit ZYMO Research Cat# D5005

AP staining Kit II STEMGENT Cat# 00-0055

Stellaris FISH Probes, Human XIST with Quasar 570 Dye Biosearch Technologies Cat# SMF-2038-1

Stellaris FISH Probes, Human ATRX with Quasar 670 Dye Biosearch Technologies Cat# VSMF-2019-5

Hochest ThermoFisher Scientific Cat# H3570

Antifade Mounting Medium with DAPI VECTASHIELD Cat# H-1200

Cy3-dUTP Amersham Cat# PA53022

ChromaTide� Fluorescein-12-dUTP ThermoFisher Scientific Cat# C7604

Herring sperm DNA Promega Cat# D1811

2 3 Taq PCR MasterMix Biomed Cat# PC0903

Accuprime Taq HIFI ThermoFisher Scientific Cat# 12346086

Deposited Data

RNA-seq data This paper GSA: CRA002553

Genome-seq data This paper GSA: CRA002553

WGBS data This paper GSA: CRA002553

Experimental Models: Cell lines

WIBR1 hESC line Rudolf Jaenisch lab, MIT RRID: CVCL_9765

WIBR3 hESC line Rudolf Jaenisch lab, MIT RRID: CVCL_9767

WIBR3MGT hESC line Rudolf Jaenisch lab, MIT N/A

WIBR2MGT hESC line Rudolf Jaenisch lab, MIT N/A

H9 hESC line Yu Wang lab, IOZ, CAS N/A

Oligonucleotides

PCR primers used in SNP genotyping and promoter

methylation characterization

This paper Table S2

(Continued on next page)

e1 Cell Stem Cell 27, 482–497.e1–e4, September 3, 2020



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/

R The R Project https://www.r-project.org/

FlowJo FlowJo, LLC https://www.flowjo.com/

GraphPad Prism GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Genotyping Console Affymetrix http://www.affymetrix.com/support/

technical/byproduct.affx?product=

genotypingconsole

Bismark Barbraham Bioinformatics https://www.bioinformatics.babraham.

ac.uk/projects/bismark/

Fastp Chen et al., 2018 https://github.com/OpenGene/fastp

Hisat2 Kim et al., 2015 http://daehwankimlab.github.io/hisat2/

Cufflinks Trapnell et al., 2010 http://cole-trapnell-lab.github.io/cufflinks/

RepeatMasker RepeatMasker Open-4.0. http://www.repeatmasker.org/

BWA Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

GATK McKenna et al., 2010 https://gatk.broadinstitute.org/hc/en-us

MethPrimer Li and Dahiya, 2002 https://www.urogene.org/methprimer/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Haoyi

Wang (wanghaoyi@ioz.ac.cn).

Materials Availability
There are restrictions to the availability of naive and primed hESC lines derived in this study due to the lack of an external centralized

repository for its distribution and our need to maintain the stock. We are glad to share these hESC lines with reasonable compensa-

tion by requestor for its processing and shipping.

Data and Code Availability
The datasets generated during this study are available at Genome Sequence Archive of Beijing Institute of Genomics, Chinese Acad-

emy of Sciences (https://bigd.big.ac.cn/gsa/). The accession number for the sequencing data generated in this paper is CRA002553.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
Primed hESC lines WIBR1, WIBR3MGT, WIBR2MGT, WIBR3 and H9 were maintained on mitomycin C inactivated mouse embryonic

fibroblast (MEF) feeder layers or matrigel, and cultured in human ESC medium (hESM) [DMEM/F12 supplemented with 15% fetal

bovine serum (FBS), 5% KnockOut Serum Replacement, 2mM L-glutamine, 1% nonessential amino acids, 0.1mM b-mercaptoetha-

nol and 8ng/ml FGF2] or Essential 8 medium (E8). Cells were passaged using 2 mg/ml Collagenase Type IV or 0.5mM EDTA every

3-5 days.

Naive hESCs were cultured on mitomycin C-inactivated MEF feeder cells. 5iLA naive hESCs were derived and maintained in

serum-free N2B27-based media supplemented with inhibitors and cytokines. 500ml of medium was generated by including:

240 mL DMEM/F12, 240ml Neurobasal, 5ml N2 supplement, 10ml B27 supplement, 10 mg recombinant human LIF, 2mM L-gluta-

mine, 1% nonessential amino acids, 0.1mM b-mercaptoethanol, penicillin-streptomycin, 5mg/ml BSA, and the following small mol-

ecules and cytokines: 1 mM PD0325901, 0.2 mM IM-12, 0.5 mM SB590885, 1 mM WH4-023, 10 mM Y-27632 and 20ng/ml Activin A.

METHOD DETAILS

Primed to Naive Conversion
For primed to naive conversion, we seeded 3-53 105 trypsinized primed hESCs on a MEF feeder layer in hESM supplemented with

ROCK inhibitor 10 mM Y-27632. 1-2 days later medium was switched to 5iLA medium. After 5-7 days daily changing fresh medium,
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dome-shaped naive-like colonies appeared, even though there was an initial wave of cell death in the first few days. Usually at the

third passage, naive-like colonies could be enriched by FACS sorting (WIBR3MGT andWIBR2MGT) or manual picking (WIBR3 and H9),

and passaged on MEF feeder layer. Then naive cells were stably passaged using Accutase for dissociation every 3-5 days.

Naive cells generated with DOX-inducible KLF2 and NANOG transgenes were converted in 2iL+DOX and maintained in 2iLGö

naive human ESC medium. 500ml of medium was generated using serum-free N2B27-based media with 1 mM PD0325901,

CHIR99021 (3 mM in 2iL+DOX or 1 mM in 2iLGö), 20ng/ml human LIF and 5 mMGö6983. 2 mg/ml DOXwas used for transgenes expres-

sion. After naive resetting, DOX was omitted during the maintenance of naive hESCs. All naive resetting experiments in this paper

were performed under 5% O2, 5% CO2.

Naive Re-priming
For re-priming, we seed 5 3 105 trypsinized single naive cells on a MEF feeder layer in hESM supplemented with ROCK inhibitor

10 mM Y-27632. Y-27632 was withdrawn on the second day. 5 days later, re-primed hESC pool was passaged by Collagenase

Type IV on martrigel and medium was switched into E8 medium. For WIBR3MGT and WIBR2MGT, XaXa and XaXi re-primed hESCs

were sorted by flow cytometry. For WIBR3 and H9, we plated 53 104 trypsinized naive cells in 100mm dish. 7 days later, single col-

onies were picked and XaXa and XaXi re-primed hESCs were classified by RNA-FISH.

Fibroblast differentiation
For direct differentiation, XaXa re-primed hESCswere detached into clumps using EDTA and plated into gelatin coated 6-well directly

using fibroblast medium supplemented with Y-27632. 500ml mediumwas generated by including 435mL DMEM, 50ml FBS, 2mML-

glutamine, 1% nonessential amino acids and 1% penicillin-streptomycin. Medium was changed every two days. Differentiation was

carried out for 5 days.

For embryoid body differentiation, XaXa re-primed hESCs were trypsinized into single cells by Accutase and transferred into mul-

tiple 30 mL hanging drops using fibroblast medium with Y-27632. 5 days later, embryoid bodies were collected into 6-well plate and

maintained in fibroblast medium.

Teratoma Assay
For teratomas differentiation, single cell dissociations of naive hESCs were resuspended in 250 mL of 0-4�C matrigel and injected

subcutaneously in the flank of NSG mice. Tumors generally developed within 8 weeks and animals were sacrificed before tumor

size exceeded 3cm in diameter. Teratomas were isolated and dissociated using trypsin for FACS analysis, or fixed in formalin. After

sectioning, teratomas were diagnosed based on hematoxylin and eosin staining.

Flow cytometry
To assess the populations of WIBR3MGT andWIBR2MGT naive and primed hESCs, a single cell suspension was assessed on the LSR

II SORP (Beckton-Dickinson). On the LSR II SORP, tdTomato (for detection of autofluorescence) was excited by a Coherent Com-

pass 561nm (25mW) yellow/green laser and detected using a bandpass filter of 610/20 and GFPwas excited by a Coherent Sapphire

Solid State 488nm (100mW) blue laser and detected using a bandpass filter of 525/50. Data analysis was performed using Flowjo

(v10.0 0.7).

RNA fluorescent in situ hybridization (FISH)
Homemade XIST probe was generated from XIST exon 1 DNA (GenBank U80460: 61251–69449) and XACT probe was generated

fromBACs including XACT (RP11-35D3, BACPAC), whichwere labeled using nick translation kit (Roche) with Cy3-dUTP (Amersham)

and FITC-dUTP (ThermoFisher) respectively. The labeled DNA pellet, along with herring sperm DNA (Promega) was stored at�80�C
after re-suspension in hybridization buffer [50% formamide, 2X SSC, 2mg/ml BSA, 10% Dextran Sulfate-500k]. Labeled probes is

denatured at 80�C for 10min and incubate at 42�C for 5-60min. Commercial XIST and ATRX probes (Stellaris) were also used in

this paper. Cells were grown on 18mm round glass coverslips, washed with DPBS, fixed with 4% paraformaldehyde for 10 min, per-

meabilized with 4�CCSK-T buffer [100mMNaCl, 200mMSucrose, 10mMPIPES, 3mMMgCl2 and 0.5% (v/v) Triton X-100. pH6.8] for

10min, and serially dehydrated with cold (4�C) 70%–100%ethanol. Coverslips were air-dried and hybridized with labeled probes in a

chamber humidified with hybridization buffer at 42�C (Homemade probes) or 37�C (Commercial probes) for 16h, washed for three

5min intervals with 50% formamide in 2x SSC at 37�C, then 2x SSC for 5min. At last, apply Vectashield with DAPI mounting medium

to each cell spot. Seal coverslip with nail polish. Slides were visualized with Leica TCS Sp8 confocal microscope equipped with filters

that are compatible for imaging with DAPI, Cy3, Cy5 and FITC.

Immunofluorescence staining
Immunostaining was performed according to standard protocols using the following primary antibodies: OCT3/4, NANOG, STELLA,

KLF4, REX1, TFCP2L1, and H3K27Me3 appropriate Alexa Fluor dye conjugated secondary antibodies (Invitrogen) were used. Nuclei

were stained with DAPI (Life Technologies). Images were taken using Leica TCS Sp8 confocal microscope. Data analysis was per-

formed by ImageJ.
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RNA-seq library preparation and data analysis
To prepare RNA for sequencing, one million naive or primed hESCs were trypsinized. Total RNA was isolated using Trizol.

Sequencing was performed on an Illumina X Ten sequencer with 150bp paired-end sequencing reaction. And the RNA sequencing

data for human preimplantation embryos were downloaded from ArrayExpress E-MTAB-3929. All the RNA-seq data analysis were

performed with Hisat2 and Cufflinks using the UCSC human genome annotation (version hg19) with default settings. Reads with

unique genome location and genes with no less than 1 FPKM in at least one sample were used for following analysis. TEs used

for quantification were annotated by RepeatMasker. Gene expression across X chromosome in Figures 5G and S7I, as introduced

by previous study (Petropoulos et al., 2016), were calculated using a sliding window of 50 genes and only genes with no less than 1

FPKM in all samples were used for the analysis. For the violin plot in Figures 5G and S7I, dosage of X chromosome expression was

analyzed by the ratio of FemaleFPKM of X-linked gene versusMaleFPKM of X-linked gene using X-linked genes with FPKMmore than 10 in both

samples of each pair in comparison. The ratios of naive samples were calculated using Female naive hESCs versus male naive

hESCs. And for the primed samples, the ratioswere calculated using Female primed hESCs versusmale primed hESCs. The Principal

Component Analysis (PCA) and heatmap analysis were performed with function prcomp and pheatmap function in R. In Figure 3C,

differentially expressed genes between WIBR3MGT HT naive and Class III primed hESCs with two-fold changes and more than 10

FPKM in at least one sample were used for the PCA analysis. The FPKMwas normalized by log2 transformation and parameter scale

was used in prcomp fucntion. In Figure S3E, themostly different expressed 252 genes between all naive and primed Class III samples

were used. Same as Figure 3C, the FPKMwas normalized by log2 transformation and parameter scale were used in prcomp function.

And plot3D function was used to show the PCA results.

Genome resequencing and SNP genotyping
WIBR3, WIBR2 and H9 cell samples were collected for the whole-genome sequencing by Illumina X Ten sequencer with 150bp

paired-end sequencing reaction. As previously described (Zhang et al., 2018), the whole-genome sequencing data were mapped

to hg19 genome by BWA using ‘mem’ mode with default parameters. The mapped reads with unique genome location were used

for identify the germline single nucleotide variant (SNV) events by HaplotypeCaller tool in GATK with default setting. And only the

base variants in each site were totally fitting to SNP annotation (dbSNP151) was used for the allelic expression analysis.

Characterization of X-linked SNP expression
WIBR3 data interrogated by Affymetrix human SNP array 6.0 was used (Lengner et al., 2010). Array intensity data was analyzed by

Affymetrix Genotyping Console.We chose 4 SNPs distributed on the X chromosome for characterization. Total RNAwas isolated and

synthesized cDNA with reverse transcription. About 500bp fragments encompassing SNP sites were amplified by PCR using Accu-

Prime Taq DNA polymerase. The PCR products were ligated to T vector and transformed into E. coli. 16h later, 15-20 single colonies

were picked and sequenced. For quantification of different genotypes of SNPs, we counted the number of colonies with different

sequenced results.

Whole-genome Bisulfite Sequencing (WGBS) Data Analysis
Sequencing reads were adaptor-trimmed with fastp and mapped to the human reference genome (GRCh38/hg38) with Bismark. 1

mismatch was allowed at most. The average of DNA methylation level along X chromosome is calculated using a sliding window of

1M. 472 X-linked SNPs were used for allelic-specific methylation level analysis based on the RNA-seq data and microarray data of

WIBR3 reported (Lengner et al., 2010). Allele-specific average DNA methylation level of X chromosome in 5iLA HT and 5iLAF naive

hESCs were calculated using a sliding window of 10 SNPs.

Promoter Methylation Characterization
Prediction of CpG islands in XIST, XACT and MECP2 promoter regions were accessed by MethPrimer. 1 million hESCs were

collected for methylated DNA with bisulfite using EZ DNA Methylation-Gold Kit, which converts unmethylated cytosines into uracil

and methylated cytosines remain unchanged during the treatment. Using optimized meth-primers, 200-260bp fragments including

CpG islands are amplified, then ligated to T vector, transformed into E. coli, picked 15-20 single colonies 16h later, amplified the same

regions by PCR and sent for sequencing. For analyzing methylation levels of promoter CpG islands, sequenced files were uploaded

on Quantification tool for Methylation Analysis (QUMA: http://quma.cdb.riken.jp/).

QUANTIFICATION AND STATISTICAL ANALYSIS

FACS data analysis was performed using Flowjo. Prism Graph Pad 8.0 was used to perform statistical analysis and data plotting.

Mean fluorescence intensity of immunofluorescence staining was analyzed using ImageJ. For quantification of RNA-FISH and

H3K27Me3 immunofluorescence staining data, we selected 200 nucleuses randomly to count different signals. Analysis of different

genotypes of SNPs in naive and primed hESCs by counting the number of different TA colonies using the sequencing data. QUMA

was used to analyze the methylation levels of promoter CpG islands.
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