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SUMMARY

The presence of two active X chromosomes (XaXa) is
a hallmark of the ground state of pluripotency
specific to murine embryonic stem cells (ESCs).
Human ESCs (hESCs) invariably exhibit signs of X
chromosome inactivation (XCI) and are considered
developmentally more advanced than their murine
counterparts. We describe the establishment of
XaXa hESCs derived under physiological oxygen
concentrations. Using these cell lines, we demon-
strate that (1) differentiation of hESCs induces ran-
dom XCI in a manner similar to murine ESCs, (2)
chronic exposure to atmospheric oxygen is sufficient
to induce irreversible XCI with minor changes of the
transcriptome, (3) the Xa exhibits heavy methylation
of the XIST promoter region, and (4) XCl is associated
with demethylation and transcriptional activation of
XIST along with H3K27-me3 deposition across the
Xi. These findings indicate that the human blastocyst
contains pre-X-inactivation cells and that this state is
preserved in vitro through culture under physiolog-
ical oxygen.

INTRODUCTION

Human embryonic stem cells (hESCs) represent a powerful tool
for cell replacement therapy and tissue engineering. Established
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hESC lines exhibit a remarkable degree of variability with respect
to their propensity to differentiate as well as their genetic and
epigenetic stability. These differences have often been attributed
to variable environmental conditions and culture techniques
used to isolate and propagate hESCs, but the exact causes of
the observed variability have been difficult to address directly
due to genetic heterogeneity of hESCs confounding any
comparison between different cell lines.

The state of X chromosome inactivation (XCI) can vary greatly
not only between hESCs, but also between subcultures of
a single hESC line (Hall et al., 2008; Shen et al., 2008; Silva
et al., 2008). In mice, the paternal X chromosome is imprinted
during spermatogenesis, becomes silenced during cleavage
(Kalantry et al., 2009; Patrat et al., 2009), and is reactivated
only in cells of the inner cell mass (ICM) of the postimplantation
blastocyst while remaining silenced in the extraembryonic tro-
phectoderm (Huynh and Lee, 2003; Mak et al., 2004; Okamoto
et al., 2004; Payer and Lee, 2008). Thus, ICM-derived ESCs
have two active X chromosomes (XaXa) and will randomly inac-
tivate one X chromosome upon differentiation (XaXi) through Xist
RNA coating the inactive X in cis (Kay et al., 1993; Monkhorst
et al., 2008; Panning et al., 1997; Penny et al., 1996). Xist-medi-
ated X chromosome silencing is accompanied by repressive
histone modifications (Boggs et al., 2002; Heard et al., 2001;
Kohlmaier et al., 2004; Mermoud et al., 2002; Plath et al., 2003).

Unlike mouse ESCs, all human ESC lines analyzed to date
exhibit partial or complete XCI. Many of these lines lack XIST
coating on the inactive X (Xi) in the undifferentiated state and
do not reactivate XIST gene expression upon differentiation
(Hall et al., 2008; Shen et al., 2008; Silva et al., 2008). Strikingly,
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Table 1. hESC Derivation in Physiological O,

hESCs Differentiated Cells

XIST X-Linked Gene XIST X-Linked Gene
Line Isolation Date Passage Sex Xi Status Expression Expression Expression Expression
WIBR1-5% 6/19/07 77 Male XaY — NA — NA
WIBR1-20% 6/21/07 83 Male XaY - NA - NA
WIBR2-5% 8/9/07 34 Female XaXa — biallelic + biallelic
WIBR2-20% 8/11/07 54 Female XaXi — monoallelic — monoallelic
WIBR3-5% 6/3/08 68 Female XaXa — biallelic + biallelic
WIBR3-20% 6/5/08 60 Female XaXi + monoallelic + monoallelic
WIBR4-5% 9/11/09 14 Female XaXa - ND + ND
WIBR4-20% 9/18/09 12 Female XaXi ND + ND
WIBR5-5% 9/11/09 11 Female XaXi ND + ND
WIBR5-20% 9/18/09 11 Female XaXi ND + ND
WIBR6-5% 9/11/09 9 Male XaY — NA - NA
WIBR6-20% 9/18/09 8 Male XaY - NA - NA

Six hESC lines were derived under 5% O,. WIBR1, 2, and 3 were derived from eight-cell embryos cultured until the blastocyst stage under 5% O.
WIBR4, 5, and 6 were derived from cryopreserved blastocysts that had been cultured at 20% O, prior to hESC derivation in 5% O.. (See also Figures
S1, S2, and S3 for validation of pluripotency and karyotype of hESCs and Table S1 for a complete description of all human embryos used for deriva-

tion.) ND, not determined; NA, not applicable.

hESC cultures exhibit monoallelic expression of X-linked
genes, suggesting that XCl in hESCs may have resulted from
a nonrandom parental allele specific choice (Shen et al., 2008).
However, adult females exhibit random XCI and evidence for
imprinted XCI in human extraembryonic tissue is controversial
(Payer and Lee, 2008). Conversely, random XCI may occur in
the ICM of female embryos followed by clonal selection after
hESC derivation. Staining of preimplantation female human
embryos has shown that at the eight-cell stage XIST foci begin
to form and expand to full XIST clouds by the morula and blasto-
cyst stages, consistent with XCI having already occurred at this
stage (van den Berg et al., 2009).

In the current study, we examine the intrinsic effects of atmo-
spheric oxygen (~20%, pO,, 142 mm Hg) on the ability of hESCs
to maintain pluripotency, genetic, and epigenetic stability. ESC
derivation and maintenance in culture is conventionally per-
formed in atmospheric O, concentrations (Cowan et al., 2004;
Reubinoff et al., 2000; Thomson et al., 1998), which are hyperoxic
when compared to physiological O, levels (Fischer and Bavister,
1993). Exposure to 20% O, results in premature senescence
and accumulation of oxidative DNA lesions (Parrinello et al.,
2003) and it is possible that the hyperoxic conditions used for
ESC culture have detrimental effects on cell viability and epige-
netic state. Numerous reports have described protective effects
of decreasing the O, concentrations on hESCs originally derived
and maintained in atmospheric O, to more physiological levels
such as decreased accumulation of chromosomal abnormalities
(Forsyth et al., 2006), protection against spontaneous differentia-
tion, enhanced efficiency of cloning (Ezashi et al., 2005; Forsyth
et al., 2008; Ludwig et al., 2006; Prasad et al., 2009), and direct
epigenetic reprogramming (Yoshida et al., 2009). Nonetheless,
these findings remain controversial as recent studies called into
question the beneficial effects of returning hESC lines estab-
lished in atmospheric O, to 5% O, (Chen et al., 2009).

Further evidence supporting the use of physiological O, for the
derivation and maintenance of hESCs comes from studies on
preimplantation development and ESC derivation in nonhuman
mammals. Exposure to atmospheric O, has detrimental effects
on blastocyst formation rates and on cell proliferation within indi-
vidual blastocysts. This was observed across many species,
including mouse (Harlow and Quinn, 1979; Quinn and Harlow,
1978; Wang et al., 2006), sheep and cow (Thompson et al.,
1990), goat (Batt et al., 1991; Bernardi et al., 1996), and pig (Karja
et al., 2004; Kikuchi et al., 2002; Kitagawa et al., 2004). To date,
such studies have not been performed with human embryos.

We demonstrate here that derivation and culture in physiolog-
ical O, (~5%, pO,, 36 mm Hg) aids in maintaining pluripotency
and suppressing spontaneous differentiation of hESCs. Strik-
ingly, the derivation and maintenance of hESC cultures in 5%
O, prevented precocious XClI, suggesting that physiological O,
helps to maintain hESCs in a more developmentally immature
state.

RESULTS

Derivation of Pluripotent hESCs in a Physiological
Oxygen Environment

IVF-derived eight-cell embryos were thawed and cultured in 5%
O, until the blastocyst stage prior to hESC derivation in 5% or
20% O, (Table S1 available online). We established three hESC
lines under 5% O, (designated WIBR1, 2, and 3; Figure S1) and
one line under 20% O, (data not shown). Immediately after stable
establishment, each hESC line was split at the first passage, with
one half remaining at 5% O, and the other shifted to culture
in 20% O,. The resulting three pairs of genetically identical
hESC lines were cultured for prolonged periods (>18 months,
Table 1). Three additional hESC lines were derived from cryopre-
served blastocysts and will be described later (Table 1).
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All three pairs of cell lines maintained genetic stability,
exhibited normal karyotypes (Figure S2), and expressed the plu-
ripotency markers OCT4, SOX2, and NANOG, as well as the
hESC surface markers SSEA4 and TRA1-60, at both 5% and
20% O, (Figure S1). All hESC lines were pluripotent as shown
by teratoma formation and expression of lineage-specific tran-
scripts during embryoid body formation (Figure S3).

Gene Expression Changes Induced by Atmospheric
Oxygen

To assess changes in gene expression induced by hyperoxic
culture, we analyzed the transcriptome of hESCs after acute
(72 hr) or chronic exposure to 20% O, and compared the tran-
scriptional profiles to hESCs maintained in 5% O,. Acute expo-
sure to 20% O, induced a dramatic change in global gene
expression and resulted in a marked downregulation of genes
associated with hypoxia and the HIF pathway (Figure 1A).
Many of these changes were not maintained and approached
baseline (5%) levels after chronic exposure to 20% O, (Fig-
ure 1A). Consistent with these observations, hierarchical clus-
tering revealed that under either chronic 20% or 5% O, culture
conditions, gene expression profiles clustered on the basis of
the genetic background of the hESCs rather than O, environ-
ment (Figure 1B). We identified 198 genes whose change in
expression after acute exposure to 20% O, was maintained
during chronic culture (Figure S4 and Table S2). Gene set enrich-
ment analysis across the three cell lines identified an upregula-
tion of gene sets associated with mitochondrial activity and
messenger RNA (mRNA) processing after acute exposure to
20% O, (Figure S4). Gene sets associated with hypoxia such
as the HIF, glycolysis, and gluconeogenesis pathways were
downregulated in response to both acute and chronic exposure
to 20% O, (Figure S4).

Gene expression analysis of embryonic stem cell and lineage-
specific transcripts revealed no significant changes in the
expression of the core pluripotency genes OCT4, SOX2, and
NANOG, whereas induction of neurectodermal, trophoblast,
mesoderm, extraembryonic endoderm, and visceral endoderm
genes was observed in hESCs after chronic exposure to 20%
O, (Figure S4). This suggests that the exposure to 20% O,
does not significantly compromise pluripotency but may pro-
mote differentiation in a fraction of the cells.

Predisposition for Spontaneous Differentiation

We tested whether atmospheric O, would increase the suscep-
tibility of hESCs to undergo spontaneous differentiation under
suboptimal culture conditions. We therefore cultured hESCs on
mouse embryonic fibroblasts (MEFs) constitutively expressing
green fluorescent protein (GFP) for 8 days without passaging,
thereby triggering spontaneous differentiation. We found that
the proportion of cells in the culture expressing SSEA4 and
OCT4 was reduced in lines WIBR1 and WIBR2 after acute (72
hr) as well as chronic exposure to 20% O, (Figure 1C). In contrast
WIBRS3 remained largely unaffected, with over 90% of cells main-
taining OCT4 immunoreactivity under all culture conditions
(Figure 1C). This finding highlights the variability of hESC lines
in their response to atmospheric O, and may provide an explana-
tion for the conflicting reports in the literature.
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Effects of Oxygen Tension on Epigenetic Stability

in hESCs

To evaluate the consequences of exposure to 20% O, on the
epigenetic stability of hESCs, we assessed the DNA methylation
status of several imprinted genes using Sequenom matrix-
assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry analysis of bisulfite modified DNA, and we
observed no significant differences in methylation between 5%
or 20% O, cultures at the DLX5, H19, KCNQ1, NDN, PLAGH1,
SLC22A18, and SNURF loci (data not shown). One exception
was observed at the PEG3 locus, where chronic exposure to
20% O, was associated with increased CpG methylation. We
conclude that the DNA methylation status at numerous imprinted
loci remains stable in hESCs cultured in both atmospheric and
physiological O,.

We next assessed the status of XCl in the two female lines
WIBR2 and 3. This is of particular interest since hESCs are similar
to murine EpiSCs (Brons et al., 2007; Tesar et al., 2007) but, unlike
murine ESCs, have invariably undergone XCI in most or all cells
within a culture (Hall et al., 2008; Shen et al., 2008; Silva et al.,
2008), consistent with the hypothesis that hESCs may not be
developmentally equivalent to ICM-derived murine ESCs but
rather may correspond to the more mature, post-XCl epiblast-
derived EpiSCs (Guo et al., 2009; Nichols and Smith, 2009). Alter-
natively, cells of the human ICM, unlike the mouse, may have
already undergone XCI (van den Berg et al., 2009).

To assess the status of XCl in hESCs, we used fluorescent
in situ hybridization (FISH) to visualize XIST RNA. Both
WIBR2%% and WIBR3°% exhibited no XIST-positive cells and
no detectible XIST gene expression (Figures 2A and 2B and
Figure S5). Since established hESC lines are known to irrevers-
ibly silence XIST after undergoing XCI, we tested the ability of
WIBR2°% and WIBR3®” to activate X/ST upon differentiation.
In contrast to established hESCs cultured under 20% O,, both
WIBR2%% and WIBR3%% activated XIST gene expression and
formed an XIST cloud on the Xi upon differentiation, indicating
that these hESCs have two active X chromosomes. The XaXa
status of these cells was further confirmed by performance of
FISH for X-linked transcripts revealing two foci in cells cultured
at 5% O, (Figure S6).

In contrast to cell lines maintained at 5% 0O,, WIBR
expressed high levels of XIST RNA and had XIST clouds coating
the Xi in 67% of cells, with the remaining cells undergoing XCI
upon differentiation (Figures 2A and 2B). X chromosome DNA
FISH confirmed that these cells contained two X chromosomes
in both 5% and 20% O, and had XIST RNA coating the full X
chromosome territory at 20% O, (Figure S6). Furthermore,
FISH for X-linked transcripts showed a single focus in cells
cultured at 20% O,, consistent with these cells having one inac-
tivated X chromosome (Figure S6). This demonstrates that cells
cultured in 20% O, had undergone precocious XCl, as has previ-
ously been observed in established hESC lines. WIBR22°% did
not exhibit XIST expression or XIST clouds and did not activate
XIST upon differentiation (Figure S5), suggesting that this line is
defective in XCl as has been observed previously in some estab-
lished hESC lines.

To correlate XCl status and XIST expression with methylation
of the XIST promoter, we performed Sequenom matrix-assisted
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Figure 1. Effects of Atmospheric O, Exposure on hESC Gene Expression

(A) Changes in global gene expression and hypoxia-related gene expression after acute (72 hr) and chronic exposure to 20% O.,. Plots represent average changes
across hESC lines WIBR1, WIBR2, and WIBRS3. (See also Figure S4 for detailed analysis of gene expression changes and Table S2 for the list of transcripts whose
change in expression was maintained after both acute and chronic exposure to 20% O,.)

(B) Hierarchical clustering of hESC lines maintained in 5% O,, 20% O,, or 5% followed by 72 hr acute exposure to 20% O, (20A). All edges have AU p value of
100%, demonstrating that the clusters are strongly supported by the data. (Shown on the branches are the pearson correlations.) Blue boxes represent chronic
5% O, cultures, green boxes represent chronic 20% O, cultures, and red boxes represent cultures acutely shifted from 5% to 20% O, for 72 hr.

(C) Flow-cytometric analysis for expression of intracellular OCT4 and extracellular SSE4 in hESCs cultured in 5% O,, 20% O, (chronic), or 5% followed by 72 hr
exposure to 20% O, (acute), plotted as percent of positive human cells within the gates shown on right, after gating out GFP-positive feeders. Data are repre-
sented as the average of tree experiments + standard deviation (SD). Representative histograms in right panels (shown for WIBR1 5%) show the gating used to
quantify OCT4 and SSEA4 immunoreactivity in the absence of primary antibody (control) or in the presence of primary and secondary antibodies (+1° Ab).

MALDI-TOF mass spectrometry analysis of bisulfite-modified ylation at the XIST promoter in undifferentiated female hESCs is
DNA containing two CpG islands around the XIST transcriptional  consistent with their lack of XIST expression. In contrast, female
start site. The XIST promoter in the male line WIBR1 as wellasin  murine ESCs have only partially methylated Xist regulatory
female lines WIBR2%% and WIBR3%% exhibited over 90% meth-  regions (approximately 50% on each of the two alleles) (Nester-
ylation (Figures 2C and 2D and Figure S5). The high level of meth-  ova et al., 2008; Sun et al., 2006).
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XIST promoter methylation was reduced to 50%-60% in line
WIBR32°% (Figure 2D). Bisulfite conversion and sequencing
of individual clones revealed that the promoter was either
completely unmethylated or heavily methylated, indicating that
this cell line has one active XIST allele (Figure 2E). Line
WIBR22°%, which exhibited no XIST foci and was unable to acti-
vate XIST expression upon differentiation, had an intermediate
level of methylation, possibly reflecting earlier XIST activation
and XCI which was subsequently followed by XIST gene
silencing (Figure S5). To address this possibility, we performed
FISH at the earliest passage of WIBR2°* from which enough
material was available, and we found XIST foci in nearly all cells,
confirming that XCl had occurred during early passages and was
followed by silencing of XIST expression and loss of XIST clouds
on the Xi during prolonged culture (Figure S5).

Allele-Specific Expression of X-Linked Genes

X-linked single-nucleotide polymorphisms (SNPs) were identi-
fied in WIBR2 and WIBR3 to measure allele-specific gene

876 Cell 141, 872-883, May 28, 2010 ©2010 Elsevier Inc.

of WIBR2 and WIBR3 revealed biallelic

expression of nearly all X-linked SNPs in

5% O, cultures, consistent with these

lines carrying two active X chromosomes
(XaXa) (Figure 3A and Figure S7). Under 20% O,, however,
WIBR22°% exhibited monoallelic expression at 31% of the
SNPs (14/45), providing further evidence that this line, while lack-
ing persistent XIST foci, underwent XCI (Figure S7). WIBR320%
exhibited monoallelic expression at 73% of X-linked SNPs
(with SNPs exhibiting biallelic expression lying primarily in the
pseudoautosomal region known to escape XCI; Figure 3B),
consistent with this line having undergone XCI.

Further quantification of allele-specific gene expression via
Sequenom analysis demonstrated that both WIBR2%% and
WIBR3®% expressed equal levels of transcript from both X chro-
mosomes (Figure 3C and Figure S7). Line WIBR32°% (XaXi
and XIST positive) exhibited nearly complete monoallelic expres-
sion of the X-linked genes examined (Figure 3D). In contrast,
WIBR22°% (XaXi, but lacking XIST foci) expressed the majority
of X-linked transcripts from a single allele. However, significant
transcripts were detected from the putative Xi, suggesting that
the lack of XIST expression and loss of XIST clouds may have
resulted in a partial derepression of genes on the Xi (Figure S7).
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Figure 3. Allele-Specific Gene Expression in WIBR3 hESCs

(A) SNP-Chip analysis performed with all informative X-linked SNPs identified in WIBR3 hESCs. Genes are listed in order of their location relative to the pseu-
doautosomal region (top of the list). Genes listed are those in closest proximity to identified SNPs, with genes represented by several SNPs listed more than
once. Monoallelic gene expression is denoted in green while biallelic expression is denoted in yellow.

(B) Schematic of the X chromosome displaying genes containing informative SNPs in line WIBR3 used for allele-specific expression analyses. The pseudoau-
tosomal region (PAR) is shown in red.

(C-F) Sequenom allele-specific gene expression analysis utilizing SNPs within transcribed regions of X-linked genes (intronic and exonic) in WIBR3%” ESCs (C),
WIBR32°% ESCs (D), WIBR3°% ESCs after in vitro differentiation (E), or WIBR3%% ESCs after 2 weeks of exposure to 20% O, (F). Genes are plotted based on their

location along the X chromosome. (See also Figure S7 for allele-specific expression analysis in WIBR2.)

The monoallelic X-linked gene expression observed in estab-
lished hESC cultures could be explained by precocious XCI
induced under 20% O, culture followed by clonal selection of
some cells. We directly tested whether hESCs undergo random
XCI by differentiating WIBR3°% in vitro for 2 weeks, a period of
time long enough for cells to undergo XClI (Figure 2A) but short
enough that there would not be sufficient cell division for cells
to undergo clonal selection. We readily detected transcripts orig-
inating from both X chromosomes after differentiation, confirm-
ing that hESCs undergo random XCI in a manner analogous to
murine ESCs (Figure 3E). This finding is consistent with the
notion that the monoallelic X-linked gene expression observed
in long-term cultures of XaXi hESCs is a result of clonal selection.

X Inactivation in Response to Oxidative Stress

To determine whether XCl in female hESCs cultured in 20% O, is
reversible and whether exposure to 20% O, was sufficient to
induce silencing of the X chromosome, we analyzed WIBR2
and WIBRS3 cultures that were switched from either 5% to 20%
0, or 20% to 5% O, for 2 weeks. Both WIBR2 and WIBR3 cells
began to upregulate XIST expression and initiated the formation
of XIST foci after switching to 20% O, (Figures 2B and 2F and
Figure S5), and there were often two small XIST foci that formed
indicating that these cells had not yet committed to permanent
silencing of one particular X chromosome (Panning et al., 1997).
Conversely, shifting of cells maintained in 20% O, to 5% O, did
not reverse the established Xi in WIBR32°% (Figure 2F) and had
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no effect on WIBR22°% (Figure S5). Allele-specific expression
analysis of WIBR3%” after 2 weeks of exposure to 20% O,
showed biallelic expression of X-linked transcripts, consistent
with random XCI (Figure 3F). These findings demonstrate that
exposure to atmospheric O, alone is sufficient to drive irrevers-
ible X chromosome inactivation in hESCs.

In addition to atmospheric O, exposure, we observed promis-
cuous XCl in response to cellular stress induced by harsh freeze-
thaw cycles in which few hESC colonies were recovered. One
particular thawing of WIBR2%% that resulted in low cell viability
(only two to three hESC colonies recovered) exhibited XCI with
XIST foci in almost all cells, high XIST expression, and demethy-
lation of the XIST promoter (Figures 4A-4C). We therefore exam-
ined whether a general cellular stress response was sufficient to
induce XIST activity by culturing the XaXa hESC line WIBR2°% in
the presence of a variety of cellular stress-inducing compounds.
We found that inhibition of the proteosome, HSP90, gamma-glu-
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1-BOOH  t+-BOOH
(10uM)

O, stressed XaXi cultures in yellow. The location
of the CpG residues is plotted relative to the
XIST transcriptional start site at the bottom of
each graph.

(D) gRT-PCR analysis of XIST transcripts in
WIBR2%% in the absence (control) or presence of
compounds inducing cellular stress (see also
Table S3): HSP90 inhibitor 17AAG (24 hr acute
treatment), proteosome inhibitor MG132 (24 hr
acute treatment), organic peroxide tert-butyl
hydroperoxide (t-BOOH, 10 uM acute treatment
and 0.5 uM chronic treatment), and the y-gluta-
mylcysteine synthetase inhibitor L-Buthionine-
sulfoximine (L-BS, 150 uM acute treatment or
15 uM chronic treatment). XIST transcript level is
normalized to GAPDH and plotted as percent
expression relative to 20% O,, + SD.

(E) qRT-PCR analysis of XIST transcripts in hRESC
line WIBR2 24 days after shifting of cultures from
5% to 20% O,, during which the indicated antiox-
idant compounds were added to the culture media
daily. Five percent control represents hESCs not
shifted to 20% O,, and 20% control represents
untreated hESCs shifted from 5% to 20% O..
XIST transcript level is normalized to GAPDH and
expression in 20% O, cultures set to 100, + SD.
(See also Table S3 for a detailed description of
compound concentration and use).

(F) Epifluorescence FISH analysis of representa-
tive cultures analyzed in (E). XIST RNA (red), Cotl
nuclear RNA (green), and DNA (blue).

X L-BS L-8S
(0.5uM)  (150uM)  (15uM)

N-acetylcysteine

tamylcysteine synthetase, and treatment with organic peroxide
all activated XIST gene expression under 5% O, (Figure 4D
and Table S3). Thus, the XaXa state of hESCs is precarious
and prone to XClI in response to cellular stress.

Antioxidant-Mediated Protection against XCI

Given that both exposure to 20% O, and induction of oxidative
stress with organic peroxides is sufficient to drive XCl, we
reasoned that addition of antioxidants to the culture media
might protect against XCl. We therefore added a number of
known antioxidants, a HIF1« stabilizer (because HIF pathway
suppression was observed in 20% O,; Figure 1A and Fig-
ure S4), and histone deacetylase inhibitors (because HDAC
inhibition is known to suppress XIST expression in hESCs
[Ware et al., 2009]) to WIBR2 cells cultured in 5% O, prior to
exposure to 20% O, (Table S3). Twenty-four days after shifting
of cultures to 20% O,, almost all of these compounds were
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Figure 5. Localization of Activating and Repressive Histone Modifications

(A) ChIP-Seq profile of H3K4me3 (blue) and H3K27me3 (green) for all annotated human genes (26,277 RefSeq genes). The genomic region from —4 kb to +4 kb
relative to the transcriptional start site is shown for each cell line and O, condition. Genes were ordered separately for H3K4me3 and H3K27me3 by the average
ChlIP-Seq density in 5% O, for WIBR1, 2, and 3 and arranged from highest to lowest density. An arrow indicates the start site and direction of transcription.
(B and C) ChlIP-Seq profile of H3K4me3 (blue) and H3K27me3 (green) chromatin modifications along chromosome 1 (B) and the X chromosome (C) in the male
hESC line WIBR1 and the female hESC lines WIBR2 and WIBR3. Chromosome maps and size scales are shown at the top of the graph.

able to suppress XIST expression, with several antioxidant-
cultured cells exhibiting undetectable levels of XIST indistin-
guishable from the parental 5% O, cultures (Figure 4E). We
confirmed the presence of XIST clouds in untreated 20% O,
cultures and observed no XIST foci in the antioxidant treated
cultures (Figure 4F), demonstrating that inhibition of oxidative
stress is sufficient to protect hESCs from precocious XCI after
exposure to atmospheric Oo.

Genome-wide Analysis of Histone Modifications

To correlate the activity of the X chromosome with the chromatin
state in hESCs cultured in 20% or 5% O,, we performed
genome-wide location analysis of histone modifications that
mark active (H3K4-me3) and repressed (H3K27-me3) genes.
The distribution of these histone modifications on autosomes
was grossly unaffected by changes in O, concentration (Figures
5A and 5B). We did, however, observe a dramatic accumulation
of H3K27-me3 on the Xi of the female cell lines WIBR22°% and
WIBR32°% (Figure 5C) that was not observed in the female
hESC lines maintained under 5% O, or in the male hESC line
WIBR1 in either O, environment. This is consistent with the
observed monoallelic X-linked gene expression in female hESCs
maintained in 20% O, and further supports the conclusion that

these cells have undergone XCI. Thus, repressive histone modi-
fications seem sufficient to maintain a level of gene silencing in
line WIBR22°% in the absence of XIST, as has previously been
suggested (Shen et al., 2008; Zhang et al., 2007).

XCI Status in hESC Lines Derived from Cryopreserved
Blastocysts

In addition to examining XCI in hESCs derived from embryos
cultured in physiological O, prior to hESC derivation, we also
determined the XClI state in several hESC lines derived from
embryos cultured to the blastocyst stage under 20% O, and
then cryopreserved. We thawed 12 cryopreserved blastocysts
and allowed the blastocoels to expand (two blastocysts failed
to expand; Table 1 and Table S1) prior to transferring them to
5% 0O,. We obtained three additional hESC lines: two female
(WIBR4 and WIBR5) and one male (WIBR6) (Figures S1 and
S2). XIST FISH indicated that line WIBR4 was XaXa, while
WIBRS5 (derived from a blastocyst that failed to expand its blas-
tocoel) had undergone X inactivation (Figure S6). This finding
demonstrates that it is possible to isolate XaXa hESC lines
from embryos frozen at the blastocyst stage, although the addi-
tional stress of this procedure may result in an increased proba-
bility of precocious XCI.
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Preimplantation mouse embryos exhibit imprinted silencing of the paternal chromosome (pXi) after the two-cell stage, which becomes reactivated in the ICM
resulting in cells with two active X chromosomes (pXa mXa). Derivation of mouse ESCs results in XaXa cultures that undergo random XCI. In contrast, human
preimplantation embryos contain cells both with and without XIST clouds. Derivation of XaXa hESCs from human blastocysts under physiological O, concen-
trations suggests the existence of XaXa cells in human blastocysts. Derivation of hRESCs under atmospheric O, concentrations results in random XCl, after which
prolonged in vitro culture results in clonal selection leading to monoallelic X-linked gene expression. hESCs maintained in physiological O, stably express both
X chromosomes until encountering cellular stress or differentiation signals resulting in random XCl. X* in human preimplantation embryos indicates that although
an XIST cloud is present, these cells have not been formally shown to have undergone silencing of the X chromosome.

DISCUSSION

Human ESCs differ in their propensity for spontaneous differen-
tiation and X chromosome inactivation. The causes underlying
this variability have been difficult to determine as a result of
genetic heterogeneity between human ESCs, as well as varia-
tions in environmental and culture conditions. Here, we demon-
strate that growth in atmospheric O, promotes XCl in three pairs
of genetically identical hESC lines, while growth in physiological
O, protects against promiscuous XCI.

In the mouse, the paternal X chromosome is imprinted and
gradually becomes silenced sometime after the two-cell stage
(Huynh and Lee, 2003; Kalantry et al., 2009; Okamoto et al.,
2004; Patrat et al., 2009) (Figure 6). During blastocyst formation,
cells of the ICM reactivate the Xi (Mak et al., 2004; Okamoto
et al., 2004), and random X inactivation is initiated in the epiblast
lineage upon implantation (Monkhorst et al., 2008; Payer and
Lee, 2008). Establishment of murine ESCs from the ICM results
in cultures that have reactivated the imprinted Xi and have bial-
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lelic X-linked gene expression (Mak et al., 2004; Okamoto
et al., 2004; Wutz and Jaenisch, 2000), whereas derivation of
EpiSCs from the postimplantation mouse epiblast results in
cultures that have undergone random XCI as seen after differen-
tiation (Guo et al., 2009).

Recent evidence suggests that a single XIST focus begins to
form in each blastomere of six to eight cell human embryos
(van den Berg et al., 2009), but it remained unknown whether
cells of the blastocyst ICM reactivate this putative Xi. The obser-
vation that all hESC lines analyzed to date have undergone XCl in
most or all cells has led to the idea that hESCs may correspond
developmentally to murine EpiSCs rather than the pre-XCl,
murine ESCs (Hall et al., 2008; Nichols and Smith, 2009; Shen
et al., 2008; Silva et al., 2008). This is further supported by simi-
larities in gene expression patterns, morphology and growth
factor requirements of hESCs and murine EpiSCs. In the female
hESC lines described in this study, those cultured in 20% O,
exhibited XCI patterns consistent with what has been reported
(either having XIST foci in most or all cells or having an inactive



X but lacking XIST foci and the ability to upregulate XIST upon
differentiation). In contrast, hESC lines that were derived and
maintained in 5% O, exhibited no XIST-positive cells even after
prolonged culture and retained the ability to activate XIST,
making them the first XaXa hESC lines isolated to date.

Using XaXa hESCs cultured at 5% O,, we demonstrate that
exposure to atmospheric O, alone is sufficient to initiate irrevers-
ible XCl. We also show that XCI can be prevented by treating
hESC cultures with antioxidants, and, conversely, that induction
of XCl is not limited to oxidative stress but occurs in response to
other types of cellular stress. These findings suggest that in
hESCs, XCl is governed by the cellular stress response. Further-
more, we demonstrate that in the XaXa state where the XIST
gene is silent, the XIST promoter is heavily methylated, and,
upon XClI, one XIST allele becomes demethylated, consistent
with monoallelic XIST gene activation. Thus, the XIST gene in
undifferentiated hESCs is fully methylated and not expressed,
unlike the Xist gene in murine ESCs, which is expressed at low
levels and only partially methylated (Nesterova et al., 2008;
Sun et al., 2006).

Since hESC lines WIBR22°% and WIBR3%°* underwent XClI
during the culture period and exhibited monoallelic expression
of X-linked genes similar to what has been reported in estab-
lished hESC lines (Shen et al., 2008), it was important to
address whether the monoallelic X-linked gene expression
represented a nonrandom XCI event such as the paternally
imprinted XCI that occurs in preimplantation murine develop-
ment, or whether the cells underwent random XClI followed by
selective clonal expansion of hESCs with one particular Xi.
We utilized the ability of WIBR3°” to undergo XClI to address
this question, and we found that hESCs undergo random XClI
upon differentiation, supporting the notion that the monoallelic
expression in WIBR22°% and WIBR32°% is the result of clonal
selection rather than imprinted XCI (Figure 6). Our data suggest
that the conventional method of hESC isolation under atmo-
spheric O, conditions not only induces precocious XCI but
also imposes cellular stress leading to proliferation of some
cells, perhaps those best adapted to the suboptimal growth
conditions. This eventually may favor outgrowth of a few cells,
leading to oligoclonal and ultimately monoclonal cultures with
the same parental X inactivated in all cells and resulting in
monoclonal X-linked gene expression, as suggested previously
(Shen et al., 2008).

Monoallelic expression in WIBR22°% in the absence of XIST
coating the Xi after prolonged culture is consistent with previous
data demonstrating that XIST activity, while necessary for initia-
tion, is not required for maintaining the inactive state (Wutz et al.,
2002). Indeed, WIBR22°% had repressive histone H3K27-me3
coating the Xi in cells that displayed XIST clouds during early
passages but were devoid of XIST at later passages, suggesting
that H3K27-me3 may be sufficient to maintain the inactive state.
This observation is in contrast to studies employing immunoflu-
orescence to detect H3K27-me3 in mouse and human cells that
found a direct correlation between the absence of XIST/Xist and
H3K27-me3 foci (Shen et al., 2008; Zhang et al., 2007). This
discrepancy is likely due to the relative insensitivity of immuno-
fluorescence (where a large H3K27-me3 focus on the Xi is
required for detection above autosomal staining) in comparison

to the highly sensitive chromatin immunoprecipitation-based
sequencing (ChIP-Seq) technique employed in this study.

The derivation of XaXa hESCs strongly suggests that cells in
the ICM of human blastocysts, like those of the mouse, exist in
the pre-XCl state. In a recent study, cells with XIST foci were
detected in human blastocysts, suggesting that XCl has already
occurred at this stage (van den Berg et al., 2009). However, on
based on the location of the XIST-positive cells at the outer
edges of the blastocyst, it is likely that these cells are of trophec-
todermal lineage and not pluripotent cells of the ICM.

In summary, we demonstrate that exposure to atmospheric
O, results in precocious XCl in hESCs, whereas derivation under
physiological O,, using traditional hESC media, permits the
establishment of pre-XCl hESCs. Because hESCs isolated under
5% O, appear to better retain the “ground state” of pluripotency
with two active X chromosomes, the system is uniquely suited
for the study of XCI in hESCs as has traditionally been done in
the mouse. In addition, our findings are relevant for efforts to
induce pluripotent cells by direct reprogramming as it may be
possible to generate iPS cells from somatic human cells that
correspond to mouse iPS cells when cultured under physiolog-
ical oxygen.

EXPERIMENTAL PROCEDURES

Embryo Culture and ICM Isolation

Human embryos at the eight-cell or blastocyst stage produced by in vitro fertil-
ization for clinical purposes were obtained with written informed consent and
approved by an MIT institutional review board. Embryos were thawed and
cultured in Global medium (LifeGlobal, Guelph, Ontario, Canada) with 15%
human plasmanate (Bayer, Leverkusen, Germany) until day 6 in 5% O,, 3%
CO,. ICM isolation was carried out after removal of the zona pelucida in the
presence or absence of immunosurgery. The isolated ICM was cultured on
mitomycin C-inactivated MEF feeders, and cultures were split into 20% O,
after the first passage. Detailed methodology regarding blastocyst grading
and culture procedures can be found in the Extended Experimental Proce-
dures. Teratoma analysis was performed as described (Soldner et al., 2009)
and in the Extended Experimental Procedures.

Immunocytochemistry and Flow Cytometry

Cells were fixed in 4% paraformaldehyde and immunostained as previously
described (Soldner et al., 2009). For flow cytometry, hESCs grown on GFP-
expressing MEFs were isolated as described in the Extended Experimental
Procedures and stained with an anti-SSEA4 antibody, or, for OCT4, cells
were fixed/permeabilized with an intracellular staining kit (R&D systems,
Minneapolis, MN) and stained with anti-OCT4 antibody (Santa Cruz C-10)
followed by staining with Alexa 647 anti-mouse secondary antibody (1:100).
Total human cells were analyzed by gating out GFP+ MEF feeders. Data
was processed with FlowJo software.

Karyotype and Fingerprint Analysis
Karyotype analysis was performed by the Cell Line Genetics Laboratory
(Madison, WI).

qRT-PCR and Microarray Analysis

RNA was isolated with Trizol (GIBCO, Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol and was subsequently treated with DNase |
with an RNase free DNase kit (Zymo Research, Orange County, CA). Quantita-
tive RT-PCR analysis was performed as described previously (Lengner et al.,
2007) with primers described in the Extended Experimental Procedures.
Microarray analysis and data processing was performed as described in the
Extended Experimental Procedures, and raw data are available under the
Gene Expression Omnibus (GEO) accession number GSE20937.
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RNA/DNA FISH and Immunofluorescence

RNA and DNA FISH were carried out as described (Lee and Lu, 1999).
Dispersed hESCs were cytospun onto glass slides prior to fixation. Comple-
mentary DNA (cDNA) probes were generated to XIST exon 1 (GenBank
U80460: 61251-69449) and exon 6 (U80460: 75081-78658), labeled by nick
translation (Roche, Indianapolis, IN) with Cy3-dUTP (Amersham), and Cot-1
DNA was labeled with fluoroscein-12-dUTP with a Prime-It Fluor Labeling kit
(Stratagene, La Jolla, CA). After RNA FISH, 0.2 um Z section images were
captured, and the Z sections were merged. StarFISH X chromosomal paints
(Cambio, Cambridge, UK) were hybridized according to the manufacturer’s
instructions. In sequential RNA/DNA FISH, RNA FISH was performed first,
0.2 um Z section images were captured, and their x-y coordinates were
marked, and then the same slide was denatured for DNA FISH. For X-linked
gene FISH, a BAC containing the TIMP1 genomic locus was labeled by nick
translation with Cy3-dUTP, and hybridization/imaging was performed as for
XIST. Images were overlaid using DAPI nuclear staining as a reference.

DNA Methylation Analysis

Conversion of DNA with sodium bisulfite was performed with the EZ-96 DNA
Methylation Kit (Zymo Research, Orange County, CA) with 1 ug DNA and the
alternative conversion protocol (two temperature DNA denaturation). Seque-
nom’s MassARRAY platform was used to perform quantitative methylation
analysis as described in the Extended Experimental Procedures, and manual
bisulfite sequence analysis was performed as described (Soldner et al., 2009).

Allele-Specific Expression Analysis

X-linked gene expression analysis was performed on nuclear RNA as
described (Gimelbrant et al., 2007). Sequenom genotyping was used for
precise measurement of allelic imbalance in DNA and cDNA samples (see
Cowles et al., 2002, and Gimelbrant and Chess, 2006, and references therein).
This involves PCR amplification of a small region flanking the SNP of interest,
followed by primer extension and mass spectrometry detection of extended
species. Details of these analyses are described in the Extended Experimental
Procedures.

Chromatin Immunoprecipitation and Sequencing

The antibodies for ChIP were specific for H3K4me3 (ab 8580) and H3K27me3
(ab 6002). Protocols describing materials and methods have been previously
described (Lee et al., 2006), can be downloaded at http://web.wi.mit.edu/
young/hES_PRC/, and are described in the Extended Experimental Proce-
dures.

ACCESSION NUMBERS

The GEO accession number for the transcriptome profiling data reported in
this paper is GSE20937. The GEO accession number for the ChIP-Sequencing
data reported in this paper is GSE21141.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
seven figures, and three tables and can be found with this article online at
doi:10.1016/j.cell.2010.04.010.
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