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SUMMARY

Applications of embryonic stem cells (ESCs) require
faithful chromatin changes during differentiation,
but the fate of the X chromosome state in differenti-
ating ESCs is unclear. Female human ESC lines either
carry two active X chromosomes (XaXa), an Xa and
inactive X chromosome with or without XIST RNA
coating (XiX'S™*Xa;XiXa), or an Xa and an eroded Xi
(XeXa) where the Xi no longer expresses XIST RNA
and has partially reactivated. Here, we established
XiXa, XeXa, and XaXa ESC lines and followed their
X chromosome state during differentiation. Surpris-
ingly, we found that the X state pre-existing in primed
ESCs is maintained in differentiated cells. Conse-
quently, differentiated XeXa and XaXa cells lacked
XIST, did not induce X inactivation, and displayed
higher X-linked gene expression than XiXa cells.
These results demonstrate that X chromosome
dosage compensation is not required for ESC differ-
entiation. Our data imply that Xi*'S™*Xa ESCs are
most suited for downstream applications and show
that all other X states are abnormal byproducts of
our ESC derivation and propagation method.

INTRODUCTION

X chromosome inactivation (XCl) compensates for the difference
in X chromosome number between female and male placental
mammals and is orchestrated by the long non-coding (Inc)
RNA Xist, which induces the transcriptional silencing of one X
chromosome in females in early embryonic development (Augui
et al., 2011; Disteche, 2012). The silencing of the X chromosome
is accompanied by heterochromatin formation and stably main-
tained throughout the lifetime of the organism (Augui et al., 2011;
Disteche, 2012). Genetic approaches have indicated that XCl is
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necessary for development and adult homeostasis (Schulz and
Heard, 2013; Yang et al., 2016).

Given the importance of XCl in vivo, the X chromosome state
of human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) has been addressed by a number of re-
searchers, arriving at the conclusion that these cells have
different XCI states (Anguera et al., 2012; Barakat et al., 2015;
Hall et al., 2008; Hoffman et al., 2005; Kim et al., 2014; Lengner
et al., 2010; Mekhoubad et al., 2012; Nazor et al., 2012; Pomp
et al., 2011; Shen et al., 2008; Silva et al., 2008; Tchieu et al.,
2010; Tomoda et al., 2012; Vallot et al., 2015; Xie et al., 2016).
At least four X chromosome states have been described: (1)
two active X chromosomes without XIST expression (XaXa); (2)
an XIST RNA-coated Xi with an Xa (XiS™Xa); (3) an Xi lacking
XIST expression with an Xa (XiXa); and (4) an Xi lacking XIST
RNA with partial loss—erosion—of its silent state (eroded Xi,
Xe) with an Xa (XeXa). The epigenetic state of the X chromosome
not only varies between pluripotent stem cell (PSC) lines but also
between subcultures of a given line and even within a cell popu-
lation. In addition, it appears that modified culture conditions
affect the epigenetic state of the X chromosome. A consistent
view on the basis and functional outcomes of each XCI state is
currently lacking.

Human PSCs represent a focal point of regenerative medicine
because they can differentiate into all germ layers and are a
powerful research tool for understanding early human develop-
ment and modeling human diseases (Thomson et al., 1998).
Therefore, it is important that PSCs faithfully recapitulate tran-
scriptional and epigenetic changes of in vivo differentiation,
such as achieving the XiX*™*Xa state in female cells. This is the
case in mouse ESC lines as they are consistently XaXa without
Xist expression in the undifferentiated state and stably inactivate
one X chromosome by expressing Xist during differentiation (Au-
gui et al., 2011). Thus, it is critical to understand whether human
PSCs with different XCl states are capable of establishing or
maintaining a Xi or whether the XCI state pre-existing in PSCs
is maintained upon differentiation.

Currently, the fate of X chromosomes upon differentiation of
human PSCs is controversial. Some reports argued that XaXa
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ESCs and iPSCs undergo XCI upon differentiation (Hall et al.,
2008; Lengner et al., 2010; Silva et al., 2008; Tomoda et al.,
2012; Ware et al., 2009). This pattern would best mirror that of
differentiating mouse ESCs, which has dogmatically made
XaXa PSCs most sought after. Similarly, XeXa cells have been
described to undergo XCI upon differentiation (Vallot et al.,
2015). Conversely, other reports described that the XeXa state
is maintained during differentiation (Mekhoubad et al., 2012; Na-
zor et al., 2012). In many cases, the human PSC lines analyzed
have had heterogeneous XCl states in the undifferentiated state,
with both Xi¥'ST*Xa/XiXa and XaXa/XeXa cells in the same
culture. An increase in the fraction of Xi*'S™*Xa/XiXa cells during
differentiation was interpreted as evidence of XCI (Hall et al.,
2008; Hoffman et al., 2005; Silva et al., 2008; Tomoda et al.,
2012; Vallot et al., 2015). However, this result can also be ex-
plained without XClI if differentiation gave a selective advantage
to X¥'ST*Xa/XiXa cells compared to XaXa and XeXa cells.

Here, we systematically characterized the XCl state in primed
female human ESCs and their differentiated progeny. Based on
our concern that heterogeneity has made it difficult to assess
changes in the XClI state upon differentiation, we established
ESC lines with homogeneous and well-defined XCI states.
Our results show that, in our cell culture system, the XaXa state
arises during ESC derivation from blastocysts in addition to the
faithfully inactivated Xi*'*T*Xa state. Both states can be stabi-
lized and carried over into established ESC lines. The abnormal
XiXa (without XIST) and XeXa states appear due to culture-
induced erosion of the Xi during the propagation of established
Xi¥'ST*Xa ESCs, consistent with recent reports (Mekhoubad
et al., 2012; Tchieu et al.,, 2010; Vallot et al., 2015). All
lines regardless of XCI state could differentiate, and the XCI
state pre-existing in ESCs was maintained in differentiated
cells, indicating that X-to-autosome dosage compensation is
not required for in vitro differentiation. Our work provides a
framework for the epigenetic changes of the X chromosome
during derivation and propagation of ESCs under conventional
primed culture condition and the consequences for differentia-
tion and a model for how the blastocyst state of the X chromo-
some transitions toward XCI.

RESULTS

Characterization of the XCI State in Human ESC Lines at
the Single-Cell Level

To study the state of the X chromosome in human ESCs upon dif-
ferentiation, we evaluated undifferentiated ESC lines derived and
maintained in conventional FGF2-containing primed culture me-
dia (Table S1). Specifically, we applied RNA fluorescent in situ
hybridization (RNA FISH) to ten newly derived female ESC lines
(UCLA1, UCLAS3, UCLA4, UCLA5, UCLA8, UCLA9, UCLA14,
UCLA16, UCLA17, and UCLA18) at intermediate passage
(P13-25) after at least one freeze-thaw cycle and to three widely
used female ESC lines from other institutions (H9, H7, and ESIO0S;
at P21-38). We expected abnormal XClI states to be present at
intermediate passage. For newly established lines, derivation
was performed under both normoxic and hypoxic conditions,
but oxygen levels did not influence the resulting XCl state (Table
S1). All new lines expressed the pluripotency transcription fac-

tors OCT4 and NANOG and surface markers SSEA4 and
TRA1-81 and formed teratomas containing all three germ layers
(Figure S1A; Table S1). DNA copy number and metaphase chro-
mosome spread analyses confirmed that the ESC lines were
karyotypically normal (Figures S1B and S2; Table S1).

We utilized RNA FISH to examine the expression and nuclear
localization of XIST, the key regulator of XCI, as well as the
nascent transcription of nine X-linked genes (MID1, CASK,
AMMECR1, WDR44, THOC2, GPC3, MTMR1, ATRX, and
HUWET) distributed along the entire X chromosome (Figure S3A),
all subject to silencing by XCI (Balaton et al., 2015). Human fe-
male fibroblasts and male (H1) and female (H9) ESC lines were
used to validate these assays (Figure S3B). We anticipated the
analysis of these well-distributed X-linked genes to distinguish
between the XaXa, XeXa, and XiXa states. In addition, RNA
FISH for UTX, a gene known to escape XCI (Figures S3A and
S3B; Balaton et al., 2015), was used to verify that cells with
two X chromosomes were scored.

Applying the multi-gene RNA FISH approach, we found dra-
matic differences between ESC lines. UCLA9, UCLA17, and
UCLA18 displayed bi-allelic expression for all assayed X-linked
genes and lacked XIST expression in all cells (Figure 1A), which
led us to classify them as homogeneously XaXa. A few cells dis-
played no or mono-allelic nascent transcription of the X-linked
genes, which is likely due to transcriptional bursts. The pluripo-
tency-specific INcRNA XACT (Vallot et al., 2015) was also ex-
pressed from both X chromosomes (Figure S3C). H9 and
ESIO3 displayed mono-allelic expression for all tested X-linked
genes (Figure 1B). XIST expression was completely lacking in
H9 cells and present in only 3% of ESIO3 cells (Figure 1B); hence,
we classified these cell lines as XiXa. Eight ESC lines (UCLA1,
UCLA3, UCLA4, UCLA5, UCLA8, UCLA14, UCLA16, and H7)
lacked XIST expression and displayed mono- and bi-allelic
expression of at least one of the examined X-linked genes (Fig-
ures 1C and S3D), suggesting that these lines carried an Xe
that arose from the Xi with XIST expression (Anguera et al.,
2012; Mekhoubad et al., 2012; Nazor et al., 2012; Shen et al.,
2008; Vallot et al., 2015). To test this idea, we analyzed the XCI
state of these lines at earlier passage and found that UCLA1,
UCLA4, UCLA14, UCLA16, and UCLA8 had an XIST-coated X
chromosome or an accumulation of H3K27me3 indicative of
the XIST-coated Xi (Figures S3E-S3H; see below for UCLAS;
the other three ESCs were not available at earlier passage).
This result was consistent with erosion of the Xi*'S™Xa state
accompanied by XIST loss and partial Xi reactivation upon prop-
agation of these cells and ruled out the possibility that these lines
underwent only partial XCl in the first place. In some XeXa ESC
lines, only one or two genes were bi-allelically expressed
(GPC3 in UCLA8; AMMECR and GPC3 in UCLA1; CASK and
MID1 in UCLABS), indicating slight Xi erosion (Figures 1C and
S3D). Conversely, UCLA4 showed bi-allelic expression for eight
out of nine genes, suggesting substantial Xi erosion (Figure 1C).
Moreover, our RNA FISH analysis suggested that some of the
genes tested were more susceptible to erosion than others (for
instance, MID1, CASK, GPC3, and AMMECR versus HUWET;
Figures 1C and S3D). HUWET was the only gene tested with
mono-allelic expression across all XeXa ESC lines studied here
(Figures 1A and 1C).
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We conclude that our ESC lines, at intermediate passage, are
all XIST negative and can be classified as XiXa, XeXa, and XaXa
based on RNA FISH for nine X-linked genes. The XiXa and XaXa
ESC lines were essentially homogeneous for their XCl state,
whereas XeXa lines expressed certain X-linked genes mono-al-
lelically in some cells and bi-allelically in the others.

Comprehensive Analysis of XCI State by DNA
Methylation Profiling and RNA-Seq
Despite single-cell resolution, RNA FISH is limited to only a small
number of genes. Therefore, we examined DNA methylation
levels of CpG islands (CGls) on the X chromosome in 11 of the
aforementioned female ESC lines (at the same passage as for
RNA FISH analysis) and three additional female lines (ESI02,
WIBR2, and WIBR3) by conducting reduced representation
bisulfite sequencing (RRBS) (Meissner et al., 2005; Figure S4A).
This was particularly important for XaXa and XiXa lines to ensure
that these states extended across the entire X chromosome.
Analysis of CGls associated with X-linked genes examined by
RNA FISH above demonstrated that these genes lacked methyl-
ation when they were bi-allelically expressed and were interme-
diately methylated when mono-allelically expressed as a result
of methylation on the Xi and absence thereof on the Xa (Fig-
ure S4B). This result validated the use of methylation as faithful
marker of the XClI state (Nazor et al., 2012; Sharp et al., 2011).
Methylation analysis across the X demonstrated that UCLA9
and UCLA17 nearly completely lacked CGI methylation and
closely mirrored the methylation pattern of male ESC lines
UCLA2 and UCLA10 and male fibroblasts with their solitary Xa,
indicating that the XaXa state was an X-chromosome-wide phe-
nomenon (Figures 2A, 2B, and S4C). H9, ESI03, WIBR2, and
WIBR3 showed a uniform pattern of intermediate methylation
across the X similar to female XiX'ST*Xa fibroblasts, consistent
with their chromosome-wide classification as XiXa (Figures 2A,
2B, and S4C). UCLA1, UCLA3, UCLA4, UCLA5, UCLAS,
UCLA14, H7, and ESI02 lacked CGI methylation in parts of the
X chromosome in agreement with their XeXa state. UCLA4
showed comparably little CGI methylation, highlighting the
extensive erosion of the Xi in this line (Figures 2A, 2B, and S4C).
The analysis of DNA methylation not only confirmed our RNA-
FISH-based classification of the XCI states in our ESC lines but
also led to additional insights. The XaXa state in female mouse
ESCs is associated with global DNA hypomethylation compared
to male ESCs (Zvetkova et al., 2005). We found no evidence of
autosomal hypomethylation in female human XaXa lines
compared to male and female XiXa ESCs, indicating that the
presence of two active X chromosomes, unlike in mouse, is
not associated with dramatic changes in global methylation in
human ESCs (Figures S4D and S4E). Furthermore, we ad-
dressed whether methylation changes on the Xe extended
beyond CGls. Whereas CGI methylation differed strongly be-
tween XCl states, methylation outside these regions was consis-
tently high and did not differ between XCl states (Figures 2B, 2C,
and S4F). Consistent with this finding, the analysis of methylation
variance along the X chromosome in XaXa, XiXa, and XeXa ESC
lines and CpG density demonstrated that regions with high CpG
content, such as CGls, were specifically prone for erosion (Fig-
ures 2D and 2E). Thus, Xi erosion is largely confined to CGils,

suggesting that the erosion process specifically acts on cis-reg-
ulatory elements. Lastly, we determined the methylation level of
imprint control regions and found no correlation between the
epigenetic state of the X and imprint methylation (Figure S4G),
indicating that these two mechanisms of mono-allelic expression
regulation are distinctly affected in human ESCs (Nazor et al.,
2012).

To determine whether the XeXa and XaXa ESCs displayed
higher expression of X-linked genes compared to XiXa lines,
we generated RNA sequencing (RNA-seq) data for the XiXa lines
H9 and ESI03; the weakly eroded XeXa lines ESI02, UCLA1, and
UCLAS8; the strongly eroded line UCLA4; and the XaXa line
UCLA9. We observed a significant increase in X-linked gene
expression levels in XaXa and strongly eroded ESCs relative to
XiXa lines (Figure 3A). Moreover, we found a higher median
X-linked relative to autosomal gene expression in UCLA9 and
UCLA4 (Figure 3B), indicating that X-to-autosome dosage
compensation did not occur in these two lines and, therefore,
was not critical for the self-renewal of human ESCs. Moreover,
based on the presence or absence of CGl methylation within
promoter regions, we defined X-linked genes as putative active
and inactive, respectively (Table S2). For the slightly eroded
line UCLAS8 and the strongly eroded line UCLA4, genes with de-
methylated CGils (i.e., putatively active due to Xi erosion) were
expressed at a level similar to that in the XaXa ESC line
UCLA9, whereas genes with intermediary CGI methylation (i.e.,
putatively inactive) mirrored the level of the XaXi ESC line
ESIO3 (Figure 3C). Thus, Xi erosion leads to the loss of methyl-
ation and an increase of the dose of affected X-linked genes,
although cause and consequence remain unclear.

Because XCl is non-random in most human ESC lines, likely
due to clonal expansion during derivation (Shen et al., 2008),
we also analyzed RNA-seq data for the allelic expression state
of X-linked genes based on SNPs (Figure 3D). Consistent with
non-random XCI, many genes with informative SNPs expressed
solely either the reference or the alternate allele and few genes
expressed both alleles in UCLA1, UCLAS3, and UCLAS5, likely
due to Xi erosion. The reverse was true for UCLA4 in agreement
with its more extensive Xi erosion. In UCLA9, we did not find any
SNP-containing gene with mono-allelic expression, agreeing
with it being XaXa rather than XeXa.

The XCI State of Human ESCs Is Maintained during
Differentiation

The unambiguous classification of the XCI state in our ESC
lines allowed us to test how the XaXa, XeXa, and XiXa states
fare during differentiation. This analysis excluded Xi*'S™Xa cells
because this XClI state is labile and quickly disappears during
ESC propagation (see below; Shen et al., 2008). Despite differ-
ences in XClI state, all ESC lines formed teratomas containing
differentiated cells of all three germ layers (Figure S1A; Table
S1), suggesting that the starting XCl state does not affect pluri-
potency. We used retinoic acid (RA) to drive in vitro differentiation
of XaXa (UCLA9, 17, and 18), XeXa (UCLAT, 3, 4, 5, 8, 14, and
16 and H7), and XiXa (H9 and ESI03) ESC lines for 10 days and
determined whether these lines were capable of inducing XIST
and de novo XCI by multi-gene RNA FISH (Figure S5A). Quan-
tification was restricted to OCT4-negative differentiated cells.
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methylation were excluded to highlight Xi-linked intermediate methylation.

(B) Violin plots of the distribution of methylation levels of CpGs in X-linked CGls in indicated cell lines. Black diamond, mean; white square, median.

(C) As in (B), except for methylation levels of X-linked CpGs outside CGls.

(D) Plot of standard deviation (SD) of methylation of all X-linked CpGs and the subsets within and outside of CGls, respectively, relative to CpG density in the 200-
nucleotide window around each CpG considered, in female ESC lines with different XCI states. The number of CpGs analyzed is given.
(E) Boxplot of SD values defined in (D) for X-linked CpGs within and outside of CGls and significance testing of the difference.

See also Figure S4.

Because all ESC lines were XIST negative in the undifferentiated
state, de novo XCl would easily be detectable by the upregulation
of XIST. Upon differentiation, the proportion of X-linked genes
with mono- and bi-allelic expression was nearly identical to
that in the pluripotent cell of origin and XIST was undetectable
(Figures 1A-1C and S3D). A Xi-like enrichment of H3K27me3, a
hallmark of the XIST-expressing Xi (Plath et al., 2003), was also
absent in RA-differentiated cells (Figure S5B). Similarly, sponta-
neously differentiating ESCs did not exhibit XIST expression (Fig-
ure S5C). Thus, neither XIST nor XCl were induced de novo during
spontaneous and RA-induced differentiation of XIST-negative
XeXa, XaXa, and XiXa ESC lines.
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To validate these findings, we also determined the XCl state in
ESC-derived differentiated cells of defined character. We differ-
entiated UCLA9 (XaXa), UCLA1 (weak XeXa), UCLA4 (strong
XeXa), and H9 (XaXi) toward cardiomyocytes and UCLA9,
UCLA1, UCLA3 (XeXa), and H9 into hepatocyte-like cells. More
than 90% of cells successfully differentiated into cardiomyo-
cytes or hepatocytes. Hepatocyte-like identity was confirmed
by immunostaining for ALBUMIN and AFP and measurement
of ALBUMIN secretion (Figures S5D-S5F). Differentiated cardio-
myocytes displayed expected characteristics, including sponta-
neous beating, appropriate calcium transients, an increase in
beating frequency in response to beta-adrenergic stimulation,
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mulation in differentiated cells (Figures
4A, S5D, and S5H). Similar results were
obtained for the XaXa ESC line UCLA9
upon differentiation into TUJ1-positive

neurons (Figure S5K).

To extend these findings from a few
X-linked genes to the entire X chromo-
some, we measured DNA methylation in

expression of cardiomyocyte markers, and a striated pattern of
cardiac TROPONIN | (Figures S5G-S5J). RNA FISH indicated
that TROPONIN-I-positive cardiomyocytes and ALBUMIN-posi-
tive hepatocyte-like cells maintained the bi- or mono-allelic
expression pattern of X-linked genes that was present in the
respective undifferentiated ESC line (Figures 4A and S5E). More-
over, there was no evidence for expression of XIST or induction

cardiomyocytes, neurons, and day 10
RA differentiation cultures derived from
XaXa, XeXa, and XiXa ESC lines. Unsu-
pervised hierarchical clustering revealed
that X-linked CGI methylation in differen-
tiated cells remained highly similar to
that in starting undifferentiated ESCs
and differed between cell lines (Figures 4B and 4C). This was
not true for autosomal methylation, which clustered by differen-
tiation state and not by cell line (Figure 4D). Thus, differentiation
is not associated with a change in the epigenetic state of the X
chromosome, regardless of the pre-existing XCl state in ESCs.
In support of this observation, X-linked gene expression was
significantly higher in cardiomyocytes derived from XaXa ESCs
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(UCLAY9) and the strongly eroded XeXa ESCs (UCLA4) compared
to XiXa ESCs (H9) and slightly eroded XeXa ESCs (UCLAT;
Figures 4E and S5L). Similarly, the median expression level
of X-linked genes relative to autosomal genes was increased
(Figure 4F), indicating that in vitro differentiation can tolerate
improper X-to-autosome dosage compensation. The X-to-auto-
some ratios in cardiomyocytes were generally lower than those
for ESCs (Figure 4F versus 3B), but the reason is unclear. Cardi-
omyocytes derived from UCLA1, UCLA4, and UCLA9 displayed
no changes in X chromosome copy number, confirming that
X-linked gene expression differences arose from epigenetic,
not genetic, differences (Figure S2). We conclude that de novo
XCI and X-to-autosome dosage compensation are not required
for differentiation of female human ESCs. Our data reveal that,
in addition to the XIST-negative XeXa and XiXa states, the
XaXa state in our ESC lines—widely sought after in human
PSCs for its putative ability to undergo XCl—is in fact an
abnormal epigenetic state of the X chromosome as it lacks the
ability to induce XIST and XCI upon differentiation.

X-Linked Silencing Correlates with Differentiation
Propensity

Human ESCs and iPSCs are often variable in their differentiation
propensity (Bock et al., 2011), and the contribution of XCl state to
this phenomenon is unknown. To examine this, we took advan-
tage of a previously reported estimation of differentiation pro-
pensity toward ectoderm, mesoderm, and endoderm, coined
“lineage score,” for 18 human female ESC and iPSC lines
(Bock et al., 2011). We used RRBS data provided by the same
study to derive methylation values for X-linked CGls. As ex-
pected, CGI methylation varied widely between the 18 lines (Fig-
ure 5A). A subset of lines displayed intermediate CGI methylation
along the entire X, most closely matching the XiXa state, whereas
others were eroded to a different degree. One ESC line (HUES28)
nearly lacked CGI methylation, mirroring the pattern of male
PSCs, and hence was considered XaXa (Figures 5A and S6A).
Next, we correlated the median CGI methylation level as a mea-
sure of the XCl state of these PSC lines (Figures 5B and S6B) with
their lineage score. This analysis revealed a positive correlation
between XClI status and lineage score for all germ layers (Fig-
ure 5C). The relationship was strongest for ectoderm and neural
lineage (Figure 5C). This unbiased approach therefore suggested
that PSC lines with extensive erosion or no XCI differentiate less
efficiently than those with a proper Xi or slight Xi erosion. Thus,
the lack of XCl may be one of the factors that contribute to differ-
entiation biases of PSCs.

XaXa and Xi*'ST*Xa Cells Emerge during ESC Derivation,
yet XiXa and XeXa Arise during ESC Propagation

None of the XCl states observed in primed human ESCs
captured that of the pre-implantation blastocyst, where XIST is
expressed from both X chromosomes yet the X chromosomes
are active (Xa*'S™XaX'S™*; Okamoto et al., 2011). This disparity
is likely best explained by the transition from naive to primed
pluripotency when ESCs are derived in FGF2-containing media
(Davidson et al., 2015). Regardless, we wanted to understand
when the different XCl states of primed human ESCs arise during
derivation and propagation.

60 Cell Reports 18, 54-67, January 3, 2017

We confirmed the XCI state of human blastocysts by RNA
FISH for XIST and nascent transcription foci of HUWE1, which
distinguished the Xa from the Xe in our ESC lines (Figures 1
and S3D). All blastocysts analyzed either displayed single or
double signals of XIST and HUWET (Figures S7A and S7B), indic-
ative of male XaXS™Y and female Xa*’*"*Xa*'S™ blastocysts, as
previously described (Okamoto et al., 2011). Next, we examined
how XIST expression and the transcriptional state of HUWE1
changed during ESC derivation by performing RNA FISH in com-
bination with H3K27me3 immunostaining on blastocysts 48 and
96 hr after plating onto feeders in FGF2-containing culture me-
dia. In blastocysts, H3K27me3 accumulation of the X does not
accompany XIST expression (Okamoto et al., 2011). At 48 hr,
approximately 24 hr after blastocyst attachment, the majority
of cells maintained the state of the blastocyst such that male
and female cells still displayed one and two XIST-expressing
active X chromosomes without H3K27me3 accumulation,
respectively (Figures 6A and 6B). At 96 hr, when a larger number
of cells had grown out, we did not detect XIST expression in male
cells (Figure 6A), indicating that XIST became silenced on the
single X chromosome. Conversely, female embryos, detected
based on the number of sites with XIST/HUWET expression
per cell, showed various X chromosome states at 96 hr (Fig-
ure 6B). On average, 20% of scorable outgrowing cells from
four female blastocysts displayed the prototypical post-XCl
pattern with a strong XIST cloud and overlapping H3K27me3
enrichment on one X and expression of HUWET from the other
X (XXIST+/H3K2Tme3+y ) The remaining 80% of cells displayed
bi-allelic expression of HUWET and therefore carried two active
X chromosomes. Of these, less than 10% showed the pattern of
the blastocyst with XIST expression and absence of H3K27me3
accumulation (XaX'S™*XaX'S™), approximately 50% lacked an
XIST signal and H3K27me3 accumulation (XaXa), and around
40% carried an accumulation of both XIST and H3K27me3 on
one of the two X chromosomes (XaX'ST+H3K27meS+y o) "5 pattern
that is normally seen in mouse ESCs soon after Xist coats the
X but before silencing is initiated. In a second derivation experi-
ment with four additional female embryos, the blastocyst XCl
state was already lost at 48 hr after plating. In this case, both
XaXa and X*X'ST*Xa states were equally present at 48 hr,
and the majority of cells from an additional embryo displayed
the X¥'ST*Xa state at 96 hr (Figures S7C and S7D). These data
indicated that the pre-XCI pattern of the female blastocyst is
quickly lost in primed ESC culture conditions.

To understand which XClI states persist in derivation cultures
over time, we analyzed three blastocyst outgrowths at 3 weeks
after plating by RNA FISH for XIST and HUWET. In two blastocyst
outgrowths, the vast majority of cells were XaXa as they ex-
pressed HUWET bi-allelically without XIST (Figures 6Ci and
6Cii). Interestingly, in one of those two outgrowths, 7% of cells
displayed the post-XCl XiX'®T*Xa state and clustered together
within the large pool of XaXa cells, implying that the XiST*Xa
cells arose from cells that had faithfully undergone XClI soon after
plating (Figure S7E). The third blastocyst outgrowth displayed
XIST expression in the majority of cells indicative of the X*'S™*Xa
state (Figure S7F). Together, these data indicated that XaXa and
XiXST*Xa states can both be stabilized under our derivation
cultures.



OPEN

ACCESS
Cell

100 UCLA1 B undetectable  monoallelic M biallelic E o d
g 0 UCLA3
g 60 100 o
8 40 80 2 -
20 2 60 5 a0 |
e 8 5
0 * 40 [N ks test ks test
H9 20 £ 704 UCLA¢ UCLAD
100 0 g » %3 UCLAQ cardiac
. =g 3 3 3 & 60+ *E-:| UCLA4 cardiac
2 4 5|2 [ m] | UCLAT cardiac
: 40 50 | l H9card|ac
° i 256
20 nd UCLA4 expressmn level (Iogz [RPKM +1])
0 100
80
100, UCLAY TP F . 1
@ 2 40 & o
K] 20 I
® 0
£|g NS £(9g
" B HHE
= SRR 3 8718 I8
2 2leg|2|g e MID1 |HUWE1 ATRX MECP2| XIST
S S
MID1 | HUWE? | ATRX MECP2 XIST |
| | l [ ESC strongly
LI w| I | u | l wl I } | \ w0 b e {5 b
RA
UCLA1
|‘ | ’\ (| H ! IIH\ ﬂ \H Ik ESC % XISTRNA
l i ” “ EQC UCLA8

\ \ H
\ \ RA AT
i h\ ] v - D
H RA —
W‘ h u \n Mh H \ Hw esc =% | g s
ESC b £33
{ ’ } RA UCLA5 é
u
I HMIIW!N L H ! I \' J el R
| Ll Rl IR = Y
RA
’ ‘ ‘ | ESC UCLA4 a ba
le (XaY) ESC
|‘ { | | | EQC UCLA9 mmais GeIgESES
\ ESC ucLA10 2 =
50 74 100 154.5 (Mb) 0 02040608 1
< X chromosome & methylation level
= 9578 CpGs in CpG islands =
{ " " \ ‘ CLAT1 cardiac
E il ” \| IH J}\ ’ \HI}I \IH It H \|H90ard.ac
w Il {H i \Hll\ M o esc
e H\ LI \ UCLA1 ESC
UCLA4 cardiac
UCLA4 ESC
‘ ‘ ‘ ‘ ‘ | ‘ UCLA9 cardiac
UCLA9 ESC
UCLA9 neural 0 02040608 1
0 25 50 76 100 125 150 154.8 (Mb) methylation level
< X chromosome >

14209 CpGs in CpG islands

H9 cardiac
UCLA1 cardiac

UCLA1 cardiac
UCLA9 cardiac

H9 cardiac UCLA9 cardiac
UCLA4 cardiac UCLAA4 cardiac
UCLA1 ESC H9 ESC
UCLA4 ESC UCLA9 ESC
UCLA9 ESC |: UCLA4 ESC

UCLA1 ESC
UCLAQ neural

H9 ESC
UCLAQ9 neural

e 1 2 345 6 7 8 9 10 111213141516 17 18 19 202122

chr: 1 2 3 45 6 7 8 9 10 111213141516 17 18 19 202122 I_
1632294 autosomal CpGs 0 02040608 1 551609 autosomal CpGs in CpG islands

methylation level

(legend on next page)

Cell Reports 18, 54-67, January 3, 2017 61



OPEN

ACCESS
CellPress

Because pluripotent cells may represent a minority in blasto-
cyst outgrowths, we confirmed these findings in our established
ESC lines by following their XCI state through early passages.
We established new ESC lines by isolating a small piece of the
blastocyst outgrowth. ESC lines derived from blastocyst out-
growths that were largely XaXa (UCLA17 and UCLA18) displayed
the XIST-negative XaXa state at passage 3 (P3) and all subse-
quent passages (with or without freezing; Figures 6Ci and 6Cii).
This finding was consistent with the XaXa state of UCLA17 and
UCLA18 at intermediate passage (Figures 1A and 2A). The third
ESC line classified as XaXa at intermediate passage (Figures 1A
and 2A) was also in this state at passage 1 (Figure 6Ciii). Thus, all
three XaXa ESC lines described in this study carried this state
already at the earliest passage and stably maintained it during
ESC propagation, consistent with the notion that the XaXa state
arises during ESC derivation.

Two other ESC lines followed through early passages, UCLA8
and UCLA14, displayed XIST expression and mono-allelic
expression of the X-linked gene ATRX at early passage indicative
of the Xi*'*™*Xa state (Figure 6D). After only a few passages
(without freezing of the cells), XIST expression was gradually
lost in both lines such that, by passage 20, almost no X/IST-pos-
itive cells remained (Figure 6D). Whereas the loss of XIST in
UCLA8 and UCLA14 did not coincide with the activation of
ATRX (Figure 6D), RNA-seq data and RNA FISH for XACT
demonstrated that the transition from the XIST-positive to the
XIST-negative state coincided with Xi erosion (Figures S7G-
S7I), in agreement with prior reports (Mekhoubad et al., 2012;
Nazor et al., 2012; Shen et al., 2008; Vallot et al., 2015). Thus,
in addition to XaXa cells, the X'ST*Xa state can be stably main-
tained in blastocyst outgrowths and carried over into established
ESC lines. However, in contrast to the XaXa state, the X*'S™Xa
state is unstable as it loses XIST and in many cases undergoes Xi
erosion during propagation.

The Xi of Propagating iPSCs Undergoes Erosion instead
of Reactivation

Our finding that the XaXa state arises during ESC derivation
and not during propagation suggested that iPSCs that are in
the X¥'ST*Xa state when first derived (Mekhoubad et al., 2012;
Tchieu et al., 2010) should erode, as seen in XiX®T*Xa ESCs,
but not transition to the XaXa state in the primed state. Support-
ing this idea, only one ESC line, but no iPSC line, exhibited the
XaXa state in Figure 5A. We made a similar observation when
inspecting published X-linked CGl-methylation data for a large

number of female ESCs and iPSCs (Figure 5 in Nazor et al.,
2012), where five female ESC lines, but no iPSC line, were
XaXa. However, contrary to our idea, a recent report indicated
that established female XiXa iPSCs can be converted to the
XaXa state upon transfer onto SNL fibroblasts, which are
immortalized mouse fibroblasts that secret human LIF (Tomoda
et al., 2012), based on the measurement of bi-allelic expression
of only a few X-linked genes by RNA FISH and increased
X-linked gene expression. However, these measurements may
not have distinguished between strong erosion and the XaXa
state. Therefore, we re-investigated the XCl state of three
SNL-treated iPSC lines (Tomoda et al., 2012). Multi-gene RNA
FISH revealed that all three SNL-iPSC lines carried a severely
eroded Xi that expressed HUWET mono-allelically and most
other tested X-linked genes bi-allelically (Figure 7A). X-linked
CGI methylation of these iPSC lines was similar to the most
severely eroded ESC line UCLA4 (Figure 7B). These data sug-
gest that Xi'®T"Xa iPSCs, like XiX*T*Xa ESCs, can be driven
into extensive Xi erosion through specific culture conditions
but do not reactivate the Xi completely to reach the XaXa state
when the primed pluripotent state is maintained. Thus, we pro-
pose that the XaXa state is specific to ESCs, established during
derivation from the blastocyst, and not relevant for primed
iPSCs (Figure 7C).

DISCUSSION

In female mammals, X-to-autosome dosage compensation is
achieved by X chromosome inactivation, and current evidence
indicates that this process is essential for female embryonic
development and adult homeostasis (Schulz and Heard, 2013;
Yang et al., 2016). The prevailing model therefore suggests
that human primed female ESCs and iPSCs undergo XCI during
differentiation, but the literature on the state of the X in undiffer-
entiated PSCs and upon differentiation has remained controver-
sial (Anguera et al., 2012; Barakat et al., 2015; Hall et al., 2008;
Hoffman et al., 2005; Kim et al., 2014; Lengner et al., 2010; Me-
khoubad et al., 2012; Nazor et al., 2012; Pomp et al., 2011; Shen
et al., 2008; Silva et al., 2008; Tchieu et al., 2010; Tomoda et al.,
2012; Vallot et al., 2015; Xie et al., 2016). We applied genomics
approaches and multi-gene RNA FISH to define the XCI state
in ESCs at both the single-cell and population level (summarized
in Table S1). Moreover, we derived new ESC lines from a small
area of the blastocyst outgrowth rather than dissociation of the
entire outgrowth, which led to relatively homogeneous XCI

Figure 4. The XCI State of Human ESCs Is Maintained in Differentiated Cells

(A) Quantification of X-linked gene pattern and XIST in ESC lines and ESC-derived cardiomyocytes and hepatocytes by RNA FISH.

(B) Heatmap of unsupervised hierarchical clustering of RRBS-based methylation levels for CpGs within X-linked CGls in indicated female and male ESC lines and
their day 10 RA-induced differentiation products. CpGs with constitutive low (<0.15) and high (>0.85) methylation levels were not included to highlight the in-

termediate methylation due to XCI.

(C) As in (B), except for indicated female ESC lines in the undifferentiated state and upon directed differentiation into neurons and cardiomyocytes.

(D) Heatmap of unsupervised hierarchical clustering of RRBS-based methylation levels for all autosomal CpGs (left) and only those within CGls (right) for the same
cell lines/conditions shown in (C). The numbers below indicate chromosomes, which are separated by dashed lines.

(E) CDFs of X-linked gene expression for ESC-derived cardiomyocytes. Inset shows normalized autosomal expression data for the same cell lines at
the same XY scales. p values of the ks test for the difference of expression distributions between UCLA9 and UCLA4, respectively, and all other lines are given

(* < 0.05;** < 0.0005).

(F) X:A ratio of median gene expression in cardiomyocytes derived from the indicated ESC lines based on RNA-seq.

See also Figures S3 and S5.
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Figure 5. X Chromosome Silencing Correlates with Differentiation Propensity
(A) Heatmap of unsupervised hierarchical clustering of RRBS-based methylation levels for CpGs within X-linked CGils in indicated female ESC (light red) and iPSC
(dark red) lines obtained from Bock et al. (2011). CpGs with constitutive low (<0.2) and high (>0.6) methylation were not included to emphasize intermediate

methylation due to XCI.

(B) Violin plots of methylation levels of CpGs in X-linked CGls for cell lines shown in (A). Black diamond, mean; white square, median.
(C) Scatterplot of the median methylation level of X-linked CGls for each cell line shown in (A) (low median methylation indicates presence of a Xa or strongly
eroded Xe and high methylation indicates a Xi or weakly eroded Xe) versus the lineage scores for differentiation propensity for the same line.

See also Figure S6.

patterns in most lines, enabling us to draw robust conclusions
about any changes of the XClI state upon differentiation.

We found that neither XaXa nor XeXa ESC lines, regardless of
the degree of Xi erosion, are competent for XIST upregulation
and de novo initiation of XCl upon induction of differentiation, re-
sulting in the maintenance of the epigenetic state that pre-ex-
isted in the ESC population (Figure 7C). Although we did not
analyze the fate of the Xi“S™Xa state in differentiating ESCs,
prior studies have shown that this state is also maintained
upon differentiation (Figure 7C; Mekhoubad et al., 2012). Simi-
larly, XiXa ESCs do not induce XIST upon differentiation (Fig-
ure 7C). Differentiated XeXa and XaXa cells express X-linked

genes more highly than XiXa cells, indicating the absence of an
alternative XIST-independent dosage compensation process
during in vitro differentiation. Because ESC lines can undergo
differentiation into all three germ layers regardless of XCl state,
we conclude that an imbalance of the dosage between X chro-
mosomes and autosomes is compatible not only with the pluri-
potent state but also with differentiated cell identities in vitro.
Thus, whereas XCI is a mandatory process in vivo, it is not
required in vitro.

Our work demonstrates that the pre-XCl state of the blasto-
cyst (XaX'ST*Xa*'S™) quickly transitions into the post-XCl state
with an XIST RNA-coated Xi (XI’*S™Xa) or the XaXa state without
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Figure 6. The XaXa and Xi*'ST*Xa States Are Stabilized during ESC Derivation

(A) (i) Quantification of RNA FISH patterns for XIST and X-linked gene HUWET and co-immunostaining for H3K27me3, in cells of male blastocysts at 48 hr and
96 hr after plating in primed ESC culture media. No enrichment of H3K27me3 was observed. “Male” classification was based on the predominant mono-allelic
HUWET and/or XIST pattern. (ii) Representative images of the XIST/HUWET RNA FISH (left) and the H3K27me3 co-staining (right) for the two main patterns
observed in (i) are shown. The XIST signal was typically weak.

(B) As in (A) except for seven female pre-implantation blastocysts, classified based on two distinct nuclear regions of XIST and HUWE1 RNA FISH signal.

(C) Quantification of XCI patterns by RNA FISH and representative RNA FISH images of XIST, HUWET, and ATRX in the blastocyst outgrowths and throughout
early passages (p) for the XaXa ESC lines UCLA17 (i), UCLA18 (i), and UCLAG9 (jii) without any freeze/thaw cycle.

(D) As in (C) but for the early passages of UCLA14 (i) and UCLAS (i), which were XiX'ST*Xa at the earliest passage. Representative RNA FISH images capture the
XIST-positive and XIST-negative states, both with mono-allelic ATRX expression.

See also Figure S6.

XIST expression, revealing an unexpected heterogeneity early in  number of XaXa cells in ESC derivation is intriguing and may indi-

the ESC derivation process that can be maintained in cultures  cate that cells normally proceed from the Xa*'S™*XaX'S™* pre-XClI
over time (Figures 7D and S7J). The occurrence of a large state to the XiX'T*Xa post-XCl state via the XaXa state, i.e., the

64 Cell Reports 18, 54-67, January 3, 2017



[ undetectable

35-5F-4 iPSCs, p30 on SNL feeders
wo;....ll.—l

monoallelic [ biallelic

K-3F-1iPSCs, p15 on SNL feeders

gsoj

§4UJ I I

20

e ARARRRERN]

K-3F-2iPSCs, p26 on SNL feeders
g EEE I ]

qul |

% ce\ls

.
e »5\@ «‘? ‘ioe““ &5 &* s

4807 CpG sites |n X-linked CpG islands

\ |
H 35-5F-4_p30_SNL - iPSCs
\ |’ ‘ K-3F-1_p15_SNL - iPSCs
H ‘ K-3F-2_p26_SNL - iPSCs
UCLA4 - XeXa ESCs
UCLA10 - male ESCs

o)

-
O 02 04 06 08 1
methylation level

193104 CpG sites in autosomal CpG islands

UCLA10 - male ESCs
UCLA4 - XeXa ESCs
| K-3F-2_p26_SNL - iPSCs

| I K-3F-1_p15_SNL -iPSC

2 3456 7809 1011 1213141516 17 18 19 202122 o

0 02 04 06 08 1
methylation level

38-5F-4_p30_SNL - iPSCs

Figure 7. Summary of XCl States Observed
during Derivation, Propagation, and upon
Differentiation of ESCs and Comparison to
iPSCs

(A) Quantification of the RNA FISH pattern of
indicated X-linked genes normally subject to XCl,
of the X-linked gene UTX that escapes XCl, and of
XIST in three SNL-converted iPSC lines (Tomoda
et al., 2012).

(B) (i) Heatmap of unsupervised hierarchical clus-
tering of RRBS-based methylation levels for CpGs
within X-linked CGls in female iPSCs described in
(A) and indicated ESC lines for comparison. Only
CpGs that are not constitutively lowly (<0.15) and
highly (>0.85) methylated were plotted to better
capture the intermediate methylation due to XCI.
(i) As in (i) expect that CpGs in autosomal CGls
were analyzed, revealing clustering by culture
condition.

(C) Scheme summarizing changes in XCl state

female ESC maintenance and differentiation
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silencing of XIST on both X chromosomes and subsequent XIST
upregulation on one X, which would then lead to initiation of
silencing (Figure 7D, black arrows). In this model, the XaXa state
would be a transient intermediate of the usual sequence toward
XCI. Under derivation conditions, there may only be a short time
window in which XIST can be re-induced in XaXa cells to mediate
XCI. For instance, genome-wide methylation changes occurring
during ESC derivation (Smith et al., 2014) may permanently
silence XIST. In support of this idea, several studies have demon-
strated that the absence of XIST in established ESCs correlates
with DNA methylation of the XIST promoter region (Shen et al.,
2008; Tchieu et al., 2010). Missing the window of opportunity
for XIST re-expression would result in the maintenance of XaXa
cells. This model may also be most consistent with the quick
shutdown of Xist in male cells growing out from blastocysts
(Figure S7K).

In an alternative model, it is possible that Xa cells
induce XIST silencing on only one X, whereas XIST on the other
X is enabled to induce XCI (Figure 7D, top gray arrow). In this
scenario, the XaXa state would be reflective of a state not within
the normal sequence toward XCl in human development, poten-
tially due to aberrant silencing of XIST on both X chromosomes
instead of on one. Lastly, it is conceivable that XaXa cells are
derived from X*'S™Xa cells due to silencing of XIST immediately

XIST+XaXIST+

female ESC derivation

during female ESC propagation and differentiation.
(D) As in (C) but during female ESC derivation.
See also Figure S7.

after initiation of XCI when XClI is still in
a reversible state (Figure 7D, right gray
arrow). However, given that, at 48 hr of
blastocyst plating in primed ESC culture
media, the XaXa state was predominant,
we favor the first model of the XaXa state
being an intermediate toward the post-
XCl X*'T*Xa state. Regardless, either
the XaXa or X*'ST™*Xa states can be man-
ifested in early-passage ESCs. The pro-
portion of the XiXT*Xa or XaXa cells in
a blastocyst outgrowth may depend on exact culture conditions,
thawing process, genomic background, and/or exact develop-
mental stage of the blastocyst, which remains to be elucidated
in the future. The Xi"S™Xa pattern becomes prevalent in out-
growths more often than the XaXa state, such that the majority
of early-passage female ESC lines are XX'S™Xa (Nazor et al.,
2012; O’Leary et al., 2012; Silva et al., 2008).

In agreement with published data (Mekhoubad et al., 2012; Na-
zoretal., 2012; Shenetal., 2008; Vallot et al., 2015), we observed
that established XiS"*Xa ESCs predictably lose XI/ST and
spontaneously re-express Xi-linked genes, yielding XeXa cells.
Notably, we found that all ESCs that initially displayed XIST
expression and were Xi***"*Xa eroded, but none of them induced
complete X-chromosome-wide re-activation as we see in XaXa
cells. Hence, we suggest that XaXa cells arise specifically during
derivation from the blastocyst and not from the Xi by erosion (Fig-
ures 7C and 7D). We propose that the primed iPSCs should there-
fore also not normally be in the XaXa state (Figure 7C). Our data
are most consistent with the notion that the intrinsic state of
ESCs cultured in classic primed media conditions is Xi*'S™Xa
because all other XCl states, including the XaXa state, display ab-
normalities upon differentiation, such as lack of XIST expression,
lack of XCl, increased X-linked gene expression, and/or altered
DNA methylation patterns. The X*'ST*Xa state is consistent
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with the post-XCl state and intermediary DNA methylation of
X-linked CGls in mouse epiblast stem cells (Pasque et al.,
2011), which, based on their morphology, signaling requirement,
and gene expression, are in a similar developmental state as
primed human ESCs (Davidson et al., 2015).

Several studies concluded that XaXa ESCs can induce XClI
upon induction of differentiation (Hall et al., 2008; Lengner
et al., 2010; Silva et al., 2008; Tomoda et al., 2012; Ware et al.,
2009). Whereas most of these studies examined PSC lines het-
erogeneous for the XCl state such that skewing of cell popula-
tions may have masked the absence of XCl, one study proposed
that XaXa ESCs can be derived under low oxygen and undergo
XCl in the self-renewing state upon transfer to normoxic condi-
tions (Lengner et al., 2010). This may suggest that the XaXa state
we describe here is specific for the particular derivation condi-
tion that we used. However, based on available genomics
data, we analyzed independent ESC lines from other labs
derived and cultured under various conditions (Bock et al.,
2011; Nazor et al., 2012) and found several XaXa ESC lines,
supporting our conclusion that the XaXa state can be stably
maintained in ESCs grown in normoxic conditions. Whereas it re-
mains possible that hypoxic culture conditions during derivation
may stabilize the XaXa state in a window of opportunity that
enables XIST upregulation and XCI during the propagation of es-
tablished ESC lines, other studies have now shown that the deri-
vation under hypoxic conditions yields Xi*'S™*Xa ESCs and that
hypoxia enhances XIST loss in X*'*T*Xa ESCs (O’Leary et al.,
2012; Xie et al., 2016), which is consistent with our findings.

Giventhat PSCs are used for understanding early human devel-
opment, regenerative medicine, and disease-in-a-dish studies, it
is critical to consider that abnormal XCI states may interfere with
the intended application or confound biological interpretation
(Mekhoubad etal., 2012). Thus, a careful analysis of the epigenetic
status of the X needs to be performed before using female PSCs.
Additionally, it is important to consider paths to clearing the abnor-
malities of the X chromosome in female PSCs. For instance, it may
be possible to develop methods that enable the re-induction of
XIST because XIST has the capability to initiate silencing in human
PSCs when expressed ectopically (Jiang et al., 2013). Alterna-
tively, our recent study (Sahakyan et al., 2017) indicates that newly
developed culture methods that enable reprogramming of human
PSCs to developmentally earlier pluripotency states induce the
pre-XCl state of the human blastocyst and reset epigenetic abnor-
malities of the X chromosome in primed PSCs, enabling faithful
and XIST-mediated XCI upon differentiation.

EXPERIMENTAL PROCEDURES

Cell Lines, Pre-implantation Embryos, ESC Derivation, and Culture

Two male and ten female ESC lines used in this study were derived in primed
culture conditions at UCLA (Table S1). H7, H9, ESI02, and ESIO3 ESCs were
obtained from the WiCell Research Institute’s WISC Bank; WIBR2 and
WIBR3 ESCs from the Whitehead Institute (Lengner et al., 2010); and the
iPSC lines 3S-5F-4, K-3F-1, and K-3F-2 under SNL/LIF culture conditions
from the Gladstone Institute (Tomoda et al., 2012). For ESC derivation and
blastocyst outgrowth analyses, surplus embryos were donated from couples
that underwent in vitro fertilization treatment under informed consent. Table
S1 summarizes derivation conditions and analyses performed for each ESC
line. For more details, see Supplemental Experimental Procedures. Human
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embryo studies presented here had the approval of the UCLA Institutional
Review Board (IRB no. 11-002027) and Embryonic Stem Cell Research Over-
sight (ESCRO) Committee (2008-015 and 2007-009).

RNA FISH

RNA FISH, immunofluorescence, and the acquisition of images were per-
formed as described (Tchieu et al., 2010). Briefly, for RNA FISH, we used fluo-
rescently labeled DNA probes generated by random priming from BACs or
FOSMIDS. To quantify staining patterns, at least 200 single cells distributed
over ten fields of view were inspected under the microscope for each gene
and cell line. Experiments were performed at least in triplicate for RNA
FISH and immunostainings of undifferentiated ESC and retinoic acid differen-
tiation and in duplicate for the directed differentiations. For more details, see
Supplemental Experimental Procedures.

Expression, Methylation, and Karyotype Analysis

To prepare ESCs for analysis by RNA FISH, RRBS, RNA-seq, and CNV arrays,
cells were feeder depleted, except for the WIBR2/WIBR3 and Gladstone
iPSCs. Libraries were built according to standard protocols. For more details,
see Supplemental Experimental Procedures.
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