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SUMMARY

Differentiating pluripotent epiblast cells in eutherians
undergo random X-inactivation, which equalizes
X-linked gene expression between the sexes by
silencing one of the two X-chromosomes in females.
Tsix RNA is believed to orchestrate the initiation
of X-inactivation, influencing the choice of which
X remains active by preventing expression of the
antisense Xist RNA, which is required to silence the
inactive-X. Here we profile X-chromosome activity
in Tsix-mutant (XDTsix) mouse embryonic epiblasts,
epiblast stem cells, and embryonic stem cells.
Unexpectedly, we find that Xist is stably repressed
on the XDTsix in both sexes in undifferentiated
epiblast cells in vivo and in vitro, resulting in stochas-
tic X-inactivation in females despite Tsix-heterozy-
gosity. Tsix is instead required to silence Xist on
the active-X as epiblast cells differentiate in both
males and females. Thus, Tsix is not required at the
onset of random X-inactivation; instead, it protects
the active-X from ectopic silencing once X-inactiva-
tion has commenced.

INTRODUCTION

X-chromosome inactivation results in the mitotically stable

transcriptional silencing of genes along one of the two X-chro-

mosomes in female mammals (Lyon, 1961). In the pluripotential

mouse epiblast cells, which will form the embryo proper,

the selection of which X to inactivate is random. Molecularly,

random X-inactivation is posited to be controlled in cis by a

pair of oppositely transcribed X-linked long non-coding (lnc)

RNAs, Xist and Tsix (Barakat and Gribnau, 2012). Xist RNA is

believed to initiate epigenetic silencing of genes in cis by physi-

cally coating the X-chromosome from which it is transcribed

and recruiting proteins that catalyze heterochromatin formation

(Payer and Lee, 2008). Tsix transcription across the Xist pro-

moter, conversely, is proposed to inhibit Xist expression (Lee,

2000; Lee and Lu, 1999; Luikenhuis et al., 2001; Navarro et al.,

2005; Sado et al., 2001, 2005). Because of its ability to repress

Xist, the Tsix locus is postulated to be the site where molecular

signals converge to help ensure that one X-chromosome re-
C

mains active in both males and females (Clerc and Avner,

1998; Cohen et al., 2007; Debrand et al., 1999; Gontan et al.,

2012; Lee, 2005; Luikenhuis et al., 2001; Morey et al., 2004; Nav-

arro et al., 2010; Stavropoulos et al., 2005; Vigneau et al., 2006).

Investigations of mutations that reduce or abrogate Tsix RNA

expression, however, have resulted in disparate outcomes. In

differentiating male embryonic stem cells (ESCs), a cell culture

model of X-inactivation some Tsix mutations display ectopic

Xist induction, consistent with Tsix serving to inhibit Xist and

thereby X-inactivation (Clerc and Avner, 1998; Debrand et al.,

1999; Luikenhuis et al., 2001; Morey et al., 2004; Sado et al.,

2002; Vigneau et al., 2006). Other Tsix mutant male ESCs,

though, do not exhibit Xist expression upon differentiation

(Cohen et al., 2007; Lee, 2000; Lee and Lu, 1999; Minkovsky

et al., 2013). The differences observed between the mutant

ESC lines may reflect residual Tsix expression due to the incom-

plete ablation of Tsix or differences in the protocols employed to

differentiate ESCs.

Whereas ectopic X-inactivation may or may not occur in Tsix

mutant males, the choice of which X to inactivate appears abso-

lutely biased in Tsix-heterozygous females (Cohen et al., 2007;

Kalantry and Magnuson, 2006; Lee, 2000; Sado et al., 2001). In

thesemice, the Tsix-mutant X-chromosome is inactive in all cells

of the differentiating epiblast lineage, which would otherwise

undergo random X-inactivation. This bias in choice has been

explained by the preferential induction of Xist from the Tsix-

mutant X-chromosome prior to or at the onset of X-inactivation

in the epiblast lineage.

Despite the proposedmodels of Tsix function, the significance

of Tsix RNA remains unclear in both males and females. In the

course of a previous study, we noticed that the epiblast in XDTsixY

post-implantation embryos appeared to ectopically express Xist

in the absence of Tsix (Maclary et al., 2014). We therefore

hypothesized that Tsix-heterozygous females might also aber-

rantly express Xist during development. Thus, an alternative

explanation for the apparent lack of ectopic Xist expression

and skewed X-inactivation in Tsix heterozygotes is that a

secondary cell-selection effect rapidly removes cells with two

inactive-Xs from the population. Because of the tight coupling

of X-inactivation with epiblast differentiation (Monk and Harper,

1979), ectopic silencing of the previously active XDTsixmay occur

concurrently with or shortly after the initiation of random X-inac-

tivation. Inactivation of both Xs in females would render the

cells effectively nullizygous for many X-linked genes, thus

compromising proliferation and viability. Later stage epiblast
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Figure 1. Xist Is Induced from the XDTsix in E5.25 Male Epiblast Cells

(A) Diagram illustrating WT Xist and Tsix loci and the DTsix mutation. Dotted lines indicate the locations of strand-specific (ss) RNA FISH probes. Filled

arrowheads mark the locations of RT-PCR primer pairs. 1 (orange arrowheads), Xist RT-PCR amplicon; 2 (blue arrowheads), Tsix exon 4 RT-PCR amplicon;

3 (purple arrowheads), Tsix RT-PCR amplicon spanning exons 2–4.

(B) RT-PCR amplification of Tsix (exon 4) and Xist RNAs in E5.25 epiblasts. M, marker; NTC, no template control; +, reaction with reverse transcriptase (RT); �,

no RT control lane.

(legend continued on next page)
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and ESC derivatives would therefore consist only of cells with an

active WT X-chromosome. Here, we investigate Tsix function by

profiling embryos harboring a Tsix null allele at the onset of

random X-inactivation and by deriving Tsix hemizygous male

and heterozygous female EpiSC and ESC lines.

RESULTS

Tsix Absence Results in Ectopic Xist RNA Expression
and Coating in Male Embryonic Epiblasts
Random X-inactivation initiates in epiblast cells between embry-

onic day (E) 4.5–6.5 in mice, just as the pluripotential epiblast

cells begin to differentiate (Gardner and Lyon, 1971; Kalantry

and Magnuson, 2006; McMahon et al., 1983; Rastan, 1982). To

examine the role of Tsix RNA at the onset of X-inactivation, we

generated E5.25 post-implantation stage embryos that inherit

either a WT or a Tsix-null maternal X-chromosome from Tsix-

heterozygous females. The previously described Tsix mutation,

TsixAA2D1.7 (herein referred to as XDTsix) (Sado et al., 2001), termi-

nates the Tsix transcript in exon 2 and also deletes the critical

DXPas34 repeat thought to serve as a platform to drive Tsix

expression (Figure 1A) (Cohen et al., 2007; Maclary et al.,

2014; Navarro et al., 2010; Stavropoulos et al., 2005; Vigneau

et al., 2006). Since transcription across the Xist promoter region

is required for the Tsix RNA to inhibit Xist expression (Navarro

et al., 2005; Sado et al., 2005), XDTsix is a bona fide null Tsix

mutation (Figure 1B) (Maclary et al., 2014; Sado et al., 2001).

We first tested whether the absence of Tsix RNA led to Xist

induction in male epiblasts by RT-PCR. Whereas WT E5.25 XY

epiblasts exhibited Tsix but not Xist expression, XDTsixY epiblasts

displayed the opposite pattern (Figure 1B). We next indepen-

dently assessed Xist induction and X-inactivation in E5.25 XY

and XDTsixY epiblast cells by immunofluorescence (IF) coupled

with RNA fluorescence in situ hybridization (RNA FISH). We

first marked epiblast cells via IF detection of NANOG, which

distinguishes the epiblast from the extra-embryonic cells (Fig-

ure 1C). In the same samples, using strand-specific RNA FISH

probes, we also assayed expression of Tsix and Xist RNAs. In

WT XY epiblasts, Tsix RNA signal but not Xist RNA coating

was detectable from the sole X-chromosome (Figure 1C). In

contrast, in XDTsixY mutant embryos, �34% of the nuclei dis-

played Xist RNA coating (Figure 1C). Moreover, Xist coating re-

sulted in the accumulation of histone H3 lysine 27 trimethylation

(H3-K27me3), a chromatin mark catalyzed by the Polycomb

repressive complex 2 that is associated with the inactive-X

heterochromatin (Figure 1D) (Plath et al., 2003; Silva et al.,

2003) and accompanied silencing of the X-linked Pgk1 gene

(Figure 1E). Thus, Tsix absence leads to Xist RNA induction

and coating as well as gene silencing on the single X-chromo-

some in male epiblast cells.
(C) Strand-specific RNA FISH detection of Xist RNA (green) and Tsix RNA (red)

embryonic ectoderm, which serves as a negative control for NANOG express

Quantification of Xist and Tsix expression in NANOG-positive epiblast nuclei. The

each class (n = 3 embryos per genotype; 49–68 nuclei per embryo). Diagrams alon

of data from three different embryos. *p % 0.001 (chi-square test).

(D) Xist RNA coating (green) and H3-K27me3 enrichment (purple) in E5.25 XDTsix

(E) Silencing of the X-linked gene Pgk1 (red) in E5.25 XDTsixY epiblast nuclei upon

C

Ectopic Xist Induction in Differentiating but Not
Undifferentiated XDTsixY Epiblast Stem Cells
To further explore the requirement of Tsix in the epiblast, we

derived WT XY and mutant XDTsixY epiblast stem cells (EpiSCs;

Figures S1A–S1C; Table S1). EpiSCs are thought to represent

an early phase of X-inactivation (Bernemann et al., 2011; Brons

et al., 2007; Han et al., 2011; Pasque et al., 2011a, 2011b; Tesar

et al., 2007). If Tsix negatively regulates Xist in undifferentiated

epiblast cells, EpiSCs lacking Tsix are expected to display aber-

rant Xist activation. In assaying Xist expression by RT-PCR, we

found that Xist RNA was undetectable in the WT XY EpiSC lines

(Figure 2A). In XDTsixY EpiSC lines, however, Xist RNA was ex-

pressed at minimally detectable levels (Figure 2A). This low level

of Xist expression may reflect the induction of Xist in the small

fraction of differentiated cells that are often found in stem cell

cultures. This notion prompted us to test whether Xist would

be induced to high levels if we actively differentiated XDTsixY

EpiSCs (Figure S1D). Indeed, Xist expression in XDTsixY but not

XY cells increased markedly upon differentiation (Figure 2A).

To examine whether the ectopic Xist expression coincided

with coating of the X-chromosome, we performed Xist RNA

FISH on undifferentiated and differentiated EpiSCs. As ex-

pected, neither undifferentiated nor differentiated XY EpiSC lines

exhibited any Xist RNA-coated X-chromosomes (Figure 2B). In

all four of the XDTsixY EpiSC lines, we observed a similar lack of

Xist RNA coating in the undifferentiated cells (Figure 2B). Howev-

er, upon differentiation, a significant percentage of the mutant

cells displayed Xist RNA coating (29%–35%; Figures 2B and

2C). As in E5.25 mutant epiblast cells, many Xist RNA-coated

XDTsixY cells still expressed NANOG (38%–42%) (Figure S1E).

Xist RNA coating also resulted in the accumulation of histone

H3-K27me3 and silencing of Pgk1 on the XDTsix in a vast majority

of the mutant cells (84%–94%) (Figures 2D and 2E). Together,

the RT-PCR and RNA FISH data from XDTsixY EpiSCs prompt

the conclusion that Tsix RNA does not participate in repressing

Xist in undifferentiated male EpiSCs. Instead, Tsix is required

to prevent ectopic Xist induction and X linked gene silencing dur-

ing the differentiation of male epiblast progenitor cells.

Ectopic Xist Induction in Differentiating XDTsixY ESCs
That XDTsixY EpiSCs displayed robust Xist induction only upon

differentiation is incongruous with some previous studies with

Tsix mutant male ESCs. Tsix deficiency in male ESCs is sug-

gested to either be innocuous in both undifferentiated and differ-

entiated cells (Cohen et al., 2007; Lee, 2000; Lee and Lu, 1999;

Minkovsky et al., 2013; Ohhata et al., 2006; Sado et al., 2001,

2002) or, conversely, result in ectopic Xist RNA coating of the

Tsix-mutant X during differentiation (Debrand et al., 1999; Lui-

kenhuis et al., 2001; Morey et al., 2004; Navarro and Avner,

2010; Vigneau et al., 2006). We therefore derived XY and XDTsixY
coupled with IF staining for NANOG (purple) in isolated epiblasts and extra-

ion. Nuclei are stained blue with DAPI. Scale bar represents 10 mm. (Right)

x axis of each graph represents the average percentage of nuclei per embryo in

g the y axis depict all observed expression patterns. Error bars represent the SD

Y epiblast nuclei.

ectopic Xist RNA coating (green).
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Figure 2. Ectopic Xist RNA Induction in Differentiated but Not Undifferentiated XDTsixY EpiSCs and ESCs

(A) RT-PCR amplification of Xist and Tsix RNAs in undifferentiated and differentiated XY and XDTsixY EpiSC lines (two and four cell lines, respectively). b-actin

amplification serves as control. M, marker; +, reaction with reverse transcriptase (RT); �, no RT control lane.

(B) RNA FISH detection of Xist RNA (green) and Tsix RNA (red) in representative undifferentiated and d10 differentiated EpiSC lines (XY line number no. 1; XDTsixY

line no. 2). Nuclei are stained blue with DAPI. Scale bar represents 10 mm.

(C) Quantification of Xist RNA coated nuclei in undifferentiated (d0) and d5- and d10-differentiated EpiSC lines. Scale bar represents 10 mm. Only cells with a

single Xist locus detected by DNA FISH (left) following RNA FISH were counted; n = 100 nuclei per cell line.

(legend continued on next page)
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ESC lines (Figure S1) and tested Xist induction in both undiffer-

entiated and differentiated cells by RT-PCR and RNA FISH. As

with EpiSCs, we found that Xist remained silenced in undifferen-

tiated XY as well as in XDTsixY ESCs (Figures 2F and 2G); howev-

er, upon differentiation, Xist RNA was induced in XDTsixY but not

XY ESCs (Figures 2F–2H).

To distinguish whether Xist induction in XDTsixY ESCs occurred

at the onset of differentiation or later, we transiently differentiated

the ESCs into epiblast-like cells (EpiLCs) (Hayashi et al., 2011).

EpiLCs arise early during ESC differentiation and share key fea-

tures with EpiSCs (Figures S2A–S2C) (Buecker et al., 2014). We

found that the mutant EpiLCs displayed low-level Xist expres-

sion by RT-PCR, with only a few cells displaying Xist RNA

coating (10%) (Figures S2C–S2E). The Xist RNA-coated cells

appeared to have differentiated beyond the EpiLC state, as

suggested by reduced NANOG expression (Figure S2E). When

the EpiLCs were differentiated further, significantly more cells

displayed Xist RNA coating (27%–36%) (Figure S2F), consistent

with the EpiSC data.

Absence of Biased X-chromosome Choice in
Tsix-heterozygous Female Epiblasts
We next examined the impact of the XDTsix mutation in females.

The two X-chromosomes in inbred XX epiblast cells are normally

equally likely to undergo inactivation; in heterozygous Tsix

mutant epiblasts, however, previous work has concluded that

only the XDTsix X-chromosome is chosen for inactivation (Lee,

2000; Sado et al., 2001). This model of biased inactivation in

favor of the XDTsix is borne out by allele-specific Xist RT-PCR

analyses of F1 hybrid WT and Tsix-heterozygous E6.5 epiblasts

(Figures 3A and 3B). The X-chromosomes in these embryos

are derived from two divergent mouse strains and are polymor-

phic, thereby allowing allele-specific expression analysis. Both

Sanger sequencing (Figure 3A) and Pyrosequencing (Figure 3B),

which quantifies allele-specific expression, of the cDNAs re-

vealed that Xist is transcribed from either X in WT XLabXJF1 and

XJF1XLab embryos (by convention, the maternal allele precedes

the paternal allele), whereas in XDTsixXJF1 and XJF1XDTsix epi-

blasts, Xist is expressed almost exclusively from the XDTsix.

To evaluate the expression of Xist and Tsix in XX, XDTsixX and

XXDTsix E6.5 epiblasts at the single-cell resolution, we performed

strand-specific RNA FISH. As with male embryos, we again

confirmed the identity of epiblast cells by first assaying expres-

sion of NANOG by IF. We observed Xist RNA coating of both

Xs by RNA FISH in a small fraction of XDTsixX and XXDTsix mutant

(�2%), but not WT XX E6.5 epiblast cells (Figure 3C). Based on

this observation and the hypothesis that cells with ectopic

inactivation of the XDTsix are eliminated, we reasoned that a

higher percentage of cells in Tsix-heterozygotes may display
(D) RNA FISH detection of Xist (green) combined with IF detection of H3-K27me

shown.

(E) Silencing of Pgk1 (red) upon Xist RNA (green) coating in representative d10-d

(F and G) RT-PCR (F) and RNA FISH (G) detection of Xist and Tsix RNAs in undif

three lines, respectively). Scale bar represents 10 mm.

(H) Quantification of Xist RNA coated nuclei in the differentiated ESC lines. Only

counted; n = 100 nuclei per cell line. Scale bar represents 10 mm.

See also Figures S1 and S2 and Table S1.
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Xist RNA coating of both X-chromosomes at an earlier stage of

embryogenesis. We therefore assayed epiblast cells in E5.25

embryos by RNA FISH (Figure 3D). Although most nuclei dis-

played Xist RNA accumulation, a proportion lacked Xist RNA

coating but displayed nascent Xist and Tsix RNAs, suggesting

that X-inactivation was just beginning in the epiblast. Of the

Xist RNA-coated nuclei, a small but significant percentage

clearly displayed Xist RNA coating of both X-chromosomes in

XDTsixX epiblasts (12%) compared with XX epiblasts (0%),

although one of the two Xist coats in the mutants was often

comparatively weaker (Figure 3D). To rule out a parent-of-origin

effect, we also investigated E5.25 epiblasts with paternally trans-

mitted XDTsix mutation. A similar percentage of XXDTsix epiblast

cells (11%) exhibited Xist RNA coating of both X-chromosomes

(Figure 3D). Xist RNA coating of both Xs coincided with H3-

K27me3 enrichment and silencing of Pgk1 on both Xs in 80%–

90% of the nuclei, suggesting that both Xs were inactivated

(Figures S3A and S3B).

In addition to nuclei with two Xist RNA coats, E5.25 Tsix-

heterozygotes lacked Tsix RNA expression from the active-X in

a significant percentage of nuclei (24%). We suspected that in

these cells the XDTsix was chosen as the active-X and, hence,

the WT X as the inactive-X. Upon differentiation, this population

of cells would ectopically induce Xist from and undergo inactiva-

tion of the XDTsix. We therefore set out to test directly whether

the XDTsix can be chosen as the active-X in E5.25 epiblasts by ex-

ploiting the expression of a b-galactosidase cassette integrated

into the mutant Tsix locus (see Figure 1A); LacZ nascent

transcripts uniquely mark the XDTsix (Sado et al., 2001). Both

unmodified Tsix and the mutated Tsix locus expressing LacZ

are subject to X-inactivation and therefore are only transcribed

when they reside on the active-X (Figure S3C) (Maclary et al.,

2014; Sado et al., 2001). Simultaneous probing of Xist, Tsix,

and LacZ RNAs by FISH in WT XX E5.25 epiblasts, which do

not carry the transgene, showed Tsix but not LacZ expression,

as expected (Figure S3C). In XDTsixX and XXDTsix epiblasts,

in contrast, a significant percentage of nuclei (30%–39%)

expressed LacZ but not Tsix (Figure S3C). Thus, the XDTsix can

indeed be chosen as the active-X at the onset of random

X-inactivation.

To interrogate X-chromosomal choice further, we assayed Xist

expression via allele-specific RT-PCR followed by Sanger

sequencing and Pyrosequencing in individual F1 hybrid E5.25

WT and Tsix-heterozygous epiblasts. Both sets of epiblasts

displayed biallelic Xist expression by Sanger sequencing and

negligible differences in allelic Xist expression by Pyrosequenc-

ing (Figures 3E and 3F). The similarly unequal expression of

the two Xist alleles in WT and Tsix mutant epiblasts is consistent

with differences in the X-controlling element (Xce) on the
3 (red) in d10-differentiated XDTsixY EpiSCs. Data from two different lines are

ifferentiated XDTsixY EpiSCs.

ferentiated or embryoid body-differentiated XY and XDTsixY ESC lines (two and

cells with one Xist locus detected by DNA FISH (left) following RNA FISH were
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Figure 3. Xist Expression in E6.5 and E5.25 WT and Tsix-Heterozygous Female Epiblast Cells

(A) Allele-specific RT-PCR detection of Tsix (exon 4) and Xist RNAs in epiblasts of three individual WT (XLabXJF1) and Tsix-heterozygous (XDTsixXJF1) E6.5 embryos.

M, marker; NTC, no template control; +, reaction with reverse transcriptase (RT);�, no RT control lane. (Bottom) Sanger sequencing of the amplified cDNAs. Blue

highlights mark a SNP that differs between the XLab/XDTsix and XJF1 mouse strains.

(B) RT-PCR followed by Pyrosequencing-based quantification of allelic Xist expression in epiblasts of individual E6.5 embryos. Error bars represent the SD of data

from three different embryos.

(legend continued on next page)
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polymorphic X-chromosomes in F1 hybrid embryos (Chadwick

et al., 2006; Johnston and Cattanach, 1981; Ohhata et al., 2008).

We next tested the inference that the paucity of ectopic

Xist RNA-coated cells in Tsix-heterozygous E6.5 epiblasts

compared with E5.25 epiblasts is due to a failure of mitotic divi-

sion of E5.25 epiblast cells with two inactive X-chromosomes.

We found that the mitotic index, as measured by the presence

of phosphorylated-histone H3, is significantly reduced in E5.25

XDTsixX epiblast cells exhibiting Xist RNA coating and silencing

of Pgk1 on both Xs compared with cells with Xist RNA coating

and silencing of Pgk1 on only one X (p = 0.003; Figure S3D).

Thus, the proliferative potential of cells with two inactive-Xs is

compromised.
Tsix-Heterozygous EpiSCs Undergo Ectopic
X-inactivation Only upon Differentiation
We next wished to investigate whether ectopic Xist RNA induc-

tion from the XDTsix in heterozygous females occurs at the onset

of X-inactivation or is linked to epiblast differentiation as in

XDTsixY males. We therefore derived multiple WT XLabXJF1 and

XJF1XLab and mutant XDTsixXJF1 and XJF1XDTsix EpiSC lines from

F1 hybrid embryos (see Figure S1 and Table S1). Although Tsix

was expressed from both X-chromosomes in WT EpiSCs, in

Tsix heterozygotes, only the WT XJF1 expressed Tsix (Figures

4A and 4B). To quantify how often each of the two parental

X-chromosomes were chosen for inactivation, we Pyrose-

quenced Xist cDNA and cDNAs from the X-inactivated genes

Rnf12 andAtrx. TheWTEpiSC lines displayed nearly equal levels

of Xist expression from the two X-chromosomes, consistent with

random choice (Figure 4C). The Tsix-heterozygous EpiSC lines

did not uniformly show Xist expression exclusively from the

XDTsix, nor were Rnf12 and Atrx expressed only from the WT

XJF1 in all the mutant cell lines (Figure 4C). The cell lines instead

displayed a normal distribution of which of the two Xs was

inactivated, demonstrating that X-inactivation is not skewed

in favor of the XDTsix. Although the variability was higher in the

mutants, the mean as well as the median expression levels of

Xist, Rnf12, and Atrx in parent-of-origin-matched WT and Tsix-

mutant EpiSC lines were not significantly different (p > 0.1 in all

cases).

We next tested whether the XDTsix induced Xist in female

EpiSCs as a function of differentiation, as it does in XDTsixY

EpiSCs. We therefore differentiated a subset of the WT and

Tsix mutant female cell lines (Figure S4). The selected XDTsixXJF1

and XJF1XDTsix EpiSC lines encompassed different degrees of

Xist mosaicism; the fraction of total Xist RNA transcribed from

each of the two Xs varied between the cell lines, ranging from

0%–100% of the total Xist expression in the undifferentiated
(C and D) RNA FISH detection of Xist and Tsix RNAs coupled with IF detection of N

DAPI. Scale bars represent 10 mm. (Bottom) Quantification of Xist and Tsix expre

each class (n = 3 embryos per genotype; 100 nuclei per E6.5 embryo, and 45–

expression patterns. Error bars represent the SD of data from three different em

(E) RT-PCR amplification of Tsix (exon 4) and Xist RNAs in WT and Tsix-heterozy

(F) RT-PCR followed by Pyrosequencing-based quantification of allelic Xist expre

data from three different embryos. No significant differences in allelic Xist expre

XLabXJF1 versus XDTsixXJF1; p = 0.46, E5.25 XJF1XLab versus XJF1XDTsix; Welch’s tw

See also Figure S3.
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EpiSCs (Figure 5). Upon differentiation, the allelic ratio of Xist,

Rnf12, and Atrx RNAs did not change in WT XLabXJF1 and

XJF1XLab EpiSC lines (Figures 5 and S5A). In differentiating

XDTsixXJF1 and XJF1XDTsix EpiSC lines, however, we found distinct

alterations in allelic Xist expression (Figure 5). In the eight mutant

EpiSC lines most highly mosaic for Xist, where the WT XJF1

accounted for �25%–75% of total Xist RNA output (XJF1XDTsix

line 4 and XDTsixXJF1 lines 4, 5, 6, 8, 10, 12, and 14), Xist expres-

sion became restricted to the XDTsix mutant X-chromosome

by the end of 20 days (d20) of differentiation (Figure 5).

Conversely, we found that Rnf12 and Atrx in these cell lines

were increasingly expressed from the WT XJF1 over the course

of differentiation (Figures S5B and S5C). In two mutant EpiSC

lines in which >90% of Xist RNA was expressed from the

WT XJF1 at d0 (XJF1XDTsix lines 5 and 6), Xist expression from

the mutant XDTsix increased only slightly by d20 of differentiation

(Figure 5). Rnf12 and Atrx displayed a correspondingly minimal

decrease in expression from the XDTsix in these cell lines (Fig-

ure S5B). In the mutant cell lines in which Xist was expressed

almost exclusively from the WT XJF1 or from the XDTsix at d0

(XDTsixXJF1 lines 15 and 2, respectively), the allelic expression

profile of Xist, Rnf12, and Atrx did not change upon differentia-

tion (Figures 5 and S5C).

We observed a similar change in X-inactivation patterns by

RNA FISH in the differentiating EpiSCs. As in E5.25 epiblasts,

we exploited the mutually exclusive expression of Tsix and

LacZ RNAs from the WT XJF1 and mutant XDTsix, respectively,

to determine which of the two X-chromosomes is chosen as

the active-X.We profiled three EpiSC lines that displayed distinct

and varied patterns of inactivation suggested by allele-specific

Xist expression (XDTsixXJF1 lines 2, 6, and 15; see Figure 4C).

Consistent with the inactivation pattern inferred by allele-specific

Xist RT-PCR, XDTsixXJF1 EpiSC line 2 lacked LacZ RNA FISH

signal in all cells examined throughout differentiation (Fig-

ure S6A). XDTsixXJF1 EpiSC line 6 displayed nearly equal numbers

of cells expressing LacZ and Tsix at d0, but during the course of

differentiation, this pattern gradually shifted to yield only cells

with a Tsix RNA FISH signal by d20 (Figure S6A). In contrast,

although EpiSC XDTsixXJF1 line 15 only exhibited cells with a

LacZ signal at d0, consistent with the entire population being

eligible to undergo ectopic inactivation, this pattern did not

change appreciably even by d20 of differentiation (Figure S6A).
Reduced Proliferation and Induced Cell Death upon
Ectopic X-inactivation in Tsix-Heterozygous EpiSCs
The changes in X-inactivation patterns in differentiating XDTsix

mutant EpiSCs could arise from one of two possibilities. In the

first, Xist expression switches from the WT XJF1 in favor of the
ANOG in isolated E6.5 (C) and E5.25 (D) epiblasts. Nuclei are stained blue with

ssion. The x axis of each graph represents the average percentage of nuclei in

71 nuclei per E5.25 embryo). Diagrams along the y axis depict all observed

bryos. *p % 0.01 (chi-square test).

gous epiblasts. (Bottom) Sanger sequencing of the Tsix and Xist cDNAs.

ssion in epiblasts of individual E5.25 embryos. Error bars represent the SD of

ssion were observed between WT and Tsix mutant embryos (p = 0.44, E5.25

o-sample t test).
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Figure 4. Lack of Uniformly Biased X-inactivation in Undifferentiated Tsix-Heterozygous EpiSC Lines

(A) RT-PCR amplification of Tsix RNA from WT and Tsix-heterozygous EpiSC lines. M, marker; NTC, no template control; +, reaction with reverse transcriptase

(RT); �, no RT control lane.

(B) Representative Sanger sequencing chromatograms of Tsix cDNAs. gDNA, genomic DNA.

(C) RT-PCR followed by Pyrosequencing-based quantification of allelic expression of Xist and the X-linked genes Rnf12 and Atrx. Each bar represents an

individual EpiSC line. Xm, maternal X-chromosome; Xp, paternal X-chromosome. Error bars represent the SD of three or more independent results. The mean

and median of allelic expression of Xist, Rnf12, and Atrx lack significant difference (p > 0.1, Welch’s two-sample t test and Mood’s median test) between parent-

of-origin-matched WT and mutant EpiSCs.

See also Figure S1 and Table S1.
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Figure 5. Change in Allelic Xist Expression in Differentiating Tsix-Heterozygous EpiSC Lines

RT-PCR followed by Pyrosequencing-based quantification of Xist expression in EpiSC lines (cell line numbers in parentheses) differentiated for 0, 5, 10, 15, and

20 days (d). Xm, maternal X-chromosome; Xp, paternal X-chromosome. Each bar represents an individual EpiSC line. Error bars represent the SD of three or more

independent results.

See also Figures S4 and S5.
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Figure 6. Ectopic Xist RNA Coating in Differentiated Tsix-Heterozygous EpiSC Lines

(A) RNA FISH detection of Xist RNA (green) and Tsix RNA (red) in representative undifferentiated and d10 differentiated WT and Tsix-heterozygous EpiSC lines

(XJF1XLab cell line no. 1; XDTsixXJF1 cell line no. 14). Nuclei are stained blue with DAPI. Scale bars represent 10 mm.

(legend continued on next page)
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mutant XDTsix in individual cells. Alternatively, the ectopic induc-

tion of Xist from the XDTsix results in two inactive-Xs in differenti-

ating EpiSCs that had originally activated Xist from the WT XJF1.

In this latter scenario, the deficiency in X-linked gene expression

due to both Xs being inactivated would drive selection against

these cells. The remaining population of cells would then be

descendants of cells that had initially chosen to inactivate the

XDTsix, which do not undergo ectopic Xist induction from the

WT XJF1.

To further distinguish among the two possibilities, we per-

formed single-cell analysis of differentiating EpiSCs. We found

that whereas XX EpiSCs displayed Xist RNA coating of only a

single X-chromosome in undifferentiated and in d5- and d10-

differentiated cells, XDTsixX and XXDTsix EpiSC lines exhibited

Xist RNA coating of a single X in undifferentiated cells but of

both Xs upon differentiation (Figures 6A–6C). A substantial per-

centage of the double Xist RNA-coated cells early in differentia-

tion (d5) was also NANOG+ (32%–35%; Figure S6B), consistent

with the data from embryos. Nearly all the nuclei with double

Xist RNA coats also displayed enrichment of H3-K27me3 and

silencing of Pgk1 on both Xs (both >90%; Figures 6D and 6E).

To examine whether the cells with two inactive-Xs are selected

against, we compared the mitotic indices of cells with one inac-

tive versus two inactive-Xs by staining for phosphorylated-

histone H3. Differentiating EpiSCs with two Xist RNA coats

appeared to divide significantly less often than with one Xist

coat (p < 0.001; Figure 6F). We also evaluated cell death in differ-

entiating EpiSCs and found that cells with two Xist RNA coats

were significantly more likely to be dead or dying compared

with cells with one Xist coat (p < 0.001; Figure 6G).

The reduced proliferation of cells with two inactive-Xs would

predict decreased cell numbers during differentiation of some

but not other Tsix-heterozygous EpiSCs. Tsixmutant EpiSC lines

with few cells eligible to undergo ectopic inactivation are ex-

pected to display comparable cell counts toWT EpiSCs. Consis-

tent with this scenario, XJF1XDTsix EpiSC lines 1–3 and XDTsixXJF1

EpiSC lines 1–2, which exhibit exclusive or almost exclusive inac-

tivation of the XDTsix and therefore lack cells that can undergo

ectopic inactivation (Figure 4C), have the highest cell counts

throughout differentiation and are indistinguishable from WT

EpiSCs (Figure 6H; Table S2). Conversely, EpiSC lines that have

completely or almost completely inactivated theWT XJF1 X-chro-

mosome, XJF1XDTsix lines 5 and 6 and XDTsixXJF1 line 15 (see Fig-

ure 4C) and thus harbor the highest percentage of cells that are
(B) RNA FISH detection of Xist RNA coat using an exonic probe (white) and nascen

RNA coats both Xist alleles are transcribed.

(C) Quantification of EpiSC nuclei displaying single versus double Xist RNA coats

detected by DNA FISH (left) following RNA FISH were counted; n = 100 nuclei p

(D) Enrichment of H3-K27me3 on Xist RNA-coated X-chromosomes in d10-differe

shown.

(E) Silencing of Pgk1 (red) upon ectopic Xist RNA coating (green) in d10-differen

(F) Reduced phospho-H3 staining, amarker of cell proliferation, in d10-differentiat

with a single Xist coat (p < 0.001, Fisher’s exact test).

(G) Increased death of cells with two inactive-Xs compared with cells with one inac

test). The inactive-X is marked by H3-K27me3 accumulation (purple). Ethd-1 (red

(H) Reduced cell counts during differentiation of Tsix-heterozygous compared w

(I and J) Reduced viability of adherent (I) and non-adherent cells in suspension (J

See Table S2 for statistical comparisons; see also Figures S6 and S7.

C

able to undergo ectopic inactivation have the lowest cell counts

by d20 of differentiation (Figure 6H; Table S2). Cell counts in

XJF1XDTsix line 4 and XDTsixXJF1 lines 6 and 10 with intermediate

percentages of cells subject to ectopic inactivation (�20%–

75%) again correlate with the available pool of cells eligible to

ectopically inactivate the XDTsix (Figures 4C and 6H; Table S2).

Thus, EpiSC lineswithahigherpercentageof cells that canectop-

ically induceXist from theXDTsixand thereby inactivate thesecond

X display lower cell counts during differentiation (r = �0.94).

We also quantified cell viability in populations of differentiating

EpiSCs. Consistent with the higher rate of death of cells with

two inactive-Xs (Figure 6G), cell viability measurements showed

that the higher the percentage of EpiSCs subject to ectopic

X-inactivation the lower their viability during differentiation

(Figures 6I and 6J; Table S2; r = �0.95 for adherent viable cells

and �0.99 for viable cells in suspension). The phospho-histone

H3 staining and cell death results together with the cell count

and viability data lead to the conclusion that ectopic Xist induc-

tion from the XDTsix and the resultant inactivation of both Xs

potently selects against cells via both reduced cell proliferation

and induced cell death. Ultimately, the outcome is skewed

X-inactivation in favor of cells that had chosen to initially inacti-

vate the XDTsix.

We also tested whether ectopic Xist induction selects against

XDTsixY cells. Phospho-histone H3 staining suggested slightly

if not significantly reduced proliferation of cells with a Xist

RNA-coated X-chromosome compared with those without (p =

0.02; Figure S6C). The ratio of live:dead cells, however, was

indistinguishable between cells with Xist RNA coating and those

without (Figure S6D). The cell numbers and viability through 30d

of differentiation were reduced in the mutants, but mostly at

d25 and d30 time points (Figures S6E–S6G), which contrasts

with the striking reduction in both measurements by d20 of dif-

ferentiation in Tsix-heterozygous female EpiSCs. This difference

potentially reflects a reduced level of ectopic Xist induction and

X-linked gene silencing in mutant males compared with females

(see Discussion).

Ectopic Xist Induction in Differentiating
Tsix-Heterozygous Female ESCs
As with XDTsixY EpiSCs, we sought to test whether our observa-

tions of Tsix-heterozygous EpiSCs also apply to mutant ESCs.

Although both WT XLabXJF1/XJF1XLab and mutant XDTsixXJF1/X
JF1XDTsix undifferentiated ESCs displayed a low level of Xist
t Xist RNA with an intronic probe (red), demonstrating that in cells with two Xist

during differentiation. Scale bar represents 10 mm. Only cells with two Xist loci

er cell line.

ntiated XDTsixXJF1 EpiSCs. Data from two different lines (numbers 5 and 14) are

tiated XDTsixXJF1 EpiSCs.

ed XDTsixXJF1 EpiSCs (cell line 14) with two Xist RNA coats comparedwith nuclei

tive-X in d10-differentiated XDTsixXJF1 EpiSCs (p < 0.001, Welch’s two-sample t

) marks dead cells, and Calcein AM (green) marks live cells.

ith WT EpiSCs.

) during differentiation of Tsix-heterozygous compared with WT EpiSCs.
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Figure 7. A Model of Tsix Function in X-inactivation

At the onset of X-inactivation, Tsix-heterozygous epiblast cells undergo sto-

chastic X-inactivation indistinguishable from WT epiblasts. Upon continued

differentiation of the epiblast cells, the XDTsix ectopically induces Xist RNA.

In female cells that had originally inactivated the WT X-chromosome ectopic

Xist induction accompanies the initiation of X-inactivation a second time (of the

XDTsix), resulting in two inactive-Xs. As a result of a paucity of X-linked gene

expression, these cells are selected away due both to reduced proliferation

and induced cell death. Thus, the developing embryo is ultimately populated

only with cells that had originally inactivated the XDTsix.
RNA expression by RT-PCR, all four genotypes induced Xist

from either allele upon differentiation (Figures S6H and S6I).

In agreement with the RT-PCR results, both WT and mutant

ESCs displayed Xist RNA coating only upon differentiation

(Figure S6J). A subset of the differentiating mutant (but not WT)

cells, though, exhibited Xist RNA coating of both Xs (Figures

S6J and S6K).

We next differentiated the ESCs into EpiLCs to determine

when during differentiation Tsix-heterozygous ESCs ectopically

induced Xist (Figures S7A–S7C). The two Xs in WT EpiLCs were

nearly equally likely to be chosen as the inactive-X, as evidenced

by the allelic expression profiles of Xist (Figure S7D). Although

the mutant EpiLC samples displayed a wide distribution of allelic

Xist expression, the average expression ratios of the two Xist

alleles matched closely that of the WT EpiLCs (Figure S7D),
1262 Cell Reports 11, 1251–1265, May 26, 2015 ª2015 The Authors
recapitulating the pattern observed in EpiSCs (Figure 4C). RNA

FISH demonstrated that a vast majority of the Tsix-heterozygous

EpiLCs harbored only one Xist RNA coated X-chromosome

(96%; Figures S7E and S7F). Upon further differentiation, the

mutant cells displayed increasingly biased inactivation of the

XDTsix, consistent with selection favoring cells that had originally

inactivated the XDTsix (Figure S7G).

DISCUSSION

Tsix repression of Xist at the onset of X-inactivation has been

invoked previously to support a role for the Tsix locus in X-chro-

mosome counting and/or choice (Clerc and Avner, 1998; Cohen

et al., 2007; Debrand et al., 1999; Lee, 2000, 2005; Lee and Lu,

1999; Morey et al., 2004; Navarro et al., 2010; Sado et al.,

2001; Vigneau et al., 2006). In the counting step, the cell senses

the number of X-chromosomes; only if there are two or more Xs

do the cells proceed to the choice and inactivation steps (Grum-

bach et al., 1963; Lyon, 1962). In the choice step, one of the

two X-chromosomes is selected for silencing; only then does

X-inactivation ensue (Rastan, 1983; Takagi, 1980). In this model

of random X-inactivation counting must precede choice, with

the last step being inactivation itself. Thus, XYmale epiblast cells

do not undergo X-inactivation because the cells ‘‘count’’ only

one X-chromosome, which would preclude both the choice

and inactivation steps.

Our data, however, rule out a function for Tsix in X-chromo-

some counting, in agreement with Monkhorst et al. (2008). In a

diploid male or female cell, the counting process protects one

X-chromosome from inactivation; a defect in counting is there-

fore expected to result in inactivation of the single X-chromo-

some in males at some frequency (Avner and Heard, 2001).

The absolute absence of Xist RNA coating and X-inactivation

in undifferentiated XDTsixY EpiSCs is evidence that the Tsix

RNA is not part of the counting mechanism. Xist is only induced

when XDTsixY EpiSCs differentiate. That not all differentiating

XDTsixY cells express Xist may reflect intercellular variability in

the levels of an Xist activating factor (see below).

Our findings also exclude a primary role for Tsix in the choice

of which X undergoes inactivation. Biased X-inactivation in

Tsix-heterozygous cells occurs through a secondary cell selec-

tion effect, rather than through primary inactivation of the XDTsix

at the onset of X-inactivation (Figure 7). Tsix therefore constitutes

a failsafe mechanism that prevents ectopic Xist induction and

inactivation of the active X-chromosome but only after X-inacti-

vation has initiated normally (Figure 7). Thus, Tsix is required

not to establish but tomaintain the randomized pattern of X-inac-

tivation. This protective function of Tsix in the epiblast lineage

appears to be conserved in extra-embryonic cell types. Stem

cells of the trophectoderm lineage, which undergoes imprinted

X-inactivation of the paternal X-chromosome similarly ectopi-

cally silence the XDTsix only upon differentiation both in vivo

and in vitro (Maclary et al., 2014).

Tsix is expressed in pluripotent cells, but it is only required to

silence Xist as these cells differentiate. Tsix expression in

epiblast precursor cells in E4.5 embryos as well as in EpiSCs

and EpiLCs may prime the epiblast cells to forestall inactivation

of the active X-chromosome upon impending differentiation.



In support of this idea, Tsix is robustly expressed in ESCs yet its

loss does not lead to ectopic Xist induction in pluripotent cells of

either sex, as shown here and in earlier studies (Cohen et al.,

2007; Debrand et al., 1999; Lee and Lu, 1999; Luikenhuis

et al., 2001; Minkovsky et al., 2013; Morey et al., 2004; Ohhata

et al., 2006).

If Tsix does not regulate X-chromosome counting or choice,

then alternate mechanisms must explain why X-inactivation

does not occur in males and does so randomly in females. We

favor a parsimonious model of random X-inactivation whereby

a dose-dependent X-linked activity triggers X-inactivation only

in females. For example, the increased dosage of an X-linked

factor in XX compared with XY cells at the onset of X-inactivation

when both Xs are active may facilitate X-inactivation by stochas-

tically and directly activating Xist on one of the two X-chromo-

somes in females, as has been proposed (but debated) for

RNF12 (Barakat et al., 2011; Gontan et al., 2012; Jonkers

et al., 2009; Shin et al., 2014). The lower level of such a factor

may explain why Xist is ectopically induced from the mutant-X

in only some XDTsixY embryonic cells, but in all XDTsixX embryonic

cells. Xist may also be expressed to a lesser extent in individual

XDTsixY cells compared with female cells, resulting in a compar-

atively reduced degree of X-linked gene silencing in males and

potentially explaining why differentiating Tsix mutant female

but not male EpiSCs are subject to cell selection. Future work

will clarify the underlying reasons for this difference.

Our work lends caution to the modeling of X-inactivation

kinetics in differentiating ESCs. Depending on the ESC differen-

tiation regimen, aberrantly inactivated cells may be rapidly out-

competed by appropriately inactivated ones, thus masking a

defect in the initiation phase of X-inactivation. Conversely, errors

in X-inactivation that manifest only during the maintenance

phase are difficult to distinguish from those that occur at the

onset due to the asynchronous differentiation of ESCs. Such a

scenario may resolve the seemingly discordant observations of

the Tsix-mutant X-chromosome appearing to be both suscepti-

ble and resistant to Xist induction in differentiating ESCs.

Directed differentiation of ESCs into EpiLCs may be one route

to capturing cells just after X-inactivation has initiated. Conver-

sion of ESCs into EpiLCs, however, is also subject to key short-

comings. Not all ESCs differentiate into EpiLCs, thus resulting

in a heterogeneous population of cells, and when they do, the

EpiLCs are only transiently present (Buecker et al., 2014; Haya-

shi et al., 2011).

Our data instead highlight the utility of EpiSCs as a model

system to uncouple the onset of random X-inactivation from dif-

ferentiation of pluripotent cells. A comparison of X-inactivation

defects in Tsix mutant EpiSCs with embryonic epiblasts sug-

gests that EpiSCs can capture a window in differentiation of

naive pluripotent epiblast cells immediately after X-inactivation

has initiated. Whereas Tsix-heterozygous embryonic epiblasts

display ectopic Xist induction beginning at �E5.25 stage of

embryogenesis, sex- and genotype-matched EpiSCs do not.

Upon differentiation, however, these EpiSCs exhibit Xist RNA

coating of both Xs, mimicking the pattern of ectopic Xist

induction in the mutant epiblasts as the embryos develop from

E5.25, just after random X-inactivation has commenced, to

E6.5, a stage by which ectopic Xist induction is almost undetect-
C

able. By E6.5, Tsix-heterozygote epiblasts are comprised almost

exclusively of cells in which the XDTsix is the inactive-X, due to

rapid selection against cells that had originally chosen the WT

X for silencing but subsequently ectopically induced Xist and

underwent inactivation of the XDTsix. Thus, the pattern of

X-inactivation changes rapidly within �1 day of development,

at a stage of embryogenesis that is not easily accessible. By

mirroring early epiblast cells just after they have undergone

X-inactivation, EpiSCs are a valuable resource to tease apart

defects in the initiation of X-inactivation from differentiation of

the pluripotential epiblast cells.

EXPERIMENTAL PROCEDURES

Ethics Statement

This study was performed in strict accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals of the NIH. All animals

were handled according to protocols approved by the University Committee

on Use and Care of Animals (UCUCA) at the University of Michigan (protocol

#PRO00004007).

Derivation, Culture, Differentiation, and Characterization

of EpiSC Lines

EpiSCs were derived from pre-, peri-, and post-implantation stages essentially

as described (Brons et al., 2007; Najm et al., 2011; Tesar et al., 2007). EpiSCs

derived from different stages of embryogenesis (Table S1) did not display

any noticeable differences in Xist induction and X-inactivation patterns.

For derivation of EpiSCs from pre- and peri-implantation mouse embryos,

individual embryos were plated on quiescent mouse embryonic fibroblast

(MEF) feeder cells in K15F5 medium containing Knockout DMEM (GIBCO,

#10829-018) supplemented with 15% Knockout Serum Replacement

(KSR; GIBCO, #A1099201), 5% ESC-qualified fetal bovine serum (FBS;

GIBCO, #104390924), 2 mM L-glutamine (GIBCO, #25030), 13 nonessential

amino acids (GIBCO, #11140-050), and 0.1 mM 2-mercaptoethanol (Sigma,

#M7522). After 5–6 days, blastocyst outgrowths were dissociated partially

with 0.05% trypsin (Invitrogen, #25300-054). The partial dissociates were

plated individually into a 1.9-cm2 well containing MEF feeder layer and

cultured for an additional 4–6 days in K15F5 medium. The culture was then

passaged by a brief exposure (2–3 min) to 0.05% trypsin/EDTA with gentle

pipetting to prevent complete single-cell dissociation of pluripotent clusters

and plated into a 9.6-cm2 well containing MEF feeders in K15F5 medium.

Morphologically distinct mouse EpiSC colonies became evident over the

next 4–8 days and were subcloned from a mixed population of cells, including

ESCs. EpiSC colonies were manually dissociated into small clusters using a

glass needle and plated into 1.9-cm2 wells containing MEF feeders in EpiSC

cell medium consisting of Knockout DMEM supplemented with 20% KSR,

2 mM Glutamax (GIBCO, #35050061), 13 nonessential amino acids, 0.1 mM

2-mercaptoethanol, and 10-ng/ml FGF2 (R&D Systems, #233-FB).

For derivation of EpiSCs from postimplantation mouse embryos, the

epiblast layer wasmicrodissected from E5.5 embryos and plated onMEF cells

in EpiSC medium and cultured for 3–4 days to form a large EpiSC colony.

EpiSC colonies were then manually dissociated into small clusters using a

glass needle and plated into 1.9-cm2 wells containing MEF feeders in EpiSC

cell medium. EpiSCs were passaged every third day using 1.5-mg/ml collage-

nase type IV (GIBCO, #17104-019) with pipetting into small clumps.

Differentiation of EpiSCs was achieved by growing the EpiSCs on gelatin-

coated tissue culture dishes in EpiSC medium lacking FGF2. Expression of

pluripotency markers Oct4, Nanog, mesodermal marker Brachyury, neuroec-

todermal marker b-III tubulin, and hepatocyte marker FoxA2 was assessed

by RT-PCR using Invitrogen SuperScript III One-Step RT-PCR System

(Invitrogen, #12574-026). Primer sequences were designed using the primer

bank web software (http://pga.mgh.harvard.edu/primerbank/; PrimerBank

ID: Oct4: 356995852c2; Nanog: 153791181c2; Brachyury: 118130357c1;

b-III tubulin: 12963615a1; FoxA2: 153945803c1). The following primers were

used: Fgf5 forward primer, CTGTACTGCAGAGTGGGCATCGG; Fgf5 reverse
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primer, GACTTCTGCGAGGCTGCGACAGG, Cer1 forward primer, CTCTGG

GGAAGGCAGACCTAT; Cer1 reverse primer, CCACAAACAGATCCGGCTT;

Rex1 forward primer, TGGAAGCGAGTTCCCTTCTC; Rex1 reverse primer,

GCCGCCTGCAAGTAATGAG. All primer pairs except Tsix (exon 4) spanned

an intron, thereby distinguishing cDNA from genomic DNA amplification.

Nevertheless, control reactions lacking reverse transcriptase for each sample

were performed to rule out genomic DNA contamination.

For IF and/or RNA FISH, EpiSCs were cultured on gelatin-coated glass

coverslips. The cells were then permeabilized through sequential treatment

with ice-cold cytoskeletal extraction buffer (CSK, 100 mM NaCl, 300 mM

sucrose, 3 mM MgCl2, and 10 mM PIPES buffer [pH 6. 8]) for 30 s, ice-cold

CSK buffer containing 0.4% Triton X-100 (Fisher Scientific, #EP151) for 30 s,

followed twice with ice-cold CSK for 30 s each. After permeabilization, cells

were fixed by incubation in 4% paraformaldehyde for 10 min. Cells were

then rinsed three times in 70% ethanol and stored in 70% ethanol at �20�C
prior to IF and/or RNA FISH.

Quantification of Allele-Specific Expression

Allele-specific expression was quantified using QIAGEN PyroMark

sequencing platform. Amplicons containing SNPs were designed using the

PyroMark Assay Design software. cDNAs were synthesized using Invitrogen

SuperScript III One-Step RT-PCR System (Invitrogen, #12574-026). Following

the PCR reaction, 5 ml of a total of a 25-ml reaction was run on a 3% agarose

gel to assess the efficacy of amplification. The samples were then prepared

for pyrosequencing according to the standard recommendations for use

with the PyroMark Q96 ID sequencer. For Xist, the following primers were

used: forward, CAAGAAGAAGGATTGCCTGGATTT; reverse, 50-biotin-GCGA

GGACTTGAAGAGAAGTTCTG; sequencing, CAAACAATCCCTATGTGA. For

Atrx, the following primers were used: forward, ATAGCTTCAGATTCTGAT

GAAACC; reverse, 50-biotin-ACATCGTTGTCACTGCCACTT; sequencing,

taagctcagatgaaaaga. For Rnf12, the following primers were used: forward,

50-Biotin-TGCAGCCAACAAGTGAAATTCC; reverse, TATCTGCTGTCTCAGG

GTCACATG; sequencing, tagaacttccttcaggc. All three amplicons span in-

tron(s), thus permitting discrimination of RNA versus any contaminating

genomic DNA amplification due to size differences. Control reactions lacking

reverse transcriptase for each sample were also performed to rule out genomic

DNA contamination.

Microscopy

Samples were imaged using a Nikon Eclipse TiE inverted microscope with a

Photometrics CCD camera. The images were deconvolved and uniformly pro-

cessed using NIS-Elements software.

Statistics

p = 0.01 was used as the cutoff for statistical significance. Tests used to calcu-

late statistical significance are indicated in the corresponding figure legends.
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