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Summary

X chromosome inactivation (XCI) depends on a non-
coding sense-antisense transcript pair, Xist and Tsix.
At the onset of XCI, Xist RNA accumulates on one of
two Xs, coating and silencing the chromosome in
cis. The molecular basis for monoallelic Xist upregula-
tion is not known, though evidence predominantly
supports a posttranscriptional mechanism through
RNA stabilization. Here, we test whether Tsix RNA de-
stabilizes XistRNA. Unexpectedly, we find that Xistup-
regulation is not based on transcript stabilization at all
but is instead controlled by transcription in a sex-spe-
cific manner. Tsix directly regulates its transcription.
On the future inactive X, Tsix downregulation induces
a transient heterochromatic state in Xist, followed par-
adoxically by high-level Xist expression. A Tsix-defi-
cient X chromosome adopts the heterochromatic state
in pre-XCl cells. This state persists through XCI estab-
lishment and “reverts” to a euchromatic state during
XCI maintenance. We have therefore identified chro-
matin marks that preempt and predict asymmetric
Xist expression.

Introduction

Antisense transcripts are found in abundance through-
out the mammalian genome (Lavorgna et al., 2004;
Shendure and Church, 2002; Yelin et al., 2003) and ap-
pear to be overrepresented at epigenetically regulated
loci (Lee, 2003; Sleutels and Barlow, 2002). Among im-
printed domains, an intriguing feature shared by many
antisense transcripts is a monoallelic expression pattern
inversely correlated with their sense counterparts. This
fact has prompted the increasingly popular view that an-
tisense transcription may be involved in regulating
asymmetric gene expression. The phenomenon of XClI
provides a paradigm for understanding sense-antisense
pairs. During XCl, one of two X chromosomes is tran-
scriptionally silenced in females, equalizing the dosage
of X linked genes between females (X/X) and males (X/
Y) (Lyon, 1961). At the onset of XClI, the noncoding X-in-
active specific transcript (Xist) is upregulated from one
of two Xs, coating and silencing the chromosome in
cis (Brockdorff et al., 1992; Brown et al., 1992). Tsix, its
noncoding antisense partner, antagonizes Xist’s ability
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to initiate silencing (Lee and Lu, 1999; Sado et al.,
2001). Thus, XCl is regulated by the opposing action of
sense and antisense genes in cis.

How does this interplay result in asymmetric silencing
of the Xs? In principle, Tsix could regulate Xist at either
the transcriptional or posttranscriptional levels. Two
early studies used nuclear run-on analysis and measure-
ments of steady-state levels to argue that Xist is post-
transcriptionally regulated by RNA stabilization rather
than by increased transcriptional rate (Panning et al.,
1997; Sheardown et al., 1997). According to this model,
the switch from low to high levels of Xist occurs through
stabilizing the RNA on the future inactive X (Xi) by factors
produced only during cell differentiation and the onset
of XCI. These findings have directed the search for
mechanisms that trigger Xist stability on one X without
affecting that on the other.

The subsequent discovery of antisense transcription
at the Xist locus led to the hypothesis that an antisense
RNA might control Xist stability (Lee et al., 1999). The
pattern of sense and antisense expression supports
a role for Tsix in negatively regulating Xist: Tsix expres-
sion is biallelic before the onset of XCl but is downregu-
lated on one X just before the upregulation of Xist on that
chromosome. Genetic manipulations that block Tsix
cause Xist RNA to be upregulated exclusively from the
Tsix-deficient chromosome (Lee and Lu, 1999; Luiken-
huis et al., 2001; Sado et al., 2001; Shibata and Lee,
2004). Conversely, forced or induced Tsix expression
prevents Xist upregulation in cis (Luikenhuis et al.,
2001; Stavropoulos et al., 2001). Thus, in some way,
Tsix transcription or RNA controls the expression of Xist.

Two recent studies have proposed that modulation of
Xist chromatin structure may play a role in how Tsix reg-
ulates Xist. One study has examined how the chromatin
at the Xist promoter responds to a truncation of Tsix
transcription in later-stage embryos (Sado et al., 2005).
During the “maintenance phase” of XClI, they observe
greater DNase | hypersensitivity, increased histone H4
acetylation, and decreased histone H3-K27 methylation
at the Xist promoter, suggesting that the loss of Tsix
leads to open chromatin structure at Xist in cis. In agree-
ment, a second study finds increased H3-K4 dimethyla-
tion and RNA Pol Il binding at the active Xist promoter in
differentiated cells (Navarro et al., 2005). These studies
imply that Xist may also be regulated at the transcrip-
tional level. However, because the analyses are under-
taken predominantly in post-XCl differentiated cells
(maintenance phase), it is currently not known whether
these chromatin marks precede Xist expression and
are required to establish the pattern of XCI. Therefore,
the idea that Tsix may regulate Xist transcription remains
an open question.

We now investigate how high-level, asymmetric Xist
levels are achieved. First, we examine whether Tsix di-
rectly affects Xist RNA stability. In the course of analysis,
we were surprised to find that Xist RNA is not regulated
by stabilization but is instead regulated through pro-
moter upregulation. Further investigation reveals how
Tsix controls the establishment of an asymmetric
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chromatin state, including formation of histone marks
that preempt and predict monoallelic Xist induction.

Results

Effect of Tsix on Xist Transcription and Steady-State
Levels

Levels of Xist RNA prior to the onset of XCl have been
correlated with the probability that a given X chromo-
some will be chosen for inactivation (Nesterova et al.,
2003). To determine whether Tsix affects Xist steady-
state levels prior to the onset of XCl, we performed RNase
protection assays on undifferentiated wild-type (wt)

-RT

Figure 1. Relationship between Xist and Tsix
Steady-State RNA and Transcription Levels

(A) RNase protection assay. Arrowheads de-
note protected Xist and Tsix; arrows show
protected B-Actin. Female fibroblasts (Fib)
were run as a positive control for Xist and
negative control for Tsix. Inset focuses on

XIY XY the protected Xist and Tsix fragments in ES
Xist 1 cells. Abundance of each transcript shown
1.0 3.0 relative to wild-type (X/Y =1).
Tsix L-. (B) Steady-state levels of Xist determined by
1.0 .05 real-time RT-PCR relative to X/X or X/Y =

standard deviation of triplicate measure-
ments. ND, not determined.

(C) Nuclear run-on assays. Probe intensities
were normalized to 78SRNA then plotted rel-
ative to background (vector = 1.0).

(D) Competitive RT-PCR to determine Xist
RNA copy number in pre-XCl ES cells. Left
panels represent 10-fold dilutions. Right
panels represent finer dilution series.

and Tsix mutant male lines (J1 and CG7 lines as de-
scribed in Lee and Lu [1999]), hereafter referred to as
X/Y and X2/Y (Figure 1A). We compared the amount of
each transcript produced from a single Xist locus. In
the X*/Y line, Tsix was reduced to ~5% of wt levels
whereas Xist increased 2- to 3-fold (Figure 1A).

To confirm the RNase protection results, we per-
formed real-time RT-PCR on male and female wt and
heterozygous Tsix mutant lines (16.6 and 3F1 lines as
described in Lee and Lu [1999]), hereafter referred to
as X/X and X*/X. Xist RNA levels were elevated ~1.6-
fold in the X%/Y mutant and ~ 6-fold in the X*/X mutant
compared to the corresponding wt lines (Figure 1B).
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The sex-specific difference in Xist derepression may in-
dicate that the loss of Tsix has a greater effect on Xist
levels in female cells or that the X*/X culture contained
partially differentiated cells with upregulated Xist. As ob-
served previously (Lee and Lu, 1999; Morey et al., 2001),
the increased amounts of Xist RNA in the mutant cells
were not sufficient to cause X inactivation, indicating
that required factors were missing. These results dem-
onstrated that the steady-state level of Xist RNA is in-
versely proportional to Tsix RNA in pre-XCl cells, consis-
tent with the idea that Tsix might destabilize Xist.

However, in female embryonic stem (ES) cells under-
going XCI during differentiation into embryoid bodies
(EBs), the steady-state Xist levels increased at least
31-fold (Figure 1B). Therefore, the 6-fold effect observed
upon deleting Tsix accounted for only a fraction of the
31-fold effect. Thus, if Tsix regulated Xist through RNA
stability, this posttranscriptional mechanism alone can-
not explain the magnitude of Xist upregulation during
XCI. We therefore asked whether Xist may also be regu-
lated by transcription by performing nuclear run-on as-
says to look for transcriptional rate differences between
Tsix* and Tsix~ cells (Figure 1C). As expected, antisense
transcription was readily detected in X/Y cells and was
reduced in X*/Y. However, Xist transcription was indis-
tinguishably low in X/Y and X/Y as assayed by various
strand-specific probes (Figure 1C and data not shown).

Our results contrasted with previous nuclear run-on
experiments, which observed sense, but not antisense,
transcripts (Panning et al., 1997; Sheardown et al.,
1997). One significant difference is that we used sin-
gle-stranded Xist probes, whereas previous studies
(preceding the discovery of Tsix) predominantly used
double-stranded probes. With bidirectional transcrip-
tion in this region and Tsix at 10- to 100-fold greater
levels than Xist in pre-XCl cells (Shibata and Lee,
2003), double-stranded probes would in retrospect
have favored detection of the antisense RNA. We thus
conclude that pre-XCI ES cells predominantly transcribe
Tsix and show very little, if any, Xist transcription.

Absolute Copy Numbers of Xist RNA

Although our nuclear run-on assay did not detect Xist
transcription, sense RNA has been observed by the
more sensitive RT-PCR and RNA FISH techniques
(Beard et al., 1995; Lee et al., 1999). We next estimated
the absolute Xist RNA copy numbers in pre-XCl cells
by competitive RT-PCR in which each RNA preparation
was “spiked” with a known quantity of competitor RNA
that can be distinguished from the endogenous RNA by
a small deletion of 38 bases (Figure 1D). Because both
endogenous and competitor RNAs were subject to the
same isolation process and reverse transcription, this
assay provided a realistic calculation of the absolute
copy number. By comparing endogenous levels against
a serial dilution series of competitor RNA, we derived the
RNA copy number from the “equivalence point” at
which endogenous and competitor molecules showed
a 1:1 representation. The analysis showed that each X/
Y ES cell had three to four copies of Xist RNA, whereas
an X/X cell had approximately ten copies. Thus, each
Xist allele produces very low quantities of Xist RNA at
the steady state before the onset of XCI.

After differentiating into EBs, X/X cells upregulated
Xist RNA by at least 31-fold (Figure 1B). By inference,
each Xi must be coated by at least 300 copies of Xist
RNA. We conclude that Xist RNA is present at approxi-
mately ten copies in pre-XCl females and accumulates
>300 copies at the onset of XCl—a conclusion that is
within range of previous estimates (Buzin et al., 1994).

Xist s Not Regulated by RNA Stabilization

Previously, observations of high transcriptional rates in
the absence of significant RNA accumulation led to the
idea of an unstable Xist RNA in pre-XCl ES cells. This
idea had been supported by half-life (t;/2) measurements
showing a ty,, increase from 0.5 hrin ES cells to 6 hr after
XCI (Panning et al., 1997; Sheardown et al., 1997). We re-
peated the RNA t,,, experiments with a strand-specific
technique to distinguish Xist and Tsix stabilities. We
treated cells with Actinomycin D for 0-10 hr to inhibit
transcription, isolated RNA at 1-2 hr time points, and
then quantified the RNA by strand-specific, real-time
RT-PCR.

We first tested pre-XCl male and female ES cells and
found that the t;/,» of the sense transcript was ~6 hrin
both (Figure 2A), contrasting with the 0.5 hr t;,, previ-
ously reported (Panning et al., 1997; Sheardown et al.,
1997). Upon cell differentiation, Xist RNA stability did
not change significantly (Figure 2B). The same assay
performed on primary female fibroblasts yielded a t;,»
of 3-4 hr (data not shown). Therefore, Xist RNA stability
did not vary substantially between cells in the pre- and
post-XCl states. Furthermore, the absence of Tsix RNA
did not alter the t;», as X/Y and X2/Y cells both exhibited
aty» of ~6 hr (Figure 2C). In X%/X female cells, the t,,,
was ~3.5 hr (Figure 2D), a value consistent with what
is observed in female fibroblasts (data not shown).
This demonstrated that Tsix RNA had no dramatic effect
on Xist RNA stability.

We next tested Tsix tq,o with the identical primer pairin
real-time RT-PCR but carried out the first-strand reac-
tion with the opposite strand primer. Interestingly, Tsix
RNA t,,», was <1 hr in undifferentiated female and male
ES cells (Figure 2E and data not shown), implying
a much lower stability of Tsix RNA relative to that of
Xist. Thus, the instability formerly attributed to Xist
RNA actually reflected the instability of Tsix RNA. Our re-
sults are consistent with the measurements of stable t;,»
(5-6 hr) in mouse transgenic Xist (Wutz and Jaenisch,
2000) and human XIST RNA (Clemson et al., 1998). We
conclude that the initiation of XCI is not regulated by
a switch from unstable to stable Xist RNA, that Xist
RNA is strikingly stable across all developmental stages,
and that Tsix RNA had little effect on its overall stability.
The antagonistic properties of Tsix must therefore de-
pend on other mechanisms.

Xist Upregulation Occurs through Increased
Transcription

We next considered the possibility that Xist upregulation
may be based on transcription by testing a 540 bp Xist
P1 promoter in a luciferase reporter assay in pre- and
post-XClI cells. After stably integrating a transgene into
X/Y and X/X ES cells, we pooled 25-100 colonies, differ-
entiated them in triplicate, and measured luciferase
levels at various time points. In X/Y cells, Xist promoter
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Figure 2. Xist RNA Upregulation Is Not Mediated by RNA Stabilization
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(A-D) Xist RNA half-life measured by strand-specific, real-time RT-PCR after Actinomycin D treatment. Experiments were performed in replicate,
and cycling reactions in triplicate. Points represent averages from duplicate experiments + standard error of the mean.
(E) Tsix RNA is much less stable than Xist. To detect antisense RNA, the oppositely oriented first strand primer was used in the RT reaction.

activity was low in pre-XCl cells and remained low dur-
ing differentiation, consistent with the lack of Xist RNA
accumulation in male cells (Figure 3).

In X/X cells, the promoter activity was low in the pre-
inactivation state but was upregulated during differenti-
ation by 2- to 10-fold on average (Figure 3 and data not
shown). Raw luciferase levels were significantly ele-
vated over two independent promoterless-luciferase
control pools, arguing that the observed transcriptional
activity and induction was specific to the Xist promoter.

20

0o X/YES
16 W X/XES

Luciferase Fold-Induction

0o 1 2 4 8 10
Day of Differentiation

Figure 3. Xist Is Upregulated through Transcriptional Induction

An Xist promoter:luciferase transgene was stably integrated into ES
cells. Cells were differentiated in triplicate, and normalized lucifer-
ase levels are plotted relative to day 0 + standard deviation.

Clearly, however, the 2- to 10-fold increase does not
fully account for the 31-fold increase in steady-state
levels, suggesting that the 540 bp promoter fragment
does not contain all the necessary elements to achieve
full activation. We conclude that an increase in Xist tran-
scription rate contributes significantly to RNA accumu-
lation and this mechanism of upregulation is specific
to X/X cells.

Evidence for RNA-Directed DNA Methylation

at the Xist Promoter

We next examined if Tsix regulates asymmetric tran-
scriptional expression of Xist. It has been shown that
the Xist promoter is differentially methylated in somatic
female cells. Correlating with the transcriptional status
of each allele, the silent Xist promoter is methylated,
whereas the active Xist promoter is unmethylated
(McDonald et al., 1998). In undifferentiated female ES
cells, however, the two promoters are mosaically meth-
ylated (Penny et al., 1996; Sado et al., 1996), indicating
that functional methylation is differentiated on the two
Xist alleles during XCI. Because Tsix is itself differentially
expressed during the process of XCl, we examined
whether it influenced the establishment of differential
Xist promoter methylation.

We performed allele-specific restriction enzyme
methylation analysis at two promoter positions, Mlul
and Sacll, in differentiating ES cells (Figure 4A). In X/X
and X*/X cells, the two Xs originated from different
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Figure 4. Relationship of Tsix to Establishment of Xist Promoter Methylation

(A) Scheme for methylation-sensitive restriction analysis by Southern blot.

(B) Allele-specific, methylation-sensitive restriction analysis of Xist promoter during differentiation. CAS, M. castaneus allele. Abbreviations: M,
methylated; UM, unmethylated.

(C) Methylation-sensitive PCR assay on live adherent cells and dead detached cells on d8. Amplification threshold differences (ACt) between
undigested and Sacll/Mlul-digested DNA were used to quantitate methylation.

(D) RNA-ChIP with a panel of DNA methyltransferases (dO ES).

(E) Tsix RNA-ChIP against Dnmt3a and histone H3 (dO ES).

mouse strains (X;29 and X¢as, from 129 and Mus casta-
neus, respectively) and could therefore be distinguished
by single nucleotide polymorphisms (SNP). Interest-
ingly, Xist promoter methylation differed significantly
between males and females. In X/Y, the Xist promoter
was fully methylated before and after differentiation
(Figure 4B), agreeing with a previous report that Xist
methylation is already established in male ES cells (Nor-

ris et al., 1994). The absence of Tsix did not affect meth-
ylation in males (X*/Y; Figure 4B), correlating with a lack
of XCI phenotype in Tsix-deficient males (Lee and Lu,
1999).

In contrast, female cells exhibited different methyla-
tion patterns before and after XCI. In pre-XCI cells, the
promoter was only partially methylated and this methyl-
ation could occur on either X529 or Xc5s (Figure 4B). At
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the onset of XClI, Xist was progressively methylated on
Xcas and less methylated on X, 59, consistent with a natu-
ral Xce skewing effect in the 16.6 line (Johnston and Cat-
tanach, 1981; Lee and Lu, 1999). The pattern of methyl-
ation reached equilibrium on day (d) 14. To determine
whether Tsix affected methylation patterns, we exam-
ined X2/X differentiation. Interestingly, although d0 pat-
terns were identical to that of wt, cell differentiation led
to a more rapid and extreme skewing of Xist methylation
to favor the castaneus allele, with methylation reaching
equilibrium by d4, 10 days earlier than in wt. The methyl-
ation on X, correlated with the exclusive silencing of
castaneus Xist in the X*/X mutant (Figure 4B) (Lee and
Lu, 1999). These results implied that Tsix may trigger
Xist methylation.

Given this, the methylation state of the homozygous
XA/X® mutant (AF10 [Lee, 2005]) was of particular inter-
est. X2/X2 cells lose mutual exclusion of XCl choice, with
some EB cells displaying two active Xist loci, and there-
fore exhibit massive cell death during differentiation.
Surviving cells display overtly random XCI, however
(Lee, 2002). Southern blot analysis showed that the
Xist promoter was partially methylated in pre-XCl X*/
X% cells and became progressively more methylated
from d2 to d14 (Figure 4B) (note: because both Xs are
of 129 origin, they could not be distinguished).

At first, the ability of the X*/X* line to methylate Xist
suggested that Tsix does not regulate methylation.
However, given that >50% of X%/X* cells die during dif-
ferentiation (Lee, 2005), we considered the possibility
that X2/X* survivors were not representative of the pop-
ulation, because only attached, viable EB cells were in-
cluded. We next harvested floating dead cells (trypan
blue* fraction) during a 24 hr period from d7 to d8. Be-
cause DNA quantities were limited and might be frag-
mented by apoptosis, we carried out a methylation-sen-
sitive PCR assay with Sacll or Mlul (Figure 4C). At both
sites, the dead fraction was significantly undermethy-
lated, with overall methylation comparable or less than
what was observed in X/X cells. This was consistent
with the idea that a failure of Xist promoter methylation
on both Xs led to inappropriate Xist expression patterns
in X2/X cells. In contrast, the live fraction showed a wt
level of DNA methylation. We therefore propose that Tsix
induces functional DNA methylation at the Xist promoter
and that this methylation maintains Xist repression.

Could Tsix RNA interact with DNA methyltransferases
at the Xist promoter? To address this question, we
performed RNA-chromatin immunoprecipitation (RNA-
ChIP) in which we immunoprecipitated ES cell chroma-
tin with antibodies against known DNA methyltrans-
ferases and tested for the presence of Tsix RNA
(Figure 4D). Whereas Dnmt1, Dnmt2, Dnmt3b, and
Dmnt3I did not associate with Tsix RNA, Dnmt3a was re-
producibly found in a complex with Tsix RNA in both
male and female ES cells (Figure 4E), consistent with
Dnmt3a’s ability to de novo methylate Xist (Chen et al.,
2003). The RNA-protein complex appeared specific, as
it was not seen in the X*/X* line. Moreover, Tsix RNA
did not associate with histone H3 (Figure 4E and
Figure S1 available in the Supplemental Data with this
article online), suggesting that the Tsix RNA-Dnmt3a
complex was not simply due to its proximity to the Xist
chromatin. We therefore propose that Tsix RNA acti-

vates Dnmt3a at the Xist promoter to silence Xist on
the future Xa and that, in X2/X? cells, the loss of pro-
moter methylation contributes to inappropriate Xist ex-
pression and cell death. Thus, Xist transcriptional silenc-
ing is in part regulated by Tsix RNA-directed DNA
methylation at the promoter.

A Transient Heterochromatic State in Xist Preempts
Transcriptional Induction

Does Tsix control other aspects of Xist chromatin struc-
ture? At the Xic, active and inactive Xist loci have been
shown to reside in different chromatin environments,
with the silent Xist allele associated with dimethylated
H3-K9 (H3-2meK9) and trimethylated H3-K27 (H3-
3meK27), and the active allele associated with dimethy-
lated H3-K4 (H3-2meK4) (Goto et al., 2002; Navarro
et al., 2005; Sado et al., 2005). However, it is currently
not known whether they are a cause or consequence
of asymmetric Xist expression, as analyses have been
focused on post-XCl cells. Relevant to this, XCl can be
genetically separated into three phases: a “pre-XCI
phase” in which cells have not yet committed to inacti-
vation (dO ES cells), an Xist-dependent “establishment
phase” during which counting, choice, and initiation of
silencing take place, and then a “maintenance phase”
in which the Xi is propagated independently of Xist. A
priori, any causative histone mark must precede the on-
set of XCI.

To address this issue, we queried the chromatin struc-
ture at Xist during the various phases by ChIP analysis at
the Xist promoter and gene body (Figure 5A). All analy-
ses were carried out in 129/castaneus hybrid female
cells so differences between the Xa and Xi could be de-
tected, with one X serving as internal control for the
other. We first tested H3-2meK9 but found that this
mark was extremely low in all tested cells (data not
shown), consistent with prior analysis (Rougeulle et al.,
2004). This implied that this modification was not in-
volved in the regulation of Xist or that its levels were be-
low the detection limit. In contrast, H3-2meK4 levels
showed dynamic changes. At the Xist promoter, total
H3-2meK4 remained constant before and during XCI
(Figure 5A). By fractionating the immunoprecipitated
DNA by SNP-based allele-specific PCR (Figure 5B), we
found that methylation was equal between the two Xist
alleles in pre-XCl cells. The distribution became skewed
toward the 129 allele in cells undergoing XCl and in post-
XCI cells, a distribution that mirrored the naturally
skewed Xist expression patterns in this hybrid line.

To determine the relationship of Tsix expression to
H3-2meK4, we carried out ChIP in X2/X cells. Interest-
ingly, although deleting Tsix had little effect on the Xist
promoter, it significantly decreased H3-2meK4 in the
gene body. The decrease specifically took place on
X120, Which carried the Tsix mutation. These results indi-
cated that Tsix’s effect on Xist transcription does not de-
pend on any ability to modulate H3-2meK4 at the pro-
moter. This result contrasted with the conclusion of
Navarro et al., who hypothesized that Tsix acts by mod-
ulating Xist promoter H3-K4 dimethylation ([Navarro
et al., 2005] see Discussion). Although our data showed
no evidence for a promoter effect in d0 cells, they did in-
dicate that Tsix specifically affects H3-2meK4 levels in
the Xist gene body. Consistent with what we observed
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Figure 5. Loss of Tsix Leads to Preemptive Histone Modifications at the Xist Locus

(A) ChIP analysis of the Xist promoter and gene body. Each ChIP was repeated multiple times with consistent results. Inmunoprecipitated prod-
ucts are graphed as a percentage of input chromatin, quantitated by real-time PCR + standard deviation. Asterisks denote levels that did not

consistently exceed normal IgG control levels (background).

(B) Allele-specific ChIP of immunoprecipitations from (A). The Tsix mutation in X*/X is on the 129 X. ND, not determined.

in wt X/X cells, antisense expression paradoxically
raised the level of H3-K4 dimethylation on the Xist allele
that is destined to be repressed.

We next examined H3-3meK27 (Figures 5A and 5B). At
the promoter, the H3-3meK27 levels were consistently

measurable in wt X/X cells and were approximately equal
on both alleles. At the onset of XCI, H3-3meK27 became
asymmetric, as levels were reproducibly enriched on the
Xist allele of the future Xi—the allele that was to become
induced. This pattern of methylation was opposite of the
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broadly accepted idea that H3-3meK27 occurs on silent
alleles. To confirm these findings, we tested for the pres-
ence of Eed, a protein in the H3-K27 methyltransferase
complex (Cao et al., 2002). Indeed, Eed was elevated
on the 129 allele and correlated with the enrichment of
H3-3meK27 (Figures 5A and 5B).

To test whether Tsix regulates H3-K27 methylation,
we examined X“/X cells (Figures 5A and 5B). Intrigu-
ingly, methylation occurred almost exclusively on X;29,
the chromosome lacking Tsix. This further argued that
the heterochromatic mark H3-3meK27 occurred on the
Xist promoter and gene body of the future active allele.
Importantly, this asymmetry was present prior to Xist in-
duction and the onset of XCI and persisted through the
establishment phase. Similar paradoxical findings were
evident for histone H4 acetylation at the Xist promoter
(Figures 5A and 5B). Taken together, these data sug-
gested that Tsix expression promotes a euchromatic
character in the Xist locus and that the loss of Tsix re-
sults in a heterochromatic state that preempts and pre-
dicts XCI patterns.

Finally, to address whether the heterochromatic state
persisted into the maintenance phase, we examined his-
tone marks in fibroblasts isolated from X/X and X/X
mice. Unexpectedly, there was a complete inversion in
the chromatin pattern. At the active Xist locus, while
H3-2meK9 remained low (data not shown), H3-K4 be-
came hyperdimethylated, H3-K27 became hypotrime-
thylated, and histone H4 became hyperacetylated
(Figure 5B). These data are consistent with the recent
findings in post-XCI cells (Navarro et al., 2005; Sado
et al., 2005) and imply that the Xist chromatin pattern
found in the XCI maintenance phase is established at
later stages and does not establish or predict Xist ex-
pression.

Collectively, the ChIP analyses led us to several major
conclusions. First, the chromatin at Xist exhibits dy-
namic changes in response to Tsix. Monoallelic loss of
Tsix expression causes a transient and asymmetric het-
erochromatic state involving H3-2meK4, H3-3meK27,
and histone H4 acetylation that precedes induction of
Xist expression on the future Xi. We propose that this
heterochromatic state underlies the initiation and estab-
lishment of asymmetric Xist expression but is not re-
quired after XCl transitions to an Xist-independent main-
tenance state.

Discussion

Xist Is Controlled by Transcription, Not RNA
Stabilization

We have shown that Xist RNA is not regulated by RNA
stabilization. Previous studies preceded discovery of
Tsix and were likely confounded by the use of double-
stranded probes (Panning et al., 1997; Sheardown
et al., 1997). With Tsix RNA being more abundant, previ-
ous measurements may inadvertently have detected
Tsix instead of Xist. Using strand-specific techniques,
we have now demonstrated that Xist RNA t;,, is rela-
tively unchanged throughout XCI and that transcrip-
tional activation can at least partially account for Xist’s
total upregulation. This conclusion is consistent with re-
cent studies in which decreased DNase | hypersensitiv-
ity (Sado et al., 2005) and enriched RNA Pol Il binding to

the Xist promoter (Navarro et al., 2005) can be found in
post-XClI cells. With an absolute copy number of only
three to five RNAs per chromosome in pre-XCl cells,
we suggest that Xist is effectively “off” in the pre-XCl
state and that the low levels observed here and else-
where (Beard et al., 1995; Lee et al., 1999) result from es-
cape transcription. Our conclusions direct future re-
search away from identifying RNA stabilization factors
and toward finding transcriptional regulators.

The ability of the Xist P1 promoter to drive X/X-spe-
cific transcriptional activation supports the “two-factor”
hypothesis for counting/choice (Lee, 2005). The one-
factor theory proposes that a single “blocking factor”
(BF) prevents XCI on one X per diploid cell and that
Xist upregulation occurs on all remaining Xs by default.
By contrast, the two-factor theory proposes that an ad-
ditional “competence factor” (CF) is required to induce
Xist on the Xi (Lee and Lu, 1999). We suggest that CF
is part of the mechanism that bestows X/X-specific
Xist activation.

Tsix RNA-Directed DNA Methylation as a Secondary
Mechanism of Xist Regulation

Our present work has also shown that Tsix RNA forms
a specific complex with the de novo DNA methyltrans-
ferase Dnmt3a (Okano et al., 1999). In differentiating fe-
male cells, loss of Tsix on one X leads to a rapid loss of
Xist promoter methylation in cis and a concomitant gain
of methylation on the homolog, consistent with recent
results in post-XCl mouse embryos (Sado et al., 2005).
Loss of Tsix on both Xs likewise results in a hypomethy-
lation of Xist, in accordance with aberrant biallelic Xist
expression during differentiation (Lee, 2005). We sug-
gest that X*/X* inviability is due partly to deficient allelic
methylation and Xist silencing. Thus, Tsix controls meth-
ylation of the Xist promoter in X/X cells. By contrast, Tsix
deficiencies do not affect Xist methylation or XCl in X/Y
cells. The absence of CF in X/Y cells (Lee, 2005) may cir-
cumvent the need for regulatable DNA methylation to re-
press Xist.

In female cells, although the Tsix RNA-Dnmt3a com-
plex is detectable before XClI, the promoter is only par-
tially and mosaically methylated. In Tsix-deficient fe-
males, DNA methylation patterns are only modestly
affected. These findings imply that Tsix-directed DNA
methylation at the Xist promoter is not preemptive and
acts only after XCl is initiated. As such, we suggest that
Tsix-directed DNA methylation does not play a role dur-
ing the “initiation phase” but is invoked only after XCl is
underway, perhaps serving as a secondary mechanism
of silencing. Furthermore, Tsix’s role at this time is
more likely to induce, rather than to recruit de novo, the
methyltransferase activity of Dnmt3a. Indeed, Dnmt3a
can be detected by DNA ChIP at the Xist promoter before
XCI and even in Tsix-deficient cells (data not shown).
Consistent with RNA-directed methylation being a sec-
ondary mechanism of Xist repression, knocking out
Dnmt3a causes Xist to be demethylated without becom-
ing transcriptionally activated (Sado et al., 2004).

A Transient Heterochromatic State Induces Xist
Activation and Determines Choice

We propose that the primary mechanism of monoallelic
Xist expression works through histone modification. We



A Transient Heterochromatic State at Xist
625

:@ ’@ Tsix
79

1 @ @ Tsix

© _ (o _©
—_— —7 J—
70

—7 —/ g

Biallelic Tsix
Euchromatic Xist

Loss of Tsix (future Xi)
Xist heterochromatic state

Y

—— pre-XClI

XCl establishment

€0 _ O
/77 <

®©

Xist induction on Xi Xist chromatin states invert
Tsix triggers Xist methylation

on Xa

Y

XCI maintenance —»

Figure 6. Model: Preemptive Histone Modifications Underlie Asymmetric Xist Activation

Before XClI, biallelic expression of Tsix maintains Tsix/Xist in a euchromatic state, as indicated by biallelic H3-K4 dimethylation and H4 acetyla-
tion. The euchromatic state precludes Xist transcription on both Xs. At the onset of XCl, silencing of Tsix on one X leads to heterochromatin in
Tsix/Xist in cis, as indicated by loss of H3-2meK4 and H4 acetylation, gain of H3-3meK27, and activation of Xist. During the establishment of Xi,
Tsix RNA activates Xist DNA methylation (lollipops) to lock Xist in a silent state. After XCl occurs, the Xist chromatin pattern inverts.

have identified modifications that precede and predict
allelic choice and shown that Tsix directs the dynamic
changes. On the future Xi, Tsix repression leads to pre-
emptive histone H4 hypoacetylation (promoter), hyper-
methylation of H3-K27 (promoter and gene body), and
hypomethylation of H3-K4 (gene body) on the Xist allele
destined to be expressed. On the future Xa, persistent
Tsix expression prevents the acquisition of these marks.

We propose that Tsix downregulation, a change in
chromatin structure in Xist, and Xist transcriptional in-
duction are three distinct sequential events (Figure 6).
Prior to the onset of XClI, Tsix expression on both Xs es-
tablishes euchromatin in the two Xist alleles (low H3-
3meK27, high H3-2meK4, high H4 acetylation). This
open chromatin paradoxically inhibits Xist transcription,
keeping Xist “off” with low-level escape transcription. At
the onset of XClI, the persistence of Tsix expression
maintains the euchromatic state and ensures continued
Xist silence on the Xa. Tsix RNA may trigger Dnmt3a ac-
tivity as a secondary mechanism of Xist silencing. On the
Xi, downregulation of Tsix results in heterochromatin
through Tsix/Xist (high H3-3meK27, low H3-2meK4,
low H4 acetylation), which in turn enables transcriptional
induction of Xist. Once XCI occurs, the Xist chromatin
undergoes further change, perhaps in response to re-
cruitment of additional factors by the newly expressed
Xist RNA. During the maintenance phase, the Xist chro-
matin inverts to the low H3-3meK27/high H3-2meK4/
high H4 acetylation configuration more typically associ-
ated with expressed loci.

Our model posits that Tsix serves as the binary switch
for Xist and XClI by controlling the asymmetry of chroma-
tin modification. The model is consistent with the vari-
ous effects of Xist and Tsix mutants on X inactivation
choice. Heterozygous Xist knockouts result in nonran-
dom inactivation of the remaining wt X (Marahrens
etal., 1998; Penny et al., 1996). In such cells, we suggest
that the loss of Tsix causes heterochromatinization of
Xist in cis, but if the linked allele was defective, a feed-
back mechanism would enable the remaining X to

make an attempt at silencing. By contrast, heterozygous
Tsix mutants favor silencing of the mutated X. In this
case, deleting Tsix predisposes the mutated X to silenc-
ing due to the establishment of preemptive heterochro-
matin at Xist even before the onset of XCI (Figure 5). In
homozygous Tsix mutants, differentiating EBs display
a mixture of 0, 1, or 2 Xi. In this case, loss of Tsix would
cause heterochromatinization on both Xs, which predis-
poses to the induction of both Xist alleles. At the same
time, however, the presence of only one “competence
factor” would favor induction of only one Xist allele.
These competing influences may explain why homozy-
gous cells can show 1 Xi or 2 Xi’s.

Finally, we note that our data have implications for two
recent publications (Navarro et al.,, 2005; Sado et al.,
2005). Using ChIP assays, Sado et al. concluded that
low H3-3meK27 designates the active Xist allele,
whereas Navarro et al. concluded that high H3-2meK4
in the Xist promoter determines the active Xist allele—
exactly the opposite of our current conclusions. We be-
lieve that the discrepancy can be explained by the differ-
ing approaches. First, the prior two works carried out the
critical experiments in cells of the post-XCl phase where
the initiating marks may have been long erased. Notably,
a state of low H3-3meK27 and high H3-2meK4 is pre-
cisely what we observe on the active Xist allele in
post-XClI cells but is dramatically different from what
we observe during the initiation phase. A second major
difference lies in the use of X/Y versus X/X lines. There
is an emerging understanding that X/X and X/Y lines
may differ in some aspects of XCl, such as their differen-
tial ability to induce the Xist promoter in a reporter assay
(Figure 3), promoter methylation patterns in the undiffer-
entiated state (Figure 4), and differential response to
mutations in X chromosome counting and choice (Lee,
2005; Lee and Lu, 1999; Ogawa and Lee, 2003). Further-
more, our analysis in X/X lines made possible the use of
allele-specific ChIP for direct quantitation of methylation
differences between the Xa and Xi, with each ChlIP read-
out of the Xi being internally controlled by the Xa.
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In conclusion, we have shown that Tsix functions as
a binary switch for Xist transcription by controlling the
asymmetric marking of chromatin. Our data imply that
some of the critical factors reside within the Xist pro-
moter, as the promoter by itself partly confers female-
specific gene activation in ES cells. Our data argue
that such transcription factors may prefer a heterochro-
matic environment. Thus, Xist may belong to the rare
class of genes, such as Light of D. melanogaster (Waki-
moto and Hearn, 1990), that require a heterochromatic
setting to achieve full expression.

Experimental Procedures

Cell Lines and Culture

Wt male (J1), female (16.7), and Tsix mutant (CG7, 3F1, and AF10) ES
lines, fibroblasts, and culture conditions have been described (Lee,
2002; Lee and Lu, 1999).

Plasmids, Primers, and Probes

All nucleotide positions are relative to the Xist P1 promoter start site
(Brockdorff et al., 1992). pGEM7 (Promega) was the vector back-
bone unless noted. Probes for nuclear run-on are as follows: Xist,
ssDNA of ptXB4 (6948/9424); Tsix, pBS1 (30884/34711); Gapdh,
pBS3 (566/1017 of accession NM_008084); and 18SRNA probe,
pBS6 (1577/1727 of accession X00686). Probes for RNase protec-
tion are as follows: Xist, pXist3' (Xist cDNA from 12527/14323 in
pBluescript KS); Tsix, pNS2 (34434/34711); and Actin, pTRI-Actin
(Ambion). Plasmids for competitive RT-PCR are as follows: pBS9
(—182/+2379); and pBS10 (pBS9 with Blpl-Ndel deletion). Plasmids
for luciferase assay are as follows: pNS11, pNS42, and pNS258 as
described (Stavropoulos et al., 2005). Primers are as follows: XP-
2F, 5-GCATAGACAGGTGTGTGCTA-3'; XP-3F, 5'-CGTCATGTCA
CTGAGCTTAC-3; XP-3R, 5-GAGAGACCAGAAGAGGAGTG-3’;
XP-4F, 5'-CTCCTCTTCTGGTCTCTCCG-3'; X1-17R, 5-GAGAAAC
CACGGAAGAACCG-3'; X1-22F, 5-CGCTGCGCTAGCTAAAGGCT-3;
X1-23R, 5'-CTGAGCAGCCCTTAAAGCCAC-3’; X1-31F, 5-GTGCT
CTATACGTGGCGGTG-3; X1-33R, 5-CAGTGCTGGCTAAATAGA
GG-3'; X1-36R, 5'~-ACCGCACATCCACGGGAAACG-3’; X7-3F, 5'-GC
CCATAATGGGAAGAGTAC-3; X7-4R, 5-GGCTCAAGTGGTCCTG
TTGC-3'; X7-7F, 5-CCTCCTTTCTGTTCACTTTGAGC-3’; and X7-
10R, 5-GGCGTTCACTTCAGAGCCACTTG-3'.

RNase Protection Assays

Assays were performed with the RPA-III kit (Ambion). Twenty micro-
grams of total RNA were used per assay with a 10:1 cpm probe ratio
of Xist or Tsix:Actin. Probe sizes for Xist, Tsix, and 3-Actin were 549,
313, and 304 nt (unprotected) and 476, 281, and 245 nt (protected).

Real-Time and Allele-Specific PCR

Real-time PCR was performed on a Bio-Rad iCycler machine with
SYBR-Green iQ Mix (Bio Rad). Standard curves were generated by
amplification of 10-fold plasmid dilutions; copy numbers were inter-
polated from the standard curve. Except as noted, all RT reactions
used strand-specific primers. Allele-specific PCR was performed
as described (Stavropoulos et al., 2001).

Nuclear Run-On Assays

Assays were performed essentially as described (Ashe et al., 1997),
except that RNA was isolated by Trizol (Invitrogen). Preparations
were hybridized to slot blot-prepared probes on nylon membranes
in UltraHyb (Ambion). Twenty micrograms of probe was used per
slot except for 18sRNA (1 png). Signals were quantitated by phos-
phorimaging (Molecular Dynamics).

Competitive RT-PCR

To generate the RNA competitor, pBS9 was digested with Bipl and
Ndel to release a 38 bp fragment, then religated to create pBS10.
pBS10 was linearized with Pmll and transcribed with T7 RNA poly-
merase. RNA was verified as a single band by electrophoresis and
quantitated by UV spectrophotometry. Predicted RNA molecular
weight was used to calculate and generate 10-fold molar dilutions

of the competitor. Cells were counted by hemocytometer and
divided into equal aliquots and suspended in Trizol (Invitrogen).
Competitor RNAs were added directly to Trizol suspensions. Equal
volumes of RNA preparations were reverse transcribed (primer
X1-23R) then amplified for 35 cycles (primers X1-22F and X1-23R).

Xist Half-Life Assay

10° ES cells were dispensed into each well of a 24-well plate contain-
ing male feeders and grown for 2 days. Fresh media containing 5 png/
ml Actinomycin D was added. At each time point, media was aspi-
rated and total RNA collected by direct addition of Trizol (Invitrogen).
After DNase treatment (Ambion), RNA levels were quantitated by
strand-specific, real-time RT-PCR (primers X1-31F and X1-33R).
Xist/Tsix transcript levels were plotted against levels at time point
zero. Actinomycin treatments were repeated at least twice for
each cell line and time point, and real-time RT-PCR was performed
in triplicate.

Luciferase Assays

The reporter constructs have been described (Stavropoulos et al.,
2005). Thirty micrograms of linearized pNS11 (no promoter:lucifer-
ase), pNS42 (1.6 kb EF-1a promoter:luciferase), and pNS258
(—540/+9 of Xist P1 promoter:luciferase) was electroporated into
107 X/Y and X/X ES cells at 240 V, 900 uF in a BioRad GenePulser.
After selection in 300 ng/ml G418 for 9 days, pools of 25-100 neomy-
cin-resistant colonies were collected. For luciferase experiments,
2 x 10° cells were dispensed in replicates onto 60 mm? plates. Cells
were differentiated by growth without leukemia inhibitory factor
(LIF). At day 4, EBs were attached to 12-well plates for adherent
growth. At each time point, embryoid bodies were collected in
250 ul of Glo Lysis Buffer (Promega). One-hundred microliters of
the lysate was mixed with 100 pl of Steady-Glo reagent (Promega)
in a 96-well black OptiPlate (Packard) and incubated for 5 min. Lumi-
nescence was measured with a Packard TopCount-NXT instrument.
Luciferase levels were normalized to total protein as measured by
a noninterfering protein assay (Geno Technology, Inc). To correct
for the general reduction of transgene expression during differentia-
tion, Xist-promoter luciferase readings were normalized to EF-1«
promoter-driven luciferase expression. Levels were compared to lu-
ciferase activity at time zero. Three independent differentiation ex-
periments were carried out with similar results.

ChIP and RNA-ChIP

ChlIP was performed as described (Gilbert et al., 2000). Five micro-
grams of antibody was used per IP. For RNA-ChIP, the identical pro-
tocol was followed except that 100 U of SuperRNAsin (Ambion) was
added to the SDS-lysis buffer and 20 U to each IP sample; reversal of
crosslinking was reduced to 2 hr. Samples were treated with DNA-
free (Ambion). Reverse transcription (primer XP-3F) was performed
with Superscript Il (Invitrogen) and the cDNA amplified for 38 cycles
(primers XP-3F and XP-3R). Antibodies are as follows: Dnmt1,
Dnmt2, Dnmt3a, Dnmt3b, Dmnt3l, and normal rabbit IgG (Santa
Cruz: sc-20701, 20702, 20703, 20704, 20705, and 2027); histone
H3, histone 3-2mekK4, histone 3-2meK9, histone 3-3meK27, and
Acetyl-histone H4, Eed (Upstate: 06-755, 07-030, 07-441, 07-449,
06-598, and 07-368). For ChIP, real-time PCR was performed at
the Xist promoter with XP-3F/XP-3R and in the Xist gene body
with X7-3F/X7-4R. Allele-specific PCR was performed at the Xist
promoter with XP-3F/X1-17R and resolved with Tsp509I digestion,
yielding 41, 47, and 136 bp (129 allele), and 41 and 183 bp (castaneus
allele). Within the gene body, amplification of X7-7F/X7-10R was di-
gested with Mnll, yielding 65, 81, and 134 bp (129), and 81 and 199 bp
(castaneus). Digests were resolved on a 2.2% agarose gel, trans-
ferred to nylon membranes, and hybridized to end-labeled oligonu-
cleotides. Intensities were determined by phosphorimaging.

Methylation-Sensitive Restriction Analysis

Ten micrograms of genomic DNA was digested with BstXl, Spel, and
the methylation-sensitive enzyme. The Spel site is unique to the cas-
taneus X. Digests were resolved on a 0.6% agarose gel, transferred
to nylon membranes, and hybridized to a *2P-dCTP labeled probe
spanning nucleotides 245-1403. For methylation-sensitive PCR, ge-
nomic DNA was digested with EcoRl to reduce overall DNA sizes.
Resulting DNA was split equally into two reactions, one of which
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contained the methylation-sensitive enzyme. Reactions were sub-
jected to triplicate real-time PCR assays with flanking primers, and
the ACt value was calculated as the difference between the average
amplification threshold of undigested versus digested samples. Sacll
was amplified with primers XP-4F and X1-36R. Mlul was amplified
with primers XP-2F and XP-3R.

Supplemental Data

Supplemental Data include one figure and can be found with this
article online at http://www.molecule.org/cgi/content/full/21/5/617/
DC1/.
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