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The noncoding Tsix RNA is an antisense repressor of Xist and regulates X inactivation in mice. Tsix is essential for
preventing the inactivation of the maternally inherited X chromosome in extraembryonic lineages where
imprinted X-chromosome inactivation (XCI) occurs. Here we establish an inducible Tsix expression system for
investigating Tsix function in development. We show that Tsix has a clear functional window in extraembryonic
development. Within this window, Tsix can repress Xist, which is accompanied by DNA methylation of the Xist
promoter. As a consequence of Xist repression, reactivation of the inactive X chromosome (Xi) is widely observed.
In the parietal endoderm, Tsix represses Xist and causes reactivation of an Xi-linked GFP transgene throughout
development, whereas Tsix progressively loses its Xist-repressing function from embryonic day 9.5 (E9.5) onward
in trophoblast giant cells and spongiotrophoblast, suggesting that Tsix function depends on a lineage-specific
environment. Our data also demonstrate that the maintenance of imprinted XCI requires Xist expression in
specific extraembryonic tissues throughout development. This finding shows that reversible XCI is not exclusive
to pluripotent cells, and that in some lineages cell differentiation is not accompanied by a stabilization of the Xi.
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Numerous cases of sense—-antisense transcript pairs have
been discovered in mammalian genomes (Katayama et al.
2005). Expression patterns of pairs of sense and antisense
transcripts suggest that antisense transcription can acti-
vate or repress gene expression (Okada et al. 2008). An-
tisense transcription has been implicated in a wide range
of mechanisms, including development, genomic im-
printing, hypermutation of immunoglobulin and T-cell
receptor genes, and human diseases such as a-Thalassaemia,
Alzheimer’s disease, and cancer (Faghihi and Wahlestedt
2009). One of the well-characterized antisense RNAs is
Tsix, which represses Xist and regulates X inactivation in
mice.

X-chromosome inactivation (XCI) equalizes the dosage
of X-linked genes between females and males in placental
mammals. In mice, random XCI of either the paternal or
maternal X chromosome is observed in all female somatic
tissues, whereas the paternal X chromosome is predeter-
mined as the inactive X chromosome (Xi) in preimplan-
tation embryos and extraembryonic tissues (imprinted X
inactivation) (Heard and Disteche 2006). Specifically,
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imprinted XCI is observed in cells of the trophoblast
lineage and in primitive endoderm-derived cells of the
visceral and parietal yolk sac, whereas placental blood
vessels derived from extraembryonic mesoderm exhibit
random XCI (Hemberger 2002). At the initiation of XCI,
Xist expression is activated and Xist RNA accumulates
on the future Xi. Localization of Xist to the Xi requires the
nuclear scaffold protein hnRNPU/SP120/SAF-A (Hasegawa
et al. 2010). Xist recruits chromatin-modifying complexes
of the Polycomb group; Polycomb-repressive complex
2 (PRC2) establishes trimethylation of histone H3 Lys
27 (H3K27me3) (Silva et al. 2003), and PRC1 establishes
monoubiquitination of histone H2A (ubH2A) on the Xi
(Plath et al. 2004). During cell differentiation, silencing
of the Xi becomes further stabilized. Whereas Xist is
required for the initiation of X inactivation, it is dispens-
able for maintenance of the Xi in differentiated cells
(Brown and Willard 1994; Csankovszki et al. 1999; Wutz
and Jaenisch 2000). Gene silencing on the Xi is highly
stable in differentiated somatic cells. In contrast, Xi
reactivation is observed in cells of the inner cell mass
(ICM) of the blastocyst that develop into the epiblast
lineage (Huynh and Lee 2003; Mak et al. 2004; Okamoto
et al. 2004) and in migrating primordial germ cells (PGCs)
(de Napoles et al. 2007; Sugimoto and Abe 2007; Chuva de
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Sousa Lopes et al. 2008). Furthermore, the reprogram-
ming of induced pluripotent stem (iPS) cells is also
accompanied by Xi reactivation (Maherali et al. 2007).
Xi reactivation is presently viewed as an important
marker for the naive state of pluripotency and has been
used to investigate changes in the epigenetic context during
reprogramming (Silva et al. 2008; Stadtfeld et al. 2008;
Hanna et al. 2010; Lengner et al. 2010).

Tsix is a paradigm for antisense regulation and for un-
derstanding the regulation of XCI. Tsix is an antisense
transcript through the Xist locus covering the entire Xist
transcription unit (Lee et al. 1999). Disruption of Tsix
results in ectopic expression of Xist in embryonic stem
(ES) cells and mice, suggesting that T8ix acts as a negative
regulator of Xist (Lee and Lu 1999; Lee 2000; Sado et al.
2001). Tsix expression is observed from both X chromo-
somes before the onset of X inactivation in undifferentiated
female mouse ES cells. At the onset of X inactivation,
Tsix expression becomes monoallelic and is associated with
Xist repression on the active X chromosome (Xa) (Lee
et al. 1999). At later stages of differentiation, Tsix expres-
sion is lost and Xist repression on the Xa is maintained by
other mechanisms, including DNA methylation (Beard
et al. 1995; Barr et al. 2007). These observations suggest
that Tsix regulates the initiation of Xist silencing, but not
its maintenance.

We previously showed that transcription overlapping
the Xist promoter region is necessary for Tsix function
(Ohhata et al. 2008). Furthermore, several studies have
shown that the endogenous Tsix promoter can be sub-
stituted for a constitutive or a tetracycline-responsive
(Tet) promoter (Luikenhuis et al. 2001; Stavropoulos et al.
2001). Recruitment of DNA methylation and histone
modifications such as H3K27me3 around the Xist pro-
moter by Tsix have been reported in differentiated ES
cells (Navarro et al. 2006; Nesterova et al. 2008), embryos
(Sado et al. 2005), and visceral endoderm (Ohhata et al.
2008). Interactions of Tsix RNA with the DNA methyl-
transferase Dnmt3a (Sun et al. 2006) and the PRC2
protein Ezh2 (Zhao et al. 2008) have been reported with
implications for the mechanism of Tsix-mediated recruit-
ment of these modifications on the Xist promoter. How-
ever, DNA methylation is not required for initial repression
of Xist (Sado et al. 2004). Moreover, Xist repression is not
affected in ES cells with a disruption of the Eed gene that
lack PRC2 function (Schoeftner et al. 2006). Importantly,
random X inactivation is initiated normally in Eed-de-
ficient female embryos (Kalantry and Magnuson 2006).
This suggests that the regulation of Xist by Tsix is likely
complex, and neither PRC2 nor Dnmt3a are absolutely
required for Xist repression by Tsix.

Here, we establish an inducible T8ix expression system
and use it to investigate Tsix function in development.
Focusing on its role in imprinted X inactivation, we show
that Tsix function is restricted in trophoblast develop-
ment, whereas Tsix repressed Xist during the entire
gestation period in parietal endoderm. On the molecular
level, DNA methylation but not histone modifications
such as dimethylation of histone H3 Lys 9 (H3K9me2)
and H3K27me3 accompanied Xist repression by Tsix.

Tsix function and X reactivation in mice

Notably, Xist repression by Tsix induction led to reacti-
vation of the Xi in the extraembryonic lineages. In parietal
endoderm, maintenance of imprinted X inactivation re-
quired Xist expression throughout development.

Results

Generation of an inducible Tsix allele in mice

In order to investigate Tsix function in development, we
focused on the extraembryonic lineages where Tsix func-
tion is required for repression of Xist. Deletion of Tsix
causes Xist expression from the maternally inherited X
chromosome in extraembryonic lineages of male and fe-
male embryos, whereas in the embryonic lineages other
mechanisms repress Xist in parallel with Tsix (Ohhata
et al. 2006). We generated an inducible Tsix allele in mice
taking advantage of the tetracycline-regulated expression
system (Gossen et al. 1995). We introduced a Tet pro-
moter 3.9 kb downstream from the Tsix major promoter
in ES cells to generate the tetracycline-inducible Tsix
(TT) allele (Fig. 1A). Insertion of a Tet promoter at this
position has been previously shown not to affect the
endogenous regulation of Tsix, and induction of expres-
sion from this site recaptures T8ix function in ES cells
(Luikenhuis et al. 2001). Targeting was confirmed by
Southern analysis, and mice were generated by ES cell
injection into C57BI6 eight-cell embryos (TT2°*, Fig. 1B~
D). Mice with >90% contribution from the ES cells were
obtained and transmitted the TT?°% allele through the
germline. Subsequently, mice were crossed to B-actin Cre-
expressing mice to remove the selection cassette (TT) (Fig.
1D). Further crosses to eliminate the B-actin Cre transgene
and introduce a ROSA26 targeted tetracycline-inducible
transactivator (ROSA26 nls-rtTA) (Savarese et al. 2006)
and an X-linked CAG-EGFP transgene (Nakanishi et al.
2002) to visualize the expression status of X-linked genes
resulted in the TT/GFP mouse line (Fig. 1E). The TT allele
was transmitted through the male and female germline
in the expected Mendelian ratio, and both homozygous
XTT/GFPYTT/GFP fomales and X' 7/S*PY males that were
also homozygous for the ROSA26 nls-rtTA allele ap-
peared normal and were fertile, suggesting that the TT
allele did not disrupt regulation of Tsix before induction
(Supplemental Fig. S1A,B).

Tsix induction blocks imprinted X inactivation

To investigate whether Tsix transcription from the Tet
promoter can be induced, we administered doxycycline
(Dox) from embryonic day 0.5 (E0.5) to E7.5 (Fig. 2A). As
expected, Dox administration through the drinking water
of pregnant females led to around twice the level of Tsix
compared with endogenous Tsix expression in the ecto-
placental cone of XX /<P embryos (maternal allele first,
paternal allele second in all genotypes) where imprinted
XCI takes place (Fig. 2D). Induction of Tsix expression
from the TT allele on the paternally inherited X chromo-
some repressed Xist to a similar level as in the ectopla-
cental cone of XXXt embryos that have a paternal
deletion of Xist (Fig. 2E). Furthermore, Tsix induction re-
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Figure 1. Generation of Tsix-inducible mice. (A) The genomic structure of the TT (Tet Tsix) allele is shown below the Xist/Tsix locus.
(Tet) Tet operator with CMV minimal promoter. The transactivator nls-rtTA is expressed from the ROSA26 locus, allowing induction
of Tsix via Dox administration from the TT allele. (B) Targeting and genotyping strategy. (A) Apal; (H) HindIIl; (K) Kpnl; (S) Smal. (C,D)
Southern analysis confirming homologous recombination in A9 ES cells (C), germline transmission, and removal of Puro selection
cassette in mice (D). Probes and enzymes are indicated below. (E) Schematic representation of the X chromosome in TT/GFP mice.
Xist/Tsix and the X-linked CAG-EGFP transgene map to the D and C3 bands, respectively.

sulted in a severe developmental defect in female XXTT/GFP

embryos, comparable with the phenotype of the Xist de-
letion in XX*X* embryos (Fig. 2B). Importantly, both
maternal and paternal transmission of the TT allele did
not lead to developmental defects or a significant reduction
in the size of E7.5 embryos, when Tsix expression was not
induced (Supplemental Fig. S1C). These observations in-
dicate that imprinted XCI was disrupted in XXT 7/ em-
bryos after Tsix induction.

We used the X-linked GFP transgene to investigate XCI
after Tsix induction (Fig. 2C). The paternal X chromo-
some is normally inactivated due to imprinted XCI in the
ectoplacental cone, which leads to silencing of the GFP
transgene in XX embryos (Fig. 2C). We observed that
GFP was not inactivated in E7.5 ectoplacental cone of
XXTT/SFP embryos after Tsix induction (Fig. 2C). Since
Tsix induction caused a developmental delay, we also
investigated imprinted XCI in control XX embryos at
E6.5, which showed similar developmental morphology
to XXTT/SF? embryos after induction (Fig. 2B). In E6.5
control embryos, X-linked GFP expression was already
silenced and Xist was highly expressed (Fig. 2C,E). These
observations confirm that the GFP expression observed in
the ectoplacental cone of XXTY/SFP embryos after Tsix
induction is due to the failure of imprinted XCI but is not
due to a developmental delay. Furthermore, induction of
Tsix from the maternal X chromosome of XTTXGEY
embryos showed high Tsix expression, which did not lead
to Xist repression in the ectoplacental cone (Fig. 2D,E).
GFP was not activated from the paternally inherited Xi,
nor was a developmental phenotype observed (Fig. 2B,C).
We conclude that Tsix expression could be induced from
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the TT allele in mouse embryos and repressed Xist in cis.
Tsix induction on the paternally inherited Xi in turn led
to a failure of imprinted XCI in the extraembryonic
lineages and caused a developmental defect similar to
a deletion of Xist. Importantly, induction of Tsix from a
maternally inherited TT allele did not affect imprinted X
inactivation, showing that Tsix did not cause effects in
trans.

Effect of Tsix induction at different time points
in placental development

To investigate whether Tsix functions at later time points
in development, we administrated Dox starting from
E6.5, E7.5, E8.5, and E9.5, and analyzed the placenta at
E13.5 (Fig. 3A). Tsix induction from the paternally
inherited X chromosome in XX'' embryos from E6.5
resulted in a clear reduction of placental size at E13.5 (Fig.
3B). Placental size was also reduced when Dox was
administrated from E7.5 (Fig. 3C). Dox administration
from E8.5 had a weaker effect and, finally, no size dif-
ference between control and XX*T placenta was observed
when Dox was administered from E9.5 (Fig. 3B,C). These
observations indicated that the phenotypic effect of Tsix
induction became less severe at later time points in pla-
cental development.

In placenta, imprinted XCI is observed in trophoblast
giant cells, spongiotrophoblast, and syncytiotrophoblast,
whereas random XCI is observed in the fetal capillaries
that invade the labyrinth layer via the allantois and later
umbilical cord (Hemberger 2002). To characterize the
placental phenotype of Tsix induction in greater detail,
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Figure 2. Tsix induction from E0.5 represses Xist and blocks XCI in E7.5 ectoplacental cone. (A) Schematic representation of
development indicating the timing of Dox administration and analysis (embryos until E8.0 and placenta from E9.5 are shown). (B,C)
Bright-field (B) and GFP (C) images of embryos. The dashed line divides extraembryonic (top, EXEmb) and embryonic (bottom, Emb)
tissues. GFP on the paternal X chromosome is silenced in the extraembryonic portion because of imprinted XCI. However, some GFP
expression in the extraembryonic region (white arrow) is due to allantois and exocoelum derived from mesoderm (random XCI). In
contrast, GFP is widely observed in the extraembryonic tissues from the maternally inherited X (red arrow) and from the paternally
inherited Xi in XXT7/SF? embryos after Tsix induction by Dox from E0.5 to E7.5 (yellow arrow). The embryonic phenotype of a deletion
of Xist on the paternally inherited X chromosome is shown for comparison (XX4**%). Bar, 0.5 mm. (D,E) Quantitative RT-PCR (qRT-
PCR) of Tsix (D) and Xist (E) in the ectoplacental cone, normalized with Gapdh (n = 2~5). The expression of Tsix and Xist in E7.5 XX

embryos was set to 1. Error bars represent standard deviation.

we used in situ hybridization with the probes specific for
spongiotrophoblast (4311, also known as Tpbpa) and fetal
capillaries (Pegl, also known as Mest), and a probe that
marks both trophoblast giant cells and spongiotropho-
blast (PI2, also known as PrI3bl). Induction of Tsix in
XXTT embryos from E9.5 did not change overall placental
morphology nor the expression pattern of these markers
at E13.5, consistent with our observation that induction
from this late time point did not lead to a reduction in
placental size (Fig. 3D,E). Induction of Tsix at E6.5 from
the maternally inherited X chromosome in XT'X pla-
centas led to a reduced density of fetal capillaries in the

placental labyrinth as visualized by Pegl staining, which
is the cell type in which random XCI takes place (Fig. 3C-
E; Supplemental Fig. S2). Induction of Tsix at E6.5 from
the paternally inherited X chromosome in XX T embryos
resulted in a severe defect in all trophoblast cell types and
fetal capillaries, such that in the most extreme cases, the
placental labyrinth and spongiotrophoblast layers were
completely absent and trophoblast giant cells were over-
abundant and massively enlarged (Fig. 3D,E; Supplemen-
tal Fig. S2). These observations suggest that Tsix induc-
tion caused a combined disruption of both random and
imprinted XCL
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Figure 3. Effect of Tsix induction on placental development. (A) Scheme of Dox administration and analysis. (B) The representative
images of placentas and Dox administration as indicated. (C) Box plots of placental size for each genotype, with Dox administration
indicated. The green box spans the middle of 50% of the data. The top and bottom edges indicate 75th and 25th percentile. Median and
average are shown as a horizontal bar and a diamond, respectively. Vertical lines indicate the minimum or maximum data values unless
outliers (dots) are present, in which case the vertical lines extend to a maximum of 1.5 times the interquartile range. The number of the
placentas (n) is above. (D,E) In situ hybridization of E13.5 placental sections as indicated. Control placenta [XX Dox (—)] is shown as
reference. No obvious phenotype is observed in XX'T placenta with Dox administration from E9.5. Fetal capillaries (Pegl) are affected
in XTTX placenta after Dox from E6.5 (black bar demarks location of fetal capillaries; arrow indicates PegI-positive chorionic plate
blood vessels). Fetal capillaries and spongiotrophoblast are severely affected and giant cells are abnormally enlarged in XX™" placenta
after Dox administration from E6.5. Bars: D, 1 mm; E, 0.2 mm. The dotted line demarks the border between deciduas and trophoblast
giant cells.

Xist repression by Tsix is accompanied duced Tsix RNA from the TT allele, but not the lower
by DNA methylation expression of endogenous Tsix. With Dox administration,

three different types of Tsix-positive cells were observed:
The severe developmental defect after Tsix induction first, “pinpoint Tsix without Xist,” suggesting that Tsix is
from E6.5 from the paternally inherited Xi prompted us functional; second, “pinpoint Tsix and accumulated Xist
to investigate the repression of Xist after Tsix induction. from a different chromosome,” presumably arising from
Since the structure of the placenta was severely disrupted extraembryonic mesoderm cells in which the pinpoint
at E13.5 (Fig. 3D), we analyzed E9.5 placenta, 3 d after Tsix would be expressed from the TT allele on the
Dox administration from E6.5 (Fig. 4A), when placental paternal X chromosome and Xist on the maternally in-
size was not yet affected. After Dox administration, Tsix herited X chromosome; and third, “pinpoint Tsix within
expression was induced around fivefold and led to a re- accumulated Xist,” indicating that Tsix did not repress
duction in Xist (Fig. 4B). The remaining Xist expression Xist expression (Fig. 4C). In control XXTT/SFP placentas,
was presumably from the allantois, where random XCI Xist clusters were detected in 55% of the cells under our
takes place. To further analyze the function of Tsix, we conditions. After Dox administration from E6.5, the num-
performed strand-specific Tsix/Xist double RNA-FISH ber of cells showing Xist clusters was decreased to 19%
using ssDNA probes on placental sections. We observed and the number of cells showing a pinpoint Tsix signal
clear Tsix signals only after Dox treatment, indicating without an Xist cluster was significantly increased in
that our RNA-FISH protocol detected only highly in- XXTT/GFP placenta compared with uninduced samples
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bars represent standard deviations (asterisk represents significant differences). (C) Strand-specific Tsix (green) and Xist (red) RNA-FISH.
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modifications by directed ChIP in E9.5 XX /SFF placenta as indicated. Error bars represent standard deviation. (G) Immunofluores-
cence image showing GFP expression in sections of whole deciduas. (P1) Placenta; (PE) parietal endoderm; (TGC) trophoblast giant cells.
The squares indicate regions magnified in H and Supplemental Figure S5, B and C. Bar, 0.5 mm. (H) Magnified region showing GFP
expression and autofluorescence of the tissue (red) in placenta. (D) Deciduas; (TGC) trophoblast giant cells; (Ch) chorion; (Sp)
spongiotrophoblast; (Al) allantois. Borders between different layers were identified from the DAPI image using the large nuclei of
trophoblast giant cells as a reference. Bar, 100 pm.
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(Fig. 4D; Supplemental Fig. S3C). Detection of Tsix on
sections was inefficient, and we were able to observe clear
signals in only 15% of the cells after induction (Fig. 4D).
However, given the significant reduction in Xist clusters,
these results demonstrate that Tsix induction from E6.5
repressed Xist in placenta.

We also investigated the function of Tsix in parietal
endoderm and trophoblast giant cells, which also show
imprinted XCI in mice. RNA-FISH on sections of E9.5
embryos showed that in both parietal endoderm and tro-
phoblast giant cells, the number of Xist-positive cells was
decreased after Tsix induction from E6.5, indicating that
Tsix repressed Xist (Supplemental Fig. S3D,E). However,
in trophoblast giant cells, the number of cells with a
pinpoint Tsix within an Xist cluster was increased, showing
that Tsix is unable to repress Xist in some trophoblast giant
cells already at E9.5 (Supplemental Fig. S3E).

To investigate the molecular basis of Xist repression by
Tsix, we analyzed DNA methylation on the Xist pro-
moter in placenta. We found that DNA methylation was
significantly increased after Tsix induction (59.03% =
6.27%) compared with uninduced controls (37.73% =+
9.79%, P <0.05, n = 4) (Fig. 4E; Supplemental Fig. S4). We
also analyzed histone modifications on the Xist promoter
after Tsix induction. Previously, an increase of H3K9me?2
and H3K27me3 and a decrease of H3K4me2 was reported
at Xist exonl, depending on Tsix transcription in the
visceral endoderm at E13.5 (Ohhata et al. 2008). Although
the specificity of the antibodies for the chromatin immu-
noprecipitation (ChIP) experiment was confirmed with
positive and negative control loci, we did not detect either
an increase in H3K9me2 and H3K27me3 or a decrease in
H3K4me2 at Xist exonl after Tsix induction in the pla-
centa (Fig. 4F). We conclude that Tsix-induced repression
of Xist is accompanied by DNA methylation but without
a detectable change in histone modifications in E9.5
placenta.

Xist repression by Tsix from E6.5 leads to reactivation
of the Xi

We next investigated whether repression of Xist by Tsix
induction at E6.5 would cause reactivation of the paternally
inherited Xi in the extraembryonic lineages. We detected
increased expression of the X-linked GFP transgene from
the paternal X chromosome in XX'/SFF placenta after
Dox administration in E9.5 placenta (Fig. 4B). To inves-
tigate the GFP expression in individual cells of different
lineages in the placenta, immunofluorescence staining
was performed. After Dox administration, clear GFP ex-
pression was observed in chorion, spongiotrophoblast,
trophoblast giant cells, and parietal endoderm (Fig. 4G, H;
Supplemental Fig. S5). In control embryos without in-
duction, no or very few cells showed GFP staining, which
were probably derived from the allantois. Since the X-linked
GFP transgene was already inactivated in the ectoplacen-
tal cone of E6.5 control XX embryos (Fig. 2C), our
observations suggest that Tsix induction at E6.5 had led
to reactivation of transgene expression on the paternally
inherited Xi in these various extraembryonic cell types.
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The function of Tsix for Xist repression is lost at E9.5
in spongiotrophoblast

Since Tsix induction from the paternally inherited Xi at
E9.5 did not result in a defect in XX T placentas at E13.5
(Fig. 3), we analyzed the expression of Tsix and Xist (Fig.
5A). After Dox administration from E9.5, Tsix levels at
E13.5 were sixfold to sevenfold higher than in uninduced
control samples, confirming that Tsix could be induced
(Fig. 5B). However, Xist expression was not reduced after
Tsix induction from E9.5, suggesting that Tsix might have
lost its repressor function (Fig. 5B). To confirm this result,
we performed Tsix/Xist RNA-FISH. In the labyrinth layer,
which consists of syncytiotrophoblast (imprinted XCI)
and fetal capillaries (random XCI), the number of Xist-
positive cells was decreased by ~25% and the number of
cells with a pinpoint Tsix without Xist was increased
compared with uninduced controls (Fig. 5C,D; Supple-
mental Fig. S6). This suggests that Tsix is still functional
beyond E9.5 in a subset of cells in the labyrinth layer even
though the number of Tsix-expressing cells was decreased.
We observed a small number of cells with a pinpoint Tsix
and a nonoverlapping Xist cluster on a different chromo-
some, which we attribute to random XCI in the cells of
the fetal capillaries (Fig. 5C).

In the spongiotrophoblast, we observed a significant
increase in cells with a pinpoint Tsix within an Xist
cluster in XXTT/SFP placenta at E13.5 after Tsix induction
from E9.5 (Fig. 5C,D; Supplemental Fig. S6). Overlapping
Tsix and Xist expression suggests that in the spongiotro-
phoblast layer, Tsix had lost its function for repressing
Xist. This interpretation is further consistent with the
observation that the total number of Xist-expressing cells
was unchanged after Tsix induction.

We next examined a late gestational stage of placental
development, inducing Tsix from E13.5, followed by anal-
ysis at E17.5 (Fig. 5E). In the labyrinth layer, the number
of cells with a pinpoint Tsix without Xist signal could be
observed even though the number of Tsix-expressing cells
was small (Supplemental Fig. S7). However, the number
of Xist-expressing cells was not decreased, indicating that
Tsix induction at E13.5 did not lead to Xist repression in
the majority of cells of the labyrinth layer (Supplementa
Fig. S7). In the spongiotrophoblast layer, Tsix was de-
tected in a large number of cells after Dox administration
at E13.5. A new type of Tsix-positive cell was observed
with an accumulation of Tsix and a dispersed Xist dis-
tribution (Fig. 5F,G; Supplemental Fig. S7). In fact, the
majority of Tsix signals overlapped with Xist, suggesting
that T8ix was not functional in these spongiotrophoblast
cells (Fig. 5G). However, RT-PCR detected a significant
decrease in the amount Xist RNA after Tsix induction
(Fig. 5H). To distinguish whether the reduction of Xist
RNA occurred due to transcriptional repression or post-
transcriptionally, we analyzed DNA methylation on the
Xist promoter and histone modification on the Xist
exonl. We were not able to detect an increase in DNA
methylation (Fig. 5I) or changes in histone modifications
in E17.5 spongiotrophoblast after Tsix induction from
E13.5 (Fig. 5]). This observation suggests that accumula-
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tion of Tsix led to a reduction in steady-state Xist RNA
levels without causing transcriptional silencing. We con-
clude that Tsix induction from E9.5 or later did not cause
repression of Xist in the spongiotrophoblast lineage, sug-
gesting that Tsix function was dependent on a develop-
mental window.

Xist is required for maintenance of X inactivation
throughout parietal endoderm development

We next assessed the function of Tsix in parietal endo-
derm after E9.5 by studying X-linked GFP expression. In
control XXTT/SF? embryos without induction, the pater-
nally inherited Xi was silent, as no or very few GFP-
positive cells were observed. The number of cells express-
ing the X-linked GFP was drastically increased in parietal
endoderm after Tsix induction from the paternally
inherited Xi at E9.5 [Dox(+), 21.9%, n = 178; Dox(—);
3.6%, n = 138] (Fig. 5K). This suggested that Xist was
repressed by Tsix at E9.5, resulting in reversal of im-
printed XCI. Consistent with this, Xist/Tsix double RNA-
FISH showed that the number of cells with a pinpoint

Tsix without Xist was significantly increased in samples
where Tsix had been induced compared with controls
[Dox(+), 47.9%, n = 399; Dox(—), 0%, n = 136] (Fig. 5L).

Similarly, when Dox was administered to XXTT/SFP
embryos from E13.5, the number of GFP-positive cells
was increased at E17.5 in parietal endoderm [Dox(+), 22.6%,
n = 266; Dox(—), 4.1%, n = 245] (Fig. 5M) and the number
of cells with a pinpoint Tsix without Xist signal was
increased [Dox(+), 57.0%, n = 107; Dox(—), 0%, n = 47]
(Fig. 5N). Taken together, our data demonstrate that Tsix
repressed Xist at late stages of parietal endoderm devel-
opment, and loss of Xist in turn led to a defect in the main-
tenance of imprinted XCI.

Tsix-mediated Xist repression is reversible
in preimplantation embryos

In order to address whether Tsix would repress Xist
already in preimplantation embryos, we performed Tsix/
Xist double RNA-FISH on XXT/SFP plastocysts treated
with Dox at several time points (Fig. 6A). For this, we
isolated two-cell embryos (E1.5) and cultured them to
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boxes. Bar, 25 wm. (C) Bar graph showing the percentage of cells with Xist clusters with or without Tsix, pinpoint Xist with or without
Tsix, without Xist and pinpoint Tsix, and no Xist or Tsix in blastocysts. The number of the blastomeres is shown above the graph.
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the blastocyst stage. Female embryos were identified
based on a GFP transgene on the paternal X chromo-
some (Supplemental Fig. S8). In control female XX
blastocysts, Xist clusters were observed in most of the
blastomeres when Dox was present or not (Fig. 6B,C).
However, the number of Xist-positive cells was signif-
icantly reduced in XXTT/S*P blastocysts cultured with
Dox (Fig. 6B,C). Thus, Tsix induction from the pater-
nally inherited Xi can repress Xist in preimplantation
embryos.

To investigate further whether Xist repression by Tsix
could be reversed, we cultured the XXTT/SFF blastocysts
for one more day without Dox treatment (Fig. 6A). Clear
reactivation and accumulation of Xist was observed 1 d
after Dox removal (Fig. 6B,C). In contrast, Xist remained
repressed in the continuous presence of Dox (Fig. 6B,C).
This observation demonstrates that Xist repression was
not stabilized and required continued Tsix induction in
blastocysts. We further tested whether re-expression
of Xist would re-establish imprinted XCI. For this, we
transferred blastocysts cultured in the presence of Dox
into recipient females and analyzed embryonic devel-
opment at E8.5 (Supplemental Fig. S9). Embryos de-
veloped normally and showed repression of the X-linked
GFP transgene in the ectoplacental cone. This result
indicates that blocking of Xist expression throughout
preimplantation development does not cause an irre-
versible defect, and restoration of imprinted XCI is pos-
sible by Xist expression from E3.5 to sustain normal
development.

E6.5

E15 E35 E4.5

Tsix function and X reactivation in mice

Discussion

Defining the functional window of Tsix
in imprinted X inactivation

Here, we report an inducible Tsix expression system in
mice and use it to define the functional window of Tsix in
imprinted XCI (Fig. 7A). Tsix function for repressing Xist
was already observed in preimplantation blastocyst stage
embryos. Xist repression is reversible and depends on
continued Tsix expression at this stage. This observation
is consistent with the idea that Tsix-mediated repression
of Xist has an initiation and a maintenance mechanism.
In differentiated female cells, Xist repression is thought to
be maintained without Tsix (Lee et al. 1999). Indeed, we
did not observe endogenous Tsix expression by RNA-FISH
in E9.5, E13.5, and E17.5 placenta. Since at these stages
Xist remained repressed without detectable Tsix expres-
sion, we suggest that a shift from reversible to irreversible
Xist repression might occur in placental development. Tsix
is critical for the initiation but not maintenance of Xist
repression, similar to the role of Xist for chromosome-wide
silencing in X inactivation (Brown and Willard 1994;
Csankovszki et al. 1999; Wutz and Jaenisch 2000).

In the post-implantation embryo, Tsix functioned at
E6.5 in all of the extraembryonic lineages we investi-
gated. Repression of Xist on the paternally inherited Xi
led to reactivation of an X-linked GFP transgene, suggest-
ing that Xist is required for maintenance of X inactivation
in a wide range of cell types at this stage. Importantly, our
data demonstrate that Tsix induction at E6.5 can repress

E13.5 E17.5

Functional window of Tsix in imprinted XCl tissues of placenta

B E6.5 E9.5 E13.5

— =

E17.5

Imprinted XCI
Trophoblast giant cells
Spongiotrophoblast
Syncytiotrophoblast
Parietal endodrm

Random XCI
Fetal capillaries

— =

M X reactivation observed in imprinted XCl tissues of placenta

Figure 7. Summary: functional window of Tsix and X reactivation in imprinted XCI. (A) A summary of the context for Tsix function in
imprinted XCI. Tsix represses Xist in a developmental window beginning in preimplantation embryos. Tsix starts to lose its function in
some trophoblast giant cells at E9.5, and in spongiotrophoblast from E9.5 to E13.5. In parietal endoderm, Tsix maintains its function
during the entire developmental period analyzed. (B) A summary of the reactivation of X-linked GFP after Tsix induction observed in
this study. Xi reactivation is widely observed in extraembryonic tissues at E9.5, when Xist is repressed by Tsix induction from E6.5. In
parietal endoderm, Xi reactivation is also observed when Tsix is induced from E9.5 or E13.5.
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the fully activated Xist promoter. This observation indi-
cates that T8ix uses an active repression mechanism, as
opposed to merely preventing Xist activation. At later
stages of development, Tsix lost its function for repressing
Xist in a lineage-specific manner. At E9.5, we observed
Tsix coexpression with Xist from the same chromosome
in spongiotrophoblast, indicating that Tsix did not repress
Xist. However, in parietal endoderm and potentially also in
syncytiotrophoblast, Tsix continued to repress Xist. Lineage-
specific function of Tsix suggests that Tsix-mediated Xist
repression requires cell type-specific factors or pathways.

Surprisingly, induction of Tsix at E13.5 resulted in
accumulation of Tsix RNA in a small cluster in some
spongiotrophoblast cells. In these cells, Xist was observed
in a dispersed pattern. It is unclear how Tsix accumula-
tion is mediated. A potential explanation could be the
presence of multiple copies of the Tsix locus due to endo-
reduplication of the genome in trophoblast cells, whereby
Tsix RNA would be expressed from many sites in close
vicinity, resulting in a cluster-like appearance. At this stage,
Tsix did not repress Xist, and we suggest that strong Tsix
expression from the tetracycline-inducible promoter from
the same chromosome could induce interactions between
Tsix and Xist affecting either the stability of Tsix or me-
diating its retention in the vicinity of the chromosome.
However, further investigation is required to clarify whether
this observation is relevant for the mechanism of endog-
enous Tsix.

DNA methylation accompanies Xist repression
by Tsix in placenta

We observe that an increase in DNA methylation on the
Xist promoter accompanies the repression of Xist by Tsix
in the placenta. A recent study clearly showed that extra-
embryonic and, specifically, trophoblast cell types can
form in the absence of all DNA methylation (Sakaue et al.
2010). However, in trophoblast stem cells with mutations
in all three DNA methyltransferase genes (Dnmt1, Dnmt3a,
and Dnmt3b), Xist expression is found up-regulated to
some extent (Supplemental Fig. S10). This suggests that
DNA methylation contributes to Xist repression in the
extraembryonic lineages but might not be essential.

A previous study showed that H3K9me2 and H3K27me3
were increased at Xist exonl in visceral endoderm, depend-
ing on Tsix transcription (Ohhata et al. 2008). However,
Xist is repressed in Eed-deficient and G9a-deficient em-
bryos (Wang et al. 2001; Ohhata et al. 2004). In this study,
we also observe that Xist repression by Tsix did not result
in a measurable increase of H3K27me3 and H3K9me?2 on
Xist, indicating that these chromatin marks are less
important for Tsix-mediated Xist repression in placenta.
Therefore, it is likely that additional and potentially
lineage-specific mechanisms contribute to Xist repres-
sion by Tsix in the extraembryonic lineages.

Xist is required for the maintenance of imprinted
X inactivation

One interesting observation we made in our study is the
finding that X inactivation is reversible and Xist-depen-
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dent in a wide range of placental cell types (Fig. 7B).
Reactivation of a GFP transgene on the Xi was widely
observed in trophoblast lineages after Tsix induction. More-
over, in the parietal endoderm, X inactivation appears to
remain Xist-dependent until E13.5, at which placental
development is thought to be complete. Albeit our results
using an X-linked GFP transgene do not necessarily
reflect the sate of all genes on the Xi, they demonstrate
a clear difference in the maintenance of X inactivation
between extraembryonic and embryonic cells. X inacti-
vation is remarkably stable in differentiated somatic cells,
and reactivation of genes on the Xi has not been achieved
efficiently in cells from E13.5 embryos (Csankovszki et al.
1999). Furthermore, DNA methylation is required for
maintenance of X inactivation in embryonic lineages but
not extraembryonic lineages (Sado et al. 2000). These ob-
servations demonstrate a clear difference between the
mechanisms for maintaining X inactivation in embryonic
and extraembryonic lineages.

Xi reactivation is also seen as a marker for the naive
state of iPS cells during reprogramming (Silva et al. 2008;
Stadtfeld et al. 2008; Hanna et al. 2010; Lengner et al.
2010). Our observation of readily reversible X inactiva-
tion in extraembryonic cell types suggests that the under-
lying chromatin structure might not be unique to naive
pluripotent stem cells. It also raises the question of whether
extraembryonic cells are more amenable for reprogram-
ming to iPS cells. This observation could be useful for
determining the extent to which the chromatin composi-
tion or epigenetic milieu of cells affects reprogramming.
Investigating the maintenance of XCI in embryogenesis
will ultimately contribute to a better understanding of epi-
genetic regulation in development and reprogramming.

Materials and methods

Vector construction and generation of mouse strains

A 9.2-kb Smal-Apal fragment containing a part of Tsix exon2 and
exon3 was isolated from an 11.9-kb Spel-Apal genomic fragment
(Sado et al. 2001). A loxP-flanked puromycine resistance cassette
(loxP-puro-loxP) and a Tet promoter were integrated into the
HindIII site. The targeting vector was linearized and electro-
porated into A9 129/B6 F1 hybrid ES cells, which were estab-
lished from blastocysts isolated from C57Bl6 females mated to
129 males. The conditions of ES cell cultures and electroporation
were described previously (Wutz and Jaenisch 2000). The selection
cassette was removed by crossing chimeric mice with B-actin
Cre transgenic mice as described previously (Savarese et al. 2006).
Mice harboring a disruption of the Xist gene (AXist)] were
generated from a conditional Xist?* allele (Csankovszki et al.
1999) to B-actin Cre transgenic mice. The Cre transgene was re-
moved through subsequent crosses whereby the AXist was trans-
mitted through the maternal germline. Dox was administered via
drinking water containing 1 g of Dox (Sigma) and 100 g of sucrose
(Fluka) per liter. All animal experiments were performed follow-
ing institutional guidelines.

Quantitative RT-PCR

Total RNA was extracted from dissected ectoplacental cones
(E7.5), placentas (E13.5), and spongiotrophoblast (E17.5) using



RNeasy (Qiagen), and cDNA was prepared using SuperScript II
and random primers (Invitrogen). Reactions were performed
in duplicate using SYBR Green PCR Master Mix (ABI) with a
StepOnePlus Real-Time PCR system (ABI) and primers listed in
Supplemental Table S1. The standard curve method was used for
quantification, and expression levels were normalized to Gapdh.

RNA-FISH

Freshly dissected whole deciduas (E9.5) or placentas (E13.5 and
E17.5) were embedded in OCT compounds (Tissue Tek). Sections
(7 wm) were cut on a cryostat (Leica) and mounted on Super Frost
Plus slides (VWR). For preimplantation embryos, two-cell stage
embryos were flushed from oviducts and cultured in KSOM
medium (Millipore) with 1 pg/mL Dox or without. After sexing
using a fluorescent stereomicroscope, the zona pellucida was
removed using Acid Tyrode’s solution (Sigma). Subsequently,
embryos were attached on slides coated with Denhardt’s solu-
tion (Okamoto et al. 2004). Samples were permeabilized in CSK
buffer with 0.5% Triton X-100, I mM EGTA, and 2 mM Vanadyl
Ribonucleotide complex (NEB) for 5 min at 4°C; fixed by 4% PFA
in PBS for 10 min at 4°C; and dehydrated through a 70%, 80%,
95%, and 100% ethanol series. RNA-FISH was performed as
described (Ohhata et al. 2008). Details of strand-specific probes
are in the Supplemental Material. Different layers of the placenta
were determined on sequential sections stained with hematox-
ylin and eosin (H&E).

In situ hybridization

Placentas were fixed overnight in 4% PFA in PBS, processed for
routine paraffin histology, embedded, and cut into 7-wm sections
using a Leica paraffin microtome. Digoxigenin-labeled antisense
riboprobes were generated from linearized plasmids containing
PI2, Tpbpa (4311), and Peg1 cDNA sequences using a commercial
system (Roche). Probes were hybridized to sections at 52°C
following a standard protocol. Signals were detected using an
anti-DIG alkaline phosphatase-conjugated antibody (Roche),
followed by color reaction using NBT and BCIP (Promega), and
imaged after counterstaining with nuclear fast red (Sigma).

Immunofluorescence

Freshly dissected whole deciduas (E9.5) or placentas (E13.5 and
E17.5) were fixed in 4% PFA in PBS overnight at 4°C. For
cryoprotection, fixed samples were incubated at 4°C in PBS
containing 15% sucrose for 3 h, then overnight in 30% sucrose,
equilibrated in OCT for 1 h at 4°C, and embedded in OCT. Sec-
tions (7 wm) were cut on a cryostat (Leica) and mounted on Super
Frost Plus slides (VWR). For GFP immunofluorescence, samples
were permeabilized by PBST (PBS with 0.1% Tween) with 0.5%
BSA for 5 min, blocked with 5% BSA in PBST for 1 h, and in-
cubated overnight with antiGFP antibody (ab290, Abcam) di-
luted 1:500 in blocking buffer at room temperature. After three
washes in PBST for 10 min, slides were incubated for 1 h with
donkey anti-rabbit Alexa 488 antiserum (A21206, Molecular
Probes) diluted 1:1000 in blocking buffer at room temperature,
washed three times in PBST for 10 min, and mounted using
Vectershield with DAPI (Vector Laboratories).

Bisulfite sequencing

Genomic DNA prepared from dissected placentas (E9.5) and
spongiotrophoblast (E17.5) were digested with EcoRI and treated
with bisulfite according to manufacturer’s procedures (Imprint
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DNA modification kit, Sigma). Two rounds of PCR were per-
formed for amplification of the Xist promoter region using
primer sets Pr1/Pr2 and Pr2/Pr3 (McDonald et al. 1998). PCR
conditions were as follows: eight cycles of 30 sec at 95°C, 1 min
at 60°C (progressively decreased by 0.5°C every cycle), and 1 min
at 72°C; followed by 25 cycles of 30 sec at 95°C, 1 min at 56°C,
and 1 min at 72°C; and a final extension for 5 min at 72°C.
Amplified products were cloned using the Topo TA cloning kit
(Invitrogen). Individual clones were amplified using TempliPhi
(GE Hearthcare), and 24 clones were sequenced for each sample.

Quantitative ChIP assay

ChIP was performed as described previously with minor modi-
fications at the step of sample preparation (Ohhata et al. 2008).
Dissected placentas (E9.5) and spongiotrophoblast (E17.5) were
fixed in 1% formaldehyde in PBS for 10 min, and homogenized
using a dounce homogenizer in lysis buffer without SDS (50 mM
Tris-HCI at pH 8.0, 10 mM EDTA at pH 8.0 with protease
inhibitor complete [Roche]). Homogenate was filtered using a 40-
wm cell strainer (BD Biosciences). The following antibodies were
used: rabbit monoclonal H3K4me?2 (#9725, Cell Signaling), rabbit
monoclonal H3K9me2 (#4658, Cell Signaling), rabbit monoclo-
nal H3K27me3 (#9733, Cell Signaling), and mock (normal rabbit
IgG; 15006, Sigma). Quantitative PCR was performed as de-
scribed using primers listed in Supplemental Table S1.
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