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During embryogenesis, the XIST RNA is expressed from and local-
izes to one X chromosome in females and induces chromosome-
wide silencing. Although many changes to inactive X heterochro-
matin are known, the functional relationships between different
modifications are not well understood, and studies of the initiation
of X-inactivation have been largely confined to mouse. We now
present a model system for human XIST RNA function in which
induction of an XIST cDNA in somatic cells results in localized XIST
RNA and transcriptional silencing. Chromatin immunoprecipitation
and immunohistochemistry shows that this silencing need only be
accompanied by a subset of heterochromatic marks and that these
can differ between integration sites. Surprisingly, silencing is
XIST-dependent, remaining reversible over extended periods. De-
letion analysis demonstrates that the first exon of human XIST is
sufficient for both transcript localization and the induction of
silencing and that, unlike the situation in mice, the conserved
repeat region is essential for both functions. In addition to pro-
viding mechanistic insights into chromosome regulation and for-
mation of facultative heterochromatin, this work provides a trac-
table model system for the study of chromosome silencing and
suggests key differences from mouse embryonic X-inactivation.

dosage compensation � heterochromatin � histone modification �
X-chromosome inactivation � DNA methylation

X -chromosome inactivation occurs early in mammalian devel-
opment, and most studies of the initiating events have used the

mouse because the process can be studied during early development
as well as upon differentiation of female ES cells. Differences in the
process of inactivation have been noted between ES cells and
extraembryonic cells and even among extraembryonic lineages
(reviewed in ref. 1), suggesting that there may be different routes
to achieving silencing. In the mouse, random X inactivation is
observed in the derivatives of the inner cell mass, including ES cells,
whereas nonrandom inactivation occurs earlier in the cells that give
rise to the extraembryonic tissues. In humans, inactivation is
random in both the extraembryonic and embryonic tissues, and thus
it is not clear to what extent the events seen in mice model the early
events of human X-chromosome inactivation (reviewed in ref. 2).
In particular, it has been proposed that Tsix, the antisense regulator
of Xist in mice, is an expressed but nonfunctional pseudogene in
humans (3). There are also differences in the heterochromatin
components of the inactive X, with methylation (m) of lysine (K)
27 of histone H3 (H3K27m3) being more stable on the human
inactive X, which also shows an association with the heterochro-
matin protein HP1, and Barr body staining (4). These differences
may reflect both species and cell type differences; however, they
underscore the need for a human model system to study initiation
of X inactivation. We have taken advantage of one further signif-
icant difference between the human and mouse inactivation process
to develop such a system in human somatic cells. Although silencing
induced by Xist can occur only in a limited developmental window
in mice (5), inactivation can be induced in some human somatic cells
(6). We now expand these early observations to report an inducible
single-copy XIST transgene that can induce silencing of flanking
genes.

Inactivation occurs at a time when many events of differentiation
are occurring, and, although variations exist among cell types, the
following general cascade of events has been described in murine
ES cells. The earliest changes observed after Xist coating of the X
chromosome are the exclusion of euchromatic histone marks,
including histone H3 and H4 acetylation and H3K4m2. As X-linked
gene silencing is established, histone modifications such as
H3K27m3, H3K9m2, ubiquitinylation of H2A and H4K20m1 are
increased, and members of the polycomb repressive complexes
(PRC), some of which are responsible for establishment of such
histone modifications, are transiently recruited to the inactive X.
The association of the histone variant macroH2A and methylation
of DNA at CpG islands associated with the 5� ends of genes are later
events (reviewed in ref. 1).

Similar epigenetic changes are observed in autosomal material
with transgenic murine Xist (e.g., ref. 7). However, an inducible
mouse Xist cDNA construct is only able to induce silencing when
induced within 48 h after induction of differentiation (5). In
addition, whereas inactivation is reversible upon murine Xist-
induced silencing initially, after 72 h of differentiation, silencing
becomes irreversible despite loss of Xist expression (5); consistent
with results showing that maintenance of human X inactivation
does not require XIST in somatic cells (8). We now describe an
inducible human XIST cDNA that, in contrast to the mouse, is able
to silence flanking genes in a somatic cell line. Furthermore, we
show that ongoing silencing, which is accompanied by a subset of
chromatin changes, is reversible upon XIST silencing and thus
depends on XIST.

Results
Inducible Human XIST Transgenes in Somatic Cells Result in a Localized
XIST Focus. To examine XIST expression from single-copy integra-
tions, we generated an inducible XIST cDNA construct using the
Flp-In T-REx system (Invitrogen, Carlsbad, CA). The inducible
promoter eliminates selection against sites affected by XIST-
mediated silencing and facilitates the analysis of events immediately
after the up-regulation of XIST, whereas the FLP-mediated inte-
gration into FRT sites permits retargeting to the same chromo-
somal location to allow comparison between constructs. We intro-
duced a full-length human XIST cDNA transgene into the FRT site
of the commercially available Flp-In T-REx 293 (293) cell line
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(Invitrogen). RNA-FISH showed localization of the XIST cDNA
transcript upon induction with doxycycline (DOX; Fig. 1A). Be-
cause the 293 cells have two endogenous inactive X chromosomes
that confound analysis of the XIST transgene, we generated an FRT
integration site in the male HT1080 fibrosarcoma cell line that had
previously shown hallmarks of silencing upon exogenous XIST
expression (6). In addition, to allow monitoring of silencing in cis,
an EGFP reporter gene was cotransfected with the FRT-containing
plasmid. As expected for a male cell line, the untransfected HT1080
cells showed no XIST expression (data not shown). Before induc-
tion by DOX, a small point signal consistent with a primary
transcription focus of XIST was detectable in some cells, suggesting
leaky low-level expression (Fig. 1B). Upon induction, the XIST
RNA formed a large nuclear focus that did not appear to change
in size with increasing days of induction, and the level was similar
to that seen in female somatic cells (data not shown). Mapping of
the transgene in the HT1080 cells showed integration into chro-
mosome 3q, and the 293 integration is also autosomal because it
does not colocalize with X chromosome paint (data not shown).
Cohybridization with a chromosome-3 paint probe showed consis-
tent overlap of XIST with the chromosome-3 signal; however,
XIST did not coat the entire domain (Fig. 1C). Although prev-
ious transgenes of XIST have shown localization (6, 9), as have
mouse cDNA constructs (10), human XIST cDNA construct
have not previously been used, and their use demonstrates defin-
itively that the human XIST cDNA can localize in cis and that
flanking sequences, introns, and splicing are not necessary for cis
accumulation.

Inducible Human XIST Expression Results in Silencing That Is Revers-
ible. To determine whether human XIST expression results in
transcriptional silencing, we examined repression in the HT1080
cells by two alternate approaches: silencing of the flanking EGFP
reporter and more global transcriptional activity by Cot1 RNA
staining. Cot1 DNA has been shown to hybridize to the hetero-
nuclear RNA of the nucleus, with ‘‘holes’’ reflecting XIST-induced
X-chromosome silencing as well as silencing of autosomal material
(6). As shown in Fig. 1D, a noticeable reduction in Cot1 staining was
observed under the XIST signal. We note that the size of the hole
was less than is observed for the inactive X chromosome in female
somatic cells; however, the Cot1 hole was observed consistently at
this ectopic site of XIST expression. Fluorescence-activated cell
sorting provided a quantitative assessment of silencing of the
downstream EGFP reporter gene. As shown in Fig. 1E, there was
a decrease in fluorescence shortly after DOX induction. No such
effect was observed with DOX treatment of cells without the XIST
integration (data not shown). After 4 days of DOX induction, the
expression of GFP was reduced by �80%, and the fluorescence
levels continued to decrease with increasing days in DOX. Al-
though the peak of fluorescence broadened somewhat over time,
there was consistently a single peak, suggesting that reduced levels
of fluorescence were due to reduced expression in all cells. The
hygromycin gene lies upstream of XIST and was used for selection

Fig. 1. Inducible XIST cDNA construct results in localized focus of XIST and
silencing. (A) RNA-FISH analysis of the 293 cell line with the XIST transgene
integrated into the FRT site. An ectopic focus of XIST expression (arrow) is
observed in addition to the large endogenous signals and increases substan-
tially after induction (�DOX, Right). The transgene signal is distinguished by
hybridization with the vector. (B) HT1080 cells containing the XIST cDNA
transgene after DOX induction for the times listed. (C) Cohybridization to
detect XIST and chromosome 3 DNA show colocalization of the RNA with the
chromosome from which it is expressed. Panels show the merged signal as well
as only the chromosome paint and the XIST RNA signals. (D) Induction of XIST

results in a focus of XIST expression that colocalizes to a reduction in Cot1
staining of the cell. Cells shown were induced for 25 days with DOX. (E) Flow
cytometry plots of GFP fluorescence after different days of DOX induction.
Multiple plots of fluorescence levels (log scale) from FloJo software for various
times of XIST induction are shown. The vertical bars indicate that there is signal
that has reached the lower baseline. (F) Bar chart of average fluorescence
levels at various time points of DOX induction and then after 31 days of DOX
induction, subsequent days without DOX (paler green). As in E plots showed
a single peak of fluorescence suggesting that level is due to reduction in
amount of GFP rather than percent of cells expressing GFP. (G–I) The 293 cells
after 15 days of DOX induction hybridized to detect XIST RNA, H3K27m3 (G),
H4K20m1 (H) or macroH2A (I) by immunofluorescence (IF); showing colocal-
ization of the RNA and IF signal.
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of FRT-mediated integration, so we did not study its expression in
detail because prior selection might have influenced its ability to be
silenced; interestingly, however, assessment by RT-PCR and ongo-
ing viability in hygromycin suggest that this gene is not subject to
XIST-induced silencing. When DOX was removed from the cells,
XIST expression was rapidly silenced returning to close to the low
levels observed before DOX induction within 5 days (data not
shown). Surprisingly, this rapid silencing of XIST was accompanied
by a more gradual reactivation of GFP in the whole cell population
(Fig. 1F). Thus, silencing of GFP is XIST-dependent, however the
ongoing accumulation, and then gradual loss, of silencing is highly
suggestive of the acquisition of chromatin changes.

Epigenetic Changes Accompany XIST Expression and Silencing. We
examined changes in chromatin by immunoflourescence in both the

293 cell line and the HT1080 cell line. The 293 cells showed some
accumulation of macroH2A, H3K27m3, and H4K20m1 (Fig. 1
G–I). Interestingly, no detectable accumulation was observed at the
XIST focus in the HT1080 cell line, suggesting that there is
variability between integration sites in the extent of recruitment of
marks of the inactive X. For a higher resolution examination of the
role of histone modifications in the establishment of silencing, we
examined the EGFP gene promoter in the HT1080 cells by ChIP.
Loss of euchromatic marks is an early event in mouse X inactiva-
tion, and loss of the active H4 acetylation mark was observed soon
after DOX induction of our cells, showing a 4-fold reduction by day
7 (Fig. 2A). H3K4m2, another active chromatin modification, was
lost upon long-term DOX induction, however after a week of
XIST-induced silencing, the loss of this active mark was not
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Fig. 2. Heterochromatic changes associated with XIST expression. (A–F) The amplification of the EGFP promoter in the HT1080 cells was compared by Q-PCR after
ChIP relative to the input for the times of DOX induction indicated. The antibodies used for ChIP recognized: histone H4 acetylated at lysines 5, 8, 12, and 16 (A); histone
H3 dimethylated at lysine 4 (B); histone H3 trimethylated at lysine 4 (C); histone H4 monomethylated at lysine 20 (D); HP1-� (E); and histone H3 dimethylated at lysine
(F). (G) Schematic showing CpG dinucleotides upstream of the CMV promoter driving EGFP expression. Open circles represent unmethylated Cs detected by bisulphite
conversion, and closed circles demarcate methylated Cs resistant to bisulphite conversion. Each line represents an independent clone derived from PCR products of
bisulphite modified DNA from uninduced (upper cluster) or 30-day inductions of the HT1080-inducible XIST clone (lower cluster).
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significant, whereas H3K4m3 showed some reduction (Fig. 2 B and
C). We observed the acquisition of H4K20m1 and HP1, marks
generally associated with inactive chromatin, fairly shortly after
silencing is initiated (3- and 2-fold increase in 7 days, respectively,
Fig. 2 D and E), with ongoing accumulation. In contrast, several
other chromatin modifications associated with an inactive X chro-
mosome were not detected. Although H3K9m2 appears to be
present at the promoter of the EGFP reporter gene, this modifi-
cation was not increased by the induction of XIST expression (Fig.
2F). H3K27m3, H3K9m3, and the polycomb group protein Ezh2
were not detected at the EGFP promoter (data not shown). To
examine the level of DNA methylation we performed bisulphite
DNA sequencing of the EGFP CMV promoter region. No signif-
icant levels of methylation were observed at the promoter before or
after DOX induction of XIST (Fig. 2G), consistent with the
reversible nature of the silencing observed.

The modifications that were observed by ChIP in the HT1080
cells (loss of H4 acetylation and H3K4m2/3; gain of HP1 and
H4K20m1) were all XIST-dependent. H4 acetylation and
H3K4m3 levels increased when the transgene was silenced upon
removal of DOX; however, by 30 days after DOX removal, the
H4 acetylation and H3K4m2 levels were only approximately
one-third and one-half, respectively, of those observed before
XIST expression (Fig. 2B). The other marks appeared to return
to pre-XIST levels by 30 days of DOX removal. In summary, we
observed a cascade of epigenetic modifications at the EGFP
promoter upon XIST-dependent silencing of the gene. The loss
of the active mark of H4 acetylation appears to be the first event,
followed by gain of H4K20m1 and HP1, loss of H3K4m3, and
then loss of H3K4m2. We did not see acquisition of several of the
marks generally associated with the inactive X, including DNA
methylation, H3K9m2/3, and H3K27m3, which may explain the
XIST-dependent nature of the silencing. Upon silencing of XIST
and reactivation of EGFP, we observed complete loss of
H4K20m1 and HP1 and partial reacquisition of H4 acetylation.

Identification of Regions of XIST Involved in Localization and Silenc-
ing. To identify critical regions of the XIST gene involved in
localization and/or silencing, we generated a series of deletion
constructs and integrated these into the same FRT site adjacent
to the EGFP reporter gene in the HT1080 cells. We assayed
EGFP silencing upon expression of truncated XIST RNAs and
followed XIST localization by FISH (Fig. 3). Analysis of the Xist
gene in various eutheria has shown that the internal exons are
generally well conserved, as is the 5� ‘‘A’’ repeat region (11, 12);
however deletion experiments have only previously been done
with mouse Xist. The murine ‘‘C’’ repeat had been suggested to
be important for localization by disruption with PNA oligonu-
cleotides (13). However, extensive deletion analysis has demon-
strated that this region is not necessary for Xist function and,
furthermore, that redundant regions are involved in mouse Xist
localization, with the 5� A repeats being critical for silencing but
not localization (10). Thus, we generated three deletions: one
that removed the conserved splice region of the XIST RNA,
leaving most of exon 1(del 3� XIST); a second that removed a
3.8-kb fragment in the central region of exon 1, including the C
repeats (delPflMI); and a third deletion of 796 bp, including the
5� conserved A repeats (delXB). Silencing of the EGFP trans-
gene was unaffected in both the 3� XIST deletion and the
delPflMI (Fig. 3). However, the XIST accumulation in the 3�
deletion was consistently scored by independent observers as
being more dispersed than that of the full-length construct.
Removal of the 5� repeats completely eliminated EGFP silenc-
ing. In contrast to mouse, where transcripts deleted for the
conserved A repeats are able to accumulate and localize to
surrounding chromatin but not cause gene silencing, we ob-
served a substantial reduction in the size of the XIST RNA signal
by RNA FISH (Fig. 3C). This reduction was also apparent in the

293 cell line, so it is not integration-site- or cell-type-dependent
(data not shown). To examine whether the reduced signal size
reflected an inability of the transcript to localize or was due to
a reduction in transcription or transcript stability, we used
quantitative PCR after treatment with actinomycin D, a tran-
scriptional inhibitor, to determine the half-life of the RNA. As
shown in Fig. 3D the deletion of the 5� repeats did not substan-
tially affect the stability of the transcript. In addition, the
steady-state levels of the full-length and conserved A repeat
deleted transcripts are similar upon DOX induction (Fig. 3E).
Therefore, the deletion only affects the transcript’s ability to
accumulate into a domain. Thus, we conclude that the first 10.5
kb of human XIST are sufficient for silencing, and, that in
humans, the conserved A repeat region within this exon is
necessary not only for the silencing function of XIST but also for
its capacity to accumulate in cis.

1 kb

1 2 3 4 5 6 7 8

Splicing in isoform used in full length cDNA construct

BGH pA

FRTFRT

XIST
Pcmv/TetO2

A

Regions removed in deletion constructs

delXB delPflMI del 3’ XIST

15bp vector 
linker

delPflMI3’XISTdel delXB

delPflMI3’XISTdel delXB

XISTC

Actinomycin treatment time (h) 

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5 6 7 8 9

full XIST cDNA
XISTdelXB

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

NO
DOX

NO
DOX

15d
DOX

14d
DOX

Full XIST cDNA delXB

D E

nitc
A/

TSI
X

/)onitc
A( nitc

A/
TSI

X
)

O S
M

D( ni tc
A/

TSI
X

B

Fig. 3. Deleted XIST constructs show differential silencing and localization.
(A) Schematic of the inducible XIST construct shows the regions deleted in
each construct. (B) FACS scans of the three XIST deletion constructs induced
with DOX for the days listed. (C) Representative images of nuclei after RNA
FISH for XIST in the three XIST deletion constructs in HT1080 cells. (D) Quan-
titative PCR of XIST levels relative to �-actin after actinomycin treatment for
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was observed for the full XIST construct (diamonds) and the 5� repeat deletion
construct (squares). (E) The total level of XIST relative to actin was compared
between the full XIST construct (left) and the 5� repeat deletion (right).
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Discussion
XIST is a fascinating functional RNA because it is able to induce
the cis-limited silencing of an entire chromosome. However, it is
unknown how this RNA localizes in cis and then induces the
formation of the facultative heterochromatin of the inactive X.
Considerable insights into the process of mammalian X inacti-
vation have been garnered through the use of murine ES cells,
but it is not clear to what extent the events in mouse development
recapitulate the events occurring during human X chromosome
inactivation. Despite one report of induction of X inactivation
upon differentiation of human ES cells (14), other studies have
generally observed that, even in their undifferentiated state,
human ES cells appear to already have an inactive X that
expresses XIST (15). The presence of an inactive X in these cells
is supported by the presence of X-chromosome methylation in
female ES cells (16). Ectopic XIST expression is able to induce
some features of silencing in human somatic cells (6), and we
have exploited this ability to develop a tractable model system
for studying human X inactivation using a human inducible XIST
construct. We demonstrate both localization of the XIST RNA
and XIST-dependent silencing of cis-linked sequences.

We monitored silencing induced by the XIST transgene by
activity of a flanking EGFP reporter gene and Cot1 hybridiza-
tion. By using the latter approach, XIST-induced transcriptional
silencing has been shown to result in a hole in human (6) and
mouse (17) cells as well as during meiotic silencing of unpaired
DNA (18). It has recently been suggested that the Cot1 hole
might reflect an altered nuclear compartment for the inactive X
that is more reflective of repetitive element silencing than genic
silencing (19, 20). Nonetheless, the acquisition of a Cot1 hole
after induction of our XIST transgene suggests that the XIST
RNA is acting to silence autosomal human sequences in a
manner similar to that observed during normal mammalian
inactivation.

We observed reduction of EGFP fluorescence to 20% of
preinduction levels in all cells after 4 days of XIST expression.
Levels of fluorescence continued to decline with increasing times
of induction, and, although some of the gradual decline may be
attributed to the stability of EGFP, which has a half-life of �
24 h, the gradual accumulation of chromatin changes is likely
contributory. When XIST was silenced, EGFP expression was
regained slowly, supporting the idea of progressive chromatin
changes and demonstrating that the XIST-dependent silencing
observed was reversible. We suggest three alternative explana-
tions for the slow acquisition of silencing and associated chro-
matin changes, as well as the incomplete acquisition of all
changes associated with an inactive X. First, these observations
may reflect the expression level of the transgene, which, al-
though approximating that seen in human somatic cells, is
severalfold lower than the previously examined multicopy Xic
transgenes (6), and the mouse inducible promoter system which
uses a transactivator to induce high levels of expression (10).

Second, the flanking sequences of the transgene may influ-
ence the ability of XIST to establish silencing, potentially acting
cooperatively with the level of XIST expression. Studies of
X/autosome translocations have suggested a lower silencing
efficiency for autosomal genes (e.g., refs. 21–23), leading to the
idea of ‘‘way stations’’ involved in spread of silencing. We
propose that sequences flanking XIST may be additional players
in the spread of silencing, potentially accounting for differences
in the chromatin marks observed by immunohistochemistry for
the different integrations into the 293 and HT1080 cell lines and
also with the previously described XIST transgene that carried
multiple copies of a cosmid retaining flanking sequences (6).

Lastly, differences in developmental stage of the cells, in
particular the resistance of somatic chromatin to silencing or the
lack of development-specific chromatin modifying pathways, will

be a critical effector of silencing competence. Ectopic expression
of XIST in HT1080 cells has been shown to result in acquisition
of histone hypoacetylation and late replication timing (6), ubiq-
uitination of H2A and recruitment of macroH2A (24), and
recruitment of H3K27m3 and H4K20m1 (L.L.H., unpublished
work), suggesting that at least some clones of HT1080 are able
to recruit extensive silencing marks. Furthermore, we have
demonstrated by RT-PCR that our HT1080 cells express the
PRC1 genes EZH2 and SUZ12. The inability of murine Xist
cDNAs induced after differentiation to induce silencing of
flanking genes, whereas human XIST in somatic cells is able to
induce silencing (this work and ref. 6) similarly may reflect
differences in chromatin responsiveness or presence of active
epigenetic pathways rather than a species difference in XIST/Xist
function. Indeed, there is a recent report that murine hemato-
poietic precursor cells reestablish their ability to respond to the
Xist transgene (25); thus, the transformed human cells that have
been examined (HT1080 is a fibrosarcoma line and 293 cells are
adenovirus transformed embryonic kidney cells) may be more
similar in their complement of active epigenetic remodeling
pathways to these responsive murine cells.

Although the kinetics of inactivation in somatic cells may be
distinct from those in ES cells; nonetheless, this somatic-cell-based
system is useful to reveal the relationships between steps in the
silencing pathway. Indeed, the slower acquisition of changes makes
differences between their timing more distinct. As is observed in
mouse, a loss of active marks is the earliest event after XIST
expression; however, loss of acetylation appears to precede loss of
H3K4m2 in our system. This is suggestive that loss of acetylation
may be the best candidate as a direct effect of XIST expression,
perhaps through XIST-dependent recruitment of histone deacety-
lases. The next modifications recruited during murine inactivation
are methylation of H3 at lysines 9 and 27, which we did not observe
in our HT1080 cells, suggesting that these marks are not critical for
XIST-dependent silencing, which is supported by the ability of
primitive endoderm cells to silence without such marks (26). As we
observe reactivation upon silencing of XIST in these cells, it is
tempting to speculate that the lack of PRC2 recruitment and DNA
methylation prevents the silencing from being permanent. Inter-
estingly, histone methylation is often involved in HP1 recruitment
(27); however, we observed recruitment of HP1 despite no in-
creased H3K9 methylation. Thus the recruitment of HP1 may occur
through other pathways (28), possibly by interactions with the
nuclear membrane (29).

The use of transgenes has allowed the definition of redundant
regions of murine Xist that are necessary for localization of Xist
and subsequent cis-limited gene silencing (10). In a similar
fashion, we have analyzed the requirement for different regions
of human XIST for localization and silencing and detected
different functionalities than those seen in mouse. Consistent
with mouse, only the 5� 10 kb of XIST is necessary for both
localization and silencing, although the terminal third of the
gene contributes to formation of the XIST RNA focus. Deletion
of the human C repeat region did not affect localization or
silencing, also consistent with the murine deletion studies (10).
A substantial difference is observed for deletion of the 5� A
repeat region that, in humans, resulted in loss of localization and,
in mice, resulted in loss of silencing but ongoing Xist localization
(10). A caveat to these comparisons is the differences between
the model systems as discussed above. Because the promoter is
not affected in this deletion, it is clear that the silencing observed
for other constructs is due to XIST function rather than simple
transcriptional interference. When the 5� repeat region was
eliminated, XIST was no longer localized within a domain,
suggesting that interactions with this region are necessary for
localization of the XIST RNA in humans.

The development of a model system that recapitulates the
localization and silencing induced by human XIST will allow
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further exploration not only of the sequences in XIST necessary
for function but also of the cis-acting sequences that may
influence the spread of XIST and silencing of cis-linked genes.
Furthermore, the ability of human XIST to induce silencing in
these transformed cells may have important implications for
cancer because XIST reactivation through hypomethylation (e.g.,
ref. 30), or translocation of an autosome to an inactive X might
result in transcriptional silencing of cis-linked genes.

Materials and Methods
Construct Generation. To make the full-length XIST cDNA, exon
1 was amplified from female genomic DNA (Expand Long;
Roche, Indianapolis, IN) and then digested with XbaI to obtain
nucleotides 105–10747 of the XIST cDNA sequence (accession
no. M97168). The fragment was end-filled and cloned into the
EcoRV site of the pcDNA5/FRT/TO expression vector (Invitro-
gen). The 3� end of XIST was derived from cDNA inserted into
the NotI and XhoI sites of pcDNA5/FRT/TO. A 15-bp region of
the vector multiple cloning site between the EcoRV and the NotI
cloning sites was retained.

Cell Culture and XIST Induction. HT1080 fibrosarcoma cells were
transfected first with pcDNA6/TR to allow DOX induction of
the CMV promoter (Invitrogen), followed by cotransfection of
pEGFP-N1 (Clontech, Mountain View, CA) and the FRT-
containing plasmid pFRT/lacZeo (Invitrogen). Cells were grown
in DMEM supplemented with 10% FCS and penicillin/
streptomycin and nonessential amino acids at 37°C. The induc-
ible XIST construct was cotransfected with the pOG44 plasmid
expressing Flp recombinase for site-specific recombination into
the FRT site, followed by hygromycin selection for recombined
clones as recommended by Invitrogen.

In Situ Hybridization and Detection. Cells were fixed and imaged as
described (6). Briefly, a monolayer of cells was grown on glass
coverslips and permeabilized with triton before fixation in 4%
paraformaldehyde. For XIST detection, DNA probes G1A, an
�10-kb genomic plasmid extending from the fourth intron to the
3� end of the XIST gene, and HbC1a which spans the conserved
A repeat region in exon 1, were nick-translated by using biotin-
11dUTP or digoxigenin-16-dUTP (Roche). Distinguishing the
endogenous XIST transcripts from the transgene-derived cDNA
in the female 293 cells was done by using the labeled empty
pcDNA5/FRT/TO vector as a probe (Invitrogen). For Cot1

expression analyses by RNA-FISH, Cot1 DNA (Invitrogen) was
labeled and hybridized as above.

ChIP. We followed the protocol from Upstate Biotechnology
(Lake Placid, NY); briefly, the histones were cross-linked to the
DNA by treating 107 cells with 1% formaldehyde for 10 min at
37°C and then quenching with 125 mM glycine. The cells were
lysed and the DNA sonicated to lengths between 200 and 1,000
bp. The sonicated cell supernatant was precleared with salmon
sperm DNA/protein A Agarose-50% and was then incubated
overnight with the antibody of interest. Antibodies used were: 5
�l of anti-H3K27m3 (07–449; Upstate Biotechnology); 10 �l
of anti-H4K20m1 (07–440; Upstate Biotechnology); 5 �l of
anti-H3K9m3 (07–442; Upstate Biotechnology); 5 �l of anti-
H3K4m2 (07–030; Upstate Biotechnology); 5 �l of anti-
H3K9m2 (07–212; Upstate Biotechnology); 5 �l of anti-H3K4m3
(8580; Abcam, Cambridge, MA); 10 �l of anti-H4 Acetyl (06–
866; Upstate Biotechnology); and 10 �l of anti-HP1gamma
(05–690; Upstate Biotechnology). The antibody/histone com-
plexes were then collected by using salmon sperm DNA/protein
A Agarose, and, after the cross-links were reversed and DNA
purified, quantitative PCR was used to determine the level of
DNA bound (expressed as a fraction of the input DNA).

Bisulphite Modification and Sequencing. Five-hundred nanograms
of purified, EcoRV-digested DNA from HT1080 cells contain-
ing the full XIST cDNA construct without DOX induction and
after 36 days of DOX induction was bisulphite treated by using
the EZ DNA Methylation-Gold kit (D5005; ZYMO Research,
Orange, CA). One microliter of modified DNA was amplified for
35 cycles with CMVbs-d (5�-TTTGYGTTATTTTTTGATTT-
TGTGGATAAT-3�) and CMVbs-rcorr (5�-CCAACT-
CRAAAATAAACACCACCCCRA-3�) to generate a 784-bp
product that is specific for the EGFP gene. One microliter of the
PCR product was used in a 30-cycle nested reaction with
CMVbs-d and CMVbs-rC (5�-CAATAAAACRAAATTAT-
TACRACATTTTAA-3�). PCR product was isolated by using
the gel purification kit (Qiagen, Valencia, CA), and the insert
was cloned by using the pGEM-T Easy cloning system with
JM109 cells, followed by sequencing.
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