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Abstract. 

 

These studies address whether XIST RNA is 
properly localized to the X chromosome in somatic 
cells where human 

 

XIST

 

 expression is reactivated, but 
fails to result in X inactivation (Tinker, A.V., and C.J. 
Brown. 1998. 

 

Nucl. Acids Res.

 

 26:2935–2940). Despite a 
nuclear RNA accumulation of normal abundance and 
stability, XIST RNA does not localize in reactivants or 
in naturally inactive human X chromosomes in mouse/
human hybrid cells. The XIST transcripts are fully sta-
bilized despite their inability to localize, and hence 
XIST RNA localization can be uncoupled from stabili-
zation, indicating that these are separate steps con-
trolled by distinct mechanisms. Mouse Xist RNA 
tightly localized to an active X chromosome, demon-

strating for the first time that the active X chromosome 
in somatic cells is competent to associate with Xist 
RNA. These results imply that species-specific factors, 
present even in mature, somatic cells that do not nor-
mally express 

 

Xist, 

 

are necessary for localization. When 
Xist RNA is properly localized to an active mouse X 
chromosome, X inactivation does not result. Therefore, 
there is not a strict correlation between 

 

Xist

 

 localization 
and chromatin inactivation. Moreover, expression, stabi-
lization, and localization of Xist RNA are not sufficient 
for X inactivation. We hypothesize that chromosomal 
association of XIST RNA may initiate subsequent de-
velopmental events required to enact transcriptional si-
lencing.

 

X

 

inactivation, the process whereby an entire X chro-
mosome is transcriptionally silenced in mamma-
lian females (Lyon, 1961), has been studied for

several decades, yet the underlying process remains
largely undefined. A wealth of developmental evidence
has implicated mouse 

 

Xist

 

 (and its human counterpart

 

XIST

 

) in the process of X inactivation. Recently it has
been demonstrated that

 

 Xist

 

 is necessary for X inactiva-
tion during development, as mouse X chromosomes de-
leted for 

 

Xist

 

 failed to inactivate (Penny et al., 1996; Mara-
hens et al., 1997). Transfection of ES cells further showed
that 

 

Xist

 

 is sufficient for X inactivation, as an 

 

Xist

 

-contain-
ing cosmid or YAC introduced onto an autosome causes
the chromosome to manifest signs of inactivation (Herzing
et al., 1997; Lee and Jaenisch, 1997).

The transcript from 

 

XIST

 

 is a large untranslated RNA,
which we have shown to have a unique and highly specific
location in the nucleus (Brown et al., 1992; Clemson et al.,
1996). Unlike other nuclear RNAs, the bulk of the signal is

fully processed message that is stably maintained in a spe-
cific site in the nucleus, and is not detected in the cyto-
plasm. This abundant stable transcript maintains a tight as-
sociation with the X chromosome, mirroring its shape and
size as if painting the chromosome (Clemson et al., 1996).
When 

 

Xist

 

 is expressed ectopically through ES cell trans-
fection, the RNA shows the same association with autoso-
mal chromatin after differentiation, which subsequently
exhibits hallmarks of inactivation such as heterochromatin-
ization, loss of acetylated histone H4 antibody staining,
and inactivation of sequences close to the insertion site
(Herzing et al., 1997; Lee and Jaenisch, 1997). The appar-
ent structural association of 

 

XIST/Xist

 

 with the inactive X
chromosome (Clemson et al., 1996; Lee et al., 1996; Lee
and Jaenisch, 1997) coupled with the evidence revealing

 

Xist

 

’

 

s

 

 importance in the process of X inactivation (Lee
et al., 1996; Penny et al., 1996; Herzing et al., 1997; Lee and
Jaenisch, 1997) suggests that this RNA is a functional nu-
clear RNA that is most likely contributing to, by the act of
its association, chromatin inactivation. As such, it is pre-
dicted that the precise localization of XIST RNA is critical
for its function.

Although a spate of recent evidence has clearly demon-
strated the absolute requirement for 

 

Xist

 

 in X inactivation
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during mouse development, studies indicate that its hu-
man counterpart, 

 

XIST

 

, is not essential for X inactivation
in cultured somatic cells. Brown and Willard (1994)
showed that 

 

XIST 

 

expression is apparently not necessary
for maintaining X inactivation in mouse/human somatic
cell hybrids, and Rack et al. (1994) showed that inactive X
chromosomes in human leukemic cells that had lost the
X-inactivation center maintained their inactivation. These
results are surprising in light of the fact that XIST RNA is
constitutively expressed in differentiated female cells, sug-
gesting that it is functioning in the maintenance of chro-
mosome inactivation. Two recent papers show that expres-
sion of XIST RNA is not sufficient to cause inactivation
(Hansen et al., 1998; Tinker and Brown, 1998). In these re-
ports, rodent/human somatic cell hybrids retaining the hu-
man active X chromosome were treated with several rounds
of 5-azadeoxycytidine (5azadC),

 

1

 

 a demethylating agent, to
create clones that reactivated the dormant 

 

XIST

 

 gene. Us-
ing mouse/human hybrids, Tinker and Brown (1998) ana-
lyzed eight X-linked genes by reverse transcription (RT)-
PCR for expression, with none of the genes showing signs
of inactivation as a result of 

 

XIST

 

 expression, while
Hansen et al. (1998) reactivated 

 

XIST

 

 expression in ham-
ster–human hybrids, and detected no silencing of two
X-linked genes. These results contrast with those that
show that forced 

 

Xist

 

 expression caused by mutant meth-
yltransferase results in silencing of X-linked genes in dif-
ferentiating male ES cells and developing mice embryos
(Panning and Jaenisch, 1996).

The requirement for 

 

Xist 

 

in X inactivation in developing
mice embryos, coupled with the precise spatial positioning
of the RNA to inactivated chromatin (Clemson et al.,
1996; Lee et al., 1996; Panning and Jaenisch, 1996), strongly
suggests that there is a correlation between XIST RNA
binding and inactivation of chromatin; however, it is not
known conclusively whether 

 

Xist

 

 localization results in X
inactivation. Somatic cell hybrids where 

 

XIST

 

 is appar-
ently neither necessary (Brown and Willard, 1994) nor suf-
ficient (Tinker and Brown, 1998) for X inactivation allow
us to investigate rigorously whether association of XIST
RNA with the X chromosome corresponds with transcrip-
tional silencing. Interestingly, our results reveal that the
human XIST RNA shows aberrant positioning in mouse/
human hybrid cells that express the normally dormant

 

XIST

 

 gene by means of demethylation, in that the RNA is
more disperse and spread across the entire nucleus. Even
in hybrids that contain a naturally inactive human X chro-
mosome, the XIST RNA does not show normal tight local-
ization to the X chromosome. These results suggest that
the impotence of XIST RNA in this system may be due to
failure of the RNA to localize. Furthermore, these results
imply that the ability to localize to the chromosome is not
an innate feature of the XIST RNA, but is afforded by
specific factors that are not fully substituted by mouse ho-
mologues. We also show that when the RNA is not re-
stricted to the chromosome, it is still found as a large and
stable entity, indicating that stabilization and localization

 

of XIST RNA are uncoupled. Using demethylation, we
then forced expression of Xist RNA from the active mu-
rine X chromosome, and examined the relationship of the
RNA to the X chromosome. Unlike its human counter-
part, the murine Xist RNA strictly localized to the X chro-
mosome in the mouse background. Since the reactivated
Xist RNA correctly localized in a somatic cell, we con-
clude that its association to the X chromosome does not
have to occur during development to mark the chromo-
some for Xist RNA binding. Furthermore, Xist RNA does
not discriminate between active and inactive chromatin as
it paints the active X chromosome completely. Addition-
ally, this result shows that the factors required to deposit
the RNA at the X chromosome are present and available
in terminally differentiated cells that do not normally ex-
press 

 

Xist

 

. Finally, we show that when Xist RNA is prop-
erly localized to an active mouse X chromosome, inactiva-
tion of the X chromosome does not result. This important
result clearly demonstrates a lack of correlation between
Xist RNA localization and inactivation, and also indicates
that when removed from the normal developmental con-
text, even with proper expression, stabilization, and local-
ization, 

 

Xist

 

 is not able to cause X inactivation.

 

Materials and Methods

 

Cells, Cell Culture, and Treatment
with 5-Azadeoxycytidine

 

Derivatives of the AHA-11aB1 active X chromosome–containing human/
mouse somatic cell hybrid that expressed human XIST RNA were iso-
lated after treatment with successive rounds of the demethylating agents
5-azadeoxycytidine or 5-azacytidine (Tinker and Brown, 1998). To create
additional hybrid subclones that expressed the murine 

 

Xist

 

 gene, AHA-
A5-2b cells (that stably expressed human 

 

XIST

 

 from the active X chromo-
some) or subclones that had undergone one round of 5-azadeoxycytidine
treatment, but did not stably express human 

 

XIST, 

 

were plated at 10

 

4

 

cells/60-mm culture dish and allowed to attach for 4–6 h before being
treated with 5-azadeoxycytidine (0.2 

 

m

 

g/ml) or 5-azacytidine (4 

 

m

 

M) for 24 h.
Individual colonies were isolated by trypsinization in cloning cylinders,
and were plated in 60-mm dishes. Cells were grown to confluence and sub-
cloned, and RNA was isolated for RT-PCR examination of

 

 Xist

 

 expres-
sion using primers MX23b and MIX20 (Kay et al., 1993). RT was as de-
scribed previously (Brown et al., 1990). 

 

Xist

 

-positive clones were grown for
in situ

 

 

 

hybridization (see below), and were subjected to one to four addi-
tional rounds of treatment with demethylating agents. Cells were main-
tained in alpha-MEM with 7.5% FCS supplemented with penicillin/strep-
tomycin (GIBCO BRL, Gaithersburg, MD).

 

Cell Preparation for In Situ Hybridization

 

Our standard cell fixation has been described previously (Lawrence et al.,
1989), and will be summarized briefly here. Monolayer cells grown on
glass coverslips were extracted with 0.5% Triton X-100, 5% vanadyl ribo-
nucleoside complex to preserve RNA (GIBCO BRL) in CSK buffer (Fey
et al., 1986) for 2 min on ice. Cells were then fixed in 4% paraformaldehyde
for 10 min at room temperature, and were stored in 70% ethanol at 4

 

8

 

C.

 

DNA Probes

 

For fluorescence in situ RNA hybridization, the following probes were
used: human 

 

PGK1

 

, a genomic lambda clone for 

 

PGK1

 

 isolated from the
American Type Culture Collection (Rockville, MD) X chromosome li-
brary LAOXNL01; 

 

XIST

 

 (human 

 

XIST

 

 probes generously provided by
Hunt Willard, Case Western Reserve University): XIST G1A, an 

 

z

 

10-kb
genomic plasmid spanning from the fourth intron to the 3

 

9

 

 end of the hu-
man 

 

XIST

 

 gene; pXISTHbC1A, a 1.6-kb cDNA clone wholly contained
within exon 1 of 

 

XIST

 

; mouse 

 

Xist

 

, a genomic clone spanning exons 5 and
6 (generously provided by Barbara Panning, Massachusetts Institute of

 

1. 

 

Abbreviations used in this paper

 

: 5azadC, 5-azadeoxycytidine; rt, room
temperature; RT, reverse transcription; Xa, active X chromosome; Xa-
XIST

 

1

 

, reactivated X; Xi, inactive X chromosome; 

 

XIST

 

/

 

Xist

 

, human/
mouse Xi-specific transcript.
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Technology); mouse 

 

Zfx

 

: PDP1115, a 6.8-kb cDNA obtained from Amer-
ican Type Culture Collection (cat. 63069); and mouse 

 

Pgk1, 

 

a 1.8-kb
cDNA clone from American Type Culture Collection (cat. 57222).

 

In Situ Hybridization and Detection

 

Hybridization and detection was performed as described previously
(Lawrence et al., 1988; Johnson et al., 1991; Xing et al., 1993), so will be
detailed briefly here. DNA probes were nick-translated using biotin-
11-dUTP or digoxigenin-16-dUTP (Boehringer Mannheim Corp., India-
napolis, IN). For exclusive RNA hybridization, cells were hybridized un-
der nondenaturing conditions (such that cellular DNA was not accessible)
overnight at 37

 

8

 

C in 50% formamide, 2

 

3

 

 SSC using a probe concentration
of 5 

 

m

 

g/ml. Human and mouse Cot-1 was included in the hybridization
buffer for the human and murine RNA hybridizations, respectively.
Posthybridization washes were performed as follows: 50% formamide, 2

 

3

 

SSC for 30 min at 37

 

8

 

C; 2

 

3

 

 SSC for 30 min at 37

 

8

 

C; 1

 

3

 

 SSC for 30 min at
room temperature (rt) with agitation; and 4

 

3

 

 SSC for 30 min at rt with ag-
itation. Hybridization was detected with either antidigoxigenin antibody
(Boehringer Mannheim Corp.) coupled with rhodamine or fluorescein at
200 

 

m

 

g/ml in 1% BSA, 4

 

3

 

 SSC; or with fluorescein-conjugated avidin
(Boehringer Mannheim) at 2.5 mg/ml in 1% BSA, 4

 

3

 

 SSC for 1 h at 37

 

8

 

C.
Postdetection washes were performed as follows: 4

 

3

 

 SSC for 20 min at rt
with agitation, 4

 

3

 

 SSC, 0.1% Triton for 20 min at rt with agitation, and
then 4

 

3

 

 SSC for 20 min at rt with agitation. Simultaneous detection of
whole X chromosome library and RNA was done as described previously
(Clemson et al., 1996) with minor modifications. In brief, cells were ex-
tracted and fixed as described above. The cells were then denatured at
80

 

8

 

C for 5 min in 70% formamide, 2

 

3

 

 SSC, and were immediately dehy-
drated through an ice-cold ethanol series. The Total Chromosome Library
Coatasome X-digoxigenylated™ (Oncor Inc., Gaithersburg, MD) was
used for human chromosome detection, while biotinylated Mouse Chro-
mosome X Paint Probe™ (Oncor Inc.) was used for mouse X detection.
10 

 

m

 

l of the whole chromosome probe mixture was denatured for 10 min
at 75

 

8

 

C, and was allowed to preanneal for 30 min at 37

 

8

 

C. Samples were
then hybridized with the probes overnight at 37

 

8

 

C. Posthybridization
washes, detection, and postdetection washes were performed as described
above.

 

XIST Stability

 

To determine the stability of the XIST RNA in hybrid and lymphoblast
cells, recently expanded cultures were treated with 2 

 

m

 

g/ml actinomycin in
DMSO. Control cultures received only the DMSO. Whole-cell RNA was
harvested by acid guanidinium thiocyanate-phenol-chloroform extraction
(Chomczynski and Sacchi, 1987), and was reverse-transcribed as above.
cDNA was diluted 1/100, and RT-PCR was performed with primers for

 

XIST

 

 (Duncan et al., 1993) and actin (Chariot and Castronovo, 1996).
PCR was demonstrated to be in a linear range of amplification, and then
products were quantitated with NIH Image (National Institutes of Health,
Bethesda, MD) on scanned images of ethidium bromide–stained agarose
gels. To determine the half-life of the 

 

XIST

 

 message, the ratio of 

 

XIST

 

product to actin product was divided by the average ratio of 

 

XIST

 

 to actin
in the DMSO-treated samples. The half-life of actin cytoplasmic mRNA
has previously been estimated at 25 h (Sympson and Geoghan, 1990), and
therefore should not have varied substantially over the 8-h time period
used here. Stability of XIST RNA in hybrids was also determined by hy-
bridization to slot blots, and yielded a similar half-life of 5 h (data not
shown).

For quantitation of relative amounts of XIST RNA, hybridization of
slot blots was performed as described previously (Brown et al., 1991). In
brief, total cellular RNA was prepared using the guanidinium thiocyanate
method. 5 

 

m

 

g of RNA from an inactive X–containing somatic cell hybrid
(Willard et al., 1993) and the AHA-11aB1 active X–containing hybrid as
well as its demethylated XIST

 

1

 

 derivative was denatured in formalde-
hyde/formamide and transferred to a nitrocellulose membrane. The blots
were hybridized with 

 

32

 

P-labeled XIST14A cDNA probe (Brown et al.,
1991). To control for loading equal amounts of the RNA, the blots were
stripped and reprobed for the MIC2 gene.

 

Imaging

 

Large numbers of cells were evaluated by direct examination using an Ax-
iophot microscope equipped with an 100

 

3

 

 1.4 NA Plan ApoChromat™
objective (Carl Zeiss Inc., Thornwood, NY) with a 2.5

 

3

 

 photo eyepiece
and multibandpass epifluorescence filters (Chroma, Brattleboro, VT).

Representative images were recorded with a CCD camera (200 series;
Photometric, Tucson, AZ) with a pixel size of 19 

 

m

 

M and a 14-bit A/D
converter (data acquisition system by G.W. Hannaway and Associates,
Boulder, CO).

 

Results

 

Human XIST Transcripts in Hybrid Cells Show 
Abnormal Nuclear Localization

 

In other recent work (Tinker and Brown, 1998), subclones
of AHA-11aB1 mouse/human somatic cells (AHA hy-
brids) were treated with three rounds of demethylation,
each of which involved culturing cells for 24 h with
5azadC. After removing the 5azadC and culturing cells in
normal media, many clones were isolated that stably ex-
pressed RNA from the normally dormant 

 

XIST

 

 gene on
the active human X chromosome. Subsequent RT-PCR
analysis showed that none of eight X-linked genes exam-
ined were inactivated as a result of 

 

XIST

 

 expression from
the active X chromosome. As it was possible that some of
the cells in the population examined might have lost 

 

XIST

 

expression, and that the gene expression detected by RT-
PCR could have been derived from this subset of cells,
here we used in situ hybridization to confirm the lack of
inactivation at a single cell level. Using genomic probes to
the human genes, we examined expression of PGK-1 and
XIST RNA in the AHA-A5-2b mouse/human hybrid cells
that contain a

 

 

 

human X chromosome expressing RNA
from the hypomethylated 

 

XIST

 

 gene. PGK-1 RNA was
detected in the majority of the cells that also expressed
XIST RNA, confirming the PCR data from Tinker and
Brown (1998) that the X chromosome is not inactivated as
a result of reactivated 

 

XIST

 

 expression.
To begin our analysis of the correlation between 

 

XIST

 

localization and inactivation of chromatin, we examined
the distribution of the XIST RNA in AHA mouse/human
hybrids that had previously been identified as stable 

 

XIST

 

expressers by RT-PCR. Using in situ hybridization, we an-
alyzed a total of six different hybrid clones, and found that
almost every cell in each population was expressing XIST
RNA. Furthermore, the hybrids continue to show stable

 

XIST

 

 expression for over 2 yr after the original demethy-
lation, confirming that transcriptional reactivation of the
human 

 

XIST

 

 locus is quite stable (Tinker and Brown,
1998). The XIST RNA signal in the reactivated hybrid
cells was similar in brightness and apparent abundance to
normal diploid fibroblasts (Fig. 1, 

 

A

 

 and 

 

D

 

), and the par-
ticulate nature of XIST RNA, which we have reported
previously in normal fibroblasts (Clemson et al., 1996), is
highly apparent in the AHA hybrids (Fig. 1, 

 

D

 

–

 

F

 

). How-
ever, while the distribution of the XIST RNA in normal
diploid fibroblasts is discrete and highly contained in a
small area in the nucleus (Fig. 1 

 

A

 

), the reactivated XIST
RNA in the hybrids was distinctly different (Fig. 1, 

 

D

 

–

 

F

 

)
in that it was more spread out, occupying a much larger
area of the nucleus. This less-contained pattern revealed
numerous tiny distinct particles that spread over a signifi-
cant portion of the nucleus. In normal diploid fibroblasts,
the XIST RNA associates closely with the inactive X chro-
mosome in a pattern that is similar in both size and shape
(Fig. 1, 

 

A

 

–

 

C

 

; Clemson et al., 1996). While the dispersed
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pattern of XIST RNA in the hybrid cells suggested that it
was not closely associating with the X chromosome, it is
possible that the human X chromosome in a mouse back-
ground also occupies a broad, more disperse territory. To
examine the specific relationship of the XIST RNA to the
X chromosome in the AHA hybrid cells, the RNA signal
was directly compared with that from a whole X chromo-
some library hybridization in 100 cells in three separate
experiments. In 

 

.

 

90% of the AHA reactivants, the RNA
signal was obviously not strictly associated with the X
chromosome (Fig. 1 

 

E

 

). While there generally was some
density of XIST RNA signal over the chromosome, a large
quantity of signal was usually seen spreading out away
from the X chromosome.

To determine if the lack of localization is due to artifacts
created by reactivating 

 

XIST expression from the active X
chromosome (e.g., the active X chromosome may be re-
fractory to XIST binding), we examined the distribution of
XIST RNA in t86-B1maz1b-3a mouse–human hybrid cells
that retain a normal human inactive X chromosome (Wil-
lard et al., 1993). In over 100 cells examined in four sepa-
rate experiments, the distribution of the XIST RNA in the
hybrid cells was identical to that in the AHA-A5 hybrids;
the XIST RNA was disperse, and spread into the nucleo-
plasm with no strict limitation to the X chromosome li-
brary signal (Fig. 1 F). This result indicates that the lack of
localization is not an artifact of global demethlyation, as
these cells were not treated with demethylating agents,
and still show no detectable localization of the XIST RNA
to the X chromosome. It also strongly suggests that the ab-
errant localization is not due solely to inherent differences
between active and inactive X chromosomes, as the hu-
man X chromosome in this cell line is an inactive X chro-
mosome known to remain transcriptionally inert (Brown
et al., 1997).

Since the signal intensities in the different cell lines
seemed equivalent (Fig. 1, A, D, and F), it appeared that
hybrid cells that ectopically express XIST produce similar
amounts of RNA, as do diploid cells that express XIST en-
dogenously. However, we wished to confirm that aberra-
tions in expression from the reactivated XIST gene do not
cause the mislocalization. For example, demethylation could
produce an overabundance of XIST RNA, causing the
transcripts to spill from the site of transcription into the
surrounding nuclear space. Alternatively, reactivation
could produce quantities of RNA that are insufficient to

paint the chromosome. This possibility was addressed
through a slot blot hybridization assay (Fig. 2). XIST RNA
from a hybrid cell line containing an active X (Xa), reacti-
vated X (Xa-XIST1), and normally expressing inactive X
chromosome (Xi) were compared. No XIST RNA was de-
tected from the active X chromosome, while a similar
abundance of RNA was observed in the Xa-XIST1 and Xi
cell lines. This result confirms the in situ hybridization
data that suggested similar amounts in the different so-
matic cells examined, and clearly shows that XIST reacti-
vation by demethylation produces essentially the same
levels of XIST RNA as the XIST gene on the naturally in-
activated X chromosome. This result further suggests that
lack of localization is not due to artifacts created by demeth-
ylation.

Stability and Localization of XIST RNA are Uncoupled

Next we examined the stability of the XIST RNA in hy-
brid cells, as previous results indicate that this nuclear
RNA is highly stable (Clemson et al., 1996), and that nu-
clear stability is an important developmentally regulated
feature of this RNA (Panning et al., 1997; Sheardown et al.,
1997). In XX somatic cells, only the inactive X chromo-
some expresses XIST (Brown et al., 1992; Clemson et al.,
1996; Lee et al., 1996), and the transcripts that coat the
chromosome form a nuclear accumulation much larger
than other mRNAs examined (Clemson et al., 1996). This
large XIST RNA accumulation was shown to be com-
posed of two populations: a small focus of short-lived na-
scent transcripts found at the inactive X chromosome sim-
ply because it is transcribed there, and a large spliced and
stable population that represents the mature, likely func-
tional RNA (Clemson et al., 1996). Before X inactivation
in female cells or undifferentiated ES cells, XIST RNA is
observed as tiny dots on both X chromosomes, or as a sin-
gle dot in male cells (Lee et al., 1996; Panning and Jae-
nisch, 1996; Panning et al., 1997; Sheardown et al., 1997).
Very recently it has been shown that during early develop-
ment, XIST RNA is initially expressed in an unstable form
from both active and inactive X chromosomes, and be-
comes stabilized from the inactive X as development pro-
ceeds. The transition from single dot to large accumulation
is not regulated by increased transcription, but by stabili-
zation of the XIST transcripts in cis from the inactive X
chromosome (Panning et al., 1997; Sheardown et al., 1997).

It is not known whether deposition and stabilization of
XIST RNA arise from a single mechanism, or if separate
mechanisms are involved in stabilizing and positioning the
RNA. Analysis of XIST RNA in hybrids provides impor-
tant insights in this regard. In all six hybrid lines examined,
it was clear that the XIST RNA comprised a large accu-
mulation, with the quantity of signal indistinguishable
from that observed in normal cells (Figs. 1 and 2), suggest-
ing that the XIST RNA represents a unique XIST inter-
mediate, one in which the transcripts are expressed and ac-
cumulating, but not localizing to the chromosome. These
results are the first to indicate that association of XIST
RNA with the X chromosome does not automatically arise
from the increased stability that occurs after differentia-
tion.

To examine stability by another approach, we compared

Figure 2. Reactivated and en-
dogenous XIST expression is
similar in hybrid cells. Total
cellular RNA from the follow-
ing cells were transferred to ni-
trocellulose and hybridized
with an XIST cDNA probe:
AHA-11aB1, the active X-con-

taining hybrid cells (Xa); AHA-2C-5C-9, the demethylated deriv-
ative that ectopically expresses XIST (Xa-XIST1); and t11-4Aaz5
cells containing a human inactive X chromosome that normally
expresses XIST (Xi). The blots were scanned, and the density of
signal from the Xi and Xa-XIST1 clones were essentially identi-
cal, demonstrating that the RNA is produced in similar quantities
from endogenously expressing and demethylated XIST genes.



Clemson et al. Localization of Xist is Insufficient for X Inactivation 17

the half-life of XIST RNA after actinomycin D treatment
in unsynchronized human female lymphoblasts (GM07350),
where the transcripts are expected to be stable, and in the
mouse/human hybrid cell line t75-2maz-34-1B that ex-
presses XIST from the inactive human X chromosome.
Fig. 3 shows the results of RT-PCR with primers for hu-
man XIST from RNA isolated from cells after up to 8 h of
actinomycin treatment. By normalizing to RT-PCR prod-
ucts for actin mRNA (which has a cytoplasmic half-life of
z25 h [Sympson and Geoghan, 1990]) the half-life of the
RNA from the two cell lines could be determined. Both
the hybrids and the lymphoblasts showed a half-life for
XIST RNA of z5 h (Fig. 3 B), which is similar to the half-
life reported for stable XIST transcripts in diploid fibro-
blasts (Sheardown et al., 1997). The similarity of the half-
life in the two cell lines confirms that the transcripts in the
hybrids are stable. The similar half-lives, but very different
patterns of XIST RNA localization in the nucleus, strongly
suggest that stabilization of XIST RNA does not arise from
chromosomal localization, and vice versa. Therefore, some
additional mechanism other than stability is responsible
for localizing the XIST transcripts to the X chromosome.

We speculate that localization of this RNA to the X chro-
matin is brought about by specific autosomal factors that
allow deposition of the human XIST transcripts along the
chromosome. As there is z30% sequence divergence be-
tween mouse and human Xist/XIST sequences (Brock-
dorff et al., 1992; Brown et al., 1992), it is not surprising if
the homologues required for localization of Xist RNA are
unable to substitute completely for the human factors. In
the hopes of finding a human autosome that would allow
for XIST localization, and ultimately to identify potential
localization factors, we examined the distribution of XIST
RNA in six different hybrids containing a human inactive
X chromosome. As these hybrids contained various other

human chromosomes, we hoped to identify a hybrid that
contained the necessary human factor to allow localization
of human XIST. None of the hybrids showed localized
XIST RNA, although all exhibited large apparently stable
XIST RNA accumulations. The consistent failure of hy-
brid cells to localize the RNA correctly suggests that ei-
ther the necessary locus was missing from these hybrids, or
that more than one factor is required concurrently, and
that these hybrids did not have the right combination of
human chromosomes. We favor the latter possibility, as
these hybrids have been shown by PCR or karyotyping to
include collectively most of the human chromosome com-
plement.

Reactivated Mouse Xist RNA Localizes to the
Active X Chromosome

If the failure of the human XIST RNA to localize is the re-
sult of mouse/human species differences, then it follows
that if murine Xist were reactivated, the RNA would be
properly localized as the full complement of murine fac-
tors would be present. To test this hypothesis, we isolated
clones that expressed not only human XIST RNA, but also
mouse Xist RNA after additional rounds of demethyla-
tion. We studied the nuclear Xist/XIST RNA expression
pattern in AHA-A5-2b-g cells, AHA hybrids expressing
human XIST that had been treated with additional rounds
of demethylating agents to induce mouse Xist expression,
providing an opportunity to compare directly mouse and
human XIST RNA in the same cell. The mouse cells used
in the generation of these hybrids (A9) do not express Xist
RNA without treatment; and these cells maintained ec-
topic murine Xist expression less consistently than human
XIST expression (see below). In our analysis of 80 cells ex-
pressing both human and mouse Xist, .70% showed the

Figure 3. Stability of the
XIST RNA after treatment
of cells with actinomycin.
Cells were harvested after
0–8 h of actinomycin treat-
ment (A) or control DMSO
treatment (D) as the actino-
mycin is dissolved in DMSO.
RT-PCR was performed on
the RNA isolated from these
cells with primers for XIST
(A and B) and actin (not
shown). The RT-PCR prod-
ucts for a female lymphoblast
(GM07350; A) and an inac-
tive X-containing human/
mouse somatic cell hybrid
(t75-2maz34-1a; B) are shown,
and the ratio of XIST prod-
uct to actin product (normal-
ized to the ratio of XIST to
actin for the control DMSO
treatments) is plotted in C.
The black line shows the ra-
tio for the female cells, while
the grey line shows the ratio
for the hybrid cell line.
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following pattern of expression: the human XIST RNA
showed a small focal concentration, with particles appar-
ently drifting away from the site of transcription into the
rest of the nucleoplasm; in contrast, the murine Xist RNA
signal was a large but discrete pattern that was much more
confined in the nucleus than its human counterpart (Fig. 4,
A and B). We directly compared the distribution of the
murine Xist signal to the mouse chromosome library sig-
nal in 50 different cells. Like the human XIST RNA in its
normal human diploid environment, the murine tran-
scripts formed a punctate accumulation very similar in size
and shape to the mouse X chromosome paint, revealing a
close association with the active murine X chromosome
(Fig. 4, C–E). Clearly, murine Xist RNA can properly lo-
calize in the mouse background, while in the same cell the
human XIST RNA cannot.

These results support the hypothesis that the aberrant
human XIST RNA location is due to a lack of species-spe-
cific factors necessary for localization. Interestingly, it is
apparent that the factors required to localize the Xist
RNA are present in terminally differentiated cells that
normally do not express Xist RNA. This important result
is informative on several other levels. First, it shows that
the lack of localization of the human XIST was not due to
5azadC treatment, as the localization of the murine Xist
was observed after 5azadC treatment; hence, demethyla-
tion does not disallow localization of the transcripts. Sec-
ond, the mislocalization is not due to general disruption of
nuclear structure in hybrid cells. Perhaps most impor-
tantly, it shows that the XIST RNA does not discriminate
between active and inactive X chromosomes. In these
mouse cells the murine X chromosome has already been
selected in early embryogenesis to remain active, but is

able to stably express and bind the Xist RNA. Hence, ac-
tive X chromosomes are not recalcitrant to Xist RNA
binding. The fact that the reactivated murine Xist localizes
unequivocally shows that the proper deposition of this
RNA at the X chromosome can occur outside the realm of
early development, and therefore, that no developmental
factors are required to set up a pattern of Xist chromo-
some binding. Apparently all the requirements for expres-
sion, stability, and localization of Xist RNA are available
in somatic cells.

The Mouse X Chromosome Painted by Xist RNA Does 
Not Inactivate

Studies in transgenic mice have definitively demonstrated
that Xist is not only necessary (Penny et al., 1996; Mara-
hens et al., 1997), but also sufficient (Herzing et al., 1997;
Lee and Jaenisch, 1997) to initiate X inactivation in devel-
oping mouse embryos. In our analysis, we have circum-
vented development by recreating, in terminally differen-
tiated cells, several of the steps known to correlate with X
inactivation in embryonic cells: expression of Xist RNA
(Kay et al., 1993; Kay et al., 1994); transition from a single
dot of expression to stabilization of a large nuclear RNA
accumulation (Panning et al., 1997; Sheardown et al.,
1997); and deposition of these stable Xist transcripts along
the entire length of the chromosome (Clemson et al.,
1996). The obvious next question is, does inactivation of
the chromatin result from properly expressed, stabilized,
and localized Xist RNA?

While we were able to isolate stable long-term human
XIST reactivants after three rounds of treatment with
5azadC, we were not able to isolate a clone that expressed

Figure 1. Fluorescence in situ hybridization detection of XIST RNA in normal human and mouse/human hybrid cells. Digoxigenin and
biotinylated probes were hybridized in situ and detected with fluorochrome-conjugated avidin or antidigoxigenin antibody. Fluoro-
chromes used were FITC (green), rhodamine (red), and DAPI (blue). (A) In normal human diploid fibroblasts (46, XX WI-38 cells), the
XIST RNA (green) occupies a discrete location in the nucleus. (B) The XIST RNA has a similar shape to the X chromosome territory
defined by the whole X chromosome library signal (red; the weak red signal in the middle of this cell is the active X chromosome which
is out of the plane of focus). (C) The XIST RNA essentially paints the X chromosome in these normal nuclei (overlap is yellow). (D) In
mouse/human hybrids containing a single active human X chromosome (AHA-A5) that expresses XIST through treatment with the
demethylating agent 5azadC, the XIST RNA (red) is disperse, and spreads throughout the nucleus. (E) The XIST RNA (red) does not
associate or strictly localize to the human whole X chromosome library signal (green) in the hybrid cells. (F) In mouse/human hybrid
cells (t86-B1maz1b-3a) that contain a single human inactive X that expresses XIST endogenously (no 5azadC treatment), the human
XIST RNA (red) also shows aberrant localization to the whole X chromosome library signal (green).

Figure 4. In situ RNA and murine X whole chromosome library detection in AS-2B mouse/human hybrid cells that contain both an ac-
tive human and mouse X chromosome. Both human and murine Xist RNA is expressed from these chromosomes as a result of 5azadC
treatment. (A and B) The difference between the reactivated murine Xist RNA and human XIST RNA is illustrated in these cells, with
the murine RNA appearing highly localized (red) and the human XIST RNA (green) showing a focus of expression (most likely repre-
senting the site of transcription) with particles that drift away into the nucleoplasm. Reactivated murine Xist RNA localizes to the active
X chromosome (C–E). (C) The murine Xist RNA (red) is discretely contained in the hybrid cell nucleus (D) in a pattern similar to the
murine X chromosome signal (green; the mouse X chromosome library cross-reacts slightly with the human X chromosome, giving a sec-
ond green signal apparent in the middle cell in D); (E) the murine Xist RNA colocalizes with the active murine X chromosome (overlap
is yellow).

Figure 5. The mouse X chromosome painted by the Xist RNA does not inactivate. Codetection of murine Xist RNA (green) and Zfx
RNA or Pgk1 RNA (red) in undenatured 1B-5C-3B cells. (A and B) Zfx RNA (red) is expressed from cells that also express mouse Xist
RNA (green); (C) Pgk1 RNA expression (red) is also expressed from chromosomes that express Xist RNA (green), suggesting that the
active X chromosome is not inactivated as a result of Xist localization. Expression of mouse genes appears to be unaffected in cells that
express mouse Xist. (A) There is a similar pattern and intensity of expression of Zfx RNA in cells that express mouse Xist (top), and
those that do not (bottom). (C). Similarly, there is comparable Pgk1 expression in cells that express mouse Xist (left) and cells that do
not (far right).
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mouse Xist long-term, despite multiple serial treatments
with demethylating agents. After selection and culture of
single cell isolates, the level of Xist RNA declined over a
period of several weeks as detected by RT-PCR. By in situ
techniques we saw that initially almost every cell in the
population expressed Xist. Gradually, the number of cells
that expressed Xist declined (Fig. 4 B), until eventually no
more cells expressed Xist RNA.

While we initially thought that this reduction was due to
some selective disadvantage conferred by mouse Xist ex-
pression (for example, the cells could be dying because the
mouse Xist RNA inactivated the sole murine X chromo-
some), several considerations make this possibility less
likely. First, we detected no change in cell growth rate or
evidence of large scale cell death in the reactivated hy-
brids, both of which would be expected if Xist expression
was causing large-scale toxicity. Second, we have isolated
clones that continued to express mouse Xist in .30% of
the population for as long as 2 mo after the initial demeth-
ylation. Additionally, we were able to subclone pure popu-
lations of Xist RNA expressers from clones that had re-
duced expression of Xist to only a few cells, which would
not be expected if the cells were gradually dying. While it
is possible that the reactivants were selected against, we
consider it more likely that Xist was being remethylated
gradually, much like what was seen for the unstable hu-
man reactivants (Tinker and Brown, 1998). Our failure to
obtain a clone that expressed mouse Xist longer than sev-
eral months, in contrast to the human gene, may reflect
differences between the methylation of the two genes; for
example, the murine gene may have more methylation
which must be completely removed before remethylation
occurs, causing loss of Xist expression. Ultimately, the dif-
ficulty we had in creating long-term mouse Xist reactivants
did not cause a problem for our experiments, as any cells
that showed detectable mouse Xist always showed the
same large intense pattern, allowing us to perform analysis
of individual cells, even when as little as 10% of the popu-
lation expressed Xist RNA.

The definitive way to assess whether the mouse X chro-
mosome painted by reactivated Xist RNA is inactivated is
to examine expression of individual genes in single cells.
Because of the heterogeneity of Xist expression in our cell
population, RT-PCR analysis could not address the critical
question of whether individual genes were still expressed.
We therefore used dual in situ detection of murine Xist
with X-linked genes to examine directly X inactivation in
individual cells. Pgk1 is subject to X inactivation in hu-
mans and mice (Disteche, 1995), while Zfx is an X-linked
gene that escapes inactivation in humans, but is subject to
X inactivation in the mouse (Adler et al., 1991). Zfx and
Pgk1 nuclear RNA expression were examined in single
cells that expressed Xist RNA (Fig. 5, A–C), using cDNA
clones. In multiple experiments encompassing over 200
hybrid cells, these two genes were clearly transcribed in
cells that were also expressing and localizing Xist RNA.
While we were also able to detect the human RNA with the
Pgk-1 probe, we included in our analysis only those signals
that were closely associated with the mouse Xist RNA sig-
nal, confirming that it was transcribed from the mouse X.

To evaluate whether the Xist RNA localization resulted
in a more subtle transcriptional downregulation of the

genes vs. a complete silencing of the X chromosome, we
compared the distribution of both Pgk1 and Zfx RNA
from cells either expressing or not expressing murine Xist
RNA. As exemplified in Fig. 5, A and C, the Pgk1 and Zfx
RNA signals were not discernibly different in cells devoid
of Xist expression vs. those in which the mouse X is
painted by Xist RNA, suggesting that the murine X chro-
mosome has not undergone detectable transcriptional
downregulation as a result of Xist expression and localiza-
tion. While we cannot rule out the possibility that, over the
long term, progressive inactivation will occur, expression
of Zfx and Pgk-1 was analyzed in subclones that expressed
and localized murine Xist RNA for over 2 mo. Therefore,
our results show that Xist RNA can localize to the mouse
X chromosome without inactivation of specific genes for
many generations. We conclude that the association of Xist
RNA with chromatin is not strictly correlated with tran-
scriptional silencing. Furthermore, these results indicate
that expression, stabilization, and proper localization of Xist
RNA in somatic cells is not sufficient to cause inactivation.

Discussion
Understanding the relationship of XIST RNA localization
to X inactivation and the mechanisms governing localiza-
tion to the chromosome is likely key to understanding the
process of X inactivation itself. Results presented here
show that despite a nuclear RNA accumulation of normal
abundance and stability, XIST RNA does not localize to
reactivated or inactive human X chromosomes in mouse/
human hybrid cells. To determine if the improper location
of RNA in these hybrids explained the lack of subsequent
inactivation, we created clones that stably expressed not
only the human XIST, but mouse Xist as well. Distribution
of the mouse Xist RNA in these hybrids clearly showed a
tight association with the active murine X chromosome, in
marked contrast to the nonlocalized human XIST RNA in
the same cells. This important result also allows several
conclusions: (a) demethylation with 5azadC does not af-
fect the ability of Xist RNA to localize, since the murine
Xist RNA does localize properly in the same cells; (b) ex-
pression of this RNA does not have to begin in early de-
velopment to allow localization; and (c) Xist RNA does
not discriminate between the developmentally selected ac-
tive and the inactive X chromosome. Collectively, these
results indicate that the most likely reason for the lack of
localization to the human X chromosome is mouse/human
species differences. Since completion of this work, it was
shown that inactive human X chromosomes, when in-
serted into mouse embryonal carcinoma cells, activate ex-
pression of many genes, yet fail to stop expressing XIST
RNA (Yoshida et al., 1997). Results presented here indi-
cate that the XIST RNA may not closely associate with
the chromosome in the mouse environment.

As many pre-mRNAs are most concentrated near their
site of transcription (Xing and Lawrence, 1993; Xing et al.,
1995), it is not clear to what extent limited localization of
the XIST RNA with the X chromosome in the hybrids is
simply a consequence of its transcription, or if it reflects a
weak affinity for the chromosome. For example, the XIST
RNA may be transcribed but unable to localize to the
chromosome at all, causing the transcripts to drift away
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gradually into the nucleoplasm. Alternatively, the murine
factors may be able to localize the human transcripts, but
because of either reduced affinity or availability, allow only
a small fraction of the transcripts to associate with the X
chromosome.

Localization of XIST RNA Does Not Arise
from Stability

Recent results showed the transition of Xist RNA from a
small dot to an abundant accumulation in early develop-
ment, and suggested that the increased stability allowed
the transcripts to localize to the inactive X chromosome
(Panning et al., 1997; Sheardown et al., 1997). Our exami-
nation of the stability of the human RNA in human/rodent
hybrids indicates that the transcripts are fully stabilized
despite the inability to localize to the X chromosome.
Hence, localization of XIST RNA does not result from in-
creased stability. Our results make it clear that the process
required for transcript stabilization can occur after devel-
opment as the half-life of XIST RNA in these hybrids is
similar to that recently reported in normal diploid fibro-
blasts (Sheardown et al., 1997).

Differing Impact of Xist Expression
Throughout Development

The observation that the chromosome is completely
painted by the Xist RNA, but still shows normal expres-
sion of both Zfx and Pgk1 RNA in the same cell shows
that the chromosome is still transcriptionally active, and
that there is no strict correlation between Xist RNA chro-
mosomal localization and inactivation of chromatin. We
conclude that expression, stabilization, and localization of
Xist RNA is not sufficient for X inactivation. Importantly,
these results also suggest that there is a difference between
the role of Xist/XIST in immature vs. fully differentiated
cell types. In creating a system where a single copy of the
Xist gene produces RNA that is stably localized in fully
differentiated cells, we are able to compare our results
with those that show the absolute requirement for Xist in
X inactivation (Penny et al., 1996; Marahens et al., 1997)
and the sufficiency of Xist with limited surrounding se-
quences to cause silencing (Herzing et al., 1997; Lee and
Jaenisch, 1997). The critical difference is that in these pre-
vious studies, Xist is ectopically expressed in embryonic
cells before differentiation, while in experiments reported
here, Xist expression is forced in fully differentiated so-
matic cells. The contrasting results suggest that XIST
RNA is fully competent to enact chromatin inactivation
during embryogenesis, but later in development loses this
ability either through lack of contributing factors or a
change in the RNA itself.

Although we have demonstrated in this paper that asso-
ciation of Xist RNA with the X chromosome is not suffi-
cient for transcriptional silencing, the supposition that lo-
calization is required for X inactivation is most likely still
correct. The process of X inactivation likely involves sev-
eral steps, including the expression, stabilization, and lo-
calization of Xist RNA. Our results not only demonstrate
that the localization of XIST RNA with the chromosome
does not necessarily culminate in transcriptional silencing,

but also suggest that an additional step or mechanism is re-
quired to complete the process of X inactivation.

Potential Role of XIST RNA Localization
During Development

Based on our observations, we postulate a model in which
the XIST RNA is involved in the process of X inactivation,
but is not directly responsible for transcriptional downreg-
ulation. In this model, we speculate that the Xist RNA
serves to mark or potentiate the chromosome for a subse-
quent step or process. For example, the RNA, by virtue of
its binding along the length of the chromosome and its af-
finity for certain factors, could recruit processes that ulti-
mately result in transcriptional silencing. While there are
many examples of processes that could act in concert with
Xist RNA, we consider two for discussion: methylation
and histone deacetylation. Both are established mecha-
nisms of epigenetic imprinting strongly linked with inac-
tive X chromatin; they are stably maintained and transferred
to daughter cells, and are involved with sites along the en-
tire inactive X chromosome. Furthermore, methylation
(Lock et al., 1987; Keohane et al., 1996) and overall
deacetylation of the inactive X (Keohane et al., 1996) oc-
cur after Xist expression early in embryogenesis. Addi-
tionally, this idea may explain why Xist is not necessary for
maintaining X inactivation in somatic cells, while other re-
sults show that it is required during development. XIST
RNA could be absolutely required during embryogenesis
to establish the pattern of methylation or histone deacety-
lation by recruiting factors like methyltransferases or de-
actelyases to the inactive X chromosome; however, once
such a pattern was established on the inactive X, then the
XIST RNA would no longer be rigorously required. The
constitutive expression and localization of XIST RNA
(Clemson et al., 1996) in adult cells may serve as a backup
mechanism to ensure that epigenetic silencing is rigorously
maintained. Ultimately, this model could explain why the
XIST gene could be deleted in vitro from somatic cells with
no obvious effect (Brown and Willard, 1994); i.e., if the pri-
mary source of inactivation maintenance was a process
prone to little error, (such as maintenance methyltrans-
ferase which has an estimated efficiency of 99.9% [Pfeifer
et al., 1990]), then as a backup mechanism XIST RNA
could be deleted without obvious phenotype in cultured
cells. In contrast, in vivo, where even a slight failure of X
inactivation would be deleterious, XIST RNA would be
needed as a constant fail-safe mechanism.

Of course, if XIST/Xist initiates subsequent events that
ultimately silence the chromosome, then why didn’t our
reactivated mouse/human hybrid system succumb to tran-
scriptional silencing? It is possible that cells that did inacti-
vate were selected against, allowing us only to detect cells
that managed to circumvent X inactivation. This possibil-
ity appears less likely because we did not observe any evi-
dence of cell death or change in growth rate, combined
with the fact that these cells retained an active human X
chromosome, which could compensate for the loss of the
single mouse X. Rather, we favor the possibility that the
resistance to X inactivation is due to the fact that the Xist
RNA was not expressed before differentiation of these
cells; e.g., it may be very difficult or impossible to establish
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de novo inactivation in cells after development as the re-
quired enzymes may not be available. For example, the
levels and location of de novo and maintenance methyl-
transferases differ in early embryonic vs. terminally differ-
entiated cells (Razin and Shemer, 1995; Turker and Bes-
tor, 1997).

To reactivate expression of XIST/Xist, the cells were
treated with a demethylating agent that can impact cell vi-
ability as well as replication timing and condensation of
the inactive X chromosome (Gregory et al., 1985; Haaf et al.,
1988). Additionally, the new methylation patterns may be
slowly incorporated into DNA (Toth et al., 1989). Al-
though we were able to produce clones that expressed hu-
man XIST indefinitely, we could not isolate clones that ex-
pressed murine Xist longer than several months. Hence,
we cannot rule out the possibility that this was not enough
time to set up adequate patterns of genomic imprinting
that result in silencing of the previously active X-linked
genes like Zfx and Pgk1. However, the cells were only cul-
tured in 5azadC for a short period of time (24 h) to cause
expression of the mouse or human Xist, and were subse-
quently cultured without additional 5azadC for as long as
several months with a significant fraction (.30%) still ex-
pressing mouse Xist. Expression of the X-linked genes Zfx
and Pgk1 was analyzed as much as 8 wk after 5azadC
treatment, making it less likely that their continued ex-
pression is the result of demethylation. Reactivation of
normally inactivated genes by 5azadC is extremely rare in
hybrids (z1024) or normal (1027) cells (Gartler and Gold-
man, 1994). It is interesting to speculate that higher sus-
ceptibility to reactivation in hybrids is related to mislocal-
ization of XIST RNA. Since X inactivation is well-maintained
in hybrids, it is unlikely that the lack of de novo X inacti-
vation is due merely to repression of X inactivation in the
mouse–human hybrid system studied here. It is clear that
our reactivated hybrid system reconstitutes many steps
known to be involved in normal X inactivation; namely ex-
pression, stabilization, and localization of Xist RNA. There-
fore, it seems that we have created an intermediate to
chromosomal inactivation that would not have been seen
otherwise; one that makes it possible to analyze and dis-
sect the separate steps involved in X inactivation.
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