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cells analysis®.

The method also gives an uncertainty for the mean density
of IRAS galaxies. The result for r,,, =20k~ Mpc is 4.6%, and
although this is an underestimate if there are significant correla-
tions on scales greater than our smoothing scale, it suggests that
this survey is approaching a fair sample of the Universe.

Conclusions
We have used the QDOT survey of IRAS galaxies to generate

density-field maps of the local Universe. Many of the features
seen were previously known, but many new superclusters and
voids are seen in poorly surveyed parts of the sky. The root-
mean-square density variation falls off with smoothing scale less
rapidly than predicted by the standard cold dark matter theory
of galaxy formation. We have detected skewness in the density
field, even for smoothing radius 20h~' Mpc, and the assumption
of gaussian density fluctuations at the present epoch on these
scales is no longer secure. O
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A gene from the region of the human X
inactivation centre is expressed
exclusively from the inactive X chromosome

Carolyn J. Brown, Andrea Ballabio’, James L. Rupert, Ronald G. Lafreniere,
Markus Grompe’, Rossana Tonlorenzi* & Huntington F. Willard®

Department of Genetics, Stanford University School of Medicine, Stanford, California 94305, USA
* Institute for Molecular Genetics, Baylor College of Medicine, Houston, Texas 77030, USA

X-chromosome inactivation results in the cis-
limited dosage compensation of genes on one of
the pair of X chromosomes in mammalian females.
Although most X-linked genes are believed to be
subject to inactivation, several are known to be
expressed from both active and inactive X chromo-
somes. Here we describe an X-linked gene with a
novel expression pattern—transcripts are detec-
ted only from the inactive X chromosome (X;) and
not from the active X chromosome (X,). This gene,
called XIST (for X;-specific transcripts), is a candi-
date for a gene either involved in or uniquely
influenced by the process of X inactivation.

X-CHROMOSOME inactivation is a unique developmental regu-
latory mechanism, affecting the expression of genes on an entire
chromosome in a cis-limited fashion—in the case of the human
X chromosome, involving over 150 million base pairs (bp) of
DNA and several thousand genes. X inactivation results in

1 To whom correspondence should be addressed.
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dosage equivalence between females who have two X chromo-
somes and males who have one X chromosome, by randomly
inactivating one of the X chromosomes in females'. The
mechanism of X inactivation remains unknown, although
genetic evidence strongly suggests the existence of a specific
locus required in cis for X inactivation to occur; this is the
so-called X inactivation centre®*.

Many X-linked genes have been shown to be subject to X
inactivation in both man and mouse on the basis of their mosaic
or clonal expression®©-®. Although only a few genes have been
analysed for transcription® '3, the basis for X inactivation is
generally thought to be transcriptional. A growing number of
genes have been described that escape X inactivation, both in
or adjacent to the pairing segment with the Y chromosome'*'?,
as well as more proximally on the short arm and on the long
arm of the human X chromosome®!%%17 All of these genes
are well expressed from both X, and X; chromosomes, although
in some cases to a lesser extent from X;.

To gain an insight into the molecular basis of X inactivation,
we have searched for additional genes expressed from the X,
particularly among those that map near the interval of the X
inactivation centre (XIC) on the human X chromosome. We
report here the isolation and characterization of a novel gene,
XIST, expressed from X; but not from X, chromosomes, which
by virtue of its localization on the X to the same interval as
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XIC, represents a candidate for a gene either involved in or
strongly influenced by X inactivation.

Identification of X;-specific transcripts

A 750-bp cDNA clone (8A11) was one of six clones previously
obtained from a female placental complementary DNA library
as part of a study to isolate cDNAs for human steroid sulphatase
(ref. 18). This clone was used as a probe for the isolation of two
related cDNA clones from the same library (see Fig. 1). On the

46,XX
46,XY

47 XXY
49, XXXXX
49, XXXXY
46,XY
46,XX

Xi hybrid
Xi hybrid
Xi hybrid
Xa hybrid
Xa hybrid

11l

mouse
46,XY
46,XX

FIG. 1 Expression of the XIST gene in males, females, and somatic cell
hybrids. a, Slot blot of total cellular RNA isolated from human lymphoblastoid
cell lines or mouse-human somatic cell hybrids retaining either the active
or inactive human X chromosome, hybridized with the 14A XIST cDNA probe.
The probe hybridizes only to RNA samples from cell lines which contain an
X;. b, Northern blot of total cellular RNA from male and female cell lines,
hybridized with the 14A ¢DNA probe. The probe detects a large,
heterogeneous message only in cell lines which contain an X;. Apparent
bands below the position of 28S and 18S rRNA are created by the huge
abundance of rRNA present. ¢, Ethidium bromide-stained RNA before northern
transfer for the filter in b. d Northern blot of poly(A)* RNA from human/mouse
hybrids retaining either the X, or the X; and a mouse cell line control. The
14A XIST probe hybridizes to transcripts only in the hybrid with an inactive
X chromosome. e, The X; hybrid lane of d stripped and reprobed with a
control cDNA probe (SB1.8) identifying a 9- and a 6-kb mRNA (ref. 17) to
show that the mRNA is intact.

METHODS. Total cellular RNA was prepared using the guanidinium thiocyanate
method®’. The male (Y24.1, GM4391, GM7308) and female (Y24.2, HSC192,
GM7011) lymphoblast cell lines (panel a top to bottom in each case) were
from karyotypically normal individuals. The X chromosome aneuploid lines
were: 47, XXY, D64.0; 49, XXXXY, GM1202; 49, XXXXX, GM6061B. The X,
hybrids were t60-12 and AHA-11aB1, both of which contain the active X
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basis of the localization of the gene encoding these cDNAs to
the region of the X inactivation centre in Xql3 (ref. 19), we
examined its expression by RNA slot blots, by northern blot
analysis and by amplification of reverse-transcribed RNA using
the polymerase chain reaction (RT-PCR). As shown in Fig. 1a,
XIST cDNA probes hybridized to RNA prepared from female
samples or from somatic cell hybrids containing an inactive
human X chromosome, but not to RNA from males or from
hybrids containing only an active human X chromosome. On
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chromosome as the only human chromosome®. The X; hybrids were t11-
4Aaz5; t48-1a-1Daz4A and t86B1maz1B (ref. 38). 10 pg of total cellular
RNA was denatured in formaldehyde/formamide and applied to a nitrocel-
lulose membrane without vacuum for the slot blots. As controls, the RNA
samples were extensively digested with RNase-free DNase | before applying
to slot blots; the results were equivalent to those shown. To ensure equal
RNA loading, the blot was stripped and reprobed with a cDNA for the human
PGK1 gene; roughly equal signals were produced from each of the human
RNA slots. For the northern blots, 20 ug total RNA or 5 g poly(A)* RNA
(purified by one or two passages through oligo(dT)) was electrophoresed on
a 1.5% agarose gel in the presence of formaldehyde and transferred by
capillarity to a nitrocellulose membrane. The blots were hybridized using
standard methods™® with 3?P-labelled 14A insert (g, b, d) or SB1.8 (ref. 17)
(e), and washed at 42 °C with 0.1% SDS; 0.5 XSSC. The 8A11 cDNA clone
was one of six clones identified by immunoscreening of a placental A gt11
cDNA expression library, using anti-steroid sulphatase antibodies'®, The
basis for the apparent immunoreactivity of this clone has not been investi-
gated further; the clone has no significant DNA homology with the steroid
sulphatase cDNAs reported®. The cDNA clones 14A and 7A were isolated
by filter hybridization from the same library, using 8A11 as probe. The 14A
cDNA clone had the longest insert (see Fig. 3) and was used as probe for
all hybridizations.
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northern blots, the same pattern of female (46, XX)- and X;-
specific hybridization was observed with a signal indicating a
series of multiple transcripts showing extensive size and/or
conformational heterogeneity, most >10kb (Fig. 1b,d).
Although in some experiments the hybridization pattern was
suggestive of discrete bands, in most cases the signal was con-
tinuous, even when smaller cDNA fragments were used as
probes (data not shown). Control experiments verified the
integrity of the RNA samples tested (Fig. 1¢), and because no
hybridization was detected with the XIST ¢cDNA probes in male
RNA samples, hybridization artefacts could be discounted. In

705 bp -

€ A B c D E F
'? > ela el oVl 9V !

L Il |

Mic2 XIST

FIG. 2 RT-PCR analysis of X/ST expression. a, RT-PCR of reverse-transcribed
RNA (RT-RNA) from lymphoblastoid cell lines from karyotypically normal
males and females, and individuals with X chromosome aneuploidies. The
primers (sequence below, see also Fig. 3) amplified a 705-bp product only
in RT-RNA from individuals with an X;. b, RT-PCR of somatic cell hybrid lines
retaining either X, or X;. As in a the XIST primers amplified a 705-bp
product only in those cell lines which contained an X;. MIC2 primers were
included as a duplexed control for the presence of amplifiable cDNA, as
MIC2 is expressed from both the X, and the X;. The 360-bp human-specific
MIC2 product was observed in all hybrid lanes. ¢, RT-RNA from a male and
female lymphoblast cell line was used in a PCR assay with five different
XIST primer pairs (lanes B to F), and the MIC2 primers as a control (lanes
A). The primers are diagrammed in Fig. 3, and their sequences are given
below. The 360-bp MIC2 product was synthesized from both male and
female RT-RNA, but the XIST products were observed only from the female
RT-RNA. More than one product (only from the female RT-RNA) was observed
for primer pairs D and F. Similar results are observed with hybrids containing
the X; (data not shown). The numbers to the left of the figure represent the
size (in kb) of the Haelll-digested X174 markers. d RT-PCR analysis of
XIST expression in samples from different tissues. RNA was prepared from
male white blood cells (WBC) and from female brain, kidney, and muscle
and was assayed both with (+) and without (—) reverse transcriptase.
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both slot blots and northern blots, the intensity of hybridization
appeared to increase with the number of inactive X chromo-
somes present (Fig. 1a, b), although more extensive quantitation
is required to confirm this. The northern blot data therefore
suggest many heterogeneous XIST transcripts expressed from
X; but not from X, chromosomes.

Because of the heterogeneity of transcripts detected with the
cDNA probe, oligonucleotide primers were used for analysis
by RT-PCR. PCR product was only observed in those reverse-
transcribed RNA samples isolated from sources which contained
an X;. Karyotypically normal females were positive for the

, 380 bp
\ 240 bp

METHODS. RNA (5 pug), isolated as described in Fig. 1, was reverse-
transcribed with MMLV reverse transcriptase using random hexamer
primers>®, One-hundredth of the cDNA obtained was used for a PCR
reaction with 1 wmol primers, for 30 cycles (94 °C, 1 min; 55 °C, 1 min; 72 °C,
4 min) with Promega or Cetus Tag polymerase and buffer. d RNA was
prepared from tissues obtained from an 18-week female fetus. Primers are
listed 5'-3’ with the arrow designating orientation on the gene. a, Primers
were: 1->: GAAGTCTCAAGGCTTGAGTTAGAAG; and 3« : GCCAGGCTCTAG-
AGAAAAATGT. b, XIST primers were as in a and the MIC2 primers were as
described previously*®. PCR amplification of RNA samples which have not
been reverse-transcribed does not yield the 705-bp XIST product or the
360-bp MIC2 product (data not shown; see also d). ¢, Primer pairs were: A,
MIC2 primers, as described®®; B, 1->{(GAAGTCTCAAGGCTTGAGTTAGAAG)
and 2 < (AACCCAGGAGATAGGTAGATCCATC) to give a 180-bp product; C, as
in a to give a 705-bp product; D, 3> (GCCAGGCTCTAGAGAAAAATGT) and
5« (ACAGACGTATTTTCGTCTAA) which give a 240- and a 380-bp product;
E, 3> (GCCAGGCTCTAGAGAAAAATGT) and 4 « (TGGCTCAAGTGTAGGTGGTT)
which give a 260-bp product; F, 1 - (GAAGTCTCAAGGCTTGAGTTAGAAG) and
5« (ACAGACGTATTTTCGTCTAA) which give a 300-, a 900- and a 1,040-bp
product. Location of primers in the XIST gene are indicated in Fig. 3. d
Primer pair D was used.
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TABLE 1 Summary of XIST expression

Expression
Cell-line Karyotype RT-PCR  Slot blot  Northern
Chromosomally normal
7 females 46, XX +7) +(6) +(6)
10 males 46, XY —(10) —(6) —-(6)
Chromosomally
aberrant
GM6061B 49, XXXXX + + +
GM1202 49, XXXXY + + +
106 45, X0 - - —
107 69, XXY - - -
D64.0 47, XXY + + +
GM10074 (ref. 19) 47,Y,t(X; 14)
+der(14) + ND ND
AG. (ref. 19) 45,X/46, X,
idic(Xp) + ND ND
Somatic cell hybrids
160-12 Active X - - -
AHA11aB1 Active X - - -
t11-4Aaz5 Inactive X + + +
t48-1a-1Daz4a Inactive X + + +
t81-az1D Inactive X + + +
t86-Bimaz1b-3a Inactive X + + ND
LT23-IE2Buv5CI26  Inactive X + ND ND

The female RNAs analysed were from six lymphoblastoid cell lines and

five different tissues from a single female fetus (see text and Fig. 2d). The
male RNAs were isolated from lymphoblastoid cell lines (7 males), liver (2
males) and white blood cells (1 male). The ‘+ and ‘~’ indicate whether
expression was detectable for each assay (see Figs 1 and 2). ‘ND’ indicates
that the assay was not performed for the given cell line. The numbers in
parentheses after the ‘+' or ‘~’ indicate the number of different female or
male RNAs for which the specified assay was performed.
METHODS. RNA was isolated from the specified cells and analysed as
described for Figs 1 and 2. All somatic cell hybrids were derived from female
human cells and are described in Fig. 1, except for the X; hybrids LT23-
1E2Buv5CI26, which was formed by fusion of mouse Ltk™ cells with a
49, XXXXX human cell line, and t81-az1D, which was from a fusion of mouse
tsA1S9 cells and the human cell line 81 (ref. 19). The four X; hybrids
111-4Aaz5, t48-1a-1Daz4a, t81-az1D, and t86-Blmazib-3a were under
selection®® for the X;; these hybrids retain other human chromosomes,
although no chromosome except the inactive X is common to all four lines.
To eliminate any effect of other human chromosomes or any influence
caused by selection, a fifth independent X;-containing somatic cell hybrid
was examined. This hybrid line, LT23-1E2Buv5, was not under selection for
the X;, and molecular cytogenetic analysis has identified that the only human
material in this cell line is the X; chromosome, present in about one-third
of cells examined (V. E. Powers, data not shown).

705-bp product, whereas karyotypically normal males were
negative (Fig. 2a). To determine if expression was sex-specific,
in addition to X;-specific, RNAs from a female without an
inactive X (45, X0) and from males with one or more inactive
X’s (47, XXY; see also the 49, XXXXY sample in Fig. 1a) were
examined. As shown in Fig. 2a, RT-PCR of RNA from the
45, XO female did not generate a product, but the RNA of the
47, XXY male did. RNA from a triploid cell line (69, XXY), in
which both X chromosomes are active?®?', was also examined.
Despite the presence of two X chromosomes, no PCR product
was detected. In total, samples from seven normal females, ten
normal males, and seven chromosomally aberrant cell lines were
analysed for XIST expression by PCR, northern blot and/or
RNA slot blot (Table 1). In all cases, XIST expression was only
observed in the presence of an X;.

Additional evidence for X;-limited expression came from the
analysis of somatic-cell hybrids containing either X; or X,
chromosomes (Fig. 2b). Hybrids with an X, did not express
XIST, whereas five independent hybrids with an X; did (Table
1). As a control, all hybrids were shown to produce an RT-PCR
product corresponding to the X-linked MIC2 gene, consistent
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with  previous demonstrations that MIC2  escapes
inactivation'*'®. Taken together, the data in Figs 1 and 2 and
Table 1 support the conclusion that expression of the XIST
transcripts is absolutely dependent on the presence of an inactive
X chromosome.

XIST gene structure and alternative transcripts

To examine expression of the XIST gene in more detail, several
different oligonucleotide primers along the gene were synthe-
sized for RT-PCR analysis. For each primer pair tested (see Fig.
3), a product was observed only in female or X;-containing
hybrid RNA samples, and never in male or X,-containing hybrid
RNA samples (Fig. 2¢). A number of the XIST primer pairs
gave more than one RT-PCR product, suggesting that alterna-
tively spliced RNAs are present. Multiple transcripts were
observed in all female tissues tested, including heart, muscle,
brain, kidney, liver, fibroblasts and lymphoblasts (Fig. 2d and
data not shown).

To identify portions of the XIST gene, two overlapping
genomic clones were isolated which contained over 20 kb of
genomic DNA corresponding to the XIST cDNAs (see Fig. 3).
A genomic restriction map was derived from both Southern blot
analysis of genomic DNA and mapping of the various clones.
Both the intensity and pattern of hybridization on Southern
blots was identical in normal males and in hybrids containing
only a single X, at both normal and reduced stringency; thus
all evidence is consistent with there being only a single copy of
the XIST locus located on the X chromosome. Transcribed
portions of the XIST gene were identified in ¢cDNA clones
isolated from two different cDNA libraries (see Fig. 3) and in
various RT-PCR products isolated from both female cell lines
and X;-containing hybrid lines.

Several alternatively spliced RNA products have been iden-
tified and are diagrammed in Figs 3 and 4. The complete nucleo-
tide sequence of the original cDNAs was determined, and all
novel RT-PCR products not represented in the original cDNA
clones (Fig. 3) were also sequenced. The sequences have been
compared with the genomic XIST sequence across each putative
splice junction (see Fig. 4). All putative donor and acceptor
splice sites agree completely with consensus splice site
sequences®>.

By using the RACE extension protocol® to identify 3’ poly(A)
tails on RT-PCR products, a number of differentially spliced
products were observed. The primary RACE product ended at
the poly(A) site marked A1 on the map in Fig. 4. A second, less
common product predicts the poly(A) site marked A2. The
orientation of the RACE products, as well as the nature of the
splice junctions, indicates the gene orientation shown in the
figures. In total, at least five different splice products have been
observed within this ~7-kb stretch of genomic DNA. This degree
of alternative splicing, if representative of the entire gene, would
explain the heterogeneous XIST RNA signal observed on north-
ern blots (Fig. 1). Knowledge of the full extent of alternative
splicing awaits isolation and analysis of the entire gene sequence,
which the northern blot data suggest is likely to be at least 10 kb
long.

Over 2.2kb of transcribed XIST sequence has been deter-
mined (Fig. 5). Multiple stop codons were detected in all six
reading frames and there were no sustained open reading frames
>~300bp in length for any of the predicted splice products
observed to date. Furthermore, none of the sequences scored
significantly in an algorithm designed to detect coding sequen-
ces™. It is likely, therefore, that the isolated portion of the XIST
gene corresponds largely to untranslated material. Given the
absence of an extended open reading frame, the fact that the
original cDNA clone was identified by immunoscreening with
anti-steroid sulphatase antibodies'® remains unexplained. The
entire sequence has been deposited in the GenBank/EMBL
Data Library (accession no. X56196-X56199); no sequences in
GenBank (August 1990 version), including steroid sulphatase
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or any other X-linked gene for which sequence is available,
show significant homology with any portion of the XIST
sequence.

Discussion
The X inactivation centre (XIC) is a locus required in cis for

human X chromosome, which contains the XIC?>?°, is also the
site of Barr-body condensation”’” and the site of a cytological
bend on X, chromosomes®. The region is homologous to a
region on the mouse X chromosome, also required for X
inactivation®*° and containing the Xce locus, alleles at which
affect the choice of X chromosome to be inactivated®'*?. The

an X chromosome to be inactivated'~. The Xq13 region of the close association of these various inactivation-related
FIG. 3 Genomic and cDNA map of the XIST gene.

The schematic drawings represent different tran- i _:,/\_

scribed products (I-V) from the XIST gene as /\_

recognized by analysis of cDNA clones or RT-PCR A

products. All products were X;-specific. Product |

is the 14A cDNA clone, and is consistent with the II —:::/\t‘/\—

RT-PCR products from primers 1> and 2« m/\:/\—

(primer pair B in Fig. 2¢); 1> and 3« (primer pair A

C); the lower product of 3 and 5« (primer pair _:-/\_

D); and the 900-bp product of 1 > and 5« (primer m

pair F). Product Il is colinear with product | except

for the addition of a 140-bp exon. This product ——

has been identified as cDNA clone 7A (see Fig. 1) -/\-

and is consistent with the RT-PCR products listed v

above, except that with primer pair D this product

is the upper, 380-bp product, and with primer pair

F it is the upper 1,040-bp product. Primer 4 is v = ey

located within this additional 140-bp exon, and the . b . ‘

observed 260-bp product from primers 3 and ; . - B n,__ wem - T T
4« (primer pair E of Fig. 2¢) is consistent with s 8 $8, % H B B S X XE XE XE s
this product. Use of the RACE 3’ extension protocol . e e o

with the 3> primer yielded a number of products, L tes 4 5 E E £

of which the two major products are consistent E E E

with the splices of products | and II, with a 3’
extension including a poly(A) tail. These products
are diagrammed below products | and Il. Product il was isolated as a cDNA
clone (pJR-c1) from a Stratagene human female fetal brain library (cat. no.
936206) by filter hybridization using 14A as probe. The 8A11 cDNA clone
is identical to pJR-c1 up to the position of the splice, at which point 8A11
ends. Product [il is also consistent with the RT-PCR products from primer
pairs B and C. Product IV has only been observed as the RT-PCR product
of 300 bp from the 1> and 5« primers (primer pair F of Fig. 2¢). Product
V has been identified as a minor product of the 3’ RACE extension from
primer 3. Below these various splice products is a diagram of the XIST
genomic DNA. This map is derived from Southern blotting of genomic DNA

Genomic Lambda Clones

A2 At

di d2 a3 a2 al
d3

Splice donor Splice acceptor Product
d! - ARG/gtatct al - ctitcacag/TIT v
d2 - TAG/gtgagc al - ctttcacag/TIT I
d2 - TAG/gtgage a2 - ttttectag/TCC 1
d3 - ARG/ gttigt al - ctttcacag/TIT 11
d2 - TR6/gtgagc a3 - tttttccag/GTR v
AG/gtaagt Py(e)ncag/N Consensus
genomic DNA CTTTCTGTAT GAATAAAACT TICTGTAAGC TAGGTATTGT CTCTAC
A1l
RACE cDNA CTITCTGTAT GAATARAACT TTCTGTAAGC TRGARAAAA ARRAARA
genomic DNA TGCTATIGTA AAATARRATA TACTGTTTTG ARRACTTTGT ATTTTGA
A2
RACE cDNR TGCTATTGTA AAATAAAATA TACTGTITIG RRARRARARA ARAAARA
42

and is consistent with the map of the cDNAs described above, and the two
genomic A phage diagrammed at the bottom of the figure. The a b, ¢ and
d above the transcribed portions of the XIST gene correspond to the
sequenced segments (Fig. 5). The genomic phage clones were isolated by
plague hybridization with the 14A clone of the Los Alamos flow-sorted
human X chromosome library LAOXNO1 (obtained from the NIH Probe and
Library Repository at the American Type Culture Collection, Rockville). The
primer locations are represented by open arrows (not to scale). The arrow
points in the direction in which the primer is 5’ to 3. S, Stul; B, Bglll; H,
Hindll; X, Xtal; E, EcoRl.

FIG. 4 Alternatively spliced ¢cDNA products, and sequence of the splice
junctions and poly(A) addition sites. g, The different splice junctions diagram-
med in Fig. 3 are summarized in this drawing of the XIST gene, and the
splice junctions are designated as donors (d1-d3) or acceptors (al-a3).
The alternate polyadenylation sites as determined by RACE 3’ extensions
are marked Al and A2. Al is a more abundant product than A2. b, The
sequence of the different splice junctions. The '/’ represents the splice site
as determined by comparing the genomic and ¢cDNA sequences. cDNA
sequences are indicated in upper case. Genomic sequences not represented
in cDNAs are indicated in lower case. All splice junctions agree with the
consensus splice sequence®? at the invariant bases (underfined), and gen-
erally agree at most of the favoured bases. The product designation refers
to the products diagrammed in Fig. 3. ¢, Sequence of genomic DNA and
cDNA before the polyadenylation sites Al and A2. For both sites there is
a potential polyadenylation signal (underlined) within 20 bp of the poly(A) tail.
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phenomena establishes the primary importance of this region
in X inactivation. As shown in the accompanying paper'®, the
XIST gene is located in the portion of band Xq13 common to
all structurally abnormal X; chromosomes, and is therefore
coincident with the XIC at the current level of mapping resol-
ution.

The novel expression of XIST, its absolute dependence on
X; chromosomes and its mapping to the region of the XIC are
strongly suggestive of some involvement in the X inactivation
process. As the mechanism of X inactivation is not known, the
role of the XIC and the potential involvement of XIST are
necessarily conjectural. The involvement could be primary, in
which case the XIST gene would be predicted to have a critical
function in X inactivation, or secondary, in which case its
expression might be determined as a result of other events
occurring nearby which result in X inactivation; nonetheless,
its X;-specific and, among normal individuals, female-specific
pattern of expression is novel among X-linked genes described
to date.

X chromosome inactivation was first hypothesized by Lyon’.
Much data have since accumulated supporting the theory that
most X-linked genes are stably transcriptionally inactivated early
in development; however, little is known either about the initi-

A 1 CGAATTCGGGATCAGGGCAAGCATTGTGGAGCGGTTCCTTATGCCAGGCTGCCATGTGAGA 60
+
61 TGATCCAAGI'\CCAAAA(‘}\AGGCCCTAGAC’i‘GCAGTAAM(’?CCAGAACTC}‘%AGTAGGGCA(‘S 120

* * + +

121 AAGGTGGAAGGCTCATATGG}\TAGAAGGCCCAAAGTATMGACAGATGG*TTGAGACTT(‘S 180

. + « M
181 AGACCCGAGGACTAAGATGGAAAGCCCATGTTCCAAGATAGATAGMGCCTCAGGCCTGA 240
. o * «
241 AACCAACAAAAGCCTm@GCmWQ@G@TmCCTGMTTGéACCGMGGCé 300
-

301 TGAGTTGGATGGAAGTCTCAAGGCTTGAGTTAGMGTCTTAAGACCTGG(’SACAGGACACI-& 360
- P ,

361  TGGAAGGCCTAAGAACTGAGACTTGTGACACAAGGCCAACGACCTAAGATTAGCCCAGGG 420

* + +
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«
=]
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+ t +
541 ATGACCCAGAACCCAGGAAGGATAGAAGCTTGAAGACCTGGGGAAATCCCAAGATGAGAA:\ €00
+ + * *
601 CCCTAAACCCTACCTCTT'I‘TCTATTGTT'I‘ACACTTCTTA(ETCTTAGATA';‘TTCCAGTTC% 660
* +
661 CCTGTTTATCTTTAAGCCTGATTCTTTTGAGATGTACTTTTTGATGTTGCCGGTTACCT% 720
e M « °

721 TAGATTGA(‘}\GTATTATGCCTGGGCCAGTCTTGAGCCAGCTTTAAATCACAGCTTTTAC(-) 780
. . .
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« x

901 GACATTCATATAGGTGATACTGTATTTCAGTCCTTTCTTTTGACCCCAGAAGCCCTAGAC 960
+ o + +
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1261 CTGTGCCAACGCTACTCCTGGGTTTAATACCCATCTCTAGGCTTARAGATGAGAGAACCT 1320
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1321 GGGACTGTTGAGCATGTTTAATACTTTCCTTGATTTTTTTCTTC lolLlATCTGGGAAé 1380
o * *

1381 TTGATTTARATGACTGATAATGTGTATGAAAGCACTGTAAAACATAAGAGAARAACCART 1440
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1441 TAGTGTATTGGCAATCATGCAGTTAACATTTGARAGTGCAGTGTAAATTTGAAGCATTAT 1500
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ation of inactivation at the XIC early in embryogenesis or about
the spreading of inactivation in cis along the length of the
chromosome. All X chromosomes in excess of one are inacti-
vated, suggesting that some signal prevents one X (the eventual
X,) from responding to a process which affects all unmarked
X chromosomes (the eventual X.s)*. It is reasonable to
hypothesize that this signal acts on the XIC, as the XIC is the
only region of the X which is required in cis for X inactivation
to occur'®?*%, This signal would be responsible for blocking
the marked X chromosome from responding to the develop-
mental signal for inactivation®®**"*,

If XIST expression has a primary role in X inactivation, then
the hypothesized signal may interact directly with the XIST
locus, thereby preventing its expression from active X chromo-
somes. Given the cis-limited nature of X inactivation®,
expressed products from the XIST gene on the X; would be
required to act in a similar cis-limited manner, if this gene is
involved in X inactivation. One possibility may be that the XIST
product is a cis-acting RNA molecule, perhaps involved struc-
turally in formation of the heterochromatic Barr body. It is
known, however, that at least some of the XIST RNA is poly-
adenylated (Fig. 1d), which would be more suggestive of a
translatable mRNA. If XIST is a protein-encoding gene, its

-10 ttttt

ACC AAAGAGCTAGTATGA ARTGAAGTAATAGATGTGAGATCC 50
+ +

51 AGACCGAAAGTCACTTAAT*‘CAGCTTGCG)-\ATGTGCTTTéTAAAﬂATmGCACTTGTA 110
* + o +

111 ARTGAAAAATTTGATGCTTTCTGTATGAATAAAACTTTCTGTAAGCTAGA (o) 160
] o + o ° +

C -10 attttcctagTCCATCCCTCATGAAAAATGACTGACCACTGCTGGGCAGCAGGAGGGATG 50
+ o +

51 /‘:\TGACCAAC’I‘I.\ATTC CCAAACCCCAGTCTCATTGGTACCAGCCTTGGGGAACCACCTACA 110
+ *

111 CTTGAGCCACAATTGGTTTTGAAGTGCATTTACAAGGtttgtctat 156
o +

d 0 CetttcacagTTTCTGECATCACTACCACTACTGATTAAACAAGAATAAGAGRACATTTT 50
o * +

51 ATCATCATCTGCTTTATTCACATAAATGAAGTTGTGATGAATAAATCTGCTTTTATGCAG 110
+ o + + o

111 I:\CACAAGGMTTAAGTGGCTTCGTCATTGTéCTTCTACCT(’IAAAGATAATTTATTCCAAA 170
© +

171 AGCTAAGATARATGGAAGACTCTTGAACTTGTGAACTGATGTGAAATGCAGAATCTCTTT 230
* o + * [}

231 TGAGTCTTTGCTGTTTGGAAGATTGAAAAATATTGTTCAGCATGGGTGACCACCAGAAAG 290
* o +

291 'i"AATCTTAAGCCATCTAGATGTCACAATTGAAACAAACTGGGGAGTTGGTTGCTATTGTA 350
* * * + +

351  AAATAARATATACTGTTTTGAAA () 373
*

*

FIG. 5 Nucleotide sequence of transcribed portions of the XI/ST gene. Seg-
ments &, b, ¢ and d correspond to the regions of the gene indicated in Fig.
3. In all sections, stop codons in the three forward reading frames are
indicated by *, +, and 0. Each reading frame is interrupted many times. g,
This 1,614-bp segment is colinear with genomic DNA and corresponds to
sequences determined from the 14A and 8A11 cDNA clones and various
RT-PCR products diagrammed in Fig. 3. The EcoRl restriction sites at the
beginning and end (underlined) were introduced during construction of the
placental cDNA library from which 14A and 8A11 were isolated®. They do
not appear in genomic DNA at these positions. The arrows correspond to
the d1 and d2 alternative splicing points as diagrammed in Fig. 4. b, This
160-bp segment corresponds to a transcribed region observed in splice
product V (see Figs 3 and 4). Adjacent genomic sequence not observed in
RT-PCR products is indicated in lower-case. ¢, This 146-bp segment corre-
sponds to a transcribed region observed in splice product Il (see Figs 3 and
4). Adjacent genomic sequence is indicated in lower-case. d This 373-bp
segment corresponds to the 3’ transcribed region observed adjacent to the
major polyadenylation site in splice products | and Il {(see Figs 3 and 4). The
adjacent genomic sequence is indicated in lower-case.

METHODS. All nucleotide sequences were determined manually on double-
stranded templates using a modification*° of the dideoxynucleotide termina-
tion method or automatically using an Applied Biosystems AB1370A fluores-
cent sequencer, as described by Gibbs et al**.
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involvement in a cis-limited function is more difficult to ex-
plain. Its mRNA would have to leave the nucleus to be trans-
lated on cytoplasmic ribosomes. Upon return of the XIST
protein to the nucleus, such a product would be required
to distinguish between X, and X; chromosomes, including,
possibly, distinguishing between different copies of the XIC
and/or different copies of the XIST gene itself. Presumably,
the protein-encoding capacity (or incapacity) of the XIST gene
will become apparent once the complete gene is isolated and
sequenced.

A number of models would be consistent with a primary role
for XIST in X chromosome inactivation. First, the XIST prod-
uct could be the molecule which acts in cis to cause X inactiva-
tion; second, XIST could be the XIC site which acts in conjunc-
tion with a different product to cause inactivation; or third, the
XIST product could act upon the XIC, which would then
produce or interact with the inactivating molecule(s). It is also
possible that XIST is not the primary target of the developmental
signal, but that an exogenous, developmentally regulated
molecule interacts at the XIC to cause X inactivation, secon-
darily resulting in the expression of XIST from X; chromosomes.
In any case, the final result of X inactivation is that a cis-limited
signal inactivates most genes on the X;, although there are an
increasing number of genes described on both the short and
long arms of the X that escape X inactivation and thus do not
receive a signal, do not respond to the signal, or cannot maintain
their inactive state®!%'4-17,

Examination of these and other possibilities concerning the
XIST gene would be aided by experiments of two kinds. First,
it will be critical to evaluate the expression of XIST in early
development, at the time X inactivation occurs. Presumably, for

XIST to have a role in X inactivation its expression must be
modified in some critical way at the time of X inactivation.
Second, it will be important to extend these observations to
other species, most particularly to mouse, which offers a much
more tractable system for developmental studies. Both genomic
and cDNA XIST sequences are conserved at the level of DNA
hybridization in a number of other mammalian species (includ-
ing dog, cat, rabbit and cow and, at somewhat reduced strin-
gency, mouse) (data not shown). If XIST expression is impor-
tantin X inactivation, one would predict that homologous mouse
sequences (Xist) should map to the homologous location on
the mouse X chromosome>*>°, near the Xce locus, and should
show the same pattern of X;-restricted expression. The isolation
of the homologous mouse gene would also allow for comparison
of Xist expression and structure in strains carrying different
alleles at the Xce locus.

Apart from its potential primary role in the X inactivation
process itself, the XIST gene displays two novel properties,
both of which are of considerable interest in their own right.
First, expression is limited to inactive X chromosomes; even if
XIST is not directly related to the XIC locus, it is thus strongly
influenced by X inactivation and likely to provide an important
molecular marker for X inactivation and an experimental foot-
hold in the region. Second, expression of XIST, at least in the
portion of the gene isolated to date, is normally female-specific.
Identification of a potential gene product would be significant
for examining developmental differences between the sexes and
for analysing the potential effect of this gene’s inappropriate
expression in individuals with abnormalities in sex chromosome
constitution, for example in Turner syndrome (45, X) and
Klinefelter syndrome (47, XXY). OJ
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