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Summary 

X chromosome inactivation in mammalian females re- 
sults in the cis-limited transcriptional inactivity of most 
of the genes on one X chromosome. The X/ST gene 
is unique among X-linked genes in being expressed 
exclusively from the inactive X chromosome. Human 
XIST cDNAs containing at least eight exons and total- 
ing 17 kb have been isolated and sequenced within the 
region on the X chromosome known to contain the X 
inactivation center. The X/ST gene includes several 
tandem repeats, the most 5’ of which are evolutlonarily 
conserved. The gene does not contain any significant 
conserved ORFs and thus does not appear to encode 
a protein, suggesting that X/ST may function as a 
structural RNA within the nucleus. Consistent with 
this, fluorescence in situ hybridization experiments 
demonstrate localization of X/ST RNA within the nu- 
cleus to a position indistinguishable from the X lnacti- 
vation-associated Barr body. 

Introduction 

X inactivation occurs early in mammalian development 
to transcriptionally silence one of the pair of X chromo- 
somes in females, thereby achieving dosage equivalence 
with males (Lyon, 1961). The X inactivation process is a 
unique cis-limited regulatory event that affects nearly an 
entire chromosome and that can be envisaged as involving 
three components, initiation, promulgation, and mainte- 
nance (Brown and Willard, 1992; Gartler and Riggs, 1983; 
Grant and Chapman, 1988). The initial choice of chromo- 
some to be inactivated is random (Lyon, 1961); however, 
in individuals with multiple X chromosomes, all X chromo- 
somes in excess of one are inactivated (Grumbach et al., 
1963), arguing that the initiation event in X inactivation is 
a marking of the single X that is to remain active, rendering 
it unavailable or unresponsive to the X inactivation signal 
(Gamer and Riggs, 1983; McBurney, 1988; Rastan and 
Robertson, 1985). Because of its chromosomal nature, 
inactivation likely requires a spreading step that results in 
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the cis-limited transcriptional inactivation of most, but not 
all, genes on the unmarked X chromosome. Finally, once 
an X has been inactivated, it must be stably maintained in 
the inactive state throughout somatic cell divisions. DNA 
methylation at the CpG-rich islands of some X-linked 
genes has been implicated in this maintenance step (Cat- 
tanach, 1975; Gartler and Riggs, 1983; Riggs, 1990a). 

A number of sites and factors are undoubtedly involved 
in each of these steps, including a region on the proximal 
long arm of the X chromosome, called the X inactivation 
center (X/C), which is required in cis for inactivation of 
that chromosome (Russell, 1963; Lyon, 1971; Cattanach, 
1975; Mattei et al., 1981; Brown et al., 1991a). This same 
region is further implicated in the processes of X inactiva- 
tion as the site of condensation of the Barr body (Therman 
et al., 1974) the heterochromatic region found at the pe- 
riphery of the nucleus that corresponds to the inactive X 
chromosome (Barr and Carr, 1962; Daly et al., 1977). The 
X/C could plausibly be involved in initiation, promulgation, 
and/or maintenance of X inactivation. The homologous Xic 
region on the mouse X chromosome (Rastan, 1983; Keer 
et al., 1990) has also been described to be the location of 
a locus (Xce), alleles of which determine the probability of 
an X chromosome being subject to X inactivation (Catta- 
nach et al., 1969; Johnston and Cattanach, 1981) sug- 
gesting an involvement of X/C/xc in at least the initiation 
step of X inactivation. 

Werecentlydescribed agene,X/ST, that mapsto theX/C 
region (Brown et al., 1991 b). In contrast with the majority 
of X-linked genes, which are believed to be subject to X 
inactivation and expressed only from the active X chromo- 
some (Lyon, 1962; Brown and Willard, 1992), and in con- 
trast with the growing number of genes that have been 
described that escape X inactivation and are therefore 
expressed from both the active and inactive X chromo- 
some (Mohandas et al., 1977; Goodfellow et al., 1984; 
Schneider-Gadicke et al., 1989; Brown and Willard, 1989; 
Fisher et al., 1990; Franc0 et al., 1991; Yen et al., 1992), 
X/ST is expressed only from the inactive X chromosome 
(Brown et al., 1991 b). The mouse Xist gene has also been 
identified and is similarly expressed only from the inactive 
X chromosome and maps to the Xic region (Borsani et 
al., 1991; Brockdorff et al., 1991). The unique pattern of 
expression of X/ST and its localization to a key region for 
X inactivation in both human and mouse suggest that it is 
either involved in, or directly influenced by, the process of 
X inactivation. 

We have now isolated and sequenced 17 kb of XIST 
cDNA within eight different exons. Expression of all por- 
tions of the gene remains specific to the inactive X; among 
karyotypically normal individuals, XlSTexpression is, there- 
fore, detected only in females. The lack of any extended 
conserved open reading frames (ORFs) within the se- 
quence, as well as the nuclear localization of the majority 
of the transcripts, suggests that X/ST may function as a 
structural RNA within the nucleus. 
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Figure 1. Organization of the X/ST Gene 

(A) A consensus cDNA contig was derived from the over 70 cDNA clones shown at the top of the figure. The complete cDNA extends almost 17 
kb and spans eight exons with additional internal alternative splice junctions (dotted vertical lines within the consensus). Previously published 
sequences (Brown et al., 1991 b) are stippled (a-d), and previously described alternative splice donor sites are marked dl and d2. The clones shown 
represent only the X/ST portion of the coligated cDNA clones, and the scale prohibits visualizing some of the alternative splices summarized in (C). 
(6) A restriction enzyme map for the genomic region containing the X/ST exons was derived from analysis of genomic DNA and genomic clones 
from the region. The enzymes shown: E, EcoRI; H, Hindlll; B, Bglll; Ba., BamHI; X, Xbal. The lower genomic clone is a cosmid that extends further 3’. 
(C)A summary of the alternative splicing events that have been observed, showing splicing events observed in cDNA clones with thicker lines, while 
the thinner lines indicate events observed only by RT-PCR analysis. The exons are numbered from the 5’end. A(n) denotes polyadenylation sites. 
Exon 4 was observed in 9 of 11 clones (82%) that extended through the region, while exon 6i was present in 4 of 8 clones (50%) within that region. 
An alternative splice within exon 6, which results in the utilization of exons 7 and/or 8 (Brown et al., 1991 b), was observed in clones from both heart 
and brain cDNA libraries. 
(D) Sequence of the splice junctions is listed along with the size of the eight exons. nd, the intron sequence adjacent to exon 6 has not been 
determined. Number sign, the size of exon 8 is given; if the 8i splice is used, the exon is 56 bp shorter. Carat, the intron given here is transcribed 
if exon 5 splices to the beginning of exon 6. Asterisk, the sequence of exons 7 and 8 was previously published as XlSTc and XISTd, respectively 
(Brown et al., 1991b). Exon 8 has been extended by 5 bp in the 3’ direction (see Experimental Procedures). The previously published alternative 
splice sites that are now within exon 6 (see [Cl) are not included; however, the splice between exons 7 and 8 is included. 
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Results 

XIST Transcripts Are 17 kb in Length and Are 
Alternatively Spliced 
Over 70 cDNA clones were isolated from female cDNA 
libraries using successive 5’ ends of previously identified 
cDNAclones(Brown et al., 1991 b)aswellasgenomic DNA 
fragments. These clones were arranged into the contig 
shown in Figure 1A by sequence alignment, polymerase 
chain reaction (PCR) analysis, and restriction mapping 
(see Experimental Procedures), yielding a consensus 
cDNA of 17 kb. In addition, overlapping genomic phage 
and cosmid clones were isolated, yielding the restriction 
map shown in Figure 1B. There were no restriction site 
differences observed between the genomic phage map 
and the map from human male or female DNA or from 
human-rodent somatic cell hybrids retaining the active or 
inactive human X chromosome (data not shown). 

The presence of multiple alternative splicing events was 
observed in both cDNAclones and by reverse transcription 
PCR (RT-PCR) analysis, extending the limited data pre- 
sented previously (Brown et al., 1991 b). Multiple cDNA 
clones were isolated that excluded exons 4 or 6i (Figure 
1). These and additional alternative splices were also de- 
tected by RT-PCR analysis (see Figure 2; data not shown) 
and are summarized in Figure 1C. The precise location of 
exons in the cDNA was determined by the lack of continuity 
between genomic DNA and cDNAs as demonstrated by 
PCR and sequence analysis, as well as by the location 
of alternative splices in different cDNA clones. All splice 
junctions (Figure 1 D) closely match the consensus splice 
junction sequences for vertebrates (Shapiro and Senapa- 
thy, 1987) corroborating our assignment of the 5’ to 3’ 
orientation of the XlSTgene based on polyadenylation and 
strand-specific reverse transcription (data not shown). 
Two of the exons are unusually large, - 11 kb (exon 1) and 
- 4.5 kb (exon 6). The remaining exons range from 64 bp to 
372 bp in length, within the reported size range for typical 
exons (Blake, 1983). 

X/ST Is Expressed Exclusively from the Inactive 
X Chromosome 
Expression of XlSTfrom the active and inactive X chromo- 
some was analyzed using RT-PCR analysis with oligonu- 
cleotide primer pairs designed along the length of the 
gene. For these analyses, cDNA from normal male and 
female lymphoblastoid cell lines was PCR amplified with 
primers for the X-linked M/C2 gene (a control gene pre- 
viously shown to escape X inactivation; Goodfellow et al., 
1984) or with a series of primers for the X/ST gene. The 
M/C2 primers amplified product from both male and fe- 
male cDNA, whereas X/ST primers amplified product only 
from cDNA derived from female RNA (Figure 2). Similarly, 
human-specific X/ST primer pairs amplified product only 
from inactive X-containing hybrids (data not shown). The 
inactive X-specific expression and alternative splicing are 
consistent with Northern blot analyses that show hybrid- 
ization to a large, heterogeneous transcript only in RNAs 
from cells containing an inactive X chromosome (data not 
shown; Brown et al., 1991 b). The expression of X/ST RNA 
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Figure 2. Inactive X-Specific Expression of X/ST Demonstrated by RT- 
PCR Analysis 

PCR amplification of cDNA derived from RNA from male and female 
lymphoblastoid cell lines with primers: A, MIC2; 6, 6 + 7r; C, 6 + 1 ir; 
D, 11 + 13r; E, 1 + 3r; F, 14 + 15r; G, 3 + 16r (sequence given in 
Experimental Procedures). The size standard indicated to the right is 
a series of (n x 123) bp DNA markers. More than one band is observed 
in lanes C and G as a result of alternative splicing. 

exclusively from the inactive X chromosome is further sup- 
ported by fluorescence in situ hybridization experiments 
(see Figure 7). 

Complete Sequence of the X/ST cDNA 
A consensus sequence of 16,481 bp was assembled by 
contig analysis of sequences from 67 of the X/ST cDNA 
clones (Figure 3). Approximately 1.8 kb of this sequence 
has been previously reported (Brown et al., 1991 b) along 
with the sequence of exons 7 and 8 (146 bp and 377 bp, 
respectively). Combining the sequence shown in Figure 3 
with that of exons 7 and 8, the complete X/ST sequence 
spans 17,004 bp. Comparisons of the complete X/ST se- 
quence with sequences in GenBank (V.71) revealed no 
significant sequence similarities, except for the region be- 
tween position +5225 and +5300 that contains a portion 
of an Alu family repeat (Deininger, 1989) (Figure 3). 

Three complementary approaches were used to deter- 
mine the region of transcription initiation. First, the 5’rapid 
amplification of cDNA ends (RACE) protocol (Frohman et 
al., 1988) was used with primers 29r and 20r (Figure 48). 
A broad band, containing multiple X/ST-hybridizing products 
of -250-500 bp, was Observed after amplification with 
primer29r, suggesting heterogeneity in the site of initiation 
within the region between positions +l and +250. Primer 
20r amplified products of approximately 700 bp, indicating 
other transcription start sites slightly more 3’ than those 
identified with primer 29r. In both cases, RACE was only 
observed with female and not male RNA (Figure 48). 

Second, to localize the 5’-most transcription start, prim- 
ers were created from sequences located in the region 500 
bp upstream of primer 29r and analyzed for their ability to 
amplify cDNA in conjunction with a primer from within the 
cDNA sequence. As shown in Figure 4, primer 30 was able 
to amplify cDNAfrom inactive X-containing cell lines, while 
the more 5’ primer 31 was unable to amplify cDNA signifi- 
cantly. These data suggest that transcription initiates in 
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Figure 3. Nucleotide Sequence of the Human X/ST Gene 

The sequence of 16,461 bp of X/ST cDNA is given, The two regions of tandem repeats discussed in the text are indicated by stippled arrows. SpliCe 

junctions between different exons (see Figure 1) are indicated by a branched tree, while sites that are only splice donors or acceptors are marked 
by the right or left branches of the tree, respectively. The previously described polyadenylation signal is underlined by a double line and followed 
by A(n) at the polyadenylation site. A region homologous to a portion of the human Alu repeat consensus is underlined by a single line. 
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Figure 4. Analysis of the XlSTTranscriptional 
Start Sites 

(A) A schemattc diagram of the 5’ end of the 
XlSTgene showing the location of the primers 
used in (B) and (C), as well as methylation- 
sensitive restriction enzyme sites discussed in 
the text. 

30-29r 

31-29r 

(B) Southern blot of a 5’ RACE analysis of RNA 
from male and female lymphoblasts using the 
29r and 20r primers and hybridized with a 
probe from the 5’ end of the X/ST gene. Size 
markers are shown to the left of the figure. 
(C) Primers derived from genomic sequence 
(30 and 31) and cDNA sequence (20r and 29r) 
were used in the combinations shown at the 
right to amplify genomic DNA or total RNA with 
(plus) or without (minus) reverse transcription. 
The genomic DNA was derived from a normal 
female cell line, while RNAs were from normal 
male and female lymphoblasts, somatic cell hy- 
brids retaining the active (X.) or inactive (X,) 
human X chromosome, a 49,XXXXY lympho- 
blast line (4XY). a 49,XxXxX lymphoblast line 
(5X), and the parental mouse line for the so- 
matic cell hybrids (Mu). The blank control reac- 
tions (Blank) contained all PCR components 
except template to control for contamination. 
Since this region of the X/ST gene does not 
contain any introns, cDNA products are colin- 
ear with genomic DNA, and RT-PCR reactions 
were compared with ones performed in the ab- 
sence of reverse transcriptase as a control for 
possible DNA contamination of the initial RNA 
(lanes marked minus). PGK7 primers were 
used as a control to demonstrate the presence 
of amplifiable cDNA in the male and active 
X-containing somatic cell hybrids (data not 
shown). 
(D) The sequence of the Send of human X/ST 
is shown aligned with the sequence of the most 
5’ mouse Xist cDNA clone that we have identt- 
fied (see Experimental Procedures). Primer 30 
is marked. Mouse/human base pair identities 
are indicated by a hash mark between the hu- 
man (upper) and mouse (lower) sequences. 

D 
primer 30 , 

Human 25 

Mouse 1 

TTCGCTGCTGCAGCCATATTTCTTACTCTCTCGGGGCTGGAAGCTTCCTGACTGAA 80 
IllI l l l l l l l III I I II II II II IIIII I 

CGGCTTGCTCCAGCCATGTTTGCTCGTTTCCCGTGGATGTGCGGTTCTTCCGT--- 53 

Human 81 

nouse 54 

GATCTCTCTGCACTTGGGGTTCTTTCTAG-AACATTTTCTAGTCCCCCAACACCCT 135 
I I IIIII II I II III1 I lllllIII III1 III1 II II 
GGTTTCTCTCCATCTAAGGAGCTTTGGGGGAACATTTT-TAGTTCCCCTACCACCA 108 

Human 138 

House 109 

TTATGGCGTATTTCTTTAAAAAAATC-ACCTAAATTCCATAAAATATTTTTTTAAA 190 
II IIIII III1 I I III IIII I II III 

AGCCTTATGGCTTATTTAAGAAACATATCAAAACTCCACGAGATTTTTGACGTTT 164 

Human 191 

House 165 

TTCTATACTTTCTCCTAGTGTCTTC-TTGACACGTCCTCCATATTTTTTTAAAGAA 245 
I III I I I I II Illlll lllIIIIIll Illll I 
TGATATGTTCTGGTAAGATTTTTTTTTTGACATGTCCTCCATACTTTTTGA----- 215 

Human 246 AGTATTTGGAATATTTTGAGGCAATTTTTAATATTTAAGGAATTTTTCTTTGGAAT 301 

House 216 
IIIIII IIlllllI II IIIIIlII II lllllIIIII lIllIIll I 

--TATTTGTAATATTTTCAGTCAATTTTTCATTTTTAAGGAATATTTCTTTGTTGT 269 
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Figure 5. Dot Plot Comparison between the Human X/ST and Mouse Xist cDNA Sequences 

The human X/ST sequence (horizontal) is compared with the mouse Xist sequence with 16 of 21 identical base pairs resulting in a dot (dot plot 
program; Devereux et al., 1964). The line diagram at the top of the comparison shows a number of the features of the human XlSTgene described 
in the text. There are two tandem repeat regions marked as solid bars. The 14 longest ORFs of the gene are shown as numbered arrows. ORF4 
is shaded to indicate its high positive GRAIL score that indicates likely protein-coding potential. 

the region between the 5’ end of primer 31 (designated 
position +l in the sequence contig; see Figure 3) and the 
3’end of primer 30 (position +52), although it does not rule 
out the possibility that a number of other (minor) start sites 
could exist further 5’ or 3’ of this region. 

Third, RNAase protection experiments revealed a major 
transcriptional start at position +40 (B. D. H., unpublished 
data). This is consistent with the fact that a primer span- 
ning position +40 and a primer located downstream of this 
site are able to amplify cDNA well (primers 30 and 33, 
respectively; Figure 4; data not shown), while a primer 
located upstream of +40 (primer 31; Figure 4) cannot am- 
plify cDNA significantly. 

Thus, in combination, the three approaches identify a 
series of transcription start sites at the 5’ end of the X/ST 
cDNA sequence. The localization of transcriptional start 
site(s) between positions +l and +40 also corresponds 
well with the 5’ end of a mouse Xist cDNA clone isolated 
by screening a mouse cDNA library with the 5’-most cDNA 

probe from the human gene (see Experimental Procedures). 
The alignment of the 5’ end of the human and mouse se- 
quences is shown in Figure 4D. Despite local sequence 
conservation between the two genes of up to - 80%, over- 
all sequencesimilarity is limited (- 60%). Within the region 
of transcription initiation identified above (see also Brock- 
dorff et al., 1992 [this issue of Ce//)), there was no obvious 
strong interspecies conservation (Figure 40). 

Homology with the Mouse Xist Gene 
The complete cDNA sequences of the human (see Figure 
3; Brown et al., 1991 b) and mouse(Brockdorffet al., 1992; 
Borsani et al., 1991) genes were compared to identify con- 
served regions or features. A dot plot comparison of the 
two sequences is presented in Figure 5. The stringency 
for the comparison shown was 76% sequence identity in 
sliding 21 bp windows. As shown in Figure 4 and by Brock- 
dorff et al. (1992) the two genes initiate transcription at 
approximately the same point and show detectable homol- 
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CONSENSUS TTTTTTTTTTTTTTTTCTTT;~CCA~CGGGGXTCGG ATACCTGC - .-.- 

Human Repeat 1 
Human Repeat 2 
Human Repeat 3 
Human Repeat 4 
Human Repeat 5 
Human Repeat 6 
Human Repeat 7 
Human Repeat 8 
Human Repeat 9 

TTCCAC.C.C....C.A.AT...............TG ........ ..G 48bp 
.. ..A..A...............A.......GT .......... 43bp 

C....AA..C......A..C.............G ........... 45bp 
... ..A.........C...A...........rA ............ 45bp 

TGATTCCCTTCCCC.C.GAACCCCCAACACTC.G...........TGA......T .... 59bp 
TTT..AAAAA....C....T..G............T ............ 48bp 

TT...........A.....C ........................... 47bp 
. ..AA.....G...T.C..............G ........... 43bp 

. ..GA............A.C.........T..T. TTT..GGA. .A 45bp 

Mouse Repeat 1 TTCT..CA..G...A.A.A.TC...............A ........ ..T 49bp 
Mouse Repeat 2 GTG.CC.CCCCGCCA..C.A.......A.....rT.T......T.A. 47bp 
Mouse Repeat 3 CTGCCTTTTCATTCTTTTTTTTTTTCTTA..A ....... ..C.AAAC.........T....TGT .......... 74bp 
Mouse Repeat 4 TTTTA..C.......C..C.C...A.............AT .......... 50bp 
Mouse Repeat 5 TTTTTGT-CC.....CG.T........A .............. 68bp 
Mouse Repeat 6 G...AG.C.......C.CA......A ................... 45bp 
Mouse Repeat 7 TGTTATTA.........C.....CT...............TGT .......... 53bp 
Mouse Repeat 8 T..AAA............ACG;....A......GCTT.G---- ..G 42bp 

Figure 6. Alignment of Tandem Repeats within the X/ST Gene 

Human and mouse 5’tandem repeats are aligned, with the first human repeat beginning at base 347 of the X/ST cDNA and the first mouse repeat 
beginning at base 311 of the mouse Xist cDNA (see Figure 5). Repeats are listed 5’to 3’with no gaps between repeats. The consensus represents 
the most common base at that position. Boxes indicate two highly conserved 11 bp and 10 bp cores within the overall total repeat. 

ogy over much of their length, although the human se- 
quence extends significantly further 3’ than the mouse 
sequence (as human exons 7 and 8 have no detected 
counterparts in mouse). Within the gene, homology be- 
tween human and mouse is interrupted multiple times both 
by blocks of sequence present in the human but not found 
in the mouse and by sequences present in the mouse but 
not in the human cDNAs, some of which are coincident 
with the junctions between exons. Although extended ho- 
mology between the two genes is obvious, it should be 
emphasized that extensive gapping was required to main- 
tain alignment of the two sequences. This finding suggests 
that divergence of the XIST and Xist sequences has not 
been constrained by a requirement for rigid maintenance 
of colinearity. 

Between positions +350 and +770 in the human se- 
quence there are blocks of strong sequence identity be- 
tween the two genes, corresponding to a series of nine 
43-59 bp direct repeats (aligned in Figure 6). Individual 
copies of the repeat vary from 43 to 59 bp in human and 
from 42 to 74 bp in mouse. Most of the length heterogeneity 
is due to variation within a T-rich stretch that lies between 
copies of a more homogeneous 25 bp GC-rich core region, 
within which two highly conserved 10 bp and 11 bp boxes 
are apparent (Figure 6). 

The human sequence between positions +6000 and 
+8300 contains a series of - 300 bp direct repeats (indi- 
cated in Figure 3) that are 70% homologous to a single, 
partial copy of the repeat in the mouse sequence (mouse 
positions 6300-6500; Brockdorff et al., 1992). The eight 
copies of this repeat (plus a portion of a ninth copy) are 
approximately 90% identical in sequence to each other. 
The two sequences show more consistent homology 3’ to 
these repeats, interrupted by short (150-200 bp) regions 
within the mouse sequence that have no corresponding 
sequence in humans. At human position +11,990 there is 
an insertion of 725 bp in the mouse sequence, coincident 
with the start of human exon 6. The RNA sequence in 

this region is very A poor and U rich. The genes show 
substantial similarity 3’to this region, as previously noted 
(Borsani et al., 1991). 

Assessment of Potential Coding Sequences within 
the X/ST Gene 
The initial characterization of the X/ST sequence sug- 
gested that the 3’-most 3 kb of sequence was untranslated 
(Brown et al., 1991 b). However, the previously described 
mouse Xist cDNA contained an almost 900 bp ORF at the 
5’end of that sequence (Borsani et al., 1991). To analyze 
the coding potential of the complete X/ST gene, the 14 
longest ORFs (those longer than 300 bp) have been ana- 
lyzed in detail (Table 1; see Figure 5). Although the tran- 
scriptional orientation of X/ST has been clearly established 
(by analysis of polyadenylation, consensus splice junc- 
tions, and reverse transcription with strand-specific prim- 
ers across the length of the gene), we analyzed ORFs on 
both strands, since it is possible that the X/ST gene may 
overlap one or more other genes transcribed in the oppo- 
site direction. The longest ORF identified is only 483 bp 
long, about 3% of the length of the complete cDNA se- 
quence. None of the ORFs extends through an entire X/ST 
exon. 

The complete X/ST sequence was analyzed by the 
GRAIL computer program, which is trained to identify pro- 
tein-coding regions in human DNA (Uberbacher and Mu- 
ral, 1991). Only two regions registered scores over 0.5, 
identified by the program as possible coding exons. One 
of these is ORF4 (see Figure 5), which registered a score 
greater than 0.5 for seven consecutive 10 bp shifts of a 
100 bp window, peaking with a score of 0.94 (excellent 
coding potential). The other GRAIL-positive region is a 
short (69 bp) ORF on the opposite strand to the X/ST se- 
quence; this ORF registered a marginal score and is not 
included in Table 1. 

Each ORF was analyzed for the presence of a suitable 
translation initiation sequence (Kozak, 1987) and com- 
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Table 1. Longest ORFs for the Human X/ST Gene 

ORF” Location Size (bp) Frame GRAIC 

Initiator Sequence” 

Site Sequence Score 
Mouse/Human” 
DNA Identity (W) 

1 177-501 324 1 None 71 
2 314-646 333 3 None 49 
3 1,842-2,256 417 3 None 34 
4 1,927-2,319 393 1 + 2098 TGCCATGG 0.85 45 
5 7,635-8,042 408 2 7635 ATAAATGT NS 48 

7926 AATAATGT 0.74 
6 9,567-9,998 432 2 - 9795 TGTCATGC 0.72 61 
7 11,938-12,267 330 3 - 11,938 ATGAATGT NS 57 

12,175 TTTCATGT 0.86 
8 12,147-12,548 402 2 12,147 CTAGATGT 0.72 45 

9 956-590 366 6 - 948 AGTTATGC 0.68 74 
10 7,138-6,754 384 5 7081 TGGGATGG 0.74 48 
11 73572-79185 387 5 7352 AGCTATGC 0.68 46 
12 7,951-7,468 483 6 7498 TTCCATGT 0.74 47 
13 13,083-12,720 363 6 13,041 TTCCATGT 0.74 47 
14 14,643-l 4,465 378 5 - None 58 

a The ORF column assigns a number to each of the 14 longest ORFs in the X/ST gene, based on their location from the 5’ end of the gene, with 
those ORFs (l-8) extending 5’+3’ listed first. Listed next are those ORFs (9-14) that extend from the 3’ end of the gene. 
b The GRAIL score is positive for the one ORF listed that was identified as being potentially protein coding by the GRAIL computer program 
(Uberbacher and Mural, 1991). 
c The initiator sequence column lists the location in the gene of the nearest initiator to the start of the ORF. The ATG is shown in bold. The scores 
for these consensus start sites are derived from the Geneid program (Guigo et al., 1992) with higher scores indicating greater confidence in the 
site. NS means that the site does not register, in which case the next potential start is also listed. 
d The homology of the sequence to the mouse sequence at the nucleic acid level was evaluated using the GAP program (Devereux et al., 1984); 
all ORFs except ORF8 included frame disruptive gaps to generate this homology. 

pared with the mouse Xist sequence (Brockdorff et al., 
1992). DNA sequence conservation within the ORFs is 
generally low, (50% for 10 of the 14 ORFs. This is also 
reflected in the dot plot of human/mouse sequences (see 
Figure 5) in that the ORFs are not located in the regions 
of maximal sequence conservation. Conceptual transla- 
tion of the ORFs in those cases where there was an over- 
lapping mouse ORF resulted in short predicted protein 
sequences with similarities that were usually lower than 
the nucleic acid similarities. While unidentified transcripts, 
either from developmental stages or tissues not analyzed, 
may encode a protein, the data are most consistent with 
the absence of any coding potential within the currently 
available 17 kb X/ST cDNA sequence. 

Subcellular Localization of X/ST Transcripts 
The subcellular location of the X/ST transcripts was ana- 
lyzed to assess whether X/ST was associated with the 
translational machinery in the cytoplasm. In contrast with 
actively translated X-linked genes such as fGK7 and 
RPS4X, our RT-PCR analyses of cDNA prepared from nu- 
clear and cytoplasmic fractions have shown X/ST RNA 
localized predominantly to the nucleus (data not shown). 

To attempt to localize X/ST RNA within the nucleus, fluo- 
rescence in situ hybridization analysis was performed us- 
ing a digoxygenin-labeled X/ST probe. A 9 kb genomic 
probe was hybridized to diploid female human fibroblasts 
(WI-36) and aneuploid human fibroblasts (47,XxX and 
49,XxXxX) under conditions that allow RNA but not DNA 
hybridization (see Experimental Procedures). Consistent 

with the subcellular fractionation experiments described 
above, hybridization signal clearly above background was 
predominantly nuclear, concentrating at a single subnu- 
clear location (Figure 7). Strikingly, these nuclear hybrid- 
ization signals were highly localized to a site correspond- 
ing precisely with the position of the heterochromatic Barr 
body (detected by DAPI staining) at the periphery of the 
nucleus (Figure 7). Since the Barr body specifically corre- 
sponds to the inactive X chromosome (Barr and Carr, 
1962) these data confirm the specific association of X/ST 
transcripts with inactive X chromosomes. In 46,Xx female 
cells, the two homologous X chromosomes are usually 
widely separated within the nucleus (Lawrence et al., 
1990; D. Wolff and H. F. W., unpublished data), and just 
one site of hybridization (coincident with the Barr body) 
was observed in over 97% of nuclei (Figures 7A, 7C, and 
7E), in contrast with an autosomal control gene (fibronec- 
tin) that consistently showed two signals (Figure 7K). 

In normal male cells (which have no inactive X chromo- 
some), no X/ST hybridization could be detected (data not 
shown). However, in aneuploid cells, in which the number 
of inactive X chromosomes is one less than the total num- 
ber of X chromosomes (Grumbach et al., 1963) the num- 
ber of labeled nuclear sites was always one less than the 
total numberof Xchromosomes. Thus, in situ hybridization 
showed X/ST transcripts localized at two nuclear sites in 
a 47,XxX cell line (- 91% of nuclei; Figures 7G and 7H) 
and at four sites in the 49,XXXXX cell line (63% of nuclei; 
Figures 71 and 7J). In both cell lines, these sites were 
consistently coincident with Barr bodies visualized by 
DAPI staining. 
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Figure 7. Fluorescence In Situ Hybridization of X/ST RNA within Nuclei of Normal and Aneuploid Fibroblasts 

Digoxigenin-labeled probes for X/ST RNA were hybridized in situ to nondenatured cells, and specific hybridization was detected with fluorescein- 
conjugated anti-digoxigenin antibody (green). Nuclei were stained with DAPI (blue). (A) shows a low magnification view of several WI-38 cells showing 
the consistent detection of a single site of concentrated X/ST RNA within each nucleus. Homogeneous fluorescence throughout the nucleus and 
cytoplasm is not appreciably above background levels observed in negative control samples. (B) shows DAPI staining of (A) ([A] and [B], 400x). 
(C) and (E) show higher magnification views ([Cl and [D], 1200 x ; [E] and IF], 1080 x ) of X/ST RNA signals within individual WI-38 nuclei, demonstra- 
ting that these colocalize with the condensed Barr body (arrows) evident by DAPI staining as shown in (D) and (F), respectively. Close examination 
of the X/ST RNA signal in (C) shows one region of more intense fluorescence and, in addition, a dimmer fluorescence broadly distributed over the 
Barr body. (G) and (I) show X/ST RNA distribution in the nucleus of 47,XxX cells and 49,XXXXX cells, respectively. The location of Barr bodies 
revealed by DAPI staining is apparent in (H) and (J). (K) shows detection of fibronectin RNA in the nucleus of WI-38 cells. Two signals are apparent, 
reflecting transcription from the two autosomal copies of the fibronectin gene ([Cl-[K], 1080x). 
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Discussion 

Much of the currently available information about mamma- 
lian X inactivation reflects the well-established chromo- 
somal nature of the phenomenon. The inactivex becomes 
heterochromatic, forming the Barr body in interphase nu- 
clei (Barr and Carr, 1962; Therman et al., 1974; Walker et 
al., 1991) late replicating in S phase (Morishma et al., 
1962; Willard and Latt, 1976), and methylated at the CpG 
islands associated with housekeeping genes that are sub- 
ject to inactivation (for review see Grant and Chapman, 
1966), in addition to expressingX/ST(Brown et al., 1991 b). 
Little is known about the actual mechanisms that result in 
the cis-limited inactivation of one of a pair of homologous 
chromosomes within the same nucleus. Thus, it is unclear 
which, if any, of the features mentioned above has a causal 
role in the inactivation process and which are secondary 
events resulting from the inactivation itself and/or required 
for maintenance of the inactive state (Riggs, 1990a; Brown 
and Willard, 1992). That X/ST, both in humans and in mice, 
is expressed only from the inactive Xchromosome and has 
been mapped genetically and physically to the smallest 
region defined for the localization of the X/C suggests that 
X/ST is tightly associated with the events of X inactivation 
(Brown et al., 1991a, 1991b; Borsani et al., 1991; Brock- 
dorff et al., 1991). 

Organization and Features of the X/ST Gene 
The 17 kb complete X/ST cDNA is one of the longest 
cDNAs described (cf. Koenig et al., 1967; Wallace et al., 
1990). Most of the length of the cDNA is derived from 
exons 1 and 6, which are 11.4 kb and 4.5 kb, respectively. 
The major transcriptional start site(s) has been localized 
to between positions +l and +40 by several independent 
procedures (Figure 4), consistent with similar data ob- 
tained for the mouse gene (Brockdorff et al., 1992). Char- 
acterization of the promoter in both human and mouse will 
be important for understanding the events involved in X 
inactivation, sinceexpressionofX/STclearlydistinguishes 
active and inactive X chromosomes. As posited by some 
modelsofX/STaction inX inactivation (see below), interac- 
tions at the X/ST promoter could be a critical determinant 
of whether an X becomes inactive or not. Preliminary DNA 
methylation analyses, using methylation-sensitive restric- 
tion enzymes, indicate that sites at the 5’ end of the gene 
are unmethylated on the inactive X but methylated on the 
active X in both human and mouse (B. D. f-l., unpublished 
data), consistent with the previously observed correlation 
between expression and methylation for X-linked house- 
keeping genes (for review see Grant and Chapman, 1966). 
However, a more thorough analysis of all potentially meth- 
ylated sites, using sequence-based assays (Pfeifer et al., 
1990; Frommer et al., 1992), will be necessary to deter- 
mine how extensively the 5’ end of the X/ST gene is hypo- 
methylated on inactive X chromosomes. 

The X/ST RNA size heterogeneity detected by Northern 
analysis (Brown et al., 1991b; data not shown) can be at 
least partially explained by extensive alternative splicing 
in addition to heterogeneity of the 3’ and 5’ ends. Our 
analysis is necessarily limited to the length of products 

generated by reverse transcriptase (both for creation of 
cDNA libraries and for the FIT-PCR analysis) so that the 
entire 17 kb RNA is never analyzed at one time. While 
most of the alternative splices have been seen in different 
libraries and in different tissues by RT-PCR, the possibility 
of tissue-specific or novel splicing patterns during develop- 
ment cannot be excluded. 

The significance of alternative splicing in the XlSTgene 
is unclear, especially since extensive alternative splicing 
has not been detected for the mouse gene (Brockdorff et 
al., 1992). It is possible that, other similarities between the 
human and mouse genes aside, the specific sequence of 
final XlSTor X/St transcripts is not under rigorous selective 
pressure. 

Does X/ST Encode a Protein? 
To analyze the possible function of the X/ST gene, 17 kb 
of X/ST cDNA has been sequenced. Within this 17 kb of 
cDNA, the longest potential ORF is less than 500 bp. Anal- 
ysis of the longest ORFs in the cDNA does not support a 
clear candidate for an X/ST protein. The most convincing 
protein-coding region is ORF4, which spans 393 bp within 
the large first exon and scores well on computer analysis 
with the GRAIL program, which correctly predicts coding 
potential 94% of the time for other sequences with scores 
comparable to this ORF (Uberbacher and Mural, 1991). 
Further, ORF4 is associated with a strong Kozak initiation 
sequence (Kozak, 1967). However, this sequence is not 
well conserved in mouse (with both base changes and 
insertions/deletions), arguing against its coding potential 
and/or its critical involvement in X inactivation. While it 
is conceivable that the human and mouse genes have 
diverged widely, it seems inexplicable why a 17 kb mes- 
senger RNA (mRNA) would be required to encode a rela- 
tively short X/ST peptide. 

The data presented here and by Brockdorff et al. (1992) 
are reminiscent of studies on the H79 gene, a genetically 
imprinted autosomal locus expressed, like X/ST, from only 
one of the two copies of the gene in each cell (Bartolomei 
et al., 1991). Also like X/ST/Xist, the human and murine 
H19 genes do not share an ORF, suggesting that the H19 
product may function as an RNA (Brannan et al., 1990). 
The H79 transcripts are also spliced and polyadenylated 
but appear to be transported out of the nucleus and be- 
come associated with a cytoplasmic particle (Brannan et 
al., 1990). In contrast, the bulk of X/ST RNA appears to 
be located in the nucleus (Figure 7), providing additional 
evidence that X/ST may not be translated. Nonetheless, it 
is possible that X/ST is only translated at a specific devel- 
opmental time period (e.g., at the blastocyst stage when X 
inactivation is believed to occur) or only in specific tissues. 

Fluorescence in situ analysis indicated that the bulk of 
the X/ST transcripts are confined to the nucleus, notably 
localized to the region of the Barr body (Figure 7). It has 
been observed for several other genes that the number of 
sites at which the RNA accumulates within the nucleus 
correlates with the number of actively transcribed genes 
(Lawrence et al., 1969; Y. X., C. V. Johnson, P. Dobner, 
and J. L., unpublished data; Coleman and Lawrence, 
1991). The number of sites of X/ST RNA accumulation 
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correlates with the number of inactive X chromosomes (0 
for 46,XY cells; 1 for 46,Xx cells; 2 for 47,XxX cells; and 
4 for 49,XxXxX cells). It has been directly demonstrated 
that both the transcription and splicing of the RNA occurs 
within the highly concentrated RNA focus or track (Y. X., 
C. V. Johnson, P. Dobner, and J. L., unpublished data). 
Hence, the experiments described here do not formally 
distinguish between X/ST RNA at the site of transcription 
or, possibly, X/ST RNA at a site of deposition. However, 
since the X/ST transcripts are relatively stable within the 
nucleus (at least in vitro), may not code for protein, and 
appear to localize over a broader region of the inactive X 
than the concentrated transcriptional focus (Figure 7) we 
favor the suggestion that XlSTtranscripts, after synthesis 
and processing, may become stably associated with the 
Barr body. However, further analysis will be required to 
confirm this and to clarify whether X/ST RNA is associated 
with the entire inactive X chromosome or whether it is 
confined to a particular region on the X, perhaps the X/ST 
locus itself (acting in a potentially autoregulatory fashion), 
and/or elsewhere within the critical X/C region. Future ex- 
periments will be required to examine the detailed distribu- 
tion of X/ST RNA and to compare it in the same cells with 
other RNAs produced from other transcriptionally active 
genes, especially including those X-linked genes that es- 
cape inactivation and are transcribed from both active and 
inactive X chromosomes. 

Implications of Repeated Regions within 
the X/ST Gene 
All X chromosomes in excess of one in a cell are inacti- 
vated, which suggests that a developmental event marks 
one X (presumably at the X/C/Xic) to remain active, all 
others becoming inactivated subsequently. This model 
predicts an absolute requirement for the existence of two 
copies of the X/C/Xic for X inactivation to occur, as docu- 
mented experimentally in mouse (Rastan and Robertson, 
1985). Suggestions for this marking event include interac- 
tions with a single nuclear attachment site (Comings, 
1967) or an activator molecule produced in a limited fash- 
ion that binds in a highly cooperative manner to multiple 
binding sites (Gartler and Riggs, 1983; McBurney, 1988; 
Riggs, 1990a). 

A repeat region at the XIC/Xic would be a good candidate 
for such a binding site, and thus it is particularly notable 
that the human and mouse X/ST genes contain a number 
of internally repetitive regions. The 5’ 43-59 bp repeats 
are well conserved between species (Figure 8) and there- 
fore may represent the best candidates for a role in X 
inactivation. Two 10 bp and 11 bp conserved core regions 
have been detected within these repeats and could repre- 
sent binding sites for a DNA-or RNA-binding protein. Other 
repeated regions in X/ST/Xist are very poorly conserved in 
number and/or sequence. It has been suggested that the 
behavior of different alleles at the Xce locus in mouse, 
which determine the probability that an X chromosome 
carrying that allele will be active or inactive (Cattanach et 
al., 1969), reflects differences in binding of an activator 
molecule (Riggs, 199Oa). Since the expression of Xist ap- 
pears to be inversely correlated with the strength of partic- 

ular Xce alleles (Brockdorff et al., 1991) it will be very 
interesting to search for sequence differences between 
different Xce alleles in the Xist 5’ repeat region. 

Models for X/ST Function in X Inactivation 
While the human and mouseX/STgenes are clearly homol- 
ogous, gaps are consistently required to maintain the hu- 
man-mouse alignment (Figure 5). Comparison of the hu- 
man and mouse sequences demonstrates that there are 
regions that are well conserved spread throughout the 
gene. This observation, in addition to the overall similarity 
in organization of the two genes, suggests that the entire 
gene (with the possible exception of human exons 7 and 
8) may be important for whatever function is served by 
X/ST. In addition, the widespread conservation argues 
against such a function being to generate a very small 
protein encoded by only a limited region within the gene. 
Analysis of conserved regions in other species could direct 
our understanding of which regions of the X/ST gene are 
potentially important for its function. 

That X/ST expression is completely concordant with X 
inactivation (Brown et al., 1991 b; Figures 2 and 7) clearly 
suggests that X/ST is either involved in, or directly influ- 
enced by, the process of X inactivation. This hypothesis is 
strengthened by the fact that X/ST maps to the X/C critical 
region on the human X chromosome (Brown et al., 1991a) 
and by the observation that X/ST transcripts are localized 
to the Barr body in interphase nuclei (Figure 7). It is im- 
portant to emphasize that these data do not prove a role 
for X/ST, causal or otherwise, in X inactivation. They do, 
however, help to establish X/ST as a strong candidate for 
a role as at least one component of the X/C. 

According to conventional models of gene structure and 
function, XlSTmay encode a protein involved in X inactiva- 
tion. While none of the available data presented in this 
paper or by Brockdorff et al. (1992) supports such a model, 
it is possible that one of the small ORFs (possibly ORF4) 
does encode a protein. Such a protein, to explain the ap- 
parent importance of restricting expression to the inactive 
X chromosome, could be involved in feedback regulation 
of one or more genes located at the X/C, perhaps including 
the X/ST gene itself. 

Alternatively, X/ST may function in X inactivation as a 
structural RNA molecule, consistent with the lack of a sig- 
nificant conserved ORF, with the lack of strict sequence 
conservation between human and mouse, and with the 
predominantly nuclear localization of X/ST transcripts. In- 
deed, the cis-limited nature of X inactivation is much more 
readily explained by an RNA with limited capacity for diffu- 
sion than by a protein that would have to be translated in 
the cytoplasm and then transported back into the nucleus. 
Such an RNA could serve a number of plausible roles: to 
induce facultative heterochromatin formation as part of 
the cis-limited spreading of inactivation (by analogy with 
position-effect variegation) (Henikoff, 1990; Riggs, 199Ob); 
to facilitate critical protein-DNA interactions on the inac- 
tive X (either early in development at the time of initiation 
of X inactivation or constitutively in somatic cells, perhaps 
involved in the maintenance of the inactive state through 
interaction with methylated DNA-binding proteins [Boyes 
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and Bird, 1991; Lewis et al., 1992)); or to sequester the 
inactive X within the nucleus, for example, as part of the 
Barr body. 

However, the generation of X/ST transcripts need not 
implicate X/ST RNA directly in any function. For example, 
X/ST expression could be the consequence of the tran- 
scriptional activity (or inactivity) of a second gene in the 
X/C region that is important for X inactivation. According 
to this model, expression of X/ST would be a by-product 
of expression or repression of another gene, perhaps shar- 
ing a bidirectional promoter. If regulated by transcriptional 
interference (e.g., Corbin and Maniatis, 1989), then one 
might hypothesize that the upstream X/C gene would be 
expressed only from active X chromosomes. Alternatively, 
the two genes might be coordinately regulated (i.e., both 
limited in expression to the inactive X). This model is simi- 
lar to the situation noted within the cis-regulatory region of 
the Drosophila bithorax complex, in which a number of 
heterogeneous, alternatively spliced transcripts (with no 
convincing coding potential) are expressed during devel- 
opment (Lipshitz et al., 1987; Cumberledge et al., 1990). 

Finally, XlSTexpression may be either the cause or con- 
sequence of an altered chromatin conformation in the X/C 
region on the inactive X chromosome. Since in such a 
model it is the act of transcription rather than the product 
that is important, the sequence of XlSTneed not necessar- 
ily be under rigid evolutionary constraints (Ballabio and 
Willard, 1992). 

Whatever the role of X/ST, it is highly likely that a series 
of developmentally regulated and chromosomally promul- 
gated cues, involving a number of interacting genes and 
their products, are required to carry out the events of X 
chromosome inactivation. X/ST is an attractive candidate 
for one of the players involved, and its isolation and charac- 
terization should facilitate identification of the others. 

Experlmental Procedures 

Clone Isolation 
Screening of the k library followed standard techniques (Maniatis et 
al., 1982). Phage were plated to a density of 10’ per 100 mm plate and 
transferred to nitrocelluloae filters for hybridization to probes labeled 
by random hexamer priming (Feinberg and Vogelstein, 1983). Final 
wash stringency was 0.1% SDS and 0.1 x SSC at 6YC. Genomic 1 
clones were isolated from the American Type Culture Collection 
(ATCC) flow-sorted X chromosome library (LAOXNLOl) by screening 
with previously isolated probes (Brown et al., 1991 b). Similarly, a cos- 
mid (ICRFd OOhOl30) was isolated from the Imperial Cancer Research 
Fund flow-sorted X chromosome reference library (Lehrach et al., 
1990). cDNA clones were identified at a frequency of 1 x 10m4 to 
1 x 10m5from human heart (r&36207, Stratagene, La Jolla, California; 
17-year-old female heart) and fetal brain (#936206, Stratagene, La 
Jolla, California; 17-l 8 week gestation female fetal brain) cDNA librar- 
ies that were generated by oligo(dT) and random priming of RNA. 

Mouse Xist cDNA clones were isolated from a female mouse (B6 x 
CBA)F, lung cDNA library generated by oligo(dT) and random priming 
(#936307, Stratagene, La Jolla, California). Two independent mouse 
cDNA clones were isolated by screening approximately 10’ primary 
plaques with the Y-most human X/ST cDNA probe (Hbcla) at a final 
wash stringency of 0.5% SDS, 50 mM Tris-HCI (pH 8.6) and 
0.5 M NaCl at 65OC. Fourteen additional overlapping Xistclones were 
obtained by screening the same plating of the library at a final wash 
stringencyof O.l%SDSandO.l x SSCat65OCwith theB’-moat mouse 
clone identified above. For all cDNAs, the cDNA phagemids were 

transformed into Escherichia coli to recover Bluescript plasmids con- 
taining cDNA inserts for further analysis. 

Contlg Generation and Sequence Determination and Analysis 
The cDNA clones were aligned by restriction mapping, PCR ampli- 
fication with vector and gene-specific primers, and partial sequence 
analysis. cDNA clones from the fetal brain library frequently contained 
coligationa of non-X/ST cDNAs to X/ST cDNAs. These events were 
detected when portions of a clone did not align with the cDNA contig 
by sequence comparison, restriction mapping, or PCR analysis or 
when portions of a clone did not map to the appropriate region of the 
X chromosome, Xql3, using the panel of hybrids described previously 
(Brown et al., 1991a). Primers were derived from the sequence of 
four of these coligated cDNAs. No amplification of female cDNA was 
observed with these primers (in combination with XlSTprimers), sug- 
gesting that the events had likely occurred during the creation of the 
library and were not biologically significant. Such coligation events are 
therefore not included in Figure 1. Hybridization of the cDNA clones 
to both human genomic DNA digests and the genomic clones allowed 
the identification of genomic fragments containing expressed regions 
of theXISTgene, which were thenfurtherdefined bysequencecompar- 
isona between cDNA and genomic clones. Heterogeneity has been 
demonstrated for the 3’end of the gene by 3’RACE analysis (Frohman 
et al., 1988) as shown in Figure 1. One cDNA clone was isolated that 
contains a poly(A) tail at the end of exon 8, 5 bp further 3’ than the 
previously reported sequence and within 8 bp of the 3’ terminus of 
three other clones from three different libraries, confirming the major 
polyadenylation site described previously. 

Multiple cDNA clones were identified and sequenced for most 
(>90%)oftheXISTsequence.Thefirst360bpofsequencewasderived 
from genomic clones as cDNA clones were not isolated that extended 
as far 5’as RT-PCR demonstrated transcription (Figure 4). There were 
three regions for which only a single cDNA clone was isolated. One of 
these is the CG-rich region (positions 1975-2069) which is 82% CG 
and does not reverse transcribe, PCR amplify, or sequence well; se- 
quence was only obtained from a genomic clone covering this region. 
The other two regions have both been amplified in female cDNA with 
flanking primer pairs. One corresponds to positions 7042-7536, where 
it is difficult to identify the ends of coligation events because amplifica- 
tion with gene-specific primers is hindered by the repetitive nature 
of the sequence. Sequence of this region was derived from nested 
deletions of a genomic clone (colinear with cDNA), generated using an 
exonucleaae Ill-mung bean nuclease deletion kit (Stratagene, La 
Jolla, California). The last region that is present in only one cDNA clone 
is a 130 bp stretch of cDNA (positions 9580-9710) that spans two 
clusters of clones. 

Nucleotide sequence of the clones was determined on double- 
stranded templates using vector and gene-specific primers either man- 
ually (Korneluk et al., 1985) or automatically using an Applied Biosys- 
terns fluorescent sequencer (ABI model 373A with Vl .l .l Sequence 
analysis software) at the Stanford University Medical Center Protein 
and Nucleic Acid Facility. Over 85% of the complete X/ST cDNA se- 
quence has been determined in both directions; where thiswas imprac- 
tical or impossible, the sequence was determined in multiple clones 
and/or multiple times in a single direction. 

Contig assembly was accomplished with the DNASTAR software 
package. The GCG series of programs was used for data base search- 
ing, folding analyses, comparative dot plot analyses, and composi- 
tional analyses (Devereux et al., 1984). Similarities were calculated 
with the GAP program using standard parameters of gap = 5 and gap 
length weight = 0.3. 

Cell Lines and DNA Analysis 
Karyotypically normal or abnormal human male and female lympho- 
blast or fibroblast cell lines were obtained from the Camden Cell Re- 
pository (Camden, New Jersey) and were grown at 37OC in a minimal 
essential medium supplemented with 15% fetal bovine serum. Mouse- 
human somatic cell hybrids retaining the active X chromosome as their 
only human chromosome (180-12 and AHA- laB1) or retaining the 
inactive X chromosome without the active X chromosome (t11-4AazB 
and t48la-lDax4a) have been previously described (Brown and Wil- 
lard, 1969; Brown et al., 1991b). The use of the parental mouse cell 
line tsA1 S9az31 b (for all hybrids except AHA- laB1) allowed for se- 
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Table 2. Primers for PCR Analyses 

Primer Primer Sequence Location 

2r 
3 
3r 
4r 
5r 
6 
7r 
a 
11 
llr 
13r 
14 
15r 
17r 
18r 
20r 
29r 
30 
31 

GAAGTCTCAAGGCTTGAGT-TAGAAG 12,991-13,015 
TTGGGTCCTCTATCCATCTAGGTAG 13,151-13,175 
GCCAGGCTCTCTAGAGAAAAATGT 13,681-13,704 
ACATTTTTCTCTAGAGAGCCTGGC 13,681-13,704 
TGGCTCAAGTGTAGGTGGTT 102-121 of c 
TGTCTGCATAAAAGCAGATT 92-111 of d 
TCAGTTGCACTTTCCTTGGT 10,008-l 0,027 
ACCCTACAATCCAGATGTC 10,583-10,601 
AGCTCCTCGGACAGCTGTAA 11,316-l 1,335 
TCCCACCTGAAGATCAACA 11,862-l 1,900 
TGTTGATCTTCAGGTGGGA 11,882-l 1,900 
TAGTCCTCGGGTCTCAAGTCT 12,853-l 2,873 
GAAAGTGCAGTGTAAATTGTGAAGCA 14,152-14,178 
CAGCATGGTATCTGGCACAT 14,789-14,809 
GAGAT-TGGCACACAATAGA 15,699-15,717 
TAGCAACCAACTCCCCAGTT 325-344 of d 
AGAGAGTGCAACAACCCACA 783-802 
ATCAGCAGGTATCCGATACC 509-528 
GCTGCAGCCATATTTCTTACT 28-48 
CCTTCAGTTCTTAAAGCGCT l-20 

Primers are listed 5’ to 3’; for those marked with r, the 3’ end of the 
primer is directed to the 5’end of the XlSTgene. Orientation inconsis- 
tencies in the previously published primers (l-5; Brown et al., 1991 b) 
have now been corrected. The location in the X/ST gene is given 5’to 
3’ on the gene, regardless of primer orientation. 

lection for the X chromosome (either active or inactive) by growth at 
39%. 

DNA was isolated from somatic cells grown in culture or from tissues 
by phenol extraction. Conditions for restriction enzyme digestion, gel 
electrophoresis, Southern blotting, prehybridization, and hybridization 
were as previously described (Willard et al., 1983). 

PCR Conditions 
PCR amplification consisted of 30 cycles in a Ericomp thermocycler 
with 200 mM nucleotides, 1 mM primers, 50 mM KCI, 10 mM Tris-HCI, 
1.5 mM MgCI,, 0.01% gelatin, 0.1% Triton X-100, and 2.5 U Promega 
Taq polymerase, with each cycle consisting of a 1 min denaturation at 
94%, a 1 min annealing at 54%, and a 4 min elongation at 72%. 
Products were analyzed after electrophoresis on a 2% agarose gel 
and staining with ethidium bromide. Conditions for 5’ and 3’ RACE 
PCR were as described (Frohman et al., 1988). 

Expression Analysis 
For analysis of gene expression by the RT-PCR, 5 ug of RNA was 
reverse transcribed with 200 U of M-MLV reverse transcriptase as 
previously described (Brown et al., 1990). Approximately 50 ng of this 
reaction was used for PCR assays with the primers listed in Table 2. 
The previously described M/C2 (Brown et al., 1990) and PGKI (Franc0 
et al.. 1991) primers that span splice junctions and therefore do not 
amplify DNA were used as controls for the presence of amplifiable 
cDNA. 3’ RACE PCR was performed as described (Frohman et al., 
1988) using primer 3.5’ RACE PCR was also performed as described 
(Frohman et al.. 1988) using primers 20r and 29r. The products of 
RACE PCR analyses were always analyzed after Southern transfer 
and hybridization to ensure the products were from the correct region. 

RNA was isolated from cells grown in tissue culture by guanidinium 
thiocyanate extraction (Chirgwin et al., 1979) or RNAzol (Biotecx) treat- 
ment. RNA was divided into poly(A)+ and poly(A)) fractions based on 
binding to oligo(dT)-cellulose columns (Pharmacia). Nuclear and cyto- 
plasmic RNA preparations were made as described for the isolation of 
mRNA from mammalian cells (Maniatis et al., 1982). 

Fluorescence In Situ Hybrldixation Analysis 
A 9 kb genomic clone labeled with digoxigenin dUTP (Boehringer 
Mannheim) by nick translation was used for detection of RNA by in situ 

hybridization. Hybridization and detection procedures were essentially 
as described previously (Lawrence et al., 1989; for review see Johnson 
et al., 1991) and therefore will only be summarized in brief here. Mono- 
layer cells grown on glass coverslips were permeabilized on ice with 
Triton X-100 in RNA-preserving CSK buffer (Fey et al., 1986; Carter et 
al., 1991)for30spriortofixation in4% paraformaldehydefor5 minand 
storage in 70% ethanol. Previously conditions were defined whereby 
hybridization to RNA is promoted and DNA hybridization eliminated 
(Lawrence et al., 1989). Hybridization was to nondenatured cells (so 
that cellular DNA was not accessible for hybridization) overnight at 
37% in 50% formamide, 2 x SSC, using a probe concentration of 5 
ug/ml. Slides were rinsed and hybridization detected using anti- 
digoxigenin antibody conjugated to fluorescein (Boehringer Mann- 
heim). The Barr body was identified by staining nuclei with 0.1 uglml 
DAPI for 30 s. 
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