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ABSTRACT

The XIST gene in both humans and mice is expressed
exclusively from the inactive X chromosome and is
required for X chromosome inactivation to occur early

in development. In order to understand transcriptional
regulation of the XIST gene, we have identified and
characterized the human  XIST promoter and two
repeated DNA elements that modulate promoter activ-
ity. As determined by reporter gene constructs, the
XIST minimal promoter is constitutively active at high
levels in human male and female cell lines and in
transgenic mice. We demonstrate that this promoter
activity is dependent in vitro upon binding of the
common transcription factors SP1, YY1 and TBP. We
further identify two  cis-acting repeated DNA se-
guences that influence reporter gene activity. First,
DNA fragments containing a set of highly conserved
repeats located within the 5 '-end of XIST stimulate
reporter activity 3-fold in transiently transfected cell
lines. Second, a 450 bp alternating purine—pyrimidine
repeat located 25 kb upstream of the  XIST promoter
partially suppresses promoter activity by [070% in
transient transfection assays. These results indicate
thatthe XIST promoter is constitutively active and that
critical steps in the X inactivation process must involve
silencing of XIST on the active X chromosome by
factors that interact with and/or recognize sequences
located outside the minimal promoter.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos U50908-U50912

signal exerts its effe@t cisalong the chromosome; derivative X
chromosomes lacking thC are unable to become inactivated
(1-5). HumarXIC has been localized to a <1 Mb region within
band Xq13.2, while muringic maps to the homologous location
on the murine X chromosome (6-8). A second genetic locus
known to influence the X inactivation process in mice is the X
chromosome controlling elemeiog 9). Different alleles at the
Xce locus influence the degree of randomness of the X
inactivation proces$10,11). Localizdon of the Xce locus to
within the Xic region in mice has led to the speculation Xzt
andXic are synonymous lo¢i2,13).

The XISTgene, whose product is a non-coding nuclear RNA,
has been implicated strongly in the process of X chromosome
inactivation due to its map location withiC and its unique
inactive X-specific transcription pattefi4). Expression of the
XISTgene is tightly correlated with the presence of an inactive X
chromosome an¥IST transcripts are found closely associated
with the inactive X chromosome in interphase nudéi16).
Transcripts from th&Xist gene in mouse are found at high levels
a full day before X inactivation is believed to occur in murine
development, an observation that is consistent MIi8WXist
having an initiating role in the X inactivation procd4s).
Recently, a targeted deletion of tKest gene was created in
murine embryonic stem (ES) cells. The X chromosome carrying
the mutantXist allele was unable to be inactivated, providing
direct evidence that expression of Xist gene is necessary for
X inactivation to occur in ES cells as well as in chimeric mouse
embryos (18). Notithstanding their apparent inability to inacti-
vate the X chromosome carrying the mutation, cells carrying the
targetedXist allele appeared to carry out early steps in the
inactivation process normally, i.e. both recognition of the number
of X chromosomes present and random choice of which X was to

X chromosome inactivation results in random transcriptiondlecome inactive were unaffected by Xist mutation. Thus the
inactivation of one of the two X chromosomes present in normalgletion, which comprised part of thést promoter and part of
female mammalian cells. This process allows mammals tbe first exon, does not affect these steps. These results imply a
achieve dosage equivalence of most X-linked genes betwegpatial separation between sequences responsible for different
females, who normally have two X chromosomes, and malesteps in the initiation of X inactivatid@9).

who normally have one X chromosome. The major genetic locusTransgenic mice have been created in several laboratories in
proposed to control the X chromosome inactivation process is thvich yeast artificial chromosomes (YACSs) containing portions

X inactivation centerXIC). XIC is defined as a region of the X of theXic region were integrated into ectopic sites in the murine
chromosome from which a currently ill-defined inactivationgenome (20-23). Wile it was possible to achieve expression of
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the Xist gene in some instances, this did not always result ifris—HCI, pH 8.6, and 0.5 M NacCl at 85. An overlapping
detectable transcriptional silencing of the host chromosome. lepine A genomic clone was obtained by screening a rabbit
fact, evidence foKist expression and inactivation of the hostgenomic library (no. TL1008j; Clontech) at a final wash
autosome has been presented for only a single multicopyringency of 0.1% SDS and 8.8SC at 65C with the lepine
transgene (22,23). Inontrast, transgenic cell lines containingcDNA clone. An equine genomic clone was isolated from a
two to eight copies of Xist cosmid integrated into autosomesmale horse library (no. 946701; Stratagene) with the Hbcla probe
were able to both expreXsst from the transgene and repressas described above. Sequences homologous to the KISEN
transcription of a reporter gene cis (24). Similarly, both 5'-region were subcloned and sequenced.
XISTXist expression and spread of inactivation are readily
observed when IntaNiC/XIC is inV_Olveq ina trans_location with Con“g generation, sequence determination and ana|ysis
autosomal materig|25). One poskle interpretation of these
seemingly contradictory results is that Xist gene is subject to Nucleotide sequence of cDNAs was determined on double-
complex regulatory mechanisms requiring sequences that eiti§éianded templates using vector- and gene-specific primers as
are not present or are not maintained in a proper context in ti@scribed (15,28), in most instances usinggapliéd Biosystems
transgenes in some studies. fluorescence sequencer (ABI model 373A or 377, with VV1.1.1 or

Combined, the available data indicate ¥i&Xistexpression V1.2 sequence analysis software). Contig assembly and sequence
and accumulation o€ISTXistRNA are involved in the initiation analysis was performed using either the GeneWorks (Intelligenet-
of X chromosome inactivation. Further, different levels ofcs) or LaserGene (DNAStar) DNA analysis software. Sequence
steady-stateXist RNA have been reported in mice and incomparisons were performed using the GeneWorks DNA align-
differentiated ES cells carrying different alleles atthelocus ~ment program. Database searches were performed using the
(26,27), siggesting a possible link betweenXeelocus and the BLAST ryetwork service at the National Center for Biotechnology
Xisttranscriptional regulatory elements. Thus, characterization Bfformation (NCBI). The GRAIL 2 and XGRAIL v1.2 programs
theXISTpromoter should provide insights into the natupéisfT ~ were used to evaluate protein coding pote(fia).
transcriptional regulation, initiation of X inactivation, the nature
of any interaction between the promoter and other sequendesll culture, transfection and luciferase assays
within Xceand/orXIC and the identities of other factors involved
in the X inactivation process.

In order to understand the transcriptional regulatiod 8T, it
is necessary to first determine what factors are required for . .
transcription and then to identify other elements that influence t&© SeneLight vectors (Promega). ApproximateRydelis were
ability of the transcriptional machinery to identify the promotef’ansiently transfected using. plasmid and 1.ag lipofectin

and initiate transcription. Towards this end, in this paper V\)ﬁl 3. total voluhme Og Z?tgli]GSherurg-fre"e mediuhm overr:jigr#.
describe identification and characterization ofXt&Tminimal edium was changed a and cells were harvested after

promoter. We have identified binding sites for common transcrigS ' using Cell Lysis Reagent (Promega) according to the
anufacturer’s instructions. Aliquots of pDcell lysate were

tion factors within the minimal promoter sequence and, iff!

addition, describe twois-acting sequences that modulate mini-USe€d 0 measure luciferase activity by addition of JD0
mal promoter activity Luciferase Assay Reagent (Promega), followed by luminescence

guantitation in a TD-20e luminometer (Turner Designs).
All transfections were carried out in duplicate. Each luciferase

The female embryonic kidney cell line (293) and male fibrosarco-
ma cell line (HT 1080) were purchased from ATCC (CRL-1573
ﬁlgd CRL-7951 respectively). Promoter elements were cloned

MATERIALS AND METHODS reading was normalized to the average minimal promoter activity
for each experiment. Two tailedtests and other statistical

Clone isolation computations were done using software supplied with Microsoft
Excel v. 5.0.

Screening of humak phage libraries, PCR, cloning and isolation
of primate DNAs were carried out as described (15,28)._A murirﬁte-directed mutagenesis
genomicA phage clone was obtained from a genomic library
constructed from a YAC containing the murkist locus (YAC  PCR conditions and selection of PCR primers was as described
4B-2, a gift of Dr Phil Avner). DNA was prepared from a yeas{28). Each mutagenesis construct was created lyngravo
culture containing thXist YAC and partially digested witklbol ~ primers facing in opposite directions whoser3ds lie six bases
to provide DNA in the range 10-20 kb. DNA was ligated intaapart. AnEcaRl linker was added to thé-8nds of each primer.
predigested, phosphataseddASH |l vector arms (no. 246211; PCR was carried out with the mutagenesis primer in conjunction
Stratagene) and packaged using Gigapack Il Gold packagingth G7R (GAAGTTGTGACTCCTGGTCT) for the'#acing
extracts (no. 247612; Stratagene) according to the manufacturgrgners or G10R (GAGAGATCTTCAGTCAGGAAG) for the
instructions. Approximately POphage were screened with the 3'-facing primers. G7R contains atba site, while G10R
murine cDNA probe (28) at a final washmgieéncy of 0.1% SDS, contains &glll site. The two PCR products were co-precipitated
0.1x SSC at 65C. Hybridizations were carried out at’65in a and then resuspended in Universal restriction enzyme buffer
hybridization solution of 10% dextran sulfate, 1 M NaCl, 1% SDSStratagene). The reactions were then digestedaedR|, Xbd

The lepine cDNA clone was isolated from a female rabbit liveandBglll simultaneously. Digestion products were then co-pre-
(no. TL 10064a; Clontech) cDNA library generated by oligo(dTcipitated with plasmid pGLB which had been digested Miité
priming. One lepine cDNA clone was obtained by screéfifg ~ andBglll. Digestion products were then ligated together a€16
primary plaques with the'#nost humanXIST cDNA probe overnight. The ligation reaction was transformed into ®@H5
(Hbcla) at a final wash stringency of 0.5% SDS, 50 mMBRL) or One-Shot competent cells (Invitrogen) in the presence
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of ampicillin. Ampicillin-resistant colonies were picked into Database accession numbers
150ul TB/Amp in a 96-well plate and grown overnight. Samples . o
of ZEI of cultur;e were PCRF;mpIified Q\]/\/ith vector p?imers Gfplsequences desc_rlbed here have be_en deposited into the GenBan
(TGTATCTTATGGTACTGTAACTG) and GLP2 (CTTTATGT- sequence repository. The accession numbers for the human,
TTTTGGCGTCTTCCA), digested wittEcRI and electro- MOUSe, rabbit and horseISTXist sequences are US0908-
phoresed on 2% agarose gels. Positive colonies were furtfjep0911 respectively and that for the sequence containing the
analyzed by sequencing. uPy repeat is U50912.

The pGLXB construct was subjectedBal31/exonuclease I
directional deletions according to the manufacturer’s instructiofsESULTS

(Stratagene) to generate the —129 and —72 constructs. The XIST minimal promoter

Electrophoretic mobility shift assays Conservation of promoter sequencds. identify potentially
important sequences within thé€IST 5'-region, sequences
PCR products or double-stranded oligonucleotides (SP1, TFllRpstream of the murine, lepine and eqdiistgenes were cloned,
YY1 and SP1 mutant oligonucleotides; Santa Cruz Biosystemsgquenced and compared with the corresponding human se-
were end-labeled withy{32P]dATP using polynucleotide kinase guence. In total, 850 bp of lepine sequence, 2010 bp from the
(New England Biolabs) and purified using Nuc-Trap columnsgnurine locus and 3838 bp of equine upstream sequences were
(Stratagene) according to the manufacturer’s instructions. Apempared with 6475 bp of human sequenad fheXISTgene
proximately 18 c.p.m. (100 pg) labeled oligonucleotide wereitself. No significant sequence homology was detectable more
incubated with 5ug Hela nuclear extract (Promega) orthan[1100 bp upstream of the transcription start site (data not
recombinant SP1 protein (Promega) in a final concentration of Ehown). No other genes or pseudogenes were identified in any of
mM Tris, pH 8,5 MM MgCl, 1 mM CaC}, 2mM DTT, 5Qug/ml  the upstream sequences using standard database searching ar
BSA, 2ug/ml sonicated herring sperm DNA, 100 mM KClI, 10%gene finding programé9,31) or, in the case of the human
glycerol and 0.3ug/ml poly(di-dC) at room temperature for sequence, using RT-PCR expression analysis (data not shown).
30-60 min. Binding reactions were loaded onto 6% non-denatur-within the segments that showed clear evidence of homology,
ing polyacrylamide gels electrophoresed inxOIBE at room  comparison of the immediate upstream portions of the four
temperature. Gels were transferred to Whatman paper, dried ae@juences is shown in Figure 1. A region of elevated conservation
exposed to X-ray film. Bandshifts with probe 2 (L/S12 regionamong the four sequences is present wiffid0 bp of the
were carried out as described above in a binding buffer consistitignscription initiation site. The region of elevated conservation
of 20 mM Tris, pH 8, 2 mM DTT, 80 mM KCI, 10 mM Mg€l  in this upstream sequence (101 to—1) is 74, 78 and 81% identical
10% glycerol. Non-denaturing acrylamide gels and electrophorpetween human and mouse, human and rabbit and human and
sis buffer contained 0.02% NP-40 and 4 mM MgThese gels horse respectively and is comparable with levels of identity
were electrophoresed at room temperature°@. Antibodies  observed in the'&nd of the RNA itself (bases +1 to +308) for
(polyclonal anti-Sp1, no. sc-59; polyclonal anti-TBP, no. sc-204he same three comparisons (Fig.32; B.D.Hendrich, PhD
monoclonal anti-TBP, no. sc-421; polyclonal anti-YY1, nothesis, Stanford University). This high degree of conservation in
sc-281; polyclonal anti-USF, no. sc-229; Santa Cruz Biotechngre immediate upstream region suggests that this sequence is
logy) were added to the binding reactions in supershift expeimportant inXISTfunction and suggests this region as a candidate
ments and incubated at room temperature for at least 30 nfigw XISTpromoter sequences. The sequence alignment reveals no
before electrophoresis. conserved TATA or CCAAT sequences. The human sequence
does, however, contain a consensus SP1 binding sed@8hce
. located from position —49 to —54, which is completely conserved
Transgenic mice among ape and Old World monkelSTgenes (data not shown)

T L ted at the T ic M E .@gd shows partial conservation in the murine and lepine
ransgenic mice were created at the fransgenic Mouse Faclllyyences (Fig. 1). In addition, the conserved sequences arounc

in the Department of Genetics at Case Western Reseyg'wonscription start site resemble the consensus binding site for
University by pronuclear injection. Transgenic embryos wer; e initiator protein YY34—36)

harvested at E9.5-E13.5 in ice-cold PBS and a portion of eac

embryo was then removed for genotype analysis by OR Identification of minimal promoter activityo identify theXIST

using transgene-specific primers [transgenes XH and Higromoter functionally, a number of constructs were prepared in
primers G10 (CTTCCTGACTGAAGATCTCTC) and GLP2 which differing amounts of DNA including the transcription start
(see above); transgene G6H6, primers G6 (TACTCTTCCACTsite were cloned just upstream of a promoterless luciferase gene
CACTTTTC) and H6 (AGAGAGTGCAACAACCCACA)] and in the pGLB vector (Fig. 2). Promoter activity was assayed by
primers for theSrygene to determine the gender of each embryansiently transfecting plasmid constructs into both male (HT
(Sryl, GATCAGCAAGCAGCTGGGAT; Sry2, TTTGGGTAT- 1080, fibrosarcoma) and female (293, embryonic kidney) human
TTCTCTCTGTG). The remainder was homogenized in Celtell lines and detecting luciferase activity in cell lysates (see
Lysis Reagent (Promega). The homogenate was centrifuged Materials and Methods). Constructs containih@0 bp td1l kb

2 min at maximum speed in a microcentrifuge and 20 qi 60 of upstream sequence each conferred high levels of luciferase
supernatant were assayed for luciferase activity as descritaivity in transient transfections (Fig. 2). Approximately equiv-
above. Total protein concentration of supernatant was determiredént levels of activity were detected in male and female cells; all
using a Bradford assay according to the manufacturer’s instrusubsequent experiments were performed with female 293 cells
tions (BioRad). only, for convenience.
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Human Promoter TGGTATGTCT TTGCTTTCTT GAAATTTCCC TTTTTTGTCC TTACTGGGTA AATTTTGAAC CAACCAAATC ACARAGATGT -85

Mouse Promoter TACGTACCTC CATCTTTAT- TCA-TTTTAA TTTTTTTATA ATA-TAGTTA GACCT--AAA GGTCC-AAT- ---AAGATGT =93

Rabb |t Promoter ATCCCCCTGT TTTCTTCAGC TCT-CCTCAT TTTGCTGGT- -TACTGGGTA CAGCTTGAGT CGACCAAACC TCTAAGATGT -83

Horse Promoter CTAATATGTT GCTGTTTTCT TCAAMATACCC CTTTTTCTTG TTCCTAAGTA AATTTGGGGE CGGCTAAACC ACAAAGATAT -99
L UST , use, LS5, Lus12

Human Promoter CCGGCTTITCA ATCTTC-TAG GCCACGCCTC TTATGCTCTE TECGECCTCA GCCCCCCC-- --TTCAGTTC TTAAAGCGCT -20

House Promoter CAGAATTGCA ATCTTT-GTG GCCACTECTC TTCTGGTCTC TCCGECTTCA GCGCCGBCG-- -GATCAG--- TTAAAGGCGT =20
Rabk it Promoter LT ATCAGCGLGE GCCACGECTC TTGT----TC ACCCCGCCEC CAACCCCC-- ~CCTCAATTC TTAAAGLGCT =20
Horse Fromoter ATCTTC-TAG BCCACGECTC TICTACTTCC TECACCCCEC AGTCECCTCC CCCTCACTTC TTAAAGCGCT -20
L LIS1T
Humen Promoter GCAATTCGCT GCTGCAGCCA TATTTCTTAC TCTCTCGGGE CTBGAAGCTT CCTGACTGAA GAT-CTCTCT GLACTTGGES <60
House Fromoter GCAACGGCTT GCTCCAGCCA TGTTTGCTCG TTTCCCGTGE ATGTGCGGTT CTT--CCGTG GTTTCTICTCC AT-C-TAAGG +57
Rabb |t Promoter GCATTTTGCT GCAGCAGCCA TATTTCTACT TCTCCCGABG TTGGAAGCTC GCTAGCCATA BTT-CTTTCT GTACTTATEB +60
Horse Promoter GCAATTTGLT GCTGCCGECA TATTTTTTCT TTTCCT-AGHE GTGGAAACTT GCTAACACTT GAT-CTCTTT GCCOGTGTEE +59

L

Figure 1. Alignment of human, murine, lepine and equih®TXist sequenceXISTXist5-end and upstream sequences. The sequenceXiSiiKist promoter

region is given from human, mouse, rabbit and horse. Bases conserved in all four sequences are shaded. The location of the transcription initiation site is ind
with an asterisk. Human sequence positions with respect to the transcription start site (+1) are shown at right and above the human sequence. The consensus SP:
site (—49 to —54) and the near-consensus YY1 binding site (-3 to +6) are indicated in bold. Bases which when mutated in mutagenesis constructs show a sign
decrease in promoter activity are indicated above the sequence with the names of the respective constructs.

To further define the minimal promoter, deletions were madeA
in the pGLXB plasmid to provide constructs containing 129, 93 |« y o He (L —

and 72 bases upstream of the transcription start site respectively vl

(Fig. 3A). While the —129 and —93 constructs generated luciferasg |} X X

levels approximately equal to those generated by the full : XCR

promoter construct (pGLXB), the —72 plasmid gave only !

background levels of luciferase activity. Considering all of the B !

data, the minimal promoter is thus defined to lie between ‘ PGLHH

positions —93 and +31. Genomic fragments containing the _ POLG15G1OR

homologous sequences from murine, lepine and equine DNA —_— P

(Fig. 1) also showed promoter activity in this assay (Fig. 2). : PGLXH
To investigate the activity of théIST promoterin vivo, we —_ ,'ZEEZTM

|

created transgenic mice in which the hutdé8iT promoter was Mouss
used to drive a luciferase reporter gene. Three different transgenes ke Rabbit

! Horse

were created in which different parts of ®KI&T promoter were —

used to drive the reporter gene [constructs GLHH and GLXH peLe
(Fig. 2B) and G7RH6 (Fig. 5B)]. Multiple lines were analyzed for " ”;5 °'5A “t'T‘f” 0
each transgene and all lines were analyzed through multiple U aroraary Ums)

generations for potential imprinting or sex-specific effects. No

such effects were seen for any of the transgenic lines and all

transgenes segregated in an autosomal pattern. In total, 11

different lines were obtained, nine of which exhibited detectabl&igure 2. Identification of theXISTminimal promoter.4) Partial restriction

levels of luciferase activity. Although expression levels varied uff'aP of (e send of the humaxiSTgene, wih the gene Indicated as a thick
ine. The transcription initiation site is shown as a large arrow, with transcription

to sevgral thousand'qu (e,ven Wh.en trans.gene copy_ngmber Wﬂ%ceeding to the right. The location of the XCR sequences is indicated by the
taken into account), this is consistent with XIST minimal gray box. Restriction enzyme sites are as follow&asHI; H, Hindlll; Hc,
promoter being constitutively active and is in contrast to some dfincll; M, Msq; X, Xbd. (B) Different portions of the'gend of the human

the results obtained Wheﬁst-containing YACs were used for XISTgene were cloned into the multiple cloning site (MCS) of a luciferase
reporter construct and transiently transfected into female embryonic kidney

transgenesis (20-22; see Disousp (293) cells. The amount of Baterial cloned into each construct is indicated

S . ite-di d sisord identi as a black line. The location of the transcription initiation site in each construct
aturation site-directed mutagenesisorder to identify poten- is indicated with a dotted line. Luciferase levels are plotted in arbitrary amounts,

tially important sequences within ti6STminimal promoter, the  normalized to that produced by the pGLXH construct. Homologous sequences
entire minimal promoter was subjected to saturation site-directedmouse, rabbit and horse (gray lines) were also shown to promote transcription
mutagenesis. Every six bases from position —108 to +11 we@ the reportgr gene. The nucleotid_e positions contained Within?GSdh
sequentially replaced by an unrelated hexamer, cloned in front §Zg§t:g‘ffgfbgf§g’H_'Z_llllglfgf’)éL‘J)S_'Lfﬁftloofél_;%lé’l_t&;ﬁ,g%gil’
the promoterless luciferase gene and transiently transfected ifgeLc108s, +29 to +497.

tissue culture cells (see Materials and Methods; Fig. 3). While the

majority of mutagenesis constructs retained promoter activity,

five clones failed to produce high levels of luciferase activitfor L/S6 and L/S7. The L/S12 construct also showed reduced
when compared with the unmutated promoter. Two mutamictivity and disrupts the highly conserved sequence TTAAAG.
constructs, L/S6 and L/S7, define a 12 bp region extending frobastly, the sequence mutated in L/S17 contains the transcription
—78 to —67 (Fig. 1). Construct L/S5 also showed decreassthrt site at positions —1 to +5 and overlaps the consensus YY1
promoter activity, though the effect was much less than that selginding sequence (Fig. 1).
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A Luciferase Activity

Mean [s] n
X B
PGLXB L I 100 28
-129 0.48 ns 4
-93 0.54 ns 18
-72 <0.01 <0.0001 13
(-138 -134) /S22 - 0.98 ns 4
(-108 -103)L/S21 L 0.80 ns 4
{-102 -97) 1/S20 - 1.02 ns 4
(96 -91) /310 L 0.79 ns 10
(90 -85) |/59 L 0.82 ns 10
(-84 -79) /S8 - 0.71 ns 14
78 73 |57 - 0.08 0.0001 14
(72 -67) | /g6 - 0.06 0.0001 14
(66 -81} /g5 - 0.24 0.001 14
(-60 -51) L/S2 L3 0.42 ns 16
(-50 -458) L/S19 L 0.38 ns 10
(-44 -38) L/S3 - 0.83 ns 8
(-37 -32) L/S11 L 0.94 ns 4
-31 -26) L/S12 - 0.12 0.0002 14
(-25 -20) L/S13 - 0.35 ns 12
(19 -14) /514 L 1.07 ns 10
13 -8) L/S15 - 0.74 ns 10
7 -2) L/816 L 0.42 ns 14
(1 +5)  si7 L] 0.22 0.0009 14
(+6 +11) L/S18 L 3 0.58 ns 12
B
X H

PGLXH 1 ! 0.98 28
C-50,51T, L/S3 . e 0.23 <0.0001 4

Figure 3. Site-directed mutagenesis of the hut&iT minimal promoter. Constructs were transiently transfected into 293 cells and luciferase activity measured as
in Figure 2. Mean luciferase values are expressed as fractions of wild-type minimal promoter activity [pGLXB in (A), pGLXH in (B)], with the number of experimen
contributing to the mean shown in parentheses. Statistical signifiddneag determined using a two tailetbst. Constructs showing a significant decrease in
promoter activity P < 0.001) are indicated in boldA) Deletion constructs are shown as partial lines with numbers corresponding to the amount of upstream promote
sequence. Linker/scanner (L/S) constructs are indicated below, with the box corresponding to the substitution of six bedekdig d&AATTC). The positions

of the substituted bases with respect to the transcription initiation site are indicated to the left of each construct. Construct L/S Baobfitsites(&GATCC)

rather than th&cadRl site. B) Asterisks indicate point mutations, from CC to TT at positions —50 and -51, introduced into the L/S3 construct.

Several constructs disrupted the consensus SP1 site angrebe 1 is binding SP1. This conclusion was verified using
poly(dC) region that is similar to the consensus SP1 bindiranti-SP1 antibodies. As shown in Figure 4B, the shift seen for
sequence, but showed normal levels of promoter activity (coprobe 1 with HeLa nuclear extract is similar to that seen with
structs L/S2, 19 and 3; Fig. 3A). To examine whether these twrified, recombinant SP1 protein. The addition of anti-SP1
potential SP1 binding sites could be redundant in this contextaatibody to the binding reaction results in a supershift in both the
construct was created in which both of these sequences welela extract and the purified SP1 reactions, while the addition of
mutated; indeed, the double mutant construct showed a significantontrol antibody (anti-USF; see Materials and Methods) had no
decrease in promoter activity (Fig. 3B). This result suggests eitterch effect. Notably, the results obtained with probe 1 were
that the double mutation results in a conformational change in tltentical to those obtained with the SP1 consensus oligonucleo-
minimal promoter which is inhibitory to transcription or that someide. These results confirm that the region ofXH&T minimal
necessary transcription factor is sensitive to changes at the tpr@moter represented by probe 1 binds SP1. However, since the
regions together but not to changes at either position separatelleLa extract shifts are complex and since there is residual

material that is not supershifted by anti-SP1 (Fig. 4B), it is
Electrophoretic mobility shift assays.order to identify proteins possible that additional nuclear proteins also bind this region of
involved inXISTminimal promoter activity, various sequencesthe XIST promoter.
within the minimal promoter were subjected to DNA band shift The second region of thélST promoter tested for protein
analysis using HelLa cell nuclear extracts. Double-stranded DN#inding was identified as being critical for promoter activity by
probes containing sequences identified by the mutagenesis screenstruct L/S12. The normal sequence resembles the consensus
as being important for transcription were subjected to electrophioinding site for the TATA binding protein (TBP), TATAAA, and
retic mobility shift analysis in order to identify the proteins thats located in an appropriate position to be a functional TATA box
bind to these regions. Probe 1 corresponds to the L/S7-L/§&7,38). This led us to invégate the ability of this sequence to
region, probe 2 to the L/S12 region and probe 3 to the L/Shind to TBP. As shown in Figure 4&|ST probe 2 produces a
region (see Materials and Methods). complex band shift when incubated with HeLa nuclear extract.

As seen in Figure 4AIST probe 1 displayed two band shifts This shift can be competed away by excess unlabeled probe 2 or
with HelLa nuclear extract which were both competed away Hyy excess unlabeled TBP consensus oligonucleotide much more
excess unlabeled probe 1, but not by probe 2. Because the prefiieiently than by excess unlabeled probe 1. This indicates that
1 sequence is similar to the consensus SP1 binding sequenceprabe 2 binds TBP or a related protein. The TBP consensus
also tested the ability of an unlabeled SP1 consensus oligodiigonucleotide itself produces a much more intense shift than
compete with the probe 1 shifts. Indeed, as seen in Figure 4dqesXIST probe 2 (Fig. 4C), indicating that TBP binds to its
both shifts could be effectively competed by the SP1 consenstmnsensus oligonucleotide with a much higher affinity than it
oligo, but not by a mutant SP1 oligo; this result suggesiXithat does to probe 2. Probe 1 is also able to compete away the shift,
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Figure 4. Electrophoretic mobility shift assays. Approximately 100 pg double-stranded DNA probe were radioactively labeled, incubatgdelth Buclear

extract or indicated recombinant protein and electrophoresed through a non-denaturing acrylamide gel. DNA—protein interactions are seen as a retardation
mobility of the radioactive probe through the gel and are indicated with an arrow. Unlabeled competitor oligonucleotides were added to binding reactions in the amc
indicated. Probe 1 contains the sequence mutated in mutagenesis constructs L/S7 and L/S6, extending from positions —84 to —60. Probe 2 contains sequences
in construct L/S12 and extend from positions —37 to —16. Probe 3 contains sequences mutated in construct L/S17, extending from positiorR+8lve t1arnhs

a complex when incubated with HeLa nuclear extract. This complex is competed away by excess unlabeled probe 1 and SP1 consensus oligonucleotide, but
probe 2 or a mutated form of the SP1 oligonucleotide that no longer bindB3™bhe 1 is supershifted by an antibody against SP1, but not by an antibody against
the transcription factor USF. The supershift pattern is identical to that seen for the SP1 consenstis finebropility shift of probe 2 incubated with g HelLa

nuclear extract is competed away by excess unlabeled probe 2 and excess TFIID consensus oligonucleotide, but not as well by excess probe 1. At right, a bal
produced by the TFIID consensus oligonucleotide is considerably darker than that produced by probe 2 and is not competed away by excess uniapé&lee probe 2. (
mobility shift of probe 3 incubated with Qi§ HelLa nuclear extract is competed by excess unlabeled probe 3 or YY1 consensus oligonucleotide, but not by exce
probe 1 or 2. A supershift is produced when an anti-YY1 antibody is included in the binding reaction. No supershift is produced by anti-SP1 or anti-USF antiboc
At right the mobility shift produced with the YY1 consensus oligonucleotide is competed by excess unlabeled probe 3 and shows a supershift very similar to that

for probe 3.
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Figure 5. Effect of two repeat sequences on minimal promoter activity. Constructs were transiently transfected into 293 cells. Statistics are as in Figure 3. All lucife
values are normalized to the average of the pGLXH values for each expedhénschematic of the'send of theXISTgene, with the minimal promoter shown

as an open box, the XCR shown as a grey box and the PuPy repeat shown as a hatched box. The transcription initiation site is indicated by a large arrow. S
restriction sites are as in Figure B) Effect on reporter gene activity of cloning the XCR into plasmid pGLXH, which contains the minimal promoter (open box)
upstream of the promoterless luciferase gene. Potential regulatory sequences shown flanked by the letter B are cloned into a distal site on the plasmid that is nof
the transcript. For pGLXHBHS, tHevalue in parentheses reflects comparison with pGLXHBGER and demonstrates modest activity of the XCR sequences in th
context. The nucleotide positions contained within each promoter construct are: HS, —923 to +324; pGLG7RG6R, —211 to +324; pGLG7RH6, —211 to +7
pGLXH66+, —211 to +31 and +304 to +767; pGLG10G6R, +29 to +324; pGLG10H6, +29 to +767; pGLGEH6 and pGLG6R6, +304 to +767 in both orientatior
(C) Promoter constructs containing upstream sequences cloned into a distal site on the pGLXH plasmid containing the minimal promoter (open box). The hat
box represents PuPy sequences and the gray line represents @8eoritdtagment locatedl5 kb upstream ofIST

but only at high concentrations, perhaps reflecting the knowfwo different repeat elements modifyXIST minimal
non-specific DNA binding ability of TBE39). promoter activity in vitro

The third sequence identified in the saturation mutagenesis
experiment is contained within probe 3 and is similar to thas determined above, expression from ST minimal
consensus binding sequence of the transcriptional activator YYdromoter is driven by binding of common transcription factors in
As shown in Figure 4D, a shift is obtained wkéSTprobe 3is several different cell lines. Sequences outside this minimal
incubated with HeLa nuclear extract and this shift is competgstomoter, therefore, may give tkESTgene its unique transcrip-
away by excess unlabeled probe 3 or YY1 consensus oligiien pattern. In an attempt to identify such sequences, we cloned
nucleotide, but not by excess unlabeled probe 1 or probe 2. Thateries of restriction fragments frorh phage contig including
this sequence is binding the initiator protein YY1 was confirmethe humanXIST gene and extending >50 kb upstream into a
using anti-YY1 antibodies (Fig. 4D). Thus, the decrease ireporter plasmid in which the luciferase gene is driven by the
luciferase activity seen in the L/S17 mutant construct (Fig. 3AXISTpromoter (construct pGLXH, Fig. 2). Numerous fragments
indicates that YY1 acts as a transcriptional activator in thigsted failed to produce a significant effect on minimal promoter
context. activity when compared with the pGLXH construct, including
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XCR Motif I 1 ]
Human XCR 1(48) TTCCACTCTCTTTTCTATATTTTE
Humen XCR 2(43) TTTTATTATITTTICTTTS
Humen XCR 3 (46) CTTTTAATTCTTTTTTATTCE!

Human XCR 4 (45) TTTTTATTTTTTTTTCCTTAI
Human XCR 5(69) TGATTCCCTTCCCCTCTGAACCCCCAACACTCTGE!
Human XCR 6 (48) TTTTTAAAAATTTTCTTTTTTTGE
Human XCR 7(48) TTTTTTTTTTTTTATTTTTCCTT;G1<
Human XCR 8 (43) TTTAATTTTTGTTTTTCTIE;

@

Human XCR 9{45) TTTGATTTTTTTTTTTCATC§~
Mouse XCR 1(50) TTTCTTTCATTGTTTATATATTCTTG
Mouse XCR 2 (46) GTGTCCTCCCCGCCATTCCA
Mouse XCR 3(74) CTGCCTTTTCATTCTTTTTTITTTTITCTTATTATTTTTTTTTCTAAACTTY

Mouse XCR 4 (60) TTTTATTCTTTTTTTCTTCTCCTTAG)

Mouse XCR 5(68) TTTTTGTAAAAAAAAAAAAAAAAAAAAAAAAAAACCTTTCTC
Mouse XCR 6 (45) GTTTAGTCTTTTTTTCCCA
Mouse XCR 7(63) TGTTATTATTTTTTTITCTTTTTCTTT
Mouse XCR 8(46) TTTAAATTTTTTTTTTTCAC

Rabbit XCR 1(47) TTCTCCTACATTTCCATATTTTE

Rabbit XCR 2({43) TTTTATTATTTTTTCTTTG

Rabb !t XCR 3(51) CTTAATTCCTTTTTTAAAGAAAATTAGECCACCGGE
Rabbit XCR 4 (46) TTTTAATTTTTTTTTCCTTAGELCATCGRG
Rabbit XCR §(53) AGTGCCCCCTTTTGCCCCCCAAATTCTGRELS

Rabbit XCR 6(7C) TTTTGTGGTTTTTTTTGTTTTGTTTTGTTTTTGAATTGGCTTTTGE!

Rabblt XCR 7(49) TTATATTTTTTTTTTAAATTTTTTG!

Rabbit XCR 8(46) TCTGATTTTTTITTTTTTTCTGE!

Rabbit XCR 9(46) TCTGATTTTTTTTTTCCATCE

Horse XCR 1(48)
Horse XCR 2(43)
Horse XCR 3(61)
Horse XCR 4(48)

Horse XCR 5(49) TTT"TTCCTTAAATTTATTTTTTGﬁ
Horse XCR 6(45) TTCTATTTTTTTTTTTCCT
Horse XCR 7(44) TCTCATTTTTTTTTTCC
Horse XCR 8(u§) TTAGATTYTTTTTTTTCA]

Figure 6. XISTconserved repeats (XCR). Human, mouse, rabbit and HdeselBm repeats are aligned and begin at positions +309, +292, +303 and +298 of the
human, murine, lepine and equiXiSTXist genes respectively. XCR sequences are liste@'5vith no gaps between repeats. The length of the individual repeat
monomers is indicated within parentheses after the repeat number. Boxes indicate two highly conserved 12 and 10 bp cores (motifs Il and I11) within the overall re

one containing the first intron. However, two sequences weseen in the female embryonic kidney cell line (293) as well as in
found which did alter promoter activity significantly (Fig. 5A). mouse fibroblasts (data not shown). A similar but somewhat smaller
The B-end of the transcribed portionXfSTcontains a series effect was observed when a larger fragment containing transcribed
of nine tandem copies of a repeated motif that comprisessaquences from thé-énd ofXISTbetween the minimal promoter
promising candidate region for a functional domain within thend the repeats was included in the reporter congaruc0(006;
XIST transcript because of their high degree of conservatidfig. 5B). As only a modest effect was observed when the repeats
among eutheriar(45,27). The repeats, dgsated XCR 1-9 (for were cloned into the distaBanHl site of the pGLXH construct, the
XIST conservedeapeats), consist of a highly conserved GC-richlata indicate that the effect of the XCR sequences is strongest when
core sequence (motifs Il and Ill, separated by a more variablepart of the transcript itself, consistent with a possible post-transcrip-
bp ‘hinge’), punctuated by a variable length spacer region (motibnal effect. The possibility that the repeats contain promoter
) that is highly T rich (Fig. 6). The XCR sequences are locateattivity of their own was investigated by cloning the repeats alone,
[BOO bp downstream of the transcription start site for all foun either orientation, in front of the promoterless luciferase gene;
homologs sequenced and are arranged in a head-to-tail fashioowever, no luciferase activity was observed in cells transfected with
In humanXISTthe overall structure is (I-1I-18) although motif these constructs (Fig. 5B). The XCR sequences thus provide a
[ll'in XCR 9 is divergent. Motif | varies in length from 18 to 34 moderate but significant enhancing activity, the effect of which is
bp and in AT-richness from 74 to 94% (except for one copy thalearly strongest when present in theriranslated region.
is 50% AT), with significant overall strand asymmetry, the A second region which influences minimal promoter actirity
transcribed strand being on average 84% pyrimidines. The sawiteo was found within a 5.6 kBanHI fragment located?5 kb
general structure is conserved in the mouse, rabbit anddistrse upstream of theXIST gene. This sequence caused a significant
genes, although the mouse and horse genes have only eight X€&uction in luciferase activity in transient transfections of both male
copies. The consensus sequences of motifs Il and Ill are identiead female cell lines when present on the pGLXH plasmid, while
in the four species (GCCCATCGGGGC and GGATACCTGC)pther upstream genomic fragments had no such effect (Fig. 5C).
with only (4% divergence from the consensus among the 34pon determination of the sequence offaisHI fragment, it was
copies of motif Il and the 30 copies of motif Ill. In each speciedpund that the fragment contains a stretch of alternating purine—pyri-
the 3-most copy of motif Ill is divergent from the consensus, butidine (PuPy) repeats. This sequence exten@d%0rbp with only
is nonetheless conserved (75% identity) among the four gerks single base interruptions in the strict purine—pyrimidine repeat
(Fig. 6). Such high levels of primary sequence conservation asgucture. The repeat region was PCR amplified and cloned into the
suggestive of functional significance. BanHlI site of the pGLXH promoter construct. A similar level of
Because the XCR sequences are present withirrémel Bf the  reduction in promoter activity was found with just the PuPy repeat
XISTtranscript, we wanted to determine whether the repeats wouwld was found with the entire 5.6BamHI fragment, indicating that
have any effect on transcript levels when present in#wedsof a  the repeats are responsible for the observed transcriptional re-
reporter transcript. When tested in therranslated portion of the pression. Tw®@naBl restriction sites lie within the repeat region and
luciferase reporter gene, the XCR sequences resulted in a >3-foldre used to generate constructs containing different portions of the
increase in luciferase activitl? € 0.004; Fig. 5B). This effect was repeat array directly upstream of the minimal promoter. A construct
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with 299 bp of repeat greatly inhibited luciferase activity, whereas

constructs with 166 or 25 bp of PuPy repeat showed normaFonditional promoter

luciferase activity (Fig. 5C), illustrating that >166 bp of Xi8T v X Aotive X
PuPy repeat is required to promote silencing when located directly.,,_,,.,ﬁ.., methylation
next to a promoter in thia vitro assay.
CHOICE
' XISTon
DISCUSSION —t =
. . " - - FERRTIRY) Formation o
Expression of th¥ISTgene and accumulationXSTRNA only Preinactivation” X's Barr bodyXIST ANA

occurs on the inactive X chromosome or on chromosomes that are

programmed to undergo X chromosome inactivation

(14,15,17,18,40-42). Thus factoentrolling XIST expression

are directly involved in, or are influenced by, the X inactivation gonstitutively active promoter

process. By understanding)ST transcriptional regulation, we

hope to gain insights into the nature of the initiation of X X

inae:tivatign. Here ?/ve report the identification and characteriz- —l XISt off methylation _>
ation of the humaKISTminimal promoter and the identification

of two repeat elements that modulate minimal promoter activity
in anin vitro assay.

CHOICE

- . . Formation of
"Preinactivation” X's Barr body/XIST ANA

The XIST promoter is constitutively active and binds complex
common transcription factors

XISTRNA is detected in significant amounts only from inactive Figure 7. Two models of events at tb@ST promoter in early development.
X chromosomes and not from active X chromosomesiori, Under the conditional promoter model (top) a key element in the choice

such a pattern of differential gene expression could reflect one gfteen Xs in female cells is activating Xi€Tgene on the X chromosome
chosen to become the inactive X. Under the constitutively active model

two alternative ppssibilities (Fig. 7)-_ First, tb(d?_ST promOte_r . (bottom) both copies &fISTare transcribed prior to X inactivation and the key
could be a conditional one and require transcriptional activatiogep in the choice between the two Xs is repressixiSion the X that will

by factors specific to X chromosomes chosen to become & the active X. In both models additional unknown steps and/or factors are
inactive X. AlternativelyXISTcould be constitutively active on required for accumulation X#STRNA on the inactive X chromosome (15,16)
all X chromosomes prior to inactivation (as suggested by th&1d formation of the Barr body complex.
studies of Panning and Jaenis¢B) and rquire transcriptional
repression on the single X chromosome in males and the active
X in females. Under such a model, the high levekISTRNA  transcription start site, the location expected for a TATA box.
found associated specifically with inactive X chromosomemdeed, the sequence which overlaps this region, TTAAAG, is
(15,16) may reflect up-galation of theXIST promoter from a very similar to the TBP consensus binding sequence and was
basal, constitutive level (the ‘pre-inactivation stadd) and/or  found to bind either TBP or some TBP-like protein in electric
stabilization ofXISTtranscripts by factors involved in assemblymobility shift assays (Fig. 4C). A recent characterization of the
of the inactive X Barr body complex. The fact that we readilynurineXistminimal promoter identified the TTAAAG sequence
detect promoter activity in a number of different cell lines as wedlis also being important for promoter actiy#).
as in transgenic mouse lines indicates thatd®T minimal The transient transfection data and the results obtained in the
promoter is constitutively capable of supporting transcription arahalysis of protein interactions with the minimal promoter
thus must be silenced on the active X chromosome. Thésipport the constitutively active model for tKEST promoter
observation is consistent with models in which a developmentsthown in Figure 7. The minimal promoter directs high levels of
factor(s) acts to ‘mark’ or ‘blockXIC on a single active X, transcription in all cell types tested using common transcription
regardless of the total number of X chromosomes present (19,4#ctors. Similarly, luciferase activity is readily detectable in
Indeed, studies oKISTXist methylation in the region of the transgenic mouse lines in which the hunXd8T promoter is
minimal promoter (28,45-47) haveptitated DNA methylation  driving luciferase expression. Thus, bothitheitro andin vivo
in the silencing oKISTon the active X chromosome, perhaps aslata provide no evidence for a DNA binding factor responsible
part of the hypothesized ‘blocking’ step. for the inactive X-specific expression characteristic oS
Transcription factors responsible f¥tST expression were gene, as required by the conditiok&sTpromoter model.
identified through the use of saturation site-directed mutagenesighese results are interesting in the light of three instances where
and gel mobility shift assays. An SP1 binding sequence centerést-containing sequences have been used to create transgenic
around position —72 and the potential SP1 binding sequencesrate (20-24). Dgste the fact that theXISTXist minimal
positions —50 to —43 (Fig. 1) show positioning expected fgsromoters are constitutively active (Fig. 1), transgenic lines were
upstream control elements and were implicated by the mutebtained in two of these reports in which transgexist
genesis studies (Fig. 3). The second identified sequence is verpression was not detected, though the input YACs were
similar to the consensus binding sequence of the initiator proteapparently intacf20,21). The variable data on such transgenes
YY1 and is located at the expected position for YY1 to bind as anay implicatecis-acting chromatin elements (perhaps as part of
activator of transcription (Fig. 1; 37); this sequence was indeedXIC/Xic recognition element) that are not always maintained in
found to bind the YY1 proteiin vitro (Fig. 4D). The third a proper context in the transgenic lines. Both Jaenisch and
sequence is located from position —26 to —31 with respect to tbelleagues (22,23) and Ashworth anolleagues (24) have
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detectedXist expression and accompanying spreadisifRNA  inactivation; those involved in recognition and choice of one X
in transgenic ES lines. However, the multicopy nature of thosgnromosome, those involved in blockXEs T Xist transcription
transgenes complicates conclusions regarding the possible exiisim that allele on the X chosen to be the active X and those
ence or location of sudis-acting elements withiXIC/Xic. responsible for the control and/or stabilization Xd&TXist
expression on the other X (or Xs) that is/are subsequently
inactivated. While the experiments reported here and elsewhere
(18) clarify those sequencespensible forXISTXist transcrip-

tion, they suggest that the putatki recognition elements lie,

We have identified two sequences capable of influencing tf# least in part, outside the examined regions. _
activity of theXISTminimal promoter in reporter gene constructs, While the nature of the “blocking’ step is not known, a likely
both of which consist of repeated DNA (Fig. 5). The XCRcandidate mechanism is differential DNA methylation. The
sequences presefBO0 bp downstream from the transcriptionimportance of DNA methylation in silencing thést gene is
start site act to stimulate minimal promoter activity, perhaps bydgmonstrated by the fact that mice lacking maintenance DNA
post-transcriptional mechanism. While we have been unable tHiigthyltransferase activity show inappropriist expression in
far to demonstrate the existence of protein binding to the Xc$omatic cells (43,53). Further, the fact that ti@mel promoter
using Hela cell nuclear extracts (unpublished data), it B8nd XCR sequences are differentially methylated on the active
conceivable that a developmentally regulated factor, present, fjtd inactive X chromosom¢8,45-47)ndicates that although
example, at the time of initiation of X inactivation, may bind thdhis region is not important in choosing, it may be the region on
XCR sequences and thereby enhaXt®T expression and/or which the ‘block’ (in the form of differential DNA methylation)
stabilizeXISTRNA in vivo. is imposed, thus preventindgSTXist expression and allowing
The upstream PuPy repeat sequences are also implicated'® chromosome to remain active. The identification of a
control of XIST expression and cause a 70-80% reduction défaturally occurring point mutation in thdST promoter that
promoter activity in transient transfection assays. Similar PuFsggregates with non-random X chromosome inactivation in a
sequences at other loci have been shown to form a right handiétman family (54) further upports the possibility that the
Z-DNA structure under physiological conditidnsvitro (49-52). minimal promoter region is important in the very early stages of
The mode of action of the PuPy sequence in inhibitiokI8T X chromosome inactivation and may be involved in choosing
promoter activity is unclear. While the sequence of the repeat is f§tween the two X chromosomes in female cells and/or
unique, théXISTPUPY repeat is nearly twice the size of other knowAstablishing the blocking signal.
PuPy repeats (52)h8uld this sequence form a Z-DNA structure,
it wou]d represent a Iarge segment of. non-B-DNA and COU'EHOigenetics andXIST transcription
conceivably direct formation of a repressive chromatin structure |
the vicinity of theXIST gene andXIC. Further work will be  How might DNA methylation, the minimal promoter and
necessary to determine whether either of these repeat sequeggggcting elements interact to achieve the unique expression
influence XIST expression levels vivo and are therefore true pattern observed foXIST? SP1 has been shown to bind to its

Minimal promoter activity is modulated by two
repeated DNA elements

cis-acting elements involved in the X inactivation process. consensus site and to promote transcription irrespective of the
methylation status of the promoter seque(E®-57). Thus,
Initiation events at the X inactivation center silencing of XIST on the active X chromosome cannot be

achieved through exclusion of SP1 from promoter sequences by

All X chromosomes in excess of one present in a diploid cell areethylation alone. Further, DNA gel mobility assays using
inactivated. This suggests that a cell is able to recogniXéCall methylated and unmethylated minimal promoter probes showed
loci (i.e. X chromosomes) within that cell, ‘choose’ o€ and  no differences in mobility shift patterns (data not shown),
‘block’ the chosenXIC to keep that chromosome active andproviding further evidence that DNA methylation itself does not
ensure that all remainingJC loci inactivate the chromosomes on affect binding of proteins to th&lST minimal promoter and,
which they lie. therefore, is not likely to be directly responsible for silencing of

Pennyet al (18) haveecently described experiments in whichXIST on the active X chromosome in somatic cells. The XCR
the proximal minimal promoter and entire first exon of i  region is known to be differentially methylated in somatic cells
allele were deleted in female ES cells. When cells containing thi8; Fig. 7) and has a number of conserved CipGcteotides
deletedXist gene were induced to differentiate, the chromosomeithin the motif Il and Il consensus sequences (Fig. 6). Whether
harboring the deleted allele could be recognized and ‘chosen’, lsuich methylated sequences might inlBT transcription is
could not become inactive. This demonstrates thaXitgene unclear at present.
is absolutely required for X inactivation to occur and implies that That expression of th¥ISTXist genes should be under the
sequences involved iXic recognition and choice were not control of at least one distaais-acting DNA element is expected
affected by the deletiof19). Paning and Jaenisof#3) have from studies of th&celocus in mice (7). Alleles ic-linkedXce
observed low levels of bialleliXist expression in undifferen- influence the randomness of X chromosome inactivation in mice
tiated ES cells which, upon differentiation, switched to monoas well as influencing the steady-state levelXisf RNA in
allelic expression. This is consistent with the initiation step of Xomatic cells. WhilXcehas been found to be genetically distinct
inactivation consisting of silencing oXistallele and up-regulat- from theXist gene in one mouse strain (58) gtrrains possible
ing the other and supports the constitutive promoter model (Fidpat an interaction between tbé@st promoter andcis-acting
7). Together with the data reported here, these two reports suppbeiment(s) act to achieve théce effects. Indeed, we have
the idea that there may be at least three critical and possilpigeviously identified strain-specific sequence variations in the
distinct types of X-linked sequences involved in X chromosommurine XCR regior(28) which ould contribute to this effect.



Recent work has also identifiéate allele-specific methylation
differences in a region lying distal to the murMist gene,
providing a candidate region for tiee locus (59). It will be
interesting to learn whether this region contadisacting

21

N

2

23

elements that, like the PuPy repeats examined here, infliishce 24
minimal promoter activity. Further work on the interaction

between the minimal promoter aaid-acting elements will be

necessary to determine what role these sequences play in
processes oflSTtranscriptionXceeffects and, subsequently, X

chromosome inactivation.
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