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We have constructed mouse transgenic lines carrying

a YAC clone encompassing the  Xist gene in order to in-
vestigate the factors influencing  Xist expression and
the initiation of X-inactivation. Two transgenic lines
were derived, one carrying four copies integrated at an
autosomal site and a second line carrying four copies
integrated at a single site on the Y chromosome. Xist
expression was not observed in mice carrying the
autosomal insertion. However,  Xist expression from
the Y-inserted transgenes was observed and at levels
commensurate with that found in normal female mice.
Methylation sites in the autosomal transgene both 5 '
and 3' of the Xist gene are hypermethylated and appear
to reflect methylation patterns observed on the active

X chromosome. For the Y-linked transgene, methyla-
tionsites 5 ' and 3' of the Xist gene are hypomethylated
reflecting patterns found on the inactive X chromo-
some. However, the 5 ' and 3’ methylation levels have
been decoupled at the active transgenic locus. The
data suggest that sequences in the vicinity of Xist can
initiate some of the features that are associated with
the initiation process of X-inactivation.

fails to undergo X chromosome inactivation in contrast to the
normal X chromosome. g

X-inactivation in mouse is first observed in the extra-embgy-
onic tissues where X-inactivation is non-random afist &
expression occurs only from the paternal X chromosome.
Paternakist expression can be detected as early as the 4-8ell
stage in mouse where it is associated with an apparent methyla-
tion imprint—sites 5to theXistgene are hypomethylaté®10) 2
and this hypomethylation reflects the undermethylation of E;i'“le
Xist gene observed in spermatogen€bl. Subsequwly, this £
paternal imprint is lost at the blastocyst stage and randsim S
expression in the embryo proper starts prior to gastru(@ibh). &
The random X-inactivation process is associated on the inagtive
X chromosome with hypomethylation around the exprexised 3
gene at both'§10) and 3sites (12). Th&istgene on the activeg
X chromosome remains hypermethylated. 3

In the mouse, a second locge (X-chromosome controlling s
element), affects the randomness of X-inactivation and three alfeles
have been definedxee? Xce® and Xcef. In heterozygote mice%
carryingXcetandXce?, X chromosomes carrying theeallele are
more likely to be inactivated. In heterozygote mice carryingade
andXcef alleles, X chromosomes carrying ¥ee allele are likely
to be inactivated. Thécelocus maps in the vicinity ofic (13) but
recent genetic mapping evidence suggest®ikad discrete locus®
separable from thiist locus but lying 3to theXist gene in close S
proximity (14). From this point of view, it is intriguing that thg
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INTRODUCTION methylation of 3sites that are normally hypermethylated on tfie
: . active X chromosome shows a strong correlation between the fevel
The Xistgene is the only known locus to be expressed from thg hypermethylation and the strength of Xueallele(12). >

inactive X chromosome in mouse and hurfiat8). Assessment

In order to investigate the sequences involved with the initiaﬁon

of a variety of chromosomal rearrangements in mouse and humgny inactivation andXist expression and their relationship to thie
have defined a narrow critical region in both species requ_lred fQfatus of methylation sites in the vicinity of Xist locus, we have &

the initiation of X-inactivation—the X-inactivation centreXac

constructed transgenic lines carrying YAC clones encompassingpthe

region(4—6). TheXistgene maps within théic region. The map  xist jocus. An autosomal transgenic line failed to expréstsin

location ofXist along with its unusual expression pattern havgonirast to a transgenic line where the YAC transgenes had inserted
suggested thakist plays a critical role in the initiation of ;o the Y chromosome.

X-inactivation. TheXist gene sequence is conserved between

mouse and human (7) but does not appear to encode a g
product. Rather, it has been proposed that the RNA may functi

BEsuLTs

directly in initiating the process of heterochromatisation thag,cture of YAC transgene and derivation of
underlies X-inactivation. Recently, definitive evidence has beecPansgenic lines
obtained thakist is required for the process of X chromosome

inactivation (8). Gene targeting of one of the two copie§sif

A 350 kb YAC clone, yXistl, containing theéist gene has

in female ES cells demonstrates that the targeted X chromosopreviously been characterised (8; see Fig Xistlies close to the

*To whom correspondence should be addressed at present address: MRC Mouse Genome Centre, Harwell, Oxon OX11 ORD, UK
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Figure 1. (a) A genomic map surrounding the modsstlocus. The mous€dx4gene is located 100 kb distal to Xistgene. Probes used in this study are showa
as black boxes and indicated. The restriction sites asd8ll; E, Ead; N, Not; S, Sal. Lower panel shows the structure of a 35XId YAC (yXistl). The YAC &

was modified for transgenesis by the introduction of Begirestriction sites into both arms and Byeo reporter gene into the right arm. The size of the YAC arnss
are not drawn to size. The arrows represent PCR primers used for screening of the foundgrSticetufes of tg04 and tg15 transgenes. In both cases, threg;to
four copies of th&ist YAC were integrated at a single site in a tandem head-to-tail fashion. tg15 carried an approximately 100 kb deletionXiistiidoghehich
is indicated as a dotted line within the YAC insert in FigSH.restriction fragments are shown below the maps. A hypermethgalesite observed in tg04 is
indicated as an asterisk) Fluorescenin situ hybridization of tg15. The whokist YAC DNA was used as a probe. Two signals are seen on a single X chromosgme
(small arrowhead) and on a distal long arm of the Y chromosome (large arrowhead). The intensity of the signal seen on the Y chromosome is stronger@an fl
the X chromosome.
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centre of this YAC which also contains the recently rep@ted  investigated further. The three remaining founders, tg04, t§15
gene (15). yXistl was odified for transgenesis by the introduc- and tg59, were positive for primer sets 1-4 (Fig. 1a) and bBad
tion of i-Sce sites into both arms (see Materials and Methods)etained both YAC arms. One founder, tg59, failed to passZhe
The introduction of an $cé site into the right arm was transgene onto its progeny and was presumably mosaic an@was
accompanied by the insertion gBgeoreporter gene driven off not investigated further. A transgenic line was established fiom
a PGK promoter. However, this reporter was not used in thg04 and the inheritance pattern of the transgene indicated@hat
present study to assess theeffects oiXistexpression given the it had inserted autosomally. The transgene segregated with a
down-regulation that occurs from the PGK promoter duringlominant phenotype demonstrating a curly tail. The curly tail
development. phenotype was very variable (data not shown). A second

YAC transgenics were recovered by pronuclear injection dfansgenic line was established from tgl5. From 93 animals
mouse fertilised eggs recovered from FVB/N and B6CBAFZtecovered from the tgl5 transgenic line, the transgene was
mice. From 1581 injections, 81 mice were born and fouwithout exception observed only in males. The transgene has
transgenic lines were recovered. Potential founder mice wetleerefore integrated on the Y chromosome. FISH analysis of
tested by PCR for the presence of both ends of the 350 kb YAG15 using the yXistl YAC shows two signals (see Fig. 1c), one
transgene by utilising primers for YAC insert-vector junctionsignal towards the centre of a relatively long acrocentric,
sequences (primer set 2 and 3, see Fig. 1a and Materials gmdsumably the single X chromosome, and a second strong
Methods). Four founder mice were identified (see Table 1). tg&lgnal on one of the smallest acrocentrics. The transgene would
was negative for primer set 2 (as well as primer set 1, see Fig. B@pear to have integrated at a single site on the distal long arm
and had presumably lost the YAC left arm and was nadf the Y chromosome (see also below).



Human Molecular Genetics, 1996, Vol. 5, No. 453

Table 1. Summary of transgenic lines obtained by pronuclear microinjection

Transgenic line tgo4 tgl5 tg59 tg74
Sex F M M M
Phenotype Curly tail - - -
Transgene Germ line Germ line Mosaic n.d.
Chromosome Autosome Y chromosome n.d. n.d.
Copy number 4 4 n.d. n.d.
Size of transgene 350 kb 240 kb n.d. n.d.
Xist transcription - + n.d. n.d.

from transgene

n.d., not done; M, male; F, female. tgo4 and tg74 were derived from microinjections of fertilised eggs from B6CBAF1 mice. tg15 was recovered from g\jecth

of fertilised eggs from a B6CBAFAFVB/N cross and tg59 was recovered from injections of eggs from FVB/N mice. g

>
Analysis of the organisation of the transgenic loci, tg04 Expression ofXist from the tg04 and tg15 transgenes g:
and tg15

(0]
RT-PCR analysis of liver from adult males carrying the tg04
transgene did not show adjst expression (data not shown§
Southern blot analysis was carried out (Fig. 2a) to estimate tReeliminary RT-PCR analysis demonstrated that tg15 adult males
copy number of the inserted transgenes in both tg04 and tgtid showXist expression. In order to confirm that the observiad
Digestion withEcdRl and probing with a mouskist probe  expression was from the tg15 transgene rather than the pargntal
(W7D) demonstrated that both transgenic lines contained arourcchromosome, the tg15 males were crossed to the PGK inBred
3-4 copies of theXist YAC (see Fig. 2 legend). This was strain. yXistl and PGK demonstrateHandIll restriction site 3
confirmed by iSce partial digestion of the two transgenic linespolymorphism in theXist sequence recovered by RT-PCR
followed by pulsed field gel electrophoresis and probing with thgFig. 3a). Like C57BL/6, the 578 byist RT-PCR product of 5
sameXistprobe (Fig. 2b). In both cases, a regular ladder of bangXist1 is digested to two fragments of 320 bp and 183 bp (glus
is observed suggesting that there are multiple copies which hawvemaller fragment of 75 bp, not observed on the gel in Figure§a).
integrated at a single site in tandem. However, it was also cleRGK however gives only two products of 503 bp and 75 bp. Ehe
from this analysis that whereas tg04 retained the cognate 350ddta clearly demonstrates that tg15 when crossed into the BGK
structure, the tg15 transgene carried a deletion aStiedadder  strain gives expression only from the tg15 transgene and that no
was based upon a 240 kb band (Fig. 2b). DigestiorBaijhand  expression is observed from the PGK X chromosome. &
Sal (Fig. 2c) also confirmed that tg15 carried an approximately In addition, we explored the expressiorXadt from the tg15
110 kb deletion and allowed us to map the extent of the deletioBnsgene at earlier time points. Expression of the tg15 transgfene
to a region 3of Xist removing theCdx4gene (Fig. 1). The 200 was also observed in 10.5 day old male embryos (data not shaivn).
kb band inEad digests of tg15 hybridised to pESES), pE2.3  Furthermore, we looked for evidenceXiét expression at the§
(1), pHH1.5 andXPas34probes but failed to hybridise@mix4  blastocyst (3.5 d.p.c.) stagKist expression at this stage ig
(data not shown). The majdal fragment of 180 kb encompass- exclusively from the imprinted paternally-inherit&ést allele S
ing Xistis intact in both tg04 and tg15 (Fig. 1b and 2c). In tg1%9,11). Analysis of pols of blastocysts derived from tg15/PGEK
a prominent 180 kb band is visible but it is noteworthy in tg04 thahales crossed to PGK females clearly demonstrated expre§sion
the predominant band is 270 kb (see bel@a). fragments of from the tgl5Xist allele (Fig. 3b). In addition, as expected
270 kb and 440 kb are observed in normal mouse digests, thesgression is also observed in the pool from the Ristallele, ©
larger fragments arising from methylation at #a# sites distal presumably from PGK/PGK female blastocysts. Slot blot angly-
to Xist(14). Other fragments are seerSal digests of tg04 and  sis of RNA from both normal females and tg15 transgenic médles,
tg15 that represent fragments arising from the tandem naturedegfmonstrated that the levels Xist expression from the tg153
the inserted transgenes and methylatid®adfsites either in the transgenic locus were commensurate with the levels of exprgss-
YAC clone insert or in the right vector arm of the YAC.ion seen in normal female mice (Fig. 3c). Finally, Northern
Specifically, both tg04 and tg15 demonstrate 350 kb fragmentsnalysis of poly(A) RNA from tgl5 mice demonstrated the
The origin of these fragments is presented diagramatically gresence of an approximately 15 Kist transcript and an
Figure 1b and this interpretation agrees with the integration of tigentical hybridisation pattern to CBA female RNA (Fig. 3d).
transgenes in a tandem head-to-tail fashion. Finally, both tg04 and
tg15 showSal fragments of around 100 kb that may result fro”Methylation of the tg04 and tg15 transgenes
one copy of the transgene array, possibly the masipy, being
deleted upstream of théist gene. In conclusion, each array We investigated the methylation patterns in the tg04 and tg15
contains multiple copies of thést region, most copies contain- transgenes at sites boti{B0) and 3to theXistgene (12). Again
ing a substantial amount of sequence bo#m8 3 of Xistand  we took advantage of polymorphisms between the transgene and
covering at least 200 kb (see Fig. 1 for summary). In addition, thiee cognateXist gene in the PGK strain in order to identify
restriction mapping data confirm the integrity of sequencesethylation changes associated specifically with the transgenes.
surroundingXistin both of the YAC transgenes. On the inactive X chromosome, it has been observed that several
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E in tg15 that corresponds to a hypomethylated site detected by
§ Norriset al using probes downstream of Kist promoter (10).
& 2 5 & The detection of this site by probe 2 however indicates that the
Dy Hadl site just left of probe 2 must be methylated to some degree
% - w-w in tg15. The intensity of the digestion products in tg15 is much
o= - lower than_ th_e undigested 9.5 kb product suggesti_ng that only one
. copy of Xist is hypomethylated at the transgenic locus. This
would indeed correlate with our estimate that only one copy of the
tgl5 transgenic array is expressKigt However, first, in order
to assess whether the hypomethylated sites are spread across th
b £ transgenic array or confined to one copy we have carried out a
kSl Sall Bagl sequential digestion experiment in tg15 and C57BL/6 female of
L I ™ TR TR a 4.5 KbEcdRI fragment encompassing this region. If the
Lad o hypomethylated siteMlul and Sadl are largely confined
- together in the same copy, double digestion with these enzymes
would result in a single band the same siz8a# alone (see
Fig. 4a) with little or no residudlul-sized band. This is indee
o il the case (Fig. 4c)—only a faidiul band can be observed in thg
double digest confirming that the hypomethylation is largely
250= Pr—— confined to one copy in the transgenic array. In additiqn, u@ng
t —_— densitometry from a Phosphorimager (see Materials and
- B0 Methods), we have estimated the relative degree of undelﬁe—
-0 T -m .- thylation. If the hypomethylated copy in the transgenic array wére
completely unmethylated we would expect the intensity of the
digestedSadl andMlul bands to be 1/4 the intensity of the 9.5 kb
Pvul band and equivalent in intensity to the 4.7Fhil band. &
Densitometry measurements show that the ratio of digested b%nds
to the 9.5 kiPvul bands is 0.28 and 0.21 for tBadl andMlul 2
Figure 2. Structural analysis of the tg04 and tg15 transgesleSopy number  digests respectively. In addition, the ratio of digested to the 4.7 kb
of theXist YAC. Genomic DNAs in agarose blocks from tg04 male, tg15 male, pyj| band is 0.82 and 0.81 for ti®adl and Miul digests g

CBA male and CBA female mouse were digested BitR| and hybridized : ; _
to theXist cDNA probe, W7D (see Materials and Methods). The W7D probe respectively. So while we cannot conclude that the underme§1y

detects two bands of 6.0 kb and 4.5 kb. DNA loading was assessed biated copy is completely unmethylated, substantial hypomethgla-
subsequent hybridisation of the filter tB-actin probe. Band intensities were ~ tion has taken place. (2—)—
measured with a Phosphorimager (see Materials and Methods) and following As well as the Ssites, a 3Sal site is hypomethylated on thes
normalisation for DNA loading the copy number of the tg04 and tgl5 inactive X chromosom@ 2). Using thd®XPas34robe, we have%

transgenes was estimated as 4.14 and 3.58 respechiyéipafysis of iScé . L =
partial digestion of tg04 (lane 1), tg15 (lane 2) and CBA female (lane 3) mous@€€N able to assess the methylation status of this site atoth

DNA with the Xist cDNA probe. Genomic DNAs digested witSéé were  transgenic loci also taking advantage of a polymorphism betwigen
fractionated by PFGE using a pulse time of 45 s at 170 V for 24 h and hybridizethe transgene and the PGK strain (see Fig. 4d). On the ina@ive
to the W7D probe. In both tg04 and tgl5, a ladder of bands is detected. tgo&hromosome, there is extensive hypomethy|ati0n at this gr[e

showed an intact 350 kb band, whereas tg15 showed a deleted band of 240 PN : : :
(c) Analysis ofSal andEag genomic fragments detected by st W7D WhICh is observed in female DNA where there is marked cutting

probe. Genomic DNAs from tg04 male, tg15 male and CBA female mouseOf the 4.6 kiECORI fragment bySal. tg04 demonstrates a typica
were digested witsal andEad and analyzed by PFGE Southern blot as usual. male pattern with little cutting of the 4.6 kb fragment from tfe
In control female mouse, thigstprobe detected a single 300Eky fragment. transgene. However, for tg15 there is noticeable hypomethylation
Eag of tg15 mouse DNA generated a 200 kb band in addition to the band obyt the 3 site which reflects the pattern seen in female C57BL/6
normal size. In a normal female mouSal fragments of 180 kb, 270 kb, and ; ] . .
440 kb are observed. The 1808dd fragment encompassing tKistgene was (Fig. 4d). It is noteworthy that the level of hypomethylation:is
detected in both tg04 and tg15 mouse. In tg15 the pronSabfrtagmentwas ~ comparable to normal females, with equivalent intensity oftgqe
180 kb, whereas in tg04 the predominant band was 270 kb. 4.6 and 3.2 kb bands indicating that, unlike theites (above), 7
the 3 Sal site is hypomethylated in most copies of the tggﬁ

transgene.

1=

sites, includingsadl, Mlul andHadl, just 5 of theXistgene are

hypomethylated (10; see Fig. 4a,b). These sites are fullySCUSSION

hypermethylated on the active X chromosomes in males. In

C57BL/6 a 9.5 kiPvul fragment encompasses these sites and M/e have generated two transgenic lines each carrying multiple
detected by probe 2 (10hile on the PGK chromosome a 4.7 kbcopies of a YACXist transgene. In one line four copies were
fragment is detected by probe 2 and this smaller fragment does imdégrated at a single autosomal site and in the other line four
encompass the methylation sites. In tg04 the digestion patterrc@pies were integrated on the Y chromosome. Only the latter line
typical of a C57BL/6 male and there is no evidence of cutting @xpresseist and at a level equivalent to that observed in a
the transgenic 9.5 KBvul band. However, in tgl5 there is clear normal female.

evidence of hypomethylation. A pattern of digestion is seen thatThe methylation status of the autosomal and Y-linked trans-
is similar to a typical C57BL/6 female with identi&ddl and  genes reflectsXist expression and activity and mimics the
Mlul bands. Interestingly, a hypomethylakttsH| site is detected methylation changes found on the active and inactive X
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Figure 3. Analysis ofXist expression from the tg15 transgeia Allele-specific RT-PCR analysis. Total RNAs were extracted from adult liver of a PGK fema@ a
C57BL/6 female mouse, and a tg15 male arising from crosses of the tg15 line to PGK ¥st&BkA sequences spanning exon 3 and exon 6 were amplified by
RT-PCR using primers of MX23b and MIX20. PCR products were digesteHlinithl and analyzed by VisiGel Separation Matrix. PCR products derived from tfie
PGK X chromosome generate a 503 bp band, whereas PCR products derived from a BL/6 X chromosome generate a 320 bp band plus a 183 bp band3 The
of tg15 crossed into PGK strain was identical to that of C57BL/6, clearly indicating that MisgBMNA is transcribed only from the tgl5 transgene on the
chromosome b Allele-specific RT-PCR of pooled blastocysts. Allele-specific RT-PCRsbéxpression in a pool of seven blastocysts from tg15/PGK male crossed
to a PGK femaleXistexpression from a tg15 transgene and a PGK X chromosome was detected at a 3.5 d.jp)cRbtagslof blot. Total RNAs from adult liver €

of tg04 male, tg1l5 male, CBA male and CBA female were blotted onto the filter, and hybridizédsteDRA probe (W7D, see Materials and Methods). To assegs
RNA loading, the filter was stripped and hybridized to a mpesetin cDNA probe. The intensity of signals was measured by a Phosphorlmager. The relative galue
of Xistexpression from the tg15 transgene was estimated as 0.9 when compared to that of a normal feme)eNondhsen @nalysis ofisttranscript from tg15 —,
males. 5-1Qug of poly(A)* RNA was probed with the mXisKistcDNA. tg15 gives an identical major transcript to CBA female. Two separate but different loadffigs
of tg15 RNA were applied to the gel. z

Z1snbn

chromosome respectively. Methylation sites in thprémoter  expressed, it is not possible to determine whether the same Eopy
region ofXistas well as a methylation site some distaho&Xdst  is expressed in all cells. The possibility of mosaicism remains.
were examined in both transgenic lines. For the autosomidkvertheless, the methylation status of thmedhylation site has
transgene, both’' &nd 3 sites were hypermethylated reflecting clearly become decoupled from that of thsite since the'3ite

their usual status on the active X chromosome wKistés not  appears to be hypomethylated in the bulk of the copies of the
expressed. For the Y-linked transgeriasiteés showed hypome- Y-linked transgene (Fig. 5).

thylation to a degree consistent with one copy being substantiallyThese results suggest a model for the mechanisms surrounding
undermethylated. Indeed, for two of tHarethylation sites we Xistexpression from the Y-linked transgene. We propose that the
demonstrated that the hypomethylation appeared to be largebil recognises and counts the Y-linked transgene as a separate bu
confined to one copy of the transgenic array consistent with tisengle X-inactivation centre. Only one copy of the Y-linked
notion that only one copy &fistwithin the Y-linked transgene is transgenic array appears to be expressed. We propose that initially
expressed and it is this copy that has undergone hypomethylatare copy is activated accompanied byypomethylation. It may

with the other copies remaining hypermethylated. Howevehe that additionaXist copies in a single tightly-linked array are
although the data is consistent with one copy of the array beingt recognised as separate centres. Alternatively, and maybe
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more likely, Xist expression from one copy may inactivafe
adjacent copies of théstgene and prevent their expression, the
adjacent copies becoming hypermethylated at ‘theitess. We S
observed that hypomethylation at thei is decoupled from the3
methylation status of sequencésBXist Generalised hypome=
thylation of the 3 site may be required foXist expression.
Alternatively, methylation of the 8ite may be downstream of th
Figure 4. (a) A map of the 5end, the transcription unit and tHe'@gion of major events that initiatXist expression. It may be that 35
the Xist locus showing the position of the methylation-sensitive restriction hypomethylation represents a generalised effe¥isb&xpress-

sites. The locations of probes are shown under theEundRl andSal sites ; ; ; ; ;
are denoted as E and S respectively. Sites that are hypomethylated on thlg non nelghbourlng sequences resultlng Ihhyﬁomethylated

inactive X chromosome are indicated by asterisks. Sites hypomethylated iIte In most copies of th? Y-linked t.ra_nSgemC array. =
tg15 are indicated by arrowheads) flethylation analysis of'&nd of the There are two possible but distinct explanations for th

Xistgene. Genomic DNAs in agarose blocks from tg04 male crossed to a PGidifference in the expression patterns of the autosomal gnd
female mouse, tg15 male crossed to a PGK female, C57BL/6 male andy_jinked transgenes. Firstly, it is possible that the autosoraal

C57BL/6 female mouse were digested wivul (broken line) and - . o . o
additionally withSadl, Mlul, Hhal andHadll, separated on a 1% agarose gel, transgene has inserted into a critical autosomal region. EchEeSS

Bwy

I

SvivIS/al

blotted and hybridized to Probe 2 [seeafa) Materials and MethodSad!, ion of Xist and consequent X-inactivation of surroundirig
MIul andHaell sites are hypomethylated on the inactive X chromosome, and sequences may result in a lethal autosomal monosomy accoﬁhpa-
fully hypermethylated on the active X chromosome (11). A 4Xidttallele nied by cell selection against cells undergoing X-inactivation

on the PGK X chromosome s not cut with the methylatior-sensitive from the transgenic locus. In the case of the Y-linked transgéne
restriction enzymes. However, the 9.5 t tg15 allele on the Y . . ’
chromosome V\yas clearly cut with these enzymegs, showing a similar pattenWh'_Ch has |_ntegrated towa“?‘s the telomere of the Iong arm_@ a
to the normal female mouse. Densitometry using a Phosphorimager was use€gion that is heterochromatic and devoid of genes, expressién of
to estimate the degree of hypomethylation occurring in the transgenic arrayXist may have little deleterious effect. X-inactivation may hage
(see text f;zr gll ggsclstic}rl)c)l(:ypcl,metzy(l?éidfsitesl in tg15 r{gsillciedin thte § difficulty spreading through the long arm heterochromatic region
same copyEc igests of tg15 male an emale sequentially digeste : : : : :

with Mlul, Sadl and Mlul and Sadl together followed by hybridisation to and indeed, _con5|stent with this, _W(—:: ha.ve .See.n no evidence of
probe 2 (see Materials and Methods) Methylation analysis of th®al site sex-reversal in the tg15 transgenic line indicating that the short
15 kb distal to th&istlocus. Genomic DNAs were digested wiiboR| and armTdy gene at least is unaffected Xigt expression from the
re-digested witi®al, blotted and hybridized tol2XPas3 probe. In the male long arm transgene. If for the Y-linked transgene a counting
C57BL/6 mouse the predominant band is 4.6 kb, showing marked hyperme-mechanism isin operation cells expressﬁis;gfrom the normal
thylation of theSal site on the active X chromosome. In the female C57BL/6 . ! . .
mouse, a 4.6 kb band is of approximately the same intensity as the total of g(_Chro_mosome are IIker to be Selected agalns_t and consistent
3.2 kb and a 1.4 kb band, indicating the hypomethylation of this site on theWith this we have not been able to deléstexpression from the
inactive X chromosome. As tiioR| fragment from a PGK X chromosome  normal X chromosome later in development. If counting is
was Sllghtly smaller than the 4.6 kb fragment of a C57BL/6 X chromosome, Occurrlng at the Y transgerﬂc IOCUS, |t m|ght be expected to be
methylation status of PGK and C57BL/6 alleles can be distinguished. tg04 : :

male crossed to a PGK female showed the typical male pattern with little Oqcumng alsp at the aUtosor.nal th4 tranSg.enIC locus. .However’
cutting of the 4.6 kb fragment from the transgene. However, for tg15 malethiS conclusion would be inconsistent with the notion that
crossed to a PGK female there is noticeable hypomethylation at this site whiclexpression from the autosomal transgene has been selectec
reflects the pattern seen in female C57BL/6. against due to lethal autosomal monosomy. The remaining cells
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in the tg04 line would have to expresist from the single X pLUSScelgeo vectarAn i-Sceé linker with Hindlll site on one
chromosome, presumably also a lethal event. Evidence has beile andSad site on the other was formed with two synthetic
presented that suggests that the efficiency of generation afgos: 3-AGCTTTAGGGATAACAGGGTAATGAGCT-3 and
autosomalXist YAC transgenics does not differ from that 5'-CATTACCCTGTTATCCCTAA-3, and inserted intdindlll-
observed for other YACs (28). Heatal (28) conclude that the Sad sites of pLUS vector (21) to give pLUSScel. A 4. kieo
lack of Xist expression observed from the autosomal YACassette was released from pH3g&opbA(18) by digeton of
transgenes along with normal expression of adjacent genes woHiddlIl, following introduction of aNot-Hindlll adaptor to the
suggest that these autosomal YAC transgenes are not silenceditigue Notl site of the plasmid, and cloned intbndlll-cut
position effects. Thus, there is no evidence for selection agaiqitUSScel vector. The resulting plasmid, pLUS8geb, was
the generation of autosomést YAC transgenes expressikigt  linearised witlSal and targetted to the right arm of yXist1 YAC.
If this is the case, then it may be that we need to consider a secapst+ transformants were isolated and screened.

explanation for lack of expression from autosomal transgenes.

Expression of the Y-linked transgene may be facilitated in sonf&oduction of transgenic mice

way by its position in relation to the surrounding sequence . , )
environment—there may be potential interactions between tH&C DNA was purified as described (19). In brief, agarose

heterochromatic environment of the Y chromosome long arm af¢Pcks of yeast strains were prepared at a final concentration of
the initiation process oXist expression and X-inactivation. It 4> 1¢P cells/ml. YAC DNA in agarose blocks was separated @n

would be interesting to assed§st expression from both & preparative CHEF gel (LKB Pulsaphor Electrophoresis U#it)

autosomal and Y-linked YACs carrying varying amountsaffl ~ containing 1% SeaPlaque GTG Agarose (FMC BioF_’roduc_t%in
3' sequence from théstregion. However, given the impractical- 0-5 * TBE. The gel was run at 170 V for 36 h, with a fie
ity of directing YAC integration to the Y chromosome, noSwitching time Qf 30 s. A slice containing the YAC was exmgq
answers are likely to be forthcoming on the role of flanking@m the unstained central section of the gel, equilibrateds in
In conclusion, it would appear that the Y-linked transgeni8-0; 100 mM NaCl) and digested w@gtAgarase | (New England?
mouse line carries features associated with noxisaéxpress-  Biolabs) at 40C for 2 h. Undigested agarose was removed ;??y
ion in female cells including the phenomenon of methylatior£€ntrifugation at 12 006 for 30 min at room temperature. Thg
Given recent evidend8) demonstriing the importance ofist supernatant was trar!sferred to a floating @%q|aly5|s filter 3.
in the process of X-inactivation, this mouse line represents &Millipore) against injection buffer (10 mM Tris-HCI pH 7.5
important model for the further investigation of the processéy2 MM EDTA pH 8.0, 100 mM NaCl) overnight. The isolated
leading to X-inactivation. It should be possible to use this mousé\C DNA was at a concentration of approximately 0.2uhg/S
line to investigate a number of the features of X chromosome integrity and purity of the YAC DNA was tested

inactivation subsequent Xist expression, including spreading Submarine PFGE prior to microinjection. 2pl (approximately ahe
and heterochromatisation. YAC copy) was microinjected into the pronuclei of BGCBAF1 &r

FVB/N zygotes as describe(R0). Injected oocytes were>

transferred to the oviducts of pseudopregnant B6CBAF1 femgles
MATERIALS AND METHODS and allowed to develop to term. IS

¥6S/1GY

Vi PCR and Southern blot analysis
ice Q9

. . Genomic DNA was extracted from mouse tail as described (gci)),
B6CBAF1, FVB/N, CBA and C57BL/6 mice were obtained fromand PCR was used for screening of founder mice. In ordef to

Charles River and B&K Universal (UK). PGK mice were a giftdesign PCR primers, end clones from yXist1 YAC were rescged

from N. Brockdorff. using the pLUS and pICL plasmids (21), and rotide =
sequences of YAC insert-vector junction were determined. Y%C
Retrofitting YAC yXistl left insert-vector junction region was amplified using primer gpt

2: 5-CTTGCGGGATATCGTCCATT-3and 5-GCTTGCATG- &
A 350 kb Xist YAC, yXistl, was derived from ead52 YAC ~ CATACACACAT-3' (434 bp). Right junction region was ampliz
library from female C57BL/10 micgl6), and described previ- fied using primer set 3 AGGGTCTCCTGTCACGAAAC-3
ously (7). Two YAC targetting vectors, yRP17his3Scel andnd 3-ACTGGGTTGAAGGCTCTCAA-3 (515 bp). N
pLUSScefgeo, were constructed as follows. Founder mice positive for PCR primer set 2 or 3 were further

analyzed by left arm PCR primer set 1-CAGGGT-
yRP17his3Scel vectorhe 1.7 kbBarHI his3 fragment was TATTGTCTCATGAGCGGAT-3 and 5TTAGGATTACCCT-
ligated into theBglll site of yRP17 vector (17) crilag GTTATCCCTACC-3 (450 bp) and right arm PCR primer set 4:
yRP17his3 (courtesy of M. Rubock, GenPharm International). B-CTTGAGATCGGGCGTTCGACTCGC:3and 5TGAAC-
synthetic iSce linker formed using two complementary oligos: GGTGATCCCCACCGGAATTG-3(1855 bp).
5-TAAGGTAGGGATAACAGGGTAATCC-3 and 5-TTAGG- Location of primers in yXist1 are indicated in Figure 1.
ATTACCCTGTTATCCCTACC-3 was introduced into the For Southern blot analysis, genomic DNA was prepared from
Bsw36l site of yRP17his3 vector. The 3.1 Watl-EcdRlI  mouse spleen cells embedded in agarose blocks at a concentratior
fragment of the yRP17his3Scel vector was targetted to thé 107 cells/ml as described (19). DNA in agarose blocks were
TRP1-ARS arm of yXistl by the spheroplasting proceduré. Higligested withEcdRl, i-Scé, Sal or Eadg according to the
transformants were selected and screened by PCR and PH@&ructions of the manufacturer, equilibrated in 10 mM Tris—HCI
analysis. pH7.5,1 mM EDTA pH 8.0, electrophoresed on 1% agarose gels,
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and blotted to nylon membranes (Hybont]-Mmersham) by

Allele-specific RT-PCR of pooled blastocysts

alkaline transfer. Probes were radioactively labelled with

[a-32P]dCTP by the random hexamer primii@g@). Hybidiza-
tion and autoradiography were carried out as desc(itéd

Blastocysts were collected by flushing oviducts of female mice
3.5 d.p.c. Blastocysts were washed with PBS withoét &ad

Radioactivity in the bands was quantified using a Phosphdg?* and lysed in 1Qul of water containing 0.01% diethyl

Imager (Molecular Dynamics). W7D probe is a 2.1HdRI

pyrocarbonate. RNA was isolated from a pool of seven blasto-

fragment of arXist cDNA clone (7). pHH1.5 probe is a 1.5 kb CySts as described (9). First strand cDNA was prepared with

Hindlll fragment in theXist promoter region. pE2@) probe is
a 1.0 kkEcaRI fragment located 25—30 kb upstream froniise
start site, and pE55 (16) probe is a 1.&ktRI fragment located
approximately 60 kb upstream from st start site. Probe 2 is
a 1.5 kbEcdRI-Xhd fragment isolated from a 4.5 KbcaRl
subclone pGPT2 which contains the start site. A 660 G}
probe was generated by PCR using primers 8CIGGTTTC-
AGAATCGCAGA-3 and 5GTAATCACCTCCTGATGC-
TG-3 (24). DXPas34 is a 1.6 KbcaRl fragment containing a
Sal site 15 kb downstream of thé@st gene (12).

Fluorescentin situ hybridization

random hexamer primers as described above . First round PCR
was carried out with primers MIX10 and MX20 in a total volume

of 20pl. Then nested second round PCR was performed with 1

of the first PCR product and primers MIX20 and MX23b in a total
volume of 2Qul. A half of the nested second round PCR products
were digested withlindlll and fractionated on VisiGel matrix.
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Probe labelling, suppression of repetitive sequences, denatuggcussion.

tion, hybridization, and fluorescence detection were carried out as
described (25). Gel-purified yXistl DNA was labelled with

biotin-14-dATP by nick translation (BioNick Labelling System,REFERENCES

GIBCO BRL). Avidin-FITC labeled (SIGMA) was used to detect
biotin probe. Nuclei were counterstained ipgiml propidium
iodide (SIGMA) in Vectashield mounting medium (Vector
Laboratories). Interphase nuclei were revealed by fluorescence
microscopy using a Leiz Aristoplan microscope.

1.

3.
RNA analysis

Total cellular RNA was extracted from adult mouse liver by the*
AGPC metho@26). Expression of the transgene was analyzed by
RNA slot blot. Twentypug of total RNA was denatured in s,
formaldehyde/formamide, applied to a nylon membrane (Hy-
bond-N", Amersham) with mild vacuum and hybridized with the
W7D probe as for Southern hybridisations (described above). )
assess RNA loading, the blot was stripped and reprobed with
mouseB-actin cDNA probe (27).

Poly(A)* RNA was purified for adult liver using Oligotex-dT
mMRNA kits (Qiagen). Approximately 5-1@ of poly(A)* RNA
was denatured in formaldehyde/formamide, electrophoresed in
1% agarose containing formaldehyde ¥MDPS buffer and o,
transferred to a nylon membrane (Hybond, Mmersham)
followed by hybridisation to the mXist1 prof® as for Suthern
hybridisations (see above). The blot was stripped and reprob]eod
with mouseB3-actin cDNA. 11.

Allele specific RT-PCR was performed as described (9)uden
of total RNA was transcribed using 1000 U M-MLV reversel2:
transcriptase (GIBCO BRL) with random hexamer primeist.
cDNA was amplified using primers MX23b and MIX20 (9), 13
which span exon 3 and exon 6 (578 bp). PCR amplifications of
Xist cDNA were performed as follows: one fifteenth of cDNA14.
generated from reverse transcription was mixed with 200 mM of
each dNTP, 10 pmol of each primer, 2.5 U Talg DNA
polymerase in 20l PCR buffer. The samples were incubated at
95°C, 59C, and 72C for 30 s each in a DNA Thermal Cycler 16.
(Perkin-Elmer Cetus) for a total of 30 cycles. PCR products were
digested with an excess blindlll and separated by VisiGel
Matrix electrophoresis. The gel was stained with ethidium
bromide and photographed.
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