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m Abstract Dosage compensation in mammals is achieved by the transcriptional
inactivation of one X chromosome in female cells. From the time X chromosome inac-
tivation was initially described, it was clear that several mechanisms must be precisely
integrated to achieve correct regulation of this complex process. X-inactivation ap-
pears to be triggered upon differentiation, suggesting its regulation by developmental
cues. Whereas any number of X chromosomes greater than one is silenced, only one X
chromosome remains active. Silencing on the inactive X chromosome coincides with
the acquisition of a multitude of chromatin modifications, resulting in the formation of
extraordinarily stable facultative heterochromatin that is faithfully propagated through
subsequent cell divisions. The integration of all these processes requires a region of
the X chromosome known as theinactivation centerwhich contains th&ist gene

and itscis-regulatory elementXistencodes an RNA molecule that plays critical roles

in the choice of which X chromosome remains active, and in the initial spread and es-
tablishment of silencing on the inactive X chromosome. We are now on the threshold
of discovering the factors that regulate and interact Wiito control X-inactivation,

and closer to an understanding of the molecular mechanisms that underlie this complex

process.
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INTRODUCTION

Over40years ago, Mary Lyon postulated that equalization of X-linked gene dosage
between male and female mammals occurs by the transcriptional silencing of one
X chromosome in female cells (86). Early observations established that this pro-
cess occurs at random, such that the X chromosome inherited from either parent
is silenced in 50% of cells. The silencing of one X chromosome occurs early in
development and roughly coincides with differentiation of pluripotent cells to re-
stricted lineages (105). Analysis of X chromosome aneuploidies showed that one
X chromosome remains active in a diploid cell, while all additional X chromo-
somes are silenced (53). Genetic studies indicated that the silencing of the inactive
X chromosome (Xi) is initiated at one location on the X chromosome, termed the
X-inactivation centefXic in mouse ancIC in human). Silencing spreads @is

from the Xic/XIC (137, 155), indicating that thisis-regulatory element contains
sequences that initiate a chromosome-wide alteration in chromatin structure. Cyto-
logical analysis revealed that, once established, the Xiis clonally propagated, such
that females are functionally mosaic for X-linked traits (86, 136). Thus, random
X-inactivation has often been described as a multistep process involving choice
of the active X chromosome (Xa), initiation and spread of silencing on the Xi,
and subsequent maintenance of the Xi’s silent state. Mouse embryonic stem (ES)
cells have become a valuable tool in the study of X-inactivation because they un-
dergo random X-inactivation upon induction to differentiate in culture (115, 150).
ES cells can be genetically manipulated and subsequently transmitted through the
germline, allowing study of X-inactivation both in culture and in the embryo. As a
result, the molecular mechanisms involved in regulation of X-inactivation are best
understood in the mouse.

Xist/XIST RNA IS CRITICAL FOR X-INACTIVATION

The Xist/XIST Gene Is Located in the Xic /XIC

The location of theXic/XIC was determined by analyzing X chromosome translo-
cations that resulted in inactivation of the autosome to which the X chromosome
fragment had fused (56). The minim¥it/XICregions are syntenic between mouse
and human, although multiple inversions have resulted in shuffled gene order be-
tween the species, as depicted in Figure 1 (42, 56). The discovery in 1991 of one
gene located within th&Xic/XIC, the Xi-specific transcriptXist in mouse, and
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Figure1 Mouse and humaXic/XICandXist/XISTA. Schematic diagram of the area
surrounding th&XIST/Xisgene on the human and mouse X-chromosomesXTh&Xic

and the surrounding regions of the human and mouse X-chromosomes are depicted;
both include theXIST/Xistgene. In human, the candidate region for i€ encom-
passing 700-1200 kb is located within band Xg13 on the proximal long arm of the X
chromosome (56). In mouse, tiéc region identified by X chromosome rearrange-
ments is considerably larger than that in human (56). However, the regions required
to recapitulate all functions of th¥ic, as defined by transgenic analysis in mouse,
contain only theXistgene and minimal surrounding sequences (57,62, 79, 81, 82, 92).
The segment of the X chromosome containing & XIC locus is syntenic but in-
verted between mouse and humaaghed lines(42, 56). Small black boxes depict

the location of genes in theic/XIC area, and the arrow above the gene name gives
the orientation of transcription. Linkage of the two orthologous regions shows some
discontinuity as local inversions of transcription units have occurred (42). The exis-
tence of a human TSX homolog is unclear (100, 188 omparison of the human and
mouseXist/XISTgenes. P1 indicates the major transcriptional start sitXi&tfXIST

In mouse, two RNA isoforms of 17 and 17.9 kb may be produced by usage of alter-
native polyadenylation sites denoted by stars. In mouse, a second promoter, P2, has
been described (69) but is not conserved in otKist/XISTgenes analyzed to date
(108). Extensive alternative splicing of the human gene has been described, yielding
XISTRNA isoforms lacking, for example, exon 4, half of exon 6, or exon 7 (18, 20).
Only the linear splicing events are shown here. As indicated by the broken lines, the
two 3 introns may not always be excised from the processed RNA, yielding an RNA
molecule of up to 19.3 kb in length (64). Short, colinear stretches of high homology
have been identified throughout the genes including the Veepds (64, 108).
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XISTin human), has revolutionized our understanding of X-inactivation (13-15,
18, 20).Xist/XISTis the only gene transcribed from the Xi and not from Xa in
somatic cells. No significant open reading frame has been identified, suggesting
that Xist/XISTdoes not encode a proteiist has subsequently been shown to be
the pivotal player in choice of which X chromosome remains active (89), and in
the spread of silencing on the future Xi (90, 117). In simplest terms(ithean be
thought of as th&Xistgene ancatis-elements that ensure its correct developmental
regulation on both the Xa and Xi.

Xist/XIST Gene Structure Is Conserved, But Sequence Varies

The genomic lengths of mousést and humanXIST are approximately 23 kb

and 35 kb, respectively. Transcripts of both genes are spliced and polyadenylated.
MouseXistis comprised of unusually large initial and terminal exons flanking five
smallerexons (15, 63, 95). Transcription initiating from the promoter designated P1
may give rise tisttranscripts of up to 17.9 kb depending on polyadenylation site
usage (63, 95). The overall structure of the gene, including the transcription start
site P1 and exon/intron boundaries, is similar in the human counterpart (17, 18).
The longest humaXIST transcript may be 19.3 kb in length (64). In human,
many differeniXISTRNA isoforms are produced by extensive alternative splicing
occurring within the 3half of the gene (17, 18, 64). So far, the significance of the
heterogeneity oKistXISTtranscripts is unknown.

Onthe sequence level, st XISTgenes sequenced to date display a relatively
low degree of conservation (60, 61, 108). Mouse and huist’XISTshow 49%
sequence identity overall, with exons being slightly more conserved than introns
(60, 108). The homology between rodent and huidetXIST exons is consid-
erably lower than the average identity for protein-coding regions (85%) and even
lower than identity between’ ®r 3 untranslated regions of rodent and human
MRNA (~65-80%) (108). Although several short stretches of unique sequence
show relatively high homology between the species (64, 108), the most salient
feature of the knowiXistXISTsequences is the conservation of six repeated ele-
ments, designated A through F (15, 18, 108).

Xist/XIST RNA Is Localized to the Xi in Female Somatic Cells

From initial sequence analysis of tXést’XISTgene, it was unknown whether its
function in X-inactivation, if any, would be mediated by the DNA sequence of
the gene or its untranslated RNA product. AnalysiXsf/ XISTRNA distribution

quickly led investigators to search for a role for the RN#st/XISTtranscripts are
retained in the nucleus of female somatic cells (15, 18). When analyzed by fluores-
cence in situ hybridization (FISHXistXISTRNA appears highly particulate and

is located to a large nuclear domain that corresponds to the space occupied by the
Xi (18, 31, 114) Xist/XISTRNA particles are released from the Xi during mitosis
(31, 44). A three-dimensional analysis showed KEBT RNA is not just bound

to the surface of the Xi, but seems to reside within the entire space delineated
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by the Xi (31). Such an extensive and intimate association of an RNA with an
entire chromosome was unprecedented at the time, but now appears to be shared
by theroX1 androX2 RNAs that coat the dosage-compensated X chromosome

in male Drosophila(71). The close association dfistXIST RNA with the Xi
supported a model in which the RNA acts as a functional molecule that regulates
X-inactivation.

Cis-Spread of Xist RNA Correlates with X-Inactivation
During Mouse Development

In male and female mouse embry&sstis transcribed in the pluripotent epiblast
lineage prior to its differentiation into the embryonic tissues. By FIXidt RNA

is detected as a pinpoint signal at the site of its transcription on all X chromosomes,
which are active at this point (113, 143). Mouse ES cells, which are derived from
pluripotent cells of the early embryo, show this same pinp#iist expression
(114). Consistent with a role in X-inactivatiodistlevels increase dramatically in
female but not male cells in the developmental window in which silencing of the
X chromosome occurs (70). When epiblast cells differentiate into the embryonic
germ layers during gastrulation, and when ES cells are differentiated in vitro, both
cell types undergo X-inactivation (115, 150, 153) and exhibit similar dynaisic
expression patterns (113, 143ist RNA coats the presumptive Xi, while the

Xa retains a low-level pinpoint oKist RNA that is subsequently extinguished
(113, 143). FISH studies on ES cells indicated that genes are silenced soon after
Xisttranscripts coat the Xi (114, 143). That initial coating of the X chromosome
by Xist RNA coincides with the onset of silencing suggested a causative role for
Xistin X-inactivation.

Xist RNA Is Necessary and Sufficient for
Chromosome-Wide Gene Silencing

To investigateXist function, two groups engineered large deletions, removing the
promoter and first exon of théistgene (117) or the majority of exon 1 through
exon 5 (90). The X chromosome bearing the loss-of-function allele could never be
inactivated in ES cells orin the embryonic tissues of mice heterozygous for the dele-
tion. Instead, only the wild-type X chromosome ever became the Xi (89, 90, 117),
indicating thatXistis required incis for silencing of the X chromosome. In addi-
tion, use of antisense oligonucleotide analogs to bXiskRNA'’s ability to coat
the presumptive Xi during differentiation prevented the formation of a silenced
X chromosome (7). These results demonstrate that expressiistd®NA and
coating of the chromosome are required to silence the Xi during X-inactivation.
An elegant series of studies from Wutz and colleagues has demonstrated un-
equivocally that expression &fist RNA is sufficient to induce chromosome-wide
silencing (164, 165). A transgene was generated containing a XsskbDNA,
lacking approximately 3 kb at the end of the terminal exon, under control of a
tetracycline-inducible promoter. InductionXisttranscription from this transgene
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in male ES cells results itis-spread oKistRNA into linked autosomal sequences
and silencing of genes (164). This resultindicates that high-level expressiist of
RNA is sufficient for chromosome coating and silencing, even in male cells. It has
been suggested thdist RNA mediates these functions as part of a ribonucleopro-
tein complex (162, 165). AlthougkistRNA can induce chromosome-wide silenc-
ing in ES cells (164), activation ofIST/Xist expression and subsequent coating
of the Xa in differentiated cells is insufficient to cause silencing (30, 49, 156, 164).
Thus, Xist transcripts can always coat the chromosomeisnbut the RNA can
only mediate silencing in a narrow window during differentiation (164). Proper
spatial and developmental regulationX$texpression is therefore critical, so that

a female cell can reliably keep one X chromosome active, and inactivate the other.

CHOOSING THE ACTIVE X CHROMOSOME

Xa Choice Is Regulated by Several Classes of cis-Elements

In contrast to the dosage compensation mechanisBsbphilaandCaenorhab-

ditis eleganswhere all X chromosomes in the dosage-compensated sex are treated
equivalently (33), the two X chromosomes in the cells of female mammals take on
radically different fates. In random X-inactivation, mammalian cells designate a
single Xa, and then carry out X-inactivation on any remaining X chromosome(s).
Cells must choose between two equivalent X chromosomes and randomly make
a differentiating mark on only one of them, the future Xa. The simplest model to
explain the marking of one X chromosome as Xa-elect hypothesizes that a block-
ing factor, so named since it functions to block X-inactivation, is responsible for
making this mark (Figure 2) (128). Since Xa number increases with the number
of autosome complements (21, 46, 161), the amount of blocking factor activity
must be determined by autosomal ploidy such that each diploid set of autosomes
produces sufficient blocking factor to choose only one Xa. The region dfithe
required to mediate blocking factor activity is referred to as the counting element.
Modification of the counting element by the blocking factor represents the first
molecular difference between the Xa-elect and the presumptive Xi. The conse-
guence of blocking factor’s interaction with the counting element on the Xa-elect
is the interference witkist RNA'’s silencing function on this chromosome. The
counting element can therefore be seen as the fundanmastement required

for choosing the Xa.

When two X chromosomes bearing identi¥ad regions are present in afemale
cell, Xa choice occurs randomly because of the equal probability that blocking fac-
tor will interact with either counting element (99). Genetic studies oKilseegion
have shown the existence of additiona-elements, termed choice elements, that
can skew the Xa choice event such that one X chromosome becomes Xa more
frequently than the other (103). Skewing of random X-inactivation in female cells
heterozygous for a choice element is thought to be the outcome of better or worse
competition for the blocking factor interaction compared to the wild-type X. A
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Figure 2 Xa choice by blocking factorA) An autosomally encoded blocking factor
(BF) is produced in sufficient quantity to choose one >&). During the Xa choice
process, both X chromosomes compete for the limiting blocking factor atstaeting
counting element (CE). Choice of the Xais achieved when blocking factor interacts with
the counting element on one X chromosome. In this time peX@ RNA molecules
(indicated byblack squigglesare produced but restricted to the site of transcription.
(C) During the enactment period, the activityG6tRNA is repressed on the Xa-electas

a consequence of its modification by blocking factor, Arelexpression is eventually
shut off, resulting in commitment to the Xa fate. On the presumptivexigt RNA,

most likely in a ribonucleoprotein complex (indicated by the addition obtaek ova),

coats the chromosomedis, leading to inactivation of X-linked genes, and committing
the chromosome to the Xifate. The location of the counting element and the implication
of the drawing that blocking factor is bound at the counting element are speculative.

choice element must therefore affect the affinity of¢tsdinked counting element

for blocking factor, such that there is an increase or decrease in the likelihood that
the blocking factor will interact with it. Thus, a combinationoié-elements within
theXicare employed to allow cells to differentiate an Xa from an Xi during random
X-inactivation.

The Minimal Counting Element Is Closely Linked to Xist

The definitive test of counting element function is the ability of a sequence to
induce inactivation of the single X chromosome in a male cell when integrated
as an autosomal transgene. The presence of the counting element in the trans-
gene titers blocking factor away from the endogengicssuch that the single
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X becomes the presumptive Xi in a fraction of cells. Sev¥ist-containing trans-
genes have been reported to induce silencing of the endogenous X chromosome
in male cells (57,62,79, 81, 82,92). The minimal region sufficient for counting
element function is defined by a 35-kb transgene containing gengistitanked

by 9 kb of upstream and 3 kb of downstream sequences [(62) based on the recent
3 end mapping by Hong and colleagues (63)], demonstrating that the counting
element is very closely linked tist (Figure 3). The counting element is unlikely

to reside within the transcribed region of tistgene sufficient for silencing as the
XistcDNA transgene is unable to induce ectopic X-inactivation in male cells (164).
Like all functionalXic transgenes examined so far, the 35-kb transgene containing
counting element activity is present in multiple tandem copies (62). No single-
copy transgene has been shown to faithfully recapitifateactivity (57). These

=120 -110 =30 -20 -10 o 10 20 3o 40 50 60 70 a0 30 100

%m“*““‘_r-‘“- ] T T

Taix Tsx Brx

35 kb lransgene

—nomem

65 kb deletion i

80 kb transgene (+) |
r 1

% 80 kb i} f
I 1

Figure 3 Xist and Tsix region on the mouse X chromosome. The figure displays
the 200-kb region surrounding the mousist gene in detail with the zero point of

the scale set aXist promoter P1. Transcripts derived from the sense and antisense
strands are drawn above and below the line, respectively. Exons are depicted as solid
blocks. Major and minofTsix transcription start sites are each associated with CpG-
rich region (indicated by th&iangleg. The CpG-rich region at the major promoter

is known as DXPas34 (37). Boifsix transcription start sites are théénds of short
~200-bp exons that are spliced to an acceptor site located in the antisense region
complementary to the’ ®nd ofXistexon 1. The final exon of sixis from 2 to 4 kb

in length, depending on polyadenylation site usage (indicatestdny (139). The
chromatin domain immediately upstream of tkist transcriptional start site P1 is
characterized by methylation of histone H3 on lysine 9 (indicatedualy (59). A

35-kb transgene containing minim4ic activity and sufficient for counting element
function (62), and a 65-kb deletion thought to remove counting element function (32)
are shown. Two 80-kiXic transgenes, one able Y and one unable<) to enact the Xi

fate upon differentiation (81), are shown.
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results suggest either that position effects, to which single-copy transgenes are of-
ten subject, interfere with counting element function, or that the counting element
is multipartite, perhaps requiring a certain threshold number of minor elements to
function. Even in the cases when multicopy transgenes induce X-inactivation of
the endogenous X chromosome, they do not confer truly random choice, because
the endogenous X chromosome is chosen as Xa more frequently than expected
(81, 82). In contrast, X: A translocations containing Xie compete equally with

a normal X chromosome for choice as Xa (128a). Thus, although the transgene
contains the counting element, additional sequences regulating the choice process
are missing from these transgenes.

Given its pivotal role in receiving the blocking factor-mediated Xa choice sig-
nal, the counting element should be absolutely required for an X chromosome
to be chosen as Xa. Therefore, deletion of the counting element is predicted to
result in ectopic X-inactivation of the single X chromosome in male cells. A 65-kb
deletion implicates the regiori 8f Xist, beginning inXistexon 7 and continuing
downstream, as containing the counting element (Figure 3) (32). Nearly all cells
carrying this deletion on their only X chromosome died upon differentiation due to
ectopicXistRNA coating and silencing. Although this deletion may have removed
the counting element such that the single X chromosome could not be chosen as
the Xa, it is also possible that the counting element is unaffected and that a second
critical elementrequired for downregulationXktactivity on the Xa, acting down-
stream of Xa choice, may have been perturbed. Three smaller regions contained
within the 65-kb region have been deleted independently in male ES cells without
resulting in ectopic X-inactivation upon differentiation (80, 130, 139). Identifica-
tion of the counting element may provide important clues about the mechanism of
Xa choice and may allow isolation of the blocking factor hypothesized to interact
with this sequence.

Xist Acts in cis to Influence Xa Choice

Like a counting element deletion, deletion of a choice element causes skewed X-
inactivation in female cells. In contrast to a counting element deletion, however,
deletion of a choice element does not result in aberrant X-inactivation in males,
since choice elements affect the relative affinity ofeteinked counting element

for blocking factor. Thus, mutations that skew X-inactivation in females but do not
cause ectopic X-inactivation in males define choice elements.

Xist has been implicated as a choice element. Upon differentiation of female
cells heterozygous fofist deletions, only the wild-type X chromosome was ever
inactivated (90, 117). There were two possible explanations for this result. Choice
could have occurred normally, but the 50% of cells choosing the wild-type X
chromosome as the Xa may have died owing to the inability to silencXitie
deletion-bearing presumptive Xi. Alternatively, choice may have been completely
skewed such that the deletion-bearing X chromosome was always chosen as Xa and
thus the wild-type X chromosome would always be inactivated. By distinguishing
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between the wild type and delet¥istalleles using FISH probes, it was determined
that the wild-type X chromosome was never selected as the Xa in differentiating
embryonic cells (89). The effect of this deletion implicates the transcribed region
of Xist or Xist RNA itself as a choice element that reduces the affinity of the
cis-linked counting element for blocking factor.

Although loss ofXistfunction increased the likelihood of choosing the mutant
X chromosome as the Xa, a chromosome with gredistrexpression showed a
decreased chance of becoming the Xa. In male ES cells, replacement of 2.5 kb of
Xist upstream sequences with a selectable marker driven by a constRgtivé
promoter resulted in an increase in Xist RNA levels (109). The somatic cells of
female mice heterozygous for this replacement exhibited skewed X-inactivation
with the targeted X chromosome becoming the Xa in only 10—-20% of cells. When
the Pgk-1promoter and selectable marker were removed, random X-inactivation
was restored. These results suggest that increased transcriptstlods a nega-
tive influence on Xa choice, consistent with the hypothesis{tisaRNA decreases
the affinity of acis-linked counting element for blocking factor. Since all the fac-
tors required foXist RNA-mediated coating and silencing are present in ES cells
(164), one mechanism by whietistRNA could negatively influence Xa choice is
by causing local coating and silencing, and regulating accessibility of the closely
linked counting element for the blocking factor.

Tsix, an Antisense Xist Transcript,
Positively Influences Xa Choice

In 1999, several groups simultaneously reported the identification of antisense
transcription through thXistlocus in ES cells (41, 78, 102). The transcript, named
Tsixin recognition of it being antisense Xist, was found to initiate at a major
transcription start site 13 kb downstream of Xist 3’ end, and to extend across
Xistinto its promoter region (Figure 3) (78). Subsequently, a mirgixpromoter

has been identified, and matuFsix transcripts of up to 4 kb have been shown

to be produced by splicing (139). Lik&st, Tsixhas no significant open reading
frame and is not thought to encode a protein.

The expression pattern @ixyielded some exciting clues about its function.
Tsix RNA is detected in ES cells and differentiating cells, and not in somatic
cells (41, 78, 102), suggesting that its role might be in regulating initiation of X-
inactivation. Whenever low-lev&list pinpoint expression is observed in male and
female ES cells, antisen3sixRNA is detected as an overlapping pinpoint signal
(78). Upon differentiationT six expression is extinguished from the presumptive
Xi concomitant withXist spreading to coat the chromosome (41, 78). Pinpoint
expression from the Xa continues for several days and persists longer than pinpoint
Xistexpression (78, 139].sixshows the same dynamic expression patterns during
random X-inactivation in developing embryonic tissues (77, 139). The correlation
betweeril'sixexpression and unstab¥éstexpression irtisled to speculation that
Tsixmight be a negative regulator ¥fst.
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Tsix

Deletion of the majoiTsix promoter in female cells dramatically reduced an-
tisense transcription and skewed Xa choice away from the targetedhllele
(80, 139). In female cells, the X chromosome bearing the deletion was chosen as
Xa in at most 4% of cells, but male cells correctly chose a deletion-bearing X
chromosome as Xa, demonstrating thaixis not the counting element. Insertion
of a transcriptional stop signal between frex promoter and the’3®nd of Xist,
with (139) or without (85) deleting the majdisix promoter, abolished antisense
transcription and caused a similar dramatic skewing phenotype in female cells.
Ectopic X-inactivation occurred in a small proportion of male cells (85, 139).
Thus, when in competition with a wild-typ¥ic, the chromosome carrying the
Tsix loss-of-function allele became the Xi in nearly every cell (41, 80, 85, 139).
These results suggest that the normal rol&sik RNA, or the process of tran-
scription antisense tXist, is to promote Xa choice by increasing the affinity of
thecis-linked counting element for blocking factor. Surprisingly, insertion of the
constitutive EF-& promoter increasedisix RNA levels in undifferentiated cells
(146) but did not skew X-inactivation, indicating that higher than norfirsk
levels cannot further promote Xa choice.

In addition to skewing Xa choicd;six transcription affects the abundance of
XistRNA in cis. In cells with the strongedisixloss-of-function allelesKistRNA
levels were dramatically higher than in wild-type cells (85, 139). In the presence of
the allele that retained transcription from th&gxminor promoterXistRNA levels
rose threefold compared to wild type (78). These results are consistentsith
transcription normally acting to redué@st RNA steady-state levels. In contrast,
increased sixtranscription from the EF<l promoter insertion did not affedtist
RNA levels (146).

May Act Through Xist to Influence Xa Choice

Both mutations that increaséist RNA levels, such as the introduction of the
Pgk-1promoter (109), and mutations that decreAsst RNA levels, such as an
internal Xist deletion (89), skew Xa choice. Interestingly, only thdsex alleles

that affectXist RNA levels incis also skew Xa choice, suggesting tiaix could

act throughXist to regulate Xa choice. Indeed, the levels)Xast RNA in cells

with differentTsixalleles correlate with the degree of skewed Xa choice observed
upon differentiation (Figure 4) (80, 85, 139, 146). These results are consistent
with a model in whichTsix transcription acts to reduce the amouniXit RNA

in cis, thus reducingists negative influence on the likelihood of blocking factor
interacting with the counting element.

How could the process dfsixantisense transcription or tisixantisense tran-
scriptitself affeciXistRNA levels? If the process of antisense transcription through
theXistlocus is important, then this process might prevent efficient transcription of
Xist, lowering the amount of functionXlistmolecules that are produced. Alterna-
tively, if the antisense RNA is functional, th@isixRNA may actively destabilize
Xist transcripts or preverXist RNA from becoming fully active. One possibility
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Figure 4  Tsix functions through modulation of theist steady-state level in Xa
choice. This figure depicts the effects Tix transcription on the abundance Xist
RNA transcribed irtis. The gray band indicates a rangeXastRNA steady-state levels
achieved by a population of cells bearing the correspontiallele. FouiTsixalleles

are depicted in order of increasifigixtranscription.Tsixalleles are described in the
text [allele a (85, 139); allele b (80); allele c, wild type; allele d (146)]. Hypothetically,
in a female cell homozygous for a certadliisix allele, each chromosome produces
identical steady-state levels ¥fst RNA in cis, and choice occurs randomly. In cells
heterozygous fof six alleles, the allele with loweXist RNA levels will more likely

be chosen as Xa; for example, in a cell heterozygous for a wild-Tygdeallele €)

and a strong sixloss-of-function alleled), the wild-typeTsixallele out-competes the
other allele for Xa choice, since the steady-state lev&listis lower on the wild-type
allele. This model could be tested by generating female cells heterozygous for these
Tsixalleles and determining the skewing phenotype.

is that aTsi¥Xistduplex stimulates a double-stranded RNA-mediated turnover of
both transcripts (121). Another possibility is thEgix transcripts interfere with
Xist RNA folding, Xist ribonucleoprotein complex formation, ois-spread along

the Xi. Interestingly, the spliced form dfsix RNA contains only 2 kb of overlap
with the matureXisttranscript (139). This overlap occurs within a domairXest

that is critical for silencing activity (165), suggesting tAaix modulation of Xa
choice could involve regulation ofist RNA'’s silencing activity by affecting its
interactions withtrans-acting factors. ES cells carrying a 65-kb deletion removing
both Tsix promoters, and possibly the counting element, produced higher levels
of Xist transcripts that appeared to freely diffuse from the site of transcription
(106). Reinsertion of th&six promoter restored normal transcript levels and re-
established pinpoint localization ®fst(106). These results are consistent with the
possibility thafTsixcan affect some aspect ¥fstRNA metabolism that regulates
cis-spread.
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Tsixwas the first example of a presumably nonfunctional RNA whose tran-
scription is critical to negative regulation of its functional gene partner. Recently,
transcription of another antisense RNAyy, has been shown to be required for
regulating imprinted expression of the coding sense gkyit, with which it
overlaps (145). As botAir andTsixare antisense to the genes they regulate, this
may indicate a common antisense transcription or antisense RNA-mediated mech-
anism for gene regulation in mammals. Antisense transcription appears to be a
common phenomenon associated with imprinted genes, and has been detected at
the UBE3Agene in the Prader-Willi/Angelman syndrome locus (135) and at the
Gnaslocus (83).

Xce Effects May Be Correlated
with Xist RNA Steady-State Levels

When some divergent mouse strains are crossed, F1 mice exhibit skewing of Xa
identity away from the normal 50/50 ratio (56). This skewing is mediated by
the X choosing elemenXgé locus, which lies downstream ofist, beyondTsix
(144). X chromosomes bearing a strongeeallele are thought to be chosen more
frequently as Xa. Interestingly, female somatic tissues from a strain with a strong
Xceallele showed markedly lower levels #ist RNA than those from a strain
with a weakXceallele (14). Indeed, even before differentiation, a female ES cell
line heterozygous foXcealleles shows lower levels ofist RNA and somewhat
higher levels oT sixtranscripts from the strong¥iceallele (146). This observation
raises the possibility that, lik€six, the Xceacts by modulatinglist RNA levels

in cis, either directly or perhaps indirectly througkix One study correlatedce
strength with methylation levels &8XPas34(37), the CpG island located at the
majorTsixpromoter (Figure 3), though differential methylation appeared to follow
X-inactivation (122).

ENACTMENT OF THE ACTIVE AND INACTIVE X FATES

After choosing the number of active X chromosomes appropriate to autosome
dosage, the next step in establishing proper dosage compensation is to carry out, or
enact, the fate assigned to each X chromosome. In addition to the events occurring
on the presumptive Xito achieve inactivation, a distinctly different series of events
occurs on the Xa-elect. To protect the Xa-elect fiéist-mediated silencing, this
chromosome must be shielded from the factors that are required to enact the Xifate.

An Increase in Xist RNA Levels Correlates
with Coating and Silencing

The silencing of the presumptive Xi is mediateddisrspread oistRNA to coat

the chromosome (164). Quantitative RT-PCR and slot blot experiments demon-
strated a 10- to 20-fold difference in the amoun¥igt RNA in ES cells versus
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female somatic cells (80, 106, 143, 146). These results suggest that an increase in
steady-state levels ofist RNA coincides with spreading ofisttranscripts ircis

to coat the X chromosome and mediate gene silencing. Indeed, increased levels
of Xist RNA in undifferentiated cells can result in premature enactment of the Xi
fate (85, 109, 139, 164, 165). The matiist transcript in somatic cells has a 10-

to 20-fold longer half-life than in embryonic cells (113, 143). Thus, an attractive
hypothesis is that an increaseXist RNA half-life on the presumptive Xi is a
prerequisite for its inactivation.

Multiple Mechanisms Regulate Increases
in Xist RNA Abundance

The increase inXist RNA half-life that occurs upon differentiation could be
achieved by changes in thést transcript itself or changes in factors that reg-
ulate Xist RNA stability. Several groups examined whether the increased amount
of XistRNA that correlates with onset of X chromosome silencing is caused by pro-
duction of an alternative transcript possessing higher stability. When analyzed by
RT-PCR, the major splicing pattern appeared to be the same in ES cells and female
somatic cells (113, 143), suggesting that there are no major changes in processing
occurring during Xi-enactment. With an RNA of this enormous size, however,
alternative processing may be difficult to detect. An attractive model proposed that
Xist transcripts might be produced from different promoters in undifferentiated
and differentiated cells (69). Transcripts from the somatic promoter P1 might be
inherently stable, whereas an alternative embryonic promoter PO, located 6.6 kb
further upstream, was suggested to produce unstable transcripts (69). Upon dif-
ferentiation, a switch from PO to P1 promoter usage on the presumptive Xi could
trigger production of stabl¥isttranscripts, enacting the Xi fate. However, subse-
guent studies have been unable to dexasttranscription from PO, and transcripts
from P1 have been shown to be unstable in ES cells, effectively ruling out the PO
hypothesis (160). The presenceTdix antisense transcription and a highly con-
served ribosomal protein pseudogene immediately downstream of the PO promoter
was found to have complicated transcript analysis in this region (133, 160).
SinceTsixexpression reduceéist RNA levels incis during Xa choice (80, 85,
139), developmentally regulated shutoff Tdix on the presumptive Xi is an ex-
cellent candidate for the mechanismXikt RNA stabilization.Tsix is shut off
as soon a¥ist transcripts can be seen coating the presumptive Xi (41, 78). Fur-
thermore, whefMsixcannot be shut off on the presumptive Xi due to constitutive
high-level expression from the EFeeJpromoter,Xist cannot coat and silence the
presumptive Xi (146). Taken in combination, these results suggest that silencing of
Tsixon the Xi could result irKist RNA stabilization, facilitating it€is-spread and
X-inactivation. However, lack of sixtranscription does not result in ectopic X-
inactivation in the majority of ES cells prior to differentiation (80, 85, 139). Thus,
additional developmentally regulated mechanisms contribute to the increise in
RNA coating and silencing activity on the presumptive Xi upon differentiation.
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The increase iiXist RNA half-life could be controlled by the developmentally
regulated production dfansfactors that stabilize the RNA. High-levEist RNA
produced from the cDNA transgene in ES cells has a half-life equivalent to that
of Xist RNA in somatic cells and can coat and silence the chromosonaés in
(164). These results indicate thdist RNA can recruit the factors required for
its stabilization in ES cells. However, singést was expressed at an extremely
high level in these experiments, it is still possible that a developmentally regulated
stabilizing factor could increaséist activity upon differentiation.

Developmentally regulated activation Xfst transcription is also an attractive
explanation for the increase Kist activity seen upon differentiation of female
cells, since increasedsttranscription can enact the Xi fate (109, 168ist tran-
scription rates in male ES cells and female somatic cells are roughly comparable
(113, 143), suggesting that any transcriptional activation at the tinxesbRNA
cis-spread and coating may be minor or transient. Such a minor or transient boost
might be sufficient to account for the observed increas¢ishRNA half-life on
the presumptive Xi. There may be a threshold leve{ist RNA that must reached
in order to form stable ribonucleoprotein complexes. In theXist transcription
rates could be tuned precisely relative to Tree«mediated destabilization rate to
limit the amounts of these complexes that assemble in undifferentiated ES cells
or even prevent their formation altogether. A slight increas¥igttranscription
upon entry into the enactment phase could result in assembly of or increase in
abundance of functiona&{ist ribonucleoprotein complexes. Sin¥gést RNA can
silence very closely linked genes (42), it is reasonable to propose that it could
also shut offTsixexpressionTsix shutoff by theXist ribonucleoprotein complex
would positively reinforc&istactivity, sinceT sixmediated destabilization ofist
transcripts would be eliminated.

Regions Flanking Xist Are Implicated in Xi-Enactment

Though manyXic transgenes are capable of pinpofist expression in ES cells
as analyzed by FISH, no single-copy transgene has been found to préidtice
RNA that spreads to coat the chromosomecimand mediates silencing upon
differentiation (57). Instead, a few days into differentiation, some cells exhibit a
faint, disperseist sighal emanating from the transgene, and all cells ultimately
extinguishXistexpression. This result suggests ttigtelements required to direct
increases irKist RNA levels or that facilitateXist RNA spread are missing from
these transgenes, or that single-copy transgenes cannot overcome position effects.
In contrast, multicopy transgenes as small as 35 kb in size can recapiidate
function (62), suggesting that duplicate elements present in neighboring copies
of the transgene can substitute for endogenous elements missing in a single-copy
transgene, or that multicopy transgenes are not as sensitive to position effects (57).
One 80-kbXic transgene containing less than 1 kb of sequence upstream of
the Xist promoter P1 is notable in that it does not support X chromosome coating
and silencing byXist RNA even when present in more than 10 copies (81). The
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functioning of other 80-kb transgenes containing 30 kKisfupstream sequence
argues that a critical Xi-enactment element lies in the approximately 30 kb of
additional upstream sequence contained in the functional transgene (Figure 3)
(81). The minimal region containing this element may be defined by a functional
multicopy 35-kb transgene containing 9 kb of upstream sequence (62). A 2.5-kb
region containing DNase | hypersensitive sites lies within this candidate region,
but its deletion had no effect on X-inactivation, further delineating the location of
the cis-element required for enactment of the Xi fate (109).

Xa Enactment Employs Several Mechanisms
to Repress Xist in cis

During the period in which stablXist RNA initiates silencing on the presump-
tive Xi, the Xa-elect continues to expre$six and unstableist (78, 113, 143).
Although Tsix destabilizesXist in cis, it is not strictly required to blockXist
RNA-mediated silencing during differentiation since the vast majority of male
cells lackingTsix function still enact the Xa fate on their single X chromosome
(80, 85, 139). One possibility is that blocking factor functions to prevent the in-
crease in steady-state levelsXiét RNA on the Xa-elect, perhaps by interfering
with the hypothesized transcriptional activation<st.

Arole for DNA methylation in controllingistexpression during Xa-enactment
was suggested by differential methylation of Xist promoter on the Xa and the
Xi (111). TheXist promoter is methylated on the sileXist allele on the Xa in
somatic cells, and less methylated onXtis-expressing Xiin somatic cells and on
both X chromosomes in undifferentiated ES cells (6). The phenotype @iitide
methylransferase 1Dnmt1) mutant demonstrated that proper regulation of DNA
methylation is involved in enactment of the Xa fate. TXist promoter showed
extremely low levels of DNA methylation in undifferentiated mBlemtlmutant
ES cells, and did not acquire methylation upon differentiation (6). Mutant male ES
cells exhibited normal pinpoint expressiorXa$tRNA. Upon differentiation, these
cells showedist RNA coating and silencing of X-linked genes on the presumed
Xa-elect (114). Alow but significant percentage of male and female somatic cellsin
Dnmtlmutant embryos also exhibited ectopic X-inactivation (114). These results
indicate that DNA methylation is employed in the Xa-enactment mechanism, most
likely in repressingXist transcription from the Xa-elect.

An Integrated View of Choice and Enactment

When the data relating to Xa choice and enactment of the Xa and Xi fates are taken
together, a coordinated view of these processes emerges. Prior to differentiation,
an embryonic cell is uncommitted in its choice of the Xa. Upon differentiation
the choice of the Xa is made. During the choice process, the two X chromosomes
in a female cell compete for the limiting quantity of blocking factor. Choice el-
ements act irtis to influence the counting element’s affinity for blocking factor
interaction.Xist RNA is a choice element, negatively influencing the likelihood
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of blocking factor interaction with theis-linked counting element. This negative
choice activity may be a local manifestation of tKist ribonucleoprotein com-
plex’s silencing activity, affecting the chromatin structure or accessibility of the
counting elemeniTsixtranscription, on the other hand, promotes Xa choice, most
likely by destabilizingXist RNA and lowering the abundance of functionést
complexes acting on the counting elementi® The blocking factor interaction
with the counting element of the Xa-elect represents the first differentiation be-
tween the two X chromosomes, allowing the cell to distinguish the Xa-elect from
the presumptive Xi.

The Xa and Xi fates are carried out in the enactment phase. To enact the fate of
the presumptive XiXistactivity increases igis. A trans-acting factor modulating
Xisttranscription or stability could be regulated by entry into the enactment phase.
Even a small boost iXist steady-state levels may lead to an increase in the abun-
dance of functionaXistcomplexes. An increase Kistactivity could lead to local
silencing ofTsix thus shutting offf sixmediated destabilization dfistand further
increasingXistactivity. Xistwould then be free to spread along the presumptive Xi,
silencing genes. Choice as the Xa protects the Xa-elect from this developmentally
regulated boost iiXist activity; perhaps modification of the counting element by
blocking factor does so directli.six continues to be expressed on the Xa, con-
tributing to lowXiststeady-state levels, and DNA methylation may be responsible
for turning off Xist expression. When the cell exits the enactment window, the
active and silent states of the Xa and Xi become irrevocable.

DESIGNATION OF THE ACTIVE AND INACTIVE
X CHROMOSOMES IN IMPRINTED X-INACTIVATION

In contrast to random X-inactivation in embryonic tissues, X-inactivation occurs
in an imprinted manner in the extraembryonic tissues that support the develop-
ing mouse embryo (152). In imprinted X-inactivation, the maternally inherited X
chromosome (Xm) always remains active and the paternal X chromosome (Xp) is
silenced. Since normal male embryos lack Xp and normal females have a single
Xp, this imprinting system results in appropriate dosage compensaiistrand
Tsixexpression patterns during early embryogenesis suggest that differential reg-
ulation of both transcripts may be critical to setting the imprint or carrying out the
information contained in it. The dynamicsXistandTsixexpression are depicted

in Figure 5 Xistexpression begins from the Xp at the onset of zygotic transcription
(166) and transcript levels rise quickly during the early cleavage stages (55). By
FISH, Xist RNA appears to partially coat the Xp (41, 143), which exhibits partial
silencing during the cleavage stages (76, 154), but has not yet committed to the Xi
fate. On the Xm, a weak pinpoint &fistRNA can be detected (41). Whilesixis

not expressed from the Xp, itis strongly expressed as a pinpoint signal from the Xm
(41, 77). By the late-blastocyst stage of development, when the pluripotent epiblast
has reverseXist RNA coating, the extraembryonic lineages have differentiated
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Figure 5 Xistand Tsixexpression during early female mouse development. At the
single-cell stage of female mouse embryogenenisXist expression is undetectable

by RT-PCR or FISHXist expression commences at the 2-cell stage at the onset of
zygotic transcription (166). By FISH, cleavage stage embrigpbexhibit differential
biallelic Xist expression starting at the 2-cell stage, wiilst RNA appearing to coat

the Xp at least partially (41,91, 107, 143), and a w&K pinpoint signal at the Xm

(41). The late blastocyst) consists of the differentiated extraembryonic lineages,
the trophectodernd( and primary endoderng), and the pluripotent embryonic lin-
eage precursor, the epiblag}.(The trophectoderm and primary endoderm have under-
gone imprinted X-inactivation by the mid and late blastocyst stages, respectively (151).
The Xp (which is now the Xi) has become fully coatedXigt RNA (113, 143). After

the early embryo implants into the uterus, the extraembryonic tissues derived from
the trophectoderm and primary endoderfnghut off low-levelXistexpression on the

Xm and continue to exhibiXist RNA coating of the Xp throughout subsequent cell
divisions. At the late blastocyst stage, the cells of the epiblast have reversed the partial
XistRNA coating of the Xp and now exhibit low-lev&istRNA pinpoint signals from

both the Xm and the Xp (113, 143). Between implantation and completion of gastru-
lation, epiblast cells differentiate into the embryonic germ layers and undergo random
X-inactivation (105, 153, 154). During this time pericist transcription once again
displays differential biallelic expression in the embryonic derivativgg113, 143).

After completion of gastrulation, embryonic cells cease to expresXigt@inpoint
signal from the Xa (113, 143].sixantisense RNA is coexpressed whenever low-level
pinpointXistexpression is found (41, 78), and persists from the Xa for a limited period
of time afterXist RNA shutoff (139).
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and the Xp has become completely coated and silencetidtyRNA (113, 143).

The Xp in the extraembryonic lineages has now become a committed Xi (151).
Thus, high-leveKist expression from the Xp antiixtranscription from the Xm
correlate with their fates as the Xi and Xa, respectiv&igt and Tsix expression
programmed in the gametes may allow imprinted tissues to bypass the Xa choice
mechanism of random X-inactivation.

Xist and Tsix Have Opposite, Parent-of-Origin—Specific Effects

Xistdeletions are lethal when inherited from the father, but not from the mother. The
lethality arising from paternal inheritance of Aistdeletion is due to the total lack

of X-inactivation in the extraembryonic tissues, indicating iatis required for
imprinted silencing of the Xp (90). As the Xm, which bears a functiofisiallele,

does not upregulatXist to compensate for the lack of paternal X-inactivation,

it appears that the imprint cannot be overridd€six promoter deletions have

the opposite parent-of-origin—specific effecisixdeletions are lethal only when
inherited from the mother, owing to ectopidst expression and X-inactivation

of the Xm in most extraembryonic cells (77, 139). Therefore, Tthix promoter
region, Tsix antisense transcription through tKest locus, or theTsix transcript

itself is implicated in repression ofist activity on the Xm during imprinted X-
inactivation. As expected for genes with opposite effects on the same process,
a paternally inheriteist deletion can be rescued by maternal inheritance of a
Tsixloss-of-function allele (139). The parent-of-origin—specific effectsisfand
Tsixdeletions are limited to the extraembryonic tissues, as X-inactivation occurs
normally in the embryonic tissues due to the random choice mechanism. Lethality
is due to extraembryonic defects.

A small number of pups inheriting a maternggix deletion survive to term,
indicating that proper dosage compensation can be achieved in some mutant ex-
traembryonic cells (77, 139). Imprinted X-inactivation is not absolute in extraem-
bryonictissues, suggesting that the random choice mechanism can functionto some
extent to establish proper dosage compensation in extraembryonic cells (65). The
imprint may normally direct binding of the blocking factor to the Xm in a constitu-
tive manner during imprinted X-inactivation (103). One explanation for occasional
maternal X-inactivation in the extraembryonic tissues is that the imprint may be
lost at low frequency, allowing the Xm and Xp to compete equally for blocking
factor and resulting in random X-inactivation in a subset of cells (65). The ultimate
test of the hypothesis that blocking factor is involved in imprinted X-inactivation
will require deleting the counting element or knocking out blocking factor activity
and testing the effects on imprinted X-inactivation in the mouse.

The Xm Epigenotype Is More Rigid than that of the Xp

Embryos inheriting exclusively paternal X chromosomes or extra maternal X
chromosomes have defects in dosage compensation and aberrantly express other
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imprinted genes, resulting in embryonic death midgestation. Embryos with exclu-
sively paternal X chromosomes exhibiist RNA coating of all X chromosomes
during the cleavage stages. However, XpXp androgenetic embryos (75, 112) and
XpO embryos (91) are progressively able to repbéissexpression from the Xp

over time and ultimately achieve nearly correct dosage compensation. Correction
of dosage compensation in XmXm parthenogenotes by upregulati¥isbdn

at least one X chromosome was highly variable between embryos (75, 91, 107).
Whereas XpO embryos had shut &fft expression from the single Xp in nearly
50% of cells by the blastocyst stage, XmXmY embryos activaistlexpression

from one Xm in at most 10% of cells at this stage (91). The greater lability of
the Xp epigenotype compared with the Xm may explain why some embryos sur-
vive maternal inheritance ofsix deletions (77, 139), while paternal inheritance

of an Xist deletion is always lethal (90Xist may be downregulated on the Xp

in the former more easily than it may be upregulated from the Xm in the latter.
This differential ability to reprogranXist expression patterns on the Xp and the
Xm suggests that the imprint controlling X-inactivation is located on the Xm,
designating the Xa fate. Thus, as in the choice phase of random X-inactivation,
the imprinting mechanism may specifically designate the Xa rather than the Xi.
Nuclear transplantation experiments with cytologically marked X chromosomes
suggest that the maternal X chromosome’s resistance to inactivation is acquired
during oocyte growth between prophase of meiosis | and meiosis Il, a time when
other imprints are placed on the maternal genome (149).

The Xa and Xi Epigenotypes Are Functionally
Equivalent to the Xm and Xp

Eggan and colleagues examined X-inactivation patterns in mice cloned by nuclear
transfer of female somatic nuclei. Resulting mouse clones exhibited complete non-
random X-inactivation of the former Xi in the imprinted extraembryonic tissues,
whereas X-inactivation was random in embryonic lineages (45). This result in-
dicates that the epigenetic states of Xist alleles on the Xa and Xi in somatic
cells are functionally equivalent to the epigenetic states of the Xm and the Xp,
respectively. It would be an elegant solution to the imprinting problem if the im-
prints controllingXistexpression in the early embryo were the same as the somatic
epigenotypes controllinkist expression from the Xi and the Xa.

Changes in Xist Expression During Gametogenesis
Correlate with Parental Imprints

Like female somatic cells, the primordial germ cells (PGCs) that will give rise to the
germline undergo X-inactivation during gastrulation. However, prior to entry into
meiosis midgestation, female PGCs reactivate their Xi (154). This reactivation
is accompanied by a loss ofist expression without an apparent restoration of
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Tsix expression (107)Xist cannot be detected in mature oocytes by RT-PCR,
suggesting that transcripts are absent or extremely rare (3, 70). This repression of
Xist expression during female gametogenesis correlates with extremelitbw
expression from the Xm upon fertilization (41, 77).

Male PGCs do not contain an Xi or expresist RNA. During the process of
spermatogenesis, howeviistbecomes expressed at low levels and is present in
mature spermatids (93,111, 132, 140). By in situ RT-PXIB,RNA appears to be
associated with the heterochromatic sex chromatin body, which consists of the X
and Y chromosomes that have been sequestered away from the autosomes during
meiosis | of spermatogenesis (4). Even though itis expressed in the male germline,
Xistis dispensable for spermatogenesis (90), suggestinisiaxpression in the
male germline may be the result of epigenetic modifications that faciliaste
expression from the Xp early in development.

DNA Methylation Is a Candidate for Establishing
or Maintaining the Imprint

Many imprints in mammals require DNA methylation, acquired in the male or
female germline, for establishment or maintenance (66). Several groups have
searched for differential methylation of tixést gene. In the male germline, CpG
dinucleotides at th&ist promoter are methylated prior to meiosis, but this methy-
lation is erased during spermatogenesis and is absent in mature spermatids (2, 167)
and on the Xp in preimplantation embryos (2,94, 167). In the female germline,
methyl-sensitive restriction analysis suggested that CpGs atishpromoter and

in the first exon become methylated during oogenesis and retain this methylation
upon fertilization (2, 167). Using bisulfite sequencing to detect CpG methylation,
another group failed to confirm methylationXiston the Xm in oocytes and early
embryos (94). It is therefore unclear whether Xist gene on the Xm is methy-
lated in the early embryo, which would correlate with lackXa$t transcription

from the Xm. Both male-specific demethylation and female-specific methylation
of Xistwould require reprogramming in germ cells, and suggest that both parental
genomes have the potential to acquire epigenetic marks.

Another attractive target for the X-inactivation imprint is tfsix gene. A
maternal imprint would direct high maternbsix expression, whereas a paternal
imprint would direct low or absent expression. It has been suggested that the
CpG island at thé'six promoter,DXPas34 is an imprinting center involved in
keeping theXistallele on the Xm silent during early embryogenesis (77). Although
DXPas34is differentially methylated on the Xa and Xi (37), bisulfite sequencing
in oocytes and spermatocytes failed to find any differences in the methylation
patterns between the two (122). Binding sites f@QT Cbinding factor (CTCF)
have been identified iDXPas34 the CpG island associated with the majaix
promoter, and CTCF hinds to this sequence in vitro (27). Differential methylation
of CTCF binding sites has been implicating in establishing the imprint required
for expression oH19/Igf2 gene pair (8,52, 148). While CpG methylation has
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relatively little effect on CTCF binding tDXPas34n vitro, non-CpG methylation
abolishes CTCF binding in this assay. If CTCF binding occurs in vivo during
Xa choice, then searching for an imprint in the form of differential non-CpG
methylation aDXPas34would be a logical next step.

ACTIVE X CHROMOSOME CHOICE IN HUMANS

Humans and Mice Differ in Developmental
Regulation of XIST/Xist

In comparison to mouse, little is known about the developmental regulation of X-
inactivation in humans. HumaxiSTRNA can be detected by RT-PCR in oocytes
and in both male and female preimplantation embryos, increasing in abundance
until the blastocyst stage (40, 129). This eafs Texpression is not exclusively
paternal in humans, consistent with a lack of strict paternal X-inactivation in human
extraembryonic tissues (54, 134). In addition, both maternally and paternally de-
rived supernumerary X chromosomes are tolerated in humans (88, 123), in contrast
to the mouse. These data suggest that X-inactivation does not occur in an imprinted
fashion in humans. Thus, the skewing toward paternal X-inactivation detected in
some extraembryonic tissue samples (48) could either be a primary effect due to
nonrandom Xa choice or a secondary effect due to differential cell survival (99).
Given that secondary effects have been demonstrated to be significant in humans
(141), this issue can only be addressed by analyzing tissues immediately after
X-inactivation.

The Xa Choice Machinery Exhibits
Limited Species Conservation

The molecular machinery involved in random choice of a single Xa must be largely
conserved between mouse and human. Male mouse ES cells containing 480-kb
humanXIC transgenes exhibited rare casesadt expression and coating of the
single mouse X chromosome upon differentiation (58,101), suggesting that the
human and mouse counting elements can both compete for mouse blocking factor.
Surprisingly, humatXISTis expressed at high levels prior to differentiation of the
transgenic ES cells, suggesting thké$ Tis not unstable in undifferentiated mouse
cells. HumarT SiXtranscription has been identified in transgenic mouse ES cells as
well as in human embryocarcinoma cells and cell lines derived from human PGCs
(100). However, the mouse and humasix/TSIXpromoter regions are poorly
conserved (78, 100), and tA&IXtranscript does not appear to traverse the entire
XISTgene (100). These differences between hufiiliXxand its mouse counterpart
could rendeiT SIXRNA unable to destabiliz&IST. RNA FISH forXISTandTSIX

in human preimplantation embryos and ES cells would allow determination of the
distribution of these two transcripts in early development and provide insights into
their role in Xa choice in humans.
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SILENCING AND ALTERATIONS
IN CHROMATIN STRUCTURE

Silencing by Xist Can Be Divided Into Three Phases

The enactment of the Xi fate requires an increase in the steady-state level of
Xist RNA on the presumptive Xi. At this timeXist transcripts spread to coat the
chromosome irtis, and induce gene silencing within 24 hours (164), leading to
the formation of extraordinarily stable heterochromatin. Studies employing the
inducibleXistcDNA in male ES cells suggest that the silencing process can be di-
vided into three steps: initiation, establishment, and maintenance (Figure 6) (164).
In the initiation phase, high-leveist expression can cause de novo silencing.
Initiation of gene silencing can occur as long as the cells remain undifferentiated
and up to 1.5 days after induction of differentiation. In this phase, silencing is
reversible, such thais-linked genes can be reactivateistexpression is extin-
guished. Extending this result to female development, endogetistexpression

is normally upregulated within one to two days of differentiation in female ES
cells (143). The period in which enactment of the Xi fate occurs corresponds to
the initiation phase of silencing. A differentiation milestone triggers the establish-
ment phase, which is characterized by the requirement for continued coating by

day of diffgrentiation

-1 o 1 4 3
1

stabli:
m ment meimenance

Xist can
initiate
silencing

Xist can no longer
initiate
silencing

"""" ‘ Xist-dependent H Xist-independent

raversible

iraversible

Figure 6 The three steps of the silencing process. XisRNA-mediated silencing
process can be divided into initiation, establishment, and maintenance phases (164).
Only during the initiation phase (up to the first 1.5 days of ES cell differentiation),
can induction ofXist RNA initiate gene silencing. Both the initiation phase and the
subsequent establishment phase are characterized by their dependence on coating by
Xist RNA and the reversibility of the silent state such that contin¥it expression

is required to prevent loss of transcriptional repression. The maintenance phase is dis-
tinguished by the irreversible adst RNA-independent propagation of silencing, but
shares the resistance Xist RNA-mediated initiation of silencing with the establish-
ment phase. The brief 24-hour establishment phase can be envisioned as a window
in which the silenced state is locked in. This locking in is tightly linked to ES cell
differentiation since it does not occur when silencing Xigt RNA takes place in
undifferentiated cells. The fact that silencing¥igt RNA can be initiated in undiffer-
entiated ES cells is indicated by the extension of the initiation phase to a time before
differentiation (1 days) with dashed lines.
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Xist RNA for transcriptional repression and the resistance to de novo silencing
by Xist RNA. After a defined period of time, which is approximately 24 hours in
length, silencing becomes irreversible afidt-independent, demonstrating entry

into the maintenance phase. The establishment step may therefore be seen as the
process of locking in the silent state, which is then stably maintained.

Silencing Is Accompanied by a Cascade
of Chromatin Modifications

The Xiheterochromatin is characterized by a multitude of chromatin modifications
thatdistinguish it from the Xa. The Xireplicates late in S-phase (151), is methylated
at promoter CpG islands (163), and hypoacetylated at histones H4, H2A, and H3
(10, 68). In addition, increased histone H3 lysine-9 (H3 Lys-9) methylation and
decreased histone H3 lysine-4 (H3 Lys-4) methylation were recently identified
as components of the Xi chromatin (12,59, 97, 119). Each of the above modifica-
tions is generally associated with regions of heterochromatin (131), suggesting that
X-inactivation employs general mechanisms that are used to regulate gene expres-
sion in other contexts. The remodeled Xi chromatin is further characterized by the
accumulation of variant histone H2A isoforms termed macroH2A (34). In addi-
tion, in human cells, the exclusion of the Barr Body—deficient histone H2A variant
(H2ABBD) from the Xi has been reported (26). The function of these H2A variants
is unclear.

The appearance of chromatin modifications on the Xi has been catalogued rel-
ative to the induction of differentiatiorXist RNA coating and gene silencing in
female ES cells (Figure 7Xist RNA spread occurs between the first and second
days of differentiation and is followed closely by methylation of histone H3 Lys-9,

day of differentiation
0 1 2 3 4 5 8 7 8 9 10
L 1 1 | | | | | | { |

| Xist RNA coating
[ H3 Lys-9
[ gene silencing

[ late replication timing
H4 hypoacetylation

macroH2A

Figure 7 Chromatin modifications on the Xi occur sequentially during the differen-
tiation of female ES cells. The scheme shows the timing of appearance of chromatin
modifications that characterize the heterochromatin on the Xi. Solid lines indicate cy-
tological observations (by FISH orimmunofluorescence) made when cells were differ-
entiated in embryoid body cultures; the dotted parts of the bars depict results obtained
from retinoic acid—induced ES cell differentiation, which appear to place the appear-
ance of modifications at earlier times (59, 73, 96, 127). Once set up, all features of the
Xi are stably maintained throughout all somatic cell divisions, as indicated by the open
ends of the bars. Although methylation of promoter CpG islands has been observed on
the Xiin somatic cells, DNA methylation is not depicted in this figure due to insufficient
information on the timing of acquisition of this modification during differentiation.
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such that the region of H3 Lys-9 methylation always appears either smaller than or
equal in size to thXist RNA domain (59, 97). Concomitant with the appearance

of H3 Lys-9 methylation, hypoacetylation of H3 Lys-9 and hypomethylation of
H3 Lys-4 on the Xi were observed, indicating that these modifications may be co-
ordinated. These data are consistent with the fact that deacetylation of lysine 9 is a
prerequisite for methylation of this residue. The spreadisfRNA and H3 Lys-9
methylation precedes gene silencing and late replication timing, both of which
begin on day 2 and are essentially complete around day 4 and day 6, respectively
(73). The appearance of H4 hypoacetylation is currently placed either at day 2 or
day 4, depending on the differentiation method used; therefore, this modification
may occur coincident with or subsequent to gene silencing (59, 73). The accumu-
lation of macroH2A has been detected around day 6 or 7 (96, 127), although one
study placed the appearance earlier (126). The timing of the first appearance of
promoter CpG methylation has not been analyzed, but has been detected at day
21 post-differentiation (73, 84). When these data are taken together, a sequential
progression of chromatin changes appears to underlie the X-inactivation process
in female ES cells.

If any one of these modifications is crucial for setting up the silent state of the Xi,
then it should be present in the initiation phase of silencing. UsinXigte DNA
transgene, the initiation stage can be separated from the differentiation-dependent
establishment phase by expressing Kist RNA in undifferentiated ES cells
(Figure 6) (164).Xist cDNA-induced gene silencing was achieved in undiffer-
entiated ES cells without a shift in the affected chromosomes’ replication timing
or H4 acetylation status. The relatively early appearance of both modifications
during the differentiation of female ES cells suggests, however, that they play a
role in the establishment of silencing (73, 164). The co-localization of macroH2A
with the Xi takes place only after the transition to the irreversible maintenance
phase (127, 164), suggesting that macroH2A does not play a role in establishment.
Although it has yet to be shown that modifications on histone H3 occur during the
Xist RNA-induced initiation phase in undifferentiated ES cells, H3 Lys-9 methy-
lation is the only alteration that appears nearly coincident Wittt RNA spread
in differentiating female ES cells, implying that modifications of histone H3 are
involved in the initiation of silencing (59, 97). Studies to determine whether H3
Lys-9 methylation is necessary for the initation of silencing on the Xi would be of
great interest.

A Histone H3 Methylation Hotspot May Be
Required for the Initiation of Silencing

A hotspot of H3 Lys-9 methylation, spanning a region of roughly 100’kif the
XistP1 promoter, was identified by both immunostaining and chromatin immuno-
precipitation in undifferentiated female and male ES cells (Figure 3) (59). As ES
cells are induced to differentiate, this hotspot gives way to chromosome-wide H3
Lys-9 methylation on the future Xi, while it is retained for up to 5 days on the
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Xa-elect. Heard and colleagues proposed that this hotspot of H3 Lys-9 methylation
may serve as a nucleation site for the spreaief RNA along the X chromo-
some (59). The H3 Lys-9 hotspot is also present on single- and multicopy 480-kb
transgenes in undifferentiated male ES cells (59). Upon differentiation, the hotspot
disappears from single-copy transgenes more rapidly than assoXist@dixex-
pression, suggesting that the lack@$tRNA spread from single-copy transgenes
may be due to lack of the H3 Lys-9 methylation nucleation center. The absence of
a crucialcis-element, such as a boundary element that blocks spread of chromatin
modifications from sequences flanking the site of transgene insertion, may subject
single-copy transgenes to position effects that prevent proper maintenance of the
H3 Lys-9 methylation hotspot. Presumably, multicopy transgenes can be shielded
from such position effects. Whether or not pinpofigt expression plays a role in

the formation of this hotspot has yet to be tested.

As H3 Lys-9 methylation is a self-propagating modification in other systems
(5,74), it is possible that spread of H3 Lys-9 methylation on the Xi is also self-
propagating and does not requikist RNA. Alternatively,XistRNA could simul-
taneously coat the Xi and propagate H3 Lys-9 methylation along the chromosome
by binding nucleosomes that contain H3 Lys-9 methylation, and then inducing
this modification on adjacent nucleosomes in a self-reinforcing mechanism. How-
ever, H3 Lys-9 methylation per se is not sufficient to medkitt RNA spread,
asXist RNA is absent from regions of constitutive heterochromatin such as cen-
tromeres (31, 44), which are characterized by H3 Lys-9 methylation (120). Lys-9
of H3 in constitutive heterochromatin of centromeres is methylated by the histone
methyltransferases Suv39h1 and Suv39h2 (120), neither of which is required for
H3 methylation on the Xi (119). In addition, the heterochromatin protein HP1,
which interacts with H3 methylated on Lys-9 (74), is enriched on centromeric
heterochromatin but not on the Xi (119). Thus, facultative heterochromatin of the
Xi may employ different histone methyltransferases and methyl-histone binding
proteins than constitutive heterochromatin.

MacroH2A Is Recruited to the Xi by Xist

The enrichment of macroH2A histone variants on the Xi in female somatic cells
revealed the first evidence of differential protein composition between the Xa and
Xi (34, 36). MacroH2A1 contains an amino-terminal domain with 64% homology
to core histone H2A, which mediates macroH2A’s incorporation into nucleosomes
as well as its enrichment on the Xi, and a large carboxy-terminal domain of un-
known function (24, 116, 118). Two subtypes of macroH2A1 (macroH2A1.1 and
1.2), differing in only a putative leucine zipper within the non-histone domain, are
generated by differential splicing of the same gene (116, 125). The third subtype,
macroH2Az2, is produced from a separate gene and has a histone domain highly
similar to that of macroH2A1, but differs slightly throughout the entire non-histone
domain (25, 35). Most studies have concentrated on the macroH2A1 subtypes.
MacroH2A1 may not only be involved in X-inactivation since it is expressed at
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similar levels in male and female ES and somatic cells, is found throughout the
entire nucleus, and is located on centrosomes (34, 96, 98, 125, 126). XAdten
conditionally deleted from the Xi in female somatic cells (39), or wK&t RNA

is prevented from coating the Xi (7), macroH2A1 disappears from the Xi. These
results suggest that this histone variant is recruited to the Xi iXiahRNA-
dependent fashion. A tight association betw&&stRNA and the Xi chromatin is
suggested by the fact thdtst RNA co-immunoprecipitates with macroH2A1 and
also with core histones (47).

Multiple Mechanisms Contribute to the Maintenance of the Xi

The continued expression and associatiodisfRNA with the Xiin somatic cells
hinted that this RNA plays a role in the maintenance of the Xi (31). However,
X-inactivation appears to be stable without contindést/XISTexpression in dif-
ferentiated cells, suggesting that the RNA is not strictly required to maintain the
silent state (19, 38, 39, 124, 164). To investigate a possible rol¥i&RNA in
maintenance, Csankovszki and colleagues generated somatic cells containing an
Xi that allowed for the conditional loss of thést gene (38). The stability of the
Xiwas analyzed by monitoring the reactivation of teis-linked genesHprt and
aGFPtransgene. The loss ¥istexpression on the Xi allowed reactivation of the
formerly silentGFP andHprt genes in a significant number of cells. Cells gener-
ally reactivated only one of the two genes, suggesting that silencing is maintained
on a gene-by-gene basis. The approximately 50-fold greater effect of the condi-
tional Xistdeletion on the endogenottprt gene compared to tHeFP transgene
suggested that bona fide X-linked genes are more dependeXisemediated
maintenance of silencing. These data are consistent with the ideish&NA
coating contributes to the stability of the Xi. When the losX@ft was coupled

with treatment by DNA demethylating agents, DNA methyltransferase mutants,
and/or deacetylase inhibitors, synergistic reactivation of3k& andHprt genes

was observed (38), indicating that multiple redundant mechanisms maintain the
silent state of the Xi.

DNA methylation appears to be extremely important for the stability and main-
tenance of gene silencing on the X chromosome. The use of DNA demethylating
agents on human Xi-containing somatic cell hybrids resulted in reactivation of sev-
eral genes in vitro (104). When similar studies were performed on mouse somatic
cell lines, there was a 10- to 20-fold increase in reactivation of X-linked genes
(38). A greater effect was seen upon loss of Erent1gene from a conditional
allele, which resulted in genome-wide hypomethylation. A 1500-fold increase in
reactivation of the X-linkedsFP transgene occurred upon lossimimtlactivity
(38). Similarly, mouse embryos with a mutationdmmtlcannot maintain the Xi
in embryonic tissues, leading to the reactivation of a formerly silenced X-linked
LacZtransgene in many cells (138).

Inactivation of autosomal genes in cells with X:autosome translocations can
be stably maintained without the spread of late replication from the Xi into
the translocated autosomal region (142). Therefore, late replication timing is not
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absolutely necessary for continued silencing, most likely due to the redundancy in
Xi maintenance mechanisms. The importance of late replication timing is only
apparent in the absence of CpG island DNA methylation. Humans with ICF
syndrome (tnmunodeficiency, éntromeric instability, and&tial anomalies syn-
drome), which is caused by mutations in the de novo DNA methyltransferase
DNMT3h can properly establish an Xi even with global hypomethylation at pro-
moter regions of X-linked genes (50, 51). Reactivation of formerly silenced genes
in these patients’ cells was observed only when regions on the Xi had shifted to
an earlier replication timing.

Although delayed appearance of H4 hypoacetylation during differentiation sug-
gests a role in establishment and maintenance of X-inactivation, the use of his-
tone deacetylase inhibitors on female cells did not result in reactivation of the Xi
(38, 73). However, when deacetylase inhibitors were combined with treatments
that reduce DNA methylation, a twofold increase in reactivation was seen over
demethylation treatment alone, indicating that histone hypoacetylation plays some
role in the stable maintenance of silencing (38). Considering the importance of
proper dosage compensation during development, it is not surprising that multiple
mechanisms ensure the stability of the Xi.

Genes that Escape X-Inactivation Lack Chromatin
Modifications Characteristic of the Xi

A subset of genes escapes X-inactivation in humans and mice (43). The mecha-
nisms by which X-linked genes can escafist RNA-mediated silencing remain
mysterious. FISH provides insufficient resolution to determine whether escapees
are coated byist RNA. However, it appears thatistXISTRNA does not uni-
formly coat the X chromosome in mouse and human cells as the RNA is absent
from constitutive heterochromatin (31, 44). Chromatin isolated using antibodies
directed against histone H3 methylated on Lys-9 contained promoter regions of
silenced genes on the human Xi, but not of two X-linked genes escaping silenc-
ing (12). Instead, the promoter regions of these escapees could be precipitated
using antibodies directed against H3 methylated on Lys-4 (12), consistent with the
association of H3 Lys-4 methylation with active regions of transcription and H3
Lys-9 methylation with inactive regions (67). Extending the correlation between
escaping genes and modifications associated with actively transcribing regions,
the pseudoautosomal region (PAR), which contains a number of genes that escape
X-inactivation (43), is methylated on H3 Lys-4 in human cells (12), and acetylated
on H4 in both mouse and human cells (68). The human X chromosome region
Xpl1.2-3, known to harbor escaping genes, and the homologous region A2 in
mouse show the same pattern of histone methylation and acetylation as the PAR
(11, 68). Furthermore, escapees do not show late replication timing or methylation
of CpG islands in their promoter regions (22, 157). Thus, active genes on the Xi
are not subject to the same chromatin modifications as silent genes, indicating that
there may beis-elements that determine whetbé@stRNA can mediate silencing

on particular regions of the X chromosome.
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The genes that escape silencing in humans tend to be found in clusters, sug-
gesting that their expression may be regulated at the level of chromatin domains
(23). DNA boundary elements have been demonstrated to separate regions of dif-
ferentially regulated chromatin (9, 29, 72, 110). Boundary elements could play a
similar role in insulating genes that escape X-inactivation from the surrounding
heterochromatic environment of the Xi. Another hypothesis is that escaping genes
are deficient in sequences promotiXigt mediated silencing. It has recently been
suggested thabng interspersed nuclear elemer{ftdNEs) enhanceXist RNA
spread, since these repetitive elements are enriched on the X chromosome relative
to autosomes (87). HoweveXjst cDNA transgenes can coat and sileridBlE-
poor chromosomes (101, 164), indicating that HIKE density is not absolutely
required for chromosome coating and silencing.

Xi Chromatin Modifications Play Different
Roles in the Extraembryonic Tissues

The appearance as well as the importance of Xi chromatin modifications differ
in mouse extraembryonic and embryonic tissues, which undergo imprinted and
random X-inactivation, respectively. Whereas macroH2A association with the Xi
appears to be a late event in random X-inactivation, this histone variant becomes
enriched on one X chromosome between the 12-cell stage and blastocyst for-
mation (36). In blastocysts, macroH2A accumulation is mostly restricted to the
differentiated extraembryonic cells, suggesting that macroH2A might be involved
in the silencing of the Xp in this lineage (36). Aside froxist RNA spread,
macroH2A recruitment is the earliest known chromatin modification in extraem-
bryonic tissues. The presence of H3 Lys-9 hypermethylation and hypoacetylation,
H3 Lys-4 hypomethylation, and H4 hypoacetylation, chromatin modifications that
are associated with the Xi in embryonic lineages, have yet to be examined in
preimplantation embryos and the extraembryonic tissues.

From the blastocyst stage until gastrulation, the Xi in the extraembryonic lin-
eages replicates very early in S-phase, before autosomes and the Xa (151). The Xi
then shifts to the more familiar late replication timing within a single cell cycle
(147,153). It is unclear why the Xi in the extraembryonic tissues initially repli-
cates very early and subsequently shifts to late replication, although the shift does
follow the first appearance of a late replicating Xi in the embryo proper (153).

Whereas DNA methylation is critical for X-inactivation in embryonic tissues,
it does not appear to play a major role in extraembryonic tissues. There is less
CpG methylation in extraembryonic cells than in those of the embryo proper
(28), with genes such a$prt seemingly devoid of CpG methylation compared to
their counterparts in the embryonic tissue (84). Consistent with a minor role for
DNA methylation in extraembryonic tissues, Xi maintenance in these lineages is
unaffected by mutations iBnmt1(138).

Since there is little DNA methylation in extraembryonic tissues, one might
expect the maintenance of the extraembryonic Xi to rely more heavily on other
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mechanisms. Wang and colleagues showed that mutations in the Polycomb group
proteinextraembryonic deficielfeed cause defects in the development of certain
extraembryonic tissues, with females showing a more severe phenotype (159).
Further analysis using a paternally inherited X-link&lP transgene showed that
eedmutants are deficient in maintaining the Xi in the extraembryonic, but not
the embryonic tissues (159). Following imprinted X-inactivation, extraembryonic
cells were negative for GFP fluorescence. Subsequently, GFP expression reap-
peared, supporting the idea that these tissues initially underwent X-inactivation,
but then failed to maintain it. Since treedprotein has been shown to interact
with histone deacetylases, and their activity is cruciaedmediated repression
(158), maintenance of the Xi could be more reliant on histone hypoacetylation in
extraembryonic than in embryonic lineages. It remains to be determined whether
the extraembryonic Xi is hypoacetylated, and if so, whether deacetylation occurs
in an eeddependent manner. Even though X-inactivation in the embryo proper
was shown to be stable, it would be interesting to challenge embryonic cells from
eedmutants by compromising an Xi maintenance mechanism to ssedifhnay

also play a role in maintaining the Xi in embryonic tissues.

Xist RNA CONSISTS OF FUNCTIONAL MODULES

Xist/XIST RNA Displays a Conserved Repeat Structure

MouseXistand humarKISTRNA contain 6 direct repeats, designatethrough

F, whose order and sequence are highly conserved (Figure 8). The delineation
of these repeats was reinforced and extended by comparis¥istteequences

of four common vole species (108). TKést/XISTRNA repeatsA, B, andF are
highly conserved in copy number, whereas the more compl&x andE repeats

have been differentially amplified in mouse and human (15, 18, 108). In total,
almost half of theXist/XISTtranscript is composed of tandem repeats. The strong
conservation of repeats contrasts with the overall low homology between mouse
Xistand humarXISTRNA, suggesting that th€ist/XISTrepeats play an important

role in the function of the RNA. The differential amplification@fD, andE repeats

in human and mouse suggests that they may be functionally redundant.

Xist Contains Multiple Redundant Domains
that Mediate X Chromosome Coating

The inducibleXist cDNA transgene approach allowed the first thorough analysis
of the requirement aKist RNA sequences for chromosome coating and silencing.
In an impressive study, Wutz and colleagues generatexist@ DNA constructs
containing different deletions, which were individually integrated into the same
site on the X chromosome in male ES cells (165t expression levels, RNA
spread along the X chromosome, and transcriptional inactivation of genes located
on the single X chromosome were examined.
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Figure 8 The repeat structure ofistXISTRNA. A. Repeats are conserved between human
and mouse&istXISTRNA. XISTXist RNA contains six types of repeats, labeled A-F. The
E-repeat is located at thé Bnd of exon 6 ofXIST and at the 5end of exon 7 oiXist,
respectively; all other repeats are contained within the large first exXiSafXist The A-
repeat, located within the first 1000 ntXFST/XistRNA, consists of 8.5 copies of a 43-59 nt
unit in the human RNA and of 7.5 copies of a 42—74 nt unit in mouse counterpart [for a more
detailed description, see FigurB 815, 18)]. The shorfE-repeat is located approximately 750

nt downstream of thé-repeat (108). It contains two copies of a G/C-rich 10-nt sequence
motif (UGGCGGGCUU) separated by 8 nt in mousist and 16 nt in humarXIST. This
repeat was identified recently based on its extension to 5 copies iXigbEnd may actually
function as DNA element (108). Besides theepeat, theB-repeat is the most conserved
repeat inXistXISTRNA (15, 18, 108). In the mouse RNA, the low-complexByrepeat is
composed of 32 C-rich 4-8-nt units, with 21 of those containing the motif (A/U)GCCCC. In
humanXISTRNA, the B-repeat is split. Twelve C-rich 6-9-nt units, eight of which contain
the motif ACCCCCC, are separated by approximately 700 nt of unrelated sequence from 17
C-rich 4-11-nt units, ten of which contain the motif PuPuCCC.

In contrast to theA, B, andF repeats, the three most RistXIST repeats have been
differentially amplified in mouse and human (15, 18). In mouse, the C-repeat contains 14
copies of 120-nt units, which show more than 90% similarity to each other. Only one weakly
homologous copy of th€-repeat unit can be found in hum&ihSTRNA, which, however,
is located in the equivalent part of the RNA. In contrast to @eepeat, theD-repeat is
emphasized in the human RNA (15, 18). Threepeat appears to have the greatest sequence
complexity. Recently, thé®-repeat region of humaXIST RNA has been extended. The
originally describedD-core region, comprised of seven 300-nt units with more than 75%
homology, was shown to be flanked on both sides by truncated copies Dfriygeat unit
for a total of 19 truncated copies, such that the erdepeat region encompasses 6000 nt
(108). In mouseXist RNA, only 10 partial copies of thB-repeat unit were identified within
a region of 3000 nt (108). The-repeat encompasses 1350 nt in mouse and 700 ntin human
XistXISTRNA, and contains highly variable copies of 20—25-nt units (15, 18, 108).
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This analysis allowed designation of functions to certain domaid@stRNA
(Figure 9). Large regions, covering roughly the first two thirdXist RNA, medi-
ate the association ofist transcripts with the Xi, and are functionally redundant
such that not all of them have to be present for coating to occur (165). The re-
gions implicated inXist RNA localization contain all of theist repeats A4, B,
D, E, F, and at least parts of the repeat; Figure 9). Therefore, it seems likely
that all 6 Xist repeats are involved in localizingist transcripts to the Xi, but no
single one of them is essential. These observations could be explained if the re-
peats and surrounding sequences contain low-affinity binding siteafgracting
factors whose occupancy is increased by cooperative interactions, conferring full
Xist RNA coating function (165). In a different experimental approach, oligonu-
cleotide analogs antisenseXast RNA were used to physically disrupist RNA
function. By this approach, a highly conserved sequence withiCitepeat was
found to be important for localiziniist RNA to the Xi, since antisense oligonu-
cleotides to this region induced dissociationXét transcripts from the Xi in fe-
male somatic cells (7) (Figure 9). As this manipulation may have caused a general
disruption ofXistRNA secondary structure and/or ribonucleoprotein complex for-
mation, these results do not necessarily implicat€thepeat directly irKistRNA
localization.

Trans-Acting Factors Required for X Chromosome
Coating Are Species-Specific
Interspecies experiments support the idea ttaats-acting factors are required

for the association oKist RNA with the Xi and may give some insights into
their nature. In rodent somatic cell hybrids containing a humaxXpgTis highly

Figure 8 (Continued B. EachA-repeat unit forms two conserved stem loops. The
consensus sequence of tAeepeat unit for mouse and humaiiSTXist RNA is

shown (W=U or A, Y =C or U, (18)). EachA-repeat unit contains, within a 25-nt
core region, two highly conserved GC-rich motifs of 10 nt and 12 nt, respectively. A
variable, primarily U-rich stretch, here depicted as a stretch of 20 uracil residues, serves
as spacer between the GC-rich regions of neighbakingpeat units. The length of the
spacer (17-49 nt) and its composition vary between individual repeat units, and can be
decreased down to 8 residues in every unit without interfering with the function of the
A-repeat (165). Both the 12-nt and 10-nt GC-rich regions fold into stem loop structures
as supported by secondary structure predication and mutational analysis (165). In the
secondary structure model of the two GC-rich regions depicted here, nucleotides shown
in small font size occur less frequently at the corresponding positions. NiasiseNA
contains 7.5 copies of th&-repeat unit, comprising 8 of the first, larger, and 7 of the
second, smaller stem loop; humxiSTRNA contains 8.5 copies with 9 large stem
loops and 8 small ones.
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Figure 9 Functional domains oXistRNA. XistRNA is depicted as in Figure/8 Domains
required for silencing, chromosome coating, and macroH2A1 recruitment as determined by
deletion analysis are shown (165). Deletion ofAheepeat region results in an RNA molecule

that

can coat but not silence the chromosome. The coating function requires multiple partly

redundant domains contained within a large sequence block at émel5A short antisense
molecule directed against a highly conserved sequence @-tepeat (indicated by star)
completely disrupts localization &fist RNA to the Xi (7).

The deletion study by Wutz et al. (165) defined various largeudcations that for the
most part do not interfere with the silencing functionXist RNA. The silencing activity

corr

)

elates tightly with the coating activity such that on a scale from high-{++) to no
activity, the silencing activity decreases with a reduction of the coating activity. The

smaller the minimakKist RNA molecule becomes, the lower the coating activity due to the
requirement of multiple domains for coating. MacroH2A1 colocalization is not essential for

thei

nitiation of the silencing process, since minimal functional RNA molecules do not recruit

macroH2AL1 (indicated by or —).

expressed but not localized tightly to the X chromosome (30). In these cells, some
XISTRNA is located within the region delineated by the human X chromosome,
but it is mostly distributed throughout the rodent nucleus, having a particulate
appearance (30, 49). Similar results were obtained when hofi@transgenes

were analyzed in mouse ES cells. Hun¥ISTRNA was found to incompletely

coat the mouse autosome carrying the transgene showing a less compact accumu-
lation around the transgenic chromosome (58, 101). Since mouse ES cells contain
all thetrans-acting factors required for chromosome coating by motiseRNA

(164, 165), it seems that these factors are unable to confer the ability of MI&ian

RNA to coat the chromosome. Thus, factors that mediate localization of mouse
Xistand humarXISTtranscripts may be species-specific (30). The low degree of
primary sequence conservation between mouse and h¥is#XISTRNA within
regions required for chromosome association, and the differential amplification of
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theC, D, andE repeats, could explain the requirement for species-specific factors
in Xist/XISTRNA localization.

Despite the fact thaXISTRNA is not properly associated with the Xi in ro-
dent cell hybrids or transgenic mouse ES cells, the half-life, and presumably the
steady-state level, 6fISTRNA is similar to that oiXISTtranscripts in human fe-
male somatic cells (30, 49, 58, 101). Therefore, in contrast to localization factors,
transacting factors that stabilize the RNA could be conserved between mouse
and human. The hybrid cell data sugg¥&t/XISTRNA can be stable without
chromosomal association. This idea is supported by the facXisaRNA ac-
cumulates at a steady-state level similar to that normally seen in female somatic
cells when association with the chromosome is blocked by addition of antisense
oligonucleotides (7). While all shokistRNA molecules encoded by cDNA frag-
ments that are able to coat the chromosome are also stable, no fragment that is
defective in coating has been shown to be stable (165). Thus, a minimal length of
XistRNA may be required to achieve stability.

The A-Repeat Mediates Xist RNA’s Silencing Function

Wutz and coauthors clearly demonstrated that the silencing functigistiRNA
can be attributed to th&-repeat region (Figure 9) (165). Deletion of theepeats
in inducible Xist cDNA transgenes does not disrupt Xi localizationa$t RNA,
but abolishes silencing activity. Thus, chromosome coating alone is not suffi-
cient for initiation of X-inactivation (165). When th&-repeat region is present,
however, coating of the Xi bXist RNA is a prerequisite for silencing (7, 165).
Since theA-repeat region functions properly even when moved to thengl
of Xist, it can be viewed as a position-independent silencing module (165). It
seems most likely that th&-repeat functions by recruiting proteins that mediate
silencing.

Wutz and colleagues provide data that support a model in which the highly
conserved 25-nucleotide core region of eAatepeat RNA unit forms 2 stem loops
that are necessary for silencing (Figui®) §165). Mutations that should disrupt
a base pair in the first stem results in the loss of silencing activity. Mutational
analysis further showed that the first stem loop, but not the sequence of either the
stem or the loop, is essential (165). Detailed analysis of the second stem loop has
not been reported. Inversion of tierepeat region in th&ist cDNA transgene
resulted in production of an RNA containing antiseAgepeats that did not confer
silencing function (165), indicating some requirement for sequence-specificity of
the two stem loops for the silencing function. The length and sequence of the
spacer separating the core regions is less important (165). At least 5.5 copies
of the A-repeat unit, replacing the endogenodsepeat region, are necessary
to confer silencing function (165). Highdrrepeat copy number improved the
efficiency of silencing only slightly. Since no silencing at all is observed with
4 copies, it is very likely that proteins mediating the silencing activityXadt
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RNA interact with the stem loops of differedt-repeat units in a cooperative
fashion.

Based on the high degree of conservation othrepeat sequence betweXist
andXISTRNA, proteins interacting with th&-repeat may be conserved between
mouse and human. The ability of mouseepeat-interacting proteins to bind the
humanA-repeat and mediate silencing is suggested by the faci&E RNA
expressed from humaXIC transgenes in mouse cells can mediate silencing of
linked autosomal genes (58, 101). Two groups have identified proteins that interact
with the A-repeat in vitro. Using an entirA-repeat region, hnRNP C1/2 were
isolated from nuclear extracts (16). It is perhaps not surprising that two proteins
with affinity for polyU stretches, which are highly enriched in theepeat spacer
regions, were isolated. In a second approach, a synthetic RNA oligonucleotide
comprising just the first stem loop bound a 120-kD protein of unknown identity
(). Given that the secondary structure rather than the primary sequence of first
stem loop is crucial foA-repeat function, it is unclear whether specificity will lie
within this region of theA-repeat. Clearly, identification of the hypothesiz&d
repeat-interacting proteins would provide insight into the mechaniskrepeat-
mediated silencing.

Developmental regulation g&-repeat-interacting proteins could explain how
Xist RNA can induce silencing only during the initiation phase of X-inactivation
(164). Alternatively, hypothetical-repeat-interacting proteins may be present
throughout development, but changes in chromatin structure that occur upon dif-
ferentiation could interfere with their silencing activity. Of tiest RNA regions
required for Xi association, th&-repeat region could contribute indirectly to local-
ization, sincéA-repeat-interacting proteins may bind the Xi-chromatin to mediate
their silencing function. Thus, th€ist RNA domains required for coating and si-
lencing could be non-overlapping. It will also be of interest to determine whether
the A-repeat is required foXist RNA's role in Xa choice or maintenance of the
Xi, which would implicate the silencing activity ofist RNA as crucial in these
processes.

Wutz and colleagues found two large deletions in théand&f of Xist RNA
that still allow spreading along the chromosome but are deficient in macroH2A
recruitment (165) (Figure 9). The deletion of theepeat region has no effect on
macroH2A localization, indicating that thist RNA-mediated accumulation of
macroH2A on the Xi occurs independentlyXiEt RNA's silencing function. This
finding further supported the idea that macroH2A is not involved in the initiation or
establishment of silencing but could play arole in the maintenance of the silent state
of the Xi (96, 126, 127). It remains possible that the macroH2A histone variants
could mediat&XistRNA's role in the maintenance of the Xi heterochromaXist
cDNA transgenes lacking domains required for macroH2A colocalization should
be tested for their ability to confetist RNA’s Xi maintenance function.

Taken together, initial analysis of the sequence requirementXifdiRNA
function indicates that the RNA can be divided into separate domains confer-
ring the activities of chromosome coatingdis, gene silencing, and macroH2A
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recruitment. The modular nature Xfst RNA suggests that the RNA may act as a
scaffold to coordinate multiple functions.

CONCLUSION

The different fates taken on by the two X chromosomes in female mammals have
long been attributed to the action of a single chromosomal locuX;thactivation
center which responds to developmental cues orchestrating the X-inactivation
processXistRNA, encoded within th&ic, has turned out to be the pivotal player
in X-inactivation, as it is both necessary and sufficient for initiation and spread of
silencing on the XiCis-regulatory elements of théistgene direct its expression
and control the RNA's activity during the period in which the Xa chromosome is
chosen. The existence of a critical sequence required to choose an Xa, the counting
element, has been inferred, but this sequence remains to be identified. Antisense
transcription ofXist has recently been identified, generatirgix RNA. Both Xist
RNA and Tsix transcription have been shown to regulate the random choice of
the Xa.Cislimited control of Xist activity ensures that the Xa will be protected
from XistRNA-mediated silencing during the period in whitstactivity becomes
upregulated on the future Xa. Inimprinted X-inactivation, gametic imprints control
TsixandXistexpression patterns, which direct the maternal Xa fate and the paternal
Xi fate. Most advances have been made through the study of X-inactivation in the
mouse. Early evidence suggests that the process of Xa choice during human X-
inactivation may exhibit some differences.

Silencing of the X chromosome byist RNA is a multistep process that can
only be initiated during a brief developmental windalistRNA coordinates mul-
tiple chromosome-wide chromatin modifications, possibly by recruiting modifiers
of chromatin structure. These modifications, characteristic of heterochromatin,
stably maintain the silent state of the Xi. Out of all known modifications, methy-
lation on histone H3 Lys-9 spreads on the Xi concomitant with coatin¥iby
RNA, immediately before gene silencing. The spread of methylation on H3 Lys-9,
which is involved in transcriptional repression in other contexts, suggesisigtat
RNA may initiate silencing through recruitment of a histone methyltransferase.
Determination of the composition and function of the presuiXistiribonucleo-
protein complex will ultimately allow an understanding of how the mammalian
dosage compensation system initiates, establishes, and maintains silencing on
the Xi.

No Xic transgene analyzed to date directs truly random X-inactivation, sug-
gesting that researchers must look beyond the kn¥igrelements, and outside
the largest transgene, for sequences that control random choice of the active X
and ensure enactment of the inactive X fate. Despite significant advances in the
genetics and molecular biology of X-inactivation, many challenges remain before
a comprehensive view of the molecular mechanisms directing the two divergent
fates of the mammalian X chromosome will emerge.
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