
Nuclear Organization and Dosage
Compensation

Jennifer C. Chow and Edith Heard

Mammalian Developmental Epigenetics Group, Institut Curie, CNRS UMR3215, INSERM U934,
Paris, F-75248 France

Correspondence: Edith.Heard@curie.fr

Dosage compensation is a strategy to deal with the imbalance of sex chromosomal gene
products relative to autosomes and also between the sexes. The mechanisms that en-
sure dosage compensation for X-chromosome activity have been extensively studied in
mammals, worms, and flies. Although each entails very different mechanisms to equalize
the dose of X-linked genes between the sexes, they all involve the co-ordinate regulation
of hundreds of genes specifically on the sex chromosomes and not the autosomes. In
addition to chromatin modifications and changes in higher order chromatin structure,
nuclear organization is emerging as an important component of these chromosome-wide
processes and in the specific targeting of dosage compensation complexes to the sex
chromosomes. Preferential localization within the nucleus and 3D organization are
thought to contribute to the differential treatment of two identical homologs within the
same nucleus, as well as to the chromosome-wide spread and stable maintenance of
heterochromatin.

S
pecies that have evolved a chromosomally

based sex determination system face the
problem of dosage compensation of sex chro-

mosomes between males and females. As the

non-recombining chromosome degenerates, the
heterogametic sex is left with only one func-

tional copy of genes on the sex chromosomes

compared with the double dose that exists in
the homogametic sex. Diverse dosage com-

pensation strategies have evolved in different

species to deal with this problem and have
been most extensively studied in flies (D. mela-

nogaster), worms (C. elegans), andmammals. In

flies, males (XY) up-regulate their single X to
achieve expression levels equivalent to the two

copies present in females (reviewed in Gelbart

and Kuroda 2009). Increased transcriptional
output of the X chromosome is also observed

in worms (Gupta et al. 2006) and mammals

(Nguyen and Disteche 2006; Lin et al. 2007).
However, in these latter cases, hyper-expression

is not specific to the heterogametic sex, as

it occurs in both males and females, necessitat-
ing secondary compensation mechanisms in

females who would otherwise over-express X-

linked genes. In C. elegans, hermaphrodites
(XX) down-regulate transcription from both

their X chromosomes by half, whereas in female

mammals, one of the two X chromosomes is
chosen for inactivation (reviewed in Vicoso
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and Bachtrog 2009). Therefore, it is through the

co-ordinate regulation of hundreds of genes

across the chromosome that these compensa-
tion mechanisms restore not only the balance

between sexes but also the ratio of gene dosage

between the sex chromosomes and the auto-
somes. How dosage compensation complexes

are targeted specifically to the sex chromosomes

on a chromosome-wide scale is still not fully
understood in any of these organisms. Changes

in chromatin structure and higher-order chro-

mosome architecture clearly participate, but it
is also becoming increasingly clear that in all

of these dosage compensation systems, nuclear

organization may play a role.

NUCLEAR ORGANIZATION AND DOSAGE
COMPENSATION

The eukaryotic nucleus is a highly organized
organelle consisting of multiple compartments.

In addition to more stable structures, such as

the nuclear envelope and the nucleolus, it
also contains numerous specialized functional

compartments, where processes such as RNA

transcription and processing, as well as DNA
replication and repair, take place (reviewed in

Spector 2003; Misteli 2007). Chromosomes

themselves also exhibit a distinct 3D organiza-
tion and can adopt non-randompositionswith-

in the nucleus, both with respect to each other

and with respect to specific nuclear landmarks.
It is becoming clear that this spatial organiza-

tion likely plays an important role in the regula-

tion and expression of the genome and is
believed to be a key factor in the chromosome-

wide regulation that occurs during dosage

compensation. In particular, the interphase or-
ganization of X-chromosome sequences may

facilitate their differential activity compared to

autosomes or between the sexes. Similarly, pref-
erential localization in specialized nuclear sub-

compartments may contribute to specific proc-

esses that affect the sex chromosomesmore than
the autosomes. In the case of mammals, nuclear

compartmentalization is likely to facilitate the

differential treatment of the two X chromo-
somes within the same nucleus.

Drosophila melanogaster

In Drosophila, dosage compensation is medi-
ated by a ribonucleoprotein complex that binds

hundreds of sites on the single X chromosome

in males, and induces a two-fold up-regulation
of X-chromosomal genes (Fig. 1A). The com-

plex, known as the male-specific lethal (MSL)

complex, is made up of five protein subunits
(MSL1, MSL2, MSL3, MOF, MLE) and two

non-coding RNAs (roX1, roX2) (reviewed in

Gelbart and Kuroda 2009; Hallacli and Akhtar
2009). It can only form in male cells, due to the

male-specific expression of the male-specific-

lethal 2 (MSL2) protein. MSL2 is required to
stabilize components of the complex such as

MSL1 and roX RNAs. MOF and MLE are enzy-

matic components, MLE being an RNA/DNA
helicase and MOF a histone acetyltransferase,

responsible for acetylation of histone H4 at

lysine 16 (H4K16Ac). The H4K16Ac chromatin
modification is believed to be a key component

in the transcriptional up-regulation across the X

chromosome in males (Bone et al. 1994). MSL1
andMSL2 form the core of the complex and are

thought to be the main targeting components;

however, the full complex is required for com-
plete localization to theX chromosome (Gelbart

and Kuroda 2009). Targeting to the X chromo-

some is thought to occur through co-transcrip-
tional assembly of the complex at the sites of

roX1 and roX2 transcription on the X chromo-

some (Kelley et al. 1999). From these assembly
sites, the complex then spreads to other high

affinity binding sites on the X or chromatin

entry sites (CES), and is thought to occur, at
least partially, through the recognition of spe-

cific DNA sequence motifs (Alekseyenko et al.

2008; Straub et al. 2008) (Fig. 1A). Nevertheless,
the identified DNA motifs alone are unable to

unequivocally predict MSL complex binding

since many motifs are not associated with MSL
binding; therefore, other factors must also be

involved. It has been proposed that nuclear

organization and higher order chromatin struc-
ture may play a role in this regard, perhaps

facilitating the spread of the complexes to the

actively transcribed portions of the chromo-
some. In fact, theXchromosomehas been found
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to adopt a male-specific 3D conformation with
“clustering” of the high affinity MSL complex

binding sites occurring inmales, but not females

(Grimaud and Becker 2009). In addition, MSL
proteins co-purify with components of the

nuclear pore complex, Nup153 and Megator

(Mtor), and RNAi knockdowns have shown

that these factors are essential for Msl-mediated
dosage compensation in male cells (Mendjan

et al. 2006). Although the nuclear periphery is

often associated with heterochromatin and
transcriptional silencing, there are sub-regions

at the nuclear envelope, particularly at nuclear

pores, that are associated with transcriptional
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Figure 1.Diverse strategies for dosage compensation in different organisms. (A) InD. melanogaster, males (XY)
up-regulate two-fold their single X chromosome. The dosage compensation complex has been found to be
associated with nuclear pore proteins, which may indicate a participation of nuclear localization in this up-
regulation. (B) C. elegans hermaphrodites (XX) down-regulate both X chromosomes by one half. This may
be linked to a particular organization of the twoXs with the dosage compensationmachinery. (C) Femalemam-
mals inactivate one of their twoX chromosomes. The X chromosomes often reside at the nuclear periphery or at
the nucleolus. The inactive X is organized as a silent, repetitive compartment by Xist RNA, into which genes are
located as they become silenced.
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activity (Taddei et al. 2004; Akhtar and Gasser

2007). Recently, the genome-wide chromatin

binding profiles of Nup153 and Megator have
been reported (Vaquerizas et al. 2010). These

Nucleoporin-AssociatedRegions (NARs) repre-

sent regions of open chromatin as they are
enriched in markers for active transcription

such as RNA polymerase II and histone

H4K16 acetylation. Interestingly, the male
hyperactive X chromosome is particularly en-

riched in NARs and relies on the interaction

with nucleoporins for its peripheral localization
(Vaquerizas et al. 2010). The link between the

MSL complex, nuclear pore components, and

the nuclear periphery suggests that the X chro-
mosome in males specifically localizes to nu-

clear sub-domains through its interactions

with the nuclear pore and that this might con-
tribute to its two-fold up-regulation. Thus,

the enhanced expression of the X chromosome

in males may be not only transcriptional
via chromatin-mediated effects, but also post-

transcriptional, perhaps through themore rapid

processing and export of messenger RNA,
thanks to the association with the nuclear pore.

Caenorhabditis elegans

In C. elegans, dosage compensation involves a

two-fold reduction in X-chromosomal gene ac-
tivity in hermaphrodites (Fig. 1B). The worm

dosage compensation complex (DCC) consists

of a hermaphrodite-specific core of SDC (sex
determination and dosage compensation) pro-

teins, required for the stabilization and target-

ing of the complex to the X chromosome, as
well as a condensin subcomplex, which some-

how induces the chromatin changes necessary

for dosage compensation. How the DCC im-
poses a precise two-fold down-regulation of

X-linked gene expression in a chromosome-

wide manner remains unclear. The DCC is tar-
geted to X chromosomes by initial binding to a

number of recruiting elements, followed by dis-

persal or spreading to secondary sites. However,
DCC binding does not correlate with DCC-

mediated repression, implying that the com-

plex acts in a chromosome-wide manner, rather
thanon a gene-by-gene basis. Indeed, it has been

proposed that the DCC does not repress genes

by direct binding, but rather acts at a distance

and may involve looping of chromatin fibers to
bring regulated genes to the vicinity of DCC

bound sites (Jans et al. 2009). The implication

of condensins suggests that X-chromosome
down-regulation may involve similar mecha-

nisms to mitotic chromosome condensation

(Chuang et al. 1996; Lieb et al. 1996; Lieb et al.
1998; Tsai et al. 2008; Csankovszki et al. 2009).

The DCC may alter higher order chromosome

organization by inducing partial chromosome
condensation at interphase, and this might in

turn lead to decreased transcription. This is

supported by the fact that the DCC condensin
subunit differs from the mitotic condensin I

complex by only a single subunit. Although

the exact molecular mechanisms of conden-
sin-mediated X chromosome down-regulation

are still unclear, the consensus is that this proc-

ess must involve some higher-order reorganiza-
tion of the X chromosomes within the nucleus.

Whether nuclear compartmentalization or lo-

calization also plays a role remains to be seen.

NUCLEAR ORGANIZATION OF THE
INACTIVE X CHROMOSOME IN
FEMALE MAMMALS

In mammals, the presence of an inactive X (Xi)
chromosome in female cells was first noted at

the cytological level by Barr in 1949 as a hetero-

pycnotic body that was often at the nuclear
periphery or within the perinucleolar region

(Barr and Bertram 1949). These initial obser-

vations were already suggestive of a possible
role for nuclear compartmentalization in the

formation/maintenance of the inactive state

(Comings 1968). The nuclear and perinucleo-
lar compartments are indeed often associated

with heterochromatin (de Wit and van Steensel

2009), and in the case of the mammalian X
chromosome, this might promote the inactive

state by facilitating access to heterochromatic

factors or restricting access to transcription
factors. The nucleolar localization of the Xi

(Zhang et al. 2007; Rego et al. 2008) has been pro-

posed to be important for faithful replication
of the Xi’s epigenetic state, as the nucleolar
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periphery is enriched in factors required for re-

plication of heterochromatin, such as Snf2h

(Zhang et al. 2007). In addition to its preferen-
tial locations in the nucleus, the inactive X chro-

mosome also appears to adopt a very distinctive

3D organization. In both mouse and humans,
fluorescence in situ hybridization (FISH) stud-

ies have shown that the inactive X chromosome

is coated by the non-coding Xist RNA, which
triggers the initiation of X inactivation. Xist

induces global changes in chromatin structure,

and also mediates changes in the global orga-
nization of the chromosome, both of which

are thought to play roles in chromosome-wide

silencing. Xist RNA initially coats a central core
of the X-chromosome territory that is made up

largely of repetitive DNA (Chaumeil et al. 2006;

Chow et al. 2010). X-linked genes are mostly
excluded from this inner region, particularly

at the early stages of inactivation and instead

reside outside, or at the periphery, of this re-
petitive compartment (Chaumeil et al. 2006).

However, as X inactivation proceeds and genes

become silenced, they move into the Xist RNA
coated, silent compartment. There is thus a

progressive nuclear reorganization of the X

chromosome as it becomes inactivated and het-
erochromatic, ultimately resulting in a con-

densed structure with a repetitive core and silent

genes embedded into its periphery (Clemson
et al. 2006) (Figs. 1C, 2A). The degree to which

this particular 3D organization of the Xi is

due to a compartmentalizing function of Xist
RNA, or to the chromatin changes that are

induced during X chromosome inactivation

(XCI) or to the repetitive nature of the mam-
malian X chromosome, still remains to be seen.

HETEROGENEOUS HETEROCHROMATIN
ON THE INACTIVE X CHROMOSOME

Inactivation of the X chromosome involves the
acquisition of many chromatin changes that

clearly distinguish it from its active homolog.

Immunofluorescence studies in mitotic and/or
interphase cells show that several histone marks

typical of heterochromatin appear to be enriched

on the Xi, including H3K27me3, H3K9me2,
H3K9me3, H4K20me1, H2AK119Ub, and the

histone variant macroH2A (reviewed in Heard

and Disteche 2006). Conversely, euchromatic

marks such as H3K4me2/3 and H3 and H4
acetylated lysines are largely depleted. However,

these modifications are not uniformly distrib-

uted across the chromosome, suggesting that
the inactive X chromosome is made up of

several different types of heterochromatin. In

human somatic cell lines, at least two different
heterochromatic states have been characterized

by immunofluorescence: One is defined by the

presence of XISTRNA,macroH2A,H3K27me3,
H4K20me1, and H2AK119Ub, and the other is

defined by features more reminiscent of con-

stitutive heterochromatin, including later rep-
lication timing, H3K9me3, H4K20me3, and

association with HP1. These different hetero-

chromatin domains appear to remain spatially
distinct from each other, both during meta-

phase and interphase (Chadwick and Willard

2004; Chadwick 2007). Ultra-structural analy-
ses of the H3K27me3-enriched portion of the

Xi by light and electron microscopy in mouse

and human fibroblasts (Rego et al. 2008) have
shown that this portion of the heterochromatic

X has a distinctive structure, being made up of

densely packed fibers with intervening spaces
and a mean chromatin compaction higher

than euchromatin, but less than constitutive,

H3K9me3-enriched heterochromatin (Fig. 2B,
C). The significance of these different types

of heterochromatin and whether they reflect

differences in the epigenetic mechanisms un-
derlying the initiation and/or maintenance of

the inactive state is still unknown. The relative

proportions of these two heterochromatic sig-
natures varies considerably between species. In

mouse, enrichment of HP1 and H3K9me3 on

the Xi is much less distinctive than has been
described in humans (Peters et al. 2002; Kohl-

maier et al. 2004). Nevertheless, it should be

noted that in both of these species, the inactive
X appears to be similarly organized in the

nucleus, with genes surrounding a silent repet-

itive core (Chaumeil et al. 2006; Clemson et al.
2006). In marsupials, although the Xi is clearly

depleted for active marks as on the mouse and

human Xi (Koina et al. 2009; Mahadevaiah
et al. 2009), the degree of enrichment on the Xi

Nuclear Organization and Dosage Compensation

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000604 5

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


for histone modifications characterizing heter-

ochromatin(H3K9me2,H3K27me3,H3K9me3,
H4K20me3) is less clear-cut, with some studies

reporting no enrichment on the Xi at meta-

phase (Koina et al. 2009) and others reporting
some enrichment of H3K27me3 at interphase

(Mahadevaiah et al. 2009). Given that marsu-

pials lack the XIST gene (Duret et al. 2006), dif-
ferences in histonemodification patterns on the

Xi might be expected, since Xist is required for

the recruitment of many of the chromatin
marks in mouse. The situation in monotremes

appears to be even more complex with females

having five pairs of XX chromosomes andmales
having five XY pairs. Although there does

appear to be some degree of dosage compensa-

tion, no systematic analysis has been performed
to determine the heterochromatic status of the
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Figure 2. Nuclear organization of the inactive X chromosome in female mammals. (A) Combined RNA-DNA
fluorescence in-situ hybridization in day 8 differentiated female ES cells shows the distinctive organization of the
silent inactive X (Xi) compared to the active X (Xa). Both the Xa and the Xi often reside at the periphery of the
nucleus. However, on the Xi, Xist up-regulation and coating results in the formation of a transcriptionally silent
compartmentmade up of a central core of repetitive sequences, including LINE1 elements. Genes transcription-
ally silenced at this stage (Lamp2, G6pdX, AtrX, Fmr1, and Huwe1) have been recruited into the compartment.
All images shown are single slices taken from the same Z plane. (B,C) Electron micrographs of single 200nm
sections from female WI-38 human fibroblasts. The inactive X chromosome (arrow) has an ultrastructure dis-
tinct from the chromocenters (arrowheads), adopting a looser, less compact organization. Adapted, with per-
mission, from Rego et al. 2008, Journal of Cell Science.
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X chromosomes in females, and dosage com-

pensation appears to be largely incomplete and

variable between genes (Grutzner et al. 2004;
Rens et al. 2004; Deakin et al. 2008).

A more detailed view of the chromatin con-

tent of the eutherian inactive X chromosome is
starting to be obtained by higher resolution

epigenomic analyses, such as ChIP-chip and

allele-specific ChIP (Brinkman et al. 2006;
Valley et al. 2006; Valley and Willard 2006;

Chadwick 2007; Marks et al. 2009; Mietton

et al. 2009). ChIP-chip for macroH2A1 in
mouse liver cells reveals an approximately

1.5-fold enrichment in females versus males.

As this enrichment is distributed uniformly
across the entire X chromosome, this implies

that macroH2A1 may influence global chroma-

tin structure, rather than directly inhibiting
transcription at promoters of genes (Mietton

et al. 2009). The distribution of H3K27me3

has also been examined on the inactivating X
chromosome in differentiating mouse ES cells

by ChIP-Seq (Marks et al. 2009). Allele-specific

mapping of ChIP-seq tags showed that the
H3K27me3 mark is deposited on the inactive

X chromosome in female ES cells, particularly

in gene-rich, active regions, which is in agree-
ment with the results observed in human

somatic cells by immunofluorescence (Chad-

wick 2007; Marks et al. 2009).
DNAmethylation of promoters of X-linked

genes is another hallmark of XCI in euther-

ian somatic cells. Global microarray analyses in-
volving methylated DNA immunoprecipitation

(MeDIP) were used to assess the DNAmethyla-

tion status of the Xi relative to the active X (Xa)
in human primary cells. This study revealed that

although CpG islands are hypermethylated on

the Xi, the overall levels of methylation on the
X chromosome are in fact lower in females com-

pared to males, especially in gene-poor regions

(Weber et al. 2005). Hellman and Chess (2007)
analyzed the DNA methylation status of more

than 1000 X-linked loci and found that on the

active X, DNA methylation is concentrated in
gene bodies, confirming previous studies (for

review, see Heard et al. 1997). Although the

function of methylation within transcribed
genes is unknown, it is a general feature of active

genes in many organisms (for example, Zhang

et al. 2006). The lack of gene-body DNA meth-

ylation on the inactive X chromosome at least
partly explains its globally hypomethylated sta-

tus, with only promoters of genes being hyper-

methylated.
In summary, the inactive X chromosome

contains many different epigenetic marks, with

some variations in distribution between differ-
ent mammals. The degree towhich the different

signatures on the Xi reflect differences in the

higher-order structure and/or nuclear organi-
zation of the inactive X should become more

clear with the advent of techniques such as

chromosome conformation capture,whichmea-
sures physical interaction within the chroma-

tin fiber (Simonis et al. 2007; van Berkum and

Dekker 2009).

INITIATING X INACTIVATION: XIST RNA
REGULATION AND FUNCTION

The evolution of theXist gene is believed to have

been a key event in the evolution of the stable,
chromosome-wide X-inactivation process that

exists in eutherian mammals. Xist RNA coating

of the prospective inactive X chromosome ap-
pears to be the key trigger for the X-inactivation

cascade. Deletion analyses have shown that Xist

is essential for silencing and likely has a role at
multiple levels in the process (Penny et al.

1996; Marahrens et al. 1997; Csankovszki et al.

1999; Wutz et al. 2002; Hoki et al. 2009). The
regulation of Xist during development is a com-

plex process, ensured by multiple long-range cis

elements and trans-acting factors. Xist is in fact
located in a region of the X chromosome known

as the X-inactivation center (Xic) that ensures

the appropriate initiation of X inactivation in
female cells (reviewed in Barakat et al. 2010)

(Fig. 3). The Xic contains sequence elements

that ensure that Xist is only up-regulated in XX
and not XY cells. The Xic also ensures that in XX

cells, Xist up-regulation occurs on only one and

not both X chromosomes. Recent insights into
this process have revealed that the presence of

two or more copies of certain X-linked loci can

activateXist. This may work at several levels. For
example, a double dose of the X-linked Rnf12
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gene, which encodes a ubiquitin ligase, can

trigger Xist up-regulation (Jonkers et al. 2009).
Trans interactions (pairing) between Xics may

also be involved in triggering the expression of

Xist and in ensuring its monoallelic regula-
tion in female cells (Bacher et al. 2006; Xu

et al. 2006; Augui et al. 2007). These transient

Xic pairing events may facilitate the coordina-
tion of reciprocal Xist expression patterns on

the future active and inactive X chromosomes

during the initiation of X inactivation (Augui
et al. 2007; Nicodemi and Prisco 2007; Xu

et al. 2007). Thus, the initiation of monoallelic

Xist expression in female cells involves a
dynamic series of events at the Xic loci, integrat-

ing developmental triggers, dosage-dependent

proteins factors, interactions in trans, and non-
coding RNAs (Fig. 3).
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Figure 3. Random X chromosome inactivation is a multi-stage process. During the initiation stage, develop-
mental factors as well as a complex interplay of elements within the X inactivation center (Xic) ensure that
monoallelic Xist up-regulation occurs only whenmore than oneX chromosome is present per diploid autosome
set. Once up-regulated, Xist RNA coats the chromosome in cis and triggers chromosome-wide gene silencing.
The spread of silencing occurs progressively with the acquisition of many different epigenetic changes that
together serve to create an extremely stable, heterochromatic state.
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Once Xist RNA has become monoallelically

up-regulated (at around day 2 in differentiating

female ES ells), it begins the process of chromo-
some-wide gene silencing. Xist RNA induces X

inactivation during an early differentiation time

window, and recent studies have implicated the
SATB1 and SATB2 (Special AT-rich Binding

Protein) proteins in enabling Xist function dur-

ing this early differentiation time window and
also in some cancer cells (Agrelo et al. 2009).

The 17,000–19,000nt-long, spliced, poly-adeny-

lated Xist transcript consists of multiple differ-
ent functional domains (Wutz et al. 2002). The

most conserved region of Xist is a set of tandem

repeats at the 50 end of the gene, called the A-
repeats, that are required for its gene silencing

function (Wutz et al. 2002; Hoki et al. 2009).

Inducible Xist transgenes deleted for A-repeats
are unable to induce gene silencing, but can still

coat the chromosome in cis and recruit poly-

comb group proteins, which are involved in the
recruitment of repressive chromatin changes

including H3K27me3 to the X chromosome

(Wutz et al. 2002; Plath et al. 2003; Kohlmaier
et al. 2004). Thus, other portions of Xist RNA

are required for its capacity to coat the X chro-

mosome in cis and to recruit polycomb and
macroH2A (Wutz et al. 2002). TheXistA-repeat

region also produces an independent 1.6-kb

transcript, RepA, and although its function is
not entirely clear, this transcript may play a

role in regulating Xist itself (Zhao et al. 2008;

Hoki et al. 2009).
Although Xist RNA may be involved in

directlyor indirectly recruiting chromatin-mod-

ifying enzymes, including polycomb group
proteins, so far there is no evidence that this

accounts for its gene-silencing role. However,

there is increasing evidence pointing to Xist
RNA having an architectural role that may be

important for the specific 3D-organization of

the inactive X (Chaumeil et al. 2006; Clemson
et al. 2006; Rego et al. 2008), which may impact

both the initiation and maintenance of the

inactive state. One of the earliest events fol-
lowing Xist up-regulation and coating of the

future inactive X chromosome is the forma-

tion of a nuclear compartment that is depleted
for RNA polymerase, transcription factors, and

euchromaticmarks(Chaumeiletal.2006).Based

on the analysis of Xist and PcG mutant ES

cell lines, gene silencing and the recruitment
of polycomb group proteins can be functionally

dissociated from the formation of the Xist

silent nuclear compartment (Plath et al. 2003;
Kohlmaier et al. 2004; Chaumeil et al. 2006;

Schoeftner et al. 2006). The silent compartment

initially encompassed by Xist RNA is in fact
largely constituted of X-chromosome repeat

sequences, rather than genes. Prior to their

inactivation, X-linked genes actually reside out-
side or at the periphery of this Xist RNA com-

partment. As differentiation proceeds and X

inactivation occurs, genes move into this Xist
RNA domain as they become silenced (Chau-

meil et al. 2006). The mechanisms underlying

this relocalization of genes are currently un-
known. The Xist A-repeat region, which is

essential for gene silencing, may have a role

since genes do not become relocated into the
silent repetitive compartment in Xist A-repeat

mutants. Furthermore, given the implication

of the SATB1 and SATB2 factors in Xist RNA’s
competence to induce gene silencing during

early differentiation (Agrelo et al. 2009), and

the fact that these DNA-binding proteins facili-
tate the organization of chromatin structure

during T-cell development (Cai et al. 2006),

they may similarly play a role in gene relocation
into the silent Xist repetitive compartment dur-

ing X inactivation. So far, no physical associa-

tion between Xist A-repeats and SATB1/2 has
been demonstrated, but their window of action

and their known function in nuclear organi-

zation make them key candidates for a role in
Xist-mediated gene silencing and relocation.

Importantly, recent findings demonstrate that

Xist RNA can actually induce gene silencing
outside an early developmental context, in some

cancer cells (Hall et al. 2002; Chow et al. 2007),

and in adult progenitor stem cells (Savarese et al.
2006). Agrelo et al. (2009) show that this re-

acquired capacity for Xist-induced silencing in

tumor cells is associated with the re-expression
of the SATB1 protein. This finding reinforces

the notion that the nuclear and epigenetic plas-

ticity found in some cancer cells may be similar
to that found during early embryogenesis.
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SPREADING INACTIVATION ACROSS THE X
CHROMOSOME

Early studies using inducible Xist genes in male
ES cells demonstrated that Xist had a develop-

mentally restricted function, limited to the

first few days of differentiation (Wutz and Jae-
nisch 2000). X-inactivation was thus originally

thought to be a rather concerted process, occur-

ring in the space of just a fewcell divisions.How-
ever, recent studies in mouse pre-implantation

embryos (Patrat et al. 2009) and differentiating

female ES cells (Lin et al. 2007; Chowet al. 2010)
have revealed that inactivation of the X chromo-

some in its entirety can take much longer. Some

genes are silenced very quickly (in a matter of
days or even hours after Xist RNA accumu-

lation), while others are silenced much later

(days, or .1 week), well outside of the time
window in which Xist RNA is thought to act

(Lin et al. 2007; Patrat et al. 2009). This suggests

either that Xist’s silencing function is not lim-
ited to early differentiation for some loci, or

else that the changes induced by Xist are propa-

gated more slowly into some regions compared
to others. Such heterogeneity suggests that the

kinetics of inactivation are controlled by region-

specific processes, presumably due to different
sequence environments. In addition, several

X-linked genes are known to escape the X-inac-

tivation process either partly or fully (Yang et al.
2010). Some of these genes (e.g., Jarid1c/Kdm5c)

have the capacity to escape from X inactivation,

whatever their location on the X chromosome
(Li and Carrel 2008), implying that they have

specific features preventing them from being

efficiently silenced. Importantly, all escapees
tend to be located outside the Xist RNA com-

partment, suggesting that part of the mecha-
nism enabling escape may be linked to their

capacity to resist internalization into the silent,

repetitive compartment. However, the exact se-
quence and/or chromatin signatures that un-

derlie the capacity of some genes to escape and

those that underlie the variability in X-inacti-
vation kinetics between genes, are still not well

understood. Identifying such genomic and/
or chromatin features has turned out to be a
challenge since multiple actors are likely to be

at work and account for the diversity of X-inac-

tivation profiles. Genes that can escape from

X inactivation may be flanked by insulator
elements that help form domains that prevent

the spread of heterochromatinization and/or
recruitment of a gene into the silent repetitive
Xist compartment.CTCF-binding sites have been

hypothesized toplaysucha role as theyhavebeen

identified between inactivation and escape do-
mains (Filippova et al. 2005).

Sequences that facilitate the propagation of

X inactivation have also been proposed to exist,
termed “way-stations” or “booster elements”

(Gartler and Riggs 1983). Lyon proposed that

possible candidates for such booster elements
could include non-LTR retrotransposon LINE1

repeats, as they are enriched on the X chromo-

some and their density correlates well with the
spread of silencing into autosomal sequences

in X: autosome translocations (Lyon 1998). Fur-

thermore, LINE1 elements are depleted in the
immediate vicinity of escape genes (Bailey et al.

2000; Carrel et al. 2006). More recently, it has

been shown that LINEs may facilitate the prop-
agation of X inactivation at at least two different

levels. Truncated, ancient LINEs may partici-

pate in nucleating the heterochromatic repeti-
tive compartment induced by Xist RNA early

in X inactivation (Chow et al. 2010). On the

other hand, younger, more active LINEs, which
are actually transcribed from the inactive X dur-

ing development, may participate in the local

propagation of X inactivation into regions that
would otherwise be prone to escape (Chowet al.

2010). One such region that has been studied in

detail contains theHuwe1 gene, which has a full
length LINE at its 30 end. Huwe1 displays very

slowX-inactivation kinetics, initiating only after

day 2 of differentiation (Patrat et al. 2009; Chow
et al. 2010). The slow silencing of Huwe1 may

be due to its proximity to an escapee, Jarid1c,

which might render its surrounding region,
including Huwe1, more resistant to X inactiva-

tion. Huwe1 is, however, eventually inactivated,

possibly due to the presence of nearby full-
length LINE1 elements. Intriguingly, these full

length LINEs are transcribed from the inactive

X chromosome during the exact window of
time that X inactivation is occurring and their
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transcription is accompanied by the production

of small RNAs (Chow et al. 2010) (Fig. 4). In the

case ofHuwe1, it has been proposed that transi-
ent LINE1 transcription may drive antisense

transcription into the gene and this may help

to induce its silencing. Antisense transcription
has increasingly emerged as an important regu-

lator of gene expression in a diverse number of

ways (Su et al. 2010). Active LINE1 elements/
promoters may therefore represent a significant

source of antisense transcription and play regu-

latory roles in the genome, particularly on the X
chromosome, where they are enriched, at least

in eutherian mammals. In summary, LINEs

may participate in generating heterochromatin
in more than one way, with young, full-length

LINEs acting as local boosters to facilitate si-

lencing of certain regions of the X chromosome;

for example, by driving the transient produc-
tion of natural antisense transcripts on the X

chromosome undergoing inactivation; while

older, truncated LINEs may facilitate creation
of the silent repetitive core of the X chromo-

some, into which genes are recruited as they

are inactivated (Chaumeil et al. 2006; Chow et al.
2010).

Although it is clear that Xist RNA is essen-

tial for the recruitment and propagation of
chromatin modifications as well as the specific

reorganization of the chromosome, how these

changes result in later changes, such as the shift
to late replicationtiming,macroH2Aenrichment,

Undifferentiated ES cells

(Active X)

Day 2 differentiation

Day 4-8 differentiation

Differentiated ES cells

(Inactive X)

Spread?

Genes

Xist RNAFull length active

L1 elements

Recruitment of

silencing factors

Huwe1 Active L1 element

Spread of silencing?

Small RNA pathway?

Boundary elements

Huwe1 Active L1 element Kdm5C/Jarid1C

kdm5C/Jarid1C

Heterochromatinization?

Methylation? Some regions are more resistant to

silencing and are subject to slower

silencing kinetics (e.g., near escape

genes?)

Full length L1 elements may help

to spread silencing into these more

resistant regions.

Xist up-regulation triggers the

formation of a transcriptionally

silent repetitive compartment

Repeats

Figure 4. Diverse, region-specific elements contribute to the spread and stability of silencing and result in
the heterogeneous inactivation kinetics observed across the chromosome. The X-linked Huwe1 gene is X-
inactivated relatively late during development. This resistance to silencing may be due to the influence of the
nearby escapee domain containing the Jarid1C/Kdm5c gene. The presence of a full length LINE1 element 30

of Huwe1 may help to eventually spread silencing into the Huwe1 gene.
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and DNA methylation at promoters, remains

unclear. A recent new player in X inactivation

thatmay be involved in some of the downstream
changes is the Smchd1 protein (Blewitt et al.

2008). Smchd1 mutant female embryos display

both placental and extra-embryonic defects
and die prior to stage E13.5. This relatively late

lethality is suggestive of a role in the mainte-

nance, rather than the initiation of XCI. Indeed,
promoter DNA hypomethylation on the Xi was

detected in mutants, suggesting that Smchd1

may affect the DNA methylation deposition
step (Blewitt et al. 2008). Smchd1 is an SMC-like

protein with homology to components of cohe-

sinandcondensincomplexes. Interestingly, con-
densins are implicated in thedown-regulationof

both X chromosomes in C. elegans hermaphro-

dites (Chuang et al. 1994), providing an exciting
potential linkbetween these two formsofdosage

compensation.

CONCLUSIONS AND PERSPECTIVES

Althoughverydifferentmechanismshave evolved
in different organisms to ensure chromosome-

wide gene regulation during dosage compen-

sation, a common theme is the necessity for
recruitment of dosage compensation complexes

across the length of the X chromosome in a con-

certed fashion. In flies and worms, specific re-
cruitment or entry sites are beginning to be

identified, and should help to unravel the exact

mechanisms bywhich the dosage compensation
complexes are recruited and spread in these

organisms. However, chromatin structure, non-

coding RNAs, and nuclear organization may
also play important roles. Mammals present the

unusual situation whereby two genetically id-

entical X chromosomes have to be differential-
ly treated within the same nucleus and nuclear

organization may contribute to this process.

Coating of one of the two X chromosomes by
the non-coding Xist RNA triggers formation of

a silent nuclear compartment, into which genes

are recruited as they become inactivated, as well
as the recruitment of repressive complexes. The

cis-limited action of Xist RNA still remainsmys-

terious, as do the proteins or sequences towhich
it binds. The diversity of X-inactivation kinetics

and chromatin patterns found for different re-

gions of the inactive X chromosome suggest

that theremay bemore thanonewayof inducing
heterochromatin during X inactivation. Fur-

thermore, different mammals exploit different

mechanisms to achieve chromosome-wide si-
lencing, with variations in chromatin marks.

The extent to which nuclear organization and

spatial segregation of the X chromosomes repre-
sent a universal feature of dosage compensation

strategies will remain an interesting question for

the future.
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