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Abstract. Marsupial and eutherian mammals inactivate one X chromosome in female somatic cells in what is thought
to be a means of compensating for the unbalanced X chromosome dosage between XX females and XY males. The
hypothesis of X chromosome inactivation (XCI) was first published by Mary Lyon just over 50 years ago, with the
discovery of XCI in marsupials occurring a decade later. However, we are still piecing together the evolutionary origins
of this fascinating epigenetic mechanism. From the very first studies on marsupial X inactivation, it was apparent that,
although therewere some similarities betweenmarsupial and eutherianXCI, therewere also some striking differences. For
instance, the paternally derived X was found to be preferentially silenced in marsupials, although the silencing was
often incomplete, which was in contrast to the random and more tightly controlled inactivation of the X chromosome in
eutherians. Many of these earlier studies used isozymes to study the activity of just a few genes in marsupials. The
sequencing of several marsupial genomes and the advent of molecular cytogenetic techniques have facilitated more
in-depth studies into marsupial X chromosome inactivation and allowed more detailed comparisons of the features of
XCI to be made. Several important findings have come from such comparisons, among which is the absence of the
XIST gene in marsupials, a non-coding RNA gene with a critical role in eutherian XCI, and the discovery of the
marsupial RSX gene, which appears to perform a similar role to XIST. Here I review the history of marsupial XCI
studies, the latest advances that have been made and the impact they have had towards unravelling the evolution of XCI
in mammals.
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Introduction

Mammals have an XX/XY sex determination system in which
males are the heterogametic sex, with a gene-rich X chromosome
andahighlydegraded, gene-poorYchromosome.This difference
between the X and Y chromosomes creates an imbalance for
X-borne gene dosage between the sexes. In 1961, Mary Lyon
proposed that female eutherian mammals compensate for this
imbalance by inactivating one X chromosome in a random
fashion. The inactivation was thought to take place early in
embryogenesis and to be maintained throughout subsequent cell
divisions (Lyon 1961). This hypothesis was proposed after
observing a speckled phenotype in female mice heterozygous
for X-linked genes (Lyon 1961). Population studies on the
human X-linked G6PD gene led to similar conclusions, with
heterozygous women possessing both active and deficient
G6PD erythrocytes (Beutler et al. 1962), indicating that some
cells express only the maternal X chromosome whereas others
express only the paternal X. This hypothesis was supported by
examining G6PD variants in cultures established from single
cells from heterozygous women. Only one G6PD variant was
observed in each culture (Davidson et al. 1963). Further support
for an inactive X chromosome (Xi) was offered by observations

at the cytogenetic level, which included the presence of a
heterochromatic sex chromatin body (Barr Body) observed in
female and not male interphase cells (Barr and Carr 1962) and the
late replication of one X chromosome during mitosis (Taylor
1960), both ofwhich are hallmarks of the inactiveX chromosome
in eutherians.

Over the past 50 years, X chromosome inactivation (XCI) has
been extensively studied, particularly in mouse and, to a lesser
extent, in humans. The steps involved in this complex process are
still being elucidated but are known to involve the initiation of
silencing from a master locus known as the X inactivation centre
(XIC) (Brockdorff et al. 1991; Brown et al. 1991). The XIC is
critical for counting the number of X chromosomes in a cell and
choosing the X to inactivate (Bacher et al. 2006; Xu et al. 2006;
Augui et al. 2007). It encodes several non-coding RNAs, among
which isXIST (X Inactive Specific Transcript), a 17-kb-long non-
coding RNA responsible for coating the inactive X in cis and
initiation of chromosome-wide-silencing (Borsani et al. 1991).
The XIST-coated chromosome then undergoes chromatin
remodelling via histone modifications and DNA methylation
(reviewed in Heard 2005), and is ultimately observed as
condensed chromatin (Barr body) and late replicating.
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The initial finding of this remarkable dosage compensation
mechanism in such divergent species as human and mouse led
to questions regarding its evolution and, in particular, whether
XCI was peculiar to the eutherian mammals or more broadly
subscribed to amongst members of the class Mammalia.

Mammals diverged from a common ancestor between
161 and 217million years ago (Phillips et al. 2009) and are
represented by three major lineages: Prototheria (monotremes),
Metatheria (marsupials) and Eutheria (placentals). The closest
lineage to eutherian mammals is that of the marsupials, which
last shared a common ancestor at least 160million years ago
(Luo et al. 2011). They are represented by over 300 species,
distributed between the Americas and Australasia. Marsupials,
with large, easily distinguishable chromosomes, and the ability
to generate species and subspecies hybrids, have proven
particularly valuable for unravelling the evolutionary origin of
XCI.

Imprinted XCI

As in eutherians, an early study on replication timing of the
X chromosomes in two marsupial species demonstrated
asynchronous replication of the X chromosomes in females,
suggesting that marsupials did subscribe to XCI. The assumption
was that, since they shared this common feature with
eutherians, XCI in marsupials would be achieved in a similar
fashion (Marshall Graves 1967). However, a subsequent study
established that this was not the case. Sharman (1971) examined
replication timing in subspecies and species crosses, where the
X chromosome of each subspecies or species could be easily
distinguished on the basis of size. The results established that
the paternally derived X chromosome was late replicating in
each case, a striking difference to the random XCI observed in
eutherians.

Examining XCI in marsupials proved difficult without
knowing the gene content of the X chromosome in marsupials. A
hypothesis proposedbySusumoOhno (now referred to asOhno’s
Law) proved important for facilitating work in this area (Lyon
1992). Ohno posited that genes X-linked in one mammalian
species would be located on theX chromosome in all mammalian
species because translocations between the X and autosomes
would be selected against as they risk disrupting the dosage
compensation mechanism (Ohno 1967). Hence, it was assumed
that genes known to be X-linked in human or mouse would be
located on the X chromosome in marsupials. This provided a
starting point for investigating XCI in marsupials.

Two papers published at the same time as the finding of late
replication of the paternal X (Sharman 1971) reported two genes
known to be X-linked in humans were found to be likewise
X-linked in marsupials (Cooper et al. 1971; Richardson et al.
1971). The late replication of the paternal X was associated with
silencing of the paternalG6PD allele in red blood cells from euro
(Macropus robustus erubescens)�wallaroo (M. r. robustus)
hybrid animals (Richardson et al. 1971). Variants of the PGK
enzyme in hybrids of eastern (Macropus giganteus) and western
(M. fuliginosus) grey kangaroos and backcrosses further
demonstrated silencing of the paternal allele in red blood cells
and, importantly, that the silenced allele could be active in the
subsequent female offspring (Cooper et al. 1971). Furthermore,

this mode of expression was not limited to red blood cells but
was observed in a range of somatic tissues (Cooper et al. 1971).
These studies were the first to demonstrate genomic imprinting
in mammals, a phenomenon where genes are expressed in a
parent-of-origin fashion.

Surprisingly, despite this major difference in the nature of
XCI between eutherians and marsupials, studies of paternal XCI
have been relatively limited. This pattern ofXCI has been directly
confirmed for only three genes using isozymes (G6PD, GLA,
PGK) (reviewed in Cooper et al. 1993; Deakin et al. 2009) and
indirectly for HPRT1 using somatic cell hybrids (Marshall
Graves and Dawson 1988).

Several different species have been examined for each gene
but differences are observed between species, between genes
and even for the same gene in different tissues within a species,
making it difficult to draw concrete conclusions about the
nature of marsupial XCI (Fig. 1). For instance, in the Virginia
opossum (Didelphis virginiana), PGK1 was expressed
exclusively from the paternally derived X chromosome
whereas G6PD showed partial expression from the paternal X
in most tissues (Samollow et al. 1987). In contrast, G6PD
showed complete silencing of the paternal copy in somatic
tissues in macropod species (M. robustus and M. rufogriseus)
(Johnston et al. 1978). Differences have also been observed in
G6PD expression throughout development in D. virginiana,
with increasing expression of the paternal allele associated
with increasing age (Samollow et al. 1995).

It was difficult to determine whether the partial expression
of the paternal allele observed for some genes was the result of
partial expression from the X in all cells or due to a mosaicism,
with some cells expressing only the maternal allele while others
expressed both. However, experiments on cloned fibroblasts
failed to detect any indication of mosaicism (Johnston et al.
1978), suggesting that there was a reduced level of expression
from the paternal allele in every cell.

Studies of imprinted XCI at the molecular level on marsupial
X-linked genes have been rather limited. In fact, until the
sequencing of the human genome, sequence information had
been obtained for only three marsupial X-linked genes: HPRT1
(Kaslow et al. 1987; Conaty and Piper 1996); G6PD (Kaslow
et al. 1987; Loebel et al. 1995) and PGK1 (Zehavi-Feferman
and Cooper 1992). The identification of an informative
polymorphism was then required for this sequence information
to be useful for XCI studies. Such polymorphismswere found for
G6PD in the wallaroo (M. robustus) (Watson et al. 2000) and for
G6PD and PGK1 in the grey short-tailed opossum (Monodelphis
domestica) (Hornecker et al. 2007). The use of molecular
techniques, such as SNuPE (SingleNucleotide Primer Extension)
assay and allele-specific RT–PCR, permitted allele expression in
heterozygous females to be examined at the nucleotide rather
than protein level. A SNuPE assay for G6PD in the wallaroo
correlated with isozyme results for this species, with the
paternally derived X allele being completely silenced in somatic
tissues (Watson et al. 2000). Similarly, allele-specific RT–PCR
demonstrated mostly complete silencing of the paternal G6PD
allele in the opossum (Hornecker et al. 2007). In contrast, PGK1
in the opossum was expressed from the paternal alleles in most
tissues, at the same or even greater levels than the maternal allele
(Hornecker et al. 2007).
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From these studies, itwas evident that the inactivation status of
many more genes would be required to gain a true understanding
of the nature of XCI in marsupials.

Gene content of the marsupial X chromosome

For many years, examination of more genes was hampered by
the difficulty in isolating X-linked genes inmarsupials. Although
Ohno’s Law had been supported by the finding of several genes
X-linked in eutherians beingX-linked inmarsupials, the isolation
of further X-linked genes using the limited information available
for eutherian species meant that isolating gene sequences for
the marsupial orthologues of human X-linked genes was a slow,
painstaking process. It has only been in recent years that the
genic content of marsupial X chromosomes has been thoroughly
established.

The advent of molecular cytogenetic techniques provided
greater insight into the homology between marsupial and
eutherian X chromosomes. A region of the X chromosome
conserved between therian mammals, corresponding to two-
thirds of the human X and known as the X conserved region
(XCR), was uncovered by cross-species chromosome painting
(Glas et al. 1999). This supported Ohno’s Law and, interestingly,
the X is the only chromosome for which chromosome painting
is successful between marsupials and eutherians. The remaining
third of the human X chromosome, the X added region (XAR)
is autosomal in marsupials and was added to the X chromosome
before eutherian radiation 105million years ago (Marshall
Graves et al. 1995).

The recent sequencing of three marsupial genomes has
elucidated the genic content of this conserved region of the
X. Fortunately, the species chosen for sequencing are nicely
spread across the marsupial phylogeny, with the grey short-tailed
opossum (M. domestica) representing the American marsupials,
and the tammar wallaby (Macropus eugenii) and the Tasmanian
devil (Sarcophilus harrisii) representing the Australian species.
The opossum is a ‘laboratory’ marsupial, being easily bred in
captivity in facilities similar to those used for rodents and
producing many young per litter, making it particularly suitable
for studies of XCI throughout development (VandeBerg 1983).
The tammar wallaby, a member of the kangaroo family, is easily
bred in captivity and has the advantage of having two subspecies
that display many fixed polymorphisms between their
geographically isolated populations (Zenger et al. 2002; Wang
et al. 2011), making it an ideal species for examining paternal
XCI. The Tasmanian devil has been sequenced in response to its
current struggle with devil facial tumour disease (Miller et al.
2011; Murchison et al. 2012), which has resulted in it being
listed as an endangered species. While its endangered status is
not ideal for XCI studies, the sequence information still provides
a valuable resource.

The opossum genome has been deeply sequenced, well
assembled and anchored to chromosomes (Duke et al. 2007;
Mikkelsen et al. 2007). The opossum X spans ~97Mb (Renfree
et al. 2011) and contains 442 annotated protein-coding genes
(based on Ensembl 68). The tammar wallaby and devil X
chromosomes are larger at 150Mb (Renfree et al. 2011) and
122Mb (Murchison et al. 2012), respectively. The size
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Fig. 1. Expression from the inactive X chromosome detected in isozyme studies. White indicates no expression from the
paternal X. Grey indicates partial expression and black complete expression from the inactive X. Differences between
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differences between the X chromosomes of these species is
attributable to additional heterochromatin in the Australian
species and does not reflect a difference in overall gene content
(Renfree et al. 2011). Unfortunately, the two Australian species
have not been as deeply sequenced or as well assembled and
have required cytogenetic mapping to provide information on
gene order (Deakin et al. 2008b, 2012).

Conservation of gene order on theX in the eutherian lineage is
observed from the African elephant (Rodriguez Delgado et al.
2009), representing the most basal clade, to humans (rodents
being the notable exception). In stark contrast, gene order is
scrambled between all three sequenced marsupial species. The
conservation of gene order on the eutherian X is supposedly
a result of selection against rearrangements that could affect
the spread of XIST transcripts across the chromosome from
the centrally located inactivation centre and thereby disrupt the
tightly controlled eutherian XCI mechanism (Mikkelsen et al.
2007). In keeping with this hypothesis, extensive searches of
the opossum genome sequence failed to identify an orthologue
of the XIST gene (Duret et al. 2006). Analysis of genes flanking
XIST showed that, although these genes are adjacent in other
vertebrates, there is a breakpoint between XIST flanking genes
inmarsupials (Davidow et al. 2007;Hore et al. 2007;Shevchenko
et al. 2007; Deakin et al. 2008b). Thus, XIST evolved after
the divergence of marsupials and eutherians. The possibility of
a marsupial-specific XIC with an XIST-like gene could not be
ruled out.

Inactivation status at the cellular level

Armed with information regarding the gene content of the
marsupial X chromosome, it was possible to more thoroughly
examine XCI in marsupials. Given the somewhat leaky nature of
inactivation in marsupials, it was important to determine whether
the partial expression from the paternal X observed for some
genes was indeed due to a low level of expression from the
paternal X in all cells as suggested from the isozyme studies on
cloned fibroblasts (Johnston et al. 1978). This was achieved
by using RNA-fluorescence in situ hybridisation (FISH), a
molecular cytogenetic technique capable of detecting nascent
transcripts within interphase nuclei.

RNA-FISH performed on fibroblasts for 32 tammar wallaby
genes spread across theX chromosome revealed that no genewas
inactivated in every cell at the transcript level, with all genes
showing a proportion of cells (5–68%) with biallelic expression
(Al Nadaf et al. 2010). The four genes previously tested by
biochemical studies on marsupials (G6PD, HPRT1, GLA and
PGK1) were biallelically expressed in 7.5% (GLA) to 23.5%
(HPRT1) of nuclei (Fig. 2). Similar results were found for 12
genes in opossum fibroblasts and four genes in the Tasmanian
devil (Al Nadaf 2011). The disadvantage of this technique is that
it is impossible to distinguish the maternal and paternal copies
of the X. However, we assume that in cells with monoallelic
expression that it is the maternal allele being detected. Therefore,
the partial expression of the paternal X observed in isozyme
studies is most likely the result of expression from the paternal X
in a proportion of cells.

Since one X chromosome is late replicating, it could be
surmised that the level of escape from inactivation could be

dependent on the stage of the cell cycle. However, no difference
in the proportion of nuclei with biallelic expression in S or G1
phase was observed, indicating that expression from the inactive
X is independent of the stage of the cell cycle (Al Nadaf 2011).

This RNA-FISH data could also be used to test the two
alternative hypotheses proposed to explain the differences
observed between genes and tissues in the extent of inactivation
in marsupials. One hypothesis suggested that the silencing of
loci on the X chromosome is regulated in a piecemeal
manner, rather than across the entire chromosome (VandeBerg
et al. 1983). The alternative proposed that inactivation was a
chromosome-wide phenomenon, which spread from an
inactivation centre, resulting in a correlation between the extent
of inactivation and position on the X chromosome in relation
to the inactivation centre. Inactivation of genes closest to the
inactivation centre would be more complete than of those
further away (Marshall Graves and Dawson 1988). The activity
map of the tammar wallaby X chromosome clearly shows a lack
of correlation between gene location and the extent of
inactivation (Fig. 2), thereby refuting the latter hypothesis and
supporting the former (Al Nadaf et al. 2010).

Simultaneous analysis of the expression of neighbouring
loci in nuclei with monoallelic expression for both genes
showed coordinated expression from the same X chromosome,
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Fig. 2. Genemap of the tammarwallabyX chromosome and the percentage
of nuclei for each gene with biallelic expression (black bars).
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suggesting that a chromosome-wide mechanism exists to ensure
expressionof genes from the same activeX (AlNadaf et al. 2010).
Al Nadaf et al. (2010) also tested the possibility of small domains
of coordinate control of gene expression on the inactive X by
examining nuclei in which at least one gene of the two X genes
located near each other on the tammar wallaby X chromosome
were expressed biallelically.Discordant expressionwas observed
for genes with a similar percentage of nuclei displaying biallelic
expression, indicative of a lack of local control of expression
from the inactive X (Fig. 2). For example, genes PSMD10 and
STAG2, both have a 6.7% frequency of biallelic expression,
yet displayed discordant expression from the inactive X in 99%
of cells. This suggests that expression from the inactive X
is independently controlled for each gene and explains the
differences observed in the early isozyme studies.

It is important to note that the RNA-FISH experiments
mentioned above were performed on fibroblasts, which from
isozyme studies were found often to exhibit a higher level of
expression of the paternal allele than somatic tissues. RNA-FISH
for seven opossum (M. domestica) genes from different regions
of the X chromosome showed amuch tighter level of inactivation
in brain and/or liver, with monoallelic expression in 96–100% of
nuclei (Mahadevaiah et al. 2009). Unfortunately, none of these
genes were examined in fibroblasts, making it difficult to draw
conclusions as to whether overall somatic tissues display tighter
regulation or if the selected subset of genes is more generally
subject to virtually complete inactivation.

Discovery of a marsupial-specific XIST-like gene

The extensive rearrangement of the X chromosome between
species was taken as an indication that a marsupial equivalent
of XIST was unlikely to be present in marsupials (Deakin et al.
2008b). Astonishingly, an XIST-like gene called RSX (RNA on
the silent X) has recently been identified in maruspials (Grant
et al. 2012). The gene was discovered accidently when using a
Bacterial Artificial Chromosome (BAC) clone encompassing
the HPRT1 gene in RNA-FISH experiments on female opossum
(M. domestica) brain tissue. Rather than the typical discreet dot-
like signal, a cloud of fluorescence resembling the Xist signal
detected in mouse ES cells was observed.

The sequence responsible for the formation of this cloud-like
signal was narrowed down to a 47-kb region downstream of
HPRT1, which represents a precursor RNA. The mature RSX is
a 27-kb non-coding RNA, which shares no sequence homology
with XIST but does appear to possess some XIST-like features,
such as a high GC content, enrichment of tandem repeats at the 50

end of the gene and conserved motifs that may be involved in
the formation of stem-loop structures. RSX orthologues were
subsequently identified in twoAustralianmarsupials, the tammar
wallaby and the brushtail possum (Trichosurus vulpecula) (Grant
et al. 2012).

RSX is expressed exclusively in females and, like XIST, coats
the inactive X in cis. Notably, RSX transcripts were not detected
in the female germline where both X chromosomes are active,
associating RSX expression with inactivation. Moreover, a RSX
transgene in mouse ES cells coated the transgenic chromosome
and resulted in silencing in more than half the ES cells examined.

Thus, RSX represents an excellent candidate marsupial-specific
X-inactivation centre (Grant et al. 2012).

Maintaining inactivation

In eutherians, the inactivated status of the X chromosome is
maintained by a series of epigenetic modifications, including
accumulation of histone marks associated with repression of
transcription (e.g. H3K9me2, H3K27me3, H4K20me1) and loss
of marks associated with active chromatin (e.g. H3K4me2,
H3K9ac, H4Kac) and DNA methylation (Heard 2005). Given
the less stable and incomplete nature of marsupial XCI,
determining the extent to which these epigenetic marks are
involved has been of considerable interest.

The underacetylation of histone H4 on one X chromosome
in tammar wallabies was the first shared molecular feature of
XCI identified between marsupials and eutherians (Wakefield
et al. 1997). Similarly, other histone modifications associated
with active chromatin (e.g. H3K4me2, H3K9ac) are depleted on
the inactive X in marsupials as they are in eutherians species
(Koina et al. 2009; Rens et al. 2010; Zakharova et al. 2011).

Enrichment of the repressive mark H3K27me3 was observed
in opossum brain (98% of nuclei) and liver (60% of nuclei)
(Mahadevaiah et al. 2009) and, to a lesser extent, on brushtail
possum metaphase chromosomes (50% of metaphases) and in
opossum and tammar wallaby fibroblast interphase nuclei (30%
of nuclei) (Table 1) (Chaumeil et al. 2011). Although the
accumulation of H3K27me3 is a shared feature of the inactive X
between eutherians and marsupials, there is one notable
difference: H3K27me3 accumulation is present throughout the
cell cycle in eutherians but is transient in marsupials, starting to
accumulate on the inactive X in early S phase with its more
prominent accumulation coinciding with Xi replication in late S
phase and early G2 phase (Chaumeil et al. 2011). The different
frequencies at which H3K27me3 accumulation is detected
suggests that its enrichment is tissue-specific and may partially
explain the differences in level of inactivation of X-borne genes
between somatic tissues and fibroblasts. Interestingly,
H3K27me3 accumulation is associated with RSX expression in
opossum ovary cells and monoallelic X-linked gene expression
(Grant et al. 2012).

Hypermethylation of 50 CpG islands has been associated with
the stabilisation of XCI in eutherians (Hellman and Chess 2007).
Investigations of methylation status in marsupials have failed to
show any differential methylation of 50 CpG islands, either by the
use of methylation-sensitive restriction enzymes (Kaslow and
Migeon 1987) or by bisulfite sequencing (Loebel and Johnston
1996; Hornecker et al. 2007). It is important to note that this is
based on the examination of just two genes, G6PD and PGK1.
The lack of DNA 50 CpG methylation may help to explain the
reduced stability of XCI observed in marsupials.

Conversely, chromosome-wide techniqueshave shownglobal
differences in the level ofmethylationbetween active and inactive
X chromosomes. Loebel and Johnston (1993) showed
hypomethylation of the maternal X chromosome by using
methylation-sensitive restriction enzymes and in situ nick
translation on metaphase chromosomes, with similar results
observed using immunofluorescence on brushtail possum and
potoroo (Potorous tridactylus) metaphase chromosomes (Rens
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et al. 2010). In concordance with this hypomethylation of the
inactive X, methylation differences have been observed in the
intragenic region of theHPRT1 andG6PD genes in the Virginian
opossum(KaslowandMigeon1987), andHPRT1 in thewallaroo.
Chong and Piper (1996) correlated a lack of methylation at a site
within intron 3 of the inactive copy ofHPRT1with DNA–protein
interactions, suggesting that these proteins may be involved in
gene silencing and methylation may inhibit the binding of these
proteins within the active copy. The recent development of
techniques capable of detecting differential methylation on a
genome-wide scale will permit a more thorough investigation of
the role of DNA methylation in marsupial XCI both at 50 and
intragenic sites.

Thus, there are some common epigeneticmarks ofXCI shared
between marsupials and eutherians, namely the depletion of
active histone marks from the inactive X (e.g. H3K4me2,
H3K9ac, H4Kac) and at least some level of enrichment of
repressive marks H3K27me3 and H3K9me2. These histone
modifications may be a feature of an ancestral XCI mechanism
(Zakharova et al. 2011). The additional marks present in
eutherian XCI may contribute to the more stable inactivation
observed in these species.

Does XCI in marsupials result in dosage compensation
between the sexes?

Since its discovery, XCI has been assumed to be a mechanism
that evolved as a consequence of the evolution of differentiated
sex chromosomes, which left an imbalance in X-borne gene
expression between the sexes. A recent flurry of investigations
into dosage compensation have shown that several animals
with differentiated sex chromosomes have varying degrees of
compensation and often only a small proportion show complete
dosage compensation between males and females (Itoh et al.
2007; Deakin et al. 2008a; Mank 2009; Itoh et al. 2010; London
et al. 2010; Vicoso and Bachtrog 2011; Wolf and Bryk 2011).

Does XCI in marsupials achieve dosage compensation between
the sexes?

G6PD activity in erythrocytes of several macropod species
has been shown to have equal levels of activity in males and
females, and thus is effectivelydosage compensated (Raphael and
Cooper 1978).However, culturedfibroblastswere quite different,
with females having up to twice the G6PD activity of males
(Raphael and Cooper 1978). The female to male ratio of G6PD
expression measured by quantitative RT–PCR in tammar
wallaby fibroblasts was close to 1.0, indicative of complete
dosage compensation (Al Nadaf et al. 2010), yet female to
male ratios for an additional 11 X-linked genes varied between
1.0 and 3.0. This wide range in female to male ratios was
partly attributed to considerable amounts of variation between
individuals.

More recently, the transcriptional levels of genes across
the entire X chromosome have been compared using RNA-
sequencing data (RNA-seq) obtained from sequencing five
tissues (brain, cerebellum, heart, kidney and liver) of a female
and male opossum. The only tissue to show a slight yet
significant deviation from equal expression in females and
males was heart (Julien et al. 2012). Thus, it seems that for
opossum somatic tissues there is efficient dosage compensation
between the sexes. In some respects, this is surprising given
previous work on PGK1 gene expression, which demonstrated
little if any inactivation of the paternal allele in tissues
(Hornecker et al. 2007). However, this result would concur
with the essentially complete inactivation of one X chromosome
observed in opossum brain and liver cells (Mahadevaiah et al.
2009). These types of global studies should be performed on
more marsupial species and larger numbers of individuals.

The initial studies on measuring enzyme activity in
marsupials, in some ways, used the ultimate test to determine
whether X chromosome inactivation achieves dosage
compensation. Measuring gene expression only provides part
of the answer as there could be mechanisms in place at the

Table 1. Profiles for repressive and active histone marks on the inactive X (Xi)
+, enrichment;–, depletion;+/�, slight enrichment;–/+, slight depletion;%,percentageof nuclei showingenrichmentwhen<90%.

Meu, M. eugenii; Mdo, Monodelphis domestica; Tvu, Trichosurus vulepcula

Eutherian Xi Interphase nuclei
(fibroblasts)

Metaphase Brain Liver

Meu Mdo Meu Mdo Tvu Mdo Mdo

Repressive
H3K9me2 + 30% 30% –

H3K27me3 + 30% 30% – +/� 50% + 60%
H4K20me1 + – – –

H3K9me3 – + + –/+ +
H3K27me1 – –

H4K20me3 – – – +
HP1a – +

Active
H2AK5ac – –

H3K4me2 – – – – – –

H3K9ac – – – – – –

H4K16ac – ~50%
H4K8ac – ~50%
H4Kac – – – –
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post-translational stage to achieve compensation. A lack of
compensation at the transcript level and complete compensation
at the protein level has been reported for the HSD17B4 enzyme
in the zebrafinch brain (London et al. 2010). This will most
likely be an avenue that XCI studies will take in the future,
using some of the sophisticated proteomics techniques now
available.

Hypotheses for the evolution of XCI

Determining the evolutionary origin of XCI has been subject to
debate for decades, with several alternative hypotheses proposed.
After the discovery of imprinted XCI in marsupials, Cooper
(1971) hypothesised that the ancestral form of XCI was likely to
be paternally imprinted, resembling XCI in marsupials. Support
for this hypothesis came upon the discovery of an imprinted form
of XCI in the extraembryonic membrane of rodents (Takagi and
Sasaki 1975;Wake et al. 1976; West et al. 1977). This imprinted
form of eutherian XCI resembles that of marsupials, being less
stable, incomplete and independent of DNAmethylation (Huynh
and Lee 2005). However, imprinted XCI in mice was found to be
dependent on Xist to some extent, questioning the common
origin of imprinted XCI in therian mammals (Marahrens et al.
1997; Okamoto et al. 2005). In addition, the paternal X in mouse
extraembryonic tissues does not share the same histone-
modification profile as the inactive X in marsupials, but is more
like that of XCI of eutherian somatic tissues (Chaumeil et al.
2011). Recent comparative studies amongst eutherians suggest
that the imprinted XCI arose secondarily in the mouse lineage
(Escamilla-Del-Arenal et al. 2011). Therefore, imprinted XCI
must have evolved independently in marsupials and eutherian
extraembryonic tissues.

It had been suggested, as an extension of this hypothesis, that
imprinted XCI was a carryover from meiotic sex chromosome
inactivation, with the paternal X chromosome arriving in the
embryo in a preinactivated state (reviewed in VandeBerg 1983;
see also Hornecker et al. 2007; Namekawa et al. 2007). Both the
XandYchromosomes inmarsupials are silenced at the pachytene
stage during male meiosis and are stably maintained during
spermiogenesis (Turner 2007). It was, therefore, proposed that
the zygote received an already inactive X from the sperm.
However, reactivation of X-linked genes was observed in
opossum spermatids and, to some extent, inmouse (Mahadevaiah
et al. 2009), contesting this hypothesis.

Although an ancestral imprinted form of XCI has now been
almost entirely disregarded, testing of this hypothesis has had
a major impact on the field and our understanding of XCI in
marsupials as well as eutherians. A shared origin of marsupial
and eutherian XCI has been questioned and alternative
hypotheses proposed.

The evolution of XCI has been intimately linked to the
degradation of the Y chromosome. Comparisons of the genic
content of marsupial and eutherian Y chromosomes indicates
independent degradation of the Y chromosome in the two
lineages (Murtagh et al. 2012) and, as a consequence,
independent genesis of XCI in marsupials and eutherians (Al
Nadaf et al. 2010). SRY, the testis-determining factor in therian
mammals, is the gene charged with leading the suppression
of recombination between the proto-X and Y chromosomes.

Therefore, XCI is likely to have arisen in the region surrounding
SOX3, the X-borne gametologue of SRY (Gribnau and
Grootegoed 2012). Indeed, high doses of the SOX3 protein are
capable of triggering testis differentiation (Sutton et al. 2011),
suggesting that SOX3 is a particularly dosage-sensitive gene.
Several genes central to the XCI mechanism are located near
SOX3 on the proto-X, supporting the idea that this is the site at
which XCI originated, at least in eutherians.

In marsupials, SOX3 expression is not detected in the
developing testes (Pask et al. 2000) and therefore may not be a
dosage-sensitive gene requiring compensation in marsupials. If
this is the case, then marsupial XCI may have arisen in a different
region on the X chromosome. In keeping with this idea, RSX, the
putative marsupial equivalent of XIST, is located adjacent to
HPRT1 and PHF6X (the gametologue of PHF6Y) (Grant et al.
2012) in a different region of the proto-X chromosome to SOX3.
This would support an independent origin of XCI in the two
marsupial lineages.

Another possibility, although not mutually exclusive, is that
XCI arose from an ancient mechanism used to regulate
transcription that has been exapted into independently evolved
mechanisms for dosage compensation. In marsupials, XCI, in at
least some cell types, is incomplete with stochastic expression
from the inactive X (Al Nadaf et al. 2010). Even in eutherians
with their more complete level of inactivation, genes in the
eutherian XAR are more prone to a stochastic form of expression
(AlNadaf et al. 2012). Thismode of expressionmay be indicative
of an ancestral mechanism, as this recent addition to the X may
not have been fully recruited into the more complete silencing
mechanism apparent for the ancient XCR. Intriguingly, genes
on monotreme X chromosomes, which share no homology to
those on the conserved region of the therian X, also exhibit a
stochastic form of expression in females (Deakin et al. 2008a).
Recruitment of additional layers of control, such as histone
modifications, may have then been selected from a common
‘epigenetic toolbox’ (Al Nadaf et al. 2012). This ancient
stochastic form of transcriptional regulation may be a more
general mechanism from which genomic imprinting (Ohlsson
et al. 2001) or even the now more widely observed random
monoallelic expression of some genes (Gimelbrant et al. 2007)
evolved, with layers of epigenetic complexity added depending
on selective pressures.

The study of marsupial XCI has come a long way since its
first discovery. As highlighted here, many questions still remain
unanswered. However, annotated genome sequence assemblies
for three marsupial species are making it possible to capitalise
on the latest technological advances in epigenomics. Research is
now able to examine the entire X chromosome rather than the
handful of genes uponwhich it relied for somany years, ensuring
rapid progress towards unravelling the evolution of this
remarkable epigenetic mechanism.
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