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Abstract
Differentiated sex chromosomes evolved because of suppressed recombination once sex became
genetically controlled. In XX/XY and ZZ/ZW systems, the heterogametic sex became partially
aneuploid after degeneration of the Y or W. Often, aneuploidy causes abnormal levels of gene
expression throughout the entire genome. Dosage compensation mechanisms evolved to restore
balanced expression of the genome. These mechanisms include upregulation of the heterogametic
chromosome as well as repression in the homogametic sex. Remarkably, strategies for dosage
compensation differ between species. In organisms where more is known about molecular
mechanisms of dosage compensation, specific protein complexes containing noncoding RNAs are
targeted to the X chromosome. In addition, the dosage-regulated chromosome often occupies a
specific nuclear compartment. Some genes escape dosage compensation, potentially resulting in
sex-specific differences in gene expression. This review focuses on dosage compensation in
mammals, with comparisons to fruit flies, nematodes, and birds.
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INTRODUCTION
Species in which sex determination is coupled to differentiated sex chromosomes exist
throughout the animal kingdom. In many diploid species, males are the heterogametic sex
XY, and females the homogametic sex XX. Other species, for example, birds, have the
opposite pattern, i.e., males are ZZ and females ZW. Once the sex chromosomes cease
recombining they acquire a different size and gene content, and a natural type of aneuploidy
appears in the heterogametic sex. The X (or Z) chromosome is often large and the Y (or W)
is usually small. Chromosomal aneuploidy is not well tolerated, and mechanisms triggered
by abnormal gene dosage exist to maintain the stoichiometry between gene products
involved in common pathways but originating from different chromosomal loci. Efficient
and stable mechanisms of dosage compensation have evolved to relieve the natural
aneuploidy caused by the strikingly different gene content of present-day sex chromosomes.
Two major aims of sex chromosome dosage compensation have been identified: (a) to
balance expression between the sex chromosomes and the rest of the genome and (b) to
equalize expression between the sexes. The question of how organisms deal with the dosage
imbalance due to differentiation of the sex chromosomes is the central issue we address
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here. Our main focus is on mammalian systems, but we refer to other organisms where
comparisons are informative.

HISTORICAL PERSPECTIVE
Muller (114a) was the first to propose that lack of recombination between the sex
chromosomes would lead to degeneration of the heterogametic chromosome. This concept
became known as Muller’s ratchet (45). Later, Ohno (122) articulated the idea that
heteromorphic sex chromosomes evolved from an ordinary pair of chromosomes that carried
a sex determinant. Studies based on comparisons of closely related species within a group,
for example, mosquitoes or snakes, support this concept. Persistence of remnant paralogs on
the vertebrate sex chromosomes also upholds ancient homology between them. In some
organisms, the Y chromosome was completely lost, for example, in the nematode
Caenorhabditis elegans. In the fruit fly Drosophila melanogaster, the Y is a largely
heterochromatic chromosome that acquired male advantageous genes from autosomal copies
(12). In these two model organisms, sex is determined by the number of X chromosomes per
diploid genome rather than by a Y-linked gene as in mammals.

Both Muller and Ohno clearly envisioned that differentiation of the sex chromosomes into
entities of very different size would lead to mechanisms of dosage compensation (114a,
122). Muller initially favored the correct hypothesis, hyperexpression of the Drosophila
male X, but later proposed that repression of both Xs in females would achieve equality
between the sexes. This latter hypothesis, although incorrect in fruit flies, is a main
regulatory mechanism in C. elegans XX hermaphrodites. Meanwhile, Lyon discovered X
inactivation in mammals; indeed, she interpreted the coat color variegation observed in XX
female mice with an X-linked Tabby mutation as representing random silencing of one X
chromosome (98). In light of X inactivation, Ohno considered the fate of the single active X
chromosome versus autosomal gene expression and suggested that there may also be a
second mechanism to upregulate X-linked genes to avoid “a great peril” due to hemizygous
gene expression (122). These early studies that set the stage for decades of investigation in
the regulation of the sex chromosomes showed that organisms have dealt with dosage
compensation in very different ways (Figure 1) (see sidebar, Main Mechanisms of Dosage
Regulation). Mechanisms of dosage compensation have in common the need for regulatory
systems that address the unique and fascinating challenge of specifically targeting a
particular chromosome for regulation often in only one sex.

SEX CHROMOSOME EVOLUTION
Little is known of the initial stages of sex chromosome evolution (25). The proto-sex
chromosomes may have become differentiated via genetic or epigenetic events (70). In
humans, recombination between the proto-sex chromosomes was suppressed by large Y
inversions, as shown by mapping paralogs with copies on the X and Y and grouping them in
evolutionary strata on the basis of sequence similarities (85, 139). Among the few remaining
X/Y gene pairs, some have similar functions, whereas others have acquired a divergent
function on the Y. Aside from these genes, the Y has accumulated mutations and lost many
genes, fulfilling Muller’s ratchet theory. Interestingly, a subset of genes are conserved on the
Y of humans, chimpanzees, and rhesus monkeys, suggesting that gene loss was initially
rapid but ceased 25 mya when these species diverged (66). Many of the X paralogs of this
subset of conserved genes escape X inactivation with both sexes having retained two
functional copies (Figure 2). Thus, the question arises of whether adverse dosage effects
may have contributed to the preservation of this X/Y gene set (see below).

Sex chromosomes also evolved by translocation with autosomes. For example, the X
chromosome is larger in eutherian mammals than in marsupials, probably because of
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translocation of autosomal material to its short arm. Such additions are followed by attrition
on the heterogametic chromosome (56). In eutherian mammals, one or two homologous
regions of meiotic pairing, the pseudoautosomal region(s) (PARs), persist. PAR genes being
expressed from both sex chromosomes would presumably not be subject to dosage
compensation, as verified for genes in human PAR1 (Figure 2) (73). However, certain genes
located in human PAR2 are silenced both on the inactive X and on the Y (35). The gene
content of the mammalian PAR(s) evolved rapidly, with swift changes in the position of the
PAR boundary even between closely related species (43, 126). PAR regions that become sex
specific would be expected to rapidly become dosage compensated, but this process may not
always be complete (see below).

Although mammalian sex chromosomes have been evolving for a long time, other species
offer a glimpse of early events in sex chromosome differentiation (7). For example, recent
acquisition of a sex-determining gene in stickleback fish led to rapid divergence of their sex
chromosomes and absence of dosage compensation (88, 129). Species can also switch back
and forth between temperature-sensitive systems of sex determination associated with
homomorphic sex chromosomes and gene-based or chromosome-based systems associated
with differentiating sex chromosomes (132). Environmental sex determination does not
cause a dosage imbalance but has the disadvantage of being at the mercy of changes in
surroundings. Gene-based and chromosome-based systems ensure a more stable distribution
of sex but eventually cause imbalance in the genome. Mank et al. (103) have argued that
dosage compensation mechanisms might in fact be rare, as they are so complex and onerous
that species with rapid divergence of the sex chromosomes probably would not evolve such
mechanisms. However, dosage compensation of the X chromosome can quickly evolve de
novo in plants, as shown in a new study that demonstrates not only that dosage
compensation is not limited to the animal kingdom but also that it can evolve at the same
time as Y degeneration (115).

REPRODUCTION-RELATED GENES ON THE SEX CHROMOSOMES
Evolution of the sex chromosomes is accompanied not only by the emergence of dosage
compensation mechanisms but also by functional specialization of existing or newly
recruited genes (155). The mammalian Y chromosome carries not only the testis-
determining gene SRY (82, 146) but also a number of testis-expressed genes essential for
normal male fertility (140, 147). The accumulation of genes beneficial to male-specific
functions on the Y is easily understood because this chromosome is present solely in males.
Such genes either diverged from their X paralog or evolved from a transposed autosomal
copy (56) (Figure 2). In some species, a number of Y-linked genes expressed in testis have
been duplicated manyfold (66). Why are multicopy gene families so prevalent on the Y?
One answer is that strong selection amplifies a mutated Y gene that has become less active
in order to restore sufficient function (56). In addition to guarding against complete
degeneration, gene families provide opportunities for rapid evolution of new functions (61,
84, 140).

The Y chromosome is not alone in having amassed genes with sex- or reproduction-related
functions. The accumulation of genes expressed in testis on the mammalian X is also
remarkable (78, 114, 139, 158). As many as 12% of X-linked genes in human and 18% of
X-linked genes in mouse represent multicopy testis-expressed genes. Many of these genes
have been acquired by the X; thus, the X and Y have evolved by a combination of decay and
differentiation from an ancestral autosomal pair, together with transposition and selection of
a number of new genes from autosomes and from duplications (10) (Figure 2). In males, the
hemizygous X is a favored location for immediate expression of male-biased recessive
mutations (76, 136). Aside from protein-coding genes, the X also accumulated testis-
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expressed microRNAs whose function remains to be fully explored (175). Although a
number of X-linked genes are expressed in testis before and after meiosis, the sex
chromosomes are actually silenced during meiosis itself. This meiotic sex chromosome
inactivation (MSCI) is triggered by the largely unpaired nature of the X and Y compartment,
which attracts a specific epigenetic machinery involving the histone H2AX (154). Backup
copies of essential X-linked genes exist on autosomes, often as retroposons, to ensure
expression during MSCI (157). In contrast to mammals, both Drosophila and C. elegans
actually have few male-biased X-linked genes, probably because of the early onset of sex
chromosome silencing in germ cells.

Genes important in female reproduction are also enriched on the mammalian X (78).
Female-biased genes could arise by dominant or recessive mutations because only one X
copy is expressed in a given cell (155). The human X chromosome contains many genes
expressed in the brain as well, and X-linked forms of mental retardation are 3.5 times more
common than autosomal forms, even after correcting for the ease of discovering X-linked
disorders (138, 148). Sexual selection may help the accumulation of intelligence genes on
the X; females could choose more resourceful males, resulting in rapid selection for
recessive X-linked mutations in males (173). Alternatively, beneficial alleles may have also
been selected in females, for example, in relation to prolonged care of the young (70). Many
of the same genes expressed in mammalian testis are also expressed in brain. The concept of
a smart and sexy X chromosome has been championed by Marshall Graves (104), who also
pointed out that such genes may provide an engine of speciation by influencing mating
barriers. Gene expression evolution is faster on the X chromosome, potentially reflecting
faster functional adaptation (20). The highly specialized nature of the sex chromosomes
should be taken into account when evaluating their dosage regulation. Indeed, the
mammalian X contains a relatively smaller percentage of genes expressed in somatic tissues
and implicated in functional networks that involve autosomal genes (39, 131).

Remarkably, the Z chromosome of birds has diverged along a similar path as the
mammalian X (Figure 1). Although these sex chromosomes arose from completely different
ancestral autosomes, they both became highly enriched in reproduction-related genes not
found in their respective ancestral autosomes (10). In fact, 15% of the chicken Z
chromosome is occupied by an array of multicopy testis-expressed genes. Such convergent
evolution must be taken into account when considering dosage compensation in these
organisms (see below). Interestingly, although both the present-day X and Z chromosomes
are relatively gene-poor, their respective ancestral autosomes had even fewer genes; thus,
the X and Z independently acquired hundreds of genes, mostly members of testis-expressed
multicopy families (10) (Figure 2). Complete sequencing of additional species in
conjunction with analyses of gene expression will help refine this model.

EFFECTS OF ANEUPLOIDY
The heterogametic sex represents a case of natural aneuploidy because each sex
chromosome is present in one copy, whereas the rest of the genome is diploid (15). It is
therefore instructive to consider what happens in cases of autosomal aneuploidy. Autosomes
are present in two copies in most somatic cells of mammals, whereas germ cells are haploid.
Aneuploidy is a deviation from these states that can affect entire chromosomes after
nondisjunction or small chromosomal regions after partial deletions or duplications.
Constitutional or acquired aneuploidies cause birth defects and cancer. In humans,
constitutional trisomies for a few whole autosomes are, although debilitating, compatible
with survival, whereas monosomies are lethal; thus, haploinsufficiency causes particularly
harmful developmental defects. In contrast, sex chromosome aneuploidy is comparatively
well tolerated because of the paucity of essential genes on the Y and inactivation of all but
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one upregulated X copy per diploid genome. Nonetheless, monosomy X causes Turner
syndrome in humans, and the presence of more than three X chromosomes (e.g., tetrasomy)
causes severe phenotypes due both to abnormal expression of genes that escape X
inactivation, including most genes located in the PAR, and to developmental effects (see
below).

The current explosion in discovery of specific syndromes associated with small deletions or
duplications in the human genome has not been accompanied by vigorous investigation of
their effects on dosage of gene expression, which is sorely needed to facilitate interpretation
of clinical findings. For some genes, increased dosage has been directly implicated in
specific abnormal features, for example, SOD (superoxide dismutase) in Down syndrome
(44). However, the effects of abnormal gene dosage are not clear in different tissues. A
complicating factor is the wide spectrum of clinical findings even in the well-defined
trisomies. When considering expression levels of individual genes linked to chromosome 21
or to the corresponding mouse chromosomes in models of Down syndrome, much of the
observed inconsistency is apparently unrelated to severity of phenotypes (142).
Developmental pathways are stochastically altered by aberrant gene dosage, leading to
unpredictable phenotypes, as suggested by Epstein (44). Phenotypic variability further
depends on genetic background, for example, additional second hits in the genome of
individuals with similar deletions or duplications but different phenotypes (55).

Subsets of genes located in aneuploid chromosomal regions do not show the expected
change in expression (e.g., 1.5-fold increase in trisomy or twofold decrease in monosomy),
suggesting the existence of mechanisms that dampen deleterious imbalances (47, 65). In
addition to feedback mechanisms that directly regulate single genes, feed-forward and
general buffering mechanisms may operate by modulating transcription or translation and/or
RNA or protein degradation. These mechanisms may elicit epigenetic modifications,
possibly over large chromosomal domains. The X chromosome is clearly an extreme
example of such corrective expression adjustment. In Drosophila, dampening of abnormal
levels of autosomal gene expression provides a stronger adjustment for monosomic than
trisomic genes (151), and dampening contributes to a significant portion of the twofold
upregulation of the male X chromosome (176).

In aneuploid genomes, gene expression is altered not just in the aneuploid region but also
globally, suggesting enhanced gene expression instability unseen in euploid genomes, which
may partly explain overlapping features of different chromosomal disorders (47, 65). As
pointed out by Birchler (15), analyses of gene expression in aneuploid samples should be
interpreted cautiously because normalization of the data may obscure expression changes
throughout the genome. Absolute measurements of gene expression would help sort this out,
but these are difficult and require co-isolation of DNA and RNA from the same sample.
Furthermore, there may be a great deal of cell-to-cell variability that is lost when analyzing
tissue samples or cell cultures. Some cell types are remarkably tolerant to aneuploidy, for
example, human oocytes, which display a staggering level of chromosomal imbalance (up to
20% of oocytes have a chromosomal abnormality) (48). Interestingly, both X chromosomes
are expressed in these cells. Conversely, some tissues may not tolerate dosage imbalance;
for example, gene expression in the brain may be particularly dosage sensitive, hence
favoring stable compensation (96, 117).

The structure and gene content of the sex chromosomes may reflect the sensitivity of some
genes to haploinsufficiency. Notably, the paucity of orthologs of haploinsufficiency genes
previously identified in yeast on the mammalian and C. elegans X chromosomes suggests
constraints on evolution of their gene content (36). Among genes especially sensitive to
haploinsufficiency are those encoding transcription factors whose abnormal levels affect the
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entire genome, often in multiple tissues. A subset of genes may be spared deleterious effects
of deletion due to redundancy (143). In principle, highly abundant proteins would also be
less dosage sensitive. This is relevant to the regulation of the Drosophila X chromosome, in
which medium-expressed genes appear to be more sensitive to disruption in dosage than
highly expressed genes (60, 80). In humans, a subset of X-linked genes expected to be
dosage-sensitive on the basis of the inclusion of their products in large protein complexes
are efficiently dosage compensated (131). It will be interesting to further characterize genes
sensitive to dosage disruptions on the mammalian X chromosome. As pointed out above,
dosage-sensitive genes may be retained longer as X/Y gene pairs on the sex chromosomes if
they do not tolerate the loss of the Y copy.

NATURAL VARIATIONS IN GENE DOSAGE AND GENE EXPRESSION
Is natural aneuploidy caused by variation in copy number tolerated or even beneficial?
Inherited or de novo benign copy number variants (CNVs) are abundant in normal
individuals and can be mosaic, thus representing somatic events (54). CNVs range in size
from 1-50 bp to several Mb and probably cover approximately 5% of any human genome,
possibly explaining as much as 17% of the variation in gene expression (33). CNVs can
influence expression of genes within the variant and in adjacent regions, suggesting long-
distance effects (64). CNVs are also frequent between species, highlighting their role in
evolution with gains as well as losses playing an important role in generating new traits (27,
124). Genes involved in adaptive evolution, for example, immune defense, metabolism, and
sensory and brain function, often have variable dosage (38, 130). For genes whose CNV is
not immediately favorable, dosage compensation mechanisms based on feedback or
buffering may help dampen adverse effects. However, specific modules of genes implicated
in the same pathway probably remain single copy because changes in their expression are
not tolerated, underscoring the maintenance of stoichiometry (17). As stated above, the
mammalian sex chromosomes favor reproduction-related gene families with variable copy
number between species and individuals. The rest of the X, however, is highly conserved
and tightly controlled (122). This is because complex mechanisms of dosage compensation
are targeted to the X, where newly added regions have to be incorporated in X-specific
regulatory systems.

An added level of natural variation in gene expression is caused by allele-specific
expression. Autosomal genes are usually expressed from both alleles but can occasionally
display skewed or even monoallelic expression, which could contribute to evolution and
have profound effects on dosage (81, 121). Imprinted genes are normally expressed either
from the maternal or paternal allele, and severe phenotypes result from aberrant expression
(9). Imprinted gene clusters have features redolent of the inactive X: Long noncoding RNAs
and epigenetic changes are often involved in their regulation, suggesting common regulatory
and evolutionary pathways (120). Monoallelic expression also characterizes the
immunoglobulin, T-cell receptor, interleukin, olfactory, and vomeronasal genes to insure
expression of a single allele in a given cell (18, 101). In aggregate, approximately 15% of
human autosomal genes appear to be expressed from one allele at random, but their role is
often poorly defined (53).

The X chromosome represents an extreme case of monoallelic expression, which is
potentially beneficial for tight expression control of tissue-specific genes, such as testis-
expressed genes (70). However, monoallelic expression can also be associated with
increased expression noise. Dosage compensation mechanisms to enhance expression of the
X may help reduce natural fluctuations within a cell. This noise represents random
production and decay of low-copy transcripts and/or protein products, or possibly unequal
distribution of products at cell division (67, 134). Although enhanced expression noise may
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be favorable to fast adaptive responses to stimuli, reduced noise is clearly beneficial for gene
products that should remain relatively constant (19). For example, high expression of
transcription factors may be particularly important to ensure promoters have a greater
chance of being turned on. Elegant experiments in C. elegans have shown that the impact of
random fluctuations in gene expression is buffered by normal biallelic expression or by
expression of a closely related gene (22). For the single active X chromosome, increased
expression may be critical to stabilize expression.

MOLECULAR MECHANISMS OF SEX CHROMOSOME REGULATION
Eutherian Mammals: X Upregulation in Both Sexes and X Inactivation in Females

The evidence for X upregulation in mammals was initially based on analysis of a single
gene, Clcn4-2, in different mouse species with either an X-linked or autosomal copy (1).
Subsequently, global analyses of gene expression in multiple species and tissues
demonstrated upregulation of expressed X-linked versus autosomal genes (39, 58, 116).
RNA-seq analyses initially appeared to contradict results obtained by expression arrays
(165), but new analyses have confirmed upregulation of expressed X-linked genes in
mammals (39, 77, 93). A major confounding factor is the inclusion of genes with extremely
low expression, which artificially lowers median X:autosome expression ratios (165). It
turns out that genes with no or low expression in somatic tissues are more abundant on the X
than autosomes and represent testis-specific genes (39). Thus, the reproduction-related
features of genes on the X must be taken into account when examining their dosage
regulation in somatic tissues (Figure 3). Interestingly, the subset of genes subject to efficient
X upregulation and X inactivation in humans are included in large protein complexes that
would be particularly sensitive to disruptions in dosage (131). Two recent studies have
compared expression of a subset of conserved ancestral genes on the mammalian X
chromosome to expression of their orthologs in chicken where the genes are autosomal (75,
94). Cross-species comparisons of RNA-seq data to measure gene expression levels should
be interpreted with caution, given the significant differences in the depths of genome
annotation between species. On the basis of these analyses, the authors concluded that
ancestral X-linked genes were not upregulated during evolution from autosomal to X-linked
status. One study acknowledges that some X-linked genes are upregulated and also proposes
that balanced expression between X-linked and autosomal genes may be partly mediated by
repression of autosomal genes implicated in common pathways (75). This is similar to the
reverse dosage model in Drosophila (see below) (14).

Although much is known about the onset of X inactivation in early embryogenesis, the
timing of X upregulation is unknown. Our original analyses show a balanced X:autosome
expression ratio in haploid germ cells, suggesting a lack of X upregulation in these cells
(116). The progressive increase in X-linked gene expression observed in differentiating male
and female embryonic stem (ES) cells is the best evidence so far that upregulation gets
established during early embryogenesis (92, 93). Single-cell RNA-seq (68) will help
determine the precise timing of X upregulation during embryo development and in different
tissues.

Molecular differences between the active X chromosome and autosomes are starting to
emerge. We reported the first evidence of higher RNA polymerase II (PolII) occupancy at
the 5′ end of expressed X-linked versus autosomal mouse genes, which is consistent with
increased transcription (39). Another study confirmed enrichment for PolII as well as for
specific histone modifications associated with active chromatin, including H3K4me3 and
H3K36me3 on active X alleles (170). In contrast, the inactive X compartment excludes
PolII, and histone modifications change to those associated with repressed chromatin (26,
62). It is possible that the X-inactivation machinery specifically counteracts modifications
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associated with X upregulation, such as histone acetylation, which decorates the two active
X chromosomes in undifferentiated female ES cells (119). More than one mechanism of
upregulation could operate on individual mammalian X-linked genes. Even in Drosophila,
not all X upregulation is mediated by the MSL (male-specific lethal) complex, and some X-
linked genes are apparently not upregulated (87). In addition, dosage compensation may be
selected for a subset of genes with other genes simply being affected by the same
mechanism. As discussed above an important function of X upregulation may be to reduce
expression noise from single expressed alleles (172). It is noteworthy that transcripts from
mammalian X-linked genes are less susceptible to decay compared with autosomal genes,
suggesting increased RNA stability that could contribute up to 30% upregulation (171).
Single-cell transcriptome analyses (68) and in situ studies will facilitate comparisons
between X and autosomes in terms of fluctuations in cell- and tissue-specific expression.
The high X-linked gene expression we observed in the brain (117) should foster stable and
robust gene expression in an organ that may not tolerate sudden changes in gene expression.

Much more is known about mechanisms of X inactivation (62, 113, 128). X inactivation is
triggered by the noncoding RNA Xist in early development when pluripotency factors are
downregulated. Specific activators influence the probability of initiating silencing, for
example, Rnf-12, whose dosage is critical (74). In mice, Xist coats the X and recruits the
Polycomb complexes to install repressive chromatin modifications, including H3K27me3
and H2AK119ub. Xist is regulated by multiple factors, including its antisense transcript Tsix
and other noncoding RNAs (Jpx and Ftx) located near Xist (137). Eventually, the inactive X
becomes late replicating, CpG islands are methylated, and SMCHD1 and macroH2A are
recruited to secure silencing (52). In somatic cells, Xist RNA is not required for
maintenance of silencing, which is extremely stable because of the multiple layers of
epigenetic regulation. Reactivation of individual X-linked genes is rarely observed in aging
(160). Interestingly, X inactivation can be reversed in induced pluripotent stem cells
following the activation of stem-cell factors (79).

X reactivation due to loss of Xist occurs in primordial female germ cells (5, 63, 153). An
important question is whether these cells have X hyperexpression. Mouse ES cells derived
from the inner cell mass of female blastocysts have two active X chromosomes, resulting in
a high X:autosome expression ratio of approximately 1.4 but not 2, possibly due to
dampening and/or partial upregulation. Tellingly, undifferentiated ES cells with two active
X chromosomes are difficult to maintain in culture and often lose or silence one X (177).
Furthermore, mouse embryos engineered to retain two fully active X chromosomes have a
severe phenotype reminiscent of tetrasomy (111). These studies suggest that the presence of
two active X chromosomes can be tolerated at specific developmental stages but cannot be
sustained throughout development. Tight dosage control in mice is associated with early
paternal X inactivation at the 2-4-cell stage, which led to the idea that imprinted X
inactivation was the primitive state. However, random X inactivation may be the norm, as
shown in human and rabbit (123). In these species, the onset of X inactivation is delayed
compared with mouse, and Xist can be biallelically expressed. In these species, cells
apparently tolerate the presence of one, two, or zero active Xs with no tight X dosage
regulation up to the blastocyst stage.

Marsupial and Monotreme Dosage Compensation
Both X upregulation and X inactivation are well documented in marsupials (56, 75). Rather
than being random, marsupial X inactivation is imprinted toward the paternal X
chromosome, similar to the situation in extraembryonic mouse tissues. Molecular
mechanisms of silencing are not completely worked out, but there are significant differences
with eutherian mammals. The noncoding RNA Xist is absent in marsupials (42), which
employ a different noncoding RNA Rsx to trigger silencing (57). There are some similarities
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between marsupials and eutherians, for example, the inactive X becomes enriched in histone
H3K27me3 (156), but DNA methylation is not clearly involved in silencing. In marsupial
cultures, cells with both monoallelic and biallelic X expression are observed by RNA-FISH,
suggesting that partial paternal expression is stochastic (4). X inactivation is apparently
more stable in tissues (100). Contrary to the prevailing view that paternal X inactivation is a
remnant of MSCI, the marsupial X, like the eutherian X, becomes de novo inactivated in
early embryos (100). Monotremes have multiple sex chromosomes that are related to the
chicken Z rather than the human X, which complicates the analysis of their regulation.
Male-to-female expression ratios vary between one and two for different loci, and again
partial inactivation is explained by stochastic frequencies of monoallelic and biallelic
expression (37).

Drosophila melanogaster: X Upregulation in Males
Because so much is known about dosage compensation in Drosophila, it is useful to review
its major features, which may help in understanding mammalian systems. We refer the
reader to extensive reviews of the molecular mechanisms that upregulate expression from
the male X chromosome (31, 51, 152). Sex in fruit flies is triggered by the X:autosome ratio
and upregulation of the male X is tied to the sex determination pathway (30) (Figure 1). In
male somatic cells, a protein complex containing noncoding RNAs called the MSL complex
is targeted to the X. An important component of the complex, MOF, specifically acetylates
histone H4 at lysine 16, which opens the chromatin and increases gene expression.
Upregulation of the male X in somatic cells is due to an increase in transcription elongation
(86), but transcription initiation, pause release, and RNA stability also play a role (31).
Notably, PolII is enriched at the promoters of expressed X-linked versus autosomal genes in
male Drosophila (32), similar to that observed at the 5′ end of ex-pressed mouse X-linked
genes (39). The MSL complex is not sufficient to achieve a precise doubling of gene
expression, and other components are also involved, including some repressive factors (51,
176). Thus, X upregulation in fruit flies is probably due to a combination of buffering,
feedback, and feed-forward mechanisms. Surprisingly, male germ cells apparently employ a
different mechanism of X upregulation that does not involve the MSL complex (39, 58).
Although the prevailing model suggests mediation of compensation mainly by the MSL
complex, an alternative model involves an inverse dosage effect that affects the whole
genome (14). In this model, sequestration of MOF on the male X prevents upregulation of
autosomal expression due to a lower dose of the X chromosome in males but allows
upregulation of the X, leading to a balanced genome (13). This model can also account for
dosage compensation in triple X metafemales, which the MSL model does not address.
These vigorously debated models would benefit from measurements of absolute gene
expression levels of the X and the autosomes (13), which are seldom performed.

Caenorhabditis elegans: X Upregulation in Both Sexes and X Repression in
Hermaphrodites

C. elegans is another model organism in which dosage compensation mechanisms have been
extensively studied. Sex is determined by the X to autosome ratio, males being X0 and
hermaphrodites XX (109) (Figure 1). X upregulation has been documented in somatic cells,
but little is known about the molecular mechanisms of enhanced gene expression (39, 58).
Silencing of the sex chromosomes in C. elegans germ cells confounded a recent study that
claimed the absence of X upregulation in the worm (165). However, analyses of mutant
worms with no germ cells yielded a balanced median X:autosome expression ratio of one
(39). In XX hermaphrodites, both X chromosomes are repressed to avoid hyperexpression
(Figure 1). The composition and mechanism of action of the repressive dosage
compensation complex (DCC) in hermaphrodites have been extensively reviewed (109). In
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brief, the DCC assembles from ten proteins, including five members of the condensin
protein family, one of which, DPY27, becomes specifically recruited to the X.

Bird Dosage Compensation
In contrast to mammals, birds have a ZZ/ZW sex determination system, females being the
heterogametic sex (Figure 1). Incomplete dosage compensation is evident based on Z-linked
gene expression, with male to female ratios ranging from 1.2 to 1.4 in chicken, finch, and
crow. However, when comparing Z versus autosomal expression, females have Z:A
expression ratios higher than 0.5 (0.6-0.8), indicating partial dosage compensation (Figure 1)
(75, 107, 164). Compensated genes in one bird species tend to be the same in other species,
suggesting that there is a subset of dosage-sensitive genes. Partial dosage compensation in
birds may result from piecemeal upregulation of Z-linked genes especially in females,
perhaps using buffering mechanisms. In addition, stochastic Z repression is observed in
male cells (96). Interestingly, a subset of Z genes in chicken, but not in finch, associate with
a noncoding RNA MHM (male hypermethylated) and recruit H4K16 acetylation for
upregulation in females (69, 107). Thus, H4K16ac may be involved in upregulation not only
in Drosophila but also in birds. However, Mank & Ellegren (102) pointed out that this
dosage-compensated region may simply represent female-biased genes. One can speculate
that adjustment of expression from the Z chromosome reflects its gene content. It is possible
that the Z carries many genes whose variable expression between the sexes is neutral or
actually advantageous in evolving sex-specific traits, such as plumage, testis function, or sex
determination itself, as shown for the testis determinant Dmrt1 that has higher expression in
males. As with the X, the Z chromosome is somewhat gene-poor but does contain a large
number of amplified gene families expressed in testis (10) (see above). The convergent
evolution of the X and Z is puzzling because in birds the heterogametic sex is female.
However, strong selection for highly expressed testis genes favors the absence of dosage
compensation and a double dose of Z in males, whereas similar selective forces favors
upregulation of the active X in mammals.

COUNTING Xs: POLYSOMY AND POLYPLOIDY
How are X chromosomes counted? During normal mouse development, the two X
chromosomes interact with each other, which is a process thought to represent counting and
choice (105). This kissing or contact-dependent mechanism may be a special feature of
mouse X inactivation in which Tsix plays an important role. Other mammalian species, such
as human and rabbit, may depend on a largely stochastic mechanism of counting and choice
followed by cell selection (112, 123). In diploid cells with any number of X chromosomes, a
single X remains active, whereas all other copies are silenced, thus insuring correct dosage.
Nonetheless, X aneuploidy causes dosage imbalance due to genes that escape from X
inactivation (see below) and to effects prior to X inactivation in early embryos. Additional
effects after X reactivation in germ cells may cause infertility (63). For example, in XXY
germ cells from Klinefelter individuals, X reactivation occurs and dosage of X-linked genes
normally repressed by MSCI may be too high. In this case, only germ cells that have lost
one X can proceed through meiosis. In germ cells from X0 Turner individuals, the unpaired
X is silenced by MSCI, hampering ovarian development. In contrast, XXX females are
usually fertile because two of the Xs would pair and remain active and the unpaired one
would be silenced (63). Interestingly, flies with three X chromosomes can survive,
indicating that repression of the X must take place (15).

Polyploidy can also be informative and aid our understanding of X dosage regulation.
Polyploidy is tolerated in many organisms despite massive changes in dosage throughout the
genome. For example, plants and amphibians can have very large polyploid genomes.
Polyploidy generated by whole-genome duplication theoretically causes no chromosome

Disteche Page 10

Annu Rev Genet. Author manuscript; available in PMC 2013 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



imbalance (59) and can even be advantageous, perhaps by increasing variation in gene
expression due to rapid genetic and epigenetic changes (125). In mammals, polyploidy is
tolerated only in certain somatic tissues, for example, liver and giant trophoblastic cells,
potentially to increase gene expression and help tissue regeneration (89). Cancer cells are
often polyploid, a way to generate genomic diversity with subsequent frequent loss or
rearrangements.

Congenital polyploidy causes severe birth defects. Human triploid and tetraploid fetuses are
spontaneously aborted. The question of the regulation of the X in the presence of three sets
of autosomes has long fascinated researchers (50, 71). How many active and inactive X
chromosomes would these cells have? In Drosophila, triploidy is associated with tripling of
gene dosage on the single X (16). Human or mouse triploid embryos with a single active X
chromosome (XYY) are very rare, probably because of massive X-to-autosome imbalance.
We examined cells from triploid human fetuses to address the question of whether X or
autosomal expression may become adjusted (40). Absolute autosomal expression levels per
gene copy are similar in triploid versus diploid cells, indicating no apparent global effect on
autosomes. In triploid cells with two active X chromosomes, a basic doubling of X-linked
gene expression takes place without further adjustment, but in cells with a single active X,
gene expression is adjusted upward presumably by an epigenetic mechanism. These findings
are reminiscent of the greater expression tuning of genes in monosomic versus trisomic
chromosomal regions (176). Expression of a subset (~7%) of X-linked genes is apparently
proportional to the number of autosomal sets in human triploid cells, suggesting that these
genes are efficiently dosage compensated (40).

TARGETING AND ORGANIZING THE X: MOTIFS AND NUCLEAR POSITION
An important question in dosage compensation is how to target the regulatory machinery to
the X alone while sparing the autosomes. This process is best understood in flies and worms.
In Drosophila, approximately 150-300 high-affinity MSL recognition sites exist on the X,
from which the MSL complex spreads to low-affinity sites (51). These GA dinucleotide-rich
entry sites are not exclusive to the X, being enriched only twofold. Thus, selective X
targeting of the MSL complex is not completely explained. One attractive hypothesis is that
the X occupies a specific territory in the nucleus, facilitating spreading of the MSL complex
(31). This nucleation theory is akin to the core component of the inactive X in mammals (see
below). Nuclear pore elements interact with the MSL complex, suggesting a specific X
location favorable to enhanced transcription (108). In C. elegans, X-specific motifs recruit
the repressive DCC in hermaphrodites via 200 rex (recruitment elements on the X) sites that
contain a specific 12-bp MEX motif from which the DCC spreads to dox (dependent on X)
sites often located at highly active promoters (34, 106). Some genes escape repression even
if they bind the DCC, suggesting that additional factors, perhaps related to chromosome
configuration, are important (109). In both flies and worms, the dosage compensation
machinery is capable of altering autosomal expression if targeted there.

Are there motifs on the mammalian X for either silencing or upregulation? The remarkable
conservation of the X as a linkage group, probably due to unique dosage regulation
mechanisms, suggests the existence of X-specific motifs. Comparisons between homologous
regions on the X and autosomes help find X-specific sequences. Clcn4-2, represents a rare
opportunity to do this, as it is X-linked in most mammals and autosomal in one branch of
Mus (127, 141). When located on the X, Clcn4-2 is subject to both X upregulation and X
inactivation, thus providing a useful model. At the autosomal locus, the size of Clcn4-2 is
dramatically reduced by deletions of large portions of its introns. AT-rich sequence motifs
deleted on the autosome but preserved on the X are abundant throughout the entire X (118).
Whether these motifs are implicated in either X upregulation and/or X inactivation remains
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to be investigated. Interestingly, proteins that bind AT motifs such as SATB1 are implicated
in X inactivation (2). Additional motifs potentially facilitating X inactivation have been
identified in humans by comparing genes subject to X inactivation with escape genes (159).
The mapping of Xist entry sites using novel methods to define global RNA-chromatin
interactions (ChIRP-seq) is eagerly awaited to further define X inactivation-related motifs
akin to the previously postulated way stations (29, 49, 145). An important factor may be
YY1, which facilitates Xist binding to the chromatin (72). LINE (long interspersed repeat
elements) repeats abundant on the X have also been proposed as way stations for the
propagation of silencing (99). However, some Oryzomys species lack active LINEs and still
have X inactivation, suggesting that other elements may be implicated in these rodents (23).
In mouse, LINE elements nucleate the condensed inactive X compartment, thus organizing
the Barr body (8) in which genes surround the periphery of the core, with escape genes
being the most peripheral (26, 28, 150). The inactive X often visits the nucleolus, probably
to help maintain its heterochromatic structure (174).

As with X inactivation, X upregulation could involve sequence motifs that attract an
epigenetic machinery to the whole X chromosome. However, although X inactivation can
spread to autosomal portions of X-autosome translocations (144), there is no evidence so far
of spreading of X upregulation. Alternatively, 5′ end promoter mutations that enhance
transcription and/or 3′ end mutations that enhance stability of message may have evolved
gene-by-gene when the Y paralog degenerated. It will be interesting to determine whether
the 5′ end or the 3′ end sequences of X-linked genes differ from those of autosomal genes,
which could attract specific epigenetic modifications to the active X. The active X is often
located at the nuclear periphery, which may facilitate upregulation by proximity to nuclear
pores, as shown in Drosophila (108). Elegant 4C (circular chromosome conformation
capture) studies have shown striking differences in conformation between the active and
inactive Xs in mammals, but no specific differences were noted between active X and
autosomes (150).

INCOMPLETE DOSAGE COMPENSATION AND SEX DIFFERENCES
Escape From X Inactivation

Exceptional genes remain expressed from the inactive X in mammals (Figure 2 and 3).
Surveys show that approximately 15% and 3%-6% of genes escape X inactivation in human
and mouse, respectively (24, 150, 168). Domains of escape in human and other species
contain multiple adjacent genes, whereas in rodents each domain contains one or two genes
(11). Interestingly, genes that produce a long noncoding RNA have been discovered in
domains of escape (97, 135), suggesting a similar regulation to imprinting domains. This is
an attractive hypothesis, given that long noncoding RNAs are known to have long-range
effects that influence chromatin structure. Escape genes are enriched in PolII and in active
chromatin marks on the inactive X (83, 168). Barrier elements such as CTCF may help
insulate escape domains but their role is not completely understood (46, 91).

Are escape genes subject to X upregulation on the active X? PAR genes are apparently not
upregulated, which is consistent with near-equal sex dosage (73). A priori, if escape genes
outside the PAR represent early stages of sex chromosome evolution, such genes would not
be expected to be upregulated. However, we find no significant differences in overall
expression levels of escape genes compared with inactivated genes in males, suggesting that
genes outside the PAR are already upregulated on the active X. Although many escape
genes still have a Y copy, this paralog may have acquired a male-specific function,
justifying upregulation of the X copy (41). The higher density of genes that escape X
inactivation in regions recently diverged from the Y suggests that X inactivation may follow
Y degeneration (56). However, once X inactivation became controlled by a center from
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which epigenetic changes could efficiently spread, as shown in female individuals with
X:autosome translocations, it is conceivable that forward silencing of the inactive allele
forced upregulation of the active allele and allowed degeneration or differentiation of the
corresponding Y-linked paralog in males. Expression from the Y and from the inactive X is
usually much lower than from the active X, consistent with upregulation of the allele on the
active X only (11), implying that the machinery to upregulate the active X may be excluded
from the inactive X.

Some genes have variable levels of escape between cells, tissues, and individuals,
suggesting a role in phenotypic variability (21). Escape genes in humans, mice, and
elephants show by single-cell RNA-FISH a pattern of stochastic transcription from one or
both alleles (3). However, by allele-specific reverse transcription polymerase chain reaction
analyses in single cells, the escape gene Kdm5c shows consistent biallelic expression in
cells from adult mouse tissues (95). Interestingly, stochastic silencing of Kdm5c occurs in
embryos, followed by reactivation, possibly due to lack of DNA methylation, to secure
silencing (46, 95). Thus, the complexity of mechanisms of dosage compensation, including
escape from X inactivation, provides opportunities for evolution of variability in gene
expression possibly beneficial to females.

Sex-Specific Differences and Disease Susceptibility
Sex-specific differences are usually ascribed to hormonal effects. The mouse four-core
genotype system pioneered by Burgoyne and Arnold (6) has helped sort out effects of
hormones from those of the sex chromosomes on phenotypes by producing XX males and
XY females. This has revealed sex differences that depend on the number of X
chromosomes as well as on the presence or absence of the Y. Interestingly, the sex
chromosome makeup also influences autosomal expression independently of the phenotypic
sex (162). Thus, the number of X chromosomes has a profound effect on the entire genome
in this mouse model. This is in contrast to human triploid cells with one or two active X
chromosomes in which no apparent autosomal effects were detected (40).

Higher female than male expression is often observed for genes that escape X inactivation,
although apparent sex differences in transcription levels can be compensated at the level of
translation (166, 167). In some instances, for example, RPS4X and RPS4Y, partial
expression from the inactive X and from the Y equalizes sex expression (161). Johnston et
al. (73) argued that, except for a few genes, dosage compensation between males and
females is virtually complete in human lymphoblastoid cell lines. However, tissue-specific
differences may exist (169). It is remarkable that a subset of escape genes is conserved in
multiple mammalian species; for example, KDM5C/KDM5D and KDM6A/UTY have
remained on the sex chromosomes for more than 145 million years. Such genes may simply
not have had time to acquire dosage compensation or they could be dosage sensitive.
Alternatively, we favor the possibility that escape from X inactivation may be beneficial to
females (11, 21). Specific examples remain to be fully investigated. One intriguing
possibility is a role in X inactivation itself. X-linked genes rarely have lower expression in
females; however, this is the case for PAR genes because of spreading of silencing on the
inactive X (73). Paternally imprinted X-linked genes represent another special category with
lower expression in females because of random X inactivation; one example is the Xlr
cluster in mouse, which influences sex-specific behavior (133, 163). Additional sex
differences result from biallelic X expression during specific stages of female
embryogenesis and from specific sex chromosome expression in germ cells. Finally, the
inactive X could exert heterochromatin sink effects and attract repressive factors that would
enhance expression of the rest of the genome in females, similar to effects of the largely
heterochromatic Y chromosome in Drosophila (6).
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Dosage compensation mechanisms have a profound influence on the manifestation of sex
chromosome disorders. Added or missing copies of the X cause abnormal phenotypes
because of increased or decreased expression of escape genes and abnormal effects prior to
X inactivation during development (11, 63). Structural anomalies of the human X also cause
abnormal phenotypes dependent on the sex of the patient. For example, duplications of the
X are deleterious in males because of hyperexpression but not in females in whom the
duplicated X is usually inactivated (90). Small-ring X chromosomes that lack XIST can
cause severe phenotypes in females because of the absence of silencing, whereas large rings
that retain XIST do not (90). Males are more susceptible to X-linked disorders than females,
who are often protected either because random X inactivation ensures a sufficient number of
normal cells and gene products or because skewing of X inactivation favors normal cells.
Skewing, which can be cell or tissue specific has been well documented in females for many
human diseases caused by constitutional X-linked mutations (21, 110). In diseases in which
mutations are acquired, such as cancer, oncogenes subject to X inactivation would have
increased expression in females only if the active X is mutated or the inactive allele
reactivated epigenetically. Furthermore, tumor suppressor genes normally subject to X
inactivation may need only one hit to exert their deleterious effects because of the clonal
nature of tumors (149). X-autosome translocations represent another cause of expression
changes in cancer cells because of position effects.

CONCLUDING REMARKS
Once sex chromosomes became differentiated, dosage compensation mechanisms evolved to
avoid the resulting deleterious effects of genome imbalance. To balance expression
throughout the genome, organisms have evolved fascinating means of enhancing expression
and of silencing the sex chromosomes. Special features of dosage compensation
mechanisms are emerging to explain how they operate at a chromosomal scale. Targeting of
regulatory mechanisms to the sex chromosomes is well understood for only some organisms,
and it is already clear that the machinery varies widely between species even though there
may be some common features. Mammalian X inactivation employs both noncoding RNAs
and epigenetic modifications to achieve multiple layers of control for silencing. In contrast,
little is known about the mechanism of upregulation of expressed genes on the active X.
Functional hemizygosity of X-linked genes has greatly influenced the gene content and
regulation of the sex chromosomes. Although much about the evolution of sex determination
and dosage compensation is now understood in its outline, further studies in additional
species will add to our understanding of the forces that shape the sex chromosomes and
influence their regulation.
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Glossary

Sex chromosomes specialized chromosomes that determine the sex of an
individual; e.g., XY is male and XX is female

Heterogametic sex sex in which the sex chromosomes differ; e.g., XY or ZW
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Homogametic sex sex in which the sex chromosomes are the same; e.g., XX or
ZZ

Aneuploidy abnormal number of chromosomes or chromosomal
segments

Stoichiometry balance of amount of products within a network

Heteromorphic sex
chromosomes

chromosomes with different size and gene content

Paralogs genes with a similar sequence but located on different
chromosomes

Hemizygous genetic material present in a single copy

Autosomes chromosomes that are not sex chromosomes

Pseudoautosomal region
(PAR)

region of homology and pairing on the sex chromosomes

Homomorphic sex
chromosomes

chromosomes with similar size and gene content

Haploinsufficiency insufficiency due to the presence of a single copy instead of
two copies of a gene in a diploid cell

Monosomy one instead of two chromosomes in a diploid organism

Trisomy three instead of two chromosomes in a diploid organism

Orthologs genes with a similar sequence and/or function between
species

Biallelic expression expression of two copies (alleles) of a gene

Polyploidy increased number of whole sets of chromosomes; triploidy
is three sets, tetraploidy is four sets

X-autosome translocation translocation between the X chromosome and an autosome
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MAIN MECHANISMS OF DOSAGE REGULATION

Three types of gene expression control have been identified in aneuploids:

1. General dampening of abnormally increased or decreased gene expression due
to aneuploidy.

2. Feedback control of expression of individual genes.

3. Feed-forward mechanisms specific to the sex chromosomes.
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SUMMARY POINTS

1. Sex chromosome differentiation occurs because of suppressed recombination in
species with genetic sex determination. Different mechanisms of dosage
compensation have evolved to deal with the resulting dosage imbalance. In
mammals, upregulation of expressed genes on the active X chromosome
balances expression with the autosomes, whereas X inactivation silences one X
in females. In Drosophila, the X chromosome is upregulated in males only, and
in C. elegans upregulation of the X takes place in both sexes together with
repression of the Xs in hermaphrodites. Inverse dosage mechanisms that
regulate the autosomes may also contribute to dosage compensation.

2. Mammalian and avian sex chromosomes are enriched in genes important for
sexual reproduction, such as genes expressed in testis.

3. Autosomal aneuploidy is deleterious, and monoallelic expression is associated
with increased stochastic expression noise, suggesting that adjustment of X
expression by upregulation is important.

4. Dosage compensation may use a combination of mechanisms, including a
general buffering caused by aneuploidy, feedback mechanisms to control
individual genes, and feed-forward mechanisms to control entire chromosomes.
Different mechanisms may control specific subsets of genes.

5. Dosage compensation is not efficient in some organisms, such as birds and
fishes; this leads to sex differences in gene expression levels that may play a
role in phenotypic sex attributes.

6. Molecular mechanisms of dosage compensation specific to the sex
chromosomes involve specific complexes of proteins and noncoding RNAs as
well as specific features of chromosomal structure and location. Targeting of the
X chromosome involves enrichment in specific motifs on the X.

7. A number of genes escape dosage compensation. In particular, genes that escape
X inactivation in mammals are associated with sex-specific differences. Such
genes may be important in female-specific functions.
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FUTURE ISSUES

1. An important evolutionary question regards when dosage compensation
mechanisms arise. Does upregulation of a specific X-linked gene happen as
soon as its Y-linked paralog is lost, degraded, or differentiated? In mammals and
C. elegans with two forms of dosage regulation, are both X upregulation and X
repression timed to coincide with Y loss or degeneration? What is the impact on
autosomal gene expression?

2. The molecular mechanisms of dosage compensation are not completely
understood in mammals, especially those responsible for X upregulation. Is
upregulation mediated by a protein complex targeted to the active X, or does it
result from a gene-by-gene enhancement of expression during evolution?
Furthermore, what are the effects of disrupting dosage compensation
mechanisms on disease?

3. Analyses of gene expression in single cells will help identify events associated
with the transition from haploidy to diploidy and vice-versa in terms of X
expression.

4. How sex-specific differences in gene expression affect phenotypes is not well
understood and will require examining dosage compensation in different tissues
and developmental stages. The role of escape from X inactivation in female-
specific functions and in diseases prevalent in females should be further
investigated.
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Figure 1.
Main types of sex chromosome dosage compensation. Male and female sexes are indicated.
From left to right: Mammals, in which expressed genes on the active X (Xa) are upregulated
in both sexes and genes on the inactive X (Xi) are silenced in females; Drosophila, in which
the X is upregulated in males only; Caenorhabditis elegans, in which the X is upregulated in
both sexes and downregulated in hermaphrodites (mottled); birds, in which there is apparent
partial upregulation of the Z chromosome in both sexes and partial or stochastic
downregulation in males. Dots represent both increased expression and repression.
Abbreviation: AA, autosomes.
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Figure 2.
Schematic of potential evolutionary pathways of mammalian sex-linked genes. From top to
bottom: evolution of homologous genes originally located on the proto-sex chromosomes
( gray) to their full differentiation into Y-linked genes (Y) and genes on the active X (Xa)
and inactive X (Xi). New genes have been acquired by the X and Y (mottled gray) and thus
are not remnants of the proto-sex chromosomes; some may be unique to the Y (gene 7) or
the X (gene 15), others may be acquired by both sex chromosomes (genes 5-6), depending
on how much recombination between the sex chromosomes still occurred at that time.
Pseudoautosomal region (PAR) genes are homologous on the sex chromosomes; however,
note that PAR genes can also derive from additions to the sex chromosomes later in
evolution. Gene 1 represents the sex determinant SRY derived from the X-linked gene
SOX3, which becomes upregulated on the Xa (orange) and silenced on the Xi (white).
Genes 2, 4-6, 8, 10-12, and 14-15 are examples of genes progressively lost from the Y.
Genes 3 and 13 evolved from X/Y pairs by acquiring a testis function on the Y (mottled
yellow/green). Their X paralog becomes silenced (gene 3) or escapes X inactivation (gene
13). Most genes on the Xa become upregulated (orange), but some do not (gene 12), and
others acquire reproduction-related functions (mottled yellow/green) (genes 5, 6, 14, 15). A
majority of genes (genes 1-6, 8, 10, 12, 14, 15) on the Xi become silenced (empty). A few
genes escape X inactivation on the Xi (genes 9, 11, 13); some of these retain a functional Y
paralog (gene 9, X/Y gene pair), resulting in equal sex expression, although expression is
usually lower on the Xi and Y than on the Xa ( pale orange); others have lost the Y paralog
(gene 11) or have a differentiated Y paralog expressed in testis (gene 13). Escape genes may
acquire a female advantageous role (genes 11 and 13) (mottled purple/pink). Overall, both
the Y and X chromosomes have acquired a number of new testis-specific (or reproduction-
related) genes (mottled yellow/green).
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Figure 3.
Schematic of the mammalian sex chromosomes in males and females. Expressed genes on
the active X (Xa) produce a higher level of transcripts compared with genes on the
autosomes (AA). The pseudoautosomal region (PAR) is not upregulated. The Y and X
chromosomes contain many testis-expressed (or reproduction-specific) genes ( green). The
dots under the chromosomes represent the amount of gene product. Genes that escape X
inactivation on the inactive X (Xi) and their few paralogs on the Y produce a small number
of transcripts (small yellow dots).
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