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pigenetic mechanisms precisely regu-

late sex chromosome inactivation as
well as genes that escape the silencing
process. In male germ cells, DNA damage
response factor RNF8 establishes active
epigenetic modifications on the silent
sex chromosomes during meiosis, and
activates escape genes during a state of
sex chromosome-wide silencing in post-
meiotic spermatids. During the course
of evolution, the gene content of escape
genes in postmeiotic spermatids recently
diverged on the sex chromosomes. This
evolutionary feature mirrors the epigene-
tic processes of sex chromosomes in germ
cells. In this article, we describe how epi-
genetic processes have helped to shape
the evolution of sex chromosome-linked
genes. Furthermore, we compare features
of escape genes on sex chromosomes in
male germ cells to escape genes located
on the single X chromosome silenced
during X-inactivation in females, clarify-
ing the distinct evolutionary implications
between male and female escape genes.

Introduction

The mammalian X and Y chromosomes
are believed to have evolved from ordinary
autosome pairs,! and emerged approxi-
mately 180 million years ago (MYA)
after therian ancestors diverged from the
monotreme lineage.>> Throughout the
course of evolution, the X and Y chro-
mosomes have lost sequence homology
due to recurrent gene conversions and Y
degeneration. In males, X and Y chromo-
somes do not have homologous partners.
Consequently, a large portion of the X and
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Y chromosomes does not undergo homol-
ogous recombination and remains unsyn-
apsed during meiosis." Because of this,
the unsynapsed X and Y chromosomes
are transcriptionally silenced during male
meiosis, and remain silenced into postmei-
otic spermatids.”>® Additionally, in female
somatic cells, the genetic disparity of sex
chromosomes results in the inactivation of
a single X chromosome in order to balance
the X chromosome-linked (X-linked) gene
dosage between sexes (XX and XY), in a
process called X-inactivation.”®

During this silenced state, a number
of sex chromosome-linked (sex-linked)
genes are able to escape sex chromosome
inactivation and are expressed in both
males and females. Due to their tendency
to avoid transcriptional silencing, these
genes have been named “escape genes””!?
Although both males and females possess
escape genes, the specific “escape genes”
identified in female X-inactivation and in
male sex chromosome inactivation differ
greatly. Emerging evidence has revealed
that active genes on the sex chromosomes
are precisely regulated in both females
and males. In this article, we focus on
aspects of escape genes during a state of
sex chromosome-wide silencing in post-
meiotic spermatids and its relevance to sex
chromosome evolution. Notably, profiles
of escape genes in postmeiotic spermatids
reflect the evolutionary history of mam-
malian sex chromosomes. By comparing
aspects of escape genes found in postmei-
otic spermatids to those of inactive female
X chromosome, we are able to clarify fea-
tures of escape genes that are respectively
unique to males and females.
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Figure 1. Schematic of epigenetic programming on the sex chromosomes in spermatogenesis of
mice. In the pachytene stage, unsynapsed X and Y chromosomes are silenced (MSCl) and form a
silent compartment XY body (or sex body). The DDR pathway centered on yH2AX and MDC1 initi-
ates MSCI. Chromosome-wide silencing of the sex chromosomes persists into post-meiotic round
spermatids. In the round spermatids, the sex chromosomes occupy a silent compartment, PMSC.
Silent epigenetic modifications (CBX1, CBX3, H3K9me3) on the sex chromosomes are maintained
from meiosis to round spermatids. The RNF8-dependent active modifications are shown by red

Unique Evolutionary Traits
of the Sex Chromosomes

Sexual antagonism refers to conflicts
that arise between opposing sexes, and is
presumed to have impacted the genetic
contents of sex chromosomes during the
course of evolution. Rice hypothesized
that any recessive allele that bestows an
advantage to male reproduction is pref-
erentially fixed on the X chromosome,
because that allele is readily available
via male heterozygosity."” Due to female
homozygosity, female-biased genes have
also been proposed to accumulate on X
chromosomes. This is because, through-
out the course of evolution, the X chro-
mosome has spent twice as much time
within females than in males (two Xs
in female, but one X in males), and
X-linkage of female-biased genes maxi-
mizes the opportunity for the female
to utilize the allele during the course of
evolution.

In the last decade, genome-wide analy-
ses have provided pivotal evidence that
supports the accumulation of sexually
antagonistic genes on the X chromosome
that are expressed in spermatogonia or
postmeiotic spermatids.’*!® Comparative
analysis of sex chromosomes across species
revealed that a class of multi-copy genes
located on ampliconic regions of sex chro-
mosomes have recently been acquired, and
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diverged during mammalian evolution.""

Interestingly, this class of genes is predom-
inantly expressed in male germ cells.

The X chromosome is not only rich in
sex-biased genes, but also contains many
housekeeping genes that are constitu-
tively expressed in both sexes (XX and
XY). Conversely, because the Y chromo-
some is only present in males and is dis-
pensable in females, Y-linked genes are
thought to function specifically for male
reproduction. Remarkably, the genomic
structure and gene content of the Y
chromosome are highly divergent across
human, chimpanzee and an Old World
monkey, rhesus macaque.*® For exam-
ple, multi-copy genes on the ampliconic
region of human Y chromosome display
copy number variations between homi-
noids. Some human Y-linked genes are
absent within the chimpanzee genome,
suggesting that the genomic contents
of the human Y chromosome have been
recurrently generated in the past 6 mil-
lion years.?! Therefore, the male specific
function of Y chromosome may be associ-
ated with the divergence of its structure
and gene content.

Epigenetic Regulation of Sex
Chromosomes in Male Germ Cells

In mammals, MSCI is estimated to have
emerged nearly 180 MYA, approximately
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the same time that XY chromosomes
emerged after the divergence of the
therian ancestor from the monotreme
lineage.? Indeed, MSCI occurs in marsu-
pials’22—24
has been conserved throughout the course

and its underlying mechanism

of evolution. Accumulating evidence has
revealed a significant influence of meiotic
sex chromosome inactivation (MSCI) on
the evolution of the genome in terms of
gene contents and expression.”” During
meiosis, while autosomes undergo synap-
sis and meiotic recombination between
homologs, sex chromosomes are largely
unsynapsed. Unsynapsed sex chromo-
somes are transcriptionally silenced by
the action of the DNA damage response
(DDR) pathway centered on YH2AX and
its binding partner MDC1 (Fig. 1).%%%
MSCl is strictly required for male fertility.
When MSCI is disrupted, germ cells are
arrested at meiotic prophase and are com-
pletely eliminated. Recent studies using
mice have revealed that hybrid sterility,
the phenomenon by which offspring of an
inter-species cross become sterile (thereby
keeping both species distinct), is associ-
ated with disruption of MSCIL.?%* These
studies further confirm the strong link
between successful MSCI and fertility.
Due to the surveillance of MSCI, gene
activation from sex chromosomes is strictly
monitored during meiosis. Efficient MSCI
results in near complete shut down of sex-
linked genes. However, a minor group of
genes escape MSCI, this group includes
X-linked microRNA genes* and a non-
coding RNA, 7ix.*' Following the ini-
tiation of MSCI by the DDR pathway,
silent epigenetic modifications (CBX1,
CBX3, H3K9me3) are established, and
chromosome-wide silencing is established
within a silent compartment known as the
XY body (or sex body) in spermatocytes.
Upon completion of meiosis, silencing is
then maintained within postmeiotic sex
chromatin (PMSC) found in postmeiotic
spermatids.”>?*  Despite this transcrip-
tionally repressed state, a group of sex-
linked genes escape postmeiotic silencing
and become activated on the silent sex
chromosomes.'%1%1932:35
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Mechanism Underlying Escape
Gene Activation in Postmeiotic
Spermatids

A DDR factor, RNF8, has been identi-
fied as a regulator of escape gene activa-
tion in postmeiotic spermatids.’* RNF8
has been extensively studied in the con-
text of somatic DDR.*** RNF8 is an E3
ubiquitin-protein ligase encoding RING
finger motif that catalyzes the ubiquitina-
tion of histone H2A and H2AX. RNFS8-
dependent ubiquitination facilitates the
recruitment of other DDR factors for sub-
sequent checkpoint activation and DNA
repair. In male germ cells, RNF8 medi-
ates ubiquitination of histone H2A on
the sex chromosome® and subsequently
establishes active histone modifications on
the sex chromosomes that lead to escape
gene activation in postmeiotic spermatids
(Fig. 1).

RNF8 is required for the establish-
ment of an active epigenetic modification,
H3K4 dimethylation (H3K4me2), on
the sex chromosomes during the diplo-
tene phase of meiotic prophase. Because
H3K4me2 is the only persistent active
mark on the sex chromosome from meio-
sis to postmeiotic spermatids, H3K4me2
serves as a potential epigenetic memory
that leads to escape gene activation in the
later stages of postmeiotic spermatids. In
postmeiotic spermatids, additional active
epigenetic modifications are established
in an RNF8-dependent manner on the
sex chromosomes. These modifications
include H3K4me3, histone lysine croto-
nylation,” and histone variant H2AFZ .3
In accordance with the RNF8 dependent
establishment of these active epigenetic
modifications, escape genes are strongly
downregulated in round spermatids of
Rnf8 knockout mice. However, a subset
of escape genes is not regulated by RNF8,
suggesting the possibility of an additional
regulatory mechanism of escape gene
activation.

In sum, this study represents the first
mechanistic insight into the regulation of
escape gene activation in postmeiotic sper-
matids. Importantly, while RNF8 inter-
acts with MDCI in the same pathway
during the somatic DDR, these proteins
have distinct functions in male germ cells.
RNF8 is associated with gene activation

www.landesbioscience.com

in postmeiotic spermatids, whereas, in
contrast, MDCI is associated with gene
silencing in meiosis.”’ Therefore, DDR
factors have a broad role in epigenetic pro-
gramming and in controlling gene expres-
sion on sex chromosomes in germ cells.

Evolutionary Aspects
of Escape Gene Activation
in Male Germ Cells

Escape gene activation in postmeiotic
spermatids has had a significant impact
on the evolution of mammalian sex
chromosomes.”? The epigenetic silenc-
ing machinery on male sex chromosomes
is highly conserved between mice and
humans, and the overall gene expression
profile of sex-linked genes is consistent
between the two species. Most sex-linked
genes are stringently repressed at the
pachytene stage of meiotic prophase and
stay silent in round spermatids, except
for escape genes that are mainly associ-
ated with male reproductive function.
Of note, the gene contents of escape
genes are significantly divergent between
humans and mice (Fig. 2)."* Of the 66
escape genes found in humans and the
54 found in mice, only 12 escape genes
are shared. Of the 54 mice escape genes,
25 are newly evolved genes found only in
rodent lineage. Likewise, in humans, 8
out of 66 escape genes are newly evolved
genes found only in primate/ape lineages,
indicating that gene contents of escape
genes are divergent across mammalian
species. Together, epigenetic regulation of
sex chromosomes is highly conserved, but
the content of escape genes is significantly
divergent, and those genes tend to be evo-
lutionarily young genes.

Gene expression changes in sperma-
tids affect the success of fertilization and
reproduction. Preferred selection of escape
genes in spermatids during the course
of evolution might have led to divergent
acquisition of escape genes. To test this
possibility, the rate of amino acid sequence
changes (K, /K: the ratio of non-synony-
mous substitutions to the synonymous
substitutions) of escape genes between
mice and humans were calculated, and
compared with that of non-escape genes
that are subject to postmeiotic silencing.?
Indeed, the average K A/Ks value of escape
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genes is significantly higher than that of
non-escape genes. This result, together
with the acquisition of newly evolved
escape genes, suggests that escape genes
have evolved at a rapid rate in compari-
son to that of non-escape genes, and that
these genes might have been beneficial for
reproductive fitness.

What is the evolutionary driving force
behind the unique evolution of escape
genes? Escape genes in males turned out
to be male-biased genes, consistent with
Rice’s hypothesis that the fixation of
recessive alleles is beneficial to males.!
Therefore, sexual antagonism is a poten-
tial driving force that promotes the distri-
bution of these reproduction genes on the
sex chromosome in mammals. Divergent
acquisition of escape genes may have
driven the divergence of reproduction sys-
tems among mammalian species. Hence,
this feature may have been associated with
speciation in mammals. Higher rate of
amino acid changes (higher K, /K value)
of escape genes is in line with this notion."

Genes specifically expressed in round
spermatids may affect the success of fer-
tilization and reproduction. As discussed
above, the X chromosome should be a
preferable location for male reproduction
genes; nevertheless, successful sex chro-
mosome inactivation is still necessary to
ensure fertility, as demonstrated by the
disruption of MSCI in hybrid sterility.?**

Genomic Strategy
Against Sex Chromosome
Inativation: Retrotransposition
and Multi-Copy Genes

In mammals, an impact of MSCI on
genomic evolution is manifested as the ret-
rotransposition of various X-linked genes
to autosomes.’>** Retrotransposition is an
efficient mechanism for increasing copy
numbers throughout the genome. In the
case of genes transposed from the X chro-
mosome to autosomes, X-linked parental
genes are generally regarded as housekeep-
ing genes and are ubiquitously expressed.
These parental genes on the X chromo-
somes are silenced during MSCI and
silencing is maintained into the postmei-
otic stages, while autosomal retrotrans-
posed copies start to express and back
up the function of parental genes when
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genes
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54 genes

Rodent specific

25 genes

66 genes

Common
genes
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Figure 2. Summary of diversity of escape genes on the X chromosome in postmeiotic spermatids. Escape genes in postmeiotic spermatids are signifi-
cantly diverged between humans and mice. Between the mice and humans (54 escape genes in mice vs. 66 escape genes in humans), only 12 escape

genes are in common in both groups. Twenty-five out of 54 mice escape genes are newly evolved genes only in rodent lineage, and 8 out of 66 escape
genes are newly evolved genes only in primate/ape lineages.

MSCI occurs.>'? Thus, these results sug-
gest that retrotransposition of housekeep-
ing genes is a genomic strategy designed to
cope with MSCI.

Another possible strategy involves
multi-copy genes that are enriched on
sex chromosomes. The structural fea-
tures of mammalian sex chromosomes are
unlike ordinary autosomes. Mammalian
sex chromosomes have undergone intra-
chromosomal rearrangement, resulting
in massive palindromes and ampliconic
structures on sex chromosomes. Testis-
specific multi-copy genes are enriched
in the ampliconic region of sex chromo-
somes.”"” Multi-copy genes on mouse X
chromosomes are expressed post-meiot-
ically, while most X-linked single copy
genes remain repressed during round sper-
matid stages.” During the evolutionary
past, sexual antagonism might have driven
recurrent amplification of multi-copy
genes on the sex chromosomes, potentially
enabling them to acquire specific post-
meiotic expressions against sex chromo-
some inactivation. For instance, 15 out of
54 escape genes in mice are ascertained as
multi-copy genes that were acquired only
in rodent lineages. On the other hand, in
humans, VCY2 (BPY2), a Y-linked multi-
copy escape gene, shows a different copy
number when it is compared with our clos-
est relative, chimpanzee, indicating that
VCY2 underwent an additional amplifica-
tion only in human lineage.?! Because of
the male-biased expression of this group
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of genes, hemizygous sex chromosomes
possess an advantage to retain these genes
on the sex chromosome. Amplified copy
number may have increased the chance of
being expressed against the barrier of the
sex chromosome inactivation. Therefore,
the amplification of copy numbers of
germ cell genes is a potential genomic
strategy designed to cope with postmeiotic
silencing.

Intragenomic Conflicts Between
X- and Y-Linked Multi-Copy Genes

Curiously, sexual antagonism, defined
by the conflicts between two sexes, may
occur not only between male and female
individuals, but could also occur within
the genome, between X-bearing sperm
(becomes female embryo) and Y-bearing
sperm (becomes male embryo). A recent
study revealed an example of intrage-
nomic conflicts between X- and Y-linked
multi-copy genes in mice.* Sy, one of
the Y-linked multi-copy genes highly
expressed in postmeiotic spermatids, has
a role in maintaining postmeiotic silenc-
ing.® Its X-linked multi-copy homolog
Slx turned out to have an opposite role to
that of S/y. Notably, S/x deficiency rescued
the phenotype of Sy deficiency, and vice
versa, suggesting that conflicts between
X-bearing sperm and Y-bearing sperm are
regulated by sex-linked multi-copy genes.
Furthermore, intragenomic conflicts may
contribute to the amplification of the
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copy number of sex-linked multi-copy
genes. It is conceivable that the origin of
sexual antagonism could have been the
intergenomic conflicts between X-bearing
(female) sperm and Y-bearing (male)
sperm just after the segregation of X and Y
chromosomes during male meiosis.

X Chromosome Inactivation
Escape Genes in Females

As mentioned above, a correlation exists
between the evolutionary history of sex
chromosomes and the profiles of sex-
linked escape genes in male germ cells.
The regulation of sex chromosomes is dis-
tinct between germ cells and somatic cells,
and the epigenetic regulation of sex chro-
mosomes in somatic cells also impacts sex
chromosome evolution. In female somatic
cells, a number of X-linked genes are
enabled to escape X inactivation Roughly,
15% of X-linked genes escape X inacti-
vation in humans,*® and 3% of X-linked
genes are considered as escape genes in
mice.” A recent study suggests that the
number of mouse escape genes can be
higher than previously thought, depend-
ing on the cell type.® Thus, in females,
the number of escape genes (i.e., degree of
escape) is variable in each tissue.

Because females possess a higher dos-
age of escape genes, potential complica-
tions associated with dosage differences
of escape genes between females and
males may arise. Female escape genes are
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associated with X aneuploidy syndromes
in humans such as Triple X (XXX,
1/1000 in females), Turner (XO, 1/2000—
1/2500 in females) and Klinefelter (XXY,
1/500-600 in males) syndromes.®! All
of the supernumerary X chromosomes are
inactivated, leaving only one X chromo-
some active. Thus, X-linked gene dosage is
mostly compensated, but the gene dosage
of escape genes is abnormal. A small num-
ber of X-linked genes (-5% of X-linked
genes) that form large protein complexes
are found to be dosage sensitive.”* It would
be intriguing to determine whether or not
the dosage sensitive X-linked genes that
form large protein complexes (identified
in*?) are functionally responsible for the
phenotype of X aneuploidy syndromes.

Curiously, some escape genes from
the female inactive X chromosome have
homologs on the Y chromosome. Although
females have a higher dosage of escape
genes due to the inactivation of an entire
X chromosome, in males, escape gene
dosage may be compensated for by their
Y-homologs. However, some studies have
reported that there is no direct evidence
for the compensation of X-linked genes by
Y-linked homologs.”>** These studies sug-
gest that different gene dosages of female
escape genes (those that escape female X
inactivation) between female and male
somatic tissues may be responsible for phe-
notypic difference between sexes.

An intriguing difference between
escape genes in male germ cells and escape
genes in females is their stability during
evolution. In female escape genes, the
rate of amino acid change remained low
throughout the course of evolution (i.e.,
lower K, /K value for female escape genes
compared with non-escape genes),” sug-
gesting that strong purifying selection
underlies the evolution of female escape
genes and that female escape genes are
highly conserved. However, as we men-
tion above, male escape genes show higher
rates of amino acid change and have sig-
nificantly diverged for beneficial repro-
ductive fitness. Therefore, female and
male escape genes have been derived by
distinct evolutionary forces due to the dif-
ference in soma vs. germ cell functions.

www.landesbioscience.com

Concluding Remarks

Sex chromosomes have evolved under dis-
tinct evolutionary driving forces between
somatic cells and germ cells. In an envi-
ronment of sex chromosome inactivation
in germ cells, sexual antagonism could
have contributed to the evolution of sex
chromosomes in mammals. In males,
acquisition of male escape genes from
postmeiotic silencing may be associated
with higher reproductive fitness, and lead
to the divergences of male escape genes in
mammals. Because RNF8 is a conserved
DDR factor, it would be interesting to
explore if the RNF8-dependent mecha-
nism is conserved in mammals other than
mice, and if it may give evolutionary pres-
sure for diversification of escape genes.
The male sex chromosome inactivation is
not only a guardian for genomic integrity
of germ cells but potentially contributed
to the diversification of genetic contents
of sex chromosomes during mammalian
evolution.
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