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ABSTRACT

Human Y-chromosome genes have long been known to play pivotal roles in two biological
processes—sex determination and spermatogenesis. Recent studies have uncovered evidence
that Y-chromosome genes also perform important functions beyond the reproductive tract.
Little is known about the roles of Y-chromosome genes in these contexts, or how their
expression might directly lead to differences between XX (female) and XY (male) individuals.

This thesis presents a quantitative analysis of human Y-chromosome gene expression across
36 adult tissues collected from hundreds of individuals. Compared to past efforts, this work
greatly expands the number of tissues in which Y-chromosome gene expression has been
measured and offers a richly quantitative picture that could not previously be achieved. In
contrast to traditional views of the Y chromosome, we show that Y-chromosome genes are
abundantly expressed in a variety of tissues outside the reproductive tract. We additionally
find that regulatory-sequence differences between the X and Y chromosomes can lead to Y-
chromosome-driven, male-biased expression of critical regulatory genes. In one notable
example, evolutionary loss of a conserved microRNA site on the Y chromosome enabled a Y-
linked copy of eukaryotic initiation factor 1A, EIFIAY, but not its X-linked homolog EIF1AX, to
be highly expressed in the heart. As a result, this essential translation initiation factor is
nearly twice as abundant in male as in female heart tissue at the protein level. We were able to
arrive at these conclusions through careful application of analytic and experimental methods
suited specifically to the Y chromosome’s complexity; guidelines for the selection and use of
these methods are discussed. Taken as a whole, these efforts shed new light on the Y
chromosome’s evolution and possible roles in sex differences and suggest promising future
avenues for Y-chromosome research.

Thesis Supervisor: David C. Page
Title: Professor of Biology
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Chapter 1. Introduction

The diploid human genome comprises roughly six billion DNA base pairs. Substituting a
base at a single position can have stark phenotypic effects, from a change in eye color, to
dramatically increased risk of disease. Dwarfing these minute variations in DNA
sequence is the variation in sex-chromosome complement as XX or XY. Substituting a
~160 megabase (Mb) X chromosome for the much smaller ~60 Mb Y chromosome
constitutes 100 million base pairs lost or gained.

What is phenotypic consequence of such a massive genetic variation? It is known
that transient expression of a single gene on the Y chromosome is sufficient to “nudge”
the embryo down a path towards the development of male anatomy (Sekido and Lovell-
Badge 2009). In XY individuals, Y-chromosome genes are essential for the production of
sperm (Krausz and Casamonti 2017); in XX individuals, two X chromosomes appear to be
essential for the survival of oocytes (Toniolo and Rizzolio 2007). Beyond the gonad,
having two X chromosomes or one X and one Y chromosome is correlated with numerous
other differences between females (typically XX) and males (typically XY) in anatomy,
physiology, and the manifestation of disease. But little is known conclusively about how
the sex-chromosome complement as XX or XY contributes (or does not contribute)
directly to these non-reproductive differences. Even less is known about the Y

chromosome’s contribution to the equality or inequality of XX and XY.



The motivation of this thesis work has been to gain a deeper understanding of
human Y-chromosome genes, how they express themselves particularly outside the
reproductive tract, and what this might mean for differences between XX and XY
individuals. A useful framing is to ask how Y-chromosome genes are different from genes
on the X chromosome. Differences between the X and Y chromosomes are the product of
millions of years of dramatic evolutionary history, during which an ordinary pair of
autosomes was transformed into the differentiated X and Y chromosomes we find today.
This introductory chapter therefore opens with a brief review of the mechanics of sex-
chromosome evolution in general but using the mammalian X and Y chromosomes as its
primary example. I then trace the intellectual history of Y chromosomes from their
discovery to the present day. For much of that time, the Y chromosome was viewed as a
genetic wasteland or as specialized for reproduction; only very recently has it become
compelling to pursue the Y chromosome’s roles outside the gonad. These older views,
however, are difficult to unseat and have likely contributed to the current deficit of
understanding of Y-chromosome genes. An attempt to synthesize what we currently
know and do not know about Y-chromosome genes beyond the reproductive tract forms

the last section of this chapter.

SEX-CHROMOSOME EVOLUTION AND Y-CHROMOSOME
DEGENERATION

Differentiated X and Y chromosomes (or Z and W chromosomes') evolve from ordinary
pairs of autosomes. Pairs of sex chromosomes have formed independently many times in

many animal and plant lineages (Bull 1983). The mammalian X and Y chromosomes are

! By convention, in species where females are homogametic—i.e., all of their gametes contain the
same sex chromosome—the sex chromosomes are called X and Y, with females having XX and
males XY. In species where males are homogametic (e.g., as in birds), the sex chromosomes are
called Z and W, with males having ZZ and females ZW. For simplicity, I will use “X” and “Y” to talk
about the general case of sex chromosome evolution.
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derived from a pair of autosomes present ~300 million years ago (Mya) in the common
ancestor of amniotes (Ross et al. 2005; Lahn and Page 1999). The avian Z and W
chromosomes are derived from a distinct set of ancestral amniote autosomes (Fridolfsson
et al. 1998; Ross et al. 2005; Bellott et al. 2010; Nanda et al. 1999). The first step in the
formation of a pair of sex chromosomes is thought to be the acquisition of a new sex-
determining gene (or genes). For differentiation of the proto-X and proto-Y
chromosomes to proceed, X-Y crossing-over must then be suppressed at the sex-
determining locus (e.g., through a chromosomal inversion (Lahn and Page 1999)). The
absence of X-Y interchange transforms former pairs of autosomal alleles into
independently segregating X- and Y-linked genes. The X- and Y-linked members of these
homologous X-Y gene pairs can then acquire mutations independently and diverge.
Outside of this region of suppressed recombination—in the X and Y chromosomes’
“pseudoautosomal” regions—the X and Y chromosomes remain identical in sequence. It
is the divergent, non-pseudoautosomal regions of the X and Y chromosomes that are the
focus of this thesis.?

The hallmark of sex-chromosome evolution is the degeneration of the sex-specific
Y (or W) chromosome (Ohno 1967). Genes originally present on the ancestral autosome
pair are asymmetrically lost from the Y but retained on the X. Outside the human X and Y
chromosomes’ small pseudoautosomal regions, the human Y chromosome retains only
~3% of the ancestral autosomal genes (17 of ~640) compared to ~98% that are found on
the X (Skaletsky et al. 2003; Bellott et al. 2014; Ross et al. 2005). Similarly, only 4% of
ancestral autosome genes remain intact on the chicken W chromosome compared to 97%
on the chicken Z (Bellott et al. 2017). Studies of more recently formed sex-chromosome
systems support the view that decay of Y-linked sequences is rapid and progresses over
time. In various species of the Drosophila genus, autosomes became fused to the X and Y

chromosomes at various points in the past, forming “neo” sex of various ages. The neo-Y

2 Throughout this chapter, it can be assumed that all discussion of the X and Y chromosomes refers
to their non-pseudoautosomal regions.
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chromosomes of D. albomicans (formed ~0.1Mya), D. miranda (~1.5 Mya), and D.
pseudoobscura (~15 Mya) form a gradient of decay, with ~40% of ancestral genes
inactivated on the neo-Y after 1.5 My and few traces of homology with the neo-X and
ancestral autosome detectable by 15 My (Zhou et al. 2012; Carvalho and Clark 2005; Zhou
and Bachtrog 2012; Mahajan and Bachtrog 2017). The older Y chromosome of D.
melanogaster (~70 Mya) has lost all traces of its ancestral origin (Mahajan and Bachtrog
2017; Carvalho et al. 2000, 2001; Vicoso and Bachtrog 2015).

The loss of genes from the Y chromosome entails both a reduction in gene dosage
in XY individuals and an imbalance in gene dosage between XX and XY individuals. To
counteract these changes, systems of X-chromosome dosage compensation have evolved
alongside Y-chromosome degeneration. Different strategies for dosage compensation,
utilizing different molecular mechanisms, have evolved in different lineages. These
include upregulating genes on the single X in XY animals (D. melanogaster),
downregulating both Xs in XX animals (C. elegans), and randomly inactivating an X in XX
individuals (while also upregulating the X in both XX and XY) (mammals) (Disteche 2012).
In mammals, X-chromosome dosage compensation appears to evolve on a gene-by-gene
basis in response to the loss of Y-chromosome genes: ancestral X chromosome genes with
surviving Y homologs are not subject to X-chromosome inactivation (XCI) (Jegalian and
Page 1998; Carrel and Willard 2005).

The Y chromosome’s tendency to degenerate stems from its inability to regularly
recombine with a homologous chromosome during meiosis (Charlesworth and
Charlesworth 2000). On an autosome, linked beneficial and deleterious mutations that
co-occur on a single haplotype can be separated by recombination, enabling natural
selection to increase the frequency of the beneficial mutation while independently
eliminating the deleterious mutation. (The same mechanism is available to the X
chromosome in females.) By contrast, Y-linked sequences are transmitted as
uninterrupted haplotype blocks from father to son, generation after generation.

Interference between linked causes selection to be inefficient: deleterious mutations can
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“hitchhike” to fixation alongside a strongly beneficial mutation or lead to the elimination
of adaptive mutations depending on the aggregate fitness effect (Rice 1987; Orr and Kim
1998; Bachtrog 2013; Charlesworth and Charlesworth 2000). Theoretical models predict
that the rate of gene loss might slow over time, as the smaller number of genes reduces
the chance of interference between segregating mutations (Bachtrog 2008). Nevertheless,
both empirical and theoretical observations have reinforced a fundamental intuition—
omnipresent in Y-chromosome research—that Y-chromosome genes will tend towards

decay in the absence of (and perhaps even in the presence of) selective forces to resist it.

THE EVOLVING UNDERSTANDING OF Y-CHROMOSOME GENES

Early debates over the nature of the Y chromosome

Sex chromosomes were first described at the turn of the 19 century, in studies of
chromosome behavior during meiosis. Studying the meiotic divisions of the fire wasp
Pyrrhocoris apternis (an insect we know today to have an XX (female)/XO (male) sex-
chromosome system), Henking observed a peculiar chromatin element—“element x”—
that entered only one half of the sperm resulting from a given set of meiotic divisions
(Henking 1891). The first suggestion that this “X” chromosome functioned as the
inherited basis of sex arrived shortly thereafter, in 1902 (McClung 1902). In 1905, reports
by Nettie Stevens and Edmund Wilson revealed yet another type of chromosome
constitution. Some species had an “unequal” pair of chromosomes, with one larger and
one smaller (Stevens 1905; Wilson 1905a, 1905b)—one X and one Y.

Dueling views of Y chromosomes soon emerged, fueled by early genetic studies of
the fruit fly (Drosophila melanogaster) on the one hand and fish on the other. Fly
geneticists argued that the Y chromosome was degenerate or entirely lacking in genes. In
1914, Muller supported this position with three lines of evidence (Muller 1914). First, Y
chromosomes seemed to vary frivolously in size in closely related species. Second, citing

Calvin Bridges’ then-unpublished studies of chromosomal non-disjunction, the Y
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chromosome appeared immaterial to sex determination or viability (Bridges 1916). XX
and XXY flies were female, XO and XY flies were male, and OO and OY flies were never
observed. (Bridges would note that males lacking a Y chromosome showed impaired
fertility, suggesting the Y might not be entirely devoid of genes, but this point received
little attention (Bridges 1916).) Third, if genes existed on the Y chromosome, they were
never dominant to genes on the X chromosome. In fact, the X-linked recessive mode of
inheritance, a linchpin in proving the chromosomal basis of heredity, presupposed as a
necessary condition the degeneracy of the Y (Morgan 1910).

Quite a different view of the Y chromosome was taking shape from studies of fish.
In Lebistes (guppies) and medaka, external coloration traits were shown to exhibit Y-
linkage (Schmidt 1920; Aida 1921; Winge 1922). In 1927, a survey of 18 Lebistes traits—a
wide variety of colored spots and stripes and fin ornamentations—found that nine
mapped to the Y, three mapped to the X, and five appeared to occasionally cross over
between X and Y (and one trait was autosomal) (Winge 1927). Winge proposed that the
occasional interchange between the X and Y chromosomes was a function of proximity to
a male determining factor on the relatively gene-rich Y chromosome (Winge 1923, 1927).
In response to skepticism from the fly geneticist Thomas Hunt Morgan, who suggested
that these coloration genes might in fact be on an autosome fused to the Y chromosome,

Winge notes:

“Possibly... it is to some extent the general idea of genes on the Y chromosome
which leads Morgan to seek for a more complicated explanation... but it must
surely seem more remarkable, and more unexpected, that the X chromosome in
Drosophila should contain many genes and the Y none than that Lebistes should
be found to have genes both in X and Y. ... That a dominant male-determining
factor in the Y chromosome of Lebistes should seem remarkable to us is, then,
really only due to the fact that we find essentially different conditions in the
well-investigated Drosophila” (Winge 1927).

It is clear that debates over the degeneracy of the Y have been present since the

beginning.
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The degenerate Y with perhaps one sex-determining gene

XY sex chromosomes were identified cytologically in mammals in 1921 (Painter 1921).
Encouraged by studies of fish, researchers embarked on a hunt for Y-linked traits in
humans. Over the ensuing decades, analyses of family trees yielded a multitude of
supposedly Y-linked traits, including webbed toes, hairy ears, and scaly skin. But in 1957,
Curt Stern re-analyzed and debunked each of these reports (Stern 1957). Two years later,
reports of 47,XXY (Klinefelter syndrome) males and 45,X (Turner syndrome) females
established that the human Y chromosome encoded a sex-determining gene (Jacobs and
Strong 1959; Ford et al. 1959), but this was the exception.

Susumu Ohno’s classic 1967 monograph on sex chromosomes helped to cement
the view of the degenerate Y chromosome as part of a unified evolutionary narrative.
Through a sweeping review of cytological and genetic observations about sex
chromosomes, he formally proposed that differentiated sex chromosomes evolved from
autosomes, a process characterized by the exclusive degeneration of the Y (or W) and
complete conservation of the X (or Z) (Ohno 1967). Although many of his claims would be
shown to be correct decades later through molecular-genetic and genomic analyses, the
reasoning underlying some are no longer valid. For example, a key piece of evidence for
the progressive differentiation of sex chromosomes was that, both across vertebrates and
within vertebrate lineages, “lower” vertebrates tended to have cytologically
indistinguishable sex chromosomes, whereas “higher” and “more evolved” vertebrate
species had more differentiated sex chromosomes. By this logic, the Y chromosome of
humans and other mammals must indeed be in a very advanced state of decay, perhaps
retaining just one sex-determining gene.

Ohno also briefly speculated about the nature of the sex-determining gene and
concluded that its action must be very limited in nature. Alfred Jost’s 1947 experiments
had shown that castrating XY rabbits in utero, prior to any detectable sexual
differentiation, led them to develop with female reproductive anatomy (Jost 1947). This

implied that the key decision underlying sex determination was whether the bipotential
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gonad developed as testis or ovary. Through further analysis of past literature, he
reasoned that this decision must be made during a narrow window of development in
somatic cells of the gonad. (Indeed, decades later, characterization of the mammalian
sex-determining gene, SRY, would show that mouse SRY exerts its pivotal action through
perhaps two hours of expression in a single gonadal cell lineage (Sekido and Lovell-Badge
2009). Moreover, SRY is Y chromosome’s lone sex-determining gene. No other Y-
chromosome gene is known to be directly required for the differentiation of primary or

secondary sexual characteristics.)

The Y chromosome as fertility factor
By the early 2000s, the commonly held view of the human Y chromosome had expanded
to include a second function—a role in spermatogenesis.

In the 1980s, efforts commenced to construct a map of the human Y chromosome.
The Y chromosome’s lack of recombination precluded the construction of traditional
maps based on genetic linkage, so the Y chromosome was mapped instead using naturally
occurring deletions and translocations. Males carrying some of these deletions or
rearrangements were infertile. Through these efforts, a putative gene for
spermatogenesis proposed by Tiepolo and Zuffardi (Tiepolo & Zuffardi, 1976) was
localized to a segment of the Y-chromosome long arm (Andersson et al., 1988). Follow-up
investigations implied that Y-chromosome deletions might be a very common cause of
spermatogenic failure: in a screen of males with non-obstructive azoospermia (failure to
detect sperm in semen, with physical blockage excluded), 12 of 89 individuals had
overlapping Y-chromosome deletions (Reijo et al. 1995). Further studies identified Y-
chromosome deletions in two other regions, implying that there might be multiple
spermatogenesis genes (Vogt et al. 1996). (Today, five major classes of recurrent Y-
chromosome deletions have been defined and constitute the most common, identified
genetic causes of impaired spermatogenesis (e.g., 5 — 10% in non-obstructive

azoospermia (Hughes and Rozen 2012; Krausz and Casamonti 2017).)
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Meanwhile, advances in molecular genetics techniques gave researchers
increasing success in cloning genes from the Y chromosomes of humans and other
mammals. The emerging view of the Y chromosome from these reports reaffirmed the Y
chromosome’s connection to spermatogenesis. Many of the genes identified appeared to
be expressed only in testes, typically only in spermatogenic cells (Reijo et al. 1995; Lahn
and Page 1997; Ma et al. 1993; Arnemann et al. 1991; Manz et al. 1993; Mitchell et al.
1991). Some of these Y-chromosome genes were identified as ubiquitously expressed in
some species but testis-specific in others (Koopman et al. 1989; Mardon et al. 1990;
Schneider-Gédicke et al. 1989). Some genes had homologs on the X chromosome that
were widely expressed. Thus it appeared that Y-chromosome genes displayed a tendency
to evolve testis-specific expression and, possibly, a specialization for spermatogenesis.

Fertility soon became ensconced in the evolutionary narrative of the Y
chromosome. DAZ, a gene that was recurrently deleted in men with spermatogenic
failure, had actually been acquired from autosome during mammalian evolution,
contravening expectations of the Y’s inexorable decay (Saxena et al. 1996). What factors
might favor the acquisitions of a Y-chromosome gene? In 1931, R. A. Fisher first
speculated that the male-limited inheritance of Y chromosomes should cause them to
accumulate genes that have opposing fitness effects in the sexes—specifically, that
increase the fitness of male carriers but decrease the fitness of female carrier (Fisher
1931). He was inspired by Winge’s observations of Y-linked coloration traits in guppies:
these showy displays would help males attract mates (and thus increase fitness), but
would only increase predation risk for females (and thus decrease fitness). These theories
of “sexually antagonistic” genes would later be given more formal (Rice 1984;
Charlesworth and Charlesworth 1980) and empirical (Rice 1992; Prasad et al. 2007)
support.

In this manner, genes promoting male fertility or spermatogenesis might find
particularly fertile grounds on the Y chromosome. (Although it is not immediately clear

why genes specialized for spermatogenesis would be harmful to female carriers, some
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empirical support for this idea can be found in Drosophila (Innocenti and Morrow 2010;
Zhou and Bachtrog 2012).) These theories lent formal credence to the seemingly intuitive
view that genes involved in spermatogenesis should be found on Y chromosomes. Thus, it
was proposed that genes with male-specific roles in reproduction might be able survive

Y-chromosome decay (Graves 1995; Lahn and Page 1997).

The survival of widely expressed, dosage-sensitive genes on the
Y chromosome

In 2003, the sequence of the non-pseudoautosomal region of the human Y
chromosome—also called its “male-specific” region (MSY)—was published, delineating
its full complement of genes and the structure of its sequence (Skaletsky et al., 2003).
Three classes of sequence were identified and termed “X-degenerate”, “ampliconic”, and
“X-transposed”. X-degenerate regions were single-copy regions containing genes that
were homologous to, but diverged from, genes on the X chromosome, reflecting the
ancestral origin of the sex chromosomes as a pair of autosomes. The ampliconic regions
were structurally complex regions defined by lengthy (10s to 100s of kilobases) repeated
segments in palindromic and tandem orientation, with intra-repeat sequence identity
typically greater than 99.9%. The X-transposed regions showed 99% identity with X-
chromosomal sequence and resulted from a X-to-Y transposition event that occurred 3-4
million years ago in the human lineage. Genes in the ampliconic regions all showed
testis-specific expression, and were the genes commonly deleted in men with
spermatogenic failure. By contrast, nearly all genes in the X-degenerate region (with the
notable exception of SRY) showed apparently ubiquitous expression (i.e., in many
tissues). (Only two genes were found in the X-transposed region, one showing testis-
specific expression and the other showing expression mostly in the brain.)

What to make of the Y chromosome’s widely expressed genes—i.e., genes without
obvious male-specific roles? Lahn and Page argued that not one, but two factors could

account for survival of genes on the Y chromosome (Lahn and Page 1997). They argued
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that, aside from the Y chromosome’s testis-specific genes, these widely expressed genes,
too, were “functionally coherent” (i.e., non-random). In addition to their ubiquitous
expression, they appeared to encode proteins with cellular “housekeeping” functions
(e.g., one was a ribosomal protein gene, another was the eukaryotic initiation factor 1A
(eIF1A), etc.). They had homologs on the X chromosome that were not subject to X-
chromosome inactivation (XCI), and the proteins encoded by the X and Y homologs
appeared based on sequence and (limited) experimental data (Watanabe et al. 1993) to be
functionally redundant. As a result, XX cells expressed two X-linked copies of these
genes, while XY cells expressed one X-linked and one Y-linked copy. They therefore
proposed that these Y-chromosome genes survived to maintain the dosage of critical
housekeeping functions beyond the reproductive tract.

However, this argument was not satisfying to all. Some human Y-chromosome
genes appeared to be missing or present as pseudogenes on other mammalian Y
chromosomes, raising the possibility that different Y chromosomes contained random,
decaying subsets of the ancestral autosomes (Graves 2006). Observations in mice
suggested that these widely expressed Y-chromosome genes were expressed at lower
levels than their homologs on the X chromosome, consistent with partial decay (Xu et al.,
2002). Particularly troubling was the fact that some mammalian species had lost their Y
chromosome altogether (Arakawa et al. 2002), which seemed to reinforce the Y
chromosome’s ultimate dispensability, and led to predictions of its imminent demise
(Aitken and Graves 2002).

A fuller understanding of these other Y-chromosome genes would only be
revealed through sequencing additional mammalian Y chromosomes. Sequencing the Y
chromosomes of chimpanzee and rhesus macaque showed that widely expressed human
Y-chromosome genes were conserved on primate Y chromosomes (Hughes et al., 2005,
2012). Notably, each ancestral gene on the human Y chromosome was found to be intact
on the macaque Y chromosome. This indicated no gene loss had occurred on the human Y

chromosome for the past ~25 million years, implying its gene content had stabilized.
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In 2014, Bellott et al. sequenced and analyzed the ancestral portions of eight
mammalian Y chromosomes (from seven placental mammals and one marsupial),
permitting a more detailed investigation of the genes that had survived Y-chromosome
decay (Bellott et al. 2014). Of ~600 genes inferred to be present on the ancestral pair of
autosomes, 36 remain intact on the Y chromosome of one or more species as part of a
homologous X-Y gene pair. (At the time of writing, I am unaware of any study reporting
an ancestral gene that survived on the Y but was lost from the X.) The pattern of gene
survival across these lineages was highly non-random. For example, some genes
remained intact on each of the seven Y chromosomes from placental mammals or on all
eight mammalian Ys. In a separate study, simulations of sex-chromosome evolution
showed that this configuration of gene survival was inconsistent with a model of
indiscriminate gene loss, in which no genes are more likely to survive than others (Cortez
et al. 2014).

The features of ancestral genes with intact Y homologs (X-Y gene pairs) affirmed
earlier suspicions that dosage sensitivity is an important property contributing to the
survival of Y-chromosome genes (Lahn and Page 1997; Kaiser et al. 2011). Compared to
ancestral genes that lost their Y homologs, surviving X-Y gene pairs were more broadly
expressed, subject to stronger purifying selection, and tended to encode important
regulators of gene expression, including histone demethylases, transcription factors, and
translation initiation factors (Bellott et al. 2014). Ancestral X-Y gene pairs also showed
greater evidence of dosage sensitivity: they showed a higher computationally predicted
probability of haploinsufficiency, and the X homologs of some pairs were known from
clinical genetics studies to be haploinsufficient (Lederer et al. 2011). Finally, they noted
that these ancestral Y-chromosome genes likely rescue the high degree of embryonic
lethality found among 45,X human embryos.

With these and other observations, Bellott et al. concluded that selection enabled
ancestral genes with either of two features to survive genetic decay on the Y chromosome:

(1) an ancestral or acquired function in male reproduction; (2) a highly dosage-sensitive
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functions that needed throughout the body. Subsequent studies have found that widely
expressed, dosage-sensitive genes are also preferentially retained on the stickleback Y
chromosome (White et al. 2015) and on avian W chromosomes (Bellott et al. 2017),

suggesting this is likely to be a common feature of sex-chromosome evolution.

THE NEXT FRONTIER: Y-CHROMOSOME GENES BEYOND THE
REPRODUCTIVE TRACT

Whatever the fate of the human Y chromosome in 10, 50, or 100 million years,
comparative genomics studies have yielded evidence that Y-chromosome genes are
important outside of the gonad. A defining challenge now in Y-chromosome research is
to describe and understand the functions of individual Y-chromosome genes in specific,
non-reproductive biological processes.

An important motivation for this endeavor is the growing recognition of
differences between females and males in health and disease (Clayton, 2018; Institute of
Medicine, 2001). Many autoimmune disorders, cardiovascular diseases, and neurological
disorders manifest with different frequencies, severities, or qualities in males and
females (Ngo et al., 2014; Regitz-Zagrosek et al., 2015; Werling & Geschwind, 2013). In
some cases, as in some autoimmune disorders, one’s sex is the greatest known risk factor
for developing the disease (Voskuhl, 2011). Thus, understanding molecular and cellular
differences between the sexes could yield insight into the etiology of disease and uncover
potential avenues for treatment.

Three major factors could account for these differences: (1) the direct effects of
the sex-chromosome complement as XX or XY in cells and tissues throughout the body;
(2) differing profiles of circulating hormones in females and males, resulting from the
hormonal output of ovaries or testes and their interactions with the rest of the endocrine
system; (3) differences in the environment of females and males (a term encompassing

the health implications of one’s gender). Hormonal and the environmental effects were
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once assumed to account for all differences between males and females, but the sex-
chromosome complement as XX or XY (and thus possibly the Y chromosome itself) is
increasingly recognized to be significant (San Roman and Page 2019; Arnold 2012).

To the extent that sex differences stem from the sex-chromosome complement as
XX or XY, the widely expressed ancestral X-Y gene pairs are prime suspects for the
mediators of these effects. The X homologs of these pairs are not subject to XCI, meaning
they are biallelically expressed in XX cells, and thus are more highly expressed in XX than
in XY cells (Carrel and Willard 2005; Tukiainen et al. 2017). (By contrast, X-chromosome
genes that are subject to XCI typically do not show sex-biased expression.) They are also
highly dosage sensitive (Bellott et al. 2014; Naqvi et al. 2018), meaning small differences
in their expression levels could have large phenotypic effects. Moreover, they encode
potent regulators of gene expression. The DNA-binding motif of the transcription factor
ZFX, the X homolog of one X-Y gene pair, was found to be enriched at genes showing sex-
biased expression in multiple mammalian species (Naqvi et al. 2019), suggesting it might
make a sizable contribution to sex-biased gene expression in mammals.

However, if the X- and Y-linked homologs of an X-Y gene pair are equivalent—
that is, if they encode identical proteins, and if they are expressed identically, such that X
copies in an XX cell is always equivalent to the summed expression of the single X and Y
copies in an XY cell—then there is no material difference between XX and XY. Thus,
understanding the functions of ancestral Y-chromosome genes becomes a question of
understanding the differences between Y-chromosome genes and their corresponding X-
linked homologs.

At the onset of sex-chromosome differentiation, the X- and Y-linked members of
each X-Y gene pair were identical, as similar as two alleles of any autosomal gene. But
over millions of years of evolution, accumulated X- or Y-specific nucleotide substitutions
might have enabled the two homologs to diverge. Below I review what we know about the
differences between the X- and Y homologs of individual X-Y gene pairs along two

dimensions—gene expression and protein function. I will focus on the X-Y gene pairs
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where both X and Y homologs are expressed in many tissues. (For a number of X-Y pairs,
divergence between the X and Y homologs is obvious. Most notably, the sex-determining
gene SRY is the Y-linked member of an X-Y pair, whose X-linked homolog is the
transcription factor SOX3 (Foster and Graves 1994). The Y homologs of other X-Y pairs
have evolved testis-specific expression, though their X homologs remain widely
expressed (Bellott et al. 2014; Cortez et al. 2014).) These are the genes that are most likely

to contribute to XX-XY differences in non-reproductive tissues.

Differences in X- and Y-homolog expression

Our understanding of Y-chromosome gene expression, and differences between X- and Y-
homolog expression, is derived from three types of studies. First are surveys of whole Y
chromosomes or large groups of Y-chromosome genes. The earliest studies of this type
only considered expression in a binary (“on”/“off”) manner (Lahn and Page 1997;
Skaletsky et al. 2003). These studies established that Y-chromosome genes could
generally be described as showing either testis-specific or ubiquitous (i.e., in many
tissues) expression, while the X homologs of Y-chromosome genes showed ubiquitous
expression. More recent studies of Y-chromosome gene expression based on RNA-
sequencing (RNA-seq), a highly quantitative method, surveyed expression in handfuls of
tissues (~5-8) with only small numbers of samples (~2-4) per tissue (Cortez et al. 2014;
Bellott et al. 2014). They therefore lacked the power to detect subtle quantitative variation
in Y-chromosome gene expression from one tissue to the next or to compare these
patterns to those of their X homologs. As a result, these studies were only able to affirm
the testis-specific/broadly expressed dichotomy from earlier work. Cortez et al.
compared the expression levels of Y-chromosome genes to their X homologs in an
aggregated manner, by first averaging the expression of all Y-chromosome genes from
multiple tissues and species (Cortez et al. 2014). This multi-gene, multi-tissue, multi-

species analysis suggested that, on average, Y-chromosome genes show lower expression
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than the X homologs of Y-chromosome genes, especially in non-testis tissue. However,
the patterns of individual genes (in individual species) could not be assessed.

A second set of studies have focused on the expression of individual X-Y gene
pairs in single tissues or small sets of tissues. In brain tissue from mice, the Y homologs
of X-Y pairs have generally been found to show lower expression than their X
counterparts in XY tissue (Xu et al. 2008a, 2002). Moreover, the sum of X- and Y-
homolog expression in XY tissue was less than the biallelic X-homolog expression in XX
tissue. Two studies also observed some differences in the spatial patterns of X- and Y-
homolog expression, for Kdmé6a/Uty in mice (Xu et al. 2008b) and for NLGN4X/NLGN4Y
and PCDH11X/PCDHI1Y (an X-Y gene pair in the X-transposed region) in humans
(Johansson et al. 2016). Outside of the brain, one recent study reported that Y-linked
TBL1Y shows higher expression than X-linked TBLIX in cells of the human inner ear (Di
Stazio et al. 2018).

A third group of studies set out to study dosage-compensation of the X
chromosome or sex-differences in expression and came upon the X-Y pairs as a result.
Trabzuni et al. and Johnston et al. compared the (biallelic) expression of X homologs in
XX samples to the sum of X- and Y-homolog expression in XY samples in human brain
tissue (Trabzuni et al. 2013) and human lymphoblastoid cell lines (LCLs) (Johnston et al.
2008). Observations from the human brain were similar to those from mice, with lower Y
expression that also did not compensate for the higher X expression in XX samples. In
human LCLs, however, some Y homologs showed higher expression than their X
counterparts, leading to higher overall expression in the XY samples. A caveat of both
studies is that both measured expression with microarrays, a technology that is not
ideally suited for comparing the expression levels of different genes and might not fully
distinguish the sequences of X and Y homologs.

Taken as a whole, it appears that Y-chromosome genes often show lower
expression than their X homologs, but the disparate nature of these studies makes it hard

to discern a clear and reliable view of any one gene in any one species. These studies have
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also repeatedly examined a small number of well-studied tissues—e.g., the brain, testis,
muscle, etc. As is evident from the case of TBLIX/TBL1Y in the inner ear, surveying a
broader array of tissues will likely reveal unexpected patterns. One aim of Chapter 2 is to
remedy these problems by constructing a more comprehensive, quantitative picture of Y-
chromosome gene expression across many tissues and from a single species (humans).
Finally, virtually nothing is known about the expression of Y-chromosome genes
at the protein level. Reliable antibodies that can distinguish X and Y protein isoforms
(which show ~85-99% identity at the amino-acid sequence level) are not widely available.
In a rare study to generate a custom antibody for a Y-encoded protein, Ditton et al.
detected DDX3Y protein in testis but not brain or kidney, despite DDX3Y transcript
expression in many tissues (Ditton et al. 2004). From this observation, they claimed that
DDX3Y protein is only translated in the testis. However, there are reasons to doubt the
reproducibility of this now well-cited study (see Gueler et al. (Gueler et al. 2012); and see
below and Chapter 2). Further efforts to generate Y-specific antibodies are welcomed
(Rastegar et al. 2015), but the specificity of these reagents must be rigorously established.
Quantitative mass-spectrometry-based approaches provide a potential way forward, but
methods to distinguish protein isoforms encoded by homologous genes are still not
widely used (Malioutov et al. 2018). Standard analytic approaches are not able to
distinguish Y-encoded proteins from their corresponding X-encoded isoforms or possibly
other proteins. As evidence of this, publicly available analyses of human proteomic data
(e.g., the Human Proteome Map, humanproteome.org, (Kim et al. 2014)) list Y-encoded
proteins like DDX3Y as abundantly expressed in female-specific tissues. A proof-of-
concept effort to quantify Y-encoded proteins by mass spectrometry is presented in

Chapter 2.

Differences in the functions of X and Y protein isoforms
The X and Y protein isoforms of widely expressed human X-Y gene pairs show ~85-99%

amino-acid sequence identity. Comparing the amino-acid sequences of the X and Y
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isoforms does not yield conspicuous evidence of functional divergence, such as X-Y
differences at key positions within substrate-recognition domains (A.K.G., unpublished).
Both cross-species and within-human studies of their protein-coding sequences suggest
that both X and Y homologs have evolved and remain under purifying selection, albeit
with Y-linked sequences showing evidence of relaxed constraint (Rozen et al. 2009;
Poznik et al. 2016; Wilson and Makova 2009). Thus, sequence-based analyses do not
point to marked divergence in protein function. This accords with the evolutionary
argument that these ancestral Y-chromosome genes survived due to selection to maintain
the dosage-sensitive functions they share with their X homologs (Bellott et al. 2014).

A number of studies provide empirical evidence that the X and Y protein isoforms
of some pairs are least partially redundant in function. In hamster cell lines showing
arrested growth due to point mutations in the X homologs Rps4x or Ddx3x, transfection of
the corresponding human Y homolog, RPS4Y1 or DDX3Y, (or the corresponding human X
homolog) rescues growth (Watanabe et al. 1993; Sekiguchi et al. 2004). Similarly, an
unbiased, genome-wide screen for cell-type-specific essential genes identified DDX3Y as
essential for cell proliferation in a cancer cell line with a mutation in DDX3X (Wang et al.
2015). (This latter observation is one strand of evidence rebutting the previously
mentioned claim that DDX3Y protein is not produced outside the testis.)

Other studies point to the redundancy of X and Y homologs in vivo. In mice, XX
animals homozygous for loss-of-function (LOF) mutations in X-linked H3K27me3
demethylase Kdmé6a show completely penetrant embryonic lethality, which is partially
rescued by its Y homolog Uty (i.e., some, but not all, X*%-Ys* mice live to be fertile
adults) (Lee et al. 2012; Welstead et al. 2012; Shpargel et al. 2012). Compound hemizygous
XY mice, lacking functional copies of both Kdméa and Uty, show completely embryonic
lethality that phenocopies that of homozygous XX mice (Shpargel et al. 2012). This
indicates that the partial viability of X*¥"%-YU»* mice is attributable to functional Uty,
rather than some other factor associated with an XY sex-chromosome constitution.

Moreover, KDM6A and UTY have been shown to associate with each other and some of
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the same transcription-activating complexes (Shpargel et al. 2012; Gozdecka et al. 2018).
A recent study reported analogous X-Y redundancy for the H3K4me3 demethylases
Kdmb5c (X-linked) and Kdm5d (Y-linked) (Kosugi et al. 2020).

Nevertheless, X and Y protein isoforms might only be partially equivalent in
function. The clearest example of this comes from X-encoded KDM6A and Y-encoded
UTY. Although the two proteins appear to be redundant with respect to some gene-
regulatory functions (as described above), KDM6A functions as a H3K27me3
demethylase, whereas UTY lacks or shows severely reduced demethylase activity in vitro
and in cellular assays (Hong et al. 2007; Lan et al. 2007; Shpargel et al. 2012; Walport et
al. 2014). In vivo evidence that UTY retains some, but not all, of KDM6A’s function is
manifest in human cancers. KDM6A has been identified as one of the most recurrently
mutated genes in human cancers (van Haaften et al. 2009; Kandoth et al. 2013), but
shows a distinct mutational profile in some cancers compared to others. In hematopoietic
cancers of the lymphoid lineage, such as T-cell acute lymphoblastoid leukemia (T-ALL),
KDM6A mutations cluster in the catalytic demethylase domain, suggesting its
demethylase activity is required for tumor suppression; these mutations are also found
more frequently in males, consistent with no compensation (or incomplete
compensation) by UTY (Arcipowski et al. 2016; Meulen et al. 2015). By contrast, in
myeloid-lineage cancers like acute myeloid leukemia (AML), as well as in other cancers,
KDM6A mutations occur throughout the gene and co-occur with loss of UTY, implying the
two genes function redundantly as tumor suppressors (Gozdecka et al. 2018; van Haaften
et al. 2009; Dunford et al. 2017). Mechanistic studies have confirmed that KDM6A’s
demethylase activity is required for tumor suppression in T-ALL but dispensable in AML,
and UTY serves tumor suppressor in AML (Ntziachristos et al. 2014; Gozdecka et al.
2018).

Making inferences about the relative functions of X and Y homologs from
germline mutations in humans is more challenging. LOF mutations in the X homologs of

four human X-Y gene pairs (DDX3X, KDM5C, KDM6A, USP9X) have been identified as
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causative of distinct congenital intellectual disability syndromes (Snijders Blok et al.
2015; Reijnders et al. 2016; Deciphering Developmental Disorders 2017; Jensen et al.
2005; Lederer et al. 2011), but the implications for the functions of their Y homologs are
somewhat ambiguous. For example, KDM6A mutations cause Kabuki syndrome, an
intellectual disability syndrome associated various skeletal and developmental
abnormalities (Lederer et al. 2011). KDM6A mutations have been found in both XX and XY
individuals, and XY individuals appear to show more severe intellectual disability, but all
individuals have distinct mutations with potentially varying effects on KDM6A function
and expression, confounding the comparison of XX and XY individuals (Banka et al. 2014;
Bogershausen et al. 2016). Moreover, a moderating effect of an XY sex-chromosome
constitution also cannot formally be excluded. Retrospective screening of Kabuki
syndrome patients lacking KDM6A mutations has not uncovered mutations in UTY
(Bogershausen et al. 2016), but a preferable design would include Y-chromosome genes in
the initial screen. De novo DDX3X LOF mutations are associated with a distinct intellectual
disability syndrome and are predominantly found in XX individuals (Snijders Blok et al.
2015). The few mutations identified in XY individuals appear to be hypomorphic and have
been inherited from unaffected mothers (Snijders Blok et al. 2015; Nicola et al. 2019;
Kellaris et al. 2018). This suggests that complete LOF mutations in DDX3X cause
embryonic XY lethality, due to lack of compensation by DDX3Y. However, DDX3Y’s
inability to compensate could be entirely explained by a lower expression level than
DDX3X in the relevant cell type(s), partial loss of protein function, or some combination
of both.

On the Y-chromosome, rare but recurrent deletions encompassing two genes,
DDX3Y and USP9Y, cause azoospermia but are not associated with non-reproductive
phenotypes (Vogt et al. 2008). Both genes appear to contribute to this phenotype (Tyler-
Smith and Krausz 2009; Krausz and Casamonti 2017). The absence of obvious non-
reproductive phenotypes has been taken as evidence that these genes function only in

reproduction (Vogt et al. 2008), but this conclusion seems premature without carefully

28



screening DDX3Y-/USP9Y-deleted individuals for more subtle abnormalities, which could
reveal quantitative phenotypic differences. If indeed DDX3Y functions throughout the
body but is expressed at a lower level than DDX3X, we might not expect DDX3Y
mutations to confer obvious phenotypes (similar to hypomorphic DDX3X mutations in XX
individuals). The contribution of DDX3X to spermatogenesis is not known, because few
XY individuals with DDX3X mutations have been identified and fertility was not reported.
The overall picture is consistent with DDX3Y (compared to DDX3X) functioning in a
manner that is more restricted to spermatogenesis; whether this has resulted from
divergence at the expression or protein level (or both) cannot yet be determined.

Thus, the X and Y protein isoforms of X-Y gene pairs can be redundant with
respect to some protein functions but not others, with these shared and divergent
functions operative in closely related cell types. This partial divergence might have
evolved if some aspects of their functions are dosage-sensitive, while others are not.
Alternatively, natural selection might have favored different dosages of these molecular
activities in females and males. The intriguing observation that UTY apparently lost its
demethylase activity independently in the ancestors of humans and mice could be
construed as evidence for either hypothesis. Ultimately, a richer understanding of the
differences between X and Y protein isoforms would come from unbiased comparisons of
their genome- or proteome-wide activities—e.g., comparing the transcriptome-wide
effects of knocking down a Y-chromosome gene or its X homolog; comparing genome-
wide occupancies by ChIP-seq; or, comparing their protein interaction partners by
immunoprecipitation and mass spectrometry. These experiments could also reveal if Y
protein isoforms have any functions not demonstrated by their X counterparts. To my
knowledge, among widely expressed X-Y gene pairs, no example of a Y-specific protein

function has been reported.
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Challenges and opportunities

Arguably the greatest challenge to progress in understanding the functions of Y-
chromosome genes is the routine exclusion of the Y chromosome from biological studies
of all types. As is clear from the discussion above, much of what we know about the
function of Y-chromosome genes was inferred from studies focused primarily on their X
homologs. Exome- and genome-sequencing studies searching for mutations underlying
disease typically do not analyze Y-chromosomal sequences. The reason for the Y’s
exclusion in any given study is often not knowable. However, one factor is likely to be the
persistent view of the Y chromosome as degenerate and specialized for reproduction.
Technical reasons are also cited, including the reduced sequencing depth of the Y
chromosome compared to autosomes (a factor which, unfortunately, often leads to
exclusion of the X as well (Wise et al. 2013)) and fears about the complexity of the Y
chromosome’s sequence. Indeed, some portions of the Y chromosome, such as the
palindrome-rich ampliconic regions, require fully customized analyses (Teitz et al. 2018).
But the Y-chromosome genes of greatest interest beyond the reproductive tract lie within
single-copy regions that can be readily analyzed with appropriate off-the-shelf tools
(Chapter 2), opening these sequences up to all researchers. The exclusion of the Y
chromosome from mainstream research efforts makes it difficult to discern when the
absence of “hits” on the Y chromosome represents a true negative or a false negative
result. The upside of these challenges is that many are easy to overcome. Reams of new
biological data are being generated every day; these data will have much to say about Y-

chromosome genes, if only someone decides to analyze them.

SUMMARY

The Y chromosome’s gene content (or lack thereof) has long been a matter of speculation
and generalization. The human Y chromosome was once thought to be a genetic

wasteland with perhaps one sex-determining gene. Molecular-genetic studies of the
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1990s and early 2000s established the Y chromosome’s involvement in spermatogenesis.
Recently, sequencing the Y chromosomes of various species has uncovered evidence for
the importance of Y-chromosome genes beyond the reproductive tract, possibly
contributing to differences between XX and XY individuals in health and disease.
Knowledge of the functions of individual Y-chromosome genes remains in its infancy,
largely due to the ongoing exclusion of the Y chromosome from biological studies, but
much could be learned by harnessing the wealth of new data being generated every day.

Chapter 2 presents a case study of this very point.
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ABSTRACT

Little is known about how human Y-chromosome gene expression directly contributes to
differences between XX (female) and XY (male) individuals in non-reproductive tissues. Here, we
analyzed quantitative profiles of Y-chromosome gene expression across 36 human tissues from
hundreds of individuals. Although it is often said that Y-chromosome genes are lowly expressed
outside the testis, we report many instances of elevated Y-chromosome gene expression in a
non-reproductive tissue. A notable example is EIFIAY, which encodes eukaryotic initiation factor
1A (EIF1A), together with its X-linked homolog EIF1IAX. Evolutionary loss of a Y-linked
microRNA target site enabled upregulation of EIFIAY, but not EIFIAX, in the heart.
Consequently, this essential translation initiation factor is nearly twice as abundant in male as in
female heart tissue at the protein level. Divergence between the X and Y chromosomes in
regulatory sequence can therefore lead to tissue-specific, Y-chromosome-driven sex biases in

expression of critical, dosage-sensitive regulatory genes.
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INTRODUCTION

A wide range of diseases, collectively affecting all organ systems, manifest differentially in
human males and females (Wizemann and Pardue 2001). The molecular mechanisms responsible
for these differences remain poorly characterized. It was once assumed that all such differences
were the products of circulating hormones (e.g., androgens, estrogens), but they are increasingly
speculated to stem in part from the direct effects of sex-chromosome genes expressed in tissues
throughout the body (Arnold 2012). With regard to the sex chromosomes, most attention has
been paid to the X chromosome, particularly those X-chromosome genes that are expressed more
highly in XX (female) than in XY (male) individuals because they escape X-chromosome
inactivation in XX cells (Deng et al. 2014; Tukiainen et al. 2017). Researchers often cite the Y
chromosome’s paucity of genes and those genes’ presumed specialization for reproduction as
reasons to look past the Y chromosome, if it is considered at all. But recent studies indicate that
the Y chromosome retains conserved, dosage-sensitive regulatory genes expressed in tissues
throughout the body (Bellott et al. 2014), which might underlie newly found associations between
the Y chromosome and disease (Tartaglia et al. 2012; Cannon-Albright et al. 2014; Eales et al.
2019).

To better understand how Y-chromosome genes might contribute to differences between
XX and XY individuals, we sought to obtain a quantitative understanding of Y-chromosome gene
expression across the human body. We excluded Y-chromosome genes in the two
pseudoautosomal regions, where the X and Y chromosomes are identical in sequence, and instead
focused on genes in the Y chromosome’s male-specific region (MSY) (Skaletsky et al. 2003) (Fig.
1A; Supplemental Table S1). For our purposes, it was useful to distinguish two groups of MSY
genes—those that have similar but non-identical homologs on the X chromosome and those that
do not. MSY genes without X homologs are the products of transposition or retrotransposition
events that brought copies of autosomal genes to the MSY at various points during mammalian
evolution (Saxena et al. 1996; Lahn and Page 1999b; Skaletsky et al. 2003). Because these MSY
genes have no counterparts on the X, they could confer differences to males and females in any

tissue where they are robustly expressed. A different set of considerations pertains to the MSY
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Table 1. Published evidence for functional equivalence or difference of proteins encoded by
widely expressed, ancestral X-Y gene pairs.

X-Y Pair

a.a.
% id.?

Evidence supporting at least
partial equivalence®

Evidence supporting difference®

KDMBA/UTY

KDM5C/KDM5D

USPOX/USPOY
DDX3X/DDX3Y

PRKX/PRKY
RPS4X/RPS4Y1

ZFX/ZFY
EIF1IAX/EIF1AY
NLGN4X/NLGN4Y

86%

87%

91%
92%

92%
93%

93%
99%
99%

Uty rescues inviability of Utx-
knockout mice (Lee et al. 2012;
Shpargel et al. 2012; Welstead et al.
2012).

Concomitant loss of UTX and UTY in
cancer (Gozdecka et al. 2018; van
Haaften et al. 2009).

UTX and UTY demethylate
trimethylated histone 3 lysine 27 in
vitro (Walport et al. 2014).

KDM5C and KDM5D demethylate
di- and trimethylated histone 3
lysine 4 in vitro (Iwase et al. 2007).

Kdm5d rescues inviability of Kdm5c-
knockout mice (Kosugi et al. 2020).

Human DDX3X and DDX3Y rescue
cell-proliferation defect conferred
by Ddx3x mutation in hamster cell
line (Sekiguchi et al. 2004).

DDX3Y is essential for cell
proliferation in a lymphoma cell line
with a truncating mutation in DDX3X
(Wang et al. 2015).

Human RPS4X and RPS4Y1 rescue
cell-proliferation defect conferred
by Rps4x mutation in hamster cell
line (Watanabe et al. 1993).

Compared to UTX, UTY shows
substantially reduced or absent
demethylase activity in vitro and in
cellular assays (Hong et al. 2007;
Lan et al. 2007; Shpargel et al. 201
Walport et al. 2014).

Compared to KDM5C, KDM5D
shows reduced demethylase activi
in in vitro (lwase et al. 2007).

aPercent amino-acid sequence identity (Skaletsky et al. 2003)
bDashes (“-”) indicate an absence of published evidence, to our knowledge.

¢ A functional “difference” could include quantitative differences in the same protein function (e.g., differences
enzymatic activity) or qualitatively distinct protein functions.

genes with X homologs, most of which are remnants of the ancestral pair of autosomes from

which the mammalian sex chromosomes evolved, having survived millions of years of Y-

chromosome decay (Lahn and Page 1999a; Ross et al. 2005). Previous studies suggest that the X-

and Y-linked members of these homologous X-Y gene pairs encode proteins that are at least
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partially equivalent in function (Table 1). Nevertheless, up- or downregulated expression of the
MSY gene in a particular tissue might lead to a quantitative difference between XX and XY
individuals in the expression level of the X-Y gene pair overall. Because ancestral MSY genes
with X homologs encode highly dosage-sensitive regulators of transcription, translation, and
protein stability (Bellott et al. 2014; Naqvi et al. 2018), even small sex biases in expression could
have cascading effects on genes across the genome.

The current understanding of MSY gene expression is based on limited observations from
humans and other mammals, with studies examining only a few tissue types, while employing
small sample sizes or suboptimal methodologies for quantitatively analyzing MSY gene
expression. Previous studies have firmly established that MSY genes can be placed into two
groups—with some genes showing testis-specific expression and others showing expression in
many tissues—but these studies could not detect more subtle quantitative differences in the
expression levels of MSY genes between tissues (Lahn and Page 1997; Skaletsky et al. 2003;
Bellott et al. 2014; Cortez et al. 2014). Other studies have found that MSY genes show lower
expression levels than their corresponding X-linked homologs (Xu et al. 2002, 2008b, 20083a;
Johnston et al. 2008; Trabzuni et al. 2013; Cortez et al. 2014; Johansson et al. 2016). However,
most such studies have focused on single or subsets of MSY genes in individual tissues, or have
studied non-human mammals. This has made it difficult to discern a consistent quantitative
picture of MSY gene expression and its bearing on the difference between human XX and XY
tissues. These efforts have been further complicated by complexities of the MSY’s sequence.
Homology with the X chromosome and an abundance of complex segmental duplications pose
various challenges for accurately measuring the expression of MSY genes at the transcript level.
Even less is known about the expression of MSY genes at the protein level due in large part to the
difficulty of obtaining reagents that can distinguish X- and Y-encoded amino-acid sequences. We
therefore set out to conduct a systematic and quantitative survey of MSY gene expression across

a diversity of human tissues.
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RESULTS

Accurately estimating MSY gene expression levels

We obtained thousands of bulk-tissue RNA-sequencing (RNA-seq) samples released by the GTEx
Consortium (GTEx Consortium 2017), spanning 36 adult human tissues and hundreds of post-
mortem donors. To generate a quantitative view of MSY gene expression, we sought a method
that could accurately estimate the expression levels of Y-chromosome genes using short RNA-seq
reads, overcoming challenges inherent in the MSY’s sequence. Some MSY genes show ~99%
identity with their corresponding X-linked homologs in nucleotide sequence (Skaletsky et al.
2003). Other MSY genes have been amplified into multi-copy gene families, with genes in these
families showing upwards of 99.9% nucleotide sequence identity. In an RNA-seq experiment,
many short reads from these genes will map to multiple genomic locations. These multi-mapping
reads are routinely discarded in RNA-seq analyses to avoid the uncertainty of their origins, but
excluding them can lead to underestimates of gene expression (Robert and Watson 2015). We
suspected that expression of MSY genes had been disproportionately underestimated in the
publicly available expression-level estimates released by the GTEx Consortium, for which multi-
mapping reads were discarded. In these published estimates, a much smaller fraction of MSY
genes appeared to be expressed (=1 transcript per million (TPM)) than genes from other
chromosomes (MSY: 38.8%; autosomes, chrX: 78.2 — 98.6%) (Fig. 1B; Supplemental Table S2), in
line with the MSY’s deficit of uniquely mappable sequence (Supplemental Fig. S1).

To obtain accurate expression-level estimates for all MSY genes, we re-estimated
expression levels genome-wide from the GTEx raw data with kallisto (Bray et al. 2016), a
program that jointly infers the most likely origins of uniquely and multi-mapping reads under a
statistical model. In contrast to a procedure that discards multi-mapping reads, kallisto enabled
us to accurately estimate the expression levels of MSY genes in simulated RNA-seq datasets
(£7.3% for the average MSY gene, when simulated at 5 TPM) (Methods), including the relative
expression of Y- and X-linked homologs and the total expression of genes in multi-copy families
(Supplemental Fig. S2). Kallisto’s accuracy in these tests implies that, for high levels of sequence

identity (~99%), enough uniquely mapping reads are present in GTEx RNA-seq libraries to
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Fig. 1. Estimates of MSY gene expression across 36 human tissues. (A) Outside of the two
pseudoautosomal regions (PAR1, PAR2), the X and Y chromosomes have diverged in sequence. The
locations of protein-coding genes and multi-copy gene families in the male-specific region of the
human Y chromosome (MSY; blue) are shown at right. The X-linked homologs of MSY genes are
annotated in the non-pseudoautosomal region of the X (orange); numbers (ancestral X-Y pairs) and
letters (acquired X-Y pairs) match MSY genes to their X-linked homologs. (B) Fraction genes on
autosomal chromosomes (1-22), the X chromosome, or the MSY expressed above 1 TPM in at least
one tissue when multi-mapping RNA-seq reads are discarded (gray) or included (red). Error bars:
minimum and maximum values among individual autosomes. (C) Each point shows estimated
expression level of HSFY in a single sample when multi-mapping reads are included (red) and
discarded (gray). Lines show median expression levels. The 15 tissues shown are those with the
highest median expression level after discarding multi-mapping reads, in descending order. (D)
Median expression levels of MSY genes in each tissue, with row and column order determined by
hierarchical clustering. Stars denote the tissue with the highest expression for a given gene.

Spinal Cord

inform the correct assignment of multi-mapping reads. We then applied kallisto to the raw RNA-

seq data and found that 80% of MSY genes are expressed in at least one tissue, a number more

typical of other chromosomes (Fig. 1B). In some cases, our re-estimates identified expression

49



levels more than two orders of magnitude higher than previously reported (e.g., HSFY in testis,
32.4 TPM vs. <0.1 TPM, Fig. 1C; Supplemental Table S2). These differences were most
pronounced for the MSY’s multi-copy gene families. By contrast, ancestral single-copy MSY
genes produced few if any multi-mapping reads; their expression levels were therefore not
systematically underestimated (Supplemental Fig. S1, S2). Nevertheless, of the approaches tested,
we found kallisto to yield the most accurate estimates overall (Supplemental Fig. S2).

After performing a series of quality control steps, including outlier-sample detection and
expression-level adjustment for three indicators of sample quality (Methods), we retained 6,358
RNA-seq samples spanning 36 adult tissues, collected from 337 XY donors and 178 XX donors,
for our primary analysis. Overall, we detected expression of 24 of the 26 MSY genes and gene

families in at least one tissue (Fig. 1D; Supplemental Fig. S3; Supplemental Table S3).

Most MSY genes without X homologs show testis-specific expression

MSY genes that lack X homologs collectively form five multi-copy gene families (BPY2, CDY, DAZ,
PRY, XKRY). We first asked if any of these gene families is robustly expressed in a non-
reproductive tissue—i.e., in a tissue found in both XX and XY donors. We identified one such
instance. DAZ (Deleted in Azoospermia), which is best known for its role in spermatogenesis and is
generally thought to be expressed exclusively in testes (Vogt et al. 2008), was expressed in testis
samples but also showed robust (and even 2.5-fold higher) expression in the stomach (Fig. 1D;
Supplemental Fig. S4A), replicating a similar observation from a recent, smaller study (Gremel et
al. 2015). (By contrast, DAZ’s autosomal homolog and progenitor (Saxena et al. 1996), DAZL, was
not expressed in stomach samples from XY or XX donors (Supplemental Fig. S4B)). DAZ’s
expression in the stomach proved to be the exception among MSY genes without X-linked
homologs. Of the remaining four gene families, one (XKRY) was not robustly expressed in any
tissue, while three (BPY2, CDY, PRY) showed exquisitely testis-specific expression (Fig. 1D;
Supplemental Fig. S3). We conclude that, overall, MSY genes without X homologs are unlikely to
substantially contribute to differences between XX and XY individuals outside of the

reproductive tract.
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Quantitative differences between X- and Y-homolog expression in XY individuals
Next, we considered the expression of MSY genes with X homologs, focusing on those X-Y gene
pairs where the MSY gene is expressed predominantly in non-reproductive tissues. Because these
MSY genes were typically expressed in the same tissues as their corresponding X homologs
(Supplemental Fig. S5, S6; Supplemental Tables S4, S5), we specifically sought to characterize the
quantitative differences in X- and Y-homolog expression.

We first asked if the MSY genes are expressed at higher or lower levels than their X-
linked homologs in tissues of XY individuals. We estimated the Y-homolog-to-X-homolog
expression ratio (Y/X expression ratio) in each XY tissue sample and aggregated these into
tissue-level estimates (Fig. 2A, B; Supplemental Table S6). We observed differences among the
X-Y pairs in their average Y/X expression ratios. Two MSY genes (TMSB4Y, TBL1Y) showed
substantially lower expression than their corresponding X-linked homologs in all tissues
(TMSB4Y/TMSB4X < 0.01 in all tissues; TBL1Y/TBLIX < 0.22 in all tissues) (Fig. 2B). However, for
the remaining X-Y pairs, the expression levels of the Y- and X-linked homologs were more
similar. Some MSY genes (e.g., DDX3Y, USP9Y, and RPS4Y1) were typically expressed at 30-50%
of the level of their X homolog, while others were often expressed at equal (e.g., KDM5D, EIF1AY)
or higher (e.g., TXLNGY, NLGN4Y) levels. We replicated these Y/X-expression-ratio estimates
using independently generated RNA-seq data spanning a subset of the GTEx tissues
(Supplemental Fig. S7).

Some X-Y gene pairs had higher or lower Y/X expression ratios than others (Friedman
test, P =1 x 10-%%), but no one tissue had significantly higher or lower Y/X expression ratios
overall (Friedman test, P = 0.42; Fig. 2C; Supplemental Fig. S8). This implies that the expression
of individual, widely expressed MSY genes largely reflects gene-specific regulation rather than an
MSY-wide specialization for a biological process like reproduction. Indeed, despite the absence
of substantial differences between tissues, when the tissues are ranked, testis was the tissue

where Y/X expression ratios are lowest on average (Fig. 2C; Supplemental Fig. S8).
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Fig. 2. Quantitative comparison of X- and Y-homolog expression in XY individuals. (A) Expression
of RPS4Y1 (blue) and its X-linked homolog RPS4X (tan) in individual skeletal muscle samples (50 of
255 total samples are shown). (B — C) Each point shows Y/X expression ratio for one widely
expressed X-Y gene pair in one tissue; points are grouped by gene pair (B) or tissue (C). In B, colors
denote higher Y-homolog expression (blue), higher X-homolog expression (tan), or no significant
difference (gray) (Wilcoxon signed-rank test, FDR < 0.05). In C, Y/X expression ratios in testis are
highlighted. Highlighted point (yellow) shows the summary of data in A. (D - G) Each point shows the
co-expression of an MSY gene with another gene in a single skeletal muscle sample: RPS4Y1vs.
RPS4X (D), RPS8 (E), ZFY (F); ZFY vs. ZF X (G). (H) Each cell shows the correlation coefficient
(Spearman p) of expression for X- and Y-linked members of an X-Y gene pair in one tissue. Stars
indicate that a member of the X-Y pair shows more correlated expression with its homolog than with
95% of other genes in the genome. The highlighted cell (yellow) summarizes data in C and A.

Although MSY genes and their corresponding X homologs often differ in expression level,
we wondered if their expression continues to be regulated by the same upstream factors. If so,

variation in the activity of these factors from one sample to the next should yield correlated
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expression between an MSY gene and its X homolog. Indeed, we found that the X- and Y-linked
homologs of most X-Y gene pairs showed highly correlated expression in many tissues (Fig. 2H;
Supplemental Fig. S9; Supplemental Table S7). For example, the Y-linked ribosomal protein gene
RPS4Y1 and its X-linked homolog RPS4X showed tightly correlated expression in most tissues
across the body (Fig. 2D, H; Supplemental Fig. S9). RPS4Y1’s expression levels also correlated
tightly with those of ribosomal protein genes on other chromosomes, such as RPS8 on
chromosome 1 (Fig. 2E), but not with those of Y-linked transcription factor ZFY (Fig. 2F), whose
expression levels, instead, correlated with those of its X homolog ZFX (Fig. 2G)). This suggests
that RPS4Y1’s expression levels are precisely determined in accordance with molecular function
rather than chromosomal location. Remarkably, MSY genes that were typically expressed at only
30-50% of the levels of their X homologs (e.g., RPS4Y1, DDX3Y, ZFY) still showed tightly
correlated expression with their X homologs in many tissues (Fig. 2B, H; Supplemental Fig. S9;
Supplemental Table S7). This highly correlated expression is not an artifact of read mis-mapping
between the X and Y chromosomes, as few reads mapped to both X and Y homologs of widely
expressed X-Y gene pairs, and we could independently estimate their expression levels in
simulated RNA-seq datasets (Supplemental Fig. S10). Thus, even though these Y homologs show
diminished expression, the ancestral regulatory elements governing their expression likely
remain intact and under considerable evolutionary constraint, despite millions of years of Y-

chromosome decay in the absence of regular recombination with the X chromosome.

Evolutionary loss of a microRNA target site promoted elevated EIFIAY expression in
the heart

Although MSY genes and their corresponding X homologs often showed correlated expression,
implying co-regulation, we also found evidence of tissue-specific divergence in regulation.
Individual X-Y pairs showed Y/X expression ratios in some tissues that were substantially higher
or lower than their ratios in other tissues (e.g., USP9Y/USP9X = 1.1 in the pituitary, compared to
0.2 - 0.6 in most tissues) (Fig. 2B). We hypothesized that one member of the X-Y gene pair, but

not the other, might be up- or downregulated in these tissues. To explore this possibility, for
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Fig. 3. Tissue-specific up- and downregulated of X and Y homologs. Each cell shows a gene’s

expression level in a tissue relative to its median expression level across all tissues. Stars denote
tissues where a gene’s expression level is significantly higher or lower (+30%; Welch’s t-test, P <
0.001) than in 75% of other tissues.

each X and Y homolog separately, we identified tissues where its expression level is 30% higher
or lower than its expression level in most other tissues (Methods). All widely expressed MSY
genes showed significantly up- or downregulated expression in at least one tissue (Fig. 3;
Supplemental Table S8). We observed increased expression in a variety of tissues, including
endocrine glands (e.g., pituitary, adrenal, pancreas), striated muscle (heart and skeletal), spleen,
and skin.

A particularly striking example of elevated expression of an MSY gene, without a
corresponding increase in the expression of its X-linked homolog, is that of EIF1AY. EIF1IAY
encodes eukaryotic translation initiation factor 1A (EIF1A), one of 27 primary factors used to
initiate protein synthesis in all eukaryotic linages (Hinnebusch 2014), and the only such factor

encoded on both X and Y chromosomes in primates (Bellott et al. 2014). The proteins encoded by
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Fig. 4. Y-specific loss of miR-1 target site led to elevated EIF1AY expression in XY heart and
tissue. (A) Each point shows expression level of EIFTAY (blue) or EIFTAX (gold) in a single tissue
sample from an XY individual. Lines show median expression level. (B) Alignment of 3'-UTRs of
EIF1AY, EIF1AX, and their orthologs; miR-1 target site in pink. Key branch points annotated with
estimated divergence times in millions of years ago (mya). Fully conserved sites annotated with “*”;
sites consistent with a single evolutionary substitution event annotated with “.”. (C) Quantile-
normalized expression levels of miR-1 across human tissues. (D) Activity of luciferase reporter fused
to 3'-UTR sequences of EIFT1AX or EIF1AY with intact (+) or disrupted (=) miR-1 site in HEK293 cells,
upon transfection with miR-1 or miR-124. Luciferase activity of each reporter with a disrupted miR-1
site is normalized to activity of corresponding reporter with intact site. P-values from two-sided
Welch'’s t-test. (E - F) Each point shows Log2(Y/X expression ratio) for EIFIAY/EIF1AX orthologs in
macague (E) and chimpanzee (F).

EIF1AX and EIF1AY are likely to be functionally equivalent: they differ by only a single amino
acid, a conservative leucine (EIF1AX)-to-methionine (EIF1AY) substitution at a position outside
of EIF1A’s key functional domains, at which both leucine and methionine are observed in various
vertebrate species (Supplemental Fig. S11). Although EIF1AY and its X-linked homolog EIFIAX are
expressed at similar levels in most tissues, we found upregulated expression of EIFIAY in the
heart, skeletal muscle, spleen, and pituitary, causing EIFIAY expression levels to be as much as

5.8-fold higher than those of EIF1IAX (Fig. 4A). We replicated this tissue-specific pattern of higher
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EIF1AY expression in human RNA-seq data from an independently generated dataset
(Supplemental Fig. S12).

We searched for factors that might explain EIFIAY’s elevated expression relative to
EIF1AX in these tissues. Motivated by our previous studies (Naqvi et al. 2018), we wondered if
these two genes might be differentially regulated by microRNAs (miRNAs), small regulatory
RNAs that act as sequence-specific repressors of gene expression (Bartel 2018). A miRNA might
specifically target EIF1AX, limiting its expression level in these tissues. When we searched the 3'-
untranslated region (3'-UTR) of EIF1IAX (Methods), the miRNA target site with the highest
predicted efficacy was a match to miR-1 (Fig. 4B; Supplemental Table S9), a miRNA expressed
abundantly and specifically in heart and skeletal muscle (Lim et al. 2005; Ludwig et al. 2016)
(Fig. 4C). At the homologous position in the 3'-UTR of EIF1AY, however, this miR-1 target site is
disrupted by two nucleotide substitutions at critical positions for effective miRNA-mediated
repression (Fig. 4B).

Two observations indicate that disruption of the miR-1 site in EIFIAY contributed to
EIF1AY’s higher expression in the heart and skeletal muscle. First, we found that the 3'-UTR of
EIF1AX, but not of EIF1IAY, mediated approximately twofold repression of the reporter upon miR-
1 transfection, but not upon transfection with another miRNA (Fig. 4D). miR-1’s repression of
the EIFIAX-reporter construct required the target site to be intact, and repairing the two target-
site substitutions within the EIFIAY-reporter construct was sufficient to confer miR-1-mediated
repression. Second, the status of the miR-1 site predicts the expression pattern of EIFIAX and
EIF1AY orthologs across species (Supplemental Table S10). In other primates, which both retain
an intact EIF1IAY gene and possess the disrupted miR-1 site, EIFIAY showed approximately
twofold higher expression than EIF1AX specifically in heart and skeletal muscle (Fig. 4E, F).
However, EIFIAX orthologs in mammals and EIFIAX/Y orthologs on non-mammalian autosomes
are not upregulated in the heart, suggesting this expression pattern was acquired specifically by
primate EIFIAY (Supplemental Fig. S13). Together, these observations suggest that two
nucleotide substitutions within an EIFIAY regulatory element contributed to tissue-specific

upregulation of EIF1AY.
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Fig. 5. Tissue-specific, male-biased expression of X-Y gene pairs at the transcriptional level.
Each pair of bars shows the median expression level of an X-Y gene pair in XX (left) and XY (right)
samples from one tissue. Expression is normalized to the level in XX samples. In XY samples, the sum
of X-homolog (tan) and Y-homolog (blue) expression is shown. Error bars: 25" and 75" percentiles.
Asterisks: X-homolog expression in XX samples is significantly different from the summed X- and Y-
homolog expression in XY samples: FDR < 0.05.

Male-biased expression of X-Y gene pairs at the transcriptional level

We next asked if the divergent expression we observed within XY individuals leads to differences

in expression between XX and XY individuals. We found that the X-linked members of the eight

most widely expressed X-Y gene pairs typically showed XX- (female-) biased expression—i.e.,
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higher expression in tissue samples from XX individuals than in the same tissue type from XY
individuals (Fig. 5). This female-biased expression is expected because the X homologs of widely
expressed X-Y gene pairs are not subject to X-chromosome inactivation in XX cells and thus are
expressed biallelically (Carrel and Willard 2005; Tukiainen et al. 2017). In all cases, the bias
towards higher XX expression was less than 2.0-fold and typically less than 1.5-fold (Fig. 5). This
is consistent with past observations that the X-linked allele on the otherwise inactivated X
chromosome shows lower expression than the X-linked allele on the fully active X (Cotton et al.
2013; Berletch et al. 2015; Tukiainen et al. 2017). Next, for each X-Y gene pair, we compared the
summed expression level of the X and Y homologs in XY samples to the expression level of the X
homolog in XX samples. When accounting for Y-homolog expression, the X-Y gene pairs
typically showed slightly male-biased expression, with differences in expression less than 2.0-
fold. However, in tissues where the X and Y homologs of a given pair showed uncorrelated
expression (Supplemental Fig. S14), and in tissues with upregulated Y-homolog expression, the
male-biased expression was more prominent. For example, KDM5D showed upregulated
expression in the adrenal gland (Fig. 3), leading to 2.1-fold male-biased expression of KDM5C/D
(Fig. 5; Supplemental Table S11). In the pituitary gland, elevated expression of USP9Y, together
with depleted expression of USP9X, yields 2.0-fold male-biased expression of USP9X/Y (Fig. 3;
Fig. 5). Most strikingly, upregulated EIFIAY expression in the heart leads to 5.2-fold higher
expression of EIFIAX/Y in male heart (left ventricle) tissue. Thus, at the transcriptional level, the
Y-linked members of human X-Y gene pairs typically show higher expression in XY cells than the
second copy of their X-linked homologs in XX cells, causing the X-Y gene pairs to show at least

subtly, and sometimes substantially, male-biased expression.

Male-biased expression of EIF1A in the heart at the protein level

We sought to assess whether the male-biased expression of X-Y gene pairs at the transcript level
further manifests as male-biased expression at the protein level. We generated proteome-wide
measurements of protein abundance in 21 XY and 12 XX heart (left ventricle) tissue samples by

multiplexed, tandem mass tag (TMT)-based mass spectrometry (Supplemental Fig. S15;
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Fig. 6. Male-biased expression of EIF1A protein in the heart. (A) Signal/noise values for Y-specific
peptides in XX (gray) and XY (green) samples. “Set” refers to the 11-plex experiment (out of three
total) in which the peptide was detected. The dotted line shows average signal/noise value in XX
samples. (B) Amino-acid sequence of EIF1AX/Y: X- and Y-specific amino acids are superscripted and
subscripted, respectively. X-specific (gold), Y-specific (blue), and X-Y shared (purple) peptides
detected by mass spectrometry are shown, along with the number of 11-plex experiments in which
each peptide was detected. (C) Relative abundance of X and Y protein isoforms in XX (n = 12) and
XY (n = 21) heart tissue samples by mass spectrometry. For each X-Y pair, points show the levels of
the X isoform (gold) or the total level of the X and Y isoform (purple) in XX samples compared to XY
samples, from which the relative proportion of X and Y isoform expression in XY samples can be
inferred (dotted white line). P-values by estimated by permutation. (D) Comparison of estimated Y/X
expression ratios and sex-biased expression from RNA-seq and mass-spectrometry. Asterisks
indicate statistical significance in the corresponding analysis. (E) Abundance of EIF1A and GAPDH by
Western blot in pooled XX and XY protein lysates. (F) Quantification of EIF1A levels in pooled XX and
XY samples by Western blot; P-value by Welch’s t-test.

Methods). These samples, which we obtained from the GTEx tissue biobank, were selected
through rigorous histological review to ensure that XX and XY samples showed minimal
pathology and similar cell-type composition (Methods). At a 0.22% false-discovery rate (FDR), we
detected peptides that specifically match the X or Y protein isoform encoded by widely expressed
X-Y gene pairs (RPS4X, RPS4Y1, EIF1AX, EIF1AY, DDX3X, DDX3Y, USP9X; Fig. 6A, B;

Supplemental Fig. S16; Supplemental Table S12). Each of these proteins (except RPS4Y1) was
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supported by multiple, independent observations of protein-specific peptides. Moreover, Y-
specific peptides from all Y isoforms showed only background levels of signal in XX samples (Fig.
6A). Together, these observations provide strong evidence that these seven proteins are present
in heart tissue. The absence of peptides from the remaining 11 proteins was consistent with their
lower expression levels at the transcript level and the overall rate at which we recovered peptides
from expressed genes across the genome (7/18 X-Y pair genes vs. 4,788/11,936 expressed genes:
one-tailed Fisher’s exact test, P = 1.0; Supplemental Fig. S17). Thus, whether these 11 remaining
proteins are present in human heart tissue remains an open question.

For the three X-Y gene pairs from which both X- and Y-specific peptides were detected
(DDX3X]/Y, EIF1AX/Y, RPS4X/Y1), we asked if their expression is sex biased at the protein level.
For each X-Y pair, we first used signal from X-specific peptides to estimate the sex bias of the X
isoform; we next used signal from peptides that match both X and Y isoforms (X-Y-shared
peptides) to estimate the sex bias of the X-Y pair overall, accounting for the contribution of the Y
isoform (Supplemental Fig. S15; Supplemental Table S13). These two expression ratios then
allowed us to infer the relative abundances of X and Y isoforms within XY tissue. This approach
contrasts with the common practice in mass-spectrometric analysis of assigning non-unique
peptides to the apparently most abundant protein (e.g., (Cox and Mann 2008)), which would
conflate the expression of X and Y isoforms in these samples.

We found that the X isoforms of all three X-Y pairs showed female-biased protein
abundance (P < 5 x 1073, by permutation (Methods)), consistent with their escape from X-
chromosome inactivation (Fig. 6C). (In contrast, proteins encoded by X-chromosome genes that
are subject to X-chromosome inactivation showed no or only modest sex biases in protein
abundance (Supplemental Fig. S18; Supplemental Table S14).) For RPS4X/Y and DDX3X/Y, the
combined expression levels of X and Y isoforms in males were slightly below the levels of the X
isoforms in females on average (RPS4X/Y: mean male/female ratio = 0.91, P = 0.05 by
permutation; DDX3X/Y: mean male/female ratio = 0.88, P = 0.03 by permutation) (Fig. 6C),
albeit at only nominally statistically significant levels, suggesting RPS4Y1 and DDX3Y mostly if

not entirely compensate for the female-biased expression of RPS4X and DDX3X. The combined
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expression of EIF1IAX/Y, however, showed a 1.7-fold male bias (P < 107%, permutation), indicating
that EIF1AY overcompensates for the female-biased expression of EIF1AX. These estimates
further imply that EIF1AY protein is 2.1-fold more abundant than EIF1AX in male heart tissue.
Using an antibody that recognizes both EIF1AX and EIF1AY (Supplemental Fig. S19), we
corroborated EIF1AX/Y’s male-biased expression in these same heart tissue samples by Western
blot (Fig. 6E, F). Although EIFIAY transcripts were 5.8-fold more abundant than EIFIAX
transcripts in heart (left ventricle) tissue, EIF1IAY protein was only 2.1-fold more abundant than
EIF1AX (Fig. 6D). Nevertheless, EIFIAY’s upregulated expression in the heart—a result of its
non-coding divergence from EIFIAX—is sufficient to lead to a male-biased abundance of this

essential translation initiation factor.

DISCUSSION

How do human Y-chromosome genes contribute to differences between XX and XY individuals
beyond the reproductive tract? It has been tempting to speculate that MSY genes encode proteins
with “male-specific” effects (Arnold 2012), as the result of protein-coding sequence divergence
between MSY genes and their corresponding X homologs. Such instances might yet be uncovered.
However, given past evidence attesting to the functional interchangeability of X and Y protein
isoforms (Table 1) and our observations of divergent X-Y expression herein, we propose that
divergence of MSY genes from their X homologs in regulatory (i.e., non-coding) sequence is an
important means by which the Y chromosome could directly give rise to differences between XX
and XY individuals. Because the X-Y gene pairs encode regulators of transcription, translation,
and protein stability that are highly dosage sensitive (Bellott et al. 2014; Naqvi et al. 2018), small
differences in their expression levels could contribute significantly to the widespread sex
differences in gene expression observed across tissues (Naqvi et al. 2019) and ultimately to
phenotypic differences between the sexes.

This focus on regulatory-sequence divergence, rather than protein-coding divergence,

accords with prevailing views from complex trait genetics and evolutionary developmental
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biology. In these contexts, phenotypic variation within and across species is thought to flow in
large part from non-coding substitutions that alter the expression of pleiotropic regulatory genes
(Albert and Kruglyak 2015; Carroll 2008), genes very much like those encoded by ancestral X-Y
pairs. In a similar manner, quantitative differences between males and females in disease
susceptibility or morphometric traits might reflect regulatory-sequence divergence between the
X and Y chromosomes that yields sex-biased expression of the X-Y gene pairs. It is likely that
many types of regulatory factors beyond microRNAs are involved in establishing these
expression patterns. Factors other than miR-1—possibly a heart-specific transcription factor—
might additionally contribute to EIFIAY’s ~5-fold higher expression than EIFIAX in the heart, as
miRNAs typically repress their targets by less than twofold (Baek et al. 2008) (Fig. 4D).

An intriguing speculation is that the male-biased expression of EIF1A contributes to sex
differences in diseases of the heart, many of which manifest with greater incidence or severity in
one sex (Regitz-Zagrosek et al. 2010). As a core component of the 43S preinitiation complex in
eukaryotes (Hinnebusch 2014), EIF1A impacts the translation of many if not all mRNA
transcripts in the cell (Sehrawat et al. 2018). Changes in translational regulation are a prominent
molecular feature of human heart tissue from individuals with dilated cardiomyopathy (Heesch
et al. 2019), a disease with a 1.5-fold higher incidence in males than in females (Towbin et al.
2006). Although it is currently unknown whether elevated levels of EIF1A are beneficial, harmful,
or neutral in consequence, EIFIAY’s expression pattern and those of other MSY genes provide
new motivation to examine the Y chromosome’s contribution to various quantitative traits.

Beyond these cases of divergent X- and Y-homolog regulation, our observations accord
with the view that MSY genes encode proteins that function similarly to their X-encoded
homologs, and that these shared functions are dosage sensitive across a multitude of tissues. The
tightly correlated expression of X and Y homologs we observe is typical of genes whose proteins
must together be synthesized in precise quantities (Taggart and Li 2018). It is unlikely that the
regulatory elements that enable the MSY genes to be expressed in this manner would survive by

chance, after tens of millions of years of Y-chromosome decay. That such coordinated X-Y co-
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expression persists even when the MSY gene is expressed at much lower levels than its X-linked
homolog implies that small deviations from the optimal expression level would impair fitness.

We have provided direct evidence that the proteins encoded by MSY genes are present in
human heart tissue. We found that the expression levels of EIF1IAY and RPS4Y1 proteins were
~3- and 5-fold lower than their transcript expression levels, when measured against their X
homologs. It is possible that EIFIAY and RPS4Y1 transcripts are translated less efficiently, or that
their proteins are less stable, than those encoded by their X homologs. If true for other MSY
genes, this could explain why X-Y gene pairs often show slightly male-biased expression (Fig. 5):
over-expression of the Y homolog at the transcript level might be needed to achieve the requisite
level of protein expression. However, we caution against extrapolating these results to other MSY
genes and other tissues until many more protein-level measurements are made.

Our detection of DDX3Y protein in the heart conflicts with the conclusion of a previous
study that DDX3Y is widely transcribed but only translated in the testis (Ditton et al. 2004).
Using a DDX3Y-specific antibody, Ditton et al. detected DDX3Y protein in testis but not in brain
or kidney. In our analysis, we find that DDX3Y shows lower transcript expression in brain and
kidney than in most other tissues (Supplemental Fig. S3; Supplemental Table S3), suggesting
DDX3Y protein might have been present only at low levels (Gueler et al. 2012), or that brain and
kidney might not be representative. Indeed, DDX3Y has since been detected by Western blot in a
neuronal cell line (Vakilian et al. 2015). DDX3Y was also identified as essential gene in a leukemia
cell line through a genome-wide, unbiased screen (Wang et al. 2015), implying the protein was
present. Although the only known phenotype for individuals with DDX3Y deletions is
spermatogenic failure (Vogt et al. 2008), milder non-reproductive phenotypes have not been
excluded. Recognizing that DDX3Y protein is present in non-reproductive tissues has important
implications for studies of DDX3X—an intellectual disability gene (Snijders Blok et al. 2015) and
therapeutic target (Bol et al. 2015; Valiente-Echeverria et al. 2015)—which have typically
disregarded the impact of the MSY gene.

Our analyses further establish that mass spectrometry can be used, in an unbiased

manner, to detect the expression of MSY proteins in a non-reproductive tissue and quantify the
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levels of X-Y pair proteins across individuals, even when the X and Y isoforms differ by only a
single amino acid. This will undoubtedly remain a challenge for the Y (and X) protein isoforms
expressed at lower levels (Meyfour et al. 2017). However, as is the case with analyses of the Y
chromosome in DNA and RNA sequence, a distinct picture of the Y chromosome emerges with
appropriate analytical approaches. Deploying methods that can resolve subtle differences
between genes as standard practice, whether for RNA-seq (Bray et al. 2016; Li and Dewey 2011;
Patro et al. 2017) or mass spectrometry (Malioutov et al. 2018), promises a more complete
understanding not only of sex-chromosome genes, but also all sets of genes across the genome
that retain substantial homology.

Going forward, we anticipate that additional examples of upregulated MSY gene
expression will be revealed through expression profiling in other contexts. Particularly
promising will be the application of single-cell approaches to observe MSY gene expression in
rare cell types, whose contributions to the bulk-tissue estimates here are diluted. Indeed, a recent
study found elevated expression of TBL1Y—a gene we found to show lower expression than its X
homolog in all instances—in cells of the inner ear, with implications for syndromic hearing loss
(Di Stazio et al. 2018). Given the differences in expression between MSY genes and their X
homologs, it will be especially important to characterize how increases or decreases in the
expression of proteins encoded in X-Y pairs leads to changes across the genome, in specific cell

types, tissues, and developmental stages.

METHODS

Code used in analysis

Unless stated otherwise, all analyses were conducted in Python (v3.6.9), drawing upon software
packages numpy (v1.17.2), scipy (v1.3.1), pandas (v0.25.1), scikit-learn (v0.21.3), and statsmodels
(v0.10.1). Plots were generated using functions from matplotlib (v3.1.1) and seaborn (v0.9.0).
Code and Jupyter notebooks for recreating these analyses are available on GitHub
(https://github.com/akg8/MSY-expression).
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Abbreviated tissue names

Tissues with long names are abbreviated in figures as follows: Adipose — Subcutaneous (Subc),
Visceral (Visc); Artery — Aorta (Aort), Coronary (Coro), Tibial (Tib); Brain — Amygdala (Amyg),
Cerebellum (Cblm), Cortex (Cort), Hippocampus (Hipp), Hypothalamus (Hypo), Striatum (Stri),
Substantia nigra (Subn); Colon — Sigmoid (Sigm), Transverse (Trns); Esophagus — Mucosa
(Muco), Muscularis (Musc); Heart — Atrial Appendage (AtrA), Left Ventricle (LVen); Skeletal
Muscle (Sk Muscle); Small Intestine (Sm Intestine).

Human transcriptome annotation and MSY genes

All human analyses use transcript/gene models defined in a custom subset of the comprehensive
GENCODE version 24 transcript annotation, comprising the union of transcripts that (1) belong
to the “GENCODE Basic” annotation and (2) are recognized by the Consensus Coding Sequence
project (Pruitt et al. 2009). Filtering the comprehensive annotation in this manner enriches for
full-length, manually curated transcripts defined by two distinct sources. The list of protein-
coding human MSY genes analyzed in this study is based on our annotation of the male-specific
region of the human Y chromosome (Skaletsky et al. 2003) (Supplemental Table S1). See
Supplemental Methods for further details.

Comparison of RNA-seq analysis methods

Simulated RNA-Seq libraries were generated using RSEM (v1.2.22) (Li and Dewey 2011),
using a GTEx testis sample as a template. The expression levels of MSY genes and their
X-linked homologs were set to predetermined levels in each simulation. Three methods
were then used to estimate the expression levels of Y-chromosome genes and their X-
linked homologs in these simulated libraries: (1) reads were aligned to the genome using
tophat2 (Kim et al. 2013), and the number of uniquely mapping reads overlapping each
gene was counted with featureCounts (Liao et al. 2014) (this “unique reads” approach is
based on the GTEx Consortium’s procedure); (2) reads were aligned with tophat2 and
expression levels were estimated with Cufflinks (Trapnell et al. 2010) in “multi-read-
correct” mode; (3) reads were input to kallisto (Bray et al. 2016), which estimated
expression levels using the transcriptome annotation. See Supplemental Methods for
details.

Estimating transcript expression levels from GTEx RNA-seq samples

GTEx (v7) raw data were obtained from dbGaP (dbGaP accession: phs000424.v7.p2). Transcript
expression levels were then estimated in TPM units using kallisto with sequence-bias correction
(--bias); transcript expression levels were summed to obtain gene expression levels. The
expression levels of genes in multi-copy gene families (Supplemental Table S1) were summed to
obtain family-level estimates, which were used in place of estimates at the gene level. Within
each tissue, samples that appeared to be outliers based on their genome-wide expression profile
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were identified and removed (Supplemental Methods). The final set of samples used for analysis
is given Supplemental File S1. Samples from some tissue subsites defined by the GTEx
Consortium (e.g., Brain — Cerebellum and Brain — Cerebellar Hemisphere) could not be easily
distinguished by hierarchical clustering. In these cases, we merged the tissue labels, treating
them as single tissue types (Supplemental Methods).

To reduce technical variation in expression levels and increase tissue-to-tissue
comparability, linear regression was used to adjust expression levels for the effects of ischemic
time, RNA integrity number (RIN), and the sample intronic read mapping rate (see Supplemental
Methods). These adjusted expression levels were used in all analyses, except when comparing our
estimated expression levels from kallisto to those released by the GTEx Consortium in Figure
1B-C and Supplemental Fig. S1.

We estimated a gene’s expression level in a tissue as its median expression level among
samples from that tissue unless otherwise noted. To obtain the clustering of genes and tissues
shown in Fig. 1C, the estimated expression levels of MSY genes were subject to hierarchical
clustering by average linkage using correlation distances (scipy.cluster.hierarchy.linkage, with
method="average”, metric=“correlation”).

Comparison with GTEx Consortium’s analysis based on uniquely mapped reads

The GTEx Consortium’s gene expression level estimates (v7) were downloaded from the GTEx
Portal (gtexportal.org: GTEx_Analysis_2016-01-15_v7_RNASeQCv1.1.8_gene_tpm.gct). Genes in
GENCODE version 19 were matched to genes in our version-24-based annotation by Ensembl
gene ID. The fraction of uniquely mapping reads per gene was estimated by aligning all possible
76-nucleotide reads from its longest transcript isoform to the transcriptome exhaustively (see
Supplemental Methods).

Expression-level normalization across samples and tissues

For analyses where the expression level of a gene was compared across samples, we applied a
modified version of the between-sample, size-factor normalization used in DESeq (Anders and
Huber 2010). For a set of n samples, the normalization factor, s;, for sample i was calculated as

Ygi

s; = median T
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where y,; is the expression level (in TPM units) of gene g in sample i and G is a set of control
genes. Rather than using all genes in the genome, we base our normalization factor on a set of 50
control genes that are expressed like “housekeeping” genes. These control genes were identified
as the 50 genes, among all genes with mean expression levels between 10 and 100 TPM, with the
most conserved expression-level ranks (i.e., whose expression-level ranks showed the lowest
coefficient of variation across the samples). This approach helps to ensure that the genes driving
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the normalization have known properties even when comparing samples from two or more
tissues in which the expression levels of many genes would be expected to differ.

Y/X expression ratios

For a given X-Y gene pair and tissue, we estimated the Y/X expression ratio in each sample as (Y-
homolog TPM + 0.5) / (X-homolog TPM + 0.5), excluding samples where both genes were
expressed below 1 TPM; the median sample-level Y/X ratio was then used as the tissue-level
estimate. A tissue-level Y/X ratio was not reported where both genes were expressed below 1
TPM. For a given X-Y pair and tissue, the difference in the X and Y homolog’s expression levels
was assessed with a two-sided Wilcoxon signed-rank test (Python function:
scipy.stats.wilcoxon). After obtaining p-values for all X-Y pairs in all tissues, these p-values
were adjusted for multiple hypotheses using the Benjamini-Hochberg (Python function:
statsmodels.stats.multitest.multipletests, method = ‘fdr_bh’). To test for differences
between Y/X expression ratios among X-Y pairs and among tissues, the Friedman test was
applied (Python function: scipy.stats.friedmanchisquare), using the Y/X expression ratios
from the 28 tissues where a ratio was estimated for the 10 most widely expressed X-Y pairs
(listed in Supplemental Fig. S8).

Replication of gene expression patterns

To assess expression patterns in an independent dataset, raw RNA-seq data was obtained from
the Human Protein Atlas (HPA) Project (Uhlén et al. 2015). We estimated the expression levels of
genes in these samples using kallisto with sequence bias correction and our subsetted GENCODE
annotation. For replication of Y/X expression ratios in Supplemental Fig. S7, we used the HPA
tissues matching a GTEx tissue where at least four HPA samples from male donors were present
(colon, prostate, testis). For more detailed replication of EIFIAY’s expression pattern
(Supplemental Fig. S12), we used samples from all HPA tissues matching a GTEx tissue. When an
HPA tissue potentially matched multiple GTEx tissues (e.g., Colon — Transverse, Colon —
Sigmoid), the best matching tissue was selected by calculating correlation coefficients between
samples from the two datasets using genome-wide gene expression levels.

Correlated expression of X and Y homologs

Analyses of pairwise gene co-expression were performed in each tissue with at least 30 samples
from male donors. Each tissue was analyzed separately, considering only those genes with
expression levels 25 TPM. The expression levels from each sample were first normalized by the
housekeeping method described above and transformed to log2(TPM + 0.5) units. To control for
unmodeled technical factors (e.g., batch effects) that might lead to spuriously correlated
expression between the X and Y homologs of X-Y pairs, the principal components (PCs) of the N
genes x M samples matrix were calculated (Python function: sklearn.decomposition.PCA):
after mean-centering the expression levels of each gene, each sample’s loading on the top
principal component were extracted. For each gene, variation in expression associated with this
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principal component was removed by linear regression. The degree of co-expression between
gene i and gene j was measured by the Spearman correlation coefficient, p;;, of their PC-adjusted
expression levels. The procedure used to obtain the significance of X-Y co-expression is
described in Supplemental Methods.

Differential expression across tissues

The housekeeping normalization was first applied to all XY samples from all tissues.
Then, for each gene of interest, its log2(TPM + 0.5) expression levels were compared in
each pair of tissues (excluding tissues with fewer than 30 samples) with a Welch’s t-test
(Python function: scipy.stats.ttest_ind with equal_var=False). A gene was considered to
be significantly differentially expressed between two tissues if the p-value was less than
1073 and its average expression levels in the two tissues differed by at least 30% (1.3-
fold). A gene was considered to be up-regulated (or down-regulated) in a tissue if its
expression in that tissue was significantly higher (or lower) than its expression in at least
75% of the other tissues (to allow for the possibility of up-/down-regulation in multiple
tissues). This analysis was limited to the 9 X-Y gene pairs where the Y homolog was
robustly expressed in many tissues. TXLNG/TXLNGY was excluded because the regulation
of TXLNGY expression appears to have diverged almost completely from the regulation
of TXLNG.

microRNA analyses

Scripts from TargetScan 6.0 (Friedman et al. 2009) were used to identify and evaluate miRNA
target sites in the 3’ UTRs of the X- and Y-linked homologs of each widely expressed X-Y gene
pair. Sites identified in X homologs were validated using the latest TargetScan predictions
(release 7.2 (Agarwal et al. 2015)) (Supplemental Table S9). miRNA expression patterns were
evaluated using quantile-normalized expression values from Ludwig et al. (2016) (Ludwig et al.
2016). Among target sites for tissue-specific, highly expressed miRNAs, the miR-1 target site in
EIF1AX is the target site with the greatest predicted efficacy that is preserved in one homolog of
an X-Y pair but not the other. For luciferase assays, EIFIAX’s miR-1 site was changed to shuffled
sequence, and EIFIAY’s disrupted miR-1 site was changed to match that of EIF1AX, using the
QuikChange II kit (Agilent). Further details on the computational identification of miRNA sites
and experimental validation with luciferase assays are provided in Supplemental Methods and
Supplemental File S2.

Cross-species analyses of sequence and expression

Multiple sequence alignments of EIFIAX/Y 3'-UTR and amino-acid sequences were generated
with PRANK (Loytynoja and Goldman 2005) using fixed species trees (with separate clades for
mammalian X- and Y-linked genes). Expression levels of EIFIAX/EIF1IAY homologs in male
chimpanzee (Pan troglodytes), rhesus macaque (Macaca mulatta), mouse (Mus musculus), and
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chicken (Gallus gallus) tissues were estimated with kallisto, using RNA-seq data from Brawand et
al. (Brawand et al. 2011) and Merkin et al. (Merkin et al. 2012). See Supplemental Methods for
further details.

Quantitative proteomic analysis of human heart tissue

Heart (left ventricle) samples from 21 male donors and 12 female donors were obtained from the
GTEx tissue biobank for quantitative proteomic analysis after thoroughly screening all left
ventricle samples by donor medical history and histopathological analysis (Supplemental
Methods; Supplemental File S3). Multiplexed quantitative proteomic analysis was performed as
previously described (Chick et al. 2016) and as detailed in Supplemental Methods. Three TMT 11-
plex reactions were performed. The protein encoded by a Y-linked homolog of an X-Y gene pair
(Y isoform) was determined to be present in heart tissue if at least one peptide with the following
two properties was detected: (1) its sequence specifically matched the Y isoform and no other
protein; (2) it showed signal above background only in male samples. For proteins not encoded
by X-Y gene pairs, protein abundance was estimated as previously described (Chick et al. 2016)
(Supplemental Methods) (Supplemental Table S12). Protein abundances of the X and Y isoforms
were estimated separately using X-isoform-specific and X- and Y-isoform-shared peptides, as
detailed in Supplemental Methods.

Immunoblot experiments

Human heart-tissue lysates (from tissue obtained for the mass spectrometry analysis) were
pooled by sex for immunoblotting. EIF1IAX/EIF1AY protein was detected with an EIF1A primary
antibody (Abcam Ab177939, anti-rabbit), with GAPDH (Ambion AM4300, anti-mouse) as a
loading control. EIF1A levels were quantified using the Odyssey CLx Imaging System (LI-COR).
Four technical replicates were performed per sex. To verify that the EIF1A antibody recognizes
both EIF1AX and EIF1AY, immunoblot experiments were performed with protein lysates from
human lymphoblastoid cell lines with varying numbers of sex chromosomes (45,X; 46,XX; 46,XY;
47,XYY; 48,XXXY; 49,XXXXY; 49,XYYYY) and, correspondingly, varying levels of EIF1AX and
EIF1AY. See Supplemental Methods for further experimental details.

DATA ACCESS

The proteomic data generated in this study have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (Perez-Riverol et al. 2018) with the dataset
identifier PXD017055. Processed data (re-estimated TPM matrices) are available at Zenodo (DOI:
10.5281/zeno0do.3627233).
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SUPPLEMENTAL METHODS

Human transcriptome annotation and MSY genes

The list of protein-coding human MSY genes analyzed in this study is based on our annotation of
the male-specific region of the human Y chromosome (Skaletsky et al. 2003) and is delineated in
Supplementary file 1. We note the following differences between the set of protein-coding genes
analyzed here from the set of protein-coding described in the GENCODE v24 annotation. First,
we excluded eight clone-based Ensembl genes (nomenclature: AC######.#), which do not have
official HGNC symbols and were either removed or re-classified as pseudogenes in subsequent
versions of the GENCODE annotation. Second, we excluded PRORY from our analyses, which was
not part of our original annotation (Skaletsky et al. 2003). Its cDNA sequence returns no matches
by BLAST in the NCBI EST database, and we could not find compelling evidence of its
transcription (e.g., RNA-seq reads that span exon-exon junctions) in the GTEx samples. Third,
we included PRKY and TXLNGY (CYorfl15A/B) among the list of protein-coding genes. Both are
currently listed as pseudogenes in the public annotation, as the result of significant structural
differences with their X-linked homologs: PRKY lost an exon near the 3’ end of its coding region,
creating a premature termination codon and making it a candidate for nonsense mediated decay;
TXLNGY comprises two transcription units (CYorfI5A and CYorf15B), homologous to the 5’ and 3’
ends of X-linked TXLNG. However, both Y-linked genes retain significant open reading frames,
and comparisons of their sequences on the human and rhesus macaque Y chromosomes suggest
that the coding sequences of PRKY and CYorfI5A remain under purifying selection (dN/dS < 1)
(Hughes et al. 2012).

RNA-seq simulations

Simulated RNA-Seq libraries were generated using RSEM (v1.2.22) (Li and Dewey 2011).
Sequencing parameters for the simulation were obtained by running rsem-calculate-expression
with option --estimate-rpsd on GTEx testis sample GTEX-P4QS-2126-SM-3NMCF, supplying our
modified transcriptome annotation as a reference. The output file of expression-level estimates
(“isoforms.results”) was then modified to set the expression levels of Y-chromosome genes and
their X-linked homologs to predetermined levels, following one of four scenarios:
(1) MSY genes/gene families = 0 TPM; X-linked homologs unmodified (i.e., kept at levels
estimated in GTEX-P4QS-2126-SM-3NMCF
(2) MSY genes/gene families = 1 TPM, X-linked homologs = 2 TPM
(3) MSY genes/gene families = 5 TPM, X-linked homologs = 10 TPM
(4) MSY genes/gene families = 5 TPM, X-linked homologs set to a random value between 0
and 10 TPM
For genes with multiple transcript isoforms, the relative abundance of each isoform was assigned
in proportion to a random number drawn from a heavy-tailed distribution (Pareto with tail index
a = 0.5). The relative abundance of individual members of multi-copy gene families were
determined similarly, such that the summed expression level of genes in the family equaled 1, 2,
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5, or 10 TPM as indicated. These relative isoform abundances were drawn anew in each
simulation, to sample different configurations of alternative-isoform expression. 50 simulated
RNA-seq libraries were generated for each of the four expression-level scenarios using rsem-
simulate-reads, with 50 million 76bp paired-end reads in each library (median depth of samples
in GTEx is ~78 million reads). Because of the random read-sampling process used in the
simulations, the observed expression level for gene g in simulated library j (as given by the output
of rsem-simulate-reads) deviated slightly from its idealized value (e.g., 1, 2, 5, or 10 TPM). To
correct for this source of error when plotting results in Supplemental Fig. S2, the estimated
expression levels obtained by various methods for gene g in simulated library j were multiplied
by the ratio of idealized-to-observed values for that gene in that library.

Three methods were used to estimate the expression levels of Y-chromosome genes and
their X-linked homologs in these simulated libraries. First, simulated reads were aligned to the
genome using tophat2 (Kim et al. 2013) (v2.1.1; using parameters --no-mixed --no-discordant)
and the number of uniquely mapping reads overlapping the exons of each gene was counted with
featureCounts (Liao et al. 2014) (v1.6.2), requiring both reads from each fragment to be mapped
(-B) and each read to entirely overlap annotated exons (--fracOverlap 1). Read-count values for
each gene were converted to TPM units, with the length of each gene given by the total length of
the union of its exons. This procedure (“unique reads” in Supplemental Fig. S2) is similar to that
followed by the GTEx Consortium. Second, after aligning simulated reads with tophat, Cufflinks
(Trapnell et al. 2010) (v2.2.1) was used to estimate the expression levels of annotated transcripts
(-G) in “multi-read-correct” mode (-u), and estimates in FPKM units were converted to TPM.
Third, simulated reads were input to kallisto (Bray et al. 2016) (v0.42.5), and the expression levels
of annotated transcripts were estimated with sequence-bias correction (--bias).

On average, the “unique reads” method over-estimated MSY gene expression levels and
produced less precise (i.e., more variable) estimates than kallisto or Cufflinks in simulated
datasets. The over-estimated expression levels are likely the result of discarding multi-mapping
reads—with fewer mapped reads in each library, each gene receives a larger proportion of reads
in the library overall, thus inflating the TPM value (TPM units convey a gene’s expression level as
a fraction of the total expression). The imprecision of the unique-reads method is likely due to
the presence of alternative transcript isoforms. The “unique reads” method calculates the density
of reads mapping to each gene using a fixed length for that gene, defined by the concatenation of
all constitutive and alternative exons. When only a short alternative isoform is expressed, read
density for the gene (and, correspondingly, its expression level) will be underestimated. The
variability in the estimates produced by the unique-reads method thus likely reflects the random
mixture of alternative isoforms present in any simulated library.

Quality control of GTEx RNA-seq analysis

Initial screening of samples using sample- and donor-level metadata

All RNA-seq samples meeting the following criteria were downloaded for initial consideration:
(1) RIN (SMRIN) = 6.0; (2) not annotated as “severely” autolyzed (SMATSSCR != 3); (3) donor
deemed eligible by GTEx (INCEXC == True); (4) not flagged for removal by GTEx (SMTORMVE !=
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‘FLAGGED’); (5) was generated from a primary, solid tissue (i.e., whole-blood samples and cell-
line samples were excluded); (6) was generated from a tissue where at least 10 samples from male
donors were available.

Identification and removal of gene-expression outlier samples

Gene-expression outlier samples were detected and removed following a procedure similar to
that used in Wright et al. (Wright et al. 2014). Separately for each tissue, the pairwise Pearson
correlation coefficient, r;, was calculated between the log2(TPM + 0.1) expression levels of
samples i and j, using only genes with a median expression level 23 TPM among the samples of
that tissue. The median similarity between sample i and other samples from that tissue was
calculated as 7; = median;(r;;) and re-expressed in median absolute deviations, D; =

|7 — 7|/ median; (|7; — 7|), where ¥ = median; (%) . Samples with D; > 6 were marked as outliers
and removed from subsequent analyses. This process was repeated iteratively until no such
samples remained. After outlier removal, hierarchical clustering was performed on the
remaining samples to confirm the efficacy of this approach. Even after outlier removal, we found
that the breast samples clustered into two highly dissimilar clusters. Breast samples from one of
these clusters were found to be indistinguishable from adipose samples and were also excluded
as outliers. A list of samples passing all filtering and outlier detection steps is given in
Supplemental File S1.

Merging similar tissues

The filtered set of samples spanned 28 organs/body sites and 49 tissue types, meaning multiple
tissue types were sometimes collected from the same organ/body site (e.g., three tissue types
were taken from the esophagus: “gastroesophageal junction”, “mucosa”, and “muscularis”). In
cases where we could not clearly separate samples of two or more tissue types by hierarchical
clustering, we merged these tissue labels, treating them as single tissue types: “Brain —
Cerebellum” < (Brain — Cerebellum, Brain — Cerebellar Hemisphere); “Brain — Cortex” < (Brain
- Cortex, Brain — Anterior cingulate cortex (BA24), Brain - Frontal Cortex (BA9)); “Brain -
Striatum” < (Brain — Caudate (basal ganglia), Brain — Nucleus accumbens (basal ganglia), Brain
— Putamen (basal ganglia)); “Esophagus — Muscularis” € (Esophagus — Gastroesophageal
Junction, Esophagus — Muscularis). Multiple samples from the same tissue type of a single donor
were treated as technical replicates. The expression levels of each gene across these replicates
were averaged to obtain a single sample representing this donor-tissue combination.

Adjusting expression levels for the effects of covariates

Expression levels were corrected for the effects of three covariates: the intronic read mapping
rate (SMNTRNRT), sample ischemic time (SMTSISCH), and RNA integrity number (RIN)
(SMRIN). The effects of ischemic time and RIN on gene expression have been previously noted
(Gallego Romero et al. 2014; Ferreira et al. 2018), and all three variables were significantly
correlated with the expression levels of many Y- and X-chromosome genes across multiple
tissues. For samples collected from the brain, donor ischemic time (TRISCHD) was used in place
of sample ischemic time, because the latter information was not available. To perform this
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correction, for each tissue separately, the linear model y, = b, + Xb + € was fit, where y, is a
vector of gene g’s normalized log2(TPM + 0.1) expression levels across n samples, b, is an
intercept term, X is the n x 4 matrix of covariates (the three sample-quality variables, plus a
fourth variable for sex), b is a 4 x n matrix of fixed-effect coefficients for the covariates, and ¢ is
a vector of n residuals. To increase the comparability of expression levels across tissues, the
covariates were centered on common values in all tissues: 8.0 for RIN, 0.12 for intronic read
mapping, 100 minutes for ischemic time (or 450 minutes for brain tissues, which were processed
separately from other tissues and had uniformly longer ischemic time). Gene g’s adjusted
expression levels were calculated as y; = y, — Xb.

Estimating gene mappability

To estimate the short-read mappability of each gene in GENCODE v19, its longest transcript
isoform was selected, and all possible 76-nt reads were generated (n — 76 + 1 reads in total, where
n is the length of the transcript in nucleotides) using a sliding window. These reads were aligned
to the full transcriptome annotation with bowtie (v1.2) (Langmead et al. 2009), allowing O
mismatches (-v 0) and reporting up to 200 alignments (-k 200). If a read aligned to the transcript
isoforms of more than one gene or to more than one position within a single transcript isoform,
it was classified as multi-mapping (and otherwise as uniquely mapping). The gene’s mappability
was then calculated as the fraction of reads from that gene that are uniquely mapping. A
chromosome’s mappability was calculated as the fraction of all reads generated from genes on
that chromosome that mapped uniquely.

Correlated expression of X and Y homologs

The significance of the correlation between gene i and gene j was assessed by calculating the
proportion of genes in the genome as or more correlated in expression with gene i than gene j,
and vice versa. Specifically, the correlation coefficients between gene i and all N expressed genes
were calculated and ordered from largest to smallest; let r;; be the rank of gene j in this list. (For
example, r;; = 2 if only one gene in the genome shows a higher correlation with gene i than gene
J-) The procedure was repeated for gene j, and the rank of gene i, 7j;, was obtained. The
significance of the correlation between gene i and j was estimated by the average rank,
normalized by the number of expressed genes in that tissue: (r; it rﬁ) /2N. For example, in
skeletal muscle, where 9,445 genes are expressed above 5 TPM, eight genes show higher
correlation with DDX3X than DDX3Y, and two genes show higher correlation with DDX3Y than
DDX3X; therefore, the average, normalized rank is (3 + 9)/(2 * 9445) = 0.0006.

microRNA analyses

For each X-Y gene pair, the 3' UTRs of the X homolog, the Y homolog, and their autosomal
chicken ortholog were aligned using PRANK (Ldytynoja and Goldman 2005) with default
parameters. Scripts from TargetScan 6.0 (Friedman et al. 2009) were then used to identify all
potential miRNA target sites in the aligned sequences (targetscan_60.pl) and calculate their
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context+ scores and percentiles (targetscan_60_context_scores.pl). Context+ scores, rather than
the more recent context++ scores (Agarwal et al. 2015), were used because 3P-seq data needed to
calculate context++ scores were not available for the human Y chromosome or chicken. Sites
identified in X homologs were validated in the context++ model (TargetScan 7.2 (Agarwal et al.
2015)) (Supplemental Table S9). miRNA-target-site presence/absence in X- and Y-homolog 3'-
UTRs was then compared to miRNA expression patterns across human tissues to generate
predictions about their differential effects on X- and Y-homolog expression. miRNA expression
patterns were assessed using quantile normalized expression values from Ludwig et al. (2016)
(Ludwig et al. 2016) (https://ccb-web.cs.uni-saarland.de/tissueatlas/). Expression levels from the
two donors were averaged, and only tissues matching a tissue in the GTEx dataset were analyzed.
Among target sites for tissue-specific, highly expressed miRNAs, the miR-1 target site in EIF1IAX
is the target site with the highest context+ score—percentile (i.e., greatest predicted efficacy)
preserved in one homolog of an X-Y pair but not the other.

For luciferase assays, the entire EIFIAY 3'-UTR and the first 1015bp of the EIF1IAX 3'-UTR
were amplified from human genomic DNA and cloned into the psiCheck-2 vector backbone
(Promega) by restriction digest (Pmel, Notl). Using the QuikChange II kit (Agilent), EIFIAX’s
miR-1 site was changed to shuffled sequence; EIFIAY’s disrupted miR-1 site was changed to
match that of EIF1AX. Each psiCheck plasmid, along miR-1 or miR-124 duplexes, was transfected
into HEK293 cells with Lipofectamine 2000 (Thermo Fisher Scientific). Renilla and firefly
absorbance were quantified 24h post-transfection using the Dual-Luciferase Reporter Assay
System (Promega), and the ratio of Renilla-to-firefly absorbance was calculated. Primers for
cloning and mutagenesis, and miRNA oligonucleotide sequences, are listed in Supplemental File
S2.

Analyses of EIFIAX/Y sequence and expression across species

Non-human RNA-seq data are from Brawand et al. and Merkin et al. (Brawand et al. 2011; Merkin
et al. 2012). Kallisto was used to estimate transcript abundances (with options --bias and, for
Brawand et al. data, --single -1 275 -s 15), supplying Ensembl version 98 transcript annotations
for chimpanzee (Pan_tro_3.0), rhesus macaque (Mmul_10), and chicken (GRCg6a) and the
GENCODE vM23 Basic annotation for mouse. For species with an intact, Y-linked EIFIAY
ortholog (chimpanzee, rhesus), the cDNA sequences of EIFIAX and EIFIAY orthologs were
aligned, and the well-aligned portion of each sequence was inserted into the annotation in place
of the annotated sequence(s) listed by Ensembl. This was done to prevent differences in the
completeness or correctness of the annotated X- and Y-linked sequences from skewing estimated
Y/X expression ratios. After transcript abundance estimation, Y/X expression ratios were
calculated in each tissue sample. For the expression patterns shown in Supplemental Figure S12,
the expression levels from the samples of a given species were adjusted using the housekeeping
normalization method described in Methods; the expression level of EIFIAX in each sample was
then divided by EIFIAX’s median expression level observed among all samples from that species.
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Analysis of protein abundance in human heart tissue

Selection of human heart tissue samples for protein quantification

GTEx heart (left ventricle) samples from 21 male donors and 12 female donors were selected for
quantitative proteomic analysis after thoroughly screening all left ventricle samples by donor
medical history and histopathological analysis. The two goals of this screening process were to
identify samples with minimal pathology and to minimize differences between XX and XY
samples (e.g., adiposity, fibrosis, hypertrophy) that might introduce biases. In the first round of
screening, the pathology notes released by the GTEx Consortium (SMPTHNTS) were reviewed,
and samples were excluded if the notes indicated >5% adipose tissue, more than “minimal”
fibrosis or hypertrophy, or evidence of infarction, ischemia, or myocarditis. Next, samples were
excluded based on donor medical history and circumstances of death. Specifically, a sample was
excluded if the first underlying cause (DTHFUCOD) or immediate cause (DTHCOD) of death
primarily affected the heart or cardiovascular system (e.g., cardiac arrest, myocardial infarction,
cardiovascular disease), or if the donor had a recorded history of myocardial infarction
(MHHRTATT), heart disease (MHHRTDIS, MHHRTDISB). Finally, the 56 remaining samples
underwent a further round of expert histological review using the histology images available on
the GTEx portal (https://gtexportal.org/). Each sample was scored for the content of adipose
tissue and interstitial fibrosis, and for the degree of myocyte hypertrophy. Samples were
excluded if they showed >3% adipose tissue; >2% fibrosis; or moderate myocyte hypertrophy in
combination with borderline adipose and/or borderline fibrosis. Tissue from the remaining 33
remaining samples (21 male, 12 female) was obtained from the GTEx biobank (Supplemental File
S3).

Human heart tissue proteomics: data generation
A total of 33 human heart samples (left ventricle sampled 1 cm above apex), 21 males and 12
females, stored in PAXgene at —-80 °C, were obtained from Gene Expression Tissue (GTEx)
Biobank. Samples were rinsed from the PAXgene buffer by ice-cold PBS, pulverized in 1.5 ml
RIPA lysis buffer with Roche complete protease inhibitors, and sonicated for 2 min using 0.5
pulses.

Following the procedure outlined in Chick et al. (Chick et al. 2016), heart samples
(~40 mg) were reduced with 5 mM dithiothreitol (DTT) for 30 min at 54°C followed by alkylation
with 20mM iodoacetamide for 30 min at room temperature in the dark. The alkylation reaction
was quenched by adding 15 mM DTT for 15 min at room temperature in the dark. A 200pul sample
aliquot was then methanol/chloroform precipitated. The samples were allowed to air dry before
being resuspended in 300 pl of 8 M urea buffer supplemented with 50 mM Tris at pH 8.2. The
urea concentration was diluted down to ~1.5 M urea with 50 mM Tris. Proteins were quantified
using a BCA assay. Protein was then digested using a combination of Lys-C/trypsin at an
enzyme-to-protein ratio of 1:100. First, protein was digested overnight with Lys-C followed by 6-
h digestion with trypsin all at 37 °C. Samples were then acidified using formic acid to
approximately pH 3. Samples were desalted using a SepPak column, and eluents were dried using
a vacuum centrifuge. Peptide pellets were resuspended in 110 ul of 200 mM HEPES buffer, pH 8,
and peptides were quantified by a BCA assay. Approximately 70 ug of peptides (100 pl of sample
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+30 pl of 100% acetonitrile) were then labeled with 15 pl of 20 pg pl™ of the corresponding TMT
11-plex reagent for 2 h at room temperature. The reaction was quenched using 8 ul of 5%
hydroxylamine for 15 min. Peptides were then acidified using 150 pl of 1% formic acid, each set
of 11 samples was mixed and desalted using a SepPak column. In total, 3 TMT 11-plex reactions
were performed to analyze all 33 samples. The full labeling scheme for the heart samples is
provided in Figure 6—source data.

Each of the 3 TMT experiments was separated by basic, reversed-phase chromatography.
Samples were loaded onto an Agilent 300 Extend C18 column (5 um particles, 4.6 mm ID and
220 mm in length). Using an Agilent 1100 quaternary pump equipped with a degasser and a
photodiode array detector (set at 220- and 280-nm wavelength), peptides were separated using a
50 min linear gradient from 18% to 40% acetonitrile in 10 mM ammonium bicarbonate, pH 8, at
a flow rate of 0.8 ml min-1. Peptides were separated into a total of 96 fractions that were
consolidated into 24. Samples were subsequently acidified with 1% formic acid and vacuum
centrifuged to near dryness. Each fraction was desalted via StageTip, dried via vacuum
centrifugation, and reconstituted in 1% formic acid for liquid chromatography tandem mass
spectrometry (LC-MS/MS) processing.

Peptides from every odd fraction (12 fractions total) from basic reverse-phase
fractionation were analysed using an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific) equipped with a Proxeon ultra high pressure liquid chromatography unit. Peptide
mixtures were separated on a 100 um ID microcapillary column packed first with ~0.5 cm of
5 um Magic C18 resin followed by 40 cm of 1.8 pm GP-C18 resin. Peptides were separated using a
3-h gradient of 6-30% acetonitrile gradient in 0.125% formic acid with a flow rate of ~400 nl
min-1. In each data collection cycle, one full MS scan (400-1,400 m/z) was acquired in the
Orbitrap (1.2 x 105 resolution setting and an automatic gain control (AGC) setting of 2 x 105).
The subsequent MS2-MS3 analysis was conducted with a top 10 setting or a top speed approach
using a 2-s duration. The most abundant ions were selected for fragmentation by collision
induced dissociation (CID). CID was performed with a collision energy of 35%, an AGC setting of
4 x103, an isolation window of 0.5 Da, a maximum ion accumulation time of 150 ms and the
rapid ion trap setting. Previously analyzed precursor ions were dynamically excluded for 40 s.

During the MS3 analyses for TMT quantification, precursors were isolated using a 2.5-Da
m/z window and fragmented by 35% CID in the ion trap. Multiple fragment ions (SPS ions) were
co-selected and further fragmented by HCD. Precursor ion selection was based on the previous
MS2 scan and the MS2-MS3 was conducted using sequential precursor selection (SPS)
methodology. HCD used for the MS3 was performed using 55% collision energy and reporter
ions were detected using the Orbitrap with a resolution setting of 60,000, an AGC setting of
50,000 and a maximum ion accumulation time of 150 ms.

Human heart tissue proteomics: peptide quantification and protein-abundance estimation

Software tools were used to convert mass spectrometric data from raw file to the mzxml format
(Huttlin et al. 2015). Erroneous charge state and monoisotopic m/z values were corrected as per
previous publication (Huttlin et al. 2015). MS/MS spectra assignments were made with the
Sequest algorithm (Eng et al. 1994) using an indexed Ensembl database (Ensembl version
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GRCh37.61). Databases were prepared with forward and reversed sequences concatenated
according to the target-decoy strategy (Elias and Gygi 2007). All searches were performed using a
static modification for cysteine alkylation (57.0215 Da) and TMT on the peptide N termini and
lysines. Methionine oxidation (15.9949 Da) was considered a dynamic modification. Mass spectra
were searched with trypsin specificity using a precursor ion tolerance of 10 p.p.m. and a
fragment ion tolerance of 0.8 Da. Sequest matches were filtered by linear discriminant analysis
as described previously, first to a data set level error of 1% at the peptide level based on matches
to reversed sequences (Elias and Gygi 2007). Peptide probabilities were then multiplied to create
protein rankings and the data set was again filtered to a final data set level error of 1% false
discovery rate (FDR) at the protein level. The final protein-level FDR fell well below 1% (~0.22%
peptide level).

Peptide quantitation using TMT reporter ions was accomplished as previously published
(Ting et al. 2011; McAlister et al. 2014). In brief, a 0.003 Da m/z window centered on the
theoretical m/z value of each reporter ion was monitored for each of the 11 reporter ions, and the
intensity of the signal closest to the theoretical m/z value was recorded. TMT signals were also
corrected for isotope impurities based on the manufacturer’s instructions. Peptides were only
considered quantifiable if the total signal-to-noise for all channels was >200 with an isolation
specificity of >0.75.

For proteins not encoded by X-Y gene pairs, peptides were assigned to protein matches
using a reductionist model, where all peptides were explained using the least number of proteins.
The signal-to-noise values in each channel were then divided by the sum of all signal-to-noise
values in that channel, such that each channel had the same summed value. Protein quantitation
was then performed by summing the signal-to-noise values for all peptides for a given protein.
Within each 11-plex TMT experiment, protein quantitative measurements were then scaled to
100, such that equal expression across all channels would be equal to 100/11 = 9.1.

Protein abundances of the X and Y isoforms were estimated separately as follows. Within
each 11-plex experiment, raw signal-to-noise values in each of the 11 channels were first
normalized (divided) by the summed signal/noise value for all peptides in that channel: ;; =
Yij/ Zpep Ypj» Where y;; is the raw signal/noise value for peptide i in channel j, 7;; is the channel-
normalized signal/noise value, and P is the set of all detected peptides. Among all detected
peptides, we then identified those that specifically matched the amino-acid sequence of an X
homolog of an X-Y pair, of a Y homolog of an X-Y pair, or both X and Y homologs of an X-Y pair
but not the sequence of any other protein. We detected all three classes (X-specific, Y-specific, X-
Y-shared) of peptides for RPS4Y1/RPS4X, EIF1AY/EIF1AX, and DDX3Y/DDX3X, the three most
highly expressed X-Y pair genes. (We further detected X-specific peptides for USP9X/USP9Y but
no Y-specific or X-Y-shared peptides.) Y-specific peptides showed low but roughly constant
signal in female channels, with mean signal/noise = 2.57: we used this value as an estimate of the
non-specific background for all peptides and subtracted this value from all peptides in all
channels, setting any negative values to 0. For each of the three X-Y pairs separately, we then

Xx)

estimated the relative abundance of the X isoform in channel j, a;, as the percentage of signal

from all X-specific peptides in channel j out of the total signal across all channels,
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where Py is the set of all X-specific peptides for the given X-Y pair. We repeated this calculation

using X-Y-shared peptides to obtain a](XY), the relative abundance of the sum of X and Y isoforms

in channel j. To obtain the male-to-female expression ratio for the X homolog specifically, 1\(,[)2,
we pooled the abundance estimates across all three 11-plex experiments and divided its average

abundance in male channels by its average abundance in female channels, i.e.,

1 (X)
(X) _ ﬁszCM a’]

12 > jecr 4;

where Cy and Cr are the sets of channels from male and female donors, respectively. The male-
to-female expression ratio for the sum of X and Y homolog expression, ¢§j‘§ ), was obtained
similarly. p-values for the sex bias in expression were estimated by permuting the sample labels
within each 11-plex experiment one million times and calculating the proportion of permutations
that yielded more extreme male-to-female expression ratios. (This procedure was also used to
estimate p-values for the sex bias of non-X-Y-pair proteins, shown in Supplemental Fig. S18.)
Finally, the Y-to-X expression ratio within males was estimated as (¢§AX§ ) ¢lf,[XF) )/ ¢lf,[XF) .

Immunoblotting

To prepare human heart lysates, 40 mg of human heart tissue (obtained originally for the mass
spectrometry analysis) was rinsed twice with 2 ml of ice-cold PBS and pulverized in 1500 pl of
RIPA buffer with protease inhibitor cocktail (Roche, Catalog number: 11836170001). Lysates were
incubated 30 min on ice and spun at 10,000 g for 20 min at 4 °C, and the supernatant was
collected. Aliquots of the heart lysates were pooled by sex (21 male samples, 12 female samples),
mixed with NuPAGE Sample Reducing Agent 10x (Invitrogen, #NP0009) and NuPAGE LDS
Sample Buffer 4x (Invitrogen, #NP0007), incubated for 10 min at 90 °C, and then chilled on ice
for 2 min. Proteins were separated for 3.5 hr at 80 V on a NuPAGE 4-12% Bis-Tris gel
(Invitrogen, #NP0322BOX) and transferred to a nitrocellulose membrane. The membrane was
blocked for 1 hr in Tris-buffered saline containing 0.1% Tween-20 (TBST) and 5% non-fat milk at
room temperature, and then incubated with primary antibodies in TBST overnight at4 °Con a
shaking platform (GAPDH: Ambion AM4300, anti-mouse, 1:106 dilution; EIF1A: Abcam
Ab177939, anti-rabbit, 1:5000 dilution). The monoclonal EIF1A antibody was generated using a
proprietary synthetic peptide within amino-acids 50 — 144 of human EIF1AX. After three washes
with TBST, the membrane was incubated at room temperature for 1 hr with TBST and 1% milk
containing anti-mouse and anti-rabbit secondary antibodies labeled with fluorescent dyes
detectable at different wavelengths (LI-COR IRDye 680RD Goat anti-Mouse 925-68070, 1:20000
dilution; LI-COR IRDye 800CW Goat anti-Rabbit 926-32211, 1:20000 dilution). Following three
further washes in Tris-buffered saline lacking Tween-20, fluorescent signal was recorded using
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an Odyssey CLx imager (LI-COR) with Image Studio software (version 5.2.5). Fluorescent signal
corresponding to EIF1A was normalized to signal for GAPDH in each lane, with four technical
replicates (i.e., lanes) per sex.

Lymphoblastoid cell lines (LCLs) from individuals with sex chromosome aneuploidies
were derived in our lab, except the following that were previously reported: 47,XYY (Repping et
al. 2003), 49,XYYYY (GM11419, from Coriell) and Sirota et al. (Sirota et al. 1981). Cells were
pelleted, washed in ice-cold PBS, and snap frozen in liquid nitrogen. Approximately 5 million
cells per line were lysed in 250 pul M-PER lysis buffer (Thermo Scientific #78503) supplemented
with protease inhibitor. Lysates were incubated on ice for 15 min and spun for at 14,000 rpm for
15 min at 4 °C, and the supernatant was collected. LCL lysates were mixed with sample reducing
agent and sample buffer, incubated for 10 min at 90 °C, and chilled on ice for 2 min. Proteins
were separated for 3 hr at 80 V on a NuPAGE 4-12% Bis-Tris gel and transferred to a
nitrocellulose membrane. Primary-antibody incubation was performed as described above.
Membranes were subsequently incubated with TBST and 1% milk containing peroxidase-
conjugated secondary antibodies at 1:5000 dilution (Jackson ImmunoResearch Peroxidase
AffiniPure Donkey Anti-Mouse 715-035-151 & Anti-Rabbit 711-035-152) for 1 hr at room
temperature. Following three washes with TBST, proteins on the membranes were detected by
addition of Lumi-Light Western Blotting Substrate (Roche 12015200001).
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Supplemental Fig. S1. Discarding multi-mapping reads disproportionately underestimates MSY
gene expression. (A) Bars show the average proportion of reads from genes on each chromosome
that can be aligned uniquely. Chromosome “Y” refers to genes in the MSY; chromosome “X” similarly
excludes genes in the pseudoautosomal region. (B) Each point shows the expression level of one
gene in the testis as estimated without multi-mapping reads (GTEx Consortium, via RNA-SeQC) and
with multi-mapping reads (our study, via kallisto). Each point is colored according to the proportion of

reads from that gene that can be aligned uniguely (gene mappability).
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Supplemental Fig. S2
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< Supplemental Fig. S2. Kallisto accurately estimates MSY gene expression levels in simulated
RNA-seq datasets. Each point shows the expression level of an MSY gene (A - C) or the Y/X
expression ratio (D) in a simulated RNA-seq dataset as estimated by a procedure that discards multi-
mapping reads (gray), Cufflinks in multi-correct “-u” mode (blue), or kallisto (red). 50 simulated RNA-
seq datasets were generated for each of three scenarios: (A) MSY genes not expressed (0 TPM)
and X homologs of MSY genes kept at levels in sample GTEX-P4QS-2126-SM-3NMCF; (B, D) MSY
genes set to 1 TPM and X homologs set to 2 TPM; (C) MSY genes set to 5 TPM and X homologs set
to 10 TPM.

89



—— SISO |

Gt
~ PloikiL

— T

®© &« - o -

(WdDorbo ,

M = PUBS AleS
— 2ieisoig
Q

mﬁsﬁ%m

s
il
pUeID) AlleS”
= IEIS0Id

PO
———
® s -

I ,
(WdDoLbo

cby

oSN
(i) esh
LEAL pee!

— RuBIg oesY
(9sMR) Udos

(i) Asuy
o) ik
ol

s
di
e
%uz&m&%&
it zm“m

R

BPY2

® o - -

°
(WdDoLbo

Mw—m‘m
—
L
ik m:_ﬁ
:

-

2585

s
a
E
5]
D
S

-lllll.ln..

m
o:&@un,
m Lozt
(Boni) os3

= Uyl
= 8o
Ui
— puBD AlES
— qEieid
— foupsy
— s pIoLL

AMELY

J

®

- o -

~
(WdDo1Lboq

o=y

5

55

SEEPECE:

$3533C!

85988

T

i
PRKY

3

i!m..h.nmmm.u

HSFY

- o

(WdLoLbo

3
2
0

-1

8220528
855395

o9

28

ik .Hihi“lil. I gjnmhﬂ

2

PCDH11Y

EIF1AY

J

3
2
1
0
-1

3
5.

TogoagEes
23T

£2%

595

57

NLGN4Y

Wl

- o

lokBo

-

ueig
g
gt

s
M IT

o -
I

(WdLoLbo

b
p

1Y) H
e,
R

S

t&%\r 2

(0100) Aeuy
s

i) (tios3

racnsy
e

—— DUEID NI
T

——
—s—PIOAL

-1

2

9RERSE
= 2
e

2

(oo

2205
5539

—== pofil

°
01607

52
&

GOEQELOE]
8555E

55
20T
&2

5
i

J

-1

SRY

2

|l||“||||||Inl|ill.|l.||

ey

,
Ing) asodif

RPS4Y2

ZJ

p—

RPS4Y1
TGIF2LY

J

3
2

nsa)

—— S
= R

=
Ma_.%

e
vl Uil
Vit
o
«Ss_ uESH
opy) e
9 Elelby
w53 oo
s

Q) feity

fLioy) ASuy
(0100 Koy

k
:
o
_
.
199

b
(d
-

un
se:

oSIAT es0dip)

oiuey
(oonp) ydosy

_
= e,
— e

— DUED Al

ABISOId
oupI

— piotaL

-1

s,

o

ok

@wnp ke
i Ui

o)
i
i

(oonin) los:
o0 dos3
pElols

1)) U
iU W

= buoiles

-1

||n|||||||.|n|“||||||

S
s

1

5ang] esodipy

il

TMSB4Y

QJIIIII
J

-1
1
-1

i
U

Sane] esodipy
Sy o500ty
oiuey

SEeess
S
:

USP9Y

J
J

3
1
-1

TBL1Y
TXLNGY

J

-1

Supplemental Fig. S3

GO QEEES
m"%’“o
SEE
58
B G

1

i

mw:w_ asody
%:%»34_@@
s
o
UnSS| _m

pUED Alles

Py

—— Q1E1S0Id
=y

-1

= m%w

i
—fod

90



< Supplemental Fig. S3. Expression patterns of individual MSY genes. For each gene, blue bars
show the gene’s median expression level across the samples of each tissue; error bars: 5" and 95t
percentiles.
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Supplemental Fig. S4. Expression of the DAZ gene family in the stomach. (A) Each point shows
the expression level of DAZ in a single tissue sample from an XY (blue) or XX (gray) donor. For skin,
stomach, and testis, lines show the 25™, 50" (median), and 75" percentiles. The absence of DAZ
expression in XX donors suggests that DAZ’s stomach expression is not the result of mis-mapped
reads from a gene on another chromosome. (B) The DAZ gene family arose from transposition of
DAZL on chr3 to the Y chromosome. Each point shows DAZL’s expression in a single sample from
XY or XX donors. The absence of DAZL expression in stomach samples suggests that DAZ acquired
stomach expression after transposition to the Y chromosome.
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Supplemental Fig. S5. NLGN4Y and SRY, unlike other MSY genes, show broader expression than
their X-linked homologs, leading to male-specific expression of NLGN4X/Y and SOX3/SRY in
some tissues. (A) Expression levels of NLGN4X in XX donors (left) or the summed expression of
NLGN4X and NLGN4Y in XY donors (right). (B) Expression levels of SOX3 in XX donors (left) or the
summed expression of SOX3 and SRY in XY donors (right). In both panels, tissues are ordered by the
fraction of expression coming from the Y-linked homolog. Tissues in gray text are those where the
total expression of the X-Y pair is less than 1 TPM in both sexes.
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Supplemental Fig. S6. Comparison of X- and Y homolog expression breadth in tissues from XY
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Supplemental Fig. S7. Replication of estimated Y/X expression ratios in RNA-seq data from the
Human Protein Atlas (HPA). (A - B) Mean Y/X ratios for 9 widely expressed X-Y pairs in GTEXx (x-
axis; error bars: 5™ — 95™ percentiles) and HPA samples (y-axis; error bars: min, max among samples)
from (A) colon or (B) prostate. (C) Mean Y/X ratios for all homologous X-Y pairs in GTEx and HPA
testis samples.
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Supplemental Fig. S8. Y/X expression ratios do not differ substantially between tissues. Each
point shows the estimated Y/X expression ratio of one X-Y pair in one tissue. Tissues are ordered by
the average Y/X expression ratio across all pairs.

> Supplemental Fig. S9 (next page). Co-expression of the X- and Y-linked members of X-Y gene
pairs in individual tissues. Each point shows the expression levels of the X- and Y-linked members
of an X-Y gene pair in a single tissue sample. Each plot corresponds to a cell of the heatmap shown
in Figure 3C. This subset of tissues (8/36) was selected to showcase a diversity of tissue types and
cases where X-Y pairs are correlated and uncorrelated in expression.
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< Supplemental Fig. S10. The expression levels of MSY genes and their corresponding X-linked
homologs are independently estimated. 50 simulated RNA-seq libraries were generated. In each,
the expression level of the MSY gene was set to 5 TPM and its X-linked homolog was set to a
random value between 0 and 10 TPM. The estimated expression levels of the X and Y homologs in
each library are shown as a pair of red (X) and blue (Y) points. The correct expression level of 5 TPM
was estimated for MSY genes irrespective of the expression levels of their X-linked homologs.
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Supplemental Fig. S11. Similarity of EIF1AX and EIF1AY proteins. Amino-acid sequence of human
EIF1AX (positions 1- 75 of 144) aligned with sequences of huamn EIF1AY and EIF1AX/EIF1AY
homologs around the single position at which human EIF1AX and EIF1AY differ (position 50, yellow).

. indicates identity to human EIF1AX, shown at top. Position 50 is the only position in this region at
which amino-acid substitutions are found among vertebrates.
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Supplemental Fig. S12. Replication of EIF1AX/EIF1AY expression pattern across human tissues
using Human Protein Atlas (HPA) RNA-seq data. (A) Y/X expression ratio for EIFIAX/Y in individual
XY tissue samples from the HPA dataset. Highlighted box (gray) shows tissues with notable X-Y
expression divergence (e.g., as shown in Fig. 3). (B) Y/X expression ratio for EIFIAX/Y in each of 16
tissues estimated using data from GTEx (x-axis) and HPA (y-axis). (C) Expression of EIFTAX (tan) in
XX samples (left) vs. summed expression of EIFTIAX (tan) and EIFTAY (blue) in XY samples (right) in
HPA tissue samples collected from both sexes. Expression is normalized to mean expression level in
XX samples from each tissue; error bars show min and max observed values. For each tissue, the
number of samples from female and male samples, respectively, are given in parentheses. For
comparison with EIFTIAX/Y, similar plots are shown for DDX3X/Y (D - F) and ZFX/Y (G - I); figure
legends as in A-C.
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Supplemental Fig. S13. Expression patterns of EIF1IAX orthologs, which retain intact miR-1 target
sites. Each point shows the expression level of an EIFTAX ortholog in a single tissue sample
collected from a male donor. Within each species, expression levels are normalized to the median
expression level observed across the samples. Fewer points are shown for chimpanzee because this
species was not analyzed in Merkin et al. 2012.
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Supplemental Fig. S14. Highly co-expressed X-Y gene pairs show little sex-biased expression.
Each point compares the degree to which the X and Y homologs of an X-Y pair show correlated
expression in one tissue (x-axis) vs. the sex-biased expression of the X-Y pair in the same tissue (y-
axis). The degree of correlated expression between gene A and gene B is measured as the
proportion of genes in the genome more correlated in expression with gene A than gene B
(Methods). Highly co-expressed X-Y pairs —in which the X and Y homologs are likely tightly co-
regulated — show weak sex-biased expression. By contrast, when the expression of a pair of X and Y
homologs is uncorrelated — indicating their regulation has likely diverged — more prominent sex-
biased expression is observed.
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n = 33 donors (12 XX, 21 XY)

3 11-plex experiments
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Supplemental Fig. S15. Strategy for estimating X and Y isoform expression from multiplexed
proteomics data. 12 XX and 21 XY heart (left ventricle) tissue samples were analyzed by mass
spectrometry in three 11-plex experiments, consisting of 4 XX and 7 XY samples each. Within each
11-plex experiment, isobaric tandem mass tags (TMTSs) are used as barcodes to quantify the relative
abundance of a given peptide in each sample. Peptides from the X and Y protein isoforms of a given
X-Y pair can match the sequences of both proteins (dark gray; X-Y-shared) or can be specific to the
X (red) or Y (blue) isoform. Y-specific peptides are used to confirm the presence of the Y isoform in
the sample. X-specific and X-Y-shared peptides are used to assess sex biases in expression;
information from these two peptide classes is then integrated to infer the relative contribution of X
and Y isoforms to overall expression in XY individuals.
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A DDX3X/Y amino-acid sequence

number of sets
.- Where peptide
- was detected
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Supplemental Fig. S16. Recovery of peptides from DDX3X, DDX3Y, RPS4X, and RPS4Y1. Amino-
acid sequence of DDX3X/Y (A) and RPS4X/Y1 (B): X- and Y-specific amino acids are superscripted
and subscripted, respectively. X-specific (gold), Y-specific (blue), and X-Y shared (purple) peptides
detected by mass spectrometry are shown, along with the number of 11-plex experiments in which

each peptide was detected.
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Supplemental Fig. S17. Peptides from highly transcribed genes were more often detected by
mass spectrometry. (A) The median transcript expression level (TPM) in heart (left ventricle)
samples from XY donors is given for the X- and Y-linked homologs of the 9 most widely expressed
X-Y gene pairs. Peptides were detected for the seven genes that had the highest transcript
expression levels. (B) All genes genome-wide were grouped into eight bins based on their transcript
expression level in the heart. The percentage of genes in each bin with =1 peptide detected by mass
spectrometry is shown in pink.
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chrX genes w/o Y homologs [ XX samples (n1=12)

that are subject to X inactivation B XY samples (n=21)
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Supplemental Fig. S18. XX and XY expression of non-X-Y pair proteins. Relative expression of five
non-X-Y-pair proteins in XX (gray) and XY (green) samples, used as negative controls. Each protein
corresponds to an X-chromosome gene that is subject to X inactivation in XX cells and is not sex-
biased at the transcript level.
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Lymphoblastoid cell line protein lysates
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Supplemental Fig. S19. EIF1A antibody recognizes both EIF1AX and EIF1AY proteins. Western
blots showing signal detected by an EIF1A antibody in protein lysates prepared from human
lymphoblastoid cell lines with various numbers of X (A) or Y (B) chromosomes. GAPDH was used as
a loading control. Because EIF1AX escapes X-chromosome inactivation (XCI), EIF1AX expression
should increase in cells with additional numbers of X chromosomes. Because the Y chromosome is
not subject to a program of epigenetic silencing analogous to XClI, expression of EIF1AY should also
increase in cells with additional Y chromosomes. As shown, signal detected by the EIF1A antibody
increases in cells with additional X chromosomes (A) and in cells with additional Y chromosomes (B),
implying the EIF1A antibody recognizes both EIF1AX and EIF1AY.
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SUPPLEMENTAL TABLES and FILES

Supplemental Tables and Files, described below, are available upon request and at
pagelab.wi.mit.edu/publications.

Supplemental Table S1. MSY genes and their X-linked homologs analyzed in this study.
Accession numbers for genes analyzed in this study, correspondences between X and Y
homologs, and membership of genes in multi-copy gene families.

Supplemental Table S2. Gene mappability vs. expression level when multi-mapping reads
are included or discarded.

Estimated mappability (fraction of reads that are uniquely mappable) for genes across the
genome, together with expression levels in GTEx with/without multi-mapping reads. These
values are used in Fig. 1B-C and Supplemental Fig. 1.

Supplemental Table S3. Median expression level (TPM) of MSY genes among samples
from each tissue.
Estimated expression level of each MSY gene in each tissue, as plotted in Fig. 1D.

Supplemental Table S4. Median expression level (TPM) of X homologs of MSY genes
among XY samples from each tissue.

Estimated expression level of each X homolog in each tissue in XY individuals, as plotted in
Supplemental Fig. S6.

Supplemental Table S5. Median expression level (TPM) of X homologs of MSY genes
among XX samples from each tissue.
Estimated expression level of each X homolog in each tissue in XX individuals.

Supplemental Table S6. Median Y/X expression ratios for X-Y gene pairs among samples
from each tissue.
Y/X expression ratio estimated for each X-Y gene pair in each tissue, as plotted in Fig. 2B-C.

Supplemental Table S7. Co-expression of the X and Y homologs of each widely
expressed X-Y gene pair in each tissue.

Statistics describing degree of X-Y co-expression for each pair and tissue, as presented in
Fig. 2H.

Supplemental Table S8. Results of tissue-vs-tissue differential expression analysis for X
and Y homologs.

Statistics describing differential expression of each gene across tissues, as presented in Fig.
3.

Supplemental Table S9. miRNA target sites in X-Y pair genes.
Candidate miRNA sites identified in X-Y pair genes along with context+ scores and (for X
homologs only) context++ scores.

Supplemental Table S10. Accession numbers for EIF1AX/EIF1AY homolog sequences
used in alignments.

109



Supplemental Table S11. Sex-biased expression of X-Y pairs, using the sum of X- and Y-
homolog expression in XY samples.
Statistics describing degree of sex-biased expression for each X-Y gene pair in each tissue.

Supplemental Table S12. Quantification of peptides in each heart tissue sample.
Signal/noise values for each peptide detected in each sample across all three 11-plex
experiments.

Supplemental Table S13. Relative protein abundances of X and Y isoforms in heart tissue
samples.

Estimated protein abundances for X and Y isoforms in each sample based on analysis of X-
specific and X-Y-shared peptides.

Supplemental Table S14. Initial estimates of protein abundance in 33 human heart tissue
samples, using reductionist approach to assign peptides to proteins (refer to

Supplemental Table S13 for levels of X and Y isoforms).
Estimated protein abundances proteome-wide using razor-peptide method.

Supplemental File S1. GTEx RNA-seq samples included in analyses after all filtering steps
applied.

Supplemental File S2. Primer and duplex sequences for miRNA transfection experiment.

Supplemental File S3. GTEx heart samples analyzed by quantitative proteomics.
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Chapter 3. Conclusion

CONCLUDING REMARKS

The work described in Chapter 2 advances our understanding of the non-reproductive
activities of human Y-chromosome genes in a number of important ways. First, setting
aside the Y-chromosome genes that are indeed predominantly expressed in the testis, the
Y chromosome’s widely expressed genes do not show any stereotyped pattern of
expression, such as biased expression towards reproductive tissues. Although two genes
(DDX3Y and ZFY) do show approximately twofold higher expression in the testis than in
other tissues, others are lowly expressed in the testis. Overall, their expression patterns
are more different than they are similar, with each gene’s expression pattern likely
following its molecular function. Thus, the Y-linked ribosomal protein gene RPS4Y1 is co-
expressed with other ribosomal protein genes across samples and tissues, rather than
with other Y-chromosome genes. Many other Y-chromosome genes are tightly co-
expressed with their X-linked homologs. This strongly implies that their expression is
regulated in an orderly manner and remains under strong, gene-specific constraints.
This view of the Y chromosome is not that of a “male” chromosome, but of a chromosome
that encodes a variety of dosage-sensitive genes.

Second, this expanded survey of Y-chromosome gene expression provides a

clearer answer to the question of whether Y-chromosome genes show lower expression
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than their X homologs. To some extent, each X-Y pair shows a characteristic Y-to-X
expression ratio (e.g., RPS4Y1 appears to almost always show lower expression than
RPS4X; KDM5D and KDM5C typically show similar expression levels). The most common
observation is that a Y-chromosome gene shows lower expression than its X homolog, but
this is not always the case. Sometimes the Y homolog shows much higher expression, due
to differential X- and Y-homolog regulation by tissue-specific regulatory factors (e.g.,
microRNAs (miRNAs)). Higher Y-homolog at the transcript expression level can then be
translated to the protein level. Although we found EIFIAY’s expression pattern—
specifically, its upregulation in the heart—to be conserved in other primates, it remains
to be seen whether the human Y-chromosome gene expression patterns are conserved
more broadly across mammals.

Third, the observation that Y-chromosome genes sometimes show up-regulated
expression in non-reproductive tissues (at both transcript and protein levels, as the result
of defined primary-sequence changes) is itself a surprise. The possibility that individual
Y-chromosome genes will be found to be highly expressed in other tissues or cell types
should not be discounted.

Finally, with respect to differences in expression between XX and XY individuals,
we find that—in the typical case—the combined expression of X and Y homologs (at the
transcript level) in XY individuals is slightly higher than the biallelic expression of the X
homolog in XX individuals. It is possible that the over-expression of the Y homolog
compensates for some deficiency. For example, the Y-encoded transcript might be less
efficiently translated, or the Y protein isoform might show weakened activity,
necessitating a higher transcript expression level. This would suggest that expression of
the Y homolog equalizes the effective gene dose between XX and XY individuals in most
cases. However, there are two scenarios in which an inequality between XX and XY would
manifest. The first is the case where the X and Y protein isoforms have diverged
(partially) in function. The second, which has most clearly been documented in Chapter 2,

is when the X and Y homologs have diverged starkly in expression, possibly in a tissue-
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specific manner, leading to higher overall expression of the X-Y gene pair in either XX or
XY individuals (e.g., higher EIFIAX/EIF1AY in the XY heart). These exceptional cases are

particularly worthy for follow-up studies of XX-XY differences.

FUTURE DIRECTIONS

Expanding our quantitative understanding of human Y chromosome gene
expression

The findings presented in Chapter 2 show that individual Y-chromosome genes show
varied and distinct expression patterns that do not necessarily fit stereotyped
expectations for a “male-specific” chromosome. For example, the starkly elevated
expression of EIF1IAY in heart tissue could not have been predicted from evolutionary
theory. It seems reasonable to suspect then that other such patterns of expression will be
uncovered as additional tissues, specific cell types, and developmental stages are
surveyed. A good example of this is provided by Y-linked TBL1Y. We found it to be very
lowly expressed compared to its X homolog TBLIX in all tissues (see Chapter 2), but it was
recently found to be more highly expressed than TBLIX in cells of the inner ear (Di Stazio
et al. 2018). The existence of rare cell types where particular Y-chromosome genes are
highly expressed could explain the somewhat mysterious survival of genes like Y-linked
TMSB4Y. TMSB4Y remains intact on the Y-chromosomes of humans and macaques
(Hughes et al. 2012; Skaletsky et al. 2003; Bellott et al. 2014) despite its extremely low
expression compared to its X homolog TMSB4X (~1000-fold) in adult human tissues (see
Chapter 2). One possibility is that TMSB4Y is nearly “dead”, but another is that robust
TMSB4Y expression is restricted to a specific group of cells, and selection to preserve its
expression in those cells is what maintains the survival of the gene. Our analyses of the
GTEx dataset represent a major expansion in the number and diversity of biological
contexts in which Y-chromosome gene expression has been measured, but with projects
like the Human Cell Atlas (Regev et al. 2017), it should be possible to construct an even

more complete and unbiased picture of Y-chromosome gene expression.
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As differences between X- and Y-homolog expression are documented, it will be
interesting to search for the primary-sequence differences that underlie them.
Differential microRNA (miRNA) targeting might underlie other cases of X-Y expression
divergence beyond EIFIAX/EIFIAY in the heart, though we have yet to identify an example
as clear cut (i.e., where a broadly conserved, tissue-specific miRNA has an efficacious
target site in one homolog but not the other, and the X and Y homologs diverge in
expression in this tissue). Transcription factors (TFs) and some RNA-binding proteins
(RBPs) (i.e., those that increase transcript stability) might also contribute to differences in
X and Y homolog expression. Computationally predicting the targets of TFs and RBPs is a
challenging task, but large-scale resources that empirically document the targets of these
and other regulatory factors continue to grow and will likely improve with advances in
machine learning (Dominguez et al. 2018; McGeary et al. 2019).

An important complement to these efforts will be measuring expression at the
protein level. Developing antibodies specific for X and Y protein isoforms continues to be
a worthwhile goal, as antibodies are multi-purpose reagents that can be used for semi-
quantitative protein detection as well as immunoprecipitation. However, mass
spectrometry holds more promise for obtaining unbiased quantitative measurements for
all X and Y isoforms, assuming appropriate analytic approaches are used to distinguish X-
and Y-derived peptides. The ad hoc approach taken in Chapter 2 represents one solution,
but, in future studies, it would be preferable to use a method that attempts to assign all
“multi-mapping peptides” to their most likely parent proteins under a unified statistical
framework (Malioutov et al. 2018).

In Chapter 2, we found that the protein expression levels of DDX3Y, EIF1AY, and
RPS4Y1 (relative to the levels of the corresponding X isoforms) were lower than expected
based on our estimates at the transcript level. Experienced gained while conducting this
research cautions against making broad generalizations about Y protein expression, until
the levels of additional proteins can be obtained in this and other tissues. Nevertheless,

there are four (or more) possible explanations for the lower-than-expected protein
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expression of DDX3Y, EIF1AY, and RPS4Y1 in the heart. First, their transcript expression
levels might, in effect, be overestimated in our analyses of the RNA-seq data. Compared
to their X homologs, Y-chromosome genes might produce a greater fraction of
alternatively or incorrectly spliced transcripts that are not translated or whose protein
products are very unstable. Some reads from these abortive transcripts will be counted
and increase the estimates of transcript expression, even though they are not indicative
of protein production. (This “messy splicing” hypothesis is motivated by my own
anecdotal observations.) Second, Y protein levels might be underestimated, because the
protein products encoded by alternatively spliced Y transcripts are not annotated in the
peptide databases against which mass spectrometry data are searched. Third, Y-derived
transcripts encoding the canonical protein isoforms might be inefficiently translated, a
possibility that could be tested with ribosome footprint profiling data. Finally, the Y-
encoded protein isoforms might themselves be less stable than their corresponding X-
encoded counterparts. Assuming the lower transcript levels seen, on average, for Y-
chromosome genes are the result of Y-specific mutations that partially degraded motifs
needed for transcription?, then it seems likely that Y-specific mutations will also have
interfered with sequence motifs governing splicing, translational efficiency, and protein

stability.

Head-to-head comparisons of X- and Y-homolog function

As described in Chapter 1, analyses of the cellular and organismal phenotypes conferred
by mutations in X homologs provide useful clues about the ways in which X and Y
homologs might differ. However, a fuller understanding would be provided by directly

comparing their functions through functional genomic experiments. For a given X-Y

% Formally, the lower expression of Y-chromosome genes relative to their X homologs could be an
epigenetic phenomenon. However, compared to their X homologs, Y-chromosome genes appear to
evolve under relaxed purifying selection (Wilson and Makova 2009), suggesting their reduced
expression is at least partially encoded in the Y chromosome’s primary sequence.
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pair, the X and Y homologs could be separately knocked down in cells; the genome-wide
transcriptional responses from perturbing X or Y would then be measured and compared.
Studying the effects of increasing X- or Y-homolog expression are also of interest, given
the expression patterns observed in Chapter 2. Care must be taken to ensure that the
perturbations to X and Y homologs are both highly specific and comparable in degree.
Additionally, epitope-tagged versions of the X and Y homologs could be generated in cells
or mice—ideally by inserting the tag at the endogenous locus—and used to compare
their genome-wide occupancy (e.g., by ChIP-seq) or protein binding partners. At the time
of writing, I have yet to come across any published study of this kind or indeed any study
that has specifically measured the function of widely expressed Y-chromosome gene on a
genome-wide scale. These studies would help to clarify why Y-chromosome genes
sometimes fail to fully compensate for loss of their X-linked homologs and, furthermore,

if Y protein isoforms have acquired new functions.

Forward genetics for the Y chromosome

The experiments described above will help to elucidate the nature of Y-chromosome
genes and their encoded proteins at the molecular level, but, ultimately, connecting this
understanding to phenotype will require phenotype-driven approaches. A promising
development is the use of high-throughput, cellular phenotype screens, in which CRISPR-
based approaches are used to perturb virtually all genes in the genome in single cells in
parallel (Dixit et al. 2016). As demonstrated by Wang et al., these screens are capable of
retrieving hits to Y-chromosome genes (DDX3Y and cellular proliferation) (Wang et al.
2015); still, some large-scale studies are already excluding Y- (and X-) chromosomal
sequences (Tsherniak et al. 2017). There is little justifiable reason to exclude X- and Y-
chromosome sequences from these screens. The Y-chromosome genes of greatest interest
are all found within single-copy regions. Moreover, all promising hits from these screens
(no matter their genomic location) will require follow-up investigation, providing the

opportunity to exclude artifacts.
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Human genetics is another promising, albeit more challenging, future area for the
Y chromosome. The Y chromosome has been excluded from genome-wide association
studies because its male-specific region does not normally recombine with a homologous
partner during meiosis. Thus, recombination cannot be used to fine-map a signal of
genetic association to a particular region of the Y chromosome. In addition, the Y
chromosome has a distinct population structure compared to autosomal sequences due to
its father-to-son inheritance (Jobling and Tyler-Smith 2017), which must be accounted
for in any genetic association study. However, recent work suggests that associating Y-
chromosome variation with quantitative traits and identifying the likely causal gene
might be possible. In a series of two studies, European individuals carrying Y
chromosomes of a particular lineage, haplogroup I1, were found to have increased risk of
cardiovascular disease (Charchar et al. 2012; Eales et al. 2019). UTY was identified as the
gene likely underlying this association, first by observing that UTY expression was altered
in haplogroup I1 individuals in the relevant cell type, and then with experimental studies.
A similar approach could be extended to other traits. Because a relatively small number of
Y-chromosome genes is expressed in non-reproductive tissues, the list of candidate genes
underlying any association would be small. Because a diverse set of Y chromosomes has
been sequenced (Poznik et al. 2016), the set of mutations uniquely shared by Y
chromosomes of any haplogroup can be enumerated. Even at autosomal loci, genetic
association signals can rarely be narrowed to individual genes, meaning numerous clever
approaches have been developed to assess the potential causality of candidate mutations
(Spain and Barrett 2015; Farh et al. 2014; Zhou et al. 2018). Many of these could be
applied to the Y chromosome. Despite the additional effort required to perform Y-
haplogroup association studies, analyzing large-scale genotype-phenotype datasets
(Bycroft et al. 2018) would likely reveal many new and surprising insights about Y-

chromosome genes.
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Abstract

The meiosis-specific chromosomal events of homolog pairing, synapsis, and recombination
occur over an extended meiotic prophase | that is many times longer than prophase of mito-
sis. Here we show that, in mice, maintenance of an extended meiotic prophase | requires
the gene Meioc, a germ-cell specific factor conserved in most metazoans. In mice, Meiocis
expressed in male and female germ cells upon initiation of and throughout meiotic prophase
I. Mouse germ cells lacking Meioc initiate meiosis: they undergo pre-meiotic DNA replica-
tion, they express proteins involved in synapsis and recombination, and a subset of cells
progress as far as the zygotene stage of prophase |. However, cells in early meiotic pro-
phase—as early as the preleptotene stage—proceed to condense their chromosomes and
assemble a spindle, as if having progressed to metaphase. Meioc-deficient spermatocytes
that have initiated synapsis mis-express CYCLIN A2, which is normally expressed in mitotic
spermatogonia, suggesting a failure to properly transition to a meiotic cell cycle program.
MEIOC interacts with YTHDC2, and the two proteins pull-down an overlapping set of mito-
sis-associated transcripts. We conclude that when the meiotic chromosomal program is
initiated, Meioc is simultaneously induced so as to extend meiotic prophase. Specifically,
MEIOC, together with YTHDC2, promotes a meiotic (as opposed to mitotic) cell cycle pro-
gram via post-transcriptional control of their target transcripts.

Author summary

Meiosis is the specialized cell division that halves the genetic content of germ cells to pro-
duce haploid gametes. This reductive division is preceded by a preparative phase of the
cell cycle, meiotic prophase I, during which several meiosis-specific chromosomal events
occur. Across sexually reproducing organisms, prophase of meiosis I is dramatically lon-
ger than mitotic prophase. However, it was not known in mammals how and why meiotic
prophase I is extended. We have identified a mouse mutant in which this extended pro-
phase I is disrupted: germ cells lacking Meioc initiate meiosis, but prematurely proceed to
metaphase. Mutant male meiotic germ cells mis-express a cell cycle regulator that is nor-
mally expressed in mitotic male germ cells, suggesting that Meioc is required for germ

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006704  April 5, 201 124

1/33


https://doi.org/10.1371/journal.pgen.1006704
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1006704&domain=pdf&date_stamp=2017-04-19
https://doi.org/10.1371/journal.pgen.1006704
https://doi.org/10.1371/journal.pgen.1006704
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
http://proteomecentral.proteomexchange.org

@'PLOS | GENETICS

Meioc maintains an extended meiotic prophase | in mice

Research Fellowship (https:/www.hhmi.org/) and
the Abraham Siegel Fellowship of the Whitehead
Institute (http://wi.mit.edu). MMM was supported
by a Lalor Foundation Postdoctoral Fellowship
(http:/lalorfound.org). MK was supported by a
National Science Foundation (NSF) Graduate
Research Fellowship (https://www.nsf.gov). AKG
was supported under a research grant by Biogen.
This work was funded by the Howard Hughes
Medical Institute (https://www.hhmi.org/). The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

cells to properly transition to a meiotic cell cycle program. Biochemical analyses of pro-
teins and transcripts that associate with MEIOC protein suggest that MEIOC may pro-
mote the transition from a mitotic to meiotic cell cycle program by post-transcriptionally
regulating target transcripts. Our studies indicate that in mammals, as in other sexually
reproducing organisms, meiotic prophase I must be extended to allow time for meiotic
chromosomal events to reach completion.

Introduction

Meiosis is a specialized cell division program that results in the halving of parental genetic
material and the production of haploid gametes. This reductive division depends on a series of
chromosomal events that occur specifically during meiotic but not mitotic prophase, including
the loading of meiosis-specific cohesins on sister chromatids, alignment and synapsis of
homologous chromosomes, and generation of covalent linkages between homologs via recom-
bination. These meiotic chromosomal events occur during meiotic prophase I, which takes
much longer than mitotic prophase. In yeast, it has been shown that completion of these chro-
mosomal events requires the extended prophase I: yeast meiotic prophase I lasts 3.5 hours,
compared to 15 minutes for mitotic prophase [1], and premature exit from prophase I results
in recombination defects and chromosome missegregation [2].

Mammals similarly have an extended prophase I. In female mice, ovarian germ cells initiate
meiosis around embryonic day 13.5 (E13.5), and arrest in the penultimate stage of prophase,
diplotene, around the time of birth, one week after meiotic initiation [3,4]. In male mice,
cohorts of testicular germ cells initiate meiosis continuously throughout post-pubertal life,
each cohort taking two weeks from initiation to completion of meiotic prophase I [5]. In con-
trast, the typical mitotic prophase in mammalian cells lasts only minutes [6,7].

No mechanism for extension of meiotic prophase has yet been recognized in mammals. In
other organisms, the extension of meiotic prophase is accomplished by meiosis-specific modi-
fications of the cell cycle. In yeast, exit from meiotic prophase I is postponed via the suppres-
sion of mitotic cell cycle regulators by a meiosis-specific form of the anaphase-promoting
complex [2]. In worm and fly, exit from meiotic prophase I is also actively suppressed by meio-
sis-specific factors via translational repression of, respectively, cyclins E and A [8,9].

Since meiotic initiation in both male and female mice is governed by the retinoic acid-
induced gene Stra8 [10,11], STRAS activity might be at least indirectly related to prolonging
prophase. Ovarian and testicular germ cells express Stra8 shortly before entering meiotic
prophase I [12,13], and Stra8 is required for the chromosomal events of meiotic prophase I,
including cohesion, synapsis, and recombination [14,15]. Consistent with a pivotal role in
meiotic initiation, most genes involved in meiotic prophase I depend on Stra8 for their
expression. However, Stra8 is only transiently expressed at the time of meiotic initiation,
and therefore is unlikely to be the factor responsible for maintaining meiotic prophase I.
We previously identified a subset of early meiotic genes that are expressed independently or
partially independently of Stra8, and are induced concurrently or shortly after Stra8 [16,17].
This subset of partially Stra8-independent early meiotic genes includes cohesins and synap-
tonemal complex proteins with known meiotic functions, and also Meioc, an uncharacter-
ized gene formerly named Gm1564.

We examined MEIOC expression and find that it is expressed throughout meiotic prophase
I in both testicular and ovarian germ cells; this expression profile suggests that its function
begins early and persists throughout meiotic prophase I in both sexes. We examined mice
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deficient for Meioc, and found that Meioc-deficient germ cells can initiate but do not com-
plete meiotic prophase L. Instead, germ cells that have initiated meiosis proceed prematurely
to an aberrant metaphase. Meioc-deficient germ cells that have initiated meiosis mis-express
CCNA2, which is typically expressed in mitotic spermatogonia, suggesting a failure to prop-
erly transition to a meiotic cell cycle program. We propose that Meioc functions continu-
ously throughout meiotic prophase I to prevent premature exit from prophase I, likely by
promoting a meiotic (as opposed to mitotic) cell cycle program. Further, MEIOC interacts
with an RNA helicase, YTHDC2, and binds a common set of germ cell transcripts, suggest-
ing that MEIOC and YTHDC?2 partner to regulate these transcripts.

Our observations that Meioc-deficient germ cells fail to complete meiotic prophase I and
instead produce numerous abnormal metaphases are concordant with a recent study [18].
However, whereas Abby and colleagues propose that this phenotype results from arrested
meiotic progression, our molecular analyses of cyclin expression and MEIOC-bound tran-
scripts lead us to an alternate interpretation of the phenotype-that the precocious meta-
phases observed are a result of cell cycle mis-regulation. We propose a model for meiotic
prophase I as comprised of multiple subprograms: these include the chromosomal program,
whereby chromosomes synapse and undergo recombination, and a meiosis-specific cell
cycle program, whereby cells are maintained in an extended prophase I to allow completion
of the chromosomal program.

Results

Meioc is a conserved, germ cell-specific gene expressed during male
and female meiotic prophase |

We had previously identified Meioc (Gm1564) as one of the earliest and most strongly induced
transcripts upon meiotic initiation in the female germline [17]. In the study presented here, we
identified full-length Meioc homologs in almost all vertebrate genomes examined. Further-
more, we found that Meioc’s conserved C-terminal domain, PF15189 (previously DUF4582),
is present approximately once per genome in almost all metazoan genomes examined (S1 Fig).
We were unable to identify orthologs of Meioc or matches to PF15189 in Diptera, including
Drosophila melanogaster, which hints at Meioc being replaced functionally by alternate pro-
teins or pathways in this lineage. Next, we examined Meioc expression in adult tissue panels
from human, mouse, rat, and chicken, and found its expression to be highly testis-specific (S2
Fig). Thus, Meioc is a highly conserved gene whose expression pattern across diverse species is
consistent with a role in meiosis.

To determine the precise cell types in which MEIOC is expressed, we generated a rabbit
polyclonal antibody to a C-terminal fragment of MEIOC, which we verified to be specific
using subsequently generated Meioc-deficient mice (S3 Fig). Immunohistochemistry for
MEIOC on adult testis sections showed that MEIOC is expressed in spermatocytes, beginning
in preleptotene and extending through most stages of meiotic prophase I, including leptotene,
zygotene, and pachytene, but not during diplotene and diakinesis (the final stages of meiotic
prophase I) or meiotic metaphase I (Fig 1A). MEIOC is absent in spermatogonia, in post-mei-
otic spermatids, and in somatic cells. Subcellular localization of MEIOC during early to mid-
prophase I was predominantly cytoplasmic, but by late pachytene a fraction of MEIOC was
nuclear. The prolonged expression of MEIOC contrasts starkly with that of STRAS8, which is
similarly induced in preleptotene cells, but then rapidly down regulated once cells enter lepto-
tene (Fig 1B).

To determine if MEIOC is expressed at similar stages of meiotic prophase in the female, we
immunostained for MEIOC on fetal ovary sections (Fig 1C). MEIOC was detected by E13.5,
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Fig 1. MEIOC is expressed throughout most of meiotic prophase I in the male and female germline. (A) Immunohistochemistry for MEIOC
(brown) in adult testis, with hematoxylin counterstaining to enable identification of germ cell types by nuclear morphology [57]. Low magnification image
shows MEIOC staining in the majority of meiotic cell populations. Background staining was also observed in mature sperm in center of the tubule. High
magnification images show that MEIOC was detected in meiotic germ cells at preleptotene (pL), leptotene (L), zygotene (Z), and pachytene (P) stages;
it was not detected in meiotic germ cells at diplotene (D) stage, in cells undergoing meiotic metaphase (MI), or in postmeiotic round spermatids (rs). Low
magnification scale bar = 100 um, high magnification scale bar = 10 pm. (B) Immunohistochemistry for STRA8 (brown) in adult testis, counterstained
with hematoxylin. In contrast to MEIOC, STRA8 expression is limited to germ cells initiating meiosis (preleptotene and leptotene stages) as well as
differentiating spermatogonia. Scale bar = 100 ym. (C) Immunofluorescence staining for MEIOC in ovary at E13.5, E14.5, E16.5, E18.5, PO, P2, P15,
and adult (>8 weeks). Mouse Vasa Homolog (MVH) costaining identifies germ cells [58]. Nuclei stained by DAPI. MEIOC is detected in germ cells at all
stages. From E13.5 to E18.5, corresponding to premeiotic to late pachytene stages, MEIOC is detected predominantly in cytoplasm. Towards the end
of this period, MEIOC is detected in nucleus (arrowheads), and continues to be expressed in nuclei of germ cells at postnatal timepoints. Scale
bar=10 um.

https://doi.org/10.1371/journal.pgen.1006704.9001

when germ cells are preparing to enter meiosis, and persists through leptotene, zygotene,
pachytene stages of meiotic prophase, and dictyate arrest in the adult. In females, MEIOC is
initially predominantly cytoplasmic, but becomes predominantly nuclear postnatally. Thus,
MEIOC is similarly expressed in both sexes: beginning at meiotic initiation, and persisting
through most of meiotic prophase in the male, and through to dictyate arrest in the female.
To our knowledge, this combination of germ-cell-specific expression throughout most of
meiotic prophase and predominantly cytoplasmic localization is unique to MEIOC. Our

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006704  April 5, 201 {27 4/33


https://doi.org/10.1371/journal.pgen.1006704.g001
https://doi.org/10.1371/journal.pgen.1006704

@’PLOS | GENETICS

Meioc maintains an extended meiotic prophase | in mice

characterization of MEIOC expression broadly agrees with results obtained using antibod-
ies generated against full-length MEIOC [18], with a few exceptions: Abby and colleagues
reported an exclusively cytoplasmic localization, whereas we observed MEIOC attaining
nuclear localization towards the end of meiotic prophase.

Meioc-deficient mice are infertile

To explore the role of Meioc in germ cell differentiation and meiotic prophase, we generated
Meioc-deficient mice using a targeting vector generated by the Knockout Mouse Project
(KOMP) (54 Fig). Results reported here were performed in mice 5 to 7 generations back-
crossed to the C57BL/6 background unless otherwise stated. Meioc-deficient mice (Meioc -/-)
had markedly smaller ovaries and testes than did wild-type control (Meioc +/-, and Meioc +/+)
mice (S5A Fig), and they were infertile.

Meioc-deficient adult testes completely lacked post-meiotic germ cells (S5B and S5C Fig)
and were dramatically depleted of cells in meiotic prophase I compared to littermate controls.
To study progression through meiotic prophase I in a synchronous setting, we examined testes
at 10 and 15 days after birth (P10 and P15) to follow the meiotic development of the first
cohort of spermatogenic cells (Fig 2A). By P10 in wild-type testes, spermatogenic cells have
initiated meiosis and progressed from preleptotene to the leptotene and zygotene stages of
meiotic prophase. By P15, the most advanced spermatogenic cells have transitioned through
zygotene and progressed to the pachytene stage. No later stages of meiosis, namely diplotene
and meiotic metaphases, are observed at P10 and P15. In Meioc-deficient mutants, P10 and
P15 testes contained cells with chromosomes condensed like those observed during meta-
phase. Meiotic metaphases are not expected until P20, and were not observed in our control
P10 and P15 wild-type testes. Meioc-deficient testes also contained cells with abnormal con-
densed nuclei, and apoptotic cells. Mutant testes also contained leptotene and zygotene-stage
spermatocytes, but were devoid of pachytene spermatocytes. TUNEL-positive cells were rare
in wild-type adult testes but were abundant in Meioc-deficient adult testes, specifically in cells
with condensed or apoptotic nuclei (56 Fig). TUNEL staining was not observed in prelepto-
tene, leptotene, zygotene-like, or metaphase-like cells of Meioc-deficient testes.

To determine if similar defects occur in females, we examined Meioc-deficient and wild-
type ovaries. In contrast to wild-type adult ovaries, which contain follicles at various stages of
maturation, adult ovaries of Meioc-deficient females contain no oocytes or follicles (S5D Fig).
In wild-type fetal ovaries, germ cells progress from a premeiotic stage at E14.5 to zygotene or
pachytene stages by E16.5 (Fig 2B). In Meioc-deficient ovaries, metaphase-like cells were
observed as early as E14.5, and persist to E16.5. Most remaining germ cells exhibited premei-
otic morphology, and few reached the leptotene or zygotene stages of prophase, even by E16.5.
An independent Meioc knockout mouse line generated using the same KOMP vector on a
mixed genetic background (C57BL/6 crossed to NMRI) exhibited similar histological pheno-
types [18].

To pinpoint the timing of the primary defect in Meioc-deficient germ cells, we examined
the time and stage at which aberrant metaphase-like cells first arise. In the testis, they are
found adjacent to preleptotene, leptotene, and zygotene spermatocytes (Figs 2A and S7). The
occurrence of metaphase-like cells adjacent to preleptotene cells in stage VIII tubules suggests
that metaphase-like cells first arise shortly after the preleptotene stage, before recombination
and synapsis would normally occur. Some germ cells proceed somewhat further, to the lepto-
tene or zygotene stage, possibly because the primary defect that causes premature metaphase is
not completely penetrant at the preleptotene stage. In the ovary, metaphase-like cells arise as
early as E14.5, when most wild-type germ cells are still in the pre-meiotic stage. Thus, in both
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A Wild-type Meioc -/-

Fig 2. Meioc-deficient testicular and ovarian germ cells fail to progress through meiotic prophase, and instead exhibit metaphase-like
chromosome condensation. (A) Hematoxylin and eosin stain of wild-type and Meioc -/- testes at P10 and P15. Germ cell types are identified by nuclear
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morphology and position within tubules [57]. In wild-type P10 testis, germ cells have advanced to zygotene (Z) stage of meiotic prophase. In wild-type P15
testis, germ cells have advanced to an epithelial stage showing already two generations of spermatocytes: zygotene (Z) and pachytene (P) stages of meiotic
prophase. In Meioc-/- P10 and P15 testes, germ cells in center of lumen and adjacent to preleptotene-stage cells exhibited metaphase-like chromosome
condensation (M). Some germ cells also progress through leptotene (L) to late leptotene/early zygotene (L/Z). In addition, cells with condensed (C) and
apoptotic nuclei (A) are observed. In Meioc -/- P15 testes, we observed no pachytene-stage cells. Scale bar = 10 um. (B) Immunohistochemistry for MVH in
fetal ovaries, counterstained with hematoxylin. In wild-type E14.5 ovary, germ cells exhibited a premeiotic morphology (pm). In Meioc -/- E14.5 ovary, some
germ cells also exhibited a premeiotic morphology (pm), but other germ cells exhibited metaphase-like chromosome condensation (M). In wild-type E16.5
ovary, germ cells had progressed to late zygotene/early pachytene (P) stages of meiotic prophase. This was not observed In Meioc -/- E16.5 ovary; instead,
germ cells either retained a premeiotic morphology (pm), or exhibited metaphase-like chromosome condensation (M). Scale bar = 10 pm.

https://doi.org/10.1371/journal.pgen.1006704.9002

sexes, the primary defect that causes premature metaphase occurs shortly after the decision to
initiate meiosis, and prior to meiotic chromosomal events such as recombination and
synapsis.

Meioc-deficient testicular and ovarian germ cells exhibit molecular
markers of meiotic initiation and early meiotic prophase

To confirm that Meioc-deficient germ cells have initiated meiotic prophase I, we examined
Meioc-deficient testes and ovaries for molecular markers of meiotic initiation and early meiotic
prophase I.

Meiotic initiation requires Stra8, a retinoic acid-induced, germ cell-specific factor [14,15].
Germ cells in both wild-type and Meioc-deficient P10 testes and E14.5 ovaries express STRA8
(Fig 3A). One of the first events following the decision to initiate meiosis is premeiotic DNA
replication. To detect DNA replication, we injected the thymidine analog EAU into wild-type
and Meioc-deficient postnatal male mice, or into pregnant mothers carrying wild-type and
Meioc-deficient fetal female mice, and harvested gonads two hours later. Both wild-type and
Meioc-deficient P10 testes and E14.5 ovaries had numerous EQU and STRA8 double-positive
cells (Fig 3A), indicating that they are able to undergo premeiotic DNA replication following
the decision to enter meiosis.

Next, we examined Meioc-deficient germ cells for markers of the chromosomal program of
meiotic prophase I, including homologous chromosome synapsis, recombination, and loading
of meiotic cohesins.

We first stained for components of the synaptonemal complex: the axial element protein
SYCP3, and transverse filament protein SYCP1 (Figs 3B-3D and S8A) [19,20]. In wild-type
P15 testis sections and spreads, we observed SYCP3 and SYCP1 staining indicative of the lep-
totene, zygotene, and pachytene stages of meiotic prophase: SYCP3 staining was thin and
thread-like in the leptotene stage, and progressively thickened as chromosomes synapsed
through the pachytene stage. SYCP1 localized to synapsed regions of the chromosomes in
zygotene and pachytene stage spermatocytes. In Meioc-deficient P15 testes, some germ cells
exhibited SYCP3 and SYCP1 localization on chromosomes similar to leptotene and zygotene
stages, but which were often accompanied by dense aggregates of SYCP3. Many germ cells dis-
played only SYCP3 aggregates. In the metaphase-like cells, SYCP3 localized to foci at the ends
of chromosomes, likely the centromeres. This pattern of SYCP3 localization is similar to that
observed in the first meiotic metaphases that normally appear beginning at P20 (Fig 3E) [21].
In wild-type E16.5 ovary sections, most germ cells were in zygotene and pachytene. In Meioc-
deficient E16.5 ovary sections, no germ cells exhibited zygotene or pachytene-like SYCP3
staining. Instead, Meioc-deficient germ cells had either leptotene-like SYCP3 staining with
some SYCP3 aggregates, or only SYCP3 aggregates (Figs 3B and S8A).

We next assayed Meioc-deficient cells for markers of meiotic recombination. Recombina-
tion is initiated by the formation of DNA double-strand breaks (DSBs) that are repaired by
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Fig 3. Meioc-deficient testicular and ovarian germ cells express molecular markers of meiotic prophase, but do not progress past early
zygotene. (A) Immunofluorescence staining for STRA8, MVH, and EdU incorporation, in wild-type and Meioc -/- P10 testis and E14.5 ovary sections.
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Insets: Higher magnification, STRA8 and EdU staining. In wild-type P10 testis, STRA8 expression is seen in a subset of MVH+ germ cells (arrowhead and
inset), indicative of these cells initiating meiosis. STRA8+ germ cells are also observed in the Meioc -/- P10 testis. In wild-type and Meioc -/- E14.5 ovaries,
STRAB8 expression is visible in most MVH+ germ cells (arrowhead and inset), indicative of germ cells synchronously initiating meiosis. In wild-type and
Meioc -/- ovaries of both sexes, some STRA8+ cells are also EdU+ (arrowhead and inset), reflecting premeiotic DNA synthesis. Scale bar = 10 um. (B)
Immunofluorescence staining for DMC1, SYCP3, and MVH, in wild-type and Meioc -/- P15 testis and E16.5 ovary sections. Insets: Higher magnification,
SYCP3 staining. In wild-type P15 testis, we expected to observe germ cells in leptotene, zygotene, and pachytene (empty arrowhead and inset) stages of
meiotic prophase. DMC1 expression and SYCP3 localization along the chromosomes is consistent with these stages. In Meioc -/- P15 testis, expression of
both DMC1 and SYCPS3 is seen, but the pattern of SYCP3 localization does not progress beyond what is typical of early zygotene, and is often accompanied
by SYCP3 aggregates (empty arrowhead and inset). Additionally, some germ cells contain only SYCP3 aggregates (filled arrowhead and inset). In wild-type
E16.5 ovary, we expected most germ cells to be in pachytene of meiotic prophase. DMC1 expression and SYCP3 localization along the chromosomes are
consistent with pachytene stage (empty arrowhead and inset). In Meioc -/- E16.5 ovary, DMC1 expression and SYCP3 expression are also observed, but
the pattern of SYCPS3 localization does not progress beyond what is typical of early zygotene, and is often accompanied by SYCP3 aggregates (empty
arrowhead and inset). Some germ cells contain only SYCP3 aggregates (filled arrowhead and inset). Scale bar = 10 um. (C) Immunofluorescence staining
for DMC1, yH2AX, and SYCP3 in chromosome spreads of wild-type and Meioc -/- germ cells from P15 testis. DNA stained by DAPI. In wild-type germ cells,
we observed DMC1, yH2AX, and SYCP3 localization consistent with leptotene, zygotene, and pachytene stages of meiotic prophase. In some Meioc -/-
germ cells, we observed DMC1, yH2AX, and SYCPS3 staining indicative of leptotene and early zygotene stages. In metaphase-like cells, we observed
SYCP3 localization at the ends of chromosomes, likely at centromeres. (D) Immunofluorescence staining for SYCP3 and SYCP1 in chromosome spreads
of wild-type and Meioc -/- zygotene stage germ cells from P15 testis. In both wild-type and Meioc -/- germ cells, SYCP3 localizes along the entire length of
chromosomes, and SYCP1 localizes to regions of synapsis. (E) Immunofluorescence staining for SYCP3 and REC8 in chromosome spreads of wild-type
and Meioc -/- germ cells from P15 testis. DNA stained by DAPI. In both wild-type and Meioc -/- zygotene stage germ cells, SYCP3 and REC8 localize along
the entire length of chromosomes. In metaphase-like cells, SYCP3 and RECS8 localize, respectively, to the ends of chromosomes and to the condensed
chromosomes. This localization of SYCP3 and REC8 is similar to that observed in wild-type metaphase | germ cells adult testes.

https://doi.org/10.1371/journal.pgen.1006704.g003

meiotic recombinase DMC1 [22,23]. Cells respond to DSBs by phosphorylating the histone
variant H2AX, to yield yH2AX [24]. We assessed DSB formation by co-staining for DMC1
and YH2AX alongside SYCP3 in sections and spreads from wild-type and Meioc-deficient P15
testes and E16.5 ovaries (Figs 3B, 3C and S8A). In wild-type P15 testes and E16.5 ovaries, we
observed DMC1 foci and YH2AX staining indicative of leptotene, zygotene, and pachytene
stages of meiosis. In both Meioc-deficient P15 testes and E16.5 ovaries, DMCI foci and
YH2AX were also present in leptotene/zygotene-like cells. In metaphase-like cells, DMC1 foci
are absent, but YH2AX staining suggests these cells suffer DNA damage.

Finally, we asked if cohesins are loaded onto chromosomes of Meioc-deficient germ cells.
We immunostained for REC8, a meiotic cohesin [21,25], on spreads of meiotic cells from P15
testes (Fig 3E). In the leptotene/zygotene-like Meioc-deficient cells, REC8 localized along the
lengths of chromosomes, much as in wild type. In metaphase-like cells, REC8 localizes to the
condensed chromosomes, similar to what is observed in meiotic metaphases found in wild-
type adult testes (Fig 3E) [21].

Quantification of cell spreads reveals that in P15 Meioc-deficient testes, metaphase-like and
other abnormal germ cells (such as those with only clumpy SYCP3 staining) comprised about
half of all germ cells (S8B Fig). In contrast, no meiotic metaphases were observed in wild-type
P15 testes. Meioc-deficient testes also contained more leptotene stage germ cells but fewer
zygotene stage germ cells than wild-type testes.

In summary, Meioc-deficient metaphase-like cells express and correctly localize proteins
associated with synapsis and sister chromatid cohesion, demonstrating that the primary defect
driving these cells to premature metaphase occurs after they have initiated meiosis. A subpop-
ulation of cells is able to proceed with synapsis, cohesion, and recombination up to the lepto-
tene/zygotene stages. Abby and colleagues focused their attention on the defects in this
leptotene/zygotene cell population [18]. However, given our earlier histological analyses show-
ing that metaphase-like cells first arise prior to leptotene and zygotene, it is unlikely that prob-
lems in synapsis and recombination cause the premature metaphases. The failure to proceed
past the zygotene stage of synapsis and recombination is more likely a secondary consequence
of the primary defect driving premature metaphase.
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Meioc-deficient testicular and ovarian germ cells form univalent
metaphases

Analysis of germ cells spreads showed that in Meioc-deficient metaphase-like cells, SYCP3
localized to the centromeres, and REC8 to the condensed chromosomes, similar to wild-type
meiotic metaphases (Fig 3C and 3E). However, Meioc-deficient metaphase-like cells formed
univalents instead of the bivalents formed in wild-type meiotic metaphases. Wild-type meta-
phase I cells form 20 bivalents, with 40 SYCP3 foci organized into 20 doublets, corresponding
to 40 chromosomes organized into 20 homologous pairs. In contrast, Meioc-deficient meta-
phase-like cells retain 40 univalents, with 80 foci organized into 40 doublets, corresponding to
40 paired sister chromatids, with homologous chromosomes unpaired. The doublets of SYPC3
foci in the Meioc-deficient metaphase-like cells likely correspond to sister chromatid centro-
meres that have slightly separated, indicating a failure to maintain cohesion at sister centro-
meres. We did not observe any bivalents in the Meioc mutant amongst testis spreads from
three P15 animals.

We asked if the Meioc-deficient cells with univalent chromosomes undergo molecular
events associated with metaphase. In germ cells undergoing meiotic metaphase I in adult wild-
type testes, chromosomes, visualized via DAPI, align at the equator of the cell to form a meta-
phase plate. The chromosomes are aligned by a bipolar spindle, formed by o.-tubulin-positive
microtubules emanating from opposite poles of the cell and attaching to the centromeres,
marked by centromeric histone H3 variant CENPA (Fig 4). These features of metaphase are
patently absent in wild-type P15 testes and wild-type E16.5 ovaries, where the chromosomes
are not yet condensed, and centromeres localize along the nuclear envelope, as previously
described [26]. Metaphase-like cells from Meioc-deficient P15 testes and E16.5 ovaries assem-
ble a spindle, albeit a disorganized one that appears to emanate from a single pole. Their chro-
mosomes do not assemble on a metaphase plate, and are instead scattered throughout the
nucleus. In addition, Meioc-deficient metaphase-like germ cells undergo histone H3 phosphor-
ylation and nuclear envelope breakdown, two events associated with wild-type metaphase (59
Fig). In summary, metaphase-like cells from Meioc-deficient mice form spindles, phosphory-
late histone H3 and undergo nuclear envelope breakdown much like wild-type meiotic meta-
phase cells. However, the chromosomes are in univalent rather than bivalent configuration,
indicating a failure of the chromosomes to pair, likely as a result of prematurely proceeding to
metaphase.

Aberrant expression of cyclins in meiotic Meioc-deficient testicular and
ovarian germ cells

To gain insight into the molecular pathways that Meioc may regulate so as to extend meiotic
prophase I, we performed RNA-seq on whole ovaries from E14.5 wild-type and Meioc-defi-
cient fetuses (S1 Table). At this stage, Meioc-deficient ovaries did not exhibit TUNEL-positive
apoptotic cells, which indicates that programmed cell death had not yet affected the size of the
germ cell population (S6 Fig). We observed, in Meioc-deficient ovaries, 465 genes expressed at
higher levels than wild type (q < 0.01) and 496 genes expressed at lower levels than wild type
(q < 0.01); the two sets of genes were enriched for distinct functions (Table 1; S2 Table). Genes
expressed at lower levels were enriched for involvement in the meiotic chromosomal program,
which we interpreted as reflecting fewer cells entering meiotic prophase I in the mutant. Genes
expressed at higher levels were enriched for factors typically associated with the mitotic cell
cycle. Previously reported microarray analyses of Meioc-deficient gonads identified only 42
differentially expressed genes, of which 38 were expressed at lower levels [18]. Of these 38
genes, half were noted to be associated with meiosis. Those analyses failed to detect genes
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Fig 4. Meioc-deficient testicular and ovarian germ cells express molecular markers of metaphase.
Immunofluorescence staining for CENPA and a-TUB in wild-type adult testicular germ cells in metaphase |, as
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well as wild-type and Meioc -/- P15 testis and E16.5 ovary sections. Nuclei stained by DAPI; MVH immunostains
germ cells. Inset: CENPA and a-TUB staining together, and separately. In wild-type adult testicular germ cells in
metaphase |, CENPA localizes to the metaphase plate and a bipolar spindle is formed. In wild-type P15 testis
and E16.5 ovary, CENPA localizes to periphery of nuclei in meiotic cells, and no spindle is observed. In Meioc -/-
P15 testis and E16.5 ovary, CENPA does not localize to periphery of nuclei, and instead localizes to ends of a
disorganized, radiating spindle. Scale bar = 10 pm.

https://doi.org/10.1371/journal.pgen.1006704.9g004

expressed at higher levels, and thus did not identify the misregulation of mitotic cell cycle fac-
tors. Given that RNA-seq provides more sensitivity than microarray analysis [27], our RNA-
seq analysis likely reveals a more complete snapshot of transcriptional changes in the absence
of Meioc.

We explored the possibility that the premature metaphase entry observed in Meioc-deficient
germ cells was associated with misregulation of cell cycle factors. Progression through the cell
cycle is tightly controlled by cyclical fluctuations in expression of cyclins, which induce oscil-
latory activation of cyclin-dependent kinases. We therefore examined cyclin expression, focus-
ing on determining whether Meioc-deficient germ cells express cyclins typical of mitosis or
meiosis.

Cyclin A2 (CCNA2), which drives progression through mitotic S and G2-M [28], is
expressed in the male germline in mitotic spermatogonia and preleptotene spermatocytes, and
is normally down-regulated upon entry into leptotene [29,30]. We immunostained wild-type
and Meioc-deficient P15 testes for CCNA2, as well as SYCP3, to identify cells in meiotic

Table 1. Top ten enriched GO categories for genes expressed at lower or higher levels in Meioc-/-
ovaries.

Genes expressed at lower levels in Meioc-/- ovaries

GO term Fold Enrichment Benjamini-corrected
p-val
cell cycle process 2.75 9.80E-03
cell cycle 2.22 2.03E-02
meiosis 5.00 3.48E-02
M phase of meiotic cell cycle 5.00 3.48E-02
cell cycle phase 2.68 3.09E-02
meiotic cell cycle 4.88 2.55E-02
cofactor metabolic process 3.29 5.01E-02
meiosis | 7.99 4.59E-02
chromosome organization involved in meiosis 11.75 1.32E-01
synapsis 11.75 1.32E-01
Genes expressed at higher levels in Meioc-/- ovaries
GO term Fold Enrichment Benjamini-corrected
p-val

cell division 4.90 8.12E-10
mitotic cell cycle 4.76 7.39E-08
cell cycle phase 4.06 7.63E-08
cell cycle 2.96 3.39E-07
cell cycle process 3.50 8.64E-07
nuclear division 4.98 8.71E-07
mitosis 4.98 8.71E-07
M phase of mitotic cell cycle 4.88 1.09E-06
organelle fission 4.80 1.26E-06
M phase 3.95 1.90E-06

https://doi.org/10.1371/journal.pgen.1006704.t001
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prophase. We confirmed that in the wild-type, CCNA2 is expressed in mitotic spermatogonia,
but not in germ cells that had entered meiotic prophase, as evident by thread-like SYCP3 stain-
ing (Fig 5A). In contrast, in Meioc-deficient testes, CCNA2 is present in germ cells that exhibit
SYCP3 staining typical of leptotene and zygotene. Thus, in Meioc-deficient testes, testicular
germ cells in meiotic prophase aberrantly express CCNA2.

Cyclin A1 (CCNAL) is thought to replace CCNA2 during the meiotic cell cycle: it is
expressed in meiotic spermatocytes from late pachytene through metaphase, and is required to
initiate meiotic metaphase [31,32]. Using single molecule fluorescent in situ hybridization
(smFISH), we observed Ccnal mRNA expression in wild-type P15 testes in late pachytene
cells, but not spermatogonia, which instead expressed Ccna2 (Fig 5B). In Meioc-deficient P15
testes, we failed to observe Ccnal expression in either meiotic or metaphase-like germ cells.

Cyclin Bs are essential for the G2/M transition [28]. Cyclin B1 and B2 (CCNB1, CCNB2)
are expressed in both mitotically and meiotically dividing cells. In contrast, cyclin B3
(CCNBS3) is expressed only during leptotene and zygotene in both males and females, and
forms kinase-deficient complexes with CDK2, raising the possibility that CCNB3 could be
inhibiting precocious cell cycle progression during early meiotic prophase I [33,34]. Using
smFISH, we observed Ccnb3 expression in meiotic cells of wild-type P15 testes and E16.5 ova-
ries as expected (Fig 5C), and also in meiotic germ cells from Meioc-deficient testes and
ovaries.

In summary, we found that Meioc-deficient meiotic germ cells do not exclusively express
either mitosis or meiosis-specific cyclins. They express meiosis-specific CCNB3, suggesting
that they have initiated the meiotic cell cycle program, but they also aberrantly express
CCNA2, which should be down-regulated during meiosis. Misexpression of CCNA2, accom-
panied by the broad up-regulation of genes associated with the mitotic cell cycle, leads us to
conclude that although Meioc-deficient germ cells can initiate the meiotic chromosomal pro-
gram, they fail to properly transition from a mitotic to meiotic cell cycle program. Based on
these novel findings, not reported by Abby et al. [18], we propose that mis-regulation of the
cell cycle is the primary cause of premature metaphases in the absence of Meioc.

MEIOC interacts with the mouse homolog of BGCN, a translational
regulator in fly

To gain insight into how MEIOC functions at the molecular level to prevent premature exit
from meiotic prophase I, we determined MEIOC’s binding partners by performing an immu-
noprecipitation for MEIOC from testis lysates. Using quantitative mass spectrometry analysis,
we identified one protein as interacting with MEIOC: YTHDC2 (enrichment over MEIOC
immunoprecipitation in Meioc-deficient testes > 1.5, unique peptides >1; Table 2, S3 Table).
We confirmed the interaction between MEIOC and YTHDC2 by immunoprecipitating each
protein from adult testes and immunoblotting for the other (Fig 6A). MEIOC interaction with
YTHDC2 was also previously observed [18].

YTHDC2 contains multiple domains that interact with nucleic acid—specifically, an R3H
domain, an RNA helicase domain, and a YTH domain [35-37]—Dbut its molecular function in
mammalian cells remains poorly characterized. To gain insight into the function of YTHDC2,
we looked for YTHDC2 orthologs in other species. We identified YTHDC2 orthologs in
almost all metazoans examined (S10 Fig). In Drosophila melanogaster, the ortholog of mouse
YTHDC?2 is BGCN, which physically interacts with a partner, BAM, to regulate translation in
germ cells [38]. Considering that we find no ortholog of MEIOC in the Drosophila genome (S1
Fig), mouse MEIOC may be interacting with YTHDC2 to perform a role analogous to that of
BAM with BGCN in Drosophila. Based on this hypothesis, we might expect similar phenotypes

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006704  April 5, 201 {36 13/33


https://doi.org/10.1371/journal.pgen.1006704

o @
@ ’ PLOS | GENETICS Meioc maintains an extended meiotic prophase | in mice

-

A

CCNA2 SYCP3

Wild-type
P15 testis

Meioc -/-
P15 testis

B P15 testis

Ccnat

e

gD
vChnas

DAPI

C P15 testis E16.5 ovary

Wild-type Meioc -I- Wild-type Meioc -I-:

Fig 5. Expression of cyclin A2 and cyclin B3in Meioc-deficient adult testis and ovary. (A) Immunofluorescence staining for CCNA2 and SYCP3
in wild-type and Meioc -/- P15 testis. In wild-type, CCNA2 is expressed in mitotic spermatogonia (arrowhead), and is not expressed in cells past the
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leptotene stage of meiosis (SYCP3+ cells at zygotene stage of meiosis). In Meioc -/- testes, CCNA2 is misexpressed in SYCP3+ cells at zygotene-like
stage. (B) Single molecule FISH staining for Ccna1and CcnaZ2in wild-type and Meioc -/- P15 testis. Low magnification image: DAPI staining of germ
cells in testis tubule. High magnification images: DAPI is in blue, and single cells are outlined. Single transcripts are detected as individual red or green
dots; diffuse staining is background. Ccna2 (green dots) is detected in both wild-type and Meioc -/- testes in mitotic spermatogonia, identified by their
position at base of tubule and by their nuclear morphology (wild-type and Meioc-/-, i). Ccna2is additionally detected in Meioc -/- germ cells that are in
middle of lumen (likely meiotic, or else metaphasic cells, ii). Ccnat (red dots) is detected in late pachytene germ cells in wild-type testis, but not in Meioc
-/- germ cells (wild-type and Meioc -/-, ii). (C) Single molecule FISH staining for Ccnb3and Dazl/in late zygotene/early pachytene germ cells from wild-
type and Meioc -/- P15 testis and E16.5 ovary. Ccnb3and Dazl are detected in both wild-type and Meioc -/- germ cells. Scale bar = 10 um.

https://doi.org/10.1371/journal.pgen.1006704.9005

in Meioc-deficient and Ythdc2-deficient mice. Ythdc2-deficient male mice exhibit striking simi-
larities to the Meioc-deficient mice: in both mutants, germ cells initiate but do not complete
meiosis; instead, numerous abnormal metaphase-like cells are observed (A. Bailey, D. de
Rooij, and M. Fuller, personal communication).

To determine if YTHDC2 protein expression is regulated by MEIOC, we immunostained
wild-type and Meioc-deficient P15 testes for YTHDC2 (Fig 6B). In both wild-type and Meioc-
deficient testes, YTHDC2 was present in the cytoplasm of meiotic germ cells, including lepto-
tene, zygotene, and pachytene cells in the wild-type, and leptotene/zygotene-like cells in the
mutant. Thus, in contrast to previous reports [18], we found that YTHDC2 expression is not
dependent on Meioc.

MEIOC interacts with cell cycle-associated transcripts but not meiosis-
specific transcripts

Given that YTHDC2 and MEIOC proteins localize to the cytoplasm, and that YTHDC2 con-
tains multiple domains that interact with nucleic acid (specifically, an R3H domain, an RNA
helicase domain, and a YTH domain) [35-37], we hypothesized that a YTHDC2/MEIOC com-
plex binds to and post-transcriptionally regulates mRNA, like the Drosophila BGCN/BAM
complex. Based on the observations that Meioc-deficient germ cells exhibit precocious progres-
sion into a metaphase-like state and misexpress cell cycle transcripts and mitotic cyclin
CCNA2, we further hypothesized that this YTHDC2/MEIOC complex regulates transcripts
involved in mitotic cell cycle progression.

We therefore investigated the transcripts to which both MEIOC and YTHDC2 bind via
RNA immunoprecipitation and sequencing (RIP-seq). We performed MEIOC RIP-seq in
wild-type P15 testes, along with the following controls: MEIOC RIP-seq in Meioc-deficient
P15 testes, IgG RIP-seq controls in wild-type P15 testes, and RNA-seq from both wild-type

Table 2. Identification of MEIOC-interacting proteins by quantitative mass spectrometry.

Protein Average TMT values relative to one replicate of MEIOC IP from Meioc -/- lysate Number of unique peptides selected for
(SD) fragmentation*
IgG IP from wild-type | MEIOC IP from wild-type | MEIOC IP from Meioc -/-
lysate lysate lysate
MEIOC/ 0.866 (0.033) 4.055 (0.673) 1.136 (0.193) 4
GM1564
YTHDC2 0.631 (0.100) 2.028 (0.449) 1.069 (0.098) 9

*Sequences of unique peptides listed in S3 Table.

TMT quantification was obtained for two biological replicates in each of three immunoprecipitation conditions: (A) wild-type (C57BL/6) lysate with IgG
antibody, (B) wild-type lysate with MEIOC antibody, or (C) Meioc -/- lysate with MEIOC antibody. Values were normalized to the signal from one replicate in
condition C and then averaged across each condition. Shown here are all proteins represented by two or more peptides with a relative TMT value greater
than 2 in condition B relative to condition C.

https://doi.org/10.1371/journal.pgen.1006704.t002
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Fig 6. MEIOC co-immunoprecipitates with YTHDC2 and cell cycle-associated transcripts but not meiosis-specific transcripts.
(A) Immunoprecipitation (IP) performed with anti-MEIOC or anti-YTHDC2 antibody and IgG control from adult testis lysates. IP was
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followed by immunoblotting with either the anti-MEIOC antibody, or anti-YTHDC2 antibody. MEIOC and YTHDC2 were detected
specifically in immunoprecipitation with either anti-MEIOC or anti-YTHDC2 antibody. (B) Immunofluorescence staining for YTHDC2 and
SYCP3 in wild-type and Meioc -/- P15 testis. Nuclei stained by DAPI. YTHDC2 is expressed at comparable levels in zygotene and
zygotene-like cells from both wild-type and Meioc -/- testes, respectively. (C) Fold enrichment for MEIOC-specific binding in P15 testis
and YTHDC2-specific binding in P20 testis. For MEIOC, targets were identified via MEIOC RIP-seq and total RNA-seq analyses of wild-
type and Meioc -/- testes as well as IgG RIP-seq from wild-type testes. For YTHDC2, targets were identified via YTHDC2 RIP-seq, IgG
RIP seq, and total RNA-seq analyses of wild-type testes. Statistically significant enrichment was identified based on FDR < 0.05,

FPKM > 1, and fold change > 3 for MEIOC, or fold change > 2 for YTHDC2. Of the transcripts that were enriched, some have been
implicated in mitotic cell cycle progression. Transcripts that were not enriched were selected for analysis based on functions in the cell
cycle (Ccna2), the canonical meiotic chromosomal program (Dmc1, Rec8, Sycp3), or previous reports of interaction with YTHDC2
(Meiob, Rad21l, Spata22, Spo11). Error bars represent standard error. Dashed grey line marks fold change of 1.

https://doi.org/10.1371/journal.pgen.1006704.9006

and Meioc-deficient testes to control for changes in mRNA abundances in wild-type and Meioc-
deficient testes. We performed YTHDC2 RIP-seq in P20 testes using two independent YTHDC2
antibodies, along with the following controls: IgG RIP-seq in wild-type P20 testes, and RNA-seq
in wild-type testes. We identified 626 transcripts that were enriched in immunoprecipitation with
MEIOC (fold change > 3, FDR < 0.05, expressed at FPKM > 1, S4 Table), and 80 transcripts
enriched in immunoprecipitation with YTHDC2 (fold change > 2, FDR < 0.05, expressed at
FPKM > 1, $4 Table). Of these, 67 transcripts were identified as both MEIOC and YTHDC?2 tar-
gets (a subset of results shown in Fig 6C). We validated a sampling of the MEIOC and YTHDC2
targets by RIP followed by quantitative PCR (qPCR; S11 Fig). While Ccna2 was not a direct target
of MEIOC or YTHDC2, bound transcripts included other cell-cycle related transcripts such as
Cdc27,a component of the anaphase promoting complex [39], as well as Crebl and Atf2, tran-
scription factors that can upregulate the expression of Ccna2 [40-42]. In addition, both MEIOC
and YTHDC?2 interact with the Meioc transcript itself, but not with Ythdc2 transcript.

In contrast to our model of the MEIOC/YTHDC2 complex as a regulator of meiotic pro-
phase I exit, Abby and colleagues suggested that MEIOC and YTHDC2 function to stabilize
transcripts involved in the chromosomal program of meiosis [18]. This conclusion was based,
in part, on RIP data indicating that YTHDC2 bound four transcripts essential to the chromo-
somal program (Spata22, Spol1, Meiob, and Rad21L) [18]. This hypothesis predicts that
MEIOC should also interact with these transcripts. We found no evidence, by either RIP-seq
or RIP-qPCR, that MEIOC or YTHDC?2 interacts with these transcripts (Fig 6C, S11 Fig). Fur-
thermore, we could not demonstrate enrichment for additional canonical transcripts in the
meijotic chromosomal program, such as Dmcl, Rec8, and Sycp3 (Fig 6C; S4 Table), which were
not identified as YTHDC2 targets by Abby and colleagues [18].

To determine whether the MEIOC/YTHDC2 complex promotes or inhibits expression of
its targets, we returned to our RNA-seq dataset from E14.5 wild-type and Meioc-deficient ova-
ries. Given the remarkable similarity of Meioc-deficient phenotypes in males and females, we
hypothesized that MEIOC/YTHDC2’s targets from the testis would also be differentially
expressed in the fetal ovary. We therefore compared MEIOC/YTHDC2’s shared targets to our
RNA-seq dataset from E14.5 wild-type and Meioc-deficient ovaries (S1 Table). Of the 67
MEIOC- and YTHDC2-bound mRNAs identified in the testis, 65 were expressed (FPKM > 1)
in the fetal ovary. Of these 65 MEIOC- and YTHDC2-bound transcripts, 28 (43%) were
expressed differentially between E14.5 wild-type and Meioc-deficient ovaries. With the excep-
tion of the Meioc transcript itself, all 27 of these differentially expressed mRNAs were present
at higher levels in the absence of MEIOC (S5 Table), suggesting that MEIOC and YTHDC2
destabilize their target mRNAs. These differentially expressed targets included the mitotic cell
cycle regulators Atf2, Cdc27, and Crebl. Not all MEIOC/YTHDC2-bound mRNAs were
observed to be differentially expressed. This may be because most MEIOC/YTHDC2-bound
mRNAs were expressed in gonadal somatic cells as well as in germ cells, which may obscure

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006704  April 5, 201 140 17/33


https://doi.org/10.1371/journal.pgen.1006704.g006
https://doi.org/10.1371/journal.pgen.1006704

@'PLOS | GENETICS

Meioc maintains an extended meiotic prophase | in mice

differential expression signals in RNA-seq data from whole gonads. Additionally, our MEIOC
and YTHDC2 RIP experiments were performed using testis tissue, while our RNA-seq data
was derived from fetal ovary; though they overlap, the sets of genes targeted by MEIOC and
YTHDC2 in testis and ovary may not be identical.

In summary, we found that MEIOC and YTHDC2 bind transcripts that regulate the mitotic
cell cycle, likely resulting in their destabilization. These observations are consistent with our
hypothesis that MEIOC facilitates the switch from a mitotic to a meiotic cell cycle program.
We find no evidence that MEIOC interacts with transcripts of the meiotic chromosomal pro-
gram, and thus no reason to believe that it directly stabilizes such transcripts, as recently pro-
posed by Abby and colleagues [18].

Discussion

An extended prophase I is a conserved feature of meiosis, and is critical for enabling comple-
tion of meiotic chromosomal events in yeast [2]. Our analyses of Meioc-deficient mice identify
Meioc as a critical factor required for this extended prophase I in mice: in the absence of
Meioc, both testicular and ovarian germ cells can initiate meiosis and embark on meiotic pro-
phase I, but fail to progress past the zygotene stage. Instead, Meioc-deficient cells proceed pre-
cociously to metaphase. Our studies demonstrate that Meioc is required for an extended
meiotic prophase I in mice, and reveal the extended prophase I as a critical and actively regu-
lated feature of meiosis in a vertebrate system.

We posit that meiotic prophase I is comprised of various meiosis-specific subprograms,
including a chromosomal program wherein chromosomes synapse and recombine, and a
coordinately regulated cell cycle program that extends prophase I for the duration of the chro-
mosomal program. We propose that when the chromosomal program of meiosis is initiated,
the corresponding cell cycle program must be simultaneously implemented (Fig 7). Our previ-
ous findings demonstrated that Stra8 is required for the meiotic chromosomal program
[14,15]. Our present findings lead us to propose that Meioc is simultaneously required to pro-
mote the meiotic cell cycle program.

How can a germ cell ensure that it exits prophase into metaphase only when the meiotic
chromosomal program is complete? We reasoned that the germ cell must transition from a
mitotic cell cycle program (that of necessity is independent of the meiotic chromosomal pro-
gram) to a meiotic cell cycle program in which prophase exit is dependent on meiotic chromo-
somal checkpoints. We hypothesize that Meioc is required for this transition. This model
predicts that in the absence of Meioc, a germ cell that has already expressed key meiotic regula-
tors (such as STRA8) and meiotic chromosomal proteins (such as SYCP3) will continue to run
a mitotic cell cycle program. Due to an active mitotic cell cycle program, the meiotic cell will
proceed to metaphase on a mitotic schedule, independent of the meiotic chromosomal check-
points. It was previously observed that leptotene/zygotene stage spermatocytes are not compe-
tent to enter metaphase upon stimulation with okadaic acid [43]; this is likely because in wild-
type cells, exit from prophase into metaphase is strictly dependent on the meiotic chromo-
somal checkpoints. In contrast, in Meioc-deficient germ cells, a persistent mitotic cell cycle
program renders the cell cycle independent of the meiotic chromosomal events, and drives
cells into metaphase as early as preleptotene, or shortly thereafter. Consistent with this idea of
cell cycle mis-regulation, Meioc-deficient spermatocytes that have initiated meiotic prophase I
misexpress Cyclin A2, which is normally expressed in mitotic spermatogonia and down-regu-
lated by leptotene of meiotic prophase I.

A second possibility is that Meioc functions to establish a checkpoint for exit from meiotic
prophase I. However, if lack of a checkpoint led to premature resumption of the meiotic cell
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Fig 7. A proposed model of Meijoc’s role in meiosis. (A) Mitotic germ cells transition into meiosis via expression
of Stra8, which upregulates the meiotic chromosomal program. At the same time, Meioc and Ythdc2 are required
during meiotic prophase to inhibit progression into metaphase, thereby allowing meiotic prophase to proceed
normally. (B) Stra8is expressed in early meiotic prophase, while Meioc is expressed throughout meiotic prophase.
In wild-type germ cells, Meioc is downregulated before progression into metaphase. In the absence of Meioc,
meiotic prophase is abbreviated, resulting in a precocious attempt at metaphase.

https://doi.org/10.1371/journal.pgen.1006704.9007

cycle, we might expect that the cell cycle resumed would be meiotic in nature, and thus primar-
ily driven by cyclins typically expressed during the meiotic cell cycle, such as Cyclin Al.
Instead, we find that Cyclin A2, not Cyclin Al, is expressed in Meioc-deficient germ cells.
Therefore, MEIOC appears to govern the transition from a mitotic to a meiotic cell cycle pro-
gram, in part or in whole by suppressing the mitotic program.

An alternate model has been proposed by Abby et al., wherein Meioc is required for stabili-
zation of meiotic transcripts, such as those required for the chromosomal program [18]. In
their model, the failure to stabilize these transcripts leads to lack of sufficient proteins required
for the chromosomal events of meiosis, thus forcing cells to switch prematurely to metaphase.
We find this model unsatisfying for the following reasons. First, we find no evidence that
MEIOC and YTHDC?2 bind transcripts that function in the chromosomal program. The con-
ditions used for RIP experiments may explain the difference between our results and those of
Abby et al. For immunoprecipitation of RNA, we used lysis conditions without reducing
agents in order to maintain proteins’ disulfide bonds. By contrast, Abby et al. used mild reduc-
ing conditions that could have relaxed disulfide bonds and potentially altered the proteins and
transcripts with which YTHDC2 interacted. We propose that the non-reducing conditions
used in this study are more likely to have captured the in vivo interactions of MEIOC and
YTHDC2. In addition, the model proposed by Abby et al. does not explain how a failure to sta-
bilize transcripts of the meiotic chromosomal program results in premature metaphase. In the
vast majority of knock-outs of genes required for the meiotic chromosomal program (e.g.
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Dmcl), germ cells arrest in meiosis and proceed to apoptosis, rather than attempting preco-
cious metaphase [22,23].

Understanding the molecular function of MEIOC would aid in distinguishing these two
alternative models. Our genetic and biochemical analyses suggest a role for MEIOC in post-
transcriptional regulation of transcripts implicated in the cell cycle. First, the phenotype of
Meioc-deficient mice is highly similar to that of male mice deficient for the mouse ortholog of
Bgcen (A. Bailey, D. de Rooij, and M. Fuller, personal communication). Drosophila BGCN is an
RNA helicase that acts in concert with an interacting partner, BAM, to repress translation in
Drosophila germ cells [38,44,45]. The shared phenotype between mouse Meioc and Ythdc2 sug-
gests that they may act as interacting partners to regulate translation in the mouse germline,
similar to BAM/BGCN in the fly. A putative mouse ortholog of fly bam had been previously
identified, but mice lacking this gene exhibited no viability or fertility defects [46]. Meioc,
while not orthologous to Drosophila bam, may be its functional analog in the mouse. Notably,
we failed to identify an ortholog of Meioc in Drosophila, further supporting the notion that
mouse MEIOC and Drosophila BAM substitute for each other in the two species. Consistent
with the hypothesis that MEIOC and YTHDC2 function together, we find evidence that
MEIOC physically interacts with YTHDC2. Further, MEIOC and YTHDC?2 interact with over-
lapping sets of transcripts. These transcripts include genes associated with the mitotic cell
cycle, but not with meiosis, bolstering our model that a MEIOC/YTHDC2 complex post-tran-
scriptionally regulates transcripts associated with cell cycle progression. Transcripts that inter-
act with MEIOC and YTHDC?2 are up-regulated in the absence of MEIOC, suggesting that
MEIOC/YTHDC?2 functions to destabilize their target mRNAs. While MEIOC’s PF15189
domain remains uncharacterized, YTHDC2 contains multiple domains that interact with
nucleic acid. These domains include the R3H domain that binds single-stranded nucleic acid
[36]; the DEAH box helicase domain that unwinds nucleic acids [35]; and the YTH domain
that recognizes post-transcriptionally modified N6-methyladenosine (m6A) on RNA [37]. In
particular, RNA helicases can regulate the stability of target transcripts by interacting with pro-
teins that directly influence RNA stability/degradation, such as decapping enzymes, deadeny-
lation complexes, and ribonucleases [35]. Helicases can further affect RNA stability by
unfolding the RNA to make it accessible to these enzymes [35]. However, we do not yet know
the extent to which these domains are active in the YTHDC2 protein, and how MEIOC may
contribute to their activity. The precise molecular mechanism of MEIOC/YTHDC?2 activity,
and consequences for target transcripts, remain to be determined.

Mouse MEIOC and YTHDC2, and their Drosophila counterparts bam and bgcn, appear to
have similar roles in gametogenesis based on post-transcriptional regulation of transcripts.
However, the details of regulation differ between species, and even between sexes. Whereas
MEIOC and YTHDC?2 appear to regulate the meiotic cell cycle program, bam and bgcn func-
tion at earlier stages of Drosophila gametogenesis, prior to the decision to initiate meiosis. In
Drosophila males, bam and bgcn are required for spermatogonia to cease proliferation and ini-
tiate spermatocyte differentiation and meiosis [47,48]. In the female, bam and bgcn function
earlier to initiate the transit amplifying divisions [49,50]. Correspondingly, their target tran-
scripts differ between the Drosophila sexes: BAM and BGCN repress mei-P26 translation in the
male, but not in the female [38]. Conversely, BAM represses translation of nanos in the female
but not the male [44]. Furthermore, mei-P26 and nanos are not components of the cell cycle
program. Thus, while the involvement of the bam-bgcn and MEIOC-YTHDC2 complexes in
gametogenesis via post-transcriptional regulation is conserved, their time of action, as well as
the targets of translational repression, may vary according to sex and species.

A common pathway induces both initiation of the chromosomal program of meiotic pro-
phase I, as well as Meioc expression, thus genetically linking the meiotic chromosomal
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program with the meiotic cell cycle program. We previously demonstrated through an in vivo
genetic knock-out mouse model that Stra8 is required for initiation of the meiotic chromo-
somal program in both ovarian and testicular germ cells [14,15]. More recently, further in vivo
studies of Stra8-deficient ovaries showed that Stra8 is required for full induction of Meioc
expression: Meioc expression is 4-fold higher in wild-type fetal ovaries than in Stra8-deficient
ovaries [17]. Since Stra8 is induced by RA [10,11], Meioc expression in fetal ovarian germ cells
is thus also at least partially dependent on RA signaling. Contrary to these results, Abby et al.
concluded that Meioc expression is completely independent of RA signaling in both ovarian
and testicular germ cells, based on data from fetal gonads cultured with RA or an RAR inverse
agonist as well as postnatal testes from pups exposed to the RAR inverse agonist [18]. This dis-
crepancy in results in ovarian germ cells suggests that the in vivo genetic model may more
accurately reflect the endogenous biology than a culture system, especially when dealing with a
relatively modest (4-fold) change in gene expression. Therefore, similar in vivo examination of
whether RA and Stra8 contribute to Meioc expression in testicular germ cells is still needed.

Our study leads us to propose that successful meiosis in mice requires coordination of a
meiosis-specific cell cycle program with the elaborate chromosomal program of prophase 1.
Further studies will elucidate how Meioc, in partnership with Ythdc2, promotes the transition
to a meiosis-specific cell cycle program at the time germ cells initiate the meiotic chromosomal
program.

Materials and methods
Ethics statement

All experiments involving mice were performed in accordance with the guidelines of the Mas-
sachusetts Institute of Technology (MIT) Division of Comparative Medicine, which is over-
seen by MIT’s Institutional Animal Care and Use Committee (IACUC). The animal care
program at MIT/Whitehead Institute is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, International (AAALAC), and meets or exceeds the
standards of AAALAC as detailed in the Guide for the Care and Use of Laboratory Animals.
The MIT IACUC approved this research (no. 0714-074-17).

Generation of anti-MEIOC antibody

A polyclonal antibody against MEIOC was raised in rabbits against C-terminal peptide CHE-
SINSSNPMNQRGETSKH (YenZym Antibodies, LLC), and affinity purified using the anti-
genic peptide (SulfoLink Immobilization Kit for Peptides, ThermoScientific).

Generation of Meioc mutant alleles

The Meioc gene was targeted for homologous recombination in v6.5 embryonic stem (ES) cells
with a targeting vector for a knockout-first allele of Meioc (obtained from the Knockout
Mouse Project Repository, vector PG00048_X_6_E03) (54 Fig). Resultant colonies were tested
for correct integration by Southern blot analysis of a Kpnl/Xhol restriction digest. Three inde-
pendent, verified ES cell clones were injected into C57BL/6 recipient blastocysts, and germline
transmission was obtained with all three clones. The ‘knockout-first’ allele is denoted 3lox or
3L as it retains 3 loxP sites. In the 3lox allele, the open reading frame is disrupted by the active
lacZ reporter. The 3lox allele was subject to Flp recombination by breeding mice bearing the
3lox allele to ACTB:FLPe B6] mice (Jackson laboratory no. 005703). The resultant allele is a
conditional allele, denoted 2lox or 2L. The lacZ and Neo genes are excised, leaving exon 3
flanked by loxP sites. The 2lox allele was subject to Cre recombination by breeding mice
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bearing the 2lox allele to MyhCremOrange mice [51]. The resultant allele is a knockout allele,

denoted 1lox, 1L or Meioc -. Cre recombination excises exon 3, and is predicted to result in a
frame shift and generate a premature stop codon subsequent to exon 2. All three alleles were
genotyped by PCR (detailed in S4 Fig).

Mice and sample collection

We analyzed both Meioc 3L/3L and Meioc-deficient (Meioc -/-; Meioc 1L/1L) mice. Meioc 3L/
3L and Meioc-deficient mice or embryos were generated by heterozygote matings. For wild-
type controls, we used littermates that were either heterozygote for the mutant and wild-type
allele or homozygous for the wild-type allele. Meioc 3L/3L mice were of mixed 12954 and
C57BL/6 background. Meioc-deficient mice were backcrossed to the C57BL/6 strain for at
least 5 generations; all data shown in figures are from mice 5 to 7 generations backcrossed.

EdU incorporation

Mice, or pregnant mothers, were injected with 4pg/pl of EAU dissolved in PBS, for a final dose
of 20pg/g. Samples were collected 2 h after EAU injection.

Histology

Testes were fixed overnight in Bouin’s solution, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. Sections were examined using a light microscope, and germ cell
types were identified by their location, nuclear size, and chromatin pattern (Russell et al.,
1990).

Immunostaining of sections

Postnatal or adult testes, or embryonic ovaries, were fixed one of three ways: in 4% paraformal-
dehyde (PFA) overnight followed by embedding in paraffin, in Bouins solution for 2 h followed
by embedding in paraffin, or in 4% PFA for 1 h following by freezing in OCT (Sakura Finetek,
Torrance, CA). Paraftin or frozen blocks were sectioned. Paraffin sections were dewaxed, rehy-
drated, and subject to antigen retrieval by heating in citrate buffer (10mM sodium citrate,
0.05% Tween 20, pH6.0). Frozen sections were thawed and washed in PBS. Sections were then
blocked in 5% normal donkey serum, incubated with primary antibodies at 4°C overnight,
washed with PBS, incubated with the secondary antibody at room temperature for 1 h, and
washed with PBS. Details for primary antibodies and their corresponding fixation and incuba-
tion conditions are detailed in S6 Table. For fluorescent detection, fluorophore-conjugated sec-
ondary antibodies were used at 1:250 (Jackson Immunoresearch Laboratories or Invitrogen),
and sections were mounted in ProLong Gold Antifade reagent with DAPI (Thermo Fisher Sci-
entific). For colorimetric detection, InmPRESS peroxidase-conjugated secondary antibodies
were used (Vector Laboratories), followed by detection using DAB substrate (Vector Laborato-
ries). TUNEL staining was performed on PFA-fixed sections embedded in paraffin using the
DeadEnd Colorimetric TUNEL System (Promega) according to the manufacturer’s intstruc-
tions. Slides were then counterstained with hematoxylin, dehydrated, and mounted in Per-
mount (Thermo Fisher Scientific). EdU was detected as per manufacturer’s protocol (Click-iT
EdU Alexa Fluor 488 Imaging Kit) after secondary antibody incubation and wash.

Immunostaining of chromosome spreads

Spreads were prepared from male and female meiotic germ cells as previously described [52]
with some modifications. Male germ cells in suspension were obtained by mechanically
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disrupting seminiferous tubules. Germ cells were spun down and resuspended in hypobuffer
(30mM TrisHCI pH8.2, 50mM sucrose, 17mM sodium citrate) for 7 min at room temperature,
then spun down again and resuspended in 100mM sucrose. Cell suspensions were placed on
slides wetted with 1% PFA/0.15% TritonX-100. Female germ cells were obtained by first incu-
bating embryonic ovaries in hypobuffer for 15 min, then mechanically disrupting the ovaries
in 100mM sucrose. Dispersed cells were then placed on slides wetted with 1% PFA/0.2% Tri-
tonX-100. In both cases, slides were air dried, washed in 0.4% Photo-Flo, and stored at -80C
until use. For immunofluorescence staining, frozen sections were thawed and washed in PBS.
Sections were then blocked in 3% BSA/1% normal donkey serum/0.05% Triton-X, incubated
with primary antibodies at 4°C overnight, washed with PBS, incubated with the secondary
antibody at room temperature for 1 h, and washed with PBS. Detailed information on primary
antibodies and incubation conditions is provided in S6 Table. Fluorophore-conjugated sec-
ondary antibodies were used at 1:250 (Jackson Immunoresearch Laboratories or Invitrogen),
and sections were mounted in ProLong Gold Antifade reagent with DAPI (Life Technologies).

Single molecule fluorescent in situ hybridization

Probe design, synthesis, and coupling were as previously described [53]. Probe sequences are
provided in S7 Table. Samples were prepared and hybridization performed as previously
described [17,53]. Germ cells were identified by smFISH for Dazl and/or nuclear morphology
by DAPI staining.

RNA-seq

We performed RNA-seq on whole ovaries dissected away from mesonephros from E14.5 wild-
type and Meioc 3L/3L fetuses. Each genotype was represented by three biological replicates of
one pair of ovaries each. Total RNA (~1 pg) was extracted from ovaries using Trizol (Invitro-
gen) according to the manufacturer’s protocol. Libraries were prepared using the Illumina
TruSeq RNA Sample Preparation Kit. Libraries were multiplexed and sequenced on the Illu-
mina HiSeq 2000 platform to obtain 40-base-pair single reads. RNA-seq data have been depos-
ited in NCBI GEO under accession number GSE90702 and NCBI SRA under accession
number SRP094112. Reads were aligned to the mouse genome (mm10) using TopHat v2.0.11
using default settings, and differential expression analysis was performed using Cufflinks
v.2.2.1 [54] with the RefSeq transcript annotation. Enriched GO categories were identified
using DAVID [55].

Immunoprecipitation for immunoblotting and mass spectrometry

To prepare lysates for immunoprecipitation followed by immunoblotting, one testis from a
3-month-old C57BL/6 male was homogenized in lysis buffer (25mM Tris-HCI pH7.5, 150mM
NaCl, 1.5mM MgCl,, 1mM dithiothreitol (DTT), 0.4% Triton X-100) supplemented with
EDTA-free protease inhibitor (Roche Diagnostics) and 250U Benzonase nuclease (EMD Milli-
pore), incubated at 4°C with rotation for 30 min, and then centrifuged at 20,000 g for 15 min
at 4°C. For immunoprecipitation, the soluble lysate from each testis was pre-cleared for 2 h at
4°C with Dynabeads Protein G (Thermo Fisher Scientific) prior to a 4°C overnight incubation
with antibody-bound Dynabeads. Beads were prepared by three brief washes in PBS with 0.1%
Tween 20 (PBST) followed by resuspension in PBST and incubation with 5 pg of anti-MEIOC
antibody (antibody generation described above) or normal rabbit IgG (Santa Cruz Biotechnol-
ogy) for 2 h at room temperature. Following the overnight incubation, beads were washed
three times with lysis buffer containing 150mM NaCl and transferred to a new tube.
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To prepare lysates for mass spectrometry, immunoprecipitations were performed as
described above with slight modifications: lysates were prepared from testes of P15 mice, and
antibodies were crosslinked to the beads by a 30 min incubation with 5mM bis(sulfosuccinimi-
dyl)suberate. Immunoprecipitations were performed in one of three conditions: wild-type
(C57BL/6) lysate with IgG antibody, wild-type lysate with MEIOC antibody, or Meioc-defi-
cient lysate with MEIOC antibody. Each condition was represented by two biological repli-
cates, with one testis pair per replicate. The immunoprecipitates were washed three times in
wash buffer (25mM Tris-HCI pH7.5, 150mM NaCl, 1.5mM MgCl,, ImM DTT), then washed
twice with PBS.

Immunoblotting

Immunoprecipitated proteins were denatured in sample buffer for 10 min at 70°C, resolved on
a NuPAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific), and transferred to a nitrocellulose
membrane. The membrane was blocked in 5% BSA/Tris-buffered saline containing 0.1%
Tween-20 (TBST) for 1 h at room temperature, incubated overnight at 4°C with a primary
antibody solution prepared in 5% BSA/TBST, and incubated for 1 h at room temperature with
a 1:5,000 dilution of peroxidase-conjugated anti-rabbit IgG (Jackson Immunoresearch) pre-
pared in 5% BSA/TBST. Proteins on the membrane were detected by the addition of Lumi-
Light Western Blotting Substrate (Roche). Antibodies used for immunoblotting were MEIOC
(1:2,000) and YTHDC2 (1:1,000; Bethyl Laboratories A303-026A).

Mass spectrometry

Immunoprecipitates were washed with 100mM NH,HCO; and reduced (10 mM DTT, 56°C
for 45 min) and alkylated (50 mM iodoacetamide, in the dark at room temperature for 1 h).
Proteins were subsequently digested with trypsin (sequencing grade, Promega, Madison, WI)
at an enzyme/substrate ratio of 1:50 at room temperature overnight in 100 mM NH,HCO;
pHS. Trypsin activity was quenched by adding formic acid to a final concentration of 5%. Pep-
tides were desalted using C18 SpinTips (Protea, Morgantown, WV) then vacuum centrifuged
to near dryness and stored at —80°C. Peptide labeling with TMT 6plex (Thermo Fisher Scien-
tific) was performed per manufacturer’s instructions. Samples were dissolved in 70 pL ethanol
and 30 pL of 500 mM triethylammonium bicarbonate, pH8.5, and the TMT reagent was dis-
solved in 30 pL of anhydrous acetonitrile. The solution containing peptides and TMT reagent
was vortexed and incubated at room temperature for 1 h. Samples labeled with the six different
isobaric TMT reagents were combined and concentrated to completion in a vacuum centri-
fuge. The peptides were separated by reverse phase HPLC using an EASY- nLC1000 system
(Thermo Fisher Scientific) over a 140-min gradient followed by nanoelectrospray using a QEx-
active mass spectrometer (Thermo Fisher Scientific). The mass spectrometer was operated in a
data-dependent mode. The parameters for the full scan MS were: resolution of 70,000 across
350-2000 m/z, AGC 3e°, and maximum IT 50 ms. The full MS scan was followed by MS/MS
for the top 10 precursor ions in each cycle with a NCE of 32 and dynamic exclusion of 30 s.
Raw mass spectral data files (.raw) were searched using Proteome Discoverer (Thermo Fisher
Scientific) and Mascot version 2.4.1 (Matrix Science). Mascot search parameters were: 10 ppm
mass tolerance for precursor ions; 10mmu for fragment ion mass tolerance; 2 missed cleavages
of trypsin. Fixed modifications were carbamidomethylation of cysteine and TMT 6plex modi-
fication of lysines and peptide N-termini; variable modification was oxidized methionine.
Only peptides with a Mascot score greater than or equal to 25 and an isolation interference less
than or equal to 30 were included in the quantitative data analysis. TMT quantification was
obtained using Proteome Discoverer and isotopically corrected per manufacturer’s
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instructions. Mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository [56] with the dataset identifier PXD005473.

RNA immunoprecipitation and sequencing (RIP-seq)/gPCR

MEIOC RIP-seq and IgG RIP-seq were carried out on P15 testes from wild-type C57BL/6
male mice (N = 2 per RIP-seq type). MEIOC RIP-seq was also carried out on P15 testes from
wild-type and Meioc-deficient littermates (N = 2 per genotype). YTHDC2 RIP-seq and IgG
RIP-seq were carried out on P20 testes from wild-type C57BL/6 male mice (N = 2 per RIP-seq
type). To prepare lysates, testis pairs were isolated and lysed under non-reducing conditions
(50mM Tris-HCI, pH7.4, 100mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate)
supplemented with 40U/mL RNAseOUT (Thermo Fisher Scientific) and EDTA-free protease
inhibitor (Roche Diagnostics). Lysates were incubated at 4°C with rotation for 15-25 min and
cleared using Ultrafiltration Spin Columns, 0.45 um cutoff (EMD Millipore). Dynabeads Pro-
tein G were washed twice with lysis buffer and resuspended in lysis buffer at the original vol-
ume. The soluble lysate from each testis pair was pre-cleared for 1 h at 4°C with 100 pl of
Dynabeads Protein G (Thermo Fisher Scientific), and 40-80 uL was set aside as the input con-
trol. Beads were prepared by incubating 5 pg of anti-MEIOC antibody (antibody generation
described above), one of two anti-YTHDC?2 antibodies (Santa Cruz Biotechnology sc-249370
or Bethyl Laboratories A303-026A), or normal rabbit or goat IgG (Santa Cruz Biotechnology)
per 100 pL Dynabeads with rotation for 45-60 min at room temperature. For immunoprecipi-
tation, 570 pL lysate was incubated with 100 pL antibody-bound Dynabeads with rotation for
2 h at 4°C. The beads were then washed six times for 5 min with rotation in wash buffer
(50mM Tris-HCIL, pH7.4, 300mM NaCl, ImM EDTA, 1% NP-40, 0.1% SDS, and 0.5% sodium
deoxycholate). A subset of the immunoprecipitate was then set aside for immunoblotting to
verify successful immunoprecipitation of MEIOC and YTHDC2 (immunoblotting described
above). The RNA from immunoprecipitates and input control was released by adding an addi-
tional 0.125% SDS and 250 mg/mL Proteinase K (Thermo Fisher Scientific) and incubating for
30 min with shaking at 37°C. RNA was isolated via extraction with acid phenol:chloroform:
IAA, pH4.5 (Thermo Fisher Scientific) using phase lock gel tubes (5 PRIME) according to the
manufacturer’s protocol. Extracted RNA was supplemented with GlycoBlue (Thermo Fisher
Scientific) to 37.5 pg/mL and sodium acetate, pH5.5, to 0.1M. RNA was precipitated overnight
at -20°C in two volumes of 100% ethanol, pelleted by spinning for 20 min at 16,000 g at room
temperature, washed once with 80% ethanol, dried, and resuspended in 25 pl water. For each
sample, 5 UL of RNA was kept for qPCR analysis and the remaining RNA was used for
sequencing library preparation via the SMARTer Stranded RNA-Seq Kit (ClonTech). Libraries
from each RNA immunoprecipitation experiment (MEIOC or YTHDC2 RIP, IgG control
RIP, and input control) were multiplexed and sequenced on the Illumina MiSeq platform.
MEIOC RIP libraries were sequenced with 52-base-pair single-end reads. YTHDC2 RIP librar-
ies were sequenced with 26-base-pair paired-end reads. Sequencing data have been deposited
in NCBI GEO under accession number GSE90702 and NCBI SRA under accession number
SRP094112. For qPCR analysis, RNA was reverse transcribed using Superscript VILO Master
Mix (Thermo Fisher Scientific) and analyzed in triplicate using Power SYBR Green PCR Mas-
ter Mix (Thermo Fisher Scientific) according to the manufacturer’s protocol on a 7500 Fast
Real-Time PCR System (Applied Biosystems). Primers for qPCR analyses are listed in S8
Table. Results were analyzed using Actb expression as a non-target normalization control and
calculating the fold change over the IgG control RIP.
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DESeq analysis of RIP-seq data

Prior to mapping, reads were trimmed for a minimum quality score of 20 and the first three bases
of the first sequencing read, which were added during SMARTer Stranded library preparation,
were removed using Cutadapt v1.8. Reads were aligned to the mouse genome (mm10) via TopHat
v2.0.13 using default parameters and supplying the RefSeq transcript annotation. Alignments were
converted to counts using HTSeq v0.6.1p1, using the “~a” option to skip reads whose alignment
quality indicated non-unique alignments (i.e., alignment quality <50). DESeq2 v1.10.1 was then
used to estimate RIP-seq enrichments resulting from MEIOC or YTHDC2 binding. DESeq2’s
default procedure was applied to normalize read counts across all samples. Data were analyzed
with multi-factor designs to estimate protein-specific binding over controls. For YTHDC2 RIP-seq
data, log2(read counts) for each gene was modeled as a linear combination of the gene-specific
effects of three variables: binding to YTHDC2 (“YTHDC?2”), binding to IgG (“IgG”), and batch
(“batch”) (S9A Table). The last variable captured differences due to the YTHDC2 antibody used
and sequencing batch. This model identified transcripts that were enriched in YTHDC2 RIP-seq
datasets generated using both antibodies. MEIOC analyses included RIP-seq experiments per-
formed on wild-type and knockout samples. Read-count differences between wild-type and Meioc-
deficient RIP-seq samples thus reflect both the effects of MEIOC protein binding and gene expres-
sion differences due to the Meioc genotype. To estimate the former independently of the latter,
wild-type and Meioc-deficient RIP-seq and RNA-seq data were analyzed jointly, modeling log2
(read counts) as a linear combination of five variables: genotype, binding to MEIOC protein
(“Meioc.specific”), binding to MEIOC antibody (“Meioc.nonspecific”), binding to IgG antibody
(“IgG”), and sequencing batch (S9B Table). (For this analysis, RNA-seq data were summarized as
gene-level read counts obtained from HTSeq, processed identically to the RIP-seq samples.)
Enrichments (FDR < 0.05; fold change > 3 for MEIOGC; fold change > 2 for YTHDC2) are
reported as the fold changes between samples with and without protein-specific binding, indepen-
dent of the effects of non-specific binding and sequencing batch. These were obtained from the
results function in DESeq2 supplying the argument: contrast = ¢(“YTHDC2”, 1, 0) or contrast = ¢
(“Meioc.specific”, 1, 0). For RIP-associated RNA-seq data, FPKMs were obtained using Cuffnorm
v2.2.1 [54].

Supporting information

S1 Fig. MEIOC is conserved in vertebrates. Alignment of electronic predictions of MEIOC
orthologs. We searched for homologs of mouse MEIOC (NP_001121048.1) by querying the
RefSeq protein database by blastp, and the translated NCBI nucleotide collection database by
tblastn. Both methods yielded similar results. We restricted the search to the following repre-
sentative species: Mus musculus, Rattus norvegicus, Canis familiaris, Monodelphis domestica,
Homo sapiens, Pan troglodytes, Anolis carolinensis, Gallus gallus, Xenopus tropicalis, Danio
rerio, Branchiostoma floridae, Ciona intestinalis, Strongylocentrotus purpuratus, Bombyx mori,
Caenorhabditis elegans, Nematostella vectensis, Petromyzon marinus, Drosophila melanogaster,
Saccharomyces cerevisiae. Homologs of mouse MEIOC (>80% query coverage and >30% iden-
tity) were aligned by Clustal Omega and visualized by Jalview (shown in figure). The

box denotes a conserved domain annotated by PFAM as PF15189. Additional matches to
MEIOQ, restricted to the region corresponding to PF15189, were found in Danio rerio, Bran-
chiostoma floridae, Ciona intestinalis, Strongylocentrotus purpuratus, Bombyx mori, Caenorhab-
ditis elegans, and Nematostella vectensis. We were unable to identify matches to either full-
length mouse MEIOC or the region corresponding to PF15189 in Petromyzon marinus, Dro-
sophila melanogaster, and Saccharomyces cerevisiae.

(TIF)
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S2 Fig. Testicular expression of Meioc is conserved. Expression of Meioc homologs in tissues
from human, mouse, rat, and chicken as measured by RNAseq. RNAseq data of tissue panel
from various species from Merkin et al., 2012. Expression of Meioc is measured in fragments
per kilobase per million reads (FPKM). Amongst the species and tissues sampled, Meioc
expression is predominantly in the testis. ND = no data. Note that the chromosomal events of
meiotic prophase occur in the female during fetal stages, so we do not necessarily expect Meioc
expression in the adult ovary.

(TIF)

$3 Fig. Immunofluorescence for MEIOC in wild-type and Meioc-deficient E16.5 ovary and
P15 testis. Rabbit anti-MEIOC antibodies were generated to a peptide corresponding to the
terminal 20 amino acids of mouse MEIOC (CHESINSSNPMNQRGETSKH). Germ cell-spe-
cific staining was observed in wild-type ovary and testis, but was absent in Meioc-/- ovary and
testis. Sections were co-stained for MVH, to identify germ cells, and with DAPI to mark
nuclei.

(TIF)

$4 Fig. Generation of Meioc mutant alleles.

(A) The Meioc gene was targeted for homologous recombination with a targeting vector for a
knockout-first allele of Meioc (obtained from the KOMP Repository, vector PG00048_X_6_E03).
Briefly, a 0.8 kb region containing exon 3 of the Meioc gene was replaced with a lacZ reporter,
Neo selection marker, and exon 3, flanked by FRT (green triangles) and loxP (red triangles) sites.
K: Kpnl restriction site; X: Xhol restriction site. a, b, ¢, d, e: genotyping primers described in
(F, G).

(B) The homologously targeted allele, denoted 3lox as it retains 3 loxP sites. The homolo-
gously targeted allele yields a 10.8 kb K/X fragment, whereas the wild-type allele yields a 18.9
kb K/X fragment. In the 3lox allele, Meioc is expected to be disrupted by the active lacZ
reporter.

(C) Conversion of the 3lox allele to a conditional allele, denoted 2lox, by Flp recombination.
The lacZ and Neo genes are excised, leaving exon 3 flanked by loxP sites.

(D) Conversion of the 2lox allele to a knockout allele, denoted 1lox, or Meioc-, by Cre recom-
bination. Exon 3 of Meioc is excised. Both Meioc 3lox/3lox and Meioc 1lox/1lox (Meioc -/-)
mice are considered Meioc-deficient.

(E) Southern blot confirmation of correctly targeted ES cell clones using a Kpnl/XholI restric-
tion digest, and a probe 3’ of the 3’ homology arm.

(F) PCR assays for genotyping of wild-type (+/+), 3lox (3L), 2lox (2L), and 1lox (1L or -)
alleles.

(G) Germline transmission of various Meioc alleles verified using indicated PCR assays.
(TIF)

S5 Fig. Histological analyses of Meioc-deficient adult testis and ovary.

(A) Wild-type and Meioc 3L/3L P30 testis and ovary.

(B, C) Hematoxylin and eosin-stained sections of adult (>8 weeks) testes from (B) wild-type
and Meioc 3L/3L mice and (C) wild-type and Meioc -/- male mice. Meioc-deficient testes
completely lacked postmeiotic germ cells, and were depleted for meiotic germ cells. The
extent of this depletion varied among mice of mixed background: in some individuals, germ
cells did not progress past preleptotene (prior to meiotic prophase), while in others, germ cells
advanced to the zygotene stage of meiotic prophase. To obtain a reproducible phenotype, we
backcrossed the Meioc mutant alleles onto the C57BL/6 background. In backcrossed mice, we
consistently found that germ cells advanced to the zygotene stage. All experiments reported in
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the main text were performed in mice backcrossed to the C57BL/6 background between five to
seven generations (96.9-99.2% of genome expected to be of C57BL/6 origin), unless otherwise
noted. All results were obtained using both Meioc 3L/3L and Meioc -/- mice, and phenotypes
were consistent between the two alleles. pL-preleptotene spermatocyte, L-leptotene spermato-
cyte, Z-zygotene spermatocyte, P-pachytene spermatocyte, D-diplotene spermatocyte, ML-
metaphase-like, rSt-round spermatid, St-spermatid, spz—-spermatozoa.

(D) Hematoxylin and eosin-stained sections of adult ovaries from wild-type and Meioc -/-
female mice. Wild-type adult ovaries contain oocytes contained within follicles at various
stages of maturation (arrowheads). Meioc -/- adult ovaries are devoid of oocytes.

(TIFF)

S6 Fig. TUNEL analyses of Meioc-deficient adult testis and ovary.

(A) Wild-type and 1L/1L adult testis. In Meioc-/- adult testis, TUNEL staining was readily
detected in cells with condensed (C) or apoptotic (A) nuclei. TUNEL staining was not detected
in preleptotenes (pL) or in cells with metaphase-like chromosome condensation (M). TUNEL-
positive cells were rarely detected in wild-type adult testes. Scale bar = 10 um.

(B) Wild-type and 1L/1L E14.5 ovary. Low magnification images: most cells in both wild-type
and Meioc-/- ovaries (0) were TUNEL-negative. High magnification image: a few TUNEL-pos-
itive cells were detected in the wild-type ovary. m, mesonephros. Scale bar = 10 pm (low mag-
nification images) or 3.3 um (high magnification image).

(TIF)

$7 Fig. Quantification of tubules containing metaphase-like cells. Percentage of tubule
cross-sections containing preleptotene (pL), leptotene (L), zygotene (Z) and pachytene (P)
cells in P15 Meioc -/- and control testes. We also determined the percentage of tubules contain-
ing metaphase-like cells, cells with condensed nuclei, or apoptotic cells. When a tubule con-
tained, for example, a metaphase-like cell, we noted the stage of meiotic prophase found in
that tubule. Each vertical column represents counts from one animal.

(TIFF)

S8 Fig. Meioc-deficient testicular and ovarian germ cells express molecular markers of mei-
otic prophase.

(A) Immunofluorescence staining for DMC1, YH2AX, and SYCP3 in chromosome spreads
from wild-type and Meioc -/- germ cells from E16.5 ovaries. DNA stained by DAPI. In wild-
type germ cells, we observed DMC1, YH2AX, and SYCP3 localization consistent with lepto-
tene, and zygotene stages of meiotic prophase. In Meioc -/- germ cells, the most advanced stage
of meiotic prophase we observed was leptotene stage. Although metaphase-like cells were
observed in histological sections, we were unable to identify any metaphase-like cells in
spreads.

(B) Frequencies of leptotene, zygotene, pachytene, or metaphase-like germ cells, or germ cells
with other abnormal morphology, in cell spreads from P15 Meioc -/- and wild-type testes.
(TIFF)

S9 Fig. Meioc-deficient testicular and ovarian germ cells express molecular markers of
metaphase. Immunofluorescence staining for LAMIN and pH3 in wild-type and Meioc-/- P15
testis and E16.5 ovary sections. Nuclei are stained by DAPI. In wild-type P15 testis and E16.5
ovary, meiotic germ cell nuclei are still intact, as detected by LAMIN staining, and no pH3 is
observed. In Meioc-/- P15 testis and E16.5 ovary, LAMIN is not detected in germ cells which
have condensed their nuclei and are pH3+. LAMIN and pH3 staining of wild-type adult testic-
ular germ cells in metaphase I are shown for comparison.

(TIF)
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$10 Fig. YTHDC?2 is conserved in verterbrates. Alignment of electronic predictions of
YTHDC?2 orthologs. We searched for homologs of mouse YTHDC2 (NP_001156485) by que-
rying the RefSeq protein database by blastp. We restricted the search to the following representa-
tive species: Mus musculus, Rattus norvegicus, Canis familiaris, Monodelphis domestica, Homo
sapiens, Pan troglodytes, Anolis carolinensis, Gallus gallus, Xenopus tropicalis, Danio rerio, Bran-
chiostoma floridae, Ciona intestinalis, Strongylocentrotus purpuratus, Bombyx mori, Caenorhabditis
elegans, Nematostella vectensis, Petromyzon marinus, Drosophila melanogaster, Saccharomyces cer-
evisiae. Homologs of mouse YTHDC2 (>75% query coverage and >25% identity) were aligned
by Clustal Omega and visualized by Jalview (shown in figure). In Drosophila melanogaster, the
homolog was annotated as benign gonial cell neoplasm (BGCN; NP_523832.2). Additional
matches to YTHDC2 were found in Danio rerio, Branchiostoma floridae, Ciona intestinalis, Stron-
gylocentrotus purpuratus, Bombyx mori, Caenorhabditis elegans, and Nematostella vectensis. We
were unable to identify matches to full-length mouse YTHDC2 in Petromyzon marinus and Sac-
charomyces cerevisiae.

(TIF)

S11 Fig. MEIOC and IgG RIP-qPCR. A subset of targets and non-targets, identified via RIP-
Seq and enrichment analysis, were verified via qPCR of the same P15 RIP samples analyzed via
sequencing (N = 2). All AACt values were normalized to Actb qPCR results and displayed as
fold change over IgG RIP-qPCR. Error bars represent s.e.m. Overall trends of target abun-
dance in MEIOC RIP compared to IgG RIP are consistent with RIP-seq results. However, sta-
tistical analysis (one-tailed, paired Student t-test) did not show the statistical enrichment of
any target in the MEIOC RIP (p>0.05 for all targets).

(TTF)

S1 Table. Gene expression levels and fold changes of wild-type and Meioc -/- E14.5 ovaries.
(XLSX)

$2 Table. GO categories enriched in genes expressed at higher or lower levels in E14.5
Meioc -/- ovaries.
(XLSX)

S3 Table. Unique peptides enriched in MEIOC immunoprecipitation (IP), identified via
quantitative mass spectrometry. Samples A are IgG IP from wild-type lysates; samples B are
MEIOC IP from wild-type lysates; and samples C are MEIOC IP from Meioc-deficient lysates.
(XLSX)

$4 Table. Enrichment in MEIOC RIP-seq and YTHDC2 RIP-seq from postnatal testis.
MEIOC targets were defined as exhibiting a fold change >3, FDR<0.05, and FPKM>1;
YTHDC2 targets were defined as exhibiting a fold change >2, FDR<0.05, and FPKM>1.
(XLSX)

S5 Table. MEIOC and YTHDC?2 targets from postnatal testis that are differentially
expressed in Meioc-deficient and wild-type E14.5 ovaries. MEIOC and YTHDC2 targets
were identified from the RIP-seq analysis.

(XLSX)

S6 Table. Antibodies and experimental conditions for immunofluorescence stainings per-
formed in this study.
(DOCX)

S7 Table. Single molecule FISH probes used in this study.
(XLSX)
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S8 Table. List of qPCR primers used in this study.
(DOCX)

§9 Table. Coding of sample types for DESeq analysis of YTHDC2 and MEIOC RIP.
(DOCX)
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INTRODUCTION: Sex differences are wide-
spread in humans and other mammals. For
example, the distribution of height or body
size is shifted upwards in males relative to
females, and sex differences are found in the
immune and cardiovascular systems as well as
in metabolism. However, little is known about
how gene expression differs between the sexes
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in a broad range of mammalian tissues and
species. A catalog of such sex-biased gene ex-
pression could help us understand phenotypic
sex differences. Assessing the extent to which
sex-biased gene expression is conserved across
the body could also have important implica-
tions for the use of nonhuman mammals as
models of sex-biased human biology.
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RNA sequencing of male and female samples in 12 tissues and five species reveals the
functional impact and mechanistic underpinnings of sex-biased gene expression.

A survey of sex differences in gene expression using RNA sequencing data (left) leads to the
discovery of both conserved (species-shared) and lineage- or species-specific sex biases in
expression across the genome. Genes with conserved sex bias contribute to the sex difference
in mean height in humans and other mammals, whereas lineage-specific changes can be
partially explained by gains and losses of motifs for sex-biased TFs.
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RATIONALE: To identify both conserved and
lineage- or species-specific sex differences in
gene expression, we sequenced RNA from
male and female samples in 12 tissues in each
of four nonhuman mammals (cynomolgus
macaque, mouse, rat, and dog) and analyzed
these data jointly with publicly available data
from postmortem male and female human
tissues. To assess the impact of sex-biased
gene expression on the sex difference in

mean human height, we
applied methods that in-
Read the full article ~ te8rate the effects of ge-
at http://dx.doi. netic variation on both
org/10.1126/ gene expression and phe-
science.aaw7317 notype (height in this
.................................................. case), We sought to under-
stand which transcription factors (TFs) con-
tribute to evolutionary changes in sex bias by
analyzing motifs gained or lost concurrently
with lineage- or species-specific changes in
sex bias.

RESULTS: Linear modeling revealed ~3000
genes with conserved (species-shared) sex bias
in gene expression, most of which was tissue
specific. The cumulative effects of conserved
sex bias explain ~12% of the sex difference in
mean human height, and cases such as that of
LCORL, a TF with conservation of both female-
biased expression and genetic association with
height, suggest a contribution to sex differences
in body size beyond humans. However, most
sex-biased gene expression (~77%) was specific
to single species or subsets of species, implying
that it arose more recently during evolution.
We identified 83 instances where TFs showed
sex-biased expression in the same tissue, in
which their motifs were associated with gain or
loss of sex bias at other genes, accounting for a
significant portion (~27%) of lineage-specific
changes in sex bias.

CONCLUSION: By conducting a 12-tissue, five-
species survey of sex differences in gene expres-
sion, we found that although conserved sex bias
in gene expression exists throughout the body,
most sex bias has been acquired more recently
during mammalian evolution. Height is likely
subject to opposing selective pressures in males
and females; our study thus documents how
such selective forces can result in sex-biased
expression which, when layered upon genetic
pathways acting identically in males and fe-
males, can lead to trait distributions shifted
between the sexes. Our findings also suggest
that, in many cases, molecular sex differences
observed in humans may not be mirrored in
nonhuman mammals.
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Sex differences abound in human health and disease, as they do in other mammals used as
models. The extent to which sex differences are conserved at the molecular level across
species and tissues is unknown. We surveyed sex differences in gene expression in human,
macaque, mouse, rat, and dog, across 12 tissues. In each tissue, we identified hundreds
of genes with conserved sex-biased expression—findings that, combined with genomic
analyses of human height, explain ~12% of the difference in height between females and
males. We surmise that conserved sex biases in expression of genes otherwise operating
equivalently in females and males contribute to sex differences in traits. However, most
sex-biased expression arose during the mammalian radiation, which suggests that careful
attention to interspecies divergence is heeded when modeling human sex differences.

ales and females exhibit differences

across a wide range of biological pro-

cesses. Studies in humans have documented

sex differences in anthropometric traits

(I), energy metabolism (2), brain mor-
phology (3), and immune (4) and cardiac (5)
function. Sex differences are also evident in the
incidence, prevalence, and mortality across dis-
eases, including autoimmune disorders (6), car-
diovascular diseases (7), and autism (8). Sex
differences are common in other mammals be-
sides humans, many of which are models of sex-
biased human traits and diseases (9). For example,
males are larger than females in most mamma-
lian species (10), whereas sex differences in brain
structures (77) and immune (72) and cardiac (13)
function have been observed in rodents. These
phenotypic sex differences are likely associated
with, and may be caused by, sex differences in
gene activity or function.

The sex chromosomes are one source of sex
differences in gene activity. The Y chromosome
harbors male-specific genes (1), some broadly
expressed (15). Incomplete inactivation of the
second X chromosome in females results in
female-biased expression of some X-linked genes
(16). However, given the scale and complexity
of gene networks, and the greater number of
autosomal genes, it is unlikely that sexually di-
morphic expression of sex-linked genes accounts
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for all phenotypic sex differences in mammals.
Understanding the molecular origins of these
sex differences therefore requires a genome-wide,
multitissue, and comparative approach to sex
biases in gene expression.

Our understanding of sex bias in mammalian
gene expression is lacking in three regards. First,
the degree to which sex-biased expression is con-
served across the mammalian lineage and the
extent of conservation in different tissues and
organ systems are unknown. Multitissue studies
of sex bias in gene expression focused on hu-
mans (17, 18) or mice (19). Multispecies studies
in Drosophila (20-24) examined RNA from whole
carcasses or gonads, whereas studies in mammals
that examined nonreproductive tissues focused
on single tissues (25, 26). Second, little is known
about how sex differences in gene expression
across the body cumulatively result in pheno-
typic sex differences. Sex-biased expression of
the autosomal genes VGLL3 (27) and IL-33 (28),
as well as the X-linked gene TLR7 (29), appears
to contribute to sexually dimorphic immune
phenotypes. However, most complex traits are
polygenic and underpinned by variation in hun-
dreds or even thousands of genes (30). Third,
apart from single-gene studies in Drosophila (31),
lineage-specific regulatory changes that drive
the evolution of sex-biased expression remain
unexplored. Progress has been made in under-
standing mechanisms of X-linked dosage com-
pensation (32, 33), the lack of which can lead to
sex-biased expression on the X chromosome,
but additional mechanisms likely contribute to
genome-wide sex-biased gene expression. Thus,
previous studies sought to understand the ex-
tent of sex-biased expression across either tis-
sues (17-19) or species (25, 26), or they explored
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its phenotypic impact (27-29) or underlying evo-
lutionary mechanisms (31) for individual genes.
Assessing sex-biased expression across tissues
and species, together with its cumulative contri-
bution to phenotypic sex differences, would ad-
vance our understanding of molecular differences
between males and females.

Results
A five-species, 12-tissue survey of sex
differences in gene expression

To assess sex differences in nonhuman mam-
mals, we collected RNA sequencing data from
three males and three females from cynomolgus
macaque (Macaca fascicularis, cyno), mouse (Mus
musculus), rat (Rattus norvegicus), and dog (Canis
Sfamiliaris). Together with humans, these five
species, whose last common ancestor lived 80 to
100 million years ago, span the evolution of the
Boreoeutheria, including all placental mammals
except Afrotheria and Xenarthra (which include
the elephant and anteater, respectively). We sam-
pled 12 tissues from each individual: adipose,
adrenal gland, brain, colon, heart, liver, lung,
muscle, pituitary, skin, spleen, and thyroid. These
tissues represent many organ systems and all
three germ layers (Fig. 1A). We designed tissue
collection and processing procedures to minimize
biological and technical variation (34) (table S1).
‘We used our RNA sequencing (RNA-seq) data to
systematically improve the transcriptome anno-
tations of each nonhuman mammalian species,
which we then assessed using the percentage of
reads from independent studies that mapped to
our annotations versus existing annotations
(e.g., a16% increase in read mapping rate in dog)
(fig. S1).

To assess sex differences in humans, we ana-
lyzed RNA-seq data from the Genotype-Tissue
Expression Consortium (GTEXx, v6p release) (35).
To reduce the possibility of sex biases in cell-type
composition, pathology, or other factors driving
our results, we performed stringent quality con-
trol for samples from each of the 12 target tissues
using individual- and sample-level metadata from
GTEx and our own evaluation of histological
images (34) (table S2). We adjusted gene expres-
sion values using top principal components to
remove variation due to hidden technical or bio-
logical confounders. In three tissues (adipose,
brain, and skin) for which expression data from
purified cell populations is available, there is a
correlation between sample-level cell-type pro-
portions estimated by CIBERSORT (36) and top
principal component loadings (fig. S2). Although
this approach controls for variation in cell-type
composition in the human samples, we acknowl-
edge that some sex biases, especially those spe-
cific to nonhuman mammals, could reflect sex
differences in cell-type composition.

We removed outlier samples (34) to obtain
740 human and 277 nonhuman RNA-seq sam-
ples (see table S3 for human sample sizes by sex
and tissue). We clustered all nonhuman sam-
ples and a randomly chosen subset of human
samples, using the expression levels of 12,939
one-to-one orthologous protein-coding genes.
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Fig. 1. Five-species, 12-tissue survey of sex differences in gene expression. (A) Schematic of study design, with tissues chosen for analysis in all
five species highlighted in humans. (B) Hierarchical clustering of 349 RNA-seq samples. (Top) Pairwise estimates of Jensen-Shannon divergence (JSD)
between pairs of samples. Six random human samples per tissue, in addition to all nonhuman samples, were included for display purposes. (Middle) Tree
dendrogram obtained by hierarchical clustering (average linkage) based on pairwise JSD values. (Bottom) Sample labels by tissue, species, and sex.

With the exception of human adipose tissue
and lung, which cluster closely together, sam-
ples cluster first by tissue and then by species
(Fig. 1B). This tissue-dominated clustering agrees
with prior studies (37, 38) and indicates con-
sistent sampling of tissues across species and
also that the nonhuman data generated in this
study are comparable to the human data from
GTEx (35). There are no cases where samples
cluster by sex before tissue or species, indicat-
ing that species effects dominate over sex effects.
Nevertheless, sex contributes significantly to
gene expression variation as pairwise within-sex
distances in each tissue-species combination are
significantly lower than pairwise between-sex
distances (fig. S3).

Both our reanalysis of GTEx data and our
analysis of our own data replicated published
estimates of sex bias in six human and mouse
tissues (27, 39-45) (Pearson’s correlation co-
efficient 7 = 0.29 to 0.92) (figs. S4 and S5). These
results indicate that expression values are com-
parable across species and yield reproducible
estimates of sex bias.
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Conserved sex-biased gene expression
exists across the body

Within each tissue, we used a linear mixed model
to identify genes that showed a consistent sex
bias [false discovery rate (FDR) 4.5%, as esti-
mated by permutation of male and female sam-
ple labels] across species while controlling for
differences in expression variability and sample
size between species. Further, we required that
genes show a fold change > 1.05 in the same di-
rection in at least four of the five species studied.
‘We assume that such genes likely had a conserved
sex bias in the common ancestor of Boreoeutheria
(example in Fig. 2A). Of 113,853 expressed gene-
tissue pairs, 3885 pairs (corresponding to 3161
genes) show a conserved sex bias. We used a
rank-based statistic to confirm that gene-tissue
pairs with conserved sex bias also have low
P values for sex bias in each of the individual
species (fig. S6). Conserved sex bias is generally
of modest magnitude (~90% of sex-biased gene-
tissue pairs had a less than twofold change
between the sexes) (fig. S7) but reproducible in
independent datasets (Pearson’s 7 = 0.18 to 0.78)
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(fig. S8). The number of genes with conserved sex
bias per tissue varies from 128 in colon to 805 in
pituitary (Fig. 2B and table S4) and is not corre-
lated with tissue sample size or rates of between-
species gene expression divergence (Pearson’s
7 = 0.093 and 0.0083 and P = 0.77 and 0.97,
respectively) (fig. S9). A naive approach, re-
quiring P < 0.05 in at least four of five species
for each tissue, found a smaller number of gene-
tissue pairs with conserved sex bias but revealed
between-tissue patterns that were correlated with
results from the linear mixed model (fig. S10). Of
genes with conserved sex bias in any of the 12
tissues examined, 562 genes (18%) are sex-biased
in more than one tissue (Fig. 2C). In cases of
multitissue sex bias, the bias is significantly more
likely to be in the same direction in multiple
tissues (P = 0.00035, two-sided Fisher’s exact
test) (Fig. 2D). Thus, conserved sex bias in gene
expression is mostly tissue-specific, but a signif-
icant minority of genes shows concordant sex
bias across multiple tissues, implying that some
regulatory factors result in similar profiles of sex-
biased expression in multiple tissues or cell types.
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comparing to equal proportions.

‘We considered the extent to which genes with
conserved sex-biased expression were enriched
for sex linkage. All assayed Y-linked genes are
male-biased (fig. S11A), as expected, whereas
X-linked genes are significantly enriched for
conserved female bias (2.1- to 10.2-fold increase
relative to autosomes two-sided Fisher’s exact
test) (fig. S11B). The enrichment for X-linked
genes is driven by genes that escape X inacti-
vation in females. In turn, the enrichment for
X-escape genes is largely driven by the subset of
X-escape genes that have a nonrecombining
Y-linked homolog in mammals (two-sided Fisher’s
exact test) (fig. S11B). Despite these enrichments,
most (85 to 95%, depending on the tissue) genes
with conserved sex bias are autosomal (fig. S12).
‘We compared the magnitude of sex bias between
autosomal and X-linked genes using indepen-
dent, publicly available datasets (27, 39, 40, 43, 44)
(seven mouse, three human) to avoid ascertain-
ment bias. X-linked genes show significantly
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higher magnitudes of sex bias in four of the ten
datasets (adjusted P < 0.05, two-sided Wilcoxon
rank-sum test) (fig. S13). Thus, the sex chromo-
somes, primarily as a result of harboring genes
with both X- and Y-linked homologs, contribute
a small but significant fraction of conserved sex
bias in gene expression.

Most sex bias in gene expression has
arisen since the last common ancestor
of boreoeutherian mammals

We investigated sex-biased gene expression spe-
cific to subsets of the five species, mindful that
differences in statistical power between species
could result in false positive calls of lineage-
specific sex bias. For example, a gene with true
primate-specific male bias might falsely appear
to have a human-specific male bias if its ex-
pression is significantly biased in humans but
does not reach statistical significance in cyno.
At the same time, false positive calls of sex bias
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in single species will by necessity appear to be
species specific. We used mashr (46) to model
the covariation in sex bias across tissues and
species and to more confidently determine the
lineage of sex bias. We repeated the mashr
procedure using permuted male/female sample
labels to empirically estimate the FDR for any
given set of sex-biased genes (34). This increased
the number of rodent-specific gains of sex bias
in most tissues (fig. S14). After using mashr to
estimate sex bias in each tissue-species com-
bination, we assigned each sex-biased gene-tissue
pair (other than those with conserved sex bias)
to one of 12 lineage-specific categories by parsi-
mony: primate-specific gains or losses, rodent-
specific gains or losses, gains specific to one of
the five species, multiple gains or losses, and
more complex patterns of sex bias inconsistent
with single gains or losses (examples in Fig. 3A
and table S4). In each category, we used the
permutation-estimated FDR to estimate the
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number of true positive sex-biased gene-tissue
pairs.

We assessed how much of the sex-biased gene
expression observed in the five species was pres-
ent in the common ancestor of Boreoeutheria
(i.e., ancestral). Instances of ancestrally sex-
biased expression included gene-tissue pairs that
we previously identified as having a “conserved”
sex bias as well as gene-tissue pairs that lost
sex bias in the primate or rodent lineages or in
multiple lineages. Instances of acquired sex bias
included gene-tissue pairs with primate-, rodent-,
or species-specific sex bias, as well as multiple
gains of sex bias. By this logic, 6539 (23%) of sex-
biased gene-tissue pairs were likely sex-biased
in the common ancestor, and 22,194 (77%) likely
acquired sex bias after divergence from a common
ancestor. An additional 8495 gene-tissue pairs ex-
hibited more complex patterns and could not be
confidently assigned as ancestrally sex-biased or
acquired (Fig. 3B). If all such “complex” events
were ancestral, the ancestral fraction of sex bias
would be 40%, whereas if they were acquired,
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the fraction would be 18%. Performing these
calculations in each tissue separately, we found
that ancestral sex bias constituted the minority
of total sex bias in all tissues except the pituitary
(Fig. 3C). We also quantified the fraction of an-
cestral bias using a range of fold-change cutoffs
up to 1.5 and found that, for all cases, ancestral
sex bias was in the minority (fig. S15). Repeating
this analysis with conserved sex bias called by
mashr rather than the linear mixed model yielded
similar results, with both methods detecting
similar numbers of gene-tissue pairs with con-
served sex bias (fig. S15). We conclude that most
sex bias in gene expression in nonreproductive
tissues arose during, rather than before, the
boreoeutherian radiation.

Sex-biased gene expression is
associated with reduced
selective constraint

We assessed the degree of selective constraint
operating on sex-biased gene expression. Rea-
soning that genes functioning across many
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designated as ancestral, acquired, or complex relative to last common
ancestor of Boreoeutheria (the five species considered here).

(C) Comparisons of ancestral to acquired sex biases as in (B), but
performed in each tissue separately. Upper and lower confidence
intervals represent fraction of sex bias estimated to be ancestral when
counting all complex events as ancestral or acquired, respectively.

tissues and cell types face increased selective
constraint on gene expression levels, we com-
pared the breadth of expression of genes with
and without sex bias, in each tissue. Sex-biased
genes showed significantly lower expression
breadth than genes with no bias, with the ex-
ception of lung, where sex-biased genes were
more broadly expressed (adjusted P < 0.05, two-
sided Wilcoxon rank-sum test) (Fig. 4A). These
differences in expression breadth could either be
downstream consequences of, or have predated,
the observed sex bias. We thus analyzed expres-
sion breadth in chicken, an evolutionary outgroup
to mammals, reasoning that patterns found in
both human and chicken were likely present in
the common mammalian ancestor before the
acquisition of sex bias. Again, sex-biased genes
in mammals showed almost uniformly lower ex-
pression breadth in chicken than unbiased genes
(adjusted P < 0.05, two-sided Wilcoxon rank-sum
test) (fig. S16).

To assess conservation of expression levels in
a tissue-specific manner, we used estimates of
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with the lower value of the gene-level trait.

mammalian gene expression-level constraint
learned from 16 species (47) and seven tissues,
five of which were also assessed in our study. As
with expression breadth, sex-biased genes showed
lower constraint than unbiased genes in heart,
muscle, and liver but higher constraint in lung
(adjusted P < 0.05, two-sided Wilcoxon rank-sum
test) (Fig. 4B).

We observed that genes sex-biased in heart,
spleen, and liver showed lower sequence con-
servation than unbiased genes, whereas genes
sex-biased in adipose, brain, and lung showed
higher sequence conservation than unbiased
genes (adjusted P < 0.05, two-sided Wilcoxon
rank-sum test) (Fig. 4C). Thus, some sex-biased
genes are relatively strongly constrained at the
sequence level, perhaps because they perform
important or pleiotropic functions. However, con-
sidering both expression levels and sequence con-
servation, our findings indicate that sex-biased
gene expression is primarily associated with re-
duced selective constraint, from before the di-
vergence of the boreoeutherian lineages.

Conserved sex bias in autosomal gene
expression contributes to sex differences
in mammalian height and body size

Males are larger than females in most mamma-
lian taxa (10). Human males are, on average, 10
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to 15 cm (7 to 13%) taller than females, but the
distributions of height in males and females
overlap substantially (Fig. 5A). The genetic ar-
chitecture of human height is polygenic and
largely shared between the sexes. A recent meta-
analysis reported 712 genome-wide significant
loci (48), and only a handful of sex-specific asso-
ciations with height have been discovered (49, 50);
recent human studies reported a between-sex
genetic correlation of 0.96 (50, 51). Studies in
humans and other mammals have concluded
that height is likely subject to opposing selective
pressures between the sexes, where increased
height enhances reproductive success in males
and decreased height favors reproductive suc-
cess in females (52, 53).

Could sex-biased gene expression contribute
to the sex difference in height and body size
observed in humans and other mammals? To
link variation in gene expression to variation in
height, we turned to transcriptome-wide asso-
ciation studies (TWAS) that integrate an expres-
sion quantitative trait loci (eQTL) study from a
given tissue or cell type and genome-wide asso-
ciation studies (GWAS) of a given trait (54).

If sex-biased gene expression contributes to
sex differences in height, genes with male-biased
expression levels should mostly identify height-
increasing effects, as measured by TWAS, where-

163

19 July 2019

as female-biased genes should identify height-
decreasing effects. We considered genes with
genome-wide significant associations for height,
as annotated in the NHGRI-EBI GWAS catalog
(55). We used TWAS to combine height GWAS
statistics from a meta-analysis (48) of data from
the UK Biobank (56) and GIANT consortium (57)
(which we verified were correlated; Pearson’s r =
0.83, P < 2.2 x 107%) (fig. S17) with reference
eQTL panels from 43 different tissues gener-
ated using data from GTEx (35). TWAS z-scores
largely agree in sign across the 43 tissues (figs.
S18 and S19; see table S5 for all TWAS z-scores).
We therefore combined z-scores for each gene
across tissues by meta-analysis. Sixty-two genome-
wide significant height genes have both computed
TWAS z-scores and conserved sex bias in at least
one tissue. Genes with conserved male-biased ex-
pression have more-positive TWAS z-scores than
genes with conserved female-biased expression
(mean g-score difference = 18, P = 0.023, group
permutation test), but this difference was not
seen when analyzing genes with human-specific
or primate-specific sex bias (Fig. 5B). Expanding
our analyses to include TWAS results for all
genes allowed for greater stringency by only con-
sidering TWAS z-scores calculated for the same
tissue in which sex-biased expression was ob-
served. Five hundred sixty gene-tissue pairs have
both computed TWAS z-scores and conserved
sex bias; these are distributed across all 12 tis-
sues, with the largest numbers in muscle, adi-
pose, and pituitary (fig. S20), and they are enriched
for metabolic functions (adjusted P value < 0.05,
two-sided Fisher’s exact test) (table S6). Gene-
tissue pairs with conserved male bias have more-
positive TWAS z-scores than those with conserved
female bias (mean z-score difference = 0.7, P =
0.039, group permutation test), but this differ-
ence was not seen when considering gene-tissue
pairs with human- or primate-specific sex bias
(Fig. 5C). Together, these results indicate that
genes with conserved male-biased expression
show height-increasing effects, whereas genes
with conserved female-biased expression show
height-decreasing effects.

We sought to quantify the fraction of sex dif-
ference in height explained by conserved sex
bias in gene expression, focusing on cases where
the sex bias was in the same tissue as the TWAS
=z-score (i.e., Fig. 5C). We estimated the contri-
bution of conserved sex bias to the height sex dif-
ference with two approaches. One approach used
a physical scale with the effect sizes of eQTLs in
GWAS, and the other examined a relative fold-
change on the basis of TWAS 2-scores (34) (fig. S21).
The two approaches yielded similar estimates of
the contribution of conserved sex-biased gene ex-
pression: ~1.6 cm, or 12%, of the observed sex
difference in mean height.

Genes with conserved male and female bias
show the largest difference in height TWAS
-scores, suggesting a contribution to sex differ-
ences in size in other mammals. Indeed, all five
species assessed in this study exhibit sex differ-
ences in size (fig. S22). Consider the transcription
factor LCORL, which shows conserved female
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primates (right). For each gene, TWAS z-scores were meta-analyzed across 48 GTEX tissues.

(C) TWAS z-scores for gene-tissue pairs with either female (orange) or male (blue) bias, either
conserved across mammals (left), specific to humans (middle), or specific to primates (right),

in all cases in same tissue as computed TWAS z-score. Points represent group means; whiskers
represent 95% confidence intervals. P value for mean difference calculated by 1000 permutations of

male and female point labels.

bias in the pituitary (fig. S23A) and is height-
decreasing in humans (cross-tissue TWAS z-score =
-28.7). Although LCORL lacks a predictive TWAS
model in the pituitary, an allele at the LCORL
locus associated with increased expression in the

Naqvi et al., Science 365, eaaw7317 (2019)

pituitary is associated with decreased height (fig.
S23B). Notably, genetic variation at the LCORL
locus has been associated with height or body
size in dogs (58), cattle (59), and horses (60).
Reanalysis of publicly available RNA-seq data
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(61) shows that LCORL is one of the most
strongly female-biased autosomal genes in the
cattle pituitary (1.6-fold higher in females)
(fig. S23C and table S7). An allele associated
with increased body size in horses is associ-
ated with decreased LCORL expression in hair
root (62), indicating that the negative associ-
ation between LCORL expression and height
likely extends beyond humans. These observa-
tions suggest that female-biased expression of
LCORL contributes to sex differences in size in
multiple species. Beyond LCORL, studies have
observed significant overlap in genome-wide-
significant height loci between humans (57),
dogs (58), and cattle (59) (table S8), suggesting
a broader contribution of conserved sex-biased
gene expression to sex differences in body size
in a range of mammals.

Conserved and acquired sex biases in
gene expression are similarly enriched
for specific biological pathways and
show similar magnitudes of bias

Our results indicate that although sex-biased
gene expression overall shows signs of lowered
selective constraint, conserved sex bias contrib-
utes to sex differences in height or body size.
This raises the possibility that more-recently
acquired sex bias in expression has little or no
functional impact. To assess this possibility, we
compared genes with either conserved or ac-
quired sex bias with respect to (i) overrepre-
sentation in specific biological pathways via
Gene Ontology (GO) category enrichment and
(ii) the magnitude of their sex bias.

We observed similar degrees of enrichments
for biological pathways among conserved and
acquired sex biases. Genes with conserved male
bias in pituitary are enriched for cyclic adeno-
sine monophosphate signaling, which functions
in response to stress (63). Genes with conserved
female bias in colon and thyroid are enriched for
adaptive immune pathways, whereas genes with
conserved female bias in adipose tissue are en-
riched for mitochondrial translation and ribo-
somal RNA processing. At the same time, genes
with acquired male bias in the liver, adipose
tissue, and heart are enriched for functions
related to fatty acid metabolism, regulation of
hormone secretion, and nucleotide metabolism,
respectively, and genes with acquired female bias
in the liver are enriched for extracellular matrix
organization (adjusted P < 0.05, two-sided Fisher’s
exact test) (table S6).

We compared the magnitude of conserved and
acquired sex bias using 10 independent human
and mouse datasets to minimize differences due
to ascertainment; we found no significant differ-
ences (adjusted P > 0.05, two-sided Wilcoxon
rank-sum test) (fig. S24)). Considering that con-
served sex bias, although generally small in
magnitude, can nevertheless contribute to sex
differences in height, these results suggest that
acquired sex bias could also be functionally
consequential. Additional studies are needed to
demonstrate the functional impact of acquired
sex-biased gene expression.
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Evolutionary turnover of motifs for
sex-biased transcription factors reflects
lineage-specific changes in sex bias

One mechanism by which sex-biased expression
could evolve is via sex-biased transcription fac-
tors (TFs). For example, male-biased TF expres-
sion in muscle would result in higher TF activity
in male muscle. Genes that acquired motifs for
this TF in, for example, the primate lineage
would then show a primate-specific sex bias in
muscle. To test this idea, we searched for motifs
enriched in the promoters of sex-biased genes
with lineage-specific changes in a given tissue,
relative to their unbiased orthologs. We repeated
this analysis with random, equally sized sets of
genes showing no lineage-specific sex bias in
order to calculate an empirical P value for motif
enrichment (34). Because of the nonparametric
nature of this P value calculation and our desire
to analyze enriched motifs inclusively as a set,

we considered motifs at a 10% FDR. We found
83 instances in which such motifs matched pre-
dicted binding sites of TFs with sex bias in the
same tissue (Fig. 6A and table S9). This was
significantly more (P = 0.014, tissue permuta-
tion test) than the ~67 instances of matches
expected when randomly assigning the tissue of
sex bias for each TF (Fig. 6B), which, combined
with the 10% FDR for motif discovery, yields
~6.7 matches expected by chance. By quantify-
ing the enrichment of each motif in its corre-
sponding set of sex-biased orthologs (34), we
estimated that these 83 instances account for
the lineage-specific sex bias of 6073 gene-tissue
pairs, or 27% of all lineage-specific sex bias. Fur-
thermore, 13 TFs showed matches to enriched
motifs in more than one tissue, significantly more
than the approximately one such TF expected by
chance (P = 0.032, tissue permutation test), as
determined by the motif discovery FDR and per-

muting the tissue of TF sex bias as described
above (fig. S25). This suggests that gains and
losses of motifs for sex-biased TFs could, in some
cases, coordinate the evolution of sex-biased gene
expression across multiple tissues or cell types.
To confirm that genes with lineage-specific
gains or losses of motifs for sex-biased TFs are
TF-bound in living cells, we leveraged publicly
available data from chromatin immunopreci-
pitation sequencing (ChIP-seq) in human and
mouse (table S9). Although these assays were
almost invariably performed in a different cell
type than the tissue of TF sex bias and motif gain,
we reasoned that sex-biased genes with gained
motifs in a given tissue should nevertheless show
enrichment for TF ChIP-seq signal. Eleven of 15
cases with available data showed significant en-
richment of ChIP-seq peaks in the promoters of
genes with a gain or loss of sex bias and the
relevant motif, relative to a background set of

TF sex bias tissue
p=0.014

[ ! ! ! ! 1
40 50 60 70 80 90

# matches between motif gain/loss and TF sex bias

A Tissue Muscle Pituitary B
_Line_age of Primate loss Rodent loss
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Fig. 6. Evolutionary turnover of motifs for sex-biased transcription
factors is associated with gains and losses of sex bias. (A) Represent-
ative gained or lost motifs in promoters of genes with lineage-specific
gains or losses of sex bias (top) aligned with motifs for sex-biased TFs in
same tissue (bottom). The lineage of sex bias gain or loss is indicated
above each motif; the sex-biased TF and lineage of its sex bias are
indicated below. (B) Total number of matches between gained or lost
motifs and sex-biased TFs when considering tissue of TF sex bias (black)
or randomly chosen tissues (gray). (C) Enrichment of ChIP-seq peaks in
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promoters of genes with lineage-specific sex biases containing gained or
lost motifs for the TF. The sex-biased TF, along with tissue of sex bias and
motif gain or loss and cell type in which ChlP-seq was performed, are
indicated to left. The log, odds ratio for genes with lineage-specific sex bias
and containing the motif as compared with a background set of genes
with no motif is shown on the x axis, with 95% confidence intervals by
Fisher's exact test. (D) Effect of Pknoxl knockout (x axis) (64) versus sex
bias (y axis), both in mouse muscle, for genes that show loss of sex bias

in primate lineage and contain a motif for PKNOX1 in mouse.
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genes lacking the motif (two-sided Fisher’s exact
test), which is consistent with this prediction
(Fig. 6C). Thus, the evolutionary gains and losses
of motifs we observed likely correspond to gains
and losses of binding by cognate TFs.

If gains and losses of motifs for sex-biased TFs
contribute to lineage-specific changes in sex bias
in their target genes, there should be directional
agreement between the activating or repressive
effect of the TF, the sex bias of the TF, and the sex
bias of the target gene. For example, target genes
activated (or repressed) by a male-biased TF should
be male (or female) biased, and the opposite
should be true for female-biased TFs. Rigorously
testing this prediction requires experimental
manipulation of the TF in the tissue where
lineage-specific changes in sex bias are observed.
Such data are available for PKNOX1, a homeobox
TF with conserved male-biased expression in
muscle (64) (fig. S26). Genes with loss of muscle-
specific sex bias in the primate lineage show
depletion (at a stringent 5% FDR) of PKNOXI1-
matching motifs relative to mouse, rat, and dog
(Fig. 5A, examples of PKNOX1 targets in fig. S26).
Genes with a PKNOX1-matching motif show sig-
nificant positive correlation between the effect of
Pknoxl knockout (64) and the effect of sex on
muscle gene expression (Pearson’s r = 0.40, P =
9.02 x 107%) (Fig. 6D). Thus, both ChIP-seq and
TF knockout data confirm that gains and losses
of regulation by sex-biased TFs have contributed
to the evolution of sex bias.

Discussion

Comparative studies of sex-biased gene expres-
sion have implications for the use of nonhuman
mammals as models of sex-biased human traits
or diseases. Conserved sex bias in gene expres-
sion across the body indicates that certain mole-
cular sex differences in humans are amenable
to study in a wide range of mammalian model
organisms. However, in many cases, nonhuman
models may not adequately recreate the human
sex differences in question. This is supported by
two lines of evidence: (i) in each tissue, samples
cluster by species rather than sex, and (ii) most
sex bias in gene expression has arisen recently
and is thus not shared between most mammals.
For example, genetic variants that decrease ex-
pression of the TF KLFI14 in human adipose
tissue tend to increase insulin resistance and
risk for type 2 diabetes only in females, but
elimination of Kif14 expression in mouse adipose
tissue leads to analogous phenotypes in both
sexes (65). Nonhuman mammals may still be
useful as models of physiological or systems-
level sex differences, but caution should be
exercised when extrapolating specific molecular
findings to humans.

We find that conserved sex bias in autosomal
gene expression explains ~12% of the sex differ-
ence in mean human height, whereas all com-
mon single-nucleotide polymorphisms are thought
to explain 60% of the heritability of height (66).
Although these two numbers are not directly
comparable (the former relates to between-group
differences, the latter to between-individual var-
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iation), these height heritability estimates suggest
that additional genes and instances of sex bias
relevant to sex differences in height remain to be
discovered. Deletions of the SHOX gene, located
in the pseudoautosomal region of the human X
and Y chromosomes, contribute to short stature
in Turner syndrome (67), whereas increases in
sex chromosome number (and thus SHOX dos-
age) increase height (68). Although the height
GWAS used here excluded the pseudoautosomal
regions, precluding analysis of SHOX, targeted
studies indicate that SHOX dosage is positively
correlated with height (67, 68). In light of reports
that expression of SHOX is male-biased in mul-
tiple tissues (I6), it may be that SHOX contri-
butes a fraction of the sex difference in height
[discussed further in (69)].

Studies of selection on height have illustrated
how males and females can have different op-
timal values for a quantitative trait, with increased
height favored in males and decreased height
favored in females (53). Our finding that con-
served sex bias in gene expression contributes
to sex differences in height suggests one way in
which such optimal values can be reached—
through the acquisition and maintenance of sex-
biased gene expression (70). Thus, although
some conserved sex bias in gene expression may
have arisen through selectively neutral processes,
opposing selective forces between the sexes ap-
pear to have been at work here. Height is also
subject to balancing selection, in which extreme
variation in either direction negatively impacts
reproductive fitness (53). A recent study in
Drosophila found a strong signature of balancing
selection at loci with opposite fitness effects in
females and males, establishing that sexual an-
tagonism and balancing selection can coincide
(71). Future studies may identify mechanisms
that reduce fitness at the extremes of the height
distributions in both sexes. Whereas our study
focused exclusively on height, genetic pleiotropy
may broaden the reach of our findings. Sex-
biased gene expression resulting from opposing
selective pressures on male and female height
could result in sex differences in phenotypes yet
to be identified.

Our results also illustrate one way in which
sex-biased gene expression can lead to pheno-
typic sex differences: autosomal genes, operat-
ing identically in males and females to influence
a trait, can be expressed more abundantly in
one sex. Although most genetic variation in-
fluencing height acts identically between the
sexes, pronounced sex-specific genetic effects
have been demonstrated for waist-to-hip ratio,
body mass index (72-74), thyroid hormone lev-
els (75), and obsessive-compulsive disorder (76).
Fully accounting for such sex differences in ge-
netic architecture in association mapping (77),
and integrating this information with sex biases
in gene expression, may reveal additional mech-
anisms underlying phenotypic sex differences.

Our finding of sex-biased TFs underlying
lineage-specific changes in sex bias provides
molecular insight into mechanisms underlying
the evolution of sex-biased gene expression in
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nonreproductive mammalian tissues. We fo-
cused on regulatory changes in promoter regions
because of the lack of tissue-specific enhancer
annotations in cyno, rat, or dog. However, single-
gene studies in Drosophila indicate that sex-
biased gene expression can evolve through more
complex changes in cis-regulatory elements at
larger genomic distances from their target gene
(31). Studying gains and losses of TF binding
motifs in promoters, although an important first
step, is a simplifying approach. It is thus neces-
sary to catalog both tissue and species specific-
ity of mammalian enhancers to enable detailed
analyses of the cis-regulatory changes driving
gains or losses of sex-biased gene expression
during mammalian evolution. Most of the sex-
biased TFs we identified as contributing to
lineage-specific evolution of sex bias are auto-
somal, indicating that their sex biases could arise
as a result of trans-regulatory effects of sex chro-
mosomes or sex hormones. Distinguishing be-
tween these two possibilities is an important
future direction for research.

Materials and methods summary

Human (GTEx) samples were filtered on the basis
of cause of death, medical history, and notes from
GTEx pathologists (35), and additional detailed
evaluations were conducted on samples with
available histology. Samples from cynomolgus
macaque, mouse, rat, and dog were collected
within 1 hour of euthanizing healthy animals,
and only tissues from nonestrous females were
used. RNA extraction, library preparation, and
RNA-seq of nonhuman mammals were performed
in batches randomized with respect to tissue,
species, and sex. Analyzing the combined human
and nonhuman dataset, we used a linear mixed
model (78) to identify genes showing consistent
sex bias across species in each tissue, and we
used mashr to identify lineage-specific changes
in sex bias. These analyses were repeated with
permuted male/female sample labels to empir-
ically estimate FDRs. Magnitudes of sex bias were
assessed in independent datasets by reanalyzing
raw data, where available. For lineage-specific sex
biases in each tissue, motif analysis (79, 80) was
used to identify TF binding sites enriched in the
set of sex-biased orthologs relative to the unbiased
orthologs. Height-increasing or -decreasing effects
of gene-tissue pairs were determined by combining
publicly available TWAS predictive models (54)
based on eQTL information from GTEx with
height GWAS summary statistics from the UK
Biobank (56), GIANT consortium (57), and a meta-
analysis of the two studies (48).
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