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Abstract

A general theory of mammalian sexual differentiation is proposed. All biological sex differences
are the result of the inequality in effects of the sex chromosomes, which are the only factors that
differ in XX vs. XY zygotes. This inequality leads to male-specific effects of the Y chromosome,
including expression of the testis-determining gene Sry that causes differentiation of testes. Thus,
Sry sets up lifelong sex differences in effects of gonadal hormones. Y genes also act outside of the
gonads to cause male-specific effects. Differences in the number of X chromosomes between XX
and XY cells causes sex differences in expression (1) of Xist, (2) of X genes that escape
inactivation, and (2) of parentally imprinted X genes. Sex differences in phenotype are ultimately
the result of multiple, independent sex-biasing factors, hormonal and sex chromosomal. These
factors act in parallel and in combination to induce sex differences. They can also can offset each
other to reduce sex differences. Other mechanisms, operating at the level of populations, cause
groups of males to differ on average from groups of females. The theory has advantages for
directing attention to inherent sex-biasing factors that operate in many tissues to cause sex
differences, to cause sex-biased protection from disease, and to frame questions for further study.
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Introduction: History and Definitions

The study of sexual differentiation has undergone dramatic changes in the last half century.
Before 1980, investigators in this field had predominantly studied the most obvious
phenotypic sex differences, in the gonads, external and internal genitalia, and behavior
(Arnold, 2002). These investigators viewed themselves largely as reproductive biologists and
psychologists, because of the function of the tissues or behaviors they studied. Earlier in the
20™ century, investigators had asked the fundamental question whether phenotypic sex
differences were dictated by the sex chromosomes or by gonadal secretions (Allen, 1932;
Young, 1961). For the birds and mammals, the answer was that sexual development outside
the gonads was controlled by gonadal hormones. Experiments showed that changing the
gonadal hormones could profoundly change the sexual phenotype of reproductive tissues
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other than the gonads. For example, it was possible to give male hormones to genetic (XX)
females to make the genitals or behavior similar to that of a male, or to take male hormones
away from genetic (XY) males to make their genitals and behavior like that of females (Jost,
1947). By the 1930s, the central idea of 20t Century sexual differentiation theory was
accepted, even though the most definitive experiments were done later, for example by Jost
(Jost et al., 1973) and Phoenix et al. (Phoenix et al., 1959). This central idea was articulated
by Lillie (Lillie, 1939), who concluded that in “higher” vertebrates such as mammals,
genetic sex determination occurs first -- sex chromosome complement determines the sex of
the gonads (Ford et al., 1959). Once the gonads differentiate as testes or ovaries, however,
their hormonal secretions determine the sexual phenotype of the rest of the body and
behavior (sexual differentiation). This simple dichotomization of the sexual differentiation
process (genetic sex determination followed by hormonal sexual differentiation of non-
gonadal tissues) is no longer tenable based on recent experimental results (Arnold, 2011;
McCarthy and Arnold, 2011), but persists in the literature on sex determination. In the
theory summarized here, all biological sex differences in gonadal and non-gonadal tissues
are seen as downstream from the inherent sexual inequality in the sex chromosomes
(Arnold, 2011).

Several developments have contributed to a revision of the old dogma. One is that the
revolution in molecular genetics has given us a much better understanding of the genes on
the sex chromosomes, their evolution, and function (Deng et al., 2014; Graves, 2006; Lahn
and Page, 1997; Skaletsky et al., 2003). This new knowledge shows that the inherent
inequality of X and Y genetic material in the two sexes has effects throughout the body, not
just on the gonads. A second major influence has been that various experimental findings
have uncovered cases in which the old theory was inadequate. These include studies of
tamar wallabies, in which some non-gonadal sexual tissues develop differently in the two
sexes before the gonads differentiate (Renfree and Short, 1988). Their sexual differentiation
cannot be caused by sex differences in gonadal secretions. In studies of songbirds, various
examples were discovered in which the sexual phenotype of non-gonadal tissues, including
the brain, did not correlate with the type of gonads, but did correlate with the type of sex
chromosomes (Agate et al., 2003; Wade and Arnold, 1996). The studies in songbirds, at least
in our own lab, catalyzed a shift to study of mice in which the complement and number of
sex chromosomes could be manipulated without changing the type of gonad (Burgoyne et
al., 1995; De Vries et al., 2002). Extensive studies of mice leave no doubt that the
complement of sex chromosomes has direct effects outside the gonads, including on the
brain, to cause sex differences (Arnold et al., 2016; Arnold and Chen, 2009).

At the same time as these developments, the study of sex differences was expanding beyond
tissues related to reproduction. Especially since 1990, there has been increasing realization
that sex differences occur throughout the body. Tissues not specialized for reproduction,
including non-reproductive areas of the brain, function differently in females and males, and
are differentially affected by disease in the two sexes (US National Institute of Medicine
Committee on Understanding the Biology of Sex and Gender Disorders, 2001). In some
cases, sex differences in disease can be dramatic, as in systemic lupus erythematosus (SLE),
which occurs nine times more often in women than men, or autism spectrum disorder which
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occurs 2—4 times more often in boys and men than in females. When striking sex differences
occur, any fundamental understanding of the disease requires understanding of the causes
and consequences of sex differences the disease. Put simply, one cannot understand SLE
without understanding sex differences in SLE. To explain sex differences in disease, one
turns to the theory of sexual differentiation, which enumerates and classifies inherent factors
that differ in the two sexes, suggesting experiments that can be performed to uncover the
origins for any sex difference. Moreover, a sex difference in disease means that one sex is
protected from the disease more than the other. This fact provides a rationale for discovering
the sex-biasing factors that are protective or harmful, as part of a strategy for discovery of
novel protective factors that might be targets of therapy. If testosterone protects from a
disease, for example, then understanding the downstream genes regulated by testosterone
might point to previously unknown gene pathways that are protective and could be drug
targets. This information is potentially useful for both sexes.

In mammals and birds, sex differences originate in the genome, at the time of conception.
However, beginning at birth, the human infant is placed into a highly gendered social and
physical environment. Boys and girls are expected and required to behave differently. They
choose different occupations and life paths, on average, with differences in physical and
emotional stress, diet, and much more (Kishi et al., 2002; Lippa, 2005). The large sex
differences in environment no doubt contribute to sex differences in function of the brain,
and in incidence and progression of diseases. For example, occupations chosen more often
by one sex may create specific types of stress that make that sex more susceptible to certain
maladies. Moreover, it is likely that different environments experienced by females and
males interact with the biological sex differences in individuals. The social and biological
factors can augment each other (e.g., both favoring disease in one sex) or cancel each other
out (e.g., when the disease is reduced in one sex by biological factors but increased by social
factors). Specific environments may cancel out sex-biasing effects of gonadal hormones
more in some brain regions than in others, reducing sex differences in a brain region-specific
manner (Joel et al., 2015). At this point in history, however, this is as much a reasoned
statement of belief as a well-documented phenomenon. It is possible to perform studies of
humans that show both the effects of biological factors and social / environmental factors,
but it is often difficult or impossible to decide, especially for neural and behavioral
phenotypes, the relative importance of the two factors. One reason is that biological factors
typical of one sex co-vary with social factors typical of that sex, so that it can be impossible
to gauge their relative importance or even independent effects on a trait. Another reason is
that biological and environmental factors change each other. A knock out of the androgen
receptor in XY individuals (CAIS, Complete Androgen Insensitivity Syndrome in humans)
alters the body so that it looks completely like that of a female, proving that the masculine
structure of many reproductive tissues requires androgen action in males. However, because
the XY CAIS girl is reared as a female, one cannot easily separate the biologically and
socially mediated effects of the mutation on many attributes that one might measure in CAIS
women, for example their brain function or susceptibility to disease (e.g., (Hamann et al.,
2014). In addition, differences in social or physical environments are expected to have
lasting effects on the epigenome (DNA methylation and modifications of histones), so that
the environment alters the read-out of the genome (Szyf et al., 2008). One way or another,
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the effects of the environment on an individual are mediated by changes in the person’s
biology, making it difficult to disentangle the two sources of variation. Much of the
argument, about whether social or biological factors cause sex differences in physiology and
disease, may be based as much on which factors a specific author finds to be interesting or
preferable, rather than on any evidence that effects of one factor can be dissociated from
effects of others and found to be more important. The environmentalist and biologist are
both susceptible to the mistake of overgeneralizing the importance of factors that they are
trained to study or prefer. The theory of sexual differentiation, presented below, focuses
exclusively on the biological factors that make females and males different from each other.
This focus comes with the acknowledgement that sex-biasing factors are also found in the
social and physical environments.

“Sexual differentiation” is a phrase that has had two main connotations, which have caused
some confusion. Differentiation, a concept of developmental biology, suggests a change in
cells and tissues during ontogeny. Cells lose pluripotency and commit irreversibly to a
differentiated fate. Based on this connotation, “sexual differentiation” has sometimes
referred to the irreversible processes that commit male and female tissues to different adult
phenotypes. A slightly different connotation stems from the idea that any sex difference, at
any life stage, can be seen as the result of sexual differentiation, even if that difference is
reversible or impermanent. Historically, permanent (“organizational”’) effects of testosterone,
causing irreversible male-specific differentiation of male tissues, have been called “sexual
differentiation”. In contrast, “activational” (reversible) hormonal effects have not been seen
as differentiation, even though these actions make the two sexes different. These ideas
underlie the organizational - activational dichotomy of Phoenix et al. (1959) (Arnold, 2009),
who believed that testosterone acts on the brain of males to alter the substrate, just as it acts
on the genital tissues to cause differentiation of a different form (a penis rather than clitoris).
Later effects of testosterone were not thought to differentiate the neural substrate, but
“activated” the already masculinized substrate, again by analogy to androgen effects on the
adult penis. Because sex-biasing factors (androgens, estrogens, etc.) wax and wane at
different times of life, some sex differences come and go. In my view, all factors that cause
sex differences need to be subsumed in a theory of sexual differentiation, because even
transient sex differences are sexually differentiated and controlled by inherent sex
differences in the genome. Indeed, such transient effects of gonadal hormones may be the
most potent proximate factors that make male and female tissues different.

Several considerations make it advantageous to articulate a general theory of sexual
differentiation. (1) The theory identifies major classes of factors that cause sex differences in
any tissue. This generality is useful, because studies of mechanisms of sexual differentiation
in one tissue will suggest concepts to be tested in other tissues. (2) The theory invites public
evaluation of its merits, and focuses efforts to test it. Current theory will likely be
incomplete or false, and will be improved by future research. (3) A valid theory is itself
evidence of the maturity, importance, and independence of the field of sexual differentiation.
One view is that sexual differentiation is only studied within the confines of other traditional
disciplines. Sexual differentiation of the brain is studied within Neuroscience, and sexual
differentiation of obesity is studied within the field of Metabolism. Because common
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mechanisms sexually differentiate brain and adipose tissues, results in one traditional
discipline illuminate the general theory of sexual differentiation applied to any tissue. The
theory of sexual differentiation links studies across traditional disciplines, and forms a set of
ideas that are tested within the discipline of Sexual Differentiation. The theory suggests
questions that might not be framed by other disciplinary perspectives. The sexual
differentiationist studying obesity asks different questions (Arnold et al., 2013) than would
be asked from purely a metabolic perspective (Link et al., 2013). (4) The theory suggests
methods and experimental designs that can be used repeatedly to investigate sexual
differentiation at various levels of analysis (behavior, tissue, cellular, molecular). These
methods include the manipulation of sex chromosomes and gonadal hormonal to discover
their effects at each level. (5) The theory may provide a simplifying framework. The 20t
Century dogma was that two testicular hormones (testosterone and Mullerian Inhibiting
Hormone) were responsible for coordinating the masculine differentiation of all non-gonadal
tissues of mammals, and that female differentiation was the “default”, which is what
happens when no masculinizing hormones are present (Jost et al., 1973). Those
oversimplifications were accepted in part because they were heuristically pleasing. It made
sense that only two male hormones coordinate sexual development so that different parts of
the body were uniformly male or female. A more accurate model, proposed here, still allows
a pleasing simplification, which is that all sex differences derive from the inherent inequality
in the sex chromosomes (Arnold, 2011). Although this theory is more complex, and implies
that multiple, parallel-acting and interacting sex-biasing factors contribute to the sexual
differentiation of tissues, it nevertheless still provides a simplifying conceptual framework
for a complex set of phenomena.

A Theory of Sexual Differentiation

(1) Sex chromosome genes are the primary factors causing sexual differentiation

In species with heteromorphic sex chromosomes (mammals, birds, etc.), all sex differences
arise from the genetic inequality found in the sex chromosomes of male and female zygotes.
In mammals, females have two X chromosomes and males have one, and males have a Y
chromosome lacking in females. The differential representation of X and Y genetic material
is the sole source of all subsequent sex differences during development and adulthood,
because all other factors (autosomal genes, cytoplasmic material, prenatal environment of
the zygote) are thought to be equivalent, on average, between males and female zygotes.

(2) The Y chromosome has male-specific effects that make males different from females

(2A) Sry initiates sexual differentiation of the gonads—The Y-encoded Sry gene
initiates masculine differentiation of the gonads, making gonadal hormones different in
males compared to females, thus indirectly causing major sex differences in tissue function.
Sry causes relatively undifferentiated gonadal tissue to commit to a testicular fate
(Koopman, 2010). In the absence of Sry in females, X-linked or autosomal genes, which
(unlike Sry) are not inherently sexually different in their representation in the genome,
initiate ovarian development. Thus, Sry (present vs. absent) is the root sexual inequality
leading to sexual differentiation of the gonads. Gonadal differentiation sets up life-long sex
differences in the plasma levels of gonadal steroid hormones such as testosterone, estradiol,
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and progesterone, which act throughout the body at multiple life stages to make tissues of
one sex different from the other. It is thought that these hormonal factors cause the majority
of sex differences in the brain (McCarthy and Arnold, 2011)(but see below). Effects of
gonadal hormones are operationally defined by their permanent (“organizational effects™) or
reversible actions (“activational effects”) (Arnold, 2009; Arnold and Breedlove, 1985;
Phoenix et al., 1959).

(2B) Non-gonadal effects of Y genes—The Y chromosome has cell-autonomous
effects outside of the gonads that make Y-bearing cells different from those lacking a Y
chromosome. Examples are as follows: Sry acts directly within the brain to make it function
differently (Czech et al., 2014; Dewing et al., 2006).Other Y genes have an inherently male
function because they act on germ cells in a cell-autonomous fashion and are required for
spermatogenesis, a male-specific function (Burgoyne and Mitchell, 2007).Other Y genes or
genetic regions also likely contribute to sex differences in autoimmune disease (Case et al.,
2013; Case and Teuscher, 2015).

(3) The number of X chromosomes causes sex differences

(3A) Expression of Xist is female-specific—The presence of two (or more) X
chromosomes triggers the expression of the long noncoding RNA Xi7st from one of the two
X chromosomes, thereby making all such cells different from those with one X
chromosome. Xistinitiates the transcriptional silencing of that chromosome, which does not
occur in any XY cells. Xisthas not, however, traditionally been considered a sex-
determining or sex-differentiating gene, despite it profound female-specific effects on cells.
Instead, X inactivation has long been viewed as a process that reduces sex differences,
because X genes are expressed from a single X chromosome in XX cells, as in XY cells.
This process allows the cell to avoid higher expression of most X genes in cells with two X
chromosomes instead of one. However, X-inactivation leaves the XX cell inherently
different from the XY cell, and therefore ranks as one of the most important genes of sexual
differentiation. At the very least, when XX and XY cells have similar function that is
influenced by the level of expression of an X gene, the cellular mechanisms leading to
sexual equivalence of XX and XY cells are different in the two types of cell. In addition,
although it has been speculated that X7st might have female-specific effects on autosomes,
such trans effects are not known.

(3B) Higher expression of X escapee genes in XX than XY cells—Sex differences
in gene expression also arise because some X genes escape X inactivation and are expressed
from both chromosomes in XX cells so that expression is inherently higher in XX cells than
XY cells (Disteche, 2012). This higher expression is likely to cause sex differences in
phenotypes.

(3C) Sexual inequality of parental imprints on X chromosome genes—XX cells
have X chromosomes and imprints from both parents, but XY cells receive only the X
imprint from the mother. This could cause a sex difference in the expression of the imprinted
gene in either direction (Babak et al., 2015; Bonthuis et al., 2015). For example, an X gene
that is silenced when inherited from the mother will be expressed higher in XX than XY, but
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a gene silenced when inherited from the father will be expressed higher in XY than XX
tissues.

(3D) Female-specific effects of the inactive X chromosome—Some evidence
suggests that the presence of a large heterochromatic X chromosome in XX but not XY cells
could have indirect effects on expression of autosomal genes. For example,
“heterochromatizing factors”, or factors that regulate the epigenetic status the entire genome,
might be in limited supply and devote their actions to maintenance of inactivation of the X
chromosome in XX cells, rather than to epigenetic regulation of autosomes which would
occur more in XY cells (Wijchers and Festenstein, 2011). These putative effects in mammals
extend earlier findings of sex-specific heterochromatin Drosophila, in which the large
heterochromatic Y chromosome has epigenetic effects (not effects of Y gene expression),
which regulates many autosomal genes, especially those involved in mitochondrial function
and immune response (Lemos et al., 2010; Silkaitis and Lemos, 2014).

(4) Independent sex-biasing factors and their downstream pathways interact -- summing,
amplifying or counteracting each other, producing and reducing emergent sex differences
in tissue function

Recent evidence indicates that sexually differentiated mechanisms underlie phenotypes that
are quite similar in the two sexes (Arnold, 2014; De Vries, 2004). In some cases, an
unavoidable inherent sex difference in cells causes a sex difference that is not adaptive. New
sex-specific forces evolve that counteract or reduce the effect of the maladaptive sex
difference, producing greater sexual equality of phenotype. Because disease or
environmental factors can increase or decrease the individual counteracting sex-biasing
factors, they can change how much compensation occurs. In this manner, phenotypes that
are balanced in the two sexes can diverge under specific disease or environmental
conditions.

Population-based Sex-biasing Mechanisms

The main theory describes sex-biasing factors that are inherently different in XX vs. XY
cells and tissues, which operate during ontogeny of all individuals to differentiate the two
sexes. These ontogenetic mechanisms should be discoverable in inbred strains of laboratory
animals such as mice. In addition to these mechanisms, groups of females and males can
differ on average because of population-level forces that act differentially on the two sexes.
The population-level differences, however, are unlikely to be modeled well in inbred strains
because they require genetic heterogeneity that has been bred out of inbred strains.

1. Hemizygous exposure of X alleles

Because most males have one X chromosome, any variant of X alleles has greater impact
than in females, who have two alleles whose effects are more or less averaged. A well-
known example of a sex difference is red-green color blindness, caused by a variation in the
X-linked opsin gene, which shifts the spectral sensitivity of cones in the retina. The shift is
experienced more by males, because of hemizygous exposure of the X allele. Females
carrying the mutation are less likely to experience the color blindness because they have a
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second X allele that does not shift the spectrum of photosensitivity, so that they can
discriminate red from green. The resulting male bias in many X-linked diseases is well
known and has long been appreciated, and has been suggested to contribute to the overall
lower survival of males (Migeon, 2007). However, more subtle variations in X alleles, not
causing disease, no doubt increase the incidence of sex differences in phenotypes via the
same mechanism operating in populations of males and females.

2. Tissue mosaicism: Better protection in females against deleterious X alleles

XX tissues are inherently mosaics, because they are composed of a mixture of cells in which
the active X chromosome is either maternal or paternal. The two X chromosomes differ both
in their alleles (different variants inherited from the two parents) and in their parental
imprints. The mosaicism could cause differences in tissue function, compared to that in
males. Generally, tissues that have two different populations of cells might function
differently than tissues that have only a single population. An example is that the two types
of cells may be in competition during ontogeny. If one parent’s X chromosome has an
inherent functional superiority over the other, cells with that X chromosome active may
divide and differentiate more robustly, and take over most of a specific organ. This process
has been modeled in mice with a heterozygous knock out of the X-linked Hccs gene
(Drenckhahn et al., 2008). Early in embryonic life of these mice, the heart is a mixture of
cells in which the active X chromosome is from either parent, with both the null or WT
allele of Hces. By the time of birth, however, the WT allele is found to be expressed in the
majority of cardiac cells, indicating a competitive advantage of the WT Hcces locus. Under
these conditions, the mosaicism of the XX tissues actually widens the sexual inequalitty in
effects of the mutation, so that males are either mutant (dead) or not, but females can
compensate developmentally for the inheritance of a weak allele and reduce its effect. If the
protection is complete, with complete loss of the disease allele during development, then
females never experience detrimental effects of the disease allele.

3. Sex differences in the frequencies of autosomal alleles

Itis also likely that some autosomal alleles are more adaptive in one sex than the other,
leading to embryonic sex-specific or sex-biased functions or diseases. For example, some
alleles might not be compatible with male levels of testosterone. Such alleles would drop out
of the population of males early in their lifetime (because of embryonic lethality), whereas
other alleles might drop out of the population of females because of sensitivity to female-
enhanced factors. Thus, populations of males and females may differ on average in their
complement of autosomal alleles, which would shift the mean phenotype of males and
females away from each other.

4. Sexual conflict because of sex-biased inheritance of mitochondrial DNA

Sex-biased evolutionary forces may produce a loss of viability disproportionately in the two
sexes. An example is the phenomenon dubbed “mother’s curse” (Camus et al., 2012; Frank,
2012). The mitochondrial genome is inherited through the female lineage from mother to
daughter. This could allow mitochondrial alleles to be selected that are beneficial to females
but deleterious to males, because the disadvantage to males never results in differential
fitness of the females who pass down the genes. Such variations in mitochondrial genes

J Neurosci Res. Author manuscript; available in PMC 2017 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arnold

Page 9

would give rise to greater disease or developmental defects primarily affecting males.
Evidence from experimental studies of Drosophila support the existence of this
phenomenon. When mitochondria from one strain were bred onto different nuclear genetic
background strains, males were disproportionately affected, with male-specific decreases in
viability (Innocenti et al., 2011). Such a mechanism, operating in natural populations, may
increase the disease burden on males and produce population-level sex differences in disease
incidence.

Applying the Theory to Whole Animal Physiology

Although there is ample evidence for effects of gonadal hormones that cause sexual
differentiation, much of the theory articulated above has not been tested extensively. Many
of the ideas leading to the theory come from analysis of the X and Y chromosomes and their
effects on cells /n vitro, where it can be demonstrated that the inequality of X and Y
chromosomes causes sex differences in gene expression or other cell-level phenotypes. What
is not very clear, at the present time, is how important each of the sex-biased mechanisms is,
for whole-organ or organismal physiology and disease. For example, a few studies indicate
that inequality in the number of X chromosomes contributes to sex differences in disease
models in mice (Arnold et al., 2016). In mouse models of obesity, cardiovascular disease,
and sex chromosome aneuploidy, mice with two X chromosomes have worse disease
outcomes than mice with one X chromosome. However, there are no studies to date that
have determined which of the four X-chromosome based mechanisms (3ABCD) discussed
above account for the different effects of one vs. two X chromosomes on disease. This is an
important area for future research.

The growing appreciation of the importance of sex chromosome effects in mammals, not
mediated by gonadal hormones, has been possible because of experiments on a few mouse
models, in which the complement of sex chromosomes (XX vs. XY) can be manipulated
without changing the type of gonad. Two salient models are the Four Core Genotypes (FCG)
and XY* models, which make XX, XY, or XO mice with ovaries, for example (Arnold,
2014; Arnold and Chen, 2009; De Vries et al., 2002). These models will be used
increasingly to uncover further cases in which sex chromosome complement contributes to
sex differences in physiology. However, these models give only information about mice, and
are therefore are best suited to phenomena that can be discovered in mice. It would be
advantageous to develop other animal models in which specific sex-biasing mechanisms,
enumerated above, are manipulated to mimic the difference that occurs in females vs. males.
For example, comparing animals with one vs. two copies of specific X genes that escape
inactivation would mimic the normal male-female difference in expression, to determine the
effects of that individual gene on sex differences by virtue of its escape from X inactivation.
With improved methods for manipulation of the genome in diverse animal groups, this kind
of experiment may become increasingly feasible in informative animal systems.

The theory articulated here involves almost no discussion of the role of epigenetic effects,
long non-coding RNAs, and microRNAs, because little is known at this point in history. The
theory is expected to be greatly enriched by future studies in this area. For example, both
gonadal hormones and sex-biased sex chromosome genes are known regulators of DNA

J Neurosci Res. Author manuscript; available in PMC 2017 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arnold

Page 10

methylation and histone modifications (Berletch et al., 2013; Gagnidze et al., 2013;
Ghahramani et al., 2014; Nugent et al., 2015), but this knowledge is only just now beginning
to be integrated into sexual differentiation theory. There has been no systematic discovery of
sexual differentiation of noncoding RNAs that regulate many other genes, but that situation
is likely to change in the near future (Reinius et al., 2010).

Sex-biasing factors need to be understood in a larger evolutionary framework. The genes
escaping X inactivation (mechanism 3B), for example, sometimes have a very closely
related gene on the Y chromosome, which has very similar DNA sequence and function
(Lahn and Page, 1999). These X-Y gene pairs are both derived from a common ancient
precursor. As the Y chromosome lost most of its genes during evolution, a few terribly
important genes were highly resistant to deletion. These Y gene were retained to balance the
effects of the X paralogous genes, so that females have two copies (one on each X
chromosome), and males have two copies (one X and one Y) (Bellott et al., 2014; Cortez et
al., 2014). Patterns of sex chromosome evolution therefore imply that the X-Y partner genes
have similar function. In contrast, recent studies suggest that the X and Y forms have at least
partly diverged in their functions (Shpargel et al., 2012; Xu et al., 2008a; Xu et al., 2008b),
so that having two vs. one copy of the X gene makes for functional differences between XX
and XY cells. These discoveries mean that the sex-biasing effects of one vs. two copies of
the X gene need to be studied within a larger context of understanding the similarities and
differences in function of the X-Y gene pairs. More information is needed to resolve the
importance of these genes in sexual differentiation.

Point 4 of the theory elevates the importance of interactions of diverse sex-biasing factors.
Natural selection can either favor the evolution of sex-biased mechanisms to produce sex
differences that are adaptive, or to offset other sex differences when they are maladaptive.
Although we are just beginning to appreciate the complex interactions that require or involve
such compensation, we have almost no information about which sex-biased effects interact
with others. In the study of metabolism and obesity, for example, estrogens reduce body
weight and body fat in female mice (Foryst-Ludwig and Kintscher, 2010), but a second X
chromosome increases body weight and fat (Chen et al., 2012). In studies of sex differences
in cardiovascular ischemia / reperfusion injury in mice, estrogens protect from
cardiovascular damage (Murphy and Steenbergen, 2014) but a second X chromosome makes
disease worse (Li et al., 2014). In both cases, no studies have yet to manipulate sex
chromosome complement and hormonal status at the same time, to begin to unravel the
molecular mechanisms leading to the interactions. It is possible that each factor (estradiol
and an X chromosome gene) acts on the same or different molecular pathways to affect
physiology and disease, or that they act on completely separate tissues, cells, or cellular
functions, to influence an emergent phenotype revealed by system-level measurements of
disease. In other systems, sex chromosome complement acts on two different tissues in the
same disease. In mouse models of multiple sclerosis, the XX sex chromosome complement
(relative to XY) appears to act within the immune system to exacerbate disease (Smith-
Bouvier et al., 2008), but acts within the brain to make disease worse (Du et al., 2014). A
great deal of further work is needed to clarify the separate and interacting effects of multiple
sex-biasing mechanisms highlighted in the theory of sexual differentiation.
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The effects of gonadal hormones have been studied much more than sex chromosome
effects, for several reasons. The theory of sexual differentiation emerging from research in
the 20t century pointed almost exclusively to gonadal hormones as the proximate sex-
biasing factors, so any program of research on sex differences focused first on hormones.
This focus was usually rewarded, because most sex differences were found to be influenced
by sex hormones. The resulting large literature on sex hormone effects gives the impression
that hormones dominate as the causes of sex differences. That inference may be true, but has
not been tested rigorously by independent manipulation of sex chromosome complement
and gonadal status in the same system. A recent study of sex differences in brain structure in
mice found that sex differences in some areas of the brain were more influenced by
hormones, and in others by sex chromosomes, with about the same number of sex
differences caused by each (Corre et al., 2014). A study of sex differences in brain gene
expression in stressed mice also found a surprising number of differences caused by sex
chromosome complement rather than by hormones (Seney et al., 2013). Thus, the
impression of greater importance of sex hormones may be at least partly an artifact of the
number of studies of that class of sex-biasing factors.

Many studies to investigate sex chromosome effects are conducted in gonadectomized mice,
in the absence of gonadal hormones, because of the need to control hormonal differences
between groups as much as possible, so that group differences caused by sex chromosomes
can be uncovered. That method, however, raises questions whether the sex chromosome
effects also occur when hormones are present. In some cases, they do, but their relative
magnitude can be altered by gonadal hormones. In the regulation of body weight, for
example, mice with testes are larger than mice with ovaries, so body size depends on
gonadal hormones (Chen et al., 2012). However, mice with two X chromosomes weigh more
than mice with one X chromosome, a difference that is larger when gonads are absent than
when they are present. In this case, a female sex chromosome complement partially
compensates for the effects of female hormones on body weight, so sex chromosome effects
interact with the effects of gonadal hormones. In another example, sex chromosome effects
on plasma cholesterol occur whether or not the gonads are present (Link et al., 2015).
Indeed, when multiple sex-biasing factors all influence the same emergent sex difference in
physiology and disease, the testing conditions may determine which of the factors appears
most important. In a mouse model of stroke, tests of young FCG mice found little influence
of sex chromosome complement on sex differences in stroke outcome; rather, females were
protected predominantly by their gonadal hormones, estrogens (Manwani et al., 2015).
When a similar study was conducted on aging mice, however, the opposite result was
obtained. In that case, group differences in type of gonad had little effect, but XX mice had
larger infarcts than XY mice (McCullough et al., 2016). In aging mice, the group differences
were not attributable to levels of gonadal hormones. Thus, the effects of ischemia on the
brain are influenced by both gonadal hormones and sex chromosome complement, but the
balance between effects of factors may change as a consequence of age, levels of gonadal
hormones, or other factors. To date, therefore, the limited studies that have pitted sex
chromosome effects against sex hormone effects suggest that both play a role, but that a lot
more information is needed to understand the circumstances under which each is important.
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Understanding the Sexome

To reduce the bewildering complexity of cells and tissues, we can imagine them as
composed of highly interconnected networks of molecules, pulsating with activity, in which
individual components increase or decrease the activity of each other to produce emergent
phenotypes of the system. These networks are probably generally similar in the two sexes
(Van Nas et al., 2009), because about 95% of the genome is about the same in the two sexes,
and most physiological networks are predominantly regulated by autosomal genes. Some
gene, protein, or molecular networks, however, are affected by the limited number of factors,
enumerated above by the theory of sexual differentiation, that cause sex differences in
function. These factors reach into the pulsating networks (or alter them from within),
pushing them one way or another, raising or lowering their activity, creating differences in
the networks in XX vs. XY cells. The aggregate of all sex-biasing influences can be
conceptualized as the “sexome” (Arnold and Lusis, 2012). The theory of sexual
differentiation determines how we think about the sexome, because we imagine multiple
independent mechanisms that are inherently sex-biased, and which interact with each other.
Their inherent nature does not imply that they are not modifiable. Rather, outside
circumstances, coming from the rest of the genome, from other sex-biased and sexually
equivalent factors, or from the environment, can gate, inhibit, or enhance the sex differences
in physiology. Sex differences in physiology can come and go, depending on life stage,
disease status, environmental conditions, and many other variables.

Despite this complexity, it is useful to attempt to understand the factors causing sex
differences, for several reasons. One is the drive to understand ourselves and our position in
the universe. The second is the practical advantage that understanding the system leads to
the ability to control it. If we can understand which sex-biasing factors protect from disease,
we may be able to manipulate them to treat diseases in both sexes. Finally, articulating a
theory of sexual differentiation leads to new questions that would not otherwise be asked.
For example, the theory motivates experiments to study the interaction of independent sex-
biasing factors, to increase understanding of their relative effects on sex differences
themselves. The discovery of organizational effects of gonadal hormones was entirely a
consequence of an effort to test the existing theory of sexual differentiation and to resolve
what makes males and females different (Phoenix et al., 1959). The then-existing theory was
that activational effects of gonadal hormones account for many sex differences in behavior,
but they were inadequate to explain all such sex differences. That tension motivated the early
sexual differentiationists to find the mystery factor, which turned out to be the prenatal levels
of testosterone. Today, we are at a different place, where we have expanded the theory’s list
of inherent sex-biasing factors to include X and Y genes, but we have a great deal of work to
do to understand when and how those factors explain the differences between females and
males.
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Significance

Sexual differentiation encompasses the biological processes that make males and females
different from each other. Understanding sexual differentiation not only contributes to our
conceptualization of the nature of females and males, it also uncovers sex-biased factors
that protect from diseases that affect the two sexes differently. Here a theory is proposed
to provide a comprehensive list of all of the biological factors that underlie sex
differences in physiology and disease. The theory provides a focus and conceptual
framework for future improvements to the theory.
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Inequalities in sex chromosomes
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Figure 1.
Schematic diagram showing the effects of five classes of sex-biasing factors discussed here.

Each factor derives from the inherent inequality in sex chromosomes when comparing XX
and XY cells, tissues, or animals. The factors can act independently to contribute to sex
differences in phenotype. The intersection of arrows is intended to evoke the idea that sex-
biasing factors can interact, either by augmenting or opposing each other within specific
cells, or by acting on different cells that each contribute to sex differences in the phenotype.
The sex-biased factors therefore can produce or reduce sex differences in phenotype. Sex
differences can wax or wane depending on a variety of factors such as age or disease.
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