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Summary. Males and females show large differences in their
susceptibility to many complex diseases, including autoim-
mune diseases, some forms of cancer and neurological dis-
eases. Autoimmune diseases are characterized, for example,
by a greater female component, which for some diseases,
such as systemic lupus erythematosus, even reach 80%.
Itis believed that in many cases the susceptibility to these dis-
eases can arise early during the life, in agreement with the
DOHaD (Developmental Origins of Health and Disease) theory.
The two well known cellular processes involving epigenetic
mechanisms dealing with gender differences and arising very
early during the embryo development, are genomic imprint-
ing and X-chromosome inactivation in females.
Genomicimprinting affects eutherian mammals and consists
in conferring a subclass of homologous loci (imprinted genes,
such as IGF2), a specific monoallelic expression with respect
to the parent from which they are inherited. The process is
therefore essential for the correct development of the fetus
and, in humans, the loss of imprinting of the differentially
methylated regions is the cause of diseases such as the syn-
dromes of Silver-Russell, Angelman and Prader-Willi.

The brain has emerged as a main target of genomic imprint-
ing, generating great interest on how this epigenetic regula-
tion provides stable transcriptional control of neural devel-
opment and behavior. Many of neurodevelopmental disor-
ders may originate from defective signaling during fetal or
perinatal brain development, which may affect males and
females differently.

The random inactivation of one of the two X-chromosomes
in female mammalian cells during early embryogenesis rep-
resents a well known epigenetic mechanism of gene regula-
tion. An explanation for the female predominance in autoim-
mune diseases has been proposed by means of an enhanced
skewed X-chromosome inactivation.

The inactivation of one X chromosome in mammalian fe-
males is often incomplete and over 15% of X-linked genes
escape the inactivation and are expressed from both the
active and inactive X chromosomes. Genome-wide analysis
is revealing roles for escape genes in an increasing number
of diseases. Also disturbances in the normal inactivation pat-
tern of miRNAs on the X chromosome, by means of silencing
escape or inactivation skewing, could affect miRNAs-driven
gene regulation and result in gender-specific responses.

It is likely that the expression of specific genes related to
complex diseases can be modified by various mechanisms

influenced by gender and also by environmental factors,
likely acting in critical windows, during maternal pregnancy
and interfering with fetal programming.

Key words: epigenetics, sex ratio deviation, genome im-
printing, skewed X chromosome inactivation.

Epigenetica e medicina genere-specifica

Riassunto. Molte patologie complesse tra cui malattie au-
toimmuni, malattie cardiovascolari, malattie del neurosvi-
luppo e alcune forme di cancro, presentano una deviazione
del rapporto tra i sessi; le malattie autoimmuni sono carat-
terizzate, ad esempio, da una maggior prevalenza femmini-
le, che per alcune malattie, come il lupus eritematoso siste-
mico, arriva anche all’80%. Si ritiene che in molti casi la su-
scettibilita a queste malattie possa insorgere precocemente
nel corso della vita, in accordo con la teoria della DOHaD,
secondo cui la suscettibilita negli adulti a diverse malattie
complesse verrebbe determinata precocemente durante
I'embriogenesi in conseguenza dei diversi stimoli ambien-
tali a cui é sottoposto il feto.

I due piu noti meccanismi epigenetici coinvolti nella deter-
minazione delle differenze di genere sono l'imprinting ge-
nomico e l'inattivazione di uno dei due cromosomi X nelle
femmine di mammifero. Limprinting genomico interessa i
mammiferi euteri e consiste nel conferire ad una sottoclasse
dilociomologhi (geniimprinted, come IGF2), un'espressione
monoallelica specifica rispetto al genitore da cui sono ere-
ditati. Il processo risulta dunque fondamentale per il corret-
to sviluppo del feto e, nell'uomo, la perdita di imprinting
delle regioni differenzialmente metilate e causa di patologie
come le sindromi di Silver-Russell, Angelman e Prader-Willi.
Il cervello sta emergendo come uno dei pitl importanti ber-
sagli dell'imprinting genomico. Molti disturbi del neurosvi-
luppo potrebbero originarsi da alterazioni dell'imprinting
durante lo sviluppo del cervello fetale o perinatale, con di-
versa influenza su maschi e femmine.

Linattivazione casuale di uno dei due cromosomi X nelle
cellule delle femmine durante I'embriogenesi precoce rap-
presenta un ben noto meccanismo epigenetico di regola-
zione genica. Una spiegazione per la prevalenza del genere
femminile nelle malattie autoimmuni vede coinvolta un’i-
nattivazione preferenziale di uno dei due cromosomi X. Li-
nattivazione di uno dei due cromosomi & pero spesso in-
completa e oltre il 15% dei geni X-linked sfugge all'inattiva-
zione. Analisi a livello genomico stanno rivelando, per i geni
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che sfuggono all'inattivazione, ruoliimportanti in un nume-
ro crescente di patologie. Sul cromosoma X sono presenti
anche molti miRNA e alterazioni del normale pattern di at-
tivazione di questi miRNA, o perché sfuggono al silenzia-
mento o perché coinvolti in inattivazione preferenziale del-
I’X, potrebbero influenzare la regolazione genica mediata
dai miRNA e determinare risposte genere-specifiche.

E probabile che I'espressione di geni specifici legati a malat-
tie complesse possa essere modificata da vari meccanismi
influenzati dal genere e anche da fattori ambientali, proba-
bilmente agendo in finestre temporali critiche, nel corso
della gravidanza materna, con conseguente alterazione
della programmazione fetale.

Parole chiave: epigenetica, deviazione del rapporto tra i
sessi, imprinting genomico, inattivazione preferenziale del
cromosoma X.

Introduction

Differences in the sex ratio occur in most complex dis-
eases, including autoimmune diseases, cardiovascular
diseases, neurodevelopmental and neurological disor-
ders, cancer. It is believed that in many cases the suscep-
tibility to these diseases can arise early during the life,
in agreement with the DOHaD (Developmental Origins
of Health and Disease) theory'. This theory postulates
that early-life environmental exposures, including ma-
ternal diet, can alter disease risk across the life course
into adulthood. Epigenetic modifications are the key
effectors because they can be maintained throughout
cell division. Epigenetic mechanisms, such as DNA
methylation, histon tail modifications and the non-

coding RNAs interventions, finely regulate gene expres-
sion levels without inducing DNA sequence changes,
and play a fundamental role in embryonic development,
in the differentiation and maintenance of cell identity,
as well as in many other physiological processes.

The two well known cellular processes involving epi-
genetic mechanisms dealing with gender differences and
arising very early during the embryo development, are
genomic imprinting and X-chromosome inactivation in
females.

Genomic imprinting

Genomic imprinting is an epigenetic regulatory mech-
anism that results in the monoallelic expression in a
parent-of-origin-dependent fashion of a subset of genes,
located in specific regions, called differentially methyl-
ated regions (DMRs) (Figure 1). These sites of differen-
tial methylation between the maternal and paternal
alleles are protected from the wave of global demeth-
ylation that occurs immediately after fertilization, pro-
viding a parent-of-origin-specific epigenetic signature.
The imprinted expression of those loci has an essential
role in normal growth and development in placental
mammals.

In humans, loss-of-imprinting of specific DMRs re-
sults in a number of diseases often associated with fetal
growth and neurological behaviour such as Angelman,
Prader-Willi, Beckwith-Wiedemann and Silver-Russell
syndromes.

It is becoming increasingly clear that imprinted gene
function has a wider role in maternal physiology during
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Figure 1. Genomic imprinting consists of the differential expression of alleles paternally or maternally inherited.
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Figure 2. The conflict hypothesis predicts that imprinting has evolved in mammals because of the conflicting interests of maternal
and paternal genes in relation to the transfer of nutrients from the mother to her offspring. Modified from Jirtle and Wiedman, 2007.

reproduction. Imprinted genes are required for the de-
velopment of a functional placenta, the organ that me-
diates the exchange of nutrients between mother and
fetus. Given that abnormal birthweight correlates with
adverse adult metabolic health, including obesity and
cardiovascular disease, it is likely that the modulation
of this dosage-sensitive, epigenetically regulated class of
genes can contribute to fetal and postnatal growth, with
implications for lifelong health and disease.

Therefore it seems that aberrant imprinting could
also contribute to a variety of complex diseases includ-
ing cancer, widening the functional role of imprinted
genes in humans?®.

The phenomenon of genomic imprinting is observed
predominantly in eutherian mammals (mammals with
long-lived placenta, which give birth to live young), but
not in prototherians (egg-laying mammals, such as
platypus), birds or reptiles*.

Imprinted genes thus appeared on the evolutionary
stage with the advent of live birth, perhaps because of
inherent conflicts in the reproductive strategies of moth-
ers and fathers. The close association between the acqui-
sition of imprinting and placenta during the course of
evolution has led to several hypotheses to explain the
reason for the emergence of genomic imprinting. The
parental conflict theory® is considered the most widely
accepted theory. It suggests that imprinting arose because
of a genomic tug-of-war between mothers and fathers
over the use of maternal resources by the fetus. In mam-
mals that bear live offspring, the male evolutionary fitness
is maximized if his offspring monopolizes the female
energy reserves during gestation. The female best strategy

requires that she does not invest all of her resources in a
single offspring, but ensures her survival and the equal
allocation of nutrients among her offspring. Both to the
common aim of producing the maximum number of
viable offspring carrying their genes® (Figure 2).

Consistently, imprinting is observed to occur pre-
dominantly in genes influencing fetal growth, particu-
larly through placental growth, suckling and nutrient
metabolism’.

The conflict theory is supported by the example of
the prototypical mouse imprinted gene Igf2 and its re-
ceptor Igf2r. Igf2 is a paternally expressed potent growth
enhancer, whereas maternally expressed Igf2r products
suppress growth by mediating the degradation of IGF-II
proteins. Mouse knockout of these genes exhibite op-
posite growth phenotypes; Igf2-null mice are growth
deficient whilst Igf2r-null mice show overgrowth pheno-
types. It is now argued that paternally expressed genes
tend to promote fetal growth whereas maternally ex-
pressed genes restrict fetal growth?.

The imprintome

The concept of the imprintome represents “the environ-
mentally labile cis-acting imprint regulatory elements
in the human genome”®. Imprintome creation involves
both DNA methylation and histone modifications, with
methylation being more studied for a variety of techni-
cal reasons. It was assumed that there will be 100-200
genes that are subject to imprinted expression in mam-
mals, with many being tissue specific’. About 100 im-
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printed genes have now been discovered and the func-
tions of many of these genes have been assessed in mu-
rine models?. A high-resolution mapping of human
imprinted methylation has been obtained by Court and
collegues™. They could define methylation profiles at
known imprinted domains at base-pair resolution and
catalogued regions of parentally inherited methylation
associated with imprinted regions. They have extensive-
ly characterized imprinted methylation in a substantial
range of normal human tissues and observed that the
extent of imprinted DMRs is extremely similar between
tissues, however with differences between somatic and
placental tissues. The placenta often presents a different
methylation profile compared to somatic tissues”. On
the other hand, as we discussed above, imprinting has
been proposed to be a mechanism that regulates paren-
tal resource allocation and ultimately can influence fetal
growth, with the placenta being the key in this process".

It is becoming increasingly clear that imprinted gene
function has a wider role in maternal physiology during
reproduction, both by modulating fetal and placental
endocrine products that signal to alter maternal energy
homeostasis, and by altering maternal energetic set
points, thus producing downstream actions on nutrient
provisioning.

Recently Cassidy and Charalambous proposed a cen-
tral role of potential mediator for leptin given the fact
that imprinted gene products act at multiple levels in
the adipose-hypothalamic axis to modulate set points
of energy homeostasis. The dosage of imprinted genes
in developing and mature adipose tissue would act in
modulating leptin secretion and an impaired imprinted
gene dosage in females may influence their resource al-
location as mothers?.

Placental-specific imprinting

Court and coworkers' observed that the extent of im-
printed differentially methylated regions is extremely
similar between tissues, with the exception of the pla-
centa. They found that, in contrast to ubiquitous im-
prints, the majority of placenta-specific imprinted DMRs
are unmethylated in sperm and all human embryonic
stem cells. Therefore, placental-specific imprinting pro-
vides evidence for the hypothesis that a novel imprinting
mechanism occurs in the placenta, which is one of the
first examples of methylation-independent epigenetic
inheritance in mammals™.

Likely the placental-specific imprinting, but also the
influence of fetal sex, can have a differential impact in
modifying the course and complications related to preg-
nancy and may also have an impact on maternal health
and well-being both during and after pregnancy. Al-Qa-
raghouli and Fang'? summarize findings on the effects

of male sex on the course of pregnancy and delivery:
higher incidence of preterm labor, failure of progression
in labor, true umbilical cord knots, cord prolapse, nuchal
cord, higher cesarean section rate, higher heart rate vari-
ability with increased frequency, and duration of decel-
erations without acidemia and increased risk of gesta-
tional diabetes mellitus through the poor beta cells func-
tion. On the other hand female fetal sex has been found
to modify pregnancy and delivery outcomes including
altered fetal cardiac hemodynamics, increased hyperten-
sive diseases of pregnancy, higher vulnerability of devel-
oping type II diabetes after pregnancy possibly because
of influences on increased maternal insulin resistance!?.
Therefore placental sex (XX vs XY) seems a major deter-
minant in the magnitude and functional responses of
the placenta to perturbations during pregnancy, where
the male, but not female, placentas seem consistently so
responsive to changes in the maternal environment (e.g.
in response to maternal stress, infection, and diet'?).

Very few studies investigated the relationship be-
tween fetal sex and the susceptibility to diseases. For
instance women who were pregnant with females were
2.55 at higher risk for placental malaria infection.

Placental PGC-1a/TFAM/mitochondrial biogenesis
pathway is affected by maternal diabetes and offspring
sex. Decreased PGC-1a in response to maternal diabetes
plausibly contributes to impaired mitochondrial bio-
genesis in placenta of male offspring, which may affect
long-term health and explain some of enhanced risk of
future metabolic diseases in males'®.

We can conclude that probably there is a gender-
specific maternal-placental-fetal interaction, including
sex specific transplacental signals to the developing
brain, with potential significant biological implications,
even at longer times, certainly with genetic and epigen-
etic mechanisms involved.

Imprinting dysregulation, brain disorders
and gender differences

The development of new mapping approaches applied
to the growing abundance of genomic data has demon-
strated that imprinted genes can be important contribu-
tors to complex trait variation'®.

The fraction of known and predicted imprinted genes
involved in growth and development results in many of
these genes also being involved in mental and physical
developmental disorders.

The development of the human brain requires a very
fine-tuned orchestration of diverse spatial and temporal
cues modulating a regulatory interconnected network.
Even a slight interference with a proper regulation may
have neurodevelopmental consequences resulting in dif-
ferent outcomes, such as varying degrees of cognitive or
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psychiatric disorders!'”. Moreover, one implication of the
conflict hypothesis is that different brain regions are
maternally or paternally influenced in development'®.

This can have important implications for different
susceptibility, gender-specific, in developing neurode-
velopmental or behavioural disorders.

The importance of imprinted genes in brain function
is evidenced by the devastating neurological and behav-
ioral conditions resulting from mutations in these loci in
humans and mice. Although early studies of genomic
imprinting highlighted its roles during embryonic and
placental growth, its pleiotropic influences on brain de-
velopment and function have emerged more recently".

Consistent with the conflict hypothesis of genomic
imprinting, paternally expressed genes promote suckling
and growth in newborns, and to a lesser extent, mater-
nally expressed genes reduce growth and increase meta-
bolic rate in both newborns and adults. These results
are also consistent with the roles of imprinted genes in
embryonic development". Paternally expressed genes
also appear to contribute to the regulation of puberty
as well as to reproductive and maternal behaviors. In-
terestingly, maternally expressed genes appear to be the
main contributors of positive and negative regulation
of emotional and cognitive behaviors.

In humans, dysregulation of imprinted gene expres-
sion resulting from null mutations, deletions, duplica-
tions, uniparental disomies, or alterations in epigenetic
marks often affects brain function and behavior.

Moreover, the majority of the Mendelian diseases of
the epigenetic machinery (carrying mutations in one gene
of those that code for enzymes that write, read, erase or
remodel epigenetic marks) are characterized by brain dis-
orders (from sligth intellectual disability to dementia)®.

Males are more likely to develop autism spectrum
disorders (ASD), attention deficit hyperactivity disorder
(ADHD), schizophrenia, and dyslexia, whereas females
are more likely to be diagnosed with depression and
anxiety?. Also neurodegenerative diseases such as Par-
kinson’s disease and Alzheimer’s disease affect males
and females differently, with differences in susceptibil-
ity, progression, and severity?** (Table 1).

Sex-specific events, including altered sex-hormone
signaling, during early brain development are consid-
ered as key processes that can influence the susceptibil-
ity for these disorders. The time window of sex hormone
actions is vital in view of the long-term effects on neu-
ronal development.

Moreover, sex-specific differences in DNA methyla-
tion of CpG islands may be an important epigenetic
change able to differentially affect the developmental
process of diseases or traits.

Interestingly within-pair profiles of DNA methyla-
tion between monozygotic twins are different between
male and female pairs which show discordance for dis-
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Table 1. Sex ratio between females and males in some
neurodevelopmental and behavioural disorders.

Disease Sex ratio [F:M]
Autism Spectrum Disorders (ASD) 1:3
Attention Deficit Hyperactivity Disorder 1:3
(ADHD)

Schizophrenia 4:1
Dyslexia 1:1.6
Depression 1.7:1
Anxiety 1.7:1
Parkinson’s disease (PD) 1:2
Alzheimer’s disease (AD) 1.7:1

Saha et al, 2005%; Miller et al, 2003°°; Albert 2015°'; McLean et al,
2011°%; Loomes et al, 2017°3; Schmidt et al, 20084

orders and traits. These differences may be associated
with different imprinting, influencing susceptibility to
some diseases?*.

Additionally in the first reported epigenome-wide
analysis by sex at birth, methylation profiles of DMRs
were found sex-specific even in autosomal genes®.

The central role of genomic imprinting in brain func-
tion has been supported further by the extensive neural
and behavioral phenotypes of mutants of imprinted
genes and by the widespread expression of imprinted
genes throughout the brain?*?’. Thus, the brain has
emerged as a main target of genomic imprinting, gen-
erating great interest on how this epigenetic regulation
provides stable transcriptional control of neural develop-
ment and behavior. Many of neurodevelopmental dis-
orders may originate from defective signaling during
fetal or perinatal brain development, which may affect
males and females differently.

X-chromosome inactivation in females

In female mammalian cells, one of the two X-chromo-
somes is randomly inactivated during early embryogen-
esis in all cells in order to match the X chromosome
number of male cells; this represents a well known epi-
genetic mechanism of gene regulation. Thus, females are
mosaics for two cell populations: cells with either the
paternal or the maternal X in the active form. Since X-
chromosome choice is assumed to be random, the result
is generally 50% of cells expressing the paternal and the
remaining 50% expressing the maternal genes (Figure 3).

A skewed inactivation of the X Chromosome (XCI)
is a deviation from the 50:50 ratio of X inactivation in
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Figure 3. Due to dosage compensation, in females one X chromosome is inactivated in every cell. The inactivation occurs early in
development when the embryo consists of only a few cells. The inactivation is random. The inactivated X chromosome forms the
Barr body still in all descendent cells. With respect to their X chromosomes, females are chimeras: some areas of their bodies have the
paternal X chromosome active and other areas have the maternal X chromosome active.

female cells and is arbitrarily defined, for example, as a
pattern where 80% or more of the cells inactivate the
same X-chromosome. This deviation may be the result
of chance or genetic factors involved in the XCI or a
selection process?.

Males and females show strong differences in their
susceptibility to many diseases, such as infectious dis-
eases, autoimmune diseases and some forms of cancer.
Generally, females show increased susceptibility to au-
toimmune disease development and males show in-
creased susceptibility to non reproductive malignant
cancers®.

The most striking sex differences in autoimmune
diseases are observed in Sjogren’s syndrome, systemic
lupus erythematosus, autoimmune thyroid diseases, and
scleroderma, with about 80% of patients being females.
Also for theumatoid arthritis, multiple sclerosis and my-
asthenia gravis there is a lower female prevalence but
still 60-75% of the patients are women (Table 2).

The sexually dimorphic prevalence of autoimmune
diseases has been suggested to be due to sex hormone
influences because the X-chromosome contains a consid-
erable number of sex and immune-related genes such as
AR, IL2 receptor gamma chain, CD40 ligand and FOXP3.
These genes are essential in determining sex hormone
levels and, more importantly, immune tolerance. An al-
ternative explanation for the female predominance has
been proposed by means of an enhanced skewed X-chro-
mosome inactivation found in peripheral blood cells of
female patients with autoimmune diseases?.

Table 2. Sex ratio between females and males in some
autoimmune disorders.

Autoimmune disease Sex ratio [F:M]

Systemic lupus erythematosus 9:1
Hashimoto’s thyroiditis 3-5:1
Graves' disease 7:1
Sjogren syndrome 9:1
Rheumatoid arthritis 7-8:1
Myasthenia gravis 31

Fairweather et al, 2008%; Cooper et al, 2003°.

Skewed XCl and diseases

A role for skewed XCI has been found in female subjects
with autoimmune tyroid diseases (Graves’ disease and
Hashimoto's thyroiditis)*, scleroderma®, rheumatoid
arthritis and systemic sclerosis* which could, in part,
explain the strong female preponderance observed in
these diseases. Interestingly, besides the presence of nu-
merous X-located genes having a direct or indirect role
in immunity, some of them are responsible for X-linked
primary immunodeficiencies®3*.

Additionally, skewed X chromosome inactivation
has been implicated in both the expression and the
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suppression of X-linked disease phenotypes and has
been reported to occur more frequently in breast and
ovarian cancer patients, including BRCAI or BRCA2
mutation carriers, than in control subjects; moreover
it is associated with a statistically significant increase
in age at diagnosis of breast and ovarian cancer®. Ex-
tremely skewed X-chromosome inactivation is in-
creased in pre-eclampsia®.

Erroneous epigenetic modifications due to environ-
mental perturbations such as manipulation and culture
of embryos during in vitro fertilization (IVF) are linked
to various short- or long-term consequences. Among
these, the sex ratio is skewed in animal embryos and
even in human IVF newborns. This was found to be a
result of female-biased peri-implantation developmen-
tal defects that were originated from impaired imprint-
ed X chromosome inactivation (iXCI). Thus impaired
XCI represents one of the major epigenetic barriers for
the developmental competence of female embryos dur-
ing preimplantation stage®’.

“Escape genes”

Inactivation of one X chromosome in mammalian fe-
males achieves dosage compensation between XX fe-
males and XY males; however, is often incomplete and
over 15% of human X-linked genes are expressed from
both the active and inactive X chromosomes (Xa and Xi,
respectively). New methods for genomic analysis have
improved our identification and characterization of
these “escape genes”, revealing the importance of DNA
sequence, chromatin structure, and chromosome ultra-
structure in regulating expression from an otherwise
inactive chromosome. Current estimates suggest that
12-20% of human and 3-7% of mouse X-linked genes
are exceptions-escape genes that are expressed from both
the Xa and the Xi, with the degree of ‘escape’ from inac-
tivation varying between genes. Genome-wide mutation
identification is revealing roles for escape genes in can-
cer and heritable disease, while mouse models reveal
the importance of the Xi, particularly in the brain and
metabolism®®.

Recent analyses show that incomplete XCI is mostly
shared between individuals and tissues, and extend pre-
vious surveys by pinpointing several examples of vari-
ability in the degree of XCI escape between cells, chro-
mosomes, and tissues. In addition escape from XCI results
in sex-biased expression of at least 60 genes, potentially
contributing to sex-specific differences in health and dis-
ease®. Interestingly epigenetic marks differ between genes
subject to and escaping from XCI. Subject genes have
many chromatin marks typical of inactive heterochroma-
tin, such as H3K9me3, and are also depleted for active
marks such as H3K4me3. By contrast, escape genes re-
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tain active histone marks such as H3K4me2 and are
depleted for the repressive mark H3K27me33%,

The biological implications of this phenomenon re-
main to be fully explored, however likely can explain
the between-female and male-female diversity and per-
haps different disease susceptibility.

MiRNA

It has been also hypothesized that X chromosome-asso-
ciated mechanisms, which affect X-linked genes and are
behind the immunological advantage of females, may
also affect X-linked microRNAs. These small non-coding
RNAs regulate gene expression by translational repres-
sion and/or messenger RNA degradation. There is a
higher concentration of miRNAs on the X chromosome
when compared to autosomes. Likely, the human X chro-
mosome contains 10% of all microRNAs detected so far
in the human genome. Actually, miRbase*’ reports 4
miRNA on Y chromosome and 118 on X chromosome.
Although the role of most of them has not yet been
described, several X chromosome-located microRNAs
have important functions in immunity and cancer®. Ac-
cording to Pinheiro and coworkers*, disturbances in the
normal inactivation pattern of miRNAs on the X chro-
mosome, by means of silencing escape or inactivation
skewing, could affect miRNAs-driven gene regulation
and result in gender-specific responses. MiRNAs can be
located in the intergenic genome (i.e. between genes),
or in intronic regions within genes. Moreover, some of
them are located within genes that have been shown to
escape XCI, such as DMD, CHM, ATP11C, or IRAK***.
Therefore female mosaicism, silencing escape or skewed
patterns of inactivation of X-linked miRNAs involved in
immunity could lead to unbalanced miRNA expression
between sexes, and to sex-specific immune responses.
Furthermore we must keep in mind that many miRNAs
have multiple targets in the genome, this can result in
cascade-effect and lead to greater differences between
genders in terms of regulation, compared to what was
previously thought*. Although the role of most X-linked
miRNAs is not known, several of them participate in
cancer onset and progression, and regulate the immune
system at different levels. Amongst the X-linked miRNAs
involved in immune regulation, for instance mir-18b
has been found to have a role in multiple sclerosis and
ERa gene is its target*.

Role for escape genes in male-female differences
The escape genes are most likely to underlie the pheno-

type found in the X chromosome aneuploidies, but are
also being revealed to have a more widespread impact.
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Intellectual disability, which affects 1-3% of the hu-
man population, is characterized by a considerable gen-
der bias; it is believed to reflect the prevalence of X-
linked mutations in about one hundred genes. X-linked
mutations causing female intellectual disability are
considerably rarer, but have been identified in two genes
(DDX3X and USP9X) known to escape from XCI?#4344,

It is likely that dysregulation of these and other miR-
NAs expression on the X chromosome, by means of ir-
regularities in the process of DNA methylation such as
may occur during silencing escape, may be partly respon-
sible for differences for instance in immune responses
between genders. Potentially, mutations arising in these
miRNAs or in their regulatory sequences could also con-
tribute to gender differences in immune responses.

Environmental factors and gender-specific response

Even more evidence is accumulating from epidemiolog-
ical studies that there are sex differences in the response
to a variety of neurotoxicants. For instance, clinical stud-
ies of the effects of lead (Pb) on the neurodevelopment
of children show clear sex-dependent effects of develop-
mental Pb exposure on the brain and behavior. Consider-
ing the potential impact that Pb exposure may have on
epigenetic responses in the brain and on DNA methylation
in particular, a study on rats prenatally exposed to Pb was
performed. The highest number of significant differen-
tially methylated regions was found in females exposed
to Pb at the lowest exposure level. These data reinforce the
significant effect that low level Pb exposure may have on
gene-specific DNA methylation patterns in brain and un-
derline that this occurs in a sex-dependent manner*.

The prenatal period is a critical window in develop-
ment and the potential relationship between environ-
mental exposure and DNA methylation at birth may
provide an opportunity for epidemiological research
with implications concerning increased disease risk.

A recent study carried out in human infants revealed
decreases in methylation of LINE-1, IGF2, and PPARA
regions, with increasing endocrine disrupting chemicals
(EDCs) concentrations, evaluated in cord blood. A sex-
stratified analysis of EDCs and DNA methylation showed
that some relationships were female-specific. These find-
ings add to a body of evidence prompting epigeneti-
cally labile regions may be the reading key linking early
exposures with disease risk later in life. Moreover suggest
that toxicoepigenetic susceptibility may be sex specific*®.

From studies in animal models and human birth co-
horts key developmental periods have been identified, of
high importace for epigenetic programming and vulner-
able to environmental insults. Therefore, epigenetic mod-
ifications represent a potential mechanism through which
sexually dimorphic effects of early-life exposures display*’.

Concluding remarks

There is currently an increasing interest in precision
medicine, which is “an emerging approach for disease
treatment and prevention that takes into account indi-
vidual variability in genes, environment, and lifestyle
for each person”*.

This approach must necessarily include the genders.
For instance drug therapy is not yet optimized for both
genders. Although women are now included in clinical
trials of drugs, devices and biologics, there remains inad-
equate analysis of whether outcomes differ between men
and women. The different efficacy of drugs in women and
men is due to biological differences which may be caused
by sex-specific gene expression likely triggered by sex-
specific epigenetic modifications. In addition, gender
plays a role in drug efficacy as a sociocultural dimension
that may lead to differences between women and men.

Likely there are many players for gender differences
in human complex diseases. A significant proportion of
human imprinted genes are realistically implicated in
complex diseases, as well as monoallelic expression of
critical regions (due, for instance, to a skewed inactiva-
tion of X-linked genes in females or to a X-linked miRNA
deregulation) can result in pathological outcomes.

Therefore the expression of specific genes related to
complex diseases can be modified by various mecha-
nisms influenced by gender and also by environmental
factors, likely acting in critical windows, during maternal
pregnancy and interfering with fetal programming.

Key messages

® Males and females show large differences in their sus-
ceptibility to many complex diseases, including auto-
immune diseases, some forms of cancer and neuro-
logical diseases.

B Autoimmune diseases are characterized by a greater
female component, which for some diseases, such as
systemic lupus erythematosus, even reach 80%.

B The two well known cellular processes involving epi-
genetic mechanisms dealing with gender differences
and arising very early during the embryo develop-
ment, are genomic imprinting and X-chromosome
inactivation in females.

B The brain has emerged as a main target of genomic
imprinting, generating great interest on how this epi-
genetic regulation provides stable transcriptional
control of neural development and behavior.

B |tis likely that the expression of specific genes related
to complex diseases can be modified by various mech-
anisms influenced by gender and also by environmental
factors, likely acting in critical windows, during maternal
pregnancy and interfering with fetal programming.
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