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X-linked diseases: susceptible females

Barbara R. Migeon, MD®'

The role of X-inactivation is often ignored as a prime cause of sex
differences in disease. Yet, the way males and females express their
X-linked genes has a major role in the dissimilar phenotypes that
underlie many rare and common disorders, such as intellectual
deficiency, epilepsy, congenital abnormalities, and diseases of the
heart, blood, skin, muscle, and bones. Summarized here are many
examples of the different presentations in males and females. Other

INTRODUCTION

Sex differences in human disease are usually attributed to
sex specific life experiences, and sex hormones that
influence the function of susceptible genes throughout the
genome.' ™ Such factors do account for some dissimilarities.
However, a major cause of sex-determined expression of
disease has to do with differences in how males and females
transcribe their gene-rich human X chromosomes, which is
often underappreciated as a cause of sex differences in
disease.® Males are the usual ones affected by X-linked
pathogenic variants.” Females are biologically superior; a
female usually has no disease, or much less severe disease
than the male with the same variant, unless she is
homozygous for the deleterious allele, or it is lethal for
males.

The X chromosome carries 867 known protein coding
genes.” Clearly, pathogenic variants that induce complete loss
of function may be lethal to fetuses of both sexes; however, a
number of these pathogenic variants—less severe, or occur-
ring in less-essential genes—cause at least 533 X-linked
diseases® that affect males more severely.® Rather
than influencing sexual development, most of these genes
play a role in nonreproductive human tissues, including
brain, bone, blood, ears, heart, liver, kidney, retina, skin,
and teeth.

Table 1 provides data about a substantial number of X-
linked disorders obtained in large part from OMIM® that
confirm the lesser susceptibility of females. The table is not
all-inclusive, but it provides enough data to show the greater
severity of these diseases in males, and to illustrate why
some, but not all, females with the same X-linked
deleterious allele are protected from its effects. This paper
is motivated by the question: When so many women are
protected from manifesting severe X-linked diseases, why
are some of them susceptible?

data include reasons why women are often protected from the
deleterious variants carried on their X chromosome, and the factors
that render women susceptible in some instances.
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SEX DIFFERENCES ARE DUE TO X-INACTIVATION
The sex differences in the effect of X-linked pathologic variants
is due to our method of X chromosome dosage compensation,
called X-inactivation;” humans and most placental mammals
compensate for the sex difference in number of X chromosomes
(that is, XX females versus XY males) by transcribing only one
of the two female X chromosomes. X-inactivation silences all X
chromosomes but one; therefore, both males and females have a
single active X.'*!!

For 46 XY males, that X is the only one they have; it always
comes from their mother, as fathers contribute their Y
chromosome. However, because X chromosomes are silenced
in a random fashion, females usually have two kinds of cells in
every tissue; those with their maternal X active and those with
an active paternal X. Females are protected to a large extent
because their two X chromosomes most often differ in genetic
content.

Sex differences in diseases due to deleterious variants
encoded by the X chromosome originate from the sex
difference in the expression of the variant allele; if present
in male tissues, it is expressed in every cell, but if present in
female tissues, the variant is usually expressed in only half the
cells (Fig. 1).

FEMALES ARE MOSAICS
A woman is less susceptible to the pathogenic variants in
genes on her active X chromosome because the variant is not
expressed in all her cells."?

FEMALES CAN AMELIORATE THE EFFECTS OF
PATHOGENIC VARIANTS
Most women do not manifest X-linked disorders because (1)
they are not homozygous for the pathogenic variant, and (2)
their variant cells (those expressing the deleterious allele)
receive sufficient gene product to carry out the essential
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metabolic function from the cells that transcribe the normal
allele.

The crucial protein is provided in one of two ways. Either
the cells that can make it transfer it to the deficient cells, or, if
this cell-to-cell transport does not take place, the lack of
functional protein may cause the deficient cells to divide less
efficiently, and so they are eventually overgrown by the cells
that make the normal protein. Yet, in various tissues, cells
differ in their capacity to transfer gene products and so there
may be differences within body tissues in the ability of the
normal cell to share, or the abnormal cell to survive'* (Fig. 1,
Table 1).

FEMALES ALMOST ALWAYS HAVE LESS SEVERE
MANIFESTATIONS OF X-LINKED DISEASES
For most X-linked deleterious variants, the manifestations are
less severe in females than males. The mix of normal and
abnormal cells moderates females' disease. Yet, there are
disorders in which the variant is so lethal that most males
with severe deficiency of the gene product die in utero.
Because the only survivors are females or mosaic males, who
also have a mix of variant and normal cells, they are the ones
with nonlethal manifestation of the disorder. X-linked
diseases, such as incontinentia pigmenti, or orofacial digital

syndrome type 1, occur only in females or mosaic males."

SOME FEMALES ARE MANIFESTING
HETEROZYGOTES
Many factors determine if a heterozygote manifests her
mosaic variant. Our knowledge of the effect of second variants

Random X
Blastocyst inactivation
— Female w3
Mal .
ale Mosaic Selective
¢ male advantage
of cells with

normal X active
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of genes in related pathways on the ultimate phenotype is
meager, but suggests that we need to be aware of the potential
effect of other relevant genes on any variant. Although
Table 1 includes only one known instance of digenic X
variants (Dent disease 2), one expects there will be more. The
effect of digenic variants leading to Dent disease are
ameliorated in the heterozygote, who carries both variants
on the same X chromosome, as these abnormal cells are
strongly disfavored (Table 1).” In this case, heterozygotes are
much less severely affected than hemizygous males because of
the strong cell selection against cells expressing the two
variants simultaneously.

EFFECT OF SEX AND X-INACTIVATION ON PHE-
NOTYPE IN X-LINKED DISORDERS
As I learn about why some heterozygotes express their
variants, yet others with the same variant do not, I more fully
appreciate the nuances of disease processes and the intricacy
of the interdependence between the type of cell, its response
to abnormal gene products, and the nature of the disease
variant. Table 1 shows the effect of pathogenic variants of X-
linked genes in males and females. For almost all of the
disorders listed, females have less severe clinical manifesta-
tions. Table 1 also documents the variables that determine if
an X chromosomal variant is manifested or not, that is, if
products are shared or if normal cells have a selective
advantage. The severity of the phenotype is most often
attributable to the nature of the variant. Does it completely
eliminate the gene’s function, or does it allow some gene
product to be produced? Variants that disable an essential

Variable mosaicism
in affected tissues

Phenotypic
variability

@ Cell with variant allele active

@ Cell with normal allele active

Fig. 1 Comparing the effect of a single pathologic variant in females and males. Adapted from Fig. 1 of Franco B, Ballabio A. Curr Opin Genet Dev.
2006;16:254-259, with permission of authors. In females: On average, the ratio of the two cell types (expressing normal or variant alleles) is approximately
50:50. However, the ratio may differ because of chance, or a selective disadvantage for cells expressing the variant. Extreme divergence from the 50:50
ratio, known as skewing of XClI, may differ from tissue to tissue, and among individuals influencing the severity of the phenotype. Cell selection usually takes
place only in cells which express the variant and which do not receive the essential gene products from the normal cells that make them. In males: an X-
linked variant is expressed in every cell. The exceptions are males with somatic mosaicism: like females, mosaic males will express both variant and normal
allele, and the phenotype depends on the admixture of variant and normal cells.
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protein completely are more often seen in females, as males
whose only gene is nonfunctional are lost in utero,
unless other genes can substitute for it. On the other hand,
variants with some residual function may affect only males. In
both cases, the female phenotype is less severe, as she has
some normal cells that carry out the essential function.

EFFECT OF SHARING GENE PRODUCT BETWEEN

CELLS
Because it is largely unknown, Table 1 does not include the
quantity of gene product that must be provided to a cell to
replace that lost through a variant. In most cases 50% activity
is more than enough, and for many genes, even smaller
amounts of product will suffice. This readily explains why
many X-linked disorders never affect women. For example,
less than 5% of the enzyme HPRT can alter the phenotype
from severe hyperuricemia, seen in Lesch-Nyhan males, to
gout. Lesch-Nyhan heterozygotes rarely express any features
of the syndrome, including gout. In most of her tissues the
product of the HPRT reaction, inosinic acid, is transferred
from her cells that synthesize it, to those that cannot, through
gap junctions, present in all cells of the body except blood
cells."

Cell sharing also occurs in women who are heterozygous for
variants causig X-linked lysosomal diseases. Lysosomes
contain many enzymes that break down proteins and lipids.
Variants in the genes that encode these enzymes cause
diseases by the accumulation of undegraded material within
the lysosomes of affected individuals. Fortunately, the
deficient cells of the heterozygote can take up the enzyme
secreted by the normal cells through a process called
endocytosis. Therefore, potential manifestations in carriers
of variants of lysosomal enzymes encoded by the X
chromosome are generally ameliorated by the transfer of
these enzymes from the cells that can make them to those that
cannot."”

EFFECT OF CELL SELECTION IN MOSAIC FEMALES
Because they lack gap junctions, the leukocytes from
Lesch-Nyhan heterozygotes do not receive the inosinic acid
made by their normal counterparts. Fortunately, the lack of
inosinic acid slows the rate of cell division; the normal cells
(because the variant is on their inactive X) eventually replace
the deficient ones. As a consequence, heterozygous mothers
and sisters of Lesch-Nyhan males have only normal blood
cells, and in other tissues, their mutant cells share the gene
products provided by their normal cells.'® Tt takes about ten
years for all their abnormal red cells to be replaced'” because
in this case, the selective advantage of the normal allele is
relatively small.

The rate of loss of deficient cells can be slow or fast
depending on the degree to which the variant is disadvanta-
geous. When selection is intense, that is, when it severely
disfavors the cells that express the variant, heterozygous
females benefit, as they rapidly lose all their mutant cells.
Sometimes the loss of variant cells occurs so early that
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abnormal cells may never enter a tissue. In cases of
immunodeficiencies, like Wiskott—Aldrich syndrome, the
growth disadvantage is immediate; the mutant B cell
precursors never leave the bone marrow (Table 1).°

Unfortunately, sometimes it is the variant cell that has the
selective advantage. For reasons not yet understood,
heterozygotes with the variant causing adrenoleukodystro-
phy slowly lose their population of wild type cells.'®
Therefore, as they age, they usually manifest some
symptoms of the disease. Adrenoleukodystrophy is the only
known X-linked disease where the variant allele has a
selective advantage. X-linked variants that slow the growth
of the expressing cells usually protect females from
manifesting them. If one examines the cells from these
heterozygotes, one sees highly skewed patterns of X-
inactivation in the expressing tissues: eventually, the X with
the variant will always be silent (that is, always on the
inactive X). Females carrying pathologic variants that
produce X-linked mental retardation often have X-
inactivation patterns that are highly skewed favoring
expression of the wild type gene, protecting them from ill
effects of their variant.'” In such women, the cells that
express the variant gene are disfavored.

MANIFESTING HETEROZYGOTES

With so many mechanisms available to protect females with
an X-linked pathologic variant, one wonders why some
heterozygotes manifest any symptoms of a disease. As
mentioned previously, if the variant is so functionless that it
is lethal to fetal or newborn males, then females with a single
mutant allele are the only ones that can have the disease. As
Table 1 indicates, the severity of the variant can determine if
females express the variant or not.

Occasionally, females are the ones to manifest a disease
because the variant allele interacts with the normal one,
undergoing a process called cellular interference. The most
well defined example of this is the craniofrontonasal
syndrome, caused by a deficiency of Ephrin-B1 (EFNB1).%°
Other members of the ephrin family of proteins can substitute
for a deficiency of EFNBI in males with the deleterious
variant, and as a result, they have minimal clinical symptoms.
Heterozygotes, however, have a mixture of mutant and wild
type cells; for reasons not yet understood, it seems that such
mixtures do not permit ephrin substitutes, and consequently,
females have a deficiency more severe than that in males, who
can substitute one ephrin for another. It is heterozygosity, not
the complete loss of function, that produces the severe
disorder. It is the patchwork or mosaic loss of EFNBI that
disturbs tissue boundary formation at the developing coronal
suture. Several forms of infantile epilepsy also show similar
cellular interference, but fortunately no other examples
are known.

Yet, there are females who express an X-linked pathogenic
variant, even though most carriers of pathogenic
variants in similar genes do not. For example, females
with Fabry disease, caused by lack of the lysosomal enzyme
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Table 2 Factors influencing expression of X-linked variant in females.

Variant X-inactivation Outcome?®

Number of mutant  Strength of Random Skewed To Skewed To wild  Escape Males Females

alleles variant variant® type© allele®

Biallelic (rare) NA NA NA NA Affected Equally affected as male
NA NA NA NA + Affected Equally affected or worse

than male

Monoallelic Mild to + Affected Less severe or no
moderate abnormalities
Mild to + Affected Equally affected
moderate
Mild to + Affected Less or more severe
moderate
Severe + Fetal lethal  Express variant
Severe I Fetal lethal Less severe
Severe + Fetal lethal ~ Severe or lethal
Severe + Fetal lethal Less or more severe
XIA + Affected Less severe
translocation
XIA 4 Affected More severe

translocation

“Male phenotype is given; female phenotype is given relative to male.
bVariant allele is on the active X.

“Normal allele is on the active X.

dAllele is also expressed to a small extent from the inactive X.

a-galactosidase may have some of the clinical symptoms
seen in affected males, whereas carriers of a variant in a
gene encoding another lysosomal enzyme, iduronic sulfa-
tase, rarely have any clinical symptoms associated with
Hunter syndrome.”’ Both enzymes are made in the
lysosomes, and can be transported from the lysosomes of
one cell to those of another cell. The two lysosomal
disorders differ because iduronate sulfatase is taken up by
cells better than the low uptake enzyme, a-galactosidase.”**’
This difference in the ability of the lysosome to take up a
product is responsible for normal Hunter heterozygotes and
manifesting Fabry heterozygotes.

OTHER DETERMINANTS OF MANIFESTING
HETEROZYGOTES
One wonders why some heterozygotes express disorders that
do not affect most of the others with the same variant. Some
females manifest their X-linked variant because it is over-
expressed; their variant is expressed in more than half their
cells because of skewing in the proportions of normal and
abnormal cells. Although random inactivation usually means
that 34-68% of heterozygous cells are abnormal,'’ a few
heterozygotes have more than 90% variant cells. Such females
manifest the disorder because their wild type allele is not
expressed sufficiently. These manifesting heterozygotes are
often reported in medical journals because they are affected
with a disease that usually occurs only in males. In some cases,
a chance chromosome translocation or deletion is responsible
for the skew, as such abnormal X chromosomes often

GENETICS in MEDICINE | Volume 22 | Number 7 | July 2020

influence the direction of skewing. X/autosome translocation
chromosomes are responsible for the rare females afflicted
with Duchenne muscular dystrophy.”* Maternal isodisomy,*
early onset monozygotic twinning (known to promote
skewing”®*’), and other extreme skewing of X-inactivation™®
have also been responsible for manifesting heterozygotes
(Table 2).

Although some skewing may be attributable to abnormal-
ities of the XIST locus,” such variants occur only rarely. If
one XIST allele loses function, than that allele is always on the
active X. Minor loss of function variants of XIST may lead to
some skew,”” but few have been reported. Cell selection and
random skewing are the most frequent causes of nonrandom
X-inactivation. Random skewing frequently occurs because of
events surrounding twinning, and confined placental mosai-
cism.”® Often skewing is due to the randomness of the
inactivation process, which is stochastic and therefore due to
chance. Ten percent of females are >2 standard deviations
from the mean of 50%.”

Stochastic skewing that favors cells that inactivate the
normal WDR45 allele is responsible for neurodegeneration
seen in the rare female infants who manifest the X-linked
pathologic variant (NBIAS5), because their brains accumulate
iron. If this disorder is caused by a truncating variant, only
mosaic males, or females who are highly skewed favoring the
normal allele, manifest the disease, as all other males and
females with the variant die in utero. Affected females with
hypomorphic variants often skew favoring the mutant allele
(Table 1).2
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DEGREE OF CELL SELECTION IS DETERMINED BY
THE VARIANT

The X-linked form of Kabuki syndrome is caused either by

point variants or deletions in KDM6A. Females with point

variants often have Kabuki syndrome, whereas those with the

larger deletions silence the X carrying the deletion; hence,

they have less severe manifestations.”’

Only a rare heterozygote with a variant in the PLPI gene
has symptoms of the myelin leukodystrophy associated with
Pelizaecus—Merzbacher syndrome, and she invariably shows
chance skewing favoring the mutant cells.’> In addition,
during the central nervous system (CNS) development of
heterozygotes, the oligodendrocytes with severe PLPI disease
alleles are negatively selected (apoptosis) in favor of wild type
cells, resulting in skewed X-inactivation that is cell type
specific.®

ESCAPE GENES INFLUENCE PHENOTYPE
Another factor that influences the clinical manifestations of
X-linked variants in heterozygotes is the partial expression of
genes from the inactive X chromosome.™ In addition to those
genes in the pseudoautosomal region that are expressed on
both sex chromosomes, more than 100 genes on the human X
chromosome are expressed not only from the active X, but
also to some extent from the silent X.>* They are referred to as
escape genes. In fact, such genes do not really escape silencing,
as they function to some extent, usually producing 10-30% of
the level of transcripts made by the homologous allele on the
active X. Yet, this little extra expression of a gene does
influence phenotype. For example, male fetuses with patho-
logic variants causing orofacial digital syndrome all die in
utero, unless they have a second X chromosome (i.e.,
Klinefelter syndrome); human females survive birth and die
in their forties, usually from renal failure. However, female
mice with the same variant outlive males by only several
weeks as they die as neonates due to their polycystic kidneys.
The important species difference is that humans, but not
mice, partially express the OFDI gene from their inactive X."?
This little extra gene activity is responsible for the difference
in age of death of females of the two species. A little extra gene
product from the inactive X can ameliorate the effects of an
X-linked variant (see Table 2).

The extra product may not be available in every tissue, as
there are tissue-specific differences in the expression of escape
genes. In several females with a USP9X variant, pigment
changes along the Blaschko lines and body asymmetry were
observed, which is probably related to differential escape from
X-inactivation between tissues’> and Table 1.

Yet, a little extra activity from the inactive X is not always
helpful. It seems that expression of the Toll-like receptors on
the inactive X is partly responsible for the impressive sex
differences in some cases of autoimmune diseases like Lupus
and Sjogren disease.”® Toll-like receptors, encoded by the X
chromosome, are signaling pattern recognition receptors that
are an integral part of innate immunity. The little extra
activity may provide females with better protection against
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infectious agents, but it may make them more susceptible to
autoimmunity. Such disorders are nine times as frequent in
females than males and are also increased in Klinefelter XXY
males, whereas as Turner females, even those taking
estrogens, have the same risk as XY males. It is now thought
that the excess manifestations of autoimmune disease in
women are due to a complex of issues. Studies in mice show
that increasing the expression of the X-linked Toll-like
receptors in susceptible mice increases the expression of the
autoimmune disorder.”® It has not yet been shown that
affected females and Klinefelter males have greater expression
of their Toll-like receptors than those women and XXY males
who do not have the disorder.

Other relevant X-linked genes with potential to influence
autoimmunity and that escape X-inactivation include
CXCR3,”” KDM6A,” and CXorf21, which has been shown
to be more highly expressed in women and Klinefelter males
than in normal men.>’ In addition, the expression of XIST
from the inactive X in lymphocytes differs significantly from
that of other cells as the XIST RNA cloud is dispersed, leading
to poorer Barr body formation.*” No doubt, it is the
interaction of several factors that is responsible for the high
incidence of autoimmunity associated with having two X
chromosomes.

DIFFERENT DISORDERS FROM THE SAME GENE
What is increasingly apparent is that variants in a single gene
can lead to differently named disorders, because of the specific
effect of the variant on production of the gene product. Before
variants were identified, diseases were classified by their
phenotypes and named by the physician who reported the
disease, based on its symptoms. Now, we know that many
different phenotypic disorders may be due to variations in the
same gene; their effect in the heterozygote reflects the severity
of the variant, which has influenced the naming of the
disorder. Table 1 shows some of these allelic disorders (in
bold). Yet, in most cases, no matter the severity of the disease
in males, the heterozygous female is better off than the
hemizygous male.

Examples of allelic disorders are the different variants in the
IKBKG gene, which can cause incontinentia pigmenti (IP) if
dysfunction is severe, ectodermal dysplasia if dysfunction is
moderate, and immunodeficiency 33 if it is mild. When the
pathologic variant is severe (like IP), females may be the only
ones that manifest the disorder, as males die in utero. On the
other hand, when it is moderate, or mild (like immunode-
ficiency 33), women may completely escape its pathologic
effects (Table 1).2

Another set of allelic disorders is caused by variants in the
PRPSI gene, responsible for syndromes of deafness (missense
variant leading to reduced expression), gout (gain of function
variant), and Charcot—Marie-Tooth disease (more severe
reduction of expression), depending on the severity of the
specific variant. Again, the heterozygous female always has a
less severe phenotype than the hemizygous male. When the
male is deaf, the female has high range hearing loss; when he
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has gout, she has no manifestations. However, when he has
optic atrophy and neuropathies, she has much milder
manifestations, or none at all (Table 1).8

There is a spectrum of allelic disorders caused by different
variants in the filamin A gene; again females are always less
affected than males with the same deleterious variants, and
are the only ones affected with Melnick-Needles syndrome,
because it is lethal in males (Table 1).2

There are also allelic disorders caused by different variations
in the MECP2 gene. Rett syndrome results when the gene has
a deletion or substitution variant that decreases its function;
the loss of function causes a disorder that is usually lethal to
unborn males, so that generally only females survive to
manifest the disease. However, when the same gene is
duplicated (Lubs X-linked intellectual disability [XLID],
Table 1), the increased function permits males to survive
and manifest the disorder, whereas the gene duplication
provides the normal allele a selective advantage, so that
females escape all manifestations, as the duplicated gene is
always on the inactive X (Table 1).8

Another impressive example of the effect of allelic disorders
on sex differences in expression of the disease are variants in
the USP9X gene (Table 1).>” As point variants leading to
truncation are lethal for the male fetus, the manifestations are
confined to females. On the other hand, less severe
nontruncated variants in the same gene cause hippocampal
related mental retardation, hypotonia, and aggression in
males, whereas carrier females have no abnormalities.

MANY X-LINKED GENES ARE ASSOCIATED WITH

INTELLECTUAL DEFICIENCY
The proportion of X-linked variants causing intellectual
deficits is striking. In addition to the many X-linked variants
whose phenotypes include intellectual disability, there are
many disorders that are specifically associated with X-linked
intellectual deficiency, both syndromic and nonsyndromic;
these are listed in OMIM as XLID followed by a number from
1 to 107. These disorders map from the telomere of the short
arm to the last band on the long arm of the X. Although the
role of the gene whose variant leads to the disorder is not
always well defined, the genes responsible for X-linked
intellectual disability are involved in many pathways. It seems
that intelligence is the sum total of how all our genes are
functioning. Malfunctions of genes in many pathways can
interfere with intellectual capabilities. Extreme skewing of X-
inactivation is frequently seen with XLID variants that permit
male survival, and the variant is always found on the inactive
X in females; consequently, they have normal intellectual
function. Apparently, such disease-producing variants are
toxic for expressing cells.

SUMMARY
Being mosaic for the function of their X-linked genes
generally ameliorates the expression of X-linked deleterious
variants in females. X-inactivation provides the opportunity
to share gene products. If this is not possible, then cell
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selection may eliminate variant cells. Many of these variants
affect intellectual ability. Females usually manifest their X-
linked pathologic variants, if both alleles are disease variants,
or if males with the same pathogenic variants are lost in
utero. X-inactivation provides an enormous advantage to
females with deleterious X-linked variants, most often
enabling them to avoid disease manifestations, including
intellectual disability, that affect males. Fortunately, chance
skewing that favors mutant alleles is relatively rare (5%) in
survivors. The female advantage is reflected by the 20%
greater death rate for males at every stage postimplantation,
until the age of >75 years, when more females die because
there are fewer male survivors.*'

The females susceptible to X-linked diseases are those who
have more than one copy of a pathologic variant, or a relevant
second variant, or a variant in an essential gene that does not
permit males to survive (Table 2). Females are also susceptible
to chance skewing favoring the mutant allele, or the effects of
X chromosomal aberrations (i.e., translocations) and mono-
zygotic twinning on inducing unfavorable skewing.*’

The fact that more males are born than females (1.05:1) is
also likely to be attributable to X-inactivation. In this case,
preimplantation females are lost because of their greater
dosage sensitivity in maintaining an active X."' But if XX
individuals successfully establish X-inactivation while in
utero, then throughout their lifetime, they will benefit from
the cellular mosaicism it produces.
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