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Cognitive, Behavioral, and Neural Consequences of Sex Chromosome Aneuploidy
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The X chromosome has played a critical role in the development of sexually selected characteristics for over 300 million
years, and during that time it has accumulated a disproportionate number of genes concerned with mental functions. There
are relatively specific effects of X-linked genes on social cognition, language, emotional regulation, visuospatial, and
numerical skills. Many human X-linked genes outside the X-Y pairing pseudoautosomal regions escape X-inactivation.
Dosage differences in the expression of such genes (which constitute at least 15% of the total) are likely to play an important
role in male— female neural differentiation, and in cognitive deficits and behavioral characteristics, particularly in the realm
of social communication, that are associated with sex chromosome aneuploidies. VC 2016 Wiley Periodicals, Inc.
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Role of the X chromosome in brain development

The autosomes and the sex chromosomes differ in their evolutionary origins, and that fact may have implications for
the distinct contribution made by the X chromosome to mental functioning (Skuse, 2005). There are estimated to be 824
coding genes on the X chromosome (Ensembl release 84, March 2016, http://www.ensembl. org), just over 4% of all genes.
In 2016, Online Mendelian Inheritance in Man recorded 2,241 entries for mental retardation. Of these, 502 (22.3%) are
described as being X-linked (Wu et al., 2014), suggesting that genes on the X chromosome could play a disproportionate
role in the development of human intelligence (Johnson et al., 2009). Why should there be such a concentration on this
particular chromosome? The Y chromosome has just 72 coding genes (Ensembl release 84, March 2016), and no mutations
are associated directly with a mental retardation syndrome, although, as we will discuss, there is good evidence that the Y
chromosome does play a role in brain development and that X-Y pairs of genes are critically important in gene regulation
elsewhere in the genome.

The mechanism of sexual differentiation of the brain depends not just on the action of gonadal hormones; there is
increasing evidence that genes encoded by the sex chromosomes also play an important role. Lin et al. (2015) pointed out
that neuroimaging analysis of humans with sex chromosome aneuploidies has shown that the X and Y chromosomes may
have opposing effects on cortical development and cortical thickness asymmetry. Several Y chromosome encoded genes
(especially PCDH11Y and NLGN4Y) may play a critical role; these genes have been linked to the risk of psychiatric
disorders for many years (Kopsida et al., 2009; Crow, 2013). Recent research has found that their X and Y homologues are
expressed in different glial and neuronal cell populations in the central nervous system during human male embryonic
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development (Berletch et al., 2015; Johansson et al., 2016).

The theory that the X chromosome might harbor genes that played an important role in the development of
intelligence was first proposed by Lehrke (1972). It is well recognized that certain cognitive skills are more variable in
males than in females (Hedges and Nowell, 1995), and this variability has been ascribed to the influence of genes on
the X chromosome (Johnson et al., 2009). Many studies have found that quantitative skills and visuospatial abilities
are particularly variable in typical males compared with typical females, and (as will be discussed here in further detail)
evidence from sex chromosome aneuploidies points to dosage-sensitive genetic influences on both nonverbal skills and
verbal skills. Epidemiological data also appear to show that there is greater variability in general intelligence among
males at both ends of the 1Q spectrum (Johnson et al., 2009). Although there is no doubt that X-linked mental retardation
is more common among males because of the undue impact of X-linked genetic mutations on their X-monosomic
status, there is less good evidence that X-linked gene variants contribute to the small excess of males at the upper end
of the general 1Q distribution as well (Giummao and Johnson, 2012).

Although the evidence is overwhelming that there is an accumulation of genes on the X chromosome that are
important for “normal” brain development, there are mixed opinions about the hypothesis that multiple rare mutations
could explain the observed excess of high-IQ males at the upper end of the 1Q distribution (Craig et al., 2009).
Nevertheless, it is plausible that multiple alleles act additively to increase or reduce intelligence, and theoretically could
contribute to a relatively bimodal distribution of intelligence in males, compared with the unimodal distribution typical
of females. A single explanation for the excess of males at the upper and lower ends of the 1Q distribution is not likely,
as different alleles would have to be involved (one enhancing, one reducing 1Q, or 1Q-related traits). There is also a
potential role for the impact of random X-inactivation. Daughter cells of the active X chromosome carry the same
pattern of inactivation as the cell from which they were derived. This can lead to tissue-specific skewing because a
particular pattern of selection could favor tissues that require the “best-functioning” copy of an X-linked allele, thereby
increasing allelic homozygosity in those tissues. The extent to which female human brains are mosaic, in the sense that
different brain regions are developed from cells in which one or the other parental X chromosome is selected to remain
active (Migeon, 2014), is not known, although there is evidence that mouse brains do have regional sex-specific parent-
of-origin allelic expression (Gregg et al., 2010; Wu et al., 2014).

Eutherians (placental mammals) have very small regions of identical X—Y homology, situated at the tips of the X
and Y chromosomes that remain capable of meiotic recombination. These are known as the pseudoautosomal regions
or PAR1 (on the Y chromosome short arm) and PAR2 (on the long arm) (Disteche, 2012). Both X and Y copies are
expressed in normal males and females, and in the PAR there is gene dosage equivalence (Johnston et al., 2008). Most
genes elsewhere on the randomly inactivated X chromosome in females are silenced, although some have paralogs
elsewhere on the Y chromosome. Overall, about 15% escape X-inactivation in humans. There are no significant
differences in overall expression levels of escape genes compared with inactivated genes in males, who have only the
one X chromosome and so might be thought to be at risk of haploinsufficiency. This implies that genes outside the
PAR are upregulated on the male’s X where necessary for normal function (Disteche, 2012). It is possible that the Y
paralog of the equivalent X-linked gene is not performing an identical function, but that it has become important for
male differentiation, a question that has not been answered yet.

Proportionately, the largest number of such “escapee” genes lie on the short arm (Xp) (Deng et al., 2014), which
evolved relatively recently, the most distal region 30 to 50 million years ago, whereas eutheria diverged from metatheria
(marsupials) 130 million years ago. Noninactivated genes on the X chromosome that lack a Y homologue are potential
candidates for sexual dimorphism. It should be possible to learn more about their functions in humans by studying
females who have but a single X chromosome (Turner syndrome) and who would, therefore, be haploinsufficient for
their products. Genes that escape X-inactivation are good candidates for the dosage-mediated phenotypic disruptions
that are associated with sex chromosome aneuploidies (Zhang et al, 2013). As discussed, such genes could play a
critical role in the development of the brain and of consequent mental abilities. Y-linked genes also escape X-
inactivation and, when involved in aneuploidies, could suffer dosage imbalance that contributes to anomalous brain
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TABLE L. IQ Score Mean Values, Across Studies, by Sex Chromosome Aneuploidy

Full-scale 1Q: Verbal I1Q): Pertormance 1Q):
general intelligence verbal skills nonverbal skills
X0 90-94 93-99 88-91
(Hong et al., 2011; (Hong et al., 2011; (Rovet, 1993;
Rovet, 1990, 1993) Rovet, 1993) Hong et al., 2011)
XYY 91-97 88-92 95-102
(Bardsley et al., 2013; (Bardsley et al., 2013; (Bardsley et al., 2013;
Tartaglia et al., 2012) Tartaglia et al., 2012) Tartaglia et al., 2012)
XXY 92-98 84-93 98-99
(Rovet et al., 1995; (Rovet et al., 1995; (Rovet et al., 1995;
Tartaglia et al., 2012) Tartaglia et al., 2012) Tartagha et al., 2012)
XXX 83-93 82-87 87-100
(Tartagha et al., 2012; (Tartagha et al., 2012; (Tartagha et al., 2012;
Tartaglia et al., 2010b) Rovet et al., 1995) Rovet et al., 1995)
XXYY 78-79 7477 84-87
(Tartaghia et al., 2008b; (Tartaglia et al., 2008b; (Tartaglia et al., 2008b;
Tartaghia et al., 2012) Tartaghia et al., 2012) Tartagha et al., 2012)

development (Raznahan et al., 2016), although the specific role of Y-linked genes in human brain is not well
understood. Zhang et al. (2013) identified 22 genes that normally escape X-inactivation in females and are involved in
brain development. They may be dosage sensitive; if mutated, the resulting condition is one of intellectual disability.
However, the cognitive and behavioral consequences of sex chromosome anomalies such as XYY and XXYY
syndromes are presumably due to equivalent disrupted processes that involve the Y chromosome as well.

It is important to note that even within populations of similar recent evolutionary origin (e.g., Europeans), there
are significant differences between females in some proportion of X-linked genes that escape inactivation; these may
differ between tissues and even over the life span (Berletch et al., 2015). Y-linked homologues are considerably more
common for genes that always escape X-inactivation, but within the female population it appears some are “hyper-
escapees” and some are “hypo-escapees” (Zhang et al, 2013). Clearly, this fact has implications for the variation in
degree of phenotypic abnormality observed between individuals with syndromes of poly-X aneuploidy.

Cognition and behaviour in sex chromosome aneuploidie

Cognitive abilities among individuals with sex chromosome aneuploidies are highly variable. For instance, full
scale 1Q is within the average range in some conditions (e.g., Turner syndrome, XYY), but it is significantly impaired
in others (e.g., XXYY syndrome). Depending on the configuration of aneuploidy involvement of X and/or Y
chromosomes, the syndrome manifests in differential effects on verbal and nonverbal skills. The fact that, in behavioral
and cognitive terms, there are specific deficits associated with each condition might provide clues to the role of X- (and
Y-) linked genes in different aspects of intellectual development (see Table I).

It has often been assumed that every supernumerary X chromosome increases the severity of the cognitive
phenotype (Linden et al., 1995), with a one-standard deviation reduction in full-scale 1Q scores per additional X, when
the affected individual is compared with his or her siblings (Polani, 1977; Bender et al., 1993). However, this finding
must be interpreted carefully in light of ascertainment biases. Most aneuploidies go clinically unnoticed (Ratcliffe,
1999); birth cohorts studies have shown that XXX and XYY have incidence rates of 1 in 1,000 female and male live
births, respectively, yet only 10% of cases are clinically ascertained (Nielsen and Wohlert, 1991; Abramsky and
Chapple, 1997).

XXYY males tend to have lower-than-expected 1Q scores compared with XXX females, suggesting that the
severity of their phenotype cannot be fully attributed to the number of supernumerary X chromosomes. As mentioned,
the observation is consistent with recent evidence that genes on the Y chromosome play an important and potentially
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independent role (from the X chromosome) in brain development (Berletch et al., 2015). The gene content of the Y
chromosome has evolved to maintain the ancestral dosage of homologous X—Y gene pairs, and those pairs are broadly
expressed regulators of gene function; they can govern expression of targets throughout the genome (Bellott et al.,
2014).

Other factors influencing 1Q scores among individuals with sex chromosome aneuploidies should not be
overlooked. These include genetic background, socioeconomic status (SES), and age at which the diagnosis was made.
1Q is highly heritable, and in some autosomal genetic conditions where the cognitive phenotype is very variable, bi-
parental IQ has been shown to correlate with the child’s IQ (Moreno-De-Luca et al., 2015). It is likely that this is also
true in sex chromosome aneuploidies and contributes to the cognitive heterogeneity observed within each disorder.

In certain genetic disorders, the age of diagnosis may also have an impact on 1Q. In XYY the average 1Q score of
children diagnosed prenatally is higher (by up to 17 points) than in children diagnosed in childhood (Bardsley et al.,
2013). The causes for this difference are likely to be multiple and are likely to be influenced by SES, parental genetic
background, and ascertainment bias, but few aneuploidy studies have systematically compared 1Q scores and their
relationship to age of diagnosis. Cases of XYY syndrome diagnosed prenatally are mostly found by chance, whereas
those who are diagnosed in later childhood come to attention because of cognitive and behavioral problems (Tokita
and Sybert, 2016).

The relative impact of sex chromosome aneuploidies on broad classes of intellectual ability is well recognized,
but little understood. In the male aneuploidies (XXY, XYY, and XXYY), there is a relative deficit in verbal compared
with visuospatial ability (see Table I). In contrast, the condition of X monosomy is associated with better verbal than
visuospatial skills. Females with XXX syndrome are impaired in both verbal and visuospatial domains, with a relative

TABLE II. Percent Reported to Have Diagnosis or Meet Diagnostic Criteria for Autism Spectrum Disorder (ASD) and Attention-Defi-
cit/Hyperactivity Disorder (ADHD)

X0 XXY XYY XXX XXYY
ASD 3%—4% 11%-27% 19%—36% No increased risk 28%—34%
(Creswell and Skuse, 1999; (Bruining et al., 2009; (Bishop et al., 2011; (Bishop et al., 2011) (Tartaghia et al., 2008a;
Saad et al., 2013) Bishop et al., 2011) Tartaglia et al., 2012) Tartaglia et al., 2012)
ADHD 20%-50% 36%—63% 46%—T76% 25%—52% 72.2%
(Green et al., 2015; (Bruining et al., 2009; (Ross et al., 2012; (Bender et al., 1993; (Tartaglia et al., 2012)
Saad et al., 2013) Tartaglia et al., 2010a) Tartaglia et al., 2012) Tartaglia et al., 2012)

deficit in their verbal abilities, like their male counterparts with sex chromosome aneuploidies (see Table I).
Intriguingly, the visuospatial and verbal components of 1Q may not remain stable over time. In XXYY, verbal 1Q
appears to decrease with age whilst visuospatial 1Q remains relatively stable over time (6 to 201 age range [Tartaglia
et al., 2008b]). More research is needed to establish the development of sex chromosome aneuploidy 1Q profiles
throughout the life span.

This pattern of imbalance between visuospatial and verbal skill 1Q scores in different sex chromosome
aneuploidies is reflected in terms of language abilities. With the exception of X monosomy, all the aneuploidies are
associated with language delay in childhood (Bender et al., 1983; Geerts et al., 2003; Tartaglia et al., 2008b; Bishop
and Scerif, 2011; Bishop et al., 2011) and a trend towards a more severe deficit in expressive than receptive language
skills. Both XXY and XXX syndromes have been associated with auditory processing disorders (Bender et al., 1983;
Graham et al., 1988). The difficulties seen in XXY syndrome are similar to the deficits seen in typically developing
children who have specific language impairments (Bishop and Scerif, 2011). More research needs to be conducted to
pinpoint the specific genetic influences on these language-processing difficulties.

Interestingly, Turner syndrome appears to confer specific advantages in the development of language; in
childhood, affected girls can perform better than typically developing girls in terms of receptive and expressive
language tasks, phonological tasks, and lexico-semantic language tasks. On the other hand, they perform worse on
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some executive function tasks such as speeded number naming (Temple and Shephard, 2012). The lexicosemantic
advantage is preserved in early adulthood, but specific difficulties with executive tasks become more apparent as they
grow older (Temple and Shephard, 2012). This suggests that X-linked gene haploinsufficiency may confer an early
advantage for receptive and expressive language skills, phonological skills, and lexicosemantic processing. However,
there are also hormonal consequences of X monosomy, because it leads to atretic ovaries, so sex hormone abnormalities
could be a contributory factor to the unusual pattern of cognitive skills and weaknesses.

The role played in X monosomy-associated cognitive strengths and weaknesses by specific X-linked genes that
are haploinsufficient is not clear; potentially, haploinsufficiency could be caused by genes that are normally expressed
on both X chromosomes in females and that escape X-inactivation. If any of those genes were important for
neurodevelopment and were dosage sensitive, that could potentially explain the expressive and receptive language
deficits observed in XXX syndrome. From a comparison of strengths and weaknesses shown in Table I, the implication
is that their downregulation is not possible but that upregulation is possible.

Behavior: autism spectrum disorder and attention-deficit/ hyperactivity disorder

Males and females show different susceptibilities to mental health issues, and in neurodevelopmental disorders
such as autism spectrum disorder (ASD) and attention-deficit/ hyperactivity disorder (ADHD), these sex differences
are particularly noticeable.

In a 2009 review of the epidemiology of ASD, the male: female ratio was reported to be 4:1 (Fombonne, 2009).
In April 2016, the US Centers for Disease Control and Prevention reported that ASD is still found to be about 4.5 times
more common in boys than in girls in clinically identified samples (Christensen et al., 2016). ADHD is equally male
biased in clinical populations; there are approximately five times as many ADHD diagnoses in boys than girls in Europe
(Navik et al., 2006). These sex differences suggest that X-linked genes may play a role in the predisposition to mental
disorders in general and in male susceptibility to neurodevelopmental disorders in particular.

Table Il shows the prevalence of ASD and ADHD in individuals with sex chromosome aneuploidies. With the
exception of XXX syndrome, sex chromosome aneuploidies are consistently associated with increased risk of ADHD
and ASD. Girls with Turner syndrome may have a 200-fold increased risk of ASD relative to the general female
population (Creswell and Skuse, 1999). For males with sex chromosome aneuploidies, the estimated increased risk for
ASD ranges from a 10-fold increase for XXY males to a 20- to 30-fold increase for XYY males (Bishop et al., 2011)

TABLE III. Total Brain Volume and White and Gray Matter Characteristics of Individuals with Sex Chromosome Aneuploidies

Total brain volume

White matter

Gray matter

XO No difference Reduced in parietal and occipital Reduced in parietal and occipital
(Marzelli et al., 2011) regions regions
(Cutter et al., 2006; Lepage et al., (Cutter et al., 2006; Lepage et al,,
2013) 2013)
Increased in temporal and Increased in cerebellar hemispheres
orbitofrontal lobes (Brown et al., 2002; Cutter et al.,
(Cutter et al., 2006) 2006)
XYY No difference Increased Increased
(Warwick et al., 1999) to increased (Bryant et al., 2012) (Bryant et al., 2012)
(Bryant et al., 2012)
XXY Reduced Reduced Reduced
(Warwick et al., 1999; DeLisi et al., (Warwick et al., 1999) (Patwardhan et al., 2000)
2005; Giedd et al., 2007)
XXX Reduced Reduced Reduced in all areas except parietal
(Warwick et al., 1999; Patwardhan (Lenroot et al., 2014) lobe
et al., 2002; Lenroot et al., 2014) (Lenroot et al., 2014)
XXYY Reduced WM hyperintensities Reduced in temporal and frontal

(Hanley et al,, 2015)

(Tartagha et al., 2008b)
Reduced in temporal and frontal
lobes, increased in parietal lobe
(Hanley et al., 2015)

lobes, increased 1n parietal lobe
(Hanley et al., 2015)




6 Printzlau et al

and XXYY males (Tartaglia et al., 2008b,). The literature on the behavioral phenotype for XXX syndrome is limited
(Otter et al., 2010), but existing evidence does not seem to link XXX with an increased risk of ASD (Bishop et al.,
2011).

There is also evidence to suggest that girls with Turner syndrome and males with sex chromosome aneuploidies
show autistic traits and subtle social communication deficits even when the diagnostic criteria for ASD are not met.
Studies of males with sex chromosome aneuploidies have revealed high rates of subclinical social communication
difficulties (Bishop et al., 2011; Cordeiro et al., 2012; Ross et al., 2012). Girls with Turner syndrome show impaired
“theory of mind” skills, meaning that they tend to lack the ability to understand other people’s mental experiences
(Lawrence et al., 2003). They also have social and emotional difficulties (Skuse, 2009; Burnett et al., 2010) as well as
problems forming and maintaining relationships with peers (Hong et al., 2011). However, there are occasional contrary
findings; for instance, Lepage and colleagues (2014) did not find any difference between girls with Turner syndrome
and healthy controls in terms of autistic or empathic traits.

Several authors have suggested that genes expressed from the Y chromosomes contribute directly or indirectly to
the elevated risk of ASD/ADHD in males (Cordeiro et al., 2012; Margari et al., 2014). Their hypothesis would, if true,
go some way to explaining why there are relatively more commonly problems with ASD identified in males with XYY
compared with males with Klinefelter syndrome (XXY) (Ross et al, 2015). An alternative hypothesis is that the
presence of a second X chromosome serves a protective function for neurodevelopmental disorders (Skuse, 2005). This
would also explain why girls with X monosomy, but not those with XXX syndrome, show an increased risk of ASD.
Several X-linked genes have been linked to the risk of ASD including NLGN3 on Xq13 and NLGN4 on Xg22.39
(Talebizadeh et al., 2006). Neuroligins have homologues on the Y chromosome, and Bishop and colleagues (2011)
have suggested that both X-linked and Y-linked neuroligins play important roles in the aetiology of ASD and other
communication disorders.

Epigenetic effects on the X chromosome, such as imprinting, have also been proposed to play a role in the
development of individual differences in social cognition (Skuse, 2005). Imprinting refers to the silencing of either
maternally or paternally inherited alleles. In males, the X chromosome is necessarily inherited from the mother and the
Y chromosome from the father. In females, one X is from the mother and the other X is from the father. In typical
females, gene expression from the X chromosome is equally likely by chance to be from the paternally or the maternally
derived allele. In contrast, in Xmonosomic Turner syndrome, the single X chromosome is inherited either from the
father or the mother. Skuse and colleagues (1997) found that girls with Turner syndrome with a maternally inherited X
chromosome showed greater impairment of social cognition compared with girls with Turner syndrome who had a
paternally inherited X, suggesting that imprinting effects relating to silencing of certain genes may be a contributing
factor to sex differences in ASD prevalence.

Brain structure

The largest sex difference in brain structure between males and females is in overall brain size (Giedd et al., 1997).
A recent meta-analysis reported that intracranial volume is about 12% larger for males than females and that total brain
volume (TBV) is about 10% larger for males than for females (Ruigrok et al., 2014). X-linked genes, hormonal factors,
and environmental factors are all likely contributors to the difference in brain size between males and females.

Individuals with sex chromosome aneuploidies tend to show differences in brain structure relative to healthy
controls (see Table I11). Individuals with XXY, XXX, and XXYYY all show reduced TBV (Warwick et al., 1999; Hanley
etal., 2015), while individuals with a supernumerary Y chromosome (XY'Y) have an increased TBV relative to controls
(Bryant et al., 2012). ASD has consistently been associated with larger TBV (Fidler et al., 2000; Hazlett et al., 2006;
Lainhart et al., 2006). Bryant and colleagues (2012) suggested a potential link between the larger brain size found in
XYY males and their higher rates of ASD (see Table I1).
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However, other sex chromosome aneuploidies also increase the risk of ASD but show reduced rather than
increased TBV. As such, no causal relationship can be established between increased TBV and ASD in individuals
with sex chromosome aneuploidies.

The reduction in TBV observed in individuals with XXY, XXX, and XXYY has been attributed to a combination
of insufficient testosterone and to the dosage effects of X-linked genes. Females with XXX, who have normal pubertal
development, also show TBV reductions suggesting that hormonal factors alone cannot explain the reduction.
However, gray matter deficits in females with XXX are less than for XXY males (Patwardhan et al., 2002).
Additionally, gray matter reductions in males with Klinefelter syndrome (XXY) who have received testosterone
supplements are less pronounced than in those who have not (Patwardhan et al., 2000), suggesting that insufficient
testosterone is indeed an additional contributor to small TBV.

Normal sex differences are also reported in neural substructures, particularly in brain areas that are part of the
limbic and language systems (Ruigrok et al., 2014). Limbic and language systems are particularly affected in
individuals with sex chromosomal aneuploidies. For example, reduced amygdala size has been reported for males with
XXY (Patwardhan et al., 2002) (although DeL.isi et al. [2005] found no difference), while girls with Turner syndrome
have an increased amygdala volume (Cutter et al., 2006; Knickmeyer and Davenport, 2011; Lepage et al., 2013).
Females with an XXX anomaly tend to have a reduced amygdala volume, but the difference is small (Patwardhan et
al., 2002). The observation that the development of the amygdala is susceptible to being affected in individuals with
sex chromosomal aneuploidies is interesting as the amygdala is involved in the cognitive responses to facial expressions
and emotional stimuli; it responds preferentially to fearful faces over other facial expressions (Zald, 2003). Emotional
facial recognition (especially the recognition of fear) is impaired in girls with Turner syndrome, as is the ability
measured by the “reading the mind in the eyes” task (Lawrence et al., 2003). A similar pattern of deficit is found in
individuals of both sexes with ASD (Baron-Cohen, 1996; Howard et al., 2000). This suggests that the structural
abnormalities of the amygdala observed in females with Turner syndrome may contribute to the ASD symptomatology
associated with the syndrome (Skuse et al, 2005).

Girls with X monosomy are reported to have reduced gray and white matter volume in the parietal and occipital
cortices (Cutter et al., 2006; Knickmeyer and Davenport, 2011; Lepage et al., 2013). The parietal cortex forms part of
the dorsal processing stream, also known as the “where” pathway, involved in spatial processing (Mishkin et al., 1983;
Ungerleider and Haxby, 1994). Visuospatial abilities are a relative weakness in girls with Turner syndrome (Hong et
al., 2011). By comparison, individuals with XXY, XYY, XXX, and XXYY have relatively spared parietal gray and
white matter volumes (Bryant et al., 2012; Lenroot et al., 2014; Hanley et al., 2015), and visuospatial abilities are a
relative strength in these conditions (see Table I).

Males with XXY, XYY, and XXYY syndromes all have reduced volume in the frontotemporal regions (DeL.isi
etal., 2005; Bryant et al., 2012; Hanley et al., 2015). Temporal structures are particularly strongly affected; for instance,
in XXY syndrome, the posterior superior temporal gyrus (STG) is reduced compared with age-matched controls
(DeLisi et al., 2005). Males with XXY who had received testosterone treatment do not show a reduced temporal and
STG volume (Patwardhan et al., 2000; Steinman et al., 2009), suggesting that the hormonal effects on the development
of these structures are significant. However, hypogonadism cannot fully account for the findings; males with XYY
(who experience normal pubertal maturation) show similarly reduced frontotemporal volumes (Bryant et al., 2012).
The reduction in temporal volumes, and specifically changes in the posterior STG, is of particular interest given the
impaired language abilities observed in these individuals. The temporal lobe and the STG are important structures for
language processing (Binder et al., 1997) and include Wernicke’s area and the planum temporale in the posterior STG
(Wernicke, 1874).

Conclusions
For reasons that are not yet understood, there is an excessive proportion of genes on the X chromosome that are
associated with the development of intelligence, with no obvious links to other significant biological functions (Lubs
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et al., 2012). Mutations in autosomal genes that impact neurodevelopment are usually “syndromic” in character; they
are associated not only with mental retardation but also with somatic anomalies or overt disruption to structural brain
development. This is not the case with many X-linked mutations, of which up to two-thirds result in intellectual
disability but few somatic phenotypic markers apart from short stature and microcephaly or macrocephaly.

Sex chromosome aneuploidy, unlike autosomal aneuploidy, is comparatively well tolerated. Disteche (2012)
posited that this was due to the paucity of essential genes on the Y, and inactivation of all but one upregulated X copy
per diploid genome; the fact that X monosomy causes a recognizable syndrome with rather specific deficits in terms of
visuospatial cognition and social intelligence seems to indicate that dosage-sensitive genes affecting these skills do
exist. Although genes that escape X-inactivation across and within populations, and hence could be candidates for
haploinsufficiency, are now being recognized (Zhang et al., 2013), we have little or no idea how they contribute to
brain development in humans. Clues are, however, coming from novel approaches to discovering the expression
patterns of X and Y homologs in mouse brain (Berletch et al., 2015).

There is evidence that subtle functionally polymorphic variations do occur in X-linked genes that influence
cognition and behavior. This comes from clues that deleterious mutations in those same genes lead to serious learning
difficulties. Potentially, such gene variants could have relatively specific modulating influences on intellectual or social
abilities (Johnston et al., 2008). The role played by genes that are not subject to X-inactivation (hence, normally
expressed from both X chromosomes in females) are of particular interest; there are proportionately about five times
as many such genes in humans as in mice.

We can get clues about how X-inactivation systems are regulated by studying the mechanisms of X-linked gene
regulation in animal models (Lin et al., 2007; Reinius et al., 2010; Mank, 2013; Davies, 2013). X-linked genes may
have particular importance for regulating the development of higher cognitive systems, and for individual differences
in such systems’ functional capacity. An understanding of why such specific cognitive and social phenotypes result
from the consequence of X chromosome aneuploidy would illuminate the broad field of human neurodevelopmental
disorders.
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