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Sex chromosome aneuploidies and copy-number
variants: a further explanation for neurodevelopmental

prognosis variability?
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Sex chromosome aneuploidies (SCA) is a group of conditions in which individuals have an abnormal number of sex
chromosomes. SCA, such as Klinefelter's syndrome, XYY syndrome, and Triple X syndrome are associated with a large range of
neurological outcome. Another genetic event such as another cytogenetic abnormality may explain a part of this variable
expressivity. In this study, we have recruited fourteen patients with intellectual disability or developmental delay carrying SCA
associated with a copy-number variant (CNV). In our cohort (four patients 47,XXY, four patients 47,XXX, and six patients
47,XYY), seven patients were carrying a pathogenic CNV, two a likely pathogenic CNV and five a variant of uncertain
significance. Our analysis suggests that CNV might be considered as an additional independent genetic factor for intellectual
disability and developmental delay for patients with SCA and neurodevelopmental disorder.
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INTRODUCTION

Sex chromosome aneuploidies (SCA) are defined by an abnormal
number of sex chromosomes. SCA are the most frequent aneuploidy
in humans with an estimated prevalence of over 1 per 500. Drawing an
exact description of the phenotype of SCA is still challenging,
especially given that >50% of individuals with Klinefelter’s syndrome
and XYY syndrome would not be identified.! However, it is well
established that SCA are associated with very variable cognitive,
psychiatric and neurological outcome. For example, it has been
documented that the intellectual capacities of individuals with
Klinefelter's syndrome (47,XXY) range from below average to gifted
intelligence quotient (IQ).! Numerous individuals with 47,XXY dis-
play no cognitive or behavioral deficits, highlighting the variability of
this phenotype. It is very likely that other factors (environmental,
hormonal, parental genetic background...) contribute to this adverse
neurodevelopmental outcome in this population.! Genetic mechan-
isms such as X chromosome gene excess dosage, the parental origin of
the supernumerary X chromosome, the androgen receptor (AR)
CAGn repeat length and the pattern of X chromosome inactivation
could be related to the variable neurological outcome.! This variability
is still very problematic especially when SCA are discovered antena-
tally, by chance. Overall, intellectual ability for individuals with SCA is

usually in the average to low-average range."> Therefore, as in the
general population, a causative event should be looked for individuals
with SCA showing developmental delay (DD) or intellectual
disability (ID).

In this study, we report a subgroup of 14 patients with develop-
mental delay carrying a sex chromosome aneuploidy and a copy-
number variant (CNV).

METHODS

Patient recruitment

Venous blood samples were obtained from the patients and their parents using
standard procedures. Written informed consent was obtained from all
individuals or parents. Samples were ascertained from geneticists through a
multi-center collaboration. Patients recruited, retrospectively and prospectively
(December 2014 to October 2015), were:

e Patients known to carry SCA for whom another genetic factor was suspected
due to developmental delay. Karyotype was performed in antenatal period for
three patients, because of abnormal first trimester screening.

e Patients with developmental delay for whom array CGH was indicated.

Only patients carrying CNV considered as pathogenic, likely pathogenic or of
uncertain significance were recruited.
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Patient 14
Male
no
47 XYY
Postnatal
+, mild

Patient 13
Male
no
47 XYY
Postnatal
+, mild
unknown
unknown

Patient 12
Male
no
47 XYY
Antenatal
+, mild

Patient 11
Male
unknown
Postnatal

Patient 10
Male
unknown
Postnatal
unknown

Patient 9
Male
no
47 XYY
Postnatal
+, mild

Patient 8
Female
no
47 XXX
Postnatal
+, mild
unknown
unknown

Patient 7
Female
no
47 XXX
Postnatal
+, mild

Patient 6
Female
no
47 XXX
Postnatal
+, mild

Patient 5
Female
no
47 XXX
Antenatal
+, mild
unknown

Patient 4
Male
no
47 XXY
Antenatal

Patient 3
Male
no
47 XXY
Postnatal
+, mild
unknown

Patient 2
Male
no
47 XXY
Postnatal
+, mild

Patient 1
Male
no
47 XXY
antenatal
+, mild
unknown

Table 1 Phenotypic and genetics features in individuals with sex chromosome aneuploidy

Karyotype performing

period
Developmental delay

Gender
Consanguinity
Karyotype
Speech delay
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Figure 1 Likely pathogenic and of uncertain significance variants in patients with SCA. Large CNVs, in individuals with likely pathogenic CNVs associated
with SCA are shown. The CNV regions with genes are indicated on the last column and the cytogenetic extent and size are labeled. Also shown, on the left
column, the pedigrees of individuals with known available parental information. Circles indicate females and squares indicate males. Genomic positions are

relative to human genome Build NCBI37/hg19.

had some learning difficulties (OMIM 609757). Patient 3 was carrying
a de novo 1.65Mb 17q12 duplication, previously involved in the
chromosomal 17q12 duplication syndrome (OMIM 614526). Patient 4
carried the recurrent de novo 7q11.23 deletion, identified by FISH,
responsible for Williams—Beuren syndrome (OMIM 194050).

We identified four patients with a 47,XXX karyotype (patients 5, 6,
7 and 8) and a CNV (one with a pathogenic CNV, two with a likely
pathogenic CNV and one with a VOUS). Patient 5 was carrying a de
novo 525kb 16pll.2 duplication, corresponding to the 16pl11.2
duplication syndrome (OMIM 614671). Patient 6 was carrying a de
novo 4.5Mb 19q12q13.1 duplication. Children with dysmorphic
features and developmental delay associated with a 19q12q13.1 dupli-
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cation have already been described in several reports.>” For patient 7,
we identified a duplication of 1.6 Mb in 16p13.1, inherited from her
mother who showed learning difficulties and epilepsy. Chromosomal
deletions or reciprocal duplications at the 16p13.1 locus have been
involved in a wide range of neuropsychiatric disorders such as autism,
schizophrenia, epilepsy and attention deficit hyperactivity disorder.®’

Patient 8 was carrying a de novo terminal 535 kb 18p11.32 deletion.
This deletion encompassed eight genes (USP14, THOCI, COLECI2,
CETN1, CLULI, Cl8orf56, TYM and ENOSFI). Monosomy 18p
(OMIM 146390) refers to a chromosomal disorder resulting from
the deletion of all or part of the short arm of chromosome 18.
The main clinical features are short stature, facial dysmorphism and



mild to moderate intellectual deficiency. USPI4 (ubiquitin-specific
protease 14) is a good candidate gene for short stature phenotype
considering that mice with a loss of function Uspl4 mutation had
growth failure. USP14 would also have a role in synaptic development
and plasticity.!®!!

We identified six patients with a 47,XYY karyotype (patients 9, 10,
11, 12, 13 and 14) and a CNV. Patient 9 was carrying a 4pl2
duplication, encompassing the NFXLI gene, and inherited from his
healthy father. A recent report indicates that variants within NFXLI
may contribute to language impairment with incomplete penetrance.'?
Patient 10 harbored a 766 kb 16p11.2 duplication corresponding to the
16p11.2 duplication syndrome, inherited from his mother (OMIM
614671). Patient 11 was carrying three de novo Xq21.31 duplications
(2Mb, 680kb and 820kb). This patient presented developmental
delay and severe obesity diagnosed at 4 years of age. The diagnosis of
Prader-Willi syndrome (PWS) was ruled out as a DNA probe for the
15q11q12 PWS region and methylation studies failed to detect any
abnormalities. These Xq21.31 duplications have already been suggested
as a locus for PWS-like phenotype.!> The main candidate gene is
PCDHI1X, which encodes a protocadherin, highly expressed in brain,
implicated in cell-cell communication and dendritic synaptic plasti-
city. Duplication at this locus might be also responsible for dyslexia.!4
Patient 12 was carrying an inherited 1.6 Mb Xp22.31 duplication. The
pathogenicity of this CNV is not definitively established. Several
studies have suggested that the Xp22.31 duplications may contribute
to developmental delay, intellectual disability, seizures and autism
spectrum disorder.!>"!7 Patient 13 was carrying a 1.9 Mb 15q13.2q13.3
deletion corresponding to the 15q13.3 deletion syndrome (OMIM
612001). This deletion was inherited from the father who had speech
delay in childhood. Patient 14 was carrying a 544 kb 16pll.2
duplication corresponding to the 16pll1.2 duplication syndrome
(OMIM 614671). This duplication was inherited from the mother
who presented psychiatric disorders and congenital coronary artery
anomalies.

We did not recruit any patient with Turner Syndrome carrying an
additional CNV.

DISCUSSION

Here we present 14 patients with SCA and developmental delay
harboring another cytogenetic event. These patients had more severe
or distinct phenotypes than the typical features associated with SCA,
including mild to moderate speech and motor disability, facial
dysmorphism, hypotonia, seizures or congenital malformations.

We can define two groups of patients: a first subgroup with patients
carrying a well-established pathogenic CNV explaining the full pheno-
type; a second subgroup with patients carrying a variant of uncertain
clinical significance possibly involved in the severity of the cognitive
phenotype. The first subgroup includes seven patients: one patient with
Williams—Beuren syndrome, one with a 7q11.23 duplication, one with a
17q12 duplication, three with 16p11.2 duplication and one with a
15q11.3 deletion. The second subgroup includes seven patients: two
with a likely pathogenic CNV (one with a 19q12q13.1 duplication and
one with a 16p13.11 duplication) and five with VOUS (one with a
Xp11.3p11.23 duplication associated with a Xq11.23 duplication, one
with a 18pl11.32 deletion, one with a 4p12 duplication, one with a
Xq21.31 duplication and one with a Xq22.31 duplication).

Surprisingly, no individual with Turner syndrome was recruited in
our study. It is difficult at the moment to draw any conclusions
considering this is not a prospective study. Another CNV associated
with Turner syndrome might lead to more frequent spontaneous
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abortion or other mechanisms could be involved for girls with Turner
syndrome explaining an unusual severe delay.

Owing to the high incidence of SCA (one in 375 male livebirths and
one in 660 female livebirths)! and CNV of 1 Mb or larger (2%),8 it is
not surprising that some individuals carry two independent genetics
event. Our study is biased as we only considered patients known to
carry SCA and CNV. French laboratories have different procedures for
genetic analysis in patients with DD/ID. Therefore, this study does
not allow us to estimate the frequency of additional CNV in
patients with SCA and developmental delay. For example, in the
cytogenetic laboratory of Nantes, we use to perform array CGH in first
place for patients with developmental delay. We identified 27 patients
with SCA (11 with 47,XXY, 8 with 47,XXX, 4 with 47,XYY and 4
with 45X) from 2008 to 2015. In this population presenting
with cognitive defect, four patients harboured another cytogenetic
event (4/27, 14.8%). We did not obtain these data for the other centers
that participated in this study. Further prospective studies comparing
the frequency of CNV in two groups of patients with SCA (with or
without severe neurological symptoms) would allow answering this
question.

These results strengthen that SCA should not be always considered as
causative for patients presenting with ID/DD. For those patients,
physicians should be aware to look for an additional environmental or
genetic event for individuals with SCA presenting with an unusual or
severe phenotype. These data encourage performing array CGH for any
further studies evaluating the cognitive profile of patients with SCA.
Finally, determining additional genetics factor leading to cognitive
impairment for patients with SCA is crucial especially for antenatal
diagnosis. Indeed, genetic counselling for SCA during pregnancy is still a
matter of debate. If we consider the high frequency of CNV in general
population, these results raise the question whether or not to perform
array on a fetal sample, which are available after karyotyping. Absence
of additional CNV would not provide complete reassurance about
the outcome but the discovery of an additional pathogenic or likely
pathogenic CNV would probably worsen the prognosis. In these cases,
array CGH results could complete the antenatal decision-making process.

In conclusion, additional (pathogenic, likely pathogenic or VOUS)
CNV might be a significant, independent, genetic factor for intellectual
disability and developmental delay in patients with SCA. The poor
neurological prognosis of some of those patients could be due to
additional CNV rather than SCA itself. This additional genetic indepen-
dent factor might be another cytogenetic or molecular variant involving a
gene of interest or an environmental event that modifies the phenotype.
These results encourage us to look for another genetic event such as a
CNV for patients with SCA and cognitive, psychiatrics or neurological
symptoms. Performing array-CGH when a SCA is discovered during
pregnancy could lead to more accurate genetic counselling.
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