European Journal of Human Genetics (2016) 24, 373-380
© 2016 Macmillan Publishers Limited All rights reserved 1018-4813/16

=)

www.nature.com/ejhg

Xp11.2 microduplications including IQSEC2,
TSPYL2 and KDM5C genes in patients with
neurodevelopmental disorders

Ching Moeyl’z, Susan J Hinze'2, Louise Brueton?, Jenny Morton?, Dominic ] McMullan?, Benjamin Kamien?,

Christopher P Barnett®, Nicola Brunetti-Pierri’8, Jillian Nicholl®, Jozef Gecz!? and Cheryl Shoubridge"’l’2

Copy number variations are a common cause of intellectual disability (ID). Determining the contribution of copy number variants
(CNVs), particularly gains, to disease remains challenging. Here, we report four males with ID with sub-microscopic duplications
at Xp11.2 and review the few cases with overlapping duplications reported to date. We established the extent of the duplicated
regions in each case encompassing a minimum of three known disease genes TSPYL2, KDM5C and IQSEC2 with one case also
duplicating the known disease gene HUWE1. Patients with a duplication encompassing TSPYL2, KDM5C and IQSEC2 without
gains of nearby SMC1A and HUWE1 genes have not been reported thus far. All cases presented with ID and significant deficits

of speech development. Some patients also manifested behavioral disturbances such as hyperactivity and attention-deficit/
hyperactivity disorder. Lymphoblastic cell lines from patients show markedly elevated levels of TSPYL2, KDM5C and SMCI1A,
transcripts consistent with the extent of their CNVs. The duplicated region in our patients contains several genes known to
escape X-inactivation, including KDM5C, IQSEC2 and SMC1A. In silico analysis of expression data in selected gene expression
omnibus series indicates that dosage of these genes, especially IQSEC2, is similar in males and females despite the fact they
escape from X-inactivation in females. Taken together, the data suggest that gains in Xp11.22 including IQSEC2 cause ID and
are associated with hyperactivity and attention-deficit/hyperactivity disorder, and are likely to be dosage-sensitive in males.
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INTRODUCTION
Genomic microarrays are the first tier diagnostic tool in develop-
mental disorders and intellectual disability (ID).!=> Current genomic
microarrays can detect tens to hundreds of copy number variations
(CNVs) in a single individual, ranging anywhere from 1 to 10 kb upto
several megabases. Increasingly, it is not the detection of CNVs that is
difficult, but the interpretation of their clinical significance that is the
greatest challenge.* The estimates of the contribution of CNVs to
disease are continually being refined, with variations dependent upon
the specific cohorts and disorders in question. For example, Cooper
et aP® show that 25.7% of ID/DD children harbor an event of > 400 kb
compared with 11.5% of controls, suggesting that an estimated 14.2%
of ID/DD is due to CNV >400 kb. Similarly, large CNVs (> 400 kb)
are estimated to be causative between 15 and 20% of cases with
ID,>>7 and as high as 25% of cases with ID and multiple congenital
abnormalities.® With increasingly large patient cohorts being har-
nessed, morbidity mapping of CNVs has identified a noticeable
burden of smaller CNVs. Many CNVs of 250 kb and smaller in size
are also associated with ID° and developmental delay.” The evidence is
less clear for smaller CNVs (<50kb) in autism spectrum disorder.!°
Typically, CNVs involve regions containing several to dozens of
genes, often with multiple candidates in the smallest region of overlap
between similar cases. Hence, determining the dosage-sensitive genes

that underlie the phenotypes is not trivial. The prediction of clinical
consequences of copy number gains remains particularly challenging.
Deletions are seen in excess on autosomes compared with duplications
and show on average greater penetrance.>®!b12 In contrast, on the
X-chromosome, duplications are either as prevalent or more common
than deletions. When considering cases with ID, approximately
10% of all potentially causative CNVs are X-linked,'>!* with ~ 7%
being duplications, ~3% being deletions,'* and 80-90% maternally
inherited.?

Clinical consequences of duplications in females can vary depending
upon the degree of skewing of X-inactivation, as well as variations in
cell-specific patterns of gene regulation.! In addition, there are some
genes on the X-chromosome that escape X-inactivation further
complicating the assessment of dosage sensitivity. Despite these
complexities, increased dosage of X-chromosome genes has been
implicated in ID and autism. These include several at Xq28; namely
methyl CpG binding protein, MECP2 (MIM 300260),'%7 and GDP
dissociation inhibitor 1, GDI1 (MIM 300104).18 Interestingly, not all
genes from the duplicated region(s) are genomic dosage-sensitive,
while they are mRNA expression-sensitive, for example, HCFCI
included within MECP2 duplications.'® Another frequently identified
gain is a non-recurrent microduplication at Xpl11.22 implicating
HECT, UBA and WWE domain containing 1, E3 ubiquitn protein
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ligase, HUWEI (MIM 300706).2021 Here, we report four novel cases of
male patients with sub-microscopic duplications at Xpll.2, all
including gains of festis-specific protein Y-encoded Like 2, TSPYL2,
lysine specific demethylase, KDM5C, and IQ motif and Sec7 domain 2,
IQSEC2. Together with published cases, we implicate copy number
gains in a known ID gene, IQ motif and Sec7 domain 2, IQSEC2 (MIM
300522)?? that escapes X-inactivation in females as the cause of ID and
behavioral disturbances.

MATERIALS AND METHODS

Clinical descriptions of the patients and families

The research protocols were approved by the appropriate institution review
boards and informed consent was obtained from the parents of affected
patients. Genomic DNA from patients and healthy controls was isolated from
peripheral blood according to standard procedures and stored at 4 °C. Variants
and phenotypes for patients in this study have been submitted to Database of
Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources
(DECIPHER)30 (http://decipher.sanger.ac.uk/), with specific patient IDs indi-
cated in section for each patient below.

Patient 1. This patient (Decipher ID 306072) was a 3-year-old male referred
for language delay and behavioral problems. The patient was born at term of an
uncomplicated gestation with a birth weight of 3150 g (25th—50th centile).
Parents were both healthy and cognitively normal. He started walking at
19 months of age. He was referred to genetics service for diagnostic assessment
of developmental delay. His speech development was delayed with no words
until he was approximately 3 years of age and slow progression of language with
only four to five words by the age of 4 years. At the age of 4 years, his weight
was 23 kg (>95th centile), length 108 cm (90th centile) and head circumfer-
ence 50.4 cm (between average and -2SD). He has downward corners of the
mouth. When examined at the age of 4 years, the patient displayed poor
socialization, although with some recent improvement. It is unclear whether
there will be additional psychiatric disturbances due to young age of the patient.

Patient 2. The proband (Decipher ID 27212) was a 14-year-old male who
presented with ID and autism spectrum disorder. The pregnancy was
complicated by hypertension and labor was induced at 39 weeks gestation

because of preeclampsia. He was delivered by forceps delivery for fetal distress,
with a birth weight of 3104 g (25-50th centile) and head circumference of
35 cm (50-75th centile). There was neonatal jaundice persisting for 10.5 weeks.
He was a poor feeder and was slow to gain weight. He was an unhappy baby
who screamed a lot and did not like being touched. He sat late, and first walked
at the normal time, but was clumsy and was diagnosed with dyspraxia at the age
of 8 years. He had learning difficulties and was transferred to a special school
for moderate learning difficulties at the age of 11 years. At the age of 19 years,
he required assistance with daily living activities and was reported to have poor
social skills. He had challenging behavior with physical aggression when
frustrated and had obsessions about articular items, which he collected. He
avoided eye contact, but was non-dysmorphic with no neurocutaneous signs.
This family has a history of mild-to-moderate learning difficulties and autistic
traits in three maternal male cousins, suggesting an X-linked inheritance
(Figure 1). The mother and her two sisters were normal with no ID or
behavioral problems.

Patient 3. This patient (Decipher ID 308362) was a 5-year and 8-month-old
male referred for global developmental delay and behavioral problems. He was
born at term following a normal pregnancy to healthy parents. The develop-
mental delay across his postnatal history included absence of crawling at 1 year
of age, and walking independently at 2 years. His speech development was also
delayed with no words until he was approximately 3 years of age. On
examination at the age of 5 years and 8 months, he speaks fluently in
conversational speech, but has a significant ongoing issue with pronunciation.
He has significant behavioral difficulties and requires the assistance in a special
education class. His height was 102.5 cm, his weight was 16.3 kg and his head
circumference was 50.5 cm, on the 5th, 10th and 40th percentiles, respectively.

Patient 4. This patient (Decipher ID 249420) was born at 38 weeks gestation
following a period of intrauterine growth retardation and oligohydramnios
detected by ultrasound at 35 weeks. His weight was 2550 g (3rd centile), length
was 46 cm (3rd—10th centile) and head circumference 31 cm (1 cm smaller than
the 3rd centile). Developmental delay was first noted at age 6 months. Review at
age 9 years revealed severe developmental delay. The patient could sit and
shuffle on his bottom but was non-ambulant. He was able to smile and shake
hands but has no words and little receptive language. He has a head
circumference of 48 cm (1.5cm smaller than the 2nd centile), weight 25kg
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Patient | Dev Delay / ID Language Psychological / Behavioral / Physical features
Development
11-1 DD / Moderate No speech delay ASD, physical aggression when frustrated, obsessive
Dup learning difficulties tendencies, dyspraxia
1l-4 Learning difficulties ADHD as a child, Obsession, dyspraxia, difficulties
Dup understanding the value of money
-5 Mild learning Started talking at normal | ASD, aggressive, obsessive behaviors. Clinically less
ND difficulties time but regressed. severe and more academically able that 11I-2, 111-6, 111-4.
Doing all public examinations and above average reading
age.
111-6 Moderate learning Problems with ASD, ADHD as a child, Obsessive behavior. The ASD
Dup difficulties expressive and receptive | and ID are reported as more sever than IlI-5.
speech

Figure 1 Pedigree of Family 2. Pedigree of a family identified with submicroscopic duplication at Xp11.22. All tested individuals are marked with ND if the
duplication was not present and DUP if the duplication was identified. Open symbols represent normal individuals, and filled squares represent affected
males. The proband is indicated with an arrow. Individual generations are numbered with Roman numerals (I, 11, I11). I1I-5 does not carry the duplication.

European Journal of Human Genetics


http://decipher.sanger.ac.uk/

(25th centile) and length 120 cm (3rd centile) at 9 years of age. He had finely
arched eyebrows, a short nose and down-turned corners of the mouth. His
hands and feet measure on the 3rd centile and he had single palmar creases. He
had a small penis with undescended testes. Owing to gastroesophageal reflux,
the patient had a fundoplication with percutaneous enterogastrostomy tube
insertion. The patient had myoclonic seizures with no recognizable electro-
clinical syndrome and an EEG that showed an abnormal background with
constant generalized sharp slow discharges around 1Hz with frontal dom-
inance. The seizures commenced at age 5 years and vary from several seizures
per day to a seizure every month. Most seizures occur shortly after falling asleep
and sodium valproate improved seizure control. At the age of 9 years, the
seizures occurred with a frequency of approximately one per month.

Array CGH and FISH

Genomic DNA from patient and control samples was extracted from blood
collected using EDTA as the anticoagulant. High-resolution chromosomal
microarray and analysis was conducted by contributing cytogenetic diagnostic
laboratories including 4x 180K Agilent array (Santa Clara, CA, USA) for
patient 1 and Affymetrix Cytoscan HD array (750 K) (Santa Clara, CA, USA)
for patients 2, 3 and 4. Annotation of the CNVs identified was based on the
UCSC Genome Browser, National Centre for Biotechnology Information,
Genome Reference Consortium Human Build (GRCh37/ hgl19), February 2009.
FISH analysis on patient 2 and family used BAC probes RP11-236P24 (Xp11.2)
and RP13-130F17 (Xql12) (BlueGnome/Illumina, Melbourne, VIC, Australia).

Quantitative real-time polymerase chain reaction

For ¢cDNA expression analysis, total RNA was extracted from lymphoblastoid
cell lines (LCL) for male (n=4) and female (n=5) pooled controls and
patients using TRIzol (Life Technologies, Melbourne, VIC, Australia) and
RNeasy Mini Kit (Qiagen, Melbourne, VIC, Australia) and treated with DNase I
(Qiagen) following the manufacturer’s instruction. LCL could not be sourced
for patient 1 or 2. Routinely, 2 pg of total RNA was primed with random
hexanucleotides and then subjected to reverse transcription with SuperScript I1I
reverse transcriptase. Pooled male and female cDNAs were made from equal
amounts of each male control RNAs (n=4) and female control RNAs (n=5).
Validation of the reaction was carried out by PCR using primers specific to the
ubiquitously expressed EsteraseD. cDNAs were amplified using TagMan Gene
Expression Assays (Life Technologies) using the standard curve method for
TSPYL2 (Hs00223173_m1), KDM5C (Hs01011846_ml1) and SMCIA
(Hs00196849_m1). Probes of target genes were FAM-labeled. The probe for
the housekeeping gene HPRT (4326321E, Applied Biosystems, Melbourne, VIC,
Australia) was VIC-labeled and enabled normalization of expression in each
well. Data analysis was carried out with StepOne Software (Life Technologies).

In silico analysis of the distribution gene expression in males and
females

In silico analysis of gene expression was performed on the publicly accessible
datasets deposited in Gene Expression Omnibus (GEO) by The National Center
for Biotechnology Information (NCBI) using the GEO2R analysis tool available
from GEO. We selected studies conducted on the Affymetrix Human Exon
array ST 1.0 platform in which the gender of participants was listed. Box-and-
whisker plots were constructed to analyze the distribution of gene expression
for TSPYL2, KDM5C, IQSEC2, SMCIA and HUWEI based on gender within
each dataset. As the level of IQSEC2 expression in human LCLs is negligible, we
included data from studies listed on the GEO database examining gene
expression in the human brain.

RESULTS

Microduplication of IQSEC2 and/or KDM5C contribute to ID

All four cases identified in this study have gains of two known ID
genes, KDM5C,"7 IQSEC2,%2 and gain of TSPYL2, encoding a protein
that interacts with the known ID CASK gene.?? All gains are described
using genomic co-ordinates consistent with Human Feb. 2009, Build
37 hgl9 Assembly. Patient 1 had a 361 kb chromosome X duplication
extending from chrX.hgl9:g.52,954,520_53,315,542dup duplicating
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the short isoform of IQSEC2 and extends to FAM156A (Figure 2).
This  duplication is maternally inherited. In patient 2,
a series of investigations by array CGH were undertaken to identify
two submicroscopic duplications, both on the X chromosome, a
400 kb chromosome X duplication at Xp11.22 and a 220 kb duplica-
tion at Xql2. The 400kb duplication extends from chrX.hgl9:
€.52,911,287_53,315,010dup and duplicating the short isoform of
IQSEC2 extending to FAMI56A (Figure 2). This duplication is
maternally inherited. However, this gain is not present in the maternal
grandmother who had normal CGH array and FISH results, suggesting
she is mosaic for the abnormality or the duplication came from the
deceased maternal grandfather, who was reported as normal. Hence,
we cannot determine whether the maternal grandfather was either a
mosaic or an unaffected carrier. The 400 kb duplication segregates
through the family with the affected status (Figure 1). III-5,
who displays a very mild phenotype, did not have the CNV
gain. The second gain was identified at Xql2 from chrX.hgl9:
€.65,304,358_65,524,712dup. FISH indicates that the microduplication
of Xp11.22 is inserted in the Xq arm and the maternally inherited Xq
duplication is inserted into the Xp arm and may indicate a small
pericentric inversion in these patients. Patient 3 has a maternally
inherited 579 kb X chromosome duplication that extends from chrX.
hg19:¢.52,789,239_53,368,927dup and includes the region duplicated
in patient 1 extending proximal of IQSEC2 and distal of SSX2
(Figure 1). Patient 4 has a de novo 1441 kb X chromosome duplication
that extends from chrX.hgl19:g.52,341,517_53,782,896dup and involves
gains of TSPYL2, KDM5C and IQSEC2 seen in the previous three
cases, and extends to include gains of HUWEI and a region distal of
XAGEID (Figure 1). No other known disease-causing CNVs were
identified in these patients.

Behavioral disturbances are a frequent clinical feature in patients
with microduplication of IQSEC2

To investigate the potential impact of increased dosage of IQSEC2 on
the clinical features in our patients, we reviewed published patients
with gains in this chromosomal region.?%?! All cases with gains in this
region are shown on Figure 1, clustered depending upon which known
ID genes are involved in the duplication. Four cases, including patients
1, 2 and 3 of this study, duplicate TSPYL2, KDM5C and IQSEC2, but
do not duplicate or only partially duplicate (disrupt) the HUWEI gene
(Top boxed panel, Figure 1). There are seven cases, including patient
4, with copy number gains encompassing KDM5C, IQSEC2 and
HUWEI (middle boxed panel, Figure 1). However, only three of these,
including patient 4, have gains in TSPYL2 (middle boxed panel,
Figure 1). Lastly, there are five cases of gains to HUWEI, without gains
to TSPYL2, KDM5C or IQSEC2 (bottom panel, Figure 1).

When considering the clinical findings of these patients, we noted
that a consistent feature includes disturbances to both intellectual
function and global development as well as significant deficits to
speech development (Table 1). These features are present in patients
with different size gains involving different known ID genes in this
region and do not segregate exclusively with any single duplicated
gene. On the other hand, clinical features that arise in cases with
specific gene content duplicated can be assigned to two broad
categories. When HUWEI is duplicated, with or without a change
to the dosage of TSPYL2, KDM5C or IQSEC2, physical features
including dysmorphism (often mild) are frequently observed
(Table 1). In contrast, patients with a duplication encompassing
IQSEC2, KDM5C and TSPYL2 (with or without gains of HUWEI)
frequently present with behavioral disturbances of hyperactivity
or ADHD.
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Figure 2 Submicroscopic duplications in Xp11.22 in patients with ID. From the top: A red box outlines the region of interest on the X-chromosome in the
UCSC genome browser. UCSC genes, including RefSeq, GenBank, CCDS, Rfam, tRNAs and comparative Genomics, are shown below the Affymetrix Cytoscan
HD array probe sets. Below are three boxed panels each showing cases of submicroscopic duplications in Xp11.22 clustered depending upon the genes
duplicated. The top boxed panel shows cases with TSPYLZ2 (yellow highlight), KDM5C (green highlight) and /QSECZ2 (orange highlight) duplicated, the middle
boxed panel shows cases with gains of KDM5C, IQSEC2 and HUWE1, while the bottom panel shows cases with HUWEI (red highlight) duplicated. Patient 1
to 4 are shown as black bars to differentiate from the patients with duplications reported by Froyen et a”%21:43 shown as bright blue bars for male patients.
Patient identification is given to the left of each bar. Schematic was constructed using the Human Feb. 2009 (hg19) Assembly (UCSC).

TSPYL2, KDM5C and SMCIA mRNA expression testing

The region duplicated in our patients contains several genes known to
escape X-inactivation, including KDM5C, IQSEC2 and SMCIA
(TSPYL2 is subject to X-inactivation). We interrogated data from
NCBI GEO database (selecting only Affymetrix Human Exon array ST
1.0) using GEO2R analysis tool to determine the normal distribution
of expression of these genes in males and females. We analyzed two
data series (i) GEO series GSE49531 ‘Utilizing patient LCLs from
participants in the genetics of microangiopathic brain injury study’s
and (ii) GEO series GSE46706 ‘Expression data generated from post-
mortem human brain tissue originating from neurologically and
neuropathologically control individuals’.?® We report data on KDM5C
and SMCIA from both GEO series, but given the negligible expression
in LCLs, for IQSEC2, we report the data from the GEO series arising
only for brain tissue. Our analysis from LCLs includes genes TSPYL2
and HUWEI as relevant examples of X-chromosome genes that do not
escape X-inactivation. In each data set, we stratified gene expression
based on the gender and examined the normal distribution within
each gender and between genders. In LCLs, KDM5C and SMCIA that
escape X-inactivation to some degree, both have higher levels of gene
expression in females compared with males. In comparison, both
TSPYL2 and HUWEI had similar levels of expression in both genders
as expected because of X-inactivation status (Figure 3a). Our analysis
indicates that KDM5C is consistently expressed at higher (but modest)
levels in females compared with males in the tissues analyzed. In
contrast, both SMCIA and in particular IQSEC2 expression in males

European Journal of Human Genetics

was very similar to the expression levels (and distribution) in females
in each tissue analyzed (Figure 3b).

Next, we examined the impact of the submicroscopic duplication
on the expression of genes involved in the gain, and show marked
elevation of KDM5C and SMCIA expression in LCLs from patient 4.
In the case of patient 3, levels of KDM5C mRNA were elevated in the
mother, with very modest gains in KDM5C in patient 3 (Figure 3c).
Interestingly, TSPYL2 expression was not elevated in patient 3 and
showed only modest gains in the mother of patient 3 and in patient 4.
These modest increases in KDM5C expression in females seen in the
analysis of the GEO series data was also observed in our control LCLs
(Figure 3c). We extended our expression analysis to available patients
reported by Froyen et a?®?! and show elevated expression of TSPYL2,
KDM5C and SMCIA in male patients A119, A057, with A009 having
elevated expression of KDM5C and SMCIA and male patient A049
having elevated expression for SMCIA but not TSPYL2 or KDM5C,
consistent with the extent of the duplication in each case (Figure 3c).
Taken together, these data suggest that dosage of these genes, in
particular IQSEC2, is similar in males and females despite their escape
from X-inactivation in females.

DISCUSSION

We report four novel patients and review published cases with
submicroscopic copy number gains on Xpl1.22, and we implicate
IQSEC2 as a dosage-sensitive gene contributing to ID and behavioral
disturbances. Our study identifies four male patients all with ID
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Figure 3 Expression distribution of XLID genes involved in submicroscopic duplications of Xp11.2. Distribution of XLID gene expression in each gender: Data
from NCBI GEO database of Affymetrix Human Exon array ST 1.0 expression was analyzed using GEO2R. Distribution of normal expression in males (blue
box plot) and females (pink box plot) is shown for TSPYL2, KDM5C, SMCIA and HUWET in LCLs (a), and KDM5C, IQSEC2 and SMCIA in two regions of the
brain—Cerebellar cortex (left panel) and Hippocampus (right panel) (b). Data sets included GEO series GSE49531 ‘Gene expression data from LCLs from
participants in genetics of microangiopathic brain injury’ (females, n=515 and males, n=368). Series GSE46706 ‘Expression data generated from post-
mortem human brain tissue originating from neurologically and neuropathologically control individuals’ (females, n=23 and males, n=73). All data sets can
be found at NCBI GEO gene expression omnibus site, searching with the specific GEO series number. Changes to expression of TSPYLZ2 (c) and XLID genes
KDM5C (d) and SMCIA (e): cDNA was prepared from total RNA extracted from LCL male (n=4) and female (n=5) pooled controls and patients 3 and 4,
and the mother of patient 3. Transcript levels measured by qRT-PCR were normalized to housekeeping gene HPRT and shown as relative difference to male
pool set at 1.0. Error bars indicate standard error of the mean from replicate cDNA samples. Female control is shown in bright pink, male control in dark

blue, male patients in pale blue, mother of patient in pale pink and patients reported in Froyen et a® in pale blue background with diagonal lines.

and/or developmental delay, speech delay and when not severely
developmentally delayed, behavioral problems. Although not recurrent,
the CNVs in our cases range from 361 kb to 1441 kb and encompass a
number of genes, including known ID genes. In all four cases, we
identified CNV gains across the region encompassing the known ID
genes KDM5C and IQSEC2, and the TSPYL2 gene known to be linked
to the ID CASK gene.?? Copy number gains of these genes without the
inclusion of nearby SMCIA or HUWEI have not been reported. In one
of the four patients reported in this study, the CNV gain extended to
include SMCIA and the known dosage-sensitive HUWEI gene.?%?!
The region of Xpl1.22 contains a cluster of known X-linked ID
(XLID) genes, including KDM5C, IQSEC2, SMCIA and HUWEI. In
brief, the mutations in KDM5C cause Claes-Jensen type syndromic
XLID (MIM 300534)!727-39 characterized by moderate-to-severe ID,
speech abnormalities and other clinical findings such as seizures and
aggressive behavior in some individuals. Mutations in IQSEC2 were
originally identified in cases of non-syndromic XLID.?? In these
families, seizures and autism spectrum disorder were infrequent
clinical findings, with more consistent comorbidity in additional
de novo cases,'3* including two cases of small intragenic duplications,
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predicted to cause termination mutations.>> In the case of SMCIA,
mutations in this gene are responsible for an estimated 4-6% of
patients with Cornelia de Lange syndrome type 2.3>3° This is a
clinically heterogeneous developmental disorder characterized by
malformations affecting multiple systems, including dysmorphic facial
features, distal limb defects, cleft palate growth retardation and
developmental delay.>*! Mutations in HUWEI cause XLID with
moderate-to-severe ID often coupled with disturbances to speech
development.2%#2%3 Of the ID genes in this cluster, HUWEI is the
only one known to be dosage-sensitive, with twofold overexpression in
males leading to mild-to-profound cognitive impairment in syndromic
XLID, Turner type.2%?!

When assessing the potential contribution of CNV gains to our
patients' clinical phenotype, we need to keep in mind that several of
the involved genes are known to escape X-inactivation in the human
setting, including KDM5C, IQSEC2 and SMCIA.***> When more
than one X-chromosome is present (ie, in females), one X-chromo-
some is inactivated or silenced, resulting in similar dosage of
X-chromosome genes between the males and females. However, it is
known that some genes do escape this silencing, a phenomenon more



prevalent in humans than other species, although the reason for this
remains unknown. Moreover, the extent of escape from X-inactivation
may be underappreciated with a substantial number of genes recently
identified as subject to some degree of escape from X-inactivation.*>#6
As the expression from the inactive X chromosome is limited, the total
expression level in females is usually less than twice that in males.**3
Even so, a modest increased gene dosage that escapes X-inactivation
may contribute to disease, such as the extra dosage in X-aneuploidy in
Klinefelter syndrome (47, XXY).** Hence, genes that escape X-inacti-
vation are potential candidates for dosage-mediated phenotypic
disruptions.#$>% Qur analysis shows that KDM5C expression from
the X-chromosome was consistently higher in females than males in
both LCLs and brain tissue. Although KDM5C from the X-chromo-
some is uniformly expressed at higher levels in females compared with
males in LCLs, the expression in males is compensated (and exceeds
those in females) by expression from the Y-chromosome.” Hence, it
is unclear whether variable levels of dosage are tolerated between the
two genders, or whether additional levels are required by males. In the
case of IQSEC2, our analysis indicates that dosage of this gene is
similar in males and females, despite escaping X-inactivation in
females. This suggests that the expression of IQSEC2 in females is
regulated to achieve a similar dosage to that of males. It is attractive to
speculate that females may have adequate capacity to regulate IQSEC2
expression even in the case of increased gene dosage. As males
normally only have one copy of IQSEC2, the capacity to regulate
increased dosage of this gene may be lacking. In this setting, an
increased dosage of IQSEC2 in males due to CNV gain may be
pathogenic.

The clinical findings of the cases reported in this study along with
published cases of CNV gains implicate the region containing multiple
XLID genes at Xpll.2 as a hotspot for dosage-sensitive genes
impacting on development of cognitive ability and speech. Interest-
ingly, the CNV gains that include TSPYL2, KDM5C and in particular
IQSEC2 are associated with behavioral disturbances, including hyper-
activity and ADHD. It remains to be established whether one or more
of these genes are dosage-sensitive in males. Given the function of
KDMS5C protein as a versatile epigenetic regulator of chromatin, it is
not obvious how increased dosage in males would contribute to the
behavioral aspects seen in our cases. In the case of TSPYL2, the
interaction of this protein with the known ID gene, CASK, makes this
an interesting potential candidate for dosage sensitivity in our patients.
The interaction of TSPYL2 with CASK allows the formation of a
complex with the transcription factor Tbr-1,2> which regulates the
expression of genes including NMDA receptor subunits encoded by
Grin2b.?? Recent findings modelling loss-of-function in mice indicate
that TSPYL2 may contribute to cognitive variability via regulation of
expression of Grin2a and Grin2b.>! Stimulation of the synapse with
NMDA leads to a reduction in the protein levels of TSPYL2, but not
other members of the regulatory complex, CASK and Trb-1.23 This
downregulation contributes to regulating the transcriptional activity of
Trb-1-CASK-TSPYL2 protein complex, and hence the expression of
Grin2b. In this setting, we can speculate that overexpression of TSPYL2
due to copy number gain may disturb regulation in response to
synaptic signalling. In the case of IQSEC2, we know this gene encodes
for a guanine-nucleotide exchange factor for the ARF family of small
GTPase proteins. IQSEC2 protein is enriched in the post-synaptic
density at excitatory synapses®>®* and associates with PSD95, a PDZ
domain-containing synaptic protein involved in NMDA receptor
clustering. IQSEC2 transcripts are localized in both hippocampal
neuronal cell bodies and dendritic processes™ suggesting that local
translation of IQSEC2 mRNA in an activity-dependent manner could
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contribute to synaptic plasticity. When we consider patients with
ADHD, there is a significant enrichment of CNVs affecting the
metabotrophic glutamate receptor genes GRM5, GRM8, GRM7 and
GRMI, indicating abnormal glutamate signaling in the cause of
ADHD.>* Similarly, IQSEC2 is linked to glutamate signaling, via the
ionotrophic glutamate receptor (NMDA) through the interaction with
DLG proteins (eg, PSD95).53 Hence, it is attractive to speculate that
increased dosage of IQSEC2 may lead to an inappropriate response to
glutamate signaling with similar phenotypic outcomes as those seen
with CNV gains to GRM1.
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