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Intellectual disability (ID) is frequent in the general population, with 1 in 50 individuals directly affected worldwide.

The multiple etiologies include X-linked ID (XLID). Among syndromic XLID, few syndromes present severe ID associated

with postnatal microcephaly and midline stereotypic hand movements. We report on three male patients with ID, midline
stereotypic hand movements, hypotonia, hyperkinesia, strabismus, as well as seizures (2/3), and non-inherited and postnatal
onset microcephaly (2/3). Using array CGH and exome sequencing we characterised two truncating mutations in /IQSEC2,
namely two de novo intragenic duplication mapped to the Xp11.22 region and a nonsense mutation in exon 7. We propose that
truncating mutations in /QSEC2 are responsible for syndromic severe ID in male patients and should be screened in patients

without mutations in MECP2, FOXG1, CDKL5 and MEF2C.
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INTRODUCTION

Intellectual disability (ID) is defined by substantial limitations in
cognitive functioning (intellectual quotient <70) coupled with a deficit
in adaptive behaviour and onset before the age of 18 years. ID is
frequent in the general population, with as many as 1 in every 50
individuals directly affected worldwide.!> Among the genetic etiologies
of ID, XLID is a frequent cause, estimated at 5-10% of all cases in
males, with a major genetic heterogeneity. Indeed, more than 102 genes
have been involved in syndromic form of XLID, making molecular
diagnosis and thus genetic counselling difficult.>* Among XLID,
syndromic and nonsyndromic forms are delineated based on
observed additional features that are associated with ID such as
seizures, abnormal growth parameters, visceral or cerebral mal-
formation, and so on. Recently, mutations in IQSEC2 (Sec7 domain
of, and IQ-like domain) have been shown to cause nonsyndromic XLID
with behavioural disturbance.>® We report on three male patients with
severe syndromic XLID and truncating mutations in IQSEC2.

PATIENTS AND METHODS

Patient 1

This patient was referred to the Genetics Department for severe ID and
postnatal microcephaly. He is the only child born to healthy unrelated parents

native to the south of France. Pregnancy was uneventful. The boy was born at
37 Y5 weeks of gestation full term by caesarean section due to an abnormal
presentation. Birth measurements were in the normal range (occipital frontal
circumference (OFC) 36cm, + 1 SD; birth weight 3430 g, mean; birth length
52.5cm, +1 SD). Postnatal course was marked by psychomotor retardation
with neonatal hypotonia, hyperkinesia, strabismus and non-inherited progres-
sive postnatal microcephaly with OFC at —2 SD at 6 months of age. He sat at
12 months and did not vocalize at 15 months. At the time of the last
evaluation, he was 4 years old. He presented with normal facial features
(Figure 1a). OFC was at 48 cm, —2.5 SD; weight at 2kg, +2 SD and length
at 106 cm, + 1 SD. Language was not acquired and he could not walk alone.
He had no purposeful hand skills, but had stereotypic hand movements such
as hand washing/rubbing automatisms. He additionally had behavioural
disturbances such as self injury and unexplained crying episodes. Epilepsy
with generalised myoclonic seizures started at the age of 4 years. Eye
examination revealed hypermetropia, leading to strabismus. Brain MRI with
spectroscopy, heart and kidney ultrasounds, skeletal X-rays and ENT examina-
tion were normal. Metabolic screening including urinary organic acid
chromatography and plasma lactate dosage, as well as congenital disorders
of glycosylation screening test were also normal. Standard blood chromosomes
and fluorescence in situ hybridisation (FISH) of the 22q11.2 region were
normal. Methylation-sensitive PCR of the Prader-Willi/Angelman syndrome
region and UBE3A sequencing analysis, as well as analysis of the MECP2,
CDKL5, MEF2C and FOXGI genes were normal.
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Figure 1 Front and lateral view of the patients. (a) Patient 1. Note the strabismus and the median position of the hands suggestive of stereotypic midline
movement of the hands. (b) Patient 2 at the age of 15 months and 31 months without specific facial dysmorphism. (c) Patient 3 at the age of 28 years.
Note high forehead, short philtrum and full lipes. Note also median position of the hands, suggestive of stereotypic midline movement of the hands.

Patient 2

This patient is the only child of healthy, non-consanguineous German parents.
Pregnancy was induced by hormone therapy and complicated by bleeding and
cervical insufficiency. Caesarean section was performed at the 38th gestational
week because of breech presentation. Birth measurements were normal
(OFC 33 cm, —1.36 SD; weight 2600g, —1.63 SD; length 52cm, 0.7 SD). In
infancy, muscular hypotonia, motor delay, brachycephaly, strabismus and
autistic behaviour including avoiding eye contact, repetitive hand movements,
focusing on one toy (ball) for a long time and restricting to few preferred
actions were observed. Microcephaly was not observed in the first 2 years of
life, but became obvious at the age of 2 and half years. He sat at 18 months,
stood at 30 months and started to vocalize at the same time. Walking and
talking were not achieved. Repetitive hand movements and temper tantrums
were observed. At the age of the last investigation at 3 years he showed
brachymicrocephaly, a high forehead, hypermetropia and strabismus
(Figure 1b). Height and weight were normal but he presented with postnatal
microcephaly (OFC 47 cm, —2.46 SD; weight 16kg, mean; height 97 cm,
—1.61 SD;). EEG, brain MRI and metabolic screening were normal. Conven-
tional and molecular karyotyping, fragile X testing and methylation-sensitive
MLPA of the Prader—Willi/Angelman syndrome region gave normal results.

Patient 3

This patient is the first child born to healthy, unrelated parents. Pregnancy was
uneventful. A baby boy was born at term by breech presentation. Birth weight
was normal (3600 g, mean) but length and OFC were not recorded. Neonatal
hypotonia was observed. At the age of 3 years, the boy developed partial
epilepsy as well as midline stereotypic hand movements. He also presented
strabismus. Language was partially acquired, but delayed and he walked alone
at the age of 2 and half years. On the last evaluation, at 28 years of age, he
presented with minor facial features (Figure 1c). Measurements were in the
normal range (OFC 56cm, —0.5 SD; weight 48kg, +2 SD; length 175cm,
-+ 1 SD). Between the age of 3 years and the last examination, both language
and motor skills had regressed. In addition, he had developed behavioural
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disturbances including self injury. Brain MRI showed cerebral atrophy, with
nonspecific hypersignal foci in periventricular white matter. Conventional
blood karyotyping as well as analysis of the MECP2, CDKL5, MEF2C and
FOXGI genes were normal.

Methods

For patient 1 and 3, DNA was extracted from the patient’s whole blood sample
using the QIAamp DNA Blood Maxi Kit (QIAGEN, Courtaboeuf, France),
according to the supplier’s protocol. Microarray analysis was performed using
SurePrint G3 Human CGH Microarray 180 K (Agilent, Santa Clara, CA, USA),
according to the manufacturer’s instructions. Results were processed and
visualised by Cytogenomics 2.0 (Agilent) for patient 1, and by DNA analytics v
4.0.85 for patient 3. DNA sequence information referred to the public UCSC
database GRCh37 (hgl9). Potentially pathogenic copy number variations
(CNV, defined as the copy number changes of 3 consecutive probes) were
verified by qPCR and FISH in patient 1 and by CGH-array SurePrint G3
Human CGH Microarray 1 million (Agilent) for patient 3. FISH analysis was
performed on metaphase chromosomes using two probes, according to the
standard cytogenetic protocols. The probes included bacterial artificial
chromosome clone RP13-497017 (Xp11.22, encompassing IQSEC2) for the
duplicated region and a plasmid centromeric probe pLAX (DXZ1) as a control
(kind gift from M Rocchi, University of Bari, Italy). Patient 2 was identified in
an exome-sequencing study of 51 patients (19 males) with nonspecific severe
ID, and has been briefly reported by Rauch et al.” as patient E10-0275. Details
on exome sequencing and Sanger sequencing are described therein.?

RESULTS

Microarray analysis in patient 1 retained only one potentially
pathogenic CNV, a 42-kb duplication mapped to the Xp11.22 region
inside IQSEC2  (position X: 53283513-53325284, hgl9).
Microarray analysis in patient 3 retained a 22-kb duplication
mapped to the Xpll.22 region inside IQSEC2 (position X:
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Figure 2 (a) Array CGH in patients 1 and 3, showing a small duplication of the IQSEC2 gene. (b) Partial sequence electrophoregrams of IQSEC2 exon 7
obtained from gDNA from patient 2, with a de novo hemizygous nonsense mutation in exon 7 (NM_001111125.1: ¢.2563C>T; pArg855*) and his healthy

parents.

53276030-53298472, hg19). Based on the probes from the SurePrint
G3 Human CGH Microarray 180K, duplication of IQSEC2 was
intragenic and was between exon 2 and the end of exon 4 for patient
1, and between intron 2 and the end of exon 8 for patient 3. The
duplication was confirmed by qPCR using exon 2-specific probes of
IQSEC2. Analysis of parental blood by qPCR determined a de novo
occurrence of the duplication. FISH analysis using the RP13-497017
probe did not show an additional signal on any chromosome other
than the X chromosome. IQSEC2 was thought to be disrupted by the
intragenic duplication. A de novo hemizigous nonsense mutation in
exon 7 (NM001111125.1: ¢.2563C>T; pArg855*) was identified in
patient 2 (Figure 2).° Exome and CGH microarray results are
summarised in Figure 2.

DISCUSSION

We report on three male patients with a truncating mutation in
IQSEC2 and severe syndromic ID characterised by progressive
postnatal microcephaly, absence of speech and midline stereotypic
hand movements similar to those observed in Rett or variant Rett
syndromes. To date, mutations in IQSEC2 have been linked to
nonsyndromic XLID in four unrelated families, with 32 male patients
presenting moderate to severe ID and autistic features as reported by
Shoubridge et al” In addition, 5/32 males also had seizures and 2/32
psychiatric disorders. Growth parameters including OFC were
normal. Four different non-synonymous mutations in IQSEC2 were
identified in these male patients. These mutations were predicted
to lead to non-conserved amino acid substitutions within the key
functional domains of IQSEC2. Our patients differ from the patients
described by Shoubridge et al,” as they present a severe syndromic
XLID phenotype namely severe ID and progressive microcephaly with
postnatal onset (2/3), midline hand stereotypies (3/3) and seizures
(2/3). Tt is worthy to note that some female carriers had mild learning

disabilities, which could be due to IQSEC2 partial loss of function.
It is tempting to speculate that female carriers with severe truncating
mutation may have a more severe phenotype than female carriers
with non-synonymous mutations.

Interestingly, Morleo et al® described a girl born to healthy
unrelated parents, sharing similarities with Rett syndrome,
including speech regression, hypotonia, infantile spasms and severe
ID since the age of 5 months. The patient presented with an
apparently balanced t(X; 20), disrupting IQSEC2. This patient also
had a complete skewed X-inactivation pattern with preferential use of
the translocated chromosome. The clinical manifestations observed
in this patient are thought to be due to disruption of IQSEC2. Table 1
summarises the clinical manifestations of the described patients from
the literature and the patients described in this report.

IQSEC2 encodes for a guanine nucleotide exchange factor (GEF)
that catalysed the exchange of GDP on GTP on Arf6, a small GTPase
member of the ADP-ribosylation factor family. Shoubridge et al®
demonstrated that mutation in IQSEC2 leads to significantly
diminished GTP binding to ARF6 as compared with the wild types.
They concluded that a loss of GEF activity of IQSEC2 is likely to be
the underlying molecular mechanism of ID in patients with IQSEC2
mutations, probably by leading to reduced activation of the ARF6
substrate and influencing the regulation of actin cytoskeleton
organisation.”$10

Interestingly, the patient reported by Morleo et al® and the three
patients reported here presented with features observed in patients
with MECP2, FOXG1, CDKL5 and MEF2C mutations (Table 1).

These genes, responsible for Rett syndrome and variant Rett
syndrome, have been demonstrated to be involved in intracellular
signalling pathways via small GTPases that have been divided into at
least five families, namely Ras, Rho, Rab, Arf and Ran small GTPase.
Small GTPases have a crucial role in cytoskeleton dynamics,
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Table 1 Clinical and biological features observed in patients with IQRSEC2 mutations

Present report

Morleo et alf

Shoubridge et al®

Reported

patients Patient 1 Patient 2 Patient 3 Family 11819 Family 220 Family 3 Family 4

Number of 1 1 1 1 12 9 8 4

patients

Birth OFC (cm) 36 (+1SD) 33 (-1, 36 SD) NR Normal (NR) NR NR NR NR

Age at last 4 years 3 years 28 years NR NR 14-30 years NR NR

examination

OFC (cm) 48 (-2,5SD) 47 (—2,46 SD) 56 (—0,5 SD) NR Normal —2to +2SD NR NR

Gender 1M 1M 1M 1F 12M 8M;1F 8M 4 M

Strabismus + + + NR NR 1/8 M NR NR

Motor Delay Delay Regression Delay NR Delay (1/6 M) Delay (1/8) ND

development

Intellectual Severe Severe Severe Severe Moderate Moderate to severe 8/8 M; Mild Mild to

disability moderate 1/1 F moderate

Language Not aquired Not aquired Regression Delay NR Delay (4/8 M) Delay (1/8) Delay (3/4)

development

Midline + + + NR NR NR NR NR

stereotypies

Seizures + - + + 1/12 2/8 M; 1/6 F 0/8 2/4

Regression — — + + NR NR NR NR

Autism-like + + + - 0/12 4/8 M; 1/6 F 0/8 1/4

behaviour

Mutation Truncating c.2563C>T, Truncating 46,XX,t(X;20) ¢.2587C>T, c. 2402 A>C, c. 2273 G>A, c.1075C>T,
duplication R855* duplication  (p11.2;q11.2) R863W Q801P R758Q R359C

Abbreviations: F, female; M, male; NR, not reported; OFC, occipital frontal circumference.

suggesting a common physiological pathway via abnormal small
in patients with severe ID, seizures, postnatal

GTPase signalling! =17

microcephaly and stereotypic midlines movements.

We propose that non-synonymous mutations in IQSEC2 leading to
small functional perturbations are responsible for nonsyndromic
XLID, whereas truncating mutations in JQSEC2 may generate a more
severe loss of function of IQSEC2 that could explain the severe
syndromic ID observed in the three reported patients, as well as the

patient reported by Morleo et al.®

Based on these data, it appears legitimate to propose IQSEC2
molecular screening in patients with syndromic ID and Rett-like
movements, and negative for mutations in MECP2, FOXG1, CDKL5

and MEF2C.
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