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in the IQSECZ2 gene that

modulates the phenotype severity in a family with

intellectual disability
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The IQSEC2 gene is located on chromosome Xp11.22 and encodes a guanine nucleotide exchange factor for the ADP-
ribosylation factor family of small GTPases. This gene is known to have a significant role in cytoskeletal organization, dendritic
spine morphology and synaptic organization. Variants in JQSEC2 cause moderate to severe intellectual disability in males and a
variable phenotype in females because this gene escapes from X-chromosome inactivation. Here we report on the first splicing
variant in /IQSEC2 (g.88032_88033del; NG_021296.1) that co-segregates in a family diagnosed with an X-linked form of ID. In
a percentage of the cells, the variant activates an intraexonic splice acceptor site that abolishes 26 amino acids from the highly
conserved PH domain of /QSEC2 and creates a premature stop codon 36 amino acids later in exon 13. Interestingly, the
percentage of aberrant splicing seems to correlate with the severity of the disease in each patient. The impact of this variant in
the target tissue is unknown, but we can hypothesize that these differences may be related to the amount of abnormal /IQSEC2
transcript. To our knowledge, we are reporting a novel mechanism of /QSEC2 involvement in ID. Variants that affect splicing are
related to many genetic diseases and the understanding of their role in disease expands potential opportunities for gene therapy.
Modulation of aberrant splicing transcripts can become a potent therapeutic approach for many of these diseases.
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INTRODUCTION

Intellectual disability (ID) affects 1-3% of the general population
being highly heterogeneous and involving both genetic and environ-
mental factors. Approximately, half of the ID cases have a familial
origin and in ~ 50% the genetic defect remains unknown. X-linked ID
(XLID) represents an important proportion of the patients affected
by ID; indeed, >100 genes have been involved in syndromic and
non-syndromic forms of XLID, making molecular diagnosis and
genetic counseling difficult. Recently, in an X-chromosome exome
resequencing project, Tarpey et al.! identified three non-synonymous
variants in the JQSEC2 gene (Sec7 domain of, and 1Q-like domain;
MIM*300522) in patients with XLID. Shoubridge et al? identified
another mutation and demonstrated the implication of these variants
in the etiology of ID. This gene is located in the X-chromosome and
escapes X-inactivation. It codes for a guanine nucleotide exchange
factor (GEF) for the small GTP-binding proteins. The protein has a
critical role in cytoskeletal and synaptic organization by activating
diverse ARF substrates, such as Arf6 that is localized in the
postsynaptic density (PSD) of excitatory synapses.> The IQSEC2
protein has three functional domains and one PDZ-binding motif.
The IQ domain, including amino acids from 337 to 366, serves as a
binding site for different proteins including the myosin light chains,
calmodulin (CaM) and CaM-like proteins.* The Sec7 domain,
including amino acids from 736 to 929, catalyses GDP-GTP exchange
on Arf GTPases such as Arfl and Arf6. The PH domains, which

include amino acids from 941 to 1045, are small modular domains
that occur in a large variety of proteins and have a role in recruiting
proteins to different membranes, thus targeting them to appropriate
cellular compartments or enabling them to interact with other
components of the signal transduction pathways. Finally, the PDZ
motif, including amino acids from 1484-1488, mediates many cellular
and biological functions, especially those involving signal transduction
complexes.>>® The first variants described in the IQSEC2 gene were
located in the IQ-like and sec7 domains? and the loss of GEF activity
was the most likely underlying molecular mechanism for the 1D.>%10
Almost all male patients carrying IQSEC2 variants showed moderate to
severe 1D, whereas females were variably affected.!! In the present
study, we have identified a novel splicing variant in the IQSEC2 gene
that activates an alternative splicing, producing a mosaic of normal
and aberrant IQSEC2 mRNA.

MATERIALS AND METHODS

Patients

We studied a non-consanguineous family with five affected individuals with
unexplained mild to severe ID and one with learning disabilities (Figure 1).
Previous routine studies discarded fragile X syndrome and copy-number
changes by aCGH. Exome sequencing was performed in two affected (12 and
115) and two non-affected (I3 and I4) individuals of the family. All participants
have provided written consent and the study was approved by the Institutional
Review Boards of the Hospital Clinic of Barcelona.
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Figure 1 Pedigree of the family. The individuals who could be tested are indicated as carrying the 2-bp deletion or not (wt). NA, not available; wt, wild type.

Exome sequencing

Exome sequencing was performed in individuals 12, 13, 14 and II5 by the
SNP&SEQ Technology Platform in Uppsala, Sweeden (www.sequencing.se) as
described previously.!> Common variants (MAF >1%), based on frequencies
in dbSNP® and the 1000 Genomes Project,'* were discarded. Putative
candidate variants were selected according to their potential effect on the
phenotype as predicted by the tools polyphen2 (ref. 15) and SIFT'® and the
function of the gene and segregation in the family. The variant detected by
exome sequencing was confirmed by Sanger sequencing in DNA of the patients
and their relatives (primers’ sequences available upon request). PCR products
were bidirectionally sequenced using Big Dye Terminator in an ABI3130
automated sequencer (Life Technologies, Madrid, Spain). The variant has been
submitted into the public database ClinVar (submission ID SCV000245768;
http://www.ncbi.nlm.nih.gov/clinvar/submitters/505524/).

Fibroblast culture

Skin biopsies from individuals 12 and II5 were obtained using a 3-mm punch
without local anesthesia. The biopsy was diced under sterile conditions and
then plated in T25 flasks in Minimum Essential Media (MEM) 13% containing
500 ml MEM (Gibco, Thermo Fisher Scientific, Madrid, Spain) and 75 ml
Newborn Calf Serum (Gibco) supplement with 0.30 ml Penicillin (Gibco) and
0.30 ml Streptomycin (Gibco) at 37 °C with a 5% CO, atmosphere. After 10—
15 days in culture, one of the cultures is supplemented with cycloheximide
(10 pg/ml) for 5h. Cycloheximide is the most common protein synthesis
inhibitor, and is believed to specifically inhibit the cytoplasmic protein
synthesis. It has been previously reported that cycloheximide pretreatment
increases the level of aberrant transcripts due to splice-site variants.!”

RNA extraction and cDNA synthesis

For individuals 12, 13, 14, 114, 1I5 and 116, 2.5 ml of peripheral venous blood was
collected in 5 ml PAXgene tubes (Qiagen, Hilden, Germany). Whole-blood RNA
was isolated with the PAXgene Blood RNA Kit (Qiagen) according to the
manufacturer's instructions. RNA extraction from fibroblasts was automatically
performed using the QIAsymphony RNA Kit (Qiagen). RNA was quantified with
a ND-1000 spectrophotometer (Thermo Fisher Scientific). cDNA was generated
starting from 0.15 pg of total RNA using the High cDNA capacity RNA following
manufacturer’s instructions (Life Technologies) and was amplified by Sanger
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PCR (primers’ sequences available upon request). Isolation of the 374-bp band
was performed using the High Pure PCR Product Purification Kit, following the
manufacturer’s recommendation (Roche Diagnostics, Barcelona, Spain) and PCR
products were bidirectionally sequenced using Big Dye Terminator in an
ABI3130 automated sequencer (Life Technologies).

Expression analysis by PCR and qPCR

Real-time quantitative PCR was performed using the Power Master Mix PCR
SYBR Green on an automated ABI 7300 PCR System by standard curve method
for quantification (Applied Biosystems, CA, USA). A pair of primers was
designed to amplify only the wild-type transcript of exon 12 and a second pair
of primers was designed to amplify both the wild-type and the aberrant mRNA
transcript (primers’ sequences available upon request). Relative quantification
of aberrant transcript of the IQSEC2 gene was determined based on the
amplification of the wild-type transcript with respect the total product.
Individuals I3 and 14 were considered as controls.

RESULTS

Clinical examination

Patient 1. The index patient (Figure 1, II5) was born to unrelated
parents and he was diagnosed with severe ID. At the time of evaluation
he was 32 years old, OFC was 53.5 cm (3rd percentile; — 1.94 SD) with
a weight of 57 kg (7th percentile; — 1.55SD) and a height of 169.5 cm
(11th percentile, —1.24 SD). On physical examination, the patient
showed some minor dysmorphic facial features such as prominent
superciliary arch, wide and smooth philtrum, and thin upper lip
(Figure 2a), multiple lentiginosis on his back and macroorchidism. He
also showed poorly marked palmar flexion creases and a hypoplastic
nail on the fifth toe. The patient has a severe language- (only few
words) and motor-development delay. Although no IQ tests have been
performed, a disability of 80% was established by the Elderly and
Social System Institute of Spain.

Patient 2. This patient (II6) presents with moderate ID. He is less
affected than his brother (II5) and is nowadays working in a
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Figure 2 Images of four of the individuals carrying the mutation in the /QSEC2 gene. All present similar facial features with bulbous nose, smooth wide
philtrum and thin upper lip. (a) Patient 115 at the age of 32 years. He presents with severe ID. (b) Patient 116 at the age of 29 years. He presents with
moderate ID. (c) Patient I1.4 at the age of 39 years. She presents with mild ID. (d) Patient 12 at the age of 62 years. She presented mild ID.
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Figure 3 Analysis of /QSEC2 cDNA. The amplified products encompassing
exons 10-13 are shown. (a) The first six bands correspond to mRNA
IQSEC2 products obtained from lymphocytes. Two bands were visualized in
mutation carrier samples, whereas only one band was visualized in samples
from healthy relatives. The first column corresponds to 1 kb plus DNA
ladder. Note the different intensity patterns of the bands in the patients.
(b) Amplification pattern in mRNA from fibroblasts from patients 12 and 115.
+C indicates pretreatment with cycloheximide.

supermarket. At time of evaluation, he was 29 years old. OFC was
55.5cm (26th percentile, —0.67 SD), weight was 67 kg (26th
percentile; —0.67 SD) and length was 170 cm (13th percentile,
—1.17 SD). As his brother he presented with minor facial features
(Figure 2b): findings may include thin upper lip, narrow nasal root,
slanted and wide nasal tip, and wide and smooth philtrum. He
presents with a frontal angioma (3 x3 cm). Unlike his brother, he
presents normal testes. Upper extremity exam showed short fingers
and the lower extremity exam showed a bilateral hypoplastic nail in
the second toe. This patient presented discrete motor involvement and
had a slight speech delay. A disability of 33% was established by the
Elderly and Social System Institute of Spain.

Patient 3. This patient (II4) presented mild ID, obesity and short
stature. At the time of examination she was 39 years old. The OFC
was 53.5 cm (8th percentile, —1.45 SD), her weight was 113 kg (99th
percentile; +6SD) and her height was 151 cm (2nd percentile, — 2.2 SD).
The facial characteristics included a wide nasal tip, wide and smooth
philtrum, and a thin upper lip (Figure 2¢). She presented speech delay
and discrete motor involvement.

Patient 4. This patient (I12) is the oldest sibling of patients 1, 2 and 3
(115, 116 and I14) and the mother of patient 6 (III1). She presented
mild learning disabilities.

Patient 5. This patient (12) is the 62-year-old mother patients 1, 2, 3
and 4. At the time of examination she presented with mild ID, obesity
(73 kg; 96th percentile) and short stature (147 cm, —2.86 SD). Her
facial characteristics included a round face with a narrow nasal root
and wide nasal tip, a smooth wide philtrum and thin upper lip
(Figure 2d). She also had short fingers and a single palmar crease in
the right hand and dysplastic nails in both feet.

Patient 6. This patient (III1) presented severe ID and postnatal
microcephaly (OFC: 51 cm; st percentile, —3.26 SD). At the time of
evaluation he was 15 years old, weighed 41 kg (4th percentile; —1.81
SD) and was 153-cm tall (2nd percentile, —2.30 SD). He had smooth
wide philtrum, thin upper lip and high arched palate. Unfortunately,
RNA sample from this patient was not available.

Molecular studies

Exome sequencing identified a novel splicing variant
(g.88032_88033del) in the IQSEC2 gene (NG_021296.1) in cases 12
and II5. Familial study by direct Sanger sequencing of exon 12 and
boundaries confirmed the presence of the variant in four other
affected family members (Figure 1). The variant is an intronic deletion
of 2 bp. The amplification of IQSEC2 mRNA with primers spanning
exons 9-12 showed two separate products in variant carriers: a ~ 455 bp
band (wild-type size product) and an extra ~ 374-bp band (Figure 3a).
The same patterns were observed in mRNA from fibroblasts treated
with and without cycloheximide (Figure 3b).

Isolation and sequencing of the 374-bp band showed that the
variant activated an exonic splice acceptor site producing a deletion
spanning 79 nucleotides in exon 12 (r.3116_3194del). This deletion
results in aberrant mRNA transcript product with the abolishment of
26 amino acids from the highly conserved pleckstrin homology (PH)
domain in the IQSEC2 gene and the creation of a premature stop
codon 36 amino acids later in exon 13 (Figure 4). Quantitative PCR
analysis of cDNA showed that the percentage of aberrant transcript
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Figure 4 The top panel (a) shows an /QSEC2 wild-type PCR product in which the normal exon structure from exons 10-13 is maintained. The bottom panel
(b) shows the isolated 374-bp PCR product that corresponds to the aberrant spliced form in which 79 nucleotides of exon 12 are deleted. (c) The splicing
patterns identified in the patients are represented schematically. Exons and introns are indicated by boxes and horizontal lines, respectively. The diagonal
lines indicate the splicing events that were observed in lymphocytes and fibroblasts. The figure is not drawn to scale.

and wild-type transcript varied in the different individuals and
increased with the clinical severity. In individuals I3 and 14, the
observed ratio of wild-type transcript versus total transcript was 0.98
and 1.03, respectively. In patient II5, the most affected, the ratio was
~0.5, whereas in his brother, the ratio was around 0.6. The carrier
mother (I12) and sister (IT14) presented ratios of 0.82 and 0.90,
respectively.

DISCUSSION
A novel splicing variant in intron 11 of the IQSEC2 gene was identified
in a family with several members affected with ID. The variant caused
two molecular events both in lymphocytes and fibroblasts: (1) it
created a new splice acceptor site, producing an aberrantly spliced
transcript in a percentage of the cells, and (2) a premature termination
codon (PTC) was introduced into the alternate spliced mRNA
product. The PTC produces a shorter mRNA with the deletion of
the PH domain and the PDZ-binding motif. In most cases, the use of
unnatural splice sites introduces PTCs into the mRNA. These PTCs
lead either to nonsense-mediated mRNA decay (NDM) or production
of a truncated protein lacking a number of functional domains.'® As
suggested by the presence of a PDZ-binding motif, the IQSEC2
protein is anchored at PSD via its interaction with PSD-95, which also
interacts with NMDA receptors.!*?? At the PSD, the IQSEC2 protein
activates the ARF6 substrate that has been shown to regulate the
formation and maintenance of dendritic spines,21 the branching of
axons and dendrites,”>?? exocytosis and endocytosis of synaptic
vesicles,>»?> and receptor internalization.?>2°

Disease-related variants directly modify the DNA sequence or can
influence mRNA splicing leading to the lack of the correct gene
product or to the formation of truncated proteins. The mechanism of
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exon recognition involves identification of a complex code of cis-acting
elements within genes, located at the 5" and 3’ ends of exon—intron—
exon junctions (known as donor and acceptor splice sites, respec-
tively).?” Pre-mRNA transcripts may be differentially spliced, depending
basically on tissue localization and/or stage of development. This
different processing allows several transcripts and different proteins to
be synthesized from the same gene. The different use of a novel splice
acceptor site suggests that trans-elements besides cis-elements regulate
the activation of the novel splice acceptor site, that is, nuclear proteins
expressed in tissue-specific patterns. We have evaluated the splicing
pattern in two tissues with different embryonic origins: fibroblasts and
lymphocytes. The splicing pattern observed was the same in both
cultures and the use of cycloheximide in fibroblasts did not reveal any
other transcripts at low levels. The clinical examination of affected
members of the present family revealed that the phenotype differed
among variant carriers. The analysis of the aberrant/wild-type transcript
ratio in patients 1 and 2, has shown that the most clinically affected
patient (patient 1) seems to have less wild-type transcript (50%),
whereas the patient less clinically affected (patient 2) has more wild-type
transcript (60%). We hypothesize that these differences may be related
to the percentage of cells showing an abnormal splicing pattern. The
IQSEC2 protein is mainly expressed in nervous system (fetal and adult
human brain and frontal cortex), kidney and small intestine. As the
target tissue was not available, it is unknown how this variant can affect
the structure of the IQSEC2 protein. The most likely option is the
degradation of the mRNAs containing PTCs by the NDM pathway
(Leeds et al;?® for a review see Kervestin and Jacobson?®). Regarding
clinical features in females, these are less severe due to the presence of a
normal X-chromosome, which has been previously described.”!!
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