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What is already known
on this topic?

LICAM plays an important role
in nervous system development
including neuronal migration/
differentiation,  axonal  growt
h/fasciculation, myelination,
and synaptic plasticity. LICAM
gene mutation is the most
common cause of congenital
hydrocephalus.

What this study adds
on this topic?

We have demonstrated the mis-
sense mutations that are located
in the conserved region of the
second fibronectin type Ili-like
repeats in the extracellular region
of LICAM, affecting key amino
acid residues, lead to the severe
phenotype.
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ABSTRACT

Objective: The study aimed to show the clinical characteristics and prognosis of the L1 syn-
drome in patients with LICAM mutations in the extracellular region.

Materials and Methods: Three affected boys and their siblings and parents from a large family
were included in this study. Genetic efiology was investigated by whole-exome sequencing in
the index patient. The pathogenic variant was detected by whole-exome sequencing and was
validated by Sanger sequencing in 3 patients and other family members.

Results: We present 2 brothers and their cousin with prenatal onset hydrocephalus, severe
developmental and speech delay, corpus callosum agenesis/hypogenesis, epilepsia, and
adducted thumbs. A hemizygous missense mutation NM_024003 (c.A2351G:p.Y784C) on exon
18 of LICAM gene was found in the 3 patients and their carrier mother. This missense mutation
in the conserved region of the second fibronectin type Ill-like repeats located in the extracel-
lular region of LICAM resulted in the severe phenotype of X-linked inherited L1 syndrome in the
patients.

Conclusion: L1 syndrome should be considered in the differential diagnosis of male children
with intellectual disability, hydrocephalus, and adducted thumbs. While truncating mutations of
L1ICAM may cause a more severe phenotype, missense mutations cause milder forms. However,
pathogenic missense mutations affecting key amino acid residues lead to severe phenotype
likely.

Keywords: LICAM, hydrocephalus, adducted thumbs, corpus callosum agenesis, intellectual
disability

INTRODUCTION

L1 syndrome is an X-linked inherited group disorder caused by mutations in the LICAM gene
encoding the L1 cell adhesion molecule (LICAM, MIM:308840). The spectrum of L1 syn-
drome includes HSAS (MIM:307000, X-linked hydrocephalus with stenosis of the aqueduct
of Sylvius syndrome), MASA (MIM:303350, mental retardation, aphasia, spastic paraplegia,
adducted thumbs) syndrome, X-linked complicated spastic paraplegia type 1(MIM:303350),
and X-linked corpus callosum agenesis (MIM:304100)." Clinical features of L1 syndrome are
characterized by varying degrees of congenital hydrocephalus with adducted thumb, cor-
pus callosum agenesis, spasticity, and intellectual disability affecting 1/30 000 male births."?

L1 cell adhesion molecule protein is composed of a large extracellular domain, a single
transmembrane, and a small cytoplasmic region. It plays an important role in nervous
system development including neuronal migration and differentiation, axonal growth and
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fasciculation, myelination, and synaptic plasticity.** LICAM
mutations is the most common cause of congenital hydroceph-
alus and accounts for 5%-10% of boys with the isolated con-
genital hydrocephalus.® The phenotypic spectrum varies from
severe to mild, depending on the affected domain of L1 pro-
tein. The truncated mutations in the extracellular part of LICAM
lead to a more severe phenotype while missense mutations of
the extracellular part or cytoplasmic region can cause milder
forms.6-®

We presented here 3 patients with severe form of L1 syndrome
caused by missense mutation in LICAM gene.

MATERIALS AND METHODS

Patients

We present 2 brothers (Figure 1A; IV-2 and 3) and their cousin
(Figure 1A; IV-4) with X-linked hydrocephalus from a kin-
dred family. The mother of proband also reported that both
her brothers (Figure 1A) and maternal uncle (Figure 1A) were
born with similar findings including severe macrocephaly with
hydrocephalus and died at the first and third days of their life,
respectively, before ventriculoperitoneal shunt operations.

Methods

Written informed consent was obtained from the patient’s
parents prior to sample collection. The study protocol was
approved by the Yale Human Investigation Committee (pro-
tocol number 0908005592). Peripheral blood of all family
members was collected and genomic DNA was isolated from
peripheral blood leukocytes according to standard proce-
dures. Genomic DNA of the affected case (Figure 1A; IV-1)

was whole-exome sequenced at the Yale Center for Genome
Analysis. Seq Cap EZ MedExome Target enrichment kit (Roche
Sequencing, Pleasanton, Calif, USA) was used fo produce an
exome-captured sequencing library, and captured DNA was
sequenced using lllumina Hiseq 2500 System (San Diego, Caif,
USA). Raw reads from whole-exome sequencing (WES) were
aligned to the human reference genome (GRCh38/hg38) using
the BWA-MEM tool and Genome Analysis Tool Kit (GATK 1.1)
was used to identify genetic variants, ANNOVAR and in-house
programs were used for variant annotation. We filtered out
variants with an allele frequency less than 1in 1000 genomes,
in dbSNP or in the Exome Aggregation Consorfium’s browser.

RESULTS

Clinical Report

Patient 1 (Figure 1A; IV-2): The index case was diagnosed as
intrauterine hydrocephalus at prenatal 6 months and was born
at 40 weeks of gestation with a head circumference of 36 cm
and a weight of 3000 g. He had a ventriculoperitoneal shunt
operation at the age of 9 months. He gained head control at
3 years of age and achieved to sit without support at 4 years of
age. He had his first epileptic seizure at 5 years of age. Since
being on antiepileptic freatment, he had been completely free
of seizures. In his first examination at 6 years of age, his head
circumference was 52.5 cm (0.14 Standard deviation [SD]). The
physical examination revealed frontal bossing, brachycephaly,
hypertelorism, esotropia on the right eye, high palate, short
neck, bilateral adducted thumbs, and axial hypotonia (Figures
2A and C). He was not making eye contact. Ophthalmologic
evaluation was normal, and the audiometric evaluation was
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Figure 1. Pedigree of the kindred family, affected members are shown with filled symbols (A). Sanger sequencing analysis confirmed missense mutation
in our family (B). The mutation is indicated by a black arrow (c.A2351G:p.Y784C). Conservation of altered amino acid across species. Clustal Omega
software was used to generate sequence alignment (C).
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reported as moderate to severe hearing loss. Denver-I| test
result was compatible with severe developmental delay.
Hemogram, routine serum biochemistry tests, and urinalysis
were normal. In the evaluation of metabolic diseases, tandem
mass, blood amino acid, and urine organic acid tests revealed
normal results. Abdominal ultrasonography (USG) did not
reveal any pathological features. The electroencephalograp
hy (EEG) recording showed a state of epileptic encephalopa-
thy including periods of bioelectrical status and suppression
activity. Cranial magnetic resonance imaging (MRI) showed
corpus callosum hypogenesis, ventricular dilatation, cerebel-
lar hypoplasia, and cerebellar folia organization dysfunc-
tion (Figures 2G and H). When re-evaluated at 8 years and 8
months of age; he could only walk 1-2 steps with support and
speak only 1word.

Patient 2 (Figure 1A; IV-3): This boy was diagnosed with intra-
uterine hydrocephalus in prenatal 5 months and was born at
38 weeks of gestation with a head circumference of 46 cm and
a weight of 3700 g. He had a ventriculoperitoneal shunt opera-
tion on the first day of his life. The first seizure occurred on his
third day of life. He smiled at 4.5 months. In his first examination
at 20 months, his head circumference was 45 cm (—2SD). The
physical examination revealed brachycephaly, hypertelorism,
bilateral adducted thumbs, single palmar crease, axial hypo-
tonia, and spasticity of the extremities (Figures 2B and D). The
Denver-Il test result was compatible with severe developmen-
tal delay. Ophthalmologic and audiometric evaluations were
normal. Hemogram, routine serum biochemistry tests, and uri-
nalysis were normal. In the evaluation of metabolic diseases,
tandem mass, blood amino acid, and urine organic acid tests

revealed normal results. Abdominal USG did not reveal any
pathological features. Cranial MRI showed corpus callosum
agenesis, dilatation in the left ventricle, cortical sulcation pat-
tern disorder, organization dysfunction in the cerebellum, and
thickening in the dura mater (Figures 2l and J).

He gained head control at 2 years and 6 months and was able
to sit without support at the age of 4 years. In his last examina-
tion when he was 4 years and 3 months old, he could not walk
or speak a word.

Patient 3 (Figure 1A; 1V-4): The third patient was diagnosed
with intrauterine hydrocephalus, born term, and had a ven-
triculoperitoneal shunt operation on the 45th day of his life. In
his physical examination at the age of 8 months, head circum-
ference was 48 cm (+2SD), oxycephaly, micrognathia, axial
hypotonia, and bilateral adducted thumbs were observed
(Figures 2E and F), but he had not gained head control yet.
Ophthalmologic and audiometric evaluations were normal.
Hemogram, routine serum biochemistry tests, and urinalysis
were normal. In the evaluation of metabolic diseases, tandem
mass, blood amino acid, and urine organic acid tests revealed
normal results. Cranial MRI revealed prominent bilateral lat-
eral ventriculomegaly with the third ventricle (Figure 2K). The
EEG recording showed normal electrical activity.

The karyotype analysis performed on the proband was found
to be normal (46XY). Since all patients had common pheno-
typic features, karyotype and/or chromosomal array analysis
was not performed in the other 2 affected children, and WES
was preferred as a second-line test.

Figure 2. Photography of patient 1 at 6 years (A), patient 2 at 20 months (B), and patient 3 at 8 months (E). Adducted thumbs were also noted in patient 1
(C), patient 2 (D), and patient 3 (F). Brain magnetic resonance imaging shows a corpus callosum hypogenesis, showing the left lateral ventricle larger
than the right, cerebellar hypoplasia, cerebellar consentral folia organization dysfunction of patient 1 at 6 years of age (G and H), corpus callosum
agenesis, dilatation in the left ventricle, cortical sulcation pattern disorder, organization dysfunction in cerebellum and thickening in dura mater at patient
2 of 20 months of age (I and J) and also prominent bilateral lateral ventriculomegaly with the third ventricle at 8 months of age in patient 3 (K). Informed

consent to use these photographs was obtained from the patients’ fathers.
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The mothers of these patients had a lack of minor phenotypic
features such as brachycephaly and adducted thumbs.

Molecular Studies

Whole-exome sequencing of patient 1 identified 1 shared
hemizygous missense known variant NM_024003: c.2351A>G
(p.Tyr784Cys) on exon 18 of LICAM gene, located at chromo-
some Xq28. Sanger sequencing was performed on parents and
children to confirm this variant identified by WES analysis. The
pathogenic variant was detected in 3 affected boys (Figures 1B;
IV-2, 3, and 4) and their carrier mothers (Figures 1B; 111:2 and 3).
The effect of this variant was shown using a meta-analytic
support vector machine (https://omictools.co/metasvm- tool)
and it was found to be pathogenic according to functional sig-
nificance change in the amino acids. This missense mutation is
located in a highly conserved region of the second fibronectin
type lll-like repeats in the extracellular region (Figure 1C).

DISCUSSION

LICAM mutations were divided into different phenotypic
groups in studies investigating the phenotype-genotype rela-
tions. It has been reported that the children with a truncating
mutation have a more severe phenotype than children with a
missense mutation.”" The patients with prenatal onset hydro-
cephalus requiring a shunting and who died before the age of
3years are classified as severe L1 phenotype, while the patients
who live longer than 3 years of age without macrocephaly are
classified as mild phenotype.'? Three patients presented here
are classified as severe phenotype as they needed to have a
ventriculoperitoneal shunt operation on the first day, 45 days,
and 9 months of ages, respectively. Patients 1 and 2, who were
followed up, gained head control at the age of 2.5 and 3 years,
respectively, and could sit without support around the age of
4 years. Patient 1 could walk 1-2 steps with support and speak
only 1 word at the age of 8 years and 8 months and lower
extremity spasticity developed with aging.

L1 cell adhesion molecule is a member of the immunoglobulin
adhesion protein superfamily and is composed of 6 immuno-
globulin-like domains and 5 fibronectin type llI-like repeats in the
extracellular region and a short cytoplasmic tail.” The majority
of reported mutations are missense, nonsense, small insertions,
or deletions and splice-site are distributed throughout the large
extracellular domain of the L1 protein. The nonsense and frame-
shift variants lead to truncation of the L1 protein. Missense muta-
tions account for over one-third of pathological L1 mutations
described. The missense mutation (c.A2351G: p.Tyr784Cys) in
the LICAM we present here is pathogenic according to ClinVar.
It is also in the moderate pathogenicity (PM1) group according
to the ACMG Standards and Guidelines published by Richards
et al.® This mutation was reported by Mc Farlane™ in 5 children
with prenatal hydrocephalus, all of whom had died before the
age of 1. It is located in a highly conserved region of the sec-
ond fibronectin type lll-like repeats in the extracellular region
(Figure 1C). L1 cell adhesion molecule may interact with itself
(homophilic) and other molecules (heterophilic), such as axo-
nin-1 and F11, which are known to be cell adhesion molecules
of the immunoglobulin superfamily at the neuronal cell sur-
face.?? Previous studies had shown the effect of 12 missense

524

mutations on binding to L1, axonin-1, and F11 and many of those
mutations affect all 3 interactions, while some only affects
homophilic or heterophilic binding alone.” It has been reported
that missense mutations are subdivided as “key amino acid
residues” and “surface residues.” The missense mutations which
affect “key amino acid residues” are located in the extracellular
part of LICAM resulting in the diminution of both homophilic and
3 heterophilic bindings and this might produce more severe neu-
rological problems.®®” Since the variant (Tyr784Cys) presented
here, located in the second Fn domain, is required for homophilic
binding, it is defined as key residue mutation.

Adducted thumbs, which is a characteristic feature of this syn-
drome, were present bilaterally in 3 patients presented here.'”
® The pathological findings in the central nervous system are
reported such as hydrocephalus with or without stenosis of the
aqueduct of Sylvius (100%), corpus callosum agenesis/hypo-
genesis (68%), and/or cerebellar hypoplasia and small brain
stem in the patients.”® Surgical interventions were required
in infancy due to the ventriculomegaly and hydrocephaly
accompanied by corpus callosum agenesis in our study group.
Epilepsy, which was reported in a minority of patients with the
L1 syndrome, was present in patient 1. Heterotopic epileptic
foci formed by the disrupted and non-migrating neural stem
cells are hypothesized to take part in the pathogenesis of epi-
lepsy.”® In patient 1, epilepsy was also accompanied by hearing
loss, which was not a part of the syndrome. The patients pre-
sented here had a more moderate course than the reported
patients with the same mutation who died before the age of
one." This may be due to early surgical interventions or interfa-
milial variability due to the effect of modifying genes.

In conclusion, L1 syndrome should be considered in both male
fetuses with hydrocephalus and also in the differential diagno-
sis of male children with intellectual disability, hydrocephalus,
and adducted thumbs. Besides the presence of severe clinical
findings in this kindred family, our findings here support that
pathogenic missense mutations which affect key amino acid
residues are most likely to lead to a severe phenotype.
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