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The first missense mutation of NHS gene in a Tunisian
family with clinical features of NHS syndrome
Including cardiac anomaly

Manel Chograni1’3, Imen Rejeb1’3, Lamia Ben Jemaal2, Myriam Chaabouni!’2, Habiba Chaabouni Bouhamed*!*2

Nance-Horan Syndrome (NHS) or X-linked cataract-dental syndrome is a disease of unknown gene action mechanism, characterized by
congenital cataract, dental anomalies, dysmorphic features and, in some cases, mental retardation. We performed linkage analysis in a
Tunisian family with NHS in which affected males and obligate carrier female share a common haplotype in the Xp22.32-p11.21
region that contains the NHS gene. Direct sequencing of NHS coding exons and flanking intronic sequences allowed us to identify the
first missense mutation (P551S) and a reported SNP-polymorphism (L1319F) in exon 6, a reported UTR-SNP (c.7422 C>T) and a
novel one (c.8239 T>A) in exon 8. Both variations P551S and c.8239 T>A segregate with NHS phenotype in this family. Although

truncations, frame-shift and copy number variants have been reported in this gene, no missense mutations have been found to
segregate previously. This is the first report of a missense NHS mutation causing NHS phenotype (including cardiac defects). We
hypothesize also that the non-reported UTR-SNP of the exon 8 (3’-UTR) is specific to the Tunisian population.
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INTRODUCTION

Nance-Horan Syndrome (NHS; OMIM 302350) is an X-linked
cataract-dental syndrome, characterized by bilateral congenital catar-
acts, dental anomalies, craniofacial abnormalities and, in some cases,
mental retardation (MR).! This syndrome is caused by mutations in
the NHS gene (NHS) located on Xp22.13.*

Ophthalmological findings in affected males include bilateral severe
congenital cataract involving the fetal nucleus and posterior Y suture,
with variable zonular extensions into the posterior cortex.>® Hetero-
zygous females often manifest similar, but less severe features than
affected males.>® Approximately 30% of affected males display MR
and behavioral disturbance.>’

NHS was mapped to Xp21.1-p22.3”8 and, more recently, was refined
to a critical region of 1.3Mb between STR markers DXS1195 and
DXS$999. We have independently confirmed the genetic interval
Xp22.32-p11.21 by detailed analysis of a Tunisian family with NHS.

The NHS gene is alternatively spliced and encodes two major
isoforms, NHS-A and NHS-1A, implicated in the pathogenesis of
NHS and containing a functional WAVE homology domain (WHD)
in the N-terminus.!®!! The NHS-A is able to associate with the cell
membrane and involved in cell—ell contact.'> NHS protein is involved
in the regulation of actin remodeling and cell morphology.!!

Moreover, it is of importance in the limbic system, NHS protein
which is of interest, given the range of neuropsychological abnorm-
alities, including MR, autism, aggression, anxiety, stereotypical
behavior and mood disturbance>® reported in some males affected
with NHS and present in our studied patients.

To date, 18 pathogenic mutations have been identified in 4 of the 10
coding exons of the NHS gene, all of which are predicted to result in a
truncated NHS protein.»13-18

Our present study revealed, for the first time, a missense mutation
in NHS genes’ exon 6 identified in the three studied brothers and a
reported SNP was revealed in the same exon. We identified also two
other variations in exon 8: a novel UTR-SNP in 3’-UTR, which is
predicted to be specific to the Tunisian population and a reported one.

METHODS

Subjects and sample collection

Six members of an NHS family have been enrolled in a genetic research
program through the laboratory of Human Genetics (Faculté de Médecine de
Tunis, Tunisia). The family was referred to the Department of Congenital and
Hereditary Disorders at the Charles Nicolle Hospital (Tunis, Tunisia), because
of the three affected brothers with signs of NHS, including congenital cataract,
MR, dysmorphic features, dental anomalies and cardiac defect in one patient.
The three patients were followed by ophthalmologists, because of severe
bilateral cataract clinically suspected since birth. They had undergone cataract
extraction early in life, before the age of 12 years.

Peripheral blood samples were taken from the three affected patients, their
two healthy siblings (brother and sister) and their mother. Informed consent
was obtained from affected and healthy family members.

A total of 50 control individuals, age from 20 to 50 years, were selected; they
include 22 males and 28 females with no sign of MR, neither cataract or cardiac
defect, nor dental anomalies.

Genomic DNA was extracted from peripheral blood leukocytes by the
standard proteinase-K extraction consisting of: lysis of red blood cells by
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RBC Lysis Buffer (155mm NH,4Cl, 10mM KHCO3, 0.5 EDTA, pH 7.5) and
white blood cells by a WBC Lysis Buffer (1 mm Na-EDTA, 5mum Tris HCI pH
7.5), treatment of the lysate with a mixture of detergent composed of SDS
(sodium dodecyl sulfate or sacrosyl and proteinase K) in order to liberate the
DNA and digest the associated proteins, precipitation of the DNA in the form
of filaments by absolute ethanol and finally dilution of the DNA in T10E1L
buffer (Tris 10 mMm, EDTA 0.1-1 mm) and stored in 10 ml vacuum tube sterile
containing 100 pl of 0.1 M EDTA.K3.

Genotyping

Polymerase chain reaction (PCR)-based microsatellite markers genotyping were
performed by using 18 dinucleotide fluorescent microsatellites on the
X-chromosome at 10-cM intervals (panel 28 of the Prism Linkage Mapping
Set, ver.2.5; Applied Biosystems (ABI), Foster City, CA, USA). Genotyping was
performed on a genetic analyser (PRISM 3130; ABI) with accompanying
software (GeneScan; ABI).

Linkage analysis

Two-point LOD scores were calculated using the MLINK program of the
LINKAGE package (ver. 4.1P; http://www.hgmp.mrc.ac.uk; provided in the
public domain by the Human Genome Mapping Project Resources Centre,
Cambridge, UK).!*20 Analysis assumed an X-linked recessive transmission with
complete penetrance.

Molecular analysis

Candidate gene NHS (isoform A) was screened for mutations and variations.
The gene sequence was retrieved from the UCSC Human Genome Browser
(http://genome.ucsc.edu/; NHS: NM_198270). Suitable primers for PCR
amplification of exons and flanking regions sequences of NHS were designed
using Primer 3 (Primer 3-http://frodo.wi.mit.edu/primer3/).

PCR was performed by using 400 ng of DNA template, 20 pmol each of
forward and reverse primers (Biomatik, Cambridge, Canada), 1.5 units of Taq
DNA polymerase recombinant (Invitrogen, Carlsbad, CA, USA) and 1.25mm
dNTPs (Promega, Madison, WI, USA) in a total volume of 50pl. PCR
consisted on 35 cycles and was carried out in an automated thermal cycle
GeneAmp PCR System 9700 (ABI) under the following conditions: initial
denaturation at 95 °C for 5 min and denaturation at 95 °C for 30s, annealing at
52-60 °C for 30s and elongation at 72 °C for 30, followed by one cycle of final
extension at 72 °C for 7 min.

The amplified products were purified (Wizard SV Gel and PCR Clean-Up
System Kit; Promega) and sequenced (Big Dye Terminator Cycle Sequencing
Ready Reaction; DNA Sequencing Kit; ABI PRISM 3130; ABI) in the forward
and reverse directions. Sequencing results were visualized and data were
computer analyzed using Sequencing Analysis 5.2 and SeqScape softwares
(ABI).

Comparing between normal protein and a mutated one

In order to compare the sequence of a normal protein with a mutated one we
used the SMART site (Simple Modular Architecture Research Tool: http://
smart.embl-heidelberg.de/) that allowed us to identify the differences between
proteins’ domains.

RESULTS

Clinical and biological investigations

The three affected patients showed clinical presentations consistent
with typical features of NHS shown in Table 1, but characteristic
screwdriver blade-shaped incisors were not present. They had bilateral
cataract involving the nucleus, total nuclear type with microphthal-
mia. None of them presented microcornea, nystagmus or strabismus.
They showed moderate to severe MR; patients III14 and III15
(Figure 1a) had walked and spoken at 3 years. However, their affected
brother 11116 is intellectually better; he had walked and spoken at
2 years. Their neurological examination showed ligamentous laxity of
the fingers, stereotyped hands and asymmetric bodies. Moroever, we
sign up neonatal hypotonia and cardiac anomaly for patient III15.
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Table 1 Clinical features of the affected brothers with NHS

Patients 11-14 1-15 1-16
Age (1st 5 years 4 years 3 years
consultation)
SD of CP (incm) -2.35 -3 -2
Cataract Bilateral total Bilateral total Bilateral total
nuclear nuclear nuclear
MR Severe Severe Moderate
PMD Walked at Walked and spoke Walked and
3 years at 3 years spoke at 2 years.
Could not stand
up on one leg
FD Elongated face, microphthalmia, oligodentia, thick gums
Bitemporal Hyperthelorism Flat cheek
retraction
Beaked nose Deep narrow
palate
Palpibral slots with
anti-mongoloid obliquity
Very narrow palate
Triangular ears
Others Clinodactyly of Heart surgery (installation —

of a valve)
Neonatal hypotonia

the 2nd finger

Abbreviations: CP, cranial perimeter; SD, standard deviation; MR, mental retardation;
PMD, psychomotor development; FD, facial dysmorphism; ‘—', none.

Karyotyping with R-banding revealed normal karyotypes: 46,XY
(600 bands resolution) and normal metabolic screening, including
normal Fehling reactions and normal thin layer chromatography of
reducing sugars, normal plasmatic amino acid and urine organic acid
chromatography. Magnetic resonance imaging of the brain were
normal for the three screened brothers. Patients were born from
healthy, consanguineous parents, the father II8 was dead after a cancer
disease. On the basis of the pedigree of this family (Figure 1a), we
suspected an X-linked transmission of congenital cataract with reces-
sive inheritance.

Linkage analysis

Segregation analysis using the 18 polymorphic markers on the
X-chromosome within 10-cM region allowed us to exclude implica-
tion in the NHS phenotype of most regions of the X-chromosome,
except the region Xp22.32-p11.21, between the markers DXS1060 and
DXS993 (Figure 1b). At this region, affected males were found to share
a haplotype spanning about 50-Mb and the highest two-point LOD
score within the interval was 0.90 (Table 2), assuming recessive
inheritance. This region contains more than 10 genes implicated in
non-syndromic forms of X-linked MR and a unique gene involved in
X-linked congenital cataract, the NHS gene. For this reason, we
considered the NHS gene as candidate for the studied family.

Mutational screening

All eight exons and the flanking regions of the NHS gene were
screened for mutations. Four variations were detected in all three
affected brothers, in a hemizygous trait, including a non reported
missense mutation, ¢. 1989C>T (C reference allele), resulting in
conversion of proline to serine: p. P551S (Figure 2a), and a reported
polymorphism, c. 4293C>T (C reference allele), resulting in conver-
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Table 2 Results of two-point LOD scores assuming recessive
transmission and complete penetrance

@_ﬂj JZ__@ Marker 0.0 001 005 01 02 03 0.4 Distance (cMP
1 2 3 4
i DXS1060 0.90 0.89 081 072 052 030 0.09
00 O 10, 0,0
s . s o 9 10 I DXS8051 0.90 0.89 081 072 052 030 0.09
5 9.8
12 DXS987 0.90 089 0.81 0.72 0.52 0.30 0.09
12
HE 118
é T DXS1226 0.60 0.59 0.54 047 032 0.17 0.05
il 12.8
) } DXS1214 090 0.89 0.81 0.72 052 0.30 0.09
12 7
; } DXS1068 0.90 0.89 0.81 0.72 052 0.30 0.09
21 8.5
1 % DXS993 090 0.89 081 0.72 052 0.30 0.09
11 22,5
i i DXS991 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.1
DXS986 - —1.11 -0.46 -0.23 -0.06 -0.01 -0.00
iii (5 IJ__I @ % 7.6
12 13 @4 15 16 DXS990 - —1.40 -0.72 -0.44 -0.19 -0.08 -0.02
b 11.3
DXS1060 21 5 1 1 1 DXS1106 -« -1.11 -0.46 -0.23 -0.06 —-0.01 -0.00
DXS8051 23 2 1 1 1 12.6
DXS987 23 2 1 1 1 DXS8055 —ow —-2.80 —-1.44 -0.89 -0.39 -0.15 -0.04
DX$1226 22 ? 1 1 1 132
DXS1214 23 2 1 1 1 :
DXS1068 13 1 5 5 ; DXS1001 —o0 —1.40 —0.72 —0.44 —0.19 —0.08 —0.02
DXS993 23 2 1 1 1 10.6
DX5991 13 1 1 1 1 DXS1047 —o —1.11 —0.46 —0.23 —0.06 —0.01 —0.00
DXS986 22 1 1 2 2
DXS990 23 ? 2 1 1 28.8
DXS1106 13 1 1 2 2 DXS8043 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DXS8055 13 1 1 2 1 9
DX$1001 12 ? 1 2 1
DXS1047 13 5 3 : 1 DXS8091 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DXS8043 12 1 1 1 1 LOD scores (Z) are shown.
DXS8091 11 1 1 1 1 aThe distance between markers is given in cM.
DXS8069 11 1 1 1 1
DXS1073 11 1 1 1 1
Figure 1 (a) Pedigree of the family. Filled squares denote affected males
showing features of Nance-Horan syndrome. (b) Haplotypes of the Xp22.32-
Xpl1l.21 region. The shared haplotype between the three patients. & b
?, undetermined allele. f
o A, | I I CATTTTTH TTI
| | s L g "
AR AR A RTA T VAR I oA M i
sion of leucine to phenylalanine: p.L1319F; GenBank accession num- VUV TIRRARANA A I
. . . Al DN L a0 e i bia [ VLY f"’ v {1
ber dbSNP3747295 (http://www.ncbi.nlm.nih.gov), in exon 6. The two TCTTCACAGCTRCCAGCACAA s N ry nEy
other variations are located in 3’-UTR exon8: a reported UTR-SNP, cTTCaciGekceageae CATTTTTRRAAAATTI
c. 7422C>T (C reference allele); GenBank accession number i i : CATTTTT TTI
dbSNP60285340 and a novel one, c. 8239T>A (T reference allele) '| . b i f
(Figure 2a). | |IQ; "u‘.l L/L L |L ii A A ( AN il
The two novel variations in exon 6 (c. 1989C >T) and 3’-UTR exon .lT CTTCACAGC & CCAGCACA J: { ¥\ VV) vy
8 (c. 8239T>A) were absent in the 78 control chromosomes, TCTTC . C.GCEECE GC.C CATTTTTTRAAAATTI
suggesting the sequences changes in the two exons as a disease- CATTTTT[ TTI
causing, co-segregating mutation, which highlighted the correlation i iii |-1I l,’|. e v
- \ LI I.II "\ LN
genotype phenotype?. N LAY Al OQ {\ A ]JI IIII\I |I || U ||:|, W JII ||‘|| \
Moreover, the alignment of the sequence comprising the exon TCTTCACAGCILECCAGCACAR — .

6’variation, c. 1989C>T, with eight tested species proved that this
substitution is conserved in all of them (Figure 3).

This missense mutation, p. P551S, contributes to the appearance of
a novel low complexity region. In fact, the normal NHS protein counts
12 low complexity region serine rich, whereas the mutated protein
engendered by the missense mutation counts 13 (Figure 4); the novel

Figure 2 Sequence chromatogram showing: (a) missense mutation in exon
6, ¢.1989C>T resulting in p.P551S in the three affected males (ii), their
carrier mother (i) and normal sequence (iii) in two non-affected patients and
50 control individuals. (b) Non-reported UTR-SNP in exon 8, c. 8239 T>A
in the three affected brothers (ii), their carrier mother (i) and normal
sequence in two normal patients and 50 control individuals (iii).
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Figure 3 NHS protein sequences in nine vertebrates showing conservation of the amino-acid proline in position 551 in human NHS

(http://genome.ucsc.edu/).

protein.

Normal protein : 12 LcRs

Domains within Homo sapiens protein NHS_HUMAN (Q6T4R5)

MNance-Horan syndrome protein

1aee M EL

1 100 200
T }|” ’|“
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Mutated protein : 13 LcRs

Domains within the query sequence of 1630 residues

] 100 200

Novel LcR (position : 545 to 556)

Figure 4 Comparison in NHS protein structure between normal and mutated protein showing the additional LcR domain (grey-colored) in mutated protein.
(http://smart.embl-heidelberg.de/) The position of the novel LcR is counted from the amino acid 1.

complexity region found in the mutated protein is a serine-rich
domain with tandem-repeat insertion (Figure 5).

DISCUSSION

There are many inherited disease syndromes associated with conge-
nital cataracts;?! among it is the NHS, which is an X-linked disorder
associating mainly X-linked cataract to MR, dysmorphic features and
dental anomalies.®

By linkage analysis, we localized the disease region near the NHS
locus with two-point LOD score of 0.90, spanning the region between
DXS1060 and DXS991 in which a novel gene, called NHS, was
identified by positional cloning approach.*

NHS is a large gene that encodes a 1630-amino-acid major isoform
A protein, 1335-amino-acid minor isoform B protein, which begins
translation in exon 4,* and 1651-amino-acid isoform 1A that is
transcribed from exon 1 like the NHS-A. These two isoforms
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(A and 1A) differ in the presence or absence of exon 3a.!! NHS has
an important regulatory role in the development of ocular, craniofa-
cial and neural tissues. It has been demonstrated that NHS protein is
expressed in midbrain, lens, tooth and retina.* The fact that the NHS
gene is highly conserved across vertebrate species supports the vital
role of the gene in development.*

This is the first report of a missense mutation (p.P551S) identified
in protein NHS. It was detected in the three affected males, their
carrier mother (heterozygous) and was not detected in healthy brother
and sister and in 50 control individuals; in addition, this substitution
is conserved in eight tested species (Figure 3), confirming the sequence
change as a disease-causing, cosegregating mutation. This mutation is
the first missense mutation involving the NHS gene. All the other 15
reported mutations are nonsense mutations or frame-shift mutations
leading to protein truncation or the complete absence of the
protein, available in Human Gene Mutation database HGMD
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Figure 5 Mutated NHS protein sequence showing LcR domains (in rectangles) due to missense mutation p.P551S (the novel LcR is indicated in bold). Open
rectangle indicate that the LcR is continued in the second line. The sequences of the LcRs are determined in the SMART site (http:/smart.embl-

heidelberg.de/).

(http://www.hgmd.cfac.uk/) and in Mental Retardation database
LOVD (http://grenada.lumc.nl/LOVD2/MR/variants). The family
reported here, was addressed first for intellectual disability, we re-
examined the family and noted that the clinical severity of other
features of NHS was either mild or varied highly in some of the
members; the phenotype in this family is less severe than those
reported in the families, where truncating mutations were identified.
This may be due to the fact that this missense mutation engenders a
simple conversion of a proline to serine; the proline is a hydrophobic
amino acid, whereas the serine is a hydrophilic one.

NHS protein may function as a key scaffold protein which controls
the balance between cell adhesion and motility by coordinating the
function of multiple regulatory pathways important for actin stability
and plasticity.!! All mutations causing an NHS phenotype are null
mutations predicted to produce no functional protein; most of them
affected the WHD domain, localized on the N-terminal of NHS
protein.!! In fact, the loss of NHS isoforms (NHS-A and NHS-1A)
containing a functional WHD causes NHS.»!*> But the p.P551S
mutation identified in the studied family did not affect the WHD
domain, but the serine-rich domain. It contributes to the appearance
of a novel low complexity region (Figure 4); low-complexity regions
are defined as fragments of sequences with non-random distribution
of restricted number of residues. These low-complexity sequences
occur often and in many (unrelated) types proteins and consist of
repetitive short fragments (for example, leucine-rich domains or poly-
alanine tracts).?>?*> In addition, serine is a hydrophilic amino acid;
hydrophilic amino acids are typically found on protein surfaces
exposed to an aqueous environment. The fact that the new low
complexity serine-rich region is found in the middle of the protein
may change the biochemical and structural properties and lead to
functional impairment of the NHS protein and engender the NHS in
the family reported here. In fact, in our NHS patients, developmental

delay was observed in all studied three siblings, which we propose due
to modifier effects affecting the serine-rich domain and influencing
phenotype. Interestingly, we uggest that this missense mutation,
causing disease, leads to moderate NHS phenotype.

We detected also a novel UTR-SNP in 3’-UTR exon8 (c.8239 T>A)
in the three affected males (hemizygous) and their carrier mother
(heterozygous). This variation was absent in their healthy brother and
sister and 50 control individuals (22 males, 28 females); otherwise, this
UTR-SNP was absent in 78 chromosomes confirming the association
between genotypes and the studied phenotype (NHS) for this
Tunisian family. The novel UTR-SNP was not reported neither in
NCBI reference assembly (http://www.ncbi.nlm.nih.gov/), nor in
Ensembl Human Gene (http://www.ensembl.org/Homo-Sapiens), so
we suggest that it could be specific to the Tunisian population.

Moreover, the linked region Xp22.32-p11.21, identified by genotyp-
ing, contains 10 other genes implicated in non-syndromic forms of
X-linked MR: AP1S2, ARX, ZNF674, ZNF41, ZNF81, FTS]1, PQBPI,
SYP, SHROOM4 (or KIAA1202) and JARIDIC. No one of these has
been reported responsible for congenital cataract neither contributing
to the development of the eye. As a result, none of these 10 genes
could be responsible for the phenotype (X-linked congenital cataract
associated to MR) in the studied family. In this region, only the NHS
gene is expressed in the eye (lens and retina),* and its’ mutation was
described leading to X-linked congenital cataract.’> These findings
confirm that the novel missense mutation P5518S, identified for the
first time, contributed alone or in conjunction with the novel 3"'UTR-
SNP c. 8239T >A to the mild NHS phenotype in our patients.

In our studied family, one of the two affected patients (III15)
presented X-linked congenital cataract and moderate features of NHS
(MR, oligodentia, facial dysmorphism), with a cardiac anomaly
(cardiac surgery, disposed a valve). In fact, in 2002, a family was
reported by Francis et al?* as having X-linked congenital cataract
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associated with cardiac anomalies, mapping to the region Xp22.13. In
2003, Burdon et al.* confirmed the same localization (Xp22.13) for the
NHS gene that was found to be expressed in the heart. Recently,
Coccia and co-workers?® reported four of six affected males, belonging
to a same family, with congenital heart defects with no typical features
of NHS locus. By sequence analysis of NHS gene, they did not identify
any mutation, but with using X-chromosome array they revealed copy
number variation (segmental duplication—triplication) leading to
altered transcriptional regulation of the protein NHS, which supports
the hypothesis that aberrant transcription of the NHS gene is
responsible for congenital heart defects in X-linked congenital cataract
family. Taking these results further, we hypothesize that NHS could be
responsible for the heart defect also in our patient.

Our report is the first report of a missense mutation within NHS
gene in a Tunisian family with X-linked congenital cataract and
moderate features of NHS syndrome. We had also identified a novel
3" UTR-SNP that could be specific to the Tunisian population.

As perspective, we aimed to study the effect of such identified
missense mutation and the 3"UTR-SNP in NHS protein structure by
mouse mutagenesis.
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