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Abstract

Waardenburg syndrome (WS) is a rare genetic disorder char-
acterized by abnormal pigmentation of the hair, skin, and iris
as well as sensorineural hearing loss. WS is subdivided into 4
major types (WS1-4), where WS2 is characterized by the ab-
sence of dystopia canthorum. This study was launched to
investigate clinical and molecular characteristics of WS in an
extended Iranian WS2 family. A comprehensive clinical in-
vestigation was performed. Peripheral blood samples were
collected and genomic DNA was extracted. Affected mem-
bers of the family were studied for possible mutations with-
in the SOX10, MITF, and SNAI2 genes. Six WS2 individuals af-
fected from a large Iranian WS2 kindred were enrolled. All
affected members carried the novel substitution c.877C>T at

exon 9 in the MITF gene, which resulted in p.Arg293* at the
protein level. None of the healthy members and also of 50
ethnically matched controls had this variant. In addition, a
spectrum of unique ocular findings, including nystagmus,
chorioretinal degeneration, optic disc hypoplasia, astigma-
tism, and myopia, was segregated with the mutant allele in
the pedigree. Our data provide insight into the genotypic
and phenotypic spectrum of WS2 in an Iranian family and
could further expand the spectrum of MITF mutations and
have implications for genetic counseling on WS in Iran.
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Waardenburg syndrome (WS) is characterized by ab-
normal pigmentation of the hair, skin, and iris as well as
varying degrees of sensorineural hearing impairment
(HI). Itis a rare genetic disorder with an autosomal dom-
inant mode of inheritance. It can be classified into 4 major
types (WS1-4), with 10 subtypes, based on the presence
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or absence of additional clinical features [Read and New-
ton, 1997; Pardono et al., 2003].

WS1 (OMIM 193500) and WS2 (OMIM 193510) are
the most frequent types [Tamayo et al., 2008; Zaman et
al., 2015]. WS2 can be distinguished from WSI1 by the
absence of dystopia canthorum, a lateral displacement of
the inner canthi. The genes MITF, SOX10, and SNAI2 are
considered to be the major loci involved [Tassabehji et al.,
1994; Sinchez-Martin et al., 2002; Bondurand et al,
2007], which can explain the genetic basis of the syn-
drome in about 50% of the WS2 cases [Pingault et al.,
2010].

MITF encodes a transcription factor that regulates
differentiation and development of melanocytes and is
also responsible for pigment cell-specific transcription of
the melanogenesis enzyme genes [Bertolotto et al., 1998;
Steingrimsson et al., 2004; Hou and Pavan, 2008]. Het-
erozygous mutations in this gene cause WS2 as well as
Tietz syndrome (OMIM 103500) [Smith et al., 2000].
Tietz syndrome is characterized by severe HI and gen-
eralized hypopigmentation of the eyes, hair and skin,
rather than the patchy depigmentation observed in WS
[Tietz, 1963].

MITF is a basic helix-loop-helix transcription factor
which plays a key role in melanocyte development
[Steingrimsson et al., 2004]. The MITF gene has 9 alterna-
tive promoters and a complex pattern of alternative splic-
ing, which leads to different isoforms differing at their
N termini (17 transcripts and 14 proteins) [Hershey and
Fisher, 2005]. Isoform M (for melanocyte ) encodes a 419
amino acid protein that is extensively expressed in mela-
nocytes [Tassabehji et al., 1994]. Besides WS2, mutations
and aberrant expression of MITF have been observed in
melanoma [Steingrimsson et al., 2004].

The WS subtype associated with MITF mutations is
known as WS2A. To date, nearly 50 variants have been
detected in this gene (http://www.hgmd.cf.ac.uk/ac/all.
php); however, the Iranian population has not been sub-
ject of investigation. The Iranian population has a unique
heterogeneous structure and extended pedigrees avail-
able; hence, it can be regarded as a suitable subject for
mutational analysis, gene discovery, and genotype-phe-
notype correlation studies. Following our previous stud-
ies on the genetic basis of WS in Iranian population [Jalil-
ian et al., 2015a, b], herein, we report an extended Iranian
family clinically suspected with WS2. Our investigations
resulted in identification of a novel pathogenic variant in
MITF segregating with additional ocular findings which
were not previously reported in association with MITF
pathogenic variants.
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Patients and Methods

The family was referred to our laboratory by a genetic counsel-
ing center affiliated to the Welfare and Rehabilitation Organiza-
tion, Sanandaj, Kurdistan province, Iran. A comprehensive clini-
cal history was taken, and audiological, ophthalmological, and
dermatological examinations were performed. Peripheral blood
samples were collected in 0.5 mM EDTA-containing tubes.

Molecular Analysis

Genomic DNA was extracted from peripheral venous blood
using AccuPrep® Genomic DNA Extraction Kit (Bioneer, South
Korea), and 50 ng were used as a template in PCR reactions. Af-
fected members of the family were studied for possible mutations
in the SOX10, MITF, and SNAI2 genes. The primers to amplify all
exons and exon-intron boundaries of the studied genes as well as
PCR conditions are available upon request. Subsequently, all PCR
products were sequenced bidirectionally using ABI3130 automat-
ed sequencer (Macrogen, South Korea) and analyzed using Chro-
mas version 2.

Validation of the Variants

We used the following approach in order to validate any variant
found in the study; this approach was based on the American Col-
lege of Medical Genetics and Genomics guidelines for the interpre-
tation of sequence variants [Richards et al., 2015]: (1) segregation
analysis of the whole family: all apparently normal and affected
members were screened for the possible mutation using direct se-
quencing; (2) searching through the population: 50 healthy con-
trols of the same ethnicity were screened along with the patients
using sequencing; (3) searching population and disease-specific
databases: public databases were investigated including Ensemble.
org, dbSNP (https://www.ncbi.nlm.nih.gov/snp/), ClinVar (http://
www.ncbi.nlm.nih.gov/clinvar/), Exome Variant Server (http://
evs.gs.washington.edu/EVS/),and 1000 Genome databases (http://
browser.1000genomes.org/) and (4) in silico predictive analyses:
sequence variant numbering was based on the transcript
ENST00000394351 for MITF (NM_000248). The variant was
named according to the guidelines of the Human Genome Varia-
tion Society (http://www.hgvs.org/). The possible pathogenic ef-
fect of the novel variant was checked by the Mutation Taster. The
tertiary structure of normal and mutant protein was predicted us-
ing the I-TASSER server [Zhang, 2008; Roy et al., 2010; Yang et al.,
2015].

Results

Clinical Findings

The pedigree IR-WS-03 was ascertained through pre-
marital genetic counseling, as couple IIL.6 and IIL7 (first
cousins) were concerned about the risk of HI in their future
children. The couple had normal hearing. However, HI in
association with pigmentary disturbances of hair and eyes
segregates through the pedigree with an apparent domi-
nant mode of inheritance. WS2 diagnosis was suspected
based on clinical manifestations according to the interna-
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Fig. 1. a Pedigree of the family IR-WS-03. Filled squares/circles denote the affected members with clinical symp-

toms.

*, individuals who were clinically investigated; a, individuals who have undergone DNA analysis. b Elec-

tropherograms of the normal and mutated MITF gene.

tional criteria proposed by the Waardenburg Consortium
[Farrer et al., 1992]. Further clinical investigations revealed
a WS2 pedigree with 6 affected members in 2 consanguin-
eous loops (Fig. 1). Detailed clinical descriptions of affect-
ed members are described below (I1.4 refused to participate
in clinical investigations; however, sensorineural HI and
hypoplastic blue eyes were present by hearsay).

I1.8 was a 77-year-old man suffering from severe to
profound HI and pigmentary disturbances of the hair as
well as heterochromia iridis with a left hypoplastic blue
eye. The right eye was totally blind due to advanced glau-
coma and had no light perception. Ocular exams also re-
vealed counting fingers at 4 m (4 m CF), and the fundo-
scopic exam depicted evidence of severe myopia at the left
fundus.

II1.2 was a 35-year-old man with moderate sensori-
neural HI, corrected with hearing aids. He had a white
forelock and his hair started graying at the age of 20. II1.2
had partial heterochromia with a visual acuity of 10/10 in
both eyes.

II1.3 was a 33-year-old female affected with severe to
profound HI, with a white forelock emerging at 10. She
presented with segmental heterochromia iridis with no
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cataract, and her visual acuity was 6/10 for the right eye
and 9/10 for the left eye. The optic disc also showed tem-
poral atrophy in both eyes and fundoscopy revealed evi-
dence of chorioretinal degeneration.

I11.8 was 30 years old. He presented with profound HI,
white forelock, and early graying, with a hypoplastic left
iris. He showed nystagmus in both eyes with visual acuity
of 1/10 for the right and 3/10 for the left eye. He also had
small optic discs, leading to decreased visual acuity and
nystagmus. Fundoscopy results of case II1.8 are depicted
in Figure 2.

II1.12 was a 23-year-old female patient with a white
forelock but with normal hearing and visual acuity (10/10
for both eyes). The cornea was vivid, and a cataract was
not present. However, fundoscopy revealed levels of
choriretinal degeneration which did not affect vision.

Molecular Findings

All affected members carried the novel substitution
c.877C>T at exon 9 in MITF, while none of the healthy
members and of the 50 ethnically matched controls
had this variant. The ¢.877C>T transversion results in
p.Arg293* at the protein level, located at the intervening
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Fig. 2. The left fundus and the right fundus
of case II1.8. The areas of hypopigmenta-
tion and disc hypoplasia are evident. OS,

oculus sinister; OD, oculus dexter.

Fig.3.a MITF structure and localization of
the variant p.Arg293X observed in this
study. b Localization of Arg293 in the pre-
dicted 3D structure of the protein.
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sequence of the leucin zipper and transactivation domain,
5 amino acids downstream of the leucine zipper (Fig. 3).

In order to further delineate the pathogenicity of
c.877C>T, a comprehensive computational analysis was
performed. The nonsense mutation occurred in a con-
served region and was predicted as pathogenic by Muta-
tion Taster.

Based on the American College of Medical Genetics
and Genomics and the College of American Pathologists
guidelines, this variant was considered to be pathogenic
[Richards et al., 2015]: (1) the nucleotide substitution
generates a null variant, which by itself is very strong ev-
idence in favor of pathogenicity (PVS1); (2) the inheri-
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tance pattern of this variant is autosomal dominant (PP1),
and (3) this variant was found neither in 50 healthy ethni-
cally matched controls nor in population databases in-
cluding exome sequence variant server, databases SNP,
and databases variant (PM2).

Discussion

In this study, we introduce a novel pathogenic variant
in the MITF gene. Most of the MITF mutations identified
so far are distributed in exons 7 and 8. These 2 exons en-
code the basic domain, HLH, and parts of the leucin zip-
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per domain. The mutation p.R293X, found in this study,
is located in exon 9 at the intervening sequence of the
leucine zipper and the 3rd transactivation domain of the
protein AD3 (Fig. 3), where only 1 mutation (p.S298P)
has been reported so far [Takeda et al., 2000].

Several speculations concerning the effect of the
p-R293X mutation on functionality can be made. First,
this premature stop codon abolishes a transactivation do-
main of the protein AD3, hence affecting the transactivat-
ing capacity of MITF. Second, Ser298 seems to be a criti-
cal position in MITF as in vitro studies have shown that
phosphorylated Ser298 enhances binding of MITF to
DNA [Takeda et al., 2000]; therefore, as a result of
the truncated protein, phosphorylation of MITF by
GSK3beta is abolished, and MITF function is impaired.
Third, this premature stop codon abolishes 127 amino
acids (more than 10% of the protein length); therefore,
nonsense-mediated decay could be considered a possible
underlying mechanism. Functional studies are required
to clarify the exact effect of the variant on the protein
function.

WS2 shows considerable clinical and genetic heteroge-
neity. HI (77%) followed by heterochromia iridis (47%)
are the most frequent features [Liu et al., 1995], which are
also the most penetrant findings in our studied family (4
out of 5 affected members). The pedigree also demon-
strates obvious variable expression among affected mem-
bers. Notably, varying degrees of HI were prominent,
ranging from normal hearing to moderately impaired
and profound hearing loss. Heterochromia was also
found as both segmental and complete. This clinical het-
erogeneity within a family is not new to WS2 and has been
observed in different reports of different ethnicities; for
example, a Turkish family with 2 affected sons has been
reported where the younger brother had strabismus, pro-
found HI, and abnormal fundus pigmentation with no
heterochromia. However, his brother had complete het-
erochromia with a hypoplastic blue left iris and sensori-
neural HI with moderate impairment on the right and
profound hearing loss on the left ear. A causative variant
was not found in the family [Miillner-Eidenbock et al.,
2001].

Here, we made some interesting observations on the
clinical findings of WS2 as a unique spectrum of ocular
findings, including nystagmus, chorioretinal degenera-
tion, optic disc hypoplasia, astigmatism, and myopia seg-
regating with the mutant allele through the pedigree. To
the best of our knowledge, these findings were rarely, if
ever, reported in association with MITF mutations, most-
ly as an isolated ocular finding, and to our knowledge, this
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is the first report of such a spectrum. Nystagmus has been
also reported with SOX10 mutations [Pingault et al.,
2000]. Strabismus and amblyopia have been previously
reported to be associated with MITF mutations [Léger et
al.,, 2012].

Few genotype-phenotype correlations have been spec-
ulated for MITF mutations. Léger et al. [2012] found a
high rate (40%) of ocular abnormalities in their studied
population with MITF basic domain mutations, leading
to the possibility that they could be more frequently or
specifically associated with mutations of this domain.
However, it could not be applied to our study since the
variant we found here, p.R293X, is not located within the
basic domain. Additional similar observations and also
functional studies are required in order to decide wheth-
er these ocular findings are truly associated with MITF
mutations.

In this study, we performed a comprehensive genetic
and clinical study on an Iranian WS2 family which led to
the identification of a novel pathogenic variant in MITF.
This novel variant could contribute to the expansion of
the MITF mutational spectrum. We also demonstrated
several ocular features that were unique to MITF muta-
tions and could further expand the phenotypic spectrum
of MITF mutations and provide better insight into diag-
nosis and genetic counseling on WS.
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