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Abstract

Waardenburg syndrome (WS) is a hereditary disorder affecting the auditory system and pig-

mentation of hair, eyes, and skin. Different variants of the disease exist with the involvement

of mutation in six genes. The aim of the study is to identify the genetic defects underlying

Waardenburg syndrome in a large family with multiple affected individuals. Here, in this

study, we recruited a large family with eleven affected individuals segregating WS type 2.

We performed whole genome SNP genotyping, whole exome sequencing and segregation

analysis using Sanger approach. Whole genome SNP genotyping, whole exome sequenc-

ing followed by Sanger validation of variants of interest identified a novel single nucleotide

deletion mutation (c.965delA) in the MITF gene. Moreover, a rare heterozygous, missense

damaging variant (c.101T>G; p.Val34Gly) in the C2orf74 has also been identified. The

C2orf74 is an uncharacterized gene present in the linked region detected by DominantMap-

per. Variants in MITF and C2orf74 follows autosomal dominant segregation with the pheno-

type, however, the variant in C2orf74 is incompletely penetrant. We proposed a digenic

inheritance of variants as an underlying cause of WS2 in this family.

Introduction

Waardenburg syndrome (WS) is a group of rare hereditary disorders. It is characterized by

pigmentary defects of hair (white forelock), eyes (heterochromia iridis) and skin (hypo-pig-

mented skin), abnormalities in the inner ear (bilateral sensorineural hearing impairment), and

dystopia canthorum (lateral displacement of the inner canthi of the eyes). WS syndrome has

been categorized into four major types (WS1, WS2, WS3 and WS4). Further subtypes do exist

though additional clinical manifestations are required for differential diagnosis of subtypes.

WS1 (OMIM: 193500) and WS3 (OMIM: 148820) are characterized by the occurrence of dys-

topia canthorum. Absence of dystopia canthorum and other midface defects are the
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distinguishing features for WS2 (OMIM: 193510). Presence of dystopia canthorum and addi-

tional musculoskeletal anomalies of upper limbs demonstrates WS3 (OMIM: 148820) disease

that is also known as Klein-Waardenburg syndrome. Individuals with WS4 have clinical mani-

festation of chronic intestinal pseudo-obstruction. WS4 is referred as Shah-Waardenburg syn-

drome or Waardenburg-Hirschsprung disorder (OMIM: 277580) [1–3]. Clinically WS1 and

WS2 subtypes are the most common syndromes.

The clinical features of WS are not completely penetrant and highly varied expression has been

observed [4]. This makes the differential diagnosis challenging [5]. Genetic diagnosis can help in

identifying the type of WS in an individual patient. Mutations in at least six genes have been

reported as an underlying cause of WS. Genotype-phenotype correlation between a causative

gene mutation and various clinical features in WS are largely unclear. Until recently, mutations in

EDN3 (20q13.32), EDNRB (13q22.3),MITF (3p14p13), PAX3 (2q36.1), SNAI2 (8q11.21), and

SOX10 (22q13.1) have been reported in isolated patients as well as in families segregating WS [6–

8]. For an instance, mutations of PAX3 gene is recognized as a key indicator for the clinical fea-

tures of WS1 and WS3, and mutations inMITF, SOX10, and SNAI2 genes are identified in WS2.

Moreover, genetic mutations in EDN3, SOX10, and EDNRB have been implicated in WS4 [9–14].

The majority of WS1 cases and some moderate WS3 cases are due to heterozygous mutations in

the PAX3 gene. Heterozygous mutations inMITF and SOX10 are estimated to account for 30% of

WS2 cases, and only 5% of the cases are attributed to the heterozygous mutations in EDNRB and

EDN3, and homozygous mutations in SNAI2 gene. In WS4, approximately 50% of cases have het-

erozygous mutations in SOX10 and homozygous or heterozygous mutations in EDNRB and

EDN3 genes lead to WS4 in 20–30% of patients [15]. WS2 is phenotypically well characterized. It

is further sub-divided into at least five types, WS2A (OMIM: 600193), WS2B (OMIM: 606662),

WS2C (OMIM: 193510), WS2D (OMIM: 611584), and WS2E (OMIM: 608890).

We pursued our previous findings of identification of common genomic regions in multi-

ple WS2 patients [16] and performed whole exome sequencing in two DNA samples of indi-

viduals from an extended family. We identified pathogenic variants inMITF and C2orf74
genes as an underlying cause of WS2 phenotype.

Materials and methods

Ethical approval and sample collection

This study was approved by the institutional ethics review committee at the College of Medi-

cine, Taibah University (study approval ID 051-02-2017) and the collaborating hospital. Writ-

ten informed consents were obtained from all individuals included in the study or from their

legal guardians. All experiments on human DNA were carried out in accordance with the dec-

laration of Helsinki. A large six generation pedigree was drawn by interviewing the elders of

the family (Fig 1). Blood samples were collected from nineteen individuals (IV:1, IV:2, IV:3,

IV:4, IV:5, IV:6, IV:7, V:1, V:2, V:3, V:4, V:5, V:6, V:7, V:8, V:9, VI:1, VI:2, VI:3) including

eleven affected individuals (IV:2, IV:3, IV:5, IV:7, V:2, V:4, V:6, V:7, V:8, VI:1, VI:2) in an

EDTA containing vacutainers.

All subjects were examined at Magrabi Eye and Ear Hospital Almadinah Almunawwarah,

Saudi Arabia. Detailed clinical history was recorded. During clinical phenotyping, colour of skin,

hair and iris were noted. Moreover, special attention was given to observe dystopia canthorum

and other anomalies such as medial eyebrow flare, limb defects, and Hirschsprung disease.

Extraction of DNA and genetic analysis

Genomic DNA was extracted from the peripheral blood samples of all nineteen individuals

using the QIAamp DNA Blood Mini Kit (QIAGEN GmbH—Germany). DNA was quantified
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using micro-volume spectrophotometer (MaestroGen, Hsinchu City 30091, Taiwan). Whole

genome SNP genotyping was performed as described elsewhere [17, 18] to identify the shared

chromosomal segments in affected individuals. DNA from two affected individuals (VI:1,

VI:2) were used to sequence the complete coding region of the human genome (whole exome

sequencing). Whole exome was captured by Agilent SureSelect Target Enrichment Kit (v6)

and sequenced by Macrogen Inc., using Illumina NovaSeq 6000 sequencing instrument (Illu-

mina Inc, California, US). The length of the paired end reads were 150 bps, and the average

coverage of the captured region was approximately 100x. Reads were aligned to the human ref-

erence genome (GRCh38/hg38). Genome Analysis Toolkit (GATK v3.7) was used to call the

variants and variants were annotated using Illumina VariantStudio software. EVS (Exome

Variant Server evsClient-v.0.0.16), GnomAD (Genome Aggregation Database v2.2.1), dbSNP

(database of Single Nucleotide Polymorphisms dbSNP 2.0 Build 153), ExAC (Exome Aggrega-

tion Consortium), PolyPhen2 (Polymorphism Phenotyping v2), SIFT (Sorting Intolerant from

Tolerant) and ClinVar were used to annotate, filter and prioritize the variants. Variants of

interest were Sanger sequenced in both affected individuals by designing variant- specific

primers. Primer3 tool was used for primer designing. Validated variants were screened in the

DNA of all available individuals followed by segregation analysis.

Results

Clinical description of cases

Ocular hypopigmentation was present in all affected individuals except IV:5, IV:7, V:2, V:8,

VI:2. All affected individuals have profound to mild hearing impairment (HI). W index was

less than 1.95 mm for each affected individual, therefore, dystopia canthorum was considered

as absent. This feature helped us in excluding WS type 1 (Fig 2). Moreover, no integumentary

hypopigmentation in the form of white forelock or leukoderma was observed in any of the

individual. Furthermore, synophrys, broad nasal root, hypoplasia of alae nasi or premature

greying of the hair were not observed. Detailed examination ruled out the presence of upper

limb malformations and chronic constipation. This ruled out WS type III and WS type IV in

Fig 1. An extended six generation pedigree chart of a Saudi family segregating Waardenburg syndrome type 2 in

an autosomal dominant pattern. Clear symbols represent unaffected individuals, whereas filled symbols represent

affected individuals. Double lines are indicative of consanguineous unions. The index patient (proband) IV-3 is

indicated by an arrow. Red and green colors shows deafness and iris atrophy/ heterochromia, respectively. Variants in

SNAI2, MITF and C2orf74 have been shown beneath each individual. +/+ indicate wild type, +/- indicate

heterozygous, and -/- indicate homozygous variant.

https://doi.org/10.1371/journal.pone.0246607.g001
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this family. Based on the clinical phenotyping, the individuals in this study segregates WS type

II in an autosomal dominant manner. Detail clinical analysis of each individual can be found

elsewhere [16] (Fig 2).

Genetic analysis identified a novel deletion mutation in the MITF gene and

a missense variant in the C2orf74 gene

Whole exome sequencing (WES) of two affected sisters (VI:1 and VI:2) produced ~62 million

raw reads, with ~60 million high-quality reads aligned to the GRCh38/hg38 reference genome.

Overall, a total of 101,648 high-quality variants were identified and 95.5% of these variants are

present in the dbSNP142. Coding missense and indel variants and variants in the flanking

intronic regions (within 10 bps) accounted for 48,934 variants, while 12,733 variants were syn-

onymous. Various filter were applied to search for potential candidate variants including

depth of coverage (DP>10), genotype quality (GQ >20), and unreported SNP. Only variants

with low allelic frequency (below 1% in 1000G, ExAC) were taken into consideration. These

settings yielded 67 rare coding variants (S1 Table). Variants in all known WS candidate genes

(EDN3, EDNRB,MITF, PAX3, SOX10, SNAI2, and TYRO3) were searched and a novel rare

heterozygous deletion mutation (c.965delA; p.Asn322fs) was identified in theMITF gene in

both patients. Moreover, heterozygous missense variants in SNAI3 (c.607C>T; p.Arg203Cys)

and TYRO3 (c.1037T>A; p.Ile346Asn) gene was identified in the exome data of both patients.

Variant in SNAI3 (c.607C>T; p.Arg203Cys) gene is rare in population and is probably damag-

ing and deleterious as predicted by PolyPhen2 and SIFT, respectively. Variant in TYRO3
(c.1037T>A; p.Ile346Asn) gene is present in population databases with high frequency (0.22

MAF) and is benign and tolerated as predicted by PolyPhen2 and SIFT, respectively.

Studies have shown that WNT pathway genes including LEF-1may modulate the WS2 phe-

notype in WS2 cases with MITFmutation [19, 20]. Therefore, exome data was searched for

variants in WNT pathway genes (LEF-1, RNF43, APC, ZNRF3, LRP4, LRP5, LRP6, ROR1,

ROR2, GSK3, CK1, APC, BCL9, and BCL9L) as well. No potentially pathogenic rare variant

was identified. In order to identify variant(s) in other genes which might influence the expres-

sivity of WS phenotype in our cases, exome data was filtered by using an unbiased and hypoth-

esis-free approach. A rare missense variant (c.101T>G; p.Val34Gly) in the C2orf74 gene was

identified in both affected individuals. This variant is possibly damaging and deleterious as

Fig 2. Clinical features of affected individuals with Waardenburg syndrome type II. (A, B) A 16 years old son (V:4)

of a proband with severe iris hypopigmentation OS together with a generalized hypopigmented fundus OS. (C, D, E) A

28 years old female daughter (V:6) of proband had sectoral iris atrophy and hypopigmentation OD together with a

normally pigmented fundus OD. Her left eye showed severe iris hypopigmentation and atrophy associated with a

severe generalized hypopigmented fundus. (F) A 25 years old niece (IV:5) showed normal ocular and fundal

examinations, however, a large angle esotropia OS secondary to dense amblyopia was observed. (G, H) Audiological

test assessment of a proband (IV:3) and his son (V:7), respectively, revealed profound bilateral sensorineural hearing

loss. Figure has been taken from our previously published work [16].

https://doi.org/10.1371/journal.pone.0246607.g002
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predicted by PolyPhen2 and SIFT, respectively. Our previous genetic work on this family iden-

tified regions on chromosome 2p16.3-p15 and 18q21.33-q22.1 segregating with WS2 pheno-

type [16]. Interestingly, C2orf 74 gene lies in the region on chromosome 2.

Segregation analysis confirmed that the variants in MITF and C2orf74
segregate with the disease phenotype in the family

The relevant coding exon of four genes (C2orf74, MITF, SNAI3, and TYRO3) were sequenced

in all nineteen available members of a family including 11 affected individuals. Sanger

sequencing validates the exome discovered mutations in both affected individuals and con-

firmed the segregation ofMITFmutation in all family members as per autosomal dominant

inheritance. Moreover, variant in C2orf74 segregates with the phenotype in all family member

except V:1 and V:2. V:1 is an unaffected individual carrying heterozygous variant while V:2 is

an affected individual with wild type sequence (Fig 3). Variants in SNAI2 and TYRO3 are not

segregating in the family (Fig 1).

Discussion

Waardenburg syndrome (WS) is clinically characterized by occurrence of hearing impairment

(HI) along with pigmentation abnormalities, including patchy hypopigmentation of the skin

and hair and heterochromia iridis. In a subset of patients some other clinical features like

Hirschsprung disease, dystopia canthorum, limb defects or neurological abnormalities are

present. These features are often used to classify WS in four types (WS1, WS2, WS3, and

WS4). WS is generally inherited in an autosomal dominant manner with variable penetrance.

Inter- and intrafamilial variability in the expression of symptoms have also been observed. In

some cases of WS, biallelic mutations have also been reported suggesting an autosomal reces-

sive inheritance [8, 21–27].

Patients with Waardenburg syndrome type 2 (WS2) shows congenital sensorineural HI

with depigmentation of hair, skin, and eyes. Dystopia canthorum is absent in WS2. It is a

highly heterogeneous syndrome in terms of the underlying genetics. WS2 can be subdivided

into five different types including WS2A (193510) caused by mutations in theMITF gene [4, 8,

Fig 3. Electrophoretogram showing the partial reference sequence ofMITF gene in the upper panel (a) while the panel

b depicts a single base pair deletion in theMITF gene in affected individuals (b). Panel c shows the partial reference

sequence of C2orf74 gene and the lower panel shows sequence with heterozygous missense variant in the affected

individuals (d).

https://doi.org/10.1371/journal.pone.0246607.g003
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12, 13, 20, 27–37], WS2B (600193) mapped to chromosome 1p21-p13.3, WS2C (606662)

mapped to chromosome 8p23, WS2D (608890) caused by mutation in the SNAI2 gene [38],

and WS2E caused by mutations in the SOX10 gene [39–46]. It is thought that haploinsuffi-

ciency is the underlying causative mechanism for WS2 [47]. Although, mutations in three

genes (MITF, SOX10, and SNAI2) have been shown to cause WS2 subtypes, a number of cases

remain unexplained at the molecular level. Moreover, inter- and intrafamilial phenotypic vari-

ability cannot be explained due to mutations in a single gene. Digenic inheritance or modula-

tion of phenotype by modifier genes could possibly explain the variability and expressivity.

Therefore, we embarked a genetic study using a large family segregating WS2. SNP genotyping

followed by detection of shared regions identified two regions on chromosome 2 and 18 [16].

In this study, we sequenced complete exome in two affected individuals and identified candi-

date variants inMITF (c.965delA), SNAI2 (c.607C>T) and C2orf74 (c.101T>G) genes. Vari-

ant in SNAI2 is not segregating with the disease phenotype therefore it was excluded as an

underlying cause of WS2 in the family. MITF variant is perfectly segregating in all the affected

members (Fig 3). Segregation analysis of C2orf74 variant revealed that the variant segregates

with the WS2 phenotype in all family members except V:1 and V:2. V:1 is an unaffected indi-

vidual carrying heterozygous variant while V:2 is an affected individual with wild type

sequence (Fig 1). Presence of heterozygous variant in an unaffected individual (V:1) might be

due to incomplete expression of the phenotype.

Mutations in melanocyte inducing transcription factor (MITF), coding for a basic helix-

loop-helix (BHLH) leucine zipper protein, are known to cause the WS2 phenotype due to

defects in survival, proliferation, and migration of melanocytes [13, 28]. The deletion mutation

(c.965delA) identified in this study lies in the BHLH domain and predicted to cause frameshift

(p.Asn322fs) and stop codon seven amino acids downstream (Asn322Metfs�7). The missense

variant (c.101T>G) in the C2orf74 gene changes the conserved amino acid Valine to Glycine

(p.Val34Gly). C2orf74 is an uncharacterized gene and no functional data is available, however,

Expression Atlas detected the expression of the gene in the eye (https://www.ebi.ac.uk/gxa/

home). The gene C2orf74 is present in the genomic region shared by all affected individuals

[16] and therefore, we consider this as a candidate gene for WS2 phenotype. C2orf74 gene

might interact with MITF gene product and give rise to the spectrum of phenotype varying

from severe phenotype with complete penetrance to partial features.

Conclusion

In this study, we analysed a large family segregating Waardenburg syndrome type 2 to identify

the underlying genetic defects. Whole genome SNP genotyping, whole exome sequencing and

segregation analysis using Sanger approach was performed and a novel single nucleotide dele-

tion mutation (c.965delA) in theMITF gene and a rare heterozygous, missense damaging vari-

ant (c.101T>G; p.Val34Gly) in the C2orf74 was identified. Both variants follow autosomal

dominant segregation with the phenotype, however, the variant in C2orf74 is not completely

penetrant. We proposed a digenic inheritance of variants as an underlying cause of WS2 in

this family.

Supporting information

S1 Table.

(XLSX)

PLOS ONE Digenic inheritance in Waardenburg syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0246607 February 11, 2021 6 / 9

https://www.ebi.ac.uk/gxa/home
https://www.ebi.ac.uk/gxa/home
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246607.s001
https://doi.org/10.1371/journal.pone.0246607


Acknowledgments

We are thankful to the patients and their families included in this research.

Author Contributions

Conceptualization: Maan Abdullah Albarry, Sulman Basit.

Data curation: Muhammad Latif, Ahdab Qasem Alreheli, Mohammed A. Awadh, Ahmad M.

Almatrafi.

Formal analysis: Muhammad Latif, Ahdab Qasem Alreheli, Ahmad M. Almatrafi.

Funding acquisition: Ahmad M. Almatrafi.

Investigation: Maan Abdullah Albarry, Ahdab Qasem Alreheli.

Methodology: Muhammad Latif, Ahdab Qasem Alreheli, Mohammed A. Awadh, Ahmad M.

Almatrafi, Alia M. Albalawi, Sulman Basit.

Supervision: Sulman Basit.

Validation: Mohammed A. Awadh, Alia M. Albalawi.

Visualization: Maan Abdullah Albarry.

Writing – original draft: Sulman Basit.

Writing – review & editing: Alia M. Albalawi.

References
1. Read AP, Newton VE. Waardenburg syndrome. J Med Genet. 1997; 34: 656–665. https://doi.org/10.

1136/jmg.34.8.656 PMID: 9279758

2. Tamayo ML, Gelvez N, Rodriguez M, Florez S, Varon C, Medina D, et al. Screening program for Waar-

denburg syndrome in Colombia: clinical definition and phenotypic variability. Am J Med Genet A. 2008;

146A: 1026–1031. https://doi.org/10.1002/ajmg.a.32189 PMID: 18241065

3. Bondurand N, Dastot-Le Moal F, Stanchina L, Collot N, Baral V, Marlin S, et al. Deletions at the SOX10

gene locus cause Waardenburg syndrome types 2 and 4. Am J Hum Genet. 2007; 81: 1169–1185.

https://doi.org/10.1086/522090 PMID: 17999358

4. Minami SB, Nara K, Mutai H, Morimoto N, Sakamoto H, Takiguchi T, et al. A clinical and genetic study

of 16 Japanese families with Waardenburg syndrome. Gene. 2019; 704: 86–90. https://doi.org/10.

1016/j.gene.2019.04.023 PMID: 30978479

5. Matsunaga T, Mutai H, Namba K, Morita N, Masuda S. Genetic analysis of PAX3 for diagnosis of Waar-

denburg syndrome type I. Acta Otolaryngol. 2013; 133: 345–351. https://doi.org/10.3109/00016489.

2012.744470 PMID: 23163891

6. Song J, Feng Y, Acke FR, Coucke P, Vleminckx K, Dhooge IJ. Hearing loss in Waardenburg syndrome:

a systematic review. Clin Genet. 2016; 89: 416–425. https://doi.org/10.1111/cge.12631 PMID:

26100139

7. Chandra Mohan SLN. Case of Waardenburg Shah syndrome in a family with review of literature. J Otol.

2018; 13: 105–110. https://doi.org/10.1016/j.joto.2018.05.005 PMID: 30559775

8. Pang X, Zheng X, Kong X, Chai Y, Wang Y, Qian H, et al. A homozygous MITF mutation leads to familial

Waardenburg syndrome type 4. Am J Med Genet A. 2019; 179: 243–248. https://doi.org/10.1002/ajmg.

a.60693 PMID: 30549420

9. Hazan F, Ozturk A T, Adibelli H, Unal N, Tukun A. A novel missense mutation of the paired box 3 gene

in a Turkish family with Waardenburg syndrome type 1. Mol Vis.2013; 19: 196–202. PMID: 23378733

10. Doubaj Y, Pingault V, Elalaoui SC, Ratbi I, Azouz M, Zerhouni H, et al. A novel mutation in the endothe-

lin B receptor gene in a moroccan family with shah-waardenburg syndrome. Mol Syndromol. 2015; 6:

44–49. https://doi.org/10.1159/000371590 PMID: 25852447

11. Jalilian N, Tabatabaiefar MA, Farhadi M, Bahrami T, Emamdjomeh H, Noori-Daloii MR. Molecular and

clinical characterization of Waardenburg syndrome type I in an Iranian cohort with two novel PAX3

mutations. Gene. 2015; 574: 302–307. https://doi.org/10.1016/j.gene.2015.08.023 PMID: 26275939

PLOS ONE Digenic inheritance in Waardenburg syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0246607 February 11, 2021 7 / 9

https://doi.org/10.1136/jmg.34.8.656
https://doi.org/10.1136/jmg.34.8.656
http://www.ncbi.nlm.nih.gov/pubmed/9279758
https://doi.org/10.1002/ajmg.a.32189
http://www.ncbi.nlm.nih.gov/pubmed/18241065
https://doi.org/10.1086/522090
http://www.ncbi.nlm.nih.gov/pubmed/17999358
https://doi.org/10.1016/j.gene.2019.04.023
https://doi.org/10.1016/j.gene.2019.04.023
http://www.ncbi.nlm.nih.gov/pubmed/30978479
https://doi.org/10.3109/00016489.2012.744470
https://doi.org/10.3109/00016489.2012.744470
http://www.ncbi.nlm.nih.gov/pubmed/23163891
https://doi.org/10.1111/cge.12631
http://www.ncbi.nlm.nih.gov/pubmed/26100139
https://doi.org/10.1016/j.joto.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/30559775
https://doi.org/10.1002/ajmg.a.60693
https://doi.org/10.1002/ajmg.a.60693
http://www.ncbi.nlm.nih.gov/pubmed/30549420
http://www.ncbi.nlm.nih.gov/pubmed/23378733
https://doi.org/10.1159/000371590
http://www.ncbi.nlm.nih.gov/pubmed/25852447
https://doi.org/10.1016/j.gene.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26275939
https://doi.org/10.1371/journal.pone.0246607


12. Jalilian N, Tabatabaiefar MA, Bahrami T, Karbasi G, Bahramian MH, Salimpoor A, et al. A Novel Patho-

genic Variant in the MITF Gene Segregating with a Unique Spectrum of Ocular Findings in an Extended

Iranian Waardenburg Syndrome Kindred. Mol Syndromol. 2017; 8: 195–200. https://doi.org/10.1159/

000476020 PMID: 28690485

13. Jalilian N, Tabatabaiefar MA, Yazdanpanah M, Darabi E, Bahrami T, Zekri A, et al. A Comprehensive

Genetic and Clinical Evaluation of Waardenburg Syndrome Type II in a Set of Iranian Patients. Int J Mol

Cell Med. 2018; 7: 17–23. https://doi.org/10.22088/IJMCM.BUMS.7.1.17 PMID: 30234069

14. Choi EY, Choi W, Lee CS. A novel PAX3 mutation in a Korean patient with Waardenburg syndrome

type 1 and unilateral branch retinal vein and artery occlusion: a case report. BMC Ophthalmol. 2018;

18: 266. https://doi.org/10.1186/s12886-018-0933-9 PMID: 30314436

15. Pingault V, Ente D, Dastot-Le Moal F, Goossens M, Marlin S, Bondurand N. Review and update of

mutations causing Waardenburg syndrome. Hum Mutat. 2010; 31: 391–406. https://doi.org/10.1002/

humu.21211 PMID: 20127975

16. Albarry MA, Alreheli AQ, Albalawi AM, Basit S. Whole genome genotyping mapped regions on chromo-

some 2 and 18 in a family segregating Waardenburg syndrome type II. Saudi J Ophthalmol. 2019; 33:

326–331. https://doi.org/10.1016/j.sjopt.2019.09.004 PMID: 31920441

17. AlAyadhi LY, Hashmi JA, Iqbal M, Albalawi AM, Samman MI, Elamin NE, et al. High-resolution SNP

genotyping platform identified recurrent and novel CNVs in autism multiplex families. Neuroscience.

2016; 339: 561–570. https://doi.org/10.1016/j.neuroscience.2016.10.030 PMID: 27771533

18. Basit S, Alharby E, Albalawi AM, Khoshhal KI. Whole genome SNP genotyping in a family segregating

developmental dysplasia of the hip detected runs of homozygosity on chromosomes 15q13.3 and

19p13.2. Congenit Anom (Kyoto). 2018; 58: 56–61. https://doi.org/10.1111/cga.12235 PMID:

28693051

19. Saito H, Yasumoto K, Takeda K, Takahashi K, Yamamoto H, Shibahara S. Microphthalmia-associated

transcription factor in the Wnt signaling pathway. Pigment Cell Res. 2003; 16: 261–265. https://doi.org/

10.1034/j.1600-0749.2003.00039.x PMID: 12753399

20. Wang XP, Liu YL, Mei LY, He CF, Niu ZJ, Sun J, et al. Wnt signaling pathway involvement in genotypic

and phenotypic variations in Waardenburg syndrome type 2 with MITF mutations. J Hum Genet. 2018;

63: 639–646. https://doi.org/10.1038/s10038-018-0425-z PMID: 29531335

21. Zlotogora J, Lerer I, Bar-David S, Ergaz Z, Abeliovich D. Homozygosity for Waardenburg syndrome.

Am J Hum Genet. 1995; 56: 1173–1178. PMID: 7726174

22. Hofstra RM, Osinga J, Tan-Sindhunata G, Wu Y, Kamsteeg EJ, Stulp RP, et al. A homozygous mutation

in the endothelin-3 gene associated with a combined Waardenburg type 2 and Hirschsprung phenotype

(Shah-Waardenburg syndrome). Nat Genet. 1996; 12: 445–447. https://doi.org/10.1038/ng0496-445

PMID: 8630503

23. Wollnik B, Tukel T, Uyguner O, Ghanbari A, Kayserili H, Emiroglu M, et al. Homozygous and heterozy-

gous inheritance of PAX3 mutations causes different types of Waardenburg syndrome. Am J Med

Genet A. 2003; 122A: 42–45. https://doi.org/10.1002/ajmg.a.20260 PMID: 12949970

24. Haddad NM, Ente D, Chouery E, Jalkh N, Mehawej C, Khoueir Z, et al. Molecular Study of Three Leba-

nese and Syrian Patients with Waardenburg Syndrome and Report of Novel Mutations in the EDNRB

and MITF Genes. Mol Syndromol. 2011; 1: 169–175. https://doi.org/10.1159/000322891 PMID:

21373256

25. Jabeen R, Babar ME, Ahmad J, Awan AR. Novel mutations of endothelin-B receptor gene in Pakistani

patients with Waardenburg syndrome. Mol Biol Rep. 2012; 39: 785–788. https://doi.org/10.1007/

s11033-011-0799-x PMID: 21547364

26. Morimoto N, Mutai H, Namba K, Kaneko H, Kosaki R, Matsunaga T. Homozygous EDNRB mutation in

a patient with Waardenburg syndrome type 1. Auris Nasus Larynx. 2018; 45: 222–226. https://doi.org/

10.1016/j.anl.2017.03.022 PMID: 28502583

27. Rauschendorf MA, Zimmer AD, Laut A, Demmer P, Rösler B, Happle R, et al. Homozygous intronic

MITF mutation causes severe Waardenburg syndrome type 2A. Pigment Cell Melanoma Res. 2019;

32: 85–91. https://doi.org/10.1111/pcmr.12733 PMID: 30117279

28. Tassabehji M, Newton VE, Read AP. Waardenburg syndrome type 2 caused by mutations in the human

microphthalmia (MITF) gene. Nat Genet. 1994: 8: 251–255. https://doi.org/10.1038/ng1194-251 PMID:

7874167

29. Lautenschlager NT, Milunsky A, DeStefano A, Farrer L, Baldwin CT. A novel mutation in the MITF gene

causes Waardenburg syndrome type 2. Genet Anal. 1996; 13: 43–44. https://doi.org/10.1016/1050-

3862(95)00148-4 PMID: 8880147

30. Lalwani AK, Attaie A, Randolph FT, Deshmukh D, Wang C, Mhatre A, et al. Point mutation in the MITF

gene causing Waardenburg syndrome type II in a three-generation Indian family. Am J Med Genet.

1998; 80: 406–409. PMID: 9856573

PLOS ONE Digenic inheritance in Waardenburg syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0246607 February 11, 2021 8 / 9

https://doi.org/10.1159/000476020
https://doi.org/10.1159/000476020
http://www.ncbi.nlm.nih.gov/pubmed/28690485
https://doi.org/10.22088/IJMCM.BUMS.7.1.17
http://www.ncbi.nlm.nih.gov/pubmed/30234069
https://doi.org/10.1186/s12886-018-0933-9
http://www.ncbi.nlm.nih.gov/pubmed/30314436
https://doi.org/10.1002/humu.21211
https://doi.org/10.1002/humu.21211
http://www.ncbi.nlm.nih.gov/pubmed/20127975
https://doi.org/10.1016/j.sjopt.2019.09.004
http://www.ncbi.nlm.nih.gov/pubmed/31920441
https://doi.org/10.1016/j.neuroscience.2016.10.030
http://www.ncbi.nlm.nih.gov/pubmed/27771533
https://doi.org/10.1111/cga.12235
http://www.ncbi.nlm.nih.gov/pubmed/28693051
https://doi.org/10.1034/j.1600-0749.2003.00039.x
https://doi.org/10.1034/j.1600-0749.2003.00039.x
http://www.ncbi.nlm.nih.gov/pubmed/12753399
https://doi.org/10.1038/s10038-018-0425-z
http://www.ncbi.nlm.nih.gov/pubmed/29531335
http://www.ncbi.nlm.nih.gov/pubmed/7726174
https://doi.org/10.1038/ng0496-445
http://www.ncbi.nlm.nih.gov/pubmed/8630503
https://doi.org/10.1002/ajmg.a.20260
http://www.ncbi.nlm.nih.gov/pubmed/12949970
https://doi.org/10.1159/000322891
http://www.ncbi.nlm.nih.gov/pubmed/21373256
https://doi.org/10.1007/s11033-011-0799-x
https://doi.org/10.1007/s11033-011-0799-x
http://www.ncbi.nlm.nih.gov/pubmed/21547364
https://doi.org/10.1016/j.anl.2017.03.022
https://doi.org/10.1016/j.anl.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28502583
https://doi.org/10.1111/pcmr.12733
http://www.ncbi.nlm.nih.gov/pubmed/30117279
https://doi.org/10.1038/ng1194-251
http://www.ncbi.nlm.nih.gov/pubmed/7874167
https://doi.org/10.1016/1050-3862%2895%2900148-4
https://doi.org/10.1016/1050-3862%2895%2900148-4
http://www.ncbi.nlm.nih.gov/pubmed/8880147
http://www.ncbi.nlm.nih.gov/pubmed/9856573
https://doi.org/10.1371/journal.pone.0246607


31. Takeda K, Takemoto C, Kobayashi I, Watanabe A, Nobukuni Y, Fisher DE, et al. Ser298 of MITF, a

mutation site in Waardenburg syndrome type 2, is a phosphorylation site with functional significance.

Hum Mol Genet. 2000; 9: 125–132. https://doi.org/10.1093/hmg/9.1.125 PMID: 10587587

32. Monma F, Hozumi Y, Kawaguchi M, Katagiri Y, Watanabe T, Yoshihiko I, et al. A novel MITF splice site

mutation in a family with Waardenburg syndrome. J Dermatol Sci. 2008; 52: 64–66. https://doi.org/10.

1016/j.jdermsci.2008.05.003 PMID: 18595666

33. Shi Y, Li X, Ju D, Li Y, Zhang X, Zhang Y. A novel mutation of the MITF gene in a family with Waarden-

burg syndrome type 2: A case report. Exp Ther Med. 2016; 11: 1516–1518. https://doi.org/10.3892/

etm.2016.3042 PMID: 27073475

34. Sun J, Hao Z, Luo H, He C, Mei L, Liu Y, et al. Functional analysis of a nonstop mutation in MITF gene

identified in a patient with Waardenburg syndrome type 2. J Hum Genet. 2017; 62: 703–709. https://

doi.org/10.1038/jhg.2017.30 PMID: 28356565

35. Rutherford A, Glass Ii DA, Agim NG. Wardenburg syndrome type 2 in a woman with no genomic muta-

tion commonly associated with the syndrome. Dermatol Online J. 2018; 24: 13–17.

36. Kumawat D, Kumar V, Sahay P, Nongrem G, Chandra P. Bilateral asymmetrical partial heterochromia

of iris and fundus in Waardenburg syndrome type 2A with a novel MITF gene mutation. Indian J

Ophthalmol. 2019; 67: 1481–1483. https://doi.org/10.4103/ijo.IJO_181_19 PMID: 31436206

37. Barashkov NA, Romanov GP, Borisova UP, Solovyev AV, Pshennikova VG, Teryutin FM, et al. A rare

case of Waardenburg syndrome with unilateral hearing loss caused by nonsense variant c.772C>T (p.

Arg259*) in the MITF gene in Yakut patient from the Eastern Siberia (Sakha Republic, Russia). Int J Cir-

cumpolar Health. 2019; 78: 1630219. https://doi.org/10.1080/22423982.2019.1630219 PMID:

31213145
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