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Prelingual sensorineural hearing loss (SNHL) represents about 80% of genetic SNHL, with at least

90 causative genes identified. In order to identify the genetic diagnosis of prelingual SNHL, we
performed a prospective study by systematic history-taking and phenotyping, followed by whole-
exome sequencing (WES) with target gene analysis in 100 Thai patients. We found an overall diagnostic
yield of 46%, 58.3% for familial cases, and 39.0% for sporadic cases. These included 41 cases with
nonsyndromic SNHL(nsSNHL) and 5 cases with syndromic SNHL (sSNHL). We identified 41 P/LP

and 4 VUS variants of 15 genes. Of those sSSNHL, the causative genes were PAX3, SOX10, MITF
(Waardenburg and Teitz syndromes), and SLC26A4 (Pendred syndrome). The genetic defects identified
among those with nsSSNHL were GJB2 and SLC26A4 as the most prevalent causes, followed by
MYO15A, MYO7A, POU3F4, OTOF, PCDH15, GSDME, PTEN, ACTG1, TMPRSS3, MITF, and MPZL2. The
inheritance of these nsSNHL genes involved X-linked recessive (n = 3), autosomal dominant (n=3), and
autosomal recessive in the remainder (n=36). Patients with positive mutations underwent surveillance
for associated symptoms like goiter and retinitis pigmentosa. In conclusion, most prelingual SNHL
was nsSNHL with autosomal recessive inheritance. Identifying the causative gene benefits patients for
specific management and genetic counseling.
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Hearing loss (HL) is defined as when a person does not hear at the normal hearing threshold of 15 dB in the
better ear! The incidence of hearing loss (HL) is about 1-2 in 1,000 infants*~. Sensorineural HL (SNHL) refers
to any cause of hearing loss due to a pathology of the cochlea, auditory nerve, or central nervous system*’. It
is noted that >95% of permanent HL represents sensorineural HL (SNHL). The severity of HL is classified into
mild (26-40 dB), moderate (41-70 dB), severe (71-90 dB), and profound (>90 dB)%.

The etiology of prelingual SNHL is divided into 3 groups, including acquired causes (TORCH infection,
prematurity, severe hyperbilirubinemia, ototoxic drug use), genetic causes, and unknown etiology*=. Genetic
HL is classified into syndromic (sSNHL) and non-syndromic (nsSNHL) based on the presence or absence of
associated abnormalities of other organs, respectively. It can also be divided into prelingual and postlingual
SNHL according to the onset before or after the development of verbal speech, usually at 2 years of age. Prelingual
SNHL represents ~80% of genetic HL, with at least 90 genes identified as the cause, creating difficulty in genetic
diagnosis*>®. With the advance of next-generation sequencing (NGS), specifically whole exome sequencing
(WES) and gene panel testing, the diagnostic yield of HL is approaching 40-60% in some studies®'%** as
compared to 29% or less in the pre-NGS era®!°.
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Common sSNHL include Waardenburg syndrome (blue iris, heterochromia, telecanthus, and Hirschsprung
disease), Pendred syndrome (cochlear hypoplasia or 1 % turn-cochlear, and adolescent onset goiter), Usher
syndrome (retinitis pigmentosa, vestibular abnormality in some patients), Alport syndrome (microhematuria,
later onset renal failure)®!¢. Other rare sSSNHL were such as Tietz albinism (light-colored hair and skin, blue/grey
iris) and Jervell and Lange-Nielsen syndrome (syncope, prolonged QT-interval, and ventricular arrhythmia)*®.
Nonsyndromic SNHL(nsSNHL), on the other hand, has no clinically relevant associated symptoms.

Variants of the gap junction beta 2, GJB2, gene are the most common cause of hereditary HL worldwide,
followed by other genes, depending on the studies and ethnicity of the populations investigated*!>!7-2°,

The American College of Medical Genetics (ACMG) and the American Academy of Pediatrics have
recommended stepwise investigations, including clinical and audiological data, to exclude acquired causes,
followed by single gene testing of GJB2 as the first-tier genetic test if a negative acquired cause. Patients with a
GJB2-negative test are recommended to undergo an HL gene panel or WES sequencing as the second-tier test®.

In order to identify the genetic diagnosis of prelingual SNHL, we performed a prospective study by systematic
history-taking and phenotyping, followed by WES with target gene analysis in 100 Thai patients.

Results

Demographic data

A total of 116 eligible individuals agreed to participate in the study; 16 were further excluded due to a clinical
history suggesting acquired causes, delayed onset hearing loss, and mild SNHL. Of the 100 participants from
75 families (67 from the hospital and 33 from the school), there were 85 children and 15 adults, comprising
48 males and 52 females, and 36 familial and 64 sporadic cases. The 36 familial cases were from 21 families,
including 14 siblings from 7 unrelated families, 12 affected trios (child-father-mother) from 4 families, and 10
children whose affected relatives were not enrolled in the study (Table 1 and Supplementary data: Table S1-S2).
Only 4 patients had a history of parental consanguinity. The severity of HL was severe/severe-to-profound/
profound in 70% and moderate/moderate-to-severe in 30%, respectively. Among 38 patients with available data
on newborn hearing screening, all were tested by transient evoked otoacoustic emissions (TEOAE:s or, in short,
OAEs), and 7 patients were found to “Pass”, (Supplementary data, Table S2).

Characteristic ‘N ‘Percent (%)
Sex

Male 48 | 48
Female 52 |52

Family history of hearing loss

Yes 36 | 36
No 64 | 64
Consanguinity

Yes 414
No 92 |92
Unknown 414

Hearing screening (n=38)
Pass 7 | 18.4
Refer 31 | 81.6

Severity of hearing loss®

Moderate 919
Severe 11 |11
Profound 49 | 49

Moderate-to-severe |21 |21

Severe-to-profound | 10 | 10
CT/MRI temporal bone (n=28)
Normal 22 | 786
Abnormal 6 |214

Non-audiological symptoms and/or
inner ear abnormalities

Yes 29 |29
No 71 |71

Table 1. Demographic data of 100 patients with prelingual sensorineural hearing loss (SNHL). *The severity
of hearing loss: moderate 41-70 dB; severe 71-90 dB; profound > 90 dB or having cochlear implant; those
unavailable audiological reports, moderate-to-severe was assigned for patients who could hear some sound
with/without some words, severe-to-profound for those who did not hear any sound and had no words.
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Clinical findings, syndromic and non-syndromic SNHL

Twenty-nine patients were found to have a history of motor delay, non-audiological symptoms, and/or abnormal
inner ears (Table 2). These included a history of mild gross motor delay (n=7), abnormal gait (n=3), epilepsy
(n=1), hypopigmentation defects (n=5), hyperpigmented spot (n=2), goiter (n=1), intellectual disability
(n=1), attention deficit (n=1), preauricular skin tags (n=2), and nonspecific facial dysmorphism (n =1, Patient
100), abnormal cochlear (n=3), enlarged vestibular aqueduct (n=1), and abnormal internal acoustic canal with
semicircular canal abnormality (n=1). Only 6 out of 28 patients had recognizable sSSNHL based on clinical
characteristic features, including Waardenburg syndrome (n = 3), Tietz albinism syndrome (1 =2), and Pendred
syndrome (n=1). Clinical findings in the other patients were nonspecific for a recognized hearing loss syndrome.
In sum, there were 94 patients with likely nsSSNHL prior to the WES analysis.

Sex;
Patient | Age | SNHL Diagnosis
ID (yr) | severity | Non-audiological symptoms CT/MRI 'WES result before WES
12 FE12 |P Abnormal (tandem gait, Hx GM delay Normal Neg nsSNHL
2@ F13 | P Hx GM delay Normal Neg nsSNHL
10° M;6 | P Abnormal gait (valgus knee) NA MYO7A: c.1915 A>G (p.Asn639Asp) / nsSNHL
11° M;6 |P Abnormal gait (valgus knee) NA €.6051+2T>C nsSNHL
21 F11 | P Epilepsy (well controlled) Normal Neg nsSNHL
40°¢ F16 | P Blue iris, light/grey colored hair/skin since birth NA gzgfznzélslzmlsm—
MITF: c.971G > A (p.Arg324Lys), het
N - . - . Teitz albinism-
67 F;43 | P Blue iris, light/grey colored hair/ skin since birth NA
deafness
4l 6 P Preauricular skin tags on the right (0.5 cm) and left NA Neg nsSNHL
ear (0.3 cm)
51 F;18 | P Cleft palate (surgical closure at 1.5 y), flat malar NA Neg nsSNHL
53 M; 8 MS Hx GM delay NA Neg nsSNHL
56 M; 20 | MS Hx GM delay NA Neg nsSNHL
58 FE 15 | MS Hyperpigmented spot on the left leg NA GJB2: ¢.109G > A (p.Val37Ile), hom nsSNHL
59 M8 |P Hx GM dela'y, blue pigment macule at left buttock, NA PTEN: ¢.19G>T (p.Glu7Ter) nsSNHL
flat foot + wide base gait het de novo
61 M;7 | MS Blue iris bilateral, no white forelock NA igj? 0:c448 A>G (pLys150Glu), het de Waardenburg s.
62 F19 | P Pre-auricular skin tag (1 cm) at left ear Normal Neg nsSNHL
64 M:5 | P Hyperpigmented patch (6 x4 cm) on the left side Normal Neg nsSNHL
of the neck
’ . . SLC26A4: c.1150-1G>A/¢c.1971 C>A
65 F;34 | P Goiter (status post thyroidectomy) NA (p.Ser657Arg) Pendred s.
80 F;4 | Mo Heterochromia, telecanthus, no white forelock NA bN eg (PAX3 deletion of Exons 3-8 detected Waardenburg s.
y gene panel), het de novo
87 F 5 P Heterochromia on left eye Normal PAX3:¢.321+2T > C (het, de novo) Waardenburg s.
88¢ |M;10|P Hx GM delay NA POUS3F4: c.731dup (p.Asn244LysfsTer27), | DsSNHL
89d  [M;17|S Hx GM delay NA X-linked nsSNHL
90 F;5 Mo light skin, epicanthal fold NA MPZL2: ¢.220 C>T (p.GIn74Ter, ) hom nsSNHL
103 E6 | MS Attention deficit & hyperactivity disorder NA MITF: ¢.1209G > A (pThr404Thr) / ? nsSNHL
Hypoplasia of the internal
. Cup-shaped ear, AF 2 X2, truncal hypotonia, acoustic canal and .
100 M0 P micrognathia; mild intellectual disability semicircular canal; enlarged GJB2: ¢.109G> A (p.Val37Ile), hom nsSNHL
vestibules; normal cochlear
85 M; 14 | S None Absent/hypoplastic cochlear | Neg nsSNHL
79 F1 | P None tlhle/z;;;‘:ed cochlear, cystat | g1 2644 ¢2162 C> T (p.Thr721Met), hom | nsSNHL
47 E 11 | MS None Absent/hypoplastic cochlear | Neg nsSNHL
28 F;5 P None EVA (Right) Neg nsSNHL
. SLC26A4: c.349del (p.Leul17SerfsTer9) /
15 F; 6 MS None EVA 1229 C>T (p.Thr410Met) nsSNHL

Table 2. Non-audiological and inner ear abnormalities, including genetic findings in 29 patients. *Daughters
of a normal hearing couple; ® male twins of a normal hearing couple; © Patient 40 is the daughter of Patient 67;
4 sons of a normal hearing couple. comp het, compound heterozygous; CT/MRI, computed tomography and/or
magnetic resonance imaging of temporal bone or inner ear; EVA, enlarged vestibular aqueduct; F, female; het,
heterozygous; hom, homozygous; Hx of GM delay, history of gross motor delay; M, male; Mo, moderate; MS,
moderate-to-severe; NA, not available; Neg, negative; P, profound; S, severe; SNHL, sensorineural hearing loss;
WES, whole exome sequencing; ?, another unidentified mutant allele.
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Diagnostic yield and causative genes

In total, clinically relevant or positive variants were identified in 46 out of 100 patients. These included 41 P/LP
(25P and 16 LP) and 4 VUS variants of 15 genes. The diagnostic yield of familial cases was 58.3% (21/36 cases),
and 39.0% (25/64) for sporadic cases.

Of those with a prior diagnosis of sSSNHL, the LP/P variants were detected in PAX3 and SOX10, each in a
single patient with Waardenburg syndrome; an LP variant of MITF in two patients with Tietz albinism syndrome
(Patients 40 and 67, a daughter and the mother); and SLC26A4 variants in a patient with Pendred syndrome
(Patient 65; Tables 2 and 3). Another patient with Waardenburg syndrome was negative by WES and single gene
testing (PCR-Sanger sequencing of PAX3) but was found to have a PAX3 deletion of exons 5-8 by a commercial
gene panel study (Invitae'); therefore, this individual was counted as WES-negative.

Among nsSNHL, genetic defects were identified in 41 out of 94 patients, or 43.6%, involving 39 P/LP (22P
and 13 LP) and 4 VUS of 12 genes. The leading causative genes identified were GJ/B2 and SLC26A4, followed by
MYOI15A, MYO7A, POU3F4, OTOF, PCDH15, and then each in TMPRSS3, MITF, PTEN, ACTG1, MPZL2, and
GSDME (Table 4and Fig. 1 ). As for Patient 40, who inherited Tietz-albinism syndrome-related MITF variant
from her affected mother, and an autosomal dominant nsSSNHL-related GSDME variant from her affected father,
only the MITF variant was counted for diagnostic yield; this was to avoid complex calculations. Of those having
autosomal recessive SNHL, 13 patients were homozygous and 28 were compound heterozygotes (Table 3 and
Supplementary Table S3).

Of the 7 patients who “passed” OAEs, their WES was found positive in four patients: two for OTOF (Patients
35 and 49), one for SLC26A4 (Patient 13), and the other for MYO7A (Patient 3).

The inheritance of these nsSNHL genes involved X-linked recessive (POU3F4) in 3 patients, autosomal
dominant (ACTGI, GSDME, and PTEN) in 3 patients, and autosomal recessive in the remainder. Compound
heterozygosity was consistently confirmed through segregation analysis, including the Sanger sequencing result
of the patient and at least one parent.

Identified variants

The details of each genetic variant and its frequency are shown in Tables 3 and 4. Eleven of the 45 positive variants
detected were novel findings. The most common GJB2 variants were autosomal recessive alleles of ¢.109G > A,
followed by ¢.235 delC (Table 4). Of those homozygous c.109G > A, two patients had severe-to-profound HL
(Patients 83 and 100) while the other three had moderate-to-severe HL (Patients 54, 58, and 106; Table 3 and
Table S3). Patients with the other variants had severe-to-profound HL.

The common SLC26A4 variants detected were ¢.290T > A, ¢.706 C>G, ¢.1229 C>T, and c.2162 C>T,
c.1547dup, ¢.1971 C> A (Table 4). The severity of HL in these individuals was mostly severe-to-profound (n=6),
and the remainder was moderate-to-severe (n=1) and moderate (n=2). None of the affected children exhibited
goiter, but one of the affected mothers did (Patient 65). There were two children with possible Pendred syndrome
prior to WES as follows: the child (Patient 37) of a mother with Pendred syndrome, and the other child (Patient
79) due to the presence of 1 % turned cochlear noted in the temporal bone CT scan. However, we listed these
children in the nsSNHL prior to the WES study because of the genetic heterogeneity of SNHL and cochlear
abnormalities. The remaining patients with SLC26A4 either have enlarged vestibular aqueduct (EVA; Patient 15),
normal cochlear (Patient 13), or unavailable data (n=7).

As for the variants of MYOI15A, MYO7A, and PCDHI5 (a known gene for Usher syndrome type 1 F),
POUS3F4, OTOF, TMPRSS3, MITF, and MPZL2, the detected variants appear to be rather dispersed, and no
common variants were identified (Tables 3 and 4). The MYO7A- and PCDH]I5-positive patients, whose ages
ranged from 1 to 8 years, denied vision problems at night, and their ophthalmological examination is pending.

There were three autosomal dominant genes/variants detected in nsSNHL of this cohort. The GSDME
¢.781 C>T variant was found in a father and a child with severe-to-profound SNHL. The ACTGI ¢.547 C>T
variant was found in a sporadic case with moderate-to-severe SNHL (Patient 44). This ACTGI variant was
inherited from the father, who reported normal hearing but never had an audiological evaluation. A de novo
PTEN variant, c.19G>T, was observed in another patient with profound SNHL and additional features of blue
pigment macules at the left buttock, flat foot, questionable wide-base gait, and mild developmental delay (Patient
59; Table 2 and Supplementary Table S3).

Among six patients with apparently nsSNHL and inner ear abnormalities: EVA (Patients 15 and 28),
hypoplastic/aplastic cochlear (Patients 47 and 85), 1 % turned cochlear (Patient 79), and atretic semicircular
canal and enlarged vestibule (Patient 100), only three patients were found positive in SLC26A4 (Patients 15 and
79) and GJB2 (Patient 100).

Discussion
We identified an overall genetic diagnostic yield of 46% among the prelingual SNHL in the present study, 58.3%
for familial cases, and 39.0% for sporadic cases. The majority, 89.1% (41/46), were nsSNHL and the remainder,
10.9% (5/46), represented sSNHL. The data revealed the frequency of different inheritance of HL as follows:
autosomal recessive —76.1% (36/46), autosomal dominant — 17.4% (8/46), and X-linked recessive — 6.5% (3/46).
The leading causative genes were G/B2 and SLC26A4 in equivalent frequency, followed by MYO7A.

The high diagnostic yield in the present study is equivalent to 40 to 65% reported from other populations®1%-14,

Interestingly, the frequency of parental consanguinity was low at 4% in this cohort, but a family history of HL
was frequent at 36%, suggesting that it could be attributed to the result of assortative marriage and high prevalence
of HL gene/variants among the Thai population, specifically G/B2: ¢.109G > A and ¢.235delC alleles, and several
SLC26A4 variants. A previous studies including a systematic review have demonstrated that c.109G>A was
the most common GJ/B2 pathogenic allele detected among the combined (control + hearing loss) populations
from Southeast Asia, including Thailand (9.3%), Taiwan (11.7%), Vietnam (13.2%), Malaysia (4.9%), China
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Sex;
Patient | Age | HL Fam. Diagnosis Detected variants;
ID (yr) | Severity | Hx. | Consanguinity | before WES | Gene Protein change Classification | ClinVar# Zygosity
10° M;6 | P Y N nsSNHL MYO7A | c1915 A>G 8/ c.6051+2T>C; VUs/vUs | SCV005901549¢/ | Com.
118 M;6 | P Y N nsSNHL MYO7A | P-Asn639Asp / Splicing defect RCV001955084 het
13 M;3 | P N |N nsSNHL SLC26A4 | S700C>Gs P RCV000411990.5 | Hom
p.Leu236Val
_ 349del / ¢.1229 C> T RCV000667022/ | Com.
15 F6 | MS NN nsSNHL SLC26A4 | 1 cul17SerfsTer / p.Thr410Met P/P RCV000576483 het
M; 290T>A / c.1708G>T & RCV003037251/ | Com.
16 0 |3 NN nsSNHL SLC26A% | [\197Glu / p.Val570Phe P/LP SCV005894844 % | het
X ¢.71G>A / c.235del ; RCV000211778 / Com.
27 M4 | S N N nsSNHL GJB2 p.Trp24Ter / p.Leu79CysfsTer3 P/P RCV000211768 het
, 5964+ 3G>A / c.6371G> A RCV002224977 /
30 M;9 1S NN nsSNHL MYOISA | g licing defect / p.Arg2124Gln Lp/Lp RCV002491675 Com het
. c.1547dup ;
32 E8 |s N [N nsSNHL SLe26At | feTero P RCV000169076 Hom
M ¢57242T>GE/ c.1193G>A8; SCV005882697 & /
33 2 P N N nsSNHL TMPRSS3 | 1 licing defect / p.Gly398Glu LP/VUS SCvoosssagos | Com het
. c.981del 8/7; N §/2
34 M7 | P N [N nsSNHL PCDHIS | o eaisTer26 /7 LP/? SCV0058826955/2 | Com het
35 M;4 | Mo N [N nsSNHL orop |S1273C>Ts P VCV000065776.5 | Hom
p.Arg425Ter
. c.688dup &; g .
36 M6 | P Yy [N nsSNHL POUSEd | o s Tera1 LP SCV005882696 Hemi
R _ c919-2A>G/ 1971 C> A; VCV000004840.52 /
37 E7 | Mo Y N nsSNHL SLC26A4 | g licing defect / p.Ser657Arg P/LP RCVO0017587722 | Com het
, 299del / ¢.1997+ 1G> A ; VCV000550507.1 /
38 M8 | P NN nsSNHL PCDHIS | 0 Gly100GlufsTer10 / Splicing defect | /P VCV00037972011 | Com et
40°¢ F;16 | P N Tietz albinism | MITF C971G>AE; P SCV005882690 & Het
67°¢ F; 43 | SP Y N Tietz albinism | MITF p-Arg324Lys
44 9 | Ms NN nsSNHL AcTGr | ©347C> TS LP VCV000808333.33 | Het
p.Argl83Trp
M; 109G > A;
48 W ms Yy [N nsSNHL GJB2 aliyie p RCV000211759 Hom
, .1046-1G>C &/ c.5567G > A; SCV005882693 & /
9 M5 | MS N N nsSNHL OTOF | plicing defect / p.Arg1856Gln Lp/p VCV000065811.6 | COm het
54 F9 | Ms N |N nsSNHL GJB2 €109G>A; P RCV000211759 Hom
p.Val37Ile
58 F;15 | MS N |N nsSNHL GJB2 €109G > A; P RCV000211759 Hom
p-Val37Ile
59 M8 | P N |N nsSNHL prEN | S12G>Ts P VCV000493079.29 | et de
p.Glu7Ter novo
M; c.35del / c.235del; VCV000017004.130
60 17 |P N N nsSNHL GJB2 p.Glyl2ValfsTer2 / pLeu79CysfsTers | 0/ P /RCVO00211768 | COm het
61 M7 | MS N [N Waardenburg. | gy | 448 A>Gs P RCV001729954,10 | Heb de
s. p-Lys150Glu novo
. , 5603G> A/ c.6728 C>T; RCV000339103.6 /
63 E8 | MS Y N nsSNHL MYOISA | A re1868His / p.Thr2243Met VUS/VUS | pevooososeaz2 | Com bet
R _ ] 1150-1G> A / 1971 C> A; RCV003473991.2 /
05 F;34 | SP Y N Pendreds. | SLC26A4 | ¢o):cing defect / p.Ser657Arg P/LP RCVO01758772.2 | Com bet
.M c919-2A>G/c.1716 C>T VCV000004840.52 /
66 39 | SP Y N nsSNHL SLC26A4 | gplicing defect / p.Phe572Leu P/LP RCV004770190.1 | Com et
M; 781 C> T
. ; ;
68 M s Yy |N nsSNHL GSDME | &70 orTer P RCV0022217052 | Het
?
69¢ | F37 |sp Yy [N nsSNHL MYOI5A ;1231%6;?1 o VUS/? RCV000339103.6/ 7 | Com het
M; C6728C>T/?
d > ? ?
70 W |sp Yy [N nsSNHL MYOISA | 7 VUS/? RCV000505627.2 /2 | Com het
, 754T>C /1229 C>'Ts VCV001065210.8 /
74 M6 | P Y N nsSNHL SLC26A4 | Ser252Pro / p.Thr4l0Met p/p RCV000576483 Com het
_ 2904G > A / ¢.3576G > A; VCV000228280.8 /
& M0 | P N N nsSNHL MYO7A | Glu968Glu / p.Trpl192Ter Lp/P VCV0005507237 | Com het
76¢ M;1 | P Y N nsSNHL MYOI5A | ¢ 3385 C>T/ c.3525dup ¢; P/LP RCVO0018248415/ | (0
77¢ F6 | Mo Y N nsSNHL MYOI5A | P-Argl129Ter / p.Ser1176Val fsTer14 SCV005882692 &
79 E1 |P N |N nsSNHL SLC26A4 ;zﬁfézcl . P VCV000004826.25 | Hom
M; c.235del;
82 M lse N [N nsSNHL GJB2 o ToCystsTers p RCV000211768 Hom
Continued
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109G > A;
83 M1 |S N nsSNHL GJB2 poVal37lle P RCV000211759 Hom
' €.235del / ¢.299_300del; RCV000211768 /
84 F4 | SP N nsSNHL GJB2 p.Leu79CysfsTer3/p.His100ArgfsTer14 | /P VCV000044736.41 | COm het
. Waardenburg c.321+2T>C8; Het, de
87 E5 |P N N PAX3 Splicing defecet LP SCV005882694% | -~
f M;
88 P N nsSNHL POU3F4
o c.731dup 83 Lp SCV005894845¢ | Hemi
gof Ve N SNHL POU3F4 p-Asn244LysfsTer27
17 ns
90  |E5 |Mo N nsSNHL Mpziz | SB0C>T; P VCV000585269.9 | Hom
p.GIn74Ter
X c.290T > A;
99 M;2 | P Y nsSNHL SLC26A4 | L1976 P RCV003037251 Hom
109G > A;
100 M;0 | P N nsSNHL GJB2 poVal37lle P RCV000211759 Hom
X c1209G>A/7?;
103 F,6 | MS unknown nsSNHL MITF pThr404Thr / 2 LP/? RCV001290159.2/ 2 | Com het
106 | E8 | MS unknown nsSNHL GJB2 c109G> A; P RCV000211759 | Hom
p.Val37Ile
Table 3. Clinical diagnosis and detected variants in 46 patients. * Male twins of a normal hearing couple; ®
Patient 37 is the child of Patients 65 (mother) and 66 (father); € Patient 40 is a daughter of Patients 67 (mother
8
and 68 (father); 4 Patient 63 is the child of Patients 69 (mother) and 70 (father); € Patients 76 and 77 are son
and daughter of a normal hearing couple; { Patients 88 and 89 are sons of a normal hearing parents; 8 11 novel
variants detected in this study, which were submitted to ClinVar and assigned the ClinVar Reference# as shown
Y g
in the column.
Distribution of Causative Genes in Nonsyndromic Hearing Loss(%)
pousaa AT prey
TMPRSS3 G3OME
MPzL2
PCDH15
oTOF
GIB2
MYO7A
MYO15A
SLC26A4
Fig. 1. Causative genes. Showing distribution of causative genes among 94 patients with nonsyndromic
sensorineural hearing loss.
(6.8%), with the overall frequency at 6.6%, followed by c.235delC at 1.1%2!-2%. However, the most common
GJB2 pathogenic allele found in the Asian HL population was the c.235delC (9.7%) followed by the c.109G > A
pathog pop Y
4.1%), whereas the leading causative variant among Thai HL populations in this study was ¢.109G > A. This has
g g pop y
raised an interesting question of whether or not there is a modifier gene/variant potentiating the severity of HL
among Thai patients with homozygous ¢.109G > A, which remains to be studied. Although the c.109G > A has
been functionally confirmed to be a pathogenic recessive variant with incomplete penetrance and is typically
associated with mild-to-moderate SNHL?! most of our patients had moderate-to-severe or profound SNHL. The
¢.35delG is extremely rare in Southeast Asian and East Asian populations, while it is the prevalent variant found
among Caucasian and Arab descendants?2~2%.
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Gene; Ref. sequence Nucleotide variant | No. of alleles detected | No. of individuals detected | No. of individuals detected for the gene *
ACTGI1; NM_001614.5 c.547C>T 1 1 1
c.35del 1 1
c.71G>A 1 1
GJB2; NM_004004.6 c.109G>A 12 6 10
c.235del 5 4
€.299_300del 1 1

GSDME; NM_001127453.2 c.781C>T 2 2 1(+1)°
MPZL2; NM_005797.3 c220C>T 2 1 1
MITF; NM_001354604.2 CING>A 2 2 3
c.1209G>A 1 1
c1915A>G 2 2
MYO7A; NM_000260.4 €204G> A 1 ! 3
c.3576G>A 1 1
€.6051+2T>C 2 2
c.3385C>T 2 2
¢.3525dup 2 2
MYO154; NM_016239.4 €36003G>A 2 2 6
c.5964+3G>A 1 1
c.6371G>A 1 1
c.6728 C>T 2 2
c.1046-1G>C 1 1
OTOF; NM_194248.3 c1273C>T 2 1 2
c.5567G>A 1 1
PAX3; NM_181459.4 c.321+2T>C 1 1 1
€.299del 1 1
PCDHI15; NM_001384140.1 | c.981del 1 1 2
c1997+1G>A 1 1
POU3F4; NM_000307.5 c688dup ! ! 3
c.731dup 2 2
PTEN; NM_000314.8 c19G>T 1 1 1
c.290T>A 3 2
¢.349del 1 1
c.706 C>G 2 1
c919-2A>G 1 1
c.754T>C 1 1
c.1150-1G> A 1 1
SLC26A4; NM_000441.2 10
c1229C>T 2 2
c.1547dup 2 1
c.1708G>T 1 1
c1716 C>T 1 1
c1971 C>A 2 2
c2162C>T 2 1
SOX10; NM_006941.4 c448 A>G 1 1 1
TMPRSS3; NM_001256317.3 c572421>G . ! 1
c.1193G>A 1 1

Table 4. The lists of variants and their frequency detected in 46 patients. * some patients were heterozygote,
compound heterozygote, or homozygote; ° (+ 1) representing Patient 40 who was heterozygous for a
pathogenic GSDME variant as well as for a pathogenic MITF variant, but only MITF was counted for the
diagnostic yield.

Notably, there was high allelic heterogeneity of the LP/P SLC26A4 variants identified in the present study,
with several variants being present in similar frequencies (Table 4). The presence of a high rate of compound
heterozygosity also supports the assumption of assortative marriage among the deaf, which may lead to a positive
family history of hearing loss, but not due to consanguinity. The finding of several LP/P variants among those
positive for SLC26A4 was also observed among the Vietnamese HL population?’. In contrast, there is evidence
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of a common SLC26A4 allele found among some HL populations, such as ¢.706 C>G (p.Leu236Val) in the
Philippines®®%.

To our knowledge, this is the largest cohort of SNHL studied by NGS on the Thai population. Our data
demonstrated high genetic heterogeneity of SNHL in Thai patients, with 45 variants detected in 15 genes of 46
patients, which is consistent with those found in other populations but in contrast to lower genetic heterogeneity
of populations with high consanguinity?**® Additionally, this is supported by the presence of a high proportion
of compound heterozygous over homozygous individuals (27 vs. 13) among those with positive autosomal
recessive SNHL, and around one-fifth of the positive variants being novel findings (Table 3).

Of those with inner ear anomalies in the present cohort, the genetic diagnosis was positive in 50.0% (3/6), in
agreement with 54.5-73.9% from earlier reports>32.

SLC26A4 is the only known gene responsible for Pendred syndrome, the most common autosomal recessive
sSNHL. SLC26A4 also causes autosomal recessive nsSNHL with or without an enlarged vestibular aqueduct
(EVA). SLC26A4 has been observed and the second or third common causative gene, next to G/B2, MYOI5A, or
STRC for nsSNHL in several populations'>!7-1°. SLC26A4 can be present in digenic with other recessive genes,
namely, FOXI1 and KCNJ10, in SNHL; however, it is not detected here.

MYOI5A variants found in 4 affected individuals were compound heterozygous, again supporting the notion
that it is not a result of parental consanguinity. Interestingly, an individual (Patient 63) inherited two distinct
variants, each from the homozygous parents.

MYO7A is known to cause autosomal dominant postlingual nsSSNHL as well as autosomal recessive congenital
nsSNHL and Usher syndrome type 1B*°. However, only recessive MYO7A variants were found in this cohort,
likely due to the inclusion of only prelingual SNHL in the study.

The presence of two autosomal dominant causative genes/variants, GSDME c.781 C>T and MITF: c.971G > A,
in an affected individual (Patient 40) is again consistent with the assortative marriage among the deaf population.
This also addresses the extreme genetic heterogeneity and complexity of genetic HL, as well as the necessity of
extended gene panel testing or WES to capture HL-related genes as many as possible to avoid misdiagnosis due
to the limited number of HL genes provided in the panel, as previously observed™.

Moreover, some genes can cause both autosomal dominant and autosomal recessive hearing loss, both
sSNHL and nsSNHL, depending on the type of the variants. Variants in GJB2 can result in autosomal dominant
sSNHL with ichthyosis/keratitis or palmoplantar hyperkeratosis, and autosomal recessive nsSNHL*%?!. MITF
variants may cause autosomal dominant Waardenburg and Tietz syndromes and autosomal recessive nsSNHL as
seen in this and earlier studies®®. MYO7A mutated alleles could lead to autosomal dominant postlingual HL with
slow progression, and autosomal recessive prelingual nsSSNHL and Usher syndrome type 1B°. Therefore, patients
with MYO7A recessive variants require regular monitoring for retinitis pigmentosa and vestibular dysfunction,
as these symptoms may not develop until the 2nd -3rd decades of life.

As for ACTGI, there were only 53 LP/P variants reported previously, and all of them were missense changes
(https://www.ncbi.nlm.nih.gov/clinvar). ACTGI-related HL is often progressive in nature, first evident at high
frequency, and is clearly observed by the twenties**>. The ACTGI variant, c.547 C>T, found in our patient
(Patient 44) was listed as LP in ClinVar (VCV000808333.34), and there could be phenotypic variability;
therefore, we counted this variant as a positive, although the heterozygous father reported normal hearing. We
advised the father to have an audiological evaluation and monitoring. It should be noted that another amino acid
substitution at this codon, ¢.548G> A or p.Argl83Gln (VCV000505063.7), was found as a de novo occurrence
in HL patient, and confirmed to be likely pathogenic based on the protein modeling and molecular dynamics
simulations®. PTEN is a known cause of macrocephaly/autism and cancer-predisposition disorders, Bannayan-
Riley-Ruvalcaba, and Cowden syndrome, of which SNHL is a part of the conditions. Patient 59 could, in fact,
represent a PTEN-related disorder.

For cases with VUS in an autosomal recessive gene, some are potentially pathogenic because of their presence
in trans with another VUS or LP/P variant, along with the segregation with the hearing loss phenotype, such
as the VUS variants of MYO7A detected in Patients 10 and 11, and that of the TMPRSS3 gene in Patient 33.
Functional analysis and/or the recurrence of these variants in trans, either with another VUS or an LP/P variant
only in the affected individuals, could support its pathogenicity. Additionally, periodic review and reanalysis
every 1-2 years could lead to a reclassification, owing to new phenotypes and new variants of the genes being
described.

In Thailand, universal newborn hearing screening has been around since 2003 and recommended by
professional societies; however, it was not until recently, in 2022, that the screening became the public health
policy (https://eng.nhso.go.th). This may explain the low percentage of patients with available records of OAEs
in the present study.

Among patients with positive genes/variants, despite ‘passing” OAEs in this cohort, the OTOF-positive
individual is likely that OAEs generally fail to detect OTOF-related SNHL because of the nature of auditory
neuropathy of this disorder®3¢. Only automated auditory brainstem evoked response (AABR) hearing screening
can detect SNHL caused by auditory neuropathy®*’. The cases of positive SLC26A4 and MYO7A variants
cannot be explained by the pathogenic mechanism of HL related to these two genes but possibly be supported
by imperfect sensitivity and negative predictive value of OAEs that range around 66.7-67.7% and 45.6-99.7%,
respectively®®3°,

By integrating the result of WES-target gene analysis and systematic phenotyping, it is possible that the
percentage of sSSNHL of the present cohort could be up to 22% (6 Patients with Waardenburg and Tietz syndrome,
10 patients with SLC26A4, 3 patients with MYO7A, 2 patients with PCDH15, and one patient with PTEN positive
alleles. We cannot conclude for sure at the present time because some features of Pendred syndrome (goiter) and
Usher syndrome (retinitis pigmentosa) may not appear until later in life, and there is no available data on the
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CT temporal bone of these patients. These patients deserve a close follow-up for possible associated symptoms
accordingly.

Data from the present study could benefit the patients and families in providing an accurate diagnosis and
precise gene-guided management, such as long-term surveillance for retinal changes and vision loss in patients
with Usher-related genes of which symptom may not be detected in early childhood, and genetic counseling and
reproductive options, including in vitro fertilization (IVF) and pre-gestational testing. The pre-designed data
collection form can be used as an assisting tool for physicians in collecting data systematically and more efficiently
in excluding acquired causes and recruiting cases suitable for genetic analysis. This data could be useful in
developing a clinical guideline for genetic testing following a positive newborn hearing screening and for newly
confirmed patients. Moreover, the genetic epidemiological data would provide strong supporting information
for the development of a new universal coverage benefit package of exome sequencing for prelingual hearing loss
in Thai patients. The data could be useful for preconceptional carrier screening for common variants/causative
genes of SNHL in the Thai general population.

Limitations of this study are that it is a single-center study, not a very large cohort, as well as the inability to
detect structural variants, deep intronic mutations, or copy number variants, which WES might have missed.

In conclusion, WES with targeted gene analysis resulted in a high diagnostic yield among Thai patients with
prelingual SNHL, both sporadic and familial cases, with high genetic heterogeneity. Identification of genetic
defects plus systematic phenotyping has led to more precise clinical diagnosis and medical management, genetic
counseling for patients and families, as well as broader aspects for national health policy related to early-onset
hearing loss. This data also expands the phenotypes and genotypes of genetic HL.

Materials and methods

Patients

The study was a cross-sectional prospective study conducted from July 2023 to July 2024. Eligible participants
were children aged <18 years and adults aged> 18 years with a history of prelingual-onset and moderate-to-
profound SNHL and no known acquired causes, who were followed up at Ramathibodi Hospital and/or from a
school for the deaf in Bangkok.

Exclusion criteria included postlingual and mild HL and acquired hearing loss, as detailed in Supplementary
Table S4). Demographic data were collected, including age, sex, prenatal/perinatal/postnatal history, family
history of hearing loss, and developmental disorder. A three-generation pedigree was also constructed for
each family. Systematic phenotyping of the participants and first-degree relatives was obtained, including
clinical history and physical examination (performed by the researchers, TD and DW). We used the screening
questions and examination targeted at a medical history and phenotypes suggesting common syndromic HL
as follows: clinical history of renal disease, goiter, night blindness, vertigo, white forelock, premature grey
hair, blue iris, arrhythmia and/or sudden cardiac death in the young (before age 45 years), and developmental
history; and systematic physical examination to identify possible dysmorphic features and signs of HL
syndromes, namely growth parameters, coarse facial features, head size and shape, preauricular skin tag/pits,
size and shape of the ear pinna, ear canal, pigmentation defects of skin (e.g., skin color, café au lait spots), white
forelock and hypopigmented hair, telecanthus, periorbital minor anomalies (e.g., up-slanted eye, macro/micro
cornea, coloboma, blue iris/heterochromia), cleft lip/palate, sinus tract/cyst along the anterior border of the
sternocleidomastoid muscle, thyromegaly, heart sounds, extremities (e.g., tapered fingers, extra/missing digits,
syndactyly, nail hypoplasia, stiff joints), signs of skeletal dysplasia and/or disproportionate short stature, and gait
ataxia or abnormal movement, according to the case record form (CRF) designed for systematic data collection.
(Table 5). Patients with positive mutations underwent surveillance for associated symptoms, such as goiter and
retinitis pigmentosa, as clinically indicated.

The severity of hearing loss, as measured by auditory brainstem response (ABR), auditory steady-state
response (ASSR), and/or audiometry, was retrospectively reviewed from the medical records or from the personal
health records of the patients. The definition of degree of hearing loss was as follows: 41-70 dB = moderate; 71—
90 dB =severe; >90 dB or having a cochlear implant=profound. As for those unavailable audiological reports,
moderate-to-severe was assigned for patients who could hear some sound with/without some words, severe-to-
profound for those who did not hear any sound and had no words.

Whole exome sequencing and targeted gene analysis

Peripheral blood was obtained from each participant and their parents. DNA was extracted following standard
protocols, then subjected to WES using Illumina NovaSeq 6000 (Macrogen, South Korea) with Agilent’s
SureSelect (V5 and 6G) for target enrichment and 150 bp Pair End mode (~average read depth 125x), with
exome capture ~97% of the target regions. The exome data were quality assessed by using the FastQC package
and read alignment against a reference genome (hg19 from UCSC genome browser database) by using Burrows-
Wheeler aligner (BWA, version 0.5.9); SAMTOOLS for variant identification; ANNOVAR for variant annotation,
filtering, and prioritizing the potential variants called for further analysis, following Broad Institute’s best practice
guidelines for GATK v3.4 (https://www.broadinstitute.org/) and the previous established protocols®.

The VCEF files were then analyzed using the Human Phenotype Ontology of hearing impairment (HP0000365:
1589 genes) and variants having minor allele frequencies (MAF) >0.03 in the 1000 Genomes Project (November
2010 and October 2011 releases) were filtered out, except for the GJB2 gene variants that MAF > 0.05 was applied
(owing to the high frequency of GJ/B2:p.Val37Ile variant among the Thai affected population?*. The pathogenicity
of the variants detected was initially classified into pathogenic (P), likely pathogenic (LP), variants of uncertain
significance (VUS), likely benign (LB), and benign (B), according to ACMG/AMP 2015 general guidelines for
interpretation of the sequence variants*!. Those of VUS were further classified based on the 2018 modified
criteria according to the expert specification for genetic HL*2. The frequency of the variants identified was
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Clinical history

« renal disease

« goiter

« night blindness

« vertigo

« white forelock/ premature grey hair

« blue iris

« arrhythmia and/or sudden cardiac death in the young (before age 45 years)

« developmental delay

Physical examinations

« growth parameters

« coarse facial features

« head size and shape

« ear - preauricular skin tag/pits, size and shape of the ear pinna, ear canal

« skin pigmentation defects - e.g., skin color, café au lait spots

« white forelock and hypopigmented hair

« periorbital regions - telecanthus, up-slanted eye, macro/micro cornea, coloboma

« blue iris/ heterochromia

« cleft lip/palate

« sinus tract/cyst along the anterior border of the sternocleidomastoid muscle

« thyromegaly

« heart sounds

« extremities e.g., tapered fingers, extra/missing digits, syndactyly, nail hypoplasia, stiff joints

« signs of skeletal dysplasia and/or disproportionate short stature

« gait ataxia or abnormal movement

Table 5. Systematic phenotyping of the patient and their relatives.

checked against the Genome Aggregation Database (gnomAD, available at https://gnomad.broadinstitute.org/)
and Thai Genome Reference Database (ThaiGeR, available at https://thaiger.genomicsthailand.com).

Sanger sequencing was done to confirm the presence of the variants in the participants and parents to
determine the inheritance pattern (cis, trans, or de novo) and disease segregation.

Clinically relevant variants were defined as P/LP variants, VUS in compound with P/LP variants, bi-allelic
VUS in trans, or de novo VUS variants of autosomal dominant or X-linked genes. The relevant variants were
counted as positive and calculated for diagnostic yield.

Research ethics

The research protocol was approved by the Ramathibodi Hospital Human Ethics Research Committee
(MURA2023/528 and MURA2021/440 Ref.2024/502). All research was performed in accordance with
the Declaration of Helsinki. Written informed consent was obtained from all participants and/or their legal
guardians.

Data availability

The datasets generated and/or analyzed during the current study are available in the ClinVar repository
(https://www.ncbinlm.nih.gov/clinvar), with accession numbers as follows: SCV005901549, SCV005882697,
SCV005882690, SCV005882692, SCV005882693, SCV005882694, SCV005882696, SCV005882695,
SCV005894845, and SCV005894844.
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