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The molecular genetic diagnosis of prelingual sensorineural hearing impairment
(HI) is essential for genetic counseling and patient management. Effective diagnosis
requires a knowledge of the genetic architecture of HI, which is often lacking. We
established a cohort of 450 unrelated patients with familial (at least two affected rel-
atives) severe-to-profound bilateral prelingual HI in five countries with high consan-
guinity rates: Tunisia, Jordan, Algeria, Morocco, and Mauritania (the TTAMM cohort).
Recessive and dominant inheritance were observed in 92% and 8% of cases, respectively;
14% were syndromic. Genome analysis detected 211 different mutations (36% not
reported before) in 49 deafness genes, and fully resolved 90% of cases of autosomal
recessive isolated deafness (DFNB forms), 89% of the mutations being homozygous. The
deafness genes involved were similar in different countries, but their mutations, excepta
few in G/B2 and LRTOMT, differed considerably, suggesting an overrepresentation of
private mutations. Biallelic missense mutations in MYO7A, CDH23, PCDH15, USHIC
cause either DFNB forms or Usher syndrome type 1 (USH1) (USHI/DFNB genes).
Such mutations were overrepresented (13% of patients), highlighting the importance
of distinguishing between these two mutation classes. We hypothesized that current
difficulties might stem from the misclassification of certain mutations. By studying the
65 USH1/DFNB missense mutations reported to cause DFNB in the homozygous state,
we identified some that, when associated with a loss-of-function mutation, resulted in
USHL1, a characteristic pattern of some recessive hypomorphic mutations. This reap-
praised classification of USH1/DFNB mutations has the potential to improve molecular
diagnosis and patient management significantly.

North Africa | homozygosity | hypomorphic mutations | USH1B/DFNB mutations |
molecular diagnosis

Hearing impairment (HI) is the most common congenital sensory disorder, with an
incidence of about 1.3 per 1,000 newborns in developed countries (1). Gene defects are
thought to account for more than half these HI cases. Isolated congenital/prelingual
deafness (or nonsyndromic deafness) forms can display autosomal dominant (DFNA),
autosomal recessive (DFNB), X chromosome linked (DFNX), Y-chromosome linked
(DENY), or mitochondrial transmission and are genetically highly heterogeneous, with
156 causal genes identified to date (Hereditary Hearing Loss Homepage: 2025). In addi-
tion, about 300 genes have been reported to cause syndromic HI (2), with an increasing
number recognized as also responsible for isolated deafness. With few exceptions (3-5),
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DENB forms are severe-to-profound and congenital or prelingual, whereas DFNA forms
are often less severe, progressive, and with a later onset. The prevalence of DFNB forms
is particularly high in countries with high consanguinity rates (6-8).

Identification of the causal mutations for prelingual HI is essential to improve the
quality of genetic counseling for families, informing them of the risk of deafness in future
children and the most likely HI outcome (based on increasingly documented genotype/
phenotype correlations). It can also reveal disorders potentially associated with the HI
and requiring clinical investigation, such as retinitis pigmentosa (9) or cardiac arrthythmia
(10). Finally, it can help guide decisions about hearing rehabilitation.
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In recent years, next-generation sequencing techniques have
greatly increased the efficiency of genomic analyses and decreased
their cost (11-13). Some of these techniques (whole-exome or
whole-genome sequencing) are still too expensive for routine use
in molecular diagnosis in many developing countries (14). By
contrast, targeted gene panel sequencing, focusing on particular
genomic regions, is cheaper, with a faster turnaround time and
results that are simpler to interpret. However, the development of
dedicated targeted sequencing panels requires knowledge of the
genetic architecture of the disorder to guide the selection of genes
for analysis. This includes identification of the most prevalent
mutations, which vary with ethnicity. Furthermore, the high fre-
quency of consanguineous unions in some populations results in
private mutations that must also be considered (15).

We investigated the genetic architecture of prelingual deafness
in Tunisia, Algeria, Morocco, and Mauritania, home to some of
the most understudied populations in Africa (16) as well as Jordan.
We recruited a cohort of 450 unrelated cases from affected families
and developed a targeted gene panel for sequencing analyses of
157 deafness genes identified in various populations worldwide.

About 13% of the patients carried mutations of USH1/DFNB
genes that could underlie either Usher syndrome type 1 (USH1)
or isolated deafness (DFNB forms). The association of retinitis
pigmentosa with a prepubertal onset in patients with USH1
greatly impairs their overall sensory perception, making the search
for molecular criteria for distinguishing between mutations caus-
ing USHI and those causing DFNB a priority, particularly as
visual impairment will occur long after parents have taken deci-
sions about whether to use sign language or oral language (relying
on cochlear implants) to communicate with their child. We
addressed this issue by developing a strategy for mutation analysis
based on homozygosity.

Results

HearPanel-IdA-1 Identifies Causal Variants for Prelingual Hl in
90% of Patients in the TJAMM Cohort. We recruited a cohort of
450 unrelated index cases with prelingual HI from five countries:
Tunisia, Jordan, Algeria, Morocco, and Mauritania, the TTAMM
cohort (SI Appendix, Fig. S1). Pedigree analyses revealed recessive
inheritance in 92% (414/450) and dominant inheritance in 8%
(36/450); X-linked transmission could not be excluded in 1%
(5/450). In 13.7% (62/450) of patients, syndromic deafness was
clinically diagnosed before or during the study. Genomic DNA
from patients and their relatives was analyzed with HearPanel-
IdA-1 (Patients and Methods and SI Appendix, Table S1).

G/B2 mutations, causing DENB1, are a highly prevalent cause
of congenital deafness worldwide, except in black African popu-
lations (17). The prevalence of G/B2 mutations was 36% in the
TJAMM cohort, ranging from 16.6% in Mauritania to 46% in
Algeria. The ¢.35delG;p.(Gly12Valfs*2) mutation accounted for
more than 90% of the G/B2 mutations in each country. Other
mutations were occasionally observed (SI Appendix, Tables S2 and
S3). Four unrelated patients were compound heterozygous for the
¢.35delG;p.(Gly12Valfs*2) mutation with either the ¢.139G>T;p.
(Glud7%) or the intronic c.-23+1G>A mutation. A few additional
missense mutations were observed (SI Appendix, Tables S2 and
S3). All these mutations have already been reported.

We then screened the patients for LRTOM T mutations, causing
DENBG63, the second most frequent cause of HI in Morocco (18).
Three LRTOMT mutations have been reported, all in exon 7
(18-20) (SI Appendix, Tables S2 and S3). LRTOMT mutations
were detected in 6% of the patients in the TTAMM cohort, all
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homozygous (Fig. 1 for country distribution). Together, G/B2 and
LRTOMT mutations accounted for 41.5% of all cases of deafness
in this cohort.

We identified mutations responsible for HI in 87% (228/263)
of the remaining 263 patients (99%, 95%, 83%, 75%, and 66%
of the patients from Tunisia, Algeria, Jordan, Mauritania, and
Morocco, respectively).

HearPanel-IdA-1 detected mutations in 92% of the patients
with HI in the TJAMM cohort. Biallelic mutations were iden-
tified in 93.7% (388/414) of the 414 patients with DFNB or
autosomal recessive syndromic deafness (ARSD), and monoal-
lelic mutations, corresponding to partial resolution, were iden-
tified in 3% (13/414), with single mutations detected in 11 genes
(ADGRV1, BDPI, CDH23, ESRRB, MYO3A, OTOE OTOG,
SLC26A4, STRC, USHIC, and USH2A). No apparent homozy-
gosity suggestive of a possible deletion affecting the other allele
was found. The last 3% (13/414) of cases remained fully unre-
solved. Monoallelic mutations were detected in only 39%
(14/36) of the patients with familial segregation suggestive of
DFNA, autosomal dominant syndromic deafness (ADSD) or
DFNX forms. Overall, fully solved cases of recessive or dominant
deafness accounted for 89% (402/450) of the entire cohort
(ST Appendix, Table S2).

Mutation Analysis: Nature, Pathogenicity, and Recurrence.
HearPanel-IdA-1 detected 211 different mutations in 49
deafness genes: 42 genes underlying DFNB forms and/or ARSD
(predominantly USH), five underlying exclusively dominant
forms (four ADSD genes and one DFNA gene), one (G/B2)
both a DFNB and a DFNA form and the last one a DFNX form
(SI Appendix, Tables S2 and S3).

About 50% of the 211 mutations (108/211) were
loss-of-function (LOF) mutations [nonsense (23%), splice-site
mutations (13.2%) all predicted to be pathogenic (SI Appendix,
Table S4), frameshift deletions or insertions (12.8%), and large
rearrangements (2%)]. The other half were missense mutations
(99/211, 47%). In addition, four in-frame deletions, two of one
amino acid, one of five amino acids, and one deletion/insertion
mutation (4/211, 2%) were detected (S Appendix, Fig. S2; sce
SI Appendix, Table S3 for all the mutations and SI Appendix,
Table S4). Notably, 36% (76/211) of these mutations and four of
the five large homozygous deletions had never been reported
(81 Appendix, Figs. S2 and S3 and Table S3). Among them, all the
26 previously unknown missense mutations were predicted to be
pathogenic by REVEL score but MYOI5A:p.(Ser472Pro).
Pathogenicity was further documented by studying the predicted
effects on the known or predicted three-dimensional (3D) struc-
ture of the corresponding proteins (SI Appendix, Methods). Apart
from CDH23:p.(1le1265Thr) and the eight missense mutations
of MYO15A that could not be analyzed due to the lack of a pre-
dicted 3D structure, eight of the remaining 17 mutations were
predicted to modify the 3D structure of the corresponding protein
due to a-helix breakages or steric clashes associated with the most
frequent rotamer (as an illustration, see the p.(Cys254Arg) muta-
tion in glutaredoxin and cysteine-rich domain-containing 1
(GRXCRI); SI Appendix, Fig. S4 and legend). For the other nine
mutations, no structural modification was predicted, but changes
in the chemical and physical properties of the amino acids may
lead to protein instability (hydrophobic cluster modification,
hydrogen bond polarization, etc.) (S Appendix, Table S5).

Only a few recurrent mutations in genes other than G/B2 and
LRTOMT were found in several countries, with three of these muta-
tions detected in at least four patients and two countries:
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Fig. 1. Genes responsible for congenital/prelingual Hl in the Tunisian, Jordanian, Algerian, Mauritanian, and Moroccan populations of the TJAMM cohort. Pie
chart representations of the contribution of each deafness gene to HI cases in the TJAMM cohort.

MYO7A:¢2283-1G>T,  OTOF:c.2239G>Tip.(Glu747*),  and
TMCI:c.100C>T;p.(Arg34*). A few others were present in only two
to three patients from different countries (ST Appendix, Table S3).

Finally, mutations in syndromic deafness genes were found in

18.5% (77/415) of TTAMM cohort patients. Most (83%; 64/77)

PNAS 2025 Vol.122 No.50 2518445122

involved USH genes; 11 patients carried a monoallelic mutation
in Waardenburg syndrome genes [EDNRB (1 patient), MITF (4
patients), PAX3 (3 patients), and SOXI0 (3 patients)]. Two had
rare syndromes: PHARC (ABHDI2) and Stickler syndrome 4
(COL9AI) (SI Appendix, Tables S2 and S3).
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High Genetic Heterogeneity of HI in the TJAMM Cohort. The
distribution of the 211 different causal variants of 49 different
deafness genes identified in the various countries of the TTAMM
cohort is reported in S/ Appendix, Table S6. The mutations found
in this cohort increase the number of genes previously known to
cause HI in these countries by about 2% in Jordan, 28% in Tunisia,
41% in Algeria, 50% in Morocco, and 200% in Mauritania (8,
18-31). The number of different individual mutations detected in
each deafness gene is shown in ST Appendix, Fig. S5. Importantly,
mutations of 10 of the 157 genes tested (Fig. 2) accounted for
81.1% of all deafness cases (41% in GJB2, 7.3% in MYO15A,
6.6% in MYO7A, 6.6% in LRTOMT, 5.1% in SLC26A4, 4.3%
in OTOF, 3.6% in CDHZ23, 3.3% in TMCI, 2% in PCDH15,
and 1.3% in 7RIOBP). Mutations of these genes accounted for
more than two thirds of the deafness cases in each country, with
the contribution of individual genes varying substantially between
countries (Figs. 1 and 2). Unsurprisingly, gene contributions were
more similar for neighboring countries (e.g., Algeria and Tunisia
or Tunisia/Algeria and Morocco) than for countries further apart
[e.g., Mauritania and Jordan, this difference being partly accounted
for by LRTOMT mutations, highly prevalent in Mauritania (35%)
but absent from Jordan, and SLC2644 mutations, highly frequent
in Jordan (20%)] (Fig. 1 and SI Appendix, Fig. S6).

Impact of Parental Consanguinity on the Molecular Diagnosis
of HI. In the countries of origin of the TJAMM cohort patients,
consanguinity rates are high, ranging from 28% in Morocco to
63% in Jordan (7). Self-reported parental consanguinity in the
families with DFNB and ARSD was higher (372/436; 85%;
from 80% in Moroccan patients to 98% in Jordanian patients).
Homozygosity for mutations in causal deafness genes was observed
in 92% (356/388) of patients (69% in Mauritanian patients,
83% in Moroccan patients, 89% in Jordanian patients, 96% in

70.0
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50.0
40.0
30.0
20.0
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o

Tunisian patients, and 97% in Algerian patients). Several other
manifestations of homozygosity were observed. Twelve patients
with no known family ties between their parents turned out to
be homozygous for causal mutations that were not recurrent.
Two patients were homozygous for mutations in two different
HI genes: one was homozygous for the MYO15A4:c.6094C>T;p.
(Arg2032*) and CDH23:c.5734C>T;p.(Arg1912Trp) mutations
and the other for both a large PCDH15:¢.92-2_594+? deletion and
OTOF:c.2516C>T;p.(Ala839Val). Finally, we identified a patient
with isolated deafness who was homozygous for a previously
unknown nonsense (p.(GIn325*%)) mutation in POU4F3. The
POU4F3 mutations described to date, including a nonsense
mutation adjacent to the mutation described here (p.(Arg326%)),
were all reported in patients with DFNA deafness (DFNA15)
displaying mild-to-moderate HI. The affected homozygous child
identified here was profoundly deaf, whereas the parents, who
were heterozygous first cousins, had only mild-to-moderate HI.
As a further illustration of the importance of analyzing all known
HI genes in patients to prevent partial molecular diagnoses,
which would impair genetic counseling, one patient compound
heterozygous for two G/B2 mutations (c.109G>A;p.(Val371le)
and c.358_360del;p.(Glu120del) had an additional monoallelic
MYO7A mutation [c.1121C>A;p.(Thr374Asn)].

Distinctive Features of Mutations in USH1/DFNB Genes Causing
DFNB and USH1, Respectively in the TJAMM Cohort. There are
three clinical subtypes of USH syndrome: USH1 to USH3. USH1
is the most severe, characterized by congenital/prelingual severe-to-
profound deafness, balance defects due to vestibular impairment
and early-onset retinitis pigmentosa (usually before puberty);
USH1 and USH2 are the most frequent forms. USH3 is extremely
rare (32). Mutations in all USHI genes except USHIG also
cause DFENB forms (USH1/DFNB genes) (SI Appendix, Fig. S7).

0.0 ||||I III II-I II I. IlIII III --I lll 'II- l =m B
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GJB2 LRTOMT CDH23 MYO15A MYO7A OTOF PCDH15 SLC26A4 TMC1 TRIOBP
M Tunisia 5547 3:1 5:2 12.4 8.2 5.2 2.1 5:2 3:1 0
M Algeria 573 7:3 4.8 7.3 4.8 7:3 1.6 3.2 4.8 1.6
B Morocco 46.5 9.3 2:3 0 14.0 7.0 9.3 7.0 23 2.3
B Mauritania  23.8 42.9 9.5 143 9.5 0 0 0 0 0
i Jordan 333 0 0 15.2 12.1 0 0 24.2 9.1 6.1

B Tunisia MAIlgeria B Morocco B Mauritania & Jordan

Fig. 2. Contributions of the 10 most prevalent deafness genes of the TJAMM cohort to congenital/prelingual HI cases in the different countries. The contribution
of each of the 10 most common deafness genes in the TJAMM cohort in each country is expressed as a percentage (y-axis).
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Of note, vestibular defects are only rarely reported in these
DENB forms. Only one of the three USH2 genes, WHRN, also
causes 2 DFNB form (DFNB31). One of the major issues in
the molecular diagnosis of deafness is determining whether the
mutations detected in USHI/DFNB genes will cause USH1
syndrome or DFNB.

Most USH1/DFNB mutations are reported in nonconsanguin-
eous populations in which the patients are compound heterozy-
gous. It is therefore almost impossible to correlate the various
symptoms of the disease to the mutations. Homozygous mutations
offer a unique opportunity to resolve this issue. In the TTAMM
cohort, after ophthalmological examinations, 27 homozygous
mutations were found to cause USH1 and eight DFNB. Sixteen
of the 27 USHI-causing mutations were carried by MYO7A, six
by CDH?23, three by PCDH15 and two by USHIC. Only one of
the eight DFNB-causing mutations was carried by MYO7A, the
other seven being carried by CDH23 [four mutations including
two new ones, p.(Asn772Ser) and p.(Ile1265Thr)], PCDH15 (two
mutations) and USHIC [p.(Phe237Leu), a new mutation]
(81 Appendix, Table S7). For two of them, CDH23:p.(Asn772Ser)
located in the canonical linker region between EC7 and EC8 and
USHIC:p.(Phe237Leu) located in the PDZ2 domain, as men-
tioned above, modifications of the structure, the loss of a direct
Ca®" interaction to asparagine and introduction of steric clashes
(in the most probable rotamer), respectively, were predicted
(SI Appendix, Fig. S8 and Table S5).

We then investigated the nature of the mutations causing USH1
and DENB. We found that 78% of the mutations causing USH1
(21/27) were LOF variants (12 MYO7A, 4 CDH23,3 PCDH15,
and 2 USH1C mutations), whereas the other six (6/27) were mis-
sense mutations (4 MYO7A and 2 CDH23 mutations). Conversely,
seven of the eight mutations causing DFNB were missense (1
MYO7A, 4 CDH23, 1 PCDHI5, 1 USHIC); the single LOF
mutation causing DFNB, PCDHI5:(p.(Pro1515Thrfs*4)), was
an atypical LOF mutation detected in two unrelated individuals
from Tunisia and Morocco. This frameshift duplication mutation
that we previously observed in two Algerian patients, affects only
one of the three protocadherin-15 isoforms, CD2, which controls
the gating of the auditory mechanotransduction channel (33).

Extended Analysis of the Distinctive Features of USH1/DFNB
Mutations. We extended our investigations to other USH1/DFNB
mutations reported in the homozygous state—304 USH1/DFNB
mutations, including the 12 homozygous mutations reported
here (SI Appendix, Table S8)—228 of which caused USH], the
others underlying DFNB (Table 1 and SI Appendix, Fig. S9 and
Table S8).

The 304 homozygous mutations comprised 158 LOF muta-
tions (52%), 136 missense mutations (45%), and 10 mutations
that could not be classified (3.3%). These unclassified mutations
included the aforementioned atypical LOF mutation PCDHI5
(p.(Pro1515Thrfs*4)) and five in-frame deletions of a single amino
acid: three in MYO7A, one in CDH23, and another in PCDHI15
(SI Appendix, Table S8). The remaining four mutations affected
noncanonical splice-sites: two in MYO7A, one in CDH23, and
one in USH1C (SI Appendix, Table S9).

All but one of the LOF mutations led to USH1 (157/158) in
the homozygous state. The single LOF mutation identified as
underlying DFNB is a frameshift insertion (p.(Cys652Glyfs*11))
in the motor domain of myosin VIla (34). These LOF mutations
causing USH 1 were distributed as follows between USH1/DFNB
genes: 47% (74/157) were in MYOJA, 25.5% (40/157) in
CDH23, 19% (30/157) in PCDHI15 and 8.3% (13/157) in
USHIC (Table 1). Among the 136 USHI/DFNB homozygous
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Table 1. Number of independent homozygous geno-
types leading to USH1 or to non-syndromic hearing loss
(DFNB) phenotype

Gene Homozygous allele
Phenotype LOF Missense
MYO7A

USH1B 74 52
DFNB2 1 13
CDH23

USH1D 40 17
DFNB12 0 43
PCDH15

USH1F 30 1
DFNB23 0 7
USH1C

USH1C 13 1
DFNB18A 0 2
Proportion USH1 0.994 0.522

Distribution of 304 homozygous mutations (LOF and missense) between USH1 and DFNB
phenotypes for each USH1/DFNB gene, MYO7A, CDH23, PCDH15, and USH1C. MYO7A
defects cause USH1B and DFNB2; CDH23 defects cause USH1D and DFNB12; PCDH15
defects cause USH1F and DFNB23; USH1C defects cause USH1C and DFNB18B. LOF: loss-
of-function.

missense mutations, 71 led to USH1 (52%) and 65 to DFNB
(48%). The missense mutations causing USH1 were distributed
as follows: 73% (52/71) were in MYO7A and 24% (17/71) in
CDH23, with a single missense mutation in PCDHI5 and
USH1C. By contrast, the homozygous missense mutations causing
DFNB were distributed as follows: 66% (43/65) were in CDH23,
20% (13/65) in MYO7A, 10.7% (7/65) in PCDHI5 and 3%
(2/65) in USH1C (Table 1). These results extended and confirmed
the conclusions obtained in the TJAMM cohort.

In the clinical context, the information available is the identi-
fication of the causal gene and mutation(s). The critical question
is whether a given missense mutation causes USH1 or DFNB.
The distribution of homozygous missense mutations between
USHI1 and DENB forms differs considerably between USHI1/
DFNB genes. Together missense mutations in MYO7A and
CDH23 accounted for 92% (125/136) of USHI/DFNB homozy-
gous missense mutations. Among the homozygous missense muta-
tions of MYO7A, 80% (52/65) cause USH1 syndrome. Conversely,
71.7% (43/60) of homozygous missense mutations in CDH23,
are responsible for DENB forms (57 Appendix, Fig. S7). Seven of
the eight PCDHI5 homozygous missense mutations and two of
the three USHIC homozygous missense mutations were respon-

sible for DFNB forms (81 Appendix, Fig. S7).

Revisiting the Classification of USH1/DFNB Gene Mutations.
Biochemical and biophysical studies currently encounter
difficulties when trying to correlate the changes in protein structure
and stability caused by missense mutations of USH1/DFNB genes
and the resulting phenotype, USH1 or DFENB. Such studies have
characterized certain structural changes in great detail (35-37)
but have been unable to predict whether a missense mutation will
cause USH1 or DFNB. We hypothesized that these difficulties
might stem from an incomplete classification or misclassification
of certain mutations. We addressed the possible gene dosage effect
of some of them, a characteristic of some recessive hypomorphic
mutations, by taking advantage of USH1/DFNB homozygous
missense mutations. Nine of the 65 USHI/DFNB missense
mutations causing DFNB in the homozygous state have also been
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reported in association with a loss-of-function (LOF; nonsense,
frameshift, splice-site) mutation on the other allele. Five—two
in MYO7A and three in CDH23—caused DFNB in association
with a LOF mutation (Table 2) whereas the other four—three in
MYO7A (p.(Ser617Pro), p.(Pro1243Leu), and p.(Pro1887Leu)) in
the motor head, MyTH4 1 and MyTH4 2 domains, respectively,
and one CDH23 mutation (p.(Asp2148Asn)) affecting the
extracellular cadherin 20 repeat (EC20) domain—resulted in
USHI1 (Table 2 and Patients and Methods), with documented
retinal defects and vestibular dysfunctions (Patients and Methods
and SI Appendix, Table S9). It follows that missense USHI/
DFNB mutations causing DFNB in the homozygous state are
of two types: genuine DFNB-causing mutations leading to
DENB regardless of the type of recessive mutation on the other
allele (DFNB mutations) and mutations leading to USH1 when
associated with a LOF mutation on the other allele (USHI
hypomorphic-like mutations). Thus, any USH1/DFNB missense
mutation resulting in a DFNB phenotype when associated with
a LOF mutation can be directly classified as a DFNB mutation.
By contrast, USHI hypomorphic-like mutations are not the
only USHI/DFNB mutations leading to USH1 phenotype when
associated with a LOF mutation: Any missense USH1/DFNB

mutation causing USH1 in the homozygous state will also result
in USH1 when associated with a LOF mutation. The phenotype
of patients (DFNB or USH1) homozygous for these mutations
must therefore be documented to distinguish between USHI
hypomorphic-like and USHI mutations. We used these criteria
to search in the Deafness Variation Database (DVD) and Leiden
Open Variation Database (LOVD) for additional DFNB and
USH1 hypomorphic-like mutations. Based exclusively on their
association with a LOF mutation, we identified 11 additional
DFNB mutations: five in MYO7A, three in CDH23, and three in
PCDH 15 (SI Appendix, Table $10). We could not extend the list
of USH1I hypomorphic-like mutations due to a lack of reported
homozygous patients.

We searched for additional evidence supporting the distinc-
tion between DFNB and USH1I hypomorphic-like mutations.
DFNB mutations should yield a DFNB phenotype when asso-
ciated with another recessive missense mutation, whether DFINB,
USHI hypomorphic-like, or USHI mutation. Association with
at least one other missense mutation (20 mutations in total) has
been reported for seven of the 16 DFNB mutations mentioned
above (Table 2 and SI Appendix, Table S10). As expected, all
compound heterozygous patients had DENB phenotype. Of
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Table 2. Homozygous mutations in MYO7A and CDH23 causing DFNB fall into two categories, DFNB and USH1
hypomorphic-like mutations depending on the resulting phenotype when associated with a LOF mutation in hete-
rozygous patients

Gene Homozygote Compound het with a LOF Compound het with a missense
DFNB MYO7A  p.G1159S  DFNB2  p.G1159S c.849+1G>A DFNB2 p.G1159S p.R212H"  DFNB2
p.Y477" DFNB2 p.R1873W"  DFNB2
p.C705" DFNB2
p.W2107" DFNB2
p.Y1780S  DFNB2 p.Y1780S p.P2126Lfs*5 DFNB2 p.Y1780S  p.G329D DFNB2
CDH23 p.P240L  DFNB12 p.P240L  c.6712+1G>A  DFNB12 p.P240L  p.R301Q  DFNB12
€.7055-1G>C DFNB12 p.E956K DFNB12
p.D2858Efs*8  DFNB12 p.R1588W  DFNB12
p.T1618K  DFNB12
p.Q1716P  DFNB12
p.N1845S  DFNB12
p.N2287K  DFNB12
p.T1368M  DFNB12
p.N342S DFNB12
p.G539D  DFNB12
p.E1595K  DFNB12
p.R2029W* DFNB12
p.D990ON  DFNB12 p.D990N  c.6049+1G>A  DFNB12
p.F1888S DFNB12 p.F18885 p.D2962" DFNB12
USH1 MYO7A p.S617P DFNB2  p.S617P  p.D1613Vfs*32  USH1B p.S617P  p.G7V DFNB2
hypomorphic- p.P1243L  DFNB2 p.P1243L p.R669" USH1B p.P1243L  p.K527R USH1B
like p.G163R  USH1B
p.G1159V  USH1B
p.P1887L  DFNB2 p.P1887L p.Q1333Rfs*66 USH1B p.P1887L p.L1858P  USH1B
CDH23 p.D2148N  DFNB12 p.D2148N p.w2811" USH1D p.D2148N p.R2608H  DFNB12

Identification of DFNB mutations: mutations leading to a DFNB phenotype 1) in the homozygous state and 2) when associated with a LOF mutation (compound heterozygous). |dentifi-
cation of USH1 hypomorphic-like mutations: mutations that result in DFNB in the homozygous state and USH1 when associated with a LOF mutation (compound heterozygous). On the
left vertical column, missense mutations in the homozygous state are shown. On the central vertical column, the mutations of the left vertical column are each associated with one or
several other LOF mutations in the same gene. On the right vertical column, mutations of the central vertical column are each associated with one or several other missense mutations
in the same gene. MYO7A defects cause USH1B and DFNB2; CDH23 defects cause USH1D and DFNB12. Notes: 1-None of the MYO7A missense mutations included in this table have
been reported to cause autosomal dominant DFNA11 (38). 2-The p.D2148N mutation has also been reported in association with p.R1746Q. However, homozygous patients for p.R1746Q
showed phenotypic diversity with intra- and interfamilial heterogeneity including DFNB phenotype, USH1 phenotype, and even asymmetric hearing loss (39-41), making it impossible to
predict the phenotype when the mutation is associated with a USH1 hypomorphic-like mutation.

Translation termination (stop) codon.

"These mutations lead to USH1 when present in the homozygous state.

“These mutations lead to DFNB when present in the homozygous state.
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note, two of these patients carried a second missense mutation
(p-Arg212His and p.Arg1873Trp) causing USH1 in the homozy-
gous state (Table 2). Moreover, USHI hypomorphic-like muta-
tions should result in DFNB when associated with a DFNB
missense mutation and USH1 when associated with an USH1
missense mutation. As predicted, when associated with another
missense mutation (six mutations in total), the four USH]I
hypomorphic-like mutations resulted in either DENB or USH1
(Table 2 and SI Appendix, Table S9). The phenotype resulting
from the association of an USH! hypomorphic-like missense
mutation with another USHI hypomorphic-like missense muta-
tion depends on the activity of the putative dimers (all proteins
encoded by USHI/DFNB genes are dimeric and/or multimeric)
formed by the proteins encoded by the two murtated alleles,
which cannot currently be predicted.

TA:p.Seré17Pro

—y

MY O
-

We investigated the potential of protein modifications due to
USHI1/DFNB mutations for distinguishing between DFNB and
USH]I hypomorphic-like mutations. All 16 DFNB mutations
analyzed had a REVEL score for pathogenicity >0.5 but two
(Pro240Leu and Glu2438Lys) which however were predicted to
be likely pathogenic or pathogenic by ClinVar. Twelve of the 16
DFNB mutations affected highly conserved residues, the other
four affecting weakly to moderately conserved residues (Fig. 3
and ST Appendix, Fig. S10 and Table S11). The four USHI
hypomorphic-like mutations had REVEL scores of 0.65 to 0.92
and were predicted to be likely pathogenic or pathogenic by
ClinVar. All affected amino acid residues were highly conserved
throughout evolution (S Appendix, Fig. S10). The effect of DFNB
and USH1 hypomorphic-like mutations on the 3D structure of
the corresponding proteins was investigated. The normal 3D

MYOTA:p.Pro1243Leu
i i —

Fig. 3. Predicted structures of myosin Vlla and cadherin-23 carrying USH1 hypomorphic-like mutations. 3D structure of wild-type (WT) and mutated (MUT) regions
of myosin Vila (MYO7A) and cadherin-23 (CDH23) carrying hypomorphic like mutations. (Top Left) MYO7A:p.(Ser617Pro); (Top Right) MYO7A:p.(Pro1243Leu); (Bottom
Left) MYO7A:p.(Pro1887Leu); (Bottom Right) CDH23:p.(Asp2148Asn). In red, the amino acid affected by the mutation. For MYO7A, the most probable rotamer is
represented for each modified amino acid. MYO7A:p.(Ser617Pro): the serine residue of p.(Ser617Pro) is located in an o-helix. The replacement of this serine
residue by a proline residue is predicted to disrupt the a-helix (42). MYO7A:p.(Pro1243Leu) and MYO7A:p.(Pro1887Leu) based on the most probable rotamer, 90%
for Pro1243Leu and 57% for Pro1887Leu: predicted structure of the human myosin Vlla (AlphaFold2: AF-Q13402-F1). Both p.(Pro1243Leu) and p.(Pro1887Leu)
lead to the replacement of a proline by a leucine residue. The leucine residue of p.(Pro1243Leu) is predicted to interact with histidine 1155 and isoleucine 1158.
The leucine residue of p.(Pro1887Leu) is predicted to interact with leucine 1839. These two modifications are predicted to cause steric clashes, leading to protein
misfolding. CDH23:p.(Asp2148Asn): crystal structure of the normal human cadherin-23 EC19-20 domains (CDH23, 2.69 A resolution, PDB: 518D). The aspartate
residue in position 2148 located in the XDX motif of the EC20 domain interacts directly with the Ca*" ion at site 3. Predicted crystal structure of the mutated
form: the interaction of the asparagine residue with Ca®* is lost. Adapted from Jaiganesh et al. (36).
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structures of the regions carrying these mutations have been estab-
lished by X-ray crystallography (12/20) or predicted by AlphaFold2
(7/120) (for local confidence of AlphaFold2, see SIAppendix,
Methods). For the USHI hypomorphic-like mutations of MYO7A,
the amino acid substitutions due to Pro1243Leu and Pro1887Leu
were predicted to cause steric clashes and Ser617Pro was predicted
to disrupt an a-helix (42) (Fig. 3). The Asp2148Asn, an USHI
hypomorphic-like mutation in CDH23 [Asp2125Asn in reference
(36)] located in the XDX motif of EC20, causes the loss of inter-
action between aspartate and Ca*™, reducing the affinity of the
region for Ca®*, which probably affects the mechanical rigidity of
the region and, consequently, the transfer of sound forces to the
mechanoelectrical transduction channel (Fig. 3 and S7 Appendix,
Table S11). By contrast, no conformational change, despite dif-
ferences in the physicochemical properties of the amino acids
concerned, was predicted for the proteins resulting from the 16
DFNB mutations (Gly158Glu, Glu314Lys, Glu513Gln,
Gly1159Ser, Ala1224Asp, Tyr1780Ser, Trp2077Arg in MYOJA,
Pro240Leu, Asp990Asn, Asp1626Ala, Phe1888Ser, Glu2438Lys,
Pro2720His in CDH23 and Cys273Tyr, Asp852Asn, Thr1378Ile
in PCDH15) (SI Appendix, Table S11).

Discussion

In recent decades, several laboratories have used targeted genomic
enrichment panels and massively parallel sequencing strategies to
improve the molecular diagnosis of HI in newborns and children.
This approach has identified causal mutations in 39 to 67% of
patients in various populations (43—48). In the TJAMM cohort,
full resolution of the genomic basis of HI was achieved in almost
90% of cases. The inclusion criteria for this cohort largely
accounted for this high frequency: Only familial cases with bilat-
eral severe-to-profound HI were included. Most cases of cytomeg-
alovirus (CMV) infection, which is frequently associated with
unilateral HI (49), were thereby excluded, together with most
dominant forms of isolated deafness, DFNA, which are often
moderate to moderately severe. The most relevant comparison
between our results and those of other studies is with the results
reported by Abu Rayyan et al. (8) for the familial deafness cases
in their Palestinian cohort. In this subcohort, as in the TTAMM
cohort, about 90% of the causal mutations were present in the
homozygous state. The full genomic resolution rates for DFNB/
ARSD patients were also similar: 87% in the Palestinian cohort
and 93.7% in the TJAMM cohort. Only 3% of the TTAMM
cohort patients with DFNB or ARSD had a partly solved geno-
type, i.e., a monoallelic mutation in a deafness gene. Given that
the 11 genes involved (MYO3A being an exception) have been
reported to underlie only DFNB forms and only six of the
TJAMM cohort patients had mutations of two different deafness
genes, the missing mutations are probably carried by the other
allele. In the absence of detected deletions/duplications/inversions
in this allele in patients and their relatives (eight relatives ana-
lyzed), the missing mutations probably lie in genomic regions not
captured by targeted exome sequencing, such as the promoter and
intronic regions (away from splice junctions), or distant regulatory
regions (50). The genotypes of another 3% of patients with
DFNB/ARSD remained completely unsolved, probably for similar
reasons or due to the involvement of as yet unknown deafness
genes.

The 10 genes most frequently implicated in deafness were similar
from Mauritania to Jordan. However, their respective contributions
to deafness varied between countries. Additional studies are required
to improve the representativity of the data in each country,

https://doi.org/10.1073/pnas.2518445122

including, in particular, patients living in the regions underrepre-
sented here. The same set of genes has also been implicated in
Palestine (8) and Israel (51). By contrast, the spectrum of causal
mutations differed considerably between the countries of the
TJAMM cohort, with the exception of a few recurrent, probably
ancestral mutations of G/B2 and LRTOMT. The others are either
private mutations or founder mutations at the regional scale (52).
These findings are consistent with the general observation that very
few recurrent mutations are detected for numerous inherited dis-
eases in North Africa (52).

USH1 syndrome, which has a much more dramatic impact on
the lives of sufferers than isolated prelingual deafness, was over-
represented in the TJAMM cohort (13% of cases). Being able to
distinguish USHI/DFNB missense mutations causing USH1 from
those causing DFNB is therefore crucial for an efficient molecular
diagnosis of deafness. Studies of individuals homozygous for
USH1/DFNB mutations provide a unique opportunity to establish
direct phenotype/genotype correlations. We observed—first in the
TJAMM cohort and then for the 304 USHI/DFNB mutations
reported in the homozygous state to date—that all but one of the
homozygous LOF mutations led to USH1. The exception [p.(-
Cys652Glyfs*11); 1 of 158 mutations] in MYO7A, was probably
due to the fact that the patient had undergone a single ophthal-
mological electroretinogram (ERG) recording and at the age of 7
y, whereas conventional ERG testing is known to be potentially
inconclusive at this age (53). These results, consistent with the
conclusions of several previous studies (38), indicate that attention
should focus on USH1/DFNB missense mutations. We observed
that gene distribution of USHI/DFNB homozygous missense
mutations responsible for USH1 and DFNB were highly con-
trasted, with 80% of missense mutations in MYO/A causing
USH1 and 72% of missense mutations in CDH23, DFNB.
Despite active research leading to in-depth characterizations of
some recessive missense USHI/DFNB mutations (35), attempts
to correlate phenotypes with genotypes, particularly for MYO7A
and CDH23 mutations (35, 38), have been only partially produc-
tive, raising the possibility of a misclassification or incomplete
classification of USHI- and DFNB- causing missense mutations.
By taking advantage of homozygosity, we identified a group of
mutations, USHI hypomorphic-like mutations, providing infor-
mation directly useful for the analysis of USH1/DFNB mutations.
These mutations were identified as leading to DFNB in the
homozygous state and as resulting in USH1 when associated with
a LOF mutation in the other allele. This pattern is not uncommon
for recessive hypomorphic mutations (54, 55) and is often reported
in engineered mouse models for recessive human diseases, includ-
ing syndromes (56). They are also referred to as mutations with a
gene dosage effect (56). This led us to redefine DFNB mutations
as mutations causing DFNB when associated with a LOF muta-
tion. In support of the identification of USHI hypomorphic-like
mutations, heterozygous patients for an USHI hypomorphic-like
mutation and another recessive missense mutation were affected
by either DFNB or USH1, whereas all patients heterozygous for
a DFNB mutation, regardless of the type of missense mutation
with which it was associated, had a DENB phenotype. Moreover,
among the four USHI hypomorphic-like mutations, three in
MYO7A were predicted to modify the 3D structure of the corre-
sponding proteins and one in CDH23 to destabilize the protein,
whereas, by contrast, none of the 16 DFNB mutations—seven in
MYO7A, six in CDH23 and three in PCDHI5—were predicted
to cause changes in the protein 3D structure. Studies of additional
USHI hypomorphic-like mutations and resolutions of corre-
sponding 3D structures are needed to evaluate structural changes
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in proteins as possible criteria for distinguishing DFNB and USH1
hypomorphic-like mutations. It is interesting to note that although
CDH23 mutations altering Ca**-binding sites at the EC linker
regions cause hearing defects but no vestibular symptoms [prob-
ably due to the high Ca® concentration in the vestibular endo-
lymph compared to cochlear endolymph (36)], the present analysis
of the p.Asp2148Asn mutation associated with a LOF mutation
on the other allele, suggests that they may nevertheless in such a
context lead to vestibular dysfunction.

Recessive hypomorphic mutations affecting hearing have rarely
been reported (57). In this clinical context, USH1 hypomorphism
mainly refers to the effect of the mutations on the retinal pheno-
type. It should be noted that recessive hypomorphic mutations
are particularly frequent in retinal disorders (58). Their prevalence
in patients testing positive for biallelic mutations underlying res-
initis pigmentosa has been estimated at about 18% (55). The prev-
alence of USH1 hypomorphic-like mutations cannot be evaluated
from the small number of mutations identified here. However,
given that only five of the 13 missense mutations of MYO7A
reported to cause DFNB in the homozygous state have also been
reported in association with a LOF mutation, with two causing
DFNB and the other three USH1 (Tables 1 and 2 and SI Appendix,
Table S9), they may not be rare, especially among MYO7A mis-
sense mutations.

All USHLI1 proteins are structural proteins. The greater vulner-
ability of auditory hair cells than of photoreceptor cells to USH1
hypomorphic-like mutations, which affect the 3D structures of
myosin VIla and cadherin-23, suggests that structural constraints
on the functions of myosin VIla and cadherin-23 are weaker in
photoreceptors than in hair cells or differ between the two types
of sensory cells. They also suggest that doubling the concentration
of the modified protein (homozygous patients) might restore the
tension forces generated by myosin VIIa and the resistance of
cadherin-23 to tension forces to levels compatible with the per-
formance of their functions in photoreceptor cells but not in
auditory hair cells. Alternatively, the two types of sensory cells
may differ in more general biological processes affecting these
modified proteins, such as protein traflicking or stress responses.
The characterization of hypomorphic mutations often also
includes the study of animal models and in vitro assays. In the
particular context of USH1 syndrome, explorations of the retinal
phenotype caused by these mutations in mouse models are ham-
pered by the absence of retinal degeneration in UshI mouse
mutants (59). As for other possible tests, their development
requires a better understanding of the role of USH1 proteins in
photoreceptor cells.

The crucial roles of USHI proteins in the development and
function of the stereocilia hair bundle—the sensory antenna of
the auditory sensory cells, the hair cells—are well established,
given that all are components of the auditory mechanoelectrical
transduction machinery responsible for converting mechanical
sound stimuli into electrical signals. Cadherin-23 and
protocadherin-15 form the tip link and myosin VIlaand USH1C
(harmonin) anchor the apical part of the tip link to the actin fil-
aments of the stereocilia (S/ Appendix, Fig. S11). The finding, in
macaque photoreceptors, that all USH1 proteins are associated
with densely packed cross-linked F-actin microvillus-like struc-
tures—the calyceal processes ensheathing the base of rod and cone
outer segments (60, 61), which resemble the stereocilia forming
the cochlear hair bundle—suggest that the activities of USH1
proteins in the two types of sensory cells may be related
(SI Appendix, Fig. S11). Studies of mouse Myo7A mutants have

suggested that this motor protein is involved in the translocation
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of proteins from the inner segment to the outer segment of the
photoreceptors (62). A role for USH1 proteins in primate cone
phototropism, in which the outer segments rapidly align with the
oblique direction of incoming light, has recently been proposed
(63). Finally, evidence has been obtained for a role of cadherin-23
and protocadherin-15 in the formation of rod disks and cone
lamellae in Xenopus tropicalis (64) and a role of protocadherin-15b
in photoreceptor disk growth in zebrafish (65), raising the attrac-
tive possibility that USH1 proteins are also involved in mechano-
sensing processes in photoreceptor cells.

We define here a subgroup of mutations of USH1/DFNB genes,
USHI hypomorphic-like mutations, extending the spectrum of
conditions associated with defects of USH1/DFNB genes. In par-
allel, we have redefined missense DFNB-causing mutations such
that DFNNB mutations result exclusively in a DFNB phenotype,
regardless of the associated recessive mutation. These findings
should help to extend the characterization of USHI/DFNB muta-
tions to patients compound heterozygous for two missense muta-
tions, by providing a framework for their analysis. In addition,
the reclassification of certain mutations previously considered to
be DFNB mutations as USHI hypomorphic-like mutations
should contribute significantly to the search for molecular criteria
for predicting the presence/absence of retinal abnormalities. In
clinical management, hypomorphic mutations underlying other
diseases have been reported to cause mild, late-onset phenotypes.
‘The detection of USHI hypomorphic-like mutations in patients
should therefore lead to thorough ophthalmological examinations
throughout the patients’ lives.

Alrogether, this study highlights the critical added value of col-
lecting detailed clinical and genetic information from various
human populations around the world.

Materials and Methods

Patients and Methods. This study was approved by the local Ethics
Committees (Biomedical Ethics Committee of the Pasteur Institute of Tunis
in Tunisia, Rabat Biomedical Research Ethics Committee in Morocco, Ethics
Committee of the University of Nouakchott in Mauritania, Ethics committee
of the Bab El-Oued University Hospital in accordance with "Health Law No.
85-05 of February 16, 1985" applicable in Algeria, Ethics committee of St.
Joseph university in Lebanon) and was performed in accordance with the
ethical principles for medical research involving human subjects defined by
the World Medical Association and laid down in the Declaration of Helsinki.
Written informed consent was obtained from all patients or from the legal
representatives of minors.

Patients. In total, 450 unrelated patients—each patient declaring having no
known relationship to any of the others—were recruited between 2011and 2016
at two centers in Algeria (Algiers and Blida; 155 patients), one center in Tunisia
(Tunis; 135 patients), one centerin Morocco (Casablanca; 83 patients), one center
in Jordan (Amman; 47 patients), and one center in Mauritania (Nouakchott; 30
patients) (S/ Appendix, Fig. S1). Most of the population in Algeria, Morocco, and
Tunisia, and about one third of the population of Mauritania is of Arab-Berber
origin. By contrast, about 95% of Jordanians are Arabs. These countries border the
Mediterranean Sea and the Atlantic Ocean (S/ Appendix, Fig. S1). For inclusion,
the proband and at least one of his/her relatives had to have been diagnosed
with congenital/prelingual, severe-to-profound bilateral HI in the absence of
"environmental” factors for hearing loss, such as infections and ototoxic drugs.
Audiological evaluation routinely included tympanometry, pure-tone audiome-
try, the recording of otoacoustic emissions and auditory evoked potentials, and
computerized tomography or MRI of the inner ear if possible. Ocular fundus
examination, electroretinogram (ERG), and cardiac and renal ultrasound scans
were performed where possible. In the vast majority of cases, no other symp-
toms (visual, cardiac, or renal) indicative of a syndromic form were detected. The
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patients were classified according to the most likely mode of Hl inheritance based
on pedigree analysis: DFNB, DFNA, or DFNX. Blood samples were obtained from
all patients and, whenever possible, from their parents and siblings. Genomic
DNAwas extracted by standard procedures.

Patients carrying mutations in USH1/DFNB genes were analyzed in section
Revisiting the Classification of USHT/DFNB Gene Mutations. The homozygous
patients for the four mutations classified as USH1 hypomorphic-like mutations
who displayed a DFNB phenotype, were all family cases; two of them belonging
to large families with four and seven affected cases (34, 42). For the heterozygous
patients carrying the USHT hypomorphic-like mutations associated with a LOF
mutation who displayed an USH1 phenotype, information was only available for
two cases who were family cases (66, 67).

Adetailed description of the materials and methods (targeted exome sequenc-
ing, filtering strategy, and identification of mutations, gPCR analysis, protein
3D-structure modeling) is presented in S/ Appendix, Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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