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Abstract

Recessively inherited phenotypes are frequent in the Palestinian population, as the result of a historical tradition of marriages within
extended kindreds, particularly in isolated villages. In order to characterise the genetics of inherited hearing loss in this population, we
worked with West Bank schools for the deaf to identify children with prelingual, bilateral, severe to profound hearing loss not attributable to
infection, trauma or other known environmental exposure. Of 156 families enrolled, hearing loss in 17 families (1| per cent) was due

to mutations in GJB2 (connexin 26), a smaller fraction of GJB2-associated deafness than in other populations. In order to estimate how
many different genes might be responsible for hearing loss in this population, we evaluated ten families for linkage to all 36 known human
autosomal deafness-related genes, fully sequencing hearing-related genes at any linked sites in informative relatives. Four families
harboured four novel alleles of TMPRSS3 (988AA = 352stop), otoancorin (/067A > T = D356V) and pendrin (716T > A =V239D and
1001G > T = 346stop). In each family, all affected individuals were homozygous for the critical mutation. Each allele was specific to one or
a few families in the cohort; none were widespread. Since epidemiological tests of association of mutations with deafness were not
feasible for such rare alleles, we used functional and bioinformatics approaches to evaluate their consequences. In six other families, hearing
loss was not linked to any known gene, suggesting that these families harbour novel genes responsible for this phenotype. We conclude
that inherited hearing loss is highly heterogeneous in this population, with most extended families acting as genetic isolates in this context.
We also conclude that the same genes are responsible for hearing loss in this population as elsewhere, so that gene discovery in these
families informs the genetics of hearing loss worldwide.
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Introduction by a few extended families and, despite their geographical

proximity, remained demographically isolated. For centuries,

Extended kindreds from highly endogamous communities are  marriages have been arranged within extended families in

ideally suited for identifying genes responsible for clinically
important phenotypes. The unique demographic history of
the Middle East has led to many such communities. For more
than 5,000 years and continuing to the present, the eastern
shores of the Mediterranean have seen immigration of people
from a wide variety of cultures. Villages were often established

these villages, leading to high levels of consanguinity and
. i . 12
consequently high frequencies of recessive traits.

The willingness of these kindreds to participate in research
has been of enormous help to geneticists. In order to
identify genes responsible for inherited hearing loss, we
have worked with consanguineous kindreds from the
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Palestinian population. As expected, we have found recessive
alleles responsible for inherited hearing loss in such families.
We have also discovered that an extremely high level of
both allelic and locus heterogeneity characterises inherited
hearing loss in this population.

Systematic population-wide genomic analysis may be the
most effective way to identify all critical genes and alleles for
heterogeneous phenotypes in communities with many small
isolates. We illustrate such a strategy in this paper. In such
populations, most alleles of clinical importance are likely to
be rare, found in only one or a few affected families, thus
effectively precluding case-control approaches to test associ-
ations of alleles with the trait. Functional and bioinformatics
approaches can be applied to these situations, and we
illustrate such strategies applied to hearing loss phenotypes.
The most important consequence of this heterogeneity is
that such populations may offer the opportunity to identify
and characterise a large number of alleles and genes critical
to common phenotypes. They may, therefore, be even more
valuable than previously recognised.

Methods

Ascertainment of subjects
Probands are children with prelingual bilateral hearing loss

who attend one of the following schools for deaf children:
Eftah School for the Deaf in Bethlehem; Al Amal School
for the Deaf in Hebron; the Association for the Deaf in
Nablus; and the Princess Basma Rehabilitation Center for
Deaf Children in Jerusalem. Together, these schools serve
nearly all hearing-impaired Palestinian children living on the
West Bank. Children were referred to one of us (M.K.) by
their teachers. Families were contacted through teachers and
social workers. If the family expressed an interest, they were
visited at home (by M.K. and A.A.R.) to discuss the project
in detail, explaining that the first steps in participation would
be physical and audiological examinations to exclude
hearing loss due to infection or trauma and to evaluate severity
and laterality of the hearing loss. For families who agreed,
informed consent was obtained from parents and assent from
older children. Controls comprised 100 Palestinian adults
with normal hearing, ascertained when blood samples were
drawn at West Bank clinics for preventive health services.
Controls agreed that their DNA samples could be used
anonymously for this project. The project is approved by

the Human Subjects Division of the University of Washington,
by the Helsinki Committee of Tel Aviv University and by
the Human Subjects Committee of Bethlehem University.
Single Project Assurances for Tel Aviv University and for
Bethlehem University have been obtained from the US Office
for Human Research Protection (OHRP). Consenting deaf
adults and children, hearing adults and hearing children

older than the oldest age of onset of inherited deafness in their
family were enrolled.

Genotyping and sequencing

Microsatellite markers within and flanking deafness genes were
selected from the Genome Browser or designed using the
simple repeat track of the Genome Browser.” DNA samples
were genotyped and lod scores calculated as previously
described.”

For sequencing candidate genes, primer pairs were designed
to amplify and sequence the entire coding regions and splice
sites of all isoforms of GJB2 (connexin 26),* TMPRSS3,’
pendrin® and otoancorin.” Sequencing was carried out using
BigDye terminator 3.1 sequencing chemistry (Applied
Biosystems) and was then visualised on ABI 3100 sequencers.
Sequences were aligned and compared using SeqHelp.®

Mutations described in the text were genotyped in all
probands and controls by sequencing or by polymerase chain
reaction (PCR) and restriction enzyme digest. Restriction
enzyme digests were made with Mboll for
TMPRSS3.988delA, Hphl for pendrin 1001G > Tand FokI
for otoancorin 1067A > T. Pendrin 716T > A was screened
by DNA sequencing in probands and controls. All probands
and controls were also screened by PCR and restriction
enzyme digest for previously published Palestinian and Leba-
nese deafness alleles of otoferlin,” TECTA,'” otoancorin’ and
whirlin."" Restriction enzyme digests were made with Ddel
for otoferlin 2416T > A (Y730X), PAMI for TECTA
IVS9(+1)G > A, Cac81 for otoancorin IVS12(+2)T > C
and BvbClI for whirlin 2332C > T (R778X). The 3-
satellite insertion in TMPRSS3 was analysed by PCR, as
published.”

Localisation of GFP chimeras

The pendrin V239D mutant was created by PCR mutagenesis
using the QuickChange Site-Directed Mutagenesis Kit
(Stratagene) and subcloned into the green fluorescent
protein (GFP) expression vector pEYFP-C1 (Clontech).

Cell cultures, expression of chimeras and microscopy were
carried out as previously described.'

Results

The cohort presently includes 156 probands and their families.
Probands were characterised as having prelingual, bilateral
hearing loss that could not be attributed to infection or
trauma. No vision problems were present. More subtle syn-
dromic signs in some individuals were detected subsequently,
as described below.

Because mutations in the gap junction GJB2 (connexin 26)
are responsible for a substantial fraction of recessive inherited
hearing loss worldwide,'® we first sequenced both exons of
this gene in genomic DNA from all probands.* We also
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screened for the neighbouring deletion of GJB6.'* Of the 156
families in the project, inherited hearing loss in 17 families
(11 per cent) was due to mutations in GJB2. Five different
mutant alleles of GJB2 were present.* The fraction of inher-
ited hearing loss due to GJB2 in this population is somewhat
lower than in other populations.

In order to assess genetic heterogeneity of inherited deaf-
ness in the population, we chose ten families, which each
included at least four relatives with prelingual bilateral hearing
loss who were wild-type for GJB2. (An average of six affected
individuals per family were sampled.) All living relatives with
hearing loss were evaluated by physical examination and
audiology to distinguish inherited prelingual hearing loss from
age-related hearing loss. Prelingual deafness was consistent
with recessive inheritance in each family.

We next carried out a hearing-loss-targeted linkage scan of
the ten families, using 68 microsatellite markers within and
flanking the 36 autosomal genes known to be responsible for
inherited hearing loss (Table 1)."> We tested for linkage to
genes for either recessive or dominant hearing loss, because
different alleles of the same gene may lead to hearing loss by
different modes of inheritance. If markers were uninformative,
other markers were substituted in that family.” We noted
whether affected individuals were homozygous for a linked
haplotype, but did not exclude families with more than one
linked haplotype that might reflect more than one deatness-
associated allele.

In six families, hearing loss was not linked to any known
hearing-related gene. The model for linkage was recessive fully
penetrant hearing loss with no sporadics; marker allele fre-
quencies were estimated from the families in the sample. By
genotyping all flanking markers shown in Table 1, linkage
could be excluded for all known genes by negative lod scores;
however, no one marker was consistently sufficiently infor-
mative to exclude linkage. Genes for hearing loss in these
families will be identified by genome-wide linkage analysis
and positional cloning. In four other families, hearing loss was
linked to locales of known deafness genes: TMPRSS3 on
chromosome 2123, pendrin on 7q31 and otoancorin on
16p12 (Figure 1).

TMPRSS3

Family W included 11 individuals with prelingual, bilateral,
severe to profound hearing loss, with thresholds poorer than
85 decibels (dB) at all frequencies. All ten living affected
individuals were homozygous at markers D21S1225 and
GT(42.677), which flank TMPRSS3 (Figure 1A). The lod
score for linkage of hearing loss to the D21S1225-GT (42.67)
haplotype was 9.26. We sequenced TMPRSS3 in an affected
child from Family W and identified 988delA, a frameshift
mutation in exon 10 leading to a stop at codon 357. All
relatives of Family W were genotyped for 988delA: all affected

individuals were homozygous for the mutation and all
hearing individuals were heterozygous carriers or wild-type.

TMPRSS3 is a transmembrane serine protease, with a
trypsin-like protease domain extending from residues
217—444 and conserved active sites at histidine 257, aspartic
acid 304 and serine 401.”> Truncation at residue 357 would
eliminate the active site at serine 401 and much of the domain,
abrogating TMPRSS3 serine protease activity. A signalling
pathway in the inner ear controlled by proteolytic cleavage
includes activation by TMPRSS3 of the epithelial sodium
channel (ENaC).'® Truncated TMPRSS3 of Family W could
not activate ENaC.

Disruptions of proteolysis are associated with a wide variety
of genetic disorders,'”” but TMPRSS3 was the first protease
associated with hearing loss, demonstrated by mutations that
defined DFNBS and DFNB10.” The DFNB10 mutation,
found in a Palestinian family, was remarkable, consisting of the
insertion of 18 complete B-satellite repeat monomers, which
are normally present in mobile tandem arrays of up to several
hundred kilobases (kb) on the short arms of acrocentric
chromosomes. The B-satellite mutation was not present in any
probands in our series, nor in any hearing controls in our
series. In addition to all affected members of Family W, three
other probands in our series were homozygous for
988delA = 357stop, one hearing control was also heterozy-
gous for this mutation.

Otoancorin
Family BR included six individuals with prelingual, bilateral,
moderate to severe hearing loss. Five affected individuals were
homozygous for markers D16S3045 and TTA(21.603),
which flank otoancorin. The sixth affected individual was
homozygous at TTA(21.603) and heterozygous at D16S3045,
possibly reflecting an ancestral recombination event (Figure
1B). The lod score for linkage of hearing loss to the
D16S3045-TTA(21.603) haplotype was 3.49. We sequenced
otoancorin in a deaf individual and identified mis-sense
mutation 1067A > T, which leads to substitution of valine
for aspartic acid at residue 356 (D356V). All six affected
individuals were homozygous for D356V and all hearing
individuals were heterozygous for the mutation or wild-type.

Otoancorin was shown to be associated with hearing
loss as the result of a single mutation, a presumptive splice
variant IVS12(42)T > C, identified in a Palestinian
family.” Otoancorin IVS12(+2)T > C did not appear
among any probands in our series, nor among any
Palestinian hearing controls. Similarly, the Family BR
mutation D356V did not appear among any other probands
in our series, but one control was a heterozygous carrier
of the allele.

Otoancorin is located at the interface between the apical
surface of the sensory epithelia and its overlying acellular gels,
and is expressed only in the inner ear.” It remains attached to
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Table I. Genes responsible for inherited deafness (DFN) with neighbouring microsatellite markers used in the subgenome scan. DFNA loci
are DFN loci associated with dominant (A) hearing loss; DFNB loci are DFN loci associated with recessive (B) hearing loss.

Chromosome Distance Gene DFN Size of Flanking markers and kb spanned
from pter locus gene (kb)
(MB)

| p36.31 6.4 ESPN B36 36 D1S253 D1S2731 342
| p34.3 34.9 GJB3 A2 5 DISI570 D15496 190
| p34.2 40.9 KCNQ4 A2 55 D1S2706 DISI188 273
2 p233 26.6 OTOF B9 102 D2S2350 D2S174 112
3 p21.31 46.7 TMIE B6 9 AC(46.635) TG(46.779) 144
4 plé.l 6.4 WEFS| A6/A14 33 TCCC(6.457) D45431 77
5q31.3 140.9 DIAPH Al 104 D5S2119 D5S2010 254
5932 145.7 POU4F3 Al5 | D5S2099 D5S52033 628
6 p21.32 332 COLI1A2 Al3 30 D6S2414 D6SI1701 449
6ql4.1 76.6 MYO6 B37/A22 167 AC(76.528) GT(76.674) 146
6 q23.2 133.7 EYA4 AlO 288 D6S975 D6S1722 517
7 pl5.3 245 DFNAS5 A5 51 D752444 D752493 477
7 q22.1 102.6 SLC26A5 BéI 93 D752509 D752504 478

(Prestin)
7 q31.1 106.9 SLC26A4 B4 57 D75496 D752459 177

(Pendrin)
8 q22.3 102.6 TFCP2L3 A28 177 D8S521 D8S1046 761
9q2l1.13 72.4 TMCI B7/BI1/A36 315 D9sS1837 D9s1876 48
9 q32 114.3 WHRN B3I 103 D9S1824 D9S1855 619
10 pl2.l 26.4 MY03A B30 278 D10S2481 DI10S1775 60
10 q21.1 56.0 PCDHI15 B23 980 D10S546 DI10S1642 321
10 q22.1 73.0 CDH23 BI2 420 D10S584 D10S1694 152
Il pl5.1 17.5 USHIC BI8 51 D115902 D11S4138 268

(Harmonin)
Il ql3.5 76.6 MYO7A B2/AIl 87 DI11S4179 D11S4186 573
Il q23.3 120.5 TECTA B21/A8/AI2 88 D1154089 D11S4107 60
12 ql3.3 55.7 MYOIA A48 22 DI12S1644 DI12S1691 |
13 ql2.11 197  GJB2 (Connexin 26)  BI/A3 5 DI3SI316 DI3SI175 167
13 ql2.11 197  GJB6 (Connexin 31)  BI/A3 9 DI3SI316 DI3S175 167
14 ql2 304 COCH A9 16 D14s1021 D14S54 256
15ql5.3 41.7 STRC Bl6 19 TG(41.690) TG(41.707) 17
16 pl2.2 21.2 CRYM A40 20 D16S3045 TTA(21.603) 661

(continued)
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Table 1. Continued.

16 pl2.2 216  OTOA B22 82 D1653045 TTAQ21.603) 66l
17 pll1.2 180  MYOIS5A B3 71 AC(17.958) AAT(18013) 55
17 q25.3 771 ACTGI A20/A26 3 GT(77.007) CA(77.107) 100
19 q13.33 554 MYHI4 A4 107 D195866 D195904 2
21 q22.13 368  CLDNI4 B29 20 D2151252 D21S167 369
21 q22.3 427  TMPRSS3 B8/BIO 25 D21S1225 GT(43.277) 740
22 q12.3 351 MYH9 A1720 107 D2251173 D225283 15
22 ql13.1 364  TRIOBP B28 89 TG(36.464) CA(36.494) 30

the apical plasma membrane of epithelial cells via seven
transmembrane helices. Residue 356 lies between the first and
second transmembrane helices and is perfectly conserved in
all otoancorin homologues that can be predicted from current
genomic sequences (human, chimpanzee, dog, mouse, rat,
chicken and Xenopus)."® D356V is a highly non-conservative
substitution at this site. D356V is predicted by Tmpred'” to
disrupt the transmembrane domain structure and by the pro-

20 hot to be a tolerated

gram ‘Sorting Intolerant From Tolerant
substitution. Otoancorin D356V is likely to be the second
deafhess-associated mutation and the first deafness-associated

mis-sense mutation in this gene.

Pendrin (SLC26A4)

Family Y included four individuals with prelingual, bilateral,
severe to profound hearing loss. All were homozygous at
markers D7S496 and D7S2459, which flank pendrin (Figure
1C). In Family Y, the lod score for linkage of hearing loss to
the D7S496-D7S2459 haplotype was 2.11, close to the
maximum lod score possible in this family. We sequenced
pendrin in an affected child from family Y and identified
716T > A in exon 6, which causes a substitution of aspartic
acid for valine at amino acid 239 (V239D). All relatives were
genotyped for this mutation: all four affected individuals were
homozygous for V239D and all hearing individuals were
either heterozygous or wild-type.

Mutations in pendrin can cause either non-syndromic
hearing loss or Pendred syndrome,6 which, in addition to
sensorineural hearing loss, includes thyroid enlargement
(goitre) and temporal bone abnormalities of the inner ear,
ranging from isolated enlargement of the vestibular aqueduct
(EVA) to Mondini dysplasia—a complex malformation of the
cochlear spiral.21 Therefore, we evaluated the temporal bones
of the affected children of Family Y by computed tomography

(CT) scan. As Figure 2A indicates, the vestibular aqueduct is
enlarged. There was no clinical evidence of thyroid abnorm-
alities and serum thyroid-stimulating hormone and

thyroxine concentrations in the four affected individuals
were normal.

Pendrin is a chloride—iodide transporter; mutations
associated with Pendred syndrome can cause its retention in
the endoplasmic reticulum. In order to test the consequences
of the V239D mis-sense mutation on intracellular localisation
of pendrin, we evaluated trafficking of wild-type pendrin
and of the V239D mutant protein in living cells using GFP
chimeras.”*** As shown in Figure 2B, the V239D mutant
pendrin is retained in the endoplasmic reticulum, whereas
the wild-type protein targets the plasma membrane.
Retention of pendrin in the endoplasmic reticulum is a
major mechanism for Pendred syndrome,'? suggesting that
V239D is probably the pathogenic mutation in Family Y.

We also developed a method for evaluating the severity of
mis-sense mutations in pendrin, based on conservation across
the large SLC26A family of solute carrier proteins and the
growing number of known disease-associated pendrin mis-
sense mutations.”** ¥ We compared the severity of
mis-sense changes in pendrin with naturally occurring
variation across all proteins in the family. Figure 2C
illustrates these comparisons as a ‘diversity plot’, calibrated
against wild-type pendrin. For each amino acid site at which a
pendrin mis-sense mutation has been reported, we plotted
the amino acid difference based on Grantham’s formula®
for all naturally occurring amino acid differences in any
SLC26A transporter. Then we compared scores of pendrin
mis-senses to scores of naturally occurring variants. The mis-
sense mutation V239D is a less conservative substitution
than any naturally occurring variant at the homologous site,
and is among the least conservative changes observed at any
site in the SLC26A gene family.
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Figure |. Novel mutations responsible for inherited deafness in four kindreds. In each pedigree, filled symbols represent individuals
with severe, bilateral, prelingual hearing loss. The mutation found in each family is illustrated by a sequence below the appropriate pedi-
gree, with mutations indicated on the sequences by red arrows. (a) In Family W, hearing loss is linked to markers flanking the serine
protease TMPRSS3 on chromosome 21q22.3. Sequence of TMPRSS3 in affected members of the family revealed frameshift 988AA
(357stop), which abrogates serine protease activity. As predicted by linkage data, all affected relatives in Family W are homozygous for
TMPRSS3.988AA and all unaffected relatives are heterozygous or wild-type. (b) In Family BR, hearing loss is linked to markers flanking
otoancorin on chromosome |6p12.2. The sequence of otoancorin in affected members of the family revealed missense mutation
1067A > T (D356V), a highly non-conservative change that is likely to disrupt the otoancorin transmembrane structure. All affected
relatives in Family BR are homozygous for otoancorin 1067A > T (D356V) and all unaffected relatives are heterozygous or wild-type.
D356V is the first deafness-associated missense mutation reported in otoancorin. (c) In Family Y, hearing loss is linked to markers
flanking pendrin on chromosome 7q31.1. The sequence of pendrin in affected members of the family revealed missense mutation
716T > A (V239D), which leads to cellular mislocalisation of pendrin protein (see Fig. 2). All affected relatives in Family Y are
homozygous for pendrin 7/6T > A (V239D) and all unaffected relatives are heterozygous or wild-type. (d) In Family BF, hearing loss
is also linked to markers flanking pendrin, but to different alleles than were linked to the phenotype in Family Y. The sequence of
pendrin in affected members of Family BF revealed /100/G > T. RT-PCR of pendrin from lymphoblasts of affected relatives of Family
BF indicates that /100/G > Talters splicing, leading to insertion of 4| intronic base pairs into the pendrin message and a premature
stop at codon 346 (red box). By homology with other sulphate transporters, truncation at this site would abrogate sulphate transpor-
ter activity of the protein. All affected relatives in Family BF are homozygous for pendrin /00/G > Tand all unaffected relatives are
heterozygous or wild-type.

Pendrin V239D did not occur in other Palestinian probands
with hearing loss, nor among Palestinian controls; however,
pendrin 7167 > A (V239D) appeared in a Turkish brother
and sister with prelingual hearing loss, hypothyroid and
EVA.? The Palestinian and Turkish haplotypes harbouring
716A > T were identical for microsatellite markers spanning
262 kb, whereas other haplotypes in this region in these
families were diverse (Figure 2D). The mutation may have a
common ancestor, although the families are not aware that
they are related. The difference between normal thyroid
function in the aftected individuals in Family Y versus
hypothyroidism in the affected individuals in the Turkish
family is not surprising, given the intra-familial variability of
Pendred syndrome described for other mis-sense
mutations.”*"'

In Family BE the lod score for linkage of hearing loss to
the D75496-D7S2459 haplotype was 1.66, which was not

statistically significant but was close to the maximum possible

for this family. Sequencing genomic DNA from Family
BF revealed a different mutation in pendrin. Four children
with prelingual, bilateral, severe to profound hearing loss
were homozygous at markers D75496 and D752459 but
for different alleles than in Family Y (Fig. 1D). We
sequenced pendrin in an aftected child from Family BF and
identified 1001G > T a splice mutation in the last base
pair of exon 8. All affected individuals in Family BF were
homozygous for 1001G > T and all hearing individuals
were either heterozygous for the mutation or wild-type.
Reverse transcriptase-PCR (RT-PCR) of the pendrin
message from lymphoblast cDNA of a homozygous child
revealed aberrant splicing, leading to insertion of 41 bp of
intron 8 into the pendrin message and a premature stop at
codon 346. The region of pendrin homologous to other
sulphate transporters includes the site of the truncation,
suggesting that this mutation would abrogate sulphate
transporter activity. The Family BF mutation 1001G > T

208

© HENRY STEWART PUBLICATIONS 1473-9542. HUMAN GENOMICS. VOL 2. NO 4. 203-211 JANUARY 2006



Genomic analysis of a heterogeneous Mendelian phenotype

PRIMARY RESEARCH

B YFP-V239D GPI-CFP Merged

YFP-PDS GPI-CFP

C 250 * Pendrin missenses
" SLC26AT D.g i
A SLC26A2 2T
2 xSicsens (Prestin) . <58
. LC26A restin i
Z *® egic26a6 . ESS §§§
= +SLC26A7 E3¥5o50
= - B - == =
£ ‘gtggg:g F‘v”yv ¢ 2 &2 = = = Marker
E 150 *SLC26A11 M g75[2[1]1]4]3]D7S501
= 426|3|2|4|1|3|D7S2420
Z ) 161|4[5[1]|2]|4|D7S496
g N o 7711]1]2|4|1[(AC)19
g 100 : -3 Xe . 43(1[1|2]|3|1](TA)24
S ¢ o . ® 36(2(2[2[1|2|(AAAG)33
=] A * * 1Y
z - . ® ; O|A|A|T|T|T|Pendrin 716
§ < . * -2 = 16|2|2]|2]|1|1|D7S2459
5 T 4s5(3|3[1]|3|2|(GT)17
.’ ' . Am . * 49|1212]13|5]|2|(TG)25
101]|2(3]1]1]|2|(TTA)11
0 e ) Ry PV "» r 368|3|1|1]1]2[D7s2456
[+ 100 200 300 400 500 600 700 800 1024|113]2]2]|2 D78692

SLC26A4 (Pendrin) aa residue

Figure 2. Clinical, biological and evolutionary analyses of pendrin 7/6T > A (V239D) from Family Y. (a) CT scan of the temporal
bones of a child from Family Y who is homozygous for 7/6T > A (V239D) reveals enlargement of the vestibular aqueduct, or EVA
(red arrows). EVA is characteristic of Pendred syndrome. All four homozygous relatives in Family Y have prelingual, severe hearing loss,
with thresholds >85 decibels at all frequencies. There was no clinical indication of goitre and serum thyroid-stimulating hormone and
thyroxine levels were normal. (b) Intracellular localisation and trafficking of YFP-tagged mutant (V239D) and wild-type (PDS) pendrin,
prepared as previously described.'*?* Living COS7 cells were transiently transfected with YFP-V239D mutant pendrin (green) and
with CFP-GPI (glycosylphosphatidylinositol [GPI] tagged with crimson fluorescent protein [CFP], red), which localises to the Golgi
apparatus and the plasma membrane.'? After incubation, cells were visualised by confocal microscopy.'? Merged confocal images
(yellow) indicate that pendrin V239D is retained in the endoplasmic reticulum, whereas wild-type pendrin (PDS) colocalises with GPI
to the Golgi apparatus and plasma membrane. (c) The predicted severity of V239D in Family Y was compared with other disease-
associated mis-sense mutations in pendrin (red diamonds) and to wild-type sequences of other human SLC26A anion transporters

at homologous sites (blue symbols) using Grantham’s amino acid difference formula.?’ Some, but not all, pendrin mis-sense mutations
are more diverged from wild-type pendrin than are other SLC26A transporters. By this measure, V239D is among the most divergent
mis-sense mutations of pendrin, particularly given the conservation of other SLC26A proteins at this site. (d) Palestinian and Turkish
individuals with the 716A (239D) mutation share an extended haplotype of 126—260 kilobases flanking pendrin (yellow boxes), based
on markers polymorphic among wild-type (7/6T) haplotypes. Pendrin 716T > A has not been observed in any other Palestinian
families with inherited hearing loss or Turkish individuals with Pendred syndrome,*® suggesting that these two families may share a
recent common ancestor.

has not been previously reported. Mutation of the families with Pendred syndrome, probably including
adjacent base pair, 1001(+1)G > A, however, which those families in whom the syndrome was originally
also leads to 346stop, is a founder mutation among English described.***?
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Discussion

Inherited hearing loss in Middle Eastern populations is
highly heterogeneous, both in the number of genes involved
and in the number of alleles at each gene. Of the ten families
screened for linkage of deafness to all genes known to influ-
ence hearing loss, none carried any of the more than 100
previously identified alleles. All families with hearing loss who
were wild-type for GJB2 harboured novel alleles, either in
known genes (four families) or in genes yet to be identified
(six families). Alleles responsible for hearing loss in this
population are individually very rare.

Allelic heterogeneity of recessive diseases in the Palestinian
population is well documented.” As pointed out by Zloto-
gora,2 the many unique mutations among patients with
autosomal recessive diseases in this population reflect the high
rate of de novo deleterious mutations occurring in all human
genomes.” De novo recessive alleles are generally not detect-
able because the associated phenotypes are not expressed in
outbred populations. The appearance of multiple novel
alleles of known deafness-related genes also suggests that
hearing loss in this population is genetically similar to
hearing loss worldwide, and that the phenotype is simply
more common in this population because of consanguinity.

More than 50 years before the studies of Mendel, Darwin
or Galton, Joseph Adams recognised the importance of iso-
lated communities to the study of human disease, noting that
‘endemic peculiarities may be found in certain sequestered
districts’.** A very large number of the discoveries of modern
human genetics have been as the result of studies of such
‘sequestered’ populations.®® Historical demography of isolated
populations may lead to the occurrence of population-specific
alleles of relatively high frequency, such as the ancient
mutations responsible for diseases found in the Ashkenazi
Jewish population,”**’
alleles that are individually rare, each present in only one a few
extended families, as described here.

and also many population-specific

Given the availability of genomics tools, it is now
possible to develop gene discovery strategies best suited to the
demography of each community. For phenotypes with a high
level of allele and locus heterogeneity, identified in extended
consanguineous families, we developed the following strategy.
(1) For any gene with relatively widespread mutations
(eg GJB2), we sequenced all affected individuals in all families.
It was important to fully sequence such genes, rather than
only screening known mutations, because both old and new
alleles are likely to appear.” It was also important to sequence
all affected individuals, not only probands, because more
than one gene for hearing loss might segregate in a family.
(2) For families which are wild-type at the commonly mutant
genes, we tested for linkage of the phenotype to all known
disease genes by a ‘subgenome scan’ consisting of markers
intragenic or immediately flanking all genes known to be
associated with the phenotype. Because there are a large

number of known genes for hearing loss, we first genotyped
two such markers at each site, then added additional markers
as necessary. (3) In each potentially linked family, we fully
sequenced the known gene linked to the phenotype in an
affected relative and an obligate carrier. Clearly, it was not
sufficient to genotype only known disease alleles because it
is likely that new families will harbour new alleles. Also,
although in this project each novel allele was homozygous
in affected individuals, it is certainly possible that deaf
individuals in some families will be compound heterozygotes.
(4) We screened each mutation in all probands and in a
small series (100) of Palestinian controls to determine allele
frequencies, but mutations were individually too rare for case-
control comparisons to have adequate statistical power for
epidemiological analyses. Therefore, to evaluate the conse-
quence of mis-sense mutations, we developed and used both
functional and bioinformatics approaches.

In conclusion, extended consanguineous kindreds prove
extremely valuable for the identification of novel genes for
otherwise intractable, highly heterogeneous phenotypes.

Of ten extended kindreds in our series evaluated thus far, four
families carried novel mutations in known genes and six
families are likely to harbour novel mutations in novel genes
for hearing loss. The rate of discovery of new genes related
to any phenotype will eventually reach an asymptote.

The ratio of mutations in known versus unknown genes in
the present study (4:6), however, suggests that in this

cohort of 156 families, a large number of novel genes for
hearing loss still await discovery.
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