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Abstract
A consanguineous family with autosomal recessive nonsyndromic hearing impairment (NSHI)
was ascertained in Pakistan and displayed significant evidence of linkage to 3q13.31-q22.3. The
novel locus (DFNB42) segregating in this kindred, maps to a 21.6 cM region according to a
genetic map constructed using data from both the deCode and Marshfield genetic maps. This
region of homozygosity is flanked by markers D3S1278 and D3S2453. A maximum multipoint
LOD score of 3.72 was obtained at marker D3S4523. DFNB42 represents the third autosomal
recessive NSHI locus to map to chromosome 3.

Keywords
3q13.31-q22.3; DFNB42; nonsyndromic hearing impairment; Pakistan

INTRODUCTION
Genetic hearing impairment can be classified as either syndromic or nonsyndromic. Several
hundred syndromes for which hearing impairment is one of their clinical features have been
described. They account for 30% of hearing impairment cases with a genetic etiology.
Among hereditary nonsyndromic hearing impairment (NSHI), autosomal recessive
inheritance predominates and accounts for approximately 75%–80% of the cases, while
autosomal dominant inheritance is observed in 15% of cases. Forms of NSHI with
mitochondrial and X-linked inheritance are more rarely encountered [Morton, 1991].
Autosomal dominant NSHI is usually post-lingual and progressive, whereas autosomal
recessive nonsyndromic forms are generally severe to profound with prelingual onset [Petit,
1996]. NSHI is the most heterogeneous trait known. Thus far over 90 loci have been mapped
and 35 genes have been identified [Van Camp and Smith, 2003]. Here is presented the
mapping of a novel locus in a Pakistani kindred segregating autosomal recessive NSHI.
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MATERIALS AND METHODS
Family History

Before the onset of the study, approval was obtained from both the Quaid-I-Azam
University and the Baylor College of Medicine Institutional Review Boards. Informed
consent was obtained from all family members who participated in the study. The pedigree
structure is based upon interviews with multiple family members and personal interviews
with key figures in the kindred clarified consanguineous relationships. Pedigree 4012, from
the Punjab province in Pakistan (Fig. 1), provided convincing evidence for autosomal
recessive mode of inheritance in the form of pseudo-dominant inheritance. Although
autosomal dominant hearing impairment can occur in consanguineous families, we believe
this is not the case for family 4012; since the parents, grandparents, and great-grandparents
of individual 11 are all unaffected. The parents (individuals 7 and 8) of individual 11 and his
wife (individual 12) who is also his first cousin must all be heterozygous carriers for the
hearing impairment mutation. In addition the phenotype of the hearing impaired family
members is consistent with autosomal recessive NSHI. Medical history and physical
examination of the affected individuals were performed by trained otolaryngologists
affiliated with governmental hospitals. All affected individuals have a history of prelingual
hearing impairment that involves all frequencies. The ages upon ascertainment of hearing
impaired individuals range from 12 to 50 years. Regardless of age, all affected family
members grossly display the same level of hearing impairment, which may indicate that the
hearing impairment is not progressive. All family members who participated in the study
were asked a series of medical history questions to help elucidate if hearing impairment was
due to an environmental factor or was part of a syndrome. All affected individuals
underwent ophthalmologic examinations. Defects in ear morphology, dysmorphic facial
features, skin and hair conditions, eye disorders including night blindness and tunnel vision,
limb deformities, mental retardation, and other clinical features that could indicate that
hearing impairment was syndromic were not identified. There were no observations of
disturbance in gait, thus suggesting there is no gross vestibular involvement. Maternal
conditions such as rubella and drug use during pregnancy, perinatal trauma and meningitis
were ruled out by history. In addition, all available medical records of the affected
individuals were scrutinized for evidence of perinatal or childhood illness. Figure 2 displays
an audiogram taken from hearing impaired individual 17, who was 12-years-old at the time
of audiometric testing. Pure tone audiometry was performed in a soundproof booth with a
calibrated machine, and fulfilled International Organization for Standardization (ISO)
requirements. Individual 17 has bilateral sensorineural hearing impairment, with moderate
hearing impairment at the low frequencies that is steeply sloping from severe at mid-
frequency range to profound at 2–4 kHz. The hearing impairment was reported by the
parents to be prelingual in onset and is probably congenital.

Extraction of Genomic DNA and Genotyping
Venous blood samples were obtained from nine family members five of which were hearing
impaired. Genomic DNA was extracted from whole blood following a standard protocol
[Grimberg et al., 1989], quantified by spectrophotometric readings at optical density 260 and
diluted to 40 ng/μl for PCR amplification. A genome scan was carried out on seven DNA
samples at the Center for Inherited Disease Research (CIDR). A total of 388 fluorescently
labeled short tandem repeat (STR) markers were genotyped. These markers are spaced ~10
cM apart and are located on the 22 autosomes and the X and Y chromosomes. Two
additional unaffected family members, individuals 18 and 19 were ascertained after the
completion of the genome scan and were genotyped for markers within the region which
was suggestive for linkage.
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Linkage Analysis
Two-point linkage analysis was carried out using the MLINK program of the FASTLINK
computer package [Cottingham et al., 1993] and multipoint linkage analysis was performed
using ALLEGRO [Gudbjartsson et al., 2002]. Haplotypes were constructed using
SIMWALK2 [Weeks et al., 1995; Sobel and Lange, 1996]. An autosomal recessive mode of
inheritance with complete penetrance and a disease allele frequency of 0.001 were used for
the analysis. Marker allele frequencies were estimated from the founders and reconstructed
genotypes of founders from this family and twelve additional families from Pakistan which
underwent a genome scan at the same time at CIDR. For the fine mapping markers it was
not possible to estimate allele frequencies from the founders, because these markers were
only genotyped in this family. Moreover, since false positive results can be obtained when
analyzing the data using a too low of an allele frequency for the allele segregating with the
disease locus [Freimer et al., 1993], a sensitivity analysis was carried out for the multipoint
linkage analysis by varying the allele frequency of the allele that is segregating with the
disease locus from 0.2 to 0.8 for the fine mapping markers.

In addition, there was concern that some consanguineous relationships within the pedigree
were not reported, which would affect the LOD score results. Individuals 6 and 10 who
married into the family are not from the same village as their spouses, and therefore it is
unlikely that they are related to their spouses or other family members. Although it was
reported that individuals 3 and 4 are not related to each other but since they are from the
same village we cannot rule out that this mating is not consanguineous. Therefore, besides
carrying out the linkage analysis with the reported pedigree structure, we also analyzed the
pedigree assuming individuals 3 and 4 are first cousins, individuals 1 and 2 (the pedigree
founders) are first cousins, and assuming both scenarios had occurred. Only two-point LOD
scores were calculated to make the comparisons, since in order to calculate multipoint LOD
scores with these additional relationships, the pedigree structure would have to be broken
into two parts in order to analyze it using ALLEGRO. This could also bias the results. It
should be noted that for the original analysis the pedigree structure was analyzed in its
entirety.

A genetic map was constructed for the multipoint analysis using both the Centre d’Etude du
Polymorphisme Humain (CEPH) [Dausset et al., 1990] and deCode [Kong et al., 2002]
genotype data using MAP-O-MAT [Lander and Green, 1987; Matise and Gitlin, 1999],
because not all markers that were used for fine mapping appeared on either the Marshfield
[Broman et al., 1998] or deCode genetic maps.

RESULTS
Analysis of the genome scan data identified an area of interest on chromosome 3q. Two-
point analysis generated a maximum LOD score of 2.6 for marker D3S4523 at
recombination fraction 0, and multipoint linkage analysis also produced a maximum LOD
score of 2.6 at this same marker. In addition, maximum multipoint LOD scores of 1.4, 2.5,
and 1.6 were obtained at chromosomes 7, 8, and 21 respectively. None of the other
chromosomes gave LOD scores above 0.8. An additional number of markers were chosen in
the regions of interest on chromosomes 7 (14 markers), 8 (26 markers), and 21 (11 markers),
were genotyped in all nine samples and linkage analyses were performed. The two-point and
multipoint linkage analysis of the additional and the genome scan markers for chromosomes
7, 8, and 21 did not give significant results, with maximum multipoint LOD scores of 1.0,
1.7, and 0.09, respectively.

In order to establish linkage and fine map the DFNB42 locus on chromosome 3, 27
additional markers were selected from the Marshfield and deCode genetic maps; 14 markers
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are proximal to D3S4523 (D3S4551, D3S2496, D3S2422, D3S4018, D3S1518, D3S1278,
D3S3529, D3S1558, D3S2460, D3S3649, D3S1303, D3S3703, D3S2302, and D3S3513)
and 13 of the markers are distal (D3S3720, D3S4011, D3S2316, D3S1765, D3S3636,
D3S3584, D3S3607, D3S1541, D3S2322, D3S3657, D3S1238, D3S1590, and D3S2453).
Only six of the fine mapping markers were informative for linkage, although the markers
had an average heterozygosity of 0.71. Table I summarizes the two-point LOD scores
obtained for six fine mapping markers and three genome scan markers. The maximum two-
point LOD score remained at genome scan marker D3S4523, however, it increased to 3.21
(θ = 0) with the genotyping of the two additional individuals, 18 and 19. Multipoint linkage
analysis for the family gave a maximum LOD score of 3.72 also at marker D3S4523. When
the marker allele frequencies were varied for the fine mapping markers from 0.2 to 0.8, the
maximum multipoint LOD score remained at marker D3S4523 and varied from 3.90 to 3.23,
respectively.

When two-point linkage analysis was carried out assuming additional consanguineous
relationships, the LOD score at marker D3S4523 changed only slightly from the LOD score
obtained using the original pedigree structure. Assuming individuals 3 and 4 are first cousins
the maximum two-point LOD score is 3.17, when the founders individuals 1 and 2 are
considered to be first cousins the LOD score is 3.18, and for both scenarios combined the
LOD score is 3.14.

The 3-unit support interval contained a 21.6 cM region which spanned form marker
D3S1278 to marker D3S2453. Haplo-types were then constructed to determine the critical
recombination events. The disease haplotype (region of homozygosity) was the same region
contained within the 3-unit support interval. This region corresponds to a physical map
distance of 21.2 Mb [International Human Genome Sequence Consortium, 2001]. The
critical recombinations defining the co-segregating interval occurred in affected individuals.
The centromeric boundary of this interval was defined by a recombination between markers
D3S1278 and D3S4523 observed in individual 16. The telomeric boundary of this interval
corresponds to a historic recombination event between markers D3S1765 and D3S2453,
which was observed in individual 11.

DISCUSSION
The majority of families from Pakistan with deafness that this research group is studying are
consanguineous. Of the 196 families studied thus far, 94% of the pedigrees display one or
more consanguineous matings. Family 4012 (Fig. 1) presented with two consanguinity
loops. The parents of affected individual 11 (individuals 7 and 8) are first cousins and the
inbreeding coefficient for individual 11 is 0.0625. Individuals 11 and 12, parents of
individuals 13 through 19, are first cousins, and the inbreeding coefficient for individuals 13
through 19 is 0.0781.

Phenotypic information and the pedigree structure gave initial evidence of autosomal
recessive inheritance for family 4012. Autosomal recessive inheritance was further
supported by the results of this study. The probability of observing by chance a 21.6 cM
region of homozygosity in all five hearing impaired family members and in none of the four
hearing family members is extremely low (P <0.0001).

The linkage data presented suggest that a gene for autosomal recessive nonsyndromic
prelingual deafness is located on chromosome 3q13.31-q22.3. Four other loci for inherited
deafness DFNB6 (3p14-p21) [Fukushima et al., 1995], DFNB15 (3q21-q25) [Chen et al.,
1997], DFNA18 (3q22) [Bonsch et al., 2001], and DFNA44 (3q28-q29) [Modamio-Hoybjor
et al., 2003] have been previously mapped on chromosome 3. For these four loci only one
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gene, TMIE, has been identified for DFNB6. A loss of function mutation in TMIE gene is
responsible for deafness in humans and mice indicating its critical role in the auditory
system [Naz et al., 2002].

The DFNB42 (3q13.31-q22.3) locus overlaps with DFNA18 (3q22). Although two genes in
close proximity might cause DFNB42 and DFNA18, it is also possible that hearing loss in
DFNB42/DFNA18 families is caused by different mutations in the same gene. It has been
observed for several forms of NSHI that different mutations in the same gene cause an
autosomal dominant and recessive form of NSHI (e.g., GJB2, MYO7A, TECTA, and TMC1)
[Van Camp and Smith, 2003]. It should also be noted that the region of homozygosity for
DFNB42 does not overlap with that of the DFNB15 locus. The DFNB42 region starts at
marker D3S4523 (at 122, 212, 964 Mb) to marker D3S1765 (at 125, 689, 392 Mb); while
the first marker indicated in the DFNB15 region is D3S1290 (at 134, 311, 827 Mb) [Chen et
al., 1997].

The DFNB42 interval contains a number of known genes. Among the candidate genes for
nonsyndromic deafness, are solute carrier family members SLC21A2 (MIM 601460) and
SLC15A2 (MIM 602339). These genes encode transport proteins and show homology with
SLC26A4 (MIM 605646). Mutations in the SLC26A4 gene are responsible for both NSHI
(DFNB4) and Pendred syndrome and account for approximately 5% of recessive deafness in
south Asians and other populations [Park et al., 2003]. Additional candidates within the
region include LSAMP (MIM 603241) which codes for a neural cell adhesion molecule
[Pimenta et al., 1996]. Proximal Myotonic Myopathy (PROMM) (MIM 602668) has also
been mapped in the region 3q13.3-q24 and ZNF9 has been implicated as the causative gene.
Hearing loss has been described as one of the features of PROMM phenotype, however it
should be noted that ZNF9 was recently excluded as the cause of NSHI in a family
segregating DFNA18 [Bonsch et al., 2003]. The promoter and exonic regions of SLC15A2
and ZNF9 were sequenced in two hearing impaired individuals and one unaffected
individual from family 4012 and no causal variants were found. Localizing DFNB42 is the
first step in identifying the causative gene underlying the HI phenotype.
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Fig. 1.
Pedigree 4012, which segregates DFNB42. Black symbols represent individuals with
hearing impairment due to DFNB42. Clear symbols represent unaffected individuals.
Haplotypes for the most closely linked STRs are shown below each symbol. DFNB42
haplotype is displayed in a box.
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Fig. 2.
Audiogram from affected individual 17 of pedigree 4012. The age denoted represents the
age at which the audiogram was taken. The following symbols represent: o, air conduction
for right ear; ×, air conduction for left ear; Δ, bone conduction for both ears.
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