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Identification of Two Disease-causing Genes TJP2 and GJB2
in @ Chinese Family with Unconditional Autosomal Dominant
Nonsyndromic Hereditary Hearing Impairment

Hong-Yang Wang, Ya-Li Zhao, Qiong Liu, Hu Yuan, Yun Gao, Lan Lan, Lan Yu, Da-Yong Wang, Jing Guan, Qiu-Ju Wang

Department of Otolaryngology-Head and Neck, Chinese People’s Liberation Army Institute of Otolaryngology, Chinese People’s Liberation Army General Hospital,
Beijing 100853, China

Background: There are more than 300 genetic loci that have been found to be related to hereditary hearing impairment (HHI), including 92
causative genes for nonsyndromic hearing loss, among which 34 genes are related to autosomal dominant nonsyndromic HHI (ADNSHHI).
Traditional linkage analysis and candidate gene sequencing are not effective at detecting the ADNSHHI, especially for the unconditional
families that may have more than one pathogenic cause. This study identified two disease-causing genes 7JP2 and GJB2 in a Chinese
family with unconditional ADNSHHI.

Methods: To decipher the genetic code of a Chinese family (family 686) with ADNSHHI, different gene screening techniques have been
performed, including linkage analysis, candidate genes screening, high-throughput sequencing and Sanger sequencing. These techniques
were done on samples obtained from this family over a period of 10 years.

Results: We identified a pathogenic missense mutation, c. 2081G>A (p.G694E), in TJP2, a gene that plays a crucial role in apoptosis and
age-related hearing loss (ARHL). The mutation was co-segregated in this pedigree in all, but not in the two patients who presented with
different phenotypes from the other affected family members. In one of the two patients, we confirmed that the compound heterozygosity
for p.Y136* and p.G45E in the GJB2 gene may account for the phenotype shown in this patient.

Conclusions: We identified the co-occurrence of two genetic causes in family 686. The possible disease-causing missense mutation
of TJP2 in family 686 presents an opportunity for further investigation into ARHL. It is necessary to combine various genes screening
methods, especially for some unconventional cases.
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usually followed by finding the causative gene within the
mapped locus. Recently, next generation high-throughput
sequencing (NGS) has been verified to be a valuable

INTRODUCTION

Hearing impairment is the most common sensory deficit in
the world. Hearing loss is caused by genetic factors in more

than 60% of the patients. Until date, more than 300 genetic
loci have been found to be related with nonsyndromic hearing
loss. Totally 92 of these disease-causing genes have been
identified (http://hereditaryhearingloss.org). The strategy used
to identify causes of hereditary hearing impairment (HHI) is
continuously improving. Traditional linkage analysis and
candidate gene sequencing have been proven to be useful
in identifying the genes that are responsible for autosomal
dominant nonsyndromic HHI (ADNSHHI). However, this
method is not effective to detect all of the cases of ADNSHHI.
Mapping the genes that are responsible for deafness is
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molecular diagnostic tool for HHI patients.["

TJP2, also known as Z02, encodes the zonula occludens 2,
which belongs to the family of the membrane-associated
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guanylate kinase homolog with three PDZ domains, one SH3
module, and a GuK domain.®! It is predominantly expressed
at the apical region between the hair cells and supporting
cells in the organ of Corti. Its expression decreases with
age from embryonic development to adulthood, aiding the
maintenance of the barrier between the endolymph and
perilymph. TJP2 overexpression is associated with the
induction of apoptosis, which was the reason of ADNSHHI in
a family of Jewish ancestry.[) A missense mutation or a more
complex gain-of-function mutation of 7/P2 may be a viable
and identifiable cause of ADNSHHI in human patients.[
However, complete loss of 7JP2 leads to embryonic lethality
and hence, TJP2 knockout mice are not viable."!

Our research group has identified a Chinese genealogy
family (family 686) with ADNSHHI in five generations.
Through a series study conducted over the last 10 years,
we deciphered the genetic code of an unconditional Chinese
family with ADNSHHI, while simultaneously demonstrating
the numerous strategies for understanding the pathogenesis
of HHI.

MEeTHODS

This study was approved by the Committee of Medical
Ethics of Chinese People’s Liberation Army (PLA) General
Hospital. We obtained written informed consent from all the
participants in this study. Written informed consents were
obtained from the next of kin on the behalf of the minors/
children participants involved in this study.

Family recruitment and clinical evaluations

A five-generation pedigree with 99 members showing
ADNSHHI was ascertained from the Department of
Otolaryngology, Head and Neck Surgery, at the Institute
of Otolaryngology of PLA, Chinese PLA General Hospital
10 years ago [Figure la]. Twenty-one members of the
family chosen participated in our study. Personal and
familial medical history, including hearing loss, tinnitus,
vestibular symptoms, use of aminoglycosides, and other
clinical abnormalities was taken by a team of experienced
doctors and audiologists, Audiometric evaluations
included pure tone audiometry, auditory brainstem
responses, and distortion product otoacoustic emissions.
High-resolution computed tomography (HRCT) was also
performed on some subjects to verify whether the family
members had other complications other than hearing
disorders.

Linkage analysis and candidate gene screening

We performed a genome-wide linkage scan, fine-mapping,
and haplotype analysis on family 686. Genomic DNA from
21 participants have been used for genetic analysis (family
members 1112, 1114, 1115, 1116, 1117, 1118, 11110, IV1, IV3,
IV4, 1V8, IV13, IV15, 1V17, 1V20, 1V21, 1V22, IV23,
IV26,V5, and V10). The polymorphic loci single nucleotide
polymorphism (SNP) microsatellite markers came from
the PRISM® Linkage Mapping Sets-MD10 Version 2.0
kit (ABI, USA). A genome-wide screening was carried

out using 386 microsatellite markers, distributed with an
average spacing of 10 centimorgan on 22 chromosomes,
excluding X and Y (ABI Prism Linkage Mapping Set 2,
Applied Biosystems, Foster City, CA, USA). Multiplex
polymerase chain reaction (PCR) was performed following
the manufacturer’s recommendations. We followed the
procedures using a PE9600 thermocycler made by Applied
Biosystems®. PCR products were loaded onto a 6%
denaturing polyacrylamide gel (7M urea) and visualized
on an ABI Prism® 3700 sequencer. Alleles were analyzed
with ABI GeneMapper software, version 3.0 (http://depts.
washington.edu/bsc/genetics/GeneMapper.html).

Further screening within the linked region on chromosome
9 was performed with markers from the Marshfield 9 map
(http://research.Marshfieldclinic.org/genetics) for fine
mapping. Linkage analysis between the disease locus and
the markers was performed using the MLINK program of
the LINKAGE version 5.1 software package (http://linkage.
rockefeller.edu/pub/). The two-point Log odds (LOD) score
was calculated under a 90% penetrance autosomal dominant
mode of inheritance, considering the genetic heterogeneity of
hereditary hearing loss, and setting the disease allele frequency
0f'0.0001. Haplotype analysis was constructed using Cyrillic
software, version 2.1 (Cyrillic Software, Wallingford, UK).

In accordance with the linkage analysis results, the AQP3
gene was chosen as the candidate gene and Sanger sequencing
was first performed in one affected family member and one
unaffected member. Design primers were used to amplify the
six exons of AQP3 [Supplementary Table 1]. According to
standard conditions, we completed all the PCRs. Bi-directional
sequencing was carried out using both the forward and reverse
primers and was performed using the ABI PRISM Big Dye
DNA-sequencer (Applied Biosystems, USA).

Targeted genes capture and high-throughput sequencing
A customized capture array (NimbleGen, Roche) was
performed on the proband, IV26 who had a different
phenotype from other affected family members, was then
added to sequence. The array can capture exons, splicing
sites and immediate flanking intron sequences of 307 human
kayo genes responsible for either human or mouse deafness
and all the mitochondrial genes [Supplementary Table 2].
The targeted region captured by array was constructed
a library and then sequenced on Illumina HiSeq2000 to
generate paired end reads (90 bps at each end). Raw image
files were processed by Illumina Pipeline (version 1.3.4)
for base-calling with default parameters. Reads were
aligned to NCBI37/hgl9 reference human genome using
BWA (http://bio-bwa.sourceforge.net/index.shtml). SNPs
and InDels (inserts and deletions) were detected using
GATK (http://www.broadinstitute.org/gatk/index.php)./®

Sanger sequencing

After filtering against common SNPs reported by public
databases, Sanger sequencing was used in all available
members from family 686 to determine whether the potential
mutation c. 2081G>A in TJP2 co-segregated with the disease
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Figure 1: Pedigrees and haplotype analysis of family 686. (a) Pedigrees of family 686. Filled symbols for males (squares) and female (circles)
represent affected individuals, and empty represent unaffected individuals. (b) Single nucleotide polymorphism haplotype analysis in family 686.
A total of four recombination events were observed in Family 686, including two recombination events in lll7 between D9S259 and D9S169,
D9S1874 and D9S1777 respectively, one recombination event in IV4 in which the exchange was between D9S169 and D9S1853, and one
significant recombination in V5 in which the exchange occurred at D9S205. V5 carried the disease-causing allele from her affected mother at
D9S205. D9S205 was excluded because V5 had normal hearing. (c) Construction of the genetics map. Figure shows the cytogenetic chromosome
bands and regional distribution from the 9p13.2 to the 9p13.3 region. Black mark column on the right of the chromosomal region is the positioning
region of 686 lines, locating between 9p13.2 and 9p13.3. Distance between markers is the genetic distance. The red box shows the distance

positioning segment.

phenotype in these individuals or not. Direct PCR products
were sequenced using Bigdye terminator version 3.1 cycle
sequencing kits (Applied Biosystems. Foster City, CA) and
analyzed using ABI 3700XL Genetic Analyzer.

A total of 100 DNA samples from a panel of unaffected
individuals from a Chinese background made up the control
genomic DNA samples. BLAST was applied to compare the
alignment of the 7JP2 protein between different species.

ResuLts

Clinical description

A total of 21 members in the family 686, composed of 8§
clinically affected and 13 unaffected individuals, were
recruited in this study. Age of onset in the family ranged from
21 to 68 years old. Affected members showed a postlingual,
symmetrical, and bilateral nonsyndromic sensorineural
hearing loss. Most of the patients had relatively consistent
audiograms, except for I1I7 and IV26, initially presenting
at 2 kHz, 4 kHz, and 8 kHz. The hearing loss of these
three frequencies declined rapidly in the first decade, with
the thresholds worse than 40-50 dB HL. The audiograms
were the downslope type. The hearing impairments then

implicated the 1 kHz and the 0.25 kHz frequencies, and
finally 0.5 kHz. The subsequent progression of hearing loss
to a severe level at all frequencies at a later age was gradual
in most cases. All patients had associated lofty-tone tinnitus,
but no vestibular symptoms or signs were reported [Table 1
and Figure 2]. HRCT results of the temporal bone in some of
the patients showed normal middle ears structure, including
a normal vestibular aqueduct and internal auditory canal.
None of the affected members had a history of exposure to
aminoglycosides, noise, or other causes that may account
for the hearing impairment.

Linkage analysis and candidate gene sequencing

The genome-wide linkage study located the hearing
impairment gene on the short arm of chromosome
9 (9p13.2-p13.3) and excluded the remainder of the genome.
The maximum two-point LOD score of 3.25 (6 = 0) was
observed at marker D9S1817, between D9S171 and D9S175.
Fine mapping of the gene with dense microsatellite markers
from the initially targeted area refined the position of the
section to D9S165 and D9S1874, between which the genetic
distance is 4.12 centimorgan (cM). This candidate region
showed no overlap with the critical intervals identified in
the previously studied families [Table 2].
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Figure 2: Audiograms of both ears from affected subjects in family 686. Symbols “0” and “x” denote air conduction pure-tone thresholds at
different frequencies in the right and left ear, respectively. dB: decibels; Hz: Hertz.

A total of four recombination events were observed in
family 686. The gene was located between the D9S165
and D9S1874 interval, which is about 4.12 ¢cM (the genetic
distance was calculated from http://www.ensemble.org/
perl) [Figure 1b and 1c].

Twenty-one family members were screened for AQP3,
including 8 affected members and 13 unaffected members.
Two polymorphisms in AQP3 were found: 390C>T/390C>T
and 394G>A/WT. All the members in this family have
390C>T/390C >T and only four members have 394G>A/WT,
including three patients and one unaffected member, who was
32 years old. The latter mutation can change the 132" amino
acid from Asp to Asn, possibly leading to changes in both the
functionality and spatial structure of the resulting protein.
It is reasonable to assume that the unaffected member with
this functional polymorphism might show the disease at an
older age. However, not all of the patients in this family
had this variant.

Targeted genes capture and high-throughput sequencing
Approximately, 1.44 Mbp of the exons and adjacent intronic
regions of the 307 genes were captured and sequenced.
The average sequencing depth for the target region was
approximately 468X, and the average coverage for the
targeted region with >20X was 97.51%, satisfying the
requirements for identifying SNPs and InDels. For the
proband of family 686, through function and frequency
filtration, the missense variant c. 2081G>A (p.G694E) in
exonl4 of 7JP2 (NM_201629.3) was identified and no
other possibly pathogenic variants were found. In IV26,
who was an affected member without 7JP2 c. 2081G>A
[Supplementary Figure 1], two previously reported missense
mutations, c. 408C>A (p.Y136*) and c. 134G>A (p.G45E)
in GJB2, were identified [Supplementary Figure 2].1"!

Mutation detection and analysis
All identified family members were tested for c. 2081G>A.
Results showed that all the patients carried the variant except
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Table 1: Summary of clinical data for hearing impaired members in family 686

Subject Gender Age of test Age of onset PTA (dB HL)* Hearing Audiogram Tinnitus
(vears) (years) impairmentt

1I: 2 Female 72 68 Left: 57.50 Moderate Downslope Left: Durative
Right: 66.25 Moderate Downslope Right: Durative

1II: 4 Female 68 48 Left: 72.50 Severe Downslope Left: Durative
Right: 93.75 Severe Downslope Right: Durative

I 5 Male 62 55 Left: 90.00 Severe Downslope Left: Durative
Right: 90.00 Severe Downslope Right: Durative

II: 7 Male 46 42 Left: 30.00 Mild Irregular Left: Occasional
Right: 36.50 Mild Irregular Right: Occasional

v: 4 Male 50 45 Left: 45.00 Moderate Downslope Left: Durative
Right: 42.50 Moderate Downslope Right: Durative

Iv: 13 Female 34 31 Left: 50.00 Moderate Downslope Left: Occasional
Right: 52.50 Moderate Downslope Right: Occasional

1Vv: 22 Male 30 21 Left: 45.00 Moderate Downslope Left: Occasional
Right: 40.00 Moderate Downslope Right: Occasional

1V: 26 Male 35 32 Left: 78.75 Severe Flat Left: Durative
Right: 71.25 Severe Flat Right: Durative

*PTA: Pure-tone air-conduction averages (0.5, 1, 2 and 4 kHz) for the better-hearing ear of affected subjects in family 727; "Diagnosed at the time of test. The
severity of hearing impairment was defined as mild (26-40 dB HL), moderate (41-55 dB HL), moderately severe (56-70 dB HL), severe (71-90 dB HL)

and profound (>90 dB HL). HL: Hearing level.

Table 2: Two-point LOD scores between 9q microsatellite
markers for family 686

LOD score ATo V4 0

max max
00 01 02 03 04 05
D9s259 —-1.74 123 096 059 025 0.00 1.25 0.0790
D9s169 031 246 195 128 057 0.00 2.55 0.0570
D9sl61 121 088 058 033 0.13 0.00 1.21 0.0000
D9s1853 —5.82 —0.59 —-0.06 0.09 0.09 0.00 0.10 0.3480
D9s205 0.06 0.09 0.04 —-0.01 —-0.03 0.00 0.09 0.0670
D9s165 —2.10 0.60 0.58 040 0.19 0.00 0.63 0.1370
D9s1817 325 258 1.89 1.19 0.53 0.00 3.25 0.0000
D9s1874 —-5.82 043 0.84 0.76 043 0.00 0.85 0.2220
D9s1777 —2.17  0.69 0.55 035 0.16 0.00 0.69 0.0940
D9s273 0.80 0.67 045 024 0.09 0.00 0.80 0.0000
D9s1822 -523 056 0.56 034 0.12 0.00 0.61 0.1440

LOD: Log odds score, the LOD scores were computed under an
autosomal dominant mode of inheritance.

Markers

for 1117 and 1V26, while none of the unaffected members
of the family carried the variant [Supplementary Figure 1].
Sanger sequencing confirmed the co-segregation of p.G694E
with the disease phenotype in family 686, with the exception
of 117 and IV26. The 7JP2 mutation occurred at highly
conserved amino acids, and the SIFT, Polyphen2, LRT,
Mutation Taster, GERP++, and PhyloP programs all predicted
it to be deleterious. The amino acid sequence encoded by
TJP2 was compared between different species, including
mouse, rat, dog, cattle, and human, and it was found that c.
2081G>A (p.G694E) is located in a highly conserved region.

No TJP2 c. 2081G>A variation was identified in 100 control
genomic DNA samples from a panel of unaffected individuals
[Supplementary Figure 3]. Based on these results and the
phenotypes of family 686, we concluded that the mutations in
TJP2 and GJB2 are responsible for hearing loss in this family.

Discussion

Co-occurrence of disease-causing mutations identified
in family 686

To the best of our knowledge, this study is the third report
on disease-causing missense mutations in 7/P2 in patients
with HHIL.® The ¢. 208 1G>A mutation that was predicted
to be pathogenic was detected in six patients from the family
686, and was absent in unaffected members. This mutation
caused a transition from a guanine to adenine at nucleotide
position 2081, causing a glycine to glutamic acid substitution
at amino acid position 694 (p.G694E). This variant was
initially reported as an SNP.’! However, the frequency of
this mutation in dbSNP and 1k genome database was 0.0000
and 0.0009, respectively, suggesting that this mutation may
be disease-causing.

Two patients, 1117 and V26, did not carry the c¢. 2081G>A
mutation. Further analysis of the phenotypes of these two
patients revealed that they presented with certain symptoms
different from those found in other patients in the family. The
hearing curve for patient I1I7 was different from other affected
members in this family in two ways: (1) High-frequency
hearing impairment at 2 kHz and 4 kHz was not obvious
and thresholds were much better than at 8 kHz, while other
patients from family 686 had a more synchronized hearing
decline, (2) low-frequency hearing loss occurred earlier
than in other family members. Hearing loss caused by 7.JP2
mutation presented as late-onset and typically involved the
high frequencies first. However, 1117 had no characteristics
typical of hearing loss caused by 7.JP2 mutation, making it
difficult to elucidate its cause. Therefore, hearing impairment
of 1117 may have been caused by other reasons.

In the case of patient IV26, hearing impairment began
at the age of 32 years, and the hearing curve showed
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bilateral, severe hearing loss across all frequencies at
the age of 35 years, progressing rapidly during the first
10 years of onset. The patient did not present with the
pattern of high-frequency hearing being affected first,
followed by all other frequencies. His hearing threshold
was much higher than that of other patients in this family.
Further investigation using targeted gene capture and NGS
showed that this patient was a compound heterozygote
for two mutations in the GJB2 gene, a condition that has
been reported to cause HHI. ADNSHHI has complicated
genotype-phenotype correlations because of its extreme
heterogeneity.!*! The heterogeneity observed in one family
was also reported in more than ten other families who
experienced hearing loss.!'"

Until date, three missense mutations in 7JP2 and a tandem
inverted genomic duplication that includes the 7.JP2 gene
have been reported to be related with HHI.B3T With the
exception of 1117 and IV26, the phenotype of affected
members of family 686 is similar to that of the previously
studied Tunisian family of Jewish ancestry, in terms of age
of onset and audiological results. In the Jewish family, the
ages of onset were in the fourth decade and hearing loss first
involved high frequencies, followed by a gradual loss of
hearing at mid and low frequencies. 7JP2 is also predicted
to be a candidate gene for age-related hearing loss (ARHL).
Families with 7JP2 mutations have patterns of hearing loss
similar to those associated with ARHL, in that the high
frequencies are affected first. Most cases of ADNSHHI
are characterized by postlingual progressive sensorineural
hearing loss, with the age of onset mostly being in the
second or the 3" year, such as is the case with KCNQ4,'!!
GJB3,'% and MYHI14. Some other cases of ADNSHHI
that are caused by genetic mutations do not manifest until
the third or 4" year, such as COCH" and TJP2,” which
are thought to be related to ARHL. However, both ARHL
and 7JP2 mutation-related hearing impairments are most
likely associated with apoptosis of hair cells in the inner
ear. TJP2 is one of the three apoptosis-associated genes
that have been reported in connection with ADNSHHI, in
addition to DFNAS5 and MSRB3.11316 Further research into
TJP2 transcription and protein function may play a crucial
role in understanding the molecular mechanism behind the
pathogenesis of ARHL, and in deciphering the possible
theory of hair cell death and the connection between gene
mutations and progressive hearing loss.

Genetic research strategies for hereditary hearing
impairment

Identification of causative genes for medical conditions such
as HHI can be very challenging. Traditionally, strategies for
identifying genes associated with HHI have included linkage
analysis and candidate gene screening, which has led to the
mapping of more than 60 loci for ADNSHHI. However,
only 34 genes have been identified since 1992 (http://
hereditaryhearingloss.org). In this study, we located a gene
responsible for hearing impairment on the short arm of
chromosome 9 (9p13.2-p13.3) using traditional approaches,

but without positive results after sequencing candidate genes in
all of the identified family members. Based on our experience,
it is necessary to expand the physical scope of the location
region moderately to avoid the deviation of the genetic distance
calculation, which may be caused by neglecting some relatively
small chromosomes exchange. This can lead to the real
disease-causing gene being located near the targeted area instead
of in the targeted region strictly. It is more difficult to identify
the disease-causing gene than to map it onto a specific region
on the chromosome, due to limitations in technology, the large
size of many genes and the high-cost of Sanger sequencing.

Since 2009, NGS has played a crucial role in studying the
genetics of HHI, with more than 10 genes having been
recently identified (http://hereditaryhearingloss.org). NGS,
also known as high-throughput sequencing or massively
parallel sequencing, is quickly replacing many single gene
tests for hearing impairment. It is useful for assessing patients
whose phenotypes are not clinically distinguishable and
should be considered by clinicians if single gene tests yield no
diagnosis.l'7 Among the NGS technologies, targeted capture
panel tests are superior to whole exome sequencing, which looks
at 20,000 genes and possible missing parts of the genes, offering
more depth of coverage in genes associated with hearing loss.

In conclusion, through a series of studies over a period
10 years, we identified the co-occurrence of disease-causing
genes TJP2 and GJB2 in family 686. The mechanism
underlying its role in apoptosis and its association with ARHL
may be useful in understanding the pathogenesis of ARHL.
The combined GJB2 compound heterozygote elucidated the
heterogeneity and complexity of HHI. In addition, we have
summarized the various strategies to study the pathogenesis
of ADNSHHI in this Chinese family. We concluded that none
of the techniques are conclusive in every situation, and it is,
therefore, necessary to combine the knowledge and skills
from clinical medicine, genetics, bioinformatics and IT,
while applying lateral thinking and constantly proposing new
solutions. Therefore, it is necessary to address difficulties with
an open mind and to use a combination of methods.

Supplementary information is linked to the online version of
the paper on the Chinese Medical Journal website.
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