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Purpose: Hearing loss is a common congenital disorder that is frequently associated with mutations in the GJB2

gene encoding the connexin 26 protein (Cx26). We sought to evaluate the effectiveness of direct DNA sequencing

for detection of Cx26 mutations as a clinical diagnostic test. Methods: We designed a clinical assay using a

three-step polymerase chain reaction (PCR)-based DNA sequencing strategy to detect all possible mutations in the

open reading frame and flanking sequences of Cx26. The results of the first 324 cases of childhood deafness

referred for diagnostic testing were analyzed. Results: A total of 127 of the 324 (39.2%) cases had at least one

mutant Cx26 allele (36.1% of sporadic cases, 70% of familial cases). Of these 127 case, 57 (44.8%) were

homozygotes or compound heterozygotes. Thirty-four different mutations were identified, including 10 novel

mutations, 6 of which (T8M, K15T, R32L, M93I, N206S, and 511-512insAACG) may be pathogenic. We also

provide new evidence on the pathogenicity or nonpathogenicity of 12 previously reported mutations, and clarify the

confusing nomenclature of the 313-326del14 mutation. Conclusion: A simple and rigorous method for efficient

PCR-based sequence analysis of Cx26 is a sensitive clinical assay for evaluating deaf children. Its widespread use

is likely to identify additional pathogenic mutations and lead to a better understanding of the clinical significance

of previously identified mutations. Genet Med 2002:4(4):279–288.
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Hearing loss is a common congenital disorder, affecting
0.1% to 0.2% of all newborns. Of these cases, ~60% are inher-
ited and ~80% of inherited deafness falls under the category of
autosomal recessive, nonsyndromic hearing loss.1–3 Within
this category, ~50%of severe to profound cases are classified as
DFNB1 in the ethnic populations tested4,5 and are caused by
mutations in theGJB2 gene,6–9 which encodes the protein con-
nexin 26 (Cx26), a member of the connexin family of proteins.
These proteins aremajor constituents of intercellular gap junc-
tions, and Cx26 is believed to play a crucial role in regulating
potassium ion flux during auditory transduction in the inner
ear.10–12 In addition, a few autosomal dominant deafness-

causing mutations in Cx26 have also been described, classified
clinically as DFNA3.5 Moreover, mutations in Cx26 (and in
other connexins) have been associated with syndromic deaf-
ness, including Vohwinkel syndrome, palmoplantar kerato-
derma, and erythrokeratodermas.13–17

Several studies have demonstrated a wide spectrum of Cx26
mutations associated with hearing loss in patients with a broad
range of deafness. Although the most common mutation is
35delG, the prevalences and carrier frequencies of the different
mutations vary among peoples of different ethnicities.18–32

Over 70 pathogenic recessive or dominant mutations, and
close to 20 allelic variants with undetermined pathogenicity or
polymorphisms, have been reported.33–35 However, no clear
genotype-phenotype correlations have been established.36–41

We report here the results of a sequence-based mutation
analysis of the connexin 26 (GJB2) gene in blood samples from
324 children (and appropriate family members) sent for clini-
cal molecular diagnostic testing for familial or sporadic deaf-
ness.We detected 34 differentmutations, 10 of which are novel
(9 missense and 1 small insertion). In addition, this report will
provide new evidence regarding the pathogenicity or non-
pathogenicity of 12 previously reported mutations, and will
propose the proper nomenclature for the 313-326del14
mutation.
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MATERIALS AND METHODS
Sources of referred materials

A total of 324 presumably unrelated children with docu-
mented sensorineural hearing loss (SNHL) of uncertain etiol-
ogy had blood samples submitted by specialists in Otolaryn-
gology, Clinical Genetics, Audiology, and General Pediatrics
for clinical molecular diagnostic testing. These samples in-
cluded those from 30 children with a history of multiple deaf
family members (familial cases), and 294 children with no
family history of deafness (sporadic cases). This research study
was approved by the Children’s Hospital Boston Institutional
Review Board (IRB).

Clinical classification of referred cases

Patients were clinically classified by the referring physician.
When the classification was incomplete, clinical notes and au-
diology testing results from themedical recordwere examined.

Family studies and control samples

Extended family studies, including blood samples from af-
fected family members (deaf siblings/parents), and at-risk
family members (obligate or possible carriers), were under-
taken after genetic counseling for the presence of amutation in
a proband. Anonymous DNA samples from 100 individuals
without known genetic disorders and hearing loss were ana-
lyzed as control subjects. TheCx26 gene (GJB2)mutation anal-
ysis for all of the deaf children and their available family mem-
bers, and 100 control subjects was performed by the following
three-step polymerase chain reaction (PCR)-based sequencing
procedure.

(1) PCR amplification

Genomic DNA was extracted from whole blood with a
D-50K PureGene DNA isolation kit (Gentra), according to the
manufacturer’s instructions. PCR was used to amplify the en-
tire open reading frame (ORF) of the Cx26 gene (GJB2) using
a pair of PCR primers (CX26-F, TGC-TTA-CCC-AGA-CTC-
AGA-GAA; CX26-R, CGA-CTG-AGC-CTT-GAC-AGC-TGA)
in a 50-�L reactionmixture containing 100 to 200 ng of genomic
DNA,1�PCRbuffer (10mMTris-HCl, pH8.3, and50mMKCl,
1.5 mMMgCl2), 400 �M dNTPs, and 1 unit of Taq polymerase
(Roche). PCR reactions were amplified in a Peltier Thermal Cy-
cler (PTC-200,MJ Research) after an initial denaturation at 94°C
for 4 minutes, followed by 35 cycles of 94°C denaturation for 1
minute, 60°C annealing for 1 minute, and 72°C extension for 2
minutes. The PCR product was verified by agarose gel electro-
phoresis (3%).

(2) Direct sequencing analysis

The PCR product was purified with a Wizard PCR Prep
DNA Purification System (Promega), according to the manu-
facturer’s instructions. A-12 �L sequencing reaction was per-
formed with 50 ng of the purified PCR product, 10 pmol of
each four sequencing primers (two original PCR primers,
CX26-F and CX26-R; and two internal sequencing primers,

CX26-IF, AGT-GGC-CAT-GCA-CGT-GGC-CTA; CX26-IR,
TGA-TCT-CCT-CGA-TGT-CCT-TAA), and aBigDyeTermi-
nator Cycle Sequencing Ready Reaction Kit (ABI PRISM, Per-
kin-Elmer). Bidirectional sequencing was performed on an
ABI 373DNA Sequencer (Perkin-Elmer). Sequencher 4.1 soft-
ware (GeneCode) was used for mutation analysis on a Macin-
tosh G3 computer (Apple). The Cx26 reference sequence used
for all analyses was GDB accession number M86849.

(3) Additional sequencing analysis

In the event that two different frameshift mutations were
detectedwith the same pair of PCRprimers, a third sequencing
reaction was performed to enable unambiguous analysis of the
sequence between the frameshifts. For example, an additional
sequencing reaction (primer CX26-35F, TGT-GAA-CAA-
ACA-CTC-CAC; primer CX26-167R, GGG-TGT-TGC-AGA-
CAA-AGT-CG) was designed to analyze the sequence between
the common 35delG and 167delT mutations. Similarly, other
specific primers could be designed to analyze sequence be-
tween any two frameshifts with an appropriate distance of base
pairs separating the mutations.

RESULTS

A total of 127 of the 324 (39.2%) patients tested had at least
one mutant Cx26 allele. Of these 127 cases, 26 (20.4%) were
homozygotes, 31 (24.4%) were compound heterozygotes, and
70 (55.1%) cases had only one detectable mutation. All of the
patients had sensorineural hearing loss of varying severity. Ta-
ble 1 lists each of the observed genotypes and their observed
frequencies. None of these mutations were detected in 100
control subjects with no known genetic disorders and hearing
loss, except 35delG andM34T, which were each detected once
as heterozygotes (Table 1).
Thirty of the 324 (9.3%) patients hadmultiple affected fam-

ily members (2–4 deaf individuals per family), and 82 of these
family members underwent mutation testing. Of the 30 fami-
lies tested, 70% (64 individuals in 21 families) had at least one
Cx26 mutation; of these, 85.7% (18 of 21) had biallelic muta-
tions (homozygotes or compound heterozygotes, listed in Ta-
ble 1).
A total of 106 of the 294 (36.1%) patients with sporadic

deafness had at least one Cx26 mutation; of these, 37% (39 of
106) had biallelic mutations. In this study, the most common
biallelicmutations were 35delG/35delG (9.6%), 35delG/M34T
(5.6%), 35delG/167delT (5.6%), M34T/M34T (3.2%), V37I/
V37I (3.2%), and 167delT/167delT (2.4%).
One hundred seventy-nine of the 648 (27.6%) alleles/chro-

mosomes tested contained a Cx26 mutation. Thirty-four dif-
ferentmutationswere detected, including 10 novel (9missense
and 1 frameshift) mutations showed in bold type in Table 1
(one new silentmutation, T26T resulting fromACC3ACT, is
not included). Figure 1 shows these mutations arranged by
Cx26 protein domain: intercellular (IC), transmembrane
(TM), and extracellular (EC). Although the IC2 domain con-
tained the greatest number of different mutations, the most
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prevalent mutations, such as 35delG, M34T, V37I, and
167delT, were in domains IC1, TM1, and EC1. Figure 1 also
demonstrates that the distribution of Cx26 mutations in this
study was similar to previous reports (for references, see Fig.
1).
Table 2 shows themost commonmutant alleles seen in both

familial and sporadic cases. 35delGwas themost commonmu-
tation, accounting for 39% of the total 179 mutant alleles. The
other most frequent mutations were M34T (16%), 167delT
(13%), and V37I (6%).
Nine novel missense mutations were identified in this study

and are listed in Table 3, along with phenotype data and family
history, nucleotide/codon change at protein domains, and
comparison of conserved amino acid residues at their posi-
tions among connexins. The possibility of pathogenicity or
indeterminate for these novel missense mutations was de-
scribed in the discussion. The new frameshift mutation 511-
512insAACG, a 4-bp insertion at nucleotides 508-511 resulting
in a short repeat (AACGAACG), was believed to be patho-
genic. None of the 10 novel mutations were found in the DNA
samples from 100 control subjects with no known genetic dis-
orders and hearing loss.

DISCUSSION

The three-step PCR-based direct sequencing strategy we de-
signed for our diverse patient population is capable of detect-

Table 1
Total of 127 cases have different type of Cx26 mutations (novel mutations in

bold type) detected in 324 deaf children with various degrees of
sensorineural hearing loss (SNHL), compared with 100 control subjects

Genotypesa
Frequency

(%)
Total
cases

Detected in
familial
probands

Detected in
control
subjects

35delG � 35delG 9.6 12 4

M34T � M34T 3.2 4 1

V37I � V37I 3.2 4 1

167delT � 167delT 2.4 3 1

235delC � 235delC 0.8 1

V84L � V84L 0.8 1

V27I � V27I 0.8 1

Homozygotes 20.4 26 7

35delG � M34T 5.6 7 4

35delG � 167delT 5.6 7 3

35delG � 313-326del14b 1.6 2 1

35delG � G12V 1.6 2 1

35delG � E47X 1.6 2 1

35delG � N206S 1.6 2 1

35delG � K15T 0.8 1

35delG � V84L 0.8 1

35delG � M93I 0.8 1

T8M � V153I 0.8 1

V27I � R32L 0.8 1

V27I � E114G 0.8 1

V27I � T123N 0.8 1

V37I � M34T 0.8 1

V37I � 167delT 0.8 1

Compound
heterozygotes

24.4 31 11

35delG 17.6 22 1 1

M34T 9.6 12 1

167delT 8.1 10 1

E47X 3.2 4

N206S 1.6 2

I20M 0.8 1

W24X 0.8 1

V37I 0.8 1

H67R 0.8 1

F83L 0.8 1

L90P 0.8 1

313-326del14b 0.8 1

334-335delAAb 0.8 1

E119K 0.8 1

Table 1
Continued

Genotypesa
Frequency

(%)
Total
cases

Detected in
familial
probands

Detected in
control
subjects

delE120 0.8 1

R127H 0.8 1 1

E129K 0.8 1

S139N 0.8 1

R143W 0.8 1

R143Q 0.8 1

V153I 0.8 1

G160S 0.8 1

511-512insAACGb 0.8 1

A171T 0.8 1

I203T 0.8 1

Sole mutation
detected

55.1 70 3 2

Total 100 127 21 2
aOne novel silent mutation, T26T resulting from ACC3ACT detected in this
study, is not listed. Other mutations causing amino acid changes with un-
known significance are included.
b These are preferred nomenclatures based on the recommendation by the
Human Nomenclature Committee.53
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ing all possible mutations within the open reading frame and
flanking sequences. Furthermore, this method is also able to
determine whether two frameshift mutations occur in cis or in
trans, in cases where an equivalent number of base pair(s) are
deleted or inserted. For most samples, it is only necessary to
perform one PCR and two sets of bidirectional sequencing
reactions. However, although sequence analysis is robust for
the detection of a single frameshift or point mutation, it could
theoretically give ambiguous results in a patient with multiple
frameshift mutations that occur within the same region de-
fined by a pair of PCR primers. For example, the presence of
one frameshiftmay obscure a second, downstream, frameshift;
definitive diagnosis in this setting requires careful analysis by
experienced laboratory personnel. In addition, two frameshift
mutations couldmask an interposed thirdmutation. The PCR
method described in this studywill not detect large deletions of
the entire Cx26 gene.
In the event that two frameshift mutations occur within the

same sequencing primer pair-defined region, we use a third set
of sequencing primers specific for the region between the two
frameshifts. This extra sequencing step not only unambigu-
ously identifies multiple frameshift mutations but it also iden-
tifies the phase of the two mutations (cis vs. trans) and enables
the detection of a third possible mutation between the two
frameshift mutations. We designed flanking primers for the
35delG, 167delT, 235delC, and 313-326del14 mutations and
have used them to diagnose six families with compound het-
erozygous mutations 35delG and 167delT and two families
with 35delG and 313-326del14, without requiring other tech-
niques, such as single strand DNA sequencing, single-strand
conformation polymorphism, denaturing high performance
liquid chromatography, or parental studies. Because at least 12
small deletions/insertions have been reported between nucle-
otides 1-350 (called Cx26–1 region in this study) and six
frameshift mutations have been reported in nucleotides 320-
700 (Cx26–2 region), this strategy represents a simple and rig-
orous method for mutation detection.
The ability of this method to detect all intragenic Cx26 mu-

tations has allowed us to identify nine novel missense muta-
tions, although it is not clear if all are pathogenic because seg-
regate studies could not be performed for the sporadic cases.
Of these, five (T8M, K15T, R32L, M93I, and N206S) are most
likely to be responsible for the deafness phenotype observed in
this study. Six factors were considered in determining the
pathogenicity of a new mutation: (1) evolutionary conserva-
tion of amino acid residues over several species and across
different connexins; (2) significant charge or polarity differ-
ence resulting from the mutation; (3) occurrence of mutation
at the same residue in other connexins involved in deafness; (4)
type of hearing loss; (5) coexistence with a second Cx26 muta-
tion; and (6) absence of the mutation in 100 control subjects.
The data regarding these points are listed in Table 3. The five
novelmutations all occur at residues that are conserved among
connexins, including at least three in humans (Cx26, Cx30,
Cx31, or Cx32), mice (Cx30), and chickens (Cx31); all the five
cause either significant amino acid changes in charge and/or

polarity, or the same amino acid changes are found in other
connexins associated with deafness. These mutations all oc-
curred in patients with bilateral deafness of varying severity
andno inner earmalformation; the clinical findings, thus, were
consistent with autosomal recessive nonsyndromic hearing
loss.
It should be noted that the case for pathogenic significance

of T8M and R32L is less straightforward than for K15T, M93I,
and N206S (each coupled with 35delG) because of uncertainty
involving their pathogenicity of the second associated muta-
tions. T8M was found in a compound heterozygote state with
V153I, a missense mutation previously seen in control sub-
jects,35 but was also detected in two deaf children in this study.
V153I is conserved across other connexins (human Cx26,
Cx30, Cx32; mice Cx30 and chicken Cx31); raising the possi-
bility that V153I is pathogenic. Similarly, R32L was found in a
compound heterozygote state with V27I, a widely reported al-
lele variant; the possibility of another undetected pathogenic
mutation cannot be excluded. Nevertheless, this amino acid
residue appears to be important for normal function, as two
other pathogenic mutations (R32C and R32H) responsible for
hearing loss have been identified recently.35,46 In fact, of all the
amino acids in the TM1 domain, R32 is one of the most highly
conserved (shares identity in all four human Cx26, Cx30,
Cx31, Cx32; mice Cx30; and chicken Cx31) that has been im-
plicated in hearing loss. These facts support the presumed
pathogenicity of R32L.
The pathogenicity and inheritance of the remaining four

new mutations (I20M, H67R, E119K, and E129K) cannot be
assessed clearly by analysis of our data (Table 3), although
none of these mutations were found in the DNA samples from
100 control subjects. I20M, H67R, and E119K all occurred
without accompanying pathogenicmutations, in patients with
no other affected familymembers; furthermore, H67 and E129
are less conserved amino acid residues. However, a few inter-
esting observations for two of these mutations (I20M and
E129K) will be discussed below, along with other controversial
mutations.
Of the 34 mutations seen in this series, 12 have been the

subject of controversy regarding their pathogenicity, either

Fig. 1 The distribution of 34 different Cx26mutations detected in this study (see Table
1 in detail) located in the protein domains (IC, intercellular; TM, transmembrane; EC,
extracellular) and the spectrum of Cx26 mutations with comparison of the references.
(Note: pooled data from review articles by Kelley et al.,33 Kelsell et al.,17 Rabionet et al.,34

and their Connexin-Deafness home page,35 http://www.iro.es/deafness)
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with regard to pattern of inheritance (dominant vs. recessive)
or clinical significance (pathogenic vs. nonpathogenic). For
some of thesemutations, previous datawere incomplete due to
their detection only in normal controls or as sole mutations in
a few individuals. Table 4 lists these mutations, including four
(T123N, S139N, R143Q, and A171T) that have been indepen-
dently identified this year by us and other researchers.30,43,44,49

The mutations are listed with accompanying phenotype and
family history, nucleotide/codon change at protein domain,
and amino acid conservation among connexins.
In this study, E129K and R143Q (Tables 3 and 4) were de-

tected in deaf children with unilateral high-frequency SNHL, a
type of hearing impairment rarely seen in autosomal recessive
nonsyndromic hearing loss. This type of high-frequency hear-

Table 2
Common mutations with the frequency detected in total of 179 mutated alleles from 324 children with various degree of hearing loss

Mutation 35delG M34T 167delT V37I E47X N206S Othersa Total

Sporadic cases 42 20 17 6 4 2 33 124

Familial cases 28 8 7 4 2 2 4 55

Subtotal 70 28 24 10 6 4 37 179

Frequency (%) 39 16 13 6 3 2 21 100

aSee Table 1 for the other mutations in detail.

Table 3
Pathogenic or indeterminate novel missense mutations of Cx26 gene detected in children with SNHL

Novel mutations
(second mutation)

Change at
domainsa

Conserved amino acid
among connexinsb Hearing lossc; other phenotype Family history; other finding

K15T (35delG) AAA3ACA
Lys3Thr at IC1

HumanCx26, Cx30,
Cx31; MMCx30;
GGCx31

Severe-profound SNHL;
Hypothyroidism

1 y female; no family history

M93I (35delG) ATG3ATA
Met3Ile at TM2

HumanCx26, Cx30,
Cx32; MMCx30;
GGCx31

Moderate-severe SNHL 6 y female; no family history

N206Sd (35delG) AAT3AGT
Asn3Ser at TM4

HumanCx26, Cx30,
Cx32; MMCx30;
GGCx31

Family 1: 1 y and 7 y sisters
with mild-moderate and
moderate SNHL. Family 2: 2
y female; severe SNHL.
Family 3: 4 y female;
moderate HF SNHL

Family 1: maternal uncle with
mild SNHL; Families 1 and
2: parents are carrier;
Families 3: no family
history

T8Md (V153I) ACG3ATG
Thr3Met at IC1

HumanCx26, Cx30,
Cx32; MMCx30;
GGCx31

Moderate HF SNHL 8 y female; 2 cousins with
SNHL; 3 siblings with
normal hearing

R32L (V27I) CGC3CTC
Arg3Leu at TM1

HumanCx26, Cx30,
Cx31, Cx32;
MMCx30; GGCx31

Profound SNHL 2 y female; no family history

I20M ATT3ATG
Ilu3Met at IC1

HumanCx26, Cx30,
Cx32; MMCx30;
GGCx31

Unilateral SNHL; other major
multiple congenital
anomalies: ASD, bilateral
ocular colobomas

6 m male; no family history;
normal karyotype; negative
for extensive DNA tests.

H67R CAC3CGC
His3Arg at EC1

HumanCx26, Cx30;
MMCx30; GGCx31

Moderate-severe SNHL 5 y male; ? family history

E119K GAG3AAG
Glu3Lys at IC2

HumanCx26, Cx30,
Cx32; MMCx30;
GGCx31

Severe-profound HF SNHL 4 y male; no family history

E129Kd GAA3AAA
Glu3Lys at IC2

HumanCx26, Cx30;
MMCx30; GGCx31

Unilateral HF SNHL 10 y male; father and paternal
grandmother with HF
SNHL

aThree intracytoplasmic domains: IC1, IC2 and IC3, also called NT (amino-terminus), CL (cytoplasmic loop), and CT (carboxy-terminus) domains, respectively;
four transmembrane domains: TM1, TM2, TM3 and TM4; two extracytoplasmic domains: EC1 and EC2.
bGenBank accession no. for amino acid sequence of connexins—Human/HUCx26: M86849; HUCx30: AJ005585; HUCx31: AF099730; HUCx32: X04325; Mouse/
MMCx30: Z70023; Chicken/GGCx31: AF072699. Underline connexins indicated the same amino acid change has been found.
cHearing loss is bilateral unless otherwise noted. SNHL, sensorineural hearing loss; HF SNHL, high-frequency sensorineural hearing loss.
dThe probands with T8M and E129K as well as one family with N206S were briefly reported in our preliminary data (Wu et al., 2001 [ref. 41]; Kenna et al., 2001 [ref.
42]), and the completed analyses for these families and 100 control subjects are presented in this study.
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ing loss has been described previously in associationwith dom-
inant Cx26 mutations.16,52 Our patients with familial E129K
and R143Q had similar hearing impairment in at least two
generations. Two recent studies detected R143Q as the sole
mutation in deaf patients,30,44 and one of the reports indicated
that this mutation was associated with dominant high-fre-

quency hearing loss in a family.30 These data raised the ques-
tion of whether E129K and R143Q each represent dominant
nonsyndromic pathogenic mutations, but because other af-
fected family members were not available for genotyping, the
possibility of these mutations being either recessive or allele
variants cannot be excluded.

Table 4
Debated disease-causing potential mutations of Cx26 gene detected in children with hearing loss by this study and the referenced studies

Debated
mutations

Change at domainsa/conserved
amino acid among connexinsb

Hearing lossc/family history/other finding combined by this study
and reported in references

M34T � M34T ATG3ACG/Met3Thr at
TM1
HumanCx26, Cx30, Cx32;
MMCx30; GGCx31

This study: 3 unrelated families with mild or moderate SNHL. One
family had 3 siblings with childhood deafness. Cucci et al., 2000 [ref.
48]: twin sisters, one with up-sloping moderate to mild and the other
with mild/moderate HL. Another unrelated patient had normal to
moderate HL. Houseman et al., 2001 [ref. 45]: one patient with mild-
moderate HL in mid to high frequency.

V37I � V37I GTT3ATT/Val3Ile at TM1
HumanCx26, Cx30, Cx31,
Cx32; MMCx30; GGCx31

This study: 3 unrelated families with mild or moderate SNHL. One
family had 2 siblings with childhood deafness. Rabionet et al., 2000
[ref. 27]: one patient with congenital HL. Marlin et al., 2001 [ref. 43]:
two patients with mild/moderate HL.

G12V (35delG) GGT3GTT/Gly3Val at IC1
HumanCx26, Cx30, Cx31,
Cx32; MMCx30; GGCx31

This study: 14 y sister and 15 y brother both had mild-moderate
SNHL; sister with decreased vision continuously. Rabionet et al., 2000
[ref. 27]: one patient with G12V/35delG had HL.

T123Nd (V27I) ACC3AAC/Thr3Asn at IC2
HumanCx26; GGCx31

This study: 1 y male with mild SNHL; renal disease; hypothyroidism;
no family history. Dahl et al., 2000 [ref. 49]: sole mutation in a
patient unknown to HL.

E114G (V27I) GAA3GGA/Glu3Gly at IC2
HumanCx26, Cx30, Cx31;
MMCx30; GGCx31

This study: 8 y male proband with severe SNHL but father had
normal hearing with the same two mutations on cis chromosome.
Pandya et al., 2001[ref. 35]: patient with E114G/V27I had recessive
nonsyndromic deafness.

F83L TTC3TTG/Phe3Leu at TM2
HumanCx26, Cx30, Cx31;
MMCx30; GGCx31

This study: 1 y female with moderate SNHL, no family history.
Rabionet et al., 2000 [ref. 27]: sole mutation in one patient with
congenital HL. Prasad et al., 2000 [ref. 46]: one patient had
homozygote with unknown significance.

R127H CGC3CAC/Arg3His at IC2
HumanCx26, Cx30; MMCx30;
GGCx31

This study: 4 y sister with moderate-severe and 6 y brother with
severe SNHL. Antoniadi et al., 2000 [ref. 47]: sole mutation in two
unrelated patients with HL. Rabionet et al., 2000 [ref. 27]: sole
mutation in one patient with HL. Prasad et al., 2000 [ref. 46]: sole
mutation in one patient with unknown significance.

S139Nd AGC3AAC/Ser3Asn at TM3
HumanCx26, Cx30, Cx31,
Cx32; MMCx30; GGCx31

This study: 14 y male proband had moderate-severe SNHL and
Duchenne muscular dystrophy (deletion of exons 46–48); sister with
unilateral SNHL. Marlin et al., 2001 [ref. 43]: one patient with
S139N/35delG had mild HL.

R143Qd CGG3CAG/Arg3Gln at TM3
HumanCx26, Cx30, Cx32;
MMCx30; GGCx31

This study: 12 y male proband had moderate-severe HF SNHL with
vision loss, but brother and grandfather had mild and moderate
SNHL with no vision loss. Loffler et al., 2001 [ref. 30]: one family had
dominant HF HL. Lin et al., 2001 [ref. 44]: sole mutation in one
patient with unknown significance.

G160S GGC3AGC/Gly3Ser at EC2
HumanCx26, Cx30, Cx31,
Cx32; MMCx30; GGCx31

This study: 2 y female with profound SNHL, no family history. Scott
et al., 1998 [ref. 21]: 2/200 in control chromosomes.

A171Td GCC3ACC/AlaGThr at EC2
HumanCx26; GGCx31

This study: 5 y male with mild SNHL and abnormal cochlea, no
family history. Lin et al., 2001 [ref. 44]: one patient had unilateral
profound SNHL with a narrow internal auditory canal and cochlear
nerve aplasia.

I203T ATC3ACC/Ile3Thr at TM4
HumanCx26, Cx31, Cx32;
MMCx30; GGCx31

This study: 1 y female with unilateral profound SNHL, no family
history. Lin et al., 2001 [ref. 44]: sole mutation in one patient with
HL.

a,b,cSee the same footnotes described in Table 3.
d The four new mutations T123N, S139N, R143Q, and A171T have been independently identified this year by us and other researchers indicated in the table.
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Three sole mutations (I20M, T123N, and A171T) occurred
in the patients with other phenotypes besides hearing loss (Ta-
bles 3 and 4). Whether these may contribute to a syndromic
form of deafness or may be coincidental remains to be deter-
mined. The patient with I20M had unilateral mild SNHL, bi-
lateral colobomas, a small atrial septal defect, and other minor
congenital anomalies. A few syndromic diagnoses have been
ruled out by extensive DNA tests, fluorescence in situ hybrid-
ization, and karyotyping. This mutation involves a highly con-
served amino acid in IC1; another pathogenicmutation (I20T)
at the same residue has been identified recently,30 raising the
possibility of I20M being pathogenic and responsible for the
phenotype in this patient. In contrast, A171T andT123Noccur
in residues that are not well-conserved among connexins.
A171T was detected as the sole mutation in another patient
with SNHL and an abnormal cochlea,44 similar to the findings
in our patient. A171T is located within EC2, a region rich in
pathogenic mutations in Cx32, and its change results in a non-
polar to polar amino acid. It has thus raised question of
whether A171T is causative for this type of syndromic hearing
loss or totally unrelated to the phenotypes. T123N was found
in this study and in another report,49 but both cases are be-
lieved to be of unknown significance.
This study has provided additional data to support the spe-

cific classification or reclassification of other controversialmu-
tations. For example, two families had G12 V and S139N, re-
spectively, each was observed in an affected brother-sister pair
(Table 4); each was accompanied by 35delG;27,43 and both
amino acid residues are highly conserved (shares identity in all
four human Cx26, Cx30, Cx31, Cx32). These findings now
support the designation of G12 V and S139N as recessive
pathogenic mutations.
In addition, four mutations (F83L, R127H, G160S, and

I203T) were initially found in individuals with normal hear-
ing,18,21,34,35 and then detected as sole mutations in deaf chil-
dren by this study and others.27,44,46,47 The supporting evidence
for these mutations is limited: R127H was detected in an af-
fected brother-sister pair, whereas F83L, G160S, and I203T
occur at highly conserved residues. Therefore, it is not unrea-
sonable to raise the question of whether these are pathogenic
mutations. In contrast, two presumed allele variants, V27I and
E114G, were recently described as pathogenic in a compound
heterozygous state.35 Our finding of the same genotype, V27I/
E114G, in a father-son pair is not compatible with the report,
because although the proband had severe SNHL, his father had
normal hearing. Further analysis confirmed that both alleles
were in cis, demonstrating that the child’s deafness is unrelated
to the V27I/E114G. Nevertheless, further observations/studies
will be necessary to address the essential issue of whether these
novel and debated mutations are indeed associated with hear-
ing loss, nonsyndromic or syndromic, recessive or dominant.
M34T is themost controversial allele. It was initially hypoth-

esized to cause autosomal dominant nonsyndromic hearing
loss, but then numerous studies suggested it to be either an
allele variant, because of its occurrence in the heterozygous
state in the general population, or a mild recessive mutation

because of its occurrence with other Cx26 mutations in many
deaf individuals6,19,21,24,29,34–37,42,44–46,48–51. The observation,
reported by us and others,45,48 ofmultiple deaf families that are
homozygous for the M34T allele provide lends more addi-
tional support that this is a recessive rather than a dominant
allele. To date, most reported cases of M34T homozygotes or
compound heterozygotes showed mild or mild-moderate
deafness.21,29,37,42,45 In one family, severe nonsyndromic SNHL
did not cosegregate with the compound heterozygote state
M34T/167delT, but this phenotype did cosegregate with the
167delT allele.50 None of the affected individuals with M34T
has had bilateral severe-to-profound hearing loss across all fre-
quencies observed in nine families.48 Phenotypic expression of
the M34T allele variant may depend on mutations segregating
in the trans allele, suggested by Cucci et al.,48 after comparing
audiograms and genotypes. Our study identified four addi-
tional deaf patients in three unrelated families who were ho-
mozygous for M34T, as well as eight affected compound het-
erozygotes (35delG/M34T x 7, M34T/V37I). All available
auditory evaluations in these patients showed varying severity,
including mild hearing loss in one ear with mild-to-severe
hearing loss in the other; or, bilateral mild or mild-moderate
hearing loss. Furthermore, the frequency of the M34T allele in
deaf patients (4.3%) in this study is significantly higher than
that (0.5–3.2%) seen in other published reports.19,21,43,45 This
discrepancymay reflect ethnic variation differences in the pop-
ulations studied or ascertainment bias resulting from differ-
ences in study inclusion criteria. For example, our study in-
cluded patients with mild hearing loss, whereas other reports
often included patients with only moderate-to-profound
deafness.
Current data favor the hypothesis that M34T may cause a

milder form of nonsyndromic recessive hearing loss and is not
a common cause of severe-to-profound hearing loss. Never-
theless, it is still difficult to exclude the possibility that the
frequent detection of the M34T allele in deaf individuals (spo-
radic cases or sibling pairs) is simply coincidental due to the
high carrier rate studied in several world populations.24,34,48,49

The consequence of interaction between the M34T and wild-
type Cx26 allele remains intriguing because of different phe-
notypic effects in some carrier parents.48 The debate will only
be resolved by further studies, such as a meta-analysis of
pooled data frommultiple groupsmay be able to showwhether
there is a statistically significant association of M34T homozy-
gosity with hearing loss; detecting cosegregation ofM34T with
deafness in large families and additional comparisons between
M34T and the severity of hearing loss within patients may help
to clarify the pathogenic effect of the M34T mutation.48,51

Similarly, V37I was initially described as an allele variant
because of its occurrence in the heterozygous state in the gen-
eral population, but it was suggested recently to be a potential
pathogenic mutation causing nonsyndromic recessive hearing
loss because of its occurrence together with other Cx26 muta-
tions in some deaf individuals19,27,29,35,42–44,46. Our previous
report42 and this study, as well as that of Rabionet et al.27 pro-
vide strong rationale for the reassignment of V37I from an
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allele variant to a pathogenic mutation due to the finding of
deaf individuals in multiple families with homozygote for
V37I. We detected three unrelated families with homozygotes,
including one sibling pair, and two families with compound
heterozygotes (V37I/M34T and V37I/167delT). Another re-
port found V37I mutations in six patients from five families,
including two unrelated patients with homozygous muta-
tion.43 Furthermore, V37I mutation has been detected in 6%
(10/179) of mutated alleles in this study, demonstrating a
higher frequency of this mutation than had been previously
reported27,43 (0.47%and 3.6%). Aswas similarly observedwith
M34Tmutation, our inclusion of patients with a broader spec-
trum of hearing loss may explain the discrepancy between our
results and other studies.
Controversy also exists regarding the nomenclature for a com-

mon 14-bp deletion occurring at nucleotides 310-314.9,19,27,36,43

The GA-rich and the 5G-strip nucleotide sequences before and
after the 14-bp deletion in this region easily lead to different de-
scriptions, such as 310-323del14, 311-324del14, 312-325del14,
313-326 del14, and 314-327del14.We have detected this deletion
in threeunrelated families andhave identified the same sequences
chromatogram (Fig. 2).Webelieve that these deletions, described
in various positions in other studies, are probably the same mu-
tation. Compared with our sequences chromatogram (Fig. 2A)
and the normal sequence (Fig. 2B), Figure 2C lists the five se-
quences (before and after the 14-bp deletion) deduced from var-
ious descriptions. Our analysis allows for three possible nomen-
clatures for description of this mutation: 311-324del14, 312-
325del14, or 313-326del14. Our data are not compatible
with nomenclatures of 310-323del14 or 314-327del14bp,
due to malpositions of G and A nucleotides, as shown in

Figure 2C. Based on the recommendation by the Human
Nomenclature Committee,53 the preferred nomenclature
for this deletion should be 313-326del14. Similarly, the no-
menclature for another reported 2-bp deletion at nucleo-
tides 333-335 should be 334-335delAA.
Approximately 55% of deaf children in this series had only

one Cx26 mutation, which is much higher than other reports
(10–42%).18–21,27–31,36,38 Of these, 63% were seen in sporadic
cases but only 15% in familial cases. Beside the common mu-
tations in this series, the remaining 20 mutations were only
seen once each; most were rare mutations with no detection in
100 control subjects (Table 1). It is unclear whether this is a
true difference between the sporadic and familial cases or for
some reason themutation is beingmissed in the sporadic cases.
There are a few possible factors that may influence the obser-
vation. First, some mutations may be overlooked by this se-
quencing approach; however, a 100% concordance of our ini-
tial method validation with blind tests of series known
mutations and normal controls indicated that this possibility is
unlikely. Second, although some patients may coincidentally
be true heterozygotes for one of the most frequently observed
mutations (e.g., 35delG, M34T, and 167delT), this does not
explain why many patients observed in this study had such
mutations (commonor knownpathogenic)with no relation to
their hearing loss. Third, a second mutation outside the Cx26
coding region or in other connexins could remain unidenti-
fied, which is more likely to explain our observations because
this series only examined the open reading frame and flanking
sequences of Cx26. Particularly, two recent studies indepen-
dently identified a large deletion affecting Cx30 (GJB6) in 22 of
33 Spanish patients54 and in 7 Ashkenazi Jewish patients,55

whereas it remains to be seen if both deletions are the same. All
29 positive cases were either homozygote for the deletion, or
double heterozygote for the deletion and for a Cx26 muta-
tion. Because both studies screened patients in whom only
one Cx26 mutation was found previously, and the detection
rate for this deletion is high, it is a good candidate for testing
our patients. Its occurrence as a frequent mutation or
founder mutation remains to be studied in different popu-
lations. In addition, the noncoding exon 1 of Cx2624 and the
Cx43 (GJA1)56 are also reasonable candidates for searching
for a second mutation.
In a summary for these novel and debated mutations: T8M,

G12 V, K15T, R32L, V37I, M93I, S139N, and N206S may be
recessive pathogenic mutations; I20M and A171T may possi-
bly cause syndromic hearing loss; T123N and E114G/V27I are
less likely to cause hearing loss; M34T remains controversial;
and eight remaining mutations (H67R, F83L, E119K, R127H,
E129K, R143Q, G160S, and I203T) are of uncertain pathoge-
nicity and/or inheritance.
In conclusion, this study has presented a method for effi-

cient PCR-based sequence analysis of the connexin 26 (GJB2)
gene. Its widespread use in cases of congenital hearing loss is
likely to identify additional pathogenicmutations and lead to a
better understanding of the clinical significance of previously

Fig. 2 Nomenclature for the 14-bp deletion occurring at started nucleotides 310-314. A:
Chromatogram of the 14-bp deletion, the same pattern as seen in three unrelated deaf
children. B: Normal sequences without the 14-bp deletion. The numbers indicate nucle-
otide position. C:Comparison of the sequences before and after the 14-bp deletion. (Note:
a, translated from the chromatogram by this study; b, deduced from the various descrip-
tions by the references including this study.) The sequences before the 14-bp deletion are
not bold and the sequences after the 14 bp deletion are bold, according to each described
position of deletion. The numbers separated by a slash indicate the original nucleotide
positions before/after the 14-bp deletion. The underlined base (i.e.,G at 310-323del14 and
A at 314-327del14) indicates that this base is not compatible with the chromatogram.
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identified mutations, as well as to contribute to the effective
counseling of deaf individuals.
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