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Mutations in the GJB2 gene are a major cause of non-
syndromic recessive hearing loss in many countries. In a
significant fraction of patients, only monoallelic GJB2 mutations
known to be either recessive or of unclear pathogenicity are
identified. This paper reports a novel GJB2 mutation,
23438CRT, found in the basal promoter of the gene, in trans
with V84M, in a patient with profound hearing impairment.
This novel mutation can abolish the basal promoter activity of
GJB2. These results highlight the importance of extending the
mutational screening to regions outside the coding region of
GJB2.

H
ereditary hearing loss is a genetically heterogeneous
disorder with 85 loci and 39 nuclear disease genes
reported to date.1 Most of the cases of genetic hearing

loss are non-syndromic, and of these, most are autosomal
recessive. In some populations, up to 50% of cases of prelingual,
non-syndromic sensorineural hearing loss (NSSHL) are due to
mutations in a single gene, GJB2,2 which codes for connexin 26
protein (Cx26). Therefore, GJB2 is normally the first gene to be
tested in patients with hearing loss. Mutational screening
performed to date has usually focused on the coding region.
Few studies have been conducted on the non-coding exon 1 of
GJB2, and even fewer on the promoter region of this gene. As a
result of the GJB2 screening performed to date, the majority of
patients in various populations have been reported with only
one GJB2 mutation, either recessive or of unclear pathogenicity.
Some of these cases were elucidated upon screening for the two
common GJB6 deletions.3–5 The remaining cases possibly have
pathogenic mutations yet to be found in the promoter region or
other non-coding regions of GJB2. Notably, pathogenic muta-
tions have been identified in the 59 untranslated region (UTR)
and promoter region of GJB1 (Cx32),6–8 another gene of the
connexin family. In this paper, we report the genetic
identification and functional analysis of the first GJB2 promoter
mutation.

METHODS
Subjects and audiometry
We studied a Portuguese family with NSSHL: the 35-year old-
mother and her two daughters (fig 1A). The mother (I-2) and
the 12-year proband (II-2), had the hearing evaluated in both
ears using pure-tone audiometry. Both presented with bilateral
sensorineural hearing loss, but while the mother was only
moderately affected, the proband had profound hearing
impairment (fig 1B). The other child (II-1) had normal hearing.
No biological or audiological data was available for the father
(I-1).

Eight unrelated patients, presenting with different degrees of
hearing loss, and with only a monoallelic GJB2 variant
previously identified, were also part of this study. Six of them
have one controversial GJB2 variant (M34T, R127H or G160S),

and the other two patients harbour one recessive GBJ2 allele
(35delG). None of these eight patients has either of the two
GJB6 deletions, del(GJB6-D13S1830) and del(GJB6-D13S1854).

The control population used comprised 70 non-related,
hearing people from the Portuguese general population.

Informed consent was obtained from each participant before
collecting blood for DNA extraction.

Screening of the GJB2 coding region and receptor splice
site
The coding region and receptor splice site of GJB2 gene were
analysed by single-strand conformational polymorphism
(SSCP) in both affected members of the family (I-2 and II-2).
Sequencing of all the GJB2 coding region and receptor splice
site was performed to identify the sequence variation detected
by SSCP and to exclude other possible mutations in that
genomic region. Before analysis of GJB2 basal promoter, both
I-2 and II-2 were screened for the common GJB6 deletions,
del(GJB6-D13S1830) and del(GJB6-D13S1854), following the
method used by del Castillo et al.4

Screening of the GJB2 donor splice site, exon 1 and
basal promoter
For the three members of the family under study, the 70
Portuguese controls and the eight patients with only a
monoallelic GJB2 variant, a GJB2 region of 1009 bp, comprising
the donor splice site, exon 1 and part of the 59 upstream
sequence, was amplified by PCR using the forward primer 59-
CgTTCgTTCggATTggTgAg-39 and the reverse primer 59-
CAgAAACgCCCgCTCCAgAA-39. The PCR products from the
proband and one control patient were sequenced using the
internal forward primer 59-ggCTCAAAggAACTAggAgATCg-39,
with the same reverse primer as that used for amplification.
These primers, used for sequencing, delimit a 539 bp GJB2
region (from nucleotides 23573 to 23034 relative to the
initiator methionine), which includes the 128 bp basal promo-
ter, exon 1 and the donor splice site.

The presence of the 23438CRT mutation identified in the
proband was investigated in her mother and sister, and in the
70 Portuguese controls, by restriction analysis of the PCR
products with the enzyme BsrBI (New England Biolabs, Quinta
do Paizinho, Carnaxide, Portugal). The eight patients who had
only a monoallelic GJB2 variant were assessed by sequencing
for the presence of this mutation or other mutations in the
donor splice site, exon 1 or basal promoter. The basal promoter,
exon 1 and donor splice site of GJB2 gene can be found in
GenBank (accession number U43932.1).

Abbreviations: Cx, connexin; EGFP, enhanced green fluorescent protein;
LY, lucifer yellow; NBN, neurobiotin; NSSHL, non-syndromic sensorineural
hearing loss; SSCP, single-strand confomational polymorphism; TSP,
transcription start point; UTR, untranslated region
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Reporter-gene assay for assessment of wild-type and
mutant GJB2 basal promoter activity
A fragment of the promoter region from GJB2 alleles containing
either a cytosine or a thymine at position 23438 relative to the
initiator methionine was amplified by PCR using the forward
primer 59-ATACAgAgCTCACAgAggACAACgACCACAg-39,
designed to contain a SacI site, and the reverse primer 59

TTAgTACCATggAgggCCgCAACACCTgTC-39, designed to con-
tain an NcoI site. The PCR products were cloned into the vector
pCR2.1-topo using a commercial kit (TOPO TA pCR 2.1, TOPO
Cloning Kit (ref. 45-064); Invitrogen, Prat de Llobregat,
Barcelona, Spain). The SacI–NcoI fragment was excised by
double digestion with the enzymes SacI and NcoI, and was then
directionally cloned into pGL3-basic vector (Promega, Lisbon,
Portugal) using its SacI and NcoI sites. A fragment upstream of
the basal promoter and downstream of the SacI site was then
removed by digestion with SacI and XmaI followed by self-
ligation of the remaining plasmid. The resulting constructs
contained, therefore, a fragment of the GJB2 promoter region
ranging from nucleotides 23348 to 23490, which includes the
entire basal promoter, cloned upstream of the firefly luciferase

coding sequence. The constructs termed 23438C-pGL3 (wild-
type sequence) and 23438T-pGL3 (containing the mutation
23438CRT) were assessed by sequencing and a diagnostic
digestion with BsrBI to confirm sequence integrity. HEK-293 or
Caco-2 cells were transfected with equimolar amounts of pRL-
TK vector (Promega) and 23438C-pGL3, 23438T-pGL3 or
pGL3-basic, using a commercial transfection reagent (FuGENE
6.0; Roche, Basel, Switzerland). The transfected cells were lysed
48h post-transfection. Luminescence of firefly luciferase (coded
by pGL3-basic vector and by the pGL3 constructs) and Renilla
luciferase (coded by pRL-TK vector) was assessed (Dual-
LuciferaseH Reporter Assay System; Promega) and a multilayer
counter plate reader (Victor(2) 1420-002; Perkin Elmer
Wallack, Norton, Ohio, USA). The reporter gene assay was
performed five times on HEK-293 cells and four times on Caco-2
cells. The firefly luciferase luminescence values were normalised
against the Renilla luciferase luminescence values for each sample
in each experiment. For each construct the average value of
normalised luciferase luminescence was calculated and plotted in
a histogram and analysed using the t test and Microsoft Excel
software.

Figure 1 (A) Pedigree of the family here
analysed. Black symbols, affected family
members; GJB2 genotypes are displayed
below the patients’ symbols. (B) Audiograms
from right ear (RE) and left ear (LE) of the
affected members (II-2 and I-2), at the ages
of 12 and 35 years, respectively. Patient II-2
has bilateral profound hearing loss, and
patient I-2 has bilateral moderate hearing
impairment. The hearing ability of both
patients decreases across the frequencies
tested, being most compromised at the high
frequencies. (C) Electrophoreograms
showing a heterozygous nucleotide change,
+250 GRA, resulting in the V84M mutation,
in I-2 and II-2; this substitution is not present
in II-1, Patient II-2 is also heterozygous for
the 23438CRT mutation in the basal
promoter region, changing the GC box
sequence from CCGCCC to CCGCTC. This
alteration is not present in the control patient,
A209.
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Dye-transfer assay for assessment of Wt-Cx26 and
V84M-Cx26 function
Gap-junctional communication in Wt-Cx26 and V84M-Cx26-
expressing cells was assessed by intercellular spread of lucifer
yellow (LY) and neurobiotin (NBN). LY and NBN were
delivered to HeLa cells using the whole-cell configuration of
the patch-clamp technique. HeLa cells were transiently
transfected with 500 ng Wt-Cx26-enhanced green fluorescent
protein (EGFP) cDNA or V84M-Cx26-EGFP cDNA, using a
commercial transfection reagent (Lipofectamine LTX;
Invitrogen) according to the manufacturer’s recommendations.
Transfected HeLa cells grown on 9 mm coverslips were
transferred to a recording chamber 24 hours after transfection.
Cells in which significant EGFP-positive gap junction plaques
were identified were selected for dye transfer. Following 5-
minute whole-cell recordings, cells were fixed in 4% parafor-
maldehyde for 20 minutes and washed in phosphate-buffered
saline. LY and NBN were detected and imaged as previously
described.9

RESULTS
Analysis of the coding region of the GJB2 gene revealed that the
proband and her mother were heterozygous for the V84M
mutation (fig 1C). No other coding GJB2 variants were found.
The V84M mutation has been reported previously to be
associated with profound hearing loss.10 11 In the latter study,
V84M was in trans with the 35delG mutation or M34T,
suggesting that the V84M mutation is a recessive GJB2
mutation associated with profound hearing loss. As the
proband analysed in our study was heterozygous for V84M
and had profound hearing impairment, we hypothesised that
she could yet possess either one of the two common GJB6
deletions, del(GJB6-D13S1830) and del(GJB6-D13S1854), or a
non-coding GJB2 mutation. Therefore, we tested the proband
and her mother for the presence of del(GJB6-D13S1830) or
del(GJB6-D13S1854). The deletions were not detected in either
patient. We then sequenced the GJB2 donor splice site, exon 1
and basal promoter of the proband. A previously unreported
substitution, 23438CRT, was found in the heterozygous state
within the basal promoter. Restriction analysis with the enzyme
BsrBI revealed that the proband’s normal-hearing sister also
had one allele 23438CRT, but their mother, who had moderate
hearing impairment, did not (data not shown). This variation
was not found in the 70 hearing individuals from the
Portuguese general population. Neither this nor other muta-
tions were found in the donor splice site, exon 1 or basal
promoter of seven of the eight monoallelic patients analysed.
However, one monoallelic patient, heterozygous for the
controversial R127H variant, was shown to be heterozygous
for the donor splice-site recessive mutation IVS1+1 GRA.

The novel 23438CRT mutation is localised 3438 nucleotides
upstream of the initiator methionine, in the GC box at position

281 relative to the transcription start point (TSP). This GC box
and another at position 293 relative to the TSP, regulate GJB2
basal transcription by interacting with the transcription factors
Sp1 and Sp3, but the 281 box is the more important.12 Because
the 23438CRT mutation disrupts this GC box, we considered it
to be potentially pathogenic, and reporter-gene assays were
performed to confirm this. They revealed that the 23438CRT
mutation abolishes the GJB2 basal promoter activity in HEK-
293 cells (fig 2), and greatly reduces it in Caco-2 cells (fig 3).
Figure 2 shows that the mean normalised value of firefly
luciferase luminescence from cells transfected with the plasmid
containing the wild-type basal promoter (23438C-pGL3) was
higher than and significantly different from the value obtained
from cells transfected with the promoterless pGL3-basic vector,
which indicates promoter activity of the wild-type basal
promoter (p,0.01), as expected. In contrast, there was no
significant difference of the mean normalised values of firefly
luciferase luminescence between cells that were transfected
either with the mutant basal promoter (23438T-pGL3) or with
the pGL3-basic vector (p = 0.29). This means that the mutation
23438CRT abolishes the activity of the GJB2 basal promoter in
HEK-293 cells. In Caco-2 cells, the mutant GJB2 basal promoter
showed some activity compared with the pGL3-basic vector
(p,0.001), but was much less active than the wild-type basal
promoter (p,,0.001) (fig 3).

To confirm the suspected pathogenic effect of the V84M
mutation we performed a dye-transfer assay in HeLa cells. This
experiment revealed clear differences between Wt-Cx26 and
V84M-Cx26 function in the permeability of gap junctions to LY
and NBN. In both groups of cells, there were detectable gap-
junction plaques between adjacent cells (fig 4). In all Wt-Cx26
recordings (6/6) there was LY and NBN transfer to at least one
adjacent cell (fig 4A). Conversely, in all V84M-Cx26 recordings
(8/8) there was no transfer of LY or NBN (fig 4B). The
membrane capacitance (an approximation of the total contin-
uous membrane area in contact with the recording pipette) was
significantly larger in Wt-Cx26 recordings (mean (SD) 54.8
(8.7) pF, n = 6) compared with V84M-Cx26 recordings (29.6
(2.9) pF, n = 8, p,0.01; unpaired t test). These results suggest
that cells expressing V84M-Cx26 can form gap junction-like
aggregates at the plasma membrane, but this does not allow
intercellular electrical or molecular coupling.

DISCUSSION
Connexin 26, a transmembrane protein coded by the gene
GJB2, and a component of gap junctions, is strongly expressed
in the cochlea, both in epithelial and connective tissues, where
it is believed not only to have a role in the recirculation of the
ion K+,13 which is a crucial mechanism for the transduction of
sound waves into nervous impulses and consequently for
proper hearing function, but also in the permeability to
signalling molecules and metabolites.14 The gene GJB2 is

Figure 2 Reporter-gene assay in HEK-293 cells. Figure 3 Reporter gene assay in Caco-2 cells.
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composed of two exons separated by an intron, and the coding
region is entirely contained in exon 2. The basal promoter
activity resides in the first 128 nucleotides upstream of the TSP
and has two GC boxes, at positions 281 and 293 from the TSP,
which are important for transcription.12

Most of the GJB2 sequence variations described to date are
localised in the coding region, and only a few have been
reported in non-coding regions of the gene.15–19 Among the
latter, there are two donor splice-site recessive mutations.15 19

The rest of the non-coding variations reported to date are
localised upstream of the exon 1, in exon 1, the intron, the 59

UTR of exon 2, or the 39 UTR, but none of these have yet been
proven to be pathogenic. One is the 2493del10 deletion,16

located upstream of the basal promoter region, which occurs
in most of the GJB2 alleles harbouring the M34T mutation. This
deletion disrupts a MGF-like sequence that is strongly
homologous to the MGF binding site of the mouse b-casein
gene.20 It was found that GJB2 alleles containing both
2493del10 and M34T were expressed in cultured keratino-
cytes,16 but it is not known whether the deletion altered the
gene’s normal expression and whether it has an effect in the
cochlea.

We found a novel sequence variation in the gene GJB2 within
the basal promoter, more specifically, in the 281 GC box. This
novel mutation, 23438 CRT, was found in trans with the V84M
mutation in a patient with profound hearing impariment, the
proband of this study. Her mother, who had moderate hearing
impairment, harboured V84M as the sole mutation in the
coding region of GJB2, and tested negative for the 23438CRT
mutation. The proband’s normal-hearing sister did not have the
V84M, but was found to be heterozygous for the 23438CRT
mutation. The V84M mutation has been reported in other cases
of profound hearing loss,10 11 and one of these cases was a
patient also harbouring the 35delG,11 which suggests that when
V84M-Cx26 is the only variant of Cx26 being produced,
profound hearing loss can result. As the 281 GC box was
found to be crucial for the transcription of the gene in both the

MCF-12A (human immortalised mammary epithelial) and
RL95-2 (human endometrial) cell lines,12 we hypothesised that
the 23438 CRT mutation could cause loss of function of the
GC box, impairing or abolishing the GJB2 transcription in the
cochlea. In this way, the profound hearing loss of the proband
analysed here could be due to expression of only the V84M-
Cx26 protein. To confirm that the GJB2 genotype 23438CRT/
V84M could indeed be the cause of the profound hearing loss of
the proband analysed in this study, we performed functional
studies on both mutations.

The reporter-gene assay, performed to assess the function-
ality of the basal promoter containing the 23438CRT muta-
tion, revealed that this mutation abolishes the GJB2 basal
promoter activity in the HEK-293 cell line and greatly reduces it
in the Caco-2 cell line.

The dye-transfer assay of V84M-Cx26 gap-junction pro-
perties revealed that this mutation results in communication-
incompetent cells. A recent study has suggested that homomeric
expression of V84L-Cx26 results in gap-junction channels that
have unitary channel conductance and LY permeability that is
indistinguishable from that of Wt-Cx26 channels.14 However, the
basis of the hearing impairment caused by this mutation has been
ascribed to impaired permeability to inositol trisphosphate. This
would result in dysfunctional Ca2+ mobilisation in affected
cochlear epithelial cells. In our study, HeLa cells expressing
V84M-Cx26 also formed morphologically normal gap-junction
plaques, but appeared to be uncoupled both electrically (based on
membrane capacitance measurements), and metabolically (based
on impaired LY and NBN transfer).

In conclusion, this study describes the first pathogenic,
hearing loss-related mutation impairing the basal promoter
activity of the gene GJB2. It also shows that this or other basal
promoter mutations, or even mutations in other non-coding
regions, may be present in some patients with hearing loss with
only a monoallelic GJB2 recessive mutation. Thus, screening of
the basal promoter and other non-coding regions of the GJB2
gene, such as exon 1, UTRs and both splice sites, are important
and necessary for improving genetic diagnosis regarding these
monoallelic patients, and for subsequent genetic counselling.
We also present the first functional evidence for the patho-
genicity of the previously described V84M mutation.
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Figure 4 Dye-transfer assay of connexin
(Cx)26 function in Hela cells. (A) In cells
expressing Wt-Cx26, enhanced green
fluorescent protein (EGFP)-labelled gap
junction plaques (arrow) were seen.
Following whole-cell dye injections,
neurobiotin and lucifer yellow were seen to
transfer to adjacent cells. (B) In cells
expressing V84M-Cx26, EGFP-labelled gap
junction plaques (arrow) were also apparent.
There was no spread of neurobiotin or lucifer
yellow in these cells. Scale bars, 20 mm.

Key points

N We report identification of the first GJB2 mutation that
lies in the basal promoter of the gene associated with
recessive non-syndromic hearing loss.

N Reporter-gene studies supported the deleterious nature of
this promoter mutation.

N As the 23438CRT mutation is in trans with V84M, we
performed functional studies, which showed that V84M
forms non-functional channels in vitro.
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