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A B S T R A C T   

Chromosome 13q deletions encompassing EFNB2, which encodes the transmembrane protein ephrin-B2, are 
likely to cause syndromic forms of sensorineural hearing loss of unclear origin. Thus, unravelling the pathogenic 
mechanisms could help to improve therapeutic strategies. In the cochlea, adjacent non-sensory epithelial cells are 
connected via gap junction channels, the activity of which is critical to maintain cochlear homeostasis. Here we 
show that ephrin-B2 promotes the assembly of connexin 30 (Cx30) gap junction plaques (GJPs) between adjacent 
non-sensory Deiters’ cells. An in situ proximity ligation assay revealed that ephrin-B2 preferentially interacts with 
Cx30 in the periphery of the GJPs, i.e. where newly synthesized connexin hemichannels accrue to the GJP. 
Moreover, we observed that heterozygous mice encoding an Efnb2 null allele display excessive clathrin-mediated 
internalization of Cx30 GJPs in early postnatal stages. Finally, an in vitro organotypic assay revealed that ectopic 
activation of ephrin-B2 reverse signalling promotes the internalization of Cx30 GJPs. These data argue in favor of 
a cell-autonomous, Eph receptor-independent role of ephrin-B2 in the assembly of Cx30 GJPs. According to 
recent observations, early GJP degradation could certainly play a role in the pathogenic process leading to 
progressive sensorineural hearing loss due to Efnb2/EFNB2 haploinsufficiency.   

1. Introduction 

Congenital hearing loss affects 1–3 in 1000 children and is the most 
prevalent childhood disability diagnosed through newborn screening, 
with at least half of all cases attributable to genetic causes (Mason and 
Herrmann, 1998; Korver et al., 2017). Approximately 30 % of the ge
netic cases of hearing loss are considered to be syndromic, i.e. accom
panied by additional clinical features (Kalatzis and Petit, 1998). Among 
them are some patients suffering from a 13q deletion syndrome 
(Abdallah-Bouhjar et al., 2013; Bellucco et al., 2019; Dworschak et al., 
2013; Haskins et al., 2014; Kirchhoff et al., 2009; Liao et al., 2011; Lévy 
et al., 2018). Recently, a terminal deletion at chromosome 13q33 
encompassing EFNB2 was shown to cause a syndromic neuro
developmental disorder including intellectual disability, seizures, 
congenital heart defects and a progressive sensorineural hearing loss 
beginning in the first decades (Lévy et al., 2018). EFNB2/Efnb2 encodes 
the transmembrane protein ephrin-B2, which belongs to the Eph/ephrin 
protein family. Eph receptors represent the largest family of receptors 
tyrosine kinase identified to date. Eph receptors and their 

membrane-bound ligands are both divided into two A and B classes on 
the basis of sequence homology and binding affinity (Gale et al., 1996). 
One of the unique properties of the Eph/ephrin system is the fact that 
both receptors and ligands are competent to transduce forward and 
reverse signalling pathways, respectively (Kania and Klein, 2016; Kul
lander and Klein, 2002). Eph/ephrin interactions can trigger a wide 
array of cellular responses, including the control of axon guidance, 
intercellular junctions, cell adhesion and migration (Kania and Klein, 
2016). There is now evidence proving that the Eph/ephrin system plays 
a leading role in the development and function of the cochlea in mam
mals (Defourny, 2019). 

In this context, unravelling the molecular mechanisms causing 
hearing loss in EFNB2/Efnb2 haploinsufficiency could help to improve 
therapeutic strategies. An auditory brainstem response (ABR) audiom
etry test revealed that mice lacking one Efnb2 allele are hearing 
impaired, and their ABR wave 1 amplitude is significantly reduced 
(Miko et al., 2008). These data suggest that a defective activity of the 
cochlea in auditory processing is at least partly responsible for the 
hearing deficit. Hearing requires the conversion of sound-induced 
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vibrations into electrochemical signals by mechanosensory hair cells. In 
mammals, one row of inner hair cells, three rows of outer hair cells, and 
several types of non-sensory supporting cells are organized in a regular 
mosaic pattern to form the sensory epithelium of the cochlea (the organ 
of Corti). Hair cell mechanotransduction relies on ionic gradients, which 
allows the passive flow of K+ from the endolymph into the cells. K+ ions 
entering hair cells are brought back to the stria vascularis for secretion 
into the endolymph using a largely intracellular pathway, which in
volves a system of channels, transporters and gap junctions made of 
connexin 26 (Cx26) and connexin 30 (Cx30) (Zdebik et al., 2009). 
Epithelial non-sensory supporting cells are connected via two types of 
gap junctions, which form a syncytium extending from the spiral limbus 
to the spiral ligament. On one side, Cx30 is mostly expressed as homo
meric (and homotypic) channels in Deiters’ cells, i.e. the supporting cells 
which surround the outer hair cells (Jagger and Forge, 2015; Sun et al., 
2005). On the other side, Cx30 co-assembles with Cx26 to form het
eromeric (and/or heterotypic) channels in other supporting cell types 
(Ahmad et al., 2003; Sun et al., 2005) (Fig. 1A). In humans, mutations in 
GJB2 and GJB6, which encode CX26 and CX30, are found in patients 
with autosomal dominant or recessive non-syndromic hearing loss (del 
Castillo et al., 2002; Grifa et al., 1999; Kelsell et al., 1997). Although 
recent advances have been made, several important questions remain 
about gap junction biogenesis and distribution in the cochlea. Among a 
large number of physiological and pathological processes, Eph and 
ephrin genes have been shown to control gap junction communication 
(Davy et al., 2006; Mellitzer et al., 1999; Trease et al., 2019). Since 

ephrin-B2 was found to be particularly expressed in non-sensory sup
porting cells (Defourny et al., 2015) (Fig. S1), this protein represents an 
attractive candidate for regulating gap junctions in the cochlear sensory 
epithelium. Here we show that ephrin-B2 specifically promotes the as
sembly of Cx30 gap junction plaques (GJPs) between adjacent Deiters’ 
cells in a cell-autonomous manner. 

2. Materials and methods 

2.1. Animals 

Wild-type (WT) and Efnb2+/H2BGFP littermates were obtained as 
previously described (Davy and Soriano, 2007). All animals were taken 
care in accordance with the Declaration of Helsinki and following the 
guidelines of the Belgian ministry of agriculture in agreement with the 
EC laboratory animal care and use regulation (2010/63/UE, 22 
September 2010). 

2.2. Tissue processing and immunostaining 

Cochleae were fixed in 4% paraformaldehyde for 2 h at room tem
perature. Whole-mount cochleae or organotypic explants were incu
bated overnight at 4 ◦C with primary antibodies directed against Cx30 
(rabbit monoclonal IgG clone 16H9L8; 1/100; Thermo Fisher Scientific; 
RRID: AB_2532309), caveolin-1 (goat polyclonal IgG; 1/100; Abcam; 
RRID: AB_725985), clathrin heavy chain 1 (goat polyclonal IgG; 1/50; 

Fig. 1. Cx30 homomeric channels associate 
with ephrin-B2 into caveolae membrane do
mains. (A) Schematic cross-sectional view of the 
neonatal organ of Corti showing the distribu
tion of Cx30 and Cx26/Cx30 GJPs between 
adjacent non-sensory supporting cells of the 
cochlea. (B) Left panel: schematic view from the 
top across the sensory epithelium of the cochlea 
showing the distribution of Cx30 and Cx26/ 
Cx30 GJPs between adjacent non-sensory sup
porting cells. The black square indicates the 
region where adjacent immunofluorescence 
images come from. Right panels: Cx30 / ephrin- 
B2 / caveolin-1 co-immunolabelling of the 
whole-mount cochlea of a two-day-old mouse. 
Cx30 immunolabelling largely overlaps with 
ephrin-B2 and caveolin-1 between adjacent 
Deiters’ cells (arrowheads). Scale bar = 5 μm. 
DCs = Deiters’ cells; GJP = gap junction plaque; 
IHC = inner hair cell; ISCs = inner sulcus cells; 
OHCs = outer hair cells; OSCs = outer sulcus 
cells; PCs = pillar cells.   
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Novus Biologicals; RRID: AB_11025060) and ephrin-B2 (mouse mono
clonal IgG; 1/50; Santa Cruz Biotechnology; sc-398735). Tissues were 
then incubated for 1 h with either Rhodamine Red X- or FITC- or Cy5- 
conjugated goat anti-mouse, anti-rabbit or anti-rat IgGs secondary an
tibodies (Jackson Immunoresearch Laboratories). Tissues were mounted 
using Vectashield HardSet Antifade Mounting Medium (Vector 
Laboratories). 

2.3. In situ proximity ligation assay 

Whole-mount cochleae were treated and handled as for immuno
labelling (see above). Anti-Cx30 (rabbit monoclonal IgG clone 16H9L8; 
1/100; Invitrogen; RRID: AB_2532309) and anti-ephrin-B2 (mouse 
monoclonal IgG; 1/50; Santa Cruz Biotechnology; sc-398735) primary 
antibodies were incubated with tissues overnight at 4 ◦C. Oligo-labelled 
anti-mouse plus and anti-rabbit minus probes (Duolink, Olink Bio
sciences) were then used as recommend by the manufacturer. Negative 
control was obtained by omitting one of the two primary antibodies. 
Cochleae were then labelled with FITC-conjugated anti-Cx30 antibody 
(mouse monoclonal IgG; 1/100; Santa Cruz Biotechnology; sc-514847 
FITC) and mounted using Duolink In Situ Mounting Medium. 

2.4. In vitro organotypic assay 

Organs of Corti were isolated from two-day-old mice and cultured for 
6 h in Dulbecco’s Modified Eagle Medium (DMEM) onto Millicell Cul
ture Insert (Millipore), as previously described (Defourny et al., 2013). 
Organotypic cultured were treated for 2 h with anti-mouse IgG-Fc (5 
μg/mL; Abcam; RRID: AB_10681188), or with pre-clustered recombi
nant mouse EphA4-Fc (5 μg/mL; R&D systems; 641-A4). The monomeric 
form of EphA4-Fc receptor is not competent to induce a reverse signal
ling into ephrin-B2-expressing cells. Pre-clustering of EphA4-Fc by 
IgG-Fc is thus needed to trigger ephrin-B2 reverse signalling. This was 
achieved by incubating EphA4-Fc with anti-mouse IgG-Fc in a 1/10 ratio 
for 1 h at 37 ◦C. 

2.5. Confocal microscopy, image analysis and quantifications 

Confocal fluorescence images were acquired using the Olympus 
Fluoview FV1000 confocal system (Olympus Europa GmbH). For com
parison between genotypes and culture conditions, all preparations were 
analysed at the same time, using the same acquisition parameters. For 
each genotype, the GJPs of 120 Deiters’ cells and 120 inner sulcus cells 
of four WT and four Efnb2+/H2BGFP mice were measured and summed, 
and data were plotted. Within the same cells, the number of Cx30+ / 
clathrin+ spots was quantified, and data were plotted. For each culture 
condition (IgG-Fc vs pre-clustered EphA4-Fc), the GJPs of 90 Deiters’ 
cells and of 90 inner sulcus cells of three independent experiments were 
measured and summed, and data were plotted. Within the same cells, 
the number of Cx30+ / ephrin-B2+ / clathrin+ or Cx30+ / clathrin+ spots 
was quantified, and data were plotted. Middle portions of the cochlea 
were considered for comparison between genotypes and culture condi
tions. In terms of frequency ranges, the middle portion is midway be
tween the apex and the base of the cochlea. This portion is thus the most 
representative of the entire cochlea. Deiters’ cells and inner sulcus cells 
were randomly chosen and GJPs were measured using ImageJ software. 
For PLA spot quantification, Cx30 GJPs were divided into four equal 
portions. The two exterior portions were jointly considered as the pe
ripheral regions of the GJPs, whereas the two interior portions were 
jointly considered as the central region of the GJPs. PLA spots were 
quantified within each of these four portions of the GJPs, as well as 
within the regions adjacent to each lateral border of the GJPs, which are 
called “perinexus”. 30 GJPs were divided and considered for PLA spot 
quantification. Data were summed and plotted within each of the three 
groups. 

2.6. Statistics 

All data are presented as mean ± SEM. Data were statistically ana
lysed using one-Way ANOVA followed by Dunnett’s test, or using a two- 
tailed Student’s t-test. p-values < 0.05 were considered significant (**p 
< 0.01; ***p < 0.001). 

3. Results and discussion 

3.1. Cx30 homomeric channels associate with ephrin-B2 into caveolae 
membrane domains 

At first, it should be remembered that most connexins interact with 
components of caveolae membrane domains, such as caveolin proteins, 
which in turn regulate gap junction communication (Langlois et al., 
2008; Schubert et al., 2002). Caveolae represent a special type of lipid 
raft microdomains, which are enriched in cholesterol and sphingolipids 
(Fielding and Fielding, 2000). It is worth noting here that ephrin-B2 has 
been shown to associate with caveolin-1+ domains in vascular smooth 
muscle cells (Nakayama et al., 2013). We thus examined whether 
ephrin-B2 associates with caveolae components, with Cx30 homomeric 
and/or with Cx26/Cx30 heteromeric channels. We observed that 
ephrin-B2 does not co-localize with Cx30 in inner sulcus cells, i.e. where 
Cx30 co-assembles with Cx26 to form heteromeric GJPs (Fig. S2). These 
findings are consistent with previous data showing that Cx26 exhibits a 
low affinity for cholesterol (Hung and Yarovsky, 2011; Locke and Harris, 
2009), and that Cx26/Cx30 GJPs do not associate with lipid rafts in the 
cochlea (Defourny et al., 2019a). In contrast, we found that ephrin-B2 
immunolabelling overlaps with caveolin-1 and Cx30 homomeric GJPs 
between adjacent Deiters’ cells (Fig. 1B). 

3.2. Cx30 homomeric channels mostly interact with ephrin-B2 in the 
peripheral region of the GJPs 

To test whether ephrin-B2 interacts with junctional Cx30, we per
formed an in situ proximity ligation assay (PLA) aimed to detect in situ 
protein-protein interactions (Söderberg et al., 2006). We observed that 
the number of Cx30 / ephrin-B2 PLA positive spots is higher in the pe
ripheral regions than in the central region of Cx30 GJPs. In addition, 
some PLA positive spots were also observed in the perijunctional region 
directly bordering the GJPs, which is called « perinexus » (Fig. 2). To 
ensure the specificity of PLA signals, an assay was performed by omitting 
the anti-ephrin-B2 primary antibody. In this case, no PLA signals were 
observed (Fig. 2). This particular distribution of PLA spots suggests that 
Cx30 / ephrin-B2 interactions could be transient rather than permanent. 
Indeed, it is commonly believed that the junctional plaque is in a dy
namic state, constantly remodeled through recruitment of newly syn
thesized connexin hemichannels, which accrue to the periphery of the 
GJP (Gaietta et al., 2002). In this sense, recent data have shown the 
presence of actin-bound non-junctional Cx30 in the immediate vicinity 
of GJPs connecting adjacent Deiters’ cells (Defourny et al., 2019b). 
Thus, our findings suggest that ephrin-B2 could be involved in the as
sembly of GJPs, and in the sequestration of Cx30 homomeric channels 
into caveolae membrane domains. These observations are thus similar to 
previous data showing that, in vascular smooth muscle cells, ephrin-B2 
promotes the passive sequestration of PDGFRβ into caveolin-1+ mem
brane domains (Nakayama et al., 2013). 

Of note here is that no Cx30 / ephrin-B2 PLA positive spots were 
observed between adjacent inner sulcus cells, i.e. where Cx30 co- 
assembles with Cx26 to form heteromeric GJPs (Fig. S3). These data 
thus reinforce the idea that Cx30 exhibits distinct GJP assembly mech
anisms when it is expressed as homomeric or heteromeric channels in 
the cochlea (Defourny et al., 2019b). 
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3.3. Efnb2 haploinsufficiency results in excessive endocytosis of Cx30 
GJPs 

To find out about how Efnb2 haploinsufficiency could affect cochlear 
gap junctions, we used a mouse line encoding an Efnb2H2BGFP null allele 
(Davy and Soriano, 2007). In order to compare the stability of Cx30 GJPs 
between adjacent Deiters’ cells, we investigated putative gap junction 
degradation processes, which usually occur via a clathrin-mediated 
endocytic pathway (Falk et al., 2014). We observed that the summed 
length of Cx30 GJPs per Deiters’ cell is, on average, about 40 % reduced 
in Efnb2+/H2BGFP as compared to WT mice. Moreover, the number of 
Cx30+ / clathrin+ spots per Deiters’ cell is significantly increased in 
Efnb2+/H2BGFP as compared to WT mice (Fig. 3). In contrast, the summed 
length of Cx30 GJPs, as well as the number of Cx30+ / clathrin+ spots 
per inner sulcus cell remain unchanged between WT and Efnb2+/H2BGFP 

mice (Fig. S4). These data suggest that Efnb2 haploinsufficiency induces 
Cx30 GJP disassembly and clathrin-mediated endocytosis in Deiters’ 

cells. It is worth noting that our findings are similar to previous obser
vations showing that lack of ephrin-B2 induces the redistribution of 
caveolae-associated proteins towards clathrin-coated vesicles 
(Nakayama et al., 2013). Recently, it has been shown that the degra
dation of GJPs in the cochlea is a key feature in the pathogenic process 
leading to progressive age-related hearing loss (Tajima et al., 2020). In 
this context, it is tempting to speculate that Cx30 GJP defects could be at 
least partly responsible for the progressive hearing loss observed in 
patients suffering from EFNB2 haploinsufficiency. This assumption is 
supported by electrophysiological recordings showing that both Gjb6 
(which encodes Cx30) deficient and Efnb2+/lacZ heterozygous mice 
exhibit an impaired endolymph K+ homeostasis in the inner ear (Dravis 
et al., 2007; Teubner et al., 2003). 

Fig. 2. Cx30 homomeric channels mostly interact with ephrin-B2 in the peripheral regions of the GJPs. Left panel: schematic view from the top across the sensory 
epithelium of the cochlea showing the distribution of Cx30 and Cx26/Cx30 GJPs between adjacent non-sensory supporting cells. The black square indicates the 
region where the adjacent immunofluorescence images come from. Right panels: in situ proximity ligation assay (PLA) using anti-Cx30 and anti-ephrin-B2 primary 
antibodies followed by a Cx30 immunolabelling performed on the whole-mount cochlea of a two-day-old mouse. PLA positive spots are mostly observed in the 
peripheral regions of Cx30 GJPs. Some spots are also present in the perinexus of the GJP (yellow arrowhead). An in situ PLA negative control was performed by 
omitting the anti-ephrin-B2 primary antibody. Lower panel: the number of Cx30 / ephrin-B2 PLA positive spots is significantly higher in the peripheral regions of the 
GJPs, as compared either to the perinexus or to the central region of the GJPs. n = 30 Cx30 GJPs. Data are presented as mean ± SEM. ** p < 0.01, *** p < 0.001. 
Scale bar =1 μm. CR / CR-GJP = central region of the GJP; DCs = Deiters’ cells; GJP = gap junction plaque; ISCs = inner sulcus cells; PN = perinexus; PR / PR-GJP =
peripheral regions of the GJP; OSCs = outer sulcus cells; PCs = pillar cells. 
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3.4. Ephrin-B2 reverse signalling promotes the clathrin-dependent 
endocytosis of Cx30 GJPs 

Although ephrin-B2 usually exerts biological effects in a non-cell- 
autonomous manner, some observations have shown that ephrin-B2 
can also affect the cell behaviour independently of Eph receptor bind
ing (Bochenek et al., 2010; Foo et al., 2006). To examine whether 
ephrin-B2 cell-autonomously promotes the assembly of Cx30 into GJPs, 
we performed an organotypic assay in which ephrin-B2 is activated 
using soluble pre-clustered EphA4-Fc. The endocytosis of ephrin-B li
gands and gap junctions share common mechanisms. Upon binding to 
Eph receptor, the reverse endocytosis of transmembrane ephrin-B usu
ally occurs via a clathrin-mediated pathway (Parker et al., 2004). In a 
similar fashion, the internalization of double-membrane GJPs also oc
curs via a clathrin-dependent endocytic process (Piehl et al., 2007). In 

agreement, we observed that ectopic activation of ephrin-B2 reverse 
signalling by EphA4-Fc leads to disassembly of GJPs through 
clathrin-dependent endocytosis of Cx30 (Fig. 4). Thus, these data argue 
in favour of a cell-autonomous role of ephrin-B2 in the assembly of Cx30 
GJPs into caveolae membrane domains. These observations are consis
tent with previous data showing that gap junction communication is 
promoted at ephrin-ephrin interface within a cell compartment, whereas 
it is inhibited at Eph-ephrin interface (Davy et al., 2006; Mellitzer et al., 
1999). In this sense, adjacent ephrin-B2+ Deiters’ cells are largely 
coupled via gap junction channels (Jagger and Forge, 2006). In contrast, 
gap junction communication is non-existant between Deiters’ cells and 
adjacent outer hair cells, which strongly express EphA4, but only few 
ephrin-B2 (Defourny et al., 2015; Jagger and Forge, 2006). 

It is worth noting here that incubation of pre-clustered EphA4-Fc 
with organotypic cultures does not induce clathrin-mediated 

Fig. 3. Efnb2 haploinsufficiency results in excessive endocytosis of Cx30 GJPs. Left panel: schematic view from the top across the sensory epithelium of the cochlea 
showing the distribution of Cx30 and Cx26/Cx30 GJPs between adjacent non-sensory supporting cells. The black square indicates the region where the adjacent 
immunofluorescence images come from. Right panels: Cx30 / clathrin co-immunolabelling of whole-mount cochleae of four-day-old WT and Efnb2+/H2BGFP mice. 
Deiters’ cells of Efnb2+/H2BGFP mice display intracellular Cx30+ / clathrin+ endocytic vesicles (yellow arrowheads). Lower panels: the number of Cx30+ / clathrin+

spots per Deiters’ cell is significantly increased in Efnb2+/H2BGFP mice as compared to WT mice. The summed length of Cx30 GJPs per Deiters’ cell is significantly 
reduced in Efnb2+/H2BGFP mice as compared to WT mice. n = 120 Deiters’ cells from four WT and four Efnb2+/H2BGFP mice. Data are presented as mean ± SEM. *** p 
< 0.001. Scale bar = 1 μm. DCs = Deiters’ cells; GJP = gap junction plaque; ISCs = inner sulcus cells; OSCs = outer sulcus cells; PCs = pillar cells. 
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Fig. 4. Ephrin-B2 reverse signalling induces clathrin-mediated endocytosis of Cx30 GJPs. Upper left panel: schematic view from the top across the sensory epithelium 
of the cochlea showing the distribution of Cx30 and Cx26/Cx30 GJPs between adjacent non-sensory supporting cells. The black square indicates the region where the 
adjacent immunofluorescence images come from. Right panels: Cx30 / ephrin-B2 / clathrin co-immunolabelling of mouse cochlear organotypic cultures treated with 
IgG-Fc or with pre-clustered EphA4-Fc. Deiters’ cells treated with pre-clustered EphA4-Fc display intracellular Cx30+ / ephrin-B2+ / clathrin+ endocytic vesicles 
(arrowheads). Lower left panels: the number of Cx30+ / ephrin-B2+ / clathrin+ spots per Deiters’ cell is significantly increased in organotypic cultures treated with 
pre-clustered EphA4-Fc as compared to cultures treated with IgG-Fc. The summed length of Cx30 GJPs per Deiters’ cell is significantly reduced in organotypic 
cultures treated with pre-clustered EphA4-Fc as compared to cultures treated with IgG-Fc. n = 90 Deiters’ cells from three cultures treated with IgG-Fc or with pre- 
clustered EphA4-Fc. Data are presented as mean ± SEM. *** p < 0.001. Scale bar = 1 μm. DCs = Deiters’ cells; GJP = gap junction plaque; ISCs = inner sulcus cells; 
OSCs = outer sulcus cells; PCs = pillar cells. 

Fig. 5. A model for how Efnb2 haploinsufficiency induces GJP disassembly and endocytosis in the cochlea. Schematic representation of Cx30 GJP assembly and 
degradation processes in Deiters’ cells of WT and Efnb2+/H2BGFP mice. In WT mice, ephrin-B2 promotes the assembly of Cx30 channels into caveolae membrane 
domains. In contrast, Efnb2 haploinsufficiency induces clathrin-mediated endocytosis of Cx30 GJPs. 
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internalization of GJPs in inner sulcus cells, i.e. where Cx30 is co- 
expressed with Cx26 (Fig. S5). 

4. Conclusion 

Overall, we describe here a novel role for ephrin-B2 in the assembly 
of Cx30 GJPs in the cochlear sensory epithelium. We observed that mice 
encoding an Efnb2 null allele display excessive clathrin-mediated 
endocytosis of Cx30 GJPs in non-sensory Deiters’ cells (Fig. 5). Ac
cording to recent observations (Tajima et al., 2020), this early GJP 
degradation could certainly play a role in the pathogenic process leading 
to progressive sensorineural hearing loss due to Efnb2/EFNB2 
haploinsufficiency. 

CRediT authorship contribution statement 

Jean Defourny: Conceptualization, Methodology, Investigation, 
Writing - original draft, Writing - review & editing, Funding acquisition. 
Christophe Audouard: Resources. Alice Davy: Resources, Writing - 
review & editing. Marc Thiry: Writing - review & editing, Funding 
acquisition. 

Declaration of Competing Interest 

The authors report no declarations of interest. 

Acknowledgements 

This work was funded by the Belgian Fonds de la Recherche Scien
tifique F.R.S.-FNRS (Grant numbers R.FNRS.4001-6-F and R. 
FNRS.4969). We thank the GIGA Cell Imaging platform. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.brainresbull.2021.0 
6.008. 

References 

Abdallah-Bouhjar, I.B., Mougou-Zerelli, S., Hannachi, H., Gmidène, A., Labalme, A., 
Soyah, N., Sanlaville, D., Saad, A., Elghezal, H., 2013. Molecular cytogenetic and 
phenotypic characterization of ring chromosome 13 in three unrelated patients. 
J. Pediatr. Genet. 2, 147–155. https://doi.org/10.3233/PGE-13063. 

Ahmad, S., Chen, S., Sun, J., Lin, X., 2003. Connexins 26 and 30 are co-assembled to form 
gap junctions in the cochlea of mice. Biochem. Biophys. Res. Commun. 307, 
362–368. https://doi.org/10.1016/s0006-291x(03)01166-5. 

Bellucco, F.T., Rodrigues de Oliveira-Junior, H., Santos Guilherme, R., Bragagnolo, S., 
Alvarez Perez, A.B., Ayres Meloni, V., Melaragno, M.I., 2019. Deletion of 
chromosome 13 due to different rearrangements and impact on phenotype. Mol. 
Syndromol. 10, 139–146. https://doi.org/10.1159/000497402. 

Bochenek, M.L., Dickinson, S., Astin, J.W., Adams, R.H., Nobes, C.D., 2010. Ephrin-B2 
regulates endothelial cell morphology and motility independently of Eph-receptor 
binding. J. Cell. Sci. 123, 1235–1246. https://doi.org/10.1242/jcs.061903. 

Davy, A., Soriano, P., 2007. Ephrin-B2 forward signaling regulates somite patterning and 
neural crest cell development. Dev. Biol. 304, 182–193. https://doi.org/10.1016/j. 
ydbio.2006.12.028. 

Davy, A., Bush, J.O., Soriano, P., 2006. Inhibition of gap junction communication at 
ectopic Eph/ephrin boundaries underlies craniofrontonasal syndrome. PLoS Biol. 4, 
e315. https://doi.org/10.1371/journal.pbio.0040315. 

Defourny, J., 2019. Eph/ephrin signalling in the development and function of the 
mammalian cochlea. Dev. Biol. 449, 35–40. https://doi.org/10.1016/j. 
ydbio.2019.02.004. 

Defourny, J., Poirrier, A.L., Lallemend, F., Mateo Sánchez, S., Neef, J., 
Vanderhaeghen, P., Soriano, E., Peuckert, C., Kullander, K., Fritzsch, B., et al., 2013. 
Ephrin-A5/EphA4 signalling controls specific afferent targeting to cochlear hair 
cells. Nat. Commun. 4, 1438. https://doi.org/10.1038/ncomms2445. 

Defourny, J., Mateo Sánchez, S., Schoonaert, L., Robberecht, W., Davy, A., Nguyen, L., 
Malgrange, B., 2015. Cochlear supporting cell transdifferentiation and integration 
into hair cell layers by inhibition of ephrin-B2 signalling. Nat. Commun. 6, 7017. 
https://doi.org/10.1038/ncomms8017. 

Defourny, J., Thelen, N., Thiry, M., 2019a. Actin-independent trafficking of cochlear 
connexin 26 to non-lipid raft gap junction plaques. Hear. Res. 374, 69–75. https:// 
doi.org/10.1016/j.heares.2019.01.020. 

Defourny, J., Thelen, N., Thiry, M., 2019b. Cochlear connexin 30 homomeric and 
heteromeric channels exhibit distinct assembly mechanisms. Mech. Dev. 155, 8–14. 
https://doi.org/10.1016/j.mod.2018.10.001. 

del Castillo, I., Villamar, M., Moreno-Pelayo, M.A., del Castillo, F.J., Alvarez, A., 
Telleria, D., Menéndez, I., Moreno, F., 2002. A deletion involving the connexin 30 
gene in nonsyndromic hearing impairment. N. Engl. J. Med. 346, 243–249. https:// 
doi.org/10.1056/NEJMoa012052. 

Dravis, C., Wu, T., Chumley, M.J., Yokoyama, N., Wei, S., Wu, D.K., Marcus, D.C., 
Henkemeyer, M., 2007. EphB2 and ephrin-B2 regulate the ionic homeostasis of 
vestibular endolymph. Hear. Res. 223, 93–104. https://doi.org/10.1016/j. 
heares.2006.10.007. 

Dworschak, G.C., Draaken, M., Marcelis, C., de Blaauw, I., Pfundt, R., van Rooij, I.A., 
Bartels, E., Hilger, A., Jenetzky, E., Schmiedeke, E., et al., 2013. De novo 13q 
deletions in two patients with mild anorectal malformations as part of VATER/ 
VACTERL and VATER/VACTERL-like association and analysis of EFNB2 patients 
with anorectal malformations. Am. J. Med. Genet. A 161A, 3035–3041. https://doi. 
org/10.1002/ajmg.a.36153. 

Falk, M.M., Kells, R.M., Berthoud, V.M., 2014. Degradation of connexins and gap 
junctions. FEBS Lett. 588, 1221–1229. https://doi.org/10.1016/j. 
febslet.2014.01.031. 

Fielding, C.J., Fielding, P.E., 2000. Cholesterol and caveolae : structural and functional 
relationships. Biochem. Biophys. Acta 1529, 210–222. https://doi.org/10.1016/ 
s1388-1981(00)00150-5. 

Foo, S.S., Turner, C.J., Adams, S., Compagni, A., Aubyn, D., Kogata, N., Lindblom, P., 
Shani, M., Zicha, D., Adams, R.H., 2006. Ephrin-B2 controls cell motility and 
adhesion during blood-vessel-wall assembly. Cell 124, 161–173. https://doi.org/ 
10.1016/j.cell.2005.10.034. 

Gaietta, G., Deerinck, T.J., Adams, S.R., Bouwer, J., Tour, O., Laird, D.W., Sosinsky, G.E., 
Tsien, R.Y., Ellisman, M.H., 2002. Multicolor and électron microscopic Imaging of 
connexin trafficking. Science 296, 503–507. https://doi.org/10.1126/ 
science.1068793. 

Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L., Ryan, T.E., 
Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson, D.G., et al., 1996. Eph 
receptors and ligands comprise two major specificity subclasses and are reciprocally 
compartmentalized during embryogenesis. Neuron 17, 9–19. https://doi.org/ 
10.1016/s0896-6273(00)80276-7. 

Grifa, A., Wagner, C.A., D’Ambrosio, L., Melchionda, S., Bernardi, F., Lopez-Bigas, N., 
Rabionet, R., Arbones, M., Monica, M.D., Estivill, X., et al., 1999. Mutations in GJB6 
cause nonsyndromic autosomal dominant deafness at DFNA3 locus. Nat. Genet. 23, 
16–18. https://doi.org/10.1038/12612. 

Haskins, A., Caten, A., McKinnon, B.J., 2014. Cochlear implantation in 13q deletion 
syndrome. Am. J. Otolaryngol. 35, 56–58. https://doi.org/10.1016/j. 
amjoto.2013.07.007. 

Hung, A., Yarovsky, I., 2011. Gap junction hemichannel intercations with zwitterionic 
lipid, anionic lipid, and cholesterol : molecular simulation studies. Biochemistry 50, 
1492–1504. https://doi.org/10.1021/bi1004156. 

Jagger, D.J., Forge, A., 2006. Compartmentalized and signal-selective gap junctional 
coupling in the hearing cochlea. J. Neurosci. 26, 1260–1268. https://doi.org/ 
10.1523/JNEUROSCI.4278-05.2006. 

Jagger, D.J., Forge, A., 2015. Connexins and gap junctions in the inner ear – it’s not just 
about K+ recycling. Cell Tissue Res. 360, 633–644. https://doi.org/10.1007/ 
s00441-014-2029-z. 

Kalatzis, V., Petit, C., 1998. The fundamental and medical impacts of recent progress in 
research on hereditary hearing loss. Hum. Mol. Genet. 7, 1589–1597. https://doi. 
org/10.1093/hmg/7.10.1589. 

Kania, A., Klein, R., 2016. Mechanisms of ephrin-Eph signalling in development, 
physiology and disease. Nat. Rev. Mol. Cell Biol. 17, 240–256. https://doi.org/ 
10.1038/nrm.2015.16. 

Kelsell, D.P., Dunlop, J., Stevens, H.P., Lench, N.J., Liang, J.N., Parry, G., Mueller, R.F., 
Leigh, I.M., 1997. Connexin 26 mutations in hereditary non-syndromic sensorineural 
deafness. Nature 387, 80–83. https://doi.org/10.1038/387080a0. 

Kirchhoff, M., Bisgaard, A.M., Stoeva, R., Dimitrov, B., Gillessen-Kaesbach, G., Fryns, J. 
P., Rose, H., Grozdanova, L., Ivanov, I., Keymolen, K., et al., 2009. Phenotype and 
244k array-CGH characterization of chromosome 13q deletions: an update of the 
phenotypic 13q21.1-qter. Am. J. Med. Genet. A 149A, 894–905. https://doi.org/ 
10.1002/ajmg.a.32814. 

Korver, A.M., Smith, R.J., Van Camp, G., Schleiss, M.R., Bitner-Glindzicz, M.A., Lustig, L. 
R., Usami, S.I., Boudewyns, A.N., 2017. Congenital hearing loss. Nat. Rev. Dis. 
Primers 3, 16094. https://doi.org/10.1038/nrdp.2016.94. 

Kullander, K., Klein, R., 2002. Mechanisms and functions of Eph and ephrin signalling. 
Nat. Rev. Mol. Cell Biol. 3, 475–486. https://doi.org/10.1038/nrm856. 

Langlois, S., Cowan, K.N., Shao, Q., Cowan, B.J., Laird, D.W., 2008. Caveolin-1 and -2 
interact with connexin43 and regulate gap junctional intercellular communication in 
keratinocytes. Mol. Biol. Cell 19, 912–928. https://doi.org/10.1091/mbc.e07-06- 
0596. 
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