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Abstract

Although most disease-causing variants are within coding region of genes, it is now well established that cis-acting regula-
tory sequences, depending on 3D-chromatin organization, are required for temporal and spatial control of gene expression.
Disruptions of such regulatory elements and/or chromatin conformation are likely to play a critical role in human genetic
disease. Hence, recurrent monoallelic cases, who present the most common hereditary type of nonsyndromic hearing loss
(i.e., DFNBI), carry only one identified pathogenic allele. This strongly suggests the presence of uncharacterized distal cis-
acting elements in the missing allele. Here within, we study the spatial organization of a large DFNB] locus encompassing
the gap junction protein beta 2 (GJB2) gene, the most frequently mutated gene in this inherited hearing loss phenotype, with
the chromosome conformation capture carbon copy technology (5C). By combining this approach with functional activity
reporter assays and mapping of CCCTC-binding factor (CTCF) along the DFNBI locus, we identify a novel set of cooperat-
ing GJB2 cis-acting elements and suggest a DFNB] three-dimensional looping regulation model.

Introduction

Hearing loss affects 6-8% of the world’s population includ-
ing about 1 in 600 newborns (Morton and Nance 2006).
It is estimated that almost 50% of this most common con-
genital sensory impairment in humans has a genetic origin
(Shearer et al. 1993; Smith and Van Camp 1993). Non-
syndromic hearing loss (NSHL) represents 85% of heredi-
tary deafness with over 100 genes associated. Syndromic
hearing loss presenting other clinical signs with prelingual
onset or postlingual onset (Roux et al. 2004) is related with
even more genes (https://hereditaryhearingloss.org). Over
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50% of autosomal-recessive NSHL results from pathogenic
variants in the DFNBI locus (MIM #220290) (Smith and
Van Camp 1993; Guilford et al. 1994). The gene most fre-
quently mutated in inherited hearing loss, the gap junction
protein beta 2 (GJB2) (MIM #121011), lies at the DFNBI
locus on 13q12 (Zelante et al. 1997; Chan and Chang 2014).
The GJB2 gene is rather small (5513 bp) encompassing
two exons (193 bp and 2141 bp long) separated by a 3179-
bp intron (Kiang et al. 1997). The entire protein-coding
sequence of 678 bp is located in the second exon which
encodes 226 amino acids which corresponds to connexin
26 transmembrane protein (Cx26). The gap junction chan-
nel protein Cx26 is critical in intercellular communication
among supporting cells and homeostasis of the cochlear,
perilymph and endolymph fluids (Forge et al. 1999; Kikuchi
et al. 2000). Cx26 is expressed in many cells in the whole
body and especially within the human cochlea (Liu et al.
2009). In addition to over 200 GJB2 mutations (http://deafn
essvariationdatabase.org), six large deletions of the DFNBI
locus have been reported as disease-causing mutation in
NSHL (Stenson et al. 2017). Two deletions remove not only
the entire G/B2 gene but also another connexin gene GJB6,
also located in the DFNBI locus at 5’ of GJB2; del-920 kb
(Feldmann et al. 2009) and del-101 kb (GJB2-D13S175)
(Bliznetz et al. 2017). Two other large deletions remove only
the GJB6 gene; del(GJB6-D13S1830) of 309 kb (Lerer et al.
2001; del Castillo et al. 2002; Pallares-Ruiz et al. 2002) and
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del(GJB6-D1351854) of 232 kb (del Castillo et al. 2005).
Lastly, two other DFNBI deletions keep the G/B2 and GJB6
genes intact and have been identified in autosomal-recessive
NSHL cases; del-131 kb (Wilch et al. 2010) and del-179 kb
(Tayoun et al. 2016). Despite the most common deletions,
GJB6-D13S1830 and GJB6-D13S1854 which remove only
GJB6 gene, it has been clearly described that deafness is not
the result of GJB6 loss but due to disruption of GJB2 expres-
sion (Rodriguez-Paris and Schrijver 2009; Rodriguez-Paris
et al. 2011). These large DFNBI deletions should encom-
pass cis-regulatory elements essential for G/B2 expression,
and more precisely within a 95.4-kb common deleted region
(Wilch et al. 2010).

Indeed, three-dimensional chromatin organization plays a
key role on gene expression. Gene regulation depends on cis-
regulatory elements which can interact with gene promoters
by chromatin looping. Alteration of chromatin architecture
and/or cis-acting elements can lead to cis-ruption disorder.

To prove this, we map chromatin organization with
the chromosome conformation chromatin carbon copy
(5C) technique to identify new GJB2 regulatory elements.
We recently used this approach to identify several CFTR
(Moisan et al. 2016) and PKD2 (Moisan et al. 2018) enhanc-
ers and now apply it here to a large region spanning the
DFNBI locus. We identify several chromatin interactions
with the GJB2 promoter and demonstrate in parallel, using
functional analysis with a reporter assay, that interacting
regions significantly increase GJB2 expression while another
reduces it. Finally, through chromatin immunoprecipitation
analyses, we suggest that these novel enhancer elements
could be brought together through chromatin looping via
the recruitment of CCCTC-binding factor (CTCF).

Materials and methods
Cell collection and culture

Human nasal epithelial cells (HNEC) from healthy control
individuals were harvested using a sterile cytology brush
(Gyneas, cat. no. 02-106). HNECs were collected by brush-
ing the middle turbinate with backward—forward and rota-
tory movements and were placed in a collecting medium
(Ham’s F12 (Lonza) containing 1% Ultroser G (Pall, cat.
no. 15950-17), and 1% antibiotic (PAA, cat. no. P11-002).
Survival of the cells in this medium was preserved until 96 h
at room temperature. HNECs were detached from the brush
by vortexing and were washed three times with Dulbecco’s
modified Eagle medium (DMEM; Lonza) supplemented
with decreasing antibiotic concentrations and a final wash
with 1X phosphate buffered saline (PBS). Cell suspensions
were centrifuged for 5 min at 2200g at 4 °C. The cell pellets
were resuspended in a selected and optimized cell culture
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media of human airway epithelial cells (Airway Epithelial
Cell Growth Medium; PromoCell) and cells were cultured
following the manufacturer’s instructions.

Normal human epidermal keratinocytes (NHEK) were
isolated from the epidermis of the skin of adults undergo-
ing surgery. Samples were aseptically collected and washed
three times with 70% ethanol and PBS. Skin samples were
then cut into small pieces and treated with dispase (25 U/ml
Gibco, USA) overnight in air—liquid interface at 4 °C. The
epidermis was separated from the dermis, and cells were
dissociated with a trypsin—~EDTA solution (LONZA) for
15 min. After filtration, cells were cultured in Keratinocyte
Growth Medium (PromoCell).

Small airway epithelial cells (SAEC) were purchased
from LGC Standards (lot No. 0234) and also grown in air-
way epithelial cell medium from PromoCell.

All cells were grown on plastic at liquid interface at 37 °C
in 5% CO, saturated humid air.

GJB2 expression analysis by RT-PCR

Total RNA was extracted using RNeasy Plus mini kit (Qia-
gen) according to the manufacturer’s instructions. Extracted
RNA was eluted in RNase-free water and the concentration
was determined using a nano-photometer (Implen GmbH,
Miinchen, Germany). Reverse transcription was performed
with 2 pg of total RNA using the SuperScript™ II Reverse
Transcriptase kit (Life Technologies). PCR was performed
with the HotStarTaq Polymerase (Qiagen) using two dif-
ferent pair of primers with the following primer sequences
(5'-3"): a common GJB2 forward (1/2)-TTCCTCCCGACG
CAGAGCAA, GJB2 reverse (1)-GGGCAATGCGTTAAA
CTGGC and GJB2 reverse (2)-TCCTTTGCAGCCACAACG
AGGAT, beta-actin forward-GTTGCTATCCAGGCTGTG
and beta-actin reverse-CACTGTGTTGGCGTACAG.

Cell isolation and fixation for 5C analysis

HNEC cells were fixed with 1.5% formaldehyde for 10 min
at room temperature. Crosslinking was stopped with glycine
(125-mM final concentration), by incubating 5 min at room
temperature followed with 15 min on ice. Cells were scraped
and centrifuged at 400g for 10 min at 4 °C. Supernatants
were removed and the cell pellets were quick-frozen on dry
ice.

3Clibrary preparation

The fixed HNEC cell pellets were treated as previously
described (Dostie and Dekker 2007; Ferraiuolo et al. 2010).
Briefly, 10 million cells were incubated in lysis buffer [10-
mM Tris (pH 8.0), 10-mM NaCl, 0.2% NP-40, supplemented
with fresh protease inhibitor cocktail] 10 min on ice. Cells
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were then disrupted on ice with a Dounce homogenizer (pes-
tle B; 2 x20 strokes). Nuclei were recovered by centrifuga-
tion, washed twice with 1x EcoRI buffer (NEB) and resus-
pended in 100 pl of 1x HindIII buffer. 1x HindIIl buffer
(337 pl) was added to 50 pl of cell suspension, and the mix-
ture was incubated for 10 min at 65 °C with 0.1% SDS final
concentration (38 pl). Triton X-100 (44 pl of 10% Triton
X-100) was added before overnight digestion with HindIII
(400 U). The restriction enzyme was inactivated the next
day by adding 86 pl of 10% SDS, and incubating 30 min at
65 °C. Samples were then individually diluted into 7.62 ml
of ligation mix (750 pl of 10% Triton X-100, 750 pl of 10X
ligation buffer, 80 pl of 10 mg/ml BSA, 80 pl of 100-mM
ATP and 3000 Cohesive end Units of T4 DNA ligase). Liga-
tion was carried out at 16 °C for 2 h. The 3C libraries were
next incubated overnight with 45 puL of Proteinase K (10 mg/
ml) at 55 °C. The DNA was purified by phenol—-chloroform
extraction and precipitated with 3-M NaOAc pH 5.2 (800 pl)
and cold ethanol. After at least 1 h at — 80 °C, the DNA was
recovered by centrifugation, the pellets were washed with
cold 70% ethanol and then resuspended in 400 pl of 1x TE
pH 8.0. A second phenol-chloroform extraction and pre-
cipitation with 3 M NaOAc pH 5.2 (40 pl) and cold ethanol
were performed. DNA was recovered by centrifugation and
washed eight times with cold 70% ethanol. The pellets were
finally dissolved in 100 pl of 1x TE pH 8.0, and incubated
with RNAse A (1 pl at 10 mg/ml) for 15 min at 37 °C.

5C primer and library design

5C primers covering the DFNBI region (hgl9, chrl3:
20,500,000-21,525,000), and two conserved chromatin
compaction control regions: one within a house-keeping
gene ERCC3 (hgl9, chr2:128,014,866-128,051,752)
and another within the gene desert region ENr313 (hgl9,
chr16:62,276,449-62,776,448) (Dostie et al. 2006) were
designed using “my5C.primer” (Lajoie et al. 2009) and
the following parameters: optimal primer length of 30 nt,
optimal TM of 60 °C and default primer quality parame-
ters (mer: 800, U-blast: 3, S-blasr: 50). Primers were not
designed for large (> 20 kb) restriction fragments. Low
complexity and repetitive sequences were excluded from our
experimental design such that not all fragments could be
probed in our assays. Primers with several genomic targets
were also removed.

The universal A-key (CCATCTCATCCCTGCGTG
TCTCCGACTCAG-(5C-specific)) and the P1-key tails
((5C-specific)-ATCACCGACTGCCCATAGAGAGG) were
added to the Forward and Reverse 5C primers, respectively.
Reverse 5C primers were phosphorylated at their 5’ ends.
An anchored 5C design was used for the DFNBI locus, 1
Reverse 5C primers targeted the GJB2 promoter while 49
Forward 5C primers covered the surrounding region.

For the control regions, an alternating 5C design was
used: alternating Forward and Reverse 5C primers covering
entire ERCC3 and ENr313 regions were used to generate
the 5C libraries. This design used 41 primers (4 Forward/5
Reverse for the ERCC3 region, 16 Forward/16 Reverse
ENr313 region). All 5C primer sequences are listed in Sup-
plementary Table S1.

5C library preparation

5C libraries were prepared and amplified with the A-key and
P1-key primers following a procedure described previously
(Fraser et al. 2012). Briefly, 3C libraries were first titrated
by PCR for quality control (single band, absence of primer
dimers, etc.), and to verify that contacts were amplified at
frequencies similar to what is usually obtained from com-
parable libraries (same DNA amount from the same species
and karyotype) (Dostie and Dekker 2007; Dostie et al. 2007;
Fraser et al. 2010).

5C primer stocks (20 pM) were diluted individually in
water on ice, and mixed to a final concentration of 0.002 uM.
Mixed primers were combined with annealing buffer (10x
NEBuffer 4, New England Biolabs Inc.) on ice in reaction
tubes. Salmon testis DNA was added to each 5C reaction,
followed by the 3C libraries and water for a final volume
of 10 pl. Samples were denatured at 95 °C for 5 min, and
annealed at 50 °C for 16 h before ligation with Taqg DNA
ligase (10 U) for 1 h. Each ligation reaction was then PCR-
amplified individually with primers against the A-key and
P1-key primer tails. We used 35 cycles based on dilution
series showing linear PCR amplification within that cycle
range. The 5C PCR products of corresponding 3C libraries
were pooled before purifying the DNA on MinElute columns
(Qiagen).

5C libraries were quantified on agarose gel and diluted to
0.048 ng/pl. One microliter of diluted 5C library was used
for sequencing with an Ton PGM™ sequencer. Samples were
sequenced onto Ion 316™ Chips v2 following the Ion PGM
Hi-Q Chef kit and Ion PGM™ Hi-Q Sequencing Kit pro-
tocols as recommended by the manufacturer’s instructions
(Thermo Fisher Scientific).

5C data analysis

Analysis of the 5C sequencing data was performed as
described earlier (Fraser et al. 2012; Berlivet et al. 2013).
The sequencing data were processed through a Torrent
5C data transformation pipeline on Galaxy as previously
described (Fraser et al. 2012; Rousseau et al. 2014b) (http://
galaxy.bci.mcgill.ca/galaxy/). This analysis generates an
excel sheet containing interaction frequency lists (IFL) as
well as a text file, which was used to visualize results using
“myS5C-heatmap” (Lajoie et al. 2009).
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Normalization between different libraries was done first
by read count and then using the compaction profiles for the
ERCC3 region and the gene desert region ENr313, setting
one sample (HNEC) as a reference.

The ERCC3 and ENr313 5C data of each sample were
normalized by dividing the number of reads of each 5C
contact by the total number of reads from the correspond-
ing sequence run. A ratio, calculated by dividing these nor-
malized data by normalized data from a reference sample
(HNEC), was applied to the corresponding raw data of the
study region for each sample.

Databases and URLs

The Hi-C data from human NHEK were downloaded from
computational and functional Genomics/Epigenomics Yue
Lab website at http://promoter.bx.psu.edu/hi-c/view.php.
The Hi-C data shown in a heatmap format were binned at
25 kb. TAD and sub-TADs were outlined manually based on
clustering of interaction frequencies.

DHS peaks, CTCF binding sites, H3K27Ac marks for
SAEC and transcription factor ChIP-seq data of 161 factors
from 91 cell types were obtained and visualized using UCSC
genome browser (http://genome.ucsc.edu) (Kent et al. 2002).

The “my5C-primer” and “my5C-heatmap” bioinformatics
tools are found at http://3dg.umassmed.edu/mySCheatmap/
heatmap.php.

Plasmid constructs

All the cloning steps were done using the “In fusion®”
strategy from Clontech. Using the pGL3-Basic Vector (Pro-
mega), the 5'-flanking region of the GJ/B2 gene (1541 bp,
“Pgye2”) was cloned upstream from the firefly luciferase
cDNA, at the Hind III site. Candidate enhancer elements
(A to D7') were amplified and inserted downstream in the
Pgyp, construct. All the inserted fragments were verified by
sequencing. The PCR primers used to amplify the GJB2
promoter, candidate enhancer sequences are shown in Sup-
plementary Table S2.

Luciferase assay

1.25x 10° cells were seeded in 12-well plates. Transfections
were done 24 h later with the transit 2020 reagent (Mirus).
400 ng of the P;p, constructs and 100 ng of a pCMV-LacZ
construct, as an internal control, were used for each condi-
tion. Every condition was done in triplicate. 48 h post-trans-
fection, the cells were washed once with 1x PBS and lysed
with Passive lysis buffer (Promega). Cells lysates were clari-
fied by centrifugation at 12,000 g for 5 min at 4 °C. 20 pl of
each protein extract were used to assay the luciferase activity
and 25 pl for beta-galactosidase activity. We used Promega
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reagents and a multiwell plate reader Varioscan (Thermo
Fisher). Results were presented as relative luciferase activ-
ity, with the P, construct activity equal to 1. Significance
of the increased luciferase activity was performed using
unpaired -tests using GraphPad Prism® software.

Chromatin immunoprecipitation (ChIP) and qPCR

Formaldehyde (Sigma) was added to~8.10° SAEC cells
to obtain a final concentration of 1.5%. Crosslinking was
allowed to proceed for 10 min at room temperature and
stopped by the addition of glycine at a final concentration
of 0.125 M. Fixed cells were washed and harvested with cold
PBS. Chromatin was prepared following the SimpleChIP®
Plus Enzymatic Chromatin IP protocol (Cell Signaling Tech-
nology) with minor modifications. The Adaptive Focused
Acoustics™ (AFA) Technology from Covaris was used in
addition to enzymatic digestion with micrococcal nuclease
to produce DNA fragments of 150-900 bp. Chromatin was
precleared with protein G agarose beads (Cell Signaling
Technology) for 2 h at 4 °C and immunoprecipitate with 10
pL of CTCF-specific antibodies (Cell Signaling Technology
#2899), a negative control IgG antibody or a positive control
Histone H3 antibody (Cell Signaling Technology) was car-
ried out overnight at 4 °C. Immune complexes were recov-
ered by adding protein G agarose beads and incubated for
2 hat 4 °C. Beads were washed, DNA was eluted and cross-
links were reversed following the manufacturer’s instruc-
tions. JPCR was performed in triplicate using QuantiTect
SYBR® Green PCR Kit (Qiagen) in the Light Cycler 480
(Roche) and specific primers, as outlined in Supplementary
Table S3. All immunoprecipitations were carried out at least
in duplicate or even in triplicate to confirm the most signifi-
cant sites, using different chromatin preparations. Results
were presented as relative to CTCF-specific enrichment
measured by dividing by the 2% input sample and subtract-
ing the IgG-negative control signals.

Results
Chromatin organization of the human DFNBT1 locus

To pinpoint cis-acting regulatory elements at distance to
GJB2, we map chromatin organization of the human DFNB1
locus with the 5C technology and chose to conduct our
analysis in primary human cells from healthy individuals.
Primary cells provide most physiological GJ/B2 expression
levels and a normal karyotype in contrast to cell lines. GIB2
expression takes place in specific cell types in many different
tissues. With the significant exception of hair cells, GJ/B2 is
expressed by nearly all cell types within the human coch-
lea, including supporting cells in the sensory epithelium,
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fibrocytes and mesenchymal cells in the lateral wall, basal
and intermediate cells of the stria vascularis and type I neu-
rons in the spiral ganglion (Liu et al. 2009). Moreover, it
has also been shown that GJB2 is expressed in human and
ferret airways and lung cells during development (Carson
et al. 1998) and in normal sinus mucosa (Kim et al. 2016).
Connexin proteins are enclosed in the plasma membrane and
are involved in the function of the gap junctions between epi-
thelial cells (BuSaba and Cunningham 2008). Consequently,
and because there is no primary cell of the inner ear easily
recoverable, we used primary human nasal epithelial cells
(HNEC), small airway epithelial cells (SAEC) and normal
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human epidermal keratinocytes (NHEK) which have been
described to well express GJB2 (http://dnase.genome.duke.
edu/geneDetail.php?ensemblID=gjb2) and for which we
verified their expression (Fig. 1a).

To define more precisely the region where the GJB2 pro-
moter interactions are more susceptible, we used Hi-C data
(Dixon et al. 2012, 2015). Hi-C is a high-throughput molecu-
lar technology, used to quantify all-to-all genome-wide chro-
mosomal interactions in cell populations (Lieberman-Aiden
et al. 2009). This technique demonstrated that the genome
is organized into topologically associating domains (TADs)
characterized by a much higher frequency of chromatin
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Fig. 1 Chromatin organization of the human DFNBI locus. a End-
point RT-PCR analysis of GJB2 expression in collected HNEC and
NHEK samples, and in SAEC epithelial cells. Actin is shown as
control for RNA integrity. b Hi-C data from NHEK human cells
reveal that the DFNBI locus lies in a large TAD that contains several
other genes (Dixon et al. 2012). GJB2 is further contained within a
sub-TAD. The Hi-C data are shown in heatmap form where increas-
ing color intensity reflects higher interaction frequencies between
genomic regions in 25-kb-resolution bins. Black lines outline the
large TAD, while the dotted gray lines represent the sub-TADs.
The genes contained within the area are shown under the heatmap.
¢ Linear schematic representation of the ~1025 kb genomic region
characterized in this study. Arrows indicate transcription orientation.

The GJB2 gene is shown in red and the neighboring genes in gray.
d Alignment of H3K27Ac marks from 7 different cell lines over the
region characterized. H3K27Ac peaks are often found near active
regulatory elements. e Alignment of DNAsel hypersensitivity data
from SAEC over the region characterized. DHS peaks identify open
chromatin sites. f Anchored 5C primers design scheme used to map
the genomic environment of the DFNBI locus and more precisely
the GJB2 promoter. A reverse “bait” 5C primer covering the GJB2
promoter is shown in red. 49 Forward 5C primers shown in blue rep-
resent the rest of the locus. Green areas indicate regions not probed
by 5C. 5C primer sequences are found in Supplementary Table S1. g
Alignment of CTCF binding sites from SAEC over the area studied
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contacts among these regions (Dixon et al. 2012; Nora et al.
2012).

TADs represent folded DNA regions, ranging in size
between a few tens of kb to 3 megabases, which are largely
conserved across cell types and species (Dekker et al. 2013;
Dixon et al. 2016; Smith et al. 2016). TADs are delineated
by boundaries enriched in CCCTC-binding factor (CTCF)
sites (Rao et al. 2014). CTCF acts as a major protein driving
chromatin looping, so the binding of CTCF may pinpoint
regions that are important for tridimensional chromatin
conformation organization. NHEK Hi-C data disclose that
GJB2, displayed in black on the Fig. 1b, lies within a TAD
spreading from before the ZMYM?2 until after the XPO4 gene
(Fig. 1b: black triangle). GJA3, another connexin genes not
yet associated with hearing loss, itself localizes within a
TAD substructure (sub-TAD, Fig. 1b: dotted triangle) centro-
meric to GJB2, (Phillips-Cremins and Corces 2013). GJB2
itself is just localized between this sub-TAD and another
which encompasses GJB6 and a part of CRYLI. Based on
these data, we designed our conformational analysis through
a 1025-kb domain (hg19, chr13: 20,500,000-21,525,000)
encompassing DFNBI connexin genes and their flanking
genes: ZMYM?2 to XPO4 (Fig. 1c).

We used 5C-seq to look for and quantify chromosomal
regions interacting with the GJB2 promoter (Dostie et al.
2006; Fraser et al. 2012). The 5C approach has previously
been used to map chromatin organization and detect physical
networks between promoters and regulatory elements (San-
yal et al. 2012; Berlivet et al. 2013; Phillips-Cremins et al.
2013). 5C starts with the production of a 3C library where
a population of cells is fixed with formaldehyde to capture
chromatin interactions. The fixed chromatin is then digested
into fragments with a restriction enzyme, and a ligation step
follows to generate pair-wise ligation products at frequen-
cies reflecting physical proximity or accessibility between
chromatin segments in vivo. The resulting 3C library is then
converted into a 5C library by ligation-mediated amplifi-
cation (LMA) where Forward and Reverse 5C primers are
sequentially annealed and ligated at defined 3C junctions in
a multiplex setting. The 5C ligation products are then ampli-
fied by PCR and processed for deep sequencing.

We designed 5C primers within our study locus to meas-
ure interaction frequencies between the GJB2 promoter
(one “bait” Reverse 5C primer in the promoter) and the
sequence of the 1025-kb domain (49 Forward 5C primers)
(Fig. 1f) according to some regulatory marks. Indeed, we
only selected primers in regions displaying enhancer features
using H3K27Ac marks from 7 different cell lines which are
often found near active regulatory elements (Fig. 1d) and
marker data available in SAECs. We looked particularly
for the presence of DNase I hypersensitive sites (DHSs)
(Fig. le) and for binding of CTCF (Fig. 1g) because they
often reflect the presence of regulatory elements and since
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CTCF is a major protein driving the formation of chromatin
loops genome-wide (Phillips and Corces 2009).

GJB2 promoter-chromatin interactions

We mapped the interaction profile of the GJB2 promoter
within the 1025-kb domain with 5C-seq in five HNEC
samples (1-5) isolated from different healthy individuals
(Fig. 2a,c). Whereas we collected several samples to avoid
variation, variability is not unexpected in these kinds of data,
particularly when comparing biological replicates where
differences may be due from genetic variations among the
donors, the overall transcription state of the cell populations,
and the cell cycle distribution of the samples (Rousseau et al.
2014a). Notwithstanding these variabilities, we detect sev-
eral chromatin contact peaks and particularly 4 regions that
interact strongly with the GJB2 promoter (highlighted in red
boxes); one located downstream of the GJB2 gene (Fig. 2c,
“A”) and three upstream (Fig. 2¢c, “B-D”). Interestingly,
these long-range contacts with the GJ/B2 promoter corre-
spond to DFNBI chromatin regions inside several of the six
large deletions associated with NSHL (Stenson et al. 2017)
(Fig. 2b, c). The GJB2 promoter chromatin contact peak “A”
localizes in del-920 kb (Feldmann et al. 2009) and (GJB2-
D13S175) (Bliznetz et al. 2017). Interaction regions “B” and
“C” are not present in the del-101 kb but correlate with the
other five deletions and more specifically partially encom-
pass the 95.4-kb shared deleted region (highlighted in yellow
in Fig. 2b, c). The farthest but nonetheless strongly interact-
ing GJB2 promoter contact, positioned about —320 kb of
the transcriptional start site of GJB2 overlaps four of the
six deletions: del-920 kb, del(GJB6-D13S1830) (Lerer et al.
2001; del Castillo et al. 2002; Pallares-Ruiz et al. 2002),
del-179 kb (Tayoun et al. 2016) and del-131 kb (Wilch et al.
2010).

Accordingly, some of these GJB2 promoter chromatin
contacts present in large deletions of the DFNBI locus may
correspond to DNA elements important for GJB2 regulation.

Several distant DNA elements interacting with GJB2
show cis-acting regulatory activities

To evaluate whether any of the GJB2 identified looping
regions act as functional cis-regulatory elements, we con-
ducted enhancer activity tests in a reporter assay. Region C
is not a unique 5C HindlIII fragment with a single peak of
interaction with the GJB2 promoter fragment but a quite
large DNA region enriched in chromatin contacts. To narrow
down our analyses, we choose to focus on four candidate
regions depending on their overlap with the higher DHS
peaks from SAEC data (Fig. 3a, “C1-C4”). Similarly, the 5C
HindIl fragment region D which gives the strongest interac-
tion is too long to be cloned (5356 bp). As this region does
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Fig.2 GJB2 promoter—chro- a
matin interactions. a Sche-
matic linear representation of 2112 d (SR
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Fig.3 GJB2 cis-acting regulatory elements. a Subsections of the
region C into four candidate regions depending on their overlap with
the higher DHS peaks from SAEC data. b Subsections of the 5C Hin-
dIII fragment D, which we originally found to interact with the GJ/B2
promoter fragment, into eight candidate regions depending on their
overlapping with several transcription factor or chromatin remodeler
binding sites with Factorbook motifs identified by ChIP-seq in 91 dif-

not encompass significant DHS sites, we decided to first
study three candidate regions depending on their overlap
with several transcription factor or chromatin remodeler
binding sites with Factorbook motifs identified by ChIP-
seq in 91 different cell lines (Fig. 3b, “D6, D7 and D7°*).

relative luciferase activity

ferent cell lines. ¢, d SAEC cells were transfected with pGL3B lucif-
erase reporter constructs containing the GJB2 basal promoter (Pgp,;
1541 bp) and fragments of interacting DFNB] regions (A-D). Lucif-
erase data are shown relative to the GJB2 basal promoter vector (=1).
Error bars represent SEM (n=9), *P < L1I07¥#%P < 1.107°/#*#P < 1.
1072 using unpaired t-tests

Furthermore, whereas the 5’ segment of this region appears
to be devoid of TF binding sites, it associates with a num-
ber of repeats, so we also examined this part of region D
(Fig. 3b, “D1-D5%).We first prepared a ‘Pg;p,’ construct
by subcloning a 1541-bp GJB2 promoter fragment into the
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pGL3-Basic vector upstream of a modified firefly luciferase
coding region optimized for analyzing transcriptional activ-
ity in eukaryotic cells. Fourteen candidate regions were
then PCR amplified and inserted into P, (Supplementary
Table S2). These different constructs were individually co-
transfected into SAEC cells with a beta-galactosidase plas-
mid as a control for transfection efficiency. Firefly luciferase
expression was measured after 48 h and was normalized
against the P, construct alone, which was set to 1.

These tests reveal that our candidate regions act in differ-
ent ways on GJB2 promoter activity. Fragments encompass-
ing regions B, C1, C2 significantly enhance GJB2 expres-
sion with a modest effect of about two- to threefold increase
of promoter activity, and fragment C3 has a strong gain of
almost 27-fold (Fig. 3c). In contrast, three fragments of
region D significantly reduce GJB2 promoter activity, espe-
cially with the strongest effect of region D7’ which decrease
GJB?2 expression twofold (Fig. 3d).

DFNB1 three-dimensional regulation looping model
for GJB2 gene expression

To better understand how these cis-acting elements partici-
pate to GJB2 regulation, we looked for CTCF binding along
DFNBI locus. To address this issue, we performed ChIP
with a CTCF-specific antibody followed by quantitative PCR
analysis with chromatin from SAEC. We examined fifteen
CTCEF binding sites along the DFNBI locus (Fig. 4a). These
ChIP disclose only two sites that do not bind at all to CTCF
factors (CTCEF site 0 at proximity of the GJ/B2 promoter and
CTCFsite at 61 kb of the TSS) but interestingly also present
several specific CTCF sites enrichment. Particularly, these
anti-CTCF ChIP show a~ 3.5-fold enrichment of the 237 kb
site, ~3-fold enrichment of the 34, 15 kb and — 298 kb sites.
The — 727 kb upstream of the GJB2 TSS site gave the most
recruitment of CTCF with a ~ 5-fold enrichment (Fig. 4b).
Interestingly, sites at 15 kb and —298 kb of the GJ/B2 TSS
coincide with chromatin regions “A” and “D” which strongly
interact with the GJB2 promoter (Fig. 2c) and are located at
boundaries of the sub-TAD which encompasses the G/B2
and GJB6 genes (Fig. 1b: dotted triangle). Sites at 237 kb
and — 727 kb of the GJB2 TSS correspond to functional

a ZMYM2 i IFT88 IL17D
GJA3 GJB2 GJB6 CRYL1 N6AMT2 XPO4
I T Il | |
50 ‘
H CTCF
pks
1_l .Il by PTPRPTRINU TS N PRI V0 11 NP 79F Y POPHRT NS WP T CRNPAY FE P A.HJ VTR S NUNAI TRV IFTPPRIRI FPIR 0 L St et
20 600 000 20 800 000 21000 000 21200 000 21400 000
b genomic position chr13 (hg19)
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o
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o
o
o
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[
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=
.
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©
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~ el o b
25 8z 3@ 2 5 3

Fig.4 Analysis of CTCF binding. a Alignment of CTCF bind-
ing sites from SAEC over the schematic linear representation of the
region DFNBI. CTCF binding sites analyzed by ChIP-qPCR are
indicated with purple lines. b Binding of CTCF at the DFNBI locus.
Real-time PCR analysis of SAEC chromatin immunoprecipitated.
Each value shown is relative to CTCF-specific enrichment measured
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with input and isotype-matched IgG-negative control. Error bars
shown are S.E.M. qPCRs were performed in triplicate and immuno-
precipitations were repeated at least two times and even three times
at sites at 237 kb, 34 kb, 15 kb, —292 kb, —298 kb, —515 kb and
—727 kb from the GJB2 promoter
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CTCEF binding sites present on both sides of the large TAD
spreading from before the ZMYM?2 until after the XPO4 gene
(Fig. 1b: black triangle).

All of these data provide a DFNB] three-dimensional reg-
ulation model for the GJB2 gene expression. Indeed, recruit-
ment of CTCF binding factors allows bringing of cis-acting
elements to the GJB2 promoter through chromatin looping.
Enhancers from region C at more than 200 kb upstream from
the GJB2 TSS are certainly brought at proximity of GJ/B2
promoter to activate it, thanks to a loop mediated by recruit-
ment of CTCF factors on the sites at 15 kb and —298 kb of
the GJB2 TSS. By contrast, these CTCF bindings strongly
suggest the formation of a loop which acts as a barrier
insulator element that avoids a repressor effect of region D
located near —310 kb of the GJ/B2 TSS.

Discussion

Hearing impairment is a major trouble in our society and is
at the heart of public health policies with nearly 10% of the
general population affected. However, this invisible handicap
remains poorly understood and overlooked. With about 50%
of inherited forms, deciphering the precise regulatory char-
acteristics of the human genome is a significant challenge to
explain patient’s case. We decided to focus our research on
the GJB2 gene, the gene most frequently mutated in heredi-
tary hearing loss. While several studies suggest the pres-
ence of cis-regulatory elements of GJB2, to date, none of
them have yet been characterized (Wilch et al. 2010). Thus,
here we studied the spatial chromatin organization of a large
DFNBI sequence over 1 Mb encompassing the GJ/B2 gene
with the chromosome conformation chromatin carbon copy
(5C) technique to identify potential regulatory elements.
This method was already successfully used to identify CFTR
and PKD?2 cis-acting elements (Moisan et al. 2016, 2018).
Our three-dimensional DFNBI chromatin analyses reveal
that several regions are at physical proximity of the GJB2
promoter and especially four regions are engaged in strong
interactions. Interestingly, these G/B2 DNA contacts overlap
with one or more of the six large deletions of the DFNBI
locus suspected to contain regulatory elements (Wilch et al.
2010). From these interacting regions, nine fragments were
tested for enhancer activity in reporter assays. In this way,
our study enables characterization of several GJB2 cis-acting
elements. Four enhancer regions significantly increase GJB2
expression, three located at — 162 kb, — 190 kb, —208 kb of
the transcriptional start site (TSS) act modestly with a two-
to threefold effect and another at —222 kb has a stronger
27-fold effect. These enhancers are localized in the 95.4-kb
commonly deleted region. The regulatory element located
at —309 kb of the TSS is not in the common DFNB/ deleted
region, and conversely has a repressor effect of a twofold

decrease of GJB2 activity. Finally, we studied binding of
CTCEF along the DFNBI locus by ChIP-qPCR. We identify
several strong CTCF recruitments and describe four pref-
erential sites. One is located just downstream of the GJ/B2
gene at 15 kb, another upstream at —298 kb and these two
sites coincide with boundaries of a sub-TAD encompassing
GJB2 gene. A third binds at 237 kb and a last far away at
—727 kb of the G/B2 TSS and occur, respectively, in the
start and the end of the large TAD spreading from before
the ZMYM?2 until after the XPO4 gene of the DFNBI locus.

In conclusion, with these data, we identified a novel set of
cooperating cis-acting elements that are associated with the
regulation of GJB2 expression and suggest a DFNB]I three-
dimensional looping model. CTCF-CTCEF insulator bindings
around the GJB2 gene may organize the higher order struc-
ture of the chromatin and establish transcriptional active
domains (Kim et al. 2007; Giles et al. 2010). A loop chro-
matin forming, which corresponds to the GJB2 sub-TAD,
not only would allow enhancers to be brought closer to the
GJB2 promoter, but also could avoid GJB2 silencing with a
possible enhancer-blocking insulator activity (Gaszner and
Felsenfeld 2006; Chetverina et al. 2014). Thus, and because
there is no available cell of the inner ear recoverable, these
data from the most relevant cellular models provide, for the
first time, valuable information on the basic insights of the
regulation of GJB2 gene.

Although most genetic disorders are caused by disease-
causing variants within the coding region or splice site
sequences of genes, it is now well established that patho-
genic variants can be found within the 98% of non-coding
DNA of the human genome (Boyle et al. 2012; Spielmann
and Mundlos 2013, 2016). More precisely, distant cis-acting
regulatory variants like variations in enhancer or insulator
sequences can influence the 3D-genomic organization which
modify the chromatin accessibility, and therefore alter gene
expression (Epstein 2009; Kleinjan and Coutinho 2009;
Crutchley et al. 2010).

Currently, the EMQN DFNBI1 guidelines (Hoefsloot
et al. 2013) recommend a genomic DFNB] testing based on
sequencing of the GJB2 gene and research of the two com-
mon deletions (GJB6-D13S1830 and GJB6-D13S1854).
However, this diagnostic achieves highest detection rates
in autosomal-recessive NSHL, with about 20% of the cases
related to DFNBI with several of them being only monoal-
lelic with an inconclusive genotype. Even if the main mutation
(i.e., ¢.35delG) in the Caucasian population has a high carrier
frequency of around 2% within the overall population, there is
an excess among patients which suggests the involvement of
an additional unidentified causal variant (Wilcox et al. 2000;
Roux et al. 2004; Pollak et al. 2008; Lecleére et al. 2017). This
finding suggests that cis-acting regulatory elements for G/B2
may exist at distance and will be removed within the large
deletions. Single-nucleotide variants or structural variations at
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distance could constitute the ‘missing” mutation (Wilch et al.
2010). Variation within regulatory elements can account for
quantitative different expression of alleles and may be partially
responsible for some phenotypic variations (Azaiez et al. 2004;
Marlin et al. 2005; Snoeckx et al. 2005; Hilgert et al. 2009)
and could be explain possible presbycusis predisposition (Rod-
riguez-Paris et al. 2008; Wu et al. 2014; Fetoni et al. 2018).
Future studies will be aimed to more precisely describe
these effects with CRISPR analyses, understanding the pre-
cise mechanisms by which GJB2 expression is regulated by
the characterization of cell-type-specific trans-acting factors
and identifying variants in the GJB2 cis-regulatory elements
that we have described. Private variants could be identified
or structural variants might also be implicated (Sanchis-Juan
et al. 2018). Unprecedented, DFNB1 hearing loss may be asso-
ciated with a cis-ruption disorder with the dysfunction of a
cis-regulatory element (Kleinjan and Coutinho 2009).
Furthermore, characterization of GJB2 cis-acting elements
will not only provide basic insights into the understanding of
long-range regulation mechanisms of this gene, but also may
be important for genetic diagnosis, refining genotype—pheno-
type correlations and thus to improve genetic counseling and
therapy development and treatment of patients with NSHL.
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