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Abstract

Here we define a ~200 Kb genomic duplication in 2p14 as the genetic signature that segregates with postlingual progressive
sensorineural autosomal dominant hearing loss (HL) in 20 affected individuals from the DFNA58 family, first reported in
2009. The duplication includes two entire genes, PLEK and CNRIP1, and the first exon of PPP3R1 (protein coding), in addition
to four uncharacterized long non-coding (Inc) RNA genes and part of a novel protein-coding gene. Quantitative analysis of
mRNA expression in blood samples revealed selective overexpression of CNRIP1 and of two IncRNA genes (LOC107985892
and LOC102724389) in all affected members tested, but not in unaffected ones. Qualitative analysis of mRNA expression
identified also fusion transcripts involving parts of PPP3R1, CNRIP1 and an intergenic region between PLEK and CNRIP1, in
the blood of all carriers of the duplication, but were heterogeneous in nature. By in situ hybridization and
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immunofluorescence, we showed that Cnrip1, Plek and Ppp3r1 genes are all expressed in the adult mouse cochlea including
the spiral ganglion neurons, suggesting changes in expression levels of these genes in the hearing organ could underlie the
DFNASS form of deafness. Our study highlights the value of studying rare genomic events leading to HL, such as copy
number variations. Further studies will be required to determine which of these genes, either coding proteins or non-coding

RNAs, is or are responsible for DFNA58 HL.

Introduction

Hearing loss (HL) is the most common sensory defect in humans
and can occur at any age, from congenital to age-related HL,
also known as presbycusis (1). HL prevalence grows with age:
the HL onset is congenital in 2% of overall cases, and prevalence
increases between ages 6 and 19 years to 11-12%, and during
adulthood (between 20 and 59 years) to 20-32% of the population,
constituting the largest affected group (2). The origin of HL
may be majorly attributed to a deregulation of homeostatic or
apoptotic pathways, in addition to several genetic and environ-
mental risk factors that may affect its onset and progression
(3,4). Sensorineural presbycusis is usually associated with age-
dependent loss of hair cells and/or their afferent neurons, which
detect the sound and transmit the information centrally, respec-
tively (3). Monogenic forms of postlingual progressive HL are
likely to share molecular pathways as well as pathophysiological
mechanisms with presbycusis (5-7).

Despite the high prevalence of HL, our understanding of its
molecular etiology is limited, as is the prospect of develop-
ing therapies based on this knowledge (8). Non-syndromic HL
accounts for 70% of all cases (9). Hereditary non-syndromic HL is
genetically heterogeneous and may show autosomal recessive,
autosomal dominant, X-linked or mitochondrial inheritance (10).
Genetic mapping of deafness-related genes in large human fam-
ilies and mouse models have led to the discovery of 120 genes
associated with hereditary non-syndromic HL (11-13). During
the last two decades, gene identification has not followed as
fast as locus mapping, but it has speeded up recently, owing
to the improvement and cost-efficiency of targeted genomic
enrichment and massively parallel sequencing (14). Challenges
remain not only in identifying candidate variants, but also in
finding many affected individuals with variants in the same
gene, either from a single large family or from different small
ones, and in performing proper functional studies that give sup-
port to the pathogenic nature of those variants. In addition, given
that the causal gene of at least 44 mapped loci have not been
characterized (11), and also given that computational predictions
estimate that only half of the human deafness genes are already
known (15), it is evident that more crucial genes for auditory
function are to be revealed.

Recent reports using targeted-sequencing found that copy
number variations (CNVs) are frequent causes of HL (16-18).
Many genome wide sequencing studies searching for genetic
causes of deafness focus the analysis on variants of one or few
nucleotides (SNVs and InDels), neglecting CNVs (19-21). A signif-
icant number of genes, thus, may escape identification if there
is no assessment of their copy number. The proteins encoded
by deafness-related genes participate in a variety of molecu-
lar/cellular pathways and structures, crucial for the develop-
ment and/or maintenance of hearing. Some are unique to the
cochlea, such as motor activity and cell adhesion in stereocilia,
ionic homeostasis, tight junction formation, synaptic transmis-
sion or apoptotic pathways (10,3). Better understanding of these
mechanisms paves the way for the development of innovative
therapeutic strategies.

In this study, we characterized the genetic cause of the late
onset sensorineural autosomal dominant form of HL DFNA58
(22) (OMIM 615654), showing that a rare genomic duplication of
200 Kb in 2p14 segregates with postlingual progressive HL in 20
hearing impaired family members. The duplication comprises
three protein coding genes CNRIP1, PLEK and PPP3R1 and a novel
protein-coding gene in addition to four uncharacterized IncRNA
genes. We report also the selective overexpression of CNRIP1,
and two IncRNA genes, LOC102724389 and LOC107985892, as well
as heterogeneous fusion transcripts involving parts of PPP3RI,
CNRIP1 and an intergenic region between PLEK and CNRIPI1,
in blood of carriers of the duplication. In addition, we found
that the three protein-coding genes are expressed in adult
murine cochlea. Together, our data suggests that all protein-
coding genes, at least two of the IncRNA genes and the fusion
transcripts, could be related to the origin of HL.

Results

The primary functional impairment in patients with
DFNASS8 associated HL is of cochlear origin

Twenty-three family members affected by sensorineural postlin-
gual HL were clinically investigated (Fig.1, Supplementary
Table S1). None of the hearing-impaired family members
showed clinical signs of optic or neurological issues. Among
the 23 affected subjects (3 phenocopies, with distinct clinical
presentation of the HL), 20 had bilateral and progressive
sensorineural HL, with ages of onset varying between childhood
to 33 years (mean of 18.6 years, Fig. 2A). Tinnitus was reported by
near 80% of these 20 family members (Supplementary Table S1).
About half of the patients reported to have occasionally mild
dizziness and imbalance, probably vestibular symptoms, but
these usually were related to episodes of severe tinnitus or
migraine. Vectoeletronystagmography, an exam to evaluate
vestibular function by means of involuntary eye movements
(nystagmus), yielded diagnosis of irritative peripheral vestibular
syndrome in one affected family member (VI:2), even without
complaints of vestibular symptoms.

Progression of the HL was assessed by the comparison
of the 25 audiometric profiles of 17 subjects with DFNAS58
HL divided in four different groups, according to their age at
examination (Fig. 2B). Regarding four of these 17 subjects,
audiograms obtained in different ages were available. Positive
correlation between average audiometric thresholds (0.5,1,2 and
4 Hz) and age at examination was obtained using linear regres-
sion (Fig. 2C). ABR (auditory brainstem responses) records were
obtained from 11 subjects with DFNA58 HL: eight showed normal
results with no signs of retro-cochlear dysfunction (disorder
occurring at the central or neural nerve), two had abnormal ABR
recordings with poor morphology and only one showed absent
responses. There was a positive correlation between average
audiometric thresholds and ABR recording results (r> =0.4102,
P =0.0338). Accordingly, normal ABR responses were observed
in subjects with mild to moderate HL, abnormal responses in
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Figure 1. Pedigree showing the segregation of the DFNA58 duplication (— =non-duplicated; D = duplicated) and flanking microsatellite markers haplotype. Expression
data from CNRIP1, LOC102724389 and LOC107985892 (mRNA) are also shown in the box below the haplotypes of each subject: +++ means RNA overexpression in

RT-gPCR; —— means RNA normal expression in RT-qPCR.

moderate/severe HL, and absent ABR responses were observed in
the subject with profound HL, who had the earliest referred age
of onset during childhood (Supplementary Table S1). Distortion
product otoacoustic emissions were absent in all affected
subjects, except V:27, who had just started to report mild HL
by age 33. On average, DFNA58 patients demonstrated relatively
good speech recognition (>50%) suggesting that DFNA58 HL
is not related to the auditory neuropathy spectrum. Overall,
clinical data indicated that the primary functional impairment
underlying the DFNA58 HL resides in the cochlea.

Three subjects exhibited different clinical presentations of
their HL and were considered preliminarily as phenocopies:
IV:12 had occupational noise induced HL at age 45, IV:21 expe-
rienced unilateral sudden HL after severe dizziness and IV:24
had mild HL starting after age 50, much older than the oldest
reported age of onset (33 years old) from the subjects with
bilateral postlingual progressive HL (Supplementary Table S1).
Twenty-four unaffected family members were also included in
the molecular study. Among them, one was a consanguineous
spouse, three were unrelated spouses, and four who were below
the highest age of onset of DFNA58 related HL.

A rare 200 kb duplication segregates
with the DFNA58 HL

Since the initial DFNA58 locus mapping, we refined the can-
didate chromosomal region, from 30 cM to ~3 cM (between
markers D2S52368 and D2S443, GRCh38/hg38: chr2: 66986473-
70661 255; GRCh37/hg19: chr2: 67213605-70 788 387), by means of
the analysis of recombinant microsatellite markers haplotypes
of three subjects (Fig. 1, V:14, V:20 and 1V:24). The individual

V:20 inherited part of the DFNA58 haplotype between markers
D2S391 and D2S337, and we obtained the clinical confirmation
that she was unaffected. One of the phenocopies (IV:24) inherited
the DFNA58 haplotype between markers D2S391 and D252368.
Combining these recombinant haplotypes, the telomeric border
of the candidate region was defined by marker D252368. In addi-
tion, the affected subject V:25 inherited the DFNA58 haplotype
between markers D2S337 and D2S1779, defining D25443 marker
as the centromeric border of the candidate chromosomal region.
The maximum multipoint LOD score (2p12-p21, Markers D25391,
D2S337, D252368, D251779, D25443 and D2S2114, Fig. 1), recal-
culated with the additional affected and unaffected subjects,
reached a highly significant value of 10.2 in the position of
marker D2S1779 and in the candidate region between D251779
and marker D2S2368 (Fig. 3A).

To identify the genetic alteration associated with HL in
the family, we performed next generation exome sequencing
analyses in a sample from one affected subject. A total of 8.04
Gbp was sequenced with an average sampling depth of 114X
after BWA alignment, 98.3% of all exome bases were sampled
by 10 sequences or more. In total, 74566 SNVs and InDels were
genotyped with 69303 (92%) of them being PASS variants. A total
of 44 632 PASS variants (64%) were heterozygous and 24671 (36%)
were in homozygous state. In total, 60663 PASS variants (87%)
were SNVs and 8640 (13%) were InDels; 815 variants were in the
candidate region (2p21-p12, that is, for b37, from chr2:41800000
until 2:83300000) with 629 of them in heterozygous state.
Twenty-nine heterozygous variants inside the candidate
region had zero frequency in the Broad gnomAD database
(http://gnomad.broadinstitute.org/) (23) as well as zero fre-
quency in 1000 genomes (http://www.internationalgenome.org/)


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa075#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa075#supplementary-data
http://gnomad.broadinstitute.org/
http://www.internationalgenome.org/

>
(os)

Human Molecular Genetics, 2020, Vol. 29, No. 9 | 1523

10 18-30y 31-40y
(average both ears) (average both ears)
9 0 i
0 8| 10)
b1 20 >
'_%' | 30) 2 :: - T
S e . N
o 40 > % i
s 50 50 SR AT S S I /
P o 60 0 N 4
o0
S 19 = || 57 o
£ 80)
5 2 80)
c 90 <
o 11“ <5 110
Q ) o o S o 1
ARG m\:\, 3 '5"?’ 0.25 05 1 2 3 4 8 as . 5 2 3 4 ¢
v Khz Khz
Referred Age of Onset & Vi7-16y[ - Vi22ty[+ vie2sy[ - 626y [H vi242sy [ vzsazy[+ var-asy[ = Viiasy[ Vi2-ary[-e IV:e-40y|
C B V:26-29y|-@ V:25-29y ‘_e_ V9»38y‘
12=0.4261, p=0.0045 41-50y 51-63y
(average both ears) (average both ears)
0 0
T 90 = 10
z - 30 0
80| 40| 40
oQ 50 50 S
T 70 hos o
o 2 R 7l
2 60 a9 ) 4 | EEE >
= 80| 0
50
@ 90|
£ 40 % =t -
< 100 920
" 30 110) =3 i i
) 0 5
D 5 . 120 120
g 20 i 1
g i 025 05 1 2 3 4 6 8 028, 93 1 2 3
< Khz vV:4-51 1V:9 - 51y| -© }ﬁ/hTZE 51 1V:19- 53, 1V:9-63)
S Y © & & < Voazy[e Vi242y[ B V.7-43a] W IV:646y| e V.7-48y — vasiy] e v:9- 51 siy[— V= Loy,
i . — - = IV:6-63y
Age at last audiometric test (years) [= Wzdor|

Figure 2. (A) Age distribution of onset of 17 patients with the DFNA58 HL. (B) 25 audiometric profiles of 17 affected patients divided in in four different age at exam
groups. Subject IV:2 had a cholesteatoma in her right ear, in addition to the bilateral postlingual progressive sensorineural HL, thus explaining why her HL is not
symmetrical, being profound in the right ear and moderate in the left ear. (C) Distribution of average thresholds of six affected individuals according to their age at
examination showing fit to a linear regression, only when excluding the subject IV:6 with childhood onset.

(24). None of the variants were in genes with OMIM known
phenotype, and none of them were in coding regions. A total of
65 CNVs were detected by the ExomeDepth software (25) with 45
of them considered as PASS events (score of 10 or larger). In the
refined candidate chromosomal region (2p14-p13.3), only one
duplication was detected (chr2:68479213-68623062; GRCh37,
Fig. 3B) with score 43.5 (R ExomeDepth Bayes factor—the log10 of
the likelihood ratio of data for the CNV call divided by the normal
copy number). No other similar event (in size and location)
was found in DGV, Decipher or EXAC CNV databases (26-28).
In the Decipher databases (https://decipher.sanger.ac.uk/) (27),
duplication events involving completely this region were much
larger and were detected in three patients with developmental
disorders, with no report of hearing deficits.

The duplication includes two entire protein-coding genes
(PLEK and CNRIP1) and, partially, a third protein-coding gene, the
PPP3R1 gene (Figs 3 and 4D). In addition, other less characterized
genes map inside the duplication segment: part (exons 1
and 2) of an uncharacterized gene encoding a novel protein
(AC017083.3) and four predicted, not characterized, IncRNA (long
non-coding RNA) genes: AC017083.1, LOC107985892 (mRNAs
XR_001739527.1 and XR_001739526.1 that differ from three bases
in the beginning of exon 2), L0C102724389 (mRNA XR_940224.3)
and LOC101927723/AC015969.1-201 (mRNA XR_245020.3).

The novel protein coding AC017083.3 gene shares exons with
PPP3R1 and WDR92, such as its exons 3-7 overlap extensively
with PPP3R1’s exons 2-6 and its exons 8-15 overlap extensively
with WDR92’s exons 1-8 (UCSC Genome Browser—https://geno
me.ucsc.edu/) (Fig. 3B). The AC017083.3 exon 2 (150 bp) is fully

inside the single exon (979 bp) of the IncRNA AC017083.1 gene,
but they are transcribed in opposite directions.

LOC102724389 is an intergenic IncRNA gene distant ~13 Kb
from CNRIP1 and ~19 Kb from PLEK (29,30). LOC107985892 may
be considered antisense overlapping to both CNRIP1 and PLEK,
since its exon 1 is located in PPP3R1 intron 1 and exon 2 located
in CNRIP1 intron 2, and is transcribed in opposite direction to
both PPP3R1 and CNRIP1 (29,30). Part of the exonic sequence of
the IncRNA AC017083.1 gene overlaps with the exonic sequence
of the novel protein-coding AC017083.3 gene, but transcribed
in opposite direction, it might be classified as an antisense
overlapping IncRNA (29,30). LOC101927723 may be an antisense
overlapping IncRNA to PLEK gene since its first exon is com-
pletely contained inside PLEK intron 1 and its second exon has
no overlaps with protein-coding genes (29,30).

Array comparative genome hybridization (CGH) 180 K Agilent
oligo-platform confirmed the presence of the duplication in
two affected subjects (duplicated segment chr2: 68476931-
68658774; GRCh37). A customized MLPA panel of 10 probes
(seven inside and three outside the duplication) demonstrated
co-segregation of this duplication with DFNA58 HL in the
20 affected subjects (Figs1 and 3B), but none of the three
suspected phenocopy cases, none of the 21 unaffected family
members inherited the duplication (four of them below the
average age of onset) or the three unrelated spouses. This
pattern of segregation also yields a highly significant two-
point LOD score value of 10.7, indicating linkage between the
DFNAS8 HL and this duplication (Fig. 1).This value of LOD score
was similar to the one obtained with multipoint LOD score
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calculations with microsatellite markers in the 2p14-p21 region
(Fig. 3A). Curiously, the peak multipoint microsatellite LOD score
maps between markers D2S2368 (~67.2 Mb, GRCh37/hg19) and
D2S1779 (~68.3 Mb, GRCh37/hg19) instead of between D2S1779
and D2S443 (~70.8 Mb), where the PPP3R1, PLEK and CNRIP1
are located (Fig. 3A). Screening of CNVs involving these three
genes through the customized MLPA, in a collection of samples
of 100 probands from familial cases with autosomal dominant
sensorineural HL produced negative results.

DFNAS58 duplication breakpoints map within or nearby
repetitive elements

Ilumina BeadChip 850 K® SNP-array analyses and 15 qPCR
assays allowed refinement of the duplication’s breakpoints
(Fig. 3B), the first being located in the intron 1 of the PPP3R1 gene
within a ~0.5 Kb region (chr2:68474704-68 475 209: GRCh37; chr2:
68247572-68 248 077:GRCh38) and the second residing between
PLEK and FBX048 genes, within a ~2.7 Kb region (chr2: 68676657-
68679298:CRCh37; chr2:68 449 525-68 452 166:GRCh38). Exon 1 of
PPP3R1 is a coding exon in two of the three isoforms, but in
isoform 1 it harbors only the ATG start codon. The duplication
extension, as estimated combining all techniques, is between
201.4-204.6 Kb [NC_000002.12:g.(68 247 572_68 248 077)_(63449 -
525_68452166)dup]. There are many repetitive elements (SINEs,
LINEs, DNA repeats, simple repeats and low complexity repeats)

within both breakpoint regions, which most likely mediated a
non-homologous recombination event (Fig. 3B). The repetitive
nature of the region makes it very difficult to define precisely
the breakpoints.

CNRIP1,L0C107985892 and LOC102724389 mRNA
are highly overexpressed in the blood of duplication
carriers

To test if one or more of the duplicated protein-coding genes and
long non-coding RNA genes would have their expression levels
changed in the duplication carriers, we performed quantitative
RT-PCR from their blood (Fig. 4).

Expression of the RNA of each of the three protein-coding
genes had been previously detected in cells present in the
blood (http://biogps.org/) (31). Indeed, we were able to detect
their presence in non-carrier family members (Fig.4A and
Supplementary Figure S1). However, in all 14 hearing impaired
carriers tested we found a selective mRNA upregulation only for
CNRIP1 (mean of all carriers=~27.7X; LOD Score=6.3; Fig. 4A)
not detected in 14 non-carriers, eight unaffected members of
the family and six unrelated controls.

Human CNRIP1 encodes two isoforms, which share exons 1
and 2, but have a different exon 3. Human CNRIP1 isoform 1
(Cripla) is conserved among mammals and fish, but the pres-
ence of CRIP1b is limited to primates (32). Six different primer
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Figure 4. (A-C) RT-qPCR results showing mRNA blood levels in duplication carriers (mean of at least 10 subjects, indicated in black) and non-carriers (mean of at least
eight subjects, indicated in white) of genes involved in the duplication or close to its probable insertion position: (A) Genes involved in the duplication: PPP3R1 (exon
1), CNRIP1 (all transcripts), PLEK (protein coding transcript and retained intron transcript) and PPP3R1(overall expression of all transcripts). (B) mRNA levels of PNO1 and
WDR92, two neighbor genes of the possible duplication insertion position. (C) mRNA levels of uncharacterized IncRNA genes contained inside the duplication segment:
LOC101927723, AC017083.1, LOC102724389 and LOC107985892. Graphs showing genes that are mildly overexpressed (1.2-1.8X) were indicated by a single line border:
PLEK (protein coding transcript), PPP3R1 (exon 1 of all three transcripts) and AC017083.1 (IncRNA gene). Graphs showing genes that were highly overexpressed (4-27X)
comparing the means of carriers X non-carriers were indicated by double line border: CNRIP1, LOC102724389 and LOC107985892. (D) Possible insertion positions of the
duplicated segment (?). The size of the duplicated segment is indicated by double line border. Depending on the insertion position, the new gene AC017083.3 may or
may not be interrupted. Examples of the low-abundant fusion CNRIP1-PPP3R1 transcripts found in the duplication carriers are shown below.
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pairs, spanning all exons of both human isoforms were tested
for the CNRIP1 cDNA quantitative PCR (Supplementary Table S2;
results from the first pair that detects all transcripts are shown
in Fig. 4C and Supplementary Figure S1) and all six primer pairs
indicated significant overexpression of CNRIP1. Small but signifi-
cant overexpression of the protein coding transcript of PLEK (but
not the retained intron transcript, Ensembl ENSG00000115956),
as well as of exon 1 of PPP3R1, in all three protein-coding tran-
scripts, was revealed, comparing the average expression of car-
riers and non-carriers, but not all affected individuals showed
overexpression (Fig. 4A and Supplementary Figure S1). No signif-
icant difference in PPP3R1 overall expression (primers annealing
to exons 2 and 3) was observed among the carriers and non-
carriers averages (Fig. 4A, and Supplementary Figure S1).

Additionally, mRNA expression patterns of the four other
uncharacterized IncRNA genes (LOC107985892, LOC102724389,
AC017083.1 and LOC101927723) and two protein coding genes
located close to the most likely duplication insertion region
(WDR92 and PNO1) were assessed in blood (Fig. 4B and C). For
two of the IncRNA genes, LOC107985892 and LOC102724389, sig-
nificant overexpression was observed, 4.51X and 16.93X, respec-
tively, in the duplication carriers, but not in the non-carriers. As
observed for CNRIP1, the upregulation was detected for the mean
(mRNA levels) of all carriers, for both genes, (Fig. 4C) as well as
for mRNA level of each carrier (Supplementary Figure S1). The
IncRNA AC017083.1 also showed significant overexpression of
the mean of mRNA levels of carriers, but not in non-carriers, but
in lower levels (1.42X) when compared to the other two IncRNA
genes described above (Fig.4C). However, this upregulation
was not observed for every carrier (Supplementary Figure S1).
Expression of LOC101927723 did not differ among carriers and
non-carriers (Fig. 4C, and Supplementary Figure S1).

We were unable to amplify AC017083.3 mRNA from blood.
Even though it is classified as a novel protein gene (ENSG000002-
73398), the transcript biotype is ‘Nonsense mediated decay’ in
Ensembl ENST00000406334.3, which means this transcript might
be detected as having nonsense codons and degraded in order to
prevent translation of truncated or erroneous proteins.

Since a fusion transcript between the PPP3R1 and CNRIP1
genes, identified by RNA-seq technique, has been described
both in lung adenocarcinoma tissue and tissue not involved in
the cancer (33), we sought to test if we could detect selective
fusion transcripts between PPP3R1 and CNRIP1 in the duplication
carriers, not presented by the non-carriers. Indeed, low abun-
dance transcripts involving fusion of sequences from PPP3R1 and
CNRIP1 were amplified in all duplication carriers through RT-
PCR, using a forward primer on PPP3R1 exons 1 or 2 and a reverse
primer on CNRIP1 exon 2. These transcripts were not amplified
from the cDNA of non-carriers. Sanger sequencing revealed that
these transcripts were not identical in all duplication carriers,
and some carriers amplified two or more different transcripts
with different exon composition (Fig. 4D). Regardless of the size
or composition of these fusion transcripts, they include parts of
the exonic sequences of CNRIP1 and PPP3R1. Besides, in most
cases, CNRIP1 and PPP3R1 sequences were interspersed by an
intergenic sequence at ~1.6 Kb from 5’of CNRIP1 and ~44.4 Kb
from 3’ of PLEK (Fig. 4D). The formation of these fusion gene tran-
scripts and the orientation of the primers used for their ampli-
fication allowed us to conclude that the most likely position of
the duplication is at 3" downstream of the wild type location of
the PPP3R1 gene. Accordingly, the duplication is not inserted in
either of the breakpoints defined by its borders, inside PPP3R1
intron 1 or intergenic between PLEK and FBX048 (Fig. 4D). Indeed,
haplotype segregation analysis as well as the multipoint LOD

scores indicated a region closer to D251779 as the most likely
position for the HL causative mutation. Given the most likely
insertion position of the duplication, we also looked for fusion
transcripts regarding PPP3R1 exon 1 and coding sequences of
WDR92 and PNO1. No fusion transcript, present in carriers and
absent in non-carriers, was detected. It is possible that the
duplication is interrupting the AC017083.3 gene, if its insertion
position is located anywhere between PPP3R1 and WDR92, but
we were unable to test this hypothesis because we were not able
to detect the AC017083.3 transcript in blood.

Cnrlpl, Ppp3rl and Plek are expressed
in the mouse cochlea

The auditory phenotype of DFNASS is typical of sensorineural
HL. Because of the high conservation between mouse and
human deafness related genes, we investigated the expression
pattern of the three protein-coding genes involved in the
DFNAS58 duplication in the mouse cochlea, predicting that the
causal gene(s) would be expressed in this organ. Using in situ
hybridization (ISH) on sagittal sections of postnatal day (P) 7
mice, we detected a robust expression of Cnripl mRNA in spiral
ganglion neurons (SGNs, white arrowhead) and a weaker one in
the tympanic borders cells (Fig. 5). Cnripl expression was already
strongin SGNs at P4 (data not shown). Plek mRNA expression was
below ISH detection level in the inner ear at P7 (Fig. 6), while it
was detected in the dorsal root ganglion (data not shown). We
detected Ppp3r1 mRNA in the pillar cells (Fig. 7C, white dotted
lines,) and at a weaker level in the SGN (white arrowhead) at
P7. Notably, no mRNA expression of these genes was detected
in the cochlear hair cells at this age, while Loxhdl was present
(34) (Supplementary Figure S2). In early adulthood (P21-P35) all
three genes (Cnrip1, Ppp3rl and Plek) showed expression in the
organ of Corti and in the spiral ganglion neurons. In addition,
Plek expression was also observed in the spiral limbus fibrocytes
and Ppp3r1 in the spiral ligament fibrocytes (Figs 5-7).

Next, we investigate the protein expression of these genes,
whenever specific commercial antibodies for the mouse
orthologue were available: By early adulthood (P21-P35), CNRIP1
expression was evident within SGN cell bodies and their neurites
extending toward the organ of Corti and those extending toward
the brainstem (Fig. 8A and B), and more weakly in the supporting
cells of the organ of Corti. CNRIP1 immunofluorescence
appeared relatively stronger in a subset of SGNs located around
the edge of the ganglion, and subsequent co-labeling with an
anti-peripherin antibody confirmed their identity as type I SGNs
(Fig. 8B) afferent neurons that innervate outer hair cells (35). By
early adulthood, the PLEK antibody strongly labeled fibrocytes
lining the perilymphatic face of the bony spiral limbus, and cells
within stria vascularis and the organ of Corti displayed diffuse
fluorescence (Fig. 9A) (36). The cell bodies of SGNs were also
distinctly immunolabeled (Fig. 9A and B). Regarding the PPP3R1
protein, the best antibody available (ThermoFisher PA5-29939)
was predicted to detect two murine gene products, Pp3rl and
Pp3r2, preventing the investigation.

In summary, the expression of the three candidate protein-
coding genes could be localized to key loci within the cochlea,
as well as within the primary afferent pathway. Thus, all three
genes could potentially play an important role in the inner ear.

Discussion

We obtained detailed clinical data from hearing-impaired
members of the DFNA58 family that suggest that the primary
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Cnrip1

Figure 5. ISH in sagittal sections of P7, P21 and P35 mouse cochlea showing the expression of the candidate gene Cnripl. AS, antisense probe; S, sense probe (negative
control).White scale: 200 pm; Gray scale: 50 pm. White arrowhead: SGN; yellow dotted contour: inner and outer hair cells. The hair-cell specific marker Loxhd1, used as

control, is in Supplementary Figure S2.

Plek

P35

Figure 6. ISH in sagittal sections of P7, P21 and P35 mouse cochlea showing the expression of the candidate gene Plek.AS, antisense probe; S, sense probe (negative
control). White scale: 200 um; Gray scale: 50 pm. White arrowhead: SGN; yellow dotted contour: inner and outer hair cells. The hair-cell specific marker Loxhd1, used

as control, is in Supplementary Figure S2.

functional impairment leading to HL is cochlear in origin.
Relevant vestibular symptoms were not reported by affected
individuals, but irritative peripheral vestibular syndrome
was diagnosed after vectoeletronystagmography exam in one
affected family member (VI:2), with no complaints of vestibular
symptoms.

Through CNV analysis of data from exome sequencing,
MLPA and qPCR, we revealed the genetic alteration responsible
for DFNA58 HL as a~200 kb duplication in 2p14. Linkage and
haplotype analysis, as well as the sequence of low abundant
aberrant fusion transcripts detected, suggest that the duplica-
tion is inserted in the same chromosomal region and orientation,
more likely 3' downstream the last exon of PPP3R1 (Fig. 4D). The
relevance of causative CNVs to non-syndromic HL has been
pointed out in a study of 686 North-American patients, in which
18.7% were explained by pathogenic CNVs (16) and in a study of
100 Brazilian cases with 4% carrying causative CNVs (37). The
duplication in DFNAS58 patients includes two entire known

protein-coding genes, PLEK and CNRIP1, and the first exon of
another known protein-coding gene PPP3R1. Our results are
consistent with bioinformatics prediction of deafness genes
based on inner ear expression levels: using a classifier algorithm
that utilizes the genome-wide transcriptional expression pat-
terns of genes differentially expressed between mouse cochlear
and vestibular sensory epithelia and between developmental
ages, PPP3R1, CNRIP1 and PLEK have been predicted as deafness
genes with probabilities of 1.52, 1.33 and 1.31%, respectively,
probabilities similar to many known deafness genes (SLC22A4-
1.53%, PRPS1-1.41%, DIAPH1-1.18%, HGF-1.02%; DFNA5-0.95%,
DIAPH3-0.89%, NARS2-0.75%) (15).

In all previously described cases of duplications involving
2p14 (published studies or from databases), those with or
without overlap with our small duplication, the patients were
evaluated during childhood, and these descriptions do not
rule out the possibility of progressive HL manifesting during
adolescence or adulthood. Two of the Decipher (27) patients with
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Figure 7. ISH in sagittal sections of P7, P21 and P35 mouse cochlea showing the expression of the candidate gene Ppp3rl. AS, antisense probe; S, sense probe (negative
control). White scale: 200 pm; Gray scale: 50 pm. White arrowhead: SGN; white dotted contour: pillar cells; yellow dotted contour: inner and outer hair cells. The hair-cell

specific marker Loxhd1, used as control, is in Supplementary Figure S2.
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Figure 8. CNRIP1 immunofluorescence in sagittal sections of young adult murine cochleae. (A) Relatively intense CNRIP1 staining (green) of SGNs located at the
periphery of the spiral ganglion at P21. Some nuclei were stained within the spiral ligament and stria vascularis. Actin stained using fluorescently tagged phalloidin
(magenta). (B) At P35, neurons most strongly expressing CNRIP1 double labeled using anti-peripherin (magenta), a specific marker of type II SGNs. Anti-CNRIP1
immunofluorescence also detected in peripheral nerve fibers leaving the ganglion, toward the auditory brainstem. Scale bars =50 pm.

larger duplications that included our duplicated segment were
assessed clinically during the first year of life (Patient 262 515—
duplicated region chr2:55572601-72071295:GRCh38; Patient
286 233—duplicated region chr2:10000-88750930:GRCh38). As
to the third one, who was ascertained at the age of 16, there
was no phenotypic data (Patient 254 864—assessed below of
the maximum age of onset of DFNA58 HL). Besides, patients
with serious development disorders might have hearing deficit
overlooked. Two Decipher subjects had a duplication that
includes only PLEK, among the genes involved in the DFNA58
duplication: patient 285363 (duplicated region chr2:68 328 045-
68431525:GRCh38) who was last clinically assessed before the
age of 1 year, presented hypoplasia of the corpus callosum, and
patient 252471 (duplicated region chr2: 68370141-68802061)
with no phenotype information available except that the
duplication was inherited from normal parents (age of parents
was not reported). In three control samples from DGV (26),
smaller duplication events covered only the PLEK gene. Three
events (in 37125 samples) of the CNRIP1 duplication were

present in EXAC (28) CNV databases, but they were also
part of larger duplications. Although duplications involving
CNRIP1 were listed in ExAC (28), this fact does not exclude
that duplication of this gene may cause teenager-to-young
adult onset HL. In addition, CNV computation in the ExAC
database also has limitations regarding the difficulty of making
accurate CNV calls from read depth data, in particular from
targeted short read sequencing, combined with the rarity of
these events, which add noise to estimates of frequencies (see
http://exac.broadinstitute.org/faq) (26). Some published studies
have reported large duplications involving 2p14. In one study,
the authors hypothesized that CNRIP1 overdose, one of the
47 genes duplicated, could be responsible for the neurological
and mental disorders due to its wide expression in the central
nervous system (38). The segregation of a duplication involving
CNRIP1 in 20 adult patients without significant neurological or
mental disorders argues against this hypothesis. The other few
reports of duplications in 2p did not overlap with ours or did
not indicate their precise physical positions (38-40). In another
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spiral
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Figure 9. PLEK immunofluorescence in sagittal sections of young adult murine cochleae. (A) In the basal turn at P35, PLEK immunofluorescence (green) evident within
SGN cell bodies and fibrocytes on the perilymphatic face of spiral limbus. Actin stained using fluorescently tagged phalloidin (magenta). (B) Detail of the spiral ganglion

in the basal cochlear region. Scale bars=50 pm.

recent investigation, hypercalcaemia was described in a patient
with 2p13.2-p16.1 duplication and the authors proposed it was
associated with PPP3R1 duplication (41).

The gene expression analyses in patients’ blood revealed sig-
nificant overexpression of CNRIP1 and of two of the four unchar-
acterized IncRNA genes inside the duplication, LOC107985892
(mRNAsXR_001739527.1/XR_001739526.1) and LOC102724389
(mRNA XR_940224.3). Besides, fusion PPP3R1-CNRIP1 transcripts
were also detected in all duplication carriers, but their sequence
were not identical among carriers. Thus, it seems unlikely
that they represent the main cause of HL, but a contribution
to the phenotype could not be ruled out (Fig. 4D). Ideally, the
expression patterns of the candidate genes should be tested
in source material with disease-representative expression
patterns, but human cochlear tissue is rarely available for biopsy
in the literature, and was not available in our study. Likewise,
with the emerging and promising strategy of using RNAseq
for disease gene discovery, the main challenge is to have a
disease representative tissue for this type of gene expression
analysis. Since inner ear samples cannot be obtained from
patients, we turned to blood samples. The relevance of blood
as a proxy for studying disease patterns of gene expression can
vary depending on the target tissues and the pathology. For
example, in neuromuscular disorders, blood was not found to
be representative of myotubes expression (42). Nonetheless,
altered expression patterns analysis in blood have already
been successful in pointing out candidate genes linked to the
disease phenotype for rare diseases of varying pathophysiology,
including neurological diseases, where blood was not previously
assumed to be a representative tissue (43-45). Thus, we cannot
exclude the possibility of a different gene expression pattern
in the human cochlea from what was found in blood. However,
whole-gene duplication leading to documented overexpression
associated with HL has been reported before in the case of the
DFNAS1 locus, in which a 270 Kb duplication including the
TJP2 gene, as the sole protein-coding gene, segregated with
autosomal dominant postlingual progressive HL in an Israeli
family (44). The authors observed overexpression of the TJP2
gene in lymphoblastoid cells obtained from duplication carriers’
blood and proposed that the duplication maintains the TJP2 gene
expression elevated as age progresses, which leads to increased
TJP2 and GSK-38 mediated susceptibility to apoptosis of the
inner ear cells (46). Although the observed overexpression of

CNRIP1 and of the two non-coding RNAs in DFNA58 patients’
blood may not represent the expression patterns in the inner
ear, a currently inaccessible tissue, it is tempting to speculate
that a similar mechanism might explain DFNA58 related HL.
The localization of CNRIP1 expression (RNA and protein) in
the mouse cochlea, enriched in the SGNs, and preferentially
in type II neurons, is in agreement with four transcriptome
studies of the inner ear (47-50). First, in a cell type-specific
transcriptome analysis of the mouse inner ear (47), CNRIP1 was
one of the 3000 genes differentially expressed, but PPP3R1 and
PLEK were not. The expression of CNRIP1 in neuronal cells was
about 10X higher than in sensory epithelia (47). Secondly, in a
study of the adult human inner ear transcriptome, CNRIP1 gene
was found to be significantly expressed in the inner ear and
included in the >3500 genes differentially expressed between
cochlea and vestibule but the PPP3R1 and the PLEK genes were
not differentially expressed (48). Finally, in two studies focused
on SGNs gene expression (49,50), CNRIP1 and PPP3R1 (but not
PLEK) expression was detected, both in type I and type II SGNs,
but type II SGN expression was higher compared to that in type
I SGNs (49). The difference between the two neuronal types was
more pronounced in adults, in both genes (https://lallemendla
bcochlea.shinyapps.io/shinyapp-sgns_diversity) (49). There are
known genes responsible for sensorineural HL that are mainly
expressed in SGNs, such as DIAPH1 (51), GAB1 and METTL13 (52).
The human CNRIP1 (CB1 cannabinoid receptor-interacting
protein 1, OMIM*618538) encodes two protein isoforms: CRIP1a
(164 aa), largely expressed in the brain and detected throughout
vertebrates, and CRIP1b (128 aa), unique to primates (32). CRIP1a
is known to interact in vivo with the human and rat cannabinoid
type 1 receptor (CNR1, CBIR, OMIM*114610) and mGlu8R (or
GRMS, OMIM* 601116) (32,53). It has been described that CRIP1a
may act as a presynaptic modulator of neurotransmitter release
and also in mediation of long-term depression of synaptic
responses (54-57); It regulates CB1 activity upon agonist or
antagonist binding as well as CB1 internalization (58,59,32);
suppresses CBl-mediated tonic inhibition of voltage-gated
Ca?t channels (32); enhances CB1R signaling and diminishes
the severity of chemically induced acute epileptiform seizure
upon induced overexpression in vivo in the mouse hippocampus
(54); reduces the proliferative and migration abilities of colon
cancer cells upon induced overexpression in vitro (60). CNRIP1
downregulation (due to hyper-methylation of its promoter)
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is a biomarker in some cancers, such as adenomas, gastric
cancer, non-Hodgkin lymphoma and cholangiocarcinoma (61—
66). Functional data from the literature above described, besides
the expression data herein presented, indicate CNRIP1 as a
putative deafness gene. To date, some HL genes are also
known to be associated with cancer and/or apoptotic pathways
(GAB1-DFNB26 and METTL13-DFNM1, HGF-DFNB39, MSRB3-
DFNB74, MET-DFNB97, GSDME-DFNA5, EYA4-DFNA10, TJP2-
DFNAS51, SMAC/DIABLO-DFNA64, MCM2-DFNA70, CEACAM16-
DFNA4B/DFNB113).

The PLEK gene encodes the pleckstrin protein, a major Protein
Kinase C substrate of platelets and leucocytes (67). Pleckstrin
plays an important role in exocytosis (68), protein homo-
dimerization activity, actin cytoskeleton reorganization and
cell projection organization (69-73), cortical actin cytoskeleton
organization. It is reported as an important intermediate in
the secretion and activation pathways of pro-inflammatory
cytokines TNF-o and IL-18 (74). This gene has been found to
be up-regulated in periodontitis and in chronic inflammatory
diseases, such as cardiovascular disease, Rheumatoid Arthritis
and Ulcerative Colitis (75). The PPP3R1 gene encodes for the
19-kD regulatory unit of calcineurin (calcineurin B), which is a
calcium-dependent serine/threonine protein phosphatase that
is stimulated by calmodulin, conferring calcium sensitivity. It
plays a role in many pathways including regulation of synaptic
activity and neuronal excitability (76), T-cell activation in
immune system responses (77), Na/K ion transportation (78)
and cell death (79). It was also related to neurodegenerative
disease, cardiac hypertrophy (80), Alzheimer’s disease (81) and
with the efficacy of the drug tacrolimus therapy for idiopathic
membranous nephropathy (82). Various in vitro and in vivo
observations indicate that excess of calcium may cause cell
death through a number of pathways that include calcineurin
(83,84), which has also been demonstrated in the cochlea, where
chemical inhibition of calcineurin was shown to avoid noise-
induced HL (85). Functional assays, like those above described
in the literature (PLEK: 71, 72; PPP3R1: 76, 78, 85) as well as
expression patterns here observed in the murine cochlea,
suggest PLEK and PPP3R1 are also good deafness candidate genes.

To date, there is no knowledge about function or orthologues
of the two IncRNA genes highly overexpressed in the blood of
DFNAS5S8 patients. The IncRNA genes belong to a heterogeneous
class of non-coding transcripts, longer than 200 nucleotides, that
may be related to diverse mechanisms of transcriptional regu-
lation of gene expression (86), such as mediation of epigenetic
modifications of DNA (87), organization of nuclear domains,
regulation of expression of neighboring genes (88) and distant
genomic sequences (89), regulation of proteins or RNA molecules
(90), precursors for functional small RNAs (with or without func-
tion themselves). Some annotated IncRNAs actually encode for
small proteins (91). The biological role of most of them remain
enigmatic (92), but the biological role of intergenic IncRNA, either
as positive regulators of gene expression of neighboring protein-
coding genes or negative regulators, has already been demon-
strated (91). Likely, the IncRNA genes within the duplication
could act as expression regulators of CNRIP1, PPP3R1, and/or PLEK
or, less likely, of the other neighbor genes.

In conclusion, we revealed the genetic defect responsible for
DFNASS8 related postlingual progressive HL (22) as a 200 Kb rare
duplication in 2p14 [NC_000002.12:g.(68 247 572_68 248 077)_(68 -
449525_68452 166)dup]. Expression patterns of RNA and protein
in the murine cochlea suggested all three protein coding genes
(CNRIP1, PPP3R1 and PLEK) involved in the duplication are poten-
tial candidates to explain the HL. The observed overexpression

of CNRIP1 and two IncRNAs in blood of duplication carriers,
and the detected fusion transcripts, allows us to speculate that
they contribute to the postlingual HL in these patients. It is
possible that a complex mechanism involving the expression of
more than one gene (protein-coding and/or IncRNA) underlies
DFNAS8 pathophysiology. Further studies, beyond the scope of
the present work, are required to confirm protein expression,
since the antibodies available at present cannot do definitively
for all three proteins. Stem cell lines derived from duplica-
tion carriers and/or the generation of mouse Knockout/Knockin
models are interesting tools to unravel the pathophysiology
mechanisms of DFNA58 HL.

Materials and Methods
Subjects and clinical evaluation

This study was approved by the Ethics Committee for Analysis
of Research Projects from Institute of Biosciences and School of
Medicine (both of University of Sao Paulo) and the National Com-
mittee on Ethics in Research (CONEP). Written informed consent
was obtained from all hearing impaired individuals or their legal
guardians, their relatives and control individuals. Animal proce-
dures were approved by the Animal Care and Use Committee
(CEUA) from University of Sdo Paulo School of Medicine. The
four-generation Brazilian family described in Lezirovitz et al. (22),
in which the locus DFNA58 was mapped was reassessed, with
new samples collected, both from already enrolled members,
as well from additional affected and unaffected subjects. The
updated pedigree is shown in Figure 1.

Physical examinations and complete anamneses were
performed in order to acknowledge any other clinical symptoms.
Malformations of the inner ear were examined by high-
resolution computed tomography and/or magnetic resonance
imaging of the temporal bones in the subjects IV:6, IV:9 and VI:2.
In general, pure tone audiometry was performed to test for air
conduction (250-8000 Hz) and bone conduction (500-4000 Hz)
in affected and unaffected subjects. The affected individuals
from the DFNAS8 family recently ascertained or reevaluated in
the last 2 years, which were available, (IV:6, IV:9, IV:16, IV:19,
IV:22, Vi7, V:9, V:25, V:27, V:28 andVI:2) were also examined by
otomicroscopy and tympanometry followed by click auditory
brainstem responses (click ABR), bone conduction ABR and
distortion-product otoacoustic emissions (DPOAE), obtained in a
sound-treated room. The tests were run using the Navigator Pro
SCOUT and AEP (Natus Bio-Logic Systems Corp., Mundelein,
IL) software. Click stimuli (duration: 100 milliseconds) were
presented with ER3A insert earphones at the maximum level
of 90dBHL (Hearing Level) at a rate of 21.1/s with rarefaction
and condensation polarity. The responses were considered to
be absent when rarefaction and condensation waves showed
no responses at 90 dBHL (Hearing Level). Bone conduction was
tested with a B71 bone oscillator at the maximum intensity of
55dB HL using alternated click stimuli and contralateral masking
of the same intensity. For DPOAE we applied the diagnostic 750
to 8000 Hz test protocol (Navigator Pro SCOUT, Natus Bio-Logic
Systems Corp., Mundelein, IL). We considered positive responses
when the signal-to noise ratio was 6dB or more in at least five
out of eight frequencies, according to the Expanded Boys Town
reference data.

Preparation of DNA

A total of 47 blood samples were obtained for DNA analysis,
23 from affected individuals and 24 from unaffected (three of



them unrelated married-in). In addition, 100 probands from fam-
ilies with postlingual HL and presumptive autosomal dominant
inheritance (autosomal dominant non-syndromic HL) were also
included in the molecular study of the duplication. Genomic
DNA was extracted with commercial kits from whole blood. DNA
quantity and quality was assessed by Nanodrop spectrometer
(Nanodrop Technologies, Wilmington, DE, USA) and agarose gel.

Identification of the causative mutation in DFNA58

Whole exome sequencing was performed in a sample from
patient IV:16. The DNA quality and quantity were verified with
a Qubit fluorometer (Life Technologies, Grand Island, NY, USA).
Capture libraries were prepared according to the manufacturer’s
instructions using the SureSelectXT Human All Exon V4 (Agilent
Technologies, Santa Clara, CA, USA). Sequencing was conducted
with an Illumina HiSeq2000 analyzer (lllumina, San Diego, CA,
USA) by Mendelics Genomic Analysis. Base call was performed
using Illumina program bcl2fastq. FastQ alignment to the
reference sequence of the human genome (b37 GRC/NCBI) was
done with BWA and recalibration of aligned sequences with
GATK (http://www.broadinstitute.org/gatk/) (93). Genotyping of
SNPs and InDels was also achieved with GATK. CNVs detection
was performed using ExomeDepth (http://cran.r-project.org/
web/packages/ExomeDepth/index.html) (25) and Pindel (https://
trac.nbic.nl/pindel/) (94). Variants were annotated with Annovar
(http://annovar.openbioinformatics.org/) (95) and SnpEff (http://
snpeff.sourceforge.net/) (96). Population frequency filtering of
the variant set was performed using public databases (for
example, 1000G and ExAC) (24,28), including Brazilian variant
banks ABraOM: Brazilian genomic variants (97). VAAST (http://
www.yandell-lab.org/software/vaast.html) (98) and PolyPhen
(http://genetics.bwh.harvard.edu/pph2/) (99) were used to
evaluate biological effect of each variant, defining a priority
list of candidate variants.

Duplication confirmation and fine mapping
of the borders

Array-CGH was performed in DNA samples from two patients
(V:12 and 1V:16) using an 180 K oligo-platform from Agilent Tech-
nologies, as described by the manufacturer. Data were processed
with feature extraction software and subsequently analyzed
with the Genomic Workbench software (Agilent Technologies,
Santa Clara, CA, USA). Gains and losses of genomic sequences
were determined using the aberration detection statistical algo-
rithm ADM-2, with a sensitivity threshold of 6.7. For each sample,
we used two reversed labeled hybridizations; alterations not
detected in both dye-swap experiments were disregarded. The
detected CNVs was compared to data from oligoarray studies
documented in the Database of Genomic Variants (DGV; http://
projects.tcag.ca/variation/) (26).

To narrow down the mapping of the borders, we used the
[llumina BeadChip 850 K® array, analyzed with BlueFuse™ Multi
Analysis software in one duplication carrier (IV:16). We also used
15 pairs of primers designed to cover both breakpoints by qPCR
amplicons. The qPCR reactions were carried out in a Step One
System (Thermo Scientific, Waltham, MA, USA) with 20 ng of
DNA and 2x PowerUp™ SYBR™ Green Master Mix (cat. A25780,
Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
EUA), according to the manufacturer’s protocol. Melting curves
were performed after each amplification in order to verify if
only one fragment was being amplified. The 2-44¢ model was
used for CNV estimation (100). Controls samples were used as
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reference for normalization and carriers were compared to non-
carriers of the duplication to define the status (duplicated or not)
of each gPCR amplicon.

Segregation of the duplication in the DFNA58 pedigree
and screening of 100 pedigrees with autosomal
dominant non-syndromic HL

We designed a customized kit of 10 MLPA probes (Multiplex
Ligation-Probe Amplification), using RaW-Probe software (ver-
sion 0.158) according to the manufacturer’s instructions (MRC-
Holland, Amsterdam, The Netherlands), to test all family mem-
bers (affected and unaffected). Samples were collected from 100
other probands of pedigrees with autosomal dominant non-
syndromic HL to test for the presence of CNVs (deletions or
duplications) involving the three duplicated known protein cod-
ing genes. Three pairs of probes mapped outside the candi-
date duplicated region, in PPP3R1’s exon 3 (NM_000945) and in
FBX048'’s exons 3 and 4 (NM_001024680). Seven pairs of probes
mapped inside the duplication: three pairs in CNRIP1 (exons 1-
2-3; NM_015463), three pairs in PLEK (exons 3-5-7; NM_002664)
and one pair in PPP3R1 (exon 1). The amplification products
obtained according to the manufacture’s protocol, together with
Rox Size Standard, were submitted to capillary electrophoresis
in the ABI 3730 DNA Analyzer (Applied Bioystems, Foster City,
CA, USA A). The results were analyzed with the Coffalyser.net
software (MRC-Holland).

Multipoint LOD scores (DFNA58 HL phenotype X microsatel-
lite markers) and Two-point (DFNA58 HL phenotype X duplica-
tion and DFNA58 HL phenotype X CNRIP1 mRNA overexpression)
were calculated using Morgan 3.4 software (101), under an auto-
somal dominant model and assuming penetrance of 96%. Marker
allele frequencies were calculated based on genotype data from
the family, while the disease allele frequency and the duplication
was set at 0.0001. The four subjects below age of onset were
included in the analysis with unknown phenotype.

Analysis of mRNA levels in blood of affected
and unaffected individuals (RT-qPCR)

For RNA analysis, samples from 24 family members were
collected, 16 affected (14 duplication carriers and two non-
carriers), and eight unaffected (Fig. 1). Mononuclear cells from
peripheral blood were isolated by Ficoll Gradient Separation
and their total RNA was extracted with the RNeasy Microarray
Tissue Mini Kit (Qiagen, Hilden, Germany). Synthesis of cDNA
was performed from 500 ng to 1 pg of RNA with SuperScript™
III or IV First-Strand Synthesis System, using both random
hexamers and oligoDT (Invitrogen, Thermo Scientific, Waltham,
MA, USA). Primers pairs were designed using Primer-Blast
(102) to analyze the expression of the three known protein-
coding genes involved in the duplication (PPP3R1, CNRIP1 and
PLEK), the four uncharacterized IncRNA genes (LOC102724389,
LOC107985892, LOC101927723 and AC017083.1), part of a novel
protein-coding (AC017083.3) and of two neighbor genes of
the most likely duplication insertion position (WDR92 and
PNO1). The PCR reactions were carried out in a Step One
System, using HOT FIREPol® Evagreen® gqPCR Supermix (Solis
Biodyne, Tartu, Estonia) or PowerUp™ SYBR™ Green Master
Mix (Thermo Scientific, Waltham, MA, USA), 0.05 to 0.5 pM final
primer concentration and 2 pl of cDNA dilution (20 to 70 ng
of RNA, depending on the level of gene expression). Different
reference genes were tested in order to obtain consistent
and robust results (B2M, TBP, GUSB and HPRT1 for the human
samples). The primer pairs used for quantitative real time
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PCR are listed in Supplementary Table S2. For all experiments,
reference gene and reference sample were run together with
tested gene, carriers and non-carriers samples. A negative
control of the cDNA synthesis (without reverse transcriptase)
was used in RT-gPCR, especially when primer pairs annealed
to the same exon, in order to control for possible genomic
DNA contamination. Technical replicates (2X) were done for
every sample tested for every gene in all experiment runs. The
2-4ACmodel was also used for gene expression quantitative
analysis to obtain the mean RNA level, fold of control/reference
(103). In case the replicates cycle threshold (Ct) values had a
standard deviation higher than 0.2 or the calculated RNA level
significantly differed from the other samples from the same
category (carriers/non-carriers), they were repeated. The mean
and standard deviations shown in Supplementary Figure S1
represent technical replicates either in the same experiment
plate or in different ones, but with the exact same conditions.
For the genes with altered expression, analysis were conducted
with two different reference genes for at least some (3-5) of the
14 carrier samples in order to check for reproducibility. Genes
were classified as normally expressed, mildly overexpressed
and highly overexpressed based on the statistically difference
(two-tailed unpaired t-test, 95% confidence interval) between
the mean RNA level of carriers and mean RNA level of non-
carriers, as well as the magnitude of RNA level overexpression.
Accordingly, genes were classified as normally expressed when
there was no statistically significant difference between carriers
and non-carriers; genes were classified as mildly overexpressed,
when there was statistically significant difference between
carriers and non-carriers mean, and RNA level mean of carriers
ranged from 1.2-1.8X (higher than reference); genes were
classified as highly overexpressed when there was statistically
significant difference between carriers and non-carriers mean,
and carriers RNA level mean ranged from 4.5-27.6X (higher
than reference). Interestingly, these genes, classified as mildly
expressed genes, were not overexpressed in every carrier, but
those classified as highly overexpressed were significantly
overexpressed in every duplication carrier tested. No difference
on the classification (normally expressed, mildly overexpressed
and highly overexpressed) was observed comparing B2M or TBP
as reference genes. The RT-gPCR results of genes PLEK, CNRIP1
and PPP3R1 shown in Figure 4 and Supplementary Figure S1 used
B2M gene as reference and for the others, TBP gene was the
reference.

RT-PCR and sanger sequencing

In order to verify if the duplication carriers had aberrant fusion
transcripts with sequences of both PPP3R1 and CNRIP1, RT-PCR
was performed with primer forward on exon 1 or 2 of PPP3R1
and primer reverse on exon 2 of CNRIP1. The amplified fragments
were sequenced using BigDye™ Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA) and analyzed
in the ABI PRISM® 3500 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Similarly, primers spanning PPP3R1 exon
1 were combined with primers from WDR92 and PNO1 genes for
the detection of possible fusion transcripts. All primers are listed
in Supplementary Table S2.

In situ hybridization

A 787 bp Plek (GenBank NM_019549.2) cDNA fragment was
amplified using the primers ATCACTACAACCAAACAGCAGGAC-
CACT and TGGAAGTGGCTGCCTGCAAGTAATA. A 940 bp Cnripl
(GenBank NM_029861) cDNA fragment was amplified using

the primers GCCTGCTGCCTCCATGCTGTCTCT and CAGGAA-
CACCAGCATACAATAGCAAAAG. A 777 bp Ppp3rl (GenBank
NM_024459) cDNA fragment was amplified using the primers
AGCAAGATGGGAAATGAGGCGAGTTACC and AACCCCTTCC-
CTTTCTCCACCATACTGA. Fragments were cloned in pGEM-
T (Promega) to generate RNA probes. ISH was performed in
cryosections of murine cochlea as reported in Grillet et al. (34).
Samples older than P7 were decalcified with 0.17 M EDTA in 4%
PFA 1% PBS for 24 h.

Immunofluorescence

Whole cochleae were harvested from C57BL/6 mice. Animal
work conformed to United Kingdom legislation outlined in
the Animals (Scientific Procedures) Act 1986. A small hole was
made in the apex of the otic capsule using a hypodermic needle
allowed direct perfusion of paraformaldehyde (4% in phosphate
buffered saline, PBS) into the cochlea. Fixation was carried out for
40 min atroom temperature. Fixed cochleae were washed several
times in PBS, then decalcified in 4% EDTA in PBS for 48 h at
4°C. Decalcified otic capsules were mounted in 4% low-melting
point agarose (Sigma A9045, St. Louis, MO, USA) and sectioned
on a vibratome (1000 plus system, Intracel) at 150- to 200-
pm intervals. For antibody labeling, sections were blocked and
permeabilized (10% normal goat serum and 0.2% Triton X-100 in
PBS) for 1 h at room temperature. Primary antibodies, rabbit anti-
CRIP1a from Dr Ken Mackie’s lab (58,103), mouse anti-peripherin
(Santa Cruz sc-377093), and goat anti-Pleckstrin (Abcam,
ab115514), were diluted 1:100 in lysine blocking solution (0.1 M
lysine and 0.2% Triton X-100 in PBS). The anti-CRIP1a affinity-
purified antibody is directed against the entire hCRIP1a protein,
which shares 96% identity with the mouse CRIPla. Its speci-
ficity has been validated by immunofluorescence in cell line
overexpressing tagged-hCRIP1a, but also by peptide competition
on mouse retina sections by Hu et al. (103). The anti-Pleckstrin
antibody is a commercially available antibody that targets a C-
terminal epitope in the human protein, sharing 93% homology
with the same region in mouse Pleckstrin. The antibody labels a
single band at the predicted molecular weight in western blots
of human peripheral blood mononuclear cells (www.abcam.co
m/pleckstrin-antibody-ab115514.html). Slices were incubated in
primary antibodies for 3 h at room temperature. The primary
antibodies were omitted in control experiments. Following
several washes in PBS, the sections were incubated in Alexa
Fluor-tagged anti-rabbit and anti-mouse secondary antibodies
(diluted 1:400 in lysine blocking solution; Invitrogen, Carlsbad,
California, USA) and/or fluorescently-tagged phalloidin (1:1000;
Sigma P1951) at room temperature for 1 h. After a final set
of washes in PBS, sections were mounted in Vectashield
containing DAPI (Vector Laboratories, Burlingame, CA, USA).
Images were acquired using a 20X air immersion objective (N.A.
0.75) on an LSM880 confocal microscope (Carl Zeiss Microscopy,
Oberkochen, Germany). Data shown are representative of atleast
three animals at each developmental age.
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Supplementary Material is available at HMG online.
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