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Abstract

Otosclerosis (OTSC) is the primary form of conductive hearing loss characterized by abnor-
mal bone remodelling within the otic capsule of the human middle ear. A genetic association
of the RELN SNP rs3914132 with OTSC has been identified in European population. Previ-
ously, we showed a trend towards association of this polymorphism with OTSC and identi-
fied a rare variant rs74503667 in a familial case. Here, we genotyped these variants in an
Indian cohort composed of 254 OTSC cases and 262 controls. We detected a significant
association of rs3914132 with OTSC (OR = 0.569, 95%CI = 0.386—0.838, p = 0.0041). To
confirm this finding, we completed a meta-analysis which revealed a significant association
of the rs3914132 polymorphism with OTSC (Z = 6.707, p<0.0001) across different ethnic
populations. Linkage analysis found the evidence of linkage at RELN locus (LOD score
2.1059) in the OTSC family which has shown the transmission of rare variant rs74503667 in
the affected individuals. To understand the role of RELN and its receptors in the develop-
ment of OTSC, we went further to perform a functional analysis of RELN/reelin. Here we
detected a reduced RELN (p = 0.0068) and VLDLR (p = 0.0348) mRNA levels in the oto-
sclerotic stapes tissues. Furthermore, a reduced reelin protein expression by immunohis-
tochemistry was confirmed in the otosclerotic tissues. Electrophoretic mobility shift assays
for rs3914132 and rs74503667 variants revealed an altered binding of transcription factors
in the mutated sequences which indicates the regulatory role of these variations in the
RELN gene regulation. Subsequently, we showed by scanning electron microscopy a
change in stapes bone morphology of otosclerotic patients. In conclusion, this study evi-
denced that the rare variation rs74503667 and the common polymorphism rs3914132 in the
RELN gene and its reduced expressions that were associated with OTSC.
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Introduction

Hearing loss in humans represents a real health burden as it reduces the quality of life and
leads to subsequent social isolation. Otosclerosis (OTSC) is the main form of conductive hear-
ing impairment, characterized by an ossification of the stapes footplates which hinders its
mobility leading to progressive hearing loss in humans. The typical age of onset for OTSC is in
the third decade and the disease complexity progresses with age. Clinical OTSC has a preva-
lence of 0.3-0.4% in European and 0.4-0.8% in the non-European populations [1]. In India,
epidemiological studies suggest that OTSC is a common cause of acquired hearing loss, affect-
ing with higher incidence in the population [2]. OTSC has been widely accepted as a complex
and multifactorial disorder, where both genetic and environmental factors are involved in the
etiology. Family and twin studies have indicated that genetic factor plays a significant role in
the disease manifestation [3]. Despite intensive study on OTSC, till date ten monogenic loci
has been mapped but have not yet identified the causal genes [4,5]. Several case-control studies
reported a significant association of SNPs in COLIA1I [6,7], TGF-BI [8,9], BMP2 [10], BMP4
[7,10] and OPG [11,12] genes with OTSC in different populations. Recently, high throughput
sequencing has spotted certain pathogenic variants in MEPE, ACAN and SERPINFI genes
with unsettled pathogenicity [5,13].

A genome wide association study in European population has identified two regions on
chr7q22.1 and chr11q13.1 to be associated with OTSC. The chr7q22.1 region is located in the
RELN gene harbouring an intronic SNP rs3914132 was found to be strongly associated with
OTSC [14]. Multiple studies have replicated this association in different populations [1,15].
Some of the studies were underpowered for detection of the association with this SNP [16,17].

The RELN (OMIM:600514) gene, encoding reelin protein is considered an important decoy
receptor that regulate essentially primary neuronal and neuroglial interactions. Reelin is
expressed exclusively by neural tissues [18,19] and is therefore reported in the pathogenesis of
several brain disorders [20-22]. Reelin has a serine-protease activity that is important for the
modulation of cell adhesion [23]. It binds to very low density lipoprotein receptor (VLDLR) and
low density lipoprotein receptor-related protein 8 (LRP8) resulting in phosphorylation of intra-
cellular protein Dab1 which is essential for effective reelin signalling cascade. Genetic changes in
RELN gene can result in abnormal reelin signalling leading to different pathological conditions
such as bipolar disease, schizophrenia and autism [24-26].The physiological significance of the
reelin in bone metabolism is generally not well understood. A recent study by Dou et al. [27] evi-
denced that reelin is a potent regulator of bone formation and that reelin depletion regulated
osteolysis and osteogenesis balance. Osteocytes, the mechanosensing cells of the bone, express
high levels of reelin [28-30]. In addition, a site-specific expression of the reelin in limb and skull
in adult animal bone cells and during embryonic development [31]. RELN expression has been
found in the mouse inner ear structures [14] and an evidence of distinct reelin expression in
human otosclerotic stapes tissues [32] supporting its involvement in OTSC pathogenesis.

To date, although accumulating data have documented the association of RELN SNP
rs3914132 and OTSC risk, its role in the progression of OTSC remains inconclusive. Hence, in
the present study, we investigated the genetic association of RELN variants with OTSC in ade-
quate sample size, its expression levels and its role in stapes tissues of diseased condition.

Materials and methods
Study participants

The case group consisted of 254 (169 men and 85 women) unrelated non-syndromic OTSC
patients (mean age + SD of 40.50 * 13.62 years) and a multigenerational OTSC family
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consecutively enrolled from Ear, Nose and Throat (ENT) units of Capital hospital, Bhubanes-
war and SCB medical college, Cuttack, Odisha, India. These patients were diagnosed based on
family history, otoscopy, pure tone audiometry, and impedance testing. Pure tone audiometry
was performed in a double walled soundproof room using standard procedures. The frequen-
cies tested for air conduction were 125, 250, 500, 1000, 2000, 4000, and 8000 Hz and for bone
conduction were 250, 500, 1000, 2000, and 4000 Hz. The controls contained 262 (183 men and
79 women) ethnic and sex-matched healthy individuals (mean age + SD of 33 + 10.76 years).
The control group individuals were randomly selected without any history of hearing disorder,
in particular otosclerosis, or any other metabolic bone-related diseases. The extended multi-
generational OTSC family includes 12 informative individuals: 6 affected, 5 unaffected and 1
with uncertain disease status. The clinical description of the family members are listed in S1
Table.

Peripheral venous blood (5ml) was collected from all the individuals in EDTA vacutainers
and store at 4°C. The stapes tissues (N = 52) were collected from the patients who undergone
stapedectomy. The controls stapes (N = 39) were obtained from the cadavers immediate post-
mortem. Three incus bones from patients undergoing surgery for middle ear cholesteatoma
were also applied as additional controls. All the tissues collected were placed into RNAlater
(Qiagen, GmbH, Hilden, Germany) to stabilize and protect RNA in intact until further use.

This study was approved by the Institutional Ethical Committees of Institute of Life Sci-
ences, Bhubaneswar and SCB Medical College, Cuttack and the methods were carried out in
accordance with approved guidelines. Written informed consent was obtained from all partici-
pants of this study.

Direct DNA sequencing of RELN intron 2 region

DNA was extracted from venous blood samples using rapid non-enzymatic method [33]. PCR
amplification was performed using the primers and conditions as previously described [16].
All the amplified products were purified and sequenced using BigDye Terminator v3.1 Cycle
Sequencing Kit; (Applied Biosystems, Inc., Foster City, CA, USA) in forward and reverse
directions with the same primers used for amplification.

Meta-analysis of rs3914132 SNP

Meta-analysis was performed to calculate the common genetic effect size of the SNP rs3914132
in RELN gene associated with OTSC across different populations following Comprehensive
Meta-Analysis (CMV) software (version 1.2; Biostat Inc, Englewood, USA) guideline [34]. The
criteria followed includes- a) sample size of cases and controls, and b) p-value obtained from
the studies. The heterogeneity between studies (I*) was evaluated by fixed-effects model (I°<
50%) or a random-effects model (I*>50%) [35,36]. A p-value <0.05 was considered as statisti-
cally significant in any of the effect model. To assess the potential publication bias, Egger
regression test was used and sensitivity analysis was estimated by one study removal in each
genetic model [37-39].

Microsatellites genotyping

Genotyping was performed to the known OTSC loci using STR markers for each of the
reported locus. Additionally, three markers (D752509, D752504 and D7S796) were selected at
7q22.1 for mapping the RELN locus. Fluorescently labelled primers (FAM or HEX) were used
for genotyping (S2 Table). PCR was performed using Type-it microsatellite PCR kit (Qiagen,
GmbH, Hilden, Germany). For allele size determination multiplexing of amplified products
was performed in pooling plate in a manner that avoided mixing of PCR products of the same

PLOS ONE | https://doi.org/10.1371/journal.pone.0269558 June 3, 2022 3/20


https://doi.org/10.1371/journal.pone.0269558

PLOS ONE

Implication of RELNin Otosclerosis

size labelled with same dye. The PCR products (0.2 pl) of three different markers labelled with
one of the fluorescent dye FAM or HEX together with 9.2l of Hi-Di formamide (Applied Bio-
systems, Inc., Foster City, CA, USA) and 0.2l of internal size standard ROX or LIZ (Applied
Biosystems, Inc., Foster City, CA, USA) were aliquoted in a 96 well plate. The samples were
denatured at 95°C for 10 min and immediately snap cooled for 10 min at -20°C. The dena-
tured samples consisting of dye labeled PCR products and size standard fragments were loaded
on eight capillary 3500 genetic analyzer and separated based on size and charge as they move
through the POP-7"™ polymer filled in capillaries. Fragment analysis was carried out on ABI
3500 Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA, USA). Allele sizes were
determined using GeneMapper software 1.3(Applied Biosystems, Inc., Foster City, CA, USA).

Linkage analysis and haplotype construction

Parametric and nonparametric two-point and multi-point linkage analyses were performed
using the programs SuperLink v1.4 and GeneHunter of easyLINKAGE Plus v4.01 software
package [40]. Linkage analysis was carried out assuming different modes of inheritance, domi-
nant versus recessive, different penetrance levels (40-90%) and 1% phenocopy rate. The final
linkage parameter for OTSC family was chosen assuming that the disease is inherited in an
autosomal dominant pattern with a gene frequency of 0.01% and a phenocopy rate of 1%. Hap-
lotypes were constructed using HaploPainter software [41].

Expression analysis of RELN/VLDLR/LRPS8 genes

Extraction of total RNA from tissues and cDNA synthesis was carried out following previously
described methods [42]. RT-PCR was performed for the RELN, VLDLR and LRP8 with gene
specific primers (S3 Table) using Go green PCR master mix (Promega, Madison, USA). The
expressions were quantified by using QuantiTect SYBER Green RT-PCR Kit (Qiagen, GmbH,
Hilden, Germany) on ABI StepOne Real-Time PCR system (Applied Biosystems, Inc., Foster
City, CA, USA). Each sample was assayed twice in triplicate. The comparative AACt method
was used to quantify the mRNA relative level to the average expression of the 185 rRNA, an
endogenous control for data normalization. The resulted data of two independent analyses for
each parameter were averaged and the relative expression levels were presented as the relative
fold change analysed using unpaired two-tailed Student’s t test.

Electrophoretic mobility shift assay

Further, we assessed the functional consequence of the 1-bp substitution by electrophoretic
mobility shift assay (EMSA) to detect the altered binding of transcription factors (TFs) in the
mutated sequence. EMSA was conducted following the Hellman and Fried protocol [43]. All
reactions included double stranded, **P-labeled, oligonucleotides probes corresponding to
wild type and mutated RELN gene variants rs3914132 and rs74503667. Nuclear protein extract
from SH-SY5Y cells were incubated with **P-labeled probe in binding buffer at room tempera-
ture before loading on to 8% polyacrylamide gel. The samples were then electrophoresed at
160V for 4 hours in cold condition. After migration, the gel was dried and exposed overnight
at -20°C. Visualization was carried out using a Kodak infrared Imager system.

Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to find the basic architectural differences
between the otosclerotic and normal stapes. The stapes was fixed, decalcified, embedded, and
sectioned in to 10um slides at -25°C by cryomicrotome (Leica, CM1850-1-1, Germany).
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Sections were stored in 0.1M PBS containing 0.03% sodium azide at 4°C. Samples were dehy-
drated in a series of ethanol washes (10%, 25%, 50%, 70%, 90%, and 100%), critical point
dried, and sputter coated with gold palladium before imaging with a ZEISS EVO 18 (Carl
Zeiss SMT Ltd, Cambridge, UK). All steps were carried out as previously described [44].

Immunofluorescence

The reelin protein expression was determined by immunofluorescence assay following previ-
ous report [45]. The case and control stapes bones were decalcified followed by dehydration in
80 to 100% ethanol, cleared in xylene and embedded in paraffin. Stapes sections (5um) were
deparaffinized in xylene and rehydrated in graded ethanol. The sections were boiled in antigen
unmasking reagent (Vectastain ABC Kit, Vector Laboratories) and blocked with horse serum
for 30 mins. Then, the sections were incubated overnight with reelin primary antibody (1:100,
#s5c32554; Santa Cruz) at 4°C in a humidified chamber. After washing, sections were incubated
with secondary antibody conjugated with Alexa fluor 594 (1:500, A11080; Invitrogen) at room
temperature for 45 mins in dark. The slides were mounted with SlowFade Gold Antifade
reagent with DAPI (Life Technologies Corporation, USA). Next, the slides were visualized,
and images were captured under a confocal microscope (Leica TCS SP8 STED).

Statistical analysis

To identify the association of RELN variants with OTSC, genotype and allele frequency were
calculated by the direct counting method. Power calculations were conducted with the genetic
power calculator to estimate the sample size for this study [46]. The deviation from Hardy
Weinberg equilibrium (HWE) was determined using a goodness-of-fit Chi-squared test to
compare the observed genotype frequencies with the expected frequencies, from the control
groups using HWE calculator [47]. The association testing between genotypes and phenotype
was performed by Cochran-Armitage trend test using SNPalyze V8.0.2. software (Dynacom,
Chiba, Japan). The Fisher’s exact test was used to assess the differences in allele frequencies
between the case and control groups. Odds ratio (OR) at 95% confidence interval (CI) was cal-
culated to check the association of genotypes and alleles with OTSC. The statistical analysis
was performed using GraphPad prism (version 8.0 from Windows, San Diego, CA, USA).
Bonferroni correction for multiple testing of four SNPs (0.05/4 = 0.0125) was used and
p<0.0125 was considered statistically significant. All other statistical analysis were described
in the corresponding sections.

Results
RELN gene SNP rs3914132 is associated with OTSC

To explore the genetic association of the RELN SNP rs3914132 with OTSC, we sequenced
intron 2 of RELN gene in 254 cases and 262 controls. Sequence analysis revealed four known
SNPs rs3914131, rs3914132, rs9641319, rs10227303 and a rare variant rs74503667 (Fig 1).

The genotype frequencies of all the common SNPs were in Hardy-Weinberg expectation in
both the groups. The calculated allele and genotype frequencies of RELN variants are shown in
Table 1. A highly significant difference was observed for rs3914132 in the allele count of the
cases 46/508 (0.09) and the controls 78/524 (0.15). Fisher’s exact test confirmed the association
between this SNP and OTSC (p = 0.0041, OR = 0.569, 95%CI = 0.386-0.838). Association test-
ing with genotype frequency of this variation showed a consistent association with OTSC
(p = 0.0045, OR = 0.569, 95%CI = 0.387-0.338). The association remained significant
(p<0.0125) even after Bonferroni correction. The decreased minor allele frequency (MAF) ‘C

PLOS ONE | https://doi.org/10.1371/journal.pone.0269558 June 3, 2022 5/20


https://doi.org/10.1371/journal.pone.0269558

PLOS ONE

Implication of RELNin Otosclerosis

p22.2

p21.3

p21.2

p15.3
p15.2

- NM - N - ™
e o - SNN | 6 = &= 88 o - Ne
g T ONN - - = = N N ™ - ¥ N T O OO
- - - A -~ o~ NN N N ™ ™M ™ DM M MM OHM
{- - N - T - N - - 5 o oY O o9 O T T T T TOTUTUTUT UTUT

E20 E30 E40 E50 E60 E64
¥ v + v " ¥
— e,
i 4

1 1
CAGCCACCACCCTTGAACTCACTTGCTAGCAACCTAGTAAAGATAGAAAGTGGACAGGAGGAAATTAAGAAGAGGAACAGACAAATACATGTAGCAGGATAATAT

ACAAATAAAACTATGAAAAAGATAA(I:ATAAAAACCAGCACAAAGTGATTTTCTGTTTCATGCAGATGTATATATCCAGATTACTACTGAG/.\GGTCTTTATTAATTAACA
1 1 1

GAATAGT

v v v
rs74503667 rs9641319 rs10227303

Fig 1. Genomic location and organization of RELN gene. RELN gene consists of 64 exons (E1-E64). Four known polymorphisms were detected in intron 2
region of otosclerosis cases and controls. A rare variant rs74503667 was found in a familial case of otosclerosis.

https://doi.org/10.1371/journal.pone.0269558.9001

in cases (0.09) compared to controls (0.15) indicates its protective role in OTSC development.
We also found co-segregation (complete linkage disequilibrium) of rs3914131 with rs3914132
showing similar genotype and allele frequencies.

Multiple population studies of the rs3914132 SNP with OTSC allowed us to conduct a
meta-analysis using a reasonable sample size (Fig 2). The cumulative study population com-
posed of 2670 cases and 2812 controls was analysed (S4 Table). No significant heterogeneity
was found between these studies (I = 4.7%; p = 0.398), hence, a fixed effect procedure was per-
formed to provide a pooled OR. The meta-analysis revealed significant association of
rs3914132 polymorphism with OTSC across different populations in different genetic models
(Z =6.707, p<0.0001). Statistical significance was evaluated through the Z and p values in the
forest plot.

Inheritance of a rare variant rs74503667

In our previous study, we identified a rare heterozygous variant rs74503667 at contig position
2923488 (NT_079596.2) in a familial OTSC case [16]. We extended the pedigree, and six sub-
jects were diagnosed with OTSC spanning two generations. The proband (II: 153) was diag-
nosed with OTSC at the age of 30 years (Fig 3A). Genotyping analysis revealed the
transmission of the heterozygous variant rs74503667 (Fig 3B). The proband, his sisters, son
and two nephews were found to inherit this variation from his mother in an autosomal domi-
nant mode (Fig 3C). We screened 254 sporadic cases and 262 controls together with 5 OTSC
families consisting of 90 individuals; however, this variation was found to be inherited in only
one family suggesting its role in monogenic form of OTSC.
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Table 1. Allele and Genotype frequencies distribution of RELN gene polymorphisms in non-syndromic otosclerosis cases and controls.

SNP Genotype Cases Controls OR p value
Allele (N =254) (N =262) (95%CI)
rs3914131 GG 211 (83.07) 190 (72.51) 0.569 (0.387-0.338) 0.0045"
AG 40 (15.74) 66 (25.19)
AA 03 (1.18) 06 (2.29)
G 462 (0.91) 446 (0.85) 0.569 (0.386-0.838) 0.0041°
A 46 (0.09) 78 (0.15)
rs3914132 TT 211 (83.07) 190 (73.51) 0.569 (0.387-0.338) 0.0045"
CT 40 (15.74) 66 (25.19)
cc 03 (1.18) 06 (2.29)
T 462 (0.91) 446 (0.85) 0.569 (0.386-0.838) 0.0041°
C 46 (0.09) 78 (0.15)
rs9641319 TT 97 (38.18) 104 (39.69) 1.051 (0.817-1.352) 0.6990%
TC 120 (47.24) 122 (46.56)
CC 37 (14.56) 36 (13.74)
T 314 (0.62) 330 (0.63) 1.051 (0.816-1.352) 0.7004°
C 194 (0.38) 194 (0.37)
rs10227303 AA 230 (90.55) 235 (89.69) 1.074 (0.624-1.849) 0.8060*
AT 20 (7.87) 27 (10.31)
TT 04 (1.57) 00 (0.00)
A 480 (0.94) 497 (0.95) 1.074 (0.623-1.849) 0.8899"
T 28 (0.06) 27 (0.05)

p< 0.0125 was considered as significant. Significant p values are marked in bold. OR = odds ratio, CI = confidence interval. The SNPs remained the evidence of
significant association even after Bonferroni correction for multiple testing (0.05/4 = 0.0125).

*The association testing between genotypes and phenotype was performed by the Cochran-Armitage trend test using SNPalyze V8.0.2.

PFisher’s exact test was used to assess the differences in allele frequencies between the case and control groups.

https://doi.org/10.1371/journal.pone.0269558.t001

Familial OTSC is linked to RELN locus

We evaluated the linkage likelihood of RELN rs74503667 in the OTSC family. Based on the
clinical and audiological parameters, the probands mother was considered as clinically uncer-
tain. Linkage analysis in OTSC family was performed on a subset of 6 affected and 5 unaffected
individuals (S1 Table). This family did not show linkage to known OTSC loci (S5 Table). How-
ever, this family identified the possible linked region at RELN locus on 7q22-22.1 in dominant
mode and 90% penetrance level (Marker D75796; two-point LOD score, 2.1059 at 6 = 0.000)
(Table 2). Multipoint linkage analysis using Gene Hunter program of easyLINKAGE assuming
the same condition gave a maximum LOD score on chromosome 7q22-22.1 for marker
D7S796 (Zax = 2.1059). Haplotype analysis for RELN locus in this family showed the trans-
mission of mutated haplotype in all the affected individuals through the probands mother (Fig
3D). The linkage, haplotype, and the transmission of rs74503667 in this family strongly suggest
the pathogenic role of RELN in monogenic form of OTSC development.

RELN and VLDLR mRNA expression is reduced in otosclerotic stapes
tissues

The mRNA expression of RELN and its receptors VLDLR and LRP8 were compared between
otosclerotic and control stapes tissues using reverse transcriptase PCR and real-time PCR (Fig
4). RT-PCR analysis detected the expression of the reference gene 18S rRNA in all specimens

PLOS ONE | https://doi.org/10.1371/journal.pone.0269558 June 3, 2022 7/20


https://doi.org/10.1371/journal.pone.0269558.t001
https://doi.org/10.1371/journal.pone.0269558

PLOS ONE Implication of RELN in Otosclerosis

Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper Relative

ratio  limit  limit Z-Value p-Value weight
DG 1.930 1.442 2584 4419 0.000 - 11.02
RS1 1471 1.140 1.897 2969 0.003 - 14.45
RS2 1424 1127 1.797 2969 0.003 S 17.24
German 1.205 0.866 1.677 1.106 0.269 -1il— 8.58
[talian 1.341 0.866 2.076 1.315 0.189 +Hil- 4.90
Swiss 1.334 0.809 2.199 1.130 0.258 —+— 3.75
Romanian 1286 0.775 2135 0.973 0.330 i 3.65
Tunisian 1484 0.984 2239 1.882 0.060 — 5.55
Hungarian 1.115 0.783 1.588 0.606 0.545 _.=? 7.51
British 1.138 0.877 1.476 0.974 0.330 13.86
Indian 1.587 1.159 2.173 2.880 0.004 i 9.49

1.393 1.264 1.534 6.707 0.000 ¢
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[\

Total events
Heterogeneity: Q value= 10.5, df=10 (P=0.398); |12 =4.7% Favours A Favours B
Test for overall effect: Z=6.707 (P<0.00001)

Fig 2. Meta-analysis plot for rs3914132 SNP in RELN gene. The point estimates of the odds ratio (OR) for each study are listed. Graphically, the 95%
confidence interval for each study is given by a horizontal line, and the point estimate is given by a square whose height is inversely proportional to the
standard error of the estimate. The common OR, is drawn as a diamond with horizontal limits at the confidence limits and width is inversely proportional to its
standard error. Populations included in this meta-analysis are provided from the genome wide association study (DG: Discovery group, RS1: Replication Set 1,
RS2: Replication Set 2) (Schrauwen et al., 2009), a follow up study in 4 European populations (GER: German, ITA: Italian, CH: Swiss, ROM: Romanian)
(Schrauwen et al., 2010), Tunisian, Hungarian & British populations (Khalfallah et al., 2010; Sommen et al., 2014 and Mowat et al., 2018) and Indian population
from the present study.

https://doi.org/10.1371/journal.pone.0269558.9002

(OTSC stapes, N = 52; control stapes, N = 39; and incus bone, N = 3) with equal intensity
ensuring the absence of RNA degradation (Table 3, Fig 4A).

Amongst the 52 otosclerotic stapes samples, 32 (61.5%) showed RELN expression with
detectable levels and out of 39 control stapes, 24 (61.5%) showed RELN mRNA expression
(p =0.9999). VLDLR mRNA expression was detected in 32.7% cases and 33.3% controls
(p = 0.9487). LRPS8 expression was detected in very limited number of stapes from cases
(19.2%) and controls (25.6%) (p = 0.4649). RELN and VLDLR mRNA expressions were
detected in all incus bones specimens, however, LRP8 expression was detected in 2 out of 3
incus bones. This analysis revealed a limited sensitivity of RT-PCR for RELN/VLDLR/LRP8
mRNA detection in stapes from cases and controls. The samples that were detected by
RT-PCR were quantified for their levels of RELN/VLDLR/LRP8 mRNA expressions. The data
was normalised to the housekeeping gene 18S rRNA and the relative fold change was calculated
and validated using unpaired two-tailed Student’s t-test. The gene expression analysis revealed
a significantly decreased level of RELN expression in otosclerotic stapes compared to controls
(p =0.0068). The VLDLR mRNA expression was also significantly reduced (p = 0.0348) in oto-
sclerotic stapes compared to controls. However, LRP8 expression was similar (p = 0.6172) in
cases and control stapes (Fig 4B).
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Fig 3. Transmission of disease associated alleles in OTSC family. (A)Typical audiogram of OTSC patient. On audiometric assessment, pure tone audiometry
showed a bilateral severe mixed hearing loss in proband with an extent of severe hearing loss 71 dB in right ear and 75 dB in left ear. (B) Representative
chromatograms showing the homozygous normal ‘C’ allele and heterozygous ‘CT” genotype for rs74503667. (C) Inheritance of a rare variant rs74503667 in an
OTSC family. Blackened squares and circles indicate affected males and females respectively. The + + and +—symbols indicate the normal and heterozygous
genotypes for the variant. Individual identity was represented by the numbers and arrow indicates proband. (D) Pedigree showing the transmission of a linked
haplotype (green) with the disease at RELN locus (7q22-22.1). Circle with red indicates individual with uncertain status.

https://doi.org/10.1371/journal.pone.0269558.g003

Genetic variation in RELN impedes binding of TFs in mutated sequences

To understand the functional potential of RELN gene variants, in silico analysis was performed
using the ALGGEN PROMO program to predict the gain/loss of putative transcription factor

Table 2. Two-point LOD score estimation for RELN loci in an OTSC family.

Locus Marker
T0.000
RELN D782509 1.5038
D782504 1.8049
D75796 2.1059

The maximum two-point LOD score is marked in bold.

https://doi.org/10.1371/journal.pone.0269558.t1002

T0.100
1.2301
1.4396
1.7406

Two point LOD score at 6 =
T0.200 T0.300 T0.400
0.9295 0.6081 0.2866
1.0388 0.6183 0.2422
1.3378 0.9003 0.4449
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Fig 4. Comparison of mRNA expression of RELN, VLDLR and LRP8 genes in stapes tissues of cases and controls. (A) Agarose gel electrophoresis of
molecular weight marker (Lane 1, 100 bp for 18S rRNA and RELN; 50 bp for VLDLR and LRP8), RT-PCR products of 185 rRNA (151 bp), RELN (130 bp),
VLDLR (88 bp), and LRP8 (74 bp) in mRNA derived from stapes tissues of cases (Lane 2-10), controls (Lane 11-19) and incus bone (Lane 20). (B) Expression
levels were quantified by RT-qPCR and normalized to 18S rRNA expression. RELN expression was significantly lower in cases (p = 0.0068) compared to
controls. VLDLR expression was found to be slightly lower in stapes tissues of cases (p = 0.0348) compared to controls. No remarkable change in LRP8
expression was observed between cases (p = 0.6172) and controls. Results expressed as mean * standard deviation of mean. *p<0.05, “*p<0.01, ns = not

significant.

https://doi.org/10.1371/journal.pone.0269558.9004

binding sites (TFBSs). Ten base pairs of surrounding genomic DNA sequences were analysed
using the optimized matrix similarity thresholds to predict gain and/or loss of putative TFBS.

Analysing the RELN variant rs3914132 predicted the putative binding sites for GATA-1 in the
mutated sequence. The rare variant rs74503667 in RELN predicted the altered binding of

Table 3. Expression of RELN, VLDLR, LRP8 and 18S rRNA genes in otosclerotic tissues and in tissue specific controls.

Specimens (N = 94) 18S rRNA RELN VLDLR LRP8

Ankylotic Stapes tissues (N = 52) 52 (100%) 32 (61.5%) 17 (32.7%) 10 (19.2%)

Control Stapes tissues (N = 39) 39 (100%) 24 (61.5%) 13 (33.3%) 10 (25.6%)

Incus bone (N = 3) 03 (100%) 03 (100%) 03 (100%) 02 (66.6%)
https://doi.org/10.1371/journal.pone.0269558.t003
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Fig 5. Electrophoretic mobility shift assay was performed on nuclear proteins extracted from human SH-SY5Y cells for RELN variants. (A) rs3914132
and (B) rs74503667 in intron 2 of RELN gene with either wild or mutant probes with (0X, 10X, 25X 50X) and without competitors. DNA-protein complex
migration pattern was detected in both wild type and mutated probes for both the variations. The arrow indicates the DNA-protein binding at the sites of these
variations.

https://doi.org/10.1371/journal.pone.0269558.9g005

TATA element modulatory factor (TMF), TATA binding proteins (TBP) and Transcription
factor II D (TFIID) in the mutated sequence. To investigate the binding affinity of the rare var-
iant at rs74503667 and the SNP rs3914132 to nuclear protein, we performed EMSA with
SH-SY5Y cells nuclear protein extracts with double stranded oligonucleotide probes contain-
ing either of the alleles. The experiment demonstrated the allelic difference in the intensity of
bound DNA, with the nuclear protein (s) indicating the gain of possible transcription factors
binding on altered sequence with “T” allele of rs74503667 (p = 0.0010) as well as with the asso-
ciated ‘C’ allele of rs3914132 (p = 0.0494) (Fig 5).

Altered stapes bone morphology and reelin protein expression in OTSC

A comparative morphology analysis between case and control stapes was performed using
scanning electron microscopy. Evaluation of anterior crura of control stapes showed a fibrillar
structure, also present in otosclerotic free area of patient’s stapes (Fig 6). However, in patient’s
stapes the otosclerotic zone of anterior crura and the footplate did not show any fibrillar struc-
tures. In spite, we observed numerous marks of multiple holes and honeycomb like porous
structures in the otosclerotic zone of disease tissues compared to controls, which were less
porous and more compact (S1 Fig). The incus bone also resembled structural pattern similar
to control stapes (Fig 6A). This analysis showed that the morphology of the stapes is notably
different in controls and OTSC patients.
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Fig 6. Scanning electron microscopy image of an otosclerotic stapes. The ultrastructure of the bone adopts a compact fibrillar
morphological appearance in (A) incus bone from control, (B) anterior crura near otosclerotic zone in control stapes. Hollow
honeycomb like structures were observed in (C) anterior crura near otosclerotic zone in patient’s stapes as well as in (D) stapedial
footplate obtained from otosclerotic patient. Original magnification at 10000 times in a corresponding area of OTSC zone.

https://doi.org/10.1371/journal.pone.0269558.g006

Subsequently, we investigated the reelin protein expression using immunofluorescence
assay (IFA) in case and control stapes tissues. Histological examination of stapes tissues using
haematoxylin and eosin staining showed osteoblast, osteoclast, and other bone cells like struc-
tures in both cases and controls (Fig 7A and 7C). IFA revealed a reduced reelin expression in
OTSC tissues as compared to controls (Figs 7B, 7D and S2).

Discussion

In the present study, we hypothesized that increasing the sample size will provide adequate
power to detect the significance level. The low power (34%) used in our previous study [16]
has been increased in the present study to reach 76% and we subsequently found that the asso-
ciation of the rs3914132 SNP with OTSC in Indian population is consistent with the previous
GWAS study in European population [14]. The minor allele ‘C’ frequency for the SNP
rs3914132 in patient and control group was found to be 0.09 and 0.15. The decreased minor
allele frequency (MAF) in cases compared to controls indicates the protective effect towards
OTSC development. In European population minor allele ‘C’ at rs3914132 in RELN gene acts
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Fig 7. Histological analysis of stapes tissues. Haematoxylin-eosin (A, C) and immunofluorescence staining (B, D)
showing the presence of bone cells and expression of reelin protein in stapes tissues from controls and cases.
Immunofluorescence assay showed reduced reelin expression in otosclerotic tissues as compared to controls (scale
bar = 50um).

https://doi.org/10.1371/journal.pone.0269558.g007

as a protective allele and decreases the risk of OTSC by 1.54 times [14]. The association and
estimated effect size for rs3914132 SNP with OTSC in this study was in accordance with the
previous reports [1,15]. While comparing the allele counts between controls and cases, the
odds ratio 1.756 (= 1.8) indicated that each ‘C’ allele reduces the OTSC susceptibility by 1.8
times in the studied population. Furthermore, the association of the same SNP with OTSC in
our population confirmed that the association of rs3914132 in RELN gene with OTSC is real
and RELN plays an important role in the etiopathogenesis of OTSC [1,15].

To confirm the genetic association of rs3914132 with OTSC, we performed a meta-analysis
by combining the data from previous studies and the current study. The analysis confirmed
the association of this SNP with OTSC across different ethnic populations with similar effect
size, which further strengthen the evidence of genetic contribution of RELN in the develop-
ment of OTSC (Fig 2). The functional role of this intronic SNP is not clear, however, it is possi-
ble that this SNP may influence the regulatory elements for other neighbouring genes which
might have influence in causing the risk of OTSC development.

In our previous study, we had also identified a rare variation rs74503667 in a familial case
of OTSC. Our sequencing result elucidated the transmission of rs74503667 variant in all the
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affected members of OTSC family (Fig 3C). Linkage analysis showed a suggestive linkage sig-
nal in this OTSC family to the RELN locus (LOD score 2.1059) (Table 2). Within the current
study, eight candidate loci were tested therefore a LOD score > 2.0 is highly unlikely to occur
by chance. According to Lander and Kruglayak, a LOD score above 1.9 correspond to sugges-
tive linkage [48]. The same haplotype was found to be transmitted from proband’s mother to
all the affected members (Fig 3D). This family did not show the evidence of linkage or trans-
mission of haplotypes for any other loci identified previously for OTSC. Identification of link-
age and transmission of rare novel variation in this family suggest the pathogenic role of RELN
in OTSC.

The expression of RELN has been evidenced in human stapes footplate samples and human
and mouse inner ear by real-time PCR and Western blot [14]. In the present study, determin-
ing the expression levels of the RELN together with two known receptors VLDLR and LRP8
found a significant reduction in the expression of RELN and VLDLR in otosclerotic stapes,
while, LRP8 expression was similar in cases and control stapes. Studies have shown that osteo-
cytes, the mechanosensing cells of the bone tissue, express higher levels of reelin than osteo-
blasts, the bone-forming cells [28]. The cell surface receptor VLDLR may transduce the reelin
signaling to intracellular signaling molecules [49-51]. The decreased expression of RELN and
VLDLR observed in otosclerotic stapes tissues compared with normal stapes can assist our
understanding of the role of these genes in the causation of disease. Immunofluorescence
study has also revealed that reelin immunoreactivity in the stapes of patients with otosclerosis
was significantly lower than that of controls. Two previous studies reported conflicting results
in detecting the RELN expression in stapes bone [14,52]. A recent study has shown the expres-
sion of RELN in the majority (62% of stapes bone tested) but not all human stapes tested [32].
Our results support the Mowat et al. findings which detected the RELN expression in 61.5%
stapes bones tested in the present study. It has been postulated that expression of RELN in the
stapes is interconnected with special features of the otic capsule [18]. Another study has shown
the expression of RELN in adult rat appendicular and axial skeletons also [31]. However, lack
of RELN expression in some of the otosclerotic stapes in this study is unclear, which could be
influenced by other factors such as aberrant epigenetic modifications [28,53]. The possible
cause of reduced expression of RELN in otosclerotic stapes could be due to a viral infection as
demonstrated previously in different parts of mice brain [54-56]. Several reports have shown
the implication of measles virus infection in the pathogenesis of OTSC, however, till date no
correlation of measles virus infection on RELN/reelin expression in OTSC tissues was deter-
mined [57]. Other probable mechanism for reduced RELN/reelin expression could be due to
disease associated polymorphism/variants identified in this study. Some reports have shown
spontaneous mutations in RELN leads to lissencephaly and absence of serum reelin [21,58].

Functional analysis of RELN variants rs3914132 and rs74503667 by EMSA showed a nota-
ble difference in the formation of DNA-protein complex between the wild type and altered
sequences. Difference in EMSA indicates that a protein or mixture of proteins is capable of
binding to mutated DNA sequences for rs3914132 and rs74503667 which may have influence
on the regulation of RELN or any other neighbouring gene located in same topologically asso-
ciated domain. It may be possible that these intronic variants are in strong LD with the actual
causative variants in the neighbouring candidate genes which might have a role in abnormal
bone remodelling during otosclerosis development. The two proximally neighbouring genes
can be SLC26A5 and ZKSCANI. Genetic variations in SLC26A5 are associated with hearing
impairment [14]. The ZKSCANI was found to be differentially expressed in otosclerotic tissues
[59], however, it is located 3,430,095 bp upstream to RELN.

Morphological analysis of human stapes tissues by SEM revealed aberrant bone structures
due to OTSC with several hollow spheroids and honeycomb-like structures that were
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exclusively present in otosclerotic zone of the stapes. These aberrant structures were absent in
control stapes as well as in incus bone fragments. In otosclerotic stapes, the bone is more
porous which implies an increase in bone resorption activity due to the increased osteoclasts
activity. In non-otosclerotic zone of the otosclerotic stapes, we found fibrillar structures similar
to controls. The exact mechanism responsible for this abnormal bone anomaly in otosclerotic
zone of stapes due to OTSC is not known. The same architectural pattern viz. honey comb,
fibrillar compact and pitted was observed in the human stapes previously [60].

Based on the known biological function of reelin, it is difficult to correlate its role directly
in bone metabolism, however, recent studies have shown the role of reelin signalling pathway
as a prime role in limb development [61]. Reelin levels were also found to be increased in syno-
vial fluid of patients with rheumatoid arthritis suggesting its role in musculoskeletal tissues
[62]. Reports have shown the secretion of reelin in the inner ear and detection of its transcripts
in human stapes footplate [14]. Some of the studies have shown the differential expression of
reelin in osteocytes compared to osteoblasts [28]. Recently, Garshasbi et al. showed the role
RELN variation with familial ankylosing spondylitis which further strengthen the role of
RELN in bone remodeling [63]. We hypothesize from the current study and previous reports
that the functional intronic variants rs3914132 and rs74503667 may be located in a regulatory
region (enhancer/silencer) of RELN gene which might regulate the other neighbouring genes
and may have role in controlling the bone remodeling. In addition, the reelin protein may con-
tribute to mechanosensory adaptation mechanism of bone remodeling since it is detected with
elevated expression in limb compared to skull bones. The exact mechanism by which reduced
RELN expression is the causation of disease needs to be investigated. However, a recent study
has investigated the association of ankylosis spondylitis (a bone disease) with RELN mutation
which can alter the inflammatory and osteogenesis pathway mediated by reduced secretion of
reelin [64]. In the current study, reduced RELN mRNA and reelin protein expressions in
OTSC tissues together with association of RELN gene variants with OTSC in multiple popula-
tions provide deeper molecular understanding of RELN in disease susceptibility. Accumulating
evidences from the studies suggests that signalling by reelin might be playing an important
role in the pathogenies of otosclerosis.

Unfortunately, there are some limitations of this study. First, although the study contains a
reasonable population size, the cohort is compromised with Indian-Asian individuals only and
further ethnic populations like Africans or European populations might be included to further
evidence the RELN variants in the risk of OTSC. In addition to further evaluate the exact func-
tional role of reelin in OTSC disease, cell lines carrying the RELN variants should be included
to provide evidence of its reduced RELN/reelin expression in vitro.

Conclusions

In conclusion, this study provides an evidence that the rare variant rs74503667 in RELN has a
large impact in the causation of monogenic form of OTSC and rs3914132 is associated with
complex form of the disease. The quantified expression of RELN, VLDLR and LRP8 in oto-
sclerotic stapes may assist in understanding the mechanisms of reelin signalling in abnormal
bone growth. However, more studies are needed in order to elucidate the exact role of reelin in
abnormal bone growth around the stapes.

Supporting information

S1 Fig. Scanning electron microscopy image of a normal and otosclerotic stapes. The ultra-
structure of the bones adopts a fibrillar morphological appearance in (A) Anterior Crura of
control stapes bone and (B) Anterior Crura of patient’s stapes bone (original magnification X
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5000) in a corresponding area to otosclerosis—free zone.
(TIF)

$2 Fig. Immunofluorescence staining to determine RELN expression in stapes tissue sam-
ples. (A) Control stapes. (B) Otosclerosis stapes. (Scale bar = 50 um). Immunofluorescence
assay showed reduced reelin expression in otosclerotic tissues as compared to controls.

(TIF)
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Female, BCHL = Bilateral conductive hearing loss; BMHL = Bilateral mixed hearing loss.
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