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Otosclerosis is caused by abnormal bone homeostasis of the
otic capsule, resulting in hearing impairment in 0.3%-0.4%
of the white population. The etiology of the disease remains
unclear and environmental as well as genetic factors have
been implicated. We localized the first autosomal-dominant
locus to chromosome 15 in 1998 (OTSC/!) in an Indian family
and, recently, we reported the localization of a second gene
for otosclerosis to a 16 ¢M interval on chromosome 7q
(OTSC2). In this study, we recruited and analyzed nine
additional families (seven Belgian and two Dutch families
with 53 affected and 20 unaffected subjects) to investigate the
importance of these loci in autosomal-dominant otosclerosis.
We completed linkage analysis with three microsatellite
markers of chromosome 15 (D155652, D15S1004, D15S657)
and five microsatellite markers of chromosome 7 (D75495,
D752560, D7S684, D7S2513, D7S2426). In two families, re-
sults compatible with linkage to OTSC2 were found, but in
the seven remaining families OTSCI and OTSC2 were ex-
cluded. Heterogeneity testing provided significant evidence
for genetic heterogeneity, with an estimated 25% of families
linked to OTSC2. These results indicate that, besides OTSC1
and OTSC2, there must be at least one additional otosclerosis
locus. (Bone 30:624-630; 2002) © 2002 by Elsevier Science
Inc. All rights reserved.
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Introduction

Otosclerosis is a common bone dysplasia that is unique to the
endochondral bone layer of the otic capsule. This capsule forms
from a cartilaginous substrate precursor that persists as a calci-
fied cartilaginous matrix in which primitive bone is neither
removed nor replaced. Otosclerosis affects this unique homeosta-
sis resulting in abnormal resorption and deposition of new bone,
mostly of the woven type.* The pathological bone has a variable

Address for correspondence and reprints: Dr. Guy Van Camp. Depart-
ment of Medical Genetics, University of Antwerp (UIA), Universite-
itsplein 1, 2610 Wilrijk, Belgium. E-mail: gvcamp@uia.ua.ac.be

© 2002 by Elsevier Scicnee Ine.
All rights reserved.

appearance, with areas of differing cellularity. Gradual fixation
of the stapes limits, and finally prevents, stapedial footplate
motion, resulting in a progressive, conductive hearing impair-
ment. The disease may extend to the inner ear, producing a
combined (conductive and sensorineural) hearing impairment.

Otosclerosis is divided into histological and clinical types.
“Histological otosclerosis™ refers to a disease process without
clinical symptoms or manifestations that only can be discovered
by sectioning of the temporal bone at autopsy. Its prevalence has
recently been estimated as 2.5% in the white population.® “Clin-
ical otosclerosis” (MIM 166800), necessarily refers to the pres-
ence of otosclerosis at a site where it causes conductive and/or
sensorineural hearing loss. Mean age of onset is between 20 and
40 years, and in the majority of persons (~85%) both ears are
involved.®!? Stapes microsurgery is widely acknowledged to be
the treatment of choice for otosclerosis, but nevertheless otoscle-
rosis gives rise to considerable morbidity.'?

The etiology of otosclerosis is poorly characterized and prob-
ably involves an interaction between genes and environment
factors. This lack of knowledge is an important obstacle in the
development of better therapies or prevention strategies for this
disease. In 1998, we used a large Indian family segregating for
autosomal-dominant otosclerosis to map the first otosclerosis
locus (OTSC1) on chromosome 15g25-26."* Recently, we local-
ized a second locus for otosclerosis (OTSC2) on chromosome
7q34-36 in a large Belgian family.!? Neither gene has been
cloned.

We recruited and analyzed nine additional families segregat-
ing for otosclerosis to investigate genetic heterogeneity. In seven
of these families, OTSCI and OTSC2 were excluded, confirming
that otosclerosis, in parallel with sensorineural hereditary hearing
impairment, is a genetically heterogeneous condition.

Subjects and Methods
Clinical Diagnosis

The families were ascertained through the Department of Oto-
laryngology of four different hospitals: family A through the
St.-Vincentius Hospital, Antwerp (Belgium); families B and D
through the University Hospital of Antwerp (Belgium); tamilies
C. E, F, and G through the St.-Augustinus Hospital, Antwerp
(Belgium), and families H and 1 through the University Medical
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Pedigrees of the nine additional families (A)—~(I) with autosomal-dominant otosclerosis, showing the haplotypes for the chromosome 15

markers of OTSC/. Only family members whose DNA was analyzed are numbered. Affected family members are represented by solid symbols, male
family members by squares, and female members by circles. Deceased family members for whom we had no information on their hearing or living
family members with an atypical or limited hearing impairment are indicated with a question mark.

Center St.-Radboud, Nijmegen (The Netherlands) (Figures 1
and 2). We performed pure-tone audiometry on all persons with
air conduction at 125, 250, 500, 1000, 2000, 4000, and 8000 Hz,
and bone conduction at 250, 500, 1000, 2000, and 4000 Hz. We
also measured tympanic membrane compliance and ipsi- and
contralateral stapedial reflex decay. Persons in whom stapesfix-
ation with an otosclerotic focus was confirmed during stapes
microsurgery were considered affected. In nonoperated persons,
the clinical diagnosis of otosclerosis was based on audiologic
data. Persons with a conductive or mixed hearing loss together
with absent or immeasurable stapedial reflexes were classified as
affected. Because of variability in the age of onset, only family
members >50 years of age and with normal hearing were
considered “unatfected.” The remaining persons were given an
“uncertain” affection status. Information on deceased members
of the pedigree was obtained by history.

Genotyping

Blood samples from study participants were obtained after in-
formed consent and used as a source of genomic DNA, which
was isolated by standard techniques. The microsatellite markers

used in the linkage analysis were D155652, D15S1004, and
D158657 for OTSCI and D7S495, D752560, D75684, D752513,
and D7S2426 for OTSC2. Information for all markers was taken
from the Genome Database (http://gdbwww.gdb.org/). The ge-
netic distance separating the OTSCI markers was taken from
Tomek et al.'"": D155652-9 ¢cM-DI15S1004 -4 cM-D158657.
The genetic distance separating the OTSC2 markers was taken
from Généthon maps®: D7S495-0.6 ¢cM-D7S2560-2 cM-
D7S684-4.5 cM-D752513-8.8 cM-D752426 for OTSC2. Poly-
merase chain reaction (PCR) was carried out under standard
conditions. One of the primers was synthesized with an M13
sequence at the 5" end. A 5'-IRD labeled (800 nm) M13 primer
was included in the PCR reaction, thus labeling the PCR product.
Gel electrophoresis and pattern visualization were performed
using a DNA analyzer (Model 4200, Li-Cor, Inc.).

Linkage Analysis

Multipoint lod scores were calculated using the VITESSE com-
puter program.? The linkage parameters were chosen in compli-
ance with the body of older studies,’*7"'Y suggesting that oto-
sclerosis is inherited as an autosomal-dominant disease with
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Figure 1. (Continued)

reduced penetrance. As standard linkage parameters, the fre-
quency of the otosclerosis gene was set at 0.0001 and the disease
was assumed to be 50% penetrant and autosomal-dominant. To
allow for possible phenocopies, this chance was set at 1%,
because without surgical exploration it is often difficult to
exclude hearing impairment of other origins. Equal recombina-
tion frequencies between males and females were assumed. For
each marker, the number of alleles in the lod score calculations
was set at the observed number of alleles in the pedigree (N);
allele frequencies were set at 1/N.

Multipoint lod scores were calculated using four point rolling
lods in the D15S652-D15S657 interval (with markers D15S652,
D1551004, and D15S657) and in the D7S2560-D7S2513 inter-
val (with markers D7S2560, D7S684, and D7S2513). These loci
were also analyzed for linkage heterogeneity, using the Homoa
program.'!

Results

Genotyping was performed on DNA from 78 persons, 53 of
whom were diagnosed as affected based on audiograms and
surgery. Twenty persons were labeled unatfected and five were

given an uncertain diagnosis. Haplotypes were constructed, as
shown in Figures 1 and 2. The graphs of the multipoint calcula-
tions in each family are presented in Figure 3.

OTSC1 analysis revealed no haplotype sharing by all
affected subjects within each of the families analyzed. In
addition, multipoint lod scores were negative in each family,
providing evidence of nonlinkage in these nine families to the
Jocus on chromosome 15. With OTSC2, in contrast, in Belgian
families B and D, haplotype segregation was consistent with
linkage to this locus. In family B, one haplotype of OTSC2
was shared by all affected subjects. A maximum multipoint
lod score of 1.91 was obtained. In family D, one haplotype of
OTSC2 was shared by all affected individuals except person 5,
who inherited the normal haplotype. If the family was linked
to OTSC2, the hearing loss in this individual may have been
caused by nongenetic factors (phenocopy) or by one or more
other genes. In this family, a maximum multipoint lod score of
0.74 was obtained.

To investigate the candidate loci further, heterogeneity testing
was also performed using the HomoG program on multipoint lod
scores from the regions of interest. The original OTSC2 family,
as well as the nine families described in this study, were included
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Figure 2. Pedigrees of the nine additional families (A)—(1) with autosomal-dominant otosclerosis, showing the haplotypes for the chromosome 7
markers of OTSC2. The haplotype probably linked to otosclerosis is boxed. Only family members whose DNA was analyzed are numbered. Affected
family members are represented by solid symbols, male family members by squares, and female members by circles. Deceased family members for
whom we had no information on their hearing or living family members with an atypical or limited hearing impairment are indicated with a question

mark.

in the analysis. For the OTSC/ locus, there was no evidence to
support linkage under a model of heterogeneity nor under a
model of homogeneity. For the OTSC2 locus there was no
evidence to support linkage under a model of homogeneity, but
there was evidence of linkage under a model of heterogeneity
between the markers D752560 and D7S2513 at « = 0.25 (« is
the proportion of families segregating the linked gene). Hypoth-
esis testing showed significant evidence for linkage and hetero-
geneity (H,) vs. linkage and homogeneity (H,) or vs. neither
linkage nor heterogeneity; (Ho) (x* = 14.595, 2 df, p < 0.001).

To investigate the possibility that some of the three OTSC2
families (B and D and the original OTSC2 family) were related,
we compared interfamilial disease haplotypes. Three different
linked haplotypes were found, with the exception of marker
D782560, in which the original OTSC2 family and family D
shared a common allele variant. The frequency of this allele in
the white population is 5%, making it impossible to know
whether the shared allele represents identity by descent or iden-
tity by state.

Discussion

Two loci for otosclerosis have been discovered. We mapped the
first locus in 1998 to a 14.5 c¢M interval on chromosome
15925-26 (OTSCI) in a large multigenerational family of Indian
origin.'* An additional family, originating from Tunisia, has also
been reported to be linked to this locus (Drira et al., “Etude
génétique et localisation d’un geéne de I’otospongiose chez les
familles Tunisiennes,” 106 Congres Frangais d’Oto-Rhino-Lar-
yngologie et de Chirurgie de la Face et du Cou, Paris, 1999).
Recently, we mapped the second gene for otosclerosis to a 16 cM
interval on chromosome 7g34-36 (OTSC2) in a large Belgian
family.!’

In this study we have reported significant evidence for genetic
heterogeneity based on the analysis of nine additional families
segregating for otosclerosis, seven of Belgian and two of Dutch
origin. This is the first report describing linkage analysis in a
series of otosclerosis families. Our results suggest that OTSC1 is
probably a minor otosclerosis locus in persons of western Euro-
pean descent, because this locus was excluded in all families.
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Figure 2. (Continued)

However, we found linkage to OTSC2 in Belgian family B, with
a lod score of 1.91. The generally accepted significance threshold
for lod scores of +3, corresponding to a p value of 10™%, is only
valid when a complete genome search has been performed,
because multiple testing for hundreds of loci is taken into
account.” In this study, only two loci were tested and a lod score
of 42 (corresponding roughly to p = 10~ 3) was a reasonable
significance threshold. Linkage to OTSC2 was therefore very
likely for family B. Although the Belgian family D was too small
to yield statistically significant lod scores, haplotype segregation
was consistent with linkage to the OTSC2 locus, except for a
single person, which may represent a phenocopy. Confirmation
of linkage will therefore only be possible after the OTSC2 gene
has been identified, when this gene can be analyzed in patients
from family D.

The OTSC2 gene may play a major role in otosclerosis in
western Europe, because formal heterogeneity testing using
HOMOG indicated that disease-related genes in 25% of the
families may be linked to the OTSC2 region on chromosome
7q34-36. Hypothesis testing of heterogeneity given linkage
vs. homogeneity given linkage (H, vs. H;) was significant
(p < 0.001), showing that, in addition to OTSC/ and OTSC2,
at least one other otosclerosis-causing gene must exist.

The genes responsible for otosclerosis are likely to have

specific roles in bone homeostasis in the otic capsule. Little is
known about this process at the molecular level and the identi-
fication of these genes is the first step in the elucidation of
mechanisms of bone turnover of the otic capsule. This knowl-
edge could lead to substantial improvements in our ability to
diagnose and possibly even prevent this type of hearing impair-
ment.

Acknowledgments: The authors are grateful to all family members for
their collaboration in this study. This study was supported by grants from
the University of Antwerp and from the Vlaams Fonds voor Wetenschap-
pelijk Onderzoek (FWO) to G.V.C. K.V.D.B. holds a predoctoral re-
search position with the Instituut voor de aanmoediging van Innovatie
door Wetenschap en Technologie in Vlaanderen (IWT-Vlaanderen), and
G.V.C. holds a research position with the FWO. This research was also
supported in part by NIDCD Grant RO1DC05218 to R.J.H.S. and G.V.C.

References

1. Causse, J. R. and Causse, J. B. Otospongiosis as a genetic disease. Early
detection, medical management, and prevention. Am J Otol 5:211-223; 1984.

2. O’Connell, I. R. and Weeks, D. E. The VITESSE algorithm for rapid exact
multilocus linkage analysis via genotype set-recoding and fuzzy inheritance.
Nat Genet 11:402-408; 1995.



629

K. Van Den Bogaert et al.

Genetic heterogeneity within otosclerosis

Bone Vol. 30, No. 4
April 2002:624-630

"PaIedIpUL 218 JSIUL JO SUOLSAT oy Ul SIoyJeW pajodas Jo uonisod ayJ, “(g) uoiSar S0 pue (V) /DSIO W ul suonemo[es 210ds po jutodninw jo uonejussaid [eoryderny -¢ aundig

(w2) soumsiq (m2) s3umyng
o oy s¢ ot sz 11" 51 ot S 05 S»r O S& O S O G O S
v r
4 4 + ¢ LA 4
£16ZS/Q ¥89S.Q 09SZS.0 2598640 ¥OOLSSLA  269SSLA

1 Apusey ——

H Apiey

© Apusey —e—

4 Apusey —+-

3 Apurey -

Q Apurey ——

O Apusey —+—

8 Amwey

v Apwey
Apwey ZIS10 o

81098 Q01

098 10"




K. Van Den Bogaert et al.
Genetic heterogeneity within otosclerosis

. Declau, F., Qiu, I. P, Timmermans, J. P., Van Spaendonck, M., Michaels, L.,
and Van de Heyning, P. Prevalence of otosclerosis in a non-selected series of
temporal bones. Otol Neurotol 22(5):596-602; 2001.

. Declau, F. and Van de Heyning, P. Otosclerosis. In: Martini, A., Read, A, and
Stephens, D., Eds. Genetics and Hearing Impairment. London: Whurr; 1996;
221-230.

. Dib, C., Faure, S., Fizames, C.. Samson, D., Drouot, N., Vignal, A., Millasseau,

P., Marc, S., Hazan, J., Seboun, E., Lathrop, M., Gyapay, G.. Morissette, I., and

Weissenbach, J. A comprehensive genetic map of the human genome based on

5,264 microsatellites. Nature 380:152-154; 1996.

. Donnell, G. N. and Alfi, O. S. Medical genetics for the otolaryngologist.
Laryngoscope 90:40—46; 1980.

. Gapany-Gapanaviscius, B. Otosclerosis: Genetics and Surgical Rehabilitation.
Jerusalem: Keter; 1975.

. Gordon, M. A. The genetics of otosclerosis: A review. Am J Otol 10:426—438;
1989.

. Lander, E. and Kruglyak, L. Genetic dissection of complex traits: Guidelines
for interpreting and reporting linkage results. Nat Genet 11:241-247; 1995.

. Larsson, A. Otosclerosis: A genetic and clinical study. Acta Otolaryngol
(Stockh) 154(Suppl.):1-86; 1960.

Bone Vol. 30, No. 4
April 2002:624-630

. Ou, J. Analysis of Human Genetic Linkage, Revised Edition. Baltimore: Johns

Hopkins University Press: 1991.

. Somers, T., Govaerts, P. J., Janssens de Varebeke, S., and Offeciers, E.

Revision stapes surgery. I Laryngol Otol 111:233-239: 1997.

. Somers, T., Govaerts, P. J., Marquet, T., and Offeciers, E. Statistical analysis

of otosclerosis surgery performed by J Marquet. Ann Otol Rhinol Laryngol
103(12):945-951; 1994,

. Tomek, M. S., Brown, M. R., Mani, S. R., Ramesh, A., Srisailapathy, C. R. S.,

Coucke, P., Zbar, R. I. S, Bell, A. M., McGuirt, W. T., Fukushima, K.,
Willems, P. J., Van Camp, G.. and Smith, R. J. H. Localization of a gene for
otosclerosis to chromosome 15¢25-q26. Hum Mol Genet 7:285-290; 1998.

. Van Den Bogaert, K., Govaerts, P. J., Schatteman, 1., Brown, M. R., Cae-

thoven, G., Offeciers, F. E., Somers, T., Declau, F., Coucke, P., Van de
Heyning, P., Smith, R. J. H., and Van Camp, G. A second genc for otosclerosis
(OTSC2) maps to chromosome 7q34-36. Am J Hum Genet 68:495-500; 2001.

Date Received: Junc 21, 2001
Date Revised: November 13, 2001
Date Accepted: November 29, 2001



