SHORT THESIS FOR THE DEGREE
OF DOCTOR OF PHILOSOPHY (PHD)

NEW OBSERVATIONSFOR THE MOLECULAR
BIOLOGICAL AND GENETIC BACKGROUND OF THE
BONE REMODELING OF OTOSCLEROSIS

Balazs Liktor MD

Supervisor:
Tamés Karosi MD, PhD

UNIVERSITY OF DEBRECEN
DOCTORAL SCHOOL OF CLINICAL MEDICINE
DEBRECEN, 2015



NEW OBSERVATIONSFOR THE MOLECULAR
BIOLOGICAL AND GENETIC BACKGROUND OF THE
BONE REMODELING OF OTOSCLEROSIS

By Balézs Liktor MD

Supervisor: Tamas Karosi MD, PhD

Doctora School of Clinical Medicine, University of Debrecen

Head of the Examination Committee: Prof. Andrés BertaMD, PhD, DSc
Members of the Examination Committee: Prof. Jozsef Pytel MD, PhD
Sandor Szanté MD, PhD

The examination takes place at the library of the Department of
Ophthalmology, Faculty of Medicine, University of Debrecen, 16 June 2015,
allam.

Head of Defense Committee: Prof. Andras BertaMD, PhD, DSc

Reviewers: Prof J6zsef Jori MD, PhD
Gabriella Sziics MD, PhD, DSc

Members of the Defense Committee: Prof. Jozsef Pytel MD, PhD
Sandor Szanté MD, PhD

The PhD Defense takes place at the Lecture Hall of Bldg. A, Department of
Internal Medicine, Faculty of Medicine, University of Debrecen, 16 June
2015, at 1 p.m.



CONTENT

5. NEW OBSERVATIONS........ccoooiiiiiiiiiiiie e

6. DISCUSSION........ociiiiiiiiiiiic e

7. LIST OF PUBLICATIONS.........cccveeeevrreee e

8. ACKNOWLEDGEMENTS.......ccoiiiiiiienneee e



1. INTRODUCTION

Otosclerosis is a unique inflammatory bone remodeli
disorder of the human otic capsule with an unknoetiology.
Inflammatory bone resorption foci means the maiatdee of the
disease, which develops solely in the human ofisgig and in the
stapes footplate. The foci can evolve anywherehéndtic capsule,
however; they appear mainly at the fissula anteesgam, a.k.a
predilection site for otosclerosis. The rising dbszlerotic focus
narrows the oval window niche, discourages the mmrds of the
stapes footplate and blocks the outwardly comimgation of sound
towards to the inner ear. Accordingly, conductieating loss can be
diagnosed more often in a patient suffering fronosolerosis.
Nevertheless, clinical symptoms depend on the ilcaif the foci.
In case of endosteal involvement of the cochleagssive
sensorineural hearing loss might occur, while isecaf semicircular
canal lesions, vertigo can come up.

In the Caucasian white population, the prevalenée o
manifest otosclerosis is about 0.3-0.38% of thesg@mpopulation,
5-7% of those with hearing loss and 18-25% of thosth
conductive hearing loss. It follows that the annwesdtimated
incidence of otosclerosis is 6-8/10.000. Subclinima histological
otosclerosis is presumably more common: 8-11 %hefdeneral
white population develops otosclerotic foci, as foomed by
histologic autopsy studies. The onset of the diséasisually around
at the third or fourth decades and is also chatiaetd by female
dominance. In Hungary, 200-250 stapes surgeriesparéormed
annually and approximately in 150 cases, otosdlemmstitutes the
background.

During the past decades, molecular mechanisms pbé bo
metabolism have been intensively studied. Bone odéitan has
double regulation. In addition to the well-knowrdenrine network,
a local network of complex and refined interactiobstween
osteoclasts, osteoblasts and humerous mediatoiiseleasidentified.
The balance between bone resorption and formatiorclasely
regulated by cytokines and other mediators desttiedow.

Osteoclasts are multinucleated cells formed kyftision of
the progenitors of monocyte/macrophage family. T haincipal
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function is bone resorption. In contrast, ostedblase bone-forming
cells with equally important role in physiologichbne turnover.
Normally, the resorptive and bone-forming processam

simultaneously and maintain the physiological beaéarof bone
metabolism.

Receptor activator of nuclear factor kappa B ligand
(RANKL) is expressed and secreted by a varietyeadiscincluding
osteoblasts. RANKL facilitates the differentiatioactivation and
survival of osteoclasts by the activation of itsedfic receptor
RANK, which is located on osteoclasts. Osteopraiag®©PG) is a
powerful  inhibitor of bone resorption and attensate
osteoclastogenesis. OPG is a soluble ‘decoy’ recepat competes
with  RANK for RANKL. Due to the presence of RANK in
osteoclasts and their precursors, OPG inhibits difierentiation,
survival and fusion of osteoclastic precursor ¢elied suppresses the
activation of osteoclasts and promote their apdptdis otosclerosis,
high expression levels of OPG mRNA were detectethe spiral
ligament, supporting cells of the organ of Corttlanterdental cells
of the spiral limbus. In contrast, no OPG exprassamuld be
detected within the bone of the otic capsule using
immunohistochemistry. Elevated concentrations oGQ#ere found
in the perilymph. Thus, OPG may be produced instbfé tissues of
the cochlea, secreted into the perilymph and teanacanalicular
system of the otic capsule. There is intensiveuditin of OPG from
the perilymph into the surrounding bone. Probathlis is one of the
reasons why the otic capsule is unique in its molgdy and
development.

The normal otic capsule exerts very little bonenéwer and
is almost devoid of osteoclasts. The histologiciviagt of the
otosclerotic foci may be categorized from gradenbgt active) to
grade IV (completely inactive) depending on thdutatity, degree
of vascularization, amount of extracellular collageatrix and the
presence of osteoblasts and osteoclasts. There nangerous
osteoclasts, fibroblasts, giant cells and prolifataendothelial cells
in the active otosclerotic lesions, which can bgpomsible for the
increased metabolic activity and the developinghgpatic structure.
In response to this enhanced bone resorption, eneggtive process
occurs in the foci leading to fibrous transformatioy osteoblasts

5



and fibroblasts. The early stages of otosclerasi®been associated
with measles virus infection and concurrent inflaation. In brief,
the active phase of the disease has been charaddry incremental
inflammation, detectable measles virus particldsyndant local
expression of tumor necrosis factor alpha (T®&JFand OPG
negativity. The inactive phase was represented égsihes virus and
OPG positivity, TNFe. negativity and lack of inflammation. In the
early stage of otosclerosis, TNFis detectable in the otosclerotic
foci and correlates with the expression levels efsfes virusderived
RNA fragments.

Antigens of defective measles virus particles aqgressed
on the surface of the infected cells by the MHC-dlegules on
osteoclasts, osteoblast, fibroblasts and endothediés. Therefore,
CD8+ T cell-dependent immune responses lead to d NHease and
consequent bone resorption. This is the most vidbéory, but
activated monocytes, macrophages, B cells, T eglts osteoclasts
are also able to secrete TNRnato the osteolytic foci; thus, they may
further perpetuate the inflammatory events. TiNAs a pro-
inflammatory cytokine that plays an essential role the
differentiation of bone marrow-derived mononucleeells to
osteoclasts and stromal cells to osteoblasts. Gyfickine is also an
indispensable paracrine mediator during intercatlabmmunication
between osteoclasts and osteoblasts. High leveldNgfo stimulate
osteoclast activation, induce RANKL expression atecrease
osteoclast apoptosis leading to osteolysis and gipsis. TNFe
over expression in otosclerosis further stimulatesteoclast
formation through the dual action of inhibiting sstton of OPG and
stimulating that of RANKL. TNFx may enter into the perilymph
and cortilymph utilizing the same channels as OR@mwmigrating
from the perilymph to the otic capsule. TNF-a matgifere with the
electromotility of outer hair cells, leading to serineural hearing
loss. As TNFe is generated within the otosclerotic bone, onéhef
potential causes of sensorineural hearing losstascterosis might
be the abundant release of TMF-

Apart from the RANKL/OPG system and proinflammatory
cytokines, such as TNé&- proteolytic enzymes may also be involved
in the bone resorption underlying otosclerosis. fidle of cathepsins
in otosclerosis has long been postulated. For elgnspthepsin D
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and B expression has been reported to be in a$isociaith
histologic activity of otosclerosis. In case ofiaetotosclerosis, early
inflammation and bone resorption is followed byrewsed bone
formation and sclerosis. Recently, the winglesstgino (Wnt)$-
catenin system has been implicated in osteobldistaion and bone
formation. Sclerostin and the Dickkopf-1 (DKK-1) opeins are
inhibitors of Wnt and thus bone formation. Thusapfrom the
RANKL/OPG system, the Wnt/DKK-1-sclerostin balancas also
beenimplicated in bone remodeling. Interestingli)Flo—the key
pro-inflammatory cytokine described above—not oslymulates
bone loss by inducing RANKL but also induces DKKatd thus
indirectly blocks Wnt-mediated bone formation. Altigh there is
very little information available on the possiblele of theWntg-
catenin/sclerostin-DKK-1 system in otosclerosis,t\Vé@nd its target
genes have been identified in the cochlea and warher parts of
the inner and middle ear.

An important cytokine, transforming growth facf(TGF-
B) has also been implicated in the pathogenesisasicterosis. TGF-
B1 is themost abundant growth factor in the humamebdt plays a
critical role in inducing mesenchymal cell diffetiaion to
osteoblasts. TGB- influences osteoblast differentiation, matrix
formation, tissue fibrosis and mineralization. T@Hateracts with
many well-known pathways in osteoblasts biologghsas the Wnt-
B-catenin pathway. As discussed above, otoscleies&ssociated
with fibrosis and bone formation as repair mechani®llowing
bone resorption. Bone morphogenetic proteins (BM®t also
belong to the TGHB- gene family, have recently been implicated in
the pathogenesis of otosclerosis.

At present, stapes surgery (stapedectomy and sttpay)
still remained the main option for the treatment atbsclerosis.
These interventions are able to almost abolish ¢baductive
component of hearing loss, however; they are ig#ffe for the
treatment of progressive sensorineural hearing [®hsrefore, one
needs to understand the pathogenesis and the rasl@ceichanisms
underlying otosclerosis in order to develop phamlegical
compounds that may be able to interfere with théulee and
molecular mechanisms described above.



2. AIMS

2.1. Mapping of the expression levels and pattefnsl anda-
2 alleles (COL1A1 and COL1A2) of type-l collagen thwi
immunofluorescent staining in otosclerotic stapexlates.

2.2. Demonstration of COL1A1 and COL1A2 allelefie
mRNA with RT-PCR from ankylotic stapes footplateslan case of
pathologic transcription variants the determinatibthose.

2.3. Evaluation of protein expression of BMP254and 7 with
immunofluorescent staining in otosclerotic stapesotfdlates.
Comparison of the results with the histologic stggand the clinical
activity of otosclerosis.

2.4, Performation of renin-angiotensin-aldostero(@AAS)
specific immunofluorescent analysis in otosclerstapes footplates
and cadaver human kidney tissues. Explanation ef résulted
protein expression levels and patterns.

2.5. Establish the first genetic association stwdyich is based
on the whole DNA of patients with histologically rdomed

otosclerosis and non-otosclerosis, and investiglage role of the
previously described gene specific SNPs.



3. MATERIALSAND METHODS

This scientific study is based on four series gieziknents,
thus the methodology chapter is discussed accdydsagarately.

3.1. Investigation of type-l collagen Al and A2 alleles. 55
ankylotic stapesnE55, female=34, male=21) was removed and 30
cortical bone fragments were harvested by latetttdodomy. The
samples were divided unequally two portion, 40 esapand 20
control samples was examined by conventional hexig@osin
and COL1A1/A2 specific immunofluorescent stainit§.stapes and
10 control samples were investigated by COL1A1/p2cific RT-
PCR.

3.2. BMP2, 4, 5 and 7 specific immunofluorescent investigation:

67 ankylotic stapem€67, male=26, female=41) were collected and
35 bone specific control cortical bone fragmentseveemoved.
Conventional hematoxilin-eosin and BMP2, 4, 5 andspécific
histologic analysis were also performed.

3.3. RAAS gpecific immunofluorescent analysis. 20 ankylotic
stapestf=20, female=16, 4=male), 10 cortical bone fragment Hdd
human cadaver kidney tissue sample were removedvedtional
hematoxilin-eosin and RAAS (renin, angiotensindhgiotensin Il
receptor, angiotensin converting enzym) specifgtdidgic analysis
were performed.

3.4. Genetic association study: 153 histologically confirmed
otosclerotic stapes$ 153, male=65, female=88) and postoperative
blood samples were harvested from patients. 30@dosamples were
also collected by healthy volunteers, whom had @aring loss and
during otoscopic examination could find no illne$fe diagnosis
was based on conventional hematoxilin-eosin stginittcording to
previously described scientific datas SNPs of dé&vesis susceptible
genes (COL1Al, TGB1, BMP2, BMP4, AGT, RELN) were
examined by genotyping and association testing.



4. RESULTS

Results were summarized according to the subdivisib
the 'Materials and methods’ chapter.

4.1. Investigation of type-l collagen Al and A2 alleles. Normal
and consistent COL1Alo{l chain) and COL1A2 of2 chain)
expression was detected in both otosclerotic angtatosclerotic
stapes footplates. The intensity a@fl and a-2 chain-specific
immunoreaction was independent from the histoldgicagnosis of
stapes fixation. The immunoreactivity did not vastween different
parts of the stapes samples. The superstructiredpotplates and
the hyaline cartilage layer of the vestibular scefalisplayed very
similar expression pattern. Cortical bones, incusl analleus
specimens applied as negative controls for stapeatian
represented normal type-l collagen expression. ésgion patterns
of COL1A1/A2 alleles did not show significant cdeton with the
histological diagnosis of otosclerosis.

Human cellular RNA was detected in 15 ankyloticpeta
footplates and in all negative controfs=2) confirming that mRNA
extraction process was. RT-PCR detection of Al &ad allele
specific mMRNA was successful in all ankylotic stwpotplate
specimens. Cortical bones and hearing ossiclesegpps negative
controls also displayed normal COL1A1/A2 allele eegsion by RT-
PCR. Pathologic transcription variant was not detge.

4.2. BMP2, 4, 5 and 7 specific immunofluorescent investigation:
Active otosclerosis cases were characterized byulsmeously
increased expression of BMP2, 4, 5, and 7, thatltezt in intense
granular immunoreaction. Both osteoclasts and b#ists showed
considerable positivity for different types of BMRsdicating active
bone remodeling and new bone formation within tesidn. The
BMP immunoreactivity varied between different pasfsthe stapes
samples. The superstructures were negative for BMPde the
footplates containing the lesion and the hyalirgilege layer of the
vestibular surface displayed very similar expreasspatterns. In
contrast, in inactive otosclerotic foci, no sigo#it BMP expression
could be demonstrated on the surface of cellulamemnts. In these
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cases, expression levels and patterns of BMPs vegengly
associated with the histopathological activity ébselerosis. Non-
otosclerotic stapes fixations displayed negativenimoreactions for
BMPs. Cortical bones and incus specimens appliecheamtive
controls for stapes fixation displayed negative BbfRcific
immunoreactions. Finally, expression of differgyes of BMP was
strongly associated with the histologic diagnosistosclerosis.

4.3. RAAS gpecific immunofluorescent analysis:  Stapes
footplates with active or inactive otosclerosis aveharacterized by
negative immunoreactions against renin, angiotehsiangoitensin
converting enzyme and angiotensin Il receptor. Migssprotein
expression was independent from the histologic rdias and
histologic activity of otosclerosis.

In agreement with previous observations, human dgidn
specimens used as positive controls showed robytsiplasmic
RAAS expression by IFA. Epithelial cells of glomk&ryroximal
and distal canaliculi, and the modified neuroenthecrcells of
juxtaglomerular apparatus showed rather intense uinomeaction
standing out delineating the complex structurendfiidual nephron
units.

Cortical bone fragments applied as bone-specifictrots
displayed considerable RAAS specific immunoreadtioim the
perivascular region, bone marrow progenitor celievwed weak
annular and weak homogeneous immunoreactivity agaime 4
studied members of RAAS.

4.4, Genetic association study: Thirteen SNPs that were
significantly associated with otosclerosis in poad studies were
genotyped. Patients with active and inactive otosdis were
compared with the controls The group with activesoterosis and
inactive otosclerosis were not compared separatelthe control
group because of the lack of power. The estimawmdep of the
samples set to detect statistically significant SNBsociation with
the disease varied from 16% to 80.5%. None of tiBPsSshowed a
deviation from Hardy-Weinberg equilibrium. Asso@at by logistic
regression analysis revealed one SNP (rs1800472FBI
significantly associated with otosclerosis.
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5.NEW OBSERVATIONS

5.1. No association can be found in the expressidype-I collagen
a-1 and a-2 chan between histologically confirmed otosclierot
stapes footplates and control bone, neverthelesspathologic
transcription variants can be detected in COL1AH &OL1A2
allele with RT-PCR. In our opinion type-I collagennot liable for
the evaluation of otosclerosis.

5.2. Coincidently with literature data, BMP2, 4 afddcan be
observed with immunofluorescent staining in hisgidally
confirmed otosclerotic stapes footplates, furtheemancreased
expression of BMP5 in otosclerotic stapes footglateere first
reported. In our imagination BMPs play essentiale rin the
regeneration phase after lytic process.

5.3. In contrast to previous suggestions, no daidet RAAS
expression can be detected in histologically cargn otosclerosis,
thus in our judgement RAAS has no responsibility tine
developement of otosclerosis

5.4. Within the confines of an international coaiem, we first
investigated histologically confirmed otoscleratiapes footplates in
an association study. Based on our results, prdsyniae mutation
of TGF$1 plays a crucial role in the pathogenesis of dévssis.
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6. DISCUSSION

We suppose the model of the etiology of otosclerdasiat
antigens of defective measles virus particles aggessed on the
surface of the infected cells by the MHC-I molesubs osteoclasts,
osteoblast, fibroblasts and endothelial cells. &fuee, CD8+ T cell-
dependent immune responses lead to TNElease and consequent
bone resorption. Meantime the embryonic chondréblasnd
osteoblasts of the otic capsule and the migratettooksts
reactivated by the effect of measles virus infettibhe osteoclasts
and osteoblasts of the otosclerotic foci expres®XIBL (osteoclast
functional antigen) molecule, morover increased BMBFf and
TNF-o expression can be detected. Activated monocytes,
macrophages, B cells, T cells and osteoclastslsoeable to secrete
TNF-a into the osteolytic foci; thus, they may hat perpetuate the
inflammatory events

The current series of experiment certify, that 68800472
SNP of the TGH1 (T263I) plays role in the patogenesis of
otosclerosis. Besides this, the high tissue exfmess BMP2, 4, 5
and 7 is quite important, however these moleculestigipate
exclusively in the regenerative mechanism of thdealgtic
inflammation. Furthermore, we suggest, based oneaperimental
work, that COL1A1, COL1A2 and RAAS do not take partthe
pathogenesis of otosclerosis, in contrast to previditerature
proposals.
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