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Résumé

La scoliose est une déformation coexg en 3D de la colonne vertébrale ayant une
prévalence de 1-8% dans la population générale. La forme la plus commune est la scoliose

idi opathiqgue (SI) gui inclue | a scoliose [
principalement les fillesau cousse | a pubert ®. LO®ti ol ogie est
observations cliniques r®v |l ent un rtle de |
d®vel oppement de | a SIA. ! existe une forte
jeu danscett e pat hol ogi e. R®cemment , de nombr et

responsables ou de contribuer a la Sl. Nétjeipe a identifié des variasdu genePOCH

codant pour une protéine centriolaire, dans une large famille francaise dont plusieuresnemb
sont atteints de SI. Dans cette m°me famille,
du geneADGRG7( r ®cept eur orphelin appartenant aux
protéines G) dans la pathogénicité de la Sl. Au travers de nos tran@is<,nous sommes
concentr®s sur | 6®l ucidation du rintvitreetides pr o
Vivo) ai nsi gue sur | a POCLELADGRGT darl|l dédept e ad

dans le but de tester si ces genes pourraient étrédionetiement liés a la scoliose.

Afin doéinvest i B@CshdansllaeSl, mouslawnsdurexpyiménlaprotéine POC5
mutante dans des lignées cellulaires par transfection transitowirg) et nous avons induit

une perte de fonction du geR®C5 dans un modéle animal, le poisson zélmev{vo). Le

rble de POC5 a été étudié parl) Analyses de spectroscopie de masse et co

i mmunopr ®ci pitation afin doéidentifier l es di
sauvage (wt POC5) et mutar{raut POCS5); 2) immunolocalisation de la protéine sauvage et
mutante au niveau cellulaire; 3) histologie et immunohistochimie réalisés sur des tissus issus
de poissons zébres contrbles (wt POC5) et scoliotiques (mut POCS5). Notre travail a permis
d 6 i d e plusieufsipretéines partenaires de la POCS5, et nous avons trouvé des interactions
fonctionnelles entre ces protéines et la POCS5 reliées aux cils et centrosome. Un certain
nombre de protéines ciliaires ont été identifiees comme interagissant avec wteP@an

avec mut POC5 comme CEP290, RAB11, CKAP5, Annexine 2 et Septine 9. Au niveau

cellulaire, la localisation et la colocalisation des protéines wt POC5 et POC5 mutée avec la



tubuline alpha acétylée (marqueur ciliaire), confirme la conséquence detddomisur la

| ocalisation subcellulaire en relatiom avec |
Vivo, nous avons identifi® de nombreux d®fauts
poisson zebr&®OC5 mutant par rapport au controlenfin, en utilisant différents marqueurs

des couches rétiniennes et la tubuline acétylée, nous avons localisé ces défauts dans le

segment externe et les cones de la rétine.

Afin doé®t udi erPOCxtADGRGEanp la Slsnous avens ekamimédmment

POC5 et ADGRG7est régulé au niveau transcriptionnel. Nous avons utilisé des modeéles
cellulaires, des ostéoblastes humains dérivées de controles et gt et nous avons

®t udi ® | 6 ex pr ePOES eADGRGEenképonge & unendilil rmaet i on par | 6
région promotrice du gem®DGRG7a étéclonée et analysé pour les éléments cis médiant les

effets del 0 E 2 . Les an atuypsomateurdngiquent®due® le isie rSP1 dans le
fragment 474bp est requis pour uneiaie® basale aisi que pour une activation hormene
dépendante, et des mutations dans les sites de liaison au sein de cette région résultent en la
perte de transactivation. Les r®sultats doir
montr® que | e s irdameteus B 1A DB SN réduliats suggeérentpque la

r ®gul at iroms sdieon 0@ADGRHRERZ est due ~ | dassoci a
SP1 au prAD@GR&GZ eur do

La méme stratégie expérimentale a été appliquée pour I'étude de la régigROICS par

E2. L'analyse de délétion et ChIP ont confirmé la régulatioR@E5" t r av eBasé ESRU
sur des études de promoteur, gPCR, Western blot et ChIP, cette étude clarifie cdr@Gént
etADGRG7sontréguleesp ar | 6 E2 .

Un autre aspect de ce projet éthi6 ®t udi er | es di ff®rents effets
des cellules, incluant des ostéoblastes humains, exprimant POC5 sauvage ou mutée. Les
cellules ont été soumises a un stress mécanique a différents temps, et différentes voies de
signalisations (ioluant ERK, p38,NFeB) ont été testées. Nos résultats montrent une
différence dans la réponse des cellules surexprimant POC5 mutée par rapport aux cellules

contrbles. Les effets du chargemenmprenantes différentes voies de signalisatiang été



montrés comme étant init®s vi a TRPV4, un canal cal cique g

localisé dans le cil primaire et la membrane plasmique.

L'importance de ce travail réside dans le fait qu'il couvre plusieurs facteurtbeantra la
pathogenese de I'SIBasé sur nogsultats, I&51A est une maladie multifactorielle complexe

o¥% POCS5, | e E2 ét le pchargemaent r neecaniqlied interagissent dans la
physi opathogen se. L6int®r°t de ce travail es

des mécanismes moléaires impliqués dans la SIA.

Mots-clés Scolioseid opat hi que ,denePOCPd It ed me rMMToupld dwe si on
ReceptortG7 (ADGRG?7), Estradiol (E2), stress mécaniqusigle anglais pour transient

receptor potential vanilloide #cépteu(TRPV4), etcils.



Abstract

Scoliosis is a complex threémensional deformity of the spine, with 1346 prevalence in

the general population. The most coomly known type of scoliosis is idiopathic scoliosis
(1S), including adolescent idiopathic scoliosis (AEfecting principally girls during puberty.

The etiology is largely unknown, but clinical obsations revealed the role of hereditary and
rapid growth in the development of this condition. There esistsigevidence that there is a
genetic component to the disease. More recently, several genes were suspected to cause or
contribute to 1S. Our grquidentified gene variants d?OC5 centriolar protein in a large
French family with multiple members affected with IS. In the same family, we suspected the
involvement ofADGRG7(an orphan receptor that belongs to the Adhesion G proteipled
receptors) gene mutation in the pathogenicity of IS. In the present work, we focused on
elucidating the role ofvild type (wt) andmutant(mut) POC5 proteinsif vitro andin vivo) as

well as the regulation d?OC5 andADGRG?7 by estradio(E2), with the goal todst whether

these genes could be functionally connected with scoliosis.

To investigate the role d?OC5gene in IS, we overexprgsd mutanPOCS5in cell lines by
transient transfectionr( vitro study) and created a lee§function model in zebrafishn( vivo
study). The role of POC5 was investigated by: 1) mass spectroscopy analysis -and co
immunoprecipitation to identify differeles in binding partners between the wt POC5 and mut
POCS5 proteig; 2) immunolocalization of wt and mBROCS5proteins at the cellular level; 3)
histology and immunohistochemistry performed on tissues from wt (control) and scoliotic
(poc5 mut) zebrafish. Ouwork identified several interacting partners with POCS5, and
documented functional connections with respect to cilia and centrosome dysfunction. A
number of ciliary proteins were identified to be interacting with wt POC5 but not mut POC5
like CEP290 RAB11, CKAP5, Annexin 2 and Septin 9. At the cellular level, localization and
co-localisation of wt POC5 and mut POCS5 protein with alpha acetylated tubulin (cilia marker),
confirmed he consequence of the mutation on subcellular location with respect to cilium
length andstaining intensityIn vivo, several defects in the retina of zebrafish and inner ear

were identified in mutpoc5 zebrafish comparedwt zebrafish. Finally, using ddrent
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markers for retinal layers aradphaacetylated tubulinthe defects were localized in the outer

segment layer and cones of the retina.

To further investigate the possible relef POC5 and ADGRG7in IS, we examined how
POC5andADGRGT7areregulded at the transcriptional levéluman osteoblasts derived from
control and AlSpatientswere used as a cell model, and the expressi®O&@5 andADGRG7
protein was monitored upon Eimulation. The promoter region t¢fie humanPOCS5 and
ADGRG7gene was then cloned and analyzed for functionadleiments mediating effects

E2. Deletion analysis of thADGRG7 promoter indicates that the SRite in the 474bp
fragment is required fordih basal activity and hormoeduced activation, and mutations of
the binding sites within this region result in the loss of transactivation. Further results from
chromatin immunoprecipitation (ChIP) assay showed that SRIESRU bind to ADGRG7
promoter.Our results suggest that the regulatiolABIGRG7expression by E2 is due to the
association of ESRBand SP1 proteins tADGRG7promoter.The same experimentatategy
was applied for studyg the POC5regulation by E2. Deletion analysis and ChIP confirmed
the regulation oPOCS5through ESR). Through promoter studies, gPC&nd western blot and
(ChIP) assay, this study clarifies hdMDC5andADGRG7areregulated by E2

Another aspect of this projeatasto study the differential effects of mechanical stressvbn

and mut POC5 expressingcells, including humanosteoblasts. Cells werexposed to
mechaical stress for different time points and then different signalling pathways (including
ERK, p38, NFeB) were tested. Our results show that there is difference in the response of
control normal cells and celtsverexpressing the mROCA The effects of loadingcluding

the signalling pathwaysere found to banitiatedthroughTRPV4which is a stretclactivated

Ca*- permeable channel and localizes to thenpriy cilium and plasma membrane

The importance othis workis that it coersseveralfactorsthat contribute to thpathogenesis

of AIS. Based on our findings, AIS iscamplexmultifactorial diseasevherePOCS5, cilia,E2

and mechanical load intreplaythe pathogenesis of the disease. The significance of this work
is that itputs the basics for understanding the molecular mechanisms that are implicated in
AlS.

vii



Keywords: Adolescent Idiopatic Scoliosi®OC5ADGRG7, E2, Estrogen receptor,
mechanical stres3RPV4,cilia

viii



Table of contents

RESUME. ... ..ttt oot e et e ettt mmmmmmmme e eesssbbbesss s smmmmmmmmeeeessnnnnnnnnnddlaees
N 0] 1= o S PP PP PPPOSRPPPPPPPPPPPPPS V{ BRI
[ o) =1 o[ PP PPPPPPPPPPRRRPPPPPRRRIRS 4
IS A0 {0 U = SRUSRRS 4 | B
List of abbreviations...........ooooi e e XAV
ACKNOWIEAGEMENL......oiiiiiiiiiiiii ettt ettt smmmmmmmme e e e s s nnnnn s smmmmmme XX
CHAPTER |. GENERAL INTRODUCTION.......iiitiiiticeeemceereeeeeeeie e e veemmceeeeeseeenn e eesneadans
I. Pathogenesis Of AlS...... ..o it mmmmmmmme e mmmmmmmme e e eeeeeesnnnee L

I. (L1 S To = Tod (0] £SO PPPT: S
L 2 T T V= =3 V70 010 1 =1 /OSSP S

3
3
[1.2. Connective tissue abNOrMalitieS............uuuuiuiuiiiir e v e e e e e B
I1.3. The role of the nervous system and postural contral.................oovieeeeeeemrccicceeeeeee s emmmmeec
5

[1.4. Vestibular system abnormalities..............oooiiiiieeeemeee e e smmmmmenns e D

[l INEFNSIC TACTOIS: ..ottt eesnnnrsn e ee D
ln.1. Intervertebral disc and growth plate.................ooiiiieemmmmmee e 6......
1.2. Spinal growth abnormalities and biomechanical factors...................oiieceeeeeevnnnnnnns 1.
1.3. Vertebral DONE tISSUR......uuuuuuiiiiies st i eeeeenens s s s e e e e e eeeee D anins
1.4. Paraspinal MUSCIES.............o.oiiiiiiieeeeeemmiceeseee e e e e e s emmmmmmmme e eeeeeeeessesmmmmmmmm e e e e eeeeee e il Oe
l.5. ROle Of EreCt POSIUIE. ......eviiiiiiiiiii it immmmmeeme ettt emmmmmmmm e e e L

11.6. (T L=y (o3 = 11 (] £ TP 24

V. GENETICS OF AlS .. i eeeeene s smmmeeemrs e e ee L
IV.1. Selected candidte genes involved in AIS and their biological roles...................oveee 18

IV.1.1.Different gene groups involved in AlS.............ooiiiiieeemmmeme e vmmmeememeeeeeeee e L8
IV.2. Ciliary genes: Cilia and its connection with AlS............oooiiiiiceceeecccciie . 21



IV.3.  AGNESION GP RS ... iitiiieiiit st emmemmmte st ea s e ea st mmm————te st e et s s et s smmmm————ta s e esn s sens s smmmmnn
IV.3.1. ADGRGOE QNAADGRGT... .. oottt e e e e e e e e e e

V. Hormonal factors associated With AlS...........oooiiiiim e
RV I o L= 0 =T 1 (0T =1 o
V.3 MEIALONIN ...ttt ctemee et e ettt mmmmmmmns et e 444ttt
RV =Y o] 1o OO PP P PP
RV 20 T O 1 14T To 11 ] 11 o OO PP PPPPPPPP

CHAPTER 1Il: HYPOTHESIS AND OBJECTIVES.......ooi e eeeemmee e
.1, General HYPOINESIS......uuuuiiiiiiie s s i e e eeemmmmmss s s e e e e e e e e s smmmmmmmms e e s e eesssees s mmmmmne
1.1.1. SPECIfiC NYPOTNESES: ... .o smmmmmmens e

[1.2. GENeral ODJECHVES. ....ccii it vmmmmmmmms s e e e e e e e e e e e e s smmmmmmr s s et et s aaas s s smmmmmmmms s

11.2.1. SPECITIC ODJECHVES: ... .ttt e et e e e s

CHAPTER Ill: RESEARCH MANUSCRIRTS......cooitii e ermmmce e

Supporting INfOrMAtION: .......ccoieii e e e emrneenne e e e e e enaanes

CHAPTER IV: GENERAL DISCUSIQN.......cottiiiiiiremmmmmeie e rmmmmer e
CHAPTER V: GENERAL CONCLUSION.......cctttiiirererreme e eesmmmmr e
CHAPTER VI: FUTURE PERSPECTIVES AND LIMITATIONS..........ccoiiieeeeeeemeeeene

25
28.

27..
28
3Q..

.36
38.

39...

45.
A5
AS..
45
46...

48...
.51

107
148
179

220

240..

242

245

35...

82...



List of table

Table 1: List of genes and identified MUtatioNSariants..............ooiuuviii e e e

Xi

S



List of figures

Figure 1: Different factors contributing to SCOliOSIS PAtNOgENESIS............coiviiie i cemmmme et a0 Lo
Figure 2: Schematic diagram of an adhesieBPCR. The typical adhesion GPCR consists of a gain domain, a
7 transmembrane domain associated with GPS domain and a cell adhesion domdihe GAIN and 7
transmembrane domains are locatedat the Gterminus of the receptor. The cell adhesion GPCRs share
structural homology to the hormone receptors. The hypothesis that there is interaction between ADGRG7
and POCS5, which will eventually affect cytoskeleton organization and cell adhesion progies, is to be
investigated. Adapted from Hamann et al. (Hamann, Aust et al. 2015).........ccccceei i vemmmmmmmeeeeeevenveees mmmmanil £
Figure 3: E2 interaction with etiopathogenic factors of AISThe presence of progression or absence of
progression of AIS could be contro#d by E2 that crosstalks with several factors like genetic (gene
mutations and ER polymorphism) E2 is responsible for maintaining bone through its effects omsteoblast
differentiation, the ratio of Gi to Gs proteins, and keeping balance between collagand glycoproteins in
bone tissues. When these factors are distrupted, this leads to osteopenia. When the initial deformity
develops, scoliosis will progress concominatly to the spinal growth by exerting its effects on bone
structural and compositional chalcteristics and biomechanics. Adapted from Leboeuf et al. (Leboeuf,
Letellier €t al. 2009).......cccoi i oot 22222222222+ mm———— 112222222+ 11112222222+ e + LD
Figure 4: Scheme representing the role of POCS5 in centriole assembly................coemmveeeiiiiire s sewnnen 42
Figure 5: Scheme showing theffects of E2 on POC5 expression and ciliB2 treatment to osteoblasts
causes an upregulation of POC5 expression detected as multi foci. In E2 treated cells, there is centriole
amplification and ciliary retraction (acetylated-J -tubulin). Dapi in blue, POG in green, Cilia in red. Scale
Figure 6: Model of POC5and ADGRGranscriptional up-regulation following E2 exposure.Upon E2
exposure, ER is activated and binds to theADGRGpromoter through Spl binding sites. ForPOC5there is
direct binding of ER| promoter. The outcome is upregulation ofADGRG7nd POCS5 The physiological
impact of upregulation of POCENnd ADGRGre yet to be investigated............cccoovveescmmmmmvieee e 224
Figure 7: Proteins interactingwith POC5 as determined with string database in addition to proteins we
identified in this study. Under normal conditions, POCS5 is located at the base of the cilium and interacting
with other ciliary proteins like CEP290, RAB11, CKAP5, SEPTIN9 and tubulline mutation in POC5(c.
C1286T, p. A429V) affects the interaction and causes detachment of these proteins and the overall
consequence is the retraction of cilia. Adapted from Szklarczyk et al. (Szklarczyk, Morris et al. 2017029
Figure 8: Structure of adult zebrafish retinaA) Microphotograph of a crosssection through the retina of an
adult zebrafish. The figure shows different layers of the retina. B) Diagram representing the neural circuit
of the retina. The diagram shws the six neuronal cell types and the two supporting cell types (Mdller glia
and retinal pigmented epithelium). Adapted from Gramage et al. (Gramage, Li et al. 2014). In A, the scale

Xii



Figure 9: Comparison of tle cilium structure between normal and AIS osteoblasts (c. C1286T; p. A429V).
Our hypothesis is that POCS is localized in normal osteoblasts at the base of the cilium andooalize with
other ciliary proteins such as CEP290 and centrin. Like other adhesi®iGPCRs, ADGRG?7 is expressed at the
membrane of the cilium and has a function in mechanosensation. In human osteoblasts expresd@C5
mutation  (c. C1286T; p. A429V), there is defect in the structure of the cilium. The organization and

orientation of the cilium is affected in AIS patients. (Red: Acetylated tubulin; green: POC5; blue: DARB4

Xiii



List of abbreviations

43PDD
AD
ADGRG6
ADGRG7
AIS
AJAP1
AKAP2
ATP

BBS
BCL-2
bHLH
BMD

BMI
BNC2
CaM
CAMP
Cas9
CENPJ
Cen
CEP290
CFC
ChiP
CHL1
JNK
CKAPS5
CLASP1
COL11A2
CSF
CSlL-type

4U-Phorbol 12,13lidecanoate
AutosomaiDominant

Adhesion G protein coupled Receptor 6
Adhesion G protein coupled Receptor 7
Adolescent Idiopathic Scoliosis
adherens junctions associated protein
A-kinase anchoring protein

Adenosine Triphosphate

BardetBied| syndrome

B-cell CLL/lymphoma

basic hak-loop-helix family

Bone Mineral Density

Body MassIndex

Basonuclin

Calmodulin

cyclic adenosine monophosphate
CRISPRassociated proteifi nuclease
Centromere protein J

Centrins

Centrosomal protein 290
Cardiofaciocutaneous

Chromatin Immunoprecipitation

neural cell adhesion moleculelike protein
c-Jun Nterminal kinase

Cytoskeleton associated protein
Cytoplasmic linker associated protein
Collagen type Xl alph 2 chain
Cerebrospinal fluid

CBF1, Suppressor of Hairless, and LAG

Xiv



CTD Curly-tail-down

dpf days post fertilization

DHEA Dehydroepiandrosterone

DHEAS Dehydroepiandrosterone sulfate
DHT 5U-dihydrotestosterone

DC Double cones

E2 Estrogens17-b-estradiol, Estrogen
EDC Extensor digitorum communis muscle
EGFR Epidermal growth factor receptor
EHD4 E-domain containing

ER Endoplasmic reticulum

ERK Extracellular regulated Kinase
ESR1 Estiogen Receptor

ESR2 Estrogen Receptor

ESRU Estrogen Receptor alpha

ERE Estrogen response elements

ERK Extracellular signategulated kinase
FBN1 Fibrillin-1

FBN2 Fibrillin-2

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor
FoxD3 Forkhead box D3

FoxJ1 Forkhead box J1

GPCRs G proteircoupled Receptors
GWAS Genome wide association studies
GH Growth hormone

GAG Glycosaminoglycans

GPER G proteincoupled Estrogen Receptor
GPR126 G protein coupled Receptor 126
GPS GPCR proteolys site

XV



HE6
HEF1-
AuroraA-
HDACG6
HES
HNRNPD
hpf
IEMG
IGF
IL-6

IS

JBS
JNK
KCNJ2
kifé

Kif9
KIFs
KV
LBX1
LEPR
LR
LRRC6
MAF
MAGI1

MRI
MAPK7
MATN1
MIM
MAPK

Human EpididymisSpecific Protein 6

human enhancer of filamentationtAuroraA-histone
deacetylas®

Histone deacetylase 6

Hairy enhancer of split

heterogeneous nuclear ribonucleoprotein D

hours post fertization

Higher maximal integrated electromyography

Insulin like growth factor

Interleukine6

Idiopathic Scoliosis

Joubert syndrome

c-Jun Nterminal kinase

potassium voltaggated channel subfamily J member
Kinesin family member

kinesinfamily member 9

kinesin ins

Kupffer's vesicle

Ladybird homeobox 1

Leptin receptor

Left-Right

leucine rich repeat containing

Minor allele frequency

Membrane associated guanylate kmaWwW and PDZ domai
containing

Magnetic resonance imaging

mitogenactivated protein kinase 7

Matrillin1

Missing in metastasis

Mitogeninitiated protein kinase

XVi



MKS
MMP

MT
MTNR1B
Mut
NEDD1

NFaB
NICD
ODA
PAX3
PAX6
PBMC
PCD
PCM
PE
PELP1
PKA
PKC
POC5
PARP1
PGE2
ptk7
PTPN11

gPCR
RAB11

RAS-MAPK

RhoA

MeckelGruber syndrome

Matrix metalloproteinsase

Melatonin receptor

Melatonin receptor 1B

Mutant

Neural precursor cell expressed developmentally dc
regulated protein 1

Nuclear factor kappa B subunit

Notch intracellular domain

Outer dynein arms

Paired box 3

Paired box protein

Peripheral blood mononuclear cells

Primary ciliary dyskinesia

Pericentriolar material

Pectum excavatun

Proline, glutamic acid, and leucinegich protein 1
Protein kinase A

Protein kinase C

Protein of centriole 5

Poly (ADP-ribose) polymerase family, member 1
prostaglandin E2

Tyrosineprotein kinasdike 7

Proteintyrosine phosphatases noeteptor type 11Protein
tyrosine phosphatases noeceptor type 11
Quantitative Polymerase Chain Reaction

Ras related protein RAB11
Rasmitogenactivated protein kinase

Mitogen activated protein kase

Ras homolog family member A

XVii



RLX
RP
RTTN
SERM
SCs
SNP
SNV
sOBR
SOX9
SP1
TACE
tBMD
TGFB1
TIMP-2
TMX
TNIK
TPH1
TRPV4

uv
VMR
Wnt/PCP

Wnt5b
wit
ZMYND10

Raloxifene

Retinitis pigmentosa

Rotatin

Selective Estrogen Receptor Modulator

Single cones

single nucleotide polymorphism

Single Nucleotide Variant

Soluble leptin receptor

SRY (sex determining region ¥jox9

Specificity protein 1

Tumor necrosis factor alpha converting enzyme
trabecular bone mineral density

Transforming growth factor beth

TIMP metallopeptidase inhibitor 2

Tamoxifen

TRAF2 and NCK interacting k

Tryptophan hydroxylase 1

Transient receptor potential cation channel subfamily
member 4

Ultraviolet

Visual motor response

winglesstype MMTYV integration site family, member/Plan
cell polarty

winglesstype MMTV integration site family, member 5A
wild type

zinc finger, MYND-domaincontaining

XVili



| dedcate this thesis to my parents

XiX



Acknowledgement

First of all, | am very gratefull for my supervisor Dr. Florina Motda for her guidance
throughout myPhD studies. She was very supportiemcouraging and always positive and
available for discussing and sharing ideas that was always very helpful for my experiments.

She was a mother when needed, a supervisor and a friend

Secondly, | would like to thank DrsabelleVillemure for her coodirection. | also would like
to thank Dr.Stefan Parent,Mrs Soraya Barchiand Mr. Francois Cere®&r their contribution

and for providing human tisss.

| would to thank Dr. Pattenof providing the zebrafishl. would like to thank mywork
progresscommittee members Dr. Andrdeemblay and DrPhilippe Campeau for being part

of supervision. Thank you Dr. Campeau for giving me the opportunity for working in new
field that was very esméial in my PhD training. Thank you Dr. Tremblay for giving me the
opportunity to do some experiments in your &td for your studestDr. Samira,Lydia and
Stephanie

| would like to thankDr. Perrne Gaubfrom Dr. Joyal Laboratory, for giving all thrguidance
for using the Zeiss microscope that | have used extensively for my immunofluorescence

experiments.

| am thankfull for MEDITISBiomedical Technology Training Prografoy proving me with
the fund for three years and also University of Montreatulfg of dentistry,Reseau de
recherche en santé buccodentaire et 0ss®&R@ for supporting conference expenses.

| would like to thank Dr. Edwar@aggu who was always available for piding advice and
ideas for my research and helping in manuscripting. | would like to thankmy friends at
CHU Sainte Justine for their help during my PhD: M@&harlotte ZaouterDr. Mathieu
LevesqueDr. Julie Couillard, Dr.IreneLondono,Dr. JustineRousseauDr. Sewrine Leclerg

Mrs. Anita Francq Dr. Anne-LaureMernard andr. Rosa Kaviani.

XX



| am thankfull formadamSirinat Moldipeee (Doy) madamStephanieVanier, Mrs. Hélene

MathieuandmadamAurélia Sapataruor their help and support during nD.

Throughout my PhD, | supervised several students €@&Pand from Europe to which 6 m

thankfull for having learned good supervisory experience.

Finally, 1 wouldlike to thanka person who was supporting my PhD and me persorgiiéy.

was always there sacrificingjving in all ways,being there in hard time,&G you MAMA

thank you | would like to thank my father who always believed in me since | decided to cross

the Atlantic anddo my education if€anadaYou always said follow your dream and here is

the dream coming tru&henwa my little sister, | wantedtohank you f or everyt!l

true sister and a loyal friend
| dedicate this work for the patients especially children who are suffering from scoliosis and

have to go through the painfull bracing and surgery. | hope to be one of the millions who are

trying to find less painful strategies for curing patients with scoliosis.

XXi



CHAPTER |I. GENERAL INTRODUCTION

Pathogenesiof AIS

Scoliosis is a complex thretmensional deformity of the spine, with 136
prevalence in the general populati@gktaf, Gibson et al. 2013)r'he nost commonly known
type of sctiosis is idiopathic scoliosig¢lS), including adolescent idiopathic scoliosis (AIS
affecting principally girls during pubertfde Seze and Cugy 2012h fact, classification of
scoliosis includes idiopathicufknown cause or scoliosis without -@xisting diagnoses),
congenital (vertebral anomalies present at birth), or neuromussatdiosis 1S, which
comprises about 80 percent of all cases, is subclassified as infantile$agev@nile (age 3
10), adolescent (age 1), or adult (age >18), according to the onset of scoliosis. There is no
preventive treatment for AIS. The curve progressiopatients is predicted by several factors
including maturity (age at diagnosis, menarchal status, and the amount of skeletal growth
remaining), curve size, and position of the curve apé&e manifestations of Al&re highly
heterogenoyswhile some paénts develop rapidly progressive asdverecurves, other
patients have a looselyorseverecurve. The treatment of AIS includes braginghich is
sometimes associated with significant morbidity. Surgery is recommended in adolescents with
a curve of a&obb angle more than 450° (Altaf, Gibson et al. 2013)

Resarchers tried over decades to understand the pathophysioladjppmdthic scoliosis and
several hypotheses have been proposed. Most experts agree that the causesaref AIS
multifactorial but there isno geneally accepted theory of pathogenesis. The hypothetical
etiological factors can be grouped into biomechanical, genetic, metabolic, and neurosensorial
abnormalities, but AIS imost probablya complex multifactorial cascade of events that occurs
during growth and development. Development, growth and pubevifich are all under
hormonal control, could play a critical role in AIS. Particularly the sex steroids hormones (i.e
estrogengE?2)), that are responsible for the onset of pubgrtigmale, could contrilte to the
pathogenesis of AlS.



Physiopathological hypothesis for factors driving both AIS development and progression can
be divided intcextrinsic and intrinsi¢actors (Fig.1). Factors were classified basedvhether

the abnormality ha a direct or imlirect impact on the spinal growth mechanisms. There is
increasing evidencthat intrinsic spinal biomechanics of the upright human spine as well as
genetics play a central role in the pathology and progression of($dBlosser, van der
Heijden et al. 2014, Newton Ede and Jones 20B6¢fly, (1) extrinsic factors are grouped

into body asymmetry, hormonal factpreervous system abnormalities amnestibular
abnormalitiegde Seze and Cugy 201®hile intrinsic factors are grouped intotervertebral

disc and growth platespinal growth abnormalities and biomechanical factors, spinal bone,

paraspinal muscles, role of erect posture gatktic.

Figure 1: Different factors contributing to scoliosis pathogenesis.

The etiology and molecular mechanisms of AIS are not cleavever ssveral factors have
been suggestetb be involved in AIS pathogenesis including genetic, nendwoerine,
vestibular, biochemical and structural. Also, the mechana=ding which is one of the
proposed factorss appliedon the spine during puberty armduld aggravate the progression
of the scoliotic curveAdapted fromLeboeuf et al(Leboeuf, Letellier et al. 2009)



. Extrinsic factors:

[I.1. Body asymmetry

AIS is characterizedby having several typesf curve patterns such as proximal
thoracic, main thoracic, and thoracolumbar/lumbar arggdated as either the major curve
(largest Cobb measurememt) minor curveswith the minor curvesseparated into structural
and nonstructurdlpes(Lenke 2005) trunk asymmetry, and thoracic vertebral rigbtation.
However, it was reported that even in the normal spine, trunk asym(Betnyell, James et
al. 1983) and thoraic vertebral right rotationGrivas, Vasiliadis et al. 2006, Janssen,
Kouwenhoven et al. 201Bxist Interestingly after adolescence, asymmeinynormal spine
trunk may become prominenih normal people, withigher age, the body tenttsbendingon
the right of the dorsal spine. It is possible that in normal individuals the development and
progression of the deformities could explain the defects in AIS progression. It was found that
in normal people there is r@ght thoracic curvature in the normal spine, the cause of this
curvature is yet to be determined such as heart location and when this curvature (fdwisens

Harimaya et al. 2011)t develops to scoliosis

Il.2. Connective tissue abnormalities

Scoliosis is observed in patients with connective tissue dissask as osteogenesis
i mperfecta, Ma r f a-Danlss syhdremetHadlesMilter, Mitnsheeal. E9B4, e r
Miller, Mims et al. 1996, Sponseller, Thompson et al. 2008}ients with scoliosis have
defects in elastic fiber in the yellow ligamer{tdadleyMiller, Mims et al. 1994) Elastic
fibers are composed of the amorphouseaair elastin and microfibrils that constitutes mostly
of fibrillin. To study the role of elastic fiber system in scoliotig elasticfiber systemof the
ligamentum flavum was examined in patients who Isaoliosis and in agematched
individuals who didnot. Histological specimens of ligamentum flavum that are isolated from
patients were stained faglastic fibers and fibrillin. Also, fibroblast were isolated and
cultured to study the biosynthesis and secretion of fibrillin and its incorporation into the

extracellular matrixn vitro. Elasticfibers had reduction ifiber density (the number of fibers



per unit area) and a namiform distribution of fibers throughout the ligament. Specimens
showed defect in fiber arrangement and lowered staining as ocednfganormal specimens
without scoliosis. Fibroblasts from patients could produce fibrillin normally and secrete it
However there was defect in the incorporation of fibrillin to the extracellular matrix. Thus
based on this study, the defects in elastierfsystem could play a role in the pathogenesis of
AIS (HadleyMiller, Mims et al. 1994)

II.3. The role of the nervous system and postural control

Current studiesalso suggedhat the etiopathogenesis of AlS itves intrinsic factors
and extrinsic factorssuch as defects in the central nervous syst#&bmormalities in the
organization of the cortical network on the brain weteserved in AIS patients. It was
reported that the network is preserved in AIS patierdgins but there is hemispheric
asymmetry of AIS brain. Also, there was decreased structural connectivity between
hemispheres and increased connectialbgervedin several cortical regions. These results
shed light on the defects of the structural netwalt&ration in AIS brain, and would help in
understanding the mechanism and etiopathogenesis of AM&g, Shi et al. 2013)
Dysfunction and abnormalities in the morphology of the cerebellcmald be linkedto
pathayenesisThe cerebellar volume in AIS patients wasind larger compared with normal
controls in the cerebellum regionEhese affected regions have several functions that involve
motor control, somatosensory, working memory, language, and responseatcsiiiaulation
(Shi, Wang et al. 2013AIS patients have been found to have higher incidence of tonsillar
ectopia thus the position of the cerebellar toosilld be associated with AIS pathogenesis
(Sun, Qiu et al. 2007AIS patients were found in several studies to have abnormalities of
posture, proprioception, and equilibrium control. The functions that are mentioned are
controlled by the brain stenwith magnetic resonance imaging ¥, the anatomy of the
brain stem in patients with AIS was studied. Imaging was conducted from the hypothalamus to
the spinal cord at C3. Asymmetry in the ventral pons or medulla in the area of the
corticospinal tacts was noted in some patients with one patient had an enlarged cisterna

magna and one an inconclusive (incomplete) s{@dyssele, Kransdorf et al. 1991)



Using MRI, several studies have shown that several cases of "idiopaitotiosis show
neurologic abnormalities including syringomyelia and Chiari 1 malformaBome cases of
"idiopathic” scoliosisinclude a craniovertebral malformatiqinoue, Nakata et al. 2003)
Abnormalities in thecerebral sructure thebrain stem and spinal coveas reported ipatients

with idiopathicscoliosis(Wang, Shi et al. 2012)Changes in th@ervous system in patients
with AIS in the left thoracic versus right thoracic Al8ere studied by wlume based
morphometry This study found that there idownregulation of the genu of the corpus
callosum and left internal capsule in the white matter of patients with left thoracic AIS but not
in right thoracic AIS and in control. The corpus callosum and left internal capsule in the white
matter function as imer hemispheric communication and conduit of the corticothalamic

projectional fibers, respective($hi, Wang et al. 2009)

II.4. Vestibular system abnormalities

There is extensive research on the role of vestibular system in scoliosis. The vestibular
systeminfluences several pathways including vestibulospinal paththa hypothalamus, and
the cerebellum It is suggestedhat the vestibular systemis a possible cause of later
morphological, hormonal and neurosensory anomalies observed iTfid& are five inertial
sensors in the vestibular systewhich are the thee semicircular canals and two otolith
organs. The function of the semicircular canals involves sensing rotations of the head. Each
canal acts as a tube filled witluid, which opens at both ends into the vestibule. The three
canals are oriented orthogdigato each other so thaa rotation in any direction can be

represented as the summed response from all three @daalasli, Hullar et al. 2015)

Semicircular canal abnormalities the left inner ear might bene reason behind scoliosis
development. The reason for the dysfunction might consist in a morphological and genetic
anomaly of the semicircular canals of the left inner ¥astibularmorphological anomalies

were postulatedo be already existing at birth and could possibly have caused other
abnormalities. In an attempt to address the almoetioned hypothesis, MRI was used to
study the vestibular organ in adolescents with AIS and in cenPoécisely, the orientation

of the lateral semicircular canal and the three semicircular canal positions were studied



relative to the midline. The function of the lateral semicircular canal was also investigated.
Indeed abnormalities in the orientation of thetléditeral semicircularanalwere present. It

was more vertical and further from the midline in AIS. The significance of the anomaly in the
semicircular canal could be used as early detection of Aitier, Hamon et al. 2015)

One of theproposed hypothesis is that there are abnormalities in the anatomyvestiellar
systemin AIS patients. In AIS patients, the distance between centers of lateral and superior
canals and the angle with vextat the center of posterior canal were significantly smaller than
control subjects, but not in the rigbide counterparts. The significance of this finding could
explain the defects in subclinical postunatstibularand proprioceptive observed freqtign

in AIS patients(Shi, Wang et al. 2011)Problems in the development of the semicircular
canals cold be a result of genetic defects. The body posture could be affected and this might
be a driving factor in the initiation of the curvature of the spine. The posgsipact of
semicircular canal abnormalitiestisat it leads talefecs in the transmissio of sensory signal

of therotational movement of the body to the central nervous sy$tahing to an alteration

in the neuronal circuit of balan¢Batten and Moldovan 2011)

[1. Intrinsic factors:

lll. 1. Intervertebral disc and growth plate

Growth plateandintervertebral disc abnormalities are one of the primary defects that
occur in AIS. Several studiesidd to explain the causes behind this abnormality, such as
disarganisation of columns of chondrocytes in the convex zone of the growth(playe
Frawley et al. 2008)Also, patients with AIS have degeneration of the intervertebral disc
matrix. The morphology and composition of thetervertebraldisc and also oflie cartilage
endplate in patients with idiopathic or congenital scoliosis show a reduction in the
proteoglycan and water in both structures in specimens from scoliotic patients, particularly
toward the concavity of the curve, compared with autopsy mhatalsm, some collagen types
were notsimilarly distributed in tissue from scoliotic patients and autopsy tissue. In the

patiens studed and except for three, there was calcification of the end plate and sometimes of



the adjacendisc, while the autopsypscimen had minimal calcification. The observed
findings could be a result of variable loading in scoliotic patients and this might be a
contributing factor for scoliosi§Roberts, Menage et al. 1993pdients with idiopathic
scoliosis were found to havecreasedconcentrations of keratan sulfates and unmodified
keratan sulfates in theertebralbody growthplate. There was also a reduction in the sulfation
and acetylation of totaglycosaminoglycan§GAG) by 50 and 30%, respectively. These
modifications are due to the decrease in the biological activity of molecules that modulate
function of thegrowth plate (Rusova, Rykova et al. 2005Pne of the possible factors
contributing to the progression of scoliosmitd be due to defects the maturation process
nucleus pulposusAnalysis of the intervertebraldiscs in scoliotic patients show reduced
stainability of cartilaginous plate, reduction in the cleft and vacuolation of the matrix of
annulus fibrosus aseil as cellular composition as compared to control biopsies. Patients with
scoliosis and with a curvature of the spine by more than 60 degrees and patients with very
high rotation had in common matrix degeneration of cartilaginous plate and irregular fiber
running of annulus fibrosus. However, chordal cells in nucledfgogus were not common in
higher rotation cases. Chordal cell fragments were prominent in nucleus pulposus in scoliotic
patients(Nakamura 1980)

lll. 2. Spinal growth abnormalities and biomechanical factors

The hypothesis on spinal growth abnormalities and biomechanics was mainly
elaborated by Dr. lan Stes. He introduced the concept of mechanical mation of the
vertebral body growth in the pathogenesis of progressive adolescent idiopathic scoliosis. He
believes that the Huet&folkman or Deplech(Veldhuizen, Wever et al. 200@an be
explained by the fact that constant pathologic strong presseoeeratesendochondral
longitudinal growth while reduced compression accelerates grawtare the direction of
gowth is changed by the exterted presstitee clinical significance of this law is that brace
treatment is based on this effect although tlieafy of bracing continues to be debated and
guestionecdand research is now targeted and focusedoompressiorbasedusionlesgethers
that can replace the brace treatm¢Btaun, Ogilvie et al. 2004, Aubin, Clet al. 2018)



In more details,the HuetetVolkman concept of 'growth modulation’ explains, in a
phenomenological way, how the development of vertebrae and the vertebral wedging could be
generated by the asymmetrical loading on vertebral epiphysealhgpdate. This generated
deformity is part of a vicious cycle in which the vertebral asymmetry is generating a spinal
curvature, then accentuating the load asymmetrical distribution in the global spine, leading to
further asymmetrical growth and s (Stokes, McBride et al. 2013)Vicious cycle' is
clarified by Stokes, and it is referred to the impact of mechanical weight on the vertebral
development in the spine with scoliosis. Stoke is not the first researcher to address the vicious
cycle Roaf had already utilized the termcious cycle' to depict the impacts of gravity on
thoracic vertebral endplate physes in Scheuermann's iliness. Despite the fact that this theory is
appealing, the legitimacy of this mechanical stress development relationship speculation stays
to be demonsaited. This thusly requires quantitative data aboutdading condition of the

spine with scoliosis, considerable development changes and geometrical c{tioges,
Burwell et al. 2006)

Biomechantal stress reduces axial growth by inducing different effects on bhbeeeffect of
compression is the reduction in the axial growth, with reduced numbers of proliferating
chondrocytes and reduced chondracwtlargement in the hypertrophic zone. The wedging of
discs that is seen in scoliosis may involve an asymmetrical tissue remodelingctivesele
concave side degeneratiolh was reported that the growth rates at axially loaded growth
plates (tail vertelae and proximal tibiae) wereund to be modulated relatively uniformly
(independent of anatomical location) and proportional to stress magnitude. The growth data
were therefore expressed in a linear formulation of growth G as a function of compressive
stress(Stokes, McBride et al. 2011Mechanical modulation ofrowth (HueterVolkmann
standard) is thought to be included in the pathomechanism of the dydeioimationof the
vertebrae. Changetn the mechanical @ronment may incorporate modifications and
asymmetry of stacking and movemef8tokes 2007) In an attempt to understand the
mechanism of progression of scoliosis during growth, it was reported that theredgiprab
alteration in growth rate of vertebral and proximal tibial growth plates of three different
species (rat, rabbit, and calf), in response to differing magnitudes of stress. The relationship

was apparently linear and a value of growth sensitiviggdgnt change per unit stress) was



reported for both vertebrae and tibiaée results of this work support the vicious cytledry

of scoliosis progressiofiafortune, Aubin et al. 2007)

Mechanical loading affects thendochondral bone developmemt particular, increased
weight on the physislecreaseslevelopmentwhile reduced weightuickens development.
Studies showthat chondrocytic hypertrophplays a key rolein the development plate
mechanobiology, as it is likewise in typical regulation of development. The zone of
hypertrophy is the slightest inflexible development pfagtand would encounter tHeghest
deformity underdevelopmentoading,and this makes it as a consequethabasicmechane
transductive zone. It was found Billemure et al that the development plate pressure
decreases hypertrophic zone thickness, diminishes hypertrophic cbgiedvolume and
additionally creates a loss of hypertrophic columnar game plan and decreased outflow of the
chief collagenous extracellular network proteins (sort 1l and X collagens). The reason for
collagenous corruption (mechanical versus enzymatia)oisknown. The arrangement of
changes (network creation, tissue and cell morphometry) is not decided either, yet

unmistakably these variables @teselyrelated.

I1l. 3. Vertebral bonetissue

It is increasingly believed that one of the primary irgigrfactors in AIS pathogenesis
is abnormalvertebral bone tissue. There are several examples of studies that show a
corrolation betweerchanges inbone quality/quantity and scoliosis. Lumbar spine bone
mineral density and altered vertebral growth causatiomal lordosis,suggesting thatow
bone mineral status could be correlated with AIS. Using enErgyy absorptiometry and
peripheral quantitative computer tomography respectivielyas found that AIS patients have
low bone mineral densitBMD) (Cheng, Qin et al. 2000Y he tibial BMD showed the most
significant difference. The most significant effect was seen in the trabecular bone mineral
density (tBMD of the distal tibia (Cheng, Qin et al. 2000, Cheng, Tang et al. 2001, Lam,
Hung et al. 2011)In another study, and in correlation to the low BMD, bone histology of
patients with AIS was found to have significantly less ostegs¢gen, Qiu et al. 2009Bone

histology showed significant less osteosyteunt in the trabeculdoone with smooth and



continuous bordersThis suggests that Al patients have alteration in the bone turnover.
Possible causes of the low BMiDethe abnormal metabolisassociated with several factors
like Runx2 expression(Sun, Qiu et al. 2009, Wang, Sun et al. 20§t could play an
important role in the etiology and pathogenesisAtS. Curve progression prognosis was
corrolated withosteopenidhatcould be considered as one of the risk factors of progression of
the curve in AIS patients during brace treatmens ptossible that the status of the BMD will
help predict the outcome of brace treatm(&un, Wu et al. 2013)

[ll. 4. Paraspinal muscles

One of the factorshat could benvolved in the progression of the scoliotic curve is
dysfunction in the paraspinal muscléswas found that patients with AIS have asymmetries
in these muscles as detected by electromyographigjects with AIS had higher maximal
integrated electromyography (IENMJ@ctivities in thdeft lumbar musclerecorded at the onset
and during the early (submaximal) phases of muscle contra¢figikainen, Rezasoltani et
al. 1999)and also abnormalities in neuromuscular transmission that could be of pathogenetic
significance The paraspinal and intercostal muscles at the apex of the scoliotic curvature
examined in some of the patients showed similar abnormalities. The paraspinal and intercostal
muscles at the apex of the scoliotic curvature examined in some of the patisves similar
abnormalities. Study on the extensor digitorum communis muscle )(EID6d moderate but
significant increase irfiber density, mild but significant abnormality in neuromuscular
transmission and moderate prolongation of the mean interspike interval was observed
(Trontelj and Fernandez 1988y addition, defects in paraspinal and intercostal muscles at the

apex of the scoliotic curvatureereobservedTrontelj and Fernandez 1988)

Assynmmetries between the convex and concave sites of theclewwere observed from
reduced protein synthesis in the bottom of thoracic curve of children with idiopathic scoliosis.
Muscle protein synthesis was measured bilaterally at the top, apex and bottom. Analysis
showedthat there was increased syntheasisthe convexitymorethan on the concavity at the
apex of the spinal curve. The RNA activity at the musas lower at the curve apices on the

concavevs the convex sidealsowith differences immusclehistology and a lower type | filbe
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diameter, and a less proportion of type | fiers on the concavity. Muscle protein turnover
differences are secondary to an increaseclecontractile activity on the curve convexity
andfunctional immobilization of thenuscleon the curve concavity and greater fibrosisl an
fatty acid involution in the concave site compared to the convexGibson, McMaster et al.
1988, Wajchenberg, Martins et al. 2013)lyopathy, muscular atrophy due to necrosis,
presence of hyaline fibers, anditochondrial proliferation wre observed at both sides
(Gibson, McMaster et al. 1988, Wajchenberg, Martins et al. 2015)

lll. 5. Role of erect posture

The human is the only naturally occurring bipedal being whaffected by scoliosis
disease. This strengthens the significance of the bipedal posatoeeethe orangutan spine
was used as a model for human spine. Analysis of this modekshatnit has characteristics
of human AIS such athe predominantight dde curve, vertebral rotation to convexity,
displacement of the spinal cord to the concavity, andnequal number of ribs on either side.
Congenital anomaly was not seen. The difference and unusual featthissasfimal modeto
human AIS include malgender, a short curve, and kyphosis at the apex. The observations in
orangutan model suggest that erect posture is important in the morphology of human
idiopathic scoliosigTaylor 1983, Machida, Murai et al. 1999aijue, Porter et al. 2003} o
study if the bipedal position is essential for development of scoliosis, chickens were
pinealectomized shortly after hatching and this resultestatiosisclosely resembling human
idiopathicscoliosis. No scoliosis develeg in quadripedal rats. The bipedal condition, such as
that in chickens or humans, plays an important role in the developmesblidsis. The
findings suggest a critical influence of a postural mechanism for the developnseotiosis.
This upright staure causes weakening of the spinal column with backward shear stress. This
will lead to rotator instability, whicltould bethe origin of scoliosi§Machida, Murai et al.
1999, Machida, Saito et al. 2005)
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Il .6. Genetic factors

Several genes and chromosomal loci have been associated with scoliosis. Tisis part
discussed in detaila the next sections

V. Genetics of AIS:

The genetic causex IS are not well understood, although there is clear egelémat
there is a genetic component to the disease. Several genetic factors affect the etiology of this
disorder; however, the mode of inheritance is unclear. Twin studies have resulted in a wide
range of concordance estimates for IS, with rates rangimy .73 and 0.92, 0.36 and 0.63
for monozygotic and dizygotic twins, respectively. Monozygbums have a statistically
significant higher rate of concordance than dizygoiss, and the curves in monozygous
twins develop and progress together. Theda dapport the hypothesis of a genetic etiology
for AIS (Kesling and Reinker 1997, van Rhijn, Jansen et al. 2001, Andersen, Thomsen et al.
2007) The study of concordance rates in mono and dizygotic twins shoybdrsupe fact
that AIS should have genetic basis. Alsnilial clusters put the ground for the importance of
heredity in IS. It was found that there is 82, and 7 times higher presence of AIS among
relatives than in a given population. In one of thelsts on the genetics of AlS, it was found
that the inheritance was 88% imsti degree relatives, 70% in relatives of male index patients
and10% in the female relatives. Several reports in literature suggest that AlIS could have an
autosomaldominant, Xlinked dominant and autosomal recessive mode of inheritance. The
first examples of dominant mendelian inheritance of AIS was given by Hugh G. Garland in
1934 (Garland 1934)who described that in a familyith scoliosis transmitted througfive
generations and the deformity appears to be pridesgase and not secondary to another
disease. Segregati@nalysisusing a model with age and gender effects was applied to 101
pedigrees ascertained through a proband \8itirhe transmission probability model was used
to detecimajorgeneeffect. When the pedigrees were analyzed, affecdsstvas assigned to
persons with a Cobb's angle of more than 5 degreesignificantmajor geneeffect was
observed. However, when the affected status was assigned to persons with pronounced forms

of disease only (a curve of at least 11 degreesjgnficant contribution of amajor causal

12



genecould be established and inheritance could be described according to a donadmant
genediallele model, assuming incomplete sex and age dependent penetrance of genotypes.
According to this model, the pronounkcérms ofidiopathic scoliosisshould never occur in

the absence of the mutant allele. This indicates that only the carriers of the mutant allele
develop pronounced forms of the disease. At the same time, only a fraction of the carriers of
the mutantgeneshould manifest the disease (30% of males and 50% of fen{@adpnd

1934, WynneDavies 1968, Cowell, Hall et al. 1972, Riseborough and Wypeées 1973,
Czeizel, Bellyei et al. 1978, Carr 1990, Axenovich, Zaidmreaal. 1999, Justice, Miller et al.

2003)

Although a strong inherited component has been reported in familial studies in AlS, the
predisposition genes are still tie establiskkd Genome wide association studies (GWAS)
allowed the investigation and identification of genes associated with AIS. Tabfgesents a

summary of geneariantsidentifiedthroughSanger sequencing and GWAS studies.
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Tablel: List of genes and identifieshutationsvariants.

Gene name Function Position SNP
rs1073844%lkegawa 2016,
Zinc finger transcription Xu, Xia et al. 2017)

BNC2 Ot PO | 153904778

(Ogura, Takeda et al. 2018)
The host gene of a | rs3533356
MIR4300HG microRNA, MIR4300. | (Ogura, Kou et al. 2017)
Enhancer activity

C.886G>A,
€.1943C>T

MAPK?7 Regulates gene expressi( c.1760C>T
(Gao, Chen et al. 2017)

weiss | e Seveonert | rsoaase

MAGI1 Ceuglf’nction 17633294

TNIK Activajtor of Wnt rs9810566

: . (Zhu, Xu et al. 2017)
signalling pathways

[c.304_305delGA (p. D102%)]
(Weisz Hibshman, Broekmar
et al. 2017)
rs6892146Xu, Sheng et al.

POC5 Centriolar protein 2017)

c.G1336A (p.A446T),
€.G1363C (p.A455P), and
c.C1286T (p.A429V])Patten,
MargaritteJeannin et al.
2015)

SOX9and KCNJ2

Master transcription facto
of cartilage
Potassium channel, a
component othe inward

rectifier current IK1

rs12946947lkegawa 2016)
rs12946942 (Bae, Cho et al.
2012,(Miyake, Kou et al.
2013)
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Gene name

Function

Position SNP

ESR2

Estrogen response
Skeletalgrowth and
maturation

rs1256120 SNP
(Zhao, Roffey et al. 2016)

VANGL1

Regulators of
WNT/planar cell
polarity (PCP)
signaling

p.1136N and p.F44
(Andersen, Farooq et al. 201

LBX1

Control the
expression of genes
that guidemigrating

muscle precursors ar
maintain their
migratory potential

rs1119087@¢Jiang, Qiu et al.
2013, Grauers, Wang et al.
2015, Guo, Yamashita et al.
2016, Ikegawa 2016, Ogura,
Kou et al. 2016, Li, Gao et al
2018, Nada, Julien et al. 201§
rs678741 2&hu, Tang et al.
2015, Nada, Julien et al. 201

ADGRG6

Spinal development

rs6570501Kou, Takahashi ef
al. 2013, lkegawa 2016)
rs7755109

(Xu, Yang et al. 2015)
Rs9403380

(Qin, Xu et al. 2017)

AKAP2

Skeletal developmen

C.2645A>C (p.E882A)
(Li, Li et al. 2016)

COL11A2

Extracellar matrix
gene

Novel coding variant§Haller,
Alvarado et al. 2016)

AJAP1

Celli cell
and celextracellular
matrix interactions
that could be involve(
incell adhesion,
migration and
invasion

rs241215
(Zhu, Tang et al. 2015)
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Gene name Function Position SNP
Mediate
developmental event
particularly in the
nervous
PAX3andEPHA4 System rs13398147
regulates both (Zhuy, Tang et al. 2015)
myogenesis and
neurogenesis in the
neural tube
: . | rs4940576
BCL-2 Key role in apoptosis (Zhu, Tang et al. 2015)
Modulating the serun
LEPR leptin level rs2767485
Metabolism, body | (Liu, Wang et al. 2015)
energy, glucose
Extracellular matrix | Rare variant¢§Buchan,
FBN1andFBN2 genes Alvarado et al. 2014)
Cellular proliferaion,
growth,
differentiation
o ’ rs1800469
adhesion, intecell
TGFB1 signaling, as well as r518(.)|O47](R|yzhkov,
on the formation and Borzilov et al. 2013)
degradation of
extracellular matrix
proteins
Oraanization of rs1149048Chen, Tang et al.
chogndrocyte into 2009, Zhang, Zhao et al.
MATNL distinct zones of 2014)
rs1065755

growth plate

(Bae, Cho et al. 2012)
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Gene name Function Position SNP
Promoting the
IL-17RC production of several rs708567
pro-inflammatory | (Zhou, Qiu et al. 2012)
cytokines
raxepartinine | 3808351, 1510269151 and
GPER regl‘j’laﬁon of | 1542665553
skeletal developmen (Peng, Liang et al. 2012)
Natural inhibitors of
the MMPs, major
TIMP-2 TIMP expressed Eglnm(gign et al, 2012)
during endochondral 9 '
ossification,
rs10510181
CHLland Axonal guidance ang rs140018QSharma, Gao et a
LOC642891 neuronal migration | 2011)
Modulate estrogen 458T>C(Zhang, Lu et al.
ERD 2009)
effects on bone
R?rtﬁhmé?ggri?jme rs10488684Wang, Wu et al.
TPH1 : , 2008)
biosynthesis
in pinealocyte
MMP-3 5A/5A gene
polymorphisn and- G/G
IL-6 andMMPs Acute-phase proteing genotype IL6 (Aulisa,
Papaleo et al. 2007)
. .| rs475342GQiu, Tang et al.
MTNR1B Mec_zhate; Melatonin 2007)
biologic effects
IGE-I Pivotal role in bone | rs5742612 and rs2288377
growth (Yeung, Tang et al. 2006)
Pvull T/C polymorphism,
Mediates estroaen dbSNP#: rs223462®d Xbal
ESR1 9 (A/GpolymorphismgbSNP#:

effects on bone

rs9340799)Tang, Yeung &
al. 2006)
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IV.1. Selected andidate genes involved in AlS and their biological roles

IV .1.1Different gene groupsinvolvedin AIS

Table 1 showssome of thegenes associated with AIS. Based on the function, these
geres can be classified into extracellular ger@®I(11A2 AJAP1 FBN1andFBN2 TGFB],
MATND, genes important for develogmt AKAP2 PAX3 and EPHA4 CHL1 and
LOC64289]1 ADGRG6 MATNL MEIS1 MAPK7, SOX9 VANGL] LBX1), gene regulation
(BNC2 MAPK?Y), inflammation [L-17RG IL-6 andMMPs), estrogen response$R2 GPER
ERDb, ESR) and cell cycleROCSH. In the upcoming paragraphs, | will be discussing the genes

that have beewidely associated with AlSdsed on data from literature.

The phenotype of AIS patients share several characteristics with cartilage extracellular matrix
(ECM) disorders, this fact was the basis for studying the genes associated with the assembly of
the ECM. Several ECM genes, sua$COL1, FBN1andFBN2, are major components in the
supporting structures of the spinal colurtBae, Cho et al. 2012Zyhe MATNL1is highly
expressed in the cartilage and is essential for the organization of the[E€2ld, Wagener et

al. 1999) AJAP1plays a rolan celli cell and ceHlextracellular matrix interactions and hence it
could be implicated in cell adhesion, migration and invasion. The latter is antamipfactor

in regulating bone growth and osteoblast differentiation, both are significant factors in AIS
pathogenesigZhu, Tang et al. 2015)Thus GWAS and exome sequencing studies were
targeted on identifying genvariants in different populations especially in Agj@hen, Tang

et al. 2009, Bae, Cho et al. 2012, Zhang, Zhao et al. 2014, Zhu, Tang et alER€dfEgan
(Buchan, Alvardo et al. 2014, Haller, Alvarado et al. 20H6)d RussiariRyzhkov, Borzilov

et al. 2013populations.

Developmental genes have been widely studied in AKAP2 is involved in skeletal
development. Through exonsequencingAKAP2co segregated with AIS in all of the family
membersn Chinese Han populatiofLi, Li et al. 2016) Through GVAS study in Chinese
girls, variats inEPH receptors an&AX3were found to be assoagat with AIS(Zhu, Tang et

al. 2015) EPH receptoris involved in the development of the nervous sys(énsen and
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Barbacid 1997)ThePAX3is also a developmental gene that regulates both mgsgeand
neurogenesis in the neural tuffechubert, Tremblay et al. 2001, Buckingham and Relaix
2007) Both are important for the development of vertebral muscle. Paravertebral muscle
abnormalities hee been suggeed as the cause of Al&ouwenhoven and Castelein 2008)
and PAX3mutations cause muscular, neural tube and vertebral column d@fadits,
Mansouri et al. 2008, Xiao, Zhang et al. 20IThrough GWAS studies in Texas families,
both overlapping gene€HL1 andLOC64289] were associated with AlSharma, Gao et al.
2011) CHL1 is closey related toRobo3 mutations in the latterauses horizontalgazepalsy
characterized byevere scoliosigJen, Chan et al. 2004)CHLI have functions in axonal
guidance and neuronal migratjiowhen mutated thisgssibly might end up with aberrant
axonal growth and directionalityAs described above, the nervous system is an important
factor in AIS pathogenesis. Several studies focused on the associatiorLBXthgene with
AIS in several populations includirfgench Canadia(Nada, Julien et al. 2018Fhinese Han
(Gao, Peng et al. 2013, Jiang, Qiu et al. 2013, Liu, Wu et &lf)28candinavian(Grauers,
Wang et al. 2015)East Asian(Chen, Zhao et al. 2014, Liang, Xing et al. 2Q143ian and
non-Hispanic white grops (Londono, Kou et al. 2014pouthern Chines@an, Song et al.
2012) andJapaneséTakahashi, Kou et al. 201L1)BX1belongs to the group dfomeobox
genes andis expressed in the dorsal part of the spinal cord and hindlrBX1 plays a role in
development of theensory pathway in the spinal cdogl controlling the fate oflorsal spinal
and hindbrain somatosensory neur¢@soss, Dottori et al. 2002, Sieber, Storm et al. 2007)
Mutations inLBX1 cause somatosensory defect and ttardribute to AlSTakahashi, Kou et

al. 2011) Another widely studied gene in AIS ADGRG6 GWAS anml sequencing analysis
were performed in Chines€Xu, Yang et al. 2015, Qin, Xu et al. 201a0d Japanesgou,
Takahashi et al. 2013)opulations. ThRADGRG6genebelongs tathe family of adhesion G
protein coupled receptors, alDGRG6 might play important roles in development and
diseasgPatra, Monk et al. 2014Yhe ADGRG6was found to have higexpression in the
cartilage (Kou, Takahashi et al. 2013nd vertebral bodiefPatra, van Amerongen et al.
2013)

Transcriptional factors are also implicated in AlS pa#masis.BNS2mutations have been

found in Chines€Ogura, Kou et al. 2015, Xu, Xia et al. 20BAd Japanese populations to be
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associated with AI§Ogura, Kou et al. 2015, Oga Takeda et al. 2018BNC2is a zinc

finger transcriptional factohighly expressed in musculoskeletal tissues such as spinal cord,
bone and cartilagéOgura, Kou et al. 2015)he suggested function &NC2is the nuclear
processing ofmRNA (Lamond and Spector 2003Mutations inBNS2 are suggested to
regulate the transcriptional activity 8NC2 (Ogura, Kou et al. 2015Another gendhat is
involvedin transcriptional regulation ithe MAPK?. Little is known about the association of
MAPK7 and AIS. Recently, sequencing in Chinese family identified disease associated
variants(Gao, Chen et al. 20L.7Jhe MAPK genebelongs to the family of MAP kinases that

are activated by growth factors and cellular stress and has a function in transducing

intracellular signals.

Inflammatory factors also play a role in AIS pathogenddigre exsts a correlation between
matrix metalloproteinas (MMPs) and disc degengom. MMP is differentially expressed
between the concave and the convex sides of the scoliotic curves and thus, this strengthens the
role of these enzymes in the pathogenesis and progression of sq@iesia, Roberts et al.
1997) Hence, polymorpisms in MMPs have been studied in ltaligAulisa, Papaleo et al.
2007) and HungariafMorocz,Czibula et al. 20113nd the studies found that gene variants in
MMPs might be involved in the suscdglity to scoliosis. Not onlyMMP but other
inflammatory factors like It6 hasbeen also investigated for possible roles in AIS6lls a
proinflammaory cytokine, whose concentration is increased in the nucleus pulposus of
scoliotic discs in response to exogenous-ipflammatory stimulus. As a consequence, the
inflammatory reaction is amplified and this resuift more degeneration of the interveriabr

disc (Burke, RW et al. 2003)Polymorphisms ofL-6 has been described in Ital@fAulisa,
Papaleo et al. 200 Hlungariais (Morocz, Czibula et al. 2011populations and have been
associated with AIS. The mutationlin-6 affects function andactivity of the protein.

The ciliay genesEstrogen receptopolymorphisms andPOC5 will be described irsection

l1.2. (Ciliary genes: Cilia and its connection with AJSchapter Il (Hormonal factors
associated with Alsandchapterll (POC5 AND Al respectively.
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IV.2. Ciliary genes Cilia and its connectian with AIS

The role of cilia in AIS is emerging. Several stud{&miya, Shen et al. 2015,
Grimes, Boswell et al. 2016, Kobayashi, Asathashino et al. 2017, Oliazadeh, Gorman et al.
2017) indicate a significaninvolvement of cilia in the pathogenesis of AlGilia plays
important roles in motility mechanotransductiomnd sensory perception arttley are
expressed in wstmitotic epithelial cells and differentiatezklls, whichhave exited the cell
cycle.Given the critical role the cilia plays, | will focus on the upcoming paragraphs on the
studiesthat found correlation between ciliary anomalies and AIS occurance.

IV.2.1 KIF 6

KIF6 belongs to the family of kinesins (KIEKinesn-9 superfamily hasnly been
identified in vertebrates and protozoa and
in cilia and flagella.Kif6 is downregulated irForkhead box JI(FoxJJ)-null mice, which
swggess a role ofKif6 in cilia (Jacquet, SalinaBlondragon et al. 2009FoxJ1 has significant
roles in the differentiation of ependymal célls, Handsaker et al. 2009yhich have cilia and
line ventricles in the brain and the central canal in the spinal cord. The funcegpanafymal
cells alsoincludes the circulation of cerebral spinal fluitKIF6 expression is limited to the
ependynal layer of the ventricléLi, Handsaker et al. 2009nd central canal of the spinal
cord. In a recent work in identifying new genes in Af86 mutant zebrafish were fourid
have scoliotic phenotyp&.hese proteins were identified as transport proteins for organelles,
protein complexesand mMRNAsto specific destinations in a microtubule and Adépendent
manner. During mitosis and meiosis, kif proteins have a catipe 0le in the movement of
chromosomes and spindles. These proteorgain a highly conserved amino acid sequence
among all eukaryotic phyla studied thus far. The motor domalodes a conserved sequence
thatis proximal to a Walker ATP binding motif andnaicrotubule binding domain. Kifs have
different sequences postside the motor domain. Kifs interact with cargo molecules and it
occus outside the motor domain. It has been shown recently that by the interaction with
adaptor proteins, this helps kifs inathment to cargogViki, Setou et al. 2001)Although
KIF6 was originally distinguished as an orphan kiné¢Biiki, Setou et al. 2003, Miki, Okada
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et al. 2005)t was considered a member of the kinegsimily member 9 (kif9 in the Kinesin

9 superfamily.KIF9 and KIF6 have a conserved sequence near the kinesin motor domain
which is specific to the Kinesifi superfamily(Miki, Okada et al. 2005)knowing that
however, the two proteins are phylogenetically dis{diiki, Setou et al 2001) Zebrafish
mutant of kif6 was reported to show spinal deformity and they were named skolios. The
phenotype that was seen is primary and not secondary to other phenotypes. In skolios, there
was noted saxal dimophism like in human IS. Unlike in hams,in skolios both genders

were affected, but over time, adult male mutants developed a more severe spinal deformity
compared with adult females. This observatdoesn't apply tohumansand it can be
explained that the gender factor could be involvedpiiagression but not susceptibility
(Buchan, Gray et al. 2014The significance of this study is that the presented skolios could
representa model for human IS and could help understand pathogenesis of AIS. The skolios
were viable and not lethal which could also help in understanding molecular events in the
progression of AIS. The mentioned study presents a new rad&~6fin spiral development

and stability, and hence expanding the functions of kinesins.

IV.2.2. PTK7

In mammals the somites give rise to vertebral bodies. This is an organized pathway
that is regulated by the network of Notatenonical Wnf-catenin and FGFsignalling
pathways which will regulate the expression of multiple genes along the posterior body axis
that drive rhythmic somite production from the presomitic mesodBourquie2007) PTK7
is one of the key organizers of canonical Wittatenin and noanonical Wnt/PCP signalling
activity and is essential for vertebrate embryonic patterning and morphogéngmsiments
in ptk7 mutant zebrafish reveahn important role of tkigene in developmental pattering and
morphogenesifHayes, Naito et al. 201.3)

ThePTK7 is a typical tyrosine kinase that is conserved through evolution and has been found
to have a role in Wnt, Semaphorin/Plegind VEGF signal transductioRTK7 could be part

of the Wnt receptor complex since it interacts with Wnt ligands, Frizzled 7 and LRP6 co
receptorgTakeuchi 1966, Shnitsar and Borchers 2008, Peradziryi, Kaplan2&dl) It was
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found that both canonical Wnttatenin and noganonical Wnt/PCP signalling activity were
disrupted by théTK7P545Aallele, which confirms the effect of dysregulated Wnt signalling
in IS (Hayes, Ga et al. 2014) The activation of the receptor complex endocytosis is an
essential step in Wnt/PCP and Whatditenin signal activatiolRTK7P545Awas found to be
more localized at the plasma membrane which possibly could result in defective Wnt

signallingaltering complex traffickingHayes, Gao et al. 2014)

Animal modelsof scoliosisare limited unless bipedal posture is acquired which necssit

the upright posture that is found in humans. Knowing that, irobt$ there is biomechanical
forces along the spine that can make fish more susceptible tonkseé spinal curvatures
(Gorman and Breden 2007, Gorman and Breden 2009, Janssen, de Wilde et al. 2011, Ouellet
and Oden2013) This fact makes fish a good model of human scoliosis. Depeoditige

timing of theloss of function optk7, mutant zebrafish develsgpinal deformities that model
congenital and idiopathic scoliosis. Interestingly female mutant zebrafishnia@ severe

curves than males and hence this makes the nedelod representation of human AIS
(Hayes, Gao et al. 2014)

As discussed abovgtk7 mutant zebrafish develop scoliogidayes, Gao et al. 20140
understand the etiopathogenesis of IS, in another work, dysfunction of motile cilia was
investigated. Male cilia function in the flow dextracellular fluid Wnt/PCPandWnt/Catenin

play a role incilia function (Park, Mitchell et al. 2008, Caron, Xu et al. 2Q1P)e proof of
possible defects of cilia in AlS is suggested by the fact that thebe@gmal l-R asymmetries

and defective flow in IS patienf®ang, Yeung et al. 2011and an elevated incidence of
scoliosis among primgrciliary dyskinesia patientEngesaeth, Warner et al. 1998nalysis

of ptk7 mutants showthat they have abnorm&sSF flow within the ventricular system that
goes alongvith a role for EC motile cilia defects in the etiology of(ISrimes, Boswell et al.
2016)
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IV.2.3. ZMYND10

The ZMYND10gene (zinc finger, MYNBdomaircontaining 10, NM_015896.2) is
located on chromosome 3p21 and it encodes a tumor suppressor protein. ZMYND10
downregulates cell proliferation either through apoptosis or by cell cycléateyu It was
found that it inhibits the growth of nasopharyngeal carcinoma cells, arrests the celitahee
G1 phase, downregulates JN&Jun Nterminal kinase) and cyclin D1 promoter activities,
and inhibits phosphorylation of-dun (Zhang, Liu et al. 2012)Recently, mutationsn
ZMYND10were identified as primary ciliary dyskinesia (PCdllsease causing geoore,
Onoufriadis et al. 2013)PCD is caused by defects in motile cilia that resulteicurrent
respiratory functions and male infertility. ZMYND10 interacts with LRRZ@riwala, Gee et
al. 2013) LRRCG6is a gene that is essential for proper axonemalnaisly of inner and outer
dynein arms. Mutations ihRRC6cause primary ciliary dyskinesi@ott, Duquesnoy et al.
2012)

Recently, in medaka zebrafish, reduced expressiammghdlOead to the loss of the outer
dynein arms (ODA\ loss in Kupffer's vesicle (K)Y/cilia, and resuéd in a motility defect.
Morphants had curlail-down (CTD and LR asymmetry, wheh are characteristic motile
ciliary mutant phenotypes in fisithe LR asymmetryphenotypewas variableEmbryos were
characterized by having reversed ambiguoustheaping and/or reversed liver positiofhe
knockout medakaebrafishwere analyzed at fer stages of development and they were
characterized with complete loss of motility of sperm, scoliosis and progressive polycystic
kidney (Kobayashi, Asandloshino et al. 2017Not only inzmynd1dish, there wascoliosis

but also another medaka mutant, joi/mithich suggests that scoliosis is the phenotype
resulting from defects in the motility of ciliuiKobayashi, lijima et al. 2010)n humansit is

quite rare to havd’CD with scoliosis, however, scoliosis association with PCD was presented
in some studieg¢Engesaeth, Warner et al. 1993, Tanaka, Sutani et al. 2007, Yazicioglu, Alici
et al. 2016) It seems that fish PCD mutante anore sensitive to developing scoliosiarth
humans. Robably, fish as aquatic species do not need to maintain posture; and hence there is
no requirement for strong connections between vertebrae. However, in humans, theofigidity

the vertebra is a mudtie to the terrestrial environment and bipedalism.
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1V.3. Adhesion GPCRs

The adhesioMDGRG6has been widely associated with AlS. Through GWAS studies
and sequencing analysis studig#gswas found that mutations IADGRG6 (Table 1) are
causative of AB in Chinesepopulations(Kou, Takahashi et al. 2013, Xu, Yang et al. 2015,
Qin, Xu et al. 2017)Edery et al(Edery, MargaritteJeannin et al. 2011)dentified the AIS
disease causing genelie located on chromosos® and 5. Further studisby Patten et al
(Patten, Margarittdeanim et al. 2015) found variants o0ADGRG7in AIS patients.In the
next paragraph | will discuss structural and functional characteristics of ADGRGs
specificallyADGRG7

IV.3.1. ADGRG6 and ADGRG7

Adhesion GPCRs belong to the large group of G prateupled receptors (GPCRS)
Thirty-three members were found in human atidrty in mice. A large extracellular N
terminus is present in all members of this group. This part of the receptor include various
adhesio domains such as epidermal growth fadilae repeats, thromospondiike repeats
and cadherin like repeatfPaavola and Hall 2012A characteristic feature of this gno of
membrane proteins is GPCR proteolysis site (GRS function is to help in the catalytic
processing of the extracellular-tdrminus or the 7 transmembranete@minal fragment
(Monk, Hamann et al. 2015)t was reported that mutations in this domain can lead to the
misfolding of the receptor and human disease. Most members of the adhesion GPCRs are
orphanwith no assigned ligan@ang, Wang et al. 2012Fig. 2).

An interesting feature of these proteins is that -einal truncation can result in the
activation of the adhesion GPCR constitutively. Several data from diffexakton GPR56,
BQAI2 and CD97 suggest that it could be a general feature for activation of adhesion GPCRs.
To elucidate moreit is suggested that when there is cleavage of the N terminus by
autoproteolysis, with the maintenance of the associdti the7TM of the receptor his exers

an inhibitory effect on receptor signaling.
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Common varianteearGPR126ADGRG6(encoding the adhesion G protaiaupled receptor)
were found in several studie® be associated with AIS in humatisough GWAS studies
(Qin, Xu et al. 2017, Liu, Liu et al. 2018yheknockdown ofadgrg6in zebrafishresulted in
delayed ossiGiation of the developing spir{gou, Takahashi et al. 20130 mice,the loss of
Gprl26 result in scoliosis without affecting the structure ofvémtebra(Karner, Long et al.
2015) Not only scoliosis, but also the loss Gprl26 caused pectum excavatun {PiEy
upregulating Gal3st4 a gene implicated in human PE, encoding GalaeidSe

sulfotransferase é&arner, Long et al. 2015)

ADGRG7belongs to the adhesion family of GPCRs that was identified in the celtrdaase.
ADGRGT7relates phylogenetically to the clustiat waspreviously known for a few years
includingHEG, GPR56, GPR97, GPR118hdGPR114 ADGRG7 have common motifs with
ADGRGS6 that include FTWMG(A)E(S)A in TMIIl andhe Trp in TMIV with the other
receptors in this phylogenetic cluster such as GPR97 and$tHar, there is no other domain
apart from GPS that have been identified in ADGRG7. This fact is also applied to the
phylogenetically related (BGRG2, ADGRG1, ADGRES5, and ADGRGY)redriksson,
Gloriam et al. 2003)Howe\er, the physiological function of ADGRG?7 is not well described.

In one of recent work on ADGRG?7, it was found that ADGRG7 has an important role in body
weight (Ni, Chen et al. 2014)n another studywo variants were identified one iIADGRG7

and one irPOC5(Edery, Margaritteleannin et al. 2011l is possible thaADGRG7is acting

as modifier, contributer gene rather than a causative gene in AlS.
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Figure 2: Schematic diagram of an adhesiGRCR. The typical adhesion GPCR corsidta

gain domain, a 7 transmembrane domain associated with GR&rdand a cell adhesion
domain. The GAIN and 7 transmembrane donsere located at the -@rminus of the
receptor. The cell adhesion GPCRs share structural homology to the hormone receptors. The
hypothesis that theris interaction between ADGRG7 and PBQvhich will eventually affect
cytoskeleton organization and cell adhesion properties, is to be investigated. Adapted from

Hamann et ali(Hamann, Aust et al. 2015)

V. Hormonal factors associated with AlS

Basedon severabbservationshormonal factors, specificallgstrogenswere found to
play significant roles irbone mass acquisitioand/or formation andgonsequentlyjn the
pathogenesis of Al$iowever thenechanismivolved are not clear. Estrogens ctafiswith
melatonin and other biochemical factors like calmodilietellier, Azeddine et al. 2008,
Leboeuf, Letellier et al. 2009Dther hormones like leptifQiu, Sun et al2007, Tam, Liu et
al. 2016)were also found to be associated with AT&e role of each hormone in AIS will be

discussed.
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V.1. Role of estrogen

Several studies suggest that AIS is an endocrinal digBaseos, Cortes et al. 2011)
Ités possible that growth hormone play a role in AIS pathophysiqlatign 1996) The fact
that young females with scoliosis have osteopenia is nalication of estrogen E2)
deregulation in these patients. There is progressive reactivation of estrogen system subsequent
to menupausén scoliosis(Cheng and Guo 1997, Cheng, Tang et al. 2@G0M) the latter
support theestrogen receptolEGR polymorphisms in AIS patient8Vu, Qiu et al. 2006)
Until now it is not clear how E2 could have effects on the initiation or progression AIS,
howeveri t pbssible that estrogens interact with many physiopathological factors that are

believal to influence the development of scoliosis (Fig.3).

non progressive progr'ess'ive
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Figure 3: E2 interaction withetiopathogenidactorsof AlS. The presence oprogression or
absence oprogressiorof AIS could be controlled by Efhat crosstalks with severtactors

like genetic (gene mutations and ER polymorphi&f)is responsible for maintaining bone
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through its effects omsteoblast differentiation, the ratio of Gi to Gs proteins, keeping
balancebetween collagen and glycoproteins in bone tissienthese factors are distrupted,
this leads to osteopenidVhen the initial deformity deveps scoliosis will progress
concominatlyto the spinal growthby exerting its effectsn bone structural and compositional

characteristicand biomechanic®\daptel from Leboeuf et al(Leboeuf, Letellier et al. 2009)

These factors could be melatonin, biomechanical stress and growth. AIS with significant
clinical deformities has increased occurance in girls during pulférgmnstein, Dolan et al.

2008) Scoliosis progresses during puberdyperiod of life where estrogens contribbtgh to

the puberty and growtl{Eastell 2005) During menarche period, stage characterized with

rise in E2 levels in girl§Eastell 2005)there is large reduction in bone turnover markers. This
reduction leads to the closure of the epiphyseal growth platesgduoetion in periosteal
apposition and endosteal resorption within cortical bone, and in bone remodelling within
cortical and cancellous bone. These effects of E2 on bone are induced through promoting
apoptosis of chondrocytes in the growth plg@eivas, Vasiliadis et al. 2006).ow levels of

E2, that occurs during late menarchvell result in reduction in osteoblast proliferation and
activity reduction in osteoblast differentiatiomhis in turnwill result in a defect in the
rigidity, elasticity and strength properties of bone, including mineralization. Given all these
facts, however, the molecular mechanisms and targets of E2 are not known. Recent studies
support the hypothesis thatigt not the presence or absence of E2 that induces scoliosis but
rather the response of bone cells ta Effects of combined melatonin anB2 on human
osteoblasts from AIS patients and signalling pathwageeanalyzed, where AIS cells were
treated with 2. The level of 3'5-cyclic adenosine monophosphate (CAM#as significantly
decreased when compared with the level observed in the presence of increasing concentrations
of melatonin alone (Letellier, Azeddine et al. 2008)rhis finding indicate a cross talk
between E2 andhelatoninsignallingin humanAlS osteoblasts. Combined treatments control

the coupling of G (S) alpha protein and melatonin receptor2)Mdn humanosteoblasts.
Based on the mentioned results, treatment with EZE®R agonists become important

compounds to consider in AIS osteoblast cell functiofiregellier, Azeddineet al. 2008)
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Research is focused on identifying link between ESR polymorghési scoliosis hoever
results are contradictoryThe cause could be attributed tthnic group differences,
environmental factors that might cause the difference in thét reSthe studiesEstrogen
affects growth hormonesecretion(Ylikoski 2003, Perry, McDougall et al. 2008)he fact that
children with scoliosis are taller than their peers of the same age can be due to thef effect
estrogen on increasing growth hormone secretidikoski 2003, Perry, McDougall et al.
2008)

V.2. ER AND AIS

AIS occurs mostly in girls during puberty and this has put the ground for extensive
research o the roleof E2 andESRgene polymorphiss There is no clear conclusion about
the correlation between hormone content, E2, and the development or progression of AIS.
Recent research found that the level of intracellular levels of E2 is associated elgtalsk
muscle strength and power in feméBpila, Finni et al. 2015)These findings support the fact

about the role of muscle E2 in IS.

E2 assumsbasically a significant part icell proliferation ands viewed as chiefly movarian

sex hormones in charge of cdliplicationand developmentfdissues. E2 haa widevariety

of effectsthat rangefrom regulation of skeletal homeostasis, lipid and digessystem,
electrolytebalance skin physiology(Liang and Shang 2013, Bilal, Chowdhury et al. 2014)
the cardiovasculaiBaker, Meldrum et al. 2003, Nevzati, Shafighi et al. 2GMstemand the
focal senery system(Maggi, Ciana et al. 2004A very well described activity of E2 is the
intense impact on veins gtrengthervasodilation angbrotectagainst vascular har(@heskis,
Greger et al. 2007E?2 likewise assume an imperative part in male physiologyg&heration

of E2 is not exclusively in the ovaries, there are other extragonadal tissues that deliver E2. The
production of E2 in extragonadal tissues is subject to the accessibility of C19ssterdod
specific  testosterone, androstenedione, dehydroapdrosterone (DHEA and
dehydroepiandrosterone sulfate (DHBAB target tissues, testosterone can be changed over

to either B}dihydrotestosterone (DHTthe vital ligand for androgen receptors, or to E2, the
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most powerful of the estrogens. Interestingly, girls with AIS were found to have increased

testosterone leve(®Raczkowski 2007)

How E2 applsits impact on target tissues? BIhds to particular receptors assigned as ESR.
Despite the significance of Esdgnalling,there ae just three known receptors thake over
the greater part of the Etionsthatare the ER|, ERb and the G protein coupled estrogen

receptor 1.

ERU was the first receptor to be found and is the nfiaky examined. The other receptor,
which is the bmologues ER was recognizetbur decadesfter ERJ(Baker 2002)After one
decadeG proteinrcoupled estrogen receptor 1 (GPBR&sociatiorwith estrogen signaling

was recognized.

There are three pes of estrogen dependent signallirgdirect genomic signalling pathway,

2) Indirect genomic signalling, and 3) Ngenomic signalling.

Estrogen dependent signaling is grouped intcogea and norgenomic, and this depends
the outcome oéctivatedsignalling pathwaysBesides, binding of the estrogeiR complex to

DNA can be either direct or indirect.

Direct genomic signaling pathwag considered as the traditional BRynalling. E2 binds
either to ERJor ERD in the cytoplasnof target cells which prompisonformational changes
that resultin receptor dimerization, translocation to thacleusand binding to the estrogen
response elemen(EREs)placed in or clee to the promoters of targgenes The coupling of
the ligand to the receptor additionally brirtggiethera mixture of coregulators in a complex
that adjusts chromatin structure aadhances theecruitmentof the RNA polymerase I
transcriptional machnary. Thusly, estrogeftR complex functions as a transcriptional

activator(Keay and Thornton 2009)

Indirect genomic signallingf 17b-estradiol (E2) can also play a role in the expression of

genes that do not have EREs in their promoter. Indeed, around 33% of the estrogen responsive
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genes doe BRElikecagements.r In the EREee genomicpathway there is no
immediate binding of the ligaAbdound ERs to DNAlirectly, binding occurghrough protein
proteininteractionwith different classes of traosptional factorsat binding sites Thisresults
in either initiation orinhibition of signalling.

Non-genomic estrogen signalling is regularly connected with a subset of membrane bound ER,
e.g. GPR30 and certain variations of Ed EFb. E2 can bind to receptors at the cell surface
(GPR30) and thisesultsin the activation of intracellular calciumecruitmentof adenylate
cyclase and cAMP production, activation of the MABignalling pathway, initiation of the
phosphoinositol &Xinase pathway andecruitmentof membrane tyrosine kinase receptors
(Nilsson, Makela et al. 2001, Eick and Thornton 201tlis worth to say that the ER could be
initiated without E2. The receptors could be phosphorylated on specific sites and this can
cause liganéhutonomous ER activation. The two frequernghosphorylatecdmino acids are
serine and tyrosine. Controllers of general cell phosphorylation state, fimplexaprotein
kinase A (PKA or protein kinase C (PKGC extracellular membranes;ytokines or

neurotransmitters and cell cycle controllers@ag of this pathway.

ESR1 isa highpredspositionfactorin AIS becausét plays a significant function in the bone
turnover during puberty. Sex hormone @ay key role in skeletal growth and maturation.
Estrogen receptor, encoded by the geB®&1 is present in both osteoblast and osteo¢lsil
2001)

Proline, glutamic acidand leucineich protein 1 (PELPLwas recently identified as an
important coactivator of the estrogen signaling pathway. PELP1 indirectly activates ESR1
through its interaction with coactivatassociated arginine methlyhnsferase. Ithis study,
interestingly PELP1 expression was identified in skeletal mugdladlamudi, Wang et al.
2001)but not in deep paravertebral muscles. There was significantly higher expression level
of PELP1 in the deemtrinsic spine muscle (longissimus) comparing to the superficial back
muscle (trapezius), the latter belonging to the upper limb girdle musclese fiidings go

along with the role of different muscles in scoliosis, wheretllesdeep musges and nothe

superficial, whichare involved in scoliosis pathogene@t®rd, Bagnall et al. 1984AIso, the
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work found a correlation between PELP1 expression on the concave side with Cobb angle of
the primary thoracic scoliosis. There was also a correlation between the PELP1 and the ESR1
expression but not ESR2. PELP1 was found to be localized inutieus within muscular

tissue which suggests a function in the chromatin remodeling at target gene promoter

(Skibinska, Tomaszewski et al. 2016)

Both melatonin and d¢@odulin could play a role in the progression of AIS. The
administrationof TMX, which is a Selective Estrogen Receptor Modulator (SERNI
Calmodulin (CaM antagonist, help in reducing the rate of progression of the scoliotic curve
but doesnéoét i nhi bit its devel opment i n eithe
mice models(Akel, Demirkiran et al. 2009, Akel, Kocak et al. 2009Iso treatment with

TMX may revert the curves itreateda ni mal s as compared to contr
TMX is inducing its effects in AlS, whether t tliraigh calmodulin or through E2. Raloxifene
(RLX) is another SERM whichis similar to TMX - both having estrogenic agonist effects on
bone but has less side effects than TMX on humBhX exerts its effect on bone by
increasing bone density in both animals and humans. Thet effeEMX and RLX in
pinealictemozied bipedal mice was investigat@emirkiran, Dede et al. 2014Bipedal
pinealectomized mice were receiving orally XMr RLX. The effects in treated animals,
similar to what was observed before, is the reduction of curve magnitudes but not the
incidence of scoliosis curvaagnitudesHigher bone density in RLX receiving groupssv
correlated with lesser curv@he signficance of this work is that both TMX and RLX are
possible treatments for the osteopenia observed in AIS patients, and in parallel the scoliotic
deformity. It could be also that both RLX afid1X treatmentslead to early maturation of
vertebral growth plate and decelerating or inhibiting growth process, thus preventing
progression of the curves by this mechanism. The significance of this study, is that the usage
of E2 modulators could be a promising medical treatment in (Binirkiran, Dede et al.

2014)

SinceESR1 geneis a highly candidate predisposition gene in AlIS, a genetic association study

was performed by Inoue et @houe, Minami et al. 2002)In their work, they wanted to

identify an association betweeftbd polymorphism inESR1and curve severity in AlS. The
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results show that Xbal polymorphism can be considered as a disease modifier and could be a
strorg disease predisposition allele. This work goes along with previous research which
showed that Xbal polymorphism could be used to predict curve progré¥8ignQiu et al.

2006)

In girls with AIS, there is abnormal growth and osteopei@heung, Lee et al. 2006,
Villemure and Stokes@9) In various Asian populations, it was found that there is a link
between BMDand ERS1genotypegBoot, van der Sluis et al. 2004, Nam, Shin et al. 2005)
Also, the Pvull (T/C polymorphism, dbSNP#: rs2234693) and Xbal (A/G polymorphism,
dbSNP#: rs9340799) sites in the first introrE&R1 were associated with risk of osteoporosis
and bone mineral density (BMDat several femoral sites in post menaupausesakor
population, inCawcasianchildren, adolescents, angungadults (Boot, van der Sluis et al.
2004, Nam, Shin et al. 2005)

Based on the mentionedvidence this makesERS1a strong candidate gentor AIS.
However, in several studiethey failed to detect any association between theB8R1SNPs

and the occurrence of AIS. The results indicated that these two SNPs were not the primarly
causative or predisposition allele leading to AT&ng, Yeaing et al. 2006, Yang, Li et al.
2014)

Finally, to study the possible association between Xbal polymorphisiER and the
effectiveness of brace treatment, it was shown that patients with G allele at the rs9340799 site
of the ESR1 were found to be resfant to brace treatment. Thuke G allele could be
considered a risk factor leading to failure of brace treatment in AIS patients. The significance
of this work is that by identifying factors that affect the outcome of brace treatment could help
identify whether patient has to undergo brace treatment or continue to receive brace treatment
(Xu, Qiu et al. 2011)
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V.3. Melatonin

Pinealectomized chicken develop scolio§iillard 1959) In 1959, MarieJeanne
Thillard found unexpectedly that pinealectomy in young chickens results in spinal deformities.
Only on bipedal condition, pinealectomy widlad to reduced levels of melatonin which could
result in scoliosis. Bipedalism could be obtained by taking off the forelimbs from baby. In
human, progressive scoliosis is correlated with low plasmaiatonn (Machida, Dubousset
et al. 2009) Levels of platelet calmodulitnat is usually regulated by melatonin was found to
be upregulated in scolios{sowe, Lawellin et al. 2002)The mentioned findings support the
hypothesis that AIS could be due to an inherited disorder of fimmemitters from neuro
hormonal origin, assodied with bipedal condition, wherdocalized neuranuscular
imbalance starts and produces the scoliotic deformity of the-élasiic and bony structures
(Dubousset and Machida 2001)

Since melatonin is the pineal gland hormone, this fhé grounesupporting hypothesis that
defects in posture is due to melatonin deficiefi€gillard 1959, Dubousset andachida

2001, Machida, Dubousset et al. 2Q0h) humans, low melatonin levels have been observed
in AIS patients (Machida, Dubousset et al. 200Gome questionaeedto be answereds

there a correlation between melatonin levels and the cpregressionin AIS? Does
admnistration of melatonin into scoliotic patients reduce curve progression? Patients were
followed up for a period of 3 to 6 years for serum melatonin. Patients with scoliosis and with
low levels of melatonin were receiving melatonin therapy but not norovatrals. A big
number of patients with scoliosis receiving melatonin had stable curve without progression,
however, the untreated patients had progressiodosis Based on the study, low melatonin
plays a role in the prognosis wfiopathic scoliosis. e significance of this finding is that

severe scoliotic cases could be improved with melatonin supplementation.

Although evidence on the role of melatonin in AIS is documentBdre are some
contradictory results which show no significant change inutatmg levels of melatonim
patients withAIS (Bagnall, Raso et al. 1996, Brodner, Krepler et al. 2000, Sdgaal-
Habdan et al. 2000Moreau et al(Moreau, Wang et al2004)reported that the melatonin

35



signalling is indeedlefectivein patients as demonstrated by cAMgsay. Also, conducted by
Moreau et a{Akoume, Azeddine et al. 20}, (bloodtest was designed to serve as a screening
test in order to identify asymptomatic children at risk of developing IS and may be used to
improve curve progression in patients, hence allowing clinicians to improve therapy outcome.
The advantage of ith test happens to be that it could be done regardless if patients have IS
susceptibility genes. The basis of thestis collection of peripheral blood mononuclear cells
(PBMC) and analysis of melatin signal transduction by cellular dielectric isotropy. This test
will allow the assessmerndf melatonin signalling defects in IS patiertsmpared tcormal
patients as well as the determination of risk of developing scoliosis in asymptomatic children
(Moreau, Wang et al. 2004, Akoume, Azeddine et al. 2010)

V.4. Leptin

Patients with AIS are characterized by having lower body weight, taller stature, lower
body mass index (BMJ and abnormalbone quality (Tam, Liu et al. 2016)Leptin is an
important factor in regulating energy and bone metabddischhas been reported as one of the
etiologic factors of AIS. To confirm the role of leptin AIS, research was conducted in
patients with AIS and in animal models of AIS.AIS patientsit was reportedhat they have
alteredleptin bioavailability. The latter might be theeason why these girls have lower body

weight, lower BMI, and abnorrhlblody compositior{Tam, Liu et al. 2016)

The association between circulating central leptin and fl§gestshat increased risk of
developing scoliosis is enhanced by increased celefpéh. In a mouse modelmice were
divided into two groupsone receiving injections of leptin in the hypothalamus and one group
with no leptin overexpression. Mice receiving leptin had lowered body weight, with higher

incidence of developing scoliosis and progression as(Wll Sun et al. 2015)

AIS patientscould have defects leptin signalling pathway and bone metaboligpm, Sun et
al. 2007, Tam, Yu et al. 2014AIS girls have low bone mineral density (BMD) that causes
development of osteopenia. As discussediezalkeptin has been suggested as one of the

etiologic factors of AIS because of its profound effects on bone metabolism and pubertal

36



growth. Solubldeptinreceptor (SOER), is the modulator of leptin, and it pla role in leptin
bioavailability andsignalling (Schaab and Kratzsch 2019)he possible correlation between

the serumleptin and sOBR levels and bone qualityak been investigated. Compared with
normal controls, AIS girls had numerically higher sBBower average vBMD, lower cortical
vBMD, higher cortical bone perimeter and higher trabecular area. Only in AIS patients there
was correlation between serueptin level and trabecular bone parametgrisng, Gao et al.
2012).

By looking at anthropometric data from scoliotic and normal girls, unexpected findings for
skel et al mat urati on, asymmetries and overgr o\
theories of AIS pathogenesis. A new them AIS girls lrasbeen postulated based on several
findings. These findings include (Ihoracospinal concept for right thoracic AIS in gil(8)

the corrolation between sympathetic nervous system to bone formation/resorption and bone
growth; (3) the sbrage of triglycerides in the white adipose tissue; and fin@lythe
resistance to leptin by central nervous system in obesity and possibly in healthy females. The
suggested theory that explaiie high incidence oAlS in girls is that there is dishaony in

spine and trunk between autononf@urwell, Dangerfield et al. 2008nd somati¢Burwell,
Dangerfield et al. 2008)ervous systems. Double netwosseous theory for AlS pathogenesis

in girls explains that there is selecliveincreased sensitivityof the hypothalamus to
circulating leptin, which results in asymmetry. The origins of the asymmetry are located in the
sympathetic nervous system and extend to the growing axial skeleton. This concept is stated as
leptinrhypothalanc-sympathetic nervous system concepHS concept. In some younger
preoperative AIS girls, there is upregulation of leptin by the hypothalamus which also involves
the somatotropic (growth hormone/IisRxis that will result in exaggerated asymmetric
skeletal effects and contributes to curve progression. In the somatic nervous system, the
central nervous system is responsible for the dysfuncfiahe spinal deformityin AIS in

girls (escalator concepfBurwell, Aujla et al. 2009)The developmental disharmony in spine

and trunk which is a consequena¥ increased sensitivity of the hypothalamus to legsn,
translated by osteopenia, biomenfcal spinal growth modulation, disc degeneration and
platelet calmodulirfBurwell, Aujla et al. 2009)
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V.5. Calmodulin

Patients with AIS have muscle tone disor@éarom and Robin 1979)Calmodulin
with its ability to bind calcium ions and its role in muscle contraction could be strongly
associated with AlSThere are not a lot of studies that target the association between
calmodulin and AS (Kindsfater, Lowe et al. 1994, Lowe, Lawellin et al. 2002, Zhao, Qiu et
al. 2009) It was found that calmodulimevels were increased in all the patients with
progressive curves, remained stable in 73% of themgatwith non progressive curves and
were higher generally in curves greater than 30 degrees and double structura(laumess
Burwell et al. 2004) Calmodulin levels usually decreased in patients undergoing brace
treatment or spine fusioBased on the mentioned resultseasurement of the calmoduli
levels in the platelets could be closely associated with curve progression and stabilization by
bracing or spine fusion. Based on this, calmodulay serve as a biochemical marker of curve

progression and to help identify stable and progressive c(ltoeg, Lawellin et al. 2002)

Melatoninandcalmodulinhave been reported as key factorssieoliosisetiology. Calmodulin

is melatonin second mesger and has been shown to have effectsmosclecontractility. A
possible role of calmodulin in AIS could begulating spinal alignment.o confirm the role

of calmodulin in AIS, platelets from AIS patients undergoing surgeeyewollected and
paravertebral muscle tissue samples from both sides were obtained -atl Ti22el
intraoperatively (Acaroglu, Akel et al. 2009)Levels of melatonin and calmodulin were
analyzed in the platelets and in the muscle. The calmodiaticentration in the platelets and

in both convex and concave sidemiscle wasnot different between groups. Howevéng
convex sidemusclecalmodulinto totalmuscle calmodulinvas increasedndthe concave side
muscle calmodulinio totalmuscle calmoduliwas decrease@fcaroglu, Akel et al. 2009)in

AIS patients,there is change in paraspinal muscle activity and this could be explained by
platelet calmoduh level changeqLowe, Lawellin et al. 2002)Another hypothesis linking
platelet skeletal defects in AIS was suggested and includes: 1) a small scoliosis curve; 2)
mechanical loading that is transmitted directly from the intervertebral discs to vertebyal bod
growth plates 3) a stressthat will result in dilatation of juxtgphyseal vessels and, in

deformation of vertebrae, vascular damage with exposure of subendothelial collagen and other
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agonist protein. When the vessels get dilated in the deformed verf@atalets will be
activated and then calmodulin protein levels will change. Due to platelet activation, vessels
will release growth factors that, after extravasation, will result in hormone driven vertebral
endplatephyses, whiclends by overgrowth anier spine and curve progression of AIS. To
summarize this hypothesis, the defect in calmodulin could induce microangiopathy at the level
of the compressed vertebral bodies and thereby amplify asymmetric vertebral dystrophy
(Burwell and Dangerfield 2006)

VI. POC5AND AIS

Recent work was targeted on understanding the association betwe@@tegene
and AIS.POC5variants were foundo beassociated with AIS in ChinegXu, Sheng et al.
2017)and in French Canadian populatidRsitten, Margarittdeannin et al. 2015Hence, this
emphasizes throle thattOC5plays in the pathogenesi$ AIS and makes it an interesting

factor to study.

The POCS5 gene was recently distinguished as a causative gene in scolRediten,
MargaritteJeannin et al. 2015 eririoles are essential for the assembly of ¢eatrosomes,
which will switch with basal bodies in the formation of cilia. At the same time, they also give
rise to the poles of the mitotic spindle. Téentrosome is an organelle which is located in the
cener of eukaryotic cells, and acts as an organizing c€Rieder, Faruki et al. 2001Yhe
centrosome isknowas t he cytoskeletonés microtubule o
cell animal thatadiates in a star way or ASTER during mitosis. Researchssthatvwhen the
centrosomes are absent, this will result in the inhibition of the cytogenesis processjlthat
division will be stopped at the GINigg and Holland 2018)The centrosomes consist of a
displosome that is perpendicularly, located nbarrtucleusThe centrioles of the centrosome
are divided into two groups theother centriole (mature) and tldaughter one that are
associated with different complexes that have different functions.nidtker centriole is
associated with proteins formirtistal (related to cilia and flagella; a centriole at the base of
each cilium or flagellum) and subdistal, involved in microtubule nucleation of the

pericentriolar material, the dense part of the cytosol (amorpglbokshg material)and the
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aster fibers rficrotubules organized in rays). The main function of the centrosome is to

assemble the microtubul@geland, Awan et al. 2009)

Centrins(Cert) are found to be located withthe centriole and basal body in most eukaryotes.
Members of the centrin family hCe&hand hCent3 are ubiquitous proteins that are located at
assembly sites of procentrioles and are found within the distal lumen-térigth centrioles.
Through atwo-hybrid approach,t was found to be associated wi@entrin2 and in mass
spectroscopy analysiBOC has been found in centriole fractions. The amino aeglence

of hPOCS5 predicted three putative Sfilike CBRs. All ofthe potential hPOC5 homologues

contain the tandem repeat of cerfbinding sequences and the short coited regions.

The centrin binding motifs in POCS5 are esserdiate theydirect the binding between human
POCS5 and hCen2 artCer8 in a C&" indegendent manner and this interaction is specific as

hPOCS5 was not able torid CaM aclosely related protein to centrin.

POG is a centrosomal protein that is localized at the mother and daughter centrioles
throughout the cell cyel The recruitment of POCS5 into the centrioles occurs late in the
duplication phase of the cell cycle, G2/M phase. Through knockdown studies, hPOC5 was
found to be essential for the assemblyfudf-length centrioles and for cellular proliferation.

The souble hPOC5 was found to be phosphorylated during mjtbsisever, the centriole
associated hPOCS5 fraction is hyperphosphorylated, which suggests that the recruitment of
hPOCS5 to the centriole could be dependent on phosphoryléfign 4). POC5 could be
essential for centriole maturation sincastprogressively recruited in centriolészimzadeh,
Hergert et al. 2009)

In another work, the dependency of centrosomal localizatid?Ogi5 on centrin wastudied
(Dantas, Daly et al. 2013When the chicken poc5 was overexpressed, this induces the
assembly of linear non centriolar structure that incdumtrins and components of the PCM
Thes structures failed to form in cells that are expressing the mutant form of centrin. The
linear structures contain a small fractionasfubulin and NEDD1but has no stabiliset:+

tubulin (acetylated/polyglutamylated tubulin) or any microtubule marker in them. Centrin
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deficiency results in hypersensitiyito UV. Cells with mutant centrin and overexpressing
POC5, were not able to form the observed linear structure but could rescue the UV
hypersensitivity phenotype caused by centrin deficiency. Hence nucleotide excision repair
(NER) could include different pool of centrin and the multimeric assembly of centrins is not a
requirement for NER. The assembly of cenfP®@C5 structures does require the caleium

binding capacity of centri@d (Dantas, Db et al. 2013)

Very recently,a gene mutated in microcephaBptatin(RTTN) was found to be essential for
the proper loading of centriolar proteins (e.g. POC5 and POC1B) to thelditeéntrioles at

a later stageWhenRTTN was lost or depletedthis didri affect the localization of centriolar
proteins to the newborn centrioles, but the recruitment of POC5 and POC1B to thhalistal
centrioleswasaffected(Fig. 4) (Chen, Wu et al. 2017)
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Figure 4. Scheme representing the role of POCS5 in centriole assembly

A) In control cells, the late G1 or early S phase are the primary phases where duplication of
centrioles taks place. This process is initiated by the assembly of a precursor structure
containing a cartwheel that contains centrin proteins (shaded in pink). The POC5 is not yet
assembled. Centrin proteins are likely to interact at this step with another urédiecifitrin

binding protein. The microtubule singlets and then doublets are assembled around the
cartwheel during early S phase. During early S phase, RTTN is recruited to the inner luminal
wall of newborn centrioles. The proper loading of ldiern centrolar proteins (e.g., POC5

and POC1B) depends on the RT-Stdbilized primitive procentrioles to the distallf
centrioles at a later stage. During mid or late S phase, there are two possibilities for the role of
POCS in centriole elongation, the first pibsigy is that (1) hPOCS5 could be required for the
initiation of procentriole elongation and this, in tumill allow the progression of the cell
cycle; secondly (2) hPOCS5 triggers procentriole elongation and then it will perform an

additional function hat is essential for the cell cycle progression through S phase in an
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independent manner. During G2 phase, hPOCS5 (shaded in green) is accumulated in the distal

l umen of procentriol es, at the same time it
togethe with centrin for the rest of the cell cyclB) Schematic representation of hPOC5
localization at different phases of cell cycle. POCS is differentially localized within the cell at
different phases of the cell cycle. The POCS5 protein expression iseaped by green circles;

nucleus is represented by blue circles. Adapted from Dah#&g@antas, Daly et al. 23)

In a further stidy, whole-exome sequencing was performed on 3 affected individu#isAlS
(Paten, MargaritteJeannin et al. 2015 he study focused on variants that are novel or rare
which lead to 172 variants. Minor allele frequency [MAKas less than <5%, and this
resulted in 2 candidate SI8Yone inADGRG7and the other ifPOC5 The SNV, cG1336A,

is located in thd?OC5gene (and the effect ofutation is a change in a single amino gzid
A446T). Sanger sequencing confirmed the presence of this mutation in aliedffmembers

of family 2. Two other SNVs ilPOC5 c. G1363C (p.A455P) and cC1286T (p.A429V),

were detected in IS patients in the famiy additionalPOC5SNV was detected in affected
members of IS family. Both the &1336A (p.A446T) and ¢.C1286T p. A429V) POC5
SNVs were found more frequently in 191 IS probands than in the corth@d®0C5 geneis
highly conserve@mongspeciesThe amino acid sequence is homologous between human and
zebrafish poc5 where there is around 50% homolagbrafish vas used to study the effects

of mutations on the spine in zebrafish. Knockdowmpad5in zebrafish results in curly tailed
phenotype. Howevethe fish des 6 t survive after () Rdsae r pOS:i
experiments with the wtpoc5 corrected the observhdnptype When the embryos were
injected with mutanpoc5 mRNA but not wpoc5RNA, they developed an axial phenotype
after 72 hpf, ranging from mild to severe curvature of the body axis in approximatelgf50%
injected embryos. The fish with mutapbc5was left to reach juvenile stages {60 days
postfertilization [dpf]), the vertebral column was fully mineralized however it showed a very
strong curvature with vertebral rotation that is similar of theatitn in AIS human patients.

In this work, the hypothesis that there is another gene that pays a role as a modifier allele and
amplifies disease expressianses.This modifier allele coulde located on 3g12.possibly
ADGRGT This modifier allele segreged in all 11 affected patients but not the non affected c.
G1336A (p.A446T) POC5SNYV carrier(Patten, Margarittdeannin et al. 2015)
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AIS is a multifactorial pathology where several factors includiggnetic hormona
(Estrogens)ciliary and biomechanical are involved in AIS pathogenesis. Recent work from
our lab identified functional variants of centrosomal pretmgoding gend?OC5 and the
adhesion GPCRDGRGT7in patients with idiopathic scoliosis (Patterae2015 JCI).

In the present thesis, we are addressing several aspects of the molecular mechanisms involved
in AIS and we propose several hypotheses and objectives that will be discussed in manuscripts
presented in this thesis (CHAPTHR
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CHAPTER II: HYPOTHESIS AND OBJECTIVES

II.1. GeneralHypothesis

Candidateggenes of AIS were maped to the loci 3q22and 5q13.3Edery, Margaritte
Jeannin et al. 201Bnd the two variants were identifiedRO©C5andADGRG7geneqPatten,
MargaritteJeannin et al. 2015)Our main hypothesisis that both POC5 and ADGRG7
contributeto the AIS pathogenesiPOC5gene mutatiogwerereportedas a cause IS in
both patientsandzebrafishanimal moded. To further prove the pathogenicity and validate the
role of POC5mutationsand the regulation ®OC5andADGRG7by E2,bothin vitro andin

vivowork in human osteoblasts from normal and AlS patiesis carried out.

I1.1.1. Specifichypotheses:

In this thesisthe following working hypotheses were investigated

(1) The POCS is a ciliary proteiand the wt and mutPOCS5 proteins haléerent cellular
localizations

(2) ThePOC5mutation(c. C1286T; p. A429Vaffectinteraction withotherproteins

(3) Themutpoc5zebrafish havanomalieother than the spinal deformity

(4) EstrogerregulatePOC5andADGRG7

(5) Mechanical stress modulates gene egpion and signaling pathways in AIS osteoblasts

II.2. General Objectives

This research project aims to investigate mechanistically how the defective genes or
more specifically, the gene mutations could be responsible for AIS. We recently idemtified,
a large multiplex French family, using whed&ome sequencing, 2 genes mapped on two new
AIS loci (39123 and 5g13.3, identified by Edery et al. 2011). As a logical extension of our

previous work during this research project we will investigate:



I1.2.1. SpecificObjectives

1.2.1.1. The pathogenicity of identified gene mutations.

To prove the pathogenicity and validate the role of these gene mutations, both in vitro
sitedirected mutagenesis through overexpression of wt and mutant genes in human
osteoblasts and study the effamt cellular localization, cell cycle, cilia and differentially
interacting protein partnernd in vivo, gene knockdown and dominaegative approaches
in zebrafish studies will be performed. This project will enable usidmonstrate the
pathogenicity of gene mutations we recently identified, using molecular and genetic tools
including: location analysis of the mutatigorevalenceof gene mutations in addition&lS
familial and sporadic cases, expression studies in patexived cellsValidation of the role
of the mutated gene in vivo (using zebrafish and knockdown morpholino approach) and in
vitro (using directed mutagenesis) will be performed.

1.2.1.2. The regulation of two selected AIS candidate genes

Studiesof the cloning and the characterization of the promoter regiumdvied in the
response of thes&rogen will be conducted. Promoter regions will be isolated from genomic
DNA, screened and transcriptional activities tested im\after transfection intbluh-7 cells
Probably ceactivators of the estrogens receptors will be also identified. The mechanism of
regulation by estrogen will be determined and potential sites responsible for regulation will be
determinedChIP will be performed to confirm the relgiion and to confirm binding sites in
the ADGRG7andPOC5gene sitesThe impact of estrogens and biomechanical loading on the
gene expression and biological activities of osteoblasts (mineralization) will be conducted in
human osteoblast cells, in vitfwild type or mutant constructs will be transiently transfected
into proliferating steoblasts). Modulation of gee&pression profile bi£2 and biomechanical
loading will be invesgated by both gPCR analysisRNA isolated from normal and scoliotic
osteblast cells afteexposure tE2 and/or monitored mechanical loaéllso, the regulation

by E2 at the protein level will be assessed in both normal and AIS osteoblasts by western blot.
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The cellular localization of both genes and its respons&2owill be analyzed using
immunofluorescenceControllable mechanical and physiological environment for simulation

in vivo condition in vitro (bone) will be performed.The purpose of this objective is to
characterize the genetimrmonalbiomechanical environment griaction in vitro. This PhD

work will focus on two genes. This project could help to provide new insights into potential
genes and molecular pathways that contribute to the understanding the pathophysiology of

idiopathic Scoliosis.
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CHAPTER Il : RESEARCH MANUSCRIPTS

This thesis includes 4 manuscri@@submitted and. in preparation

Manuscript 1 entitled: POC5 and cilia anomalies in Adolescent Idiopathic Scoliosis
(Submittedto the PLOS ONEjournal). In this manuscriptwe are studying theonnection
between POCS5, cilia and Alfnmunofluorescence was used to study the cellular localization

of both wt and mutPOCHroteins and mass spectroscopy was applied to investigate
interactingpartners. Histology combined with immunadtescence using specific marg for
zebrafish retinal layers were performed to check if there are other than spinal anomalies in
mutpoc5 zebrafish.We localized the wtPOC5 at the cilium and confirmed that by mass
spectroscopy. The mutPOCS5 had different cellular localization witrecesp cilia. diary
anomaliesvere studiedothin in vitro (human osteoblast cellahdin vivo (zebrafishreting).

Major Contributions: | have performed most of the experiments of this manuscript from cell
culture, transfections, immunofluorescence witro and in vivQ western blot and
immunoprecipitationDr. Shunmoogum APatten generated the zebrafish with the helllaf
Charlotte Zaouter. Histology (Hematoxylin and eagtaining was performed by Mrs. Sirinart
Molidperee and Ms. Charlotte Zaoutet have written the first manuscript draft armr.
Florina Moldovan,Ms. Helene MathieuDr. Shunmoogum A Patten, Dr. Stefan Parent and

Mrs. Soraya Barchi edited it

Manuscript 2 and 3 investigated the effect of E2 dhDGRG7and POC5 geres. Promoter
studies (molecularcloning and the characterization of the promoter regions invdlvete

response of the E2yere conducted. Promoter regiongere isolated from genomic DNA,
screened and transcriptional activities tegtedtro. The mechanism of regulati by estrogen
and potential sites responsible for regulatiasdetermined. ChiRxperimentwasperformed
to confirm the regulation and to confirm binding sites in ABBGRG7and POC5gene sites.
The impact of estrogens on the gesred proteinexpressionwas investigated § qPCR

western bloandimmunofluorescenceespectively



Manuscript 2 entitled: The 1B-Estradiol induced upregulation of the AdhesiBfprotein
coupled receptor (ADGRG7) is modulated by the estrogen receptor(JESR specific
protan 1 (SP1) compleXSubmitedto the Journabf Biology Oper). In this manuscpt, we
are investigating the regulation of ADGR@&ne and proteiby E2. We foundthat ADGRG7
expression is upregulated by.BRe alsofounddifferences in the response of naineontrol
osteoblasts (NOB) and scoliotic osteoblasts (AIS) ¢ellE2 We established the mechanism
of ADGRGT7regulationthrough indirect genomic signality SP1 and ESR1.

Manuscript 3 entitled: POCS5 is regulatedEgthrough direct genomic signatiroy ESRU(In
preparatioh In this manuscript, we are studying the regulation of POC5 by E2 in different
cell lines. We foundhat the POCS5 is upregulated by E2 through direct genomic signhifing
ESR1.

Major Contributions: | have generated all the ciructs that were used in promoter analysis.

| performed the ChIP experiments with the help of two studentSamiraBenhadjebaand

Dr. Lydia Edjekoyane | have also performed the transfections and luciferase assay
experiments] have written the first ihft of the two manuscripts. Dr. Edwaid Bagu, Dr.
Florina, Dr.Shunmoogun®f Patten Dr. Andre TremblayMrs. Soraya Barchi and Dr. Isabelle

Villemure helped in writing andditing the fist draft versi@of the manuscripts.

Manuscript 4 entitled The wole of TRPV4 in normal and scoliotic osteoblasts during
mechanical stresdn preparation)In this work, we are studyinignplication of theTRPV4
channel inthe response of wt and nfeOC5 cells to mechanical stress well as the ene
expression anaigndling pathways Using specific agonists and antagonists TtRPV4 as

well antagonists of PKApathways, expression patteai ciliary and bone markersere
studied by gPCR and western blot. Effects of mechanical stress on mineralization, apoptosis
and cilialength and numbewrereassessed. This wogdsoincluded in vivowork on zebrafish

retina, where wenvestigated thdrpv4 expression, apoptosis amenexin 5 in wpoc5 and
mutpoc5zebrafish retinaWe found thaffRPV4 channelplays arole in the stressesponse of

mutPOC5human osteoblasts
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Major Contributions: | have designed and performed all the experiments for this manuscript.
Dr. Irene Londono helped with the alizarin red staing.Shunmoogum APattengenerated

the zebrafish that were used instistudy, with the help ofMs. Charlotte Zaouterl have
written the first draft of the manuscript and Dr. Florina Moldovan and Dr. Isabele Villemure

corrected the manscript.
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. 1. MANUSCRIPT 1

Full title: POCS5 and cilia anomalies in Adolescent Idiogthic Scoliosis

Short title: Role of POCS5 in Adolescent Idiopathic Scoliosis

AmaniHassart?, Stefan Rrent?, Helene Mathiet) CharlotteZaouter?, SirinartMolidperee?,

SorayaBarchi?, IsabelleVillemure 3, Shunmoogum APatterf andFlorinaMoldovan'?

Faculty of Dentistry, Université de Montréal, Montréal, Quebec, Canada,

2Research Center of CHU Sairitestine, Montréal, Quebec, Canada

3 Ecole Polytechniqude MontréalMontréal, Quebec, Canada

4 INRSI Institut ArmandFrappier Université du Qébec, LavalMontréal, Quebec, Canada

Corresponding authoemailaddressflorina.moldovan@umontreal.¢&M)

Author Contribution:

A.H and F.M designed experiments and wrote the first version of thauswipt. AH
performed the experimentS.P.Agenerated the zebrafish line used in the st@dy and S.M.
prepared histology sampleS.P, SB provided normal and scoliotic bone cells. A.H., S.P.,
H.M., C.Z, S.\M., S.P.A,, S.B,, I.V. and F.M contributedhe revision, writing and editing of

the manuscriptAll authors approved the final version of this manuscript.
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Abstract

Adolescent Idiopathic Scoliosis (AIS) is a spinal deformity that affects approximately 4
percent of human adolescents. The etimognd molecular basis of AIS is not yet fully
understood, but several genes are suspected of causing this condition. To study the role of
POC5 in AIS, we investigated the subcellular localization of POC5 in the cilia of cells
overexpressing wild type (wtpr a POCS variant (c. C1286T; p. A429V) and in human
osteoblasts carrying this mutant (lFR@C5) variant and in normal control cells. The POC5
protein was strongly associated with acetyldtemibulin in wt but not in miROC5expressing

cells. We observed that loss of POC5 connection with acetylatedulin impaired celcycle
progression (S phase arrest), and induced ciliary retraction in osteoblasts carr@@QBut
variant. Using immunojcipitation coupled to mass spectrometry, we identified specific
proteinprotein interaction partners of POC5, most of which were components of cilia,
microtubules, cytoskeleton and centrosomes. We also immunolocalized POC5 with the
acetylated-tubulin inthe retina of zebrafish expressingpat5 or mupoc5 and we observed
colocalization of both proteins in wt but not in moat5 These results demonstrate the role of

mutatedPOCS5in a ciliopathy underlying AIS pathogenesis.
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Introduction

The etiologyand biological mechanisms of adolescatibpathic scoliosis(AlS) are still

poorly understood. Several etiological hypotheses and pathways are suggested, including bone
growth and metabolisnjl], biomechanics[2-7], connective tissue abnormaliti¢8-10],
asymmetries in the central nervous sysf&in16], vestibulaff{17-20], postural, hormong21-

25], and recently, cilia abnormalities affecting spinal fluid flf@6-28]. In addition to the
phenotype complexity and clinical unpredictability of AIS, there is atsang evidence of a
genetic predisposition and high genetic heterogeneity. Over the last decades, several genes and
genetic variants were reported to be associated with or to contributing to susceptibility to AIS
[29] . Indeed, our recent work identified the centrosomal praecoding gen®OC5to be
connected to the familial form of AIE0]. Very recently,POC5 involvement in AIS was
validated in a caseontrol study{31]. This study reported that common variants (rs6892146)

of POC5were associated with susceptibiltty AIS [31] and found mMRNA overexpression of

POCS5in the muscles of AIS patients when compared to the controls.

The POC5 gene is located on chromosome 5g13 and encodes one of the most abundant
centriolar proteins essentifdr the assembly of the distal half of centrioles and required for
centriole elongation. POCS5 is a ubiquitously expressed protein that interacts with centrin and
inversin and is involved in specific cell functions such as cell polarity, division, mgtility
primary cilia[32, 33] The POCS5 protein is part of the cytoskeleton complex network that is

important for cell dynamicg34]. POC5is also important for retinalihction & it wasrecently
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reported that in autosomal recessive retinitis pigmentd¥d), POC5 has a distinct

localization and function at the photoreceptor connecting cil@bh

A cilium connection with scoliosis was also reported in a zebrafish model with a mutation in
the proteintyrosine kinas€ (ptk7) gene[27]. In this model, defectsiere observed in the
formation and function of motile cilia in the central nerveaystem. These abnormalities were
suspected as the cause of abnormal spine curvature and linked to the disturbed flow of
cerebrospinal fluid (CSF)Cilia are organelles that extend from the surface of almost all
mammalian cellsThe role of cilia is connéed to cell cycle progression and proliferation;
thus, cilia undertake a vital part in human and animal embryonic developrhertecognized

role of cilia is mechanosensation where thegrk as a sensory protuberance (antenna) by
receiving celito-cell signals or from the extracellular fluids as well as projecting out of the

cell various receptors to monitor the environni{&ei.

POCS is a ciliary protein but the mechanisms associated with ciliary defects in AIS are
unknown, thus to investigate the mechanisms by which POC5 could be connected with AIS
and how it functionally affects theells and tissues, we examined: 1) the subcellular
localization of POCS in cell lines overexpressing wild t{y€) or mutatedmut) POC5gene

(c. C1286T; p. A429V) and in human osteoblasts WiC5mutation (c. @286T, p. A429V)

with respect to cilia; 2) the protein binding partners of POC5; and, 3) the tissue analysis of
poc5 and acetylatedtubulin as well as different retinal markers in wt and scoliosis (mut

pochH zebrafishretina.
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Materials and Methods

Ethical considerations

All human tissue samples were obtained in accordance with the policies concerning the use of
human tissues for rearch. The protocol was approved by the Ethics Committee of the
Research Center of CHU Sainitestine (# 3704). For the Zebrafish-¢ivo animal study), the
experimental protocol and all animal procedures were carried out in accordance with the
guidelinesof the Canadian Council on Animal Care (CCAC), and the protocol was approved

by the University of Mont-096GCaegoryBni mal Care C

Cellular localization of POC5

In order to investigate the role of POCS5 in the centriole, centrosmmeilia, we examined

the colocalization of POC5 with acetylatddtubulin (cilia protein marker) by double
immunofluorescence stainingll the cells were cultured in an eightell-chamber glass slide
(Fisher scientific cat#354108), DMEM (Wisent cat#9315CL). HelLa cells were
transfected with either myc tagged WOC5 (Origene cat# RC211731) or m@ES5
(generated by site directed mutageng3), using lipofectamine (Invitrogercat #11668
019). Immunofluorscence was performed 24 hrs (hr) gioabsfection after fixation with (70

% ethanol/0.2 %triton/on ice) and permeabilization with 0.1 % triton in PBS (PBT) then
incubated with anti POC5 antibodies (rabbit polyclonal antibody aloeamab188330L/250)

and antiacetylated-tubulin  (mouse monoclonal antibody, Sigma Aldriclat# T7451
1/2000) diluted in 2 % BSA/PBT. They were incubated for one hr at room temperature (RT).

Cells were then washed three times with PBT and incubated with secondary antibegas Al
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fluor 488 antirabbit (life technologies cat# A11008 1/500) and Alexa fluor 555 rantise

(Life technologies cat A21422 1/500) for one hr at RT. Mounting was done using prolong gold
anti-fade reagent with diamidin2-phenylindole dye for fixed cell©API) (Life technologies

cat #P36931). Images were taken using Zeiss microscopy. We also perfostesk digital
imaging (a technique which combines multiple images taken at different focal distances to
give a subsequent image with a greater depth lof) fie reveal more details of the position of
POCS5 with respect to cilia. Acetylaté#i tubulin (ciliary marker) was visualised in red, POC5

protein in green, and DAPI nuclear counterstain in blue.

To analyse expression and cellular localization of P@Cdifferent phases of the cell cycle,
HelLa cells were cultured in DMEM Medium (Wisent cat# -81%CL) with 10 % FBS
(Wisent cat# 08@10) and 1 % penicillin streptomycin Glutamine (Wisent cat-2GBEL)

(PSG) then synchronized to be within the samkcgele phase by serum starvation for 24 hrs.
Serum starvation was performed by culturing confluent cells in DMEM medium without FBS,
supplied with 1 % PSG to block in G1 phase. To block cells in S phase, cells were then
supplied with DMEM medium with FB$10 %) and 1 % PSG for 24 hrs. Cells were then
examined by double immunofluorescence as described above. Immunofluorescence studies
were also performed on norm@aimanosteoblasts (carryinBOC5variant mutationC1286T

(p. A429V). For mutation analysis dhe osteoblasts collected during surgery from patients
with scoliosis, DNA was extracted from cells using pure link genomic DNA mini kit (cat # k
182001). Polymerase chain reaction was performed for exon 10 using priFmgard

5 GTTTTCATAAGGTGGGACCT3 Reverse:5 TCCGATGCCCTTACCAG .OBands corresponding

to the correct molecular weight ¢fOC5 were excised from gel and then purified using

GenElute Gel extraction kit (Cat # NA1}X1KT). Samples were sent for Sanger sequencing
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Nuclear and Cytoplasmic Extract Preparation

Cells were washed with 4ml of PBS (1x) and then harvested in PBS by scraping. The lysate
was collected in eppendorf tube and spinned for Simarmicrocentrifuge at lovepeed (4000
rpm). Pelletwas washed twice with 500 ul of buffer AHepes 10mM, KCI 10mM, DTT
0.5mM)w/o NP-40) and then cell pelletvas resuspended in 20 ul of buffér (w/ NP-40
(1%)) and incubated at 4C for 10 min with rockingThe cell pellewasthenspinned down

in microcentrifuge for 2 mirat max speed. The supmtant is thecytoplasmic extract (C
extract) by adding 55 ul of buffer C and stbe¢1 80 °C. The nuclear extragtasresuspended

in 55 ul of buffer C(Hepes 20mM, glycerol 20%, KCI 500mM, EDTA 0.2mM, PMSF 0.5mM,
DTT 0.5mM and MgCI2 1.5mM)and incubateat 4 °C for 15 minwith rocking. The nuclei
werethen spinned in microcentrifuge forl® min at max speed. At this stage, the supernatant
is thenuclear extract (N extract)

Immunoprecipitation coupled to mass spectrometr(IPMS), colImmunoprecipitation and
Western Blot

To identify specific proteiprotein interaction partners of POC5, immunoprecipitation
coupled to mass spectrometry,-ioamunoprecipitation, and Western Blot analyses was
performed on Hek293 cells transfected with wt or mutPOCS5 expressatgrs.Hek293 cells

were cultured in DMEM medium (Wisent cat #3095 CL) with 10 % FBS and 1 % PSG.
When confluent, cells were transfected using lipofectamine 2000 (Invitrogen cat #11668027)
with control (mock empty vector), wt or fR®C5expressing veors. For transfection, cells
were maintained in antibiotic free medium overnight. On the second day, cells were
transfected based on the lipofectamine protocol provided by the manufacturer (Invitrogen).
For protein extraction, cells were lysed in IP Iysudgfer (Pierce Thermoscientific, cat# 87787)
supplied with 1 x protease inhibitor cocktail (Roche cat# 04693116001). Lysate was then
centrifuged for 15 min at 8000 rpm. Supernatant was collected for protein quantification by
Bradford (Bradford Biorad cat®#00-0006). For immunoprecipitation, 30 of proteins

were immunoprecipitated with 2.8g/ml of antimyc antibody (Origene, cat# TA15021)
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overnight (ON) at 4 °C. Magnetic beads (Biorad cat #4823) were washed with PBS and
blocked using 2 % BSA/PBS (BSA from Sigm&drich cat #A7906) ON at 4C. On the
second day, beads were washed 3 x with PBS and then incubated with protein lysate and
antibody complex at 4 °C ON. On the third day, the flow through was collected and the beads
were heated for 10 min in laemeli 2 x (biorad cat#-@837) at 55°C. Protein samples and

dual plus molecular weight ladders (Biad cat #1610374) were separated by SIPAGE
approximately 90 min at 100 V in running buffer (25 mM Tris base, 192 mM glycine, 1%
SDS, pH 8.3). The gel was stained with Coommasie blue (Bmaa250 #1610406) for 3

hrs. After staining the gel with Coomassie blue, the bands corresponding to the molecular size
of POCS5 (63 kDa) were excised and analysed by mass spectroscopy. The gels were subjected
to trypsin digestion then an aliquot of thgptic digest (prepared in 5 % acetonitrile/0.1 %
trifluoroaceticacid in water) was analyzed by-MS on an LTQOrbitrap mass spectrometer
system (ThermoElectron) coupled to a Dionex 3000 #ahcsystem (Camberley). Mass
spectroscopy analysis was evaluaisohg scaffold softwarg87].

In parallel, an aliquot of ptein samples was transferred to nitrocellulose membranes (Bio
Rad cat # 9004700) and ran 90 min at\@@nd 250 mA. The total proteins on membranes
were detected with Ponceau S staining (Sigma cat #P3504). Membranes were blocked with 20
% nonfat milk (SantaCruz cat #Sc2324) in PBST (10 mM phosphate, 137 mM NacCl, 2.7
mM KCI, containing 0.05 % TweeR0, pH 7.4) for 1 hr and then incubated with &®C5
antibody in PBST with 5% BSA in PBT at 4 °C ON. The secondary antibody wasdhhit

IgG secondary aibody (Thermoscientific cat# 31460) diluted1at10000 for one hr at RT.
For the validation of mass spectroscopy data, and to confirm #ragtibn of several ciliary
proteins with POC5, Western blot was performed by stripping the same membranedrg Rest
stripping buffer (Thermofisher ca#21059) and then probing with different antibodies:
Annexin2 (se374394),Galectin 3 and 7 (s82790 and sd37085), CKAP5 (s874394),
Desmocollinl (s€98590), CEP290 (ab84870%eptin9 (se293291), AcetylatedU-tubulin

(Sigma Aldrich cat# T7451 1/2000), RAB11 (ab3612), EHD43(#6373),Annexin5 (se
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32321 ), andCystatinA (se376759). All antibodies from Santa Cruz (Sc) are mouse
monoclonal used at a 1/500 dilution. For CEP290 and Rab11, both rabbit antibedkassed

at 1/250. The secondary antibody (ematbbit IgG secondary antibody (Thermoscientific cat#
31460) was diluted 1:10000, and amuse IgG secondary antibody (Thermoscientific
Catalog #:31430) was diluted 1:10000 for one hr at RT. Membranesexposed to ECL

prime Western blotting detection reagent (GE healthcare cat# RPN2232) for 5 min at RT
room.

Immunoprecipitation phosphatase assay

Hek293 cells were transfected with wtPOC5 myc tagged or mutPOC5 myc tagged vectors (as
described above) antién were synchronized at G1 or S phases. To block cells at G1 phase,
cells were serum starved for 24 hr. To block cells at S phase, cells were first starved for 24hr
and then complete medium with serum (10% FBS) was added for 24Fdur.
immunoprecipitatiorphosphatase assays, total lysates were incubated2y@ithg -ayct i
antibody as described above. Beads vidoeked with 1% BSA and themashed three times

and resuspended @00 ul PBS Then,protein antibody complex were incubated with beads.
Alkaline phosphatase (NEB cat# M0290S) waasledto the mixtureand incubated at 37C

for 1 hr. Western blot was performed using POC5 antibody (abcaml&82330 as described

above.

Histology and immunohistochemistry of wt and muPOC5injected zebrafish

Wild-type and mut versions of humB®©C5were obtained using ayo-tagged ORF clone of
humanPOC5(Origene) and were injected in zebrafish embryos as previously des3jed

Wt and mutpoc5injected embryos were grown in a facility and raised over the course of 60
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days (corrgponding to juvenile age) at 28 °C + 1 °C, with water and air temperature readings
collected daily[38]. The zebrafish were collected, fixed in 4 % paraformaldehyde (PFA)
overnight at 4 °C, and screened for spinal deformity myorCT scan to confirm the scoliosis
phenotype.The wt and mytoc5 specimentissues were then decalcified aathbedded in
paraffin. Staining with hematoxylin and eosin was performed according to standard protocol.
Briefly, sections were deparaffinized byylene and then rehydrated with different
concentrations of ethanol followed by water wash, Nuclei were stained with alum
haematoxylin. The slides were rinsed in running tap water followed by differentiation with 0.3
% acid alcohol. The slides were rins@drunning tap water and stained with eosin for two
mins. Finally, slides were dehydrated, cleared, and mounted.

Immunofluorescence

Immunolocalization of POC5 and colocalization with cilia or centrin was performed by
double immunofluorescence carried dlutough a mixture of anrfPOC5 antibody (abcam cat

# ab188330) and anticetylated}tubulin (Sigma Aldrich cat # T7451) or centrin antibody
(Santa Cruzcat# sc365697. Eye tissue sections (1.5 um) were deparaffinized in xylene
rehydrated in a graded &3 of ethanol, washed several times in PBS, and permeabilized for
30 min in 4 % TritoAX 100 containing 2 % bovine serum albumin (BSA) and 10 % goat
serum. Following permeabilization, retinal sections were incubated with the primary antibody
POCS5 (1/250)|nd acetylatedFtubulin (1/2000) simultaneously during 24 hr at 4 °C. Tissue
sections were washed several times in PBS and then incubated with the secondary antibody
conjugated with Alexa Fluor 488 (life technologies cat# A11008 1/500) and Alexa $55

(Life technologies catt A21422 1/500) for 1 hr &T. Images were acquired usiegnfocal

microscope under a bjective. For the retinal marker immunostaining, the same protocol
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was followed as described above but instead using zprl and zpr3 arstibb@dimed from the
Zebrafish International Resource Cen(giRC) and the 3A10 obtained from Hybridomas
Bank (ca# AB_531874). The retina sections sgencubated with these antibodies for 24 hr

with rotation at 4 °C.

Quantification and Statistical analysis:

The | ength of the cilia was quant i fubvind wusi ng
signals. For ciliation experiments with NOB and AIS céhgy. 2), approximatly 300 cilia

were counted per experiment. For cell cycle analysis, the number of cells in S phase and G1
phase were counted (Fig. 4). The percentage of cells in each phase over the number of total
cells was determined. Approximatly 1Gfells were counted per phase. Mean values of
individual experiments were plotted in bar graphs with +SD between the individual sets. P

values were calculated by em@y ANOVA. P<0.05 considered statistically significant.

Results

Differential subcellular localization of POC5 with respect to acetylatedX-tubulin in wt

POC5and mutPOC5expressing cells

We first examined the subcellular distribution of POC5 in Hela cells. Positive staining for
POCS5 was observed in bothR@C5and muPOC5cells. In w POC5cells, POC5 protein
was immunolocalized at the acetylatgdubulin ring (Fig 1a). In themutPOC5cdls, positive
staining was observed in the nucleus (Fitp).1In the cells expressing nROCS5 €. C1286T;
p. A429V), the lack of colocalization of POC5 withacetylated-tubulin was further

demonstrated with -Atack imaging at different focal planes. Thestack for the wROC5
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showed a combination of both red (acetylatemibulin) and green staining (POC5); however,
for the mutPOC5 only POCS5 was visualizedjieen color). Based on these observations, we
confirmed thaPOC5mutation affects the clmcalization of POC5 protein with the acetylated

U-tubulin.

Ciliary colocalization of wtPOC5 and ciliary retraction in mutPOC5 osteoblasts with

mutation (c. C1286T;p. A429V)

To confirm our observatiom HelLa cells, we next sought to investigate the effect of mutation
in POCS5 on the subcellular localization in normal (nonscoliotiEjg(2 ad) and human
osteoblasts carrying variant (c. C1286T; p. A429Wig(2 eh), as this would be a more
clinically-relevant model for the disease. The variant was first confirmed by Sanger
sequencing(Fig 2 1). The results of immunofluorescence showed a differential cellular
localization of POC5 between normal and scoliotic osteablegén though the cells were
synchronized at the same cell cycle stage by serum starvation. Interestingly, WlR@QZH)

was mostly located at the cilium. In mutPOCS5 cells (c. C1286T; p. A42BQC5 was
located within the nucleusig 2 h).Also, low level of immunostaining for the acetylated
tubulin (marker for cilia) and retraction of cilium was obser{éd 2 h). Comparison of cilia
length shows that most AIS cells have significantly shorter cilia than NOB cells (Fig. 2 I). A
high number of AIS cells had cilium shorter tham8 These reglts confirm the consequence

of the mutation on the subcellular localizatioP@C5 with respect to the absence of cilium.

POCS interacting protein partners are mostly ciliary and cytoskeletal proteins
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To further analyse the potential protgirotein int@action partners, mass spectrometry studies
were conducted in transiently transfected cells with-tagged wt or miROCS Using mass
spectroscopy, we identified 85 proteins that potentially interact with wtPOC5 and that were
not found in the mutPOC5 (Tabll). Using immunoprecipitation coupled to mass
spectrometry (IPMS), we identified 12 ciliary and cytoskeletal proteins that potentially
interact with the wtPOC5 or with mutPOC5. Immunoprecipitation of POC5 (using myc
antibody) showed similar levels of expression in wt and mut transfected samples and
slightly lower levels in control (mock vector) transfected celi$ A, B, C).There was high
expression of acetyied-Utubulin in wtPOC5 when compared to the mutPOC5 and to the
control (S1 D). The Western blot (WB) forAnnexin2, Cytoskeletorassociated protein5
(CKAP5), Desmocollinl,Centrosomal protein 290kD&EP29(), and %ptin9 showed that
only wtPOC5, but not mutPOCS5 protein, interacts with these proteins JFigNeak
interaction existed among@alectin 3 and ;7Rasrelated protein(RAB11), AcetylatedU-
tubulin, EH domaincontaining protein 4EHD4), Annexin5,Cystatin A, and mutPOC5 when

compared to wtPOCS.

In the muPOC5overexpressing cells, only five proteins were identified that were selective for
mutPQC5 and not wtPOC®rotein disulfidesomerase A4 (9), duronateslfatase (5), golgi
resident protein GCP60 (3), aminopeptidase B (2) cDNA FLJ5344ghly similar to poly

(ADP-ribose) polymerase 1 (2) (Table 2).

Defects in cellcycle progression in cls overexpressing the muPOC5
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Because POCS is localized to the distal portion of centrioles and is recruited to procentrioles
for full centriolar maturation and normal celcle progression, it was considered necessary to
determine how mutPOCS5 proteis iocalized during cell cycle progression. HelLa cells
(transfected with either myc tagged wt or POIC5were synchronized in thgrowth phase

(G1) cell cycle phase and then stained for POCS5 using specific antibodies. In cells trdnsfecte
with wtPOC5 specific staining for POC5 protein was observed outside the nucleus
(cytoplasm) during the G1 phase (Fig 4 a). During $lyathesis(S)-phase, in the i@ROC5

cells, specific staining for POC5 protein was observed in tekeus (Fig 4 b). In mBROC5
expressing cells, staining for POC5 was observed to be permanently localized in the nucleus
through the S and G1 phases (Fig dncld). A significant increase in the proportion of S
phase cellsvas detected by the nuclear ldzation of mutPOCS5 4%). The pattern of
phosphorylation of wt and mutPOCS5 during the cell cycle progression was also tested. We
found that the mutPOC5 was hyper phosphorylated indepdndeEnthe phase of the cell
cycle. In all cell cycle phases, we obsat that mutPOC5 protein had lower migration than
wtPOC5 protein andhat treatment with alkaline phosphatase shifted back mutPOC5 to an

apparent molecular weight similar to wtPOCS5 le8I8Fig.).

WtPOCS5 but not mutPOCS5 colocalizes with centrin

The wtPOG and mutPOC5 had different localization with respect to cilia (Fig 2) and
different cellular localizations within the cell at different phases of the cell cycle (Fig 4). To
precisely localize POC5 and to study the consequence of mutation on POC5 esdraatm
cilia, we performed double immunostaining for POC5 and centrin in cells overexpressing

wtPOC5 or mutPOCS5. In immunofluorescence microscopy-re#@C5 antibody staining
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labeled two dots for wtPOC5 and one dot for mutPOCS5. These dots represeniesrdas
confirmed by colocalization with human centrin (Fig 5 A). Quantification of centrin, centrin
percentage per cell shows that there is significantly higher centrin staining intensity in
wtPOCS5 expressing cells than mutPOCS cells. Interestingly, @@&Pexpressing cells had

mainly one dot of centrin while wtPOCS5 had predominantly 2 or more dots (Fig 5 B).

Different subcellular localization of wtPOC5 and mutPOC5 in the cytoplasm and

nucleus

We observed a permanent localization of mutPOC5 in the maickhile wtPOC5 was
localized in the nucleus and cytoplasm at different phases of the cell cycle (Fig 4). To confirm
this observation, we performed cellular fractionation of cytoplasmic and nuclear extracts of
cells overexpressing wt or mutPOCS5. As expecttOC5 was concentrated in both nuclear
and cytoplasmic fractions with higher level of expression in the cytoplasm. Interestingly, the

mutPOC5 was exclusively found in the nucleus (Fig 6).

POCS5 and acetylatedUi tubulin colocalize in the retina of wt butnot mutpoc5 zebrafish

An impairment in cetcycle progression (S phase arrest) due to mutations in POC5 will likely
have severe consequences on cell fete POC5 variants were recently associated with the
retinal anomalies in humar{85] and with scoliosis (3031). Studying the retina has led
several insights on cell cycle and cell fate determination. Therefore, we next sought to
investigate any defects in the retina in vivo in zebrafish model of scoliosis arpgress
mutpoc5. The distribution gfoc5and cilia (stained by the acetylatBktubulin) showed co

localization in the retina of ywbc5 (Fig 7 c)in the retinal pigmented epitheliu(RPE) and
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inner nuclear layer (INL) but in the mytoc5 we observed absence of overlap in localization
between POCS5 and acetylatgdubulin. Immunostaining of acetylatéditubulin was reduced

in the RPE and INL in the retina of the pat5compared to the wiFig 7 €). POC5 specific
immunostaining was detected at the RPE and INL of both wt angoctutetina Eig 7 a and

d). However, wpoc5 retina had stronger staining in the RPE lay®everal spaces in the
pattern of poc5 staining was observed in INL oé timutpoc5 retina suggesting retinal

degeneration.

Defects in cones and photoreceptor layers in mutpoc5 retina

In recent work by Wieze et §B5], the loss of function opoc5was responsible for retinal
degenerationn zebrafish. The zebrafishoc5 morphants had shorter photoreceptor outer
segments. We sought to further explore the retinal phenotype of the poc5 scoliosis model used
in this study. To exactly localize the various layers (rods and cones of the ratied)nger
protein (zpr) zpr3, zprl and 3A10 were employi@9, 40] Zpr-3 positive immunostaining
(high signal) was observed in the rod (ROS) and decte outer segment layer (DS)
(Fig 9 a). Zpr3 immunostaining of wobc5 was found in the rods and double cone outer
segment layers but only low intensity of the staining was found in thpottutetina (Fig9

b). The thickness of the rod layer in the pad5zebrafish was less thahe wt. Also, zprl
immunostaining (which is a marker for double cones) showed the preseseeeoé loss of
cone pigmenproteinsand outer plexiform laygfOPL) in mutpoc5zebrafish (Fig d). Strong
staining of doubleone of outer segmentDCOS), longsingle cone outer segmeiitSCOS)
and short singleone outer segmef$SCOS) conem wt retina (Fig9 ¢) was found, but this

staining was totally absent from the retina of pmab (Fig 9 d). Using the neurofilament
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associated antiggi3A10) antibodyanomalies in theone cell layer@C) and in themutpoc5
zebrafish were foundFig 9 f) which consisted of reduced staining intensity and disrupted

cellular organization.

Discussion

In this study, wedemonstrate the involvement of POC5 and cilia in se@ioThis
involvement of POC5 occurs through its loss of interaction of POC5 with acet{ldtdlilin

and involves primary cilia retractioithis study demonstrated that the mutatiofP@C5 (c.

C1286T; p. A 429V), previougl described in patients with A)Sresulted in distinct
localization with respect to cilidhe interacting protein partneos$ POC5wereidentified and
immunolocalized, and interestingly, it was found that most of these were components of the
cilia, microtubules, cytoskeleton, and centrosomesumanosteoblasts carrying tHeOC5

variant (c. C1286T; p. A429V), the loss of P®€Eonnection with acetylatedtubulin and
impaired cell cycle progression (arrest in S phase) was shown and, as a consequence, ciliary

retraction(Fig 10)

In French families with AIS, various functional variants (c. G1336A (p. A446TR1863C

(p. A455P), and c. C1286T (§429V)) are contributing to the occurrence of AI®)]. In
French Canadians with AIS, only one of those variants (c. C1286T; p. A429V) was found
(data not published), and recently in the Chinese population, a commant\@&rPOC5 was
associated with the susceptibility to AIS (singlgcleotide polymorphism (SNP) rs6892146)).
This common SNP has a significantly different distribution of minor allele frequency in
patients with the GG and with CC genotype. Interestinglypatients with the GG genotype,

POC5 mRNA expression was found to be significantly increased when compared to the
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controls [31]; however, little is known about the function of POC5 and its role in AIS
pathologies ThePOC5variant, c. C1286T (p. A429V), is a rare variant that was identified in
5/300 chromosomes (~1.65%) from IS patients but not in familial 1IS. The c. C1286T (p.
A429V) POC5 SNVs was found more frequently in 191 IS probands than in the controls (P =
0.0445 andP = 0.0273, respectiveljd0]. All patients with scoliosis and carrying mutation
were from normal parents which suggests thatrtheritances recessive. The wiltype allele

not compensating for the €1286T vaiant suggests that there is other mutations contributing

to the observed phenotype and yet to be determined.

In addition to the association BIOC5with AIS [30], recently, new mutations IROC5gene

were associad with Retinitis pigmentosgRP) [35]. Retinitis pigmentosa is a photoreceptor
degenerative disease, characterized by the degeneration of rod and cone photoreceptors and is
classified as ciliopathy disease. An m&sting feature of all forms of RP is that the genetic
mutation occurs in the rods exclusively; the cones die, but the cause of this death in RP is not
understood35, 41] Our work pointed out some similar retirlgeaations,including a missing

outer segment layga zebrafish model of scoliosis induceddmc5overexpression).

Weisz et al[35] reported POCS5 to be localized at the connection cilia in the photoreceptors,
ard when mutated, the length of photoreceptor outer segments is reduced. In our in vitro work,
in cells overexpressing mR®OC5 POC5 was disconnected from the acetykidedbulin ring

(Fig. 1 b) dispatched from centrin (Fig 5) and solemnly localized émiincleus (Fig 6)POC5

was found to be interacting with ciliary proteins suggesting that POCS5 is a ciliary protein

(Table 1).
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Also, in vivo, we observed that there is disruption of acetykt¢abulin colocalization in the
photoreceptor and inner nuctelayers (INLs) in themutpoc5 retina (Fg 7 f). Moreover,
mutpoc5zebrafish had a missing outer segment layer as determined by hematoxylin and eosin
staining (Fig8 b). Indeed, POC5 appear to be a ciliary protein that is located at the base of the
cilium. Surprisingly, the study by Weisz et al failed to prove the colocalization of centrin with
POCS in the connecting cilium and found that localization of centrin in the connecting cilium
is not dependent on POO3owever, in our work, we found that poc5 @cdlizes with centrin

in the outer segment layer (OS) and connecting cilium (CC) (S4 Fig.). Interestingly, in
mutpoc5 retina, defects in the pattern of centrin staining was observed in the CC layer, several
spaces exits suggesting degeneration in thig.layeour work, we used different markers not

only for the outer segment layer, but also for the cones and rod layers by zprl, zpr3 and 3A10
staining (Fig9). These results showed that not only the defect exists at the level of the rods but
also at the lteel of the cones.

The homozygous nonsense mutation (c.304_305delGA [p. DIOZPPC5that causes RP

does not cause a scoliosis phenotype, suggestinthéhphenotypic outcoma& each mutation

can be very differentOf course, more data is needed remgaydhe role ofPOC5in vivo in
humans, but some observations support the likelihood of a neurologic deficit in idiopathic
scoliosis(IS), probably visual deficiency with space perception difficulties. Subsequently, the
assaiation between AIS and postural control, in which vision is involved, atsgrved in
patientg42]. Several studies suggested the postural problem in the etiology of scoliosis where
it was found that the occurrence of scoliosis was higher in the blind populé#iprrhese
patients had difficulty in stabilizing themselves in the standing position. For maintaining a

stable positn in humans, three types of sensory information are involved: visual (controlled
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by retinal sensors), somatosensory (muscle and joint sensors, also feet and some organs are

involved), and vestibular (from inner ear sensors).

Other studies suggested tmvalvement of neurological deficits in AIS and pointed out the
motor behavior of patient in maintaining postural sy&8j. The balance instabilities in AIS
patients could also be associated with the alteration in sensory signal pro¢é4si6g It
appears that in all tests, scoliotic patients have significantly ppostéaral control compared
with healthy patients; this raises the possibility that postlsalquilibrium is a causative
factor of this disordef47]. Based on the observations reported in the present study, we can

also infer that sensory information (retinal sensors) play a part in AIS.

Our immunofluorescence results showaedifferential localization of wt and mutPOCS5 with
respect to the acetylatéditubulin signal that is a marker for cilia. WtPOC5 was found to be
attached to acetylatddtubulin (Fig 1 a), while mutPOC5 was found to be disconnected (Fig
1 b). This result vas confirmed by cdP experiments. Interestingly, we found more expression
of acetylatedtubulin in wt but not in mut and control expressing cells, although we had
similar expression levels of precipitated POC5 (Sf.). This supports the finding of
differential localization of wt and mutPOC5 with respect to cilia, and this is also supported by
our mass spectroscopy and-leodata (Fig 3) that showed several ciliary proteins to be
interacting exclusively with wtPOC5 bunot mutPOCS5.Centrin staining confirmed the
differential localization of wt and mutPOCS5 (Fig Bmong these proteins are RAB11 and
CEP290. Multiple GTPases include RAB6, RAB11, and RAB&#ch are involved in the
trafficking to the cilium. In cilia pathlogies (some of them include scoliosis as a secondary
manifestation), several studies have shown that the potential handover mechanisms may exist

between RAB11 and RABS8 at the base of the cil[dB8]. Rab8 and Rab11 were found to be
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associated with the BardBeidl syndrane (BBS) pathway[49]. CEP290s also known to be

an important component of the primary cilium, localizing to thdinks of the ciliary
transition zone and having a role in the ulagjon of transport in and out of the ciliary
compartmen{50]. Furthermore, CEP290 mutations lead to a range of ciliopathy syndromes
with variable clinical manifestations in humans: BBS, Joubert syndrome and Maakedr
syndrome[51]. Given that both proteins (RIB and CEP290) are located at the base of the
cilium, and that CEP290 interacts solely with wtPOCS5, this supports the role of POC5 as a
ciliary protein operating at the base of the cilium.

Interestingly, some of the proteins, suchAasnexin A2 andCalmoduin interacting with
wtPOC5 were previously associated with scoliosis. Annexin A2, has a high expression in
osteoblasts, osteoarthritic chondrocytes, hypertrophic, and terminally differentiated growth
plate chondrocytes. Annexin A2 plays an essentialirolone mineralization which appears

to be critical in AIS patients. It was found that the osteogenic differentiation of mesenchymal
stem cells from AIS patients was altered; this points to a role of Annexin A2 in scoliosis and
makes it an interesting caddte for future studieg52]. Calmodulinlike protein 3
(immunoprecipitated with wtPOC5 but not mutPOC5) is another interesting candidate that
may be linked with POC5 and AIS. Calmoddlike protein is a calciumensor protein that is
closely related to the ubiquitous calmodulin, which is considered potential key molecule in the
etiology of scoliosis because of its effects on muscle contractility. However unlike calmodulin,
calmodulinlike protein 3 is tissue spdic and is expressed specifically in differentiated
epithelia[53]. Patients with AIS experience some muscle tone disorder. Calmodulin, with its
ability to bind calcium ions and its Ieoin muscle contraction, could be strongly associated

with AIS [54] (Table 1). Only five proteins were found to be associated with mutPOC5
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protein 5. Interestingly, among those proteins is iduronase@fatase. lduronate-ulfatase is
associated with Hunter syndrome clinical disar{mucopolysaccharidosis type Il, MP$in

which patients may present, among other skeletal diseases, s¢6bo&6] Also, the cellular
stress gene protein disulfide isomerase (PDIA4) was found to be asdowith mutPOCS.
PDIA4 is upregulated in mouse models of brain neurodegenerative diseases involving protein
misfolding. Although not much is known about the physiological role of PDIA4, studies
indicate that this gene is upregulated following endoplasaticulum ER stresfs7, 58] A

very interesting observation is that the mutPOC5 was found to be-plgpsphorylated (S3
Fig.), which could be one of the factors that lead to the loss of POC5 connection witll sever
ciliary and cytoskeletal proteins. It ismown that posttranslational modifications are one of the
ways to regulate protein activity, subcellular localization, and stability. The phosphorylation
can control the strength of interactions. Further studresneeded to determine where the
phosphate group is added and the exact consequences on the-phggeigtal properties,
stability, kinetics, and dynami¢s9].

One of the most intriguing results of our study was the immunofluorescenbaman cells
carrying thePOC5variant (c. C1286T; p. A429V mutation) showing the mislocalization of
POCS5 with respect to cilia. We observed ciliary retraction in scoliotic osteoljfagt2 h)

with the POC5mutation when compared to normal osteoblésitg 2 d). The primary cilium

is an antenrdike projection of the cell that plays a critical role in the perception and
integration of environmental signals like mechanotransduction. Cilia are also essential for left
right (L-R) symmetry during embryonidevelopmeni60, 61] and for cerebrospinal fluid
(CSF) flow [62]. Recently, it was found that IS patients have an abnoleftatight (L-R)

asymmetries and defective CSF flow, and therefore, it was suggested that motile cilia
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dysfunction may contribute to the etiopathogenesis of29. Interestingly, restoration of
motile cilia activity blocked spinal curve progression. This supports our results that show a
defect in cilia organization as well as perturbed localization of POC5 with respect taghe cil
in cells expressing ROC5mutation(Fig 2 g).Another interesting observation is the defect in
the cell cycle in mROC5overexpressing cells. The cells were synchronized to be at the same
cell cycle stage, and a different subcellular localization todid mutPOCS5 at different stages

of the cell cycle was observed. MutPOC5 was permanently located within the nucleus in G1
and S phases (Fig 4 ¢ and BY. cellular fractionation, we confirmed the different subcellular
localization of wt and mutPOCS5 (Fi§). Previous worl{32] also showed that a depletion of
POCS in Hela cells affects the progression through S phase. HuR&C5depleted cells

had a significant increase in the proportion gdttasecells;thus, hPOC5 depletion induced an
accumulation of cells in S phase where procentriole assembly was probably initiated;
however, these procentrioles failed to elongate.

The cilia and neurological component of this pathology merits further investigdtiough
various functional tests in patients with AIS in order to evaluate the possible functional defect
connected with the altered structures identified in this wbtkther study, focused on the
primary ciliamediated function, will provide more imgits into the molecular mechanisms

and etiology of AIS. As well, thisan demystifyhie development of this disease.

Conclusion:

In conclusion, our findings confirm the involvementR®C5in scoliosis. A role folPOC5
with respect to the primary cilia wa®und. These findings open new avenues for the

understanding the primary causes of AlS at the molecular and physiological levels.
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Fig 1: Differential localization of POC5 with acetylatedU-tubulin in wtPOC5 and
mutPOC5 expressing cells.Confocal imaging of HelLa cells transiently transfected with
WtPOC5 (a) or muPOC5(b). POC5 and acetylatdditubulin were determined using specific
antibodies and positive signal revealeddgogen and redoloration respectively. Localization
of POC5 with respect to acetylatetubulin (marker for cilia) is shown: in cells transfected
with wtPOCS5 (a) where positive immunostaining was enriched at the perinuclear acdiylated
tubulin ring, while in cells exgssing mutPOC5 (b), POC5 was visualized insidentiaeus
(disconnected from the perinuclear acetyldttdbulin ring). The Zstack imaging (recording
images at different focal planes) allows the visualization of the -thireensional structure
containirg both POC5 and acetylatéttubulin (green and red) for the wtPOCS5, while only

POCS5 (green) was visualized for the mutPOCS5. Images were taken using the Zeiss microscopy
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Mag x40. Scale bar 1.6 pm. POCS5 in green, acetylgtedbulin in red and DNA was stad

with DAPI (blue).

Fig 2: Human osteoblasts carrying POC5 variant mutation (c). C1286T; p. A429V) show
short cilia. Representative immunodetection of POC5 and acetylatatulin by
immunofluorescence in osteoblasts from normal (non scoli(&ich, ¢ d) and cells with the
variant c.C1286T (p.A429V) (e, f, g, h).Merged imageqd and h)show differential
colocalization of POC5 with respect to cilia. Zoomed image shows that POCS5 is located at the
nuclear membrane at the ciliuravel marked by acetyted-U-tubulin. Human osteoblasts
carrying the variant POC5 (c. C1286T,; fA429V) (e, f, g, h),show decreased staining
intensity and absence or retraction of ciligin). MutPOCS5 protein was seen to be localized
within the nucleus (zoomed image). POC5 (gremloration), acetylatet-tubulin (red
coloration) and the nucleus was stained with DAPI (blue). Images were taken using the Zeiss
microscopy Mag x 40. Scale bar 1.6 urfl) The graphs represent the percentage of cilia for
each length categoig NOB ard AIS cells Each bar represents the mean of three independent
experiments (£SP P< 0.05considered statistically signifcant. (Sequence alignment with
Sanger sequencing confirm AIS cells to havecth€1286T mutation.

Fig 3: Validation of mass spectometric results. Proteins identified by mass spectroscopy
interacting with the wtPOC5 were analysed by-lPOCoimmunoprecipitation of myOC5

using antiMyc antibodies in Hek293 cells. Proteins in the immune complexes were revealed
by Western blotting wh different antibodies as described in materials and methods. Controls
(Non transfectedNT) or cells transfected with MocRCMV-entry vector) were used along
cells transfected with myc tagged wt or mut POC5 expressing celldP G@ows the binding

of CKAPS5, Desmocollin1,CEP290, RAB11, an&eptin9 exclusively with wtPOC5. There is
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no interaction of mutPOC5 with CKAPBesmocollinl, CEP290, RAB11 arg@ptin9. Very

weak interaction was observed between mutPOC5 AgtitylatedUtubulin, Galectin3 and 7,

EHD4, CystatinA andAnnexin2 and 5 as compared to wtPOCS5.

Fig 4: MutPOCS5 expressing cells are arrested in S phas€onfocal imaging of HeLa cells
overexpressing wtPOC5 or mutPO@Gpecific staining foPOC5 was perfoned using POC5
antibody. The subcellular localization pattern of POC5 was used as a specific marker for the
cell cycle phase. During G1 phase, obtained by serum starvation (a), wtPOCS5 is located within
the cytoplasm, while in the S phase (b) (serum reph&nt after deprivation), POCS5 is located
within the nucleus. WtPOC5 expressing cells have normal progression through G1 and S
phase, as detected by position of POC5 (a, b). In the cells overexpressing mutPOC5, POCS5 is
located within the nucleus in both Ghd S phases (c, d). Cells are blocked in S phase and
unable to progress through the cell cycle as determined by the permanent localization of POC5
within the nucleus of HelLa cells. Images were taken using the Zeiss microscopy. POC5
(visualized in red)DNA was stained with DAPI (blue). Mag x 40. Scale bar 1.6 gEnBar
diagram representing the percentage of G1 and S phase cells after serum starvation for 24 h.
The percentage of Sphase cells is significantly higphe0.01)in mutPOC5 than wtPOC5
expresgig cells.The wtPOCS5 cells are mostly in G1 phase (p<0.001).

Fig 5: Differential colocalization of wtPOC5 and mutPOCS5 with respect to centrin

A) Immunoflourescence staining was performed in HelLa cells-tramsfected (NT)
overexpressinggCMV-entry empty vetor (mock),wtPOC5or mutPOCS5. Staining of POC5

(red), centrin 2 (green) shows colocalization of wtPOC5 and centrin 2 (merge orange colour),
andabsence of colocalization with mutpoc5 and centriB)2Statistical analysis of centrii

expression, intensi and number of centrin dots per cell in mock, wtPOC5 and mutPOC5
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expressing Hela cells. Percentage of centrin 2 number and intensity are neducgBOC5
expressing cells. Unlike wtPOC5 cells, most mutPOC5 cells have one dot of centrin but
majority of wtPOC5 expressing cells have two dots of centrin 2. Centrin count and intensity
was performed usingEZN software Images (n=6) were used for quantification. Error bars are
the mean + SDPOCS5 (ed), centrin (green) and DAPI (blue). NT: non transfectd8: non
significant.

Fig 6: Differential subcellular localization of wtPOC5 and mutPOC5 in Hek293

Nuclear and cytoplasmic cell extracts were obtained using protocol as described in materials
and methods. Equal nuclear and cytoplasmic protein samples loatkeedetermined usini-

actin as loading control and subjected to immunoblotting usingP&@5 antibody. Controls
were cells non transected or transfected with pCamfy vector. The wtPOCS5 is mainly
expressed in the cytoplasm and the mutPOCS5 is mostly nuclear.

Fig 7: Distribution of poc5 and cilia in 2mpf zebrafish. Double staining for poc5 and
acetylated-tubulin with specific antibodies was performed on the retinas of wt and mut
zebrafish. Merged estaining of poc5 (green) and acetylatétlibulin as marker for cilia
(red) shows colocalization in the eyes of(a)tbut not mut (f). Poc5 staining (green) was seen
at the retinal pigmented epithelium (RPE) and inner nuclear layers (INL) in bdth) and

mut (d) retina. However, the intensity of staining of poc5 in theretina is stronger than in
mut. AcetylatedJtubulin immunoreactivity was seen throughout the RPE and INL of wtpoc5
retina but not in mut zebrafis Immunostaining of acetylatddtubulin was reduced in the
pigmented epithelial layer of the retina of tmeitpoc5(e) when compared to the wh)(and

was totally absent in the INL of mutpoc5 retina. Mag x 20. Scale bar: 2.1 pm.
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The morphology of the mpoc5retina was then investigated. The put5 zebrafish were
characterized with the loss of outer segmager (*OSL) (Fig 8 b) as the thickness of this
layer was highly reduced in the rpot5retina. Also, the structural organization of the cone
cell layer (CC) and outer nuclear laygNL) was disrupted in the mubcs No difference

was observed in the RPE, inner nuclear layer (INL), inner plexiform (#yg}, and ganglion

cell layers(GCL) (Fig 8 a and b).

Fig 8: Photoreceptor outer segments are not developed in mutpoc5 zebrafishSL: outer
segment layer; CC: cone cell layer; RPE: retinal pigment epithelium; ONL: outer nuclear
layer; INL: inner nuclear layer; IPL: inner plexiform layer. Histology of wt amdtpoc5
zebrafish retina was performed using hematoxylin and eosin staining. Photoreceptor OSL (*)
is absent in the retina of mutpoc5 zebrafish as shown by haematoxylin & eosin staining (b).
The OSL, the portion of the photoreceptor cell cilium linking fhotoreceptor inner and
outer segments is missing in the mutpoc5 retina. All the other different layers of the retina
(RPE, ONL, INL, OPL) are present in the mut expressing zebrafish. Wtpoc5 retina has highly
organized cells of the CC and ONL as compamednutPOCS5, which is fully disorganized.
Analysis of wt and mutpoc5 retina was performed using light microscopy. Mag x 40; scale bar
1.6 um.

Fig 9: Mutpoc5 expressing zebrafish have abnormities in the cones.

Staining for different layers (Rods and coness performed using the specific antibodies
zpr3, zprl, and 3A10 respectively. ROS: rod outer segment; DCOS: double cone outer
segment; LSCOS: long single cone outer segment, SSCOS: short single cone outer segment,
ONL: outer nuclear layer, OS: outer segut CC: connecting ciliumi|S: inner segment; CB:

cell body, IF: inner fiber; P: perdicle. Representative image of the retina of the wt and
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mutpoc5 zebrafish stained for zpr3 m 0, zprl €, d) and 3A10(e, f). Nuclei were stained

with DAPI (blue). (a-d) Zpr-3 signal is seen in rod and doulolene outer segment layer
included in the surrounded area. Zpr3 immunostaining of wtpoc5 (a) retina labeled rod
photoreceptors in the ONL. Lower staining was observed in mutpoc5 retina (b). Not only the
intensity, but also the thickness of the ROS in the mut zebrafish is much lower than the wt.
Zrp3 staining is also seen in the DCOS of wtpoc5 retina but with lower intensity of staining in
the mut retina. Zprl is a marker for double cones. There is severe lossanfd cone pigment
proteins in mut zebrafish (d). There is strong staining of double cones in wt retina (c) but this
staining is totally absent from mut retina (d). The perdicle is also absent in the retina of
mutpoc5 (d)(e-f) 3A10 staining of retina &m both wt and mutpoc5. The 3A10 antibody also
stains the OS and CC which showed reduced thickness, and intensity in the retina of mutpoc5
zebrafi$ (f) as compared to retina of wtpoc5 zebrafigh Images were t&n using the Zeiss
microscopy Mag x20.&le bar 20 pm.

Fig 10: Proposed model for the mechanisms of ciliary retraction in mutPOC5 expressing
cells. Under normal conditions, POCS5 is an essential protein for normal cell cycle progression,
and this process is a tightly regulated mechanism. Itingycells, with wtPOC5, POC5
protein is found interacting with several ciliary proteins that assemble before entering to G1
phase. This complex is essential for the formation of a normal cilium. Weak or no interaction
of mutPOC5 with ciliary proteins (realed in this study by immunofluorescence, mass

spectroscopy, and G) results in incorrect assembly and cilium retraction

Supporting Information:
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S1 Fig: Acetylated-U-tubulin is highly enriched in precipitated wtPOCS5 lysate but not
mutPOC5. Hek293 cells were transfected with empty pCMV entry vector, wtPOC5 or
mutPOC5 myc tagged vectors. Immunoprecipitation of POC5 was performed using myc
antibody (origene)A) Western blot on total cell lysate using POC5 antibody. Wt and
mutPOCS5 tranfected cells have same expression levels of POC5. Mock transfected sample
have very low expression of POC5. POCS is observed at the expected size A3kl at

higher level tlan the wtPOC5 is observed in the mutPOC5 (p: phosphorylaBd)
Coommasie blue staining shows similar levels of POC5 expression in wt and mut transfected
samples. POCS5 is observed at the expected size 63kDa. Also the heavy and light chains of
antibody areobserved.C) Western blot using anBOC5 antibody shows absence of
expression in control sample (Moclgnd similar protein expression levels of wt and
mutPOC5. Two bands are observed in mutPOC5 overexpressing cells. One band at same level
of wtPOC5 and oe at higherevels (p: phosphorylated)D) Western blot of acetylated

tubulin afterimmunoprecipitation of POCShows high expression of acetylatgdubulin in

the wtPOCS5 expressing sample and lower lewvelautPOC5. Very low levels are observed in
mock transfected sample.

S2 Fig: Zebrafish screening for the spinal deformity by micro CT scan confirmed the
scoliosis phenotypeRepresentative micr@T scans (MicroCT, 9 microns): images of wt (a)

and mutpoc5(b) juvenile zebrafish MicroCT images of wtpoc5 fish showed a fully
mineralized with pn-curved spine, while mutpoc5 fish present mineralized spine, with
rotational deformity (curvature) the spine.

S3 Fig: Phosphorylation state of wtPOC5 and mutPOC5 at G1 and S phases of cell cycle.

Theimmunoprecipitated samples were either non treatécated with alkaline phosphatase
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andthen western blot was performed usP@C5 antibody (abcam). The presence or absence

of phosphorylation with wtPOC5 and mutPOCS5 is shown at G1 and S phase. POC5 wt is not
phosphorylated, but the mutPOC5 is phosphoeglatand treatment with phosphatase
dephosphorylates mutPOCS5 that returns back to the same levels of wtPOC5. Phosphorylation
of mutPOCS is seen at both G1 and S phases.

S4 Fig: Poc5 colocalizes with centrin2 in zebrafish retina of wtpoc5 but not mutpoc5

Pac5 and centrin are eexpressed in the OS and CC in wtpoc5 zebrafish retina. No staining of
poc5 is observed in mutpoc5 retina and no colocalization of poc5 and centrin is observed. In
addition, the organization of centrin in the cone layer is disruptddssveral spacing in the

CC layer. OS: outesegment layer, CC: cone cell layer. Poc5 labelled in green, centrin labeled
in red and DAPI in blue. Scale bar: 20 &m,
S5 Fig: Colocalization of poc5 and acetylated) tubulin the ear of wtpoc5 zebrafish: A)
AcetylatedU-tubulin staining of the haicell kinocilia of the inner ear of wt and mutpoc5
zebrafish. Acetylatedli tubulin (red) and DAPI (blue)B) In blue is the cell nuclei, green the
poc5 and in red fluorescence labels cilia of the cell membranes. Immunostaining for poc5 and
acetylatedJtubulin was performed on the wtpoc5 and mutpoc5 zebrafish head. Poc5 and
acetylatedtubulin are strongly expressed in the ear of wtpoc5 zebrafish and they colocalize, but

not in mutpoc5 zebrafishe®®8.c al e bar 20em and Magx40.
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Peptide

Protein ID Description Score
Number
P15924 Desmoplakin 3984 119
Q08554 Desmocollin -1 581 12
P68363 Tubulin alpha -1B chain 368 10
P07355 Annexin A2 221 9
QI9NSKO- | Isoform 3 of Kinesin light chain 4 155 9
3
F8VW92 Tubulin beta chain 251 7
P47929 Galectin -7 338
EH domain -containing protein 62 4
Q9H223
41
Q61B90 Cystatin 84 3
QI9NZT1 Calmodulin-like protein 5 243 3
Q14574-2 Isoform 3B of Desmocollin-3 63 3
Cytoskeleton -associated 57 3
Q14008 _
protein 5
Isoform 2 of Collagen type IV 45 2
Q9Y5P4-2 o .
alpha-3-binding protein
P27482 Calmodulin-like protein 3 144 2
P08758 Annexin A5 164 2
Q08380 Galectin-3-binding protein 76 2
cDNA FLJ60461; highly similar to 88 2
B4DF70 _ _
Peroxiredoxin-2 (EC 1.11.1.15)
Q59FR8 Galectin 3 2
Q9UHDS8- Isoform 5 of Septin -9 46 2
5
J3KNF5 | Centrosomal protein of 290 kDa 20 1
Q8N6N5 Tubulin; beta 2C 85 1
B4EORG Importin-5 69 1
Isoform 2 of Rabl1l family - 27 1
Q86YS3-2

interacting protein 4
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Peptide

Protein ID Description Score
Number
ASMUB1 Tubulin alpha -4A chain 183 1
A9X9K9 Desmocollin 2 46 1
r-Q5T802 RUNX2 15 1
Q02413 Desmoglein-1 1584 21
Q13835 Plakophilin-1 2 536 17
F5GWPS8 Junction plakoglobin 3102 16
Ribosomal L1 domain-containing 294 11
076021 _
protein 1
P36952 Serpin B5 385 7
P25311 Zinc-alpha-2-glycoprotein 141 3
Q9Gzz8 Extracellular glycoprotein lacritin 98 3
E9PBV3 Suprabasin 190 3
Isoform 2 of Collagen type IV 45 2
Q9Y5P4-2 .
alpha-3-binding protein
Far upstream element-binding 151 9
B4DT31 .
protein 1
Nuclear RNA export factor 1 149 5
E9PIN3
(Fragment)
Asparagine--tRNA ligase; 94 4
043776 .
cytoplasmic
Q9Y2X3 Nucleolar protein 58 113 4
U4/U6.U5 tri-snRNP-associated 43
B8zzD1 _
protein 2
P35579 Myosin-9 555 18
P58107 Epiplakin 200 10
Q8WVV4 Protein POF1B 242 6
Q15149-9 Isoform 9 of Plectin 84 2
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Table 1: Mass spectroscopy results of proteins interacting exclusively with wtPOCS5.

Scaffold software was used for the analysis of the identified proteins interacting with wtPOCS5.
Protein identification in wtPOC5 expressing cells, detected 85 cdadidiateracting with
wtPOCS5. Clustering proteins by biological function indicated: ciliary proteins (17 proteins);
cell adhesion (7 proteins); cytoskeletassociated protein (4 proteins); RNA processing (9
proteins); extracellular matrix (3 proteins); pesse to estrogen (1 protein); cell cycle and
cytokinesis (1 protein)Most of the identified proteins interacting with POC5 are ciliary
proteins (As shown in the table) and those marked in bold were considered for further
analysis. Other protein groupsldeg to cell cycle and cytokinesis, extracellular proteins,

RNA processing, cell adhesion, and response to estrogen.

Protein ID Description Score Peptide
Number
P13667 Protein disulfide-isomerase A4 226 9
P22304 Iduronate 2-sulfatase 138 5
Q9H3P7 Golgi resident protein GCP60 193 3
Q7RU0O4 Aminopeptidase B 95 2
cDNA FLJ53442; highly 61 2
B4EOE1 similar to Poly (ADP-ribose)
polymerase 1

Table 2: Mass spectroscopy results of proteins interacting exclusively with mutPOEke
proteins were found to beteracting exclusively with mutPOCS. Protein disulfidemerase

A4, lduronate Zulfatase, Golgi resident protein GCP60, Aminopeptidase B and cDNA
FLJ53442; highly similar to Poly (ADHbose) polymerase
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Fig2-G
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transcription start site

Summary statement:Estrogen plays a significant role XIS and studying the regulation of
ADGRG7 by E2in AIS cellsis essential for understanding molecular mechanisms underlying

AIS pathogenesis.

Abstract

The physiological role and the regulation of ADGRG?7 are not yet elucidated. The functional
involvementof this receptor was linked with different physiological process such as reduced
body weight, gastrointestinal function and recently, a gene varigkib(BRG7was observed

in patients with idiopathic scoliosi¥he physiological role and the regulationAathesion G
protein coupled receptofADGRG7) are not yet elucidate@he functional involvement of

this receptor was linked with different physiological process such as reduced body weight,
gastrointestinal function and recently, a gene variatA@&RG7was observed in patients
with adolescentdiopathic scoliosiAIS). Here, we identify theADGRG7as an estrogen
responsive gene under the regulation of estrogen receptrircRifferent cells linesWe

found thatADGRG?7 expression was upregulated inspense to estrogen (E2) in normal
osteoblasts (NOB) but not in AIS celBDGRG7promoter studies indicate the presence of an
ERa response half site in close vicinity of &P1 binding site Mutation of the SP1 site
completely abrogated the response toig@icating its essential requireme@hIP confirmed

the binding of SP1 and ER t cADGRG&romoter.Our resultsdentify theADGRG7gene

as an estrogeresponsive gene under the control oféEihd SP1 tethered actigreiggesting

a possible role of estrogens in the regulatioADGRG7

Introduction:

Adolescent idiopathic sdaisis (AIS) is a complex thregimensional deformity of the spine
that mostly occurs during late childhood or pubgKgnieczny, Senyurt et al. 20133evere
forms of AIS are more common in girls as compared to §Gyeng, Castelein et al. 2015)
The difference between girls and boysweedl as theetiologyof AIS are stillunclear Several
studies suggest that AIS could &e endocrinal disease and that various hormones, especially
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estrogens, have a role in its onset, development and spinal curve prog{Basims, Cortes

et al. 2011)Lower peak bone masand osteopeniat pubertyhave been reported in 23 to

38 % of AIS patients, suggesting that AIS may be correlated with hormonal disturbance
involving estrogen, melatonin, and leptifishida, Aota et al. 2015)Estrogens(E2) and
Estrogen receptors (ERs), including BR U a n d E Rdresusmeadbbinflueadng

AIS severity and delayed puberty which was directly associatedawitbher prevalence of

AIS in girls than in boys with an incidence ratio of 7.{Kbnieczny, Senyurt et al. 2013)
Indeed severalER polymorphisms were found in Al§Stavrou, Zois et al. 2002but the
predisposition to and sekity of AIS was not clearly demonstratéthnusz, Kotwika et al.

2014) Estradiol (E2) participation in puberty spinal growth and bone metabolisane
important factos to consider in AIS. Until now, itvas not clear how E2 could affect the
initiation or progression of AIS. However, estrogens interact wiimynphysiopathological
factors (including neuroendocrine, neurological, muscular, biochemical and structural)
relevant to the etiology of scoliosis, and there is interdependence between the concentration of

E2 and development of scolioglseboeuf, Letellier et al. 2009)

E2 is the major hormonal regulator of puberty and bone metabalmgtact through genomic

and norgenomic pathwayslhegenomic effectef E2ar e exerted by i tods
the cytoplam. This isfollowed by the translocation to the nucleus and binding of the complex
to target genedn addition to the direct genomic signaling through ERahimanWright,
Cavailles et al. 2006, Prossnitz, Arterbuen al. 2008) ERs can also mediate their
transcriptionhpotential through tethered interaction with other transcription factors, such as
SP1 and activator proteidP1). In these cases, most estrogen responsive genes aid dév
estrogen response elements (ERBjornstrom and Sjoberg 20Q5%uggesting enhanced
recruitment of ERigands to target promoters through protpiotein interaction sth as SP1
(Safe 2001)SP1 is a ubiquitously expressed transcription factor that lsindsacs through
GC-rich elements to regulate gene expression in mammalian(tellslitchell et al. 2007,
Keay and Thornton 2009)

The Adhesion G proteiktoupled receptor 7ADGRGY7), previouslyknown as the G protein
coupled receptor 128 (GPR128s a membrane bound protein encoded ARPGRG7
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(Fredriksson, Lagerstrom et al. 2002, Bjarnadottir, Fredriksson et al. 2004, Arac, Aust et al.
2012) In humans and micehe¢ ADGRG7gene is orchromosome 3ql12.2 and 16; €4.1,
respectively(Fredriksson, Lagerstrom et al. 2002, Bjarnadottir, Fredriksson et al. 2004, Arac,
Aust et al. 2012)ADGRGY7 is an orphan recepttirat belongs tahe family of proteins that
consiss of over 33homologous protein@Bjarnadottir, Fredriksson et al. 2004, Yona, Lin et
al. 2008, Yona and Stacey 201QJke most members of ADGRG family, the extracellular
region often a Nerminal protein module is extended dimked to a transmembrane (TM) 7
region via the GPCRuwutoproteolysis inducing (GAIN) domaifArac, Aust et al. 2012)
ADGRG7,which is phylogenetically related tADGRG2and ADGRG1,lacks the conserved
N-termini damains present in other GPCH=oord, Jupe et al. 2002, Bjarnadottir, Fredriksson
et al. 2004, Huang, Chiang et al. 2012DGRG7 wasshown to be expresseéa the mucosa
of the intestine restricted tbe epithelialcells (Badiali, Cedernaes et al. 2012, Ni, Chen et al.
2014)

The physiological role of ADGRG7 remains mostly uncl@dreGPCR family of proteins are
mainly involved in cellular adhesion, migratiatelli cell and elli matrix interactiongYona,

Lin et al. 20®). In mice, targeted deletions of thalgrg7 gene reduced weight gain and
increased the frequency of peristaltic contractions of the small intestine, suggesting a role in
intestinal absorption of nuents (Badiali, Cedernaes et al. 2012n important paralog of this
gene iISADGRG6G which is suggested as playing a rolemnsculoskeletal disordesich as
AIS andpectus excavatum (PEKou, Takahashi et al. 2013, Karner, Long et al. 2015)

In humansADGRG6gene variants were first associated with AiShe Japanese population
and then &8NPin ADGRG6gene (s657050 was replicated in Han Chinese and European
arcestryAlS population. Inzebrafish the adgrg6 knockdown,causegelayed ossification of
the developing spingKou, Takahashi et al. 201,3nd ina mice modelthelossof Adgrgs in
osteochondroprogenitor cellaffects spinal column developmerdnd intervertebral disk
morphogenesi@arner, Long et al. 2015)

ADGRG7 was also suggested among tlgenetic cause or genetic contributor$or the
pathogenesis of AlSThe ADGRG7genemaps on thehromosome3ql2.2 Throughlinkage
analyss, in multigenerationah\IS families with dominant inheritancéhis locus was reported
as one of thdwo locationscontaining the gene for Al$Edery, Margaritteleannin et al.
2011) Our recenstudy by Patten et afPatten, Margarittdeannin et al. 2015¢entified by
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exome sequencingvo candidate gene variants (SNV) among ribgel or rare (mmor allele

frequency [MAR <5%) variantsone inADGRG7and the other iPOC5(Patten, Margaritte

Jeannin et al. 2015The ADGRG7SNV (1274A>G)did na perfectlyco-segregate witlAIS

in all the members of this multigenerational AIS family; consequentlyAD®RG7gene was
concludedas a contributory/modifier gene in the pathogenesis of AIS. Basethese

findings, and becausADGRGT7is closely relagéd to theADGRG6(gene implicated in AIS),

we hypothesized thaADGRG7is regulated by E2 and consequenthn contribute to the

cellular events in AIS

To examine howADGRG7is regulatedat the transdptional and protein level by E2, we
conductedpromoterand deletion analysis. We also conducted gene and protein expression

study in human osteoblasts, Huh7 and MCF7 cellanehADGRG7gene was cloned and

analyzed for functionatis-elements mediatinghe effects of E2 Deletion analysis of the

promoter dentified the SP1 siterequired for both basal activity and hormeanduced

activation. Chromatin immunoprecipitatiofChIP) assayconfirmedthat SPIERU bi nds t o
ADGRG7promoter. Our study suggests that the regulation of ADGRG7 expressiod iby E

due to the associati ADGRGTrorfoRtJ and SP1 protein

Results

Gene expression profile oADGRG7and SP1in multiple human tissues

The ADGRG7 has been poorly characterized in terms of function and tissue expression. We
therefore analyzed the expression levelADIGRG7andSP1in different tissues (Fig. 1AB)

using the Gene Expression Omnibus (GE@atabaseat the US National Center for
Biotechnology Information (NCBI We found thatADGRG7was highly expressed in the
small intestine, as previously report@gladiali, Cedernaes et al. 201owever, unlike in
mice,ADGRG7expression was not selective for the intesthiBGRG7was also expressed in

the liver, pancreas and placenta. The SP1 transcription factor was highdssegiin the
pancreas with wide expression in all tissues tested except for théns&restingly, ADGRG7
andSP1lwere also expressed in the bone; thiggets a wider function than expecteshd an

undetermined role of ADGRGY7 in bone.
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Dose dependent dferential upregulation of ADGRG7b y  -Estrédiol in NOB and AIS

cells

To characterize changes in gearel proteirexpression in response to E2 treatment in normal
control osteoblasts (NOB) and AIS osteoblasts performed gPCR and western blot on cells
treated with E2ADGRG7 was differentially regulated by E2 treatment in NOB and AIS cells.
E2 upregulated ADGRG?7 protein levels at’1@ E2 in normal osteoblasts with maximal
response at0® 10%? and 10'* M (Fig. 2A). The response iAlS was non sigificant (Fig.

2B). In NOB cells there was a dos#gependent increase in steagtgte levels of ADGRGY.

The densitometry signals for the -fH2ated control NOB and AIS cell samples were
normalized to thé-actin signalandyielded normalized densitometry ratios. The data for the
normalized ratios for the specific protein ADGRG7 are summarized in (Fi@3RA

To test whether E2 affects ADGRG?7 protein localization, we performed applied fluorescence
imaging technique using ADGRG7 antibody. We observed low staining in untreated cells,
enhanced staining after treatment with E2 in NQRlls (Fig. 2C), and low
immunofluorescence in AIS cells. These results are consistent witegihisrof upregulation

of ADGRGY7 by E2 in Western blot (Fig. 2B).

The ability of ERU and SP1 dloag withthe eiffeeential wi t h
expressions of ERU in dif fleboeuhDd. 2009ledmsto and £
examine the expression | evels of obSfetl byand ER

western blot differential expression patterns of both prot&§iR4and ERx levels were higher

in NOB than AIS cellgFig. 2D)

These studies reveal that ADGRG7 is a cytoplasmic protein regulated by E2 in NOB
osteoblasts and at lower levels in Alflls (Fig. 2A, B, C) ERa andSP1 protein levels were

also higher in DB cells than AIS cells (Fig. 2D

Transcriptional activation of ADGRG7 and deletion analysis of theADGRG7 gene
promoter

In order to addresthe regulation oADGRG7gene expressiom response to E2we used
Huh-7 cells, which have high transfection efficiency, and treated them at three different time
points (3 h, 12 h and 24 h). Since Hulcells have low levels of expression of ER, we

overexpressed the estrogen receptorstruct or pDNA3 mock vector as control. Cells were
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either nonrtreated or treated with ethanol or E2. We found that ADGRG7 has maximal
response to E2 after B treatmentFrom 12 h and 24 h, we did not find differences
between treated and untreated samplai suggests an early response gene to E2 (Fig.
3A). At the protein level ADGRG7 was upregulated with a 70M treatment of E2 for 24 h
(Fig. 3B). We assesselly luciferase assay the regulation ofADGRG?7 is through ERJ or

ERD in Huh-7 cells,andwe found thatADGRG7promoter {2259/+55) is upregulated by E2

in the presence &RUbut notERD (Fig. 3C). Finally, we observed similar responses to E2 at
24h and 48 h post treatme(fig. 3D). ADGRG7is upregulated by E2 througtRUat 3h and

at lower levels at 2 and 48h posttreatments with E2.

Deletion analysis of the proximal egion of theADGRG7promoter

To determine the responsive region responsible for the estrogenic upregulation of the
ADGRG7gene, we performed reporter gene assay in-Huaklls using gortion of 2.2kb
proximal to thetranscription start siteTGS) of the ADGRG7promoter. A schematic of the
proximal promoter of thdDGRG7gene shows the presence of several putative ERE binding
elements (Fig.4A). The cotranse ct i on of var@® Wuncatiosdof the
promote series of 5-Njeletion constructecludingther 2259 to +112, 11285 t
to +112,-309 to +112-283 to +112 and44 to +112 regions of thekDGRG7gene promoter

were used in transient traestion studies to identify specific EBsponsive elements within

this region of the promotgiFig. 4B). We found that the estrogenic induction was retained
with the -474 construct and then lost with th809 construct, suggesting that this region is
essetial for the E2 response of the promoter (Fig. 4B). Further deletwosr® notinducible

by E2. These results indicate that (i) the stimulation of the promoter by E2 requires the
presence of its receptor, and (ii) the region between 474 and 309bp enasnpatential

regulatory elements sufficient to confer regulatiore2y

An essential ole for SP1,ERE1/2 motif in signaling estrogen egulation of the ADGRG7

promoter

Deletion analysis of the SPERE1/2 of theADGRG7 promoter was carried out to define

further their role for fun t i on al i nt er alqRigi50An) s. Wihteh 5BRSW/pS Pan d
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were E2responsive, and deletion analyses were used to determine contributions of the
upstreanSP1XERE1/2 binding sites. E2 did not significantly induce luciferase activity in cells
transfeced with 442bp fragment. To provide experimental evidence that the activation
of ADGRG7by E2is mediated by an Sgdinding elementywe choose MCF7 cells that have
high expression levels of ESR and transiently transfected Witma luciferase reporter gen
driven by a promoter carrying $mut. Relative luciferase activity data showed the absence of
response to E2 treatment (Fig. 5SBesults obtained for these deletion/mutant constructs (Fig.
5A, B) indicate that th&P1LEREY2 i n t he @6ADGRGIgenes mpoadnt bt h e
hor monal act i & aheseostudiebupporEaRrblé f6rRhe SPIXERE1/2 site in

mediating estrogen responsiveness of the huhiXBRG7gene.

Physical ard functional interactions of SP1 and RU

We studied the gene expr es-pasitive, espagentdependent i n d u
breast cancer cell line, grown in stergiepleted medium or in the presence of E2. As
observed in HWY cells, E2induced mRIA expression occed at 3 h and this response

returned to basal levels after 12 and 24 h (Fig. 6A). ADGRG7 protein leveisere

upregulated to 2.5 fold in MCF7 cells (Fig. 6B).

The recruitment of ERU and SP1 pr otprerotes wi t h
i ndicated by -428)wasvwestigafed @&ig.&Chheo nt er act i on of E
SPL proteins with theADGRG7gene promotewas investigatedh MCF7 cells treated with

107 M E2 for 1 h using a chromatin immunoprecipitation (ChIP) gssawhich cells were

treated with formaldehyde to form DNpgrotein crosdinks. After sonication, and

i mmunoprecipitation by SP1 or ERU an(fig. bodi es
6D). Ther esul t s i ndi cat eldantibddiastimmurmprecipitEtdRibis regiomof S P
ADGRG7promoter The gPCR products were migrated on gel to confirm the correct product

size.
We showed thatADGRG?7 is also upregulated by E2 in MCF7 cells. Tough a ChIP
experiment, we conf i r me dAADGEGRG&romoten after stigwulatidn S P 1 a

with E2for 1 h.
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ERU ant addydmoiy samexifen (4OHT) and fulvestrant (ICI-182, 780) reverse
the up-regulatory effects of E2 onADGRG7expression and promoter activity

We tested the effect of -@HT, which is considered a contexiependent mixed
agonist/antagonist of EEU(Fig. 7A). Interestingly, while OHT was able to block the E2
activation of theADGRG7promoter hus acting as an BERantagonist, when used in absence
of E2, 40HT was inducintADGRG7promoter activity in MCF7 cells (Fig. 7A). This effect
is consistent with the reported activity 6fOHT as an ER agonist in the context of SP1 and
AP-1 regulated geng$chultz, Petz et al. 20Q5ndicatingthat SP1s requiredin promoting
ADGRG7 promoter activation ICI-182, 780 is known as a potent ERantagonist that
promotes ER degradation and abolishes its transcriptional competen&® o responsive
cells. We observed that increasing concentrationkCbfl82, 780 completely abolished the
response of th&DGRG7promoter to E2thussuggesting alirect role of ERJ (Fig. 7B). We
also tested the effect ¢€1-182,780treatments on the SP1 mutant. Contrary to the inhibitory
effects observed wittC1-182,780, there was no response witie SP1 mutant (Fig. 7C).

We also tested the effects k&1-182, 780 and 4OHT on ADGRGTY7 protein levels (Fig. 7D
E). Bothantagonistsignificantlydownregulated the E2 induced ADGRG7 proleiels

Based on the above resulteth SP1andERUareresponsibldor the regulation oADGRG7?
and the mutation of SPXgventsthe responsef ADGRG7 o t haatagBnisis.

Discussion:

In the present study, wdemonstrateADGRG?7 regulation by E2. We observed that E2
increases ADGRG#@xpression irdifferent cell lines, Hufv, MCF7, osteoblasts from normal

control (NOB)and patients with scoliosis (AIS), wi t
This is the first report demonstrating that ER signalling regulates ADGRG7 expression and
activity. Additionally, we showed the mechanism of regulatioM&fGRG7by E2represented

in Fig. 8

Our results indicate that the activity &2 on the ADGRG7 promoter was significantly

impaired by mutations that interrupt SP1 binding togé&bp fragment (Fig. 5B). These data
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suggest that SPHinding sites in the promoter are the criticdjulatorycis-acting elements

that mediate the activation &DGRG7t r ans c r i p tERO but nbtyER Bdutkd
ADGRG7promoter upregulation. HRis thought to have weaker activity thEnRU, al t hou gl
in some studies it was shown thah e ERDb #atobthantERDr oanctan ERE r ep
(Fournier, Gutzwiller et al. 2001)Thus, ER-U andb ERan regul at e gen
differentially depending on theromoer context and the ligand usedlso we found that in

MCF7, the E2 antagonists@HT andICI-182,780inhibited E2-stimulated promoter activity

as well asprotein levels (Fig. ) suggesting thatlsoERU i s i mp ADGR&H t i n ot
regulation byE2. This waghen confirmed by ChlIP.

There is aclassical pathway of BRactionwhere E2 induces the formation @hucleateRU

homodimer that binds to -Begulatory estrogen response eients (ERES) in target gene
promotersn response to E2esulting in enhanced gene transcriptiom the othehand E R U

can mediate E2 regulation through tethered interactionsS#thprotein to regulate genes and

this occurs by the bindingf SP1x EREor SP1LXxERE halé i t e ( 1/ 2) moti fs wh
and SP1 bind DNA elemen{Safe 2001) As it seems to béhe casdor ADGRG7Y there is

activation through SP1(5)xERELthat is located in theg®b7bp fragment of theADGRG7
promoter.Through ChIP, we showed that both proteins SP1 and tERI to theADGRG7

promoter fragmentlt is generally acceptethat E2 regulation of genes is mediated through

ERESs however,severalexamples exist in literatufer genes devoid of ERRavingSPL and

ERE1/2 sitesTheE2-responsive SH5)x ERE(1/2) motifregulation mechanism &DGR&

by E2identified inthis study is also shared with other-EEulated genes, such aglepsin D

(Krishnan, Wang et al. 1994, Krishnan, Porter et al. 1995} F (Wyhlidal, Samudio et al.

2000) heat shock protein 2@Porter, Wang et al. 199@nd the progeasrone recepto(Petz

and Nardulli 200Q)Cathepsin D doescontain a classical palindromic EREhe promoter

region between(-199 and-165 has an ERE1/2 and anSP1 binding that are mediating
upregulatory E2 effects ocathepsin D expressiofKrishnan, Wang et al. 1994, Krishnan,

Porter et al. 1995)Similarly, TGFU promoter required SBR(30XEREY: that had been
chalcterized in thecathepsin D progesterone recept@nd heat shock protein 27 gene
promoters; howevethe numbef nucleotdes are 23, 10 and 16 respectyvethile for TGF

U theyare 77. In our work, the SP1XERE1/2 in ’iBGRG7promoter include 12 nucleotides

(5 for ERE1/2 and 7 for B distributed over one ERE1/2 and the SP1 dttany other
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examples of the SIRERE1/2in promoters of several E2sponsivegenesjncludecyclin D1,
c-fos, retinoicacid receptolll, E2F1, adenosine deaminase, insiike growth factor bindig
protein 4 creatine kinase Bnd bct2 (Khan, Abdelrahim etla2003)

The regulation of GPCRs by E2d1aeen described for several receptéisr instancelz2 can
upregulate or downregulate the expressionm®@NAs of several genes involved in lipid
metabolism, transcription, and steroid metabolism that have a imoldhe control of
reproductive behavioySnyder, Small et al. 20092 also increases the expression of mMRNA
and protein levels afxytocin receptom human placenta cel(&im, Lee et al. 2017)

No SPL mutationassociation with scoliosis getbeen reportedHowever,mutationin in the
binding site of SP1 transcription factor -(6T mutation) in the collagen type | alpha

1 gene(COLIA)) is a putative marker for low bone mineral den¢®yant, Reid et al. 1996)
Low mineral dengy (BMD) and osteopenia were previously described in AlScamsidered

as risk factors okpinal curveprogression in AlS patienf€heng, Tang et al. 2001, Peng,
Liang et al. 2012Sun, Wu et al. 2013Based on these observationsyould be interesting to
screen for SR binding site mutations in tifDGRG7gene in osteopenic scoliotic patients.
Interestingly the upregulation ofADGRG7 by E2 in NOB cells was higherand more
significant than in AIS osteoblastgprobably due to lower protein levels of SEHig. 2C)
Ethanol was observed to increase the levels of ADGRG7 (non significant). It was found that
ethanol induces bone loss by altering ER signaling anebZRinteraction andontrols
osteoblasts cell fate. In this study, ethanol stimulated the overexpression of ERs in bone in
vivo and in osteoblasts in vitro and this effect was revered by ER a@gGhesh, Lazarenko et

al. 2009) An EZ2resistance mechanism in scoliosis was previously reported in humans with a

mut ation of the ERU g e ntethyminatrassiom at calon 457 ofER U,

both alleles, reswdd in a premature stop codofbmith, Boyd et al. 1994)The major
phenotypic manifestations of this mutation warseverely under mineralized skeleton with
biochemical evidence of increased boesorption evidence of continued slow linear growth,
markedly delayed skeletal maturation, and osteoporB&sesistancampactbone turnover
(Quaynor, Stradtman et al. 2018)at could be connected to the molecular mechanisms
underlying AIS. $ceE2is important for bone growth and mineralization, this could explain
the low mineralization and osteopenia that was observed in patients witfLIAIS et al.

2008) As mentioned earlier, little is known about the role AWGRG7in generaland
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specificallyin scoliosis, but our worldentifiesADGRG7as a targegeneof E2 regulation and
suggests possible involvemerds a contributer gene scoliosis.

The function ofADGRG7is poorly described in literatur@reviously, a mouse model tivi
targeted deletion ofAdgrg7 was generatedThese mice had reduced body weight and
increased intestinal contraction frequenioyt the skeleton phenotype of these mice was not
assesse(Ni, Chen et al. 2014)n humans ADGRG7gene variants were observed in patients
with idiopathic scoliosigPatten, Margarittdeannin et al. 2015ADGRG7variant ADGRG7
1274A>Q was found in several patients with familial form of idiopatlsicoliosis in a
multiplex French family In a morpholino zebrafish modethis variant affected bone
development resulting in veriow calcification suggesig a role for this gene in bone
formation and bone mineral density regulatioi\IS.

Previouslythrough a stepwise association stuagusceptibility locuso AIS on chromosome
6g24.1 was reported in Japanese population. Interestingly, the most significantly associated
Single Nucleotide Polymorphisn8KNP on this locus was rs6570507 that maps to another
adhesion GPR receptohDGRG6 ADGRGS6 is also connected with the reduced body mass
index and its activity /function seems to be correlatgth osteoblast metabolism and bone
calcification (Kou, Takahashi et al. 2013poth altered in idiopathic scoliosis). Recently, a
rare variant of CELSR2vas cosegregatingvith scoliosis in SwedishDanish patients
(Einarsdottir, Grauers et al. 201 DELSR2is an adhesion GPCR apthysa role inneuronal
system developmendlong with other physiological processe$he missense mutation in
CELSR2 is located within the highly consesst GAIN donain. The consequences of this
mutation on the structure of protesre not expected to be majdnpwever, structure
predictions of the mutant (mMu§ELSR2indicates that it is located in close proximity to the
H2355T2357 autoproteolysis cut sitHomozygote loss of function mutations ADGRG6
was found to be associated witttHal arthrogryposis. Scoliosis occurrence in a patient with
arthrogryposis was reported. The mutation Z306T>A;p. Val769Glu)was located in the
GAIN domain of ADGRG6,and resuls in a reduced but not a complete elimination of
autoproteolytic activity(Ravenscroft, Nolent et al. 2015The GAIN domain is highly
conserved througkvolution and it has a function in properly actingtihe receptoilArac,
Boucard et al. 2012)nterestingly, the mutation IADGRG7(1274A>G) is also located in the
GAIN domain.Since the mutation iIADGRG7is hderozygote, itd o e ssigndi¢antly affect
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the function of ADGRG7 protein, antis possible that homozygote mutations would abolish
ADGRG?7 activity resulting in more severe phenotgbédlS. Future studies are thus needed
to determine howADGRG7 mutatin could disrupt the autgroteolytic mechanism of the
GAIN domain in ADGRG7.

Conclusion

This study reports the mechanismAIDGRG7regulation by E2with differential response of
normal and scoliotic osteoblasendsuggestshat ADGRG7is a contributorisk gene in AlS.

The effect of E2pointed out theadisruption of the autgroteolytic mechanism of the GAIN
domain in theADGRGT7 The differential response of normal asdoliotic osteoblasts tB2
suggests thamolecular mechanisms and pathways assatiatiéh AIS (progression andr

the onsét could beassociated with the rise in seermones(including E2). The functional
consequences &DGRG7upregulation as well as the gene variants of the adhesion subfamily
of G-protein coupled receptors that aresgibly contributing factors in the pathogenesis of

AIS during the pubertal growth spumeritsfurtherin vivoexamination.

Materials and Methods:

In-Silico Analysis ofGeneExpression

The expression profiles of target genes in normal and cancer sagaplesated from the
affymetrix platform 133plus2 were downloaded using the GENT (gene expression across
normal and tumor)  softwar (Shin, Kang et al. 2011) GENT,
(http://medicalgenomkribb.re.kr/fGENT/reference.phpluses data sets created by the
Affymetrix platforms (U133A and U133plus2). The data of normal tissues was then analyzed

using oneway analysis of variance performed.

Cell Culture and Treatments
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The human hepatocellular catoma cell line Huh7 cells was a kind gift from Dr. M. Santo
and cultured as previously publishé®agu and Santos 2011human breast cancer MEF
cells and cervical cancer HelLa cells were purchased from Améerigaa Culture Collection
(ATCC, Manassas, VA). The latter two cell lines were culturddutbecco's modified &gle's
medium (Wisent supplemented with 10% fetal bovine seruwigent) and 1%Penicillin-
streptomycin antibiotic. Primary human osteoblasts vigskated and cultured as described
(Fendri, Patten et al. 2013jor estrogen assays, cells were cultureghenol redfree DMEM
(Wisen) supplemented with 10% charcestipped FBS (CFBS) for 3 daysThe rext day,
the cells were treated with ethanol (vehicle) I’ M E2for 24 h. E2and 4hydroxy
tamoxifen (40HT) were purchased from SigmaAldrich, ICI-182, 780 was from Tocris
Bioscience (Ellisville, M@ E2 along with its inhibitors ICF182, 780 and 40HT wee
reconstituted in 100% ethanol as stock solutions of 2&M@nd stored at20°C as indicated

by manufacturer.

Patients

For AIS patients, at surgery, bone specimens were collected from the vertebrae (varying from
T3 to L4 according to the surgicatqeedure performed). For control patients, all the tissues
were collected with consent following approval by the Institutional Ethics Committee Board

of CHU Sainte-Justine Hospital Montreal, Canada

RNA Extraction and qPCR Analysis

Total RNA was isolatedusing TRizol as recommended by the manufacturer (Invitrogen
Canada) . RNA (2¢gg) was used as @&DNAasmpl ate t
Superscript reverse transcriptase (BRiad). Total RNA was derived from cells and the cDNA

was synthesized uginScript reverse transcriptase (Biorad). Quantification of gene expression

was performed by 7900HT Fast Ramme PCR System (Applied Biosystems Stratagene)

with i QE SYBRE Green Supermix (BiormGARDH. The
andADGRG7arelisted in Table S4. The generated PCR products were confirmed by agarose

gel electrophoresis and sequencing (McGill University and Génome Québec Innovation
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Centre, Monteal QC). Gene expression levels were normalize@GA®DPH expression and
expressed a®id change compared to vehitleated cells derived from at least three separate

experiments. All treatments were normalized to the control value, which was 1.
In-silico Analysisof ADGRG7Promoter
Multiple bio-informatics tools (Evolutionary ConservedRegions (ECR)-Browser,

http://ecrbrowser.dcode.ordetermined putative regulatory elements (RE) in ARGRG7
promoter for ERU and SP1.

ADGRG7Promoter Constructs and Mutagenesis

A 2204bp fragment corresponding to the proximal promeg250 to +55) o/ ADGRG7was

generated by PCR (primers listed in Table S1) from genomic DNA isolated from Huh7 cells.

The fragnent was then cloned into a pGL3 basic luciferase reporter plasmid vector (Promega,
Madison, WI) to generate1285/+55) promoter construct. series of deletion construdts
474/+55;-309/+55 and283/+55 and44/+55) were generated by PCR amplificati@mg the
ADGRG7plasmid-1285/+55 as a template and primarslisted in (Table S1).

Mutated SP1 construct was obtained by-ditected mutagenesis using the QuikChange Il XL

mutation procedure (Stratagene, La Jolla, CA) with respective primer paibde (B2)
according t o manufactureds Il nstructions. Th
sequencing (McGill University anddg@ome Qebec Innovation Cest). Expression vectors

coding for GFf | agged human estroglelBRU)ec&@EGHFER ERU (
hERD) were obtained from Addgene (#28230 and #28237).

Protein Lysate Preparation and Western Blotting
Whole cell protein lysates were prepared from cultured cells using RIPA buffer (Pierce
thermoscientific) (25 mM TrisHCI pH 7.6, 150 mM NaCl, 1% -H® 1% sodium

deoxycholate, 0.1% SDS,) supplemented with protease and phosphatase inhibitors (Roche

Diagnostics, Mannheim, Germanypamples were resolved by 10% SBAGE and
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transferred tanitrocellulosemembranes (Millipore, Bedford, MAMembranes were biked

with (20% skim milk) and proed with primary antibody (1:230against ADGRG7
(Thermoscientifi, SP1 (abcam), ER Uactn$Sama CGruz Biotactmologya nd b
After being washed with phosphéateffered saline containing 0.05% Tween 20, membranes

were probed with a horseradish peroxidesejugated secondary antibody (1:1000
Thermoscientifi for 1 h. Signals were visualized with a chemiluminescent substrate (ECL

Plus Western blotting detection system, Amersham Biosciences).

Transfection and Luciferase Reporter Assay

Transfections of Huh7 hepatoma cells and MCF7 were performed in 24 wel pising
LipofectamineTM 2000 (Invitrogen, Burlington, ON, Canada) as recommended by the
manufacturer. Briefly, on the day before transfection, approximately ¢ gell8 (Huh7 and

MCF7) were seeded per well in a 24 well plate in phencfneel DMEM suplemented with
10%CSFBS. Cells were ctransfected with 990 ng/ well of the differeRDGRG7promoter

constructs €£2259/+55;-1285/+55-474/+55;-309/+55 and283/+55 and44/+55) along with

10 ng of phRETK vector (Renilla Luciferasé?romega) according manufaatr e 6 s pr ot oc o
The total DNA per well was kept at 750ng/ well in thevi2dll plates by cedransfecting with

the empty expression vector pPCDNA3. When evalgatint h e e f f ADGRGGftheERU o0 n
presence or absence of E2, [ERegative Huh7 cells were d¢mnsfected with different
ADGRG7promoter constructs along with either the expression vector encoding the full length
human ERJ protein (250 ng/ well) or thenepty pCDNA3 vector (Invitrogen, Burlington,

ON, Canada). fier a 24h transfection, the cells were washed and treated for\24h fresh

phenol redfree DMEM supplemented with 1% &3S containinge2, 40OHT or ICI-182,

7800nly dissolved in ethanol, otlenol alone as a vehicle control. The cells were harvested,

and subsequently luciferase activity was determined with a luciferase assay system (Promega)
according to the manufacturer's directions. Luciferase activity was normalized to the activity

of cotransfectedRenillaluciferaseas an internal control for transfection efficientry.order

to evaluate the basal luciferase activity for each construct, controls for eadénéih

promoter construct were doansfected with an empty pCDN3 vector (Invirogen,

122



Burlington, ON, Canada) and then cultured in the vehicle. In all experiments, data reported

represents the average of at least three experiments, done in triplicates.

Chromatin Immunoprecipitation (C hiP)

ChIP was performed as describi@tljekouane, Benhadjeba et al. 201Bjiefly, MCF7-ERU

cells were cultured in phenol rde medium and 19 charcoal stripped FBS then treated
with 107 M E2 or vehicle forl h. After fixation with 2% formaldehyde, cells were lysed and
the precleared chromatin supernatants were immunoprecipitated wittsfieetive antibodies
specificanttERU ( Sant a -$Pa ahcamdpmndnspeaifit IgG at €. Bound DNA

was purified withphenol/chloroformand used as a template for subsequent amplification
using primers (see Table S3) that encompass respectiodispanding elements within the
proximal ADGRG7 promoter region. Fold enrichment values were calculated using the Ct
value of each ChIP sample compared to the Ct value of Input BXIR products were

resolved on a 2% agarose.gel

Fluorescence Microscopy

Osteoblastdrom normal and AIS patienisere seeded obabtek (NUNC, Thermoscientific)

and culturecbvernight On the second day, cells were treated witfh MOE2 for 24 h. On the

third day, cells were fixed in 70% ethanol/0.1% triton on ice for 30. I@rlls were then
washed with PBS and permeabilized with 0.1% Triton in PBS for 15 min. Cells were washed
once with 0.5% BSA in PBS/Triton (PBThlocked with 2% BSA in PBT for 45 mjrand
incubated with thenti-ADGRG7 antibody(Thermoscientific) at (1/20) for 1 h with gentle
shaking atroom temperature (RT)Cells were then incubated with Alexa Flour 555 (Life
technologies USA) fot h. Cells were mounted and stained for nucleus at the same time using
Prolong Gold antifade reagent with DA.ife technologiey Immunostaining waexamined
atmagnification x 40Scale bar 8¢ m.

Statistical analysis
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The Data collected were analyzed by a -omey analysis of variance (ANOVA; SigmaStat
Version 2.0, Jadel Corporation, San Rafael, CA, USA)ltigle range comparisons of paired
means were done using a Fishers LSD test or the New(mals test. Level of significance

was set at p<0.05. Data is reported as mean + SEM. Pearson's correlations were done to
evaluate the consistence of the data anddlaionship across gene expression profifes.
variables with the same letter, the difference is not statistically significant. Likewise, for
variables with a different letter, the difference is statistically signifi(Assaad, Hou et al.

2015) For luciferase and gPCR experiments, data are representative lefsa three

independent experiments in triplicates.
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FIGURES

Figure 1: ADGRG7 and SP1 expression inhuman tissues ADGRG7 (A) and SPL (B)
microarray expressiom normal human tissues weegtracted from GEO database available
from NCBI. The profiles of the target genes in human tissuese collected from different
studiesand the mean transcript levelstermined. The data is pressohds mean + B.

Figure 2: Upregulation of ADGRG7 expression inNOBand Al S osteobl asts
Estradiol (E2). A and B)NOB and AIS cells were treated with different doses of EZ (10
91072 102 and 10" M) E2 for 24 hfollowed by analysis of whaot cell extracby Western
blotting using antADGRG7 antibody. Antib-actin antibody was used as a loading control.
Protein quantification wagerformedusing the Imagd. The results are mean + SD from two
independent experiments (n=2p<0.05 was consided statistically significant.C)
Immundocalizationof ADGRG7 in NOB and AIS cells cultured waht E2 (E2) or with
(+E2) overnightin CS-FBS medium. Cells were cultured orabteck(as described iMaterial

and Method$, fixed, permeabilizedand analyzed dr ADGRG7 positive immunostaining
Note the cytoplasmic staining of ADGRG?7 in cells cultured overnight in defined medium and

the increase in immunostaining after R4reatment with E2. Nucleus is stad with DAPI
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(Blue.D)We st ern bl ot analysis of ERU and SP1 in
i sol ated. Det ect i-aotin were pérforreeld By imn8uRobleitimgl as blescribed

in Materials and Methods. Protein quantification was dasiag Imagel. For variables with the
same letter, the difference is not statistically significant. Likewise, for variables with a different
letter, the difference is statistically significant. For western blot, data are the +SD of two
independent experimés (n=2).p<0.01 for ER and p<0.001 for SP1.

Figure 3: ADGRG7 expression is upregulated by E2 in HWY cells A) E2 modulates
ADGRG7 gene expressiortHHuman hepatocellular carcinoma cellduh7, were transiently
transfected with either an expression plaswector that encodes the full length wild type
estrogen receptor alpha (BRor with the empty expression vector back bone (pCDNA3
plasmid vector). The cells were then treated \E#h(10’ M), andthe control cells transfected
with the empty pCDNA3 veot were treatedvith the vehicle (ethanol). The Huh7 cells were
treated withE2 for 3 h, 12h and24 h. ADGRG7expression was measured by gPCTRe gene
expression levels oADGRG7in Huh7 cells following treatment witk2 were determined
relative to thabf a house keeping genBAPDH and the fold change was calculated relative
to the controls for each time point. The controls at each time point wereddlibifansfected

with pCDNAS3 and treated with vehicle (ethanol) foh312 h and 24 hB) Westernblot
analysis ofADGRG7. Immunoblotanalysis for ADGRG7 was performed following 24 h post
treatment withfE2 (107 M) or ethanol The expression of ADGRG7 was determined relative to
the house keeping gemeactin thatwas used as a loading control. Tinean elative protein
expression levels were quantified by densitometry analysis of immunaisiots Image jC)
ERU but not ABGRG7umegdatientineHuy cells. The ADGRG7promoter
activity (-1285/+112; 500 ng/well) in Huli cells was determined lfowing co-transfection

with an expression vector that encodes for the full length wild type estrogen receptor protein
(ERa or ERb) and treatment witE2 (107 M) for 24 h.D) Co-transfection with ER, and then
treatment withE2 (107 M) for 24 h or 48h. Controls in each case were transfected with the
empty pCDNAS3 vector (Invitrogen) and then treated with the vehatheuol). For variables

with the same letter, the difference is not statistically significant. Likewise, for variables with
a different leter, the difference is statistically significant. For western blot, data are the + SD

of two independent experiments (n=2). For luciferase and qPCR experiments, data are
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representative of at least three independent experiments in triplicates and represdoked
activation over control (mea&nSD).

Figure 4: Regulation of the proximal promoter activity of ADGRG7b y EM® Bchema
representing th@DGRG7full length promoter with SP1 and ERR as well azlements and
position with respect to transcription start {1&S. B) Huh7 cels were transfected with

ERU i n t heeof lysiferasgreporterconstructcontaining thefull- length promoter -
2259/+55) ofADGRG7and its serial deletionsonstructs {1285/+55,-474/+55;-309/+55 and
-283/+55 and-44/+55) Cells were then treated or not with”1Bl E2 for 24 h. The arrow
pointing to the right represesitthe transcription start sit€TSS) Luciferase values were
normalized to Renilla luciferase activity and expressed as relative fold response compared to
vehicletreated mock transfected cells set atOheway ANOVA with Tukey B post hoc
analysis was applied to determine significance among different treatment groups in this
experiment. *P < 0.05 compared with vehicle treated corttean values(SEM) of at leas

three separate transfections in triplicates are shown (n=3).

Figure 5: Localization of a functional region within ADGRG7 promoter important for
activation of ADGRG7transcription. A) ADGRG7wild-type (586bp), truncated®7bp and

44bp) promoter activity was determined in MZFells treated with TOM E2 or vehicle for

24 h. Cells were analyzed for luciferase activBy. ADGRG7wild- type and mtant SP1
promotes were analyzed for luciferase activity as inMean valus (x SEM of at least three
separate transfections in triplicates are shown (n=3).

Figure 6: Specifcity Protein 1 (SP1) and ERJbinds to the ADGRG7proximal promoter

in MCF-7 cells in the pesence oE2. A) gPCR expression AADGRG7in MCF7 cells in
response tde2 at 3 different time points (8, 12 h and 24h). B) Immunoblot analysis for
ADGRG?7 in control and cells treatdeR for 24 h. In the representative immunoblots, the
protein was deteable at the expected size of 85 kDa for ADGRG?7. Ardictin antibody was
used as a loading control. Protein quantification was performed using-ImBgé are the
+SD of two independent experiments (n=2). Schematic representation gb7bp fragment
of the ADGRG7showing approximate locations of ERE half-sites and SP1 binding sites.
D) SP1and ERJbinding to theADGRG7promoter.ChIP-qPCR validation of SP1XERE1/2
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binding sites identified from ChiBeq analysis in vicinity of th&@DGRGT7 The proximal
region of the ADGR423 is mdicateddy aerows directed & the left and
right of the sequenc® CF-7 cells were treated with DM E2 for 1h. Results represent fold
enrichment values obtained by comparing CT values of ChIP sanwplée tCT values of

input. For gPCR experiments, data are representative of experiments in triplicates and
represented as fold activation over control (me&EM).

Figure 7: Effects of E2, ICI-182, 780 and 4OHT on the induction of SP% and ERU-

driven reporter activities of ADGRG7 in MCF7 cells. A) Dose response ocADGRG7
promoter to4-OHT. Cells were transiently transfected with 479bp luciferaperter plasmid.

After 24 hof transfection, cells were trsal with vehicle only 10 " M estradiol (), and
different doses 10 10° and10'*M 4-OHT, or 10’ M E, + 4-OHT (E2 + 4-OHT). After 24

h, cells were harvested and assayed for luciferase activity. Luciferase values were corrected
for transfection efficiency by measuring the Renilla luciferase agtivihree individual
experiments were performed. Data are presented as mean (columns) and standard mean error
(bars). B Dose response of 1€l82, 780 on ADGRG7 promoter regulationTransfection
experiments were performed same asAfter 24 hof transfectbn, cells were treated with
vehicle, 10’ M estradiol (R), 10° and10** M ICI-182,780, or 10’ M E2 + ICI-182, 780

(E2+ ICI). C) Effects of 10 M E2 and 10 M ICI-182, 780 on SPinut reporter construct.
Transfections wergerformed as in A and Bn=3 in triplicates). Ongavay ANOVA with

Tukey B post hoc analysis was applied to determine significance among different treatment
groups in this experiment. *P < 0.05 compared with vehicle treated control (n=3 in triplicates).
D) Effect of E2 or ICI-182 780 on ADGRG7 protein in MCF cells. Cell lysates were
prepared at the indicatéoeatment times with either 10M E2 or 107 M ICI-182, 780. The
ADGRG?7 protein was detected using a primapplyclonal rabbit antibody and the
immunocomiex was visualized using the enhanced chemiluminescence (ECL) detection
system (Amershamk) Western blot analysis @2, ICI-182,780 and 40HT effectson the
expression of ADGRGprotein Protein expression was analysedells untreatedr treated

for 24 h with 10’ M E2 or 10’ M ICI-182,7800r 10’ M 4-OHT. Expres s i o ractim\as b
used as controProtein quantification was performed using Imdgd-or variables with the

same letter, the difference is not statistically significant. Likewise, for variables with a
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different letter, the difference is statisticaflignificant. For western blot, data are the +SD of
three independent experiments (n38J0.05 considered statistically significant.

Figure 8: Schematic representation of the effects of E2 in normal and AIS cell3he
transcriptional regulation cADGRG7is driven by both thgenomic signalling (direct and
indirec) of estrogen in conjunction with SP1

Through promoter studies, we found tlesttrogen astmostly throughERU to induce the
expression oADGRGY7in cells through the distal promoter ERE hksite along with the SP1
binding site or response element (SRH).

In AIS cells, there is decreased expression of SPie induction of the transcription of
ADGRG7by E2 is non significantin AIS cells from scoliotic patientcompared to theells

from normal controlindividuals.
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Fig. 2
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Fig. 3
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 7
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Fig. 7
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Fig. 8
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List of Tables

Length (Bp)

Primer Position

Sequence

1397

-1318£1291

F: -56
GTATGTGTTTTGGGCACATTTAAGGTA3 6

(1/2)

+82/ +112

R:56
TAGATCGCAGATCTCGAGGCTAATCCAG
TAGGATGCAGTTTGAATC-3 6

421

-309/-285

F:56
GAAATGCTAGCGCTAAAAACCATGTGTG
GTGATT-3 0

(3/2)

+82/ +112

R:56
TAGATCGCAGATCTCGAGGCTAATCCAG
TAGGATGCAGTTTGAATC-3 6

283
(4P)

-171/-147

F:56
ATACAGCTAGCCGAGCCATAGGTGACTA
CTGGG3 6

+82/ +112

R:56
TAGATCGCAGATCTCGAGGCTAATCCAG
TAGGATGCAGTTTGAATC-3 6

156
(5/2)

-44/-22

F:56
CTTGTGGCTAGCCCCTCCCCTTCTTCTTTA
TTGC3 6

+82/ +112

R:56
TAGATCGCAGATCTCGAGGCTAATCCAG
TAGGATGCAGTTTGAATC-3 6
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S1: List of primers used to clone the AGRG7 promoter full length and deletion
constructs. The primer direction was represented asward (F)andreverse R). The first
column from left indicting the amplicon lenggjfenerated with the primer pairs in the raw and
the second column indicating the beginnamglend of the primer sequence with respect to the

transcriptional start site.

- Position
Application : Sequence
relative to TSS

Forward: 560

-463/-421 CTCCAACATATGAATGTTCCATGGGACAC

AATTCAGCCCATAG-3 6

SP1 Mutant Revergs -50

CTATGGGCTGAATTGTGTCCATGGAACAT
TCATATGTTGGAG-3 6

-463/ -421

S2: The forward and reverse primers that were used to mutate the SP1 response element
in the ADGRG7promoter construct (-474/+112) The second column from the left indicates

the beginning and end of the primer sequemitie respect to the transcriptional start site.
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Position

- relative to Sequence
Application
TSS
Forward: 5 GACCACCCTAACAAACTCG3
SP1 Reverse: 5'°GATAACCCACCTGCTATGG3'
CHIP

Forward: 5 CCAACTTGGATTCTCCAGCTCG3'
ESRU

Reverse:5*-
CAACAGGTCACCTCAAAACTTAGGG3!

S3: List of primers used for Chromatin Immunoprecipitation (ChIP) of the SP1 and
ESRU response 6DGRGE pramoten. nThe tthivde column indicates the

beginning and end of the primer sequence with respect to the iptinsal start site.

Application Description Sequence

Forward: 5’ AGGAGTAAGACCCCTGGACC3
GAPDH

Reverse: 5’GGAGATTCAGTGTGGTGGGGS!

QPCR
Forward: 5" TGAAAGCAGAGTATGCACCTT3'
ADGRG7

Reverse: 5TCCTCCCCTCAGTGATCTGT3'

S4: Primers used for g°PCR
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Abstract

Adolescent idiopathic scoliosis (AlS) is a complex thid@aensionakpinaldeformity. During

puberty, theincidence of AIS infemales is 8.4 times higher than in real POC5 is a


mailto:florina.moldovan@umontreal.ca

centriolar protein that was recently identifiasla causative gene in AlS. The aim of this study

was todetermineghe mechanism of transcriptioneg¢gulationof POC5by E2.Using promoter

activity, geneand proteinexpressionassays we found that the expression oPOC5 was
upregulated byreatment of osteoblasts wite2 through direct genomic signalinghrough
promoter studies, we found that the deletion of the estrogen response element (ERE) from the
552 bp fragment of POCS5 promoterresuled in the loss of the response to E2 stimulation.
Finally, E2 treatments lead to multicentriole formatidhat colocalized with centrin.
Collectively, these findings suggest thaR is an etiological factor in scoliosis initiation
through deregulation of ®C5.

Keywords: Puberty; POCS5; If-estradiol, estrogen, E2; osteoblasts, NOB, human OB
(c. C1286T; p. A429V) AIS; estrogen resistance; Estrogen receptor.

Introduction:

Scoliosis is a complex thratmensional deformity of the spinen anresolved disorder with
1.5 to 3% prevalence in tlyeeneral populatiofAltaf, Gibson et al. 2013)'he most common
form of scdiosis is idiopathic scoliosi§lS), which can belassified according to the age of
onset, asnfantile, juvenile and adolescefhltaf, Gibson et al. (2013)Adolescenidiopathic
scoliosis (AIS) principally affectschildren over the agefdlO years during the course of
skeletal maturatio(Cheng, Castelein et al. (2013)IS is more prevalent in girlas compared

to boys and tends to lassociated wittmore severeclinical deformities(Altaf, Gibson et al.
2013) At present, there isn't any consensus on the aetiology of AlS, although most daperts
agree that it is due to a combinati@i multiple factors that have beergrouped as

biomechanical, genetic amdetabolicfactors (eboeuf, Letellier et al. (2009)
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In young females with scoliosithere is a decrease in bone density that coincides with the
period when estrogesignaling s activated l(eboeuf, Letellier et al. (2009Estrogenis the
key endocrineontributorto growth, attainment of puberty, and maturation in femé@seng,
Qin et al. 2000, Cheng, Tang et al. 2001, Lam, Hung et al. 2011, Sun, Wu et al. 2013)
Interestingly, patients with AIS were reported to harbor Estrogen Redsptorms (ESR)
polymorphisms. It was suggested that the abereatrbgen signaling in AIS patients was
associated with the presencetloéseestrogen receptdESR) polymorphismgEastell (2005)
(Zharg, Lu et al. 2009), Takahashi, Matsumoto et al. (20The coincidence of these
endocrine signaling changes with bone abnormalities led to suggeltbrAlS was an
endocrire diseaseawith estrogen deregulatioms the main etiolog{Yang, Li et al. 2014)At
present,it is not clear how estroges involved in the pathogenesis AfS; however it is
possiblethat estrogemay interact withotherpathophysiological factorsuch asmelatonin,
growth, biomechanicalstress and metabolistress that are believed to influence the
development of scoliositeboeuf, Letellieret al. 2009)

During puberty in girls, there is @se in estrogen levetbat is associated with tlieduction in
bone turnover markergEastell 2005) The latter subsequently causirthe cbsure of the
epiphyseal growth platdsy decreasingeriosteal apposition and endosteal resorption within
cortical bone, and bone remodeling within cortical and cancellous (@mnas, \asiliadis et

al. 2006) These effects of estrogen tme bone are induced through promoting apoptosis of
chondrocytes in the growth plate and osteoclasts witiméncortical and cancellous bone
Based orthe known effects of estrogen bone formation, grwth, maturation and turnover, it
is believedto be an essential factoin the development angrogression of scoliosi&rivas,

Vasiliadis et al. 2006)
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In a previous study of a mufilex family, three mutationsc. G1336A, ¢.G1363C,andc.
C1286T weradentifiedin the centriolar protein POCH patients with I1SIn that study, it was
concluded thaPOCS5is acaustive geneof AIS (Patten, Margritte-Jeannin et al. 2015The
relationship between POC5 and AIS was later confirined recentcasecontrol studyon
Chinese patientsXu, Sheng et al. 2017POC5is acentrin binding protein that i®quired for
assembling the centriole and cellular proliferation. lioalized at the mother and daughter
centrioles throughout the cell cyclPOCS5 isa conserved protein coded for by tA@C5gene
located on chromosont#13.3in humas (Azimzadeh, Hergert et al. 2009, Dantas, Daly et al.
2013)

In this work, we aim to studihe regulation of POC5 by2. We first checked POCS5 synthesis
at the gene and protein levels, cellular localization and multi centdateation followed by
in-silico analysis orPutativeestrogerregulatory elementéERE) in thePOCS5 promoter for
the estrogen receptor alptERU )In this report, we show that in AIS human osteoblasts (c.
C1286T, p. A429V) there is lower response to treatment with E2 as compared to the normal
osteoblastsWe postulatedhat the aberrant E2ignaling in osteoblasts could be a driving
facta for thedevelopment angrogression othe spinal deformity Our work helps understand
the importance of E2 contribution to the AIS disease.

Materials and Methods

Cell Culture:

Huh7 cells were cultured as previously publistiBdgu and Santos 201IYICF7, a breast
cancer cell linewas purchased from American Type Culture Collection (ATCC, Manassas,
VA) and cultured as recommended by the vendor (ATG@)man OB (c. @286T; p.

A429V) AIS and NOB cells were extractdrom tissues andiere collected with the consent
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of patientsafter theapprovalby the InstitutionalEthics Committee Board of CHU Sagnt
Justine, Montreal, Canada. The primary osteoblasts were isolated as previously published
(Letellier, Azeddine et al. 2008)

When eval uat i n egstradioled-hyelrbxiEamadxifera4-OHT) arfd Fulvestrant
(ICI-182, 780)n the expression of POC5 in Huh7, MCF7 and osteoblasts, the cells used were
cultured in their respective media devoid of the phenol red, containingFBB4that was
previously stripped with charcoal.

RNA isolation, reverse transcription, PCR, and realtime PCR:
Total RNA from Huh7 (Hepatocytes), MCF7 (breast cancer cells), osteoblasts was isolated

using TRizol as recommended by the manufacturer (lviesan Canada) . The RNA
used as a template to synthesize the-$igind cDNA using iscript reverse transcriptase from
Bio-Rad (Mississauga, ON Canad&)uantification of gene expression was performed by
7900HT Fast Reall i me PCR Syst e nBR&iGreen Sup@rix. The
oligonucleotides used are listed table 3.Fold change was calculated using tredtal CT
method.

Cell Treatments

T h e -ebtiadiol (E2), andl-hydroxy-Tamoxifen (4-OHT) were purchased from Sigma
Aldrich, Oakville, ON, CanadaFulvestrant [CI-182, 780)was purchased from TOCRIS
(USA) and were separately reconstituted with 100% ethanol into solutions of 2M $tdck
concentration then stored-20°C until use.

Plasmids Constructs

Two promoter fragments3653/1561 and-1481/+#48 base pairs from the transcriptional start

sites,u p st r e a mflanking end & theB@C5 un-translated regionwere generatedy
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PCRusing primers listed in table dhd genomidNA that wasisolated fromthe Huh7 cell

lines. The fragmerd werethen cloned intoseparatgpGL3 basic luciferase reporter plasmid
vectos (Promega, Madison, WI), after restriction digestion with WH&gl II and Nhe I/ Xho

I, respectively Deletion constructs of the529 bp fragmens -555+48 and -248+48 were
generated usg theprimerslisted in Table 1 using theOC5plasmid-1481/+48 as a template.

All plasmids were verified by digestion with restriction enzymes and sequendioGil(
University and Génome Québec Innovation CentrExpression vectors that were used to
code for the full length wild type human Efpha (pEGFFh E R W3gs acquiredfrom Add

gene (#28230).

In-silico analysis

Putative regulatory elements (RE) in tROC5 promoter for the estrogen receptor alpha
(ESR) were determined by the multiple biaformatics tools [http://biogrid
lasagna.engr.uconn.edu/lasagna_sepré¢h/ the -3653£1561 fragment of POC5 promoter
covering 3 Estrogen response elements (ERES) site3638 £3541), 2 {3407,3400) 3 ¢
1845/-1838) and thel481/+48fragment has 3 EREs &it 1¢1012/1005), 2 {845/837), 3 ¢
755L747).

Protein Lysate Preparation and Western Blotting

Whole cell protein lysates were prepared from cell lines using RIPA buffer from Pierce
thermoscienitfic (ca 89900) (25 -40M% Sadiuns AHCI
deoxycholate, 0.1% SDS, pierce) supplemented with protease and phosphatase inhibitors
(Roche Diagnostics, Mannheim, Germany). To perform western blot, equal amounts of protein
were resolved using SDS/polyacrylamide gel electrophoresis. Aft@swaroteins were

transferred onto a nitrocellulose membrane and blocked in phosphate buffered saline

153

F



containing 0,05 %l'ween20 and 20% skim milk powder. Membranes were incubated with

primary antibody(POC5, abcam, # ab1888330) arfdtaftin, Santa Cruz, # €£/778)

overnight at 4C and then washed with phosphéitgfered saline TweeB0. Afterwards,

membranes were incubated with secondary antibody conjugated with horseradish peroxidase
(Anti rabbit, thermofisher # 31462) for 1 hour @t room temperatur@RT). After incubation,
proteins were visualized ®nhanced chemloiminescence.

Transient Transfection Assays

Transfections of Huh7 hepatoma cells were performed in 24 well plates using the
Lipofectaminé 2000 (Invitrogen, Burlingto, ON, Canada) as wascemmended by the
manufacturerWhen cell attained 80% confluendbey were ceransfected with 990 ng/ well

of the differentpoc5 promoter constructé1481,-552,-248) along with 10 ng of phRIOTK
(Renilla Luciferase)The total DNA per well was kept at 750g/ well in the 24 well plates by
co-transfecting with the empty expression vector pPCDNWB8Ben evaluating the effect of ER

U ®&@ROCS5in the presence or absence obdstradio] ERU negativeHuh7 cellswere co
transfected with differenpoc5 promoter constructs along with either the expression vector
encoding the full length humanRE) - protein (250 ng/ well) or the empty pCDNAvector
(Invitrogen, Burlington, ON, Canaddjive hours following transfeion, the media in which

cells were cultured was replacetth serum free media. After 12 &ells were then cultured in
fresh serum free media with or withoome ofthe following treatments, E24-OHT or ICI-

182, 7800ver 24 h.In order to evaluate theabal luciferase activities for each construct,
controls for each fullength promoter construct were-t@ansfected with an empty pCDN2

vector (nvitrogen, Burlington, ON, Canadadnd then cultured in the vehiclén all
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experiments, data reported remeis the average of at least three experiments, done in
triplicate, using at least three different DNA preparations.

Immunofluorescence

NOB andHuman OB(c. C1286T; p. A429V) AIS osteoblasts wereultured in vitroto attach

to the Labtek (NUNC, Thermoscidic) overnight. On the second day, cells were fixed in
70% ethanol/ 0.1% triton on ice for 30min. Cells were then washed with PBS and
permeabilized with 0.1% Triton IRBS for 15 minutes (min)Cells were washed once with
0.5% BSA in PBS/ Triton (PBT)and then blocked ith 2% BSA in PBT for 45 minCells

were washed adt that and incubated with the aRWDCS (Abcam # ab188833pand anti

centrin antibodies (LifeSpan Biosciences, # LS C482484)1/200) ON at 4C with gentle

shaking. Cells were thancubated with Alexa Flour 555 (leftechnologies USA, # A21422)
and Alexa Flour 488L{fe technologies USA, # A11008) for oneQells were mounted and
stained for nucleus at the same time using Prolong Gold antifade reagent with DAPI (Life
technologies)immunostaining was observed at Magnification X40.

Chromatin Immunoprecipitation (C hiP)

ChIP was performed as describ@tljekouane, Benhadjeba et al. 201Bdiefly, MCF7-ERU
cells were cultured in phenol e medium and 1@ charcoal stripped FBS then treated
with 107 M E2 or vehicle forl h. After fixation with 2% formaldehyde, cells were lysed and
the precleared chromatin supernatants were immunoprecipitated wittsfieetive antibodies
specificantrERU (SantaCruz, # Se542) or nonspecific 1gG at%4C. Bound DNA was purified
with phenol/chloroformand used as a template for subsequent amplificatsomg primers
(Table 3 that encompass respective specific bindifgments within the proximaPOC5

promoter region. Fold enrichment values were calculated using the Ct value of each ChIP
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sample compared to the Ct value of Input DIRER products were resolved on a 2% agarose
gel

Statistical analysis

Statistical signifience of the resul ts westsfor ekpetirmentniHorn e d
luciferase andjPCR experiments, it was performed in triplicates three tine8). P<0.05

was accepted as statistically significaRearson's correlations were done to evaluate th
consistence of the data and the relationship across gene expression piafiesiables with

the same letter, the difference is not statistically significant. Likewise, for variables with a
different letter, the difference is statistically signifitéfssaad, Hou et al. 2015)

Results

Centriolar protein POCS5 is upregulated by E2

First, we checked the expression levels of PO@éne and proteinh normal andn human

OB (c. C1268T; p. A429VAIS osteoblastsAt the gene level, POC5 was highly expressed in
normal osteoblastdNOB) and this expression was significantly downregulated in human OB
(c. C1286T; p. A429V) AIS cells (p<0.01) (Fig. 1A). Fold change with respect to NOB cells
was calculated using the delta cT methodp€ T Also, & the protein level, quantification of

the difference in expression between both cells tighly significant (p<0.001)(Fig. 2B).

The expression of POC5 in NOB cells is much higher than (c. C1286T; p. A429V) AIS cells.
To determine if there is any effect of E2 treatment on subcellular localizafiPOC5 and if
there is differential effects o0NOB andhuman OB (c. C1286T; p. A429\AIS osteoblasts,

we performed immunofluorescence on NOB andhan OB (c. C1286T; p. A429\AIS cells

after treatment with E2. There wag-regulation ofcentriolr piotein POC5as detected by
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POCS staining and multicentriole formation in both cetiafirmed by centrin2 staining (Fig.
10).

Estrogen treatment upregulates POC5 expression in a dose dependent manneiNOB

but not AIS cells:

We examined the regulation ofRNA expression levels dPOC5in response to E2 at 3
different time points in NOB antuman OB (c. C1286T; p. A429\AIS cells. NOB and
human OB (c. C1286T; p. A429\AIS cells had maximal response to E2 after 3h time
treatment, and the response decreasel? and 24 h in both cells, which suggests an early
response to E2 (Fig. 2A left and 2B left paneRNC5gene expression analysis shows that
there is very strong induction ®0C5by E2in NOB after 3htreatment (1200 fold) (Fig. 2A

left pane). Howeve, there is lower induction in AIS cells at the same time point (250 fold)
(Fig. 2B left pane). POC5 protein levels in response to different doses of E2 were tested in
NOB and in human OB (c. C1286T; p. A429V) AIS cells. E2 upregulates POC5 expression in
NOB starting at 1 M E2 and reaches a significant maximal response-a481d (Fig. 2A

right panel). In human OB (c. C1286T; p. A429V) AIS cells, the difference between control
and E2 treated samples was statistically non significant (Fig. 2B righf) panel

E2 upregulates POC5 gene and protein expressions in MCF7 and Hihcells:

At the gene leveld?OC5expression was induced by E2 treatments (12 folds versus control)
after 3h in MCF7 cells (Fig. 3A left panel). The expression levelsPGIC5 were
downregilated afterwards at 12 and 24h. In Hukells,POC5expression levels were slightly
induced at 3h, and it increases to 1.5 fold at 12h (Fig. 3B left panel), to be down regulated at
24h.We also tested thgroteinexpression oPOC5in MCF7 (Fig.3A right) and huhk7 cells

(Fig. 3B right). POGC5 protein levels wersignificantlyupregulatedn both tested cell lines.
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Promoter region in the 552 bp fragment ofPOCS5 promoter is significant for activation

by E2 through ER U

In silico analysis of th&®OC5promoter shows that th&€481promoter fragment has 3 EREs,
-455 -432, -410/ -389, -291 -272 (Fig. 4A) In order to determine the estrogen response
element in thePOC5 promoter that is responsible for the regulationP@C5 by E2, we
generated deletion construaté the downstream fragment of tHOCS5 promoter {1561
3653) and tested in luciferase assdyie POC5 promoter was activated to 1.8 fold with the
full length-1561 to-3653 and to 2.3 folds with th&481 to +48 fagment The response was
also upregulated(2.5 fold) with the -552/+48 fragment.This response was lost using the
248/+48 fragment of the promoter that is missing the ERBEY -432 and-410£398. This
suggests that EREin the -552/+48 fragment is impdant for the induction of estrogen
response oPOC5(Fig. 4B).

Physical Interaction of ERa with POC5 promoter

We next deter mi ned protdins with théP@C5gene promates iMERF7 E R U
cells treated with 10 M E2 for 1 h using a chromatin imunoprecipitation (ChIP) assay
which cells were treated with formaldehyde to form Dp@dtein crosdinks. After
sonication, and immunoprecipitation ByR U a n, tgfPCOR avadsyused to determine binding
to EREs-455/£432 and-410~+389 designated as A amdl The recruitmenp f fpiRteins
with the proximal region of th€OC5p r o0 mo t 78 to -423)i was investigated and the
resul ts i n dimmuuadprecpitatethisiregio dPOC5promoter as determined by
gPCR(Fig. 5 B). The highest recruitment of BR110 fold) was obtained with the ERES5F

432 (designated by A) and at lower levels (2 fold and 4 fold) with4h@+389 alone or both
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sites respectively. The qPCR products were migrated on gairiiirm the correct product
size.

ERa antagonists attenuate E2 induced regulation of POC5

To determine if the regulation of POC5 by E2Zhsoughdirect genomic signallinghrough

the Estrogen receptor RE), we treated MCH cells with the ER antagonidtsilvestrant ICI-

182 780) and 4hydroxy tamoxifen(OHT) for 24 h. At the protein level, there was no
significant difference between E2 and antagonist treated(E&ljs6A). At the mRNA levels
POC5wasdownregulated after exposure to 1082, 780(Fig. 6B).

E2 upregulates bone markers and ERs in NOB but notin human OB (c. C1286T;p.
A429V) AIS cells

Given the role that E2 plays in the growth and maturation of bone, we next sought to see if
there are dferential effects of E2 on bone markers in NOB dmugnan OB (c. C1286T; p.
A429V) AIS cells. ALP and RUNX2 were significantly upregulated in NOB (p<0.05) and no
significant change was observed for osteopontin and osteocaltinmian OB (c. C1286T; p.
A429V) AIS cells, there was no significant change in response to E2 (Fig. 7A). We also
checked the regulation of BRand ER by E2. The ER was highly upregulated in NOB and
human OB (c. C1286T; p. A429\IS cells (p<0.05). ER was downregulated by E2 in NBO
cells (p<0.01) and no changehioman OB (c. C1286T; p. A429\AIS cells (Fig. 7B).
Discussion:

The principal findingof our study is thathe centriolar protein POC5 was up regulated by E2
and estrogen induced up regulation of POC5 was dependent opréisence of estrogen
receptor,which suggests thahe regulation ofPOC5is through direct genomic signaling

where the estrogen receptor directly binds to the estrogen response element thahav&s fo
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be located within the552/+48fragment ofPOC5 promoter. In this work, we have used
different cell lines MCF7, HWT and osteoblasts to study regulation of POC5 by E2. In
different cells, we might have variable mode of regulation by E2 at the gene and protein
levels, that's why we expanded our study Bing more than one cell type to confirm the
upregulation of POC5 by E2. In all tested cells, the POC5 was upregulated after 3hr of E2
treatments and this was dependent on the presenceaof A8sb, we used HuUf cells that

have low expression levels of BRvhich requires cotransfection of BRand cells that are
highly expressing E® like MCF7 cells and osteoblasts. This allowed us to determine the
expression patterns modulated by E2 in these cells and perform comparisons.

At the gene level, E2 highly indad POC5expression in NOB cells at significantlygher
levelsthanhuman OB(c. C1286T; pA429V) AIS cells.At the protein levelthere was a dose
response to E2 in NOB cells and no significant change in human OB (c. C1286T,; p. A429V)
AIS cells. Also bae formation markers was induced by E2 in NOB cells while human OB (c.
C1286T; p. A429V)AIS cells were non responsivénterestingly, ethanol induced POC5
expression in human OB (c. C1286T; p. A429V) AIS cells and E2 attenuated the effects of
ethanol. Ethnol was found to control the cell fate of osteoblasts by altering ER signaling and
ER-p21 interaction and hence induced bone loss. In this study, ethanol upregulated ERs
expression in bone in vivo and in osteoblasts in vitro and this effect was reveE&damponist
(Chen, Lazarenko et al. 2009)

The estrogen insensitivity (or estrogen resistance) in AIS cells appears to be an interesting and
clinically relevantobservation since delayed puberty and lower levetd estradiol were
previously reported in girls with AIS. In progressive scoliosis, the clinical features include the

absence of pubertal growth spurt. This is also associated with significant osteopenia (or
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reduced mineral density), and clearly delayedeboraturation that have been identified as a
risk factor for curve progression. POC5 genetically contribute to the scoliosis predisposition
and is an etiological factor in scoliosis initiation, while the suggested resistance mechanism to
E2 treatment wouldather be a factor that contribute to the curve aggravauost probably,

the mutation inPOC5would be affecting the response to H?. our knowledge, our work is

the first to report the effect of E2 ®#OC5synthesis and regulatiomhere is little wok on the

role of POCS5. In humans, POCS5 localizes to the distal portion of centrioles and its recruitment
to procentrioles is essential for the full centriolar maturation and normatyadd processing.

This centrosomal protein interacts with centrin anekrsin(Azimzadeh, Hergert et al. 2009)

both involved in cell division, polarity, and motilitfMore recently, POC5 variants were
reported in Chinese scoliotic population; although this recentaageol studyreported a
common variant (rs6892146) #fOC5to be associated with the susceptibility of APgu,

Sheng et al. 2017}his study also shows significantly higher mRNA expressioR@EC5in

the muscles gbatients with scoliosis, compared to the controls.

There are several studies on the role of genetic factors in AIS, where mutations in several
genes have been associated with the development, and progression(ghélFang et al.

2015) however, little data is available on the role of estrogens in @I8.study come out

with alteredregulation of POC5 in normal and AIS cells and introdue®C5as a gene
regulated by EZbeyond this disorder)interestingly, @IP experiments revealed that the A

site had the highest enrichment levels (120 fold). The presence of the B site reduces the
recrutment of ER ( 4 f ol d) . The B site has 3 CpG si't
methylaed andas a consequence thimspedes the binding of ER This need to be addressed

in future studies.
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Another interesting finding was observed in this study; faend that treatment with E2
induces the amplification d??OC5 expression and probably multi centriole formation. Several
meclanisms has been described that lead to centrosome amplification including cytokinesis
failure, mitotic slippage, ceéltell fusion, over duplication of centrioles and de novo centriole
assembly Centrosome amplification may result from centriole over dapba, for example
through the overexpression of centriolar proteins which is most probably the mechanism that
explains why the overexpression of POUO%his goes along with the work on Plkdhich
associates with centrioles, either in basal bodies or cemres. Oveexpression of Plk4
during development led to increased numbers of centrosomes in the basal epidermis. These
findings complement our results on POQ%he centriole numbers are under tight -@sitle

control in most proliferating cells, howeveceptions exist. For example, the cells that line
the epithelia of the respiratory and reproductive tracts form hundreds of centrioles in order to
provide the basal bodies for the formation of beating (lieelhq Bury et al. 2015)Hence,

the observation of centrosome amplification might confer some unknown advantage to the
cells. Future work should focus on the impact of centriole amplification oncgelé in

normal and AIS cells.
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Figure 1: Effects of E2 on POCS5 subcellular localization imormal control and human

(OB c. C1286T;p. A429V) AIS cells

A) gPCRof the expression dPOC5in NOB and human (OB c. C1286T; p. A429X)S
cells. The level of expression BOC5is higher in NOB cells than in human (OB c. C1286T,
p. A429V) AIS cells. GAPDH was used as endogenous contfald change with respect to
NOB cells was calculated using the delta cT methegp@T ) . For gPCR, error
+ S.D in triplicates (p<0.01 B) Western blot quantification shows that the expression
differenceof endogenougprotein levelsof POC5 in normal anttuman OB (c. C1286T; p.
A429V) AIS cellsin the absence of E2 was significank@p001). b-actin was used as loading
contro.Band intensity was measur ed us-actingvasl mag e
cdculated. The results are mean = SD from two independent experiments @)F2).
Immunofluorescence to study the localization of POCS5 in response to E2 usiRp&diand
anticentrin antibodies. POC5 cellular localization in botimmal anchuman (OB c. C286T;

p. A429V) AIS cellsin the absence and presencel6f M E2. Centrin (greenPOCS5 (ed)

and DAPI (blue)Scale bar 260m.

Figure 2: Dose dependentegulation of POC5 by E2 in normal and human OB (c.
C1286T; p. A429V) AIS osteoblasts

A) gPCR and WB fonormal osteoblastseated with E2. BCR onNOB treated with E2 at
different time points (3h, 12h, 2%lusing specific primers foPOC5 and GAPDH (used as
endogenous controlMaximal response to E2 obtained at 3h (left). WB was performed on
NOB treatedwith different doses of E2 ranging from (1M, 101*M). E2 upregulated POC5
expression in a dose dependent manner. Maximal response is obtaingd it (tght).,B)

gPCR onhuman OB(c. C1286T; pA429V) AIS cells treated with E2 as described above.
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The response to E2 reached maximum levels after 3h of induction (left). WB expression of
POCS at different doses of E2 (10, 10%* M) in human OB(c. C1286T; pA429V) AIS
cells. No significant change was observed after treatment with different dod€3. Binds
corresponding to the correct moleculaeight are indicated for both POC5 (63kDa) d@nd
actin (42kDa). For gPCR, error bars represent + S.D in triplicates. For quantification of band
intensity, Image j was used and ratio of POCH-taxctin was calculated (n=2). The results are
mean x SD from two independent experiments.

Figure 3: Regulation of POCS5 by E2 in MCF7 and Hih-7 cells

A) gPCR on RNA extracted from MCF7 exposed to’ M E2 for different time point$3h,
12h, 24h) using specific primers foPOC5and GAPDH Data is represented as fold change
with respect to vehicle treated. Maxalmesponse was obtained at @bst teatment with E2.
The levels gdbackto basal levels at 12 and 24left). POC5 protein expression in MCF7
exposed and non exposed to E27 M E2 upregulates POC5 expression (rigi).qPCR
was performed in bh-7 cellstreated with 13 M E2 for different time points (3h, 12h, 24h) as
described above. At 3Islight increase in POE expression. At 124, therewas higher
induction that is decreased at 2déft). Protein expression of POCS5 in response t6 MICE2,
there vas increase in the protein levels of POC5 (righy.gPCR, error bars represent + S.D
in triplicates. For quantification of band intensity, Image j was used and ratio of PQE5 to
actin was calculated (n=2). The results are mean + SD from two indepexgeriments.

Figure 4: Regulation of POCS5 by E2 at the promoter level through ER

A) Schematic representation of tbeomoter fragmentith the corresponding EREShe -
1481/+48 fragment has three ERHE®) Luciferase assay was performed using different

deletion promoter fragments that were transfecteduh-Hcells. The estrogen receptor was
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transfected alonghe promoter coding vector anceRllla luciferase vector for normalizing.
There is up regulation ?*OC5promoter by E2 with thel481/+48 and552/+48 .With the-
284/+48 fragment, response to E2 islofthe dat a are expressed as
experiments in triplicates (n=3).

Figure 5: Estrogen receptor binds to the POC®romoter.

A) Schematic presentation showing the two EREsa(&IB) present in the 5% fragment of
POC5promoter.B) Chromatin was isolated from MGF cells non treated or treated withi 1.0

M E2 for one hprior to ChlIP and immunoprecipitations wererfpemed with antibody
specificto ESR1 and a non specific IgG. gP@#actions were carried out with the various
ChIP samples (Ef£2, ER+E2, IgEE2, IgG+E2, InpyE2, Input+E2). Primers that amplify
either the region ith ERE], ERE2 separately (designated by A and B) or both sites (AB)
were used. The fold change in theued for E2 and E2+ were calculated and graphEdor
bars represent + S.D in triplicates.

Figure 6: ERa antagonistsreverse the upregulatory effects of E2 onPOC5 expression

A) MCF7 cells were treated with either ETOH (0.1%);"\ E2, or the estrogereceptor
antagonists 10M ICI-182,780, 10’ M 4-OHT andthen western blot usingOG antibodly.
b-actin was used as loading control. 4{82, 780and 40OHT treatments inhibit the E2
induced upregulation of POCB) ICI182, 780 treatment strongly downregulated the mRNA
levels of POC5 and reversed the upregulatory effect of &2 POCS5 For quantificaton of
band intensity, Image j was used and ratio of POCB-&atin was calculated (n=2). The
results are mean £ SD from two independent experiments. For gPCR, error bars represent +

S.D in triplicatesp<0.05.
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Figure 7: gPCR of gene expression of differ® markers of differentiation and ERsin
osteoblasts. A) RNA was extracted from NOB arttuman OB(c. C1286T; pA429V) AIS
treated with vehicle or 10 M 17-b-estradiol (E2) for 24 hrsALP and RUNX2 were
upregulated by E2 in NOB celldNo significant change was observed in human @B
C1286T; p.A429V) AIS cells. Expression was normadid to GAPDH and is plotted as fold
increase from the vehiclieeated ample. ALP: alkaline phosphatase; RUNXuntrelated
transcription factor 2; B) qPCRf expression of ER and EM. NOB andhuman OB(c.
C1286T; p.A429V) AIS cells were exposed to vehicle or A0 E2 for 24 hrs. ER
expression was induced by E2 in NOBldnuman OB(c. C1286T; pA429V) AIS cells. EFb
was downregulated in NQBExpression was normalized to GAPDH and is plotted as fold
increase from the vehicle treated sample. Error bars represent + S.D in triplicates.
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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List of tables:

Primer | Position Relative :
Primer Sequence
Name to TSS
Serse -3661+3641 5CCAGCAGGCTAGCCCAGGCGT
Anti-
-1478+1448 EGTCTTTCAACTTACATTGGCAACAGATAGGC3
sense
5CATACCTGCTAGCCTATCTGTTGCCAATGTAA
Sense -1481+1455
GTT3
5CTGCACACCAGCCTGGACGGCTAGCAAGAC
Sense -555/-536
TCCATCTCAAAA3
5GAAAGCCAACAGCACACGGOGCTAGCCAACT
Sense -248£230
TCAGCCCTG@A
Anti- 01448 5ECTGCAGQACTCGAGGAATTAAGGACCGCCCTG
+21/+
sense GGC3

Table 1: List of primers used to clone thePOCS5 promoter full length and deletion
constructs The FOR and REV represent the forward and reverse directions respectiviady.
second column indicating the beginning and end of the primer sequence with respect to the
transcriptional start site
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Primer Name

Sequence

POC5_CHIP__EREAB_S

5 GGGATCTGTGGATGATGCAG 3

POC5_CHIP_EREAB_AS

5 GGCCTCCCAAAGTGCCGGG 3

POC5_CHIP__EREA_S

SGGGATCTGTGGATGATGCAG 3

POC5_CHIP_EREA_AS

SGAGTTCGAGACTAGTCTGGG3

POC5 _CHIP_ EREB_S

SCCCAGACTAGTCTCGAACTCS

POC5_CHIP_EREB_AS

SCCAGGCACTTTGGGAGGCC3

Table 2: List of primers used in ChIP experiment List of primersu s e d

element on th@OC5promoter
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Primer Name

Primer Sequence

Product

Size
GAPDH_S 5AGGAGTAAGACCCCTGGACCS3 111bp
GAPDH_AS 5GGAGATTCAGTGTGGTGGGG3
POC5_S S5CATGTCAGAGCCAGACAGGA3 96bp
POC5_AS 5GGAACGCCAGACTTTCCAGA3
ALP_S 5ACACCTGGAAGAGCTTCAAACCGAS3 401b
p
ALP_AS 5TCCACCAAATGTGAAGACGTGGGA3
OSTEOCALCIN_S SACACTCCTCGCCCTATTGS3 249b
p
OSTEOCALCIN_AS 5GATGTGGTCAGCCAACTC3
RUNX2_S 5TCCGGAATGCCTCTGCTGTTATGAS3 239h
p
RUNX2_AS 5ACTGAGGCGGTCAGAGAACAAACT3
OSTEOPONTIN_S 5CAGCCATGAATTTCACAGCCS3 307b
p

OSTEOPONTIN_AS

S5SGGGAGTTTCCATGAAGCCACS

Table 3: List of primers used in qPCR.
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Abstract

Adolescent diopathic scoliosis is the most common form of scoljoaighreedimensional
spinal deviation whose etiologgmains unexplainedSeveral factors have been associated
with the initiation and progression of AlShe conceptof a multifactorial pathologyis
generally accepted. There exists a strong correldt@weenabnormal mechanical loading
and AIS progressionwhere it can lead to altered bone growth and subsequent deformity, a
phenomenon known athe mechanical modulation of bone growthiransient reeptor
potential vanilloid 4 (TRPV4) is a receptor operated ion channel activated by mechanical
stress. In osteoblasts, during cell differentigtibBRPV4 expression is enhanced ainges

in respmse to mechanical loadlutations inTRPV4channel (R616Qral V620I) have been
associated witha skeletal dysplasiamamed Brachyilmias, where scoliosis is a secondary
phenotype. In theresenwork, normalcontrol osteoblasts and namPOC5(mutPOCH cells

were treated in vitro with TRPVdntagonist (RNL737)or TRPV4 agonist (RNL747)or PKA
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antagonist (FB9) after cells were@xposed to mechanical stregfien, we studied thesponse

in these cellswith respect toMAPKinase p38 signalling pathwaysand NFe B osteoblast
mineralization cell proliferation, viability and cilia expression pattern. We further performed
in vivo work, on wpoc5and mupoc5zebrafish retina. The retinas were either stained with a
combination of trpv4 and acetylatédtubulin or p@5 and annexin50ur results shoed
strong implication of TRPV4 channgl the stress response of both normal control osteoblasts
and muPOC5expressing cells. THRROC5mutation has consequences on TRPV4 localization

and expression in vitro and in vivo.

I ntroduction:

Scoliosis is a complex thraBmensional deformity of the spine, with 1346 prevalence in
the general populatiorThe nost commonly known type of scoliosis is idiopathic scoliosis
(IS), including adolescent idiopathic scoliosis (Al®)hich affects principally girls (Altaf,
Gibson et al. 2013)its prevalence is 1% to 2% among adolescentdgvelops in otherwise
healthy, preadolescent chilén. AIS primarily occurs and progresses in gilsing growth
spurts (2) Abnormal mechanical loading lead to alterbdne growth and subsequent
deformity, a phenomenon known d&kse mechanical modulation of bone growth. This
phenomenon is strongly implicated snoliosisprogressionincluding inAIS (Villemure and
Stokes 2009) One of the hypothesis for thgrogressionof scoliosis is that it results from
abnormal mechanical loading conditions influencing longitudinal growth prior to skeletal
maturity (Villemure and Stokes 2009)

Bone cells (osteoblasts) are recruited in an organized manner through matrix vesicles and cell
produced growth and differentiation factors (GDKShapiro, Landis et al. 2015yom
mesenchymal stem cells. Once these cells are incorporated in the bone n&trbedbme
osteocytes that communicate with each other and with surface layer osteoblasts by the cell
processes which line the canaliculi that permeate the matrix. The type | collagen is highly
crosslinked and constitute the organic matrix of bone whickerg dense. The bone also
contains small amounts of osteopontin and osteocalcin, which are important in coordinating
the organic matrix and bone miner@lair, Larrouture et al. 2017)Bone synthesis is

determinedby bone alkaline phosphatase (ALP) that is a critical factor providing phosphate
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for bone mineralization. Not only ALP, but also osteoblasts secrete large amounts of type |
collagen and smaller amounts of matrix organizing proteins, including osteocaldin a
osteopontin. Osteocalcin is an indicator of osteoblast synthetic adtkatyng, Kerr et al.
1992)

Several gene mutations have been described in AlS, among which are the cilialy @Q&&es
andTRPV4. It was ecently found thascoliosismay be caused by variants in genes related to
cellular mechanotransductiobut is not restricted to ciliary geneSiven the fact thaPOC5
(Patten, Margarittdeannin et al. 2015, Weistubshman, Broekman et al. 2017, Xu, Sheng et
al. 2017)andTRPV4 (Nilius and Voets 2013re ciliary genes that have been associated with

scoliosis, this makes them interestfagtors to investigate.

Considering POC5 gene, mutations inPOC5 were identifiedin AIS patients (Patten,
MargaritteJeanniret al. 2015Rnd confirmed, using a zebrafish model, as the leading cause to
spinal curvaturePOCS5 is a centrosomal protein that is localized at the mother and daughter
centrioles throughout the cell cycle. The recruitmerR©Of3 into centrioles occudate in the
duplication phase of the cell cycle, G2/M phase. Through knockdown studies, hPOC5 was
found to be essential for the assembly of faligth centrioles and for cellular proliferation
(Azimzadeh, Hergert etl. 2009)

Unlike POC5that has been identified as the primarily cause of AIS in patients, mutations in
TRPV4was leading to scoliosis as a secondary rather than a primary phenotype in patients.
Cilia plays an essential role in mechanotransduction,thisdmakes TRPV4 an important
factor to consider in studying mechanical factors involved in the mechanism of AIS
pathogenesisThe transient receptor potential vanilloid 4 (TRPV4) channel is a Ca2+
preferred membrane ion channethich is widely implicatd in transducing external
environmental signals into specific metabolic responses via the generation of intracellular
Ca2+ transientgLiedtke 2007, Everaerts, Nilius et al. 2010, Moore, Cevikbas et al. 2013)
Mutations in theTRPV4gene are known to be causatnieseveral human diseases affecting
the skeletal and the peripheral nervous syst&uoliosis is a secondary phenotypeeveral
TRPV4 associated diseaseOne of the TRPV4 mediated skeletal disease imslute
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autosomal dominant brachyolmia type \Bhich is primarily characterized by brachyolmia.
Patients have normal length at birth, but develop short trunk and stature during childhood,
mainly due to platyspondyly (flattening (platyof the vertebrae (smdyl) throughout the

axial skeletonThe common phenotype in patients with this diseaskides kyphoscoliosis
(abnormalspinal curvatures in both coronal and sagittal ples) and slightly short limbs
(Everaerts, Nilius et al. 2010Parastremmatic dysplasia is an autosomal dominant dysplasia,
which is characterized typically by a severe distortion and twisting of the limbs &nedhex
dwarfism. The disease is congenital (apparent at birth) and patients develop progressive
kyphoscoliosis, distortion and bowing of the extremities and contractures of the large joints
during the first years of life. The malformations are attributedataeficit in bone

mineralization(Nilius and Voets 2013)

TRPV4 channel localizes ithe primary cilium, onto whichhe flow-induced intracellular
calcium ion (Ca2+) increas#epend. The primary cilium isa protrusion from the surface of
most eukaryotic cells, except for hematopoietic cells. It plays an essential role in
chemoserstion and mechanosesation in cartilage, bone and kidneyt was previously
reported thaprimary cilium plays a role insteocyte mechanotransductidmutthe molecular

mechanisminvolved in thisprocessarenot fully understoodLee, Guevarra etl. 2015)

Defects in mechanotransduction was associated witlEli@gated cilia was identified in
idiopathic scoliosis patient bone &{Oliazadeh, Goman et al. 2017)In the present work,

we studied the differential effects of mechanical stress on bone cells from normal and cells
with POC5 (c. C1286T(p. A429V)) mutation including pathways activated by mechanical
stress in the presence of TRPV4 aontagt RN1734, TRPV4 agonist RIN747 and the PKA
antagonist HB9. We also studied the impact of mechanical stressedinproliferation and
apoptosis and bone differentiation in vitdo. vivo work was also conducted to study the
differential expression dfrpv4 in wipoc5and mupoc5 zebrafish retina. Overall, our results
indicate that the TRPV4 channel is implicated in the response of osteoblasts to mechanical
stress and that mechanical stress induces differential response and signalling pathway in

normaland muPOC5osteoblasts.
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Materials and methods

A. In vitro study

Patients

Bone specimens were collected from vertebodeAlS patients undergoing surgefyarying

from T3 to L4 according to the surgical procedure performed). For camtbAlS patients,

all tissues were collected with the consent of patients following approval by the Institutional
Ethics Committee Board of CHUaghte Justine

Osteoblast extraction and cell culture

Bone fragments were reduced to smaller pieces with bone cutter i stendlitions. The
fragmentswere incubated at 37°C in 5% CO2 in a 100n culture dish in the presence of
Alpha Modified Eagle Medium containing 10% fetal bovine serum (FBS) (Wisent) and 1%
penicillin and streptomycin (Invitrogen, Burlington, ON, Canadd)erfa 28-day period, the
osteoblasts derived from the bone pieces were separated at confluence from the remaining

bone fragments by trypsinization.

Transient transfection assays

Transfections of osteoblastgere performed in 12 well plates using LipotaoineTM 2000
(Invitrogen, Burlington, ON, Canada) as recommended by the manufacturer. Briefly, on the
day before transfection, cells were seeded in a 12 well-psg 0.5ml of media. When cell
attained 80% confluencthey were transfected with 1600 ngéll of mutPOC5constructOn

the second day, cellsere exposedor notto 1g/cn? mechanical stress for6For TRPV4
subcellular localization study, HelLa cells were used and they were either transfected with
mock (myetagged empty vector), mywtPOCS5 (origene) or mye mutPOC5 vectors
(generated by site directed mutagenesis as describédatten, Margarittdeannin et al.

2015) Cells were transfected as described above and then serum starved for 24h followed by

immunofluorescence.

Cell treatments
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Osteoblasts weréreated with TRPV4 agonist RIN747 or TRPV4 antagonist RN/34 or
PKA antagonist FB9 for 24hat10e m f i n al c Agangsts and rargaganists were
purchased fronfTocris)andwereseparately recatituted with DMSO and stored &0°C.

Induction of mechanical stress

We have developed a method to induce mechanical stress on cells by applying weight. This
weight is represented by coins that will exert a mechanical force of 1g/cm2 of strength. The
stress can be equated to the load per unit area or the force applied pesectmssl area
perpendicular to the force. The coins were sterilized by autoclaving and then washed with

ethanol and water before being applied to cells.

Protein Lysate Preparaion and Western Blotting

Whole cell protein lysates were prepared from cultured cells using RIPA buffer from Pierce
thermoscientific (25 mM Tr i s AH4 1%pdddiun? . 6, 1
deoxycholate, 0.1% SDS,) supplemented with protease and phosphdtidstors (Roche
Diagnostics, Mannheim, Germany). To perform western blot, equal amounts of protein (40ug)
were resolved using 10 % SDS/polyacrylamide gel electrophoresis. Afterwards, proteins were
transferred onto a nitrocellulose membrane and blookddis buffered saline containing 1%
Tween20 or Phosphate buffered saline with 0.05% Twe@nas recommended by
manufactureand 20% skim milk powder. Membranes were incubated with primary antibody
overnight at 4C (list of antibodies table 2). Afterwasdmembranes were incubated with a
secondary antibody conjugated with horseradish peroxidase for RM. after incubation,

proteinswere visualized by Syngeri& BOX Chemi XRQ.

RNA isolation, reverse transcription, PCR, and realtime PCR:

Total RNA wasextracted from osteoblasts using TRIzol®reagent (Invitrogen), in accordance

with the manufacturer's instructions (Invitrogen Canada). The extracted RNA wadigdanti
spectrophotometricsd RNA (1 €g) was used as a temnmpl ate t
reverse transcriptag®iamed. Quantification of gene expression was performed byPRR

light cycler 96 System (company) with SYBR® Green with ROX Super(Biamed.

Primers for different genes are listed in tdbl€he PCR products generated were corgd
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by agarose gel electrophoredidene expression levels in all cells assayed were represented
relative to the expression of the housekeeping g&ABDH (List of primers table 1). Fold
change was calculated using the delta CT meth&8".

Alkaline phosphatase(ALP)

Osteoblasts were cultured in DMEM/F12 until confluerigy105 cells).Threedays before
alkaline phosphatase staining, medium was replaced with MEM supplied with 10% FBS, 1%
PS in addition to ascorbic acid 50pg/ul, dexamats o n e 1 Ogtyddrophosghateb2.5

mM. After 72h, cells were washaslith PBS and then fixed with 3.7% PFA. The cells were
then washed with PBS 1X and incubated with a solution of 1,25%imgaphtol ASMX
phosphate (Sigma, Ontario, Canada), 2,5 mg &ff fad TR (Sigma, Ontario, Canada), and
62,5 L et hyl eletkerig® mlofdBS OrhMmpld €5 (Frig 0,1 M, NaCl 0,15

M, pH 9,5) for 1 h aroom temperature (RT)'he cells were then washed with water and
observed under light microscope. Foaqtification, cells were washed with PBS and then the
absorbance was measured at 405 nm together with the standard curve sasmplesicro

plate reader. ALP concentration (mg/ml) of non treated and stress treated was determined

using the standard curve

Alizarin Red Staining

Osteoblasts were cultured untill confluency (2x105) in 24 well plates using alpha MEM. When
the cells reached confluency, mineralization medium was started by adding ascorbic acid
50ug/ml, dexamethasone 10nM and glycerophosphateM2.5Fhe medium was changed
every other day. Cells were fixed with PFA 10% for 15 minute and then 1ml of alizarin red
40mM (pH=4.1) was added and incubated 20 minutes at RT. The cells were washed with
water and left untill dried. At this stage, photos werguared using light microscope at 20x.

For quantification using microplate reader, 800ul acetic acid 10% was added and incubated
with agitation for 30 minutes. The samples were then transferred to ependorf tubes. Samples
were incubated at 88 for 10 minués andtransferred on ice for 5 minutes. Samples were
centrifuged at 20,0009 for 15 minutes. 500ul of each sample was added to 500ul ammonium
hydroxide 10%. The absorbance was measured at 405nm.
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For preparing the standard curve, a mixture of acetic aéaad ammonium hydroxide 10%

was prepared and then a mixture of alizarin red and the above mixture was added in a ratio (5
to 1) to have a stock solution 1mg/ml. Serial dilutions were prepared from this mixture (500,
250, 100, 50, 25, 10,5,0g / ml ) .

Propidium iodide staining

Osteoblasts were left to attach on coverslpgernight (ON). Before cell seeding, the

coverslips were treated with pelylysine for 1h at 3?C and then washed with ethanol and
water. Cells were transfected or not wittPOC5expressing vectorgnd then on the second
day were exposed to stress for 24 h. 33.33 ul dfLRig/ml) was diluted in 10 ml PBS and

then cells were incubated with PI for 30 mins atG7Cells were counterstained with DAPI

and were visualized byubrescence microscope.

Immunofluorescence and Acetylated}-tubulin staining

Osteoblasts were left to attach to coverslips (coated with polylysine) in 12 welONat@©n

the second dayells were transfected witmyc tagmutPOCS On the third day, cellsere
subjected to mechanical stress for 24h and on ther aday, cells were fixed in 70%
ethanol/0.1% triton on ice for 3@ins. Cells were then washed with PBS and permeabilized
with 0.1% Triton in PBS for 15 m# Cells were washed once with 0.5%BSA in PBS/Triton
(PBT) and then blocked with 2% BSA in PBT #5 mins. Cells were washed after that and
incubated withAcetylatedU-tubulin (SigmaAldriche) ON at £C. On the second day, cells
were washed and then incubated with Alexa Flour 555 (Life technologies USH) &mRT.

Cells were mounted and stained for nucleus at the same time using Prolong Gold antifade
reagent with DRI (Life technologies). Immunostaining was observedagnificationx40.

For the measurement of the cilium length and cilium number, we used the ZEN software.
Immunofluorescence was also performed in HelLa cells, the same protocol was followed as

describedabove but staining for TRPV4 (proteintech) was performed.

B. In vivo study

Immunostaining on zebrafish:
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Immunolocalization oftrpv4 and colocalization with the cilia were performed by double
immunofluorescence carried out by mixture of drgiv4 antibod/ (proteintech and ant
acetylated-tubulin (SigmaAldrich). Tissuesectionsof eye (1.5um were deparaffinized in
xylene, rehydrated in a graded series of etham@shed several times in PBS and
permeabilized for 30 m@in 4% TritonX 100 containing 2o bovine serum albumin (BSA)
and 10% goat seruntollowing permeabilization, retinal sections were incubated with the
primary antibodytrpv4 (1/250) andacetylatedU-tubulin (1/2000) simultaneously during 24h
at 4°C.Tissue sections were washed severaksirm PB®#.5%Triton and then incubated
with the secondary antibody conjugated with Alexa Fluor 488 (life technolog&30) and
Alexa Flour 555 (Life technologies 1/500) for 1 hRif. Nucleus staining was performed
using Prolong Gold antifade reagentitiv DAPI (Life technologies)Images were acquired
using confocal microscopgeiss under 40xbjective Staining for annexin 5 was performed

using the same protocol described above but with annexin 5 antibody (Santa Cruz).

Statistical analysis:

All valuesare expressed as mean.Shl the data from experiments were analyzed using a
two-t ai | ed t&st(Pd 6.05) dmparing the means bn stressand stresstreated
samples Student's paired and unpairetbsts were performed by Microsoft excel. Wed of

P<0.05 were considered statistically significant.

Results:

Regulation of AcetylatedU-tubulin, POC5and TRPV4expressionin response to stress:
Considering the requirement for TRPW stimulating the response to mechanical stress and
given the role of cilium in mechanotransductiamg investigated th&@ RPV4 activity instress
induced gee and proteinexpressionof ciliary genesby applying different treatments of
TRPV4 agonist and antagonists to normal control osteoblasts and to cells overexpressing the
mutPOCS We studiedexpressiorlevels of POC5, AcetylatedU-tubulin and TRPV4 At the

gene level in NOB cells AcetylatedU-tubulin was downregulated in response to stress
(p<0.01) and nosignificant difference was observedith the othertreatments(NS). In

mutPOCS5 cells, we observed uggulation in response tiress (p<0.05and this #ect was
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significantly enhanced with RINI747 treatment (p<0,05) (Fig. JAPOC5was significantly
downregulated in m&OC5cells in response to stress (p<0.01) and upreguiatezsponse to
stress in the preseno@RN-1747in NOB (p<0.05) and in m&tOGCS5 cells (p<0.05) (Fig. 1B)
TRPV4 was upregulagd with RN1734 treatment (p<0.05) in NOB. In nR@C5 cells,
TRPV4 was highlyupregulated with RNL747 treatment$p<0.01) and at lower levels with
RN-1734 (p<0.05)Fig. 10. At the protein level, Acetylatet-tubulin was upregulated in
response to stress in both cells. Treatment wi89Hind RN1734 enhanced AcetylatetH
tubulin in mutPOCS5 cells. RIM747 downregulated Acetylatéditubulin levels in NOB while
no effect was observed in mutPOCS5 cells. POCS5 e@sgnregulated in mutPOCS5 cells in
response to stress while no effect was observed on NOB cells. Treatment witli4RN
downregulated POCS5 levels in both cells. The TRPV4 was upregulated in response to stress
and in the presence o8B in NOB and downredated in mutPOCS5 cells. RINI747 treatment
highly downregulated levels of TRPV4 in mutPOCS cells, at lower levels wit1 R4 while

no change was observed in NOB cells (Fig. 1D).

MAPKSs and p38 were activated by mechanical stress

The molecular mechanisnusiderlying the response of cells to stress need to be clarified. p38

MAPK signaling is activated in response to stress, and blocking the p38 MAPK inhibits
cytoskeletal reorganization. To explore the roles of p38 MAPK pathways in the mechanical
stress reponse, the effect of mechanical stimulation on the phosphorylation of ER3B?2

and NFeaB was anal yzloading peddd.l Meehamcgl strieds andudedh
downregul ation of ERK1/ 2, p38 and NFaB in n
absence of stress, the ratio of phosphoryl at
expression was higher in mutPOCS cells than in NOB cells. When exposed to stress, ERK1/2

was strongly downregulated in NOB cells and to lesgéznt in mutPOCS cells. When treated

with RN-1734 and RNL747, ERK1/2 was upregulated in NOB and mutPOCS5 {ei¢s 2 A).

Interestingly, there was higher upregulation with-ERR7 than with RNL734 treatment in

both cells.

P38 was upregulated in response to stress in NOB cells but downregulated in mutPOCS5 cells.
Treatment with RNL747 induced the activation of pa8 detected by phosphorylation (Fig. 2

B).
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We also checked for the regulation of NFaB
When exposed to stress, NFaB was downregul at e
in NOB cells. No effect oftheagonst and antagonist treatments
(Fig. 2 C).

Mechanical stress regulation of mMRNA levels of bone formation markers:

We first characterized the gene expression profile of bone markers in NOB and mutPC5 cells
by qPCR (alkaline phghatase (ALP), osteopontin, osteocalcin, Rwtdted transcription
factor 2 (RUNX2) and collagen Al (Col Al)) in NOB and mutPOCS5 cells. The results show
that NOB cells have higher expression of all markers except for osteocalcin (FigV8A).
then studied the mRNA expression levels adsteopontin osteocalcin and Ruelated
transcription factor 2 (RUNX2)n response to stress OB and muPOCS5 cells in the
presence or absence of RNM43, RN1734 and HB9 after6h of exposition to mechanical
stress.Ostepontin levels weresignificantly induced upon stress INOB (p<0.05)but no
significant changesn mutPOC5 In muPOCS5 cells, mechanical stresdownregulated
osteopontirevels after treatment with Ri4734 (p<0.01) (Fig. 3B)No change was observed

for ogeocalcinlevels upon different treatments MOB except with RNL734, there was
significant induction ofosteocalcin(p<0.01) Treatment withstress significantly reduced
osteocalcinexpressionin mutPOCS5 cells (p<0.05) (Fig. 3C).Osteocalcinexpression a&s
increased with FB9 treatment (p<0.05) and significant inductionosteocalcinexpression

was obtained with RNL734 treatment (p<0.01). As fdRunx2 expression, no significant
effects of mechanical stress was observed in NOB, however, POQ&cells, treatment with
RN-1734 upregulatedRUNX2 expression(p<0.01) with higher upregulation with treatment
with RN-1747(p<0.01)(Fig. 3D).

Mechanical stress inducesigher ALP activity in normal osteoblaststhan in mutPOC5
cells:

To study the effect of mechical stres®n ALP, we performed alkaline phosphatase assay on
NOB ard on cells transfected with mMR®OCS There vere higher levelsf ALP expression in

normal cells exposed to stredy than in muPOC5 cells (d) There was low and almost no
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effect on ALPin mutPOCS5 cells (Fig. 4A and 4B). ALP concentration was determined as

described in the section of materials and methods.

Mechanical stress induces osteoblast mineralization:

Since mechanical load is able to accelerate differentiation and enhance lassteob
communication and function during the differentiation prooessnext sought to study the
effect of mutation in altering the mineralization of osteoblasts in response to mechanical
stress. In our model, mechanical stress significantly induced mpatiah as detected by
alizarin staining and quantification (p<0.003) in NOB cells. However, in mutPOCS5 cells, there
was significantly lower mineralization rate compared to NOB (p<0.0008). The cells were still

able to mineralize but at lower levels (Fig\ &nd B).

Effect of mechanical stress on mineralization factors:

Since mechanical stress had effect on osteoblast differentiation as determined by ALP, we
next sought to investigate the expression of mineralization and ciliary genes in mineralizing
cellsin the presence of stre§RPV4was highly downregulated in mR®C5cells exposed to
stress (p<0.001) while no significant change was observed in W&BylatedU-tubulin was
downregulated in response to stressNi®@B (p<0.01)but upregulated in mBOCS5 cells
(p<0.05) (Fig. 6A. In order to study the differential expression of bone mineralization factors
between normal and nROC5cells, we studied the mRNA lewein mineralizing osteoblasts.
Interestingly, mechanical stress induced upregulation of afdke analyzediactors including
RUNX2(p<0.05), ALP (p<0.01) andosteocalcin(p=0.05)in NOB cells, however hey were
downregulated in mRtOC5cells (p<0.001)(Fig. 6B).

COX2 mRNA expression levels in response to stress:

Since signalling through TRPV4 channel has an impact onl£ER&d p38 that eventually
end up with the upregulation @OX-2 gene, we investigated the effect of mechanical stress
on COX2mRNA levels inNOB and AIS cells. There was strong upregulationrC&X2 in
NOB and to lesser extenin AIS cells when cells were exposed to stress (Hig.

Mechanical stress effects on apoptosis:
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To determine the effects of mechanical stress on oste@paptosis, cells were treated with

stress for 24h and apoptosis was assessed using propidium iodide. Mechanical stress induced
osteoblast apoptosis OB (p<0.05) and mBOCS5 cells (p<0.05) (Fig. 8). Interestingly,
mutPOC5cells non exposed to stress haitially higher apoptosis rate than NOB (p<0.01).

Cilia length and number are regulated by mechanical stress in normal and mBOC5

cells:

To identify if primary ciliais involved in cell response to stress and if there exists differences
in NOB and muPOGS cells, cells were exposed to mechanical stress for 24h and then labeled
with AcetylatedU-tubulin, a marker for cilia. Acetylated-tubulin-positive primary cilia were
visualized as small bright protrusions (red) emanating from most cells located close to the cell
nucleus (stained with DAPI) (Fig. 9AWhen exposed to stress, number of @bgoressing

cells (Fig. 9B) was reduced in botiNOB (p<0.01)and muPOCS5 cells (p<0.05). The

difference in cilia length was not significant.

Differential subcellular localization of TRPV4 in wt and mutPOC5expressing cells after
mechanical stress applicabn: We checked whether thereas a difference in subcellular
localization of TRPV4 in WROC5 and muPOC5 expressingcells after expsure to
mechanical stress. In ROCS cells, when exposed to stre§RPV4 shifed to cytoplame
localization. Unlike mROCS5cells, when exposed to stregberewasnuclear expression of
TRPV4 as punctate pattern (Fig).

TRPV4 immunoreactivity in wtpoc5 and mutpoc5 zebrafish retina: We were also
interested in studying differences of trpv4 expression in wt anghonsiscoliotic zebrafish
retina.In wtpoc5reting trpv4 was strongly expressed in theter segment layer (OS) and in
the connecting cilium (CC) (Fig. 11 a and c), as well as irgdmglion cell layer (GCLJFig.

11 e and gWwhere it was found surrounding the ¢lcells. In mupoc5retina, there was less
staining of TRPV4in the outer segment layer (OS) and CC layers (Fig. 11 b arahdl)
absence of staining in t&CL as well as absence of glial cells (Fig. 11 f and h) suggesting
degeneration of the retindn wt retina and mugoc5 retina, trpv4 and acetylateattublin

colocalized in the CC and inner plexiform layer (IPL), however, the colocalization was absent
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in the outer plexiform layer (OPL). The cilium length was shorter inppa8(10.7 em) than
in wtpocbretina (13.%m) (p<0.00001) (Fig. 11 i).

Increased apoptosis in mtpoc5retina: Confirming the invitro work, we also checked the
expression of apoptotic marker annexim5the retinas of wioc5 and mupoc5 zebrafish
There was very Bbing expression of annexin5 in the pat5retina in theOS, in the CGand
GCL as compared to wocbretina(Fig.12)

Discussion

Here in, we reported the effect of mechanical stress on POC5, Acettibdlin and

TRPV4 expression in normal osteobtaand muPOC5expressing cells as well as expression

of MAPKinase p38 signalling pathway and 48B, mineralization proliferation, viabilityand

cilia expression p&trrs. Our resultsshow astrong implication of TRPV4 channel in the
mechanical s&ss actiated signalling pathways with variations in both osteoblasts derived
from AIS patients and cells overexpressing RICS

Signal transduction pathways are activated by mechanical signals; these pathways include the
MAPK signal pathway. The extracellulargeatregulated kinase (ERK),-&un Nterminal

kinase (JNK), and p38 MAPK (p38), play an essential role in osteoblastic cell proliferation
and differentiation. Specifically, ERK1/2 is involved in cell transformation, proliferation, and

the survival of sever | cel l types, i ncluding osteobl asts
convert the mechanical signal into a biological sigiain, Gong et al. 2012)

In the present study, wieund dissimilarity in the respwse tomechanical stresef POC5
expression, Acetylatedtubulin and TRPV4 (Fig. 1 A, B, C, DMAPK signalling pathways

(Fig. 2),mineralization(Fig. 5) and proliferation (Fig. 7), in NO&ontrol osteoblasts and cells
transfected with m#OC5 gene The impact of mechanical stress on cell signalling was
estdlished by checking the activation of ERK2, p38 MAPK and NFe Bin osteoblasts.
Overall, the results of western blot and gene expression in the NOB aRO@hexpressing

cells confirm the differential responses of these cells to mechanical stress antheals
implication of TRPV4 signalling pathways in osteoblast response to sthessnteresting
observation was than mutPOC5cells, in absence ahechanical loads, the levels of ERR1/
p38andNFe B wer e higher than i nPOCaell®aonexposddtos . Mo r
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stressthere was higher level of apoptosis than in normal ¢El 8). Hence expression of
mutPOCS5 could be inducing inflammatory response in osteoblasts and this response is
augmented when exposed to stré¥e. also observed ssimilarity in the mode of activation

of p38,ERK1/2and NFa B pNOBhAM eanypPOC5icetls. The muPOC5expressing
osteoblastshowed a higherdownregulationin, p38 NF-a Bactivity thanNOB cells when
exposed to stres§hereweredifferences in the effecs of agonists and antagonist used on the
signdling pathways examined in this studifferent degrees of stimulus could have different
outcomes in theNF-s B a c t, ilow d@engoro inhibits while high stress activates the
pathway Not only the strength of the stimulus but also the type of stimutusc vs
oscillatory, determines the effect dNF-e Bpathways.Mechanicalforcesare an important
factor in the maintenance of bone maka),(hence NF-a Bmediated response to shestress

might be an important componetit.was found that in the presenoéshear stress, N8B
stimulates osteoblastic differentiation via the prostaglandin syntf@saset, Boutahar et al.
2001, Chen, Geist et al. 2003JF-a Bwas upregulated in NOB cells but downregulated in
mutPOC5cells (Fig. 2) and this explains why there was more apoptosis observedAiQ Gt
expressing cells (Fig. 8).

An important aspect of mechanical loading is that it regulates the bone structure and bone
mass. It was shown that mechanical loading have amabffécts while unloading of bone
have bone resorbing effect®ur results show that there was increased mineralization of
osteoblastgFig. 5)as well as increase in osteogenic markerg. 6B). The mineralization of
mutPOC5cells was lowethan in NOB ells. Thepertinenceof these observations lies in the
possible connectionof the mechanical stressvith signalling pathways involved and the
possiblerole of TRPV4 channeh AIS. In this work, we propose a model for the different
effects of mechanical r&iss on normal and mut osteoblasts cells (Fig. 13). The mutation in
POCS affects the response to stress and induces different signalling pathways as compared to

control cells.

Osteoblast exposure tomechanical stress also induced changes in the express$ion
AcetylatedU-tubulin. Application of mechanical stress on osteoblasts caused downregulation
of cilia length as compared to nemeated cells and similarly in mROC5 cells These

findings go alongyith previous work studying the effect of mechanica¢ss on cilia, where
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primary cilia were found to be shorter and less in number after exposure to periods of OFF
compared with static contro{®elaineSmith, Sittichokechaiwut et al. 2014Jowever, in our

work mechanical stress induced osteogenesis andrafization as detected B\LP staining

(Fig. 4)andalizarinred staining (Fig. 5&s well as by studying the expression of bone forming
factors(Fig. 6B). |l tds worth t o noALRweretighdr inN@Bthanrim | i z at i
mutPOC5 cells Also, TRPV mRNA levels vere strongly reduced in mBOC5
differentiating cellsn response to stres§RPV4 has a role in the effects of force stimuli on

calcium in osteoblastg§Suzuki, Notomi et al. 2013)TRPV4 mRNA levels are increased

throughout osteoblastic differentiation of primary osteokdssiched cell cultures and the
osteoblastic cell line MC3TF&1 (McNulty, Leddy et al. 2015Which goes along with our

results.

There is increasing hypothesiboutthe primary cilium functions as mechanosensor in bone.
However, little is known about thability of primary ciliumand thesensation of mehanical

stress and bone formation. Defects in sensory function of the primary cilium is associated with
a number of disease such as musculoskeletal diseases, like osteo@érgmiigasathit, Tang

et al. 2012pand osteoporosi@Vann and Knight 2012)

It was repoted that loading causes Ca2+ increase @aAk-2 mRNA increase in osteocyte
primary cilia(Lee, Guevarra et al. 2013) was found that this effect of loading is initiated by
TRPV4. By immunocytochemistry, it was found that TRPV4 anuthannel is a stretch
activated Ca2-permeable channel and it localizes to the primary cilium and plasma
membrane. The knockdown of TRPV4 channel lowered Ga2+ release in the cilium
induced by loading. These findings make TRPV4 as an interesting pharmadalggtfor

bone loss diseaggee, Guevarra et al. 2015 v ai | ab | e -P®D, G6K1816790A, 4 U
and RN1747 and antagonist. RN/34. Mechanical strain plays a critical role in the
proliferation, differentiation and maturation of bone cellsis prompted us to investigate the
effect of mechanical load on cealpoptosis.The observationthat apoptosisvas inducedn
normal osteoblastg¢Fig. 8) (as detected by propidium iodide staifingpes along with
previous finding where large magnitude stretch induced apoptosis of oste(btagis Wang

et al. 2016)
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We were also interested in studying the impact of mechanical stress on subcellular localization
of TRPV4. There were differéreffects of mechanical load on localization of TRPV4 in
wtPOC5and muPOC5expressing cells. TRPV4 had cytoplasmic localization iR@E5but
nuclear punctate pattern in m@C5cells (Fig. 10). This suggests that the mutatioR@C5

affects the subcellar locatization of TRPV4 which could be problematic in AThe TRPV4
channel translocates under shear stress as it was reported bgt ladowvhere TRPV4
translocated from the Golgi apparatus to the cell membrane in cultured human endothelial
cells (Loot, Popp et al. 2008 Moreover, Cuajungcet alfound that there was increased ratio

of plasma membrarassociated versus cytosolic TRPV4 when thegxjressed TRPV4 and
PACSIN 3. PACSIN 3 is a binding protein of PR4 and a of the PACSIN family
(Cuajungco, Grimm et al. 2006)n addition to that, the membrane expression of TRPV4 was
found to be enhanced by the microfilamessociated protein (Buzuki, Hirao et al. 2003)s

well as by kinases of the WNK family that have been reported to influence the function and
localization of TRPV4(Fu, Subramanya et al. 2006)n the present study, TRPV4qgpein

was shown with unusual distribution profiles, dominant in the nuclear region in non stressed
cells and within the cytoplasmic region in stressed wtPOC5 expressing cells. More
importantly, TRPV4 protein moved out of the nucleus in response to stregPOC5 but

failed to translocate in mutPOC5 expressing cells. These results strongly suggested that

TRPV4 protein could shuttle into and out of the nucleus.

TRPV4 null mice have no staining for TRPV4 metinal ganglion cell layer RGCL)
(Ryskamp, Witkovsky et al. 2011)Defect in cilia was found to reduce the number of RGC
with respect to photoreceptoihe impairment of cilia result iRGCL generation and/or
differentiation(Lepanto, Davison et al. 2016)s both POC5 and TRPV4 are ciliary proteins,

we hypothesized that the knockdown of poc5 has similar consequences on the GCL as in the
case of the absence of trpv4 channel. We observed disorganization and redutiiommaof af

trpv4 in the connecting cilium (CC) of mutpoc5 retina. The cilium of the CC in mutpoc5 retina
was significantly shorter than wtpoc5. Evidence supports the role of the primary cilia as

pressuresensing organelles in the retina. The defect aletiid of the cilium causes improper
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functioning of the TRP vanilloid 4 (TRPV4) channel. This leads to increased intraocular
pressure (IOP)Luo, Conwell et al. 2014)

Also, We successfully showed degeneration ahedtganglion cell layer (RGCL) in mutpoc5
retina by annexin 5 staining (Figl,112). In healthy RGCL, TRPV4 plays as an essential
osmoreceptor. It is possible that TRPV4 channel is implicated in the initiation and progression
of glaucomatous remodelingslaucoma is an optic neuropathy which is characterized by
elevated IOP, the cause of irreversible blindness in the wiran, Fingert et al. 2009,
Quigley 2011) Lowering the eye pressure is the only way to tgmicomaZhang, Zhang et

al. 2012) The degeneration of retinal ganglion cells is the major cause of vision loss. The
elevated IPO is due to defects in the function of the Trabecular meshwork (TM) that is in
charge of the drainage of the majority of aqueous fl{Nickells, Semaan et al. 2008,
Kaufman and Rasmussen 201Phe mechanism through which the elevated pressure leads to
aberrant mechanosensory signaling thati$eto vision loss is not well described. In this work,

we postulate that the defect in mechanosensation would be a contributing factor in glaucoma.
The normal expression of POC5, a ciliary protein, is important factor for the formation of
normal cilia leyth (in the CC) and for ganglion cell layer. It was found that the trabecular
meshwork cell cilia are essential for the regulation of presdure, Conwell et al. 2014)

When these cilia are defective, this willntobute to the pathogenesis of glaucoma. In
mutpoc5 retina, we observed lower staining of acetylatéabulin in the OPL and INL. This
defect might contribute to high pressure in the eye and as a consequence increased apoptosis

as detected by annexin &aging. .

The presented work contribste the understanding of the molecular mechanisms underlying

AIS. Specifically, it focuses on the differential pathways activated in normal and patient cells.

Untill now, there is no connection between scoliogisl dahe retinal phenotype that we
observed. Thysfuture work should focus on studying functional consequences of the
degeneration of RGCL in the mutpoc5 zebrafish. The progressive loss of RGCL causes
glaucoma through apoptosis. The increased apoptosis jgritmary step of glaucoma disease

and itodés associ at e(®yskamp, Witkovskywee al. 201 thosfstudy,i s e a s e
we didn'tstudy vision problemsHence, it would be necessary fimture workto consder

studying visual motor response (VMR}, ameasurement of retinal functiom zebrafish
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Figure 1. Different regulatory mechanisms othe expression of ciliary genesn NOB and

mutPOCS5 expressing osteoblastsExpression of ciliary genePOCS5 (A), Acetylatedl-

tubulin (B) and TRPV4(C) were examinedy gPCR in response to stress (1g/cnm2jhe

absence or presence different agonists and 1 OACT T EOOO Al Q1747 D06 T p 1| -
t- #1231 q AT A pm t- 0+! AT OACITEOO j(wvwq | sE
expression of Acetylateda-tubulin, POC5 and TRPV4 was assessed by western bhnt.

actin was used as loading control. For quantification of band intensity, Image j was used

and the fold change with respect to control ¢stress) was calculated (n=3). The results

are mean = SD from three independent experiments.

Figure 2. Mechanical stressi nduces changes iandMRXB/2hr @aumgh r
TRPV4. A) Western blot waperformed ornosteoblastells, NOB and cells overexpressing

the muPOCS5 and then exposed and non exprosed to 1g/cm2 of &bre6k in the presence

of TRPV4 agonist (RNL747) and amtgonist (RN1734). Total p38 athERK1/2 as well as
phosphorylated ER1/2 and p38 was detmined by specific antibodiesThe ERK1/2
activationwasdetected by the phosphorylation of Thr202/Tyr204 residues and for p38 by the
phosphorylation of Thr180/Tyr182Activation of NFo Bwas determined by studying the
phosphorylation p65 (Ser53@)-actin was used as loading controRelative intensities are
represented as the fold changes of the phosphorylated protein levels normalized to the total
protein levels. Data are presentedresmean + SD of three independent experiments)(n=3

Figure 3. Different regulatory mechanisms of gene expressiam osteogenic factorsin
NOB and mutPOC5osteoblastsA) Gene expression analysis of bone formation markers in
NOB and mutPOCS5 cells(B, C, D) Osteoblastshat are expressing the r@C5and non
expressing were exposed to 1lg/cm2 stress in the absence and presanagmists of
different pathways, H9 for PKA and RN1734 for TRPV4, as well TRPV4 agonist RN
1747. Markers for dne formdion like the genes foosteopontin(B), osteocalcin(C) and
RUNX2(D) were examined. There exists a difference in thevpagh induced iresponse to
stress in normaNOB and muPOCS5 expressing cellsGAPDH was used as endogenous
control for the normalizion of expression levels of different geneExperiment was
performed in triplicates and data are presented as the mean + SD *p<0.05, **p<0.01.

Figure 4. Mechanical stress induces osteoblast differentiation in both NOB and
mutPOCS5 expressing cells with éwer levels in muPOCS5 cells A) Normal Osteoblasts
(NOB) and muPOCS5 expressing cells were exposed to strédsrphology of primary
osteoblasts and mROCS cells and alkaline phosphatase (ALP) activiyas analyzedn
determinatio of optimal effects of teess. Induction with mechanical stressgnificantly
upregulated alkaline phosphatasxpression in normal osteobalsts but not PQES
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expressing cellsB) Quantification of ALP concentration (mg/mir different conditions at
wavelength 405nirReading vas performed in triplicate¥p<0.01, ** p<0.005%**p<0.001.

Figure 5. Increased deposition of bone mineral (calcium phosphate) by osteoblasts
stimulated with mechanical stress.A) Red color is a marker for the reaction between

calcium ions and alizarired dye. There was increased mineralization in response to stress in

both NOB and mutPOCS5 cells. B) Quantification of alizarin staining using microplate reader

at 405 nm. Reading was performed in triplicatesr pl ues < 0. 05 wer e C
statistically significant

Figure 6. Up regulation of bone differentiation markers in mineralized normal cells but

not mutPOC5cells.A) TRPV4andAcetylatedU-tubulin gene expression in mineralizing cells
was examinedn response to stress in NOB and RCS5 cells. B) Gene expression of
different osteogenic markersgteocalcin (OS)Runtrelated transcription factor ZRUNX2),
alkaline phosphatase (ALPgnd osteopontin (OP)n normal (NOB) and m&OCS5 cells
exposed andon exposed to stress by gPCRAPDHwas used as endogenous housekeeping
gene.Data are presented as the mean = SD in triplicge$.05, **p<0.01,***p<0.001

Figure 7. Induction of COX-2 expression by 1.5g/cm2 of mechanical stressNOB and to

lesser atent in mutPOC5 osteoblasts Expression levels oc£0X2was studied ilfNOB and
mutPOCS5 expressing cellsion exposed and exped to 1.5g/cm2 of mechanical loatery

strong induction o€£OX2was obtained in normal NOB and to lesser extent irP@@5cells

in response to stresBxpression level o£0X2was normalized t&SAPDH PCR products

were run on gel to confirm the product expected size and for the quantification of the band
intensity.Data are presented as the mean = SD in triplicates. ***p<0.001.

Figure 8. MutPOCS5 expressingcells undergo apoptosis in response to stress at higher
level than NOB. 1g/cm2 of stress was applied to NOB and P@E5 osteoblasts and then
apoptosis was detected by propidium iodide staining (PI). In the absence of mechaessal st
mutPOC5cells have higher apoptosis levels (c) than NOB (a). Application of stress strongly
induces apoptosis in nMROC5cells (d) as detected B/ stainingin redand to lesser extent in
NOB (b). Pl in recand DAPI in blue.

Figure 9: Mechanical gress induces ciliary retraction inNOB and mutPOC5expressing
osteoblastsA) Staining for cilia was performed using specific antibdut tstains cilia which

is AcetylatedU-tubulin. Osteoblast§NOB) and cells overexpressing rR@C5 were exposed
to medanicalstress of weight of 1g/cmM NOB and in muPOC5cells, cilia wereobserved

as protrusion from the nuclega, c) (red), although its shorter in @C5 expressing cells
(c). When exposed to stress, cilieereretracted, and almost lost limth NOB and muPOC5
osteoblasts (b, d).@etylatedUtubulin (red)and APl as counterstain (blu
Magx40. B)Cilia length inNOB and muPOCS5 cells non exposed and exposed to stress
Mechanical stressignificantly affeced NOB and muPOCS5 cilia length In the absence of
stress, NOB hadbnger cilia thancells exposed to stregsp < 0.01). MutPOCS5 expressing
cells non exposed to stress had initially shorter cilia than NOB ¢#itsp< 0.00)).
Mechanical stress significantly reduced cilia length in PQES cells ¢*p< 0.005. B)
Quantitaton of changes in percentagéciliated cells The histogram shows the percentage of
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total cilia in NOB and muROCS cells non exposed and exposed to strégglication of
mechanical stress on NOB didn't significantly reduce cilia numbeweder, in mtPOC5

cells following mechanical stres$oth the number of cilia was strongly reduced
(***p<0.001). The cilia number and length was measured by ZEN software. Measurements
were taken for at least 6 images. NS: non significant.

Figure 10: Mechanical stress mduced differential subcellular localization of TRPV4

HelLa cells that are either expressing mock empty vector (a, BQ@&myc tagged vector (c,

d) and muPOC5myc (e, f) tagged vector were induced by stress and the subcellular
localization of TRPV4 wastudied. In wPOC5expressing cells, mechanical stress application
induced cytoplasmic localization of TRPV4 (d). However, in rR@C5 expressing cells,
TRPV4 has nuclear expression as punctate patteid ¢f)la | e bMagx4@ 0 € m

Figure 11: Altered staining of TRPV4 in the CC andRGCL in mut poc5zebrafish retina.

a, b) In vivo, zebrafish retina of pdc5and mupoc5were stained with trpv4 and acetylated
U-tubulin. Both proteins colocalizes in the outer segment layer (OS) and cone cell layer (CC)
in both zebrafish as shown in the merged images. Zoomed images (c, d) shows less and
disorganized staining of TRPV4 expression in mut retina in the CC (e, f, g, h). The staining
shows absence of retinal ganglion cell layer (RGC) in thepowbtretina. i) Diagram
representing the length of connecting cilium (CC) in the retina of wt and mutpoc5 retina.
Reduced cilium length in mutpoc5 retina (****p<0.0000)ilium length was measured using

ZEN software. P values was determined usitest. OS: outer segment layeZC: connecting

cilium , RGCL: retinal ganglion cell layer.

Figure 12: Annexin 5 staining confirm the degeneration in the RGCL.Retinas of wpoc5

and mupoc5 zebrafish were stained wittinnexin5,a marker for apoptosis. There is strong
expression of anmxén 5 in the outer segment layer (OS), connecting cilium (CC) and retinal
ganglion cell layer (RGCL)n the mupoc5 retina. Very low expression of annexin 5 was
detected in the OS, CC ofpdc5zebrafishScaleb a r  2Magx40.

Figure 13: Proposed model for the differential effects of mechanical stress on different
signalling pathways in wPOC5 and mutPOCS5 cells. In normal cells, mechanical stress
activates the TRPV4 and as a consequence several pathwaydieatedincluding MAPK,

PKA and NFaB. Thesepathways regulate apoptosis, mineralization and activation of the
COX2. All of this is important for the maintamce of normal bone densityHowever, in
mutPOC5expressing cells, there deregulatiorof the MAPK pathwayghat causes increased
apoptosis, lower mineralization due to downregulated osteopontin levels that end up in lower
bone density.
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Tables:

OSTECPONTIN_AS

SGGGAGTTTCCATGAAGCCACS

) _ Product
Primer Name Primer Sequence _
Size
GAPDH_S 5AGGAGTAAGACCCCTGGACC3 111bp
GAPDH_AS 5GGAGATTCAGIGTGGTGGGG3
TRPV4_S SATGAGAGTGGCACCCCAGG3 285bp
TRPV4_AS 5GGTGACGATAGGTGCCGTAGS
POC5_S 5CATGTCAGAGCCAGACAGGA3 96bp
POC5_AS 5GGAACGCCAGACTTTCCAGAS
TUBA_S S5ACGTGCCTTTGTTCACTGGT 3 180bp
TUBA_AS 5AGCAGCACCTTTGTGACGTTT 3
ALP_S 5ACACCTGGAAGAGCTTCAAACGGA3 401bp
ALP_AS 5TCCACCAAATGTGAAGACGTGGGA3
OSTEOCALCIN_S 5ACACTCCTCGCCCTATTGS 249bp
OSTEOCALCIN_AS 5GATGTGGTCAGCCAACTC3
RUNX2_S 5TCCGGAATGCCTCTGCTGTTATGA3 239bp
RUNX2_AS 5ACTGAGGCGGTCAGAGAACAAACT3
OSTEOPONTIN_S 5CAGCCATGAATTTCACAGCO3 307bp

Table 1: List of primers used in gPCR.
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Antibody name Species Source Dilution factor | Product
size

Anti-POC5 Rabbit Abcam 1/250 63kDa

antibody

[EPR1400076]

- N-terminal

GPR128 Rabbit Thermo scientific 1/250 83kDa

AcetylatedU- Mouse Sigmaaldriche 1/1000 55kDa

tubulin

NFaB p6}#§ Mouse Santa Cruz 1/1000 65kDa

(C-20)

PhospheNF-aB Rabbit Cell signalling 1/500 65kDa

p65 (Ser536) technology

(93H1)

Phosphep44/42 Rabbit Cell  signalling 1/500 42/44

MAPK (Erk1/2) technology kDa

(Thr202/Tyr204)

Phosphep38 Rabbit Cell  signalling 1/500 43kDa

MAP Kinase technology

(Thr180/Tyr182)

TRPV4 Rabbit Protein tech 1/500 98kDa

ESRb Rabbit Santa Cruz 1/500 60kDa

b-actin Mouse Santa Cruz 1/500 42kDa

Table 2: List of Antibodies
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Fig 2
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Fig 3
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Fig 4
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Fig 5
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Fig 6

mRNA fold change vs control no stress

TRPV4 Acetylated-a-tubulin

mNOB-stress mNOB+stress " mutPOC5-stress = mutPOC5+stress

700
%

" 600
=
4
gae 500 r
o ®
26 400 |
.f:% o m NOB-stress

c
;_S 300 | m NOB+stress
SE umutPOC5-stress
< S 200 - m mutPOC5+stress
o
E 100 [« l

o B L
RUNX2 ALP OST OoP POC5

210



Fig 7
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Fig 8
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Fig 9
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Fig 10
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Fig 12
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Fig 13
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