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Résumé 

 

La scoliose est une déformation complexe en 3D de la colonne vertébrale ayant une 

prévalence de 1.5-3% dans la population générale. La forme la plus commune est la scoliose 

idiopathique (SI) qui inclue la scoliose idiopathique de l’adolescent (SIA) affectant 

principalement les filles au cours de la puberté. L’étiologie est largement inconnue, mais les 

observations cliniques révèlent un rôle de l’hérédité ainsi que d’une croissance rapide dans le 

développement de la SIA. Il existe une forte évidence qu’une composante génétique entre en 

jeu dans cette pathologie. Récemment, de nombreux gènes ont été suspectés d’être 

responsables ou de contribuer à la SI. Notre équipe a identifié des variantes du gène POC5, 

codant pour une protéine centriolaire, dans une large famille française dont plusieurs membres 

sont atteints de SI. Dans cette même famille, nous avons suspecté l’implication d’une mutation 

du gène ADGRG7 (récepteur orphelin appartenant aux récepteurs d’adhésion couplés aux 

protéines G) dans la pathogénicité de la SI. Au travers de nos travaux, nous nous sommes 

concentrés sur l’élucidation du rôle des protéines POC5 sauvages et mutantes (in vitro et in 

vivo) ainsi que sur la régulation de l’expression de POC5 et ADGRG7 par l’estradiol (E2), 

dans le but de tester si ces gènes pourraient être fonctionnellement liés à la scoliose. 

 

Afin d’investiguer le rôle du gène POC5 dans la SI, nous avons surexprimé la protéine POC5 

mutante dans des lignées cellulaires par transfection transitoire (in vitro) et nous avons induit 

une perte de fonction du gène POC5 dans un modèle animal, le poisson zèbre (in vivo). Le 

rôle de POC5 a été étudié par : 1) Analyses de spectroscopie de masse et co-

immunoprécipitation afin d’identifier les différents partenaires de liaisons entre la protéine 

sauvage (wt POC5) et mutante (mut POC5); 2) immunolocalisation de la protéine sauvage et 

mutante au niveau cellulaire; 3) histologie et immunohistochimie réalisés sur des tissus issus 

de poissons zèbres contrôles (wt POC5) et scoliotiques (mut POC5). Notre travail a permis 

d’identifier plusieurs protéines partenaires  de la POC5, et nous avons trouvé des interactions 

fonctionnelles entre ces protéines et la POC5 reliées aux cils et  centrosome. Un certain 

nombre de protéines ciliaires ont été identifiées comme interagissant avec wt POC5 et non 

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 



 

iv 

tubuline alpha acétylée (marqueur ciliaire), confirme la conséquence de la mutation sur la 

localisation subcellulaire en relation avec la longueur et l’intensité de la coloration du cil. In 

vivo, nous avons identifié de nombreux défauts de la rétine et de l’oreille interne chez le 

poisson zèbre POC5 mutant par rapport au contrôle. Enfin, en utilisant différents marqueurs 

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

segment externe et les cônes de la rétine. 

 

Afin d’étudier le rôle possible de POC5 et ADGRG7 dans la SI, nous avons examiné comment  

POC5 et ADGRG7 est régulé au niveau transcriptionnel. Nous avons utilisé des modèles 

cellulaires, des ostéoblastes humains dérivées de contrôles et de SIA patient, et nous avons 

étudié l’expression de la protéine POC5 et ADGRG7 en réponse à une stimulation par l’E2. La 

région promotrice du gène ADGRG7 a été clonée et analysée pour les éléments cis médiant les 

effets de l’E2. Les analyses de délétion du promoteur indiquent que le site SP1 dans le 

fragment 474bp est requis pour une activité basale ainsi que pour une activation hormone-

dépendante, et des mutations dans les sites de liaison au sein de cette région résultent en la 

perte de transactivation. Les résultats d’immunoprécipitation de la chromatine (ChIP) ont 

montré que le site SP1 ESRα lie le promoteur d’ADGRG7. Nos résultats suggèrent que la 

régulation de l’expression d’ADGRG7 par l’E2 est due à l’association des protéines ESRα et 

SP1 au promoteur d’ADGRG7.  

 

La même stratégie expérimentale a été appliquée pour l'étude de la régulation de POC5 par 

E2. L'analyse de délétion et ChIP ont confirmé la régulation de POC5 à travers ESRα. Basé 

sur des études de promoteur, qPCR, Western blot et ChIP, cette étude clarifie comment  POC5 

et ADGRG7 sont régulées par l’E2. 

 

Un autre aspect de ce projet était d’étudier les différents effets du chargement mécanique sur 

des cellules, incluant des ostéoblastes humains, exprimant POC5 sauvage ou mutée. Les 

cellules ont été soumises à un stress mécanique à différents temps, et différentes voies de 

signalisations (incluant ERK, p38, NFκB) ont été testées. Nos résultats montrent une 

différence dans la réponse des cellules surexprimant POC5 mutée par rapport aux cellules 

contrôles. Les effets du chargement comprenant les différentes voies de signalisations ont été 
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montrés comme étant initiés via TRPV4, un canal calcique perméable activé par l’étirement 

localisé dans le cil primaire et la membrane plasmique.  

 

L'importance de ce travail réside dans le fait qu'il couvre plusieurs facteurs contribuant à la 

pathogenèse de l'SIA. Basé sur nos résultats, la SIA est une maladie multifactorielle complexe 

où POC5, le cil primaire, l’E2 et le chargement mécanique interagissent dans la 

physiopathogenèse. L’intérêt de ce travail est qu’il pose les bases permettant la compréhension 

des mécanismes moléculaires impliqués dans la SIA.  

 

Mots-clés: Scoliose idiopathique de l’adolescent, gène POC5, Protein d’adhesion –Couplé au 

Receptor-G7 (ADGRG7), Estradiol (E2), stress mécanique, sigle anglais pour transient 

receptor potential vanilloide 4 récépteur (TRPV4),  et cils. 
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Abstract 

 

Scoliosis is a complex three-dimensional deformity of the spine, with 1.5–3% prevalence in 

the general population. The most commonly known type of scoliosis is idiopathic scoliosis 

(IS), including adolescent idiopathic scoliosis (AIS) affecting principally girls during puberty. 

The etiology is largely unknown, but clinical observations revealed the role of hereditary and 

rapid growth in the development of this condition. There exists strong evidence that there is a 

genetic component to the disease. More recently, several genes were suspected to cause or 

contribute to IS. Our group identified gene variants of POC5 centriolar protein in a large 

French family with multiple members affected with IS. In the same family, we suspected the 

involvement of ADGRG7 (an orphan receptor that belongs to the Adhesion G protein-coupled 

receptors) gene mutation in the pathogenicity of IS.  In the present work, we focused on 

elucidating the role of wild type (wt) and mutant (mut) POC5 proteins (in vitro and in vivo) as 

well as the regulation of POC5 and ADGRG7 by estradiol (E2), with the goal to test whether 

these genes could be functionally connected with scoliosis. 

 

To investigate the role of POC5 gene in IS, we overexpressed mutant POC5 in cell lines by 

transient transfection (in vitro study) and created a loss-of-function model in zebrafish (in vivo 

study). The role of POC5 was investigated by: 1) mass spectroscopy analysis and co-

immunoprecipitation to identify differences in binding partners between the wt POC5 and mut 

POC5 proteins; 2) immunolocalization of wt and mut POC5 proteins at the cellular level; 3) 

histology and immunohistochemistry performed on tissues from wt (control) and scoliotic 

(poc5 mut) zebrafish. Our work identified several interacting partners with POC5, 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 POC5 protein with alpha acetylated tubulin (cilia marker), 

confirmed the consequence of the mutation on subcellular location with respect to cilium 

length and staining intensity. In vivo, several defects in the retina of zebrafish and inner ear 

were identified in mutpoc5 zebrafish compared to wt zebrafish. Finally, using different 
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markers for retinal layers and alpha acetylated tubulin, the defects were localized in the outer 

segment layer and cones of the retina.  

 

To further investigate the possible roles of POC5 and ADGRG7 in IS, we examined how  

POC5 and ADGRG7 are regulated at the transcriptional level. Human osteoblasts derived from 

control and AIS patients were used as a cell model, and the expression of POC5 and ADGRG7 

protein was monitored upon E2 stimulation. The promoter region of the human POC5 and 

ADGRG7 gene was then cloned and analyzed for functional cis-elements mediating effects of 

E2. Deletion analysis of the ADGRG7 promoter indicates that the SP1 site in the 474bp 

fragment is required for both basal activity and hormone-induced 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 SP1 and ESRα bind to ADGRG7 

promoter. Our results suggest that the regulation of ADGRG7 expression by E2 is due to the 

association of ESRα and SP1 proteins to ADGRG7 promoter. The same experimental strategy 

was applied for studying the POC5 regulation by E2. Deletion analysis and ChIP confirmed 

the regulation of POC5 through ESRα. Through promoter studies, qPCR, and western blot and 

(ChIP) assay, this study clarifies how POC5 and ADGRG7 are regulated by E2. 

 

Another aspect of this project was to study the differential effects of mechanical stress on wt 

and mut POC5 expressing cells, including human osteoblasts. Cells were exposed to 

mechanical stress for different time points and then different signalling pathways (including 

ERK, p38, NFκB) were tested. Our results show that there is difference in the response of 

control normal cells and cells overexpressing the mut POC5. The effects of loading including 

the signalling pathways were found to be initiated through TRPV4 which is a stretch-activated 

Ca2+- permeable channel and localizes to the primary cilium and plasma membrane. 

 

The importance of this work is that it covers several factors that contribute to the pathogenesis 

of AIS. Based on our findings, AIS is a complex multifactorial disease where POC5, cilia, E2 

and mechanical load intreplay in the pathogenesis of the disease. The significance of this work 

is that it puts the basics for understanding the molecular mechanisms that are implicated in 

AIS. 
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CHAPTER I. GENERAL INTRODUCTION 

 

I.  Pathogenesis of AIS 

 

 Scoliosis is a complex three-dimensional deformity of the spine, with 1.5–3% 

prevalence in the general population (Altaf, Gibson et al. 2013). The most commonly known 

type of scoliosis is idiopathic scoliosis (IS), including adolescent idiopathic scoliosis (AIS) 

affecting principally girls during puberty (de Seze and Cugy 2012). In fact, classification of 

scoliosis includes idiopathic (unknown cause or scoliosis without co-existing diagnoses), 

congenital (vertebral anomalies present at birth), or neuromuscular scoliosis. IS, which 

comprises about 80 percent of all cases, is subclassified as infantile (age 0-3), juvenile (age 3-

10), adolescent (age 10-18), or adult (age >18), according to the onset of scoliosis. There is no 

preventive treatment for AIS. The curve progression in patients 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 apex. The manifestations of AIS are highly 

heterogenous; while some patients develop rapidly progressive and severe curves, other 

patients have a loosely nonsevere curve. The treatment of AIS includes bracing, which is 

sometimes associated with significant morbidity. Surgery is recommended in adolescents with 

a curve of a Cobb angle more than 45-50° (Altaf, Gibson et al. 2013). 

 

Researchers tried over decades to understand the pathophysiology of idiopathic scoliosis and 

several hypotheses have been proposed. Most experts agree that the causes of AIS are 

multifactorial but there is no generally accepted theory of pathogenesis. The hypothetical 

etiological factors can be grouped into biomechanical, genetic, metabolic, and neurosensorial 

abnormalities, but AIS is most probably a complex multifactorial cascade of events that occurs 

during growth and development. Development, growth and puberty, which are all under 

hormonal control, could play a critical role in AIS. Particularly the sex steroids hormones (i.e 

estrogens (E2)), that are responsible for the onset of puberty in female, could contribute to the 

pathogenesis of AIS. 
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Physiopathological hypothesis for factors driving both AIS development and progression can 

be divided into extrinsic and intrinsic factors (Fig.1). Factors were classified based on whether 

the abnormality has a direct or indirect impact on the spinal growth mechanisms. There is 

increasing evidence that intrinsic spinal biomechanics of the upright human spine as well as 

genetics play a central role in the pathology and progression of AIS (Schlosser, van der 

Heijden et al. 2014, Newton Ede and Jones 2016). Briefly, (1) extrinsic factors are grouped 

into body asymmetry, hormonal factors, nervous system abnormalities and vestibular 

abnormalities (de Seze and Cugy 2012) while intrinsic factors are grouped into intervertebral 

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

paraspinal muscles, role of erect posture and genetic.  

 

 

Figure 1: Different factors contributing to scoliosis pathogenesis. 

The etiology and molecular mechanisms of AIS are not clear, however, several factors have 

been suggested to be involved in AIS pathogenesis including genetic, neuroendocrine, 

vestibular, biochemical and structural. Also, the mechanical loading, which is one of the 

proposed factors, is applied on the spine during puberty and could aggravate the progression 

of the scoliotic curve. Adapted from Leboeuf et al. (Leboeuf, Letellier et al. 2009). 
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II.  Extrinsic factors: 

 

 II.1.  Body asymmetry 

 

 AIS is characterized by having several types of curve patterns such as  proximal 

thoracic, main thoracic, and thoracolumbar/lumbar are designated as either the major curve 

(largest Cobb measurement) or minor curves with the minor curves separated into structural 

and nonstructural types (Lenke 2005), trunk asymmetry, and thoracic vertebral right rotation. 

However, it was reported that even in the normal spine, trunk asymmetry (Burwell, James et 

al. 1983) and thoracic vertebral right rotation (Grivas, Vasiliadis et al. 2006, Janssen, 

Kouwenhoven et al. 2011) exist. Interestingly, after adolescence, asymmetry in normal spine 

trunk may become prominent. In normal people, with higher age, the body tends to bending on 

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 a right thoracic curvature in the normal spine, the cause of this 

curvature is yet to be determined such as heart location and when this curvature worsens (Doi, 

Harimaya et al. 2011), it develops to scoliosis. 

 

 II.2.  Connective tissue abnormalities 

 

 Scoliosis is observed in patients with connective tissue disease, such as osteogenesis 

imperfecta, Marfan’s disease or the Ehler-Danlos syndrome (Hadley-Miller, Mims et al. 1994, 

Miller, Mims et al. 1996, Sponseller, Thompson et al. 2009). Patients with scoliosis have 

defects in elastic fiber in the yellow ligaments (Hadley-Miller, Mims et al. 1994). Elastic 

fibers are composed of the amorphous core of elastin and microfibrils that constitutes mostly 

of fibrillin. To study the role of elastic fiber system in scoliosis, the elastic fiber system of the 

ligamentum flavum was examined in patients who had scoliosis and in age-matched 

individuals who did not. Histological specimens of ligamentum flavum that are isolated from 

patients were stained for elastic fibers and fibrillin. Also, fibroblasts were isolated and 

cultured to study the biosynthesis and secretion of fibrillin and its incorporation into the 

extracellular matrix in vitro. Elastic fibers had reduction in fiber density (the number of fibers 
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per unit area) and a non-uniform distribution of fibers throughout the ligament. Specimens 

showed defect in fiber arrangement and lowered staining as compared to normal 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 elastic fiber system could play a role in the pathogenesis of 

AIS (Hadley-Miller, Mims et al. 1994). 

 

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

 

 Current studies also suggest that the etiopathogenesis of AIS involves intrinsic factors 

and extrinsic factors, such as defects in the central nervous system. Abnormalities in the 

organization of the cortical network on the brain were observed in AIS patients. It was 

reported that the network is preserved in AIS patient brains but there is hemispheric 

asymmetry of AIS brain. Also, there was decreased structural connectivity between 

hemispheres and increased connectivity observed in several cortical regions. These results 

shed light on the defects of the structural network alteration in AIS brain, and would help in 

understanding the mechanism and etiopathogenesis of AIS (Wang, Shi et al. 2013). 

Dysfunction and abnormalities in the morphology of the cerebellum could be linked to 

pathogenesis. The cerebellar volume in AIS patients was found larger compared with normal 

controls in the cerebellum regions. These affected regions have several functions that involve 

motor control, somatosensory, working memory, language, and response to visual stimulation 

(Shi, Wang et al. 2013). AIS patients have been found to have higher incidence of tonsillar 

ectopia thus the position of the cerebellar tonsil could be associated with AIS pathogenesis 

(Sun, Qiu et al. 2007). AIS 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 stem. With magnetic resonance imaging (MRI), 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 tracts was noted in some patients with one patient had an enlarged cisterna 

magna and one an inconclusive (incomplete) study (Geissele, Kransdorf et al. 1991). 
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Using MRI, several studies have shown that several cases of "idiopathic" scoliosis show 

neurologic abnormalities including syringomyelia and Chiari 1 malformation. Some cases of 

"idiopathic" scoliosis include a craniovertebral malformation (Inoue, Nakata et al. 2003). 

Abnormalities in the cerebral structure, the brain stem and spinal cord was reported in patients 

with idiopathic scoliosis (Wang, Shi et al. 2012).  Changes in the nervous system in patients 

with AIS in the left thoracic versus right thoracic AIS were studied by volume based 

morphometry. This study found that there is downregulation 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 inner hemispheric communication and conduit of the corticothalamic 

projectional fibers, respectively (Shi, Wang et al. 2009).  

 

 II.4.   Vestibular system abnormalities 

 

 There is extensive research on the role of vestibular system in scoliosis. The vestibular 

system influences several pathways including vestibulospinal pathway, the hypothalamus, and 

the cerebellum. It is suggested that the vestibular system is a possible cause of later 

morphological, hormonal and neurosensory anomalies observed in AIS. There are five inertial 

sensors in the vestibular system, which are the three 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 with fluid, which opens at both ends into the vestibule. The three 

canals are oriented orthogonally to each other so that a rotation in any direction can be 

represented as the summed response from all three canals (Hawasli, Hullar et al. 2015). 

 

Semicircular canal abnormalities of the left inner ear might be one 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 ear. Vestibular morphological anomalies 

were postulated to be already existing at birth and could possibly have caused other 

abnormalities. In an attempt to address the above-mentioned hypothesis, MRI was used to 

study the vestibular organ in adolescents with AIS and in controls. Precisely, the orientation 

of the lateral semicircular canal and the three semicircular canal positions were studied 
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relative to the midline. The function of the lateral semicircular canal was also investigated. 

Indeed, abnormalities in the orientation of the left lateral semicircular canal were 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 AIS (Hitier, Hamon et al. 2015). 

 

One of the proposed hypothesis is that there are abnormalities in the anatomy of the vestibular 

system in AIS patients. In AIS patients, the distance between centers of lateral and superior 

canals and the angle with vertex at the center of posterior canal were significantly smaller than 

control subjects, but not in the right-side counterparts. The significance of this finding could 

explain the defects in subclinical postural, vestibular and proprioceptive observed frequently 

in AIS patients (Shi, Wang et al. 2011). Problems in the development of the semicircular 

canals could 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 possible impact of 

semicircular canal abnormalities is that it leads to defects in the transmission of sensory signal 

of the rotational movement of the body to the central nervous system, leading to an alteration 

in the neuronal circuit of balance (Patten and Moldovan 2011). 

 

III.  Intrinsic factors: 

 

 III.1.   Intervertebral disc and growth plate 

 

 Growth plate and intervertebral disc abnormalities are one of the primary defects that 

occur in AIS. Several studies tried to explain the causes behind this abnormality, such as 

disorganisation of columns of chondrocytes in the convex zone of the growth plate (Day, 

Frawley et al. 2008). Also, patients with AIS have degeneration of the intervertebral disc 

matrix. The morphology and composition of the intervertebral disc and also of the cartilage 

end-plate 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 material. Also, some collagen types 

were not similarly distributed in tissue from scoliotic patients and autopsy tissue. In the 

patients studied and except for three, there was calcification of the end plate and sometimes of 
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the adjacent disc, while the autopsy specimen had minimal calcification. The observed 

findings could be a result of variable loading in scoliotic patients and this might be a 

contributing factor for scoliosis (Roberts, Menage et al. 1993). Patients with idiopathic 

scoliosis were found to have increased concentrations of keratan sulfates and unmodified 

keratan sulfates in the vertebral body growth plate. There was also a reduction in the sulfation 

and acetylation of total glycosaminoglycans (GAG) by 50 and 30%, respectively. These 

modifications are due to the decrease in the biological activity of molecules that modulate 

function of the growth plate (Rusova, Rykova et al. 2005). One of the possible factors 

contributing to the progression of scoliosis could be due to defects in the maturation process of 

nucleus pulposus. Analysis of the intervertebral discs in scoliotic patients show reduced 

stainability of cartilaginous plate, reduction in the cleft and vacuolation of the matrix of 

annulus fibrosus as well 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 nucleus pulposus were not common in 

higher rotation cases. Chordal cell fragments were prominent in nucleus pulposus in scoliotic 

patients (Nakamura 1980). 

 

 III.2.   Spinal growth abnormalities and biomechanical factors 

 

 The hypothesis on spinal growth abnormalities and biomechanics was mainly 

elaborated by Dr. Ian Stokes. He introduced the concept of mechanical modulation of the 

vertebral body growth in the pathogenesis of progressive adolescent idiopathic scoliosis. He 

believes that the Hueter-Volkman or Deplech (Veldhuizen, Wever et al. 2000) can be 

explained by the fact that constant pathologic strong pressure decelerates endochondral 

longitudinal growth while reduced compression accelerates growth, where the direction of 

gowth is changed by the exterted pressure. The clinical significance of this law is that brace 

treatment is based on this effect although the efficacy of bracing continues to be debated and 

questioned and research is now targeted and focused on compression-based fusionless tethers 

that can replace the brace treatments (Braun, Ogilvie et al. 2004, Aubin, Clin et al. 2018). 

 



 

8 

In more details, the Hueter-Volkman 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 epiphyseal growth plate. 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 so on (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 term 'vicious cycle' to depict the impacts of gravity on 

thoracic vertebral endplate physes in Scheuermann's illness. Despite the fact that this theory is 

appealing, the legitimacy of this mechanical stress development relationship speculation stays 

to be demonstrated. This thusly requires quantitative data about the loading condition of the 

spine with scoliosis, considerable development changes and geometrical changes (Stokes, 

Burwell et al. 2006) . 

 

Biomechanical stress reduces axial growth by inducing different effects on bone. The effect of 

compression is the reduction in the axial growth, with reduced numbers of proliferating 

chondrocytes and reduced chondrocytic enlargement in the hypertrophic zone. The wedging of 

discs that is seen in scoliosis may involve an asymmetrical tissue remodeling or selective 

concave side degeneration. It was reported that the growth rates at axially loaded growth 

plates (tail vertebrae and proximal tibiae) were found 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. 2011). Mechanical modulation of growth (Hueter-Volkmann 

standard) is thought to be included in the pathomechanism of the dynamic deformation of the 

vertebrae. Changes in the mechanical environment may incorporate modifications and 

asymmetry of stacking and movement (Stokes 2007). In an attempt to understand the 

mechanism of progression of scoliosis during growth, it was reported that there is proportional 

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 sensitivity (percent change per unit stress) was 
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reported for both vertebrae and tibiae. The results of this work support the vicious cycle theory 

of scoliosis progression (Lafortune, Aubin et al. 2007). 

 

Mechanical loading affects the endochondral bone development. In particular, increased 

weight on the physis decreases development while reduced weight quickens development. 

Studies show that chondrocytic hypertrophy plays a key role in the development plate 

mechanobiology, as it is likewise in typical regulation of development. The zone of 

hypertrophy is the slightest inflexible development plate part and would encounter the highest 

deformity under development loading, and this makes it as a consequence the basic mechano-

transductive zone. It was found by Villemure et al. that the development plate pressure 

decreases hypertrophic zone thickness, diminishes hypertrophic chondrocyte volume and 

additionally creates a loss of hypertrophic columnar game plan and decreased outflow of the 

chief collagenous extracellular network proteins (sort II and X collagens). The reason for 

collagenous corruption (mechanical versus enzymatic) is not known. The arrangement of 

changes (network creation, tissue and cell morphometry) is not decided either, yet 

unmistakably these variables are closely related. 

 

 III.3.   Vertebral bone tissue 

 

 It is increasingly believed that one of the primary intrinsic factors in AIS pathogenesis 

is abnormal vertebral bone tissue. There are several examples of studies that show a 

corrolation between changes in bone quality/quantity and scoliosis. Lumbar spine bone 

mineral density and altered vertebral growth cause rotational lordosis, suggesting that low 

bone mineral status could be correlated with AIS. Using energy X-ray absorptiometry and 

peripheral quantitative computer tomography respectively, it was found that AIS patients have 

low bone mineral density (BMD) (Cheng, Qin et al. 2000). The tibial BMD showed the most 

significant difference. The most significant effect was seen in the trabecular bone mineral 

density (tBMD) of the distal tibiae (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 osteocytes (Sun, Qiu et al. 2009). Bone 

histology showed significant less osteocytes count in the trabecular bone with smooth and 
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continuous borders. This suggests that AIS patients have alteration in the bone turnover. 

Possible causes of the low BMD are the abnormal metabolism associated with several factors 

like Runx2 expression (Sun, Qiu et al. 2009, Wang, Sun et al. 2014) that could play an 

important role in the etiology and pathogenesis of AIS. Curve progression prognosis was 

corrolated with osteopenia that could be considered as one of the risk factors of progression of 

the curve in AIS patients during brace treatment. It is possible that the status of the BMD will 

help predict the outcome of brace treatment (Sun, Wu et al. 2013). 

 

 III.4.  Paraspinal muscles 

 

 One of the factors that could be involved in the progression of the scoliotic curve is 

dysfunction in the paraspinal muscles. It was found that patients with AIS have asymmetries 

in these muscles as detected by electromyography. Subjects with AIS had higher maximal 

integrated electromyography (IEMG) activities in the left lumbar muscle, recorded at the onset 

and during the early (submaximal) phases of muscle contraction, (Avikainen, 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 patients showed similar 

abnormalities. Study on the extensor digitorum communis muscle (EDC) found moderate but 

significant increase in fiber density, mild but significant abnormality in neuromuscular 

transmission, and moderate prolongation of the mean interspike interval was observed 

(Trontelj and Fernandez 1988). In addition, defects in paraspinal and intercostal muscles at the 

apex of the scoliotic curvature were observed (Trontelj and Fernandez 1988). 

 

Assymmetries between the convex and concave sites of the muscle were 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 

showed that there was increased synthesis on the convexity more than on the concavity at the 

apex of the spinal curve. The RNA activity at the muscle was lower at the curve apices on the 

concave vs the convex side, also with differences in muscle histology and a lower type I fiber 
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diameter, and a lesser proportion of type I fibers on the concavity. Muscle protein turnover 

differences are secondary to an increased muscle contractile activity on the curve convexity 

and functional immobilization of the muscle on the curve concavity and greater fibrosis and 

fatty acid involution in the concave site compared to the convex site (Gibson, McMaster et al. 

1988, Wajchenberg, Martins et al. 2015). Myopathy, muscular atrophy due to necrosis, 

presence of hyaline fibers, and mitochondrial proliferation were observed at both sides 

(Gibson, McMaster et al. 1988, Wajchenberg, Martins et al. 2015). 

 

 III.5.  Role of erect posture 

 

 The human is the only naturally occurring bipedal being who is affected by scoliosis 

disease. This strengthens the significance of the bipedal posture, where the orangutan spine 

was used as a model for human spine. Analysis of this model shows that it has characteristics 

of human AIS such as the predominant right side curve, vertebral rotation to convexity, 

displacement of the spinal cord to the concavity, and an unequal number of ribs on either side. 

Congenital anomaly was not seen. The difference and unusual features of this animal model to 

human AIS include male gender, 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 scoliosis (Taylor 1983, Machida, Murai et al. 1999, Naique, Porter et al. 2003). To 

study if the bipedal position is essential for development of scoliosis, chickens were 

pinealectomized shortly after hatching and this resulted in scoliosis closely resembling human 

idiopathic scoliosis. No scoliosis developed in quadripedal rats. The bipedal condition, such as 

that in chickens or humans, plays an important role in the development of scoliosis. The 

findings suggest a critical influence of a postural mechanism for the development of scoliosis. 

This upright stature causes weakening of the spinal column with backward shear stress. This 

will lead to rotator instability, which could be the origin of scoliosis (Machida, Murai et al. 

1999, Machida, Saito et al. 2005). 
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 III.6.  Genetic factors 

 

 Several genes and chromosomal loci have been associated with scoliosis. This part is 

discussed in details in the next sections. 

 

IV.  Genetics of AIS: 

 

 The genetic causes of IS are not well understood, although there is clear evidence that 

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 ranging from 0.73 and 0.92, 0.36 and 0.63 

for monozygotic and dizygotic twins, respectively. Monozygous twins have a statistically 

significant higher rate of concordance than dizygous twins, and the curves in monozygous 

twins develop and progress together. These data support 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 should support the fact 

that AIS should have genetic basis. Also, familial clusters put the ground for the importance of 

heredity in IS. It was found that there is 55, 12 and 7 times higher presence of AIS among 

relatives than in a given population. In one of the studies on the genetics of AIS, it was found 

that the inheritance was 88% in first degree relatives, 70% in relatives of male index patients 

and 10% in the female relatives. Several reports in literature suggest that AIS could have an 

autosomal dominant, X-linked 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 family with scoliosis transmitted through  five 

generations and the deformity appears to be primary-disease and not secondary to another 

disease. Segregation analysis using a model with age and gender effects was applied to 101 

pedigrees ascertained through a proband with IS. The transmission probability model was used 

to detect major gene effect. When the pedigrees were analyzed, affected status was assigned to 

persons with a Cobb's angle of more than 5 degrees, no significant major gene effect was 

observed. However, when the affected status was assigned to persons with pronounced forms 

of disease only (a curve of at least 11 degrees), a significant contribution of a major causal 
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gene could be established and inheritance could be described according to a dominant major 

gene diallele model, assuming incomplete sex and age dependent penetrance of genotypes. 

According to this model, the pronounced forms of idiopathic scoliosis should 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 mutant gene should manifest the disease (30% of males and 50% of females) (Garland 

1934, Wynne-Davies 1968, Cowell, Hall et al. 1972, Riseborough and Wynne-Davies 1973, 

Czeizel, Bellyei et al. 1978, Carr 1990, Axenovich, Zaidman et al. 1999, Justice, Miller et al. 

2003). 

 

Although a strong inherited component has been reported in familial studies in AIS, the 

predisposition genes are still to be established. Genome wide association studies (GWAS) 

allowed the investigation and identification of genes associated with AIS. Table 1 represents a 

summary of gene variants identified through Sanger sequencing and GWAS studies. 
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Table 1: List of genes and identified mutations variants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene name Function Position SNP 

BNC2 
Zinc finger transcription 

factor 

rs10738445 (Ikegawa 2016, 

Xu, Xia et al. 2017) 

rs3904778 

(Ogura, Takeda et al. 2018) 

 

MIR4300HG 

 

The host gene of a 

microRNA, MIR4300. 

Enhancer activity 

rs3533356 

(Ogura, Kou et al. 2017) 

 

MAPK7 Regulates gene expression 

c.886G> A, 

c.1943C> T 

c.1760C> T  

(Gao, Chen et al. 2017) 

 

MEIS1 

MAGI1 

TNIK 

 

Normal development 

Scafolding protein at cell-

cell junction 

Activator of Wnt 

signalling pathways 

rs7593846 

rs7633294 

rs9810566 

(Zhu, Xu et al. 2017) 

POC5 Centriolar protein 

[c.304_305delGA (p. D102*)] 

(Weisz Hubshman, Broekman 

et al. 2017) 

rs6892146 (Xu, Sheng et al. 

2017) 

c.G1336A (p.A446T), 

c.G1363C (p.A455P), and 

c.C1286T (p.A429V) (Patten, 

Margaritte-Jeannin et al. 

2015) 

SOX9 and KCNJ2 

Master transcription factor 

of cartilage 

Potassium channel, a 

component of the inward 

rectifier current IK1 

rs12946942 (Ikegawa 2016) 

rs12946942  (Bae, Cho et al. 

2012, (Miyake, Kou et al. 

2013)  
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Gene name 

 

Function 

 

Position SNP 

ESR2 

Estrogen response 

Skeletal growth and 

maturation 

rs1256120 SNP 

(Zhao, Roffey et al. 2016) 

VANGL1 

Regulators of 

WNT/planar cell 

polarity (PCP) 

signaling 

p.I136N and p.F44  

(Andersen, Farooq et al. 2016) 

LBX1 

Control the 

expression of genes 

that guide migrating 

muscle precursors and 

maintain their 

migratory potential 

rs11190870 (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. 2018) 

rs678741 29(Zhu, Tang et al. 

2015, Nada, Julien et al. 2018) 

ADGRG6 Spinal development 

rs6570507 (Kou, Takahashi et 

al. 2013, Ikegawa 2016) 

rs7755109  

(Xu, Yang et al. 2015) 

Rs9403380 

(Qin, Xu et al. 2017) 

AKAP2 Skeletal development 
c.2645A>C (p.E882A) 

(Li, Li et al. 2016) 

COL11A2 
Extracellar matrix 

gene 

Novel coding variants (Haller, 

Alvarado et al. 2016) 

AJAP1 

Cell–cell 

and cell-extracellular 

matrix interactions 

that could be involved 

incell adhesion, 

migration and 

invasion 

rs241215  

(Zhu, Tang et al. 2015) 
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Gene name Function Position SNP 

PAX3 and EPHA4 

Mediate 

developmental events, 

particularly in the 

nervous 

System 

regulates both 

myogenesis and 

neurogenesis in the 

neural tube 

rs13398147  

(Zhu, Tang et al. 2015) 

BCL-2 Key role in apoptosis 
rs4940576  

(Zhu, Tang et al. 2015) 

LEPR 

Modulating the serum 

leptin level, 

Metabolism, body 

energy, glucose 

rs2767485  

(Liu, Wang et al. 2015) 

FBN1 and FBN2 
Extracellular matrix 

genes 

Rare variants (Buchan, 

Alvarado et al. 2014) 

TGFB1 

Cellular proliferation, 

growth, 

differentiation, 

adhesion, inter-cell 

signaling, as well as 

on the formation and 

degradation of 

extracellular matrix 

proteins 

rs1800469 

rs1800471 (Ryzhkov, 

Borzilov et al. 2013) 

 

MATN1 

Organization of 

chondrocyte into 

distinct zones of 

growth plate 

rs1149048 (Chen, Tang et al. 

2009, Zhang, Zhao et al. 

2014) 

rs1065755   

(Bae, Cho et al. 2012) 
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Gene name Function Position SNP 

IL-17RC 

Promoting the 

production of several 

pro-inflammatory 

cytokines 

rs708567  

(Zhou, Qiu et al. 2012) 

GPER 

Take part in the 

estrogen-related 

regulation of 

skeletal development 

rs3808351, rs10269151 and 

rs426655s3  

(Peng, Liang et al. 2012) 

TIMP-2 

Natural inhibitors of 

the MMPs, major 

TIMP expressed 

during endochondral 

ossification, 

rs8179090  

(Jiang, Qian et al. 2012) 

CHL1 and  

LOC642891 

Axonal guidance and 

neuronal migration 

rs10510181 

rs1400180 (Sharma, Gao et al. 

2011) 

 

ERβ 
Modulate estrogen 

effects on bone 

458T>C (Zhang, Lu et al. 

2009) 

 

TPH1 

Rate-limiting enzyme 

TPH of serotonin 

biosynthesis 

in pinealocyte 

rs10488682 (Wang, Wu et al. 

2008) 

 

IL-6 and MMPs Acute-phase proteins 

MMP-3 5A/5A gene 

polymorphism  and - G/G 

genotype IL-6 (Aulisa, 

Papaleo et al. 2007) 

 

MTNR1B 
Mediates Melatonin 

biologic effects 

rs4753426 (Qiu, Tang et al. 

2007) 

 

IGF-I 
Pivotal role in bone 

growth 

rs5742612 and rs2288377 

(Yeung, Tang et al. 2006) 

ESR1 
Mediates estrogen 

effects on bone 

PvuII T/C polymorphism, 

dbSNP#: rs2234693and XbaI 

(A/Gpolymorphism,dbSNP#: 

rs9340799)(Tang, Yeung et 

al. 2006)  
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 IV.1.  Selected candidate genes involved in AIS and their biological roles 

 

 IV.1.1.Different gene groups involved in AIS 

 

 Table 1 shows some of the genes associated with AIS. Based on the function, these 

genes can be classified into extracellular genes (COL11A2, AJAP1, FBN1 and FBN2, TGFB1,  

MATN1), genes important for development (AKAP2, PAX3 and EPHA4, CHL1 and 

LOC642891, ADGRG6, MATN1, MEIS1, MAPK7, SOX9, VANGL1, LBX1), gene regulation 

(BNC2, MAPK7), inflammation (IL-17RC, IL-6 and MMPs), estrogen response (ESR2, GPER, 

ERβ, ESR1) and cell cycle (POC5). In the upcoming paragraphs, I will be discussing the genes 

that have been widely associated with AIS based 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, such as COL1, FBN1 and FBN2, are major components in the 

supporting structures of the spinal column (Bae, Cho et al. 2012). The MATN1 is highly 

expressed in the cartilage and is essential for the organization of the ECM (Deak, Wagener et 

al. 1999). AJAP1 plays a role in cell–cell and cell-extracellular matrix interactions and hence it 

could be implicated in cell adhesion, migration and invasion. The latter is an important factor 

in regulating bone growth and osteoblast differentiation, both are significant factors in AIS 

pathogenesis (Zhu, Tang et al. 2015). Thus GWAS and exome sequencing studies were 

targeted on identifying gene variants in different populations especially in Asian (Chen, Tang 

et al. 2009, Bae, Cho et al. 2012, Zhang, Zhao et al. 2014, Zhu, Tang et al. 2015) European 

(Buchan, Alvarado et al. 2014, Haller, Alvarado et al. 2016) and Russian (Ryzhkov, Borzilov 

et al. 2013) populations. 

 

Developmental genes have been widely studied in AIS. AKAP2 is involved in skeletal 

development. Through exome sequencing, AKAP2 co segregated with AIS in all of the family 

members in Chinese Han population (Li, Li et al. 2016). Through GWAS study in Chinese 

girls, variants in EPH receptors and PAX3 were found to be associated with AIS (Zhu, Tang et 

al. 2015). EPH receptor is involved in the development of the nervous system (Frisen and 
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Barbacid 1997). The PAX3 is also a developmental gene that regulates both myogenesis and 

neurogenesis in the neural tube (Schubert, Tremblay et al. 2001, Buckingham and Relaix 

2007). Both are important for the development of vertebral muscle. Paravertebral muscle 

abnormalities have been suggested as the cause of AIS (Kouwenhoven and Castelein 2008) 

and PAX3 mutations cause  muscular, neural tube and  vertebral column  defects (Farin, 

Mansouri et al. 2008, Xiao, Zhang et al. 2011). Through GWAS studies in Texas families, 

both overlapping genes, CHL1 and LOC642891, were associated with AIS (Sharma, Gao et al. 

2011). CHL1 is closely related to Robo3, mutations in the latter causes horizontal gaze palsy 

characterized by severe scoliosis (Jen, Chan et al. 2004).  CHLI have functions in axonal 

guidance and neuronal migration, when mutated this possibly might end up with   aberrant 

axonal growth and directionality. As described above, the nervous system is an important 

factor in AIS pathogenesis. Several studies focused on the association of the LBX1 gene with 

AIS in several populations including French Canadian (Nada, Julien et al. 2018), Chinese Han  

(Gao, Peng et al. 2013, Jiang, Qiu et al. 2013, Liu, Wu et al. 2017), Scandinavian (Grauers, 

Wang et al. 2015), East Asian (Chen, Zhao et al. 2014, Liang, Xing et al. 2014), Asian and 

non-Hispanic white groups (Londono, Kou et al. 2014), Southern Chinese (Fan, Song et al. 

2012)  and Japanese (Takahashi, Kou et al. 2011). LBX1 belongs to the group of homeobox 

genes and is expressed in the dorsal part of the spinal cord and hindbrain. LBX1 plays a role in 

development of the sensory pathway in the spinal cord by controlling the fate of dorsal spinal 

and hindbrain somatosensory neurons (Gross, Dottori et al. 2002, Sieber, Storm et al. 2007). 

Mutations in LBX1 cause somatosensory defect and thus contribute to AIS (Takahashi, Kou et 

al. 2011). Another widely studied gene in AIS is ADGRG6. GWAS and sequencing analysis 

were performed in Chinese (Xu, Yang et al. 2015, Qin, Xu et al. 2017) and Japanese (Kou, 

Takahashi et al. 2013) populations. The ADGRG6 gene belongs to the family of adhesion G 

protein coupled receptors, and ADGRG6 might play important roles in development and 

disease (Patra, Monk et al. 2014). The ADGRG6 was found to have high expression in the 

cartilage (Kou, Takahashi et al. 2013) and vertebral bodies (Patra, van Amerongen et al. 

2013). 

 

Transcriptional factors are also implicated in AIS pathogenesis. BNS2 mutations have been 

found in Chinese (Ogura, Kou et al. 2015, Xu, Xia et al. 2017) and Japanese populations to be 
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associated with AIS (Ogura, Kou et al. 2015, Ogura, Takeda et al. 2018). BNC2 is a zinc 

finger transcriptional factor highly expressed in musculoskeletal tissues such as spinal cord, 

bone and cartilage (Ogura, Kou et al. 2015). The suggested function of BNC2 is the nuclear 

processing of mRNA (Lamond and Spector 2003). Mutations in BNS2 are suggested to 

regulate the transcriptional activity of BNC2 (Ogura, Kou et al. 2015). Another gene that is 

involved in transcriptional regulation is the MAPK7. Little is known about the association of 

MAPK7 and AIS. Recently, sequencing in Chinese family identified disease associated 

variants (Gao, Chen et al. 2017). The MAPK gene belongs 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 pathogenesis. There exists a correlation between 

matrix metalloproteinases (MMPs) and disc degeneration. 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 scoliosis (Crean, Roberts et al. 

1997). Hence, polymorphisms in MMPs have been studied in Italian (Aulisa, Papaleo et al. 

2007), and Hungarian (Morocz, Czibula et al. 2011) and the studies found that gene variants in 

MMPs might be involved in the susceptibility to scoliosis. Not only MMP but other 

inflammatory factors like IL-6 has been also investigated for possible roles in AIS. IL-6 is a 

proinflammatory cytokine, whose concentration is increased in the nucleus pulposus of 

scoliotic discs in response to exogenous pro-inflammatory stimulus. As a consequence, the 

inflammatory reaction is amplified and this results in more degeneration of the intervertebral 

disc (Burke, RW et al. 2003). Polymorphisms of IL-6 has been described in Italians (Aulisa, 

Papaleo et al. 2007) Hungarians (Morocz, Czibula et al. 2011) populations and have been 

associated with AIS. The mutation in IL-6 affects  function  and activity of the protein. 

 

The ciliary genes, Estrogen receptor polymorphisms and POC5 will be described in section 

III.2. (Ciliary genes: Cilia and its connection with AIS), chapter II (Hormonal factors 

associated with AIS) and chapter III (POC5 AND AIS) respectively. 
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 IV.2.  Ciliary genes: Cilia and its connection with AIS 

 

 The role of cilia in AIS is emerging. Several studies (Kamiya, Shen et al. 2015, 

Grimes, Boswell et al. 2016, Kobayashi, Asano-Hoshino et al. 2017, Oliazadeh, Gorman et al. 

2017) indicate a significant involvement of cilia in the pathogenesis of AIS. Cilia plays 

important roles in motility, mechanotransduction and sensory perception and they are 

expressed in most-mitotic epithelial cells and differentiated cells, which have exited the cell 

cycle. Given the critical role the cilia plays, I will focus on the upcoming paragraphs on the 

studies that found correlation between ciliary anomalies and AIS occurance. 

 

 IV.2.1.  KIF 6 

 

 KIF6 belongs to the family of kinesins (KIFs). Kinesin-9 superfamily has only been 

identified in vertebrates and protozoa and that’s why they have been suggested to have a role 

in cilia and flagella. Kif6 is downregulated in Forkhead box J1 (FoxJ1)-null mice, which 

suggests a role of Kif6 in cilia (Jacquet, Salinas-Mondragon et al. 2009). FoxJ1 has significant 

roles in the differentiation of ependymal cells (Li, Handsaker et al. 2009) which have cilia and 

line ventricles in the brain and the central canal in the spinal cord. The function of ependymal 

cells also includes the circulation of cerebral spinal fluid. KIF6 expression is limited to the 

ependymal layer of the ventricle (Li, Handsaker et al. 2009) and central canal of the spinal 

cord. In a recent work in identifying new genes in AIS, kif6 mutant zebrafish were found to 

have scoliotic phenotype. These proteins were identified as transport proteins for organelles, 

protein complexes, and mRNAs to specific destinations in a microtubule and ATP-dependent 

manner. During mitosis and meiosis, kif proteins have a cooperative role in the movement of 

chromosomes and spindles. These proteins contain a highly conserved amino acid sequence 

among all eukaryotic phyla studied thus far. The motor domain includes a conserved sequence 

that is proximal to a Walker ATP binding motif and a microtubule binding domain. Kifs have 

different sequences postside the motor domain. Kifs interact with cargo molecules and it 

occurs outside the motor domain. It has been shown recently that by the interaction with 

adaptor proteins, this helps kifs in attachment to cargos (Miki, Setou et al. 2001). Although 

KIF6 was originally distinguished as an orphan kinesin (Miki, Setou et al. 2003, Miki, Okada 
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et al. 2005) it was considered a member of the kinesin-family 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 Kinesin-9 superfamily (Miki, Okada et al. 2005), knowing that 

however, the two proteins are phylogenetically distant (Miki, 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 sexual dimophism like in human IS. Unlike in humans, in skolios both genders 

were affected, but over time, adult male mutants developed a more severe spinal deformity 

compared with adult females. This observation doesn't apply to humans and it can be 

explained that the gender factor could be involved in progression but not susceptibility 

(Buchan, Gray et al. 2014). The significance of this study is that the presented skolios could 

represent a 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 role of KIF6 in spinal 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 Notch, canonical Wnt/β-catenin and FGF signalling 

pathways which will regulate the expression of multiple genes along the posterior body axis 

that drive rhythmic somite production from the presomitic mesoderm (Pourquie 2007). PTK7 

is one of the key organizers of canonical Wnt/β-catenin and non-canonical Wnt/PCP signalling 

activity and is essential for vertebrate embryonic patterning and morphogenesis. Experiments 

in ptk7 mutant zebrafish reveal an important role of this gene in developmental pattering and 

morphogenesis (Hayes, Naito et al. 2013). 

 

The PTK7 is a typical tyrosine kinase that is conserved through evolution and has been found 

to have a role in Wnt, Semaphorin/Plexin and VEGF signal transduction. PTK7 could be part 

of the Wnt receptor complex since it interacts with Wnt ligands, Frizzled 7 and LRP6 co-

receptors (Takeuchi 1966, Shnitsar and Borchers 2008, Peradziryi, Kaplan et al. 2011).  It was 
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found that both canonical Wnt/b-catenin and non-canonical Wnt/PCP signalling activity were 

disrupted by the PTK7P545A allele, which confirms the effect of dysregulated Wnt signalling 

in IS (Hayes, Gao et al. 2014). The activation of the receptor complex endocytosis is an 

essential step in Wnt/PCP and Wnt/b-catenin signal activation, PTK7P545A was found to be 

more localized at the plasma membrane which possibly could result in defective Wnt 

signalling altering complex trafficking (Hayes, Gao et al. 2014). 

 

Animal models of scoliosis are limited unless bipedal posture is acquired which necessitates 

the upright posture that is found in humans. Knowing that, in Teleosts there is biomechanical 

forces along the spine that can make fish more susceptible to late-onset spinal curvatures 

(Gorman and Breden 2007, Gorman and Breden 2009, Janssen, de Wilde et al. 2011, Ouellet 

and Odent 2013). This fact makes fish a good model of human scoliosis. Depending on the 

timing of the loss of function of ptk7, mutant zebrafish develops spinal deformities that model 

congenital and idiopathic scoliosis. Interestingly female mutant zebrafish had more severe 

curves than males and hence this makes the model a good representation of human AIS 

(Hayes, Gao et al. 2014).  

 

As discussed above, ptk7 mutant zebrafish develop scoliosis (Hayes, Gao et al. 2014). To 

understand the etiopathogenesis of IS, in another work, dysfunction of motile cilia was 

investigated. Motile cilia function in the flow of extracellular fluid. Wnt/PCP and Wnt/Catenin 

play a role in cilia function (Park, Mitchell et al. 2008, Caron, Xu et al. 2012). The proof of 

possible defects of cilia in AIS is suggested by the fact that there is abnormal L-R asymmetries 

and defective flow in IS patients (Wang, Yeung et al. 2011), and an elevated incidence of 

scoliosis among primary ciliary dyskinesia patients (Engesaeth, Warner et al. 1993). Analysis 

of ptk7 mutants shows that they have abnormal CSF flow within the ventricular system that 

goes along with a role for EC motile cilia defects in the etiology of IS (Grimes, Boswell et al. 

2016). 
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 IV.2.3.   ZMYND10 

 

 The ZMYND10 gene (zinc finger, MYND-domain-containing 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 cycle regulation. It was 

found that it inhibits the growth of nasopharyngeal carcinoma cells, arrests the cell cycle at the 

G1 phase, downregulates JNK (c-Jun N-terminal kinase) and cyclin D1 promoter activities, 

and inhibits phosphorylation of c-Jun (Zhang, Liu et al. 2012). Recently, mutations in 

ZMYND10 were identified as primary ciliary dyskinesia (PCD) disease causing gene (Moore, 

Onoufriadis et al. 2013). PCD is caused by defects in motile cilia that result in recurrent 

respiratory functions and male infertility. ZMYND10 interacts with LRRC6 (Zariwala, Gee et 

al. 2013). LRRC6 is a gene that is essential for proper axonemal assembly of inner and outer 

dynein arms. Mutations in LRRC6 cause primary ciliary dyskinesia (Kott, Duquesnoy et al. 

2012). 

 

Recently, in medaka zebrafish, reduced expression of zmynd10 lead to the loss of the outer 

dynein arms (ODA), loss in Kupffer's vesicle (KV) cilia, and resulted in a motility defect. 

Morphants had curly-tail-down (CTD) and LR asymmetry, which are characteristic motile 

ciliary mutant phenotypes in fish. The LR asymmetry phenotype was variable. Embryos were 

characterized by having reversed ambiguous heart looping and/or reversed liver position. The 

knockout medaka zebrafish were analyzed at later stages of development and they were 

characterized with complete loss of motility of sperm, scoliosis and progressive polycystic 

kidney (Kobayashi, Asano-Hoshino et al. 2017). Not only in zmynd10 fish, there was scoliosis 

but also another medaka mutant, joi/mii, which suggests that scoliosis is the phenotype 

resulting from defects in the motility of cilium (Kobayashi, Iijima et al. 2010). In humans, it is 

quite rare to have PCD with scoliosis, however, scoliosis association with PCD was presented 

in some studies (Engesaeth, Warner et al. 1993, Tanaka, Sutani et al. 2007, Yazicioglu, Alici 

et al. 2016). It seems that fish PCD mutants are more sensitive to developing scoliosis than 

humans. Probably, fish as aquatic species do not need to maintain posture; and hence there is 

no requirement for strong connections between vertebrae. However, in humans, the rigidity of 

the vertebra is a must due to the terrestrial environment and bipedalism.  
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 IV.3.  Adhesion GPCRs 

 

 The adhesion ADGRG6 has been widely associated with AIS. Through GWAS studies 

and sequencing analysis studies, it was found that mutations in ADGRG6 (Table 1) are 

causative of AIS in Chinese populations (Kou, Takahashi et al. 2013, Xu, Yang et al. 2015, 

Qin, Xu et al. 2017). Edery et al (Edery, Margaritte-Jeannin et al. 2011), identified the AIS 

disease causing gene to be located on chromosomes 3 and  5. Further studies by Patten et al 

(Patten, Margaritte-Jeannin et al. 2015), found variants of ADGRG7 in AIS patients. In the 

next paragraphs, I will discuss structural and functional characteristics of ADGRGs 

specifically ADGRG7. 

 

 IV.3.1.  ADGRG6 and ADGRG7 

 

 Adhesion GPCRs belong to the large group of G protein-coupled receptors (GPCRs). 

Thirty-three members were found in human and thirty in mice. A large extracellular N-

terminus is present in all members of this group. This part of the receptor include various 

adhesion domains such as epidermal growth factor-like repeats, thromospondin-like repeats 

and cadherin like repeats (Paavola and Hall 2012). A characteristic feature of this group of 

membrane proteins is GPCR proteolysis site (GPS), its function is to help in the catalytic 

processing of the extracellular N-terminus or the 7 transmembrane C-terminal fragment 

(Monk, Hamann et al. 2015). It 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 

orphan with no assigned ligand (Tang, Wang et al. 2012) (Fig. 2).  

 

An interesting feature of these proteins is that a N-terminal truncation can result in the 

activation of the adhesion GPCR constitutively. Several data from different work on GPR56, 

BQAI2 and CD97 suggest that it could be a general feature for activation of adhesion GPCRs. 

To elucidate more, it is suggested that when there is cleavage of the N terminus by 

autoproteolysis, with the maintenance of the association to the 7TM of the receptor, this exerts 

an inhibitory effect on receptor signaling.  
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Common variants near GPR126/ADGRG6 (encoding the adhesion G protein-coupled receptor) 

were found in several studies to be associated with AIS in humans through GWAS studies 

(Qin, Xu et al. 2017, Liu, Liu et al. 2018). The knockdown of adgrg6 in zebrafish resulted in 

delayed ossification of the developing spine (Kou, Takahashi et al. 2013). In mice, the loss of 

Gpr126 result in scoliosis without affecting the structure of the vertebra (Karner, Long et al. 

2015). Not only scoliosis, but also the loss of Gpr126 caused pectum excavatun (PE) by 

upregulating Gal3st4, a gene implicated in human PE, encoding Galactose-3-O-

sulfotransferase 4 (Karner, Long et al. 2015).  

 

ADGRG7 belongs to the adhesion family of GPCRs that was identified in the celera database. 

ADGRG7 relates phylogenetically to the cluster that was previously known for a few years 

including HE6, GPR56, GPR97, GPR112, and GPR114. ADGRG7 have common motifs with 

ADGRG6 that include FTWMG(A)E(S)A in TMIII and the Trp in TMIV with the other 

receptors in this phylogenetic cluster such as GPR97 and HE6. So far, there is no other domain 

apart from GPS that have been identified in ADGRG7. This fact is also applied to the 

phylogenetically related (ADGRG2, ADGRG1, ADGRE5, and ADGRG5) (Fredriksson, 

Gloriam et al. 2003). However, the physiological function of ADGRG7 is not well described. 

In one of recent work on ADGRG7, it was found that ADGRG7 has an important role in body 

weight (Ni, Chen et al. 2014). In another study, two variants were identified one in ADGRG7 

and one in POC5 (Edery, Margaritte-Jeannin et al. 2011). It is possible that ADGRG7 is acting 

as modifier, contributer gene rather than a causative gene in AIS. 
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Figure 2: Schematic diagram of an adhesion-GPCR. The typical adhesion GPCR consists of a 

gain domain, a 7 transmembrane domain associated with GPS domain and a cell adhesion 

domain. The GAIN and 7 transmembrane domains are located at the C-terminus of the 

receptor. The cell adhesion GPCRs share structural homology to the hormone receptors. The 

hypothesis that there is interaction between ADGRG7 and POC5, which will eventually affect 

cytoskeleton organization and cell adhesion properties, is to be investigated. Adapted from 

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

 

 V. Hormonal factors associated with AIS 

 

 Based on several observations, hormonal factors, specifically estrogens, were found to 

play significant roles in bone mass acquisition and/or formation and, consequently, in the 

pathogenesis of AIS, however the mechanisms involved are not clear. Estrogens crosstalk with 

melatonin and other biochemical factors like calmodulin (Letellier, Azeddine et al. 2008, 

Leboeuf, Letellier et al. 2009). Other hormones like leptin (Qiu, Sun et al. 2007, Tam, Liu et 

al. 2016) were also found to be associated with AIS. The 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 disease (Barrios, Cortes et al. 2011). 

It’s possible that growth hormone play a role in AIS pathophysiology (Allen 1996). The fact 

that young females with scoliosis have osteopenia is an indication of estrogen (E2) 

deregulation in these patients. There is progressive reactivation of estrogen system subsequent 

to menupause in scoliosis (Cheng and Guo 1997, Cheng, Tang et al. 2001) and the latter 

support the estrogen receptor (ESR) polymorphisms in AIS patients (Wu, Qiu et al. 2006). 

Until now it is not clear how E2 could have effects on the initiation or progression AIS, 

however it’s possible that estrogens interact with many physiopathological factors that are 

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

 

Figure 3: E2 interaction with etiopathogenic factors of AIS. The presence of progression or 

absence of progression of AIS could be controlled by E2 that crosstalks with several factors 

like genetic (gene mutations and ER polymorphism). E2 is responsible for maintaining bone 
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through its effects on osteoblast differentiation, the ratio of Gi to Gs proteins, and keeping 

balance between collagen and 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 

characteristics and biomechanics. Adapted 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 puberty (Weinstein, Dolan et al. 

2008). Scoliosis progresses during puberty, a period of life where estrogens contribute both to 

the puberty and growth (Eastell 2005). During menarche period, a stage characterized with 

rise in E2 levels in girls (Eastell 2005), there is large reduction in bone turnover markers. This 

reduction leads to the closure of the epiphyseal growth plates, the reduction 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 plate (Grivas, Vasiliadis et al. 2006). Low levels of 

E2, that occurs during late menarche, will result in reduction in osteoblast proliferation and 

activity reduction in osteoblast differentiation. This in turn will 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 that it is not the presence or absence of E2 that induces scoliosis but 

rather the response of bone cells to E2. Effects of combined melatonin and E2 on human 

osteoblasts from AIS patients and signalling pathways were analyzed, where AIS cells were 

treated with E2. The level of 3', 5'-cyclic adenosine monophosphate (cAMP) was significantly 

decreased when compared with the level observed in the presence of increasing concentrations 

of melatonin alone (Letellier, Azeddine et al. 2008). This finding indicates a cross talk 

between E2 and melatonin signalling in human AIS osteoblasts. Combined treatments control 

the coupling of G (S) alpha protein and melatonin receptor (MT2) on human osteoblasts. 

Based on the mentioned results, treatment with E2 or ESR agonists become important 

compounds to consider in AIS osteoblast cell functioning (Letellier, Azeddine et al. 2008).  
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Research is focused on identifying link between ESR polymorphisms and scoliosis however 

results are contradictory. The cause could be attributed to ethnic group differences, 

environmental factors that might cause the difference in the result of the studies. Estrogen 

affects growth hormone secretion (Ylikoski 2003, Perry, McDougall et al. 2008). The fact that 

children with scoliosis are taller than their peers of the same age can be due to the effect of 

estrogen on increasing growth hormone secretion (Ylikoski 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 on the role of E2 and ESR gene polymorphisms. 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 with skeletal 

muscle strength and power in female (Sipila, Finni et al. 2015). These findings support the fact 

about the role of muscle E2 in IS. 

 

E2 assumes basically a significant part in cell proliferation and is viewed as chiefly an ovarian 

sex hormones in charge of cell duplication and development of tissues. E2 has a wide variety 

of effects that range from regulation of skeletal homeostasis, lipid and digestive system, 

electrolyte balance, skin physiology (Liang and Shang 2013, Bilal, Chowdhury et al. 2014), 

the cardiovascular (Baker, Meldrum et al. 2003, Nevzati, Shafighi et al. 2015) system and the 

focal sensory system (Maggi, Ciana et al. 2004). A very well described activity of E2 is the 

intense impact on veins to strengthen vasodilation and protect against vascular harm (Cheskis, 

Greger et al. 2007). E2 likewise assume an imperative part in male physiology. The generation 

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 C19 steroids, to be 

specific testosterone, androstenedione, dehydroepiandrosterone (DHEA) and 

dehydroepiandrosterone sulfate (DHEAS). In target tissues, testosterone can be changed over 

to either 5α-dihydrotestosterone (DHT), the 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 levels (Raczkowski 2007).  

 

How E2 applies its impact on target tissues? E2 binds to particular receptors assigned as ESR. 

Despite the significance of E2 signalling, there are just three known receptors that take over 

the greater part of the E2 actions that are the ERα, ERβ and the G protein coupled estrogen 

receptor 1.  

 

ERα was the first receptor to be found and is the most fully examined. The other receptor, 

which is the homologues ERβ was recognized four decades after ERα (Baker 2002). After one 

decade, G protein-coupled estrogen receptor 1 (GPER1) association with estrogen signaling 

was recognized.  

 

There are three types of estrogen dependent signallings: 1) Direct genomic signalling pathway, 

2) Indirect genomic signalling, and 3) Non-genomic signalling. 

 

Estrogen dependent signaling is grouped into genomic and non-genomic, and this depends on 

the outcome of activated signalling pathways. Besides, binding of the estrogen-ER complex to 

DNA can be either direct or indirect.  

 

Direct genomic signaling pathway is considered as the traditional E2 signalling. E2 binds 

either to ERα or ERβ in the cytoplasm of target cells which prompts conformational changes 

that result in receptor dimerization, translocation to the nucleus and binding to the estrogen 

response elements (EREs) placed in or close to the promoters of target genes. The coupling of 

the ligand to the receptor additionally brings together a mixture of coregulators in a complex 

that adjusts chromatin structure and enhances the recruitment of the RNA polymerase II 

transcriptional machinary. Thusly, estrogen-ER complex functions as a transcriptional 

activator (Keay and Thornton 2009). 

 

Indirect genomic signalling of 17β-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 don’t acquire ERE-like elements. In the ERE-free genomic pathway, there is no 

immediate binding of the ligand-bound ERs to DNA directly, binding occurs through protein-

protein interaction with different classes of transcriptional factors at binding sites. This results 

in either initiation or inhibition of signalling. 

 

Non-genomic estrogen signalling is regularly connected with a subset of membrane bound ER, 

e.g. GPR30 and certain variations of ERα and ERβ. E2 can bind to receptors at the cell surface 

(GPR30) and this results in the activation of intracellular calcium, recruitment of adenylate 

cyclase and cAMP production, activation of the MAPK signalling pathway, initiation of the 

phosphoinositol 3-kinase pathway and recruitment of membrane tyrosine kinase receptors 

(Nilsson, Makela et al. 2001, Eick and Thornton 2011). It is worth to say that the ER could be 

initiated without E2. The receptors could be phosphorylated on specific sites and this can 

cause ligand-autonomous ER activation. The two frequently phosphorylated amino acids are 

serine and tyrosine. Controllers of general cell phosphorylation state, for example, protein 

kinase A (PKA) or protein kinase C (PKC), extracellular membranes, cytokines or 

neurotransmitters and cell cycle controllers are part of this pathway. 

 

ESR-1 is a high predisposition factor in AIS because it plays a significant function in the bone 

turnover during puberty. Sex hormone plays a key role in skeletal growth and maturation. 

Estrogen receptor, encoded by the gene ESR1, is present in both osteoblast and osteoclast (Juul 

2001). 

 

Proline, glutamic acid, and leucine-rich protein 1 (PELP1) was recently identified as an 

important coactivator of the estrogen signaling pathway. PELP1 indirectly activates ESR1 

through its interaction with coactivator-associated arginine methyl-transferase. In this study, 

interestingly PELP1 expression was identified in skeletal muscles (Vadlamudi, Wang et al. 

2001) but not in deep paravertebral muscles. There was significantly higher expression level 

of PELP1 in the deep intrinsic spine muscle (longissimus) comparing to the superficial back 

muscle (trapezius), the latter belonging to the upper limb girdle muscles. These findings go 

along with the role of different muscles in scoliosis, where it’s the deep muscles and not the 

superficial, which are involved in scoliosis pathogenesis (Ford, Bagnall et al. 1984). Also, 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 in the nucleus within muscular 

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

(Skibinska, Tomaszewski et al. 2016). 

 

Both melatonin and calmodulin could play a role in the progression of AIS. The 

administration of TMX, which is a Selective Estrogen Receptor Modulator (SERM) and 

Calmodulin (CaM) antagonist, help in reducing the rate of progression of the scoliotic curve 

but doesn’t inhibit its development in either pinealectomized chicken or melatonin deficient 

mice models (Akel, Demirkiran et al. 2009, Akel, Kocak et al. 2009). Also treatment with 

TMX may revert the curves in treated animals as compared to controls. It’s not clear how 

TMX is inducing its effects in AIS, whether it’s through calmodulin or through E2. Raloxifene 

(RLX) is another SERM - which is similar to TMX - both having estrogenic agonist effects on 

bone but has less side effects than TMX on humans. RLX exerts its effect on bone by 

increasing bone density in both animals and humans. The effect of TMX and RLX in 

pinealictemozied bipedal mice was investigated (Demirkiran, Dede et al. 2014). Bipedal 

pinealectomized mice were receiving orally TMX or RLX. The effects in treated animals, 

similar to what was observed before, is the reduction of curve magnitudes but not the 

incidence of scoliosis curve magnitudes. Higher bone density in RLX receiving groups was 

correlated with lesser curve. The significance 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 and TMX treatments lead to early maturation of 

vertebral growth plates 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 AIS (Demirkiran, Dede et al. 

2014). 

 

Since ESR1 gene is a highly candidate predisposition gene in AIS, a genetic association study 

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

identify an association between XbaI polymorphism in ESR1 and curve severity in AIS. The 
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results show that XbaI polymorphism can be considered as a disease modifier and could be a 

strong disease predisposition allele. This work goes along with previous research which 

showed that XbaI polymorphism could be used to predict curve progression (Wu, Qiu et al. 

2006). 

 

In girls with AIS, there is abnormal growth and osteopenia (Cheung, Lee et al. 2006, 

Villemure and Stokes 2009). In various Asian populations, it was found that there is a link 

between BMD and ERS1 genotypes (Boot, van der Sluis et al. 2004, Nam, Shin et al. 2005). 

Also, the PvuII (T/C polymorphism, dbSNP#: rs2234693) and XbaI (A/G polymorphism, 

dbSNP#: rs9340799) sites in the first intron of ESR1, were associated with risk of osteoporosis 

and bone mineral density (BMD) at several femoral sites in post menaupause korean 

population, in Caucasian children, adolescents, and young adults (Boot, van der Sluis et al. 

2004, Nam, Shin et al. 2005). 

 

Based on the mentioned evidence, this makes ERS1 a strong candidate gene for AIS. 

However, in several studies, they failed to detect any association between the two ESR1 SNPs 

and the occurrence of AIS. The results indicated that these two SNPs were not the primarly 

causative or predisposition allele leading to AIS (Tang, Yeung et al. 2006, Yang, Li et al. 

2014). 

 

Finally, to study the possible association between XbaI polymorphism in ERα 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 resistant to brace treatment. Thus, the 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 scoliosis (Thillard 1959). In 1959, Marie-Jeanne 

Thillard found unexpectedly that pinealectomy in young chickens results in spinal deformities. 

Only on bipedal condition, pinealectomy will lead 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 plasmatic melatonin (Machida, Dubousset 

et al. 2009). Levels of platelet calmodulin that is usually regulated by melatonin was found to 

be upregulated in scoliosis (Lowe, Lawellin et al. 2002). The mentioned findings support the 

hypothesis that AIS could be due to an inherited disorder of neuro-transmitters from neuro-

hormonal origin, associated with bipedal condition, where localized neuro-muscular 

imbalance starts and produces the scoliotic deformity of the fibro-elastic and bony structures 

(Dubousset and Machida 2001). 

 

Since melatonin is the pineal gland hormone, this puts the ground-supporting hypothesis that 

defects in posture is due to melatonin deficiency (Thillard 1959, Dubousset and Machida 

2001, Machida, Dubousset et al. 2001). In humans, low melatonin levels have been observed 

in AIS patients (Machida, Dubousset et al. 2009). Some questions need to be answered: is 

there a correlation between melatonin levels and the curve progression in AIS? Does 

administration 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 normal controls. A big 

number of patients with scoliosis receiving melatonin had stable curve without progression, 

however, the untreated patients had progressive scoliosis. Based on the study, low melatonin 

plays a role in the prognosis of idiopathic scoliosis. The 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 documented, there are some 

contradictory results which show no significant change in circulating levels of melatonin in 

patients with AIS (Bagnall, Raso et al. 1996, Brodner, Krepler et al. 2000, Sadat-Ali, al-

Habdan et al. 2000). Moreau et al. (Moreau, Wang et al. 2004) reported that the melatonin 
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signalling is indeed defective in patients as demonstrated by cAMP assay. Also, conducted by 

Moreau et al (Akoume, Azeddine et al. 2010), blood test 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 this test happens to be that it could be done regardless if patients have IS 

susceptibility genes. The basis of this test is collection of peripheral blood mononuclear cells 

(PBMC) and analysis of melatonin signal transduction by cellular dielectric isotropy. This test 

will allow the assessment of melatonin signalling defects in IS patients compared to normal 

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 (BMI), and abnormal bone quality (Tam, Liu et al. 2016). Leptin is an 

important factor in regulating energy and bone metabolism and has been reported as one of the 

etiologic factors of AIS. To confirm the role of leptin in AIS, research was conducted in 

patients with AIS and in animal models of AIS. In AIS patients, it was reported that they have 

altered leptin bioavailability. The latter might be the reason why these girls have lower body 

weight, lower BMI, and abnormal body composition (Tam, Liu et al. 2016). 

 

The association between circulating central leptin and AIS suggests that increased risk of 

developing scoliosis is enhanced by increased central leptin. In a mouse model, mice were 

divided into two groups: one 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 well (Wu, Sun et al. 2015). 

 

AIS patients could have defects in leptin signalling pathway and bone metabolism (Qiu, Sun et 

al. 2007, Tam, Yu et al. 2014). AIS girls have low bone mineral density (BMD) that causes 

development of osteopenia. As discussed earlier, leptin has been suggested as one of the 

etiologic factors of AIS because of its profound effects on bone metabolism and pubertal 
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growth. Soluble leptin receptor (sOB-R), is the modulator of leptin, and it plays a role in leptin 

bioavailability and signalling (Schaab and Kratzsch 2015). The possible correlation between 

the serum leptin and sOB-R levels and bone quality has been investigated. Compared with 

normal controls, AIS girls had numerically higher sOB-R lower average vBMD, lower cortical 

vBMD, higher cortical bone perimeter and higher trabecular area. Only in AIS patients there 

was correlation between serum leptin level and trabecular bone parameters (Liang, Gao et al. 

2012) . 

 

By looking at anthropometric data from scoliotic and normal girls, unexpected findings for 

skeletal maturation, asymmetries and overgrowth couldn’t be explained by currently existing 

theories of AIS pathogenesis. A new theory in AIS girls has been postulated based on several 

findings. These findings include (1) thoracospinal concept for right thoracic AIS in girls; (2) 

the corrolation between sympathetic nervous system to bone formation/resorption and bone 

growth; (3) the storage of triglycerides in the white adipose tissue; and finally (4) the 

resistance to leptin by central nervous system in obesity and possibly in healthy females. The 

suggested theory that explains the high incidence of AIS in girls is that there is disharmony in 

spine and trunk between autonomic (Burwell, Dangerfield et al. 2008) and somatic (Burwell, 

Dangerfield et al. 2008) nervous systems. Double neuro-osseous theory for AIS pathogenesis 

in girls explains that there is selectively increased sensitivity of 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 

leptin-hypothalamic-sympathetic nervous system concept: LHS concept. In some younger 

preoperative AIS girls, there is upregulation of leptin by the hypothalamus which also involves 

the somatotropic (growth hormone/IGF) axis 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 dysfunction of the spinal deformity in AIS in 

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

and trunk, which is a consequence of increased sensitivity of the hypothalamus to leptin, is 

translated by osteopenia, biomechanical spinal growth modulation, disc degeneration and 

platelet calmodulin (Burwell, Aujla et al. 2009). 

 



 

38 

 V. 5.  Calmodulin 

 

 Patients with AIS have muscle tone disorder (Yarom and Robin 1979). Calmodulin 

with its ability to bind calcium ions and its role in muscle contraction could be strongly 

associated with AIS. There are not a lot of studies that target the association between 

calmodulin and AIS (Kindsfater, Lowe et al. 1994, Lowe, Lawellin et al. 2002, Zhao, Qiu et 

al. 2009). It was found that calmodulin levels were increased in all the patients with 

progressive curves, remained stable in 73% of the patients with non progressive curves and 

were higher generally in curves greater than 30 degrees and double structural curves (Lowe, 

Burwell et al. 2004). Calmodulin levels usually decreased in patients undergoing brace 

treatment or spine fusion. Based on the mentioned results, measurement of the calmodulin 

levels in the platelets could be closely associated with curve progression and stabilization by 

bracing or spine fusion. Based on this, calmodulin may serve as a biochemical marker of curve 

progression and to help identify stable and progressive curves (Lowe, Lawellin et al. 2002). 

 

Melatonin and calmodulin have been reported as key factors in scoliosis etiology. Calmodulin 

is melatonin second messenger and has been shown to have effects on muscle contractility. A 

possible role of calmodulin in AIS could be regulating spinal alignment. To confirm the role 

of calmodulin in AIS, platelets from AIS patients undergoing surgery were collected and 

paravertebral muscle tissue samples from both sides were obtained at T12-L1 level 

intraoperatively (Acaroglu, Akel et al. 2009). Levels of melatonin and calmodulin were 

analyzed in the platelets and in the muscle. The calmodlulin concentration in the platelets and 

in both convex and concave sides muscle was not different between groups. However, the 

convex side muscle calmodulin to total muscle calmodulin was increased and the concave side 

muscle calmodulin to total muscle calmodulin was decreased (Acaroglu, Akel et al. 2009). In 

AIS patients, there is change in paraspinal muscle activity and this could be explained by 

platelet calmodulin level changes (Lowe, 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 vertebral body 

growth plates; 3) a stress that will result in dilatation of juxta-physeal vessels and, in 

deformation of vertebrae, vascular damage with exposure of subendothelial collagen and other 



 

39 

agonist protein. When the vessels get dilated in the deformed vertebra, platelets 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 

endplate physes, which ends by overgrowth anterior 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.   POC5 AND AIS 

 

 Recent work was targeted on understanding the association between the POC5 gene 

and AIS. POC5 variants were found to be associated with AIS in Chinese (Xu, Sheng et al. 

2017) and in French Canadian populations (Patten, Margaritte-Jeannin et al. 2015). Hence, this 

emphasizes the role that POC5 plays in the pathogenesis of AIS and makes it an interesting 

factor to study. 

 

The POC5 gene was recently distinguished as a causative gene in scoliosis (Patten, 

Margaritte-Jeannin et al. 2015). Centrioles are essential for the assembly of the centrosomes, 

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. The centrosome is an organelle which is located in the 

center of eukaryotic cells, and acts as an organizing center (Rieder, Faruki et al. 2001). The 

centrosome is known as the cytoskeleton’s microtubule organizing center of the eukaryotic 

cell animal that radiates in a star way or ASTER during mitosis. Research shows that when the 

centrosomes are absent, this will result in the inhibition of the cytogenesis process; that cell 

division will be stopped at the G1 (Nigg and Holland 2018). The centrosomes consist of a 

displosome that is perpendicularly, located near the nucleus. The centrioles of the centrosome 

are divided into two groups the mother centriole (mature) and the daughter one that are 

associated with different complexes that have different functions. The mother centriole is 

associated with proteins forming distal (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 (amorphous-looking material) and the 
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aster fibers (microtubules organized in rays). The main function of the centrosome is to 

assemble the microtubules (Veland, Awan et al. 2009).  

 

Centrins (Cent) are found to be located within the centriole and basal body in most eukaryotes. 

Members of the centrin family hCent2 and hCent3 are ubiquitous proteins that are located at 

assembly sites of procentrioles and are found within the distal lumen of full-length centrioles. 

Through a two-hybrid approach, it was found to be associated with Centrin2 and in mass 

spectroscopy analysis, POC5 has been found in centriole fractions. The amino acid sequence 

of hPOC5 predicted three putative Sfi1p-like CBRs. All of the potential hPOC5 homologues 

contain the tandem repeat of centrin-binding sequences and the short coiled-coil regions. 

 

The centrin binding motifs in POC5 are essential since they direct the binding between human 

POC5 and hCen2 and hCen3 in a Ca2+ independent manner and this interaction is specific as 

hPOC5 was not able to bind CaM, a closely related protein to centrin.  

 

POC5 is a centrosomal protein that is localized at the mother and daughter centrioles 

throughout the cell cycle. The recruitment of POC5 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 assembly of full-length centrioles and for cellular proliferation. 

The soluble hPOC5 was found to be phosphorylated during mitosis, however, the centriole 

associated hPOC5 fraction is hyperphosphorylated, which suggests that the recruitment of 

hPOC5 to the centriole could be dependent on phosphorylation (Fig. 4). POC5 could be 

essential for centriole maturation since it is progressively recruited in centrioles (Azimzadeh, 

Hergert et al. 2009). 

 

In another work, the dependency of centrosomal localization of POC5 on centrin was studied 

(Dantas, Daly et al. 2013). When the chicken poc5 was overexpressed, this induces the 

assembly of linear non centriolar structure that includes centrins and components of the PCM. 

These structures failed to form in cells that are expressing the mutant form of centrin. The 

linear structures contain a small fraction of γ-tubulin and NEDD1 but has no stabilised α-

tubulin (acetylated/polyglutamylated tubulin) or any microtubule marker in them. Centrin 
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deficiency results in hypersensitivity to 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 centrin-POC5 structures does require the calcium-

binding capacity of centrin 2 (Dantas, Daly et al. 2013). 

 

Very recently, a gene mutated in microcephaly, Rotatin (RTTN) was found to be essential for 

the proper loading of centriolar proteins (e.g. POC5 and POC1B) to the distal-half centrioles at 

a later stage. When RTTN was lost or depleted,  this didn’t affect the localization of centriolar 

proteins to the newborn centrioles, but the recruitment of POC5 and POC1B to the distal-half 

centrioles was affected (Fig. 4) (Chen, Wu et al. 2017).  
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Figure 4: Scheme representing the role of POC5 in centriole assembly 

A) In control cells, the late G1 or early S phase are the primary phases where duplication of 

centrioles takes 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 unidentified centrin-

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 later-born centriolar proteins (e.g., POC5 

and POC1B) depends on the RTTN-stabilized primitive procentrioles to the distal-half 

centrioles at a later stage. During mid or late S phase, there are two possibilities for the role of 

POC5 in centriole elongation, the first possibility is that (1) hPOC5 could be required for the 

initiation of procentriole elongation and this, in turn, will allow the progression of the cell 

cycle; secondly (2) hPOC5 triggers procentriole elongation and then it will perform an 

additional function that is essential for the cell cycle progression through S phase in an 
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Figure 3 : A) Scheme representing the role of hPOC5 in the assembly of centrioles. In control cells, the late G1 or early S phase are the 

primary phases where duplication of centrioles takes 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 unidentified centrin-binding protein. The microtubule singlets and then doublets are assembled around the cartwheel during early S 

phase. During mid or late S phase, there are two possibilities for the role of poc5 in centriole elongation the first possibility is that (1) hPOC5 

could be required for the initiation of procentriole elongation and this, in turn will allow the progression of the cell cycle, secondly (2) hPOC5 

triggers procentriole elongation and then it will perform an additional function that is essential for the cell cycle progression through S phase in 

an independent manner. During G2 phase, hPOC5 (shaded in green) is accumulated in the distal lumen of procentrioles, at the same time it’s 

phosphorylated, it continues to accumulate together with centrin for the rest of the cell cycle. B) Schematic representation of hPOC5 

localization at different phases of cell cycle. Dapi blue and POC5 green. 
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independent manner. During G2 phase, hPOC5 (shaded in green) is accumulated in the distal 

lumen of procentrioles, at the same time it’s phosphorylated, it continues to accumulate 

together with centrin for the rest of the cell cycle. B) Schematic representation of hPOC5 

localization at different phases of cell cycle. POC5 is differentially localized within the cell at 

different phases of the cell cycle. The POC5 protein expression is represented by green circles; 

nucleus is represented by blue circles. Adapted from Dantas et al (Dantas, Daly et al. 2013) 

 

In a further study, whole-exome sequencing was performed on 3 affected individuals with AIS 

(Patten, Margaritte-Jeannin et al. 2015). The study focused on variants that are novel or rare 

which lead to 172 variants. Minor allele frequency [MAF] was less than <5%, and this 

resulted in 2 candidate SNVs, one in ADGRG7 and the other in POC5. The SNV, c. G1336A, 

is located in the POC5 gene (and the effect of mutation is a change in a single amino acid p. 

A446T). Sanger sequencing confirmed the presence of this mutation in all affected members 

of family 2. Two other SNVs in POC5, c. G1363C (p. A455P) and c. C1286T (p. A429V), 

were detected in IS patients in the family. An additional POC5 SNV was detected in affected 

members of IS family. Both the c. G1336A (p. A446T) and c. C1286T (p. A429V) POC5 

SNVs were found more frequently in 191 IS probands than in the controls. The POC5 gene is 

highly conserved among species. The amino acid sequence is homologous between human and 

zebrafish poc5 where there is around 50% homology.  Zebrafish was used to study the effects 

of mutations on the spine in zebrafish. Knockdown of poc5 in zebrafish results in curly tailed 

phenotype. However, the fish doesn’t survive after 72 hour post fertilization (hpf). Rescue 

experiments with the wtpoc5 corrected the observed phenotype. When the embryos were 

injected with mutant poc5 mRNA but not wtpoc5 RNA, they developed an axial phenotype 

after 72 hpf, ranging from mild to severe curvature of the body axis in approximately 50% of 

injected embryos. The fish with mutant poc5 was left to reach juvenile stages (50–60 days 

post-fertilization [dpf]), the vertebral column was fully mineralized however it showed a very 

strong curvature with vertebral rotation that is similar of the situation 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 expression arises. This modifier allele could be located on 3q12.2 possibly 

ADGRG7. This modifier allele segregated in all 11 affected patients but not the non affected c. 

G1336A (p. A446T) POC5 SNV carrier (Patten, Margaritte-Jeannin et al. 2015). 



 

44 

 

AIS is a multifactorial pathology where several factors including genetic, hormonal 

(Estrogens), ciliary and biomechanical are involved in AIS pathogenesis. Recent work from 

our lab identified functional variants of centrosomal protein-encoding gene POC5 and the 

adhesion GPCR ADGRG7 in patients with idiopathic scoliosis (Patten et al 2015 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 (CHAPTER II). 



 

 

CHAPTER II: HYPOTHESIS AND OBJECTIVES 

 

 II.1.   General Hypothesis  

 

 Candidate genes of AIS were maped to the loci 3q12.2 and 5q13.3 (Edery, Margaritte-

Jeannin et al. 2011) and the two variants were identified in POC5 and ADGRG7 genes (Patten, 

Margaritte-Jeannin et al. 2015). Our main hypothesis is that both POC5 and ADGRG7 

contribute to the AIS pathogenesis. POC5 gene mutations were reported as a cause of AIS in 

both patients and zebrafish animal models. To further prove the pathogenicity and validate the 

role of POC5 mutations, and the regulation of POC5 and ADGRG7 by E2, both in vitro and in 

vivo work in human osteoblasts from normal and AIS patients was carried out.  

 

 II.1.1.  Specific hypotheses:  

 

 In this thesis, the following working hypotheses were investigated  

(1) The POC5 is a ciliary protein and the wt and mutPOC5 proteins have different cellular 

localizations  

(2) The POC5 mutation (c. C1286T; p. A429V) affects interaction with other proteins 

(3) The mutpoc5 zebrafish have anomalies other than the spinal deformity 

(4) Estrogen regulates POC5 and ADGRG7 

(5) Mechanical stress modulates gene expression 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 identified, in 

a large multiplex French family, using whole-exome sequencing, 2 genes mapped on two new 

AIS loci (3q12.3 and 5q13.3, identified by Edery et al. 2011). As a logical extension of our 

previous work during this research project we will investigate: 
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 II.2.1.  Specific Objectives: 

 

II.2.1.1.  The pathogenicity of identified gene mutations. 

 

 To prove the pathogenicity and validate the role of these gene mutations, both in vitro 

site-directed mutagenesis through overexpression of wt and mutant genes in human 

osteoblasts and study the effect on cellular localization, cell cycle, cilia and differentially 

interacting protein partners and in vivo, gene knockdown and dominant-negative approaches 

in zebrafish studies will be performed. This project will enable us to demonstrate the 

pathogenicity of gene mutations we recently identified, using molecular and genetic tools 

including: location analysis of the mutation, prevalence of gene mutations in additional AIS 

familial and sporadic cases, expression studies in patient-derived cells. Validation of the role 

of the mutated gene in vivo (using zebrafish and knockdown morpholino approach) and in 

vitro (using directed mutagenesis) will be performed. 

 

II.2. 1.2.  The regulation of two selected AIS candidate genes  

 

 Studies of the cloning and the characterization of the promoter regions involved in the 

response of the estrogen will be conducted. Promoter regions will be isolated from genomic 

DNA, screened and transcriptional activities tested in vitro after transfection into Huh-7 cells. 

Probably co-activators 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 

determined. ChIP will be performed to confirm the regulation and to confirm binding sites in 

the ADGRG7 and POC5 gene sites. The impact of estrogens and biomechanical loading on the 

gene expression and biological activities of osteoblasts (mineralization) will be conducted in 

human osteoblast cells, in vitro (wild type or mutant constructs will be transiently transfected 

into proliferating osteoblasts). Modulation of gene expression profile by E2 and biomechanical 

loading will be investigated by both qPCR analysis of RNA isolated from normal and scoliotic 

osteoblast cells after exposure to E2 and/or monitored mechanical load. Also, 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 response to E2 will be analyzed using 

immunofluorescence. Controllable mechanical and physiological environment for simulation 

in vivo condition in vitro (bone) will be performed. The purpose of this objective is to 

characterize the genetic-hormonal-biomechanical environment interaction 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. 

 



 

 

CHAPTER III: RESEARCH MANUSCRIPTS 

 

This thesis includes 4 manuscripts, 3 submitted and 1 in preparation: 

 

Manuscript 1 entitled: POC5 and cilia anomalies in Adolescent Idiopathic Scoliosis 

(Submitted to the PLOS ONE journal). In this manuscript, we are studying the connection 

between POC5, cilia and AIS. Immunofluorescence was used to study the cellular localization 

of both wt and mutPOC5 proteins and mass spectroscopy was applied to investigate 

interacting partners. Histology combined with immunofluorescence using specific markers 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 mutPOC5 had different cellular localization with respect to cilia. Ciliary 

anomalies were studied both in in vitro (human osteoblast cells) and in vivo (zebrafish retina). 

 

Major Contributions: I have performed most of the experiments of this manuscript from cell 

culture, transfections, immunofluorescence in vitro and in vivo, western blot and 

immunoprecipitation. Dr. Shunmoogum A Patten generated the zebrafish with the help of Ms. 

Charlotte Zaouter. Histology (Hematoxylin and eosin staining) was performed by Mrs. Sirinart 

Molidperee and Ms. Charlotte Zaouter. I have written the first manuscript draft and Dr. 

Florina Moldovan, Ms. Helene Mathieu, Dr. Shunmoogum A Patten, Dr. Stefan Parent and 

Mrs. Soraya Barchi edited it.  

 

Manuscript 2 and 3 investigated the effect of E2 on ADGRG7 and POC5 genes. Promoter 

studies (molecular cloning and the characterization of the promoter regions involved in the 

response of the E2) were conducted. Promoter regions were isolated from genomic DNA, 

screened and transcriptional activities tested in vitro. The mechanism of regulation by estrogen 

and potential sites responsible for regulation was determined. ChIP experiment was performed 

to confirm the regulation and to confirm binding sites in the ADGRG7 and POC5 gene sites. 

The impact of estrogens on the gene and protein expression was investigated by qPCR, 

western blot and immunofluorescence respectively.  
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Manuscript 2 entitled: The 17β-Estradiol induced upregulation of the Adhesion G-protein 

coupled receptor (ADGRG7) is modulated by the estrogen receptor (ESRα) and specific 

protein 1 (SP1) complex (Submitted to the Journal of Biology Open). In this manuscript, we 

are investigating the regulation of ADGRG7 gene and protein by E2. We found that ADGRG7 

expression is upregulated by E2. We also found differences in the response of normal control 

osteoblasts (NOB) and scoliotic osteoblasts (AIS) cells to E2. We established the mechanism 

of ADGRG7 regulation through indirect genomic signaling by SP1 and ESR1.  

 

Manuscript 3 entitled: POC5 is regulated by E2 through direct genomic signaling by ESRα (In 

preparation). In this manuscript, we are studying the regulation of POC5 by E2 in different 

cell lines. We found that the POC5 is upregulated by E2 through direct genomic signalling by 

ESR1.  

 

Major Contributions: I have generated all the constructs that were used in promoter analysis. 

I performed the ChIP experiments with the help of two students Dr. Samira Benhadjeba and 

Dr. Lydia Edjekoyane. I have also performed the transfections and luciferase assay 

experiments. I have written the first draft of the two manuscripts. Dr. Edward T. Bagu, Dr. 

Florina, Dr. Shunmoogum A Patten, Dr. Andre Tremblay, Mrs. Soraya Barchi and Dr. Isabelle 

Villemure helped in writing and editing the fist draft versions of the manuscripts. 

 

Manuscript 4 entitled: The role of TRPV4 in normal and scoliotic osteoblasts during 

mechanical stress (In preparation). In this work, we are studying implication of the TRPV4 

channel in the response of wt and mutPOC5 cells to mechanical stress as well as the gene 

expression and signalling pathways. Using specific agonists and antagonists for TRPV4 as 

well antagonists of PKA pathways, expression pattern of ciliary and bone markers were 

studied by qPCR and western blot. Effects of mechanical stress on mineralization, apoptosis 

and cilia length and number were assessed. This work also included in vivo work on zebrafish 

retina, where we investigated the trpv4 expression, apoptosis and annexin 5 in wtpoc5 and 

mutpoc5 zebrafish retina. We found that TRPV4 channel plays a role in the stress response of 

mutPOC5 human osteoblasts 
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Major Contributions: I have designed and performed all the experiments for this manuscript. 

Dr. Irene Londono helped with the alizarin red staining. Dr. Shunmoogum A. Patten generated 

the zebrafish that were used in this study, with the help of Ms. Charlotte Zaouter. I have 

written the first draft of the manuscript and Dr. Florina Moldovan and Dr. Isabele Villemure 

corrected the manscript. 
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III. 1.  MANUSCRIPT 1 

 

Full title: POC5 and cilia anomalies in Adolescent Idiopathic Scoliosis 

Short title: Role of POC5 in Adolescent Idiopathic Scoliosis 

Amani Hassan 1,2, Stefan Parent 2, Helene Mathieu2, Charlotte Zaouter 2, Sirinart Molidperee 2, 

Soraya Barchi 2, Isabelle Villemure 3, Shunmoogum A. Patten 4  and Florina Moldovan1,2  

1Faculty of Dentistry, Université de Montréal, Montréal, Quebec, Canada, 

 2 Research Center of CHU Sainte-Justine, Montréal, Quebec, Canada 

 3 École Polytechnique de Montréal, Montréal, Quebec, Canada 

 4 INRS–Institut Armand-Frappier, Université du Québec, Laval, Montréal, Quebec, Canada 

Corresponding author: email address: florina.moldovan@umontreal.ca (FM) 

Author Contribution:  

A.H and F.M designed experiments and wrote the first version of the manuscript. AH 

performed the experiments. S.P.A generated the zebrafish line used in the study. C.Z and S.M. 

prepared histology samples. S.P, S.B 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 contributed to the revision, writing and editing of 

the manuscript. All authors approved the final version of this manuscript. 

mailto:florina.moldovan@umontreal.ca
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Abstract  

Adolescent Idiopathic Scoliosis (AIS) is a spinal deformity that affects approximately 4 

percent of human adolescents. The etiologic and 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 (wt) or a POC5 variant (c. C1286T; p. A429V) and in human 

osteoblasts carrying this mutant (mutPOC5) variant and in normal control cells. The POC5 

protein was strongly associated with acetylated-α-tubulin in wt but not in mutPOC5 expressing 

cells. We observed that loss of POC5 connection with acetylated-α-tubulin impaired cell-cycle 

progression (S phase arrest), and induced ciliary retraction in osteoblasts carrying mutPOC5 

variant. Using immunoprecipitation coupled to mass spectrometry, we identified specific 

protein-protein interaction partners of POC5, most of which were components of cilia, 

microtubules, cytoskeleton and centrosomes. We also immunolocalized POC5 with the 

acetylated-α-tubulin in the retina of zebrafish expressing wtpoc5 or mutpoc5, and we observed 

colocalization of both proteins in wt but not in mutpoc5. These results demonstrate the role of 

mutated POC5 in a ciliopathy underlying AIS pathogenesis. 
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Introduction 

The etiology and biological mechanisms of adolescent idiopathic scoliosis (AIS) are still 

poorly understood. Several etiological hypotheses and pathways are suggested, including bone 

growth and metabolism [1], biomechanics [2-7], connective tissue abnormalities [8-10], 

asymmetries in the central nervous system [11-16], vestibular [17-20], postural, hormonal [21-

25], and recently, cilia abnormalities affecting spinal fluid flow [26-28]. In addition to the 

phenotype complexity and clinical unpredictability of AIS, there is also strong 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 protein-encoding gene POC5 to be 

connected to the familial form of AIS [30]. Very recently, POC5 involvement in AIS was 

validated in a case-control study [31]. This study reported that common variants (rs6892146) 

of POC5 were associated with susceptibility to AIS [31] and found mRNA overexpression of 

POC5 in the muscles of AIS patients when compared to the controls.   

The POC5 gene is located on chromosome 5q13 and encodes one of the most abundant 

centriolar proteins essential for the assembly of the distal half of centrioles and required for 

centriole elongation. POC5 is a ubiquitously expressed protein that interacts with centrin and 

inversin and is involved in specific cell functions such as cell polarity, division, motility, 

primary cilia [32, 33]. The POC5 protein is part of the cytoskeleton complex network that is 

important for cell dynamics [34]. POC5 is also important for retinal function as it was recently 
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reported that in autosomal recessive retinitis pigmentosa (RP), POC5 has a distinct 

localization and function at the photoreceptor connecting cilium [35].  

A cilium connection with scoliosis was also reported in a zebrafish model with a mutation in 

the protein-tyrosine kinase-7 (ptk7) gene [27]. In this model, defects were observed in the 

formation and function of motile cilia in the central nervous system. 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 cells. The role of cilia is connected to cell cycle progression and proliferation; 

thus, cilia undertake a vital part in human and animal embryonic development. The recognized 

role of cilia is mechanosensation where they work as a sensory protuberance (antenna) by 

receiving cell-to-cell signals or from the extracellular fluids as well as projecting out of the 

cell various receptors to monitor the environment [36]. 

POC5 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 the cells and tissues, we examined: 1) the subcellular 

localization of POC5 in cell lines overexpressing wild type (wt) or mutated (mut) POC5 gene 

(c. C1286T; p. A429V) and in human osteoblasts with POC5 mutation (c. C1286T, p. A429V) 

with respect to cilia; 2) the protein binding partners of POC5; and, 3) the tissue analysis of 

poc5 and acetylated-α-tubulin as well as different retinal markers in wt and scoliosis (mut 

poc5) zebrafish retina. 
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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 research. The protocol was approved by the Ethics Committee of the 

Research Center of CHU Sainte-Justine (# 3704). For the Zebrafish (in-vivo animal study), the 

experimental protocol and all animal procedures were carried out in accordance with the 

guidelines of the Canadian Council on Animal Care (CCAC), and the protocol was approved 

by the University of Montreal’s Animal Care Committee (ZF-09-60/Category B).  

Cellular localization of POC5 

In order to investigate the role of POC5 in the centriole, centrosome and cilia, we examined 

the co-localization of POC5 with acetylated-α-tubulin (cilia protein marker) by double 

immunofluorescence staining. All the cells were cultured in an eight-well-chamber glass slide 

(Fisher scientific cat#354108), DMEM (Wisent cat# 319-015-CL). HeLa cells were 

transfected with either myc tagged wt POC5 (Origene cat# RC211731) or mutPOC5, 

(generated by site directed mutagenesis [30]), using lipofectamine (Invitrogen, cat #11668-

019). Immunofluorescence was performed 24 hrs (hr) post-transfection 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 abcam cat # ab188330 1/250) 

and anti-acetylated-α-tubulin (mouse monoclonal antibody, Sigma Aldrich cat# 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 antibodies Alexa 
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fluor 488 anti-rabbit (life technologies cat# A11008 1/500) and Alexa fluor 555 anti-mouse 

(Life technologies cat A21422 1/500) for one hr at RT. Mounting was done using prolong gold 

anti-fade reagent with diamidino-2-phenylindole dye for fixed cells (DAPI) (Life technologies 

cat #P36931). Images were taken using Zeiss microscopy. We also performed Z-stack digital 

imaging (a technique which combines multiple images taken at different focal distances to 

give a subsequent image with a greater depth of field) to reveal more details of the position of 

POC5 with respect to cilia. Acetylated-α- tubulin (ciliary marker) was visualised in red, POC5 

protein in green, and DAPI nuclear counterstain in blue.   

To analyse expression and cellular localization of POC5 at different phases of the cell cycle, 

HeLa cells were cultured in DMEM Medium (Wisent cat# 319-015-CL) with 10 % FBS 

(Wisent cat# 080-110) and 1 % penicillin streptomycin Glutamine (Wisent cat #50-202-EL)  

(PSG) then synchronized to be within the same cell cycle 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 FBS (10 %) and 1 % PSG for 24 hrs. Cells were then 

examined by double immunofluorescence as described above. Immunofluorescence studies 

were also performed on normal human osteoblasts (carrying POC5 variant mutation C1286T 

(p. A429V). For mutation analysis of the osteoblasts collected during surgery from patients 

with scoliosis, DNA was extracted from cells using pure link genomic DNA mini kit (cat # k 

1820-01). Polymerase chain reaction was performed for exon 10 using primers: Forward: 

5’CTTTTCATAAGGTGGGACCT3’ Reverse: 5’TCCGATGCCCTTACCAG3’. Bands corresponding 

to the correct molecular weight of POC5 were excised from gel and then purified using 

GenElute Gel extraction kit (Cat # NA1111-1KT). 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 5 min in a microcentrifuge at low speed (4000 

rpm). Pellet was washed twice with 500 ul of buffer A  (Hepes 10mM, KCl 10mM, DTT 

0.5mM)(w/o NP-40) and then cell pellet was resuspended in 20 ul of buffer A (w/ NP-40 

(1%)) and  incubated at 4 °C for 10 min with rocking. The cell pellet was then spinned down 

in microcentrifuge for 2 min at max speed. The supernatant is the cytoplasmic extract (C 

extract) by adding 55 ul of buffer C and stored at –80 °C. The nuclear extract was resuspended 

in 55 ul of buffer C (Hepes 20mM, glycerol 20%, KCl 500mM, EDTA 0.2mM, PMSF 0.5mM, 

DTT 0.5mM and MgCl2 1.5mM); and incubated at 4 °C for 15 min with rocking. The nuclei 

were then spinned in microcentrifuge for 5-10 min at max speed. At this stage, the supernatant 

is the nuclear extract (N extract). 

Immunoprecipitation coupled to mass spectrometr(IP-MS), co-Immunoprecipitation and 

Western Blot 

To identify specific protein-protein interaction partners of POC5, immunoprecipitation 

coupled to mass spectrometry, co-immunoprecipitation, and Western Blot analyses was 

performed on Hek293 cells transfected with wt or mutPOC5 expressing vectors. Hek293 cells 

were cultured in DMEM medium (Wisent cat #319-015-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 mutPOC5 expressing vectors. 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 lysis buffer (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# 500-0006). For immunoprecipitation, 3000 μg of proteins 

were immunoprecipitated with 2.5 μg/ml of anti-myc antibody (Origene, cat# TA15021) 
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overnight (ON) at 4 °C. Magnetic beads (Biorad cat #161-4023) were washed with PBS and 

blocked using 2 % BSA/PBS (BSA from Sigma-Aldrich cat #A7906) ON at 4 °C. 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# 161-0737) at 55 °C. Protein samples and 

dual plus molecular weight ladders (Bio-rad cat #161–0374) were separated by SDS-PAGE 

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 (Biorad cat G-250 #1610406) for 3 

hrs. After staining the gel with Coomassie blue, the bands corresponding to the molecular size 

of POC5 (63 kDa) were excised and analysed by mass spectroscopy. The gels were subjected 

to trypsin digestion then an aliquot of the tryptic digest (prepared in 5 % acetonitrile/0.1 % 

trifluoroaceticacid in water) was analyzed by LC-MS on an LTQ-Orbitrap mass spectrometer 

system (ThermoElectron) coupled to a Dionex 3000 nano-LC system (Camberley). Mass 

spectroscopy analysis was evaluated using scaffold software [37]. 

In parallel, an aliquot of protein samples was transferred to nitrocellulose membranes (Bio-

Rad cat # 9004700) and ran 90 min at 90 V and 250 mA. The total proteins on membranes 

were detected with Ponceau S staining (Sigma cat #P3504). Membranes were blocked with 20 

% non-fat milk (Santa-Cruz cat #Sc2324) in PBST (10 mM phosphate, 137 mM NaCl, 2.7 

mM KCl, containing 0.05 % Tween-20, pH 7.4) for 1 hr and then incubated with anti-POC5 

antibody in PBST with 5% BSA in PBT at 4 °C ON. The secondary antibody was (anti-rabbit 

IgG secondary antibody (Thermoscientific cat# 31460) diluted at 1: 10000 for one hr at RT. 

For the validation of mass spectroscopy data, and to confirm the interaction of several ciliary 

proteins with POC5, Western blot was performed by stripping the same membrane by Restore 

stripping buffer (Thermofisher cat #21059) and then probing with different antibodies: 

Annexin2 (sc-374394), Galectin 3 and 7 (sc-32790 and sc-137085), CKAP5 (sc-374394), 

Desmocollin1 (sc-398590), CEP290 (ab84870), Septin9 (sc-293291), Acetylated-α-tubulin 

(Sigma Aldrich cat# T7451 1/2000), RAB11 (ab3612), EHD4 (sc-376373), Annexin5 (sc-
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32321 ), and CystatinA (sc-376759). All antibodies from Santa Cruz (Sc) are mouse 

monoclonal used at a 1/500 dilution. For CEP290 and Rab11, both rabbit antibodies were used 

at 1/250. The secondary antibody (anti-rabbit IgG secondary antibody (Thermoscientific cat# 

31460) was diluted 1:10000, and anti-mouse IgG secondary antibody (Thermoscientific 

Catalog #:31430) was diluted 1:10000 for one hr at RT. Membranes were exposed 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) and then 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 24 hr. For 

immunoprecipitation-phosphatase assays, total lysates were incubated with 2.5 μg anti-myc 

antibody as described above. Beads were blocked with 1% BSA and then washed three times 

and resuspended in 100 ul PBS. Then, protein antibody complex were incubated with beads. 

Alkaline phosphatase  (NEB cat# M0290S) was added to the mixture and incubated at 37 °C 

for 1 hr. Western blot was performed using POC5 antibody (abcam cat# 188330) as described 

above. 

Histology and immunohistochemistry of wt and mutPOC5 injected zebrafish  

Wild-type and mut versions of human POC5 were obtained using a myc-tagged ORF clone of 

human POC5 (Origene) and were injected in zebrafish embryos as previously described [30]. 

Wt and mut-poc5 injected embryos were grown in a facility and raised over the course of 60 
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days (corresponding 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 by micro CT scan to confirm the scoliosis 

phenotype. The wt and mutpoc5 specimen tissues were then decalcified and embedded in 

paraffin. Staining with hematoxylin and eosin was performed according to standard protocol. 

Briefly, sections were deparaffinized by xylene 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 rinsed in running 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 out through a mixture of anti-POC5 antibody (abcam cat 

# ab188330) and anti-acetylated-α-tubulin (Sigma Aldrich cat # T7451) or centrin antibody 

(Santa Cruz cat# sc-365697). Eye tissue sections (1.5 µm) were deparaffinized in xylene, 

rehydrated in a graded series of ethanol, washed several times in PBS, and permeabilized for 

30 min in 4 % Triton-X 100 containing 2 % bovine serum albumin (BSA) and 10 % goat 

serum. Following permeabilization, retinal sections were incubated with the primary antibody 

POC5 (1/250) and acetylated-α-tubulin (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 Flour 555 

(Life technologies cat # A21422 1/500) for 1 hr at RT. Images were acquired using confocal 

microscope under a 20x objective. For the retinal marker immunostaining, the same protocol 
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was followed as described above but instead using zpr1 and zpr3 antibodies obtained from the 

Zebrafish International Resource Center (ZIRC) and the 3A10 obtained from Hybridomas 

Bank (cat# AB_531874). The retina sections were incubated with these antibodies for 24 hr 

with rotation at 4 °C. 

Quantification and Statistical analysis: 

The length of the cilia was quantified using ImageJ by measuring the acetylated α-tubulin 

signals. For ciliation experiments with NOB and AIS cells (Fig. 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 100 cells 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 one-way ANOVA. P<0.05 considered statistically significant. 

 

Results 

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

POC5 and mutPOC5 expressing cells 

We first examined the subcellular distribution of POC5 in HeLa cells. Positive staining for 

POC5 was observed in both wtPOC5 and mutPOC5 cells. In wt POC5 cells, POC5 protein 

was immunolocalized at the acetylated-α-tubulin ring (Fig 1 a). In the mutPOC5 cells, positive 

staining was observed in the nucleus (Fig. 1 b). In the cells expressing mutPOC5 (c. C1286T; 

p. A429V), the lack of colocalization of POC5 with acetylated-α-tubulin was further 

demonstrated with Z-stack imaging at different focal planes. The Z-stack for the wtPOC5 
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showed a combination of both red (acetylated-α-tubulin) and green staining (POC5); however, 

for the mutPOC5, only POC5 was visualized (green color). Based on these observations, we 

confirmed that POC5 mutation affects the co-localization of POC5 protein with the acetylated-

α-tubulin.  

Ciliary colocalization of wtPOC5 and ciliary retraction in mutPOC5 osteoblasts with 

mutation (c. C1286T; p. A429V) 

To confirm our observation in HeLa cells, we next sought to investigate the effect of mutation 

in POC5 on the subcellular localization in normal (nonscoliotic) (Fig 2 a-d) and human 

osteoblasts carrying variant (c. C1286T; p. A429V) (Fig 2 e-h), as this would be a more 

clinically-relevant model for the disease. The variant was first confirmed by Sanger 

sequencing (Fig 2 I). The results of immunofluorescence showed a differential cellular 

localization of POC5 between normal and scoliotic osteoblasts even though the cells were 

synchronized at the same cell cycle stage by serum starvation. Interestingly, wtPOC5 (Fig 2 d) 

was mostly located at the cilium. In mutPOC5 cells (c. C1286T; p. A429V), POC5 was 

located within the nucleus (Fig 2 h). Also, low level of immunostaining for the acetylated-α-

tubulin (marker for cilia) and retraction of cilium was observed (Fig 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 than 3m. These results confirm the consequence 

of the mutation on the subcellular localization of POC5 with respect to the absence of cilium. 

POC5 interacting protein partners are mostly ciliary and cytoskeletal proteins 
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To further analyse the potential protein-protein interaction partners, mass spectrometry studies 

were conducted in transiently transfected cells with myc-tagged wt or mutPOC5. Using mass 

spectroscopy, we identified 85 proteins that potentially interact with wtPOC5 and that were 

not found in the mutPOC5 (Table 1). Using immunoprecipitation coupled to mass 

spectrometry (IP–MS), 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 POC5 expression in wt and mut transfected samples and 

slightly lower levels in control (mock vector) transfected cells (S1 A, B, C). There was high 

expression of acetylated-α-tubulin in wtPOC5 when compared to the mutPOC5 and to the 

control (S1 D). The Western blot (WB) for Annexin2, Cytoskeleton-associated protein5 

(CKAP5), Desmocollin1, Centrosomal protein 290kDa (CEP290), and Septin9 showed that 

only wtPOC5, but not mutPOC5 protein, interacts with these proteins (Fig 3). Weak 

interaction existed among Galectin 3 and 7, Ras-related protein (RAB11), Acetylated-α-

tubulin, EH domain-containing protein 4 (EHD4), Annexin5, Cystatin A, and mutPOC5 when 

compared to wtPOC5.  

 

In the mutPOC5 overexpressing cells, only five proteins were identified that were selective for 

mutPOC5 and not wtPOC5: Protein disulfide-isomerase A4 (9), duronate 2-sulfatase (5), golgi 

resident protein GCP60 (3), aminopeptidase B (2) cDNA FLJ53442 - highly similar to poly 

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

Defects in cell-cycle progression in cells overexpressing the mutPOC5  
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Because POC5 is localized to the distal portion of centrioles and is recruited to procentrioles 

for full centriolar maturation and normal cell-cycle progression, it was considered necessary to 

determine how mutPOC5 protein is localized during cell cycle progression. HeLa cells 

(transfected with either myc tagged wt or mutPOC5 were synchronized in the growth phase 

(G1) cell cycle phase and then stained for POC5 using specific antibodies. In cells transfected 

with wtPOC5, specific staining for POC5 protein was observed outside the nucleus 

(cytoplasm) during the G1 phase (Fig 4 a). During the Synthesis (S)-phase, in the wtPOC5 

cells, specific staining for POC5 protein was observed in the nucleus (Fig 4 b). In mutPOC5 

expressing cells, staining for POC5 was observed to be permanently localized in the nucleus 

through the S and G1 phases (Fig 4 c and d). A significant increase in the proportion of S-

phase cells was detected by the nuclear localization of mutPOC5 (4%). The pattern of 

phosphorylation of wt and mutPOC5 during the cell cycle progression was also tested. We 

found that the mutPOC5 was hyper phosphorylated independently of the phase of the cell 

cycle. In all cell cycle phases, we observed that mutPOC5 protein had lower migration than 

wtPOC5 protein and that treatment with alkaline phosphatase shifted back mutPOC5 to an 

apparent molecular weight similar to wtPOC5 levels (S3 Fig.). 

WtPOC5 but not mutPOC5 colocalizes with centrin 

The wtPOC5 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 recruitment to 

cilia, we performed double immunostaining for POC5 and centrin in cells overexpressing 

wtPOC5 or mutPOC5. In immunofluorescence microscopy, anti-hPOC5 antibody staining 
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labeled two dots for wtPOC5 and one dot for mutPOC5. These dots represent centrioles, as 

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 

wtPOC5 expressing cells than mutPOC5 cells. Interestingly, mutPOC5 expressing cells had 

mainly one dot of centrin while wtPOC5 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 nucleus while 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 mutPOC5. As expected, wtPOC5 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). 

POC5 and acetylated-α–tubulin colocalize in the retina of wt but not mutpoc5 zebrafish 

An impairment in cell-cycle progression (S phase arrest) due to mutations in POC5 will likely 

have severe consequences on cell fate. The POC5 variants were recently associated with the 

retinal anomalies in humans [35] and with scoliosis (30, 31). 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 expressing 

mutpoc5. The distribution of poc5 and cilia (stained by the acetylated-α-tubulin) showed co-

localization in the retina of wtpoc5 (Fig 7 c) in the retinal pigmented epithelium (RPE) and 
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inner nuclear layers (INL) but in the mutpoc5, we observed absence of overlap in localization 

between POC5 and acetylated-α-tubulin. Immunostaining of acetylated-α-tubulin was reduced 

in the RPE and INL in the retina of the mutpoc5 compared to the wt (Fig 7 e).  POC5 specific 

immunostaining was detected at the RPE and INL of both wt and mutpoc5 retina (Fig 7 a and 

d). However, wtpoc5 retina had stronger staining in the RPE layer. Several spaces in the 

pattern of poc5 staining was observed in INL of the mutpoc5 retina suggesting retinal 

degeneration. 

Defects in cones and photoreceptor layers in mutpoc5 retina 

In recent work by Wieze et al [35], the loss of function of poc5 was responsible for retinal 

degeneration in zebrafish. The zebrafish poc5 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 retina), zinc finger 

protein (zpr) zpr3, zpr1 and 3A10 were employed [39, 40]. Zpr-3 positive immunostaining 

(high signal) was observed in the rod (ROS) and double-cone outer segment layer (DCOS) 

(Fig 9 a). Zpr3 immunostaining of wtpoc5 was found in the rods and double cone outer 

segment layers but only low intensity of the staining was found in the mutpoc5 retina (Fig 9 

b). The thickness of the rod layer in the mutpoc5 zebrafish was less than the wt. Also, zpr1 

immunostaining (which is a marker for double cones) showed the presence of severe loss of 

cone pigment proteins and outer plexiform layer (OPL) in mutpoc5 zebrafish (Fig 9 d). Strong 

staining of double cone of outer segment  (DCOS), long single cone outer segment (LSCOS) 

and short single cone outer segment (SSCOS) cones in wt retina (Fig 9 c) was found, but this 

staining was totally absent from the retina of mutpoc5 (Fig 9 d). Using the neurofilament-
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associated antigen (3A10) antibody, anomalies in the cone cell layer (CC) and in the mutpoc5 

zebrafish were found (Fig 9 f) which consisted of reduced staining intensity and disrupted 

cellular organization.  

Discussion 

In this study, we demonstrate the involvement of POC5 and cilia in scoliosis. This 

involvement of POC5 occurs through its loss of interaction of POC5 with acetylated-α-tubulin 

and involves primary cilia retraction. This study demonstrated that the mutation in POC5 (c. 

C1286T; p. A 429V), previously described in patients with AIS, resulted in distinct 

localization with respect to cilia. The interacting protein partners of POC5 were identified and 

immunolocalized, and interestingly, it was found that most of these were components of the 

cilia, microtubules, cytoskeleton, and centrosomes. In human osteoblasts carrying the POC5 

variant (c. C1286T; p. A429V), the loss of POC5 connection with acetylated-α-tubulin 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. A446T), c. G1363C 

(p. A455P), and c. C1286T (p. A429V)) are contributing to the occurrence of AIS [30].  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 common variant of POC5 was 

associated with the susceptibility to AIS (single-nucleotide polymorphism (SNP) rs6892146)). 

This common SNP has a significantly different distribution of minor allele frequency in 

patients with the GG and with CC genotype. Interestingly, in patients 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. The POC5 variant, c. C1286T (p. A429V), is a rare variant that was identified in 

5/300 chromosomes (~1.65%) from IS patients but not in familial IS. The c. C1286T (p. 

A429V) POC5 SNVs was found more frequently in 191 IS probands than in the controls (P = 

0.0445 and P = 0.0273, respectively [30]. All patients with scoliosis and carrying mutation 

were from normal parents which suggests that the inheritance is recessive. The wild-type allele 

not compensating for the c. C1286T variant suggests that there is other mutations contributing 

to the observed phenotype and yet to be determined. 

 

In addition to the association of POC5 with AIS [30], recently, new mutations in POC5 gene 

were associated with Retinitis pigmentosa (RP) [35]. Retinitis pigmentosa is a photoreceptor 

degenerative disease, characterized by the degeneration of rod and cone photoreceptors and is 

classified as ciliopathy disease. An interesting 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 

understood [35, 41]. Our work pointed out some similar retina alterations, including a missing 

outer segment layer (a zebrafish model of scoliosis induced by poc5 overexpression).   

Weisz et al [35] reported POC5 to be localized at the connection cilia in the photoreceptors, 

and when mutated, the length of photoreceptor outer segments is reduced. In our in vitro work, 

in cells overexpressing mutPOC5, POC5 was disconnected from the acetylated-α-tubulin ring  

(Fig. 1 b), dispatched from centrin (Fig 5) and solemnly localized in the nucleus (Fig 6). POC5 

was found to be interacting with ciliary proteins suggesting that POC5 is a ciliary protein 

(Table 1).  
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Also, in vivo, we observed that there is disruption of acetylated-α-tubulin colocalization in the 

photoreceptor and inner nuclear layers (INLs) in the mutpoc5 retina (Fig 7 f). Moreover, 

mutpoc5 zebrafish had a missing outer segment layer as determined by hematoxylin and eosin 

staining (Fig 8 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 

POC5 in the connecting cilium and found that localization of centrin in the connecting cilium 

is not dependent on POC5. However, in our work, we found that poc5 colocalizes 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 this layer.  In our work, we used different markers not 

only for the outer segment layer, but also for the cones and rod layers by zpr1, zpr3 and 3A10 

staining (Fig 9). These results showed that not only the defect exists at the level of the rods but 

also at the level of the cones.  

The homozygous nonsense mutation (c.304_305delGA [p. D102*] in POC5 that causes RP 

does not cause a scoliosis phenotype, suggesting that the phenotypic outcome of each mutation 

can be very different. Of course, more data is needed regarding the role of POC5 in 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 

association between AIS and postural control, in which vision is involved, was observed in 

patients [42]. 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 population [42]. These 

patients had difficulty in stabilizing themselves in the standing position. For maintaining a 

stable position 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 the involvement of neurological deficits in AIS and pointed out the 

motor behavior of patient in maintaining postural sway [43]. The balance instabilities in AIS 

patients could also be associated with the alteration in sensory signal processing [44-46]. It 

appears that in all tests, scoliotic patients have significantly poorer postural control compared 

with healthy patients; this raises the possibility that postural disequilibrium is a causative 

factor of this disorder [47]. 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 showed a differential localization of wt and mutPOC5 with 

respect to the acetylated-α-tubulin signal that is a marker for cilia. WtPOC5 was found to be 

attached to acetylated-α-tubulin (Fig 1 a), while mutPOC5 was found to be disconnected (Fig 

1 b). This result was confirmed by co-IP experiments. Interestingly, we found more expression 

of acetylated-α-tubulin in wt but not in mut and control expressing cells, although we had 

similar expression levels of precipitated POC5 (S1 Fig.). 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 co-IP data (Fig 3) that showed several ciliary proteins to be 

interacting exclusively with wtPOC5 but not mutPOC5. Centrin staining confirmed the 

differential localization of wt and mutPOC5 (Fig 5). Among these proteins are RAB11 and 

CEP290. Multiple GTPases include RAB6, RAB11, and RAB8A which are involved in the 

trafficking to the cilium. In cilia pathologies (some of them include scoliosis as a secondary 

manifestation), several studies have shown that the potential handover mechanisms may exist 

between RAB11 and RAB8 at the base of the cilium [48]. Rab8 and Rab11 were found to be 
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associated with the Bardet-Beidl syndrome (BBS) pathway [49]. CEP290 is also known to be 

an important component of the primary cilium, localizing to the Y-links of the ciliary 

transition zone and having a role in the regulation of transport in and out of the ciliary 

compartment [50]. Furthermore, CEP290 mutations lead to a range of ciliopathy syndromes 

with variable clinical manifestations in humans: BBS, Joubert syndrome and Meckel-Gruber 

syndrome [51]. Given that both proteins (POC5 and CEP290) are located at the base of the 

cilium, and that CEP290 interacts solely with wtPOC5, this supports the role of POC5 as a 

ciliary protein operating at the base of the cilium. 

Interestingly, some of the proteins, such as Annexin A2 and Calmodulin 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 essential role in bone 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 candidate for future studies [52]. Calmodulin-like protein 3 

(immunoprecipitated with wtPOC5 but not mutPOC5) is another interesting candidate that 

may be linked with POC5 and AIS. Calmodulin-like protein is a calcium sensor 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, 

calmodulin-like protein 3 is tissue specific 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 role in 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 iduronate 2-sulfatase. Iduronate 2-sulfatase is 

associated with Hunter syndrome clinical disorder (mucopolysaccharidosis type II, MPS-II) in 

which patients may present, among other skeletal diseases, scoliosis [55, 56]. Also, the cellular 

stress gene protein disulfide isomerase (PDIA4) was found to be associated with mutPOC5. 

PDIA4 is up-regulated 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 endoplasmic reticulum ER stress [57, 58]. A 

very interesting observation is that the mutPOC5 was found to be hyper-phosphorylated (S3 

Fig.), which could be one of the factors that lead to the loss of POC5 connection with several 

ciliary and cytoskeletal proteins. It is known 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 studies are needed to determine where the 

phosphate group is added and the exact consequences on the physico-chemical properties, 

stability, kinetics, and dynamics [59]. 

One of the most intriguing results of our study was the immunofluorescence on human cells 

carrying the POC5 variant (c. C1286T; p. A429V mutation) showing the mislocalization of 

POC5 with respect to cilia. We observed ciliary retraction in scoliotic osteoblasts (Fig 2 h) 

with the POC5 mutation when compared to normal osteoblasts (Fig 2 d). The primary cilium 

is an antenna-like 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 embryonic development [60, 61] and for cerebrospinal fluid 

(CSF) flow [62]. Recently, it was found that IS patients have an abnormal left–right (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 of IS [27]. 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 to the cilia 

in cells expressing a POC5 mutation (Fig 2 g). Another interesting observation is the defect in 

the cell cycle in mutPOC5 overexpressing cells. The cells were synchronized to be at the same 

cell cycle stage, and a different subcellular localization of wt and mutPOC5 at different stages 

of the cell cycle was observed. MutPOC5 was permanently located within the nucleus in G1 

and S phases (Fig 4 c and d). By cellular fractionation, we confirmed the different subcellular 

localization of wt and mutPOC5 (Fig. 6). Previous work [32] also showed that a depletion of 

POC5 in Hela cells affects the progression through S phase. Human h-POC5-depleted cells 

had a significant increase in the proportion of S-phase cells; 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 investigation through 

various functional tests in patients with AIS in order to evaluate the possible functional defect 

connected with the altered structures identified in this work. Further study, focused on the 

primary cilia-mediated function, will provide more insights into the molecular mechanisms 

and etiology of AIS. As well, this can demystify the development of this disease. 

Conclusion: 

In conclusion, our findings confirm the involvement of POC5 in scoliosis. A role for POC5 

with respect to the primary cilia was found. These findings open new avenues for the 

understanding the primary causes of AIS at the molecular and physiological levels. 
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Fig 1: Differential localization of POC5 with acetylated-α-tubulin in wtPOC5 and 

mutPOC5 expressing cells. Confocal imaging of HeLa cells transiently transfected with 

wtPOC5 (a) or mutPOC5 (b). POC5 and acetylated-α-tubulin were determined using specific 

antibodies and positive signal revealed by green and red coloration respectively. Localization 

of POC5 with respect to acetylated-α-tubulin (marker for cilia) is shown: in cells transfected 

with wtPOC5 (a) where positive immunostaining was enriched at the perinuclear acetylated-α-

tubulin ring, while in cells expressing mutPOC5 (b), POC5 was visualized inside the nucleus 

(disconnected from the perinuclear acetylated-α-tubulin ring). The Z-stack imaging (recording 

images at different focal planes) allows the visualization of the three-dimensional structure 

containing both POC5 and acetylated-α-tubulin (green and red) for the wtPOC5, while only 

POC5 (green) was visualized for the mutPOC5. Images were taken using the Zeiss microscopy 
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Mag x40. Scale bar 1.6 µm. POC5 in green, acetylated-α-tubulin in red and DNA was stained 

with DAPI (blue). 

Fig 2: Human osteoblasts carrying POC5 variant mutation (c). C1286T; p. A429V) show 

short cilia. Representative immunodetection of POC5 and acetylated-α-tubulin by 

immunofluorescence in osteoblasts from normal (non scoliotic) (a, b, c, d) and cells with the 

variant c. C1286T (p. A429V) (e, f, g, h). Merged images (d and h) show differential 

colocalization of POC5 with respect to cilia. Zoomed image shows that POC5 is located at the 

nuclear membrane at the cilium level marked by acetylated-α-tubulin. Human osteoblasts 

carrying the variant POC5 (c. C1286T; p. A429V) (e, f, g, h), show decreased staining 

intensity and absence or retraction of cilium (h). MutPOC5 protein was seen to be localized 

within the nucleus (zoomed image). POC5 (green coloration), acetylated-α-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 µm.  (I) The graphs represent the percentage of cilia for 

each length category in NOB and AIS cells. Each bar represents the mean of three independent 

experiments (±SD). P< 0.05 considered statistically signifcant. (G) Sequence alignment with 

Sanger sequencing confirm AIS cells to have the c.  C1286T mutation. 

Fig 3: Validation of mass spectrometric results. Proteins identified by mass spectroscopy 

interacting with the wtPOC5 were analysed by CO-IP. Coimmunoprecipitation of myc-POC5 

using anti-Myc antibodies in Hek293 cells. Proteins in the immune complexes were revealed 

by Western blotting with different antibodies as described in materials and methods. Controls 

(Non transfected (NT) or cells transfected with Mock pCMV-entry vector) were used along 

cells transfected with myc tagged wt or mut POC5 expressing cells. CO-IP shows the binding 

of CKAP5, Desmocollin1, CEP290, RAB11, and Septin9 exclusively with wtPOC5. There is 
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no interaction of mutPOC5 with CKAP5, Desmocollin1, CEP290, RAB11 and Septin9. Very 

weak interaction was observed between mutPOC5 with Acetylated-α-tubulin, Galectin3 and 7, 

EHD4, CystatinA and Annexin2 and 5 as compared to wtPOC5.  

Fig 4: MutPOC5 expressing cells are arrested in S phase. Confocal imaging of HeLa cells 

overexpressing wtPOC5 or mutPOC5. Specific staining for POC5 was performed 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), wtPOC5 is located within 

the cytoplasm, while in the S phase (b) (serum replacement after deprivation), POC5 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, POC5 is 

located within the nucleus in both G1 and 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 HeLa 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 µm. E) Bar 

diagram representing the percentage of G1 and S phase cells after serum starvation for 24 h. 

The percentage of Sphase cells is significantly higher (p<0.01) in mutPOC5 than wtPOC5 

expressing cells. The wtPOC5 cells are mostly in G1 phase (p<0.001). 

Fig 5: Differential colocalization of wtPOC5 and mutPOC5 with respect to centrin 

A) Immunoflourescence staining was performed in HeLa cells non-transfected (NT) 

overexpressing pCMV-entry empty vector (mock), wtPOC5 or mutPOC5. Staining of POC5 

(red), centrin 2 (green) shows colocalization of wtPOC5 and centrin 2 (merge orange colour), 

and absence of colocalization with mutpoc5 and centrin 2. B) Statistical analysis of centrin 2 

expression, intensity 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 reduced in mutPOC5 

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 using ZEN software. Images (n=6) were used for quantification. Error bars are 

the mean ± SD. POC5 (red), centrin (green) and DAPI (blue). NT: non transfected. NS: 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 loaded were determined using β-

actin as loading control and subjected to immunoblotting using  anti-POC5 antibody. Controls 

were cells non transected or transfected with pCMV-entry vector. The wtPOC5 is mainly 

expressed in  the cytoplasm and the mutPOC5 is mostly nuclear. 

Fig 7: Distribution of poc5 and cilia in 2mpf zebrafish. Double staining for poc5 and 

acetylated-α-tubulin with specific antibodies was performed on the retinas of wt and mut 

zebrafish.  Merged co-staining of poc5 (green) and acetylated-α-tubulin as marker for cilia 

(red) shows colocalization in the eyes of wt (c) but not mut (f). Poc5 staining (green) was seen 

at the retinal pigmented epithelium (RPE) and inner nuclear layers (INL) in both wt (a) and 

mut (d) retina. However, the intensity of staining of poc5 in the wt retina is stronger than in 

mut. Acetylated-α-tubulin  immunoreactivity was seen throughout the RPE and INL of wtpoc5 

retina but not in mut zebrafish. Immunostaining of acetylated-α-tubulin was reduced in the 

pigmented epithelial layer of the retina of the mutpoc5 (e) when compared to the wt (b) and 

was totally  absent in the INL of mutpoc5 retina. Mag x 20. Scale bar: 2.1 µm. 
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The morphology of the mutpoc5 retina was then investigated. The mutpoc5 zebrafish were 

characterized with the loss of outer segment layer (*OSL) (Fig 8 b) as the thickness of this 

layer was highly reduced in the mutpoc5 retina. Also, the structural organization of the cone 

cell layer (CC) and outer nuclear layer (ONL) was disrupted in the mutpoc5. No difference 

was observed in the RPE, inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion 

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

Fig 8: Photoreceptor outer segments are not developed in mutpoc5 zebrafish. OSL: 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 and mutpoc5 

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 the photoreceptor 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 compared to mutPOC5, which is fully disorganized. 

Analysis of wt and mutpoc5 retina was performed using light microscopy. Mag x 40; scale bar 

1.6 µm. 

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

Staining for different layers (Rods and cones) was performed using the specific antibodies 

zpr3, zpr1, 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 segment; CC: connecting cilium; IS: 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 in (a, b), zpr1 (c, d) and 3A10 (e, f). Nuclei were stained 

with DAPI  (blue). (a-d) Zpr-3 signal is seen in rod and double-cone 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. Zpr1 is a marker for double cones. There is severe loss of rod and 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 from both wt and  mutpoc5. The 3A10 antibody also 

stains the OS and CC which showed reduced thickness, and intensity in the retina of mutpoc5 

zebrafish (f) as compared to retina of wtpoc5 zebrafish (e). Images were taken using the Zeiss 

microscopy Mag x20. Scale bar 20  µm. 

Fig 10: Proposed model for the mechanisms of ciliary retraction in mutPOC5 expressing 

cells. Under normal conditions, POC5 is an essential protein for normal cell cycle progression, 

and this process is a tightly regulated mechanism. In cycling cells, 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 (revealed in this study by immunofluorescence, mass 

spectroscopy, and CO-IP) results in incorrect assembly and cilium retraction 

 

Supporting Information: 



 

83 

 S1 Fig: Acetylated-α-tubulin is highly enriched in precipitated wtPOC5 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 

mutPOC5 tranfected cells have same expression levels of POC5. Mock transfected sample 

have very low expression of POC5. POC5 is observed at the expected size 63kDa. A band at 

higher level than the wtPOC5 is observed in the mutPOC5 (p: phosphorylated). B) 

Coommasie blue staining shows similar levels of POC5 expression in wt and mut transfected 

samples. POC5 is observed at the expected size 63kDa. Also the heavy and light chains of 

antibody are observed. C) Western blot using anti-POC5 antibody shows absence of 

expression in control sample (Mock) and similar protein expression levels of wt and 

mutPOC5. Two bands are observed in mutPOC5 overexpressing cells. One band at same level 

of wtPOC5 and one at higher levels (p: phosphorylated). D) Western blot of acetylated-α-

tubulin after immunoprecipitation of POC5, shows high expression of acetylated-α-tubulin in 

the wtPOC5 expressing sample and lower levels in mutPOC5. Very low levels are observed in 

mock transfected sample.  

S2 Fig: Zebrafish screening for the spinal deformity by micro CT scan confirmed the 

scoliosis phenotype. Representative micro-CT scans (MicroCT, 9 microns): images of wt (a) 

and mutpoc5 (b) juvenile zebrafish. MicroCT images of wtpoc5 fish showed a fully 

mineralized with non-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. 

The immunoprecipitated samples were either non treated or treated with alkaline phosphatase 
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and then western blot was performed using POC5 antibody (abcam). The presence or absence 

of phosphorylation with wtPOC5 and mutPOC5 is shown at G1 and S phase. POC5 wt is not 

phosphorylated, but the mutPOC5 is phosphorylated, and treatment with phosphatase 

dephosphorylates mutPOC5 that returns back to the same levels of wtPOC5. Phosphorylation 

of mutPOC5 is seen at both G1 and S phases. 

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

Poc5 and centrin are co-expressed 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 disrupted with several spacing in the 

CC layer. OS: outer segment layer, CC: cone cell layer. Poc5 labelled in green, centrin labeled 

in red and DAPI in blue. Scale bar: 20 μm, Mag x40. 

S5 Fig: Colocalization of poc5 and acetylated-α–tubulin the ear of wtpoc5 zebrafish: A) 

Acetylated-α-tubulin staining of the hair cell kinocilia of the inner ear of wt and mutpoc5 

zebrafish. Acetylated-α– 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 

acetylated-α-tubulin was performed on the wtpoc5 and mutpoc5 zebrafish head. Poc5 and 

acetylated-α-tubulin are strongly expressed in the ear of wtpoc5 zebrafish and they colocalize, but 

not in mutpoc5 zebrafish ear. Scale bar 20μm and Magx40. 
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Protein ID Description Score 
Peptide 

Number 

P15924 Desmoplakin 3984 119 

Q08554 Desmocollin-1 581 12 

P68363 Tubulin alpha-1B chain 368 10 

P07355 Annexin A2 221 9 

Q9NSK0-

3 

Isoform 3 of Kinesin light chain 4 155 9 

F8VW92 Tubulin beta chain 251 7 

P47929 Galectin-7 338 6 

Q9H223 
EH domain-containing protein 

41 

62 4 

Q6IB90 Cystatin 84 3 

Q9NZT1 Calmodulin-like protein 5 243 3 

Q14574-2 Isoform 3B of Desmocollin-3 63 3 

Q14008 
Cytoskeleton-associated 

protein 5 

57 3 

Q9Y5P4-2 
Isoform 2 of Collagen type IV 

alpha-3-binding protein 

45 2 

P27482 Calmodulin-like protein 3 144 2 

P08758 Annexin A5 164 2 

Q08380 Galectin-3-binding protein 76 2 

B4DF70 
cDNA FLJ60461; highly similar to 

Peroxiredoxin-2 (EC 1.11.1.15) 

88 2 

Q59FR8 Galectin 3  2 

Q9UHD8-

5 

Isoform 5 of Septin-9 46 2 

J3KNF5 Centrosomal protein of 290 kDa 20 1 

Q8N6N5 Tubulin; beta 2C 85 1 

B4E0R6 Importin-5 69 1 

Q86YS3-2 
Isoform 2 of Rab11 family-

interacting protein 4 

27 1 
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Protein ID Description Score 
Peptide 

Number 

A8MUB1 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 

F5GWP8 Junction plakoglobin 3102 16 

O76021 
Ribosomal L1 domain-containing 

protein 1 

294 11 

P36952 Serpin B5 385 7 

P25311 Zinc-alpha-2-glycoprotein 141 3 

Q9GZZ8 Extracellular glycoprotein lacritin 98 3 

E9PBV3 Suprabasin 190 3 

Q9Y5P4-2 
Isoform 2 of Collagen type IV 

alpha-3-binding protein 

45 2 

B4DT31 
Far upstream element-binding 

protein 1 

151 9 

E9PIN3 
Nuclear RNA export factor 1 

(Fragment) 

149 5 

O43776 
Asparagine--tRNA ligase; 

cytoplasmic 

94 4 

Q9Y2X3 Nucleolar protein 58 113 4 

B8ZZD1 
U4/U6.U5 tri-snRNP-associated 

protein 2 

43 2 

P35579 Myosin-9 555 18 

P58107 Epiplakin 200 10 

Q8WVV4 Protein POF1B 242 6 

Q15149-9 Isoform 9 of Plectin 84 2 



 

87 

Table 1: Mass spectroscopy results of proteins interacting exclusively with wtPOC5. 

Scaffold software was used for the analysis of the identified proteins interacting with wtPOC5. 

Protein identification in wtPOC5 expressing cells, detected 85 candidates interacting with 

wtPOC5. Clustering proteins by biological function indicated: ciliary proteins (17 proteins); 

cell adhesion (7 proteins); cytoskeleton-associated protein (4 proteins); RNA processing (9 

proteins); extracellular matrix (3 proteins); response 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 groups belong 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 

Q7RU04 Aminopeptidase B 95 2 

B4E0E1 

cDNA FLJ53442; highly 

similar to Poly (ADP-ribose) 

polymerase 1 

61 2 

 

Table 2: Mass spectroscopy results of proteins interacting exclusively with mutPOC5Five 

proteins were found to be interacting exclusively with mutPOC5. Protein disulfide-isomerase 

A4, Iduronate 2-sulfatase, Golgi resident protein GCP60, Aminopeptidase B and cDNA 

FLJ53442; highly similar to Poly (ADP-ribose) polymerase 
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polymorphism, SP1: Specific Protein 1, TGFα: Transforming growth factor alpha, TSS: 

transcription start site. 

Summary statement: Estrogen plays a significant role in AIS and studying the regulation of 

ADGRG7 by E2 in AIS cells is essential for understanding molecular mechanisms underlying 

AIS pathogenesis. 

 

Abstract 

The physiological role and the regulation of ADGRG7 are not yet elucidated.  The functional 

involvement of this receptor was linked with different physiological process such as reduced 

body weight, gastrointestinal function and recently, a gene variant in ADGRG7 was observed 

in patients with idiopathic scoliosis. The physiological role and the regulation of Adhesion G 

protein coupled receptor7 (ADGRG7) are not yet elucidated. The functional involvement of 

this receptor was linked with different physiological process such as reduced body weight, 

gastrointestinal function and recently, a gene variant in ADGRG7 was observed in patients 

with adolescent idiopathic scoliosis (AIS).  Here, we identify the ADGRG7 as an estrogen-

responsive gene under the regulation of estrogen receptor ER in different cells lines. We 

found that ADGRG7 expression was upregulated in response to estrogen (E2) in normal 

osteoblasts (NOB) but not in AIS cells. ADGRG7 promoter studies indicate the presence of an 

ER response half site in close vicinity of an SP1 binding site. Mutation of the SP1 site 

completely abrogated the response to E2, indicating its essential requirement. ChIP confirmed 

the binding of SP1 and ERα to the ADGRG7 promoter. Our results identify the ADGRG7 gene 

as an estrogen-responsive gene under the control of ER and SP1 tethered actions, suggesting 

a possible role of estrogens in the regulation of ADGRG7. 

  

Introduction: 

Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional deformity of the spine 

that mostly occurs during late childhood or puberty (Konieczny, Senyurt et al. 2013). Severe 

forms of AIS are more common in girls as compared to boys (Cheng, Castelein et al. 2015). 

The difference between girls and boys, as well as the etiology of AIS are still unclear. Several 

studies suggest that AIS could be an endocrinal disease and that various hormones, especially 
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estrogens, have a role in its onset, development and spinal curve progression (Barrios, Cortes 

et al. 2011). Lower peak bone mass and osteopenia at puberty have been reported in 27 % to 

38 % of AIS patients, suggesting that AIS may be correlated with hormonal disturbance 

involving estrogen, melatonin, and leptin (Ishida, Aota et al. 2015). Estrogens (E2) and 

Estrogen receptors (ERs), including the ERα and ERβ isoforms are suspected of influencing 

AIS severity and delayed puberty which was directly associated with a higher prevalence of 

AIS in girls than in boys with an incidence ratio of 7.1:1 (Konieczny, Senyurt et al. 2013). 

Indeed, several ER polymorphisms were found in AIS (Stavrou, Zois et al. 2002), but the 

predisposition to and severity of AIS was not clearly demonstrated (Janusz, Kotwicka et al. 

2014). Estradiol (E2) participation in puberty, spinal growth and bone metabolism are 

important factors to consider in AIS. Until now, it was not clear how E2 could affect the 

initiation or progression of AIS. However, estrogens interact with many physiopathological 

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 scoliosis (Leboeuf, Letellier et al. 2009). 

 

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

and non-genomic pathways. The genomic effects of E2 are exerted by it’s binding to the ER in 

the cytoplasm. This is followed by the translocation to the nucleus and binding of the complex 

to target genes. In addition to the direct genomic signaling through ER (Dahlman-Wright, 

Cavailles et al. 2006, Prossnitz, Arterburn et al. 2008), ERs can also mediate their 

transcriptional potential through tethered interaction with other transcription factors, such as 

SP1 and activator protein (AP1). In these cases, most estrogen responsive genes are devoid of 

estrogen response elements (ERE) (Bjornstrom and Sjoberg 2005), suggesting enhanced 

recruitment of ER ligands to target promoters through protein-protein interaction such as SP1 

(Safe 2001). SP1 is a ubiquitously expressed transcription factor that binds and acts through 

GC-rich elements to regulate gene expression in mammalian cells (Li, Mitchell et al. 2007, 

Keay and Thornton 2009). 

 

The Adhesion G protein-coupled receptor 7 (ADGRG7), previously known as the G protein-

coupled receptor 128 (GPR128), is a membrane bound protein encoded by ADGRG7 
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(Fredriksson, Lagerstrom et al. 2002, Bjarnadottir, Fredriksson et al. 2004, Arac, Aust et al. 

2012). In humans and mice, the ADGRG7 gene is on chromosome 3q12.2 and 16; 16 C1.1, 

respectively (Fredriksson, Lagerstrom et al. 2002, Bjarnadottir, Fredriksson et al. 2004, Arac, 

Aust et al. 2012). ADGRG7 is an orphan receptor that belongs to the family of proteins that 

consists of over 33 homologous proteins (Bjarnadottir, Fredriksson et al. 2004, Yona, Lin et 

al. 2008, Yona and Stacey 2010). Like most members of ADGRG family, the extracellular 

region often a N-terminal protein module is extended and linked to a transmembrane (TM) 7 

region via the GPCR-autoproteolysis inducing (GAIN) domain (Arac, Aust et al. 2012). 

ADGRG7, which is phylogenetically related to ADGRG2 and ADGRG1, lacks the conserved 

N-termini domains present in other GPCRs (Foord, Jupe et al. 2002, Bjarnadottir, Fredriksson 

et al. 2004, Huang, Chiang et al. 2012). ADGRG7 was shown to be expressed in the mucosa 

of the intestine restricted to the epithelial cells (Badiali, Cedernaes et al. 2012, Ni, Chen et al. 

2014). 

The physiological role of ADGRG7 remains mostly unclear. The GPCR family of proteins are 

mainly involved in cellular adhesion, migration, cell–cell and cell–matrix interactions (Yona, 

Lin et al. 2008). In mice, targeted deletions of the Adgrg7 gene reduced weight gain and 

increased the frequency of peristaltic contractions of the small intestine, suggesting a role in 

intestinal absorption of nutrients (Badiali, Cedernaes et al. 2012). An important paralog of this 

gene is ADGRG6, which is suggested as playing a role in musculoskeletal disorders such as 

AIS and pectus excavatum (PE) (Kou, Takahashi et al. 2013, Karner, Long et al. 2015). 

In humans, ADGRG6 gene variants were first associated with AIS in the Japanese population 

and then a SNP in ADGRG6 gene (rs657050) was replicated in Han Chinese and European-

ancestry AIS population. In zebrafish, the adgrg6 knockdown, causes delayed ossification of 

the developing spine (Kou, Takahashi et al. 2013), and in a mice model, the loss of Adgrg6 in 

osteochondroprogenitor cells affects spinal column development and intervertebral disk 

morphogenesis (Karner, Long et al. 2015).  

ADGRG7 was also suggested among the genetic causes or genetic contributors for the 

pathogenesis of AIS. The ADGRG7 gene maps on the chromosome 3q12.2. Through linkage 

analysis, in multigenerational AIS families with dominant inheritance, this locus was reported 

as one of the two locations containing the gene for AIS (Edery, Margaritte-Jeannin et al. 

2011). Our recent study by Patten et al. (Patten, Margaritte-Jeannin et al. 2015) identified by 
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exome sequencing two candidate gene variants (SNV) among the novel or rare (minor allele 

frequency [MAF] <5%) variants: one in ADGRG7 and the other in POC5 (Patten, Margaritte-

Jeannin et al. 2015). The ADGRG7 SNV (1274A>G) did not perfectly co-segregate with AIS 

in all the members of this multigenerational AIS family; consequently, the ADGRG7 gene was 

concluded as a contributory/modifier gene in the pathogenesis of AIS. Based on these 

findings, and because ADGRG7 is closely related to the ADGRG6 (gene implicated in AIS), 

we hypothesized that ADGRG7 is regulated by E2 and consequently can contribute to the 

cellular events in AIS.  

To examine how ADGRG7 is regulated at the transcriptional and protein level by E2, we 

conducted promoter and deletion analysis. We also conducted gene and protein expression 

study in human osteoblasts, Huh7 and MCF7 cells. Human ADGRG7 gene was cloned and 

analyzed for functional cis-elements mediating the effects of E2. Deletion analysis of the 

promoter identified the SP1 site required for both basal activity and hormone-induced 

activation. Chromatin immunoprecipitation (ChIP) assay confirmed that SP1/ERα binds to 

ADGRG7 promoter. Our study suggests that the regulation of ADGRG7 expression by E2 is 

due to the association of ERα and SP1 proteins to ADGRG7 promoter. 

 

Results  

 

Gene expression profile of ADGRG7 and SP1 in multiple human tissues  

The ADGRG7 has been poorly characterized in terms of function and tissue expression. We 

therefore analyzed the expression levels of ADGRG7 and SP1 in different tissues (Fig. 1A, B) 

using the Gene Expression Omnibus (GEO) database at the US National Center for 

Biotechnology Information (NCBI). We found that ADGRG7 was highly expressed in the 

small intestine, as previously reported (Badiali, Cedernaes et al. 2012), However, unlike in 

mice, ADGRG7 expression was not selective for the intestine, ADGRG7 was also expressed in 

the liver, pancreas and placenta. The SP1 transcription factor was highly expressed in the 

pancreas with wide expression in all tissues tested except for the skin. Interestingly, ADGRG7 

and SP1 were also expressed in the bone; this suggests a wider function than expected and an 

undetermined role of ADGRG7 in bone. 
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Dose dependent differential upregulation of ADGRG7 by 17β-estradiol in NOB and AIS 

cells  

To characterize changes in gene and protein expression in response to E2 treatment in normal 

control osteoblasts (NOB) and AIS osteoblasts, we performed qPCR and western blot on cells 

treated with E2. ADGRG7 was differentially regulated by E2 treatment in NOB and AIS cells. 

E2 upregulated ADGRG7 protein levels at 10-7 M E2 in normal osteoblasts with maximal 

response at 10-9, 10-12 and 10-13 M (Fig. 2A). The response in AIS was non significant (Fig. 

2B). In NOB cells there was a dose-dependent increase in steady-state levels of ADGRG7. 

The densitometry signals for the E2-treated control NOB and AIS cell samples were 

normalized to the β-actin signal and yielded normalized densitometry ratios. The data for the 

normalized ratios for the specific protein ADGRG7 are summarized in (Fig. 2A, B).  

To test whether E2 affects ADGRG7 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 NOB cells (Fig. 2C), and low 

immunofluorescence in AIS cells. These results are consistent with the results of upregulation 

of ADGRG7 by E2 in Western blot (Fig. 2A, B). 

The ability of ERα and SP1 to interact with each other and DNA along with the differential 

expressions of ERα in different normal and AIS patient cells (Leboeuf D. 2008), led us to 

examine the expression levels of SP1 and ERα in NOB and AIS cells. We observed by 

western blot differential expression patterns of both proteins. SP1 and ER levels were higher 

in NOB than AIS cells (Fig. 2D). 

These studies reveal that ADGRG7 is a cytoplasmic protein regulated by E2 in NOB 

osteoblasts and at lower levels in AIS cells (Fig. 2A, B, C). ER and SP1 protein levels were 

also higher in NOB cells than AIS cells (Fig. 2D). 

Transcriptional activation of ADGRG7 and deletion analysis of the ADGRG7 gene 

promoter 

In order to address the regulation of ADGRG7 gene expression in response to E2, we 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 Huh-7 cells have low levels of expression of ER, we 

overexpressed the estrogen receptor-construct or pcDNA3 mock vector as control. Cells were 
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either non-treated or treated with ethanol or E2. We found that ADGRG7 has maximal 

response to E2 after 3 h treatment. From 12 h and 24 h, we did not find differences 

between treated and untreated samples. This suggests an early response gene to E2 (Fig. 

3A). At the protein level, ADGRG7 was upregulated with a 10-7 M treatment of E2 for 24 h 

(Fig. 3B). We assessed by luciferase assay if the regulation of ADGRG7 is through ERα or 

ERβ in Huh-7 cells, and we found that ADGRG7 promoter (-2259/+55) is upregulated by E2 

in the presence of ERα but not ERβ (Fig. 3C). Finally, we observed similar responses to E2 at 

24 h and 48 h post treatment (Fig. 3D). ADGRG7 is upregulated by E2 through ERα at 3 h and 

at lower levels at 24 h and 48 h post-treatments with E2. 

 

Deletion analysis of the proximal region of the ADGRG7 promoter 

To determine the responsive region responsible for the estrogenic upregulation of the 

ADGRG7 gene, we performed reporter gene assay in Huh-7 cells using a portion of 2.2kb 

proximal to the transcription start site (TSS) of the ADGRG7 promoter. A schematic of the 

proximal promoter of the ADGRG7 gene shows the presence of several putative ERE binding 

elements (Fig. 4A). The co-transfection of hERα and various truncations of the 

promoter series, of 5′- deletion constructs including the −2259 to +112, −1285 to +112, −474 

to +112, -309 to +112, -283 to +112 and -44 to +112 regions of the ADGRG7 gene promoter 

were used in transient transfection studies to identify specific E2-responsive elements within 

this region of the promoter (Fig. 4B). We found that the estrogenic induction was retained 

with the -474 construct and then lost with the -309 construct, suggesting that this region is 

essential for the E2 response of the promoter (Fig. 4B). Further deletions were not inducible 

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 encompasses potential 

regulatory elements sufficient to confer regulation by E2. 

 

An essential role for SP1, ERE1/2 motif in signaling estrogen regulation of the ADGRG7 

promoter 

Deletion analysis of the SP1xERE1/2 of the ADGRG7 promoter was carried out to define 

further their role for functional interactions with ERα/SP1 (Fig. 5A). The 586bp and Δ67bp 
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were E2-responsive, and deletion analyses were used to determine contributions of the 

upstream SP1xERE1/2 binding sites. E2 did not significantly induce luciferase activity in cells 

transfected with 442bp fragment. To provide experimental evidence that the activation 

of ADGRG7 by E2 is mediated by an Sp1-binding element, we choose MCF7 cells that have 

high expression levels of ESR and transiently transfected them with a luciferase reporter gene 

driven by a promoter carrying SP1mut. Relative luciferase activity data showed the absence of 

response to E2 treatment (Fig. 5B). Results obtained for these deletion/mutant constructs (Fig. 

5A, B) indicate that the SP1xERE1/2 in the Δ67 region of the ADGRG7 gene is important for 

hormonal activation by ERα/SP1. These studies support a role for the SP1xERE1/2 site in 

mediating estrogen responsiveness of the human ADGRG7 gene. 

 

Physical and functional interactions of SP1 and ERα 

We studied the gene expression patterns induced in MCF7 ERα-positive, estrogen dependent, 

breast cancer cell line, grown in steroid-depleted medium or in the presence of E2. As 

observed in Huh-7 cells, E2-induced mRNA expression occured at 3 h and this response 

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

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

The recruitment of ERα and SP1 proteins with the proximal region of the ADGRG7 promoter 

indicated by arrows  (−478 to -423) was investigated (Fig. 6C). The interaction of ERα and 

SP1 proteins with the ADGRG7 gene promoter was investigated in MCF7 cells treated with 

10-7 M E2 for 1 h using a chromatin immunoprecipitation (ChIP) assay in which cells were 

treated with formaldehyde to form DNA-protein cross-links. After sonication, and 

immunoprecipitation by SP1 or ERα antibodies, qPCR was used to determine binding (Fig. 

6D). The results indicated that both ERα and SP1 antibodies immunoprecipitate this region of 

ADGRG7 promoter. The qPCR products were migrated on gel to confirm the correct product 

size. 

We showed that ADGRG7 is also upregulated by E2 in MCF7 cells. Through a ChIP 

experiment, we confirmed the binding of SP1 and ERα to ADGRG7 promoter after stimulation 

with E2 for 1 h. 

 

http://www.jbc.org/content/276/33/30853.full#F3
http://www.jbc.org/content/276/33/30853.full#F6
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ERα antagonists 4-hydroxy tamoxifen (4-OHT) and fulvestrant (ICI-182, 780) reverse 

the up-regulatory effects of E2 on ADGRG7 expression and promoter activity 

We tested the effect of 4-OHT, which is considered a context-dependent mixed 

agonist/antagonist of ERα (Fig. 7A). Interestingly, while 4-OHT was able to block the E2 

activation of the ADGRG7 promoter thus acting as an ERα antagonist, when used in absence 

of E2, 4-OHT was inducing ADGRG7 promoter activity in MCF7 cells (Fig. 7A). This effect 

is consistent with the reported activity of 4-OHT as an ERα agonist in the context of SP1 and 

AP-1 regulated genes (Schultz, Petz et al. 2005), indicating that SP1is required in promoting 

ADGRG7 promoter activation. ICI-182, 780 is known as a potent ERα antagonist that 

promotes ERα degradation and abolishes its transcriptional competence to E2 in responsive 

cells. We observed that increasing concentrations of ICI-182, 780 completely abolished the 

response of the ADGRG7 promoter to E2, thus suggesting a direct role of ERα (Fig. 7B). We 

also tested the effect of ICI-182, 780 treatments on the SP1 mutant. Contrary to the inhibitory 

effects observed with ICI-182, 780, there was no response with the SP1 mutant (Fig. 7C).   

We also tested the effects of ICI-182, 780 and 4-OHT on ADGRG7 protein levels (Fig. 7D, 

E). Both antagonists significantly downregulated the E2 induced ADGRG7 protein levels. 

 Based on the above results, both SP1 and ERα are responsible for the regulation of ADGRG7, 

and the mutation of SP1 prevents the response of ADGRG7 to the ERα antagonists. 

 

Discussion:  

 

In the present study, we demonstrate ADGRG7 regulation by E2. We observed that E2 

increases ADGRG7 expression in different cell lines, Huh-7, MCF7, osteoblasts from normal 

control (NOB) and patients with scoliosis (AIS), with or without cotransfection with ERα.  

This is the first report demonstrating that ER signalling regulates ADGRG7 expression and 

activity. Additionally, we showed the mechanism of regulation of ADGRG7 by E2 represented 

in Fig. 8. 

Our results indicate that the activity of E2 on the ADGRG7 promoter was significantly 

impaired by mutations that interrupt SP1 binding to the Δ67bp fragment (Fig. 5B). These data 
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suggest that SP1-binding sites in the promoter are the critical regulatory cis-acting elements 

that mediate the activation of ADGRG7 transcription by ERα. ERα but not ERβ induced 

ADGRG7 promoter upregulation. ERβ is thought to have weaker activity than ERα, although 

in some studies it was shown that the ERβ a better activator than ER-α on an ERE reporter 

(Fournier, Gutzwiller et al. 2001). Thus, ER-α and ER-β can regulate gene activity 

differentially depending on the promoter context and the ligand used. Also we found that in 

MCF7, the E2 antagonists 4-OHT and ICI-182, 780 inhibited E2-stimulated promoter activity 

as well as protein levels (Fig. 7), suggesting that also ERα is important in the ADGRG7 

regulation by E2. This was then confirmed by ChIP. 

There is a classical pathway of ERα action where E2 induces the formation of a nuclear ERα 

homodimer that binds to 5'-regulatory estrogen response elements (EREs) in target gene 

promoters in response to E2, resulting in enhanced gene transcription. On the other hand, ERα 

can mediate E2 regulation through tethered interactions with SP1 protein to regulate genes and 

this occurs by the binding of SP1x ERE or SP1 x ERE half-site (1/2) motifs where both ERα 

and SP1 bind DNA elements (Safe 2001). As it seems to be the case for ADGRG7, there is 

activation through SP1(5)xERE1/2 that is located in the Δ67bp fragment of the ADGRG7 

promoter. Through ChIP, we showed that both proteins SP1 and ERα bind to the ADGRG7 

promoter fragment. It is generally accepted that E2 regulation of genes is mediated through 

EREs; however, several examples exist in literature for genes devoid of ERE having SP1 and 

ERE1/2 sites. The E2-responsive SP1(5)x ERE(1/2) motif regulation mechanism of ADGRG7 

by E2 identified in this study is also shared with other E2-regulated genes, such as cathepsin D 

(Krishnan, Wang et al. 1994, Krishnan, Porter et al. 1995), TGFα (Vyhlidal, Samudio et al. 

2000), heat shock protein 27 (Porter, Wang et al. 1996) and the progesterone receptor (Petz 

and Nardulli 2000). Cathepsin D doesn’t contain a classical palindromic ERE. The promoter 

region between (-199 and -165) has an ERE1/2 and an SP1 binding that are mediating 

upregulatory E2 effects on cathepsin D expression (Krishnan, Wang et al. 1994, Krishnan, 

Porter et al. 1995). Similarly, TGFα promoter required SP1(30)xERE½ that had been 

characterized in the cathepsin D, progesterone receptor and heat shock protein 27 gene 

promoters; however, the number of  nucleotides are 23, 10 and 16 respectively while for TGF 

α, they are 77. In our work, the SP1xERE1/2 in the ADGRG7 promoter include 12 nucleotides 

(5 for ERE1/2 and 7 for SP1) distributed over one ERE1/2 and the SP1 site. Many other 
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examples of the SP1xERE1/2 in promoters of several E2-responsive genes, include cyclin D1, 

c-fos, retinoic acid receptor α1, E2F1, adenosine deaminase, insulin-like growth factor binding 

protein 4, creatine kinase B and bcl-2 (Khan, Abdelrahim et al. 2003). 

The regulation of GPCRs by E2 has been described for several receptors. For instance, E2 can 

upregulate or downregulate the expression of mRNAs of several genes involved in lipid 

metabolism, transcription, and steroid metabolism that have a role in the control of 

reproductive behaviour (Snyder, Small et al. 2009). E2 also increases the expression of mRNA 

and protein levels of oxytocin receptor in human placenta cells (Kim, Lee et al. 2017).  

No SP1 mutation association with scoliosis has yet been reported. However, mutation in in the 

binding site of SP1 transcription factor (G-->T mutation) in the collagen type I alpha 

1 gene (COLIA1) is a putative marker for low bone mineral density (Grant, Reid et al. 1996). 

Low mineral density (BMD) and osteopenia were previously described in AIS and considered 

as risk factors of spinal curve progression in AIS patients (Cheng, Tang et al. 2001, Peng, 

Liang et al. 2012, Sun, Wu et al. 2013). Based on these observations, it would be interesting to 

screen for SP1 binding site mutations in the ADGRG7 gene in osteopenic scoliotic patients.  

Interestingly, the upregulation of ADGRG7 by E2 in NOB cells was higher and more 

significant than in AIS osteoblasts probably due to lower protein levels of SP1 (Fig. 2C). 

Ethanol was observed to increase the levels of ADGRG7 (non significant). It was found that 

ethanol induces bone loss by altering ER signaling and ER-p21 interaction and controls 

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 agonist (Chen, Lazarenko et 

al. 2009). An E2 resistance mechanism in scoliosis was previously reported in humans with a 

mutation of the ERα gene. In exon 2 of ERα, a cytosine-to-thymine transition at codon 157 of 

both alleles, resulted in a premature stop codon (Smith, Boyd et al. 1994). The major 

phenotypic manifestations of this mutation were a severely under mineralized skeleton with 

biochemical evidence of increased bone resorption, evidence of continued slow linear growth, 

markedly delayed skeletal maturation, and osteoporosis. E2 resistance impact bone turnover 

(Quaynor, Stradtman et al. 2013) that could be connected to the molecular mechanisms 

underlying AIS. Since E2 is important for bone growth and mineralization, this could explain 

the low mineralization and osteopenia that was observed in patients with AIS (Li, Li et al. 

2008). As mentioned earlier, little is known about the role of ADGRG7 in general and 
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specifically in scoliosis, but our work identifies ADGRG7 as a target gene of E2 regulation and 

suggests a possible involvement as a contributer gene in scoliosis.  

The function of ADGRG7 is poorly described in literature. Previously, a mouse model with 

targeted deletion of Adgrg7 was generated. These mice had reduced body weight and 

increased intestinal contraction frequency, but the skeleton phenotype of these mice was not 

assessed (Ni, Chen et al. 2014). In humans, ADGRG7 gene variants were observed in patients 

with idiopathic scoliosis (Patten, Margaritte-Jeannin et al. 2015). ADGRG7 variant (ADGRG7 

1274A>G) was found in several patients with familial form of idiopathic scoliosis in a 

multiplex French family. In a morpholino zebrafish model, this variant affected bone 

development resulting in very low calcification suggesting a role for this gene in bone 

formation and bone mineral density regulation in AIS.  

Previously, through a stepwise association study, a susceptibility locus to AIS on chromosome 

6q24.1 was reported in Japanese population. Interestingly, the most significantly associated 

Single Nucleotide Polymorphism (SNP) on this locus was rs6570507 that maps to another 

adhesion GPR receptor, ADGRG6. ADGRG6 is also connected with the reduced body mass 

index and its activity /function seems to be correlated with osteoblast metabolism and bone 

calcification (Kou, Takahashi et al. 2013) (both altered in idiopathic scoliosis). Recently, a 

rare variant of CELSR2 was cosegregating with scoliosis in Swedish-Danish patients 

(Einarsdottir, Grauers et al. 2017). CELSR2 is an adhesion GPCR and plays a role in neuronal 

system development along with other physiological processes. The missense mutation in 

CELSR2, is located within the highly conserved GAIN domain. The consequences of this 

mutation on the structure of protein are not expected to be major; however, structure 

predictions of the mutant (mut) CELSR2 indicates that it is located in close proximity to the 

H2355-T2357 autoproteolysis cut site. Homozygote loss of function mutations in ADGRG6 

was found to be associated with lethal arthrogryposis. Scoliosis occurrence in a patient with 

arthrogryposis was reported. The mutation (c. 2306T>A; p. Val769Glu) was located in the 

GAIN domain of ADGRG6, and results in a reduced but not a complete elimination of 

autoproteolytic activity (Ravenscroft, Nolent et al. 2015). The GAIN domain is highly 

conserved through evolution and it has a function in properly activating the receptor (Arac, 

Boucard et al. 2012). Interestingly, the mutation in ADGRG7 (1274A>G) is also located in the 

GAIN domain. Since the mutation in ADGRG7 is heterozygote, it doesn’t significantly affect 
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the function of ADGRG7 protein, and it is possible that homozygote mutations would abolish 

ADGRG7 activity resulting in more severe phenotype of AIS. Future studies are thus needed 

to determine how ADGRG7 mutation could disrupt the auto-proteolytic mechanism of the 

GAIN domain in ADGRG7. 

 

Conclusion 

 

This study reports the mechanism of ADGRG7 regulation by E2, with differential response of 

normal and scoliotic osteoblasts, and suggests that ADGRG7 is a contributor risk gene in AIS. 

The effect of E2 pointed out the disruption of the auto-proteolytic mechanism of the GAIN 

domain in the ADGRG7. The differential response of normal and scoliotic osteoblasts to E2 

suggests that molecular mechanisms and pathways associated with AIS (progression and/or 

the onset) could be associated with the rise in sex-hormones (including E2). The functional 

consequences of ADGRG7 upregulation as well as the gene variants of the adhesion subfamily 

of G-protein coupled receptors that are possibly contributing factors in the pathogenesis of 

AIS during the pubertal growth spurt merits further in vivo examination. 

 

Materials and Methods: 

 

In-Silico Analysis of Gene Expression 

 

The expression profiles of target genes in normal and cancer samples generated from the 

affymetrix platform 133plus2 were downloaded using the GENT (gene expression across 

normal and tumor) software (Shin, Kang et al. 2011). GENT, 

(http://medicalgenome.kribb.re.kr/GENT/reference.php) uses data sets created by the 

Affymetrix platforms (U133A and U133plus2). The data of normal tissues was then analyzed 

using one-way analysis of variance performed.  

 

Cell Culture and Treatments 
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The human hepatocellular carcinoma cell line Huh7 cells was a kind gift from Dr. M. Santo 

and cultured as previously published (Bagu and Santos 2011). Human breast cancer MCF-7 

cells and cervical cancer HeLa cells were purchased from American Type Culture Collection 

(ATCC, Manassas, VA). The latter two cell lines were cultured in Dulbecco's modified Eagle's 

medium (Wisent) supplemented with 10% fetal bovine serum (Wisent) and 1% Penicillin-

streptomycin antibiotic. Primary human osteoblasts were isolated and cultured as described 

(Fendri, Patten et al. 2013). For estrogen assays, cells were cultured in phenol red-free DMEM 

(Wisent) supplemented with 10% charcoal-stripped FBS (CS-FBS) for 3 days. The next day, 

the cells were treated with ethanol (vehicle) or 10-7 M E2 for 24 h. E2 and 4-hydroxy-

tamoxifen (4-OHT) were purchased from Sigma-Aldrich, ICI-182, 780 was from Tocris 

Bioscience (Ellisville, MO). E2 along with its inhibitors ICI-182, 780 and 4-OHT were 

reconstituted in 100% ethanol as stock solutions of 2 x 10-2 M and stored at -20oC 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 surgical procedure 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 isolated using TRizol as recommended by the manufacturer (Invitrogen 

Canada). RNA (2μg) was used as a template to synthesize the first strand-cDNA using 

Superscript reverse transcriptase (Bio-Rad). Total RNA was derived from cells and the cDNA 

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

was performed by 7900HT Fast Real-Time PCR System (Applied Biosystems Stratagene) 

with iQ™ SYBR® Green Supermix (Biorad). The oligonucleotides used to amplify GAPDH 

and ADGRG7 are listed 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, Montreal QC).  Gene expression levels were normalized to GADPH expression and 

expressed as fold change compared to vehicle-treated cells derived from at least three separate 

experiments. All treatments were normalized to the control value, which was 1. 

 

In-silico Analysis of ADGRG7 Promoter 

 

Multiple bio-informatics tools (Evolutionary Conserved Regions (ECR)-Browser, 

http://ecrbrowser.dcode.org determined putative regulatory elements (RE) in the ADGRG7 

promoter for ERα and SP1.  

 

ADGRG7 Promoter Constructs and Mutagenesis 

 

A 2204bp fragment corresponding to the proximal promoter (-2259 to +55) of ADGRG7 was 

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

The fragment was then cloned into a pGL3 basic luciferase reporter plasmid vector (Promega, 

Madison, WI) to generate (-1285/+55) promoter construct. A series of deletion constructs (-

474/+55; -309/+55 and -283/+55 and -44/+55) were generated by PCR amplification using the 

ADGRG7 plasmid -1285/+55 as a template and primers are listed in (Table S1).  

Mutated SP1 construct was obtained by site-directed mutagenesis using the QuikChange II XL 

mutation procedure (Stratagene, La Jolla, CA) with respective primer pairs (Table S2) 

according to manufacture’s instructions. The constructs were validated by automated 

sequencing (McGill University and Genome Quebec Innovation Center). Expression vectors 

coding for GFP-flagged human estrogen receptor ERα (pEGFP-hERα) and ERβ (pEGFP-

hERβ) 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 TrisHCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

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

Diagnostics, Mannheim, Germany). Samples were resolved by 10% SDS-PAGE and 

http://ecrbrowser.dcode.org/
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transferred to nitrocellulose membranes (Millipore, Bedford, MA. Membranes were blocked 

with (20% skim milk) and probed with primary antibody (1:250) against ADGRG7 

(Thermoscientific), SP1 (abcam), ERα (Santa Cruz) and β-actin (Santa Cruz Biotechnology). 

After being washed with phosphate-buffered saline containing 0.05% Tween 20, membranes 

were probed with a horseradish peroxidase-conjugated secondary antibody (1:10000; 

Thermoscientific) 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 well plates using 

LipofectamineTM 2000 (Invitrogen, Burlington, ON, Canada) as recommended by the 

manufacturer. Briefly, on the day before transfection, approximately 9 x 104 cells (Huh7 and 

MCF7) were seeded per well in a 24 well plate in phenol red-free DMEM supplemented with 

10%CS-FBS. Cells were co-transfected with 990 ng/ well of the different ADGRG7 promoter 

constructs (-2259/+55; -1285/+55 -474/+55; -309/+55 and -283/+55 and -44/+55) along with 

10 ng of phRL-TK vector (Renilla Luciferase; Promega) according to manufacture’s protocol. 

The total DNA per well was kept at 750ng/ well in the 24-well plates by co-transfecting with 

the empty expression vector pCDNA3. When evaluating the effect of ERα on ADGRG7 in the 

presence or absence of E2, ERα negative Huh7 cells were co-transfected with different 

ADGRG7 promoter constructs along with either the expression vector encoding the full length 

human ERα protein (250 ng/ well) or the empty pCDNA-3 vector (Invitrogen, Burlington, 

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

phenol red-free DMEM supplemented with 1% CS-FBS containing E2, 4-OHT or ICI-182, 

780 only dissolved in ethanol, or ethanol 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 co-transfected Renilla luciferase as an internal control for transfection efficiency. In order 

to evaluate the basal luciferase activity for each construct, controls for each full-length 

promoter construct were co-transfected with an empty pCDNA-3 vector (Invitrogen, 
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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 (ChIP) 

 

ChIP was performed as described (Edjekouane, Benhadjeba et al. 2016). Briefly, MCF7-ERα 

cells were cultured in phenol red-free medium and 10 % charcoal stripped FBS then treated 

with 10-7 M E2 or vehicle for 1 h. After fixation with 2% formaldehyde, cells were lysed and 

the precleared chromatin supernatants were immunoprecipitated with the respective antibodies 

specific anti-ERα (Santa Cuz) and anti-SP1 (abcam) or nonspecific IgG at 4°C. Bound DNA 

was purified with phenol/chloroform and used as a template for subsequent amplification 

using primers (see Table S3) that encompass respective specific binding 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 DNA. PCR products were 

resolved on a 2% agarose gel. 

 

Fluorescence Microscopy 

 

Osteoblasts from normal and AIS patients were seeded on Labtek (NUNC, Thermoscientific) 

and cultured overnight. On the second day, cells were treated with 10-7 M E2 for 24 h. On the 

third day, cells were fixed in 70% ethanol/0.1% triton on ice for 30 min. Cells 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 (PBT), blocked with 2% BSA in PBT for 45 min, and 

incubated with the anti-ADGRG7 antibody (Thermoscientific) at (1/200) for 1 h with gentle 

shaking at room temperature (RT). Cells were then incubated with Alexa Flour 555 (Life 

technologies USA) for 1 h. Cells were mounted and stained for nucleus at the same time using 

Prolong Gold antifade reagent with DAPI (Life technologies). Immunostaining was examined 

at magnification x 40. Scale bar 1.78 μm. 

 

Statistical analysis 
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The Data collected were analyzed by a one-way analysis of variance (ANOVA; SigmaStat 

Version 2.0, Jadel Corporation, San Rafael, CA, USA). Multiple range comparisons of paired 

means were done using a Fishers LSD test or the Newman-Keuls 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 and the relationship across gene expression profiles. For 

variables with the same letter, the difference is not statistically significant. Likewise, for 

variables with a different letter, the difference is statistically significant (Assaad, Hou et al. 

2015). For luciferase and qPCR experiments, data are representative of at least three 

independent experiments in triplicates.  
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FIGURES 

 

Figure 1: ADGRG7 and SP1 expression in human tissues. ADGRG7 (A) and SP1 (B) 

microarray expression in normal human tissues were extracted from GEO database available 

from NCBI. The profiles of the target genes in human tissues were collected from different 

studies and the mean transcript levels determined. The data is presented as mean ± SD. 

Figure 2: Upregulation of ADGRG7 expression in NOB and AIS osteoblasts by 17β-

Estradiol (E2). A and B) NOB and AIS cells were treated with different doses of E2 (10-7, 10-

9,10-12, 10-13 and 10-14 M) E2 for 24 h followed by analysis of whole cell extract by Western 

blotting using anti-ADGRG7 antibody. Anti-β-actin antibody was used as a loading control. 

Protein quantification was performed using the Image-J. The results are mean ± SD from two 

independent experiments (n=2). p<0.05 was considered statistically significant. C) 

Immunolocalization of ADGRG7 in NOB and AIS cells cultured without E2 (-E2) or with  

(+E2) overnight in CS-FBS medium. Cells were cultured on Labteck (as described in Material 

and Methods), fixed, permeabilized and analyzed for ADGRG7 positive immunostaining. 

Note the cytoplasmic staining of ADGRG7 in cells cultured overnight in defined medium and 

the increase in immunostaining after 24 h treatment with E2. Nucleus is stained with DAPI 
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(Blue). D) Western blot analysis of ERα and SP1 in NOB and AIS cells. Total cell lysates were 

isolated. Detections of ERα, SP1and β-actin were performed by immunoblotting as described 

in Materials and Methods. Protein quantification was done using Image-J. 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 experiments (n=2). p<0.01 for ER and p<0.001 for SP1. 

Figure 3: ADGRG7 expression is upregulated by E2 in Huh-7 cells. A) E2 modulates 

ADGRG7 gene expression. Human hepatocellular carcinoma cells, Huh7, were transiently 

transfected with either an expression plasmid vector that encodes the full length wild type 

estrogen receptor alpha (ER) or with the empty expression vector back bone (pCDNA3 

plasmid vector). The cells were then treated with E2 (10-7 M), and the control cells transfected 

with the empty pCDNA3 vector were treated with the vehicle (ethanol). The Huh7 cells were 

treated with E2 for 3 h, 12 h and 24 h. ADGRG7 expression was measured by qPCR. The gene 

expression levels of ADGRG7 in Huh7 cells following treatment with E2 were determined 

relative to that of a house keeping gene, GAPDH and the fold change was calculated relative 

to the controls for each time point. The controls at each time point were Huh7 cells transfected 

with pCDNA3 and treated with vehicle (ethanol) for 3 h, 12 h and 24 h. B) Western blot 

analysis of ADGRG7. Immunoblot analysis for ADGRG7 was performed following 24 h post 

treatment with E2 (10-7 M) or ethanol. The expression of ADGRG7 was determined relative to 

the house keeping gene -actin that was used as a loading control. The mean relative protein 

expression levels were quantified by densitometry analysis of immunoblots using Image j. C) 

ERα but not ERβ mediates ADGRG7 upregulation in Huh-7 cells. The ADGRG7 promoter 

activity (-1285/+112; 500 ng/well) in Huh-7 cells was determined following co-transfection 

with an expression vector that encodes for the full length wild type estrogen receptor protein 

(ER or ER) and treatment with E2 (10-7 M) for 24 h. D) Co-transfection with ER, and then 

treatment with E2 (10-7 M) for 24 h or 48 h. Controls in each case were transfected with the 

empty pCDNA3 vector (Invitrogen) and then treated with the vehicle (ethanol). 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 experiments (n=2). For luciferase and qPCR experiments, data are 
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representative of at least three independent experiments in triplicates and represented as fold 

activation over control (mean  SD). 

Figure 4: Regulation of the proximal promoter activity of ADGRG7 by ERα. A) Schema 

representing the ADGRG7 full length promoter with SP1 and ERE1/2 as well as elements and 

position with respect to transcription start site (TSS). B) Huh-7 cells were transfected with 

ERα in the presence of luciferase reporter construct containing the full- length promoter (-

2259/+55) of ADGRG7 and its serial deletions constructs (-1285/+55, -474/+55; -309/+55 and 

-283/+55 and -44/+55). Cells were then treated or not with 10-7 M E2 for 24 h.  The arrow 

pointing to the right represents the transcription start site (TSS). Luciferase values were 

normalized to Renilla luciferase activity and expressed as relative fold response compared to 

vehicle-treated mock transfected cells set at 1. One-way 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. Mean values (SEM) of at least 

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

Figure 5: Localization of a functional region within ADGRG7 promoter important for 

activation of ADGRG7 transcription. A) ADGRG7 wild-type (586bp), truncated (Δ67bp and 

44bp) promoter activity was determined in MCF-7 cells treated with 10-7 M E2 or vehicle for 

24 h. Cells were analyzed for luciferase activity. B) ADGRG7 wild- type and mutant SP1 

promoters were analyzed for luciferase activity as in A. Mean values (± SEM) of at least three 

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

 

Figure 6: Specificity Protein 1 (SP1) and ERα binds to the ADGRG7 proximal promoter 

in MCF-7 cells in the presence of E2. A) qPCR expression of ADGRG7 in MCF7 cells in 

response to E2 at 3 different time points (3 h, 12 h and 24 h). B) Immunoblot analysis for 

ADGRG7 in control and cells treated E2 for 24 h. In the representative immunoblots, the 

protein was detectable at the expected size of 85 kDa for ADGRG7. Anti-β-actin antibody was 

used as a loading control. Protein quantification was performed using Image-J. Data are the 

±SD of two independent experiments (n=2). C) Schematic representation of Δ67bp fragment 

of the ADGRG7 showing approximate locations of ERE1/2 half-sites and SP1 binding sites. 

D) SP1 and ERα binding to the ADGRG7 promoter. ChIP-qPCR validation of SP1xERE1/2 
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binding sites identified from ChIP-seq analysis in vicinity of the ADGRG7. The proximal 

region of the ADGRG7 promoter (−478 to -423) is indicated by arrows directed at the left and 

right of the sequence. MCF-7 cells were treated with 10-7 M E2 for 1 h. Results represent fold 

enrichment values obtained by comparing CT values of ChIP samples to the CT values of 

input. For qPCR experiments, data are representative of experiments in triplicates and 

represented as fold activation over control (mean  SEM). 

Figure 7: Effects of E2, ICI-182, 780 and 4-OHT on the induction of SP1- and ERα-

driven reporter activities of ADGRG7 in MCF7 cells. A) Dose response of ADGRG7 

promoter to 4-OHT. Cells were transiently transfected with 479bp luciferase reporter plasmid. 

After 24 h of transfection, cells were treated with vehicle only, 10 -7 M estradiol (E2), and 

different doses 10-7, 10-9, and 10-11 M 4-OHT, or 10-7 M E2 + 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 activity. Three individual 

experiments were performed. Data are presented as mean (columns) and standard mean error 

(bars). B) Dose response of ICI-182, 780 on ADGRG7 promoter regulation. Transfection 

experiments were performed same as A. After 24 h of transfection, cells were treated with 

vehicle, 10-7 M estradiol (E2), 10-9 and 10-11 M ICI-182, 780, or 10 -7 M E2 + ICI-182, 780 

(E2 + ICI). C) Effects of 10-7 M E2 and 10-7 M ICI-182, 780 on SP1 mut reporter construct. 

Transfections were performed as in A and B (n=3 in triplicates). One-way 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-7 cells. Cell lysates were 

prepared at the indicated treatment times with either 10–7 M E2 or 10–7 M ICI-182, 780. The 

ADGRG7 protein was detected using a primary polyclonal rabbit antibody and the 

immunocomplex was visualized using the enhanced chemiluminescence (ECL) detection 

system (Amersham). E) Western blot analysis of E2, ICI-182, 780 and 4-OHT effects on the 

expression of ADGRG7 protein. Protein expression was analysed in cells untreated or treated 

for 24 h with 10-7 M E2 or 10-7 M ICI-182, 780 or 10-7 M 4-OHT. Expression of β-actin was 

used as control. Protein quantification was performed using Image-J. For 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 statistically significant. For western blot, data are the ±SD of 

three independent experiments (n=3). p<0.05 considered statistically significant. 

Figure 8: Schematic representation of the effects of E2 in normal and AIS cells. The 

transcriptional regulation of ADGRG7 is driven by both the genomic signalling (direct and 

indirect) of estrogen in conjunction with SP1. 

Through promoter studies, we found that estrogen acts mostly through ERα to induce the 

expression of ADGRG7 in cells through the distal promoter ERE half-site along with the SP1 

binding site or response element (SP1-RE). 

In AIS cells, there is decreased expression of SP1. The induction of the transcription of 

ADGRG7 by E2 is non significant in AIS cells from scoliotic patients compared to the cells 

from normal control individuals. 
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List of Tables: 

 

 

 

 

Length (Bp) Primer Position Sequence 

1397 

(1/2) 

-1318/-1291 
F: 5’-

GTATGTGTTTTGGGCACATTTAAGGTA-3’ 

+82/ +112 

R: 5’-

TAGATCGCAGATCTCGAGGCTAATCCAG

TAGGATGCAGTTTGAATC-3’ 

421 

(3/2) 

-309/ -285 

F: 5’-

GAAATGCTAGCGCTAAAAACCATGTGTG

GTGATT-3’ 

+82/ +112 

R: 5’-

TAGATCGCAGATCTCGAGGCTAATCCAG

TAGGATGCAGTTTGAATC-3’ 

283 

(4/2) 

-171/ -147 

F: 5’-

ATACAGCTAGCCGAGCCATAGGTGACTA

CTGGC-3’ 

+82/ +112 

R: 5’-

TAGATCGCAGATCTCGAGGCTAATCCAG

TAGGATGCAGTTTGAATC-3’ 

156 

(5/2) 

-44/ -22 

F: 5’-

CTTGTGGCTAGCCCCTCCCCTTCTTCTTTA

TTGC-3’ 

+82/ +112 

R: 5’-

TAGATCGCAGATCTCGAGGCTAATCCAG

TAGGATGCAGTTTGAATC-3’ 
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S1: List of primers used to clone the ADGRG7 promoter full length and deletion 

constructs. The primer direction was represented as Forward (F) and reverse (R). The first 

column from left indicting the amplicon length generated with the primer pairs in the raw and 

the second column indicating the beginning and end of the primer sequence with respect to the 

transcriptional start site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

S2: The forward and reverse primers that were used to mutate the SP1 response element 

in the ADGRG7 promoter construct (-474/+112). The second column from the left indicates 

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

 

 

 

 

 

 

 

Application 
Position 

relative to TSS 
Sequence 

SP1 Mutant 

-463  -421 

Forward: 5’- 

CTCCAACATATGAATGTTCCATGGGACAC

AATTCAGCCCATAG-3’ 

-463  -421 

Reverse: 5’- 

CTATGGGCTGAATTGTGTCCCATGGAACAT

TCATATGTTGGAG-3’ 
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S3: List of primers used for Chromatin Immunoprecipitation (ChIP) of the SP1 and 

ESRα response element on the ADGRG7 promoter. The third column indicates the 

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

 

 

 

S4: Primers used for qPCR 

 

Application 

Position 

relative to 

TSS 

Sequence 

CHIP 

 

 

SP1 

Forward:  5'- GACCACCCTAACAAACTCG-3 

Reverse:  5'- GATAACCCACCTGCTATGG-3' 

ESRα 

Forward:  5'- CCAACTTGGATTCTCCAGCTCC-3' 

Reverse:  5'- 

CAACAGGTCACCTCAAAACTTAGGG-3' 

Application Description Sequence 

QPCR 

GAPDH 

Forward: 5'AGGAGTAAGACCCCTGGACC3' 

Reverse: 5'GGAGATTCAGTGTGGTGGGG3' 

ADGRG7 

Forward: 5'TGAAAGCAGAGTATGCACCTT3' 

Reverse: 5'TCCTCCCCTCAGTGATCTGT3' 
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Abstract 

Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional spinal deformity. During 

puberty, the incidence of AIS in females is 8.4 times higher than in males. POC5 is a 
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centriolar protein that was recently identified as a causative gene in AIS. The aim of this study 

was to determine the mechanism of transcriptional regulation of POC5 by E2. Using promoter 

activity, gene and protein expression assays, we found that the expression of POC5 was 

upregulated by treatment of osteoblasts with E2 through direct genomic signaling. Through 

promoter studies, we found that the deletion of the estrogen response element (ERE) from the 

552 bp fragment of POC5 promoter resulted in the loss of the response to E2 stimulation. 

Finally, E2 treatments lead to multicentriole formation that colocalized with centrin. 

Collectively, these findings suggest that E2 is an etiological factor in scoliosis initiation 

through deregulation of POC5.  

Keywords: Puberty; POC5; 17-β-estradiol, estrogen, E2; osteoblasts, NOB, human OB 

(c. C1286T; p. A429V) AIS; estrogen resistance; Estrogen receptor. 

 

Introduction: 

Scoliosis is a complex three-dimensional deformity of the spine, an unresolved disorder with 

1.5 to 3% prevalence in the general population (Altaf, Gibson et al. 2013). The most common 

form of scoliosis is idiopathic scoliosis (IS), which can be classified according to the age of 

onset, as infantile, juvenile and adolescent (Altaf, Gibson et al. (2013). Adolescent idiopathic 

scoliosis (AIS) principally affects children over the age of 10 years during the course of 

skeletal maturation (Cheng, Castelein et al. (2015). AIS is more prevalent in girls as compared 

to boys and tends to be associated with more severe clinical deformities (Altaf, Gibson et al. 

2013). At present, there isn't any consensus on the aetiology of AIS, although most experts do 

agree that it is due to a combination of multiple factors that have been grouped as 

biomechanical, genetic and metabolic factors (Leboeuf, Letellier et al. (2009).  
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In young females with scoliosis there is a decrease in bone density that coincides with the 

period when estrogen signaling is activated (Leboeuf, Letellier et al. (2009). Estrogen is the 

key endocrine contributor to growth, attainment of puberty, and maturation in females (Cheng, 

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 Receptor isoforms (ESR) 

polymorphisms. It was suggested that the aberrant estrogen signaling in AIS patients was 

associated with the presence of these estrogen receptor (ESR) polymorphisms (Eastell (2005), 

(Zhang, Lu et al. 2009), Takahashi, Matsumoto et al. (2011). The coincidence of these 

endocrine signaling changes with bone abnormalities led to suggestion that AIS was an 

endocrine disease with estrogen deregulation as the main etiology (Yang, Li et al. 2014). At 

present, it is not clear how estrogen is involved in the pathogenesis of AIS; however, it is 

possible that estrogen may interact with other patho-physiological factors such as; melatonin, 

growth, biomechanical stress and metabolic stress that are believed to influence the 

development of scoliosis (Leboeuf, Letellier et al. 2009).  

During puberty in girls, there is a rise in estrogen levels that is associated with the reduction in 

bone turnover markers (Eastell 2005). The latter subsequently causing the closure of the 

epiphyseal growth plates by decreasing periosteal apposition and endosteal resorption within 

cortical bone, and bone remodeling within cortical and cancellous bone (Grivas, Vasiliadis et 

al. 2006). These effects of estrogen on the bone are induced through promoting apoptosis of 

chondrocytes in the growth plate and osteoclasts within the cortical and cancellous bone. 

Based on the known effects of estrogen on bone formation, growth, maturation and turnover, it 

is believed to be an essential factor in the development and progression of scoliosis (Grivas, 

Vasiliadis et al. 2006) .  
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In a previous study of a multiplex family, three mutations; c. G1336A, c. G1363C, and c. 

C1286T were identified in the centriolar protein POC5 in patients with IS. In that study, it was 

concluded that POC5 is a causative gene of AIS (Patten, Margaritte-Jeannin et al. 2015). The 

relationship between POC5 and AIS was later confirmed in a recent case-control study on 

Chinese patients (Xu, Sheng et al. 2017). POC5 is a centrin binding protein that is required for 

assembling the centriole and cellular proliferation. It is localized at the mother and daughter 

centrioles throughout the cell cycle. POC5 is a conserved protein coded for by the POC5 gene 

located on chromosome 5q13.3 in humans (Azimzadeh, Hergert et al. 2009, Dantas, Daly et al. 

2013).  

In this work, we aim to study the regulation of POC5 by E2. We first checked POC5 synthesis 

at the gene and protein levels, cellular localization and multi centriole formation followed by 

in-silico analysis on Putative estrogen regulatory elements (ERE) in the POC5 promoter for 

the estrogen receptor alpha (ERα). 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 

osteoblasts. We postulated that the aberrant E2 signaling in osteoblasts could be a driving 

factor for the development and progression of the 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 published (Bagu and Santos 2011). MCF7, a breast 

cancer cell line was purchased from American Type Culture Collection (ATCC, Manassas, 

VA) and cultured as recommended by the vendor (ATCC). Human OB (c. C1286T; p. 

A429V) AIS and NOB cells were extracted from tissues and were collected with the consent 
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of patients after the approval by the Institutional Ethics Committee Board of CHU Sainte-

Justine, Montreal, Canada. The primary osteoblasts were isolated as previously published 

(Letellier, Azeddine et al. 2008).  

When evaluating the effect of 17β-estradiol, 4-hydroxy-Tamoxifen (4-OHT) and Fulvestrant 

(ICI-182, 780) on the expression of POC5 in Huh7, MCF7 and osteoblasts, the cells used were 

cultured in their respective media devoid of the phenol red, containing 10% FBS that was 

previously stripped with charcoal.  

RNA isolation, reverse transcription, PCR, and real-time PCR: 

Total RNA from Huh7 (Hepatocytes), MCF7 (breast cancer cells), osteoblasts was isolated 

using TRizol as recommended by the manufacturer (Invitrogen Canada). The RNA (2 μg) was 

used as a template to synthesize the first-strand cDNA using iscript reverse transcriptase from 

Bio-Rad (Mississauga, ON Canada). Quantification of gene expression was performed by 

7900HT Fast Real-Time PCR System with iQ™ SYBR® Green Supermix. The 

oligonucleotides used are listed in table 3. Fold change was calculated using the delta CT 

method. 

Cell Treatments 

The 17β-estradiol (E2), and 4-hydroxy-Tamoxifen (4-OHT) were purchased from Sigma-

Aldrich, Oakville, ON, Canada. Fulvestrant (ICI-182, 780) was purchased from TOCRIS 

(USA) and were separately reconstituted with 100% ethanol into solutions of 2 x 10-2 M stock 

concentration then stored at -20oC until use.  

Plasmids Constructs 

Two promoter fragments -3653/-1561 and -1481/+48 base pairs from the transcriptional start 

sites, upstream of the 5’-flanking end of the POC5 un-translated region, were generated by 
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PCR using primers listed in table 1 and genomic DNA that was isolated from the Huh7 cell 

lines. The fragments were then cloned into separate pGL3 basic luciferase reporter plasmid 

vectors (Promega, Madison, WI), after restriction digestion with Nhe I/ Bgl II and Nhe I/ Xho 

I, respectively. Deletion constructs of the 1529 bp fragments -555/+48 and -248/+48 were 

generated using the primers listed in Table 1 using the POC5 plasmid -1481/+48 as a template. 

All plasmids were verified by digestion with restriction enzymes and sequencing (McGill 

University and Génome Québec Innovation Centre).  Expression vectors that were used to 

code for the full length wild type human ER-alpha (pEGFP-hERα) was acquired from Add 

gene (#28230). 

In-silico analysis 

Putative regulatory elements (RE) in the POC5 promoter for the estrogen receptor alpha 

(ESR1) were determined by the multiple bio-informatics tools [http://biogrid-

lasagna.engr.uconn.edu/lasagna_search/]. In the -3653/-1561 fragment of POC5 promoter 

covering 3 Estrogen response elements (EREs) sites 1 (-3638 /-3541), 2 (-3407/-3400) 3 (-

1845/ -1838) and the -1481/+48 fragment has 3 EREs sites 1(-1012/-1005), 2 (-845/-837), 3 (-

755/-747). 

Protein Lysate Preparation and Western Blotting 

Whole cell protein lysates were prepared from cell lines using RIPA buffer from Pierce 

thermoscienitfic (ca 89900) (25 mM Tris•HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

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. Afterwards, proteins were 

transferred onto a nitrocellulose membrane and blocked in phosphate buffered saline 
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containing 0,05 % Tween-20 and 20% skim milk powder. Membranes were incubated with 

primary antibody (POC5, abcam, # ab1888330) and (β-actin, Santa Cruz, # sc-47778) 

overnight at 4⁰C and then washed with phosphate-buffered saline Tween-20. Afterwards, 

membranes were incubated with secondary antibody conjugated with horseradish peroxidase 

(Anti rabbit, thermofisher # 31462) for 1 hour (h) at room temperature (RT). After incubation, 

proteins were visualized by enhanced chemo-luminescence. 

Transient Transfection Assays 

Transfections of Huh7 hepatoma cells were performed in 24 well plates using the 

LipofectamineTM 2000 (Invitrogen, Burlington, ON, Canada) as was recommended by the 

manufacturer. When cell attained 80% confluence, they were co-transfected with 990 ng/ well 

of the different poc5 promoter constructs (-1481, -552, -248) along with 10 ng of phRL-TK 

(Renilla Luciferase). The total DNA per well was kept at 750 ng/ well in the 24 well plates by 

co-transfecting with the empty expression vector pCDNA3. When evaluating the effect of ER-

α on hPOC5 in the presence or absence of 17-estradiol, ERα negative Huh7 cells were co-

transfected with different poc5 promoter constructs along with either the expression vector 

encoding the full length human ERα - protein (250 ng/ well) or the empty pCDNA-3 vector 

(Invitrogen, Burlington, ON, Canada). Five hours following transfection, the media in which 

cells were cultured was replaced with serum free media. After 12 h, cells were then cultured in 

fresh serum free media with or without one of the following treatments, E2, 4-OHT or ICI-

182, 780 over 24 h. In order to evaluate the basal luciferase activities for each construct, 

controls for each full-length promoter construct were co-transfected with an empty pCDNA-3 

vector (Invitrogen, Burlington, ON, Canada) and then cultured in the vehicle. In all 
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experiments, data reported represents the average of at least three experiments, done in 

triplicate, using at least three different DNA preparations. 

Immunofluorescence 

NOB and Human OB (c. C1286T; p. A429V) AIS osteoblasts were cultured in vitro to attach 

to the Labtek (NUNC, Thermoscientific) overnight. On the second day, cells were fixed in 

70% ethanol / 0.1% triton on ice for 30 min. Cells were then washed with PBS and 

permeabilized with 0.1% Triton in PBS for 15 minutes (min). Cells were washed once with 

0.5% BSA in PBS / Triton (PBT) and then blocked with 2% BSA in PBT for 45 min. Cells 

were washed after that and incubated with the anti-POC5 (Abcam, # ab1888330) and anti-

centrin antibodies (LifeSpan Biosciences, # LS C482434) at (1/200) ON at 4 ⁰C with gentle 

shaking. Cells were then incubated with Alexa Flour 555 (Life technologies USA, # A21422) 

and Alexa Flour 488 (Life technologies USA, # A11008) for one h. Cells 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 (ChIP) 

ChIP was performed as described (Edjekouane, Benhadjeba et al. 2016). Briefly, MCF7-ERα 

cells were cultured in phenol red-free medium and 10 % charcoal stripped FBS then treated 

with 10-7 M E2 or vehicle for 1 h. After fixation with 2% formaldehyde, cells were lysed and 

the precleared chromatin supernatants were immunoprecipitated with the respective antibodies 

specific anti-ERα (Santa-Cruz, # Sc-542) or nonspecific IgG at 4°C. Bound DNA was purified 

with phenol/chloroform and used as a template for subsequent amplification using primers 

(Table 2) that encompass respective specific binding elements within the proximal POC5 

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 DNA. PCR products were resolved on a 2% agarose 

gel. 

Statistical analysis 

Statistical significance of the results was determined by Student’s t-test for experiment. For 

luciferase and qPCR experiments, it was performed in triplicates three times (n=3). P<0.05 

was accepted as statistically significant. Pearson's correlations were done to evaluate the 

consistence of the data and the relationship across gene expression profiles. For variables with 

the same letter, the difference is not statistically significant. Likewise, for variables with a 

different letter, the difference is statistically significant (Assaad, Hou et al. 2015). 

Results  

Centriolar protein POC5 is upregulated by E2: 

First, we checked the expression levels of POC5  (gene and protein) in normal and in human 

OB (c. C1268T; p. A429V) AIS osteoblasts. At the gene level, POC5 was highly expressed in 

normal osteoblasts (NOB) 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 method (2-ΔCT). Also, at the protein level, quantification of 

the difference in expression between both cells was highly 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 localization of POC5 and if 

there is differential effects on NOB and human OB (c. C1286T; p. A429V) AIS osteoblasts, 

we performed immunofluorescence on NOB and human OB (c. C1286T; p. A429V) AIS cells 

after treatment with E2. There was up-regulation of centriolar protein POC5 as detected by 
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POC5 staining and multicentriole formation in both cells confirmed by centrin2 staining (Fig. 

1C). 

Estrogen treatment upregulates POC5 expression in a dose dependent manner in NOB 

but not AIS cells: 

We examined the regulation of mRNA expression levels of POC5 in response to E2 at 3 

different time points in NOB and human OB (c. C1286T; p. A429V) AIS cells. NOB and 

human OB (c. C1286T; p. A429V) AIS cells had maximal response to E2 after 3h time 

treatment, and the response decreases at 12 and 24 h in both cells, which suggests an early 

response to E2 (Fig. 2A left and 2B left panels). POC5 gene expression analysis shows that 

there is very strong induction of POC5 by E2 in NOB after 3h treatment (1200 fold) (Fig. 2A 

left panel). However, there is lower induction in AIS cells at the same time point (250 fold) 

(Fig. 2B left panel). 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 10-7 M E2 and reaches a significant maximal response at 10-13 M (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 right panel).  

E2 upregulates POC5 gene and protein expressions in MCF7 and Huh-7 cells: 

At the gene levels, POC5 expression was induced by E2 treatments (12 folds versus control) 

after 3h in MCF7 cells (Fig. 3A left panel). The expression levels of POC5 were 

downregulated afterwards at 12 and 24h. In Huh-7 cells, POC5 expression 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 the protein expression of POC5 in MCF7 (Fig. 3A right) and huh-7 cells 

(Fig. 3B right). POC5 protein levels were significantly upregulated in both tested cell lines.  
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Promoter region in the 552 bp fragment of POC5 promoter is significant for activation 

by E2 through ER α 

In silico analysis of the POC5 promoter shows that the -1481 promoter fragment has 3 EREs, 

-455/ -432, -410/ -389, -291/ -272 (Fig. 4A). In order to determine the estrogen response 

element in the POC5 promoter that is responsible for the regulation of POC5 by E2, we 

generated deletion constructs of the downstream fragment of the POC5 promoter (-1561-

3653) and tested in luciferase assay. The POC5 promoter was activated to 1.8 fold with the 

full length -1561 to -3653 and to 2.3 folds with the -1481 to +48 fragment. 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 EREs -455/ -432 and -410/-398. This 

suggests that EREs in the -552/+48 fragment is important for the induction of estrogen 

response of POC5 (Fig. 4B). 

Physical Interaction of ER with POC5 promoter 

We next determined the interactions of ERα proteins with the POC5 gene promoter in MCF7 

cells treated with 10-7 M E2 for 1 h using a chromatin immunoprecipitation (ChIP) assay in 

which cells were treated with formaldehyde to form DNA-protein cross-links. After 

sonication, and immunoprecipitation by ERα antibody, qPCR was used to determine binding 

to EREs -455/-432 and -410/-389 designated as A and B. The recruitment of ERα proteins 

with the proximal region of the POC5 promoter (−478 to -423) was investigated and the 

results indicated that ERα immunoprecipitates this region of POC5 promoter as determined by 

qPCR (Fig. 5 B). The highest recruitment of ER (110 fold) was obtained with the ERE -455/-

432 (designated by A) and at lower levels (2 fold and 4 fold) with the -410/-389 alone or both 
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sites respectively. The qPCR products were migrated on gel to confirm the correct product 

size. 

ER antagonists attenuate E2 induced regulation of POC5 

 To determine if the regulation of POC5 by E2 is through direct genomic signalling through 

the Estrogen receptor (ERα), we treated MCF-7 cells with the ER antagonists Fulvestrant (ICI-

182, 780) and 4-hydroxy tamoxifen (OHT) for 24 h. At the protein level, there was no 

significant difference between E2 and antagonist treated cells (Fig. 6A). At the mRNA levels, 

POC5 was downregulated after exposure to ICI-182, 780 (Fig. 6B). 

E2 upregulates bone markers and ERs in NOB but not in 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 differential effects of E2 on bone markers in NOB and human 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 osteocalcin. In human OB (c. C1286T; p. 

A429V) AIS cells, there was no significant change in response to E2 (Fig. 7A). We also 

checked the regulation of ER and ER by E2. The ER was highly upregulated in NOB and 

human OB (c. C1286T; p. A429V) AIS cells (p<0.05). ER was downregulated by E2 in NOB 

cells (p<0.01) and no change in human OB (c. C1286T; p. A429V) AIS cells (Fig. 7B).  

Discussion: 

The principal finding of our study is that the centriolar protein POC5 was up regulated by E2 

and estrogen induced up regulation of POC5 was dependent on the presence of estrogen 

receptor, which suggests that the regulation of POC5 is through direct genomic signaling 

where the estrogen receptor directly binds to the estrogen response element that was found to 
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be located within the -552/+48 fragment of POC5 promoter.  In this work, we have used 

different cell lines MCF7, Huh-7 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 by using 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 presence of ER. Also, we used Huh-7 cells that 

have low expression levels of ER which requires cotransfection of ER, and cells that are 

highly expressing ER 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 induced POC5 expression in NOB cells at significantly higher 

levels than human OB (c. C1286T; p. A429V) AIS cells. At the protein level, there was a dose 

response to E2 in NOB cells and no significant change in human OB (c. C1286T; p. A429V) 

AIS cells.  Also bone formation markers was induced by E2 in NOB cells while human OB (c. 

C1286T; p. A429V) AIS cells were non responsive. Interestingly, ethanol induced POC5 

expression in human OB (c. C1286T; p. A429V) AIS cells and E2 attenuated the effects of 

ethanol. Ethanol 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 revered by ER agonist 

(Chen, Lazarenko et al. 2009).  

The estrogen insensitivity (or estrogen resistance) in AIS cells appears to be an interesting and 

clinically relevant observation, since delayed puberty and lower levels of 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 delayed bone maturation 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 would rather be a factor that contribute to the curve aggravation. Most probably, 

the mutation in POC5 would be affecting the response to E2. To our knowledge, our work is 

the first to report the effect of E2 on POC5 synthesis and regulation. There is little work on the 

role of POC5. In humans, POC5 localizes to the distal portion of centrioles and its recruitment 

to procentrioles is essential for the full centriolar maturation and normal cell-cycle processing. 

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

both involved in cell division, polarity, and motility. More recently, POC5 variants were 

reported in Chinese scoliotic population; although this recent case-control study reported a 

common variant (rs6892146) of POC5 to be associated with the susceptibility of AIS (Xu, 

Sheng et al. 2017), this study also shows significantly higher mRNA expression of POC5 in 

the muscles of patients 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 of AIS (Zhu, Tang et al. 

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

with altered regulation of POC5 in normal and AIS cells and introduces POC5 as a gene 

regulated by E2 (beyond this disorder). Interestingly, ChIP experiments revealed that the A 

site had the highest enrichment levels (120 fold). The presence of the B site reduces the 

recruitment of ER (4 fold).  The B site has 3 CpG sites. It’s possible that the B site is 

methylated and as a consequence this impedes the binding of ER. This need to be addressed 

in future studies. 
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Another interesting finding was observed in this study; we found that treatment with E2 

induces the amplification of POC5 expression and probably multi centriole formation. Several 

mechanisms has been described that lead to centrosome amplification including cytokinesis 

failure, mitotic slippage, cell–cell fusion, over duplication of centrioles and de novo centriole 

assembly. Centrosome amplification may result from centriole over duplication, for example 

through the overexpression of centriolar proteins which is most probably the mechanism that 

explains why the overexpression of POC5. This goes along with the work on Plk4 which 

associates with centrioles, either in basal bodies or centrosomes. Over-expression of Plk4 

during development led to increased numbers of centrosomes in the basal epidermis. These 

findings complement our results on POC5. The centriole numbers are under tight cell-cycle 

control in most proliferating cells, however, exceptions 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 cilia (Coelho, 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 on cell cycle in 

normal and AIS cells. 
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Figure 1: Effects of E2 on POC5 subcellular localization in normal control and human 

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

A) qPCR of the expression of POC5 in NOB and human (OB c. C1286T; p. A429V) AIS 

cells. The level of expression of POC5 is higher in NOB cells than in human (OB c. C1286T; 

p. A429V) AIS cells. GAPDH was used as endogenous control. Fold change with respect to 

NOB cells was calculated using the delta cT method (2-ΔCT). For qPCR, error bars represent 

± S.D in triplicates (p<0.01). B) Western blot quantification shows that the expression 

difference of endogenous protein levels of POC5 in normal and human OB (c. C1286T; p. 

A429V) AIS cells in the absence of E2 was significant (p<0.001). β-actin was used as loading 

control.. Band intensity was measured using Image J and the ratio of POC5 to β-actin was 

calculated. The results are mean ± SD from two independent experiments (n=2). C) 

Immunofluorescence to study the localization of POC5 in response to E2 using anti-POC5 and 

anti-centrin antibodies. POC5 cellular localization in both normal and human (OB c. C1286T; 

p. A429V) AIS cells in the absence and presence of 10-7 M E2. Centrin (green) POC5 (red) 

and DAPI (blue). Scale bar 20m. 

Figure 2: Dose dependent regulation of POC5 by E2 in normal and human OB (c. 

C1286T; p. A429V) AIS osteoblasts 

A) qPCR and WB for normal osteoblasts treated with E2. qPCR on NOB treated with E2 at 

different time points (3h, 12h, 24h) using specific primers for POC5 and GAPDH (used as 

endogenous control). Maximal response to E2 obtained at 3h (left). WB was performed on 

NOB treated with different doses of E2 ranging from (10-7 M, 10-14 M). E2 upregulated POC5 

expression in a dose dependent manner. Maximal response is obtained at 10-12 M (right).,B) 

qPCR on human OB (c. C1286T; p. A429V) 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 

POC5 at different doses of E2 (10-7 M, 10-14 M) in human OB (c. C1286T; p. A429V) AIS 

cells. No significant change was observed after treatment with different doses of E2. Bands 

corresponding to the correct molecular weight are indicated for both POC5 (63kDa) and β 

actin (42kDa). For qPCR, error bars represent ± S.D in triplicates. For quantification of band 

intensity, Image j was used and ratio of POC5 to -actin was calculated (n=2). The results are 

mean ± SD from two independent experiments.  

Figure 3: Regulation of POC5 by E2 in MCF7 and Huh-7 cells 

A) qPCR on RNA extracted from MCF7 exposed to 10-7 M E2 for different time points (3h, 

12h, 24h) using specific primers for POC5 and GAPDH. Data is represented as fold change 

with respect to vehicle treated. Maximal response was obtained at 3h post treatment with E2. 

The levels go back to basal levels at 12 and 24h (left). POC5 protein expression in MCF7 

exposed and non exposed to E2. 10-7 M E2 upregulates POC5 expression (right). B) qPCR 

was performed in Huh-7 cells treated with 10-7 M E2 for different time points (3h, 12h, 24h) as 

described above. At 3h, slight increase in POC5 expression. At 12 h, there was higher 

induction that is decreased at 24h (left). Protein expression of POC5 in response to 10-7 M E2, 

there was increase in the protein levels of POC5  (right). For qPCR, error bars represent  ± S.D 

in triplicates. For quantification of band intensity, Image j was used and ratio of POC5 to -

actin was calculated (n=2). The results are mean ± SD from two independent experiments. 

Figure 4:  Regulation of POC5 by E2 at the promoter level through ER 

A) Schematic representation of the promoter fragment with the corresponding EREs. The -

1481/+48 fragment has three EREs. B) Luciferase assay was performed using different 

deletion promoter fragments that were transfected in Huh-7 cells.  The estrogen receptor was 
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transfected along the promoter coding vector and Renilla luciferase vector for normalizing. 

There is up regulation of POC5 promoter by E2 with the -1481/+48 and -552/+48 . With the -

284/+48 fragment, response to E2 is lost.  The data are expressed as the mean ± SD of three 

experiments in triplicates (n=3).  

Figure 5: Estrogen receptor binds to the POC5 promoter.  

A) Schematic presentation showing the two EREs (A and B) present in the 552bp fragment of 

POC5 promoter. B) Chromatin was isolated from MCF-7 cells non treated or treated with 10-7 

M E2 for one h prior to ChIP and immunoprecipitations were performed with antibody 

specific to ESR1 and a non specific IgG. qPCR reactions were carried out with the various 

ChIP samples (ER-E2, ER+E2, IgG-E2, IgG+E2, Input-E2, Input+E2). Primers that amplify 

either the region with ERE1, ERE2 separately (designated by A and B) or both sites (AB) 

were used. The fold change in the values for E2- and E2+ were calculated and graphed. Error 

bars represent  ± S.D in triplicates. 

Figure 6: ER antagonists reverse the up-regulatory effects of E2 on POC5 expression. 

A) MCF7 cells were treated with either ETOH (0.1%), 10-7 M E2, or the estrogen receptor 

antagonists 10-7 M ICI-182, 780, 10-7 M 4-OHT and then western blot using POC5 antibody. 

β-actin was used as loading control. ICI-182, 780 and 4-OHT treatments inhibit the E2 

induced upregulation of POC5. B) ICI182, 780 treatment strongly downregulated the mRNA 

levels of POC5 and reversed the upregulatory effect of E2 on POC5. For quantification of 

band intensity, Image j was used and ratio of POC5 to -actin was calculated (n=2). The 

results are mean ± SD from two independent experiments. For qPCR, error bars represent  ± 

S.D in triplicates. p<0.05. 
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Figure 7: qPCR of gene expression of different markers of differentiation and ERs in 

osteoblasts. A) RNA was extracted from NOB and human OB (c. C1286T; p. A429V) AIS 

treated with vehicle or 10-7 M 17-β-estradiol (E2) for 24 hrs. ALP and RUNX2 were 

upregulated by E2 in NOB cells. No significant change was observed in human OB (c. 

C1286T; p. A429V) AIS cells. Expression was normalized to GAPDH and is plotted as fold 

increase from the vehicle treated sample. ALP: alkaline phosphatase; RUNX2: Runt-related 

transcription factor 2; B) qPCR of expression of ERα and ERβ. NOB and human OB (c. 

C1286T; p. A429V) AIS cells were exposed to vehicle or 10-7 M E2 for 24 hrs. ERα 

expression was induced by E2 in NOB and human OB (c. C1286T; p. A429V) AIS cells. ERβ 

was downregulated in NOB. Expression 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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Table 1: List of primers used to clone the POC5 promoter full length and deletion 

constructs. The FOR and REV represent the forward and reverse directions respectively. The 

second column indicating the beginning and end of the primer sequence with respect to the 

transcriptional start site 

. 

 

 

 

 

 

 

 

 

 

 

Primer 

Name 

Position Relative 

to TSS 
Primer Sequence 

Sense -3661/-3641 5CCAGCAGGCTAGCCCAGGCGT3 

Anti-

sense 
-1478/-1448 5GTCTTTCAACTTACATTGGCAACAGATAGGC3 

Sense -1481/-1455 
5CATACCTGCTAGCCTATCTGTTGCCAATGTAA

GTT3 

Sense -555/-536 
5CTGCACACCAGCCTGGACGGGCTAGCAAGAC

TCCATCTCAAAA3 

Sense -248/-230 
5GAAAGCCAACAGCACACGGCGCTAGCCAACT

TCAGCCCTGC3 

Anti-

sense 
+21/+48 

5CTGCAGGCTCGAGGAATTAAGGACCGCCCTG

GGC3 
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Table 2: List of primers used in ChIP experiment. List of primers used for ESRα response 

element on the POC5 promoter. 

 

 

 

 

 

 

 

 

 

 

 

Primer Name Sequence 

POC5_CHIP__EREAB_S 5 GGGATCTGTGGATGATGCAG 3 

 

POC5_CHIP_EREAB_AS 5 GGCCTCCCAAAGTGCCGGG 3 

 

 

POC5_CHIP__EREA_S 

5GGGATCTGTGGATGATGCAG 3 

 

POC5_CHIP_EREA_AS 5GAGTTCGAGACTAGTCTGGG3 

POC5_CHIP__EREB_S 5CCCAGACTAGTCTCGAACTC3 

POC5_CHIP_EREB_AS 5CCCGGCACTTTGGGAGGCC3 
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Table 3: List of primers used in qPCR. 

Primer Name Primer Sequence Product 

Size 

GAPDH_S 5AGGAGTAAGACCCCTGGACC3      111bp 

GAPDH_AS 5GGAGATTCAGTGTGGTGGGG3 

POC5_S 5CATGTCAGAGCCAGACAGGA3 96bp 

POC5_AS 5GGAACGCCAGACTTTCCAGA3 

ALP_S 5ACACCTGGAAGAGCTTCAAACCGA3 
401bp 

ALP_AS 5TCCACCAAATGTGAAGACGTGGGA3 

OSTEOCALCIN_S 5ACACTCCTCGCCCTATTG3 
249bp 

OSTEOCALCIN_AS 5GATGTGGTCAGCCAACTC3 

RUNX2_S 5TCCGGAATGCCTCTGCTGTTATGA3 
239bp 

RUNX2_AS 5ACTGAGGCGGTCAGAGAACAAACT3 

OSTEOPONTIN_S 5CAGCCATGAATTTCACAGCC3 
307bp 

OSTEOPONTIN_AS 5GGGAGTTTCCATGAA GCCAC3 
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Abstract 

Adolescent idiopathic scoliosis is the most common form of scoliosis, a three-dimensional 

spinal deviation whose etiology remains unexplained. Several factors have been associated 

with the initiation and progression of AIS. The concept of a multifactorial pathology is 

generally accepted. There exists a strong correlation between abnormal mechanical loading 

and AIS progression, where it can lead to altered bone growth and subsequent deformity, a 

phenomenon known as the mechanical modulation of bone growth. Transient receptor 

potential vanilloid 4 (TRPV4) is a receptor operated ion channel activated by mechanical 

stress. In osteoblasts, during cell differentiation, TRPV4 expression is enhanced and changes 

in response to mechanical load. Mutations in TRPV4 channel (R616Q and V620I) have been 

associated with a skeletal dysplasia named Brachyilmias, where scoliosis is a secondary 

phenotype. In the present work, normal control osteoblasts and mutantPOC5 (mutPOC5) cells 

were treated in vitro with TRPV4 antagonist (RN-1737) or TRPV4 agonist (RN-1747) or PKA 
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antagonist (H-89) after cells were exposed to mechanical stress. Then, we studied the response 

in these cells with respect to MAPKinase p38 signalling pathways and NFκB, osteoblast 

mineralization, cell proliferation, viability and cilia expression pattern. We further performed 

in vivo work, on wtpoc5 and mutpoc5 zebrafish retina. The retinas were either stained with a 

combination of trpv4 and acetylated-α-tubulin or poc5 and annexin5. Our results showed 

strong implication of TRPV4 channel in the stress response of both normal control osteoblasts 

and mutPOC5 expressing cells. The POC5 mutation has consequences on TRPV4 localization 

and expression in vitro and in vivo. 

 

Introduction: 

Scoliosis is a complex three-dimensional deformity of the spine, with 1.5–3% prevalence in 

the general population. The most commonly known type of scoliosis is idiopathic scoliosis 

(IS), including adolescent idiopathic scoliosis (AIS), which affects principally girls (Altaf, 

Gibson et al. 2013). Its prevalence is 1% to 2% among adolescents; it develops in otherwise 

healthy, pre-adolescent children. AIS primarily occurs and progresses in girls during growth 

spurts (2). Abnormal mechanical loading lead to altered bone growth and subsequent 

deformity, a phenomenon known as the mechanical modulation of bone growth. This 

phenomenon is strongly implicated in scoliosis progression, including in AIS (Villemure and 

Stokes 2009). One of the hypothesis for the progression of 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 (GDFs) (Shapiro, Landis et al. 2015) from 

mesenchymal stem cells. Once these cells are incorporated in the bone matrix, they become 

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 I collagen is highly 

crosslinked and constitute the organic matrix of bone which is very dense. The bone also 

contains small amounts of osteopontin and osteocalcin, which are important in coordinating 

the organic matrix and bone mineral (Blair, Larrouture et al. 2017). Bone synthesis is 

determined by 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 I 

collagen and smaller amounts of matrix organizing proteins, including osteocalcin and 

osteopontin. Osteocalcin is an indicator of osteoblast synthetic activity (Young, Kerr et al. 

1992). 

 

 Several gene mutations have been described in AIS, among which are the ciliary genes POC5 

and TRPV4. It was recently found that scoliosis may be caused by variants in genes related to 

cellular mechanotransduction, but is not restricted to ciliary genes. Given the fact that POC5 

(Patten, Margaritte-Jeannin et al. 2015, Weisz Hubshman, Broekman et al. 2017, Xu, Sheng et 

al. 2017) and TRPV4 (Nilius and Voets 2013) are ciliary genes that have been associated with 

scoliosis, this makes them interesting factors to investigate. 

 

Considering POC5 gene, mutations in POC5 were identified in AIS patients (Patten, 

Margaritte-Jeannin et al. 2015) and confirmed, using a zebrafish model, as the leading cause to 

spinal curvature. POC5 is a centrosomal protein that is localized at the mother and daughter 

centrioles throughout the cell cycle. The recruitment of POC5 into 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 assembly of full length centrioles and for cellular proliferation 

(Azimzadeh, Hergert et al. 2009).  

 

Unlike POC5 that has been identified as the primarily cause of AIS in patients, mutations in 

TRPV4 was leading to scoliosis as a secondary rather than a primary phenotype in patients. 

Cilia plays an essential role in mechanotransduction, and this makes TRPV4 an important 

factor to consider in studying mechanical factors involved in the mechanism of AIS 

pathogenesis. The transient receptor potential vanilloid 4 (TRPV4) channel is a Ca2+-

preferred membrane ion channel, which is widely implicated in transducing external 

environmental signals into specific metabolic responses via the generation of intracellular 

Ca2+ transients (Liedtke 2007, Everaerts, Nilius et al. 2010, Moore, Cevikbas et al. 2013). 

Mutations in the TRPV4 gene are known to be causative of several human diseases affecting 

the skeletal and the peripheral nervous systems. Scoliosis is a secondary phenotype in several 

TRPV4 associated diseases. One of the TRPV4 mediated skeletal disease includes the 
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autosomal dominant brachyolmia type 3, which is primarily characterized by brachyolmia. 

Patients have normal length at birth, but develop short trunk and stature during childhood, 

mainly due to platyspondyly (flattening (platy-) of the vertebrae (spondyl-) throughout the 

axial skeleton. The common phenotype in patients with this disease includes kyphoscoliosis 

(abnormal spinal curvatures in both coronal and sagittal planes) and slightly short limbs 

(Everaerts, Nilius et al. 2010). Parastremmatic dysplasia is an autosomal dominant dysplasia, 

which is characterized typically by a severe distortion and twisting of the limbs and extreme 

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 attributed to a deficit in bone 

mineralization (Nilius and Voets 2013). 

  

TRPV4 channel localizes in the primary cilium, onto which the flow-induced intracellular 

calcium ion (Ca2+) increase depends. The primary cilium is a protrusion from the surface of 

most eukaryotic cells, except for hematopoietic cells. It plays an essential role in 

chemosensation and mechanosensation in cartilage, bone and kidney. It was previously 

reported that primary cilium plays a role in osteocyte mechanotransduction, but the molecular 

mechanisms involved in this process are not fully understood (Lee, Guevarra et al. 2015).   

 

Defects in mechanotransduction was associated with IS. Elongated cilia was identified in 

idiopathic scoliosis patient bone cells (Oliazadeh, Gorman 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 antagonist RN-1734, TRPV4 agonist RN-1747 and the PKA 

antagonist H-89. We also studied the impact of mechanical stress on cell proliferation and 

apoptosis and bone differentiation in vitro. In vivo work was also conducted to study the 

differential expression of trpv4 in wtpoc5 and mutpoc5 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 

normal and mutPOC5 osteoblasts. 
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Materials and methods 

 

A. In vitro study 

Patients 

Bone specimens were collected from vertebrae of AIS patients undergoing surgery (varying 

from T3 to L4 according to the surgical procedure performed). For control and AIS patients, 

all tissues were collected with the consent of patients following approval by the Institutional 

Ethics Committee Board of CHU Sainte-Justine. 

 

Osteoblast extraction and cell culture  

Bone fragments were reduced to smaller pieces with bone cutter in sterile conditions. The 

fragments were incubated at 37°C in 5% CO2 in a 100-mm 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, Canada). After a 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 osteoblasts were performed in 12 well plates using LipofectamineTM 2000 

(Invitrogen, Burlington, ON, Canada) as recommended by the manufacturer. Briefly, on the 

day before transfection, cells were seeded in a 12 well plate-using 0.5ml of media. When cell 

attained 80% confluence, they were transfected with 1600 ng/ well of mutPOC5 construct. On 

the second day, cells were exposed or not to 1g/cm2 mechanical stress for 6h. For TRPV4 

subcellular localization study, HeLa cells were used and they were either transfected with 

mock (myc-tagged empty vector), myc-wtPOC5 (origene) or myc- mutPOC5 vectors 

(generated by site directed mutagenesis as described in (Patten, Margaritte-Jeannin 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 were treated with TRPV4 agonist RN-1747 or TRPV4 antagonist RN-1734 or 

PKA antagonist H-89 for 24h at 10μm final concentration. Agonists and antagonists were 

purchased from (Tocris) and were separately reconstituted with DMSO and stored at -20oC.  

 

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 per cross-sectional 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 Preparation and Western Blotting 

Whole cell protein lysates were prepared from cultured cells using RIPA buffer from Pierce 

thermoscientific (25 mM Tris•HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS,) supplemented with protease and phosphatase inhibitors (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 blocked in Tris buffered saline containing 1% 

Tween-20 or Phosphate buffered saline with 0.05% Tween-20 as recommended by 

manufacturer and 20% skim milk powder. Membranes were incubated with primary antibody 

overnight at 4oC (list of antibodies table 2). Afterwards, membranes were incubated with a 

secondary antibody conjugated with horseradish peroxidase for 1h at RT. After incubation, 

proteins were visualized by Syngene G: BOX Chemi XRQ. 

 

RNA isolation, reverse transcription, PCR, and real-time PCR: 

Total RNA was extracted from osteoblasts using TRIzol®reagent (Invitrogen), in accordance 

with the manufacturer's instructions (Invitrogen Canada). The extracted RNA was quantified 

spectrophotometrically. RNA (1 μg) was used as a template to synthesize cDNA using iscript 

reverse transcriptase (Diamed). Quantification of gene expression was performed by RT-PCR 

light cycler 96 System (company) with SYBR® Green with ROX Supermix (Diamed). 

Primers for different genes are listed in table1. The PCR products generated were confirmed 
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by agarose gel electrophoresis. Gene expression levels in all cells assayed were represented 

relative to the expression of the housekeeping gene GAPDH (List of primers table 1). Fold 

change was calculated using the delta CT method (2-ΔCT). 

 

Alkaline phosphatase (ALP) 

Osteoblasts were cultured in DMEM/F12 until confluency (2x105 cells). Three days before 

alkaline phosphatase staining, medium was replaced with MEM supplied with 10% FBS, 1% 

PS in addition to ascorbic acid 50µg/ul, dexamethasone 10nM and β-glycerophosphate 2.5 

mM. After 72h, cells were washed with PBS and then fixed with 3.7% PFA. The cells were 

then washed with PBS 1X and incubated with a solution of 1,25 mg of naphtol AS-MX 

phosphate (Sigma, Ontario, Canada), 2,5 mg of fast red TR (Sigma, Ontario, Canada), and 

62,5 μL ethylene glycol monoethylether in 6 ml of TBS 0,1 M pH 9,5 (Tris 0,1 M, NaCl 0,15 

M, pH 9,5) for 1 h at room temperature (RT). The cells were then washed with water and 

observed under light microscope. For quantification, cells were washed with PBS and then the 

absorbance was measured at 405 nm together with the standard curve samples using micro 

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 glycerophosphate 2.5mM. The 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 were acquired 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 85C for 10 minutes and transferred on ice for 5 minutes. Samples were 

centrifuged at 20,000g 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 acid 10% and 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, 0 μg/ml). 

 

Propidium iodide staining 

Osteoblasts were left to attach on coverslips overnight (ON). Before cell seeding, the 

coverslips were treated with poly-L-lysine for 1h at 37oC and then washed with ethanol and 

water. Cells were transfected or not with mutPOC5 expressing vectors, and then on the second 

day were exposed to stress for 24 h. 33.33 ul of PI (1mg/ml) was diluted in 10 ml PBS and 

then cells were incubated with PI for 30 mins at 37oC. Cells were counterstained with DAPI 

and were visualized by fluorescence microscope.  

 

Immunofluorescence and Acetylated-α-tubulin staining 

Osteoblasts were left to attach to coverslips (coated with polylysine) in 12 well plate ON. On 

the second day, cells were transfected with myc tag-mutPOC5. On the third day, cells were 

subjected to mechanical stress for 24h and on the other day, cells were fixed in 70% 

ethanol/0.1% triton on ice for 30 mins. Cells were then washed with PBS and permeabilized 

with 0.1% Triton in PBS for 15 mins. Cells were washed once with 0.5%BSA in PBS/Triton 

(PBT) and then blocked with 2% BSA in PBT for 45 mins. Cells were washed after that and 

incubated with Acetylated-α-tubulin (Sigma-Aldriche) ON at 4oC. On the second day, cells 

were washed and then incubated with Alexa Flour 555 (Life technologies USA) for 1h at RT. 

Cells 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. 

For the measurement of the cilium length and cilium number, we used the ZEN software. 

Immunofluorescence was also performed in HeLa cells, the same protocol was followed as 

described above but staining for TRPV4 (proteintech) was performed. 

 

B. In vivo study 

Immunostaining on zebrafish: 
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Immunolocalization of trpv4 and colocalization with the cilia were performed by double 

immunofluorescence carried out by mixture of anti-trpv4 antibody (proteintech) and anti-

acetylated-α-tubulin (Sigma-Aldrich). Tissue sections of eye (1.5µm) were deparaffinized in 

xylene, rehydrated in a graded series of ethanol, washed several times in PBS and 

permeabilized for 30 mins in 4% Triton-X 100 containing 2% bovine serum albumin (BSA) 

and 10% goat serum. Following permeabilization, retinal sections were incubated with the 

primary antibody trpv4 (1/250) and acetylated-α-tubulin (1/2000) simultaneously during 24h 

at 4°C. Tissue sections were washed several times in PBS/0.5%Triton, and then incubated 

with the secondary antibody conjugated with Alexa Fluor 488 (life technologies 1/500) and 

Alexa Flour 555 (Life technologies 1/500) for 1 h at RT. Nucleus staining was performed 

using Prolong Gold antifade reagent with DAPI (Life technologies). Images were acquired 

using confocal microscope Zeiss under 40x objective. Staining for annexin 5 was performed 

using the same protocol described above but with annexin 5 antibody (Santa Cruz). 

 

Statistical analysis: 

All values are expressed as mean SD. All the data from experiments were analyzed using a 

two-tailed Student’s t test (P < 0.05) comparing the means of non stress and stress treated 

samples. Student's paired and unpaired t-tests were performed by Microsoft excel. Values of 

P<0.05 were considered statistically significant.   

 

Results: 

 

Regulation of Acetylated-α-tubulin, POC5 and TRPV4 expression in response to stress: 

Considering the requirement for TRPV4 in stimulating the response to mechanical stress and 

given the role of cilium in mechanotransduction, we investigated the TRPV4 activity in stress 

induced gene and protein expression of ciliary genes by applying different treatments of 

TRPV4 agonist and antagonists to normal control osteoblasts and to cells overexpressing the 

mutPOC5. We studied expression levels of POC5, Acetylated-α-tubulin and TRPV4. At the 

gene level, in NOB cells, Acetylated-α-tubulin was downregulated in response to stress 

(p<0.01) and no significant difference was observed with the other treatments (NS). In 

mutPOC5 cells, we observed upregulation in response to stress (p<0.05) and this effect was 
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significantly enhanced with RN-1747 treatment (p<0,05) (Fig. 1A).  POC5 was significantly 

downregulated in mutPOC5 cells in response to stress (p<0.01) and upregulated in response to 

stress in the presence of RN-1747 in NOB (p<0.05) and in mutPOC5 cells (p<0.05) (Fig. 1B). 

TRPV4 was upregulated with RN-1734 treatment (p<0.05) in NOB. In mutPOC5 cells, 

TRPV4 was highly upregulated with RN-1747 treatments (p<0.01) and at lower levels with 

RN-1734 (p<0.05) (Fig. 1C). At the protein level, Acetylated-α-tubulin was upregulated in 

response to stress in both cells. Treatment with H-89 and RN-1734 enhanced Acetylated- α-

tubulin in mutPOC5 cells. RN-1747 downregulated Acetylated-α-tubulin levels in NOB while 

no effect was observed in mutPOC5 cells. POC5 was downregulated in mutPOC5 cells in 

response to stress while no effect was observed on NOB cells. Treatment with RN-1747 

downregulated POC5 levels in both cells. The TRPV4 was upregulated in response to stress 

and in the presence of H-89 in NOB and downregulated in mutPOC5 cells. RN-1747 treatment 

highly downregulated levels of TRPV4 in mutPOC5 cells, at lower levels with RN-1734 while 

no change was observed in NOB cells (Fig. 1D).  

 

MAPKs and p38 were activated by mechanical stress: 

The molecular mechanisms underlying 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 response, the effect of mechanical stimulation on the phosphorylation of ERK1/2, p38 

and NFκB was analyzed following the 6h loading period. Mechanical stress induced 

downregulation of ERK1/2, p38 and NFκB in mutPOC5 cells. We observed that in the 

absence of stress, the ratio of phosphorylated ERK1/2, p38 and NFκB to the total protein 

expression was higher in mutPOC5 cells than in NOB cells. When exposed to stress, ERK1/2 

was strongly downregulated in NOB cells and to lesser extent in mutPOC5 cells. When treated 

with RN-1734 and RN-1747, ERK1/2 was upregulated in NOB and mutPOC5 cells (Fig. 2 A). 

Interestingly, there was higher upregulation with RN-1747 than with RN-1734 treatment in 

both cells. 

P38 was upregulated in response to stress in NOB cells but downregulated in mutPOC5 cells. 

Treatment with RN-1747 induced the activation of p38 as detected by phosphorylation (Fig. 2 

B). 
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We also checked for the regulation of NFκB expression in response to mechanical stress. 

When exposed to stress, NFκB was downregulated in mutPOC5 cells and slightly upregulated 

in NOB cells. No effect of the agonist and antagonist treatments on NFκB levels on both cells 

(Fig. 2 C). 

 

Mechanical stress regulation of mRNA levels of bone formation markers: 

We first characterized the gene expression profile of bone markers in NOB and mutPC5 cells 

by qPCR (alkaline phosphatase (ALP), osteopontin, osteocalcin, Runt-related transcription 

factor 2 (RUNX2) and collagen A1 (Col A1)) in NOB and mutPOC5 cells. The results show 

that NOB cells have higher expression of all markers except for osteocalcin (Fig. 3A). We 

then studied the mRNA expression levels of osteopontin, osteocalcin and Runt-related 

transcription factor 2 (RUNX2) in response to stress in NOB and mutPOC5 cells in the 

presence or absence of RN-1743, RN-1734 and H-89 after 6h of exposition to mechanical 

stress. Osteopontin levels were significantly induced upon stress in NOB (p<0.05) but no 

significant changes in mutPOC5. In mutPOC5 cells, mechanical stress downregulated 

osteopontin levels after treatment with RN-1734 (p<0.01) (Fig. 3B). No change was observed 

for osteocalcin levels upon different treatments in NOB except with RN-1734, there was 

significant induction of osteocalcin (p<0.01). Treatment with stress significantly reduced 

osteocalcin expression in mutPOC5 cells (p<0.05) (Fig. 3C). Osteocalcin expression was 

increased with H-89 treatment (p<0.05) and significant induction of osteocalcin expression 

was obtained with RN-1734 treatment (p<0.01). As for Runx2 expression, no significant 

effects of mechanical stress was observed in NOB, however, in mutPOC5 cells, treatment with 

RN-1734 upregulated RUNX2 expression (p<0.01) with higher upregulation with treatment 

with RN-1747 (p<0.01) (Fig. 3D).  

 

Mechanical stress induces higher ALP activity in normal osteoblasts than in mutPOC5 

cells: 

To study the effect of mechanical stress on ALP, we performed alkaline phosphatase assay on 

NOB and on cells transfected with mutPOC5. There were higher levels of ALP expression in 

normal cells exposed to stress (b) than in mutPOC5 cells (d). There was low and almost no 
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effect on ALP in mutPOC5 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 osteoblast 

communication and function during the differentiation process, we next 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 mineralization as detected by 

alizarin staining and quantification (p<0.003) in NOB cells. However, in mutPOC5 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. 5A and 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 

cells in the presence of stress. TRPV4 was highly downregulated in mutPOC5 cells exposed to 

stress (p<0.001) while no significant change was observed in NOB. Acetylated-α-tubulin was 

downregulated in response to stress in NOB (p<0.01) but upregulated in mutPOC5 cells 

(p<0.05) (Fig. 6A). In order to study the differential expression of bone mineralization factors 

between normal and mutPOC5 cells, we studied the mRNA levels in mineralizing osteoblasts. 

Interestingly, mechanical stress induced upregulation of most of the analyzed factors including 

RUNX2 (p<0.05), ALP (p<0.01) and osteocalcin (p=0.05) in NOB cells, however, they were 

downregulated in mutPOC5 cells  (p<0.001) (Fig. 6B).  

 

 COX2 mRNA expression levels in response to stress: 

Since signalling through TRPV4 channel has an impact on ERK1/2 and p38 that eventually 

end up with the upregulation of COX-2 gene, we investigated the effect of mechanical stress 

on COX2 mRNA levels in NOB and AIS cells. There was strong upregulation of COX2 in 

NOB and, to lesser extent, in AIS cells when cells were exposed to stress (Fig. 7). 

 

Mechanical stress effects on apoptosis: 
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To determine the effects of mechanical stress on osteoblast apoptosis, cells were treated with 

stress for 24h and apoptosis was assessed using propidium iodide. Mechanical stress induced 

osteoblast apoptosis in NOB (p<0.05) and mutPOC5 cells (p<0.05)  (Fig. 8). Interestingly, 

mutPOC5 cells non exposed to stress had initially higher apoptosis rate than NOB (p<0.01).  

 

Cilia length and number are regulated by mechanical stress in normal and mutPOC5 

cells: 

To identify if primary cilia is involved in cell response to stress and if there exists differences 

in NOB and mutPOC5 cells , cells were exposed to mechanical stress for 24h and then labeled 

with Acetylated-α-tubulin, a marker for cilia. Acetylated-α-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. 9A). When exposed to stress, number of cilia expressing 

cells (Fig. 9B) was reduced in both NOB (p<0.01) and mutPOC5 cells (p<0.05). The 

difference in cilia length was not significant. 

 

Differential subcellular localization of TRPV4 in wt and mutPOC5 expressing cells after 

mechanical stress application: We checked whether there was a difference in subcellular 

localization of TRPV4 in wtPOC5 and mutPOC5 expressing cells after exposure to 

mechanical stress. In wtPOC5 cells, when exposed to stress, TRPV4 shifted to cytoplamic 

localization. Unlike mutPOC5 cells, when exposed to stress, there was nuclear expression of 

TRPV4 as punctate pattern (Fig. 10). 

 

TRPV4 immunoreactivity in wtpoc5 and mutpoc5 zebrafish retina: We were also 

interested in studying differences of trpv4 expression in wt and mutpoc5 scoliotic zebrafish 

retina. In wtpoc5 retina, trpv4 was strongly expressed in the outer segment layer (OS) and in 

the connecting cilium (CC) (Fig. 11 a and c), as well as in the ganglion cell layer (GCL) (Fig. 

11 e and g) where it was found surrounding the glial cells. In mutpoc5 retina, there was less 

staining of TRPV4 in the outer segment layer (OS) and CC layers (Fig. 11 b and d) and 

absence of staining in the GCL as well as absence of glial cells (Fig. 11 f and h) suggesting 

degeneration of the retina. In wt retina and mutpoc5 retina, trpv4 and acetylated--tublin 

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 in mutpoc5 (10.7 μm) than 

in wtpoc5 retina (13.5 μm) (p<0.00001) (Fig. 11 i). 

 

Increased apoptosis in mutpoc5 retina: Confirming the in vitro work, we also checked the 

expression of apoptotic marker annexin5 in the retinas of wtpoc5 and mutpoc5 zebrafish. 

There was very strong expression of annexin5 in the mutpoc5 retina in the OS, in the CC and 

GCL as compared to wtpoc5 retina (Fig.12).  

 

Discussion  

Here in, we reported the effect of mechanical stress on POC5, Acetylated-α-tubulin and 

TRPV4 expression in normal osteoblasts and mutPOC5 expressing cells as well as expression 

of MAPKinase p38 signalling pathway and NF-κB, mineralization, proliferation, viability and 

cilia expression patterns. Our results show a strong implication of TRPV4 channel in the 

mechanical stress activated signalling pathways with variations in both osteoblasts derived 

from AIS patients and cells overexpressing mutPOC5. 

Signal transduction pathways are activated by mechanical signals; these pathways include the 

MAPK signal pathway. The extracellular signal-regulated kinase (ERK), c-Jun N-terminal 

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 several cell types, including osteoblasts. Until now, it’s not clear how the cells 

convert the mechanical signal into a biological signal (Yan, Gong et al. 2012). 

In the present study, we found dissimilarity in the response to mechanical stress of POC5 

expression, Acetylated-α-tubulin and TRPV4 (Fig. 1 A, B, C, D), MAPK signalling pathways 

(Fig. 2), mineralization (Fig. 5) and proliferation (Fig. 7), in NOB control osteoblasts and cells 

transfected with mutPOC5 gene. The impact of mechanical stress on cell signalling was 

established by checking the activation of ERK1/2, p38 MAPK and NF-κB in osteoblasts. 

Overall, the results of western blot and gene expression in the NOB and mutPOC5 expressing 

cells confirm the differential responses of these cells to mechanical stress and also the 

implication of TRPV4 signalling pathways in osteoblast response to stress. An interesting 

observation was that in mutPOC5 cells, in absence of mechanical loads, the levels of ERK1/2, 

p38 and NF-κB were higher than in normal cells. Moreover, in mutPOC5 cells non exposed to 
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stress, there was higher level of apoptosis than in normal cells (Fig. 8). Hence, expression of 

mutPOC5 could be inducing inflammatory response in osteoblasts and this response is 

augmented when exposed to stress. We also observed dissimilarity in the mode of activation 

of p38, ERK1/2 and NFκB pathways in NOB and mutPOC5 cells. The mutPOC5 expressing 

osteoblasts showed a higher downregulation in, p38, NF-κB activity than NOB cells when 

exposed to stress. There were differences in the effects of agonists and antagonist used on the 

signalling pathways examined in this study. Different degrees of stimulus could have different 

outcomes in the NF-κB activation, low tension inhibits while high stress activates the 

pathway. Not only the strength of the stimulus but also the type of stimulus, tonic vs 

oscillatory, determines the effect on NF-κB pathways. Mechanical forces are an important 

factor in the maintenance of bone mass (12), hence, NF-κB-mediated response to shear stress 

might be an important component. It was found that in the presence of shear stress, NF-κB 

stimulates osteoblastic differentiation via the prostaglandin synthesis (Granet, Boutahar et al. 

2001, Chen, Geist et al. 2003). NF-κB was upregulated in NOB cells but downregulated in 

mutPOC5 cells (Fig. 2) and this explains why there was more apoptosis observed in mutPOC5 

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 anabolic effects while unloading of bone 

have bone resorbing effects. Our results show that there was increased mineralization of 

osteoblasts (Fig. 5) as well as increase in osteogenic markers (Fig. 6B). The mineralization of 

mutPOC5 cells was lower than in NOB cells. The pertinence of these observations lies in the 

possible connection of the mechanical stress with signalling pathways involved and the 

possible role of TRPV4 channel in AIS. In this work, we propose a model for the different 

effects of mechanical stress on normal and mut osteoblasts cells (Fig. 13). The mutation in 

POC5 affects the response to stress and induces different signalling pathways as compared to 

control cells. 

 

Osteoblast exposure to mechanical stress also induced changes in the expression of 

Acetylated-α-tubulin. Application of mechanical stress on osteoblasts caused downregulation 

of cilia length as compared to non-treated cells and similarly in mutPOC5 cells. These 

findings go along with previous work studying the effect of mechanical stress 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 controls (Delaine-Smith, Sittichokechaiwut et al. 2014). However, in our 

work mechanical stress induced osteogenesis and mineralization as detected by ALP staining 

(Fig. 4) and alizarin red staining (Fig. 5) as well as by studying the expression of bone forming 

factors (Fig. 6B). It’s worth to note that mineralization and ALP were higher in NOB than in 

mutPOC5 cells. Also, TRPV4 mRNA levels were strongly reduced in mutPOC5 

differentiating cells in response to stress. TRPV4 has a role in the effects of force stimuli on 

calcium in osteoblasts (Suzuki, Notomi et al. 2013). TRPV4 mRNA levels are increased 

throughout osteoblastic differentiation of primary osteoblast-enriched cell cultures and the 

osteoblastic cell line MC3T3-E1 (McNulty, Leddy et al. 2015) which goes along with our 

results. 

 

There is increasing hypothesis about the primary cilium functions as mechanosensor in bone. 

However, little is known about the ability of primary cilium and the sensation of mechanical 

stress and bone formation. Defects in sensory function of the primary cilium is associated with 

a number of disease such as musculoskeletal diseases, like osteoarthritis (Temiyasathit, Tang 

et al. 2012) and osteoporosis (Wann and Knight 2012). 

 

It was reported that loading causes Ca2+ increase and COX-2 mRNA increase in osteocyte 

primary cilia (Lee, Guevarra et al. 2015). It was found that this effect of loading is initiated by 

TRPV4. By immunocytochemistry, it was found that TRPV4 mutant channel is a stretch-

activated Ca2+-permeable channel and it localizes to the primary cilium and plasma 

membrane. The knockdown of TRPV4 channel lowered the Ca2+ release in the cilium 

induced by loading. These findings make TRPV4 as an interesting pharmacologic target for 

bone loss disease (Lee, Guevarra et al. 2015). Available agonists: 4α-PDD, GSK1016790A, 

and RN-1747 and antagonist: RN-1734. Mechanical strain plays a critical role in the 

proliferation, differentiation and maturation of bone cells. This prompted us to investigate the 

effect of mechanical load on cell apoptosis. The observation that apoptosis was induced in 

normal osteoblasts (Fig. 8) (as detected by propidium iodide staining) goes along with 

previous finding where large magnitude stretch induced apoptosis of osteoblasts (Song, 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 different effects of mechanical load on localization of TRPV4 in 

wtPOC5 and mutPOC5 expressing cells. TRPV4 had cytoplasmic localization in wtPOC5 but 

nuclear punctate pattern in mutPOC5 cells (Fig. 10). This suggests that the mutation in POC5 

affects the subcellular locatization of TRPV4 which could be problematic in AIS. The TRPV4 

channel translocates under shear stress as it was reported by Loot et al where TRPV4 

translocated from the Golgi apparatus to the cell membrane in cultured human endothelial 

cells (Loot, Popp et al. 2008). Moreover, Cuajungco et al found that there was increased ratio 

of plasma membrane-associated versus cytosolic TRPV4 when they co-expressed TRPV4 and 

PACSIN 3. PACSIN 3 is a binding protein of TRPV4 and a of the PACSIN family 

(Cuajungco, Grimm et al. 2006). In addition to that, the membrane expression of TRPV4 was 

found to be enhanced by the microfilament-associated protein 7 (Suzuki, Hirao et al. 2003) as 

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).. In the present study, TRPV4 protein 

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 stress in wtPOC5 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 in retinal ganglion cell layer (RGCL) 

(Ryskamp, Witkovsky et al. 2011).  Defect in cilia was found to reduce the number of RGC 

with respect to photoreceptors. The impairment of cilia result in RGCL generation and/or 

differentiation (Lepanto, Davison et al. 2016). As 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 reduction of staining of 

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 

pressure-sensing organelles in the retina. The defect at the level 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 of retinal ganglion cell layer (RGCL) in mutpoc5 

retina by annexin 5 staining  (Fig. 11, 12). In healthy RGCL, TRPV4 plays as an essential 

osmoreceptor. It is possible that TRPV4 channel is implicated in the initiation and progression 

of glaucomatous remodeling. Glaucoma is an optic neuropathy which is characterized by 

elevated IOP, the cause of irreversible blindness in the world (Kwon, Fingert et al. 2009, 

Quigley 2011). Lowering the eye pressure is the only way to treat glaucoma (Zhang, 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 fluid (Nickells, Semaan et al. 2008, 

Kaufman and Rasmussen 2012). The mechanism through which the elevated pressure leads to 

aberrant mechanosensory signaling that leads to 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 length (in the CC) and for ganglion cell layer. It was found that the trabecular 

meshwork cell cilia are essential for the regulation of pressure (Luo, Conwell et al. 2014). 

When these cilia are defective, this will contribute to the pathogenesis of glaucoma. In 

mutpoc5 retina, we observed lower staining of acetylated--tubulin 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 5 staining. . 

 

 The presented work contributes to 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 scoliosis and the retinal phenotype that we 

observed. Thus, future 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 is the primary step of glaucoma disease 

and it’s associated with severity of disease (Ryskamp, Witkovsky et al. 2011). In this study, 

we didn't study vision problems. Hence, it would be necessary in future work to consider  

studying visual motor response (VMR), as a measurement of retinal function in zebrafish.  
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Figure 1. Different regulatory mechanisms of the expression of ciliary genes in NOB and 

mutPOC5 expressing osteoblasts. Expression of ciliary genes POC5 (A), Acetylated-α-

tubulin (B) and TRPV4 (C) were examined by qPCR in response to stress (1g/cm2) in the 

absence or presence of different agonists and antagonists for TRPV4 10μM (RN-1747), 10 
μM (RN-1734) and 10 μM PKA antagonist (H89) (*p<0.05, **p<0.01). (D) Protein 
expression of Acetylated--tubulin, POC5 and TRPV4 was assessed by western blot. -
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 stress induces changes in ERK1/2, and p38α and NFκB through 

TRPV4. A) Western blot was performed on osteoblast cells, NOB and cells overexpressing 

the mutPOC5, and then exposed and non exprosed to 1g/cm2 of stress for 6h in the presence 

of TRPV4 agonist (RN-1747) and antagonist (RN-1734). Total p38 and ERK1/2 as well as 

phosphorylated ERK1/2 and p38 was determined by specific antibodies. The ERK1/2 

activation was detected by the phosphorylation of Thr202/Tyr204 residues and for p38 by the 

phosphorylation of Thr180/Tyr182. Activation of NF-κB was determined by studying the 

phosphorylation p65 (Ser536). β-actin was used as loading control. Relative intensities are 

represented as the fold changes of the phosphorylated protein levels normalized to the total 

protein levels. Data are presented as the mean ± SD of three independent experiments (n=3).  

  

Figure 3. Different regulatory mechanisms of gene expression on osteogenic factors in 

NOB and mutPOC5 osteoblasts. A) Gene expression analysis of bone formation markers in 

NOB and mutPOC5 cells.  (B, C, D) Osteoblasts that are expressing the mutPOC5 and non 

expressing were exposed to 1g/cm2 stress in the absence and presence of antagonists of 

different pathways, H-89 for PKA and RN-1734 for TRPV4, as well TRPV4 agonist RN-

1747. Markers for bone formation like the genes for osteopontin (B), osteocalcin (C) and 

RUNX2 (D) were examined. There exists a difference in the pathways induced in response to 

stress in normal NOB and mutPOC5 expressing cells. GAPDH was used as endogenous 

control for the normalization of expression levels of different genes. Experiment 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 

mutPOC5 expressing cells with lower levels in mutPOC5 cells. A) Normal Osteoblasts 

(NOB) and mutPOC5 expressing cells were exposed to stress. Morphology of primary 

osteoblasts and mutPOC5 cells and alkaline phosphatase (ALP) activity was analyzed in 

determination of optimal effects of stress. Induction with mechanical stress significantly 

upregulated alkaline phosphatase expression in normal osteobalsts but not mutPOC5 
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expressing cells. B) Quantification of ALP concentration (mg/ml) for different conditions at 

wavelength 405nm. Reading was performed in triplicates. *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 alizarin red dye. There was increased mineralization in response to stress in 

both NOB and mutPOC5 cells. B) Quantification of alizarin staining using microplate reader 

at 405 nm. Reading was performed in triplicates. p-values < 0.05 were considered as 

statistically significant  

 

Figure 6.  Up regulation of bone differentiation markers in mineralized normal cells but 

not mutPOC5 cells. A) TRPV4 and Acetylated-α-tubulin gene expression in mineralizing cells 

was examined in response to stress in NOB and mutPOC5 cells. B) Gene expression of 

different osteogenic markers (osteocalcin (OS), Runt-related transcription factor 2 (RUNX2), 

alkaline phosphatase (ALP) and osteopontin (OP) in normal (NOB) and mutPOC5 cells 

exposed and non exposed to stress by qPCR. GAPDH was used as endogenous housekeeping 

gene. Data are presented as the mean ± SD in triplicates. *p<0.05, **p<0.01,***p<0.001 
 

Figure 7. Induction of COX-2 expression by 1.5g/cm2 of mechanical stress in NOB and to 

lesser extent in mutPOC5 osteoblasts. Expression levels of COX2 was studied in NOB and 

mutPOC5 expressing cells non exposed and exposed to 1.5g/cm2 of mechanical load. Very 

strong induction of COX2 was obtained in normal NOB and to lesser extent in mutPOC5 cells 

in response to stress. Expression level of COX2 was normalized to GAPDH. 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. MutPOC5 expressing cells undergo apoptosis in response to stress at higher 

level than NOB. 1g/cm2 of stress was applied to NOB and mutPOC5 osteoblasts and then 

apoptosis was detected by propidium iodide staining (PI). In the absence of mechanical stress, 

mutPOC5 cells have higher apoptosis levels (c) than NOB (a). Application of stress strongly 

induces apoptosis in mutPOC5 cells (d) as detected by PI staining in red and to lesser extent in 

NOB (b). PI in red and DAPI in blue.  

 

Figure 9: Mechanical stress induces ciliary retraction in NOB and mutPOC5 expressing 

osteoblasts. A) Staining for cilia was performed using specific antibody that stains cilia which 

is Acetylated-α-tubulin. Osteoblasts (NOB) and cells overexpressing mutPOC5, were exposed 

to mechanical stress of weight of 1g/cm2. In NOB and in mutPOC5 cells, cilia were observed 

as protrusion from the nucleus (a, c) (red), although its shorter in mutPOC5 expressing cells 

(c). When exposed to stress, cilia were retracted, and  almost lost in both NOB and mutPOC5 

osteoblasts (b, d). Acetylated-α-tubulin (red) and DAPI as counterstain (blue). Scale bar 20μm. 

Magx40. B) Cilia length in NOB and mutPOC5 cells non exposed and exposed to stress. 

Mechanical stress significantly affected NOB and mutPOC5 cilia length. In the absence of 

stress, NOB had longer cilia than cells exposed to stress (*p < 0.01). MutPOC5 expressing 

cells non exposed to stress had initially shorter cilia than NOB cells (***p < 0.001). 

Mechanical stress significantly reduced cilia length in mutPOC5 cells (**p < 0.005). B) 

Quantitation of changes in percentage of ciliated cells. The histogram shows the percentage of 
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total cilia in NOB and mutPOC5 cells non exposed and exposed to stress. Application of 

mechanical stress on NOB didn't significantly reduce cilia number. However, in mutPOC5 

cells, following mechanical stress both 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 induced differential subcellular localization of TRPV4. 

HeLa cells that are either expressing mock empty vector (a, b), wtPOC5-myc tagged vector (c, 

d) and mutPOC5-myc (e, f) tagged vector were induced by stress and the subcellular 

localization of TRPV4 was studied. In wtPOC5 expressing cells, mechanical stress application 

induced cytoplasmic localization of TRPV4 (d). However, in mut POC5 expressing cells, 

TRPV4 has nuclear expression as punctate pattern (f). Scale bar 20μm. Magx40. 

 

Figure 11: Altered staining of TRPV4 in the CC and RGCL in mutpoc5 zebrafish retina. 

a, b) In vivo, zebrafish retina of wtpoc5 and mutpoc5 were stained with trpv4 and acetylated-

α-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 the mutpoc5 retina. i) Diagram 

representing the length of connecting cilium (CC) in the retina of wt and mutpoc5 retina. 

Reduced cilium length in mutpoc5 retina (****p<0.0001). Cilium length was measured using 

ZEN software. P values was determined using t-test. OS: outer segment layer, CC: connecting 

cilium , RGCL: retinal ganglion cell layer. 

  

 Figure 12: Annexin 5 staining confirm the degeneration in the RGCL. Retinas of wtpoc5 

and mutpoc5 zebrafish were stained with annexin5, a marker for apoptosis. There is strong 

expression of annexin 5 in the outer segment layer (OS), connecting cilium (CC)  and retinal 

ganglion cell layer (RGCL) in the mutpoc5 retina. Very low expression of annexin 5 was 

detected in the OS, CC of wtpoc5 zebrafish. Scale bar 20μm. Magx40. 

 

Figure 13: Proposed model for the differential effects of mechanical stress on different 

signalling pathways in wtPOC5 and mutPOC5 cells. In normal cells, mechanical stress 

activates the TRPV4 and as a consequence several pathways are activated including MAPK, 

PKA and NF-κB. These pathways regulate apoptosis, mineralization and activation of the 

COX2. All of this is important for the maintenance of normal bone density. However, in 

mutPOC5 expressing cells, there is deregulation of the MAPK pathways that causes increased 

apoptosis, lower mineralization due to downregulated osteopontin levels that end up in lower 

bone density. 
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Tables: 

 

Primer Name Primer Sequence 
Product 

Size 

GAPDH_S 5AGGAGTAAGACCCCTGGACC3 111bp 

GAPDH_AS 5GGAGATTCAGTGTGGTGGGG3 

TRPV4_S 5ATGAGAGTGGCACCCCAGG3 285bp 

TRPV4_AS 5GGTGACGATAGGTGCCGTAG3 

POC5_S 5CATGTCAGAGCCAGACAGGA3 96bp 

POC5_AS 5GGAACGCCAGACTTTCCAGA3 

TUBA_S 5ACGTGCCTTTGTTCACTGGT 3 180bp 

TUBA_AS 5AGCAGCACCTTTGTGACGTTT 3 

ALP_S 5ACACCTGGAAGAGCTTCAAACCGA3 401bp 

ALP_AS 5TCCACCAAATGTGAAGACGTGGGA3 

OSTEOCALCIN_S 5ACACTCCTCGCCCTATTG3 249bp 

OSTEOCALCIN_AS 5GATGTGGTCAGCCAACTC3 

RUNX2_S 5TCCGGAATGCCTCTGCTGTTATGA3 239bp 

RUNX2_AS 5ACTGAGGCGGTCAGAGAACAAACT3 

OSTEOPONTIN_S 5CAGCCATGAATTTCACAGCC3 307bp 

OSTEOPONTIN_AS 5GGGAGTTTCCATGAA GCCAC3  

 

Table 1: List of primers used in qPCR.
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Antibody name Species Source Dilution factor Product 

size 

Anti-POC5 

antibody 

[EPR14000-76] 

- N-terminal 

Rabbit Abcam 1/250 63kDa 

GPR128 Rabbit Thermo scientific 1/250 83kDa 

Acetylated-α-

tubulin 

Mouse Sigma-aldriche 1/1000 55kDa 

NFκB p65  

(C-20) 

Mouse Santa Cruz 1/1000 65kDa 

Phospho-NF-κB 

p65 (Ser536) 

(93H1)  

Rabbit Cell signalling 

technology 

1/500 65kDa 

Phospho-p44/42 

MAPK (Erk1/2) 

(Thr202/Tyr204) 

Rabbit Cell signalling 

technology 

1/500 42/44 

kDa 

Phospho-p38 

MAP Kinase 

(Thr180/Tyr182)  

Rabbit Cell signalling 

technology 

1/500 43kDa 

TRPV4 Rabbit Protein tech 1/500 98kDa 

ESRβ Rabbit Santa Cruz 1/500 60kDa 

β-actin Mouse Santa Cruz 1/500 42kDa 

 

Table 2: List of Antibodies 
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CHAPTER IV: GENERAL DISCUSION 

 

AIS is the most common form of scoliosis (more common in girls than in boys), and 

understanding the molecular pathways involved in AIS pathogenesis remains controversial 

and challenging. Our study revealed the contribution of two genes (POC5 and ADGRG7) with 

regards to their regulation by E2 and to their expression in normal and AIS osteoblasts. This 

thesis demonstrated the role of mutated POC5 in a ciliopathy underlying AIS pathogenesis.  

 

In this thesis, I investigated the possible role of E2 and mechanical stress on human 

osteoblasts derived from AIS and normal patients. The two genes, POC5 and ADGRG7, were 

selected for this study based on a recent publication from our lab where POC5 and ADGRG7 

variants were identified in French families with scoliosis (Patten, Margaritte-Jeannin et al. 

2015). The role of E2 in AIS is not clear, but seems to be critical given that E2 interplays with 

several factors participating in the initiation, development and progression of AIS; E2 affects 

1) melatonin signaling, where there is a crosstalk between estrogen melatonin signalling, also, 

2) E2 impact bone formation and resorption; 3) E2 amplify the response to strain and hence 

can modulate the loads of the spine and vertebral growth alteration; and 4) gene defects at the 

level of estrogen receptors (e.g. polymorphisms of ESR1 gene [ERα]). 

 

In this work, we reported the role of POC5 in AIS cells (Manuscript 1 and 3) and the 

regulation of ADGRG7 by E2 (Manuscript 2). We found that the two genes are upregulated by 

E2 at the gene and protein levels in normal and in osteoblasts from patients with scoliosis with 

the c. C1268T (p. A429V) in POC5. This work is important since it sheds light on two genes, 

POC5 which is a centriolar protein that interacts with centrin and inversin genes (Azimzadeh, 

Hergert et al. 2009, Dantas, Daly et al. 2013) and ADGRG7 whose function is not well 

described yet. ADGRG7 is an adhesion GPCR where the function of this gene is poorly 

known. While no data confirms the causative relation between ADGRG7 and AIS, our 

hypothesis is that ADGRG7 is a contributer gene in AIS. 

 

We describe a new possible connection between E2 signalling pathway and the two genes in 

AIS. Through promoter studies, we identified the specific regions responsible for the 
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regulation of ADGRG7 and POC5. ADGRG7 was found to be regulated through indirect 

genomic signalling by SP1 and ESRα, while POC5 is regulated though direct genomic 

signalling through ESRα. Both genes were upregulated in normal osteoblasts and to lesser 

extent in AIS cells with the mutation (c. C1268T; p. A429V). 

 

Herein, we propose estrogen resistance mechanism in AIS. The idea of estrogen resistance is 

not original but the work on this topic is limited since previous reports found an estrogen 

resistance mechanism in humans carrying the mutation of the ESR gene. This mutation exists 

in exon 2 of ESR, a cytosine-to-thymine transition at codon 157 of both alleles, that results in a 

premature stop codon (Smith, Boyd et al. 1994). Male patients with this mutation had 

problems in bone development with clinical manifestations ranging from severely under 

mineralized skeleton with biochemical evidence of increased bone resorption and evidence of 

continued slow linear growth, markedly delayed skeletal maturation, and osteoporosis. On the 

other hand, in female, estrogen resistance resulted in the increased bone turnover (Quaynor, 

Stradtman et al. 2013). In our work, we found that cells overexpressing the POC5 mutation (c. 

C1268T (p. A429V) had lower mineralization rate than control cells (data not shown). This 

goes along with the fact that patients with AIS have low bone mineralization and osteopenia 

(Cheng, Qin et al. 2000). 

 

Overall, there is no data in literature that addresses the regulation of POC5 and ADGRG7 by 

E2, nor in the context of AIS or other skeletal disease.  

 

The progression of spinal deformity in AIS patients progresses mainly during puberty. During 

this period of life, there is significant fluctuation of E2 levels. E2 increased with age and 

pubertal stage, more in girls than in boys, and there is a correlation with the increased growth 

velocity (Eastell 2005). Both puberty and growth are interrelated and it is well known that the 

influence of E2 on puberty and growth is very complex. The levels of GH and E2 have 

positive correlation with prepuberty in girls and boys. The sensitivity of GH is upregulated in 

pubertal children by endogenous E2. Indeed, there is strong link between GH and E2 

throughout the female puberty period. 
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E2 exerts its effects through ESR whose expression was present in all maturation zones of the 

human growth plate during development and puberty. Increased secretion of estrogens and 

androgens are responsible for the pubertal growth spurt. The pubertal bone growth in females 

is induced by the hormone estrogen (Perry, Farquharson et al. 2008). Skeletal maturation and 

puberty affect curve progression and it’s associated with genetic variations. Both human 

osteoblasts and osteoclasts express the ESR gene and mutation in this gene is associated with 

bone loss and delayed skeletal growth in humans. Hence, this suggests that the estrogen 

response to skeletal and sexual growth is determined by ESR gene polymorphism, this can be 

reflected by several findings that ESR polymorphisms is related to curve progression in IS 

(Smith, Boyd et al. 1994, Inoue, Minami et al. 2002, Nikolova, Yablanski et al. 2015). This in 

turn strongly supports the hypothesis that E2 is indeed involved in the etiology of AIS 

indirectly through regulating genes like POC5 and ADGRG7 in addition to other genes to be 

investigated. 

 

We found that when we treat osteoblasts with E2, this caused multiPOC5 foci and POC5 

amplification as well as loss of cilia (Manuscript 3, Fig. 1). This goes along with the work on 

Plk4 which associates with centrioles, either in basal bodies or centrosomes. Over-expression 

of Plk4 during development led to increased numbers of centrosomes in the basal epidermis 

and a loss of primary cilia. A primary cilium was still able to form alongside additional 

centrosomes in some hair follicle cells after PLK4 overexpression but these primary cilia are 

abnormal in structure (Coelho, Bury et al. 2015). These findings complement our results on 

POC5. E2 treatment to osteoblasts causes POC5 amplification as well as the formation of 

abnormal cilia (Fig. 5) 
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Figure 5: Scheme showing the effects of E2 on POC5 expression and cilia. E2 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-α-tubulin). Dapi in blue, 

POC5 in green, Cilia in red. Scale bar 20 μm. 

 

Our finding corresponding to the regulation of POC5 and ADGRG7 regulation by E2 

(Manuscript 2 and 3) reflects the participation of E2 in AIS. Possibly, during puberty, E2 

regulate several genes, including POC5 and ADGRG7 in osteoblasts and given the role of 

POC5 in cell cycle, this might lead to defects in cell cycle and contribute to the pathogenesis 

of AIS. The disregulation of gene expression of POC5 and ADGRG7 in AIS could be one of 

the many contributing factors in AIS pathogenesis. SP1 mutations in collagen was found in 

osteopenic patients (Grant, Reid et al. 1996). Estrogen regulates collagen 1 expression, where 

in osteoblasts, E2 upregulates collagen 1 expression (Ernst, Schmid et al. 1988, Ireland, Bord 
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et al. 2002). We showed that both genes are expressed in control osteoblasts at higher level 

than in AIS cells. Both genes are upregulated by E2 (Fig. 6), but the significance of this 

upregulation and the exact roles of these genes in bone and skeletal development are still 

obscure. Our results suggest the implication of both POC5 and ADGRG7 in a role of the 

differentiation of skeletal elements and structural integrity of the vertebrae. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Model of POC5 and ADGRG7 transcriptional up-regulation following E2 exposure. 

Upon E2 exposure, ERα is activated and binds to the ADGRG7 promoter through Sp1 binding 

sites. For POC5, there is direct binding of ERα promoter. The outcome is upregulation of 

ADGRG7 and POC5. The physiological impact of upregulation of POC5 and ADGRG7 are yet 

to be investigated. 

 

E2 

ER#

ERα 

ERα 

E2 

E2 

E2 

ERα 
ERα 

E2 

SP1 

ADGRG7 
Transcription activation 

+1 

POC5 
+1 

Transcription activation 
ERα ERα 

E2 E2 

Puberty 

E2 peak 

! !Scoliosis#progression#
! #Deffects#in#cell#adhesion#?#
! Deffects#in#cytoskeleton#

! Deffects#in#mechanosensa9on#?##
ERE mode S

P
1
 m

o
d

e 
Nucleus 

Cytoplasm 

	 

 Scoliosis 

progression? 

 Defects in cell 

adhesion? 

 Defects in 

cytoskeleton? 

 Defects in 

mechanosensation 

? 

 

 



 

225 

An important finding of our work is that POC5 is a ciliary protein and the mutation (c. 

C1286T; p. A429V) that was found in scoliotic patients affects the subcellular localization of 

POC5 with respect to cilia (Manuscript 1). The wtPOC5 was found to be located at the base of 

the cilium as detected by immunoflourescence. High expression level of acetylated-α-tubulin 

(cilia marker) was associated with wtPOC5 but not mutPOC5. By cell fractionation of 

cytoplasmic and nuclear proteins, we showed that wtPOC5 is expressed in both nuclear and 

cytoplasmic fractions with higher expression in the cytoplasm, while the mutPOC5 is solely 

expressed in the nucleus (Manuscript 1, Fig. 6). Several ciliary proteins were found to be 

interacting with wtPOC5 and not with mutPOC5. POC5 is known as a centriolar protein 

interacting with centrin (Azimzadeh, Hergert et al. 2009), however its role in cilium is not 

very well described. The importance of our work is that it introduces POC5 as a ciliary gene 

that is located at the base of the cilium (as confirmed by centrin2 staining, Manuscript 1, Fig. 

5). POC5 wt localized with centrin but the POC5 mut was detached from centrin. Not only in 

vitro, but also in vivo in zebrafish, we observed defect in colocalization between centrin and 

poc5 in mutpoc5 zebrafish retina (Manuscript 1, S6). Also, we confirm by CoIP several ciliary 

proteins interacting with POC5. Our work is the first work to address the function of POC5 

and the effect of gene mutations in POC5. Recently, several work was focused in identifying 

the role of POC5 in scoliosis. Recent work from our lab identified POC5 gene as a causative 

gene in AIS (Patten, Margaritte-Jeannin et al. 2015). POC5 knockdown in zebrafish generated 

scoliosis. However, the impact of mutation at the level of protein was not investigated.  

 

Further work also investigated the correlation of POC5 with retinitis pigmentosa (Weisz 

Hubshman, Broekman et al. 2017). In zebrafish with poc5 knockdown, there was retinal 

dysfunction, no scoliosis phenotype was reported in this study. It is very possible that different 

mutations in the same gene have different phenotype outcomes. This is a typical feature of 

ciliopathy diseases. Ciliopathies are characterized by having a broad range of phenotypic 

variability and many clinical features with renal, retinal, hepatic as well as skeletal defects and 

central nervous system developmental defects. Phenotypic variability is explained by the fact 

that mutation in some genes can result in a number of clinically different outcomes where at 

the same time mutation in many genes can give rise to the same ciliopathy. Moreover 

phenotypic variability is also explained by the fact that different ciliopathic diseases share the 
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same phenotype (Satir 1995). In our work, we connect the ciliary abnormalities association 

with POC5 mutations described in scoliotic patients. We also describe the differential proteins 

interacting with wtPOC5 or mutPOC5. Indeed, there is a link between cilia, POC5 and 

scoliosis which we investigated in this study that have not been identified before. 

 

The effect of mutations on protein structure can modify the protein-protein binding. Usually 

these modifications result in an abnormal protein interaction. Thus, the POC5 protein structure 

and biological function could be affected by functional mutations that were found in AIS 

patients. In our study, several ciliary proteins were found to be associated with wt but not 

mutPOC5 such as CEP 290, Desmocollin 1, Isoform 2 of Annexin A2, Tubulin beta chain, 

Septin 9, Cystatin-A and CKAP5 protein. These proteins have well described functions with 

respect to cilia (McEwen, Koenekoop et al. 2007, Tsang, Bossard et al. 2008, Papon, Perrault 

et al. 2010, Anand and Khanna 2012, Rachel, Li et al. 2012, Kobayashi, Kim et al. 2014, 

Rachel, Yamamoto et al. 2015). This emphasizes the finding that POC5 is a ciliary protein. 

Other proteins were also found interacting exclusively with wtPOC5 but not mutPOC5. Some 

of these proteins are cell adhesion proteins like Seprin B5, Zinc –alpha-2-glycoprotein and 

ribosomal L1 domain–containing protein 1. Other proteins are RNA processing like nuclear 

RNA export factor 1, nuclear protein 58, splicing factor 3A subunit 1 and 2, ATP-dependent 

DNA helicase Q1. Some proteins are involved in cell cycle and cytokinesis like E3 

ubiquitinin/ISG15 ligase TRIM 25. There were also extracellular protein like lacritin, collagen 

type IV and suprabasin (Manuscript 1, Table 1). With respect to the proteins interacting with 

mutPOC5, only 5 proteins were found to be interacting exclusively with mutPOC5. Two 

proteins are involved in inflammation like Amino peptidase B and poly (ADP-ribose) 

polymerase family, member 1 (PARP1) (Soderling, Knuttila et al. 1977, Altmeyer and 

Hottiger 2009). Golgi resident protein GCP60 which is involved in apoptosis and regulation of 

asymmetric cell division and another protein partner protein disulfide isomerase A4 that is 

related to neuro degenerative disease involving protein misfolding and is upregulated 

following ER stress, (Fan, Liu et al. 2010, Galligan and Petersen 2012, Kaplan, Gaschler et al. 

2015) were found to be interacting with mutPOC5 only which suggests that AIS pathogenesis 

could be due to POC5 protein misfolding. Another interesting protein was found among 

proteins exclusively interacting with mut POC5: DNA FLJ53595. DNA FLJ53595 is highly 
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similar to iduronate 2-sulfatase that was reported to be related to Hunter syndrome. Hunter 

syndrome is a very rare, inherited genetic disorder caused by a missing or malfunctioning 

enzymes, characterized by orthopaedic manifestations such as scoliosis and kyphosis (Wilson, 

Morris et al. 1990, Roberts and Tsirikos 2016) (Manuscript 1, Table 2). 

 

The originality of our work presented in the Manucript 1 is the revelation of POC5 as a ciliary 

gene, and its localization at the base of the cilium. We also found that the mutation in POC5 

(c. C1268T; p. A429V) affects the type of proteins interacting with the protein. Little is known 

about the localization of POC5 with respect to cilia and the effect of mutation that was 

described in Patten et al (Patten, Margaritte-Jeannin et al. 2015) on the protein POC5. In this 

work, we identified new binding partners for POC5 in addition to the already known partners 

(Fig.7) (Szklarczyk, Morris et al. 2017). Also, we found that the mutation of POC5 (c. 

C1268T; p. A429V) affects its interaction with ciliary proteins. Most of the proteins that we 

identified in our work interacting with POC5 are novel. Little is known about the proteins 

partners of POC5. POC5 is known to interact with centrin 2 and centrin 3 (Azimzadeh, 

Hergert et al. 2009). The significance of our work is that it helps understand the function of 

POC5. The fact that POC5 interacts at high levels with ciliary proteins shedslight on the 

possible roles of POC5 in ciliogenesis as some of these proteins like RAB11 are essential for 

the formation of cilia (Westlake, Baye et al. 2011). Other proteins like galectin 3 and 7 have 

important functions in the biogenesis and function of cilia (Rondanino, Poland et al. 2011). An 

important partner of POC5 identified in this study is CEP290. Mutation in the gene CEP290 

results in different disease outcomes like JBS, Joubert syndrome, and MKS, a Meckel–Gruber 

syndrome and BBS, Bardet–Biedl syndrome. CEP290 is known to be an important component 

of the primary cilium, localizing to the Y-links of the ciliary transition zone and having a role 

in the regulation of transport in and out of the ciliary compartment (Craige, Tsao et al. 2010). 

MKS and JBTS are ciliopathies caused by mutations in genes encoding proteins that are 

components of the primary cilium and basal body. Common phenotypes observed in both 

syndromes are retinal disease and scoliosis. Septin 9 wih other septins were found to 

colocalize along the axoneme in the primary cilium and control ciliary length (Ghossoub, Hu 

et al. 2013). All of these facts shedlight on the significance of our finding, and help understand 
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the mechanisms through which scoliosis develops in patients with POC5 mutations. This in 

turn opens new avenues to uncover in the future.  
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Figure 7: Proteins interacting with POC5 as determined with string database in addition to 

proteins we identified in this study. Under normal conditions, POC5 is located at the base of 

the cilium and interacting with other ciliary proteins like CEP290, RAB11, CKAP5, SEPTIN9 

and tubulin. The 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. 2017). 
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We also performed in vivo work, in zebrafish wtpoc5 and mutpoc5. Our work focused on 

identifying defects in the retina in scoliotic zebrafish. Indeed, we found that, retina of mutpoc5 

zebrafish had missing outer segment layer and several defects at the level of rods, cones and 

retinal pigmented epithelium. By immunofluoresence using specific marker, for the cone 

layer, we found that cones are absent from the mutpoc5 retina, rod layer has reduced thickness 

while no defect was observed in wtpoc5 retina. We are not the first to present retinal defects in 

mutpoc5 retinas. Very recently, work by Weisz et al (Weisz Hubshman, Broekman et al. 

2017), POC5 nonsense mutation (c.304_305delGA [p. D102*]) was found to be associated 

with retinitis pigmentosa (RP). Retinitis pigmentosa is a retinal degeneration disease 

characterized by the loss of rods and then followed by cone loss and blindness. In the work by 

Weisz et al, zebrafish with the morpholino knockdown of poc5 a shorter outer segment layer 

in the retina concomitant with the decreased visual motor response (VMR) was observed, a 

measurement of retinal function. In this last work, retina structure (histology) was not shown 

and the spinal deformity was absent. In contrast, the zebrafish model expressing mutPOC5 

mRNAs, of any of the 3 human IS-associated POC5 variant mRNAs resulted in spine 

deformity (spine curvature and rotation reminiscent of IS), without affecting other skeletal 

structures (Patten, Margaritte-Jeannin et al. 2015). In our model, the defect was not only at the 

level of outer segment layer but also there was clear absence of cones but the exact 

significance of these observations needs to be further clarified, particularly with respect to the 

primary cilia that display a highly dynamic behavior during the early retinal differentiation. 

Also, recently, mutations in ptk7 in zebrafish model was found to cause scoliosis and these 

mutant zebrafish revealed defects in cerebrospinal fluid and abnormalities in motile cilia 

(Grimes, Boswell et al. 2016).  

 

The zebrafish represents a valuable model organism for studying scoliosis and also for the 

human ocular disease; it is utilized in eye research to understand underlying developmental 

processes, and it is well known that zebrafish eyes are functionally, physiologically and 

morphologiclay similar to humans eyes. Unlike mice, the larval zebrafish at 15 days post 

fertilization (dpf) or younger is also considered cone-dominant as its rods do not contribute to 

vision. Based on absorption spectra and morphology, cones are distributed into red- and green 

sensitive cones are fused at the level of the inner segment and form double cones, while the 
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ultraviolet (UV) and blue sensitive cones are separate and function as short and long single 

cones, respectively. Therefore zebrafish are, in contrast to humans, tetrachromats that are 

sensitive to light in the ultraviolet range. The cones mediate vision at bright light levels, while 

rods being functional at low light conditions (Gestri, Link et al. 2012) (Fig. 8). In the 

upcoming paragraph, I will elaborate the function of cones specifically the double cones. I will 

focus on double cones because they appeared to be defective in our zebrafish model of 

scoliosis and it is necessary to discuss the function of this retinal structure in vision in 

zebrafish. 

 

DCs, consist of pairs of closely apposed principal and accessory members which act as a 

single functional unit and are thought to mediate luminance detection that is used for motion 

perception. Double cones are absent from placental mammals and they use a single set of 

cones for both functional purposes. However, DCs dominate the cone photoreceptors in fish, 

reptiles and birds. Based on several studies, DCs do not participate in colour vision. In fish, 

while single cones (SCs) certainly contribute to colour vision, DCs are likely to be involved in 

achromatic tasks, such as luminance, motion and polarization vision. The analysis of colour 

thresholds in some birds suggests that DCs do not participate in colour vision and it has been 

demonstrated that the long wavelength-sensitive visual pigment housed in DCs are responsible 

for the motion vision in goldfish and chickens (Pignatelli, Champ et al. 2010). Summation of 

the signals of individual members of DCs would be beneficial for luminance vision, as this 

would broaden the spectral sensitivity and improve the ability of fish to detect targets 

contrasting to background in different parts of the spectrum (Fig. 8) (Pignatelli, Champ et al. 

2010). Based on these facts, it explains why our zebrafish didn't have vision problems. In our 

model, we observed absence of double cones and this suggests that the problem in scoliosis is 

not vision but rather the perception of environment. Confirming this hypothesis, AIS patients 

were found to have problems in stability in standing position and maintaining postural sway 

(Nault, Allard et al. 2002). The instability in body balance could be corrolated to alteration in 

sensory signal processing (Machida, Dubousset et al. 1994, Guo, Chau et al. 2006, Lao, Chow 

et al. 2008). Also, when compared to healthy children, the scoliotic patients were found to 

have significantly poorer postural control suggesting that postural disequilibrium could be a 

causative factor in AIS (Sahlstrand, Ortengren et al. 1978). 
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In our work, we found that cilia are retracted in scoliotic osteoblasts (Manuscript 1, Fig.2). 

Control cells had normal cilia while scoliotic cells expressing the mutation in POC5 (c. 

C1268T; p. A429V) showed retracted cilium (Fig. 9) and the cells were blocked in S phase. In 

recent work by Oliazadeh et al, it was found that cilia in IS cells are significantly longer 

(Oliazadeh, Gorman et al. 2017). In this work, exome sequencing was performed and several 

genes that are involved in mechanotransduction were identified like CLASP1, CD1B and LYN, 

SUGT1 and HNRNPD. The identified genes have roles connected to actin, cell cycle and 

proliferation, and centrosome organization (Oliazadeh, Gorman et al. 2017). Our work reveals 

the consequence of POC5 mutation at the cellular level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Structure of adult zebrafish retina. A) Microphotograph of a cross-section 

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 shows the six neuronal cell 

types and the two supporting cell types (Müller glia and retinal pigmented epithelium). 

Adapted from Gramage et al. (Gramage, Li et al. 2014). In A, the scale bar = 25μm. 

 

	 Figure 8: Structure of the adult zebrafish retina. A) Microphotograph of a cross-section 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 shows the six neuronal cell types and the two supporting cell types (Müller 

glia and retinal pigmented epithelium). In A, the scale bar = 25µm. 
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As a possible effect of mutation in POC5, scoliotic cells are blocked in S phase as detected by 

the staining of POC5. Recently, it was found that hPOC5-depleted HeLa cells are blocked in S 

phase. The cells were treated with hPOC5 siRNA and as a consequence there was an increase 

in the proportion of S-phase cells (46% compared with ∼30% in controls Brdu incorporation 

assay) confirming thus, the abnormal cell cycle progression. The defect in S-phase progression 

was not observed after simultaneous depletion of hCen2 and hCen3 or after depletion of hSfi1, 

which is the human homologue of yeast Sfi1p, suggesting that progression through S phase is 

specifically affected by hPOC5 depletion (Azimzadeh, Hergert et al. 2009). Interestingly, in 

addition to the arrest of cells expressing the mutPOC5 in S phase, these cells displayed 

apoptotic and inflammatory proteins interacting with mutPOC5 (mass spectroscopy results, 

Manuscript 1, Table 2) 

 

It is well known that ciliogenesis initiation occurs when the cell enters quiescence, while the 

cilia retraction occurs once the cell enters the cell cycle (Inaba, Goto et al. 2016). The human 

enhancer of filamentation1-Aurora A-histone deacetylase-6 (a scaffolding protein) (HEF1-

Aurora A-HDAC6)-dependent mechanism is responsible for cilia resorption and it just 

proceeds cell cycle re-entry. Centrosomal protein CP110 interacts with Cep97, CEP290, and 

Rab8a to suppress ciliogenesis or centriolar length through interactions with centromere 

protein J (CENPJ also known as CPAP). 

 

CP110 and CENPJ are expressed in a cell cycle-dependent manner. Missing-in-Metastasis 

(MIM) is a protein that is regulated by cell cycle, and it functions antagonistically to the actin 

regulator cortactin to keep a normal level of ciliogenesis. Finally, a subset of centrosomal 

proteins have been shown to be required for both cell cycle progression and ciliogenesis (Kim, 

Zaghloul et al. 2011). The fact that scoliotic osteoblasts are blocked in S phase as detected by 

the subnuclear expression of POC5, could explain why cilia is retracted in these cells (Fig. 9). 

Also, we found that scoliotic osteoblasts have lower mineralization rate and delayed 

proliferation than normal osteoblasts (Data not shown). 
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Figure 9: Comparison of the cilium structure between normal and AIS osteoblasts (c. 

C1286T; p. A429V). Our hypothesis is that POC5 is localized in normal osteoblasts at the 

base of the cilium and co-localize with other ciliary proteins such as CEP290 and centrin. Like 

other adhesion GPCRs, ADGRG7 is expressed at the membrane of the cilium and has a 

function in mechanosensation. In human osteoblasts expressing POC5 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: DAPI). 

 

In addition to the defects detected at the retina level, we also observed anomalies in the 

steriocilia. POC5 and acetylated-α-tubulin colocalize in the ear of wtpoc5 and shows strong 

staining. However, in mutpoc5 ear, there was lower staining observed for both proteins. Also, 

the cellularity of the ear was decreased in mutpoc5 as compared to wtpoc5 (Manuscript1, S5). 

Supporting the possible role of vestibular system in AIS, another intriguing in vivo mutant 

zebrafish model was reported; kif6 mutant zebrafish, new zebrafish mutant, called skolios, 

were shown to develop spinal deformity that parallels many aspects of human idiopathic 

scoliosis. This mutant had abnormalities in otolith number (Buchan, Gray et al. 2014). In 

several animal models, including guinea pigs, tadpole, frog, rabbits, chicken and lambs 
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(Monticelli, Ascani et al. 1975, De Waele, Graf et al. 1989), research was focused on 

identifying possible links between vestibular system and AIS. The vestibular system includes 

the cochlea and the labyrinth that is included in the otic capsule of the temporal bones. The 

inertial sensors of the vestibular system include the three semicircular canals and two otolith 

organs.  

 

The utricle and saccule are present within the vestibule and their function is the sense linear 

accelerations of the head, steriocilia act as mechanosensing organelles of hair cells and play a 

role in the response to fluid motion in numerous types of animals for various functions, 

including hearing and balance. In Xenopus, vestibular asymmetry was linked to the scoliosis 

(Lambert, Malinvaud et al. 2009). In this animal model, scoliosis was experimentally induced 

by unilateral removal of the vestibular organs in larval Xenopus, clearly showing the causal 

link between imbalance and spinal deformity.   

 

Idiopathic scoliosis patients were found to have defects in the morphology of semicircular 

canal that is part of the inner ear (Patten and Moldovan 2011). This in turn might have an 

effect on the way the body responds to sensory signals, thus resulting in imbalance of the 

neuronal circuit. The overall consequence would be the initiation of spine curvature. Indeed, 

our observation (ear cilia defect in the ear of  mutpoc5) also suggests a link between the ciliary 

defects/vestibular system and AIS. We have performed staining for acetylated tubulin and 

poc5 in the zebrafish and we found colocalization of both proteins in wt but not mutpoc5 ear 

as well as reduced cellularity in mutpoc5 zebrafish (Manuscript 1, S5).   

 

Another important aspect of the project was the understanding of the molecular mechanisms 

of mechanical stress on gene regulation in AIS (Manuscript 4). There exist a strong correlation 

between bone morphology and mechanical load described by Wolff’s law. The regular loading 

in the bone ensures that maintenance of its integrity and the repair of any damage. However, in 

scoliosis, curvature of the spine leads to asymetrical loading on the spine and as a consequence 

results in asymmetrical growth and progression of scoliosis during skeletal growth (Stokes 

2008). There are several benefits for the biomechanical signals. Biomechanical signals are 

essential for bone homeostasis, growth, adaptation, healing and remodeling. Signal 
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transduction pathways are activated by mechanical signals, these pathways include the MAPK 

signal pathway. The extracellular signal-regulated kinase (ERK), c-Jun N-terminal 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 several cell types, including osteoblasts. Until now, it’s not clear how the cells 

convert the mechanical signal into a biological signal (Yan, Gong et al. 2012). 

 

Indeed, in this work, we found differences in the signalling pathways (MAPK p38, NF-κB) 

activation in normal control cells and cells expressing the POC5 mutation (c. C1286T; p. 

A429V). We also report the involvement of the TRPV4 channel in the regulation of the 

described pathways. We propose a model for the difference in the signalling pathways 

activation in the response to stress in normal situation and in AIS (Manuscript 4, Fig. 12). 

For the application of mechanical stress, we have developed a method in the lab to apply 

mechanical force on cells using weight of 1g/cm2. TRPV4 seems to play an essential role in 

the activation of different signalling pathways tested. 

 

Mechanical stress also had effects on the ciliary length and subcellular localization of TRPV4 

channel that go along previous work studying the effect of mechanical stress on cilia, where 

primary cilia were found to be shorter and less in number after exposure to periods of OFF 

compared with static controls (Delaine-Smith, Sittichokechaiwut et al. 2014). There is 

increasing hypothesis that the primary cilium functions as mechanosensor in bone. However, 

little is known about the connection between primary cilium and its ability of sensation of 

mechanical stress and bone formation. Defects in sensory function of the primary cilium were 

associated with a number of musculoskeletal diseases, including osteoarthritis (Temiyasathit, 

Tang et al. 2012) and osteoporosis (Delaine-Smith, Sittichokechaiwut et al. 2014). 

 

Our work presented in manuscript 4 shows the possible involvement of TRPV4 in scoliosis. 

The TRPV4 is a receptor operated ion channel activated by mechanical stress. In osteoblasts, 

during cell differentiation, TRPV4 expression is enhanced and changes in response to 

mechanical load (Liedtke 2007). Mutations in TRPV4 channel (R616Q and V620I) have been 

associated with a skeletal dysplasia named Brachyilmias, where scoliosis is a secondary 
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phenotype (Everaerts, Nilius et al. 2010, Nilius and Voets 2013).  By immunocytochemistry, it 

was found that TRPV4 channel is a stretch-activated Ca2+-permeable channel and it localizes 

to the primary cilium and plasma membrane. The knockdown of TRPV4 channel lowered the 

Ca2+ release in the cilium induced by loading. These findings make TRPV4 as an interesting 

pharmacologic target bone loss disease (Lee, Guevarra et al. 2015). Because mechanical strain 

plays a critical role in the proliferation, differentiation and maturation of bone cells, we were 

interested in studying the effect of mechanical load on cell apoptosis. Our finding shows that 

there was induced apoptosis in normal osteoblasts (Manuscript 4, Fig. 8) and it goes along 

with previous finding where large magnitude stretch induced apoptosis of osteoblasts (Song, 

Wang et al. 2016). 

 

An important aspect of mechanical loading is that it regulates the bone structure and bone 

mass. It was shown that mechanical loading have anabolic effects while unloading of bone 

have bone resorbing effects (Villemure and Stokes 2009, Klein-Nulend, Bacabac et al. 2012). 

The mechanical forces exerted on the bone during physical activity are the consequence of 

both ground reaction forces and by the contractile activity of muscles. As a result, this not only 

contributes to the maintenance or gain of bone mass, but also to the adaptation of bone 

structure. On the other hand, in the absence of loading, there is loss of bone mass, in situations 

like bed rest (Klein-Nulend, Bacabac et al. 2012). As mentioned earlier in the introduction that 

one of the contributing factors to scoliosis progression is mechanical forces. The vicious cycle 

theory describes the cause of the progression of scoliosis that is the result of biomechanical 

factors modulating spinal growth. As described by Stokes, the asymmetrical load on the spine 

can result in small lateral curvature of the spine and as a consequence leads to asymmetrical 

growth (Stokes 2008). Given the fact that scoliotic patients have low bone density and the 

significance of the mechanical factor, this prompted us to study the impact of the mutation in 

POC5 in the response of osteoblasts to mechanical stress precisely on osteoblast 

mineralization. Our results (Manuscript 4, Fig. 4 and 5) show that there was increased 

mineralization of osteoblasts as well as increase in osteogenic markers. The mineralization of 

mutPOC5 cells was lower than in normal osteoblasts (NOB). This in turn helps us understand 

the impact of mutation in patients with AIS on bone. Hence, under normal conditions, 

mechanical load induces bone formation. However, in AIS, in patients carrying the POC5 
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mutation (c. C1286T; p. A429V), we observed low response of bone cells to the mechanical 

load. 

 

In the present thesis, we have presented work on the role of estrogens (Manuscript 2 and 3) 

and mechanical stress (Manuscript 4) in AIS cells, and we propose a possible connection 

between these two factors. For E2, there was differential effects of E2 on the regulation of 

both ADGRG7 and POC5 at the protein and gene levels in NOB and AIS cells. On the other 

hand, studying the effects on mechanical stress, there were also different effects of stress on 

NOB and mutPOC5 cells. This suggests that E2 and mechanical stress activated pathways are 

different in NOB and AIS different signalling pathways activated by E2. We have studied both 

factors independently, although there are studies showing that these factors are connected to 

each other (Rodan 1991, Joldersma, Klein-Nulend et al. 2001, Yeh, Chiu et al. 2010).  The 

difference in the action of mechanical stress acting locally while E2 as a systemic hormone 

makes E2 as a significant modulator of bone mass where it can upregulate the effect of local 

loading and downregulate the effect of unloading. The signalling pathway through which E2 

exerts its effects on bone is still unclear (Joldersma, Klein-Nulend et al. 2001). However, 

previous findings show that weight-bearing exercises did not increase bone mass in 

amenorrheic female athletes and in postmenopausal women which confirms the relationship 

between E2 and mechanical load (Rodan 1991). Supportive evidence was obtained from 

patients with osteoporosis where the mechanosensitivity of osteocytes is low and E2 

deficiency causes reduced response to stress (Rodan 1991). It was found that E2 modulates 

bone cell mechanosensitivity. This occurs through different pathways through upregulation of 

prostaglandin E2 (PGE2) independently from COX1. E2 increased the sensitivity of the bone 

cells to mechanical loading and enhanced cell signalling in osteoblasts induced by mechanical 

load (Joldersma, Klein-Nulend et al. 2001). Also, E2 alleviated the response of signal 

transduction and gene expression to shear stress in MG63 cells (Yeh, Chiu et al. 2010). An 

interplay between both E2 and mechanical stress factors in the pathogenesis of AIS, could be 

proposed. Scoliotic osteoblasts response to E2 and to mechanical stress was lower than the 

response of control normal cells, and we hypothesize that scoliotic cells carrying the mutation 

(c. C1286T; p. A429V) in POC5 have reduced response to the mechanical stress (load). 
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However, is still unclear how these mechanisms occurs, and what is the impact of POC5 

mutation on these pathways.  

 



 

 

CHAPTER V: GENERAL CONCLUSION  

 

In this work, we have addressed several factors that have been described to be possibly 

contributing factors in AIS. These factors included ciliary defects (Manuscript 1), hormonal 

(E2) (Manuscript 2 and 3) factors and biomechanical factors (Manuscript 4). 

 

Manuscript 1: Our work defined the ciliary location of wtPOC5 together with other ciliary 

proteins and the significance of the role that the cilia plays in the pathogenesis of AIS. There 

seems to be an important influence of ciliary defects on cell cycle fate. Not only in vitro but 

also in vivo studies confirm the ciliary defects in AIS at the retinal system. The connecting 

cilium of the retina is retracted in mutpoc5 zebrafish. Hence, these results suggest that it is 

possible that the sensation of environment and balance in AIS patients could be impaired. 

 

Manuscripts 2 and 3: Up to now, several groups tried to understand the involvement of E2 in 

AIS pathogenesis. The most interesting question asked over decades is why girls are more 

affected than boys and why is puberty the period during which AIS is predominantly 

progressing in girls. This thesis reports the effects of E2, with respect to the gene regulations, 

human cells from normal (control) and AIS patients. In the presented thesis, we showed that 

estrogen plays an important role in the regulation of two genes POC5 and ADGRG7. The role 

of POC5 in AIS is growing and developing while the involvement of ADGRG7 in AIS is still 

missing. However, based on our findings, there seems to be a differential regulation of POC5 

and ADGRG7 by E2 in normal and AIS osteoblasts, suggesting a phenomenon of E2 

resistance in AIS.   

 

Manuscript 4: Finally, we studied the influence of mechanical stress on normal osteoblasts and 

cells expressing the mutation in POC5. Our results suggest differential impact of mechanical 

stress on normal and mutPOC5 cells. At the cellular level, we revealed differential response of 

mutPOC5 cells to the stress. This supports the implication of biomechanics in cellular 

response of bone cells, and we postulated a resistance mechansism in AIS. 

 



 

241 

To generally conclude, our work unravels some of the critical aspects of the molecular 

mechanisms involved in AIS pathogenesis. Based on the results presented in this thesis, we 

conclude that cellular mechanisms of this multifactorial pathology are still complex; defective 

genes, differential response of normal osteoblasts and cells with mutation in POC5 to E2 and 

to mechanical stress as well as ciliary defects would all contribute to AIS. We focused on two 

genes (ADGRG7 and POC5) and their regulation by E2 and mechanical stress. Also, we 

emphasize the role of POC5 as a ciliary gene that as well as the contribution of POC5 gene 

variant (c. C1286T; p. A429V) to the primary cilia anomalies in scoliosis.  

 

E2 deficiency was reported in girls with AIS and there was correlation between E2 levels and 

AIS (Esposito, Uccello et al. 2009, Kulis, Gozdzialska et al. 2015). Identification of the 

contribution of E2 would help to understand how AIS develops during skeletal growth and the 

improvement of new therapeutic interventions. Thus, this clinically put emphasis on the role 

that estrogen hormone plays in AIS. Examination of estradiol would help in the diagnosis and 

prognosis spinal pathologies associated with AIS. 

 

On the other hand, the mechanical factor has several effects on the growth plate and its 

structural proteins biocomposition (Valteau, Grimard et al. 2011, Benoit, Mustafy et al. 2016, 

Kaviani, Londono et al. 2018). Understanding the mechanism of action of mechanical stress at 

the cellular level, and the impact of mutation of POC5 in AIS is an important step in the 

development of fusionless treatment of scoliosis.  

 

Finally, as discussed in the following thesis, several symptoms in AIS patients like problem in 

environment perception are not well understood. Deffects in the cilia of retina and ear can help 

understand the cause behind these phenotypes. Developing tests for the assessment of the 

ciliary defects would be a great tool for the diagnosis of AIS severity. We have discussed each 

of these points (mentioned above) separately in different manuscripts, however, there is 

correlation between all these factors, between mechanical stress, E2 and cilia. Thus, 

understanding how they contribute to AIS will help unravel the puzzle of AIS, and improve 

treatment options. 



 

 

CHAPTER VI: FUTURE PERSPECTIVES AND LIMITATIONS 

 

The work of this thesis covers different aspects of the pathogenesis of AIS and discussed 

factors that have been suggested to play roles in the onset and/or the progression of AIS.  In 

addition to the results presented here, this thesis opens new avenues: Future investigations are 

needed in order to confirm the exact role of POC5 and ADGRG7 in AIS, in vivo, in a more 

robust animal model of AIS, in AIS patient-derived cells and by clinical investigation of AIS 

patients.  

 

To further study the regulation of POC5 and ADGRG7 by E2 in vivo, a mouse or zebrafish 

model, could be developed, through the generation of a knock-in model. The goal of these 

forthcoming research should be to ascertain the consequences of the genetic abnormalities in 

the cilia, centrosome and the organization of microtubules, to ultimately clarify the 

mechanisms responsible for the AIS development and how E2 is a factor in this 

disorganization. The generation of knock-in mice carrying the same pathogenic mutations 

present in AIS patients represents the best approach (i.e in mutant zebrafish or mice to be 

created using the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/cas9 

approach).  Since mice are mammals, this will give the opportunity to also study hormonal 

factors that will not be applicable in zebrafish. The CRISPR/Cas9 is well known for its 

simplicity and efficiency. CRISPR/Cas9 reduces the time required to modify target genes 

compared to gene targeting technologies based on the use of embryonic stem (ES) cells. 

 

Also, since there is interplay between E2 and mechanical stress pathways, it would be 

interesting to study the combined effects of both factors in AIS. Would both factors induce a 

higher resistence in AIS as compared to control? This question to be answered in in vitro, and 

in vivo in mouse or zebrafish model of AIS. 

 

Since POC5 is essential for the assembly of the distal half of centrioles required for centriole 

elongation, and since this assembly defect can lead to the cilia defects and gene instability, 

another hypothesis can be proposed and explored: the critical role of POC5 mutations for the 

embryonic development. Defects in left–right asymmetry, the expression patterns of axial 
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patterning genes involved in anterior–posterior polarity gene, segmentation clock genes, and 

genes of anterior–posterior polarity of the individual somites shoud also be examined.  This 

research could be a major step towards the understanding pathogenesis of scoliosis, and 

clarifying the role of centrosome, cilia and microtubules organization in AIS. 

 

Epigenetic aspect is another plausible mechanism for investigation, more particularly in AIS 

patient-derived cells. Epigenetic modifications are an additional mode of regulation that 

expands capability of the human genome. Little evidence exists regarding the relative 

contribution of hormonal factors during the pubertal growth, which is a critical (precarious) 

period for the onset of AIS. There are no reported studies about the possible contribution of E2 

to POC5 gene expression in AIS, nor with respect to the pattern of methylation. Because 

regulatory consequences of DNA methylation and histone modifications can provoke 

induction, suppression or no effect on gene expression, it is therefore important to consider the 

genomic location and the protein factors associated with, to obtain a better understanding of its 

function and effects.  Indeed, we can propose to investigate whether E2 could modulate POC5 

and ADGRG7 promoter and their expression by epigenetic mechanisms. We can also postulate 

that E2 could modulate expression of several centrosome and cilia genes in AIS, through the 

epigenetic modifications, DNA methylation in POC5 promoter, and ADGRG7 or by 

modulating its expression (mRNA and protein levels). 

 

Finally, in patients with AIS, some aspects of clinical manifestations i.e. the vision and the 

space perception are the research direction opened by this thesis. To confirm the causality of 

the mutations in POC5 and their part for retinal defects in patients, retinal dysfunction could 

be evaluated. Electrophysiological retinal abnormalities in children with scoliosis and controls 

can be examined as well as the dysfunction of the vestibular system that may be a contributing 

factor to the development or to the progression of AIS.  Also, the cortical sensorimotor 

information processing associated with postural control merits to be further examined in 

patients with AIS, and age and sex matched controls. 

 

Throughout the work of this thesis there were some limitations that I would like to discuss. 
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One of the major limitations of the presented work is that our mutpoc5 zebrafish had retinal 

defects that were described in paper 1, but vision was not investigated in this animal model. 

To support these anomalies, it would be also interesting to explore the retinal function in AIS 

patients.  

 

We presented the functional consequences of one of the mutations (c. C1286T; p. A429V). In 

this work, a transient transfection of POC5 gene expression was used. This method was useful 

for short-term expression of genes and protein post-transfection changes that we analysed by 

mass spectroscopy experiments. Stable transfection with a longer and more stable complex 

process of long-term genetic regulation was not performed during this thesis. This will be a 

valuable approach and could be applied to other described mutations of POC5.  

 

Herein, we hypothesize that the localization of POC5 at the base of the cilium and ciliary 

retraction phenotype in mut expressing cells. For all these experiments we used acetylated-α-

tubulin as a marker for cilia. Acetylated-α-tubulin is not specific for the base of the cilium. 

Hence for future work, other specific markers for the base of cilium like ARL3 should be 

used.  

 

For the estrogen effects on gene regulation, most of the experiments were done in 

overexpression systems. Hence, it would be necessary to perform these experiments (promoter 

study) on endogenous promoter. Also, knockdown of SP1 and ERα by crisper in osteoblasts 

would be interesting to confirm the importance of these factors in gene and protein regulation 

of ADGRG7 and POC5 by E2. 

 

Confirming the exact role of several candidate genes of AIS in patient-derived cells and 

creating better animal model of AIS will be a major step towards the understanding of the 

molecular and cellular mechanisms responsible for AIS. 
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