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RESUME SUBSTANTIEL

Le cancer de la thyroïde est type de néoplasies endocriniennes le plus fréquent. Il se présente sous cinq principaux types histologiques : Papillaire, folliculaire, le cancer peu différencié, le cancer médullaire et le cancer anaplasique. La transformation maligne de néoplasmes folliculaires préexistants, d'un adénome et d'un néoplasme thyroïdien folliculaire non invasif avec des caractéristiques nucléaires de type papillaire (NIFTP) peut provoquer le développement de carcinomes folliculaires et papillaires. Le cancer papillaire de la thyroïde (CPT) est le type de cancer de la thyroïde le plus courant, représentant jusqu'à 80 % de tous les cancers de la thyroïde. L'incidence maximale du CPT se situe entre 30 et 50 ans. Cependant, le CPT a un excellent pronostic avec plus de 98% de survivants jusqu'à 5 ans. Comme le CPT, le cancer folliculaire de la thyroïde (CFT) est une tumeur maligne bien différenciée des cellules folliculaires de la thyroïde qui ne présente pas les caractéristiques nucléaires diagnostiques du CPT. Les CFT constituent environ 10 % de tous les cas de cancer de la thyroïde, cette proportion est en baisse depuis quelques années. Deux facteurs environnementaux sont impliqués dans l'étiologie des CFT : la carence en iode et l'exposition aux rayonnements ionisants. Les CPT et les CFT représentent ensemble plus de 90% des cancers différenciés de la thyroïde (CDT).

Le cancer de la thyroïde (tous types confondus) représentait 3,1 % de tous les cas de cancer nouvellement diagnostiqués dans le monde en 2012. Le CDT est environ trois fois plus fréquent chez les femmes que chez les hommes, l'incidence mondiale du CDT est de 3,1/100000 chez les hommes contre 10,1/100000 chez les femmes. Cette incidence est remarquablement plus élevée dans certaines régions du monde. Les taux les plus élevés sont observés à la fois chez les hommes et les femmes en République de Corée où il s'agit également du cancer le plus fréquemment diagnostiqué chez les VII femmes, les autres régions à forte incidence sont : Amérique du Nord, Australie/Nouvelle-Zélande, Asie de l'Est. Les taux chez les femmes sont élevés dans plusieurs pays du Pacifique, dont la Nouvelle-Calédonie et la Polynésie française.

Cependant les connaissances sur les facteurs de risque du CDT restent relativement limitées. L'exposition de la glande thyroïde aux rayonnements ionisants est le premier (depuis sept décennies) et le plus clairement défini des facteurs de risque associés aux tumeurs thyroïdiennes bénignes et malignes ; surtout lorsque cette exposition se produit pendant l'enfance. La glande thyroïde est l'un des tissus les plus radiosensibles du corps, mais le risque de CPT lié aux rayonnements est lié à l'âge de l'exposition et à son ampleur. D'autres facteurs de risques du CDT ont été identifiés comme les antécédents personnels de maladies bénignes de la thyroïde (goitre, thyroïdite …), les antécédents familiaux de CDT en particulier dans la fratrie. L'existence d'un tel antécédent dans la famille augmente le risque de 3 à 10%. Des facteurs alimentaires interviennent aussi dans le risque de CDT. La différence d'incidence notable entre les femmes et les hommes a encouragé l'hypothèse d'un rôle possible des hormones endogènes dans le développement du CDT. Les facteurs anthropométriques ont été associés au risque de CDT notamment l'indice de masse corporelle et la surface corporelle. Sur le plan génétique, quelques gènes ont été associés à la susceptibilité au CDT par les études de type gènes-candidats, tels que : rs861539 dans XRRC3 ; rs25487, rs1867277 dans Les objectifs généraux de cette thèse sont : Explorer la susceptibilité potentielle au CDT due aux facteurs génétiques après une exposition aux irradiations pendant l'enfance et le début de l'adolescence dans des études cas-témoins de différentes ethnies, identifier les facteurs génétiques du CDT propres à ces ethnies, caractériser le rôle des facteurs génétiques dans le développement du CDT après exposition à différents niveaux de doses à la thyroïde, de caractériser les facteurs génétiques du développement du CDT après exposition à l'IR dans la population générale et chez les survivants du cancer chez l'enfant.

Les objectifs spécifiques sont les suivants :

1. Récapituler les connaissances actuelles sur les variantes génétiques constitutionnelles associées au risque du CDT survenant après l'irradiation en passant en revue les études publiées réalisées dans les populations irradiées (Chapitre II : CDT liée aux rayonnements : facteurs génétiques connus publiés dans la littérature). 3-Une étude cas-témoin nichée dans la cohorte française des survivants à un cancer de l'enfance (FCCSS) incluant les cas de CDT survenant après un cancer de l'enfance. Une étude de type gène-candidat et aussi une étude d'association pan-génomique.

Un nombre limité d'études a réussi à identifier des associations entre le risque de CDT liée aux rayonnements et quelques variants dont une grande partie est également associée au CDT sporadique. Quelques interactions entre des variants génétiques et la dose d'irradiation à la thyroïde ont été trouvées significatives situés dans les gènes ALKBH3, LIG1, XRCC2, NKX2-1, ATM et TP53.

Dans l'analyse des études CATHY et YoungThyr sur l'effet des irradiations de diagnostic et le risque de CDT, nous avons confirmé que les irradiations reçues pendant l'enfance et l'adolescence sont associées au risque de CDT. Nous avons identifié de nouveaux variants associés au risque de CDT en rapport avec l'exposition aux irradiations pendant l'enfance. Mais aussi nous avons confirmé l'interaction, X précédemment démontrée, du gène MGMT avec les doses d'irradiation à la thyroïde et dans le risque de survenue de cancer de la thyroïde. Nous avons aussi souligné la différence au niveau du profil des associations trouvées en restreignant l'analyse sur les microcancers (<10mm) ou les cancers >10mm ou invasifs.

Dans l'étude sur l'irradiation par exposition environnementale, réalisée en Polynésie Française, notre analyse de la structuration génétique de la population polynésienne a mis en évidence la présence de trois composantes ethniques principales :

Polynésienne, Han Chinoise et Française caucasienne identifiées grâce à un panel de référence.

Dans les résultats de l'étude pan-génomique, la plus faible « p-value » a été observée à rs28390243 (10p12.2) (8,40 10 -8 ). Nos résultats ont également identifié une association dans 6q24.3. Le principal SNP de ce locus est rs1358902. Une troisième région associée au risque de CDT a été observée en 17q21.32, contenant une grande région de déséquilibre de liaison, principalement dans le gène SKAP1.

Notre dernière analyse a porté sur l'étude cas-témoin nichée dans la cohorte FCCSS sur les CDT survenant chez les survivants à un cancer de l'enfance. Parmi les SNP testés, le meilleur signal se trouvait dans le chromosome 6q27 : rs69171161 (allèle C) (OR = 0,24, valeur p = 1, 23 10 -05 ). Ce SNP n'a pas atteint le seuil de significativité. Les résultats de l'analyse de l'association des gènes candidats effectuée sur les gènes POT1 et CLIP2 n'ont montré aucune association significative avec le risque de cancer de la thyroïde après un cancer de l'enfance.

Nos résultats confirment le rôle des irradiations reçues à la thyroïde pendant l'enfance dans le risque de CDT, trouvé aussi par de précédentes études. De même, les irradiations reçues à l'âge adulte n'ont pas d'effet sur le risque de CDT. Nos résultats ont aussi confirmé les résultats à propos de l'interaction entre le gène MGMT et les XI doses d'irradiation à la thyroïde précédemment trouvé dans d'autres populations caucasiennes. Malgré les associations significatives, certaines sources d'incertitudes sont présentes dans cette étude. En effet, comme l'estimation des doses s'est basée sur les déclarations des participants et non pas sur les dossiers médicaux, un biais de mémoire serait présent notamment pour les examens radiologiques pendant l'enfance.

Notre analyse a permis d'identifier les grandes composantes ethniques de la population Polynésienne. Ces résultats nous ont aidés à maitriser la structuration de la population pour l'étude d'association pan-génomique. Cette dernière a montré une association dans 3 régions : 6q24.3 et les régions des gènes PIP4K2A et SKAP1. Nous avons montré que ces associations sont indépendantes de la structuration de la population. Le gène SKAP1 n'a jamais été relié au cancer de la thyroïde avant, cependant une réplication dans une population indépendante ou une validation biologique restent nécessaires.

Deux types d'étude ont été réalisés : gène-candidat et étude d'association pan-génomique. Aucun des variants testés n'a atteint le seuil de significativité. Cependant, des associations suggestives ont été observées sur le chromosome 6q27 (rs6917116), le chromosome 7q21. 11 (rs2160321, rs2302640). Le nombre relativement petit des participants à cette étude et l'hétérogénéité dans les différents traitements reçus du cancer de l'enfance notamment la chimiothérapie, sont les principales limitations de cette étude.

Le CDT est une maladie complexe, les facteurs génétiques sont multiples interagissant avec les autres facteurs de risque identifiés, notamment les irradiations. Cette thèse a permis de confirmer le rôle joué par les irradiations de faibles doses reçues pendant l'enfance, d'identifier de nouveaux facteurs génétiques potentiels dans des populations XII caucasiennes et polynésiennes. Cependant, une validation biologique ou une réplication de ces résultats dans une population indépendante sont nécessaires. 
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THESIS FRAMEWORK

This thesis is divided into seven chapters. After a general introduction on differentiated thyroid cancer, its descriptive epidemiology, and different risk factors compound the first chapter, this chapter does not review any of the articles that have been published or in preparation. A systematic review of literature about genetic susceptibility to radiationrelated thyroid differentiated cancer will be following. The third chapter will describe the studies constituting the general project on radiation-related thyroid cancer, followed by analyses of three studies of this project: CATHY and Young-Thyr, French Polynesia and French Childhood Cancer Survivors (FCCSS). Each one of these studies analysed a different type and level of ionizing radiation exposure. Finally, a summary of the findings and the research perspectives will be presented.
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1 CHAPTER I: GENERAL INTRODUCTION 1.1 Thyroid cancer 1.1.1 Thyroid gland
The thyroid gland is butterfly-shaped located in the lower anterior region of the neck at the level of the C5 to C7 vertebrae. It is a bilobed organ joined by an isthmus(1) (Figure 1). As an endocrine gland, the thyroid produces thyroid hormones (T3 the active hormone triiodothyronine, and T4 the prohormone, thyroxine). The thyroid action is essential for normal brain development and metabolic regulation in the adult [START_REF] Brent | Mechanisms of thyroid hormone action[END_REF][START_REF] Mullur | Thyroid hormone regulation of metabolism[END_REF]. Phylogenetically, these hormones appear early, as a regulator of metabolism ( 4), acting predominantly through a nuclear receptor, in a fashion similar to steroid-derived hormones. In addition to its metabolic, cardiac, and thermogenesis effects, at the central nervous system level, thyroid hormone T3 is involved in the development of in utero [START_REF] Bernal | Thyroid hormone receptors in brain development and function[END_REF], in the regulation of hormonal gene expression (TRH, TSH beta, GH) ( 6) and the development of the auditive function [START_REF] Ng | A protective role for type 3 deiodinase, a thyroid hormone-inactivating enzyme, in cochlear development and auditory function[END_REF]. Also, among the growth effects of T3, this hormone stimulates skeleton growth and maturation, muscle regeneration and contractile function. These functions show the importance of the thyroid gland during the first years of life and explain its decreasing proliferation rate with age [START_REF] Saad | Proliferative activity of human thyroid cells in various age groups and its correlation with the risk of thyroid cancer after radiation exposure[END_REF]. of papillary carcinoma without invasion [START_REF] Seethala | Noninvasive follicular thyroid neoplasm with papillary-like nuclear features: A review for pathologists[END_REF][START_REF] Kitahara | Influence of nomenclature changes on trends in papillary thyroid cancer incidence in the united states, 2000 to 2017[END_REF]. This classification is based on the presence of papillary-like nuclear features and the lack of invasion [START_REF] Seethala | Noninvasive follicular thyroid neoplasm with papillary-like nuclear features: A review for pathologists[END_REF].

Papillary thyroid cancer (PTC)

Papillary thyroid cancer (PTC) is the most common DTC type, making up to 80% of all thyroid cancers. PTC is a well-differentiated malignant tumour of thyroid follicular cells with a set of characteristic nuclear features, growth or invasion is required for diagnosis to make the difference with NIFTP. Its incidence proportionally to other types of thyroid cancer has been during the last decades steadily increasing in the United States and many other countries around the world [START_REF] Burgess | Temporal trends for thyroid carcinoma in Australia: An increasing incidence of papillary thyroid carcinoma[END_REF][START_REF] Lim | Trends in thyroid cancer incidence and mortality in the United States, 1974-2013[END_REF][START_REF] Siegel | Cancer statistics[END_REF][START_REF] Pellegriti | Worldwide increasing incidence of thyroid cancer: Update on epidemiology and risk factors [Internet[END_REF][START_REF] Akslen | Incidence of thyroid cancer in Norway 1970-1985. Population review on time trend, sex, age, histological type and tumour stage in 2625 cases[END_REF][START_REF] Leenhardt | Increased incidence of thyroid carcinoma in france: A true epidemic or thyroid nodule management effects? Report from the french thyroid cancer committee[END_REF]. The maximal incidence of PTC is between 30 to 50 years of age, it tends to grow slowly locally [START_REF] Kitahara | The changing incidence of thyroid cancer [Internet[END_REF][START_REF] Pereira | Thyroid Cancer Incidence Trends in the United States: Association with Changes in Professional Guideline Recommendations[END_REF][START_REF] Bikas | Epidemiology of Thyroid Cancer[END_REF]. However, PTC has an excellent prognosis with more than 98% up to 5 years survivors [START_REF] Shi | Differential Clinicopathological Risk and Prognosis of Major Papillary Thyroid Cancer Variants[END_REF]. Apart from the familial occurrence of thyroid follicular carcinoma, most PTC cases are sporadic. The first etiologic factor is the IR exposure especially during childhood (1.2.1), the risk associated with IR is largely higher than in FTC. The ratio of papillary carcinoma to follicular carcinoma is significantly higher in the areas of high iodine intake as compared to the areas of moderate and low intake [START_REF] Lind | Epidemiology of thyroid diseases in iodine sufficiency[END_REF].

Follicular thyroid cancer (FTC)

Like PTC, FTC is a malignant well-differentiated tumour of thyroid follicular cells that lacks the diagnostic nuclear features of PTC. The most frequent sites of FTC metastasis are lung and bone, but it seems to have PTC similar prognosis [START_REF] Shi | Differential Clinicopathological Risk and Prognosis of Major Papillary Thyroid Cancer Variants[END_REF][START_REF] Tallini | The History of the Follicular Variant of Papillary Thyroid Carcinoma[END_REF]. Until recently, Hürthle cell carcinoma (oncocytic) was considered a variant of follicular carcinoma. However, the 2017 World Health Organization (WHO) Classification of the Tumours of Endocrine

Organs classifies Hürthle cell carcinoma as an independent entity. FTC constitutes about 10% of all thyroid cancer cases [START_REF] Kitahara | The changing incidence of thyroid cancer [Internet[END_REF], in recent years, this proportion is decreasing [START_REF] Sobrinho-Simões | Follicular thyroid carcinoma[END_REF].

Two environmental factors are implicated in FTC aetiology: iodine deficiency and exposure to ionizing radiation. Residing in areas of low dietary iodine intake is associated with an up to a 3-fold increase in risk when compared to areas of sufficient iodine consumption. IR exposure is associated with a higher risk of FTC, cumulative analysis of several irradiated cohorts has demonstrated the relative risk of 5.2 for radiation-induced follicular carcinoma, about half the risk for papillary cancer [START_REF] Shore | Issues and epidemiological evidence regarding radiation-induced thyroid cancer[END_REF]. In the United States, a history of radiation exposure is found in ≈ 4% of follicular carcinoma patients [START_REF] Hundahl | the United States during 1996: An American college of surgeons commission on cancer patient care evaluation study[END_REF].

Poorly differentiated thyroid cancer (PDTC)

PDTC is characterized by a partial loss of the features of thyroid differentiation. It is an intermediate position between well-differentiated papillary and follicular or Hurthle cell carcinomas and fully dedifferentiated anaplastic carcinoma. Its prognosis is worse than well-differentiated carcinoma. Its incidence accounts for between 1 and 2% of the total thyroid carcinoma cases. PTDC presents on average one decade later than welldifferentiated carcinomas [START_REF] Sakamoto | Poorly differentiated carcinoma of the thyroid. A clinicopathologic entity for a high-risk group of papillary and follicular carcinomas[END_REF][START_REF] Papotti | Poorly differentiated thyroid carcinomas with primordial cell component: A group of aggressive lesions sharing insular, trabecular, and solid patterns[END_REF][START_REF] Ito | Prevalence and prognostic significance of poor differentiation and tall cell variant in papillary carcinoma in Japan[END_REF][START_REF] Kane | Cytologic diagnostic approach to poorly differentiated thyroid carcinoma: A single-institution study[END_REF]. In most series, the mean age of patients was between 55 and 63 years. The incidence of this tumour is higher in some geographic area (4 to 7 %) [START_REF] Papotti | Poorly differentiated thyroid carcinomas with primordial cell component: A group of aggressive lesions sharing insular, trabecular, and solid patterns[END_REF][START_REF] Pietribiasi | Cytologic features of poorly differentiated "insular" carcinoma of the thyroid, as revealed by fine-needle aspiration biopsy[END_REF]. PTC could develop from pre-existing well-differentiated carcinoma but could also develop de novo. No specific risk factor is known for PDTC development, but it seems to be more observed in the area of endemic goitre [START_REF] Papotti | Poorly differentiated thyroid carcinomas with primordial cell component: A group of aggressive lesions sharing insular, trabecular, and solid patterns[END_REF][START_REF] Pietribiasi | Cytologic features of poorly differentiated "insular" carcinoma of the thyroid, as revealed by fine-needle aspiration biopsy[END_REF].

Undifferentiated (anaplastic) thyroid cancer

Anaplastic thyroid carcinoma is derived from follicular epithelial cells but is characteristically devoid of morphologic and immunophenotypic markers of thyroid origin.

It is a rare type of highly aggressive malignant thyroid tumor. It accounts for 1% to 2% of all thyroid malignancies [START_REF] Burgess | Temporal trends for thyroid carcinoma in Australia: An increasing incidence of papillary thyroid carcinoma[END_REF][START_REF] Akslen | Incidence of thyroid cancer in Norway 1970-1985. Population review on time trend, sex, age, histological type and tumour stage in 2625 cases[END_REF][START_REF] Hundahl | A National Cancer Data Base report on 53,856 cases of thyroid carcinoma treated in the U.S[END_REF].The incidence is higher (up to 8%) in some parts of Europe and several other countries, particularly in association with iodine deficiency and endemic goitre areas [START_REF] Akslen | Incidence of thyroid cancer in Norway 1970-1985. Population review on time trend, sex, age, histological type and tumour stage in 2625 cases[END_REF][START_REF] Pettersson | Iodine supplementation in Sweden and regional trends in thyroid cancer incidence by histopathologic type[END_REF][START_REF] Ain | Anaplastic thyroid carcinoma: Behavior, biology, and therapeutic approaches[END_REF]. The most frequent etiology factors are pre-existent benign or malignant thyroid disease, IR exposure, and iodine deficiency.

Medullary thyroid cancer (MTC)

MTC originates from neuroendocrine cells: C cells. These cells differ from follicular cells by their embryologic origin and their activity. MTC is accounting for 1% to 2% of all thyroid malignancies in the United States [START_REF] Siegel | Cancer statistics[END_REF]. It occurs on both a sporadic and hereditary basis.

but 70 to 75% of cases are sporadic with a peak incidence between the old of 40 to 60 years [START_REF] Randle | Trends in the presentation, treatment, and survival of patients with medullary thyroid cancer over the past 30 years[END_REF].

DTC epidemiology

Incidence and mortality

Thyroid cancer (all types) is the most common type of endocrine malignancy presenting 3.1% of all newly diagnosed cancer cases worldwide in 2012 [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. Its registered incidence has been steadily increasing during the last decades [START_REF] Siegel | Cancer statistics[END_REF], whereas the mortality from this cancer is only 0.4% (Figure 2) from all types of cancer mortality [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF].

Current tendencies in DTC incidence and overdiagnosis of microcarcinoma

The increasing incidence of DTC during the last three decades was related to the overdiagnosis of microcarcinoma, presenting almost 1/3 of diagnosed DTC [START_REF] Esfandiari | Factors Associated With Diagnosis and Treatment of Thyroid Microcarcinomas[END_REF]. These DTC cases are considered to be caused by overdiagnosis because they are more likely to be detected by ultrasound and less likely to be associated with surgery scheduled for known thyroid cancer as they are less aggressive with low risk and with a better prognosis than microcarcinoma [START_REF] Esfandiari | Factors Associated With Diagnosis and Treatment of Thyroid Microcarcinomas[END_REF][START_REF] Roman | The thyroid cancer epidemic, 2017 perspective [Internet[END_REF][START_REF] Miyauchi | Estimation of the lifetime probability of disease progression of papillary microcarcinoma of the thyroid during active surveillance[END_REF][START_REF] Vaccarella | Worldwide Thyroid-Cancer Epidemic? The Increasing Impact of Overdiagnosis[END_REF].

This overdiagnosis concerns not only microcarcinomas but very probably also medium size DTC, from 1 to 4 cm. Indeed, most of the increase in DTC incidence observed during the last 3 decades is likely due to an increase in medical examination [START_REF] Vaccarella | Worldwide Thyroid-Cancer Epidemic? The Increasing Impact of Overdiagnosis[END_REF][START_REF] Welch | Saving Thyroids -Overtreatment of Small Papillary Cancers[END_REF]. It has also been evidenced that this overdiagnosis was not restricted to developed countries, but was also observed in low and middle-income countries [START_REF] Lortet-Tieulent | Thyroid cancer "epidemic" also occurs in lowand middle-income countries[END_REF]. In agreement with these findings, it has been shown in a very large analysis of all published autopsy series, including [START_REF] Burgess | Temporal trends for thyroid carcinoma in Australia: An increasing incidence of papillary thyroid carcinoma[END_REF]384 autopsies that, when adjusting on the intensiveness of thyroid examination, in a regression model, the prevalence odds ratio of incidental thyroid carcinoma did not vary since 1970 [START_REF] Furuya-Kanamori | Prevalence of differentiated thyroid cancer in autopsy studies over six decades: A metaanalysis[END_REF].

Following these observations, a new classification of the DTCs was adopted and the new class NIFTP (cf 1.1.2) is now considered as in situ cancer, then microcarcinomas are considered as NIFTP. This fact caused the decrease of registered DTC incidence in the last few years ( 11) 1.1.3.4 Geographic and ethnic variation
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The registered thyroid cancer incidence is remarkably high in some world's regions (Figure 4 A & B), but the published data is very difficult to interpret because it reflects mostly the intensiveness of organised or non-organised screening and medical examinations. For example, in 2014, the highest rates are observed among both men and women in the Republic of Korea where it was also the most frequently diagnosed cancer in women, and where the registered age-standardised incidence increased by a factor of 15 between 1993 and 2011, are now considered to be due to overdiagnosis [START_REF] Ahn | Korea's Thyroid-Cancer "Epidemic" -Screening and Overdiagnosis[END_REF]. Other high incidence regions are North America, Australia/New Zealand, and Eastern Asia. Female rates are high in several countries in the Pacific, including New Caledonia and French Polynesia [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF][START_REF] Tervonen | Cancer epidemiology in the small nations of Pacific Islands[END_REF].

1. External irradiation: exposure to X-ray or γ-radiation. The most common types are medical diagnostic procedures, radiotherapy for cancer on benign disease. The risk to develop DTC after IR exposure is related to the dose absorbed at the thyroid gland. In a pooled analysis of 12 studies ( 54), the risk of thyroid cancer significantly increased after a mean dose to the thyroid during childhood as low as 0.05 to 0.1 Gy (50 to 100mGy). The risk cannot be totally excluded below any minimum threshold dose. At doses above 0.05 -0.1 Gy, the risk increases linearly with the dose up to 20-29 Gy (OR:

9.8, 95%CI: 3.2-34.8), and at doses higher than 30 Gy, there is a reduction in doseresponse [START_REF] Sigurdson | Primary thyroid cancer after a first tumour in childhood (the Childhood Cancer Survivor Study): A nested case-control study[END_REF]. This is consistent with the cell-killing hypothesis, but the excess risk remains significant [START_REF] Veiga | A pooled analysis of thyroid cancer incidence following radiotherapy for childhood cancer[END_REF]. Exposure to the dose of 1 Gy at the thyroid gland is associated with a risk of DTC ranging from 5.1 to 8.5 [START_REF] Cardis | Risk of thyroid cancer after exposure to 131I in childhood[END_REF][START_REF] Veiga | Thyroid cancer after childhood exposure to external radiation: An updated pooled analysis of 12 studies[END_REF]. A similar relative risk was observed in children residing in contaminated regions Belarus and Ukraine at the time of the Chernobyl accident [START_REF] Cardis | Risk of thyroid cancer after exposure to 131I in childhood[END_REF].

Age at thyroid exposure and latency

In Veiga et al. pooled analysis (54), the patients exposed to external IR before the age of 4 years showed a fivefold greater risk per Gy of developing a DTC relative to those aged between 10 and 14 years [START_REF] Pereira | Thyroid Cancer Incidence Trends in the United States: Association with Changes in Professional Guideline Recommendations[END_REF]. Similar data were observed in Japanese survivors of atomic bombings and after the Chernobyl accident, for whom the risk was maximal when exposed at a young age and decreased with increasing age at exposure [START_REF] Leenhardt | Increased incidence of thyroid carcinoma in france: A true epidemic or thyroid nodule management effects? Report from the french thyroid cancer committee[END_REF][START_REF] Sobrinho-Simões | Follicular thyroid carcinoma[END_REF]. Besides the exposure age effect, a gender effect may also exist but not confirmed. After exposure to radiation, the minimum latency period for the development of thyroid cancer was 5 to 10 years [START_REF] Saad | Proliferative activity of human thyroid cells in various age groups and its correlation with the risk of thyroid cancer after radiation exposure[END_REF]57,[START_REF] Schneider | Dose-response relationships for radiation-induced thyroid cancer and thyroid nodules: Evidence for the prolonged effects of radiation on the thyroid[END_REF]. However, a shorter interval was observed after the Chernobyl accident [START_REF] Kazakov | Thyroid cancer after Chernobyl[END_REF]. In survivors of the Nagasaki and Hiroshima bombings, an excess risk is still present at 60 years after exposure [START_REF] Furukawa | Longterm trend of thyroid cancer risk among Japanese atomic-bomb survivors: 60 years after exposure[END_REF].

Effect on the thyroid gland

The thyroid gland is one of the most radio-sensitive tissues in the body, but the risk of radiation-related DTC is related to age at exposure and its magnitude. Excess of thyroid cancers occurs at doses less than 100 mGy. IR exposure could cause different possible DNA mutations, however, DNA breaks are the most linked to carcinogenesis [START_REF] Nikiforova | Proximity of chromosomal loci that participate in radiation-induced rearrangements in human cells[END_REF][START_REF] Albi | Radiation and thyroid cancer [Internet[END_REF].

Molecular mechanisms of radiation-induced PTC carcinogenesis are characterized by the generation of chromosomal rearrangements involving oncogenes such as RET, NTRK1/3, BRAF, and ALK [START_REF] Gandhi | Mechanisms of chromosomal rearrangements in solid tumors: The model of papillary thyroid carcinoma[END_REF]. The previous works on children exposed to IR from the Chernobyl accident found a translocation of RET gene occurring in PTC causing its activation [START_REF] Klugbauer | High prevalence of RET rearrangement in thyroid tumors of children from Belarus after the Chernobyl reactor accident[END_REF][START_REF] Nikiforov | Distinct pattern of ret oncogene rearrangements in morphological variants of radiationinduced and sporadic thyroid papillary carcinomas in children[END_REF][START_REF] Ricarte-Filho | Identification of kinase fusion oncogenes in post-Chernobyl radiation-induced thyroid cancers[END_REF][START_REF] Efanov | 7Dm3ZL_9Cf3qfKAc485ysgAAAc0wggHJBgkqhkiG9w0BBwagggG 6MIIBtgIBADCCAa8GCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQM314I 5GBCczT6fOS4AgEQgIIBgG9I8lQhgKkZ_OKR_OUVh46E8[END_REF]. Additionally, the frequency of these translocations was found to be higher in cancer cases exposed to external radiation treatment for benign or malignant conditions [START_REF] Bounacer | High prevalence of activating ret proto-oncogene rearrangements, in thyroid tumors from patients who had received external radiation[END_REF][START_REF] Collins | RET Expression in Papillary Thyroid Cancer from Patients Irradiated in Childhood for Benign Conditions[END_REF].

However, point mutations of BRAF and RAS are less common in these tumours than in sporadic DTC, revealing a distinct mutation pattern in radiation-related DTC [START_REF] Nikiforova | Low prevalence of BRAF mutations in radiation-induced thyroid tumors in contrast to sporadic papillary carcinomas[END_REF][START_REF] Ciampi | Oncogenic AKAP9-BRAF fusion is a novel mechanism of MAPK pathway activation in thyroid cancer[END_REF].

Dietary factors

In areas of dietary iodine deficiency, a higher incidence of goitre, FTC, and anaplastic carcinomas was observed, particularly among residents who lived in these regions during their childhood or for more than 20 years [START_REF] Pettersson | Iodine supplementation in Sweden and regional trends in thyroid cancer incidence by histopathologic type[END_REF][START_REF] Belfiore | The frequency of cold thyroid nodules and thyroid malignancies in patients from an iodinedeficient area[END_REF]. In these areas, iodine supplementation coincided with a reduction in the incidence of FTC and anaplastic cancer cases and an increase in the PTC incidence [START_REF] Franceschi | The epidemiology of thyroid carcinoma[END_REF][START_REF] Harach | Thyroid cancer and thyroiditis in Salta, Argentina: A 40-yr study in relation to iodine prophylaxis[END_REF]. On the contrary, the relative frequency of PTC appears to be higher in the areas of high iodine intake [START_REF] Franceschi | The epidemiology of thyroid carcinoma[END_REF][START_REF] Williams | Thyroid cancer in an iodide rich area. A histopathological study[END_REF]. Nevertheless, these findings have to be cautiously interpreted, because of the huge role of overdiagnosis in the reported PTC incidence. As an example, iodine supplementation in salt had been correlated to an increase in PTC incidence in China, but this supplementation was introduced at the same time as an intensification of PTC screening, and in an analysis taking into account this screening, the increase in PTC incidence was related to screening but not to iodine supplementation of salt [START_REF] Liu | Screening and the epidemic of thyroid cancer in China: An analysis of national representative inpatient and commercial insurance databases[END_REF]. At the molecular level, BRAF V600E mutation in PTC has been found to have a higher frequency in areas with high iodine levels in drinking water [START_REF] Guan | Association of high iodine intake with the T1799A BRAF mutation in papillary thyroid cancer[END_REF].

Nitrate is regarded as a potential risk factor for DTC since it competitively inhibits iodide uptake by the thyroid causing thyroid dysfunctions [START_REF] Hiasa | N-bis-(2hydroxypropyl)nitrosamine[END_REF]. Some epidemiologic studies suggested elevated DTC risk linked to excess dietary nitrate intake such as a U.S.

retrospective cohort study of older women, which found an increased risk of DTC with higher average nitrate levels in public water supplies and with longer consumption of water exceeding 5 mg/L nitrate-N [START_REF] Ward | Nitrate intake and the risk of thyroid cancer and thyroid disease[END_REF]. Results from another large U.S. prospective cohort of retired persons assessing dietary intake also found nitrate intake associated with an increased risk of DTC among men, but not among women [START_REF] Kilfoy | Dietary nitrate and nitrite and the risk of thyroid cancer in the NIH-AARP diet and health study[END_REF].

Hormonal and reproductive factors

The notable incidence difference between women and men encouraged the hypothesis of a possible role of endogenous hormones in DTC development. DTC incidence remarkably increases among females upon the onset of puberty and the magnitude of gender difference decreases after menopause. Some reproductive factors like a miscarriage of the first pregnancy, the number of pregnancies, and the late age of the first pregnancy, and other conditions related to high estrogen levels are associated with a higher risk of DTC [START_REF] Franceschi | The epidemiology of thyroid carcinoma[END_REF][START_REF] Ra | A population-based casecontrol study of thyroid cancer[END_REF][START_REF] Negri | A pooled analysis of case-control studies of thyroid cancer. II. Menstrual and reproductive factors[END_REF][START_REF] Curtis | Multiple primary breast and thyroid cancer[END_REF][START_REF] Xhaard | Menstrual and reproductive factors in the risk of differentiated thyroid carcinoma in young women in France: A population-based case-control study[END_REF][START_REF] Moleti | Female reproductive factors and differentiated thyroid cancer [Internet[END_REF]. On the molecular level, a hypothesis suggests that Oestrogens act through two opposite types of oestrogen receptors: ERα and ERβ. ERα stimulates cellular growth, whereas ERβ is associated with growth inhibition and apoptosis [START_REF] Derwahl | Estrogen and its role in thyroid cancer[END_REF]. Oestrogens stimulate growth through ERα, causing simultaneous upregulation of ERα [START_REF] Derwahl | Estrogen and its role in thyroid cancer[END_REF][START_REF] Manole | Estrogen Promotes Growth of Human Thyroid Tumor Cells by Different Molecular Mechanisms1[END_REF].

Moreover, thyroid follicular adenomas may have lower levels of ERβ as compared to FTC, which may result in higher growth signals from ERα [START_REF] Heikkilä | Loss of estrogen receptor beta expression in follicular thyroid carcinoma predicts poor outcome[END_REF][START_REF] Magri | Expression of estrogen and androgen receptors in differentiated thyroid cancer: An additional criterion to assess the patient's risk[END_REF]. ERα overexpression and ERβ loss in PTC may be associated with a more aggressive tumour phenotype [START_REF] Magri | Expression of estrogen and androgen receptors in differentiated thyroid cancer: An additional criterion to assess the patient's risk[END_REF][START_REF] Vito | Overexpression of estrogen receptor-α in human papillary thyroid carcinomas studied by laser-capture microdissection and molecular biology[END_REF]. It was suggested that Oestrogen is interacting with Peroxisome Proliferator-Activated Receptor Gamma (PPARγ) in DTC risk, by enhancing the expression of proapoptotic molecules, such as caspase-3 and apoptosis-inducing factor which significantly inhibits the proliferation and migration of thyroid cancer cells, providing a new therapeutic strategy against DTC (91).

Anthropometric factors

High Body mass index (BMI), body surface area (BSA), greater weight, and excess of adiposity were found to be associated with higher DTC risk by most of the case-control and cohort studies [START_REF] Engeland | Body size and thyroid cancer in two million Norwegian men and women[END_REF][START_REF] Cléro | Pooled analysis of two case-control studies in New Caledonia and French Polynesia of body mass index and differentiated thyroid cancer: The importance of body surface area[END_REF][START_REF] Almquist | Metabolic factors and risk of thyroid cancer in the Metabolic syndrome and Cancer project (Me-Can)[END_REF][START_REF] Zhao | Overweight, obesity and thyroid cancer risk: A meta-analysis of cohort studies[END_REF][START_REF] Kitahara | Childhood height and body mass index were associated with risk of adult thyroid cancer in a large cohort study[END_REF][START_REF] Kitahara | Anthropometric factors and thyroid cancer risk by histological subtype: Pooled analysis of 22 prospective studies[END_REF][START_REF] Kwon | Weight change is significantly associated with risk of thyroid cancer: A nationwide population-based cohort study[END_REF], however, this link was absent in some other published results, especially for BMI [START_REF] Mijović | Body mass index in the evaluation of thyroid cancer risk[END_REF]100). This risk seems to be stronger among postmenopausal women (101). Although the results highlighting the increased risk associated with obesity, high BMI, and high BSA, the causal mechanisms are not well elucidated. Among the suggested causal hypothesis, the role of insulin and insulin-like growth factor 1, elevated levels of thyroid-stimulating hormone (TSH) and oestrogens adipokines, and chronic inflammation (102-104). Another possible explication could be the fact that the tallest and fatter people have a larger thyroid and that the risk of thyroid cancer could be related to the volume of the thyroid gland (98)

1.2.5 Personal and family history

Personal history of benign thyroid diseases

In their study on children exposed to IR from the Chernobyl accident, Zabloska and al.

found that the presence of a personal history of diffuse goitre, or diffuse goitre diagnosed at screening or the enlargement of the thyroid gland are highly associated with DTC risk (105). Single thyroid nodules seem to be more associated with DTC than multinodular goitre (106).

Family history of thyroid cancer

The existence of DTC cases among first degree relatives, especially siblings, is associated to higher DTC risk, this factor is found in about 3 to 10% of PTC cases (107,108). Having a DTC case in first degree relative increases the risk of DTC by about 3to 4 folds (109-112) . Such family history is also associated with multifocal DTC ( 112). The inherited nature of these cancers is established with certainty when a minimum of three first-degree relatives are diagnosed with DTC (113-115).

Other factors

Blood glucose levels and Diabetes mellitus and its treatment are suspected to be associated to a higher DTC risk. Several studies explored this link but the results are controversial [START_REF] Almquist | Metabolic factors and risk of thyroid cancer in the Metabolic syndrome and Cancer project (Me-Can)[END_REF](116)(117)(118)(119)(120) Apart interaction with IR (detailed below), gene-environment interaction studies analysed the interaction with other DTC risk factors such as iodine intake, smoking habits, BMI, age, sex and cell phone use (155)(156)[START_REF] Lubin | Thyroid cancer after exposure to external radiation: A pooled analysis of seven studies[END_REF]. A significant interaction between Iodine intake and the polymorphism rs965513 in FOXE1 have been found in European population (156).

Findings from Luo et al study suggests that genetic susceptibilities modify the associations between cell phone use and risk of DTC(136). These results have not been replicated yet. Thus, the question of an individual genetic susceptibility to radiation-related DTC may be raised. However, while at the somatic level (i.e. in the tumour tissue), molecular signature of radiation-related thyroid tumours was the subject of several studies [START_REF] Nikiforov | Distinct pattern of ret oncogene rearrangements in morphological variants of radiationinduced and sporadic thyroid papillary carcinomas in children[END_REF](172)(173)(174), few data on the contribution of genetic risk factors to radiation-related DTC have been reported so far.

Objectives of the systematic review

The aim of this review is to recapitulate current knowledge on constitutional genetic variants associated with DTC occurring after irradiation as well as knowledge about the potential interaction between genetic factors and IR exposure in DTC risk, from published studies until July 2018.

In principle, it would be better to restrict the selection to the studies which explicitly address the interaction between genetic variants and radiation effects. The number of such published studies (n=4). Therefore, we decided to include also studies that investigate only the effects of genetic variants, but which were performed among people who received significant irradiation, and to compare their results which what evidenced in the general population.

Additionally, we did not include studies reporting only non-significant results about genetic variants which were not found in any other study as associated with thyroid cancer. The reason is the impossibility of being exhaustive for such non-significant results. Indeed, to be exhaustive about non-significant results would necessitate obtaining the exact list of tested genetic variants for each study, and to list these negative results, which would be impossible given the number of variants tested in some studies. That's why, if a study presented only negative results for variants that were either not addressed or not found associated with thyroid cancer in any other study, we considered this study as noninformative and did not include them. This concerned only one study (see below).

Search strategy and inclusion criteria

To identify relevant published studies up to July 2018, we accomplished a literature search.

The database sources were only PubMed and Web of Science. The following sets of keywords were used to identify relevant studies: "radiation thyroid cancer and genetic risk"

and "radiation thyroid cancer polymorphism".

To be included in this review, the study should fulfill the following criteria: i) genetic polymorphisms, including single nucleotide polymorphisms (SNP), should have been investigated on germline DNA (usually blood or saliva DNA), ii) cases having developed DTC are from irradiated populations, or if radiation doses were used as an adjustment factor in the association analysis, or the interaction between radiation exposure and genetic factors was considered, articles dealing only with sporadic thyroid cancer susceptibility were excluded and iii) the article was fully available in English language.

at least one study are presented in Table 3 and SNPs showing significant interaction with radiation exposure in at least one study are presented in Table 4. We recapitulated significant findings from selected studies by biological pathways. The genes harbouring these polymorphisms or being located nearby are involved in thyroid activity regulations, generic transcription, RET signalling, ATM signalling and DNA repair pathways. For the gene-radiation interaction study, exposure was defined as exposure to any of the listed procedures. Non-exposure was defined as lack of exposure to any of these 12 procedures

Thyroid activity regulation pathway

Thyroid activity is regulated by a complex system of hormones and receptors. Notably, this system involves the following genes: Thyroid Stimulating Hormone Receptor (TSHR), Forkhead box E1 (FOXE1) also known as Thyroid Transcription Factor 2 (TTF-2), which regulates the transcription of the Thyroglobulin (TG) and Thyroperoxydase (TPO), and NK2 homeobox 1 (NKX2-1) also known as Thyroid Transcription Factor 1 (TTF-1) which regulates transcription of genes specific for the thyroid, lung, and diencephalon (181). The contribution of common variants in FOXE1, NKX2, and TSHR has been investigated in the context of radiation-related DTC.

Findings from these studies are summarized hereafter.

FOXE1

FOXE1 (TTF-2) at 9q22.33 is predominantly expressed in the thyroid gland and the anterior pituitary gland. The FOX family of transcription factors participates in the induction of the WNT5A (Wingless-Type MMTV integration site family member 5A) expression (182). FOXE1 plays an essential role in thyrocyte precursor migration, thyroid organogenesis and differentiation (183). This transcription factor recognizes a binding site on the promoters of TG and TPO, which are genes exclusively expressed in the thyroid (184).

Among irradiated populations (Table 3 & [START_REF] Seebacher | The evolution of metabolic regulation in animals[END_REF], the first publications aimed to assess the contribution of SNPs at the FOXE1 locus in radiation-related DTC. A case-control study conducted in the Belarusian population suggested a role of polymorphism of the FOXE1 intronic variant rs965513 [START_REF] Takahashi | The FOXE1 locus is a major genetic determinant for radiationrelated thyroid carcinoma in Chernobyl[END_REF]. The role of FOXE1 was then confirmed by an independent study involving Belarusian children exposed to radiation (185). A suggestive association was found for carriers of the minor allele of same SNP rs965513 (OR per allele = 1.4, 95% CI 0.9-2.1) and of the minor allele of rs1867277 located in the 5'UTR of FOXE1 (OR per allele=1.6, 95% CI 1.0-2.3). In French Polynesia, rs965513 was also associated with DTC (OR=1.5, 95% CI 1.1-2.0) under allelic model of inheritance but no significant association with rs1867277 was found [START_REF] Maillard | Common variants at 9q22.33, 14q13.3, and ATM loci, and risk of differentiated thyroid cancer in the French Polynesian population[END_REF]. In the same study, subjects being homozygotes for the minor allele of the polyalanine stretch polymorphism rs71369530 located in exon 62 of FOXE1 were also at increased DTC risk (OR= 4.1, 95% CI 1.0.-15.9) (186) (Table 3 &4).

Lastly, a case-control study carried out in a Japanese non-irradiated population as well as in a Belarus population sample that had been exposed to IR revealed an association of DTC with rs965513 and rs1867277 in both populations, but no association with rs71369530 was evidenced (187). In sporadic DTC cases, rs965513 was the first top SNP nearby FOXE1 to be reported as a genetic determinant of susceptibility to DTC in the first genome-wide association study (GWAS) conducted on DTC (OR =1.7, 95% CI 1.5-1.9) (164). Several other SNPs at 9q22.33 in linkage disequilibrium (LD) with this lead SNP confirmed the association of this locus with DTC susceptibility (164). The association of the FOXE1 locus was subsequently confirmed in the Portuguese population for both sporadic and familial DTC cases with an OR =2.5 (95% for the minor allele of rs966513. The OR of the minor allele of rs1867277 reported by the same study was 1.7 (95% CI 1.2-2.4) [START_REF] Tomaz | FOXE1 polymorphisms are associated with familial and sporadic nonmedullary thyroid cancer susceptibility[END_REF]. Fine-mapping studies showed that the associations of DTC with rs965513 and rs1867277 were not independent and the predominant association signal at locus 9q22 lied in the LD block containing rs965513 (190,191). One of these studies suggested that other associated SNPs in LD with rs965513 and rs1867277 may alter transcription factors or regulatory binding sites of EWSR1-FLI1, E2F1, and . These latter proteins could play a role in PTC pathogenesis since they were found to be overexpressed in sporadic PTC cases [START_REF] Vito | Overexpression of estrogen receptor-α in human papillary thyroid carcinomas studied by laser-capture microdissection and molecular biology[END_REF]192,193).

NKX2-1

NKX2-1 at 14q13.3 encodes another thyroid-specific transcription factor that binds to the thyroglobulin promoter and regulates the expression of thyroid-specific genes. It was shown to regulate the expression of genes involved in morphogenesis such as in forebrain, thyroid, and developing lung (194,195). NKX2-1 also plays an important role in differentiated thyroid tissue architecture maintenance (196).

In the population from French Polynesia where nuclear weapons tests occurred (Tables 2&3), Maillard et al. reported a significant interaction between rs944289 located 337 kb telomeric of NKX2-1 and irradiation exposure. Subjects with the T/T genotype and who received 2 mGy or less to the thyroid gland were at increased risk of DTC as compared to subjects with C/C and C/T genotypes (OR = 6.1, 95% CI 1.2-31.3) [START_REF] Maillard | Common variants at 9q22.33, 14q13.3, and ATM loci, and risk of differentiated thyroid cancer in the French Polynesian population[END_REF]. This result stands for subjects with the T/T genotype who received a radiation dose greater than 2 mGy (OR = 6.94, 95% CI 1.31-37.0). However, no association between rs944289 and DTC risk was evidenced in this latter study when interaction with IR was not considered in the analysis (186).

The first GWAS conducted on sporadic DTC in Icelandic and European populations identified SNPs in the 14q13.3 locus containing NKX2-1 in addition to the 9q22 locus containing FOXE1 (164). Similar risk estimates were found for rs944289 [T] in the Japanese population (OR=1.4, 95% CI 1.2-1.5) (197) and in an independent European population sample composed of 508 cases and 626 controls (OR per T allele = 1.42, 95% . Taken together, NKX1-2 seems to play a role in both sporadic and radiation-related DTC aetiology, but current data are insufficient to understand how it acts, with no evidence of a difference in its role between these two types of DTC.

TSHR

TSHR at 14q31.1 encodes the thyrotropin and thyrostimulin membrane receptor which is a major controller of thyroid cell metabolism. SNPs in TSHR have been associated with benign and autoimmune thyroid pathologies (198,199).

In the context of radiation-related DTC, the missense variant rs1991517 (p.Asp727Glu) and two additional SNPs (the intronic variant rs2284716 and the synonymous variant rs2075179 (p.Asn187=) were investigated among U.S. radiologic technologists study (179) and no statistically significant association was found. However, an increased PTC risk was found for carriers of the minor allele of rs1991517 in the population from Kazakhstan exposed to nuclear tests at Semipalantisk sites, and the reported risk estimates were quite high (OR per allele =8.3, 95% CI 2.5-28.0) (180)

The contribution of rs1991517 to DTC risk was investigated in two populations from Canada and the British Isles (304 sporadic cases, non-irradiated, and 400 controls in total) and failed to show an association (200). These results suggest that the variant rs1991517 has a role in DTC risk only in irradiated populations and not in sporadic cases.

Generic transcription pathway

ZNF350

ZNF350 located at 19q14 encodes a zinc finger protein that binds to BRCA1 (201) and RNF11 (202). To our knowledge, ZNF350 role in TC risk was only investigated among irradiated population by Sigurdson et al. in their candidate gene study performed in a population living near the Semipalatinsk nuclear test site in Kazakhstan. In this Khazakistanese population exposed to IR, carriers of the minor allele of the missense variant rs22778420 (p.Leu66Pro) had a reduced risk of developing PTC (OR per allele = 0.3, 95% CI 0.1-0.9) as compared to noncarriers (180).

RET signalling pathway

RET

The rearranged during transfection (RET) proto-oncogene at 10q11.21 encodes a transmembrane receptor which is a member of the tyrosine protein kinase family of proteins. The first study involving RET in the aetiology of PTC was published in 1990 (203). It was then showed that RET undergoes oncogenic activation through cytogenetic rearrangements and that 77 point mutations constitutively activate the RET kinase ( 204).

With regards to its role on DTC susceptibility in radiation-exposed populations, one study conducted among U.S. radiologic technologists (179) found a borderline significant increased DTC risk for carriers of the minor allele of rs1799939 (p.Gly691Ser). This risk was especially pronounced among young women aged under 38 years at diagnosis.

In line with these results, another study conducted in the population from Kazakhstan (180) found an increased risk of radiation-related thyroid nodules and a suggestive association with increased risk of PTC for carriers of the minor allele of rs1800862 (p.Ser836Ser) (Table 3&4). In sporadic PTC susceptibility, Lesueur et al. first suggested a role for the SNP rs1800861 (p.Leu769Leu, G/T) in a study carried out on a total sample of 247sporadic PTC cases and 219 controls from 4 different populations where homozygotes for GG of rs1800861were over-represented in the PTC patients when the four populations were pooled together (Lesueur et al., 2002). Later, Ho et al.

next showed that heterozygous subjects for rs1800861 (genotype TG) were at increased risk of DTC after multivariate adjustment (OR= 2.0, 95% CI 1.2-3.4) (205).

However, the same SNP was also analysed by Khan et al. in an Indian population [START_REF] Khan | Possible Impact of RET Polymorphism and Its Haplotypic Association Modulates the Susceptibility to Thyroid Cancer[END_REF], and authors found that carriers of the variant allele G were underrepresented in both follicular thyroid carcinoma (FTC) and PTC cases as compared to healthy controls. The minor allele of rs1800862 (p.Ser836Ser, C/T) was also found to be overrepresented in PTC cases as compared to controls (OR 1.6, 95% CI 1.1-2.4) in the Santos et al. study (207).

ATM signalling pathway

Ataxia-telangiectasia mutated serine/threonine kinase (ATM) downstream signalling pathways include a canonical pathway which is activated by double-strand DNA breaks and activates the DNA damage checkpoint. The non-canonical pathways are activated by other forms of cellular stress. Activation of the IR-related ATM canonical pathway results in the phosphorylation of a vast network of substrates, including the key checkpoint kinase and the tumour suppressor p53 (TP53) (208,209).

ATM

ATM is recruited and activated by DNA double-strand breaks. It is the master regulator of DNA damage response since the first step in this response to double-strand breaks induced by ionizing irradiation is sensing the DNA damage by ATM (210-212).

The ATM gene at 11q22-23 was first associated with DTC in 2009, in a study involving IR exposed and non-exposed populations from the Chernobyl areas (147). Among the irradiated population, Akulevich et al. reported that thyroid doses ranged between 4 and 1640 mGy, the biggest doses having been seen among the youngest participants.

In this first study, IR exposure was taken as a binomial adjustment variable (Yes/No) in all analyses. The minor allele of the missense SNP rs1801516 (p.Asp1853Asn) was found to be associated with a reduced PTC risk, regardless of radiation exposure, under the allelic model of inheritance (OR per allele=0.7, 95% CI 0.5-0.9). In the same study, it was shown that the intronic SNP rs664677 interacts with radiation exposure.

Analysis of combined ATM/XRCC1 genotypes (rs18011516 and rs25487) demonstrated that PTC risk was inversely proportional to the number of minor alleles of the tested ATM and XRCC1 SNPs.

Some

ATM/TP53 genotypic combinations (rs18015516/rs664677/rs609429/rs1042522) were associated with both radiationrelated and sporadic DTC. In particular, the combined GG/TC/CG/GC genotype was strongly associated with the radiation-related PTC (OR=2.10, 95% CI 1.17-3.78) (147).

Another result among populations exposed to radiation was a significantly decreased PTC risk observed in Belarusian children from the Chernobyl areas for carriers of the rs1801516 minor allele (A), (OR per allele=0.34, 95% CI 0.16-0.73) and of the intronic SNP rs3092993 minor allele (C) (OR per allele=0.13, 95% CI 0.13-0.83). Moreover, among 14 tested ATM SNPs, a suggestive interaction was found between the silent substitution p.Pro1526Pro (rs1800889) and IR exposure (185).

However, in the French Polynesian population exposed to IR during French nuclear tests, the minor allele (A) of rs1801516 was associated with an increased risk of PTC under an allelic model of inheritance, (OR =3.13, 95 % CI 1.2-8.3) (186).

Minor alleles (G) and in both rs189037 and rs1800057 were found to be associated to respectively OR adjusted= 0.8, 95% CI 0.6-1.0, and OR adjusted = 1.9, 95% CI 1.1- Iranian-Azeri DTC cases (216), and a decreased risk of DTC was evidenced in this Azeri population for carriers of (-16ins -Pro) haplotype (OR=0.5, 95%, CI 0.3-0.9).

DNA repair pathways

Genes involved in different DNA repair pathways have also been widely associated with DTC risk in irradiated populations.

Homologous recombination pathway

Homologous recombination (HR) is a mechanism that repairs a variety of DNA lesions, including double-strand DNA breaks (DSBs), single-strand DNA gaps, and inter-strand crosslinks (217). In addition, recombination provides critical support for DNA replication in the recovery of stalled or broken replication forks, contributing to the tolerance of DNA damage (218). In cancer genesis, HR plays an important role in genome integrity.

For example, the tumour suppressor genes BRCA1, BRCA2, and BLM (Bloom syndrome mutated) involved in breast cancer susceptibility are acting at least partially, through HR. Some SNPs in the X-Ray Repair Cross Complementing 2 (XRCC2) gene also involved in HR have been investigated in the context of radiation-related DTC susceptibility.

XRCC2

XRCC2 is located at 7q36.1. Several studies included a meta-analysis by He et al., investigated a few XRCC2 SNPs in DTC risk in the general population and none of them concluded to an association (141,(219)(220)(221). However, an interaction between the SNP rs10234749 in the promoter of the gene and diagnostic radiation exposure was found by Sandler et al. in an American white population composed of 168 DTC microcarcinoma cases and 465 healthy controls (Table 3).

Direct reversal repair pathway

Damage caused by different factors such as methylating and alkylating agents may be repaired by the direct reversal repair pathway (DRR) which involves, inter alia, O-6methylguanine-DNA methyltransferase (MGMT) and the gene encoding for Escherichia coli AlkB protein (ALKBH3).

MGMT

MGMT, located at 10q26, encodes a methyltransferase involved in cellular defence against mutagenesis and toxicity of some agents, including alkylating agents (222,223). Its role in radiation-related PTC susceptibility was first described in the study by Lonjou et al. involving Belarusian children exposed to Chernobyl fallout (224).

Among the 141 SNPs located in 43 DNA repair that had been investigated using the Cancer SNP panel array (Illumina), only the intronic variant rs2296675 was associated with an increased PTC risk (Table 2). In addition to the standard SNP-based analysis, SNPs, the intronic variant rs4750763 and the intergenic variant rs1762444, near to MGMT. For these two ORs were respectively 3.8 (95% CI 1.4-10.0, P interaction=0.02) and . In the same study, a significant association between the intronic variant rs12769288 and PTC risk was found in the Caucasian population under an additive model of inheritance with an OR per allele=0.6, 95% CI 0.4-0.9) when IR exposure was not taken into account in the analysis. Finally, the authors found that subjects with the T/C or T/T genotypes for the intronic variant rs10764901 had a reduced risk of PTC association between PTC risk as compared with subjects with the CC genotype (OR=0. [START_REF] Lortet-Tieulent | Thyroid cancer "epidemic" also occurs in lowand middle-income countries[END_REF]. However, this result should be taken with caution as no significant association was observed under the additive model.

ALKBH3

ALKBH3 at 11p11.2 encodes the "Escherichia coli AlkB protein" implicated in DNA lesions generated in single-stranded DNA. Despite its role in protection against the cytotoxicity of methylating agents, a possible role in DTC susceptibility was investigated in only one study performed in two population samples: the U.S.

Radiologic technologists cohort, exposed to low radiation doses, and cases from the general population diagnosed and treated for PTC at University of Texas Cancer Institute ( 226). In this study, homozygous carriers of the minor allele of rs10838192 located upstream of ALKBH3 were found to be at increased PTC risk in the pooled population (OR= 2.33, 95% CI 1.05-5.17). Of note, given the low exposure doses received by U.S. Radiologic technologists and the late age of exposure, the authors did not consider PTC cases among Radiologic technologists as radiation-related cases.

More recently, an interaction between the ALKBH3 intronic SNP rs10768994 and diagnosis radiation was found among homozygous major allele carriers in the American Caucasian population ( OR =2.88, 95% CI 1.13-7.29) (225).

Nucleotide excision repair pathway

Nucleotide excision repair (NER) is a DNA repair mechanism by excision that removes DNA damage induced by ultraviolet light. .23-7.27). However, no association was found when the two SNPs were analysed separately (231).

Discussion

Despite the importance of IR exposure as a risk factor for DTC, few studies provide reliable information on genetic factors contributing to the susceptibility to radiationrelated DTC.

According to the data presented in this review, it is not clear whether some genetic factors are specifically associated with radiation-related DTC since most of the known associated SNPs had already been associated with sporadic DTC. Moreover, most of the reviewed studies have limited power to detect association due to the relatively small size of the investigated population samples. Most SNPs found to be associated with radiation-related DTC are in or in the vicinity of genes involved in DNA repair pathways, including double-strand break repair. Among these SNPs, one was in or near MGMT, It should also be noted that most of the reviewed studies were gene candidate studies, performed on a limited number of SNPs due to statistical power issues. However, this study design does not provide information on the entire genetic variability at a given locus.

So far, most of the reported risk alleles associated with radiation-related DTC show modest to moderately increased risk, with large 95% confidence intervals, pointing out the lack of power of these studies ( Current results suggest that genetic susceptibility to radiation-related DTC could involve a large number of common variants associated with low to medium effect size.

Rarer variants than those assessed in GWAS may also contribute to the disease.

Resequencing projects on much larger datasets may provide more information on the relevance. Only in the thyroid microcarcinoma sub-analysis b: Among homozygous minor allele carriers who received a thyroid radiation dose >2mGy

Conclusion

A limited number of studies identified associations between radiation-related DTC and few SNPs or genes, and most of these genetic factors were also found to be associated with sporadic DTC. While browsing the available literature on radiation-related DTC, we noticed that there is no attempt to quantify the genetic risk associated with sensitivity to IR exposure, for example using polygenic risk score. More studies on larger cohorts with well-documented individual radiation dose estimations, particularly The project includes 2 types of case-control studies, performed either in the general population or within cohorts of childhood cancer or benign tumours survivors. All these studies are described in the next paragraph.

Studies

Case-control studies in the general population

The project includes the following case-control studies from the EpiThyr consortium, which composed of a total of seven case-control studies on DTC in the general population from different ethnicities: All the studies were population-based and collected information on socio-demographic characteristics, diet, anthropometric factors, gynaecological and reproductive history, medical conditions, environmental radiation exposure, medical X-ray exposure, and occupational and residential history.

Case-control studies nested in childhood radiotherapy cohorts

The following studies could be included in the project: • 1667 SNPs from the fine mapping of the 4 loci identified by previous GWASs as being associated with thyroid cancer

• 34 SNPs related to changes in body mass index

• 99 SNPs related to changes in body size

• 12012 SNPs located or close (+/-20kb) to pathways genes for the synthesis, regulation and signalling of thyroid hormones

• 149 located on genes for the repair of radiation-induced DNA lesions

• 441: candidate gene tags.

Other studies

For Tinea Capitis-Porto study, genotypes imputed data will be used for the analysis as only 50K SNPs are overlapping between OncoArra Illumina ® and ThermoFisher PMDA ®. Bead Chip. For SCCSS participants and some cases of the FCCSS, where the NGS data were available, only overlapping variants will be used in a first step. This dosimetric reconstruction has used 62 declassified original internal reports of the services in charge of radiation protection during the nuclear tests (SMSR, SMCB), which cover all the tests period.

The following data are available for dosimetric reconstruction:

• Measurements of total radioactivity in filtered air, of 131I and 137Cs in fresh milk, and total gamma activity and 137Cs in vegetables and fishes and reported in the 62 internal reports declassified in January 2013.

• Estimation of the water level in cisterns before each test, size of the cisterns, and meteorological information on wind, based daily meteorological reports of 16 stations in French Polynesia during all the atmospheric tests period.

• Information from the questionnaire on the successive place of residence, and sources of drinking water.

• Information on diet in the different archipelago of French Polynesia during atmospheric test period obtained from focus groups. Because four to five decades had elapsed since the nuclear tests were conducted, it was deemed necessary to overcome normal memory recall limitations. The focus group and key informant interview strategy were chosen to collect historical data about behaviour and dietary patterns (235). Because many of the study subjects were too young at the time of exposure to know or remember their consumption habits, mothers and caretakers of children were considered to be a more reliable source of those data. Moreover, mothers of many study subjects were no longer alive. Women, whose children were younger than 21 years during the period of atmospheric testing in 1966-1974, were selected to participate in focus groups

to provide information about their children's behaviour. Focus groups are able to stimulate recall from discussions about the period in general with a focus on lifestyle questions of interest. Participant interaction is a unique and compelling feature of focus groups where participants share their experiences to describe the range of experiences in a group as well as the reasons for differences among participants (236). In a previous study, the focus-group methodology was successfully used to collect quantitative and qualitative data for the purposes of dose reconstruction (237-239).

Medical diagnostic procedures

Medical diagnostic procedures are considered only in the general population casecontrol studies of EpiThyr consortium. The estimation of the thyroid radiation dose due to medical diagnostic procedures experienced during childhood and adolescence was performed in the frame of the present thesis. It concerned cases and controls of Cathy and of YoungThyr case-control studies.

All participants from both studies answered a questionnaire on different items concerning history of radiological medical examinations since childhood. A period of one week had been given to participants so they can collect the requested information from their parents or those around them especially about their childhood medical history before the interview, all details about these estimates are described here 4.1.3. 

FCCSS

The retrospective dosimetry estimation for external radiotherapy was performed by reconstructing the radiation therapy conditions, from technical records of radiotherapy for 95% of the patients, and from typical treatment for the remaining 5 % for whom the technical records were either missing or incomplete. For each of these patients, the absorbed doses to anatomical organs/sites were estimated according to the patients' gender, age and height at radiation and prescribed radiation therapy, using the homemade Dos Eg Software, we developed for retrospective dosimetry (242-244). All information on data, reliability and validity of the methods used in this software to estimate the doses of radiotherapy absorbed to any organ located in or outside the radiation fields can be found in previous publications (242-245). To establish fractionation effects, we considered all treatments administered on the same day as one fraction. This definition was acceptable because there was no hyper fractionated radiation therapy in the cohort. Among the patients who received radiotherapy and for whom the technical radiation therapy record was available, 69% had received one treatment course, 22% two, 6% three, and 3% received between four to eight courses.

The radiation dose to the thyroid was defined as the average of the radiation dose received by the centre of the isthmus and each of the two lobes. The mean dose of radiation to the thyroid for the 2692 patients who received external radiotherapy was 6.4 Gy while the median was 0.7 Gy (range: 0.001 to 72).

French Haemangioma cohort

Of 5000 patients from the French Haemangioma Cohort who sent back their questionnaire, 3795 patients had been treated with radium and β-applicators (32P, 90Sr/90Y plaques), interstitial brachytherapy (226Ra and 90Y needles), or X-ray. Some of these patients (24%) had received more than one treatment modality. A detailed description of the radioactive applicators has been published (246). X-ray treatments were mainly delivered with contact-therapy using a 50-kV peak with a 1 mm Al filter, and a short focus distance. The radiotherapy technique chosen depended on the surface and the thickness of the haemangioma. Special software was developed for this purpose, called ICTA, and stands for individualized phantom based on CT slices of a real human body. Individuals of various ages and the different applicators used to treat skin haemangiomas can be simulated with this software and all radium and beta applicator characteristics are included. These applicators are placed on the patient according to the information found in the patient's file (drawing, description, and photographs). The general structure of the ICTA software has previously been described (Ligot et al. 1998). The dose calculation algorithm integrated into ICTA for 226Ra and pure beta emission isotopes (32P, 90Sr/90Y, 90Y), and the comparison for 226Ra sources with Swedish results obtained at the Radiumhemmet, Karolinska

Hospital, have been published (247). The absorbed doses at the centre of the two lobes of the thyroid and the isthmus were estimated using ICTA, for each patient, each treated hemangioma, and each RT session and were recorded in the dose database.

Similar calculations were performed for X-ray treatments using Dos_EG ( 248) and the detailed dose data were recorded in the dose database.

Tinea capitis

The standard treatment was carried out according to the Kienbock-Adamson technique using one X-ray epilation session (325-400 R), but 6% of the individuals were submitted No estimation of the radiation dose received to the thyroid was performed in the Porto Tinea Capitis cohort Study. In all the articles, the result is expressed according to brain surface dose prescribed for the treatment of the Tinea Capitis, expressed in Roentgens (R), an old unit of dose, which measures the electrostatic charge per volume. Two categories are used in all the articles, "325-400 R", which corresponds to 1 standard radiation treatment, and "> 630 R" which corresponds to 2 or more treatments.

In the frame of the global project, we will perform a semi-individualized estimation of the radiation dose received the Porto Tinea Capitis cohort, being helped in this goal by the fact that such dosimetric estimations were performed in 2 other cohorts of Tinea Capitis patients treated with the same technic (250,251). These publications showed that the thyroid dose was on average 60 mGy (40-90mGy) for each treatment. The semi-individualized estimation will be based on the number of treatments, the prescribed dose per treatment, and the size of the patients at the time of radiotherapy, or, if not available, its age and gender.

Personal contribution in the global project

In the beginning of my thesis, this project was not settled-up yet. I actively participated in all stages from scientific protocol drafting to data analysis:

• I performed a review of literature about radiation-related DTC and its known risk factors

• I participated in the methodology and analysis plans development.

• I worked on all necessary procedures to have the permissions and ethical approval Given the increasing use of diagnostic radiology exams and the proliferation of radiology procedure types, it is important to explore the side effects of multiple lowradiation exposures, such as potential effects on DTC development, especially for patients exposed at a young age.

•
To our knowledge, only one published study has investigated an interaction between genetic background and the radiation-related DTC risk after diagnostic radiation exposure ( 225). This study identified 24 single-nucleotide polymorphisms (SNPs) with a p-value of variant-RI doses interaction was < 0.05 for all types of DTC cases (papillary and follicular). Currently, few genes including FOXE1, ATM, and LIG1 have been associated with DTC risk after IR exposure, but most published studies of these genes were conducted in highly irradiated populations. Moreover, as we highlighted above in 2.4, these identified genes were associated with sporadic DTC. In the current study, we investigated the association between diagnostic low-dose IR exposures and DTC risk. We quantified the doses delivered to the thyroid gland during childhood and adulthood in two French case-control studies. We performed a gene candidate analysis, by investigating the role of genetic variants located in 604 DNA damage signalling and repair genes in modifying the effect of exposure to diagnostic procedure radiation on DTC risk. Clinical and epidemiological data from both studies were harmonized and aggregated in one database. During this process, 30 subjects were excluded because they were duplicates in the two studies.

Radiologic procedure history

In the questionnaire, participants were asked to report their history of diagnostic radiology examinations by providing the year, the site, and the reason for each examination. The exams considered were conventional radiography, CT scans, and nuclear medicine. Examinations linked to investigating thyroid pathology were excluded and were not considered in the dose estimation or any analysis.

Examinations carried out during childhood (before the age of 20 years) and adulthood (over 20 years) were analysed separately. All procedures reported by participants were classified by period (before 1980, 1980-1989, 1990, and after) to take into account the development of radiologic procedure technology over this time.

Thyroid radiation dose estimates

To estimate the absorbed radiation doses administered to the thyroid gland for different types of diagnostic radiology examinations, we reviewed papers published up to July 2018 that included absorbed dose estimates to the thyroid. From 1970 to 2002, only one study provided estimates of absorbed doses to organs, including the thyroid gland (253), and was used to calculate dose estimates from conventional radiography.

If sex-specific data were available, a mean dose was used. Since the available data about childhood exams were very limited, specific doses were available only for children under the age of two years old without consideration of the period of exposure.

For this reason, we did not use specific doses for children older than two years and they were assumed to receive the same doses as adults. All doses per exam that were equal to or less than 0.01 mGy were considered to be null because of the magnitude of daily natural irradiation in France.

Table 5 summarizes the different values used per diagnostic procedure type (conventional radiography, CT scan, nuclear medicine), per period (before 1980, 1980-1989, 1990 and after), and per age at examination (≤ 2 years old, > 2 years).

We attempted to validate patient reports and collect more details on the diagnostic tests listed in the questionnaires by contacting them directly or by mail. Only Young-Thyr subjects could be contacted again. Due to the low response rate, we decided to use the data from the questionnaires as they are. We did not make any corrections based on the responses received. We performed quality control on the reported examination data to identify and remove inconsistencies, examinations without clear reasons, and outliers.

Genotyping and quality control

DNA was extracted from saliva samples using a semi-automated salt precipitation method. All subjects were genotyped using the Infinium OncoArray-500K BeadChip (Illumina). This array has been previously described in detail (254) and contains 499,170 SNPs. We incorporated 13,759 additional custom markers based on prior evidence of association in genes involved in relevant biological pathways, such as thyroid function. The quality control process was applied to the data of each study separately. A threshold of 5% was applied for a missing call rate per SNP and individual. The Hardy-Weinberg equilibrium (HWE) was also assessed per SNP among controls, using an exact test with a p-value threshold at 10 -5 . Only SNPs with a minor allele frequency (MAF) above 5% were included in the analyses.

The FastPop R package was used to infer intercontinental ancestry with a genetic principal component derived method (255). To avoid a possible genetic stratification within our population, only individuals identified as European were kept in the genetic analyses. A total of 443 cases and 532 controls from CATHY and 629 cases and 656 controls from Young-Thyr were included in the analysis of SNPs. SNPs of DNA damage signalling and repair genes according to the Gene Ontology database (256,257) were examined. We initially selected exonic and intronic variants in 604 genes. After the quality control steps, a total of 5817 SNPs in 571 genes were retained for the analysis (Appendixe.1). 

Diagnostic radiation and thyroid cancer risk

We used a conditional logistic regression model to estimate the odds ratio of DTC per mGy (OR/mGy) of radiation dose received by the thyroid gland. We compared a linear model (OR=Cst (1 + α dose) to a "constant" model without a radiation dose (OR= Cst)

and to other traditional dose-response models used in radiation epidemiology, such as quadratic (OR= Cst (1 + α dose 2 ) and exponential (OR= Cst (1 + e (α dose)), by using likelihood ratio tests to compare the models. Similarly, we investigated the potential role of a dose-response modifier by introducing a term for interaction in the models.

The analysis of the radiation dose was performed by using the EPICURE® software.

SNP in DNA repair genes and thyroid cancer risk

Because genetic data was missing for some cases and controls and to avoid the loss of the matched individuals, odds ratios (ORs) and 95% confidence intervals (95% CIs)

were derived from unconditional logistic regression models, assuming a log-additive model, in what the risk is proportional to the number of considered allele, since the stratum was not considered in this step. Analyses were first conducted in the Young-Thyr study to filter our SNPs and limit the number of tests to be performed later; only the 100 SNPs with the lowest p-values from this step were tested in the CATHY study.

We also conducted a meta-analysis combining results from both studies; overall zstatistics and p-value for these 100 top SNPs were then calculated from a weighted sum of the individual statistics. Weights were proportional to the square root of the number of individuals examined in each sample and selected such that the squared weights summed to 1.0, as implemented in the METAL program (262). This step aims to account for heterogeneity between studies, to improve signal detection in the genetic analysis by avoiding a large number of tests, and to substantiate homologous signals in both studies since our population is relatively limited.

Corrections for multiple testing

To correct for multiple tests in the main effect analysis, the FDR procedure (263) was calculated for each result of the meta-analysis. We investigated the interaction between SNPs and radiation doses using the likelihood ratio test, comparing models with and without the interaction term following the same steps described above.

Interaction analysis

The association and interaction tests between radiation doses and DNA variants were performed using a log-linear model, which poses fewer convergence problems since the ORs estimated by the two models were very similar for most of the dose ranges in our study given the low magnitude of the coefficients. Since we did not apply any cutoff p-values for SNPs selected to be included in the meta-analysis step, in this study we chose to only show our best five results from each analysis.

Variables selected for analysis

All analyses were adjusted for age (five-year period), sex, thyroid cancer family history (yes/no), goitre history (yes/no), radiotherapy history (yes/no), BMI (continuous), height (continuous), educational level (primary school, secondary school, bachelors or higher), smoking status (never/former smoker/smoker), number of pregnancies longer than seven months in women (three classes: 0, 3-6, >6), and study (CATHY/Young-Thyr) only in the pooled analysis. Analyses of genetic variants were additionally adjusted for the first three principal components to take into account the population stratification. Subgroup analysis was also performed separately for papillary histological type cases and according to tumour size (microcarcinoma and carcinoma>10 mm and/ or invasive carcinoma).

Programs used for analyses

Association analyses and meta-analyses were performed using R 3.6 and METAL (262). SNPs were annotated using the VEP tool (Version 98) (264), and gene regions were plotted with LocusZoom software (265).

Results

Demographic characteristics of the pooled study population (Young-Thyr and CATHY) are described in 

Thyroid doses determined by diagnostic radiology examination estimates

Estimated IR doses administered to the thyroid during childhood were lower than those given after 20 years of age. Among children, the most frequent exam was panoramic dental radiography, which was reported in 971 individuals. Nuclear medicine exams were rarely reported among children; the most frequent exam scan was bone scans reported in 14 children, more details in Table 6. During adulthood, the most frequent conventional radiography exam was chest radiography, which was seen in 30.8% of adults. Skull CT scan was the most common computed tomography exam during adulthood. Nuclear medicine exams were also relatively rarely reported among adults.

The median thyroid doses delivered during childhood were lower than doses administered during adulthood. The maximum childhood estimated thyroid dose was 194.2 mGy among the whole population, the mean among cases was 2.8 mGy dose was 5.6 mGy and 5.5 mGy among cases and controls, respectively.

A total of 1466 subjects did not report experiencing any thyroid-irradiating diagnostic procedures during adulthood. Table 7 presents detailed information on diagnostic radiology exams and thyroid doses in cases and controls. Characteristics and thyroid doses among genotyped subgroups from both studies are presented in Table 8. 

Association analysis

Only estimated radiation dose received by the thyroid gland during childhood was found to be associated with an increased DTC risk, unlike doses received during adulthood (Table 9). In the linear model, the DTC OR per mGy administered to the thyroid was equal to 1.02 (95% CI: 1.00, 1.03). When restricting the analysis to papillary thyroid carcinoma, the OR per mGy was very similar. The fit of the model was improved by the addition of a quadratic term to take into account a possible higher effect of high doses, although not significant (p = 0.06), which remained similar. No significant difference (p > 0.05) was found between the dose responses for men and women. Results from a sub-analysis by tumour size, presented in Table 9, yielded similar DTC risk in relation to thyroid IR doses to the risk in the whole population analysis.

Interaction analysis

No interaction was apparent between the thyroid radiation dose and obese status, age at DTC occurrence, study, number of pregnancies, female sex, smoking status, height, or the personal radiotherapy history. In a log-linear model, the odds ratio for a dose of 1 mGy was 1.01 (95% CI: 1.01, 1.04) Rs105939 and rs699517 in ENOSF1/THYS were in our best results, but statistical significance was not achieved (OR meta-analysis = 1.30, p-value meta-analysis = 7.81x10 -4 ).

Only one variant in RPA3 (rs12702628 in 7p21.3) was found to be significantly associated with DTC risk. When the analysis was restricted to only papillary carcinoma histological types, only rs7164173 was significant (p-value meta-analysis = 9.33x10 -5 ) (Table 10 B). In the NFATc2 region, two SNPs, rs77971457 and rs6067822, had respective OR meta-analysis values of 1.45 and 0.77 but did not reach the significance threshold. Compared to the latest publication on the US radiologic technologist cohort, including 90,305 radiologic technologists in the U.S. who were followed during 1983-1998, the values of our coefficients for thyroid radiation doses received during childhood are slightly higher than the coefficients estimated in the general analysis and the papillary carcinoma sub-analysis (267). Our estimates are also slightly higher than estimates in both the most recent analysis among Japanese atomic-bomb survivors( 60) and the IARC study of highly contaminated areas of Belarus following the Chernobyl nuclear accident [START_REF] Cardis | Risk of thyroid cancer after exposure to 131I in childhood[END_REF].

The genetic analyses showed an association between DTC risk and SNPs: rs6067822 in intron 1 of NFATc2 (20q11.22), rs7164173 in intron 3 of CHD2 (15q21.3), rs1059394

(3 prime UTR variant), and rs699517 (3 prime UTR variant) both in ENOSF1/THYS (18p11.32), and rs12702628 intron variant in RPA3 (7p21.3). To our knowledge, none of these genes have previously been reported to be associated with DTC risk. The effect direction of these SNPs was similar in the Young-Thyr and CATHY studies and reached the significance threshold for the meta-analysis; furthermore, NFATc2 and CHD2 genes have been implicated in the response to ionizing and ultraviolet radiation in vitro studies (268,269). Moreover, cells with mutations in CHD2 were found to be defective in their ability to repair DNA damage, especially after ionizing and ultraviolet radiation exposure (269). Genes of the NFAT family encode for transcription factors, which have a role in cancer progression, and also are important for responding to ionizing and ultraviolet radiation exposure (270-272); these genes were previously found to be associated with other types of cancer risk, such as melanoma, breast, colorectal and oral cancers (273-276). Rs6067822 in NFATc2 and rs7164173 in CHD2

showed a similar stabilizing effect in general and papillary subgroup analyses. Our results from the papillary thyroid carcinoma sub-analysis yielded a significant association of rs1290997 in RAD51B with DTC risk. Another variant in this gene, rs1950764, was among our top five SNPs but did not reach the significance threshold.

These findings suggest a role for RAD51B in the aetiology of radiation-related DTC.

Interestingly, the RAD51B gene was involved in DNA damage repair after ultraviolet irradiation exposure (277,278) and associated with breast cancer risk (279,280). We report this result with great caution because 525 SNPs in this gene were tested in the first step of the analysis (Appendixe.1).

An association was found between two SNPs (rs1059394 and rs699517) falling within the ENOSF1/THYS gene region. These SNPs are non-coding transcript exon variants, and this region is known to be associated with ovarian and endometrial cancers (281,282).

The polymorphism rs12702628 in replication protein A3 gene (RPA3), which was associated with DTC risk in our study, has previously been found to be involved in tumorigenesis, especially in gastric cancer ( 283).

The carcinoma>10 mm and/ or invasive carcinoma and microcarcinoma analyses both yielded significant results in 2q31.1. However, since these are subgroups results, they should be taken with caution, especially for the microcarcinoma analysis due to the low number of cases. The r² values between these three SNPs and rs7068306 are 0.009 and 0.044 (Table 13). The r² values between rs7068306 and the SNPs tested in studies by Lonjou and 

Limitations of the study

Investigating the thyroid radiation dose-response from self-reported radiation examinations carried out in case-control studies is sensitive to recall bias. This is particularly true when addressing public health issues highly debated by the public, such as the health effects of irradiation. As Hallquist and Jansson previously showed, in case-control studies investigating the impact of self-reported diagnostic radiology procedures on DTC risk, this bias produces under-reporting of examinations by both cases and controls, but significantly more by controls; furthermore, this bias could cause an overestimate of the IR effect (286). We cannot exclude such a bias in our study, which could result in an overestimation of the radiation dose effect. However, in the Young-Thyr study, we previously showed that despite DTC patients being more likely than controls to believe that the consequences of the Chernobyl accident were responsible for DTC occurrences, self-reported vegetable consumption during the two months after the Chernobyl accident, known to be a major source of radioactive contamination, was correlated with the status of participants, cases or controls, but not with their beliefs (287). Thus, exposure could be over-reported in patients, particularly when they believe that this exposure contributed to their disease. In this type of study, case and control self-declarations are often impacted by recall bias, especially in terms of the number of radio diagnostic exams and images in the present study. Despite these caveats, case-control studies could help to improve understanding of the risks associated with low-dose IR radiation by utilizing a large number of cases and permitting more detailed investigations on several potential risk factors, which are costlier to investigate in cohort studies.

Some studies suggest that gene expression linked to thyroid cancer occurring after irradiation could vary not only according to radiation dose, but also according to age at irradiation and attained age ( 288). This could imply the DNA variants linked to this expression could also be differences according to dose, age at irradiation and attained age. If so, this could impact our study and strongly reduce the interest of pooling Young-Thyr and Cathy results.

For some types of exams, there are no available thyroid dose estimates available in current literature, especially during childhood. This disadvantage could decrease the precision of our estimates; consequently, to harmonize our analyses we considered the same doses for all children older than 2 years. The simplest way to account for age variation of radiation dose exposure (0-2 years compared to older) in our analysis, has probably a limited effect because the reference doses were the same for cases and controls. Thyroid dose estimates were based on self-declarations of diagnostic exam history. In this data, dates for each exam are not precise, causing the impossibility to impose a lagging period and raising the problem of reverse causation. Despite the absence of specific dates for each procedure, we only kept data from radiological procedures that were not carried out for diagnosing thyroid cancer. There is some heterogeneity in demographic and cancer characteristics between our two studies:

patients from the Young-Thyr study were younger at cancer diagnosis and inclusion in the study compared to cases from CATHY. Furthermore, diagnostic radiology technologies that were available in childhood differ substantially between the participants of the CATHY and Young-Thyr studies; additionally, the availability and frequency of these examinations differ. To better discern signals from the genetic analysis and to increase the statistical power, we chose to perform a meta-analysis to substantiate homologous signals in both studies by keeping a limited number of SNPs in this step to avoid a high number of tests.

Despite the small size of our study populations, our results suggest a role for NFATc2, CHD2, RPA3, and ENOSF1/THYS that has not previously been associated with DTC risk and confirm the previously demonstrated role of RAD51B and MGMT. However, functional and validation studies are needed to better understand and confirm the biological role of these variants.

Conclusion

We present evidence that DTC risk is significantly increased in higher thyroid radiation doses received during childhood from radio diagnostic examinations. In addition, we demonstrated an interaction between this thyroid radiation dose and the minor allele of rs706830 located in MGMT. Our results also suggest an association between polymorphisms in NFATc2, CHD2, ENOSF1/THYS, RPA3, and RAD51B. Taken together, despite the limited size of both populations studied, these results underline the role of DNA repair pathways in DTC risk. More studies of larger populations are needed to validate and characterize the interaction between DNA repair genes and exposure to low IR doses.

In radiation-related DTC, only two variants in FOXE1 and ATM were associated with the risk of this type of DTC in two different populations (289). In FOXE1, only the association of rs965513 with radiation-related DTC could be replicated (232). Notably, the very same variant rs1801516 in ATM appeared to have an opposite effect between the French Polynesian population ( 186) and Belarusian population (185). This underlines the importance of taking into account ethnicity when considering the genetic susceptibility to DTC. Such genetic factors could partially explain the magnitude of DTC incidence variance around the world, which is specifically higher in some geographic areas [START_REF] Tervonen | Cancer epidemiology in the small nations of Pacific Islands[END_REF]290,291). The Polynesian population is particular by its genetic background, lifestyle, diet largely based on sea products ( 292) and also as islander population. Adding to these characteristics, French Polynesia (FP) was the ground of genome-wide association study (GWAS) in order to identify variants associated with radiation-related thyroid cancer. All participants from both phases answered a detailed questionnaire about ethnic group, education, occupation, places of residence, weight history, personal and familial history of thyroid disease and cancer, gynaecologic and reproductive history, medical X-ray exposure, and diet at the time of the interview and during childhood.

Materials and method

Pathological and histological thyroid cancer details were also gathered from clinical records for each case. In this step, two cases from phase II were removed because of the uncertainty of histological confirmation of their cancer. Saliva DNA samples (Oragene ® ) were available for

Dosimetry

The estimation of thyroid radiation dose received to the thyroid from French nuclear tests was based on a questionnaire on dietary habits, meteorology reports, and the original reports of the French Army's radiation protection departments, as well as place and type of main residence, and dietary habits during the period of nuclear of tests (238,295). In order to overcome memory recall limitations, to improve the thyroid dose estimates, and to reduce their uncertainties by the collection of historical data on a lifestyle of French Polynesians for the1960s-1970s, focus group discussions and key informant interviews were performed (296).

Thyroid radiation doses were very low, both in controls and cases.

Genotyping data

DNA was extracted from saliva samples using a semi-automated salt precipitation method. All subjects were genotyped with a custom-made Infinium OncoArray-500K BeadChip EPITHYR (Illumina®) at the Centre National de Recherche en Génomique Humaine (CNRGH/CEA, Evry, France). OncoArray-500K as previously described in detail [START_REF] Amos | The oncoarray consortium: A network for understanding the genetic architecture of common cancers[END_REF], and contains 499 170 SNPs. We incorporated 13 759 additional custom markers based on prior evidence of association and in genes involved in relevant biological pathways such as thyroid function.

The quality control process was applied to the pooled data from phases I and II. A threshold of 5% was applied for missing call rate per SNP and 10 % per individual. Hardy-Weinberg equilibrium (HWE) was also assessed per SNP among controls, using an exact test with using a p-value threshold at 10 -5 . Only SNP with minor allele frequency (MAF) above 5% were considered in the analyses to ensure sufficient power. In this step, three individuals were removed because they were overlapping between phases I and II.

At the end of quality control, genotyping data of 300,908 SNPs were available from 283 cases and 418 controls. This step was performed with Plink2 program (version Alpha 2.3) (297).

As our genotyping array was originally designed with the Human Genome 37 (hg 37) assembly, the SNP location was updated to hg 38 with Liftover tool from UCSC with default parameters (298) (available here: https://genome.ucsc.edu/cgi-bin/hgLiftOver). The data was phased with Eagle program (299) then imputed for non-typed SNPs with IMPUTE2 (300). We used as reference panels the version 3 release of the 1000 Genomes Project dataset (301) (available from ftp://ftp.1000genomes.ebi.ac.uk/) and HGDP dataset (302) (available here ftp://ngs.sanger.ac.uk/scratch/project/hgdp). We regionally imputed the chromosomes 6,10 and 17, before conducting further analyses. To annotate functions, effect prediction, and scoring of variants, we used VEP tool (version 101) from Ensembl (303). Genes were mapped on NCBI gene definitions (38.13) (304).

Statistical methods

To analyse the genetic structure in our population, we used Eigensoft program (smartpca function, version 7.2) (305) to identify the principal components (PCs) in our dataset. The same program was also used in the ancestry analysis with the Human Origins data set as reference (publicly available from https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/). According to results from this step, we selected three ethnicity groups (Ancient Polynesian, Chinese Han, and French) to perform a supervised analysis with Admixture program (306), after which, we could describe each individual as the fraction of ancestry from these three reference populations.

We used unconditional logistic regression basic model implemented in Plink2 under an additive model of inheritance to assess the association of the tested SNPs with DTC risk with adjustment for age (continuous), sex, thyroid cancer family history (yes/no), goiter history (yes/no), radiotherapy history (yes/no), Murura site workers (yes/no), BMI (continuous), height (continuous), educational level (primary school, secondary school), smoking status (yes/no), among women the number of pregnancies longer than 7 months (3 classes), dietary selenium and iodine intake during adulthood (before DTC) and childhood (continuous), the internal radiation dose received at the thyroid gland before the age of 15 and the five first principal genetic components from Eigensoft output. We also performed a sub-analysis by biggest carcinoma nodule size: microcarcinoma (< 10 mm) and carcinoma>10 mm and/ or invasive carcinoma (> 10 mm).

To test whether the association results are dependent or not on the ethnicities, we used the percentage of ancestry estimates from Admixture® (306) output to run our model in non-mixed

versus mixed clusters at a different threshold of output. Gene level analysis was performed with MAGMA software (v1.07b) (307). This analysis was run under a model considering a gene-thyroid radiation interaction term as well as other DTC risk factors interaction terms. In this step, a total of 11631 genes were identified in our dataset and analysed by regressing the phenotype on principal components derived from the SNPs in a gene. Permutation-based empirical p-values for each gene's main effect were computed after 10 6 permutations. We then performed a gene-set analysis (GSA) using the same program with input from the previous step. To define the gene-sets, gene annotation from 3 different domains was used separately in the analysis: Gene Ontology (GO) gene sets (10271 genes), chemical and genetic perturbations set (3358 genes) and microRNA targets (MIR) sets (2598 genes), all obtained from Molecular Signatures Database (MSigDB version 7.2) (308) and selected according to results from gene analysis. Bonferroni correction for multiple testing (309) was considered for each set analysis. P-values less than 2.00 × 10 -7 and 5.00 x 10 -5 were required for significant association and suggestive for the GWAS, in the gene-level analysis a p-value less than 5 x 10 -5 was considered as significant.

Results

Demographic and epidemiologic characteristics

Cases and controls main characteristics are described in Table 14, more than 80% of cases were women, the mean age at thyroid cancer diagnostic was 44 years, and 55% of the cases were smokers. The estimates of the internal radiation doses before the age of 15 years at the thyroid gland were low, with a maximal dose of 22 mGy among cases, and 13 mGy among controls. About 8 % of our cases received radiotherapy prior to DTC diagnosis. Anthropometric factors (BMI and body height) and dietary intake of selenium and iodine during childhood were found to significantly differ between cases and controls (Table 14).

Population structure

Population structure analysis from genetic principal components analysis (PCA) revealed three major clusters composing our study population (Figure 9), variant weights from the first four principal components are shown in Appendixe.3. The projection of the Polynesian population PCs on Human Origins set PCs, confirmed the presence of three clusters: Polynesian, Chinese

Han, and French or strongly mixed with (Figure 10), in this figure, the projection including the African populations were not presented because this ancestry was absent in the study. We then selected individuals in the reference set from these three populations to perform a supervised analysis with Admixture® (306). The results from this step are presented in figure 11. After this step, we were able to classify the study population into three sub-groups:

Polynesian, Chinese Han, and French. We also tested the interaction between SNPs and doses at thyroid (≤2 mGy, >2 mGy), none of the SNPs have reached the significance threshold. 

Association in ethnic sub-groups

Association results of the lead SNPs (listed above) in each ethnic cluster are summarised in Table 15. The same effect directions were noticed for all SNPs between the clusters at different estimated Polynesian ancestry fraction threshold, only the results at 55% threshold are shown in table 15 with MAF of these SNPs in the whole population and each ethnic cluster. Meta-analyses of our best SNPs at a different level of Polynesian ancestry clusters are shown in a forest plot (Appendixe.4).

Microcarcinoma and carcinoma>10 mm and/ or invasive carcinoma subanalysis

Results from carcinoma>10 mm and/ or invasive carcinoma and microcarcinoma subanalysis yielded a similar result to this in chromosome 17 in the main analysis.

However, the signal from chromosome 10 was observed only in microcarcinoma analysis, this in chromosome 6 only in carcinoma>10 mm and/or invasive carcinoma analysis (Figure and Figure 14). Results from gene-level analysis with MAGMA yielded a significant main effect and an interaction term with the RBFOX3 gene (17q25.3) and thyroid radiation dose. A total number of 66 SNPs in this gene were analysed, the main effect p-value after 10 6 permutations were 5 10 -6, and the interaction p-value was 5 10 -4 . At the main effect, NRG1 was significantly associated with DTC risk (p value= 3.01 10 -07 ) but no interaction effect. Furthermore, other interesting results from the main effect were observed with the other two genes: PRUNE2 and PLXDC2 (results are shown in Table 16). We also tested independently other models with interaction with dietary selenium, dietary iodine, height, and BMI. However, none of the tested models shown a significant interaction with genes. In the carcinoma>10 mm and/ or invasive carcinoma sub-analysis, none of the tested genes had a statically significant interaction effect and PIP4K2A (chromosome 10) had a significant main effect (p value= 6. 16 10 -05 ). RYR3

gene in chromosome 15 was the only significant interaction effect in microcarcinoma sub-analysis (p-value = 5. 90 10 -5 ). Results from the GSA of Micro RNA targets genes set yielded only a significant result from M11746 set (CCATCCA_MIR432), containing 35 genes (409 SNPs) having at least one occurrence of the motif CCATCCA in their 3' untranslated region. The motif represents the putative target of human mature miRNA hsa-miR-432, which reached the significance threshold with p-value gene-set =7. 8 10 -6 .

Results from other sets were not significant (Table 17). .

Figure 16 Association results from regional imputation in chromosomes 6 Colours represent the level of linkage disequilibrium (measured as r2) and the shape whether it is genotyped (disc) or imputed (diamond). In the lower part are the genes the region Figure 17 Association results from regional imputation in chromosomes 10 Colours represent the level of linkage disequilibrium (measured as r2) and the shape whether it is genotyped (disc) or imputed (diamond). In the lower part are the genes the region Figure 18 Association results from regional imputation in chromosomes 10 Colours represent the level of linkage disequilibrium (measured as r2) and the shape whether it is genotyped (disc) or imputed (diamond). In the lower part are the genes the region

Discussion

The main purpose of this study was to explore the risk associated with the genetic factors in differentiated thyroid cancer occurrence after exposure to radioactive fallouts from nuclear tests during childhood in the French Polynesian population. Results have revealed the association of several genetic regions and increased risk of DTC occurrence. While all these regions have previously been linked to cancer, none was ever previously associated with DTC risk before.

The lead SNP in this locus for our study is near to the promotor of the PIP4K2A gene, which is in the 10p12.2 locus. This locus has been associated with childhood B-cell acute lymphoblastic leukaemia occurrence in a former GWAS, the main signal being also observed in the region of the PIP4K2A gene (310). This finding has been confirmed in different ethnicities: European, Hispanic, African, and Chinese (311,312), and variants in this gene have also been associated with acute lymphoblastic leukaemia prognosis (313,314). Recently, this gene has been suspected to have an oncogenic role and is noticed to be frequently overexpressed in multiple other types of leukaemia and some types of solid cancers in cancer cohorts including TCGA (315). It has also been noted that variants in this gene have also been associated with a various spectrum of psychiatric disorders, such as depression and bipolar disorders (316) and schizophrenia (317,318), disorders which have also been found to be particularly frequent in French Polynesia (319).

In locus 6q24.3, none of the variants we evidenced rare coding variants, the closest genes being GRM1, RAB32, and ADGB (figure 4a). These genes have been associated with the risk and prognosis of ovarian cancer (320), gastric cancer (321), and breast cancer (322). Besides these endocrine cancers, this region has also been associated with autoimmune thyroiditis (323) and in the regulation of proliferation and invasion of thyroid cancer cells (324).

The signal we found in chromosome 17, was from the region of SKAP1 (SRC kinaseassociated phosphoprotein 1 gene, figure 4b). This gene was found to be associated with other endocrinological cancers: ovarian cancer in the European and Chinese Han population (325,326). The 17q21.32 locus is also associated with endometrial, prostatic, and renal cancers (327-329).

Previously, Maillard et al. performed an analysis on common variants at 9q22.33, 14q13.3, and ATM loci and DTC in the initial case-control study included in the present analysis ( 186). The findings of this previous study highlighted an interaction between the rs1801516 in NKX-1 (14q13.3) and the radiation dose at thyroid with a higher risk for the genotype "T/T" carriers, besides an association was found between rs965513 near FOXE1and DTC risk. As this study included a part of our present population, we compared our findings to those of Maillard et al (Appendixe.5). We failed to find the same significant interaction in rs1801516. However, the genotype "T/T" effect, as compared to other genotypes, was in the same direction as Maillard et al. findings (OR T/T genotype=1.45, 95%CI =0.26-7.98) (Appendixe.5).

Gene-IR interaction analysis yielded a significant result in RBFOX3 (RNA binding protein fox-1 homolog 3). Gains in copy number variations of this gene were found among myeloproliferative neoplasms patients exposed to ionizing radiation following the Chernobyl nuclear accident (330) and among childhood cancer patients who later developed a second primary cancer (331). To our knowledge, the expression of this gene has never been directly linked to the radiation exposure effect among humans.

However, in a non-human model, this gene is implicated in controlling the biogenesis of a subset of microRNAs (332).

The gene-level analysis showed a main effect of the NRG1 gene with a p-value = 3.01x10 -07 . This gene was firstly associated with DTC risk by a GWAS published in 2015 (163). Then other studies confirmed the role of this gene in DTC risk and characterized it, a role for transcriptional regulation of NRG1 in the predisposition to PTC was suggested (333). Furthermore, the result from GSA, showing a significant result of M11746 set, is suggestive of an interaction between microRNA regulation and IR exposure.

As a whole, the results from genetic susceptibility analysis suggest new genes never related to DTC before, but several of them related to endocrinological cancers.

Besides, the known genetic region associated with DTC found by previous studies was not observed among our best results.

The associations found by the present study need to be replicated and, if replicated, functionally validated, to understand the biological mechanisms involved. Even the significant interaction we observed needs to be validated, this all the more as the limited population size of our sample did not permit us to explore further orders of interaction such as the interaction between two gene-sets.

In addition to genetic susceptibility results, our study is the first, to our knowledge, to analyze the relatively recent mixture of the indigenous French Polynesian population with other ethnicities. Our results identified the 3 main ethnicities composing this population: Polynesian, Han, and French. According to our results, the FP population remains globally very close genetically to their ancestors despite the mixture. Our approach to accord an ancestry fraction for each subject was designed to test if our association results were impacted by the strong population structure or not. However, further exploration of this structure could define the ethnic ancestry for each subject more finely and enable the study of the potential correlation between geographic regions (archipelago, atolls …) and ancestry.

IR doses to thyroid gland estimates were mainly based on dietary data from the questionnaire, the accuracy of this type of data cannot be verified creating a source uncertainty. In addition to IR doses, some covariates such as dietary iodine and selenium during childhood and adulthood are based on the questionnaire. The focus group approach, used with the participants of this study, helped them to remember their food consumption and harmonise the declared dietary habits. In this context, it is also necessary to characterize the possible impact of ethnic ancestry on dietary habits and lifestyle. In the light of our results, genes never related to DTC before are found to be associated with these disease risks, still to validate our results and understand the biological in particular population very poorly studied. As an insular population, exposed to IR from nuclear tests and recently mixed with other ethnicities, all these factors characterise the French Polynesian population, making the analysis of the genetic background of this population at the same time very rich and complex and the replication of these results in an independent population more challenging.

Conclusion

French Polynesian population has genetic, geographic, and cultural particularities.

Here, we attempted to address the questions relating to population structure as well as genetic DTC risk factors. Our results are suggestive of a role of three loci: 10p12.2, 6q24.3, and 17q21.32, the genes present in these loci were not previously associated with differentiated thyroid cancer, but rather to other endocrine-related cancers or psychiatric disorders. We also found an interaction between the RBFOX3 gene and thyroid radiation dose to thyroid, in the risk of thyroid, which had not been previously evidenced.

[ Clinical and therapeutic data were extracted from medical records. Only cases whose first cancer was solid were kept.

Then, controls were matched on sex, age at first cancer, type of first cancer, and at least equal fellow-up free of any SMN type for controls. Based on medical records, radiation doses received at the thyroid gland were reconstructed using special software (cf 3.5.1.2). IR doses at the thyroid were not available for six patients recruited in FCCSS, so we used semi-standardized dose estimates based on doses of cases having the same first cancer type and clinical features.

Genotyping data

Available DNA samples were extracted either from saliva or blood cells. The genotyping was performed using the EpiThyr OncoArray-500K BeadChip (Illumina) for all subjects. Data were available for 496271 SNPs. We applied the same quality control criteria in 5.2. At the end of the quality control process, 331531 SNPs from 94 cases and 101 controls. According to results from previous studies (337,338), variations in genes POT1 (rs58722976) and CLIP2 (CNV) were found to be associated with radiation-related DTC. We imputed the exonic and intronic variants in these two genes using the same pipeline described here 5.1. No MAF threshold was applied to filter variants in these two genes.

Statistical analysis

Genetic components analysis

To identify potential population stratification, principal components analysis was performed using Eigensoft program (smartpca function, version 7.2) 1000 Genomes data set (284) as a reference, with same methods described previously here 5.2.

According to results from this analysis, we identified individuals from minor ethnicities, who were excluded from the analysis.

Association analysis

We used an unconditional logistic regression basic model, in R 4. We also assessed the interaction between genetic variants and radiation doses at the thyroid. We used a categorical variable to classify the doses at thyroid: ≤ 5 Gy, > 5 Gy.

We have chosen this threshold after comparing the Akaike information criterion (339) from different models estimating DTC risk of thyroid doses as quantitative variable and as of categorical variables at different thresholds.

In a first analysis, we included in the association analysis only the SNPs in regions of two genes previously found to be associated with radiation-related DTC risk: POT1 (rs58722976) and CLIP2 (CNV) both in chromosome 7. As a second analysis, we performed a genome-wide association analysis (GWAS) using the same association model and separately the variant-dose interaction term and variant-alkylating agents and anthracyclines. The strengths of allelic associations were reported as odds ratios (ORs) and p-values when p-values less than 1.00 × 10 -8 and 5.00 × 10 -5 associations were considered significant or suggestive respectively. Among the best results from Variant-category of radiation dose interaction analysis yielded suggestive results with variants in chromosomes 18 and 10 (Table 20). The interaction between variants and treatment with anthracyclines did not show a significant association. The minor allele [G] of the SNP rs8084760, an intronic variant of SOGA2 in chromosome 18, was associated with an OR interaction =148.8 and p-value = 0.0007 (Table 22). A protective OR was observed in rs10842793 (chromosome 12, ITPR2) with an OR = 0.06 and also in two variants in the gene TMED3 (OR=0.08).

A posteriori power calculation

We performed a posteriori power calculation at different levels of effect allele frequencies and for a number of 82 matched cases and controls. We calculated the marginal effect of radiation exposure in our population, which was equal to 6.3. We fixed probabilities of error type I = 0.05 and error type 2= 0.20. Figures 20 to 23

represent the different study power levels and radiation-SNP interaction OR possible under the hypotheses above and at different levels of SNP marginal effect. We placed our main results from this analysis on the corresponding figures. In this analysis, we did not take into account the correction for multiple testing. Our analysis indicates that the lowest power was observed in the interaction term with rs6550146, however for all the best 4 other SNP from interaction analysis the minimum power was 0.7.

Discussion

We analysed genetic data from 82 cases and 94 controls of thyroid SMN that occurred among childhood cancer survivors from FCCSS study. None of the 331531 tested SNPs was significantly associated with thyroid SMN risk. However suggestive associations were observed in chromosome 6q27 (rs6917116). Variant rs6917116 is in PDE10A (phosphodiesterase 10A (PDE10A), transcript variant 2). The expression of this gene and its inhibition were already associated with colorectal cancer risk and other types of cancer (340,341). Statistically and biologically our results did not show a strong association with thyroid SMN. Our limited population could be one of the reasons that our results are not statistically significant. Moreover, the types of the first cancers are various in our population, as childhood cancer could involve particularities in genetic background. In a previous study, we found that chemotherapy, splenectomy, the radiation dose to the pituitary gland, and obesity also play a role in thyroid SMN occurrence among FCCSS patients (245). In the present study, we did not adjust on all the previous therapeutic factors but only chemotherapy, the radiation dose at the thyroid gland, and clinical features. This could be a confounding source in our analysis.

More therapeutic features are needed to better characterise our cases as these features are known to be interfering in thyroid SMN occurrence [START_REF] Inskip | Radiation-Related New Primary Solid Cancers in the Childhood Cancer Survivor Study: Comparative Radiation Dose Response and Modification of Treatment Effects[END_REF]245).

Results from variant-dose interaction analysis yielded a large OR in rs17817536 in RYR3. This gene was previously used as a radiotherapy sensitivity marker (342). It was also considered as a biomarker of glioma survival prediction (343).

The intronic variant rs8084760, of SOGA2 in chromosome 18, was associated with an OR interaction =148.8 in the SNP-anthracyclines interaction analysis. It was associated with breast cancer susceptibility in the Asian population (344).

In the analysis on variant-alkylating agents, a protective OR was associated with two variants in TMED3 gene: rs1114641 and rs951952. The EA of these variants respectively, [A] and [G], are found to be correlated, with r2 = 0.44 and D'= 0.73 in the European population. This gene is in DNA repair pathways and is known to be differentially expressed between primary chemoresistant and primary chemosensitive ovarian cancers (345).

Taken together, statistical results and biological facts from the interaction analysis with radiation doses are likely plausible. Nevertheless, biological validation for each variant is needed to confirm this potential role in thyroid SMN.

We also tested separately, after imputation, the regions of POT1 and CLIP2. Both were reported to be associated with thyroid SMN or radiation-related DTC by former studies, but no significant association was observed. We did not include in the gene -candidate analysis other genes found to be associated with radiation-related DTC in the general Besides, this absence of replication could be also caused by the heterogeneity in childhood cancer types. For all these factors, we think that we are not currently able to have precise and statistically strong results about thyroid SMN.

Conclusion

We performed a GWAS among childhood cancer survivors to characterise the genetic factors associated with thyroid SMN after radiotherapy during childhood. Even none of the tested SNPs have reached the statistical significance threshold, the results yielded suggestive interacting effects with radiation doses in chromosomes 18, 10, 15, and 3.

The limited size of our population study and the heterogeneity of the childhood cancer types and treatments could explain this result.

Main results

The analyses performed in this thesis and the different results characterised the potential genetic factors of radiation-related DTC after different types of exposure.

The systematic review of literature about genetic factors of radiation-related DTC is the first paper about the subject and summarised the previously published results. A limited number of studies identified associations between radiation-related DTC and few SNPs or genes, and most of these genetic factors were also found to be associated with sporadic DTC. We also noticed that there is no attempt to quantify the genetic risk associated with sensitivity to IR exposure, for example using a polygenic risk score.

We concluded that more studies on larger cohorts with well-documented individual radiation dose estimates are needed to get a comprehensive picture of genetic susceptibility factors involved in radiation-related DTC.

Based on the results from this review, we analysed the association between variants Furthermore, at the gene level, an interaction was found between thyroid radiation dose and the RBFOX3 gene. However, these results need to be biologically validated and replicated in an independent Maori population, or model systems.

In childhood cancer survivors, the GWAS indicated suggestive associations of rs6917116 (6q27), rs2160321, and rs2302640 (7q21.11) but not statistically significant.

A recurrent result, on the RYR3 gene, was found to be associated with DTC in the French Polynesian population (microcarcinoma sub-analysis) and interacting with radiation dose to the thyroid in childhood cancer survivors. The biologic pathways involved in microcarcinoma occurrence may be different from those involved in its progression to carcinoma>10 mm and/ or invasive carcinoma. Added to the published studies, these results suggest a potential involvement of this gene in oncogenesis mechanisms after irradiation.

Discussion and perspectives

Knowledge on genetic susceptibility to DTC after irradiation is still very limited, results from this thesis are useful to pose plausible hypotheses and begin to prioritize certain scientific leads or approaches.

The analysed studies covered different levels of exposure and different ethnicities.

Based on our results, we are not able to confirm, or not, if biological pathways involved in DTC occurrence after high-level radiation exposure are different from low-level radiance. Besides, in the former studies, as we presented in the systematic review, most of the genes associated/in interaction with DTC in the irradiated populations are also associated with sporadic DTC risk. However, results from FP study yielded novel genes never related to DTC before, suggesting distinct biological mechanisms proper to this population. At this level, we cannot attribute these results to the type of radiation exposure or other factors. The biological pathways most commonly associated with radiation effects are DNA repair and damage signalisation, the mechanisms of these pathways could eventually be affected by the existence of particular variants and their frequency in a given population, but the mechanism itself is the same independently of the populations.

The different studies covered different types and levels of radiation exposure in the general population and childhood cancer survivors. Despite the fact that the genotyping was performed with the same BeadChip in the different studies, we failed to evidence common genes or variants playing a role in radiation-related DTC.

Therefore, and before, as a general matter, we failed to confirm previously published results, our results for each study have to be confirmed in independent studies.

Besides, different ethnicities were also included, knowing that involved variants could differ between ethnicities.

Even DTC is the most common type of endocrine cancer, is still a rare disease.

Therefore, the number of DTC cases in our analysis, as well as in other studies on DTC is far below the ones commonly included in GWAS for other cancer types.

However, as this thesis is a part of a larger project, it will allow us to go beyond the currently included ethnicities to a more trans-ethnic level in a meta-GWAS on radiationrelated DTC risk. Data received from Tinea Capitis Porto study and SCCSS study will be included in the global project, as well as a replication of the most interesting results in the Childood Cancer Survivor Study (CCSS, USA).

Studies focusing on genes network seems to be necessary to characterise the biological ways acting in DTC carcinogenesis after irradiation. As highlighted by several results in this thesis, particular attention should be accorded to DNA damage signalling and repair pathways as a major player in radiation-related DTC risk.

As supposed by Im et al.,(347) Abstract: Exposure to radiations causes DNA dam age. The downstream processes of recognition, re pair or resolution of this damage and also the fate of the exposed cells vary individually in the population, suggesting the existence of a genetic susceptibility to the development of differentiated thyroid cancer af ter irradiation. The objective of this thesis is to iden tify variants modulating the risk of thyroid cancer af ter exposure to ionizing radiation in childhood. We first performed a systematic review of literature on radiation-related thyroid. Next, we performed a gene-candidate analysis, on variants in DNA repair pathways and radiation doses received at the thyroid during diagnostic procedures in childhood. This anal ysis demonstrated an association between SNPs in NFATc2 and CHD2 and the risk of differentiated thy roid cancer, as well as an interaction between a SNP in the MGMT qene and radiation dose. to the thyroid. Then we performed a genome-wide association study on the risk of differentiated thyroid cancer after nuclear testing in French Polynesia. An association was found in: 10p12.2, 6q24.3 and 17q21.32, Gene level analysis showed an interaction between RBFOX3 and radiation dose to the thyroid. Finally, we performed a genome-wide association study in a case-contrai study nested in the French Childhood Cancer Survivor Cohort (FCCSS). Overall, the results of this thesis identified new variants po tentially associated with the risk of differentiated thy roid cancer in Caucasian and Polynesian populations and confirmed the raie of low doses of radiation re ceived at the thyroid during childhood in the risk of thyroid cancer. Nevertheless, our results have yet to be biologically validated or replicated in an inde pendent population
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  rs1799782 dans XRRC1 et dans le gène TPO rs732609 et rs2048722. Les polymorphismes rs1042522 dans le gène suppresseur de tumeur TP53, rs1799782 dans XRRC1 et rs1801516 dans ATM se sont avérés associés au risque de CDT radioinduit. Parmi les 11 GWAS publiées sur le CDT, 57 associations significatives (valeur p <10 -8 ) ont été trouvées et seuls quelques marqueurs associés au CDT ont été VIII répliqués dans d'autres populations. Des associations à FOXE1 (9q22.33), MBIP/NKX2-1 (14q13.3), DIRC3 (2q35), et NRG1 (8p12) ont été identifiées et confirmées à plusieurs reprises chez des individus d'origine européenne.
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 2 Identifier les facteurs génétiques modulant le risque de CDT lié au diagnostic de l'exposition aux rayonnements dans deux études cas-témoins en population générale françaises du consortium EpiThyr : CATHY et Young-Thyr (Chapitre IV : Irradiation médicale et risque CDT).
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 34 Étudier la susceptibilité génétique au CDT après une exposition environnementale aux IR dans la population générale non caucasienne : Étude sur la Polynésie française (Chapitre V : irradiation environnementale et risque de CDT en Polynésie française). IX Identifier les facteurs génétiques potentiels du développement de la CDT après radiothérapie dans l'enfance chez les survivants d'un cancer de l'enfance (Chapitre VI : Irradiation thérapeutique après un cancer de l'enfance et risque de cancer différencié de la thyroïde par la suite). Dans le cadre des travaux cette thèse, trois grandes analyses ont été réalisées : 1-Une étude de type gène-candidat a été réalisée afin d'étudier l'effet des irradiations de diagnostic. Cette analyse a été réalisée sur deux populations du consortium EpiThyr : CATHY et Young-Thyr 2-Une étude d'association pan-génomique (GWAS) a été réalisée sur les données de l'étude Polynésie Française et son extension, faisant aussi partie du consortium « EpiThyr ».

Figure 1

 1 Figure 1 Clinical anatomy of the thyroid gland (credit National Institute of Diabetes Digestive and KidneyDiseases, https://www.niddk.nih.gov/health-information/endocrine-diseases/hypothyroidism)
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 1 under a dominant model of inheritance and after adjustment on age, sex, race/ethnicity, and study centre in Xu et al, from a total number of six ATM SNPs tested in a case-control study including 592 sporadic DTC cases and 885 healthy controls. In the same study, carriers of a combination of six to seven and eight to 10 risk alleles were at 30% (OR adjusted = 1.3, 95% CI 1.0-1.7) and 50% (OR adjusted = 1.5, 95% CI 1.1-2.1) increased risk of DTC, respectively (213).

  .1 encodes a tumour suppressor protein which is a central stress protein in the DNA damage response. The degree of DNA damage and the extent of modifications of p53 (e.g. phosphorylation, acetylation, methylation) determine which of the two alternative pathways are activated by p53: cell survival or cell death(210,214).In the irradiated population from the Chernobyl area, Akulevich et al. found an interaction between the TP53 missense variant rs1042522 (p.Arg72Pro) and IR exposure, with OR per allele= 1.7, 95% CI 1.1-2.4) (147). As mentioned earlier, an association was found with IR-related DTC cases and ATM/TP53 genotypes combinations (rs1801516/rs664677/rs609429/rs1042522).In relation to sporadic DTC, rs1042522 had been investigated in several studies. In a Brazilian sample of 295 cases and controls, Granja et al. found five times increased PTC risk(OR =5.3,) and almost 10 times increased risk of FTC both for homozygotes of the rare allele (OR= 9.7, 95% CI 2.3-40.3) (215). Rs1042522 and the duplication located in intron 3 of TP53 (rs17878362) were investigated in 84

Lonjou

  et al. conducted a gene-based analysis on the 43 genes belonging to 10 DNA repair pathways and for which several SNPs per gene had been tested. In this latter analysis, MGMT and also ERCC5 and PCNA were significantly associated with radiation-related PTC (P Gene <= 0.05) although only the association with MGMT stood after Bonferroni correction (224). In their analysis of genetic interaction with diagnostic radiations conducted in the Connecticut population, Sandler et al. tested two other

LIG1

  at 19q13.33 encodes a protein from the DNA ligase protein family. The gene product is involved in DNA replication, recombination, and base excision repair, and LIG1 mutations into mice models led to increased tumorigenesis (227). LIG1 SNPs have been associated with non-small cell lung cancer (228). An interaction between diagnostic IR exposure and two intronic variants, namely rs2163619 and rs10421339, was found bySandler et al. (225). The OR for these 2 SNPs were 2.40 (95% CI 1ERCC2 or XPD at 19q13.32 encodes a protein involved in transcription-coupled nucleotide excision repair, which recognizes and repairs many types of structurally unrelated lesions, such as bulky adducts and thymidine dimers (229). Different disorders are caused by defects in this gene, including the cancer-prone syndrome xeroderma pigmentosum complementation group D, the photosensitive trichothiodystrophy, and the Cockayne syndrome. In their study among Chernobyl recovery workers, evacuees, and residents of the contaminated area, Shkarupa et al. investigated the relationship between the XPD missense variant p.Lys751Gln and frequency and spectrum of chromosome aberrations in peripheral blood lymphocytes of TC patients (no precise histology) exposed to IR due to the Chernobyl accident. An increased TC risk was observed for subjects' homozygotes for the minor allele of rs1052559 (p.Gln751/p.Gln751) exposed to ionizing radiations under the dominant model of inheritance (OR = 3.66, 95% CI 1.04-12.84). Among IR exposed patients during the Chernobyl disaster, homozygous carriers of the minor allele variants of the XPD gene were characterized by a high level of spontaneous chromosome aberrations (230). When combined genotypes were analysed by Silva et al., two ERCC2 missense variants were found to be associated with an increased risk of sporadic PTC among Caucasian Portuguese population. The OR among homozygous carriers for the rare allele of both SNPs: rs1052559 (p.Lys751Gln) and rs1799793 (p.Asp312Asn) (C/C and A/A combined genotype) was 2.99 (95% CI 1

  one was in XRCC2, two were in LIG1, one in ALKBH3and one in ERCC2. Other SNPs associated with radiation-related DTC are in or near genes involved in thyroid hormone metabolisms such as FOXE1, TSHR, and NKX2-1. The latter is associated with both sporadic and radiation-related DTC risk. With regard to radiation-related DTC, the reported associations should be considered with caution, given the small sample size and the absence of replication in independent populations, with the exception of SNP rs965513 which were replicated in theTakahashi et al study (232). Moreover, some results from different studies are partially controversial and puzzling, notably the results on the minor allele (G) of the ATM SNP rs1801516, which is associated with a reduced DTC risk in the French Polynesian population and with an increased DTC risk in the Chernobyl population(185,186).
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 1 Nuclear tests in French Polynesia France performed atmospheric nuclear tests between 1966 to 1974 in the atolls of Fangataufa and Moruroa in French Polynesia. The radiation dose delivered by nuclear fallout to the thyroid of cases and controls of the French Polynesia 1 and 2 case-control studies has been estimated by Dr Vladimir Drozdovitch and Dr Andre Bouville from the National Cancer Institute of Bethesda (USA) (234).
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 52 High doses radiation exposure3.5.2.1 Chernobyl studyAs described inDrozdovitch et al. study (238), for each study subject of the Chernobyl study, individual radiation doses to the thyroid were reconstructed by taking into account knowledge of the whereabouts and dietary habits of the subjects, which was obtained by questionnaire, and information on environmental contamination and dates when cattle were put out for pasture, which were available for each settlement where the subject resided during the period after the accident until interview[START_REF] Cardis | Risk of thyroid cancer after exposure to 131I in childhood[END_REF]. The following pathways of exposure were considered: 1) internal irradiation arising from the intake of 131 I via inhalation or ingestion of contaminated foodstuffs; 2) internal irradiation arising from the intake of short-lived radioactive iodine isotopes (132 I, 133 I, and 135 I) and radioactive tellurium isotopes (131m Te and 132 Te) via inhalation and ingestion; 3) external irradiation from radionuclides deposited on the ground and other materials; and 4) internal irradiation resulting from the intake of radionuclides other than iodine and tellurium (essentially, 134 Cs and 137 Cs). The total radiation dose to the thyroid was estimated as the sum of the doses from these different radiation types. Because 131 I decayed before sufficient contamination surveys could be performed, a semi-empirical model for the estimation of settlement level dose[START_REF] Stepanenko | Estimating individual thyroid doses for a case-control study of childhood thyroid cancer in Bryansk Oblast, Russia[END_REF], modified to take into account specificities of deposition in different territories (240) , was used(238,241). The semi-empirical model used was based on the relation between environmental contamination and thyroid dose estimated from 130 000 direct thyroid exposure rate measurements carried out in territories with different contamination levels and in populations of all ages (infants, children, adolescents, and adults). The radiation dose reconstruction was validated through a series of inter-comparison exercises. Group radiation doses were evaluated by calculating the average radiation doses to the thyroid in populations of specific age groups for several settlements where direct thyroid measurements were available. The calculated group radiation doses were compared with average radiation doses to the thyroid derived from direct thyroid measurements in these settlements, assuming the same lifestyle and dietary habits as used in the calculation of doses from direct thyroid measurements; the agreement was very good (correlation coefficient = .98) (238,241).

to 2

 2 or 3 sessions, 1,308 agreed to be clinically observed (participants) and 287 were deceased. The clinical examination took place between March 2006 and November 2010. It included a summarized clinical history and a detailed examination of the head and neck areas (249).

  In this project, we collaborate with different teams in France and Europe, I participated in all exchanges on scientific and administrative sides with these teams • I participated in the cases and controls selection for studies nested in cohorts • I organised and supervised the saliva samples collection of ANGIO patients • I organised and coordinated the DNA preparation and genotyping of both studies nested in FCCSS and ANGIO cohorts • I performed the quality & control of the genotyping data of all studies: filtering SNPs and extraction of sufficient genotyping quality SNPs, filtering samples, setting genetic databases. • I participated in the data management and harmonisation between the different studies • Besides I organised the validation of declared medical exams in the study on medical diagnostic radiation, by contacting the participants to get more detailed information on declared exams and medical records if possible and supervised two students on this objective • Finally, I performed all statistical analyses of the genetic data on the local and university of Birmingham computing servers

4. 1

 1 Materials and methods 4.1.1 Case-control studies Our study included cases and controls from two studies conducted in distinct regions from metropolitan France. The CATHY study (252) was a case-control study conducted in Marne, Ardennes, and Calvados, three French administrative areas covered by a cancer registry. Eligible cases were all DTC patients aged 25 years and older who were diagnosed between 2002 and 2007 and resided in these areas. Controls were recruited by selecting and contacting telephone numbers at random, then frequency-matching the individuals to patients by sex and five-year age groups; controls were randomly selected among healthy individuals residing in the same study areas at the time of the matched cases diagnoses. From the 621 cases and 706 controls initially included in the CATHY study, saliva DNA samples (Oragene® DNA testing kit) were available for 583 cases and 643 controls. The Young-Thyr study (84) is a case-control study conducted in eastern regions of France: Alsace, Champagne-Ardennes, Corse, Franche-Comté, Lorraine, Rhône-Alpes, and Provence-Alpes-Côte d'Azur. Eligible cases were all DTC patients diagnosed with DTC between January 1 st , 2002, and December 31 st , 2006 who were younger than 35 years of age with their main residence in a region of eastern France. Controls were selected from the general population and individually matched to a single patient of the same sex, year of birth (within one year), and region of residence during the year when the patient was diagnosed with cancer. From the 805 cases and the 876 controls included in Young-Thyr study, DNA from saliva (Oragene®) was available for 715 cases and 692 controls. Participants from both studies answered similar questionnaires that were collaboratively developed. Information on the personal and familial history of thyroid disease, hormonal and reproductive factors, weight, height, dietary habits, tobacco smoking, and medical history was collected during in-person interviews. Participants from both studies gave their informed written consent before being interviewed by trained interviewers. Both studies were approved by the Ethics Committee and the French National Commission for Data Protection (CNIL).

  The minor allele of MGMT rs7068306 was found to interact with thyroid IR doses during childhood in reducing the risk of DTC after exposure. The first study to report an association between an MGMT variant and radiation-related DTC risk was performed in Belarusian children exposed to radiation (224). The polymorphism rs2296675, associated with DTC risk in the Belarusian population, is located 94 kb from rs7068306 in intron 4 of the MGMT region. A correlation coefficient of r 2 = 0.005 was found between rs7068306 and rs2296675. In a study of a Caucasian population,Sandler et al. found an interaction between other MGMT variants: rs1762444, rs4750763, and rs12219606, and exposure to radiation from diagnostic procedures (225). These SNPs are located in intron 2 and are 244kb, 26kb, and 15kb from rs7068306, respectively.

France's nuclear

  tests, between 1966 and 1974, 41 atmospheric nuclear tests were performed at Mururoa and Fangataufa atolls, in the southeast of the Tuamotu Archipelago, both about 1200 km of Tahiti, the capital of FP. Some DTC risk factors were identified by previous studies in FP such as thyroid gland radiation dose received from French nuclear tests fallout before the age of 15 (293), a personal history of head and neck medical irradiation (293), high body mass index in women[START_REF] Cléro | Pooled analysis of two case-control studies in New Caledonia and French Polynesia of body mass index and differentiated thyroid cancer: The importance of body surface area[END_REF], tallness, large number of children, artificial menopause, a familial history of thyroid cancer, having a spring as the main source of drinking water (293) and dietary iodine intake (292). The latter was found to be interacting with thyroid radiation dose. The investigation of genetic factors of DTC in this particular population will therefore allow for a deeper understanding of its characteristics enable the disentangling of the biological mechanisms causing the development of this disease after exposure to IR during childhood.

  data of two phases of a case-control study performed in FP on DTC risk factors after French nuclear tests. Cases from the first study were collected based on records from the Cancer Incidence Registry of FP. All patients diagnosed in 1981-2003 with thyroid cancer at the age of 55 years or less, born and resident in FP at time of diagnosis, were eligible. Controls were healthy individuals, selected from the native population. The selection of controls was directly performed from the registry of births, covering the whole country. Full details about this first study are described elsewhere (294). This study was extended in 2016 (phase II), with the inclusion of new 166 cases and 182 controls. All cases were over 18 years of age, men, and women, born, living, and residing in French Polynesia, in a state of consent and having developed a DTC before the age of 65 years between 2000 and 2016. Cases have been recruited from the Cancer Incidence Registry of FP, the Endocrinology Department of the Papeete Hospital Centre, and records from pathology laboratories and local endocrinologists. Cases and controls were matched on birth date and sex in the main and extension phases (De Vathaire, et al, manuscript on preparation).
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 2 Internal irradiation: caused by either the ingestion of foods or drinks contaminated

	with radioactive elements (I-131) or the inhalation of radioactive gases. This type of
	exposure is what happens after nuclear fallout (nuclear tests, accidents, or
	weapons). The ingestion of radioiodine for medical causes is also a source of
	internal exposure.
	1.2.1.2 Factors modifying the sensitivity to developing radiation-related thyroid carcinoma
	1.2.1.2.1 IR dose

  to reduce the risk of cancer. Many in vitro and animal studies indicate that high concentrations vitamin can reduce the progression of cell cycle, may induces apoptosis and slow neoplastic cell growth. Moreover, vitamin D has been also demonstrated to potentiate the antitumor activity of various anticancer drugs (128-131).

	novel loci : PCNXL2, TERC, EPB41L4A, OBFC1, SMAD3 (148). Table 1 provides the the potential to be applied in medicine to improve individualized cancer risk assessment
	susceptibility loci identified in GWAS of thyroid cancer from https://www.ebi.ac.uk/gwas within a polygenic score (154).
	(December 2020). The FOXE1 locus was also reported to be a highlighted the implication
	of FOXE1 variants in the aspects of the clinical aggressiveness of PTC: tumour stage,
	Results by Carvalho et al. suggest that DHCR7 polymorphisms may be associated with size, lymphocytic infiltration, and extrathyroidal extension (149,150). The findings from a
	an increased risk of thyroid cancer due to an effect of this gene on circulating vitamin D GWAS performed in Korean population confirmed previously reported loci from GWAS of
	(132). Another study by Roehlen et al. suggested an anti-proliferative role of the vitamin D European populations: FOXE1, NKX2-1, DIRC3, and PCNXL2. However, signals on
	-SIRT1 -FOXO3a (133). VAV3, INSR, MRSB3, FHIT, SEPT11, and SLC24A6 were only identified in Koreans. Four
	loci found in association with DTC risk in European population have been confirmed in
	Chinese population, showing a higher risk of PTC: rs965513 (9q22.33), rs944289
	(14q13.3), rs966423 (2q35) and rs2439302 (8p12) (151). Recently, the published results
	(138,139). from EpiThyr consortium, a pool of 7 case-control studies on differentiated thyroid cancer
	1.3 Genetic factors for sporadic non-radiation-related DTC in different ethnicities, highlighted a similar signal pattern among European and Oceanian
	Before the first GWAS on DTC in 2009, gene-candidate studies identified few genes populations, except for the locus 1p31.3. The effect allele frequency (EAF) of commonly
	associated with DTC risk. Only few of them were replicated, such as: rs861539 XRRC3 found SNPs differs by ethnicity so the DTC risk by genotype varies across ethnicities. For
	(140,141); rs25487, rs1867277 in FOXE1 (142,143), rs1799782 in XRRC1 (144,145) and example, findings from EpiThyr consortium highlighted a significantly higher EAF at 2q35,
	in TPO gene rs732609 and rs2048722 (146).The polymorphisms rs1042522 in TP53 5p15.33 and 16q23.2 in Oceanians than in Europeans (152). Besides, the EAF
	tumour suppressor gene, rs1799782 in XRRC1 and rs1801516 in ATM were found to be frequencies of variants on FOXE1, which were reported to be 0.14 to 0.34 in Europeans
	associated with the risk of radiation-related DTC (2.3.4) (147). and 0.08 to 0.13 in Asians, suggesting ethnic differences in allele frequencies and a small
	Among 11 published GWAS on DTC, 57 significative associations (p value <10 -8 ) were genetic contribution of variants on FOXE1 to the development of DTC in East Asians with
	found and only few markers associated with DTC have been replicated in other an odds ratio (OR) of 1.80 in the European population, but the OR was 1.35 in East Asians
	populations. Associations at FOXE1 (9q22.33), MBIP/NKX2-1 (14q13.3), DIRC3 (2q35), (153). In the Chinese population, the PTC risk of accumulative risk allele carriers increased
	and NRG1 (8p12) have been identified and repeatedly confirmed in individuals of with the number of risk alleles (151). Most of the identified variants have low or moderate
	European ancestry (107-109). A meta-analysis of GWAS including a total of 3,001 DTC penetrance. Nevertheless, these variants could have a good predictive power and have
	patients and 287,550 controls from five study groups of European populations found five

. Diabetic patients who were recently diagnosed of Diabetes mellitus < 5 years have lower risk than others

(117,121)

. Metformin, as Diabetes mellitus type 2 treatment, seems to have a protective effect against DTC risk (122). Other lifestyle factors, such as moderated alcohol consumption and smoking show inverse association with thyroid cancer risk (123-125). Inflammatory molecules are also suspected to be involved in thyrocyte oncogenesis

(126,127)

.

It has been suggested that lower serum vitamin D levels can be associated with higher risk of DTC. To date, very limited data are available on the clinical significance of vitamin D supplementation as measure

The following the non-ionising-radiation-related potential environmental risk factor for DTC have also been suggested but have to be confirmed: UV exposure (134), exposure to electromagnetic fields, and in particular to mobile phones (135-137) , and pesticides

Table 1

 1 Main results of association with DTC from published GWAS

	Variant and risk allele	Location	P-value	RAF	OR	Mapped gene	Reported trait	Ethnicity	First Author
	rs4244255-? rs6996585-G	10:10395948 3 8:32543285	9 x 10 -6 1 x 10 -10	0.23	1.39	SLK, STN1 NRG1	Differentiate d thyroid cancer	Korean ancestry	Son HY (158)
	rs12990503-G	2:217429494	4 x 10 -9	0.63	1.34	DIRC3			
	rs11175834-T	12:65598856	4 x 10 -8	0.15	1.37	AC025419.1, LINC02454			
	rs4915076-T	1:107816883	8 x 10 -8	0.70	1.33	VAV3			
	rs4649295-T	1:233280792	6 x 10 -8	0.82	1.43	PCNX2			
	rs34081947-T	14:36090325	1 x 10 -7	0.41	1.27	LINC00609			
	rs1874564-G	4:76936952	2 x 10 -7	0.69	1.31	SOWAHB, SEPTIN11			
	rs9858271-G	3:59559604	7 x 10 -7	0.43	1.26	AC126121.3			
	rs72753537-C	9:97898464	8 x 10 -6	0.07	1.41	FOXE1, TRMO			
	rs6996585-G rs12990503-G	8:32543285 2:217429494	9 x 10 -12 3 x 10 -10	0.23 0.63	1.43 1.38	NRG1 DIRC3	Papillary thyroid cancer		
	rs11175834-T	12:65598856	5 x 10 -7	0.15	1.36	AC025419.1, LINC02454			
	rs4915076-T	1:107816883	7 x 10 -8	0.70	1.34	VAV3			
	rs4649295-T	1:233280792	9 x 10 -8	0.82	1.45	PCNX2			
	rs34081947-T	14:36090325	2 x 10 -6	0.41	1.25	LINC00609			
	rs1874564-G	4:76936952	6 x 10 -7	0.69	1.31	SOWAHB, SEPTIN11			
	rs9858271-G	3:59559604	3 x 10 -8	0.43	1.3	AC126121.3			
	rs72753537-C	9:97898464	5 x 10 -7	0.07	1.48	FOXE1, TRMO			
	rs965513-A	9:97793827	3 x 10 -10		1.78	PTCSC2	Thyroid cancer	European ancestry	Köhler A (159)
	rs6759952-T	2:217406996	6 x 10 -10	0.43	1.25	DIRC3			
	rs11947482-T	4:6684345	6 x 10-8		6.25	AC093323.1, LINC02481	Thyroid cancer	European ancestry	Rashkin SR (160)
	rs117401978-	16:50013888	9 x 10 -7	0.01	2.39	AC007603.3, CNEP1R1			
	A								
	rs114692817-T	4:56567030	7 x 10 -7	0.01	2.35	THEGL			
	rs74518511-T	11:20338417	9 x 10 -7	0.02	2.34	HTATIP2, DBX1			
	rs76032629-A	4:112649292	6 x 10 -7	0.04	1.67	LARP7, MIR302CHG			
	rs72806259-T	10:72033486	5 x 10 -7	0.09	1.48	CHST3, AC022392.1			
	rs772695095-T	2:217401716	4 x 10 -12		1.45	DIRC3			
	rs77166399-T	15:97673727	9 x 10 -7	0.15	1.39	LINC00923			
	rs6697759-T	1:218449752	4 x 10 -7	0.44	1.29 1	TGFB2, LINC02869			
	chr2:17385984 6-TA	Mapping not available	3 x 10 -8		1.35				
	rs2466074-C	8:32575620	5 x 10 -11		1.41	NRG1			
	rs12002967-C	9:97886005	3 x 10 -7		1.56	TRMO, FOXE1			
	rs7030280-C	9:97772985	5 x 10 -28		1.76	PTCSC2			
	rs555678255-	4:156130312	8 x 10 -7	0.90	1.95	FTH1P21, AC096736.3			
	C								
	rs925489-T	9:97784318	5 x 10 -11	0.33		PTCSC2	Thyroid cancer	European ancestry	Zhou W (161)
	rs966423-C	2:217445617	1 x 10 -9	0.44	1.34	DIRC3			

Study and year of publication Design and sample size Population ancestry Type of exposure Reported outcome Studied genes/loci Results Comments Lonn et al. 2007

  

		Case-control	study	White American for 98%	Occupation exposure	PTC risk	EPAC,	GFRA1,	Increasing risk found for RET p.	All persons included in the
		nested within a cohort of	of cases and 97% of	among U.S. radiologic		GFRA3,RET, TSHR	Gly691Ser carriers (rs1799939),	cohort were certified by the
		U.S.	radiologic	controls			technologist cohort				especially among women under 38	American registry of radiologic
		technologist:											years.	technologists for more than 2
		167 PTC cases (no										years between 1926 and
		information about PTC										1982.
		size and/or metastasis)									
		491 controls										
	Sigurdson et al. 2009	Case-control study:	Kazakh and Russians	Fallouts from nuclear	Thyroid nodule risk.	APEX, BRCA1, BRCA2,	Polymorphisms in rs1800862	The	reconstruction	of
		907	subjects	with	who	lived		near	tests in Kazakhstan	Thyroid cancer risk	BRIP1, CHEK2, EPAC,	(RET) and DNA repair and	individual radiation doses to
		thyroid nodules of whom	Semipalatinsk	nuclear				GFRA1, GFRA3, RAD18,	proliferation genes may be related	the thyroid gland was based
		25 PTC cases (> 1 cm)	test site and who were				RET,	TGFB1,	TSHR,	to the risk of thyroid nodules.	on fallout patterns of 11
		911 controls		younger than 20-year-old				XRCC1, ZNF350	Borderline	gene-radiation	nuclear	tests,	residential
					at the time of the tests						interaction was found for a variant	history, and childhood diet
														in rs1799782 (XRCC1).	especially locally produced
														milk consumption.
	Akulevich et al. 2009	Case-control study:	All Caucasians and were	Fallouts	from	PTC risk and SNPs	ATM, MTF1, TP53, XRCC1,	SNPs in DNA damage response	IR thyroid doses varied from
		123 IR exposed-PTC	younger than 18 y. o. at	Chernobyl	nuclear	interactions with IR	XRCC3		genes may be potential risk	43 to 2640 mGy among
		cases (no information about PTC size and/or metastasis) 132 sporadic PTC cases (no information about PTC size and/or metastasis) 198 IR-exposed	the time of the Chernobyl accident.	accident in Russia and Belarus	exposure			modifiers of IR-induced or sporadic PTC. An interaction was found between IR and rs1042522 (TP53)	exposed Belarussian cases and controls. IR exposure in cases and controls from Belarus were evaluated in dosimetric investigations and ranged from 21-1500 mGy.
		controls										
		398 unexposed controls									
	Takahashi et al. 2010	Case-control study:	All	Caucasians		and	Fallouts	from	Genetic individual	Genome-wide association	FOXE1	locus	(rs965513)	All cases and 620 controls are
		187 PTC cases (no	younger than 15 you.	Chernobyl	nuclear	susceptibility to radiation-	study		associated with radiation-related	considered to have received
		information about PTC	when exposed.			accident.		related PTC			PTC	IR doses to the thyroid ranging
		size and/or metastasis)										from 21-1500 mGy.
		172 controls										
	Damiola et al. 2014	Case-control study:	Belarusian children living	Fallouts	from	Genetic individual	1p12-13, ATM, FOXE1,	Some	SNPs	rs3092993,	The	reconstruction	of
		83	radiation-related	in the area contaminated	Chernobyl	nuclear	susceptibility to radiation-	NKX2,	Pre-miR-146a,	rs1801516 (ATM) and rs1867277	individual radiation doses to
		PTC	cases	(no	by fallout from	the	accident, Belarus.	related PTC	TSHR, WDR3	(FOXE1)	associated	with	the thyroid gland was based
		information about PTC	Chernobyl accident.							radiation-related	PTC;	an	on residential history, dietary
		size and/or metastasis)										interaction between rs1800889	habits, and environmental
		324 controls											(ATM) and exposure to IR	contamination.

Table 2 Characteristics of the reviewed studies Maillard et al. 2015

 2 

		Case-control study:		Polynesians	younger	Fallouts from nuclear	Genetic individual	ATM, FOXE1, NKX2	Some SNPs rs1867277 (ATM) and	Doses reconstructed from
		165 DTC cases (no	than 15 yr. at the time of	tests	in	French	susceptibility to radiation-	rs71369530	(FOXE1)	SNPs	available data and evaluated
		information about DTC	the first nuclear test in	Polynesia		related DTC	associated	with	DTC;	an	in dosimetric investigations
		size and/or metastasis)	French Polynesia.					interaction between rs944289
		258 controls								(NKX2-1) and exposure to IR
	Shkarupa et al. 2016	Case-control study:		Ukrainian			Fallouts		from	Relationship between	1 SNP in XPD	Homozygous carriers of the minor	Multiple levels of exposure:
		38 radiation-related TC				Chernobyl		polymorphism XPD p.	allele XPD Gln751Gln have an	Chernobyl recovery workers,
		female	cases,	64							Lys751Gln and radiation-	increased risk of TC	evacuees, and the residents of
		sporadic cases (no							related TC and assessment	contaminated areas.
		information about TC							of chromosome aberration
		size and/or metastasis)						
		45 controls							
	Lonjou et al 2017	Case-control study:		Belarusian children living	Fallouts		from	Genetic individual	Assessment of a panel of	Association of rs2296675 (MGMT)	Individual radiation dose to the
		75 PTC cases (no	in the area contaminated	Chernobyl	nuclear	susceptibility to radiation-	141 DNA repair-related	with DTC	thyroid was reconstructed
		information about PTC	by fallout from	the	accident, Belarus.	related PTC	SNPs located in 43 genes:	based on the residential
		size and/or metastasis)	Chernobyl accident.					APEX1, BARD1, BLM,	history and dietary habits, and
		254 controls								BRCA1,BRCA2,	BRIP1,	information on environmental
											ERCC1, ERCC2, ERCC3,	contamination	for	each
											ERCC4,	ERCC5,	settlement.
											ERCC6,EXO1,FANCA,
											LIG1,	LIG3,	LIG4,
											BD4,MGMT,
											MLH1,MSH2,MSH3,MSH6,
											NBN,OGG1,PARP1,PCNA,
											PMS1,	PMS2,	POLB,
											POLD1, RAD23B, RAD51,
											RAD52,	RAD54L,
											WRN,XPA,XPC, XRCC1,
											XRCC3, XRCC4, XRCC5
	Sandler et al. 2018	Case-control study:		Connecticut residents		Diagnostic	radiation	Relationship between DNA	ALKBH3, ERCC5, HUS1,	Some SNPs: rs10768994 and
		440 PTC cases (163				exposure			repair genes and both	LIG1,	rs2163619 (ALKBH3), rs10421339
		microcarcinomas)								sporadic and radiation-	MGMT,PARP4,RPA3,TOP	(LIG1) and rs10234749 (XRCC2)
		465 controls								related TC	BP1,UBE2A, XRCC2	interact with IR exposure in DTC
											risk.

Table 3

 3 Belarus and Ukraine, populations from French Polynesia and Kazakhstan near areas where nuclear weapon tests have been performed, or U.S. radiologic technologists). Characteristics of exposure including the way and the age at IR exposure and the characteristics of thyroid cancer itself (histology, size) are other sources of heterogeneity. Moreover, individual estimates of radiation doses to the thyroid are generally quite imprecise (Table2) and variable from one study to another, questioning the effect of IR on these DTC cases. The exposure may have occurred in different ways (internal/external) and at variable ages (adulthood for the U.S. radiologic

& 4)

. Taken together, studies published so far are quite heterogeneous, in particular in terms of population groups of various geographical/ethnic origin (e.g., populations exposed to the fallout of the Chernobyl accident in technologists, childhood for studies investigating DTC in areas exposed to Chernobyl fallout). Concerning cancer characteristics, most of the cases of some studies (i.e.

[START_REF] Sandler | Germline Variants in DNA Repair Genes, Diagnostic Radiation, and Risk of Thyroid Cancer[END_REF]

) are microcarcinomas, which makes the interpretation of the results more uncertain.

Table 3

 3 SNPs associated with radiation-related differentiated thyroid cancer risk

a : OR under an allelic model of inheritance b: OR among homozygous minor allele carriers versus other genotypes c: OR among young women under 38 years old at diagnosis

Table 4 SNPs showing interaction with ionizing radiation exposure a :

  thesis work is part of a larger project including several case-control studies at the same time. Even though DTC is the most common endocrine cancer, DTC radiationrelated cases are relatively rare. Besides, analysing the genetic susceptibility to this disease involves the selection of clinically well-characterised participants with recorded exposure to IR. This IR exposure could be caused by different medical and/or nonmedical reasons. Answering the questions raised by genetic susceptibility to DTC requires covering all these different types of exposure. IR exposure oncogenic effects are known to be more common when exposure occurs during childhood and early

	studies involving cases for whom DTC occurred after radiotherapy are needed to get
	Genes a comprehensive picture of genetic susceptibility factors involved in radiation-related SNPs Reference allele Variant Studies OR	95% CI
	FOXE1 DTC.	rs965513	A		G		Takahashi et al. 2010 (232) Maillard et al. 2015 (186)	1.65 a 1.5	1.43-1.91 1.06-2.02
	FOXE1	rs71369530 (Length polymorphism)	Short (coding for 12-14 alanines)	Long (coding for alleles 19 alanines) coding for 16-	Maillard et al. 2015 (186)	4.11 b	1.07-15.9
	FOXE1	rs1867277	G		A		Damiola et al. 2014 (185)	1.55 a	1.03-2.34
	ATM	rs3092993	A		C		Damiola et al. 2014 (185)	0.34 a	0.13-0.89
	ATM	rs1801516	G		A		Damiola et al. 2014 (185)	0.34 a	0.16-0.73
							Maillard et al. 2015 (186)	3.13 a	1.17-8.31
	MGMT	rs2296675	A		G	Lonjou et al. 2017 (224)	2.54 a	1.50-4.30
	ZNF350	rs2278420	T		C		Sigurdson et al. 2009 (180)	0.3 a	0.1-0.9
	TSHR	rs1991517	A		G		Sigurdson et al. 2009 (180)	3.1 a	1.3-7.4
	RET	rs1799939	G		A	Lönn et al. 2007 (179)	1.4 a 2.1 a, c	0.9-2.0 1-11.8 a, c
	ERCC2 (XPD)	rs1052559	C		A		Shkarupa et al. 2016 (230)	3.66 a	1.04-12.84
	3 CHAPTER III: GLOBAL PROJECT AND ANALYSED
		STUDIES: PREFACE AND BACKGROUND
	Genes	SNPs	Major	Minor allele	Studies	OR interaction (95% CI)
			allele				
	ALKBH3	rs10768994	T	C	Sandler et al. 2018 (225)	2.88 (1.13-7.29)
	LIG1	rs2163619	G	A				2.40(1.3-4.42)
	LIG1	rs10421339	G	C				2.50(1.34-4.69)
	XRCC2 a	rs10234749 a	C	A				7.82(2.20-27.78) a
	NKX2-1	rs944289	C	T	Maillard et al. 2015 (186)	6.94(1.31-37.0) b
	ATM	rs1800889	T	C	Damiola et al. 2014 (185)	0.01(0,0.91)
	TP53	rs1042522	G	C	Akulevich et al. 2009 (147)	1.8 (1.06-2.36)

This

adulthood. Fulfilling all of these conditions significantly reduces the number of cases and controls that could be recruited into this project. For this reason, the present project includes different case-control studies performed in general populations and also nested in childhood cancer survivors' cohorts from different countries/world regions and different ethnicities. This chapter aims to present the general project with a focus on the studies included in the thesis work. 3.1 Studies included in the general project 3.1.1 Design

•

  CATHY study was conducted in Calvados, Marne, and Ardennes. All patients aged 25 years and over diagnosed with DTC in 2002-07 were eligible. Frequencymatched controls by sex and age were selected at random from the telephone

	directory. DNA samples from the saliva were obtained in 517 cases and 568
	controls.
	• The Young-THYR study was conducted in the East of France. Cases were DTC
	patients diagnosed in 2002-06 aged ≤35 and individually matched controls were
	randomly selected from phone number lists. DNA from saliva was obtained from
	727 cases and 712 controls.
	Chernobyl accident. This study included 83 cases and 324 controls with blood
	samples.

• The French Polynesia study (two phases) (high incidence area): The phase I cases were DTC patients diagnosed in 1983-2003 and individually matched controls were randomly selected from the birth registry. DNA from saliva was obtained from 166 cases and 180 controls. French Polynesia extension: cases were DTC patients diagnosed in 2004-2017 and individually matched controls were randomly selected from the birth registry. DNA from saliva was obtained from 177 cases and 275 controls.

• International Agency for Cancer Research (IARC)-Chernobyl study: sub-group of subjects from the case-control study carried out in the most contaminated areas of Belarus to evaluate the risk of thyroid cancer after exposure to radioactive iodine in childhood. All subjects were ≤15 years old at the time of the

  The estimation of the radiation doses received to the thyroid was carried out from 1985 to 1995 using 2 software packages developed by the team: ITCA for brachytherapy[START_REF] Thomas | Integrating Research on Thyroid Cancer after Chernobyl -The Chernobyl Tissue Bank[END_REF] and DOS_EG for external radiotherapy. The followup of the subjects is done by self-questionnaire (5000 answers, or 74%). To date, 31 living subjects have developed thyroid cancer. The radiation dose received in the thyroid by these 31 subjects averaged 0.56 Gy, while it was only 0.04 Gy for the other cohort subjects. Controls have been selected from among the subjects in the cohort for whom we already have DNA. A first blood collection for 370 patients was set up between 2010 and 2015, in collaboration with the CEA, as If no suitable control is available, the matching criteria may have been relaxed. In such instances, the matching criteria age at childhood cancer diagnosis have been relaxed one year at a time up to a maximum of within 5 years. If no eligible control is available, then the calendar period criteria have been relaxed by one year at a time up to a maximum of within 3 years of the calendar period. If after relaxing both calendar year and age at diagnosis still no eligible control can be found the case was excluded. 3.2.3 Controls selection in EpiThyr consortium case-control studies.

	• ARCERRA: This prospective population-based cohort study included 2907 3.2 Methods of cases and controls selection and matching in the general 3.3.2 OncoArray Epithyr DNA BeadChip
	patients reported to the Childhood Cancer Registry of the Rhône-Alpes region project The OncoArray DNA chip (Illumina) was designed in 2014 by several international
	(ARCERRA) between January 1, 1987, and December 31, 2004. All patients 3.2.1 Definition of cases consortia and targets >570,000 variants with a genome-wide backbone of 250,000 tag
	were diagnosed with a first cancer before age of 15 years and lived in the Rhône-Only differentiated thyroid carcinoma (DTC) are included as cases: papillary carcinoma SNPs. Additional SNPs include genetic variants associated with the most common
	Alpes region of France. We considered all types of cancers, as defined by the endocrine cancers (breast, colorectal, lung, ovarian, and prostate) plus SNPs covering (ICD-O-3 codes 8050, 8260, 8340-8341, 8343-8344, and 8350), and follicular • The French Childhood Cancer Survivors Study (FCCSS): currently includes 7670 third revision of the International Classification of Diseases for Oncology (ICD-ancestry, quantitative traits, pharmacogenetics, and SNPs for fine mapping of common carcinoma (ICD-O-3 codes 8290, 8330-8332, and 8335). subjects who survived at least 5 years a solid childhood cancer treated in France O-3) and the International Classification of Childhood Cancer (ICCC-3); these cancer susceptibility loci. Cancer and Radiation and Cancer and Environment teams of 3.2.2 Controls selection in studies nested in cohorts. before 2000, including 4198 by radiotherapy. Clinical and therapeutic data have included hematopoietic malignancies; malignant solid tumors, including We used the same controls in the consortium, matched on sex and age within each INSERM U1018 unit added about 14.000 SNPs in suspected susceptibility loci for DTC
	case-control study.
	3.3 Genotyping
	• The French haemangioma cohort (FHC): includes 7000 subjects treated for a cutaneous haemangioma from 1948 to 1973 at Gustave Roussy, generally before the age of one year (median age at radiotherapy < 6 months), including 5000 treated by radiotherapy (200KV Rx, 226Ra, 32P, 90Sr, 90Yr) and 2000 by November 2010 for a blood sample. The dose of radiation received to the thyroid was between 0.05 and 0.5 Gy. To date, 36 subjects have developed thyroid cancer. A search for association with polymorphisms of certain DNA repair genes has not shown any significant association. Genotyping data is available for 42 DTC cases and 42 controls. 31 December 2010, the SCCR included information on 5553 Swiss residents with cancer diagnosed at the age of 0-15 years. 10 DTC cases and 10 controls will be genotyped. we used was the International Classification of Childhood Cancer » (ICCC) (233), the criteria of matching was the global group (the classification has 12 groups) calendar year at first primary cancer diagnosis (+/-3 years), and length of follow-up at least equal to this of cases. 3.3.1 Overviews Genotyping was done by CNRGH with OncoArray-Epithyr DNA chips, except for Tinea Capitis-Porto study, the genotyping was performed in Portugal with ThermoFisher PMDA® BeadChip, and SCCSS and some cases of the FCCSS, where the NGS data other means. agreed to participate and go to a clinical examination between March 2006 and has already been carried out in this cohort, but the low number of thyroid cancers Controls have not been matched on the genetic syndrome, such as neurofibromatosis were available.

been collected. Radiation doses received by the thyroid during radiotherapy were estimated using software developed by INSERM Unit 1018. Monitoring is carried out by accessing medical records, self-administered-questionnaires, and crossreferencing with the national health insurance database (SNIIR-AM). A constitutional DNA collection is being developed, by saliva and/or blood collection and currently covers 2854 subjects. To date, 123 subjects have developed thyroid cancer, 84 of whom have had DNA collected (89% of them having received radiotherapy for the treatment of their childhood cancer), and 10 have died. The radiation dose received by these 123 subjects in the thyroid is on average 6.6 Gy, while it is only 3.7 Gy for the other cohort subjects. Controls have been selected among the subjects in the cohort for whom we already have DNA and fulfilling the matching criteria detailed below. part of the European EpiradBio project (www.epiradbio.eu) and is limited to patients without cancer at the time of this project. The authorization to extend the biobank to the entire cohort was submitted to the INSERM. Currently, genotyping data is available for 14 DTC cases and 14 controls from this study. • The Portuguese cohort of patients treated with radiotherapy for a warm scalp tinea capitis (TCPC): was formed in the 2000s by Dr Maria Paula Boaventura of the Institute of Molecular Pathology and Immunology at the University of Porto (IPATIMUP) (Boaventura et al. 2014). It includes 3522 (of 5356) patients treated between 1950 and 1963, before the age of 15, using the Kienbock-Adamson technique.1 308 former patients, among 3225 whose addresses could be found, retinoblastomas, melanomas, and nonmelanoma skin cancers (NMSCs); and malignant or nonmalignant tumors, including benign meningiomas and gliomas, of the central nervous system (CNS). Patients for whom no information had been recorded in the 5 years prior to the cut-off date of September 30, 2009, were considered lost to follow-up. 13 DTC cases and 7 controls were already genotyped from ARCERRA study. • The Swiss Childhood Cancer Survivors Study (SCCSS): is a nationwide population-based cohort study of all children diagnosed with cancer in Switzerland since 1976, which aims to study long-term consequences of childhood cancer, including mortality, second malignant neoplasia (SMN), late somatic, psychological and social effects, health behaviours and health care. By

3.2.2.1 General procedure

No centralized cohort was set up; thus, the control selection has been performed separately in the cohort by the team responsive of the cohort. For each case, a "pool" of eligible or potential controls that satisfied the selected matching criteria was identified. From this pool, one control has been selected at random. It should be noted that a control cannot serve as a control for more than one case. Besides, controls had to be selected only among subjects who had not have developed thyroid cancer at the time of the selection of the control.

3.2.2.2 Matching Criteria

Controls were matched on the following criteria: Cohorts: The control selection was performed separately in each cohort, sex, age at first primary cancer diagnosis (+/-1 year), Type of first cancer: the classification which or Li Fraumeni, because these syndromes are a part of the genetic susceptibility. 3.2.4 Biological samples collection EpiThyr case-control studies: DNA has already been collected, extracted and genotyped for all EpiThyr case-control study patients. FCCSS, ARCERRA, ANGIO, and SCCSS studies biological samples collection started at beginning of the present project 3.2.5 DNA Extraction DNA extraction was performed at the French Human Polymorphism Centre (CEPH), for EpiThyr, ANGIO, ARCERRA, and FCCSS studies.

risk and in genes involved in relevant biological pathways in order to study their contribution to DTC risk, in order to set up the OncoArray-EpiThyr BeadChip:

Table 5

 5 References for thyroid radiation doses per diagnostic procedure type

	Exams types		Doses in mGy		References
		Childhood exposure age < 2	Childhood exposure age > 2 years and adulthood exams	
			Before 1980	1980-1989	1990 and after	
	Skull	- §	3.6	3.6	0.42	Chang et al. 2017 (253)
	Dental (panoramic)	- §	0.56	0.07	0.02	Chang et al. 2017 (253)
	Paranasal sinuses	- §	0.02	0.04	0.04	Chang et al. 2017 (253)
	Intravenous urography	0.38*	0.38	0.21	0.21	Inskip et al. 1995 (258)
	Chest	0.13	0.16	0.31	0.19	Almén and Mattsson 1995 (259)/ Chang et al. 2017 (253)
	Spine	2.8*	2.8	4.5	0.99	Chang et al. 2017 (253)
	CT Scan					
	Skull	3	0.43	0.49	0.64	Lee et al. 2007 (260)/Chang et al. 2017 (253)
	Chest	5.9	15	20.5	22	Mabille et al. 2008 (261)/ Chang et al. 2017 (253)
	Spine	13.5	17	24	25.5	Mabille et al. 2008 259/ Chang et al. 2017 (253)
	Abdomen	0.17	0.28	0.38	0.41	Mabille et al. 2008 259/ Chang et al. 2017 (253)
	Bone scan	1.1*	1.1	0.96	1.1	Chang et al. 2017 (253)
	Brain scan	- §	1.3	3.6	9	Chang et al. 2017 (253)
	Lung scan (perfusion/ventilation)	- §	0.2	0.25	0.25	Chang et al. 2017 (253)
	Heart scan	- §	11	17	12	Chang et al. 2017 (253)
	Liver scan	- §	0.15	0.15	0.15	Chang et al. 2017 (253)
	Renal scan	- §	0.17	0.31	0.17	Chang et al. 2017 (253)
	§ : No exposed subject at this age				

*: No available data for children, adult data used 4.1.5 Statistical methods

Table 7 .

 7 More than 75% of our population were women and non-smokers. Papillary thyroid cancer type was the most frequent type of thyroid cancer observed, with a mean age at diagnosis younger than 40 years old. However, the mean age at diagnosis was lower in the Young-Thyr study than in the CATHY study, as shown in Table7(27 years versus 51 years). BMI was lower in Young-Thyr study than in CATHY, probably because Young-Thyr subjects were younger. It seems that for the same reason, the educational level in Young-Thyr was higher than in CATHY. Only 29 persons in the whole population have had a radiotherapy history before DTC diagnosis.

	4.2.1 Diagnostic radiation and thyroid cancer risk

Table 6

 6 Number of subjects by age and exam type

		Cases n (%) having at least 1 listed	Controls n (%) having at least 1
		exam			listed exam
		<20 years	>=20 years	<20 years	>=20 years
	Conventional radiography				
	Skull	89 (6.4)	93 (6.7)	94 (5.9)	82 (5.2)
	Sinus	67 (4.8)	124 (8.9)	77 (4.9)	133 (8.4)
	Dental	416 (29.9)	260 (18.7)	555 (35.1)	309 (19.6)
	Spine	180 (12.9)	277 (19.9)	199 (12.6)	296 (18.7)
	Chest	159 (11.4)	451 (32.4)	198 (12.5)	465 (29.4)
	Intravenous urography	27 (1.9)	94 (6.7)	31 (2.0)	74 (4.7)
	CT scan				
	Abdomen	7 (0.5)	47 (3.4)	2 (0.1)	33 (2.1)
	Chest	8 (0.6)	46 (3.3)	0 (0)	33 (2.1)
	Skull	53 (3.8)	137 (9.8)	47 (3.0)	117 (7.4)
	Spine	31 (2.22)	122 (8.75)	29 (1.83)	160(10.12)
	Nuclear medicine				
	Cerebral	1 (0.1)	3 (0.2)	0 (0)	9 (0.6)
	Heart	1 (0.1)	2 (0.1)	1 (0.1)	7 (0.4)
	Lung	1 (0.1)	3 (0.2)	0 (0)	7 (0.4)
	Bones	8 (0.6)	43 (3.1)	6 (0.4)	52 (3.3)
	Hepatic	0 (0)	2 (0.1)	0 (0)	2 (0.1)
	Renal	4 (0.3)	5 (0.4)	5 (0.3)	13 (0.8)

Table 7

 7 Clinical and demographic description of the population included in DTC risk in relation to thyroid radiation doses analysis and genetic analysis

		Whole population	The population included in the	CatThy (All)	Young-Thyr (All)	CaThy (only genotyped)	Young-Thyr (only genotyped)
				genetic analysis								
		Cases (n = 1393)	Controls (n = 1580)	Cases (n =	Controls (n =	Cases	Controls	Cases	Controls	Cases (n=443)	Controls	Cases (n=629)	Controls (n=656)
				1072)	1188)	(n=587)	(n=704)	(n=806)	(n=876)		(n=532)		
	Gender (%)												
	Men	300 (21.5)	398 (25.2)	228 (21.3)	302 (25.4)	128 (21.8)	201 (28.6)	172 (21.3)	197 (22.5)	99 (22.3)	(28.4)	129 (20.5)	151 (23.0)
	Women	1093 (78.5)	1182 (74.8)	844 (78.7)	886 (74.6)	459 (78.2)	503 (71.4)	634 (78.7)	679 (77.5)	344 (77.7)	(71.6)	500 (79.5)	505 (77.0)
	Age at diagnosis/reference year (years)											
	Mean	37.58	37.21	37.4 (15.0)	37.6 (15.2)	52.2	50.1	26.9	26.9	52.3	50.6	27	27
	Median [Min, Max]	32.0 [9.00, 83.0]	32.0 [9.00, 83.0]	32.0 [11.0,	32.0 [9.00, 80.0]	52.0 [25.0,	50.0 [24.0,	28.0 [9.00,	28.0 [9.00,	52.0 [25.0,	51.0 [24.0,	28.0 [11.0, 35.0]	28.0 [9.00, 35.0]
				83.0]		83.0]	83.0]	35.0]	35.0]	83.0]	80.0]		
	Smoking status (%)												
	Non-smoker	739 (53.1)	768 (48.6)	232 (52.4)	271 (50.9)	318 (54.2)	356 (50.6)	421 (52.2)	412 (47.0)	232 (52.4)	(50.9)	318 (50.6)	312 (47.6)
	Former smoker	304 (21.8)	306 (19.4)	140 (31.6)	149 (28.0)	178 (30.3)	194 (27.6)	126(15.6)	112 (12.8)	140 (31.6)	(28.0)	107 (17.0)	98 (14.9)
	Smoker	350 (25.1)	506 (32.0)	71 (16.0)	112 (21.1)	91 (15.5)	154 (21.9)	259 (32.1)	352 (40.2)	71 (16.0)	(21.1)	204 (32.4)	246 (37.5)
	BMI (Kg/m²)												
	Mean (SD)	24.6 (5.21)	24.1 (4.88)	24.7 (5.36)	24.2 (4.89)	26.2 (5.10)	25.5 (5.08)	23.4 (4.98)	22.9 (4.39)	26.4 (5.19)	25.7 (5.14)	23.5 (5.14)	22.9 (4.29)
	Median [Min, Max]	23.5 [11.0, 51.8]	23.1 [13.4, 49.1]	23.6 [11.0,	23.1 [13.4, 48.7]	25.4 [16.4,	24.6 [15.4,	22.3 [11.0,	21.9 [13.4,	25.6 [16.4,	24.9 [15.4,	22.3 [11.0, 49.3]	22.0 [13.4, 48.7]
				51.8]		51.8]	49.1]	49.3]	48.7]	51.8]	45.7]		
	Goitre history (%)												
	No	899 (64.5)	1468 (92.9)	695 (64.8)	1102 (92.8)	338 (57.6)	627 (89.1)	561 (69.6)	841 (96.0)	248 (56.0)	(89.5)	447 (71.1)	626 (95.4)
	Yes	494 (35.5)	112 (7.1)	377 (35.2)	86 (7.2)	249 (42.4)	77 (10.9)	245 (30.4)	35 (4.0)	195 (44.0)	56 (10.5)	182 (28.9)	30 (4.6)
	Thyroid cancer family history (%)											
	No	1542 (97.6)	1322 (94.9)	1023 (95.4)	1158 (97.5)	562 (95.7)	694 (98.6)	760 (94.3)	848 (96.8)	426 (96.2)	(98.3)	597 (94.9)	635 (96.8)
	Yes	38 (2.4)	71 (5.1)	49 (4.6)	30 (2.5)	25 (4.3)	10 (1.4)	46 (5.7)	28 (3.2)	17 (3.8)	9 (1.7)	32 (5.1)	21 (3.2)
	Radiotherapy history (%)											
	No	1558 (98.6)	1354 (97.2)	1043 (97.3)	1168 (98.3)	563 (95.9)	686 (97.4)	791 (98.1)	872 (99.5)	426 (96.2)	(97.0)	617 (98.1)	652 (99.4)
	Yes	29 (2.8)	22 (1.3)	19 (1.7)	20 (1.6)	24 (4.1)	18 (2.6)	15 (1.9)	4 (0.5)	17 (3.8)	16 (3.0)	12 (1.9)	4 (0.6)
	Educational level (%)												
	Bachelor's degree	765 (54.9)	982 (62.2)	618 (57.6)	743 (62.5)	200 (34.1)	296 (42.0)	565 (70.1)	686 (78.3)	157 (35.4)	(41.7)	461 (73.3)	521 (79.4)
	or higher												
	Secondary school	418 (30.0)	406 (25.7)	315 (29.4)	311 (26.2)	159 (27.1)	165 (23.4)	51 (6.3)	27 (3.1)	177 (40.0)	(36.7)	138 (21.9)	116 (17.7)
	Primary school	210 (15.1)	192 (12.2)	139 (13.0)	134 (11.3)	228 (38.8)	243 (34.5)	190 (23.6)	163 (18.6)	109 (24.6)	(21.6)	30 (4.8)	19 (2.9)
	level												
	Childhood thyroid radiation doses in mGy (%)										
	0	1021 (73.3)	1161 (73.5)	777 (72.5)	876 (73.7)	509 (86.7)	573 (81.4)	512 (63.6)	588 (67.1)	388 (87.6)	(82.5)	389 (61.8)	437 (66.6)
	]0,1]	112 (8.0)	147 (9.3)	89 (8.3)	104 (8.8)	26 (4.4)	57 (8.1)	86 (10.7)	90 (10.3)	18 (4.1)	38 (7.1)	71 (11.3)	66 (10.1)
	]1,5]	139 (10.0)	150 (9.5)	116 (10.8)	113 (9.5)	35 (6.0)	41 (5.8)	104 (12.9)	109 (12.4)	28 (6.3)	29 (5.5)	88 (14.0)	84 (12.8)
	]5,10]	25 (1.8)	45 (2.8)	18 (1.7)	36 (3.0)	8 (1.4)	17 (2.4)	17 (2.1)	28 (3.2)	4 (0.9)	13 (2.4)	14 (2.2)	23 (3.5)
	]10,20]	49 (3.5)	57 (3.6)	35 (3.3)	42 (3.5)	6 (1.0)	12 (1.7)	43 (5.3)	45 (5.1)	4 (0.9)	10 (1.9)	31 (4.9)	32 (4.9)
	>20	46 (3.3)	20 (1.3)	37 (3.5)	17 (1.4)	3 (0.5)	4 (0.6)	43 (5.3)	16 (1.8)	1 (0.2)	3 (0.6)	36 (5.7)	14 (2.1)
	Mean (sd)	2.79 (10.3)	1.98 (6.18)	2.89 (11.1)	2.11 (6.62)	0.52 (2.63)	0.75 (2.80)	3.48 (10.9)	1.92 (5.57)	0.40 (2.13)	0.77 (2.86)	3.73 (11.7)	2.03 (5.98)

Table 8

 8 Radio diagnostic exams and mean thyroid doses among cases and controls

	Controls

Table 9

 9 Dose-response analysis for thyroid radiation dose: -Whole population, microcarcinoma subgroup, carcinoma>10 mm and/ or invasive carcinoma subgroup and analysis restricted to the genotyped population

		Whole population: Adjusted analysis		Only micro-carcinomas cases (431	Excluding micro-carcinomas cases (962 cases and	Only genotyped population	
						cases and 1580 controls)		1580 controls)						
		Coefficient (95%CI)	OR a (95%CI) at	Devianc	P	Coefficie	OR a	Devian	P value	Coefficient (95%CI)	OR a (95%CI) at 1	Devian	P value	Coefficient (95%CI)	OR (95%CI) a at 1	Devian	P value
		for 1 mGy	1 mGy	e	value	nt	(95%	ce		for 1 mGy	mGy	ce		for 1 mGy	mGy	ce	
						(95%CI)	CI) at										
						for 1	1 mGy										
						mGy											
	No radiation			3966.7				2370.9				3029.4		-	-	3024.6	-
	dose-																
		Radiation dose received during childhood														
	Linear	0.035) 0.017 (0.00060,	1.02 (1.00, 1.03)	3959.5	0.007	0.002, 0.024 (-	(1.00, 1.02	2363.6	0.008	0.035) 0.015 (-0.0041,	1.01 (0.99, 1.04)	3025.2	0.04	0.030) 0.013 (-0.0048,	1.01 (0.99, 1.03)	3020	0.04
						0.05)	1.05)										
	Quadratic	0.0011) 0.0005 (-0.000047-	1 (1.00, 1.00)	3957.9	0.003	0.0001, 0.0007 (-	(1.00, 1	2361.8	0.003	0.0007) 0.00048 (-0.0001,	1 (1.00, 1.00)	3024	0.02	0.0007) 0.00032 (-0.0001,	1 (1.00, 1.00)	3019.5	0.02
						0.001)	1.00)										
	Exponential	0.036) 0.022 (0.0081-	1.01 (1.01, 1.04)	3058.4	0.004	(0.01, 0.02	(1.01, 1.03	2362	0.003	0.037) 0.021 (0.0049-	1.02 (0.99 ,1.05)	3024.6	0.03	0.018 (0.003, 0.03)	1.02 (1.00, 1.03)	3019.7	0.03
						0.04)	1.04)										
		Radiation dose received during adulthood														
	Linear	8.7 10 -5 (-6.0.10 -4 , 7.7.10 -	1 (1.00, 1.00)	3966.7	>0.9	-8.6 10 -4 (-	1 (0.99,	2370.8	> 0.9	-2.7 10 -5 (-5.4 10 -3,	1 (1.0, 1.00)	3029.4	> 0.9	6.6 10 -4 (-5.7 10-3, 4.4	1 (1.00, 1.00)	3024.6	>0.9
		4 )				5.8.10 -3 ,	1.01)			5.3.10 -3 )				10-2)			
						4.0.10 -3 )											
	Quadratic	-9.1 10 -6 (-2.610 -5 , 7.4 10 -	1 (1.00, 1.00)	3966.2	>0.5	-6.0 10 -6 (-	1 (1.00,	2370.7	> 0.9	-1.5 10 -5 (-1.5 10 -5 , 1.5	1 (1.00, 1.00)	3028.5	0.4	-4.4 10 -6 (-4.0 10-5, 3.1	1 (1.00, 1.00)	3024.6	>0.9
		6 )				3.1 10 -5 ,	1.00)			10 -5 )				10-6)			
						1.9 10 -5 )											
	Exponential	1.2 10 -4 (-0.008, 0.009)	1 (0.99, 1.01)	3966.7	>0.9	-1.6 10 -3 (-	1 (0.99,	2370.8	> 0.9	-3.4 10 -5 (-0.011, 0.011)	0.99 (0.99, 1.01)	3029.4	> 0.9	-1.3 10 -3 (-0.013, 0.011)	0.99 (0.99, 1.01)	3024.6	>0.9
						0.014,	1.01)										
						0.011)											

a Stratified-on age, sex and study, and adjusted on thyroid cancer family history, radiotherapy history, BMI, height, smoking habits and number of pregnancies additive model of inheritance. Associations with both variants were in the same direction in CATHY and Young-Thyr (Table

10 A

). Other variants in NFATc2 present among the top 100 SNPs associated with DTC in the Young-Thyr study are described in Figure 6. Rs7164173 was the only SNP in CHD2 among the top 100 SNPs.

Table 10

 10 SNPs with lowest p-values associated with DTC risk in the meta-analysis among all DTC types cases (A), among only papillary DTC cases (B), carcinoma>10 mm and/ or invasive carcinoma cases (C), and microcarcinoma (<10 mm) cases (D)

A/

SNPs with lowest p-values associated with DTC risk in the meta-analysis including all histological types SNP

  

		Locus	RA	EA	EAF	Gene	Young-Thyr		CATHY		Meta-analysis	
							OR a	P-value	OR a	P-value	OR a	P-value	FDR p-value
	rs12702628	7p21.3	A	G	0.4	RPA3	1.25	1.03 x 10 -2	1.22	4.37 x 10 -2	1.24	1.12 x 10 -03	0.02
	rs7164173	15q26.1	G	T	0.1	CHD2	0.7	1.05 x 10 -3	0.69	1.06 x 10 -2	0.68	9.26 x 10 -05	0.004
	rs1059394	18p11.32	C	T	0.3	ENOSF1/	1.34	2.91 x 10 -3	1.19	8.97 x 10 -2	1.3	7.81 x 10 -04	0.01
						THYS							
	rs699517	18p11.32	C	T	0.3	ENOSF1/	1.34	2.91 x 10 -3	1.19	8.97 x 10 -2	1.3	7.81 x 10 -04	0.01
						THYS							
	rs6067822	20q13.2	G	T	0.3	NFATc2	0.64	1.6 x 10 -3	0.7	1.13 x 10 -3	0.64	5.79 x 10 -05	0.005
	B/												

SNPs with lowest p-values associated with papillary thyroid carcinoma risk in the meta-analysis (563 cases from Young-Thyr and 392 cases

  

							from CATHY)					
	SNP	Locus	RA	EA	EAF	Gene	Young-Thyr		CATHY		Meta-analysis	
							OR a	P-value	OR a	P-value	OR a	P-value	FDR p-value
	rs1950764	14q24.1	G	A	0.2	RAD51B	0.56	2.87 x 10 -03	0.66	7.27 x 10 -02	0.6	6.08 x 10 -04	0.01
	rs1290997	14q24.1	G	T	0.2	RAD51B	0.77	2.01 x 10 -03	0.7	7.18 x 10 -02	0.74	4.36 x 10 -04	0.01
	rs7164173	15q26.1	G	T	0.3	CHD2	0.69	3.24 x 10 -03	0.68	1.02 x 10 -02	0.68	9.33 x 10 -05	0.009
	rs77971457	20q13.2	G	T	0.1	NFATc2	1.44	1.09 x 10 -03	1.47	1.76 x10 -02	1.45	5.06 x 10 -04	0.01
	rs6067822	20q13.2	G	T	0.3	NFATc2	0.81	3.47 x 10 -03	0.72	4.63 x 10 -02	0.77	5.59 x 10 -04	0.01
	C/ SNPs												

with lowest p-values associated with large thyroid carcinoma (>10mm) risk in the meta-analysis (501 cases from Young-Thyr and 237 cases from CATHY) SNP

  

		Locus	RA	EA	EAF	Gene	Young-Thyr		CATHY		Meta-analysis	
							OR a	P-value	OR a	P-value	OR a	P-value	FDR p-value
	rs72625242	2q31.1	C	T	0.22	MLK7-AS1	1.92	6.27 x 10 -4	0.99	1	1.92	6.25 10 -4	0.004
	rs17619600	2q37.1	T	C	0.15	PMSD1	1.85	1.20 x 10 -3	1.01	0.99	1.85	1.20 10 -3	0.004
	rs7578070	2p24.2	A	G	0.41	SMC6	1.53	1.86 x 10 -3	1.03	0.99	1.53	1.86 10 -3	0.004
	rs16861406	2q31.1	A	G	0.21	MLK7-AS1	1.91	2.56 x 10 -3	1.00 96	1	1.91	2.56 10 -3	0.005
	rs5023821	10q26.2	T	C	0.25	C10orf90	0.62	1.14 x 10 -3	1.02 6	0.99	0.62	1.14 10 -3	0.004
	D/ SNPs												

with lowest p-values associated with small thyroid carcinoma (<10mm) risk in the meta-analysis (128 cases from Young-Thyr and 206 cases from CATHY) SNP

  Adjusted on age, sex, childhood IR thyroid doses, thyroid cancer family history, radiotherapy history, goitre history, BMI, height, educational level, smoking status, number of pregnancies and three first genetic components the top 100 SNPs identified in the Young-Thyr study. Results on the modifying effect of rs7068306 genotypes on DTC risk according to diagnostic radiation exposure study separately in CATHY and Young-Thyr are presented in Appendixe.2.

		Locus	RA	EA	EAF	Gene	Young-Thyr		CATHY		Meta-analysis	
							OR a	P-value	OR a	P-value	OR a	P-value	FDR p-value
	rs75361806	2q31.1	A	G	0.05	TLK1	25.55	1.12 10 -2	1.02	1	25.5	1.12 10 -2	0.03
	rs73234091	20p12.1	T	C	0.05	MACROD	30.89	6.99 10 -3	1.00	1	30.8	6.99 10 -3	0.03
						2			7				
	rs17757541	18q21.33	C	G	0.06	BCL2	7.188	1.22 10 -2	1.00 5	1	7.18	1.12 10 -2	0.01
	rs116851051	20p12.1	T	C	0.1	MACROD 2	28.39	1.12 10 -2	0.99	1	28.3	1.12 10 -2	0.03
	rs2327965	20p12.1	A	G	0.05	MACROD 2	27.11	1.12 10 -2	1.01	1	27.	1.12 10 -2	0.03
	RA=Reference allele EA= Effect allele EAF= Effect allele frequency											

a :

Table 11

 11 

	Five SNPs with lowest p-values in SNPs -diagnostic radiation thyroid doses interaction term from the
	meta-analysis
	RA= Reference allele EA= Effect allele EAF= Effect allele frequency

a : Adjusted on age, sex, thyroid cancer family history, radiotherapy history, goitre history, BMI, height, educational level, smoking status, number of pregnancies, and three first genetic components 4.3 Discussion

4.3.1 Comparison to results from the literature

Our main objective was to investigate the potential genetic susceptibility to DTC after exposure to low IR doses from diagnostic procedures performed during childhood. In our study, the estimated OR/mGy for thyroid radiation doses received during childhood (OR/mGy = 1.02 (95% CI: 1.00, 1.03)) was similar to the OR/mGy values of the pooled DTC study by

Veiga et al. (56) 

when considering analyses restricted to thyroid radiation doses lower than 100 mGy (OR/mGy = 1.01, (95% CI: 1.004-1.018)) or to thyroid radiation doses lower than 200 mGy (OR/mGy = 1.011, (95% CI: 1.007 -1.02)) (266).

  Sandler were estimated in a European reference population of 1000 Genomes project(284). Results from the present study were obtained after estimation and quantification of thyroid doses, based on a combination of self-reported radiologic procedure history and literature doses separately on childhood and adulthood observations. The Sandler et al. study used a different procedure since no doses were taken into account; only categories of diagnostic procedure exposure based on self-reported history were evaluated. Taken together, results from these different studies highlight the role of MGMT in modulating the effect of IR on cells of the thyroid.

Table 12

 12 Correlation between tested SNPs in MGMT in the present study,Lonjou et al.(224), and Sandler et al (225) studies calculated from European samples in the 1000G project. * : SNP tested in Lonjou et al. study § : SNP tested Sandler et al. studyThe expression of CLIP2, a gene located on 7q11.22, has been found to be strongly linked with previous radiation exposure in thyroid cancer (285).In our study, only 22 SNPs located on chromosome 7 were tested (Appendixe.1), of which, only two were near CLIP2 gene region. None of these were among the 100 best SNPs in our study,

	SNP	rs1762444	rs7068306	rs12219606	rs4750763	rs2296675
		D'	r²	D'	r²	D'	r²	D'	r²	D'	r²
	rs1762444 §	1	1	0.179 0.009 0.057 0.002 0.009	0	0.27	0.008
	rs7068306 *	0.17 0.009	1	1	0.18	0.019	0.23	0.044	0.07	0
	rs12219606 §	0.057 0.002 0.18 0.019	1	1	0.52	0.18	0.15	0.005
	rs4750763 §	0.009	0	0.23 0.044 0.52	0.18	1	1	0.14	0.007
	rs2296675 **	0.27 0.008 0.073	0	0.15	0.005	0.14	0.007	1	1

* : SNP tested in the present study *since the low numbers of concerned SNPs prevented us from confirming any results about locus 7q11.22.

Table 13
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	Controls (n=418)	Cases (n=283)	p a
	Sex (%)			
	Men Women	62 (14.8) 356 (85.2)	48 (17.0) 235 (83.0)	0.44
	Age at diagnosis/reference year			
	Mean (SD)	42.8 (13.0)	44.0 (12.6)	0.22
	Smoking habits (%)			
	Yes	205 (49.0)	158 (55.8)	0.07
	BMI (kg/m²)			
	Mean (SD)	28.3 (6.90)	31.4 (7.38)	<0.001*
	Height (m)			
	Mean (SD)	1.66 (0.0773)	1.67 (0.0743)	0.004
	Higher education (%)			
	Yes	282 (67.5)	179 (63.3)	0.24
	Dietary iodine intake during childhood (µg/day)			
	Mean (SD)	125 (86.7)	150 (130)	0.003*
	Dietary iodine intake during adulthood (µg/day)			
	Mean (SD)	147 (113)	153 (109)	0.5
	Dietary selenium intake during childhood (µg/day)		
	Mean (SD)	109 (74.7)	138 (151)	0.001*
	Dietary selenium intake during adulthood (µg/day)		
	Mean (SD)	120 (84.1)	123 (96.6)	0.61
	Age at menarche (years)			
	Mean (SD)	11.0 (4.96)	10.7 (5.08)	0.51
	Mururoa site worker (%)			
	Yes	12 (2.9)	14 (4.9)	0.15
	Personal history of radiotherapy (%)			
	Yes	4 (1.0)	25 (8.8)	<0.001*
	Radiation dose at thyroid gland before the age of 15 (mGy)		
	Mean (SD)	1.48 (2.54)	1.39 (2.69)	0.65
	Thyroid cancer histology (%)			
	Papillary		232 (82.0)	
	Follicular		48 (17)	
	Missing		3 (1.1)	

Demographic and epidemiologic description.

We present the counts and (percentage) unless specifically noted for the median value we present the min and max values a Differences between cases and controls, * : significant at α=0.05

Table 14

 14 Frequencies of effect alleles (EA) from best SNPs in Polynesian and non-Polynesian clustersLogistic regression model adjusted on age, sex, radiotherapy history, thyroid radiation dose, BMI, height, educational level, smoking status, iodine and selenium intake, number of pregnancies and five first genetic components, additive model of inheritance 5.5.2 Gene and gene-set analysis (GSA)

	Chromosome	SNP	EA	Polynesian cluster*	Non-Polynesian cluster¤
				EAF	OR § (95%CI)	EAF	OR § (95%CI)
	6	rs1358902	G	0.33	2.1 (1.9, 2.8)	0.45	1.9 (1.6,2.9)
	10	rs28390243	A	0.38	2.1 (1.9.2.9)	0.40	1.8 (1.5, 3.4)
	17	rs35509644	A	0.15	2.4 (2.01,2.7)	0.17	2.4 (1.66, 3.33)
	EA: Effect allele EAF: Effect allele frequency *: Individuals estimated to have more than 50% of Polynesian ancestry ¤: Individuals estimated to have less than 50% of Polynesian ancestry			

§ :

Table 15

 15 Best results from gene association analysis in the main analysis(MAGMA analysis) 

	Chromosome

Gene name Number of SNPS P full effect P interaction P main effect Permutation p-value for full effect

  

	8	NRG1	363	1.1310 -05	0.34	3.01 10 -07	1.13 10 -05
	9	PRUNE2	20	3.30 10 -06	0.016	1.2810 -05	1.00 10 -06
	10	PLXDC2	54	1.3510 -04	0.77	1.06 10 -06	6.00 10 -05
	17	RBFOX3	122	1.69 10 -06	0.00052	0.0016	5.00 10 -06

Table 16

 16 Best results from gene-set analysis

	Gene set name	Number of genes	Beta	Beta standard error	p-value
	CCATCCA_MIR432	35	0.63	0.03	7.82 10 -06
	AGCTCCT_MIR28	54	0.29	0.01	0.012
	CTTTGTA_MIR524	307	0.11	0.01	0.015

  1(glm function) under an additive model of inheritance, to assess the association of the tested SNPs with

	DTC risk. The adjustment factors were age at first cancer (continuous), sex, time from
	childhood cancer diagnosis to first thyroid SMN (continuous), chemotherapy (yes/no),
	radiation doses at thyroid gland from the childhood cancer radiotherapy, the three first
	principal genetic components from Eigensoft output.

  The mean radiation dose at the thyroid was 8.77 among cases versus 5.48 among controls. All the therapeutic and clinical features are described in table19. 

	chemotherapy and only 25 % of cases developed a metastasis of their childhood
	cancer. 6.2.2 Principal genetic components analysis
	Results from this step are shown in figure 19. PC from our study population were
	analysed with those from the reference data set. Three individuals identified of African
	ancestry and one individual of South American ancestry was excluded after this step
	to avoid a genetic stratification in our population.
	6.2.3 Gene-candidate analysis
	We analysed genotyping data of 3520 variants in these two gene regions: POT1 and
	CLIP2. The minor allele of rs58722976 [G] was absent in our sample. All individuals
	were homozygous of the reference allele [A]. None of the other variants had reached
	the significance threshold. The best result was observed in rs112321152 (CLIP2) with
	OR= 3.53 (95%CI: 1.20 -10.36) and p-value = 0.021. Results from model with SNP-
	dose interaction term yielded a suggestive interaction with rs229873 in CLIP2, with
	both doses as categorical (OR interaction = 3.80, 95%CI: 1.94-7.44, p-value= 9.94 10 -05 )
	and quantitative variant (OR interaction=1.061, 95%CI: 1.022-3.06, p-value= 0.002). Allele
	frequency of the minor allele [T] of rs229873 is 0.39 among cases and 0.44 among
	controls.
	6.2 Results
	6.2.1 Demographic, clinic, and therapeutic characteristics
	Almost two-thirds of our population were women, with a mean age at childhood cancer
	of 7 years old. More than 80% of cases received radiotherapy for their first cancer,
	versus 62% only among controls. About 80% of cases and controls received

Table 17

 17 Demographic, clinical and therapeutic characteristics of thyroid SMN study population

	Characteristics

Mean radiation dose at the thyroid (Gy)

  

	Mean (SD)	5.48 (9.35)	8.77 (10.6)
	Median [Min, Max]	0.45 [0,35.9]	4.54 [0, 42.3]

Dose at thyroid > 5 Gy (yes/no)

  

	No (%)	64 (68.1)	42 (51.1)
	Yes (%)	30 (31.9)	40 (48.8)
	First cancer treatment with anthracyclines (yes/no)		
	No (%)	52 (55.3)	45 (54.9)
	Yes (%)	42 (44.7)	37 (45.1)
	First cancer treatment with alkylating agents (yes/no)		
	No (%)	29 (30.9)	27 (32.9)
	Yes (%)	65 (69.1)	55 (67.1)

Table 18 Best

 18 SNPs in association analysis : Model adjusted on age at first cancer, sex, dose at thyroid, time from childhood cancer diagnosis to first thyroid SMN, chemotherapy, the three first principal genetic components CHR: Chromosome, OR: odds ratio, EA: effect allele, EAF: effect allele frequency, RA: reference allele

	SNP	CHR	EA	Position	OR	P-value	Overlappin	Type	EAF in	EAF in	Genotypes count	
							g / nearest genes		cases	controls	(cases/controls) RA/RA RA/EA	EA/E
													A
	rs6917116	6	C	166211309	0.24	1.23 x 10 -05	PDE10A	non-intronic coding	0.14	0.34	59/40	23/44	0/10
	rs4680766	3	G	28653629	0.25	3.35 x 10 -05 LINC0069 3	non-intronic coding	0.16	0.30	58/40	28/48	0/6
	rs10484873	6	G	52564490	3.87	4.08 x 10 -05	RP1-152L7.3	intronic non-coding	0.29	0.13	38/71	40/22	4/1
	rs6733405	2	A	22973119	3.16	4.16 x 10 -05	RN7SKP		0.48	0.30	19/44	44/45	19/5
							27						
	rs2235283	6	G	166884848	0.34	6.42 x 10 -05 RPS6KA2	non-intronic coding	0.24	0.44	52/30	24/46	6/18

*

Table 19 Best

 19 SNPs in variant-categories of dose interaction analysis

	SNP	CHR	Position	EA	OR	P value	Overlappi	Type	EAF	EAF in		Genotypes count
					interaction*		ng /		in	controls		(cases/controls)
							nearest		cases		RA/RA	RA/EA	EA/EA
							genes					
	rs1941492	18	6661946	C	10.35 6.76 x 10 -06	RP11-91I8.1		0.26	0.29	46/43	29/47	7/4
	rs10823706	10	73008857	C	4.12 7.88 x 10 -06	UNC5B	intronic	0.42	0.51	31/25	34/46	17/23
	rs2346230	10	83153009	C	14.34 1.09 x 10 -05	AL356154 .1 / NRG3		0.18	0.28	50/46	31/43	1/5
	rs17817536	15	33992272	A	21.16 1.63 x 10 -05	RYR3	intronic	0.15	0.18	57/61	23/30	2/3
	rs6550146	3	32704743	G	3.76 1.91 x 10 -05	RPL30P4		0.51	0.43	26/32	35/44	21/18
	*: Model adjusted on age at first cancer, sex, time from childhood cancer diagnosis to first thyroid SMN, chemotherapy, the three first principal genetic components CHR: Chromosome, OR: odds ratio, EA: effect allele, EAF: effect allele frequency, RA: reference allele
	An OR interaction= 21.16 was associated with the variant rs17817536 in the RYR3 region
	(chromosome 15). Another large OR interaction was observed in rs2346230 (chromosome
	10) =14.34. Full results from this analysis are in the Appendice.8.			
	Taken as a quantitative variable, the best SNP from the interaction with thyroid doses
	was the very same one in Table 20 (rs1941492), but with a lower OR = 1.12. The five
	best SNP from this analysis are presented in Table 21, in addition to rs1941492, other
	SNPs in chromosomes 4, 10, and 11 were among the best SNPs but with very low
	effect (between 1 to 1.2).									

Table 20 Best

 20 SNPs in variant-dose interaction analysis : Model adjusted on age at first cancer, sex, time from childhood cancer diagnosis to first thyroid SMN, chemotherapy, the three first principal genetic components CHR: Chromosome, OR: odds ratio, EA: effect allele, EAF: effect allele frequency, RA: reference allele

*

Table 21 Best

 21 SNPs in variant-anthracyclines interaction analysis

	SNP	CH	Position	EA	OR	P value	Overlapping /	Type	EAF in	EAF in	Genotypes count
		R			interaction*		nearest genes		cases	controls	(cases/controls)	
											RA/RA	RA/E	EA/E
												A	A
	rs2714510	4	183880263	C	14.54	0.0005	DCTD		0.23	0.21	50/61	26/28	10/5
	rs6080603	20	17183484	T	9.31	0.0007	AC096570.1 /		0.21	0.17	53/66	25/23	4/5
							RN7SKP27						
	rs11649215	16	84308076	A	4.82	0.0007	RNA5SP433 /		0.44	0.43	27/32	40/43	15/19
							DC1						
	rs8084760	18	8792044	G	148.8	0.0007	SOGA2	intronic	0.14	0.094	58/78	22/16	1/0
	rs2298122	10	135141572	G	9.64	0.001	ZNF511	intronic	0.22	0.22	53/62	27/26	2/6
	*: Model adjusted on age at first cancer, sex, time from childhood cancer diagnosis to first thyroid SMN, radiation doses, the three first principal genetic components CHR: Chromosome, OR: odds ratio, EA: effect allele, EAF: effect allele frequency, RA: reference allele	
	In contrast, the interaction with the antecedent of alkylating agents treatment yielded	
	suggestive results in rs7320068 (13q21.1) with an OR = 0.05. A larger OR was	
	associated with rs2174574 (18q22.1) = 12.67. Results from the best five SNPs in this	
	analysis are presented in table 23.								

Table 22 Best

 22 SNPs in variant-alkylating agents interaction analysis

	SNP	CHR	Position	EA	OR	P value	Overlapping /	Type	EAF in	EAF in	Genotypes count
					interaction*		nearest genes		cases	controls	(cases/controls) RA/RA RA/E EA/EA
												A	
	rs7320068	13	58586236	A	0.05	2.13 x10 -05	RNA5SP30 / LINC00374		0.47	0.48	16/26	51/45	15/23
	rs2174574	18	62340018	C	12.67	4.21 x10 -05	RNU7-146P / AC007948.1		0.41	0.44	27/29	45/46	10/19
	rs10842793	12	26953433	T	0.06	5.31 x10 -05	ITPR2	intronic	0.32	0.31	32/44	43/41	7/9
	rs1114641	15	79637190	A	0.08	5.36 x10 -05	TMED3	intronic	0.39	0.39	31/34	39/46	12/14
	rs951952	15	79700689	G	0.08	6.43 x10 -05	TMED3	intronic	0.38	0.39	32/37	37/40	13/17
	*: Model adjusted on age at first cancer, sex, time from childhood cancer diagnosis to first thyroid SMN, radiation doses, the three first principal genetic components CHR: Chromosome, OR: odds ratio, EA: effect allele, EAF: effect allele frequency, RA: reference allele

  The best association results in this meta-analysis of two studies are in NFATc2, CHD2 genes. None of them has been associated with DTC or radiation-related DTC risk. The results of this study suggested a difference in genetic factors between microcarcinoma and carcinoma>10 mm and/ or invasive carcinoma sub-analysis. This fact was also observed in the French Polynesia study with different GWAS hits between the sub-analysis. French Polynesian population has genetic, geographic, and cultural particularities. Here, we attempted to address the questions relating to population structure as well as about genetic DTC factors after the French nuclear test, as environmental exposures. Our results are suggestive of a role of three loci: 10p12.2, 6q24.3, and 17q21.32. 

in DNA repair genes and low levels of medical diagnosis radiation-related DTC risk in two case-control studies performed in the general population, in France. Results from this analysis confirmed a role of MGMT gene in radiation-related DTC risk modulating previously found by

Lonjou et al. (224) 

and

Sandler et al. (225)

, and also suggest a role of NFATc2, CHD2, ENOSF1/THYS, RPA3, and RAD51B.
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  DNA methylation seems to be different, in some gene, So far, most of the published studies on this subject are performed in the Caucasian population, it would be important to varying the ethnicities to discern better the variance at risk. Identifying such variants will offer the opportunity to detect patients at risk after radiotherapy especially among children treated for cancer. It will also allow a better comprehension of the cancerogenesis after radiotherapy. App.2 MGMT rs7068306 genotypes modifying effect on DTC risk according to diagnostic radiation exposure in Young-Thyr study and CATHY study. Adjusted on age, sex, thyroid cancer family history, radiotherapy history, goitre history, BMI, height, educational level, smoking status, number of pregnancies, and three first genetic components App.4.Best 50 SNPs in GWAS results from FP study Main effect: OR from adjusted model; Interaction effect: OR from SNP-radiation (categorical variable ≤2 mGy or > 2 mGy); Maillard et al. findings (association): results from Maillard et al 2015 (186), Ref: reference category App.6.Results comparison with Maillard et al. study App.7.Best 50 SNPs in GWAS results from thyroid SMN study App.8.Best 50 SNPs in SNP-radiation dose interaction results from thyroid SMN study Susceptibilité génétique au cancer différencié de la thyroïde survenant après irradiation dans l'enfance. Cancer de la thyroïde, susceptibilité génétique, radiationRésumé: L'exposition aux irradiations provoque des dom mages au niveau de l'ADN. Les processus en aval de recon naissance, de réparation ou de résolution de ces dom mages et aussi le devenir des cellules exposées varient in dividuellement dans la population, suggérant l'existence d'une susceptibilité génétique au développement du can cer différencié de la thyroïde après irradiation. L'objectif de cette thèse est d'identifier les variantes modulant le risque de cancer de la thyroïde après exposition aux rayonne ments ionisants dans l'enfance. Nous avons réalisé une re vue systématique de la littérature sur le cancer de la thy roïde lié aux rayonnements. Nous avons ensuite réalisé une analyse de type gène-candidat, sur les variants dans les voies de réparation de l'ADN et les doses d'irradiation re çues à la thyroïde lors de procédures de diagnostic pen dant l'enfance, dans deux études cas-témoins. Cette ana lyse a mis en évidence une association entre les SNPs dans NFATc2, CHD2 et ENOSF1 et le risque du cancer différencié de la thyroïde, ainsi qu'une interaction entre un SNP dans. le gène MGMT et la dose de radiation à la thyroïde. Ensuite, nous avons réalisé une étude d'association à pan-géno mique sur le risque du cancer différencié de la thyroïde après les tests nucléaires en Polynésie Française montrant une association dans :10p12.2, 6q24.3 et 17q21.32. L'ana lyse au niveau du gène a montré une interaction entre le RBFOX3 et la dose de radiation à la thyroïde. Enfin, nous avons effectué une étude d'association pan-génomique dans le cadre d'une étude cas-témoins nichée dans la co horte française des survivants à un cancer de l'enfant (FCCSS). Dans l'ensemble, les résultats de cette thèse ont permis d'identifier de nouveaux variants potentiellement associés au risque du cancer différencié de la thyroïde dans les populations caucasiennes et polynésiennes ont con firmé le rôle des faibles doses de rayonnement reçues à la thyroïde pendant l'enfance dans le risque de cancer de la thyroïde. Néanmoins, nos résultats doivent encore être va lidés biologiquement ou répliqués dans une population in dépendante
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CHAPTER IV: MEDICAL IRRADIATION AND DIFFERENTIATED THYROID CANCER RISK (CATHY AND YOUNG-THYR STUDIES)

Figure 6 Best SNPs from our meta-analysis results at NFATc2 gene region

The polymorphisms rs1290997 and rs1950764 in RAD51B had OR meta-analysis values of 0.74 and 0.60, respectively (Table 10 B). The polymorphism rs1950764had a p-value meta-analysis > 5x10 -4 . Detailed results for SNPs in RAD51B are shown in Figure 7. Results from the best SNPs in the carcinoma>10 mm and/ or invasive carcinoma analysis (Table 10 C) yielded two SNPs in the MLK7-AS1 gene (rs72625242, rs16861406) in 2q31.1 in addition to two other SNPs in chromosome 2 (PMSD1 and SMC6) and the C10orf90 gene in chromosome 10. In the microcarcinoma analysis, a significant result in 2q31.1 was found (rs75361806, TLK1) (Table 10 D). The best results from this later analysis also yielded three SNPs in the MACROD2 gene (20p12.1). We investigated the interaction between variants in DNA damage response genes and thyroid exposure to radiation in DTC risk. In the meta-analysis, the SNP-radiation interaction term yielded a p-value meta-analysis = 3.4x10 -4 and an OR interaction = 0.65 for rs7068306 in MGMT (Table 11). A second MGMT SNP, rs7087131, was also among 

GWAS results and ethnic clusters comparison

The GWAS permitted to identify 3 loci. A Manhattan plot of the GWAS on typed SNPs results is presented in figure 12. Genomic inflation factor λ was = 1.04 confirming a lack of systematic genetic bias between our cases and controls. The lowest p-value was observed at rs28390243 (10p12.2) (8. 40 10 -8 ), with an OR allelic=1.95. All the SNPs in this hit are near or in the PIP4K2A gene region (Figure 13). Another hit was also identified in 6q24, the lead SNP being rs1358902 and the OR allelic = 2.01 (p-value = 1.86 10 -7 ), as well as with intergenic variant, this hit also included 3 other nearby SNPs (rs6932353, rs2184529 and rs11757727) with similar OR (between 1.81 and 2.26). A third hit was observed in 17q21.32, containing a large linkage disequilibrium region, mostly in the SKAP1 gene. The minor allele of the lead SNP rs35509644 in the SKAP1 region had an OR relatively high= 2.43 and p-value = 3. 95 10 -7 . More GWAS results are presented in Appendixe.4. Results from regional imputation in each of the three imputed regions are shown in figure 4. No imputed variant was present in the three hits in chromosomes 6, 10, and 17. Similar effects were noticed for all SNPs between the clusters at different thresholds of the estimated Polynesian ancestry fraction, only the results at 55% threshold are shown in Table 15, with MAF of these SNPs in the whole population and each ethnic cluster. The results of a meta-analysis of the most significant SNPs at different levels (55% and 75%) of Polynesian ancestry clusters are shown in a forest plot (Appendixe.4).

Sub-analyses focussed on carcinoma>10 mm and/ or invasive carcinoma and microcarcinoma yielded similar results in the main analysis in chromosome 17.

However, the signal from chromosome 10 was observed only in the analysis restricted to microcarcinoma, whereas the one in chromosome 6 was observed only in carcinoma>10 mm and/or invasive carcinoma analysis (Figure 15).