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114. Molecular Diagnostics Laboratory, INRASTES, National Centre for Scientific Research
‘Demokritos’, Neapoleos 10, Ag. Paraskevi, Athens, 15310, Greece.
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115. Section of Infections, International Agency for Research on Cancer, 150 cours Albert Thomas,
Lyon, 69008, France.

116. The Susanne Levy Gertner Oncogenetics Unit, Chaim Sheba Medical Center, Emek HaEla St 1,
Ramat Gan, 52621, Israel.

117. Sackler Faculty of Medicine, Tel Aviv University, Haim Levanon 30, Ramat Aviv, 69978, Israel.

118. Department of Surgery, Mount Sinai Hospital, 600 University Avenue, Toronto, ON M5G 1X5,
Canada.

119. Samuel Lunenfeld Research Institute, 600 University Avenue, Toronto, ON M5G 1X5, Canada.

120. University Health Network Toronto General Hospital, 200 Elizabeth St, Toronto, ON M5G 2C4,
Canada.

121. Schools of Medicine and Public Health, Division of Cancer Prevention & Control Research,
Jonsson Comprehensive Cancer Centre, UCLA, 650 Charles Young Drive South, Los Angeles, CA,
90095-6900, USA.

122. Cancer Risk and Prevention Clinic, Dana-Farber Cancer Institute, 450 Brookline Avenue, Boston,
MA, 02215, USA.

123. Department of Preventive Medicine, Keck School of Medicine, University of Southern California,
1975 Zonal Ave, Los Angeles, CA, 90033, USA.

124. Center for Cancer Prevention and Translational Genomics, Samuel Oschin Comprehensive
Cancer Institute, Cedars-Sinai Medical Center, Spielberg Building, 8725 Alden Dr, Los Angeles, CA,
90048, USA.

125. Department of Biomedical Sciences, Cedars-Sinai Medical Center, Spielberg Building, 8725
Alden Dr, Los Angeles, CA, 90048, USA.

126. Cancer Epidemiology & Intelligence Division, Cancer Council Victoria, 615 St Kilda Road,
Melbourne, Victoria, 3004, Australia.

127. Centre for Epidemiology and Biostatistics, Melbourne School of Population and Global Health,
The University of Melbourne, Level 1, 723 Swanston Street, Melbourne, Victoria, 3010, Australia.
128. Department of Epidemiology and Preventive Medicine, Monash University, Melbourne, Victoria,

Australia.

129. Department of Pathology and Laboratory Medicine, University of Kansas Medical Center, 3901
Rainbow Blvd, Kansas City, KS, 66160, USA.

130. Department of Medicine, McGill University, 1001 Decarie Boulevard, Montréal, QC, H4A3J1,
Canada.

131. Division of Clinical Epidemiology, Royal Victoria Hospital, McGill University, 1001 Decarie
Boulevard, Montréal, QC, H4A3J1, Canada.

132. Department of Dermatology, Huntsman Cancer Institute, University of Utah School of Medicine,
2000 Circle of Hope, Salt Lake City, UT, 84112, USA.

133. Department of Health Sciences Research, Mayo Clinic, 200 First St. SW, Rochester, MN, 55905,
USA.

134. Cancer Prevention and Control, Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai
Medical Center, 8700 Beverly Blvd., Room 1S37, Los Angeles, CA, 90048, USA.

135. Community and Population Health Research Institute, Department of Biomedical Sciences,
Cedars-Sinai Medical Center, 8700 Beverly Blvd., Room 1S37, Los Angeles, CA, 90048, USA.

136. Public Health Sciences Division, Swedish Cancer Institute, 1221 Madison St. Ste 300, Seattle,
WA, 98109, USA.
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137. Unit of Clinical Chemistry, Department of Medical Biosciences, Umea University, By 6M van 2,
Sjukhusomradet, Umea universitet, Umea, 901 85, Sweden.

138. Clinical Genetics Branch, DCEG, National Cancer Institute, 9609 Medical Center Dr, Bethesda,
MD, 20850-9772, USA.

139. Cancer & Environment Group, Center for Research in Epidemiology and Population Health
(CESP), INSERM, University Paris-Sud, University Paris-Saclay, Villejuif, 94805 France.

140. Department of Environmental Medicine, Division of Nutritional Epidemiology, Karolinska
Institutet, Nobels vag 13, SE-171 77, Stockholm, SE-171, Sweden.

141. Department of Oncology, S6dersjukhuset, Sjukhusbacken 10, 118 83 Stockholm, Sweden.

142. Molecular Genetics of Breast Cancer, German Cancer Research Center (DKFZ),
Im Neuenheimer Feld 580, Heidelberg, 69120, Germany.

143. Nuffield Department of Surgical Sciences, Faculty of Medical Science, John Radcliffe Hospital,
University of Oxford, Oxford OX1 2JD, UK.

144. Department of Surgical Oncology, Princess Margaret Cancer Centre, 610 University Avenue,
Toronto, Ontario, M5G2M9, Canada.

145. Department of Internal Medicine 1, University Hospital Dresden, Technische Universitat
Dresden (TU Dresden), 01307 Dresden, Germany.

146. National Institute of Occupational Health (STAMI), Gydas vei 8, 0033, Oslo, Norway.

147. Department of Gynecology and Gynecologic Oncology, Dr. Horst Schmidt Kliniken Wiesbaden,
Wiesbaden, Germany.

148. Department of Gynecology and Gynecologic Oncology, Kliniken Essen-Mitte/ Evang. Huyssens-
Stiftung/ Knappschaft GmbH, Henricistrasse 92, Essen, 45136, Germany.

149. Early Detection and Prevention Section, International Agency for Research on Cancer, 150 cours
Albert Thomas, Lyon, 69008, France.

150. Department of Virus, Lifestyle and Genes, Danish Cancer Society Research Center,
Strandboulevarden 49, Copenhagen, DK-2100, Denmark.

151. Molecular Unit, Department of Pathology, Herlev Hospital, University of Copenhagen, Herlev
Ringvej 75, Herlev, DK-2730, Denmark.

152. Preventive Medicine, Seoul National University College of Medicine, 1 Gwanak-ro, Gwanak-gu,
Seoul 151 742, Korea.

153. German Research Center for Environmental Health, Institute for Cancer Research, Ingolstadter
Landstr. 1, London, SM2 5NG, UK.

154. Center for Medical Genetics, NorthShore University HealthSystem, 1000 Central St, Evanston, IL,
60201, USA.

155. The University of Chicago Pritzker School of Medicine, 924 E 57th St, Chicago, 1L, 60637, USA.

156. British Columbia’s Ovarian Cancer Research (OVCARE) Program, Vancouver General Hospital, BC
Cancer Agency and University of British Columbia, #3427-600 West 10th Avenue, Vancouver, BC,
V57 4E6, Canada.

157. Department of Molecular Oncology, BC Cancer Agency Research Centre, #3427-600 West 10th
Avenue, Vancouver, BC, V5Z 4E6, Canada.

158. Department of Pathology and Laboratory Medicine, University of British Columbia, #3427-600
West 10th Avenue, Vancouver, BC, V5Z 4E6, Canada.

159. N.N. Petrov Institute of Oncology, Leningradskaya ul., 68, St. Petersburg, 197758, Russia.
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160. Lombardi Comprehensive Cancer Center, Georgetown University, 3800 Reservoir Road,
Washington, DC, 20007, USA.

161. Independent Laboratory of Molecular Biology and Genetic Diagnostics, Pomeranian Medical
University, Rybacka 1, 70-204 Szczecin, Poland.

162. Parkville Familial Cancer Centre, Peter MacCallum Cancer Center, 305 Grattan Street,
Melbourne, Victoria, 3000, Australia.

163. Department of Radiation Sciences, Umea University, By 6M van 2, Sjukhusomradet, Umea
universitet, 901 85, Umea, Sweden.

164. Department of Medicine, Division of Oncology and Stanford Cancer Institute, Stanford
University School of Medicine, 780 Welch Rd, Stanford, CA 94304, USA.

165. Clinical and Translational Epidemiology Unit, Massachusetts General Hospital, 02114 Boston
MA.

166. Molecular Medicine Center, Department of Medical Chemistry and Biochemistry, Medical
Faculty, Medical University of Sofia, Sofia, Bulgaria.

167. Women’s Cancer Program at the Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai
Medical Center, 8700 Beverly Boulevard, Los Angeles, CA, 90048, USA.

168. Hollings Cancer Center and Department of Public Health Sciences, Medical University of South
Carolina, 68 President Street Bioengineering Building, MSC955, Charleston, SC, 29425, USA.

169. Cancer Epidemiology, University Cancer Center Hamburg (UCCH), University Medical Center
Hamburg-Eppendorf, MartinistraBe 52, Hamburg, 20246, Germany.

170. Clinical Gerontology, Department of Public Health and Primary Care, University of Cambridge, 2
Worts’ Causeway, Cambridge, CB1 8RN, UK.

171. Department of Genetics and Fundamental Medicine, Bashkir State University, ul. Zaki Validi 32,
Ufa, 450076, Russia.

172. Institute of Biochemistry and Genetics, Ufa Scientific Center of Russian Academy of Sciences, 71
prosp. Oktyabrya, Ufa, 450054, Russia.

173. Division of Urologic Surgery, Brigham and Womens Hospital, Boston, Massachusettes, 02115,
USA.

174. Radboud Institute for Health Sciences, Radboud University Medical Center, Geert Grooteplein
21, Nijmegen, 6525 EZ, The Netherlands.

175. Department of Genitourinary Medical Oncology, University of Texas MD Anderson Cancer
Center, 1155 Pressler St, Houston, TX, 77030, USA.

176. Department of Gynaecology, Rigshospitalet, University of Copenhagen, Blegdamsvej 9,
Copenhagen, DK-2100, Denmark.

177. Prosserman Centre for Health Research, Lunenfeld-Tanenbaum Research Institute, Sinai Health
System, 60 Murray Street, Toronto, Ontario, M5T 3L9, Canada.

178. Division of Epidemiology, Dalla Lana School of Public Health, University of Toronto, 155 College
Street, Toronto, ON, M5T3M7, Canada.

179. ISGlobal, Centre for Research in Environmental Epidemiology (CREAL), Barcelona, 08036, Spain.

180. IMIM (Hospital del Mar Research Institute), Barcelona, Spain.

181. Universitat Pompeu Fabra (UPF), Barcelona, Spain.

182. Division of Cancer Epidemiology and Genetics, National Cancer Institute, National Institutes of
Health, Department of Health and Human Services, 9609 Medical Center Dr, Bethesda, MD, 20892,
USA.
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183. Department of Cancer Genetics, Institute for Cancer Research, Oslo University Hospital
Radiumhospitalet, Ullernchausseen 70, Oslo, 0379, Norway.

184. Institute of Clinical Medicine, Faculty of Medicine, University of Oslo, Kirkeveien 166, Oslo, 0450,
Norway.

185. Department of Clinical Molecular Biology, Oslo University Hospital, University of Oslo,
Kirkeveien 166, Oslo, 0450, Norway.

186. Department of Pathology and Laboratory Diagnostics, the Maria Sklodowska-Curie Institute -
Oncology Center, Roentgena 5, Warsaw, 02-781, Poland.

187. Department of Otorhinolaryngology, Head and Neck Surgery, Maastricht University Medical
Center, P. Debyelaan 25, P.O. Box 5800, Maastricht, 6202 AZ, The Netherlands.

188. Department of Integrative Oncology, British Columbia Cancer Agency, Room 10-111 675 West
10th Avenue, Vancouver, BC, V57113, Canada.

189. VIB Center for Cancer Biology, VIB, Herestraat 49, Leuven, 3001, Belgium.

190. Laboratory for Translational Genetics, Department of Human Genetics, University of Leuven,
Oude Markt 13, Leuven, 3000, Belgium.

191. Integrative Tumor Epidemiology Branch, DCEG, National Cancer Institute, 9609 Medical Center
Drive, Room SG/7E106, Rockville, MD 20850, USA.

192. College of Pharmacy, Washington State University, PBS 431 PO Box 1495 Washington State
University, Spokane, WA 99210-1495, USA.

193. Cancer Control Research, BC Cancer Agency, 675 West 10th Avenue, Vancouver, BC, V5Z 1L3,
Canada.

194. Clalit Health Services, Clalit National Israeli Cancer Control Center, Carmel Medical Center, 2
Horev Street, Haifa, 3436212, Israel.

195. Institute of Human Genetics, University Medical Center Hamburg-Eppendorf, MartinistraSe 52,
Hamburg, 20246, Germany.

196. Gynecology Service, Department of Surgery, Memorial Sloan Kettering Cancer Center, 1275
York Avenue, New York, NY, 10065, USA.

197. Gynecologic Oncology, Laura and Isaac Pearlmutter Cancer Center, NYU Langone Medical Center,
240 East 38th Street 19th Floor, New York, NY, 10016, USA.

198. Department of Family Medicine and Community Health, Mary Ann Swetland Center for
Environmental Health, Case Western Reserve University, Cleveland, OH, 44106, USA.

199. Servicio Galego de Saude (SERGAS), Instituto de Investigacion Sanitaria de Santiago de
Compostela (IDIS), Santiago De Compostela, 15706, Spain.

200. Translational Research Program, Fred Hutchinson Cancer Research Center, Seattle, WA, 98109,
USA.

201. Department of Molecular Medicine and Surgery, Karolinska Institutet, Karolinska Univ Hospital,
Stockholm, 171 76, Sweden.

202. Health Sciences Research, Mayo Clinic Arizona, 13400 E. Shea Blvd, Scottsdale, AZ, 85259, USA.

203. Epidemiology Division, Princess Margaret Cancer Centre, 610 University Avenue, Toronto, Ontario,
M5G2M9, Canada.

204. Unit of Oncology 1, Department of Clinical and Experimental Oncology, Istituto Oncologico
Veneto IRCCS, 35122 Padua ltaly.

205. Department of Medical Genetics, Oslo University Hospital, Kirkeveien 166, Oslo, 0450, Norway.

206. Institute of Human Genetics, University Hospital Ulm, Prittwitzstrasse 43, Ulm, 89075, Germany.
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207. Translational Cancer Research Area, University of Eastern Finland, Yliopistonranta 1, Kuopio,
70210, Finland.

208. Institute of Clinical Medicine, Pathology and Forensic Medicine, University of Eastern Finland,
Yliopistonranta 1, Kuopio, 70210, Finland.

209. Imaging Center, Department of Clinical Pathology, Kuopio University Hospital, Puijonlaaksontie
2, Kuopio, 70210, Finland.

210. Epidemiology Program, University of Hawaii Cancer Center, 701 llalo St, Honolulu, HI, 96813,
USA.

211. Department of Clinical Science and Education, Sodersjukhuset, Karolinska Institutet, Stockholm,
Sweden.

212. Division of Gynecologic Oncology, University Health Network, Princess Margaret Hospital, 610
University Avenue, OPG Wing, 6-811. Toronto, Ontario, M5G 2M9, Canada.

213. Division of Gynaecology and Obstetrics, Technische Universitdit Miinchen, ArcisstraBe 21,
Munich, 80333, Germany.

214. Faculty of Medicine, University of Heidelberg. In Neuenheimer Feld 672, 69120 Heidelberg,
Germany.

215. NRG Oncology, Statistics and Data Management Center, Roswell Park Cancer Institute, EIm &
Carlton Streets, Buffalo, NY, 14263, USA.

216. Womens Cancer Research Center, Magee-Womens Research Institute and Hillman Cancer
Center, Pittsburgh, PA, 15213, USA.

217. Division of Gynecologic Oncology, Department of Obstetrics, Gynecology and Reproductive
Sciences, University of Pittsburgh School of Medicine, 300 Halket Street, Pittsburgh, PA, 15213,
USA.

218. Immunology and Molecular Oncology Unit, Veneto Institute of Oncology IOV - IRCCS, Via
Gattamelata 64, Padua, 35128, Italy.

219. Catalan Institute of Oncology, Bellvitge Biomedical Research Institute (IDIBELL), Consortium for
Biomedical Research in Epidemiology and Public Health (CIBERESP) and University of Barcelona,
Barcelona, Spain.

220. Division of Cancer Prevention and Control, Roswell Park Cancer Institute, EIm & Carlton Streets,
Buffalo, NY, 14263, USA.

221. Division of Population Health, Health Services Research and Primary Care, University of
Manchester, Oxford Road, Manchester, M13 9PL, UK.

222. Division of Health Sciences, Warwick Medical School, Warwick University, University of Warwick,
Coventry, CvV4 7AL, UK.

223. Department of Laboratory Medicine and Pathobiology, University of Toronto, 1 King’s College
Circle, Toronto, ON, M5S51A8, Canada.

224. Laboratory Medicine Program, University Health Network, 200 Elizabeth Street, Toronto, ON,
M5G2C4, Canada.

225. Department of Medicine, Abramson Cancer Center, Perelman School of Medicine at the
University of Pennsylvania, 3400 Civic Center Boulevard, Philadelphia, PA, 19104, USA.

226. Department of Oncology, Addenbrooke’s Hospital, University of Cambridge, Cambridge, CB1
8RN, UK.

227. NIHR Bristol Biomedical Research Centre Nutrition Theme, University of Bristol, Upper Maudlin
Street, Bristol, BS2 8AE, UK.
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228. Department of Population Sciences, Beckman Research Institute of City of Hope, 1500 E Duarte,
CA, 91010, USA.

229. Department of Obstetrics and Gynecology, Helsinki University Hospital, University of Helsinki,
Haartmaninkatu 8, Helsinki, 00290, Finland.

230. Department of Urology, University of Washington, Seattle, Washington, 98195, USA.

231. Center for Genomic Medicine, Rigshospitalet, Copenhagen University Hospital, Blegdamsvej 9,
Copenhagen, DK-2100, Denmark.

232. Latvian Biomedical Research and Study Centre, Ratsupites str 1, Riga, Latvia.

233. Cancer Genetics and Prevention Program, University of California San Francisco, 1600
Divisadero St., San Francisco, CA, 94143-1714, USA.

234. Clinical Genetics Research Lab, Department of Cancer Biology and Genetics, Memorial Sloan-
Kettering Cancer Center, 1275 York Avenue, New York, NY, 10065, USA.

235. Clinical Genetics Service, Department of Medicine, Memorial Sloan-Kettering Cancer Center,
1275 York Avenue, New York, NY, 10065, USA.

236. Department of Molecular Genetics, National Institute of Oncology, Rath Gyoérgy u. 7-9,
Budapest, 1122, Hungary.

237. Department of Clinical Neurosciences, University of Cambridge, Cambridge, CB2 0QQ, UK.

238. Center for Clinical Cancer Genetics, The University of Chicago, 5841 S Maryland Ave, Chicago, IL,
60637, USA.

239. Department of Epidemiology, Gillings School of Global Public Health, University of North
Carolina, 135 Dauer Dr, Chapel Hill, NC, 27599-7435, USA.

240. UNC Lineberger Comprehensive Cancer Center, 450 West Dr, Chapell Hill, NC, 27599, USA.

241. The University of Surrey, Guildford, Surrey, GU2 7XH, UK.

242. Department of Cancer Epidemiology, H. Lee Moffitt Cancer Center and Research Institute,
12902 Magnolia Drive, Tampa, FL, 33612, USA.

243. Department of Applied Health Research, University College London, 1-19 Torrington Place,
London WC1E 6BT, UK.

244. Centre for Cancer Genetic Epidemiology, Department of Oncology, Strangeways Laboratory,
University of Cambridge, CB1 8RN, UK.

245. Department of Genetics and Computational Biology, QIMR Berghofer Medical Research
Institute, 300 Herston Road, Brisbane, Queensland, 4006, Australia.

246. Department of Obstetrics and Gynecology, Oregon Health & Science University, 3181 SW Sam
Jackson Park Road, L-466, Portland, OR, 97239, USA.

247. Knight Cancer Institute, Oregon Health & Science University, 3181 SW Sam Jackson Park Road,
L-466, Portland, OR, 97239, USA.

248. Department of Gastroenterology, Radboud University Nijmegen Medical Center, Geert
Grooteplein Zuid 10, Internal B.O. Box 433, Nijmegen, 6525 GA, The Netherlands.

249. Department of Epidemiology, University of Washington School of Public Health, 1959 NE Pacific
St, Seattle, WA, 98195, USA.

250. Research Centre for Genetic Engineering and Biotechnology ‘Georgi D. Efremov’, Macedonian
Academy of Sciences and Arts, Boulevard Krste Petkov Misirkov, Skopje, 1000, Republic of
Macedonia.

251. Bristol Dental School, University of Bristol, Lower Maudlin Street, Bristol, BS1 2LY, UK.
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252. Unit of Molecular Bases of Genetic Risk and Genetic Testing, Department of Research,
Fondazione IRCCS (Istituto Di Ricovero e Cura a Carattere Scientifico) Istituto Nazionale dei Tumori
(INT), Via Giacomo Venezian 1, Milan, 20133, Italy.

253. Decode genetics, Sturlugata 8, 1S-101 Reykjavik, Iceland, Reykjavik, Iceland.

254. School of Women’s and Children’s Health, Faculty of Medicine, University of NSW Sydney, 18
High St, Sydney, New South Wales, 2052, Australia.

255. The Kinghorn Cancer Centre, Garvan Institute of Medical Research, 384 Victoria Street, Sydney,
New South Wales, 2010, Australia.

256. Division of Epidemiology, Department of Medicine, Vanderbilt Epidemiology Center, Vanderbilt-
Ingram Cancer Center, Vanderbilt University School of Medicine, 1161 21st Ave S # D3300,
Nashville, TN, 37232, USA.

257. Clalit National Cancer Control Center, Carmel Medical Center and Technion Faculty of Medicine,
7 Michal Street, Haifa 34362, Israel.

258. Department of Genetics, University of Pretoria, Private Bag X323, Arcadia, 0007, South Africa.

259. Department of Chronic Disease Epidemiology, Yale School of Public Health, 60 College St, New
Haven, CT, 06510, USA.

260. Cancer Center Cluster Salzburg at PLUS, Department of Molecular Biology, University of
Salzburg, Billrothstr.11, 5020 Salzburg, Austria.

261. Division of Epigenomics and Cancer Risk Factors, DKFZ — German Cancer Research Center, Im
Neuenheimer Feld 280, 69120 Heidelberg, Germany.

262. Translational Lung Research Center Heidelberg (TLRC-H), Member of the German Center for
Lung Research (DZL), Heidelberg, 69120, Germany.

263. Department of Urology, Erasmus University Medical Center, Wytemaweg 80, Rotterdam, 3015
CN, The Netherlands.

264. Department of Radiation Oncology, Icahn School of Medicine at Mount Sinai, 1425 Madison
Avenue, New York, NY, 10029, USA.

265. Department of Genetics and Genomic Sciences, Icahn School of Medicine at Mount Sinai, 1425
Madison Avenue, New York, NY, 10029, USA.

266. Department of Epidemiology, University of Washington, M4 C308, 1100 Fairview Ave N, Seattle,
WA, 98109, USA.

267. Faculty of Medicine and Health Sciences, Basic Medical Sciences, Ghent University, De Pintelaan
185, Gent, 9000, Belgium.

268. Hereditary Cancer Clinic, University Hospital of Heraklion, Voutes, Heraklion, 711 10, Greece.

269. Epidemiology Branch, National Institute of Environmental Health Sciences, NIH, 111 T.W.
Alexander Drive, Research Triangle Park, NC, 27709, USA.

270. Research Oncology, Guy’s Hospital, King’s College London, Guy’s Hospital Great Maze Pond,
London, SE1 9RT, UK.

271. Institute of Biomedicine, University of Turku, Turku, 20014, Finland.

272. Division of Laboratory, Department of Medical Genetics, Turku University Hospital, Turku,
20014, Finland.

273. Prostate Cancer Research Center, Faculty of Medicine and Life Sciences and BioMediTech
Institute, University of Tampere, Tampere, 33014, Finland.

274. Division of Molecular Pathology, The Netherlands Cancer Institute - Antoni van Leeuwenhoek
Hospital, Plesmanlaan 121, Amsterdam, 1066 CX, The Netherlands.
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275. Division of Psychosocial Research and Epidemiology, The Netherlands Cancer Institute - Antoni
van Leeuwenhoek hospital, Plesmanlaan 121, Amsterdam, 1066 CX, The Netherlands.

276. Department of Preventive Medicine, Keck School of Medicine, University of Southern California,
1450 Biggy Street, Los Angeles, CA, 90033, USA.

277. Department of Epidemiology and Biostatistics, Jiangsu Key Lab of Cancer Biomarkers,
Prevention and Treatment, Collaborative Innovation Center for Cancer Personalized Medicine,
School of Public Health, Nanjing Medical University, 101 Longmian Ave, Jiangning District, Nanjing,
211166, Peoples Republic of China.

278. Department of Genetics and Genomic Sciences, Department of Population Health Science and
Policy, Icahn School of Medicine at Mount Sinai, 1425 Madison Avenue, 2nd floor, New York, NY,
10029, USA.

279. Dept of OB/GYN and Comprehensive Cancer Center, Medical University of Vienna, Waehringer
Guertel 18-20, Vienna, 1090, Austria.

280. Department of Internal Medicine, University of Utah Health Sciences Center, 295 Chipeta Way,
Salt Lake City, UT 84132, USA.

281. Department of Molecular Medicine, Aarhus University Hospital, Aarhus, DK-8200, Denmark.

282. Department of Clinical Medicine, Aarhus University, Aarhus, DK-8200, Denmark.

283. Precision Medicine, School of Clinical Sciences at Monash Health, Monash University, 246 Clayton
Road, Clayton, Victoria, 3168, Australia.

284. Department of Clinical Pathology, The University of Melbourne, Cnr Grattan Street and Royal
Parade, Melbourne, Victoria, 3010, Australia.

285. Department of Medicine Ill, University Hospital, LMU Munich, Marchioninistr. 15, 81377 Munich,
Germany.

286. The Curtin UWA Centre for Genetic Origins of Health and Disease, Curtin University and University
of Western Australia, 35 Stirling Hwy, Perth, Western Australia, 6000, Australia.

287. Department of Obstetrics and Gynecology, Sahlgrenska Cancer Center, Inst Clinical Scienses,
University of Gothenburg, Bla straket 6, Gothenburg, 41345, Sweden.

288. Epidemiology Center, College of Medicine, University of South Florida, 3650 Spectrum Blvd.,
Suite 100, Tampa, FL, 33612, USA.

289. Division of Breast Cancer Research, The Institute of Cancer Research, London, SW7 3RP, UK.

290. Department of Molecular Biology, School of Medicine of Sdo José do Rio Preto, Av Brig Faria
Lima 5416 Vila Sdo Pedro, Sdo José do Rio Preto, SP, 15090-000, Brazil.

291. Department of Genetics and Evolutive Biology, Institute of Biosciences, University of Sdo Paulo,
Rua do Matado, 321, Sdo Paulo, SP, 05508-090, Brazil.

292. SWAOG Statistical Center, Fred Hutchinson Cancer Research Center, Seattle, Washington, 98109,
USA.

293. Faculty of Medicine, University of Oviedo and CIBERESP, Campus del Cristo s/n, 33006, Oviedo,
Spain.

294. Epigenetic and Stem Cell Biology Laboratory, National Institute of Environmental Health Sciences,
NIH, 111 T.W. Alexander Drive, Research Triangle Park, NC, 27709, USA.

295.Medical Statistics Group, School of Health and Related Research (SCHARR), University of Sheffield,
Regent Court, 30 Regent Street, Sheffield, S1 4DA, UK.

296. Department of Genetics, Portuguese Oncology Institute, Rua Dr. Anténio Bernardino de Almeida
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ABSTRACT
Quantifying the genetic correlation between cancers can provide important insights into the mechanisms

driving cancer etiology. Using genome-wide association study summary statistics across six cancer
types based on atotal of 296,215 cases and 301,319 controls of European ancestry, we estimate the pair-
wise genetic correlations between breast, colorectal, head/neck, lung, ovary and prostate cancer, and
between cancers and 38 other diseases. We observed statistically significant genetic correlations
between lung and head/neck cancer (r,=0.57, p=4.6x10"®), breast and ovarian cancer (r;=0.24, p=7x10
), breast and lung cancer (1,=0.18, p=1.5x10") and breast and colorectal cancer (r,=0.15, p=1.1x10").
We also found that multiple cancers are genetically correlated with non-cancer traits including smoking,
psychiatric diseases and metabolic characteristics. Functional enrichment analysis revealed a significant
excess contribution of conserved and regulatory regions to cancer heritability. Our comprehensive
analysis of cross-cancer heritability suggests that solid tumors arisng across tissues share in part a

common germline genetic basis.
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INTRODUCTION

Inherited genetic variation plays an important role in cancer etiology. Large twin studies have
demonstrated an excess familial risk for cancer sites including, but not limited to, breast, colorectal,
head/neck, lung, ovary and prostate with heritability estimates ranging between 9% (head/neck) to 57%
(prostate).’® Data from nation-wide and multi-generation registries further show that elevated cancer
risks go beyond nuclear families and isolated types, as family history of a specific cancer can increase
risk for other cancers.*® Additional evidence for a shared genetic component have been demonstrated
by cross-cancer genome-wide association study (GWAS) meta-analyses, which set out to identify
genetic variants associated with more than one cancer type. Fehringer et al. studied breast, colorectal,
lung, ovarian and prostate cancer, and identified a novel locus at 1922 associated with both breast and
lung cancer.” Kar et al. focused on three hormone-related cancers (breast, ovarian and prostate), and
identified seven novel susceptibility loci shared by at least two cancers.®

Previous attempts to estimate the genetic correlation across cancers using GWAS data®™

% have mostly
relied on restricted maximum likelihood (REML) implemented in GCTA (genome-wide complex trait
analysis)™ and individual-level genotype data. However, these studies have had limited sample sizes,
yielding inconclusive results. Sampson et al. quantified genetic correlations across 13 cancers in
European ancestry populations and identified four cancer pairs with nominally significant genetic
correlations (bladder-lung, testis-kidney, lymphoma-osteosarcoma, lymphoma-leukemia).® They did not
observe any significant genetic correlations across common solid tumors including cancers of the breast,
lung and prostate.’ REML becomes computationally challenging for large sample sizes and is sensitive
to technical artifacts. LD score regression (LDSC)“® overcomes these issues by leveraging the
relationship between association statistics and LD patterns across the genome. We recently used cross-
trait LDSC to quantify genetic correlations across six cancers based on a subset of the data included here

and found moderate correlations between colorectal and pancreatic cancer as well as between lung and
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colorectal cancer.’® However, the average sample size was only 11,210 cases and 13,961 controls per

cancer, resulting in imprecise estimates with wide confidence intervals.

In addition to the development of novel analytical methods tailored to genomic data, several high-
quality functional annotations have recently been released into the public domain through large-scale
efforts. For example, the ENCODE consortium has built a comprehensive and informative parts list of

functional elements in the human genome (http://www.nature.com/encode/#/threads), which allows for

the analysis of components of SNP-heritability to unravel the functional architecture of complex traits.

Here, we use summary statistics from the largest-to-date European ancestry GWAS of breast, colorectal,
head/neck, lung, ovary and prostate cancer with an average sample size of 49,369 cases and 50,219
controls per cancer, to quantify genetic correlations between cancers and their subtypes. We also use
GWAS summary statistics for 38 non-cancer traits (average N=113,808 per trait), to quantify the genetic
correlations between the six cancers and other diseases. Furthermore, we assessed the proportion of
cancer heritability attributable to specific functional categories, with the goal of identifying functional
elementsthat are enriched for SNP-heritability.

Our comprehensive analysis identifies statistically significant genetic correlations between lung and
head/neck cancer, breast and ovarian cancer, breast and lung cancer and breast and colorectal cancer.
We also find multiple cancers to be genetically correlated with non-cancer traits including smoking,
psychiatric diseases and metabolic traits. Functional enrichment analysis reveals a significant
contribution of conserved and regulatory regions to cancer heritability. Our results suggest that solid

tumors arising across tissues share in part acommon germline genetic basis.

RESULTS
Heritability estimates across cancers

We first estimated cancer-specific heritability causally explained by common SNPs (hf,) using LDSC
(note that this quantity is dlightly different from the h? as defined in Yang et al."” which estimates the
heritability due to genotyped and imputed SNPs) (see Methods). Estimates of hf, on the ligbility scale
ranged from 0.03 (ovarian) to 0.25 (prostate) (Supplementary Table 1). After removing genome-wide
significant (p<5x10®) loci, defined as al SNPs within 500kb of the most significant SNP in a given
region (Supplementary Table 2), we observed an ~50% decrease in SNP-heritability for prostate and

breast cancer, and ~20% decrease for lung, ovarian and colorectal cancer, despite the fact that we were
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only excluding 1% (colorectal cancer) to 5% (breast cancer) of the genome. In contrast, the SNP-
heritability for head/neck cancer was not affected by removing genome-wide significant loci (Fig. 1A).
For most of the cancers, the GWAS significant loci for that particular cancer explained most of the
heritability. For some cancers, however, significant GWAS loci of other cancers also explained a non-
trivial part of its heritability. For example, the significant breast cancer GWAS loci explained 10%, 15%
and 22% heritability of colorectal, ovarian and prostate cancer, respectively; the significant colorectal
cancer GWAS loci explained 11% heritability of prostate cancer; the significant lung cancer GWAS loci
explained 10% heritability of head/neck cancer; and the significant prostate cancer GWAS loci
explained 11% and 15% heritability of breast and ovarian cancer, respectively (Supplementary Table 3).
Comparing the liability-scale SNP-heritability to corresponding estimates from twin studies suggests
that common SNPs can almost entirely explain the classical heritability of head/neck cancer, whereas for
other cancers, only 30—40% of heritability can be explained (Fig. 1B).

Genetic correlations between cancers

We then estimated the genetic correlation between cancers using cross-trait LDSC (see M ethods). After
adjusting for the number of tests (p<0.05/15=0.003), we found multiple significant genetic correlations
Fig. 1C, Supplementary Table 1), with the strongest result observed for lung and head/neck cancer
(r;=0.57, se=0.10). In addition, colorecta and lung cancer (1,=0.28, se=0.06), breast and ovarian cancer
(1;=0.24, se=0.06), breast and lung cancer (r,=0.18, se=0.04), and breast and colorectal cancer (r,=0.15,
se=0.04) showed statistically significant genetic correlations. We also observed nominally significant
genetic correlations (p<0.05) between lung and ovarian cancer (r,=0.16, se=0.08), prostate cancer and
head/neck (r,=0.15, se=0.08), colorectal (1,=0.11, se=0.05) and breast cancer (1,=0.07, se=0.03) (Fig.
1C). Some cancer pairs showed minimal correlations with estimates close to O (ovarian and prostate:
7,=0.02, se=0.07; lung and prostate: 7,= —0.03, se=0.04; breast and head/neck: 7,=0.03, se=0.06). We
further calculated the cross-cancer genetic correlation based on data after excluding the GWAS
significant regions of each cancer. The estimates were mostly consistent with the results calculated
based on all SNPs (data not shown).

We conducted subtype-specific analysis for breast, lung, ovarian and prostate cancer (Supplementary
Table 1). Estrogen receptor (ER)+ and ER— breast cancer showed a genetic correlation of 0.60 (se=0.03),
indicating that the genetic contributions to these two subtypes are in part distinct. The genetic correlation
between the two common lung cancer subtypes adenocarcinoma and squamous cell carcinoma was
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similarly 0.58 (se=0.10). Further, we observed a significantly larger genetic correlation of lung cancer
with ER- (r,=0.29, se=0.06) than with ER+ breast cancer (7,=0.13, 56=0.04) (Puifference=0.002). This also
held true for lung squamous cell carcinoma, which showed statistically stronger genetic correlation with
ER- (1,=0.33, se=0.08) than with ER+ breast cancer (1;=0.11, se=0.05) (Puifrerence=0.0019). We observed
no other statistically significant differential genetic correlations across subtypes (all paitference>0.1).

We then estimated local genetic correlations between cancers using p-HESS, dividing the genome into
1,703 regions (see Methods) (Fig. 2 and Supplementary Fig 1). We found that although the genome-
wide genetic correlation between breast and prostate cancer was modest (7, =0.07), chrl0:123M
(10026.13, p=1.0x10") and chr9:20-22M (9p21, p=1.0x10°), two previously known pleiotropic
regions'®, showed significant genetic correlations (r, = —0.00098 and r,= 0.00046). Similarly, although
the genome-wide genetic correlation between lung and prostate cancer was negligible (r,= —0.03), two
previously identified pleiotropic regions (chr6:30-31M or 6p21.33, p=5.7x10" and chr20:62M or
20q13.33, p=2.8x10®) exhibited significant local genetic correlations (ry= —0.00060 and r,= 0.00067).
Oveadl, local genetic correlation analysis reinforced shared effects for 44% (31/71) of previously
reported pleotropic cancer regions (Supplementary Table 4). It also identified novel pleiotropic signals.
For example, the breast and prostate cancer pleiotropic region at 2933.1 showed significant local genetic
correlation between breast and ovarian cancer (p=2.3x10°). Additionally, 6p21.32, a region indicated
for head/neck and prostate cancer, showed highly significant local genetic correlation for head/neck and
lung cancer (p=8.6x10).

Genetic correlations between cancer and other traits

Significant genetic correlations (p<0.05/228=0.0002) between the six cancers and 38 non-cancer traits
reflected several known associations (Fig. 3 and Supplementary Table 5). We observed a strong genetic
correlation between smoking and lung cancer (r,=0.56, se=0.06), and similarly for head/neck cancer
(r,=0.47, se=0.08), both cancers having smoking as its primary risk factor.***° Educational attainment
was negatively genetically correlated with colorectal (7, = -0.17, se=0.04), head/neck (r,= -0.42,
se=0.07) and lung cancer (1,= —0.39, se=0.04) (all p<5x10®). Body massindex (BMI) showed a positive
genetic correlation with colorectal cancer (r,=0.15, se=0.03) and aso suggestive but weak negative

correlations with prostate (1;= -0.07, se=0.03) and breast cancer (r,= —0.06, se=0.03). Lung cancer
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showed a negative genetic correlation with lung function (r,= -0.15, se=0.04) and age at natural
menopause (r,= —0.25, se=0.05), and moderate positive genetic correlations with depressive symptoms
(13=0.25, se=0.06) and waist-to-hip ratio (r,=0.16, se=0.04). Breast cancer showed a positive genetic

correlation with schizophrenia (r,=0.14, se=0.03).

We did not find evidence of genetic correlations between cancer and several previously suggested risk
factors?? including cardiovascular traits (coronary artery disease, hypertension and blood pressure) or
deep characteristics (chronotype, duration and insomnia). Further, we did not observe genetic
correlations between cancer and circulating lipids (HDL, LDL, triglycerides) or type 2 diabetes-related

traits except a significant negative correlation between HDL and lung cancer (r,= -0.14, se=0.04). We
observed no significant genetic correlation between breast cancer and age at menarche (r,= -0.03,
se=0.03) or age at natural menopause (r,= -0.01, se=0.03). We also did not observe notable genetic

correlations between cancer and autoimmune inflammatory diseases or height.

Subtype analysis revealed that smoking and educational attainment showed genetic correlations with all
lung cancer subtypes (Supplementary Table 5). Educational attainment, forced vital capacity and
depressive symptoms showed genetic correlations with ER— but not ER+ breast cancer, whilst the
observed genetic correlation between schizophrenia and breast cancer was limited to ER+ disease, and
the genetic correlation between depressive symptoms and lung cancer was observed only for lung

squamous cell carcinoma.

We further assessed the support for mediated or pleiotropic causal models for non-cancer traits and
cancer using the correlation between trait-specific effect sizes of genome-wide significant SNPs for
pairs of phenotypes. We detected four putative directional genetic correlations (defined as p<0.05 from a
likelihood ratio (LR) comparing the best non-causal model to the best causal model) (Fig. 4), where
SNPs associated with the non-cancer trait showed correlated effect estimates with cancer but the reverse
was not true (circulating HDL concentrations and breast cancer, LRnon-causal vs, causa=0.04, schizophrenia
and breast cancer, LRnon-causal vs. causa=0.003, age at natural menopause and breast cancer, LRnon-causal vs.

causd=0.04, lupus and prostate cancer, LRnon-causal vs. causa=0.0006).
Functional enrichment analysis of cancer heritability

Finally, we partitioned SNP-heritability of each cancer by using 24 genomic functional annotations (the
baseline-LD model described in Gazal et al.?*) and 220 cell-type-specific histone mark annotations (the
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cell-type-specific model described in Finucane et al.*). Meta-analysis across the six cancers revealed
statistical significant enrichments for multiple functional categories. We observed the highest
enrichment for conserved regions (Table 1, Supplementary Table 6) which overlapped with only 2.6%
of SNPs but explained 25% of cancer SNP-heritability (9.8-fold enrichment, p=2.3x10"). Transcription
factor binding sites showed the second highest enrichment (4.0-fold, 13% of SNPs explaining 40% of
SNP-heritability, p=1.4x10""). Further, super-enhancers (groups of putative enhancers in close genomic
proximity with unusualy high levels of mediator binding) showed a significant 2.6-fold enrichment
(p=2.0x10?"). Additional enhancers, including regular enhancers (3.2-fold), weak enhancers (3.1-fold)
and FANTOMS5 enhancers (3.1-fold), presented similar enrichments but were not statistically significant.
In addition, multiple histone modifications of epigenetic markers H3K9ac, H3K4me3 and H3K27ac,
were all significantly enriched for cancer heritability. Repressed regions exhibited depletion (0.34-fold,
p=1.2x10°). Enrichment analysis of functional categories for each cancer subtype are shown in

Supplementary Table 7.

Overdl, cdl-type-specific analysis of histone marks identified significant enrichments specific to
individual cancers (Supplementary Fig. 2). For breast cancer, 3 out of 8 statistically significant tissues
were adipose nuclel (H3K4mel, H3K9ac) and breast myoepithelial (H3K4mel) cells. For colorectal
cancer, 15 out of the 18 statistical significant enrichments were observed in either colon or rectal tissues
(colon/rectal mucosa, duodenum mucosa, small/large intestine and colon smooth muscle). We observed
no significant enrichments for head/neck, lung and ovarian cancer, but we noted that for both lung (9 out
of 10) and ovarian cancer (6 out of 10), the most enriched cell types were immune cdlls; while in
head/neck cancer, 6 out of 10 most highly enriched cell types belonged to CNS (Supplementary Fig. 3,
Supplementary Table 8). Cell-type-specific analysis for cancer subtypes are shown in Supplementary
Table 9. Comparing cdll-type-specific enrichment for cancers to the additional 38 non-cancer traits
revealed notably differential clustering patterns (Supplementary Fig. 4). Breast, colorectal and prostate
cancer showed enrichment mostly for adipose and epithelial tissues, in contrast to autoimmune diseases

(enriched for immune/hematopoietic cells) or psychiatric disorders (enriched for brain tissues).
DISCUSSION

We performed a comprehensive analysis quantifying the heritability and genetic correlation of six
cancers, leveraging summary statistics from the largest cancer GWAS conducted to date. Our study

demonstrates shared genetic components across multiple cancer types. These results contrast with aprior
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study conducted by Sampson et al. which reported an overall negligible genetic correlation among
common solid tumors.® Our results are, however, in line with a recent study™® which analyzed a subset of
the data included here, and identified a significant genetic correlation between lung and colorectal

cancer.

Our data support, and for the first time quantify, the strong genetic correlation (r,=0.57) between lung
and head/neck cancer, two cancers linked to tobacco use.”>® We also for the first time observed a
significant genetic correlation between breast and ovarian cancer (r,=0.24), two cancers that are known
to share rare genetic factors including BRCA1/2 mutations, and environmental exposures associated with
endogenous and exogenous hormone exposures.®® Prostate cancer is also considered as hormone-
dependent and associated with BRCAL1/2 mutations, but interestingly, we only observed a nominally
significant and modest (r,=0.07) genetic correlation between breast and prostate cancer, whilst ovarian

and prostate cancer showed no genetic correlation (1;=0.02, se=0.07).

Our large sample sizes allowed us to conduct well-powered analyses for cancer subtypes. While
head/neck cancer showed negligible genetic correlation with overall (r,=0.03, se=0.06) and ER+ breast
cancer (r,= —0.02, se=0.07), it showed a stronger genetic correlation with ER- breast cancer (1,=0.21,
se=0.09). Similarly, lung cancer showed a statistically more pronounced genetic correlation with ER-
(13=0.29, se=0.06) than ER+ breast cancer (1,=0.13, se=0.04). A recent pooled analysis of smoking and
breast cancer risk demonstrated a smoking-related increased risk for ER+ but not for ER— breast
cancer,?” and thus it is unlikely that the stronger genetic correlation between ER— subtype and lung and
head/neck cancer is due to smoking behavior. Perhaps surprisingly, despite literature suggesting
substantial similarities between ER- breast cancer and serous ovarian cancer in particular,® we did not
observe statistically significant different genetic correlations between ER— or ER+ breast cancer and
serous ovarian cancer (r,=0.17, se=0.08 vs. 7,=0.11, se=0.06). This suggests that rare high penetrance
variants may play a more important role in driving the similarities behind ER— breast cancer and serous

ovarian cancer than common genetic variation.

Heritability analysis confirms that common cancers have a polygenic component that involves a large
number of variants. Although susceptibility variants identified at genome-wide significance explain an
appreciable fraction of the heritability for some cancers, we estimate that the majority of the polygenic

effect is attributable to other, yet undiscovered variants, presumably with effects that are too weak to
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have been identified with current sample sizes. We found the genetic component that could be attributed
to genome-wide significant loci varied greatly from ~0% for head/neck cancer to ~50% for breast and
prostate cancer. These results reflect in part the strong correlation between number of GWAS-identified
loci and sample size, as we had more than twice as many breast and prostate cancer samples compared
to the other cancers. One corollary is that larger GWAS are likely to identify new susceptibility loci that
could help our understanding of disease development, improve prediction power of genetic risk scores
and hence contribute to screening and personalized risk prediction.®

Among the genetic correlations between cancer and non-cancer traits, we observed positive correlations
for psychiatric disorders (depressive symptoms, schizophrenia) with lung and breast cancer, where
findings from epidemiological studies have been suggestive but inconclusive. It has been proposed that
the linkage between psychiatric traits and cancers are more likely to be mediated through cancer-
associated risk phenotypes such as smoking, excessive alcohol consumption in depressed populations,®
and reduced fertility patterns (e.g., nulliparous) in psychiatric populations® Detailed analyses
considering confounding traits like reproductive history and smoking are needed to make inference
about the mechanisms involved. GWAS have identified ple otropic regions influencing both lung cancer
and nicotine dependence, such as 15025.1.%** In line with those results, we identified a strong genetic
correlation between smoking and both lung (;,=0.56) and head/neck cancer (r,=0.47). It remains unclear
whether this genetic correlation is completely explained by the direct influence of smoking or if the
shared genetic component affects the traits through separate pathways. Interestingly, a genetic
correlation (r,=0.35, se=0.14) between lung and bladder cancer, another smoking-associated cancer, has
been identified previously.® Due to the small numbers of GWAS-identified smoking-associated SNPs,
we were unable to assess a directional correlation between smoking and cancer, but we expect such
analyses to become feasible as additional smoking-related SNPs are identified. We found modest
positive, yet significant genetic correlations between adiposity-related measures (as reflected by waist-
to-hip ratio, circulating HDL levels and BMI) and both colorectal and lung cancer, but negative genetic
correlations between BMI and prostate and breast cancer, consistent with previous reported findings™
and reinforce the complex dynamics between obesity and cancer where multiple factors including age,

smoking, endogenous hormones and reproductive status play arole.

We did not observe genetic correlations between breast cancer and age at menarche or age at natural

menopause. These null observations were |largely driven by ER+ breast cancer (ER+: 7,= 0.006, se=0.03
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vs. ER-: 7,=-0.09, se=0.04 for age at menarche. ER+: r,= 0.0005, se=0.04 vs. ER-: r,= -0.10, se=0.05
for age at natural menopause), and were unexpected given that both factors play pivotal roles in breast
cancer etiology® and previous Mendelian randomization (MR) analyses have identified a link.***" An
important difference between genetic correlation and MR analyses is that the latter only considers
genome-wide significant SNPs while the former incorporates the entire genome. It is possible that a
relatively small overlap in strongly associated SNPs can result in significant MR results despite low
evidence of an overal genetic correlation. Indeed, the directional genetic correlations we observed for
age at natural menopause, schizophrenia and HDL with breast cancer, and for lupus with prostate cancer,
highlight again that although an overall genetic correlation may be negligible, there can still be genetic
links between traits. It is important to note that we cannot rule out unmeasured confounding, including
the possibility that these genetic variants affect an intermediate phenotype that is pleiotropic for both
target traits. Given the observational nature of our data, these putative causal directions should be

interpreted with caution.

Pan-cancer tumor-based studies have demonstrated that different cancers are sometimes driven by
similar somatic functional events such as specific copy number abnormalities and mutations.***® Our
enrichment results of germline genetic across functional annotation data shed new light on the biological
mechanisms leading to cancer development. The more pronounced enrichment identified for conserved
regions compared with coding regions provides evidence for the biological importance of the former,
which has been shown to be true for multiple traits.***° Even though the biochemical function of many
conserved regions remains uncharacterized, transcribed ultra-conserved regions have been found to be
frequently located at fragile sites. Compared to normal cells, cancer cells have a unique spectrum of
transcribed ultra-conservative regions, suggesting that variation in expression of these regions are
involved in the malignant process.*** These results bridge the link between germline and somatic
genetics in cancer development, which was also observed in a recent breast cancer GWAS that has
demonstrated a strong overlap between target genes for GWAS hits and somatic driver genes in breast
tumors.” We also found a four-fold enrichment for transcription factor binding sites and a three-fold
enrichment for super enhancers, consistent with prior observations that breast cancer GWAS loci fall in
enhancer regions involved in distal regulation of target genes.”® Cell type-specific analysis of histone
marks demonstrated the importance of tissue specificity, primarily for colorectal and breast cancer.
Further, our results suggest that immune cells are important for ovarian and lung cancer whilst CNSis
important to head/neck cancer. Unfortunately, we did not have data on prostate-specific tissues but we
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note that tissue-specific enrichment of prostate cancer heritability for epigenetic markers has been
observed previously.'® We note that generation of rich functional annotation is ongoing and we expect to

include additional tissue-specific functional elementsin our future work.

Our study has severa strengths. We were able to robustly quantify pair-wise genetic correlations
between multiple cancers using the largest available cancer GWAS, comprising almost 600,000 samples
across six maor cancers and subtypes. We were also able to systematically assess the genetic
correlations between cancer and 38 non-cancer traits. Notwithstanding the large sample sizes, several
limitations need to be acknowledged. We did not have the sample sizes required to assess relevant
cancer subgroups including oropharyngeal cancer, clear cell, mucinous and endometrioid ovarian cancer,
or lung cancer among never smokers (each with ~2,000 cases). In addition, we did not have access to
GWAS summary statistics for pre- vs. post-menopausal breast cancer. We were not able to consider all
cancer risk factors when selecting non-cancer traits, since some of the well-established risk factors such
as infection were either not available, showed no evidence of heritability or were not based on adequate
sample sizes for robust analyses. SNP-heritability varies with minor allele frequency, linkage
disequilibrium and genotype certainty; we note that approaches to estimate heritability leveraging
GWAS data are constantly evolving. We also note that estimate variability needs to be taken into
account when comparing the SNP-heritability with the classical twin-heritability, in particular for
cancers with small sample sizes such as head/neck cancer (SNP-heritability varied between 5-14% and
twin-heritability varied between 0-60%, although both point estimates were 9%). Further, our data were
based on GWAS meta-analysis from multiple individual GWAS across European ancestry populations
from Europe, Australia and the US. Intra-European ancestry differences are likely to be a source of bias.
However, since we limited our analysis to SNPs with MAF>1% and HapMap3 SNPs (which have
proven to be well-imputed across European ancestry populations), we believe that any population
structure across cancers will have minimal effect on our results. Finally, as more non-European and
multi-ethnic GWAS data become available, it isimportant to examine trans-ethnic genetic correlation in

cancer.

In conclusion, results from our comprehensive analysis of heritability and genetic correlations across six
cancer types indicate that solid tumors arising from different tissues share common germline genetic
influences. Our results also demonstrate evidence for common genetic risk sharing between cancers and
smoking, psychiatric and metabolic traits. In addition, functional components of the genome,

particularly conserved and regulatory regions, are significant contributors to cancer heritability across
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multiple cancer types. Our results provide a basis and direction for future cross-cancer studies aiming to

further explore the biological mechanisms underlying cancer devel opment.
METHODS
Studies and quality control

We used summary statistics from six cancer GWASs based on a total of 597,534 participants of
European ancestry. Cancer-specific sample sizes were: breast cancer: 122,977 cases / 105,974 controls;
colorectal cancer: 36,948 / 30,864; head/neck cancer (oral and oropharyngeal cancers): 5,452 / 5,984;
lung cancer: 29,266 / 56,450; ovarian cancer: 22,406 / 40,941; prostate cancer: 79,166 / 61,106. These
data were generated through the joint efforts of multiple consortia. Details on study characteristics and
subjects contributed to each cancer-specific GWAS summary dataset have been described elsewhere.®®
%9 SNPs were imputed to the 1000 Genomes Project reference panel (1KGP) using a standardized
protocol for all cancer types.® We included autosomal SNPs with aminor allele frequency (MAF) larger
than 1% and present in HapMap3 (Nsups = ~1 million) because those SNPs are usually well imputed in
most studies (note that excluding sex chromosomes could reduce the overall heritability estimates). A
brief overview of the quality control in each cancer dataset are presented in Supplementary Table 10.
For some of the cancers, we further obtained summary statistics data on subtypes (ER+ and ER— breast
cancer; lung adenocarcinoma and sguamous cell carcinoma; serous invasive ovarian cancer and
advanced stage prostate cancer, defined as metastatic disease or Gleason score>8 or PSA>100 or
prostate cancer death). Sample sizes and more details shown in Supplementary Table 1.

We additionally assembled European ancestry GWAS summary statistics from 38 traits, which spanned
a wide range of phenotypes including anthropometric (e.g., height and body mass index (BMI)),
psychiatric disorder (e.g., depressive symptoms and schizophrenia) and autoimmune disease (e.g.,
rheumatoid arthritis and celiac disease) (Supplementary Table 11). We calculated trait-specific SNP-
heritability and restricted our analysis to traits with a heritable component (Supplementary Table 12) as
previously proposed.’* We removed the major histocompatibility complex (MHC) region from all
analysis because of its unusual LD and genetic architecture.

Estimation of SNP-heritability and genetic correlation
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We estimated the SNP-heritability due to genotyped and imputed SNPs (h2, the proportion of
phenotypic variance causally explained by common SNPs) of each cancer using LDSC.” Briefly, this
method is based on the relationship between LD score and y2-statistics:

E[x?] = gl +1 (1)

where E[)(JZ] denotes the expected y?-statistics for the association between the outcome and SNPj, N;jis
the study sample size available for SNPj, M is the total numbers of variants and [; denotes the LD score
of SNP j defined asl; = ¥, 7°(j, k) (k denotes other variants within the LD region). Note that the
quantity estimated by LDSC is the causal heritability of common SNPs, which is different from the
SNP-heritability as defined in Yang et al.'” To estimate hf, attributable to undiscovered loci, we
identified SNPs that were associated with a given cancer a genome-wide significance (p<5x10®) and
removed all SNPs +/— 500,000 base-pairs of those loci prior to calculation (number of regions (+/— 500
kb) for each cancer that reach the 5x10® threshold and measures of effect size are shown in
Supplementary Table 2). We also converted the SNP-heritability from observed scale to liability scale
by incorporating sample prevalence (P) and population prevalence (F) of each cancer:

F(1-F) F(1-F)
hlziability = hobserved G(P~L(F))2 P(1-P) (2)

We subsequently calculated the genome-wide genetic correlations (7;) between different cancers, and

between cancers and non-cancer traits, using an algorithm as previously described:**

Elp] =Ty + ©)

where Bj and y; are the effect sizes of SNPj on traits 1 and 2, 7, is the genetic covariance, M is number of
SNPs, N; and N, are the sample sizes for trait 1 and 2, Ns is the number of overlapping samples, risthe
phenotypic correlation in overlapping samples and | is the LD score defined as above. For genetic
correlation between 6 cancers, the significance level is 0.05/15 = 0.003; for genetic correlation between
6 cancers and 38 traits, the significance level is 0.05/(6x38) = 0.0002.

Overadl genetic correlations as estimated by LDSC are based on aggregated information across all
variants in the genome. It is possible that even though two traits show negligible overall genetic

correlation, there are specific regions in the genome that contribute to both traits. We therefore
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examined local genetic correlations between cancer pairs using p-HESS,> an algorithm which partitions
the whole genome into 1,703 regions based on LD-pattern of European populations and quantifies
correlation between pairs of traits due to genetic variation restricted to these genomic regions. Local
genetic correlation was considered statistically significant if p<0.05/1,703=2.9x10". In particular, we
assessed the local genetic correlations for previously reported pleiotropic regions'™®® known to harbor
SNPs affecting multiple cancers.

Directional genetic correlation analysis

In addition to the genetic correlation analysis which reflects overall genetic overlaps, we also attempted
to identify directions of potential genetic correlations using a subset of SNPs as proposed by Pickrell et
al.> The method adopts the following assumption: if atrait X influences trait Y, then SNPs influencing
X should also influence Y, and the SNP-specific effect sizes for the two traits should be correlated.
Further, since Y does not influence X, but could be influenced by mechanisms independent of X, genetic
variants that influence Y do not necessarily influence X. Based on this assumption, the method proposes
two “causal” models and two “non-causal” models, and calculates the relative likelihood ratio (LR) of
the best non-causal model compared to the best causal model. We determined significant SNPs for each
given cancer or trait in two independent ways, 1) LD pruned SNPs: we selected genome-wide significant
(p<5x10®) SNPs and pruned on LD-pattern in the European populations in Phasel of 1KGP; 2)
posterior probability of association (PPA) SNPs: we used a method implemented in “fgwas’>3, which
splits the genome into independent blocks based on LD-patterns in 1KGP and estimates the prior
probability that any block contains an association. The model outputs posterior probability that the
region contains a variant that influences the trait. We selected the lead SNP from each of the regions
with a PPA of at least 0.9. We scanned through all pairs of cancers and traits to identify directional
correlations. Only pairs of traits with evidence of directional correlations (LR comparing the best non-
causal model over the best causal model<0.05) and without evidence of heteroscedasticity (pleiotropic
effects)™ were reported as relatively more likely to exhibit mediated causation.

Functional partitioning of SNP-heritability

To assess the importance of specific functional annotations in SNP-heritability across cancers, we
partitioned the cancer-specific heritability using stratified-LDSC.* This method partitions SNPs into
functional categories and calculates category-specific enrichments based on the assumption that a
category of SNPs is enriched for heritability if SNPs with high LD to that category have higher XZ
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statistics than SNPs with low LD to that category. The analysis was performed using two previously
described models.***

1) A full basdline-LD model including 24 publicly available annotations that are not specific to any cell
type. When performing this model, we adjusted for MAF via MAF-stratified quantile-normalized LD
score, and other LD-related annotations such as predicted allele age and recombination rate, as
implemented by Gazal et al.** Briefly, the 24 annotations included coding, 3'UTR and 5’ UTR, promoter
and intronic regions, obtained from UCSC Genome Browser and post-processed by Gusev et al ;> the
histone marks mono-methylation (H3K4mel) and tri-methylation of histone H3 at lysine 4 (H3K4me3),
acetylation of histone H3 at lysine 9 (H3K9ac) processed by Trynka et al.**™® and two versions of
acetylation of histone H3 at lysine 27 (H3K27ac, one version processed by Hnisz et al.,* another used
by the Psychiatric Genomics Consortium (PGC)™); open chromatin, as reflected by DNase |
hypersensitivity sites (DHSs and fetal DHSs),> obtained as a combination of ENCODE and Roadmap
Epigenomics data, processed by Trynka et al.;*® combined chromHMM and Segway predictions
obtained from Hoffman et al.,** which make use of many annotations to produce a single partition of the
genome into seven underlying chromatin states (The CCCTC-binding factor (CTCF), promoter-flanking,
transcribed, transcription gtart site (TSS), strong enhancer, weak enhancer categories, and the repressed
category); regions that are conserved in mammals, obtained from Lindblad-Toh et al.* and post-
processed by Ward and Kellis;*? super-enhancers, which are large clusters of highly active enhancers,
obtained from Hnisz et al.;>*> FANTOM5 enhancers with balanced bi-directional capped transcripts
identified using cap analysis of gene expression in the FANTOMS panel of samples, obtained from
Andersson et al.;*® digital genomic footprint (DGF) and transcription factor binding site (TFBS)
annotations obtained from ENCODE and post-processed by Gusev et al.>

2) In addition to the basdline-LD model, we also performed analyses using 220 cell-type-specific
annotations for the four histone marks H3K4mel, H3K4me3, H3K9ac and H3K27ac. Each cell-type-
specific annotation corresponds to a histone mark in a single cell type (for example, H3K27ac in CD19
immune cells), and there were 220 such annotations in total. We further divided these 220 cell-type-
specific annotations into 10 groups (adrenal and pancreas, central nervous system (CNS), cardiovascular,
connective and bone, gastrointestinal, immune and hematopoietic, kidney, liver, skeletal muscle, and
other) by taking a union of the cell-type-specific annotations within each group (for example, SNPs with

any of the four histone modifications in any hematopoietic and immune cells were considered as one big
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category). When generating the cell-type-specific models, we added annotations individualy to the
baseline model, creating 220 separate models.

We performed a random-effects meta-analysis of the proportion of heritability over six cancers for each
functional category. We set significance thresholds for individual annotations at p<0.05/24 for baseline
model and at p<0.05/220 for cell-type-specific annotation.

Data availability statement: The datasets generated during and/or analyzed during the current study are
available from the authors on request.

Breast cancer: Summary results for all variants are available at http://bcac.ccge.medschl.cam.ac.uk/.
Requests for further data should be made through the Data Access Coordination Committee
(http://bcac.ccge.medschl.cam.ac.uk/).

Ovarian cancer: Summary results are available from the Ovarian Cancer Association Consortium
(OCACQC) (http://ocac.ccge.medschl.cam.ac.uk/). Requests for further data can be made to the Data
Access Coordination Committee (http://cimba.ccge.medschl.cam.ac.uk/).

Prostate cancer: Summary results are publicly available at the PRACTICAL website
(http://practical.icr.ac.uk/blog/).

Lung cancer: Genotype data for lung cancer are available at the database of Genotypes and
Phenotypes (dbGaP) under accession phs001273.v1.pl. Readers interested in obtaining a copy of the
original data can do so by completing the proposal request form at http://oncoarray.dartmouth.edu/

Head / neck cancer: Genotype data for the oral and pharyngeal OncoArray study have been deposited at
the database of Genotypes and Phenotypes (dbGaP) under accession phs001202.v1.pl.

Colorectal cancer: Genotype data have been deposited at the database of Genotypes and Phenotypes
(dbGaP) under accession number phs001415.v1.pl and phs001078.v1.pl.
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Figure 1. Estimates of SNP-heritability (hj) and cross-cancer heritability (r;) based on HapMap3 SNPs
calculated using LD score regression (LDSC) for the six cancer types. A): the solid bar represents
overall SNP hf, on the liability scale, calculated based on all HapMap3 SNPs. The dark green bar
represents hé calculated based on “non-significant” SNPs — the remaining SNPs after excluding

genome-wide significant hits (p<5x10® + 500kb. The black bar with density texture indicates
proportion of hé (as reflected by the percentages displayed on top of each bar) that could be explained

by top hits + 500kb surrounded areas. The orange error bars represent 95% confidence intervals. B): the
solid blue bar represents overall SNPhj in liability scale (no SNP exclusion), with black error bars

indicating 95% confidence intervals. The red short lines correspond to classical estimates of h2
measured in a twin study of Scandinavian countries (Mucci et al. JAMA. 2016;315(1):68). C): genetic
correlations between cancers. Estimates withstood Bonferroni corrections (p<0.05/15) are marked with

double stars (**), and nominal significant results (p<0.05) are marked with single star (*).

Figure 2. QQ-plots showing region-specific p-values for the local genetic covariance for breast and
prostate cancer (A), and for lung and prostate cancer (B). Each dot presents a specific genomic region.
In the QQ plots, red color indicates significance after multiple corrections (p<0.05/1,703 regions
compared), and blue color indicates nominal significance (p<0.05/15 pairs of cancers compared).
Manhattan-style plots showing the estimates of local genetic covariance for breast and prostate cancer
(C), and for lung and prostate cancer (D). Although breast and prostate cancer only show modest
genome-wide genetic correlation, two loci exhibit significant local genetic covariance. Similarly, albeit
the negligible overall genetic correlation for lung and prostate cancer, three loci present significant local
genetic covariance. In the Manhattan plots, red color indicates even number chromosomes and blue

color indicates odd number chromosomes.

Figure 3. Cross-trait genetic correlation (r;) analysis between six cancers and thirty-eight non-cancer
traits. The traits were divided into four categories: A) Common phenotypes, B) Metabolic or
cardiovascular related traits, C) Psychiatric traits, D) Autoimmune inflammatory diseases. Pairwise
genetic correlations withstood Bonferroni corrections (228 tests) are marked with double stars (**), with
estimates of correlation shown in the cells. Pairwise genetic correlations with significance at p<0.01 are

marked with asingle star (*). The color of cells represents the magnitude of correlation.

Figure 4. Putative directional relationships between cancers and traits. For each cancer—trait pair

identified as candidates to be related in a causal manner, the plots show trait-specific effect sizes (beta
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coefficients) of the included genetic variants. Grey lines represent the relevant standard errors. A) HDL
and breast cancer. Trait-specific effect sizes for HDL and breast cancer are shown for SNPs associated
with HDL levels (left) and breast cancer (right). B) Schizophrenia and breast cancer. Trait-specific effect
sizes for HDL and breast cancer are shown for SNPs associated with schizophrenia (left) and breast
cancer (right). C) Age at natural menopause and breast cancer. Trait-specific effect sizes for age at
natural menopause and breast cancer are shown for SNPs associated with age at natural menopause (left)
and breast cancer (right). D) Lupus and prostate cancer. Trait-specific effect sizes for lupus and prostate
cancer are shown for SNPs associated with lupus (Ieft) and prostate cancer (right).

Figure 5. Enrichment p-values of 24 non-cell-type-specific functional categories over six cancer types.
The x-axis represents each of the 24 functional categories, y-axis represents log-transformed p-values of
enrichment. Annotations with statistical significance after Bonferroni corrections (p<0.05/24) were
plotted in orange, otherwise blue. The horizontal grey dash line indicates p-threshold of 0.05; horizontal
red dash line indicates p-threshold of 0.05/24. From top to bottom are six panels representing six cancers.
breast cancer, colorectal cancer, head/neck cancer, lung cancer, ovarian cancer and prostate cancer. TSS:
transcription start site; UTR: untranslated region; TFBS: transcription factor binding sites; DHS: DNase
| hypersensitive sites; DGF: digital genomic foot printing; CTCF. CCCTC-binding factor.

Supplementary Figure 1. QQ-plots showing region-specific p-values for the local genetic covariance
for breast and colorectal cancer (A), breast and head/neck cancer (B), breast and lung cancer (C), breast
and ovarian cancer (D), breast and prostate cancer (E), colorectal and head/neck cancer (F), colorectal
and lung cancer (G), colorectal and ovarian cancer (H), colorectal and prostate cancer (1), head/neck and
lung cancer (J), head/neck and ovarian cancer (K), head/neck and prostate cancer (L), lung and ovarian
cancer (M), lung and prostate cancer (N), ovarian and prostate cancer (O). Each dot presents a specific
genomic region. In the QQ plots, red color indicates significance after multiple corrections
(p<0.05/1,703 regions compared), and blue color indicates nominal significance (p<0.05/15 pairs of
cancers compared).

Supplementary Figure 2. A) Enrichment p-values of 220 cell-type-specific annotations in Six major
cancer types. The x-axis represents each of the 220 cdll types, y-axis represents the log-transformed p-
values of enrichment. Annotations with statistical significance after Bonferroni corrections (p<0.05/220)
were plotted in orange, otherwise blue. The horizontal grey dash line indicates p-threshold of 0.05;
horizontal red dash line indicates p-threshold of 0.05/220. The vertical green dash lines separate 220 cell
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types into ten cell type groups: adrena and pancreas, cardiovascular, central nervous system, connective
and bone, gastrointestinal, immune and hematopoietic system, kidney, liver, skeletal muscle, and others.
From top to bottom are six panels representing six cancers. breast cancer, colorectal cancer, head/neck
cancer, lung cancer, ovarian cancer, and prostate cancer. B) Enrichment p-values of the 220 cell-type-

specific annotations meta-analyzed across six cancers.

Supplementary Figure 3. Enrichment of 220 cell-type-specific annotations in Six major cancer types,
plotted by histone marks (H3K4mel, H3K4me3, H3K9ac, H3K27ac). For each annotation, x-axis
measures the proportion of SNPs accounted to that annotation, y-axis measures the proportion of
heritability explained by that annotation. Annotations with statistical significance after Bonferroni
corrections (p<0.05/220) are marked in red. Annotations with nominal significance (p<0.05) are marked
in blue, the remaining annotations are marked in grey. A) breast cancer, B) colorectal cancer, C)

head/neck cancer, D) lung cancer, E) ovarian cancer, and F) prostate cancer.

Supplementary Figure 4. Heat-maps showing bi-clustering of traits and cell-types over four histone
marks. We performed 220 cell-type-specific annotation analysis in each of the 38 traits, and compared
these enrichment results to the enrichment results of six cancers. Each checker reflects the beta
coefficient z-score, scaled by traits. Red indicates enrichment, blue indicates depletion. Deeper color
represents stronger magnitude of effects. The category of cell types is color coded to the left. A)
H3K27ac, B) H3K4mel, C) H3K4me3 and D) H3K9ac. Gl: gastrointestinal cell types, CNS. central

nervous system cell types.

39


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

0.25

0.15

LDSC heritability
0.10

0

LDSC Heritability
00 02 04 06 08 1.0

0.20
I

0.05
|

A) all SNPs vs. excluding top hits (+/- 500kbp)

B h2: top hits +/- 500kbp

7

Breast

0 0%

7 @ h2: based on SNPs after excluding top hits +/-500kbp

Colorectal Headneck

Lung Ovarian

B) LDSC estimates vs. twin study estimates

Breast

Colorectal Headneck

Lung

Ovarian

Prostate

Prostate

B

\\&fg

0.0 02 04 06 08 1.0

Twin Study Heritability

C) cross heritability among the six cancers

Prostate
Ovarian
Lung
Headneck . 0.57
Colorectal -0.067 0.28
Breast 0.15 0.029 0.18

Breast Colorectal Headneck Lung

0.024
0.16 -0.026
0.095 0.15
-0.061 0.11

0.24 0.072

Ovarian Prostate

-
v
|


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

BREAST & PROSTATE

LUNG & PROSTATE

certified by peer review) isghe guthor/funder, who has graned bioRxiv a license to display the preprint in perpetui i made avallable un%
5 Eb pt r@s%—aie ND 4.0 International license. Bj 1 ate

LUNG

PROSTATE

8
10:123231465-123900544 6:30798168-31571217
¢ 6
— — )
Q. 61 R Q. 20:62190180-62965162
e 9:20463534-22206558 —_~
o o
e - '
(@)] (@) 6:26791233-28017818
o o,
- 11:68005825-69516129 -
I ° | 6:28017819-28917607
4 s 1:154770403-156336132, ®
© 6:28017819-28917607 © 1:203334734-204684067
o A 2A5GABE 77%';3995 f=141339076 o 2:214014282-21457794
E ’ 14:38659593-38667724 E N
) 1:44969183-46899500 )
o s 6:25684587-26791232
34 7409732-88298372 -
e o 2
O 2 6:28917608-29737970 @)
7:3863067-2062397
°0 > 7 5 8 0 5 7 3
Expected -logio(p) Expected —logo(p)
C) local genetic covariance
0.0007
chr9:20463534-22206558
0.0003
0.0000 Lﬁ'rmﬂf'“&&ﬂr‘v#ﬁw UM*-L'MLM'A“‘-HL"M 'ler " J-'erLJ*WW"M b “‘Mf‘” H'q'nhhﬁ ey bl »MM‘ %J-Lr‘m (n‘ﬁ'
-0.0003
-0.0007
-0.0010
chr10:123231465-123900544
1 2 3 4 5 6 7 8. 9 10 11 12 13 14 15 16 17 18 19 20 2122
p— local SNP-heritability
O
w0y
| L]
& 0.000 Ll I.uLl il b carkii G ik ki i i et L LlL.l.u.lu TP T P e l..u ‘Ju .Juul,n.d A L [T N . | J Jde it d Ll JmuLml Es Il b wm.L..;.l.‘.
: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2122
w 0.002
L] \ J
£ o.
8 0 IRTT Lh.. JALJI.. LLlLI LL.H.;I Lu;x I‘Luﬂ.nil ‘l‘ h. rm Ll‘ll. M | Ly T Ry muu_.nl...n.hhgml T ..MIIL b Uikl I.l b b d.| IL\ALL,. (N TP L‘.nJ.,J.J sheud ol I-Ml\“l l| AAJlJ Sodadde |t
= 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2122
D) local genetic covariance
0.0008 chr20:62190180-62945162
0.0005
0.0003 l { ‘ L
SeaRe0 H’]‘}n%“[w*‘wuﬂ’ jﬁ’HLFJt"ﬂf'uu‘lﬁTw*lLJ Mrl i “rd'““uwullf b 'rﬂpl‘n‘hjr‘ﬂﬁi'il ﬁ"“Jqu‘“ \“»m}‘“% *n'rJJ‘qW"'* WM U“FJ" |‘“'*g'\ r‘\l"ﬁ"wﬁww “|“]‘
-0.0003
-0.0005 chr6:26791233128017818
-0.0008 chr6:30798168-31571217
1 2 3 4 5 6 7 8. 9 10 11 12 13 14 15 16 17 18 19 20 2122
— local SNP-heritability
0.001
0.000 et ind ittt bl ool e sttt b 24
1 2 3 4 5 6 7 8 9 10 19 20 2122
0.002
0.001
OL.l.I..lll 4 J“ll‘l.‘ il lln lem il ol -|LILL““M R ‘MIL m A.H.J T ‘ ks et ohoned 4ol MMMMM LA.LJ. hatd
1 2 3 4 5 6 7 8 9 10 19 20 2122


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

certified by peer review) is the author/fund '
@Gﬁﬂggfggh@ﬁ

Insomnia

Sleep Duration

Sleep Chronotype

_ -0.17 | -0.42
Years of Education *k *k
Age at Menopause
Age at Menarche
Heel T Score
: 0.47
Smoking Status *k
Forced Vital Capacity
FEV1/FVC Ratio
. -0.19
Height =
% % %
% () %,
C}é/ qu
Psychiatric traits
Subjective Well Being
_ , 0.14
Schizophrenia *k
» 0.09
Neuroticism *
, 0.11
Depressive Symptoms *
Bipolar Disorder
Autism
Anorexia
% D
S i€ %
Cx. @O
% %

Y—NC—NgI .0 International license.

-0.39

-0.25

*%

0.56

-0.15

*%

0.14

0.25

&g license to display the preprint in perpetuity. It is made available under

Diastolic Blood Pressure

Systolic Blood Pressure

Hypertension

Coronary Artery Disease

Type 2 Diabetes

Fasting Glucose

Waist Hip Ratio adjusted for BMI

Body Mass Index

Triglycerides

Low-density Lipoprotein

High-density Lipoprotein

Metabolism/cardiovascular traits

0.38
*
0.15

*%
Q %

(02 Q

Ve %o e%e
S B3

Autoimmune/inflammatory traits

Ulcerative Colitis

' - 0.13
Rheumatoid Arthritis *
Primary Biliary Cirrhosis
Lupus

_ 0.11
Inflammatory Bowel Disease *
Eczema
Crohns Disease
Celiac Disease
Asthma
%

-0.17
0.18
Q 4 ¢,
N T
@C’/ OQO
S 2

0.19

0.16

*%

- 1.0
0.5
0.0
-0.5
. -1.0
-0.07
*
~
s
S
()

**: P <0.05/228
Bonferroni correction

* P <0.01


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

[4Y 1’0 00 10~

%o
® O
mn
o3
o [
(1)
> 3
4+ —
n =
(14}
c
o
E
S
[}
=
O o 2
o > .= .
= B o>
g Sraox
o o OC O
2
(&)
[})
=
[a)

0.2 0.3

0.1

0.0

-0.1

-0.06 -0.04 -0.02 000 0.02 0.04 0.06

-0.08

o= ——
.

—_ | o —
T

t
o o9
T

00 10~ ¢0

Breast
cancer

2) Schizophrenia ——>

-0.1 0.0 0.1 0.2 03

-0.2

0.05

. S

____-1-0—‘

¢l 0L 80 90 ¥0 ¢0 00 CO0-

3) Age at Breast

cancer

menopause

00

g0

-0.2 -0.1 0.0 0.1 0.2 0.3

0.10

0.05

0.00

-0.05

#---F--

oo
- ...h AL
o oo
crdiat. . .
IIIIIII (e by = = e
b
o ® %. -
| L
|
|
| .
|
I
[ T T T T T 1
¢0 L0 00 L0 ¢0 €0 Vo
_
l
|
“ A
| ° T —
| -
|
|
o |
ot 1 s
' 00 “ %o
= s e = 1 o ols % —|—-— T
Pl
* | °
*
| .
| L4
* o
* |
|
. .s® | L
|
|
|
|
I | 1
g0 00 S0 0l-
m S
]
% 8
8 <
oo

—

4) Systemic
lupus

0.0 0.2 04

-0.2

0.05

0.00

-0.05


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

breast cancer
10.04

7.59
5.01

25 - mm s s s o e - - - - - - - —-—---------- - - - - - -
O_O_'___";":"-""_";""-":"i ____ . """"" ."i":"_' _________ — I =
colorectal cancer

10.01
7.51
5.01

22_____-l____""__..__-

headneck cancer

10.01

N
o

i
)

=

I
|

|
I
I
1
1
I
|
I
1
1
|
I
I
|
I
|
I
|
I
I
I
I

—

oM o N O
o » o

-log10(enrichment_p-values)
o

c

=

(@]

Q

Q

>

(@)

C_D‘

o
]
1

||
|
1
||
|
1
Ii
|
1
i
1
.|
1
1
1
[ i
1
1
||
1
1
II
1
1
|
|| =
1
|
||
1
|
|
I
|
1
1
I|
|
1
II
|
1
1
I
1
1
.|
1
1
II
1
1
1
1
1
1
1
i
1
1
1
|
ll
1
|
II
1
|
1
|
|

ovarian cancer

=X
N o
o O

o N o
C.)O10
T
[ ]
:
|
1
||
1
1
1
1
|
¥
1
:
|.
:
»
N
1
I
1
&
1
1
1
1
1
1
I
1
§
1
W
1!
1
1
|
1
[ |
1
1
1
1
1
1
1
:
1
I

10.01
7.51

5.01

3'UTR
5'UTR
Coding
Conserved
CTCF
DGF
DHS
Enhancer
FANTOMS Enhancer
Fetal DHS
H3K27ac (Hnisz)
H3K27ac (PGC2)
H3K4me1
H3K4me3
H3K9ac
Intron
Promoter
Promoter Flanking
Repressed
Super Enhancer
TFBS
Transcribed
TSS
Weak Enhancer

24 main_annotation


https://doi.org/10.1101/453480
http://creativecommons.org/licenses/by-nc-nd/4.0/

