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Supplementary Figures 
 
  

Supplementary Figure 1 | Distribution of effect sizes across 1080 independent signals with age at menarche (AAM). For each 
signal the effect size estimate and 95% confidence intervals are shown from the corresponding Discovery analysis, i.e. from the 
European-only or the ancestry combined meta-analysis, as indicated by point colours. Estimates are aligned towards the menarche-
increasing alleles. Extended data are shown in Supplementary Table 2. 
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Supplementary Figure 2 | Synonymous variant associations with AAM. (a) Manhattan plot showing the gene burden associations 
from BOLT-LMM with age at menarche for the synonymous variant mask, as a negative control analysis. The horizontal line indicates 
the exome-wide significance threshold (P<1.54x10-6). (b) Quantile-quantile (QQ) plot of the gene burden associations from BOLT-
LMM for the synonymous variant mask.  
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Supplementary Figure 3 | Distribution of age at menarche (AAM) in UK Biobank. Reported AAM in: (a) All white European 
unrelated female participants (N=187,941) (b) Carriers of qualifying rare variants in the associated genes. The horizontal dotted line 
indicates the mean AAM among non-carriers (N=185,929). Mean and 95% confidence intervals (CIs) for each carrier group are 
indicated by horizontal bars and boxes.  
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Supplementary Figure 4 | Variant-level associations with AAM in identified genes in UK Biobank. Rare exome variant 
associations from BOLT-LMM with AAM for variants in KDM4C (a), MC3R (b), MKRN3 (c), PDE10A (d) and TACR3 (e). The 
equivalent plot for ZNF483 can be found in Fig. 3. Variant collapsing masks included variants with a minor allele frequency (MAF) < 
0.1% and annotated as either high-confidence protein truncating variants (HC_PTV) or HC_PTV plus missense variants with a high 
CADD score (>=25, denoted DMG). Each variant association is represented by a circle and vertical line: the line length indicates the 
P-value (-log10), in the direction of its effect on AAM in carriers of the rare allele, and the circle size indicates the number of carriers 
of each variant (i.e. allele count). Exons are indicated by the blue boxes. 
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Supplementary Figure 5 | Puberty onset in carriers of IHH panel genes in UK Biobank. (a) Distribution of age at menarche 
(AAM) in UK Biobank white European unrelated female participants carrying qualifying rare variants in IHH panel genes. The 
horizontal dotted line indicates mean AAM among non-carriers (N=185,929). Mean and 95% confidence intervals (CIs) for each 
carrier group are indicated by horizontal bars and boxes. (b) Comparative age at voice breaking in men carrying qualifying rare 
variants in IHH panel genes. 1 indicates self-reported “younger than average age” at voice breaking, 2 “average age” and 3 “later 
than average age”. 
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Supplementary Figure 6 | Polygenic score (PGS) associations with age at menarche (AAM). The PGS for AAM was derived 
using summary statistics from the European-only MA and excluding UK Biobank, and then applied to white European, unrelated 
female participants in UK Biobank (N=187,941). (a) Means with 95% confidence intervals (CIs) of AAM by PGS centile (N=1,880 per 
centile). (b) Means with 95% CIs of standardised PGS by AAM. (c-d) Associations of each PGS centile compared to the 50th PGS 
centile (OR with 95% CIs) with (c) delayed menarche (menarche after 15 years) and (d) early menarche (menarche before 10 years). 
Controls were women who reported menarche at 12 or 13 years. PGS centiles with fewer than 2 participants were omitted. (e) Gene 
burden associations between qualifying variants in the exome-identified genes compared to extreme PGS centiles, with delayed or 
early menarche defined as above, presented as ORs with 95% CIs. Extended data are shown in Supplementary Tables 8-10. 
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Supplementary Figure 7 | Receiver operating characteristic (ROC) curve for predicting extremes of age at menarche (AAM) 
in the ALSPAC study. Predictive performance of linear regressions adjusting for the genetic, clinical, and combined predictor and 
presented as ROC graphs against (a) early AAM and (b) delayed AAM in the ALSPAC study (N= 3,140). Extended data are shown 
in Supplementary Table 11.  
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Supplementary Figure 8 | Epistatic interaction between the polygenic score 
(PGS) and carriage of rare damaging variants in ZNF483 on age at menarche 
(AAM). Blue columns indicate the beta coefficients for the PGS-AAM association 
among 10,000 random subsamples of 49 white European unrelated female non-
carriers in UK Biobank, tested in a linear model. The beta coefficient from the full 
sample of non-carriers is indicated by the black vertical line (0.564 years per SD, SE 
0.003, P<2x10-16) and the beta coefficient seen in ZNF483 variant carriers is indicated 
by the red vertical line (difference in coefficients: -0.480, SE 0.214, P=0.025). The 
probability of observing a beta coefficient smaller than that in ZNF483 variant carriers 
was estimated as the proportion of subsampled coefficients that were smaller than 
0.084 (i.e., 0.564-0.480). 
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Supplementary Figure 9 | Tissue enrichment for age at menarche (AAM) GWAS 
associations. Linkage-disequilibrium score regression to specifically expressed 
genes (LDSC-SEG) was used to test for enrichment for AAM GWAS associations 
among European-only samples among genes specifically expressed across the 
different GTEx tissues. LDSC-SEG unadjusted P-values represent a one-sided test 
that the coefficient is greater than zero. Extended data are shown in Supplementary 
Table 17.
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Supplementary Figure 10 | Distribution of age at menarche (AAM) GWAS signals and genes, as identified by GWAS to Genes 
(G2G). (a) Based on the European-only GWAS meta-analysis, 4,668 genes were implicated by G2G as potential regulators of AAM. 
Most were proximal to (within 500kb) only 1 GWAS signal (median signals per gene: 1; range: 1 to 7). (b) Conversely, each GWAS 
signal was annotated to be proximal (within 500kb) to (median) 4 genes (range: 0 to 48). (c) The 4,657 genes had a median G2G 
score -0.25 (range -3.57 to 5.88) derived from a maximum of 6 predictors (up to 5 observed). The 665 high confidence AAM genes 
were defined as the top-scoring gene at each independent AAM signal with at least 2 concordant predictors. Extended data are 
shown in Supplementary Table 13.
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Supplementary Figure 11 | GWAS loci proximal to the six exome-wide 
significantly associated genes. Associations among European-only samples in 
regions surrounding the 6 genes (±500kb) identified via exome-wide rare variant 
associations with AAM; (a) TACR3, (b) MKRN3, (c) MC3R, (d) ZNF483, (e) PDE10A, 
and (f) KDM4C. 
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Supplementary Figure 12 | Mean childhood body weight trajectory for each of 
the three age at menarche (AAM) GWAS SNP clusters (aligned to AAM-
decreasing alleles). Mendelian randomisation (MR) estimates with 95% confidence 
intervals (CIs) for all 1080 AAM signals, and the three AAM SNP clusters as separate 
exposures, on childhood body weight at 12 time-points (n=26,681 children). Extended 
data are shown in Supplementary Tables 21 and 22. 
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Supplementary Figure 13 | Dendrogram showing clustering of biological 
pathways enriched for the 665 high confidence AAM genes. In each cluster, the 
most significantly associated pathway is highlighted in italics and the most highly 
enriched pathway is marked by an asterisk. Extended data are shown in 
Supplementary Tables 23-24. 
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Supplementary Figure 14 | Clustering of biological pathways enriched for AAM 
genes in the “early weight gain” trajectory. In each cluster the most significant 
pathway is highlighted in italics and the most highly enriched pathway is marked with 
an asterisk. Extended data are shown in Supplementary Tables 25-26. 

 

Supplementary Figure 15 | Clustering of biological pathways enriched for AAM 
genes in the “no early weight gain” trajectory. In each cluster the most significant 
pathway is highlighted in italics and the most highly enriched pathway is marked with 
an asterisk. Extended data are shown in Supplementary Tables 25-26. 
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Supplementary Figure 16 | GPR83-MC3R heterodimerization modulates 
canonical MC3R-cAMP signalling pathway. (a) BRET saturation curve from 
HEK293 cells co-transfected with a constant amount of MC3R-RlucII donor construct 
and increasing amounts of the GPR83-Venus acceptor construct, indicating a specific 
and saturable GPR83-MC3R interaction. The selectivity of the observed signal was 
further supported by the observation that co-expression of MC3R-RlucII with a soluble 
acceptor (sVenus) led to lower BRET signals that progressed linearly over the same 
range of acceptor/donor ratios. (b) NDP-αMSH-stimulated cAMP production area 
under the curve calculation from HEK293 cells transfected with MC3R or co-
transfected with both MC3R and GPR83. The time-resolved data are shown in Figure 
6. Data are expressed as a percentage of maximal control response [% MC3R] and 
plotted as mean ± standard error from 6 independent experiments. Statistical 
significance was determined by unpaired t-test with Welch’s correction; * P < 0.05. 
Extended data are shown in Supplementary Tables 29-31. 
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services of the Lifelines Cohort Study, the contributing research centers delivering 
data to Lifelines, and all the study participants. The LifeLines Cohort Study, and 
generation and management of GWAS genotype data for the LifeLines Cohort Study 
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a Healthy Life (JPI HDHL/EU-H2020)) (MRJ); Yrjö Jahnsson Foundation (SP), Päivikki 
and Sakari Sohlberg Foundation sr (SP); the European Union's Horizon 2020 
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the NIA Intramural Research Program, Hjartavernd (the Icelandic Heart Association), 
and the Althingi (the Icelandic Parliament). The study is approved by the Icelandic 
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is funded by Erasmus Medical Center and Erasmus University, Rotterdam, 
Netherlands Organization for the Health Research and Development (ZonMw), the 
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staff from the Rotterdam Study and the participating general practioners and 
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collection. The authors gratefully acknowledge the NH&MRC for their long term 
funding to the study over the last 30 years and also the following institutes for providing 
funding for Core Management of the Raine Study: The University of Western Australia 
(UWA) , Curtin University, the Raine Medical Research Foundation, the UWA Faculty 
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and Infant's Research Foundation (King Edward Memorial Hospital), Murdoch 
University, The University of Notre Dame (Australia), and Edith Cowan University. The 
authors gratefully acknowledge the assistance of the Western Australian DNA Bank 
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TRAILS 
TRAILS (TRacking Adolescents' Individual Lives Survey): TRAILS is a collaborative 
project involving various departments of the University Medical Center and University 
of Groningen, the University of Utrecht, the Radboud University Medical Center, and 
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ZonMw Culture and Health grant 261-98-710; Social Sciences Council medium-sized 
investment grants GB-MaGW 480-01-006 and GB-MaGW 480-07-001; Social 
Sciences Council project grants GB-MaGW 452-04-314 and GB-MaGW 452-06-004; 
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016.130.002, 453-16-007/2735, and Vi.C 191.021; NWO Gravitation 024.001.003), 
the Dutch Ministry of Justice (WODC), the European Science Foundation 
(EuroSTRESS project FP-006), the European Research Council (ERC-2017-STG-
757364 en ERC-CoG-2015-681466), Biobanking and Biomolecular Resources 
Research Infrastructure BBMRI-NL (CP 32), The Gratema foundation, the Jan Dekker 
foundation, the participating universities, and Accare Centre for Child and Adolescent 
Psychiatry. Statistical analyses were carried out on the Genetic Cluster Computer 
(http://www.geneticcluster.org), which is financially supported by the Netherlands 
Scientific Organization (NWO 480-05-003) along with a supplement from the Dutch 
Brain Foundation. We are grateful to all adolescents who participated in this research 
and to everyone who worked on this project and made it possible. 
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The BCAC data management was supported by Cancer Research UK grant: 
PPRPGM-Nov20\100002 and by core funding from the NIHR Cambridge Biomedical 
Research Centre (NIHR203312) [*]. *The views expressed are those of the author(s) 
and not necessarily those of the NIHR or the Department of Health and Social Care. 
The breast cancer genome-wide association analyses were supported by Cancer 
Research UK (C1287/A10118, C1287/A16563, C1287/A10710), the PERSPECTIVE 
project via the Government of Canada through Genome Canada and the Canadian 
Institutes of Health Research (grant GPH[1]129344), the ‘Ministère de l’Économie, de 
la Science et de l’Innovation du Québec’ through Genome Québec and grant PSR-
SIIRI701, the Quebec Breast Cancer Foundation, the National Institutes of Health 
(U19 CA148065, CA128978, X01HG007492) and Post-Cancer GWAS initiative (1U19 
CA148537, 1U19 CA148065 and 1U19 CA148112 - the GAME-ON initiative), the 
Department of Defence (W81XWH-10-1-0341), the Canadian Institutes of Health 
Research (CIHR) for the CIHR Team in Familial Risks of Breast Cancer, Komen 
Foundation for the Cure, the Breast Cancer Research Foundation, the European 
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European Union's Horizon 2020 Research and Innovation Programme (grants 634935 
and 633784 for BRIDGES and B-CAST respectively). BCAC is additional funded by 
the Confluence project which is funded with intramural funds from the National Cancer 
Institute Intramural Research Program, National Institutes of Health, the European 
Union's Horizon 2020 Research and Innovation Programme (grant numbers 634935 
and 633784 for BRIDGES and B-CAST respectively), and the PERSPECTIVE I&I 
project, funded by the Government of Canada through Genome Canada and the 
Canadian Institutes of Health Research, the Ministère de l’Économie et de l'Innovation 
du Québec through Genome Québec, the Quebec Breast Cancer Foundation. The EU 
Horizon 2020 Research and Innovation Programme funding source had no role in 
study design, data collection, data analysis, data interpretation or writing of the report. 
All studies and funders are listed Michailidou et al (2017) [PMID 29059683]. 
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The authors would also like to acknowledge the contribution to this study from central 
cancer registries supported through the Centers for Disease Control and Prevention's 
National Program of Cancer Registries and cancer registries supported by the National 
Cancer Institute's Surveillance Epidemiology and End Results Program. The American 
Cancer Society funds the creation, maintenance, and updating of the Cancer 
Prevention Study-II cohort (and/or Cancer Prevention Study-3). 
 
BCINIS: The BCINIS study in Northern Israel is a population-based case-control study 
which finished 23 years of recruitment of more than 12000 women with incident breast 
cancer (and a similar amount of matched population controls) who underwent a deep 
epidemiological and germline/somatic genetic evaluation and clinical follow-up after 
signing an informed consent. Much of the work was funded by support from the BCRF 
(Breast Cancer Research Foundation, NYC, USA). This long-term effort could not 
have done without the help over years of Drs. Flavio Lejbkowicz, Mila Pinchev, Ronit 
Almog, Meira Frank, Vered Friedman , Shiri Kalet , Esti Liani , Ilana Cohen, Leon 
Raskin, Marcelo Lau, Leah Naghi, Keren Landsman, Kati Shulman and Hedy S 
Rennert in the analytical team. It is important to also acknowledge the many dozens 
of medical oncologists, surgeons, gynecologists an family physicians as well as 
administrative and technical support teams without whom this type of study could 
never have taken place. 
 
OCAC 
The Ovarian Cancer Association Consortium is supported by a grant from the Ovarian 
Cancer Research Fund thanks to donations by the family and friends of Kathryn 
Sladek Smith (PPD/RPCI.07). The scientific development and funding for this project 
were in part supported by the US National Cancer Institute GAME-ON Post-GWAS 
Initiative (U19-CA148112). This study made use of data generated by the Wellcome 
Trust Case Control consortium that was funded by the Wellcome Trust under award 
076113. The results published here are in part based upon data generated by The 
Cancer Genome Atlas Pilot Project established by the National Cancer Institute and 
National Human Genome Research Institute (dbGap accession number 
phs000178.v8.p7).  
 
The OCAC OncoArray genotyping project was funded through grants from the U.S. 
National Institutes of Health (CA1X01HG007491-01 (C.I.A.), U19-CA148112 (T.A.S.), 
R01-CA149429 (C.M.P.) and R01-CA058598 (M.T.G.); Canadian Institutes of Health 
Research (MOP-86727 (L.E.K.) and the Ovarian Cancer Research Fund (A.B.). The 
COGS project was funded through a European Commission's Seventh Framework 
Programme grant (agreement number 223175 - HEALTH-F2-2009-223175). 
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which was supported by the Ministry of Education, Culture, Sports, Sciences and 
Technology of the Japanese Government and AMED under grant numbers 
17km0305002 and 18km0605001. This study was supported by JSPS KAKENHI 
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(JP20H00462) from the Ministry of Education, Culture, Sports, Science and 
Technology of Japan and Japan Agency for Medical Research and Development 
(AMED) (JP21kk0305013, JP21tm0424220 and JP21ck0106642). 
 
China Kadoorie Biobank 
CKB gratefully acknowledges the participants in the study and the members of the 
survey teams in each of the 10 regional centres, and to the project development and 
management teams based at Beijing, Oxford and the 10 regional centres. China’s 
National Health Insurance provides electronic linkage to all hospital treatments. The 
CKB baseline survey and the first re-survey were supported by the Kadoorie 
Charitable Foundation in Hong Kong. Long-term follow-up was supported by the 
Wellcome Trust (212946/Z/18/Z, 202922/Z/16/Z, 104085/Z/14/Z, 088158/Z/09/Z), the 
National Key Research and Development Program of China (2016YFC0900500, 
2016YFC0900501, 2016YFC0900504, 2016YFC1303904), and the National Natural 
Science Foundation of China (81941018, 82192900, 91843302, 91846303). DNA 
extraction and genotyping was funded by GlaxoSmithKline, and the UK Medical 
Research Council (MC-PC-13049, MC-PC-14135). The project is supported by core 
funding from the UK Medical Research Council (MC_UU_00017/1, MC_UU_12026/2, 
MC_U137686851), Cancer Research UK (C16077/A29186; C500/A16896), and the 
British Heart Foundation (CH/1996001/9454) to the Clinical Trial Service Unit and 
Epidemiological Studies Unit and to the MRC Population Health Research Unit at 
Oxford University. Computation used the Oxford Biomedical Research Computing 
(BMRC) facility, a joint development between the Wellcome Centre for Human 
Genetics and the Big Data Institute supported by Health Data Research UK and the 
NIHR Oxford Biomedical Research Centre.  
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Funding: The initiation of the Danish Blood Donor Study was supported by the Danish 
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(09–069412). The study is currently funded by the Danish Administrative Regions and 
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Acknowledgements: We thank the Danish blood donors for their valuable 
participation in the Danish Blood Donor Study as well as the staff at the blood centers 
making this study possible. 
 
MoBa 
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and initial data collection was based on a license from the Norwegian Data Protection 
Agency and approval from The Regional Committees for Medical and Health Research 
Ethics. The MoBa cohort is currently regulated by the Norwegian Health Registry Act. 
The current study was approved by The Regional Committees for Medical and Health 
Research Ethics (no. 2012/67). The Medical Birth Registry (MBRN) is a national health 
registry containing information about all births in Norway. 
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