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Supplementary Results
Non-additive effects

Given that additive models can identify variants that exhibit stronger dominant or recessive effects?,
we tested all the identified signals for departure from an additive model. We identified three
variants exhibiting non-additive effects (Supplementary Table 3 and Supplementary Figure 1). For a
common variant in PIWIL1 (rs28416520, MAF=46%, P=2x107*) a recessive model was the best fit
(Supplementary Figure 1c). Deletion of Piwill in mice results in sterility in males, but not females,
and its role in human oogenesis is uncertain. It is however expressed as a dense paranuclear granule
in human primordial follicle oocytes?. A low-frequency missense variant in HELB (rs75770066,
MAF=3%, P=7x107¢) appeared to exhibit a heterozygous advantage effect (Supplementary Figure
1d), with higher mean ANM in the heterozygous group (95% Cl 51.37-51.58 years) than the common
(50.24-50.30) and rare homozygote (48.58-50.16) groups. Further fine-mapping and experimental
work will be required to understand the complex biological mechanism(s) at this locus.

Menopause associated genes act across the life-course

Previous large-scale genetic analyses highlighted a clear involvement of homologous recombination
and the BRCA1-A complex in the regulation of ovarian ageing. Our current study supports much
broader DDR involvement, providing increased resolution of these pathways and informing when in
the life-course they might act.

Our identified genes and pathway analyses strongly implicate repair pathways associated with
replication stress, in particular removal of interstrand crosslinks, which covalently join both strands
of the DNA helix, as well as DNA-protein crosslinks and R loops (DNA:RNA hybrids). All of these
lesions stall DNA replication and prevent transcription (Extended Data Fig. 5). This observation is
supported by recent work demonstrating the role of the interstrand crosslink pathway in utero for
resolving DNA damage in pre-meiotic, primordial germ cells®. This process begins with replication
fork remodelling at interstrand crosslinks by FANCM*™®, where we identify two independent ANM-
associated missense variants (Supplementary Table 4). This subsequently leads to recruitment of
the core Fanconi Anaemia (FA) complex to signal DNA damage, where we map missense variants in
two of the eight genes — FANCA and FANCB. Furthermore we identify variants mapping key genes in
the downstream repair systems coordinated by the FA pathway, including homologous
recombination (e.g RAD51, BRCA1, BRCA2) as well as translesion synthesis (e.g REV1, REV3L and
RAD18)’.

Several DDR genes highlighted by our study have critical meiotic functions in fetal oocytes where at
least 500 programmed double-strand breaks (DSBs) initiate recombination®. We implicate key
recombination and synaptonemal complex genes with functions in meiotic prophase (STAG3,
SMC18, EXO1, RAD51, DMC1, HELQ, RAD52, MSH5). Mouse models of these genes show defective
repair of meiotic recombination and subsequent apoptosis of fetal oocytes resulting in decreased
primordial follicles from birth and infertility®’. We note that several of our ANM-associated variants
overlap those recently reported for recombination rate!®, however, despite more nominally
significant associations than expected by chance, there was no clear relationship between the
direction of effect on menopause and recombination rate across the 290 ANM loci (Supplementary
Table 19).

A range of factors likely contribute to the rate at which follicles are recruited and the follicular
reserve depleted. Our data implicate key genes in the mTOR complex 1 (mTORC1) in ANM, including
STK11 and DEPTOR. The mTOR protein kinase that controls cell growth by regulating protein and



nucleotide synthesis and is activated by the PI3K pathway. Oocyte-specific deletion of Pten in mice
removes the inhibiting effect of the PI3K pathway on primordial follicle activation, leading to
premature recruitment and exhaustion of the entire primordial follicle pool*®. Other ANM-implicated
genes include FSHB, NOBOX, INHBB, INHBC, LHCGR, IGF1, IGFBP1, PPARG and BMPR1B, highlighting
broader endocrine and metabolic mechanisms governing ANM. We also identified common variants
in FTO associated with ANM (Supplementary Table 2) which are distinct from the well-established
body weight association in this region (r?> with lead BMI variant rs1558902 = 0.0002).

Finally, the majority of known genes causing POl implicate aberrant DNA damage or the inability to
repair it, with limited evidence in humans that defects in the downstream cell-death signaling
pathways impact variation in reproductive ageing. In contrast, our study identifies more than 58
genes implicated in regulation of apoptosis associated with ANM (Supplementary Table 20),
providing evidence that variation in cell death following DDR is an important mechanism. This
includes components and interactors of the central, conserved DDR checkpoint kinases ATR-CHEK1
(single stranded DNA) and ATM-CHEK2 (double strand breaks), that integrate and determine repair
and cellular response from a broad variety of DNA repair pathways (Extended Data Fig. 5).

Whilst the breadth of DDR pathways identified suggests our identified loci may exert their effect at
different stages across the life-course, we sought to evaluate this by assessing patterns of germ cell
gene expression across different developmental stages. The individual expression profiles of our 283
consensus genes (Supplementary Table 2) were assessed in human fetal primordial germ cells from
5 to 26 weeks gestation, in addition to oocyte and granulosa expression in adult follicles at different
stages of growth (Extended Data Fig. 6 and Supplementary Table 21). Collectively these data
identified distinct clusters of genes that were active at different stages of life and follicle growth. The
majority of our identified genes appeared most active in fetal primordial germ cells and fetal
oocytes, however distinct expression profiles were evident across all developmental stages and
between oocytes and granulosa cells (Extended Data Fig. 6). In many cases the pattern of expression
was consistent with the known biological roles of those genes, for example Fanconi anemia genes
were predominantly expressed in the fetal germ cells as well as the oocytes of the growing follicles,
with less pronounced expression in granulosa cells (Supplementary Table 21). In contrast, genes
such as POLG and TP63 were predominantly expressed during follicular stages, consistent with
apoptotic inducing activity in response to DNA damage observed in growing oocytes in mouse?*2,
Further studies will be required to build on our observations and confirm the mechanism underlying
the genetic associations.



Supplementary Figures

Supplementary Figure 1. Genome-wide significant signals showing departure from an additive model. We
tested the identified signals for departure from an additive allelic model. a, rs11668344 shows no deviation
from an additive allelic model; b, rs11670032 and c, rs28416520 show deviation from the additive allelic model
and a recessive effect; and d, rs75770066 shows a heterozygote effect. The mean and 95% confidence interval
around the mean estimate are shown for each genotype. The expected mean ANM for the heterozygotes is
the average of the mean ANM in the homozygote groups. The dashed orange line shows the effect estimate by
genotype from linear regression based on an additive allelic model. Estimated ANM for each genotype was
calculated as constant from regression model + number alleles x effect estimate from regression model. The
dashed grey line indicates the additive effect estimate by genotype from a model adjusting for the dominance
deviation effect of the heterozygote group (solid grey line). All regression models were adjusted for centre,
genotyping chip and genetic principal components. ANM, age at natural menopause; dom dev, dominance
deviation.
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Supplementary Figure 2. Gene co-regulation networks for age at menopause genes with those co-regulated
with MCMS8 highlighted. a, Gene co-regulation network for genes relating to age at menopause. Nodes
indicate genes that either in a cis region from the GWAS or have been prioritized by Downstreamer, edges
indicate a co-regulation relationship with a Z-score >4. Co-regulation is defined as the Pearson correlation
between genes in a scaled eigenvector matrix derived from a multi-tissue gene network [Deelen et al, Nat.
Commun. 2019]. Cis genes are defined as genes that are within +/-300kb of a GWAS top hit for age at
menopause. Trans genes are defined as having been prioritized by Downstreamer's co-regulation analysis and
are not within +/-300kb of a GWAS top hit. Downstreamer prioritizes genes by associating the gene p-value
profile of the GWAS (calculated using PASCAL [Lamparter et al, PLOS Comput. Biol. 2016]) to the co-regulation
profile of each protein coding gene. Only genes where this association passes Bonferroni significance are
shown as trans genes. Colours of nodes indicate the following: Teal indicates Cis genes, Dark Teal indicates
Trans genes and Yellow indicates genes with a 1st degree relation to MCMS8. b, Gene co-regulation network
showing the genes that have a first degree relationship with MCM8 with a Z-score >4. Width of the edge
indicates the Z-score of the co-regulation relationship. Colours indicate the same as in a, with the exception of
Yellow, as all genes indicated have a 1st degree relation to MCMS.
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content/uploads/WHlI-Investigator-Long-List.pdf

China
Kadoorie
Biobank

China Kadoorie
Biobank

The chief acknowledgment is to the participants, the project staff, and the China
National Centre for Disease Control and Prevention (CDC) and its regional offices for
assisting with the fieldwork. China’s National Health Insurance provides electronic
linkage to all hospital treatments. We thank Judith Mackay in Hong Kong; Yu Wang,
Gonghuan Yang, Zhengfu Qiang, Lin Feng, Maigeng Zhou, Wenhua Zhao, Yan Zhang
and Zheng Bian in China CDC; Lingzhi Kong, Xiucheng Yu, and Kun Li in the Chinese
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C1287/A16563, C1287/A10710) and the European Union (HEALTH-F2-2009-223175
and H2020 633784 and 634935). All studies and funders are listed in Michailidou et
al (2017).

ABCFS

Australian Breast
Cancer Family Study

ABCFS thank Maggie Angelakos, Judi Maskiell, Gillian Dite.

The Australian Breast Cancer Family Study (ABCFS) was supported by grant UM1
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by VicHealth and Cancer Council Victoria. The MCCS was further augmented by
Australian National Health and Medical Research Council grants 209057, 396414 and




1074383 and by infrastructure provided by Cancer Council Victoria. Cases and their
vital status were ascertained through the Victorian Cancer Registry and the
Australian Institute of Health and Welfare, including the National Death Index and
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