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Abstract

Background: The shared inherited genetic contribution to risk of different cancers is not fully known. In this study, we leverage
results from 12 cancer genome-wide association studies (GWAS) to quantify pairwise genome-wide genetic correlations across can-
cers and identify novel cancer susceptibility loci.

Methods: We collected GWAS summary statistics for 12 solid cancers based on 376 759 participants with cancer and 532 864 partici-
pants without cancer of European ancestry. The included cancer types were breast, colorectal, endometrial, esophageal, glioma,
head and neck, lung, melanoma, ovarian, pancreatic, prostate, and renal cancers. We conducted cross-cancer GWAS and
transcriptome-wide association studies to discover novel cancer susceptibility loci. Finally, we assessed the extent of variant-specific
pleiotropy among cancers at known and newly identified cancer susceptibility loci.

Results: We observed widespread but modest genome-wide genetic correlations across cancers. In cross-cancer GWAS and
transcriptome-wide association studies, we identified 15 novel cancer susceptibility loci. Additionally, we identified multiple variants
at 77 distinct loci with strong evidence of being associated with at least 2 cancer types by testing for pleiotropy at known cancer sus-
ceptibility loci.

Conclusions: Overall, these results suggest that some genetic risk variants are shared among cancers, though much of cancer herit-
ability is cancer-specific and thus tissue-specific. The increase in statistical power associated with larger sample sizes in cross-
disease analysis allows for the identification of novel susceptibility regions. Future studies incorporating data on multiple cancer

types are likely to identify additional regions associated with the risk of multiple cancer types.

Some pairs of cancer types tend to co-cluster within the same
family. Although this co-clustering of multiple cancer types may
partly be because of shared environment (eg, similar smoking
habits among family members), an increasing body of literature
suggests that a component of co-clustering is because of shared
genetic risk factors. Further, findings from genome-wide associa-
tion studies (GWAS) have shown overlap in susceptibility loci
across cancers (1), arguing that genetic variation contributing to
risk of multiple cancers is not limited to rare, high-penetrant var-
iants but also arises from (potentially shared) polygenic risk. We
have previously demonstrated genome-wide genetic correlations
across cancers (2,3) and conducted cross-cancer GWAS meta-
analyses to identify susceptibility loci associated with more than
1 cancer type (4,5). However, these studies included at most 6
cancer types, limiting our understanding of more general pat-
terns in the genetic architecture of cancer.

In this study, we report results from a comprehensive assess-
ment of the shared genetic architecture of 12 cancer types:
breast, colorectal, endometrial, esophageal, glioma, head and
neck, lung, melanoma, ovarian, pancreatic, prostate, and renal
cancers. We conduct cross-cancer GWAS and transcriptome-
wide association studies (TWAS) and assess whether variants at
known cancer susceptibility loci are associated with 2 or more

cancer types (variant-specific pleiotropy). Our findings constitute
the most comprehensive mapping of the shared germline genetic
architecture across individual cancers to date, showcasing the
power of cross-trait analysis for novel discovery and demonstrat-
ing widespread pleiotropy across cancers.

Methods

Detailed methods can be found in the Supplementary Methods
(available online). Briefly, we collected GWAS summary statistics
on 12 cancers (see Table 1), including breast (6), colorectal (7),
endometrial (8), esophageal (9), glioma (10), head and neck (11),
lung (12), melanoma (13), ovarian (14), pancreatic (15), prostate
(16) and renal (17). In total, GWAS summary statistics were based
on 376759 cancer cases and 532 864 controls of European ances-
try. Individual cancer GWAS were primarily imputed to the 1000
Genomes (1000G) reference panels (18) (Supplementary Table 1,
available online).

Statistical analysis

We calculated the correlation between cancer-specific GWAS
summary statistics because of overlapping controls using the
tetrachoric correlation between binary-transformed GWAS
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summary z scores (19,20). The tetrachoric correlations
(Supplementary Table 2, available online) were then included to
adjust for sample overlap in the cross-cancer GWAS, cross-
cancer TWAS, and tests for pleiotropy. We used linkage disequili-
brium (LD) score regression (21) to calculate pairwise
genome-wide genetic correlations between cancers. To assess the
importance of germline genetic variation close to cancer driver
genes in cancer susceptibility, we partitioned cancer-specific her-
itability by creating functional annotations including single-
nucleotide polymorphisms (SNPs) located in regions 100kb
around gene boundaries of 299 cancer driver genes previously
identified in a pancancer tumor analysis (22).

Cross-cancer GWAS was performed by conducting meta-
analysis of the summary statistics from the individual cancer
GWAS. We conducted 4 sets of cross-cancer GWAS meta-
analysis: 1) fixed effects, 2) random effects, 3) 1-sided subset
Association analysis based on subsets (ASSET) (23), and 4) 2-sided
subset (ASSET) (23) meta-analysis. We considered variants

Table 1. Included cancer types and their GWAS sample sizes for
the cross-cancer analyses®

Cancer Cases Controls
Breast 122977 105974
Colorectal 55168 65160
Endometrial 12906 108979
Esophageal 4112 13663
Glioma 12488 18169
Head and neck 6034 6585
Lung 29266 56450
Melanoma 12814 23203
Ovarian 22406 40951
Pancreatic 8638 12217
Prostate 79166 61106
Renal 10784 20406
Total 376759 532864

a

GWAS = genome-wide association studies.
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located at least 500kb away from previously known cancer var-
iants and with a meta-analysis P value less than 1.25 x 10”8 from
at least 1 of the 4 meta-analysis approaches novel. We conducted
cross-cancer TWAS using gene expression weights in noncancer-
ous and tumor tissue. Gene expression data from noncancerous
tissue were obtained from the Genotype-Tissue Expression proj-
ect [GTEx v.8 (24)], and gene expression data from tumor tissue
were obtained from The Cancer Genome Atlas (25) project. The
pipeline for our cross-cancer TWAS 1is illustrated in
Supplementary Figure 1 (available online) and described in detail
elsewhere (26). For all TWAS analyses, we only considered genes
located at least 500kb away from previously known cancer
GWAS variants or known cancer TWAS genes as potentially novel
findings. To identify which cancers are credibly associated with a
known cancer variant, we applied a newly developed test based
on the Bayesian support region to search for evidence of pleio-
tropy among 60337 variants that were associated with at least 1
of the cancers or in the cross-cancer analysis.

Results
The genetic architecture across cancers

We observed moderate genetic correlations among cancers
(Figure 1; Supplementary Table 3, available online). Five pairs of
cancers showed genetic correlations greater than 0.4. Lung and
renal cancer showed widespread genetic correlations with multi-
ple other cancer types, and prostate cancer had the weakest evi-
dence of genetic correlations with other cancers. For breast and
lung cancer, there were differences in genetic correlations
between subtypes and other cancer types (Supplementary Table
4, Supplementary Figures 2 and 3, available online). For example,
estrogen receptor-positive (ER+) breast cancer showed higher
genetic correlation with endometrial cancer than ER—negative
(ER-) breast cancer (rg=.28 [ER+], r;=.03 [ER-]). Compared with
adenocarcinoma, squamous cell lung cancer showed higher
genetic correlation with esophageal cancer, and lung

? =)

Figure 1. Pairwise genetic correlations between cancers. (A) Matrix of pairwise genetic correlations. (B) Genetic correlation network. Distance between
nodes, edge shade, and edge thickness corresponds to genetic correlation magnitudes. Dashed lines indicate negative correlations. BRCA = breast
cancer; CMM = cutaneous melanoma; CRC =colorectal cancer; ENDO = endometrial cancer; ESC = esophageal cancer; HNC = head and neck cancer;
OVCA = ovarian cancer; PANC = pancreatic cancer; PRCA = prostate cancer; RCC = renal cancer (see Supplementary Table 1, available online for
numerical values and corresponding P values). (Fruchterman and Reingold, 1991).
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adenocarcinoma showed higher genetic correlations with renal
and pancreatic cancer.

To explore if cancer driver genes are targets for germline
genetic variation associated with cancer risk, we estimated the
SNP heritability in regions surrounding 299 driver genes (22)
(Supplementary Table 5, available online). We found that regions
surrounding cancer driver genes had a 2.7-fold enrichment (95%
confidence interval = 2.28 to 3.12) of SNP heritability across can-
cer types.

Cross-cancer GWAS

Cross-cancer GWAS was performed by conducting meta-analysis
of the summary statistics from the individual cancer GWAS
(Supplementary Figures 4 and 5, available online). In total, across
all 4 approaches, we identified 333 distinct statistically genome-
wide significant regions, of which 145 regions were statistically
significant across all 4 meta-analysis approaches, and 35 regions
were identified by only 1 approach (Supplementary Figure 6,
available online).

We identified 7 loci that have not been reported by previous
GWAS to be associated with cancer (Table 2, Figure 2;
Supplementary Table 6, Supplementary Figures 7 and 8, available
online). Selected novel loci are discussed below. We identified a

novel association at 2p25.3, where SNPs in high LD (r*>.8) with our
lead SNP 1566906321 have been associated with multiple traits
including anthropometric, type 2 diabetes, puberty timing, and
osteoarthritis, among others (27). Potential nearby target genes
include TMEM18, which has been linked to adiposity (28), and
ALKAL?2, which is hypothesized to regulate cell proliferation and
transformation and has been implicated in cancer (29,30). We iden-
tified an association at 6q24.3 with lead SNP rs9379084, a missense
variant (Aspartic Acid [Asp]->Asparagine [Asn]) located in a con-
served region of RREBI, a gene involved in several aspects of cell
function and often expressed in tumors (31). The A allele of this
SNP has previously been associated with decreased risk type 2 dia-
betes. In our analysis, the A allele was associated with decreased
risk of colorectal cancer but increased risk of breast cancer. The
15q15.3 locus has previously been implicated with risk of breast
and ovarian cancer in a cross-cancer TWAS (32). However, this is
the first time it is associated with cancer through GWAS. The asso-
ciation signal is in a large high-LD region with multiple potential
target genes including the DNA repair gene TP53BP1. The lead SNP,
1s533143, is an Expression quantitative trait locus (eQTL) for multi-
ple genes in this region including TP53BP1, where the T allele is
associated with higher gene expression and increased risk of all
associated cancers. Lastly, we observed a genome-wide statistically

Table 2. Newly identified genetic variants from the cross-cancer GWAS meta-analysis (P < 1.25 x 107)

Region Variant ID Chr Position? Function MAF (gnomAD EUR) Effect allele Other allele PP

2p25.3 1566906321 2 630070 Intergenic 0.17 T C 1.12x 1078
2q924.2 15146071273 2 161628983 Intergenic 0.10 A G 8.23x107°
2932.1 1562172372 2 188242369 Intronic (CALCRL) 0.22 A G 1.21x 1078
2g37.1 rs34755199 2 233516534 Intronic (EFHD1) 0.48 A AAAAC 9.49x107°
6p24.3 19379084 6 7231843 Missense (RREB1) 0.12 A G 9.10x 107°
15q15.3 15533143 15 44188854  Intron (FRMDS) 0.27 T C 3.84x10°%°
18q21.31 158097764 18 55317896 Intronic (ATP8B1) 0.12 A G 1.03x 1078

2 hgl9. Chr = chromosome; MAF = minor allele frequency in non-Finnish European ancestry populations based on the Genome Aggregation Database (gnomAD

EUR).
b
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P values are based on the meta-analysis approach showing the lowest P value.
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Figure 2. Cancer-specific association results for the lead single-nucleotide polymorphisms of 7 newly identified cancer susceptibility loci. The circles
correspond to cancer-specific log(odds ratios), with color corresponding to direction of effect and size and shade corresponding to magnitude of effect.
*Cancer-specific P < .05. *Cancer-specific P < .001. See Supplementary Table 5 (available online) for cancer-specific odds ratios and P values. NA denotes

instances where the variant was not present in the corresponding cancer.
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significant association at 18921.31, with the lead SNP rs8097764
located within the proposed tumor suppressor gene ATP8B1 (33).
We assessed cancer-specific associations of novel SNPs
(Supplementary Table 7, available online) from 2 separate repli-
cation datasets (Supplementary Methods, available online): 1) a
meta-analysis of the UK Biobank and Kaiser Genetic
Epidemiology Research on Aging (34) cohorts and 2) FinnGen
release 7 (35). Total cancer cases ranged from 692 (brain) to
31059 (breast) (Supplementary Table 8, available online). In the
discovery analysis, we detected 26 SNP-cancer pairs with a
Pvalue less than .05 (Supplementary Table 9, available online).
Out of those, 6 (23%) replicated at a Pvalue less than .05, with all
6 in the same direction of association as the discovery analysis.
At 4 of the novel loci, at least 1 SNP-cancer association was statis-
tically significant at the .05 level after Bonferroni correction, and
at 2 of these loci, the directions of all tested cancer associations
were consistent across the discovery and replication results.
Overall, 20 (77%) associations showed consistent direction of
association between the discovery and replication analyses.

Cross-cancer TWAS

To identify genes whose imputed expression is associated with
cancer risk, we first conducted cross-cancer TWAS using imputed
gene expression based on 49 noncancerous tissue types (GTEx
v.8) as reference. To ensure that the results were not driven by a
single cancer, we first removed any tissue-gene pair that was sig-
nificant in the single-cancer analyses (Supplementary Methods,
available online). For the single-tissue, cross-cancer TWAS
(Supplementary Figure 9, Supplementary Table 10, available
online), we identified 5 novel regions, each identified by a single
gene: CALCRL, IKZF2, MEPCE, IGFBP3, and IGBP1P1 (Table 3). The
2g32.1 region (CALCRL) was also identified in the GWAS analysis.
IGFBP3 has been implicated in cancer previously (36), but this is
the first time it is observed at genome-wide statistical signifi-
cance. We also identified TWAS associations with 10 genes in the
previously discussed 15q15.3 region (32), including TP53BP1. In
the cross-tissue, cross-cancer analyses (Supplementary Table 11,
available online), we identified 3 distinct regions, each containing
a single gene: ALKAL2, NEK6, and LGR4 (Table 3).

We also conducted cross-cancer TWAS using imputed gene
expression based on 24 tumor tissue types from The Cancer
Genome Atlas. In the single-tissue, cross-cancer TWAS
(Supplementary Figure 10, Supplementary Table 12, available
online), we identified 2 genes at 2 distinct loci (LOC284900 and
C5; Table 3). For the cross-tissue, cross-cancer TWAS
(Supplementary Table 13, available online), we observed 1 novel
region (C5) that was also statistically significant in the single-
tissue analysis (Table 3). The C5 gene, also known as
Complement component 5, is a member of the innate immune-
system and affects tumor progression through multiple mecha-
nisms (37). Similar to the analyses based on the noncancerous
tissue, we also replicated the previous observed TWAS associa-
tions (32) in the 15915.3 region, which is also reported as a GWAS
region in this study.

Cancer pleiotropy for known cancer variants

We calculated Bayesian support regions to assess whether known
cancer variants show evidence of associations with more than 1
cancer type (le, to assess variant-specific pleiotropy [see
“Methods”]). No variant showed strong evidence of being associ-
ated with more than 3 cancers (Figure 3). We observed 34 genetic
variants in 5 independent regions with strong evidence of being
associated with 3 cancers (Supplementary Table 14, available

Table 3. Newly identified genes from cross-cancer TWAS
analyses using either noncancerous (GTEXx) tissue or tumor tissue
(TCGA)?

Panel Gene Chr Locus Tissue P

GTEx ALKAL2 2 2p25.3 Cross-tissue  4.41x10°®
GTEx CALCRL 2 2g32.1 Aorta artery 1.12x1077
GTEx CALCRL 2 29321 Tibial nerve 833x 1078
GTEx IKZF2 2 2934 Thyroid 6.28x10°8
GTEx IGFBP3 7 7pl2.3 Thyroid 1.23x1077
GTEx MEPCE 7 79221 Fibroblasts 6.79x10°8
GTEx NEK6 9 9g33.3 Cross-tissue 9.69x10°®
GTEx LGR4 11 11p14.1 Cross-tissue 1.00x 1077
GTEx IGBP1P1 14 14q13.2 Pancreas 7.72x10°8
TCGA C5 9 9g33.2 Cross-tissue 433x1077
TCGA C5 9 9g33.2 Prostate 2.16x 1077
TCGA LOC284900 22 22q11.21-q12.1 Renal papillary 1.75x 107’

cell
TCGA LOC284900 22 22q11.21-q12.1 Stomach 246x1077

#  Genes that were statistically significant for multiple tissues are listed

more than once. Chr = chromosome; GTEx = Genotype-Tissue Expression
project; TCGA = The Cancer Genome Atlas; TWAS = transcriptome-wide
association studies.

online). These included the TERT region (5p15.33), the human leu-
kocyte antigen (HLA) region at 6p21-22, 9934.2 that includes the
ABO gene, 9g31.1 that includes the SMC2 gene, and 15915 (a novel
GWAS locus in this study). An additional 4967 variants distrib-
uted across 77 regions showed strong evidence of being associ-
ated with 2 cancers (Supplementary Table 15, available online).
The HLA region (6p21-22) showed evidence of 2-cancer pleiotropy
for 9 different cancer pairs, and the TERT region (5p15.33) showed
evidence of 2-cancer pleiotropy for 8 different cancer pairs.
Overall, we observed 28 different pairwise combinations of can-
cers (Supplementary Table 16, available online).

Discussion

Studies aiming to estimate the genome-wide genetic correlations
between cancers have been limited in both the number of
included cancers and sizes of population samples. We report the
most comprehensive effort to quantify genetic correlations
between cancers to date. Although we observe a handful of
strong (rg>0.4) pairwise genetic correlations between cancers,
most are modest. There are multiple potential explanations for
these moderate estimates. The genetic correlations estimated
here capture only correlations due to common genetic variants,
ignoring any genetic correlations due to rare variation, such as
pathogenic variants in cancer predisposition genes including
BRCA2 and Lynch syndrome, among others. Further, many
genetic mechanisms are specific to tissue, and thus, although
some of the underlying carcinogenetic mechanisms might be
similar across cancers, tissue-specific germline genetic regula-
tions could differ (24,38). Of note, endometrial and lung cancer
displayed evidence of strong genetic correlations with other can-
cers. Lung cancer showed strong genetic correlations with head
and neck and renal cancer—all 3 linked to smoking. Endometrial
cancer showed strong genetic correlations with pancreatic and
renal cancer—all 3 linked to obesity. Endometrial cancer also dis-
played genetic correlations with ER+ breast cancer and ovarian
cancer, possibly because of the estrogenic pathways underlying
these cancers, which are strongly driven by estrogen exposure. In
contrast, lung cancer (including subtypes) showed stronger
genetic correlations with ER— breast cancer. Many genetic corre-
lations across cancer pairs were not statistically significantly
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Figure 3. Regions in the genome with evidence of variant-specific pleiotropy. Colors correspond to regions with 4 sets of 3-cancer pleiotropy (blue), 1
combination of 3-cancer pleiotropy (light green), 9 combinations of pairwise cancer pleiotropy (red), 8 combinations of pairwise cancer pleiotropy
(black), 3 combinations of pairwise cancer pleiotropy (pink), 2 combinations of pairwise cancer pleiotropy (dark green), and 1 combination of pairwise
cancer pleiotropy (yellow). Full results from the pleiotropic analyses can be found in Supplementary Tables 10-12 (available online).

different than zero, likely reflecting our relatively limited sample
sizes and the likely truly modest genetic correlations among can-
cers. We had greater than 80% power at the Bonferroni-corrected
P =.05/66=7.6x10"level to detect a genetic correlation of .80 for
all cancer pairs, but only a median 15% power to detect a genetic
correlation of .20 (1% for glioma-head and neck and 99% for
breast-prostate).

We evaluated the contribution to cancer heritability from
SNPs located close to cancer driver genes and observed consistent
enrichment across cancer types. This is in alignment with our
previous work in breast cancer, where we demonstrated an over-
lap between GWAS candidate target genes and driver genes in
breast tumors (6) and suggests that germline genetic variation
located close to known somatic driver genes is important for can-
cer development.

We identified 7 novel cancer susceptibility loci in our cross-
cancer GWAS. Among notable findings was an association in the
RREB1 gene (6q24.3) for which the missense SNP 1rs9379084
showed opposite associations with breast (odds ratio [OR] =1.05;
P =2.6x 10 and colorectal cancer (OR=0.93; P=3.8x 107). It is
not uncommon that specific SNPs show opposite associations
with different cancer types. We previously mapped the 5p15.33
region (which harbors the TERT gene) and observed strong
cancer-specific associations in opposite directions (39). Although
overall genome-wide genetic correlations among cancers are

exclusively positive, there are now many examples of individual
variants that show strong associations with multiple cancers in
opposite directions. This phenomenon could potentially be
because of tissue-specific regulations of general cancer-driving
mechanisms; however, such a hypothesis needs to be further
studied. Alternatively, the downstream impact of the same regu-
latory effects can be qualitatively different. For example, geneti-
cally predicted body mass index has been associated with an
increased risk of multiple cancers including bladder, cervical, col-
orectal, endometrial, esophageal, gallbladder and biliary tract,
liver, ovary, pancreatic, renal, and stomach but with decreased
risk of breast, nonmelanoma skin, and prostate cancer (40).

Our cross-cancer TWAS resulted in the discovery of 10 new
regions. Of those, 2 regions (2p25.3 and 2g32.1) overlapped with
our GWAS findings. Among the noteworthy TWAS findings is the
insulin-like growth factor binding protein 3 (IGFBP3) gene, which
binds insulin-like growth factor-1 (IGF-1) and IGF-2, can induce
cell apoptosis, and is also a mediator of p53 action (41). We
observed TWAS associations (P <.01) between IGFBP3 and color-
ectal, lung, ovarian, and prostate cancer. Cross-trait TWAS is
more complex than cross-trait GWAS in that there is often no
clear target tissue for building gene expression prediction models.
This is particularly true when studying different tumor types,
where the primary tissue differs. We sought to overcome this by
conducting single-tissue and cross-tissue analyses as the benefits
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of comprehensively capturing eQTLs across tissues outweigh the
burden of an increased number of tests (42).

The 15q15.3 region, which was recently discovered in a TWAS
of breast and ovarian cancer, showed genome-wide statistically
significant associations in both our GWAS and TWAS, and these
associations were primarily driven by breast, ovarian, and lung
cancer. The 15q15.3 region displays high LD and contains multi-
ple strong candidate genes, including TP53BP1, a prime candidate
for cancer development because of its involvement in DNA
repair. However, additional fine mapping and functional follow-
up studies are needed to pinpoint the target gene(s) in this gene-
dense region.

We assessed to what extent known cancer variants show evi-
dence of associations with multiple cancer types. An important
feature of our method is that its alternative hypothesis is a var-
iant is associated with at least 2 traits (here cancer types) as com-
pared with previous similar tests where the alternative
hypothesis is that a particular variant is associated with at least 1
trait. Thus, we explicitly searched for variants that showed credi-
ble evidence to be associated with at least 2 of the 12 cancer types
we interrogated. We observed 5 genetic regions that contained
variants associated with 3 cancers, including 5p15.33 (TERT) and
6p21-22 (HLA), which also exhibit pairwise pleiotropy in multiple
cancer combinations. In agreement with these findings, we
recently found the strongest evidence of pairwise local genetic
correlation among cancers in the 5p15.33 region (39), with 10
independent cancer signals showing genome-wide statistically
significance. The pleiotropic variants located in 6p21-22 are part
of the HLA region known to be associated with hundreds of traits.
Breast, colorectal, endometrial, head and neck, lung, and prostate
cancer all showed evidence of cancer-specific pleiotropy in this
region. Further work is needed to understand the mechanisms
driving these observed associations between single variants and
multiple cancers (what we have called variant-specific pleiotropy):
these could be because of causal effects of a single variant on
multiple cancers through a shared mechanism; mediated causal
effects, where a variant influences risk of 1 cancer, which then
influences the risk of other cancers; or colocalization, where 2 or
more variants are each causally associated with a single cancer
but are in LD with each other (43). Our variant-specific pleiotropy
results identify regions of the genome likely to harbor 1 or more
variants associated with 2 or more cancers, but the role of indi-
vidual variants in these regions is yet to be determined.

Previous cross-cancer GWAS meta-analyses have successfully
identified multiple SNPs, many of which have been subsequently
replicated in single cancer GWAS as single cancer study sample
sizes increase. Studying multiple cancer types simultaneously
not only increases statistical power to identify novel susceptibil-
ity SNPs but can also lead to a deeper understanding of the global
mechanisms underlying cancer development. A weakness with
the present analyses is its focus on European ancestry popula-
tions and the unbalanced sample sizes across cancer types, with
many of our reported findings showing nominal statistical signifi-
cance with breast cancer, which has the largest sample size.
Future cross-cancer analyses aiming at identifying general can-
cer mechanisms will primarily benefit from increasing the sam-
ple size for cancer types with relatively limited number of
samples.

In conclusion, our study provides additional insights into the
shared genetic architecture of cancer. Although we observed a
handful of relatively strong genome-wide genetic correlations
across cancers, many correlations were low to moderate. In addi-
tion, we observed widespread evidence of cancer pleiotropy for

individual variants. We also identified 15 novel loci associated
with cancer, none of which has previously been identified in sin-
gle cancer analyses at genome-wide statistical significance
before. Overall, our results suggest that any future GWAS and/or
TWAS meta-analysis of multiple cancer sites will continue to
lead to the discovery of novel loci and shed further light on the
shared genetic architecture underlying common cancer types.

Data availability
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Deutsche Krebshilfe, Deutsches Krebsforschungszentrum and
Federal Ministry of Education and Research (Germany); the
Hellenic Health Foundation (Greece); Associazione Italiana per la
Ricerca sul Cancro-AIRCItaly and National Research Council
(Italy); Dutch Ministry of Public Health, Welfare and Sports
(VWS), Netherlands Cancer Registry (NKR), LK Research Funds,
Dutch Prevention Funds, Dutch ZON (Zorg Onderzoek
Nederland), World Cancer Research Fund (WCRF), Statistics
Netherlands (the Netherlands); ERC-2009-AdG 232997 and
Nordforsk, Nordic Centre of Excellence programme on Food,
Nutrition and Health (Norway); Health Research Fund (FIS), PI13/
00061 to Granada, PI13/01162 to EPIC-Murcia, Regional
Governments of Andalucia, Asturias, Basque Country, Murcia
and Navarra, ISCIII RETIC (RD06/0020) (Spain); Swedish Cancer
Society, Swedish Research Council and County Councils of Skane
and Visterbotten (Sweden); Cancer Research UK (14136 to EPIC-
Norfolk; C570/A16491 and C8221/A19170 to EPIC-Oxford),
Medical Research Council (1000143 to EPIC-Norfolk, MR/
MO012190/1 to EPICOxford) (United Kingdom). The EPIC-Norfolk
study (https://doi.org/10.22025/2019.10.105.00004) has received
funding from the Medical Research Council (MR/N003284/1 and
MC-UU_12015/1) and Cancer Research UK (C864/A14136). The
genetics work in the EPIC-Norfolk study was funded by the
Medical Research Council (MC_PC_13048). Metabolite measure-
ments in the EPIC-Norfolk study were supported by the MRC
Cambridge Initiative in Metabolic Science (MR/L00002/1) and the
Innovative Medicines Initiative Joint Undertaking under EMIF
grant agreement no. 115372. EPICOLON: This work was supported
by grants from Fondo de Investigacién Sanitaria/FEDER (PI08/
0024, P108/1276, PS09/02368, P111/00219, PI11/00681, PI114/00173,
PI14/00230, PI17/00509, 17/00878, P120/00113, P120/00226, Accién
Transversal de Céncer), Xunta de Galicia
(PGIDITO7PXIB9101209PR), Ministerio de Economia y
Competitividad (SAF07-64873, SAF 2010-19273, SAF2014-54453R),
Fundacién Cientifica de la Asociacién Espanola contra el Cancer
(GCB13131592CAST), Beca Grupo de Trabajo “Oncologia” AEG
(Asociacién Espanola de Gastroenterologia), Fundacién Privada
Olga Torres, FP7 CHIBCHA Consortium, Agencia de Gestié d’Ajuts
Universitaris i de Recerca (AGAUR, Generalitat de Catalunya,
2014SGR135, 2014SGR255, 2017SGR21, 2017SGR653), Catalan
Tumour Bank Network (Pla Director d’'Oncologia, Generalitat de
Catalunya), PERIS (SLT002/16/00398, Generalitat de Catalunya),
CERCA Programme (Generalitat de Catalunya) and COST Actions
BM1206 and CA17118. CIBERehd is funded by the Instituto de
Salud Carlos III. ESTHER/VERDI. This work was supported by
grants from the Baden-Wiurttemberg Ministry of Science,
Research and Arts and the German Cancer Aid. Harvard cohorts
(HPFS, NHS, PHS): HPFS is supported by the National Institutes of
Health (P01 CA055075, UM1 CA167552, U0l CA167552, RO1
CA137178, RO1 CA151993, R35 CA197735, KO7 CA190673, and P50
CA127003), NHS by the National Institutes of Health (RO1
CA137178, PO1 CA087969, UM1 CA186107, RO1 CA151993, R35
CA197735, K07CA190673, and P50 CA127003) and PHS by the
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National Institutes of Health (RO1 CA042182). Hawaili Adenoma
Study: NCI grants RO1 CA72520. HCES-CRC: the Hwasun Cancer
Epidemiology Study-Colon and Rectum Cancer (HCES-CRC;
grants from Chonnam National University Hwasun Hospital,
HCRI15011-1). Kentucky: This work was supported by the follow-
ing grant support: Clinical Investigator Award from Damon
Runyon Cancer Research Foundation (CI-8); NCI RO1CA136726.
LCCS: The Leeds Colorectal Cancer Study was funded by the Food
Standards Agency and Cancer Research UK Programme Award
(C588/A19167). Melbourne Collaborative Cohort Study (MCCS)
cohort recruitment was funded 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 the Australian Cancer Database. Multiethnic Cohort
(MEC) Study: National Institutes of Health (R37 CA54281, PO1
CA033619, RO1 CA063464 and U01 CA164973). MECC: This work
was supported by the National Institutes of Health, U.S.
Department of Health and Human Services (R0O1 CA081488, RO1
CA197350, U19 CA148107, RO1 CA242218, and a generous gift
from Daniel and Maryann Fong. MSKCC: The work at Sloan
Kettering in New York was supported by the Robert and Kate
Niehaus Center for Inherited Cancer Genomics and the Romeo
Milio Foundation. Moffitt: This work was supported by funding
from the National Institutes of Health (grant numbers RO1
CA189184, P30 CA076292), Florida Department of Health
Bankhead-Coley Grant 09BN-13, and the University of South
Florida Oehler Foundation. Moffitt contributions were supported
in part by the Total Cancer Care Initiative, Collaborative Data
Services Core, and Tissue Core at the H. Lee Moffitt Cancer
Center & Research Institute, a National Cancer Institute-
designated Comprehensive Cancer Center (grant number P30
CA076292). NCCCS I & II: We acknowledge funding support for
this project from the National Institutes of Health, R0O1 CA66635
and P30 DKO034987. NFCCR: This work was supported by an
Interdisciplinary Health Research Team award from the
Canadian Institutes of Health Research (CRT 43821); the National
Institutes of Health, U.S. Department of Health and Human
Services (U01 CA74783); and National Cancer Institute of Canada
grants (18223 and 18226). The authors wish to acknowledge the
contribution of Alexandre Belisle and the genotyping team of the
McGill University and Génome Québec Innovation Centre,
Montréal, Canada, for genotyping the Sequenom panel in the
NFCCR samples. Funding was provided to Michael O. Woods by
the Canadian Cancer Society Research Institute. NSHDS: Swedish
Research Council; Swedish Cancer Society; Cutting-Edge
Research Grant and other grants from Region Vdsterbotten; Knut
and Alice Wallenberg Foundation; Lion’s Cancer Research
Foundation at Umed University; the Cancer Research Foundation
in Northern Sweden; and the Faculty of Medicine, Umed
University, Umed, Sweden. OSUMC: OCCPI funding was provided
by Pelotonia and HNPCC funding was provided by the NCI
(CA16058 and CA67941). PLCO: Intramural Research Program of
the Division of Cancer Epidemiology and Genetics and supported
by contracts from the Division of Cancer Prevention, National
Cancer Institute, NIH, DHHS. Funding was provided by National
Institutes of Health (NIH), Genes, Environment and Health
Initiative (GEI) Z01 CP 010200, NIH U01 HG004446, and NIH GEI
U01 HG 004438. SEARCH: The University of Cambridge has
received salary support in respect of PDPP from the NHS in the

S.Lindstrometal. | 721

East of England through the Clinical Academic Reserve. Cancer
Research UK (C490/A16561); the UK National Institute for Health
Research Biomedical Research Centres at the University of
Cambridge. SELECT: Research reported in this publication was
supported in part by the National Cancer Institute of the
National Institutes of Health under Award Numbers U10
CA37429 (CD Blanke), and UM1 CA182883 (CM Tangen/IM
Thompson). The content is solely the responsibility of the
authors and does not necessarily represent the official views of
the National Institutes of Health. SMS and REACH: This work was
supported by the National Cancer Institute (grant P01 CA074184
to].D.P. and P.AN,, grants RO1 CA097325, R03 CA153323, and K05
CA152715 to P.AN., and the National Center for Advancing
Translational Sciences at the National Institutes of Health (grant
KL2 TRO00421 to AN.B.-H.) The Swedish Low-risk Colorectal
Cancer Study: The study was supported by grants from the
Swedish research council; K2015-55X-22674-01-4, K2008-55X-
20157-03-3, K2006-72X-20157-01-2 and the Stockholm County
Council (ALF project). Swedish Mammography Cohort and Cohort
of Swedish Men: This work is supported by the Swedish Research
Council/Infrastructure grant, the Swedish Cancer Foundation,
and the Karolinska Institutés Distinguished Professor Award to
Alicja Wolk. UK Biobank: This research has been conducted using
the UK Biobank Resource under Application Number 8614 VITAL:
National Institutes of Health (K05 CA154337). WHI: The WHI pro-
gram is funded by the National Heart, Lung, and Blood Institute,
National Institutes of Health, U.S. Department of Health and

Human Services through contracts HHSN268201100046C,
HHSN268201100001C, HHSN268201100002C,
HHSN268201100003C, HHSN268201100004C, and
HHSN271201100004C.

Endometrial cancer GWAS

The endometrial cancer genome-wide association analyses were
supported by the National Health and Medical Research Council
of Australia (APP552402, APP1031333, APP1109286, APP1111246
and APP1061779), the U.S. National Institutes of Health (RO1-
CA134958), European Research Council (EU FP7 Grant), Wellcome
Trust Centre for Human Genetics (090532/Z/09Z) and Cancer
Research UK. OncoArray genotyping of ECAC cases was per-
formed with the generous assistance of the Ovarian Cancer
Association Consortium (OCAC), which was funded through
grants from the U.S. National Institutes of Health
(CA1X01HG007491-01 (C.I. Amos), U19-CA148112 (T.A. Sellers),
R0O1-CA149429 (C.M. Phelan) and R0O1-CA058598 (M.T. Goodman);
Canadian Institutes of Health Research (MOP-86727 (L.E.
Kelemen)) and the Ovarian Cancer Research Fund (A. Berchuck).
OncoArray genotyping of the BCAC controls was funded by
Genome Canada Grant GPH-129344, NIH Grant U19 CA148065,
and Cancer UK Grant C1287/A16563. All studies and funders are
listed in O'Mara et al (2018).

Esophageal cancer GWAS

S.M. is supported by Australian National Health and Medical
Research Council Fellowship. P.G. is supported by a NHMRC
Investigator Grant (#1173390). The laboratory of R.C.F. is funded
by a Core Programme Grant from the Medical Research Council
(RG84369). The Barrett’'s and Esophageal Adenocarcinoma
Genetic Susceptibility Study (BEAGESS) was funded by grant RO1
CA136725 from the National Cancer Institute. The contents of
this publication are solely the responsibility of the authors and
do not necessarily represent the official views of the National
Cancer Institute. Bonn (Germany): this work was supported by
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funding from the Else Kroner Fresenius Stiftung (EKFS) (grant
number 2013_A118 awarded to [.G. and J.S.). M.M.N. is a member
of the DFG funded Excellence Cluster ImmunoSensation. The
Heinz Nixdorf Recall cohort was established with the generous
support of the Heinz Nixdorf Foundation, Germany. Cambridge
(UK): the UK Barrett’s oesophagus gene study was funded by a
Medical Research Council Programme grant. The UK SOCS study
was funded by CRUK as well as funding from the Cambridge
NIHR biomedical research centre and the Cambridge
Experimental Cancer Medicine Centre. Genotyping of Cambridge
samples was supported by funding from the US National Cancer
Institute at the National Institutes of Health (grant number
RO1CA136725 awarded to T.L.V and D.C.W). This study made use
of data generated by the Wellcome Trust Case Control
Consortium: Funding for the project was provided by the
Wellcome Trust under award 076113; a full list of the investiga-
tors who contributed to the generation of the data is available
from the website (http://www.wtccc.org.uk/). Oxford (UK): this
work was supported by the Esophageal Adenocarcinoma GenE
Consortia incorporating the ChOPIN project (grant C548/A5675),
the Inherited Predisposition of neoplasia analysis of genomic
DNA (IPOD) from AspECT and BOSS clinical trials project (grant
MGAG1G7/R), Cancer Research UK (AspECT, grants C548/A4584
and D9612L00090), the Histological AssessmeNt Determining
Epithelial. Response (HANDEL) (grant C548/A9085), the
AstraZeneca UK educational grant, the University Hospitals of
Leicester R and D grant, and AspECT (T91 5211 University of
Oxford grant HDRMJQO).

Glioma GWAS

GICC: The Glioma International Case Control Consortium (GICC)
was supported by grants from the US National Institutes of
Health (NIH) (RO1 CA139020).

Head and neck cancer GWAS

Head neck cancer GWAS consortium: Genotyping of cases and
controls included was performed at the Center for Inherited
Disease Research (CIDR) and funded by the US National Institute
of Dental and Craniofacial Research (NIDCR; 1X01HG007780-0).
Genotyping for shared controls with the Lung OncoArray initia-
tive was funded through grant X01HG007492-0.

Head neck cancer GWAS individual studies: ARCAGE: The
Alcohol-Related Cancers and Genetic Susceptibility Study in
Europe (ARCAGE) was funded by the European Commission’s
fifth framework programme (QLK1-2001-00182), the Italian
Association for Cancer Research, Compagnia di San Paolo/FIRMS,
Region Piemonte and Padova University (CPDA057222). CHANCE:
The Carolina Head and Neck Cancer Study (CHANCE) was sup-
ported by the National Cancer Institute (R0O1CA90731). HN5000:
The HN5000 study was funded by the National Institute for
Health Research (NIHR) under its Programme Grants for Applied
Research scheme (RP-PG-0707-10034); the views expressed in this
publication are those of the author(s) and not necessarily those
of the NHS, the NIHR or the UK Department of Health. Core fund-
ing was also provided through awards from Above and Beyond,
University Hospitals Bristol Research Capability Funding and the
NIHR Senior Investigator award to Professor Andy Ness. Human
papillomavirus (HPV) serology was supported by a Cancer
Research UK Programme Grant, the Integrative Cancer
Epidemiology Programme (grant number: C18281/A19169). Pitt:
The University of Pittsburgh head and neck cancer case-control
study is supported by US National Institutes of Health grants
PS0CA097190 and P30CA047904. Toronto: The Toronto study was

funded by the Canadian Cancer Society Research Institute
(020214) and the National Cancer Institute (U19CA148127) and by
the Cancer Care Ontario Research Chair. EPIC: Coordination of
the EPIC study is financially supported by the European
Commission (DG SANCO) and the International Agency for
Research on Cancer. IARC Oral Cancer: The IARC Oral Cancer
Multicenter study was funded by grant S06 96 202489 05F02 from
Europe against Cancer; grants FIS 97/0024, FIS 97/0662 and BAE
01/5013 from Fondo de Investigaciones Sanitarias, Spain; the
UICC Yamagiwa-Yoshida Memorial International Cancer Study;
the National Cancer Institute of Canada; Associazione Italiana
per la Ricerca sul Cancro; and the Pan-American Health
Organization. IARC Central Europe: The IARC Central Europe
study was supported by the European Commission’s INCO-
COPERNICUS Program (IC15-CT98-0332), US NIH/National
Cancer Institute grant CA92039 and World Cancer Research
Foundation grant WCRF 99A28. Rome: The Rome Study was sup-
ported by the Associazione Italiana per la Ricerca sul Cancro
(AIRC) awards IG 2011 10491 and IG 2013 14220 to Stefania Boccia
and by Fondazione Veronesi to Stefania Boccia. GENCAPO:
Genome Project (GENCAPO) was supported by the Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP; grants 04/
12054-9 and 10/51168-0). IARC Latin American study: The IARC
Latin American study was funded by the European Commission
INCO-DC programme (IC18-CT97-0222), with additional funding
from Fondo para la Investigacién Cientifica y Tecnoldgica
(Argentina) and the Fundagao de Amparo a Pesquisa do Estado
de Sao Paulo (01/01768-2).

Lung cancer GWAS

ILCCO: This work was supported by CA194393 and CA182821.
Lung cancer GWAS from the International Lung Cancer
Consortium (ILCCO) was supported by NIH U19 CA203654 and
U19 CA148127 and the data harmonization was supported by
Canada Research Chair to R. J. H. This work has been supported
by the Intramural Research Program (IRP) of the Division of
Cancer Epidemiology and Genetics, National Cancer Institute, US
National Institutes of Health. The content of this publication
does not necessarily reflect the views or policies of the US
Department of Health and Human Services, nor does mention of
trade names, commercial products, or organizations imply
endorsement by the US government.

Melanoma GWAS

Melanoma GWAS Consortium: Please see reference 13. The
GenoMEL study (http://www.genomel.org/) was funded by the
European Commission under the 6th Framework Programme
(contract no. LSHC-CT-2006-018702), by Cancer Research UK
Programme Awards (C588/A4994 and C588/A10589), by a Cancer
Research UK Project Grant (C8216/A6129) and by a grant from the
US National Institutes of Health (RO1CA83115). This research was
also supported by the intramural Research Program of the NIH,
National Cancer Institute (NCI), Division of Cancer Epidemiology
and Genetics. Mark Iles is supported in part by the National
Institute for Health and Care Research (NIHR) Leeds Biomedical
Research Centre. The views expressed are those of the author(s)
and not necessarily those of the NHS, the NIHR or the
Department of Health and Social Care.

Ovarian cancer GWAS

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
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(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.IA), U19-CA148112 (T.A.S), RO1-
CA149429 (C.M.P.) and RO1-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).

OCAC Individual Studies: AAS: National Institutes of Health
(RO1-CA142081); AUS: The Australian Ovarian Cancer Study
(AOCS) was supported by the U.S. Army Medical Research and
Materiel Command (DAMD17-01-1-0729), National Health &
Medical Research Council of Australia (199600, 400413 and
400281), Cancer Councils of New South Wales, Victoria,
Queensland, South Australia and Tasmania and Cancer
Foundation of Western Australia (Multi-State Applications 191,
211 and 182). AOCS gratefully acknowledges additional support
from Ovarian Cancer Australia and the Peter MacCallum
Foundation; BAV: ELAN Funds of the University of Erlangen-
Nuremberg; BEL: National Kankerplan; BGS: Breast Cancer Now,
Institute of Cancer Research; BVU: Vanderbilt University Medical
Center’s BioVU is supported by the 1S10RR025141-01 instrumen-
tation award and Vanderbilt CTSA grant from the National
Institutes of Health (NIH)/National Center for Advancing
Translational Sciences (NCATS) (ULTR000445); CAM: National
Institutes of Health Research Cambridge Biomedical Research
Centre and Cancer Research UK Cambridge Cancer Centre; CHA:
Innovative Research Team in University (PCSIRT) in China
(IRT1076); CNI: Instituto de Salud Carlos II (PI 12/01319);
Ministerio de Economia y Competitividad (SAF2012); DKE:
Ovarian Cancer Research Fund; DOV: National Institutes of
Health RO1-CA112523 and R01-CA87538; EPC: The coordination of
EPIC is financially supported by the European Commission (DG-
SANCO) and the International Agency for Research on Cancer.
The national cohorts are supported by Danish Cancer Society
(Denmark) (EMC 2014-6699); Ligue Contre le Cancer, Institut
Gustave Roussy, Mutuelle Générale de 'Education Nationale,
Institut National de la Santé et de la Recherche Médicale
(INSERM) (France); German Cancer Aid, German Cancer Research
Center (DKFZ), Federal Ministry of Education and Research
(BMBF) (Germany); the Hellenic Health Foundation (Greece);
Associazione Italiana per la Ricerca sul Cancro-AIRC-Italy and
National Research Council (Italy); Dutch Ministry of Public
Health, Welfare and Sports (VWS), Netherlands Cancer Registry
(NKR), LK Research Funds, Dutch Prevention Funds, Dutch ZON
(Zorg Onderzoek Nederland), World Cancer Research Fund
(WCRF), Statistics Netherlands (the Netherlands); ERC-2009-AdG
232997 and Nordforsk, Nordic Centre of Excellence programme
on Food, Nutrition and Health (Norway); Health Research Fund
(FIS), PI13/00061 to Granada, PI13/01162 to EPIC-Murcia, Regional
Governments of Andalucfa, Asturias, Basque Country, Murcia
and Navarra, ISCIII RETIC (RD06/0020) (Spain); Swedish Cancer
Society, Swedish Research Council and County Councils of Skane
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and Visterbotten (Sweden); Cancer Research UK (14136 to EPIC-
Norfolk; C570/A16491 and C8221/A19170 to EPIC-Oxford),
Medical Research Council (1000143 to EPIC-Norfolk, MR/
MO012190/1 to EPIC-Oxford) (United Kingdom); GER: German
Federal Ministry of Education and Research, Programme of
Clinical Biomedical Research (01 GB 9401) and the German
Cancer Research Center (DKFZ); GRC: This research has been co-
financed by the European Union (European Social Fund—ESF)
and Greek national funds through the Operational Program
“Education and Lifelong Learning” of the National Strategic
Reference Framework (NSRF) - Research Funding Program of the
General Secretariat for Research & Technology: SYN11 10_19
NBCA. Investing in knowledge society through the European
Social Fund; GRR: Roswell Park Cancer Institute Alliance
Foundation, P30 CA016056; HAW: U.S. National Institutes of
Health (RO1-CA58598, NO01-CN-55424 and NO1-PC-67001); HJO:
German Research Foundation (DFG Do761/15-1); Rudolf-Bartling
Foundation; HMO: German Research Foundation (DFG Do761/15-
1); Rudolf-Bartling Foundation; HOC: Helsinki University Hospital
Research Fund; HOP: University of Pittsburgh School of Medicine
Dean'’s Faculty Advancement Award (F. Modugno), Department
of Defense (DAMD17-02-1-0669) and NCI (K07-CA080668, R01-
CA95023, P50-CA159981 MO1-RR000056 RO1-CA126841); HUO:
German Research Foundation (DFG Do761/15-1); Rudolf-Bartling
Foundation; JPN: Grant-in-Aid for the Third Term Comprehensive
10-Year Strategy for Cancer Control from the Ministry of Health,
Labour and Welfare; KRA: This study (Ko-EVE) was supported by
a grant from the Korea Health Technology R&D Project through
the Korea Health Industry Development Institute (KHIDI), and
the National R&D Program for Cancer Control, Ministry of Health
& Welfare, Republic of Korea (HI16C1127; 0920010); LAX:
American Cancer Society Early Detection Professorship (SIOP-06-
258-01-COUN) and the National Center for Advancing
Translational Sciences (NCATS), Grant UL1TR000124; LUN: ERC-
2011-AdG 294576-risk factors cancer, Swedish Cancer Society,
Swedish Research Council, Beta Kamprad Foundation; MAC:
National Institutes of Health (R01-CA122443, P30-CA15083, P50-
CA136393); Mayo Foundation; Minnesota Ovarian Cancer
Alliance; Fred C. and Katherine B. Andersen Foundation;
Fraternal Order of Eagles; MAL: Funding for this study was pro-
vided by research grant RO1- CA61107 from the National Cancer
Institute, Bethesda, MD, research grant 94 222 52 from the
Danish Cancer Society, Copenhagen, Denmark; and the Mermaid
I project; MAS: Malaysian Ministry of Higher Education (UM.C/
HIR/MOHE/06) and Cancer Research Initiatives Foundation; MAY:
National Institutes of Health (RO1-CA122443, P30-CA15083, P50-
CA136393); Mayo Foundation; Minnesota Ovarian Cancer
Alliance; Fred C. and Katherine B. Andersen Foundation; MCC:
MCCS cohort recruitment was funded by VicHealth and Cancer
Council Victoria. Cancer Council Victoria, National Health and
Medical Research Council of Australia (NHMRC) grants number
209057, 251533, 396414, and 504715; MDA: DOD Ovarian Cancer
Research Program (W81XWH-07-0449); MEC: NIH (CA54281,
CA164973, CA63464); MOF: Moffitt Cancer Center, Merck
Pharmaceuticals, the state of Florida, Hillsborough County, and
the city of Tampa; NCO: National Institutes of Health (RO1-
CA76016) and the Department of Defense (DAMD17-02-1-0666);
NEC: National Institutes of Health R01-CA54419 and PS50-
CA105009 and Department of Defense W81XWH-10-1-02802;
NHS: UM1 CA186107, PO1 CA87969, RO1 CA49449, RO1-CA67262,
UM1 CA176726; NJO: National Cancer Institute (NIH-KO7
CA095666, R01-CA83918, NIH-K22-CA138563, and P30-CA072720)
and the Cancer Institute of New Jersey; NOR: Helse Vest, The
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Norwegian Cancer Society, The Research Council of Norway;
NTH: Radboud University Medical Centre; OPL: National Health
and Medical Research Council (NHMRC) of Australia
(APP1025142) and Brisbane Women'’s Club; ORE: Sherie Hildreth
Ovarian Cancer (SHOC) Foundation; OVA: This work was sup-
ported by Canadian Institutes of Health Research grant (MOP-
86727) and by NIH/NCI 1 RO1CA160669-01A1; PLC: Intramural
Research Program of the National Cancer Institute; POC:
Pomeranian Medical University; POL: Intramural Research
Program of the National Cancer Institute; PVD: Canadian Cancer
Society and Cancer Research Society GRePEC Program; RBH:
National Health and Medical Research Council of Australia; RMH:
Cancer Research UK, Royal Marsden Hospital; RPC: National
Institute of Health (P50 CA159981, RO1CA126841); SEA: Cancer
Research UK (C490/A10119 C490/A10124); UK National Institute
for Health Research Biomedical Research Centres at the
University of Cambridge; SIS: The Sister Study (SISTER) is sup-
ported by the Intramural Research Program of the NIH, National
Institute of Environmental Health Sciences (Z01-ES044005 and
Z01-ES049033); SMC: The Swedish Cancer Foundation and the
Swedish Research Council (VR 2017-00644) grant for the Swedish
Infrastructure for Medical Population-based Life-course
Environmental Research (SIMPLER); SRO: Cancer Research UK
(C536/A13086, C536/A6689) and Imperial Experimental Cancer
Research Centre (C1312/A15589); STA: NIH grants U01 CA71966
and UO01 CA69417; SWH: NIH (NCI) grant R37-CA070867; TBO:
National Institutes of Health (R01-CA106414-A2), American
Cancer Society (CRTG-00-196-01-CCE), Department of Defense
(DAMD17-98-1-8659), Celma Mastry Ovarian Cancer Foundation;
TOR: NIH grants R01 CA063678 and RO1 CA063682; UCL: NIH R0O1-
CA058860 and the Lon V Smith Foundation grant LVS-39420;
UHN: Princess Margaret Cancer Centre Foundation-Bridge for the
Cure; UKO: The UKOPS study was funded by The Eve Appeal (The
Oak Foundation) with investigators supported by the National
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