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Multi-trait genome-wide association study
identifies a novel endometrial cancer
risk locus that associates with testosterone levels

Xuemin Wang,1 Pik Fang Kho,1 Dhanya Ramachandran,2 Cemsel Bafligil,3,4 Frederic Amant,5 Ellen L. Goode,6

Rodney J. Scott,7,8,9 Ian Tomlinson,10 D. Gareth Evans,4,11 Emma J. Crosbie,3,12 Thilo Dörk,2

Amanda B. Spurdle,13 Dylan M. Glubb,1,14,15 and Tracy A. O’Mara1,14,15,16,*

SUMMARY

To detect novel endometrial cancer risk variants, we leveraged information from
endometrial cancer risk factors in a multi-trait GWAS analysis. We first assessed
causal relationships between established and suspected endometrial cancer
risk factors, and endometrial cancer using Mendelian randomization. Following
multivariable analysis, five independent risk factors (waist circumference, testos-
terone levels, sex hormone binding globulin levels, age at menarche, and age at
natural menopause) were included in a multi-trait Bayesian GWAS analysis. We
identified three potentially novel loci that associate with endometrial cancer
risk, one of which (7q22.1) replicated in an independent endometrial cancer
GWAS dataset and was genome-wide significant in a meta-analysis. This locus
may affect endometrial cancer risk through altered testosterone levels. Consis-
tent with this, we observed colocalization between the signals for endometrial
cancer risk and expression of CYP3A7, a gene involved in testosterone meta-
bolism. Thus, our findings suggest opportunities for hormone therapy to prevent
or treat endometrial cancer.

INTRODUCTION

Endometrial cancer is the fifth most common female cancer worldwide and the most common gynecolog-

ical tumor in industrialized countries, accounting for over 380,000 new cases and nearly 90,000 deaths in

2018.1 In addition, its prevalence and mortality rate are increasing in both high- and low-income

countries.2–4

Identification of genetic susceptibility loci lays a foundation for the understanding of cancer etiology. Using

case-control genome-wide association study (GWAS) data frommultiple studies in the Endometrial Cancer

Association Consortium (ECAC), we have identified 16 loci significantly associated with endometrial cancer

risk.5–7 Together, these risk loci are estimated to explain approximately a quarter of the familial relative risk

attributable to common, readily imputable variants,6 indicating a large proportion of common endometrial

cancer risk variants are still unidentified.

Endometrial cancer risk is likely influenced by many factors.6,8 A literature review of epidemiological

evidence classified reported risk factors with strong, suggestive, and weak evidence of association

with endometrial cancer.9 A series of Mendelian randomization studies, which use trait-associated

genetic variants to infer causal relationships, have confirmed known, and identified new, endometrial

cancer risk factors.10 These include increased body mass index (BMI),6,11,12 early onset menarche,6,13

low sex hormone binding globulin (SHBG), high testosterone,14 increased serum estradiol,15

increased fasting insulin,11 and decreased low- (LDL) and increased high-density lipoprotein (HDL)

cholesterol.16

A recently developed multi-trait GWAS approach, the Bayesian GWAS (bGWAS) method,17 uses priors

derived from Mendelian randomization analyses of risk factors in a Bayesian framework to identify genetic

variants associated with a trait of interest. This approach not only offers an opportunity to identify novel
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genetic loci associated with a trait, but also highlights risk factors that may mediate their effects through

specific loci.

In this study, we used GWAS summary-level data to confirm known and suspected risk factors for endome-

trial cancer via genetic correlation and Mendelian randomization analyses. We implemented bGWAS to

identify new endometrial cancer risk loci and to explore which risk factors may mediate the effects of these

loci. Additionally, we conducted subtype analysis to investigate associations with the two primary histolog-

ical classifications of endometrial cancer: endometrioid and non-endometrioid. Novel loci were assessed

for replication in independent endometrial cancer GWAS datasets and functional interpretation provided

to elucidate the underlying genetic mechanisms.

RESULTS

Assessment of endometrial cancer risk factors

A total of 34 known and potential risk factors were assessed for association with endometrial cancer, 19

implicated by epidemiological studies and 21 from prior Mendelian randomization publications

(Table S1). We firstly assessed the degree of shared genetic architecture between each factor and endo-

metrial cancer risk for all histologies using genetic correlation and found 19 factors that were at least nomi-

nally correlated (p < 0.05), with broadly similar results for endometrioid endometrial cancer (Table 1). How-

ever, due to the relatively small sample size and the absence of significant heritability, we could not perform

correlation analysis for non-endometrioid endometrial cancer. The most significantly correlated factors

included obesity-related anthropometric traits such as BMI, weight, waist circumference, and arm fat ratio

(Table 1). Our inverse variance weighted (IVW) Mendelian randomization analysis findings were generally

supported by the genetic correlation results, particularly for the most significantly correlated factors (Ta-

ble 1). Furthermore, the IVW results were consistent with the previous Mendelian randomization analyses

(Table S1) and additionally provided causal evidence for epidemiological risk factors such as waist circum-

ference, parity and type 1 diabetes (Table 1). As bGWAS uses the IVW method to estimate causal associ-

ations, only traits that showed significant causal associations with endometrial cancer risk using this

method were included in bGWAS analysis. Using an IVW p value threshold of p < 0.05, 18 risk factors for

all endometrial cancer histologies, 16 risk factors for endometrioid endometrial cancer histology and 6

risk factors for non-endometrioid endometrial cancer histologies were considered for inclusion in the

bGWAS analysis (Tables 1 and S2).

Identification of independent endometrial cancer risk factors and multi-trait genome-wide

association study

Multivariable Mendelian randomization analyses found five risk factors independently displaying a

significant effect on endometrial cancer risk of all histologies: testosterone levels, SHBG levels, waist

circumference, age at natural menopause, and age at menarche (Figure S1A). Multivariable Mendelian

randomization analyses restricting to endometrioid endometrial cancer found bioavailable testosterone

(the amount of testosterone not bound by SHBG), BMI, age at natural menopause, and age at

menarche to independently affect risk (Figure S1B). This was not substantially different from the analysis

of all endometrial cancer histologies as: i) BMI is genetically correlated with waist circumference (RG =

0.89, P-value <1.00 3 10�300); and ii) bioavailable testosterone is genetically correlated with both testos-

terone and SHBG levels (testosterone RG = 0.64, P-value = 6.86 3 10�72; SHBG RG = �0.75, P-value

<1.00 3 10�300) (Figure S2). Multivariable Mendelian randomization analyses restricting to non-endome-

trioid endometrial cancer identified BMI and LDL cholesterol as two independent risk factors

(Figure S1C).

Multi-trait GWAS analyses were conducted by bGWAS using priors constructed from the above endome-

trial cancer risk factors. The primary bGWAS analysis is based on Bayes factors (BFs), and identifies endo-

metrial cancer susceptibility variants through the comparison of GWAS summary statistics for the risk fac-

tors included in the analysis and those for the largest endometrial cancer GWAS to date. We also assessed

direct effects from bGWAS analysis, which identifies variants likely to affect endometrial cancer risk directly,

or through risk factors not included in themulti-trait GWAS analysis. As a secondary analysis, we considered

variants identified by bGWAS of posterior effects, which identifies associations displaying very large prior

effects. These are associations that are largely driven by the relationship between the variant and at least

one risk factor.
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Table 1. Assessment of endometrial cancer risk factors in the Endometrial Cancer Association Consortium

Exposure

Epidemiological

strengtha

Mendelian

randomization

study

Genetic Correlationb MR-IVW results

EC EEC EC EEC NEEC

RG (SE) P RG (SE) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P

Anthropometric Factors

BMI Strong O’Mara et al.,

Nead et al.,

Painter et al.,

Masuda et al.,

Prescott

et al.6,11,12,18,19

0.47

(0.05)

2.54 3

10�23

0.47

(0.06)

1.26 3

10�15

1091 1.63 (1.49–

1.77)

1.36 3

10�29

1092 1.66

(1.51–

1.82)

1.943 10�25 1085 1.46 (1.19–

1.79)

3.11 3

10�04

Height Highly suggestive O’Mara et al.6,c 0.07

(0.04)

0.13 0.10

(0.05)

0.03 2535 0.99

(0.94–1.04)

0.60 2535 0.96

(0.91–

1.01)

0.14 2515 1.06 (0.94–

1.2)

0.31

Weight (female

only)

Highly suggestive – 0.53

(0.08)

1.31 3

10�12

0.52

(0.08)

4.90 3

10�11

12 1.48 (1.12–

1.95)

5.35 3

10�03

12 1.59

(1.15–

2.19)

4.463 10�03 12 1.04 (0.59–

1.82)

0.90

Waist-to-hip ratio

(female only)

Strong O’Mara et al.,

Painter et al.6,12
0.19

(0.05)

4.18 3

10�05

0.20

(0.06)

3.00 3

10�04

331 1.08 (0.96–

1.22)

0.18 332 1.07

(0.94–

1.21)

0.30 325 1.40 (1.05–

1.86)

0.02

Waist circumference Highly suggestive – 0.48

(0.07)

5.38 3

10�13

0.48

(0.07)

1.42 3

10�11

44 2.21 (1.79–

2.71)

6.87 3

10�14

44 2.21

(1.73–

2.83)

2.393 10�10 44 1.59 (0.9–

2.79)

0.11

Arm fat ratio – Freuer et al.20 0.40

(0.05)

1.69 3

10�15

0.38

(0.06)

6.50 3

10�10

153 1.42 (1.24–

1.63)

2.68 3

10�07

155 1.46

(1.25–

1.7)

1.033 10�06 155 1.01 (0.72–

1.42)

0.96

Reproductive Factors

Age at menarche Suggestive O’Mara et al.,

Day et al.6,13
�0.22

(0.04)

8.98 3

10�07

�0.21

(0.05)

8.39 3

10�06

255 0.84 (0.78–

0.9)

2.73 3

10�06

256 0.84

(0.77–

0.91)

2.823 10�05 248 0.92 (0.77–

1.09)

0.31

Age at natural

menopause

– O’Mara et al.,

Ruth et al.6,21
0.07

(0.05)

0.17 0.04

(0.05)

0.41 191 1.06 (1.03–

1.09)

9.31 3

10�06

192 1.06

(1.03–

1.09)

6.43 3

10�05

191 1.04 (0.98–

1.1)

0.22

Number of live

births

Strong (Parity) – �0.15

(0.07)

0.04 �0.15

(0.08)

0.06 5 0.57 (0.35–

0.93)

0.02 5 0.52 (0.3–

0.9)

0.02 5 0.31 (0.08–

1.21)

0.09

(Continued on next page)
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Table 1. Continued

Exposure

Epidemiological

strengtha

Mendelian

randomization

study

Genetic Correlationb MR-IVW results

EC EEC EC EEC NEEC

RG (SE) P RG (SE) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P

Circulating Factors

Testosterone levels

(females only)

– Ruth et al.,

Mullee et al.14,22
0.17

(0.06)

3.20 3

10�03

0.19

(0.07)

3.90 3

10�03

247 1.45 (1.31–

1.61)

3.92 3

10�13

248 1.49

(1.33–

1.66)

9.123 10�12 243 1.21 (0.95–

1.54)

0.12

Bioavailable

testosterone

levels (females

only)

– Ruth et al.,

Mullee et al.14,22
0.39

(0.06)

2.90 3

10�11

0.43

(0.07)

2.49 3

10�09

172 1.74 (1.5–2.02) 5.64 3

10�13

173 1.74

(1.48–

2.05)

2.853 10�11 167 1.71 (1.22–

2.4)

1.71 3

10�03

Cortisol – Larsson et al.23 �0.34

(0.20)

0.08 �0.36

(0.22)

0.10 1 1.75 (1.13–

2.71)

0.01 1 1.96

(1.19–

3.21)

7.73 3

10�03

1 0.87 (0.26–

2.92)

0.82

Estradiol

(females only)

– Thompson et al.15 �0.15

(0.20)

0.45 �0.15

(0.21)

0.46 2 2.17 (1.58–

2.98)

1.87 3

10�06

2 2.1 (1.47–

3.02)

5.59 3

10�05

1 3.08 (0.86–

10.99)

0.08

HDL cholesterol – Kho et al.16 �0.30

(0.05)

4.41 3

10�11

�0.32

(0.06)

1.79 3

10�08

1189 0.92 (0.85–

0.98)

0.02 1194 0.9 (0.83–

0.97)

7.76 3

10�03

1136 1.00 (0.84–1.2) 0.98

LDL cholesterol – Kho et al.16 0.00

(0.04)

0.96 �0.02

(0.05)

0.65 893 0.95 (0.88–

1.03)

0.21 894 0.97

(0.89–

1.05)

0.41 849 0.77 (0.63–

0.94)

9.48 3

10�03

SHBG levels

(females only)

– Ruth et al.,

Mullee et al.14,22
�0.36

(0.05)

1.85 3

10�11

�0.37

(0.06)

7.88 3

10�09

355 0.65 (0.56–

0.75)

5.86 3

10�09

356 0.62

(0.53–

0.73)

6.16 3

10�09

341 0.54 (0.37–

0.8)

1.97 3

10�03

Tumor necrosis

factor alphad
– Yuan et al.24 – – – – 4 0.27 (0.05–

1.49)

0.13 4 0.24

(0.03–

1.63)

0.14 4 0.18 (0.04–

0.71)

0.01

Plasminogen

activator inhibitor-1

– Dimou et al.25 0.33

(0.19)

0.09 0.42

(0.22)

0.06 2 1.01 (0.79–

1.3)

0.91 2 0.94

(0.71–

1.25)

0.69 2 1.43 (0.32–

6.31)

0.64

Diabetic Factors

Type 2 Diabetes Highly suggestive Nead et al.,

Yuan et al.11,26
0.33

(0.05)

1.85 3

10�12

0.33

(0.05)

8.97 3

10�10

227 1.05 (1.00–

1.10)

0.03 228 1.05

(1.00–

1.11)

0.07 224 1.06 (0.95–

1.18)

0.32

(Continued on next page)
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Table 1. Continued

Exposure

Epidemiological

strengtha

Mendelian

randomization

study

Genetic Correlationb MR-IVW results

EC EEC EC EEC NEEC

RG (SE) P RG (SE) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P

Type 1 Diabetes Suggestive �0.07

(0.07)

0.30 �0.10

(0.08)

0.20 181 0.98 (0.96–

0.99)

7.35 3

10�03

184 0.99

(0.97–

1.00)

0.13 174 1.01 (0.98–

1.04)

0.56

Fasting insulin – Nead et al.,

Yuan et al.11,26
0.39

(0.11)

4.00 3

10�04

0.38

(0.11)

8.00 3

10�04

13 2.97 (1.69–

5.21)

1.50 3

10�04

13 3.15

(1.62–

6.14)

7.55 3

10�04

13 3.54 (0.83–

15.14)

0.09

Early insulin

secretion

– Nead et al.11 0.04

(0.37)

0.92 �0.07

(0.41)

0.86 15 1.07 (0.9–

1.28)

0.42 15 1.06

(0.88–

1.28)

0.55 15 0.93 (0.61–

1.41)

0.72

Metformin use

(ever vs. never)

Suggestive – 0.35

(0.07)

1.32 3

10�07

0.43

(0.08)

4.29 3

10�08

42 1.00 (0.91–

1.09)

0.96 42 1.00

(0.91–

1.09)

0.93 41 1.01 (0.87–

1.16)

0.94

Other diseases

Hypertensione Suggestive – �0.29

(0.05)

9.82 3

10�08

�0.27

(0.07)

3.26 3

10�05

146 1.11 (0.87–

1.4)

0.41 146 1.12

(0.86–

1.46)

0.38 146 1.12 (0.64–

1.95)

0.70

Uterine fibroids – Kho et al.27 0.25

(0.09)

4.10 3

10�03

0.18

(0.10)

0.08 22 1.18 (1.03–

1.37)

0.02 22 1.22

(1.04–

1.44)

0.02 22 1.01 (0.74–

1.38)

0.97

Other Traits

Leukocyte

telomere

length

– Telomeres

Mendelian

Randomization

Collaboration

et al.28

0.02

(0.06)

0.71 0.01

(0.07)

0.88 189 1.27 (1.07–

1.52)

7.01 3

10�03

191 1.30

(1.07–

1.59)

9.73 3

10�03

182 1.06 (0.73–

1.56)

0.75

Physical activity

(overall physical

activity time)

Suggestive – �0.27

(0.07)

4.33 3

10�05

�0.29

(0.08)

2.00 3

10�04

3 0.49 (0.20–

1.20)

0.12 3 0.58

(0.28–

1.22)

0.15 3 0.31 (0.03–

3.83)

0.36

Physical activity

(sedentary behavior

duration)

Suggestive – 0.16

(0.07)

0.01 0.15

(0.07)

0.04 3 0.83 (0.34–

2.05)

0.68 3 0.78

(0.31–

1.94)

0.59 3 1.21 (0.19–

7.88)

0.84

Physical activity

(sleep duration)

Suggestive – 0.08

(0.06)

0.17 0.09

(0.07)

0.22 10 0.88 (0.63–

1.22)

0.44 10 0.76

(0.52–

1.11)

0.16 10 0.57 (0.23–

1.42)

0.23

(Continued on next page)
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Table 1. Continued

Exposure

Epidemiological

strengtha

Mendelian

randomization

study

Genetic Correlationb MR-IVW results

EC EEC EC EEC NEEC

RG (SE) P RG (SE) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P nsnp

OR

(95% CI) P

Physical activity

(strenuous sports

or other exercises:

2–3 vs. 0 days/week)

Suggestive – �0.13

(0.06)

0.02 0.09

(0.07)

0.18 15 0.70 (0.1–

5.03)

0.72 15 0.58

(0.07–

4.49)

0.60 15 15.65 (0.33–

746.43)

0.16

Physical activity

(vigorous physical

activity: 3 vs. 0

days/week)

Suggestive – �0.05

(0.06)

0.41 0.03

(0.07)

0.69 8 3.46 (0.45–

26.62)

0.23 8 2.41

(0.20–

28.33)

0.48 8 3.59 (0.09–

141.23)

0.50

Smoking status

(ever vs. never

smokers)

Suggestive Larsson et al.29,c 0.05

(0.04)

0.22 0.02

(0.05)

0.60 166 1.17 (0.93–

1.46)

0.17 166 1.19

(0.94–

1.50)

0.15 166 1.15 (0.67–

1.96)

0.61

Caffeine consumptionf Suggestive – – – – – 2 0.62 (0.02–

18.44)

0.78 2 1.62

(0.01–

212.95)

0.85 2 0.01 (0.00–

141.47)

0.35

Coffee consumption

(cups/day)f
Suggestive – �0.06

(0.11)

0.60 �0.06

(0.11)

0.63 16 0.99 (0.75–

1.3)

0.92 16 0.93

(0.71–

1.22)

0.60 16 0.82 (0.52–

1.28)

0.38

Findings with p < 0.05 are bolded. Abbreviations - EC: endometrial cancer (all histologies); EEC: endometrioid endometrial cancer; NEEC: non-endometrioid endometrial cancer; OR: odds ratio; CI: confidence

interval; nsnp: number of SNPs included in Mendelian randomization analysis; P: p value; RG: genetic correlation; SE: standard error. See also Figures S1 and S2, Tables S1 and S2.
aTaken from Raglan et al..9

bGenetic correlation could not be assessed for NEEC because its heritability could not be estimated by LD Score Regression.
cNot associated with endometrial cancer risk by Mendelian randomization in this publication.
dMendelian randomization analysis were conducted using results reported by Prins30; however, the full GWAS summary statistics was not available. Instead, we tried to estimated its genetic correlation with

endometrial cancer using GWAS summary statistics of Ahola-Olli et al.31 but a value could not be assessed because the low heritability for tumor necrosis factor alpha as estimated by LD Score regression.
eGenetic correlation with hypertension were calculated using GWAS summary statistics for high blood pressure from Zhu et al.32; whereas genetic variants reported by Surendran et al.33 were used as instru-

mental variables for hypertension in Mendelian randomization analysis.
fGenetic correlation with coffee consumption (cups/day) was estimated using GWAS summary statistics from Coffee Caffeine Genetics Consortium et al.34; whereas genetic correlation with caffeine consump-

tion could not be assessed because full summary statistics were not available for this trait. Mendelian randomization analyses were performed using trait-associated variants as reported by Li et al.35
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Our primary multi-trait BF GWAS analysis detected four loci associated with endometrial cancer risk

(PBF < 5 3 10�8) (Figure 1A and Table 2), three of which are novel risk loci (7q22.1, 11p14.1 and 16q12.2),

with the remaining locus (15q15.1) having been previously established through GWAS meta-analysis.10

The risk factors used in the multi-trait analysis were associated with specific loci: testosterone levels

were significantly associated with the 7q22.1 and 15q15.1 risk loci; waist circumference and age at

menarche were both associated with the 11p14.1 and 16q12.2 risk loci, while SHBG levels were only asso-

ciated with the 16q12.2 locus (Figure 1B). Similar results were found in multi-trait analyses for endometrioid

endometrial cancer, with two of the same loci (7q22.1 and 16q12.2) significantly associating with endome-

trial cancer risk (Figure S3A and Table 2). No genome-wide significant loci were found in multi-trait analyses

for non-endometrioid endometrial cancer (Figure S3C).

Using direct effects, we detected 13 endometrial cancer risk loci (Pd < 5 3 10�8), all of which have been

reported previously by endometrial cancer GWAS analyses and include the 15q15.1 locus (Figure S4 and

Table S3). From, the primary multi-trait BF analysis, the 15q15.1 locus likely affects endometrial cancer

risk through the effects of testosterone; whilst the other loci either affect endometrial cancer risk directly

or through other risk factors not included in the analysis. An imputed singleton variant at 7p14.3

(rs9639594) associated with endometrioid endometrial cancer risk based on direct effects. This variant

was identified as a potential endometrioid endometrial cancer risk variant in a previous GWAS analysis;

however, as previously described, its association with endometrial cancer needs to be further investigated

due to the sparse linkage disequilibrium (LD) at this region.6 In our secondary posterior effects GWAS anal-

ysis, we identified 20 potential endometrial cancer risk loci (Pp < 5 3 10�8) (Figures S5A and S5C, and

Table S4). These loci had very large prior effects contributed by the risk factors included in the analysis

(Figures S5B and S5D), with all of them significantly associated with at least one risk factor.

Replication of novel endometrial cancer susceptibility loci

We attempted to validate the 23 detected loci (three from the primary analysis and 20 from the secondary

analysis; p < 2.17 3 10�3 for Bonferroni significance) using a replication set consisting of three publicly

available GWAS datasets (UK Biobank, FinnGen, and the Japanese Biobank) and another GWAS dataset

from the UK.36 All three novel loci found in our primary multi-trait BF GWAS analysis displayed a concordant

direction of effect in this independent replication set, and the 7q22.1 locus replicated with a significant

association with endometrial cancer risk (p = 1.33 3 10�3) (Table 3). Meta-analysis of the replication set

with the larger ECAC GWAS dataset identified 7q22.1 as a genome-wide significant endometrial cancer

risk locus (OR 0.80 95% CI 0.74-0.86; P-value = 3.43 3 10�8) (Figure 2A). There was little evidence for het-

erogeneity across studies in the meta-analysis (Table 3 and Figure S6), apart from the 5p12 locus (Phet =

0.04, I2 = 60.5%). To investigate the possibility that the inclusion of the Japanese Biobank could affect repli-

cation, we also performed a meta-analysis removing this stratum with very similar results (Table S5). From

the 20 potential loci identified from the secondary posterior effects analysis, 75% of these (15/20 loci) dis-

played a concordant direction of effect in the independent replication set, three of which were nominally

significant (p < 0.05): 2p25.3, 11q13.1 and 12p12.1.

Figure 1. Multi-trait GWAS results and effects of endometrial cancer risk variants on traits included in the GWAS

(A) Manhattan plot of the -log10 p values of the Bayes Factor (x-axis; PBF) for endometrial cancer risk (all histologies) of GWAS variants (chromosmal location

shown on x-axis). Novel loci are annotated in red text and known risk loci in black. The red line indicates genome-wide significance at p < 5 3 10�8.

(B) Heatmap of prior effects of endometrial cancer risk variants on risk factors included in the bGWAS analysis. Effect alleles of variants are shown. NA: variant

not available for trait assessment, asterisk (*) indicates variant is significantly associated with risk factor (p < 5 3 10�8).
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Functional analyses of novel endometrial cancer susceptibility loci

We assessed quantitative trait loci (QTL) data from the Genotype-Tissue Expression (GTEx v8) project to

determine whether candidate causal risk variants at 7q22.1 (determined by fine-mapping analysis, see

STARMethods; Table S6) also associated with gene expression or splicing. We found two candidate casual

risk variants to be lead expression quantitative trait loci (eQTLs), associated with expression of ZKSCAN5 in

suprapublic skin not sun exposed (rs139380031) and CYP3A7 in the adrenal gland and visceral adipose

(rs44546698) (Figures 2A–2C and Table S7). Analysis of the 7q22.1 locus provided evidence for the coloc-

alization of endometrial cancer risk and the eQTL signals: ZKSCAN5 (suprapubic skin not sun-exposed,

posterior probability for colocalization PPH4 = 0.81) and CYP3A7 (adrenal gland PPH4 = 0.8 and visceral

adipose PPH4 = 0.82) (Table S7). Relevant to the association with testosterone levels at this locus,

CYP3A7 encodes an enzyme (cytochrome P450 family 3, subfamily A, polypeptide 7) that metabolizes

testosterone37 and we observed that the risk alleles associated with lower CYP3A7 expression in the

GTEx tissues. The lead expression QTL for CYP3A7 in adrenal gland and visceral adipose (candidate causal

variant rs45446698), is located only 128 bp from the summit of a CYP3A7 promoter that has activity in ad-

ipocytes38 (promoter p1@CYP3A7; http://slidebase.binf.ku.dk/human_promoters/). In silico analysis pre-

dicted that this variant modifies several transcription factor binding motifs (Table S8). These include motifs

created by the risk allele that are bound by transcriptional repressors (MEIS1, FOXP1, and FOXD3) and

whose expression is positively correlated withCYP3A7 expression, in the adrenal gland or visceral adipose,

providing a potential cis-regulatory mechanism for the QTL (Table S8).

DISCUSSION

Using multivariable Mendelian randomization and multi-trait GWAS approaches we have identified five in-

dependent risk factors and three potentially novel risk loci for endometrial cancer. In an independent data-

set, one of these loci, 7q22.1 replicated its association with endometrial cancer risk and demonstrated

genome-wide significance in a subsequent meta-analysis, establishing it as a new risk locus. Secondary

analysis using multi-trait posterior effects GWAS analysis identified another 20 potential endometrial can-

cer risk loci, three of which had nominally significant associations in the independent dataset, highlighting

the need for further investigation in larger endometrial cancer datasets.

We used IVWMendelian randomization andmultivariableMendelian randomization analyses to screen sug-

gested endometrial cancer risk factors for inclusion in amulti-trait GWASanalysis. For endometrial cancer all

histologies, these analyses ultimately resulted in the selection of five independent risk factors (testosterone

levels, SHBG levels, waist circumference, age at natural menopause, and age at menarche). All these risk

factors, except for age at natural menopause, demonstrated some degree of genetic correlation with endo-

metrial cancer risk. However, it should be noted that the genetic correlation was measured as an average

across the entire genome, whereas the Mendelian randomization analysis assessed a minor component

of genetic variation. Thus, a null finding for genetic correlation between traits does not preclude the pres-

ence of local genetic correlation or a causal effect of one trait on another. Similar risk factors were selected

for multi-trait GWAS analysis of endometrioid endometrial cancer. For non-endometrioid endometrial can-

cer analysis, BMI and LDL-cholesterol were selected. All selected risk factors had previously been reported

as affecting endometrial cancer risk by Mendelian randomization approaches, apart from waist circumfer-

ence, which hadbeen found tobehighly suggestive for endometrial cancer risk by epidemiological studies.9

Table 2. Genome-wide significant variant associations with risk of endometrial cancer based on Bayes Factors by bGWAS

Region rsid

Closest/candidate

genes chr:pos (hg19) EA/OA

All histologies Endometrioid histology

Z score m (SE) PBF Z score m (SE) PBF

Novel endometrial cancer risk loci

7q22.1 rs117978821 ZKSCAN5, CYP3A7 7:99107775 C/T �4.68 �1.83 (0.38) 1.03 3 10�10 �4.08 �1.34 (0.24) 4.20 3 10�9

11p14.1 rs962369 BDNF 11:27734420 C/T 3.94 1.10 (0.22) 4.19 3 10�8 2.94 0.77 (0.13) 2.78 3 10�6

16q12.2 rs1421085 FTO 16:53800954 C/T 3.47 2.79 (0.47) 1.54 3 10�9 3.42 1.80 (0.20) 6.61 3 10�9

Previously known endometrial cancer risk loci

15q15.1 rs998713 EIF2AK4 15:40378467 G/A 5.71 0.99 (0.23) 1.62 3 10�9 4.45 0.63 (0.14) 4.11 3 10�7

Abbreviations – EA: effect allele; OA: other allele; Z-score: association estimate; m: prior effect estimate; SE: standard error of m; PBF: Bayes Factor p value. See also

Figures S3 and S4, and Table S3.

ll
OPEN ACCESS

8 iScience 26, 106590, May 19, 2023

iScience
Article

http://slidebase.binf.ku.dk/human_promoters/


Table 3. Replication of endometrial cancer risk variants identified by multi-trait GWAS analyses

Region Rsid chr:pos (hg19) EA/OA EAF

ECACGWAS (minus UKBB) Replication Set ECAC GWAS + Replication Set

OR (95% CI) P-value OR (95% CI) P-value Phet I2 OR (95% CI) P-value Phet I2

BF analysis

7q22.1 rs117978821 7:99107775 C/T 0.03 0.79 (0.72–0.87) 2.82 3 10�6 0.80 (0.7–0.92) 1.33 3 10�03 0.65 0 0.8 (0.74–0.86) 3.43 3 10�08 0.83 0.00

11p14.1 rs962369 11:27734420 C/T 0.30 1.07 (1.03–1.11) 8.25 3 10�5 1.03 (0.98–1.08) 0.30 0.80 0 1.06 (1.03–1.09) 2.23 3 10�4 0.61 0.00

16q12.2 rs62033406 16:53800954 C/T 0.43 1.06 (1.03–1.09) 3.02 3 10�4 1.01 (0.97–1.06) 0.59 0.36 6.9 1.04 (1.01–1.07) 2.08 3 10�3 0.20 33.70

Posterior analysis

1p34.3 rs61779310 1:39942297 G/C 0.24 1.04 (1.01–1.08) 0.02 1.00 (0.95–1.06) 0.87 0.68 0.00 1.03 (1.00–1.06) 0.06 0.57 0.00

1q32.1 rs2820292 1:201784287 C/A 0.56 1.04 (1.00–1.07) 0.03 1.01 (0.96–1.05) 0.82 0.14 45.90 1.02 (1.00–1.05) 0.07 0.15 40.30

2p25.3 rs2867131 2:610603 C/T 0.83 1.04 (1.00–1.09) 0.05 1.08 (1.01–1.14) 0.02 0.74 0.00 1.05 (1.02–1.09) 3.22 3 10�3 0.74 0.00

2q13 rs6750599 2:111893869 T/A 0.55 1.04 (1.01–1.07) 0.02 1.02 (0.97–1.06) 0.44 0.50 0.00 1.03 (1.00–1.06) 0.03 0.58 0.00

2q22.2 rs6747717 2:144013526 T/A 0.17 1.06 (1.02–1.11) 4.17 3 10�3 1.01 (0.94–1.08) 0.84 0.77 0.00 1.05 (1.01–1.08) 0.02 0.51 0.00

4p12 rs10938397 4:45182527 G/A 0.43 1.03 (1.00–1.06) 0.07 0.98 (0.94–1.02) 0.34 0.74 0.00 1.01 (0.99–1.04) 0.41 0.34 12.30

4p11 rs2768950 4:49064487 G/A 0.73 0.96 (0.93–1.00) 0.04 0.99 (0.95–1.04) 0.80 0.64 0.00 1.02 (0.99–1.05) 0.18 0.45 0.00

4q12 rs6856974 4:52728324 T/G 0.26 1.04 (1.00–1.08) 0.03 0.99 (0.95–1.04) 0.82 0.71 0.00 1.02 (0.99–1.05) 0.15 0.48 0.00

5p12 rs782971 5:43124688 G/A 0.26 1.05 (1.01–1.09) 0.01 0.97 (0.92–1.01) 0.17 0.33 13.00 1.02 (0.99–1.05) 0.31 0.04 60.50

5q21.3 rs40071 5:107496102 C/T 0.18 0.96 (0.92–1.00) 0.05 1.02 (0.97–1.07) 0.51 0.44 0.00 0.98 (0.95–1.02) 0.31 0.22 30.40

6p21.33 rs1265097 6:31106459 A/C 0.09 1.07 (1.01–1.12) 0.01 1.01 (0.94–1.09) 0.70 0.74 0.00 1.05 (1.00–1.09) 0.03 0.64 0.00

11q13.1 rs2276014 11:64081445 A/G 0.15 0.94 (0.90–0.98) 4.66 3 10�3 0.94 (0.88–0.99) 0.03 0.39 0.90 0.94 (0.9–0.97) 4.86 3 10�4 0.55 0.00

12p12.1 rs2900478 12:21368797 A/T 0.17 1.08 (1.04–1.12) 2.56 3 10�4 1.08 (1.02–1.14) 0.01 0.25 27.60 1.08 (1.04–1.11) 1.34 3 10�5 0.39 3.50

14q31.1 rs7141420 14:79899454 T/C 0.53 1.05 (1.02–1.09) 1.55 3 10�3 1.03 (0.98–1.07) 0.21 0.17 40.20 1.04 (1.02–1.07) 1.62 3 10�3 0.21 31.40

15q23 rs4776970 15:68080886 T/A 0.36 0.94 (0.91–0.98) 5.23 3 10�4 0.96 (0.91–1.00) 0.05 0.12 48.60 0.95 (0.92–0.97) 1.33 3 10�4 0.20 33.60

16p12.3 rs4782289 16:19859332 A/G 0.14 0.93 (0.88–0.97) 9.38 3 10�4 1.02 (0.95–1.10) 0.52 0.44 0.00 0.95 (0.92–0.99) 0.02 0.07 56.60

16p11.2 rs12446550 16:28543381 A/G 0.43 1.05 (1.02–1.08) 3.86 3 10�3 1.04 (1.00–1.09) 0.08 0.83 0.00 1.05 (1.02–1.07) 1.03 3 10�3 0.92 0.00

18q22.3 rs17230390 18:71935195 A/G 0.01 1.22 (1.07–1.38) 2.19 3 10�3 1.01 (0.82–1.24) 0.93 0.51 0.00 1.15 (1.03–1.29) 0.01 0.27 23.90

19q12.32 rs429358 19:45411941 C/T 0.14 0.94 (0.89–0.98) 4.86 3 10�3 0.97 (0.91–1.03) 0.26 0.96 0.00 0.95 (0.91–0.98) 5.01 3 10�3 0.92 0.00

22q13.1 rs4820408 22:40604945 G/T 0.60 0.96 (0.93–0.99) 0.01 0.98 (0.94–1.03) 0.55 0.33 11.00 0.97 (0.94–0.99) 0.01 0.38 1.80

Abbreviations – EA: effect allele; OA: other allele; OR: odds ratio; CI: confidence interval; Phet: heterogeneity p value; I2: heterogeneity estimate; BF: Bayes factor; UKBB: UK Biobank. Variants with a nominal

significance (P-value <0.05) in the replication set are noted in italics; genome-wide significant variants (P-value < 5 x 10�8) are in bold. See also Figures S5 and S6, Tables S4 and S5.
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The novel 7q22.1 risk locus harbors a gene (CYP3A7) encoding an enzyme that metabolizes testosterone.

Estrogen, which plays a crucial role in endometrial carcinogenesis,39 is synthesized from testosterone; thus,

the perturbation of testosterone metabolic pathways may affect endometrial cancer risk. In this study, we

show that risk alleles at the 7q22.1 endometrial cancer risk signal are associated with decreased expression

of CYP3A7 in biologically relevant tissues. Furthermore, this same signal has been associated with

increased total and bioavailable testosterone in women14 and increased estradiol levels in men.14 Hence,

we propose that CYP3A7 is the likely causal gene at 7q22.1 and the risk signal mediates its effect by

reducing CYP3A7 expression, resulting in increased sex-hormone levels. Analyses at 7q22.1 highlighted

candidate causal variant rs45446698 as a likely functional variant whose risk allele may reduce CYP3A7

expression by the generation of motifs bound by transcriptional repressors. Consistent with this effect,

two repressors (MEIS1 and FOXP1) also inhibit testosterone signaling through effects on the androgen

receptor.40,41

The findings from theMendelian randomization and GWAS analyses support therapeutic strategies to pre-

vent or treat endometrial cancer (e.g. weight loss or inhibition of testosterone signaling). Weight loss, in

particular that induced by bariatric surgery, has been shown to reduce endometrial cancer risk by up to

80% (reviewed by Njoku et al.42). However, there have been limited studies of the effect of weight loss

on endometrial cancer survival and the few studies to date have been small and inconclusive.43 Although

there are a number of medications available to inhibit testosterone signaling, through a variety of mecha-

nisms (reviewed in Crawford et al.44), there have been very few studies that have intentionally targeted

testosterone in endometrial cancer. However, an androgen receptor inhibitor that blocks testosterone

signaling (enzalutamide) has been reported to slow the proliferation of primary endometrial tumor cells45

and is currently being studied in combination with chemotherapy in a phase II trial of endometrial cancer

(ClinicalTrials.gov Identifier: NCT02684227). Despite testosterone having been identified as a therapeutic

target in endometrial cancer, it is not clear if testosterone exerts its effects simply as a precursor to estrogen

or through other pathways such as androgen receptor signaling (reviewed by Gibson et al.46) Further

studies are needed in this area to determine the effects of testosterone on endometrial cancer develop-

ment and its potential for therapeutic targeting.

In conclusion, we have used genetic approaches to comprehensively assess reported risk factors for endo-

metrial cancer. We were then able to leverage risk factor genetic information in a multi-trait GWAS analysis

Figure 2. Endometrial cancer risk locus at 7q22.1 identified by multi-trait BF GWAS

(A–C) Regional association plot for 7q22.1. Genetic variants at each locus are plotted by their genomic position (hg19; x-axis) and GWAS P-value -log10(P) for

association with endometrial cancer risk frommeta-analysis of all endometrial cancer GWAS datasets on the left y-axis. Recombination rate (cM/Mb) is on the

right y axis and plotted as blue lines. The color of the circles indicates the level of linkage disequilibrium between each variant and the lead variant (purple

diamond) from the 1000 Genomes 2014 EUR reference panel (see legend, inset). Expression quantitative trait loci variants (eQTLs) are labeled with

associated genes highlighted in the same color. Violin plots of expression by genotype for eQTLs are provided for (B) rs45446698 and CYP3A7 (adrenal

gland) and (C) rs1139380031 and ZKSCAN5 (skin not sun exposed – suprapubic). See also Tables S6–S8.
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to identify novel endometrial cancer risk loci. Multivariable Mendelian randomization analysis

highlighted the importance of androgens in endometrial cancer development, with all the identified inde-

pendent risk factors having some relationship with testosterone. Indeed, the novel locus identified by

multi-trait GWAS analysis is strongly associated with testosterone levels in women. The findings of this

study suggest opportunities for androgen suppression therapy to reduce the risk of endometrial cancer

development.

Limitations of the study

This study demonstrates the strength of using the largest endometrial cancer GWAS dataset available and

leveraging genetic information from risk factors to identify new susceptibility loci for endometrial cancer.

To maximize statistical power, where available, we preferentially selected sex-combined GWAS summary

statistics for inclusion, which could mask sex-specific effects. We attempted to overcome this by using fe-

male-specific summary statistics for traits that have been reported to have strong sex heterogeneity in

GWAS effects. However, we acknowledge that results could be confounded by subtle or unreported

sex-specific effects. Only one of the potentially novel loci was statistically validated in an independent

endometrial cancer GWAS dataset, indicating the need for larger replication datasets to verify findings.

All studies included in the discovery ECACGWAS and the datasets included in the multi-trait bGWAS anal-

ysis were of European ancestry. Thus, it is not known if these findings are applicable to other ethnic groups.

Furthermore, as samples from several of the studies in the replication dataset did not include the histology

information on endometrial cancer cases (i.e. UK Biobank, FinnGen, and Japanese Biobank), we were

unable to validate the identified risk loci associated with endometrioid endometrial cancer. We were

also unable to fully assess non-endometrioid endometrial cancer in our study. Due to the small number

of cases in this subset (n = 1,230),6 we could not quantify the heritability of non-endometrioid endometrial

cancer and therefore could not run genetic correlation analyses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

GWAS summary statistics for enodmetrial

cancer and risk factors

GWAS Catlog https://www.ebi.ac.uk/gwas/; accession numbers:

GCST006464 (endometrial cancer), GCST007293

(arm fat ratio), GCST006047 (no. live births),

GCST90012112 (testosterone), GCST90012102

(bioavailable testosterone), GCST90020092

(estradiol), GCST90012107 (SHBG), GCST004426

(TNFa), GCST90010422 (PAI1), GCST90014023

(T1D), GCST007610 (hypertension),

GCST009158 (uterine fibroids), GCST006912,

GCST006913, GCST006914, GCST006100,

GCST006098 (physical activity), GCST007327

(smoking status)

FinnGen endometrial cancer GWAS

summary statistics (C3_CORPUS_UTERI)

FinnGen Data freeze 6 http://r6.finngen.fi

Japanese Biobank endometrial cancer

GWAS summary statistics

Sakaue et al.47 https://pheweb.jp

UK Biobank case and control genotypes;

approved application no: 25331

UK Biobank https://www.ukbiobank.ac.uk/

GWAS summary statistics for endometrial

cancer risk factors: BMI and WHC

Pulit et al.48 https://zenodo.org/record/1251813/

#.Ys4dcnZBw2w

GWAS summary statistics for endometrial

cancer risk factors: height, weight

GIANT consortium https://portals.broadinstitute.org/

collaboration/giant/index.php/

GIANT_consortium_data_files

GWAS summary statistics for endometrial

cancer risk factors: age at menarche,

age at menopause

Reprogen consortium https://www.reprogen.org/

data_download.html

GWAS summary statistics for endometrial

cancer risk factors: fasting insulin,

early insulin secretion

MAGIC consortium https://magicinvestigators.

org/downloads/

GWAS summary statistics for endometrial

cancer risk factors: HDL and LDL cholesterol

GLGC consortium http://csg.sph.umich.edu/willer/

public/glgc-lipids2021/results/

ancestry_specific/

GWAS summary statistics for endometrial

cancer risk factors: T2D

DIAGRAM consortium http://diagram-consortium.

org/downloads.html

Multi-trait GWAS of endometrial cancer

(bGWAS: Bayes Factor, posterior and

direct summary statistics)

This paper Zenodo: https://doi.org/10.5281/zenodo.7545994

eQTL and sQTL data GTEx consortium v849 GTExportal.org

Software and algorithms

LDSC https://github.com/bulik/ldsc

PLINK v1.90 http://pngu.mgh.harvard.edu/purcell/plink/

TwoSampleMR https://mrcieu.github.io/TwoSampleMR/

bGWAS https://github.com/n-mounier/bGWAS

METAL release 2020-05-05 http://csg.sph.umich.edu/abecasis/Metal/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Tracy O’Mara (Tracy.OMara@qimrberghofer.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Summary statistics from the bGWAS multi-trait GWAS analysis have been deposited at Zenodo, to be

made publicly available by publication (https://doi.org/10.5281/zenodo.7545994). This paper analyzes

existing, publicly available data. Accession numbers for the datasets are listed in the key resources table.

d This paper does not report any original code.

d Any additional information required to reanalyse data reported in this paper is available from the lead

author upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

GWAS summary statistics

GWAS summary statistics of endometrial cancer risk were from the latest ECAC GWAS analysis (12,906

cases and 108,979 controls).6 To avoid bias due to overlapping sample sets, UK Biobank samples were

removed from the ECAC summary statistics for Mendelian randomization and bGWAS analyses, resulting

in 12,270 endometrial cancer cases and 46,126 controls. Subtype-specific analyses were also performed us-

ing GWAS summary statistics restricted to endometrioid endometrial cancer histology only (8,758 cases

and 46,126 controls).

Endometrial cancer known and suspected risk factors were identified from an umbrella review of the liter-

ature.9 Endometrial cancer risk factors that were classified as ‘‘strong’’, ‘‘highly suggestive’’ or ‘‘suggestive’’

and had a published GWAS available were included in our analysis. We also included factors which were

previously identified as associated with endometrial cancer risk by Mendelian randomization analysis (until

October 2021; reviewed in Wang et al.10). GWAS summary statistics for these risk factors were sought from

publicly available resources, including the GWAS Catalog (https://www.ebi.ac.uk/gwas/), MAGIC (https://

magicinvestigators.org/), GLGC (http://lipidgenetics.org/), and the ReproGen Consortium (https://www.

reprogen.org). GWAS summary statistics of sex-combined cohorts were preferentially selected for inclu-

sion, unless it was a female-specific trait or strong evidence of sex-heterogeneity in genetic effects re-

ported. Female-specific traits are: age at menarche, age at natural menopause, number of live births

and uterine fibroids. Traits reported to have strong sex-heterogeneity are: waist-hip ratio, arm fat ratio,

and sex-steroid hormones (testosterone, bioavailable testosterone, SHBG and estradiol).14,48,50 Although

weight has not been reported to have significant sex-heterogeneity in genetic effects,51 only sex-specific

GWAS summary statistics were available for this trait. Further information for trait GWAS summary statistics

used in this study is provided in Table S1.

To construct a replication set and validate our findings from the bGWAS analysis, we downloaded publicly

available endometrial cancer GWAS summary statistics which were not included in the ECAC GWAS data.6

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R meta package https://cran.r-project.org/web/packages/

meta/index.html

SuSiE R package https://stephenslab.github.io/susieR/index.html

LocusFocus https://locusfocus.research.sickkids.ca/

TOMTOM https://meme-suite.org/meme/tools/tomtom

GEPIA http://gepia2.cancer-pku.cn/#index

FANTOM5 promoters https://slidebase.binf.ku.dk/human_promoters/
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These were from the Finnish biobank study, FinnGen (data freeze 6, 1,430 cases and 116,981 controls;

http://r6.finngen.fi/), and from the Japanese Biobank study (1,200 cases and 60,614 controls; https://

pheweb.jp/).47 Endometrial cancer GWAS summary statistics from the Manchester cohort (UK) were

provided by collaboration (560 cases and 1,202 controls).36 Since the UK Biobank endometrial cancer

case-control samples were excluded from the bGWAS analysis, we additionally included GWAS summary

statistics from an analysis of UK Biobank samples in our replication set (1,866 cases and 18,660 controls).27

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses using R packages were performed using R 4.2.1, unless otherwise stated. Information

on specific statistical analyses are described below.

Genetic correlation

Genetic correlation between endometrial cancer risk and available traits were estimated using publicly

available GWAS summary statistics and LD score regression (LDSC version 1.0.1).52 Nominally significant

correlations (p < 0.05) were identified (Figure S2).

Mendelian randomization analysis

Traits were assessed for endometrial cancer causality using two-sample Mendelian randomization ana-

lyses. Independent genetic variants robustly associated with individual traits (p < 5 3 10�8) were selected

as instrumental variables using the clumpmethod implemented in PLINK v1.9053 with arguments –clump-r2

0.01 and –clump-kb 500. Instrument variables for early insulin secretion used the same variants as selected

byNead et al.11; briefly, 17 genetic variants associated with insulin levels at 30min during oral glucose toler-

ance test that showed the expected directions of effect were selected from Scott et al.54 whereas variant

effects used that reported by Prokopenko et al.55 For hypertension, as variant effect and the associated

standard error were not provided by Surendran et al.,33 standard error was calculated as 1/sqrt(N * 2 *

maf * (1-maf)), where N is the sample size andmaf is the effect allele frequency; variant effect was calculated

as standard error * z score. A/T or C/G allelic variants with minor allele frequency larger than 0.42 were

excluded from analyses due to the ambiguity into the identity of the effect allele in the exposure and

outcome.56 Mendelian randomization analyses were performed using the ‘‘TwoSampleMR’’ R package

(version 0.5.5).56

Bayesian genome-wide association study (bGWAS)

Multi-trait GWAS analysis of endometrial cancer was conducted using the bGWAS framework imple-

mented in R17. Factors associated with endometrial cancer risk by univariate Mendelian randomization

(p < 0.05) were included in the bGWAS analysis.

The bGWASmethod involves twomain steps: (1) identification of independent risk factors that jointly affect

endometrial cancer risk; and (2) determination of variant-trait associations by multi-trait GWAS using risk

factors identified in step 1. Specifically, in the first step, univariate regression analyses were conducted

to identify endometrial cancer risk factors using instrumental variables associated with traits (Bonferroni-

adjusted p < 0.05). Instrumental variables were considered independent if their physical distances were

over 500 kb. Risk factors identified by univariate regression analyses were subsequently included in a multi-

variableMendelian randomization analysis to determine independent risk factors of endometrial cancer via

a stepwise selection procedure. In the second step, prior effects of individual variants were estimated as

the sum of the products of the variant effects on individual risk factors and the causal effects of individual

risk factors on endometrial cancer risk. Bayes factors (BFs) and the corresponding p value (PBF) were

calculated. Significant associations identified based on BFs represent variants exerting their effects on

endometrial cancer risk through risk factors included in the analysis. Direct and posterior effects and their

corresponding p values were also estimated. Variants showing a significant association by direct effects are

likely to affect endometrial cancer risk directly or through other risk factors not included in the analysis;

whereas variants displaying large prior effects, driven by one or more risk factors, could show significant

posterior effects. A genome-wide significance threshold (p < 5 3 10�8; Figures 1; S3 and S4) was used

to identify significant variant-trait associations. We highlighted potential novel endometrial cancer risk

loci if a genome-wide significant signal was observed more than 500 kb from a known endometrial cancer

risk locus.
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To identify potential subtype-specific loci, we performed an additional bGWAS analysis using the endome-

trioid endometrial cancer or non-endometrioid endometrial cancer risk GWAS summary statistics.

To minimize false positives in the detection of loci based on posterior effects, following bGWAS analysis,

the following criteria were applied to restrict output variants: (1) concordant direction of effect on endome-

trial cancer risk in this study and in themost recent ECACGWAS,6 and (2) a nominally significant association

(p < 0.05) with endometrial cancer risk in the most recent ECAC GWAS.6

Endometrial cancer GWAS replication

Summary statistics for each replication study set (i.e. FinnGen, Japanese Biobank, Manchester and UK Bio-

bank) were harmonized to the same genomic build (hg19) and variants with low minor allele frequency

(<1%) or low imputation quality (R2 < 0.3) were removed. The summary statistics from the four sets were

combined in a fixed-effects, inverse-variance weighted meta-analysis by METAL57 (version release 2020-

05-05), adjusting each set for genomic control. The I2 and Cochran’s Q statistics as output by METAL

were used to assess for heterogeneity in associations across the study sets. We additionally generated for-

est plots using the ‘meta’ package58 in R 3.4.1 to visually assess heterogeneity.

Quantitative trait loci analysis

We further investigated loci which replicated in the independent GWAS dataset. Candidate causal endo-

metrial cancer risk variants were identified from fine-mapping of the 7q22.1 locus using themeta-analysis of

the ECAC and independent GWAS dataset. Fine-mapping was performed using an iterative Bayesian step-

wise procedure using the summary statistics version of the Sum of Single Effects (SuSiE) v0.11.42 R pack-

age59,60 with default settings. Variants located within G1 Mb of the lead variant were used in the analysis

and LD matrices were calculated based on the UKB10K reference panel (a random subset of 10,000 unre-

lated participants from the UK Biobank cohort) from Kho et al.27 To assess candidate causal risk variants for

effects on splicing, the GTEx database (v8)49 was accessed to determine if any variants were lead splicing

quantitative trait loci (sQTLs) in available tissues. For eQTL analysis, candidate causal risk variants were

interrogated with the Qtlizer tool61 by selecting the variants that were lead (i.e. ‘best’ according to Qtlizer)

expression QTLs in GTEx (v8) tissues.49 Signals for identified lead eQTLs were then assessed for colocali-

zation with the endometrial cancer GWAS risk signal using COLOC2 by LocusFocus.62 A H4 posterior

probability (PPH4) > 0.8 was considered evidence that the endometrial cancer GWAS risk and relevant

gene-tissue eQTL signals are explained by the same genetic variant (i.e. colocalized). To identify transcrip-

tion factor binding sites, 10 bases flanking the variants of interest (effect allele or other allele) were taken

to predict allele specific changes to transcription factor binding. Sequence based predictions were

performed by TOMTOM63 (MEMESuitev5.3.3, mapped with the HOCOMOCOv11_full_HUMANdatabase).

Spearman correlations between transcription factor gene expression andCYP3A7were performed in GTEx

tissues using GEPIA2.64
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