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Summary
Background Endometrial cancer is the most common gynaecological cancer in high-income countries. In addition to 
environmental risk factors, genetic predisposition contributes towards endometrial cancer development but is still 
incompletely defined.

Methods Building on genome-wide association studies (GWASs) by the Endometrial Cancer Association 
Consortium, we conducted a GWAS meta-analysis of 17,278 endometrial cancer cases and 289,180 controls, 
incorporating biobank samples from the UK, Finland, Estonia and Japan.

Findings GWAS analysis identified five additional risk loci (3p25.2, 3q25.2, 6q22.31, 12q21.2, and 17q24.2). Corre- 
sponding gene-based analyses supported findings for three of the five loci, at NAV3 (12q21.2), PPARG (3p25.2), and 
BPTF (17q24.2), as well as two additional candidate risk regions at ATF7IP2 (16p13.2-p13.13) and RPP21 (6p22.1). 
Validation genotyping in further independent case-control series replicated the most significant locus at 12q21.2 and 
corroborated risk variants located intronic to NAV3, the gene for Neuron Navigator 3. Downregulation of NAV3 in 
endometrial cell lines accelerated cell division and wound healing capacity whereas NAV3 overexpression reduced 
cell survival and increased cell death, indicating that NAV3 acts as a tumour suppressor in endometrial cells.

Interpretation Our large study extends the number of genome-wide significant risk loci identified for endometrial 
carcinoma by about one-third and proposes a role of NAV3 as a tumour suppressor in this common cancer.
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Introduction
Cancer of the lining of the corpus uteri, also known as 
endometrial cancer, is a common gynaecological ma- 
lignancy with more than 410,000 new cases and 97,000 
deaths reported worldwide in 2020. 1,2 Originating in the 
inner epithelium of the uterus, about 80% of endome- 
trial cancers belong to the oestrogen-dependent endo- 
metrioid histological subtype that generally have good 
prognosis, with more aggressive non-endometrioid 
subtypes making up the remainder of cases. 3–5 Endo- 
metrial cancer is detected mostly in older women, and 
age- and treatment-related comorbidities may result in 
higher fatalities. 6 However, incidence is rising in 
younger women and, unlike most other tumour types, 
mortality is rising in developed countries. 7 Known risk 
factors are nulliparity, obesity, and oestrogen exposure 
unopposed by progesterone. 1,8–10 Germline genetic 
variation also contributes to endometrial cancer risk. 11,12 

While some of the genetic risk can be attributed to 
cancer predisposition syndromes such as Lynch syn- 
drome (hereditary non-polyposis colorectal cancer) and 
Cowden syndrome (part of the PTEN hamartoma 
tumour syndrome), 13–17 a large portion of genetic heri- 
tability remains unexplained. 18,19 Genome-wide associ- 
ation studies of endometrial cancer led by the 
Endometrial Cancer Association Consortium (ECAC) 
have been pivotal in identifying common genetic risk

variants, with 16 risk loci supported by robust 
evidence, 20–23 while multi-trait analyses identified six 
further candidate susceptibility loci for endometrial 
cancer. 24–27 Biobanking initiatives such as those from 
the UK, Finland, Japan and Estonia, although often 
individually underpowered for detecting endometrial 
cancer GWAS risk loci, 28–31 can act as valuable resources 
for acquiring additional samples for GWAS meta- 
analysis. We hypothesised that an endometrial cancer 
GWAS meta-analysis incorporating ECAC and biobank 
samples may reveal additional GWAS risk loci due to 
increased power. Thus, in this study we report on the 
largest endometrial cancer GWAS meta-analysis to 
date, including 17,278 endometrial cancer cases and 
289,180 controls, followed by replication genotyping in 
two further case-control cohorts.

Methods
GWAS meta-analysis
In order to perform a meta-analysis, GWAS summary 
statistics were extracted for Endometrial cancer versus 
controls from ECAC, UK Biobank (UKB), Biobank 
Japan (BBJ), Estonian Biobank (EstBB) and FinnGen 
(Release 6, https://r6.finngen.fi/pheno/C3_CORPUS_ 
UTERI_EXALLC) cohorts as shown in Supplementary 
Table S1. A total of 17,278 endometrial cancer cases 
and 289,180 cancer-free controls were meta-analysed in

Research in context

Evidence before this study
Endometrial carcinoma is a common gynaecological 
malignancy with a hereditary component. Previous work has 
uncovered endometrial cancer susceptibility candidate genes, 
including those responsible for Lynch Syndrome, but also 16 
genomic loci harbouring common low-risk variants. Much of 
this information has been obtained from large case-control 
studies conducted within two international consortia: the 
Endometrial Cancer Association Consortium (ECAC) and the 
Epidemiology of Endometrial Cancer Consortium (E2C2). In 
addition, national biobanks from the UK, Finland, Japan and 
Estonia have recently established genomic databases 
including endometrial cancer cases and controls which had 
not been fully exploited for endometrial cancer research until 
now. The present work bases on a combined analysis of these 
resources to identify novel endometrial cancer risk factors.

Added value of this study
We performed the largest endometrial cancer GWAS meta- 
analysis to date, identifying five previously unreported 
genomic risk loci, accounting for an additional 1.2% of the 
familial relative risk of endometrial cancer. Subsequent 
functional experiments support NAV3, that harbours the 
most strongly associated risk variants, as a tumour 
suppressor gene in endometrial cells.

Implications of all the available evidence
Refining the genetic risk for endometrial cancer helps to 
improve risk prediction via polygenic risk score calculation, 
prevention strategies and early interventions. Identifying the 
underlying molecular mechanisms and cancer drivers may 
additionally lead to druggable targets and therapeutic 
avenues.
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the current study (Fig. 1a). The FinnGen dataset was 
harmonised to the human genome build GRCh37 with 
UCSC LiftOver for compatibility with the other data- 
sets. Variants with imputation quality more than 0.4, 
minor allele frequency (MAF) > 0.01, and ORs < 3 or 
>0.333 were selected.

Participant characteristics for the FinnGen data 
release R6, for this GWAS dataset, are available at 
https://r6.risteys.finngen.fi/phenocode/C3_CORPUS_ 
UTERI with mean age at first event reported to be 64.06 
years for the 1430 cases. For all participants, regardless 
of sex or phenotype, a median age of 63 years was re- 
ported. 30 FinnGen has been noted to be not epidemio- 
logically representative due to its open patient 
recruitment measures, however, this is not expected to 
cause any GWAS biases. 30

For the GWAS dataset arising from the Biobank 
Japan cohort, detailed information has been provided 
previously, 32–34 with mean age of female participants in 
the “uterine corpus cancer” cohort reported to be 58.91 
years, and mean age of all females in the biobank re- 
ported to be 61.5 years. While survival rates have been 
similar to the whole population in the Japanese bio- 
bank, 33 this cohort involves individuals with diseases 
and is not tested against the general population.

For the ECAC GWAS study, QC and GWAS details 
have been reported, 22 with imputation using the 1000

Genomes Project v3 reference panel, association testing 
via logistic regression, with PC adjustment. The average 
age ( ± S.D.) of cases was 53.4 y ± 13.4 y and of controls 
was 63.1 y ± 9.1 y. The samples collected by the ECAC 
are considered to be representative for the respective 
countries as the recruitment was not restricted to fa- 
milial or early-onset cases.

As reported previously, 24 the UK Biobank endome- 
trial cancer GWAS was performed (application number 
25331), with details on genotyping and imputation for 
the dataset provided. 35 Cases were defined by ICD10 
code (C54) from hospital and cancer registry records 
(data codes: 400006, 41270 and 41202) with randomly 
selected female cancer-free controls. Controls were 
excluded if they had previously undergone a hysterec- 
tomy. The GWAS was performed using REGENIE 36 via 
a logistic mixed model, after adjustment for the geno- 
typing array and the top 10 PCs, followed by QC. The 
average age (± S.D.) of cases was 60.8 y ± 6.2 y and of 
controls was 55.9 y ± 8 y.

The Estonian Biobank GWAS data for endometrial 
cancer have not been reported previously and were 
derived from a population-based biobank which can be 
considered representative of the population. 31 Details 
on design and population recruitment have been 
described previously 31 and data from the 200 K data 
freeze were used for the analysis. Information on

Fig. 1: GWAS meta-analysis for endometrial cancer. (a) Workflow showing the different studies that contributed summary statistics and QC 
steps involved, (b) Manhattan plot displaying chromosomes on the x-axis in alternating black and light grey tones, with -log 10 p values after 
meta-analysis on the y-axis, genome-wide significance threshold is set at 5 × 10 −8 in a red line, and variants underlying the five genomic loci 
identified in this study are coloured as red dots, (c) Quantile-quantile plot of expected versus observed p values from the GWAS summary 
statistics, (d) Manhattan plot after genome-wide gene-based MAGMA analysis displays chromosomes on the x-axis in alternating black and 
light grey hues, with -log 10 p values on the y-axis. Genome-wide significance threshold is set to 2.45 × 10 

−6 and all significant genes above 
this threshold are labelled, with the gene names coloured in red and blue. Loci that only come up in the MAGMA analysis are labelled in red 
whereas loci that were identified in both the meta-analysis and MAGMA analysis are in blue.
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ICD10 codes was obtained via regular linking with na- 
tional registries. ICD code C54.1 Malignant neoplasm: 
Endometrium were taken as cases, with cancer-free 
females (no relevant C- or D-codes) used as controls. 
Here, the average age (± S.D.) of cases was 
63.1 y ± 11.6 y and of controls was 41.7 y ± 16.7 y. 
Estonian Biobank samples were genotyped in Core 
Genotyping Lab of the Institute of Genomics, Univer- 
sity of Tartu using Illumina GSAv1.0, GSAv2.0, and 
GSAv2.0_EST arrays. Individuals were excluded from 
the analysis if their call-rate was <95% or sex defined 
based on heterozygosity of X chromosome did not 
match sex in phenotype data. Variants were filtered by 
call-rate <95% and HWE p value < 1 × 10 −4 (autosomal 
variants only). Variant positions were updated to b37 
and all variants were changed to be from TOP strand 
using tools and reference files provided in https://www. 
well.ox.ac.uk/∼wrayner/strand/. Before imputation, 
variants with MAF < 1% and indels were removed. Pre- 
phasing was done using Eagle v2.3 37 software (number 
of conditioning haplotypes Eagle2 uses when phasing 
each sample was set to: –Kpbwt = 20000) and imputa- 
tion was done using Beagle v.28Sep18.793 38 with 
effective population size ne = 20,000. Estonian popu- 
lation specific imputation reference of 2297 WGS 
samples were used. 39 All samples included in the 
GWAS were of European ethnicity. GWAS testing was 
carried out using SAIGE v 0.43.1 without the LOCO 
option, using filter –minMAC = 5 in the association 
testing stage. The following association testing model 
was used: diagnosis ∼ Variant + Age_at_recruitment 
together with 10 principal component (PCs). The 
genomic inflation factor (λ) was 0.89 with lower fre- 
quency variants and rare variants accounting for the 
deflation, together with smaller case count.

Given known estimates, the majority of the samples 
(∼80%) are likely of endometrioid origin. 40 While this 
information is not available for the Biobank data, the 
ECAC study includes around 67% cases of the endo- 
metrioid type. 22

Meta-analysis was performed using the fixed effects 
inverse-variance weighted method implemented in 
METAL 41 (version released on 2011-03-25). Variants 
assessed in at least two studies and with between strata 
heterogeneity p > 5 × 10 −8 were retained for further 
analysis, leading to a total of 9,664,314 SNPs. To iden- 
tify independent risk loci, we performed approximate 
conditional analyses (COJO) implemented in GCTA. 42,43 

Using the conventional genome-wide significance 
threshold, 5 × 10 −8 , all variants located within ± 500 kb 
of a significant SNP were initially considered as part of 
that locus. A panel of 10,000 unrelated individuals 
randomly selected from UKBB 44 were used as the LD 
reference in GCTA-COJO. We used a BFDP test 45 to 
assess the probability of a variant being a false positive, 
based on the p value and an upper likely OR of 1.2 
using the genetic analysis package GAP 46 in R v4.2.0.

BFDP tests were performed using two priors: 1:10,000 
and 1:1000. GWAS variants were visualised and 95% 
credible risk variant sets identified by Bayesian refine- 
ment methods within the LocusZoom platform 47,48 

(Supplementary Table S2). Briefly, the posterior prob- 
ability of being casual (PPi) was calculated for each 
variant in the region. Variants were sorted by PPi in 
descending order and added to the credible set until the 
sum of PPi reached ≥ 95%. The contribution of risk 
variants to familial relative risk of endometrial cancer 
was calculated using the formula detailed in Eeles 
et al. 49 The familial relative risk was assumed to be 2- 
fold, as per that reported by observational studies. 12,19 

We also assumed that the loci had log–additive associ- 
ation with risk and were not in LD.

FUMA webtool: MAGMA gene-based analysis
The GWAS meta-analysis summary statistics was sub- 
mitted to FUMA v1.3.7 (Job ID: 175147). The genes 
mapped to SNPs were taken for MAGMA gene-based 
analyses. Whole genome gene-based analyses were 
performed via MAGMA v1.08, with SNPs within a 25 
kbp window mapped to genes. In total, 20,174 protein 
coding genes were used to identify genome-wide sig- 
nificant genes, setting the GWS threshold for this
analysis at p = 0.05/20174 = 2.45 × 10 −6 .

Patients
In order to perform replication genotyping, EDTA 
whole blood was available from 411 patients with 
endometrial cancer from Germany (241 from Hann- 
over Medical School and 170 from the Friedrich Schiller 
University of Jena), and from 1122 cancer-free controls 
(Hannover Medical School). For the German endome- 
trial cancer case-control cohort, the mean age (range) of 
cases and controls was 64.4 (29–89) and 33.4 (18–68) 
years, respectively. The German case cohort consisted 
of 241 patients from Lower Saxony and 170 patients 
from Thuringia. Controls were healthy female blood 
donors from the Transfusion Department at Hannover 
Medical School (Lower Saxony). All patients and con- 
trols were of German descent (Supplementary 
Table S3).

A second cohort of 479 patients with endometrial 
cancer was available from Almaty University in 
Kazakhstan. 50 For this second cohort, patient enrolment 
occurred between the years of 2001–2010, with 122 
patients of Asian (mainly Altaic) and 307 patients with 
European (mainly Russian) ancestry with median age at 
diagnosis of 60 years (range 32–84 years) for endome- 
trial cancer. A set of 660 cancer-free controls from 
Kazakhstan were also at hand (498 with Asian and 84 
with European ancestry), with age being 38.8 years 
(range 18–71 years) for controls. The cases and controls 
in the European Kazakh Meta Population were mostly 
Russians, and the Asian Kazakh Meta Population con- 
sisted largely of Kazakhs (Supplementary Table S3).
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Written, informed consent was taken from all patients 
and DNA was extracted at Hannover Medical School 
using standard phenol chloroform extraction, with 
concentration checked using a Nanodrop8000 
spectrophotometer.

We only included cases with a histologically 
confirmed endometrial carcinoma and had few docu- 
mentation gaps for the age at first diagnosis: in the 
German series, this variable remained incompletely 
defined for 6/411 cases (1.4%), and in the Kazakh series 
for 9/429 cases (2.1%).

These samples were collected in a hospital-based 
approach at the respective oncology centres in Hann- 
over, Jena, and Almaty, not through specialised family 
counselling centres. There were no preferences or re- 
strictions regarding family history of cancer or early age 
at diagnosis, and most of the patients were incident 
cases at the time of recruitment, so we consider them 
representative of the population. The median age at 
diagnosis of 65 years for our German endometrial 
cancer series was only slightly lower when compared to 
the nation-wide median age at diagnosis of endometrial 
cancer of 67 years documented by the German Cancer 
Registry at the Robert Koch Institute (https://doi.org/ 
10.18444/5.03.01.0005.0018.0002). The median and 
mean age at diagnosis of 60 years for our Kazakh 
endometrial cancer series matches the average age of 
60.4 years reported for uterine cancer in Kazakhstan. 51

Ethics approval and consent to participate
Informed consent was obtained from all participants 
according to the Helsinki declaration. This study was 
approved by the Ethics committee at Hannover Medical 
School (Vote no. 5833). All Estonian Biobank partici- 
pants have signed a broad informed consent for using 
their data in research and the study was carried out 
under ethical approval 1.1–12/624 from the Estonian 
Committee on Bioethics and Human Research (Esto- 
nian Ministry of Social Affairs) and data release 6–7/ 
GI/18891 from the EstBB.

Wet-lab genotyping
We selected variants for replication genotyping based 
on LDlink 1000G EUR threshold R2 0.3 at each of the 
five previously unreported loci. Fluidigm SNPtype 
genotyping was performed in the German and Kazakh 
cohorts for variants listed under Supplementary 
Table S4 as per manufacturer’s instructions on a Bio- 
mark HD system, taking along two non-template con- 
trols as negative controls per run. Fluidigm assay IDs 
per variant with the alleles tested and number of sam- 
ples genotyped per SNP are listed in Supplementary 
Table S2. One SNP on chromosome 12, rs1382638, 
was genotyped using a TaqMan assay, as per manu- 
facturer’s instructions (Supplementary Table S5). At 
least 10 percent of the samples were checked for

concordance with repeated genotyping. The variants 
were checked for clustering after genotyping 
(Supplementary Fig. S1) and tested for fitting Hardy 
Weinberg equilibrium (https://wpcalc.com/en/ 
equilibrium-hardy-weinberg/). Variants were tested for 
association with case-control status in logistic regres- 
sion analysis using STATA v17, for each of the indi- 
vidual cohorts. To avoid confounding due to population 
stratification in the Kazakh case-control series, Euro- 
pean and Altaic subpopulations were grouped based on 
the clinically documented ethnicity of the participants 
and were separately analysed. A meta-analysis was 
performed using STATA v17 and forest plots were 
made for visualization.

Integration of GWAS and functional genomic data
Previously identified H3K27Ac HiChIP chromatin 
loops in normal immortalised and tumoural 
(E6E7hTERT, ARK-1, Ishikawa, and JHUEM-14) cell 
lines, intersecting with gene promoters, were taken for 
the integration of GWAS and functional genomic data. 52 

These loops were intersected with credible risk variants 
to identify candidate target genes. The assessment of 
gene expression associations with credible risk variants 
in tissues relevant to endometrial cancer development, 
including subcutaneous adipose, visceral adipose, 
whole blood, fibroblasts, EBV-transformed lympho- 
cytes, ovary, and uterus was assessed using the 
QTLbase2 53 database (http://mulinlab.org/qtlbase), 
which also included data for endometrium-specific 
eQTLs. 54 Variants were also looked up to be cis-eQTLs 
in the FIVEx eQTL browser. 55

Cell culture and transfection
Ishikawa cells (RRID:CVCL_2529) were cultured in 
Eagle’s MEM medium supplemented with 5% foetal 
calf serum and 1% Penicillin-Streptomycin solution 
and 1% L-Glutamine (Biowest) whereas E6E7hTERT 
endometrial cells 52,56 were cultured using DMEM 
(Gibco) supplemented with 10% foetal calf serum and 
1% Penicillin-Streptomycin solution and 1% L-Gluta- 
mine at 5% CO 2 and trypsinised using 1 × Trypsin- 
EDTA (Biowest). For seeding, cells were counted using 
Trypan blue dye on a Neubauer chamber. Cell line 
authentication was performed by STR profiling. Both 
cell lines were negative for Mycoplasma contamination 
in a PCR based test.

Reporter gene analysis
A NAV3 promoter luciferase reporter construct was 
generated by inserting 2215 bp of synthesised DNA 
(Integrated DNA Technologies, Singapore), containing 
a NAV3 transcription start site (chr12:78511404- 
78513618; GRCh37), into the KpnI and HindIII sites of 
pGL3-Basic (Promega Australia). A region encompass- 
ing rs1842126 (chr12:78333615-78334114) was
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synthesised, including both allelic variants, and inser- 
ted into BamHI and SalI sites downstream of the 
Firefly luciferase gene in the NAV3 promoter construct. 
E6E7hTERT and Ishikawa were transfected with equi- 
molar amounts of luciferase reporter constructs and 
50 ng of the Renilla luciferase pRL-SV40 construct with 
Lipofectamine 2000. The total amount of transfected 
DNA was maintained at 600 ng for each construct by 
adding pUC19 (RRID: Addgene_50005) as a carrier 
plasmid. Luciferase activity was measured 24 h post- 
transfection using the Dual-Glo Luciferase Assay Sys- 
tem (Promega Australia). To correct for variation in 
transfection efficiency or cell lysate preparation, Firefly 
luciferase activity was normalised to that of the Renilla 
luciferase. Data were log-transformed and statistical 
significance was assessed by two-way ANOVA, followed 
by Dunnett’s multiple comparisons test in GraphPad 
Prism (version 7.02, GraphPad Software, San Diego, 
CA, USA).

NAV3 silencing and overexpression
Lipofectamine 2000 was used to transfect E6E7hTERT 
cells whereas Lipofectamine 3000 was used for Ishi- 
kawa cells as per manufacturer’s instructions (Thermo 
Fisher Scientific). An ON-TARGETplus™ siRNA 
smartpool from Dharmacon was used for silencing 
NAV3 in both cell lines (final concentration of 100 pmol 
in Ishikawa and 200 pmol in E6E7hTERT cells), along 
with siGENOME non-targeting siRNA pool #2 as 
negative control. This was followed by Trizol based 
RNA isolation, cDNA synthesis, and qRT-PCR in tech- 
nical triplicates to confirm gene silencing using Pri- 
meTime™ qPCR Probe assays and gene expression 
master mix (IDT), taking RPL13A as housekeeper (all 
sequences provided in Supplementary Table S6).

We obtained pEGFPN1, pEGFPN1-NAV3 (wildtype) 
and pEGFPN1-NAV3D1047N (mutant) plasmids 57 for 
overexpression studies of NAV3 in Ishikawa cells. 
Endotoxin-free plasmids were grown in 10-beta 
competent E. coli cells (NEB) and the isolated plasmid 
DNA (Macherey–Nagel midi isolation kit) was quality 
checked on a Nanodrop8000 instrument. Plasmid se- 
quences were confirmed by next generation 
sequencing (Azenta Biosciences) (Supplementary 
Fig. S2).

The pEGFPN1-NAV3D1047N construct acted as a 
negative control for the wildtype expressing pEGFPN1- 
NAV3WT vector. All plasmids were transfected into 
Ishikawa cells using Fugene4K (Promega) by mixing 
6:1 with 1 μg of plasmid DNA as per manufacturer’s 
instructions. Successfully transfected green-fluorescing 
cells were visualised after 24 h on a Leica DMI6000B 
microscope or on a Keyence BZ-X800 system. Over- 
expression was also confirmed by Trizol based RNA 
isolation, cDNA synthesis, and qRT-PCR in technical 
triplicates and by immunoblotting.

Immunoblotting and immunocytochemistry
Cells after silencing or overexpression were lysed using 
an extraction buffer (50 mM Tris pH 7.4, 150 mM NaCl,
2 mM EGTA, 2 mM EDTA, 25 mM NaF, 0.1 mM 
Na 3 VO 4 , 0.1 μM PMSF, 25 mM β-glycerophosphate,
5 μg/ml Leupeptin, 1 μg/ml Aprotinin, 0.2% Triton X- 
100, and 0.3% NonidetP-40) for 30 min on ice to obtain 
protein lysates. The lysates were quantified on a UV 
Photometer (Eppendorf) using Protein Assay Dye Re- 
agent Concentrate (Bio-Rad), prepared for loading us- 
ing a buffer (0.5 M Tris HCl pH 6.8, 10% SDS, 
Glycerol, β-Mercaptoethanol, 1 mg/ml Bromophenol 
blue), and heated at 95 ◦ C for 5 min. 20–50 μg lysate 
was loaded onto a 5.1% stacking gel at 0.5 M Tris HCl 
pH 6.8 and then separated through 4.5% SDS-PAGE at
1 M Tris HCl pH 8.7, using the Precision plus protein 
all blue protein standard marker (BioRad) along with 
lysates from HCT116 p53 WT or HCT116 p53 −/− cells 
as positive controls for NAV3 expression. Proteins were 
transferred to a nitrocellulose membrane and incubated 
with 1:250 Rabbit anti-NAV3 (Sigma–Aldrich 
HPA032111/HPA032112, RRID:AB_10603881), fol- 
lowed by incubation with 1:3000 ECL linked F(ab ′ )2 
fragments from donkey anti-Rabbit IgG HRP (GE 
Healthcare NA9310, RRID:AB_772193). For loading 
control, the membranes were incubated with 1:600 
mouse anti-PRKDC (catalytic subunit of DNA-PK, Cal- 
biochem NA57), followed by incubation with 1:3000 
ECL linked F(ab ′ )2 fragments from donkey anti-mouse 
IgG HRP (GE Healthcare NA9340). For detection, a 
horseradish peroxidase (HRP) based enhanced chem- 
iluminescence detecting enzyme was used (Western 
Bright systems).

For immunocytochemistry, 20,000 Ishikawa cells or 
15,000 E6E7hTERT cells were seeded on sterile cover- 
slips (Menzel) in 24 well plates and treated with siRNA 
after 24 h. After 72 or 48 h, respectively, the coverslips 
were washed with 1 × PBS, fixed with cold Methanol, 
and lysed with 0.2% Tween-20 in 1 × PBS. After 
washing, the coverslips were incubated in primary 
antibody (Rabbit anti-NAV3 Sigma–Aldrich 
HPA032111, RRID:AB_10603881) diluted 1:350 in 2% 
normal goat serum (NGS) in 1 × PBS for 1 h 30 min at 
room temperature. After washing, the prepared sec- 
ondary antibody, Alexa-Fluor 546 goat anti-rabbit 
(Invitrogen, RRID:AB_143051) 1:250 in 2% NGS in
1 × PBS, was added onto the coverslip for 45 min at 
room temperature. After washing, 0.3 uM DAPI (Invi- 
trogen) in 1 × PBS was added onto the coverslips for 
10 min. The coverslips were then mounted immediately 
onto 10 μl of pro Long Gold Antifade (Invitrogen) on 
glass slides (Menzel). The slides were imaged the next 
day on a Keyence BZ-X800 microscope at 40× magni- 
fication (blue channel—DAPI, red channel—anti- 
NAV3, green channel—GFP fluorescence). Antibody 
HPA032111 has been validated by the Human Protein
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Atlas (HPA) project, and NA57 was validated for use as 
noted on the manufacturer’s website.

Mitotic timing and survival assay
After gene silencing, cells were visualised for up to 72 h 
on a Leica DMI6000B microscope with incubator BL 
(Leica) at 37 ◦ C, with 5% CO 2 supply, with phase 
contrast images taken in at least 6 technical replicates 
per well, at 15-min intervals. Cells undergoing mitosis 
were identified through visual inspection of the movies, 
and mitotic start and end times were noted down to 
calculate the time spent in mitosis. 58 The duration of 
mitosis was plotted in a Kaplan–Meier (KM) plot using 
GraphPad Prism v10.

After overexpressing the EGFPN1, EGFPN1- 
NAV3WT or EGFPN1-NAV3D1047N plasmids, only 
cells with green fluorescence were visualised for up to 
96 h on the Leica DMI6000B system (bright field—for 
visualizing cells, and green channel—for GFP fluores- 
cence), noting the time from their first detection until 
their end point (two categories: cell death (1), and 
mitosis or continuing to be green without any 
morphological change (0)). The proportion of dying 
cells over time was plotted in a survival plot using 
GraphPad Prism v10.

Scratch assay
Cells were treated with siRNA and after 48 h were 
transferred onto a 12-well plate coated with 0.2% 
Gelatin (Sigma). After 24 h, a scratch was drawn in two 
technical replicates and images were taken using an 
Olympus SC50 CKX53 microscope at 0, 24, 48 and 72 h. 
The area of the scratch was analysed using ImageJ and 
normalised to the value at 0 h. The percentage reduc- 
tion in scratch area over time was plotted on GraphPad 
Prism v10 to compare treatment versus control.

Flow cytometry based live dead analysis
Cell supernatant and trypsinised cells were collected 
after 72 h after silencing for Ishikawa cells and 48 h for 
E6E7hTERT cells, and stained with 5 μg/ml Propidium 
Iodide. The cells were immediately analysed on 
MACSQuant VYB flow cytometer (Miltenyi) and 20,000 
events per treatment were recorded. Cells positive for 
PI (dead cells) were gated using FlowJo v10 software to 
calculate percentage of death, these numbers were 
visualised on GraphPad Prism v10, followed by statis- 
tical analysis.

For overexpression experiments in Ishikawa cells 
after 24 h, cell supernatant and live cells were harvested 
and stained with 5 μg/ml DAPI and analysed on the 
MACSQuant VYB flow cytometer (Miltenyi) (we used 
DAPI here because Propidium Iodide and the GFP 
from the fusion proteins had similar excitation wave- 
lengths). Cells positive for DAPI (dead cells) were 
visualised on FlowJo v10 software and numbers were 
taken to calculate percentage of death.

xCELLigence impedance measurement
Impedance was measured in 96-well E-View plates on 
an RTCA system (Roche) in Ishikawa and E6E7hTERT 
cells in technical quintuplicates after silencing treat- 
ment. Cell index values were normalised to 2 h after 
treatment and plotted as 24, 48, 72, and 84 h values in 
GraphPad Prism v10. Negative siRNA versus NAV3 
silenced cells were compared across timepoints in 
ANOVA.

Flow cytometry-based cell cycle analysis
After treatment, cells were harvested using trypsin- 
EDTA as usual and fixed using cold 70% ethanol at 
4 ◦ C, followed by RNase treatment and staining with 
Propidium Iodide. Flow cytometry was performed on a 
MACSQuant system (Miltenyi) and cell cycle analysis 
was performed using FlowJo v10.

ATP assay
After treatment in 96 well plates, CellTiter-Glo® 2.0 
Cell Viability Assay (Promega) was used to determine 
amount of ATP in the cells in technical triplicates as per 
manufacturer’s instructions. A standard curve was 
determined using serial dilutions of 100 mM rATP 
(Promega) in each experiment. The luminescence for 
all samples was recorded using the Fluoroskan Ascent 
microplate reader (Thermoscientific).

Statistical analysis
For GWAS meta-analysis, the standard genome-wide 
significance threshold of 5 × 10 −8 was taken. For the 
replication phase, a p value < 0.05 with an effect di- 
rection matching the GWAS meta-analysis was taken as 
supportive evidence after logistic regression analysis in 
STATA 17. For functional experimental data, two 
groups were tested using Student’s t-test (paired or 
unpaired, as specified in the figure legends), and more 
than two groups were tested using ANOVA in Graph- 
Pad Prism v10. Where applicable, two-way or three-way 
ANOVA was performed to include experiment as 
covariable. Biological replicates were used for statistical 
tests as indicated.

Role of funders
The funders had no role on experimental design, data 
acquisition, analysis or interpretation.

Results
We performed fixed-effects GWAS meta-analyses for 
17,278 females with endometrial cancer and 289,180 
cancer-free females by combining summary data from 
the Endometrial Cancer Association Consortium, UK 
Biobank, FinnGen Biobank, Estonian Biobank and 
Biobank Japan 28–31 (Fig. 1a, with study specifics provided 
in Supplementary Table S1). We detected five loci 
(3p25.2, 3q26.2, 6q22.31, 12q21.2, and 17q24.2) and
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confirmed 14 known loci at genome-wide significance 
(GWS, p < 5 × 10 −8 ) (Fig. 1b, Table 1, forest plots in 
Supplementary Fig. S3). We also performed random 
effects meta-analysis for the five top genetic loci, 
finding little to no difference to the estimates generated 
through the fixed-effects analysis. The Bayesian false- 
discovery probability (BFDP) for all loci was <5% 
assuming a maximum likely odds ratio (OR) of 1.2 and 
a prior of 1:10,000 (Table 1). An additional known locus 
at 17q11.2 had a BFDP of 3.6% using a 1:1000 prior. We 
additionally identified independent signals at two 
known loci, 8q24.21 and 2p16 (Table 1). Twenty 
candidate loci with p < 10 −6 were identified, of which 10 
had a BFDP <15% using a 1:10,000 prior 
(Supplementary Table S7). The corresponding quantile- 
quantile plot of p values is shown in Fig. 1c and the 
genomic inflation factor (λ 1000 ) was calculated to be 
1.003. Independent risk loci from COJO analysis are

noted in Supplementary Table S8. We further per- 
formed gene-based analyses in MAGMA, 59 providing 
evidence of association for genes at three of the five 
previously unreported GWAS loci (PPARG at 3p25.2, 
NAV3 at 12q21.2 and BPTF at 17q24.2) and 10 previ- 
ously identified GWAS risk loci. We identified two 
additional candidate risk regions at ATF7IP2 (16p13.2- 
p13.13) and RPP21 (6p22.1) through gene-based anal- 
ysis that were not found by the single variant GWAS 
(Fig. 1d, Supplementary Table S9).

Variants at the five previously unreported loci were 
visualised using LocusZoom (Fig. 2a–e) and forest 
plots for each of the lead variants (Supplementary 
Fig. S3) indicated low heterogeneity between studies 
for the lead variants (I 2 = 0) at these loci in all 
cohorts. Stratified analyses for endometrioid and non- 
endometrioid cancers within the ECAC dataset for 
the five loci confirmed that overall effect estimates

Locus MarkerName chr:pos (b37) EA OA EAF a FreqSE a MinFreq a MaxFreq a OR (95% CI) p-value I 2 P het BFDP (%) b

1:10000 1:1000

Novel loci
3p25.2 rs11716748 3:12336399 A G 0.71 0.07 0.53 0.76 1.09 (1.06–1.12) 4.38E-09 0 0.92 <1 <1
3q26.2 rs4459939 3:168643983 T C 0.26 0.05 0.19 0.40 1.10 (1.07–1.13) 2.80E-11 0 0.46 <1 <1
6q22.31 rs34283499 6:122402574 T C 0.34 0.02 0.28 0.35 0.92 (0.90–0.95) 1.17E-09 0 0.90 <1 <1
12q21.2 rs1677893 12:78338386 A T 0.46 0.04 0.35 0.53 1.09 (1.06–1.12) 2.91E-11 0 0.49 <1 <1
17q24.2 rs5024718 17:65892587 T C 0.69 0.15 0.17 0.75 0.91 (0.88–0.94) 1.59E-08 0 0.89 1.1 <1

Known loci
2p16.1c rs7579014 2:60707894 A G 0.63 0.06 0.02 0.65 1.09 (1.12–1.06) 6.85E-10 0 0.42 <1 <1
2p16.1c rs148261157 2:60897579 A G 0.04 0.00 0.03 0.04 1.27 (1.18–1.36) 3.21E-11 0 0.91 <1 <1
6p22.3 rs1740828 6:21649085 A G 0.47 0.07 0.22 0.53 0.86 (0.84–0.88) 9.49E-28 47.8 0.11 <1 <1
6q22.31 rs2747716 6:126008372 A G 0.60 0.06 0.57 0.84 1.11 (1.08–1.14) 3.97E-16 0 0.74 <1 <1
8q24.21 d rs10505508 8:129215924 T C 0.32 0.02 0.30 0.41 0.92 (0.89–0.94) 4.78E-09 0 0.98 <1 <1
8q24.21 d rs4733613 8:129599278 C G 0.14 0.01 0.12 0.15 1.15 (1.11–1.19) 5.27E-13 46 0.14 <1 <1
8q24.21 d rs139584729 8:129623902 C G 0.98 0.00 0.98 0.99 1.39 (1.25–1.55) 2.59E-09 0 0.94 3.8 <1
9p21.3 rs1590625 9:22259421 A G 0.06 0.00 0.05 0.06 1.17 (1.23–1.11) 2.56E-09 15.1 0.32 <1 <1
11p13 rs3858458 11:32484594 T C 0.37 0.00 0.36 0.38 1.09 (1.12–1.05) 3.88E-08 27.7 0.24 <1 <1
12p12.1 rs7959150 12:26428063 A G 0.25 0.01 0.23 0.26 0.91 (0.93–0.88) 1.22E-11 11.8 0.34 <1 <1
12q24.12 rs7310615 12:111865049 C G 0.47 0.02 0.42 0.48 0.91 (0.94–0.89) 2.98E-12 0 0.90 <1 <1
12q24.21 rs10850382 12:115214548 T C 0.30 0.05 0.09 0.32 1.09 (1.06–1.12) 2.55E-09 0 0.76 <1 <1
13q22.1 rs9600103 13:73811879 A T 0.74 0.03 0.72 0.82 1.15 (1.12–1.19) 1.45E-19 0 0.44 <1 <1
15q15.1 rs998713 15:40378467 A G 0.61 0.04 0.59 0.74 0.91 (0.94–0.89) 4.18E-12 0 0.96 <1 <1
15q21.2 rs17601876 15:51553909 A G 0.50 0.05 0.34 0.52 0.89 (0.87–0.92) 2.06E-18 0 0.98 <1 <1
17q12 rs11263763 17:36103565 A G 0.57 0.05 0.53 0.68 1.14 (1.17–1.11) 1.65E-23 0 0.80 <1 <1
17q21.32 rs1860862 17:46204836 A C 0.39 0.00 0.39 0.41 0.91 (0.94–0.89) 4.81E-11 0 0.95 <1 <1

Known loci not observed at GWS in this meta-analysis
1p34.3 rs113998067 1:38073356 T C 0.95 0.01 0.95 0.98 0.86 (0.81–0.92) 1.01E-05 79.8 0.00 84 35
8q24.21 rs35286446 8:129445863 G GAT 0.41 0.02 0.34 0.42 0.94 (0.92–0.97) 6.79E-06 40.6 0.17 77 25
14q32.33 rs2498796 14:105243220 A G 0.33 0.07 0.30 0.55 1.05 (1.02–1.08) 8.22E-04 57.8 0.05 100 96
17q11.2 rs1129506 17:29646032 A G 0.61 0.01 0.59 0.62 0.93 (0.91–0.96) 6.67E-07 41.4 0.16 27 3.6

EA: effect allele; OA: other allele; EAF: effect allele frequency; OR: odds ratio; CI: confidence interval; I 2 : measurement of heterogeneity (0–100%); P het : p value for heterogeneity; BFDP: Bayes false 
discovery probability. a Weighted frequency of effect allele across all studies, associated standard error (FreqSE) and minimum/maximum effect allele frequency observed across all studies (MinFreq/ 
MaxFreq). b BFDP was calculated using an odds ratio of 1.2 and a prior probability of either 1:10000 or 1:1000. c Results from 2p16.1 represent two independent signals. The r2 between rs7579014 and 
rs148261157 is 0.0027. d Results from 8q24.21 represent three independent signals. The r2 between rs10505508 and rs4733613 is 0.003; r2 = 0.0016 between rs10505508 and rs139584729;
r2 = 0.0024 between rs4733613 and rs139584729.

Table 1: Endometrial cancer GWAS meta-analysis results for novel genome-wide significant loci and known loci.
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were similar to those from endometrioid endometrial 
cancer only analysis. We also ran analyses to compare 
effect estimate differences between the endometrioid 
and non-endometrioid stratified results, with no 
significant findings observed (Pdiff >0.05) (Supplementary 
Fig. S4).

We attempted to replicate associations for variants at 
the five loci by meta-analysis of three independent case- 
control studies (German cohort: 411 cases and 1122 
controls, European Kazakh Meta Population (EMP): 307 
cases and 84 controls, and Asian Kazakh Meta Popu- 
lation (AMP): 122 cases and 498 controls). The lead 
variant at the most significant locus, 12q21.2 
(rs1677893), replicated in this independent German- 
Kazakh meta-analysis (OR = 1.21, 95%CI = 1.05–1.38, 
p = 0.006, Supplementary Table S5, visualised in forest 
plots in Supplementary Fig. S5). This was also sup- 
ported by a Bayesian analysis of replication, 60 with a 
calculated Generalised replication Bayes factor value of 
0.71 (Supplementary Table S5). A significant associa- 
tion was also found for rs1382638 that is in strong 
linkage disequilibrium (LD) with rs1677893 (r 2 = 0.99). 
Lead variants at two other loci (6q22.31 and 17q24.2) 
were not amenable to assay design (see Methods and 
Supplementary Table S5), but we tested closely linked 
variants for the two remaining loci (3p25.2 and 3q26.2).

However, none of these were significantly associated 
with endometrial cancer risk in the independent 
German-Kazakh meta-analysis (Supplementary 
Table S5).

We used available functional genomic data to iden- 
tify gene targets of the risk variation at the new loci 
identified by the GWAS analysis. Firstly, we intersected 
credible risk variants (hereafter termed ‘risk variants’; 
Supplementary Table S2) with HiChIP promoter/ 
enhancer chromatin looping data from normal and 
tumoural endometrial cell lines. 52 Across the five loci, 
we identified 21 genes as candidate regulatory targets 
(Supplementary Table S10; exemplified by NAV3 at the 
12q21.2 locus in Fig. 3a). We next integrated expression 
quantitative trait locus (eQTL) data with risk variants to 
provide further evidence for candidate target genes. 
Using data from Genotype Expression Project (GTEx) 
tissues, we observed no robust associations (i.e., 
p < 1 × 10 −5 ) in tissues considered relevant to endo- 
metrial cancer development (GTEx v8: subcutaneous 
adipose (n = 581), visceral omentum adipose (n = 469), 
ovary (n = 167), uterus (n = 129), and vagina (n = 141)). 
However, there was weak evidence of an association 
between expression of the candidate target gene NAV3 
in endometrial tissue and risk variants at 12q21.2 from 
an endometrium eQTL dataset 54 (p = 2.2 × 10 −3 for

Fig. 2: Five genomic loci for endometrial cancer. LocusZoom plots at (a) 3p25.2, (b) 3q26.2, (c) 6q22.31, (d) 12q21.2, and (e) 17q24.2 show 
chromosomal position on the x-axis, genes located within 1 Mbp of the lead SNP, −log 10 p values on the left y-axis, recombination rate on the 
right y-axis, and linkage with the lead SNP is colour coded according to the legend (r 2 ≥ 0.8 in red, 0.6–08 in yellow, 0.4–0.6 in green, 0.2–0.4 
in light blue and 0–0.2 in dark blue).
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rs1842126; Supplementary Table S11). The credible risk 
variants at 12q21.2 were also found to be eQTLs for 
NAV3 in adipose tissues in the TWINS UK cohort 61 in 
the FIVEx eQTL browser 55 (Supplementary Table S12). 

To clarify the regulatory impact of risk variation on 
NAV3, we conducted reporter gene analysis. Risk 
variant selection for analysis involved mapping putative 
enhancers identified in endometrial tumours at the 
12q21.2 locus. 62 This mapping revealed one such 
enhancer that encompassed a risk variant (rs1842126) 
predicted to target NAV3 (Fig. 3b). This putative 
enhancer also localised to a HiChIP looping anchor that 
interacted with the promoter of a NAV3 transcript 
(ENST00000552895.5) in normal immortalised 
(E6E7hTERT) endometrial cells (Fig. 3a). Notably, this 
transcript is the most highly expressed NAV3 isoform 
in nearly all GTEx tissues (https://gtexportal.org/home/ 
gene/NAV3), including uterus, as well as in endome- 
trial tumours from The Cancer Genome Atlas (TCGA) 
(data accessed using the GEPIA2 platform 63 ). We cloned 
the putative enhancer containing rs1842126 into a re- 
porter gene vector containing the corresponding NAV3 
promoter. Reporter gene assays in E6E7hTERT (Fig. 3c) 
and tumoural (Ishikawa) endometrial cells (Fig. 3d)

confirmed an enhancer effect of the region containing 
the risk variant, with particularly strong effects in 
E6E7hTERT cells though no discernible allele-specific 
effects were seen in this system.

TCGA data accessed through GEPIA2 showed NAV3 
expression is decreased by ∼59% in tumoural endo- 
metrium (n = 174) compared to paired normal samples 
(n = 339) (p adj = 8.3 × 10 

−64 ). Given these findings, we 
performed functional follow-up studies to explore the 
role of NAV3, as its involvement in endometrial cancer 
has not been previously assessed. Firstly, expression of 
NAV3 mRNA and NAV3 protein was confirmed in 
endometrial cell lines, including E6E7hTERT and Ish- 
ikawa (Supplementary Fig. S6). Both gene expression 
with qRT-PCR (Supplementary Fig. S6a) and protein 
analyses (Supplementary Fig. S6b) indicated strongly 
reduced NAV3 expression in cancer cells compared 
with E6E7hTERT cells. We down-regulated NAV3 
expression using siRNAs in both cell lines with effi- 
ciencies of 70–80% (p < 0.001, Fig. 4a and b). Live-cell 
imaging indicated that NAV3 downregulation resulted 
in a significant acceleration of mitotic progression 
(p < 0.0001 for both cell lines in three-way ANOVA with 
experiment as co-variable, Fig. 4c and d, Supplementary

Fig. 3: Functional genetic analysis of the 12q21.2 risk locus. (a) Mapping of credible risk variants, protein coding NAV3 transcripts and 
promoter/enhancer HiChIP looping data at the 12q21.2 locus reveals colocalisation of risk variants with a HiChIP anchor that loops to the 
promoter region of a NAV3 transcript (ENST00000552895.5). (b) Zooming into the highlighted box in Panel A, this panel illustrates that a 
risk variant (rs1842126) within the HiChIP anchor localises to a putative NAV3 enhancer identified in endometrial tumours. Panels (c) and (d) 
show normalised luciferase activity from reporter gene assays involving the empty pGL3-Basic vector, a reporter gene construct containing 
the promoter of the ENST00000552895.5 NAV3 isoform, and NAV3 promoter reporter gene constructs with the putative enhancer carrying 
risk or reference alleles of rs1842126 in E6E7hTERT and Ishikawa cells, respectively. Error bars denote 95% confidence intervals for exper- 
iments conducted in triplicate. p values were determined by two-way ANOVA followed by Dunnett’s multiple comparisons test (*p < 0.05, 
***p < 0.001).
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Fig. S7a and b). We also observed that NAV3 down- 
regulated cells migrated faster in scratch assays (Two- 
way ANOVA p values for silencing treatment p < 0.0001 
for Ishikawa (F (1, 42) = 49.5) and p = 0.013 for 
E6E7hTERT (F (1, 6) = 12.24) cells, Fig. 4e, 
Supplementary Fig. S8) and exhibited increased 
impedance in xCELLigence profiling (Two-way ANOVA 
p value for silencing treatment = 0.023 for Ishikawa (F 
(1, 8) = 7.82) and p = 0.046 for E6E7hTERT cells (F (1, 
5) = 6.88), Fig. 4f, biological replicate in Supplementary 
Fig. S9a) pointing to higher proliferation. Additionally, 
in the case of E6E7hTERT cells, NAV3 silenced cells 
were more resistant to cell death (paired t-test p 
value = 0.04, Fig. 4g). Further endpoints tested did not 
show significant results (Supplementary Fig. S9b–d). 

We also investigated the effect of NAV3 over- 
expression. NAV3 has been previously described as a

regulator of breast cancer progression and a dominant- 
negative mutation D1047N has been described. 57 To 
further establish the role of NAV3 in endometrial can- 
cer, we overexpressed EGFP-fused wildtype (EGFPN1- 
NAV3WT) and mutant (EGFPN1-NAV3D1047N) 
NAV3 in Ishikawa cells, with the latter being used as 
functionally inactive negative control. We obtained high 
levels of NAV3 overexpression in Ishikawa cells as 
confirmed via qRT-PCR (p (t-test) = 0.04 and 0.004 for 
EGFPN1-NAV3WT or EGFPN1-NAV3D1047N cells 
compared to untreated cells, Fig. 5a), western blotting 
(Fig. 5b) and immunocytochemistry (Fig. 5c). Despite 
the high overall NAV3 expression, we note that only a 
subfraction of cells were overexpressing the large 
plasmid, while transfection rates were higher for the 
EGFPN1-only construct (likely due to the smaller 
plasmid size). Therefore, we monitored only

Fig. 4: Functional assessment after NAV3 silencing in Ishikawa and E6E7hTERT cells. (a) Fold changes after qRT-PCR for NAV3 levels in 
Ishikawa cells (left panel), and E6E7hTERT cells (right panel). Each dot represents a biological replicate. p value indicated after paired t-test, (b) 
Western blot for NAV3 in Ishikawa cells (left panel), and E6E7hTERT cells (right panel) after silencing using siRNA, together with DNA-PK as 
housekeeper, high exp indicates higher exposure time, whereas low exp indicates lower exposure time, (c) Mitotic time per cell (in minutes) 
after silencing NAV3 in Ishikawa cells (left panel), and E6E7hTERT cells (right panel). Each dot represents a cell in three biological experiments. 
p value indicated after unpaired t-test, (d) Proportion of cells that finished mitosis on the y-axis, time (in minutes) on the x-axis, after 
silencing NAV3 in Ishikawa cells (left panel), and E6E7hTERT cells (right panel). Data shown from three biological experiments, (e) Percentage 
reduction of scratch area (relative to 0 h) on the y-axis and time (in hours) on the x-axis, after silencing NAV3 in Ishikawa cells (left panel), 
and E6E7hTERT cells (right panel). Three biological experiments were performed in Ishikawa cells, and a single biological experiment was 
taken for E6E7hTERT cells. p value indicated with asterisk in multiple comparisons after ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, (f) Normalised cell index showing impedance in xCELLigence experiments after silencing NAV3 in Ishikawa cells (left panel), 
and E6E7hTERT cells (right panel). Time in hours on the x-axis. Data shown from a single biological experiment with five technical replicates 
in both cell lines. p value indicated with asterisk in multiple comparisons after ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
(g) Percentage of dead cells after propidium iodide staining after silencing NAV3 in Ishikawa cells (left panel), and E6E7hTERT cells (right 
panel). Treatment on the x-axis. Data shown from four biological experiments in Ishikawa and three biological replicates in E6E7hTERT cells. p 
value indicated after paired t-test.
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successfully transfected GFP-labelled cells in time-lapse 
microscopy: NAV3 wildtype overexpressing Ishikawa 
cells showed a significant reduction in cell number 
compared to cells overexpressing mutant NAV3 (p (t- 
test) = 0.02, Fig. 5d, Supplementary Fig. S7c) and 
decreased survival of cells over-expressing wildtype 
NAV3 compared to the functionally inactive D1047N 
mutant (p (t-test) = 0.012, Fig. 5e). There was a higher 
fraction of dead cells 24 h after overexpressing wildtype 
NAV3 as compared to the functionally inactive D1047N 
mutant (p (t-test) = 0.014, Fig. 5f) as well as significantly 
accelerated cell death in the fraction of dying cells 
(Fig. 5g). Taken together, NAV3 downregulation accel- 
erated tumour cell division and migration of endome- 
trial cells, whereas its overexpression accelerated 
tumour cell death.

Discussion
In the present study, we performed the largest GWAS 
meta-analysis for endometrial cancer to date, 
combining data from the Endometrial Cancer

Association Consortium with genotyping data from 
four biobanks: UK Biobank, FinnGen, Estonian Bio- 
bank and Biobank Japan. We identified five previously 
unreported genomic regions associated with endome- 
trial cancer, and two further genomic regions from 
gene-based analysis. We also identified an independent 
signal at a known locus (8q24.21), confirmed fourteen 
previously reported independent susceptibility signals 
at GWS, 21–23 and report on twenty further sub-genome- 
wide loci at p < 10 −6 . BFDPs indicated that all GWS loci 
are likely to be true associations (BFDPs < 4%). 

For three of the five previously unreported loci, our 
gene-based MAGMA analyses also uncovered underly- 
ing candidate genes at genome-wide significance: 
PPARG at 3p25.2, NAV3 at 12q21.2 and BPTF at 
17q24.2. PPARG encodes Peroxisome Proliferator- 
Activated Receptor gamma (PPAR-γ), a transcription 
factor regulating glucose metabolism and epithelial 
differentiation of trophoblast tissue. PPAR-γ is involved 
with insulin sensitivity, adipokine and oestrogen sig- 
nalling, that are pathways relevant for endometrial 
cancer. PPAR-γ has been reported to regulate the

Fig. 5: Functional assessment after NAV3 overexpression in Ishikawa cells. (a) Fold changes after qRT-PCR for NAV3 levels in Ishikawa cells 
transfected with pEGFPN1-NAV3WT and pEGFPN1-NAV3D1047N plasmids versus untreated controls. Each dot represents a biological 
replicate. p value indicated after paired t-test, (b) Immunoblotting of NAV3 and DNAPK in Ishikawa cells transfected with pEGFPN1, 
pEGFPN1-NAV3WT and pEGFPN1-NAV3D1047N, (c) Immunocytochemistry to visualize NAV3 overexpression in pEGFPN1-NAV3WT (upper 
panel) or pEGFPN1-NAV3D1047N (lower panel) transfected Ishikawa cells (NAV3 in red), with DAPI (for nuclear staining, in blue), and GFP 
fluorescence (in green), with the last panel showing the merged overlay, (d) Average cell numbers after transfecting Ishikawa cells with 
pEGFPN1-NAV3WT and pEGFPN1-NAV3D1047N plasmids at 72 h after transfection. Each dot represents a biological replicate. p value 
indicated after paired t-test, (e) Proportion of green cells remaining after transfecting Ishikawa cells with pEGFPN1-NAV3WT and pEGFPN1- 
NAV3D1047N plasmids. Each dot represents a cell from three biological experiments, with log rank p value shown, (f) Percentage of dead cells 
after DAPI staining after overexpression of pEGFPN1-NAV3WT and pEGFPN1-NAV3D1047N plasmids in Ishikawa cells. Data shown from four 
biological experiments. p value indicated after paired t-test, (g) Time to death in non-surviving green cells after transfecting Ishikawa cells 
with pEGFPN1-NAV3WT and pEGFPN1-NAV3D1047N plasmids. Each dot represents a cell from three biological experiments, with log rank p 
value shown.
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expression of genes involved in the DNA damage 
response in an inflamed endometrium, 64 and PPARγ 
ligand telmisartan has been suggested as a treatment 
option for endometrial cancer. 65 NAV3 encodes Neuron 
Navigator 3, a modulator of cell migration. NAV3 has 
been proposed as a candidate tumour suppressor pro- 
tein in breast cancer, colon cancer and uterine leio- 
myoma, though a role for endometrial cancer had not 
been described. 57,66,67 BPTF encodes the Bromodomain 
PHD Finger Transcription Factor, the largest subunit of 
the nuclear remodelling factor complex. Trimethylation 
of histone H3 lysine 4 (H3K4me3), a mark for actively 
transcribed promoters, is recognised by the PhD 
domain of BPTF within this complex. 68 BPTF is a target 
and regulator of MYC and exerts pro-tumourigenic 
functions in diverse cancers including melanoma, 69 

hepatocellular carcinoma, 70 or ovarian cancer. 71 On the 
other hand, BPTF targeting with the bromodomain 
inhibitor bromosporine has been reported to exert anti- 
tumour effects against triple-negative breast cancer 
cells. 72 Genes in vicinity of risk variants at the two other 
genome-wide significant loci, 3q26.2 and 6q22.31, 
include MECOM whose mutation is known as a so- 
matic driver of endometrial cancer, 73 HSF2 encoding an 
oestrogen-regulated heat-shock factor, 74 and GJA1 
encoding the gap junction protein connexin-43 which 
may regulate uterine decidualisation and whose 
expression decreases with increased grade of EC. 75,76 

We functionally followed the signal at 12q21.2 that 
was the strongest identified risk locus in our GWAS 
meta-analysis after it had been previously sub-genome- 
wide significant. 22 The lead SNP representing the risk at 
this locus, arising from our meta-analysis in European 
and East-Asian populations, replicated in the genotyped 
German (European) and Kazakh (European and Asian) 
populations, indicating that this is likely a universal 
susceptibility locus. Functional genomic data from 
endometrial tumours and cell lines revealed NAV3 as a 
candidate regulatory target of risk variation at this risk 
locus. HiChIP looping data supported an interaction 
between the risk region and the NAV3 promoter 
whereas eQTL data were inconclusive and not sup- 
ported by reporter gene assays. It is possible that acti- 
vation of the NAV3 promoter is not captured by our 
assays or by the single variants investigated. Alterna- 
tively, the risk variants could act on other genes than 
NAV3, or in other tissues. To clarify the potential role of 
NAV3 in endometrial cells, we performed a more 
extensive functional investigation. High protein 
expression in a non-malignant endometrial cell line and 
the markedly reduced expression in all tested endo- 
metrial cancer lines further indicated a potential role of 
NAV3 as a tumour suppressor in the endometrium and 
was consistent with TCGA expression data. In silencing 
and overexpression experiments, we found convergent 
evidence for accelerated mitosis and growth in NAV3 
downregulated cells but accelerated cell death in NAV3

overexpressing cells. Previous studies have reported an 
association of copy number changes in NAV3 with 
epithelial cell cancer pathogenesis, 77 colorectal cancers 
and adenomas 66,78 while suggesting that this effect may 
be mediated through inflammatory pathways. Another 
study showed that silencing NAV3 in breast cancer cells 
increased cell migration and metastasis, 57 which is 
concordant with our own findings of a possible increase 
in migratory capacity in endometrial cells upon NAV3 
silencing. Thus despite incomplete evidence for a direct 
regulatory mechanism, our findings, together with 
prior evidence, support the hypothesis that risk varia- 
tion at this locus increases cancer susceptibility by 
downregulating NAV3 expression.

While we functionally followed the top signal of our 
GWAS, a present limitation of our study is the lack of 
further information on the other four regions which 
warrant further functional investigation. It will also be 
interesting to see whether the candidate causal variants 
at the five loci can be refined further in fine-mapping 
approaches as other population data become available. 
A strength of our study is the large sample size that was 
achievable by combining all previous GWAS analyses. 
We consider our study representative because none of 
the biobanks or recruiting hospitals involved had spe- 
cifically selected for family history of cancer or early age 
at diagnosis. Future studies including additional and 
multi-ethnic case-control cohorts will improve power 
and enable the detection of associated genomic risk 
loci. The generation of well-powered relevant eQTL 
datasets may enable colocalization analyses and fine- 
mapping to identify causal variants and genes.

In summary, our GWAS meta-analysis increased 
the number of known genetic risk loci for endometrial 
cancer by one-third and identified potential candidate 
genes at these risk loci. Assuming a log–additive as- 
sociation with risk, these new loci are estimated to 
account for an additional 1.2% of the 2-fold familial 
relative risk of endometrial cancer. We further provide 
functional evidence for NAV3 to be a tumour sup- 
pressor in endometrial cells. Larger case-control 
studies in the near future will likely uncover further 
genetic risk variants that can explain more of the ge- 
netic heritability of this complex disease, ultimately 
leading to improved polygenic risk scores and treat- 
ment options.
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