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Abstract
Endometrial cancer is the most common gynecological malignancy in the developed world. Although there is evidence of
genetic predisposition to the disease, most of the genetic risk remains unexplained. We present the meta-analysis results of
four genome-wide association studies (4907 cases and 11 945 controls total) in women of European ancestry. We describe one
new locus reaching genome-wide significance (P<5�10�8) at 6p22.3 (rs1740828; P¼2.29�10�8, OR¼1.20), providing
evidence of an additional region of interest for genetic susceptibility to endometrial cancer.

Introduction
Endometrial carcinoma (EC), which arises from the epithelial
lining of the uterus, is the sixth most common cancer among fe-
males worldwide and the most common gynecological malig-
nancy in developed countries (1). According to SEER data (2),
between 2005 and 2011, 18.3% of women with EC in the United
States did not survive 5 or more years after diagnosis. Incidence
rates of EC in developed countries are increasing over time (3,4),
with most diagnoses made after age 55, making this a signifi-
cant concern for older women in an aging population. A number
of modifiable risk factors have been established, including obe-
sity, estrogen-only post-menopausal hormone therapy and re-
productive history. However, not much is known about the
genetic etiology of EC.

Evidence suggests a component of genetic predisposition to
EC. Multiple studies have seen a >2-fold risk in those with a

family history of EC (5–7) and risk for women with first-degree
female relatives with early onset disease increases nearly 3-fold
(8). Additionally, women with Lynch Syndrome, a hereditary au-
tosomal dominant genetic condition due to germline patho-
genic variants in DNA mismatch repair genes, have an
estimated lifetime risk of EC between 40% and 70% (9).
Heritability estimates for EC are as high as 52% (10–12), though
inconsistency in heritability estimates indicates the true value
is likely lower.

Genome-wide association studies (GWAS) have discovered
more than 1500 common variants associated with a variety of
cancer types (13). However, the statistical power of GWAS may
be limited by the modest effect sizes of common variants and
by inadequate sample sizes (14,15). To date, three independent
GWAS have been conducted to identify single nucleotide poly-
morphisms (SNPs) that contribute to EC risk. One GWAS found a
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significant association between rs4430796, in 17q12 near HNF1B,
and EC risk (16). Fine-mapping of this region identified likely
variants underlying this association in HNF1B intron 1 (17).
Analysis including a more comprehensive validation phase of
this GWAS has since identified an additional six loci associated
with EC risk at genome-wide levels of significance ((18), Cheng
et al. submitted for publication). However, no other novel ge-
nome-wide significant loci associated with EC risk were identi-
fied by the two other published GWAS (14,15).

Meta-analysis methods synthesize summary data from mul-
tiple independent studies, increasing power and reducing false-
positive findings (19). We thus conducted a discovery
meta-analysis of four GWAS datasets of women of European an-
cestry for a total of 4907 cases and 11 945 controls, comprising
the largest discovery dataset for EC yet.

Results
Meta-analysis of GWAS results for risk of EC

Meta-analysis of GWAS results from the Australian National
Endometrial Cancer Study (ANECS), the US Epidemiology of
Endometrial Cancer Consortium (E2C2), the UK National Study of
Endometrial Cancer Genetics (NSECG) and the UK Studies of
Epidemiology and Risk factors in Cancer Heredity (SEARCH) in
4907 cases and 11 945 controls of European ancestry examined 9
486 271 SNPs for association with risk of EC. No evidence of geno-
mic inflation was observed in the meta-analysis (kGC¼ 1.013,
Supplementary Material, Fig. S1). After implementing quality
control, including removal of SNPs with P-values for heterogene-
ity<0.05 from further consideration, a total of 137 SNPs clustered

in four chromosomal regions reached genome-wide significance
at P< 5� 10�8 (Fig. 1, Supplementary Material, Table S1).

This meta-analysis of four independent EC GWAS datasets
identified four loci with genome-wide levels of significance
(Table 1). Three loci have been discovered previously by analy-
ses that included the ANECS, SEARCH and NSECG GWAS data-
sets ((16,18), Cheng, TH et al. submitted for publication): 17q12
near HNF1B, 13q22.1 near KLF5 and 6q22.31 intronic to
LOC643623. The direction of effect for all three previously identi-
fied loci in the E2C2 GWAS alone was consistent with that ob-
served in the original studies (Fig. 2). In the E2C2 GWAS alone,
P-values for the most significant SNPs in 13q22.1 (rs9600103,
E2C2 P¼ 1.74� 10�5) and 6q22.31 (rs2797160, E2C2 P¼ 1.18�
10�6) exceeded the confirmation threshold of P¼ 0.017 based on
a Bonferroni correction for three tests, representing an indepen-
dent validation of these two previously reported EC GWAS hits.

The fourth locus at 6p22.3 is a novel risk region for EC, repre-
sented by rs1740828 (OR¼ 1.20, P¼ 2.29� 10�8) (Table 1). This lo-
cus at 6p22.3 falls in an intergenic region between SOX4 and
CASC15 (Fig. 3). SOX4 encodes a transcription factor involved in
the regulation of several aspects of development (20). CASC15 is
a long intergenic non-coding RNA that has been identified as a
neuroblastoma susceptibility locus (21,22).

Conditional and joint analyses of these four regions did not
identify any secondary association signals, indicating no addi-
tional independently associated SNPs after conditioning on the
region’s lead SNP.

Functional annotation

Though the most significant risk-associated SNP at 6p22.3 is lo-
cated in an intergenic region, it may be a marker for an

Figure 1. Manhattan plot of meta-analysis results for EC in four cohorts. Association results between imputed and genotyped SNPs and risk of EC in women of

European ancestry are depicted. Dashed line indicates the log of the threshold for genome-wide significance (P< 5.0�10� 8).
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underlying variant that may modulate or regulate nearby or dis-
tant genes. To pursue a putative functional role that variants at
6p22.3 may have in risk of EC, we annotated SNPs in linkage dis-
equilibrium (LD) (r2>0.2 in EU 1000 Genomes) with the region’s
lead SNP, rs1740828, with publicly available data on relevant
regulatory elements located near the susceptibility region.
Candidate causal SNPs with log likelihood ratios of >1:100 com-
pared with rs1740828 (r2 between 0.2 and 0.5) overlap with puta-
tive enhancers defined by Hnisz (23) and PreSTIGE (24) for SOX4,
CASC15 and CDKAL1 (Fig. 3). CDKAL1 encodes for a methylthio-
transferase and is a known type 2 diabetes susceptibility gene
(25–27). ENCODE data also show these SNPs mapped to regions
displaying evidence of enhancer-specific histone modification
(mono-methylation of H3 lysine 4 (H3K4Me1) and H3 lysine 27
acetylation (H3K27Ac)), DNAseI hypersensitivity sites represen-
tative of open chromatin, and regions bound by transcription
factors.

Expression quantitative trait loci analysis

In order to identify potential biological mechanisms underlying
the association between the 6p22.3 locus and EC risk, we per-
formed expression quantitative trait loci (eQTL) analysis using
publicly available mRNA expression, somatic copy-number vari-
ation and methylation data of 408 EC tumor tissues and 30

adjacent normal endometrial tissues from The Cancer Genome
Atlas (TCGA). Expression levels of SOX4, CASC15 and CDKAL1,
identified as potential target genes by cross reference to Hnisz
and PreSTIGE data, were assessed in the analysis. After adjust-
ing for multiple comparisons, no significant associations were
seen between SNPs in the risk loci region (Chr6:21549085–
21749085) and expression levels of any of these three genes
(Supplementary Material, Table S2a and b). Associations be-
tween SNPs and gene expression were also explored using uter-
ine-specific Genotype-Tissue Expression project data (www.
gtexportal.org). Similarly, no significant associations were ob-
served between risk SNPs and expression levels of the target
genes (data not shown).

Discussion
Our EC GWAS meta-analysis, the largest discovery data set for
EC yet, identified one new susceptibility locus at 6p22.3 and con-
firmed previously discovered loci at 6q22.31 and 13q22.1. The
new locus at 6p22.3, represented by rs1740828, lies between two
genes, SOX4 and CASC15.

Assuming a log-additive association with risk, these four loci
are estimated to account for �4.4% of the familial relative risk of
EC in women of European ancestry. This fraction is less than
what has been discovered in studies with comparable sample

Figure 2. Forest plots of the odds ratios for the association between rs2797160, rs1740828, rs9600103, rs11651052 and EC.

Table 1. Association results for loci reaching genome-wide significance with no evidence of significant study heterogeneity

Lead SNP Chromosome Position (hg19) Nearby gene Description Alleles OR P RAFa

rs2797160 6q22.31 126010116 LOC643623b Intronic A/G 1.21 4.04E-13 0.578
rs9600103 13q22.1 73811879 KLF5 Intergenic A/T 1.23 3.76E-12 0.722
rs1740828 6p22.3 21649085 SOX4 Intergenic G/A 1.20 2.29E-08 0.516
rs11651052 17q12 36102381 HNF1B Intronic G/A 1.16 1.18E-08 0.535

aRisk allele frequency.
bUncharacterized gene region.
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sizes for cancers such as colorectal (28) and pancreatic cancer
(29). It is likely that additional common variants with more mod-
est effect sizes, as well as copy-number variants, rare variants
and indels not tagged by current genotyping arrays, have yet to
be discovered, and will contribute to explaining familial EC risk.
Our meta-analysis was�80% powered to detect an association of
the magnitude of rs1740828 for SNPs with minor allele frequency
(MAF)> 0.21, suggesting that even larger sample sizes would be
needed to detect modest effects from lower frequency variants.

Functional annotation suggests that SNPs in LD with
rs1740828 overlap putative enhancers for SOX4, CASC15 and
CDKAL1. Our eQTL results do not support regulation of these
particular genes by SNPs falling within 100 kb of the lead SNP of
the 6p22.3 locus that we identified. However, this may be due to
the lack of substantial eQTL data available for adjacent normal
endometrial tissue or because eQTLs are context-dependent
and may only be expressed in certain stages of cancer develop-
ment or only when under particular stimuli. Comprehensive
studies involving fine-mapping as well as functional analysis
are needed to identify biological processes underlying our ob-
served GWAS-identified risk signal at 6p22.3.

Of note, existing data suggest that the 6p22.3 region is rele-
vant to cancer susceptibility in general, summarized in a review
of genetic and biological studies reporting on the associations of
CASC15, CDKAL1 and SOX4 SNPs and gene expression with can-
cer risk and prognosis (Supplementary Material, Table S3). In
larger studies (21,30), SNPs in/near CASC15 have been associated
with neuroblastoma (P< 10�9), and increased CASC15 expres-
sion has been implicated in melanoma progression (31).

A GWAS of bladder cancer provided suggestive evidence of in-
creased risk in the CDKAL1 region (lead SNP rs4510656, P¼ 6.98
� 10� 7) (32). Given the established associations between EC risk
and body mass index (BMI) (33) and diabetes (34), it is no that
the CDKAL1 region is also associated with diabetes risk and BMI
(35). Furthermore, although the SOX4 region has yet to be asso-
ciated with cancer risk by GWAS to date, SOX4 overexpression
has been implicated in malignancy and poor prognosis in a vari-
ety of cancers, including chondrosarcoma (36) and cancers of
the lung (37–39), prostate (40,41), breast (42,43) and endome-
trium (44). A meta-analysis of 10 studies with>1000 cancer pa-
tients reported that SOX4 tumor overexpression is modestly
correlated with poor overall survival (45).

In summary, our study has identified a new EC risk locus at
6p22.3. Given previously published associations of SNPs in this
region at either genome-wide or no levels of significance
(P< 10�6) with other cancer types, our results also highlight this
region as a potential general cancer susceptibility locus.
Extensive fine-mapping and functional studies are required to
identify the biological basis of cancer risk at this region.

Materials and Methods
Datasets

Four large genotyping studies, the ANECS, E2C2, NSECG and
SEARCH, contributed a total of 16 852 women (4907 cases, 11 945
controls) of European ancestry with confirmed EC diagnosis to
the meta-analysis. We did not restrict by EC subtype in this

Figure 3. Regional association plot of 6p22.3 with annotation of genomic features, likely enhancers, and target genes. Association results for all SNPs in the 6p22.3 locus

with EC risk from the meta-analysis are shown in the first panel. SNPs are plotted as the negative log of the P-value against relative position across the locus (base posi-

tion [hg19] displayed across the top). The lead SNP, rs1740828, is shown as a red filled diamond. LD with surrounding SNPs are indicated by color (SNPs 0.5� r2<0.8 are

orange, 0.2� r2<0.5 are yellow, and r2<0.2 are unfilled). There were no SNPs with an r2�0.8 to the lead SNP. The second panel displays genes as identified by RefSeq.

Likely enhancers predicted by Hnisz et al. (23) and PreSTIGE (24) that overlap SNPs in LD (r2>0.2) with the lead SNP are depicted as colored bars, where the color

matches the schematic of its predicted target gene (the black bar is predicted to target CDKAL1, not shown in this figure). Histone modification associated with pro-

moters (H3K4Me1) and enhancers (H3K4Me1 and H3K27Ac) from seven ENCODE Project cell types and DNaseI hypersensitivity sites (DHS) and transcription factor (TF)

binding sites identified in 125 and 91 ENCODE Project cell types, respectively, are also displayed.

2616 | Human Molecular Genetics, 2016, Vol. 25, No. 12

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw092/-/DC1


analysis. Details of the participating studies and genotyping
platforms used are provided in Supplementary Material,
Table S4.

Briefly, 606 cases from ANECS (16) were compared to 3083
Australian controls from the Brisbane Adolescent Twin Study
(QIMR Controls) (46,47) (n¼ 1846) and the Hunter Community
Study (48) (n¼ 1237). E2C2 (49) is an NCI-supported international
consortium of more than 45 studies created to investigate the
etiology of EC. As previously described (15), four US-based co-
hort studies, two US-based case-control studies and one
Poland-based case-control study from the consortium contrib-
uted 2695 cases and 2777 controls to this analysis. Cases from
NSECG (17) (n¼ 925) were compared with 895 controls from the
UK1/CORGI colorectal cancer study (50). Cases from SEARCH (16)
(n¼ 681) were compared to 5190 controls from the Wellcome
Trust Case-Control Consortium (51).

Genotyping and imputation

Within each study, genotyping was performed on specific
Illumina platforms, as detailed in Supplementary Material,
Table S4. Quality control methods agreed upon by all studies
were implemented. Briefly, this involved exclusion of SNPs with
call rates<95%, MAFs<1%, Hardy–Weinberg violation of at least
P<10�12 for cases and P<10�7 for controls, or individuals who
are genetically male, first-degree cryptic relations or duplicates,
or with call rates<95%. All genotypes were imputed to the posi-
tive strand of the 1000 Genomes Project v3, phase 1 dataset with
either Minimac (52) or IMPUTE2 (53).

Statistical analysis

Primary association analyses of single variants with EC risk
were performed separately in each study using logistic regres-
sion implemented with SNPTEST v2 (54) or ProbABEL (55),
adjusting for relevant principal components and variables spe-
cific to the study. Summary statistics reported from each study
were combined using fixed-effect meta-analysis with inverse
variance weights in METAL (56). The P-value threshold to
reach genome-wide significance in the meta-analysis was set
to 5� 10�8. Heterogeneity across studies was assessed using
Cochran’s Q statistic. Conditional and joint analysis of
summary-level associations, performed with GCTA (57), was
used to determine the presence of secondary associations
within chromosomal regions of size <500 kb. The power to de-
tect an association of equal magnitude to rs1740828, the most
significant result in the meta-analysis, was calculated using
QUANTO 1.2 (58).

Functional annotation

SNPs in LD, defined as r2>0.2 in the European 1000 Genomes
data, with the most significant SNP (rs1740828) were annotated
using HaploregV2 (59) and data from ENCODE (60) including pro-
moter and enhancer histone marks, DNaseI hypersensitivity
sites, bound proteins and altered motifs. Additionally, en-
hancer-gene pairs reported by Hnisz (23) and PreSTIGE (24) were
cross-referenced against risk loci to identify likely enhancers
overlapping SNPs in LD (r2> 0.2) with rs1740828.

eQTL analysis

To examine tissue-specific eQTLs, data from EC patients were ac-
cessed from TCGA (61). Normalized RNA-Seq, copy-number and
methylation data were downloaded through the Cancer Browser
(https://genome-cancer.ucsc.edu, last accessed April 1, 2016).
Germline SNP genotypes (Affymetrix 6.0 arrays) were downloaded
through the TCGA controlled access portal (https://tcga-data.nci.
nih.gov/tcga/, last accessed April 1, 2016) and QC performed. SNPs
were excluded for call rate<95%, MAF<1% or deviations from
Hardy-Weinberg equilbrium significant at 10� 4. Samples were ex-
cluded for low overall call rate (<95%), heterozygosity>3 standard
deviations from the mean and non-female sex status (X-chromo-
some homozygosity rate>0.2). For duplicate samples or samples
identified as close relatives by Identity-By-State probabilities>0.
85, the sample with the lower call rate was excluded. To assess
untyped SNPs, we imputed genotypes present in the 1000
Genomes dataset Phase 3v5 in the risk locus region (6100 kb of
the lead SNP, rs1740828) for SNPs that were not genotyped by the
Affymetrix 6.0 platform. Haplotypes were phased using the MaCH
program (62) before running minimac for genotype imputation
(53,52), using the recommended parameters (20 iterations of the
Markov sampler and 200 states). SNPs imputed with an r2>0.3
and MAF> 0.01 were included in the eQTL analysis. Associations
were assessed after Bonferroni correction for the total number of
tests performed (number of SNP investigated¼ 2088, number of
genes assessed¼ 3 and number of sample sets¼ 2), with a P-val-
ue< 4.0� 10� 6 required for statistical significance.

Thirty cancer tissue samples had adjacent normal endome-
trial tissues available with complete genotype and RNA-Seq
data. Since gene expression in tumors is affected by acquired
somatic alterations, we accounted for somatic copy-number
variation and methylation in eQTL analysis of EC tissue. In total,
366 TCGA patients had complete genotype, RNA-Seq, copy-
number and methylation data available for the analysis.
Expression of SOX4, CASC15 and CDKAL1 (which were identified
as target genes by cross-reference to Hnisz and PreSTIGE data)
were adjusted for sequencing platform (Illumina GA or Illumina
HiSeq) in adjacent normal EC, and adjusted for sequencing plat-
form, copy-number variation and methylation in EC tissue. The
associations between genotype and residual gene expression
were evaluated using linear regression models by the mach2qtl
program (62,63).

Contribution to familial risk

Contribution of known SNPs to familial relative risk under a
multiplicative model was computed using the formula detailed
in Eeles et al. (64). We assumed the observed familial risk to
first-degree relatives of EC cases was 2-fold, the loci had a log-
additive association with risk and the loci were not in LD.

Supplementary Material
Supplementary Material is available at HMG online.
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