
ORIGINAL ARTICLE Reproductive genetics

Association between endometriosis and
the interleukin 1A (IL1A) locus
Yadav Sapkota1,*, Siew-Kee Low2, John Attia3,4, Scott D. Gordon1,
Anjali K. Henders1, Elizabeth G. Holliday3,4, Stuart MacGregor1,
Nicholas G. Martin1, Mark McEvoy3,4, Andrew P. Morris5,
Atsushi Takahashi2, Rodney J. Scott4,6,7, Michiaki Kubo8,
Krina T. Zondervan5,9, Grant W. Montgomery1, and Dale R. Nyholt1

1QIMR Berghofer Medical Research Institute, Brisbane, Queensland, Australia 2Laboratory for Statistical Analysis, Center for Integrative Medical
Sciences, The Institute of Physical and Chemical Research (RIKEN), Yokohama, Japan 3Centre for Clinical Epidemiology and Biostatistics, School of
Medicine and Public Health, University of Newcastle, Newcastle, New South Wales, Australia 4Public Health Research Program, Hunter Medical
Research Institute, Newcastle, New South Wales, Australia 5Genetic and Genomic Epidemiology Unit, Wellcome Trust Centre for Human
Genetics, University of Oxford, Oxford, UK 6School of Biomedical Sciences and Pharmacy, University of Newcastle, Newcastle, New South
Wales, Australia 7Division of Genetics, Hunter Area Pathology Service, Newcastle, New South Wales, Australia 8Laboratory for Genotyping
Development, Center for Integrative Medical Sciences, The Institute of Physical and Chemical Research (RIKEN), Yokohama, Japan 9Nuffield
Department of Obstetrics and Gynaecology, University of Oxford, John Radcliffe Hospital, Oxford, UK

*Correspondence address. E-mail: yadav.sapkota@qimrberghofer.edu.au

Submitted on July 29, 2014; resubmitted on September 10, 2014; accepted on September 12, 2014

study question: Are single-nucleotide polymorphisms (SNPs) at the interleukin 1A (IL1A) gene locus associated with endometriosis risk?

summary answer: We found evidence for strong association between IL1A SNPs and endometriosis risk.

what is known already: Genetic factors contribute substantially to the complex aetiology of endometriosis and the disease has an
estimated heritability of �51%. We, and others, have conducted genome-wide association (GWA) studies for endometriosis, which identified a
total of nine independent risk loci. Recently, two small Japanese studies reported eight SNPs (rs6542095, rs11677416, rs3783550, rs3783525,
rs3783553, rs2856836, rs1304037 and rs17561) at the IL1A gene locus as suggestively associated with endometriosis risk. There is also evidence
of a link between inflammation and endometriosis.

study design, size, duration: We sought to further investigate the eight IL1A SNPs for association with endometriosis using an
independent sample of 3908 endometriosis cases and 8568 controls of European and Japanese ancestry. The study was conducted between
October 2013 and July 2014.

participants/materials, setting, methods: By leveraging GWA data from our previous multi-ethnic GWA meta-analysis
for endometriosis, we imputed variants in the IL1A region, using a recent 1000 Genomes reference panel. After combining summary statistics for
the eight SNPs from our European and Japanese imputed datawith the published results, a fixed-effect meta-analysis wasperformed. An additional
meta-analysis restricted to endometriosis cases with moderate-to-severe (revised American Fertility Society stage 3 or 4) disease versus controls
was also performed.

main results and the role of chance: All eight IL1A SNPs successfully replicated at P , 0.014 in the European imputed data
with concordant direction and similar size to the effects reported in the original Japanese studies.Of these, threeSNPs (rs6542095, rs3783550 and
rs3783525) also showed association with endometriosis at a nominal P , 0.05 in our independent Japanese sample. Fixed-effect meta-analysis of
the eight SNPs for moderate-to-severe endometriosis produced a genome-wide significant association for rs6542095 (odds ratio ¼ 1.21; 95%
confidence interval ¼ 1.13–1.29; P ¼ 3.43 × 1028).

limitations, reasons for caution: The meta-analysis for moderate-to-severe endometriosis included results of moderate-to-
severe endometriosis cases from our European data sets and all endometriosis cases from the Japanese data sets, as disease stage information was
not available for endometriosis cases in the Japanese data sets.

wider implications of the findings: SNP rs6542095 is located �2.3 kb downstream of the IL1A gene and �6.9 kb upstream of
cytoskeleton-associated protein 2-like (CKAP2L) gene. The IL1A gene encodes the IL1a protein, a member of the interleukin 1 cytokine family
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which is involved in various immune responses and inflammatory processes. These results provide important replication in an independent Japa-
nese sample and, for the first time, association of the IL1A locus in endometriosis patients of European ancestry. SNPs within the IL1A locus may
regulate other genes, but if IL1A is the target, our results provide supporting evidence for a link between inflammatory responses and the patho-
genesis of endometriosis.

study funding/competing interest(s): The research was funded by grants from the Australian National Health and Medical
Research Council and Wellcome Trust. None of the authors has competing interests for the study.
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Introduction
Endometriosis (MIM 131200) is a common gynaecological disorder that
affects women in their reproductive years and is primarily characterized
by the presence of normal endometrial tissue in the peritoneal cavity.
The most common symptoms include severe pelvic pain, heavy or ir-
regular menstrual bleeding and pain during intercourse and exercise,
however some women remain asymptomatic. Endometriosis is also
associated with infertility, lower abdominal and back pain, diarrhoea
and/or constipation and chronic fatigue. Current epidemiological esti-
mates indicate that endometriosis occurs in 6–10% of women of repro-
ductive age (Treloar et al., 1999) and in 20–50% of women with
infertility (Gao et al., 2006). Since it affects younger working age
women, there are severe economic consequences arising from loss of
income, treatment costs, depression, anxiety and other disease-related
disorders, posing a significant burden on patients and the society. The
aetiology of the disease is complex, and is likely to result from a com-
bined interplay of genetic, health, lifestyle and reproductive risk
factors. Endometriosis has an estimated heritability of �51% (Treloar
et al., 1999).

Genome-wide association (GWA) studies for endometriosis to date
have implicated nine single-nucleotide polymorphism (SNP) loci at a
genome-wide significant level (P , 5 × 1028) (Uno et al., 2010;
Painter et al., 2011; Nyholt et al., 2012; Albertsen et al., 2013). The
first GWA study was conducted in a Japanese population comprising
1907 cases and 5292 controls, and this identified an SNP (rs1096523)
in CDKN2BAS at 9p21.3 (Uno et al., 2010). Subsequently, a European
GWA study conducted by the International Endogene Consortium
(IEC), including 3194 endometriosis cases and 7060 controls from Aus-
tralian and UK case–control data, identified an intergenic SNP
(rs12700667) at 7p15.2 (Painter et al., 2011). The study also provided
genome-wide significant evidence for another SNP (rs7521902) near
WNT4 at 1p36.12, after combining published results from Uno et al.
(2010). In 2012, the IEC carried out a formal multi-ethnic GWA
meta-analysis (Nyholt et al., 2012) of summary results from the Japanese
(Uno et al., 2010) and European (Painter et al., 2011) GWA studies, pro-
viding strong evidence for association of seven SNP loci with endometri-
osis. The results further established association for three previously
reported loci (1p36.12, 7p15.2 and GREB1 association signal at
2p25.1) and identified four novel SNP loci (rs10859871 near VEZT at
12q22, rs4141819 at 2p14, rs7739264 near ID4 at 6p22.3 and
rs1537377 near CDKN2B-AS1 at 9p21.3). Of the four novel loci, three
SNP loci (at 2p14, 6p22.3 and 9p21.3) were uncovered when analysis
was performed after excluding endometriosis cases with minimal or
mild [revised American Fertility Society (rAFS) (American Society for

Reproductive Medicine, 1997) stage 1 or 2 disease] endometriosis. Fur-
thermore, the GREB1 signal at 2p25.1 was implicated in an additional
meta-analysis of European and Japanese GWA data after combining pub-
lished results for rs1339416 from Adachi et al. (2010) which was a small
GWA study comprising 696 endometriosis cases and 825 controls of
Japanese descent.

Even though Adachi et al. (2010) did not find any SNP loci with
genome-wide significant evidence, the authors reported four SNPs
(rs6542095, rs11677416, rs3783550 and rs3783525; hereafter referred
to as ‘common tagSNPs’) located within or near the interleukin 1A gene
(IL1A) as suggestively associated with endometriosis (P , 1025). Since
these SNPs were not genotyped in the European and Japanese GWA
data, they were not previously analysed by the IEC in the multi-ethnic
GWA meta-analysis for endometriosis (Nyholt et al., 2012). More re-
cently, the same (Adachi et al., 2010) group sequenced all the exons of
IL1A in 377 endometriosis cases and 457 healthy controls and provided
strong evidence for association of four additional SNPs [rs17561,
rs1304037, rs2856836 and rs3783553 (indel variant); hereafter referred
to as ‘coding SNPs’] in IL1A with endometriosis (Hata et al., 2013). The
strongest association signal was reported for a non-synonymous variant
(rs17561) in IL1A (P ¼ 2.5 × 1027), after meta-analysing with an inde-
pendent replication set of 524 endometriosis cases and 533 controls.
The protein (IL1a) encoded by IL1A is a member of the interleukin 1 cyto-
kine family and is involved in primarily pro-inflammatory immune pro-
cesses and haematopoiesis. Studies have reported associations of
endometriosis with increased serum and peritoneal fluid inflammatory
markers (Barbieri et al., 1986; Abrao et al., 1997; Vercellini et al.,
2011) and some researchers have reported co-occurrences of auto-
immune diseases and endometriosis (Mathur, 2000; Barrier, 2010).
The primary symptom of endometriosis, pelvic pain, is also found to
be relieved by the use of anti-inflammatory drugs (Vercellini et al.,
2011; Vincent, 2011).

Encouraged by several lines of evidence supporting a potential link
between inflammation and endometriosis, as well as two genetic
case–control studies reporting association of IL1A variants with endo-
metriosis in a Japanese population, we sought to investigate variants
at the IL1A locus for involvement with endometriosis susceptibility by
analysing the independent European and Japanese GWA data utilized
in our previous multi-ethnic GWA meta-analysis for endometriosis,
after imputation using a recent panel of 1000 Genomes Project
(March 2012 release). Due to a denser coverage of markers from imput-
ation, such an analysis would allow us to investigate the previously
reported eight IL1A variants by the Japanese group while interrogating
additional variants in the region for their possible associations with sus-
ceptibility to endometriosis.

240 Sapkota et al.



Materials and Methods

Data sets
In this study, we utilized data from three individual GWA data sets of endo-
metriosis, which were included in our recent multi-ethnic meta-analysis
(Nyholt et al., 2012); a brief summary of these has been provided in
Table I. Of these, two GWA samples (QIMR and OX) (Painter et al.,
2011; Nyholt et al., 2012) are of European origin and one (BioBank of
Japan, BBJ) (Nyholt et al., 2012) is of Japanese descent. Endometriosis
cases (n ¼ 3181) in the European GWA sample were recruited by the IEC
[Australia (QIMR) ¼ 2262; UK (OX) ¼ 919] and a detailed description is
provided elsewhere (Painter et al., 2011; Nyholt et al., 2012). Briefly, all
cases in the QIMRHCS and OX GWA data had a surgically confirmed diag-
nosis of endometriosis and their disease stage was assessed from surgical
records using the rAFS classification system (American Society for Repro-
ductive Medicine, 1997). Cases were grouped into minimal or mild (rAFS
stage 1 or 2 or some ovarian disease with a few adhesions; n ¼ 1680) endo-
metriosis (‘Grade_A’), moderate-to-severe (rAFS stage 3 or 4; n ¼ 1357)
endometriosis (‘Grade_B’) or unknown stage (n ¼ 144). Ancestry-matched
population controls (n ¼ 8075) in the European GWA data were from
an Australian adolescent twin study, the Hunter Community Study (HCS)
(McEvoy et al., 2010) and the Wellcome Trust Case–Control Consortium
2 (WTCCC2) [combined Australia-HCS (QIMRHCS) ¼ 2924; UK (OX) ¼
5151]. The QIMRHCS and OX samples were genotyped on Illumina
670Quad (cases) and 610Quad (controls) using the services from
deCODE genetics. HCS controls were genotyped at the University of
Newcastle using Illumina 610Quad Beadchips. The WTCCC2 controls
were genotyped at the Welcome Trust Sanger Institute using Illumina
HumanHap1M Beadchips. Cases (n ¼ 1423) in the Japanese GWA data
were obtained from the BBJ, Institute of Medical Science at the University
of Tokyo and were diagnosed with endometriosis by the presence of multiple
clinical symptoms, physical examinations and/or laparascopy or imaging
tests. Female controls (n ¼ 1318) were healthy volunteers from the Osaka-
Midosuji Rotary Club, Osaka, Japan, and women from BBJ with no prior
history of endometriosis. All cases and controls in the BBJ GWA data were
genotyped on Illumina 550K Beadchips.

Standard quality control procedures were applied in individual QIMRHCS,
OX and BBJ genotyped GWA data, as described earlier (Nyholt et al., 2012).

Genotype imputation
Using a similar approach adopted in our previous multi-ethnic GWA
meta-analysis of endometriosis (Nyholt et al., 2012), we defined the IL1A

region by extending 2500 kb 5′ and 3′ of the best SNP (rs3783525; P ¼
1.4 × 1026) reported by Adachi et al. (2010). We then imputed genotypes
within the defined IL1A region using a reference panel of 1000 Genomes
project (March 2012 release). Imputation was carried out separately in the
combined QIMRHCS-OX and BBJ genotyped data with only the overlapping
genotyped SNPs, using the MaCH and minimac programs (Li et al., 2009,
2010) and following the two-step approach outlined in the online Minimac:
1000 Genomes Imputation Cookbook (http://genome.sph.umich.edu/
wiki/Minimac:_1000_Genomes_Imputation_Cookbook). The quality of
the imputed genotypes was assessed by R2 metric, which estimates the
squared correlation between true and imputed genotypes. Poorly imputed
SNPs indicated by R2 , 0.3 were excluded from the downstream analyses.

Association meta-analysis
For SNPs passing quality control, analysis of imputed genotype dosage scores
was performed using mach2dat and PLINK programs (Purcell et al., 2007) in
individual QIMRHCS, OX and BBJ imputed data. After combining summary
results from individual QIMRHCS, OX and BBJ imputed data comprising all
endometriosis cases (‘All’) and controls with published results from Adachi
et al. (2010) and Hata et al. (2013), we performed a meta-analysis for the
eight IL1A SNPs, using a fixed-effect (inverse variance-weighted) model
implemented in the GWAMA program (Magi and Morris, 2010). Heterogen-
eity of allelic associations was examined using the Cochran’s Q statistic P ,

0.1 (Cochran, 1954), as well as the I2 index (Ioannidis et al., 2007), which indi-
cates the proportion of variance attributable to between-study heterogen-
eity. A meta-analysis of SNPs associated in the fixed-effect model showing
evidence of heterogeneity (P , 0.1) was also carried out using the Han–
Eskin random-effects model (RE2) (Han and Eskin, 2011) implemented in
METASOFT program. Compared with the conventional random-effects
model, the RE2 model offers greater power under heterogeneity (Han and
Eskin, 2011).

Considering the relatively greater genetic loading (or liability) of ‘Grade_B’
endometriosis compared with ‘Grade_A’ endometriosis (Painter et al., 2011;
Nyholt et al., 2012), a meta-analysis of moderate-to-severe endometriosis
cases in the QIMRHCS and OX imputed data, and all endometriosis cases
in the BBJ imputed data, Adachi et al. (2010) and Hata et al. (2013) versus con-
trols, was also performed. As shown previously, such an analysis has the po-
tential to enrich true genetic effects, despite the reduced sample size (Painter
et al., 2011; Nyholt et al., 2012).

Conditional analysis
Given that three coding SNPs (rs17561, rs1304037 and rs2856836) are in a
weak LD [r2 �0.42 in Japanese and �0.11 in Caucasians, as calculated from
1000G data using --r2 option in PLINK (Purcell et al., 2007)] with the other
three common tagSNPs (rs6542095, rs3783550 and rs3783525), we first
explored whether these two sets of IL1A SNPs represent two independent
association signals, by performing an additional analysis conditioned on
rs6542095 using the --condition option in PLINK (Purcell et al., 2007).
SNPs rs3783550 and rs3783525 are in a perfect LD (r2 ¼ 1) with
rs6542095 in the Japanese and Caucasians 1000G populations. Due to avail-
ability, conditional analysis was performed using the combined QIMRHCS +
OX European imputed data only.

Results
All eight SNPs were accurately imputed with R2 . 0.98 in the individual
QIMRHCS, OX and BBJ data. Furthermore, we also compared imputed
genotypes (dosage scores) with true genotypes available for two IL1A
SNPs (rs6542095 and rs1761) in a subset of QIMRHCS samples (2213
endometriosis cases and 1375 controls). Genotype concordances

........................................................................................

Table I Summary of case–control data used in this
study.

Data sets Endometriosis cases
(‘Grade_B’)

Controls Ethnicity

QIMRHCS 2262 (905) 2924 European

OX 919 (452) 5151 European

BBJ 1423 1318 Japanese

Adachi et al.
(2010)

696 825 Japanese

Hata et al.
(2013)

377 457 Japanese

QIMRHCS, Queensland Institute of Medical Research and Hunter Community Study;
OX, Oxford (UK); BBJ, BioBank of Japan.
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Table II Summary of association results for the IL1A variants in individual case–control data sets.

Chr SNP Position
(bp)

RA OA QIMRHCS (‘All’) QIMRHCS
(‘Grade_B’)

OX (‘All’) OX (‘Grade_B’) QIMRHCS1OX
(‘All’)

QIMRHCS 1 OX
(‘Grade_B’)

BBJ Adachi et al.
(2010)

Hata et al. (2013)

OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value OR
(95%
CI)

P-value

2 rs6542095 113 529 183 C T 1.06
(0.98–
1.15)

1.70E201 1.07
(0.95–
1.19)

2.70E201 1.18
(1.06–
1.31)

1.91E203 1.32
(1.14–
1.52)

1.58E204 1.11
(1.04–
1.18)

2.77E203 1.15
(1.06–
1.26)

1.48E203 1.16
(1.02–
1.31)

2.14E202 1.50
(1.27–
1.78)

2.90E206 — —

2 rs11677416 113 529 240 T C 1.13
(1.04–
1.23)

5.17E203 1.14
(1.01–
1.28)

3.34E202 1.02
(0.92–
1.14)

6.84E201 1.13
(0.97–
1.32)

1.13E201 1.09
(1.02–
1.16)

1.43E202 1.13
(1.03–
1.24)

7.96E203 0.98
(0.82–
1.17)

8.13E201 2.00
(1.50–
2.67)

2.30E206 — —

2 rs3783550 113 532 885 G T 1.06
(0.98–
1.15)

1.66E201 1.07
(0.95–
1.19)

2.69E201 1.18
(1.06–
1.31)

1.83E203 1.32
(1.14–
1.52)

1.53E204 1.11
(1.04–
1.18)

2.61E203 1.15
(1.06–
1.26)

1.45E203 1.16
(1.02–
1.31)

2.30E202 1.51
(1.27–
1.79)

2.70E206 — —

2 rs3783525 113 541 819 T A 1.06
(0.98–
1.15)

1.62E201 1.07
(0.95–
1.19)

2.70E201 1.18
(1.06–
1.31)

1.86E203 1.32
(1.14–
1.52)

1.52E204 1.11
(1.04–
1.18)

2.56E203 1.15
(1.06–
1.26)

1.44E203 1.15
(1.02–
1.31)

2.70E202 1.52
(1.28–
1.81)

1.40E206 — —

2 rs3783553 113 531 715 — TGAA 1.07
(0.98–
1.16)

1.24E201 1.07
(0.96–
1.20)

2.26E201 1.19
(1.07–
1.32)

1.57E203 1.32
(1.14–
1.52)

1.54E204 1.11
(1.04–
1.19)

1.58E203 1.16
(1.06–
1.27)

1.08E203 — — — — 1.40
(1.10–
1.76)

6.10E203

2 rs2856836 113 532 083 A G 1.13
(1.04–
1.23)

5.10E203 1.14
(1.01–
1.28)

3.34E202 1.02
(0.92–
1.14)

6.85E201 1.13
(0.97–
1.32)

1.13E201 1.09
(1.02–
1.16)

1.42E202 1.13
(1.03–
1.24)

7.98E203 0.98
(0.82–
1.17)

8.13E201 — — 1.94
(1.30–
2.89)

1.40E203

2 rs1304037 113 532 236 T C 1.13
(1.04–
1.23)

5.39E203 1.14
(1.01–
1.28)

3.23E202 1.02
(0.92–
1.14)

6.67E201 1.13
(0.97–
1.32)

1.09E201 1.09
(1.02–
1.16)

1.42E202 1.13
(1.03–
1.24)

7.96E203 0.98
(0.82–
1.17)

8.13E201 — — 1.88
(1.26–
2.82)

2.40E203

2 rs17561 113 537 223 C A 1.13
(1.04–
1.23)

5.00E203 1.14
(1.01–
1.28)

3.34E202 1.02
(0.92–
1.14)

6.85E201 1.13
(0.97–
1.32)

1.13E201 1.09
(1.02–
1.16)

1.40E202 1.13
(1.03–
1.25)

7.48E203 0.98
(0.82–
1.17)

8.13E201 — — 1.88
(1.26–
2.82)

2.40E203

Chr, chromosome; Position, chromosomal position (bp) based on Human Build 37 (GRCh37/hg19); RA, risk allele; OA, other allele; OR, odds ratio; CI, confidence interval.
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Table III Summary of meta-analysis results for the IL1A variants.

Chr SNP Position
(bp)

RA OA Meta-analysis (fixed-effect) Meta-analysis (RE2)

‘All’ ‘Grade_B’ ‘All’ ‘Grade_B’

OR (95%
CI)

P-value Q statistic
P

I2 Direction OR (95%
CI)

P-value Q statistic
P

I2 Direction P-value P-value

2 rs6542095 113 529 183 C T 1.15 (1.09–
1.22)

3.60E207 3.45E203 0.78 ++++ 1.21 (1.13–
1.29)

3.43E208 4.47E203 0.77 ++++ 1.03E207 8.87E209

2 rs11677416 113 529 240 T C 1.10 (1.04–
1.17)

1.54E203 1.46E204 0.85 ++2+ 1.15 (1.06–
1.25)

5.38E204 5.80E204 0.83 ++2+ 8.25E205 5.66E205

2 rs3783550 113 532 885 G T 1.15 (1.09–
1.22)

5.21E207 4.00E203 0.77 ++++ 1.20 (1.13–
1.29)

5.89E208 4.57E203 0.77 ++++ 1.06E207 9.43E209

2 rs3783525 113 541 819 T A 1.15 (1.09–
1.22)

4.78E207 3.04E203 0.78 ++++ 1.20 (1.13–
1.29)

5.47E208 3.46E203 0.78 ++++ 7.44E208 6.54E209

2 rs3783553 113 531 715 - TGAA 1.13 (1.06–
1.20)

1.59E204 6.23E202 0.64 ++?+ 1.19 (1.09–
1.29)

5.49E205 3.06E202 0.71 ++?+ 1.84E204 2.99E205

2 rs2856836 113 532 083 A G 1.09 (1.02–
1.16)

7.15E203 9.88E203 0.74 ++2+ 1.12 (1.04–
1.22)

4.29E203 2.37E202 0.68 ++2+ 1.01E202 6.18E203

2 rs1304037 113 532 236 T C 1.09 (1.02–
1.16)

7.65E203 1.51E202 0.71 ++2+ 1.12 (1.04–
1.22)

4.44E203 3.38E202 0.65 ++2+ 1.09E202 6.44E203

2 rs17561 113 537 223 C A 1.09 (1.02–
1.16)

7.58E203 1.45E202 0.72 ++2+ 1.12 (1.04–
1.22)

4.71E203 3.39E202 0.65 ++2+ 1.07E202 6.82E203

Chr, chromosome; Position, chromosomal position (bp) based on Human Build 37 (GRCh37/hg19); RA, risk allele; OA, other allele; OR, odds ratio; CI, confidence interval; RE2, Han–Eskin’s random effects model meta-analysis; Q statistic P,
Cochran’s Q between-study heterogeneity test P-value; I2, percentage of variance attributable to between-study heterogeneity.
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(as measured by Pearson’s correlation coefficient) between the two sets
of genotypes for rs6542095 and rs1761 were 0.99 (P , 2.2 × 10216)
and 1 (P , 2.2 × 10216), respectively.

Our primary meta-analysis of the eight IL1A SNPs including individual
QIMRHCS, OX, BBJ imputed data and published results of coding SNPs
and the common tagSNPs provided further evidence for implication of
the IL1A locus in endometriosis (Table II). Overall, effect direction of
the eight SNPs in both ‘All’ and ‘Grade_B’ endometriosis and in all
three individual imputed data sets were in line with the published
results of the coding SNPs and common tagSNPs. One common
tagSNP (rs11677416) and three coding SNPs (rs2856836, rs1304037
and rs17561) showed nominally significant association (P , 0.05) with
‘All’ and ‘Grade_B’ endometriosis in QIMRHCS imputed data.
However, these SNPs were not nominally significant in OX imputed
data. The other three common tagSNPs (rs6542095, rs3783550 and
rs3783525) and a coding SNP (rs3783553) were associated with both
‘All’ and ‘Grade_B’ endometriosis at a nominal P , 0.05 in OX
imputed data but not in QIMRHCS imputed data. Importantly, all eight
SNPs were associated (P , 0.014) in the combined European imputed
data (QIMRHCS + OX) for both ‘All’ and ‘Grade_B’ endometriosis.
Of these, three common tagSNPs (rs6542095, rs3783550 and
rs3783525) also showed nominally significant (P , 0.05) association
with endometriosis in BBJ imputed data. Data for the indel variant
(rs3783553) were not available in the BBJ imputed data.

After including results from Adachi et al. (2010) and Hata et al. (2013)
with QIMRHCS, OX and BBJ imputed data using fixed-effect

meta-analysis, we observed a near genome-wide significant associ-
ation signal of rs6542095 with ‘All’ endometriosis [odds ratio
(OR) ¼ 1.15, 95% confidence interval (CI) ¼ 1.09–1.22, P ¼
3.45 × 1027] (Table III and Fig. 1). Two other proxy SNPs
(rs3783525 and rs3783550) of rs6542095 also showed similar
strengths of association [rs3783525: OR ¼ 1.15, 95% CI ¼ 1.09–
1.22, P ¼ 4.78 × 1027 and rs3783550: OR ¼ 1.15, 95% CI ¼ 1.09–
1.22, P ¼ 5.21 × 1027]. The remaining five IL1A SNPs showed
reduced association (P , 7.65 × 1023). Between-study heterogen-
eity of allelic effects were significant for all the eight SNPs (Cochran’s
Q statistic P , 0.06, 0.64 ≥ I2≤ 0.85) and hence additional
meta-analysis using the RE2 model was performed. The results from
the RE2 model were comparable with the ones from fixed-effect
meta-analysis (Table III).

In a meta-analysis of ‘Grade_B’ endometriosis cases versus controls,
we observed genome-wide significant association of rs6542095
(OR ¼ 1.21, 95% CI ¼ 1.13–1.29, P ¼ 3.43 × 1028) with endometri-
osis (Table III and Fig. 2). The associations of rs3783525 (OR ¼ 1.20,
95% CI ¼ 1.13–1.29, P ¼ 5.47 × 1028) and rs3783550 (OR ¼ 1.20,
95% CI ¼ 1.13–1.29, P ¼ 5.89 × 1028) with endometriosis also per-
sisted with stronger evidence than in ‘All’ endometriosis. The other
five IL1A SNPs also remained associated with endometriosis (P ,

6.82 × 1023). All eight SNPs produced evidence for between-study
effect heterogeneity (Cochran’s Q statistic P , 0.03, 0.65 ≥ I2 ≤
0.83); however, after appropriate modelling of this heterogeneity, asso-
ciation signals of the top three common tagSNPs became slightly

Figure 1 Evidence of association in ‘All’ endometriosis from the fixed-effect meta-analysis of the eight IL1A variants, using imputed data from QIMRHCS,
OX and BBJ and published results from Adachi et al. (2010) and Hata et al. (2013). Circles in the plot represent SNPs with no functional annotations. Squares
represent SNPs located in either coding or untranslated regions. Inverted triangles denote non-synonymous SNPs. SNP names in red font are reported by
Adachi et al. (2010) and SNP names in green font are reported by Hata et al. (2013). The most significant SNP (rs6542095) is represented by a purple circle.
All other SNPs are colour coded according to the strength of LD with the best SNP (as measured by r2 in the European 1000 Genomes data).
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stronger (rs6542095: P ¼ 8.87 × 1029, rs3783525: P ¼ 6.54 × 1029

and rs3783550: P ¼ 9.43 × 1029) in the RE2 model.
In an additional meta-analysis for all other remaining variants in the

IL1A region using individual QIMRHCS, OX and BBJ imputed data, a
total of four SNPs (rs1969294, rs13000462, rs3783543 and
rs2071376 that were present in all three data sets) showed marginally
stronger association P-values than at least one of the top three
common tagSNPs in either ‘All’ or ‘Grade_B’ endometriosis (Supple-
mentary data, Table SI, Supplementary data, Figs 1 and 2). However,
these SNPs are in a strong LD (r2 . 0.87) with rs6542095 in all the Japa-
nese and Caucasians 1000G data and hence are likely to represent the
same association signal of rs6542095. Furthermore, when we condi-
tioned on rs6542095, the association signals, for three of the IL1A
coding SNPs reported by Hata et al. (2013) and one common tagSNP
reported by Adachi et al. (2010), vanished (P . 0.14) (Supplementary
data, Table SII) in both ‘All’ and ‘Grade_B’ endometriosis.

Discussion
Endometriosis is considered to be associated with inflammatory
responses, which are in part initiated by a network of pro-inflammatory
proteins of the IL1 cytokine family. IL1A encodes IL1a, a member of the
IL1 cytokine family that possesses a strong pro-inflammatory effect. A
small Japanese GWA study reported four common tagSNPs in and
around IL1A that showed suggestive associations with endometriosis
(Adachi et al., 2010). The same group, subsequently, sequenced all the
exons of IL1A in 377 endometriosis cases and 457 healthy controls of

Japanese ancestry (Hata et al., 2013). The authors reported a total of
11 SNPs, of which four coding SNPs were suggestively associated with
the risk of endometriosis. Herein, we carefully examined those eight
IL1A SNPs in the context of endometriosis, using imputed data from an
independent sample of 3908 cases and 8568 controls of European and
Japanese ancestry. The imputed data were accurate and robust with im-
putation R2 . 0.98 for the eight IL1A SNPs and genotype concordance
.0.99 between imputed and true genotypes of two SNPs in a subset
of samples. Our results provide important replication in an independent
Japanese sample and association of the IL1A locus in endometriosis
patients of European Ancestry.

All eight IL1A SNPs were associated with endometriosis in at least one
European data set at a nominal P , 0.05 (Table II). After combining the
two European imputed data sets (QIMRHCS and OX), these SNPs
remained significant at P , 0.014. Effect sizes for all eight IL1A SNPs
were similar and in the same direction as the published results. Further-
more, the associations were stronger in moderate-to-severe
(‘Grade_B’) endometriosis than in all endometriosis (‘All’), in line with
our previous reports supporting greater genetic loading for
moderate-to-severe endometriosis (Painter et al., 2011; Nyholt et al.,
2012). Three common tagSNPs (rs6542095, rs3783525, rs3783550)
and the indel variant (rs3783553) that are in a strong LD with each
other (r2 . 0.94 in Japanese and Caucasian 1000G data) showed slightly
stronger associations than the remaining SNPs. The indel variant was not
present in the BBJ imputed data, but the other results were consistent
(association P , 0.027) in the BBJ results. The association evidence for
the three common tagSNPs (rs6542095, rs3783525 and rs3783550)

Figure 2 Evidence of association in ‘Grade_B’ endometriosis from the fixed-effect meta-analysis of the eight IL1A variants, using imputed data from
QIMRHCS, OX and BBJ and published results from Adachi et al. (2010) and Hata et al. (2013). Circles in the plot represent SNPs with no functional annota-
tions. Squares represent SNPs located in either coding or untranslated regions. Inverted triangles denote non-synonymous SNPs. SNP names in red font are
reported by Adachi et al. (2010) and SNP names in green font are reported by Hata et al. (2013). The most significant SNP (rs6542095) is represented by a
purple circle. All other SNPs are colour coded according to the strength of LD with the best SNP (as measured by r2 in the European 1000 Genomes data).
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Figure 3 UCSC Genome Browser snapshot of rs3783525, with 250 bp flanking regions on its either side. Tracks displayed from top to bottom include genome base position (hg19), UCSC Genes,
Layered H3K4Me3 mark on seven cell lines from ENCODE, Layered H3K4Me1 mark on seven cell lines from ENCODE, Layered H3K27Ac mark on seven cell lines from ENCODE, DNaseI Hypersensitivity
Clusters in 125 cell types from ENCODE, Transcription factor CHIP-seq (161 factors) from ENCODE, All SNPs (138), Human mRNAs and Spliced ESTs, respectively.
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became stronger in the fixed-effect meta-analysis, with a genome-wide
evidence (P ¼ 3.4 × 1028) for rs6542095 in ‘Grade_B’ endometriosis
(Table III and Fig. 2). These SNPs were genome-wide significant in the
meta-analysis using the RE2 model, taking into account between-study
heterogeneity observed in the fixed-effect meta-analysis.

Even though Hata et al. (2013) reported rs17561, a non-synonymous
coding variant, as the strongest IL1A SNP for endometriosis in a Japanese
population, our results do not support their findings. Instead, our
meta-analysis results more strongly implicate another SNP in the IL1A
locus, rs6542095, which is in weak LD with rs17561. Notably, after con-
ditioning on rs6542095, no residual association signal (P . 0.14) was
observed for rs17561 or for two other coding SNPs (rs2856836 and
rs1304037) and a common tagSNP (rs11677416) that are in perfect
LD (r2 ¼ 1 in Japanese and Caucasian 1000G data) with rs17561
(Supplementary data, Table SII). Further meta-analysis of other IL1A
variants in the European and BBJ imputed data also did not implicate
additional association signals for endometriosis, independent of
rs6542095 (Supplementary data, Table SI). Consequently, our data do
not suggest the IL1A locus harbours multiple independent association
signals for endometriosis (in addition to rs6542095), at least in the
European populations.

SNP rs6542095 is intergenic, located �2.3 kb downstream of IL1A
gene and �6.9 kb upstream of the cytoskeleton associated protein
2-like (CKAP2L) gene. The two other common tagSNPs, rs3783525
and rs3783550, which are in perfect LD with rs6542095 (r2 ¼ 1 in
Japanese and Caucasian 1000G data), are intronic SNPs located at
intron 1 and intron 6 of the IL1A gene, respectively. IL1A is a well-
characterized gene that encodes the IL1a protein of the interleukin 1
cytokine family and is involved in a wide range of inflammatory activities
and immune responses. A small GWA study (McClay et al., 2011) of
treatment outcomes of antipsychotic drugs in schizophrenia reported
two IL1A SNPs, rs11677416 and rs17561, as significantly associated
with olanzapine and working memory (P ¼ 6.67 × 1027 and 1.05 ×
1026, respectively). The study utilized GWA data generated from
738 schizophrenia patients of European American and African Ameri-
can ancestries. Furthermore, based on the ENCODE data queried
through the UCSC genome browser, rs3783525 directly overlaps
with several regulatory regions, such as the H3K4Me1 mark (often
found near regulatory elements), the H3K4Me3 mark (often found
near promoters) and the H3K27Ac mark (often found near enhancers)
(Fig. 3). The data indicated that rs3783525 also overlaps with binding
sites of three transcription factors, including RNA Polymerase II
(POLR2A), suggesting a potential regulatory or functional role of
rs3783525.

IL1A encodes one of two related pro-inflammatory cytokines (IL-1a
and IL-1b) that signal through the same receptors (Gabay et al., 2010).
The two genes IL1A and IL1B are located next to each other on chromo-
some 2 and adjacent to interleukin 37 (IL37). While our results implicate
the IL1A locus, variants associated with endometriosis risk could affect
one or more these genes. Tissue-specific studies measuring RNA tran-
scripts and proteins are needed to identify the target gene(s). In addition,
fine mapping with better coverage of genomic variation at this locus and
functional studies are required to identify the causal variant(s). While
results from these studies may not be translated immediately into the
clinic, they serve as a starting point to understand biological mechanisms
underlying the role of causal variants at the IL1A locus increasing the risk
of endometriosis.

In conclusion, these study results provide genome-wide significant evi-
dence implicating the IL1A locus in endometriosis susceptibility. The ori-
ginal IL1A signals reported in a Japanese population were robustly
replicated in European population. Consistent with our previous
reports, the observed associations at the IL1A locus were stronger in
moderate-to-severe endometriosis than in all endometriosis cases.
SNPs within the IL1A locus may regulate other genes in the region, but
if IL1A is the target, our results provide supporting evidence for a link
between inflammatory responses and thepathogenesis of endometriosis.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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