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KEY MESSAGE
Sixteen candidate genes for age at menarche were reported to be associated with endometriosis. The observed
pleiotropy of these loci suggests a shared genetic architecture for the two phenotypes.

ABSTRACT
Research question: Are the candidate genes for age at menarche associated with a risk of endometriosis?

Design: Fifty-two candidate single nucleotide polymorphisms (SNP) for age at menarche, their gene-gene and gene-
environment interactions were analysed for possible association with endometriosis in a sample of 395 patients and
981 controls. Association of the polymorphisms was analysed using logistic regression according to three main genetic
models (additive, recessive and dominant). The gene-gene and gene-environment interactions were analysed for the
second-, third- and fourth-order models with adjustment for covariates and multiple comparisons with subsequent
cross-validation.

Results: Sixteen SNP for age at menarche out of the 52 studied were associated with endometriosis. Polymorphism
rs6589964 BSX was associated with endometriosis according to the additive and recessive models (OR 1.27-1.47,
Poerm < 0.006). Fourteen SNP were associated with the disease within 12 most significant models of gene-gene
interactions (Ppery < 0.008). Twelve SNP involved in 10 most significant models of SNP-induced abortion interactions
are associated with endometriosis. Fourteen of the 16 polymorphisms associated with endometriosis demonstrated
pleiotropic effects: they were also associated with either age at menarche (7 SNP) or height and/or body mass

index (10 SNP) in the studied sample. The 16 SNP associated with endometriosis and 316 SNP linked to them have
regulatory and expression quantitative trait locus significance for 28 genes contributing to the G alpha signal pathway
(fold enrichment 31.09, Prpr = 0.001) and responses to endogenous stimuli (fold enrichment 16.01, Pepr = 0.027).

Conclusions: Sixteen SNP for age at menarche out of the 52 studied were associated with endometriosis.
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INTRODUCTION

ndometriosis is classically
defined as the presence of
endometrial glands and stroma
in ectopic locations, primarily
the pelvic peritoneum, ovaries and
rectovaginal septum (Burney and
Giudice, 2012). Endometriosis occurs in
6-10% of women of reproductive age
(Treloar, 1999). It is diagnosed in 20-50%
of infertile women (Gao, 2006). Definitive
diagnosis can only be established through
surgical (laparoscopic) visualization
of the lesions, ideally with histological
verification, resulting in reported average
diagnostic delays worldwide of 7-10 years
from onset of symptoms (Nnoaham
et al., 2011). The financial burden of
endometriosis on the healthcare system
is substantial, with the direct and indirect
annual costs estimated at US$12,419
(approx. €9579) per affected woman
(Simoens et al., 2012).

Hereditary factors are important in the
development of endometriosis (Stefansson
et al., 2002). Based on twin studies, their
contribution was estimated at around 51%
(Treloar, 1999). Recent estimates come
from genome-wide association studies
(GWAS). To date, the National Genome
Research Institute's catalogue of GWAS
(https://www.ebi.ac.uk/gwas) includes 10
papers on the study of endometriosis
(Adachi et al., 2010; Albertsen et al., 2013;
Borghese et al., 2015a; Nyholt et al., 2012;
Painter et al., 2011; Sapkota et al., 2017a;
Sobalska-Kwapis et al., 2017; Uimari et al.,
2017; Uno et al., 2010; Wang et al., 2017).
More than 20 significant loci associated
with the development of endometriosis
were identified in these studies. According
to Sapkota et al. (2017a), 19 GWAS-
identified significant single nucleotide
polymorphisms (SNP) determine 5.19% of
the variability of endometriosis. However,
only a few of the GWAS-identified
significant SNP were replicated between
studies (Pagliardini et al., 2013, 2015;
Rahmioglu et al., 2014; Sapkota et al.,
2015, 2017b; Sundqvist et al., 2013).

One of the risk factors for the
development of endometriosis is age

at menarche (Nnoaham et al., 2012;
Zondervan et al., 2016). Early menarche
increases ‘exposure to menstruation’

in the course of a woman's life which,

in turn, may increase the risk of
endometriosis (Nnoaham et al., 2012;
Zondervan et al.,, 2016). Research data
about the association of age at menarche

and endometriosis are controversial.

In some studies, early menarche was
associated with an increased risk of
endometriosis (Candiani et al., 1997;
Treloar et al., 2010), whereas in others,
either age of menarche was not associated
with the disease (Ashrafi et al., 2016;
Peterson et al., 2013) or early menarche
was a protective factor (Buck Louis et al.,
2007). A meta-analysis of 18 studies of the
associations between age at menarche
and endometriosis (3805 patients and
9526 controls) showed a slight increase

in the risk of endometriosis with early
menarche (Nnoaham et al., 2012).

The significantly different heritability
estimates for endometriosis [51%
according to twin studies (Treloar, 1999),
26% according to common SNP-based
heritability (Lee et al., 2012), and only
slightly above 5% according to GWAS
data for significant SNP (Sapkota et al.,
2017a)] raise a problem of so-called
‘missing heritability”. This problem may be
addressed by studies of candidate genes
associated with particular risk factors for
endometriosis (e.g. age at menarche,
some anthropometric characteristics,
etc.). For example, several loci located
within or near genes KIFAP3, CAB39L,
WNT4 and GRB14 were associated with
both endometriosis and the ratio of waist
and hip circumference (Rahmioglu et al.,
2015). More than 350 GWAS-identified
polymorphic loci have been reported

as associated with menarcheal age

(Day et al., 2017). However, no studies
concerning the possible association of
the menarche candidate genes with the
risk of endometriosis have so far been
conducted. The work presented here is
dedicated to filling this gap.

The purpose of this study was to analyse
the association of 52 candidate loci for
age at menarche with endometriosis. A
previous study examined the association
of these loci with age at menarche and
some anthropometric characteristics
(height, body mass index [BMI]) in the
same sample (Ponomarenko et al.,
2019). This makes comparison and
interpretation of the results more
meaningful and less biased thanks to the
elimination of possible between-sample
heterogeneity.

MATERIALS AND METHODS

Study subjects
The study sample included 1435 women:
415 patients with endometriosis and 1020

control subjects. Recruitment of the
participants was carried out through the
Perinatal Centre of the Belgorod Regional
Clinical Hospital of St. Joasaph during
2008-2013. Endometriosis was diagnosed
by certified doctors from the Department
of Gynecology at the above centre using
laparotomy/laparoscopy and subsequent
histological confirmation (n = 415, 100%).
Hysterectomy followed by morphological
study of the surgical material was
performed in 228 patients (54.94%). All
patients underwent hysteroscopy with
targeted therapeutic and diagnostic
curettage of the uterus and subsequent
histological examination of the obtained
material. Among 415 patients with
endometriosis, stage | disease was
detected in 35.90% (n = 149), stage Il in
53.98% (n = 224) and stage Ill and IV in
10.12% (n = 42). Staging was determined
according to the revised American
Society for Reproductive Medicine
(rASRM) classification (American Society
for Reproductive Medicine 1997). The
control group included women without
clinical (an asymptomatic women without
chronic pelvic pain, etc.) or ultrasound
signs of benign proliferative diseases of
the reproductive organs. Participants

in the control sample were recruited
during regular medical examinations

at the above perinatal centre. The

ages of endometriosis patients

(3975 = 901 years) and the control
group (40.73 = 8.60 years) were similar
(P =0.10).

The following exclusion criteria were
adopted: non-Russian descent (self-
declared), a birthplace outside of
Central Russia (Sorokina et al., 2018),
malignant tumours of the small pelvis
and breast, chronic severe diseases of
the vital organs (heart, respiratory or
renal failure) and severe autoimmune
diseases. The study was approved by the
Regional Ethics Committee of Belgorod
State University on 10 April 2008. All
participants signed an informed consent
form prior to enrolment in this study.

For each participant, the following
data were collected: anthropometric
characteristics (height, weight, BMI)
and age at menarche (as described
elsewhere, Ponomarenko et al., 2019),
details of the menstrual cycle (menstrual
cycle length, duration of menses),
reproductive characteristics (age at
first birth, number of pregnancies and
childbirths, spontaneous and induced
abortions, infertility), family history



of endometriosis, marital status, use

of oral contraceptives, smoking and
alcohol use and history of surgery to
the pelvic organs. All participants were
also comprehensively examined for the
presence of gynaecological diseases
(uterine leiomyoma, endometrial
hyperplasia, adenomyosis).

Blood sample collection and DNA
handling

Blood (5 ml) was drawn by a

certified nurse from the ulnar vein

of each participant into a plastic vial
(Vacutainer®) containing 0.5 mol/l EDTA
solution (pH = 8.0). Total genomic DNA
was isolated from the buffy coat using
the standard phenol-chloroform method
and then assessed for quality using a
Nanodrop 2000 spectrophotometer
(Thermo Scientific, Inc., USA ). Only
samples with A260/A280 = 1.7-2.0 were
included in the analysis. The isolated
DNA was stored at -80°C.

SNP selection

In total, 52 candidate loci for age at
menarche were included in the study.
The following selection criteria were
applied (Ponomarenko, 2018, 2019): (i)
previously reported associations with age
at menarche or traits sharing common
biological pathways with menarche
(anthropometric characteristics,

obesity, vitamin D metabolism, etc.), (ii)
regulatory potential (regSNP), (iii) effect
on gene expression (eSNP), (iv) tag value
(tagSNP) and (v) minor allele frequency
(MAF) >5%.

The regulatory potential of the SNP and
effect on gene expression were estimated
using the following online tools: HaploReg
(v4.1) (https://pubs.broadinstitute.org/
mammals/haploreg/haploreg.php),
RegulomeDB (https://regulomedb.org/
regulome-search/), rSNPBase (http://
rsnp.psych.ac.cn/index.do), SNPinfo

Web Server - SNP Function Prediction
(FuncPred) (https://snpinfo.niehs.
nih.gov/snpinfo/snpfunc.html), Blood
eQTL browser (http://genenetwork.
nl/bloodegtlbrowser) and GTExPortal
(http://www.gtexportal.org).

Information about the selected SNP is
given in Supplementary Table 1. All SNP
appear to have a significant regulatory
potential (Supplementary Table 2), 43 of
them (82.69%) are eSNP (Supplementary
Table 3), 29 are tagSNP, and 17 are
associated with various anthropometric
characteristics (Supplementary Table 4).

Out of the 52 selected SNP, 14 were
associated with age at menarche
according to the GWAS results and

28 according to the candidate gene
association studies (Supplementary
Table 4). In addition, 10 SNP, which did
not demonstrate significant association
with age at menarche, were either
associated or tag with the traits related
to menarche (e.g. vitamin D metabolism,
polycystic ovary syndrome development,
anthropometric characters, etc.,
Supplementary Table 4). These SNP
included rs1884051 ESR1, rs3020394
ESR1, rs12324955 FTO, rs4633 COMT,
rs222020 GC, rs222003 GC, rs1544410
VDR, rs3756261 EGF, rs7766109 F13A1
and rs2252673 INSR. All these SNP have
a significant regulatory potential; nine of
them are eSNP and eight are tagSNP.

Several of these 52 loci were previously
reported to have an association with age
at menarche (14 SNP), height (16 SNP)
and BMI (15 SNP) in the same sample
of Russian women (Ponomarenko et al.,

2019).

SNP genotyping

DNA samples were genotyped using the
Sequenom MassARRAY® iPLEX platform,
which is based on MALDI-TOF (matrix-
assisted laser desorption/ionization
time-of-flight) mass spectrometry at the
Centre of Genomic Sciences at the
University of Hong Kong. The analysed
DNA samples had concentrations of
10-15 ng/ml. Assay Design Suite 1.0
(http://agenabio.com/assay-design-
suite-10-software) was used to create a
single-well iPLEX SNP genotyping assay.
For this purpose, the 52 SNP of interest
were retrieved from dbSNP of NCBI
and imported according to their ID to
Assay Design Suite 1.0. After completing
the consecutive automatic steps, the
genotyping assay was successfully
generated and tested for cross-
amplification.

Data quality control

The quality of the genotypic data was
assessed according to the missing

call rate, defined as the fraction of
missing calls per SNP for all samples.
MassARRAY® Typer 4.0 software was
used for cluster analysis of the genotype
calls. All samples successfully passed
the quality control with the following
parameters: SNP with call rate >95%,
success rate of duplicate check >995%,
and success rate of the blank check
>90%. Individuals with a proportion

RBMO VOLUME 41 ISSUE 5 2020 945

of determined genotypes <95% out of
the maximum possible number were
excluded from the analysis (n = 59).

The final sample consisted of 1376
women: 395 patients with endometriosis
and 981 individuals in the control group.
The proportion of the determined
genotypes for the 52 SNP was 98.82%.
The general characteristics of the study
participants are given in TABLE 1.

Statistical analysis

Logistic regression was used to

assess association of clinical and
clinical-anamnestic risk factors with

the development of the disease. The
calculations were performed using

the epicalc package in the R software
environment [version 3.4.0 (2017-04-21)].

All polymorphisms were checked for
their correspondence to the Hardy-
Weinberg equilibrium (HWE) using the
chi-squared test. The associations of the
52 loci with endometriosis were analysed
using logistic regression according to
three basic genetic models: additive (i.e.
comparison of all genotypes, e.g. TT
versus TC versus CC), dominant (CC/
TC versus TT, where C is a minor allele)
and recessive (CC versus TC/TT, where
C is a minor allele) with adjustment

for covariates. The following covariates
were applied as qualitative variables
(yes/no): the history of pelvic surgery,
history of infertility, the presence of
induced abortions in the anamnesis;
and as quantitative variables (value of
the trait): menstrual cycle length, parity,
the number of induced abortions in

the anamnesis (TABLE 1). The adaptive
permutation test was applied to adjust
for multiple comparisons (Che et al.,
2014). The significance level was set

at Poerm < 0.01 (after the Bonferroni
correction based on the numbers of
genetic models studied).

The size of the studied sample (395
patients with endometriosis and 981
individuals of the control group) allowed
determination of the differences in the
distribution of genetic polymorphisms
between patients and controls at

the level of OR = 1.26-1.64 for the
additive model, OR = 1.40-1.68 for the
dominant model and OR = 1.46-5.82
for the recessive model (at 80% power,
alpha = 0.05 for a two-sided test).

The haplotype blocks were determined
using the ‘confidence intervals’ algorithm
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TABLE 1 CHARACTERISTICS OF PARTICIPANTS FROM THE CASE AND CONTROL GROUPS

Parameters Cases (n = 395) Controls (n = 981) P-value
Age (years) 3975 = 901 40.73 = 8.60 0.10
Height (m) 1.65 = 0.06 1.65+0.06 0.39
Weight (kg) 72.65 = 14.38 72.49 =13.37 0.82
BMI (kg/m?) 26.63 = 5.31 26.66 = 4.61 0.84
Proportion of participants by relative BMI:

Underweight (<18.50) 4.30 (17) 112 (1)

Normal weight (18.50-24.99) 3772 (149) 42.41 (416) 097

Overweight (25.00-29.99) 31.65 (125) 30.48 (299)

Obese (>30.00) 26.33 (104) 25.99 (255)
Family history of endometriosis (yes) 6.08 (24) 194 (19) 0.0007
Married 82.53 (32¢6) 85.93 (843) 0.13
Smoking (yes) 18.23 (72) 17.33 (170) 0.75
Drinking alcohol (=7 drinks per week) 4.05 (16) 3.06 (30) 0.45
History of pelvic surgery (laparoscopy and/or laparotomy) 15.19 (60) 999 (98) 0.009
Oral contraceptive use 8.10 (32) 10.09 (99) 0.30
Age at menarche and menstrual cycle
Age at menarche, years 1329 +1.27 13.27 £ 1.25 0.97
Proportion of participants by relative age at menarche

Early (<12 years) 6.33(25) 6.42 (63) 0.92

Average (12-14 years) 80.76 (319) 79.51(780)

Late (>14 years) 12.91(51) 14.07 (138)
Duration of menstrual bleeding (days) 513 £ 1.56 494 = 0.94 0.17
Menstrual cycle length (days) 2766 =228 2815 = 2.24 <0.0001
Reproductive characteristics
Age at first birth (years) 2125 £ 3.04 2171 = 3.49 0.07
Gravidity 2.60 = 2.31 2.45 = 1.55 0.58
No. of births 1.07 # 0.97 151+ 0.67 <0.0001
No. of spontaneous abortions 0.21 + 0.61 0.24 = 0.51 0.08
No. of induced abortions 1.25 + 1.61 0.67 = 0.99 0.009
No. of induced abortions:

0 46.58 (184) 58.92 (578)

1 17.22 (68) 2375 (233)

2 19.24 (76) 10.40 (102) <0.0001

3 8.61(34) 5.40 (53)

>4 8.35(33) 1.53 (15)
History of infertility 33.42 (132) 5.20 (51) <0.0001
Gynaecological pathologies
Uterine leiomyoma 52.41(207) - -
Endometrial hyperplasia 46.33 (183) - -
Adenomyosis 43.04 (170) - -

Data are presented as mean = SD or % (n).

at D' > 0.8 as implemented in HaploView  software (available at http://zzz.bwh.
harvard.edu/plink).

v.4.2 (https://www.broadinstitute.org/
haploview/haploview). Statistical power
for each SNP was computed using
Quanto 1.2.4. The association analyses

The gene-gene interactions were
analysed for the two-, three- and

were conducted using the PLINK v.2.050 four-locus models using MB-MDR

(model-based multifactor dimensionality
reduction) (Calle et al., 2008, 2010)
as implemented in the namesake
software (v.2.6) for the R programming
environment. MB-MDR is a modification
of MDR and makes it possible to analyse



gene-gene interactions with adjustment
for covariates and validation by the
permutation test (Mahachie et al., 2012).
The permutation test was demonstrated
to be efficient for analysis of large massifs
of GWAS data without a reduction of
the power (Che R. et al., 2014). For the
permutation test, the following threshold
P-values (after the Bonferroni correction
based on the numbers of combinations
studied for 52 SNP) were adopted for
models of gene-gene interactions:

P < 3.8 x 107 (<0.05/1326) for
two-locus models, P < 2.3 x 10°¢
(<0.05/22,100) for three-locus models,
and P < 1.8 x 107 (<0.05/270,725) for
four-locus models. The significance level
was set at Pperm, < 0.01.

The gene-environment interactions

of the candidate genes for age at
menarche with induced abortions in
terms of their possible contribution to
endometriosis were analysed. Induced
abortions were included in the analysis
of gene-environment interactions
because (i) they were a risk factor for
endometriosis in the study sample
(TABLE 1) and (ii) their high prevalence

as a birth control method is a specific
feature of the reproductive behaviour
of Russian women in comparison with
other countries of the world (David et al.,
2007; Douglas et al., 2014; Sedgh et al.,
2007). The study was conducted using
MB-MDR with adjustment for covariates
(family history of endometriosis,

history of pelvic surgery, history of
infertility, menstrual cycle length,

parity) and multiple comparisons (1000
permutations) as indicated above.

The permutation test was applied to
the selected best models of gene-
environment interactions with the
significance level of P <1 x 10722 The
significance level was set at P,q., < 0.01.

The cross-validation of the most
significant models of gene-gene and
gene-environmental interactions
associated with endometriosis was
performed by GMDR (generalized
multifactor dimensionality reduction)
(Chen et al., 2011a; Lou et al., 2007)
(http://www.ssg.uab.edu/gmdr) as
implemented in the GMDR software
(Beta 0.9) (http://sourceforge.net/
projects/gmdr). Cross-validation
consistency (CVC), testing balanced
accuracy, sensitivity and specificity
models were computed with adjustment
for covariates. Correction for multiple
comparisons was performed using

the permutation test. One thousand
permutations were performed with 10-
fold cross-validation, which provides a
level of statistical significance of at least
Pperm < 0.001 for a validated model.

The gene-gene and gene-environment
interactions and their relative
contribution to the total variance of
the trait within the second-, third- and
fourth-order models were visualized
using the MDR method (http://www.
multifactordimensionalityreduction.org),
as implemented in MDR v.3.0.2 (http://
sourceforge.net/projects/mdr).

Evaluation of casual relationships
between age at menarche and
endometriosis

Casual relationships between age at
menarche and endometriosis were
analysed by two approaches: two-sample
fixed-effect inverse variance weighted
Mendelian randomization (IVW MR)

and genetic causality proportion (GCP)
analysis.

Two-sample fixed-effect inverse
variance weighted Mendelian
randomization

To achieve the biggest power in IVW
MR, this study used SNP associated with
age at menarche from a recent meta-
analysis (Day et al., 201/) as instrumental
variable and the biggest publicly

available full GWAS summary statistics
on endometriosis as the outcome. The
GWAS data for endometriosis (245,494
females of European ancestry, 4252
cases, 241,242 controls) were obtained
from GeneATLAS (http://geneatlas.roslin.
ed.ac.uk/trait/?trait = 503). The list of
instrumental variables was compiled
according to the following procedure.
First, SNP associated with menarcheal
age were obtained from the recent
GWAS (Day et al.,, 2017). From the 389
SNP reported in this study, 275 replicated
SNP with P-values of the meta-analysis for
both discovery and replication cohorts
lower than those reported for the
discovery only were selected. Then those
275 SNP were clumped and pruned

for independence in PLINK v.1.90b6.15
(https://www.cog-genomics.org/plink)

by retaining only one SNP within a
10,000 kb window among SNP correlated
at r2 > 0.001. Summary statistics of

the resulting 176 SNP were used as
instrumental variables in IVW MR. After
subsequent harmonization with outcome
data and filtering by MAF (<0.05), 139
SNP were retained for analysis. Seven
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SNP (rs1040070, rs10897450, rs2542420,
rs4780885, rs8087304, rs9422857 and
rs9522262) were excluded, because they
were palindromic and had intermediate
allele frequencies. Thus, 132 instrumental
variables were finally selected for the
analysis. Harmonization and IVW MR
analysis were performed using the R
package TwoSampleMR v.0.5.0 (Hemani
et al., 2018). The other methods of two-
sample MR (MR-Egger, weighted median,
simple mode, weighted mode) were
applied as sensitivity analyses.

Horizontal pleiotropy was controlled
using MR-PRESSO method v1.0
(Verbanck et al., 2018), which identified
rs11031040, rs6185 and rs6933660 as
outliers. These three SNP were excluded
from the list of instrumental variables

to rerun the Mendelian randomization
analysis. The full list of the instrumental
variables and its association statistics with
age at menarche and endometriosis are
given in Supplementary Table 5.

Genetic causality proportion

To measure the GCP, GWAS summary
statistics for endometriosis as described
above were used, and the largest
available full GWAS summary statistics
on age of menarche (176,008 females
of European ancestry) from the Neale
lab database (http://www.nealelab.is/
blog/2017/7/19/rapid-gwas-of-thousands-
of-phenotypes-for-337000-samples-
in-the-uk-biobank). The latent causal
variable (LCV) model implemented in

R (O'Connor et al.,, 2018) was used.
Genetic correlations between these
two traits were calculated using pre-
calculated linkage disequilibrium scores
estimated using linkage disequilibrium
score regression and European ancestry
samples from 1000 Genomes Project
data (Bulik-Sullivan et al., 2015). Data
reformatting was performed in the R
package GenomicSEM v.0.0.2 (https://
github.com/MichelNivard/GenomicSEM).

IVW Mendelian randomization of age
at menarche and endometriosis using
SNP from this study

In the very last step, IVW Mendelian
randomization with available summary
statistics for association with
endometriosis was performed. A search
was carried out for an overlap of 52
SNP (TaBLE 2) with the data of the largest
available GWAS for age at menarche
(described above), performing clumping
with above-described parameters,

and filtered by the P < 5 x 108 for
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association with age at menarche. This
analysis yielded 14 SNP that were used as
instrumental variables for IVW Mendelian
randomization (see Supplementary

Table 6 for the full list of instrumental
variables).

Functional SNP

The SNP that were endometriosis-
associated or strongly linked were
analysed for their functional significance
(non-synonymous SNP, regulatory
potential and eQTL). The SNP in strong
linkage disequilibrium (r? > 0.8) with
those associated with endometriosis
were determined using the online
version of HaploReg (v4.1) (https://pubs.
broadinstitute.org/mammals/haploreg/
haploreg.php). The linkage disequilibrium
was estimated using the data of the
European population from the 1000
Genomes Project.

Non-synonymous SNP and their
predictive potential were analysed using
SIFT (https://sift.bii.a-star.edu.sg/www/
SIFT_dbSNP.html).

Regulatory effects

The in silico analysis of the regulatory
potential of the candidate SNP for
endometriosis was conducted using
HaploReg (v4.1), RegulomeDB (Version
11) (https://fregulomedb.org/regulome-
search/), rSNPBase (http://rsnp.psych.
ac.cn/index.do) and SNP Function
Prediction (FuncPred) (https://snpinfo.
niehs.nih.gov/isnpinfo/snpfunc.html).

The relationship of a polymorphic locus
(reference and alternative alleles) with the
affinity of the regulatory DNA motif to
transcription factors was determined by
the difference between the LOD scores
of the alternative (alt) and reference (ref)
alleles (Ward et al.,, 2012): ALOD = LOD
(alt) - LOD (ref). A negative value of this
indicator suggests an increase in the
affinity of this motif by the reference
allele; in contrast, a positive value
demonstrates a connection between the
alternative allele and an increase in the
affinity of the analysed DNA motif.

The possible regulatory effects of
polymorphisms in strong linkage
disequilibrium (r2 > 0.8) with the
endometriosis-associated SNP were
analysed using HaploReg (v4.1).

Expression QTL
The effect of the candidate SNP for
endometriosis on gene expression level

(cis- and trans-eQTL) was estimated

in peripheral blood using the data

from the Blood eQTL browser (http://
genenetwork.nl/bloodegtlbrowser),

and in other organs and tissues

using the GTExPortal data (http://
www.gtexportal.org) as of 10.12.2017
(Release V7 updated on 09/05/2017)
(dbGaP Accession phs000424 v7p2).
To determine significant eQTL, a false
discovery rate (FDR) <0.05 was applied.
Likewise, eQTL values of SNP in strong
linkage disequilibrium (r? > 0.8) with the
endometriosis-associated polymorphisms
were estimated.

Pathway analyses

The functional significance of the genes
associated with endometriosis in the
various biological pathways was studied
using the Gene Ontology portal tools
(PANTHER Overrepresentation Test
from 13.04.2017; PANTHER version

12.0 from 10.07.2017, available at http://
geneontology.org). The following
databases were utilized: Gene Ontology
molecular function, Gene Ontology
biological process, PANTHER protein
class, PANTHER pathway, PANTHER
molecular function, PANTHER biological
process and Reactome pathway. The
results of multiple comparisons were
adjusted with the FDR test. The gene
interaction networks were constructed
using GeneMANIA (version 3.5.0,
accessed on 13 March 2017, available at
http://genemania.org) and the automatic
weighting for the network.

RESULTS

Study participant characteristics

The groups of patients with
endometriosis (n = 395) and controls

(n = 981) did not differ by age or

BMI (P > 0.05) (TaBLE 1). Patients with
endometriosis had higher rates of family
history of the disease (OR 3.27; 95% ClI
1.70-6.31; P < 0.001), history of pelvic
surgery (laparoscopy and/or laparotomy)
(OR 1.61; 95% CI11.12-2.31; P < 0.01),
history of infertility (OR 915; 95% ClI
6.35-13.20; P < 0.001), presence (OR
1.64; 95% CI11.29-2.09; P < 0.001) and
number of induced abortions in the
anamnesis (OR 1.32; 95% CI 1.17-1.48;
P < 0.001), shorter menstrual cycle
length (OR 0.91; 95% CI 0.86-0.96;

P < 0.001) and lower parity (OR 0.78;
95% CI 0.71-0.87; P < 0.0017) (TABLE 1).
These risk factors for endometriosis were
used as covariates in the association
analyses.

SNP and haplotype association
analysis

Data about the SNP studied are provided
in Supplementary Tables 7 and 8. All
polymorphisms had MAF >5% and were
in the HWE (Pgons < 0.001).

The rs6589964 BSX polymorphism

was associated with endometriosis
according to the additive (OR 1.27; 95%
CI11.07-1.51; P = 0.006, P,/ = 0.006,
power 81.28%) and recessive (OR

1.47; 95% CI 1.11-1.93; P = 0.006;

Pperm = 0.005, power 80.73%) models
(TABLE 2). None of the haplotypes showed
significant association with endometriosis
(Supplementary Table 9).

SNP x SNP interactions

The 12 most significant 2, 3 and 4-locus
models of SNP % SNP interactions
associated with endometriosis

were determined (Ppe.» < 0.008,

CVC = 10/10, testing balanced accuracy
49.61-56.29%, sensitivity and specificity
of the best models were 89.37% and
7910%, respectively) (TABLE 3 and
Supplementary Table 10). Out of the

14 SNP involved in the models, loci
rs6589964 BSX and rs7579411 LHCGR
contributed to the largest number of
models (seven and five, respectively).
Locus rs6589964 BSX was involved in
the most significant models of intergenic
interactions at all the levels considered.
The most significant associations

with endometriosis were determined
for the combinations of genotypes
rs6589964 AA BSX x rs10441737 TT
ZNF483 (beta = 0.64, P = 0.0004) and
rs6589964 AA BSX x rs10441737 TT
ZNF483 x rs7138686 RBJ (beta = 0.79,
P = 0.0007) (Supplementary Table 11).

The graph of gene-gene interactions
of 14 SNP that make up the 12 best
models associated with endometriosis
(Supplementary Figure 1) suggests the
synergistic nature of these interactions;
the highest percentage of entropy is
determined by interactions rs10441737
ZNF483 x rs11031010 FSHB (0.58%),
rs7759938 LIN28B x rs1782507 FSHB
(0.53%) and polymorphism rs6589964
BSX (0.42%).

Gene-environment interactions
Second-, third- and fourth-order
models of interactions of 12 loci with
induced abortions were analysed. The
10 best models associated with the
development of endometriosis were

determined (P < 0.001, CVC = 10/10,
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TABLE 2 ASSOCIATIONS OF THE 52 SNP WITH ENDOMETRIOSIS
chr SNP n Additive model Dominant model Recessive model
OR 95% CI P-value OR 95% CI P-value OR 95% CI P-value
L95 u9s L95 u95 L95 u95
1 rs1514175 1373 092 0.77 1.09 0.343 0.78 0.61 1.00 0.051 115 0.82 1.60 0.417
1 rs466639 1372 0.93 071 1.22 0.604 0.98 0.73 1.31 0.885 0.33 0.07 1.44 0139
1 rs7538038 1373 117 0.95 1.44 0131 1.21 0.95 1.55 0.130 1.21 0.69 213 0.512
2 rs713586 1372 0.94 0.79 112 0.504 1.02 0.78 1.32 0.892 0.80 0.58 110 0174
2 rs2164808 1373 0.96 0.80 114 0.630 0.96 0.73 1.26 0.783 0.92 0.68 1.25 0.606
2 rs7589318 1370 0.94 0.78 114 0.532 092 0.73 118 0.528 0.93 0.61 1.44 0.759
2 rs4374421 1321 1.01 0.84 1.22 0.909 0.89 0.69 113 0.333 1.46 0.98 217 0.060
2 rs7579411 1362 096 0.81 115 0.680 0.83 0.64 1.08 0.158 115 0.85 1.56 0.362
2 rs6729809 1327 1.02 0.85 1.24 0.805 1.00 0.78 1.28 0.986 112 0.75 1.68 0.570
2 rs4953616 1368 110 0.90 1.33 0.357 1.05 0.82 1.33 0.724 1.42 091 223 0124
2 rs6732220 1372 1.03 0.84 126 0.768 1.06 0.83 1.35 0.652 0.95 0.57 1.59 0.851
2 rs4953655 1374 098 0.80 119 0.829 1.02 0.80 1.30 0.878 0.79 0.46 1.35 0.382
2 rs887912 1315 079 0.64 0.97 0.023 0.75 0.58 097 0.026 0.72 0.41 1.26 0.247
2 rs12617311 1369 0.95 0.79 114 0.595 092 0.72 117 0.505 0.99 0.66 1.46 0.946
3 rs6438424 1363 113 0.95 1.34 0.160 1.21 091 1.59 0.187 115 0.87 1.52 0.326
4 rs2013573 1372 0.77 0.60 0.97 0.030 0.74 0.57 096 0.024 0.82 0.35 1.95 0.654
4 rs13111134 1371 0.84 0.68 1.04 0.m 0.78 0.61 1.01 0.055 1.04 0.57 190 0.889
4 rs222003 1373 0.97 0.68 1.37 0.856 0.99 0.69 1.41 0.952 0.00 0.00 inf 0.999
4 rs222020 1373 118 091 1.53 0.214 117 0.88 1.56 0.273 1.63 0.59 4.51 0.343
4 rs3756261 1359 093 0.66 1.31 0.665 0.93 0.65 1.32 0.673 0.81 0.06 11.01 0.874
5 rs757647 1363 097 079 119 0.751 0.98 0.77 1.25 0.861 0.88 0.50 1.53 0.646
6 rs7766109 1372 1.05 0.88 1.25 0.617 110 0.84 1.45 0.481 1.01 0.75 1.37 0.943
6 rs4946651 1373 091 0.77 1.09 0.315 092 071 118 0.505 0.84 0.61 117 0.312
6 rs7759938 1372 0.89 0.73 1.08 0.248 0.87 0.68 1m 0.265 0.86 0.53 1.38 0.529
6 rs314280 1334 096 0.80 115 0.652 0.95 0.74 1.23 0.707 0.94 0.66 1.34 0.726
6 rs314276 1342 0.89 073 1.08 0.225 0.88 0.69 113 0.310 0.81 0.52 1.25 0.338
6 rs3020394 1374 0.95 0.79 114 0.560 0.96 0.75 1.22 0.739 0.85 0.56 1.28 0.461
6 rs1884051 1374 0.95 0.79 115 0.599 0.97 0.77 1.24 0.834 0.83 0.54 1.28 0.409
6 rs7753051 1374 0.89 0.73 1.08 0.221 0.79 0.62 1.00 0.051 1.80 0.76 1.80 0.472
7 rs1079866 1372 1.08 0.86 1.36 0.491 1.09 0.84 1.41 0.521 116 0.57 2.35 0.684
8 rs2288696 1371 097 0.78 1.21 0792 1.00 0.78 129 0.981 0.70 0.33 1.51 0.367
9 rs2090409 1306 1.04 0.86 1.24 0.713 116 0.90 1.50 0.246 0.84 0.58 1.22 0.356
9 rs10980926 1369 0.86 071 1.05 0137 0.87 0.68 m 0.250 0.73 0.45 116 0.181
9 rs10441737 1283 0.82 0.67 1.00 0.050 0.82 0.64 1.05 0.119 0.67 0.42 1.07 0.097
n rs10769908 1356 0.99 0.83 118 0.938 0.94 0.72 1.24 0.676 1.05 0.78 1.41 0.749
1l rsb55621 1370 098 0.82 117 0.809 0.98 0.76 1.27 0.897 0.95 0.68 1.33 0.775
n rs11031010 1359 079 0.61 1.04 0.094 0.77 0.57 1.04 0.089 0.76 0.27 213 0.607
n rs1782507 1368 1.09 091 1.30 0.375 1.05 0.82 1.35 0.680 1.25 0.87 1.80 0.231
Il rs6589964 1372 127 1.07 1.51 0.006 1.30 098 171 0.068 1.47 m 1.93 0.006
12 rs1544410 1373 1.01 0.84 1.20 0.931 0.96 0.75 1.22 0.724 113 0.80 1.59 0.500
14 rs999460 1374 0.83 0.69 1.00 0.050 0.83 0.65 1.05 0.122 0.70 0.46 1.06 0.092
14 rs4986938 1370 0.96 0.80 116 0.667 0.86 0.67 110 0.223 122 0.84 178 0.302
15 rs2241423 1365 0.98 0.79 1.23 0.877 1.04 0.80 1.34 0.792 0.66 0.32 1.36 0.258

(continued on next page)
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Table 2 - (continued)

chr SNP n Additive model Dominant model Recessive model
OR 95% CI P-value OR 95% CI P-value OR 95% CI P-value
L95 u9s L95 u95 L95 u95

16 rs12444979 1370 091 071 116 0.443 0.95 0.72 1.25 0.696 0.52 0.21 1.30 0.162
16 rs9939609 1372 1.01 0.85 1.20 0.889 093 0.72 1.20 0.572 115 0.85 1.56 0.359
16 rs12324955 1372 0.97 0.80 117 0.757 1.05 0.82 1.33 0.721 0.73 0.46 115 0177
18 rs1398217 1365 115 0.97 1.38 0115 122 0.93 1.59 0.145 119 0.87 1.62 0.287
19 rs2252673 1369 0.98 0.79 121 0.849 0.92 0.72 119 0.541 1.31 0.74 2.33 0.358
20 rs1073768 1370 1.06 0.89 1.26 0.497 1.07 0.81 1.40 0.654 110 0.83 1.46 0.508
22 rs4633 1374 0.99 0.83 117 0.866 1.00 0.76 1.31 0.989 0.96 0.73 1.27 0.790
23 rs5930973 1355 1.20 0.85 1.70 0.306 NA NA NA NA NA NA NA NA
23 rs3092921 1371 0.88 0.63 1.22 0.445 NA NA NA NA NA NA NA NA

All results were obtained after adjustment for covariates.
Statistically significant values after adjustment by the adaptive permutation test (1000 permutations).

Cl = confidence interval; inf = infinity; n = number of participants; NA = not applicable (loci are located on X chromosome and therefore parameters of the dominant and

recessive models are not applicable); OR = odds ratio.

testing balanced accuracy 54.71-58.97%, genes contributed to the largest number endometriosis only when interacting
sensitivity and specificity of the best of the best models (eight and four, with induced abortions. The following
models 72.91% and 75.94%, respectively) respectively) (TABLE 4). Polymorphisms combinations of genotypes and induced
(TABLE 4 and Supplementary Table 12). The  rs6438424 3q13.32 and rs12324955 abortions manifested the most significant
polymorphisms of the LHCGR and FSHB FTO were significantly associated with associations with endometriosis:

TABLE 3 THE MOST SIGNIFICANT MODELS OF SNP x SNP INTERACTIONS ASSOCIATED WITH ENDOMETRIOSIS

n Models of SNP x SNP interactions NH betaH WH NL betal WL Poerm
Two-locus models (P < 3 x 1074)

1 rs10441737 ZNF483 x rs4374421 LHCGR 2 0.559 1740 1 -0.327 3.95 0.001
2 rs6589964 BSX x rs1544410 VDR 2 0.660 15.88 1 -0.288 3.34 0.003
3 rs11031010 FSHB x rs10441737 ZNF483 1 0.256 41 2 -0.722 15.43 <0.001
4 rs10980926 ZNF483 x rs4374421 LHCGR 2 0.463 12.69 1 -0.426 724 0.008
5  rs6589964 BSX x rs10441737 ZNF483 1 0.645 12.55 1 -0.651 3.06 0.007

Three-locus models (P <5 x 1078)

1 rs6589964 BSX x rs10441737 ZNF483 x rs713586 RBJ 4 0.915 31.36 4 -0.817 1434  <0.001
2 rs6589964 BSX x rs1073768 GHRH x rs1544410 VDR 4 1140 3019 1 -0.848 6.50 <0.001
3 rs6589964 BSX x rs7759938 LIN28B x rs7579411 LHCGR 5 0.754 29.61 2 -0.559 8.30 <0.001

Four-locus models (P < 8 x 10719)

1 rs6589964 BSX x rs1782507 FSHB x rs7579411 LHCGR x rs1514175 TNNI3K 12 1.418 64.89 3 -1.281 18.22 <0.001
2 rs6589964 BSX x rs713586 RBJ x rs7579411 LHCGR x rs1514175 TNNISK 10 1.424 57.54 2 -0.702 7.66 <0.001
3 rs2090409 TMEM38B x rs7759938 LIN28B x rs rs555621 FSHB x rs7579411 LHCGR n 1103 5705 1 -1.227 3.99 <0.001
4 rs1782507 FSHB x rs7759938 LIN28B x rs7579411 LHCGR x rs1514175 TNNI3K 9 1.291 51.43 1 -0.978 4.86 <0.001

Results were obtained using the MB-MDR method with adjustment for covariates.

NH = number of significant high-risk genotypic combinations associated with endometriosis.

beta H = coefficient of the logistic regression for significant high-risk genotypic combinations associated with endometriosis.
WH = Wald test value for significant high-risk genotypic combinations associated with endometriosis.

NL = number of significant low-risk genotypic combinations associated with endometriosis.

beta L = coefficient of the logistic regression for significant low-risk genotypic combinations associated with endometriosis.
WL = Wald test value for significant low-risk genotypic combinations associated with endometriosis.

Pperm = P-value for the permutation test (1000 permutations).
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TABLE 4 THE MOST SIGNIFICANT MODELS OF GENE-ENVIRONMENT INTERACTIONS ASSOCIATED WITH

ENDOMETRIOSIS

n Models of gene-environment interactions NH betaH WH NL betal WL Poerm
Two-order interaction models

1 rs4374421 LHCGR x abortions 2 0.662 26.13 2 -0.504 1741 <0.001
2 rs12324955 FTO x abortions 2 0.592 24.07 2 -0.521 18.78 <0.001
3 rs11031010 FSHB x abortions 1 0.582 22.30 1 -0.384 986 <0.001
Three-order interaction models

1 rs12324955 FTO x rs4374421 LHCGR x abortions 3 0.818 34.51 2 -0.478 11.00 <0.001
2 rs7579411 LHCGR x rs1514175 TNNISK x abortions 3 0.581 13.07 5 -0.754 33.57 <0.001
Four-order interaction models

1 rs10980926 ZNF483 x rs4374421 LHCGR x rs555621 FSHB x abortions 9 1.028 5715 2 -0.866 7.37 <0.001
2 rs6438424 3q13.32 x rs10441737 ZNF483 x rs4374421 LHCGR x abortions 6 1.242 54.19 3 -0.676 9.65 <0.001
3 rs10441737 ZNF483 x rs4374421 LHCGR x rs555621 FSHB x abortions 7 1121 53.67 3 -0.709 11.98 <0.001
4 rs6589964 BSX x rs7759938 LIN28B x rs4374421 LHCGR x abortions 6 1.201 51.50 3 -0.652 10.07 <0.001
5 rs1782507 FSHB x rs7579411 LHCGR x rs1514175 TNNI3K x abortions 10 .31 51.39 4 -0.892 17.81 <0.001

The results were obtained using the MB-MDR method with adjustment for covariates.

abortions = induced abortions; beta H, coefficient of the logistic regression for significant high-risk genotypic and abortions combinations associated with endometriosis;

beta L, coefficient of the logistic regression for significant low-risk genotypic and abortions combinations associated with endometriosis; NH = number of significant high-risk

genotypic and abortions combinations associated with endometriosis; NL = number of significant low-risk genotypic and abortions combinations associated with endometri-

0sis; Ppermn = P-value for the permutation test (1000 permutations); WH = the Wald test value for significant high-risk genotypic and abortions combinations associated with

endometriosis; WL = the Wald test value for significant low-risk genotypic and abortions combinations associated with endometriosis.

rs4374421 TT LHCGR x abortion
(beta = 0.58, P < 0.0001),

rs11031010 CC FSHB x abortion
(beta = 0.55, P < 0.0001),

rs6438424 AC 3q13.32 x rs10441737
TT ZNF483 x rsd4374421TT

LHCGR x abortion (beta = 1.20,

P < 0.0001) (Supplementary Table 13).

The graph of the interactions between
the SNP and induced abortions within
the best models mentioned above
suggests that the abortions made the
greatest contribution (0.91%) to the
entropy of the trait (endometriosis)
(Supplementary Figure 2). Except

for rs12324955 FTO, no other SNP
manifested significant pairwise
interactions with induced abortions.

SNP associated with endometriosis are
also associated with age at menarche,
height and BMI in adults

This study also analysed whether the
SNP associated with endometriosis are
associated with menarche age, height
and BMI of adults in the studied group
of women (the respective data were
reported elsewhere; Ponomarenko et al.,
2019). Out of the 16 SNP associated with
endometriosis either individually (1 SNP)
or through SNP x SNP (14 SNP) and
gene-environment (12 SNP) interactions,
14 SNP (875%) are also associated

with menarcheal age (7 SNP), height

and/or BMI (10 SNP) (Supplementary
Table 14). Of these, the rs1073768 GHRH
polymorphism was associated with all the
phenotypes under consideration, and
four SNP associated with endometriosis
were also associated with two of the
three phenotypes analysed (i.e. age of
menarche and/or height and/or BMI).

Evaluation of causal relationships
between age at menarche and
endometriosis

Two-sample fixed-effect inverse
variance weighted Mendelian
randomization (IVW MR)

None of the methods (MR-Egger,
weighted median, inverse variance
weighted, simple mode, weighted
mode) revealed significant results
either in primary (full results presented
in Supplementary Note 1) or follow-

up Mendelian randomization analysis
after excluding the outliers (full results
presented in Supplementary Note 2).
The Cochran's Q test in the primary
analysis for both MR-Egger and inverse
variance weighted methods showed
significant heterogeneity among the
instrumental variables (Q = 182.15564, Q
P-value = 0.0017410 and Q = 182.3320,
Q P-value = 0.0020406, respectively). In
contrast, no heterogeneity was detected
after removing SNP with horizontal
pleiotropy.

Genetic causality proportion

The LCV approach did not detect
significant non-zero genetic correlation
(estimated value -0.11, SE 0.07) between
age at menarche and endometriosis
(GCP -0.21, SE 0.29, P = 0.50).

IVW MR of age at menarche and
endometriosis using SNP from this
study

No significant signal was detected using
the 14 independent SNP reported in

this study (Supplementary Note 3).
However, the results for all used methods
except the simple mode suggested a
large negative effect of age at menarche
on the risk of endometriosis (IVW MR
beta = -1.03). This is supportive of
possible relationships between these two
traits.

Functional SNP

Non-synonymous SNP

None of the 16 SNP associated with
endometriosis was missense. However, one
of them, rs713586 (2p23.3), was in linkage
disequilibrium with rs11676272 (2 = 093),
which results in the Ser107Pro replacement
in the ADCY3 polypeptide. This amino
acid substitution has a predictor value of
‘TOLERATED' in the SIFT (Sorting Tolerant
from Intolerant) database with a SIFT
score = 0.42, which does not exceed the
threshold value (<0.05).
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Regulatory effects

The data on regulatory effects of the
SNP associated with endometriosis are
presented in Supplementary Table 15.
The most significant regulatory potential
was determined for rs10980926 and
rs10441737 ZNF483. According to the
HaploReg (v4.1), allele A of rs6589964
BSX increases affinity to transcription
factors CDP_1(ALOD = 3.8), Foxa_
known1 (ALOD = 4.7) and Foxa_known2
(ALOD = 2.8).

The regulatory potential of the 16 SNP
associated with endometriosis and of
316 SNP strongly linked (r2 = 0.8) to
those associated with endometriosis was
studied (Supplementary Table 16). Out of
these, three SNP (one non-synonymous
and two synonymous) were located

in exons of the studied genes, four
polymorphisms were found in 3'-UTR,
78 were located in introns and 247 in
intergenic regions. There were 11 SNP
located in the evolutionarily conservative
regions (Supplementary Table 16).

Among the above 316 SNP, more than
280 had regulatory significance. The
most pronounced regulatory effects
were determined for SNP that were in
linkage disequilibrium (r? > 0.8) with
loci rs713586 RBJ (4 SNP), rs555621,
rs11031010, rs1782507 of the FSHB gene
(4 SNP), rs10441737 ZNF483 (1 SNP),
rs7759938 LIN28B (2 SNP), rs2090409
TMEMG38B (1 SNP) and rs1544410 VDR (2
SNP) (Supplementary Table 16).

For example, rs6749422, which is
strongly linked to rs713586 RBJ

(r? = 0.92), is located in an evolutionarily
conservative region that has promoter
and enhancer histone marks in 17 and

18 tissues, respectively, and is a region of
hypersensitivity to DNase-1 in 27 tissues,
a binding region of three regulatory
proteins, and a region of eight regulatory
motifs.

Polymorphism rs1222218 is linked to three
loci (rs555621, rs11031010 and rs1782507)
of the FSHB gene (r? = 0.28, 0.21, 0.82,

respectively) associated with endometriosis.

This SNP is located in the region of
histones marking promoters in 24 tissues,
the DNase hypersensitivity region in 49
tissues, a region binding to regulatory
proteins in 19 tissues and a region of 11
regulatory motifs. Similarly, rs7941939
linked to the above three loci (2 = 0.26,
0.20, 0.80, respectively) is located in the
region of 32 regulatory DNA motifs.

Importantly, the loci that are in linkage
disequilibrium with the endometriosis-
associated SNP manifest their regulatory
effects in organs and tissues that

are related to the development of
endometriosis, i.e. various brain regions
(hypothalamus, pituitary, etc.), ovaries,
adipose tissue, muscle tissue, liver, etc.

Expression QTL

Five SNP from the 16 loci associated
with endometriosis were also associated
(P <5 x 1075 Prpg < 0.05) with the
transcription level of six genes (CENPO,
ADCY3, DNAJC27, KIAA0368, Cllorf46
(ARLT4EP), MANBAL) in peripheral

blood (cis-eQTL) (Supplementary

Table 17). Locus rs713586 RBJ is

strongly linked (r? = 0.8) to six SNP
affecting transcription of genes

CENPO (P <15 x 107, Pepg = 0),
ADCY3 (P <15 x 1077 Pepg = 0) and
DNAJC27 (P <1.83 x 1075, Pepg < 0.01)
in peripheral blood (cis-eQTL). Among
the studied SNP, no statistically significant
trans-eQTL effects were detected

(Prpr < 0.05).

According to data from the Genotype-
Tissue Expression (GTEx) project,

10 loci from the 16 associated

with endometriosis had cis-eQTL
significance in various tissues and
organs (P < 8 x 107°, Pepg < 0.05)
(Supplementary Table 18). The following
loci demonstrated possible effects

on gene transcription in organs and
tissues related to the development of
endometriosis: rs1782507 and rs555621
(ARLT4EP) in the basal ganglia of the
brain, rs1782507 and rs555621 (FSHB) in
the hypothalamus, rs7759938 (LIN28B),
rs7/13586 (ADCY3), rs1782507 and
rs555621 (ARL14EP) in the pituitary gland,
rs1782507 (ARL14EP) in the ovaries,
rs713586 (CENPO, ADCY3), rs11031010
(ARLT4EP) in subcutaneous adipose
tissue, rs713586 (ADCY3, DNAJC27-AST),
rs6438424 (RP11-384F72), rs1782507
(ARLT4EP) in visceral adipose tissue,
rs1514175 (LRRIQ3), rs7579411 (STONT-
GTF2AIL), rs1782507 rs11031010 and
rsb55621 (ARLT4EP) in the thyroid gland,
rs6438424 (RP11-384F72 and LSAMP),
rs1782507 (ARL14EP) in the adrenals,
rs713586 (CENPO, ADCY3, DNAJC27-
AST), rs555621 (ARL14EP) in peripheral
blood. The highest cis-eQTL value was
determined for the rs713586 RBJ locus
associated with expression of six genes
in more than 10 different organs and
tissues, and for polymorphisms rs555621,
rs11031010 and rs1782507 of the FSHB

gene associated with expression of three
genes in more than 25 different organs
and tissues (Supplementary Table 18).

Twelve endometriosis-associated loci
manifested strong linkage disequilibrium
(r2 > 0.8) with more than 230 SNP
affecting transcription of genes

(P <85 x 107, Pepg < 0.05) in various
organs and tissues (Supplementary

Table 19). The most notable effect was
suggested for the rs555621, rs11031010
and rs1782507 loci of FSHB, which

were in strong linkage disequilibrium

with more than 120 SNP affecting the
ARLT4EP, FSHB and RP4-710M3.1 genes
in more than 25 different organs and
tissues. Then, rs7759938 LIN28B was
strongly linked to 27 SNP associated

with the transcription of this gene in the
pituitary gland. Polymorphism rs2090409
TMEMS38B was linked to 25 SNP affecting
the expression level of the SLC44AT gene
in the large intestine; rs1514175 TNNI3K
was linked to 23 loci associated with the
transcription of the LRRIQ3 gene in the
thyroid gland; rs713586 RBJ was linked

to 20 SNP affecting the expression of the
DNAJC27, CENPO, ADCY3, DNAJC27-
AS1, EFR3B, POMC and NCOAT genes

in more than 10 different organs and
tissues. Finally, a significant effect on gene
expression of RP11-384F72 in the visceral
adipose tissue and adrenal glands, LSAMP
in the thyroid gland, adrenal glands and
testicles was suggested for eight SNP that
are linked to rs6438424 3q13.32.

Overall, 13 of the 16 loci associated with
endometriosis have important cis-eQTL
significance; they affect the expression
of 21 different genes. Of these loci, one
SNP is independently associated with the
mRNA expression level, one SNP is in
linkage disequilibrium with other eQTL
SNP, and 11 SNP are both individually
associated with and strongly linked to
other SNP affecting gene transcription
levels.

Pathway analyses

The genes associated with endometriosis
(in total 11) and those whose expression
is affected by the endometriosis-
associated SNP according to the eQTL
analysis (in total 21, including four from
the above list, Supplementary Table 14)
were analysed in silico for their role in
metabolic pathways. Of the 28 genes
under consideration, information

on STONT-GTF2AIL, RP4-710M3.1,
DNAJC27-AST and RP11-384F7 was

not available from the Gene Ontology



databases. Only two biological pathways
that characterize the functional
significance of the 24 genes under
consideration were identified: G alpha
signalling pathway (fold enrichment
31.09, Pepr = 0.001) and responses to
endogenous stimuli (fold enrichment
16.01, Pgpr = 0.027).

The above 28 genes were analysed

for their gene-gene interactions using
GeneMANIA (http://genemania.org). The
data on three genes, DNAJC27-AST, RP11-
384F7 and RP4-710M3, were not available
in GeneMANIA. Therefore, the inferred
network included 25 endometriosis-
associated genes and 20 other genes
that interact with them most significantly
(FIGURE1). The gene-gene interactions

are realized through co-expression
(70.42%), physical (23.96%) and genetic
(4.96%) interactions, and common
protein domains (0.67%) (Supplementary
Table 20).

DISCUSSION

This study reports for the first time
associations of 16 candidate loci for age
at menarche with endometriosis. Among
these, 14 SNP were also associated

with either age at menarche (7 SNP)

or height and/or BMI (10 SNP) in the
studied sample. These results suggest
that the proportion of pleiotropic loci
contributing to the studied phenotypes
(age at menarche, anthropometric
characteristics, endometriosis) may be
quite large. In turn, this may suggest a
shared genetic architecture for these
phenotypes. This assumption is supported
by the estimates of genetic correlations
(rg) between various phenotypic
characteristics and endometriosis
obtained by Sapkota et al. (2017a)

based on GWAS data. They reported
significant genetic correlations (P < 0.05)
between endometriosis and age at
menarche, height, extreme height and
obesity. Day et al. (2015a) determined
significant genetic correlations between
age at menarche and BMI (r, = —0.35,

P =14 x 107" and height (rg =013,

P =25 x 107'9). Another study by Day
et al. (2015b) conducted on the data of
250,037 women from the UK Biobank
reported a strong association between age
at menarche and endometriosis (linear
trend models, P < 748 x 1075). These
correlations suggest the probable shared
genetic architecture of the phenotypes,
which may include pleiotropic loci for age
at menarche among the others.

However, despite using a large number
of instrumental variables, neither
significant MR signal of age at menarche
on endometriosis nor significant genetic
correlation between them was detected.
One of the reasons for this is that the
available GWAS for endometriosis
contained a relatively small number of
cases and consequently was not powerful
enough. Using only 14 instrumental
variables from the present study, it

was not possible to detect a negative
effect of age at menarche on the risk of
endometriosis, although this effect was
not statistically significant. More powerful
GWAS for endometriosis using a larger
number of cases may yield significant
results and shed more light on the
genetic relationships of this disorder with
age at menarche.

Among the analysed loci, rs6589964

of the BSX gene manifested the most
significant associations: its allele A
increased risk for endometriosis
according to the additive and recessive
models (OR 1.27-1.47). This locus is also
associated with endometriosis within 7 of
the 12 most significant models of gene-
gene interactions. Association of this
polymorphism with age at menarche and
height has been reported previously (Elks
et al., 2010; Ponomarenko et al., 2019).
Importantly, Elks et al. (2010) determined
allele A of this locus to be associated
with early menarche and short stature,
whereas the present study identified this
allele as a risk factor for endometriosis.
Together these results suggest a shared
genetic basis for early menarche and the
risk of endometriosis.

According to the HaploReg database
(v4.1), allele A of rs6589964 BSX
increases affinity to the transcription
factors CDP_1, Foxa_known1 and
Foxa_known?2. Transcription factor Foxa
binds to histone proteins and causes
chromatin remodelling, which is one of
the important epigenetic mechanisms
of gene transcription regulation.
According to GeneCards: The Human
Gene Database (http://www.genecards.
org/), BSX (brain-specific homeobox) is
a DNA binding protein that is expressed
in some regions of the central nervous
system (including the hypothalamus and
pituitary) and acts as a transcriptional
activator. It affects the phenotypic effects
of neuropeptide Y (NPY), agouti-related
peptide (AgRP), ghrelin and leptin, which
regulate eating behaviour, is important
in controlling the body's energy balance
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and is necessary for normal postnatal
growth (Nogueiras et al., 2008). One
of the possible mechanisms of BSX-
mediated regulation of the agouti-linked
peptide expression is the interaction of
BSX with the Foxa transcription factor
(Lee et al., 2013).

According to data from this study, two
polymorphisms of the LHCGR gene
(rs7579411 and rs4374421) are involved

in the largest number of the most
significant models of gene-gene and
gene—environment interactions associated
with endometriosis. These polymorphisms
manifested pleiotropic effects; they

were also suggested to contribute to

age at menarche, height (rs7579411) and
BMI (rs4374421) in the cohort studied
here (Ponomarenko et al., 2019). The
association of these polymorphisms

with age at menarche was previously
demonstrated by He et al. (2010).

The LHCGR gene encodes a receptor
for LH and gonadotrophin (http://www.
genecards.org/). LH produces multiple
effects on female physiology, including
the induction of follicle development
and androgen synthesis in the ovaries,
initiation of ovulation and menarche
(Abreu and Kaiser, 2016; Plant,

2015). Polymorphisms located in the
region of the LHCGR gene and the
genes themselves may be related to
reproductive traits. There are data about
their association with polycystic ovary
syndrome (PCQOS) in Chinese patients
(Chen et al.,, 2011b; Shi et al.,, 2012) and
elevated expression in the subcutaneous
fat of PCOS patients (Jones et al., 2015).
Davis et al. (2013) reported different
expression levels of STONT-GTF2AIL in
uterine myoma samples from both black
and white women.

Three polymorphisms (rs11031010,
rs555621 and rs1782507) of the FSHB
gene were involved in the largest number
of the most significant models of gene-
environment interactions associated
with endometriosis (4 out of 10 models).
They are closely linked and form a
single haploblock (D' = 1; LOD > 2).
Previously we reported the association
of the rs555621 polymorphism with

BMI (Ponomarenko et al., 2019). Other
studies also reported the association of
the rsb55621, rs11031010 and rs1782507
loci with menarcheal age (He et al.,
2010). Furthermore, rs11031010 was
associated with PCOS and the level of
LH in patients (Tian et al., 2016).
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FIGURE 1 The interaction networks of the candidate genes for endometriosis inferred using GeneMANIA (http://genemania.org). The candidate
genes determined in the present study are cross-shaded.

The above loci of the FSHB gene not
only have an independent eQTL value

but are also linked to more than 120 SNP,

which affect expression of the ARL14EP,
FSHB and RP4-710M3.1 genes in nearly
25 tissues. According to the Ensembl
database (http://www.ensembl.org/), the
FSHB gene product is a beta-subunit of
FSH. FSH causes proliferation of cells in
the granulosa layer in follicles and the
growth of follicles in the ovaries, induces
the synthesis of aromatases that convert
androgens into oestrogens (oestradiol)
and stimulates the synthesis of receptors
for LH on the granulosa cells of the
follicle before ovulation.

The recent meta-analysis of 11 GWAS in
a sample of 17,045 patients and 191,596
controls determined 19 SNP associated
with endometriosis, including the region
of chromosome 11 (11p14.1, rs74485684)
in which the FSHB gene is located
(Sapkota et al., 2017a). Importantly,
rs11031010 FSHB is located just 1.9 kb
from the rs74485684 polymorphism,
previously determined by GWAS to be
associated with endometriosis (Sopkota
et al., 2017a).

The results of GWAS studies have
suggested that several loci linked to
rs11031010 might be related to various
reproductive parameters, such as the
content of FSH (rs11031005, r? = 0.64)
and LH (rs11031002, r2 = 0.76) in blood
plasma (Ruth et al., 2016) as well as
menopausal age (rs12294104, r2 = 0.61)
(Stolk et al., 2012). The key importance
of the SNP located upstream of the
FSHB transcription start site in the
development and function of many
reproductive processes has been
suggested by Gajbhiye et al. (2018).

Candidate genes for age at menarche
are associated with endometriosis and
some anthropometric phenotypes.
These results suggest a pleiotropic
effect of the genes and shared genetic
architecture of the studied phenotypes.
The determined associations are
probably underlined by multiple
biological effects of more than 310 SNP
linked to the above polymorphisms and
implicated in regulatory mechanisms in
organs and tissues that are important
for both menarche and development of
endometriosis.
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