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Purpose: This study aimed to systematically assess the genetic comorbidity of endometriosis (EM) and its subtypes with menstrual-
cycle-related traits, and to identify shared genetic mechanisms and key regulatory pathways underlying their association.

Methods: Using FinnGen-derived genome-wide association study (GWAS) data for overall EM and its lesion location-defined
subtypes, including endometriosis of ovary (EO), deep endometriosis (DE), endometriosis of pelvic peritoneum (EPP), endometriosis
of rectovaginal septum and vagina (ERSV), and endometriosis of intestine (EI), together with GWAS summary statistics for menstrual-
cycle-related traits from European female populations, we conducted a comprehensive multi-subtype cross-trait analysis. Genetic
correlations were assessed using linkage disequilibrium score regression (LDSC) and high-definition likelihood (HDL). Shared signals
were prioritized using Pleiotropic Analysis under Composite Null Hypothesis (PLACO), Functional Mapping and Annotation of
GWAS (FUMA), Multi-marker Analysis of GenoMic Annotation (MAGMA), and Hypothesis Prioritization in Multi-Trait
Colocalization (HyPrColoc), followed by functional enrichment and protein-protein interaction (PPI) network analyses.

Results: Distinct genetic association patterns were observed in EM and across its different subtypes. Age at menarche (AAM) was
negatively genetically correlated with EM and EPP, frequency of irregular menstruation (FIM) was positively correlated with EM, EO,
and EPP, whereas length of menstrual cycle (LMC) was negatively correlated with EM, DE, and ERSV. Cross-trait analyses identified
96 pleiotropic loci and 136 unique genes, highlighting 11p14.1 as a key shared hotspot and 8p21.2 as a recurrent pleiotropic region.
Prioritized genes and pathways implicated ovarian development, sex differentiation, chromatin remodeling, cAMP/PKA signaling, and
estrogen-androgen regulation, with testosterone-related colocalization supporting androgen involvement.

Conclusion: A comprehensive multi-subtype analysis using FinnGen data revealed a complex and heterogeneous shared genetic
architecture between EM and menstrual-cycle-related traits. These findings support genetic evidence for precision risk stratification
and subtype-informed management of EM, but require validation in larger and more diverse populations.
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Introduction
Endometriosis (EM) is a prevalent, estrogen-dependent, chronic gynecological disorder characterized by the ectopic
growth of endometrial-like tissue outside the uterine cavity, often resulting in chronic pelvic pain, infertility, and ovarian
dysfunction.! Epidemiological studies indicate that EM affects approximately 6-10% of women of reproductive age, with
prevalence reaching 20-50% among infertile women.>* Twin studies further suggest a strong genetic predisposition for
EM, with an estimated heritability of 47-51%, approximately 26% of which is explained by common single nucleotide
polymorphisms (SNPs).*

The pathogenesis of EM is multifactorial, involving retrograde menstruation, hormonal dysregulation, and immune-
inflammatory imbalance. The retrograde menstruation hypothesis proposes that refluxed menstrual blood and exfoliated
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endometrial cells may seed ectopic lesions; however, its high prevalence among reproductive-aged women and the fact
that only a subset develop EM indicate that this mechanism alone cannot explain disease susceptibility or clinical
heterogeneity.” Hormonal dysregulation, particularly aberrant local estrogen metabolism and progesterone resistance,
may promote lesion survival, proliferation, and inflammation.® Meanwhile, impaired immune surveillance, macrophage
activation, reduced natural killer cell cytotoxicity, and elevated inflammatory cytokines may facilitate immune escape and
sustain lesion adhesion, invasion, angiogenesis, and chronic inflammation.”

Genetic studies further support the multifactorial nature and subtype heterogeneity of EM. A pooled-sample genome-
wide association study stratified by major clinical subtype revealed distinct genetic architectures across EM subtypes.
The study found that ovarian endometrioma yielded the largest number of subtype-associated variants, including
rs4703908 near ZNF366 and rs227849 in the RUNX2/SUPT3H/CDCSL region. In contrast, fewer subtype-associated
variants were identified for the peritoneal subtype.® Consistent with this, a large-scale GWAS meta-analysis identified 42
genome-wide significant loci and further demonstrated that stronger genetic effects were primarily associated with severe
disease phenotypes, particularly ovarian EM.” A multi-ancestry GWAS involving nearly 1.4 million women further
expanded the map of EM-associated susceptibility loci and identified more than 50 putative causal signals.lo

The association between menstrual-cycle-related traits and EM risk has also attracted considerable attention. Early
menarche (<11-12 years) modestly increases the risk of EM, suggesting that menstrual characteristics in early puberty
may represent important epidemiological indicators for disease susceptibility."' Previous studies have shown that women
with EM often experience earlier menarche and shorter menstrual cycles, resulting in greater cumulative menstrual
exposure, which may contribute to disease risk and is consistent with, but not specific to, the retrograde menstruation
hypothesis.'"*'* Mendelian randomization analyses have suggested that earlier menarche, shorter menstrual cycles, and
lower anti-Miillerian hormone (AMH) levels may be associated with increased EM risk.'® At the locus level, the FSHB
promoter variant rs10835638 has been associated with lower follicle-stimulating hormone (FSH) levels, longer menstrual
cycles, and potentially reduced EM susceptibility.'* Additionally, key genes implicated in both EM and menstrual traits,
such as WNT4, ESR1, and GREBI, regulate the synthesis and metabolism of estrogen, progesterone, and androgens,
thereby supporting endometrial development and functional maintenance.'> Together, these findings suggest that
menstrual-cycle-related traits are not only epidemiological correlates of EM, but may also reflect shared hormonal and
genetic mechanisms underlying EM susceptibility.

Although previous studies employing genetic correlation and Mendelian randomization approaches have identified
potential associations between EM and menstrual-cycle-related traits, these studies were largely limited to broad
correlations and causal inferences, lacking systematic, fine-scale, and multidimensional genetic analyses. To address
this gap, this study integrated LDSC and HDL analyses to obtain more accurate genetic estimates of these associations.
Additionally, several analytical tools, including PLACO, FUMA, MAGMA, and HyPrColoc, were applied to system-
atically identify pleiotropic loci and associated genes (Figure 1). Based on these findings, functional enrichment analyses
and protein-protein interaction network analyses were conducted to identify key genetic pathways mediating the
interaction between menstrual traits and hormonal signaling, thus elucidating shared molecular mechanisms underlying
EM and menstrual-cycle-related traits at a finer genetic level. This study provides important genetic insights for
identifying high-risk populations, improving early risk prediction, and enhancing precision stratification.

Methods
Sources of Summary Statistics for EM, Its Subtypes, Menstrual-Cycle-Related Traits,

and Sex Hormones

This study utilized large-scale GWAS summary statistics to systematically investigate the shared genetic architecture
among EM phenotypes, menstrual-cycle-related traits, and sex hormone levels. The selected traits comprise pubertal
timing, menstrual regularity, cycle length, ovarian reserve, and sex hormone regulation, all of which represent key
aspects of reproductive physiology relevant to EM and ensure biological relevance, comparability, and reproducibility.
Summary statistics for EM and its subtypes were obtained from the FinnGen Project (Release 12), which included
European female participants. These included endometriosis (EM; n = 150,350), endometriosis of ovary (EO; n =
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Figure | Overall study design and analytical workflow.

Abbreviations: LDSC, linkage disequilibrium score regression; HDL, high-definition likelihood; PLACO, Pleiotropic Analysis under Composite Null Hypothesis; FUMA,
Functional Mapping and Annotation of GWAS; Coloc.abf, colocalization analysis using approximate Bayes factor; MAGMA, Multi-marker Analysis of GenoMic Annotation;
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPl, protein-protein interaction; HyPrColoc, Hypothesis Prioritisation in Multi-Trait
Colocalization.

138,038), endometriosis of pelvic peritoneum (EPP; n = 137,777), deep endometriosis (DE; n = 275,743), endometriosis
of rectovaginal septum and vagina (ERSV; n = 133,386), endometriosis of intestine (EI; n = 130,777). Statistical power
for GWAS of EM subtypes was further evaluated (Supplementary Table 1). Data for menstrual-cycle-related traits were

likewise obtained from European women. Age at menarche (AAM) data were mainly derived from the ReproGen
Consortium (n = 179,117) and the UK Biobank (n = 73,397), encompassing a total of 252,514 women;'® Anti-Miillerian
hormone (AMH) levels were derived from the GWAS conducted by Ruth et al and the Doetinchem, SWAN, and
ALSPAC cohorts (n = 7,049);'7 data on frequent and irregular menstruation (FIM; n = 361,194) and length of menstrual
cycle (LMC; n = 43,125) were obtained from the UK Biobank. GWAS summary statistics for sex hormone-related traits
were also derived exclusively from female cohorts. These included total testosterone (n = 199,569), bioavailable
testosterone (n = 180,386), sex hormone-binding globulin (SHBG; n = 214,989), and oestradiol (n = 53,391), obtained
from the IEU OpenGWAS database. Data for progesterone levels (n = 17,956) were retrieved from the GWAS Catalog
(GCST90483485).'® Collectively, these datasets facilitated a comprehensive assessment of genetic correlations among

EM, menstrual-cycle-related traits, and sex hormone levels (Supplementary Table 2).

Standardization of GWAS Summary Statistics

To ensure consistency and comparability across GWAS summary statistics, the original data were standardized before
analysis. First, rare variants with a minor allele frequency (MAF) below 1% were removed to reduce potential bias
caused by low-frequency alleles. Second, all genomic coordinates from the GWAS datasets were standardized to the
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human reference genome version GRCh37 (Genome Reference Consortium Human Build 37) to ensure comparability
and consistency across datasets.

Global Genetic Correlation Analysis

To assess the overall genetic correlations of EM and its subtypes with menstrual-cycle-related traits, this study used
publicly available GWAS summary statistics and applied two analytical methods: linkage disequilibrium score regression
(LDSC) and high-definition likelihood (HDL). The LDSC method estimates genetic correlations between traits by
regressing genome-wide SNP test statistics on their corresponding linkage disequilibrium (LD) scores. This approach
effectively distinguishes true polygenic signals from potential confounding effects and has been widely applied in studies
investigating genetic correlations among complex diseases and quantitative traits.'*2° In this study, LD reference data for
LDSC were derived from European genotype data from Phase 3 of the 1000 Genomes Project (1000 Genomes Project
Consortium).?' To improve the accuracy and robustness of genetic correlation estimates, the HDL method was
additionally employed. The HDL approach, built on a likelihood-based inference framework, jointly models genome-
wide effect sizes using high-dimensional LD matrices, enabling more precise estimation of genetic correlations,
particularly in large samples or highly polygenic contexts with extensive pleiotropy. HDL analysis was performed
using the European-ancestry UK Biobank imputed LD reference panel provided by the HDL software, and for each trait
pair, only SNPs shared by both GWAS summary statistics and the HDL LD reference panel were retained for analysis.*?
Compared with LDSC, HDL provides greater statistical efficiency in analyzing highly correlated complex traits.

|dentification of Pleiotropic Risk Loci and Colocalization Analysis

To identify shared genetic signals of EM and its subtypes with menstrual-cycle-related traits, this study applied the
PLACO (Pleiotropic Analysis under Composite Null Hypothesis) method to detect pleiotropic associations among
disease—trait pairs exhibiting significant global genetic correlations. PLACO operates under a composite null hypothesis
framework. The null hypothesis (Hy) assumes that a SNP affects neither phenotype or only one of them, whereas the
alternative hypothesis (H,) proposes that the SNP significantly influences both. By jointly computing Z statistics for both
phenotypes and deriving corresponding P values, PLACO effectively distinguishes genuine pleiotropic signals from false
positives. It offers improved control of false discovery rates compared with traditional approaches.> Subsequently,
significant pleiotropic SNPs were functionally annotated using the FUMA (Functional Mapping and Annotation of
GWAS) platform.”* PLACO-significant SNPs (P < 5 x 107®) were further annotated using the FUMA SNP2GENE
module. Based on the 1000 Genomes Project Phase 3 European reference panel, FUMA identified independent
significant SNPs and their candidate SNPs in linkage disequilibrium (r* > 0.6) and merged nearby or overlapping LD
blocks within 250 kb into genomic risk loci. This procedure allowed SNP-level pleiotropic signals to be collapsed into
independent pleiotropic loci for downstream functional interpretation.

To further characterize these loci, we performed functional annotation and eQTL integration analyses. First,
pleiotropic SNPs were annotated using FUMA to characterize their genomic locations, functional consequences,
CADD and RegulomeDB scores, chromatin states, and SNP-to-gene mapping evidence. We then integrated GTEx v8
eQTL data to evaluate whether candidate variants were associated with gene expression in available tissues. Given the
limited availability of endometrium- and ovary-specific eQTL data, whole blood was selected as a relevant tissue context.
Variants with significant eQTL evidence provided support for the regulatory interpretation of candidate loci.

Bayesian colocalization analysis was performed using coloc.abf to assess whether pleiotropic loci reflected shared
causal variants rather than regional overlap. Summary statistics were harmonized across overlapping SNPs, and prior
probabilities were set as pl =1 x 1074, p2=1x10"* and p12 =1 x 10>, Strong colocalization evidence was defined as
PP.H4 > 0.80, with loci remaining significant under stricter thresholds prioritized.*’

|dentification and Functional Enrichment Analysis of Pleiotropic Genes

Building on the global genetic correlation and colocalization results, we systematically identified pleiotropic genes and
performed functional enrichment analyses to further elucidate the shared genetic mechanisms linking EM and its
subtypes to menstrual-cycle-related traits. Gene-level analysis was conducted using MAGMA (version 1.08)
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implemented on the FUMA platform.?® This method, based on a linear regression framework, maps GWAS-level SNP
signals to gene regions using a £50 kb window around gene boundaries to capture proximal regulatory variants while
limiting LD noise from distant variants, and accounts for LD structure to derive gene-level association statistics.
Subsequently, the identified candidate genes were functionally annotated and subjected to pathway enrichment analysis
using the Metascape online platform,”” which integrates several authoritative functional databases, including Gene
Ontology (GO), KEGG, and Reactome. Hypergeometric testing with Benjamini—Hochberg correction was applied to
adjust for multiple comparisons. The final enrichment results were visualized as clustered networks and bar plots,
highlighting the potential roles of pleiotropic genes in biological processes, molecular functions, cellular components,
and key signaling pathways.

Colocalization Analysis of Sex Hormone Signals

This study applied the multi-trait colocalization method HyPrColoc (Hypothesis Prioritisation in Multi-trait
Colocalization) to systematically examine hormonal signaling within the identified pleiotropic risk loci.”® HyPrColoc
operates within a Bayesian model-averaging framework, using GWAS summary statistics to determine whether multiple
traits are influenced by a shared causal variant and to directly estimate the posterior probability (PP) of colocalization. By
employing an efficient branch-and-bound clustering algorithm, the method identifies clusters of traits that share common
causal variants, thereby markedly reducing the computational complexity associated with traditional pairwise colocaliza-
tion approaches while preserving both statistical power and computational efficiency. Colocalization was considered
robust when the posterior probability of the colocalization result was>0.80, providing strong evidence that endometriosis-

related traits and specific sex hormone-related traits share a common causal signal within the same genomic region.*’

Results
Global Genetic Correlations Between EM and Its Subtypes with Menstrual-Cycle-
Related Traits

Using two complementary analytical methods, LDSC and HDL, this study systematically evaluated genome-wide genetic
correlations of EM and its subtypes with multiple menstrual-cycle-related traits. After FDR multiple correction to p-
values derived from both methods, trait pairs that remained significant in both analyses (FDR-adjusted p < 0.05) were
retained, resulting in the identification of eight phenotype pairs with robust global genetic correlations.

For AAM, significant negative genetic correlations were detected between AAM and EM (LDSC: rg = —0.11, p =
5.51x10°% HDL: rg = —0.12, p = 4.41x10°°), as well as between AAM and EPP (LDSC: rg = —0.11, p = 2.26x10"%;
HDL: rg = —0.10, p = 2.30x107%). This suggests that a genetic predisposition to earlier age at menarche may be
associated with higher genetic susceptibility to EM and EPP. Regarding FIM, significant positive genetic correlations
were identified between FIM and EM (LDSC: rg = 0.46, p = 7.68x10"°; HDL: rg = 0.54, p = 1.01x10"'"), EO (LDSC: rg
=0.38, p=1.98x10">; HDL: rg = 0.42, p = 4.96x10 %), and EPP (LDSC: rg = 0.41, p = 2.06x10>; HDL: rg = 0.41, p =
4.42x107°). This suggests that a genetic background related to menstrual cycle irregularity may be associated with higher
genetic susceptibility to EM, EO, and EPP. For LMC, significant negative genetic correlations were observed between
LMC and DE (LDSC: rg =—0.35, p = 9.99x10 °; HDL: rg =—0.30, p = 2.13x10°%), EM (LDSC: rg =—0.24, p =
1.40x10™% HDL: rg =—0.19, p = 2.44x107°), and ERSV (LDSC: rg =0.35, p = 1.05x10%; HDL: rg =—0.31, p
1.55x1072). This suggests that genetically determined shorter menstrual cycles may be associated with higher genetic
susceptibility to EM, DE, and ERSV (Table 1 and Figure 2).

Identification of Pleiotropic Genetic Loci Linking EM and Its Subtypes to
Menstrual-Cycle-Related Traits

In the subsequent analysis of pleiotropic loci, we applied the PLACO method to investigate eight pairs of significantly
correlated trait combinations identified through global genetic correlation analysis. The analysis revealed 122 to 1,523
significant pleiotropic SNPs (P < 5% 107®) across these trait pairs (Supplementary Table 3). Functional annotation of these

SNPs was then conducted using the FUMA platform (Supplementary Table 4), resulting in the identification of 96
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Table | Genetic Correlations of Endometriosis and
Its Subtypes with Menstrual-Cycle-Related Traits

Trait Pairs LDSC HDL
rg P rg p

AAM-EM —0.11 | 551107 | —0.12 | 4.41x10°®
AAM-EPP —0.11 | 226x107* | —0.10 | 2.30x103
FIM-EM 046 | 7.68x10° | 054 | 1.0Ix107"
FIM-EO 0.38 | 1.98x10° | 043 | 4.96x10°®
FIM-EPP 041 | 2.06x10° | 041 | 442x10°
LMC-DE —0.35 | 9.99x107° | —0.30 | 2.13x1072
LMC-EM —0.24 | 1.40x107* | —0.19 | 2.44x10°3
LMC-ERSV | —0.35 | 1.05x107* | —0.31 | 1.55x1072

Notes: Genetic correlations were estimated using linkage disequili-
brium score regression (LDSC) and high-definition likelihood (HDL).
Values represent genetic correlation estimates (rg) and corresponding
P values. Only trait pairs that remained significant after FDR correc-
tion in both methods are shown.

Abbreviations: AAM, age at menarche; FIM, frequent and irregular
menstruation; LMC, length of menstrual cycle; EM, endometriosis;
EPP, endometriosis of pelvic peritoneum; EO, endometriosis of ovary;
DE, deep endometriosis; ERSV, endometriosis of rectovaginal septum
and vagina.

pleiotropic gene loci shared among the eight significant combinations (Supplementary Table 5). The PLACO-identified

pleiotropic loci and their mapped genes formed a complex network across the eight significant trait pairs (Figure 3). This
network underscores a substantial shared genetic architecture between various menstrual traits and EM, including its
subtypes. In essence, a single genetic locus may exert influence over multiple phenotypes. Among these, the associations
between AAM and EM were the most densely clustered. Further colocalization analysis (Figure 4A) revealed that among
the 96 pleiotropic loci, 22 loci (22.92%) exhibited significant shared causal signals (PP.H4 > 0.80). Of particular interest,
the 11pl14.1 locus showed consistent colocalization across seven trait combinations (FIM-EO, FIM-EM, FIM-EPP,
AAM-EM, AAM-EPP, LMC-EM, and LMC-DE), while the 8p21.2 locus demonstrated similar pleiotropic effects across
six combinations (FIM-EPP, AAM-EM, LMC-ERSV, AAM-EPP, LMC-EM, and LMC-DE). The frequency distribution
(Figure 4B) further indicates that the 11pl4.1 and 8p21.2 loci repeatedly appeared across multiple trait—disease
combinations, highlighting their robust and wide-ranging pleiotropic effects. These loci may represent key genetic
hotspots connecting EM and menstrual traits, thereby illuminating shared genetic mechanisms that may underlie both
reproductive system disorders and female physiological traits.

|dentification of Pleiotropic Genes and Functional Enrichment Analysis

Expanding upon the identified pleiotropic loci, we further mapped significant SNP signals to nearby genomic regions
using FUMA and performed gene-level pleiotropy analysis with MAGMA. Across all trait pairs, this analysis identified
227 pleiotropic gene records, corresponding to 136 unique pleiotropic genes after removing duplicated gene symbols
(Supplementary Table 6). Among these unique genes, 91 were detected in two or more trait pairs and were therefore
defined as recurrent pleiotropic genes. Notably, ARLI4EP, C6orf211, EEFSEC, FSHB, and RMND1 were consistently
significant across six trait pairs, while GNRH1 and SYNE1 were replicated in five. To further support these findings, we
integrated GTEx v8 whole-blood eQTL data and found that several prioritized genes, including ARL14EP, C6orf211,
EEFSEC, RMNDI, and GNRHI, showed significant expression-regulatory evidence across multiple trait pairs

(Supplementary Table 7). Furthermore, gene-set enrichment analysis using MAGMA demonstrated significant over-

representation in biological pathways related to female sex differentiation, fallopian tube tissue-specific signaling, and
hormone ligand-receptor interactions, implicating these processes as critical contributors to the underlying pathophysiol-
ogy (Figure 5).
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Figure 3 Network of pleiotropic loci and mapped genes linking endometriosis-related phenotypes to menstrual-cycle-related traits across eight trait pairs.
Notes: Shared loci identified through colocalization analysis are highlighted in orange, and shared genes detected by MAGMA are highlighted in blue.

To comprehensively characterize the functional properties of these genes, we conducted pathway enrichment analysis using
the Metascape platform. The analysis revealed that, within the Gene Ontology Biological Process (GOBP) category, the
candidate genes were significantly enriched in critical processes such as female gonadal development, folliculogenesis, sexual
differentiation, and the ovulatory cycle, underscoring their essential roles in maintaining ovarian function and orchestrating
regulation along the hypothalamic—pituitary—gonadal (HPG) axis. Under the Gene Ontology Cellular Component (GOCC)
domain, significant enrichment was observed in the INO80-type complex and INO80 complex, suggesting potential involvement
in transcriptional regulation and DNA repair pathways. At the Gene Ontology Molecular Function (GOMF) level, the genes were
notably enriched in activities related to RNA polymerase II transcription complex binding and transcription factor complex
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Figure 4 Colocalization evidence and recurrence of pleiotropic genomic regions across trait pairs. (A) Bubble plot of posterior probability (PPH4) from colocalization
analysis across genomic regions and trait pairs. Note: Circle size indicates the magnitude of the posterior probability of colocalization (PPH4). Larger circles represent higher
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were detected. (B) Frequency distribution of pleiotropic genomic regions across different trait pairs.

Notes: The height of each bar represents the number of trait pairs in which the corresponding genomic region was identified as a pleiotropic locus. The x-axis denotes the
genomic regions (cytobands), and the y-axis indicates the number of trait pairs in which the region appeared.

assembly, reflecting fundamental mechanisms of transcriptional regulation. Furthermore, KEGG pathway analysis revealed
robust enrichment in pathways associated with sex hormone biosynthesis and secretion, GnRH/cAMP signal transduction, and
neuroendocrine regulation (Figure 6A). In parallel, a PPI network constructed via the STRING database and analyzed using the
MCODE algorithm identified three highly interconnected functional modules. These modules were predominantly associated
with hormone receptor signaling, neuroendocrine signaling cascades, and SUMOylation-dependent modulation of estrogen
receptor activity. Notably, the Gas signaling axis emerged as a recurrent and functionally central pathway across multiple
modules, with 13 genes—including FSHB, ESR1, KISS1, and TACR3—participating in these regulatory networks (Figure 6B).

Identification of Shared Sex Hormone Signals Linking EM and Its Subtypes to
Menstrual-Cycle-Related Traits

Preliminary analyses indicated that sex hormones may play a central role in the shared mechanisms linking EM and its
subtypes to menstrual-cycle-related traits. To further substantiate this hypothesis, the HyPrColoc method was employed to
perform multi-trait colocalization analyses of traits showing high colocalization posterior probabilities, with the aim of
identifying potential sex hormone-associated signals within shared risk loci. Significant colocalization with bioavailable
testosterone and total testosterone was observed across the FIM-EM, FIM-EO, FIM-EPP, LMC-DE, and LMC-EM combina-
tions. Subsequent integrative analyses revealed that these colocalization signals were predominantly clustered within the
11p14.1 genomic region, where key candidate SNPs—rs11031005, rs12294104, rs10835638, and rs35078732—were
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Abbreviations: GOBP, Gene Ontology Biological Process; GOCC, Gene Ontology Cellular Component; GOMF, Gene Ontology Molecular Function; GSEA, gene set
enrichment analysis; TSEA, tissue-specific expression analysis.

consistently identified across five phenotype combinations and hormone-related traits. These findings highlight 11p14.1 as
a potential genetic hotspot that may jointly regulate EM susceptibility and sex hormone levels (Supplementary Table 8).

Discussion
This study integrated GWAS summary statistics and applied multi-dimensional genetic approaches to investigate the
genetic correlations between EM and various menstruation-related traits, as well as their potential shared genetic
architecture. The findings not only support previous epidemiological evidence but also offer additional genomic insights
into the underlying molecular pathways. We identified significant genetic correlations between EM and several menstrual
traits, including AAM, FIM, and LMC. Early menarche may prolong exposure to retrograde menstrual flow, increasing
the accumulation of endometrial tissue in the pelvic cavity and raising EM risk by 1.34-fold.*® Similarly, shorter cycles
may lead to more frequent estrogen exposure,' potentially promoting the proliferation and mitotic activity of ectopic
endometrial cells via the IGF-1/VEGF signaling pathway, thereby accelerating disease progression.’’ Dysregulation of
menstrual biological processes may contribute to the development of EM by promoting the survival, migration, and
ectopic implantation of shed endometrial tissue through mechanisms involving inflammation, matrix metalloproteinases
(MMPs), hypoxia/angiogenesis, and impaired apoptotic regulation.** Previous studies have linked lower AMH levels to
EM." As a marker of ovarian reserve, AMH is influenced by ovarian lesions, inflammation, age, and surgical history.*?
We found no significant genetic correlation between AMH and EM or its subtypes, suggesting that prior clinical
associations may mainly reflect acquired ovarian reserve impairment or related factors. The null finding may also be
due to limited sample size and statistical power. In contrast, our study further suggests that a genetic background related
to menstrual rhythm may be associated with higher genetic susceptibility to EM. Notably, genetic determinants of
menstrual thythm may offer preliminary insight into increased susceptibility to EM, although their clinical utility as early
indicators remains to be further validated.

In the present study, subtype-stratified LDSC and HDL analyses showed that menstrual-cycle-related traits exhibited
heterogeneous genetic correlations with specific EM phenotypes rather than EM as a uniform disease entity. Specifically,
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AAM showed a negative genetic correlation with EPP, FIM showed positive genetic correlations with EO and EPP, and
LMC showed negative genetic correlations with DE and ERSV. This view is consistent with previous evidence
supporting EM heterogeneity. Menstrual cycle regularity has been reported to be associated with ovarian endometrioma
and deep infiltrating EM, but not with superficial peritoneal EM.>* A narrative review further highlighted pathological,
diagnostic, and therapeutic differences among these three subtypes.®> In addition, a public transcriptomic data-based
study showed that ovarian endometrioma, peritoneal EM, and deep infiltrating EM share common molecular signatures
while also exhibiting subtype-specific gene expression patterns.>® Moreover, susceptibility variants near WNT4, VEZT,
GREBI, and FN1 have been reported to exert stronger effects in moderate-to-severe or ovarian EM.>” However, previous
studies have primarily characterized EM subtype heterogeneity from clinical, pathological, transcriptomic, or severity-
related genetic perspectives. In contrast, the present study links menstrual-cycle-related traits to specific EM subtypes
through shared genome-wide genetic architecture.

Previous GWAS have systematically identified and consistently validated several genetic susceptibility loci associated
with EM. Among the earliest and most widely recognized loci are rs7521902 at 1p36.12 (WNT4), rs13391619 at 2p25.1
(GREBI), and rs10859871 at 2q22 (VEZT).*® Building on these discoveries, Sapkota et al identified five additional loci
significantly associated with EM, located at 2q35 (FN1), 6g25.1 (CCDC170, ESR1, SYNE1), 7p12.3, and 11pl4.1
(FSHB).? In the present study, we identified 11p14.1 and 8p21.2 as shared hotspot regions across multiple trait-disease
combinations, indicating a stable and consistent genetic background. However, the loci identified in this study are not all
entirely new reproductive signals. Among them, the 11p14.1 region contains multiple functional genes closely associated
with menstrual traits, including FSHB, ARL14EP, and MPPED2. Earlier investigations have demonstrated that associa-
tion signals within this region extend from the upstream of FSHB to ARLI4EP within a high linkage disequilibrium
block, suggesting that this region may function as an integrated genetic unit with a regulatory role in EM pathogenesis.>
This locus also influences menstrual characteristics: the FSHB promoter T allele reduces FSH expression, prolongs
menstrual cycles, delays menopause, and lowers EM risk, whereas the G allele increases FSH levels, shortens cycles,
increases menstrual frequency, and elevates EM risk.'* In addition to FSHB, ARLI4EP and MPPED2 may provide
biological context for the 11pl4.1 signal. ARLI4EP is involved in MHC class II vesicular trafficking and actin-
cytoskeleton regulation, potentially linking this region to EM-related immune inflammation or tissue remodeling,*
whereas MPPED2 may participate in cellular differentiation and proliferation.*® Thus, although FSHB remains the most
plausible effector gene, ARL14EP and MPPED2 may represent neighboring candidate genes reflecting the broader LD
and regulatory architecture of 11p14.1. Another noteworthy locus, 8p21.2, harbors rs6185, a functional nonsynonymous
variant within the coding region of GNRHI1. Large-scale GWAS have consistently linked this variant to menstrual
phenotypes, particularly shorter menstrual cycles.*'** Additionally, the AMH region near 11q22.1 (rs10407022) is
associated with ovarian follicle reserve and menstrual rhythm, while rs6933669 at 6q25.1 shows a strong association
with age at menarche and regulates the expression of ESR1, RMNDI, and CCDC170.** The novelty of these loci lies in
our integrated cross-subtype, menstrual/hormone-related trait, pleiotropy, colocalization, and functional annotation
analyses, which further support their role as shared genetic hotspots linking menstrual-cycle regulation with EM
susceptibility.

This study identified 136 pleiotropic genes, among which ARL14EP, Cé6orf211, EEFSEC, FSHB, and RMND1
appeared across six trait-disease combinations, making them the most frequently shared pleiotropic genes. Within the
FSHB locus associated with age at menarche, several SNPs have been reported to regulate ARLI14EP expression,
suggesting that ARLI4EP may participate in the genetic regulation of menarche timing through hormone-related
pathways.** Its expression may be influenced by genetic variation in the FSHB region and may act as a downstream
effector relevant to EM biology. Previous expression-based studies reported an association between ARLI4EP
expression and EM risk.*>**® Genetic variants in the intronic regions of EEFSEC show significant associations with
EM, menorrhagia, and irregular menstrual bleeding. These findings suggest that EEFSEC may influence the onset and
progression of female reproductive disorders by regulating cell proliferation, DNA repair, and hormone-dependent
tissue growth.?” The ESR1 gene encodes estrogen receptor ERa, a key regulator of estrogen signaling involved in cell
proliferation, inflammation, and migration.*” Together with neighboring genes CCDC170, RMNDI, and ZBTB2,
ESRI forms a regulatory network that may contribute to the pathogenesis of EM.*®* CCDC170 has been implicated
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in cytoskeletal remodeling, cell migration, and embryo implantation, processes relevant to ectopic endometrial
invasion,*” whereas RMNDI1 may influence mitochondrial function and hormone-dependent development of ovarian
and endometrial tissues.’® The epigenetic architecture of this region further links it to menstrual physiology, as
dynamically methylated CpG sites in the CCDC170 promoter vary across the menstrual cycle and may coordinately
regulate ESR1, RMNDI, and nearby genes, thereby affecting menarche timing and menstrual characteristics.*” Our
study extends the previously reported ESR1/CCDC170/RMNDI regulatory network by identifying it as a shared
pleiotropic genetic link between menstrual-cycle-related traits and EM susceptibility. Notably, C6orf211 lies immedi-
ately upstream of ESR1, and its expression in human endometrium is also positively correlated with ESR1, CCDC170,
and RMND1.*

This study identified significant enrichment of candidate genes within several functional modules related to the
ovarian development—ovulation—hormonal signaling axis. These results suggest that these genes may serve central
roles in the shared genetic architecture of EM and menstrual-cycle-related traits by coordinating reproductive
development and endocrine regulation. At the cellular component level, enrichment analysis revealed significant
enrichment of the INO80 chromatin remodeling complex. This complex maintains the accessibility of estrogen
response elements through ATP-dependent nucleosome sliding. Its dysfunction may disrupt cyclic gene expression
and impair endometrial receptivity.’! INO80-mediated chromatin opening can also facilitate RNA polymerase II
binding and transcription initiation, thereby enhancing inflammatory and proliferative signaling and potentially
contributing to the sustained growth and pathological progression of ectopic lesions.’> However, because INO80
enrichment was inferred solely from gene set analysis without direct assessment of chromatin accessibility, estrogen
response element accessibility, or INO80 complex activity, this finding should be considered hypothesis-generating.
PPI network analysis further revealed that CALCRL, FSHR, KISS1, and TACR3 are part of the G protein-coupled
receptor (GPCR) signaling pathway. Within this pathway, Gas-mediated cAMP/PKA signaling cascades can suppress
NF-«kB activity, thereby modulating apoptosis and inflammatory responses and promoting immune evasion of ectopic
endometrial cells.”® Furthermore, HOXAI10 is essential for female reproductive tract development and has been
strongly implicated in EM pathogenesis.”* Testosterone has been reported to regulate HOXA10 expression, while
lower prenatal and postnatal testosterone levels have been associated with earlier menarche, shorter menstrual cycles,
and endometrial thickening.>® The 11p14.1 colocalization signal indirectly supports a potential link between menstrual
traits and EM susceptibility, but the testosterone-HOXA10-EM axis remains hypothetical and requires functional
validation. Our colocalization analysis further showed substantial overlap between FIM- and LMC-associated genetic
signals and testosterone-related traits, suggesting that androgen signaling may contribute to the development of
specific EM subtypes and their shared genetic mechanisms with menstrual traits.

This study has several limitations. First, the GWAS summary statistics used in this study were primarily derived from
individuals of European ancestry. Because individual-level data were unavailable, we could not further account for
residual population stratification. Second, LDSC- and HDL-derived genetic correlations indicate shared genetic archi-
tecture but cannot establish causality or distinguish shared hormonal effects from subtype-specific mechanisms or
residual confounding. Third, heterogeneity in EM and subtype definitions across GWAS datasets, including surgical,
clinical, and self-reported diagnoses, may introduce misclassification, while overlapping subtype categories and limited
case numbers for certain subtypes may reduce statistical power and compromise the robustness of subtype-specific
findings. Fourth, we could not completely exclude the possibility of potential sample overlap between the UKB/
ReproGen and FinnGen datasets. Furthermore, winner’s curse and the lack of an independent replication cohort may
affect the robustness and generalizability of our findings. Finally, functional validation remains limited. Due to the lack of
matched genotype, transcriptomic, proteomic, and disease-relevant functional experimental data, we were unable to
perform allele-specific expression analysis or experimental validation. Future studies incorporating multi-ethnic cohorts,
larger sample sizes, tissue-specific experimental data, and independent GWAS datasets with non-overlapping samples are

warranted to further validate and extend our findings.
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Conclusions

By integrating large-scale GWAS data with multiple genetic analytical approaches, this study suggests a shared yet
heterogeneous genetic basis between EM and menstrual-cycle-related traits. We identified core genetic hotspots, includ-
ing 11p14.1 and 8p21.2, and prioritized key pleiotropic genes. The results further showed that testosterone-related traits
exhibited more stable colocalization signals, suggesting that androgen-related genetic regulation may exert differential
effects across lesion types and provide clues for exploring subtype-specific therapeutic strategies. Overall, this study
provides important insights into the genetic mechanisms of endometriosis and subtype-based risk stratification, and offers
genetic evidence for future exploration of polygenic risk score-based risk assessment approaches.
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