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Background and Objective: Chronic obstructive pulmonary disease (COPD) and atrial fibrillation (AF) frequently co-occur, yet the 
underlying molecular mechanisms remain unclear. We assessed whether genetic liability to COPD increases AF risk and mapped 
epigenetic mediators using multi-omics data.
Methods: We integrated genome-wide association data for COPD and AF with epigenome-wide DNA methylation profiles and gene 
expression datasets. Summary-data-based Mendelian randomization served as the primary approach to link disease-associated variants 
with methylation, gene expression, and AF, complemented by two-sample Mendelian randomization, colocalization, and checks for 
pleiotropy. We prioritized COPD-related CpG sites and genes, examined functional context using protein–protein interaction networks 
and pathway enrichment, and nominated candidate therapeutics with drug-prediction algorithms followed by molecular docking. 
Analyses were conducted primarily in cohorts of European ancestry.
Results: Genetic liability to COPD was associated with a higher risk of AF (odds ratio [OR] = 1.156, 95% confidence interval [CI] 
1.025–1.304; p = 0.018). We identified 109 COPD-related CpG sites associated with AF risk. Cross-omics triangulation highlighted 
seven candidate genes, with FES showing consistent evidence across genomic, epigenetic, and transcriptomic layers. Functional 
analyses indicated enrichment in immune signaling and signal transduction pathways. Docking analyses suggested favorable binding 
between predicted drugs and their targets.
Conclusion: These findings support a pathway by which COPD may influence AF risk through epigenetic regulation and prioritize 
CpG sites, genes, and potentially druggable targets for further study. Because the underlying datasets are predominantly from 
individuals of European ancestry, replication in more diverse populations is needed to assess generalizability.
Keywords: chronic obstructive pulmonary disease, atrial fibrillation, summary-data-based mendelian randomization, multi-omics, 
methylation, gene expression, protein, drug target

Introduction
Chronic obstructive pulmonary disease (COPD) and atrial fibrillation (AF) represent two predominant chronic conditions 
afflicting middle-aged and elderly populations, imposing formidable health and economic burdens on healthcare systems 
worldwide.1,2 This comorbidity has direct implications for patient outcomes and management, including lower success of 
rhythm-control strategies, higher bleeding risk with anticoagulation, and increased cardiovascular and all-cause 
mortality.3,4 These conditions frequently coexist, with epidemiological studies indicating that approximately 13% of 
AF patients manifest concurrent COPD.5 The incidence of AF among COPD patients exceeds that observed in the 
general population by 1.23-fold,6 with this association maintaining statistical significance across Asian populations.7 

Furthermore, concurrent COPD substantially elevates recurrence rates and adverse event incidence following catheter 
ablation in AF patients.3 Concurrently, AF patients with comorbid COPD demonstrate significantly heightened risks of 
hemorrhagic complications, cardiovascular mortality, and all-cause mortality.4 Consequently, investigating COPD-AF 
comorbidity mechanisms represents a critically important and urgently needed research priority.

International Journal of Chronic Obstructive Pulmonary Disease 2026:21 563463                         1
© 2026 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Chronic Obstructive Pulmonary Disease       

Open Access Full Text Article

https://doi.org/10.2147/COPD.S563463
Received: 27 August 2025
Accepted: 2 December 2025
Published: 8 January 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f C

hr
on

ic
 O

bs
tr

uc
tiv

e 
P

ul
m

on
ar

y 
D

is
ea

se
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0009-0009-7147-8494
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Mechanistically, three complementary rationales have been proposed to explain COPD-related AF susceptibility: (i) 
biological pathways, whereby COPD-associated inflammatory responses and oxidative stress may precipitate structural 
remodeling8 and electrical conduction alterations,9 thereby amplifying AF susceptibility; (ii) genetic convergence, with 
hub genes linking COPD and AF, encompassing RPS3, FABP5, and EPHA4,10 alongside common biomarkers—such as 
CDK8—which may contribute to an adverse cycle via activation of NF-κB-mediated immune-inflammatory cascades;11 

and (iii) epigenetic regulation, wherein DNA methylation, as a pivotal modification, may mediate inter-disease associa
tions and provide a tractable layer for mechanistic dissection.12

In recent years, epigenome-wide association studies (EWAS) have furnished novel perspectives for elucidating 
complex disease molecular mechanisms, with DNA methylation as a pivotal epigenetic modification potentially exerting 
key roles in inter-disease associations.12 However, previous investigations predominantly remained constrained to 
association analysis levels, lacking comprehensive exploration of causal relationships. Mendelian randomization analysis 
predicated on methylation quantitative trait loci (mQTL) can leverage EWAS-identified disease-related CpG sites as 
exposures, inferring causal associations with health outcomes through genetic instrumental variables, thereby providing 
robust analytical tools for investigating epigenetic-mediated mechanisms between diseases.13 Simultaneously, integrated 
analysis of multi-omics data has emerged as a pivotal strategy for revealing complex disease regulatory networks. Cross- 
validation through DNA methylation, gene expression, and protein abundance levels can furnish more reliable biological 
evidence.14

Although existing epidemiological, basic research, and observational studies demonstrate associations between COPD 
and AF, underlying molecular mechanisms remain incompletely elucidated. Therefore, this investigation utilized large- 
scale population EWAS, quantitative trait loci (QTL), and genome-wide association study (GWAS) datasets, within 
a summary-data-based Mendelian randomization framework complemented by two-sample Mendelian randomization 
and colocalization, and employed multi-omics integration strategies to systematically explore causal linkages between 
COPD and AF across DNA methylation, gene expression, and protein abundance levels. We endeavored to screen 
candidate genes potentially mediating this association based on integrated omics evidence, aiming to provide novel 
insights for comprehensive understanding of COPD-AF comorbidity molecular mechanisms and developing innovative 
prevention and therapeutic strategies.

Materials and Methods
Study Design and Data Sources
Research Framework
This investigation constituted a comprehensive secondary analysis employing publicly accessible summary-level EWAS, 
GWAS, and QTL datasets. The analytical framework integrated epigenetic and multi-omics methodologies, utilizing 
genetic instrumental variables to mitigate confounding influences and combining multi-omics data to identify potential 
epigenetic pathways mediating COPD to AF associations (Figure 1). The research workflow encompassed: (1) assess
ment of genetic correlations between COPD and AF; (2) exploration of preliminary genetically predicted causal 
associations; (3) epigenetic mechanism analysis (core research focus); (4) multi-level integrative validation; (5) func
tional annotation and therapeutic target prediction.

Data Sources
All EWAS, GWAS, and QTL datasets comprised individuals of European ancestry; dataset-level ancestries are summar
ized in Table 1 and Supplementary Table S1.

i) GWAS Data: COPD GWAS data were procured from Zhou W et al’s comprehensive investigation,15 encompassing 12 
cohorts including FinnGen and UK Biobank repositories. The FinnGen cohort utilized ICD-10 codes J43 and J44, ICD-9 
codes 492 and 4912, and ICD-8 codes 492 and 49104 for COPD diagnosis. Lifelines Biobank employed spirometry-based 
diagnostic criteria (FEV1/FVC × 100 < 70). HUNT, MGI, UCLA Precision Health Biobank, and UK Biobank employed 
phecode-based diagnoses, comprising 58,559 cases and 937,358 controls. AF GWAS data originated from FinnGen R11, 
utilizing ICD-10 code I48 definitions, encompassing 55,853 cases and 231,952 controls. Right heart-related phenotypic data 
were derived from UK Biobank cardiac MRI measurements following Pirruccello et al’s methodology, encompassing 41,135 
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subjects with measurements including pulmonary artery-to-aortic diameter ratio, pulmonary artery-to-aortic diastolic diameter 
ratio, right atrial maximum area, right atrial minimum area, right atrial area change fraction (RAFAC), right ventricular end- 
diastolic volume (RVEDV), right ventricular end-systolic volume (RVESV), right ventricular stroke volume (RVSV), right 
ventricular ejection fraction (RVEF), and pulmonary artery diameter.

ii) Epigenetic Data: COPD-EWAS summary statistics were obtained from published literature sources.16 CpG sites 
with FDR < 0.05 were defined as “COPD-associated” DNA methylation sites, yielding 155,862 sites for identifying 
COPD-related DNA methylation CpG sites. Methylation QTL (mQTL) data were sourced from: (1) McRae et al’s 
investigation (n = 1,980 Europeans);17 (2) Min et al’s (GoDMC) study (n = 27,750 Europeans).18

iii) Gene Expression Data: (1) Expression QTL (eQTL) from the eQTLGen consortium (n = 31,684 Europeans); (2) 
tissue-specific data from the Genotype-Tissue Expression Consortium (GTEx V8), including atrial appendage tissue (n = 
429 Europeans), left ventricular tissue (n = 432 Europeans), whole blood tissue (n = 755 Europeans), and lung tissue (n = 
578 Europeans), representing cis-eQTL data exclusively.

Figure 1 The overall design of this study. 
Abbreviations: COPD, chronic obstructive pulmonary disease; AF, atrial fibrillation; mQTL, methylation quantitative trait loci; eQTL, expression quantitative trait loci; 
pQTL, protein quantitative trait loci; SMR, summary-data-based Mendelian randomization; PPI, protein–protein interaction.
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iv) Protein Expression Data: (1) Protein QTL (pQTL) from Sun et al (n = 3,301); (2) pQTL from Pietzner et al (n = 10,708 
Finns); (3) pQTL from Folkersen et al (n = 30,931); (4) pQTL from Ferkingstad et al (n = 35,559 Icelanders); (5) pQTL from 
Benjamin B. Sun et al (n = 34,557 Europeans). For MR analysis pQTL data selection: we selected UKB and deCODE 
database pQTL data, utilizing UKB as the primary analysis when proteins were available, with deCODE data serving as 
sensitivity validation; proteins exclusively available in deCODE were designated as secondary studies for sensitivity analysis. 
All original GWAS/QTL analyses were adjusted for age, sex, and the first 10 genomic principal components in their 
respective studies; summary statistics employed in this investigation were directly retrieved without additional adjustments.

Additionally, we queried UK Biobank cardiac MRI phenotypes for left atrial structural measures (eg, left atrial 
diameter/volume). These measures were not available as standardized fields in the imaging-derived dataset used here; 
therefore, left atrial diameter–based analyses were not performed. We also screened UK Biobank and public GWAS 
resources for pulmonary hypertension, but available datasets had insufficient case numbers to support adequately 
powered two-sample MR with our instruments; consequently, pulmonary hypertension was not analyzed as an outcome.

Genetic Correlation Analysis
Linkage disequilibrium score regression (LDSC) analysis was executed using the R package “ldscr” (version 4.3.1) to estimate 
genetic correlation (rg) between COPD and AF based on GWAS summary statistics. LDSC analysis employed the 1000 
Genomes Project European population as the reference LD panel, calculating standardized LD scores. P < 0.005 was considered 
statistically significant genetic correlation, with P values between 0.005 and 0.05 indicating suggestive associations.19

Table 1 Summary of Datasets, Sample Sizes, and Ancestry

Type of 
Dataset

Data Resource Sample 
Size

N  
Cases

N  
Controls

Population

GWAS Chronic obstructive 

pulmonary disease

BioMe (US) 8804 611 8,193 European 

ancestryBioVU (US) 60320 4,962 55,358

CCPM (US, Colorado Center for 
Personalized Medicine)

19898 1,533 18,365

Estonian Biobank (ESTBB) 126206 10,596 115,610

FinnGen 193638 6,915 186,723
Generation Scotland (GS) 20032 239 19,793

The HUNT Study (HUNT) 66861 5,529 61,332
Lifelines Biobank 25475 3,103 22,372

Mass General Brigham (MGB, US) 21955 3,922 18,033

Michigan Genomics Initiative (MGI, US) 42121 4,834 37,287
UCLA (US) 16641 2,005 14,636

UK Biobank (UKBB) 393966 14,310 379,656

Total 995917 58,559 937,358
Atrial fibrillation and flutter Finngen 287,805 55,853 231,952

Right heart 2022 GWAS UK Biobank 41,135

QTL cis-mQTL McRae et al mQTL summary data 1,980
cis-mQTL Min JL et almQTL summary data 27,750

cis-eQTL eQTL_GTEx_Heart_Atrial_Appendage 429

cis-eQTL eQTL_GTEx_Heart_Left_Ventricle 432
cis-eQTL eQTL_GTEx_Whole_Blood 755

cis-eQTL eQTL_GTEx_Lung 578

cis-eQTL eqtlGen 31,684
cis-pQTL pQTL_INTERVAL 3,301

cis-pQTL pQTL_FENLAND 10,708

cis-pQTL pQTL_SCALLOP 30,931
cis-pQTL Decode 35,559

cis-pQTL UK Biobank 34,557
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Two-Sample Mendelian Randomization Analysis
Two-sample Mendelian randomization (MR) analyses were conducted using the R package TwoSampleMR (v0.5.7). MR 
rests on three core assumptions: (i) relevance—the genetic instruments (IVs) are associated with the exposure; (ii) 
independence—the IVs are independent of confounders of the exposure–outcome relationship; and (iii) exclusion 
restriction—the IVs influence the outcome only via the exposure (ie, no horizontal pleiotropy). Because horizontal 
pleiotropy can bias causal estimates, we applied multiple complementary MR estimators to ensure robustness to 
horizontal pleiotropy and outliers. Specifically, we implemented MR-Egger,20 Weighted Median,21 Inverse-Variance 
Weighted (IVW),22 Simple Mode,21 and Weighted Mode.23 IVW provides the most precise estimates under no directional 
pleiotropy; the Weighted Median yields a consistent estimate if ≥50% of the total weight comes from valid instruments; 
MR-Egger allows for directional pleiotropy via a non-zero intercept under the InSIDE assumption; and mode-based 
estimators assume that the largest cluster of similar ratio estimates is formed by valid instruments. For mQTL, eQTL, and 
pQTL analyses, IVW was used when multiple SNP instruments were available, and the Wald ratio was used when only 
a single SNP instrument was present.

Instrument selection criteria were: (1) genome-wide significant association with the exposure (p < 5×10−8); (2) LD 
independence (r2 < 0.001 within a 10,000 kb window) with LD clumping and screening performed using PLINK v1.90b7 
(64-bit);24 (3) F-statistic > 10 to limit weak instrument bias, with F = (N − 2) × R2/(1 − R2);25 (4) exclusion of SNPs 
directly associated with AF at genome-wide significance (p < 5×10−8); and (5) harmonization and SNP handling followed 
TwoSampleMR v0.5.7 defaults (action=2): effect alleles were aligned across datasets; strand issues were corrected by 
complementing where applicable; palindromic A/T or C/G SNPs with intermediate allele frequency were excluded; and 
SNPs with unresolved allele conflicts were removed. Outcome variants were additionally filtered to 0.01 < EAF < 0.99. 
In this analysis, no selected instruments were missing in the outcome dataset, and no LD proxy replacement was applied.

Significant cis-mQTLs were defined as variants located within <1 Mb of CpG sites with P < 1×10−8. For pQTLs, 
deCODE cis-pQTL data included SNPs within ±100 kb (excluding the MHC region), and UK Biobank pQTL data 
likewise used ±100 kb windows with MHC region variants removed. Because many CpG-site MR analyses relied on 
single cis-SNP instruments, these results are primarily hypothesis-generating and should be interpreted cautiously.

We controlled multiple testing using the Benjamini–Hochberg procedure (FDR < 0.05). Heterogeneity across 
instruments was evaluated using Cochran’s Q (p < 0.05 indicating heterogeneity); random-effects IVW was applied 
when heterogeneity was present, otherwise fixed-effects IVW was used. Directional (unbalanced) pleiotropy was 
assessed with the MR-Egger intercept (p < 0.05 indicating pleiotropy), and MR-PRESSO was used to detect and correct 
outlier SNP effects. Steiger directionality tests were conducted to confirm the exposure→outcome direction and reduce 
the possibility of reverse causation. Leave-one-out analyses were performed to evaluate the influence of individual 
instruments on overall estimates. We considered an MR association robust when estimates were directionally consistent 
across multiple estimators, the MR-Egger intercept did not indicate pleiotropy, no residual MR-PRESSO outliers 
remained, and fixed- and random-effects IVW results were comparable.

Summary-Data-Based Mendelian Randomization Analysis (SMR)
SMR methodology was employed to initially assess statistical associations between CpG sites and AF at the DNA methylation 
level utilizing mQTL data. Subsequently, for significantly associated CpG sites, eQTL and pQTL data were utilized to explore 
associations with AF at gene and protein expression levels. For each QTL type, the most statistically significant cis-acting variant 
(top cis-variant) served as the instrumental variable. The Benjamini–Hochberg method was applied for multiple testing 
correction, with FDR < 0.05 considered statistically significant. All significant SMR results (FDR < 0.05) underwent hetero
geneity testing (HEIDI) (P_HEIDI > 0.05) to exclude potential linkage disequilibrium (LD) effects. SMR and HEIDI analyses 
were completed using the online SMR portal (https://yanglab.westlake.edu.cn/smr-portal/, accessed on [2024–11-10]).

Colocalization Analysis
Colocalization analysis was performed for significant sites (p_SMR_FDR < 0.05, p_HEIDI > 0.05) in SMR analyses of 
mQTL, eQTL, and pQTL with AF utilizing the R package “coloc” (version 5.2.3). Colocalization analysis employed 
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a Bayesian statistical framework to evaluate posterior probabilities of two phenotypes sharing identical causal variants. 
The analysis considered five hypotheses: (1) PPH0: no association at the locus; (2) PPH1: association exclusively with 
COPD; (3) PPH2: association exclusively with AF; (4) PPH3: distinct causal variants for the two phenotypes; (5) PPH4: 
shared causal variant for both phenotypes.26 Default prior parameters (p1 = 1×10−4, p2 = 1×10−4, p12 = 1×10−5) were 
utilized, executing within ±1 Mb range around CpG sites. Posterior probability PPH4 > 0.70 was considered robust 
statistical evidence supporting shared causal variants, based on Claudia Giambartolomei et al’s research.27 The “locus
comparer” package (version 1.0.0) generated regional association comparison plots for intuitive visualization of shared 
signals between phenotypes.

Protein–Protein Interaction (PPI) and Functional Enrichment Analysis
Protein–protein interaction networks estimated correlations among COPD- and AF-related proteins (p_SMR_FDR < 
0.05) utilizing the Search Tool for Retrieval of Interacting Genes (STRING, https://string-db.org/)28 and GeneMANIA 
(https://genemania.org/).29

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses evaluated relation
ships between potential enriched pathways and proteins. R language and related packages including “GO.db” (v3.18.0), 
“clusterProfiler” (v4.10.1), “AnnotationHub” (v3.10.1), “org.Hs.eg.db” (v3.18.0), “org.Mm.eg.db” (v3.18.0), “DOSE” 
(v3.28.2), “ReactomePA” (v1.46.0), “limma” (v3.58.1), “circlize” (v0.4.16), “RColorBrewer” (v1.1–3), 
“ComplexHeatmap” (v2.18.0), and “ggplot2” (v3.5.1) were employed for enrichment analysis and result visualization.

Drug Prediction and Molecular Docking
To translate the statistical signals into therapeutic hypotheses, we integrated prioritized targets from the MR/eQTL/pQTL 
and expression analyses into a two-step in-silico workflow: (i) drug prediction to retrieve compounds with known 
mechanisms acting on the prioritized genes, and (ii) structure-based molecular docking to assess the physical plausibility 
of drug–target interactions. These in-silico analyses are hypothesis-generating, intended to rank candidates for experi
mental validation.

Drug Prediction
The Drug–Gene Interaction Database (DSigDB) was utilized to evaluate potential protein–drug interactions, predicting 
candidate pharmaceuticals targeting genes indicated at gene expression and protein expression levels. DSigDB comprises 
a comprehensive repository containing 22,527 genomic signatures and 17,389 distinct compounds, encompassing 19,531 
gene sets connecting drugs and compounds with their target genes.30 Screening criteria included: (1) drug-gene pairs with 
established mechanisms of action. For each gene, potential drug numbers, action types (inhibitors, agonists, etc.), and 
clinical application status were systematically recorded.

Molecular Docking
Molecular docking was subsequently utilized to evaluate predicted interactions between candidate drugs and their targets. 
This approach facilitates prioritization of drug targets through identifying protein characteristics and protein–drug 
interaction patterns, providing foundations for future experimental validation.

Component structures were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), preserved in 
SDF format, imported into Chem3D 19.0 software, and energy-minimized using the MM2 module to obtain the lowest- 
energy dominant conformation, preserved in mol2 format and converted to pdbqt files using AutodockTools 1.5.7. Three- 
dimensional structures of core target proteins were obtained from the Uniprot database (https://www.uniprot.org/), 
preserved as PDB structure files, and processed using AutodockTools 1.5.7 to incorporate hydrogen atoms, defining 
them as receptors and preserving as pdbqt files. The vina plugin was employed for ligand-receptor docking, with 
visualization analysis performed using PyMOL 3.2 software following docking completion.
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Statistical Analysis
All statistical analyses were completed using R (version 4.3.1). Multiple p-value calculations employed the Benjamini– 
Hochberg method for false discovery rate control, with FDR significance threshold established at 0.05, explicitly 
reporting effect estimates and confidence intervals.31

Reporting Standards
This investigation adhered to STROBE-MR guidelines, with the STROBE-MR checklist provided in Supplementary 
Table S49.

The language in this manuscript was polished using Claude sonnet 4 solely for grammatical refinement and clarity 
enhancement, with all scientific content and interpretations remaining entirely our own.

Results
Genetic Correlation Between COPD and AF
LDSC genetic correlation analysis established significant genetic correlation between COPD and AF (rg = 0.193, p = 
1.04×10−9), notwithstanding relatively modest heritability estimates for both conditions (COPD: h2 = 0.0161, p < 
1×10−50; AF: h2 = 0.0722, p < 1×10−40) (Supplementary Table S2).

Genetic Association and Mendelian Randomization Analysis Between COPD and AF
Two-sample Mendelian randomization (MR) analysis demonstrated that COPD significantly elevated AF risk (OR = 
1.156, 95% CI: 1.025–1.304, p = 0.018) (Supplementary Table S3). Sensitivity analyses corroborated this potential causal 
association (Supplementary Table S4-S5). Following MR-PRESSO exclusion of instrumental variables exhibiting 
pleiotropy (Supplementary Table S6), COPD remained significantly associated with AF risk (OR = 1.179, 95% CI: 
1.073–1.296, p = 0.00065) (Supplementary Table S7 and Supplementary Figure 1), with no horizontal pleiotropy 
detected (MR Egger intercept test p = 0.696) (Supplementary Figures 2–3) Furthermore, leave-one-out analysis validated 
result robustness (Supplementary Figure 4) (Supplementary Tables S8–S9). Steiger directionality test precluded reverse 
causation (p = 3.69×10−19) (Supplementary Table S10).

Epigenetic Analysis of Molecular Mechanisms Underlying COPD’s Impact on AF
Identification of COPD-Associated DNA Methylation Sites
Through comprehensive epigenome-wide association study (EWAS), we identified 155,862 CpG sites demonstrating 
significant associations with COPD (FDR < 0.05) (Supplementary Table S11), ultimately extracting mQTL correspond
ing to 2,605 CpG sites from McRae mQTL data.

Causal Association Between COPD-Related Methylation Sites and AF
Utilizing stepwise SMR methodology, we established linkage between 109 CpG sites and atrial fibrillation (AF) through 
genetic instrumental variables (p_SMR_FDR < 0.05), with all sites successfully passing HEIDI testing (p_HEIDI > 
0.05), representing single instrumental variable-based analyses. This furnished statistical evidence for potential causal 
associations whereby methylation status of these 109 sites through genetic regulation might influence AF risk 
(p_SMR_FDR < 0.05, p_HEIDI > 0.05) (Figure 2A–C and Supplementary Table S12). Among these, 53 CpG sites 
exhibited positive correlation between methylation levels and AF risk, encompassing ATF5 (cg04315771) and RPS2 
(cg02871659); 56 sites demonstrated negative correlation, such as FKBP2 (cg16977872) and VSTM4 (cg07260003). 
Forty-eight CpG sites demonstrated consistent β-value directions between COPD EWAS data and mQTL-SMR results, 
whereas 61 CpG sites exhibited opposite directions (Figures 3A–C, 4A–C and Supplementary Tables S13-S14).

To validate SMR results, we conducted two-sample MR analysis on 101 of the 109 positive CpG sites amenable to 
MR analysis (Supplementary Table S15). Among 46 CpG sites with consistent β-value directions between COPD EWAS 
data and mQTL-SMR results, MR analysis indicated 24 CpG sites demonstrated significant positive or negative 
associations with AF risk (p_FDR < 0.05), with 11 CpG sites exhibiting significant positive associations (beta > 0) 
and 13 sites demonstrating significant negative associations (beta < 0) (Supplementary Table S16). Among 55 CpG sites 
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with inconsistent β-value directions between COPD EWAS data and mQTL-SMR results, MR analysis indicated 31 CpG 
sites demonstrated significant positive or negative associations with AF risk (p_FDR < 0.05), with 18 sites exhibiting 
significant positive associations (p_FDR < 0.05, beta > 0) and 13 sites demonstrating significant negative associations 
(p_FDR < 0.05, beta < 0) (Supplementary Table S17). Steiger directionality tests excluded reverse causation possibilities 
(Supplementary Tables S18–S20).

Colocalization Validation of Methylation-AF Associations
Subsequent colocalization analysis utilizing GoDMC data revealed 25 CpG sites (including cg04510874 in the FES gene 
region) with PP.H4 > 0.7, suggesting their function as shared causal variant sites linking COPD with AF (Figure 5A–D, 
Supplementary Figure 5A–5S and Supplementary Table S21), representing novel molecular-level discoveries of associa
tion mechanisms. Among CpG sites with consistent β-value directions between COPD EWAS data and mQTL-SMR 
results, 14 sites demonstrated PP.H4 > 0.7, with 9 sites exhibiting high colocalization probability (PP.H4 > 0.9), 
encompassing FES (cg04510874), FKBP2 (cg16977872), ATF5 (cg04315771), VSTM4 (cg07260003), and LPIN3 
(cg24845165) (Figure 6A–D and Supplementary Table S22). Among CpG sites with inconsistent β-value directions 

Figure 2 Epigenome-wide analysis of COPD-associated DNA methylation sites in relation to AF risk. (A) Manhattan plot of SMR analysis between COPD-associated mQTLs 
andAF, marking the genes with significant CpG sites (FDR < 0.05). (B) Volcano plot depicting effect sizes (β) and significance levels of SMR results for COPD-associated 
methylation sites and AF risk. (C) The forest plot shows the top methylation sites that exhibited significant associations when conducting an SMR analysis of COPD methylation 
and AF. In the plot, small triangular symbols represent odds ratios (OR), and straight lines represent 95% confidence intervals (CI). FDR = false discovery rate.
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between COPD EWAS data and mQTL-SMR results, 11 sites demonstrated PP.H4 > 0.7 (Figure 7A–D and 
Supplementary Table S23).

Investigation of the EWAS Atlas website (https://ngdc.cncb.ac.cn/ewas/atlas/index) among the 25 colocalization- 
positive CpG sites revealed that RPS2 (cg02871659), KLF11 (cg05301188), KMT5A (cg05677062), FKBP2 
(cg16977872), and PITPNA (cg20426671) were associated with smoking exposure, whereas remaining CpG sites 
exhibited no significant smoking associations. All CpG sites were unrelated to harmful particulate matter exposure 
(PM2.5, PM10).

Multi-Omics Evidence Validation of Important Pathways
Building on pivotal genes discovered at the methylation level, we integrated transcriptomic and proteomic data to 
triangulate putative mediators linking COPD to AF. We retain detailed eQTL-SMR results in Tables 1–3 in the main text 
for transparency and readability, with extended statistics in Supplementary Tables S24–S35.

Gene Expression Level Validation
For genes significant at the methylation level, we performed eQTL-SMR analysis across GTEx and eQTLGen datasets 
(Table 1 and Supplementary Table S24). Table 1 summarizes representative gene–tissue associations with AF, using FDR 
control for p_SMR and HEIDI p > 0.05 as consistency with colocalization. At a glance, FES showed inverse associations 
with AF across eQTLGen and GTEx (atrial appendage, lung); ATF5 showed inverse associations in atrial appendage and 
left ventricle; VSTM4 showed a positive association in left ventricle; LPIN3, SLC22A17, and SLC45A3 showed positive 
associations in eQTLGen and/or GTEx lung (Table 2).

Figure 3 Integrative analysis of genes with consistent effect directions between COPD EWAS data and mQTL-SMR results. (A) Manhattan plot displaying SMR analysis 
results of COPD-associated mQTLs with consistent effect directions in relation to AF risk, marking the genes with significant CpG sites (FDR < 0.05). (B) The volcano plot 
depicts the effect size (β) and significance level of the SMR results for the methylated sites with consistent β values related to COPD and the AF risk. (C) The forest plot 
shows the main methylated sites that demonstrated significant association when performing SMR analysis on the CpG sites and AF that were directionally consistent with 
the β values related to COPD. In the plot, small triangular symbols represent odds ratios (OR), and straight lines represent 95% confidence intervals (CI). 
Abbreviations: FDR, false discovery rate.
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To align methylation and expression directions, we stratified genes by whether CpG effects in COPD EWAS and 
mQTL-SMR pointed in the same (consistent) or opposite (inconsistent) direction. Among genes with consistent 
directions (Table 3 and Supplementary Table S25), six genes showed expression levels associated with AF risk in at 
least one tissue. Integrating methylation and expression directions, four genes maintained significant associations, and 
two were validated by MR. Specifically, in atrial appendage, ATF5 (OR: 0.926, 95% CI: 0.854–0.998) and FES (OR: 
0.772, 95% CI: 0.611–0.933) exhibited negative correlations with AF. In left ventricle, ATF5 (OR: 0.932, 95% CI: 
0.869–0.996) was negatively correlated with AF, while VSTM4 (OR: 1.098, 95% CI: 1.047–1.149) was positively 
correlated (Supplementary Tables S26–S27). Colocalization supported shared signals for FES across GTEx atrial 
appendage, lung, whole blood, and eQTLGen, and for ATF5 in GTEx left ventricle and lung (PP.H4 > 0.9; 
Supplementary Table S28).

Among genes with opposite methylation–expression directions (Table 4 and Supplementary Table S29), four genes 
showed expression levels associated with AF in at least one tissue. After integrating methylation and expression 
directions, two genes maintained significant associations, both showing negative results in MR (Supplementary Tables 
S30–S31). Colocalization analysis indicated robust evidence for SLC45A3 with eQTLGen (PP.H4 > 0.9; Supplementary 
Table S32).

Protein Level Validation
At the protein level, ICAM4 abundance was positively associated with AF (pQTL-SMR; MR replicated in deCODE), whereas 
FES protein levels showed an inverse association with AF in UK Biobank-based MR (Supplementary Tables S33–S35). These 

Figure 4 Analysis of genes with opposite effect directions between COPD EWAS data and mQTL-SMR results. (A) Manhattan plot displaying SMR analysis results of 
COPD-associated mQTLs with opposite effect directions in relation to AF risk, marking the genes with significant CpG sites (FDR < 0.05). (B) The volcano plot depicts the 
effect size (β) and significance level of the SMR results for the36793methylated sites with opposite β values related to COPD and the AF risk. (C) The forest plot shows the 
main methylated sites that demonstrated significant association when performing SMR analysis on the CpG sites and AF that were directionally opposite with the β values 
related to COPD. In the plot, small triangular symbols represent odds ratios (OR), and straight lines represent 95% confidence intervals (CI). 
Abbreviations: FDR, false discovery rate.
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protein-level findings converge with the expression-level directions for FES and suggest an orthogonal protein-based signal 
for ICAM4.

Multi-Level Evidence Integration and Functional Stratification
Integrating evidence across methylation, gene expression, and protein levels, we classified candidates into three 
functional tiers (Supplementary Tables S24–S35):

Tier 1 (highest): FES—consistent signals across methylation (positive direction), expression (negative), and protein 
(negative), with colocalization and MR support.

Tier 2 (moderate): ATF5, VSTM4, LPIN3—supported by methylation plus ≥1 additional omics layer or MR 
consistency in at least one tissue/dataset.

Tier 3 (suggestive/masking): ICAM4, SLC22A17, SLC45A3—signals present but limited to specific omics layers 
and/or with opposite directions between methylation and expression, suggesting masking or tissue/context dependencies.

Integrative Summary of Candidate Genes (with Clinical Significance)
Table 5 summarizes cross-omics directions, colocalization, MR replication, and tier assignments. Effect sizes correspond 
to modest odds-ratio shifts typical for complex traits (approximately OR 0.77–1.10 for key signals per SD/log-odds 
scale), implying small individual-level risk changes but potential population relevance via pathway-level modulation.

Right Heart Phenotype Mediation Analysis
To explore intermediate links in the COPD–methylation–AF pathway, we performed a two-step MR using right-heart 
imaging phenotypes as candidate mediators (Figure 8 and Supplementary Table S36-S43). First, cg18054172 (HOXC5) 
methylation was inversely associated with the pulmonary artery/aortic (PA/Ao) diameter ratio (beta = -0.073, p = 

Figure 5 Co-localization analysis of COPD-associated DNA methylation sites in relation to AF risk. (A) Colocalization analysis results for significant SMR findings, with 
posterior probability (PP.H4) values indicating shared causal variants between methylation sites and AF. (B-D) Regional association plots for the three CpG sites with highest 
colocalization evidence 35771 (PP.H4 > 0.9), associated with ATF5, FES, and VSTM4 genes, demonstrating shared genetic signals between methylation quantitative trait loci 
and AF risk.
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1.93×10−4, 95% CI: -0.112 to -0.035), remaining significant after multiple testing (BH-adjusted q = 0.0487). Second, 
higher genetically proxied PA/Ao ratio was associated with lower AF risk beta = -0.214, SE = 0.0798, p = 0.0072, 95% 
CI: -0.371 to -0.058), with a consistent weighted median estimate (beta = -0.179, p = 0.046) and a directionally similar 
but non-significant MR-Egger slope (beta = -0.422, p = 0.36). The combination of these two negative paths implies 
a positive indirect effect of HOXC5 methylation on AF risk via the PA/Ao ratio. Consistent with the upstream association 
of COPD with higher HOXC5 methylation (beta = 0.019), the overall COPD→methylation→PA/Ao→AF chain points to 
a positive mediated effect on AF risk. We note that this inverse PA/Ao→AF direction differs from some observational 
reports; because the PA/Ao ratio integrates both pulmonary artery and aortic diameters, the MR signal may be influenced 
by denominator (aortic) variation, and thus should be interpreted cautiously pending component-specific analyses.

PPI and Enrichment Analysis
Protein–protein interaction analysis of genes corresponding to CpG sites with consistent β-value directions between 
COPD EWAS data and mQTL-SMR results revealed functional interconnectivity including co-expression patterns 
(Figure 9A). STRING network analysis identified no meaningful functional connections (Supplementary Figure 6). 
GO enrichment analysis revealed that these genes were predominantly enriched in immune response mechanisms, signal 
transduction processes, metabolic pathways, developmental differentiation, cellular structural organization, and transport- 
related biological processes (Figure 9B–E and Supplementary Table S44). KEGG enrichment identified significant 
signaling pathways including lysine degradation and hormonal signaling pathway regulation (Figure 9F–H and 
Supplementary Table S45).

Protein–protein interaction analysis of genes corresponding to CpG sites with opposite β-value directions between 
COPD EWAS data and mQTL-SMR results revealed functional interconnectivity patterns (Figure 10A). STRING 

Figure 6 Co-localization analysis of genes with consistent effect directions between COPD EWAS data and mQTL-SMR results. (A) Colocalization analysis results for 
methylation sites with consistent β-direction, with higher PP.H4 values indicating stronger evidence for shared causal variants. (B-D) Regional association plots for ATF5, FES, 
and VSTM4, the three genes demonstrating the highest colocalization evidence (PP.H4 > 0.9), suggesting their roles as key mediators in the COPD-AF causal cascade.
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network analysis identified 63 nodes and 12 functional connections (Supplementary Figure 7), revealing potential 
collaborative participation in specific biological processes. GO functional enrichment analysis demonstrated these 
genes were primarily associated with cardiac and vascular development-related pathways, including atrial development, 

Figure 7 Co-localization analysis of genes with opposite effect directions between COPD EWAS data and mQTL-SMR results. (A) Colocalization analysis results for 
methylation sites with opposite β-direction, with higher PP.H4 values indicating stronger evidence for shared causal variants. (B–D) Regional association plots for SLC45A3, 
KLF11, and SLC22A17, the three genes with opposite effect directions showing the highest colocalization evidence, suggesting their involvement in masking effect 
mechanisms between COPD and AF.

Table 2 SMR Analysis of Gene Expression Associations with AF for Significant COPD-Related 
Methylation Sites

Gene qtl_Name Beta SE p_SMR FDR p_HEIDI

FES eQTLGen −0.157 0.027 5.45E-09 2.4e-07 0.066

FES eQTL_GTEx_Heart_Atrial_Appendage −0.259 0.063 4.66E-05 0.000 0.340

FES eQTL_GTEx_Lung −0.219 0.046 1.62E-06 4.29E-05 0.444
ATF5 eQTL_GTEx_Heart_Left_Ventricle −0.070 0.030 0.020 0.049 0.132

ATF5 eQTL_GTEx_Heart_Atrial_Appendage −0.077 0.034 0.024 0.047 0.072

VSTM4 eQTL_GTEx_Heart_Left_Ventricle 0.093 0.029 0.001 0.003 0.097
LPIN3 eQTLGen 0.508 0.216 0.018 0.040 0.443

SLC22A17 eQTLGen 0.169 0.048 0.000 0.002 0.069

SLC22A17 eQTL_GTEx_Lung 0.224 0.072 0.002 0.006 0.054
SLC45A3 eQTLGen 0.324 0.082 8.37E-05 0.001 0.093

Notes: This table presents the results of SMR analysis using expression quantitative trait loci (eQTL) data for genes correspond
ing to significant COPD-associated CpG sites (p_SMR_FDR < 0.05, p_HEIDI > 0.05) with positive colocalization evidence. For 
each gene, tissue-specific eQTL data from GTEx and eQTLGen consortia were analyzed, showing effect sizes (β), standard errors 
(SE), p-values, and multiple testing corrected significance (FDR). These findings identify genes whose expression levels may 
mediate the effect of COPD on AF risk.
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Table 3 SMR Analysis of Gene Expression Associations with AF for Methylation Sites with 
Consistent Effect Directions

Gene qtl_Name Beta SE p_SMR FDR p_HEIDI

FES eQTLGen −0.157 0.027 5.45E-09 2.4e-07 0.066

FES eQTL_GTEx_Heart_Atrial_Appendage −0.259 0.063 4.66E-05 0.000 0.340

FES eQTL_GTEx_Lung −0.219 0.046 1.62E-06 4.29E-05 0.444
ATF5 eQTL_GTEx_Heart_Left_Ventricle −0.070 0.030 0.020 0.049 0.132

ATF5 eQTL_GTEx_Heart_Atrial_Appendage −0.077 0.034 0.024 0.047 0.072

VSTM4 eQTL_GTEx_Heart_Left_Ventricle 0.093 0.029 0.001 0.003 0.097

Notes: This table summarizes eQTL-SMR results for genes corresponding to CpG sites with consistent β-value directions 
between COPD EWAS data and mQTL-SMR results. Data from multiple tissues including atrial appendage, left ventricle, lung, 
and whole blood are presented, with significance values and effect directions. These genes, including FES, ATF5, and VSTM4, 
represent potential mediating factors in the causal pathway from COPD to AF through epigenetic mechanisms.

Table 4 SMR Analysis of Gene Expression Associations with AF for 
Methylation Sites with Opposite Effect Directions

Gene qtl_Name Beta SE p_SMR FDR p_HEIDI

LPIN3 eQTLGen 0.508 0.216 0.018 0.040 0.443

SLC22A17 eQTLGen 0.169 0.048 0.000 0.002 0.069
SLC22A17 eQTL_GTEx_Lung 0.224 0.072 0.002 0.006 0.054

SLC45A3 eQTLGen 0.324 0.082 8.37E-05 0.001 0.093

Notes: This table presents eQTL-SMR results for genes corresponding to CpG sites with opposite 
β-value directions between COPD EWAS data and mQTL-SMR results. The analysis across multiple 
tissues identifies genes such as LPIN3, SLC22A17 and SLC45A3 that may be involved in masking 
effect mechanisms, where COPD-related hypomethylation might influence AF risk through pathways 
independent of their own expression.

Table 5 Integrative Summary of Candidate Genes Across Methylation, Expression, and Protein Layers

Gene Tier Methylation->AF 
(Key CpG; 
Direction)

Expression->AF 
(Key Tissue; 
Direction)

Protein->AF 
(Direction)

MR Replication Colocalization  
(PP.H4>0.9)

Interpretation/ 
Notes

FES 1 cg04510874; 
Positive

AA, lung, whole 
blood; Negative

Negative (UKB 
MR)

Protein MR in UKB; 
expression MR 

supportive

GTEx AA, lung, whole 
blood; eQTLGen; pQTL 

with AF

Cross-omics 
convergence; putative 

mediator

ATF5 2 Key CpG: n/a; 
Positive

LV and AA; 
Negative

NA Expression MR 
supportive

GTEx LV, lung Tissue-resolved 
mediation signal

VSTM4 2 Key CpG: n/a; 
Negative

LV; Positive NA Expression MR 
supportive

NA Context-specific 
direction vs ATF5/FES

LPIN3 2 Key CpG: n/a; 
Negative

eQTLGen; Positive NA Expression MR not 
replicated

NA Methylation-level 
support predominant

ICAM4 3 Key CpG: n/a; 
Negative

NA Positive (MR; 
replicated in 
deCODE)

Replicated in 
deCODE

pQTL colocalization with 
AF

Protein-driven risk 
signal

SLC22A17 3 Key CpG: n/a; 
Negative

eQTLGen and 
GTEx lung; Positive

NA Limited NA Opposite directions 
imply masking/context 

effects

SLC45A3 3 Key CpG: n/a; 
Negative

eQTLGen; Positive NA Limited eQTLGen Masking pattern; 
robust eQTL 
colocalization

Notes: Positive = higher level associated with higher AF risk; Negative = higher level associated with lower AF risk. 
Abbreviations: AA, atrial appendage; LV, left ventricle; UKB, UK Biobank; NA, not assessed.
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vascular smooth muscle cell differentiation, Notch signaling pathway in cardiac development, and atrial septal develop
ment. Additionally, enrichment in steroid and hormone metabolism regulation processes was observed (Figure 10B–E 
and Supplementary Table S46). KEGG pathway analysis identified significantly enriched signaling pathways including 
Notch signaling pathway (Figure 10F–H and Supplementary Table S47).

These functional analysis results suggest COPD might influence AF risk through epigenetic regulation of cardiac 
development and angiogenesis-related genes, particularly through Notch and mTOR signaling pathway mediation.

Candidate Drug Prediction and Molecular Docking
Based on multi-omics integration-identified 4 moderate-to-high evidence mediating genes, DSigDB database predicted 
222 potential therapeutic compounds. FES and ATF5 demonstrated significant associations with the most candidate 
drugs, including Emetine, Cephaeline, Alprostadil, Quinpirole, Gossypol, Irinotecan, Deptropine, Daunorubicin, 
Ajmaline, Minocycline, and Chlorhexidine (Supplementary Table S48).

AutoDock molecular docking analysis identified 11 drug–protein interactions displaying high binding affinity 
(Figure 11, Table 6 and Supplementary Figure 8A-8H). ATF5 with Gossypol [PMID: 3503] exhibited the lowest binding 
energy (-7.1 kcal/mol), demonstrating the most thermodynamically stable binding conformation (Table 6). Molecular 
docking results indicated this compound formed 2 hydrogen bonds with ATF5 active sites, suggesting potential for 
effective ATF5 functional regulation. These findings provide potential targets for developing epigenetic regulatory drugs 
targeting AF risk in COPD patients, particularly through FES and ATF5-mediated epigenetic modifications.

Figure 8 Two-step MR schematic linking COPD, HOXC5 methylation (cg18054172), the PA/Ao ratio, and AF. Vertical schematic illustrating the hypothesized chain from 
COPD to AF via HOXC5 methylation and the pulmonary artery/aortic (PA/Ao) diameter ratio. Links are labeled only with effect direction (Positive/Negative); no effect sizes 
are shown, and AF effects are on the log-odds scale. In our data, Step 1 (methylation to PA/Ao) is Negative and Step 2 (PA/Ao to AF) is Negative; the product-of-coefficients 
implies a positive indirect effect of HOXC5 methylation on AF via PA/Ao. Two-sample, two-step MR was used with mQTL instruments for cg18054172, imaging GWAS for 
PA/Ao, and AF GWAS; inverse-variance weighting provided primary estimates with sensitivity analyses as noted.
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Figure 9 Functional analysis of genes with consistent effect directions between COPD EWAS and mQTL-SMR results. (A) Protein–protein interaction network of genes 
with consistent β-value directions, demonstrating functional connections and co-expression patterns.The purple line in the graph: Networks: Co-expression. (B) Circular 
representation of GO enrichment analysis for mediating effect genes, highlighting immune response, signal transduction, and metabolic pathway involvement. (C) Gene 
functional association network based on GO analysis, illustrating interconnections between biological processes. (D) Bar plot of significantly enriched GO terms for 
mediating effect genes. (E) Bubble plot of GO enrichment results, with larger bubbles indicating more genes associated with each term. (F) Gene functional association 
network based on KEGG pathway analysis, revealing connections between signaling cascades. (G) Bar plot of significantly enriched KEGG pathways, including lysine 
degradation and hormonal signaling regulation. (H) Bubble plot of KEGG pathway enrichment, with significance37815level indicated by color intensity.

Figure 10 Functional analysis of genes with opposite effect directions between COPD EWAS and mQTL-SMR results. (A) Protein–protein interaction network of genes 
with opposite β-value directions, demonstrating functional connections and co-expression patterns. Networks (presented as lines in the diagram): Purple: Co-expression; 
Orange: Predicted; Red: Physical Interactions; Green: Genetic Interactions; Yellow-green: Shared protein domains.Functions (presented by the color inside the circle in the 
diagram):Red: Iron ion transport; Blue: Transition metal ion transport; Orange: ATPase-coupled transmembrane transporter activity; Purple: Primary active transmembrane 
transporter activity; Green: Active ion transmembrane transporter activity; Light purple: Phagosome maturation; Turquoise: Intracellular pH reduction. (B) Circular 
representation of GO enrichment analysis for masking effect genes, highlighting cardiac development and vascular-related pathways. (C) Gene functional association network 
based on GO analysis, illustrating interconnections between development-related processes. (D) Bar plot of significantly enriched GO terms, showing predominance of 
cardiac and vascular development pathways. (E) Bubble plot of GO enrichment results for masking effect genes. (F) Gene functional association network based on KEGG 
pathway analysis, emphasizing Notch signaling pathway connections. (G) Bar plot of significantly enriched KEGG pathways, including Notch signaling and mTOR pathways. 
(H) Bubble plot of KEGG pathway enrichment for masking effect genes, suggesting involvement in cardiac development regulation.
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Discussion
To our knowledge, this is the first study to systematically integrate EWAS with multi-layer QTLs (mQTL, eQTL, pQTL) 
and causal inference tools (SMR, two-sample MR, HEIDI, and colocalization) to investigate the COPD–AF comorbidity 
and to prioritize putative mediators by cross-omics convergence. Through SMR, we identified 7 candidate genes with 

Figure 11 Molecular docking analysis of candidate drugs with target proteins identified through multi-omics integration. Visualization of molecular docking results for FES 
protein with four candidate compounds showing high binding affinity: FES-Quinpirole, FES-Emetine, FES-Cephaeline, and FES-Alprostadil. Each panel displays the three- 
dimensional protein structure with the compound in its predicted binding pose, highlighting key interaction sites.

Table 6 Comparative Analysis of 38837 Binding Energy Scores for All Predicted Drug–Protein 
Interactions, with Lower Scores Indicating More Thermodynamically Stable Binding Conformations

Target Genes AlphaFoldDB Drugs PUBCHEM ID Binding Energy (kcal/mol)

FES AF-P07332-F1-v4 Quinpirole 54562 −6.5
FES AF-P07332-F1-v4 Emetine 10219 −6.1

FES AF-P07332-F1-v4 Cephaeline 442195 −6.1

FES AF-P07332-F1-v4 Alprostadil 5280723 −5.2
ATF5 AF-Q9Y2D1-F1-v4 Gossypol 3503 −7.1

ATF5 AF-Q9Y2D1-F1-v4 Irinotecan 60838 −6.7

ATF5 AF-Q9Y2D1-F1-v4 Deptropine 203911 −6.5
ATF5 AF-Q9Y2D1-F1-v4 Daunorubicin 30323 −6.4

(Continued)
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multi-omics evidence, encompassing 4 mediating effect genes and 3 masking effect genes. Among these, FES emerged 
as the most evidence-supported pivotal mediating gene, validated across multiple levels and demonstrating consistent 
alterations across DNA methylation, gene expression, and protein levels, providing preliminary human genetic support 
for its potential as a therapeutic target. Additionally, 7 genes including ATF5, ICAM4, and SLC22A17 function at 
minimally two regulatory levels, representing genes associated with incident AF in COPD. Compared to FES, these 
candidate targets should be considered preliminary findings necessitating validation through additional independent 
investigations. In contrast to prior COPD–AF studies that were predominantly observational or single-omics, our 
framework requires cross-layer consistency and colocalization (with protein-level replication where available), exempli
fied by FES convergence, ICAM4 protein replication, and a two-step MR illustrating a right-heart mediation chain 
(HOXC5 methylation → PA/Ao → AF).

Multiple COPD-related mechanisms may predispose to AF, including blood-gas disturbances (hypoxemia, hypercap
nia), sympathetic activation, pulmonary hypertension with right-heart remodeling,32 chronic inflammation/oxidative 
stress (eg, Nox2) leading to atrial fibrosis,8,33 electrophysiological remodeling (prolonged atrial electromechanical 
delay, increased P-wave dispersion),9 and medication effects such as prolonged β2-agonist use.34 These observations 
support a close COPD–AF link and are consistent with our discovery of significant genetic correlation and unidirectional 
causal associations.

Our MR analysis demonstrated that COPD significantly elevates atrial fibrillation risk, with Steiger directionality 
testing further corroborating this causal association. Previous studies suggested potential shared genetic susceptibility 
between COPD and AF,35 consistent with our findings, suggesting that incident AF in COPD patients may involve 
underlying genetic mechanisms, providing crucial clues for subsequent epigenetic research. However, research findings 
regarding COPD-AF causal relationships are not entirely consistent. Guangzan Yu et al’s two-sample Mendelian 
randomization analysis demonstrated no significant causal relationship between COPD and AF (p = 0.991), whereas 
reverse Mendelian randomization results suggested causal relationships between AF and COPD (p = 0.018).36

Discrepancies in these research findings can be analyzed from both sample characteristics and methodological 
dimensions. Our investigation integrated multi-cohort data encompassing 58,559 COPD cases, whereas Yu et al utilized 
smaller-scale European population data with 13,530 COPD cases, representing approximately 4.3-fold increase in sample 
size and providing substantially higher statistical power. Methodological rigor differences are equally noteworthy, as our 
investigation employed more stringent methodological strategies, encompassing five complementary MR methods for 
cross-validation, MR-PRESSO pleiotropy control, and Steiger directionality testing excluding reverse causation. Despite 
our study’s distinct advantages in sample size and methodology, potential causal associations between COPD and AF 
may still require corroboration and validation from independent investigations.

Table 6 (Continued). 

Target Genes AlphaFoldDB Drugs PUBCHEM ID Binding Energy (kcal/mol)

ATF5 AF-Q9Y2D1-F1-v4 Ajmaline 6100671 −6.0

ATF5 AF-Q9Y2D1-F1-v4 Minocycline 54675783 −5.6
ATF5 AF-Q9Y2D1-F1-v4 Chlorhexidine 9552079 −5.2

ATF5 AF-Q9Y2D1-F1-v4 Alexidine 2090 −4.5

ATF5 AF-Q9Y2D1-F1-v4 Scopolamine 11968014 −4.5
ATF5 AF-Q9Y2D1-F1-v4 Chlorzoxazone 2733 −4.4

ATF5 AF-Q9Y2D1-F1-v4 Buflomedil 2467 −4.3

ATF5 AF-Q9Y2D1-F1-v4 Primaquine 4908 −4.2
ATF5 AF-Q9Y2D1-F1-v4 Mephentermine 3677 −4.1

ATF5 AF-Q9Y2D1-F1-v4 Metoclopramide 4168 −3.9

ATF5 AF-Q9Y2D1-F1-v4 Metronidazole 4173 −3.1

Notes: These results provide preliminary evidence for potential therapeutic compounds targeting epigenetic mechanisms linking 
COPD with atrial fibrillation.

https://doi.org/10.2147/COPD.S563463                                                                                                                                                                                                                                                                                                                                                                                         International Journal of Chronic Obstructive Pulmonary Disease 2026:21 18

Zhang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Epigenetic studies suggest that DNA methylation in COPD can modulate oxidative stress and inflammation, 
contributing to atrial fibrosis and electrical remodeling; aberrant methylation has been reported in ion-channel (eg, 
KCNQ1) and fibrosis genes (eg, TGF-β) in blood and lung tissues.37,38 However, previously published EWAS combined 
with MR either ignored the sign of CpG β in EWAS data or selected only positive β values,39,40 introducing potential 
logical or selection biases. Our investigation systematically compared consistency between COPD EWAS data CpG site 
β values and SMR result β value positivity/negativity, discovering complex regulatory mechanisms of DNA methylation 
in COPD-induced atrial fibrillation. Through SMR, we identified 109 sites whose methylation status through genetic 
regulation might influence AF risk. Among CpG sites with consistent β-value directions between COPD EWAS data and 
mQTL-SMR results, 48 sites were identified, with 20 CpG sites exhibiting positive correlation between methylation 
levels and AF risk and 28 demonstrating negative correlation. Among CpG sites with opposite β-value directions 
between COPD EWAS data and mQTL-SMR results, 61 sites were identified, with 33 exhibiting positive correlation 
and 28 demonstrating negative correlation. However, the 109 CpG sites identified as potentially causally related (putative 
causal) to AF through SMR screening were predominantly limited by single cis-SNP instrumental variables, requiring 
further validation through multi-SNP IV or independent datasets.

Long-term smoking and particulate exposure are major risk factors for COPD and can reshape DNA methylation and 
activate inflammatory/oxidative pathways.37,41–43 Therefore, we systematically validated associations between colocali
zation-positive CpG sites and environmental factors. Results demonstrated that among 25 candidate sites, only 5 were 
smoking-related (20%), with none related to harmful particulate matter, indicating that most epigenetic signals reflect 
disease-specific mechanisms rather than environmental exposure effects, ensuring result robustness. Subsequently 
combining multi-omics evidence, we ultimately identified 7 important genes functioning in AF risk during COPD 
development: FES, ATF5, VSTM4, LPIN3, ICAM4, SLC22A17, and SLC45A3, with FES, ATF5, VSTM4, and 
LPIN3 serving as mediating genes, and ICAM4, SLC22A17, and SLC45A3 serving as masking effect genes.

FES, ATF5, VSTM4, and LPIN3 demonstrated β-direction consistency, suggesting these genes may participate in 
mediating COPD-induced atrial fibrillation mechanisms. Among these, FES exhibited consistency across multi-omics levels 
(methylation, gene expression, protein), potentially representing the most critical gene in COPD-AF comorbidity. We 
discovered that hypomethylation of the FES promoter region site cg01943198 associated with COPD risk, through enhancing 
FES expression (blood eQTL) and protein levels (plasma pQTL), ultimately resulting in elevated AF risk. This complete 
causal cascade from DNA methylation to gene expression to protein levels to disease risk provides important molecular-level 
insights for understanding how COPD might influence AF through epigenetic mechanisms. FES (Feline Sarcoma Oncogene), 
as a non-receptor tyrosine kinase,44 has been previously reported in inflammatory responses and cytoskeletal remodeling,45 

with preliminary exploration of its specific roles in cardiovascular systems. For example, previous investigations suggested 
FES may reduce CAD (Coronary Artery Disease) incidence risk through protection against atherosclerosis,46 suggesting FES 
may participate in common regulatory pathways in CAD and AF development. However, FES’s important mediating role in 
COPD-AF comorbidity has not been previously elucidated. COPD-induced chronic inflammation may promote atrial 
remodeling through activating such kinases, requiring experimental validation. Additionally, ATF5, VSTM4, and LPIN3 
also serve as mediating genes. Previous research suggested that ATF5 may regulate macrophage polarization, precipitating 
airway inflammation and subsequently leading to COPD progression and acute exacerbations. Additionally, ATF5 may 
mitigate mitochondrial dysfunction and oxidative stress damage in pathological cardiac hypertrophy through activating 
UPRmt (Mitochondrial Unfolded Protein Response) pathways, participating in atrial structural remodeling and thereby 
reducing AF risk.47 COPD precipitates hypoxia, which may affect myocardial stress through the ATF5-SIRT1-UPRmt 
axis.48 VSTM4 assumes important roles in cancer development49 but demonstrates no direct associations with COPD or 
atrial fibrillation. Additionally, LPIN3 relates to lipid metabolism and inflammatory responses,50 potentially participating in 
atrial fibrillation through affecting myocardial energy metabolism or inflammatory responses. In previous investigations, these 
three genes exhibited no direct associations with COPD or AF, potentially reflecting epigenetic mechanism complexity in 
disease development, requiring further experimental research for validation. Furthermore, at protein expression levels, ATF5, 
VSTM4, and LPIN3 demonstrated no associations with AF.

In the medium term, peripheral-blood methylation assays targeting FES and ATF5 (eg, targeted bisulfite amplicon 
sequencing or droplet digital PCR) could be assembled into a concise risk panel for COPD populations (Figure 12). 
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A prespecified workflow would (i) compute a biomarker score from FES/ATF5 methylation (and expression where 
available) alongside clinical covariates (age, sex, smoking status, FEV1, hypoxemia, β2-agonist use), (ii) triage high- 
score patients to intensified AF surveillance (eg, 7–14-day patch ECG monitoring and echocardiographic evaluation), and 
(iii) evaluate incremental discrimination and clinical net benefit (AUC, NRI, and decision-curve analysis) over standard 
predictors. For therapy, the convergent multi-omics signals nominate FES- and ATF5-linked pathways for mechanistic 
follow-up and pharmacologic exploration; directional modulation should be guided by tissue-specific functional studies, 
with safety profiling prioritized given kinase and mitochondrial-stress biology. These translational steps do not change 
the current standard of care but define a path to prospective validation.

For genes such as SLC22A17, SLC45A3, and ICAM4 displaying masking effects, where COPD-related hypomethy
lation elevates AF risk through mechanisms independent of their own expression, we hypothesize several possible 
biological mechanisms (Figure 12). From regulatory network perspectives, CpG sites discovered in our investigation may 
represent regulatory hubs simultaneously negatively regulating ICAM4 and other genes while positively regulating 
another (unmeasured) pivotal gene promoting AF risk. Another possible explanation involves dynamic regulatory 
characteristics during disease progression, such as compensatory responses under chronic inflammatory stimulation 
leading to seemingly contradictory statistical associations. Unlike previous investigations primarily focusing on tumor 
microenvironment-related mechanisms,51 our investigation first revealed roles of SLC22A17 and SLC45A3 genes in AF 
development in COPD. ICAM4 gene may mediate cell adhesion and migration through integrin binding, precipitating 
inflammatory responses and thereby elevating AF risk in COPD patients,52 but direct evidence remains insufficient. 
Exploring main biological mechanisms of these genes in AF occurrence following COPD requires further experimental 
validation. These genes can undergo further cellular and animal experimental validation exploring biological mechanisms 
and may be incorporated into polygenic risk assessment models for further randomized controlled or cohort studies 
investigating effects of gene methylation interventions on AF incidence.

Through chronic hypoxia, inflammation, and vascular remodeling, COPD can lead to pulmonary hypertension and 
progressive right-heart structural changes.32,53 AF commonly involves pulmonary vein–left atrial triggers alongside ion- 
channel dysfunction, calcium-handling abnormalities, structural remodeling, and autonomic dysregulation;54,55 conse
quently, COPD-related right-heart remodeling may increase AF risk. To further elucidate right heart structural alterations’ 

Figure 12 Conceptual flowchart distinguishing mediating vs masking genes along the COPD to methylation to expression/protein to AF pathway. Two parallel panels share 
a common start node (COPD) and end node (AF; log-odds scale), with intermediate layers: DNA methylation at CpG(s) (genetic instruments: mQTL) and gene expression/ 
protein abundance (eQTL/pQTL). Arrows are labeled only with effect direction (+/−): the COPD to methylation link reflects the delta methylation direction from EWAS; 
the methylation to expression/protein and expression/protein to AF links reflect SMR/colocalization directions. Panel A (Mediating genes): all links are directionally coherent 
and the implied net COPD to AF effect matches the overall MR direction (examples: FES, ATF5, VSTM4, LPIN3). Panel B (Masking genes): at least one link is directionally 
discordant (shown as dashed and annotated “discordant”), indicating that COPD-related methylation changes do not propagate to AF risk via the observed expression/ 
protein direction (examples: ICAM4, SLC22A17, SLC45A3; ICAM4 shows protein-level signal without expression-level concordance).
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roles in the COPD-methylation-AF causal cascade, we utilized mQTL data and right heart system GWAS data for MR 
analysis. To further probe right-heart structural pathways within the COPD–methylation–AF cascade, we conducted 
a two-step MR linking HOXC5 (cg18054172) methylation to the pulmonary artery/aortic (PA/Ao) diameter ratio and 
then to AF. Higher genetically proxied HOXC5 methylation was associated with a lower PA/Ao ratio, and in turn, 
a higher PA/Ao ratio was associated with a lower AF risk. The product of these two negative paths implies a positive 
indirect (mediated) effect of HOXC5 methylation on AF via a reduction in PA/Ao. Accordingly, contrary to our earlier 
phrasing, the data do not support an increase in PA/Ao as a mechanism; rather, they are consistent with HOXC5-related 
methylation changes contributing to AF risk through processes that lower PA/Ao. Because PA/Ao is a ratio surrogate of 
cardiopulmonary remodeling and the first step used a limited number of instruments, these findings should be interpreted 
cautiously and validated with direct right-heart measures (eg, absolute PA diameter, right-ventricular indices, pulmonary 
pressures) in independent cohorts.

Notably, our investigation’s epigenetic and functional annotation analyses were primarily based on peripheral blood 
and left heart system data. COPD-induced pulmonary hypertension and pulmonary heart disease primarily affect right 
heart systems, particularly right ventricle and pulmonary arteries. Although we validated main findings across multiple 
tissues, tissue-specific differences may influence clinical interpretation of results. Expression patterns and functions of 
important genes such as FES in right heart systems require further research. Our findings should be considered important 
associative clues, while their precise roles in COPD-related right heart lesions require validation through targeted right 
heart system experimental research. Future investigations should focus on expression alterations and functional sig
nificance of these candidate genes in pulmonary hypertension and right ventricular remodeling processes.

Genes with consistent β-direction mapped to immune/secretory pathways and lipid metabolism, aligning with shared 
inflammatory biology of COPD and AF.56–59 Direct mechanistic links between lipid metabolism and the COPD–AF axis 
remain to be established and will require targeted experimentation.

For opposite-direction genes, enrichment highlighted cardiac development, Notch signaling, angiogenesis, and 
immune/secretory pathways. Notch signaling has been implicated in COPD airway remodeling and in cardiac develop
ment/conduction and AF.60–65 mTOR signaling connects airway inflammation with atrial remodeling relevant to AF.66–68 

Angiogenesis-related methylation (eg, VEGF) may influence cardiac remodeling and AF susceptibility.69 These pathway- 
level findings are hypothesis-generating and need experimental confirmation.

For 4 moderate-to-high evidence mediating genes identified in COPD-induced AF risk, we conducted exploratory 
candidate drug prediction, with results suggesting FES and ATF5 as the most promising potential therapeutic targets, 
yielding 11 high-affinity candidate compounds. This “in-silico” list provides reference for subsequent in vitro/in vivo 
screening. Research demonstrated FES’s protective effects against coronary heart disease and myocardial infarction, with 
therapeutic potential in controlling blood glucose, blood pressure, and lipid levels, emphasizing the importance of FES- 
targeted drug development.70 ATF5 is primarily utilized in tumor-related treatments,71 with no discovered applications in 
respiratory and cardiovascular systems. Molecular docking results in our investigation suggested high-affinity drug- 
protein binding between FES and Emetine, Cephaeline, Alprostadil, Quinpirole; and between ATF5 and Gossypol, 
Irinotecan, Deptropine, Daunorubicin, Ajmaline, Minocycline, Chlorhexidine. However, these in-silico predicted drugs 
exclusively suggest potential affinity, requiring cellular-animal experiments and preclinical pharmacological systematic 
assessment before determining their true efficacy and safety for COPD-AF risk. Among these, Alprostadil can vasodilate 
and improve cardiovascular microcirculation, providing cardioprotective effects.72 Additionally, animal experiments 
demonstrated Alprostadil’s protective effects against acute respiratory distress syndrome.73 Although no evidence 
demonstrates direct relationships with COPD and AF, this still provides candidate molecular targets for subsequent 
functional experiments and early pharmacological screening. Ajmaline represents a sodium channel blocker utilized for 
Brugada syndrome diagnosis,74 with unclear therapeutic effects on AF and no respiratory system disease applications. 
However, Ajmaline prolongs QT intervals and may even precipitate torsades de pointes ventricular tachycardia,75,76 

highlighting the enormous challenges and necessity of translating in-silico predictions to clinical applications, requiring 
thorough cardiac toxicity assessment before any clinical application. Additionally, no corresponding therapeutic drugs 
were identified for targets including VSTM4, LPIN3, ICAM4, SLC22A17, and SLC45A3, requiring further research. To 
operationalize translation, we propose a pragmatic pathway: analytical validation of FES/ATF5 methylation assays, 
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independent case–control replication, and a prospective COPD cohort with AF endpoints to test predefined biomarker 
cut-points and decision thresholds. Integration into clinical decision algorithms for ambulatory ECG deployment should 
be assessed using AUC/NRI and decision-curve analyses, prior to any interventional trial.

Our investigation’s main innovations and advantages encompass: 1. Methodological innovation: First integration of 
EWAS data with multi-level QTL data, applying epigenetic SMR and MR analytical strategies, surpassing traditional 
association studies to explore DNA methylation’s mediating roles in COPD-induced AF from causal inference perspec
tives. 2. Discovery novelty and systematicity: Through multi-omics evidence integration and cross-validation (methyla
tion, gene expression, protein abundance), combined with colocalization analysis, we first discovered a cohort of 
candidate genes (particularly FES) mediating COPD-AF associations with high confidence, providing more comprehen
sive and reliable molecular evidence. 3. Potential translational value: Candidate drug prediction and molecular docking 
based on newly discovered molecular targets provide preliminary insights for developing novel strategies targeting AF 
prevention or treatment in COPD patients. Additionally, combining epigenetic data may facilitate individual-level COPD 
patient management, individualizing more appropriate regimens to reduce concurrent AF risk.

Despite providing valuable scientific discoveries, our investigation possesses inevitable limitations requiring full 
consideration during result interpretation. Regarding data sources and population representativeness, research data 
primarily originated from European ancestry populations with single methylation data sources, potentially limiting result 
generalizability. Due to allele frequency and linkage disequilibrium pattern differences across populations, genetic 
variations demonstrate population specificity, making validation of these findings in multi-ethnic populations particularly 
important. Additionally, since analyses relied on cross-sectional EWAS data, temporal relationships between methylation 
as COPD cause, consequence, or common manifestation cannot be clearly determined. Prospective cohort studies will 
facilitate further elucidation of temporal relationships among these factors.

We also acknowledge potential residual confounding at the phenotype level by smoking behavior and treatment 
differences. Detailed smoking phenotypes (eg, cumulative exposure/pack-years, intensity trajectories, time since cessation, 
secondhand exposure) and medication regimens (eg, beta2-agonists, anticholinergics, inhaled corticosteroids, theophylline, 
systemic steroids) were not harmonized across cohorts and could influence both COPD severity and AF detection. Although 
genetic designs mitigate measured confounding and our smoking-annotation of colocalized CpGs suggested limited direct 
overlap (5/25 sites), phenotype-level bias from smoking and treatment differences cannot be fully excluded.

Several related risk factors could not be assessed in the present work. Left atrial diameter (or standardized left atrial 
indices) was not available in the UK Biobank cardiac MRI phenotype set accessed for this study, precluding LAD-based 
analyses. While we explored pulmonary hypertension as a clinically relevant outcome, available GWAS had too few cases to 
enable reliably powered two-sample MR; we therefore did not proceed with formal analysis to avoid unstable estimates. 
Future updates to cardiac MRI phenotypes and larger pulmonary hypertension GWAS will allow us to revisit these questions.

Methodologically, SMR analysis primarily relied on single cis-QTL instrumental variables. Despite rigorous HEIDI 
testing, unknown linkage disequilibrium interference cannot be theoretically completely excluded. Additionally, limited 
instrumental variable numbers for some CpG sites may possess insufficient statistical power. Despite FDR correction, 
false-positive results may still exist. Regarding tissue specificity, our investigation’s QTL data primarily originated from 
peripheral blood, lung, and left heart systems, while COPD-related pulmonary heart disease more involves right heart 
systems. This mismatch may limit clinical discovery interpretation.

In translational research, molecular docking predictions provided theoretical foundations for drug–target interactions 
but their accuracy is influenced by protein structure quality, making it difficult to fully reveal biological system 
complexity. Therefore, key CpG site and gene regulatory relationships require cellular and animal experimental valida
tion. Simultaneously, in vitro and in vivo studies should be conducted to evaluate candidate drug pharmacokinetics, 
efficacy, and safety, ensuring statistical discoveries can effectively translate to clinical applications.

Cross-omics convergence supports FES/ATF5 methylation (±expression) with ICAM4 protein as a compact blood 
panel to triage COPD patients for intensified AF surveillance and to refine prognostic models. Next steps are assay 
validation, independent replication, and prospective testing with decision-curve evaluation; integration with clinical 
covariates and right-heart indices (eg, PA/Ao) is essential. FES kinase and ATF5 stress pathways provide tractable targets 
for preclinical modulation prior to any interventional studies.
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Conclusion
In conclusion, using an integrated multi-omics causal framework, we provide genetic evidence supporting a causal link 
between COPD and AF, with part of this effect mediated by DNA methylation. Cross-omics convergence prioritizes FES 
and ATF5 as key mediating genes. These insights nominate a compact peripheral-blood panel based on FES/ATF5 
methylation (and, where available, expression) to refine AF risk stratification and guide intensified surveillance in COPD, 
while highlighting tractable pathways for prevention pending prospective validation.
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