
GigaScience , 2025, 14 , 1–14 

DOI: 10.1093/gigascience/giaf023 

Research 

Observ a tional, causal rela tionship and shared genetic 

basis between cholelithiasis and gastr oesopha geal 

reflux disease: evidence from a cohort study and 

comprehensi v e genetic analysis 

Yanlin Lyu 

1 , 2 , 3 ,†, Shuangshuang Tong 1 ,3 ,†, Wentao Huang 1 ,2 ,†, Yuying Ma 1 ,2 , Ruijie Zeng 1 ,3 , Rui Jiang 1 ,4 , Ruibang Luo 5 , Felix 

W. Leung 6 ,7 , Qizhou Lian 

8 , 9 , 10 , Weihong Sha 1 , 2 , 3 , 4 , * , and Hao Chen 

1 , 2 , 3 , 4 , * 

1 Department of Gastr oenter ology, Guangdong Pr ovincial People’s Hospital (Guangdong Academ y of Medical Sciences), Southern Medical Uni versity, Guangzhou 
510080, China 
2 The Second School of Clinical Medicine, Southern Medical University, Guangzhou 510515, China 
3 Shantou University Medical College, Shantou University, Shantou 515041, China 
4 School of Medicine, South China University of Technology, Guangzhou 510006, China 
5 Department of Computer Science , T he University of Hong Kong, Hong Kong 999077, China 
6 Sepulveda Ambulatory Care Center, VA Greater Los Angeles Healthcare System, Los Angeles , C A 91343, USA 

7 University of California Los Angeles David Geffen School of Medicine, Los Angeles , C A 90095, USA 

8 Faculty of Synthetic Biology, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China 
9 Cord Blood Bank, Guangzhou Institute of Eugenics and Perinatology, Guangzhou Women and Children’s Medical Center, Guangzhou Medical University, 
Guangzhou 510623, China 
10 State Key Laboratory of Pharmaceutical Biotechnology, The University of Hong Kong, Hong Kong 999077, China 
∗Corr espondence addr ess. Weihong Sha, Department of Gastr oenter ology, Guangdong Pr ovincial People’s Hospital (Guangdong Academy of Medical Sciences), 
Southern Medical University, Guangzhou 510080, China. E-mail: shaweihong@gdph.org.cn ; Hao Chen, Department of Gastr oenter ology, Guangdong Pr ovincial 
People’s Hospital (Guangdong Academy of Medical Sciences), Southern Medical University, Guangzhou 510080, China. E-mail: c henhao@gdph.or g.cn 
†These authors contributed equally to this work. 

Abstract 

Objective: Cholelithiasis and gastroesophageal reflux disease (GERD) contribute to significant health concerns. We aimed to investigate 
the potential observational, causal, and genetic relationships between cholelithiasis and GERD. 

Design: The observ ational corr elations wer e assessed based on the pr ospecti v e cohort study fr om UK Biobank. Then, b y le v era ging 
the genome-wide summary statistics of cholelithiasis ( N = 334,277) and GERD ( N = 332,601), the bidirectional causal associations were 
evaluated using Mendelian randomization (MR) anal ysis. Subsequentl y, a series of genetic anal yses w as used to assess the genetic 
corr elation, shar ed loci, and genes between cholelithiasis and GERD. 

Results: The pr ospecti v e cohort anal yses r ev ealed a significantl y incr eased risk of GERD in indi viduals with cholelithiasis (hazard 

ratio [HR] = 1.99; 95% confidence interval [CI], 1.89–2.10) and a higher risk of cholelithiasis among patients with GERD (HR = 2.30; 
95% CI, 2.18–2.44). The MR study indicated the causal effect of genetic liability to cholelithiasis on the incidence of GERD (odds ratio 
[OR] = 1.08; 95% CI, 1.05–1.11) and the causal effect of genetic predicted GERD on cholelithiasis (OR = 1.15; 95% CI, 1.02–1.31). In 

addition, cholelithiasis and GERD exhibited a strong genetic association. Cross-trait meta-analyses identified 5 novel independent loci 
shared between cholelithiasis and GERD. Three shared genes, including SUN2 , CBY1 , and JOSD1 , were further identified as novel risk 
genes. 

Conclusion: The elucidation of the shared genetic basis underlying the phenotypic relationship of these 2 complex phenotypes offers 
new insights into the intrinsic linkage between cholelithiasis and GERD, providing a novel resear c h direction for future therapeutic 
str ate gy and risk prediction. 
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Gr aphical abstr act 

Ke yw or ds: c holelithiasis, gastr oesopha geal r eflux disease , cohort study, Mendelian r andomization, genetic analyses, causal associa- 
tion, shared genetic basis 
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ntroduction 

holelithiasis, a condition c har acterized by lithic deposits of ei-
her c holester ol or bilirubin in the gallbladder or the bile ducts, is
ne of the most pr e v alent digestiv e disorders, imposing a signifi-
ant socioeconomic burden [ 1 ]. Cholelithiasis affects nearly 20%
f the adult population worldwide, with a continuously rising inci-
ence rate [ 1 , 2 ]. The development of cholelithiasis involves intri-
ate mechanisms, encompassing genetic and environmental fac-
ors and their inter actions. [ 1 , 3 ] Gastr ointestinal defects in pa-
ients with cholelithiasis have raised widespread concerns and re-
uire further exploration [ 1 , 4 ]. 

Gastr oesopha geal r eflux disease (GERD) is a common gastroin-
estinal disorder typically characterized by recurrent heartburn
nd r egur gitation [ 5 , 6 ]. This condition could pose a substantial
ublic health challenge, owing to its association with a spectrum
f subsequent se v er e complications, including Barr ett’s esoph-
 gus, esopha geal stenosis, and esophageal adenocarcinoma [ 7 ].
her efor e, earl y identification and vigilant monitoring of individ-
als at high risk for GERD can facilitate timely intervention, po-
entially mitigating the severity of the disease and decreasing the
isk of GERD and GERD-related complications. 

Se v er al studies hav e inv estigated the corr elation between
holelithiasis and the risk of GERD [ 8–11 ]. Nonetheless, the exist-
ng findings have been inconsistent and insufficient, lacking sup-
ort fr om pr ospectiv e studies . For instance , a r etr ospectiv e, obser-
ational study involving 1,381,004 individuals with gallstone dis-
ase found that 40% of the patients had concurrent GERD [ 11 ]. On
he contrary, a case-control study, comprising 790 cases and 407
ontr ols demonstr ated no associations between the pr esence of
holelithiasis and GERD [ 9 ]. Most of the previous studies are out-
ated and statistically underpo w ered due to small sample sizes.
n addition, these observational studies are prone to some in-
 vitable defects suc h as potential r e v erse causality and confound-
ng [ 12 ]. The causal association between cholelithiasis and GERD
 emains obscur e . T her efor e, lar ge datasets and updated method-
logies are warranted to disentangle the conflicting relationship
etween them and to further r e v eal the underlying genetic under-
innings. 

The evolution of genetic statistical methods has facilitated the
nderstanding of the interconnected genetic basis of complex
iseases , pro viding no vel perspectives on the potential biological
echanisms behind the epidemiologic correlations. In our study,
e initiated a compr ehensiv e e v aluation of the corr elations and

he shared genetic basis between cholelithiasis and GERD via a
r ospectiv e cohort study, Mendelian randomization (MR) analy-
es, and a range of genetic analyses (Fig. 1 ). 

ethods 

ata summary 

rospective data from the UK Biobank 

he UK Biobank (UKB) is a lar ge-scale pr ospectiv e cohort study
ith 502,368 participants aged 37–73 years who wer e r ecruited be-

ween 2006 and 2010 [ 13 ]. Participants visited 1 of 22 assessment
enters across England, Scotland, and Wales to complete touch-
cr een questionnair es, v erbal intervie ws, and physical measur e-
ents at recruitment. 
Data on hospital admissions were collected regularly through

inkages to the Scottish Morbidity Records, the Patient Episode
atabase, and Health Episode Statistics. Information on death
as obtained from the National Health Service Central Register
nd National Health Service Digital. This study was conducted un-
er the UK Biobank project 83339. The UK Biobank r eceiv ed eth-

cal a ppr ov al fr om the North West Multi-Centr e Researc h Ethics
ommittee (21/NW/0157, 16/NW/0274, and 11/NW/0382). 

Diagnostic information was sourced from primary care data,
ospital admission data, and death registry records. We defined
iagnoses according to the International Classification of Dis-
ases, 10th r e vision (ICD-10) code K80 for c holelithiasis and K21
or GERD, r espectiv el y. 

As shown in the flowchart ( Supplementary Fig. S1 ), participants
ith self-reported cholelithiasis or GERD ( N = 13,320) or without

ollow-up data ( N = 1,298) were excluded, leaving 487,750 individ-
als. To ensure a similar distribution of follow-up time between
roups, the index date of participants in the control group was
anually assigned based on the distribution of the first diagnosis

ate of those patients with diseases of interest when conducting
orr esponding anal yses. After excluding 69,862 participants with
 history of GERD before the index date, 417,888 participants were
nally included to analyze the association between cholelithia-
is and GERD. After excluding 62,031 participants with a history
f c holelithiasis befor e the index date, 425,719 participants were
nally included to analyze the association between GERD and
holelithiasis. 

Follo w-up time w as calculated from the index date to the time
o diagnosis of outcome of interest or the censoring date (30 Oc-
ober 2022) or death, whic he v er occurr ed first. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
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F igure 1: Flo wc hart of the ov er all study design. First, w e assessed the phenotypic correlations betw een cholelithiasis and GERD based on the 
pr ospectiv e cohort data from the UK Biobank. Second, we conducted a bidirectional 2-sample Mendelian randomization analysis to investigate the 
causality by using large-scale GWAS data. Third, we utilized a variety of a ppr oac hes to dissect the genetic correlations and shared genetic architecture. 
LDSC and GNOVA methods were applied to detect the global genetic correlation. ρ-HESS and GWAS-PW methods were used to further explore the 
local genetic correlation. Then, MTAG and CPASSOC methods were employed to find the shared-risk SNPs. Finally, TWAS and SMR methods were 
utilized to study the shared genes between cholelithiasis and GERD. CPASSOC: cross-phenotype association test; FDR: false discovery rate; GERD: 
gastr oesopha geal r eflux disease; GNOVA: genetic cov ariance anal yzer; GO, Gene Ontology Biological Pr ocess; GWAS: genome-wide association study; 
GWAS-PW: pairwise genome-wide association study; KEGG , K y oto Enc yclopedia of Genes and Genomes; LDSC: linka ge disequilibrium scor e r egr ession; 
MTAG: m ultitr ait anal ysis of genome-wide association study; SMR: summary data-based Mendelian r andomization; SNP: single nucleotide 
pol ymor phism; TWAS: transcriptome-wide association studies; ρ-HESS: heritability estimator from summary statistics. 
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Genome-wide association study datasets 
Genome-wide association study (GWAS) summary data for 
c holelithiasis wer e obtained fr om the FinnGen databases com- 
prising 32,894 cholelithiasis cases and 301,383 controls of Euro- 
pean ancestry [ 14 ]. The cholelithiasis dataset was defined with the 
ICD-10 code K80, ICD-9 code 574, and ICD-8 code 574. 

GWAS summary data for GERD were obtained from a meta- 
analysis of 332,601 individuals including 71,522 cases and 261,079 
controls of European ancestry combining the 2 largest existing ge- 
netic studies of GERD (UKB and the QSkin study) [ 15 ]. The pheno- 
types ranged from self-reported GERD, ICD-10, and use of GERD 

medication. For the replication dataset of GERD, we utilized the 
summary data with 129,080 European ancestry cases and 473,524 
European ancestry controls from the UK and Australian popula- 
tion [ 16 ]. Detailed information of sample collection, quality con- 
m
r ol, and imputation pr ocess for these datasets has been explained
n the original articles [ 14–16 ]. There is no population ov erla p be-
ween the datasets for cholelithiasis and GERD. The GWAS sum-

ary datasets utilized in this r esearc h ar e publicl y av ailable, and
he ethical statements can be found in the original publications
orresponding to the data. Patients or the public were not involved
n the design, conduct, reporting, or dissemination plans of our re-
earch. 

ta tistical anal ysis 

bservational analysis 
o handle the missing data of the co variates , we applied multiple
mputation by chained equations (MICE packages in R) [ 17 ] with
 pr edictiv e mean matc hing method that combining r egr ession
odels and nearest-neighbor matching. Five imputations and 50 
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ter ations wer e performed, and 1 of the 5 imputations was se-
ected r andoml y as the final imputed data set. 

We constructed a Cox proportional hazards regression model
ith exposure to cholelithiasis to calculate the hazard ratios (HRs)
nd 95% confidence intervals (CIs). The proportional hazards as-
umption was tested by Schoenfeld residuals tests, and no evi-
ence of violation was found. Three sets of adjustments were es-
ablished to minimize the role of confounding. Model 1 was with-
ut any adjustments. Model 2 was adjusted only for age and sex.
odel 3 was further adjusted for ethnicity, av er a ge total annual
ousehold income, de pri vation index, bod y mass index (BMI), al-
ohol consumption, smoking status, physical activity, education,
r esh fruit consumption, r aw v egetable consumption, tea con-
umption, coffee consumption, hypertension, diabetes, renal fail-
re, my ocar dial infar ction, str oke, c hr onic obstructiv e pulmonary
isease, asthma, anxiety, depression, and peptic ulcer. All analy-
es were performed using RStudio ( RRID:SCR _ 000432 ) and R 4.2.1
oftw are. Statistical significance w as set at a 2-tailed P value of
ess than 0.05. 

endelian randomization analysis 
e performed the bidirectional MR analysis to explore the po-

ential causal relationship between cholelithiasis and GERD, us-
ng R pac ka ges “TwoSampleMR” [ 18 ], and “MR-PRESSO” [ 19 ] in R
oftwar e (v ersion 4.2.1). MR anal ysis utilizes genetic v ariants as
nstruments, and the validity of its causal inference relies on 3
ritical assumptions of independence, r ele v ance, and exclusion
estriction [ 20 ]. These assumptions are indispensable for miti-
ating bias and establishing causality. Only significant single nu-
leotide pol ymor phisms (SNPs) independentl y associated with the
xposure at a P threshold of 5 × 10 –8 and satisfying the link-
ge disequilibrium (LD) criteria of r 2 < 0.001 and kb > 10,000
ere identified as instruments in MR studies. Additionally, we

earched the instrumental variables in the GWAS catalog [ 21 ] to
dentify potential confounders like BMI, smoking, and certain di-
tary habits and excluded the confounding variants from further
nalyses. 

We emplo y ed inv erse v ariance weighting (IVW) [ 22 ] as the
ain MR a ppr oac h, complemented by 3 ad ditional sensiti vity

nalysis methods, including MR-Egger [ 23 ], weighted median [ 24 ],
nd weighted mode [ 25 ], to detect the causal relationships be-
ween cholelithiasis and GERD. Different methods were based
n different assumptions concerning the influence of horizontal
leiotropy. The IVW MR model, assuming balanced pleiotropy, ap-
lies m ultiplicativ e r andom effects to meta-anal yze the Wald es-
imates of each SNP [ 22 ]. The MR-Egger model allows the uncor-
 elated dir ectional pleiotr op y b y adding a nonzero inter cept that
elaxes the assumption of relevance of selected genetic variants
 23 ]. The weighted median and weighted mode models remain ro-
ust when up to 50% or more of genetic variants are valid, which
xhibit greater resilience to pleiotropy [ 24 , 25 ]. 

We conducted the MR-Egger intercept test, Coc hr an’s Q statis-
ic , MR-PRESSO, and lea v e-one-out anal ysis to e v aluate the het-
r ogeneity, pleiotr opy, and potential outliers of the MR results. If
eterogeneity is detected in the MR analysis ( P < 0.05), we would
ecalculate the MR estimates after the r emov al of outliers iden-
ified with a P value of less than 1 in the MR-PRESSO outlier
est to ensure the robustness of the MR results . T he MR analy-
is in this r esearc h has been documented in accordance with the
trengthening the Reporting of Observational Studies in Epidemi-
logy (STROBE) guideline specific for MR study. 
lobal genetic correlation analysis 
o quantify the heritability of each trait and the global genetic
orr elation between c holelithiasis and GERD, we a pplied linka ge
isequilibrium score regression (LDSC) method with Python 2.7
 26 ]. Based on precomputed LD scores derived from 1000 Genomes
 efer ence data of European population, we selected SNPs that
atc hed the r efer ence panel (minor allele fr equency [MAF] > 0.01

nd INFO score > 0.9) in the GWAS datasets [ 27 ]. We used univari-
te LDSC to estimate SNP heritability for each trait and bivariate
DSC to calculate the genetic correlations between cholelithiasis
nd GERD with and without constraining the intercept. Based on
he pr e v alence r ates of 20% [ 1 ] for cholelithiasis and 17.1% [ 6 ] for
ERD, we calculated the liability scale of the reported heritabil-

ty for both traits . T he genetic correlation with a P value less than
.05 was considered significant [ 28 , 29 ]. 

Additionally, w e emplo y ed the genetic cov ariance anal yzer
GNOVA) as a supplementary method to validate the genetic cor-
elations . T he steps of quality control on GWAS datasets are sim-
lar to the LDSC method [ 30 ]. More detailed descriptions are in
he original study [ 31 ]. Based on the fr ame work of the annotation-
tratified genetic covariance estimation, GNOVA provides a more
o w erful statistical inference of the shared genetic basis between
omplex traits and shows higher estimation accuracy. Threshold
f P < 0.05 w as regar ded as strong evidence for MAF-stratified ge-
etic correlation [ 31 ]. 

ocal genetic correlation analysis 
o identify whether cholelithiasis and GERD have genetic corre-
ation in local genomic region, we further applied the heritability
stimator from summary statistics ( ρ-HESS) with Python 2.7 [ 32 ].
e first calculated the LD block and eigenvalues by referring to

he 1000 Genomes Project of Europeans . T hen, we explored the
ocal SNP heritability for eac h tr ait and estimated the local ge-
etic correlation in 1,613 approximately LD-independent regions
 33 ]. Suggestive genetic associations with a P value less than 0.05
ere noted. 
Similarly, pairwise-GW AS (GW AS-PW) was supplemented to

xplore the significant shared local regions [ 34 ]. Based on the
ayesian statistical fr ame work, GWAS-PW calculated the poste-
ior probabilities of association (PPAs) for each genomic region
cross 4 models. Genomic regions with a PPA of model 3 larger
han 0.5 were considered significantly associated with both traits,
n accordance with a pr e vious article [ 35 , 36 ]. 

ross–trait meta–analysis 
o detect the shared genetic variants in cholelithiasis and GERD,
e performed m ultitr ait anal ysis of GWAS (MT AG) [ 37 ]. MT AG is
ased on a fundamental assumption that all SNPs exhibit the
ame v ariance–cov ariance matrix of effect sizes and heritability
cr oss tr aits. To meet the assumption, we rigor ousl y filter ed the
TAG SNP with MAF ≥1% and sample size ≥75% of the 90th per-

entile and dropped the outliers [ 37 ]. By joint analysis of multi-
le tr aits, MTAG substantiall y enhances the statistical po w er to
etect the genetic associations for each trait and generate trait-
pecific estimates for each SNP. To identify the significant and in-
ependent loci, we utilized the threshold P MTAG < 5 × 10 –8 and
he “clumping” function of PLINK (settings: clump_p1 = 5e −8 ,
lump_p2 = 1e −5 , clump_r 2 = 0.2, clump_kb = 500) [ 38 ]. 

Cross-phenotype association test (CPASSOC) is a complemen-
ary method to deduce the shared risk SNPs between complex
r aits [ 39 ]. Compar ed with the single-tr ait anal ysis, CPASSOC im-

https://scicrunch.org/resolver/RRID:SCR_000432
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pr ov es statistical po w er and r easonabl y contr olled type I err or 
rate. Considering the heterogeneity effects for different pheno- 
types, we primarily used the heterogeneous version of cross- 
phenotype statistic (Shet) method to integrate association evi- 
dence of different but correlated traits [ 40 ]. Given the inherent 
variability induced by the random sampling analysis embedded 

in this method, we set a random seed to 123 to ensure a r epr o- 
ducible result. After getting the estimates, we identified the in- 
dependent loci using the “clumping” function of PLINK (settings 
as befor e). The v ariant in eac h locus with the smallest P v alue 
w as regar ded as the index SNP. Index SNPs that met the criteria of 
P CPASSOC < 5 × 10 –8 and P eac h tr ait < 1 × 10 –3 were deemed significant 
pleiotr opic SNPs. Ne wl y discov er ed pleiotr opic SNPs wer e defined 

as those significant pleiotropic SNPs that were not genome-wide 
significant (5 × 10 –8 < P eac h tr ait < 1 × 10 –3 ) and independent ( r 2 

< 0.20) of earlier identified tr ait-r elated genome-wide significant 
SNPs, and all their adjacent SNPs ( ±500 kb) did not r eac h P < 5 ×
10 –8 in each GWAS dataset. 

We used dbSNP [ 41 ] and 3DSNP [ 42 ] for detailed functional an- 
notation of the identified pleiotropic SNPs. 

Transcriptome–wide association analysis 
Numerous genetic variants impact intricate traits through the 
regulation of gene expression. To identify significant gene–trait 
associations, we implemented a transcriptome-wide association 

scan (TWAS) le v er a ging FUSION softwar e [ 43 ]. Based on the LD r ef- 
erence data of European 1000 Genomes, we converted the GWASs 
of cholelithiasis and GERD into an LD-score format. We priori- 
tized the tr ait-r elated tissues; thus, we pr epar ed the expr ession 

quantitativ e tr ait loci (eQTL) data of whole blood, liv er, stomac h,
and esopha gus-r elated tissues fr om GTEx v8 (Genotype-Tissue Ex- 
pr ession, v ersion 8) [ 43 ]. By integrating the precomputed pheno- 
typic summary data and corresponding eQTL data, we identified 

significant tissue-specific genes with a false discovery rate (FDR) 
< 0.05 for each trait and selected genes that ov erla pped between 

cholelithiasis and GERD in the same tissue. 
Summary data-based Mendelian r andomization (SMR) anal ysis 

is a complementary method to deduce the causative genes un- 
derl ying c holelithiasis and GERD [ 44 ]. We used the eQTL data of 
whole blood, liv er, stomac h, and esopha gus-r elated tissues fr om 

GTEx v8 [ 45 ] and cis -eQTL data of whole blood from the eQTL- 
Gen consortium [ 46 ]. The heterogeneity in dependent instruments 
(HEIDI) test was conducted to distinguish pleiotropy or causality 
fr om linka ge. We primaril y focused on the genes with FDR < 0.05 
and passed the P value thresholds for the HEIDI test ( P HEIDI > 0.05) 
[ 44 ]. 

T he pathwa y enrichment analyses and biomolecular net- 
work analyses 
To gain shared biological insights into cholelithiasis and GERD,
we conducted functional annotation of the pleiotropic SNPs and 

shared genes using multiple methods. We utilized the knowledge- 
based Ky oto Enc yclopedia of Genes and Genomes (KEGG) and 

Gene Ontology (GO) databases to perform pathway enrichment 
analyses for identifying pathways associated with these genes, 
using the ClusterPr ofiler R pac ka ge ( RRID:SCR _ 016884 ) [ 47 , 48 ].
P v alues fr om the pathway enric hment anal yses wer e adjusted 

for multiple comparisons through the FDR approach. In addi- 
tion, we utilized the STRING database [ 49 ] to find the inter- 
actions mapped to the pleiotropic SNPs and shared functional 
genes. 
esults 

bserv a tional associa tion betw een cholelithiasis 

nd GERD 

aseline c har acteristics of the study cohort by c holelithiasis ar e
resented in Supplementary Table S1 . In total, participants were 
ollo w ed for 2,736,451 person-years, during which 1,628 cholelithi-
sis patients and 20,780 non-cholelithiasis individuals developed 

ERD (Table 1 A). In the age/sex-adjusted model, the risk of GERD
as 2.28 times higher in cholelithiasis patients compared to those
ithout cholelithiasis. In the fully adjusted model, the risk of
ERD r emained statisticall y significant in c holelithiasis patients

HR = 1.99; 95% CI, 1.89–2.10; P < 0.001). 
Mor eov er, we also observ ed the association between baseline

ERD and incident cholelithiasis, as shown in Table 1 B. In the
ge/sex-adjusted model, the HR for cholelithiasis was 2.69 (95% 

I, 2.54–2.84; P < 0.001) for GERD patients. In the fully adjusted
odel, the GERD group also displayed a significantly increased 

isk of de v eloping c holelithiasis (HR = 2.30; 95% CI, 2.18–2.44, P <
.001). 

ausal association between cholelithiasis and 

ERD 

fter excluding the confounding instrumental variables, we used 

6 cholelithiasis-associated and 20 GERD-associated genetic in- 
truments ( Supplementary Table S2 ), r espectiv el y, in the anal-
ses and provided evidence for the causal association between 

 holelithiasis and GERD. Geneticall y determined c holelithiasis has
he possibility to increase the risk of GERD by 8% (IVW OR =
.08; 95% CI, 1.05–1.11; P = 3.70 × 10 –10 ; Fig. 2 A, Supplementary
able S3 ), which was further validated by the other 3 MR methods
nd the analyses with a supplementary dataset ( Supplementary 
able S4 ). Besides, we also conducted a r e v erse MR anal ysis
nd found that geneticall y pr edicted GERD could increase the
isk of cholelithiasis by 15% (OR = 1.15; 95% CI, 1.02–1.31;
 = 0.027) according to IVW method (Fig. 2 B, Supplementary
able S3 ). This association was further v alidated thr ough anal-
ses employing the weighted median method and an addi- 
ional dataset ( Supplementary Tables S3 –S4 ), although it could
ot be confirmed using the MR-Egger and the weighted mode
ethods. 
The F statistic of each SNP related to cholelithiasis and GERD

as larger than the empirical threshold of 10, suggesting little
ossibility of weak instrument bias ( Supplementary Table S2 ). We
lso performed se v er al sensitiv e anal yses to v alidate the causal
ssociation between cholelithiasis and GERD. Cochran’s Q test 
n the IVW model and the MR-Egger model suggested a lack
f evidence for the existence of heterogeneity in effects across
he instrumental variables . T he P value of the MR-Egger inter-
ept test was larger than 0.05, which indicated that there was a
o w er possibility of horizontal pleiotropy in the causal estimates
 Supplementary Tables S3 –S4 ). T he lea v e-one-out anal ysis sug-
ested that the observed causal relationship was not influenced 

y any outliers ( Supplementary Figs. S2 –S3 ). The scatterplots, for-
st plots, and funnel plots of the MR r esults ar e displayed in
upplementary Figs. S2 –S 3 . 

lobal and local genetic correlations between 

holelithiasis and GERD 

NP-based liability-scale heritability h 2 for cholelithiasis and 

ERD was 26.65% and 14.01% when utilizing the univariate 
DSC with constraining the intercept. The observed heritability 

https://scicrunch.org/resolver/RRID:SCR_016884
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
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https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
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Table 1: Observational association between cholelithiasis and GERD: (A) associations of cholelithiasis with the risk of GERD and (B) 
associations of GERD with the risk of cholelithiasis 

Case/person-years Model 1 Model 2 Model 3 

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value 

(A) Cholelithiasis 
Non-cholelithiasis 

20,780/2,649,797 1.00 (r efer ence) 1.00 (r efer ence) 1.00 (r efer ence) 

Cholelithiasis 1,628/86,654 2.40 (2.30–2.52) < 0.001 2.28 (2.17–2.40) < 0.001 1.99 (1.89–2.10) < 0.001 

(B) GERD 

Non-GERD 5,883/2,372,960 1.00 (r efer ence) 1.00 (r efer ence) 1.00 (r efer ence) 
GERD 1,066/220,497 2.86 (2.70–3.02) < 0.001 2.69 (2.54–2.84) < 0.001 2.30 (2.18–2.44) < 0.001 

Model 1: without any adjustments. 
Model 2: adjusted for age and sex. 
Model 3: adjusted for age, sex, ethnicity, av er a ge total annual household income, de pri vation index, bod y mass index, alcohol consumption, smoking status, physical 
activity, education, fresh fruit consumption, raw vegetable consumption, tea consumption, coffee consumption, hypertension, diabetes, renal failure, my ocar dial 
infarction, stroke, chronic obstructive pulmonary disease, asthma, anxiety, depression, and peptic ulcer. 

Figur e 2: T he causal associations between cholelithiasis and GERD. (A) T he causal effect of cholelithiasis on GERD. (B) T he causal effect of GERD on 
c holelithiasis. Err or bars r epr esent the 95% CIs for the estimates. CI: confidence interval; GERD: gastroesophageal reflux disease; IVW: inverse variance 
weighted. 
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f cholelithiasis and GERD was 6.60% and 7.68% utilizing GNOVA.
he cr oss-tr ait LDSC suggested that c holelithiasis had a r elativ el y
tr ong positiv e genetic corr elation with GERD, exhibiting a genetic
orrelation (r g ) of 0.31 and a P value of 2.77 × 10 –27 . After con-
training the intercept, the genetic correlation was decreased but
emained significant (r g = 0.25, P = 3.90 × 10 –56 ). This finding was
onsistent with the GNOVA anal ysis, r eflecting a genetic correla-
ion (r g ) of 0.26 and a P value of 2.50 × 10 –32 (Table 2 ). 

We also tested the local genetic correlation by ρ-HESS and
W AS-PW ( Supplementary T able S5 ). Se v en suggestiv el y signif-

cant r egions wer e identified by ρ-HESS, and 8 significant re-
ions were identified by GWAS-PW. Four r egions wer e ov er-
apped according to ρ-HESS and GWAS-PW. These findings
uggested a potential shared genetic foundation, necessitat-
ng further exploration to elucidate the underlying biological

echanisms. 

dentification of shared risk loci for cholelithiasis 

nd GERD 

TAG identified 8 independent pleiotropic loci (rs146812426,
s4299376, rs6733452, rs7596134, rs4681515, rs9297994, rs1093
762, rs3922717), whic h wer e also significant in CPASSOC (Ta-
le 3 , Supplementary Table S6 ). CPASSOC found 23 pleiotropic
oci, 5 of which were significant in MTA G , including rs9297994,
s10935762, rs3922717, rs12633863, and rs802036 (Table 3 ,
upplementary Table S7 ). Ov er all, 10 independentl y signifi-
ant loci have been identified as shared between cholelithiasis
nd GERD by both MTAG and CPASSOC, namely, rs146812426,
s4299376, rs6733452, rs7596134, rs10935762, rs12633863,
s4681515, rs3922717, rs802036, and rs9297994, whic h ma pped to
 genes, including PLEKHH2 , ABCG8 , DYNC2LI1 , ABCG5 , TM4SF4 ,
OC100270746 , CROT , UBXN2B , and CYP7A1 (Table 3 ). It is
orth noting that 5 nov el pleiotr opic loci were identified in the
PASSOC analysis, including rs10167227, rs6742945, rs335208,
s72664027, and rs11537754, which mapped to genes PNPT1 ,
OC105369165 , PRDM6 , LINC02842 , and RAB11FIP3 , r espectiv el y
Table 3 , Supplementary Table S7 ). Other SNP-associated genes
re listed in Supplementary Tables S6 –S7 . 

After multiple corrections, the pathway enrichment analysis
sing the KEGG database identified 5 pathways according to the
bo ve genes , including c holester ol metabolism, bile secr etion,
at digestion and absor ption, ABC tr ansporters, and primary bile
cid biosynthesis (Fig. 3 A, Supplementary Table S8 ). The path-
ay enrichment analysis using the GO database identified 65 bi-
logical processes, 2 cellular components, and 8 molecular func-
ions; most of these pathways are related to lipid and bile acid

etabolism (Fig. 3 B, Supplementary Table S9 ). In the network

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
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Table 2: Heritability and genetic correlation between cholelithiasis and GERD 

Cholelithiasis GERD 

Total liability scale heritability LDSC without constraining the intercept 0.1695 0.1251 
Total liability scale heritability LDSC with constraining the intercept 0.2665 0.1401 
Observed heritability GNOVA 0.0659 0.0768 
Genetic correlation (r g ), P LDSC without constraining the intercept 0.3053, 2.77 × 10 –27 

Genetic correlation (r g ), P LDSC with constraining the intercept 0.2499, 3.90 × 10 –56 

Genetic correlation (r g ), P GNOVA 0.2625, 2.50 × 10 –32 
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anal ysis, we observ ed a close association among TM4SF4 , CYP7A1 ,
ABCG5 , and ABCG8 (Fig. 3 C). 

Identification of shared genes for cholelithiasis 

and GERD 

Results from tissue-specific TWAS and SMR r e v ealed gene-le v el 
genetic ov erla p. After FDR corr ections, a total of 15 genes were 
shar ed by c holelithiasis and GERD and enric hed in 6 tissues, in- 
cluding blood, liv er, esopha gus m ucosa, esopha gus m uscularis,
esopha gus gastr oesopha geal junction, and stomach in the TWAS 
analysis ( Supplementary Table S10 ). Among them, 7 genes signifi- 
cantl y ov erla pped in 2 or mor e tissues. Fiv e of 7 genes ( SUN2 , CBY1 ,
JOSD1 , DDX17 , FAM227A ) were located in 22q13.1. The TWAS anal- 
ysis sho w ed that ov er expr ession of SUN2 , JOSD1 , and CBY1 was 
negativ el y associated with the risk of cholelithiasis and GERD in 

the blood and esopha gus-r elated tissues, while ov er expr ession of 
JOSD1 and CBY1 was positiv el y associated with these 2 diseases in 

the liver tissue. SUN2 , JOSD1 , and CBY1 also displayed a significant 
SMR association signal with FDR < 0.05 and passed the HEIDI- 
outlier test in blood, esopha gus m ucosa, and esopha gus m us- 
cularis ( Supplementary Table S11 ). No significant shared causal 
gene was found in other tissues, namely liver, esophagus gastroe- 
sophageal junction, and stomach, according to SMR results. 

Using the KEGG database, we found 2 significantly enriched 

pathwa ys , Wnt signaling pathwa y ( CBY1 ) and cytoskeleton in 

muscle cells ( SUN2 ) (Fig. 4 A, Supplementary Table S12 ). Wnt 
signaling pathway ( CBY1 ) also enriched significantly in the GO 

pathway enrichment analysis, which is shown in Fig. 4 B and 

Supplementary Table S13 . In the network analysis, we did not 
identify the association between these 3 shared genes. 

Discussion 

To our knowledge, this is the first study to compr ehensiv el y ex- 
plore the observational, causal, and genetic relationships be- 
tween cholelithiasis and GERD. By leveraging UK Biobank data and 

GWAS data, we found the bidirectional causal relationship be- 
tween cholelithiasis and GERD. The subsequent genetic analyses 
pr ovided ne w insights into their shared genetic basis and related 

biological mec hanism, whic h may contribute to the pr ediction, di- 
a gnosis, and tr eatment of these diseases. 

Pr e vious r esearc h has r eported that c holelithiasis and GERD 

shar ed numer ous common etiological risk factors such as obe- 
sity [ 50 ], type 2 diabetes mellitus [ 51 ], depression [ 52 ], and smok- 
ing [ 53 ]. We conducted a Cox proportional hazards regression 

model analysis using the UKB cohort, with adjustments for a 
wide range of established and potential confounders associated 

with these 2 conditions. Although the HRs were slightly atten- 
uated after controlling the co variates , the bidirectional associa- 
tion between cholelithiasis and GERD r emained statisticall y sig- 
nificant. This is consistent with the findings by Unalp-Arida et al.
 11 ] and Portincasa et al. [ 8 ], which reported a statistically signif-
cant association between cholelithiasis and GERD. Subsequently,
sing the MR a ppr oac h, we identified bidirectional causality be-
ween cholelithiasis and GERD, while the pathophysiologic mech- 
nisms underlying the causal relationship remain unclear. Previ- 
us studies suggested that patients with gallstones sho w ed im-
aired gastric motility [ 4 , 8 ], which might be related to the patho-
enesis of GERD. Meanwhile, patients with GERD presented a 
igher incidence of gallblad der d yskinesia [ 54 , 55 ], which may
e attributed to the routine use of proton pump inhibitors (PPIs)

n GERD treatment. It has been reported that PPIs could reduce
he release of cholecystokinin, which might diminish gallbladder 

otility, thereby causing the formation of gallstones [ 56 ]. The cur-
 ent e vidence indicated the potential shar ed pathogenesis or ge-
etic basis between cholelithiasis and GERD, warranting further 
xploration. 

In the analysis of heritability and genetic correlation, the her-
tability of cholelithiasis and GERD was estimated to be 17% and
3%, r espectiv el y, indicating a significant genetic contribution to
he etiology of both diseases, consistent with pr e vious studies [ 15 ,
7 ]. The genetic correlation between cholelithiasis and GERD was
.31, suggesting a moderate to strong genetic association between 

hese conditions . T he finding supports the hypothesis that genetic
actors, such as local genetic corr elations, shar ed loci, and com-

on functional genes , pla y an important role in the co-occurrence
f cholelithiasis and GERD. We identified 4 regions that exhibited
 suggestiv el y significant local genetic association, as e videnced
y ρ-HESS < 0.05 and GWAS-PW > 0.5. Most loci identified by
T AG and CP ASSOC were situated within these regions. More-

ver, we found that 22q13.1 might be a shared region between
allstone disease and GERD by combining analyses of local ge- 
etic corr elation, shar ed loci, and shar ed genes: First, this r egion
ho w ed suggestiv el y significant local genetic association between
holelithiasis and GERD using GWAS-PW. Second, the shared loci 
s1056661, identified b y CPASSOC, w er e located within this r egion.
hird, 5 and 3 ov erla pped genes, identified fr om TWAS anal ysis
nd SMR, r espectiv el y, wer e situated within this r egion. Pr e vious
tudies hav e r eported that se v er al significant loci r elated to gall-
tone disease, including rs12004, rs41281265, and rs1946990, were 
n this region [ 58 , 59 ]. Ho w ever, currently, there is no research link-
ng this region to GERD. Future research is warranted to delve
eeper into this specific region to elucidate the genetic correla- 
ion between gallstone disease and GERD. 

Given the significant genetic correlation observed, we con- 
ucted cr oss-tr ait GWAS meta-anal yses to detect risk SNPs un-
erlying the joint phenotypes of cholelithiasis–GERD. We identi- 
ed 10 shared independently significant loci through MTAG and 

PASSOC. According to the results of pathway enrichment anal- 
ses, the genes associated with these loci were enriched in path-
ays related to lipid and bile acid metabolism, including choles-

erol metabolism, bile secretion, ABC transporters, and primary 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf023#supplementary-data


8 | GigaScience , 2025, Vol. 14 

Ta
b

le
 
3:

 
G

en
om

e-
w

id
e 

si
gn

ifi
ca

n
t 

lo
ci
 
sh

ar
ed

 
b

et
w

ee
n
 
ch

ol
el

it
h

ia
si

s 
an

d
 
G

ER
D
 
in

 
cr

os
s-

tr
ai

t 
m

et
a-

an
al

ys
es

 

S
N

P 
C

h
ro

m
os

om
e 

B
as

e 
p

ai
rs
 

A
1 

A
2 

O
d

d
s 

r a
 ti

o 
C

ro
ss

-t
r a

it
 
m

et
a-

an
al
 ys

es
 

P _
M

T
A

G
 

P _
C

PA
S

S
O

C
 

G
en

e 

C
h

ol
el

it
h

ia
si

s 
G

ER
D
 

M
T

A
G
 

C
PA

S
S

O
C
 

C
h

ol
el

it
h

ia
si

s 
G

ER
D
 

rs
10

16
72

27
 

2 
56

,0
04

,7
81

 
T
 

C
 

1.
05

52
59

06
9 

1.
04

14
35

44
8 

−
+ 

9.
28

E-
06

 
7.

90
E-

07
 

2.
93

E-
08

 
PN

PT
1 ∗

rs
67

42
94

5 
2 

53
,2

01
,3

24
 

T
 

C
 

1.
03

30
76

97
2 

1.
02

71
62

35
 

−
+ 

3.
38

E-
06

 
1.

10
E-

06
 

1.
43

E-
08

 
LO

C
10

53
69

16
5 

rs
33

52
08

 
5 

12
2,

50
3,

24
5 

G
 

A
 

1.
03

30
58

99
6 

0.
97

36
53

29
4 

−
+ 

2.
58

E-
06

 
5.

66
E-

07
 

6.
47

E-
09

 
PR

D
M

6 
rs

72
66

40
27

 
8 

62
,9

48
,0

07
 

G
 

A
 

1.
15

77
42

51
4 

0.
92

71
87

00
7 

−
+ 

5.
03

E-
06

 
3.

49
E-

06
 

3.
89

E-
08

 
LI

N
C

02
84

2 
rs

11
53

77
54

 
16

 
57

0,
55

7 
C
 

T
 

1.
03

70
51

71
7 

0.
97

57
00

11
4 

−
+ 

8.
29

E-
07

 
2.

31
E-

06
 

5.
95

E-
09

 
R

A
B1

1F
IP

3 
rs

14
68

12
42

6 
a 

2 
43

,9
09

,6
66

 
A
 

G
 

1.
73

35
18

22
6 

1.
05

71
74

72
9 

+ 
+ 

1.
26

E-
93

 
2.

48
E-

08
 

3.
68

E-
12

1 
PL

EK
H

H
2 

rs
42

99
37

6 
a 

2 
44

,0
72

,5
76

 
T
 

G
 

1.
31

78
50

5 
1.

01
72

47
04

2 
+ 

+ 
5.

88
E-

12
4 

2.
12

E-
12

 
2.

10
E-

15
8 

A
BC

G
8 

rs
67

33
45

2 
a 

2 
44

,0
94

,8
45

 
A
 

G
 

1.
77

58
88

74
7 

1.
08

56
72

92
3 

+ 
+ 

1.
63

E-
12

0 
9.

66
E-

14
 

1.
04

E-
15

1 
A

BC
G

8 
rs

75
96

13
4 

a 
2 

44
,0

52
,8

33
 

A
 

C
 

1.
32

47
47

66
5 

1.
01

83
66

62
9 

+ 
+ 

8.
81

E-
17

5 
3.

78
E-

15
 

8.
31

E-
22

7 
D

Y
N

C
2L

I1
 , 

A
BC

G
5 

rs
46

81
51

5 
a 

3 
14

9,
21

2,
07

6 
G
 

A
 

0.
87

92
64

07
5 

1.
02

45
97

65
1 

+ 
+ 

1.
35

E-
48

 
5.

58
E-

11
 

3.
67

E-
55

 
T

M
4S

F4
 

rs
92

97
99

4 
a 

b
 

8 
59

,3
92

,3
24

 
A
 

G
 

0.
88

80
37

77
3 

0.
97

45
29

97
6 

+ 
+ 

2.
25

E-
40

 
2.

40
E-

10
 

1.
06

E-
44

 
U

BX
N

2B
 , 

C
Y

P7
A

1 
rs

10
93

57
62

 

a 
b
 

3 
14

9,
21

6,
29

8 
T
 

C
 

0.
85

07
27

85
2 

0.
96

01
17

12
2 

+ 
+ 

5.
12

E-
42

 
1.

33
E-

09
 

1.
55

E-
47

 
T

M
4S

F4
 

rs
39

22
71

7 
a 

b
 

6 
27

,0
30

,9
24

 
G
 

A
 

0.
95

91
86

16
4 

1.
04

38
33

50
6 

+ 
+ 

2.
16

E-
08

 
1.

99
E-

11
 

1.
07

E-
13

 
LO

C
10

02
70

74
6 ∗

rs
12

63
38

63
 

b
 

3 
14

9,
21

1,
51

2 
A
 

G
 

0.
87

87
88

52
2 

0.
97

74
57

95
6 

+ 
+ 

2.
03

E-
48

 
2.

63
E-

10
 

1.
56

E-
55

 
T

M
4S

F4
 

rs
80

20
36

 

b
 

7 
86

,9
77

,8
94

 
C
 

T
 

0.
86

52
21

27
1 

1.
05

08
50

67
2 

+ 
+ 

5.
58

E-
21

 
5.

84
E-

09
 

1.
52

E-
22

 
C

R
O

T
 

∗ G
en

es
 
th

at
 
in

te
ra

ct
 
th

e 
SN

P 
th

ro
u

gh
 
3-

d
im

en
si

on
al
 
ch

ro
m

at
in
 
lo

op
s 

in
 
d

if
fe

re
n

t 
ce

ll
 
ty

p
es

. 
a 
In

d
ep

en
d

en
t 

p
le

io
tr

op
ic
 
lo

ci
 
in
 
M

TA
G
 
an

d
 
si

gn
ifi

ca
n

t 
in
 
C

PA
SS

O
C

. 
b
 

In
d

ep
en

d
en

t 
p

le
io

tr
op

ic
 
lo

ci
 
in
 
C

PA
SS

O
C
 
an

d
 
si

gn
ifi

ca
n

t 
in
 
M

TA
 G
 . 

T
h

e 
b

ol
d

ed
 
SN

Ps
 
r e

p
r e

se
n

t 
th

e 
in

d
ep

en
d

en
t 

n
ew

 
lo

ci
 
sh

ar
ed

 
b

et
w

ee
n
 
ch

ol
el

it
h

ia
si

s 
an

d
 
G

ER
D
 
id

en
ti

fi
ed

 
in
 
th

e 
C

PA
SS

O
C
 
m

et
h

od
. 



Observ ational, causal r elationship and shar ed genetic basis between c holelithiasis and gastr oesopha geal r eflux disease | 9 

Figure 3: Enriched pathways identified using KEGG and GO databases and network of genes associated with pleiotropic variants. (A) Enriched 
pathways identified using the KEGG database. (B) Enriched pathways identified using the GO database. (C) The network of genes associated with 
pleiotr opic v ariants. 
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bile acid biosynthesis. Se v er al studies have reported that aber- 
rant lipid and bile acid metabolism contributes to the de v elop- 
ment of both cholelithiasis and GERD [ 1 , 60–62 ]. ABCG5 (index 
SNP: rs7596134), ABCG8 (index SNP: rs4299376 and rs6733452), 
and CYP7A1 (index SNP: rs9297994) are associated with lipid 

metabolism. Numer ous inv estigations hav e suggested the in- 
volvement of these genes in the de v elopment of gallstone disease 
[ 63–65 ]. Although se v er al studies hav e r eported that obesity [ 50 ] 
and dyslipidemia [ 60 ] are risk factors for GERD, no research has 
in vestigated the in volvement of these genes in GERD. Ther efor e,
the relationship between these genes and GERD warrants further 
inv estigation. Additionall y, 5 ne w loci associated with c holelithi- 
asis and GERD were identified via CPASSOC analysis. PNPT1 (in- 
dex SNP: rs10167227) is associated with the mitochondrial res- 
pir atory c hain, and m utations in PNPT1 can lead to mitoc hon- 
drial dysfunction, subsequently causing neuromuscular dysfunc- 
tion, which affects the peristaltic function of the gastrointestinal 
tract [ 66 , 67 ]. The functions of long noncoding RN A (lncRN A) gene 
LINC02842 (index SNP: rs72664027) and noncoding RN A (ncRN A) 
gene LOC105369165 (index SNP: rs6742945) remain unclear, but 
r esearc h has suggested that lncRNAs might have a crucial role in 

the dysfunction of the lo w er esophageal sphincter (LES) [ 68 ], po- 
tentially shedding light on the onset of GERD. Additional r esearc h 

is r equir ed to offer mor e detailed functional annotation of these 
shared loci. 

In addition to detecting shared loci, we also explored whether 
the cholelithiasis–GERD association can be mediated by shared 

risk genes through TWAS and SMR analysis. In general, we iden- 
tified 3 putativ el y functional genes shar ed between c holelithia- 
sis and GERD, including SUN2 , CBY1 , and JOSD1 , ov er expr ession 

of which was negatively associated with the risk of cholelithi- 
asis and GERD in the esopha gus-r elated tissues. Prior r esearc h 
l  
as reported the negative effect of CBY1 and SUN2 genes on tu-
origenesis [ 69–71 ], which implied a potential role of them in the

athogenesis of gallstone disease and GERD, given that these 2
iseases are risk factors for gallbladder and esophageal cancer,
 espectiv el y [ 72 , 73 ]. Furthermor e, existing studies suggested the
nvolvement of bile acids in GERD pr ogr ession thr ough the activ a-
ion of the Wnt/ β-catenin pathway [ 74 ]. CBY1 might be involved in
he linkage between gallstone disease and GERD, as it can inhibit
he Wnt/ β-catenin pathway [ 75 ], which was enriched according to
he results of the pathway enrichment analyses. JOSD1 is a deu-
iquitinating enzyme , pla ying a pivotal r ole in man y cellular bi-
logical processes [ 76 ]. Our findings imply that JOSD1 ma y pla y a
ignificant role in the associative mechanisms between cholelithi- 
sis and GERD via the deubiquitination pr ocesses. In gener al, our
tudy offers novel insights into the underlying shared genetic ba-
is of cholelithiasis and GERD, and additional research is required
or a more profound elucidation. 

trengths and Limitations 

n our study, we conducted the lar gest pr ospectiv e study assess-
ng the phenotypic association between cholelithiasis and inci- 
ent GERD. Besides, we performed a series of sensitive analyses
nd further applied validation datasets in MR estimates to en-
ance the robustness of our results . Furthermore , genetic correla-
ion, pleiotropic loci, and gene detection were fully analyzed by 2
iffer ent a ppr oac hes . T he con v er gent e vidence acquir ed thr ough
hese dual a ppr oac hes r einforces the r eliability of our findings.
o w e v er, se v er al limitations need to be acknowledged. First, the
ausal r elationship fr om GERD to c holelithiasis was not signifi-
ant in all sensitivity anal yses, whic h may be attributed to the
imitations of GWAS statistics . T her efor e, lar ger and mor e po w er-
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Figure 4: Enriched pathways of shared genes identified using KEGG and GO databases. (A) Enriched pathways identified using the KEGG database. (B) 
Enriched pathways identified using the GO database. 
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ul GWAS data for cholelithiasis and GERD will be needed to es-
ablish the causal relationships from GERD to cholelithiasis. Sec-
nd, all the data used in this study came fr om Eur opean ances-
ry populations, which limited the extension of our findings to
ther ethnic populations; thus, future studies involving a broader
ange of ancestries are w arranted. Thir d, due to limited GWAS
ata availability at the time of conducting the analysis, we were
nable to perform a deeper subgr oup anal ysis based on the strat-

fication information, such as age, gender, and severity of the
isease. 
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Conclusion 

In summary, we found a bidirectional association between 

c holelithiasis and GERD, whic h may be attributed to a bidirec- 
tional causal relationship and a shared genetic basis, including 
the significant genetic corr elation, nov el shar ed loci, and genes.
Our findings provided new insights into the biological mecha- 
nisms for cholelithiasis and GERD and suggested promising thera- 
peutic tar gets, whic h might pr o vide an inno v ativ e r esearc h dir ec-
tion for future therapeutic strategy and risk prediction. 
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Supplementary Table S1. Baseline c har acteristics of UK Biobank 
participants. 
Supplementary Table S2. Instrumental variables employed in the 
primary GWAS data for bidirectional Mendelian randomization 

analysis. 
Supplementary Table S3. Summarized results of bidirectional 
Mendelian r andomization anal ysis and sensitiv e anal ysis about 
c holelithiasis and gastr oesopha geal r eflux disease in the primary 
datasets. 
Supplementary Table S4. Summarized results of bidirectional 
Mendelian r andomization anal ysis and sensitiv e anal ysis about 
cholelithiasis and gastroesophageal reflux disease in the replica- 
tion datasets. 
Supplementary Table S5. Characteristics of the regions of the 
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Supplementary Fig. S1. The flowchart of the pr ospectiv e cohort 
study. 
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