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Abstract 

Background  Observational studies have preliminarily revealed an association between smoking and gastroesopha-
geal reflux disease (GERD). However, little is known about the causal relationship and shared genetic architecture 
between the two. This study aims to explore their common genetic correlations by leveraging genome-wide associa-
tion studies (GWAS) of smoking behavior—specifically, smoking initiation (SI), never smoking (NS), ever smoking (ES), 
cigarettes smoked per day (CPD), age of smoking initiation(ASI) and GERD.

Methods  Firstly, we conducted global cross-trait genetic correlation analysis and heritability estimation from sum-
mary statistics (HESS) to explore the genetic correlation between smoking behavior and GERD. Then, a joint cross-trait 
meta-analysis was performed to identify shared “pleiotropic SNPs” between smoking behavior and GERD, followed 
by co-localization analysis. Additionally, multi-marker analyses using annotation (MAGMA) were employed to explore 
the degree of enrichment of single nucleotide polymorphism (SNP) heritability in specific tissues, and summary data-
based Mendelian randomization (SMR) was further utilized to investigate potential functional genes. Finally, Mende-
lian randomization (MR) analysis was conducted to explore the causal relationship between the smoking behavior 
and GERD.

Results  Consistent genetic correlations were observed through global and local genetic correlation analyses, 
wherein SI, ES, and CPD showed significantly positive genetic correlations with GERD, while NS and ASI showed 
significantly negative correlations. HESS analysis also identified multiple significantly associated loci between them. 
Furthermore, three novel “pleiotropic SNPs” (rs4382592, rs200968, rs1510719) were identified through cross-trait 
meta-analysis and co-localization analysis to exist between SI, NS, ES, ASI, and GERD, mapping the genes MED27, 
HIST1H2BO, MAML3 as new pleiotropic genes between SI, NS, ES, ASI, and GERD. Moreover, both smoking behav-
ior and GERD were found to be co-enriched in multiple brain tissues, with GMPPB, RNF123, and RBM6 identified 
as potential functional genes co-enriched in Cerebellar Hemisphere, Cerebellum, Cortex/Nucleus accumbens in SI 
and GERD, and SUOX identified in Caudate nucleus, Cerebellum, Cortex in NS and GERD. Lastly, consistent causal 
relationships were found through MR analysis, indicating that SI, ES, and CPD increase the risk of GERD, while NS 
and higher ASI decrease the risk.
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Conclusion  We identified genetic loci associated with smoking behavior and GERD, as well as brain tissue sites 
of shared enrichment, prioritizing three new pleiotropic genes and four new functional genes. Finally, the causal rela-
tionship between smoking behavior and GERD was demonstrated, providing insights for early prevention strategies 
for GERD.

Keywords  Gastroesophageal reflux disease, Smoking behavior, Genome-wide association study, Genetic correlation, 
Mendelian randomization

Introduction
Gastroesophageal reflux disease (GERD) is defined as a 
condition that occurs when the reflux of stomach con-
tents causes troublesome symptoms and/or complica-
tions [1]. The potential for GERD to precipitate a variety 
of disease conditions, such as reflux esophagitis, has 
been thoroughly demonstrated [2]. Additionally, GERD 
imposes significant direct and indirect costs on health-
care systems globally. Due to dietary habits, GERD rep-
resents one of the most common gastrointestinal issues 
in Western populations, with an average prevalence of 
19.8% in North America and 15.2% in Europe [3].

It is well-established that smoking is a major risk factor 
for numerous health issues, including various diseases of 
the digestive system [4], among which GERD is notably 
affected. Epidemiological studies have shown a signifi-
cant association between smoking and GERD or reflux 
symptoms [5–8], and cessation of smoking has been 
found to alleviate related symptoms [9, 10]. For instance, 
a large case–control study by Nilsson M [7] showed that 
individuals smoking more than 20 cigarettes daily had a 
70% increased likelihood of reflux symptoms compared 
to non-smokers, and Fujiwara Y [8] found that those 
smoking more than one pack a day were more prone to 
a range of digestive diseases including GERD and func-
tional dyspepsia. Additionally, Kohata Y [9] demon-
strated that successful smoking cessation for one year 
significantly reduced the frequency of reflux symptoms 
and improved health-related quality of life (HR-QOL). 
However, these studies are observational in nature, with 
limited sample sizes and susceptible to various confound-
ing factors (such as challenges in measuring differences in 
individuals’ dietary habits). Importantly, they do not offer 
conclusive evidence for the causal relationship between 
smoking behavior and gastroesophageal reflux, leaving 
the genetic relationship between the two still unclear.

To date, few studies have investigated the potential 
genetic relationship between smoking behavior and 
GERD. With the rapid development of genomic sequenc-
ing technologies, linking traits to genetics has become an 
effective method to overcome the limitations of obser-
vational studies [11]. In this research, we, for the first 
time, examined the genetic correlation and potential 
causal relationship between various smoking behavior 

and GERD based on large-scale GWAS summary data. 
Specifically, we first quantified global and local genetic 
correlations to explore the shared genetic basis between 
smoking behavior and GERD. Then, we employed cross-
trait meta-analysis and colocalization analysis to quantify 
precise genetic correlations, uncover new “pleiotropic 
SNPs,” and identify pleiotropic genes. Moreover, we 
analyzed the tissue-specific enrichment of genetic asso-
ciations between smoking behavior and GERD and iden-
tified potential functional genes. Lastly, we conducted 
a Mendelian randomization (MR) analysis to infer their 
causal effects.

Materials and methods
Data Sources
Exposure Data—Smoking Behavior: Tobacco use data 
were extracted from GWAS and the Alcohol and Nico-
tine use Sequencing Consortium (GSCAN), including 
smoking initiation (SI), quantity of cigarettes smoked per 
day (CPD), and age of smoking initiation (ASI) [12]. An 
individual is only considered to have a history of smoking 
behavior if they have smoked more than 100 cigarettes in 
their lifetime. SI is a binary phenotype defined as regular 
smoking in daily life and continuing to smoke within the 
last month. This dataset includes 607,291 samples, with 
311,629 cases and 321,173 controls, totaling 11,802,365 
SNPs. CPD and ASI were encoded as continuous traits in 
GWAS, with sample sizes of 337,334 and 341,427, respec-
tively, totaling 11,913,712 and 11,894,779 SNPs. Data 
for never-smoking were derived from the UK Biobank 
(UKB), where individuals were classified as never smok-
ing (NS) if they reported “Current tobacco smoking” 
(Field 1239) as no (0) AND “Past tobacco smoking” (Field 
1249) as never (4), comprising 195,068 cases and 164,638 
controls. Ever smoking (ES) was derived from “Current 
tobacco smoking” (Field 1239) and “Past tobacco smok-
ing” (Field 1249), considering individuals as ES if they 
denied current tobacco use but affirmed past frequency, 
including 280,508 cases and 180,558 controls. All of the 
above specific questionnaire scales were defined by Dr. 
Laura J. et al. (Supplementary Materials—Table S1) [12]. 
All exposure genetic IVs were selected within a 1 Mb 
region at a genome-wide significance level (P < 5E-08).
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Outcome Data – GERD: Summary data for the GERD 
phenotype came from a multi-trait genetic association 
analysis conducted by Ong JS et  al. [13], identifying 88 
loci associated with GERD, including 129,080 cases and 
473,524 controls, totaling 2,320,781 SNPs. The data used 
in this study were stripped of rare variants, including 
filtering to remove imputation information value < 0.90 
and minor allele frequency < 0.01 SNPs. The analysis was 
referenced to the 1000 Genomes Project, excluding sex 
chromosomes and the human leukocyte antigen (HLA) 
region. All participants were of European ancestry.

Genetic Correlation Analysis
To investigate the shared genetic basis between smoking 
behavior and GERD, we employed various methods for 
correlation analysis, including global cross-trait genetic 
correlation analysis and local genetic correlation analysis 
(Heritability Estimation from Summary Statistics, HESS), 
to study their genetic correlation and identify common 
genetic loci between them. For cross-trait linkage dis-
equilibrium score regression (LDSC), we estimated the 
liability scale SNP heritability of smoking behavior and 
GERD using stratified LD score regression (S-LDSC) and 
the baseline-LD model [14]. S-LDSC allows for the verifi-
cation of heritability explained by given genomic features 
by grouping SNPs into areas of interest based on link-
age disequilibrium (LD). We then applied bivariate LD 
score regression [15], a method that uses the expected 
relationship between LD and GWAS association statis-
tics to estimate genetic correlation between traits, con-
sidering potential sample overlap between studies. In 
this research, we primarily used bivariate LDSC with an 
unconstrained intercept to assess the genetic correla-
tion (Rg) between smoking behavior and GERD. Despite 
efforts to minimize sample overlap in selecting GWAS 
data for the five smoking behavior and GERD, we also 
conducted LDSC with a constrained intercept as a sen-
sitivity analysis, where the constrained intercept LDSC 
replaces χ2 with z-scores from two studies, then estimates 
genetic covariance using the regression slope of the two 
z-scores on LD scores, normalized by SNP heritability 
to produce genetic correlation [15]. It’s noteworthy that 
the baseline-LD model [16] used a method based on con-
tinuous rather than binary annotations to partition SNP 
heritability.

To precisely quantify which loci of smoking behav-
ior contribute to the whole-genome genetic correlation 
with GERD, we employed the HESS method to estimate 
local SNP heritability for each trait and genetic covari-
ance between traits [17]. The local genetic correlation 
estimates are then computed from the local single-tit 

SNP heritability and the local cross-tit genetic covariance 
estimates. The algorithm divides the whole genome into 
1703 loci based on LD patterns in the European popula-
tion, with an average size close to 1.5 Mb, and quantifies 
the trait correlations caused by genetic variation con-
fined to a specific locus. Strict Bonferroni correction was 
applied for adjustment (i.e., ρ-HESS < 0.05/ (NUMSNP) 
where NUMSNP is the number of SNPs per loci region).

Cross‑trait Meta‑analysis
To identify new “pleiotropic SNPs” associated with the 
combined phenotype (smoking behavior and GERD), we 
also conducted two cross-trait meta-analyses, includ-
ing Multi-trait analysis of GWAS (MTAG) [18] and 
Cross Phenotype Association (CPASSOC) [19]. MTAG 
is a generalized meta-analysis method that enhances 
the statistical power to estimate genotype–phenotype 
variance–covariance matrices, thereby generating trait-
specific estimates for each SNP [20]. MTAG adjusts for 
possible errors brought by sample overlap using bivari-
ate LD score regression. MTAG is appropriate when all 
variants have the same effect size across traits and gener-
ates trait-specific association statistics. We calculated the 
upper limit of the false discovery rate (’maxFDR’) to test 
the equal variance–covariance assumption. Additionally, 
CPASSOC integrates association evidence from mul-
tiple traits to detect variants affecting at least one trait. 
CPASSOC assumes cross-trait heterogeneity of effects 
and estimates cross-trait statistical heterogeneity (SHet) 
and p-values through sample size-weighted meta-anal-
ysis of GWAS summary data. We prioritized independ-
ent SNPs with genome-wide significance in both MTAG 
and CPASSOC (P < 5E-08), and those SNPs not previ-
ously reported in GWAS for any of the six traits related 
to GERD or smoking behavior were considered as “novel 
SNPs” for the association between smoking behavior and 
GERD [21]. Lastly, these “novel SNPs” located within loci 
identified by HESS were termed “pleiotropic SNPs.”

Colocalization analysis was then used to verify whether 
these “pleiotropic SNPs” share common genetic vari-
ants between smoking behavior and GERD. We used the 
colco.abf function in the R package “Coloc.” “Coloc” uses 
a Bayesian algorithm to generate posterior probabilities 
for five mutually exclusive hypotheses, with posterior 
probabilities PPH3 + PPH4 > 0.8 typically interpreted as 
colocalization [22]. The combined significance of cross-
trait meta-analysis, HESS, and colocalization analysis 
ensured the accuracy of the genetic influence of “pleio-
tropic SNPs” on the exposure-outcome relationship. We 
also employed Manhattan plots to visualize significant 
mapped genes on loci after HESS analysis (P < 5E-08) as 
well as genes mapped by these “pleiotropic SNPs.”
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Tissue‑specific Enrichment of SNP Heritability
To establish the most relevant tissues between smok-
ing behavior and GERD, we conducted SNP heritability 
enrichment analysis for different tissues using MAGMA 
(Multi-marker Analysis of GenoMic Annotation) with 
genotype-tissue expression (GTEx) data. GTEx (v.8) pro-
vides up to 53 tissue types [23], evaluating the association 
between genes specifically expressed in each tissue and 
smoking behavior and GERD through cell type-specific 
analysis, with Bonferroni correction applied for multiple 
testing to strengthen the reliability of these associations 
(P < 0.05/53 = 9.43E-04). Additionally, the Summary-data-
based Mendelian Randomization (SMR) method inte-
grates summary statistics from GWAS and Expression 
Quantitative Trait Loci (eQTL) consortium studies to 
test the correlation between gene expression and target 
phenotypes [24]. Thus, in tissues with shared heritability 
enrichment between smoking behavior and GERD, the 
SMR method allows us to further identify assumed func-
tional genes with a statistical association between smok-
ing behavior and GERD using genome-wide significant 
SNPs, while the heterogeneity in dependent instruments 
(HEIDI) test assesses linkage to distinguish causality or 
pleiotropy from linkage [24]. Significant shared func-
tional genes between smoking behavior and GERD are 
defined as passing both the Benjamini–Hochberg FDR 
test and the HEIDI outlier test (P > 0.05, N > 10 SNPs) in 
SMR analysis for both traits.

Mendelian Randomization Analysis
To test evidence of a potential causal relationship 
between smoking behavior and GERD, we conducted 
MR analysis using genetic instrumental variables (IV). 
Due to the potential presence of sample overlap, we 
evaluated the potential type 1 error that may arise in this 
situation (https://​sb452.​shiny​apps.​io/​overl​ap/) and cor-
rected the lower limit of the F-statistic of the exposure 
IV to mitigate bias from weak IVs. Furthermore, we vali-
dated the MR result using GERD from the latest release 
of the FinnGen database R10 data (sample = 378,923, 
cases = 28,859, controls = 350,064) as the outcome varia-
ble (https://​stora​ge.​googl​eapis.​com/​finng​en-​public-​data-​
r10/​summa​ry_​stats/​finng​en_​R10_​K11_​REFLUX.​gz). 
These methods were implemented to reduce errors due to 
sample overlap, ensuring the reliability of the MR results. 
The inverse variance weighted (IVW) method served as 
the primary analysis method, summarizing estimates 
from each genetic variant (IV) and calculating a precise 
causal estimate, assuming all genetic variants are valid, 
or balancing the overall pleiotropy to zero. MR-Egger 
regression, weighted median (WM), weighted mode, and 
generalized summary-data-based Mendelian randomi-
zation (GSMR) analyses were used as complementary 

methods to enhance the reliability of causal inference 
[25]. Additionally, MR-PRESSO and Leave-one-out sen-
sitivity analyses were conducted to test for SNPs with an 
outsized impact on MR estimates; Cochran’s Q statistic 
P-value was used to assess heterogeneity of results; the 
presence of pleiotropy was determined by the intercept 
term of the MR-Egger method. By utilizing data from the 
GSCAN Consortium for exposure selection and consid-
ering the potential association of alcohol with GERD, we 
implemented a Multivariable Mendelian Randomiza-
tion (MVMR) model to account for this factor in causal 
inference. The weekly alcohol consumption (DPW) also 
comes from the study by Liu M in GSCAN, and is defined 
as the average alcohol consumption reported by partici-
pants per week. For the weekly alcohol consumption, we 
take the midpoint of the reported range. For example, if a 
person reports drinking 1–5 glasses of alcohol per week, 
we assume they drink an average of 2.5 glasses per week. 
MVMR extends the standard univariate MR approach 
to assess the causal effects of various exposures on out-
comes and estimate the direct causal effects of each 
exposure in a unified analysis [26].

Results
Genetic Correlation
We first employed S-LDSC and baseline LD modeling 
to estimate the SNP heritability of smoking behav-
ior and GERD. The liability scale SNP heritability for SI 
was 5.64% (95% CI = 5.29 ~ 5.99%), NS was 10.35% (95% 
CI = 9.78 ~ 10.92%), ES was 8.12% (95% CI = 7.69 ~ 8.55%), 
CPD was 6.32% (95% CI = 4.91 ~ 7.69%), ASI was 4.29% 
(95% CI = 3.88 ~ 4.70%), and for GERD was 56.95% (95% 
CI = 53.28 ~ 60.62%). Then, we utilized bivariate LDSC to 
estimate the genetic correlation between smoking behav-
ior and GERD. SI (rg = 0.69, P = 2.93E-199), ES (rg = 0.4, 
P = 9.76E-139), and CPD (rg = 0.66, P = 2.07E-60) showed 
significant positive genetic correlations with GERD, 
while NS (rg = -0.65, P = 5.22E-199) and ASI (rg = -0.86, 
P = 2.16E-293) exhibited significant negative correlations. 
Additionally, with the intercept close to 1 and genetic 
covariance close to 0.01 between smoking behavior and 
GERD traits, the possibility impact of overlapping sam-
ples on the results appears to be relatively minor. To fur-
ther validate the results and considering the possibility of 
slight overlap between samples, we constrained the inter-
cept in LDSC analysis without assuming population strat-
ification. The liability scale SNP heritability for smoking 
initiation was 6.97% (95% CI = 6.51 ~ 7.42%), never smok-
ing was 9.82% (95% CI = 9.06 ~ 10.58%), ever smoking 
was 7.66% (95% CI = 7.07 ~ 8.25%), cigarettes smoked 
per day was 7.51% (95% CI = 5.48 ~ 9.52%), smoking age 
was 4.87% (95% CI = 4.26 ~ 5.48%), and for GERD was 

https://sb452.shinyapps.io/overlap/
https://storage.googleapis.com/finngen-public-data-r10/summary_stats/finngen_R10_K11_REFLUX.gz
https://storage.googleapis.com/finngen-public-data-r10/summary_stats/finngen_R10_K11_REFLUX.gz
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80.51% (95% CI = 76.01 ~ 84.99%). SI (rg = 0.43, P = 1.91E-
140), ES (rg = 0.25, P = 4.59E-37), and CPD (rg = 0.42, 
P = 8E-34) exhibited significant positive genetic correla-
tions with GERD, while NS (rg = -0.41, P = 1.22E-155) 
and ASI (rg = -0.55, P = 1.69E-113) showed significant 
negative correlations. These estimates remained relatively 
stable, indicating unlikely sample overlap among the five 
smoking behavior and GERD populations.

The HESS method was employed to determine the 
genome-wide local genetic correlations between smok-
ing and GERD. After multiple corrections, strong 
local correlations were discovered between SI, NS, ES, 
CPD, ASI, and GERD in 142, 122, 72, 57, and 44 dif-
ferent loci, respectively (P < 0.05/(NUMSNP) within 

SNP quantity in the loci region) (Figs.  1 and 2, Sup-
plementary Material—Table  S2-6). Notably, the loci 
chr2(p16.1) (chr2:58,297,315–60,292,000) on chro-
mosome 2 exhibited the most prominent associa-
tion with SI, NS, ES, and GERD (P_SI = 6.04E-22, 
P_NS = 6.75E-23, P_ES = 1.74E-22), while the locus 
chr18(q12.3) (chr18: 39,892,648–42,922,106) on chro-
mosome 18 showed the strongest association with CPD 
and GERD (P = 1.27E-15), and the locus chr11(q23.1- 
q23.2) (chr11: 112,459,488–114,257,728) on chromo-
some 11 was most strongly associated with smoking 
age and GERD (P = 8.70E-16). The heritability percent-
ages (95% CI) for SI, NS, ES, CPD and ASI were 5.44% 
(5.08 ~ 5.8%), 11.8% (11.2 ~ 12.4%), 9.21% (8.72 ~ 9.7%), 

Fig. 1  Local genetic correlation study of SI, NS, ES with GERD. The Manhattan plot illustrates estimates of local genetic correlation and local genetic 
covariance between smoking behavior (SI, NS, ES) and GERD, along with local SNP heritability for each smoking behavior. In the ’local genetic 
correlation’ and ’local genetic covariance,’ red and blue bars indicate significant regions of shared SNP heritability after multiple adjustments (local 
SNP heritability test P < 5E-08, local genetic covariance test P < 0.05/ NUMSNP). SI: Smoking initiation; NS: Never Smoking; ES: Ever Smoking; GERD: 
Gastroesophageal reflux disease; HESS: Heritability estimation from summary statistics
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7.86% (7.01 ~ 8.72%), and 4.89% (4.02 ~ 5.76%), 
respectively, while GERD heritability was 74.2% 
(72.97.3 ~ 75.43%). The genome-wide local genetic 
correlations (rgSI = 0.59, rgNS = -0.49, rgES = 0.32, 
rgCPD = 0.52, rgASI = -0.7) calculated through ρ-HESS 
were largely consistent with bivariate LDSC, demon-
strating the strong genetic associations between these 
smoking behavior and GERD (Table 1).

Identification of SNPs from cross‑trait GWAS meta‑analysis
Further cross-trait meta-analysis was conducted on the 
gene loci showing strong correlations between SI, NS, 
ES, CPD, ASI, and GERD to identify "pleiotropic SNPs" 
underlying the joint phenotype of smoking-related 
behavior and GERD. Two complementary methods, 
MTAG and CPASSOC, were employed, identify-
ing 51, 35, 18, 35, and 11 "novel SNPs" that were sig-
nificantly and independently associated with SI, NS, 
ES, CPD, ASI, and GERD at the genome-wide level, 
respectively (Supplementary Material—Table S7). After 

examination through ρ-HESS, it was found that only SI, 
NS, ES, and ASI had 3, 3, 2, and 4 shared "novel SNPs" 
with GERD, respectively, reaching genome-wide signifi-
cance (SNPs marked with "*" in Table S7). Following the 
exclusion of SNPs significant in single-trait GWAS for 
SI, NS, ES, ASI, GERD, or in LD (LD r2 ≥ 0.02) with any 
previously reported significant SNPs, rs4382592 and 
rs9671376 emerged as novel "pleiotropic SNPs" associ-
ated with the joint phenotype of SI-GERD, mapping to 
the genes MED27 and TRAF3, respectively. Similarly, 
rs200968 emerged as a novel "pleiotropic SNP" associ-
ated with the joint phenotype of NS-GERD, mapping to 
the HIST1H2BO, while rs1510719 emerged as a novel 
"pleiotropic SNP" associated with the joint pheno-
type of ES-GERD, mapping to the MAML3. Addition-
ally, rs1510719, rs2734839, rs10262103, and rs2396766 
emerged as novel "pleiotropic SNPs" associated with the 
joint phenotype of ASI-GERD, mapping to the genes 
MAML3, DRD2, and FOXP2. Further co-localization 
analysis confirmed that rs4382592, rs200968, and 
rs1510719 all had shared loci between SI, NS, ES/ASI, 

Fig. 2  Local genetic correlation study of CPD, ASI with GERD. The Manhattan plot illustrates estimates of local genetic correlation and local genetic 
covariance between smoking behavior (CPD, ASI) and GERD, along with local SNP heritability for each smoking behavior. In the ‘local genetic 
correlation’ and ‘local genetic covariance,’ red and blue bars indicate significant regions of shared SNP heritability after multiple adjustments (local 
SNP heritability test P < 5E-08, local genetic covariance test P < 0.05/ NUMSNP). CPD: Cigarettes smoked per day; ASI: Age of smoking initiation; GERD: 
Gastroesophageal reflux disease; HESS: Heritability estimation from summary statistics
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and GERD (PPH3 + PPH4 > 0.8) (Table  2, Fig.  3), and 
the genes (MED27, HIST1H2BO, MAML3) mapped by 
these SNPs were labeled on the Manhattan plot (Sup-
plementary Material—Figure S1-6).

Tissue‑specific Enrichment of SNP Heritability
After adjusting the baseline model, we identified mul-
tiple brain tissues showing significant SNP-heritability 
enrichment shared between smoking behavior and 
GERD. In terms of smoking-related traits, SNPs associ-
ated with SI, NS, ES, CPD, and ASI were observed to 
be specifically enriched in 14, 13, 13, 12, and 3 different 
brain regions, respectively, while for GERD, SNPs were 
enriched in 10 different brain regions. Interestingly, all 

five traits showed enrichment primarily in the Cerebel-
lar Hemisphere and Cerebellum (Figs.  4 and 5, Sup-
plementary Material Table  S8/ Figure S7). We utilized 
the SMR method to identify putative functional genes 
underlying smoking behavior and GERD, leverag-
ing joint analysis of GWAS summary data for the five 
smoking-related traits, GERD, and eQTL summary 
data from GTEx (showing SNP-heritability enrichment 
in five smoking-related traits and GERD across brain 
tissues). The results revealed statistically associated 
putative functional genes between SI, NS, and GERD 
across different tissues showing significant SNP-herit-
ability enrichment. Four tissues were found to be co-
enriched for SI and GERD, with GMPPB and RNF123 

Table 1  Heritability and genetic correlation between five smoking behavior and GERD

SI Smoking initiation, NS Never Smoking, ES Ever Smoking, CPD Cigarettes smoked per day, ASI Age of smoking initiation, GERD Gastroesophageal reflux disease, HESS 
Heritability estimation from summary statistics, Rg Genetic correlation

Method Exposure Exposure -Heritability
h2(%), 95%CI

Outcome Outcome—Heritability
h2(%), 95%CI

Rg
(Exposure—
Outcome)

Intercept
(Se)

LDSC-no intercept SI 5.64% (5.29 ~ 5.99) GERD 56.95% (53.28 ~ 60.62) 0.69 0.88 (1.06E-02)

NS 10.35% (9.78 ~ 10.92) -0.65 1.03 (1.13 E -02)

ES 8.12% (7.69 ~ 8.55) 0.4 1.03 (1.16 E -02)

CPD 6.32% (4.91 ~ 7.69) 0.66 0.95 (1.67E-02)

ASI 4.29% (3.88 ~ 4.70) -0.86 0.97 (8.40 E-03)

LDSC- intercept SI 6.97% (6.51 ~ 7.42) 80.51%(76.01 ~ 84.99) 0.43 1

NS 9.82% (9.06 ~ 10.58) -0.41

ES 7.66% (7.07 ~ 8.25) 0.25

CPD 7.51% (5.48 ~ 9.52) 0.42

ASI 4.87% (4.26 ~ 5.48) -0.55

HESS SI 5.44% (5.08 -5.8) 74.2% (72.97.3–75.43) 0.59 NA

NS 11.8% (11.2–12.4) -0.49

ES 9.21% (8.72 ~ 9.7) 0.32

CPD 7.86% (7.01 ~ 8.72) 0.52

ASI 4.89% (4.02–5.76) -0.7

Table 2  Co-localization analysis of pleiotropic SNPs

SI Smoking initiation, NS Never Smoking, ES Ever Smoking, ASI Age of smoking initiation, GERD Gastroesophageal reflux disease

N-snps represent the number of SNPS in each loci range

*represent the portion used for co-locating positive results

Exposure-outcome SNP N-snps GENE H0-pval H1-pval H2-pval H3-pval H4-pval

SI-GERD rs4382592* 781 MED27 6.07E-06 1.07E-04 1.94E-03 0.03 0.96

SI-GERD rs9671376 562 TRAF3 4.76E-05 3.34E-06 0.81 0.06 0.14

NS-GERD rs200968* 815 HIST1H2BO 3.26E-08 5.83E-06 4.16E-03 0.74 0.25

ES-GERD rs1510719* 807 MAML3 3.05E-12 3.88E-11 1.79E-03 0.02 0.98

ASI-GERD rs1510719* 768 MAML3 1.96E-11 3.62E-11 1.06E-02 0.02 0.97

ASI-GERD rs2734839 1014 DRD2 1.24E-03 5.18E-05 0.80 0.03 0.17

ASI-GERD rs10262103 553 FOXP2 3.86E-06 4.92E-07 0.68 0.09 0.24

ASI-GERD rs2396766 586 FOXP2 3.86E-06 4.93E-07 0.68 0.09 0.24
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co-enriched in the Cerebellar Hemisphere and Cer-
ebellum, while RBM6 co-enriched in the Cortex and 
Nucleus accumbens. Additionally, SUOX was identified 
as a gene co-enriched in the Caudate nucleus, Cerebel-
lum, and Cortex, shared between NS and GERD. These 
results also passed the HEIDI-outlier test (P > 0.05) 
(Table 3).

Causal associations
Having delved into the shared genetic background 
between smoking behavior and GERD, we further 
explored the potential causal effects between them 
through MR analysis. IV were chosen after evaluating 
based on the three assumptions of MR. The expected 
F-statistics for the five smoking behavior as exposures 
were 13.51 (SI), 9.73 (NS), 9.61 (ES), 29.55 (CPD), and 
28.35 (ASI). With the maximum sample overlap between 
these five smoking behavior and GERD ranging from 0.11 
to 0.20, the type 1 error rate consistently remained at 
0.05, meeting the criteria for the chosen IVs (Supplemen-
tary Material—Table  S9/10). Then, we found evidence 
supporting a causal relationship from smoking behavior 
to GERD, where SI, ES, and CPD were associated with 
an increased risk of GERD (SI: P_IVW = 3.92E-15; ES: 
P_IVW = 4.96E-15; CPD: P_IVW = 8.09E-06), while NS 
and ASI showed the opposite (NS: P_IVW = 4.96E-15; 
ASI: P_IVW = 0.03, Fig. 6). Neither SI nor CPD exhibited 

heterogeneity, and all results did not show evidence of 
horizontal pleiotropy (Table  4). Leave-one-out analysis 
also indicated that these effects were not driven by any 
single SNP (Supplementary Material—Figure S8-12). 
The MVMR results also indicate that the alcohol factor 
does not influence the causal relationship between these 
smoking behavior and GERD (Supplementary Material—
Table S11). Finally, when using GERD data from FinnGen 
as the outcome variable, above MR results remained 
consistent, demonstrating the robustness of the findings 
(Supplementary Material—Figure S13, Table S12).

Discussion
To the best of our knowledge, this is the first study to 
leverage a whole-genome cross-trait analysis to system-
atically assess the shared genetic underpinnings behind 
smoking behavior and GERD. Our research offers new 
genetic insights: firstly, associations between smoking 
behavior (SI, NS, ES, CPD, ASI) and GERD are present 
across multiple specific loci. Secondly, three novel plei-
otropic SNPs (rs4382592, rs200968, rs1510719) have 
been identified across these loci, existing between SI, 
NS, ES, ASI, and GERD, mapping the genes MED27, 
HIST1H2BO, and MAML3 as potential pleiotropic 
genes. Furthermore, common enrichment of the five 
smoking behavior and GERD in brain tissues, predomi-
nantly in the Cerebellar Hemisphere and Cerebellum, has 

Fig. 3  Diagram Illustrating the Co-localization Analysis of pleiotropic SNPs. For the “pleiotropic SNP” between SI – GERD, (A) gassocplot and (B) 
locuscomparer illustrate the number of SNPs and gene names within a 1 MB range of the mapped gene MED27 for rs4382592. For the “pleiotropic 
SNP” between NS – GERD, (C) gassocplot and (D) locuscomparer depict the number of SNPs and gene names within a 1 MB range of the mapped 
gene HIST1H2BO for rs200968. For the “pleiotropic SNP” between ES – GERD, (E) gassocplot and (F) locuscomparer show the number of SNPs 
and gene names within a 1 MB range of the mapped gene MAML3 for rs1510719. For the “pleiotropic SNP” between ASI –GERD, (G) gassocplot 
and (H) locuscomparer display the number of SNPs and gene names within a 1 MB range of the mapped gene MAML3 for rs1510719. SI: Smoking 
initiation; NS: Never Smoking; ES: Ever Smoking; ASI: Age of smoking initiation; GERD: Gastroesophageal reflux disease



Page 9 of 15Yan et al. BMC Genomics          (2024) 25:642 	

been observed. In the Cerebellar Hemisphere, Cerebel-
lum, and Cortex/Nucleus accumbens, enriched for SI and 
GERD, GMPPB, RNF123, and RBM6 were identified as 
potential functional genes, while SUOX was identified in 
the Caudate nucleus, Cerebellum, and Cortex, enriched 
for NS and GERD. These genes have not been previously 
revealed. Lastly, MR analysis indicates a causal relation-
ship of the five smoking behavior with GERD, with SI, ES, 
and higher CPD increasing the risk of GERD, whereas NS 
and higher ASI may reduce the risk. Overall, our study 
robustly demonstrates the genetic correlation between 
smoking behavior and GERD.

Previous studies have indicated a significant genetic 
relationship between GERD and smoking. Twin stud-
ies suggest that genetic factors contribute up to 31% to 
the etiology of GERD-related symptoms [27]. Addition-
ally, there is a wide variation in individual susceptibil-
ity to tobacco, with maternal inheritance of tobacco 
preference being a key factor in nicotine addiction [28]. 
Our study aims to provide novel insights into this area. 

Firstly, we found that the locus chr2(p16.1) consistently 
takes precedence among the significantly associated gene 
loci between SI, NS, ES, and GERD. Notably, all smok-
ing behavior examined in this study exhibited significant 
associations with GERD within this loci. Furthermore, 
the loci chr18(q12.3) and chr11(q23.1- q23.2), identi-
fied as the most significantly associated loci between 
CPD, ASI, and GERD, also showed significant associa-
tions between all smoking behavior and GERD. These 
findings suggest that further research into these three 
leading loci is warranted, despite the lack of reported 
associations with smoking or GERD. Moreover, through 
a joint cross-trait GWAS meta-analysis, we identified 
eight novel pleiotropic SNPs mapping to six genes within 
the gene loci significantly associated with both smoking 
behavior and GERD. Among them, rs4382592, rs200968, 
and rs1510719 passed the co-localization analysis and 
mapped to MED27, HIST1H2BO, and MAML3 genes, 
respectively. Nicotine in tobacco can induce relaxation 
of the lower esophageal sphincter (LES) by blocking 

Fig. 4  Tissue-Specific Enrichment Diagram of SNP Heritability between SI, NS, ES, and GERD. Tissue-specific enrichment diagrams for smoking 
behavior (SI, NS, ES) and GERD, along with an illustration of co-enriched loci in the brain. The left blue dashed line represents the threshold 
for statistical significance (0.05), while the red dashed line represents the Bonferroni-corrected significance threshold (0.05/53 = 9.43E-04). 
Different colors annotate brain tissues with significant co-enriched loci after Bonferroni correction. A Blue font and solid lines represent brain 
tissues co-enriched between SI and GERD; B Orange-red font and solid lines represent brain tissues co-enriched between NS and GERD; C Yellow 
font and solid lines represent brain tissues co-enriched between ES and GERD. All brain tissues marked with “*” indicate sites enriched for all 
five smoking behavior and GERD, while “&” signifies tissues identified through summary data-based Mendelian randomization (SMR) analysis 
for potential functional genes, with these genes being annotated accordingly. SI: Smoking initiation; NS: Never Smoking; ES: Ever Smoking; GERD: 
Gastroesophageal reflux disease
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cholinergic receptors, leading to a decrease in LES pres-
sure [29], which results in a rapid decrease in LES pres-
sure shortly after smoking [30, 31]. The combination of 
lower baseline LES pressure and abnormally high rates 
of transient, non-swallow-related LES relaxation are the 
main reasons for gastric acid reflux [32]. The disruption 
of muscle tone caused by MED27 may play a role in the 
complex relationship between smoking behavior and gas-
troesophageal reflux, warranting further investigation. 
No association between HIST1H2BO, MAML3 (Mas-
termind Like Transcriptional Coactivator 3), and GERD 
or smoking has been found, with current reports focus-
ing on cancer [33, 34]. Although colocalization analysis 
did not further confirm the association between TRAF3 
(TNF Receptor Associated Factor 3), DRD2 (Dopamine 
Receptor D2), FOXP2 (Forkhead box protein P2), and 
GERD, they may have potential roles in the association 
between smoking behavior and GERD. For instance, 
DRD2 encodes a dopamine receptor, highly relevant 
to substance dependence. Current pharmacogenetic 
research suggests an association between the DRD2 gene 
and the response to smoking cessation medications, as 
well as smoking behavior itself [35], and we also look for-
ward to developing relevant medications for the preven-
tion or treatment of GERD.

Tissue-specific enrichment results demonstrate vary-
ing degrees of enrichment of all smoking behavior and 
GERD across different brain tissues, with the Cerebellum 
and Cortex being the most significant. We also identified 

RNF123, RBM6, and SUOX as potential functional genes 
in these brain tissues through SMR analysis between SI, 
NS, and GERD, with RBM6 also identified in the Nucleus 
accumbens enriched for SI and GERD, and GMPPB addi-
tionally identified in the Cerebellar Hemisphere region. 
These results suggest that smoking behavior might also 
influence GERD through effects on brain tissues, where 
the addiction mechanism of the Nucleus accumbens con-
cerning smoking is notable [36], potentially serving as a 
breakthrough in the association with GERD. The ongo-
ing development of the "brain-gut" axis in the field of 
psychogastroenterology greatly aids in understanding, 
developing, and treating chronic digestive diseases [37]. 
The integration between the gut and the exogenous auto-
nomic nervous system through excitatory vagal pathways 
and sympathetic nerve pathways is considered key to 
maintaining LES function [38], with some existing stud-
ies providing a basis for our results. For example, Shaker 
R [39] and Wang K [40] demonstrated increased insular 
cortex activity during esophageal stimulation in patients 
with GERD, indicating a sensitive esophageal-cortical 
neural axis. The significant impact of smoking on the 
neuroendocrine system may thus link smoking behavior 
and GERD through neural transmission disorders, mak-
ing related brain tissues of interest.

Our study has certain limitations. First, our data are 
derived from individuals of European descent, which, 
while reducing the impact of population stratification and 
genetic heterogeneity, may also limit the generalizability 

Fig. 5  Tissue-Specific Enrichment Diagram of SNP Heritability between CPD, ASI, and GERD. Tissue-specific enrichment diagrams for smoking 
behavior (CPD, ASI) and GERD, along with an illustration of co-enriched loci in the brain. The left blue dashed line represents the threshold 
for statistical significance (0.05), while the red dashed line represents the Bonferroni-corrected significance threshold (0.05/53 = 9.43E-04). Different 
colors annotate brain tissues with significant co-enriched loci after Bonferroni correction. A Green font and solid lines represent brain tissues 
co-enriched between CPD and GERD; B Pink font and solid lines represent brain tissues co-enriched between ASI and GERD. All brain tissues 
marked with “*” indicate sites enriched for all five smoking behavior and GERD. CPD: Cigarettes smoked per day; ASI: Age of smoking initiation; 
GERD: Gastroesophageal reflux disease
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Fig. 6   Mendelian randomization analysis between smoking behavior and GERD. Using “inverse variance weighting (IVW)” as the primary analysis 
method, with MR-eggr regression, weighted median (WM), weighted model, and generalized summary-data-based Mendelian randomization 
(GSMR) analysis as supplements. Since GSMR typically requires the number of instrumental variables (IVs) for exposure to be greater than 10, 
CPD and ASI were not included in this analysis. MR: Mendelian randomization; SI: Smoking initiation; NS: Never Smoking; ES: Ever Smoking; CPD: 
Cigarettes smoked per day; ASI: Age of smoking initiation; GERD: Gastroesophageal reflux disease..... 

Table 4  Sensitivity analysis of Mendelian randomization

SI Smoking initiation, NS Never Smoking, ES Ever Smoking, CPD Cigarettes smoked per day, ASI Age of smoking initiation, GERD Gastroesophageal reflux disease, 
MR-PRESSO Mendelian Randomization Pleiotropy RESidual Sum and Outlier

Exposure Outcome Cochran Q value Q-pval MR-Egger Intercept P-value MR-PRESSO
P-value

SI GERD 39.65 0.66 -5.14E-03 0.24 0.23

NS 52.56 0.04 -7.77E-03 0.07 0.0045

ES 119.96 2.65E-08 9.5E-03 0.06  < 2E-04

CPD 6.93 0.44 0.01 0.18 0.16

ASI 10.60 0.01 -0.02 0.49 0.07
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of our findings to other ethnicities. Additionally, this 
factor contributes to potential sample overlap; how-
ever, after multiple rounds of validation, there is reason 
to believe that sample overlap does not have a decisive 
impact on the study conclusions. Second, in the MR 
analysis of ES and GERD, GSMR results and IVW show 
inconsistency, possibly due to the introduction of HEIDI 
and reference to the 1000 Genomes Project, warranting 
further individual analysis in the future. Finally, due to 
limitations in the applicability of statistical methods, the 
analysis of SNPs on sex chromosomes was not included 
in this study, which could be further explored in future 
research to perform gender difference analyses.

Conclusion
In summary, we have identified significant global and 
local genetic correlations and causal relationships 
between five smoking behavior and GERD, with mul-
tiple associated loci identified, and further pinpointed 
three new pleiotropic SNPs and their mapped genes. 
Additionally, various brain tissues have been linked to 
both smoking behavior and GERD, with four potential 
functional genes identified in brain tissues specifically 
enriched for SI, NS, and GERD. These novel findings 
can help better elucidate the inherent genetic connec-
tions and shared genetic mechanisms between smoking 
behavior and GERD.
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