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Background: Atrial fibrillation (AF) and breast cancer pose significant risks to
human health. The reasons behind the concurrent occurrence of AF and breast
cancer remain unclear, leading to complex treatment approaches. Mendelian
Randomization (MR) analyses aim to offer genetic evidence supporting the
causation of AF and breast cancer and to investigate common druggable
genes associated with both conditions.

Methods: We used two-samples of MR to sequentially explore the causal
relationship between atrial fibrillation and breast cancer, and between atrial
fibrillation and breast cancer therapeutic drugs, and verified the stability of the
results through colocalization analysis. We utilized the Connectivity map
database to infer the direction of drug effects on disease. Finally, we explored
druggable genes that play a role in AF and breast cancer and performed a
Phenome-wide MR analysis to analyze the potential side effects of drug targets.

Results:We found 15 breast cancer therapeutic drugs that significantly support a
causal association between AF and breast cancer through expression in blood
and/or atrial appendage tissue. Among these, activation of ANXA5 by Docetaxel,
inhibition of EIF5A by Fulvestrant, and inhibition ofGNA12 by Tamoxifen increased
the risk of AF, while inhibition of ANXA5 by Gemcitabine and Vinorebine and
inhibition of PCGF6 by Paclitaxel reduced the risk of AF. Inhibition of MSH6 and
SF3B1 by Cyclophosphamide, as well as inhibition of SMAD4 and PSMD2 and
activation of ASAH1 and MLST8 by Doxorubicin can have bidirectional effects on
AF occurrence. XBP1 can be used as a common druggable gene for AF and breast
cancer, and there are no potential side effects of treatment against this target.

Conclusion: This study did not find a direct disease causality between AF and
breast cancer but identified 40 target genes for 15 breast cancer therapeutic
drugs associated with AF, clarified the direction of action of 8 breast cancer
therapeutic drugs on AF, and finally identified one common druggable target for
AF and breast cancer.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia
associated with heart failure, stroke, and death (Zoni-Berisso et al.,
2014). Studies have shown that the majority of deaths in patients
with AF are not due to arrhythmia but to concomitant complications
or comorbidities, including malignancy, and most oncological
therapies are also considered to be high-risk factors for
arrhythmia (Harbeck and Gnant, 2017; Bisbal et al., 2020). Breast
cancer is the most common malignancy in women and one of the
three most common cancers worldwide (Madnick and Fradley,
2022). Cardiovascular disease is increasingly becoming a
significant prognostic barrier for breast cancer patients
(Galimzhanov et al., 2023). Despite two mentions to cancer in
the 2020 ESC guidelines on treating and managing AF, little
guidance is provided for this area (Hindricks et al., 2021).
Disease coexistence in AF combined with breast cancer is
common, but the reasons for their coexistence are less well
explored and treatment is in limbo.

Currently, studies on the association between atrial
fibrillation and breast cancer are mainly based on
epidemiologic surveys or retrospective data statistics. Several
studies and meta-analyses have shown that the incidence of
atrial fibrillation is increased in patients with breast cancer,
and female patients with atrial fibrillation have an increased
risk of breast cancer. Still, the correlation between the two
diseases has not yet been established (Hung et al., 2019; Yun
et al., 2021; Guha et al., 2022; Yao et al., 2023). The increased
incidence of AF may be potentially associated with medications
related to cancer treatment in addition to the cancer itself
(Merino, 2022). Thus, there is no consistent conclusion as to
whether the increased incidence of AF is more related to cancer
itself or oncologic therapies. Since the evidence for these studies
is based on observational studies, it is not possible to prove a
causal relationship between them.

Advances in genetics have significantly shaped the pursuit of
causality. Mendelian randomization (MR), a genetic analysis,
employs Single-nucleotide polymorphisms (SNPs) from genome-
wide association studies (GWAS) as instrumental variables (IVs) to
establish causal links between exposures and outcomes. Genetic
variation due to random assignment of alleles makes the results less
susceptible to reverse causation and confounding bias (Davey Smith
and Hemani, 2014). Proteins are pivotal in diverse biological
processes and are key targets for drug development (Zheng et al.,
2020). Nelson et al. (2015) demonstrated that a protein drug target is
twice as likely to receive market approval if its link to disease is
supported by genetic association. In recent years, MR analysis has
been extensively applied in the development and repurposing of
drug targets. Within drug target MR studies, SNPs with significant
impacts on protein products within a specific genomic vicinity of the
target gene, such as expression quantitative trait loci (eQTLs) and
protein quantitative trait loci (pQTLs), serve as IVs in combination
with GWAS datasets related to the disease under investigation to
scrutinize the target’s genetic influence on the disease (Schmidt et al.,
2020). Currently, there are no extensive studies analyzing the
relationship between AF and breast cancer by systematic MR
analysis, nor are there drug-targeted MR analyses analyzing the
association between these two diseases and drugs, as well as

exploring potentially druggable genes that play a common role in
these two diseases.

In this study, we conducted systematic Mendelian
Randomization (MR) analysis utilizing eQTLs identified in blood
and atrial appendage tissues, coupled with genetic datasets related to
atrial fibrillation (AF) and breast cancer. We aimed to explore the
causal relationships and potential associations with drugs between
these two diseases and identify novel shared therapeutic targets.

Materials and methods

Study design

We performed the analysis by the following steps: 1) Analyze the
effect of breast cancer on the risk of AF using two-sample MR
analysis, and further perform colocalization analysis if a causal effect
exists to verify the robustness of the results. 2) The effect of 24 breast
cancer therapeutic drug targets on AF was analyzed using two-
sample MR analysis, and the results obtained were also subjected to
colocalization analysis. Then, we utilized the Connectivity-map
(C-map) dataset to infer the direction of drug effects on disease
risk from the obtained robust results. 3) Based on the druggable gene
data, two-sample MR and colocalization analyses were used to
explore the positive targets that play a role in AF and breast
cancer. Finally, Phenome-wide MR analysis was performed to
explore whether the resulting genes as drug targets were
accompanied by potential side effects. The process of this study
is shown in Figure 1.

The three core assumptions of MR were followed: 1) IVs are
strongly associated with exposure, 2) IVs are not associated with
potential confounders affecting the exposure-outcome interval, and
3) IVs affect outcomes only through exposure.

AF and breast cancer datasets

AF data were obtained from a large-scale GWAS meta-analysis
based on the Atrial Fibrillation Genetics (AFGen) consortium
results and the majority of the Broad AF Study (Broad AF),
which included over half a million individuals. We selected a
population of European ancestry from this database for our study
data, including 55,114 AF cases and 482295 control individuals
(Roselli et al., 2018). Breast cancer data were obtained from the
GWAS of 228,951 women of European ancestry provided by the
Breast Cancer Association Coalition (BCAC), including
122977 breast cancer cases (69,501 ER+ and 21,468 ER-) and
105974 control individuals (Michailidou et al., 2017). Breast
cancer data were stratified and analyzed for different
subcategories (total, ER+, ER-) (Supplementary Table S1).

Breast cancer treatment drug genetics and
druggable genes

GeneCards (V.5.19) is a human genes compendium that
integrates 466,053 gene data from 150 sources to provide
genomic, proteomic, transcriptomic, genetic, and functional
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information on all known and predicted human genes (Stelzer et al.,
2016). We selected 24 breast cancer therapeutic drugs based on the
guidelines, involving chemotherapy, endocrine therapy,
immunotherapy, and targeted therapy (Korde et al., 2021).
24 common breast cancer therapeutic drugs were entered
sequentially into the GeneGards website to find the targets of
these drugs, and eventually, the drug targets of these drugs were
summarized (Supplementary Table S2).

The Drug-Gene Interaction Database (DGIdb V.5.0.4)
summarizes drug-gene interactions from existing studies and
multiple drug-gene databases, and it includes 43 potentially
druggable gene categories and at least 30 interaction types as
defined by source datasets. A target is considered druggable if it
is categorized in the DRUGGABLE GENOME in the drug
information provided by DGIdb, and a total of 5,802 druggable
genes were identified in the DGIdb database (Cannon et al., 2024).

FIGURE 1
MR analysis and colocalization analysis process of the study. MR: Mendelian randomization, AF: Atrial fibrillation, BC: Breast cancer, BC(total/ER+/
ER-):Breast cancer (total cases, estrogen receptor positive, estrogen receptor negative), eQTL: Expression quantitative trait locus, IVs: Instrumental
variables, SNP: Single nucleotide polymorphism, MAF: Minor allele frequency; TSS: transcriptional start site; LD: Linkage disequilibrium; Pfdr: False
Discovery Rate corrected P-value; PP: Posterior probability, GTEx: Genotype-Tissue Expression project, eQTLGen: eQTLGen Consortium, C-map:
Connectivity map.
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Genetic datasets

Cis-eQTL are located within the region of the regulated gene
itself, such as the promoter and coding region of a gene, proximal to
the regulated gene (usually limited to within 1 Mb on either side of
the coding gene). The eQTL dataset used in this study was obtained
from the Genotype-Tissue Expression project (GTEx) Version eight
and the eQTLGen consortium. eQTL datasets were obtained from
the GTEx database by determining 15,201 RNA sequencing samples
extracted from 49 tissues from 838 postmortem donors (85% from
European populations) (Consortium, 2020). The eQTLGen data
result from a large-scale meta-analysis of up to 31,684 blood samples
from 37 eQTLGen consortium cohorts (Võsa et al., 2021). Most
drugs act through the blood, so we chose blood samples from two
consortia cis-eQTL as the IVs for our study. In addition, the atrial
appendage tissue was found to be the source of ectopic triggering
and reentrant atrial tachycardia in some patients with atrial
fibrillation. Its remodeling provides for the formation and
maintenance of AF drivers (Schuessler et al., 1993; Di Biase et al.,
2010). Therefore, we also selected cis-eQTL data of atrial appendage
tissue from GTEx to explore the tissue specificity of drug action.
Detailed links to the database have been placed in
Supplementary Table S1.

Principle of colocalization analysis

Colocalization analysis is used to test whether two phenotypes
share the same causal variant within a given region, which can
provide indicative evidence of overlapping genetic mechanisms
between two phenotypes. There are five hypotheses for
colocalization analysis:H0: all SNPs within an area are not
significantly associated with phenotype 1 and phenotype 2, H1/
H2: there are SNPs within a region that are significantly associated
with either phenotype 1 or phenotype 2, H3: there are SNPs within a
region that are significantly associated with both phenotype 1 and
phenotype 2, but they are different, and H4: there are SNPs within a
region that are significantly associated with both phenotype 1 and
phenotype 2, and they are the same SNPs (Giambartolomei
et al., 2014).

The causal relationship between atrial
fibrillation and breast cancer

We used R software and Two Sample MR code package
V.0.5.8 for analysis. First, breast cancer (total, ER+, ER-) GWAS
was used as an exposure, from which eligible SNPs were selected as
IVs based on the criterion that the p-value of the SNPs was <5 × 10−8.
First, breast cancer (total, ER+, ER-) GWAS were used as an
exposure, from which eligible IVs were selected based on the
criterion that the p-value of the SNP < 5 × 10−8. To avoid
linkage disequilibrium (LD) and to ensure independence, the
window of LD was set to 10,00 kb, r2 = 0.01 (based on
1,000 Genomes European Reference Panel) (Abecasis et al., 2012;
Michailidou et al., 2017). We removed SNPs that could not be
matched or had palindromic sequences. MR analyzed the filtered
IVs with AF GWAS data. The inverse variance weighting (IVW)

method was selected as the primary analysis method when there
were multiple SNPs, and the Wald ratio method was chosen as the
analysis method if there was only one SNP. Meanwhile, we
performed sensitivity analyses to test the reliability of the results,
using weighted median, weighted mode, MR-Egger regression, and
MR-PRESSO methods under different conditions (Burgess et al.,
2019). The presence of horizontal pleiotropy was determined based
on the MR-Egger regression intercept and MR-PRESSO outlier
correction (Bowden et al., 2015; Verbanck et al., 2018). The
presence of heterogeneity was assessed using Cochran’s Q
statistic, and the presence of heterogeneity was indicated when
the p-value was <0.05. In addition, the leave-one-out analysis was
performed by removing each SNP to assess the robustness of the MR
results further. The results were optimistic when the obtained
p-value was <0.05.

The obtained positive results were subjected to colocalization
analysis to verify the stability of the results. Based on the above
principles of colocation analysis, we selected a gene range of ±
1,000 kb as the region for colocalization analysis. We performed the
colocalization analysis on the obtained MR analysis results using the
R package COLOC V.5.2.3 and the prior probabilities P1 = 1 × 10−4,
P2 = 1 × 10−4, and P12 = 1 × 10−5. P1, P2 and P12 denote the
likelihood that the SNPs are significantly associated with the eQTL,
the disease (breast cancer or atrial fibrillation) or both, respectively.
The posterior probability (PP) and the likelihood of the five
hypotheses were calculated using the Bayesian test, and finally,
the results were visualized by Locus CompareR (Giambartolomei
et al., 2014; Liu B. et al., 2019).When PPH4 > 0.75 or PPH3+PPH4 >
0.8, it was considered as the target positive result of our study.

Effect of clinical therapeutic drugs for breast
cancer on atrial fibrillation

We used GeneCards to screen target genes for 24 breast cancer
therapeutic drugs. Then we selected cis-eQTL of these genes as IVs
from GTEx and eQTLGen, respectively, with the criteria of
p-value <5 × 10−8, distance from the transcriptional start site
(TSS) of each gene ± 100 kb, and MAF (minor allele
frequency) > 0.01 (Zhu et al., 2016; Consortium, 2020; Võsa
et al., 2021). GWAS of atrial fibrillation was used as an outcome,
integrating and analyzing eQTL data with GWAS data to determine
causality (Abecasis et al., 2012; Bowden et al., 2015; Burgess et al.,
2019). We corrected the results for multiple comparisons using a
false discovery rate (FDR) correction, which reduces the false-
positive rate, and a p-value (Pfdr) < 0.05 consistent with the
FDR correction was considered a positive result. Finally, we
performed colocalization analysis and indicated the results to be
robust when the resulting PPH4 > 0.75 or PPH3+PPH4 > 0.8.

Direction determination of drug-drug
target-disease effect

C-map is a linkage tool for discovering small molecules,
chemical and physiological processes that share mechanisms of
action as well as relationships between disease, genetic
perturbation, and drug action (Lamb et al., 2006). From the
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C-map database, we could obtain 1) changes in the expression levels
of genes after drug use and 2) connectivity scores for gene
overexpression and gene knockdown.

The connectivity score in the C-map database can be positive
(similar expression pattern) or negative (opposite expression
pattern). We set a C-map score > |90| as our outcome
criterion. Suppose the high expression of a gene is found to
increase the risk of atrial fibrillation, and a breast cancer
therapeutic drug is given with a pharmacologic effect similar
to the promotion of overexpression of that gene. In that case, it is
inferred that the drug increases the risk of atrial fibrillation in the
treatment of breast cancer. Conversely, if it is similar to knocking
down the expression of that risk gene, it is inferred that the drug
is expected to reduce the risk of AF and become a possible AF
therapeutic drug.

Exploring common drug targets in AF-
breast cancer

Based on the 5,802 druggable genes summarized in DGIdb, cis-
eQTL that met the criteria in GTEx and eQTLGen were selected as
IVs(p-value <5 × 10−8, distance from the transcriptional start site
(TSS) of each gene ± 100kb, and MAF (minor allele frequency) >
0.01), and breast cancer GWAS (total, ER+, ER-) were used as the
outcomes for two-sample MR analysis. Similarly, a two-sample MR
analysis was performed with the previously obtained positive targets
as exposures and AF GWAS as result. FDR correction and
colocalization analyses were performed on the results obtained,
and results meeting Pfdr <0.05 and PPH4 >0.75 or PPH3 +
PPH4 >0.8 were considered positive targets. The parameter
settings for two sample MR analysis and colocalization analysis
were as before.

Phenome-wide MR analysis

Considering the possibility of drug safety, we performed a
Phenome-Wide MR Analysis with the resulting AF-breast cancer
drug targets as exposures and the disease phenotypes summary data
as the outcomes to investigate whether the resulting targets used to
reduce the risk of AF and breast cancer were accompanied by
potential side effects. Disease phenotype data from the
United Kingdom biobank contained 408,961 participants
with >1,400 binary phenotypes. Due to statistical efficacy, we
filtered phenotypes with cases <500 and ultimately included
783 disease phenotype data (Zhou et al., 2018). The selection of
IVs, setting parameters, and criteria for validation of results were
consistent with the preliminary analysis.

Results

Impact of breast cancer risk on AF incidence

We did not find MR evidence of a causal association between
genetic predisposition to breast cancer (total, ER+, ER-) and the
occurrence of AF (OR: 0.99,95% CI, 0.97–1.02, P = 0.58, OR:

1.01,95% CI,0.98–1.04, P = 0.42, OR:0.99,95%CI, 0.94–1.04, P =
0.62). (Supplementary Tables S3–S5).

Effect of breast cancer therapeutic drugs on
the risk of atrial fibrillation

Using GeneCards, we screened 7,568 drug target genes for
24 breast cancer therapeutic drugs. After two-sample MR analysis
and colocalization analysis, we obtained 40 positive results (PPH4 >
0.75 or PPH3+PPH4 > 0.8): GTEx (blood): 11, GTEx (atrial
appendage tissue):12,eQTLGen: 17 (Table 1; Figure 2). According
to statistical principles, in the results of Pfdr < 0.05 obtained from
theMR analysis of the drug target and AF, OR > 1 was categorized as
having a pro-AF occurrence effect, and OR < 1 as having an AF-
protective effect. Of these, 23 targets were statistically correlated
with the occurrence of atrial fibrillation, and 14 targets had AF-
protective effects. Categorizing the targets showed that 15 drugs
affected AF by each passing through several targets (Table 2). Our
MR analysis did not identify an additional nine drugs that affected
AF (Supplementary Tables S6–S10).

Exploring the direction of breast cancer
therapeutics acting on AF

Based on the C-map database, we obtained the direction of
action and connectivity map score (C-map score >|90|) of eight
breast cancer therapeutic drugs on 10 target genes and then explored
the effects of these drugs on AF. (Table 3) seven targets that are risk
targets for causing the development of AF, and we visualized their
colocalization results with AF (Figure 3). Activation of ANXA5 by
Docetaxel (score:91.44), inhibition of EIF5A by Fulvestrant (score:
94.15), and inhibition of GNA12 by Tamoxifen (score:93.41)
increased the risk of AF. Inhibition of ANXA5 by Gemcitabine
(score:98.78) and Vinorebine (score:94.29) and inhibition of
PCGF6 by Paclitaxel (score:98.70) reduced the risk of AF.
Among them, Tamoxifen can act through the target of atrial
appendage tissue, and the rest of the drugs act through blood
circulation. In addition, since multiple targets in different tissues
can be acted upon, we found that Cyclophosphamide increased the
risk of AF when it inhibited MSH6(score:93.04) via blood and atrial
appendage tissue. At the same time, it reduced the risk of AF when it
inhibited SF3B1(score:90.13) via blood. The use of Doxorubicin also
had effects on AF in different directions, reducing the risk of AF by
circulatory inhibition of SMAD4 (score:95.60) and activation of
ASAH1 (score:94.57) and reducing the risk of AF by inhibition of
PSMD2(score:94.04) via the bloodstream and atrial appendage
tissue, and by activation of MLST8 (score:90.99) via the
bloodstream increasing the risk of AF (Supplementary Table S10).

Atrial fibrillation and breast cancer common
druggable targets

The cis-eQTL of 5,802 druggable genes were screened from
GTEx and eQTLGen, respectively. Two-sample MR analysis was
performed with druggable genes and breast cancer GWAS (total,

Frontiers in Pharmacology frontiersin.org05

Qi et al. 10.3389/fphar.2024.1435545

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1435545


TABLE 1 Colocalization analysis of positive MR results.

Outcome eQTL datasets Gene No.of SNPs PPH0 PPH1 PPH2 PPH3 PPH4

AF GTEx (blood) ANXA5 746 6.91E-48 1.65E-01 4.82E-49 1.07E-02 8.24E-01

AP3B1 791 6.95E-13 1.77E-01 6.48E-14 1.57E-02 8.07E-01

ASAH1 2,015 1.48E-93 9.03E-12 1.64E-82 1.00E+00 3.85E-11

EIF5A 373 2.92E-08 5.14E-02 5.88E-08 1.03E-01 8.46E-01

MLST8 450 6.09E-13 6.11E-04 9.92E-10 9.95E-01 3.95E-03

PSMD2 661 5.38E-16 1.22E-01 1.87E-15 4.24E-01 4.54E-01

SYNGR3 471 6.48E-16 1.11E-07 5.86E-09 1.00E+00 1.02E-06

MICB 5,195 4.52E-35 5.55E-02 3.05E-34 3.74E-01 5.71E-01

NUCKS1 495 6.93E-08 3.16E-03 1.67E-05 7.61E-01 2.36E-01

SLC1A4 459 2.18E-08 1.95E-01 1.63E-09 1.39E-02 7.91E-01

POLR1A 1,050 8.76E-08 1.07E-01 4.27E-07 5.23E-01 3.70E-01

GTEx (atrial appendage tissue) GNA12 698 4.73E-05 3.81E-03 1.15E-03 9.18E-02 9.03E-01

MSH6 777 7.99E-06 1.23E-01 1.23E-06 1.81E-02 8.59E-01

TCF21 569 1.69E-05 7.38E-02 1.82E-05 7.85E-02 8.48E-01

EIF5A 740 5.22E-18 9.06E-02 1.39E-17 2.40E-01 6.69E-01

ARF4 1,018 2.85E-05 1.98E-01 3.15E-05 2.19E-01 5.82E-01

ERBB2 669 2.54E-05 3.01E-02 2.36E-04 2.80E-01 6.89E-01

NEURL4 422 1.26E-05 1.94E-01 2.64E-05 4.04E-01 4.02E-01

PCCB 1,173 3.12E-09 7.81E-02 3.06E-09 7.56E-02 8.46E-01

PLAU 896 6.37E-23 3.69E-20 1.72E-03 9.97E-01 8.75E-04

PSMD2 447 1.29E-05 1.18E-01 4.49E-05 4.11E-01 4.71E-01

ECE2 692 9.50E-11 1.57E-01 3.42E-10 5.65E-01 2.78E-01

EFNB3 361 5.19E-06 8.37E-04 6.15E-03 9.91E-01 2.40E-03

eQTLGen ENSG00000115524 1,855 9.86E-50 4.49E-02 1.29E-48 5.87E-01 3.68E-01

ENSG00000115541 1,095 7.75E-17 4.63E-02 8.40E-16 5.01E-01 4.52E-01

ENSG00000115548 1,205 1.76E-30 4.42E-05 3.98E-26 1.00E+00 4.02E-04

ENSG00000138069 464 2.68E-17 3.02E-14 3.85E-04 4.34E-01 5.65E-01

ENSG00000141646 1,285 2.05E-87 3.50E-02 8.08E-87 1.37E-01 8.28E-01

ENSG00000125686 1,624 1.46E-68 6.57E-02 1.45E-67 6.52E-01 2.82E-01

ENSG00000156374 1,630 5.30E-85 5.07E-41 1.05E-44 1.00E+00 1.91E-40

ENSG00000103657 2,149 1.26E-59 1.63E-03 6.69E-57 8.60E-01 1.38E-01

ENSG00000132676 1,588 1.09E-163 4.01E-51 2.70E-113 1.00E+00 1.80E-50

ENSG00000175898 579 2.80E-44 1.93E-01 1.25E-45 7.82E-03 7.99E-01

ENSG00000129245 471 5.00E-09 4.43E-06 1.13E-03 9.99E-01 1.34E-04

ENSG00000129194 752 3.60E-13 3.16E-06 1.14E-07 1.00E+00 1.68E-05

ENSG00000165244 765 2.28E-10 1.32E-02 3.17E-09 1.83E-01 8.04E-01

ENSG00000116062 2,689 6.69E-241 1.50E-01 4.11E-241 9.15E-02 7.58E-01

ENSG00000055118 1,302 2.99E-71 3.28E-06 4.86E-67 5.24E-02 9.48E-01

(Continued on following page)
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ER+, ER-), and the results were analyzed with AF GWAS to obtain
MR co-positive results. The co-positive results were then analyzed
by colocalization with breast cancer GWAS and AF GWAS,
respectively. The targets that colocalized positively with both
diseases were selected as the final results (Supplementary Tables
S11–S15). Two positive targets, XBP1 and NAGLU, were obtained
based on the eQTLGen in the analysis of AF and breast cancer (total)
(Figure 4). Among them, XBP1 had a genetically promoted
incidence for both AF (OR = 1.07, 95% CI, 1.03–1.11, Pfdr =
0.004, PPH3+PPH4 = 0.90) and breast cancer (OR = 1.11,95%CI,
1.08–1.14, Pfdr = 2.41 × 10−8, PPH3+PPH4 = 1.00), NAGLU had a
pro-incidence effect on AF (OR = 1.16,95%CI, 1.07–1.27, Pfdr =

0.005, PPH3+PPH4 = 0.81) and a protective effect on breast cancer
(OR = 0.82,95%CI, 0.76–0.89, Pfdr = 0.001, PPH3+PPH4 = 1.00). In
performing the analysis of AF with breast cancer (ER+), WNT3 and
XBP1 were obtained based on eQTLGen. (Figure 4) WNT3 was
associated with a risk of promoting the development of atrial
fibrillation (OR = 1.20,95%CI, 1.07–1.35, Pfdr = 0.023,
PPH3+PPH4 = 0.92), and was associated with a risk of
protecting against breast cancer (OR = 0.79,95%CI, 0.70–0.89,
Pfdr = 0.024, PPH3+PPH4 = 0.99), and XBP1 similarly had a
promotional effect on the occurrence of atrial fibrillation (OR =
1.07,95%CI, 1.03–1.11, Pfdr = 0.005, PPH3+PPH4 = 0.90) and ER +
breast cancer (OR = 1.07,95%CI, 1.03–1.11, Pfdr = 0.032,

TABLE 1 (Continued) Colocalization analysis of positive MR results.

Outcome eQTL datasets Gene No.of SNPs PPH0 PPH1 PPH2 PPH3 PPH4

ENSG00000122882 2,449 0.00E+00 5.32E-21 3.75E-300 1.00E+00 1.30E-18

ENSG00000114450 917 1.14E-38 9.50E-04 1.20E-35 9.98E-01 1.22E-03

MR:mendelian randomization, AF:Atrial fibrillation, GTEx:Genotype-Tissue Expression project, eQTL:expression quantitative trait locus,No.of SNPs:Number of SNPs,PP:Posterior

probability.

FIGURE 2
Forest plots of causal associations between AF and breast cancer treatment drugs. MR: Mendelian randomization, No. Of SNPs: Number of SNPs, OR: Odd
ratio, CI: Confidence interval, Pfdr: False discovery rate corrected P-value, GTEx: Genotype-Tissue Expression project, eQTLGen: eQTLGen Consortium.
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TABLE 2 Positive results of breast cancer treatment drugs on atrial fibrillation.

Drugs Outcome Targets Total Criteria

GTEX (blood) GTEX (atrial appendage
tissue)

eQTLGen

Cisplatin Atrial
fibrillation

ANXA5,ASAH1,NUCKS1,POLR1A TCF21,EIF5A,ARF4,NEURL4,PCCB SF3B1,HSPE1,KDM3A,RAB1A,MED1, S1PR2,SOX15,KCNH2,ECD 18 Pfdr < 0.05,
Q-pval >
0.05,

Pleiotropy-
pval > 0.05,
PPH4 >
0.75 or
PPH3 +

PPH4 > 0.8

Tamoxifen ANXA5,EIF5A GNA12,EIF5A,ECE2 KDM3A,SMAD4,MED1,PCGF6,HERC1,FXR2,ZNF367,KCNH2,ECD,GNB4 15

Doxorubicin ANXA5,ASAH1,MLST8,PSMD2,SLC1A4 GNA12,PSMD2,EFNB3 SF3B1,HSPE1,SMAD4,DAP3,KCNH2 13

Paclitaxel ANXA5,AP3B1,ASAH1,SYNGR3,NUCKS1,SLC1A4 SMAD4,PCGF6,SOX15,KCNH2 10

Gemcitabine ANXA5,ASAH1,EIF5A,MICB MSH6,EIF5A,ERBB2,PLAU SMAD4,MSH6 10

Fulvestrant EIF5A,MICB, POLR1A EIF5A,ERBB2,PLAU MED1,FXR2,GNB4 9

Docetaxel ANXA5,ASAH1 MSH6,ERBB2,PLAU MSH6 6

Capecitabine MSH6,ERBB2,PLAU SMAD4,MED1,MSH6 6

Cyclophosphamide ANXA5 MSH6,ERBB2,PLAU SF3B1,MSH6 6

Trastuzumab ANXA5 SF3B1,KCNH2 3

Vinorelbine,
Epirubicin

ANXA5 1

Neratinib,
Palbociclib,Letrozole

ERBB2 1

MR:mendelian randomization, GTEx:Genotype-Tissue Expression project, Pfdr:False discovery rate corrected P-value, Q-pval:The p-value of Cochran’s Q, Pleiotropy-pval:The p-value for horizontal pleiotropy, PP:Posterior probability.
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TABLE 3 Directional assessment of the impact of target genes of breast cancer therapeutics on atrial fibrillation.

Drugs Targets Outcome eQTL
datasets

Method No.of
SNPs

OR
(95%CI)

Pfdr PPH3 PPH4 PPH3 +
PPH4

Perturbagen
Type

Connectivity
score

Docetaxel ANXA5 Atrial
fibrillation

GTEx (blood) Wald ratio 1 1.08
(1.04–1.12)

3.35E-02 1.07E-02 8.24E-01 8.35E-01 Gene Over-Expression 91.44

Fulvestrant EIF5A GTEx (blood) Wald ratio 1 1.27
(1.13–1.44)

3.35E-02 2.40E-01 6.69E-01 9.09E-01 Gene Knock-Down −94.15

Tamoxifen GNA12 GTEx
(atrial appendage

tissue)

Wald ratio 1 0.84
(0.77–0.91)

2.64E-02 8.90E-01 7.38E-02 9.64E-01 Gene Knock-Down 93.41

Gemcitabine ANXA5 GTEx (blood) Wald ratio 1 1.08
(1.04–1.12)

3.35E-02 1.07E-02 8.24E-01 8.35E-01 Gene Knock-Down 98.78

Vinorelbine ANXA5 GTEx (blood) Wald ratio 1 1.08
(1.04–1.12)

3.35E-02 1.07E-02 8.24E-01 8.35E-01 Gene Knock-Down 94.29

Paclitaxel PCGF6 eQTLGen Wald ratio 1 1.16
(1.07–1.24)

3.13E-02 1.00E+00 1.91E-40 1.00E+00 Gene Knock-Down 98.70

Cyclophosphamide MSH6 GTEx
(atrial appendage

tissue)

Wald ratio 1 0.86
(0.80–0.93)

2.64E-02 1.81E-02 8.59E-01 8.77E-01 Gene Knock-Down 93.04

MSH6 eQTLGen Inverse-variance
weighted

7 0.93
(0.89–0.96)

4.48E-02 9.15E-02 7.58E-01 8.50E-01 Gene Knock-Down 93.04

SF3B1 eQTLGen Wald ratio 1 1.27
(1.13–1.43)

2.62E-02 5.87E-01 3.68E-01 9.55E-01 Gene Knock-Down 90.13

Doxorubicin SMAD4 eQTLGen Wald ratio 1 1.20
(1.10–1.32)

2.62E-02 1.37E-01 8.28E-01 9.65E-01 Gene Knock-Down 95.60

ASAH1 GTEx (blood) Wald ratio 1 0.92
(0.88–0.96)

3.35E-02 1.00E+00 3.85E-11 1.00E+00 Gene Over-Expression 94.57

PSMD2 GTEx (blood) Wald ratio 1 1.20
(1.09–1.32)

3.35E-02 4.11E-01 4.71E-01 8.82E-01 Gene Knock-Down 94.04

MLST8 GTEx (blood) Wald ratio 1 1.23
(1.11–1.36)

3.35E-02 9.95E-01 3.95E-03 9.99E-01 Gene Over-Expression 90.99

eQTL:expression quantitative trait locus, GTEx:Genotype-Tissue Expression project,No.of SNPs:Number of SNPs,OR:Odd ratio,CI:Confidence interval, Pfdr:False discovery rate corrected P-value,PP: posterior probability.
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PPH3+PPH4 = 1.00). In GTEx (atrial appendage tissue), we obtained
the WNT3 target, which had a similar promotional effect on the
development of AF (OR = 1.06, 95% CI, 1.02–1.10, Pfdr = 0.035,
PPH3+PPH4 = 0.98) and breast cancer (OR = 0.93, 95% CI, 0.90–0.97,
Pfdr = 0.017, PPH3+PPH4 = 1.00) were consistent with the previous
findings (Figure 4). We did not findMR evidence for targets that play a
role in AF and breast cancer (ER-) (Table 4).

XBP1 was analyzed using C-map, which suggested the presence
of 202 drugs that inhibit XBP1 expression (score:|>90|) with a
similar effect as knockdown of the gene, which could reduce the

risk of AF and breast cancer (total, ER+) (Supplementary Table S16).
However, drug-gene information for NAGLU and WNT3 has not
been obtained from C-map.

Phenome-wide MR analysis of AF- breast
cancer druggable gene

We performed Phenome-wide MR Analysis of XBP1 with
783 non-AF, non-breast cancer phenotypes (Supplementary

FIGURE 3
Visualization of the results of colocalization analysis of breast cancer therapeutic drug targets and AF occurrence. The plot on the left represents the
distribution of SNPs in eQTL and GWAS at -log10(p), and the two plots on the right represent the distribution of SNPs in eQTL and GWAS, respectively. AF:
Atrial fibrillation, r2: degree of association between SNPs and top SNPs. (A) colocalization analysis of ANXA5 and AF (B) colocalization analysis of EIF5A and
AF (C) colocalization analysis of MLST8 and AF (D) colocalization analysis of PSMD2 and AF (E) colocalization analysis of SF3B1 and AF (F)
colocalization analysis of SMAD4 and AF (G) colocalization analysis of PCGF6 and AF.

FIGURE 4
Forest plot of AF-BC druggable target exploration results. AF: Atrial fibrillation, BC: Breast cancer, BC(ER+):Breast cancer estrogen receptor positive,
No. Of SNPs: Number of SNPs, OR: Odd ratio, CI: Confidence interval, Pfdr: False discovery rate corrected P-value, GTEx: Genotype-Tissue Expression
project, eQTLGen: eQTLGen Consortium.
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TABLE 4 Results of MR analysis and colocalization analysis of atrial fibrillation-breast cancer druggable genes.

Outcomes Target eQTL datasets MR analysis (Inverse-variance weighted/Wald ratio) Colocalization analysis

Method No.of SNP OR (95%CI) Pfdr Q-pval Pleiotropy-pval PPH3 PPH4 PPH3+PPH4

BC(total) XBP1 eQTLGen Inverse-variance weighted 13 1.11 (1.08–1.14) 2.41E-08 3.84E-01 5.95E-01 1.00E+00 1.00E-23 1.00E+00

AF Inverse-variance weighted 14 1.07 (1.03–1.11) 4.42E-03 1.09E-01 4.86E-01 1.22E-01 7.73E-01 8.96E-01

BC(total) NAGLU eQTLGen Inverse-variance weighted 3 0.82 (0.76–0.89) 1.50E-03 4.54E-01 5.62E-01 8.54E-01 1.45E-01 1.00E+00

AF Inverse-variance weighted 2 1.16 (1.07–1.27) 5.49E-03 2.82E-01 NA 3.15E-02 7.75E-01 8.06E-01

BC(ER+) XBP1 eQTLGen Inverse-variance weighted 13 1.07 (1.03–1.11) 3.17E-02 2.29E-01 8.07E-01 1.00E+00 2.02E-19 1.00E+00

AF Inverse-variance weighted 14 1.07 (1.03–1.11) 4.68E-03 1.09E-01 4.86E-01 1.22E-01 7.73E-01 8.96E-01

BC(ER+) WNT3 eQTLGen Wald ratio 1 0.79 (0.70–0.89) 2.38E-02 NA NA 9.35E-01 5.84E-02 9.93E-01

AF Wald ratio 1 1.20 (1.07–1.35) 2.26E-02 NA NA 8.95E-01 2.67E-02 9.22E-01

BC(ER+) WNT3 GTEx (atrial appendage tissue) Wald ratio 1 0.93 (0.90–0.97) 1.70E-02 NA NA 9.88E-01 1.10E-02 9.99E-01

AF Wald ratio 1 1.06 (1.02–1.10) 3.45E-02 NA NA 9.59E-01 1.82E-02 9.77E-01

MR:Mendelian randomization,ER+: Estrogen receptor positive, eQTL:expression quantitative trait locus,No.of SNPs:Number of SNPs,OR:Odd ratio,CI:Confidence interval, Pfdr:False discovery rate corrected P-value, Qpval:The p-value of Cochran’s Q, Pleiotropy-pval:

The p-value for horizontal pleiotropy,PP:Posterior probability,NA:not available.
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Table S17). Using the IVW method, we identified a genetic causal
effect of XBP1 on three diseases other than AF and breast cancer
(Figure 5). With the high expression of XBP1 in blood, it may
increase mood disorders (OR = 1.12,95%CI, 1.07–1.18,Pfdr =
0.003),depression (OR = 1.11,95%CI, 1.05–1.17,Pfdr = 0.019) and
endocarditis (OR = 1.58,95%CI, 1.29–1.94,Pfdr = 0.003) risk of
develop-ment. Thus, the risk of developing each of these genetically
linked disorders was reduced when XBP-1 was inhibited with the
drug without potential side effects.

Discussion

After large-scale MR analysis and screening, we found that the
correlation between atrial fibrillation and breast cancer is not
directly caused by susceptibility between the diseases but rather a
causal association established by drugs. We obtained 40 drug targets
(23 risk targets and 14 protective targets) for the effects of breast
cancer therapeutics on AF. Combined with the C-map database, it
was shown that activation of ANXA5 by Docetaxel, inhibition of
EIF5A by Fulvestrant, and inhibition of GNA12 by Tamoxifen
increased the risk of AF. In contrast, inhibition of ANXA5 by
Gemcitabine and Vinorebine and inhibition of PCGF6 by
Paclitaxel reduced the risk of AF. As it can act on multiple
targets in different tissues, inhibition of MSH6 and SF3B1 by
Cyclophosphamide, as well as inhibition of SMAD4 and
PSMD2 and activation of ASAH1 and MLST8d by Doxorubicin
can have bidirectional effects on AF. In addition, we identified
XBP1 as a druggable gene that reduces the risk of AF and breast
cancer, and treatment against this target may also reduce
other diseases.

The ANXA5 protein, which plays a role in the cell cycle, anti-
inflammation, anticoagulation, signaling, and oncology, is encoded

by the Annexin A5 (ANXA5) gene (Gerke and Moss, 2002). This
gene is currently approved as a target for antitumor drug action
(Cannon et al., 2024). Our study suggests a positive correlation
between the ANXA5 gene and the occurrence of atrial fibrillation.
The ANXA5 protein is one of the membrane-associated proteins
with the highest content in cardiac myocytes, primarily located in
the T-tubules and sarcomeres of cardiac myocytes. Additionally, this
protein is detected in atrial granules and plays a role in regulating the
secretion of atrial natriuretic peptide (ANP) (Doubell et al., 1991;
Benevolensky et al., 2000). The irregular contraction of the atria due
to AF can cause an increase in the level of ANP, while higher levels of
ANP cause increased fibrosis in the atria, which in turn causes the
maintenance and recurrence of AF (Büttner et al., 2018; van den
Berg et al., 2019). Therefore, we hypothesized that the regulation of
ANP secretion level is one of the mechanisms by which the
ANXA5 gene mediates the development of AF. In addition, the
studies have approved that the process of cardiomyocyte apoptosis
and myocardial systolic dysfunction involves the role of ANXA5 in
regulating of sodium-calcium exchanger 1 (NCX1) activity in
cardiomyocytes (Song et al., 1998; Benevolensky et al., 2000;
Ravassa et al., 2007; Tritsch et al., 2013). Studies have indicated
that dysfunction of NCX1, ryanodine receptor type 2 (RyR2)
receptor dysfunction in cardiomyocytes leading to dysregulation
of Ca2+ homeostasis will further cause mitochondrial dysfunction,
defects in excitation-contraction coupling in cardiomyocytes, which
will contribute to the development and maintenance of AF and HF
(Lompré et al., 2010; Dridi et al., 2020). Therefore, we hypothesized
that the regulation of NCX1 by ANXA5 induces an imbalance of
Ca2+ metabolism as an additional mechanism causing AF, and it
was hypothesized that ANXA5 could be used as one of the mediators
to study the association between AF and HF. Although the current
study suggests that the ANXA5 protein has an anti-inflammatory
effect, this property is mainly caused by recombinant exogenous

FIGURE 5
Manhattan plot of the whole phenotype MR results of XBP1. 783 disease phenotypes with case numbers ≥500 were included in the analyses, and
these phenotypes were grouped into 17 categories based on disease type. Positive results of the Phenome-wide MR analysis of XBP1 with 783 disease
phenotypes were found to be Pfdr < 0.05. Vertical coordinates indicate the p-value of the whole phenotype MR results. A dot represents a disease trait,
and different colors/dot patterns indicate different disease classifications.
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membrane-associated protein A5 and is not necessarily shared with
cellular membrane-associated protein A5 (Camors et al., 2005).
Therefore, more direct studies on the relationship between AF
and ANXA5 are necessary.

The mother Against Decapentaplegic Homolog 4 (SMAD4)
gene is now widely approved as a therapeutic target for oncology
drugs (Zhao et al., 2018; Cannon et al., 2024). The SMAD4 protein is
a TGF-β signaling pathway co-mediator SMAD (co-Smad) encoded
by the SMAD4 gene and distributed throughout the cytoplasm, and
may be involved in the signaling of all TGF-β cytokines. TGF-β is a
potent stimulator of collagen production by cardiac fibroblasts, and
elevated serum TGF-β levels in patients with AF, as well as increased
levels of both TGF-β itself and downstream Smad4 with prolonged
duration of AF, allow myocardial fibroblasts to proliferate and
promote collagen synthesis, which in turn exerts a pro-fibrotic
effect on the atria (Schwarte-Waldhoff and Schmiegel, 2002; Li
et al., 2008; Gramley et al., 2010). Atrial structural remodeling
caused by myocardial fibrosis is the pathological basis of AF
development (Jalife and Kaur, 2015). Our study confirmed that
SMAD4 is genetically associated with AF development, which is
consistent with the findings of the currently available research
evidence. Therefore, we hypothesized that the TGF-β/
smad4 signaling pathway, one of the key growth signaling pathways
in cardiac fibrosis, is one of the mechanisms that contribute to the
development andmaintenance of AF by promotingmyocardial fibrosis.

Mutations in the splicing factor 3B subunit 1(SF3B1) gene
located on the long arm of chromosome 2 (2q33.1) can play a
role in the pathogenesis of hematologic tumors, breast cancer, and
other tumors by affecting cellular functions and pathways
(hemoglobin production, mitochondrial metabolism, and NF-KB
pathway, etc.) (Visconte et al., 2012; Zhou et al., 2020; Liu et al.,
2021) it has also been approved as a target for antitumor drugs
(Cannon et al., 2024). There is still little research evidence on the
association of SF3B1 with AF. Still it has been mentioned that clonal
hematopoiesis (CHIP) due to SF3B1-containing mutations is closely
associated with a pro-inflammatory state and is a novel risk factor
for various cardiovascular diseases, including AF (Marnell et al.,
2021; Calvillo-Argüelles et al., 2022). Therefore, we hypothesized
that SF3B1 mutation-induced immune and inflammatory disorders
causing tumor susceptibility may also cause AF development.

Based on the current findings, we have proposed speculations on
the target mechanisms that trigger atrial fibrillation (AF). In
addition, a few targets were found to be closely related to the
occurrence of AF. Among them, the eukaryotic translation
initiation factor 5A (eIF5A), a pro-translational protein encoded
by the eIF5A gene, is closely related to cellular metabolism,
proliferation, differentiation, aging, and mitochondrial function
(Barba-Aliaga and Alepuz, 2022; Tan et al., 2010). Studies have
confirmed that in an in vitro model of malaria infection prepared
from human cardiomyocytes, treatment with the inhibitor
GC7 reduces the expression level of eIFA5, thereby decreasing
the activity of the pro-inflammatory and pro-apoptotic factor,
caspase-1, and effectively preventing cardiac injury (Kaiser et al.,
2020). The protein encoded by the Polycomb group ring finger 6
(PCGF6) gene, also known as Multivariant binomial logistic
regression (MBLR), is an essential regulator of embryonic stem
cell pluripotency and induced pluripotent stem cell (iPSC)
reprogramming at the transcriptional level (Zdzieblo et al., 2014).

The protein encoded by the PSMD2 gene is one of the important
subunits of the 26S proteasome, which plays an important role in
protein hydrolysis in the ubiquitin-proteasome system (UPS) (Xiong
et al., 2018). Our study suggests that PSMD2 gene expression in cardiac
ear tissues and blood is genetically susceptible to AF. The protein
encoded by themammalian lethal with SEC13 protein 8 (MLST8) gene,
also known as G protein beta subunit-like (GBL), promotes tumor cell
growth and development by regulating mTOR (mechanistic target of
rapamycin) signaling and thus does not significantly affect normal cell
growth (Kakumoto et al., 2015). Previous studies have only mentioned
that MLST8 can mediate hypertrophic cardiomyocyte growth and
survival by forming mechanistic target of rapamycin complex 2
(mTORC2) (Balasubramanian et al., 2009). Given that research
evidence on the relevance of these genes to cardiovascular disease is
still limited and lacks tissue specificity for disease susceptibility,
extensive experimental studies are still needed to explore the
mechanisms underlying their relevance to AF.

In addition to this, we identified three possible targets for AF
protection. The N-acylsphingosine amidohydrolase 1 (ASAH1)
gene encodes the acidic ceramidase ASAH1, a glycoprotein with
hydrolytic properties, which often acts on the hydrolysis process of
ceramide (Cer) to regulate the intracellular homeostasis of Cer and
maintain cellular healthy growth (Sugano et al., 2019). Our study
provides genetic evidence that ASAH1 gene expression can avoid AF
development and that oxidative stress response and inflammatory
response have been previously proposed as possible mechanisms for
AF development (Rudolph et al., 2010; Hu Y-F. et al., 2015).
Therefore, we hypothesized that ASAH1’s role in counteracting
cellular oxidative stress and inflammatory regulation is one of the
mechanisms to avoid AF occurrence. However, in a study that also
explored the mechanisms linking genome-wide association loci to
AF risk, ASAH1 was associated with AF susceptibility (Hsu et al.,
2018), which is contrary to our findings. It is important to note that
the genes for this study were extracted from the left atrial appendage
tissue of bi-ethnic subjects from European populations and African
Americans. In contrast, our findings, derived from blood tissues and
European populations, also did not explore the association of
ASAH1 with AF from atrial appendage tissue. Therefore, we
hypothesize that tissue specificity of populations and gene
expression may contribute to differences in disease susceptibility.

GNA12 encodes a protein belonging to the G12 family of G
protein α-subunits, which acts as a signaling molecule in several
physiological processes such as anti-inflammatory in cells
(Strathmann and Simon, 1991; Yu and Liu, 2023). Given the
microenvironmental basis of having an inflammatory
environment and macrophage recruitment leading to disease
development, we hypothesized that the mechanism by which
GNA12 reduces the development of AF has some connectivity to
its anti-inflammatory effects (Hu Y-F. et al., 2015; Hulsmans et al.,
2023). Notably, GNA12 target was found in the atrial appendage
tissue, suggesting tissue specificity in the heart for its action. The
MSH6 gene, located on the short arm of chromosome 2, has intrinsic
ATPase activity and participates in single base mismatch and
insertion-deletion loop repair (Hargreaves et al., 2010). Our study
obtained genetic evidence for the protective effect of
MSH6 expression against AF in atrial appendage tissue and the
blood system. However, the association of MSH6 with
cardiovascular disease is still poorly explored, and we cannot
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speculate whether the possible mechanisms of action are similar to
the mechanisms above of tumorigenesis.

X-box binding protein 1 (XBP1) encoded by the XBP1 gene is a
unique basic-region leucine zipper (bZIP) transcription factor
whose expression level is controlled by endoplasmic reticulum
(ER) homeostasis and selective shear response activated (Ono
et al., 1991; Wang et al., 2015). The XBP1 gene is currently
approved as a drug target for antipsychotic and antimotor
disorders in both Fluspirilene and Pimozide (Cannon et al.,
2024). We also obtained the result that XBP1 increased the
occurrence of psychiatric disorders and depression by Phenome-
wide MR Analysis (Cannon et al., 2024). XBP1 promotes tumor cell
proliferation and metastasis by modulating immune responses,
influencing cell growth and metabolism, and contributing to
angiogenesis (Chen et al., 2020). Several studies have confirmed
the close association between XBP1 and breast cancer, especially ER-
positive breast cancer, which is consistent with our findings. It was
noted that XBP1 is highly expressed in dendritic cells (DCs) and is
involved in NF-KB signaling, contributing to the IRE1α-XBP1-cMyc
axis and the IRE1-XBP1 signaling pathway, and accelerating the
expression of Rab9(a small GTPase) and NCOA3, which promotes
proliferation, metastasis, and antimmune effects in breast cancer
cells (Hu R. et al., 2015; Cubillos-Ruiz et al., 2015; Gupta et al., 2016;
Liu Y. et al., 2019; Dong et al., 2019). Therefore, inhibitors against
the XBP1 gene target and signaling molecules of the above pathways
may be promising tools for developing of novel targeted therapies
for breast cancer. Our study demonstrated that XBP1 caused an
increased risk of AF, but the evidence to explore the association
between XBP1 and AF is currently insufficient. In Phenome-wide
MR Analysis, XBP1 was shown to play a role in the risk of
endocarditis, and considering that the correlation between AF
and infective endocarditis has been pointed out, (Ferrera et al.,
2016) we hypothesized that this may be one of the mechanisms by
which XBP1 causes the development of AF. In a study exploring the
mechanisms of myocardial fibrosis, it was mentioned that
Calreticulin overexpression in the endoplasmic reticulum caused
disruption of Ca2+ homeostasis, transient activation of the unfolded
protein response (UPR)-IRE1a pathway was shown to be a key
factor in cardiac fibrosis, and administration of an inhibitor of the
UPR was shown to be effective in blocking IRE1α activity and
reduced the splicing of XBP1 (Groenendyk et al., 2016). Therefore,
the role of spliced XBP1 (the active form of XBP1) in promoting
myocardial fibrosis may be one of the mechanisms underlying the
development of AF. Our analysis using the C-map database yielded
that drug-targeted inhibition of XBP1 had similar effects to
knockdown of the gene and that hundreds of drugs with
connectivity score >90 were available. In addition, Phenome-wide
MR Analysis analysis pointed out that treatments targeting
XBP1 did not cause side effects that resulted in the development
of other diseases. Genetic evidence of XBP1 in AF and breast cancer
provides new ideas for the treatment of both, but a large number of
studies are still needed to validate the feasibility and safety of drug-
targeted inhibition of XBP1 in the combined state of the
two diseases.

Our study is the first to systematically explored the causal
relationship between AF and breast cancer in terms of disease
and drug action using MR analysis principles and eQTL data,
providing genetic support for the association between them.

Secondly, we discovered and reported for the first time the effects
of the action targets of breast cancer therapeutic drugs on AF and
explained the direction of drug action on target genes using the
C-map. In addition, we identified the genetic possibilities of
breast cancer drugs for the treatment of AF, which contributes
to the value of drug utilization. Finally, we explored a common
target for the treatment of AF and breast cancer and further
analyzed the potential side effects of treatments directed against
this target, which has the potential to both reduce the
interference of other genes in drug development and provide
new targets for therapy in the coexisting state of both diseases.
The results of our study are the final results that satisfy the
criteria of MR analysis, FDR correction, and colocalization
analysis, ensuring reliable and robust results.

However, our study also has some limitations. First, our genetic
information data were derived from the European population,
limiting the generalization of our findings and requiring further
validation for applicability in other populations. Second, we only
included clinically used breast cancer drug classes, and not all breast
cancer treatment drugs appear in the C-map database, which makes
our drug analysis limited. Third, in order to satisfy the independence
assumption of MR analysis, we deleted IVs related to LD, and fewer
IVs were finally included in the MR analysis, which may affect the
credibility of the results. Finally, in conjunction with the currently
known research evidence, we were limited in the extent to which we
were able to explain the specific mechanisms by which these genes
affect AF, and more studies are needed in the future to validate the
mechanisms by which these genes affect AF and to determine
whether clinical breast cancer drugs can be used for the
treatment of AF.

Conclusion

In this study, we used large-scale MR analysis and thousands of
genetic data to reveal the causal relationship between breast cancer
therapeutic drugs and AF and finally obtained 40 targets of action of
15 breast cancer therapeutic drugs from blood and/or atrial
appendage tissue that affect AF. We evaluated the effects of eight
breast cancer therapeutic drugs on AF and preliminarily explained
the possible mechanisms of action. Among them, Docetaxel,
Fulvestrant, and Tamoxifen increased the risk of AF
development, Gemcitabine, Vincristine, and Paclitaxel decreased
the risk of AF, and Cyclophosphamide and Doxorubicin could act
on multiple targets, thus exerting a bidirectional effect on AF
development. In addition, the XBP1 gene was found to be a
common druggable target for AF and breast cancer. In
conclusion, our study provides genetic evidence for the causal
association of AF with breast cancer drugs and new targets for
therapy, and future large-scale studies are needed to explore the
utility and safety of these targets.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Frontiers in Pharmacology frontiersin.org14

Qi et al. 10.3389/fphar.2024.1435545

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1435545


Author contributions

FQ: Conceptualization, Data curation, Formal Analysis,
Methodology, Visualization, Writing–original draft. LY: Formal
Analysis, Methodology, Software, Validation, Visualization,
Writing–original draft. GC: Conceptualization, Formal Analysis,
Funding acquisition, Writing–review and editing. XW: Data
curation, Software, Writing–original draft. GT: Data curation,
Investigation, Writing–original draft. HX: Funding acquisition,
Supervision, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Natural Science Foundation of Chongqing
Municipality (CSTB2023NSCQ-MSX0491, cstc2020jcyj-msxmX0863).

Acknowledgments

All authors thank The Cardiovascular Disease Knowledge Portal
(CVDKP). Atrial fibrillation GWAS data were obtained from
CVDKP. All authors thank the Breast Cancer Association
Coalition (BCAC) for providing breast cancer GWAS data (total,
ER+, ER-). All authors thank the Genotype-Tissue Expression
project (GTEx) Version eight and the eQTLGen consortium for
our study’s eQTL dataset of blood and atrial appendage tissue. All
authors thank the Lee Laboratory of Statistical Genetics and Data
Science for providing phenotypic data for this study. All authors
thank GeneCards, Drug-Gene Interaction Database (DGIdb), and
Connectivity map information platforms for providing information

about drug targets, druggable genes, or drug-gene interactions.
BCAC was established in 2005 as an international consortium to
study genetic susceptibility to breast cancer. It is supported by
Cancer Research United Kingdom (C1287/A16563), the
European Community’s Seventh Framework Programme Grant
Agreement 223175 (HEALTH-F2-2009-223175) (COGS), and the
European Union’s Horizon 2020 Research and Innovation
Programme Grant Agreements 633784 (B-CAST) and
634935 (BRIDGES).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1435545/
full#supplementary-material

References

Abecasis, G. R., Auton, A., Brooks, L. D., DePristo, M. A., Durbin, R. M., Handsaker,
R. E., et al. (2012). An integrated map of genetic variation from 1,092 human genomes.
Nature 491 (7422), 56–65. doi:10.1038/nature11632

Balasubramanian, S., Johnston, R. K., Moschella, P. C., Mani, S. K., Tuxworth, W. J.,
and Kuppuswamy, D. (2009). mTOR in growth and protection of hypertrophying
myocardium. Cardiovasc Hematol. Agents Med. Chem. 7 (1), 52–63. doi:10.2174/
187152509787047603

Barba-Aliaga, M., and Alepuz, P. (2022). Role of eIF5A inmitochondrial function. Int.
J. Mol. Sci. 23 (3), 1284. doi:10.3390/ijms23031284

Benevolensky, D., Belikova, Y., Mohammadzadeh, R., Trouvé, P., Marotte, F., Russo-
Marie, F., et al. (2000). Expression and localization of the annexins II, V, and VI in
myocardium from patients with end-stage heart failure. Lab. Invest. 80 (2), 123–133.
doi:10.1038/labinvest.3780016

Bisbal, F., Baranchuk, A., Braunwald, E., Bayés de Luna, A., and Bayés-Genís, A.
(2020). Atrial failure as a clinical entity: JACC review topic of the week. J. Am. Coll.
Cardiol. 75 (2), 222–232. doi:10.1016/j.jacc.2019.11.013

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian randomization with
invalid instruments: effect estimation and bias detection through Egger regression. Int.
J. Epidemiol. 44 (2), 512–525. doi:10.1093/ije/dyv080

Burgess, S., Davey Smith, G., Davies, N. M., Dudbridge, F., Gill, D., Glymour, M. M.,
et al. (2019). Guidelines for performing Mendelian randomization investigations:
update for summer 2023. Wellcome Open Res. 4, 186. doi:10.12688/
wellcomeopenres.15555.2

Büttner, P., Schumacher, K., Dinov, B., Zeynalova, S., Sommer, P., Bollmann, A., et al.
(2018). Role of NT-proANP and NT-proBNP in patients with atrial fibrillation:
association with atrial fibrillation progression phenotypes. Heart rhythm. 15 (8),
1132–1137. doi:10.1016/j.hrthm.2018.03.021

Calvillo-Argüelles, O., Schoffel, A., Capo-Chichi, J.-M., Abdel-Qadir, H., Schuh, A.,
Carrillo-Estrada, M., et al. (2022). Cardiovascular disease among patients with AML and
CHIP-related mutations. JACC CardioOncol 4 (1), 38–49. doi:10.1016/j.jaccao.2021.
11.008

Camors, E., Monceau, V., and Charlemagne, D. (2005). Annexins and Ca2+ handling
in the heart. Cardiovasc Res. 65 (4), 793–802. doi:10.1016/j.cardiores.2004.11.010

Cannon, M., Stevenson, J., Stahl, K., Basu, R., Coffman, A., Kiwala, S., et al. (2024).
DGIdb 5.0: rebuilding the drug-gene interaction database for precision medicine and
drug discovery platforms. Nucleic Acids Res. 52 (D1), D1227–D1235. doi:10.1093/nar/
gkad1040

Chen, S., Chen, J., Hua, X., Sun, Y., Cui, R., Sha, J., et al. (2020). The emerging role of
XBP1 in cancer. Biomed. Pharmacother. 127, 110069. doi:10.1016/j.biopha.2020.110069

Consortium, G. T. (2020). The GTEx Consortium atlas of genetic regulatory effects
across human tissues. Science. 369 (6509), 1318–1330. doi:10.1126/science.aaz1776

Cubillos-Ruiz, J. R., Silberman, P. C., Rutkowski, M. R., Chopra, S., Perales-Puchalt,
A., Song, M., et al. (2015). ER stress sensor XBP1 controls anti-tumor immunity by
disrupting dendritic cell homeostasis. Cell 161 (7), 1527–1538. doi:10.1016/j.cell.2015.
05.025

Davey Smith, G., and Hemani, G. (2014). Mendelian randomization: genetic anchors
for causal inference in epidemiological studies. Hum. Mol. Genet. 23 (R1), R89–R98.
doi:10.1093/hmg/ddu328

Di Biase, L., Burkhardt, J. D., Mohanty, P., Sanchez, J., Mohanty, S., Horton, R., et al.
(2010). Left atrial appendage: an underrecognized trigger site of atrial fibrillation.
Circulation 122 (2), 109–118. doi:10.1161/circulationaha.109.928903

Dong, H., Adams, N. M., Xu, Y., Cao, J., Allan, D. S. J., Carlyle, J. R., et al. (2019). The
IRE1 endoplasmic reticulum stress sensor activates natural killer cell immunity in part
by regulating c-Myc. Nat. Immunol. 20 (7), 865–878. doi:10.1038/s41590-019-0388-z

Frontiers in Pharmacology frontiersin.org15

Qi et al. 10.3389/fphar.2024.1435545

https://www.frontiersin.org/articles/10.3389/fphar.2024.1435545/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1435545/full#supplementary-material
https://doi.org/10.1038/nature11632
https://doi.org/10.2174/187152509787047603
https://doi.org/10.2174/187152509787047603
https://doi.org/10.3390/ijms23031284
https://doi.org/10.1038/labinvest.3780016
https://doi.org/10.1016/j.jacc.2019.11.013
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.12688/wellcomeopenres.15555.2
https://doi.org/10.12688/wellcomeopenres.15555.2
https://doi.org/10.1016/j.hrthm.2018.03.021
https://doi.org/10.1016/j.jaccao.2021.11.008
https://doi.org/10.1016/j.jaccao.2021.11.008
https://doi.org/10.1016/j.cardiores.2004.11.010
https://doi.org/10.1093/nar/gkad1040
https://doi.org/10.1093/nar/gkad1040
https://doi.org/10.1016/j.biopha.2020.110069
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1161/circulationaha.109.928903
https://doi.org/10.1038/s41590-019-0388-z
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1435545


Doubell, A. F., Bester, A. J., and Thibault, G. (1991). Annexins V and VI: major
calcium-dependent atrial secretory granule-binding proteins. Hypertens. (Dallas, Tex
1979) 18 (5), 648–656. doi:10.1161/01.hyp.18.5.648

Dridi, H., Kushnir, A., Zalk, R., Yuan, Q., Melville, Z., and Marks, A. R. (2020).
Intracellular calcium leak in heart failure and atrial fibrillation: a unifying mechanism
and therapeutic target. Nat. Rev. Cardiol. 17 (11), 732–747. doi:10.1038/s41569-020-
0394-8

Ferrera, C., Vilacosta, I., Fernández, C., López, J., Sarriá, C., Olmos, C., et al. (2016).
Usefulness of new-onset atrial fibrillation, as a strong predictor of heart failure and
death in patients with native left-sided infective endocarditis. Am. J. Cardiol. 117 (3),
427–433. doi:10.1016/j.amjcard.2015.11.012

Galimzhanov, A., Istanbuly, S., Tun, H. N., Ozbay, B., Alasnag, M., Ky, B., et al.
(2023). Cardiovascular outcomes in breast cancer survivors: a systematic review and
meta-analysis. Eur. J. Prev. Cardiol. 30 (18), 2018–2031. doi:10.1093/eurjpc/zwad243

Gerke, V., and Moss, S. E. (2002). Annexins: from structure to function. Physiol. Rev.
82 (2), 331–371. doi:10.1152/physrev.00030.2001

Giambartolomei, C., Vukcevic, D., Schadt, E. E., Franke, L., Hingorani, A. D., Wallace,
C., et al. (2014). Bayesian test for colocalisation between pairs of genetic association
studies using summary statistics. PLoS Genet. 10 (5), e1004383. doi:10.1371/journal.
pgen.1004383

Gramley, F., Lorenzen, J., Koellensperger, E., Kettering, K., Weiss, C., and Munzel, T.
(2010). Atrial fibrosis and atrial fibrillation: the role of the TGF-β1 signaling pathway.
Int. J. Cardiol. 143 (3), 405–413. doi:10.1016/j.ijcard.2009.03.110

Groenendyk, J., Lee, D., Jung, J., Dyck, J. R. B., Lopaschuk, G. D., Agellon, L. B., et al.
(2016). Inhibition of the unfolded protein response mechanism prevents cardiac
fibrosis. PloS One 11 (7), e0159682. doi:10.1371/journal.pone.0159682

Guha, A., Fradley, M. G., Dent, S. F., Weintraub, N. L., Lustberg, M. B., Alonso, A.,
et al. (2022). Incidence, risk factors, and mortality of atrial fibrillation in breast cancer: a
SEER-Medicare analysis. Eur. Heart J. 43 (4), 300–312. doi:10.1093/eurheartj/ehab745

Gupta, A., Hossain, M. M., Miller, N., Kerin, M., Callagy, G., and Gupta, S. (2016).
NCOA3 coactivator is a transcriptional target of XBP1 and regulates PERK-eIF2α-
ATF4 signalling in breast cancer. Oncogene 35 (45), 5860–5871. doi:10.1038/onc.
2016.121

Harbeck, N., and Gnant, M. (2017). Breast cancer. Lancet (London, Engl.) 389
(10074), 1134–1150. doi:10.1016/S0140-6736(16)31891-8

Hargreaves, V. V., Shell, S. S., Mazur, D. J., Hess, M. T., and Kolodner, R. D. (2010).
Interaction between the Msh2 and Msh6 nucleotide-binding sites in the Saccharomyces
cerevisiae msh2-msh6 complex. J. Biol. Chem. 285 (12), 9301–9310. doi:10.1074/jbc.
M109.096388

Hindricks, G., Potpara, T., Dagres, N., Arbelo, E., Bax, J. J., Blomström-Lundqvist, C.,
et al. (2021). 2020 ESC Guidelines for the diagnosis and management of atrial
fibrillation developed in collaboration with the European Association for Cardio-
Thoracic Surgery (EACTS): the Task Force for the diagnosis and management of
atrial fibrillation of the European Society of Cardiology (ESC) Developed with the
special contribution of the European Heart Rhythm Association (EHRA) of the ESC.
Eur. Heart J. 42 (5), 373–498. doi:10.1093/eurheartj/ehaa612

Hsu, J., Gore-Panter, S., Tchou, G., Castel, L., Lovano, B., Moravec, C. S., et al. (2018).
Genetic control of left atrial gene expression yields insights into the genetic
susceptibility for atrial fibrillation. Circ. Genom Precis. Med. 11 (3), e002107. doi:10.
1161/CIRCGEN.118.002107

Hu, R., Warri, A., Jin, L., Zwart, A., Riggins, R. B., Fang, H.-B., et al. (2015b). NF-κB
signaling is required for XBP1 (unspliced and spliced)-mediated effects on antiestrogen
responsiveness and cell fate decisions in breast cancer. Mol. Cell Biol. 35 (2), 379–390.
doi:10.1128/MCB.00847-14

Hu, Y.-F., Chen, Y.-J., Lin, Y.-J., and Chen, S.-A. (2015a). Inflammation and the
pathogenesis of atrial fibrillation. Nat. Rev. Cardiol. 12 (4), 230–243. doi:10.1038/
nrcardio.2015.2

Hulsmans, M., Schloss, M. J., Lee, I. H., Bapat, A., Iwamoto, Y., Vinegoni, C., et al.
(2023). Recruited macrophages elicit atrial fibrillation. Science. 381 (6654), 231–239.
doi:10.1126/science.abq3061

Hung, Y. P., Hu, Y. W., Liu, C. J., Lin, Y. J., Chang, S. L., Lo, L. W., et al. (2019). Risk
and predictors of subsequent cancers of patients with newly-diagnosed atrial fibrillation
- a nationwide population-based study. Int. J. Cardiol. 296, 81–86. doi:10.1016/j.ijcard.
2019.08.021

Jalife, J., and Kaur, K. (2015). Atrial remodeling, fibrosis, and atrial fibrillation. Trends
Cardiovasc Med. 25 (6), 475–484. doi:10.1016/j.tcm.2014.12.015

Kaiser, A., Heiss, K., Mueller, A.-K., Fimmers, R., Matthes, J., and Njuguna, J. T.
(2020). Inhibition of EIF-5A prevents apoptosis in human cardiomyocytes after malaria
infection. Amino Acids 52 (5), 693–710. doi:10.1007/s00726-020-02843-2

Kakumoto, K., Ikeda, J.-I., Okada, M., Morii, E., and Oneyama, C. (2015).
mLST8 promotes mTOR-mediated tumor progression. PloS One 10 (4), e0119015.
doi:10.1371/journal.pone.0119015

Korde, L. A., Somerfield, M. R., Carey, L. A., Crews, J. R., Denduluri, N., Hwang, E. S.,
et al. (2021). Neoadjuvant chemotherapy, endocrine therapy, and targeted therapy for
breast cancer: ASCO guideline. J. Clin. Oncol. 39 (13), 1485–1505. doi:10.1200/jco.20.
03399

Lamb, J., Crawford, E. D., Peck, D., Modell, J. W., Blat, I. C., Wrobel, M. J., et al.
(2006). The Connectivity Map: using gene-expression signatures to connect small
molecules, genes, and disease. Science 313 (5795), 1929–1935. doi:10.1126/science.
1132939

Li, X., Ma, C., Dong, J., Liu, X., Long, D., Tian, Y., et al. (2008). The fibrosis and atrial
fibrillation: is the transforming growth factor-beta 1 a candidate etiology of atrial
fibrillation. Med. Hypotheses 70 (2), 317–319. doi:10.1016/j.mehy.2007.04.046

Liu, B., Gloudemans, M. J., Rao, A. S., Ingelsson, E., and Montgomery, S. B. (2019a).
Abundant associations with gene expression complicate GWAS follow-up. Nat. Genet.
51 (5), 768–769. doi:10.1038/s41588-019-0404-0

Liu, B., Liu, Z., Chen, S., Ki, M., Erickson, C., Reis-Filho, J. S., et al. (2021). Mutant
SF3B1 promotes AKT- and NF-κB-driven mammary tumorigenesis. J. Clin. Invest. 131
(1), e138315. doi:10.1172/JCI138315

Liu, Y., Wang, X., Zhang, Z., Xiao, B., An, B., and Zhang, J. (2019b). The
overexpression of Rab9 promotes tumor progression regulated by XBP1 in breast
cancer. Onco Targets Ther. 12, 1815–1824. doi:10.2147/OTT.S183748

Lompré, A.-M., Hajjar, R. J., Harding, S. E., Kranias, E. G., Lohse, M. J., and Marks, A.
R. (2010). Ca2+ cycling and new therapeutic approaches for heart failure. Circulation
121 (6), 822–830. doi:10.1161/CIRCULATIONAHA.109.890954

Madnick, D. L., and Fradley, M. G. (2022). Atrial fibrillation and cancer patients:
mechanisms and management. Curr. Cardiol. Rep. 24 (10), 1517–1527. doi:10.1007/
s11886-022-01769-3

Marnell, C. S., Bick, A., and Natarajan, P. (2021). Clonal hematopoiesis of
indeterminate potential (CHIP): linking somatic mutations, hematopoiesis, chronic
inflammation and cardiovascular disease. J. Mol. Cell Cardiol. 161, 98–105. doi:10.1016/
j.yjmcc.2021.07.004

Merino, J. L. (2022). Atrial fibrillation and breast cancer: casual or causal relationship?
Eur. Heart J. 43 (4), 313–315. doi:10.1093/eurheartj/ehab807

Michailidou, K., Lindström, S., Dennis, J., Beesley, J., Hui, S., Kar, S., et al. (2017).
Association analysis identifies 65 new breast cancer risk loci. Nature 551 (7678), 92–94.
doi:10.1038/nature24284

Nelson, M. R., Tipney, H., Painter, J. L., Shen, J., Nicoletti, P., Shen, Y., et al. (2015).
The support of human genetic evidence for approved drug indications. Nat. Genet. 47
(8), 856–860. doi:10.1038/ng.3314

Ono, S. J., Liou, H. C., Davidon, R., Strominger, J. L., and Glimcher, L. H. (1991).
Human X-box-binding protein 1 is required for the transcription of a subset of human
class II major histocompatibility genes and forms a heterodimer with c-fos. Proc. Natl.
Acad. Sci. U. S. A. 88 (10), 4309–4312. doi:10.1073/pnas.88.10.4309

Ravassa, S., González, A., López, B., Beaumont, J., Querejeta, R., Larman, M., et al.
(2007). Upregulation of myocardial Annexin A5 in hypertensive heart disease:
association with systolic dysfunction. Eur. Heart J. 28 (22), 2785–2791. doi:10.1093/
eurheartj/ehm370

Roselli, C., Chaffin, M. D., Weng, L. C., Aeschbacher, S., Ahlberg, G., Albert, C. M.,
et al. (2018). Multi-ethnic genome-wide association study for atrial fibrillation. Nat.
Genet. 50 (9), 1225–1233. doi:10.1038/s41588-018-0133-9

Rudolph, V., Andrié, R. P., Rudolph, T. K., Friedrichs, K., Klinke, A., Hirsch-
Hoffmann, B., et al. (2010). Myeloperoxidase acts as a profibrotic mediator of atrial
fibrillation. Nat. Med. 16 (4), 470–474. doi:10.1038/nm.2124

Schmidt, A. F., Finan, C., Gordillo-Marañón, M., Asselbergs, F. W., Freitag, D. F.,
Patel, R. S., et al. (2020). Genetic drug target validation using Mendelian randomisation.
Nat. Commun. 11 (1), 3255. doi:10.1038/s41467-020-16969-0

Schuessler, R. B., Kawamoto, T., Hand, D. E., Mitsuno, M., Bromberg, B. I., Cox, J. L.,
et al. (1993). Simultaneous epicardial and endocardial activation sequence mapping in
the isolated canine right atrium.Circulation 88 (1), 250–263. doi:10.1161/01.cir.88.1.250

Schwarte-Waldhoff, I., and Schmiegel, W. (2002). Smad4 transcriptional pathways
and angiogenesis. Int. J. Gastrointest. Cancer 31 (1-3), 47–59. doi:10.1385/IJGC:31:1-
3:47

Song, G., Campos, B., Wagoner, L. E., Dedman, J. R., andWalsh, R. A. (1998). Altered
cardiac annexin mRNA and protein levels in the left ventricle of patients with end-stage
heart failure. J. Mol. Cell Cardiol. 30 (3), 443–451. doi:10.1006/jmcc.1997.0608

Stelzer, G., Rosen, N., Plaschkes, I., Zimmerman, S., Twik, M., Fishilevich, S., et al.
(2016). The GeneCards suite: from gene data mining to disease genome sequence
analyses. Curr. Protoc. Bioinforma. 54, 1.30.1–1.30.33. doi:10.1002/cpbi.5

Strathmann, M. P., and Simon, M. I. (1991). G alpha 12 and G alpha 13 subunits
define a fourth class of G protein alpha subunits. Proc. Natl. Acad. Sci. U. S. A. 88 (13),
5582–5586. doi:10.1073/pnas.88.13.5582

Sugano, E., Edwards, G., Saha, S., Wilmott, L. A., Grambergs, R. C., Mondal, K., et al.
(2019). Overexpression of acid ceramidase (ASAH1) protects retinal cells (ARPE19)
from oxidative stress. J. Lipid Res. 60 (1), 30–43. doi:10.1194/jlr.M082198

Tan, X., Wang, D.-B., Lu, X., Wei, H., Zhu, R., Zhu, S.-S., et al. (2010). Doxorubicin
induces apoptosis in H9c2 cardiomyocytes: role of overexpressed eukaryotic translation
initiation factor 5A. Biol. Pharm. Bull. 33 (10), 1666–1672. doi:10.1248/bpb.33.1666

Tritsch, E., Mallat, Y., Lefebvre, F., Diguet, N., Escoubet, B., Blanc, J., et al. (2013). An
SRF/miR-1 axis regulates NCX1 and annexin A5 protein levels in the normal and failing
heart. Cardiovasc Res. 98 (3), 372–380. doi:10.1093/cvr/cvt042

Frontiers in Pharmacology frontiersin.org16

Qi et al. 10.3389/fphar.2024.1435545

https://doi.org/10.1161/01.hyp.18.5.648
https://doi.org/10.1038/s41569-020-0394-8
https://doi.org/10.1038/s41569-020-0394-8
https://doi.org/10.1016/j.amjcard.2015.11.012
https://doi.org/10.1093/eurjpc/zwad243
https://doi.org/10.1152/physrev.00030.2001
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1016/j.ijcard.2009.03.110
https://doi.org/10.1371/journal.pone.0159682
https://doi.org/10.1093/eurheartj/ehab745
https://doi.org/10.1038/onc.2016.121
https://doi.org/10.1038/onc.2016.121
https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.1074/jbc.M109.096388
https://doi.org/10.1074/jbc.M109.096388
https://doi.org/10.1093/eurheartj/ehaa612
https://doi.org/10.1161/CIRCGEN.118.002107
https://doi.org/10.1161/CIRCGEN.118.002107
https://doi.org/10.1128/MCB.00847-14
https://doi.org/10.1038/nrcardio.2015.2
https://doi.org/10.1038/nrcardio.2015.2
https://doi.org/10.1126/science.abq3061
https://doi.org/10.1016/j.ijcard.2019.08.021
https://doi.org/10.1016/j.ijcard.2019.08.021
https://doi.org/10.1016/j.tcm.2014.12.015
https://doi.org/10.1007/s00726-020-02843-2
https://doi.org/10.1371/journal.pone.0119015
https://doi.org/10.1200/jco.20.03399
https://doi.org/10.1200/jco.20.03399
https://doi.org/10.1126/science.1132939
https://doi.org/10.1126/science.1132939
https://doi.org/10.1016/j.mehy.2007.04.046
https://doi.org/10.1038/s41588-019-0404-0
https://doi.org/10.1172/JCI138315
https://doi.org/10.2147/OTT.S183748
https://doi.org/10.1161/CIRCULATIONAHA.109.890954
https://doi.org/10.1007/s11886-022-01769-3
https://doi.org/10.1007/s11886-022-01769-3
https://doi.org/10.1016/j.yjmcc.2021.07.004
https://doi.org/10.1016/j.yjmcc.2021.07.004
https://doi.org/10.1093/eurheartj/ehab807
https://doi.org/10.1038/nature24284
https://doi.org/10.1038/ng.3314
https://doi.org/10.1073/pnas.88.10.4309
https://doi.org/10.1093/eurheartj/ehm370
https://doi.org/10.1093/eurheartj/ehm370
https://doi.org/10.1038/s41588-018-0133-9
https://doi.org/10.1038/nm.2124
https://doi.org/10.1038/s41467-020-16969-0
https://doi.org/10.1161/01.cir.88.1.250
https://doi.org/10.1385/IJGC:31:1-3:47
https://doi.org/10.1385/IJGC:31:1-3:47
https://doi.org/10.1006/jmcc.1997.0608
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1073/pnas.88.13.5582
https://doi.org/10.1194/jlr.M082198
https://doi.org/10.1248/bpb.33.1666
https://doi.org/10.1093/cvr/cvt042
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1435545


van den Berg, M. P., Mulder, B. A., Klaassen, S. H. C., Maass, A. H., van Veldhuisen,
D. J., van der Meer, P., et al. (2019). Heart failure with preserved ejection fraction, atrial
fibrillation, and the role of senile amyloidosis. Eur. Heart J. 40 (16), 1287–1293. doi:10.
1093/eurheartj/ehz057

Verbanck,M., Chen, C. Y., Neale, B., andDo, R. (2018). Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between complex
traits and diseases. Nat. Genet. 50 (5), 693–698. doi:10.1038/s41588-018-0099-7

Visconte, V., Makishima, H., Maciejewski, J. P., and Tiu, R. V. (2012). Emerging roles
of the spliceosomal machinery in myelodysplastic syndromes and other hematological
disorders. Leukemia 26 (12), 2447–2454. doi:10.1038/leu.2012.130

Võsa, U., Claringbould, A., Westra, H. J., Bonder, M. J., Deelen, P., Zeng, B., et al.
(2021). Large-scale cis- and trans-eQTL analyses identify thousands of genetic loci and
polygenic scores that regulate blood gene expression. Nat. Genet. 53 (9), 1300–1310.
doi:10.1038/s41588-021-00913-z

Wang, Y., Xing, P., Cui, W., Wang, W., Cui, Y., Ying, G., et al. (2015). Acute
endoplasmic reticulum stress-independent unconventional splicing of XBP1 mRNA in
the nucleus of mammalian cells. Int. J. Mol. Sci. 16 (6), 13302–13321. doi:10.3390/
ijms160613302

Xiong, Q., Fischer, S., Karow, M., Müller, R., Meßling, S., and Eichinger, L. (2018).
ATG16 mediates the autophagic degradation of the 19S proteasomal subunits
PSMD1 and PSMD2. Eur. J. Cell Biol. 97 (8), 523–532. doi:10.1016/j.ejcb.2018.09.002

Yao, X., Hu, Q., Liu, X., Ling, Q., Leng, Y., Zhao, H., et al. (2023). Atrial fibrillation and
breast cancer-Vicious twins? A systematic review and meta-analysis. Front. Cardiovasc
Med. 10, 1113231. doi:10.3389/fcvm.2023.1113231

Yu, H., and Liu, Z. (2023). GNA12 regulates C5a-induced migration by
downregulating C5aR1-PLCβ2-PI3K-AKT-ERK1/2 signaling. Biophys. Rep. 9 (1),
33–44. doi:10.52601/bpr.2023.230001

Yun, J. P., Choi, E.-K., Han, K.-D., Park, S. H., Jung, J.-H., Park, S. H., et al.
(2021). Risk of atrial fibrillation according to cancer type: a nationwide
population-based study. JACC CardioOncol 3 (2), 221–232. doi:10.1016/j.jaccao.
2021.03.006

Zdzieblo, D., Li, X., Lin, Q., Zenke, M., Illich, D. J., Becker, M., et al. (2014). Pcgf6, a
polycomb group protein, regulates mesodermal lineage differentiation in murine ESCs
and functions in iPS reprogramming. Stem Cells 32 (12), 3112–3125. doi:10.1002/stem.
1826

Zhao, M., Mishra, L., and Deng, C.-X. (2018). The role of TGF-β/SMAD4 signaling in
cancer. Int. J. Biol. Sci. 14 (2), 111–123. doi:10.7150/ijbs.23230

Zheng, J., Haberland, V., Baird, D., Walker, V., Haycock, P. C., Hurle, M. R., et al.
(2020). Phenome-wide Mendelian randomization mapping the influence of the plasma
proteome on complex diseases. Nat. Genet. 52 (10), 1122–1131. doi:10.1038/s41588-
020-0682-6

Zhou,W., Nielsen, J. B., Fritsche, L. G., Dey, R., Gabrielsen, M. E., Wolford, B. N., et al.
(2018). Efficiently controlling for case-control imbalance and sample relatedness in
large-scale genetic association studies. Nat. Genet. 50 (9), 1335–1341. doi:10.1038/
s41588-018-0184-y

Zhou, Z., Gong, Q., Wang, Y., Li, M., Wang, L., Ding, H., et al. (2020). The biological
function and clinical significance of SF3B1 mutations in cancer. Biomark. Res. 8, 38.
doi:10.1186/s40364-020-00220-5

Zhu, Z., Zhang, F., Hu, H., Bakshi, A., Robinson, M. R., Powell, J. E., et al. (2016).
Integration of summary data from GWAS and eQTL studies predicts complex trait gene
targets. Nat. Genet. 48 (5), 481–487. doi:10.1038/ng.3538

Zoni-Berisso, M., Lercari, F., Carazza, T., and Domenicucci, S. (2014). Epidemiology
of atrial fibrillation: European perspective. Clin. Epidemiol. 6, 213–220. doi:10.2147/
CLEP.S47385

Frontiers in Pharmacology frontiersin.org17

Qi et al. 10.3389/fphar.2024.1435545

https://doi.org/10.1093/eurheartj/ehz057
https://doi.org/10.1093/eurheartj/ehz057
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/leu.2012.130
https://doi.org/10.1038/s41588-021-00913-z
https://doi.org/10.3390/ijms160613302
https://doi.org/10.3390/ijms160613302
https://doi.org/10.1016/j.ejcb.2018.09.002
https://doi.org/10.3389/fcvm.2023.1113231
https://doi.org/10.52601/bpr.2023.230001
https://doi.org/10.1016/j.jaccao.2021.03.006
https://doi.org/10.1016/j.jaccao.2021.03.006
https://doi.org/10.1002/stem.1826
https://doi.org/10.1002/stem.1826
https://doi.org/10.7150/ijbs.23230
https://doi.org/10.1038/s41588-020-0682-6
https://doi.org/10.1038/s41588-020-0682-6
https://doi.org/10.1038/s41588-018-0184-y
https://doi.org/10.1038/s41588-018-0184-y
https://doi.org/10.1186/s40364-020-00220-5
https://doi.org/10.1038/ng.3538
https://doi.org/10.2147/CLEP.S47385
https://doi.org/10.2147/CLEP.S47385
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1435545

	Comprehensive mendelian randomization reveals atrial fibrillation-breast cancer relationship and explores common druggable  ...
	Introduction
	Materials and methods
	Study design
	AF and breast cancer datasets
	Breast cancer treatment drug genetics and druggable genes
	Genetic datasets
	Principle of colocalization analysis
	The causal relationship between atrial fibrillation and breast cancer
	Effect of clinical therapeutic drugs for breast cancer on atrial fibrillation
	Direction determination of drug-drug target-disease effect
	Exploring common drug targets in AF-breast cancer
	Phenome-wide MR analysis

	Results
	Impact of breast cancer risk on AF incidence
	Effect of breast cancer therapeutic drugs on the risk of atrial fibrillation
	Exploring the direction of breast cancer therapeutics acting on AF
	Atrial fibrillation and breast cancer common druggable targets
	Phenome-wide MR analysis of AF- breast cancer druggable gene

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


