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Abstract
Background  Previous clinical studies have suggested an increased risk of tumor development in patients with pulmonary 
arterial hypertension (PAH). However, it remains unclear whether there is a causal relationship between PAH and tumor 
occurrence. This study investigates the causal link between PAH and cancer from a genetic perspective using Mendelian 
randomization (MR).
Method  Genome-wide association study (GWAS) summary data for PAH and various common cancer types were obtained 
from the GWAS Catalog. Single nucleotide polymorphisms (SNPs) significantly associated with PAH at the genome-wide 
significance threshold (P < 1 × 10−6) were selected as instrumental variables (IVs). Inverse-variance weighted (IVW) was 
used as the primary method for MR analysis, with sensitivity analyses including tests for heterogeneity and horizontal 
pleiotropy.
Results  The results from the IVW analysis indicate that genetically proxied PAH is associated with an increased risk of 
liver cancer [odd ratio (OR) 1.11, 95% confidence interval (CI) 1.01–1.22, P = 0.025), while showing no significant causal 
relationship with other common types of tumors (thyroid cancer: OR 0.95, 95% CI 0.86–1.06, P = 0.360; lung cancer: OR 
0.95, 95% CI 0.90–1.01, P = 0.129; gastric cancer: OR 0.97, 95% CI 0.93–1.02, P = 0.243; colorectal cancer: OR 1.01, 95% CI 
0.98–1.05, P = 0.412). Except for the MR analysis examining the causal effect of PAH on lung cancer (P = 0.049), the remain-
ing MR analyses displayed no significant heterogeneity (P > 0.05). Additionally, the MR-Egger intercept test did not find 
evidence of horizontal pleiotropy (P > 0.05).
Conclusion  This study highlights that PAH may serve as a potential risk factor for this liver cancer. Future research should 
aim to elucidate the biological mechanisms at play and explore the potential for early interventions that could mitigate 
cancer risk in this vulnerable population.
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1  Introduction

Pulmonary arterial hypertension (PAH) is a progressive vascular disease characterized by elevated pulmonary artery 
pressure and vascular remodeling, leading to right heart failure and decreased exercise capacity [1–3]. The etiology of 
PAH is complex and involves a combination of genetic [4, 5], environmental [6], and health-related factors [7]. Genetic 
predispositions, such as mutations in the BMPR2 gene [8, 9], are strongly associated with familial forms of PAH. Envi-
ronmental influences, including exposure to toxins, certain medications, and infections, can also act as triggers for the 
development of the disease [10, 11]. Additionally, PAH may arise secondary to various underlying health conditions [10, 
11]. While much research has focused on the cardiopulmonary implications of PAH, its potential role as a risk factor for 
various malignancies has garnered increasing interest [12]. Cancer remains a leading cause of morbidity and mortality 
globally [13], and understanding the relationships between chronic diseases, such as PAH, and cancer risk is crucial for 
developing effective prevention and management strategies.

Emerging evidence suggests a complex interplay between pulmonary hypertension and cancer biology. Patients with 
chronic lung diseases, including PAH, often exhibit systemic inflammation [14, 15], hypoxia [16], and altered metabo-
lism [17, 18]—factors known to influence cancer development [18–21]. Recent epidemiological studies have indicated 
that PAH significantly increases the risk of developing cancer, highlighting the need for further investigation into this 
association. However, the causal mechanisms underlying these associations remain poorly understood, necessitating 
rigorous investigation.

To address this gap, Mendelian randomization (MR) offers a powerful tool for assessing causal relationships between 
exposures and outcomes by utilizing genetic variants as instrumental variables (IVs) [22, 23]. This approach mitigates 
confounding and reverse causation, providing more reliable insights into the causal pathways linking PAH and cancer. 
In this study, we aim to evaluate the causal effects of genetically proxied PAH on various cancer types including thyroid 
cancer, lung cancer, gastric cancer, liver cancer, and colorectal cancer.

This study aims to investigate the causal relationship between PAH and the risk of developing various common can-
cers by integrating genetic data and employing MR methodologies. Specifically, we seek to determine whether PAH acts 
as an independent risk factor for cancers such as thyroid, lung, gastric, liver, and colorectal cancers. By addressing this 
question, our research aims to provide insights that could inform clinical practices, guide targeted screening strategies 
for at-risk populations, and ultimately improve patient outcomes in both PAH and cancer management. Furthermore, 
this study contributes to the growing understanding of the connections between chronic diseases and cancer, laying 
the groundwork for future research and potential therapeutic innovations.

2 � Materials and methods

2.1 � The assumptions of MR

In this study, we explored the causal relationship between PAH and various common cancers based on the three main 
assumptions of MR study (Fig. 1) [24]. First, we identified genetic variants associated with PAH that showed significant 
correlation in large-scale genome-wide association study (GWAS), serving as effective IVs to reflect the exposure status 
of PAH. Subsequently, we assumed that IVs are independent of cancer risk, meaning that the influence of these single 
nucleotide polymorphisms (SNPs) on cancer risk is not confounded by other factors. Additionally, we ensured that the 
selected IVs are not directly related to cancer risk; specifically, these genetic variants influence cancer risk solely through 
their effect on PAH, without direct association with the cancers themselves. This approach allows us to minimize the 
potential impact of reverse causation, thereby enhancing the credibility of our findings.

2.2 � Data sources

The large-scale GWAS summary data related to PAH and cancer were obtained online from the GWAS Catalog (https://​
www.​ebi.​ac.​uk/​gwas/) on December 5, 2023. The GWAS Catalog is a comprehensive and well-curated resource for 
genetic association studies, offering detailed information on genetic variants associated with a broad spectrum 
of traits and diseases [25]. This platform enables researchers to access high-quality, curated data on SNPs and their 

https://www.ebi.ac.uk/gwas/
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phenotypic associations, providing a robust foundation for the analysis conducted in this study. The IDs are respec-
tively “GCST007228” (PAH, N = 11,744), “GCST90018929” (thyroid cancer, N = 491,974), “GCST90018875” (lung cancer, 
N = 492,803), “GCST90018849” (N = 476,116), and “GCST90018858” (N = 475,638), “GCST90018808” (N = 470,002). The GWAS 
population for PAH and the GWAS population for cancer have no sample overlap. To minimize the genetic background 
differences among diverse populations, all GWAS samples included in this analysis were from European cohorts. Fur-
thermore, since the GWAS data utilized in this study are publicly accessible, no additional ethical approval was required. 
Detailed information regarding the GWAS used in this MR analysis is summarized in Table 1.

2.3 � SNP selection

First, PAH was used as the exposure factor, and various common cancer types were designated as the outcome fac-
tors. Data on PAH were extracted from the GWAS database, including SNPs that met the significance threshold of 
P < 1 × 10−6 [26]. The thresholds for analysis were set with r2 = 0.001 and a genetic distance of 10,000 kb to ensure 
that the IVs satisfied the assumption of independence, thereby eliminating the influence of linkage disequilibrium 
on the analysis results. Subsequently, to minimize the interference of confounding factors on the outcome data, the 
PhenoScanner [27], an online database designed to facilitate the exploration of genetic associations with various 
phenotypes and diseases, was used to filter and exclude SNPs associated with confounding factors. SNPs selected 
for use as IVs were uploaded to the PhenoScanner database, with parameters set to P = 1 × 10−5 and r2 = 0.8, to assess 
whether the selected SNPs were associated with smoking and alcohol consumption. These rigorously selected SNPs 
served as IVs for subsequent MR analysis, enhancing the robustness and credibility of the results. Additionally, 
the F-statistic was calculated to assess the strength of the included SNPs, with only IVs having F > 10 retained to 
avoid potential weak instrument in this MR analysis. The formula for calculating F is as follows: F = R2 (N-2)/(1-R2), 
R2 = 2 × (1-MAF) × MAF × β2 [28], where R2 is the proportion of variance explained by the instruments, N is the sample 

Fig. 1   Diagram of MR study design. SNP single nucleotide polymorphisms, PAH pulmonary arterial hypertension, MT malignant tumor

Table 1   Data sources of 
summary GWAS datasets

GWAS genome-wide association study, PAH pulmonary arterial hypertension

Exposure/Outcome Traits ID Sample size Year Population

Exposure PAH GCST007228 11,744 2018 European
Outcome Thyroid cancer GCST90018929 491,974 2021 European
Outcome Lung cancer GCST90018875 492,803 2021 European
Outcome Gastric cancer GCST90018849 476,116 2021 European
Outcome Hepatic cancer GCST90018858 475,638 2021 European
Outcome Colorectal cancer GCST90018808 470,002 2021 European
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size, β represents the effect size of SNP, and MAF refers to the minor allele frequency. Finally, reverse causality was 
assessed through the MR Steiger test [29]. The remaining SNPs were then retained for following MR analysis.

2.4 � MR estimates

Using R (Version 4.3.2) software, MR analyses were conducted on the selected SNPs employing inverse variance 
weighted (IVW) [18], MR-Egger regression [30], weighted median [31], and weighted mode methods to infer the causal 
relationships between PAH and cancers. Among these, the IVW method is the primary approach in MR analysis. When 
horizontal pleiotropy is absent, the IVW method provides a relatively stable and accurate assessment of the causal 
effect of PAH on the cancers by combining the Wald estimates of each IV through meta-analysis. When heterogeneity 
is present, random-effect models are chosen; otherwise, fixed-effect models are applied. The MR-Egger regression, 
weighted median, and weighted mode methods are generally used as supplementary analyses to validate the main 
results. Additionally, the intercept of the MR-Egger regression could be utilized to detect horizontal pleiotropy, while 
the slope of the line could assess causal relationships. P-value > 0.05 in the heterogeneity analysis by Cochran’s Q test 
indicates the absence of heterogeneity. Leave-one-out analysis was employed for sensitivity analysis to determine 
whether the overall estimate is influenced by specific SNPs. The symmetry of the funnel plot could help assess the 
presence of bias in the results (Fig. 2). P-value < 0.05 is considered statistically significant.

3 � Result

3.1 � IVs validity

A total of 9, 9, 9, 8, and 9 SNPs were selected as genetic proxies for PAH to analyze the causal effects of PAH on thy-
roid cancer, lung cancer, gastric cancer, hepatic cancer, and colorectal cancer, respectively. All SNPs passed the MR 
Steiger test, and their F-statistics were > 10. Detailed information regarding the SNPs used as instrumental variables 
can be found in Supplementary Table 1.

Fig. 2   Flowchart of this MR study process. IVs instrumental variables, MR Mendelian randomization, GWAS genome-wide association study, 
IVW inverse-variance weighted
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3.2 � Effect of genetically predicated PAH on cancers

The IVW results indicated that PAH is associated with approximately an 11% increase in the risk of liver cancer [odd 
ratio (OR) 1.11, 95% confidence interval (CI) 1.01–1.22, P = 0.025); however, there is no evidence to suggest that PAH is 
related to the other four common cancer types. (Thyroid cancer: OR 0.95, 95% CI 0.86–1.06, P = 0.360; lung cancer: OR 
0.95, 95% CI 0.90–1.01, P = 0.129; gastric cancer: OR 0.97, 95% CI 0.93–1.02, P = 0.243; colorectal cancer: OR 1.01, 95% CI 
0.98–1.05, P = 0.412) (Figs. 3–4).

3.3 � Sensitivity analysis

Cochran’s Q test indicated that there is mild heterogeneity in the MR analysis exploring the casual effect of PAH on lung 
cancer (P = 0.049), while all other MR analyses showed no evidence of heterogeneity (P > 0.05). Additionally, the MR-Egger 
intercept test suggested that there is no evidence of significant heterogeneity in this MR analysis (Table 2). Leave-one-out 
analysis results revealed no SNPs with a significant impact on the causal association (Fig. 5). The funnel plot displayed 
symmetry, indicating that there is no evidence of substantial bias (Fig. 6).

4 � Discussion

This study aimed to investigate the causal relationship between PAH and various common cancers using (MR methods. 
Our findings suggest that genetically proxied PAH is significantly associated with an increased risk of liver cancer, while 
no substantial causal links were found with other common cancer types, including thyroid, lung, gastric, and colorectal 
cancers. These results have important implications for understanding how chronic conditions like PAH may influence 
cancer risk.

Fig. 3   Scatter plots of SNPs associated with PAH and the risk of cancer. A Scatter plots of SNPs associated with PAH and the risk of thyroid 
cancer. B Scatter plots of SNPs associated with PAH and the risk of lung cancer. C Scatter plots of SNPs associated with PAH and the risk of 
gastric cancer. D Scatter plots of SNPs associated with PAH and the risk of hepatic cancer. E Scatter plots of SNPs associated with PAH and 
the risk of colorectal cancer. MR Mendelian randomization, PAH pulmonary arterial hypertension, IVW inverse-variance weighted
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Previous epidemiological studies have also indicated a potential association between PAH and tumors. A cohort 
study using Danish nationwide registries that included over 5,000 PAH patients found that the risk of developing can-
cer in PAH patients was significantly increased in the first year, nearly doubling compared to the general population 
[32]. Coincidentally, another study has explored the potential association between Pulmonary hypertension and cancer 
within a German outpatient cohort. Utilizing the Disease Analyzer database (IQVIA), this research identified over 11,000 
treated PH patients, revealing a significantly higher cancer incidence (23.2%) compared to non-PH patients (8.5%) over 
a 10-year period, with notable associations observed in both male and female patients, as well as specific cancer types 
such as respiratory and skin cancers [33]. However, our study did not find a significant causal relationship between PAH 
and lung cancer. This discrepancy could be explained by several factors. First, MR analysis relies on genetic variants as 
IVs, which may not fully capture the complexities of the relationship observed in clinical studies, where confounding 
factors such as smoking or environmental exposures could play a significant role. Second, clinical studies often reflect 
direct observational associations, which are more susceptible to bias from confounding and reverse causality. In contrast, 
MR analysis seeks to infer causality based on genetic variation, which may not be directly comparable to the findings of 
observational studies. Additionally, the absence of a significant result in our MR analysis could also be due to insufficient 
power or the lack of relevant genetic variants strongly associated with both PAH and lung cancer. Future studies with 
larger datasets and more refined genetic instruments could help clarify this relationship.

The observed association between PAH and cancer raises questions about the underlying mechanisms. One potential 
explanation is that chronic hypoxia, a hallmark of PAH, may promote tumorigenesis in the liver. Hypoxia could lead to 
the activation of hypoxia-inducible factors (HIFs), which are transcription factors that regulate various genes involved 
in angiogenesis, metabolism, and cell survival [34]. This process could enhance the growth and spread of liver tumors. 
Additionally, the hemodynamic changes associated with PAH may lead to liver dysfunction, contributing to an envi-
ronment conducive to cancer development. Inflammation and fibrosis, often seen in both PAH and liver disease, may 
also play a role in this relationship by promoting cellular changes that facilitate cancer progression. Understanding the 
potential pathways linking PAH and cancer is critical for developing preventive strategies and therapeutic interventions. 
For instance, targeted therapies that address the underlying pathophysiology of PAH may also mitigate cancer risk. 
Furthermore, monitoring liver function in PAH patients could provide early indicators of increased cancer risk, enabling 
timely interventions. It is also important to consider the implications of genetic and environmental heterogeneity in 
different populations, as genetic variants and environmental exposures influencing PAH and cancer risk may vary sig-
nificantly across diverse cohorts. The findings of this study, based on a European population, may not fully capture these 
variations. Replicating these analyses in non-European populations is essential to validate the observed associations 
and ensure their generalizability. Such efforts could provide a deeper understanding of the interplay between genetic 
predisposition, environmental factors, and disease outcomes, ultimately leading to more personalized and inclusive 
preventive strategies.

The use of MR in this study offers several advantages. MR is powerful for establishing causal relationships as it lever-
ages genetic variants as IVs, which are less prone to confounding and reverse causation. This method provides more 

Fig. 4   Forest plot of SNPs 
associated with PAH and the 
risk of cancer. IVW inverse-var-
iance weighted, OR odds ratio, 
CI confidence interval
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Fig. 5   The leave-one-out sensitivity analysis for the effect of PAH on cancer risk. A the leave-one-out sensitivity analysis for the effect of 
PAH on thyroid cancer risk. B the leave-one-out sensitivity analysis for the effect of PAH on lung cancer risk. C the leave-one-out sensitivity 
analysis for the effect of PAH on gastric cancer risk. D the leave-one-out sensitivity analysis for the effect of PAH on hepatic cancer risk. E the 
leave-one-out sensitivity analysis for the effect of PAH on colorectal cancer risk

Fig. 6   Funnel plots of the causal effect of PAH on cancer risk. A funnel plot of the causal effect of PAH on thyroid cancer risk. B funnel plot of 
the causal effect of PAH on lung cancer risk. C funnel plot of the causal effect of PAH on gastric risk. D funnel plot of the causal effect of PAH 
on hepatic risk. E funnel plot of the causal effect of PAH on colorectal risk
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accurate causal effect estimates compared to traditional observational studies and allows exploration of the effects of 
long-term exposure, such as PAH, since genetic variants are fixed at conception and remain constant throughout life. 
However, MR is not without its limitations [35]. One significant concern is the assumption of independence among the 
IVs. If genetic variants are associated with confounding factors, the results may be biased. Additionally, while we did 
not observe evidence of horizontal pleiotropy in our analysis, this could still be a concern in MR studies. Horizontal 
pleiotropy occurs when genetic variants affect the outcome through pathways other than the exposure, potentially 
leading to misleading conclusions. The use of sensitivity analyses, such as MR-Egger regression and leave-one-out 
analyses, helps to address these issues, but they cannot completely eliminate the risk of bias. Another significant 
limitation of this study is the lack of exploration into the underlying mechanisms linking pulmonary arterial PAH 
to cancer. While our findings suggest a potential association between PAH and certain cancer types, the biological 
pathways that may mediate this relationship remain unclear.

In conclusion, this study highlights a significant association between genetically proxied PAH and an increased 
risk of liver cancer, suggesting that chronic conditions like PAH may have important implications for cancer risk. 
Understanding the underlying mechanisms linking PAH to cancer can inform preventive strategies and therapeutic 
approaches. While MR provides a robust framework for establishing causal relationships, researchers must remain 
vigilant about the potential limitations and biases inherent in this method. Further research is needed to explore 
the mechanisms linking PAH to cancer and to validate these findings in diverse populations. This knowledge will 
be critical for improving patient outcomes and informing public health strategies aimed at reducing cancer risk in 
individuals with chronic conditions.

5 � Conclusion

This study establishes a significant causal relationship between genetically proxied PAH and an increased risk of liver 
cancer, while finding no notable associations with other common cancer types. By leveraging Mendelian randomi-
zation, our findings provide robust evidence supporting the role of PAH in cancer risk, particularly liver cancer, and 
highlight the potential for targeted screening and preventive strategies in PAH patients. These insights contribute 
to the growing understanding of the interplay between chronic diseases and cancer, laying a foundation for future 
research into the underlying mechanisms and therapeutic interventions.
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