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An increasing number of studies point to an association between mitochondrial proteins (MPs) and lung cancer (LC). However, the causal relationship between MPs and LC remains unclear. Consequently, our study employed a bidirectional Mendelian randomization (MR) analysis to explore the causal association between MPs and different pathological types of LC. A two-sample MR study was performed using the genome-wide association study (GWAS) data publicly available. We applied the primary inverse variance weighted (IVW) method along with additional MR methods to validate the causality between MPs and different pathological types of LC. To ensure the robustness of our findings, sensitivity analyses were employed. Moreover, we performed a bi-directional MR analysis to determine the direction of the causal association. We identified a total of seven MPs had significant causal relationships on overall LC, lung squamous cell carcinoma (LUSC), and small cell lung carcinoma (SCLC). We found two MPs had significant associations with overall LC, four MPs had significant associations with LUSC, and four MPs had significant associations with SCLC. Additionally, an MP was found to have a nominal relationship with LUSC. Moreover, no causality was found between MPs and lung adenocarcinoma (LUAD). Bidirectional MR showed no reverse effect between identified MPs and different pathological types of LC. In general, our findings of this MR study suggest causal associations of specific MPs with overall LC, LUSC, and SCLC. However, no such causality was found in LUAD.
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1 INTRODUCTION
Cancer stands as one of the primary causes of global mortality. On a worldwide scale, in 2020, it is estimated that approximately 2.2 million new cases of lung cancer (LC) and nearly 1.8 million LC deaths occurred. Meanwhile, LC ranked as the most commonly diagnosed cancer among males and the third most frequently diagnosed cancer among females (Sung et al., 2021). The incidence of new LC cases is projected to rise until 2035 in most countries, which causes a substantial global public health challenge (Luo et al., 2023). The majority of LC patients are diagnosed at an advanced stage of the disease, resulting in a 5-year survival rate of less than 20% (Osuoha et al., 2018; Bade and Dela Cruz, 2020). Hence, it is crucial to identify modifiable protective or risk factors to prevent the occurrence and progression of LC. Smoking is the most established and well-acknowledged risk factor for LC (Leiter et al., 2023). However, as smoking prevalence decreases and the number of LC cases in nonsmokers rises, it becomes increasingly important to investigate a better understanding of LC development (Bade and Dela Cruz, 2020). As a result, further research is gradually focusing on the other risk factors of LC, encompassing environmental exposures, lifestyle, gender, and genetics (Schabath and Cote, 2019).
Mitochondria serve as the central command for cellular metabolism, maintaining equilibrium and stress responses, playing a pivotal role in regulating processes like cell growth, division, differentiation, and apoptosis (Anderson et al., 2019). Previous studies have unveiled an unforeseen complexity and versatility in mitochondrial activities, combining mitochondrial energetics with protein biogenesis, metabolic pathways, and apoptosis (Pfanner et al., 2019). Moreover, recent studies based on proteomics indicated the remarkable importance of retaining mitochondrial proteostasis in guaranteeing the correct function of mitochondria (Wachoski-Dark et al., 2022). Encoded by both nuclear and mitochondrial DNA, mitochondrial proteins (MPs) are susceptible to errors during folding and assembly on account of oxidative stress and post-translational modifications (Stefani, 2004; Santo-Domingo and Demaurex, 2012). This may result in mitochondrial dysfunction, leading to an increase in reactive oxygen species (ROS) with tumor-promoting effect (Bandy and Davison, 1990). Mitochondrial protein quality control (MPQC) employs various pathways and regulators to maintain the quality and quantity of MPs. Dysregulated MPQC results in proteotoxicity and malfunctioning mitochondria, contributing to a range of human diseases, including cancer. Numerous studies have connected the dysfunction of MPQC in the etiology and pathogenesis of multiple types of cancer, including LC (Wallace, 2012; Friedlander et al., 2021). However, due to various objective factors, including technological and methodological constraints, the majority of existing research findings about MPQC rely on the animal or cellular experiments which can be influenced by multiple variables (Friedlander et al., 2021). In summary, the causality of the relationships between MPs and LC, as well as the direction of these causal connections, remains unclear. Therefore, it is crucial to investigate if MPs contribute to the onset of LC or just outcomes of shared risk factors.
Mendelian randomization (MR) analysis is a widely used method for establishing the causal relationship between exposure factors and outcomes, with the fundamental principle of employing genetic variations as instrumental variables (IVs) to model and evaluate the causality (Sanderson, 2021). The MR approach parallels the design of a randomized controlled trial (RCT) on account of parental alleles being randomly distributed to offspring during gamete formation in Mendel’s law (Emdin et al., 2017). Furthermore, the results of MR studies are more robust against residual confoundings and the bias of reverse causal effects because the genetic variations are randomly assigned during meiosis and are not linked to environmental factors (Boehm and Zhou, 2022).
In our study, we aimed to apply a comprehensive two-sample MR analysis to determine the causal effect between MPs and LC and its various pathological types. By means of employing a bidirectional MR analysis, we could investigate the causality of MPs on LC risk and also determine if LC had a causal effect on MPs. From this foundation, we aimed to elucidate the influence between MPs and different pathological types of LC, ultimately aiding in developing innovative treatment options for LC.
2 METHODS
2.1 Study design
Figure 1 illustrates an overview of the bidirectional MR analyses employed in our study. All IVs selected were guided by three principal assumptions of MR studies. Namely, IVs must demonstrate a strong association with the exposure; IVs impact the outcome solely through the exposure; IVs should not exhibit any association with confounding factors in the relationship between exposure and outcome.
[image: Figure 1]FIGURE 1 | Assumptions and study design of the bidirectional Mendelian randomization study of the causal relationships between 66 mitochondrial proteins and different pathological types of lung cancer. LC, lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; SCLC, small cell lung carcinoma; SNPs, single nucleotide polymorphisms.
2.2 Genome-wide association study (GWAS) sources
The GWAS data for MPs were sourced from a GWAS study involving a total sample size of 3,301 healthy participants of European descent (Sun et al., 2018). A total of 66 mitochondrial proteins (due to limited data availability) were enrolled in the subsequent MR analysis. The GWAS data for LC were derived from a large-scale GWAS study involving 85,716 individuals with 29,266 cases and 56,450 controls, while the GWAS study ulteriorly categorized LC into specific pathological types as lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and small cell lung carcinoma (SCLC) (McKay et al., 2017). All detailed information on GWAS data for MR analyses is presented in Figure 1. The original GWAS obtained approval from their respective institutions, and all data used for this study are publicly available. Therefore, no additional ethical approval was required.
2.3 Acquisition of IVs
Due to the restricted pool of accessible SNPs, we opted for SNPs with a cutoff of p < 1e-5. Then genetic instruments were excluded on a linkage disequilibrium (LD) threshold of r2 < 0.001 and a window size = 10,000 kb. To assess the statistical strength of each SNP, the F statistics were also calculated, and the SNPs with F statistic <10 were eliminated for weak strength (Brion et al., 2013). We further excluded IVs that exhibited associations with potential confounding traits according to PhenoScanner (http://www.phenoscanner.medschl.cam.ac.uk/).
2.4 MR analysis
As for the two-sample analyses, we conducted the inverse variance-weighted (IVW) method as the primary approach for examining the bidirectional causal relationships between MPs and different pathological types of LC. Additionally, three complementary MR approaches were employed, including MR-Egger, weighted median (WM), and MR-Pleiotropy residual sum and outlier (MR-PRESSO), to sustain the findings derived from the IVM method. p-values were adjusted for false discovery rate (FDR) method, and Adjusted p-values (adj. P) < 0.05 were considered statistically significant. Also, p-values <0.05 were considered nominally significant.
2.5 Sensitivity analysis
Given that the IVW method could be biased by pleiotropic IVs, sensitivity analyses were employed to address the pleiotropic effects in the causal estimates. To assess potential heterogeneity, Cochrane’s Q test was applied. In cases where heterogeneity was detected p < 0.05, a random-effects IVW analysis was performed to account for the measured heterogeneity. Additionally, the intercept of MR-Egger and MR-PRESSO global test were adopted to estimate the presence of horizontal pleio8tropy in the genetic variants (p < 0.05 indicated potential horizontal pleiotropy) while MR-PRESSO global test demonstrated a greater level of accuracy and assistance compared to MR-Egger in identifying horizontal pleiotropy. Furthermore, a leave-one-out analysis was conducted to determine whether the results were actuated by individual variants. We conducted all our MR analyses using the R software (version 4.3.1).
3 RESULTS
3.1 Acquisition of IVs
After filtering for SNPs with LD, significantly linked to potential confounders (lung function and chronic obstructive pulmonary disease), and other LC-associated traits, a total of 125 SNPs were enrolled as IVs for the ensuing MR analyses, with the F statistics for each SNP being >10, demonstrating the absence of instrument bias (Supplementary Table S1).
3.2 Causal effects of MPs on LC
The results reported that both mitochondrial NADH dehydrogenase [ubiquinone]iron-sulfur protein 4 (Ndufs4) (IVW: OR = 0.971, 95% CI: 0.949–0.994, p = 0.015, adj. p = 0.015) and mitochondrial import inner membrane translocase subunit TIM14 (TIMM14/DNAJC19) (IVW: OR = 0.935, 95% CI: 0.887–0.985, p = 0.012, adj. p = 0.023) had a protective causal effect on overall LC (Figure 2). However, we observed no genetic predisposition to MPs demonstrated a causal relationship on LUAD (Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Causal effects of mitochondrial proteins on different pathological types of LC. LC, lung cancer; LUSC, lung squamous cell carcinoma; SCLC, small cell lung carcinoma; SNPs, single nucleotide polymorphisms; MR, Mendelian randomization; MR-PRESSO, MR-pleiotropy residual sum and outlier.
As to LUSC, the findings suggested that mitochondrial steroidogenic acute regulatory protein (StAR) (IVW: OR = 0.878, 95% CI 0.790–0.977, p = 0.017, adj. p = 0.028), mitochondrial Ndufs4 (IVW: OR = 0.955, 95% CI 0.920–0.991, p = 0.015; WM: OR = 0.960, 95% CI 0.920–1.002, p = 0.063, adj. p = 0.037) and mitochondrial DNAJC19 (IVW: OR = 0.908, 95% CI 0.830–0.992, p = 0.033, adj. p = 0.041) had protective causal effects on LUSC. In contrast, mitochondrial NADH dehydrogenase [ubiquinone]1 beta subcomplex subunit 8 (NDUFB8) (IVW: OR = 1.104, 95% CI 1.001–1.218, p = 0.048, adj. p = 0.048) indicated pathogenic causal impacts on LUSC. Besides, mitochondrial sodium/hydrogen exchanger 9B2 (SLC9B2) (IVW: OR = 1.115, 95% CI 1.025–1.212, p = 0.011, adj. p = 0.055) showed a suggestive casual association with the higher risk of LUSC (Figure 2).
In terms of SCLC, we discovered two protective factors, including mitochondrial ADP-ribose pyrophosphatase (NUDT9) (IVW: OR = 0.864, 95% CI 0.784–0.952, p = 0.003, adj. p = 0.012) and mitochondrial Ndufs4 (IVW: OR = 0.928, 95% CI 0.866–0.995, p = 0.035, adj. p = 0.048) and two risk factors, including mitochondrial 39S ribosomal protein L32 (MRPL32) (IVW: OR = 1.186, 95% CI 1.015–1.386, p = 0.032, adj. p = 0.043) and mitochondrial oligoribonuclease (REXO2) (IVW: OR = 1.197, 95% CI 1.015–1.411, p = 0.032, adj. p = 0.043) were causal associated with SCLC (Figure 2).
3.3 Sensitivity analysis
The scatter plot showed that the causal estimates derived by the MR-Egger regression and weighted median approach were consistent in both dimension and direction with IVW method (Supplementary Figure S1). The findings of Cochrane’s Q test indicated no significant heterogeneity (p > 0.05). The results revealed that the MR-Egger regression did not identify any pleiotropic effects for MPs (all p > 0.05). Additionally, the MR-PRESSO global test detected neither horizontal pleiotropic effects nor outlier SNPs (all p > 0.05). Moreover, the leave-one-out analysis validated that no individual SNP solely drove the causality between MPs and different pathological types of LC (Supplementary Figure S2).
3.4 Bidirectional causal associations between identified MPs and LC
To assess any reverse causality between identified MPs and different pathological types of LC, we considered overall LC and its subtypes as the exposure and identified MPs as the outcome. After screening, we employed 119 SNPs associated with different pathological types of LC as IVs (Supplementary Table S3). Finally, the results indicated no evidence for a reverse causal association between identified MPs and different pathological types of LC (Table 1).
TABLE 1 | Causal effects of different pathological types of LC on identified mitochondrial proteins.
[image: Table 1]4 DISCUSSION
To our knowledge, this is the inaugural investigation of the causality between mitochondrial proteins and LC using open-access genetic databases. We employed bidirectional MR analyses to determine the causality between 66 MPs and different pathological types of LC, which enabled us to evaluate the upstream and downstream in the disease progression while avoiding reverse causation. We further ensured the robustness of our MR analyses against pleiotropic influences by implementing a variety of MR approaches, including MR-Egger and MR-PRESSO, to validate our findings. Our results indicated that a total of eight MPs may be potential protective contributors or potential risk factors to the development of overall LC, LUSC, and SCLC, whereas no such causal effect was observed in the case of LUAD. Furthermore, we found no evidence for a reverse causal effect between identified MPs and different pathological types of LC.
The majority of reactive oxygen species (ROS) within cells are produced from the mitochondrial respiratory chain. An overabundance of ROS can result in oxidative stress, causing oxidative harm to proteins and alterations in MP expression (Rabilloud et al., 2001; Poyton et al., 2009). Numerous studies have demonstrated that increased levels of ROS are correlated with the formation and advancement of LC (Weinberg et al., 2010; Jiang et al., 2022). Additionally, examining variations in the mitochondrial proteome is deemed to be an effective method to gauge the degree of mitochondrial damage under oxidative stress conditions (Gibson, 2005). Due to the absence of protective histones and a restricted range of DNA repair mechanisms, mitochondrial DNA (mtDNA) is highly susceptible to oxidative damage (Richter et al., 1988). Instability in mtDNA has been observed in several cancers, including LC (Chatterjee et al., 2006). An observational study suggested that compared to patients without LC, mutation rates in mtDNA were significantly increased in exhaled breath condensate in patients with LC (Yang Ai et al., 2013). After smoking, exposure to radon is the second leading cause of LC (Lorenzo-González et al., 2019). A study found that in radon-induced LC patients, the concentration of cell free mtDNA was significantly increased compared to other participants in the study (Bulgakova et al., 2022). Although these studies suggested a relationship between MPs and LC to some degree, the causal links remain unclear, and the direct association between them still lacks substantial research backing. Our research offered evidence supporting causal associations of MPs with LC and its subtypes by deducing the causality through genetic prediction using MR, which could also mitigate confounders effectively.
The result showed two protective factors in overall LC. Ndufs4 encodes mitochondrial complex I protein (Karamanlidis et al., 2013), while a study revealed deficiency in complex I led to elevated levels of mitochondrial ROS in macrophages in mouse models with myeloid-specific deletion of Ndufs4 (Cai et al., 2023). A similar result of Ndufs4 was also found in LUSC and SCLC, which indicated that Ndufs4 may be a vital protective factor in the development of LC. DNAJC19 plays a crucial role in preserving mitochondrial integrity, and the mutation in DNAJC19 could induce the occurrence of dilated cardiomyopathy and ataxia syndrome (Davey et al., 2006). Paradoxically, the expression of DNAJC19 was increased in NSCLC tissues compared to noncancerous adjacent tissues (Zhou et al., 2021). This conflictive result could be attributed to pathogenic variants in DNAJC19, which can lead to damage to mitochondrial function (Wachoski-Dark et al., 2022). Our finding also indicated the protective causal effect of DNAJC19 on LUSC, which further substantiates that DNAJC19 has a pivotal protective effect against LC.
In terms of LUSC, our study revealed four probable and one possible MPs with causal links, including protective factors of StAR, Ndufs4, and DNAJC19 and risk factors of NDUFB8 and SLC9B2. StAR governs the crucial step that limits the rate of steroid biosynthesis, playing a vital role in the regulation of steroid hormones (Manna et al., 2009). ROS impairs mitochondria, leading to reduced StAR expression and steroidogenesis across various steroid-producing cells. At the same time, hormone deficiencies are considered a primary driver of human aging, which is related to the onset of various tumors (Manna et al., 2016; Jackaman et al., 2017). The selective nitration of NDUFB8 results in the disintegration of mitochondrial supercomplexes, causing the impairment of complex I activity and mitochondrial function. The activity of Complex I is recognized as a crucial factor in controlling mitochondrial respiration. Besides, nitration of NDUFB8 may represent a crucial mechanism in inflammatory conditions, which is a crucial component in the advancement of tumors (Coussens and Werb, 2002; Quintero et al., 2006; Davis et al., 2010). SLC9B2 is a sodium/hydrogen antiporter (Chintapalli et al., 2015). However, our understanding of the precise molecular functions of SLC9B2 remains limited. A previous study suggested the increased expression of SLC9B2 had a positive relationship with Autosomal-dominant polycystic kidney disease (Chapman et al., 2015). The expression level of SLC9B2 was identified significantly upregulated in Crohn’s disease (Ye et al., 2022). We speculate that the inflammation may be one of the reasons for its role as a risk factor for LUSC.
For SCLC, the results identified that NUDT9 and Ndufs4 presented protective causal effects, and MRPL32 and REXO2 showed pathogenic causal effects. Adenosine diphosphate ribose (ADPR) interacts with NUDT9 homology to activate transient receptor potential melastatin 2 (TRPM2) channel (Miller and Cheung, 2016), while the decreased level of TRPM2 was considered to enhance tumor potential metastasis (Gershkovitz et al., 2018). SCLC is well known as a highly aggressive disease, thus this mechanism may explain the association between the protective factor NUDT9 and SCLC. As to risk factors, the current understanding of MRPL32 and REXO2 is limited. Prior studies demonstrated that suppressing MRPL32 could reduce oxygen-glucose deprivation/reperfusion damage (Guan et al., 2020) and that REXO2 was associated with a poorer prognosis in glioma (Wang et al., 2021).
Nevertheless, our study had several constraints. Firstly, increasing the sample size is pivotal for a more accurate determination of the causal relationship between MPs and different pathological types of LC due to the potential biases from the current fairly small MP sample size. Secondly, the participants in GWAS data were predominantly of European populations, which constrained the applicability of our results to other ethnicities and could result in biased conclusions. Finally, our study merely identified causal associations of MPs with LC and its subtypes, further in-depth research is required to clarify the exact mechanisms of the causality.
5 CONCLUSION
In general, we systematically assessed the causality between MPs and different pathological types of LC by performing bidirectional MR analyses. Our study identified a total of seven MPs had significant causal relationships on overall LC, LUSC, and SCLC. Our findings suggested that there were two protective causal associations with LC; two protective causal associations, two causal pathogenic associations, and a nominally protective causal association with LUSC; two protective causal associations and two causal pathogenic associations with SCLC. Additionally, the results demonstrated no MP had a causality link with LUAD, and no evidence supported the reverse causality for identified MPs with LC or its subtypes. This research underscores the causal effects of MPs on the occurrence of LC, suggesting that MPs might be a viable strategy for LC prevention.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://www.ebi.ac.uk/gwas/publications/29875488. https://www.ebi.ac.uk/gwas/publications/28604730.
AUTHOR CONTRIBUTIONS
TJ: Software, Writing–original draft. YL: Formal Analysis, Writing–original draft. ML: Project administration, Writing–original draft. YH: Resources, Writing–original draft. BY: Validation, Writing–original draft, Validation. JG: Conceptualization, Funding acquisition, 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 study was supported by grants from Jiangsu Provincial Research Hospital: YJXYY202204-XKA02.
ACKNOWLEDGMENTS
This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies that aided the efforts of the authors.
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/fgene.2024.1335223/full#supplementary-material
REFERENCES
 Anderson, A. J., Jackson, T. D., Stroud, D. A., and Stojanovski, D. (2019). Mitochondria-hubs for regulating cellular biochemistry: emerging concepts and networks. Open Biol. 9, 190126. doi:10.1098/rsob.190126
 Bade, B. C., and Dela Cruz, C. S. (2020). Lung cancer 2020: Epidemiology, etiology, and prevention. Clin. Chest Med. 41, 1–24. doi:10.1016/j.ccm.2019.10.001
 Bandy, B., and Davison, A. J. (1990). Mitochondrial mutations may increase oxidative stress: implications for carcinogenesis and aging?Free Radic. Biol. Med. 8, 523–539. doi:10.1016/0891-5849(90)90152-9
 Boehm, F. J., and Zhou, X. (2022). Statistical methods for Mendelian randomization in genome-wide association studies: a review. Comput. Struct. Biotechnol. J. 20, 2338–2351. doi:10.1016/j.csbj.2022.05.015
 Brion, M.-J. A., Shakhbazov, K., and Visscher, P. M. (2013). Calculating statistical power in Mendelian randomization studies. Int. J. Epidemiol. 42, 1497–1501. doi:10.1093/ije/dyt179
 Bulgakova, O., Kussainova, A., Kakabayev, A., Aripova, A., Baikenova, G., Izzotti, A., et al. (2022). The level of free-circulating mtDNA in patients with radon-induced lung cancer. Environ. Res. 207, 112215. doi:10.1016/j.envres.2021.112215
 Cai, S., Zhao, M., Zhou, B., Yoshii, A., Bugg, D., Villet, O., et al. (2023). Mitochondrial dysfunction in macrophages promotes inflammation and suppresses repair after myocardial infarction. J. Clin. Invest. 133, e159498. doi:10.1172/JCI159498
 Chapman, A. B., Devuyst, O., Eckardt, K.-U., Gansevoort, R. T., Harris, T., Horie, S., et al. (2015). Autosomal-dominant polycystic kidney disease (ADPKD): executive summary from a kidney disease: improving global outcomes (KDIGO) controversies conference. Kidney Int. 88, 17–27. doi:10.1038/ki.2015.59
 Chatterjee, A., Mambo, E., and Sidransky, D. (2006). Mitochondrial DNA mutations in human cancer. Oncogene 25, 4663–4674. doi:10.1038/sj.onc.1209604
 Chintapalli, V. R., Kato, A., Henderson, L., Hirata, T., Woods, D. J., Overend, G., et al. (2015). Transport proteins NHA1 and NHA2 are essential for survival, but have distinct transport modalities. Proc. Natl. Acad. Sci. U. S. A. 112, 11720–11725. doi:10.1073/pnas.1508031112
 Coussens, L. M., and Werb, Z. (2002). Inflammation and cancer. Nature 420, 860–867. doi:10.1038/nature01322
 Davey, K. M., Parboosingh, J. S., McLeod, D. R., Chan, A., Casey, R., Ferreira, P., et al. (2006). Mutation of DNAJC19, a human homologue of yeast inner mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal recessive Barth syndrome-like condition. J. Med. Genet. 43, 385–393. doi:10.1136/jmg.2005.036657
 Davis, C. W., Hawkins, B. J., Ramasamy, S., Irrinki, K. M., Cameron, B. A., Islam, K., et al. (2010). Nitration of the mitochondrial complex I subunit NDUFB8 elicits RIP1- and RIP3-mediated necrosis. Free Radic. Biol. Med. 48, 306–317. doi:10.1016/j.freeradbiomed.2009.11.001
 Emdin, C. A., Khera, A. V., and Kathiresan, S. (2017). Mendelian randomization. JAMA 318, 1925–1926. doi:10.1001/jama.2017.17219
 Friedlander, J. E., Shen, N., Zeng, A., Korm, S., and Feng, H. (2021). Failure to guard: mitochondrial protein quality control in cancer. Int. J. Mol. Sci. 22, 8306. doi:10.3390/ijms22158306
 Gershkovitz, M., Caspi, Y., Fainsod-Levi, T., Katz, B., Michaeli, J., Khawaled, S., et al. (2018). TRPM2 mediates neutrophil killing of disseminated tumor cells. Cancer Res. 78, 2680–2690. doi:10.1158/0008-5472.CAN-17-3614
 Gibson, B. W. (2005). The human mitochondrial proteome: oxidative stress, protein modifications and oxidative phosphorylation. Int. J. Biochem. Cell Biol. 37, 927–934. doi:10.1016/j.biocel.2004.11.013
 Guan, X., Zhang, H., Qin, H., Chen, C., Hu, Z., Tan, J., et al. (2020). CRISPR/Cas9-mediated whole genomic wide knockout screening identifies mitochondrial ribosomal proteins involving in oxygen-glucose deprivation/reperfusion resistance. J. Cell Mol. Med. 24, 9313–9322. doi:10.1111/jcmm.15580
 Jackaman, C., Tomay, F., Duong, L., Abdol Razak, N. B., Pixley, F. J., Metharom, P., et al. (2017). Aging and cancer: the role of macrophages and neutrophils. Ageing Res. Rev. 36, 105–116. doi:10.1016/j.arr.2017.03.008
 Jiang, L., Zhang, J., Xu, Y., Xu, H., and Wang, M. (2022). Treating non-small cell lung cancer by targeting the PI3K signaling pathway. Chin. Med. J. Engl. 135, 1272–1284. doi:10.1097/CM9.0000000000002195
 Karamanlidis, G., Lee, C. F., Garcia-Menendez, L., Kolwicz, S. C., Suthammarak, W., Gong, G., et al. (2013). Mitochondrial complex I deficiency increases protein acetylation and accelerates heart failure. Cell Metab. 18, 239–250. doi:10.1016/j.cmet.2013.07.002
 Leiter, A., Veluswamy, R. R., and Wisnivesky, J. P. (2023). The global burden of lung cancer: current status and future trends. Nat. Rev. Clin. Oncol. 20, 624–639. doi:10.1038/s41571-023-00798-3
 Lorenzo-González, M., Torres-Durán, M., Barbosa-Lorenzo, R., Provencio-Pulla, M., Barros-Dios, J. M., and Ruano-Ravina, A. (2019). Radon exposure: a major cause of lung cancer. Expert Rev. Respir. Med. 13, 839–850. doi:10.1080/17476348.2019.1645599
 Luo, G., Zhang, Y., Etxeberria, J., Arnold, M., Cai, X., Hao, Y., et al. (2023). Projections of lung cancer incidence by 2035 in 40 countries worldwide: population-based study. JMIR Public Health Surveill. 9, e43651. doi:10.2196/43651
 Manna, P. R., Dyson, M. T., and Stocco, D. M. (2009). Regulation of the steroidogenic acute regulatory protein gene expression: present and future perspectives. Mol. Hum. Reprod. 15, 321–333. doi:10.1093/molehr/gap025
 Manna, P. R., Stetson, C. L., Slominski, A. T., and Pruitt, K. (2016). Role of the steroidogenic acute regulatory protein in health and disease. Endocrine 51, 7–21. doi:10.1007/s12020-015-0715-6
 McKay, J. D., Hung, R. J., Han, Y., Zong, X., Carreras-Torres, R., Christiani, D. C., et al. (2017). Large-scale association analysis identifies new lung cancer susceptibility loci and heterogeneity in genetic susceptibility across histological subtypes. Nat. Genet. 49, 1126–1132. doi:10.1038/ng.3892
 Miller, B. A., and Cheung, J. Y. (2016). TRPM2 protects against tissue damage following oxidative stress and ischaemia–reperfusion. J. Physiol. 594, 4181–4191. doi:10.1113/JP270934
 Osuoha, C. A., Callahan, K. E., Ponce, C. P., and Pinheiro, P. S. (2018). Disparities in lung cancer survival and receipt of surgical treatment. Lung Cancer 122, 54–59. doi:10.1016/j.lungcan.2018.05.022
 Pfanner, N., Warscheid, B., and Wiedemann, N. (2019). Mitochondrial proteins: from biogenesis to functional networks. Nat. Rev. Mol. Cell Biol. 20, 267–284. doi:10.1038/s41580-018-0092-0
 Poyton, R. O., Ball, K. A., and Castello, P. R. (2009). Mitochondrial generation of free radicals and hypoxic signaling. Trends Endocrinol. Metab. 20, 332–340. doi:10.1016/j.tem.2009.04.001
 Quintero, M., Colombo, S. L., Godfrey, A., and Moncada, S. (2006). Mitochondria as signaling organelles in the vascular endothelium. Proc. Natl. Acad. Sci. U. S. A. 103, 5379–5384. doi:10.1073/pnas.0601026103
 Rabilloud, T., Heller, M., Rigobello, M. P., Bindoli, A., Aebersold, R., and Lunardi, J. (2001). The mitochondrial antioxidant defence system and its response to oxidative stress. Proteomics 1, 1105–1110. doi:10.1002/1615-9861(200109)1:9<1105::AID-PROT1105>3.0.CO;2-M
 Richter, C., Park, J. W., and Ames, B. N. (1988). Normal oxidative damage to mitochondrial and nuclear DNA is extensive. Proc. Natl. Acad. Sci. U. S. A. 85, 6465–6467. doi:10.1073/pnas.85.17.6465
 Sanderson, E. (2021). Multivariable mendelian randomization and mediation. Cold Spring Harb. Perspect. Med. 11, a038984. doi:10.1101/cshperspect.a038984
 Santo-Domingo, J., and Demaurex, N. (2012). Perspectives on: SGP symposium on mitochondrial physiology and medicine: the renaissance of mitochondrial pH. J. Gen. Physiol. 139, 415–423. doi:10.1085/jgp.201110767
 Schabath, M. B., and Cote, M. L. (2019). Cancer progress and priorities: lung cancer. Cancer Epidemiol. Biomarkers Prev. 28, 1563–1579. doi:10.1158/1055-9965.EPI-19-0221
 Stefani, M. (2004). Protein misfolding and aggregation: new examples in medicine and biology of the dark side of the protein world. Biochim. Biophys. Acta 1739, 5–25. doi:10.1016/j.bbadis.2004.08.004
 Sun, B. B., Maranville, J. C., Peters, J. E., Stacey, D., Staley, J. R., Blackshaw, J., et al. (2018). Genomic atlas of the human plasma proteome. Nature 558, 73–79. doi:10.1038/s41586-018-0175-2
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Wachoski-Dark, E., Zhao, T., Khan, A., Shutt, T. E., and Greenway, S. C. (2022). Mitochondrial protein homeostasis and cardiomyopathy. Int. J. Mol. Sci. 23, 3353. doi:10.3390/ijms23063353
 Wallace, D. C. (2012). Mitochondria and cancer. Nat. Rev. Cancer 12, 685–698. doi:10.1038/nrc3365
 Wang, H., Wang, X., Xu, L., Zhang, J., and Cao, H. (2021). RUNX1 and REXO2 are associated with the heterogeneity and prognosis of IDH wild type lower grade glioma. Sci. Rep. 11, 11836. doi:10.1038/s41598-021-91382-1
 Weinberg, F., Hamanaka, R., Wheaton, W. W., Weinberg, S., Joseph, J., Lopez, M., et al. (2010). Mitochondrial metabolism and ROS generation are essential for Kras-mediated tumorigenicity. Proc. Natl. Acad. Sci. U. S. A. 107, 8788–8793. doi:10.1073/pnas.1003428107
 Yang Ai, S. S., Hsu, K., Herbert, C., Cheng, Z., Hunt, J., Lewis, C. R., et al. (2013). Mitochondrial DNA mutations in exhaled breath condensate of patients with lung cancer. Respir. Med. 107, 911–918. doi:10.1016/j.rmed.2013.02.007
 Ye, C., Zhu, S., Gao, Y., and Huang, Y. (2022). Landscape of sialylation patterns identify biomarkers for diagnosis and prediction of response to anti-TNF therapy in crohn’s disease. Front. Genet. 13, 1065297. doi:10.3389/fgene.2022.1065297
 Zhou, J., Peng, Y., Gao, Y.-C., Chen, T.-Y., Li, P.-C., Xu, K., et al. (2021). Targeting DNAJC19 overcomes tumor growth and lung metastasis in NSCLC by regulating PI3K/AKT signaling. Cancer Cell Int. 21, 338. doi:10.1186/s12935-021-02054-z
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.
Copyright © 2024 Ji, Lv, Liu, Han, Yuan and Gu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-15-1335223-t001.jpg
Exposure

OR (95%Cl)

p-
value

adj. p-
value

Mitochondrial NADH dehydrogenase [ubiquinone]iron-sulfur Inverse variance 50 1048 0430 0.860
protein 4 weighted (0.933-1.176)
MR Egger 50 1083 0570 0570
(0.824-1424)
Weighted median 50 0981 0816 1
(0.831-1.157)
Mitochondrial import inner membrane translocase subunit Inverse variance 50 1034 0.649 0.649
TIM14 weighted (0.897-1.191)
MR Egger 50 1193 0303 0.606
(0.856-1.664)
Weighted median 50 1012 0.894 0.894
(0.851-1.204)
Lusc
Mitochondrial steroidogenic acute regulatory protein Inverse variance 39 0952 0226 0377
weighted (0.879-1.031)
MR Egger 39 1121 0.188 0470
(0.949-1326)
Weighted median 39 0991 0.881 0881
(0.879-1.117)
Mitochondrial NADH dehydrogenase [ubiquinone]1 beta Inverse variance 39 0995 0911 0911
subcomplex subunit § weighted (0.916-1.081)
MR Egger 39 0971 0747 0747
(0.814-1.159)
Weighted median 39 1030 0.626 1000
(0.914-1.161)
Mitochondrial NADH dehydrogenase [ubiquinone]iron-sulfur Inverse variance 39 0993 0872 1000
protein 4 weighted (0.907-1.086)
MR Egger 39 0.889 0226 0377
(0.736-1.072)
Weighted median 39 1023 0.706 0.883
(0.909-1.151)
Mitochondrial sodium/hydrogen exchanger 9B2 Inverse variance 39 0.948 0.191 0478
weighted (0.876-1.027)
MR Egger 39 0.834 0.041 0205
(0.706-0.986)
Weighted median 39 0.967 0579 1.000
(0.858-1.089)
Mitochondrial import inner membrane translocase subunit Inverse variance 39 1073 0.098 0490
TIM14 weighted (0.987-1.167)
MR Egger 39 1093 0333 0416
(0.915-1.306)
Weighted median 39 1082 0.180 0900
(0.964-1213)
SCLC
Mitochondrial ADP-ribose pyrophosphatase Inverse variance 30 1004 0902 0902
weighted (0.945-1.067)
MR Egger 30 1026 0.693 0924
(0.904-1.165)
Weighted median 30 0.987 0757 1000
(0.911-1.070)
Mitochondrial 395 ribosomal protein L32 Inverse variance 30 0.968 0298 0596
weighted (0.911-1.029)
MR Egger 30 0905 0134 0536
(0.797-1.027)
Weighted median 30 0940 0123 0492
(0.869-1.017)
Mitochondrial NADH dehydrogenase [ubiquinone]iron-sulfur Inverse variance 30 1057 0.074 0296
protein 4 weighted (0.995-1.123)
MR Egger 30 1033 0.619 1000
(0.910-1.173)
Weighted median 30 1043 0334 0.668
(0.957-1.137)
Mitochondrial Oligoribonuclease Inverse variance 30 0.995 0.869 1000
weighted (0.936-1.057)
MR Egger 30 0975 0.708 0708
(0.858-1.109)
Weighted median 30 1005 0901 0.901

(0.922-1.096)

LG, lung cancer. LUAD, lung adenocarcinoma, LUSC, lung squamous cell carcinoma. SCLC, small cell lng carcinoma. SNPs,single nucleotide polymorphisms. MR, Mendelian randomization.
adlf; e, Adiniied Hvilass.






OPS/xhtml/nav.xhtml
Contents

		Cover

		Causal relationships between mitochondrial proteins and different pathological types of lung cancer: a bidirectional mendelian randomization study		1 Introduction

		2 Methods		2.1 Study design

		2.2 Genome-wide association study (GWAS) sources

		2.3 Acquisition of IVs

		2.4 MR analysis

		2.5 Sensitivity analysis





		3 Results		3.1 Acquisition of IVs

		3.2 Causal effects of MPs on LC

		3.3 Sensitivity analysis

		3.4 Bidirectional causal associations between identified MPs and LC





		4 Discussion

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics

Causal relationships between
mitochondrial proteins and
different pathological types of
lung cancer: a bidirectional
mendelian randomization study





OPS/images/fgene-15-1335223-g001.gif
prvosena N GO S (PR
el Lo S et
— S

LG5 716 it o Europesns 29366 caes 5 451 comro)
A 756 ciidue ofEaropesns (127 e 08600 cotron
S €05 s of ropean (7426 e v S 627 contre)
SCLC: 24 108 individuale of Earopeams (1664 cane v 21 444 controe)

e p—
ey st o Europesns






OPS/images/fgene-15-1335223-g002.gif
e R T W e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





