STROBE-MR checklist of recommended items to address in reports of Mendelian randomization studies1 2 

	Item No.
	Section
	Checklist item 
	Page No.
	Relevant text from manuscript

	1
	TITLE and ABSTRACT
	Indicate Mendelian randomization (MR) as the study’s design in the title and/or the abstract if that is a main purpose of the study
	1
	A Multicenter Mendelian 
Randomization Study 

	
	INTRODUCTION
	
	
	

	2
	Background
	Explain the scientific background and rationale for the reported study. What is the exposure? Is a potential causal relationship between exposure and outcome plausible? Justify why MR is a helpful method to address the study question
	3
	To dissect the intricate link between LUAD and metabolism, Mendelian Randomization (MR)  and Quantitative Trait Loci (QTLs) analyses emerge as powerful tools. MR leverages genetic  variation as instrumental variables to infer causality between modifiable risk factors and diseases,  bypassing confounding and reverse causation(10). QTLs, encompassing methylation QTLs (mQTLs), expression QTLs (eQTLs), and protein QTLs (pQTLs), provide a genetic framework to  understand how variations within the genome influence traits at the molecular level(11). These  methodologies, used in tandem, can uncover genetic predispositions and molecular mechanisms that  drive the metabolic reprogramming in LUAD, offering novel insights into its pathogenesis and  potential intervention points

	3
	Objectives
	State specific objectives clearly, including pre-specified causal hypotheses (if any). State that MR is a method that, under specific assumptions, intends to estimate causal effects
	3
	This integrative approach aims to reveal novel insights into the  metabolic underpinnings of LUAD and identifies potential biomarkers and therapeutic targets,  thereby contributing significantly to the field of cancer genomics and personalized medicine. 

	
	METHODS
	
	
	

	4
	Study design and data sources
	Present key elements of the study design early in the article. Consider including a table listing sources of data for all phases of the study. For each data source contributing to the analysis, describe the following: 
	
	

	
	a)
	Setting: Describe the study design and the underlying population, if possible. Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection, when available.
	3
	Figure 1 outlines the study's structured framework. We utilized datasets from the Transdisciplinary Research Into Cancer of the Lung (TRICL), FinnGen study, and various extensive GWASs (detailed in Table S1) as a platform for our MR analysis.

	
	b)
	Participants: Give the eligibility criteria, and the sources and methods of selection of participants. Report the sample size, and whether any power or sample size calculations were carried out prior to the main analysis 
	4
	For our study, SNP-CpG associations were sourced from the mQTL data gathered by McRae et al. on 1,980 individuals of European descent(12). This data set underwent normalization of individual methylation probes using a generalized linear model with a logistic link function, accounting for variables such as chip, sex, age, and interactions between sex and age. The eQTL data was procured from the eQTLGen consortium, an extensive cohort encompassing 31,684 individuals. This database provides a comprehensive repository of associations between genetic variations and gene expression across diverse populations(13). Protein QTLs (pQTLs) were extracted from the study by Ferkingstad et al., which included a robust Icelandic cohort of 35,559 participants. Protein levels were rank-inverse normal transformed and adjusted for confounding factors like age and sex(14).

	
	c)
	Describe measurement, quality control and selection of genetic variants
	5
	The selection of the top associated cis-QTLs was based on a defined genomic window centered on the target gene (±1000 kb), with a significance threshold set at P < 5.0 × 10−8. SNPs exhibiting allele frequency differences greater than 0.2 between any of the datasets, including the linkage disequilibrium (LD) reference sample, QTL summary data, and outcome summary data, were excluded to avoid biases in the analysis. The Heterogeneity in Dependent Instruments (HEIDI) test was applied to differentiate between pleiotropy and linkage, with P-HEIDI < 0.01 indicating potential pleiotropy and leading to exclusion from further analysis(16).

	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	4
	Summary-level data for LUAD and its two subtypes were obtained from the TRICL, and the FinnGen study. All participants in the TRICL study were of European ancestry and included 11,245 cases and 54,619 controls for LUAD. The LUAD diagnoses were defined according to the International Classification of Diseases (ICD), 9th Revision (ICD-9) and ICD-10. Summary-level data of genetic associations with LUAD and its subtype were also obtained from the publicly available R10 data release of the FinnGen study. The diagnosis of LUAD and its subtype was based on the ICD codes and confirmed by the Social Insurance Institution codes, which totaled 1,590 cases and 314,193 controls for LUAD. The discovery stage of the research utilized the TRICL dataset, while the replication stage involved the utilization of data from the the FinnGen study. There was no sample overlap among these three datasets.


	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	12
	There was no need to get informed consent or ethical approval for this study again because all of the data were taken from published sources, and the informed consent and approval were received.


	5
	Assumptions

	Explicitly state the three core IV assumptions for the main analysis (relevance, independence and exclusion restriction) as well assumptions for any additional or sensitivity analysis
	N/A
	SMR rather than MR was used.

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	
	

	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	5
	The selection of the top associated cis-QTLs was based on a defined genomic window centered on the target gene (±1000 kb), with a significance threshold set at P < 5.0 × 10−8. SNPs exhibiting allele frequency differences greater than 0.2 between any of the datasets, including the linkage disequilibrium (LD) reference sample, QTL summary data, and outcome summary data, were excluded to avoid biases in the analysis. The Heterogeneity in Dependent Instruments (HEIDI) test was applied to differentiate between pleiotropy and linkage, with P-HEIDI < 0.01 indicating potential pleiotropy and leading to exclusion from further analysis(16).
The SMR and HEIDI tests were conducted using the SMR software tool (version 1.3.1)(16). P-values were adjusted at a significance level of α = 0.05, employing the Bonferroni method. Only associations with Bonferroni-corrected P-values <0.05 and P-HEIDI >0.01 were considered robust enough to proceed to colocalization analysis.

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	5
	The selection of the top associated cis-QTLs was based on a defined genomic window centered on the target gene (±1000 kb), with a significance threshold set at P < 5.0 × 10−8. SNPs exhibiting allele frequency differences greater than 0.2 between any of the datasets, including the linkage disequilibrium (LD) reference sample, QTL summary data, and outcome summary data, were excluded to avoid biases in the analysis. The Heterogeneity in Dependent Instruments (HEIDI) test was applied to differentiate between pleiotropy and linkage, with P-HEIDI < 0.01 indicating potential pleiotropy and leading to exclusion from further analysis(16).
The SMR and HEIDI tests were conducted using the SMR software tool (version 1.3.1)(16). P-values were adjusted at a significance level of α = 0.05, employing the Bonferroni method. Only associations with Bonferroni-corrected P-values <0.05 and P-HEIDI >0.01 were considered robust enough to proceed to colocalization analysis.


	
	c)
	Describe the MR estimator (e.g. two-stage least squares, Wald ratio) and related statistics. Detail the included covariates and, in case of two-sample MR, whether the same covariate set was used for adjustment in the two samples
	5
	The selection of the top associated cis-QTLs was based on a defined genomic window centered on the target gene (±1000 kb), with a significance threshold set at P < 5.0 × 10−8. SNPs exhibiting allele frequency differences greater than 0.2 between any of the datasets, including the linkage disequilibrium (LD) reference sample, QTL summary data, and outcome summary data, were excluded to avoid biases in the analysis. The Heterogeneity in Dependent Instruments (HEIDI) test was applied to differentiate between pleiotropy and linkage, with P-HEIDI < 0.01 indicating potential pleiotropy and leading to exclusion from further analysis(16).
The SMR and HEIDI tests were conducted using the SMR software tool (version 1.3.1)(16). P-values were adjusted at a significance level of α = 0.05, employing the Bonferroni method. Only associations with Bonferroni-corrected P-values <0.05 and P-HEIDI >0.01 were considered robust enough to proceed to colocalization analysis.


	
	d)
	Explain how missing data were addressed
	5
	SMR methods was used.

	
	e)
	If applicable, indicate how multiple testing was addressed
	5
	SMR methods was used.

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	N/A
	SMR methods was used.

	8
	Sensitivity analyses and additional analyses
	Describe any sensitivity analyses or additional analyses performed (e.g. comparison of effect estimates from different approaches, independent replication, bias analytic techniques, validation of instruments, simulations)
	N/A
	SMR methods was used.

	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	5
	Colocalization analysis was conducted to ascertain shared causal variants between LUAD and identified metabolic-related mQTLs, eQTLs, or pQTLs using the coloc R package.

	
	b)
	State whether the study protocol and details were pre-registered (as well as when and where)
	N/A
	SMR methods was used.

	
	RESULTS
	
	
	

	10
	Descriptive data
	
	
	

	
	a)
	Report the numbers of individuals at each stage of included studies and reasons for exclusion. Consider use of a flow diagram
	N/A
	SMR methods was used.

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	N/A
	SMR methods was used.

	
	c)
	If the data sources include meta-analyses of previous studies, provide the assessments of heterogeneity across these studies
	N/A
	SMR methods was used.

	
	d)
	For two-sample MR:
   i.  Provide justification of the similarity of the genetic variant-exposure associations between the exposure and outcome samples
   ii.  Provide information on the number of individuals who overlap between the exposure and outcome studies
	N/A
	SMR methods was used.

	11
	Main results
	
	N/A
	SMR methods was used.

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	N/A
	SMR methods was used.

	
	b)
	Report MR estimates of the relationship between exposure and outcome, and the measures of uncertainty from the MR analysis, on an interpretable scale, such as odds ratio or relative risk per SD difference
	N/A
	SMR methods was used.

	
	c)
	If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	N/A
	SMR methods was used.

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	6
	Following Bonferroni adjustment for multiple comparisons, 5 CpG sites across 3 genes were identified (Figure 2A).

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	N/A
	SMR methods was used.

	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	N/A
	SMR methods was used.

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	N/A
	SMR methods was used.

	
	b)
	Report results from other sensitivity analyses or additional analyses
	N/A
	SMR methods was used.

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	N/A
	SMR methods was used.

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	N/A
	SMR methods was used.

	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	N/A
	SMR methods was used.

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	8
	In our investigation into LUAD, a significant connection emerged between metabolic gene regulation and disease risk, highlighting the gene CHRNA3 as a pivotal element. Notably, two methylation sites on CHRNA3—cg04882995 and cg24506363—exhibited a marked increase in LUAD risk, with compelling colocalization evidence underscoring their potential role in the disease's pathogenesis. The expression analyses of genes FLOT1 and HYKK also revealed a moderate elevation in risk, further substantiated by robust colocalization data. In contrast, the protein levels of PCYOX1, SFTPB, and POGLUT3 presented a protective association against LUAD. These pivotal findings, particularly the significant methylation sites on CHRNA3 and the differential expression and protein quantifications of FLOT1, HYKK, and POGLUT3, pave the way for a deeper understanding of LUAD's etiology and present promising targets for early detection and therapeutic intervention.

	15
	Limitations
	Discuss limitations of the study, taking into account the validity of the IV assumptions, other sources of potential bias, and imprecision. Discuss both direction and magnitude of any potential bias and any efforts to address them 
	10
	However, there are limitations to consider. The scope of metabolic-related proteins in our pQTL dataset was not comprehensive, potentially omitting significant proteins affecting LUAD risk. Additionally, interpreting colocalization probabilities (PPH4) demands caution, as low PPH4 values, especially when accompanied by low PPH3, might reflect insufficient statistical power rather than a definitive lack of colocalization. These aspects highlight areas for further research to deepen our understanding of LUAD's complex etiology.

	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	9
	Our study focuses on the genes FLOT1 and HYKK, which have shown a substantial relationship with LUAD risk, highlighting their potential involvement in LUAD development and progression.

	
	b)
	Mechanism: Discuss underlying biological mechanisms that could drive a potential causal relationship between the investigated exposure and the outcome, and whether the gene-environment equivalence assumption is reasonable. Use causal language carefully, clarifying that IV estimates may provide causal effects only under certain assumptions 
	10
	The findings of our study suggest that POGLUT3 may exert its protective role in LUAD through the modulation of these critical signaling cascades. The negative association with LUAD risk could be indicative of a suppression of tumorigenic signaling pathways or the enhancement of tumor-suppressive mechanisms. Further research into POGLUT3's specific targets and the biochemical consequences of its activity could illuminate novel therapeutic approaches that exploit its protective effects against LUAD.

	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	10
	In conclusion, this MR study highlights the causal relationships between metabolic gene methylation, expression, and protein abundance with LUAD, underscoring the pivotal role of metabolic genes in LUAD's pathogenesis. These insights enrich our understanding of LUAD and identify potential targets for therapeutic intervention. 

	17
	Generalizability   
	Discuss the generalizability of the study results (a) to other populations, (b) across other exposure periods/timings, and (c) across other levels of exposure
	10
	In conclusion, this MR study highlights the causal relationships between metabolic gene methylation, expression, and protein abundance with LUAD, underscoring the pivotal role of metabolic genes in LUAD's pathogenesis. These insights enrich our understanding of LUAD and identify potential targets for therapeutic intervention. 


	
	OTHER INFORMATION
	
	
	

	18
	Funding
	Describe sources of funding and the role of funders in the present study and, if applicable, sources of funding for the databases and original study or studies on which the present study is based
	1
	This study was supported by The Medical Engineering Cross research fund of Shanghai Jiaotong University "Star of Jiaotong University" program (24X010301595).

	19
	Data and data sharing 
	Provide the data used to perform all analyses or report where and how the data can be accessed, and reference these sources in the article. Provide the statistical code needed to reproduce the results in the article, or report whether the code is publicly accessible and if so, where
	12
	Summary data used for this study can be accessed through the following links: mQTL dataset by McRae et al. at PubMed ID 30514905; eQTL dataset from the eQTLGen Consortium at https://www.eqtlgen.org/cis-eqtls.html; Tissue-specific eQTL data from The Genotype-Tissue Expression project at https://gtexportal.org/home/datasets; pQTL dataset by Ferkingstad et al. at PubMed ID 34857953; Lung adenocarcinoma data from the Transdisciplinary Research Into Cancer of the Lung (TRICL) at https://gwas.mrcieu.ac.uk/datasets/ieu-a-984/ and The FinnGen study at https://storage.googleapis.com/finngen-public-data-r10/summary_stats/finngen_R10_C3_NSCLC_ADENO_EXALLC.gz.

	20
	Conflicts of Interest  
	All authors should declare all potential conflicts of interest
	1
	The authors declare that they have no competing interests.
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