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
	Novel Biomarkers and Therapeutic Candidates for Spina Bifida Identified through Mendelian Randomization and Transcriptomic Integration

	
	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
	1-2
	· Background: Spina bifida is a common and clinically significant subtype of neural tube defects. Current diagnostic tools have limited sensitivity and specificity, and surgical correction cannot reverse pre-existing neurological damage or target the underlying pathophysiology of spina bifida, creating an urgent need for reliable biomarkers and novel therapeutic targets.
· Exposure: Circulating protein levels quantified by large-scale pQTL datasets
· [bookmark: _GoBack]Integrated Rationale: There is strong biological plausibility for a causal link between circulating protein levels and spina bifida risk, as prior studies have confirmed that dysregulation of proteins governing cholesterol metabolism, cell adhesion and immune regulation drives neural tube closure defects and NTD pathogenesis. Mendelian randomization (MR) is the optimal method for this study: it uses genetic variants as instrumental variables to estimate causal exposure-outcome effects, simulating randomized controlled trials to mitigate confounding and reverse causation biases that limit conventional observational research.

	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
	2
	In this study, we conducted a MR analysis integrating pQTL-based proteomic data with gene expression data from the GEO database to explore the causal relationships and differential gene patterns associated with spina bifida. Furthermore, we employed generalized summary-data-based Mendelian randomization (GSMR), single-gene gene set enrichment analysis (GSEA), and phenome-wide association study (PheWAS) to identify potential biomarkers of spina bifida and assess their potential as druggable targets.2. MR definition: MR is a method that, under specific assumptions (relevance, independence, exclusion restriction), intends to estimate causal effects between protein exposures and spina bifida risk.

	
	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: 
	3
	The analysis flowchart is presented in Figure 1. An overview of all datasets used is provided in Table S1.

	
	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
	The samples we used were all from people of European ancestry.

	
	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 
	3
	Three large-scale pQTL datasets were utilized. The Decode dataset, generated using the SomaScan platform, included protein quantification for 4,719 targets in 35,559 Icelandic individuals  (https://www.decode.com/summarydata/). The UK Biobank Pharma Proteomics Project (UKB_PPP) dataset, based on the Olink platform, provided measurements of 2,923 proteins in 54,219 UK participants (https://registry.opendata.aws/ukbppp/). The Prot_a (SUN_BB) dataset, also using SomaScan, contained measurements of 2,994 proteins in 3,301 individuals of European ancestry (https://gwas.mrcieu.ac.uk/). Genetic association data for spina bifida were obtained from PAN_UKB (https://pan.ukbb.broadinstitute.org/downloads), comprising 210 cases and 408,394 controls.

	
	c)
	Describe measurement, quality control and selection of genetic variants
	3
	Instrumental variables (IVs) were determined following standard GWAS criteria. SNPs that achieved genome-wide significance (p < 5×10-8) were initially included, followed by LD pruning with a cutoff of R² < 0.1 and a 10,000 kb distance threshold. Each instrument was assessed with the F statistic; SNPs with F values above 10 were retained to avoid weak-instrument bias.

	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	
	N.A.

	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	
	N.A.

	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
	3
	· The MR analysis followed three main assumptions: (1) Instrumental variables (IVs) are significantly associated with the exposure; (2) IVs are not associated with confounding factors that influence both the exposure and outcome; (3) IVs affect the outcome solely through their impact on the exposure.
· Additional analysis assumptions: GSMR assumes no residual horizontal pleiotropy after HEIDI outlier removal; Steiger test assumes the causal direction is from the exposure with larger phenotypic variance explained.

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	3
	For proteome-wide MR analyses, instrumental SNPs were selected by standard GWAS criteria (genome-wide significance p < 5×10⁻⁸) followed by LD pruning (R² < 0.1, 10,000 kb). F statistic (>10) was used to exclude weak instruments. Cochran’s Q test assessed inter-instrument heterogeneity and steiger test confirmed causal direction. Wald ratio was used for single SNPs, with IVW as the primary method for multiple SNPs (supplemented by weighted median, MR-Egger, simple mode). MR-PRESSO detected outliers for sensitivity analysis; Bonferroni correction adjusted for multiple comparisons. All analyses were conducted in R via the TwoSampleMR package, with relevant statistics (effect sizes, p-values, 95% CIs) reported.

	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	
	N.A.

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	3
	For duplicate proteins, the data with the larger F-statistic were selected. Based on the criteria for instrumental variables.

	
	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
	3
	Inverse variance weighted method& Wald ratio method.

	
	d)
	Explain how missing data were addressed
	
	N.A.

	
	e)
	If applicable, indicate how multiple testing was addressed
	
	Bonferroni correction was applied for multiple testing.

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	3
	Methods for assumption validation: (1) Relevance: F statistic calculation for each instrument (2) Heterogeneity: Cochran's Q test (3) Horizontal pleiotropy: MR-Egger regression, MR-PRESSO outlier detection, GSMR with HEIDI outlier correction (4) Causal direction: Steiger directionality test (5) Biological plausibility: Prior literature evidence linking candidate genes to neural development, NTDs and related biological pathways

	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)
	3-4
	MR-Egger, and weighted median methods were used, ensuring consistent directional effects across all methods. MR-Egger intercept testing was performed to detect bias due to directional pleiotropy. Cochrane's Q test was used to assess heterogeneity.Steiger filtering validation was conducted for both cis-pQTL and trans-pQTL data.

	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	3
	The R package "TwosampleMR" (version 4.3.2) was used.

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

	
	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
	5
	Supplementary Table S2-S4 lists the SNPs of all proteins included in the analysis.

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	5
	Summary statistics for spina bifida are available on (https://pan.ukbb.broadinstitute.org/downloads), 
SUN_BB proteins, Decode study, UKB_PPP proteins are available on (https://gwas.mrcieu.ac.uk/), (https://www.decode.com/summarydata/) and (https://registry.opendata.aws/ukbppp/).

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

	
	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
	5
	The samples do not overlap.

	11
	Main results
	
	
	

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	5
	The SNPs ultimately used for analysis are listed in Supplementary Table S2-S4.

	
	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
	5-6
	Prioritized candidate genes: NPC2 (OR = 0.753, 95% CI: 0.646-0.879), PCDH12 (OR = 0.636, 95% CI: 0.507-0.798), and IL10RB (OR = 0.665, 95% CI: 0.549-0.805).

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

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	5-6
	These results are shown in Figures 2 and 4.

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	5
	Cochrane's Q test (Supplementary Table S6) and MR-Egger regression (Supplementary Table S5) showed no evidence of heterogeneity or horizontal pleiotropy for NPC2 PCDH12 or IL10RB. Additionally, the results of MR-PRESSO (Supplementary Table S7) further confirmed the robustness of these three positive proteins.

	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	5
	Cochrane's Q test (Supplementary Table S6) and MR-Egger regression (Supplementary Table S5) showed no evidence of heterogeneity or horizontal pleiotropy for NPC2 PCDH12 or IL10RB. Additionally, the results of MR-PRESSO (Supplementary Table S7) further confirmed the robustness of these three positive proteins.

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	5-6
	We used the MR-Egger intercept test, the MR-PRESSO method, and the GSMR method to detect horizontal pleiotropy and heterogeneity.

	
	b)
	Report results from other sensitivity analyses or additional analyses
	5-6
	MR-Egger regression (Supplementary Table S5) and MR-PRESSO (Supplementary Table S7) showed no evidence of heterogeneity or horizontal pleiotropy. GSMR results further confirmed the robustness of horizontal pleiotropy and heterogeneity ( Table 1).

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	5
	The Steiger filtering and directionality tests (Supplementary Table S8) showed consistent results from both individual SNP tests and overall SNP results, confirming that the causal direction is from protein to spina bifida.

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	
	N.A.

	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	6
	Supplementary Figure 1 and 2.

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	7-8
	we prioritized three downregulated genes-NPC2, PCDH12, and IL10RB-as candidate genes. We further evaluated potential adverse effects using PheWAS and assessed druggability through compound screening, molecular docking, and MD simulations, providing a foundation for future drug development in spina bifida.

	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
	First, the MR analysis had limited statistical power due to a small number of spina bifida cases (n=210), increasing false negative risk; a relaxed LD threshold (R² < 0.1) for SNP inclusion may also have weakened instrumental variable strength and compromised causal estimate robustness. Second, some GEO datasets (e.g., GSE33111: 6 cases, 8 controls) had small sample sizes, reducing statistical power, and GEO data included European and Chinese populations while MR outcome data was restricted to Europeans, limiting generalizability. Additionally, though tamibarotene showed favorable docking scores with NPC2 and IL10RB, no prior evidence supports its functional interaction with these genes, making its clinical applicability unconfirmed. Finally, the study is based solely on bioinformatic analyses, lacking in vitro/in vivo experimental validation of the candidate genes and their mechanistic roles in spina bifida pathogenesis.

	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	8-9
	Our study integrated MR and GEO transcriptomic data to identify NPC2, PCDH12, and IL10RB as downregulated protective factors in spina bifida. These genes are enriched in key pathways including JAK-STAT, CAMs, and CCRI. Docking and MD simulations validated NPC2-cholesterol binding as an endogenous positive control, while highlighting tamibarotene as a promising IL10RB-targeting compound. The findings shed light on the molecular mechanisms and targeted therapies of spina bifida, though further experimental work is needed to confirm gene functions and assess the bioactivity of candidate compounds.

	
	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 
	8-9
	Under MR’s core IV assumptions, IV estimates may suggest potential causal effects of the three prioritized proteins on spina bifida risk: NPC2 downregulation disrupts neural cholesterol transport and JAK-STAT-mediated neuroinflammation; PCDH12 dysfunction impairs the neural tube closure-essential CAM pathway; IL10RB dysregulation alters anti-inflammatory JAK-STAT signaling and the spina bifida-linked CCRI pathway. The gene-environment equivalence assumption is reasonable, as genetically driven protein changes mirror the neurodevelopmental perturbations seen with environmental/pathological protein alterations. All causal interpretations are conditional on valid IV assumptions, with experimental validation still required.

	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	
	The identified genes are potential novel biomarkers for early prenatal detection of spina bifida, and tamibarotene is a promising therapeutic candidate for spina bifida intervention, providing a foundation for future drug development and clinical translation. 

	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
	
	The data used in this study were primarily derived from European ancestry cohorts.

	
	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
	11
	This work was supported by the National Natural Science Foundation of China (No. 82160592).

	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 statistics for spina bifida are available on (https://pan.ukbb.broadinstitute.org/downloads), 
SUN_BB proteins, Decode study, UKB_PPP proteins are available on (https://gwas.mrcieu.ac.uk/), (https://www.decode.com/summarydata/) and (https://registry.opendata.aws/ukbppp/). The raw data involved in the study is presented in the text; please contact the corresponding author if further information is needed.

	20
	Conflicts of Interest  
	All authors should declare all potential conflicts of interest
	11-12
	The authors declare no competing interests.


This checklist is copyrighted by the Equator Network under the Creative Commons Attribution 3.0 Unported (CC BY 3.0) license.
1. 	Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM, Swanson SA, et al. Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomization (STROBE-MR) Statement. JAMA. 2021;under review. 
2. 	Skrivankova VW, Richmond RC, Woolf BAR, Davies NM, Swanson SA, VanderWeele TJ, et al. Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomisation (STROBE-MR): Explanation and Elaboration. BMJ. 2021;375:n2233. 



1

