
Figure S1. Principal components analysis cluster analysis. 
PC, principal components.
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Figure S2. Scatter plots showing the correlation analysis between exposure factors and outcomes. The horizontal axis represents 
the effect of SNPs on exposure and the vertical axis represents the effect of SNPs on outcomes. The colored lines represent 
the fitting results of different MR algorithms. A positive slope indicates a risk factor, while a negative slope indicates a safety 
factor. SNP; single nucleotide polymorphisms; LUAD, lung adenocarcinoma; IVW, inverse variance weighted; OR, odds ratio; 
MR, Medelian randomization.
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Figure S3. Forest plots displaying the instrumental variable outcome effect estimation. Each horizontal solid line reflects the 
result estimated by a single SNP using the Wald ratio method. A solid line completely to the left of 0 indicates that an increase 
in exposure factors can reduce the risk of outcome variables; a solid line completely to the right of 0 indicates that an increase 
in exposure factors increases the risk of outcome variables; lines crossing 0 indicate non-significant results. MR, Medelian 
randomization; SNP, single nucleotide polymorphisms.
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Figure S4. Forest plots of the MR analysis for candidate genes. Each black dot and horizontal line represent the effect size 
and 95% CI of an individual SNP associated with the gene exposure. The vertical dashed line indicates the null effect (0). 
Color Coding: The red dot and red horizontal bar at the bottom of each plot represent the overall pooled causal effect estimate 
calculated using the IVW method. A causal association is considered statistically significant if the 95% CI of the IVW estimate 
does not overlap with the null line. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; MR, 
Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S5. Forest plots of the MR analysis for additional candidate genes. Each black dot and horizontal error bar represent the 
effect size and 95% CI for an individual SNP associated with the gene exposure. The vertical dashed line denotes the null effect 
(0). Color coding: The red dot and horizontal bar at the bottom of each plot represent the overall pooled causal effect calcu-
lated via the IVW method. A significant causal relationship is indicated when the 95% CI of the IVW estimate does not cross 
the vertical null line. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; MR, Mendelian 
randomization; SNP, single nucleotide polymorphism.
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Figure S6. Forest plots of the MR analysis for additional candidate genes. Each black dot and horizontal error bar represent the 
effect size and 95% CI for an individual SNP associated with the respective gene exposure. The vertical dashed line represents 
the null effect (0). Color coding: The red dot and horizontal bar at the bottom of each plot represent the pooled causal effect 
estimate calculated using the IVW method. A causal link is considered statistically significant if the 95% CI of the IVW estimate 
does not overlap with the vertical null line. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarci-
noma; MR, Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S7.  Forest plots of the MR analysis for additional candidate genes. Each black dot and the accompanying horizontal line 
represent the effect size and 95% CI for an individual SNP serving as an instrumental variable for the respective gene exposure. 
The vertical dashed line indicates the null effect (0). Color Coding: The red dot and horizontal bar at the bottom of each plot 
represent the overall causal effect estimate calculated using the IVW method. A causal relationship is considered statistically 
significant if the 95% CI of the IVW estimate does not overlap with the vertical null line. CI, confidence interval; IVW, inverse 
variance weighted; LUAD, lung adenocarcinoma; MR, Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S8. Funnel plot illustrating whether the analysis has randomness and conforms to Mendel’s second law for random 
grouping. The horizontal axis represents the β value of the instrumental variable and the vertical axis represents the reciprocal 
of the standard error of the instrumental variable.
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Figure S9. Leave-one-out analysis forest plot showing the significant changes caused by each instrumental variable (SNP) on the 
outcome. The inverse variance weighted method is used for analysis, with the horizontal axis representing the effect values of 
each SNP locus on the outcome through exposure factors, the vertical axis representing SNP loci and the red line representing 
the overall effect value. SNP, single nucleotide polymorphisms.
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Figure S10. Leave-one-out sensitivity analysis of the Mendelian randomization (MR) for candidate genes. Each black dot and 
horizontal error bar represent the recalculated IVW estimate and its 95% CI after the systematic removal of each specific SNP 
listed on the vertical axis. The vertical dashed line indicates the null effect (0). Color Coding: The red dot and horizontal line at 
the bottom of each plot represent the overall pooled causal effect estimate calculated using all available instrumental variables. 
The consistency of the results after individual SNP exclusion indicates that the overall causal inference is not disproportionately 
driven by any single outlier SNP. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; MR, 
Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S11. Leave-one-out sensitivity analysis of the MR for additional candidate genes. Each horizontal black line represents the 
recalculated IVW estimate and its 95% CI when the specific SNP listed on the vertical axis is excluded from the analysis. The 
vertical dashed line indicates the null effect (0). Color Coding: The red dot and red horizontal bar at the bottom of each panel 
represent the final pooled causal effect estimate using all available instrumental variables. The overall consistency of the effect 
estimates across individual SNP exclusions demonstrates that the causal inference for these genes is stable and not dispropor-
tionately influenced by any single SNP. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; 
MR, Mendelian randomization; SNP, single nucleotide polymorphism.



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

Figure S12. Leave-one-out sensitivity analysis of the MR for additional candidate genes. Each horizontal black line represents 
the recalculated IVW estimate and its 95% CI upon the systematic exclusion of each individual SNP listed on the vertical axis. 
The vertical dashed line indicates the null effect (0). Color Coding: The red dot and red horizontal bar at the bottom of each panel 
represent the final pooled causal effect estimate calculated using all available instrumental variables. The consistency of results 
across individual SNP exclusions indicates that the overall causal inference for these genes is robust and is not disproportionately 
driven by any single outlier SNP. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; MR, 
Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S13. Leave-one-out sensitivity analysis of the MR for additional candidate genes. Each horizontal black line and its error 
bar represent the recalculated IVW estimate and the corresponding 95% CI after the systematic removal of the specific SNP 
listed on the vertical axis. The vertical dashed line indicates the null effect (0). Color Coding: The red dot and red horizontal 
bar at the bottom of each panel represent the final pooled causal effect estimate calculated using all instrumental variables. The 
consistency of results across individual SNP exclusions demonstrates that the overall causal inference for these genes is not 
driven by any single influential SNP. CI, confidence interval; IVW, inverse variance weighted; LUAD, lung adenocarcinoma; 
MR, Mendelian randomization; SNP, single nucleotide polymorphism.
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Figure S14. (A) The violin plot represents the distribution of nFeature-RNA (number of genes detected per cell), nCount-RNA 
(sum of the expression levels of all genes detected per cell) and percentage mt (proportion of mitochondrial genes detected per 
cell) in the sample. (B) The first 2,000 highly variable genes after UMAP dimensionality reduction are displayed as highly vari-
able genes. (C) Linear dimensionality reduction scree plot, with latitude values on the horizontal axis and standard deviation on 
the vertical axis, with scatter points representing dimensional distribution.(D) UMAP representation using linear dimensionality 
reduction to obtain the optimal linear dimension value for cell clustering, which can be used to divide subsequent cell groups. (E) 
The expression of marker genes in each cell type. PC, principal components; LUAD, lung adenocarcinoma; NK, natural killer; 
UMAP, Uniform Manifold Approximation and Projection.


