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Causal chain linking genes, metabolites, and pancreatic cancer risk
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Abstract Background and Aims: Pancreatic cancer (PC) is a highly lethal malignancy with poor prognosis and
limited early diagnostic tools. Although numerous serum metabolites have been associated with PC risk

in observational studies, the causal nature of these associations remains uncertain. This study aimed to
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evaluate the genetic causal relationships between serum metabolites and PC risk, identify PC-related risk
genes, and elucidate the gene-metabolite-PC causal network.

Methods: Two-sample Mendelian randomization (TSMR) and summary-data-based Mendelian
randomization (SMR) analyses were performed by integrating GWAS data of 325 serum metabolites,
GTEx v8 pancreatic tissue eQTL data, and FinnGen R12 PC GWAS data. The study assessed causal
effects of metabolites on PC risk, identified risk-associated genes, and explored the potential mediating
role of metabolites between genes and PC.

Results: Four serum metabolites showed significant causal relationships with PC risk. Elevated serum
albumin (OR=1.456, P=0.003) and free cholesterol percentage in small high-density lipoprotein (HDL)
(OR=1.189, P=0.005) were associated with increased PC risk, whereas higher phospholipid percentages
in intermediate-density lipoprotein (IDL) and small HDL were protective (OR=0.792 and 0.836,
respectively; both P<0.01). SMR analysis identified 196 PC-related genes, including risk genes such as
DGKQ, CDC37P1, and SULTIA2, and protective genes such as PALMD and HEGI. Thirty-two
significant gene-metabolite causal pairs were further confirmed, indicating potential mediation of PC
genetic risk through specific metabolic pathways.

Conclusion: This study systematically clarified the causal relationships between serum metabolites and
pancreatic cancer risk and established a gene-metabolite regulatory network. The findings highlight the
central role of lipid metabolism in PC development and provide molecular evidence for early detection
and personalized prevention strategies.
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Weighted mode 0.78 (0.65t00.95) — ~0.25 (~0.44 to —0.05)  0.02
0!4 { lﬁ8 —6.5 (I) oﬁs
OR B
T R R A

E1 4FBZEXMBFEREHNS PCREHEERRYLE (BEMETETIVW, MR-Egger. ML L £ 7% 50 AR 4 7
FEBEIR ORTI95% CI, BHMIARTRIE BFN95% CI5 BEMHEKE)
Figure 1 Genetic causal effects of four significant serum metabolites on pancreatic cancer risk (left: odds ratios and 95% CI
obtained using IVW, MR-Egger, weighted median, and weighted mode methods; right: corresponding f# values and
95% CI with significance levels)
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Figure 2 Sensitivity analyses confirming the robustness of metabolite-PC causal associations

A: Leave-one-out analyses; B:
Funnel plots; C: Scatter plots; D: Forest plots of individual SNP effects
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Figure 3 Identification of PC risk-associated genes (red dots: genes with increased expression associated with higher PC risk;

blue dots: genes with increased expression associated with lower PC risk; gray dots: non-significant genes)
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Exposure Outcome Method OR (95% CI) B (95% CI) P
ENSG00000006625 (GGCT) GCST90445837  IVW T 1.03 (1.00 to 1.07) I 0.03 (0.000 0.06)  0.05
ENSG00000104450 (SPAG1) GCSTI0445837  IVW — 1.03 (1.00 to 1.07) —_ 0.03 (0.00 10 0.06)  0.04
ENSG00000174500 (GCSAM) GCST90445837  IVW L 106 (1.01 t0 1.10) L 0.06(00110.10) 001
ENSG00000178952 (TUFM) GCST90445837  IVW e 0.98 (0.96 to 1.00) e ~0.02(~0.04t0 ~0.00)  0.04
ENSG00000181027 (FKRP) GCSTI0445837  IVW = 1.04 (1.01 to 1.06) = 0.04 (0.01 t0 0.06)  0.01
ENSG00000184517 (ZFP1) GCSTI0445837  IVW pre 1.03 (1.01 to 1.06) . 0.03 (0.01 10 0.06)  0.01
ENSG00000189339 (SLC3SE2B)  GCST90445837  IVW j— 1,02 (1.00 to 1.04) = 0.02(0.00t0 0.04)  0.02
ENSG00000197321 (SVIL) GCSTI0445837  Ivw < ! 093 (0.88100.98) <> ! ~0.07(-0.1210-0.02)  0.01
ENSG00000203880 (PCMTD2) GCST90445837  [VW === 0.98 (0.96 to 1.00) = ~0.02 (~0.05 t0 -0.00)  0.02
ENSG00000255320 (RP11-755F10.1) GCST90445837  IVW e 0.97 (0.93 to 1.00) e ~0.04 (~0.07 to ~0.00)  0.04
ENSG00000182179 (UBA7) GCST90445881  IVW = 1.04 (101 to 1.06) == 0.03 (0.01 100.06)  0.01
ENSG00000250673 (RP11-6L6.2)  GCST90445881  [VW e 1,01 (1.00 to 1.03) . 0.01 (0.0010 0.03)  0.03
ENSG00000250942 (ENPP7P11) GCST90445881  [VW — 0.97 (0.94 to 1.00) ] ~0.03 (-0.06 to ~0.00)  0.04
ENSG00000006744 (ELAC2) GCSTO0446023  IVW —— 0.97 (0.94 to 1.00) —— ~0.03 (-0.06 to ~0.00)  0.04
ENSG00000034677 (RNFI9A) GCSTI0446023  TVW " 1.09(1.00 to 1.19) "> 0.09(0.00t00.18) 0.04
ENSG00000102967 (DHODH) GCST90446023  [VW < : 0.85(0.76 10 0.96) < : ~0.16 (~0.28 10 -0.04)  0.01
ENSG00000127415 (IDUA) GCST90446023  TVW —— 1.03 (1.00 to 1.06) — 0.03 (0.000 0.06)  0.05
ENSG00000144354 (CDCA7) GCSTI0446023  [vw ~ ———*— 095 (09110 1.00) — % ~0.05 (~0.09 t0 ~0.00)  0.04
ENSG00000144455 (SUMF1) GCST90446023  IVW ——i 0.98 (0.96 to 1.00) —— ~0.02 (-0.040-0.00)  0.04
ENSG00000145020 (AMT) GCSTI0446023  TVW e 0.96 (0.94 t0 0.99) ] ~0.04 (-0.07 to ~0.01)  0.02
ENSG00000151233 (GXYLT1) GCST90446023  IVW ’_'—‘ 1.04 (1.00 to 1.08) ’_’_‘ 0.04 (0.00 t0 0.07)  0.04
ENSG00000167914 (GSDMA) GCSTI0446023  IVW e 1.03 (1.00 to 1.06) S 0.03 (0.00 10 0.06)  0.04
ENSG00000169609 (C150rf40) GCSTI0446023  TVW ek 096(092101.00) ~0.05 (~0.09 to ~0.00)  0.03
EENSG00000178467 (P4HTM) GCSTI0446023  IVW P 105 (100 to 1.09) e 0.04 (0.00 10 0.09)  0.05
ENSG00000181027 (FKRP) GCSTI0446023  IVW —— 0.97 (0.95 to 1.00) —— ~0.03 (~0.05 t0 -0.00)  0.02
ENSG00000221838 (APAMI) GCSTI0446023  TVW P 104 (1.01 10 1.07) P 0.04 (0.01 10 0.07)  0.00
ENSG00000232677 (LINC00665) ~ GCST90446023  [VW =" 0.96 (0.94 t0 0.99) =1 ~0.04 (~0.06 to -0.01)  0.01
ENSG00000071894 (CPSF1) GCSTI0446027  TVW . 0.98 (0.97 to 1.00) Rl ~0.02 (-0.04 t0 ~0.00)  0.02
ENSG00000104450 (SPAG1) GCST90446027  IVW S 1.04 (1.01 to 1.07) == 0.04(0.01t0 0.07)  0.01
ENSG00000136040 (PLXNC1) GCSTI0446027  IVW e 1,05 (1.01 to 1.10) e 0.05(0.01100.10)  0.03
ENSG00000205890 (RP11-473M20.5) GCST90446027  IVW = 0.97 (0.94 to 0.99) === ~0.03 (-0.06 to ~0.01)  0.01
ENSG00000261126 (RBFADN) GCSTI0446027  IVW = 0.98 (0.97 10 0.99) ——i ~0.02 (-0.03 10 -0.01)  0.01
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Figure 4 Thirty-two significant gene-metabolite causal pairs related to PC risk A: Forest plots showing OR, f values, and
95% CI of 32 significant gene-metabolite pairs; B: Sankey diagram illustrating gene-metabolite-PC interactions, with line

width indicating causal effect magnitude
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