Supplementary Note

Analytical strategy for decomposing of tumor-associated aging into acceleration and deviation components
We compared biological age with chronological age in participants diagnosed with cancer before blood sampling and in age-matched healthy controls (Extended Data Fig. 5a). After adjusting for chronological age and sex using a linear regression model, we defined age acceleration (ΔAA) as the residual term. Specifically, biological age (BA) was regressed on chronological age (CA) and sex:
,
the residuals from this model were defined as ΔAA, representing deviation from the expected biological age given chronological age and sex. Cancer patients exhibited significantly elevated ΔAA relative to healthy individuals (Extended Data Fig. 5b, Cancer N = 3,289, Health N = 5,036, Wilcoxon test P = 1.5×10-6), with the most prominent acceleration observed in younger individuals. These results suggest that cancer is associated with accelerated aging signatures.
To distinguish aging-related variation from tumor-associated perturbation, we constructed a reference trajectory of natural aging using data from healthy individuals. Specifically, we defined a natural aging axis in Principal Component Analysis (PCA) space by connecting the centroids of age-stratified healthy individuals (Extended Data Fig. 5c–d). We then projected cancer patients into this reference space (Extended Data Fig. 5e). For each cancer patient, the displacement from the age-matched healthy centroid was decomposed into two orthogonal components as illustrated in Extended Data Fig. 5f. From a mathematical perspective, the tumor acceleration component (TA) aligns with the natural aging axis, and the tumor deviation component (TD) is orthogonal to TA. TA exhibited a strong correlation with ΔAA among cancer patients (Extended Data Fig. 5g, N = 3,289, Pearson correlation coefficient r = 0.822, P < 2.2×10-16; Extended Data Fig. 5h, Cancer N = 3,289, Health N = 5,036, Wilcoxon test P = 3.4×10-5), supporting the interpretation that TA captures key aspects of systemic variation associated with aging. By contrast, TD was largely independent of BA (Extended Data Fig. 5i), indicating that it represents a tumor-related axis less related to aging.

Analytical strategy for identifying candidate perturbation-sensitive molecules in cancer patients
To evaluate the association between ΔAA and cancer types, we performed linear regression using ‘lm’ function in ‘stats’ (V.4.2.2) R package. In Extended Data Fig. 6a, the forest plot demonstrated the heterogeneity of ΔAA signals across different cancer types defined by ICD-10 blocks. C81–C96 (malignant neoplasms, stated or presumed to be primary, of lymphoid, haematopoietic and related tissue) displayed the largest number of significantly associated cancer types (Extended Data Fig. 6b). To identify candidate perturbation-sensitive molecules, we applied DNB analysis to participants diagnosed with C81–C96. By intersecting latent features associated with TA (red dots in Extended Data Fig. 6c) and DNB peaks, we identified 17 overlapping latent features and 159 corresponding proteins. Using the same strategy for TD (blue dots in Extended Data Fig. 6c) and DNB peaks, we identified 84 overlapping latent features involving 198 proteins.
[bookmark: OLE_LINK24][bookmark: OLE_LINK1][bookmark: OLE_LINK3][bookmark: OLE_LINK2]To further identify a refined set of genetically anchored candidate molecules, we integrated protein quantitative trait loci (pQTLs) with aging-related and cancer-related genome-wide association study (GWAS) data via mediation analyses (Supplementary Table 6). As illustrated in the flowchart of Extended Data Fig. 6d, following mediation analysis on proteins associated with overlapping latent features between TA and DNB, we performed in silico perturbation via VAM to prioritize nine perturbation-sensitive candidate molecules associated with tumor-accelerated aging, including ANGPT21, DHRS4L22, ACRBP3, SHISA54, EFNA15, ATRAID6, CD487, TXNDC98, and DAG19. Similarly, for overlapping latent features between TD and DNB (Extended Data Fig. 6e), in silico perturbation via VAM, conducted after mediation analysis identified perturbation-sensitive candidate plasma molecules in cancer patients. These molecules comprise PSME210, MAN1A211, and TXNDC912 in AML patients, as well as BTN3A213, PSME214, RNASET215, and CD4816 in DLBCL patients. Perturbation of the overlapping proteins between TD and DNB peaks primarily shifted samples along the axis orthogonal to the aging trajectory, suggesting that they are more consistent with tumor-specific processes than with modulation of the aging-aligned trajectory.
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