7.2 Supplementary Figure Legends
Supplementary Figure1: Transcriptional pathway dynamics and intercellular communication frequencies across primary and recurrent GBM cell subpopulations. (A) Bubble plot illustrating the results of Gene Set Enrichment Analysis (GSEA) performed on the Proliferating.MKI67 subpopulation utilizing the Hallmark gene set collection. Each bubble represents a statistically enriched pathway, where the bubble size corresponds to the gene set size and the color gradient represents the normalized enrichment score (NES). (B) Heatmap showing differential pathway intensities between recurrent and primary GBM across the 11 relapse-associated cell subpopulations. The values shown represent the mathematical subtraction of primary from recurrent expression levels for selected functional pathways; positive values (red) indicate higher pathway activity in recurrent GBM, whereas negative values (blue) indicate lower activity. (C) Bar plot comparing the total number of intercellular communications per cellular subpopulation between recurrent and primary GBM. For each of the 11 subpopulations, the communication number in recurrent samples is expressed relative to that in primary baseline samples, with statistical significance indicated where applicable.

Supplementary Figure2: Bibliometric landscapes, temporal clustering, and keyword bursts of global PLOD2 literature. (A) Combined charts illustrating the annual publication output and the corresponding cumulative growth volume of PLOD2-related research over time. (B, C) Time-resolved keyword co-occurrence clustering networks within oncological (B) and non-oncological (C) domains, illustrating the shifting paradigms of PLOD2 thematic focuses over the years. Nodes represent distinct keywords, with the color spectrum indicating the temporal distribution. (D, E) Visualization of top keywords with the highest citation burst intensities in oncological (D) and non-oncological (E) contexts, where colored segments explicitly demarcate the specific duration and intensity of sudden spikes in citation frequency.
Supplementary Figure3: Validation of PLOD2 expression in additional glioma patients and gene expression profiles across three distinct MES-like niches. (A) Representative PLOD2 IHC staining of an additional two primary GBM specimens (supporting Main Figure A). Overview images (4×) mark PAN and non-PAN areas, with corresponding magnified insets (1 and 2) reinforcing the specific enrichment of PLOD2 in PAN zones. Scale bars = 200 μm. (B) Representative PLOD2 IHC staining of an additional two recurrent high-grade glioma specimens (supporting Main Figure B), with zoomed-in views showing diffuse, high-level expression of PLOD2. Scale bars = 200 μm. (C) Dot plot illustrating the spatial transcriptomic expression profiles of PLOD2 and LAMA4 across three global MES niches (MES-like_S1, MES-like_S2, and MES-like_S3), integrated from the full primary GBM patient cohort (n = 9). Dot color intensity indicates the average expression level, and dot size reflects the percentage of cells expressing the respective gene within each spatial niche.
7.3 Supplementary Table Legends
Supplementary Table 1: Curation and metadata overview of multi-omics datasets. Technical specifications and configuration of all cohorts used in the multi-scale omics analysis, stratified by: (i) sc/snRNA-seq datasets (sample sizes, sequencing platforms, and processing centers); (ii) bulk transcriptomic validation cohorts (repositories and methodology); and (iii) spatial transcriptomic platforms (tissue orientations and spatial profiling techniques).
Supplementary Table 2: Clinical and baseline demographic characteristics of the public GBM cohorts. Individual-level clinical and pathological parameters of the four public datasets used for transcriptomic screening, including patient age, sex, primary/recurrent status, histopathological grade, MGMT promoter methylation, IDH mutation status, overall survival (OS), and progression-free survival (PFS).
Supplementary Table 3: Cell-type distribution and fractional abundance across datasets. Cellular census, exact positive cell counts, and percentage frequencies of annotated lineages across the sc/snRNA-seq and snRNA-seq validation cohorts, serving as the source data for the compositional shifts and proportional enrichment illustrated in Figure 1B.
Supplementary Table 4: Recurrence-associated cellular subpopulations and marker genes from the GRTI-atlas. Analytical subsets comprising: (i) prioritization matrices for the 11 recurrence-associated cellular clusters mapped to the GRTI-atlas reference; and (ii) the top 100 differentially expressed marker genes for each subpopulation derived via FindMarkers. Statistical outputs include , cell expression ratios (pct.1 and pct.2), and adjusted p-values (p_val_adj).
Supplementary Table 5: High-throughput screening source matrices for the multi-scale filtering pipeline. Foundational input gene sets and hub modules utilized during the multi-scale filtering pipeline (Figure 4A), divided into three sub-tables: (i) co-expressed genes assigned to distinct color modules via WGCNA; (ii) core tumor-associated malignant cell markers from three independent single-cell datasets; and (iii) univariate Cox regression statistics (HRs and 95% CIs) linking candidate genes with survival in bulk cohorts.
Supplementary Table 6: Normalized transcriptomic expression matrices of ECM components in PLOD2-stratified tumors. Continuous, normalized transcript expression values of collagens, core glycoproteins, and proteoglycans in glioblastoma samples stratified by median PLOD2 expression, serving as the source data for the extracellular matrix (ECM) alterations profiling in the Figure 4I heatmap.
Supplementary Table 7: Differential ECM protein expression profiling following PLOD2 knockdown. Raw and normalized chemiluminescence signal intensities of 67 assayed ECM-receptor interaction-related proteins in culture supernatants from sh-PLOD2 versus Vector U251 cells. Metrics include relative expression ratios, , and false discovery rate (FDR) values from the RayBio® L-series array, supporting data illustrated in Figure 6D.

