Figure Legends
Supplementary Figure 1. Immunofluorescent image of all the PRM samples used in NGDSP assay. 
Scale bar = 2 mm. The TIM is highlighted in yellow and the TC in white.
Supplementary Figure 2. TIM vs TC DEG, pathway, and network analysis highlights UBD as a hub gene.
(A) Top 10 pathway analyses using differentially expressed genes (DEGs) obtained when comparing TIM and TC using NGDSP data. (B) Top 15 protein pathways interactions (PPI) enrichment using DEGs obtained when comparing TIM and TC using NGDSP data. (C) Network connectivity plot showing the DEGs obtained when comparing TIM and TC using NGDSP data. UBD is highlighted as the common gene connecting the two clusters in the network.
Supplementary Figure 3. Spatial mapping of MLANA and UBD across melanoma layers using public Visium data.
(A) Representative IF image of the analyzed tissue section. (B–C) Spatial feature plots of MLANA (B) and UBD (C) expression overlaid on the Visium capture spots across the same tissue section. (D) Tumor-layer annotation showing TIM and TC regions mapped onto spatial spots. (E) Unsupervised clustering of Visium spots using the Louvain algorithm, visualized on the tissue section (Clusters 1–7). (F) Low-dimensional embedding of spatial spots colored by Louvain clusters, with corresponding expression overlays for MLANA and UBD to relate cluster structure to marker expression. (G) Differential expression analysis comparing TIM vs TC spots, shown as a volcano plot highlighting genes upregulated in TIM (red) and downregulated in TIM (blue).
Supplementary Figure 4. UBD upregulation in MM patients is associated with antigen-presentation genes.
(A) Box plot showing the UBD mRNA levels in normal skin, PRM, and MM tumor samples using the TCGA-SKCM and GTEx datasets. (B) Bar plots showing the most significant gene ontology biological process (GOBP) pathways identified within the TCGA-SKCM dataset using the Metascape database. (C) Correlation plot showing the genes positive (red) and negative (blue) correlated with UBD mRNA level using the TCGA-SKCM PRM dataset. Only significant genes from Hallmark IFN-γ signaling response gene set were indicated. (D) Box plot showing the ssGSEA scores of HALLMARK IFN-γ signaling response between high-UBD and low-UBD groups in TCGA-SKCM dataset. (E) Heatmap showing the correlation between genes of the antigen processing and presentation pathways obtained from GOBP and different ubiquitin-like modifiers or ubiquitin genes using TCGA-SKCM dataset. (F-I) Correlation plot shows correlation between the mRNA levels of UBD and HLA-A (F), HLA-B (G), HLA-C (H), B2M (I), and TAP1(J) in the TCGA-SKCM dataset.
Supplementary Figure 5. IFN-γ induces UBD, whereas UBD knockdown reduces HLA-I in melanoma cell lines.
(A) Western blot (WB) images showing the protein levels of UBD in PRM cell lines under resting conditions. (B) WB images showing the protein levels of UBD in MM cell lines under resting conditions. (C) WB images showing the protein levels of UBD and phosphorylated-STAT1 (pSTAT1), STAT1, phosphorylated-JAK1 (pJAK1), and JAK1 levels in PRM (WC00062) cell lines treated with IFN-γ at different time points (0, 2, 6, 12, 24, 48, 72 hrs) or treated with different IFN-γ concentrations (0, 20, 100, 250, 500, 1,000, 2,000 IU/mL). (D) WB images showing the levels of UBD and pSTAT1, STAT1, pJAK1, and JAK1 levels in MM (MH-0331) cell lines treated with IFN-γ at different time points (0, 2, 6, 12, 24, 48, 72 hrs) or treated with different IFN-γ concentrations (0, 20, 100, 250, 500, 1,000, 2,000 IU/mL). (E) WB images showing the protein levels of UBD and pSTAT1 in PRM (WC00060, WC00062, and WC00081) treated with 250 IU/mL IFN-γ for 24 hrs. (F) Bar plots showing the UBD mRNA levels quantified by qRT-PCR in PRM (WC00060, WC00062, and WC00081) treated with 250 IU/mL IFN-γ for 24 hrs. (G) WB images showing the protein levels of UBD and pSTAT1 in MM (MH-0331, CG-1241, and FD-0836) treated with 250 IU/mL IFN-γ for 24 hrs. (H) Bar plots showing the UBD mRNA levels quantified by qRT-PCR in MM (MH-0331, CG-1241, and FD-0836) treated with 250 IU/mL IFN-γ for 24 hrs. (I-J) Images showing the levels of HLA-ABC quantified using flow cytometry in PRM (WC00062, WC00060, and WC00081, I) and MM (MH-0331 and FD-0836, J) cell lines. 
Supplementary Figure 6. UBD knockdown decreases p21 protein levels and increases cell motility and proliferation.
(A) Western blot (WB) images showing the protein levels of UBD and p21 in PRM (WC00062) and MM (MH-0331 and FD-0836) cell lines in control (shCtrl) or UBD knockdown (shUBD) conditions. (B) Representative images and quantified line plot of wound healing assay in representative melanoma cell line in shCtrl or shUBD conditions. (C) Representative images of colony formation assay and bar plot showing the quantification in shCtrl or shUBD conditions.
Supplementary Figure 7. p53 is essential for the expression of antigen-presentation genes.
(A-B) Bar plots showing the mRNA levels of TP53 (A) and UBD (B) in representative melanoma cell line treated with or without IFN-γ and transfected with siCtrl or siTP53. (C-E) Bar plots showing the mRNA levels of HLA-A (C), B2M (D), and TAP1 (E) in representative melanoma cell line transfected with siCtrl or siTP53.
Supplementary Figure 8. UBD mRNA levels have prognostic utility in primary and metastatic melanoma.
(A) Kaplan-Meier curves showing the overall survival (OS) and progression-free survival (PFS) probability comparing patients with high-UBD vs low-UBD mRNA levels in PRM tumors from the TCGA-SKCM dataset. (B) Kaplan-Meier curves showing the OS and PFS probability comparing patients with high-UBD vs low-UBD mRNA levels in MM tumors from the TCGA-SKCM dataset. (C) Box plot showing the UBD mRNA levels in MM patients from the GSE91061 dataset, based on the ICI treatment (anti-PD-1 and anti-CTLA4) response assessment: responder vs non-responder, and non-progressive disease (non-PD) vs PD. Kaplan-Meier curves showing the OS probability comparing patients with high-UBD vs low-UBD mRNA levels. (D) Box plot showing the UBD mRNA levels in MM patients from the PRJEB23709 dataset, based on the ICI treatment (anti-PD-1) response assessment: responder vs non-responder, and non-PD vs PD. Kaplan-Meier curves showing the OS and PFS probability comparing patients with high-UBD vs low-UBD mRNA levels.
Supplementary Figure 9. Comparison of CD8+ T-cell activation markers based on tumor UBD expression.
(A) Box plots showing the IFNG, GZMB, and PRF1 mRNA expression in CD8+ T cell fraction derived from high- or low-UBD tumors in deconvolution data of GSE91061 and PRJEB23709.
(B) Scatter plot showing the correlation between the tumor UBD mRNA expression and the estimated CD8+ T cell fraction rate in deconvolution data of GSE91061 and PRJEB23709. The color of each dot represents the CTL activation score of the CD8+ T-cell fraction.
Supplementary Figure 10. Uncropped Western blot images for Figure 2.
Supplementary Figure 11. Uncropped Western blot images for Figure 3.
Supplementary Figure 12. Uncropped Western blot images for Figure 4-1.
Supplementary Figure 13. Uncropped Western blot images for Figure 4-2.
Supplementary Figure 14. Uncropped Western blot images for Figure 4-3.
Supplementary Figure 15. Uncropped Western blot images for Figure 4-4.
Supplementary Figure 16. Uncropped Western blot images for Supplementary Figure 5-1.
Supplementary Figure 17. Uncropped Western blot images for Supplementary Figure 5-2.
Supplementary Figure 18. Uncropped Western blot images for Supplementary Figure 5-3.
Supplementary Figure 19. Uncropped Western blot images for Supplementary Figure 6.
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