Ubiquitin-D regulates Mouse Double Minute 2 degradation to enhance p53-driven MHC antigen presentation in cutaneous melanoma
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Supplemental Methods
RNA isolation and RT-qPCR analysis
Total RNA was extracted using the Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA) according to the manufacturer’s instructions. Turbo Dnase (Thermo Fisher Scientific) was used to remove DNA contamination.  Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed as previously described (1, 2). Primer sets (Integrated DNA Technologies, IA) used in RT-qPCR are shown in Supplementary Table 6. Quantitative expression was referenced by human SDHA (Succinate Dehydrogenase Complex, Subunit A). Relative gene expression was analyzed using the ΔΔCq calculation method from the Cq (quantification cycle) values.

Western blot analysis
The conventional western blot was performed as previously described (2-4). Briefly, 25 μg of protein were separated on 4-20% Tris-glycine polyacrylamide gels, followed by transfer to nitrocellulose membrane (Cat#1620115, Bio-Rad, Hercules, CA) at 70 V for 1 hour at room temperature. To block nonspecific binding, membranes were incubated in blocking buffer (TBS and 0.1% Tween-20 with 5% nonfat milk powder) for 1 hour at room temperature. Subsequently, the membranes were exposed to specific primary antibodies in blocking buffer overnight at 4°C. The antibodies utilized are listed on Supplementary Table 6. Following three washing steps, the membranes were incubated with the specific secondary antibodies (anti-rabbit secondary antibody at 1:4,000, 7074, Cell signaling Tech, Danvers, MA; anti-mouse secondary antibody at 1:4,000, 7076, Cell signaling Tech, Danvers, MA) for 1 hour. After three washing steps, chemiluminescence detection was performed using the iBright CL1500 Imaging System (Thermo Fisher Scientific, Waltham, MA) and density was quantified using ImageJ software (ver.1.54n, National Institutes of Health, Bethesda, MD). 

Tissue microarray and multiplex immunofluorescence staining
Paraffin-embedded tissue microarrays (TMA) established at Saint John’s health center included MM cases of AJCC stage III or IV metastatic tumor tissues. The detailed information is summarized in Supplementary Table 4. The patients included in the TMA have clinical annotations and have more than 5-years follow-up. All mIF staining steps and quantification were performed as described in M&M using Opal 7-Color Manual IHC Kit. Detailed information about primary antibodies, the panels, and the corresponding fluorophores are indicated in Supplementary Table 7. The images of multiplex-stained slides were acquired by the Mantra Multispectral Imaging System (v1.0, Akoya Biosciences, Marlborough, MA). Filter cubes used for multispectral imaging were DAPI (440–680 nm), fluorescein isothiocyanate (FITC, 520–680 nm), and Cy3 (570–690 nm), Texas Red (580–700 nm), and Cy5 (670–720 nm). The normalization of the signal intensities was performed for each marker and spectral unmixing was conducted by InForm Analysis software (v.2.6.0, Akoya Biosciences, Marlborough, MA). For the quantification of the targeted protein levels, positive cells were counted as previously described. The cells co-expression MART1 were selected for analysis. Two to three images for each core in the TMA slide were captured at 40X magnification and the average values were defined as the expression for patients. The median expression of the specified marker in each sample was compared for statistical significance.

[bookmark: _Hlk202273925][bookmark: _Hlk202273883]Small interference RNA assays
Briefly, WC00062, MH-0331, and FD-0836 cells (5 × 104 cell/well, 6-well plate) were transfected with 25 nM ON-TARGET plus SMART pool siRNA to downregulate human UBD or non-targeting pool siRNA as a control (siCtrl, Dharmacon, Lafayette, CO) using jet PRIME (VWR International) as previously described (2, 3). The mRNA and protein levels were analyzed 72 hours after transfection by RT-qPCR and Western blot to confirm UBD knockdown. Other siRNA reagents used to target different molecules throughout the manuscript are listed in Supplementary Table 6.

Wound healing assay
Cells were plated on 6-well plates at a density of 3 × 105 cells/well. After cells grew to 80-90% confluency, vertical scratches were generated in the cell layer using 1000 μL pipette tips. Cells were then transfected with siUBD or negative-control siRNA (siCtrl) in triplicate. Photographs of the wound area were taken at 0, 24, 48 and 72 hours after scratching to calculate the cell migration rate.

Colony formation assay
Cells were seeded in 6-well plates at 500 cells per well and maintained under appropriate culture conditions, with medium replaced every 2–3 days. After 12–14 days, colonies were fixed and stained with crystal violet. Plates were imaged using the iBright CL1500 Imaging System (Thermo Fisher Scientific, Waltham, MA), and colonies were counted from the acquired images. Colony formation was quantified as the number of colonies per well.

Co-immunoprecipitation (Co-IP) analysis
Co-IP experiments were performed as previously described (2, 3). MM cell lines were washed with phosphate-buffered saline (PBS) and lysed in the immunoprecipitation buffer [150 mM NaCl, 100 mM Tris-HCl (pH 8), 1% NP-40, protease and phosphatase inhibitors] by gently pipetting. Protein A/G-magnetic beads (Thermo Fisher Scientific, Waltham, MA) were incubated with 2 μg of mouse anti-UBD IgG for 2 hours at 4°C in a rotator. In all the conditions, the beads were washed three times with the washing buffer [150mM NaCl, 100 mM Tris-HCl (pH 8)] on a magnetic rack, and then incubated overnight with 800 μg of whole cell lysate at 4°C with a rotator. The beads were washed 3 times with the immunoprecipitation buffer and then boiled in the protein loading buffer for 5 min at 95°C in a dry bath.

[bookmark: _Hlk202273994]Cycloheximide chasing assay
Stable shUBD and shCtrl WC00062, MH-0331, and FD-0836 cells (2.5 × 105 cell/well) were treated with cycloheximide (50 μg/ml, Sigma-Aldrich, St. Louis, MO) for 90, 60, 30, 15, and 0 hours before the 72-hour time point. All samples were collected 72 hours after treatment for protein extraction and Western blot analysis.

[bookmark: _Hlk202273986]MG132 treatment
WC00062, MH-0331 and FD-0836 cells (2.5 × 105 cell/well) were seeded, and MG132 (10 μM, Selleck Chemicals LLC, Houston, TX) was added for 0, 1, 2, 4, and 6 hours before sample collection. All samples were collected for protein extraction and Western blot analysis.

[bookmark: _Hlk202273980]IFN-γ treatment
Briefly, WC00060, WC00062, WC00081, MH-0331, CG-1241, and FD-0836 cells (2.5 × 105 cell/well) were treated with different concentrations of IFN-γ (0, 20, 100, 250, 500, 1,000, 2,000 UI/mL) and at different timepoints (0, 2, 4, 6, 12, 24, 48, 72 hours) as previously described (2).

Flow Cytometry
Cells were harvested and washed with ice-cold PBS. Cells were resuspended in staining buffer (PBS supplemented with 2% fetal bovine serum [FBS]) and, where indicated, incubated with a viability dye according to the manufacturer’s instructions. To minimize non-specific binding, cells were incubated with human Fc receptor–blocking reagent for 10 min on ice. Cells were then stained with antibodies against the indicated targets or the corresponding isotype control antibody for 30 min at 4°C in the dark. Details of the antibodies used are provided in Supplementary Table 6. After staining, cells were washed twice with staining buffer and resuspended in staining buffer for acquisition. Data were acquired on a flow cytometer (FACSMelody, BD Bioscience, NJ) and analyzed using dedicated software (FACSCholus and FlowJo, version 11, BD Biosciences, NJ). At least 20,000 live events were collected per sample. Gating was performed on singlets, followed by exclusion of dead cells, and target expression was analysed in the viable cell population. Results are reported as the percentage of positive cells and/or median fluorescence intensity (MFI), with isotype controls used to define background staining. 

Analysis of Public Datasets
Bulk RNA sequencing (RNA-seq) datasets from the Cancer Genome Atlas (TCGA) (5) and the Genotype-Tissue Expression (GTEx) (6) were acquired through the website of University of California Anata Cruz Xena. Other Bulk RNA-seq and single-cell RNA-seq (scRNA-seq) datasets of melanoma patients we acquired from the Gene Expression Omnibus (7) are listed in Supplementary Table 6. The estimated tumor content values of TCGA datasets were downloaded from a previous study (8). The R package Seurat version 5.3.0 was used to re-analyze the datasets mentioned above. The cited gene expression profiles were converted to Seurat objects by R version 5.1.0. The scRNA-seq data was first log-normalized. Then, the data was further scaled using the “ScaleData” function and highly variable genes were extracted by performing the “FindVariableFeatures” function. Principal component analysis (PCA) was performed to decrease dimensionality and “FindClusters” functions and “FindNeighbors” were conducted to re-cluster cells into subgroups using parameters of dim = 10 and resolution = 0.5. The subgroups of cells were visualized by t-SNE plot using the “RunTSNE” function.

Pathway enrichment analysis
DEGs observed when comparing the TIM with TC were further evaluated by pathway analyses using Gene Set Enrichment Analysis (GSEA). Gene sets were obtained from Gene Ontology including biological process, molecular function, and cellular component categories, and from the Reactome pathway database. For GSEA, all genes from the differential expression analysis were ranked by log2 fold change, and enrichment scores were computed to identify gene sets enriched in either TIM or TC. Statistical significance was assessed using permutation-based testing, and multiple testing correction was performed using the Benjamini–Hochberg method.
In addition, single-sample GSEA (ssGSEA) was applied to public transcriptomic datasets from clinical samples to calculate an enrichment score for each gene set in each sample. ssGSEA scores were used for downstream comparative analyses across clinical cohorts, including comparisons between predefined clinical groups and correlation analyses with target genes, as appropriate.

Supplemental Figures
Supplemental 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.
Supplemental Figure 2. Integrated pathway and network analysis of TIM vs TC DEGs 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.
Supplemental Figure 3. Spatial mapping of MLANA and UBD across tumor layers (TIM vs TC) in melanoma tumors using public 10X Genomics 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).
Supplemental Figure 4. UBD mRNA levels upregulation in MM patients is associated with genes related to antigen-presentation.
(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.	Comment by Bustos, Matias: Indicate what dataset you used for this analysis.
Supplemental Figure 5. UBD is upregulated in PRM and MM cell lines by IFN-γ stimulation and UBD knockdown decreased the levels of HLA-I.
(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. 
Supplemental Figure 6. UBD knockdown decreased p21 protein levels and increased 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.
Supplemental 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.
Supplemental Figure 8. UBD mRNA levels have prognostic utility for patients with PRMs and MMs.
(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 (a-PD-1 and a-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 (a-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.
Supplemental Figure 9. Comparison of CD8+ T-cell activation markers based on tumor UBD expression.	Comment by Bustos, Matias: Please correct all the CD8+ to CD8+
(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.
Supplemental Figure 10. Uncropped western blot images for Figure 2.
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Supplemental Figure 19. Uncropped western blot images for Supplemental Figure 6.
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