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Abstract

BRCA1-associated protein 1 (BAP1) is a tumor suppressor gene that is mutated in cancer, 

including uveal melanoma. Loss-of-function BAP1 mutations are associated with uveal melanoma 

metastasis and poor prognosis, but the mechanisms underlying these effects remain unclear. 

Upregulation of cell–cell adhesion proteins is involved with collective migration and metastatic 

seeding of cancer cells. Here, we show that BAP1 loss in uveal melanoma patient samples 

is associated with upregulated gene expression of multiple cell adhesion molecules (CAM), 

including E-cadherin (CDH1), cell adhesion molecule 1 (CADM1), and syndecan-2 (SDC2). 

Similar findings were observed in uveal melanoma cell lines and single-cell RNA-sequencing 

data from uveal melanoma patient samples. BAP1 reexpression in uveal melanoma cells reduced 

E-cadherin and CADM1 levels. Functionally, knockdown of E-cadherin decreased spheroid cluster 

formation and knockdown of CADM1 decreased growth of BAP1-mutant uveal melanoma cells. 

Together, our findings demonstrate that BAP1 regulates the expression of CAMs which may 

regulate metastatic traits.
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Introduction

The BRCA1-associated protein 1 (BAP1) gene is located on chromosome 3 and encodes 

a ubiquitin carboxy-terminal hydrolase enzyme (1). BAP1 associates with DNA damage 

repair proteins as part of the BRCA1-BARD E3 ligase complex (2). In addition, BAP1 

functions as an epigenetic modulator and alters gene transcription through the formation 

of the Polycomb repressive deubiquitinase complex in concert with transcription factors 

FOXK1/K2 (3) and the cell-cycle regulator host-cell factor 1 (4). BAP1 also influences 

apoptotic signaling (5), ferroptosis regulation (6), and cellular metabolism (7), suggesting its 

diverse and context-dependent role as a tumor suppressor (8).

BAP1-inactivating mutations are associated with several cancers, including uveal melanoma, 

malignant mesothelioma, renal cell carcinoma, and cholangiocarcinoma (8). There is 

contrasting evidence regarding the role of BAP1 in cancer progression and prognosis. In 

malignant mesothelioma, BAP1 mutations are associated with a better prognosis (9). On the 

contrary, BAP1 mutations in uveal melanoma and renal cell carcinoma are associated with 

metastasis and lower overall survival (9). Despite contrasting prognoses between malignant 

mesothelioma and uveal melanoma, BAP1 loss is associated with an epithelioid cellular 

phenotype in non–epithelium-derived tissues of origin (10). Overall, it is key to investigate 

BAP1 functions in the appropriate tumor types and physiologic contexts.

Uveal melanoma is the most common primary intraocular malignancy in adults (11). Despite 

successful treatment of primary uveal melanoma with radioactive therapy or enucleation, 

approximately 50% of patients will ultimately develop metastases, predominantly in the 

liver (12). Loss-of-function BAP1 mutations are detected in up to 90% of metastatic uveal 

melanoma cases (13, 14), and there are no effective treatment strategies that target the 

effects of BAP1 loss (15). Loss of BAP1 is known to result in a more epithelial, stem 

cell–like phenotype (10); however, it remains unclear why BAP1 mutations are associated 

with metastatic uveal melanoma. It is important to understand the biological functions of 

BAP1 to improve treatment options and disease outcomes for patients with uveal melanoma.

Metastasis is a multistep process involving the primary tumor acquiring traits that promote 

invasion, migration, extravasation, and seeding into the metastatic site (16). In epithelial-

based tumors, loss of cell adhesion molecules (CAM), including E-cadherin and cell 

adhesion molecule 1 (CADM1), is associated with epithelial–mesenchymal transition 

(EMT), which initiates the metastatic process (17). Although melanoma is not derived 

from epithelial tissue and does not undergo EMT, melanoma cells have a mesenchymal-

like phenotype (18). E-cadherin and CADM1 are negatively regulated by EMT-inducing 

transcription factors such as Twist1, ZEB1, and Snail (19, 20). In renal cell carcinoma, 

loss of BAP1 downregulated Snail expression and facilitated a mesenchymal–epithelial 

transition, a reverse process to EMT (21). However, BAP1’s role in the metastatic 

progression of uveal melanoma, including induction of an EMT-like state, remains unclear.

In this study, we undertook a multi-omics approach to identify molecular changes associated 

with BAP1 mutational status in the context of uveal melanoma. Transcriptomic data from 
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multiple, independent patient and cell line datasets indicate that loss of BAP1 correlates 

with upregulation of cell–cell adhesion genes, CDH1, CADM1, and SDC2. Proteomic 

analysis of BAP1 wild-type and mutant cells was consistent with these results. Knockdown 

of E-cadherin and CADM1 decreased cell growth, migration, and cell–cell adhesion of 

BAP1-mutant uveal melanoma cells. Knockdown of SDC2 did not have any overt functional 

effect. These findings suggest a role for E-cadherin and CADM1 in facilitating cancer cell 

survival and clustering for patients with BAP1-mutant uveal melanoma.

Materials and Methods

Bulk RNA-sequencing analysis

RNA-sequencing (RNA-seq) data were aligned to the human reference genome (GRCh 38) 

using Star aligner (22) and GEN-CODE (23) annotations. RSEM (24) was used to quantify 

gene and transcript-level expression. Gene differential expression analysis was performed 

using DESeq2 (25). Data analyses were performed in R (v3.5.1 http://www.R-project.org/). 

Gene set enrichment analysis (GSEA; ref. 26) was used to calculate normalized expression 

scores (NES) and to determine enriched pathways in the C2CP Kyoto Encyclopedia of 

Genes and Genomes (KEGG; ref. 27) and Hallmark gene set collections from the Molecular 

Signatures Database (MSigDB; ref. 28). The GSEA preranked method was performed using 

DESeq2 Wald test statistic values after filtering out zero and “NA” values.

Analysis of The Cancer Genome Atlas data

The Cancer Genome Atlas (TCGA) uveal melanoma RNA-seq data were retrieved from 

the Broad GDAC Firehose data run (stddata 2016_01_28). The RTCGA package (version 

1.10.0) was used to gather mutation and copy-number data, and samples with a BAP1 

copy-number segment mean less than 0.5 were classified as BAP1 mutants. Gene differential 

expression analysis and GSEA were performed between BAP1 mutant (n 40) and wild-

type (n 40) groups as described previously (7). Evaluation of patient survival for TCGA 

uveal melanoma cohort was performed using cBioPortal (29). Survival outcome and gene 

expression data originated from TCGA Pan-Cancer Clinical Data Resource (30) and TCGA 

Pan-Cancer Atlas (31), respectively. Patients were stratified into high and low groups by 

median RNA expression. The log-rank test was used to determine statistical significance for 

progression-free survival.

Chromosome 8q copy-number call data were obtained from ref. 32. Multivariable survival 

analysis methods were used to determine the association between progression-free survival, 

SDC2 expression, and number of chromosome 8q copies. The Cox proportional hazards 

regression model was used with assumptions validated by a test of Schoenfeld residuals. 

Analyses were performed via the survival package (v 3.1.12 https://CRAN.R-project.org/

packagesurvival). The ggplot2 package (v3.3.5 https://ggplot2.tidyverse.org) was used to 

generate box plots. Data analyses were conducted in R (v4.1.0 http://www.R-project.org/).

Cell lines and modifications

Details on acquirement and maintenance of cell lines MM66, MP46, MM28 MP65, 

MP38, and PDX4 cell lines have been reported previously (7, 33). UM001, UM004, 
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OMM1.3, WM3618F, and 92.1 were acquired and maintained as described previously (34). 

Maintenance of the UM002B cell line is described previously (35). All cell lines were 

routinely tested for Mycoplasma and authenticated by short tandem repeat analysis every 

6 months. For BAP1 expression, wild-type BAP1 plasmid, pLVX-M-Flag-BAP1 was used; 

it was a gift from BoyiGan (Addgene plasmid # 125840; http://n2t.net/addgene:125840; 

RRID: Addgene_125840; ref. 6). MP46 cells were incubated in the presence of BAP1 or 

GFP lentiviral supernatant for 72 hours. Transduced cell populations were then selected with 

puromycin.

RNA-seq sample processing

Bulk sequencing: total RNA was quantified using the Quant-iT RiboGreen RNA Assay Kit. 

Samples were prepared using the Illumina TruSeq Stranded mRNA Sample Preparation Kit, 

and the resultant 400 bp cDNA was then processed for dual-indexed library preparation. 

Sequencing was performed to generate 101 bp paired-end reads with eight-base index 

barcodes from a library with pooled samples using the NovaSeq 6000 according to the 

manufacturer’s protocols. Demultiplexing and data aggregation were performed using the 

Broad Picard Pipeline as described previously (7). Gene differential analysis and GSEA 

were performed between BAP1 mutant and wild-type samples as described above. RNA-seq 

data have been deposited to the Gene Expression Omnibus (GEO) database with accession 

codes GSE149920 and GSE181194.

RNA-seq mutation calling

RNA-seq data were aligned to the human reference genome (GRCh 38) using GENCODE 

(23) annotations and the Star aligner (22) two-pass method. The Genome Analysis 

Toolkit (v4.1.2) RNA-seq short variant discovery workflow (36) and EnsemblVariant Effect 

Predictor (37) were used to identify and annotate BAP1 mutations, respectively.

Single-cell RNA-seq analysis

Uveal melanoma single-cell RNA-seq (scRNA-seq) data were obtained from the GEO 

database (accession GSE139829). The Seurat package (v3.1.4; ref. 38) was used to 

analyze the data. Malignant cells were identified using the methods described previously 

(39). Raw count data were normalized using the SCTransform method (40) with 

regression based on the percent mitochondrial content. The ggplot2 package (v3.3.2 https://

ggplot2.tidyverse.org) was used to generate dot plots. Data analyses were performed in R 

(v3.6.0 http://www.R-project.org/).

Reverse phase protein array analysis

Cells were plated in 6-well dishes at 4 × 105 cells per well, washed twice in ice-

cold PBS, and then lysed in 50 mL of RPPA lysis buffer [1% Triton X-100, 50 

mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 

100 mmol/L NaF, 10 mmol/L NaPPI, 1 mmol/L Na3VO4, 10% glycerol, protease and 

phosphatase inhibitors (Boehringer/Roche)] for 20 minutes with occasional shaking on ice. 

Lysates were centrifuged for 10 minutes at 14,000 rpm, and the supernatant collected. 

Protein concentration was determined by Bradford assay. Lysates were analyzed at the 
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MD Anderson Functional Proteomic core facility (Houston, TX), where antibodies are 

extensively validated before being included in the panel. Serial dilutions of samples 

were arrayed on nitrocellulose-coated slides and run against 456 validated antibodies. 

A 3,30-diaminobenzidine colorimetric reaction for a tyramide-based signal amplification 

approach was used to produce stained slides. The slides were scanned on a Huron 

Tissue-Scope scanner, and spot densities were determined using Array-Pro Analyzer. 

Relative protein levels were quantified using SuperCurve fitting and normalized for protein 

loading. Differential expression analysis between BAP1 mutant and wild-type cell lines 

was performed using the limma package (v 3.44.3; ref. 41). The Benjamin–Hochberg FDR 

(BHFDR) method was used to determine statistical significance. Labels were chosen for 

the top and bottom proteins by sorting the products of log2 fold change and negative 

log10(BHFDR) values.

Scatter plots were generated using the ggplot2 package (v 3.3.2). Data analyses were 

performed in R (v3.5.1 http://www.R-project.org/). The reverse phase protein array (RPPA) 

results were validated by Western blotting for key targets.

Patient microarrays survival analysis

Microarray data for 63 primary uveal melanoma patient tumors were obtained from the GEO 

database (accession GSE22138). Raw .CEL files were processed using a BrainArray (42) 

Entrez gene ID custom CDF file. Data were read into R using the affy package (v 1.66.0; 

ref. 43). Patient metadata was accessed using the GEOquery package (v 2.56.0; ref. 44). 

The log-rank test was used to determine statistical significance for time-to-metastasis using 

the survival package (v 3.1.12 https://CRAN.R-project.org/packagesurvival). Data analyses 

were performed in R (v4.0.2 http://www.R-project.org/).

Cell line microarrays analysis

Microarray data for 20 uveal melanoma cell line samples were obtained from the GEO 

database (accession GSE78033). Raw .CEL files were processed using a BrainArray (42) 

Entrez gene ID custom CDF file. Data were read into R using the affy package (v 1.66.0; 

ref. 43). Sample metadata was accessed using the GEOquery package (v 2.56.0; ref. 44) 

and Supplementary Files from Laurent and colleagues 2013 (45). Cell lines with a BAP1 

mutation and chromosome 3 loss were defined as BAP1 mutants, while samples with 

no mutation and no chromosome 3 loss were defined as BAP1 wild-type. Differential 

expression analysis was performed using the limma package (v3.48.1; ref. 41). Data 

analyses were performed in R (v4.1.0 http://www.R-project.org/).

BAP1 reexpression and shBAP1 RNA-seq datasets

RNA-seq reads for BAP1 mutant and reexpressing UPMM3 cell line samples were obtained 

from the Sequence Read Archive (SRA) under accession number SRP102735. RNA-seq 

reads for shRNA targeting BAP1 (shBAP1) and BAP1 wild-type expressing 92.1 and 

MEL202 cell line samples were accessed under accession number SRP193943. Both 

datasets were obtained using the SRA toolkit (v 2.10.4; ref. 46). Data were processed 

as described above. Gene differential expression results between BAP1 mutant and 
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reexpressing UM22 cell line samples were obtained from Karlsson and colleagues 2020 

(14).

siRNA transfections

Cells were transfected for 72 hours with the indicated siRNAs at a final concentration 

of 25 nmol/L using Lipofectamine RNAiMAX (Invitrogen). Nontargeting control (50-

UGGUUUACAUGUCGA-CUAA-30), CDH1 #2, #5 (D-003877-02, D-003877-05), and 

CADM1 #1, #2 (D-016565-01, D-016565-02) from Dharmacon were used.

Western blot analysis

Protein lysates were lysed in Laemmli sample buffer, separated by SDS-PAGE, 

and proteins were transferred to polyvinylidene difluoride membranes. The following 

primary antibodies were used: BAP1 (#13271, RRID:AB_2798168), E-cadherin (#5296, 

RRID: AB_10706939), phosphop44/42 MAPK (ERK1/2) (Thr202/Tyr204) (#9101, 

RRID:AB_331646), S6 ribosomal protein (#2217, RRID: AB_331355), phospho-S6 

Ribosomal Protein (Ser235/236) (#4857, RRID:AB_2181035) from Cell Signaling 

Technology; CADM1 (ab138697) from Abcam; b-actin (#A2066, RRID:AB_476693) 

from Sigma-Aldrich, phospho-Cdk1 (pTpY14/15) (#44-686G, RRID: AB_1491072) 

from Invitrogen; cyclin B1 (GNS-1) (#sc-245, RRID:AB_627338) and ERK1 (#sc-93, 

RRID:AB_631453) from Santa Cruz Biotechnology. Immunoreactivity was detected 

using horseradish peroxidase–conjugated secondary antibodies from (CalBioTech) and 

chemiluminescence substrate from ThermoFisher Scientific on a Versadoc Imaging System 

(Bio-Rad).

IncuCyte live-cell growth assay

Cells were trypsinized and seeded at 400,000 cells per well onto a 6-well plate. 

Photomicrographs were taken every 2 hours using an IncuCyte Live Cell Analysis Imaging 

System using a 10 objective (Essen Biosciences). Plate confluence was measured using 

IncuCyte software and presented as a fold change of percent confluency compared with day 

0 confluency.

Migration assay

Cells treated for 72 hours with appropriate siRNA were seeded (1.2 × 105) into 8.0 mmol/L 

cell culture inserts from BD Biosciences. The migration assay protocol was completed as 

described previously (19). Images were taken with an inverted fluorescence microscope 

(Nikon Ti-E), excluding areas of the membrane with a clear edge effect. Quantification was 

performed utilizing ImageJ. The experiment was carried out with at least five replicates.

Cell adhesion assay

To determine whether knockdown of E-cadherin and CADM1 affected cell–cell adhesion, 

the Vybrant cell adhesion assay kit protocol was adapted (Invitrogen Inc). A monolayer 

of MP38 cells (1.2 × 105) were cultured on a 96-well plate (Corning) for 24 hours. Cells 

treated with siRNA for 72 hours (1.0 × 106) were loaded with calcein AM (5 mmol/L) for 

30 minutes, washed with PBS, and then resuspended in a serum-free medium. Calcein AM–
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labeled cells (5.0 × 104) were added to the 96-well plate coated with a layer of confluent 

cells (media removed) and incubated for 2 hours. Nonadherent cells were either washed 

off with PBS. PBS was added to both unwashed (total fluorescence) and washed plates 

(adherent cell fluorescence), and fluorescence was measured using a GloMax Discover 

Microplate Reader (Promega). The fluorescent filter was set at 494 nm and maximum 

emission of 517 nm. Adhesion percent is calculated as (adherent cell fluorescence)/(total cell 

fluorescence).

Spheroid formation and viability assay

Cells treated for 72 hours with appropriate siRNA were seeded in a 96-well culture dish 

(Corning) coated in 1.5% agarose at 5,000 cells per well. Seventy-two hours after seeding, 

spheroid sizes were assessed by bright-field microscopy and quantified using ImageJ. A 

time course was also collected with the IncuCyte Live Cell Analysis Imaging System. Cell 

viability was assessed in three-dimensional (3D) cultures using the CellTiter-Glo 3D Cell 

Viability Assay (Promega) according to the manufacturer’s instructions. Briefly, after 72 

hours of incubation 100 mL medium was removed from each well, and 100 mL CellTiter-

Glo 3D was added. All procedures were performed at room temperature. The plate was 

incubated on a shaker in the dark for 5 minutes. After a further 25-minute incubation in the 

dark, luminescence was recorded using a GloMax Discover Plate Reader (Promega).

Statistical analyses

Data were analyzed using the two-sided Student t test with Microsoft Excel software (P < 

0.05; P < 0.01; and P < 0.001).

Data availability

The data generated in this study are publicly available in GEO at GSE149920 and 

GSE181194, within the article, and its Supplementary Data files. The publicly available data 

analyzed in this study were obtained from GEO at GSE139829, GSE22138, and GSE78033, 

and the SRA at SRP102735 and SRP193943.

Results

Gene expression profiling inversely correlates BAP1 status with the expression of CAMs

Given that the loss of BAP1 is detected frequently in high-risk metastatic uveal melanoma 

cases (13), we sought to study molecular differences that may explain disease progression. 

First, we analyzed uveal melanoma cases in TCGA separated into BAP1 mutant (n = 40) 

and wild-type (n = 40) groups (Supplementary Table S1) and utilized the Hallmark gene 

sets collection (28) to conduct GSEA (26). Our analysis identified that the Hallmark EMT 

gene set was significantly enriched (NES > 1.5, BHFDR < 0.05) in the BAP1 mutant 

compared with BAP1 wild-type uveal melanoma samples (Fig. 1A, left; Supplementary 

Table S2). There was no prior subsetting of the Hallmark gene sets; however, EMT is a 

known metastasis-related process (47, 48). Therefore, we were particularly interested when 

we saw statistically significant enrichment of the EMT gene set. We further conducted 

GSEA on the KEGG database (27) gene set collection and observed the CAMs pathway 

gene set to be among the top 20 most positively enriched (Fig. 1A, right; Supplementary 
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Table S3). While investigating the top 10 enriched genes from the CAMs and EMT gene 

sets, CADM1 was the only one present in both (Fig. 1B; Supplementary Tables S4–S6).

Next, we prioritized the top three enriched genes in the KEGG CAMs pathway between 

BAP1 mutant and wild-type groups for further evaluation. These genes were CDH1 (log2 

fold change: 1.617), CADM1 (log2 fold change: 2.708), and SDC2 (log2 fold change: 

2.702; Fig. 1C). High expression of CDH1, CADM1, and SDC2 was significantly associated 

with worse progression-free survival of patients with uveal melanoma irrespective of BAP1 

mutational status (Fig. 1D; Supplementary Table S7). Additional analyses of microarray 

data from 63 patient tumor samples determined that high expression of CADM1 and 

SDC2 significantly correlated with earlier onset of metastasis (Supplementary Fig. S1A; 

Supplementary Table S8). Altogether, these findings indicate that BAP1-mutant uveal 

melanoma displays increased expression of CAMs, including CDH1, CADM1, and SDC2, 

which are associated with worse progression-free survival of patients with uveal melanoma.

Amplification of the q-arm of chromosome 8 (Chr8q) has been previously associated with 

earlier onset of metastatic disease (32), and high copy gains have been predominantly 

observed in metastatic tumors (49). Because SDC2 is located on Chr8q, we investigated 

whether the number of Chr8q copies or the expression level of SDC2 correlated better 

with progression-free survival. The expression level of SDC2 was more correlated 

with progression-free survival (Supplementary Fig. S1B). We also observed a positive 

correlation in the number of Chr8q copies and increase in SDC2 expression in TCGA 

data and increased expression of SDC2 in BAP1-mutant cases independent of Chr8q status 

(Supplementary Fig. S1C).

Elevated expression of CAMs is selective to BAP1-mutant uveal melanoma cells

To further evaluate the association between CAM expression and BAP1 mutational status, 

we performed RNA-seq on eight uveal melanoma cell lines (MM28, MP46, MP65, PDX4, 

WM3618F, 92.1, and MM66). The uveal melanoma cell line, MP46, did not express BAP1 

at the protein level, but no BAP1 mutation has previously been identified (50). Mutation 

calling on the RNA-seq data from MP46 cells showed that no BAP1 transcript levels were 

detected, and there was no detectable mRNA expression of the flanking gene, PHF7, which 

is located on the opposite strand and has a transcription start site within 600 bases of BAP1 

(Supplementary Fig. S2A). This finding suggests that there may be a deletion spanning the 

transcription start sites of BAP1 and PHF7. Thus, we classified MP46 as a BAP1 mutant 

cell line. We compared the transcriptomic profiles between six BAP1 mutant cell lines 

(MM28, MP46, MP65, PDX4, and WM3618F) and two BAP1 wild-type cell lines (92.1 and 

MM66). GSEA revealed a positive enrichment of the EMT and KEGG CAMs pathways in 

BAP1 mutant cells versus wild-type cells (Supplementary Fig. S2B; Supplementary Tables 

S9–S11). CDH1, SDC2, and CADM1 were among the top 10 enriched genes from the 

KEGG CAMs pathway (Fig. 2A). Consistent with TCGA patient data (Fig. 1C), increased 

expression of CDH1, SDC2, and CADM1 was observed in the majority of BAP1 mutant 

compared with BAP1 wild-type cell lines (Fig. 2B). We followed this up by analyzing an 

independent dataset of uveal melanoma cell line samples where we discovered that CDH1, 
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SDC2, and CADM1 were significantly enriched in the BAP1 mutant group (Supplementary 

Fig. S2D).

Next, we sought to determine the extent to which CAMs were also elevated at the protein 

level. We performed RPPA analysis across a panel of six BAP1 mutant and six BAP1 

wild-type cell lines. We observed significant upregulation of E-cadherin in BAP1 mutant 

cell lines among all KEGG CAMs pathway targets (Fig. 2C). When ranked by fold change 

and statistical significance, E-cadherin was one of the most differentially expressed targets, 

along with BAP1, HIF-1a, and c-Kit (Fig. 2D). CADM1 and syndecan-2 were not part of 

the RPPA analysis. Western blotting validated the RPPA results (Fig. 2E), showing elevated 

E-cadherin levels in BAP1 mutant cells such as MP38, MP46, MM28, and WM3618F. We 

probed for CADM1 and observed that expression was upregulated in MP38 but not other 

BAP1 mutant cell lines (Fig. 2E). These data indicate heterogeneity in the expression of 

CAMs between BAP1 mutant cells. We could not analyze syndecan-2 in uveal melanoma 

cell lines by Western blotting due to technical reasons. Syndecan-2 is heavily glycosylated 

(51, 52), but the use of heparinase I-III to digest glycosylated moieties did not resolve our 

issues.

To confirm whether CAM transcripts were detectable in uveal melanoma patient tumors, 

we investigated scRNA-seq data from BAP1 mutant and wild-type patient tumors (32). 

This analysis showed that BAP1-mutant uveal melanoma cells displayed high expression of 

CDH1, CADM1, and SDC2 compared with BAP1 wild-type cells and that expression of 

these CAMs occurs predominantly in cancerous cells (Fig. 2F; Supplementary Fig. S2C). 

These data support that upregulation of CAMs occurs in BAP1-mutant uveal melanoma 

tumors.

Alteration of CAMs depends on BAP1 functional status

To further support our evidence of BAP1-associated differences in CAM expression, we 

cross-referenced RNA-seq data from four independent datasets: the uveal melanoma TCGA 

dataset, two BAP1 reexpression cell lines (Karlsson and colleagues, 2020 and Moore and 

colleagues, 2018; refs. 14, 53), and a uveal melanoma cell line panel. Differential gene 

expression analysis revealed CDH1, CADM1, and SDC2 were most upregulated within 

the KEGG CAMs pathway in BAP1 mutant versus BAP1 reexpressing cells with Karlsson 

and colleagues 2020 data, and that CADM1 and SDC2 were consistently increased in the 

Moore and colleagues 2018 dataset (Fig. 3A). When cross-referencing differential gene 

expression analysis of BAP1 mutant versus wild-type patient tumors from TCGA (32), a 

BAP1 mutant versus wild-type uveal melanoma cell line panel, and BAP1 mutant versus 

BAP1 reexpressing cells from Karlsson and colleagues, 2020, we observed consistent 

upregulation of CDH1, CADM1, and SDC2 in BAP1 null groups (Fig. 3A). Comparison of 

catalytically inactive (A95P or C91W) BAP1 reexpression to wild-type BAP1 reexpression 

samples in UPMM3 cells also showed high expression of CADM1 and SDC2 in BAP1 

inactive samples (Fig. 3B). To determine whether CAM regulation via BAP1 is evident at 

the protein level, we expressed WT BAP1 in a BAP1 mutant cell line, MP46, by lentiviral 

transduction. Reduced E-cadherin expression was observed in MP46-BAP1 compared with 

parental and unaltered with the introduction of GFP as a negative control (Fig. 3C). We 
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next utilized publicly available BAP1 knockdown datasets (54). Knockdown of BAP1 in 

the Mel202 cell line increased CDH1 and CADM1 but not SDC2 expression. Conversely, 

BAP1 short hairpin RNA knockdown in 92.1 cells increased SDC2 expression but not CDH1 

and CADM1 levels (Supplementary Fig. S3). These data suggest that BAP1 alters CAM 

gene expression in uveal melanoma although selective changes may occur in different uveal 

melanoma–derived cell lines.

Depletion of CADM1 reduces cell-cycle proteins and proliferation

Because E-cadherin, CADM1, and syndecan-2 levels were upregulated with loss of 

BAP1 and BAP1 mutations are associated with a worse prognosis in uveal melanoma, 

we hypothesized that these CAMs promote malignant traits. We performed depletion 

experiments in BAP1-mutant MP38 cells in which both E-cadherin and CADM1 are 

highly expressed. E-cadherin and CADM1 were effectively knocked down with multiple 

independent siRNAs to reduce concerns about off-target effects (Fig. 4A; Supplementary 

Fig. S4A). Because of the aforementioned challenges faced for protein detection, the 

functional effects of syndecan-2 were not studied further. RPPA analysis revealed that 

proteins associated with cell-cycle progression were downregulated following depletion of 

CADM1 (Fig. 4B). In CADM1 knockdown cells, decreased expression of phospho-CDK1, 

cyclin B1, and phospho-S6 (Ser235/Ser 236), which are involved in cell cycle and protein 

translation, was validated by Western blot analysis (Fig. 4C). These data show that CADM1 

depletion in BAP1 mutant cells decreases cell-cycle and cell growth protein expression 

levels. In vitro IncuCyte assays showed that in both MP38 and MM28 cells, E-cadherin 

knockdown elicited small to modest effects on cell growth (3%–25% inhibition), whereas 

knockdown of CADM1 significantly inhibited growth in MP38 cells (10%–40% inhibition) 

and to a lesser extent in MM28 cells (7%–21% inhibition; Fig. 4D; Supplementary Fig. 

S4B). These results suggest that in BAP1 mutant cells, proliferation is facilitated by high 

levels of CADM1.

Knockdown of E-cadherin and CADM1 results in phenotypic changes in migration, 
adhesion, cluster formation, and cell viability

With either E-cadherin or CADM1 knockdown, we observed a significant decrease in MP38 

cell migration, as measured by the Boyden chamber assay (Fig. 5A). In testing functionality, 

knockdown of either E-cadherin or CADM1 reduced cell–cell adhesion, as measured by the 

percentage of cells adhering to a monolayer of unaltered MP38 cells (Fig. 5B). To further 

understand the function of each CAM, we used a 3D spheroid model that recapitulates 

cell–cell interactions and maintains tumor-like growth characteristics (55). Knockdown of 

E-cadherin in both BAP1 mutant cell lines, MP38 and MM28, did not alter cell viability, 

as measured by ATP luminescence, but did disrupt the ability of cells to cluster and form 

tight spheroids (Fig. 5C and 5D; Supplementary Fig. S4C and S4D). Conversely, CADM1 

knockdown decreased cell viability and resulted in the formation of smaller spheroids (Fig. 

5C and 5D; Supplementary Fig. S4C and S4D). The inhibition of cell clustering to form 

spheroids following E-cadherin knockdown was observed over time after being plated on 

a low attachment plate (Supplementary Fig. S5). These results indicate that E-cadherin 

and CADM1 play differential roles in 3D; E-cadherin maintained cluster formation while 

CADM1 regulated cell growth.
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Discussion

BAP1 mutations co-occurring with monosomy 3 are associated with worse prognosis 

in uveal melanoma and are found in 90% of metastatic cases (13, 14). Although 

BAP1 is a known tumor suppressor, there is a gap in understanding how BAP1 loss 

promotes metastasis. By integrating transcriptomic data from independent patient sets 

and transcriptomic and proteomic data from BAP1 mutant versus wild-type cell lines, 

we identified BAP1-dependent molecular alterations. We found BAP1-mutant uveal 

melanoma exhibited upregulated expression of CAMs compared with BAP1 wild-type uveal 

melanoma. Consistent with patient evidence, individual datasets in uveal melanoma cell 

lines showed increased expression of CAMs such as CDH1, CADM1, and SDC2 resulting 

from BAP1 loss. Although CAMs expression is elevated generally in BAP1-mutant uveal 

melanoma patient tumors and cell lines, there is intertumoral and intratumoral heterogeneity 

in the expression of these genes at the single-cell level and between cell lines. For example, 

there are two tumors in the scRNA-seq data that have cells more frequently expressing 

CADM1 than the other tumors (Fig. 2F). This suggests that BAP1 regulation is context 

dependent, and not all BAP1 mutant cells within the tumor express elevated levels of 

E-cadherin or CADM1. Recent articles published within our lab have also determined 

heterogeneous BAP1 regulation of metabolic pathways (7, 56, 57). These differences could 

carry over to the expression of cell–cell adhesion molecules.

Functionally, knockdown of CADM1 decreased cell growth, and knockdown of either 

E-cadherin or CADM1 decreased migration and cell–cell adhesion in a two-dimensional 

(2D) model. Effects on growth were not as dramatic in the BAP1 mutant MM28 cell line, 

possibly due to decreased basal expression of CADM1 (Fig. 2E). When using a 3D model, 

differential effects were observed. Knockdown of E-cadherin led to poor spheroid formation, 

likely due to reduced cell–cell adhesion and cell clustering. In contrast, knockdown of 

CADM1 caused the formation of smaller spheroids consistent with decreased viability. 

The reduction in spheroid size differed from effects in 2D, which showed a decrease 

in cell–cell adhesion after the knockdown of CADM1. These findings can be reconciled 

with an understanding that CADM1 largely plays a role in cell growth while E-cadherin 

is responsible for cluster formation. Future experiments will include generating BAP1 

reexpressing cells that express high levels of CADM1 and investigating tumor growth in 

vitro and in vivo.

By combining publicly available datasets, we found that BAP1 mutations are associated 

with an increase in CAMs, specifically CDH1, CADM1, and SDC2. These findings are 

similar to clear-cell renal cell carcinoma and prostate cancer in which loss of BAP1 

resulted in a mesenchymal–epithelial transition and increased expression of E-cadherin (21, 

58). The promoter regions of negative transcriptional regulators of E-cadherin, including 

SNAI1, were associated with histone H2A ubiquitylation (indicating gene suppression) 

following BAP1 loss and EMT (21). Results from genome-wide binding analysis of BAP1 

in pancreatic cancer showed significant peaks in the promoter region of SNAI1 in both 

normal and cancerous pancreatic cell line samples, suggesting BAP1 might be involved 

in transcriptional regulation of SNAI1 (59). In contrast, loss of BAP1 in liver organoids 

resulted in the reduction of epithelial identity and decreased E-cadherin (60). These findings 
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highlight the context-dependent role that BAP1 plays in different cancer and tissue types. 

Our data suggest that BAP1 may regulate gene expression of E-cadherin either directly or 

via additional transcriptional regulators. For example, increased H2A ubiquitylation due 

to loss of BAP1 could repress negative transcriptional regulators of E-cadherin or, in 

some cases, increase the expression of select genes (6). Alternatively, BAP1 could act in 

conjunction with YY1 or other transcriptional regulators at the promoter region of genes 

encoding for CAMs and repress transcriptional activity directly (61). A ubiquitylation screen 

could be conducted to identify novel targets of BAP1 in uveal melanoma. Future work is 

necessary to determine the mechanism by which BAP1 regulates CAMs in uveal melanoma 

and whether this could be dependent on BAP1’s deubiquitylating activity or intracellular 

localization.

Even though melanomas are not derived from epithelial tissue, phenotypic switching to an 

EMT-like state is necessary for metastasis. Decreased expression of E-cadherin and CADM1 

is associated an EMT-like state in cutaneous melanoma and gain of invasive properties (19, 

62). In our data, knockdown of E-cadherin and CADM1 led to decreased growth and/or 

migration in BAP1-mutant uveal melanoma cells, suggesting that these adhesion proteins 

play a role in uveal melanoma progression. Increased expression of E-cadherin and CADM1 

with BAP1 loss is consistent with previous reports that link the increased expression of 

CADM1 to monosomy 3 tumors (63) and increased expression of CDH1 to high metastatic 

risk, class 2 uveal melanoma (64). There is emerging evidence for the requirement of 

these CAMs during the metastatic cascade (65). During initial extravasation and subsequent 

migration through the bloodstream, E-cadherin mediates adaptation to detached surface 

growth through anoikis resistance (66) and collective cell migration in breast and colorectal 

cancer (67, 68). Our studies show that E-cadherin and CADM1 loss resulted in decreased 

cell–cell adhesion and growth. One possibility is that increased CAM expression allows 

disseminated cells to adapt and survive as they reach distant sites. In addition, E-cadherin 

is necessary for metastatic seeding in distant organs (69). A limitation of our work is 

the lack of metastasis models. Future studies necessitate the use of optimized in vivo 

uveal melanoma metastasis models with inducible knockdown of E-cadherin and CADM1 

to understand the metastatic process and the relevance of adhesion proteins. One such 

experiment is to inject fluorescently tagged BAP1-mutant uveal melanoma cells in the chick 

chorioallantoic membrane or zebrafish model and detect hematogenous migration to distant 

sites (70, 71). By targeting CAMs in BAP1-mutant uveal melanoma, there is potential to 

inhibit cluster formation and cell survival which are associated with worse patient survival in 

other cancer types (68).

In conclusion, we show BAP1-dependent alterations of gene expression in uveal melanoma. 

The use of multiple independent datasets provides rigorous evidence from patient samples 

and cell line–based studies. We provide novel insight into the role BAP1 plays in inversely 

regulating E-cadherin and CADM1. Although canonically, E-cadherin and CADM1 are 

thought to be tumor suppressors, our results suggest they are upregulated with BAP1 loss, 

which is associated with aggressive tumor formation and metastasis. They also may play 

alternative roles in increasing collective migration and growth in uveal melanoma.
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Implications:

BAP1 mutations and increased metastasis may be due to upregulation of CAMs.
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Figure 1. 
BAP1 mutations are correlated with increased expression of CAMs CDH1, CADM1, and 

SDC2. A, On the basis of BAP1 mutation and copy loss, TCGA uveal melanoma samples 

were stratified into BAP1 mutant and wild-type groups. Differential expression analysis was 

performed between BAP1 mutant (n ¼ 40) and wild-type (n ¼ 40) samples and used for 

performing GSEA. GSEA enrichment plots of the Hallmark epithelial to mesenchymal and 

KEGG CAMs) gene sets in BAP1 mutant versus wild-type groups are shown. B, A heatmap 

showing z-score values for the top 10 genes from the Hallmark EMT and KEGG CAMs 
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gene sets in TCGA uveal melanoma patient tumor samples. C, CDH1, CADM1, and SDC2 

gene expression from TCGA RNA-seq data in BAP1 wild-type (n ¼ 40) and mutant samples 

(n¼40). D, Analysis of TCGAdata for uveal melanoma patient progression-free survival 

according to CDH1, CADM1, and SDC2 expression, stratified by high or low median RNA 

expression. Log-rank test was used to determine the significance of progression-free survival 

(https://wiki.nci.nih.gov/plugins/servlet/mobile#content/view/24279961).
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Figure 2. 
BAP1 mutant and wild-type uveal melanoma cell line panel shows differential expression 

of CDH1, CADM1, and SDC2. Differential expression analysis of RNA-seq data from 

triplicates of six BAP1 mutant (MM28, MP38, MP46, MP65, WM3618F, and PDX4) and 

two BAP1 wild-type cell lines (92.1 and MM66) was performed using DESeq2. A, A 

heatmap showing average expression of six BAP1 mutant and two wild-type cell lines 

for the top 10 positively enriched KEGG CAMs pathway genes. B, Box plots of CDH1, 

CADM1, and SDC2 mRNA expression in BAP1 mutant (n ¼ 18) versus wild-type (n ¼ 6) 
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cell line samples. C, A volcano plot showing antibodies targeting genes from the KEGG 

CAM pathway from the RPPA data. D, A heatmap of median-centered, log2-transformed 

RPPA data for the top and bottom five proteins ranked by the product of the fold change 

and log10(Benjamini–Hochberg FDR), when comparing BAP1 mutant versus wild-type 

cell lines. Each cell line was done in triplicate. Proteins are ordered on the basis of 

hierarchical clustering. E, Uveal melanoma cell line panel showing expression of E-cadherin 

and CADM1 in BAP1 wild-type versus mutant cell lines. F, Dot plot showing the average 

expression and percent of cells expressing CDH1, CADM1, and SDC2 from patient tumor 

scRNA-seq data. Cells were separated into on malignant and tumor-specific malignant cell 

groups.
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Figure 3. 
Changes in CAMs gene expression due to BAP1 reexpression. A, Scatter plots showing 

fold change mRNA expression values for BAP1 mutant versus BAP1 reexpression or BAP1 

mutant versus BAP1 wild-type comparisons from four independent datasets (14, 53) for the 

KEGG CAMs gene set. Red dots indicate genes with log2 fold changes greater than 1 and 

BHFDR value of less than 0.05. B, A BAP1-mutant uveal melanoma cell line (53) was 

transfected with wild-type or mutant BAP1 to produce proficient and deficient reexpressing 

samples, respectively. Each of the mutant reexpressing and parental samples were compared 

against the wild-type reexpressing samples. Rank list plots showing the fold change values 

for genes in the KEGG CAMs pathway for parental (left), mutant A95P reexpressing 

(middle), and mutant C91W reexpressing (right) samples compared against BAP1 wild-type 

reexpressing samples. C, Expression of BAP1 in BAP1 mutant cell cline, MP46, was 

confirmed by Western blot analysis, and protein expression of E-cadherin decreased in 
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MP46-BAP1 cells. MP46-GFP was used as a control. Representative Western blots from 

triplicate experiments are shown.

Baqai et al. Page 23

Mol Cancer Res. Author manuscript; available in PMC 2022 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Knockdown of CDH1 and CADM1 decreases cell cycle– and cell growth–associated 

protein expression. A, Western blot analysis was used to validate E-cadherin and CADM1 

expression levels with either control, CDH1, or CADM1 siRNAs in MP38 cells. B, A 

heatmap of median-centered, log2-transformed RPPA data for the top proteins (P < 0.05, 

log2fc > 0.32193) when comparing siCADM1 cells with untreated and siCTL. Each 

lysate was collected in triplicate (n 3). C, Representative Western blot analysis showing 

the effect of E-cadherin and CADM1 knockdown on cell-cycle and cell growth proteins. 

Identical lysates from A were used for the first four blots (phosphoCDK1, cyclin B1, 

phosphoERK1/2, and ERK1/2), and so the top b-actin loading control was duplicated from 

A. D, Effect of siCDH1 and siCADM1 on MP38 cell growth was analyzed using the 

IncuCyte Live Cell Analysis Imaging System. Scale bars, 300 mmol/L. Fold change was 

calculated as percent confluency compared with day 0, % inhibition was calculated as fold 
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change difference as compared with control, P < 0.05, and P < 0.01 as determined by t test, 

and error bars are ±SEM.
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Figure 5. 
Functional effects of CDH1 and CADM1 knockdown on MP38 cells: Migration of MP38 

cells after treatment with CDH1 and CADM1 siRNAs for 72 hours (A). Cells were 

trypsinized and subjected to Boyden chamber-based, serum-directed migration assays. 

Quantification of migrated cells and representative images are shown. Scale bars, 250 

mmol/L. Data are graphed as fold change in cell migration compared with untreated cells 

from at least five independent experiments, P < 0.05, and P < 0.01 as determined by t test, 

and error bars are SEM. B, Effect of siCDH1 and siCADM1 knockdown on cell adhesion. 

Percent cell adhesion is calculated as (adherent cell fluorescence)/(total cell fluorescence) 

from four independent experiments, P < 0.05, and P < 0.01 as determined by t test, and 
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error bars are SEM. C, Cell viability as measured by ATP luminescence (Cell Titer Glo) was 

studied after siCDH1 and siCADM1. Cells were treated with CDH1 and CADM1 siRNAs 

for 72 hours, trypsinized, and cultured for 72 hours in low attachment conditions. Fold 

change compared with control was calculated for each replicate, P < 0.05, and P < 0.01 as 

determined by t test, and error bars are SEM. Data were collected from three independent 

experiments. D, Effect of siCDH1 and siCADM1 on spheroid size and cluster formation 

after being cultured on low attachment conditions for 72 hours. Representative microscopy 

images of MP38 spheroids from six independent biological replicates were taken after 72 

hours. Quantitation of spheroid size was determined by Image J, P < 0.05, and P < 0.01 as 

determined by t test, and error bars are SEM. Scale bars, 500mmol/L.
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