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Abstract

Uveal melanoma (UM) is the deadliest form of eye cancer in adults. Inactivating mutations and/or 

loss of expression of the gene encoding BRCA1-associated protein 1 (BAP1) in UM tumors are 

associated with an increased risk of metastasis. To investigate the mechanisms underlying this 

risk, we explored the functional consequences of BAP1 deficiency. UM cell lines expressing 

mutant BAP1 grew more slowly than those expressing wild-type BAP1 in culture and in vivo. 

The ability of BAP1 reconstitution to restore cell proliferation in BAP1-deficient cells required 

its deubiquitylase activity. Proteomic analysis showed that BAP1-deficient cells had decreased 

phosphorylation of ribosomal S6 and its upstream regulator, p70S6K1, compared to both wild-

type and BAP1 reconstituted cells. In turn, expression of p70S6K1 increased S6 phosphorylation 

and proliferation of BAP1-deficient UM cells. Consistent with these findings, BAP1 mutant 

primary UM tumors expressed lower amounts of p70S6K1 target genes, and S6 phosphorylation 

was descreased in BAP1-mutant patient-derived xenografts (PDXs), which grew more slowly 

than wild-type PDXs in the liver (the main metastatic site of UM) in mice. BAP1-deficient UM 

cells were also more resistant to amino acid starvation, which was associated with diminished 

phosphorylation of S6. These studies demonstrate that BAP1 deficiency slows the proliferation of 

UM cells through regulation of S6 phosphorylation. These characteristics may be associated with 

metastasis by ensuring survival during amino acid starvation.

Introduction

Uveal melanoma (UM) is diagnosed in approximately 2,500 adults annually in the US (1). 

Approximately 50% of patients develop metastasis, mainly in the liver, even years after 

successful treatment of primary tumors by either radiation plaque therapy or enucleation 

(2). Metastases can develop several months to 20 years after primary tumor treatment, 

suggesting that UM cells disseminate early from the primary site and “seed” at a secondary 

organ site. Despite effective treatment of primary UM tumors, metastatic UM responds 

poorly to molecularly targeted therapies and immune checkpoint blockade (3, 4). Median 

survival in patients is 5 to 18 months after diagnosis of metastasis (5). Thus, there is 

an urgent need to identify the mechanisms promoting metastasis of UM such that novel 

therapeutic strategies can be developed.

The most common mutations in UM occur in GNAQ and GNA11, which encode the G 

proteins Gαq (guanine nucleotide-binding protein subunit alpha q) and Gα11, respectively. 

These mutations abolish their ability to hydrolyze GTP to GDP, resulting in constitutive 

activation of downstream signaling that includes mitogen-activated protein kinase (MAPK) 

pathways. Activating GNAQ/11 mutations are initiating events in UM and are major drivers 
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of UM development (6). Together with CYSLTR2 and PLCB4 mutations, they occur in 

>95% of UM in a mutually exclusive manner. Chromosomal abnormalities and secondary 

mutations in genes encoding BRCA1-associated protein 1 (BAP1), splicing factor 3B 

subunit 1 (SF3B1), and eukaryotic translation initiation factor 1A X-linked (EIF1AX) are 

associated with metastasis risk and prognosis in UM patients—tumors with monosomy 3, 

gain of chromosome 8q, and/or alterations in BAP1 have an increased risk of metastasis, 

whereas mutations in EIF1AX and SF3B1 are associated with better prognosis (7, 8).

BAP1 is a tumor suppressor gene located on chromosome 3p21.1. BAP1 encodes a 

deubiquitylating (DUB) enzyme that removes mono-ubiquitin from proteins such as histones 

(9). Deubiquitylation leads to the stabilization of histones and transcriptional regulation 

of genes that control DNA damage repair, cell proliferation, and cell differentiation. 

Monosomy 3 is a marker of poor prognosis in UM and often co-occurs with BAP1 
inactivating mutations. Losing one allele of chromosome 3 likely complements BAP1 
mutations to cause loss of BAP1 function. BAP1 mutations have been reported in 30–40% 

of UM cases and the majority (~85%) of these cases were categorized as Class 2, a subset 

of UM with an increased risk of metastasis (7, 10). Notably, knockdown of BAP1 does 

not increase UM cell proliferation, migration, or invasion in vitro, or metastasis in vivo 

(11). Further, transient knockdown of BAP1 in UM cell lines inhibits cell proliferation and 

promotes cell cycle arrest (11). Determining the mechanisms that mediate these effects of 

BAP1 loss could improve our understanding of its role in the pathogenesis of UM and may 

lead to new and more effective therapeutic strategies for this disease.

Here, we functionally evaluated the role and associations of BAP1 in UM cell lines, 

xenografts, and clinical samples. We found that loss of BAP1 alters UM cell proliferation 

and signaling that may support the survival of UM cells during metastatic dissemination.

Results

BAP1 loss is associated with slow proliferation of UM cells

Loss of expression and/or function of BAP1 is correlated with poor patient survival and 

a high likelihood of UM progression (12). However, knockdown of BAP1 expression has 

been reported to inhibit UM cell proliferation in vitro and to induce cell cycle arrest (11). 

Consistently, we found that the BAP1-deficient UM cell lines MP46, MP65, and MP38 

proliferated more slowly than the BAP1 wild-type (WT) UM cell lines, 92.1 and MM66 

(Fig. 1, A and B). To test the role of BAP1 in cell growth, we modulated BAP1 expression in 

the UM cell lines. siRNA-mediated knockdown of BAP1 diminished 92.1 cell viability (Fig. 

1, C and D). As a complementary approach, we re-introduced WT or DUB-mutant (C91A or 

C91G) forms of BAP1 into BAP1-deficient MP65 and MP46 cells by lentiviral transduction 

(Fig. 1, E and F). C91A and C91G are alterations in amino acid position 91 of BAP1 from 

cysteine to alanine or glycine, respectively. This position is located in the BAP1 domain that 

controls its DUB activity. Re-expression of BAP1 WT but not BAP1 C91A or BAP1 C91G 

increased MP65 and MP46 cell proliferation in vitro (Fig. 1, G to L), indicating that the 

DUB function of BAP1 is involved in regulating UM cell proliferation.
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Next, we investigated the effect of BAP1 status on UM cell proliferation in vivo and in 3D 

cultures. Subcutaneous xenograft tumors in NSG mice were larger in mice injected with 

BAP1 WT re-expressing MP65 and MP46 cells compared to mice injected with the parental 

cell lines by week 9 (Fig. 2, A and B). For 3D culture experiments, cells were seeded as 

single cells in Matrigel. On day 4, there were more multi-cell clusters and fewer single cells 

for BAP1 re-expressing MP65 and MP46 cells compared to the parental cell lines (Fig. 2, 

C and D). The majority (~77%) of MP65 were single cells. Altogether, our results indicated 

that the loss of BAP1 leads to slower proliferation in UM cells in vitro and in vivo.

BAP1 re-expression increases the phosphorylation of ribosomal S6

We performed RPPA analysis to identify potential mechanisms underlying the difference 

in proliferation between BAP1-deficient and BAP1-proficient UM cells. RPPA is a high-

throughput analysis of expression of 492 proteins and phospho-proteins. We determined 

the fold change in levels of proteins associated with cell proliferation between BAP1 
WT UM cell lines (n=6) and BAP1-deficient UM cell lines (n=6), and between BAP1 
WT re-expressing MP65 cells and parental MP65 cells, growing in vitro (table S1). We 

found that the levels of pS6 at Ser235/236 and Ser240/244 were higher in both BAP1 WT 

and BAP1 re-expressing cells (Fig. 3A). In the UM cell line panel, pS6 was significantly 

lower in BAP1-deficient cells than in BAP1 WT cells although there is heterogeneity 

in pS6 (Fig. 3B). As with all arrays, these RPPA data will need to be validated with 

optimized conditions. These results were confirmed by Western blotting, which showed low 

to undetectable levels of pS6 in all BAP1-deficient UM cells (Fig. 3C). BAP1 WT cells 

exhibited either low (OMM1.3, UM002B, and UM004) or high (UM001, 92.1, and MM66) 

levels of pS6 (Fig. 3, C to E). These findings indicated that heterogeneity in pS6 levels 

exists, but overall pS6 levels are higher in BAP1 WT than in BAP1-deficient UM cells.

To determine whether changes in pS6 were dependent on BAP1 expression and/or function, 

we measured pS6 levels in BAP1 transduced cells. Expression of BAP1 WT increased levels 

of pS6 and phosphorylation of its upstream regulator, p70S6K1, in MP65 and MP46 cells 

(Fig. 3F and fig. S1). Expression of DUB-mutant BAP1 (C91A) did not increase pS6 or 

pp70S6K1 levels compared to those in parental cells, indicating that the DUB activity of 

BAP1 regulates phosphorylation of S6 and p70S6K1. We observed only a slight increase 

in phosphorylated mTOR (p-mTOR) which is canonically upstream of pS6 and phospho-

p70S6K1 (p-p70S6K1) (Fig. 3F and fig. S1). Consistent with data from 2D cultures, 

the prevalence of pS6-positive cells was higher in MP65 and MP46 cells exogenously 

expressing BAP1 compared to the BAP1-deficient parental cells when grown as 3D cultures 

in Matrigel (Fig. 3G). These findings showed that BAP1 regulates pS6 and p-p70S6K1 

levels.

AMPK promotes low pS6 which is associated with slow proliferation of BAP1-deficient UM 
cells

To elucidate the mechanism mediating BAP1 regulation of pS6, we examined RPPA data 

for differentially expressed proteins between BAP1-deficient and BAP1 transduced cells that 

are associated with the mTOR/S6 pathway. These proteins included the kinases Aurora-A, 

AKT, and AMP-dependent kinase (AMPK) (Fig. 4A) (13–15). We were not able to verify 
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alterations in Aurora-A and AKT by Western blotting but observed increased levels of 

phosphorylated AMPK (pAMPK) in BAP1-deficient MP46 and MP65 cells compared to 

BAP1-reexpressing counterparts, a finding that is consistent with a previous study (Fig. 4B 

and fig. S2) (16). The AMPK pathway has been shown to inhibit mTOR signaling in other 

cell types (17, 18). To determine whether AMPK inhibits mTOR and S6 in UM cells, BAP1 
WT cell lines 92.1 and MM66 were treated with an AMPK activator, metformin. Activation 

of AMPK decreased pS6, p-p70S6K1, and p-mTOR levels (Fig. 4C and fig. S3).

Slow proliferation in BAP1-deficient UM cells is associated with low pS6

Phosphorylation of S6 promotes protein translation and cell proliferation (19); hence, we 

determined whether there is an association between the slow proliferation of BAP1-deficient 

UM cells and low pS6 levels. We investigated the effect of inducing pS6 on the proliferation 

of MP65 and MP46 (BAP1-deficient UM cell lines). To induce pS6, cells were transduced 

with either the active (S6K1 ΔCt) or wild-type form of p70S6K1 (S6K1 WT). MP65 cells 

transduced with S6K1 ΔCt had higher levels of pS6 levels and enhanced cell proliferation in 

2D culture compared to MP65 parental cells (Fig. 4, D and E). We successfully transduced 

S6K1 WT but not S6K1 ΔCt in MP46. Similar to MP65 cells, MP46 cells had higher pS6 

levels after transduction with S6K1 WT (Fig. 4F). MP46 S6K1 WT cells were also more 

confluent than parental cells 3 days after cells were plated at the same seeding density (Fig. 

4G). These results indicated that inducing pS6 is sufficient to promote the proliferation of 

BAP1-deficient UM cells.

pS6 and p70S6K1 target genes are differentially expressed in BAP1-deficient and BAP1-
proficient UM patient tumors

We investigated whether our pre-clinical data were consistent with patient tumor data 

in publicly available datasets. pS6 levels were analyzed in RPPA data from The Cancer 

Genome Atlas (TCGA) UM dataset (n=12 primary tumors). BAP1-deficient samples were 

identified based on BAP1 protein expression and the presence of BAP1 mutations or BAP1 
copy number loss. However, there were no marked differences in pS6 levels between BAP1-

deficient and WT tumors (fig. S4). It is possible that the presence of other non-cancer cell 

types in TCGA samples may mask pS6 levels in tumor cells (20). Hence, we analyzed single 

cell RNA sequencing data from primary UM tumors and determined changes in ribosomal 

biogenesis genes regulated by S6K1 selectively in tumor cells as S6K1 is upstream of S6 

(21). The ribosomal biogenesis genes included small (RPS) and large (RPL) ribosomal 

proteins (21). The average mRNA expression of each gene per tumor was determined. The 

average expression of the RPS and RPL genes were significantly higher in the BAP1 WT 

tumors (Fig. 5A). The mRNA levels of small ribosomal proteins (RPS; n=15) and large 

ribosomal proteins (RPL; n=7), except for RPS10, RPS11, RPS17, and RPL31, were higher 

in BAP1 WT compared to BAP1-deficient tumors (fig. S5). These results indicated that 

S6K1-regulated transcripts are lower in BAP1 mutant UM compared to BAP1 WT UM.

We also determined pS6 levels in liver metastases from UM patients. BAP1 status in these 

specimens was determined by staining the tissues for BAP1 protein. UMT205B, which had 

the highest intensity of BAP1 staining, expressed higher levels of pS6 (Ser235/236) and the 

Ki-67 proliferative marker compared to the other two specimens (Fig. 5, B and C). UMT-18–
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8-2 and UMT-21–12A had lower staining for BAP1 than did UMT205B and expressed 

reduced levels of pS6 and Ki-67 (Fig. 5, B and C). These patient-based data support that 

BAP1 deficiency in UM is associated with lower abundance of pS6.

BAP1 mutant PDX models proliferate slower in vivo

We investigated the effects of BAP1 status on UM proliferation and pS6 in PDX models 

generated from UM liver metastases (table S2). PDXs maintain the genetic and histological 

characteristics of patient tumors and can be implanted and grown in mice livers, providing 

an important model for studying the effects of BAP1 in UM. Consistent with our analysis 

of clinical samples, pS6 levels were lower in BAP1 mutant PDX UM models compared to 

those in BAP1 WT PDXs (Fig. 6A). Three PDXs were implanted hepatically in NSG mice, 

and tumor growth was monitored by CT scans. The BAP1 mutant PDXs, PDX1904 and 

PDX1905, grew more slowly than the BAP1 WT PDX, PDX1901 (Fig. 6, B and C). At 

the final time point, tumors were excised from mouse livers and stained for pS6 and Ki-67. 

The BAP1 mutant PDXs expressed lower levels of Ki-67 compared to PDX1901 (BAP1 
WT) (Fig. 6, D to F). PDX1901 (BAP1 WT) exhibited the most pS6 staining, followed 

by PDX1904 and PDX1905, which had minimal pS6 staining. Interestingly, pS6 levels in 

PDX1904 (BAP1 mutant) were only slightly lower compared to PDX1901 (BAP1 WT). 

This is consistent with our in vitro data, which identified heterogeneity in pS6 levels among 

UM cell lines. Overall, our findings show that whilst there is heterogeneity in pS6 levels in 

UM cell lines and patient tumor specimens, BAP1 deficiency leads to slower proliferation of 

UM and a decrease in pS6 levels.

BAP1-deficient UM cells survive better under amino acid starvation

BAP1-deficiency is associated with elevated risks of metastasis of UM in patients, hence we 

hypothesized that low pS6 and slow proliferation may be promoting processes that support 

metastasis such as survival under stress. Because S6 is involved in protein translation and 

response to amino acids, we investigated the effects of amino acid starvation on the viability 

of BAP1-deficient and BAP1 WT cells. We found that BAP1-deficient cells, MP38 and 

MP65, survived better when incubated in amino-acid free culture media compared to BAP1 
WT cells, 92.1 and MM66 and that this resistance in MP65 cells was impaired by ectopic 

expression of BAP1 (Fig. 7, A to D). Furthermore, MP65 cells expressing active S6K1 ΔCt, 

were significantly growth inhibited by amino acid starvation compared to MP65 parental 

cells (Fig. 7, C and D). These findings indicate that the slow proliferation of BAP1-deficient 

UM cells and low pS6 levels are associated with resistance to amino acid starvation in UM 

cells.

Discussion

Metastatic UM is associated with frequent copy number loss and/or inactivating mutations 

in BAP1. Understanding the effect of BAP1 status on UM may lead to better treatment 

strategies for metastatic UM. In this study, we found that BAP1 deficiency leads to slow 

proliferation of UM cells. Expression of BAP1 WT in BAP1-deficient UM cells increased 

cell proliferation in 2D and 3D cultures as well as in vivo. BAP1-deficient UM cells 

expressed lower levels of pS6 but expressed increased levels of phosphorylated AMPK, 
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which inhibits pS6. Promoting S6 phosphorylation increased the proliferation rate of BAP1-

deficient cells. BAP1 mutant patient UM tumors and PDX models also expressed low levels 

of pS6, and BAP1 mutant PDXs grew more slowly in vivo. The slow proliferation of 

BAP1-deficient UM cells and low pS6 expression are associated with better cell survival 

under amino acid starvation.

BAP1 alterations are also detected in malignant mesothelioma, renal cell carcinoma, 

cholangiocarcinoma, and (at lower frequencies) in cutaneous melanoma and breast cancer 

(22). Early studies suggested that BAP1 acts as a tumor suppressor as re-expression of 

BAP1 WT in a BAP1-null human non-small lung cancer cell line inhibited cell cycle 

progression (23). Heterozygous knock-out of BAP1 increased the development of malignant 

mesothelioma in mice injected peritoneally with crocidolite asbestos (24). Similar findings 

were expected for UM, given that the loss of BAP1 has been associated with larger tumors 

and an elevated risk of metastasis in patients (25). However, knockdown of BAP1 decreased 

UM cell proliferation and induced cell cycle arrest (11). Consistent with this, we observed 

more rapid proliferation of UM cells following BAP1 re-expression in BAP1-deficient 

cells. The increase in cell proliferation was actually lower than the proliferation rate of 

parental BAP1 WT cells. This could be due to cell line-specific differences or that other 

components apart from BAP1 may also regulate cell proliferation. Similar to our findings, 

BAP1 knockdown in breast cancer models diminished cell proliferation (26, 27). Thus, the 

role of BAP1 appears to be context dependent and complex. It will be important in future 

studies to identify effects of BAP1 loss in non-BAP1 related tissues and whether there are 

commonalities.

BAP1 expression correlated with pS6 and pp70S6K1 levels. S6 is a ribosomal protein 

of the 40S subunit of eukaryotic ribosomes and is phosphorylated downstream of the 

mechanistic target of rapamycin complex 1 (mTORC1) or MAPK signaling pathways. 

The mTOR–p70S6K1–S6 pathway responds to growth factors and nutrients and promotes 

protein translation and cell proliferation (19, 30). The abundance of pS6 was markedly 

higher in BAP1-proficient cells, although some BAP1-WT cell lines had low levels of pS6, 

including UM002B and UM004. In the PDX models, whereas both BAP1 mutant models 

had lower pS6 levels and grew more slowly than BAP1-WT PDX1901 in vivo, the BAP1-

mutant PDX1904 had higher pS6 compared to the BAP1 mutant PDX1905. This suggests 

that factors beyond BAP1 status are likely involved in regulating pS6 in patient tumors. In 

future studies, it will be important to characterize this pS6 heterogeneity and, if additional 

resources are available, to include more PDXs and to detect pS6 at various time-points. 

Nevertheless, our findings indicate that intra-tumoral heterogeneity of pS6 exists but overall 

BAP1 loss is associated with low pS6 levels and BAP1 deficiency decreases pS6.

BAP1 loss is associated with aggressiveness of UM and elevated risk of metastasis. 

We postulate that the slow proliferation phenotype and low pS6 of BAP1-deficient UM 

cells are characteristics of tumor cells undergoing metastatic dissemination rather than late-

stage aggressive macro-metastases that are rapidly proliferating and are linked to cellular 

processes required for metastasis. Low pS6 levels tend to correlate with improved patient 

survival in various cancer types (38, 39), better response to targeted therapies such as MEK 

inhibitors (40, 41), and decreased cell migration (42, 43). However, cell proliferation and 
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protein translation through pS6 are energy- and nutrient-consuming processes; hence, low 

pS6 potentially promotes UM cell survival in stressed conditions and microenvironments. 

We found here that BAP1-deficient UM cells survived better under amino acid starvation 

and this was reversed by expression of active S6K1 which increased pS6 and cell 

proliferation. Future studies will aim to identify the precise mechanism sustaining the 

survival of cells, and its role in metastasis. Unfortunately, a suitable in vivo metastasis model 

of UM from the primary tumor is currently lacking. An intrasplenic injection model of UM 

leading to cell colonization of the liver has been established (44), but it bypasses the initial 

steps of metastasis, including survival in the bloodstream, which is a likely important part of 

the mechanism of survival under amino acid starvation (45).

BAP1-deficient UM with low pS6 and slow proliferation may also undergo other processes 

associated with metastasis. For example, autophagy has been linked to an increased risk of 

cancer metastasis and low pS6 (46–48). BAP1-deficient cells may be undergoing dormancy/

quiescence and a slow-cycling phenotype that has been linked to metastasis and drug 

resistance (49–51). We hypothesize that under certain conditions that can alter the liver 

microenvironment—such as liver fibrosis, aging, and fatty liver—increase the secretion of 

growth factors and cytokines that may activate S6 in the UM cells and result in rapidly 

proliferating macro-metastases.

In conclusion, our findings show effects of BAP1 deficiency on the proliferation of UM 

cells and low levels of phosphorylated S6. Our findings were consistent in UM patient 

samples and growth of BAP1 mutant PDX models. We found that the slow proliferation 

of BAP1-deficient UM cells and low pS6 were associated with better cell survival during 

amino acid starvation, which may contribute to metastasis. Overall, our findings suggest that 

BAP1 mediates growth effects in UM and that further characterization of BAP1-mediated 

pathways and processes may inform the development of strategies to improve treatment 

efficacy in UM patients.

Materials and Methods

Cell culture:

Uveal melanoma cell lines MP46, MP65, MP38, MM66, and MM28 were obtained from 

S. Roman-Roman (Institute of Curie, France) and maintained in RPMI supplemented with 

20% FBS (54). 92.1 was obtained from M. Jager (Leiden University, The Netherlands) and 

grown in RPMI containing 10% heat-inactivated FBS and 2 mmol/L L-glutamine. UM001, 

UM004, UM002B, and PDX4 cells were established at Thomas Jefferson University 

and grown as reported previously (55). UM002B and PDX4 were cultured in the same 

conditions as UM001 and UM004, respectively. OMM1.3 was provided by B. Ksander’s 

laboratory (Harvard Medical School, USA) and cultured in RPMI and 10% FBS. WM3618F 

was purchased from Rockland Immunochemicals (Pottstown, Pennsylvania, USA) and 

grown according to manufacturer’s instructions. HEK293 cells were cultured in DMEM and 

10% FBS. Amino acid-free culture media was purchased from Caisson Labs (Smithfield, 

Utah, USA). All cell culture media were supplemented with 50 IU penicillin and 50 μg/ml 

streptomycin. Cell lines were regularly monitored for mycoplasma contamination and by 

short tandem repeat (STR) analysis for authentication.
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Patient specimens and PDX models:

Tissue procurement was approved by the Institutional Review Board of Thomas Jefferson 

University (approval number 02.9014R). Patient liver metastatic tumor specimens, 

UMT205B, UMT-18–8-2, and UMT-21–12A, were fixed in buffered formalin and embedded 

in paraffin. The PDXs were generated from patient metastatic tumor lesions by growing the 

specimens for 2 to 3 passages in NOD SCID gamma (NSG) mice. The mutational status of 

each PDX is shown in table S2.

Lentiviral transduction:

Plasmids were purchased from Addgene (Watertown, Massachusetts, USA). Plasmids 

used were BAP1 WT (pLVX-M-Flag-BAP1, #125840), BAP1 C91A (pLVX-M-Flag-BAP1-

C91A, #125841), BAP1 C91G (pLVX-M-Flag-BAP1-C91G, #125845), empty vector 

(pLVX-M-puro, #125839), pRK7-HA-S6K1-E389-ΔCT (#8993) and pDONR223-RPS6KB1 

(#23686). All plasmid DNA were purified using a DNA Maxiprep purification kit 

(Thermo Fisher Scientific; Waltham, Massachusetts, USA). S6K1-E389-ΔCT and S6K1 WT 

were cloned from pRK7-HA-S6K1-E389-ΔCT or pDONR223-RPS6KB1, respectively, into 

pENTR and pLENTI-puro vectors by PCR. Lentivirus was then generated using HEK293 

cells. UM cells were infected with lentivirus and selected according to the antibiotic 

resistance genes of each plasmid.

siRNA transfection:

siRNAs were purchased from Dharmacon (Horizon Discovery) (Lafayette, 

Colorado, USA). si-BAP1 #1 (GAGUUCAUCUGCACCUUUA), si-BAP1 
#2 (CCACAAGUCUCAAGAGUCA) and si-Control (On-Target control; 

UGGUUUACAUGUCGACUAAUU) were used. Cells were seeded at 40 to 50% confluency 

and transfected with the siRNA (25 nM final concentration) using the Lipofectamine 

RNAiMax transfection reagent (Invitrogen; Waltham, Massachusetts, USA).

Cell viability:

Cells were seeded in 6-well plates at 2.5 × 105 cells per well for long-term (5 to 7 days) 

experiments and 4 × 105 cells per well for short-term (3 days) experiments. For the crystal 

violet experiments, cells were rinsed in PBS and incubated with 0.2% (w/v) crystal violet in 

buffered (1:10 dilution) formalin for 1 to 2 hours on a shaker. Cells were then washed twice 

with de-ionized water before culture plates were air-dried overnight. High magnification 

(40x) images of cells were captured using the Nikon Eclipse Ti-E microscope (Nikon, 

Japan). Quantitation of crystal violet staining of viable cells was performed using ImageJ on 

the 40x magnification images (56). For the Incucyte® experiments, cells grown on culture 

plates were inserted into the Incucyte® live cell imager and cell confluency was measured 

and analyzed using the accompanying software.

Western blotting:

Analysis of protein expression has been described previously (16, 57). Briefly, cells 

were lysed in Laemmli sample buffer (Bio-Rad; Hercules, California, USA) containing 

β-mercaptoethanol. Proteins were separated by SDS-PAGE and transferred onto PVDF 
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membranes. Membranes were blocked for 60 to 90 min in 3% BSA in TBST and incubated 

with primary antibody diluted in 1% BSA in TBST overnight at 4°C. The membranes were 

then washed 3 × 10 min in TBST and incubated with a secondary antibody diluted in 1% 

skim milk in TBST for 90 min at room temperature. The membranes were washed 3 × 

10 min in TBST and protein expression probed by chemiluminescence. Primary antibodies 

from Cell Signaling Technology (Danvers, Massachusetts, USA) were BAP1 (#13271), 

HSP90 (#4877), pS6 (Ser235/236) (#4857), pS6 (Ser240/244) (#2215), S6 (#2217), p-p70S6K1 

(Thr389) (#9234), p70S6K1 (#2708), pmTOR (Ser2448) (#2971), mTOR (#2972), Aurora A 

(#14475), pAKT (Ser473) (#4060), AKT (#4691), pAMPKα (Thr172) (#2535), and AMPKα 
(#2603). All antibodies were diluted 1:1,000 in 1% BSA in TBST. The β-actin antibody 

(#A2066) was purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and diluted 

1:3,000 in 1% BSA in TBST.

3D Matrigel:

8-well chambers were pre-coated with Matrigel, then 500 cells were mixed with Matrigel 

(final concentration of 3% v/v) and added to each well. Medium containing 5% FBS was 

added to the layers in each well. Culture medium was changed after two days and, at day 4, 

numbers of single and multi-cell cluster events were calculated. To stain for pS6, cells were 

fixed with 4% paraformaldehyde for 20 min. Cells were then rinsed with 1x PBS-Glycine 

for 10 minutes and permeabilized with 1% Triton-X in PBS for 5 min. After rinsing the 

cells, blocking buffer (3% BSA and 1.5% normal goat serum in PBS) was added to the 

wells. After 60 min of blocking, the cells were incubated overnight at 4°C with the pS6 

primary antibody (Cell Signaling #4857) at 1:200 diluted in blocking buffer. The cells were 

then washed once in PBS containing 0.02% Tween-20 for 30 min and then incubated with 

blocking buffer for 60 min. Then, secondary antibody diluted at 1:200 in blocking buffer 

was added to the cells and after 60 min of incubation at room temperature, the cells were 

washed for 30 min and incubated with Hoechst 33342 (nuclei stain) at 1:2,000 for 15 min. 

The cells were then washed for 30 min, mounted with Prolong anti-fade and allowed to 

air-dry overnight at room temperature. The slides were analyzed for pS6 staining using the 

Leica SP5 confocal microscope (Leica Microsystems, Germany).

Reverse Phase Protein Array (RPPA):

RPPA was performed at the MD Anderson Cancer Center RPPA facility. Cells were lysed 

and prepared according to the facility’s lysis protocol for cells in 6-well plates. Briefly, 

cells were washed twice in PBS and then lysed in buffer containing 1% Triton X-100, 50 

mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM 

Na pyrophosphate, 1 mM Na3VO4, 10% glycerol, and protease and phosphatase inhibitors 

that were freshly added prior to lysis. Lysates were then collected and centrifuged for 10 

min at 14,000 rpm at 4°C. The supernatant was retrieved, and protein concentration was 

determined using the Bradford protein assay (Bio-rad). Cell lysates were mixed with 4x SDS 

buffer (40% Glycerol, 8% SDS, 0.25 M Tris-HCL, pH 6.8) containing β-mercaptoethanol 

(1:10 v/v) and boiled for 5 min. Antibodies against 492 proteins were tested in the 

RPPA. Analysis of RPPA data was performed as described previously (55). A list of 

genes associated with regulation of cell proliferation (table S1) was obtained from the 

Gene Set Enrichment Analysis (GSEA) website and expression of total and phosphorylated 
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levels of corresponding proteins were evaluated in the RPPA. Storey q-values calculations 

in heatmaps comparing BAP1-deficient to BAP1 WT or BAP1 re-expressing UM were 

conducted in MATLAB (v2017b) using the mattest and mafdr functions.

Analysis of The Cancer Genome Atlas (TCGA) UM data:

TCGA data were retrieved from https://www.cancer.gov/tcga. All UM patient samples 

(n=80) were from primary UM tumors. RPPA data were available for only 12 samples 

and data were analyzed for differences in pS6 based on BAP1 status or expression.

Single cell RNA sequencing analysis:

Single cell RNA sequencing data from 11 UM patient tumor samples (8 primary and 3 

metastatic) was obtained from the GEO database (Accession GSE139829) and processed 

using the Seurat package (v3.1.4) (58, 59). Cell types were identified using methods 

described previously (59) and data was normalized using the SCTransform method (60) 

with regression based on the percent mitochondrial content. The ggplot2 package (v3.3.2 

https://ggplot2.tidyverse.org) was used to generate plots and data analyses were performed 

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

In vivo xenograft growth:

All animal experiments were approved by the Institutional Animal Care and Use Committee 

and performed at the Thomas Jefferson University animal facility that is accredited by 

the Association for the Assessment and Accreditation of Laboratory Animal Care. For 

subcutaneous injection experiments, NSG mice (8 weeks, females) were obtained from T. 

Manser (Thomas Jefferson University, USA). At least 5 animals were injected per group and 

mice not bearing tumors were removed as outliers. Each animal was injected subcutaneously 

with 5 × 106 UM cells in 100 μL PBS. Tumors were measured weekly using a digital caliper 

and tumor volume was calculated using this formula: volume = length × (width2/2). Data 

from all animals except outliers will be included in quantitation and statistical analysis. 

To grow PDX models intrahepatically in NSG mice, PDXs (PDX1901; passage three, 

PDX1904; passage three, and PDX1905; passage two) were implanted into the liver of NSG 

mice according to the protocol described previously (61). Computerized tomography (CT) 

scans of tumors were obtained every 1 to 3 weeks and, from these scans, the largest tumor 

diameters (mm) were measured. Data from all animals in this experiment were included in 

quantitation and statistical analysis. Depending on availability of PDXs, at least 3 mice or 

animals were injected or implanted.

Statistical analysis for PDX in vivo growth assay:

The repeated measures of largest diameters were analyzed using the longitudinal linear 

mixed effects (LME) model with random effects of animals. The fixed effects in the LME 

model included the PDX, week and their (week x PDX) interaction. A significant interaction 

term would indicate a significant difference in the growth rate across the PDX models, and 

a post-hoc analysis using the Hochberg method is conducted if significance is reached (62). 

The residuals were evaluated to validate the assumptions of the models.
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Immunohistochemistry:

Paraffin-embedded tissue was sliced and fixed onto slides and stained by the Sidney Kimmel 

Cancer Center (SKCC) pathology shared resource facility. Slides were stained with primary 

antibodies against pS6 (Ser235/236, Cell Signaling Technology #4857) at a 1:200 dilution, 

BAP1 (Santa Cruz Biotechnology sc-28383) at a 1:25 dilution or Ki-67 (Abcam #ab16667) 

at 1:75. ABC-alkaline phosphatase (AP) kits and methyl green counter stains were used. 

Slides were scanned using the Aperio Scanscope CS2 at 20x magnification. Images were 

analyzed using the Aperio ImageScope software where random fields of the specimen were 

captured. These images were then analyzed for staining intensity and abundance using 

ImageJ and a protocol described previously (56, 63). Briefly, color deconvolution was 

performed in ImageJ using the H-DAB option, background of staining removed by adjusting 

the maximum threshold value, and the mean gray value, which represents staining intensity, 

was collected.

Statistical analysis:

All experiments were performed at least three times and quantitative data are shown as the 

mean ± S.E.M. of data from at least triplicate experiments (biological repeats) unless stated 

otherwise. Data outliers were removed unless stated otherwise. Statistical significance was 

measured using unpaired student’s t-test and p-values adjusted using the Hochberg method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Loss of BAP1 is associated with slow proliferation of UM cells in 2D cultures.
(A) BAP1 protein expression in BAP1 WT (92.1, MM66) and BAP1-deficient (MP46, 

MP65, MP38) UM cell lines detected by Western blotting. (B) Cell confluency measured 

over time using the Incucyte® live cell imager. Fold change in cell confluency normalized to 

confluency at 0 hour is shown. Mean data from triplicate experiments (N=3) is shown. 

(C) BAP1 protein levels in 92.1 cells following 72 hours of transfection with BAP1 
siRNA. (D) Crystal violet staining of 92.1 cells after si-BAP1 transfection for 72 hours. 

Representative crystal violet images and mean ± S.E.M. of % crystal violet staining from 
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triplicate experiments (N=3) are shown. *p≤0.05 by unpaired student’s t-test adjusted using 

the Hochberg method. (E and F) Western blot of BAP1 protein levels in MP65 and MP46 

cells transduced with empty vector (EV), WT or DUB-mutant BAP1 (C91A or C91G). 

(G to L) Cell confluency of MP65 or MP46 parental cells compared to cells transduced 

with EV (empty vector), BAP1 WT, BAP1 C91A, or BAP1 C91G. Cell confluency was 

determined using the Incucyte® live cell imager and normalized to confluency at 0 hour. 

Mean ± S.E.M. of cell confluency from triplicate experiments (N=3) is shown. **p≤0.01 by 

unpaired student’s t-test adjusted using the Hochberg method.
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Figure 2: Re-expression of BAP1 increased the proliferation of UM cells in vivo and in 3D 
cultures.
(A) Tumor volume of MP65 and MP65 BAP1 WT, and (B) MP46 and MP46 BAP1 WT 

xenografts measured weekly following subcutaneous injection of cells in NSG mice. Mean 

± S.E.M. of tumor volume from four animals (N=4) is shown. *p≤0.05, **p≤0.01 by 

unpaired student’s t-test adjusted using the Hochberg method. (C) Percentage of single-cell 

or multi-cell cluster events measured at four days after seeding single MP65 or MP65 BAP1 

WT and (D) MP46 or MP46 BAP1 WT cells in 3D Matrigel. Bar graphs show mean ± 

S.E.M. from triplicate experiments (N=3). *p≤0.05, **p≤0.01, ****p≤0.0001 by unpaired 

student’s t-test adjusted using the Hochberg method.
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Figure 3: S6 phosphorylation is low in BAP1-deficient UM cells.
(A) Dot-plot showing proteins up- or down-regulated in MP65 BAP1 compared to MP65 

parental cells and in a panel of BAP1 WT compared to BAP1-deficient UM cells. Results 

were derived from analysis of RPPA data and focused on proteins associated with cell 

proliferation. (B) Heatmap showing median centered log2-transformed expression of pS6 

and S6 protein levels from RPPA data in a panel of BAP1-deficient and BAP1 WT UM cell 

lines. Statistical significance of the protein expression between BAP1-deficient and BAP1 
WT was determined using Storey q-values (N=4). (C) Validation of pS6 protein levels in 
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a UM cell line panel by Western blotting. (D) Violin plots of quantitation of pS6 from 

Western blots in (C) and determined by densitometry. pS6 levels shown were normalized to 

β-actin and S6. (E) Correlation coefficient of BAP1 and pS6 (Ser235/236) or pS6 (Ser240/244) 

levels from quantitation of blots in (C). (F) Western blot analysis of phosphorylated (p) 

S6, p70S6K1, and mTOR in MP65 or MP46 re-expressing BAP1 WT or BAP1 C91A. 

Representative blots from triplicate experiments or lysates (N=3) are shown. (G) Percentage 

of cells positive for pS6 (Ser235/236) in MP65 or MP46 parental cells and cells transduced 

with BAP1 WT. Data was collected from single and 2-cell clusters after 4 days of seeding 

in 3D Matrigel. Graphs show mean ± S.E.M. from triplicate experiments (N=3). *p≤0.05, 

**p≤0.01 by unpaired student’s t-test adjusted using the Hochberg method.
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Figure 4: Mechanisms associated with low pS6 and slow proliferation of BAP1-deficient UM 
cells.
(A) Heatmap of expression of proteins associated with mTOR/S6 signaling in BAP1-

deficient (MP46 and MP65) and BAP1 re-expressing (MP46 BAP1 WT and MP65 BAP1 

WT) cells. Proteins that are differentially expressed between the BAP1-deficient and BAP1 

re-expressing cells are shown. Statistical significance of the protein expression between 

BAP1-deficient and BAP1 re-expressing cells was determined using Storey q-values (N=4). 

(B) Western blot analysis of proteins associated with mTOR/S6 signaling. (C) BAP1 WT 
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cells, 92.1 and MM66, were treated with 10mM metformin for 24 hours and then expression 

of mTOR signaling pathway proteins were evaluated by Western blotting. (D) Western 

blotting for pS6 levels in MP65 transduced with active S6K1 (S6K1 E389 ΔCT). (E) Cell 

confluency of MP65 and MP65 S6K1 delta Ct. Cell confluency was determined using the 

Incucyte® live cell imager and normalized to confluency at 0 hour. Mean ± S.E.M. of cell 

confluency from triplicate experiments (N=3) is shown. ****p≤0.0001 by unpaired student’s 

t-test adjusted using the Hochberg method. (F) pS6 levels determined by Western blotting 

in MP46 cells transduced with S6K1 WT. (G) Cell confluency of MP46 and MP46 S6K1 

WT. Cell confluency was determined using the Incucyte® live cell imager and normalized to 

confluency at 0 hour. Mean ± S.E.M. of cell confluency from triplicate experiments (N=3) is 

shown. ***p≤0.001 by unpaired student’s t-test adjusted using the Hochberg method.
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Figure 5: pS6 levels in UM patient tumors.
(A) Violin plots from single cell RNA sequencing data displaying average expression of 

ribosomal biogenesis genes regulated by S6K1 (RPS and RPL genes) in primary BAP1-

deficient and BAP1 WT UM patient tumors (N = 6 and 2, respectively). Significance was 

assessed by the Mann-Whitney test, ***p< 0.001. Violin plots contain box and whisker 

plots, displaying the interquartile range, median, and minimum/maximum values. (B) 
Immunohistochemical staining of BAP1, Ki-67 and pS6 (Ser235/236) in liver metastatic 

UM patient specimens. 400x magnification. Scale bar, 20 μm. (C) Quantitation of BAP1, 
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Ki-67, and pS6 staining in liver metastatic UM patient specimens. Three random fields at 

400x magnification from 3 samples were captured and analyzed using ImageJ. *p≤0.05, 

**p≤0.01, ***p≤0.001 by unpaired student’s t-test s adjusted using the Hochberg method.
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Figure 6: BAP1 mutant PDX models of metastatic UM patient specimens express low pS6 levels 
and proliferate slower in vivo.
(A) pS6 staining by immunohistochemistry in PDXs originating from UM patient metastatic 

samples. PDXs in a tissue microarray were stained for pS6 (Ser235/236), and staining was 

compared between BAP1 mutant (N=6) and WT (N=2) PDXs, assigned on the basis of 

the available sequencing data of mutations of the specimens. Scale bar, 600 μm. Three 

random fields (400x magnification) of pS6 staining were captured for each PDX and 

the intensity and abundance of pS6 staining (red/pink) were measured using ImageJ, 
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right of the immunohistochemical staining. (B) Two BAP1 mutant PDXs and one BAP1 
WT PDX were independently implanted intrahepatically into the liver of NSG mice, and 

tumor size was monitored by CT scanning. N=4 mice per PDX. ***p≤0.001 by the 

LME model with random effects of animals and a post-hoc analysis using the Hochberg 

method. (C) Representative transverse CT scans of the abdomen of mice 10 weeks after 

injection with the indicated PDX. (D and E) Quantitation of pS6 (Ser235/236) and Ki-67 

immunohistochemical staining of PDXs isolated at the last time point following sacrifice. 

Eight to ten random fields (400x magnification) of pS6 and Ki-67 staining were captured 

for each PDX tissue, and the intensity and abundance of staining were measured using 

ImageJ. Data are the mean ± S.E.M. of staining (N=8–10). ***p≤0.001, ****p≤0.0001 by 

unpaired student’s t-test adjusted using the Hochberg method. (F) Representative images of 

immunohistochemical staining for pS6 and Ki-67 in the PDXs. Scale bar, 20 μm.
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Figure 7: BAP1-deficient cells survive better under amino acid deprivation.
(A) BAP1 WT (92.1 and MM66) and BAP1-deficient (MP38 and MP65) cells were 

incubated in amino acid-free (AA-free) culture media for 3 days, and cell viability was 

detected by crystal violet staining. (B) As in (A) in MP65 cells, MP65 cells transfected 

with BAP1 WT, and MP65 cells transfected with S6K1 ΔCt. (C and D) Quantitation 

of crystal violet staining in (A) and (B), respectively. Data are mean ± S.E.M. from 
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triplicate experiments (N=3). *p≤0.05, **p≤0.01, ***p≤0.001 by unpaired student’s t-test 

and p-values adjusted using the Hochberg method.
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