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within six months [3, 4]. Determining the precise mecha-
nism underlying UM metastasis becomes essential. Class 
2 UM, which normally contains BRCA1-associated protein 
1 (BAP1) inactivating mutation, is linked to a short-term 

1  Introduction

Up to 50% of uveal melanoma (UM) cases develop metasta-
ses in a median of 2.4 years with liver as the first metastatic 
site [1, 2], and 90% of metastatic patients result in death 
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Abstract
Purpose  Uveal melanoma (UM) with BAP1 inactivating mutations has a high risk of metastasis, but the mechanism behind 
BAP1 deficiency driving UM metastasis is unknown.
Methods  We analyzed the single-cell RNA sequencing (scRNA-Seq) data comprised primary and metastatic UM with or 
without BAP1 mutations (MUTs) to reveal inter- and intra-tumor heterogeneity among different groups. Then, an immune-
competent mouse liver metastatic model was used to explore the role of ITGB2-ICAM1 in BAP1-associated UM metastasis.
Results  Cluster 1 tumor cells expressed high levels of genes linked to tumor metastasis, such as GDF15, ATF3, and CDKN1A, 
all of which are associated with poor prognosis. The strength of communication between terminally exhausted CD8+ T cells 
and GDF15hiATF3hiCDKN1Ahi tumor cells was enhanced in BAP1-mutated UM, with CellChat analysis predicting strong 
ITGB2-ICAM1 signaling between them. High expression of either ITGB2 or ICAM1 was a worse prognostic indicator. 
Using an immune-competent mouse liver metastatic model, we indicated that inhibiting either ICAM1 or ITGB2 prevented 
liver metastasis in the BAP1-mutated group in vivo. The inhibitors primarily inhibited hypoxia- and ECM-related pathways 
indicated by changes in the expression of genes such as ADAM8, CAV2, ENO1, PGK1, LOXL2, ITGA5, and VCAN. etc.
Conclusion  This study suggested that the ITGB2-ICAM1 axis may play a crucial role for BAP1-associated UM metastasis 
by preserving hypoxia- and ECM- related signatures, which provide a potential strategy for preventing UM metastasis in 
patients with BAP1 mutation.
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survival and unknown contributions to UM metastasis [5, 
6].

BAP1 is a two-hit tumor suppressor gene that frequently 
mutated in various sporadic human cancers, including uveal 
melanomas [7], cutaneous melanomas [8], meningiomas [9], 
malignant mesothelioma [10, 11], cholangiocarcinoma [12] 
and renal cell carcinomas [13, 14]. BAP1 regulates DNA 
repair through homologous recombination, and its inactiva-
tion, impairs ferroptosis, cell apoptosis and other cell death 
mechanisms leading to the accumulation of cells with DNA 
damage, and eventually becoming malignant cells [15, 16]. 
Interestingly, the deletion of BAP1 in UM was thought to 
not significantly affect the DNA damage repair mechanism 
[17]. Therefore, proteins related to BAP1 loss in UM could 
be potential targets for therapy.

The tumor microenvironment (TME) is composed of 
tumor cells and their surroundings such as immune cells, 
fibroblasts, vascular endothelial cells [18]. Previous studies 
have shown that the interactions between cells in the TME 
can impact tumor initiation [19], progression and metasta-
sis [20], as well as the responsiveness to treatment and the 
development of drug resistance [21, 22]. The interactions 
may be mediated by various mechanisms, such as receptor 
signaling, release of small molecules, mechanical forces, 
gap junctions, and tunneling nanotubes [23]. However, 
the precise mechanisms through which BAP1 deficiency 
promotes tumor promotion and regulates communication 
between tumor cells and TME remain unclear.

This study analyzed 115,225 single cells from 19 samples 
obtained from 18 UM patients. Both primary and metastatic 
samples were tested for the presence of a BAP1 mutation. 
The objective of this study was to identify the possibility of 
BAP1-mutation in driving UM metastasis and to discover 
potential molecules for the prevention or treatment of meta-
static UM.

2  Materials and methods

2.1  Processing of data for scRNA-seq

Raw data were obtained from the Gene Expression Omni-
bus database (GSE138433 [24], GSE139829 [25] and 
GSE176029 [26]) (Table S1). The object was generated 
using the Seurat R package (version 4.0.3) and low-quality 
cells were filtered out. Genes with fewer than three detected 
cells were excluded, and low-quality cells were elimi-
nated if the following conditions were met: (a) expressed 
less than 300 genes, (b) the ratio of mitochondrial genes 
to all expressed genes exceeds 20%, (c) the percentage of 
expressed genes with > 2% of hemoglobin genes. Potential 

doublets were distinguished and removed using the Dou-
bletFinder package (version 2.0.3).

2.2  Data integration and dimension reduction

The “NormalizedData” function was used to normalize the 
filtered expression matrix, and then the “FindVariableFea-
tures” function was used to identify 2000 genes with high 
intercellular variation. The “RunPCA” function was used to 
perform Principal Component Analysis, and the Harmony 
R package (version 0.1.0) was used to remove the batch 
effects. Using the “FindNeighbors” and “FindClusters” 
functions, the first 15 principal components were then used 
to cluster the cells. Using the “RunUMAP” function, Uni-
form Manifold Approximation and Projection (UMAP) was 
executed on the top 15 PCs (resolution = 0.6).

2.3  Identification of the cell type

Markers for each of the identified clusters were identified 
using the “FindAllMarkers” function, and then the clusters 
were annotated based on SingleR (version 1.4.1) and well-
established cellular markers.

2.4  Single-cell copy-number variation (CNV) 
analysis

Initial CNVs were computed for each UM tumor cell using 
the inferCNV R package (version 1.6.0). CNVs of UM tumor 
cells were calculated using T/NK cells as the reference.

2.5  Analysis of the path of CD8+ T cells

The R package Monocle2 (version 2.18.0) was utilized for 
pseudotime trajectory analysis to characterize the potential 
process of CD8+ T functional changes and establish the 
potential lineage differentiation.

2.6  Gene set enrichment analysis

Using the Gene Set Enrichment Analysis (GSEA), multiple 
pathways within distinct subclusters were analyzed based 
on the GO term enrichment analysis.

2.7  Comparative analysis of gene expression

The function “FindAllMarkers” was used to perform dif-
ferential gene expression analysis. A difference was statisti-
cally significant when the adjusted P-value was less than 
0.05.
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2.8  Ligand-receptor expression and cell 
interactions

Cell-to-cell communication (CellChat) (version 1.1.3) R 
package was utilized to analyze the potential ligand-recep-
tor pairs in cell populations.

2.9  Survival analysis

The correlation between the gene expression of UM patients 
and their overall survival (OS) was estimated using the 
GEPIA database (http://gepia.cancer-pku.cn/).

2.10  Development of BAP1-defective cells

To generate BAP1-loss cells, the CRISPR-Cas9 system was 
utilized. sgRNAs were designed using CRISPR-ERA (http://
crispr-era.stanford.edu/) and cloned into lentiCRISPRv2 
(Addgene plasmid, #52961). The sequences of BAP1 sgRNAs 
were 5’-CACCGTCAAATGGATCGAAGAGCGC-3’, 
5’-CACCGGGATCGAAGAGCGCCGGTCC-3’, 5’-CAC-
CGAGAGCGCCGGTCCCGGCGAA-3’ and 5’-AGAGC-
GCCGGTCCCGGCGAA-3’. A scrambled sgRNA 
(5’-GCACTCACATCGCTACATCA-3’) was used as a 
control. Plasmids and packaging plasmids (psPAX2 and 
PMD2G) are cotransfected into 293T cells. At 48 and 72 h, 
lentiviral particles were isolated and used to infect MUM2B 
cells in a medium containing 10 µg/mL polybrene. Puromy-
cin (2 µg/mL) was used to select cells for two weeks, and 
the knockout (Ko) was confirmed by immunoblotting.

2.11  Transwell

Chambers (8-mm pore, Corning, USA) were precoated with 
a mixture of Matrigel (BD Biosciences, USA) and serum-
free RPMI 1640 (GIBCO, USA) at a ratio of 1:7 followed 
by solidifying at 37 °C for 2 h. A total of 5 × 104 (5 × 104/100 
µL) transfected cells were resuspended in serum-free cul-
ture medium and seeded in the upper chambers. The bottom 
chambers were filled with 550 µL of RPMI 1640 contain-
ing 30% fetal bovine serum (FBS). After 24 h, cells were 
stained with crystal violet and quantified. Five fields per 
well were counted with an inverted microscope system.

2.12  Cell lines

Cell lines used: MUM2B (established human UM cell line) 
and 293T (established human embryonic kidney cell line). 
The MUM2B was grown at 37 °C and 5% CO2 in RPMI 
1640 medium (GIBCO, USA) supplemented with 10% FBS 
(GIBCO, USA) and 20mM HEPES buffer (Corning, USA). 
The 293T cell line was cultivated in Dulbecco’s modified 

Eagle’s medium (GIBCO, USA) supplemented with 10% 
FBS (GIBCO, USA) at 37 °C in a 5% CO2 atmosphere.

2.13  In vivo tumor studies

Eighteen-week-old female huHSC-NCG mice (pur-
chased from GemPharmatech) were used (n = 6 per cell 
line) in this study. MUM2B cells (3 × 105) were gathered 
and suspended in 50 µL of cold PBS buffer. 3 × 105 cells 
were injected into the spleens of huHSC-NCG mice (18 
weeks old). Anti-ITGB2 mAb (BioLegend, USA; 302,116; 
RRID:AB_2561483), anti-ICAM-1 mAb (Bio X Cell, USA; 
BE0020-2; RRID:AB_1107659), or an IgG isotype control 
(IgG2a) (Bio X Cell, USA; BE0085; RRID:AB_1107771) 
were injected intraperitoneally into tumor-bearing mice for 
3 times at an interval of three days. The quantity of liver 
metastases was then analyzed by ultrasound examination 
(GE LOGIC™ E20, USA).

2.14  Immunoblotting

Transfected cells were lysed in RIPA lysis buffer contain-
ing protease and phosphatase inhibitors (Selleck, USA), 
and protein concentrations were measured with BCA 
according to the instruction manual. A total of 50 µg pro-
tein was used for Western blot analysis. Proteins were 
separated using 10% SDS-PAGE and transferred to PVDF 
membranes. The membranes were then incubated with 
antibodies against BAP1 (1:500; Santa Cruz; sc-28,383; 
RRID:AB_626723) and GAPDH (1:5000; Proteintech; 
60004-1‐lg; RRID:AB_2107436). Finally, the blots were 
imaged with an image analysis system (Bio-Rad, USA).

2.15  Flow cytometry

Mice liver metastases were collected and cut into pieces 
(1–3  mm in diameter) and digested with collagenase II 
(2  mg/mL) mixed with DNase-I (1 mg/mL) for 30  mins 
at 37 °C. Cell suspensions were blocked and stained with 
antibodies as indicated at 4 °C for 30 mins protecting from 
light. Antibodies used in this experiment were as follows 
and subjected for FACS analysis: CD45 (BD Horizon, 
#563204), CD14 (BD Horizon, #564054), CD8 (BioLeg-
end, #344710), CD11b (BioLegend, #301322), CD3 (Bio-
Legend, #317318).

2.16  Bulk RNA sequencing (RNA-seq)

Liver metastases were sent to Shanghai Mingma Technolo-
gies Sequencing Company for RNA-seq.
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cells (TM4SF1, RAMP2, PECAM1 and ENG), T/NK cells 
(CD3E, CD3D, CD2 and CD7), plasma cells (MZB1, IGHG1 
and IGLL5), fibroblasts (COL1A2, COL3A1, COL1A1 and 
DCN) and B cells (CD79A, MS4A1 and BANK1) (Fig. 1B 
and Fig. S1a,b). The infer-copy number variants (infer 
CNV) analysis confirmed the presence of tumor cells 
(Fig. S2). The proportion of tumor cells was higher in the 
BAP1-WT group than in the MUT group in both primary 
and metastatic UM (Fig. 1e). An inflammatory phenotype 
characterized by massive infiltration of T cells and macro-
phages is associated with increased UM metastasis [27–29]. 
The proportion of T and myeloid cells was greater in BAP1-
MUT than in the other groups, indicating more pronounced 
inflammatory characteristics in BAP1-MUTs (Fig.  1f,g). 
BAP1-MUTs also showed an increase of the endothelial cell 
ratio (Fig. 1h), which might be a key player in tumor cell 
migration and metastatic formation [30, 31].

3.2  Augmentation of the macrophage matrix in 
BAP1-MUT

We further analyzed myeloid cells and their variation 
among groups in the TME. Myeloid cells were classified 
to ten distinct subgroups, including four subtypes of mac-
rophages (Macro1-Macro4), two monocytes (Mono1-
Mono2), two dendritic groups (DC1-DC2), one group of 
cycling, and a Myeloid-EEF1A1 subtype (Fig. 2a-c). Except 
for EEF1A1 cells, the immune checkpoints and immune 
evasion escape-related genes (LGALS9, VSIG4, SIGLEC10, 
CD274, PDCD1LG2) were highly expressed in the other 
myeloid subpopulations (Fig. 2d). The two most prevalent 
macrophages are pro-inflammatory M1 (CD86 and TLR4) 
and anti-inflammatory M2 (MSR1, HLA-DRA and CD163), 
which are difficult to distinguish using standard macrophage 
markers, and Macro3 expressed both sets of genes (Fig. 2e). 
CD68 and HLA-DRA were highly expressed in all subtypes 
(Fig. 2e). Notably, the extracellular matrix (ECM) pathway 
was significantly enriched in BAP1-MUT macrophages rel-
ative to their WT control, this might be a link to UM metas-
tasis (Fig. 2f). This was supported by the highly expressed 
genes related to ECM in BAP1-MUTs (Fig. 2g).

3.3  Clustering and state analysis of T/NK cells

Since T cells are critical for controlling tumor progression, 
we subsequent unsupervised clustering of T/NK cells and 
identified 9 clusters, including 3 subclusters of CD4+ T 
cells (CD4T.C1- CD4T.C3), 4 subclusters of CD8+ T cells 
(CD8T.C1- CD8T.C4), and 1 cluster each of NK and NKT 
cells (Fig. 3a). CD4+ T cells were further categorized into 
naive (CD4T.C3; CCR7+), helper (CD4T.C1; IL2+), and 
suppressive regulatory Treg (CD4T.C2; FOXP3+) CD4+ T 

2.17  Quantitative real-time PCR analysis

RNA from the section “Bulk RNA sequencing (RNA-seq)” 
were stored at -80℃ for qRT-PCR. All PCR primers used 
in this study were provided in Table S2. The qRT-PCR 
assays were performed on a real-time PCR system (Applied 
Biosystems, USA). The data were analyzed by using the 
2−△△CT values.

2.18  Immunohistochemistry

Formalin-fixed, paraffin-embedded liver sections were 
baked at 65  °C, dewaxed with turpentine, rehydrated 
through an alcohol gradient, and immersed in peroxidase 
followed by blocking with goat serum to block endogenous 
peroxidase activity. The sections were then incubated with 
primary antibody VCAN (1:200, HUABIO, #ET7107-09, 
RRID:AB_2938780), LOX (1:100, HUABIO, #ET1706-31, 
RRID:AB_2938781), ENO1 (1:8000, abcam, #ab227978, 
RRID:AB_2827927) and HIF-2 alpha (1:2000, HUABIO, 
#ET7107-32; RRID:AB_2938782) at 4 °C overnight. Sec-
tions were then incubated with the secondary antibody for 
30  mins and stained with 3,3′-diaminobenzidine (DAB). 
Images were acquired with an inverted microscope system 
and positive indexes were analyzed by Image J (version 
2.9.0).

2.19  Quantification and statistical analysis

GraphPad Prism (version 8.0.1) was utilized for all statis-
tical analysis, with a statistically significant difference of 
p < 0.05, α = 0.05 is the inspection level. To compare the 
signature scores of different cell groups, the Student’s t-test 
and one- or two‐way ANOVA was applied. In the Figure 
Legends and Methods, the statistical tests performed for 
each individual analysis are detailed.

3  Results

3.1  scRNA-seq profiling

To investigate the TME of UM at the single-cell level, we 
analyzed scRNA-seq data from public databases for 19 
human UM samples, which were classified into primary 
BAP1 wide type (P-WT) (n = 4), primary BAP1-mutated 
(P-MUT) (n = 10), metastatic BAP1 wide type (M-WT) 
(n = 1), and metastatic BAP1-mutated (M-MUT) (n = 4) 
(Fig.  1a-d). Using the UMAP approach, we identified 
eight major cell types, including tumor cells (MLANA and 
MITF), cycling cells (STMN1, MKI67, CDK1 and TOP2A), 
myeloid cells (C1QB, AIF1, CD68 and CD14), endothelial 
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Fig. 1  scRNA-seq profiling of UM samples. a Schematic illustration 
for experimental design of this study. b UMAP plot showing the anno-
tation and color codes for cell types in the UM ecosystem. c UMAP 
plot showing the sample origin of cells by color. d UMAP plot showing 

cell types by color in P-WT, P-MUT, M-WT or M-MUT. e-h Sector 
chart indicating the proportions of tumor cells e, T/NK cells f, myeloid 
cells g and endothelial cells h in each group
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distinct transcriptional characteristics, CD8+ T cells can be 
separated into progenitor- and terminally-exhausted sub-
populations [32]. Terminally-exhausted tumor infiltrating 
cells (TILs) are incapable of responding to immune check-
point blockade therapy, whereas progenitor-exhausted TILs 

cells. CD8+ T cells are classified as tissue-resident (CD8T.
C4; CD69+), terminally exhausted (CD8T.C1; LAG3+), and 
cytotoxic (CD8T.C2 and CD8T.C3; GNLY+ and GZMK+) 
CD8+ T cells (Fig.  3a-d). These subtypes were observed 
in both BAP1-MUTs and WT tumors (Fig. 3c). Based on 

Fig. 2  Detailed characterization of myeloid cells in UM. a UMAP plot 
showing the subtypes of myeloid cells derived from P-WT, P-MUT, 
M-WT and M-MUT samples. Each cluster is color-coded according 
to subtype. b Bar plot illustrating the fraction of subgroups in P-WT, 
P-MUT, M-WT and M-MUT groups. c Heatmap showing the expres-
sion of marker genes in each subtype of myeloid cells. d Dot plot 
showing the percentage of cells and expression level in each cell type 

expressing immune checkpoint and evasion-related genes. e Violin 
plots representing the expression levels of M1 and M2 marker genes 
in macrophages. f Heatmap of GSEA scores indicating the pathways 
significantly enriched in BAP1-mutated groups. g Violin and box plots 
showing the expression variation of ECM-related genes among P-WT, 
P-MUT, M-WT and M-MUT groups
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Fig. 3  scRNA-seq revealed heterogeneity of T/NK cells in UM. a 
UMAP plot showing the subtypes of T/NK cells, labeled in different 
colors. b UMAP projection showing T/NK cells, clustered and color-
coded, according to the samples. c Bar plot illustrating the propor-
tion of T/NK subtypes among P-WT, P-MUT, M-WT and M-MUT 
groups. d Heatmap indicating the expression of selected gene sets in 
T/NK subtypes, including naive, resident, inhibitory, cytokines, co-
stimulatory, transcriptional factors (TF) functions. e Violin and box 

plots showing the signature score distribution for progenitor exhausted 
(left) and terminally exhausted (right) CD8+ T cells within CD8T.C1 
to CD8T.C4 subsets. f Heatmap showing the log2 fold change in the 
expression of the progenitor exhausted gene set of CD8T.C1 to CD8T.
C4 cells in BAP1-MUT compared with BAP1-WT groups. g Pseudo-
time analysis of CD8+ T cells. h Pseudotime analysis of CD8+ T cells 
from BAP1-MUT and BAP1-WT samples
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3.5  The interaction between tumor cells and CD8T.
C1 is associated with a poor prognosis

To further elucidate the mechanisms underlying pro-metas-
tasis of BAP1 mutation in UM, we used CellChat to analyze 
the cell-cell interactions. As depicted in Fig. 5a, the strength 
of interactions between tumor and T cells were greater in 
P-MUTs than in P-WTs (Fig. 5a, left panel), with CD8T.C1 
showing the strongest interaction (Fig. 5a, right panel). The 
heatmap in Fig. 5b revealed complex networks of cell-cell 
interactions between cancerous and T/NK cells. We investi-
gated several signaling pathways and found that the ITGB2 
signaling was the primary source of ligands in CD8+ T cells, 
acting on Cluster1 malignant cells (Fig. 5b). This signaling 
pathway was obviously upregulated and stronger between 
CD8T.C1 and Cluster1 malignant cell communication in 
P-MUT compared with P-WT (Fig. 5c). More importantly, in 
this ITGB2 signaling we observed that ITGB2 and ICAM1 
were the unique ligand and the only receptor, respectively 
(Fig. 5d). Despite the expression level of ITGB2 being sta-
ble compared to P-WT counterparts, the expression level of 
ICAM1 in P-MUTs T cells was higher (Fig.  5e). Similar 
CellChat outcomes were observed in metastasizing UMs 
(Fig. 5f,g). The expression level of ITGB2 in M-MUTs T 
cells was higher than that of M-WTs (Fig. 5h). Furthermore, 
higher expression of either ITGB2 or ICAM1 was associ-
ated with a poor prognosis in UM patients (Fig. 5i).

3.6  Enhanced metastasis in BAP1-MUT UM is 
attenuated by blocking ICAM1 and ITGB2

To further investigate the role of BAP1 in UM metastasis, 
CRISPR/Cas9 gene-editing was used to knockout (Ko) 
BAP1 in a BAP1-WT UM cell line, MUM2B. The results 
showed that the loss of BAP1 led to a significant increase 
in cell migration and invasion (Fig. 6a-c). Since a stronger 
ITGB2 signaling activation (ITGB2-ICAM1 pair) between 
CD8+ T and malignant cells was observed in both P-MUTs 
and M-MUTs groups. We next examined the effect of 
blocking ICAM1 and ITGB2 on UM metastasis induced 
by BAP1-loss, a liver metastasis mouse model was created 
in immune competent humanized-mice (huHSC-NCG) by 
injecting BAP1-deleted or -WT MUM2B cells into spleens. 
The liver metastatic status was monitored by using the ultra-
sonic scanning starting at around day 16 post cell injection. 
Once the liver metastasis was detected, these mice were 
treated with either anti-ITGB2 mAb, anti-ICAM-1 mAb, or 
an IgG isotype control (IgG2a) (Fig. 6d). The results showed 
that treatment with either anti-ITGB2 mAb or anti-ICAM-1 
mAb obviously inhibited UM liver metastasis with BAP1 
mutations, while no significant difference was observed 
between treated and untreated groups in BAP1-WT samples 

can respond to it. It has been reported that a BAP1-mutation 
can lead to chemotherapeutic resistance in metastatic UM 
[32, 33]. We aimed to ascertain whether a BAP1 mutation 
influences the progenitor- and terminally-exhausted char-
acteristics of CD8+ TILs (Table S3). The data indicated 
that CD8T.C1 has the lowest progenitor exhaustion and 
the highest terminal exhaustion scores (Fig. 3e). CD8T.C2 
and CD8T.C3 have lower terminally exhausted scores com-
pared to CD8T.C1 and CD8T.C4 (Fig.  3e). The signature 
of progenitor exhausted genes was enriched in BAP1-WTs 
than that of in BAP1-MUTs (Fig. 3f). The trajectory analy-
sis showed that CD8T.C3 was in an early state, CD8T.C4 
and CD8T.C1 stood in the terminal, while CD8T.C2 was in 
transitional states (Fig.  3g). Furthermore, BAP1 mutation 
appears to promote a favorable niche for exhausted CD8+ T 
cell transformation and infiltration (Fig. 3h).

3.4  BAP1-MUT malignant cells exhibited increased 
cell migration

To gain a better understanding of the activities of BAP1-
mutated malignant cells that may communicate with 
immune cells, we investigated their expression patterns 
and identified five clusters (Fig. 4a-c). Cluster 1 expresses 
high levels of factors which may linked to tumor metasta-
sis, including GDF15, ATF3, and CDKN1A [34, 35], and 
its proportion in P-MUTs appears greater than in P-WTs 
(Fig.  4d,e). In addition, MUTs show higher GDF15 and 
ATF3 expression than WTs (Fig. 4f). In a TCGA UM cohort, 
high levels of GDF15, ATF3, and CDKN1A expression 
were associated with poor patient survival (Fig. 4g). Tumor 
metastatic-related pathways typically include angiogenesis, 
ECM, and positive regulation of cell migration. UM with 
a BAP1 mutation exhibited significantly higher levels of 
these signatures than BAP1-WTs in both primary and meta-
static malignancies (Fig.  4h,i), as well as upregulation of 
less cell death in BAP1-mutated UM (Fig. S3a,b). In both 
two conditions, BAP1-MUT UM showed upregulation of 
hypoxia-related pathways, including response to decreased 
oxygen levels, to hypoxia and to oxygen (Fig. 4h,i and Fig. 
S3c,d). Given that Cluster 1 contains markers related to poor 
prognosis, we compared the differential pathways between 
Cluster 1 (GDF15hiATF3hiCDKN1Ahi) and the rest of clus-
ters and found that Cluster 1 exhibited significantly higher 
migration-related signatures in both primary and metastatic 
conditions (Fig. S4a,b). These data together reveal that UM 
with a BAP1 mutation has a higher rate of tumor metasta-
sis that may be involved with hypoxia- and ECM- related 
pathways.
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Fig. 4  Identification and characterization of malignant cells in UM. a 
UMAP projection showing the subtypes of tumor cells. b UMAP plot 
showing tumor cells derived from P-WT, P-MUT, M-WT and M-MUT 
samples. c Bar plot illustrating the average proportion of each tumor 
cell subtype. d Heatmap indicating the expression of selected gene sets 
in tumor cell subtypes. e Box plots illustrating the proportion of Clus-
ter1 in P-WTs and P-MUTs. The significance of differences was evalu-
ated using Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001). f Violin plots representing the expression levels of 

GDF15 and ATF3 among P-WT, P-MUT, M-WT and M-MUT groups. 
g Kaplan-Meier plot showing the worse OS of UM patients with high 
expression of GDF15, ATF3, and CDKN1A. Patient sample size is 78, 
and the cut-off criteria for high/low gene expression was 50%. h GSEA 
of the angiogenesis, positive regulation of cell migration, response to 
hypoxia and ECM enrichment scores in tumor cells from P-MUTs 
compared with in P-WTs. i GSEA of the angiogenesis, positive reg-
ulation of cell migration, response to hypoxia and ECM enrichment 
scores in tumor cells from M-MUTs compared with in M-WTs
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Fig. 5  Poor prognostic indicator of ITGB2 and ICAM1 in UM patients. 
a Heatmap showing the differential interaction strength between indi-
cated cell types in P-MUTs compared with in P-WTs. b Heatmap 
showing outgoing and incoming signaling patterns in indicated cell 
types in P-WTs (left) and P-MUTs (right). c Circle plots showing the 
varied cell-cell communication in indicated cell types between P-WTs 
and P-MUTs mediated by ITGB2 signaling axis. d Contribution of 
each L-R pair in ITGB2 signaling. e Discrepancy analysis showing 
upregulated (blue) and downregulated (red) genes in tumor cells in 
comparison with P-MUTs and P-WTs groups. f Heatmap showing 

outgoing and incoming signaling patterns in indicated cell types in 
M-WTs (left) and M-MUTs (right). g Circle plots showing the varied 
cell-cell communication in indicated cell types between M-WTs (left) 
and M-MUTs (right) mediated by ITGB2 signaling axes. h Discrep-
ancy analysis showing upregulated (blue) and downregulated (red) 
genes in T cells in comparison with M-MUTs and M-WTs groups. i 
Kaplan-Meier plot representing OS in UM with variant ITGB2 (left) 
and ICAM1 (right) expression. Patient sample size is 78, and the cut-
off criteria for high/low gene expression was 50%
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treated with anti-ITGB2 mAb) and MIC group compared 
to controls (Fig. 6j). These data suggest that inhibition of 
ITGB2-ICAM1 axis may promotes more T infiltration and 
decreased myeloid cells.

3.7  BAP1-MUT-induced liver metastases exhibit 
upregulated hypoxia and ECM signatures that can 
be inhibited by either anti-ITGB2 or anti-ICAM1 
treatment

To gain a deeper understanding of the role of ITGB2-ICAM1 
in promoting liver metastasis in BAP1-MUTs UM, we con-
ducted bulk RNA-seq on liver metastases following antibody 

(Fig.  6e-g). These findings suggest that blocking ICAM1 
and ITGB2 may be a promising strategy for inhibiting 
liver UM metastasis induced by BAP1-loss. Moreover, 
exhausted CD8+ T cells (PD1+CD8+) and tumor cells 
(HMB45+) were detected by immunofluorescence staining 
(Fig.  6h). To investigate the potential molecular mecha-
nism linked to TME, we examined immune cell diversity 
in liver metastases via flow cytometry (Fig. 6i). Treatment 
with anti-ICAM1 (group MIC) increased the infiltration of 
T (CD45+CD3+) and CD8+ T cells (CD45+CD3+ CD8+) 
in BAP1-loss groups (Fig. 6j). There were decreased infil-
tration of myeloid cells (CD45+CD11b+) and monocytes 
(CD45+CD11b+CD14+) in both MIT (the BAP1- loss group 

Fig. 6  Inhibition of UM liver 
metastasis by blocking ICAM1 and 
ITGB2. a Western blotting con-
firming the BAP1-Ko in MUM2B 
cells. b-c Transwell assay showing 
the invasion capability b and its 
quantification c of MUM2B cells 
with and without BAP1-Ko. Data 
represent the means (n = 5) ± SD. 
The significance of differences 
was evaluated using one-way 
ANOVA (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001). 
d Schematic of the in vivo study 
in immune competent humanized-
mice (huHSC-NCG) model. e 
Representative images of liver 
with UM metastasis isolated from 
huHSC-NCG mice receiving the 
indicated treatments. f Representa-
tive ultrasound scanning images 
of each group. Boxes indicate 
liver metastases. g Number of 
UM metastases in huHSC-NCG 
mice receiving the indicated 
treatments. Data represent the 
means (n = 6) ± SD of each group. 
The significance of differences 
was evaluated using two‐way 
ANOVA (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001). 
h Immunofluorescence staining for 
indicated markers of mouse liver 
metastasis of MUT group. i Rep-
resentative images of cell gating. 
j The percentage of various cell 
types in CD45+ immune cells. The 
p-value was calculated by one way 
ANOVA (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001). 
Data are presented as means 
(n = 5) ± SD
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ITGB2-ICAM1 axis in BAP1-WT groups had no obvious 
changes in these pathways (vs. WT). The varied expression 
of differentially expressed genes (DEGs) related to hypoxia- 
and ECM-related pathways were showed in Fig. 8e. We then 
validated the key DEGs by qRT-PCR. Consistent with the 
RNA-seq data, the alteration of several hypoxia-related 
genes (ADAM8, ANGPTL4, SLC2A1, STC2, CAV2, ENO1, 
EPAS1, PDK1, ETS1, NDRG1, FAM162A and HK2) and 
ECM-related genes (PGK1, LOXL2, LOX, SEPRINE1, 
COL5A1, CTSL, FAP, ITGA5, TGFBI, TGFBR1 and VCAN) 

treatment. The data showed that 1090 and 1696 genes were 
upregulated and downregulated in MUT compared with 
WT, respectively. After treatment with anti-ITGB2 and anti-
ICAM1, 1752 and 1796 genes were upregulated while 1021 
and 932 genes were downregulated, respectively (Fig. 7a). 
Gene Ontology (GO) analysis revealed that the upregulated 
genes in MUT (vs. WT) were mainly involved in hypoxia- 
and ECM-related pathways (Fig.  7b). Following ITGB2 
or ICAM1 inhibition, the above-mentioned pathways 
were downregulated (Fig.  7c,d). However, inhibition of 

Fig. 7  Positive correlation of liver 
metastasis in UM-MUTs with 
hypoxia and ECM signatures. a 
Limma package of differential 
expression genes (DEGs). b-d GO 
analysis showing the representative 
positively enrichment and nega-
tively enrichment pathways (MUT 
vs. WT b, MIT vs. MUT c, MIC 
vs. MUT d). The x- and y-axis 
indicate gene ratio and enriched 
pathways, respectively. The red 
number indicates the P-value. e 
Heatmap showing the expression 
levels of differentially expressed 
hypoxia and ECM-related genes. 
f-g qRT‐PCR analysis of hypoxia- 
f and ECM-related g genes. 
Data are presented as the mean 
(n = 3) ± SD of each group, aster-
isks indicate significant differences 
using one‐way ANOVA (*p < 0.05, 
**p < 0.01, ***p < 0.001, and 
****p < 0.0001). h Representa-
tive IHC staining of ENO1 and 
HIF2A in liver metastasis (left) 
and quantification of ENO1 and 
HIF2A index (% positive/total) 
(right). Data are presented as 
the means (n = 5) ± SD, asterisks 
indicate significant differences 
using one‐way ANOVA (*p < 0.05, 
**p < 0.01, ***p < 0.001, and 
****p < 0.0001) (right). i Repre-
sentative IHC staining of LOX and 
VCAN in liver metastasis (left) and 
quantification of LOX and VCAN 
index (% positive/total) (right). 
Data are presented as the means 
(n = 5) ± SD, asterisks indicate sig-
nificant differences using one‐way 
ANOVA (*p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001). 
j Schematic diagram of the mecha-
nism of ITGB2-ICAM1driving 
UM metastasis
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5  Conclusions

This study suggests that activation of ITGB2-ICAM1 axis 
plays a crucial role in promoting metastasis in BAP1-
mutated UM. These findings could aid in the development of 
new therapeutics aimed at reducing UM metastasis. To sup-
port the clinical application of ITGB2 and ICAM1 antago-
nists, the safety must be tested in vivo, including evaluating 
their toxicology, metabolism and impact on immune eva-
sion or activation.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s13402-
023-00908-4.
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