Key molecules in uveal melanoma

Figure 2 Identification of prognostic metastasis-related signature in UVM cohort A: gRT-PCR validation of mRNA expression levels of the

seven key genes in 92.1 cells compared to ARPE-19 cells. B: Western blot analysis and densitometric quantification of protein expression levels

of the seven key genes in 92.1 and ARPE-19 cells. Data are presented as meanzSD from three independent experiments. Statistical significance

was assessed using unpaired Student’s t-test: ns (not significant), °P<0.05, °P<0.01, °P<0.001, and “P<0.0001. C: Volcano plot of DEGs in the

GSE73652 dataset, with the seven selected key genes highlighted. D: PCA based on the expression of the seven key genes revealed distinct

clustering of high- and low-risk samples. E: Spearman correlation analysis among the seven key genes. Positive correlations are indicated in red,

and negative correlations in blue. gRT-PCR: Quantitative real-time polymerase chain reaction; DEGs: Differentially expressed genes; UVM: Uveal

melanoma; PCA: Principal component analysis; SD: Standard deviation; ARPE-19: Adult retinal pigment epithelium.

by integrating riskScore and independent clinical prognostic
indicators, providing a clinically relevant tool for estimating
patient mortality likelihood. Calibration plots confirmed the
performance of the derived nomogram (Figure 4H-41).

Exploration of Gene Signatures in Single-Cell Expression
scRNA-seq has become an indispensable approach to dissect
the cellular heterogeneity and molecular characteristics within
tumors. To gain an in-depth understanding of the malignant
landscape of UVM, we evaluated the expression patterns of
candidate gene signatures at the single-cell level. Utilizing
the publicly available GSE139829 dataset from GEO, which
comprises samples from eight metastatic and eight primary
UVM tumors, we explored the cellular complexity within this
cancer type. After stringent quality filtering, normalization, and
integration using the Seurat and Harmony algorithms, a total of
434 569 cells from 11 patients were included for downstream
analysis. Dimensionality reduction vie UMAP uncovered a
heterogeneous array of tumor cell populations (Figure 5A).
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Subsequent identification of cluster-specific marker genes
yielded 5229 genes distributed across ten distinct clusters
(Figure 5B), reflecting the notable intratumoral diversity of
UVM. Notably, the six key hub genes were primarily enriched
in cluster 5 (Figure 5C). Cell-type annotation, performed
by combining the FindAllMarkers function and established
marker gene knowledge, enabled accurate characterization
of clusters (Figure 5D). For instance, cluster 0 was defined
by canonical B cell markers CD19, CD79A, and MS4Al,
whereas cluster 4 corresponded to plasma cells, marked by
IGHGI, MZBI1, and SDCI1 (Figure 5E). Of particular interest,
we identified two tumor cell subsets distinguished by marker
expression: Tumor cells-1, characterized by MLANA, MITF,
and DCT, and Tumor cells-2, defined by STMN1 and TYMS
expression. Importantly, the hub genes under investigation
exhibited predominant expression in Tumor cells-2, which
has been previously implicated as the BAP1-mutant, high
metastatic risk tumor cell population (Figure SF).
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Figure 3 Evaluation of immune micro-environment characterization A: Comparative analysis of 24 TME-associated immune cell types

between Class 1 and Class 2 tumor groups. Statistically significant differences are indicated ns (not significant), °P<0.05, "P<0.01. B: PCA based

on the infiltration levels of the 24 immune cell populations revealed distinct clustering patterns between the two groups, indicating substantial

immune landscape divergence. C: Evaluation of global immune and stromal cell infiltration using the ESTIMATE algorithm. Immune score

comparison demonstrating overall immune suppression in tumor samples. D: Stromal score comparison indicating reduced stromal content

in UVM tissues. D: Correlation matrix illustrating the relationship between each key prognostic gene and the abundance of specific TME-

infiltrating immune cell subsets. TME: Tumor microenvironment; PCA: Principal component analysis; UVM: Uveal melanoma.

Gene Differential Analysis and Annotation of Tumor
Clusters Given the preferential localization of these pivotal
genes within Tumor cells-2, we isolated this cluster for
more focused analyses. Further dimensionality reduction
and clustering failed to reveal additional subpopulations
with concentrated expression of these genes. Therefore, we
proceeded to compare gene expression profiles between
primary and metastatic UVM cells within Tumor cells-2.
This comparative analysis identified 63 genes displaying
statistically significant differential expression, encompassing
both upregulated and downregulated genes, visualized
through a heatmap representation (Figure 6A). GO enrichment
analysis revealed that these differentially expressed genes
are predominantly involved in immune-related processes,
including regulation of B cell activation, intracellular protein
localization, humoral immune responses, and complement
activation pathways. These findings imply that the distinct
gene expression changes within this tumor cell cluster may
modulate the tumor immune microenvironment and contribute
to the metastatic progression of UVM (Figure 6B).

KEGG pathway analysis indicated that the differentially
expressed genes are implicated in multiple disease-related

pathways. Notably, pathways associated with oxidative
phosphorylation and cell adhesion molecules emerged as
potentially critical in the metastatic behavior of UVM. These
findings suggest that alterations in these BPs may contribute to
the metastatic capacity of UVM tumor cells (Figure 6C).

Then GSEA analysis was used to further annotate the gene
expression of the cluster, and the results showed that the
related terms were classified into cell metastasis, immunity,
metabolism, and chemical carcinogenicity, all of which
could promote UVM deterioration (Figure 6D). For example,
reduced cell adhesion promotes tumor cell metastasis, and
genes in the metastasis group are down-regulated in this
pathway; changes in the expression of genes involved in
glucose metabolism could meet the needs of high metabolism
of tumor cells, and these genes are up-regulated in the group
of high-risk metastasis. In summary, the GSEA results give us
a more specific understanding of the expression trends of all
genes in each pathway, and these trends can help us to further
study the mechanism of their development and metastasis in
the future.

Understanding the Molecular Mechanism of Gene
Signatures In this comprehensive study, we diligently
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Figure 4 Validation of prognostic significance of selected gene signatures A: Coefficient profiles of the seven selected genes obtained via
LASSO regression. B: Tenfold cross-validation was used to determine the optimal penalty parameter (A) in the LASSO model, with the partial
likelihood deviance plotted against log(A). Vertical dashed lines indicate A values selected by minimum criteria and the 1-standard error rule.
C: The optimal threshold for stratifying patients into high- and low-risk groups was determined using the MaxStat algorithm (cut-off=0.30).
D: Kaplan-Meier curves demonstrate significantly better overall survival in the low-risk group compared to the high-risk group (Log-rank test,
P<0.05). E: Expression profiles of the seven genes across risk groups; statistical significance is denoted as °P<0.001, °P<0.0001). F: Risk score
distribution among TCGA patients and hierarchical clustering of the seven key genes, along with the corresponding mortality trends across risk
groups. G: Forest plot of multivariate Cox regression analysis indicates that the riskscore is an independent prognostic factor. H: Nomogram
integrating riskscore and clinical parameters for individualized survival prediction in UVM patients. |: Calibration curves demonstrating
concordance between predicted and observed survival at 2 and 3.5y. LASSO: Least absolute shrinkage and selection operator; TCGA: The
Cancer Genome Atlas; UVM: Uveal melanoma; Riskscore: Metastasis-related risk score.

acquired the available somatic mutation profiles. Our focus  the top 20 genes with notably high mutation frequencies
was directed at analyzing the mutation landscapes within the
high- and low-risk clusters derived from the TCGA-UVM
dataset. The tool “oncoplot” facilitated this analysis, revealing

in both groups(Figure 7A). Evidently, despite disparities
in gene mutation frequencies, genes GNAQ and GNAII
exhibited frequencies surpassing 30%. To further elucidate the
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Figure 5 Evaluation of gene signatures at single-cell level A: Cell populations from UVM samples were projected using UMAP based on the top

20 principal components, resulting in ten transcriptionally distinct clusters. B: Heatmap summarizing cluster-defining marker genes, delineating

the molecular characteristics of each cell group. C: Dot plot illustrating the distribution and expression levels of the selected metastasis-

associated gene signature across all clusters. D: Cluster identities were inferred by evaluating the expression of established lineage-specific

markers, as shown in the dot plot. E: UMAP visualization of annotated clusters derived from single-cell transcriptomes of 11 UVM patients,

categorized according to classical marker gene profiles. F: Cluster-wise expression pattern of BAP1, emphasizing its selective enrichment within

tumor subsets associated with metastatic potential. UMAP: Uniform Manifold Approximation and Projection; UVM: Uveal melanoma; BAP1:

BRCA1 associated protein 1.

genetic distinctions between the high- and low-risk groups,
we conducted comparative analyses which identified four
genes exhibiting significant differential mutation frequencies,
including the previously highlighted pair (Figure 7B). Among
these, BAP1 emerged as the most consequential gene,
consistent with its well-established role in UVM pathogenesis.
Reduced expression or functional loss of BAP1 has been
implicated in enhancing the metastatic capacity of UVM
cells®. Additionally, other genes such as SF3BI, EIF1AX"™,

and GNAQ/GNA 11" have garnered considerable attention for
their critical involvement in melanoma metastasis, supported
by extensive prior studies. The mutations affecting these four
genes are therefore likely contributors to the progression and
aggressiveness of UVM.

To gain finer resolution of mutation landscapes, we mapped
mutation sites within key genes, highlighting affected
functional domains. We also analyzed patterns of co-
occurrence and mutual exclusivity among the top 20 frequently
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Figure 6 Analysis of the cell cluster identified by the key genes A: Heatmap illustrating the top 25 upregulated and downregulated DEGs

between primary and metastatic tumor cells within the Tumor cells-2 cluster. B: GO enrichment analysis of these DEGs, visualized using the

enrichplot package in R. C: KEGG pathway analysis conducted via the clusterProfiler R package to explore biological processes associated with

the DEGs. D: GSEA identified four functional modules significantly enriched in metastatic UVM cells, encompassing cell migration, immune

regulation, metabolic pathways, and chemical carcinogenesis (P<0.05). DEGs: Differentially expressed genes; GO: Gene Ontology; KEGG: Kyoto

Encyclopedia of Genes and Genomes; GSEA: Gene Set Enrichment Analysis; UVM: Uveal melanoma.

mutated genes across risk groups, visualized through color-
coded matrices, where green indicates co-occurrence and
brown denotes mutual exclusivity (Figure 7C). Notably, GNAQ
and GNAI1I displayed a strong mutual exclusivity pattern,
corroborating earlier reports. These findings collectively
offer valuable insights into the molecular underpinnings
of UVM. Moreover, the CNV profiles were extensively
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characterized (Figure 7D). Positive G-scores signified regions
of chromosomal amplification, whereas negative scores
indicated deletions, with the magnitude of scores reflecting
the significance of these alterations"”. Aggregated CNV data
encompassing genes from our signature set and differentially
mutated candidates were also assessed across samples (Figure
7E). Interestingly, genes in the high-risk cohort showed
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Figure 7 Genetic alterations of the different risk groups divided by gene signature A: Waterfall plots displaying the mutation landscapes of

the high- (left) and low-risk (right) groups. B: Forest plot showing the significantly different mutated genes between risk groups. Statistical

significance is denoted as ns (not significant), °P<0.05, °P<0.01. C: The coincident and exclusive associations across the top mutated genes

in high- and low-risk groups. D: The distribution of CNV features about gene amplification and deletion across all chromosomes. Positive

G-Score represented amplification while negative represented deletion. E: The sum of amplification and deletion results of gene signature

and significantly different mutation genes. CNV: Copy number variation; UVM: Uveal melanoma; G-Score: Score representing amplification

(positive) or deletion (negative).

reduced amplification levels compared to those in the low-risk
group, while deletions were more pronounced in the high-risk
patients. This inverse relationship suggests that gene deletions
may contribute to increased metastatic risk in UVM, whereas
amplifications could have a protective effect. Furthermore,
significant differences in CNV deletions were observed for
several key genes, including BAP1, GNAQ, AURKA, TPX2,
and UBE2C between the two risk categories.

DISCUSSION

UVM exhibits aggressive behavior, often accompanied by
occult micro-metastases that remain undetected at initial
diagnosis”'*”. While therapeutic options have limited efficacy
in advanced metastatic UVM, early clinical interventions in
non-metastatic or low—risk cases have demonstrated improved
patient outcomes”. Consequently, distinguishing metastatic
potential is of high clinical relevance. Previous studies have
delineated gene expression profiles stratifying UVM into class
1 (low-risk) and class 2 (high-risk) tumors"*. Leveraging
bulk RNA-sequencing data, our study focused on elucidating
critical molecular regulators linked to patient prognosis
and TME immune infiltration. Integration of PPI networks
with TCGA-UVM expression and clinical data enabled
identification of a seven-gene signature significantly associated
with metastatic risk and survival. Notably, differences in
immune cell infiltration mirrored genetic disparities between
high- and low-risk tumors, highlighting the interplay between

genomic alterations and TME characteristics.

UVM tissues comprise both tumor cells and heterogeneous
immune populations, with composition varying across tumor
types. Disruption of immune surveillance can contribute
to UVM metastasis. Using the ssGSEA package and
ESTIMATE algorithm, we quantified immune cell infiltration
and calculated matrix and immune scores to characterize
the TME. Our analyses revealed that immune and stromal
activities were reduced in high-risk UVM tumors, highlighting
potential biomarkers and therapeutic targets, and providing
insights into the limited efficacy of current immunotherapies.
Notably, single molecules may induce immune tolerance by
| The
mechanisms by which multiple key molecules orchestrate

remodeling the TME to facilitate immune evasion”

immune cell infiltration in UVM remain incompletely
understood. Integrative analyses of these molecules illuminate
the complex regulation of antitumor immune responses and
may guide the development of immunotherapies targeting
). Our results further indicate that tumor
genomic alterations influence immune infiltration patterns:

TME heterogeneity"*

compared with class 1 tumors, immune cell abundance in class
2 tumors was partially reduced. Moreover, expression levels
of the identified key molecules significantly correlated with
immune cell infiltration, consistent with survival analyses,
supporting their potential role in modulating the TME.

Employing LASSO Cox regression, we crafted a risk score
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using seven key molecules. This score effectively differentiated
high and low-risk groups in UVM patients, establishing itself
as an independent prognostic factor, confirmed by multivariate
Cox regression analysis. It is noteworthy that these core
genes have yet to be reported in direct association with UVM;
nevertheless, they have been extensively scrutinized in the
context of other malignancies. For instance, the AURKA gene’s
activation is indispensable for orchestrating cell division
processes through mitotic regulation, implying its potential as
a target for cancer therapeutics. In fact, certain small molecules
aimed at inhibiting AURKA have already been unearthed””.
Additionally, DLGAPS, a microtubule-associated protein,
exhibits the capacity to silence the Wnt/B-catenin signaling
pathway in endometrial cancer cells when knocked down"*.
While these genes hold promise as potential indicators of
clinical prognosis in UVM, it is essential to emphasize the
need for further in-depth research to unveil their precise roles
within the context of ocular cancer.

Then, we explored the expression patterns of these genes
on the single-cell-level gene sequencing dataset and were
surprised to find that these gens were concentrated in the same
cluster. And this cluster is one tumor cell population of UVM
with loss of BAP1 expression, which means that there is a
premature termination of the BAPI protein (p.Q322fsX100)
in UVM with high metastasis risk class 2"°°
differential gene annotation also unveils intriguing pathway

!, Subsequent

features implicated in this highly metastatic signature of tumor
cells. These pathways encompass alterations in metabolism,
immune response, and cell adhesion. Notably, the loss of
BAPI1 in samples from UVM patients correlates with the
upregulation of gene expression related to several cell adhesion
molecules, including E-cadherin (CDH1), cell adhesion
molecule 1 (CADMI1), and syndecan-2 (SDC2)*”. Similarly,
UBE2C demonstrates a positive association with the adhesion
molecule N-cadherin, matrix metalloproteinases, and cyclin-
related genes, indicating its close connection to cell adhesion
processes' . Consequently, the heightened metastatic potential
of UVM appears to be the result of a complex interplay among
multiple genes and integrated pathways.

To elucidate the molecular underpinnings of the seven-gene
signature, we conducted comprehensive analyses of somatic
mutations and copy number variations across distinct UVM
risk cohorts, assessing their impact on tumor pathogenesis and
progression. BAP[ mutation exhibited pronounced divergence,

41 while

reaffirming its critical role in UVM development
GNAQ and GNAI1l, encoding G protein subunits, were also
prominently implicated, with functional relevance supported
by GeneCards, highlighting the contribution of G-protein
signaling dysregulation to UVM susceptibility and metastasis.

Mechanistically, the signature was preferentially enriched in

22

BAPI1-deficient tumor clusters, consistent with BAP1’s role
in chromatin remodeling and transcriptional regulation***"),
Key genes within the panel, including UBE2C and AURKA,
are linked to cell cycle control and chromosomal instability,
suggesting they act as downstream effectors of BAP1 loss.
Concurrently, GNAQ and GNAIIl mutations, which activate
MAPK and YAP signaling***”', converge on transcriptional
programs overlapping with components of the seven-gene
signature, whereas the signature’s presence in tumors lacking
SF3BI or EIF14X mutations indicates partial independence
from these canonical drivers, reflecting broader oncogenic and
microenvironmental dysregulation. Collectively, these findings
indicate that the seven-gene signature integrates downstream
effects of canonical UVM drivers with parallel regulatory
pathways, forming a convergent molecular phenotype shaped
by BAP1-mediated transcriptional alterations, GNAQ/GNA11-
driven proliferative signaling, and additional independent
mechanisms, thereby reinforcing its prognostic value and
providing mechanistic insights into tumor progression and
immune microenvironment modulation, as illustrated in.

This study has several limitations. First, although preliminary
in vitro validation of the seven key genes was performed
using UVM cell lines, in vivo experiments and comprehensive
functional assays are required to fully elucidate their
mechanistic roles. Second, the limited clinical annotations
in publicly available datasets constrained the analysis
of clinicopathological variables, which may impact the
predictive performance of the riskscore model. Validation in
larger and more extensively annotated patient cohorts would
further substantiate the prognostic utility of this seven-gene
signature. Notably, our findings emphasize the novelty of the
signature by integrating prognostic significance with immune
microenvironment characteristics, revealing robust associations
between the seven-gene panel and immune cell infiltration
patterns. By combining systematic bioinformatics analyses
with experimental validation, this study establishes the
seven-gene riskscore as a robust and independent prognostic
biomarker in UVM. Beyond its prognostic value, the signature
provides mechanistic insights into tumor progression and
immune modulation, offering a rational framework to guide
the development of targeted immunotherapeutic strategies,
including precision combination regimens and personalized
interventions, thereby advancing the implementation of
precision medicine in UVM management.
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