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Abstract

Background Uveal melanoma (UM), the most common primary intraocular malignancy in adults, shows racial
disparities in incidence, genetic drivers, and clinical outcomes. While most prognostication models are based
on Caucasian populations, Asians demonstrate distinct molecular profiles, necessitating population-specific risk
stratification.

Methods This study analyzed 53 Asian UM tumors, 17 normal choroidal tissues (TRACE database), and 80 Caucasian
UM samples (TCGA database). Differential gene analysis, immune microenvironment profiling, and survival modeling
were performed. A 7-gene prognostic signature was developed by LASSO regression and validated across cohorts,
with drug sensitivity predicted using GDSC2 data.

Results The Asian UM exhibited 3,827 tumor-specific differentially expressed genes (DEGs) compared to the
normal choroid, with enrichment in PI3K-Akt signalling, and 3,814 race-specific DEGs compared to Caucasians,
suggesting specific disease pathways and variations in the tumor microenvironment. The tumor microenvironment
in Asian UM exhibited increased immunological activation (M1 macrophages, PD-L1, CD8; p < 0.05), while Caucasian
uveal melanoma was marked by immunosuppressive predominance (M2 macrophages, MDSCs). The seven-gene
prognostic model (MMP2, LRAT, NOG, IHH, CDH18, MYH11, and SELE) exhibited strong predictive efficacy in Asians
(AUC: 0.979,0.924, and 0.984 for 1, 3, and 5-year survival) but was less successful in Caucasians. High-risk scores
correlated with metastasis (12/26 vs. 4/27; p=0.02) and had independent prognostic value.

Conclusions This cross-racial UM study reveals significant molecular and immune differences, indicating that
Asian UM may be more responsive to immunotherapy The population-specific prognostic model improves our
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understanding of molecular differences in Asian and Caucasian UM, warranting further validation in multiethnic

cohorts.

Keywords Uveal melanoma, Racial disparities, Prognostic model, Immune microenvironment

Background

Uveal melanoma (UM) is the most common primary
intraocular malignancy in adults [1]. Despite advances
in primary tumor treatment, survival rates have not
improved, largely due to early subclinical micrometas-
tasis at early stages [2]. Recently, Tebentafusp became
the first drug showing a survival benefit in UM patients
with metastatic disease confined to HLA: A02-01 [3].
This therapy is expected to be more effective in the adju-
vant or early metastatic stages when the disease bur-
den is still low [4]. Therefore, there is a critical need for
validated, standardized, and highly accurate prognostic
tests to guide surveillance based on metastatic risk and
to identify high-risk patients for potential enrollment in
adjuvant trials [5]. Moreover, these tests could reduce
unnecessary monitoring in low-risk individuals, thereby
alleviating test-induced anxiety and lowering healthcare
expenses.

Significant differences exist between Asian and Cauca-
sian UM. The incidence is markedly higher in Caucasians
(6.02 per million) than in Asians (0.38 per million) [6,
7]. Beyond epidemiological disparities, UM also exhib-
its ethnic variations in genetic alterations. Mutations
in GNAQ and GNA11 occur less frequently in Asian
populations (25-60%) compared to Caucasian 80—90%)
[8-13], and chromosomal aberrations such as 3p loss and
8q gain have greater prognostic impact in Caucasian UM
[14].

UM prognostication has shifted from relying solely on
clinical and pathological features, (e.g., tumor size and
ciliary body involvement) to incorporating molecular
predictors [15, 16]. Gene expression profiling (GEP) has
emerged as the gold standard, stratifying UM into Class 1
(low metastatic risk) and Class 2 (high risk), with further
subdivisions (e.g., PRAME) offering greater granular-
ity [17, 18]. These classes are derived from the expres-
sion level of a predefined panel of genes associated with
metastatic potential, typically assessed using microarray
or RT-PCR platforms. While commercial GEP assays
such as DecisionDx-UM® are widely implemented, their
development based predominantly on Caucasian cohorts
raises questions about their applicability to non-Cauca-
sian populations [19]. Therefore, establishing popula-
tion-specific prognostic models to Asian UM patients is
critically needed.

This study aims to identify gene expression patterns in
Asian UM patients and to construct a predictive model
specific for Asian UM. We examined 53 RNA-seq sam-
ples from Asian UM patients and 17 healthy controls,

creating the most comprehensive gene expression data-
base for Asian UM. We discussed the Cancer Genome
Atlas (TCGA) database, which comprises 80 Caucasian
UM samples for comparison [17]. We methodically ana-
lyzed gene expression profiles between the two cohorts.
Our findings provide significant insights into population-
specific prognostic markers and may guide personalized
management approaches for Asian UM.

Methods

Samples and RNA sequencing

This study adheres to the Helsinki Declaration and
has received approval from the Ethics Committee of
Beijing Tongren Hospital (Ethics Review Number:
TRECKY2018-056). All patients signed informed con-
sent for the use of tissue for research. We obtained 53
UM tumor samples from the patients who underwent
local resection surgery or enucleation, all performed by
the same ophthalmologist (Dr. Wei) at Beijing Tongren
Hospital, China. Additionally, 17 healthy choroidal tis-
sues were obtained from healthy donor (with no ocular
diseases) at the Tongren Eye Bank. All 70 samples, along
with the patient’s clinical characteristics, were registered
in the Tongren Ophthalmology Research Association of
Clinical Evaluation (TRACE). Each UM patient received
comprehensive physical examinations and follow-ups
every six months. All collected samples underwent
mRNA sequencing and library construction using the
[llumina Novaseq6000 sequencing system. We retrieved
mRNA sequencing data and corresponding clinical infor-
mation for 80 UM patients from the TCGA database (htt
ps://tcga-data.nci.nih.gov/tcga/).

Different expression gene and enrichment pathway
analysis

We utilized count-level RNA-seq data and applied the
ComBat function from the sva R package to correct for
batch effects. Differentially expressed genes (DEGs) were
identified using the “limma” package (version 3.56.2)
based on the criteria of |Log,FC|>2 and FDR<0.05. We
defined DEG1 as the set of differentially expressed genes
obtained by comparing normal choroidal tissues and UM
tissues from the TRACE database. DEG2 represents the
differentially expressed genes identified by comparing
the TRACE-UM and TCGA-UM samples. Gene Ontol-
ogy (GO) enrichment analysis (including biological pro-
cess, molecular function, and cellular component) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were performed using
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the “clusterProfiler” package (version 4.8.3) [20]. This R
package also conducted Gene Set Enrichment Analy-
sis (GSEA) between groups. Significant enrichment of
GO, KEGG, and GSEA pathways was identified using a
threshold of p.adjust <0.05.

Survival analysis

The “survival” package (https://CRAN.R-project.org/pa
ckage=survival) and “survminer” package (https://CRA
N.R-project.org/package=survminer) were used to esti
mate overall survival rates for different groups based on
the Kaplan-Meier analysis. The log-rank test assessed the
statistical significance of survival differences between
groups. To evaluate whether Riskscore serves as an inde-
pendent predictor of patient survival, we performed a
multivariate Cox regression analysis. The “timeROC”
package [17] was used to generate receiver operating
characteristic (ROC) curves and calculate the area under
the curve (AUC) values.

Key gene selection and prognostic model construction
The intersection of DEG1 and DEG2 was taken. The
functional relationships and interactions of proteins
were analyzed using the STRING database (version 11.0)
[21]. The key genes within the PPI network were further
screened using the CytoHubba plugin in Cytoscape (ver-
sion 3.7.2) [22] based on maximal clique centrality [23].
To identify genes significantly associated with progno-
sis, univariate Cox regression analysis was performed on
the selected target DEGs with p<0.05, indicating statis-
tical significance. LASSO regression analysis was then
conducted using the “glmnet” package [24] to refine the
selection of seven prognostically related genes. These
selected genes were subsequently used to calculate the
risk score for each sample using the following formula:

Risk score = Z Coef; x X;

i=1

Coef; represents the risk coefficient of each gene cal-
culated by the model, and X, corresponds to its mRNA
expression value. Using the selected seven genes (MMP2,
LRAT, NOG, IHH, CDH18, MYH11, SELE) along with
their regression coefficients, the risk score calculation
formula was derived as: Risk score = MMP2%(0.10854459
0511924) + LRAT*(-0.310767768023121) + NOG*(0.1799
95401007407) + IHH*(-0.415434021148191) + CDH18*(0
.264489286147328) + MYH11*(-0.0520233793170239) +
SELE*(-0.435327079973511).
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Tumor microenvironment (TME) and drug sensitivity
analysis

We used CIBERSORT [25] to calculate the relative pro-
portions of 22 types of immune cells in the samples. The
sum of the estimated proportions of all immune cell types
in each sample equals 1. The “ESTIMATE” [26] package
utilized pre-screened stromal/immune-related gene sets
and gene expression data to predict stromal/immune
cell infiltration levels in tumor tissue, resulting in stro-
mal and immune scores. Additionally, we estimated the
effectiveness of immune checkpoint therapies through
the tumor immune dysfunction and exclusion (TIDE)
database (http://tide.dfci.harvard.edu/login/), calculat-
ing the status of TIDE, myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages M2, expres-
sion of interferon-y (IFN- y), PD-L1, CD8, and Merck18
for each sample.

For drug sensitivity prediction, we utilized the “oncop-
redict” package [27]. Using the GDSC2 expression matrix
and GDSC2 drug sensitivity data as the training set,
we calculated the half-maximal inhibitory concentra-
tion (ICj,) values of the samples to be predicted based
on their expression matrices using the calcPhenotype
function.

Other statistical analysis

The Wilcoxon rank-sum test and Pearson correlation
analysis were employed in bioinformatic analysis. The
student t-test, chi-squared test, and Fisher’s exact test
were used to analyze the differences in clinical character-
istics between the two groups. A p<0.05 was considered
statistically significant. All statistical analyses were con-
ducted using R software version 4.3.3.

Results

Tumor-associated differentially expressed genes and
clinical characteristics in Asian UM patients

The clinical information of our UM patients (TRACE-
UM) is outlined in Supplement Table 1. The average age
at diagnosis was 48.11+11.72years old, with a maxi-
mum basal diameter of 15.34+4.12mm and a height of
11.23+2.61mm. Most tumors were classified as stage
III (AJCC 8th classification), with a predominance of
mushroom-shaped tumors; many had subretinal fluid.
Approximately half of the tumors invaded the ciliary
body. Histologically, the mixed-cell type was the most
common, followed by the spindle-cell type.

In comparing normal choroid tissue with UM tissue,
we identified 3,827 DEGs (DEG1), most downregulated
in the tumor tissue (Fig. 1A). A comparison of the top 20
DEGI genes based on fold change with clinical features
revealed that all deceased patients had stage III tumors
and exhibited a higher tendency for ciliary body invasion
(Fig. 1B). PRAME, as a key biomarker associated with
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Fig. 1 Tumor-associated differentially expressed genes and clinical characteristics in Asian UM patients. (A) Volcano plot of DEGs in TRACE-UM compar-
ing tumor to normal choroid tissue. The horizontal axis represents the Log,FC of differential expression, and the vertical axis represents -Log;, (p.adjust).
Red dots indicate upregulated genes, and blue dots indicate downregulated genes. (B) Heatmap of the top 20 differentially expressed genes and clinical
features. (C) GO enrichment analysis for high expressed genes in DEG1. (D) GO enrichment analysis for low expressed genes in DEG1. (E) KEGG enrichment
analysis for high expressed genes in DEG1. (F) KEGG enrichment analysis for low expressed genes in DEG1
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poor prognosis in UM, was significantly correlated with
advanced stage UM in the TRACE cohort (p=0.015).
In contrast, high expression levels of SPACA1 and HRK
were associated with better survival outcomes (p =0.002
and p=0.03, respectively) (Supplement Table 2).

Subsequently, we conducted GO and KEGG enrich-
ment analysis on DEG1. The results indicated that genes
highly expressed in Asian UM primarily involve cell-
cell interactions, extracellular matrix regulation, and
ion channel functionalities (Fig. 1C). In contrast, genes
highly expressed in normal choroid tissue were predomi-
nantly associated with cell proliferation processes (Fig.
1D). UM-expressed genes appeared to regulate tumori-
genesis and progression through signaling pathways such
as PIBK-Akt, calcium, and ¢cGMP-PKG signaling path-
ways (Fig. 1E). In contrast, normal choroid expressed
genes related to the cell cycle (Fig. 1F).

Differences in clinical characteristics and gene expression
patterns between Asian and Caucasian UM patients
We compared the clinical characteristics of 53 Asian
UM patients from TRACE-UM and 80 Caucasian
UM patients from the TCGA (TCGA-UM). Signifi-
cant differences were observed in age (48.11+11.72
vs. 61.65+13.95years, p<0.001), tumor size (T-stage,
p=0.03), clinical stage (p=0.02), and pathological sub-
type distribution (p=0.002). TRACE-UM patients
also had longer overall survival (44.85+27.39 wvs.
27.09 + 18.42 months, p <0.001) (Supplement Table 3).
After performing batch effect correction, we conducted
a DEG analysis on tumor tissues from the TCGA-UM
and TRACE-UM, identifying 3,814 DEGs (named DEG2)
(Fig. 2A). We classified DEG2 into five gene clusters using
the K-Means method based on their relative expression
levels (Fig. 2B-C). Genes in clusters C1 and C3 were
highly expressed in TRACE tumor samples and were
primarily associated with neurodevelopment, cell signal
transduction, tumor progression, and immune function
regulation. In contrast, clusters C2 and C4 displayed sim-
ilar expression patterns, with relatively low expression in
TRACE tumor samples. Cluster C5 had low expression
in both TRACE and TCGA tumor samples. These clus-
ters are mainly related to neural conduction, protein, and
lipid metabolism (Fig. 2D).

Association between racial differences and TME with
immune therapy response in UM patients

Given the critical role of TME in tumor development,
we explored whether there are racial differences in UM
TME. By analyzing 22 types of immune infiltrating cells
in Asian and Caucasian individuals (Fig. 3A), we found
that in Asians, UM exhibited higher enrichment of eosin-
ophils, macrophages M1, monocytes, activated NK cells,
and neutrophils. In contrast, Caucasian UM exhibited
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more macrophages M0, macrophages M2, and T follicu-
lar helper cells (Fig. 3B).

Additionally, Asian UM had a significantly higher
ESTIMATE score, stromal score, and immune score than
Caucasians (Fig. 3C-E), while Caucasian UM showed
significantly higher tumor purity (Fig. 3F).

Since the immune landscape of tumors is crucial for
patient prognosis and treatment response [28], we fur-
ther investigated whether racial differences impact
the immune landscape of UM. TIDE-related analyses
revealed that Asian UM exhibited higher TIDE scores
and elevated expression of immune activity-related fac-
tors, such as PD-L1, Merckl8, CD8, and INF-y, which
were higher than those in Caucasians (Supplement Fig.
1A). Meanwhile, Caucasian UM displayed higher levels
of MDSCs and tumor-associated macrophages M2 (Sup-
plement Fig 1B), indicating a higher degree of immune
suppression.

Analysis of immune checkpoint receptors and their
ligands showed that Asian UM exhibited high expres-
sion of checkpoint receptors such as CTLA4, BTLA,
TNEFRSF18, PDCD]1, TIGIT, TNFRSF4, CD86, HAVCR?2,
and CD40 (Fig. 3G). The ligands exhibiting high expres-
sion included FGL1, CD40LG, TNFSF14, TNFSF4, CD86,
PD-L1, LGALS9, SNCA, PVR, and HMGB1 (Fig. 3H).

Finally, we compared drug sensitivity (ICy;) for com-
monly used anticancer drugs between Asian and Cauca-
sian UM. Significant differences in IC, were observed for
143 drugs. We visualized the drugs that had lower IC;,
values (<50) and in which the IC;, for Asian UM was
lower (p<0.0001). We chose the top 10 drugs for visual-
izations (Supplement Fig 1C).

Identification of key genes associated with the
oncogenesis and progression of UM in Asian populations
and the prognostic risk signature for Asian UM

We identified 150 key candidate genes by analyz-
ing the intersection of DEG1 and DEG2, applying the
|Log,FC| >4, FDR<0.05 criterion through maximal
clique centrality analysis (Supplement Table 4). We iden-
tified seven prognostically significant genes in UM using
univariate Cox regression analysis and LASSO regres-
sion. (Fig. 4A). The formula for the risk score was
described in the Method section.

Based on the median risk score, TRACE samples were
categorized into a high-risk group (26 samples) and a
low-risk group (27 samples). Survival analysis revealed
that patients in the high-risk group had significantly
poorer survival outcomes (Supplement Fig. 2A). ROC
curves analysis demonstrated strong predictive perfor-
mance with AUC values of 0.979, 0.924, and 0.984 for 1-,
3-, and 5-year predictions, indicating the model’s effec-
tiveness in forecasting prognosis in Asian UM patients
(Fig. 4B).
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In addition, we analyzed the association between dif-
ferent groups and UM metastasis status (Table 1). A sig-
nificantly higher number of in the high-risk group had
metastasis (n=12), whereas the majority of patients in
the low-risk group did not develop metastasis (n=23)
(p=0.02).

Further analysis of the expression levels of seven prog-
nostic-related genes in TRACE-UM samples revealed that
IHH, MYH11, LRAT, and SELE were highly expressed in
the low-risk group. In contrast, the NOG gene was highly
expressed in the high-risk group (Fig. 4C). Applying the

prognostic model derived from TRACE to the TCGA
dataset showed that it could predict the prognosis of
Caucasian UM patients, though with lower performance
compared to Asian patients (Supplement Fig. 2B-D).
Furthermore, we analyzed the impact of individual genes
among the seven key genes on UM patient prognosis.
High expression of the CDH18 gene was associated with
poorer survival (Supplement Fig. 3A, p=0.011), whereas
high expression of the MYH11 gene correlated with bet-
ter prognosis (Supplement Fig. 3B, p=0.03). However, the
predictive power of CDH18 and MYH11 alone was weaker
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We performed univariate Cox regression analysis
on the clinical characteristics of patients from TRACE
and identified three prognosis-related factors: the larg-
est basal diameter, tumor location, and pathology type.

than the comprehensive risk score (Supplement Fig. 2A,
p<0.0001). These findings support the prognostic risk
signature and its potential clinical relevance in predicting
outcomes for Asian UM patients.
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prediction model. (C) Risk factor triad diagram from trace. Upper: samples are arranged according to their risk scores, with a cutoff value of —0.31. Middle:
the patients’survival time corresponding to each sample is shown. Lower: expression levels of the seven genes used to construct the risk score signature
in different samples. (D) Forest plot of multivariate regression model. (E) Enrichment plot of significantly enriched GSEA pathways in the high-risk group.
(F) Enrichment plot of significantly enriched GSEA pathways in a low-risk group

Table 1 Different risk groups from TRACE-UM and the
occurrence of metastasis

Risk Group  Metastasis Status Total p-value
Metastasis Non-metastasis

High-Risk 12 14 26 0.02

Low-Risk 4 23 27

Total 16 37 53

Incorporating these factors into a multivariate regression
model confirmed that the risk score is an independent
prognostic factor for UM (p < 0.05) (Fig. 4D).

GSEA revealed significant differences in 42 pathways
between the risk groups. Specifically, gene sets related
to neural signal conduction, phototransduction, and ion
channels were expressed at higher levels in the high-risk
group (Fig. 4E). In contrast, gene sets associated with cell
metabolism and oxidative phosphorylation were more
highly expressed in the low-risk group (Fig. 4F). Lastly, a
statistical comparison of clinical characteristics between
high- and low-risk groups revealed significant differences
in the largest basal diameter and pathology (Supplement
Table 5).

Discussion

This study presents a comprehensive comparative analy-
sis of UM in Asian and Caucasian patients, highlighting
variations in gene expression, immune microenviron-
ment, and potential therapeutic responses. To ensure
valid cross-cohort comparisons, we applied ComBat nor-
malization to correct batch effects in RNA sequencing
data from the TRACE (Asian) and TCGA (Caucasian)
cohorts. Our analysis revealed substantial molecular
and immune-related disparities that could influence the
prognosis and treatment strategies of UM. Critical sig-
naling pathways, including PI3K-Akt, MAPK, and Ras,
all of which regulate malignant tumor progression, were
predominantly enriched in key genes associated with
UM development in Asian populations. Compared to
Caucasians, Asian UM patients demonstrated a higher
level of immune cell infiltration and increased expres-
sion of immune checkpoint receptors and ligands. These
findings suggest that population-specific molecular and
immune characteristics may influence response to ther-
apy. Furthermore, we detected differential expression
of critical genes, including MMP2, LRAT, NOG, IHH,



Luo et al. BMC Ophthalmology (2026) 26:8

CDH18, MYH11, and SELE, which can potentially func-
tion as biomarkers for prognosis in Asian UM.

Functional enrichment analysis of 150 candidate genes
identified the biological processes and important path-
ways between Asian and Caucasian UM patients, high-
lighting enrichment in the PI3K-Akt, MAPK, and Ras
signaling pathways. The differential activation of these
pathways in Asian UM may enhance immune infiltration,
while their regulation in Caucasian UM seems to pro-
mote immune evasion. Mutations in GNAQ or GNA11
usually generate UM, activating subsequent signaling
pathways. Key pathways such as PI3K/AKT, PKC/MAPK/
ERK/MEK, and RAS-associated domain family 1 isoform
A have been identified as potential therapeutic targets
for UM [29-31]. In vitro, several inhibitors targeting
these pathways, such as everolimus (mTOR), selumetinib
(MAPK), trametinib (MAPK), and the alkylphosphocho-
line erufosine (PI3K), and the alkylphosphocholine eru-
fosine (PI3K), have demonstrated favourable outcomes
[32, 33]. However, clinical trials using these targeted
drugs in Caucasian UM patients have yielded unsatisfac-
tory results. Our results suggest that Asian UM patients
may exhibit a different pathway activation pattern, affect-
ing their response to targeted therapy. This highlights the
need for additional research on treatment strategies for
specific populations to improve clinical outcomes.

This study also showed significant differences in the
immune microenvironment of UM between Asians and
Caucasians. Asian patients showed stronger inflamma-
tory immune response, with extensive infiltration of
eosinophils, M1 macrophages, activated NK cells and
neutrophils, and high expression of immune checkpoint
genes such as PD-L1, CD8, and IEN-y. In addition, the
increased TIDE scores of Asian patients suggest a higher
likelihood of a positive response to immunotherapy
[34]. Prior studies have linked M1 macrophages and NK
cells to more robust anti-tumor immune responses [35],
which may account for the superior clinical prognosis
observed in Asian patients. Furthermore, larger tumors
in the TRACE cohort may contribute to the increased
immune infiltration observed, as inflammatory cyto-
kine and chemokine levels correlate with tumor size [36,
37]. A differential upregulation of genes associated with
IFN-y was observed in pre-treatment tumors of patients
who responded to immune checkpoint therapy [38]. Fur-
thermore, the expression of PD-L1 was induced in all UM
cell lines by treating UM cell lines with IFN-y [39]. These
findings indicate that immune check inhibitors may be
particularly effective in Asian UM patients and warrant
further clinical validation.

Conversely, Caucasian UM patients exhibited a more
immunosuppressive TME dominated by M2 macro-
phages and MDSCs, which promote tumor immune
escape through the secretion of immunosuppressive
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cytokines such as IL-10 and TGF-f [40, 41]. M2 macro-
phages are linked to poor prognosis [26] and have been
employed to create prognostic models [41]. The immune
evasion mechanisms of UM are significantly influenced
by the elevated expression of immune checkpoints,
including PD-1 and PD-L1, as well as T cell exhaustion
[42]. Previous research has demonstrated that PD-1+
infiltrating T cells and PD-L1+ tumor cells are typically
expressed at low levels in Caucasian cohorts, irrespective
of whether the UM is primary or metastatic [43]. This
could explain the relatively low efficacy of immune check-
point inhibitors in UM. Research suggests that the effec-
tiveness of immunotherapy in Caucasian patients may
be enhanced by targeting M2 macrophages or MDSCs
[44]. The immune response may differ among various
populations, underscoring the necessity of personal-
ized treatment strategies that focus on specific immune
microenvironments. Future research will prioritize cus-
tomizing immunotherapy strategies to the distinctive
immune landscapes of individual patient populations.

GEP classification is extensively used in clinical practice
across North America [45]. It divides UM patients into
low-risk (Class 1) and high-risk (Class 2), facilitating indi-
vidualized monitoring and treatment strategies (e.g., pri-
ority for clinical trials) to enhance resource distribution
[46]. The GEP15 platform provides dependable molecular
profiling of fine-needle aspiration biopsy specimens [47],
with its clinical validity confirmed through multicenter
prospective trials [18]. Because GEP15 was developed
and validated in North American and European cohorts
[48]. Our analysis showed that although GEP15 showed
some prognostic value (KM curve p=0.014), its perfor-
mance was modest, with AUC values of 0.69-0.77 for
1-, 3-, and 5-year survival, respectively (Supplement Fig
4). In contrast, our 7-gene signature achieved markedly
higher performance with AUCs of 0.979, 0.924, and 0.984
for 1, 3, and 5-year survival in Asian UM patients. This
comparative analysis highlights the superior accuracy of
our model and supports its potential as a population-
specific prognostic tool. Nevertheless, the model dem-
onstrated only moderate predictive ability when applied
to TCGA data, exhibiting a lower level of performance
than its implementation in the Asian cohort. This sug-
gests that the model’s performance may be influenced by
population-specific factors, underscoring the necessity of
additional validation across various ethnic groups.

The prognostic risk model established in this study,
using seven pivotal genes (MMP2, LRAT, NOG, IHH,
CDH18, MYH11, and SELE). Among the model’s key
genes, CDH18, a member of the cadherin family, has
been linked to poor prognosis in UM and other cancers
due to its involvement in macrophage infiltration. The
strong association between CDH18 and macrophage MO
suggests its potential role in the transition of UM from
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benign to malignant forms via modulating immunologi-
cal responses [49]. MMP2 (Matrix Metalloproteinase 2)
is recognized as a facilitator of epithelial-mesenchymal
transition [50] and extracellular matrix remodeling [51],
activities that enhance tumour cell motility and invasion
[52]. Various cancers, particularly UM, have been asso-
ciated with a poor prognosis due to increased MMP2
expression [35]. MYH11, a gene associated with muscle
contraction and cellular migration [53], is correlated with
a positive prognosis in UM [54]. LRAT (Lecithin Retinol
Acyltransferase) modulates retinoid metabolism by pro-
moting the esterification of retinol, playing a crucial role
in the regulation of cell proliferation and differentiation
in melanoma. A balanced LRAT expression correlates
with improved clinical outcomes [55]. NOG (Noggin), a
modulator of bone morphogenetic protein signaling, has
been linked to metastasis, especially to bone [56]. SELE,
linked to the suppression of melanoma metastasis, may
serve as a potential therapeutic target [57]. In conclusion,
our prognostic model offers significant insights into risk
classification for Asian UM patients. Nonetheless, addi-
tional validation in a more extensive population is neces-
sary to improve clinical applicability.

The study has several limitations. First, the significant
age difference between cohorts may confound ethnic
comparisons, underscoring the need for age-adjusted
analyses in future studies. Although this is the largest
transcriptome comparison of Asian and Caucasian UM
to date, the relatively small sample size limits the gener-
alizability of the findings. The bioinformatics results also
lack experimental validation. Additionally, our direct
tumor-to-tumor comparison approach, while necessary
due to the absence of normal choroidal tissue data in the
TCGA cohort, may conflate race-intrinsic differences
with baseline expression variation between populations.
Despite ComBat correction, batch effects between the
TRACE and TCGA datasets may still introduce bias. This
study also lacks prospective clinical validation in differ-
ent populations. Finally, further investigation of genetic
mutations enriched in Asian UM is warranted and will
be addressed in future work. Together, these limitations
highlight the need for additional research to validate and
extend our findings.

Conclusions

In conclusion, this study highlights the differences in
gene expression, immune microenvironment, and prog-
nosis between Asian and Caucasian UM patients. Asian
patients tend to have a more active immune environ-
ment, which may improve their response to immune
checkpoint inhibitors. On the contrary, Caucasian
patients show high levels of immunosuppression, which
may impair the effect of immunotherapy. Future studies
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should further explore the molecular mechanisms behind
these differences and improve the treatment strategies to
improve the prognosis of UM patients worldwide.
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