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A B S T R A C T   

Background: Cuproptosis, one of the most recently discovered forms of cell death, is induced by 
the disruption of copper binding to the mitochondrial respiratory acylation components. How
ever, the mechanism underlying cuproptosis in uveal melanoma (UM) has not yet been 
adequately studied. 
Methods: RNA and clinical data were obtained from The Cancer Genome Atlas (TCGA) database. 
Differentially expressed cuproptosis-related genes were identified by R software. A prognostic 
signature was constructed by applying LASSO regression and Cox regression models. The asso
ciations between the signature and the immune microenvironment, overall survival, and drug 
sensitivity were studied. In addition, qPCR and Western blotting were performed on UM cells and 
RPE cell lines to verify the expression levels of the genes encoding dihydrolipoamide dehydro
genase (DLD) and dihydrolipoamide S-succinyltransferase (DLST) in UM cases. 
Results: Using a cuproptosis-related prognostic signature, UM samples were classified into high- 
and low-risk groups. A significant difference in overall survival between the two risk groups was 
evident. Receiver operating characteristic curves demonstrated that the signature is a reliable 
predictor of prognosis. Immune cell infiltration, drug sensitivity, and immune checkpoint 
expression were analysed. Significant immune difference between the two high-risk groups was 
found, and the high expression of immune checkpoints in high-risk groups suggests significant 
immunotherapy potential. In addition, drug sensitivity analysis experiments suggest that erlotinib 
may be a potential treatment for high-risk patients. The results of in vitro experiments confirmed 
that DLD and DLST had higher expression levels in UM cell lines. 
Conclusions: The prognostic signature developed in this study is a reliable biomarker for pre
dicting the prognosis of UM and may serve as a tool for personalised treatment of patients with 
UM.   
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1. Introduction 

Uveal melanoma is a melanoma located in the choroid, ciliary body, and iris of the eye [1,2]. It is an invasive malignant tumour 
originating from melanocytes in the eyes [3]. UM is the most common primary intraocular tumour in adults, with an age-adjusted 
average incidence rate of 5.1 cases per million per year [4]. After the primary tumour is successfully treated with radiotherapy or 
surgery, approximately 50 % of UM patients eventually develop metastatic disease and die of metastasis within 10 years of diagnosis 
[3,5]. 

Over the years, with advances in treatment strategies, the rate of local tumour control and global salvage rate have improved. 
However, survival rates have remained relatively constant [6]. With the development of new therapies, tracking treatment and sur
vival rates of patients with uveal melanoma is becoming increasingly important. Therefore, there is an urgent need to identify new 
biomarkers that can be used to stratify UM cases and treat patients directly. 

Copper, as one of the key elements in human physiological metabolism, is involved in numerous biological metabolic activities [7]. 
Copper has both positive and negative effects in the body, and even moderate intracellular concentrations can be toxic, leading to cell 
death [8]. Tsvetkov et al. discovered cuproptosis and provided a detailed explanation, showing that it occurs via the binding of fatty 
acylation components and copper in tricarboxylic acid (TCA) cycles [9]. This leads to the polymerisation of lipidic proteins and loss of 
iron-sulphur cluster proteins, which causes protein toxicity and ultimately cell death [9]. 

Tumor cells can decouple glycolysis and the TCA cycle, leading to the use of other fuel sources, such as glutamine, to meet their 
increased metabolic needs [10,11]. Increased glutamine metabolism promotes UM cell proliferation and metastasis [12]. Owing to the 
crucial role of copper in human physiology, cuproptosis has potential as a new approach to promoting tumour cell death [13]. Re
searchers have used these cuproptosis-related genes for bioinformatic analysis and have constructed prognostic signatures [14–16]. 
Given the recency of the research on cuproptosis, there is lack of information concerning the exact mechanism of cuproptosis in UM. 
Therefore, constructing a cuproptosis-related prognostic signature is meaningful for predicting prognosis and directing the treatment 
of patients with UM. In this study, we identified differentially expressed cuproptosis-related genes from The Cancer Genome Atlas 
(TCGA) database and constructed a prognostic signature based on these DEGs. The UM samples were divided into high- and low-risk 
subsets. Significant differences in overall survival (OS) were found between the two risk groups, and prognostic features have been 
shown to predict prognosis and provide new tools for personalised treatment of UM patients. 

2. Materials and methods 

2.1. Data capture and preprocessing 

The mRNA sequence data and clinical information were obtained from the TCGA-UM dataset (https://portal.gdc.cancer.gov/). 
After eliminating unqualified mRNA sequences and clinical data, we obtained 80 UM patients. In addition, we downloaded the mRNA 
sequence data and clinical information from 61 patients with UM from the Gene Expression Omnibus (GEO) database GSE22138 
dataset for independent validation of the stability of this prognostic signature. 

2.2. Construction of the prognostic signature 

Based on the overall survival data of patients with UM, obtained from the TCGA dataset, univariate Cox Regression analysis was 
applied to screen for cuproptosis-related genes. Applying the R package “glmnet”, LASSO Cox regression was conducted and four 
cuproptosis-related genes were found to be significantly associated with UM OS. Lastly, according to multivariate Cox regression 
analysis, the genes encoding dihydrolipoamide dehydrogenase (DLD) and dihydrolipoamide S-succinyltransferase (DLST) were 
identified as prognostic cuproptosis-related genes. The cuproptosis-related risk signature was established based on the DLD and DLST. 
UM patients were categorised into low- and high-risk groups based on the median risk score, as follows:  

Risk score = expression (DLD) × coefficient (DLD) + expression (DLST) × coefficient (DLST)                                                            

2.3. Clinical information analysis 

Via "survminer" R package, Kaplan-Meier curves were generated to analyse differences of OS between the high- and low-risk 
groups. Applying ‘timeROC’ R package, Receiver operating characteristic (ROC) curves were used to assess the forecast accuracy of 
the prognostic signature. 

2.4. Immune-related analysis 

To analyse immunological differences, ssGSEA was used to identify the degree of infiltration of 23 types of immune cells in tumours 
between the high- and low-risk groups. Applying the R package “ggplot2” and “ggpubr”, immune checkpoints analysis was conducted 
(P < 0.05). 
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2.5. Drug sensitivity 

The R package ‘gpubr’ and ‘pRRophetic’ R packages were used by us to explore chemotherapeutic drugs in different risk groups of 
UM patients by calculating the half maximum inhibitory concentration (IC50) values of different drugs. 

2.6. Cells 

The human choroidal melanoma cell line, OCM-1, was obtained from the Sun Yat-sen Eye Center of Sun Yat-sen University. The 
human retinal pigment epithelial cell line ARPE-19 was purchased from ATCC. All cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 medium nutrient Mixture F-12 (Ham’s) (1:1) with L-Glutamine and Sodium Pyruvate, with Hepes 15 
mM DMEM: F12 (1:1) supplemented with 10 % foetal bovine serum (FBS; Gibco, Rockville, MD, USA) and 100 U/mL penicillin- 
streptomycin mixture (Gibco, USA) at 37 ◦C in 5 % CO2. 

2.7. RNA extraction and qPCR 

RNA-easy Isolation Reagent (R701, Vazyme, China) was used to extract total RNA from OCM-1 and ARPE-19 cells. The cDNA of 

Fig. 1. Flow chart illustrating the study rationale and design.  
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Fig. 2. Constructing cuproptosis-related molecular subtypes. (A) Construction of a protein-protein interaction (PPI) network revealed the inter
action of cuproptosis-related genes. (B, C) Unsupervised clustering of the 18 cuproptosis-related genes in uveal melanoma (UM) and k = 2 was 
selected. (D) Principal Component Analysis (PCA) of two cuproptosis-related molecular subtypes. (E) The overall survival of the UM cohort, as 
identified from data in The Cancer Genome Atlas (TCGA), with two cuproptosis-related molecular subtypes. (F) Immune cells infiltration degree of 
two cuproptosis-related molecular subtypes. 
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ARPE-19 and OCM-1 cells were obtained using an RT Reagent kit (Thermo Fisher). GAPDH was chosen as an internal reference for 
normalization. The following primers were purchased from Shanghai Sangong Biotechnology (Shanghai, China): 

DLD-Forward primer: 5ʹ-GTCGTGTGTACTGCTCCTTGGC-3ʹ; 
DLD-Reverse primer: 5ʹ-AATCGGCTGATCTGCGTAAGTTCTC-3ʹ. 
DLST-Forward primer: 5ʹ-AGGGAGATGTCAGGTGGGAGAAAG-3ʹ; 
DLST-Reverse primer: 5ʹ-AAAGAGCTTCAATCACGCCATTTGC-3ʹ. 

2.8. Protein extraction and western blot 

ARPE-19 and UM cells were seeded into culture dishes at the sixth generation, lysed with RIPA buffer containing a protease in
hibitor, and centrifuged to obtain the supernatant. The Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) 

Fig. 3. Establishing the cuproptosis-related prognostic signature for UM patients. (A, B) Cvfit and lambda curves of the LASSO regression. (C) Risk 
score and survival status of the two risk groups. (D) Overall survival of TCGA-UM cohort with the two risk groups. (E) Distribution of DLD and DLST 
in two risk groups. 
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was used to measure protein concentration. After being blocked, the polyvinylidene difluoride filter (PVDF) membranes were incu
bated with primary antibodies overnight at 4 ◦C. The next day, the PVDF membranes were incubated with horseradish peroxidase- 
conjugated secondary antibodies (1:2000) for 2 h. Blots were imaged using an enhanced chemiluminescence system (Biosharp) 
[17]. DLD antibodies were purchased from Proteintech (China), and other antibodies were purchased from Servicebio (China). All the 
data were analysed using GraphPad Prism (version 9.5.1) software. 

2.9. Statistical analysis 

The data is dealt with GraphPad Prism software and expressed as mean ± SD. P < 0.05 was considered to have statistical sig
nificance. The R 4.2.0 was applied for data processing. 

3. Results 

3.1. Identification and correlation analysis of two molecular subtypes based on cuproptosis-related genes 

The data analysis process is illustrated in Fig. 1. Based on the previous literature on cuproptosis, 18 genes related to cuproptosis 
were screened. The correlation between these genes was determined based on a protein interaction analysis diagram using the STRING 
database (Fig. 2A). Subsequently, a consensus cluster analysis of 80 uveal melanoma samples from the TCGA-UVM cohort according to 
different cuproptosis-related gene expression patterns was performed (Fig. 2B and C). Among k = 2 to k = 9, k = 2 was chosen, and 
patients were split into two cuproptosis-related molecular subtypes, called CRD clusters A and B. Principal component analysis (PCA) 
was used to visualise the distribution of CRD clusters based on the genomic expression in UM patients (Fig. 2D). Survival analysis 
revealed that the total survival period of patients with CRD cluster B was significantly better than that of patients with CRD cluster A (p 
< 0.05) (Fig. 2E). Increasing evidence has shown that the degree of cancer malignancy is closely associated with the tumour immune 
microenvironment [18]. Owing to the significant difference in OS between the two groups of patients with UM, we conducted an 
immune correlation analysis for the different groups. Statistical analysis showed that the numbers of activated CD4T cells, eosinophils, 
natural killer cells, type 1 T helper cells, and type 2 T helper cells in CRD cluster A were significantly higher than those in CRD cluster B 
(Fig. 2 F). These results indicate that the survival time and immune status of the two molecular subtypes are significantly different, and 
that the enrichment of different immune cells may affect the overall survival time of UM patients. 

3.2. Construction of cuproptosis-related prognostic signature for UM patients 

We constructed a prognostic signature to assess the prognostic value of cuproptosis-related genes in uveal melanoma. Through 
univariate COX regression analysis, four genes related to the prognosis of uveal melanoma were screened out from 18 cuproptosis- 
related genes (Fig. 3A). LASSO regression analysis was then carried out to identify the cuproptosis-related genes with prognostic 
value through dimension reduction, and the relative coefficient of genes was computed (Fig. 3B and C). Lastly, two optimal genes DLD 
and DLST were selected to construct a prognosis model. The coefficients of DLD and DLST were listed in Table 1. The UM risk scores 
were calculated using a formula which included the expression of DLD and DLST and the coefficients: risk score = exp(DLD) × coef 
(DLD) + exp(DLST) × coef(DLST). Based on the median value, the established prognostic model successfully divided patients with 
uveal melanoma into high- and low-risk groups. The survival status and risk score distribution of the patients are shown in Fig. 3D. The 
results of the survival analysis showed that patients in the high-risk group had poor prognosis (Fig. 3E). The heat map in Fig. 3F il
lustrates the expression trends of DLD and DLST in the two risk groups. 

3.3. Assessment of correlation between cuproptosis-related prognostic signature and clinical characteristics 

We further analysed the correlation between the risk scoring model and common clinical characteristics. The results of the uni
variate Cox analysis showed that the risk score was significantly related to overall survival by univariate Cox analysis (Fig. 4A), and 
multivariate analysis showed that this cuproptosis-related risk score was an independent prognostic factor for patients with uveal 
melanoma (Fig. 4B). The ROC curve shows acceptable evaluation results. Time-dependent ROC analysis shows that the built risk model 
can accurately predict over a 3-yr period. The area under the ROC curve (AUC) of 1, 2 and 3 yr is 0.862, 0.749 and 0.809, respectively 
(Fig. 4C). In Fig. 4D, the correlation between the expression levels of the two key genes and the clinical indicators is presented as heat 
maps. 

Table 1 
Coefficients of DLD and DLST.  

id coef 

DLD 0.021067135 
DLST 0.01146033  
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3.4. Immune microenvironment of the cuproptosis-related prognostic signature 

Increasing evidence has shown that the degree of cancer malignancy is related to the tumour immune microenvironment. 
Considering the significant difference in prognosis between the two groups of patients with uveal melanoma, we speculate that the 
tumor immune microenvironment plays a notable role in the progression of uveal melanoma. We then performed an immune cor
relation analysis. First, we analysed the immune cells of different risk groups and drew a heat map (Fig. 5A). Immune function analysis 
was performed (Fig. 5B). To further investigate the differences in the immune cell infiltration microenvironments between the two risk 
groups, the infiltration levels of 23 common immune cell types were evaluated using ssGSEA (Fig. 5C). The results showed that the two 
clusters exhibited significantly different immune cell infiltration characteristics. Activated CD4 + T cells, CD8 + T cells, eosinophils, 
and natural killer cells showed higher infiltration levels in the high-risk group. Subsequently, we analysed the immune checkpoints and 
studied the expression of genes related to these checkpoints. As shown in the figure, most immune checkpoint-related genes, such as 
CD27 and IDO1, showed higher expression levels in the high-risk groups (Fig. 5D). In summary, there was a significant immune 
difference between the two high-risk groups, and the high expression of immune checkpoints in high-risk groups suggests significant 
immunotherapy potential. 

3.5. Analysis of potential drugs targeting the cuproptosis-related prognostic signature 

Using drug sensitivity analysis, potential drugs targeting cuproptosis metabolism for UM patients were screened by us (Fig. 6A–H). 
We evaluated the treatment results according to the half-maximum inhibitory concentration (IC50) for each UM patient, based on 
PRROPHIC algorithm. Eight types of drugs were identified and IC50 levels of the two risk groups were compared. A-770041, CGP- 
60474, CGP-082996, cycloamine, dasatinib, paclitaxe, and rapamycin showed higher sensitivities in the low-risk group. Interest
ingly, UM patients in the high-risk group are more sensitive to erlotinib, which may be a novel therapeutic drug for UM patients. In 
general, based on drug sensitivity analysis, UM patients in the low-risk group have been proven to have better drug sensitivity than 
those in the high-risk group, which further proves that the low-risk group had better prognosis and the reliability of the cuproptosis- 
related prognostic signature as a biomarker. These results are a strong indication that erlotinib is a candidate therapy for patients in the 
high-risk category. Additionally, several newly discovered drugs can be used as potential drugs for to treat uveal melanoma. 

Fig. 4. Assessment of correlation between the prognostic signature and clinical characteristics. (A) Univariate and (B) multivariate Cox regression 
analysis of clinical characteristics. (C) The time dependent ROC analysis. (D) Heatmap visualizing clinical characteristics, expression of two 
prognostic cuproptosis-related genes and risk group of each UM patient. (E, F) Waterfall plots of TMB information in two risk groups. 
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Fig. 5. Immune-related analysis of two risk groups. (A) The heatmap of immune microenvironment of UM patients in low- and high-risk groups. (B) 
Immunological function analysis of two risk groups. (C) Boxplot of the 23 immune cells infiltration degree of two risk groups. (D) Analysis of 
differences in immune checkpoints between two risk groups. 
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3.6. In the validation cohort, the risk model for uveal melanoma was associated with time and prognosis 

We further validated the established prognostic risk-scoring model in the validation queue of GSE22138. Based on the previously 
obtained data, patients with UM in the validation queue were divided into high- and low-risk groups (Fig. 7A). After survival analysis, 
it was found that this model was meaningful in the geo database. Expression of the two candidate genes is shown as a heat map 
(Fig. 7B). Survival analysis confirmed that the prognosis of patients in the high-risk group was poor (Fig. 7C). These results indicate 
that in the validation cohort, the established prognostic signature was related to the time and prognosis of uveal melanoma. 

Fig. 6. Drug sensitivity analysis.  
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3.7. Experimental verification of high expression of DLD and DLST in UM cell lines 

To verify the identified prognostic cuproptosis-related genes, the expression levels of DLD and DLST in UM were validated through 
in vitro experiments. To verify the mRNA expression levels, we used qPCR to verify the differences between DLD and DLST in the UM 
cell line OCM-1 and the human spontaneously arising retinal pigment epithelia (RPE) cell line ARPE-19. As shown in Fig. 8A and B, 
consistent with the results of the bioinformatics analysis, both DLD and DLST were highly expressed in OCM-1 cells. Western blotting 
experiments were conducted to investigate the protein expression levels of DLD and DLST in UM cell lines. Consistent with the qPCR 

Fig. 7. Validation of the cuproptosis-related prognostic signature by the GSE22138. (A) Distribution of risk score and survival status of UM patients 
in the GSE22138. (B) Overall survival of the two risk groups in the GSE22138. 

Fig. 8. Experimental verification of DLD and DLST in UM cell lines. (A, B) qPCR result showed that DLD and DLST had high expression in UM cell 
line OCM-1 compared normal human retinal epithelial cell ARPE-19. (C, D) WB detection of DLD and DLST expression in UM cell line OCM-1. The 
data are presented as the means ± SEMs. *P < 0.05, **P < 0.01, ***P < 0.001. The experiments were repeated three times. 
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results, DLD and DLST showed significant high expression in OCM-1 cells. We verified the accuracy of our previous analysis through in 
vitro experiments. 

4. Discussion 

Uveal melanoma is considered the primary (highest incidence) intraocular malignant tumour, and the mortality rate is as high as 
50 % in patients [19,20]. Currently, UM diagnosis is primarily based on clinical evaluations such as ophthalmoscopy, biomicroscopy, 
and ultrasonography. In addition, magnetic resonance imaging (MRI) plays an important role in confirming the diagnosis, assessing the 
local extent of UM and its impact on UM treatment decisions, and follow-up after radiotherapy [21]. The main goal of UM treatment for 
UM is to protect the eye and its visual function, and prevent tumour metastasis [22]. Radiotherapy is more popular than enucleation 
therapy. Close-range radiation therapy for plaques is the most commonly used eye protection therapy and is suitable for small- and 
medium-sized uveal melanomas. Enucleation surgery is suitable for treating advanced melanoma and eye pain caused by complica
tions [22]. Nevertheless, the prognosis of UM remains poor. Therefore, researchers are searching for new biomarkers that can improve 
the prognosis of patients with UM. The expression of ABCB5 is associated with faster metastatic progression and poorer prognosis, 
indicating its role as a prognostic factor in uveal melanoma [23]. The expression of TAP1 is positively correlated with clinical 
pathological factors and poor prognosis of UM and can serve as a new therapeutic target for UM patients [24]. In a study based on 85 
cases of primary UM, the authors reported a statistically significant correlation between PRAME expression and higher metastasis risk 
and lower metastasis-free survival in patients with UM [25]. Studies have also shown that lactate metabolism may be a prognostic 
marker of UM progression and a potential therapeutic target [26]. Therefore, it is necessary to analyse the clinical characteristics, 
overall survival rate, immune microenvironment, and drug sensitivity of patients with UM to provide guidance for early clinical 
diagnosis and prognostic prediction. 

Cuproptosis was first discovered by Tsvetkov et al. as a novel form of regulatory cell death (RCD) [27]. Recently, researchers have 
used these cuproptosis-related genes for bioinformatic analysis and have constructed prognostic signatures in many cancers, which 
have demonstrated good predictive ability for prognosis [28–30]. However, no study has constructed a prognostic signature based on 
cuproptosis-related genes in UM. Therefore, constructing a cuproptosis-related prognostic signature of UM and a probe for its function 
is a valuable contribution to the literature on this topic [27,31]. 

In this study, based on mechanism of cuproptosis documented by Tsvetkov et al. we identified 18 cuproptosis-related genes. On the 
basis of expression of 18 cuproptosis-related genes, patients with UM were divided into two CRD clusters using consensus clustering. 
The two CRDclusters showed significant differences in survival and immune cell infiltration. Upon applying Lasso Cox regression, DLD 
and DLST was identified as prognostic cuproptosis-related genes to constructing prognostic signature. By calculating the risk score, the 
samples were classified into high-and low-risk groups. Patients in high-risk group exhibited worse outcomes. The ROC curve is 
considered a reliable tool for predicting cancer prognosis [32]. This cuproptosis-related prognostic signature showed an accurately 
predicting prognostic value in UM according to Cox regression analysis and ROC curve confirmed the predictive accuracy. Immune 
function analysis revealed that patients in the high-risk group were enriched in the inflammation-promoting T-cell co-inhibition 
pathway and MHC class I. Recent research has found that inflammation and cancer are inseparable and that the biological pro
cesses associated with inflammation affect all stages of cancer development and treatment [33]. ssGSEA was also used to analyse the 
immune cell infiltration abundance, and it was found that patients in the high-risk group had a higher level of immune cell infiltration. 
To date, several treatments targeting patients with UM have yielded disappointing clinical results. A significant connection between 
the cuproptosis-related risk signature and immunotherapy was found, which indicated this signature provides new possibilities for 
HRG patients to provide more effective immunotherapy strategies. To provide guidance for clinical treatment, we conducted immune 
checkpoint analysis and drug screening using IC50 analysis. Therefore, erlotinib can be used as a therapeutic drug for high-risk patients 
with UM. As an EGFR-targeted drug, erlotinib not only plays a role in non-small cell lung cancer, but also has activity in head and neck 
tumours, glioblastoma, and other tumour types. In the present study, we found that erlotinib may also affect UM. The prognostic 
accuracy of this signature was validated in the independent cohorts-GSE22138 from the Gene Expression Omnibus (GEO) database. 

Dihydrolipoamide dehydrogenase (DLD) is an enzyme that produces reactive oxygen species related to its redox activity [34]. The 
results of pan-cancer analysis showed that the DLD gene is highly expressed in colon, liver, lung, gastric, kidney, endometrial, and 
ovarian cancers [35]. As a component of the α-ketoglutarate dehydrogenase complex, dihydrolipoamide S-succinyltransferase (DLST) 
regulates glutamine metabolism in the tricarboxylic acid (TCA) cycle [36]. High DLST expression is often associated with poor 
prognosis in tumours [37]. However, there is no experimental evidence demonstrating the roles of DLD and DLST in UM. In this study, 
we validated the high expression of DLD and DLST in UM cells through qPCR and Western blot experiments. 

This study also has some limitations. Firstly, due to the limited number of UM samples, more UM samples are need to test the 
stability of the cuproptosis-related prognostic signature. Further research is required to demonstrate the roles of DLD and DLST in UM. 

5. Conclusion 

In this study, we constructed a gene signature based on cuproptosis-related genes as a promising tool for uveal melanoma strati
fication. It is a prognostic classifier that can assist in individualised clinical prediction and treatment and in making clinical decisions. 
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