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Introduction: This study aims to explore the role of cuproptosis-related genes in ACC, utilizing data from TCGA and GEO 
repositories, and to develop a predictive model for patient stratification.
Methods: A cohort of 123 ACC patients with survival data was analyzed. RNA-seq data of 17 CRGs were examined, and univariate 
Cox regression identified prognostic CRGs. A cuproptosis-related network was constructed to show interactions between CRGs. 
Consensus clustering classified ACC into three subtypes, with transcriptional and survival differences assessed by PCA and survival 
analysis. Gene set variation analysis (GSVA) and ssGSEA evaluated functional and immune infiltration characteristics across subtypes. 
Differentially expressed genes (DEGs) were identified, and gene clusters were established. A risk score (CRG_score) was generated 
using LASSO and multivariate Cox regression, validated across datasets. Tumor microenvironment, stem cell index, mutation status, 
drug sensitivity, and hormone synthesis were examined in relation to the CRG_score. Protein expression of key genes was validated, 
and functional studies on ASF1B and NDRG4 were performed.
Results: Three ACC subtypes were identified with distinct survival outcomes. Subtype B showed the worst prognosis, while subtype 
C had the best. We identified 214 DEGs linked to cell proliferation and classified patients into three gene clusters, confirming their 
prognostic value. The CRG_score predicted patient outcomes, with high-risk patients demonstrating worse survival and possible 
resistance to immunotherapy. Drug sensitivity analysis suggested higher responsiveness to doxorubicin and etoposide in high-risk 
patients.
Conclusion: This study suggests the potential prognostic value of CRGs in ACC. The CRG_score model provides a robust tool for 
risk stratification, with implications for treatment strategies.
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Introduction
Adrenocortical carcinoma (ACC), an infrequent malignancy originating from adrenal cortical cells.1 Despite radical 
surgical resection being the mainstay of potentially curative treatment for ACC, its efficacy diminishes with disease 
progression.2 Regrettably, up to 70% of patients undergoing curative resection face disease recurrence, often accom
panied by metastasis.3 Clinical trials targeting ACC have largely failed to yield significant survival benefits or to 
capitalize on the potential of targeted and immunotherapies. In light of advancements in precision medicine, there is 
a pressing need to identify specific patient subgroups who may derive meaningful benefits from treatment interventions.

Copper (Cu) plays a critical role as a trace element, being indispensable for various biological processes in organisms, 
including cellular respiration and the regulation of oxidative stress.4 In the adrenal gland, Cu is crucial for assisting 
norepinephrine production by facilitating its passage into the secretory pathway.5 Recently, Tsvetkov et al6 introduced the 
notion of cuproptosis, describing a mechanism in which copper induces cellular death by provoking protein toxic stress. 
FDX1 has emerged as a pivotal player in regulating cuproptosis, as evidenced by studies demonstrating that its absence 
confers cellular protection against this form of cell death.7

In this study, we utilized data from the TCGA and GEO repositories to classify ACC samples into three distinct 
categories based on cuproptosis-related gene (CRG) expression patterns. We identified prognostic genes associated with 
cuproptosis by overlapping differentially expressed genes (DEGs) linked to prognosis within these categories. These 
cuproptosis-related prognostic genes were further organized into three gene clusters according to their expression 
profiles. A predictive model was developed from this data, and we extensively evaluated the relationship between 
different risk categories and factors such as the tumor immune microenvironment (TIME), steroid secretion, and 
proliferation indicators. Initial experimental validation supported the biological relevance of two potential biomarkers 
in ACC. These findings suggest opportunities for improving ACC classification methods and advancing targeted 
therapeutic approaches.

Materials and Methods
Data Collection and Selection of CRGs
We obtained three datasets comprising RNA sequencing, gene chip data, and clinical information from the TCGA and 
GEO repositories, collectively encompassing 138 ACC samples (TCGA ACC, n=90; GSE19750, n=48). The clinical data 
encompassed a range of parameters, including age, gender, pathological grade, stage, and survival-related information. 
Tsvetkov et al6 identified genes involved in the regulation of cuproptosis, including FDX1, LIAS, LIPT1, LIPT2, DLD, 
DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A. Copper induces cell death by targeting lipoylated TCA cycle 
proteins, with DBT, GCSH, and DLST being critical enzymes in the protein lipoylation process.6 SLC31A1, ATP7A, and 
ATP7B are involved in maintaining copper homeostasis, preventing excessive accumulation of copper ions within cells.6 

Activation of the NLRP3 inflammasome can inhibit copper-induced neuropathology.8 Inhibition of NRF2 expression 
significantly promotes the accumulation of lipid peroxidation, increasing the sensitivity of HCC cells to Cu-induced cell 
death.9 Therefore, we selected 19 CRGs (SLC31A1, ATP7A, ATP7B, FDX1, LIAS, LIPT1, LIPT2, DLD, DLAT, 
PDHA1, PDHB, MTF1, GLS, CDKN2A, DBT, GCSH, DLST, NLRP3, NRF2) for further study.

Mutations and CNVs of CRGs
Somatic mutations and CNVs were obtained from the TCGA database. Initially, we calculated the frequency of somatic 
mutations in the samples to identify CRGs with high mutation frequencies. Subsequently, we analyzed somatic CNVs of 
the CRGs and examined the correlation between CNVs and mRNA expression levels. Additionally, we determined the 
chromosomal locations of these CRGs.

CRGs-Based Consensus Clustering Analysis
Employing the R package “ConsensusClusterPlus” we amalgamated two datasets to execute unsupervised clustering 
analysis via consensus methodology. Based on their CRG expression profiles, patients were classified into distinct 
molecular subtypes. The clustering process followed specific criteria, aiming for a gradual and smooth increase in the 
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cumulative distribution function (CDF) curve, the absence of subgroups with small sample sizes, and an enhancement in 
within-group correlations alongside a reduction in between-group correlations. After consensus clustering, differences in 
CRG expression were assessed through Principal Component Analysis (PCA) using the “ggplot2” package in 
R. Additionally, we conducted Gene Set Variation Analysis (GSVA) to explore the differences in CRGs involved in 
various biological processes. This analysis utilized the hallmark gene set (c2.cp.kegg.v7.2), which was sourced from the 
MSigDB database.

Investigation into Clinicopathological Features, Prognosis, and Immune Cell Infiltration 
in ACC Subtypes
Through consensus clustering, we comprehensively analyzed the clinical significance of the three cuproptosis subtypes, 
investigating their correlations with molecular subtypes, clinicopathological characteristics, patterns of CRGs expression, 
and prognostic implications. Patient characteristics including stage, pathological grade, gender, and age were evaluated, 
with Kaplan-Meier curves utilized for overall survival (OS) comparison among the three subtypes. Additionally, we 
employed the single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm to explore the correlation between the 
three subtypes and the infiltration of immune cells.

Analysis and Functional Interpretation of DEGs in Cuproptosis Patterns
DEGs were identified using the R package “limma” with significance determined at a threshold of p-value < 0.05 and 
a fold change ≥ 1.5. Following this, we performed GO and KEGG enrichment analyses with the R packages 
“clusterProfiler”, “enrichplot” and “ggplot2” to explore the functional roles of the identified DEGs linked to cuproptosis 
patterns.

Development of the Prognostic CRG_score Associated with Cuproptosis
Our objective was to devise the Cuproptosis-related Prognostic CRG_score, which quantifies individual tumor cuprop
tosis patterns. Initially, a univariate Cox analysis pinpointed DEGs linked to ACC OS. Subsequently, unsupervised 
clustering stratified patients into three clusters (A, B, C) based on prognostic CRG expression. The dataset was randomly 
divided into training (n = 51) and validation (n = 50) sets, maintaining a 1:1 ratio. In the training cohort, the CRG_score 
was developed using LASSO analysis and multivariate Cox regression to select prognostic DEGs. This score was 
calculated using the formula: CRG_score = Σ(Expi * coefi), where coefi represents the risk coefficient and Expi denotes 
the expression level of the respective DEGs. Patients were categorized into low- and high-risk groups based on the 
median score, with the same methodology applied to the validation and entire cohorts. The predictive efficacy was 
assessed through survival analysis using Kaplan-Meier curves and ROC curve analysis.

Immunohistochemistry (IHC) Staining
In this study, we analyzed tissue samples from a total of ten cases, consisting of five adrenocortical adenomas and five 
ACC. These samples were obtained from patients who underwent urological surgery at the First Affiliated Hospital of 
Fujian Medical University. These samples were processed into 5μM thick sections and underwent antigen retrieval using 
citric acid buffer in boiling water for 20 minutes after dewaxing and hydration. Immunohistochemical staining was 
performed using the UltraSensitiveTM SP immunohistochemical kit (KIT-9710) from Maixin Biotechnologies, along 
with ASF1B (YT0369, Immunoway, 1/200) and NDRG4 (YT3006, Immunoway, 1/200) antibodies. We conducted semi- 
quantitative analysis of the staining results using ImageJ software to determine optical density (OD) values and positive 
area. Integrated optical density (IOD) was calculated, and the average optical density (AOD) was assessed as AOD = 
IOD / area to evaluate relative expression.10

Cell Line Origin and Culture Conditions
The SW-13 cell line, initially established by Leibovitz A in August 1971, was derived from a 55-year-old White female 
patient diagnosed with stage IV primary adrenocortical small cell carcinoma.11 This epithelial-like cell line has since 
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been extensively utilized in studies related to adrenocortical carcinoma (ACC).12,13 In our research, SW-13 cells were 
cultured using L15 supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were main
tained in an incubator set at 37°C with 5% CO2. Once the cell density reached 70% to 80%, as observed under an 
inverted microscope, the cells were subjected to passaging using 0.25% trypsin for subsequent experiments.

Western Bolt
Protein concentrations were quantified using a BCA assay kit after preparing cell lysates with RIPA buffer. Subsequently, 
proteins underwent separation via SDS-PAGE and transfer onto PVDF membranes. Following blocking with NcmBlot 
blocking buffer, membranes were exposed to primary antibodies against β-Tubulin, β-actin, ASF1B, NDRG4, PDL-1 and 
VEGFA overnight at 4°C. Following rinsing, membranes underwent treatment with an HRP-conjugated secondary 
antibody and were subsequently visualized using ECL reagent.

qRT-PCR
Following culture in 6-well plates until reaching approximately 80% confluence, SW-13 cells were transfected with 
corresponding short hairpin RNAs (shRNAs) using Lipo8000TM reagent (C0533, Beyotime), adhering to the manufac
turer’s instructions. After 48 hours of transfection, we assessed the expression levels of ASF1B and NDRG4 through 
qRT-PCR and Western blotting techniques. For additional details on primer sequences, antibodies, and shRNA, please 
refer to Tables S1 and S2, respectively.

Scratch Assays
Cells were seeded in 6-well plates during the logarithmic growth phase at a density of 1×105 cells per well. Subsequently, 
they were incubated in a 37°C, 5% CO2 environment. When the cells reached around 90% confluence, scratch wounds 
were generated on the cell monolayer using a straight ruler. Afterward, the wells underwent three gentle washes with 
PBS to eliminate any detached cells, followed by the addition of serum-free medium. The cells were then returned to the 
same conditions for further incubation. Intermittent observations of cell migration were conducted using an inverted 
microscope. Images were captured at the beginning (0 hours) and end (24 hours) of the experiment to monitor migration 
progress, and closure rates were subsequently calculated to evaluate wound healing.

Transwell Migration Assays
For the Transwell migration assays, cells were seeded into the upper chamber at a density of 4×104 cells/300μL in serum- 
free culture medium. In the lower chamber, 500μL of culture medium supplemented with 20% fetal bovine serum was 
added. The chambers were then incubated at 37°C with 5% CO2 for an additional 48 hours. Afterward, the cells were 
carefully removed, and the supernatant was aspirated. Fixation was performed with 4% paraformaldehyde for 20 minutes. 
After fixation, the upper chamber was gently wiped to eliminate non-migratory cells, and then rinsed with PBS. 
Following this, the insert was dried and examined under a microscope for documentation.

CCK-8 Viability Assays
The initial seeding density of cells in 96-well plates was 5×103 cells per well. After allowing the cells to adhere, they 
were treated with complete medium supplemented with 10% CCK-8 reagent. Following a 1-hour incubation period, the 
optical density at 490 nm was determined.

Assessment of tumor mutation burden (TMB) score, and cancer stem cell (CSC) 
index in high versus low-risk groups
To assess TMB score, and CSC index, we utilized various analytical approaches. We computed immune and stromal 
scores utilizing the ESTIMATE algorithm to compare components across both groups. Somatic mutations underwent 
analysis via the R package “maftools” with TMB documented for individual patients. Boxplots were utilized to evaluate 
the differential expression of immune checkpoints and their correlation with risk groups regarding CSC.
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Drug Susceptibility Analysis
Therapeutic implications of the prognostic model in ACC were evaluated through drug susceptibility analysis. Using the 
R package “pRRophetic”, IC50 values were calculated for various chemotherapeutic agents and targeted therapies 
commonly employed in clinical practice, across distinct risk groups. Statistical significance was determined accordingly.

Statistical Analysis
Statistical analyses were performed with R software (versions 4.1.3 and 4.2.0). Comparisons between two groups were 
conducted using Student’s t-test or the Wilcoxon rank-sum test, while ANOVA was applied for comparisons involving 
multiple groups. A significance level of p < 0.05 was considered indicative of statistical significance.

Result
Exploring Cuproptosis Subtypes in ACC
Figure 1 presents the study’s design concept. Survival data from TCGA and GEO were merged, excluding patients 
without survival information, resulting in a total of 123 patients included for comparison. RNA-seq data for 17 CRGs 
were obtained. Univariate Cox regression analysis was then performed to assess the prognostic significance of these 17 
CRGs in ACC patients, as detailed in Table 1. Following this, a cuproptosis-associated prognostic network was 
constructed, illustrating the interactions among CRGs, their regulatory relationships, and their prognostic implications 
(Figure 2a). Among the 11 CRGs demonstrating significance in OS, LIAS, NLRP3, ATP7B, and PDHA1 were associated 
with longer OS, while SLC31A1, CDKN2A, FDX1, MTF1, NFE2L2, LIPT1, and DLAT were linked to shorter OS, as 
observed in Kaplan-Meier curves (Figure 2b–l).

We utilized a consensus clustering algorithm to examine the expression patterns of the 11 prognostic CRGs and 
classify cuproptosis in ACC. This analysis unveiled three distinct subtypes—referred to as subtypes A, B, and C 
(Figure 3a and Table S3)—comprising 48, 38, and 37 cases, respectively. Following PCA, notable distinctions in the 

Figure 1 The flow chart of our study.
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transcriptional patterns of cuproptosis were illuminated among these subtypes (Figure 3b). Survival analysis unveiled 
significant prognostic differences within the three cuproptosis subtypes, with subtype C displaying remarkable survival 
benefits (Figure 3c). Additionally, supplementary investigations unveiled varying expressions of CRGs and clinical 
characteristics across the three subtypes (Figure 3d).

TME Characteristics and Functional Diversity in Cuproptosis Subtypes
For a deeper understanding of the variations in survival among the three subtypes, GSVA enrichment analysis was 
employed to reveal their unique functional and biological characteristics. By comparing the enrichment analysis results 
between subtypes A and C, B and C, as well as A and C, we uncovered noteworthy insights. Subtype B exhibited 
a pronounced association with pathways related to cell division and DNA repair, whereas subtype C showed significant 
enrichment in metabolic pathways, including linoleic acid metabolism (Figure 4a–c).

Moreover, we evaluated the enrichment levels of 23 distinct immune cell subpopulations across the three subtypes 
utilizing ssGSEA analysis (Figure 4d). Subtype C was distinguished by its significant infiltration of a wide array of 
immune cell types, including activated B cells, CD8 T cells, dendritic cells, natural killer cells, myeloid-derived 
suppressor cells (MDSCs), macrophages, monocytes, natural killer T cells, plasmacytoid dendritic cells, and type 17 
T helper cells. In contrast, subtype B showed conspicuous infiltration of activated CD4 T cells and type 2 T helper cells, 
while subtype A exhibited the highest eosinophil infiltration.

Discovery of Gene Clusters Among DEGs
Utilizing the limma R package, we delved into the biological intricacies associated with each cuproptosis pattern, leading 
to the identification of 230 DEGs across the three clusters (Figure 5a). Subsequently, we conducted functional analysis 
focusing on these DEGs. GO analysis (Figure 5b) revealed significant enrichment of DEGs involved in biological 
processes related to cell proliferation, such as nuclear division, organelle fission, and chromosome segregation. The most 
enriched molecular function annotations included tubulin binding, microtubule binding, and histone binding. 
Additionally, KEGG pathway analysis highlighted the considerable engagement of the top 20 enriched pathways in 
cellular processes such as the cell cycle and DNA replication (Figure 5c).

Through univariate Cox regression analyses, we pinpointed 214 prognostic DEGs with significant associations to OS 
(P < 0.05, Table S4). Subsequently, we utilized the We performed a consistency analysis using the Consensus Cluster 

Table 1 Univariate Cox Regression Analysis of Cuproptosis 
Related Genes

Id HR HR.95L HR.95H P value K-M

SLC31A1 2.131 1.559 2.913 <0.001 <0.001

CDKN2A 1.383 1.130 1.693 0.002 <0.001

FDX1 1.197 0.998 1.437 0.053 0.003
MTF1 1.885 1.112 3.197 0.019 0.004

NFE2L2 1.330 0.941 1.880 0.107 0.010

LIAS 0.736 0.495 1.093 0.129 0.011
NLRP3 0.669 0.345 1.298 0.235 0.018

ATP7B 0.979 0.392 2.447 0.964 0.021
PDHA1 0.773 0.539 1.108 0.160 0.025

LIPT1 1.441 0.875 2.373 0.151 0.026

DLAT 1.264 0.914 1.747 0.156 0.032
DLST 1.119 0.862 1.455 0.398 0.056

ATP7A 0.856 0.581 1.261 0.430 0.061

PDHB 1.176 0.800 1.729 0.409 0.071
GLS 0.874 0.660 1.157 0.347 0.084

DLD 0.968 0.733 1.279 0.820 0.134

DBT 0.964 0.594 1.567 0.884 0.283
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Figure 2 Interaction Network and Survival Analysis of CRGs in ACC. (a) Interactions among CRGs in ACC. The line connecting the CRGs represents their interaction. 
Blue represents negative and pink represents positive correlations. (b–l) Kaplan-Meier curves based on the expression of CRGs (SLC31A1, CDKN2A, FDX1, MTF1, 
NFE2L2, LIAS, NLRP3, ATP7B, PDHA1, LIPT1, and DLAT).
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Plus package in R software, dividing ACC patients into three cuproptosis gene clusters labeled as gene cluster A, gene 
cluster B, and gene cluster C (k = 3, Figure 5d and Table S5). Kaplan–Meier curves for survival analysis demonstrated 
a noteworthy discrepancy in OS among the three clusters, notably with cluster C exhibiting superior OS (P < 0.001) 
(Figure 5e). Additionally, Figure 5f delineates the relative disparities in stage, pathological grade, gender, age, and 
cuproptosis subtypes across gene clusters A, B, and C. Noteworthy differences were discerned in the expression profiles 
of the 17 CRGs across the three gene clusters, as depicted in Figure 5g.

Development and Validation of the Prognostic CRG_score
The datasets from TCGA and GEO pertaining to ACC were amalgamated and subsequently divided randomly into training 
and validation sets in a 1:1 ratio.LASSO analysis identified six genes, which were further analyzed using multivariate Cox 
regression to establish a risk signature (Figure 6a and b). As a result of this procedure, two prognostic CRGs were identified: 
ASF1B was identified as a high-risk gene, whereas NDRG4 was classified as a low-risk gene (Table 2). The CRG_score was 
computed using coefficients derived from the multivariate Cox regression analysis as follows: CRG risk score = (0.7043 * 
ASF1B expression) + (−0.3375 * NDRG4 expression). The stratification of patients into high-risk and low-risk groups was 
determined by using the median risk score as the threshold. Figure 6c illustrates the distribution of patients across 
cuproptosis subtypes, gene clusters, risk scores, and OS status. Figure 6d and e highlights a significant contrast in 
CRG_score among the cuproptosis subtypes and gene clusters, with subtype C demonstrating the lowest CRG_score, 

Figure 3 Cuproptosis subtypes in ACC. (a) Consensus matrix heatmap defining three subtypes (k = 3) and their correlation area. (b) PCA analysis showing a significant difference 
in cuproptosis in transcriptomes between the three subtypes. (c) Survival analysis showed significant differences among the three cuproptosis subtypes. (d) Differences in clinical 
features and CRGs expression between three cuproptosis subtypes.
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and subtype B displaying the highest CRG_score. Furthermore, Figure 6f showcases significant differential expression of 
eight CRGs between the high-risk and low-risk groups.

In the training cohort, the distribution plot (Figure 6g) revealed a reduction in OS as the CRG_score increased. 
Kaplan–Meier survival analysis indicated significantly better OS in patients with low scores compared to those with high 
scores (P < 0.001; Figure 6h). Furthermore, the CRG_score displayed 1-, 3-, and 5-year survival rates with corresponding 
area under the curve (AUC) values of 0.979, 0.975, and 0.869, respectively (Figure 6i). A heatmap was also generated to 
visualize the relationships between the two prognostic marker genes and the CRG risk groups, revealing high expression 
of ASF1B in the high-risk group and elevated expression of NDRG4 in the low-risk group (Figure 6j). These trends were 
consistently observed across both the entire dataset and the validation set (Figure S1).

Assessment of Tumor Microenvironment in High- and Low-Risk Cohorts
Using the ESTIMATE algorithm, our analysis revealed that the high-risk group demonstrated significantly lower stromal 
score, immune score, and overall ESTIMATE Score compared to the low-risk group (Figure 7a, Table S6). This finding 
suggests a less favorable tumor microenvironment in the high-risk cohort, which could have implications for immune cell 
infiltration and the tumor’s ability to evade immune surveillance.

Association of CRG_score with CSC Index, Mutation Status, and Drug Sensitivity
Analyzing somatic mutations across the patient cohort, we compared their distribution between the two CRG_score 
groups. Noteworthy among the top ten mutated genes were MUC16, CTNNB1, TP53, TTN, PCDH15, ASXL3, 
CNTNAP5, SVEP1, and LRP1. Significantly, the high-risk group exhibited a markedly higher mutation frequency 
compared to the low-risk group (88.89% vs 48.78%, Figure 7b and c). Furthermore, the high-risk cohort exhibited an 
elevated TMB (Figure 7d and e).

Figure 4 GSVA of Biological Pathways and Immune Cell Infiltration in Cuproptosis Subtypes. (a–c) GSVA of biological pathways between two distinct subtypes. (d) Abundance 
of 23 infiltrating immune cell types in the three cuproptosis subtypes. Statistical significance is indicated with *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 Identification of gene clusters based on DEGs. (a) The Veen diagram showed the intersection of DEGs based on the three cuproptosis subtypes. (b and c) GO and 
KEGG enrichment analyses of DEGs. (d) Consensus matrix heatmap defining three cuproptosis-related prognosis gene clusters (k = 3). (e) Survival analysis showed significant 
differences among the three prognosis gene clusters. (f) Differences in clinical features and CRGs expression among the three prognosis gene clusters. (g) Differences in the 
expression of 17 CRGs among the three prognosis gene clusters. Statistical significance is indicated with *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6 Development and Validation of Risk Signature for ACC Prognosis: (a and b) LASSO regression analysis and partial likelihood deviance of the prognostic genes. (c) Distribution 
of patients across cuproptosis subtypes, gene clusters, risk_score, and OS status. (d) Comparison of CRG_score among the three gene clusters. (e) Comparison of CRG_score among 
the three cuproptosis subtypes. (f) Differential expression of eight CRGs between high-risk and low-risk groups. (g) Distribution plot showing the association between CRG_score and 
OS in the training cohort. (h) Kaplan-Meier survival curves demonstrating significantly better OS in low-score patients compared to high-score patients. (i) AUC values representing the 
1-, 3-, and 5-year survival rates based on CRG_score. (j) Heatmap illustrating the expression patterns of the two prognostic marker genes (ASF1B and NDRG4) in different CRG risk 
groups. Statistical significance is indicated with *P < 0.05; **P < 0.01; ***P < 0.001.
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A notable finding was the significant positive linear correlation observed between the CRG_score and the CSC index 
(R = 0.54, p < 0.001). This suggests that ACC cells with higher CRG_scores tend to display increased stem cell 
properties and decreased differentiation levels (Figure 7f).

Regarding drug sensitivity, individuals in the high-risk category exhibited decreased IC50 values for Doxorubicin and 
Etoposide (Figure 7k–l). These observations highlight the potential of CRG_score as a predictive factor for drug 
sensitivity, aiding in the selection of appropriate treatment strategies for ACC patients.

Steroid Hormone Synthesis and Proliferation Markers in High-Risk Vs Low-Risk 
Groups
Jordan et al14 compiled a list of genes involved in steroid metabolism, including those associated with cortisol synthesis 
and related transcription factors. A comparison of mRNA expression levels of steroid synthesis genes between the high- 
risk and low-risk groups revealed elevated expression of CYP17A1, HSD3B1, HSD3B2, HSD11B2, CYP19A1, PBX1, 
CREB1, and NR5A1 in the high-risk group, with lower NR0B1 expression (Figure 7g).

The correlation between the CRG_score and proliferation markers such as MKi67 and mitotic count was also 
assessed. The high-risk group exhibited higher expression of MKi67, with a positive correlation observed between 
CRG_score and MKi67 expression (Figure 7h and i). Additionally, a higher CRG_score was proportional to increased 
mitotic count (Figure 7j).

Validation of Protein Expression Levels of Risk Genes in ACC Tissue via IHC Staining
Significant alterations in the protein expression levels of ASF1B and NDRG4 were observed in ACC tissue compared to 
adrenocortical adenoma tissue, as indicated by IHC results. Specifically, ASF1B exhibited a notable upregulation in ACC 
tissue, whereas NDRG4 demonstrated a marked downregulation (Figure 8a-d) relative to their expression in adrenocor
tical adenoma tissue.

Divergent Roles of ASF1B and NDRG4 in Regulating Migration, Proliferation, 
Angiogenesis, and Immune Modulation in SW-13 Adrenocortical Carcinoma Cells
To investigate the functional significance of ASF1B and NDRG4 in ACC, we utilized specific shRNAs to downregulate their 
expression in SW-13 cells. We identified the two shRNAs with the highest knockdown efficiency for subsequent experiments 
through qRT-PCR and Western blot assays (Figure 9a–f). Following scratch and transwell experiments, it was observed that 
ASF1B knockdown attenuated SW-13 cell migration capacity, while NDRG4 knockdown enhanced migration (Figure 9g–i, k). 
Furthermore, CCK-8 assay results demonstrated that ASF1B suppression reduced SW-13 cell proliferation, while NDRG4 
inhibition increased proliferation (Figure 9j). These findings highlight the pro-migratory and proliferative roles of ASF1B in SW- 
13 cells, contrasting with the inhibitory effects of NDRG4.

Additionally, we assessed the expression of PDL-1 and VEGFA following the knockdown of ASF1B and 
NDRG4. ASF1B knockdown was associated with an increase in PDL-1 expression and a decrease in VEGFA 
expression. In contrast, NDRG4 knockdown led to a decrease in PDL-1 expression and a significant increase in 
VEGFA expression (Figure 10).

Table 2 Prognostic Genes in 
the Risk Score

Id Coef

ASF1B 0.7043

NDRG4 −0.3375
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Figure 7 Analysis of Tumor Microenvironment, Mutation Status, Cancer Stem Cell Index, Drug Sensitivity, and Hormone Synthesis in High- and Low-Risk ACC Cohorts 
Based on CRG_score. (a) Comparison of Stromal Score, Immune Score, and ESTIMATE Score Between High-Risk and Low-Risk Groups. (b and c) Distribution and 
Frequency of Somatic Mutations in High-Risk and Low-Risk Groups. (d) TMB Analysis in High-Risk and Low-Risk Groups. (e) Correlation Between CRG_score and TMB, 
and Its association with Cuproptosis Gene Clusters. (f) Correlation Between CRG_score and CSC Index, and Its association with Cuproptosis Gene Clusters. (g) mRNA 
Expression Levels of Steroid Synthesis Genes in High-Risk and Low-Risk Groups. (h) MKi67 in High-Risk and Low-Risk Groups. (i) Correlation Between CRG_score and 
MKi67, and Its association with Cuproptosis Gene Clusters. (j) Association of CRG_score with Mitotic Count. (k and l) Drug Sensitivity Analysis for Doxorubicin and 
Etoposide in High-Risk and Low-Risk Groups. Statistical significance is indicated with *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion
Copper serves as a vital mineral nutrient essential for the functioning of all living organisms.15 Disruptions in the precise 
equilibrium of copper ions have been linked to the onset and advancement of cancer.16 Earlier studies have suggested a robust 
association between copper levels and the staging of breast and colorectal cancers.17,18 Moreover, studies have underscored 
the role of copper in activating angiogenic factors like angiogenin and vascular endothelial growth factor, pivotal for tumor 
advancement and metastasis.19 Cuproptosis, recognized as a new pathway of cell death, involves copper-triggered cell demise 
specifically targeting lipoylated TCA cycle proteins.6 Research on cuproptosis in ACC remains limited. Further studies are 
needed to elucidate the mechanisms and potential clinical implications of cuproptosis in ACC.

Using the expression levels of 11 prognostic CRGs, we classified ACC patients into three distinct copper death- 
related subtypes (A, B, and C). Significant differences in OS were observed among these subtypes, with subtype 

Figure 8 Protein Expression Levels of ASF1B and NDRG4 in ACC and adrenocortical adenoma Tissues. (a and b) Protein expression and semi-quantitative analysis of 
ASF1B. (c and d) Protein expression and semi-quantitative analysis of NDRG4. Statistical significance is indicated with **P < 0.01.
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Figure 9 Functional Validation of ASF1B and NDRG4 Knockdown in SW-13 Cells. Validation of the interference efficiency of ASF1B and NDRG4 shRNAs in SW-13 cells 
through qRT-PCR (a and b) and Western blot (c–f). Scratch assay (g and k): Comparison of cell migration in different groups of SW-13 cells at 0h and 24h.Transwell 
migration assay (h and i): Evaluation of downward migration of SW-13 cells in different groups after 48h of seeding. CCK-8 assay (j): Relative cell proliferation rate-time 
curves of SW-13 cells in different groups. Statistical significance is indicated with *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.
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B exhibiting the poorest prognosis and subtype C the most favorable outcomes. Additionally, immune infiltration and 
functional characteristics varied markedly across the subtypes. Notably, no enrichment of tumor immune therapy-related 
pathways was identified in any of the three subtypes.We intersected the prognostic genes from all three subtypes and 
conducted univariate regression analysis, resulting in 214 cuproptosis DEGs. Functional enrichment analysis revealed 
that these DEGs were predominantly involved in cell proliferation pathways. Based on DEG expression, we further 
categorized patients into three gene clusters (A, B, and C), which also showed significant differences in OS. Most CRGs 
exhibited differential expression across these gene clusters. Building on these findings, we developed a prognostic model 
incorporating two cuproptosis DEGs, ASF1B and NDRG4.

ASF1B, a paralog of ASF1, plays a crucial role as a histone H3-H4 chaperone protein, governing processes such as DNA 
replication, repair of DNA damage, and regulation of transcription. Its main function involves facilitating cell proliferation and 
modulating cell cycle advancement.20,21 Increasing evidence underscores ASF1B’s significant involvement in the pathogen
esis and prognosis of various cancers, such as lung adenocarcinoma,20,22 hepatocellular carcinoma,23 and gliomas.24 Agosta 
et al19 uncovered the role of NDRG4 in the miR-139-5p/NDRG4 axis, contributing to ACC aggressiveness and suggesting 
implications for prognosis and therapeutic strategies in adrenocortical malignancies. Additionally, Zhang et al25 reported 
downregulation of NDRG4 protein and mRNA expression in gastric cancer, with significant associations noted with tumor 
differentiation, metastasis, stage, and unfavorable disease-free and OS.

Figure 10 Effects of ASF1B and NDRG4 Knockdown on PDL-1 and VEGF-A Expression in SW-13 Cells. Statistical significance is indicated with *P < 0.05; **P < 0.01; 
****P < 0.0001.
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Consistent with previous results, subtype B and cluster A demonstrated higher CRG_scores, while subtype C and cluster 
C had the lowest scores. Furthermore, patients in the high-risk group showed poorer prognosis. ROC curve analysis indicated 
that the CRG_score effectively predicted 1-, 3-, and 5-year survival rates, with time-dependent AUC values ranging from 
0.673 to 0.979 at one year, 0.878 to 0.975 at three years, and 0.851 to 0.869 at five years across the three cohorts. In summary, 
we established a robust and effective prognostic CRG_score and validated its predictive performance.

Mitotic count and Ki67 are key prognostic markers for ACC. Previous research identified Ki67 as the most critical 
predictor of recurrence in localized ACC following R0 resection.26 In our study, we observed that MKi67 was 
significantly elevated in the high-risk group, and both MKi67 expression and mitotic count were positively correlated 
with CRG_score. This correlation indicates that tumor cells in the high-risk group possess a higher proliferative capacity. 
Further, after knocking down the risk-associated genes, our findings were consistent with earlier results. Specifically, 
silencing the positive gene ASF1B led to reduced cell proliferation and migration, accompanied by decreased VEGFA 
expression. Conversely, knockdown of the negative gene NDRG4 resulted in increased cell proliferation and migration, 
along with elevated VEGFA expression. These results further confirm that tumors in the high-risk group are more 
aggressive and possess a greater capacity for angiogenesis.

ACC patients exhibit elevated steroid hormone secretion, primarily cortisol.14 Studies suggest that increased hormone 
secretion in ACC is a significant risk factor for poor prognosis.27 Glucocorticoids suppress the growth and maturation of 
immune cells, inhibit activation signals, and induce lymphocyte apoptosis.28 Excessive glucocorticoids can impair immune 
function, thereby facilitating tumor progression.14 We compared steroid secretion-related genes and transcription factors 
between high-risk and low-risk groups. The high-risk group showed increased expression of CYP17A1, HSD3B1, HSD3B2, 
HSD11B2, CYP19A1, PBX1, CREB1, and NR5A1, while NR0B1 expression was decreased. Notably, NR0B1 is recognized 
as an inhibitor of steroid hormone biosynthesis.29 These results indicate that the high-risk group is characterized by elevated 
expression of genes involved in cortisol and steroid hormone synthesis. Overall, the high-risk group exhibits higher expression 
of genes promoting steroid hormone secretion, suggesting a higher level of steroids, which may contribute to resistance to 
immunotherapy. This finding partly explains the poor prognosis observed in the high-risk group. We also utilized the 
ESTIMATE algorithm to evaluate stromal and immune scores. It was found that the high-risk group had lower stromal and 
immune scores, along with higher tumor purity, aligning with the hypothesis that steroids suppress immune cell activity.

We observed that patients in the high-risk group had a higher tumor mutation burden. The three most frequently 
mutated genes in this group were MUC16, CTNNB1, and TP53. MUC16 and TP53 are among the most commonly 
mutated genes in human cancers. Mutations in MUC16 are associated with enhanced tumor cell proliferation and 
metastatic potential.30 When TP53 is mutated, its tumor-suppressive function is altered, promoting carcinogenesis.31 

This aligns with our previous cellular findings. CTNNB1 encodes β-catenin, a crucial downstream component of the Wnt 
signaling pathway. Mutations in CTNNB1 have been linked to significant immune evasion and resistance to anti-PD-1 
therapy in hepatocytes.32 Additionally, knockdown experiments of low-risk genes ASF1B and NDRG4 revealed that 
silencing ASF1B increases PDL-1 expression, while silencing NDRG4 reduces PDL-1 expression, indirectly suggesting 
lower PDL-1 levels in the high-risk group and potential insensitivity to PD-1 blockade therapy. Based on these findings, 
we cautiously hypothesize that patients in the high-risk group may be less responsive to immunotherapy, with a tendency 
toward immune evasion and resistance to PD-1 inhibitors compared to those in the low-risk group.

ACC who are not candidates for complete surgical resection, existing research suggests avoiding routine adrenal 
surgery in cases of widespread metastasis. Instead, therapy should be personalized based on prognostic factors, favoring 
either mitotane alone or combined with etoposide, doxorubicin, and cisplatin.33 Du et al34 showed that linking 
doxorubicin with a specific metal-organic framework can intensify mitochondrial damage, inhibit Cu-ATPase, and 
increase cellular sensitivity to copper ions, while also inducing immunogenic cell death and reducing tumor metastasis. 
Similarly, Wang et al35 developed a delivery system that incorporated doxorubicin, camptothecin and Cu2+, which 
induced cuproptosis and activated the immune response in triple-negative breast cancer cells. Our analysis of drug 
sensitivity revealed that patients classified as high-risk exhibited lower IC50 values for doxorubicin and etoposide, 
suggesting increased sensitivity to these agents. Further development of metal-based frameworks to enhance the targeting 
specificity of chemotherapeutic drugs, along with exploring the potential synergistic effects between chemotherapy and 
immunotherapy, could offer new avenues for treating advanced ACC.
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Cuproptosis, a distinct mechanism of cell demise, is reliant on mitochondrial respiration. This unconventional 
pathway offers potential for innovative therapeutic strategies in cancer treatment. This study has several significant 
limitations. First, our analysis primarily relies on retrospective data from public databases, without validation from our 
own patient cohort. Furthermore, our functional studies did not explore the interactions between immune cells and 
adrenocortical carcinoma (ACC) cells, nor did we associate specific cell lines with ACC subtypes. The limited number of 
patient samples available also prevented us from assessing the correlation between Weiss scores, Ki-67 labeling index, 
and ASF1B and NDRG4 expression within our cohort. Although we hypothesized a link between our findings and tumor 
immunotherapy, we did not investigate the relationship between ASF1B and NDRG4 immunoreactivity and factors such 
as tumor-infiltrating lymphocytes, PD-L1 status, or vascularity in our ACC cases. These findings warrant confirmation 
through large-scale prospective studies and additional in vivo and in vitro experiments.

Conclusions
This study explores the role of CRGs in ACC and identifies distinct subtypes based on copper-related gene 
expression. Our prognostic model, incorporating ASF1B and NDRG4, provides insights into patient risk stratifica
tion, with high-risk patients showing poorer outcomes and potential resistance to immunotherapy. The study’s 
retrospective design and limited clinical data underscore the need for further research to validate and expand 
upon these results. Overall, this research offers a foundation for developing targeted therapies and improving 
treatment approaches for ACC.
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