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Background: Cuproptosis is a novel type of cell death induced by copper. Cuproptosis-associated genes play a crucial part in oncogenesis and the growth and metastasis of tumors. However, the correlations among cuproptosis-associated genes, overall survival, the tumor microenvironment, and drug sensitivity remain unclear. Therefore, we performed an analysis of cuproptosis-associated genes across cancers.
Methods: We downloaded RNA sequence expression data, clinical and survival data, stemness score data, and immune subtype data of cuproptosis-associated genes from the UCSC Xena. Next, we conducted differential analysis, expression analysis and correlation analysis across cancers with various R packages. Moreover, survival analysis and Cox hazard analysis were conducted to investigate the relationships between cuproptosis-associated genes and survival outcomes in various cancer types. Finally, we also analyzed the relationship among the levels of cuproptosis-associated genes across cancers, immune types, the tumor microenvironment, stemness scores, and drug sensitivity. Expression validation of cuproptosis-associated genes in renal cancer and normal tissues by immunohistochemical staining.
Results: We found that 10 cuproptosis-associated genes (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A) were differently expressed in 18 tumors and normal tissues. Survival outcomes showed that cuproptosis-associated genes had prognostic value in various cancer types. Moreover, we identified that cuproptosis-associated genes had different levels in six immune subtypes. The study also indicated that the levels of most cuproptosis-associated genes were positively correlated with the RNAss and DNAss. FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB were negatively correlated with immune scores and ESTIMATE scores. In addition, we identified the top 16 drugs strongly sensitivity to cuproptosis-associated genes according to the correlation coefficient. Finally, we also found that cuproptosis-associated genes were significantly correlated with immune subtype, clinical features, the tumor microenvironment, and drug sensitivity in Kidney renal clear cell carcinoma. And the results of immunohistochemical staining analysis was very consistent with the previous analysis.
Conclusion: We performed an overall analysis to uncover the roles of cuproptosis-associated genes in differential expression, survival outcomes, immune subtypes, the tumor microenvironment, stemness scores, and cancer drug sensitivity across cancers.
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INTRODUCTION
Previously reported statistics have shown that cancer is the main public health problem globally and the second most common cause of death (Bray et al., 2021). In 2020, there were roughly 19.3 million new cases and 10 million deaths globally (Sung et al., 2021). Although there have been significant advances in diagnosis and therapy techniques, survival time of individuals with cancer remains extremely short. Therefore, it is significant and urgent to explore potential predictive indicators and promising therapeutic strategies.
There are many kinds of cell death, such as necroptosis, pyroptosis, autophagy, and ferroptosis (Tang et al., 2020). Previous study has found that after blocking adenosine triphosphate (ATP) biosynthesis, a high concentration of zinc can induce nonapoptotic cell death (Dineley et al., 2003; Du et al., 2021). Besides, ferroptosis, a unique kind of cell death, is characterized by the production of hazardous membrane lipid peroxides, which is catalyzed by iron (Kagan et al., 2017). Another trace metals, including copper, are necessary for a number of biological activities in living organisms. However, these trace metals should be present in cells in appropriate amounts. Insufficient metal concentrations can cause essential metal-binding enzymes to malfunction, while excessive metal concentrations can increase the cellular burden and cause cell death. In 1928, scientists investigated the role of copper in physiological processes for the first time (Tardito and Marchio, 2009). Cu-TSCs (thiosemicarbazones) were shown to have antitumor activity in the 1960s, pioneering a new era of cancer treatment with copper compounds (Booth and Sartorelli, 1966; Cappuccino et al., 1967). In 2005, scientists found that the production of reactive oxygen and nitrogen species was a fundamental element influencing the toxic effects and carcinogenicity of trace metals, including copper (Valko et al., 2005). In addition, the Fenton reaction, which generates superoxide radicals and hydroxyl radicals, is involved in the influence of copper on living organisms (Singh et al., 2021). Previous studies have shown that unbalanced intracellular copper levels influence tumorigenesis and the growth and metastasis of tumors, causing irreversible damage. In humans, excessive copper accumulation has two sides. On the one hand, it is life-threatening. On the other hand, intracellular copper accumulation can be used to selectively kill cancer cells (Ge et al., 2022).
A major discovery was recently published in Science, as an increased concentration of intracellular copper was found to induce the polymerization of mitochondrial lipoylated proteins and the instability of Fe-S cluster proteins, inducing a novel kind of cell death known as cuproptosis (Tsvetkov et al., 2022). Unlike all other known mechanisms that regulate cell death, cuproptosis, which is a recently discovered copper-induced cell death process, has attracted substantial attention and has become a research hotspot in the field of tumor therapy. First, Tsvetkov and colleagues identified whether intracellular copper triggered a new type of regulated cell death that was distinct from oxidative stress-associated cell death processes, such as ferroptosis, apoptosis, and necroptosis. They used different cell death inhibitors, including Z-VAD-FMK, ferrostatin-1, liproxstatin-1, and necrostatin-1, to suppress cell death triggered by copper complexes, but the inhibitors had no effect on the process. Second, it was demonstrated that copper-induced cell death required the involvement of mitochondrial respiration and that ATP produced by glycolysis had a minor effect on copper-induced cell death. Immediately afterward, the authors also found that copper was not directly involved in the electron transport chain (ETC) but played a role in only the tricarboxylic acid (TCA) cycle. Finally, the researchers found that the copper that penetrated into the mitochondria via copper carriers bound directly to these lipid-modified proteins, causing them to form long chains and clump together, leading to cell death. These copper molecules also interfered with iron-sulfur clusters, leading to the downregulation of iron-sulfur proteins and resulting in cytotoxic stress and death. This surprising discovery illustrated how copper actually disrupted mitochondrial function and how it caused cell death, which laid a solid foundation for elucidating the pathology of inherited copper overload illnesses and developing novel ways to treat cancer via copper toxicity.
In our work, we first downloaded RNA sequence expression data, clinical and survival data, stemness score data, and immune subtype data of cuproptosis-associated genes (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A) from the UCSC Xena. Next, we conducted differential analysis, expression analysis and correlation analysis across cancers. Moreover, survival analysis was conducted to identify the connection between the prognostic outcomes of cuproptosis-associated genes and various cancer types from TCGA. Additionally, we examined the relationship among the levels of cuproptosis-associated genes and immune types, the tumor microenvironment and tumor stem cells across cancers. We further explored the association between drug sensitivity and cuproptosis-associated genes. Finally, the relationship between cuproptosis-associated genes in Kidney renal clear cell carcinoma and tumor features was further analyzed in our work. And we also validated the protein expression by immunohistochemical staining. The above thorough research paved a path for discovering new functions of cuproptosis-associated genes and potential chemotherapy methods in pan-cancer research.
MATERIALS AND METHODS
Data downloading
RNA sequence expression data, clinical and survival data, stemness score data (based on DNA methylation and RNA expression), and immune subtype data of 33 TCGA tumors were abstracted from UCSC Xena (http://xena.ucsc.edu/) (Goldman et al., 2020; Miao et al., 2020). The abbreviations and full names of 33 tumors are listed in the Supplementary Table S1. Because the data from TCGA are open access, this study does not need the approval of the clinical ethics committee. The study complied with the access policies and publication rules of TCGA.
Differential expression analysis and correlation analysis of various cancer types
We obtained 10 cuproptosis-associated genes (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A) from the article: copper induces cell death by targeting lipoylated TCA cycle proteins, which was recently published in Science (Tsvetkov et al., 2022). These 10 genes were abstracted from Figure 3A in the above article. The team used a genome-wide CRISPR-Cas9 to ensure the scientific and accurate screening and the final screen yielded only 10 genes. These 10 genes were involved in the direct regulation of the vital activity of copper death. Therefore, we selected 10 cuproptosis-associated genes for the following analysis. To study the overall expression of 10 cuproptosis-associated genes across cancers, we first generated a boxplot graph of the expression levels of cuproptosis-associated genes in 33 cancers. Moreover, we visualized the differential expression levels of 10 cuproptosis-associated genes in 18 tumor types, which contained over five normal samples. A heatmap was constructed utilizing the R package “pheatmap”. The Wilcoxon test was also used to explore the differences between normal and tumor tissues. Besides, the correlations of cuproptosis-associated genes with other parameters in 33 cancers were analyzed utilizing the R package “corrplot”. Finally, we performed Spearman’s test to analyze the differential levels of cuproptosis-associated genes in 18 tumors, which contained over five normal samples. Differential expression analysis was visualized with the R package “ggpubr”. *p < 0.05, **p < 0.01, and ***p < 0.001. p < 0.05 was considered statistically significant.
Clinical correlation
To analyze the survival value of patients who had different levels of cuproptosis-associated genes, we performed survival analysis with the R packages “survival” and “survminer”. Additionally, Cox proportional hazard regression was also conducted to identify the connection between cuproptosis-associated genes and survival outcomes in various cancer types.
Correlation analysis of six immune subtypes
We visualized the immune subtype analysis of cuproptosis-associated genes using the R packages “limma”, “ggplot2”, and “reshape2”. The Kruskal test was conducted to analyze the differential expression of cuproptosis-associated genes in six immune subtypes (C1: wound healing, C2: IFN-γ dominant, C3: inflammatory, C4: lymphocyte depleted, C5: immunologically quiet, and C6: TGF-β dominant) (Thorsson et al., 2018).
Correlation analysis of the tumor microenvironment and tumor stem cells
To predict tumor purity and the infiltration of stromal and immune cells in various cancer types, we used the R packages “limma”, “estimate”, and “corrplot” to visualize the correlations between cuproptosis-associated genes and the tumor microenvironment (Diboun et al., 2006). Spearman’s test was used during the process. To analyze the features of tumor stem cells, we downloaded RNA expression data and DNA methylation data for various cancers from TCGA. RNA stemness score (RNAss) and DNA stemness score (DNAss) of cuproptosis-associated genes were presented using the R packages “limma” and “corrplot”. Spearman’s test was also used during the process.
Drug sensitivity
The CellMiner database (https://discover.nci.nih.gov/cellminer/home.do) is a large database for collecting, processing, and integrating molecular data on NCI-60 and other tumor cells (Shankavaram et al., 2009; Reinhold et al., 2012). We first abstracted gene data and drug sensitivity data from the CellMiner. Drug sensitivity data were validated after a clinical trial and certified with FDA standards. Next, we conducted Pearson test to identify the connections between cuproptosis-associated genes and drug sensitivity. The process was visualized by using the R packages “impute”, “limma”, “ggplot2”, and “ggpubr”.
Immune subtypes, clinical characteristics, stem cell scores and the tumor microenvironment in kidney renal clear cell carcinoma
To further identify the relationship between cuproptosis-associated genes and a specific cancer type (KIRC), we explored the levels of cuproptosis-associated genes in six immune subtypes using the Kruskal test. Moreover, we also identified the relationships between cuproptosis-associated genes and clinical characteristics, including stage, grade, age, and sex. Differential expression analysis of cuproptosis-associated genes and clinical characteristics was conducted with the R packages “limma”, “ggplot2”, and “reshape2”. The Kruskal test was also used in the process. Additionally, the correlations between stem cell stores and cuproptosis-associated genes were visualized by utilizing the R packages “limma”, “ggplot2”, “ggpubr”, and “reshape2”. Finally, we identified the connection between cuproptosis-associated genes and the tumor microenvironment with Spearman’s test.
Validation analysis of the human protein atlas
The Human Protein Atlas (http://www.proteinatlas.org/) could be performed to map all the human proteins in tissues using an integration of antibody-based imaging. The tissue section and the pathology section show the distribution of the proteins across major normal tissues and cancer tissues, respectively. We verified the differences in gene expression at the protein level by comparing these two parts. There four degrees of staining: high, medium, low, and not detected.
Statistical analysis
Statistical analyses were processed using the R package v. 3.6.3. The Wilcoxon test was used to explore the differences between normal and tumor tissues. The Kruskal test was conducted to analyze the differential expression of cuproptosis-associated genes in six immune subtypes. The connection between cuproptosis-associated genes and the tumor microenvironment with Spearman’s test. Pearson test was used in drug sensitivity analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. p < 0.05 was considered statistically significant.
RESULTS
The expression of cuproptosis-associated genes across cancers
A flowchart of pan-cancer analysis in cuproptosis-associated genes is shown in Figure 1. We first visualized the levels of 10 cuproptosis-associated genes in 33 cancers (Figure 2A). The boxplot shows that cuproptosis-associated genes, including FDX1, LIAS, DLD, DLAT, PDHA1, PDHB, GLS, LIPT1, MTF1, and CDKN2A had high expression in 33 cancers. Gene expression >1 means high expression level and Gene expression <1 means low expression level. Figure 2B shows the differential expression levels of cuproptosis-associated genes in 18 tumor types compared with adjacent non-tumor tissues. The heatmap shows that the fold change in cuproptosis-associated gene was greater than 1, which indicated that the level of cuproptosis-associated gene was higher in tumor tissue than corresponding normal tissue. It was surprise findings that CDKN2A had higher expression levels in 18 tumor types, which indicated that CDKN2A could be a novel biomarker in various cancers. Figure 2C presents the correlation analysis of cuproptosis-associated genes in 33 cancers. DLD and DLAT shared the strongest positive correlation (correlation coefficient = 0.53). However, FDX1 and MTF1 had the strongest negative correlation (correlation coefficient = −0.20). The expression of cuproptosis-associated genes in different tumors and normal tissues is presented in Figure 3. The boxplots indicates that CDKN2A had higher levels in various cancers, in accordance with the outcomes in Figure 2B.
[image: Figure 1]FIGURE 1 | Flowchart of pan-cancer analysis in cuproptosis-associated genes. DNAss, DNA stemness score; RNAss, RNA stemness score.
[image: Figure 2]FIGURE 2 | Differential expression and correlation analysis of 10 cuproptosis-associated genes in various cancer types. (A) Different levels of cuproptosis-associated genes in 33 cancers. Different colors in the bar chart represent different genes. The Y-axis in boxplot means the relative gene expression level in pan-cancer. (B) The differential expression of cuproptosis-associated genes in 18 cancers. The red boxes indicate high expression, and the green boxes indicate low expression. (C) Correlation analysis of cuproptosis-associated genes. Blue and red dots indicate positive and negative correlations, respectively.
[image: Figure 3]FIGURE 3 | (A–J) The levels of cuproptosis-associated genes in various tumor and normal tissues. The blue box plot indicates normal tissue. The red box plot indicates tumor tissue. *p < 0.05, **p < 0.01, and ***p < 0.001.
Prognostic value of cuproptosis-associated genes across cancers
Figure 4; Supplementary Figure S1 show the survival analysis of cuproptosis-associated genes in various cancers. A large majority of cuproptosis-associated genes including FDX1, LIAS, DLD, DLAT, MTF1, and CDKN2A had significant overall survival (p < 0.05), which indicated that cuproptosis-associated genes could be prognosis factors in Kidney renal clear cell carcinoma (KIRC). The above results also indicated that cuproptosis could play a crucial part in the occurrence and development of KIRC, paving the way for the following analysis. We also discovered that cuproptosis-associated genes including FDX1, LIAS, PDHA1, MTF1, CDKN2A had significant overall survival (p < 0.05), which indicated that cuproptosis-associated genes could be prognosis factors in Adrenocortical carcinoma (ACC). Similarly, cuproptosis-associated genes including LIAS, LIPT1, PDHB, GLS, and CDKN2A had significant overall survival in Mesothelioma (MESO) (p < 0.05). Cox proportional hazard analysis indicated the overall survival rates associated with cuproptosis-associated gene expression in various cancer types, as shown in Figure 5. And explicit HR and p-value in the Cox risk model were found in the Supplementary Table S2. A hazard ratio <1 indicated that cuproptosis-associated genes could be low risk factors; however, a hazard ratio >1 indicated that cuproptosis-associated genes could be high risk factors. As shown in the figure, all cuproptosis-associated genes were high risk factors in Prostate adenocarcinoma (PRAD). However, a large majority of cuproptosis-associated genes including FDX1, LIAS, LIPT1, DLD, DLAT, and PDHB acted as a low-risk indicator in Lymphoid neoplasm diffuse large B-cell lymphoma (DLBC). The above results indicated that cuproptosis-associated genes played a vital role in the survival of the patients with PRAD or DLBC.
[image: Figure 4]FIGURE 4 | Survival analysis of cuproptosis-associated genes in various cancers. The red and blue lines of the picture indicate high and low level, respectively.
[image: Figure 5]FIGURE 5 | Cox proportional hazard analysis indicates the overall survival rate associated with cuproptosis-associated gene expression in various cancer types. A hazard ratio <1 indicates low risk, and a hazard ratio >1 indicates high risk.
Correlation analysis of cuproptosis-associated genes and different immune subtypes
Figure 6 shows the different levels of cuproptosis-associated genes in six different immune subtypes. Cuproptosis-associated genes, including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, and GLS were highly expressed in different immune subtypes. The levels of CDKN2A were higher in C1, C2, C4, C5, and C6, and lower in C3. p-value is labeled as the comparison of six different immune subtypes.
[image: Figure 6]FIGURE 6 | Correlation analysis between cuproptosis-associated genes and six immune subtypes. C1, wound healing, C2, IFN-γ dominant, C3, inflammatory, C4, lymphocyte depleted, C5, immunologically quiet, and C6, TGF-β dominant.
Correlation analysis among cuproptosis-associated genes, stem cell scores and the tumor microenvironment
Tumor cells can lose their differentiated phenotype and develop precursor and stem cell-like characteristics as they develop. RNAss and DNAss were calculated to assess the features of tumor stem cells (Malta et al., 2018). Correlation analysis of cuproptosis-associated gene and stemness scores is shown in Figures 7A,B. As shown in the picture, the expression of a large majority of cuproptosis-associated genes including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB was positively correlated with RNAss and DNAss, which indicated that the higher the levels of cuproptosis-associated genes are, the higher the levels of stem cell scores, the more vigorous the tumor stem cells, and the lower the levels of tumor differentiation. However, MTF1 and GLS were negatively correlated with RNAss and DNAss. Figures 7C–E shows the associations among the expression of cuproptosis-associated genes and stromal, immune, and ESTIMATE scores. As shown in the picture, a large majority of cuproptosis-associated genes, including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB were negatively associated with immune, stromal, and estimated scores, which implies that the levels of immune and stromal cells are low across cancers and that tumor purity is high. However, some cuproptosis-associated genes, including MTF1, GLS, and CDKN2A, were positively associated with immune, stromal, and ESTIMATE scores, and the levels of immune and stromal cells were high across cancers, with low tumor purity.
[image: Figure 7]FIGURE 7 | Correlation analysis of cuproptosis-associated genes with tumor stem cells and the tumor microenvironment. (A) Correlation analysis between cuproptosis-associated gene expression and stemness scores based on DNA methylation. (B) Correlation analysis between cuproptosis-associated gene expression and stemness scores based on RNA expression. (C–E) The relationships among the expression of cuproptosis-associated genes and stromal scores, immune scores, and ESTIMATE scores.
The relationship between cuproptosis-associated genes and drug sensitivity
To explore the correlation between drug sensitivity and cuproptosis-associated genes, we conducted Pearson correlation analysis to address the expression data of cuproptosis-associated genes and drug sensitivity data. Figure 8 shows the top 16 drugs strongly sensitivity to cuproptosis-associated genes according to the correlation coefficient. As shown in the picture, GLS was negatively associated with sensitivity to bisacodyl, active ingredient of viraplex (cor = −0.372, p = 0.003), Actinomycin D (cor = −0.372, p = 0.003), Paclitaxel (cor = −0.366, p = 0.004) and positively associated with sensitivity to Midostaurin (cor = 0.340, p = 0.008). The higher the level of LIAS is, the stronger the sensitivity to drugs, including Hydroxyurea (cor = 0.348, p = 0.006), Asparaginase (cor = 0.332, p = 0.010), Acrichine (cor = 0.315, p = 0.014), RH1 (cor = 0.307, p = 0.017), and Nitrogen mustard (cor = 0.301, p = 0.020). PDHA1 was positively associated with Carmustine (cor = 0.370, p = 0.004), PX-316 (cor = 0.324, p = 0.012), and Hypothemycin (cor = 0.322, p = 0.012). The increased expression of CDKN2A resulted in less sensitivity to Mitoxantrone (cor = −0.360, p = 0.005) and stronger sensitivity to bisacodyl, active ingredient of viraplex (cor = 0.302, p = 0.019). DLAT and Methotrexate had positive correlation (cor = 0.322, p = 0.012). Cor means correlation coefficient.
[image: Figure 8]FIGURE 8 | The relationship between cuproptosis-associated genes and drug sensitivity.
Correlation analysis of cuproptosis-associated genes, immune subtypes, and clinical features in kidney renal clear cell carcinoma
From previous survival analysis, we found that the number of cuproptosis-associated genes with survival statistical significance was the highest in KIRC, compared with other cancers, which indicated that cuproptosis could play a crucial part in the occurrence and development of KIRC. Therefore, we further analyzed the connection of cuproptosis-associated genes, immune subtypes and clinical features. Figure 9 shows the correlation of cuproptosis-associated genes and different immune subtypes in KIRC. All cuproptosis-associated genes except for PDHB, were associated with six immune subtypes, with statistical significance, and most of them had high expression in various immune subtypes. The correlation between cuproptosis-associated gene expression and clinical characteristics in KIRC is shown (Figure 10). Clinical features, including age, sex, stage, and grade, were studied in our work. Figure 10A shows that the expression levels of all cuproptosis-associated genes except for GLS were significantly different in different grades. Most of cuproptosis-associated genes including LIAS, DLD, DLAT, PDHA1, PDHB, MTF1, and CDKN2A had significantly differential expression according to stage (Figure 10B). The above results indicated cuproptosis had strong guidance value in clinical features of the patients with KIRC. The expression levels of FDX1, MTF1, and GLS varied significantly in different genders (Figure 10C). Figure 10D shows that only PDHA1 was associated with ages. p-value was the result of an inter-group comparison.
[image: Figure 9]FIGURE 9 | Correlation analysis between the expression of cuproptosis-associated genes and different immune subtypes in Kidney renal clear cell carcinoma (KIRC).
[image: Figure 10]FIGURE 10 | The relationship between cuproptosis-associated genes and clinical characteristics in KIRC. (A) Stage, (B) grade, (C) age, and (D) sex.
The relationship of cuproptosis-associated genes, stem cell scores and the tumor microenvironment in kidney renal clear cell carcinoma
Figure 11 indicates the correlations of cuproptosis-associated genes, the KIRC microenvironment, and stem cell scores. Cuproptosis-associated genes, including DLD and GLS, were significantly associated with stemness scores (DNAss and RNAss) (p < 0.05). The scatter plot shows that the levels of DLD and GLS were positively associated with the DNAss and RNAss, which indicated that the higher the levels of DLD and GLS were, the higher the levels of stem cell scores, the more vigorous the tumor stem cells, and the lower the levels of tumor differentiation. Meanwhile, a large majority of cuproptosis-associated genes including FDX1, LIAS, DLD, DLAT, PDHA1, and GLS, were significantly associated with the tumor microenvironment (immune, stromal, and estimate scores) (p < 0.05). We surprisingly found that the levels of most of cuproptosis-associated genes were negatively associated with immune, stromal, and ESTIMATE scores, which implied that the lower the expression of cuproptosis-associated genes was, the higher the tumor purity. The above results implied that cuproptosis acted as a crucial role in the occurrence and development, which indicated that cuproptosis-associated genes could serve as a potential novel target for KIRC therapy.
[image: Figure 11]FIGURE 11 | Correlation analysis of cuproptosis-associated gene expression, the tumor microenvironment, and stem cell scores in KIRC.
Validation of cuproptosis-associated genes in renal cancer tissues compared with normal tissues by immunohistochemical staining
The above results showed that differential expression levels of cuproptosis-associated genes played a crucial in survival outcomes, immune subtypes, clinical features, stem cell scores and the tumor microenvironment of patients. Next, by immunohistochemical staining, we identified protein expression levels of cuproptosis-associated genes in renal cancer tissues and normal tissues. The results demonstrated that a large majority of cuproptosis-associated genes including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, and GLS had higher expression in normal tissues compared with renal cancer tissues, whereas CDKN2A was highly expressed in renal cancer tissues, which was very consistent with the results of our previous analysis (Figure 12).
[image: Figure 12]FIGURE 12 | Different protein levels of cuproptosis-associated genes in renal cancer tissues compared with normal tissues by immunohistochemical staining.
DISCUSSION
Previous studies have shown that copper can induce various cell death pathways, such as apoptosis and autophagy, through different mechanisms, including an increase in reactive oxygen species, proteasome suppression, and antiangiogenesis (Jiang et al., 2022). The first mechanism is oxidative stress: Increased levels of ROS are triggered by the copper-regulated Fenton reaction or a deficiency of antioxidant suppression, which leads to mitochondrial malfunction and cell death. Second, copper bound to proteasome subunits, leading to the accumulation of ubiquitinated proteins. Third, copper deficiency restricted the creation of new blood vessels, reducing nutrient access in tumor tissues. A major discovery was recently published in Science: Copper induces cell death by targeting lipoylated TCA cycle proteins (Tsvetkov et al., 2022). This significant discovery fully illuminated how copper caused mitochondrial dysfunction and how this led to cell death (Zischka et al., 2011; Bock and Tait, 2020). These findings could imply that it is of great significance to maintain the dynamic balance of copper in the organism. Most importantly, these new outcomes could lay a solid foundation for investigating the usage of copper to treat cancer. Despite these significant advancements, scientists must increase awareness of the detailed mechanisms and effects of cuproptosis in the future (Kahlson and Dixon, 2022).
Cuproptosis-associated genes play a key part in the oncogenesis, progression and metastasis of tumors (Tang et al., 2022). Therefore, we performed an overall analysis to uncover the value of cuproptosis-associated genes across cancers. We obtained 10 cuproptosis-associated genes (FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A) from the article: copper induces cell death by targeting lipoylated TCA cycle proteins, which was recently published in Science (Tsvetkov et al., 2022). Tsvetkov et al. firstly demonstrated that cuproptosis, a novel cell death path induced by copper ionophore, was distinguish from apoptotic, ferroptotic, necroptotic. Moreover, the research identified that copper-induced cell death was closely associated with mitochondrial metabolism, further elucidating the precise relationship between copper and the TCA cycle. Next, the team used a genome-wide CRISPR-Cas9 screen in order to clarify the specific metabolic pathway of this cell death and treated with different structures of copper ion vectors to improve the generality of the screen. The final screen yielded 10 genes, and the knockdown of each of these 10 genes significantly inhibited both types of copper ion vector-mediated cell killing. They further demonstrated that FDX1, the key gene for copper death, was also an upstream regulator of protein lipoic acidification. Besides, FDX1, LIAS, LIPT1, and DLD was involved in the lipoic acid pathway, and DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A was involved in forming the Pyruvate dehydrogenase complex. The above genes were involved in the direct regulation of the vital activity of copper death. A genome-wide CRISPR-Cas9 screen is superior to other screening routes including correlation coefficients, Reason is that based only on correlation coefficients, the above genes are not representative and also not involved in the direct regulation of cuproptosis. Therefore, we selected 10 cuproptosis-associated genes from a genome-wide CRISPR-Cas9 screen for the following analysis.
Our work aimed to explore the relationships between cuproptosis-associated genes and tumor features, including clinical characteristics, survival outcome, immune subtype, tumor microenvironment, stemness score, and drug sensitivity. We found that all cuproptosis-associated genes, including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A had higher expression in various cancers. Our research revealed the differential expression levels of cuproptosis-associated genes in 18 cancer types compared with adjacent non-tumor tissues. Moreover, survival analysis showed that cuproptosis-associated genes had prognostic value in various cancer types. Cox proportional hazard analysis showed the overall survival rate of cuproptosis-associated genes in various cancer types, which indicated whether cuproptosis-associated genes were low- or high-risk factors. These outcomes strongly suggested that cuproptosis-associated genes could be significant diagnostic or prognostic markers across cancers, thereby contributing to research on targeted therapy.
The immune subtypes of cancers differ from one another, and each immune subtype has distinct biological and clinical characteristics that influence anticancer therapy to some extent. Our study also investigated the associations of cuproptosis-associated genes, immune subtype and clinical features. The findings showed that most of cuproptosis-associated genes, including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, and GLS were highly expressed in different immune subtypes. The levels of CDKN2A were higher in C1, C2, C4, C5, and C6, and lower in C3. Previous research showed that tumors with the C4 and C6 subtypes had the worst prognosis, presenting with mainly macrophages, low lymphocyte infiltration, and a large number of M2 macrophages. In contrast, tumors consisting of the C2 and C3 subtypes had better survival outcomes. These findings implied that neoantigen could provide more prognostic signals in immune subtypes compared with tissue-based sources and highlight the significance of immune information for the response to tumor neoantigens.
The tumor microenvironment has a close relationship with oncogenesis and the growth and metastasis of tumors, and it is not only associated with the intrinsic environment of the tumor cells themselves (nuclear and cytoplasmic) but also includes various normal cells, including fibroblasts, vascular endothelial cells, stromal and immune cells (Neal et al., 2018; Jiao et al., 2019). We demonstrated that cuproptosis-associated genes were differentially associated with immune, stromal, and ESTIMATE scores, which revealed the effects of different tumor purities and infiltration of immune and stromal cells (Yoshihara et al., 2013). More importantly, the infiltration of immune and stromal cells was strongly associated with clinical outcomes and provided crucial clues for the diagnosis and prognosis of tumors. This infiltration was used to identify an effective drug target, further improving the survival outcome of patients (Malta et al., 2018). In addition, we also paid attention to the tumor stemness score. A higher stemness score was associated with stronger biological activity and weaker tumor dedifferentiation ability in tumor stem cells. Our work showed that a large majority of cuproptosis-associated genes was positively associated with RNAss and DNAss. These findings showed that the expression of cuproptosis-associated genes and the stemness score could predict the effectiveness of stem cell-associated immunotherapy, further improving the survival outcome of patients.
Finally, we investigated the interaction between drug sensitivity and cuproptosis-associated genes. The expression data of cuproptosis-associated genes and drug sensitivity data were abstracted from CellMiner, which included 108 FDA-approved and 70 clinical trial drugs and genomic data. Across numerous cancer types, this database provided a resource for pharmacologic data that could be used to strengthen existing therapeutic strategies and find new medications and pharmacological targets. Our findings revealed that cuproptosis-associated genes were closely associated with sensitivity to FDA-approved and clinical trial drugs. For example, both LIAS and PDHA1 were positively associated with sensitivity to Hydroxyurea. A recent study showed that some drugs, including Hydroxyurea, have shown promising anticancer efficacy in vitro, in vivo, and in clinical trials, making them potential candidates for therapeutic repurposing in oncology. These findings showed that cuproptosis-associated genes were associated with sensitivity to drugs and that their expression is important in the clinic for the selection of anticancer drugs. For certain cancers (KIRC), we also found that cuproptosis-associated genes were tightly associated with immune subtype, clinical features, the tumor microenvironment, and stem cell scores. And we also validated the protein expression by immunohistochemical staining.
We performed a pan-cancer analysis of cuproptosis-associated genes, which included differential expression, survival outcomes, immune subtypes, clinical features, the tumor microenvironment, stemness scores, and drug sensitivity. There was still some work to be done. First, we should further explore the mechanism of copper death in depth, and how cell respiration promotes cuproptosis. Second, we also should conduct a pan-cancer analysis of cuproptosis-associated genes with corresponding experiments for validation.
CONCLUSION
In conclusion, this is the first and most comprehensive work to investigate the correlations between cuproptosis-associated genes and tumor features, including differential expression, survival outcomes, immune subtypes, the tumor immune microenvironment, stemness scores, and cancer drug sensitivity, which provides new insight into the mechanism of cuproptosis-associated genes across cancers and lays a solid foundation for the discovery of novel therapeutic targets.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The data from public database are open access, this study does not need the approval of the clinical ethics committee. The study complied with the access policies and publication rules of public database.
AUTHOR CONTRIBUTIONS
JL and WL designed the study; YL, YD, and CZ collected the data; JL, YS, and XL analyzed the data; JL wrote the manuscript; WL, HY, and JD revised the manuscript. All authors approved the submitted version.
FUNDING
Our study received funding from Changzhou High-Level Medical Talents Training Project (No: 2016CZBJ054) and Clinical Medical Science and Technology Development Fund by the Changzhou Sci & Tech Program (Nos: CJ20210015 and CJ20220006).
ACKNOWLEDGMENTS
This is an acknowledgment to the contributions of all colleagues, public database that aided the authors.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2022.939956/full#supplementary-material
ABBREVIATIONS
TCGA, The Cancer Genome Atlas; DNAss, DNA stemness score; RNAss, RNA stemness score.
REFERENCES
 Bock, F. J., and Tait, S. W. G. (2020). Mitochondria as multifaceted regulators of cell death. Nat. Rev. Mol. Cell Biol. 21 (2), 85–100. doi:10.1038/s41580-019-0173-8
 Booth, B. A., and Sartorelli, A. C. (1966). Synergistic interaction of kethoxal bis(thiosemicarbazone) and cupric ions in sarcoma 180. Nature 210 (5031), 104–105. doi:10.1038/210104b0
 Bray, F., Laversanne, M., Weiderpass, E., and Soerjomataram, I. (2021). The ever-increasing importance of cancer as a leading cause of premature death worldwide. Cancer 127 (16), 3029–3030. doi:10.1002/cncr.33587
 Cappuccino, J. G., Banks, S., Brown, G., George, M., and Tarnowski, G. S. (1967). The effect of copper and other metal ions on the antitumor activity of pyruvaldehyde bis(thiosemicarbazone). Cancer Res. 27 (5), 968–973.
 Diboun, I., Wernisch, L., Orengo, C. A., and Koltzenburg, M. (2006). Microarray analysis after RNA amplification can detect pronounced differences in gene expression using limma. BMC Genomics 7, 252. doi:10.1186/1471-2164-7-252
 Dineley, K. E., Votyakova, T. V., and Reynolds, I. J. (2003). Zinc inhibition of cellular energy production: implications for mitochondria and neurodegeneration. J. Neurochem. 85 (3), 563–570. doi:10.1046/j.1471-4159.2003.01678.x
 Du, W., Gu, M., Hu, M., Pinchi, P., Chen, W., Ryan, M., et al. (2021). Lysosomal Zn(2+) release triggers rapid, mitochondria-mediated, non-apoptotic cell death in metastatic melanoma. Cell Rep. 37 (3), 109848. doi:10.1016/j.celrep.2021.109848
 Ge, E., Bush, A., Casini, A., Cobine, P., Cross, J., DeNicola, G., et al. (2022). Connecting copper and cancer: from transition metal signalling to metalloplasia. Nat. Rev. Cancer 22 (2), 102–113. doi:10.1038/s41568-021-00417-2
 Goldman, M. J., Craft, B., Hastie, M., Repecka, K., McDade, F., Kamath, A., et al. (2020). Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 38 (6), 675–678. doi:10.1038/s41587-020-0546-8
 Jiang, Y., Huo, Z., Qi, X., Zuo, T., and Wu, Z. (2022). Copper-induced tumor cell death mechanisms and antitumor theragnostic applications of copper complexes. Nanomedicine (Lond) 17 (5), 303–324. doi:10.2217/nnm-2021-0374
 Jiao, S., Subudhi, S. K., Aparicio, A., Ge, Z., Guan, B., Miura, Y., et al. (2019). Differences in tumor microenvironment dictate T helper lineage polarization and response to immune checkpoint therapy. Cell 179 (5), 1177–1190.e13. doi:10.1016/j.cell.2019.10.029
 Kagan, V. E., Mao, G., Qu, F., Angeli, J. P., Doll, S., Croix, C. S., et al. (2017). Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 13 (1), 81–90. doi:10.1038/nchembio.2238
 Kahlson, M. A., and Dixon, S. J. (2022). Copper-induced cell death. Science 375 (6586), 1231–1232. doi:10.1126/science.abo3959
 Malta, T. M., Sokolov, A., Gentles, A. J., Burzykowski, T., Poisson, L., Weinstein, J. N., et al. (2018). Machine learning identifies stemness features associated with oncogenic dedifferentiation. Cell 173 (2), 338–354.e15. doi:10.1016/j.cell.2018.03.034
 Miao, Y., Wang, J., Li, Q., Quan, W., Wang, Y., Li, C., et al. (2020). Prognostic value and immunological role of PDCD1 gene in pan-cancer. Int. Immunopharmacol. 89, 107080. doi:10.1016/j.intimp.2020.107080
 Neal, J. T., Li, X., Zhu, J., Giangarra, V., Grzeskowiak, C. L., Ju, J., et al. (2018). Organoid modeling of the tumor immune microenvironment. Cell 175 (7), 1972–1988. doi:10.1016/j.cell.2018.11.021
 Reinhold, W. C., Sunshine, M., Liu, H., Varma, S., Kohn, K. W., Morris, J., et al. (2012). CellMiner: a web-based suite of genomic and pharmacologic tools to explore transcript and drug patterns in the NCI-60 cell line set. Cancer Res. 72 (14), 3499–3511. doi:10.1158/0008-5472.CAN-12-1370
 Shankavaram, U. T., Varma, S., Kane, D., Sunshine, M., Chary, K. K., Reinhold, W. C., et al. (2009). CellMiner: a relational database and query tool for the NCI-60 cancer cell lines. BMC Genomics 10, 277. doi:10.1186/1471-2164-10-277
 Singh, P., Youden, B., Yang, Y., Chen, Y., Carrier, A., Cui, S., et al. (2021). Synergistic multimodal cancer therapy using glucose oxidase@CuS nanocomposites. ACS Appl. Mat. Interfaces 13 (35), 41464–41472. doi:10.1021/acsami.1c12235
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tang, R., Xu, J., Zhang, B., Liu, J., Liang, C., Hua, J., et al. (2020). Ferroptosis, necroptosis, and pyroptosis in anticancer immunity. J. Hematol. Oncol. 13 (1), 110. doi:10.1186/s13045-020-00946-7
 Tang, D., Chen, X., and Kroemer, G. (2022). Cuproptosis: a copper-triggered modality of mitochondrial cell death. Cell Res. 32 (5), 417–418. doi:10.1038/s41422-022-00653-7
 Tardito, S., and Marchio, L. (2009). Copper compounds in anticancer strategies. Curr. Med. Chem. 16 (11), 1325–1348. doi:10.2174/092986709787846532
 Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone, D. S., Ou Yang, T. H., et al. (2018). The immune landscape of cancer. Immunity 48 (4), 812–830.e814. doi:10.1016/j.immuni.2018.03.023
 Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al. (2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science 375 (6586), 1254–1261. doi:10.1126/science.abf0529
 Valko, M., Morris, H., and Cronin, M. T. (2005). Metals, toxicity and oxidative stress. Curr. Med. Chem. 12 (10), 1161–1208. doi:10.2174/0929867053764635
 Yoshihara, K., Shahmoradgoli, M., Martinez, E., Vegesna, R., Kim, H., Torres-Garcia, W., et al. (2013). Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 4, 2612. doi:10.1038/ncomms3612
 Zischka, H., Lichtmannegger, J., Schmitt, S., Jagemann, N., Schulz, S., Wartini, D., et al. (2011). Liver mitochondrial membrane crosslinking and destruction in a rat model of Wilson disease. J. Clin. Invest. 121 (4), 1508–1518. doi:10.1172/JCI45401
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Lu, Dai, Shen, Zeng, Liu, Yu, Deng and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-13-939956-g005.gif
Ferepepeentorsteeneney by






OPS/images/fgene-13-939956-g006.gif





OPS/images/fgene-13-939956-g003.gif





OPS/images/fgene-13-939956-g004.gif
et air b i Mttt PR





OPS/images/fgene-13-939956-g009.gif





OPS/images/fgene-13-939956-g007.gif
>

.

£

51

brstie

s BT

beaitass






OPS/images/fgene-13-939956-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		A comprehensive analysis and validation of cuproptosis-associated genes across cancers: Overall survival, the tumor microenvironment, stemness scores, and drug sensitivity		Introduction

		Materials and methods		Data downloading

		Differential expression analysis and correlation analysis of various cancer types

		Clinical correlation

		Correlation analysis of six immune subtypes

		Correlation analysis of the tumor microenvironment and tumor stem cells

		Drug sensitivity

		Immune subtypes, clinical characteristics, stem cell scores and the tumor microenvironment in kidney renal clear cell carcinoma

		Validation analysis of the human protein atlas

		Statistical analysis





		Results		The expression of cuproptosis-associated genes across cancers

		Prognostic value of cuproptosis-associated genes across cancers

		Correlation analysis of cuproptosis-associated genes and different immune subtypes

		Correlation analysis among cuproptosis-associated genes, stem cell scores and the tumor microenvironment

		The relationship between cuproptosis-associated genes and drug sensitivity

		Correlation analysis of cuproptosis-associated genes, immune subtypes, and clinical features in kidney renal clear cell carcinoma

		The relationship of cuproptosis-associated genes, stem cell scores and the tumor microenvironment in kidney renal clear cell carcinoma

		Validation of cuproptosis-associated genes in renal cancer tissues compared with normal tissues by immunohistochemical staining





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Genetics

A comprehensive analysis and
validation of cuproptosis-
associated genes across
cancers: Overall survival, the
tumor microenvironment,
stemness scores, and drug
sensitivity





OPS/images/fgene-13-939956-g012.gif
Sng Nt
Aoty A

PDHAI

Suog i
A AT

S Ne b
iy BB

sativg Medom

iy A

s o coRN2A
S b Seviog N st
peterE Ay CABTE
Sy Not gt S Mt

Aol HPARTOGOY Abony CABISIRY





OPS/images/fgene-13-939956-g001.gif
oo, ernes Scoresds, e YD

RNA-seq xpeession data clincaldak,survival
e ety

= 5 = E

Tmmane subtypes.

Survival | Coxpmponional | Stromal, immune, | RNAssand F:lmuwn«umn
T | My | o | DA i






OPS/images/fgene-13-939956-g002.gif





OPS/images/fgene-13-939956-g011.gif





OPS/images/fgene-13-939956-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





