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Cuproptosis is a recently discovered form of cell death that is mediated by copper (Cu) and is a non-apoptotic form of cell death related to oligomerization of lipoylated proteins and loss of Fe-S protein clusters. Since its discovery, cuproptosis has been extensively studied by researchers for its mechanism and potential applications in the treatment of cancer. Therefore, this article reviews the specific mechanism of cuproptosis currently studied, as well as its principles and strategies for use in anti-cancer treatment, with the aim of providing a reference for cuproptosis-based cancer therapy.
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1 INTRODUCTION
Cancer is a type of disease characterized by abnormal cell proliferation, and is one of the foremost reasons for mortality globally (Sung et al., 2021). Despite considerable progress in treatment, the overall cancer-related mortality rate has not significantly decreased. One of the key factors in cancer treatment is effectively killing cancer cells without harming non-malignant cells. Common methods used for cancer treatment, such as surgery, radiation therapy, chemotherapy, still have unavoidable adverse effects. Therefore, the search for more effective and tolerable cancer therapies continues (Mun et al., 2018; Wu et al., 2021). Programmed cell death (PCD) is necessary for maintaining cellular homeostasis and is a promising approach in cancer treatment. Apoptosis has long been considered the only form of cell death that can be targeted by pharmacological and genetic interventions for the development of anticancer drugs. However, innate or induced resistance of cancer cells to apoptosis often leads to fatal side effects and increased recurrence rates. Recent research has shown that there are many different forms of PCD that differ from the apoptosis mechanism, including necroptosis, ferroptosis, cuproptosis, NETosis, autosis, entosis, and parthanatos. These forms of PCD may overcome the limitations of apoptosis and provide new hope for cancer treatment (Holohan et al., 2013; Parisi et al., 2018).
Among the non-apoptotic forms of PCD, cuproptosis has gained widespread attention as a novel pathway for regulating cell death. It has long been discovered that the accumulated levels of Cu in the serum and tumor tissues of individuals with various malignant tumors, such as lung cancer (Jin et al., 2011), breast cancer (Pavithra et al., 2015), pancreatic cancer (Lener et al., 2016), thyroid cancer (Baltaci et al., 2017), colorectal cancer (Aubert et al., 2020), prostate cancer (Saleh et al., 2020), are significantly altered. Therefore, a series of copper-related studies have been conducted. Discovered and named by Tsvetkov et al., in 2022, cuproptosis is a cell death pathway triggered by copper. As early as 2019, Tsvetkov et al. identified a Cu-dependent form of cell death while studying the anticancer mechanism of elesclomol. They found through their research that elesclomol can exert effective anti-cancer activity by increasing reactive oxygen species (ROS) levels. Previous reports suggested that the Cu(II)-elesclomol complex was transported to the mitochondria where it was reduced to Cu(I), subsequently inducing ROS-dependent cell apoptosis (Nagai et al., 2012). However, the authors found that treatment with elesclomol resulted in cell death without activating caspase3, which is a classic hallmark of cell apoptosis (Elmore, 2007). Additionally, they exposed cells to inhibitors of established cell death pathways (caspase inhibitor for apoptosis, ferrostatin-1 for iron-dependent cell death, necrostatin-1 for necrotic cell death, and N-acetylcysteine for oxidative stress) after knocking out the key apoptotic factors BAX and BAK1. Nevertheless, despite these treatments, the researchers found that the cell death induced by Cu ionophores was not preventable. This indicates that the form of cell death induced by Cu is different from the known mechanisms of cell death. Further research carried out by the authors revealed that the mechanism may be that the elesclomol-Cu (II) complex may function as a new substrate for the reduced mitochondrial enzyme FDX1, resulting in oxidation and the generation of Cu (I), and promoting Cu-dependent cell death (Tsvetkov et al., 2019). Three years later, Tsvetkov and colleagues further elucidated the mechanism underlying the Cu-dependent cell death induced by elesclomol. Excess intracellular Cu (II) can be transported to the mitochondria via ion carriers, where FDX1 reduces Cu (II) to Cu (I). The direct binding of Cu (I) to lipoylated components of the tricarboxylic acid (TCA) cycle, particularly DLAT, induces the aggregation of lipoylated proteins and the loss of iron-sulfur cluster proteins, resulting in proteotoxic stress that eventually leads to cell death (Tsvetkov et al., 2022). More details will be elaborated on in detail later in the text.
To date, there has been a considerable amount of research on copper-induced cell death. Therefore, this article will review the current understanding of the specific mechanisms of cuproptosis and its therapeutic implications for cancer treatment, aiming to provide direction for future research related to copper-induced cell death and cancer.
2 CU AND CANCER SIGNALING PATHWAY
The development of cancer is closely related to Cu, which activates related pathways by binding to key molecules in multiple signaling pathways in tumor cells, directly or indirectly affecting cancer. Studies have found that copper is essential for at least three features involved in cancer progression: cell proliferation, angiogenesis, and metastasis (Figure 1) (Li, 2020).
[image: Figure 1]FIGURE 1 | Cu-related Cancer signaling pathway.
By binding and activating key molecules in multiple signaling pathways, copper is known to directly affect multiple signaling pathways in tumor cells (Table 1). Firstly, Cu (II) can significantly induce ligand-independent receptor tyrosine kinase (RTK) signaling pathways in cancer cells, and activated RTKs (including epidermal growth factor receptor (EGFR), hepatocyte growth factor receptor (MET), etc.) subsequently promote cancer cell migration and proliferation by causing downstream extracellular regulated protein kinases (ERK) and agammaglobulinemia tyrosine kinase (ATK) phosphorylation (He et al., 2019). Secondly, the promotion of tumor occurrence by Cu is also related to its activation of the phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB, also known as AKT) signaling pathway. On the one hand, Cu can directly bind to PI3K to activate AKT (Ostrakhovitch et al., 2002), and on the other hand, it can activate downstream substrate AKT by binding to 3-phosphoinositide-dependent protein kinase 1 (PDK1), promoting tumor occurrence (Guo et al., 2021). Lately, it has been shown that Cu participates in the oncogenic BRAF signaling pathway in the mitogen-activated protein kinase (MAPK) pathway. BRAFVal600 phosphorylates and activates Mitogen-activated protein kinase kinase 1 (MEK1) and MEK2, which in turn phosphorylate and activate ERK1/2, stimulating the MAPK pathway and ultimately promoting tumor growth. In addition, Cu can directly bind with Cu-binding protein MEK1 to phosphorylate ERK1/2 and promote tumor growth (Brady et al., 2014). Besides, the autophagy pathway can recycle metabolic waste of tumor cells to ensure their energy supply or facilitate their evasion of apoptosis (Xie et al., 2023), which is beneficial for the growth of tumor cells. Cu is necessary for the activity of autophagy kinases ULK1 and ULK2, and it directly binds to them and acts as a regulatory factor to promote the phosphorylation and activation of autophagy-related protein 13 (ATG13), promote the formation of autophagosome complexes, and ultimately lead to tumor growth (Tsang et al., 2020; Xie et al., 2023).
TABLE 1 | Cu-related Cancer signaling pathway.
[image: Table 1]Furthermore, Cu can induce many pro-angiogenic responses and is therefore considered a messenger that opens up the angiogenic pathway (Tisato et al., 2010). It can stimulate the proliferation and migration of endothelial cells (De Luca et al., 2019), activate vascular endothelial growth factor (VEGF) and other angiogenic factors (Gérard et al., 2010; Denoyer et al., 2015), stabilize hypoxia-inducible factor-1 (HIF-1) to promote the expression of pro-angiogenic genes (Xie and Kang, 2009), and ultimately promote the formation of new blood vessels.
Studies have shown that the Notch signaling pathway may play an important tumor suppressor role in certain tissues. Jagged1 belongs to the Notch ligand and Cu can mediate the hydrolysis of Jagged1 protein (Sethi and Kang, 2011; Parr-Sturgess et al., 2012; Nowell and Radtke, 2017). In addition, Cu can promote the hydrolysis of another key cell surface protein, E-cadherin, which is associated with cancer invasion and metastasis (Parr-Sturgess et al., 2012), indicating that Cu may be an important factor in promoting tumor cell metastasis.
3 CUPROPTOSIS AND CANCER SIGNALING PATHWAY
Despite the aforementioned explanations, Cu can promote cancer development through a series of signaling pathways. However, researchers have also discovered that excessive Cu can induce tumor cell death.
As early as the 1980s, it was discovered that Cu could induce cell death (Halliwell and Gutteridge, 1984), but the mechanism was not elucidated at that time. We have already discovered through research that the Cu homeostasis mainly depends on Cu transport proteins SLC31A1 and ATP7A/B. SLC31A1 is responsible for the uptake of Cu, while ATP7A and ATP7B are responsible for the efflux of Cu (Migocka, 2015; Li et al., 2018). The mechanism of cell death caused by Cu homeostasis imbalance is consistent with that induced by Cu ionophores. Cu ionophores are lipophilic molecules that can reversibly bind to Cu ions and transport them through the cytoplasmic or mitochondrial membrane structure. As a novel type of anticancer drug (Oliveri, 2022), Cu ionophores have been crucial to the discovery of cuproptosis (Figure 2). Common Cu ionophores used in anticancer research include disulfiram (DSF), elesclomol (ES), etc. Many researchers believe that DSF and ES induce cell death through Cu, but the exact mechanism is not yet clear. Represented by the study of the ES-induced cell death mechanism, ROS is generated by mitochondria and can promote the activation of mitochondrial-dependent cell death pathways (Sabharwal and Schumacker, 2014). Many researchers have since generally believed that ES-induced cell death is due to an increase in ROS levels caused by various mitochondrial-related factors (Xie et al., 2023). In 2012, Nagai et al. found through the study of melanoma cell lines that ES transports Cu, which leads to a decrease in levels of mitochondrial-related proteins, resulting in an elevation in ROS levels and additional suppression of tumor cell proliferation (Nagai et al., 2012). In 2013, Yadava et al. found through their study in human leukemia K562 cells that Cu(II)-elesclomol can effectively oxidize ascorbic acid at physiological concentrations, producing harmful H2O2 through the reaction of Cu (I) with O2. The reaction of H2O2 with Cu (I) produces more destructive and highly active ROS (Yadav et al., 2013). In the 2015 study by Hasinoff et al. on ES, it was suggested that Cu-ES may have additional effects, such as blocking G1 phase cells to stop cell growth and inducing DNA double-strand breaks (Hasinoff et al., 2015). Other research on copper ionophores yielded similar mechanisms to those mentioned above.
[image: Figure 2]FIGURE 2 | Chemical structure of DSF and Elesclomol and the proposed mechanism them bind to Cu.
In 2019, Tsvetkov et al. shed further light on the mechanism of action of ES. Their findings revealed that ES has a dual effect, inhibiting the function of FDX1, a crucial component in the assembly of Fe-S clusters, while also acting as a novel substrate to induce a distinct form of Cu-dependent cell death when bound to Cu. The researchers described the interaction between ES and the mitochondrial enzyme FDX1, which promotes the toxicity induced by ES through two different processes. Firstly, ES binds directly to reduced FDX1, thereby inhibiting its role in the biosynthesis of Fe-S clusters and serving as an upstream regulator of mitochondrial function. Secondly, the ES-Cu (II) complex acts as a new substrate for reduced FDX1, leading to oxidation and the production of Cu (I). This, in turn, triggers a unique form of Cu-dependent cell death that is not susceptible to inhibition by apoptosis or ferroptosis inhibitors (Tsvetkov et al., 2019). In 2021, it was discovered through a study of glioblastoma stem like cells (GSCs) that oxidative stress is the main mechanism by which ES acts on GSCs and GSC-derived endothelial cells (GdECs). Specifically, treating cells with ES can lead to alterations in mitochondrial membrane properties, an increase in mitochondrial ROS generation, and a reduction in glutathione (GSH) levels (Buccarelli et al., 2021), which are early molecular events indicating cell death (Matarrese et al., 2005).
Overall, in previous studies on the Cu-dependent form of cell death induced by ES, most researchers have summarized the mechanism of this form of cell death as Cu’s effect on mitochondria, leading to an increase in ROS production. Nevertheless, in a study on the mechanism of action of ES, the use of a 5 mM ROS inhibitor, N-acetylcysteine (NAC), could not eliminate the cytotoxicity induced by ES-Cu, and the use of 10 mM NAC could only partially eliminate the cytotoxicity of ES-Cu. Therefore, it is speculated that the increase in ROS is not the main cause of Cu-dependent cell death (Xie et al., 2023). Finally, in 2022, Tsvetkov et al. officially named the Cu-induced form of cell death as “cuproptosis” and refined its mechanism, marking a new stage in the investigation of Cu-induced cell death.
They found through their research that (15) the respiratory reserve capacity of cells was significantly reduced after treatment with copper ions, while the basal respiration or adenosine triphosphate (ATP)-related respiration remained relatively stable. The researchers also noted that cells that predominantly use mitochondrial respiration are approximately 1000 times more susceptible to Cu ion inducers than glycolytic cells. Treatment with mitochondrial antioxidants, fatty acids, and inhibitors of mitochondrial function all had a significant impact on cell sensitivity to Cu ions. Furthermore, inhibiting the electron transport chain (ETC) complex and blocking mitochondrial succinate uptake both decreased Cu-induced cell death. At the same time, the study found that the levels of metabolites related to the TCA in cells treated with Cu ion carriers changed.
These findings suggest that Cu-dependent cell death is dependent on mitochondrial respiration rather than ATP production, and that Cu does not directly target the ETC but rather components of the TCA cycle. The researchers used genome-wide CRISPR-Cas9 loss-of-function screens to identify genes involved in Cu ionophore-induced cell death. The results indicated that the loss of FDX1 and lipoate synthase (LIAS) provided resistance to Cu-dependent cell death, strengthening the relationship between FDX1, protein lipoylation, and Cu toxicity. Further investigation revealed that FDX1 is an upstream regulatory factor of protein lipoylation, and that Cu can directly bind and induce the oligomerization of lipoylated DLAT, leading to the loss of Fe-S cluster proteins. In summary, Cu-dependent cell death is mediated by a classical mechanism involving protein lipoylation, which occurs in only a few mammalian proteins mainly concentrated in the TCA cycle and is vital for enzymatic function (Mayr et al., 2014; Solmonson and DeBerardinis, 2018). When Cu ions accumulate inside the cell, they bind directly to the lipoylated components in the TCA cycle, causing protein aggregation and disruption. This ultimately blocks the TCA cycle, leading to protein toxicity stress and cell death. The study provides insight into the correlation between mitochondrial metabolism and the susceptibility of Cu-dependent cell death. Cells that rely more on mitochondrial respiration and are more active in the TCA cycle have a greater number of lipoylation enzymes, particularly the PDH complex. Lipoyl, a Cu binding moiety, can cause aggregation of lipoylated proteins, leading to the loss of Fe-S cluster proteins and the induction of HSP70 after Cu binding, indicating acute protein toxicity stress (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of cuproptosis mechanism. Cu ionophores such as elesclomol bind extracellular Cu and transport it to intracellular compartments. Cu then binds to lipoylated mitochondrial enzymes in the TCA cycle such as DLAT, inducing the aggregation of these proteins. FDX1/LIAS is an upstream regulator of protein lipoylation, facilitating the aggregation of mitochondrial proteins and loss of Fe–S clusters. Together, these aberrant processes lead to proteotoxic stress and ultimately cell death. Created with BioRender. α-KG α-ketoglutarate, DLAT dihydrolipoamide S-acetyltransferase, FDX1 ferredoxin-1, Fe–S iron–sulfur, Fer-1 ferrostatin-1, LIAS lipoic acid synthetase, NAC N-acetylcysteine, Nec-1 necrostatin-1, TCA tricarboxylic acid.
4 CUPROPTOSIS AND IMMUNE CHECKPOINTS
Clinical outcomes have been dramatically improved by blocking immune checkpoint signaling, particularly PD-1/PD-L1 signaling (Topalian et al., 2012).
It appears that intratumoral Cu levels affect PD-L1 expression within tumor cells. There is a strong association between CTR1 and PD-L1 across most cancer types, but not in matched healthy tissue (Voli et al., 2020). In tumor cells, Cu addition enhances PD-L1 expression and modulates immune escape induced by PD-L1. Conversely, Cu chelators (Dextran-catechin or TEPA) prevent STAT3 and EGFR phosphorylation and cause PD-L1 degradation via ubiquitination. In addition, Cu chelators increase the infiltration of CD8+ T cells and natural killer cells, which inhibits tumor growth. In spite of the fact that disulfiram and copper (DSF/Cu) fail to suppress tumor growth, disulfiram upregulates PD-L1 and inhibits T-cell infiltration by inhibiting PARP1 activity and improving GSK3 phosphorylation at Ser9 through the PARP1 gene (Zhou et al., 2019). Anti-PD-1 antibodies combined with DSF/Cu slow tumor growth even further. Tumor tissues contain copper ions, which Cu chelators can scavenge, thereby exerting their anticancer effects. An injectable Cu-induced hydrogel with anti-PD-L1 and nitric oxide (NO) enhances immunotherapy by amplifying immunogenic cell death and limiting cancer-associated fibroblasts (CAFs), which impedes immune cell infiltration as well (Shen et al., 2023).
Uptake of Cu is mediated by the glycoprotein CD44 on the surface of the cell (Solier et al., 2023). An upregulation of CD44 leads to increased mitochondrial Cu2+ during macrophage activation. By catalyzing NAD(H) redox cycling, mitochondrial Cu2+ promotes metabolic changes and triggers epigenetic modifications that lead to inflammation. Moreover, DSF/Cu enhances antitumor immunity by triggering immune cell death, and also polarizes M1-macrophages and rewires glucose metabolism through mTOR (Zheng et al., 2020). Combining DSF/Cu and CD47 blockade enhances CD8+ T cell cytotoxicity by facilitating maturation of dendritic cells (Gao et al., 2022). Additionally, in clear cell renal cell carcinoma, cuproptosis improves cancer immunity by activating cGAS-STING signaling (Figure 4) (Jiang et al., 2022).
[image: Figure 4]FIGURE 4 | Cuproptosis can improve antitumor immunity through modulating the cGAS-STING signaling.
5 CUPROPTOSIS AND CANCER TREATMENT
Cu is an essential micronutrient for a wide variety of biological processes, such as mitochondrial respiration, antioxidant defense, and biosynthesis (Festa and Thiele, 2011). Importantly, the intracellular Cu concentration is kept at a relatively low range, and moderate increases can cause cytotoxicity and even lead to cell death. There are two types of copper ions in living organisms, cuprous ions (Cu+, reduced form) and copper ions (Cu2+, oxidized form). Homeostasis of Cu can be modulated in several ways, including Cu uptake, utilization, and export (Maung et al., 2021). Through ionophores, excess Cu2+ within cells is transported to mitochondria, where it is reduced to Cu + by FDX1. Cu + causes lipoylated proteins to aggregate and Fe-S cluster proteins to destabilize within the tricarboxylic acid (TCA) cycle, leading to cell death as a result of proteotoxic stress (Tsvetkov et al., 2022). Excessive copper can cause toxicity to different cells. Cu excess leads to imbalances of intracellular iron metabolism by disturbing assembly of iron-sulfur cofactors in Bacillus subtilis (Chillappagari et al., 2010). Cu targets the Fe-S domain by Yah1 in yeast and the Fe-S clusters of dehydratases are primary intracellular targets of Cu toxicity in Escherichia coli (Macomber and Imlay, 2009; Vallières et al., 2017).
Several copper chelators have been used to reduce copper bioavailability, including D-penicillamine, tetrathiomolybdate (TM), and tetraethylenepentamine (TEPA) (Liu et al., 2023). Inhibitors of oxidative phosphorylation suppress cuproptosis by inhibiting protein stress response. Inhibitors of mitochondrial pyruvate uptake (UK5099) and blockers of electron transfer chain complexes (rotenone and marital) can attenuate cuproptosis (Hinoi et al., 2006; Simeone et al., 2009).
The discovery of cuproptosis mechanisms has provided a new direction for drug research in future cancer treatments. Drugs related to cuproptosis, such as Cu ionophores that can induce cuproptosis, have a promising application prospect in future cancer treatment (Oliveri, 2020).
5.1 Cu ionophores-mediated cancer therapy
As described above, Cu ionophores such as ES and DSF can transfer Cu ions into cells and mitochondria, inducing cell death by causing DLAT oligomerization and loss of Fe-S protein clusters. DSF, ES, clioquinol, and bis(thiosemicarbazone) ligands are four commonly used structurally different copper ion carriers whose anti-tumor activity is completely correlated with Cu levels, and the activity of the individual ligands can be ignored (Figure 5) (Cater et al., 2013).
[image: Figure 5]FIGURE 5 | Four potential cancer treatment methods based on cuproptosis.
5.1.1 Disulfiram
DSF is an aldehyde dehydrogenase (ALDH) inhibitor that was first approved by the DFA in 1951 for the treatment of alcoholism. Later, due to its affordability, high availability, safety, and anticancer activity, it has become a widely studied anticancer drug (Jiao et al., 2016; Lu et al., 2022; Oliveri, 2022). However, it has the disadvantage of depending on individualized administration of Cu (II) and having limited selective targeting ability (Guan et al., 2023). To overcome this limitation, researchers have combined DSF with Cu (I I) to prepare a mixture of DSF and Cu (DSF-Cu), demonstrating enormous potential for cancer treatment. For example, Allensworth et al. used an inflammatory breast cancer (IBC) model and found that DSF can promote intracellular Cu accumulation independently of the Cu transporter Ctr1. DSF-Cu activated pro-apoptotic redox reactions by inhibiting NF-κB signaling and reducing cellular antioxidant levels. DSF-Cu induced cell apoptosis only in tumor cells and significantly inhibited tumor growth in vivo (Allensworth et al., 2015). Similarly, Xueying Ren et al. found that DSF-Cu severely damaged mitochondrial morphology, impaired energy metabolism, accelerated the production of a large amount of ROS, induced DNA double-strand breaks, and accelerated ferroptosis in HCC cell experimental models. DSF-Cu effectively prevented liver cancer cell migration, invasion, and angiogenesis (Ren et al., 2021). In addition, Bing Xu et al. found that DSF-Cu selectively targeted leukemia stem cell-like cells in vitro and in vivo by activating the ROS-mediated stress-related JNK pathway (e.g., phosphorylation of JNK and c-Jun), while inhibiting the NF-E2-related factor 2 (NRF2) and NF-κB cascade reactions that defend against oxidative stress to induce cell toxicity, inhibit cell proliferation, and induce cell death (Xu et al., 2017). Hassani et al. also found that DSF-Cu induced cell cycle arrest and cell death in acute myeloid leukemia cells by reducing the expression of the oncogene MYC, increasing the expression of tumor suppressor FOXO and the anti-cancer gene PTEN, and disrupting ROS homeostasis (Hassani et al., 2018). Additionally, DSF/Cu(II) induces apoptosis and inhibits cell proliferation in nasopharyngeal carcinoma (NPC) cells by increasing the expression of chloride channel 3 (CIC-3) protein and opening CIC-3 channels (Xu et al., 2019). Subsequently, Yiqiu Li et al. found in their study on NPC that DSF-Cu promoted cell apoptosis and necrosis by increasing cellular ROS levels and activating the MAPK pathway associated with cell apoptosis. DSF-Cu also suppressed the expression of α-smooth muscle actin (α-SMA) and induced apoptosis of cancer-associated fibroblasts (CAFs) to exert its anti-tumor effect (Li et al., 2020).
5.1.2 ES
ES is a well-known Cu ionophore that was discovered through high-throughput screening of compound libraries and a structure-activity relationship (SAR) study targeting human sarcoma cell lines (Babak and Ahn, 2021). The main mechanism of action for ES is thought to involve the initiation of oxidative stress, ultimately triggering apoptosis in the cancer cells (Oliveri, 2022), although other studies have found that ES can cause DNA damage and cell cycle arrest (Hasinoff et al., 2015), as well as induce ferroptosis (Gao et al., 2021). The recent discovery of cuproptosis may provide a novel and plausible explanation for the anticancer mechanism of ES (71).
While the precise anticancer mechanism of ES remains incompletely understood, it is established that the presence of Cu ions in the cellular environment is crucial for its anticancer effect. Outside of cells, ES can form complexes with Cu (II) in serum (Wu et al., 2011). Subsequently, ES-Cu (II) shuttles inside and outside cells, delivering Cu (II) into cells. It is worth noting that, unlike other Cu ionophores such as DSF, after treatment with ES, cellular Cu selectively accumulates in mitochondria, where Cu (II) is reduced to Cu (I) to induce ROS production for anticancer activity. At the same concentration, ES induces a greater increase in cellular Cu than DSF (12). Additionally, it has been reported that the use of ES can degrade Cu transporter ATPase 1 (ATP7A) in colon cancer cells, which is a protein responsible for facilitating the intracellular Cu efflux (Fukai et al., 2018), and the degradation of ATP7A by ES results in the accumulation of Cu ions within the mitochondria of cancer cells (Gao et al., 2021).
The cytotoxicity of ES is attributed to the accumulation of Cu ions in mitochondria, and as early as 2012, researchers discovered that the cytotoxic effect of ES on MDA-MB435 melanoma cells was entirely lost when the cells were cultured in serum-free medium (the only source of Cu in the culture medium) (Nagai et al., 2012). Adding Cu to serum-free medium could rescue the anticancer effect of disulfiram, while other metal ions did not help to rescue the effect of ES (12). Recent reports on copper apoptosis have consistently yielded experimental results in mononuclear cells and lung cancer NCIH2030 cells (Tsvetkov et al., 2022). Therefore, it can be concluded that the cytotoxic effect of ES on cancer cells primarily occurs through the action of Cu ions (Zheng et al., 2022).
5.1.3 HQs
The most renowned compound in HQ is 7-iodo-5-chloro-8-hydroxyquinoline (CQ), which was initially utilized as an antibiotic and has more recently been investigated for its reutilization in various diseases including neurodegenerative disorders and cancer (Oliveri, 2020). Through studies on prostate cancer, it has been established that chloroquine-induced cell death in the cytoplasm is mediated by the migration of X-linked inhibitor of apoptosis protein (XIAP), a cysteine protease activity regulator, to the nucleus, allowing for caspase-dependent cell death, and its cytotoxicity increases with increased copper levels (Cater and Haupt, 2011). The selective properties of Cu-CQ are evident in its ability to induce XIAP clearance exclusively in prostate cancer cells, while having no such effect on normal prostate epithelial cells (Cater and Haupt, 2011). Although CQ exhibits selectivity against cancer cells, it presents serious side effects and may lead to acute myelocytic neuropathy (SMON) (Mao and Schimmer, 2008). Therefore, researchers have also explored alternative derivatives of HQ that may offer better anticancer effects and mitigate side effects. For example, (2-(dimethylamino)methyl-5,7-dichloro-8-hydroxyquinoline) (PBT2) exhibits stronger cell toxicity than CQ in the presence of Cu, and this higher effect of inducing cancer cell death may be attributed to distinct mechanisms of action and alterations induced cellular Cu distribution (Summers et al., 2020).
5.1.4 Bis(thiosemicarbazone) ligands
Bis(thiosemicarbazones) ligands, such as diacetyl-bis [N (4)-methylthiosemicarbazone] CuII [CuII (ATSM)] and glyoxal-bis [N (4)-methylthiosemicarbazone] CuII [CuII (GTSM)] (Palanimuthu et al., 2013), have been proven to be effective anticancer drugs.
Cu-ATSM and Cu-GTSM have been investigated as potential anticancer agents for both in vitro and in vivo studies involving prostate cancer cells (Voli et al., 2020). Notably, in vitro experiments have demonstrated that Cu-GTSM exhibits greater efficacy than Cu-ATSM in inducing cell death in cancerous prostate PC3 cells. Cu-ATSM and Cu-GTSM have been studied as potential anticancer agents for both in vitro and in vivo prostate cancer cells (Cater et al., 2013), and in vitro experiments have demonstrated that Cu-GTSM is more effective than Cu-ATSM in inducing cell death in cancerous prostate PC3 cells. Additionally, the application of physiological concentrations of Cu to the culture medium notably increases the activity of Cu-GTSM, and Cater et al. demonstrated that Cu-GTSM can effectively utilize extracellular Cu, leading to an elevation of intracellular Cu levels through a metal-responsive element luciferase reporter gene, whereas Cu-ATSM cannot (Cater et al., 2013). This differential behavior is attributed to Cu-ATSM’s inability to release Cu in a reducing environment, whereas GTSM can cause Cu to accumulate inside cells, transport ions across membranes, and release them (Oliveri, 2022).
Further studies on the target of Cu-GTSM have found that, like other Cu ion carriers, the selectivity of Cu-GTSM is associated with the ROS sensitivity of cancer cells. Notably, TRAMP cells (TRAMP-C1) have high levels of ROS and reduced glutathione (reduced GSH), rendering them susceptible to the effect of copper ion carriers (Denoyer et al., 2016).
5.2 Nanotechnology-mediated cancer therapy via the cuproptosis pathway
Although cuproptosis has shown promising prospects in cancer therapy, there are still some challenges to overcome. For example, how to selectively increase the Cu concentration in cancer cells, and how to precisely target cancer cells to avoid damaging normal cells (Wei and Fu, 2023). Nanomaterials, due to their unique physicochemical properties and biological effects (Zhong et al., 2022), have the potential to address these issues and are currently widely applied in basic research for cancer diagnosis and treatment, with the aim of achieving clinical applications (Fu et al., 2021). Copper-based nanomaterials can serve as a novel type of cuproptosis inducers, which can achieve active targeting through surface modification, and passively accumulate a large amount of copper at the tumor site through the enhanced permeability and retention (EPR) effect (Figure 6). This ultimately leads to cuproptosis in cancer cells, exerting a therapeutic effect (Wei and Fu, 2023).
[image: Figure 6]FIGURE 6 | Schematic illustration of nanomedicines mediated cuproptosis cascade with antitumor immunity.
Cu (I) plays an important role in cuproptosis-mediated cancer therapy. However, due to its instability, it is difficult to deliver Cu (I) directly into cells, which promotes the transfer of Cu (II) because Cu (II) can be reduced to Cu (I) inside the cell to induce Cu-mediated cell death (Wei and Fu, 2023). Therefore, Zhou et al. developed a DSF-loaded Cu-doped Au@MSN nanoplatform (Au@MSN-Cu/PEG/DSF), with the aim of optimizing therapeutic efficacy while minimizing potential adverse effects on normal cells. After intravenous injection, Au@MSN-Cu/PEG/DSF can accumulate within the tumor region via the EPR effect. After entering cancer cells, it can release a sufficient amount of DSF and Cu (II) through local photothermal-triggered degradation of copper-doped silica framework under near-infrared laser irradiation. The released DSF and Cu (II) react in situ to generate cytotoxic DSF-Cu (II), while simultaneously converting Cu (II) to the more toxic Cu (I). In vitro and in vivo experiments have shown that Au@MSN-Cu/PEG/DSF can effectively hinder tumor growth, and the damage to normal tissues can be negligible with synergistic photothermal therapy (Zhou et al., 2023).
In recent years, nanomaterials used as drug carriers have been endowed with stimulus responsive properties, which can respond to internal or external stimuli such as temperature, pH, redox reactions, etc. Thus, they can release drugs in a controllable kinetics at specific locations, improving the efficiency of cancer drug therapy while protecting non-targeted tissues (Hajebi et al., 2019). For instance, Jia et al., 2023 designed a brain-targeted nanoplatform (HFn-Cu-REGO NPs) by incorporating human H-ferritin (HFn), regorafenib (an orally bioavailable multikinase inhibitor that significantly inhibits glioblastoma multiforme (GBM)), and Cu (II). The Cu (II)-mediated cuproptosis, together with the autophagy arrest mediated by regorafenib via the suppression of autophagosome-lysosome formation (Jiang et al., 2020), can effectively inhibit GBM. Moreover, with the added ability to precisely target cancer cells by binding to transferrin receptor 1 (TfR1) ability (Song et al., 2021), pH-responsive delivery, and blood-brain barrier (BBB) penetration capability (Fan et al., 2018) endowed by HFn, regorafenib and Cu(II) can be accurately delivered to cancer cells. This allows HFn-Cu-REGO NPs to exhibit excellent GBM inhibition without causing harm to healthy tissues.
Furthermore, there are many studies utilizing nanosystems based on cuproptosis mechanism for cancer therapy, which have promoted the development of Cu-based nanomaterials as inducers of cuproptosis for eradicating malignant tumors. Unfortunately, our understanding of the complex molecular mechanisms and regulatory pathways of copper-induced cell death is still limited. Further understanding of the cuproptosis mechanism, as well as a deeper understanding of the relationship between cuproptosis and nanomaterials, will facilitate the development of more effective anti-cancer nanomaterials.
6 CONCLUSION AND PERSPECTIVES
Cu is an essential element in living organisms, and is typically maintained at minimal levels within mammalian cells. However, when the concentration of Cu ions in cells exceeds the threshold for maintaining homeostasis, it exhibits cytotoxicity. Many studies have observed a strong correlation between disease status and Cu, with various types of malignant tumors showing higher levels of Cu compared to normal tissue, and Cu playing a critical role in the occurrence, severity, and progression of cancer. Therefore, it has been suggested that altering Cu levels may be a promising approach for preventing cancer development and achieving therapeutic effects. A series of related studies have been conducted, including research on Cu ion carriers for anti-cancer therapy, which have discovered a form of cell death mediated by Cu. This was subsequently named cuproptosis and further research has been conducted on its mechanism and application in cancer treatment.
This article reviews the discovery, naming, research, and detailed mechanism of cuproptosis and its application in cancer treatment. It describes the latest understanding of the cuproptosis mechanism and the recent anti-cancer treatment methods based on this mechanism. However, despite the extensive research on the cuproptosis mechanism, there are still some questions to be answered, such as whether there are other pathways involved in cuproptosis besides protein lipidation, whether there are biomarkers that can predict cuproptosis occurrence, and what is the optimal range of Cu ion concentration for achieving the best therapeutic effect without damaging normal cells. How to control Cu ion concentration effectively and how to choose the appropriate drug type, dosage, and timing for patients with tumor heterogeneity are also important issues to be addressed.
In conclusion, the discovery and application of cuproptosis provide a new direction for cancer treatment. With further research, we will have a deeper understanding of the mechanism of cuproptosis and develop more effective cancer treatment strategies based on this mechanism.
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