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Abstract 

Cuproptosis, a newly identified copper (Cu)-dependent form of cell death, stands 
out due to its distinct mechanism that sets it apart from other known cell death 
pathways. The molecular underpinnings of cuproptosis involve the binding of Cu 
to lipoylated enzymes in the tricarboxylic acid cycle. This interaction triggers enzyme 
aggregation and proteotoxic stress, culminating in cell death. The specific mechanism 
of cuproptosis has yet to be fully elucidated. This newly recognized form of cell death 
has sparked numerous investigations into its role in tumorigenesis and cancer therapy. 
In this review, we summarized the current knowledge on Cu metabolism and its link 
to cancer. Furthermore, we delineated the molecular mechanisms of cuproptosis 
and summarized the roles of cuproptosis-related genes in cancer. Finally, we offered 
a comprehensive discussion of the most recent advancements in Cu ionophores 
and nanoparticle delivery systems that utilize cuproptosis as a cutting-edge strategy 
for cancer treatment.
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Introduction
Copper (Cu) is an important micronutrient in the human body that is vital in regulating 
various signaling pathways and associated biological processes, including mitochondrial 
respiration, detoxification of free radicals, and angiogenesis [1, 2]. In biological systems, 
copper exists in two oxidation states, i.e., divalent copper ion (Cu2+) and monovalent 
copper (Cu+). Imbalances in Cu homeostasis can contribute to the development of cer-
tain diseases, like Wilson’s disease caused by Cu overload and Menkes disease caused by 
Cu deficiency [2].

In the 1980s, it has been found that excessive Cu accumulation resulted in cell death 
[3]. Furthermore, Cu ionophores, which are lipid-soluble molecules that bind to Cu ions 
and transport them into cells, were discovered to induce cell death in tumor cells and 
have been used in clinical trials [4–6]. However, the molecular mechanism and specific 
form of cell death induced by Cu and Cu ionophores remained unclear for a long time. It 
was not until 2022 that Tsvetkov et al. unveiled a new form of cell death triggered by Cu 
called cuproptosis [7], which is independent of known forms of cell death like apoptosis, 
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ferroptosis, autophagy, and necrosis. Regarding the molecular mechanism, Tsvetkov 
et al. found a strong association between cuproptosis and mitochondrial respiration and 
the lipoic acid (LA) pathway. The binding of Cu to components involved in lipoacylation 
in the tricarboxylic acid (TCA) cycle leads to their aggregation and downregulation of 
Fe–S cluster proteins, ultimately inducing proteotoxic stress and cell death [7]. Through 
genome-wide knockout screens and individual gene knockout studies, Tsvetkov et  al. 
identified several key regulatory genes involved in cuproptosis [7].

Research has revealed the dichotomous role of Cu in tumorigenesis, progression, and 
therapeutic interventions. On one hand, elevated levels of Cu ions have been found to 
promote tumor growth, metastasis, and angiogenesis in various malignant tumors [8, 
9], while on the other hand, excessive Cu ions can also induce tumor cell death [10, 11]. 
The discovery of cuproptosis has sparked interest among researchers exploring the rela-
tionship between cuproptosis and tumors. Since recent developments in this field of 
study are primarily focused on gene expression, one area of research involves investigat-
ing the expression levels of cuproptosis-related genes and their role in tumorigenesis, 
tumor treatment, and drug resistance to clarify the role of cuproptosis in these processes 
[12, 13]. Due to the unmet clinical need to treat cancer, new approaches are required. 
Another focus of the study is developing strategies for effective cancer treatment based 
on cuproptosis. Researchers have found that high levels of aerobic respiration and mito-
chondrial metabolism can sensitize tumor cells to cuproptosis, thereby enhancing their 
therapeutic effect [7]. The targeted delivery of Cu or Cu ionophores can be used to spe-
cifically kill cancer cells. In-depth research on cuproptosis in cancer will provide a sci-
entific basis for developing clinical strategies aimed at targeting cuproptosis to improve 
tumor therapy.

In this review, we synthesized current understanding on copper metabolism and the 
molecular mechanisms underlying cuproptosis. We also explored the potential corre-
lations between the expression of cuproptosis-associated genes across different tumor 
types and patient prognosis, with the goal of offering innovative insights into cupropto-
sis-based tumor therapy. Additionally, we outlined contemporary strategies for targeting 
cuproptosis in cancer treatment, including the use of Cu ionophores and nanoparticle-
based precision delivery systems. Furthermore, we discussed the potential application of 
targeting cuproptosis to overcome resistance to chemotherapy in tumors. Our aim is to 
provide a new perspective for targeting cuproptosis-related tumor therapy.

Cu metabolism
Regulation of Cu levels in the body is crucial for maintaining normal cellular pro-
cesses. Cu serves as a cofactor for numerous enzymes and is vital in various biochem-
ical reactions. Cu is mainly obtained from diet, with visceral meat and shellfish being 
the richest sources. Once ingested, Cu ions are absorbed primarily in the duodenum 
and small intestine (Fig. 1A) [14]. Cu ions are taken up by the intestinal epithelium 
through a protein called Cu transporter 1 (CTR1), also known as solute carrier family 
31 member 1 (SLC31A1) [15]. This protein is located on the apical side of enterocytes. 
The Cu absorption is facilitated by the activity of metalloreductases, such as six-
transmembrane epithelial antigen of the prostate (STEAP) and duodenal cytochrome 
b [16, 17]. These enzymes reduce divalent Cu2+ to monovalent Cu+, facilitating 
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absorption. After absorption, Cu is transported across the intestinal epithelium into 
the bloodstream. The ATPase Cu transporter α (ATP7A) protein, along with ATPase 
Cu transporter β (ATP7B), forms a Cu-transporting ATPase complex that plays a 
crucial role in Cu transport throughout the body. ATP7A is expressed in most tis-
sues, while ATP7B is primarily expressed in the liver [18, 19]. These transporters are 
located in the trans-Golgi network (TGN) under normal physiological Cu levels. They 
pump Cu from the cytosol into the lumen of the TGN. However, when intracellular 
Cu levels increase, ATP7A and ATP7B translocate from the TGN to vesicular com-
partments within the cell. These vesicles eventually fuse with the plasma membrane, 
allowing Cu to be exported from the cell [20, 21]. This process ensures that excess Cu 
is removed from the cytosol and prevents Cu toxicity. ATP7B is vital for the export of 
Cu into the blood of hepatocytes. Cu is secreted back into the bloodstream by ATP7B 

Fig. 1  Schematic diagram of Cu metabolism. A Cu absorption and transport in the body. Cu is absorbed by 
the body through the small intestine and subsequently released into the bloodstream. Hepatocytes in the 
liver then absorb and store the Cu from the blood. These liver cells can secrete Cu into the blood or bile. B 
Cu trafficking in mammalian cells. Outside mammalian cells, Cu ions are transported into the cell by the Cu 
ion transporter SLC31A1. Once inside the cell, these ions can bind to Cu chaperones in the cytoplasm, such 
as GSH, MT, ATOX1, and CCS1. ATOX1 is responsible for delivering Cu ions to ATP7A/B and trafficking them 
outside the cell via the TGN-associated endo/exocytosis. CCS1 delivers Cu ions to SOD1. Ligand-bound Cu 
ions (L-Cu) in the cytoplasm are transported to the mitochondrial intermembrane space, where they can be 
delivered to SOD1 via CCS1 or to SCO1 and COX11 via COX17. Alternatively, they can be transported into the 
mitochondrial matrix via SLC25A3. H3/H4 in the nucleus can reduce Cu2+ to Cu+
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and transported to various tissues and organs (Fig. 1A). Excess Cu is eliminated from 
the body through its export into bile, mediated by ATP7B [19, 20].

Cu ions in the bloodstream are typically bound to soluble chaperones such as albu-
min, macroglobulins, histidines, and transcopperin [22, 23]. In the cytoplasm, Cu can be 
stored by binding Cu chaperones such as metallothionein 1/2 (MT1/2) and glutathione 
(GSH) [20, 21, 24]. Moreover, cytosolic Cu can be bound by antioxidant 1 (ATOX1)—a 
critical Cu chaperone—and delivered to ATP7A or ATP7B located on the Golgi mem-
brane in the TGN, ultimately secreted to the outside of the cell [25]. Furthermore, Cu 
can be stored in the mitochondria (Fig. 1B). Cu can enter the mitochondrial intermem-
brane space (IMS) through a nonproteinaceous anionic ligand (L-Cu), where it binds to 
cytochrome oxidase (COX) Cu chaperones and is delivered to other COXs or cupro-
enzymes [26]. Moreover, Cu+ can be transported into the mitochondrial matrix by 
the transmembrane transport protein, solute carrier family 25 member 3 (SLC25A3), 
located at the inner mitochondrial membrane (IMM) [27]. The Cu matrix can also be 
exported, but the transporter responsible for this has yet to be identified.

Cuproptosis
Cu ionophores, such as elesclomol (ES) and disulfiram (DSF), are lipid-soluble com-
pounds capable of reversibly binding to Cu ions and transporting them across the 
plasma or mitochondrial membrane, resulting in cell death [28, 29]. The precise mecha-
nism remains unclear for a long time, but it is believed that Cu, rather than Cu iono-
phores, induces this cellular fatality [30, 31]. Initially, it was presumed that intracellular 
redox reactions and the resultant reactive oxygen species (ROS) were the mediators of 
cell death. ES amplifies oxidative stress and stimulates ROS production in tumor cells 
like melanoma [31], gynecological tumors [32], and lung cancer cells [33]. Similarly, 
DSF increased ROS levels in various tumor cells, including breast cancer [30, 34, 35], 
melanoma [36], gastric cancer [37], oral cavity squamous cell carcinoma [38], and hepa-
tocellular carcinoma cells (HCC) [39]. Numerous research has reported that the ROS 
induced by these Cu ionophores combined with Cu mainly originate from mitochondria 
[6, 31, 32, 40, 41]. However, the role of ROS in Cu-induced cell death remains unclear. 
ROS scavengers, such as N-acetylcysteine (NAC), can mitigate the cell damage induced 
by Cu ionophores/Cu in certain cancer cells, including lung cancer cells [33, 42], gas-
tric cancer [37], osteosarcoma [43], and melanoma [36]. Conversely, it has been reported 
that ROS scavengers do not exhibit the same protective effects in other cells, including 
breast cancer and glioblastoma cells [7, 32]. Therefore, there is still insufficient evidence 
to indicate that Cu-induced cell death is due to increased cellular ROS levels. Further-
more, the identification of Cu-mediated cell death has been controversial for a long time. 
Many studies reported it as different forms of cell death, including apoptosis [28, 36, 
44–46], ferroptosis [47–51], autophagy [52, 53], and necrosis [49, 54].

Recently, a unique form of regulated cell death induced by intracellular Cu was iden-
tified by Tsvetkov et  al. [7]. This process involves the aggregation of lipoylated mito-
chondrial enzymes and a reduction of Fe–S proteins, earning it the name “cuproptosis.” 
Notably, cell death does not occur when the Cu ionophore is devoid of Cu ions. This 
cell death can be counteracted by a Cu chelator but not by inhibitors of other known 
forms of cell death, including apoptosis, necroptosis, or ferroptosis [7]. Although the 
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intracellular antioxidant and natural Cu chelator, GSH, could mitigate the toxicity of 
ES-Cu, other antioxidants such as NAC, JP4-039, ebselene, and α-tocopherol were inef-
fective in rescuing cells from the damage caused by ES-Cu [7], indicative of ROS-inde-
pendent Cu-ionophore-mediated cuproptosis cell death. These findings suggest that cell 
death induced by Cu ionophores is a distinct, regulated form that is triggered by Cu, 
independent of known modes.

Cuproptosis is thought to interact with elements of the TCA cycle within mito-
chondria, precipitating oxidative damage to the mitochondrial membrane and protein 
lipoylation [7, 56] (Fig. 2), a universal post-transcriptional protein modification pathway 
[55]. Liquid chromatography–mass spectrometry-based metabolomics analysis of cells 
treated with a Cu ionophore revealed progressive disarray in metabolites associated with 
the TCA cycle. The obstruction of electron transport chain complexes I and II signifi-
cantly mitigates Cu-induced cell death [7]. A comprehensive CRISPR/Cas9 knockout 
screening, coupled with metabolic and biochemical tests, identified several genes associ-
ated with cuproptosis (Table 1). These include ferredoxin 1 (FDX1), LA synthase (LIAS), 
lipoyl transferase 1 (LIPT1), drolipoamide S-acetyltransferase (DLAT), dihydrolipoam-
ide dehydrogenase (DLD), pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1), pyru-
vate dehydrogenase E1 subunit beta (PDHB), metal-regulatory transcription factor-1 
(MTF1), glutaminase (GLS), and cyclin-dependent kinase inhibitor 2A (CDKN2A) [7]. 
Among these, the first seven genes positively regulate cuproptosis, while the last three 
negatively regulate cuproptosis. FDX1 is a reductase that reduces Cu2+ to Cu+ and 
serves as the primary regulator of protein lipoylation. Under FDX1’s influence, LIAS 
attaches the lipoyl moiety to DLAT, a component of pyruvate dehydrogenase implicated 
in the TCA cycle. Cu+ directly engages lipoylated DLAT via a disulfide bond, instigating 

Fig. 2  Schematic of the cuproptosis mechanism. Cu+ is transported into the cells by SLC31A1. Cu2+ is 
transported into cells by Cu ionophores, including ES and DSF. The accumulated Cu binds to lipoylated DLAT, 
instigating its aggregation and triggering proteotoxic stress. FDX1 reduces Cu2+ to Cu+ and facilitates the 
lipoylation of DLAT. Cu inhibits FDX1-regulated synthesis of Fe–S clusters. This inhibition, combined with 
DLAT aggregation, leads to cell death. GSH and tetrathiomolybdate bind to Cu ions, restoring the level of free 
Cu ions and subsequently inhibiting cuproptosis
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abnormal DLAT oligomerization and the subsequent inhibition of the TCA cycle [7]. 
Furthermore, FDX1 can suppress the synthesis of iron–sulfur cluster proteins and desta-
bilize them, ultimately inducing proteotoxic stress and cell death [7].  

While the molecular mechanisms of cuproptosis remain elusive, recent studies have 
unveiled some potential regulators influencing this process. Liu et al. found that ES-Cu 
treatment induces an interaction between FDX1 and glucose-6-phosphate dehydro-
genase (G6PD), leading to G6PD destabilization [70]. This subsequently reduces nico-
tinamide adenine dinucleotide phosphate and GSH levels [70], thereby intensifying 
cuproptosis, suggesting a direct modulation of ROS levels by FDX1 in downstream 

Table 1  Functions of cuproptosis-related genes

Gene Role in cuproptosis Subcellular locations Function description References

FDX1 Reduce Cu2+ to Cu+; 
upstream regulatory factors 
of LA pathway; deletion 
attenuates cuproptosis

Mitochondrion matrix Reduce Cu2+ to Cu+; regu-
late steroid hormone syn-
thesis as electron transfer 
intermediates for mito-
chondrial cytochrome 
P450 (CYP450)

[7, 57]

LIAS Downstream effector mol-
ecules of FDX1; involved in 
LA pathway

Mitochondrion Catalyze the conversion 
of octanoylated domains 
into lipoylated derivatives

[7, 58–60]

LIPT1 Downstream effector 
of FDX1; involved in LA 
pathway

Mitochondrion Catalyze the transfer of 
a lipoyl group to the 
lysine residue of targeted 
enzymes

[7, 58, 60]

DLAT Lipoylation and Cu+ binding 
lead to DLAT oligomeriza-
tion and further result in cell 
death

Mitochondrion matrix Catalyze the breakdown 
of pyruvate into acetyl-
CoA as the E2 subunit of 
PDC complex

[7, 61]

DLD Not described Mitochondrion and 
nucleus

The E3 subunit of PDC 
complex

[7, 62]

PDHA1 Not described Mitochondrion matrix Catalyze the conversion of 
pyruvate to acetyl-CoA as 
the E1 subunit A1 of PDC 
complex

[7, 61]

PDHB Not described Mitochondrion matrix Catalyze the conversion of 
pyruvate to acetyl-CoA as 
the E1 subunit B of PDC 
complex

[7, 61]

MTF1 Deletion results in increased 
sensitivity to cuproptosis

Cytoplasm and nucleus Active the transcription 
of metallothionein and 
other genes involved in 
the homeostasis of heavy 
metals

[7, 63]

GLS Deletion results in increased 
sensitivity to cuproptosis

Cytoplasm and mitochon-
drion

Catalyze the breakdown 
of glutamine into gluta-
mate

[7, 64]

CDKN2A Deletion results in increased 
sensitivity to cuproptosis

Cytoplasm and nucleus Arrest the cell cycle in the 
G1 phase and G2 phase 
by forming complexes 
with CDK4/6, and cyclin D

[7, 65]

ATP7A/B Loss of function results in 
intracellular copper accu-
mulation

Cell membrane, TGN 
membrane, and plasma 
membrane

Copper-transporting 
P-type ATPases

[66–68]

SLC31A1 Overactivation results in 
intracellular copper accu-
mulation

Cell membrane Promote copper uptake 
as a high-affinity copper 
transporter

[69]
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pathways. In gastric tumors, RNA methyltransferase METTL16 could promote cuprop-
tosis by facilitating FDX1 accumulation through m6A modification on FDX1 mRNA 
[71]. This process is inhibited by deacetylase SIRT2 that deacetylates METTL16 at 
K229 [71]. Additionally, adrenomedullin could reduce FDX1 transcription and sup-
press cuproptosis in renal cell carcinoma (RCC) through promoting p38/MAPK signal-
ing pathway-mediated phosphorylation and nuclear translocation of Forkhead box O3 
(FOXO3) [72]. While FDX1’s role in cuproptosis is critical, there are still unanswered 
questions about this process that warrant further exploration. First, the precise molecu-
lar mechanisms underlying FDX1-regulated DLAT oligomerization and Fe–S degrada-
tion remain elusive. Second, the downstream pathways of DLAT oligomers, including 
the direct connection between DLAT oligomerization, proteotoxic stress, and cell 
death, remain ambiguous. Undoubtedly, future research will progressively unravel these 
mysteries.

Cross‑communication of cuproptosis and regulated cell death

Previous studies investigating Cu-induced cell death, it was discovered that cell death 
induced by ES/Cu and DSF/Cu involves apoptosis [28, 36, 45, 46], and ferroptosis [47–
50], suggesting crosstalk between cuproptosis and other forms of cellular death.

Ferroptosis is a form of regulated cell death (RCD) induced by the destruction of 
iron homeostasis and the accumulation of ROS in lipids. Wang and colleagues recently 
observed that ferroptosis inducers, sorafenib and erastin, can enhance cuproptosis in 
primary liver cancer cells, mainly through upregulating FDX1 protein levels and pro-
moting the aggregation of lipoylated proteins [73]. In PDAC cells, Cu can exacerbate 
erastin-induced ferroptotic cell death by promoting the macroautophagic/autophagic 
degradation of glutathione peroxidase 4 (GPX4) [74], a protein that blocking ferropto-
sis by eliminating phospholipid hydroperoxides. These studies suggest that cuproptosis 
and ferroptosis may have some common triggers or share some signaling pathways. An 
important intersection between ferroptosis and cuproptosis is mitochondrial metabo-
lism. In cysteine-deprivation-induced ferroptosis, the accumulation of ROS and lipid 
peroxidation is primarily due to enhanced mitochondrial respiration and rapid depletion 
of GSH [75]. Excessive accumulation of Cu within cells can also lead to depletion of GSH 
and generation of a large amount of ROS [76], providing certain conditions for initiating 
ferroptosis. However, Tsvetkov and colleagues observed that ferrostatin-1, a ferroptosis 
inhibitor, cannot rescue cells from growth inhibition induced by ES-Cu [7], suggesting 
the existence of intricate distinguishing mechanisms between cuproptosis and ferropto-
sis, which is an urgent scientific question in this field.

Cellular damage resulting from Cu overload is also believed to be associated with 
apoptosis. A major contributor to the cytotoxicity of Cu ions is the generation of ROS 
via the Fenton reaction. Excessive ROS can trigger apoptosis through multiple mecha-
nisms, including mitochondrial damage, death receptor activation, and exacerbation 
of endoplasmic reticulum (ER) stress [77]. Previous studies have shown that CuSO4 
treatment increased ROS levels and decreased GSH levels in cells, which promoted the 
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release of cytochrome c into the cytosol and the activation of caspase-9 and caspase-3, 
thus activating the mitochondrial apoptotic pathway [78, 79]. Additionally, researchers 
have observed that administration of CuSO4 upregulated the expression of the C/EBP 
homologous protein (CHOP), Jun N-terminal kinase (JNK), and Caspase-12 in mouse 
liver cells [80], major features of ER stress-induced apoptosis. As mentioned above, 
Cu ionophore combined with Cu can induce ROS generation in numerous tumor cells 
[31–41]. Interestingly, ROS clearance does not always effectively mitigate Cu-mediated 
cellular damage [7, 32], suggesting that exacerbating ROS production may not be the 
primary manifestation of Cu cytotoxicity. One possible explanation is that Cu binding 
to lipoylated components of the TCA cycle is crucial for triggering cellular damage, and 
its downstream signaling may involve multiple pathways of cell death, such as apoptosis 
and ferroptosis. Furthermore, different cell types exhibit varying tolerance and response 
to ROS, leading to diverse pathways of Cu-induced cellular damage in various cells. Fur-
ther studies are needed to elucidate the crosstalk between cuproptosis and other RCD, 
which is critical for improving the efficacy of tumor therapy targeting cuproptosis.

Copper and cancer
The role of Cu in cancer progression has been the subject of significant research owing 
to its potential contribution to the onset and development of cancer, as it can stimu-
late cell proliferation [81–83], angiogenesis [9, 84], and metastasis [85–87] (Fig.  3). It 
has been observed that cancerous cells generally have a greater need for Cu than their 
healthy counterparts [8]. Elevated levels of serum Cu ions have been reported to be 
associated with increased risk of cancers, including breast [88–90], lung [91, 92], cervi-
cal [93], oral [94], bladder [95], and pancreatic cancer [96]. Moreover, the introduction 
of Cu sulfate (CuSO4) has been found to hasten tumor growth in animal models [97].

Fig. 3  Cu and cancer. Cu directly binds to MEK1, CK2, and ULK1, thereby activating or enhancing signaling 
pathways associated with tumor growth. Cu activates HIF-1α and NF-κB, thus facilitating the expression of 
pro-angiogenic factors. Cu promotes the secretion of angiogenic molecules. Cu promotes tumor metastasis 
by binding to SPARC, LOX, and MEMO1. Cu modulates tumorigenesis-associated chronic inflammation 
through the IL-17–STEAP4–XIAP axis. Cu also upregulates the expression of PD-L1, consequently inhibiting 
the efficacy of tumor immunotherapy
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Cu and cuproplasia

Cu plays a critical role in regulating cell growth and proliferation. This Cu-dependent 
process of cell growth and proliferation is referred to as cuproplasia [8]. Cu primarily 
regulates various kinase signaling that promotes tumorigenesis by binding and activat-
ing key molecules (Fig. 3). For instance, the mitogen-activated extracellular signal-reg-
ulated kinase 1 (MEK1) pathway is a Cu-directly regulated signaling pathway. Cu can 
bind to MEK1, which activates the mitogen-activated protein kinase (MAPK) signaling 
pathway [98]. This promotes tumor growth through the activation of extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) and c-JNK [98–100]. Besides MEK1, Casein Kinase 
II (CK2) is a Cu-binding protein kinase [101]. As a critical kinase, CK2 regulates various 
signaling pathways by phosphorylating different substrates, such as the Janus kinase 2 
(JAK2)/signal transducer and activator of transcription 3 (STAT3) and NF-κB pathways. 
In tumor cells, Cu-activated CK2 can promote tumor growth by further activating the 
phosphoinositide 3-kinase (PI3K)/AKT pathway [101].

Cu and autophagy

Autophagy can facilitate the cellular recycling of substances and energy. During tumor 
growth, enhanced autophagy contributes to cancer cell survival by recycling waste and 
meeting energy demands to some extent [102]. It has been reported that Cu is an impor-
tant metal ion involved in regulating cellular autophagy. For instance, Cu can activate 
the Unc-51-like autophagy-activating kinase (ULK) and its associated autophagy path-
way via direct interaction with ULK [103]. In animal models of lung cancer driven by 
KRAS-G12D, deletion of CTR1 diminished the Cu-mediated activation of ULK, which 
led to a blockage in the autophagic flux, ultimately resulting in tumor growth suppres-
sion [103]. Moreover, in lung adenocarcinoma (LUAD) driven by B-Raf proto-onco-
gene (BRAF), reducing Cu levels inhibited the initiation of ULK-dependent autophagy, 
thereby bolstering the antitumor efficacy of traditional MAPK pathway inhibitors that 
induced the upregulation of protective autophagy [104]. The adenosine 5′-monophos-
phate (AMP)–activated protein kinase (AMPK)–mammalian target of rapamycin 
(mTOR) pathway serves as a pivotal energy-sensing signal axis within cells. Decreasing 
of ATP levels can trigger the activation of AMPK, which, in turn, inhibits mTOR, result-
ing in the upregulation of autophagy, thus promoting the recycling of cellular materi-
als and energy [105]. Liao et  al. observed that, in the kidneys of broiler chickens, Cu 
can induce cellular autophagy by activating the AMPK–mTOR pathway [106], suggest-
ing that Cu may regulate tumor cell autophagy by modulating the AMPK–mTOR signal-
ing pathway. Moreover, it is well known that the activated PI3K/AKT pathway can drive 
cellular autophagic flux. Given that Cu can activate the PI3K/AKT signaling pathway 
by binding to CK2 [101], it suggests a potential role for Cu in regulating the autophagy 
levels of tumor cells via CK2, thereby promoting tumor cell growth. However, intrigu-
ingly, Fan Xia et  al. found that Cu can directly interact with autophagy-related gene 
4B (ATG4B), a crucial regulator in the autophagy process responsible for priming and 
delipidation of LC3, thereby inhibiting the cysteine protease activity of ATG4B and con-
sequently suppressing cellular autophagy flux [107]. This indicates that Cu’s regulatory 
effect on autophagy may be bidirectional, with varying impacts across different cancer 
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types. Indeed, in pancreatic cancer cells, blocking SLC31A1-dependent copper absorp-
tion exacerbates cellular autophagy, leading to the suppression of tumor cell death [108].

Cu and tumor angiogenesis

Previous studies have indicated that Cu ions significantly contribute to tumor angiogen-
esis, a process involving the creation of vascular tubules and new blood vessels, which is 
vital for tumor growth [109]. McAuslan et al. revealed that Cu can trigger the migration 
of endothelial cells [110], which is a preliminary stage in angiogenesis. Consequently, 
silencing CTR1 can suppress angiogenesis by blocking the entry of Cu into endothelial 
cells [111]. Furthermore, Cu can stabilize HIF-1α and enhance its binding to crucial 
sequences within the promoters of its target genes, resulting in increased expression. 
This includes vascular endothelial growth factor (VEGF), a potent angiogenic factor that 
fosters tumor angiogenesis [112]. Additionally, Cu can modulate the secretion of angio-
genic molecules such as fibroblast growth factor (FGF) and the inflammatory cytokine 
IL-1α [113, 114]. A deficiency in Cu inhibits the transcriptional activity of NF-κB, con-
sequently reducing the expression of pro-angiogenic factors such as bFGF, VEGF, IL-8, 
IL-6, and IL-1α [115]. Moreover, the Cu chaperone ATOX1 has been identified as a 
significant player in angiogenesis. Atox1 deletion hampered the migration of vascular 
smooth muscle cells, which is typically driven by platelet-derived growth factor [116]. 
This deletion also suppressed the infiltration of inflammatory cells that generate angio-
genic cytokines, including VEGF and tumor necrosis factor alpha (TNFα) [117]. Col-
lectively, these findings suggest that Cu’s capacity to regulate various angiogenic factors 
may underpin its role in tumor progression.

Cu and tumor metastasis

Research indicates that Cu can trigger enzymes and signaling pathways related to metas-
tasis. For instance, the secreted Cu-binding glycoprotein-secreted protein, acidic and 
cysteine-rich, is a critical regulator of tumor cell invasion and metastasis [118]. Similarly, 
the cuproenzyme lysyl oxidase (LOX) has been found to promote tumor cell invasion 
and metastasis (Fig. 3). A study by Shanbhag et al. revealed that a reduction in ATP7A 
led to decreased LOX activity, consequently suppressing tumor growth and metastasis 
in a mouse model of breast cancer [87]. The silencing of Atox1 expression resulted in a 
decrease in LOX activity and inhibited the migration of breast cancer cells [119, 120], 
indicating that ATOX1’s role in the ATP7A–LOX signaling pathway is associated with 
metastasis. Furthermore, Memo was reported to be a Cu-dependent redox enzyme that 
is required for breast cancer metastasis [86]. This is achieved by increasing ROS concen-
trations in cellular protrusions and promoting O2− production [76]. Additionally, in tri-
ple-negative breast cancer (TNBC) cells, the depletion of Cu selectively targets a distinct 
subset of highly metastatic SOX2/OCT4+ cells for lung metastasis inhibition. Within 
these SOX2/OCT4+ metastatic cells, the suppression of tumor metastasis mediated by 
Cu depletion relies on the activation of AMPK and the inhibition of mTORC1 [85], sug-
gesting that targeting AMPK–mTORC1 signaling can suppress Cu-induced breast can-
cer metastasis.
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Cu and tumor immunity

Furthermore, Cu constitutes an indispensable trace element within the body’s immune 
system. Presently, the molecular mechanisms by which Cu regulates the immune sys-
tem are not fully elucidated. However, it is unclear whether Cu deficiency could signifi-
cantly impair the immune system, affect immune cell function, including B cells, T cells, 
and neutrophils, and inhibit the synthesis or secretion of cytokines like IL-2 [121]. The 
abnormalities of the immune system function also play pivotal roles in tumorigenesis 
and tumor therapy. Consequently, Cu may influence the development or therapeutic 
outcomes of tumors by affecting the immune system. A previous study reported that 
the inflammatory cytokine IL-17 enhances intratumoral Cu uptake through the activa-
tion of STEAP4 [122], a metalloreductase. Elevated levels of Cu lead to the activation 
of X-linked inhibitors of apoptosis, thereby promoting NF-κB activation and colorec-
tal cancer development [122]. Additionally, Valli et  al. found that high levels of Cu in 
tumor cells upregulate the programmed death-ligand 1 (PD-L1) expression, an immune 
checkpoint inhibitor linked to cancer immune evasion, at both the mRNA transcription 
and protein stabilization level [123]. Cu-chelating agents have been demonstrated to 
promote tumor tissue infiltration by CD8+ T and natural killer cells, thereby inhibiting 
tumor growth [123]. These findings suggest that, from an immunological perspective, 
Cu may positively regulate tumorigenesis and immunotherapy resistance.

Cu plays a significant role in tumor metabolism, including glycolysis and lipolysis. It 
has been demonstrated to inhibit tumor growth by reducing the expression of glycolysis-
related molecules such as S6 kinase 1 [124] and pyruvate kinase M2 [125]. Moreover, Cu 
can moderate lipolysis through its interaction with the cysteine residues of phospho-
diesterase 3B [126], a molecule responsible for cyclic AMP degradation. Overall, Cu’s 
capacity to regulate various factors involved in carcinogenesis highlights it as a promis-
ing area for continued research. Cu has a critical regulatory function in tumorigenesis 
and its treatment. Thus, studying Cu’s molecular mechanisms and regulating effects may 
help us comprehend tumor development and develop efficient diagnostic and therapeu-
tic methods.

Table 2  Relationship of cuproptosis-related genes and cancer

Gene Cancer Expression Clinicopathological features References

FDX1 KIRC Down Increased expression of FDX1 was associated with 
a more favorable OS in patients with KIRC. A lower 
expression of FDX1 may heighten the responsive-
ness to immunotherapies in patients

[127]

HCC Down Higher FDX1 expression demonstrated prolonged 
survival in HCC. High FDX1 levels were correlated 
with a decrease in PD-1 expression, as well as an 
enhancement in natural killer cells, macrophages, 
and B cells within tumor tissues

[128, 129]

Glioma Up FDX1 acted as a risk factor for OS in glioma [130]

Thyroid carcinoma Down Higher FDX1 expression was correlated with the OS 
in patients with thyroid carcinoma

[131]

ACC​ Down Higher FDX1 expression was associated with longer 
survival in patients with ACC​

[132]

CRC​ Down Low FDX1 expression was associated with poorer 
OS in patients with CRC​

[133]
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Table 2  (continued)

Gene Cancer Expression Clinicopathological features References

LIAS Glioma Up High LIAS expression was associated with poorer 
OS in patients with glioma

[134]

Lung cancer Up High LIAS expression was associated with poorer 
OS in patients with lung cancer

[135]

KIRC Down High LIAS expression was linked with good OS and 
DSF in patients with KIRC

[135]

READ Down High LIAS expression displayed good OS in patients 
with READ

[135]

Ovarian cancer Down High LIAS expression displayed good OS and PFS in 
patients with ovarian cancer

[135]

Breast cancer Down High LIAS expression was linked with good OS in 
patients with breast cancer

[135]

LIPT1 Glioma Up LIPT1 was a risk factor for OS in patients with glioma [130]

LIHC Up Low LIPT1 expression was associated with signifi-
cantly longer OS in patients with LIHC

[136]

HCC Up High LIPT1 expression was associated with more 
malignant pathological features and poor progno-
sis in patients with HCC

[137]

NSCLC Down High LIPT1 expression was associated with a favora-
ble prognosis for patients with NSCLC

[138]

PAAD Down LIPT1 acted as a protective factor for OS in patients 
with PAAD. Silencing LIPT1 promotes the prolif-
eration, migration, and invasion of PANC-1 and 
SW1990 cells

[139]

DLAT Glioma Up High DLAT expression was associated with poorer 
survival in patients with glioma

[134]

ESCA Up DLAT acted as a risk factor for OS in patients with 
ESCA

[140]

BRCA​ Down DLAT acted as a risk factor for OS in patients with 
BRCA​

[140]

COAD Down DLAT served as a protective factor for OS in patients 
with COAD

[140]

READ Down DLAT served as a protective factor for OS in patients 
with READ

[140]

KIPAN Down DLAT served as a protective factor for OS in patients 
with KIPAN

[140]

KIRP Down DLAT served as a protective factor for OS in patients 
with KIRP

[140]

LIHC Up High expression levels of DLAT were linked with 
poor OS in patients with LIHC. Elevated levels of 
DLAT were identified in patients exhibiting resist-
ance to 5-fluorouracil and lenvatinib. Higher levels 
of DLAT expression were correlated with elevated 
PD-L1 levels

[140–142]

PAAD Up Elevated DLAT expression in PAAD was correlated 
with increased resistance to a range of chemo-
therapeutics, including gemcitabine, irinotecan, 
5-fluorouracil, and oxaliplatin

[143]

KIRC Down High expression levels of DLAT were linked with 
good OS in patients with KIRC

[140, 142, 144]

LUAD Up High expression levels of DLAT were associated 
with worse outcomes in patients with LUAD

[145]

GLS PCA Up High expression of GLS was significantly associated 
with Gleason score and tumor stage

[146]
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Table 2  (continued)

Gene Cancer Expression Clinicopathological features References

CDNK2A Pan-cancer CDKN2A mutations that prevent its binding to CDKs 
can lead to uncontrolled growth in various tumors, 
including NSCLC, PAAD, HNSCC, breast, and ovarian 
cancers. Epigenetic reduction of CDKN2A level 
changed the expression of cancer-related onco-
genes or tumor suppressor genes and promoted 
tumorigenesis

[147]

MTF1 Gastric cancer Down High MTF1 expression was associated with longer 
OS in patients with gastric cancer

[148]

LIHC Up High MTF1 expression was related to poor progno-
sis in patients with LIHC

[149, 150]

LGG Up High MTF1 expression was related to poor progno-
sis in patients with LGG 

[149]

KIRC Down High MTF1 expression was associated with a good 
prognosis in patients with KIRC

[149]

Lung cancer Down High MTF1 expression was associated with good 
prognosis in patients with lung cancer

[149]

Ovarian cancer Down High MTF1 expression was associated with good 
prognosis in patients with ovarian cancer

[149]

Breast cancer Down High MTF1 expression was associated with good 
prognosis in patients with breast cancer

[149]

SLC31A1 Glioma Up SLC31A1 was a risk factor for OS in patients with 
glioma

[130]

Breast cancer Up High SLC31A1 expression was correlated with a 
poorer prognosis in patients with breast cancer

[151–153]

BRCA​ Up Higher SLC31A1 expression was associated with 
worse OS in patients with BRCA​

[154]

STAD Up Lower SLC31A1 expression was associated with 
worse OS and DSF in patients with STAD

[154]

KIRC Down Lower SLC31A1 expression was associated with 
worse OS and DSF in patients with KIRC

[154]

LGG Up Low SLC31A1 expression was associated with good 
OS in patients with LGG

[155]

Bladder cancer Up Higher SLC31A1 expression was associated with 
worse OS in patients with bladder cancer

[156]

PDHA1 Glioma Down PDHA1 was a favorable factor for prognosis in 
patients with glioma

[130]

HCC Up High PDHA1 expression was associated with a poor 
survival rate in patients with HCC

[157]

OSCC Down Low PDHA1 expression was correlated with good 
survival in patients with OSCC

[158]

ATP7A Glioma Up ATP7A were risk factors for OS in patients with 
glioma

[130]

HCC Up High ATP7A expression was correlated with a 
poorer prognosis in patients with HCC. Low expres-
sion of ATP7A increased HCC cell copper accumula-
tion and suppressed tumor cell growth

[159]

OSCC Down Low ATP7A expression was correlated with good 
survival in patients with OSCC

[158]

ATP7B Glioma Up ATP7B were favorable factors for OS in patients with 
glioma

[130]
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Cuproptosis and cancer
Cuproptosis‑related genes and cancer

Given that certain crucial genes can regulate cuproptosis, comprehending the relation-
ship between these genes and tumors may facilitate the development of cancer treat-
ment strategies hinged on cuproptosis. Numerous studies have shown the significance of 
cuproptosis-associated genes in tumorigenesis and tumor therapy (Table 2).

FDX1

FDX1, a pivotal modulator of cuproptosis, is vital for various metabolic processes. 
A strong correlation has been detected between FDX1 and cancer. A notable shift in 
glucose, amino acid, and fatty acid oxidative metabolism has been observed in LUAD 
following FDX1 downregulation [160]. FDX1’s underexpression in kidney renal clear-
cell carcinoma (KIRC), confirmed at protein and mRNA levels, contrasts with a more 
favorable overall survival prognosis when its expression is increased [127]. The study 
also proposed that FDX1 lower expression may increase sensitivity to immunotherapies 
in patients [127]. Zhang et al. identified an FDX1 downregulation in HCC cells, while 
patients with higher FDX1 expression exhibited extended survival [128]. This finding 
was echoed by Quan et al., who observed a significant enhancement of survival among 
liver patients with HCC with elevated FDX1 expression. Furthermore, FDX1 knock-
down stimulated the proliferation and migration of hepatic cancer cells by reducing 
cuproptosis [129]. They also reported a significant enhancement in natural killer cells, 
macrophages, and B cells in tumor tissues with higher FDX1 expression. Programmed 
death-1 (PD-1) expression was low in these tissues, suggesting a potential regulatory 
role of FDX1 in immune infiltration in HCC [129]. Contrarily, in glioma, FDX1 expres-
sion levels were upregulated compared with normal tissues. FDX1 knockdown notably 
hindered aerobic glycolysis and glioma cell proliferation [134]. Li et  al. further high-
lighted that the FDX1 expression is promoted by the c-Myc-YTHDF1 signaling path-
way in glioma cells and demonstrated that the c-Myc-YTHDF1/FDX1 axis inhibited the 
mitophagy and promoted the malignant phenotype of glioma cells [161]. In summary, 
these studies depict a close connection between FDX1 and clinical characteristics, anti-
cancer drug sensitivity, immune-related pathways, and immune cell infiltration in var-
ious cancer types. This underlines the potential of FDX1 as a future target for cancer 
treatment and a prognostic biomarker.

LIAS, LIPT1

LA, a mitochondrial antioxidant, is vital for eliminating free radicals and regulating 
mitochondrial energy metabolism and oxidative stress [162]. The proteins expressed by 
LIPT1 and LIAS are integral parts of the LA pathway, which facilitates the post-tran-
scriptional lipoic modification of proteins such as the pyruvate dehydrogenase complex 
(PDC) [58–60]. This pathway is fundamental for standard cellular activity and cupropto-
sis. LIAS, an enzyme involved in LA metabolism, catalyzes the final phase of LA synthe-
sis, while LIPT1 facilitates the transfer of a lipoyl group to the lysine residue of targeted 
enzymes [58–60]. LIAS expression levels are often linked to the prognostic outcomes 
in various patients. For instance, elevated LIAS expression is generally associated with 
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a poorer prognosis in lung cancer. Concurrently, it tends to indicate a more favorable 
prognosis in KIRC, rectum adenocarcinoma (READ), ovarian cancer, and breast cancer 
[135]. Furthermore, LIPT1 has been associated with tumor progression. For example, in 
gliomas and liver cancer, higher levels of LIPT1 expression were indicative of a poorer 
survival rate [130, 136, 137].

DLAT

DLAT, the E2 subunit of the PDC complex, is vital for the TCA cycle. Its lipoylation 
by LIAS, instigated by the presence of Cu, leads to oligomerization and subsequently 
induces cell death [7]. Several studies have highlighted the role of DLAT in tumor forma-
tion. Using an array of bioinformatics tools, Xu et al. revealed that DLAT exhibits abnor-
mal expression patterns in most malignant tumors. They unveiled a correlation between 
DLAT and various immunogenes, including the major histocompatibility complex, 
immune stimulators and inhibitors, and chemokines and their receptors [140]. Further-
more, DLAT expression was linked to the tumor microenvironment (TME), along with 
a diverse infiltration of immune cells [140]. These findings emphasize DLAT’s impor-
tance in cancer development and immunity. In the context of non-small-cell lung cancer 
(NSCLC), it was found that PM2.5 could escalate DLAT expression, thereby fueling gly-
colysis and amplifying tumor cell proliferation. This process is believed to be related to 
the dual regulatory mechanism of the Sp1–DLAT and eIF4E–DLAT axis [163]. In HCC, 
DLAT expression was higher than in normal tissues, correlating with more severe clini-
cal features [141, 142]. Higher DLAT expression was linked to elevated PD-L1 levels in 
HCC [141]. Furthermore, in contrast to normal tissues, DLAT upregulation coincided 
with an increase in Treg cells in HCC [142]. In patients exhibiting resistance to 5-fluoro-
uracil and lenvatinib, elevated DLAT levels were observed, suggesting a potential role for 
DLAT in fostering drug resistance [142]. A similar trend was observed in pancreatic ade-
nocarcinoma (PAAD), with elevated DLAT expression correlating with increased resist-
ance to a range of chemotherapeutics, including gemcitabine, irinotecan, 5-fluorouracil, 
and oxaliplatin [143]. These studies suggest that DLAT may be a critical target for liver 
cancer immunotherapy. Conversely, DLAT was identified as a tumor suppressor in KIRC 
[144]. DLAT overexpression inhibited cell growth, migration, and invasion of KIRC cell 
lines [164].

In summary, these investigations suggest DLAT as a pivotal regulator in tumorigenesis 
and tumor treatment, positioning it as a promising biomarker and potential therapeutic 
target. However, the regulatory functions of DLAT may vary across different tumors. 
Further explorations of the molecular mechanisms involving DLAT could enhance our 
understanding of its role in tumors. Moreover, in cuproptosis, DLAT primarily induces 
cell death through lipoylation and oligomerization. Hence, delving deeper into the 
molecular mechanisms of DLAT’s lipoylation and oligomerization in tumor cells could 
shed light on the relationship between cuproptosis, tumorigenesis, and tumor treatment.

GLS

GLS primarily facilitates the breakdown of glutamine into glutamate, a process integral 
to the Krebs cycle [64]. This cycle generates ATP and produces various amino acids, 
lipids, and nucleotides [165]. Recent studies reveal that GLS is vital for the emergence 
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and progression of various solid cancers. Reduction in GLS expression is associated 
with significant suppression of cell growth and proliferation in glioblastoma [166], pros-
tate cancer (PCA) [146], and melanoma [167]. Overexpressed synaptosomal-associated 
protein 25 (SNAP25) has been demonstrated to regulate GLS-mediated glutaminoly-
sis, thereby inhibiting glioma cell growth in vitro and in vivo [168]. This suggests that 
SNAP25 could potentially act as an upstream regulator of GLS. Furthermore, glioma cell 
growth inhibition through GLS silencing is believed to be linked with c-myc, Bid, and 
Bcl-2 mediated apoptosis [166]. Moreover, GLS is implicated in radioresistance. In PCA 
and stem cells, the high demand for glutamine enhances the radioresistance of cells. This 
correlates with high expression levels of GLS and MYC, two key regulators of glutamine 
metabolism, and is significantly associated with reduced progression-free survival (PFS) 
in patients with PCA undergoing radiotherapy [169]. Considering that GLS knockout 
enhances cuproptosis sensitivity [7], targeting GLS could be a beneficial strategy to 
counteract the drug or radioresistance of tumor cells.

CDKN2A

CDKN2A, also known as p16CDKN2A/p16INK4, is a 16 kD cell-cycle inhibitor protein 
that inhibits the cell cycle by forming complexes with cyclin-dependent kinases (CDK) 4 
and 6 and cyclin D. This action impedes the kinase activity of the enzyme and results in 
the arrest of the cell cycle in the G1 and G2 phases [65, 147]. Historically, research has 
primarily centered on CDKN2A’s role as a tumor suppressor [147]. CDKN2A mutations 
that prevent its binding to CDKs can lead to uncontrolled growth in various tumors, 
including NSCLC, PAAD, head and neck squamous cell carcinoma (HNSCC), and breast 
and ovarian cancers [147]. Furthermore, its expression level has proven significant in 
the growth and treatment of these tumors. Hypermethylation of CDKN2A promoter is 
a leading cause of reduced CDKN2A expression in tumor cells. An increasing body of 
evidence suggests that CDKN2A’s epigenetic aberration relates to epigenetic changes 
in cancer-related oncogenes or tumor suppressor genes [147]. For instance, CDKN2A 
promoter methylation in LUAD was associated with KRAS and EGFR mutations [170]. 
Although Tsvetkov et al. observed that CDKN2A knockout could increase the sensitivity 
to cuproptosis [7], indicating that CDKN2A is an anti-cuproptotic protein, the specific 
molecular mechanisms remain unclear. Further exploration will shed light on the effec-
tive targets involved in CDKN2A-regulated cuproptosis and enhance tumor therapy.

MTF1

MTF-1, a transcription factor, is instrumental in activating the transcription of the 
Cu-binding protein metallothionein (MT) [63]. Acting as a Cu reservoir, MT helps 
maintain metal homeostasis and guard against injury precipitated by metal overload 
[171]. In gastric cancer, MTF1 expression is relatively subdued, which correlates with 
a dire prognosis [148]. Paradoxically, MTF1 expression is increased in HCC cells, 
resulting in poor survival rates and recurrence [150]. The MTF1 overexpression can 
spur the proliferation and metastatic potential of HCC cells [150]. Recent studies by 
Song et  al. substantiate the theory that MTF1 knockdown curbs cell proliferation, 
escalates ROS, and exacerbates cell death in HepG2 and Huh7 [149]. Furthermore, 
they found that high MTF1 expression was linked to a poor prognosis for liver HCC 
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and brain lower-grade glioma (LGG) but a better prognosis for KIRC, lung, ovarian, 
and breast cancer [126]. Single-cell sequencing revealed that MTF1 was implicated 
in several tumor development-associated processes, including DNA repair, angio-
genesis, and cell invasion [149]. Zhang et  al. found that zinc could elevate MTF1 
expression and activate ERK1/2 and AKT signaling pathways in ovarian cancer cells 
[172]. The impact of zinc on tumorigenesis varies substantially across different types 
of tumor cells. For example, elevated zinc concentrations can benefit ovarian can-
cer cells by promoting migration, invasion, and epithelial-to-mesenchymal transi-
tion [172] while concurrently inhibiting PCA cell growth [173, 174]. Considering 
that MTF1 can reduce a cell’s sensitivity to cuproptosis [7], it is plausible that higher 
zinc concentrations could protect tumor cells from cuproptosis. This suggests that 
zinc negatively modulates cuproptosis, implying that cells with lower zinc levels 
could exhibit greater sensitivity to cuproptosis. Moreover, a recent study reported 
that LATS, a kinase of the Hippo pathway that governs organ size and cancer devel-
opment, could disrupt heavy metal homeostasis and reduce cellular protection by 
phosphorylating and inhibiting MTF1 [175], suggesting a possible role for LATS in 
cuproptosis. Collectively, these findings indicate that MTF1 could be a crucial fac-
tor in the progression of various human cancers. Because MTF1 knockout could 
enhance cell sensitivity to cuproptosis, targeting MTF1 and its associated signaling 
pathway could be a potential treatment strategy for cancer.

SLC31A1

SLC31A1, also known as CTR1, is a high-affinity Cu transporter. It is organized 
as a homotrimer on the cell membrane, assisting in the inflow of Cu. It has been 
reported that the suppression of SLC31A1 expression could inhibit tumor growth 
propelled by the BRAF/MEK/ERK signaling pathway [98, 99], a classic character-
istic of several malignant tumors. Furthermore, a feedback loop appears to exist 
between MEK and SLC31A1 to modulate tumorigenesis. Jin et al. observed in pan-
creatic ductal adenocarcinoma cells that the MEK signal pathway sustains the high 
expression level of SLC31A1 by curbing the expression level of miR-124, which can 
suppress the SLC31A1 expression by binding SLC31A1 3′ UTR [176]. This suggests 
that the MEK signaling pathway could potentially be targeted to alter Cu absorption 
by tumor cells. Through the analysis of websites and datasets, Kong and colleagues 
observed that SLC31A1 expression is elevated in most tumor types, including adren-
ocortical carcinoma, mesothelioma, and LGG, compared with nontumor tissues. 
This increased expression was shown to correlate with shorter overall and disease-
free survival [154]. Furthermore, SLC31A1 expression levels are positively associated 
with immune cell infiltration [154]. This observation was also replicated in breast 
cancer samples, where SLC31A1 upregulation predicted a dismal prognosis and was 
associated with a suppressed immune response and metabolic pathways [151, 152]. 
Taken together, these findings suggest that SLC31A1 could present a new target for 
adjusting Cu balance or cuproptosis in tumor cells.
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ATP7A/ATP7B

ATP7A and ATP7B are analogous isoforms of Cu-transporting P-type ATPases. Muta-
tions in ATP7A and ATP7B can lead to neurodegeneration, causing Menkes and Wilson’s 
disease, respectively [67, 68]. In breast cancer, ATP7A suppression can impede the func-
tion of LOX, a modulator of extracellular matrix (ECM) remodeling, which can conse-
quently lead to tumor cell migration [85, 120]. Besides Cu transport, ATP7A and ATP7B 
can interact with platinum drugs and pump them across membranes, contributing to the 
resistance of tumor cells to platinum-based cancer treatments. In patients with NSCLC, 
those testing positive for ATP7A were found to have a significantly lower histological 
grade and reduced response to platinum-based chemotherapy than those testing nega-
tive for ATP7A [177, 178]. Comparable results were observed in in vitro cell cultures, 
where the ATP7A silencing could reverse cisplatin resistance and enhance cell apopto-
sis [179]. ATP7B overexpression has also been linked to less favorable clinical outcomes 
in patients with esophageal carcinoma undergoing cisplatin-based chemotherapy [178]. 
These findings suggest that ATP7A and ATP7B expression could potentially serve as 
markers of cisplatin-related drug resistance in patients with tumors, providing valuable 
insights for cancer treatment strategies.

Scores based on cuproptosis‑related genes

Based on the transcriptomic data and matching clinical information on cancer from 
publicly accessible sources, researchers screened the cuproptosis-related genes using 
mainstream machine learning algorithms, including least absolute shrinkage and selec-
tion operator, gradient-boosted decision trees, decision tree, and Gaussian mixture 
model, and established the cuproptosis-related gene (CRG) risk score signature as an 
evaluative measure to access the relationship between cuproptosis and various aspects 
of tumorigenesis, including initiation, progression, prognosis, and immune infiltration. 
Huang and colleagues developed a cuproptosis-related gene index (CRGI), integrating 
ten cuproptosis-associated genes with six biomarkers in PAAD. Their findings revealed 
a significant survival edge for the group with a lower CRGI. Their experiments identi-
fied DLAT, LIPT1, and LIAS within CRGI genes as credible biomarkers of PAAD [180]. 
Zhang and his team observed that cells within the high cuproptosis-related risk score 
group that were more reliant on glycolysis for energy exhibited a decrease in FDX1 and 
an increase in CDKN2, suggesting this group had a resistance to cuproptosis [128]. Con-
versely, in multiple myeloma, the high-risk group was identified to have elevated levels 
of β2-microglobulin and lactate dehydrogenase (LDH) and advanced Revised Interna-
tional Staging System (R-ISS) or ISS stages, alongside a higher likelihood of cytogenetic 
abnormalities [181]. The low-risk group displayed a greater abundance of immune cells 
and, correspondingly, an increased sensitivity to immunotherapy [181]. A positive cor-
relation was reported between the risk score and stemness index, a measure used to 
evaluate cancer stem cell activation, a crucial driving component of tumor metastasis, 
recurrence, progression, and drug resistance [181]. Yao et al. formulated a cuproptosis-
related immune risk score (CRIRS) based on PRLR, DES, and LECT2 markers. Their 
system identified that, in prostate adenocarcinoma, a high CRIRS was indicative of 
poor overall survival rates, higher T stage, and Gleason scores, which are universally 
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recognized clinicopathological indicators for determining the prognosis of prostate can-
cer [182]. Furthermore, they uncovered an inverse relationship between high CRIRS 
and the levels of some immune checkpoints, a type of immunosuppressive molecule 
expressed on immune cells, and the prevalence of activated immune cells. Lower CRIRS, 
contrarily, suggested a more favorable response to chemotherapy/targeted drugs and 
immunotherapy [182]. Moreover, several studies established the CRG risk score signa-
ture based on cuproptosis-associated gene expression and confirmed that the CRG risk 
score is a strong prognostic marker and could contribute to guiding more effective treat-
ment regimens [183–186]. Compared with a single gene expression level, this risk score-
associated assessment based on machine deep learning is more accurate in reflecting the 
role of cuproptosis in tumorigenesis and treatment because cuproptosis is a multiple-
gene-regulated biological process. Despite the suggestion of these bioinformatics data 
analyses that cuproptosis is intricately linked with tumor progression and therapeutic 
outcomes, these findings still require extensive experimental validation. Additionally, 
the role of cuproptosis varies in different cancer types, which could be attributed to the 
varying dependency of various cancer cells on Cu or the diverse ways in which Cu ions 
regulate cellular metabolism and behavior. Consequently, future research should focus 
on unraveling the molecular mechanisms of Cu ions and cuproptosis on cancer cells to 
enable the precise application of cuproptosis in cancer treatment.

Cuproptosis and tumor treatment

Cu ionophores

Cu ionophores can transport Cu across the plasma or mitochondrial membranes. This 
can subsequently lead to an increase in intracellular Cu levels, potentially inducing 
cuproptosis. Thus, Cu ionophores could serve as potential therapeutic agents for can-
cer treatment. Besides ES and DSF mentioned above, various Cu ionophores have been 
found, including bis(thiosemicarbazone) analogs [187], diacetyl-bis(N4-methyl thiosemi-
carbazide) [188], and glyoxal-bis(N4-methyl thiosemicarbazide) [188]. Among these Cu 
ionophores, ES and DSF have been demonstrated to elevate intracellular Cu concentra-
tions and display anticancer properties effectively.

Elesclomol  ES, a chemotherapeutic adjuvant, was initially developed by Synta Pharma-
ceuticals for metastatic melanoma treatment. Further clinical trials, while not proving it 
to be clinically beneficial for patients, provided a comprehensive evaluation of ES safety 
[6]. A phase III clinical trial indicated that ES, when combined with paclitaxel, did not 
significantly enhance the PFS of patients with melanoma. However, this study discov-
ered that combination therapy improved PFS in patients with normal LDH levels [189]. 
Increased serum LDH levels may, in part, reflect increased hypoxia and glycolysis, sug-
gesting that cell energy metabolism may be a crucial factor for assessing ES’s anticancer 
efficacy of ES. Moreover, while ES has undergone clinical trials for solid tumors, there 
have been no reports of significant tumor treatment success [6].

Given that Cu ionophore-induced cuproptosis is linked to mitochondrial metabo-
lism, ES has potential as a countermeasure against the drug resistance observed in 
tumor cells with elevated levels of mitochondrial metabolism. Tumor cells’ robust 
proliferation and growth hinge on extensive protein synthesis, often leading to an 
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overproduction of misfolded proteins [190]. Accordingly, the degradation of these 
misfolded proteins via a proteasome-dependent mechanism is critical for tumor cells 
to avert proteotoxic events. This makes proteasome targeting a viable strategy to cur-
tail tumor cell growth. However, proteasome inhibitors (PI) can significantly impede 
the growth of most solid tumor cells in vitro. In vivo studies have demonstrated the 
formidable adaptability of tumors to these inhibitors, which restricts their clinical 
applicability [191]. Therefore, targeting metabolic reshaping caused by PI can enhance 
its antitumor capability. Tsvetkov et  al. found that an upsurge in mitochondrial 
metabolism is a key characteristic of proteasome inhibitor-resistant cells. Simultane-
ously, their research indicated that these PI-resistant cells are more susceptible to ES 
[192]. Importantly, ES can enhance the sensitivity of PI-resistant cells to PI, suggest-
ing its potential as an anticancer drug designed to overcome PI resistance. Targeted 
drugs in tumor therapy may also induce amplified mitochondrial metabolism. It has 
been found that mitochondrial metabolism is enhanced in melanoma cells resistant 
to the BRAFV600E gene mutation-targeted drug, vemurafenib, and these resistant cells 
exhibit increased sensitivity to ES [193]. These studies suggest that inducing cuprop-
tosis may overcome drug resistance caused by increased mitochondrial metabolism 
during cancer treatment.

Besides mitochondrial metabolism, other molecular pathways have been found to 
play a role in ES-induced cuproptosis. Recent studies by Wen et  al. demonstrated 
that ES-CuCl2 could enhance docetaxel-induced mortality in PCA cells in vitro and 
in vivo [194]. Mechanistically, they revealed that cuproptosis triggered by ES-CuCl2 
increases the expression level of DLAT, which in turn suppresses cell autophagy and 
proliferation via the mTOR signaling pathway [168]. This results in augmented sen-
sitivity of tumor cells to docetaxel. Gαq and Gα11, subunits of a heterotrimeric G 
protein encoded by GNAQ and GNA11, respectively, are involved in regulating G 
protein-coupled receptor-related signal transfer. GNAQ and GNA11 mutations are 
hallmarks of uveal melanoma. These mutations cause continuous activation of Gαq 
and Gα11, thereby enhancing tumor signaling pathways such as MAPK, PKC, and 
YAP/TAZ [195]. Li and colleagues observed that ES can selectively hinder the prolif-
eration of uveal melanoma cells harboring GNAQ/11 mutations through Cu binding. 
They found that, in these mutant cells, ES could stimulate LATS1, a protein kinase 
in the Hippo pathway, by producing abundant ROS [196]. Moreover, they noted that 
ES could counteract the resistance of these mutant cells to the MEK inhibitor bini-
metinib [170].

Considering that Cu can bind to and activate MEK1, the ability of ES-CuCl2 to 
enhance the effectiveness of MEK inhibitors may depend on intracellular Cu ion dis-
tribution, like within the mitochondria. Further investigation into the precise molecu-
lar mechanism could offer valuable insights into the relationship between cuproptosis 
and the MAPK signaling pathway. However, it should be noted that cuproptosis is not 
the only form of ES-CuCl2-induced tumor cell death. Other modes of cell growth inhi-
bition or cell death, such as autophagy and ROS-induced apoptosis, are also involved. 
Consequently, future research should strive for a more comprehensive understanding 
of how ES-CuCl2 interacts with other forms of cell damage. This will aid in developing 
more effective cancer treatment strategies.



Page 21 of 41Li et al. Cellular & Molecular Biology Letters           (2024) 29:91 	

Disulfiram  DSF, an aldehyde dehydrogenase inhibitor, has been used clinically to treat 
alcohol dependence, also functions as a Cu ionophore, and causes cell death in cancer 
cells [197]. It has shown great potential as an anticancer agent because of its safety and 
few side effects. DSF has been found to interact with Cu ions to form bis-diethyldithio-
carbamate-Cu (CuET), which may increase ROS levels and contribute to the treatment of 
various malignant tumors [197]. DSF-Cu can also enhance the drug sensitivity of cancer 
stem cells by interacting with NPL4, potentially disrupting the p97–NPL4–UFD1 path-
way and inhibiting p97’s ubiquitinated protein degradation function, thus leading to cell 
death [198–200]. However, the exact molecular mechanism by which p97–NPL4–UFD1 
regulates cuproptosis remains elusive.

Small compounds

Recently, researchers have identified several small molecule compounds that showed the 
potential to disrupt copper homeostasis and induce or exacerbate cuproptosis, offering 
promising avenues for cancer therapy. For example, sorafenib, the first multi-tyrosine 
kinase inhibitor approved for diverse cancers and known to induce ferroptosis, has been 
found to enhance cuproptosis by increasing FDX1 aggregation and GSH depletion [73]. 
Zinc pyrithione (ZnPT) was showed to induce cuproptosis in TNBC cells by perturbing 
intracellular copper homeostasis and promoting DLAT oligomerization [201]. Addition-
ally, the protein synthesis inhibitor anisomycin also was found to induce cuproptosis in 
tumor cells, likely via inhibiting Yin Yang 1 (YY1)-mediated transcriptional activation 
of the key genes in the LA pathway (i.e., FDX1, DLD, DLAT, and PDHB) [202]. Moreo-
ver, researchers have unveiled that 4-OI could inhibit glycolysis by targeting the GAPDH 
enzyme to promote ES-Cu-mediated cuproptosis [203].

Nanoparticle

The concentration of Cu ions within the cellular environment is critical for inducing 
cuproptosis in cancer cells. However, the challenge lies in the relatively short blood half-
life of small-molecule-based Cu ionophores, which restricts the efficient delivery of Cu 
to tumor cells. Certain Cu ionophores like ES and DSF have been shown to have a basic 
safety profile. However, their long-term use can disrupt the balance of other metals in 
the body, thus potentially amplifying side effects in patients undergoing treatment. Con-
sequently, an approach that specifically targets tumor cells for Cu therapy could provide 
more accurate cancer treatment. Potential solutions may lie in developing nano-drug 
delivery systems that release Cu or ionophores directly at the tumor site, thus inducing 
cuproptosis and enhancing the effectiveness of therapy [204].

Xu et  al. designed a nonporous Cu(I) 1,2,4-triazolate(Cu(tz)) coordination polymer 
nanoplatform engineered with glucose oxidase (GOx), termed GOx@(Cu(tz)), and 
found this system can effectively stimulate cuproptosis. Upon exposure to GSH stimula-
tion in tumor cells, the platform’s GOx catalytic activity is effectively activated, leading 
to glucose depletion [205]. Glucose depletion can result in an increase in intracellular 
H2O2, which could increase ROS and promote the cell death induced by Cu. The spe-
cific environment of tumor cells and tissues is a crucial factor for targeted delivery. Wu 
et al. developed PEGylated mesoporous silica nanoparticles infused with Cu and DSF. 
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These nanoparticles rapidly degrade, releasing Cu and DSF under the acidic conditions 
of the tumor environment while remaining stable at physiological pH [206]. Animal 
experiments demonstrated that this nanosystem effectively curbed the growth of 4T1 
cell-derived tumors in female BALB/C nude mice [206]. Furthermore, researchers also 
tried to co-deliver chemotherapeutic drugs and cuproptosis inducers to tumor tissues 
to enhance the antitumor efficacy of nanomedicines. For instance, in E-C@DOX NPs, 
in addition to containing Cu2+, they also incorporate the front-line chemotherapeutic 
drug doxorubicin (DOX) [207]. Within tumor tissues, E-C@DOX NPs not only induce 
tumor cell cuproptosis but also inhibit the signaling pathways associated with tumor 
cell stemness and survival, enhance mitochondrial damage, thereby suppressing ATP-
dependent drug efflux pathways and reversing DOX resistance in breast cancer [207]. 
LDH/HA/5-FU nanosheets can specifically target tumor cells and release Cu2+ and 
5-FU, thereby inducing cuproptosis and apoptosis in tumor cells, exhibiting outstanding 
inhibitory effects on tumors [208].

Photothermal therapy (PTT) is a noninvasive approach to cancer treatment where 
photothermal agents use external sources of light energy, especially near-infrared radia-
tion (NIR), to convert it into thermal energy for targeting and destroying tumor cells 
[209]. Cu possesses localized surface plasmon resonance (LSPR) characteristics, making 
Cu-based nanomaterials highly effective in NIR absorption and demonstrating outstand-
ing photothermal performance [210]. Ning et al. designed a PV-coated Cu oxide nano-
particle (Cu2O)/TBP-2 cuproptosis sensitization system (PTC) by physically extruding 
Cu2O, platelet vesicle, and aggregation-induced luminescence, photosensitizer (TBP-2) 
[211]. PTC releases Cu ions in tumor cells due to acidic conditions and hydrogen per-
oxides. Additionally, light irradiation accelerates TBP-2’s entry into the cell membrane 
to produce hydroxyl radicals, which deplete GSH and restrict the outflow of Cu ions, 
ultimately causing cuproptosis [211]. Zhou et  al. created a photothermally activated 
nano platform (Au@MSN-Cu/PEG/DSF) and found that it efficiently kills tumor cells 
and suppresses tumor growth when synergized with PTT [212]. Recently, Zhang et al. 
established O2-PFH@CHPI NPs [213]. Upon NIR, O2-PFH@CHPI NPs simultaneously 
triggered O2 release for photodynamic therapy (PDT) to promote oxidative stress, and 
effectively induced Cu+-mediated cuproptosis in HCC cells. Moreover, the tilt of redox 
balance promoted lipid peroxidation and GPX4 inactivation, resulting in an augmented 
ferroptosis [213]. These results suggest that combining nanomedicines-based cupropto-
sis inducer with PTT shows potential in improving the precision and therapeutic effec-
tiveness of tumor treatment.

Besides escalating the Cu toxicity in cancer cells, Cu delivery systems have been 
employed to craft potent tumor immunotherapy sensitizers. The Xin group devised 
a nanoparticle (NP@ESCu) that co-encapsulates ES and Cu, exhibiting sensitivity 
to ROS [214]. The high levels of ROS in cancer cells trigger the release of ES and Cu 
from nanoparticles, leading to cell death. When applied in  vivo, NP@ESCu instigates 
cuproptosis in conjunction with anti-PD-L1 antibody (αPD-L1), effectively enhancing 
subcutaneous bladder cancer therapy [214]. The Huang group pioneered a more intri-
cate and thorough cuproptosis-related delivery system (CS/MTO-Cu@AMI) to prime 
tumor chemoimmunotherapy. In this system, mitoxantrone (MTO) and Cu2+ are struc-
tured into a nano-metal–organic framework (MTO-Cu) through rational coordination, 
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granting the nanoparticles a pH/GSH dual-responsive release behavior [215]. The nan-
oparticles underwent further modification with chondroitin sulfate (CS), facilitating 
tumor targeting and bestowing hyaluronidase-responsive charge-reversal characteris-
tics. Additionally, the inclusion of amiloride (AMI), known for its inhibitory effects on 
macropinocytosis and exosome secretion, further enhanced the system’s functionality 
[215]. Upon application, CS/MTO-Cu@AMI activated the AMPK pathway by inducing 
cuproptosis and mitochondrial dysfunction, thereby orchestrating the PD-L1 degrada-
tion. Concurrently, the treatment-induced dsDNA damage in cells stimulated antitumor 
immunity via the activation of the cGAS–STING pathway [215]. Beyond this, research-
ers have developed other nano-drug delivery systems to augment tumor cell immu-
notherapy, such as the CaO2@Cu-SS/JQ-1@DSPE-PEG-FA (CCJD-FA) for colorectal 
cancer (CRC) immunotherapy [216], BSO-CAT@MOF-199 @DDM (BCMD) for glio-
blastoma immunotherapy [217], Cu-doped BiSex (CBS) for PCA immunotherapy [218], 
CLDCu for melanoma immunotherapy [219], and PEG@Cu2O-ES for breast cancer 
immunotherapy [220].

Cuproptosis-based and tumor-targeted delivery systems offer promising new strate-
gies for cancer treatment (Table 3). However, numerous scientific complexities remain 
to be thoroughly investigated prior to clinical application. For instance, although these 
nanoparticles can inhibit tumor growth, their safety and therapeutic efficacy require 
further exploration. Accurate tumor targeting is a primary objective when developing 
new systems. However, given the heterogeneity of tumors, generic delivery strategies 
may insufficiently address this challenge. Constructing future generations of Cu or its 
ionophore delivery systems based on specific biomarkers of different tumor types might 
enhance the system’s targeting efficiency. Furthermore, the cost of preparing the delivery 
system is crucial in determining its scope for clinical application and must be considered 
in future research.

Cuproptosis and platinum resistance

Treatment with platinum drugs is a standard of care for different tumor types. Studies 
have reported that Cu metabolism and cuproptosis have an important impact on the 
treatment of tumors with platinum-based drugs. First, some genes related to Cu metab-
olism or cuproptosis can influence tumor cell sensitivity to platinum drugs. For instance, 
GLS activity upregulated in cisplatin-resistant CRC cell lines, which reduced the cells’ 
sensitivity to cisplatin [244]. Further investigation revealed that the binding of YTHDF1 
to the 3′ UTR of GLS1 promoted GLS protein synthesis, which mediated the cisplatin 
resistance of CRC cells [244].

Moreover, it has been reported that Cu transporters were involved in platinum uptake 
or expulsion. SLC31A1 has been recognized as the primary transporter of platinum-
based drugs such as cisplatin [245]. Research by Wu et  al. revealed that in epithelial 
ovarian cancer cells, ZNF711, a type of zinc-finger protein, could recruit histone dem-
ethylase JHDM2A to the SLC31A1 promoter [246]. This action served to decrease the 
H3K9me2 level, thus activating SLC31A1 transcription and enhancing cisplatin uptake. 
Moreover, Cheng et  al. reported that, in cisplatin-resistant osteosarcoma, the RNA-
binding protein PTBP1 accelerated the SLC31A1 mRNA degradation by directly binding 
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to it, which downregulated the SLC31A1 protein level and reduced the cell’s sensitivity 
to cisplatin [247].

Besides, ATP7A and ATP7B can interact with platinum drugs and pump them across 
membranes, contributing to the resistance of tumor cells to platinum-based cancer 
treatments. Targeting ATP7A/ATP7B could increase tumor cell sensitivity to platinum 
drugs [248–253]. Additionally, Ryumon et  al. found that the Cu chelator ammonium 
tetrathiomolybdate could downregulate ATP7B expression in HNSCC cells in  vitro, 
thereby enhancing the anticancer effect of cisplatin in a bone invasion mouse model 
[254]. This implies that altering the Cu levels of tumor cells could be a viable approach 
to modulate ATP7B expression and counter cancer cell resistance to cisplatin. These 
studies indicate that, while the expression levels of Cu transporters may be unfavora-
ble for the prognosis of patients with cancer, they could serve as potential biomarkers 
for therapy associated with platinum drugs. Future research should focus on elucidating 
the mechanisms that underpin the relationship between Cu absorption and resistance to 
platinum-based drugs.

Moreover, the potential of Cu ionophore-induced cuproptosis to overcome platinum 
drug resistance in tumor cells is noteworthy. For instance, ES has been demonstrated to 
enhance the sensitivity of lung cancer cells to cisplatin [33]. The upregulation of TRX-1, 
a small redox protein that exhibits an inverse relationship with the intensity of mito-
chondrial respiration in cisplatin-resistant cells, might serve as the primary mechanism 
[33]. However, in clinical practice, whether ES can benefit patients with cisplatin-resist-
ant lung cancer remains an uncertain issue. In cervical cancer cells, the DSF/Cu complex 
can decrease the population of cancer stem cell-like LGR5+ cells, which mediates cis-
platin resistance in tumor cells [255]. Furthermore, it has been reported that combined 
treatment with DSF and cisplatin can alter the cellular localization of ATP7A, thereby 
increasing the drug concentration within tumor cells, promoting apoptosis, and inhibit-
ing tumor growth [256]. Targeted delivery of Cu to tumor cells using nanoparticle sys-
tems, like the CuET NPs system designed by Lu et al., could potentially counteract the 
phenomenon of drug resistance in tumor treatment [230]. This system has been dem-
onstrated to effectively inhibit the growth of cisplatin-resistant lung cancer cells in vivo 
and in  vitro. However, these studies are predicated on the premise of Cu overload in 
tumor cells, and the specific role that cuproptosis plays in tumor drug resistance is not 
yet clearly defined. Future research focusing on the influence of the cuproptosis pathway 
on tumor drug resistance could provide valuable insights that may help address current 
challenges in clinical treatment.

Conclusions and future perspectives
Cu-mediated cell death was discovered about four decades ago, and the induction of cell 
death by Cu and Cu ionophores, such as ES and DSF, has been extensively researched in 
tumor therapy. However, the molecular mechanism underlying cell death triggered by 
intracellular Cu overload remained unclear until the concept of “cuproptosis” emerged. 
Tsvetkov et al. identified that the increase in Cu levels led to cell death and established 
that this was reliant on the Cu-induced DLAT aggregation and Fe–S cluster protein 
instability. Using systematic screening, they also identified several crucial regulatory 
genes involved in cuproptosis [7]. While TCA-related proteins like FDX1 and DLAT 
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are presently employed as biomarkers in cuproptosis research, investigations into the 
interplay between TCA and its elements with cuproptosis are still limited, particularly 
regarding the molecular mechanisms underlying cuproptosis induced by TCA elements. 
As a novel form of cell death, cuproptosis still lacks reliable biomarkers for identifica-
tion and evaluation, limiting physiological and pathological studies. This is a barrier to 
understanding the full potential and implications of cuproptosis in biological contexts.

Cuproptosis, as an emergent form of cell death, is being actively explored in various 
areas, including tumor chemotherapy, microenvironment infiltration, immunotherapy, 
and prognostic evaluation, with the aim of devising more potent cancer treatment strat-
egies. Nonetheless, numerous challenges must be addressed before cuproptosis can be 
effectively integrated into clinical cancer treatments. For example, the current inability 
to precisely differentiate the mechanisms and induction approaches of cuproptosis in 
normal versus cancer cells could potentially compromise treatment precision and exac-
erbate side effects during cancer therapy. Research on cuproptosis-based cancer therapy 
can take two main directions. First, the unique traits of cancer cells, including enhanced 
mitochondrial metabolism and elevated ROS levels, can be leveraged to augment the 
anticancer efficiency of cuproptosis-associated drugs or systems. Second, the possibil-
ity of inhibiting cuproptosis regulatory proteins or pathways, such as MTF1, GLS, and 
CDKN2A, can be examined to enhance or sensitize cuproptosis in cancer cells. Addi-
tionally, the heterogeneous nature of tumors results in varying responses of tumor cells 
to Cu ions and, consequently, to cuproptosis. Therefore, conducting a comprehensive 
study of the molecular mechanisms or regulatory networks involved in Cu metabolism, 
and the resulting cell damage across different cancer cells could potentially broaden 
the applicability of cuproptosis in cancer therapy. Additionally, the prolonged intake of 
nontargeted Cu or Cu ionophores can disrupt a patient’s mental balance and heighten 
treatment side effects. An effective approach to mitigate this issue could be the use of 
a nanoparticle-based targeted delivery system, which can decrease the accumulation of 
nonessential Cu ions in the body and enhance tumor treatment efficacy. This presents a 
promising direction for the future development of cuproptosis-related cancer therapeu-
tic strategies. Nonetheless, it is crucial to consider reports suggesting that elevated Cu 
concentrations can promote the progression of certain tumors. Hence, achieving a bal-
ance between the dual effects of Cu is fundamental for implementing cuproptosis-based 
cancer treatment.

In summary, cuproptosis represents a significant new form of cell death, providing 
potential direction and strategies for cancer therapy. However, we are still in the early 
stages of understanding this process, and further research is required to fully elucidate 
its molecular mechanisms and their links to cancer.
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