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Abstract: This review provides a comprehensive overview of the role of cuproptosis-associated genes across various 
cancer types, emphasizing their importance in tumor progression and therapy resistance. In breast cancer and colorectal 
cancer, the dysregulation of genes related to mitochondrial function and copper metabolism, such as FDX1, LIAS, LIPT1, 
DLD, DLAT, and PDHA1/PDHB, promotes metabolic reprogramming and enhances cancer cell survival. Ovarian cancer 
exhibits unique dysregulations in genes like ATP7B, CCS, and COMMD1, which influence copper metabolism and redox 
signaling pathways, thereby contributing to chemoresistance and tumor growth. In head and neck cancer, the upregulation 
of MT1X, ATP7A, and CCS potentially aids cancer cell survival under oxidative stress conditions. Lung cancer is 
characterized by distinct dysregulation of genes such as SLC31A1, ATOX1, and COMMD1, modulating copper homeostasis 
and redox signaling to support tumor proliferation. Liver cancer and kidney cancer present unique sets of dysregulated 
cuproptosis-associated genes, such as SLC39A4, SCO2, and ATP7A, suggesting novel therapeutic targets specific to these 
cancer types. Pathway analysis reveals enrichment in mineral absorption pathways, highlighting the importance of these 
genes in maintaining cellular mineral homeostasis. Understanding the complex interplay between cuproptosis-associated 
genes and cancer biology offers insights into potential therapeutic strategies targeting copper metabolism for improved 
treatment outcomes across various cancer types.
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1. Introduction
Cancer remains one of the most formidable health challenges worldwide, accounting for millions of deaths 
each year [1]. Despite significant advances in early detection and treatment, the complexity and heterogeneity of 
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cancer continue to hinder effective management. A critical aspect of cancer biology that has garnered substantial 
attention in recent years is the regulation of cell death [1]. While apoptosis, necrosis, and ferroptosis have been 
extensively studied [2,3], a novel form of regulated cell death, known as cuproptosis, has emerged as a potential 
key player in cancer progression and treatment resistance [4,5].

Cuproptosis is a copper-dependent form of cell death that is fundamentally distinct from other cell death 
mechanisms [4]. It is characterized by the disruption of mitochondrial function due to copper accumulation, 
leading to protein aggregation and the loss of mitochondrial iron-sulfur (Fe-S) cluster proteins [6]. These 
disruptions ultimately result in cell death. The discovery of cuproptosis underscores the dual role of copper as 
both an essential trace element and a potential cytotoxic agent when dysregulated [7].

Copper is indispensable for various biological processes, including mitochondrial respiration, antioxidant 
defense, and iron metabolism [8]. Under normal physiological conditions, copper homeostasis is tightly regulated 
to prevent toxicity [9]. However, cancer cells often exhibit altered copper metabolism, leading to increased 
copper levels that can contribute to tumorigenesis and metastasis [10]. Understanding the molecular pathways 
involved in copper-induced cell death has, therefore, become a crucial area of research in cancer biology.

Central to the process of cuproptosis are several key genes that regulate mitochondrial function and 
copper metabolism [11]. These include Ferredoxin 1 (FDX1), Lipoic Acid Synthetase (LIAS), Lipoyltransferase 
1 (LIPT1), Dihydrolipoamide Dehydrogenase (DLD), Dihydrolipoamide S-Acetyltransferase (DLAT), and the 
Pyruvate Dehydrogenase E1 subunits Alpha and Beta (PDHA1 and PDHB) [12]. These genes play vital roles 
in maintaining mitochondrial integrity and metabolic homeostasis. Their dysregulation can lead to enhanced 
tumorigenicity, resistance to apoptosis, and altered cellular metabolism—hallmarks of cancer.

2. Copper metabolism in cancer
Copper’s role in cancer is multifaceted. On one hand, copper is essential for the activity of several enzymes 
involved in oxidative stress response and cellular respiration, which are crucial for rapidly proliferating cancer 
cells [13]. On the other hand, excessive copper can be toxic, leading to oxidative damage and cell death [14]. This 
paradoxical nature of copper makes it a double-edged sword in cancer biology.

Cancer cells often exhibit increased copper uptake and accumulation. For instance, elevated levels of 
copper have been detected in various malignancies, including breast, lung, colorectal, and liver cancers [15]. This 
heightened copper accumulation can support the metabolic demands of cancer cells but also predispose them to 
copper-induced cytotoxicity, which can be therapeutically exploited.

3. The mechanism of cuproptosis
Cuproptosis is triggered by the intracellular accumulation of copper, which interferes with normal mitochondrial 
function. The primary mechanism involves copper binding to lipoylated components of the tricarboxylic 
acid (TCA) cycle within mitochondria. This binding leads to protein aggregation and the subsequent loss of 
Fe-S cluster proteins, which are essential for mitochondrial electron transport and metabolic function [16]. The 
resulting mitochondrial dysfunction precipitates a cascade of events that culminate in cell death [17].

The genes associated with cuproptosis are integral to this process. For example, FDX1 is involved in 
electron transfer within mitochondria and the biogenesis of Fe-S clusters [18]. LIAS is critical for the synthesis of 
lipoic acid, a cofactor for key mitochondrial enzyme complexes [19]. LIPT1 facilitates the attachment of lipoic 
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acid to these enzymes [19], while DLD and DLAT are components of the pyruvate dehydrogenase complex, 
which links glycolysis to the TCA cycle [20]. PDHA1 and PDHB are also crucial for this metabolic link [20]. 
Dysregulation of any of these genes can disrupt mitochondrial function and increase sensitivity to copper-
induced cell death [11].

4. Clinical implications
The discovery of cuproptosis and its associated genes opens new avenues for cancer therapy. By targeting 
copper metabolism and cuproptosis pathways, novel treatments may be developed to selectively induce cell 
death in cancer cells while sparing normal tissues. Therapeutic strategies such as copper chelation, gene 
modulation, and combination therapies are being explored to exploit the vulnerabilities of cancer cells with 
dysregulated copper metabolism.

This review aims to provide a comprehensive overview of the role of cuproptosis-associated genes in 
various cancers. By elucidating the mechanisms through which these genes influence tumor progression and 
resistance, we seek to highlight their potential as therapeutic targets and contribute to the development of more 
effective cancer treatments.

5. The role of cuproptosis-associated genes in cancer
5.1. The role of cuproptosis-associated genes in breast cancer 
In breast cancer, cuproptosis-associated genes play critical roles in tumor progression and therapy resistance by 
regulating mitochondrial function and copper metabolism. Elevated levels of FDX1, LIAS, LIPT1, DLD, DLAT, 
and the pyruvate dehydrogenase complex subunits PDHA1 and PDHB have been observed in breast cancer 
tissues, indicating their involvement in enhancing mitochondrial respiration, metabolic reprogramming, and 
energy production [21]. For instance, FDX1 and LIAS contribute to mitochondrial electron transport and lipoic 
acid synthesis, respectively, supporting the high energy demands of proliferating cancer cells [22,23]. LIPT1 and 
DLD are critical for maintaining mitochondrial enzyme complex functions, promoting metabolic flexibility and 
survival [24]. Additionally, DLAT and the PDHA1/PDHB subunits facilitate the conversion of pyruvate to acetyl-
CoA, which is essential for linking glycolysis to the tricarboxylic acid (TCA) cycle [25,26]. These metabolic 
adaptations enable cancer cells to thrive in diverse microenvironments and resist therapeutic stress [27].

5.2. The role of cuproptosis-associated genes in colorectal cancer
Cuproptosis-associated genes play crucial roles in the progression and therapy resistance of colorectal cancer 
(CRC) by regulating mitochondrial function and copper metabolism. Similar to breast cancer, genes such as 
FDX1, LIAS, LIPT1, DLD, DLAT, and the PDHA1/PDHB subunits are often dysregulated in CRC, enhancing 
mitochondrial respiration and metabolic reprogramming to meet the high energy demands of tumor cells [28]. 
For instance, FDX1 enhances mitochondrial electron transport and Fe-S cluster biogenesis [29,30]. DLD and 
DLAT, key components of the pyruvate dehydrogenase complex, facilitate the conversion of pyruvate to 
acetyl-CoA, which is crucial for energy production and biosynthesis [31,32]. PDHA1 and PDHB further promote 
mitochondrial respiration and anabolic processes [33]. These metabolic adaptations help CRC cells survive under 
various conditions and resist therapeutic stress [34]. Consequently, targeting these genes could disrupt cancer cell 
metabolism, reduce tumor growth, and enhance sensitivity to treatments [35].



18 Volume 2; Issue 5

5.3. The role of cuproptosis-associated genes in ovarian cancer
In ovarian cancer, specific cuproptosis-associated genes exhibit unique patterns of dysregulation not commonly 
observed in breast cancer and CRC, highlighting distinct pathways of metabolic reprogramming and therapeutic 
resistance. One such gene is ATP7B, a copper-transporting ATPase that plays a crucial role in regulating 
intracellular copper levels. In ovarian cancer, ATP7B is frequently overexpressed, facilitating increased 
copper efflux and protecting cancer cells from copper-induced toxicity. This overexpression contributes to 
chemoresistance, particularly to platinum-based drugs, by enhancing the efflux of platinum compounds, thereby 
reducing their intracellular accumulation and cytotoxicity [36].

Another unique gene is Copper Chaperone for Superoxide Dismutase (CCS), which is involved in 
delivering copper to the antioxidant enzyme superoxide dismutase 1 (SOD1). In ovarian cancer, elevated levels 
of CCS enhance the activity of SOD1, thereby increasing the antioxidant capacity of cancer cells and promoting 
their survival under oxidative stress conditions commonly induced by the tumor microenvironment and 
chemotherapy [37].

Additionally, the gene Copper Metabolism Domain Containing 1 (COMMD1) plays a distinct role in 
ovarian cancer. COMMD1 is involved in the regulation of NF-κB signaling and copper homeostasis. In ovarian 
cancer, aberrant expression of COMMD1 has been linked to altered NF-κB activity, promoting inflammation, 
cell proliferation, and resistance to apoptosis. By influencing these pathways, COMMD1 supports tumor growth 
and survival, making it a potential target for therapeutic intervention [38].

These unique dysregulations in ATP7B, CCS, and COMMD1 underscore the complex interplay between 
copper metabolism and cancer cell survival in ovarian cancer, presenting novel opportunities for targeted 
therapies that could disrupt these specific pathways and enhance treatment efficacy. Further research into the 
precise mechanisms by which these genes contribute to ovarian cancer progression and resistance will be 
essential for developing effective therapeutic strategies [39,40].

5.4. The role of cuproptosis-associated genes in head and neck cancer
Among the important dysregulated cuproptosis-associated genes in head and neck cancer, Metallothionein 1X 
(MT1X) stands out. Metallothioneins (MTs) are a family of low molecular weight, cysteine-rich proteins that 
play critical roles in metal homeostasis and detoxification. MT1X, in particular, has been implicated in copper 
metabolism and redox regulation. In head and neck cancer, MT1X expression is often upregulated, possibly as a 
cellular response to increased copper levels within the tumor microenvironment. This upregulation may provide 
a survival advantage to cancer cells by mitigating the cytotoxic effects of copper overload, thereby promoting 
tumor progression and resistance to therapy [41].

Another notable gene is ATP7A, which encodes a copper-transporting P-type ATPase involved in copper 
efflux from cells. While ATP7A dysregulation has been implicated in various cancers, including breast and 
ovarian cancer, its role in head and neck cancer appears to be distinct. In head and neck cancer, ATP7A 
expression levels may be finely tuned to balance the copper requirements for cell proliferation and survival, 
without tipping over into cytotoxic cuproptosis. This nuanced regulation of ATP7A highlights its importance as 
a potential therapeutic target in head and neck cancer [42].

Furthermore, the CCS gene stands out as a key player in head and neck cancer. CCS plays a crucial role in 
delivering copper to SOD, an antioxidant enzyme that neutralizes reactive oxygen species (ROS) [43].
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5.5. The role of cuproptosis-associated genes in lung cancer
In lung cancer, one of the significantly dysregulated cuproptosis-associated genes is SLC31A1, which encodes 
the copper transporter protein CTR1. While CTR1 dysregulation has been implicated in several cancers, its 
role in lung cancer appears to be distinct. CTR1 is responsible for copper uptake into cells, a crucial step in 
maintaining cellular copper homeostasis and regulating cuproptosis. In lung cancer, CTR1 expression levels 
may be finely regulated to support the heightened metabolic demands and proliferation of cancer cells, while 
avoiding excessive cuproptosis. This nuanced regulation of CTR1 highlights its importance as a potential 
therapeutic target in lung cancer, differing from its roles in other cancer types [44].

Another notable gene is ATOX1, which encodes a copper chaperone protein involved in delivering copper 
to ATP7A, a copper-transporting ATPase. Although ATOX1 dysregulation has been observed in various cancers, 
its role in lung cancer is particularly significant. ATOX1 may modulate copper homeostasis and redox signaling 
pathways to support cancer cell survival and proliferation. Targeting ATOX1-mediated copper trafficking could 
offer a novel therapeutic approach in lung cancer, distinct from its roles in other cancer types [45].

Additionally, COMMD1 stands out as a unique player in lung cancer. COMMD1 regulates copper 
homeostasis and cuproptosis by interacting with various copper transporters and signaling molecules. Its 
dysregulation may disrupt copper homeostasis and redox signaling pathways, contributing to lung cancer 
progression through mechanisms distinct from those in breast, colorectal, ovarian, and head and neck cancers [46].

5.6. The role of cuproptosis-associated genes in liver cancer
In liver cancer, a distinct set of cuproptosis-related genes is implicated in tumorigenesis, presenting unique 
molecular targets not shared with other cancers, such as breast, colorectal, ovarian, head and neck, and lung 
cancers. These genes are critical for copper homeostasis, redox regulation, and cell survival in the context of 
liver cancer. One such gene is SLC39A4, which encodes the zinc transporter ZIP4. While primarily involved in 
zinc transport, ZIP4 also plays a role in copper uptake. Dysregulation of ZIP4 in liver cancer may affect copper 
homeostasis and redox signaling pathways, promoting tumor growth and progression. Targeting ZIP4-mediated 
copper transport could offer a novel therapeutic approach specific to liver cancer [47].

Another key gene is the Synthesis of Cytochrome c Oxidase 2 (SCO2), which is involved in assembling 
cytochrome c oxidase, a crucial component of the mitochondrial electron transport chain. Dysregulation 
of SCO2 in liver cancer may impair mitochondrial function and disrupt redox balance, contributing to 
tumorigenesis through mechanisms different from those observed in other cancers. Targeting SCO2-mediated 
mitochondrial pathways could provide a promising therapeutic strategy for liver cancer [48].

Additionally, CCS plays a critical role in liver cancer. CCS facilitates the delivery of copper to SOD, an 
antioxidant enzyme that neutralizes ROS. Dysregulation of CCS in liver cancer may impair copper homeostasis 
and redox signaling, promoting tumor growth and metastasis through mechanisms that differ from those in 
other cancers [49].

5.7. The role of cuproptosis-associated genes in kidney cancer
In the complex landscape of kidney cancer, certain cuproptosis-associated genes play pivotal roles, distinct from 
those observed in other common cancer types, such as breast, colorectal, ovarian, head and neck, lung, and liver 
cancers. One such gene is ATP7A, which encodes a copper-transporting ATPase involved in copper efflux from 
cells. While dysregulation of ATP7A has been implicated in various cancers, its role in kidney cancer appears 
to be unique. ATP7A may modulate copper homeostasis and redox signaling pathways in kidney tumorigenesis, 
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potentially promoting cancer cell survival and proliferation through mechanisms independent of those seen in 
other cancer types [50,51].

Furthermore, ATOX1, which encodes a copper chaperone protein involved in delivering copper to the 
ATP7A transporter, is another key player in kidney cancer. ATOX1-mediated copper trafficking pathways may 
play a distinct role in kidney tumorigenesis, potentially influencing copper homeostasis and redox signaling to 
promote cancer cell proliferation and survival [52,53].

6. Cuproptosis-associated genes dysregulated pathways
Figure 1 presents a comprehensive analysis of pathway enrichment related to cuproptosis-associated genes. 
Figure 1A highlights various metabolic pathways with their respective fold enrichment, showing “Mineral 
absorption” as the most significantly enriched pathway, supported by its high fold enrichment and the large 
number of cuproptosis-associated genes involved (Figure 1A). The color gradient of the dots indicates statistical 
significance, with redder dots representing higher significance levels. Additionally, Figure 1B provides a 
detailed KEGG pathway map of “Mineral absorption,” where key components such as DMT1, TF, and ATP7A 
are marked in red, underscoring their crucial role in this process. These cuproptosis-associated genes participate 
in the transcellular and paracellular transport of minerals like Ca²⁺, Mg²⁺, Fe²⁺, and Zn²⁺ through the intestinal 
epithelium into the bloodstream.

Figure 1. Cuproptosis-associated genes and related pathways. (A) A bubble graph illustrating cuproptosis-associated genes 
and related pathways. (B) KEGG map of the most significantly associated pathway.



21 Volume 2; Issue 5

7. Conclusion
From this comprehensive review of the literature, several conclusions can be drawn:

First, cuproptosis-associated genes exhibit tissue-specific dysregulation patterns, indicating unique 
molecular pathways driving tumorigenesis in each cancer type. For example, ATP7B overexpression is 
prominent in ovarian cancer, while ATP7A dysregulation is notable in kidney cancer. These genes play different 
roles—or may not be dysregulated at all—in other cancer types, such as breast, colorectal, head and neck, lung, 
and liver cancers. This highlights the importance of considering tissue-specific contexts when studying the role 
of cuproptosis-associated genes in cancer.

Second, cuproptosis-associated genes contribute to various aspects of cancer progression, including 
metabolic reprogramming, therapy resistance, and redox signaling modulation. For instance, in breast and 
colorectal cancers, dysregulated genes such as FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, and PDHB enhance 
mitochondrial respiration and metabolic flexibility, promoting tumor growth and survival. In contrast, in liver 
cancer, dysregulated genes like SLC39A4, SCO2, and CCS play crucial roles in copper homeostasis and redox 
regulation, influencing tumor progression and metastasis.

Third, targeting dysregulated cuproptosis-associated genes presents promising opportunities for cancer 
therapy. By disrupting specific pathways involved in copper metabolism, mitochondrial function, and redox 
signaling, novel therapeutic strategies could be developed to selectively target cancer cells while sparing 
normal tissues. For example, targeting ATP7B-mediated copper efflux in ovarian cancer or SCO2-mediated 
mitochondrial pathways in liver cancer could represent effective therapeutic approaches tailored to the unique 
biology of each cancer type.

Overall, the comprehensive understanding of the role of cuproptosis-associated genes in cancer 
underscores the intricate interplay between copper metabolism, mitochondrial function, and redox signaling in 
tumorigenesis. Further research into the precise mechanisms underlying dysregulated cuproptosis-associated 
genes and their tissue-specific effects is essential for developing targeted therapies with improved efficacy and 
reduced toxicity for cancer patients.
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