Xie et al. Molecular Cancer (2023) 22:46 MO | ecu |a r C ancer
https://doi.org/10.1186/512943-023-01732-y

: : . ®
Cuproptosis: mechanisms and links il

with cancers

Jiaming Xie'*", Yannan Yang'?", Yibo Gao**" and Jie He'**

Abstract

Cuproptosis was a copper-dependent and unique kind of cell death that was separate from existing other forms of cell
death. The last decade has witnessed a considerable increase in investigations of programmed cell death, and whether
copper induced cell death was an independent form of cell death has long been argued until mechanism of cuprop-
tosis has been revealed. After that, increasing number of researchers attempted to identify the relationship between
cuproptosis and the process of cancer. Thus, in this review, we systematically detailed the systemic and cellular meta-
bolic processes of copper and the copper-related tumor signaling pathways. Moreover, we not only focus on the
discovery process of cuproptosis and its mechanism, but also outline the association between cuproptosis and cancers.
Finally, we further highlight the possible therapeutic direction of employing copper ion ionophores with cuproptosis-
inducing functions in combination with small molecule drugs for targeted therapy to treat specific cancers.
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Background

In the recent years, cuproptosis, a novel form of regulated
cell death which is copper dependent has been identi-
fied [1, 2], may be implicated in the process of various
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Fig. 1 Timeline illustrating the discovery of cuproptosis. The historical events contributing to the discovery of cuproptopsis and oncological
research advances of copper associated cell death are depicted in the timeline

is highly related to cellular metabolism, and certain can-
cer types usually exhibits high aerobic respiration levels.
Some tumor types such as melanoma, breast cancer and
leukemia [5, 6], some cancers with tumor stem cells [7, 8]
and some drug-resistant tumors exhibit a high mitochon-
drial metabolic state [9—13]. Tumor cells treated with cer-
tain antitumor drugs such as proteasome inhibitors(PI)
have also been found to exhibit higher mitochondrial
metabolism [14, 15]. A growing number of researchers
focusing on the vital link between cuproptosis and can-
cer process through bioinformatic analysis. Some studies
have focused on the relationship between expression lev-
els of cuproptosis key genes (CKGs), genes identified and
validated in the previous studies of Tsvetkov et al., and
tumor prognosis. To avoid the effects of gene interactions,
some investigators have constructed Cuproptosis-related
signatures by cuproptosis related genes (CRGs) to iden-
tify the association of Cuproptosis with cancer. Copper
ionophores played a major contribution in the discovery
of cuproptosis, and have been considered for possible
use in antitumor therapy in the past [16, 17]. However,
their specific mechanisms and applicable populations
have not been fully analyzed. With the discovery of the

(See figure on next page.)

cuproptosis, the interactions between these drugs, copper
and the mitochondria are becoming clear, which makes
the antitumor clinical application of these drugs possible.
This review focusing on discovery of the mechanism of
cuproptosis and the pivotal relationship between cuprop-
tosis and cancers. We aimed to provide possible direc-
tions for future studies related to cuproptosis and cancers.

Systemic and cellular copper homeostasis

Copper, a kind of indispensable transition metal, has two
sides for cell. On the one hand, it served as co-factor for
many enzymes by donating or receipting electronics [3],
on the other hand, the accumulation of copper can lead
to a series of cellular metabolic dysfunctions and even-
tually cell death [18]. People mainly obtain copper from
food, out of which organ meats and shellfish tend to be
the richest food sources of copper, and the current rec-
ommended intake of copper for adults should be 0.8—
2.4 mg/day to maintain systemic copper homeostasis [19]
(Fig. 2). Copper uptake occurs mainly through the small
intestine, the small intestine epithelium took up copper
ions via copper transporter 1 (CTR1) or called solute
carrier family 31 member 1(SLC31A1), the transporter

Fig. 2 Schematic of systemic and cellular copper metabolism. The body absorbs copper mostly through the small intestine, where it is then

transported by blood to the liver for excretion into the bile. In tumor cells, interactions between several proteins maintain copper homeostasis. The
entry and departure of copper ions into and out of the cell are controlled by the copper ion transporters SLC31A1 and ATP7B, whereas the transit
of copper ions through the outer and inner mitochondrial membranes is controlled by COX17 and SLC25A3, respectively. Copper ions entering the
cytoplasm and mitochondrial intermembrane space bind to GSH and MT or form copper-containing molecular chaperones such as SOD1 which is
crucial for proper function of copper. To sustain normal cellular functions, COA6, SCO1 and SCO2 work together to mediate the transfer of copper to
COX in the mitochondrial intermembrane space
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encoding by sic31al on the cell surface. The copper was
transported to another side of epithelium through cop-
per chaperone antioxidant 1 copper chaperone (ATOX1)
and exported into the bloodstream through the action of
ATPase copper transporting alpha (ATP7A) [20]. Cop-
per ions are transported in the blood by binding to pro-
teins rather than being free. About 75% of copper ions
are bound to ceruloplasmin (CP) in the non-exchangea-
ble form, about 25% of copper ions are bound to human
serum albumin (HSA) in the exchangeable form and
about 0.2% of copper ions are bound to Histidine [21,
22]. Copper ions were then transported through por-
tal system to the liver [23], which is the main organ for
copper repository and also the main organ for copper
excretion in the body. The copper storage function was
believed to be mediated by metallothionein1/2 (MT1/2),
two thiol-rich proteins, which bind copper ions in a pH-
dependent manner through their cystine residues, how-
ever, their specific ability to bind and transfer copper is
still unknown. Through the function of ATPase copper
transporting beta (ATP7B), excess copper is excreted into
the bile and leaves the body [24].

The role of copper in tumor processes has also been of
interest to researchers. A significant increase in serum
copper ion levels in tumor patients compared to nor-
mal patients has been observed in studies of lung cancer
[25], prostate cancer [26], breast cancer [27], carcinoma
of gallbladder [28], stomach cancer [29] and thyroid can-
cers [30]. Higher levels of copper ions were also observed
in the gallbladder tissue of patients with gallbladder
cancer [28]. Further, among lung cancer patients, those
with worse clinical stage had higher serum copper ion
concentrations and higher serum copper ion concentra-
tions were also associated with worse clinical progno-
sis. The normal function of copper ions in cancer cells is
dependent on the regulation of copper homeostasis and
the interaction of different types of proteins (Fig. 2). The
first group is proteins related to copper transport across
the membrane. Consistent with small intestinal epithe-
lial cells, the uptake of copper ions by tumor cells also
requires the involvement of CTR1, and the elevated and
decreased expression levels of SLC31A1 directly affect
intracellular copper ion levels [31]. CTR1 mainly trans-
ports monovalent copper ions. After being transported
to the cell surface in the blood, divalent copper ions are
reduced to monovalent copper ions catalyzed by steap
proteins [32], which are bound and maintained in the
reduced state by two His-Met-Asp clusters at the nitro-
gen terminus of CTR [33], and thus transported into the
cell. Cu was transported from the intermembrane space
of mitochondria across the inner membrane into the
mitochondrial matrix by the transmembrane transport
protein solute carrier family 25 member 3 (SLC25A3)
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[34]. However how copper ions enter the intermem-
brane space of mitochondria through the outer mem-
brane is still unknown. ATPases, including ATP7A and
ATP7B, associated with the extracellular excretion of
copper, export Cu ions bound to metal binding sites in
the presence of ATP [35]. These proteins that mediate
the transmembrane transportion of copper ions regu-
late their intracellular distribution. The second group
is proteins that bind and store copper ions. MT and
glutathione(GSH) served as naturally intracellular cop-
per ion chelators, binding copper and thus preventing it
from causing cell damage [36]. The third group is cop-
per ion chaperones [37], interaction of which ensures
proper copper cellular function. Cytoplasmic copper ion
chaperones ATOX1 bind Cu(I) via two cysteine residues
and transport it to the metal binding sites of ATP7B for
further exportation. Copper chaperone for superoxide
dismutase(CCS) directly interacted with and transported
copper ions to superoxide dismutase 1(SOD1) [38]. With
the involvement of O2, CCS can accelerate the disulfide
formation of SOD1, which is essential for the correct
spatial conformation and the enzyme activity [39]. SOD1
plays a role in catalyzing the generation of H202 from
superoxide radicals and plays a key role in maintaining
intracellular reactive oxygen species(ROS) homeostasis,
and the inactivation of which can lead to the onset of cell
death [40]. In addition to this there are a series of intra-
mitochondrial copper ion chaperones that play an impor-
tant role in the function of cytochrome c oxidase (COX),
an important component of oxidative phosphorylation.
These chaperones are involved in the composition and
function of COX by storing or delivering copper ions
[41]. Cytochrome c oxidase copper chaperone(COX17)
carried copper ions from the cytoplasm into the inter-
membrane space of mitochondria [42], and further
delivered copper ions to the cysteine residues of SCO1
with which it formed disulfide bonds [43]. Cytochrome
¢ oxidase assembly factor 6(COA6) served as a thiol-
disulfide oxidoreductase to reduce the formation of
disulfide bonds between cysteine residues in synthesis of
cytochrome c oxidasel/2 (SCO1/2) and substances other
than copper [44], thus allowing copper binding [45]. The
deficiency of COA®6 lead to disorder of respiratory com-
plex IV biogenesis [46]. In the effect of COA6, SCO1 and
SCO2 transferred the copper ions obtained from COX17
to COX and participate in cytochrome c oxidase assem-
bly [47]. Moreover, SCO1 and SCO2 were also involved
in the regulation of cellular copper homeostasis, and the
absence of both decreases cellular copper ion levels [48].
The maintenance of intracellular homeostasis of copper
is dependent on the interaction of these four types pro-
teins, and dysregulation of copper homeostasis will lead
to disruption of cellular metabolism and even cell death.
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Cuproptosis and cancer signaling pathways

Copper is thought to be directly related to multiple
signaling pathways in tumor cells, by binding and acti-
vating key molecules in multiple signaling pathways
(Fig. 3). Copper were considered to play a critical role
in receptor tyrosine kinase-related signaling pathways,
which can bind and phosphorylate receptor tyrosine
kinase(RTK) with no ligand binding and further lead to
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RKT activation. Activated RTK subsequently lead to
phosphorylation of downstream extracellular regulated
protein kinases(ERK) and agammaglobulinaemia tyros-
ine kinase(ATK), ultimately lead to cell migration and
proliferation [49]. Copper ions are also thought to cause
downstream activation by acting on different molecules
of the phosphoinositide-3-kinase (PI3K)-AKT signaling
pathway. On the one hand, Copper can directly activate
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Fig. 3 Copper and cancer singnaling pathways. Copper is strongly associated with the process of cancer and impacts them in a direct or indirect
ways. Copper directly binds or activates EGFR, PDK1 or PI3K to promotes tumorigenesis. Copper also influences MAPK and autophagic pathways or
indirectly changes c-Myc stability to influence tumor growth. Copper ions indirectly promotes HIFa or indirectly inhibits the Notch pathway ligand
Jagged1 thus promoting vascular neoplastic migration. In addition, copper can also regulate PDE3B or S6K1 and thus modulates tumor metabolism
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the PI3K which leads to downstream AKT activation
[50]. On the other hand copper bind to the histidine117
and histidine203 sites of pyruvate dehydrogenase kinase
1(PDK1) which lead to activation of AKT [51]. The AKT
activation triggered by copper can further catalyze the
phosphorylation and subcellular redistribution of fork-
head box Ola(FoxOla) and forkhead box O4(FoxO4),
which promoted the cancer cell proliferation and tumor
growth [52]. Activation of mitogen-activated protein
kinase(MAPK) signaling pathway is also dependent on
the presence of copper ions [53], Copper can directly
bind to mitogen-activated proteinkinase kinase 1(MEK1)
to promote the phosphorylation of ERK1/2 and further
activate the downstream c-Jun N-terminal kinase(JNK)
to regulate tumor growth [54].

The autophagy pathway can recycle metabolic waste
from tumor cells to ensure their energy needs or allow
them to escape apoptosis, ultimately leading to prolif-
eration of tumor cells. Copper directly binds Unc-51
Like autophagy activating kinase(ULK) and acts as its
regulator to promote phosphorylation and activation of
autophagy related 13(ATG13), resulting in the formation
of the autophagic complex and ultimately tumor growth
[55, 56]. Consistent with the MAPK signaling pathway,
autophagic pathway can also promote cancer cell survival
and is directly affected by copper ions. In B-Raf proto-
oncogene(BRAF)-driven lung adenocarcinoma cells, loss
of CTR1 leads to a decrease in copper ion concentra-
tion that is directly associated with reduced function of
MEK1/2 and ULK1/2, key kinases in both signaling path-
ways [57]. In addition to interacting directly with impor-
tant proteins in the pathway, copper ions can also affect
them indirectly to regulate the biological behavior of can-
cers. The Notch pathway is often considered as a tumor
suppressor, which is extensively involved in the develop-
ment of malignant tumours [58]. Copper ions promote
shedding of the notch ligand Jaggedl on cell surface and
promote tumor cell migration [59]. Numerous reports
have revealed that copper ions have a close relation-
ship with tumor angiogenesis [60], which was depend-
ent on the interaction between copper and hypoxia
inducible factor 1 subunit alpha(HIF-1a)-related signal-
ing pathways. Copper mediates HIF-1la binding to the
critical motifs of target gene promoters through a CCS-
dependent manner thereby upregulating the expression
of affected genes such as hypoxia inducible factor 1(HIF-
1) [61, 62]. Even under normoxic conditions, copper can
directly increase the stability of HIF-1a, which in turn
promotes the expression of target genes such as vascular
endothelial growth factor(VEGE), leading to tumor angi-
ogenesis [63]. Previous research has also emphasized the
significance of copper in inflammation promoting effects
by interacting with NFkB pathways [64]. Inflammatory
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cytokines promote elevated intracellular copper levels
and lead to X-linked inhibitor of apoptosis(XIAP) activa-
tion, which promotes NFkB activation and tumorigen-
esis. A strong relationship between copper and lipolysis
pathways has been reported in the previous research. The
Whnt signaling pathway maintains the renewal balance of
human cells, and activation of whose genes exerts a pro-
tumor effect in tumor cells [65]. A much-debated ques-
tion is whether copper up or down regulated the level
of C-myc. The previous study has found that increas-
ing intracellular copper ion concentration through
disulfiram(DSF) leads to a decrease in the expression of
B-catenin and C-myc, two important molecules of the
Wnt pathway, thereby inhibiting tumor growth [66].
However, a more recent research argued that the Cop-
per elevates C-myc stability by promoting phosphoryla-
tion at its threonine 58 and serine 62 sites [67]. The level
of tumor cell metabolism also has an impact on the bio-
logical behavior of tumors, and copper ions can regulate
tumor metabolism through interactions with related
molecules within the lipid or sugar metabolic pathways.
Copper has been shown to regulate lipolysis through
interaction with cysteine residues of phosphodiesterase
3B(PDE3B), the phosphodiesterase that degrades cAMP
[68]. Moreover, Cu is also thought to inhibit the expres-
sion of S6K1 and its downstream glycolysis-related mol-
ecules, including GLUT1, PKM2 and LDHA, thereby
suppressing tumor growth [69]. Collectively, copper plays
a direct or indirect role in cancer signaling pathways and
cancer properties, which further emphasizes its impor-
tance in cancers.

From copper induced cell death to cuproptosis

During the past few years, the link between copper and
programmed cell death has long been at the center of
much attention and the mechanism of copper induced
cell death has long been researched. Copper has been
known to cause cell death in the 1980s [70], however, the
exact mechanism has not been elucidated. Copper iono-
phores, a lipid-soluble molecule that binds copper ions
reversibly, played an important role in the discovery of
cuproptosis, and may be involved in clinical treatment as
antitumor agents [71]. Copper ionophores may transport
copper ions through the plasma membrane or mitochon-
drial membrane structure of a cell. DSF, a drug that has
been used to treat alcohol dependence, also functions
as a copper ionophore and is thought to cause cell death
[72], in the same way that elesclomol(ES), another cop-
per ionophores, was also believed to have the ability to
kill cells [73]. In studies on copper ionophores ES and
DSE, many researchers have investigated the mechanism
by which these copper ionophores cause cell death, sug-
gesting that such cell death was caused by copper rather
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than copper ionophores, however, the exact mechanism
was not indicated [74]. ROS is mainly derived from intra-
cellular redox reactions in which mitochondria play a
key role [75], which is also consistent with the correla-
tion between copper induced cell death and mitochon-
drial metabolism. Among the studies on ES-induced
cell death, researchers generally agree that the cell death
caused by ES is mediated by elevated levels of ROS due
to various mitochondrial-related factors. A study in 2012
on melanoma cell lines concluded that ES transported
copper and led to reduced levels of mitochondria related
proteins, thereby lead to increase of ROS and further
inhibition of tumor cell proliferation [74]. In a 2013 study
conducted in Human leukemia K562 cells, copper ions
were suggested to be able to oxidize ascorbic acid and
react with H202 to produce more damaging ROS after
entering cells via ES transport [76]. It was suggested in
the study on ES in 2015 that ES-Cu may have multiple
roles, including blocking cells in the G1 phase, damag-
ing DNA and affecting mitochondrial membrane poten-
tial [16]. A 2016 study on AT-rich interaction domain
1A(ARID1A) concluded that ES can act on the mito-
chondrial respiratory chain and lead to increased levels
of intracellular reactive oxygen species and cell death
through a ROS-mediated mechanism [77]. Other stud-
ies on tumor targeting by copper ionophores have pro-
posed the same mechanism as previously described [78,
79]. However, in 2019 Tsvetkov et al. found that Hi-Mito
condition (a rise in mitochondrial respiration, which can
be induced by replacing Glucose with Galactose) leads to
a resistance to PI but together with a higher vulnerabil-
ity to ES, the copper ionophore. Ferredoxin 1(FDX1) was
identified as the gene most associated with ES sensitiv-
ity, which was directly bound by ES-Cu and lead to inhi-
bition of the iron-sulfur cluster (Fe-S cluster) formation
function [14]. In 2021, studies in glioblastoma stem like
cells revealed that ES-Cu can act directly on the mito-
chondrial membrane and lead to changes in the mito-
chondrial membrane potential, with low concentrations
of ES leading to hyperpolarization and high concentra-
tions of ES leading to depolarization, and this effect on
the mitochondrial membrane potential can be inhibited
by tetrathiomolybdate(TTM) [7]. In common with ES,
DSF can also transport copper into the cell, and copper
is thought to act on the mitochondrial respiratory chain,
leading to elevated levels of ROS [17]. In addition to
causing elevated levels of ROS, the interaction of DSF-Cu
with Npl4 was also thought to be closely associated with
copper-induced cell death. Copper is thought to inhibit
the ubiquitinated protein degradation function of p97 by
interacting with Npl4, possibly leading to its aggregation
[80, 81] or directly binding and inhibiting its conforma-
tional transition [82], ultimately leading to cell death. In

Page 7 of 30

summary, in past studies on Cu-induced cell death, most
researchers have attributed this cell death to the action
of copper on the mitochondria resulting in the produc-
tion of ROS. However, in studies on the mechanism of
action of ES, the cytotoxic effect caused by ES-Cu was
not eliminated by using 5 mM ROS inhibitor N-Acetyl-
cysteine (NAC), and the cytotoxic effect was only par-
tially eliminated by 10 mM NAC, so ROS-mediated cell
death may not be the main mode of cell death caused by
copper. The exact form of cell death caused by copper
ions has been controversial, and in the past researchers
have mostly regarded it as apoptosis [83—86], autophage
[87, 88] or ferroptosis [89, 90], which can be proved by
the evidence of cell viability assay, western blotting,
flow cytometry and immunofluorescence staining. Until
March 2022, Tsvetkov et al. identified the mechanism of
copper induced cell death, which was named cupropto-
sis, researches on the mechanism of copper induced cell
death have reached a new milestone. None of the inhibi-
tors for apoptosis, necroptosis, ROS induced cell death or
ferroptosis but the copper chelator can rescue cells from
copper induced cell death [4], and the expression level
of cleaved caspases were not increased. In other words,
among the aforementioned evidence, the evidence of cell
viability assay and western blotting have been disproved,
while the others remain to be further verified.

The cell death triggered by ES decreased significantly
by reducing copper binding function and completely dis-
appeared after removal of this function. ES that does not
carry copper ions cannot independently cause cell death
[14]. Except for ES and DSF, other ionophores can also
lead to same cellular effects. GSH was a natural intra-
cellular chelator of copper ions, reduction of which can
also lead to an increase in intracellular copper concentra-
tions and ultimately lead to the cell death [4]. Moreover,
in a WD-related model, it was found that breakdown of
copper homeostasis through downregulation of ATP7B
could also lead to the development of cell death [91].
In summary, cell death caused by copper ionophores is
a type of cell death that is triggered by copper indepen-
dently of the known modes of cell death.

Cuproptosis was thought to be interact with compo-
nents of the TCA cycle in mitochondria and involves a
conserved post-transcriptional protein modification
pathway, lipoylation [4], the mechanism of which dis-
played in the form of a schematic (Fig. 4). To identify
the exact component of mitochondrial respiration that
interacted with copper, Oligomycin (ATPase inhibitor),
FCCP (uncoupler) and antimycin A/rotenone (electron
transport chain inhibitor) has been used to measure the
oxygen consumption rate (OCR). The OCR showed sig-
nificantly reduced spare capacity of respiration rather
than basal respiration or ATP-linked respiration, which
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Fig. 4 Schematic of cuproptosis mechanism. Cuproptosis can be triggered by elevating intracellular free copper ion concentration in four ways
involved in the absorption, export and storage of copper: (1) treatment with copper ionophores, which shuttle copper into the cell directly, such
as ES and DSF; (2) overexpression of SLC31A1, the copper permease specific for reduced copper ion; (3) inhibition of glutathione (GSH) synthesis
through BSO, without which free copper ion was released; (4) knockdown of ATP7B, decreasing copper export. Excessive Cu(l) binds to lipoyled
DLAT and further leads to DLAT oligomerization, which, together with copper-induced reduction of Fe-S stability or inactivation of Npl4-p97, can
lead to the onset of copper-induced cell death. ES elesclomol, DSF disulfiram, BSO L-Buthionine-sulfoximine

proved that copper directly interact with the TCA
cycle rather than neither the electron transport chain
(ETC) complex nor the ATP production component [4].
Through genome wide knockout screens, metabolism
screens and individual gene knockout studies, CKGscru-
cial for cuproptosis has been discovered and validated
(Table 1), knockout of seven of which could lead to the
rescue of copper ionophores [4]. These seven genes can
be divided into three groups, FDX1, LA pathway-related
genes (LIAS and LIPT1) and genes encoding components
of pyruvate dehydrogenase complex (PDC) which play a
crucial role in mitochondrial respiration (DLAT, DLD,
PDHA1 and PDHB), all of which were correlated with LA
pathway. FDX1 was considered may act as the upstream
of LA pathway, and under the regulation of FDX1, LIAS
linked lipoyl moiety to DLAT, which was essential for
the function of mitochondrial PDC. Cu(I) directly bound
with lipoyl moiety of lipoylated DLAT through disulfide

bond and further lead to DLAT oligomerization and fur-
ther proteotoxic stress and finally result in cell death [4].
Although Tsvetkov et al. used concise cell lines and
mouse models to elaborate part of the mechanism of cop-
per action in cuproptosis, there are still some unanswered
questions about cuproptosis that need further study. To
begin with, the characteristic manifestations of cuprop-
tosis have not been described. On the one hand, the cel-
lular morphological changes of cuproptosis have not
been described, whether cuproptosis occurs with charac-
teristic or sequential morphological manifestations, and
on the other hand, the characteristic changes that occur
at the molecular or cellular level after the induction of
cuproptosis have not been identified, thus lacking effec-
tive means to assess whether cuproptosis has occurred
[4]. Furthermore, the downstream pathways of DLAT
oligomers, which play an important role in cuproptosis,
have not been described. In previous studies, only the
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toxic effects of DLAT oligomerization were described
and it was assumed that this DLAT oligomerization leads
to proteotoxic stress and ultimately to cell death. How-
ever, the direct mechanism between DLAT oligomeri-
zation and cell death has not been determined [4]. In
addition, in studies on copper ionophores, either ES-Cu
or DSF-Cu has been suggested to lead to increased pro-
teotoxic stress in other ways besides DLAT oligomeriza-
tion. For example, ES-Cu can lead to decreased stability
of Fe-S through FDX1 [14] and DSF-Cu can affect the cel-
lular ubiquitination degradation pathway by interaction
with Npl4 [80-82], further leading to increased proteo-
toxic stress and ultimately leading to cell death. However,
whether there are interactions between these events lead-
ing to increased cellular proteotoxic stress remains to be
investigated. Finally, the function of FDX1 has not been
sufficiently mentioned, FDX1 is thought to play a central
role in the process of cuproptosis and was considered to
act as an upstream of the LA pathway, but whether its
function is achieved through direct interaction with LIAS
or the action of some other proteins needs further inves-
tigation [4].

Validated cuproptosis key genes: functions and clinical
values

Ten genes were identified by Tsvetkov et al. through
whole genome knockout, deletion of which could lead to
an altered risk of cuproptosis. While the analysis about
the copper homeostasis suggested that SLC31A1, ATP7A
and ATP7B could also affect cuproptosis by regulating
the intracellular copper ion concentration [4]. Therefore
these 13 genes might play an important role in the mech-
anism of cuproptosis and were considered as CKGs. The
function and subcellular location of these CKGs are listed
in Table 1. These CKGs have important cellular roles and
are often closely related to energy metabolism and metal
homeostasis processes. As the concept of cuproptosis
was introduced, a considerable number of researchers
focused on the role played by these CKGs in different
tumors, indicating the expression levels and clinical sig-
nificance of CKGs in different cancers.

FDX1 encodes Ferredoxinl, the iron—sulfur protein
that was involved in multiple redox reactions. FDX1
served as monooxygenase of cytochrome P450 and was
involved in steroidogenesis [92]. Also, it has proved that
FDX1 was crucial for the iron—sulfur cluster biogen-
esis [93, 94]. In addition, FDX1 was also considered can
reduce Copper ion from divalent to monovalent and
exhibited stronger cytotoxic properties and cellular func-
tion [14]. In the process of cuproptosis, FDX1 played
a central role which regulated the process of protein
lipoylation as the upstream of LA pathway [4]. Compared
to paired normal tissues, FDX1 expression levels were
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upregulated in glioblastoma (GBM) and female geni-
tal tumors, and downregulated in solid tumors like lung
adenocarcinoma (LUAD) and hepatocellular carcinoma
(HCC) [95]. High levels of FDX1 were considered to be
associated with poor prognosis in patients with head and
neck squamous cell carcinoma (HNSC) and low grade
glioma (LGG). In contrast, higher FDX1 expression lead
to better prognosis in patients with cervical squamous
cell carcinoma(CESC) and clear cell renal cell carci-
noma (KIRC) [95-97]. In KIRC and colorectal cancer
(CRC),patients with lower expression level of FDX1 was
condisered to suffer more advanced and metastatic can-
cers together with poor overall survival(OS) and disease
free survival(DFS) [98, 121].

Lipoic acid is a crucial substance which is required
for enzymes involved in oxidative decarboxylation of
mitochondrial metabolism intermediates [122]. Protein
expressed by LIPT1, LIAS all belong to the LA pathway,
which mediated the post-transcriptional lipoic modifica-
tion of proteins like PDC [122], was both crucial for cell
normal cellular activity and cuproptosis. LIAS synthe-
sized lipoic acid by introducing two sulfhydryl groups
at the C6 and C8 sites of the octanoic acid moiety, defi-
ciency of which led to neonatal epilepsy, disorder in
mitochondrial energetic metabolism and elevated glycine
[100]. Similarly, LIAS expression levels tend to correlate
with prognosis in different patients, high LIAS expres-
sion in lung cancer was suggested to have a poor progno-
sis, while in KIRC and ovarian cancer it was considered
to be associated with a better prognosis [101]. LIPT1cat-
alyzed the transfer of a lipoyl group to the lysine residue
of the target enzymes [102], deficiency of which will lead
to Leigh disease together with a deficiency of PDC [103].
In addition, cancer cells growth and invasion were pre-
vented by knocking down the expression of the LIPT1
gene [104].

DLAT, DLD, PDHA1 and PDHB served as three vital
subunits of PDC [123], which is the important compo-
nent of the mitochondrial aerobic respiration process
[124] and played a key role in the cuproptosis pro-
cess [4], and the expression levels of which were also
believed to be related to tumor prognosis. PDHA1 and
PDHB form the al and  subunits of the PDC E1 com-
ponent, respectively, and together form pyruvate dehy-
drogenase mediating pyruvate decarboxylation [125].
High levels of PDHA1 were thought to be associated
with a better prognosis for lung cancer patients and
can be used as a biomarker for the tumor microenvi-
ronment [108]. DLAT form the E2 component of PDC
that acts as a dihydrolipoamide acetyltransferase cata-
lyzing the biosynthesis of acetyl coenzyme A(acetyl-
CoA) [107]. Lipoylated DLAT played an important role
in the process of cuproptosis, where its oligomerization
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in the presence of copper leads to proteotoxic stress
and ultimately to cell death. While DLD participated
in the formation of the E3 component of PDC as dihy-
drolipoamide dehydrogenase catalyzes the formation
of NADH [105, 106]. PDC generates acetyl-CoA and
NADPH through cooperative interactions between
three subunits, which is the control step for the mito-
chondrial oxidative phosphorylation [126], and its
phosphorylation mediated by PDC kinase leads to inac-
tivation [127].

CDKN2A, GLS and MTF1 have also been demon-
strated that related to the cell cuproptosis sensitivity
[4]. GLS mainly catalyzes the catabolism of glutamine,
which convert glutamine into glutamate, and is also
involved in the maintenance of glutamate homeosta-
sis. Dysfunction of GLS can lead to glutamine overload
affecting the physiology and structure of the central
nervous system [110], and its hyperactivity can lead to
glutamate overload also leading to neurodevelopmental
delays [111]. MTF1 served as a transcriptional regula-
tor of cellular adaptation to heavy metals, which acti-
vates the transcription of copper binding protein MT,
by binding to the metal response element in the pro-
moter of MT [109]. GLS and MTEF-1 may influence the
sensitivity of cells to cuproptosis by affecting the intra-
cellular levels of the copper ion-binding substances
GSH and MT. CDKN2A was suggested to interact with
and inhibit cyclin-dependent kinase inducing cell cycle
arrest in G1 phases. In the past, studies have focused
on the tumor suppressor gene role of CDKN2A, and
mutations of which led to loss of growth control in
breast cancer(BRCA) [112], HNSC [113] and ovarian
cancer cells [114], but its role in cuproptosis remains to
be further investigated. CDKN2A was suggested to be
highly expressed in BRCA and LUAD, and in addition,
high CDKN2A expression was thought to correlate
with immune cell infiltration levels [116, 117].

Dysregulation of aforementioned copper homeosta-
sis maintainer SLC31A1, ATP7A and ATP7B also leads
to disruption of cellular functions [3]. As previously
described, SLC31A1 mediates copper entry into cells
while ATP7A and ATP7B mediate copper exit from cells,
all functioning as copper carriers that closely related to
the shuttle of copper [115, 118, 119]. High expression of
SLC31A1 has been considered to be associated with poor
clinical outcome of BRCA patients by two independ-
ent researches [120, 128]. Researchers also found that
the microsatellites of SLC31A1 and ATP7B were associ-
ated with lung cancer risk, suggesting that the expres-
sion levels of copper homeostasis-related genes may
also influence the process of lung cancer development
[99]. Previous research on these genes has uncovered
the ways in which they may influence or be influenced by
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cuproptosis, as well as the potential significance of their
involvement in the connection between cuproptosis and
cancers. However, further studies are needed to explore
and validate these functions.

Cuproptosis related genes and cancer prognosis

There is a growing interest in cuproptosis since demon-
stration and most investigators made exploration on the
relationship between cuproptosis and cancers. Research-
ers have used online databases to analyze some of the
numerous genes that may play an important role in the
link between cuproptosis and cancer, and based on which
to predict the cancer features and prognosis of patients.
As shown in Table 2, prognostic signatures constructed
by CRGs and their clinical values have been listed.

CKGs have related cellular functions that interact
with each other, complicating the assessment of tumor
prognosis by any of these genes. CKGs have differ-
ent roles among different tumors. DLD was considered
as a risk factor in studies of different tumors such as
uveal melanoma(UVM), glioma, and LUAD [129, 139,
143, 183]. In contrast, LIAS was analyzed as a protec-
tive factor in studies of UVM, glioma, and pancreatic
adenocarcinoma(PAAD) [139, 142, 156—158]. In studies,
DLAT was analyzed as a PAAD risk factor [156—158] and
conversely was considered to be associated with a protec-
tive effect in glioma [142, 143]. Even in different studies
on the same tumor, different investigators considered
FDX1 and PDHAL as risk or protective factor respec-
tively [129, 130, 148, 149]. A potential association among
CDKN2A, MTF1 and GLS and patient prognosis has
been noted in different studies, which were believed had
a consistent effect on the prognosis of patients [130, 131,
139, 156]. In one of the researches on glioma, SLC31A1
was considered a risk factor, while ATP7B was considered
a protective factor [142], which further suggested that
there may be a link between the copper homeostasis and
cancer. Many investigators have focused on the expres-
sion levels of CKGs in different tumors and analyzed the
relationship between CKGs and tumor prognosis either
alone or by constructing signatures, however, the lack of
biological knowledge about cuproptosis prevents direct
analysis of the role of these genes in the link between
cuproptosis and tumorigenesis. In addition to the expres-
sion levels and clinical significance of CKG among differ-
ent tumors, the investigators also focused on the profiles
of these CKGs in SNV, CNV, methylation, pathway cross-
talk and so on through the pan-cancer analysis, and these
genes were found to exhibit different properties in differ-
ent tumors [184].

CRGs are located in several important tumor-related
signaling pathways and play a critical role (Fig. 5), the
exploration of which could provide possible guidance for
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Fig. 5 Cuproptosis related genes and cancer signaling pathways. Cuproptosis related genes occupy an important position in the tumor signaling
pathways which have significant relevance to various processes of cancers, including proliferation, genomic instability, evading apoptosis, sustained
angiogenesis and insensitive to antigrowth signals. The molecules linked together to accomplish the function by creating the complex, while the
molecules framed by the dotted line cooperate to achieve the function. Essential genes in CRG-related cancer pathways and associated cancer

processes are listed, CRGs are marked in orange

future studies. Although so many CRGs were involved
in the construction of the risk model, only a few genes
were involved in the construction of different signa-
tures, which may play a more important role. Dihy-
drolipoamide Branched Chain Transacylase E2(DBT)
catalyzed a-keto acid to acyl-CoA, which is thought to
be associated with protective effects in both LUAD and
cervical cancer(CC) patients [159, 164]. Cytochrome
¢ oxidase assembly factor 19(COX19) was involved in
SCO1-dependent signaling essential for copper homeo-
stasis [185], which was thought to be a risk factor in
both gliomas and low-grade gliomas [140, 142]. Pitui-
tary tumor-transforming gene 1 protein(PTTG1), a key
regulator of the p53/TP53 pathway and DNA repair,

has been considered as a risk factor in studies of HCC
by different investigators [133, 135]. Surfeit 4(SURF4)
is a regulator of lipoprotein export, and its high expres-
sion leads to poor prognosis of patients with BRCA [145,
147]. In addition, Enamelin(ENAM) and WD repeat
domain 72(WDR?72) were considered to be both associ-
ated with enamel construction in previous studies [186]
and as risk or protective factors in studies on KIRC,
respectively [149, 150]. MKLN1-AS and AL031985.3
were both considered risk factors for patients with
hepatocellular carcinoma [136, 163], FOXD2-AS1 and
LINCO02154 were both considered risk factors for KIRC
patients [175-177], AL513550.1 was suggested as a risk
factor for CRC by different investigators [121, 172], and
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AL132800.1 was thought to be a risk factor for HNSCC
[178, 179]. C60rf99 was regarded as a risk factor for
patients with OSCC and HNSCC, two tumors with simi-
lar pathological types [152, 173]. In contrast, upregula-
tion of AC090587.1 and AC012313 was identified to be
associated with a better prognosis in HNSCC patients
[178, 179], while AC073896.3 was used as a protective
factor in the prognostic analysis of CRC patients [121,
172]. Certain IncRNAs were also hinted that may serve
as protective or risk factors in different prognostic sig-
natures of the same or different tumors, respectively.
AC026979.4 was considered as a risk or protective fac-
tor among the different prognostic signatures of CRC
patients [121, 172], and upregulation of LINCO01150
was associated with better or worse prognosis in the
prognostic analyses of STAD patients and CM patients
[168, 181]. These possible relationships need to be veri-
fied by deeper mechanistic studies and multi-omics level
analysis.

Except for the models constructed by survival analy-
sis described above, there are also cuproptosis related
signatures constructed by other methods, which was
demonstrated that can also predict clinical prognosis
for patients with bladder cancer and KIRC [187, 188].
As a programmed cell death, several studies have dem-
onstrated that cuproptosis may interact with necroptosis
or ferroptosis, and constructed risk models by co-opting
cuproptosis-related genes with necroptosis- or ferrop-
tosis-related genes, respectively. In a study on the prog-
nostic risk of LGG patients, cuproptosis-related genes
were analyzed by cox regression together with necrop-
tosis-related genes, and the five genes that contributed
most to the model construction were selected to con-
struct the prognostic signature, however, these 5 genes
were all considered to be necroptosis related in previous
studies [189]. In the study on CRC, investigators selected
cuproptosis-related genes together with ferroptosis-
related genes to construct a prognostic signature, how-
ever, the contribution of each gene to the model was not
described [190].

In addition to patient prognosis, the researchers have
also focused on the correlation between CRGs and other
cancer features like the tumor microenvironment. Less
immune activation, lower levels of immune cells infil-
tration or worse TME scores were prevalent in patients
of high-risk groups except for patients suffering gliomas
[140, 141, 143, 169]. Moreover, some researchers have
also focused on the expression levels of immune check-
point genes(ICGs) such as PD-1, which are thought to
associated with tumor immunosuppression and immu-
notherapy [191]. In most studies, ICGs were consistently
highly expressed in the high-risk score group, however,
the expression levels of were lower in the high-risk group
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of CC, BRCA and skin cutaneous melanoma(SKCM)
[164, 167, 168, 174]. Most investigators performed func-
tional enrichment analysis of CRGs based on GO and
KEGG analysis, which are often highly correlated with
metabolism and immune.

Although a growing number of researchers aim to
construct cuproptosis-related gene signatures to predict
tumor prognosis, only a few of them have been biologi-
cally validated in cell lines or clinical samples, detected
by qRT-PCR, WB or IHC. Genes cited as risk factors tend
to be expressed at higher levels in tumor cell lines and in
patient tumor samples. However, the expression levels
of risk factors in tumor cell lines and clinical tumor tis-
sues in CRC showed inverse levels between the two [171],
which may be due to the distinct tumor microenviron-
ment of tumor cells from cell lines and clinical samples.
Future studies on the cuproptosis should take note of the
impact of this difference in the tumor microenviroment.

As one of the emerging therapeutic approaches, immu-
notherapy is often used among patients with advanced
stage cancer or metastases [192]. Previous research has
established that copper can modulate the expression of
PD-L1, the important immune checkpoint gene cru-
cial for immunotherapy [193], whereas the relationship
between the CRGs and the efficacy of immunotherapy
has been of great interest to researchers. However,
most of these researchers predict the efficacy indirectly
by the expression level of immune checkpoint genes or
TIDE scores, only in some studies, investigators used the
immunotherapy cohorts from the public databases to
directly evaluate the prognosis of patients under immu-
notherapy. In most studies validated using immunother-
apy cohorts, the low-risk group had a better prognosis
for immunotherapy [152, 156, 158, 173, 194], except for
those on glioma [140, 141]. Moreover, in the study on
UVM, it has been found that immunotherapy was inef-
fective in both populations [139]. Due to the lack of
biological evidence, it remains unclear what role these
cuproptosis-related genes might play in the immunother-
apeutic process of patients.

Some researchers have also focused on the predictive
effect of cuproptosis related genetic signatures on chem-
otherapy efficacy. It is noteworthy that bortezomib, one
of the PIs, was found to have better efficacy in different
risk groups of cancers [165, 168], which further indicated
the relationship between PIs and cuproptosis. However,
these studies on drug sensitivity were not verified by pre-
clinical experimental studies.

Cuproptosis and potential cancer treatment

The discovery of the mechanism of cuproptosis pro-
vides a direction for future drug research, and copper
ionophores, or called cuproptosis related drugs, that can
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induce the cuproptosis may have some application pros-
pects in the future treatment of cancers [195]. ES and
DSF can induce cell death by translocating copper ions
into cells and mitochondria, further leading to DLAT oli-
gomerization, reduced Fe-S stability and interaction with
Npl4.

Some antimicrobial drugs also serve as copper iono-
phores, which inhibit the growth of microorganisms by
elevating intracellular copper ion concentration. Zinc
pyrithione mediated copper influx can inhibit the growth
of yeast [196], 4-Br-A23187 and Dimethyldithiocarba-
mate can increase cell copper level and play an antibac-
terial role [197, 198]. Lipographic copper containing
complexes with bis (thiosemicarbazone) ligands can also
increase the concentration of copper ions in cancer cells
and host cells of chlamydial [199, 200]. Moreover, deriva-
tives of quinolines are also considered to have the role of
copper ionophores, and their modification can change
their properties for better performance [201-203]. Deriv-
atives obtained by modification of simple compounds like
3-Hydroxyflavone [204] as well as more complex copper
ionophores such as Hydrophilic Temperature-Sensitive
Liposome [205] and the copper ionophore designed
based on salicylaldehyde isonicotinoyl hydrazone [206]
can also elevate intracellular copper levels.

Among these drugs that elevate cellular copper ion
concentration, DSF and ES have received the most atten-
tion and were subjected to clinical trials. In current most
clinical trials on ES and DSEF, both were not found to be
clinically beneficial in unselected populations but the
safety of both was evaluated comprehensively (Table 3).
DSE, an FDA-approved drug for the treatment of alcohol
dependence, is recommended at an average dose of 125
to 500 mg per day and is well tolerated by patients [17].
ES was first developed as an anti-tumor drug, although it
has not shown good effect in a past clinical trial [207], its
safety has also been proven. Nanomedicines combining
copper ions with copper ionophores are currently being
extensively studied, and the targeting of tumors makes it
possible to achieve more precise tumor killing through
cuproptosis [208, 209].

There is a significant correlation between cuprop-
tosis caused by copper ionophores and the level of
mitochondrial metabolism, which should be consid-
ered comprehensively during future studies of explor-
ing possible drugs that rely on cuproptosis for cancers
treatment. Certain tumors inherently exhibit higher
levels of mitochondrial metabolism, such as mela-
noma, breast cancer and leukemia [5]. Some cancer
stem cell-like cells among cancers like glioblastoma [7]
and cholangiocarcinoma [8] also exhibit higher lev-
els of aerobic respiration. some drug-resistant tumors
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exhibit a high mitochondrial metabolic state [9-13].
Higher levels of mitochondrial respiration were dem-
onstrated in certain drug-resistant tumors treated with
chemotherapy by cisplatin [9] or 5-fluorouracil [11] or
target therapy by anti-EGFR [12] or anti-BCL-2 [13],
which were also thought to be associated with drug
resistance. Therefore, copper ionophores may be used
in combination with small molecule targeting agents
that act on EGFR or BCL-2 to achieve better clinical
outcomes, which needs further clinical trials. Tumor
cells treated with certain antitumor drugs such as PI
have also been found to promote the transformation of
tumor cells to a high mitochondrial metabolic state [14,
15], combination with which may lead to better results
in cuproptosis related therapy. In conclusion, cop-
per ionophores may be more effective in tumors with
higher levels of mitochondrial metabolism, and these
patients may be the potential beneficiaries of future
cuproptosis-inducing therapy, and treatment by other
drugs inducing high mitochondrial respiratory state of
the tumor in combination with copper ionophores is
also a potential therapeutic direction. In the phase III
clinical trial of ES, there was no statistical difference in
efficacy between the experimental and control groups.
However, among patients with low serum LDH levels
the effect of ES differed between the two groups [207].
In future practical clinical use, serum LDH levels may
be used as an indicator of whether or not to treat with
cuproptosis related drugs and to determine the likely
efficacy of these drugs. Moreover, Researchers are also
focused on investigating new copper ionophores as
drugs to target tumors [222]. Copper ionophores have
different physicochemical properties and may be used
in cancers with different characteristics. In addition to
copper ionophores, copper complexes can also increase
intracellular copper ion concentrations leading to can-
cer cell death [84], may also be used in the future as a
cuproptosis-related treatment. Also noteworthy in the
development of copper ionophores for clinical thera-
peutic use is the fact that relatively small changes in
their structure can cause changes in properties and
functions, like the different derivatives of bis(N4-
methylthiosemicarbazone) [223, 224] or quinolines
[225, 226]. In conclusion, copper ionophores can be
used in combination with targeted therapeutic agents
such as TKI and PI, which should be used in tumors
with a high mitochondrial metabolic status, and LDH
may be used as a predictor and prognostic indicator to
guide treatment before and after drug administration,
respectively. Further work is required to determine the
viability of using cuproptosis-related therapy in certain
patients with specific cancers.
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Conclusion and future perspectives

Copper is essential for cell life, yet its excess has also been
found to cause cell death [37]. As the concept of cuprop-
tosis was introduced, a large number of publications in
the form of research highlight described it [1, 2]. Some
researcher also focused on copper ionophores which
played an important role in the discovery of cuproptosis
and reviewed them [71]. However, there is still no review
systematically addressing this field.

The discovery of the copper death concept relied on the
study of copper ionophores that have antitumor effects.
Among the studies on copper ionophores, it is com-
monly observed that these ionophores cause cell death
by importing copper [74]. Yet, the mechanism of cop-
per-induced cell death [7, 14, 82] and the exact manner
in which it occurs [72, 73, 89, 90] has been controversial
in the past until the convincing mechanism of cupropto-
sis was proposed in 2022 [4]. Cuproptosis was described
that showed close relationship with mitochondrial respi-
ration level and LA pathway. However, the mechanism
of cuproptosis remains to be further explored. On the
one hand, the specific pathways of action of key factors
such as FDX1 remain unexplored. On the other hand,
certain mechanism through which cuproptosis is inhib-
ited among normal cells have not been clearly described.
Furthermore, the relationship between several possible
mechanisms thought to contribute to copper induced cell
death in past studies also need to be further clarified [14,
81, 82]. Finally, characteristic changes in cells undergoing
cuproptosis at the cellular morphological and molecular
levels have also not been described.

With the introduction of the concept of cuproptosis, an
increasing number of researchers are intent on explor-
ing its relationship with tumors. Studies on the rela-
tionship have covered most common cancer types and
analyzed the links between CRGs and various aspects of
tumor characteristics. However, these studies have only
indirectly demonstrated the links between cuproptosis
and cancer due to the insufficient biological evidence
and experimental validation, whether these genes play
a direct role in the relationship between cuproptosis
and tumors or receive indirect effects from both is still
unknown. Several genes have been identified by differ-
ent investigators in these studies to construct signatures
that may play a more significant role in the associa-
tion between cuproptosis and cancers. Further studies,
which examine the relationship between these repeat-
edly mentioned CRGs and cuproptosis, will need to be
undertaken.

Past studies on copper have also provided a suffi-
cient basis for future studies on the specific mecha-
nisms of cuproptosis and its relationship with tumors.
A variety of drugs have been identified in past studies to
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elevate intracellular copper ion concentrations includ-
ing the aforementioned copper ionophores, copper ion
complexes, and many copper chelators that block the ele-
vation of copper ion concentrations such as triethylenete-
tramine dihydrochloride [227], 8-hydroxyquinoline [228],
penicillamine [229], methanobactin [230], Bathocuproine
disulphonate [231] and choline tetrathiomolybdate [232].
Through these substances, the intracellular concentration
of copper ions can be regulated to induce or suppress the
occurrence of cuproptosis. Researchers have been always
focusing on their clinical antitumor effects [207], and
their safety has been verified by sufficient clinical trials.
In future cuproptosis-inducing therapies, patient popula-
tions that may be benefited should be preemptively evalu-
ated, as certain cancers with higher levels of mitochondrial
metabolism [5], certain cancers with tumor stem cell-like
cells [7, 8], and certain drug-resistant cancers may have
better efficacy. Proteasome inhibitors [14] can induce a
high mitochondrial metabolic state in cells, with which
the combination of copper ionophores for tumor therapy
is also a possible future application direction. On the one
hand, the concept of cuproptosis has brought the current
investigations on the mechanism of copper-induced cell
death to a new milestone, and there is sufficient basement
for the future mechanistic studies on cuproptosis. On the
other hand, there has been a large amount of explora-
tion on the indirect relationship between cuproptosis and
tumors, which provides guidance for future studies on
the direct relationship of both. In summary, it has been
shown that cuproptosis is an independent and novel cell
death pattern. However, the specific mechanism by which
cuproptosis occurred and the links between cuproptosis
and cancer still needs further study.
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Acetyl-CoA  Acetyl coenzyme A

ARIDTA AT-rich interaction domain 1A

ATG13 Autophagy related 13

ATK Agammaglobulinaemia tyrosine kinase

ATOX1 Antioxidant 1 copper chaperone

ATP7A ATPase copper taransporting alpha

ATP78B ATPase copper transporting beta

BRAF B-Raf proto-oncogene
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CCs Copper chaperone for superoxide dismutase
CDKN2A  Cyclin dependent kinase inhibitor 2A

CESC Cervical squamous cell carcinoma

CKGs Cuproptosis key genes

COA6 Cytochrome c oxidase assembly factor 6
[€0) Cytochrome c oxidase

COX19 Cytochrome c oxidase assembly factor 19
cpP Ceruloplasmin

CRC Colorectal cancer

CRGs Cuproptosis related genes

CTR1 Copper transporter 1

DBT Dihydrolipoamide branched chain transacylase E2
DFS Disease free survival
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DLAT Dihydrolipoamide s-acetyltransferase
DLD Dihydrolipoamide dehydrogenase

DSF Disulfiram

ENAM Enamelin

ERK Extracellular regulated protein kinases
ES Elesclomol

ETC Electron transport chain

FDX1 Ferredoxin 1

Fe-S cluster Iron-sulfur cluster

FoxOla Forkhead box O1a

FoxO4 Forkhead box O4

GBM Glioblastoma

GLS Glutaminase

GSH Glutathione

HCC Hepatocellular carcinoma

HIF-1 Hypoxia inducible factor 1

HIF-1a Hypoxia inducible factor 1 subunit alpha
HNSC Head and neck squamous cell carcinoma
ICGs Immune checkpoint genes

INK C-Jun N-terminal kinase

KIRC Clear cell renal cell carcinoma

LA Lipoic acid

LGG Low grade glioma

LIAS Lipoic acid synthetase

LIPT? Lipoyltransferase 1

LUAD Lung adenocarcinoma

MAPK Mitogen-activated protein kinase

MEK1 Mitogen-activated proteinkinase kinase 1
MT1/2 Metallothionein1/2

MTF1 Metal regulatory transcription factor 1
NAC N-Acetylcysteine

oS Overall survival

PAAD Pancreatic adenocarcinoma

PDC Pyruvate dehydrogenase complex
PDE3B Phosphodiesterase 3B

PDHA1 Pyruvate dehydrogenase e1 subunit alpha 1
PDHB Pyruvate dehydrogenase e1 subunit beta
Pl Proteasome inhibitors

PI3K Phosphoinositide-3-kinase

PTTGI Pituitary tumor-transforming gene 1 protein
ROS Reactive oxygen species

RTK Receptor tyrosine kinase

SCO1/2  Cytochrome c oxidase1/2

SKCM Skin cutaneous melanoma

SLC25A3  Solute carrier family 25 member 3
SLC31A1  Solute carrier family 31 member 1

SOD1 Superoxide dismutase 1

SURF4 Surfeit 4

T™ Tetrathiomolybdate

ULK Unc-51 like autophagy activating kinase
UvM Uveal melanoma

VEGF Vascular endothelial growth factor
WDR72 WD repeat domain 72

XIAP X-linked inhibitor of apoptosis
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