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A recent study by Tsvetkov et al. was published in Science and
proposed a novel form of copper-induced cell death. Tsvetkov
et al. revealed that excess intracellular copper induces the
aggregation of lipoylated dihydrolipoamide S-acetyltransferase
(DLAT), which is associated with the mitochondrial tricarboxylic
acid (TCA) cycle, resulting in proteotoxic stress and leading to a
novel form of cell death termed cuproptosis [1].

Previous studies have reported several types of precisely
regulated programmed cell death, including apoptosis, pyroptosis,
necroptosis, and ferroptosis [2]. Dixon et al. revealed that
ferroptosis is a form of programmed cell death involving a series
of unique morphological and biochemical features, including
mitochondrial shrinkage and the accumulation of reactive oxygen
species (ROS) [3]. Similar to iron, copper is an intracellular trace
metal that plays an indispensable role in maintaining the function
of proteins. Excessive copper can lead to cytotoxicity, but the
exact mechanism is still unclear [4]. Tsvetkov et al. found that
elesclomol, a copper ionophore that was first used to treat cancer,
killed cells when loaded with copper, whereas elesclomol alone
did not induce cell death, suggesting that cell death was caused
by copper toxicity.

First, Tsvetkov et al. investigated whether copper-induced cell
death was dependent on known cell death pathways. It was
previously reported that Cu(ll)-elesclomol is transported to the
mitochondria, where it is reduced to Cu(l) and subsequently induces
ROS-dependent apoptosis [5]. However, the authors found that
elesclomol treatment did not activate caspase-3, a hallmark of
apoptosis, and that blocking the apoptotic pathway or other known
programmed cell death pathways with inhibitors did not prevent
copper-induced cell death, indicating that the copper-induced form
of cell death differs from known cell death patterns (Fig. 1).

Second, the researchers observed that cells that were highly
dependent on mitochondrial respiration were more sensitive to
copper-induced cell death, indicating a close association with the
TCA cycle. To further clarify the association between copper-
induced cell death and the TCA cycle, the researchers performed a
genome-wide CRISPR-Cas9 screen and identified several key
genes involved in copper-induced cell death, including the FDX1T,
as well as six other genes that encode lipoic acid pathway-related
enzymes, such as lipolytransferase 1 (LIPT1), lipoyl synthase (LIAS),
and dihydrolipoamide dehydrogenase (DLD), protein targets of
lipoylation, such as pyruvate dehydrogenase (PDH) com-
plex, including pyruvate dehydrogenase E1 subunit alpha 1
(PDHAT), pyruvate dehydrogenase E1 subunit beta (PDHB), and
DLAT. The authors further confirmed that there was a high
correlation among FDX1, LIAS, and DLAT (one of the four known

target proteins for lipoylation) by analyzing the screening results
of the metabolic gene sgRNA library.

Third, the authors investigated the relationship between FDX1
and lipoylation. Surprisingly, they found that the deletion of either
LIAS or FDX1 blocked lipoylation of the protein, resulting in cells
that were insensitive to copper-induced cell death. Next, the
authors performed three different assays to demonstrate that
FDX1 regulates protein lipoylation. First, the authors showed that
FDX1 was highly associated with components of the lipoic acid
pathway in cancer cells by using cancer dependency map analysis.
Second, the FDX1 and lipoic acid immunohistochemical staining
results showed that the expression of FDX1 in cancer tissues was
positively correlated with lipoic acid levels. Finally, they immuno-
blotted DLAT with a lipoic acid-specific antibody and demon-
strated that FDX1 deletion inhibited DLAT lipoylation.

Subsequently, to test the effect of lipoylated DLAT protein on
copper-induced cell death, the DLAT protein was purified from
wild-type and FDX1-knockout cells. Lipoic acid modification
and binding to copper in vitro were detected only in DLAT that
was purified from wild-type cells. Furthermore, DLAT oligomeriza-
tion was detected by nondenaturing gel electrophoresis, and
more DLAT foci were observed in wild-type cells after elesclomol
treatment than in FDX1-deficient cells. Notably, the authors also
demonstrated that treatment with the copper ionophore ele-
sclomol inhibited the synthesis of Fe-S clusters under the
regulation of FDX1, resulting in a reduction in Fe-S cluster
proteins. Whether the reduction in Fe-S cluster proteins promotes
copper-induced cell death remains unclear.

Finally, the authors demonstrated this same mechanism of
copper-induced cell death in vivo. In Menke's disease-associated
Atp7b~'~ mice, the authors showed that the Fe-S cluster and
lipoylated proteins were significantly reduced compared with
those in wild-type mice, further illustrating that excessive
intracellular copper accumulation leads to cell death in vivo.

Tsvetkov et al. were the first to clarify a novel mechanism by which
excessive intracellular copper concentrations lead to cell death. The
authors revealed that cells that rely on mitochondrial respiration
were more sensitive to copper-induced cell death. For the first time, it
was shown that FDX1 regulates the lipoylation of DLAT. In addition,
the authors showed that copper promotes DLAT oligomerization,
resulting in an increase in insoluble DLAT, which further leads to
proteotoxic stress and cell death. These findings are critical for
expanding our knowledge of how copper induces cell death.

Several questions remain to be answered in future studies. For
example, Tsvetkov et al. showed that FDX1 deletion impaired
DLAT lipoylation, indicating that copper-induced cell death was
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Fig. 1

Schematic model of copper-induced cell death. In cells that rely on mitochondrial respiration, copper binds to lipoylated DLAT after

excessive accumulation due to ionophores or transporters, inducing aberrant oligomerization of DLAT and the formation of DLAT foci.
Increased levels of insoluble DLAT causes cellularproteotoxic stress, which further induces cell death. FDX1 is involved in regulating the
lipoylation of proteins. In addition, FDX1 reduces Cu(ll) to Cu(l), resulting in the inhibition of Fe-S cluster synthesis, which in turn impairs the

production of Fe-S cluster proteins.

dependent on protein lipoylation. However, they did not elucidate
the role of FDX1 in the lipoylation process. Similarly, the authors
demonstrated that copper binding to lipoylated DLAT promoted
disulfide-dependent DLAT oligomerization but did not explain the
relationship between copper and the mechanism of disulfide
bond formation. In addition, programmed cell death has specific
morphological features, such as nuclear fragmentation, the loss of
cell membrane integrity during apoptosis, and mitochondrial
shrinkage during ferroptosis. Tsvetkov et al. demonstrated that
increased oligomerization of lipoylated DLAT leads to proteotoxi-
city and cell death; however, the morphological characteristics of
copper-induced cell death remain unclear. Therefore, a consider-
able amount of research is required in the future to answer these
questions.

In brief, the authors presented a new perspective on the important
link between copper-induced death and mitochondrial metabolism in
cells. This finding furthers our understanding of the multiple effects of
copper on the body. In future studies, it will be important to identify
the details of copper-induced cell death or whether other trace metal
ion-induced forms of cell death exist. Moreover, the new mechanistic
information reported by Tsvetkov et al. may provide new ideas for the
application of elesclomol in the treatment of cancers that are
dependent on mitochondrial respiration.
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