1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochim Biophys Acta Mol Cell Res. Author manuscript; available in PMC 2022 February
01.

Published in final edited form as:

Biochim Biophys Acta Mol Cell Res. 2021 February ; 1868(2): 118893. doi:10.1016/
j.bbamcr.2020.118893.

Copper metabolism as a unique vulnerability in cancer

-, HHS Public Access
«

Vinit C. Shanbhag?4, Nikita Gudekar®d, Kimberly Jasmer2d, Christos Papageorgiou®,
Kamal Singhdf, Michael J. Petrisa.P.c.d.1
aDepartment of Biochemistry, University of Missouri, Columbia, MO, 65211.

bDepartment of Ophthalmology, University of Missouri, Columbia, MO, 65211.

¢Genetics Area Program, University of Missouri, Columbia, MO, 65211.

dThe Christopher S. Bond Life Science Center, University of Missouri, Columbia, MO, 65211.
eDepartment of Medicine, University of Missouri, Columbia, MO, 65211.

‘Department of Veterinary Pathobiology, University of Missouri, Columbia, MO, 65211.

Abstract

The last 25 years have witnessed tremendous progress in identifying and characterizing proteins
that regulate the uptake, intracellular trafficking and export of copper. Although dietary copper is
required in trace amounts, sufficient quantities of this metal are needed to sustain growth and
development in humans and other mammals. However, copper is also a rate-limiting nutrient for
the growth and proliferation of cancer cells. Oral copper chelators taken with food have been
shown to confer anti-neoplastic and anti-metastatic benefits in animals and humans. Recent studies
have begun to identify specific roles for copper in pathways of oncogenic signaling and resistance
to anti-neoplastic drugs. Here, we review the general mechanisms of cellular copper homeostasis
and discuss roles of copper in cancer progression, highlighting metabolic vulnerabilities that may
be targetable in the development of anticancer therapies.
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Introduction

Copper (Cu) is an indispensable micronutrient for the development and replication of all
eukaryotes [1]. Because copper cannot be created or destroyed by metabolic processes, it
must be acquired from external sources. The incorporation of copper into living systems is
thought to have coincided with the release of molecular oxygen into earth’s early
atmosphere [2, 3]. By harnessing the ability of copper to cycle between two oxidation states,
Cu (1) and Cu (I1), cuproenzymes participate in a wide spectrum of metabolic processes
including aerobic respiration, pigmentation, peptide amidation, catecholamine biosynthesis,
iron transport, superoxide dismutation and biosynthesis of the extracellular matrix (Table 1).
Not surprisingly, sufficient quantities of copper are necessary to sustain the growth and
development of fungi, plants and animals, however, copper is also potentially toxic when
present at elevated concentrations. Under these conditions, the formation of free ionic Cu(l)
within the cell can inhibit the function of enzymes by oxidizing cysteines within iron-sulfur
cluster proteins, or react with hydrogen peroxide to produce highly-reactive hydroxyl
radicals [4]. Accordingly, organisms have evolved a sophisticated cadre of transporters and
copper-binding proteins to control the uptake, intracellular movement, storage and efflux of
copper, while simultaneously preventing formation of the free ion within the cytoplasm
(Figure 1). In mammals, copper is acquired from the diet and is absorbed across the
intestinal epithelium for delivery to the liver via portal circulation. The liver is the main
repository of copper in the body and serves to distribute copper to peripheral organs via the
bloodstream, or to excrete copper from the body via the bile [5]. Once growth and
development are completed, whole-body copper homeostasis is maintained by balancing the
amounts of copper absorbed and excreted [6]. However, pregnancy and neonatal
development are stages of the mammalian life cycle that require significantly higher intakes
of dietary copper to meet the metabolic demands of growth and development [7]. Cancer
cells also have a higher demand for copper compared to non-dividing cells, which is an
Achilles’ heel that can be exploited through the use of oral copper chelation to suppress
tumor growth and metastasis in animal cancer models and human patients [8]. Biological
processes in which copper has been linked to cancer include mitochondrial respiration,
collagen cross-linking, immune system modulation, antioxidant defense, mitogenic signaling
and autophagy. Here, we review the current understanding of copper homeostasis in
mammalian cells, with a focus on newly discovered roles for copper in cancer progression,
potential roles of copper in transition metal signaling and the prospect of targeting copper
homeostasis pathways in cancer therapy.

Copper acquisition in mammals

Copper uptake in mammalian cells is mediated by the CTR1 (SLC31A1) plasma membrane
high affinity copper importer, which belongs to the SLC31 family of copper permeases
found in all eukaryotes [1, 9]. Consistent with the essentiality of copper for normal growth
and development, global deletion of the CtrZ gene in mice results in embryonic lethality
[10]. CTR1 is also essential for dietary Cu absorption since enterocyte-specific deletion of
the Ctr1 gene in mice causes systemic Cu deficiency and neonatal lethality [11]. An
alternative pathway for Cu uptake via the divalent metal transporter 1 (DMT 1; SLC11A2) is
suggested by studies in certain cultured cell lines [12]. However, the finding that enterocyte-
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specific deletion of Dmt1 does not alter intestinal Cu absorption suggests that it is not
essential for dietary Cu transport [13].

The CTR1 protein exhibits a three-domain topology that is conserved in all members of the
SLC31 family which includes an amino terminal ectodomain containing Cu(l)-binding
histidine- and methionine-rich sequences, three transmembrane domains, and a cytoplasmic
C-terminal tail. Biochemical studies demonstrate that SLC31 family members form
functional trimers that comprise nine-membrane spanning domains that selectively permit
the inward flow of Cu(l) down a concentration gradient [14, 15]. Recently, the crystal
structure of a CTR1 orthologue from Atlantic salmon (sCtrl) was solved, revealing a goblet-
like architecture in which two rings of methionine residues were found to line the entrance
to the ion conduction pore, and are postulated to function as selectivity filters for Cu(l)
(Figure 2) [16]. These methionine rings are created by an MXXXM motif that is conserved
in the second transmembrane domain of all SLC31 family members and is essential for
copper transport activity of human CTR1 [17]. Another interesting feature revealed by the
crystal structure of sCtrl is the presence of an intramembranous Zn atom [16]. While this
could be an experimental artifact, it suggests an intriguing possibility that Zn2* may be
required to modulate the function of CTR1.

Approximately 95% of copper in the plasma is found within ceruloplasmin, a multicopper
oxidase that facilitates cellular iron export by oxidizing Fe2* as it exits the iron exporter,
ferroportin [18]. Although there is some evidence from cell culture experiments that
ceruloplasmin-bound copper may be used as a source of copper by CTR1 [19], the fact that
aceruloplasminemic mice and humans do not exhibit copper deficiency indicates that
ceruloplasmin is not a major contributor to copper uptake /n vivo [20]. Rather, minor
fractions of copper bound to amino acids and other small molecular weight carriers are
thought to be the major sources of plasma copper for cellular uptake [21, 22]. Since copper
uptake via CTR1 requires prior reduction to Cu(l) [14], this implicates the requirement of a
metalloreductase. In the baker’s yeast, Saccharomyces cerevisiae, the FREL protein is
required for Cu2* reduction prior to CTR1-mediated Cul* uptake [23]. In mammals, the
STEAP family of ferric reductases (STEAP 1 — 4) appears to serve this role based on the
finding that forced expression of STEAP 2, 3 or 4 in cultured HEK293 cells confers cupric
reductase activity and stimulates copper uptake [24] (Figure 1). A recent study demonstrated
that STEAP4 expression in colon cancer cells was induced by the inflammatory cytokine
IL-17 leading to increased copper uptake and the promotion of tumorigenesis [25].

Studies in yeast, flies and worms indicate that CTR1-dependent copper uptake is regulated at
the level of metal-responsive transcription [1]. In cultured cell lines, one lab has reported
that the human CT7RZ gene is transcriptionally induced in response to low Cu concentrations
by the zinc-finger transcription factor Specificity Protein 1 (Spl) [26, 27]. However, the /n
vivo relevance of these findings is unclear since studies have shown that copper deficiency in
rats does not alter CtrI mRNA levels in the brain, intestine or liver compared to copper
adequate controls [28]. There is considerably more support for post-translational regulation
of mammalian orthologues of CTR1. Elevated copper concentrations stimulate CTR1
internalization into endosomes as a regulatory mechanism to reduce copper uptake across
the plasma membrane [29, 30]. A recent study suggests that this process is regulated by
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retromer [31], a heterotrimeric protein complex of VPS35, VPS29 and VPS26 that plays a
central role in the sorting of proteins within endosomal compartments [32]. Copper-
stimulated internalized CTR1 protein within endosomes colocalizes with the retromer
complex, which is required to recycle CTR1 back to the plasma membrane in response to a
reduction in copper concentrations [31].

Studies have also identified a second mechanism of CTR1 regulation that involves the
proteolytic removal of its high-affinity copper-binding ectodomain [33, 34]. Compared to the
full-length protein, truncated CTR1 has reduced copper uptake activity at the plasma
membrane, but increased copper export from endosomal compartments into the cytoplasm.
The cleavage of CTR1 occurs via cathepsin proteases within endosomal compartments and
requires interactions with CTR2, which is the only other SLC31 protein in mammals.
Although CTR2 was initially proposed as a low-affinity copper transporter, a recent study
suggests that during the evolution of metazoans, prototypic CTR2 lost the ability to transport
copper as it acquired the ability to regulate CTR1 cleavage [35]. It is currently unknown
whether the cleavage of CTR1 requires formation of a CTR1/CTR2 heterotrimer and
whether CTR2 recruits cathepsin proteases to CTR1. Interestingly, the MXXXM-containing
Cu(l) selectivity filter in CTR1 is also present in CTR2, and although mutational analyses
indicates this motif in CTR2 is not required for CTR1 cleavage, it nonetheless may act as a
copper sensor within endosomal compartments [34]. Consistent with a role for CTR2 as a
positive regulator of CTR1-mediated copper export from endosomes, deletion of CTR2 in
mice causes an age-dependent hyperaccumulation of copper within various organs, with
highest levels in the brain [34]. Continued efforts to understand CTR2-dependent cleavage
of CTR1 will be important to address how copper uptake is regulated in different tissues and
under different physiological conditions or disease states.

Intracellular copper buffering and trafficking

Because copper is potentially toxic when present as the free ion, cytoplasmic concentrations
of free copper are maintained at exceedingly low levels — estimated between 1071® M and
10721 M, or less than one free copper ion per cell [36]. Such an extraordinary limitation on
free copper is achieved in part through the metal binding properties of metallothioneins and
glutathione (Figure 1). Metallothioneins are small cysteine-rich proteins that are
transcriptionally induced by excess copper (and other metals) and protect against copper
toxicity by irreversible sequestration within metal-thiolate clusters [37]. In contrast, copper
bound to reduced glutathione (GSH) can undergo facile exchange with higher affinity
ligands such as metallochaperones (discussed below). Cytoplasmic concentrations of GSH
are estimated to be in the millimolar range, which vastly exceed copper concentrations under
steady state conditions [38]. This allows GSH to function as a cytosolic copper buffer that
not only prevents the formation of free copper ions, but also maintains a negative
concentration gradient across the plasma membrane that drives CTR1-mediated copper
uptake [39]. Once in the cytoplasm, copper must be ferried to the active sites of
cuproenzymes during their biosynthesis or shortly thereafter. This raises the question of how
this highly reactive metal is delivered to the appropriate enzyme while avoiding adventitious
interactions along the way. Nature has solved this problem with the evolution of a class of
small copper-binding proteins known as metallochaperones that deliver copper to specific
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proteins. This process is facilitated by direct protein-protein interactions which induce metal
transfer down an increasing affinity gradient [40-43].

Copper trafficking to mitochondrial cytochrome c oxidase

Mitochondria are one of the most important destinations of copper in the cell for the
metalation of cytochrome ¢ oxidase (COX), a critical enzyme that functions in aerobic
respiration (Figure 1). COX is a large multimeric complex at the terminus of the electron
transport chain that transfers electrons from cytochrome ¢ to molecular oxygen and
contributes protons to the electrochemical gradient used to power ATP production. The two
copper-binding subunits of cytochrome ¢ oxidase, COX1 and COX2, are metallated during
COX assembly within the intermembrane space (IMS) of the mitochondria [44], however, it
is currently unknown how cytoplasmic copper enters this organelle. The source of copper for
COX metalation is derived from an unknown non-proteinaceous anionic complex within the
mitochondrial matrix [45]. Recent studies in yeast have shown that a member of the
mitochondrial carrier family, PIC2, and an iron transporter MRS3, can transport copper from
the IMS into the matrix and are necessary for COX hiogenesis [46, 47]. The PIC2
orthologue, SLC25A3, performs this function in mammalian cells [48], however, the
mechanism by which copper is exported from the matrix into the IMS for COX biogenesis is
currently unknown. The metalation and assembly of COX is a complex modular process that
requires the metallochaperone COX17 and several other metallochaperones and assembly
proteins (Figure 1). Copper insertion into COX2 requires the transfer of copper from COX17
to SCO1, a membrane-spanning metallochaperone whose copper-binding site faces the IMS.
This process is facilitated by several accessory proteins including SCO2, COA6 and COX20.
The insertion of copper into COX1 also requires COX17, the metallochaperone COX11, and
other ancillary proteins that are yet to be identified [49].

CCS and copper trafficking to superoxide dismutase

Cu/Zn-superoxide dismutase (SOD1) requires both copper and zinc, and plays a protective
role against oxidative damage by catalyzing the disproportionation of superoxide to
molecular oxygen and hydrogen peroxide. In humans, SOD1 maturation requires the
insertion of copper into its active site by the CCS metallochaperone [50, 51] (Figure 1). This
process is facilitated by an intermolecular disulfide between CCS and monomeric SOD1 that
is subsequently converted to an intramolecular disulfide between SOD1 dimers [52, 53].
Although the majority of SOD1 resides within the cytoplasm, a small fraction (<5%) is also
found in the mitochondrial IMS [54]. The metalation of SOD1 in the IMS is also dependent
on CCS, and, as with COX metalation, the source of this copper is derived from the matrix
[55]. Interestingly, CCS also regulates the distribution of SOD1 between the IMS and the
cytoplasm in an oxygen-dependent manner [56]. Under oxygen replete conditions, CCS
interacts with SOD1 in the cytosol to facilitate the metalation and dimerization of SOD1
which prevents entry to the mitochondria. However, under low oxygen concentrations, the
MIA40-ERV1 disulfide relay catalyzes the formation of an intramolecular disulfide in CCS,
trapping it within the IMS [56, 57]. As apo-SOD1 enters the mitochondria as a disulfide-
reduced monomer, it too is trapped within the IMS by conversion to the mature oxidized
dimeric holoenzyme by CCS. The hypoxia-dependent retention of SOD1 in the IMS is
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thought to protect the mitochondria from elevated levels of reactive oxygen species that are
produced as a byproduct of the electron transport chain under low oxygen conditions [54].

Metalation of cuproenzymes within the secretory pathway

The majority of known eukaryote cuproenzymes are either secreted across the plasma
membrane or reside within vesicular compartments, and because their active sites are
lumenally oriented, copper must be inserted within the secretory pathway [58]. In mammals,
this process is facilitated by either ATP7A or ATP7B, copper pumps that are embedded in
the frans-Golgi network (TGN) (Figure 1) [59, 60]. Both ATP7A and ATP7B (ATP7A/B)
belong to the P1B subgroup of heavy-metal transporting P-type ATPases, which harness the
energy released from ATP hydrolysis to translocate metal ions from the cytoplasm across
lipid bilayers. Mammalian ATP7A/B are specific for Cu(l) ions and share approximately
60% amino acid identity across their entire length, although the homology is much higher
within signature motifs involved in catalysis. ATP7A/B also share a common molecular
architecture that includes eight transmembrane helices, a long cytoplasmic amino terminal
region containing six metal-binding MXCXXC sites, an intramembranous copper-binding
CPC motif, two large cytoplasmic loops containing catalytic domains for ATP binding,
phosphorylation and phosphatase activities, and a cytoplasmic C-terminal region containing
endocytosis signals (Figure 3A) [61].

The current model of the Cu-ATPase catalytic cycle follows the classic E1/E2 Post-Albers
reaction that was originally described for the Na*/K*-ATPase [62], with additional
information from biochemical assays and the crystal structure of the LCopA Cu-ATPase
from Legionella pneumophila [63]. Copper transport is predicted to be initiated by the
binding of Cu(l) to a conserved triad comprised of Met-Asp-Glu residues located at the
entrance to the ion conduction pore (Figure 3B), which stimulates ATP binding to the large
cytosolic nucleotide binding domain. The hydrolysis of ATP and transfer of the released -y-
phosphate to an aspartic acid within a conserved DKTGT motif generates a high-energy
phosphorylated intermediate (E1P), which is thought to energetically favor copper
translocation to intramembrane ligands, including the CPC motif (Figure 3A). An intrinsic
phosphatase activity requiring a TGE motif within the actuator domain is coupled with the
release of copper into the lumenal/extracellular space to complete the reaction cycle (Figure
3A). One of the most notable features of LCopA is a bend in the second transmembrane
domain as it emerges into the cytosol, which creates a “platform” adjacent to the Met-Asp-
Glu triad at the pore opening (Figure 3B and 3C) [63]. Positively charged residues that line
the cytoplasmic face of the platform may provide a docking site for the amino terminal
copper-binding domain or ATOX1 to facilitate copper transfer to the triad (Figure 3C). Since
LCopA has been solved only in the copper-free E2 conformation [63], additional
configurations will be needed to decipher how copper moves from the triad to the
intramembrane CPC and other sites within the transport pathway. As discussed below,
inhibitors of ATP7A/B have potential therapeutic applications in cancer, thus the structures
of Cu-ATPases in different catalytic conformations will be important to design the
development of small molecule inhibitors of these pumps.
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Regulation of copper export

Cu-ATPases are found in a wide range of organisms including archaea, bacteria and
eukaryotes, indicating that the requirement to transport copper was an early and constant
evolutionary pressure. In addition to metalating cuproenzymes within the TGN, both ATP7A
and ATP7B also export copper from cells. This process involves copper-stimulated
trafficking of ATP7A and ATP7B from the TGN into post-Golgi vesicles, which are loaded
with copper and released into the extracellular milieu upon fusion with the cell surface
(Figure 1) [59, 60]. Approximately 10 - 20% of ATP7A also accumulates at the cell surface
in elevated copper conditions [64]. Upon the restoration of normal copper levels, both
ATP7A and ATP7B are trafficked through endosomal compartments back to the TGN via the
activities of several protein complexes including adaptor complex AP-1, retromer, Arp2/3,
WASH, BLOC-1 and COMMD/CCDC22/CCDC93 complexes [65]. In addition to providing
a homeostatic mechanism that protects cells against rising copper levels, the exocytic
trafficking of ATP7A and ATP7B in polarized cells also plays an important role in
controlling systemic copper homeostasis. In intestinal epithelial cells, ATP7A traffics toward
the basolateral membrane to facilitate the absorption of dietary copper [66]. Whereas in
polarized hepatocytes, the copper-stimulated trafficking of ATP7B controls the movement of
copper into lysosomes and its subsequent release across the canalicular (apical) membrane
into the bile for excretion from the body [67, 68].

Site-directed mutagenesis has identified sequences within ATP7A/B that regulate both
localization within the TGN and copper-stimulated trafficking. The C-terminal domains of
both ATP7A and ATP7B contain di-leucine and tri-leucine sequences [69, 70], respectively,
that are required for endocytic retrieval via interactions with clathrin adaptor complexes
(Figure 3A) [71]. In addition, the third transmembrane domain of ATP7A has been shown to
function as an autonomous Golgi-retention signal [72]. A DTAL motif at the C-terminus of
ATP7A is required for basolateral targeting in polarized kidney cells [73] whereas apical
targeting of ATP7B in polarized hepatoma cells requires a unique 9-amino acid sequence at
the N-terminus that is absent in ATP7A [74]. Copper-stimulated exocytic trafficking of
ATP7A from the TGN requires at least one of the six amino terminal CXXC motifs,
although one study suggest that the 5 or 61 motif closest to the membrane channel are
necessary [75], whereas another study suggests any one of the six motifs will suffice [76].
Mutations in different regions of ATP7A/B are known to inhibit copper-stimulated
trafficking, suggesting that trafficking is coupled to the catalytic cycling. Additional studies
have narrowed this requirement to the formation of the aspartyl-phosphate catalytic
intermediate in both ATP7A and ATP7B [77, 78], suggesting that this conformation is
recognized by sorting machinery in the TGN. Interestingly, catalysis can be uncoupled from
trafficking because mutations have been identified that block copper-stimulated trafficking
of ATP7A but retain transport activity [79, 80]. Future studies elucidating the phospho-
intermediate structures of such mutants will aid in addressing how different catalytic
conformations of ATP7A/B are recognized by sorting machinery in the TGN.
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Regulation of ATP7A and ATP7B by ATOX1 and the glutathione redox

system

The delivery of cytoplasmic copper to ATP7A/B is mediated by interactions with ATOX1, a
small metallochaperone that binds Cu(l) via a single MXCXXC motif and subsequently
transfers this metal to one of six MXCXXC motifs located within the N-terminal domain of
both transporters (Figure 3). This domain is largely unstructured and may provide a
mechanism of copper delivery to the transmembrane entrance. However, it is worth noting
that neither the amino terminal domain of ATP7A/B, nor ATOX1, are absolute requirements
for transport activity, which implicates additional mechanisms by which copper is delivered
to the channel opening. Studies in cultured cells indicate that both copper transport and
trafficking functions of ATP7A and ATP7B are regulated by post-translational
modifications. The N- and C- terminal domains of ATP7A and ATP7B contain sites for
kinase-mediated phosphorylation, which are thought to modulate catalytic activity or
interactions with trafficking machinery [81, 82]. S-glutathionylation of redox-sensitive
cysteines (/.e., Cys-SSG) is another post-translational modification that regulates the activity
and trafficking of ATP7A/B. Copper stimulates the interaction of glutaredoxin-1 (GRX1)
with the amino terminal domains of ATP7A and ATP7B resulting in deglutathionylation of
the MXCXXC motifs [83]. This process is thought to increase copper binding to these
cysteines, thus providing a regulatory mechanism for stimulating trafficking and transport
activity. Recent studies suggest that the oxidation state of ATOX1 may also play a pivotal
role in this process. In proliferating cells, a high ratio of reduced to oxidized glutathione
(GSH/GSSG) maintains the copper-binding cysteines of ATOX1 in a mostly reduced state.
However, under oxidizing conditions, GSSG oxidizes the copper-coordinating cysteines of
ATOX1 to create an intramolecular disulfide that is incapable of binding copper, thus
reducing ATP7B-mediated copper transport into the secretory pathway [84]. In contrast, the
reduction of ATOX1 by GRX1 was found to enhance copper delivery to ATP7B and
stimulate metalation of ceruloplasmin [84]. Consistent with these findings, silencing of
GRX1 in MEF cells results in copper retention and reduced copper tolerance, whereas
forced expression of GRX1 lowers intracellular copper levels [85]. Intriguingly, recent in
vitro studies have implicated a novel function for GRX1 as a metallochaperone by showing
that the CXXC motif within its active site possesses high-affinity Cu(l)-binding activity [86],
and can deliver Cu(l) to ATOX1 and the 51 and 61" MXCXXC motifs of ATP7B [87]. Taken
together, these results suggest that a reducing cytosolic milieu promotes copper transport to
the secretory pathway via GRX1-mediated reduction of copper-binding cysteines in ATOX1
and ATP7A/B. It will be important in future studies to test if GRX1 regulates copper
homeostasis /n vivo, and whether copper binding to GRX1 confers general changes in
protein glutathionylation status. The regulation of ATP7A/B by glutathionylation raises the
question of whether these proteins might be regulated by physiological conditions that alter
cellular redox status. Recently, an elegant study by Lutsenko and colleagues suggests that
copper transport into the secretory pathway via ATOX1/ATP7A is regulated by the ratio of
GSH to GSSG [88]. During the differentiation of motor neurons, an increased GSH:GSSG
ratio was found to shift the redox status of the CXXC copper-binding site of ATOX1 from
partially oxidized to fully reduced, thus increasing its copper binding capacity and copper
delivery to the secretory pathway via ATP7A [88]. Of relevance to cancer, transformation of
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mouse embryonic fibroblasts with oncogenic kinases, BRAFV600E and KRASCG12D, was
recently shown to lower labile pools of copper and decrease the GSH:GSSG ratio, which
was attributable to reduced expression of glutathione reductase [89]. It will be interesting to
determine the extent to which redox-mediated changes in copper homeostasis regulate
normal physiological and pathophysiological processes.

Disorders of copper metabolism

Inherited mutations that disrupt copper transport or intracellular trafficking are responsible
for several human diseases. Certain COX deficiency disorders are caused by mutations in
mitochondrial metallochaperones such as SCO1 (OMIM 603644) [90], SCO2 (OMIM
604272) [91], COA6 (OMIM 614772) [92] and COX20 (OMIM 614698) [93]. Other
diseases of copper metabolism arise from mutations that impact copper absorption and its
distribution in the body. For example, loss of function mutations in A7P7A give rise to
Menkes disease, a pediatric disorder of copper deficiency that primarily affects males due to
its X-linked inheritance. Patients exhibit a wide range of defects attributable to a loss of
cuproenzyme activity, including neurological degeneration, seizure, hypotonia, hypothermia,
hypopigmentation and connective tissue defects [94]. The deficiency of copper in affected
individuals is attributable to reduced ATP7A-dependent copper export from intestinal
enterocytes into the plasma, which is exacerbated by reduced copper export into the central
nervous system [95, 96]. Menkes patients are treated with injections of copper salts
(typically copper histidinate), however this therapy rarely improves the overall prognosis and
most patients die in early childhood [97]. Other treatments being actively pursued include
ATP7A gene therapy using adeno-associated viral vectors, which have shown therapeutic
efficacy in the Brindled mouse model of Menkes disease [98]. The copper ionophore
elesclomol is another promising treatment based on its ability to alleviate Menkes pathology
and rescue mortality in the Brindled mice [99]. Importantly, elesclomol has an excellent
safety profile having been previously developed as an anticancer drug [100]. Thus,
repurposing elesclomol as a treatment for Menkes disease is an exciting prospect.

While complete loss of ATP7A function causes Menkes disease, less severe mutations in
ATP7A give rise to occipital horn syndrome (OMIM 304150), a disease in which
neurological symptoms are relatively mild and connective tissue and skeletal defects
predominate [101]. SMAXS3 (spinal muscular atrophy X-linked type 3; OMIM 300489) is
another disorder caused by two hypomorphic missense mutations in A7P7A, resulting in a
distal motor neuropathy, progressive gait deterioration, and age-dependent muscle atrophy in
the lower extremities [102]. Studies in our lab have shown that motor neuron-specific
deletion of Afp7ain mice phenocopies many of the features of SMAX3 patients, indicating
that ATP7A is functionally important in this neuronal cell type [103]. Two hypomorphic
missense mutations in ATP7A are known to cause SMAX3 without generating a detectable
copper deficiency in patients, and /n vitro studies suggest that these mutations may impair
the function of ATP7A only within motor neurons as a result of unique protein interactions
in this cell type [104]. It is also possible that motor neurons are more sensitive than other
cell types to subtle changes in copper homeostasis caused by hypomorphic mutations in
copper trafficking pathways.
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In contrast to ATP7A, mutations in ATP7B give rise to Wilson disease in which defective
ATP7B-dependent biliary copper excretion causes hepatic copper overload, and if untreated,
liver failure. Wilson patients may also exhibit neurological or psychiatric symptoms due to
elevated copper in the brain [105]. Diagnostic features of Wilson disease include reduced
ceruloplasmin activity and elevated copper concentrations in the serum, increased urinary
copper and hyperpigmented copper deposits within the cornea (Kayser-Fleischer rings)
[106]. The copper chelators penicillamine or trientine are often used as first-line treatments
for symptomatic patients, whereas oral zinc therapy which is thought to compete for dietary
copper absorption is indicated for asymptomatic patients [106]. As discussed below, the
development of therapeutic copper chelators for Wilson disease have paved the way for
copper depletion as a novel therapy in cancer. Disturbances in copper metabolism can also
arise indirectly from mutations that affect general vesicular trafficking pathways. For
example, in patients with MEDNIK syndrome (mental retardation, enteropathy, deafness,
neuropathy, ichthyosis, keratodermia), mutations in the AP1 clathrin adapter complex give
rise to hypocupremia and hypoceruloplasminemia as a consequence of defective trafficking
of ATP7A and ATP7B [107]. Similarly, the hypopigmentation phenotype in patients with
Hermansky-Pudlak syndrome is caused by mutations affecting the BLOC-1 trafficking
complex, which is required for ATP7A trafficking to melanosomes for the metalation of
tyrosinase [108].

Nutrient depletion as a cancer therapy — copper takes center stage

For almost a century it has been known that tumor cells adaptively modify pathways of
nutrient metabolism to survive and proliferate within a myriad of different tissues and
selective pressures. The concept that these adaptations might be vulnerable to targeted
interventions is often attributed to the pediatric pathologist Sidney Farber, who in the 1940s
observed that a diet rich in folic acid accelerated the progression of leukemia in children.
Although the requirement for folic acid in DNA synthesis and thus cellular proliferation was
unknown at the time, Farber showed that an inactive structural analogue of folate called
aminopterin produced temporary remission in children with leukemia [109]. This
breakthrough heralded the modern era of drug development, leading to more effective anti-
folate drugs (e.g., methotrexate) and other “anti-metabolites”, which now constitute a major
class of anti-neoplastic drugs.

In recent years, it has been increasingly recognized that the demand for copper is elevated in
tumor cells relative to most other tissues, and represents a metabolic vulnerability that can
be exploited by limiting copper availability [110]. As an element, copper cannot be created
by metabolic processes, and its unique chemistry allows it to be selectively removed from
dietary sources using highly specific copper chelators. The notion that tumor cells might
have a higher copper requirement than normal tissues gained traction when copper
concentrations within resected tumors of cancer patients were repeatedly found to be
elevated compared to normal tissue, and that serum copper concentrations followed a similar
trend [111-123] (Tables 2 and 3). The opportunity to directly test the effects of copper
depletion on tumor growth was made possible with the advent of copper chelators such as
penicillamine and trientine, which were developed for the treatment of copper overload in
Wilson disease. By adding these chelators to the diets of animals, a state of copper
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deficiency could be achieved that reduced growth in various tumor models [8]. By the
1990s, a less toxic copper chelator called tetrathiomolybdate (TTM) was developed and has
become the main drug used in copper depletion experiments in cancer models. There is how
a substantial body of literature documenting the inhibitory effects of TTM on tumor growth
and metastasis in various animal models of cancer (Table 4). This has led to a general
hypothesis on the role of copper in cancer, which posits that 1) tumor cells have a higher
demand for copper than normal cells; and 2) there is a window of copper depletion that can
selectively block oncogenic processes without compromising essential metabolic functions.
Several mechanisms have been ascribed to the therapeutic benefits of TTM including
inhibition of cuproenzyme activities (e.g., LOX, SOD1 or COX), suppression of
angiogenesis, and more recently, an attenuation of kinases that function in mitogenic
signaling and autophagy [124-130]. One of the most striking demonstrations of the long-
term therapeutic potential of TTM involved a study of spontaneous mammary tumor
formation in the MMTV-neu mouse model [131]. In this study, the median time to develop
tumors in untreated mice was 234 days compared to 460 days for the TTM-treated mice.
However, the most intriguing finding of this study was that tumors appeared within weeks of
stopping TTM therapy, suggesting that long-term copper depletion does not suppress
neoplastic transformation, but rather maintains neoplastic cells in a continuous state of
dormancy [132]. These findings provided important clues that copper depletion might
function in preventing cancer malignancy.

Clinical trials of therapeutic copper deficiency in cancer patients

To date, there have been seven clinical trials of oral TTM in cancer patients, each using a
very similar protocol in which the copper chelator was taken up to 4 times daily with meals
[8]. TTM binds to dietary copper in the small intestine and blocks its transport into the body,
however, because excessive copper deficiency can be harmful, the dose of TTM is carefully
titrated to reduce serum ceruloplasmin levels to ~20% of baseline (~5-15 mg/dL) [8, 133,
134]. Ceruloplasmin is rapidly degraded in the metal-free form, thus its abundance or
activity in serum provides a reasonably accurate readout of whole-body copper status [135,
136]. This target level of ceruloplasmin corresponds to a state of moderate copper deficiency
since it is reportedly well-tolerated by patients for multiple years with low rates of
neutropenia or other indicators of severe copper deficiency [126, 133, 134, 137-140].
Unfortunately, the early clinical trials of TTM found no benefit in patients with metastatic
prostate and kidney cancer [133, 134, 137]. However, because therapeutic levels of copper
deficiency may take months to achieve [8], it was proposed that TTM may be more
efficacious when used as an adjuvant to primary therapies, or when used at early stages of
disease. In support of this concept, when administered as an adjuvant following surgery,
TTM doubled the time to disease progression in patients with Stage 1/I1 mesothelioma by
two-fold (from 10 to 20 months), however there was no benefit in Stage 111 patients [139]. A
more recent Phase Il clinical trial tested the therapeutic efficacy of adjuvant TTM following
chemotherapy in breast cancer patients, who showed no evidence of disease, but were at
high risk for recurrence [126]. A total of 75 patients comprising Stage I1/111 (60%) and Stage
IV (40%) disease were enrolled in this trial, of whom 48% were diagnosed with treat triple-
negative breast cancer (TNBC), which is the most lethal and difficult to treat type of breast
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cancer. At a median follow-up time of 6.3 years, the overall survival and the event free
survival rates for the entire cohort was 84% and 72%, respectively. Importantly, for TNBC
patients, the event free survival was 90% (Stage I1/111) and 50% (Stage 1V). These results are
striking considering that the average survival rate for the overall distant metastatic TNBC
population is currently 11% at 5 years [141]. Because copper plays widespread roles in
metabolism, a key question for the field is which oncogenic targets are susceptible to copper
depletion? Below, we review recent studies that have begun to address this question.

Roles of copper in oncogenic kinases

It has been known for many decades that copper is essential for embryogenesis and cell
proliferation, however, it was only recently that studies have identified specific functions of
copper in mitogenic signaling pathways controlling both normal development and
oncogenesis. Using genetic approaches in flies and later confirmed in mice, Thiele and
colleagues showed that copper uptake via CTR1 stimulates the mitogen-activated protein
kinase (MAPK) pathway (also known as the MAPK-ERK or RAS-RAF-MEK-ERK
pathway) [142]. The MAPK pathway controls a wide range of normal biological processes
such as proliferation, differentiation and motility, which are regulated by the interaction of
growth factors with receptor tyrosine kinases at the plasma membrane. Biochemical studies
demonstrated that the penultimate kinase in this pathway, MEK1, contains a high-affinity
copper-binding site comprising two histidines and a methionine residue, which, upon copper
binding, stimulate MEK1-dependent phosphorylation of ERK1/2 [129, 143] (Figure 4).
Importantly, copper chelators were found to significantly reduce MEK1 signaling activity
suggesting that MAPK-driven cancers may be a target of therapeutic copper depletion. In a
series of elegant studies, Brady and colleagues demonstrated that orally administered TTM
in mice could suppress the growth of melanoma xenografts containing an oncogenic
mutation in the BRAF kinase, which lies upstream of MEK1 [129]. BRAF mutations are a
common driver of metastatic melanoma, however resistance to BRAF inhibitors can
frequently arise via activating mutations in downstream kinases such as MEK1. Therefore, it
is especially notable that TTM showed efficacy against tumors expressing an activating
MEK1 mutation that confers tolerance to BRAF inhibitors [129]. These studies suggest that
oral copper chelators such as TTM may confer clinical benefit in BRAF-driven melanoma,
particularly in the setting of acquired resistance to BRAF inhibitors.

The discovery that copper functions as an allosteric regulator of MEK1 raises the question of
whether other oncogenic kinases might be similarly regulated by copper. Recent studies have
identified MEK1-like copper-binding histidine and methionine sequences in the ULK1 and
ULK?2 kinases. Biochemical and genetic analyses show that copper binding to these
sequences stimulates ULK1/2-kinase activity which was inhibited by TTM [130]. The major
function of ULK1/2 kinases is to initiate autophagy, which is an adaptive response to
starvation and other stresses whereby damaged or redundant proteins or mitochondria are
engulfed and degraded within membrane-bound autolysosomes (Figure 4). A growing body
of evidence points to important roles for autophagy in the maintenance of certain tumors,
including those driven by mutations in the MAP kinase, KRAS [144]. Genetic ablation of
CTR1-dependent copper uptake in several KRAS mutant cell lines decreased copper-
stimulated ULK1/2 activity and autophagic flux, and diminished tumor growth in a mouse
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model of KRAS-driven lung cancer [130]. Using a fluorescent copper probe, the induction
of autophagy by amino acid starvation resulted in a significant rise in labile pools of
intracellular copper within approximately 20 minutes [130]. Taken together, these studies
reveal a novel function of copper in the growth of KRAS-driven tumors via ULK1/2-
dependent autophagy and suggest copper may act as a second messenger in this signaling
cascade. A precedent exists for labile copper pools regulating signaling within neurons and
adipocytes [145], however, the source of these labile pools of copper is unknown. The role
of copper in both MEK1/2 and ULK1/2 kinases underscores the potential benefits of copper
chelation as a way to target separate signaling pathways within a single cancer (Figure 4),
and, more broadly, prompts the question of whether copper chelation might be efficacious
across the landscape of kinase-mediated oncogenic signaling pathways. The answers to such
questions will be aided by continued efforts to uncover additional kinases regulated by
copper.

Copper-dependent metabolic changes in cancer cells

The role of copper-trafficking to the mitochondria plays an important role in the Warburg
effect, an early metabolic switch by which most cancer cells rely on glycolysis to drive
energy production instead of mitochondrial oxidative phosphorylation. This process is
controlled, in part, by the loss of the p53 tumor suppressor, a transcription factor that is
mutated in many different types of cancer [146]. Oxygen consumption is diminished in p53-
deficient cancer cells due to the loss of p53-dependent transcription of the SCOZ2 gene,
which is required for COX assembly in the IMS of the mitochondria (Figure 1). Normal
oxygen consumption is restored to p53-deficient cells by forced expression of a SCO2
transgene, suggesting that most, if not all, of the reduced oxygen consumption is attributable
to a loss of SCO2 activity [146]. The reduced expression of SCO2 in p53-null cells is
thought to protect against mitochondrially-produced reactive oxygen species, which are
inherently elevated in cancer cells. It is also possible that the diminished expression of SCO2
in p53-null cells provides a selective advantage by increasing copper availability for
oncogenic kinases such MEK1/2 and ULK1/2. In this context, it would be interesting to test
the extent to which copper chelators protect against p53~/~ tumors.

Recently, copper was shown to regulate expression of the programmed death ligand 1 (PD-
L1), a transmembrane protein upregulated on the surface of certain cancer cells that allows
evasion of the immune system [147]. The binding of PD-L1 to its receptor, PD-1, on the
surface of lymphocytes is known to suppress the killing of cancer cells by cytotoxic T-cells
[148]. In neuroblastoma cells, elevated copper accumulation resulting from increased CTR1
expression was found to upregulate STAT and EGFR signaling pathways leading to
increased PD-L1 abundance [147]. The same study found that the copper chelator, TEPA,
when given to mice reduced PD-L1 expression in neuroblastoma xenografts, resulting in
higher numbers of tumor-infiltrating T cells and increased survival. Since checkpoint
inhibitors targeting PD-L1/PD-1 are used clinically to treat melanoma and lung cancer
[149], it would be interesting to test whether such therapies can be augmented by copper
chelation.
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Mechanisms of copper-dependent metastasis

The primary cause of morbidity and mortality in cancer is the metastasis of neoplastic cells
from primary tumor sites to distant organs. The family of copper-dependent lysyl oxidase
enzymes (LOX and LOXL1-4) appear to play key roles in this process. LOX enzymes
catalyze the oxidation of lysine residues within collagen and/or elastin, stabilizing crosslinks
between these proteins during the development or remodeling of the extracellular matrix
[150] (Figure 5). Although LOX proteins exhibit poor sequence conservation at their N-
termini, they share a conserved catalytic Cu-binding domain in their C-terminal regions. To
date, oncogenic roles for LOX or LOXL enzymes have been documented in breast,
colorectal, prostate, gastric, hepatic, pancreatic and head and neck cancers, as well as
cancers of the skin, including melanoma [151-154]. Regions of increased breast density
detected via mammography are attributable to increased collagen crosslinking by LOX
enzymes, and are the second-most important risk factor in breast cancer after ageing [155].
Several oncogenic mechanisms have been ascribed to LOX proteins including tumor cell
migration via the activation of focal adhesion kinase (FAK1) [156, 157], promoting the
epithelial-to-mesenchymal transition [158], and the recruitment of myeloid cells and
endothelial precursor cells to pre-metastatic sites to promote tumor seeding [153, 154, 159].

Recent studies from our group have demonstrated that the ATP7A copper transporter is
required to deliver copper to multiple members of the LOX family (Figure 5). Deletion of
ATP7A inhibited LOX activity in breast and lung cancer cell lines, resulting in a significant
loss of tumor growth and metastatic potential of these cells in mice [160]. This was
associated with reduced oncogenic activities known to be LOX-dependent such as myeloid
cell recruitment to the lungs, FAK1 phosphorylation, EGFR-mediated signaling, and tumor-
associated collagen fibril assembly. Consistent with a pro-oncogenic role for ATP7A,
elevated tumor expression of A7P7A mRNA is correlated with higher patient mortality in
breast cancer [160]. In another recent study, ATP7A was found to exert oncogenic activities
in colorectal cancer cells expressing oncogenic mutant KRAS protein [161]. Compared to
control cells, mutant KRAS-expressing cells exhibited elevated total and surface levels of
ATP7A which was essential to protect against high levels of intracellular copper
accumulated via enhanced rates of macropinocytosis. Silencing of ATP7A was found to
significantly reduce tumor growth in a mouse xenograft model of KRAS-expressing IEC6
intestinal cells [161]. Taken together, these studies suggest that a small molecule inhibitor of
ATP7A may have therapeutic benefits in treating multiple types of cancer.

Other studies have shown that silencing of ATOX1, which delivers copper to ATP7A,
reduces both LOX activity and cell migration in breast cancer cells [162]. An inhibitor with
dual specificity against ATOX1 and domain | of CCS was shown to attenuate the
proliferation of several cancer cells line /n vitro, and block tumor growth in mouse xenograft
models [163]. As with ATP7A, high tumor expression of ATOX1 is significantly correlated
with poor survival in breast cancer patients [164]. Genetic deletion or pharmacological
inhibition of ATOX1 was found to attenuate MAPK signaling and significantly reduce the
proliferation of BRAF-driven melanoma cell lines, thus implicating a role for ATOX1 in
copper delivery to MEK1 [165]. Other notable functions of ATOX1 include a reported
ability to stimulate cell proliferation as a transcriptional activator of cyclin D1 (Figure 5),
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although this function has not been directly assessed in a cancer model [166]. Another
copper-dependent enzyme with roles in tumor metastasis is MEMO1 (MEdiator of cell
MOtility 1), which accumulates at the leading edge of cancer cells and promotes cell
migration in response to several receptor tyrosinase kinases [167]. In a recent study, the
expression level of MEMOL in human breast tumors was found to be prognostic of poor
outcome, and MEMOL silencing in human breast cancer cell lines significantly reduced
secondary lung metastases in a mouse xenograft model [168]. While the role of MEMOL1 in
cancer is not well understood, it is postulated to regulate the redox status of several proteins
involved in cancer cell migration by producing localized ROS at focal adhesion sites at the
leading edge (Figure 5). Additional studies are warranted to understand the pathways by
which MEMOL1 is metallated, and the extent to which copper chelation therapy interferes
with the oncogenic activities of this novel cuproenzyme.

The intersection of copper metabolism and chemoresistance

Cisplatin is a platinum-based DNA crosslinking drug used to treat 40% of all cancer patients
undergoing chemotherapy [169, 170], however, acquired resistance by tumor cells often
limits its efficacy [171, 172]. Several different mechanisms of cisplatin resistance have been
described including enhanced repair of DNA adducts, increased sequestration by
endogenous nucleophiles (e.g., MT, GSH) or reduced accumulation of the drug [173].
Numerous genetic and biochemical studies suggest that copper transporters contribute to
cisplatin resistance by controlling its uptake and export from tumor cells. For many years it
was thought that cisplatin entered cells via passive diffusion across the plasma membrane
until a genetic screen in yeast, and later confirmed in mammalian cells, demonstrated that
CTR1 functions in the cellular uptake of cisplatin. Silencing of CTR1 was shown to reduce
cellular levels of cisplatin compared to control cells resulting in a two- to three-fold increase
in cisplatin tolerance [174, 175]. Consistent with its contribution to cisplatin sensitivity,
CTR1 expression is reduced in certain cisplatin-resistant ovarian carcinoma cell lines [176].
However, a direct role of CTR1 in cisplatin accumulation remains controversial with some
studies finding no evidence of altered cisplatin uptake or changes in sensitivity upon CTR1
silencing or overexpression in cultured cell lines [177-179]. Moreover, the recently reported
crystal structure of CTR1 does not appear to readily accommaodate a relatively large
molecule like cisplatin or its structural analogues such as carboplatin [16]. It is possible that
CTR1-driven mechanisms of cisplatin resistance may be variable in different cancer types
and/or occur indirectly as a consequence of altered copper uptake. Indeed, depletion of
antioxidant reserves, which are known to respond to changes in copper homeostasis,
increase cisplatin sensitivity whereas elevated synthesis or conjugation to GSH is known to
confer cisplatin chemoresistance [173]. Other studies suggest that CTR1-dependent
accumulation of copper and cisplatin occur via different mechanisms based on findings that
certain mutations block the uptake of one substrate but not the other [180]. We and others
speculate that CTR1 mediates the uptake of cisplatin via an endocytic mechanism, rather
than direct transport across the lipid bilayer [33, 181]. Consistent with this concept, cisplatin
has been shown to induce the endocytosis and degradation of CTR1 in several cell types
[182]. Once internalized, the ability of cisplatin to access DNA targets in the nucleus may
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occur via an unknown endosomal exporter or by direct endosomal fusion with the nuclear
envelope [183].

Numerous studies have found compelling evidence of a role for either ATP7A or ATP7B in
cisplatin resistance. In ovarian carcinoma cell lines, cisplatin resistance results in elevated
expression of ATP7A or ATP7B and cross-resistance to copper [184, 185]. Cultured cell
lines in which ATP7A is deleted or overexpressed demonstrate that ATP7A is necessary and
sufficient to confer chemoresistance to cisplatin or other platinum-based analogues
carboplatin and oxaliplatin [186]. Recent studies from our laboratory demonstrated that
deletion of A7P7A increases cisplatin sensitivity and limits tumor growth in mice [187]. In
cancer patients, A7P7A mRNA levels were found to be elevated in surgically resected
cisplatin-resistant specimens of non-small cell lung cancer (NSCLC) relative to cisplatin-
sensitive controls [188]. In breast carcinoma cell lines, a recent study demonstrated that
ATP7A expression and cisplatin chemoresistance is negatively regulated by the
miR-148a-3p microRNA [189], which has documented roles in metastasis of triple negative
breast cancer [190]. Elevated levels of ATP7B are significantly correlated with poor clinical
response to cisplatin chemotherapy in patients with multiple cancer types [191-194]. The
mechanism by which ATP7A/B confer cisplatin resistance is poorly understood. Like
copper, cisplatin stimulates the exocytic trafficking of both transporters from the TGN into
cytoplasmic vesicles [195]. Moreover, ATP7A/B-dependent chemoresistance is associated
with a reduction in cisplatin accumulation and DNA adduct formation [184]. Thus, it is
thought that both transporters actively transport cisplatin into cytoplasmic vesicles, thus
limiting access to the nucleus. However, such a model has been criticized based on the fact
that both ATP7A and ATP7B are highly specific for Cu(l) and that copper and cisplatin
exhibit considerable differences in size and electrochemical properties. Nonetheless, in vitro
studies suggest that, like copper, cisplatin stimulates acyl-phosphorylation of ATP7A and
ATP7B in microsomal preparations [196, 197]. Moreover, the sixth amino terminal
MXCXXC domain of ATP7B required for copper-stimulated trafficking and catalysis also
appears to be crucial for cisplatin-induced trafficking and chemoresistance [198]. Consistent
with the movement of cisplatin along copper-transport pathways, studies also suggest a role
for the ATOX1 metallochaperone in cisplatin resistance. Cisplatin binds to the CXXC
copper-binding site of ATOX1 and can be transferred to the metal binding domain of
ATP7B, suggesting that ATOX1 may be important for ATP7A/B-mediated cisplatin
detoxification [199, 200]. Elevated expression of ATOX1 has been associated with increased
cisplatin tolerance within tumor cell lines [201]. In contrast, however, other studies have
found that deletion of ATOX1 either increases [202] or has no effect [179] on cisplatin
resistance. Since ATOXL is reported to enter the nucleus in the metal-bound state [166], it is
possible that in addition to delivering cisplatin to ATP7A/B, ATOX1 may also carry cisplatin
into the nucleus to promote DNA damage. Thus, whether ATOX1 enhances or reduces
cisplatin sensitivity may be dependent on the net balance of these two activities.

The hijacking of copper trafficking pathways by cisplatin presents potential therapeutic
strategies to attenuate cisplatin resistance by manipulating copper homeostasis in cancer
patients. The copper chelator, TTM, was found to augment the inhibitory effects of cisplatin
on tumor growth in mice and was associated with a reduction in the expression of ATP7A or
ATP7B in tumor cells [203, 204]. Additionally, TTM has been shown to form intramolecular
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crosslinks between individual amino terminal metal binding domains of ATP7B, which
would be expected to block cisplatin binding to these sites [205]. In addition, TTM may
sensitize cells to cisplatin by forming a stable complex with ATOX1 [206]. More broadly,
these studies raise the question of whether other molecules that attenuate ATP7A/B activity
might have therapeutic value in overcoming cisplatin resistance. Recently, a high-throughput
screen identified three clinically approved drugs (Tranilast, Telmisartan, and Amphotericin
B) which reduced ATP7B abundance or trafficking and enhanced cisplatin-mediated toxicity
in cisplatin-resistant ovarian carcinoma cells [207]. These effects were specific to cisplatin-
resistant cells since the same compounds failed to augment cisplatin toxicity or attenuate
ATP7B trafficking in HepG2 cells. Taken together, these studies provide proof-of-concept
that cisplatin resistance might be overcome by targeted inhibition of ATP7A/B in tumor
cells.

Conclusions

In 1993, an exceptionally rare case of a female child with Menkes disease provided the key
to discovering the first copper transporter, ATP7A [208-210]. Over the ensuing decades, the
discovery of additional copper transporters, metallochaperones and cuproenzymes is a
testament to the extraordinary progress in the field. Nonetheless, many questions remain
regarding the mechanisms by which copper is trafficked and utilized within the cell. The
need to address these outstanding questions is amplified by a growing chorus of
experimental and clinical data that brings into focus the importance of copper in oncogenic
pathways, and the therapeutic potential of manipulating copper metabolism to prevent
cancer progression. Over the next several years it will be important to identify the molecular
underpinnings of altered copper homeostasis in different types of cancer, and to categorize
the types of oncogenic mutations and chemotherapy regimens that are responsive to copper
chelation therapy. The continued investigation of copper transporters, metallochaperones and
cuproenzymes in oncogenic pathways will provide a rich menu of targets for developing
innovative therapies with the potential to expand the existing landscape of cancer treatments.
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. Roles of copper in tumor growth and metastasis
. Copper depletion as an anticancer strategy
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Figure 1. Model of cellular copper homeostasis in mammals.
The transport of Cu(l) (black circles) into the cytoplasm occurs via the CTR1 copper

importer, which is located at the plasma membrane and within endosomal compartments.
The uptake of Cu(l) via CTRL1 is thought to depend on the reduction of Cu(ll) to Cu(l) by
members of the STEAP family of metalloreductases. The oligomerization of CTR1 and
another SLC31 protein, CTR2, facilitates the cleavage of the CTR1 ectodomain by cathepsin
L to enhance Cu(l) transport from endosomal compartments into the cytoplasm.
Cytoplasmic Cu(l) is bound to glutathione (GSH) and can be transferred to
metallochaperones for targeted trafficking to proteins. The CCS metallochaperone is
required for insertion of Cu(l) into apo-SOD1 in both the cytoplasm and the mitochondrial
intermembrane space. The metalation of cuproenzymes within the secretory pathway occurs
via ATOX1-mediated Cu(l) delivery to the P-type ATPases, ATP7A or ATP7B, which are
located in the trans-Golgi network (TGN) and facilitate Cu(l) loading into this organelle.
Cu(l) transport into the mitochondrial matrix is facilitated by SLC25A3 located within the
inner membrane. The metalation of COX occurs within the intermembrane space of the
mitochondria and requires copper to be exported from the matrix via an unknown
transporter. COX metalation and maturation requires the metallochaperones COX17, SCO1
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and COX11, and other assembly / redox control factors. Protective mechanisms of Cu
tolerance include sequestration by metallothioneins (MTs) as well as Cu(l)-stimulated
trafficking of copper transporters, including the endocytosis and degradation of CTR1 which
reduces Cu(l) import and exocytic trafficking of ATP7A and ATP7B to post-Golgi vesicles
and the plasma membrane to facilitate copper export from the cell.
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Figure 2. Structure models of the human CTR1 copper importer.
A) Homology-based model of the human CTR1 homotrimer derived from the crystal

structure of sCtrl from Atlantic salmon. Each hCTR1 monomer is depicted with a different
color for each monomer. The copper-binding MXXM motif within the second
transmembrane domain of each monomer forms two methionine rings that are thought to
function as a Cu(l) selective filter at the extracellular entrance. B) A top view highlighting
copper co-ordination within the methionine rings.
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Figure 3. Schematic model of ATP7A/B structure and predicted Cu entry site.
A) A schematic illustration of ATP7A/B highlighting domains that are important for

transport and trafficking function. The copper-binding MXCXXC motifs in the N-terminal
domain are required for copper-induced trafficking from the TGN and to receive copper
from the ATOX1 metallochaperone. Canonical sequences conserved in all P-type ATPases
include the GDGIND required for ATP binding, DKTGT which contains the aspartic acid
that is phosphorylated during catalysis, and TGE within the phosphatase domain required for
removing the aspartyl phosphate. A conserved Met-Asp-Glu triad at the channel entrance
and an intramembranous Cys-Pr-Cys motif are thought to coordinate copper during
transport. The C-terminal tail harbors a di-leucine (ATP7A) or trileucine (ATP7B) required
for endocytosis. A C-terminal DTAL motif is required for basolateral targeting of ATP7A in
polarized epithelial cells, whereas an N-terminal FAFDNVGYE motif is required for apical
targeting of ATP7B. B and C) Homology-derived structure of human ATP7A based on the
crystal structure of LCopA from Legionella pneumophila. A bend in TM2 domain (helical
ribbon) is predicted to form a platform at the cytosolic-membrane interface adjacent to the
Met-Glu-Asp triad that may serve as a metallochaperone docking site for copper delivery.
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Figure 4. Copper-dependent mechanisms of oncogenic signaling.

Copper uptake via CTR1 allosterically activates MEK1 to potentiate oncogenic signaling via

the MAP kinase pathway. Copper is also an allosteric activator of the ULK1/2 kinases,

which, under amino acid starvation conditions, stimulate formation of the autophagosome

for the degradative recycling of biomolecules.
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Figure 5. Copper-dependent mechanisms of cancer cell migration and metastasis.
The copper-binding protein MEMOL is required for motility and metastasis of cancer cells

in response to receptor tyrosine kinase signaling. MEMOL is postulated to produce ROS at
the leading edge of cancer cells which and activates pathways that influence cancer cell
migration and invasion. Copper uptake via CTR1 facilitates ATOX1-mediated copper
delivery to the ATP7A copper pump, which transports copper to the lysyl oxidase family of
enzymes (LOX) within the secretory pathway. The LOX family of enzymes mediate the
cross linking of collagen fibers generating H,O, which facilitates activation of integrin-
associated focal adhesion kinase (FAK1) and proto-oncogene tyrosine-protein kinase (SRC)
which promote subsequent migration and metastasis. LOX enzymes also facilitate the
formation of pre-metastatic niches at distant metastatic sites.
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Mammalian copper trafficking proteins and cuproenzymes

Table 1.

Copper
trafficking

CTR1
CTR2
ATOX1
ATP7A
ATP7B
cCs

MT
SCO1
SCO2
COX17
Cuproenzymes
COX
LOX, LOXL1-4
TYR
PAM
DBH

CP
HEPH
SOD1
SOD3
MEK1
ULK1/2
MEMO1

Function

Copper uptake
Regulation of CTR1
Copper delivery to ATP7A/B

Copper transport to the secretory pathway and copper export

Copper transport to the secretory pathway and copper export

Copper delivery to SOD1
Copper sequestration

Copper delivery to COX
Copper delivery to COX
Copper delivery to COX
Function

Aerobic respiration
Extracellular matrix formation
Melanin production

Synthesis of amidated peptides
Synthesis of catecholamines
Iron homeostasis

Iron homeostasis

Superoxide detoxification
Superoxide detoxification
Mitogenic signaling
Autophagy signaling
Regulation of cell motility and ROS production
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Clinical studies of copper levels in tumors and normal tissue

Table 2.

Type of Copper (ug/g) (Mean + p value Reference
Cancer SD)
Normal Tumor
tissue
Breast 93+23% 21.0+10.77 | P<0.0001 | PMID:6488192
6.13+4.32 11.31+7.83 | p<0.01 PMID:12413046
Gynecologic organs (cervix, uterus, ovary) | 1.26 +0.45 2.16+0.6 p<0.01 PMID:6871828
Ovarian 03+0.1 0.7+0.3 p<0.01 PMID:17291257
Lung 5.08 +1.09 8.23+4.88 p<0.01 PMID:2740065
Stomach 1.44+038% | 2.09+052% | pP<0.02 PMID:6871828
11+£04 1701 p<0.01 PMID:17278230
Gallbladder 16.30+7.28 | 21.01+6.67 | p=0.01 PMID:23942528

*
Measurements were obtained from tumor and normal tissue of the same patient. All other measurements were from different individuals.
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Table 3:

Serum copper levels in cancer patients and healthy controls

Type of Cancer | Serum copper (ug/dL) p value Reference
(Mean + SD)
Normal Cancer
values patients
Breast 96 + 11.52 152.96 + 21.76 p<0.05 PMID:11697759
101.62 +10.0 1159+ 14.4 p<0.01 PMID:21968912
109.56 +30.71 | 202.21 +89.18 p<0.001 PMID:25737978
96.5+7.3 125.2 +15.0 p<0.01 PMID:12413046
65.2+15.0 95.3+4.9 p<0.01 PMID:26837992
113.2+13.6 137.2 +36.2 p <0.001 PMID:25520207
Leukemia 86.7+25.3 139.9+51.2 p<0.001 PMID:17205986
104.7 +0.16 122.6 +0.18 p=0.003 PMID:22471499
12422 +10.36 | 146.25+ 10.47 p<0.01 PMID:26225654
114 + 29 328+ 74 p<0.01 PMID:3455680
126.8 +21.2 256.8 +73.8 p<0.001 PMID:4514972
Lung 101.1 +7.96 128.6 + 6.85 p <0.05 PMID:7981002
128.5+5.23 162.4 +8.18 p<0.01 PMID:20638923
1125+ 17 150.3 +33.3 p <0.001 PMID:2914279
Oral 114.20 + 38.69 | 209.85 +160.28 | p <0.001 PMID:25179706
105.5 +18.81 141.99 + 21.44 p <0.001 PMID:27737355
Gastrointestinal 96 + 11.52 128.64 + 20.48 p<0.05 PMID:11697759
Thyroid 755+8.1 85.4+8.7 p <0.05 PMID:27263537
Gall bladder 125.97 +38.93 | 159.19 + 24.04 p<0.0002 | PMID:23942528
Prostate 97 + 22 169.0 £ 31 p <0.005 PMID:32398996
Colorectal 135.8 +30.5 138.6 +30.8 p<0.01 PMID:28575311
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Table 4.

Studies of TTM therapy in animal models of cancer

Type of cancer

Predicted
mechanism

Reference

Breast

Angiogenesis inhibition

PMID:12208730

NF-kappaB suppression and enhancement of doxorubicin induced apoptosis

PMID:12883034

Angiogenesis inhibition and hypoplastic remodeling of the mammary gland

PMID:19934283

Reduced LOX levels

PMID:27769988

Head and neck

Angiogenesis inhibition

PMID:15781759

Angiogenesis inhibition

PMID:17363496

Angiogenesis inhibition

PMID:11359142

Reduced LOX activity

PMID:20682068

Lung

Angiogenesis inhibition

PMID:11896571

Prostate

Angiogenesis inhibition

PMID:12192595

Mesothelioma

Angiogenesis inhibition

PMID:24013775

Papillary thyroid cancer

Inhibition of MAPK signaling

PMID:30065097

Melanoma

Inhibition of MAPK signaling

PMID:28986383

BRAF-driven MEF tumors

Inhibition of MAPK signaling

PMID:24717435

Pancreatic

Inhibition of mitochondrial respiration

PMID:24218578
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