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Copper (Cu), an essential micronutrient, plays an essential role in
several physiological processes, including cell proliferation and
angiogenesis; however, its dysregulation induces oxidative
stress and inflammatory responses. Significant Cu accumulation
is observed in several tumor tissues. The bioavailability of
intracellular Cu is tightly controlled by Cu transporters, including
Cu transporter 1 (CTR1) and Cu-transporting P-type ATPase o and
B (ATP7A and ATP7B), and Cu chaperones, including Cu chaperone
for superoxide dismutase 1 (CCS) and antioxidant-1 (Atox-1). In
several tumor tissues, these abnormalities that induce intra-
cellular Cu accumulation are involved in tumor progression. In
addition, functional disturbance in Cu-containing secretory
enzymes, such as superoxide dismutase 3 (SOD3), and lysyl
oxidase enzymes (LOX and LOXL1-4) with abnormal Cu dynamics
plays a key role in tumor metastasis. For example, the loss of
SOD3 in tumor tissues induces oxidative stress, which promotes
neovascularization and epithelial-to-mesenchymal transition
(EMT). LOX promotes collagen crosslinking, which functions in the
metastatic niche formation. Accordingly, restricted Cu regulation
may be a novel strategy for the inhibition of tumor metastasis.
However, it is unclear how these Cu disturbances occur in tumor
tissues and the exact molecular mechanisms underlying Cu
secretory enzymes. In this review article, | discuss the role of Cu
transporters, Cu chaperones, and Cu-containing secretory
enzymes in tumor progression to better understand the role of Cu
homeostasis in tumor tissues.
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ssential micronutrients play an essential role in develop-
ment, replication, and differentiation. Copper (Cu) is one
essential micronutrient that is important in human physiology.!=>
Defective Cu acquisition is involved in neurological, cardiac, and
connective diseases. On the other hand, excess Cu accumulation
in the tissues facilitates reactive oxygen species (ROS) genera-
tion, and is closely associated with Wilson’s disease and neuro-
degeneration.> Recent studies suggested that Cu levels increase
in several tumor tissues and angiogenic lesions, and promote
neovascularization.© Accordingly, Cu chelators, such as
bathocuproinedisulfonic acid, tetrathiomolybdate, and penicil-
lamine, may function as anti-tumor agents to prevent Cu-related
tumorigenesis.”
To maintain Cu homeostasis, the bioavailability of Cu is
strictly controlled by Cu transporters, including Cu transporter 1
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(CTR1), Cu chaperone for superoxide dismutase 1 (CCS),
antioxidant-1 (Atox-1), and Cu-transporting P-type ATPase a and
B (ATP7A and ATP7B).®? These Cu transporters deliver Cu ions
to Cu-containing enzymes, which are involved in a variety of
metabolic processes, including aerobic respiration, superoxide
dismutation, and synthesis of extracellular matrix. The two
oxidation states of Cu, Cu (I), and Cu (II), are both necessary.
For example, Cu-containing enzymes, such as mitochondrial
cytochrome c¢ oxidase (CCO), Cu,Zn-superoxide dismutase (SOD1
and SOD3), and lysyl oxidase enzymes (LOX and LOXL1-4),
require Cu (I) as a cofactor. Accordingly, disturbances in Cu
transporters induce Cu trafficking and abnormalities of Cu-
containing enzymes, all of which are involved in tumor progres-
sion. However, it remains unclear how these Cu disturbances
occur in tumor tissues and the exact molecular mechanisms
underlying Cu secretory enzymes. In this review article, I first
focus on the role of Cu transporters, and then discuss the role of
Cu-containing enzymes secreted into the extracellular spaces in
tumor progression.

Cu Transporters in the Tumor Microenvironment

Cu importer CTR1. Among the essential micronutrients, Cu
functions as a cofactor of oxidoreductases, which play an impor-
tant role in energy production, superoxide dismutation, and
formation of extracellular matrix. On the other hand, excess Cu
induces pathological processes through the induction of oxidative
stress, which results in the oxidative degradation of cellular
components. Accordingly, the intracellular Cu concentrations are
strictly controlled by Cu transporters. The current view of Cu
trafficking is illustrated in Fig. 1.

Cellular Cu uptake is accomplished through the Cu importer
CTRI (SLC31A1).19 The CTR1 family comprises evolutionarily
conserved transporters that are present in yeast, plants, and
mammals. All CTRI1 transporters have three transmembrane
domains, and their N-terminal methionine-rich domain is essen-
tial for Cu importation. CTR1-mediated Cu uptake plays an
essential role in cellular homeostasis because gene deletion of
CTRI is embryonic lethal. "V CTR1-mediated reduced Cu (I)
transfers Cu to Cu chaperones such as CCS, COX17, and Atox-1.
The plasma membrane-bound six-transmembrane epithelial
antigen of the prostate (STEAP) family proteins (STEAP1-6) are
considered to function in the extracellular Cu (II) reduction.!?
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Proposed models of intracellular Cu-trafficking. STEAPs participate in extracellular Cu (ll) reduction, and then reduced Cu (l) is taken up
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into the cells through membrane-bound CTR1. CTR1 delivers Cu (I) to Cu chaperone CCS, COX17, and Atox-1. These chaperones transfer Cu (I) to
SOD1, CCO, and ATP7A, respectively. Atox-1 also translocates into the nucleus, binds to Atox-1 response element (GAAAGA), and functions as a Cu-
dependent transcription factor for cyclin D1, NADPH p47°hox, and SOD3. ATP7A delivers Cu (1) to Cu-containing secretory enzymes, including SOD3,

and functions in the Cu egress to maintain the level of intracellular Cu (I).

STEAPs have a similar structure composed of transmembrane
domains, N-terminal, and C-terminal domains and exhibit metal
reductase activity. As the overexpression of STEAPs is observed
in several types of cancers, including prostate, colon, pancreas,
and breast, these observations are consistent with CTR1 being
overexpressed in cancer.!® Accordingly, STEAP/CTR1-mediated
Cu uptake is considered to facilitate tumor progression.

Cu chaperones CCS, COX17, and Atox-1. CCS and COX17
deliver Cu to SODI and CCO, respectively. CCS plays an
essential role in oxidative metabolism.!“!> Inhibition of CCS
function increases the ROS level due to the significant accumula-
tion of Cu and the suppression of SODI1 activity. On the other
hand, high CCS expression is observed in invasive breast cancer
cells and gene silencing of CCS suppresses tumor cell growth
through the activation of ROS-mediated MEK/ERK pathways,
suggesting that overexpressed CCS functions as a tumor
promoter.’® CCO, a mitochondrial respiratory chain enzyme, is
involved in the synthesis of ATP.!? COX17 has been suggested
to function in the Cu-trafficking pathway of CCO.!® As tumor
cells have a high ATP requirement, COX17 is frequently over-
expressed in clinical tumor tissues and tumor cell lines. Thus, the
inhibition of COX17 may lead to the reduction of mitochondrial
ATP levels and tumor cell death.

Atox-1, a Cu chaperone, contains a single N-terminal CXXC
Cu-binding motif and plays a key role in Cu homeostasis. Atox-1
regulates the intracellular Cu concentrations by transferring Cu to
ATP7A at the trans-Golgi network."” Atox-1-deficient mice fail
to thrive immediately after birth, with 45% of pups dying before
weaning.®” Moreover, surviving animals exhibit growth failure,
skin laxity, and seizures. On the other hand, Atox-1 expression is
upregulated in several tumors, including breast, colorectal,
uterus, and liver.?) Immunofluorescence studies revealed Atox-1
expression at the leading edge, where it facilitates tumor cell
mobility.?®» A recent study demonstrated that gene deletion of
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Atox-1 significantly reduces single-cell migration velocity and
directionality, which may involve Cu delivery to ATP7A.?® Due
to the pro-tumor activity of Atox-1, it may be a novel biomarker
for breast cancer metastasis.®?

In addition to being a Cu chaperone, Atox-1 functions as a Cu-
dependent transcription factor. Of note, Atox-1 has a conserved
lysine-rich domain (KKTGK) at its C-terminal region, which
may function in its nuclear localization. Atox-1 was reported to
induce the expression of cyclin D1 and NADPH oxidase p477",
which leads to increased cell proliferation and ROS genera-
tion.?*2% Recent studies revealed that Atox-1 is expressed in both
the cytoplasm and nucleus, and its nuclear localization is highly
observed in metastatic tumor cells.?” Furthermore, our study
suggested that nuclear Atox-1 binds to the proximal SOD3
promoter region and induces its expression in THP-1 cell-derived
macrophages.®® It is unknown whether increased SOD3 in
macrophages is involved in tumor progression, and the functional
role of SOD3 in macrophages needs to be clarified.

Cu exporter ATP7A. ATP7A is a Cu-exporting P-type
ATPase that regulates cytoplasmic Cu concentrations. The
biological function of intracellular ATP7A is to deliver Cu to
secretory enzymes such as SOD3 and LOXs. This function of
ATP7A was identified by its gene deletion, which resulted in the
reduction of SOD3 and LOX activities.?” ATP7A is also
involved in Cu egress when excess Cu is accumulated in cells.
Excess Cu generates oxidative stress, which induces cell death,
but in some tumor cells, increased ATP7A promotes Cu efflux
and protects the tumor cells from the damaging effects of Cu-
mediated oxidative stress.®” Based on our previous report,
phorbol ester increases ATP7A expression in human leukemic
THP-1 cells,®® which may function in Cu egress and deliver Cu
to secretory enzymes such as LOX enzymes.

Overall, the significant induction of Cu transporters is
involved in tumor progression through the production of ATP, the
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acquisition of resistance to oxidative stress, and the formation of
extracellular matrix, which is suitable for tumor progression.

Cu transporters in tumor therapy. Platinum (Pt)-mediated
chemotherapy is the standard-of-care for several cancers.
Cisplatin, a widely used Pt-mediated agent, crosslinks DNA,
interfering with RNA transcription and DNA replication
activities.®) However, resistance to anti-tumor drugs is a major
limitation in the clinical application of cisplatin. Mechanisms
involved in drug resistance are complicated such as decreased
drug uptake and increased drug efflux. Previous studies revealed
that CTR1 plays a key role in the uptake of cisplatin. Overex-
pression of CTR1 sensitizes cells to Pt-mediated drugs by facili-
tating drug uptake.®??» On the other hand, gene silencing of
CTRI1 causes resistance to these drugs. In addition, cisplatin
induces proteasomal degradation of CTRI1 protein. Of note,
Atox-1 plays a key role in cisplatin-mediated CTR1 degrada-
tion.®® Exploratory studies of natural compounds that regulate
CTRI expression are also underway, and it has been reported that
(—)-epigallocatechin-3-gallate (EGCG) increases cisplatin sensi-
tivity by inducing CTR1 expression, caspase activation, and cell
cycle arrest, which all ultimately lead to apoptosis.®® However,
as mentioned above, CTRI is essential for Cu uptake in both
malignant and non-malignant cells; therefore, it is necessary to
selectively suppress CTR1 expression and/or its function in
tumor cells.

ATP7A facilitates the export of Pt-mediated drugs to the extra-
cellular space. Indeed, increased ATP7A is closely associated
with poorer outcomes in patients with ovarian cancer treated with
Pt-mediated drugs.®® Accordingly, the reduction of ATP7A is
considered to increase the cisplatin sensitivity in target tumor
cells. Regarding the regulation of ATP7A, we previously
reported that oxidative stress induced by 6-hydroxydopamine
(6-OHDA) reduces the level of ATP7A in neuroblastoma cells.®”
In this context, it is possible that autophagic degradation of
ATP7A facilitates Cu-mediated cell death. ATP7A has several
autophagic domains called the KFERQ motif. Although no
effects of 6-OHDA on the expression of ATP7A in breast cancer
MDA-MB-231 cells were observed, our study provided novel
insight into the degradation of ATP7A under specific conditions.
Exosomes, which are extracellular vesicles, from tumor cells
contain ATP7A®® and those ranging in size of 50-150 nm in
diameter are composed of numerous proteins, mRNAs, miRNAs,
and lipids.®” Accordingly, exosomes function as a carrier to
target cells,“**D suggesting that exosomal secretion of ATP7A
facilitates the efflux of Pt-mediated drugs. Previous studies
provide new insights into the functional role of ATP7A in
Pt-mediated cell toxicity.

Role of Cu-Containing Secretory Enzymes in Tumor
Progression

SOD3 in tumor metastasis. ROS are generated by activated
endothelial cells, macrophages, and tumor cells, and induce
oxidative stress, which has been implicated in many pathological
processes. To protect the cells and tissues from oxidative stress,
mammals have several anti-oxidative enzymes, including SOD,
catalase, and glutathione peroxidase.*?*¥ Among them, SOD
protects the cells from the damaging effects of superoxide by
accelerating the dismutation reaction of superoxide. There are
three SOD isozymes, SOD1, SOD2, and SOD3, and all require a
redox-active transition metal in the active site to carry out the
dismutation reaction. SOD3 is extracellularly localized and
distributed mainly in blood vessel walls, binding to the heparan
sulfate proteoglycan on the cell surface.***> The SOD3 level is
relatively low compared with those of SOD1 and SOD2, whereas
the presence of SOD3 throughout the vessel plays a key role in
the regulation of redox homeostasis.“**? Furthermore, SOD3
functions in the regulation of nitric oxide-derived vasodilation by
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preventing the generation of peroxynitrite, which has potent
oxidative activity, and mediates the oxidation of both nonprotein
and protein sulfhydryls.*49 Accordingly, maintaining high
SOD3 expression aids in the inhibition of oxidative stress-
mediated diseases, including cancer, atherosclerosis, and
diabetes. However, the molecular mechanisms underlying SOD3
expression have not been elucidated.

Recent studies revealed the significant reduction of SOD3 in
breast, spleen, and liver tumor tissues.®*>? This suggests that the
loss of SOD3 facilitates oxidative stress and tumor progression,
thus SOD3 can act as an anti-tumor enzyme. Indeed, endogenous
administration of recombinant SOD3 or transient induction of
SOD3 suppresses tumor cell metastasis.®® Regarding SOD3
reduction in tumor tissues, epigenetic changes, such as histone
acetylation and DNA methylation, are involved. Epigenetics is
usually referred to as mitotically heritable changes in gene
expression that do not involve changes in the DNA sequence.®¥
DNA methylation is a major epigenetic factor and occurs at the
5' position of cytosine within CpG. Hypermethylation within
gene promoters is involved in tissue- and cell-specific gene
silencing.®® Indeed, complex DNA methylation patterns have
been observed in tumor cells and function in the regulation of
pro- and anti-tumor genes.*®3? The molecular mechanisms
underlying Cu-dependent and epigenetic SOD3 expression are
shown in Fig. 2. SOD3 expression in human lung cancer A549
cells is silenced through DNA methylation,®*>® which is
accompanied by the significant reduction of DNA demethylase
ten-eleven-translocation 1 (TET1). TET1 requires oxygen for
DNA demethylation processes; therefore, DNA demethylation is
considered to be dysregulated in hypoxic tumor tissues.

Like CpG methylation, histone modifications of the N-
terminal tail, including acetylation and methylation at lysine or
arginine residues, are involved in gene regulation. Chromatin
may exist in two different states, open and closed configurations,
and these states are associated with the acetylation or deacetyla-
tion of histone tails, respectively.®) OQur previous study
suggested that histone acetylation plays an essential role in the
regulation of SOD3 in phorbol ester-treated THP-1 cells.®?
Analysis of the molecular mechanisms involved in SOD3 regula-
tion revealed that the dissociation of histone deacetylase 1
(HDACI) from the SOD3 promoter region and the binding of
histone acetylase p300 are involved in its induction.®® In addi-
tion, we suggested that myocyte enhancer factor 2 (MEF2), a
transcription factor that regulates myogenesis, functions as a
scaffold protein that interacts with HDAC1 or p300 and regulates
SOD3 expression. This is consistent with SOD3 being abun-
dantly expressed in smooth muscle cells in which MEF2 proteins
participate in cell growth and migration. We also demonstrated
that natural product-derived 4-hydroperoxy-2-decenoic acid ethyl
ester and exenatide significantly induce SOD3 expression
through histone acetylation and DNA demethylation, respec-
tively.+¢9 Based on our studies, these compounds may control
redox homeostasis, which ultimately inhibits tumor progression.

On the other hand, we confirmed that SOD3 expression in
metastatic MDA-MB-231 cells is higher than in non-metastatic
MCF7 cells.“? This suggests that SOD3 is involved in breast
cancer cell progression. Moderately sustained overexpression of
SOD3 facilitates tumor progression in aggressive anaplastic
cancer cells. Moreover, it activates small GTPase signaling
involved in cell proliferation.®*® Therefore, SOD3 has both
anti-tumor and pro-tumor properties. However, our studies
revealed only part of the regulatory mechanism of SOD3 expres-
sion, and further studies are required to clarify the exact
molecular mechanisms underlying SOD3 expression and its
pro-metastatic properties.

LOXs in tumor metastasis. It is well known that the cause
of mortality of tumors is metastasis. Recent studies revealed that
LOXs, including LOX and LOXL1-4, play an essential role in
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Fig. 2. Cu-dependent and epigenetic SOD3 regulation. 1. Cu-dependent pathway. The Cu chaperone Atox-1 is expressed in the nucleus under
several conditions and binds to the proximal promoter region of SOD3. The transcription activity of Atox-1 has been confirmed in several cells such
as smooth muscle cells and monocytes/macrophages. 2. Histone de/acetylation pathway. The de/acetylation within the SOD3 promoter is involved
in its regulation. Our previous studies suggested that MEF2 proteins bind to MEF2 response motif (TTAATAATAA) and function as scaffold proteins
that interact with histone acetyltransferase p300. On the other hand, HDAC1-mediated histone deacetylation plays a key role in SOD3 silencing.
The lined or dotted arrows indicate the addition or removal of histone or DNA marks, respectively. 3. Histone de/methylation pathway.
Trimethylated-H3K27 is well recognized as the marker of gene reduction. We demonstrated that JMJD3, a histone demethylase, reduces the level
of H3K27me3 within the SOD3 promoter region and is involved in its induction. 4. DNA de/methylation pathway. DNMTs transfer methyl residues
to cytosines within CpG sequences and reduce target gene expression. TET1, a DNA demethylase, plays a key role in the removal of methyl residues
from the SOD3 promoter region, which induces its expression.
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Fig. 3. The functional role of LOXs in tumor progression. 1. Collagen crosslinking. LOXs catalyze the conversion of lysine residue to aldehyde
allysine, and spontaneous reaction with other lysine and allysine residues creates crosslinks in collagen. 2. EMT induction. During the crosslinking
of collagen, LOXs produce H,0, and NH3 as byproducts. The generated H,O, activates several signal pathways, including FAK/Src signaling, which
facilitates EMT processes. 3. Exosomal secretion. Recent studies revealed that LOXs are extracellularly secreted through exosomes. Exosomal secre-
tion of LOXs generates H,0, in recipient cells and functions in the acquisition of metastatic properties. 4. Gene regulation. There is accumulating
evidence supporting the involvement of LOXs in the deamination of lysine residues in trimethylated H3K4, a transcription marker. At present,
LOXs are considered to catalyze deamination in H3K4 within the CDHT promoter and reduce its expression.

tumor metastasis. As shown in Fig. 3.1., LOXs catalyze lysine  (H,0,), which leads to the activation of Src/FAK signaling
oxidation within collagen and maintain extracellular stiffness. On  and the epithelial-to-mesenchymal transition (EMT) processes
the other hand, there is evidence to suggest that LOXs functionin  (Fig. 3.2.).>7 The pro-tumor effects of ATP7A are closely
tumor metastasis through the production of hydrogen peroxide related to the activation of LOX enzymes. High ATP7A expres-

T. Kamiya J. Clin. Biochem. Nutr. | July 2022 | vol. 71 | no. 1 | 25
©2022 JCBN



sion correlates with decreased survival in patients with estrogen
receptor (ER)-negative invasive breast cancer cells, which highly
express LOX enzymes.?” Our recent study revealed that
LOX expression is significantly induced in tumor-associated
macrophages and promotes ER-negative MDA-MB-231 cell
migration.")

B-Aminopropionitrile, a LOX inhibitor, has widespread appli-
cations in LOX-related biological studies; however, the lack of
amenable sites for chemical modification has prevented its
development into a clinically optimal drug. Accordingly, the
molecular mechanisms underlying LOX regulation are under
investigation. Regarding the induction of LOX in tumor-
associated macrophages, we previously reported that JMJD3-
mediated histone H3K27 demethylation plays a key role in its
expression.”) Histone lysine demethylases, including JMJD3, are
upregulated in several tumors.>’ In addition, macrophage
differentiation into tumor-associated M2 macrophages is regu-
lated by JMJD3-mediated H3K27 demethylation.” Our studies
may help clarify the molecular mechanisms governing epigenetic
LOX induction in the tumor microenvironment. We also demon-
strated that hypoxia-inducible factor 1o (HIFla), a well-known
transcription factor induced in tumor tissues, is involved in
LOX expression in tumor-associated macrophages.’ This is
consistent with LOX expression increasing in the tumor microen-
vironment under hypoxic conditions.

It was recently reported that LOXL2 and LOXL4 are secreted
into the extracellular space through exosomes (Fig. 3.3.).777
LOXL2 and LOXLA4, which are loaded into exosomes, exert pro-
metastatic effects, suggesting that exosomes are required for
LOX-mediated tumor progression. We also confirmed that the N-
glycosylation of LOXL2 is required for its secretion and that it is
involved in kidney fibrosis, leading to kidney tumor progression
(unpublished data). As complex N-glycosylation is observed in
tumor tissues, it is necessary to identify the glycans involved in
LOXL2 secretion and function.”” LOXL?2 is also expressed in
the nucleus where it oxidizes trimethylated H3K4 within the
cadherin 1 (CDHI1) gene, which leads to its reduction (Figure
3.4.).89 As the loss of CDHI expression is associated with the
induction of EMT, LOXL2 functions as an EMT promoter by
repressing CDH1 expression. On the other hand, there are
conflicting observations regarding the functional role of LOXL4
in cancers. LOXL4 in bladder cancer suppresses tumor progres-
sion by inhibiting RAS- and/or ERK-mediated oncogenic
signaling pathways.®” However, gene deletion of LOXL4
promotes MDA-MB-231 cell migration through the induction of
collagen I and IV expression.®? These conflicting observations
may be explained by differences in the context among cancers.
However, the exact mechanisms by which LOXL4 functions as a
tumor promoter or a tumor suppressor remain largely unclear.
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