Developing drugs targeting transition metal homeostasis
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Abstract

Metal dyshomeostasis is involved in the pathogenesis and progression of diseases
including cancer and neurodegenerative diseases. Metal chelators and ionophores are
well known modulators of transition metal homeostasis, and a number of these molecules
are in clinical trials. Metal-binding compounds are not the only drugs capable of targeting
transition metal homeostasis. This review presents recent highlights in the development of
chelators and ionophores for the treatment of cancer and neurodegenerative disease.
Moreover, we discuss the development of small molecules that alter copper and iron
homeostasis by inhibiting metal transport proteins. Finally, we consider the emergence of
metal regulatory factor 1 as a drug target in diseases where it mediates zinc-induced

signaling cascades leading to pathogenesis.

Abbreviations

AD, Alzheimer’s disease; CCO, cytochrome c oxidase; CCS, copper chaperone for
superoxide dismutase; DMT1, divalent metal transporter 1; HDAC, histone deacetylase;

MTF1, metal regulatory factor 1; SOD1, superoxide dismutase 1.



Introduction

The proteome is composed of approximately 30% metalloproteins whose functions are
dependent on the availability and delivery of transition metals. Disorders of transition metal
homeostasis vary from genetic diseases of copper overload (Wilson’s disease) and
deficiency (Menkes disease) to iron overload (hereditary haemochromatosis). Aberrant
transition metal homeostasis is implicated in many other diseases, with intense interest in

its role in cancer and neurodegenerative diseases.

In genetic diseases of metal overload there is an unambiguous link between transition
metal status and disease symptoms. For decades, these diseases have been treated with
chelators that bind the offending metals, leading to their excretion rather than
accumulation in body tissues. Now, chelators and their metal-bound alter egos known as
ionophores show promising activity in cancer and neurodegenerative diseases. The
relationship between metal status and disease pathology and progression in other
diseases is more complex. The inhibition of disease progression via altering metal
homeostasis may result from: the elimination of excess metal, the redistribution of metals
across cells and tissues or even the accumulation of metals to toxic levels in diseased
tissue. To match these diverse objectives, the development of drugs targeting transition
metal homeostasis now spans: (1) chelators and ionophores that bind and release metals;
(2) inhibitors that target metal uptake and transport proteins; and (3) drugs that impact
metal regulatory transcription factors. This review will cover recent developments in the
design of drugs targeting iron, copper, zinc and manganese homeostasis in cancer and
neurodegenerative diseases, with special emphasis on drugs that interfere with cellular

metal trafficking (Figure 1).

Metal-binding chelators and metal-releasing ionophores

Chelators and ionophores target transition metal homeostasis at the molecular level by
binding and releasing metals with the aim of eliminating excess metals, redistributing
endogenous metals or depositing exogenous metals (Figure 2). Chelators have

traditionally been used to treat heavy metal toxicity and diseases characterised by metal



overload due to genetic defects that impair metal uptake or export pathways. While
ionophores and chelators may be considered opposite to each other in that the former is
responsible for the delivery of metals and the latter for the removal of metals; ultimately
they both act as metal-binding compounds. Several recent, comprehensive reviews detalil
the current state of research into chelators and ionophores [1,2] and the broader
application of this class of metal-binding molecules to cancer [3,4] and neurodegenerative

diseases [5,6*].

Chelators and ionophores are of acute interest in Alzheimer’s disease (AD) where the
metal hypothesis holds that it is a disease of metal dyshomeostasis with elevated metal
levels associated with amyloid plaques and neurofibrillary tangles and, importantly,
reduced metal levels elsewhere in the brain tissue. Derivatives of the 8-hydroxyquinoline
clioquinol chelate Cu?* and Zn?* in the extracellular matrix and transfer them into cells,
restoring crucial metalloprotease activity and leading to improved outcomes in mouse
models of AD. With some drugs already in clinical trials, efforts continue to develop
derivatives of 8-hydroxyquinolines with improved ionophoric activity and selectivity for
copper and zinc over iron [7]. Derivatives of bis(8-aminoquinolines) are a novel class of
chelators that can, at least in vitro, chelate metals associated with amyloid plagues and

then release them in the presence of glutathione [8,9].

Metal dyshomeostasis, especially of iron and manganese, is implicated in the pathology of
Parkinson’s disease. To this end, a hydroxyquinoline-based chelator was designed to
decrease the mitochondrial iron pool, which led to reduced oxidative damage in cell and
mouse models of Parkinson’s disease [10]. Strengthening the case for manganese
homeostasis as a target in Parkinson’s disease, mutations in the SLC39A14 gene
encoding for the divalent metal transporter ZIP14 have been shown to cause childhood-
onset parkinsonism-dystonia, the symptoms of which are alleviated by the use of EDTA to
reduce blood manganese levels [11]. Along with iron(ll), biologically abundant calcium(ll)
also competes with manganese binding, posing challenges to the design of specific

manganese binding compounds.



Cancer may be amenable to treatment with metal chelators and ionophores and a.number
of these drugs, especially from the thiosemicarbazone class of compounds, have entered
or are in the clinical trial phase [3,4,12].. The development of these drugs is complicated
by the disease’s heterogeneity and uncertainty around the relationship between metal
status and tumour development, growth and metastasis. This is exemplified by recent
results of in vitro experiments into the use of the iron chelator deferoxamine in breast
cancer cells: in MCF-7 cells treatment led to decreased iron levels, but in more aggressive
MDA-MB-231 cells, iron levels were increased and cell migration was enhanced [13].
Nonetheless, preliminary reports from a Phase Il clinical trial indicate that treatment with
tetrathiomolybdate — to lower copper levels to within normal limits — extended progression-
free survival in patients with breast cancer [14]. (The activity of tetrathiomolybdate is not
limited to chelation: it is known to bind the copper chaperone protein ATOX1 [15] and
inhibits copper-dependent superoxide dismutase 1 (SOD1) activity [16].) The zinc chelator
PAC-1 and its derivatives also show promise for cancer treatment. PAC-1 competes with
procaspase-3 for loosely-bound zinc, activating its cleavage to caspase-3 and leading to
apoptosis. The weak affinity of PAC-1 for zinc limits the potential for off-target effects that
would result from competition for tightly-bound zinc in proteins like the matrix

metalloproteinases [17].

In the dithiocarbamate class of chelators, disulfiram had proved disappointing in clinical
trials in patients with prostate cancer, but evidence of its copper-dependent activity has led
to the design of new clinical trials based on its use as an ionophore [18]. Also headed to
clinical trials is a drug from a class of zinc thiosemicarbazones that exert their cytotoxicity
through transmetalation with copper in lysosomes [19*]. The complexity of the relationship
between ionophores, tumour metal levels and anticancer activity inspired research using a
model of prostate cancer, which found that treatment with copper ionophores generated
toxic levels of reactive oxygen species in the tumour cells, but not normal epithelial cells.
Furthermore, mutation of the copper transport protein ATP7B reduced the tumour burden
in this mouse model, suggesting a dependence of prostate tumour growth on copper
supply from the liver [20**]. These findings lead us to the question: can we develop drugs

to target this copper supply and other metal transport pathways?



Small molecule inhibitors of metal transport proteins

The development of drugs targeting metal transport proteins is dependent on an
understanding of cellular metal transport pathways and their roles in disease pathogenesis.
Our knowledge of the proteins involved in metal uptake, transport and export in humans is
most detailed for copper [21], zinc [22] and iron [23], but even for these metals, much

remains to be discovered.

In keeping with our limited understanding of metal transport in humans there are few drugs
that directly target proteins involved these pathways. Some drugs are known to interact
with the metal-binding sites of transition metal transport proteins. Medicinal gold
compounds [24] and cisplatin [25,26] form stable adducts with ATOX1 due to the affinity of
gold and platinum for thiols in the copper-binding site. However, drugs targeted to the
CXXC copper-binding motif lack specificity given the appearance of that motif in proteins
that do not bind metals. Small molecule inhibition of metalloenzymes can be effective and
selective inhibitors exist for a range of metalloenzymes [27]. Small molecular inhibitors of
histone deacetylases (HDACS) are in clinical trials for the anticancer activity. These
inhibitors target HDACs by chelating zinc at the active site, and research continues into

altering the affinity of the zinc-binding moiety, to tune the selectivity of the inhibitors [28,29].

An alternative approach to altering metal homeostasis is the inhibition of metal transfer
between proteins. There are several copper transport proteins ripe for targeting by small
molecule inhibitors. DCAC50 is the most thoroughly-characterised drug developed
specifically to target metal transport proteins [30**]. The compound was identified by virtual
screening of known structures evaluated against the established copper transfer
mechanisms of the ATOX1 to ATP7A and ATP7B and the copper chaperone for
superoxide dismutase (CCS) to SOD1 (Figure 3). Micromolar binding affinity to ATOX1
and CCS was confirmed in vitro. The drug was shown to impact the copper transport
pathways with increased copper levels, reduced SOD1 and cytochrome ¢ oxidase (CCO)

activity all observed in lung cancer cells, as expected from the inhibition of the intracellular



copper transport pathway. The resulting ROS generation and reduced levels of lipid
synthesis contributed to reduced cell proliferation. Furthermore, tumorigenesis was

inhibited in a mouse lung cancer xenograft.

A drug recently identified as a likely inhibitor of the transmembrane copper transporter
ATP7A is omeprazole, a P-type ATPase inhibitor already used in the treatment of peptic
ulcer disease. It was identified in a high-throughput screen for the inhibition of melanin
production in melanocytes. Investigation of the mechanism of action revealed that
omeprazole reduced tyrosinase activity, presumably through the inhibition of copper
trafficking by ATP7A, also a P-type ATPase. However, the authors note that omeprazole
likely inhibits tyrosinase activity through multiple mechanisms, and direct binding of
omeprazole to ATP7A is yet to be proven [31**]. Finally, the high affinity copper importer
CTR1 has been verified as a potential pharmacological target in tumour angiogenesis:
reducing the mRNA and protein expression levels of CTR1 using an siRNA resulted in

reduced copper uptake and the inhibition of angiogenesis in endothelial cells [32].

The divalent metal transporter DMT1 has been the target of drug development research in
recent years. Highly expressed in proximal duodenum enterocytes, it facilitates the uptake
of dietary non-haem iron as well as a variety of other metals. Its inhibition is therefore
potentially useful in diseases of iron overload in which DMT1 is upregulated. Efforts to
identify DMT1 inhibitors have existed for at least a decade, all using a cell-based calcein
assay adapted to monitor iron uptake in human cancer cells overexpressing human DMT1.
In recent years, screening and lead optimisation has generated three series of substituted
pyrazole compounds as well as diaryl isothiourea and benzylisothiourea compounds that
all significantly reduced serum iron levels in an acute rat model of iron hyperabsorption
[33,34]. More recently, pyrimidinone has been shown to inhibit iron uptake in the same
screen [35], however there was no indication that its iron-chelating properties had been
tested, which is crucial given the related compound pyrazolopyrimidinone is known to
chelate iron and does not directly inhibit the mycobacterial iron uptake system [36]. With
several different DMT1 inhibitors now known, the mechanistic, biochemical and pre-clinical

studies should follow the chemical discovery.



Ferristatin 1l is an iron transport inhibitor that appears to act via DMTL1 inhibition, amongst
other mechanisms. Initially identified in a screen for the inhibition of transferrin-mediated
iron delivery, ferristatin Il was shown to induce the degradation of transferrin receptor 1,
thus reducing the cellular import of transferrin-bound iron. More recently, it has been
shown to induce DMT1 internalisation and thereby reduce the uptake of non-haem iron
[37]. A third mode of action is its ability to upregulate the synthesis of the peptide hormone
hepcidin, which acts as negative regulator of iron uptake through the initiation of the
degradation of the iron exporter ferroportin [38,39]. A number of hepcidin agonists and
antagonists have been developed in recent years to target iron overload and deficiency, as
reviewed in [40] and [41].

Targeting metal homeostasis through metal regulatory proteins

The ability of ferristatin 1l and other compounds to induce or inhibit the synthesis of
hepcidin represents a third means of targeting metal homeostasis: through metal sensing
and the regulation of metal homeostasis. Metal regulatory factors sense fluctuations in
metal ion levels and, in response, alter gene expression via transcriptional,
posttranscriptional and posttranslational mechanisms to maintain metal ion homeostasis
[42]. Targeting these factors will enable the manipulation of transition metal homeostasis
independent of metal ion sensing. The difficulty lies in the fact that metal regulatory
transcription factor 1 (MTF1) is the only regulatory factor to have been identified in
mammals. Several transcription factors have been identified in yeast that sense zinc,

copper and iron [43].

MTF1 is a zinc-sensing transcription factor that responds to elevated zinc levels by
repressing the transcription of zinc uptake genes and upregulating the expression of genes
that mitigate the toxic effects of high zinc levels. It is a prospective therapeutic target in
epileptogenesis where an increase in zinc concentration activates MTF1 which then binds
to metalloregulatory elements in a voltage-dependent calcium channel implicated in the

emergence of epileptic seizures [44*]. MTF1 is also implicated in osteoarthritis



pathogenesis where upon the upregulation of zinc levels and ZIP8 transporters it mediates
the expression of catabolic factors that contribute to cartilage degeneration [45*]. In both
cases, MTFL1 is not the only possible drug target: excess zinc and, in the case of
osteoarthritis, ZIP8 transporters, are also possible targets for pharmaceutical intervention.

The identification of roles for MTF1 in disease pathogenesis and the effect of the
manipulation of hepcidin synthesis on iron levels combine to make a compelling argument
for continued efforts to discover and characterise mammalian metal sensing and

regulatory elements.

Conclusions and Outlook

We have described three broad classes of drugs that target transition metal homeostasis:
chelators and ionophores that remove, redistribute and deposit metals; small molecule
inhibitors of proteins involved in metal transport and a nascent class of drugs that target
metal regulatory proteins. A summary of their potential impacts on cellular metal
homeostasis is shown in Figure 4.

As the best-developed class of drugs targeting metal homeostasis, chelators and
ionophores are making their way into clinical trials for the treatment of neurodegenerative
diseases and cancer. Research continues into the development of better-targeted
chelators and ionophores [46,47,48]. Speciation calculations have highlighted the potential
for iron chelators, provided in excess, to bind zinc and copper [49*]. Caution must be
exercised to minimise the impact of chelators on the homeostasis of other metals and to

avoid deleterious impacts on metal levels in non-target tissues.

Drugs targeting metal transport, signaling and regulatory pathways may offer a more
finely-tuned approach to targeting transition metal homeostasis. However, targeting these
proteins does not guarantee specificity to a single metal as the signaling, regulation and
transport pathways of metals are frequently intertwined. As its full name implies, DMT1 is

involved in the trafficking of metals other than iron. MTF1 is best understood as a regulator



of zinc homeostasis, but also responds to fluctuations in the levels of other metals. ZIP8
and ZIP14, in addition to their established zinc uptake activity, are divalent metal
transporters have been linked to the uptake of iron and manganese [50]. These intricacies
must be kept in mind when developing therapies for complex diseases of metal

dyshomeostasis.

By developing diverse approaches to targeting transition metal homeostasis we will have a
robust arsenal of drug candidates for the treatment of diseases of metal dyshomeostasis.
From these candidates we may select the point at which we alter transition metal
homeostasis for greatest efficacy with the fewest side effects. Bringing this vision to fruition
depends on broader and deeper knowledge about metal regulation, transport pathways
and the role of metals in disease pathogenesis.
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Figure 1. Structures of drugs — referred to in this review — that target transition metal
homeostasis.
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Figure 2. Metal-binding compounds act as chelators and ionophores. Chelators may
eliminate excess metal ions or redistribute endogenous metal ions from regions of excess



to regions of deficiency. lonophores deliver exogenous metal ions.
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Figure 3. A simplified scheme of cellular copper transport pathways relevant to this
review. Copper uptake by CTR1 can be inhibited by siRNAs that knock down CTR1
expression. DCAC50 inhibits copper transfer between the CCS and SOD1. DCAC50 also
inhibits copper transfer between ATOX1 and the membrane transport proteins ATP7A and
ATP7B. Omeprazole inhibits tyrosinase activity, possibly by inhibiting copper transport to
the trans-Golgi network via ATP7A and therefore preventing the metallation of tyrosinase.
The specifics of copper transport to the mitochondria, where copper is required for CCO
activity, and the nucleus, where MTF1 senses and regulates copper levels, are not yet
known.
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Figure 4. General drug targets for altering transition metal homeostasis and their probable
impact on metal (M™) levels. Chelators and ionophores remove or introduce metal ions.
Import, export and other metal transport proteins can be inhibited by drugs that occupy the
metal-binding site or prevent metal transfer (as indicated by crosses). Metal regulatory
transcription factors (MTFs) can be targeted by agonists or antagonists (represented by a
star) to alter expression levels of proteins involved in metal homeostasis. Not depicted
here is the potential impact of these drugs on the redistribution of metals across cellular
compartments and between cells.
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