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Copper suppression as cancer therapy:
the rationale for copper chelating agents
in BRAFY*® mutated melanoma
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Practice points

e Successfully targeting the MAPK pathway in BRAF'*°® mutated melanoma represents a landmark breakthrough in the
treatment of metastatic disease.

e MAPK pathway reactivation plays an important role in the development of resistance to BRAF inhibitor monotherapy,
less is known about the development of resistance in patients treated with dual BRAF + MEK inhibition.

e Thereis marked heterogeneity in BRAF inhibitor resistance and multitargeted treatment approaches are likely
needed.

e Copper (Cu) plays an integral role in MAPK pathway signaling at the level of the MEK1/2 kinases to regulate signal
transduction and is required for BRAF mutation-positive tumorigenesis.

e Reducing Cu availability via Cu chelation may be a new strategy to target the MAPK pathway in melanoma.

e Preclinical and early phase clinical trials confirm the feasibility and tolerability of the potent Cu chelator,
tetrathiomolybdate.

The successful targeting of oncogenic BRAF'*% represents one of the landmark breakthroughs
in therapy foradvanced melanoma. While the initial clinical benefit can be dramatic, resistance
is common due to a number of mechanisms, including MAPK pathway reactivation. Recent
data have revealed a novel role for copper (Cu) in BRAF signaling with potential clinical
implications. The history, preclinical data and efficacy of Cu chelating agents in cancer,
specifically tetrathiomolybdate, will be reviewed with a focus on the rationale for targeting
the MAPK cascade in melanoma through novel combination strategies.
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Background

Copper (Cu) is an essential metal for an array of biological processes including cellular respi-
ration, free radical detoxification and neuropeptide processing [12]. These functions are carried
out by Cu-dependent enzymes that harness the redox-active nature of Cu as either a structural
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or catalytic cofactor. The importance of proper
Cu homeostasis in human physiology is under-
scored by disease states that are caused by an
over-abundance of Cu or by deficits in its acqui-
sition or distribution [3]. Germline mutations in
the gene encoding the Cu transporting AT Pase
ATP7B cause a single known phenotype, Wilson
disease (WD). WD is an autosomal recessive
disorder affecting cellular Cu transport lead-
ing to an accumulation of Cu in the liver, brain
and cornea. This leads to liver dysfunction and
an array of neuropsychiatric sequelae [4]. The
treatment of WD is Cu chelation therapy for
rapid removal of accumulated tissue Cu and pre-
vention of Cu reaccumulation. The safety and
feasibility of Cu chelation therapy has been role
modeled for decades in the treatment of WD. Cu
acquisition is achieved through the high affinity
Cu transport function of the integral membrane
protein CTRI encoded by the gene SLC31A1 [5).
CTRI is the major mode of cellular Cu* uptake.
Germline knockout of the Cu* transporter Ctr/
in mice results in retardation of growth and
embryonic lethality, further supporting the
pivotal role of elemental Cu [6].

The risk of dying from cancer has been asso-
ciated with higher levels of Cu [7]. Cancer may
also increase serum Cu levels several years prior
to its diagnosis (8]. Several studies have suggested
Cu homeostasis plays a role in angiogenesis and
the neovascularization of tumor tissue [9,10].
Specifically, Cu has been shown in a number of
diverse models to promote angiogenesis [11,12].
In the setting of cancer, Cu-reduced diets or Cu
chelators have been found to reduce angiogen-
esis and tumor growth in a number of xenograft
models of tumorigenesis [13-15]. Tyrosinase is a
copper-containing oxidase which is integral in
mammalian melanogenesis. Copper chelating
agents have been proposed as possible competi-
tive tyrosinase inhibitors and have been stud-
ied in preclinical trials. The copper chelator
D-penicillamine strongly inhibited melanin
production and tyrosinase activity in human
SKMEL-188 melanoma cells [16,17]. This work
has made Cu chelation therapy an attractive
therapeutic option in preclinical and early
phase clinical trials in an array of solid tumor
cancers. In particular, the concept of repur-
posing currently available drugs has real-world
implications, given that globally the cost of new
oncology drugs is often prohibitive [18].

Novel preclinical data have emerged that Cu*
influences the strength of the RAF-MEK-ERK
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MAPK cascade in response to prolifera-
tive signals. Specifically, Cu* directly binds
MEK1/2 and allosterically potentiates the abil-
ity of MEK1/2 to phosphorylate ERK1/2 in
a dose-dependent manner [19]. Leveraging the
dependence of BRAFY®'F mutation-positive
melanomas on MEK1/2 for tumorigenesis, it
was demonstrated that decreasing the levels
of CTRI and introducing surface accessible
mutations in MEK] that disrupt Cu* binding
reduces BRAFY®"*E_driven signaling and tumo-
rigenesis [20]. Importantly, Cu chelators reduced
tumor growth of both BRAFVF transformed
cells and cells resistant to BRAF inhibition [20].
Given the dependence of the oncogenic muta-
tion BRAF*F for MEK1/2 activity and the
unexpected link between Cu* influx and MAPK
pathway activation, decreasing Cu* availability
may be an alternative strategy to limit MEK1/2
activity in BRAFY**E_driven MAPK signaling

and tumorigenesis.

Melanoma & targeted therapies
There have been landmark breakthroughs in
the treatment of advanced melanoma in the
last decade with therapies targeting the MAPK
pathway. Approximately 40-60% of patients
with metastatic melanoma possess an activat-
ing mutation of the intracellular signaling
kinase, BRAF [2122]. BRAF is a serine/threo-
nine protein kinase activating the MAP kinase/
ERK-signaling pathway. In most cases, the
mutation is due to a single point mutation at
amino acid position 600 resulting in the sub-
stitution of a glutamic acid for valine, known as
BRAFY'E 53], The negatively charged glutamic
acid in mutant BRAFY''F destabilizes the inhibi-
tory interaction between the activation loop and
the phosphate-binding loop in the BRAF kinase
domain, resulting in a constitutively activated
protein, which binds to MEK [24]. Targeted
inhibition of BRAFY®°°E has demonstrated
improved overall and progression-free survival
in melanoma in several clinical trials using the
selective BRAF inhibitors vemurafenib and dab-
rafenib [2526]. Despite high initial response rates,
half of patients treated with targeted monothera-
pies relapse within 6—7 months, highlighting the
problem with BRAF inhibitor resistance.
Several studies have identified MAPK pathway
reactivation via MEK signaling as a major path-
way in the development of resistance to BRAF
inhibitors [27-36]. However, the mechanism of
resistance to BRAF inhibition is a heterogeneous
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process mediated through multiple effectors
including PDGFR-B, IGF-1R, PI3K and EGFR.
Acquired resistance mechanisms have been
identified due to mutations in NRAS/KRAS,
BRAF splice variants, BRAFY*%° amplifications,
MEK 1/2 mutations and non-MAPK pathway
alterations with marked heterogeneity observed
within tumors and patients, suggesting multi-
modality approaches are needed in the treatment
of BRAFY®* mutated melanoma to target the
MAPK pathway [37].

Co-targeting BRAF + MEK with selective
inhibitors has resulted in increased response rates,
improved progression free survival and improved
overall survival compared with BRAF inhibitor
monotherapy in patients with V60OE or V600K
mutated melanoma [38-40]. However, the combi-
nation of MEK and BRAF therapy is limited in
that patients who have already developed resist-
ance to BRAF inhibition do not appear to derive
great benefit [41]. Also, despite initial response
with combination therapy, responses are rarely
durable [38]. Resistance to combined BRAF+
MEK inhibition is less well understood. Early
darta suggest that MAPK pathway reactivation is
still a critical mechanism in the development of
resistance to BRAF + MEK therapy [42]. Despite
major breakthroughs in the combination of tar-
geted therapies in the treatment of BRAFY®®
mutated melanoma, novel approaches to delay
or overcome resistance are needed.

Overview of Cu metabolism & chelation
Cu is an essential trace element that is abundant
in the human diet. It is a transition metal exist-
ing as a tightly regulated metabolite in a reduced
or oxidized state [43]. The ability of Cu to
exchange between a reduced and oxidized state
allows for its coordination to diverse ligands in
specific proteins as either a structural or catalytic
cofactor [44]. Cu is an essential transition metal
for a diverse array of biological processes, such
as cellular respiration, free radical detoxification,
pigmentation and neuropeptide processing [1.2].
Excess Cu* accumulation is toxic due to free
Cu* ions reacting with hydrogen peroxide to
form hydroxyl radicals [4]. There are a number
of inherent intracellular mechanisms such as
metallochaperones that function to efficiently
distribute Cu [45] and molecular buffers such as
glutathione and metallothionein that serve to
inhibit Cu accumulation in mammals.
Current US FDA approved Cu chelat-

ing agents include D-penicillamine, trientine
g ag
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hydrochloride and zinc acetate. Penicillamine
removes Cu from less tightly bound sites on pro-
teins, peptides, and membranes and promotes
urinary excretion. Its side effect profile is limit-
ing with nearly 30% of patients requiring dis-
continuation of drug due to toxicities. Common
toxicities include sensitivity reactions, fever,
pancytopenia and proteinuria [46). Trientine
has been used successfully in patients unable to
tolerate penicillamine [13]. Trientine chelates Cu
by forming a stable complex with its four con-
stituent nitrogens removing Cu on less tightly
bound proteins and peptides. Zinc blocks Cu
absorption from the gastrointestinal tract and
is reserved for maintenance therapy due to its
slow acting effects. Penicillamine and trientine
can worsen neurologic symptoms irreversibly in
a subset of Wilson disease patients. In order to
fill this therapeutic void, a potent Cu chelator
tetrathiomolybdate was developed [47].

Cu & the MAPK pathway connection

A number of studies have linked Cu or the
Cu* transporter CTR1 to the MAPK path-
way. While interrogating the function of Ctrl
in Xenopus laevis, an unexpected link between
this transporter and MAPK signaling was
uncovered [6]. Specifically, it was shown that
Xenopus CTR1 is required for FGF-mediated
MAPK pathway activation during gastrulation
in Xenopus, as evidenced by a reduction in FGF-
mediated ERK1/2 phosphorylation after CTR1
depletion. In searching for therapeutic targets, a
genome RNAI screen undertaken in Drosophila
S2 cells identified CTR1 as a potential target to
reduce the phosphorylation of ERK1/2 [48]. Data
confirm CTRI and intracellular Cu* play impor-
tant roles in RAS/MAPK pathway activation. In
both flies, mice, and 7% vive, reduction of intra-
cellular Cu* imposed by loss of Ctrl Cu* trans-
porter protein levels resulted in impaired activa-
tion of RAS/MAPK signaling, as evidenced by a
reduction in ERK phosphorylation [19].

Recent data suggest Cu* increases MEK1 phos-
phorylation of ERK2 [19]. Since BRAF inhibitor
resistance is likely dependent on MAPK reacti-
vation though MEK signaling, this data suggest
a potential for Cu chelation therapy to be used
in conjunction with other therapies to overcome
resistance (Figure 1 & Figure 2). Further research has
shown that genetic loss of the high affinity Cu*
transporter Ctr/ and mutations in MEK1 dis-
rupting Cu* binding reduced BRAFY***E_driven
signaling and tumorigenesis [20].
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Figure 1. Effective Cu influx mediated by CTR1 modulates MEK1/2-mediated phosphorylation of
ERK1/2 downstream of oncogenic signaling through a direct interaction between copper and the
MEK1/2 kinases. Oncogenic drivers RTKs, RAS, ARAF, BRAF, CRAF, MEK1, and MEK2 are shown in green.
Cu: Copper; P: Phosphorylated; RTK: Receptor tyrosine kinase.

Tetrathiomolybdate: a potent Cu chelating
agent

Tetrathiomolybate (TM) is a potent decoppering
agent which has a dual mechanism of action.
TM forms a stable tripartite complex with Cu
and protein, blocking intestinal absorption of
Cu when taken with meals and binding Cu
from plasma when taken between meals 46]. It
has been studied in the setting of both Wilson
Disease and as an antineoplastic agent in patients
with normal Cu metabolism. Though not com-
mercially available, TM has been tested in
clinical trials for Wilson disease and has shown
promise in this setting as it does not appear to
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be associated with the neurological deterioration
that can be seen with penicillamine (47]. Its dual
mechanism of action and potent anti-Cu activity
compared with other agents make it an attractive
Cu chelator to consider as oncologic therapy. It
has been largely studied as antiangiogenic ther-
apy in preclinical and clinical models. In a series
of early phase trials in solid tumors, the admin-
istration of TM either alone or in combination
with other agents is feasible and well tolerated,
summarized in Table 1 [49-54].

Initial studies using TM in Wilson disease
reported that the drug can be used safely and can
rapidly reduce serum Cu levels [47.56,57]. Formal
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pharmacokinetic (PK) analyses of TM were not
performed in early phase clinical trials, presum-
ably due to extensive data in veterinary studies.
There is also general acceptance of serum Cu
and ceruloplasmin levels as reliable pharmaco-
dynamic markers of efficacy. Toxicity has been
manageable, and consistent across numerous
studies. Mild bone marrow suppression resulting
in reversible leukopenia, anemia and thrombo-
cytopenia has been reported. Elevations in liver
transaminases and alkaline phosphatase were
also seen. In subsequent larger clinical trials,
these all appeared reversible with appropriate
treatment breaks and/or dose reductions [58-60].

Preclinical models in Cu chelation & cancer
TM has demonstrated antitumor activity in a
number of murine models of human cancer and
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Dabrafenib BRAFVee
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has been well tolerated in these animal studies.
UM-SCC-11B squamous cell head and neck
cancer cell line injected into xenograft models
treated with TM (0.7 mg/day per mouse and
then titrated biweekly to maintain ceruloplas-
min suppressed at 20 to 30% of baseline) showed
decreased VEGF expression, 54% reduction in
the tumor size and increased tumor necrosis [61].
Daily oral treatment of TM at the same dose was
shown to roughly halve lung lesions detected in
mice after injection of the human oral squamous
carcinoma cancer cell line OSCC-3 Luc into the
tail vein (62] and reduce the growth of SUM149
breast cancer xenograft tumors in mice [14].
TM has also shown synergy with concur-
rent chemotherapeutic agents. Daily oral TM
(1.25 mg initial dose for 3 days followed by
0.7 mg daily) greatly enhanced the efficacy of

)
0o®

Cu chelators:
p-penicillamine
Tetrathiomolybdate
Trientine

Figure 2. Leveraging MAPK inhbitors in combination with copper chelators for both naive and
MAPKi resistant forms of BRAF mutation-positive melanoma. Oncogenic drivers BRAF, MEK1, and

MEK2 are shown in green.
Cu: Copper; P: Phosphorylated.
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5 mg/kg/week doxorubicin in this model by
increasing the sensitivity of tumors to undergo
apoptosis (113% increase in apoptosis) [63]. In
addition, daily oral TM (0.7-1.5 mg/day) also
enhanced the antimetastatic effect of the inva-
sion inhibitor peptide Ac-PHSCN-NH, in
a xenograft mouse model as well as a plasma
fibronectin-induced rat model of invasion involv-
ing human DU145 prostate cancer cells [15].
Treatment with TM provided in the drinking
water reduced tumor growth in a Lewis lung
high metastatic carcinoma mouse model to a
similar extent as single-dose 15 Gy radiotherapy
(RT; 50-60% volume reduction) [1s]. Finally,
0.7 mg/day TM administered in the drinking
water for 70 days completely blocked xenograft
tumor growth of the SCCVII/SF human squa-
mous cell carcinoma cell line. This treatment
effect was reversible, as mice taken off treatment
rapidly developed tumors [64]. Together, these
data suggest that TM has potential antitumor
activity across a wide spectrum of cancer models.

Tetrathiomolybdate in oncology: clinical
experience

Several early phase clinical trials have demon-
strated the feasibility and safety of TM in an array
of tumor types, as summarized in Table 1. The
first in human trial of TM involved 18 patients
with a variety of metastatic solid tumors. TM
dosing was variable (90, 105 or 250 mg daily)
with a goal of 20% ceruloplasmin (Cp) reduc-
tion. TM was tolerated well with only mild ane-
mia. Disease stabilization was achieved in the
majority of patients adequately Cu depleted [s3].
TM (40 mg PO TID with meals/ 60 mg at bed-
time) was used in a Phase II clinical trial enroll-
ing 15 patients with advanced kidney cancer [49].
A target serum ceruloplasmin level of 5-15 mg/dl
was defined as having achieved Cu depletion. All
of the patients rapidly became Cu depleted at this
dosing. Stable disease was achieved in 31% of
patients for at least 6 months during Cu deple-
tion (median, 34.5 weeks). TM was well toler-
ated with reversible granulocytopenia. A Phase I1
trial of mesothelioma patients treated with TM
showed that time to progression for all stage I or II
TM patients was 20 months versus 10 months in
non-TM-treated patients (p = 0.046) [54].

Due to its promising anti-angiogenic proper-
ties, TM was combined with irinotecan, 5-fluo-
rouracil, and leucovorin (IFL) in 24 patients
with metastatic colon cancer. The combination
with IFL was well tolerated and dose intensity of

future science group
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IFL was maintained during combination therapy
with TM. The overall response rate (RR) was
25% and the median time to progression (T'TP)
was 5.6 months. VEGF levels were correlated
with TTP (s1]. This study showed that TM was
well tolerated and had no apparent impact on
toxicity patterns observed when administered
with a standard chemotherapy backbone.

The tumor microenvironment has emerged a
therapeutic target in solid tumors and is critical
for tumor progression (65.66]. Among the many
components of the tumor microenvironment are
bone marrow-derived progenitor cells including
VEGFR1+ hematopoietic progenitor cells and
VEGFR2+ endothelial progenitor cells (EPCs)
which have been demonstrated to play a pivotal
role in breast cancer progression. A large Phase I1
study has explored the effect of TM induced Cu
depletion on VEGFR2+ EPCs and other factors
in the tumor microenvironment in patients at
high risk for breast cancer recurrence [s5]. In an
initial report of 40 high risk breast cancer patients
without evidence of disease, TM 100 mg orally
was administered to maintain ceruloplasmin
<17 mg/dl for 2 years or until relapse [50]. The pri-
mary end point was change in VEGFR2+ EPCs.
Seventy-five percent of patients achieved the Cu
depletion target by 1 month. In Cu-depleted
patients only, there was a significant reduc-
tion in EPCs. TM was tolerated well with mild
toxicity, consistent with that noted in previous
studies. Because of encouraging results in the
initial cohort, the trial was expanded to accrue
75 patients with enrichment of patients with tri-
ple negative breast cancer as a ‘signal’ as observed
in the initial cohort [55]. TM was again shown
to effectively deplete Cu, and showed promis-
ing clinical activity. With more than 5 years
of follow-up, PES was 81% for the entire study
population, and was 94% for patients with triple
negative disease — a particularly high-risk cohort.
Correlative analyses revealed that VEGFR2+
EPCs and serum lysyl oxidase (a Cu dependent
enzyme required for conditioning the microenvi-
ronment or premetastatic niche) were markedly
reduced only in the Cu depleted patients. While
these data are encouraging, a Phase III trial will
be necessary to evaluate the effect of Cu deple-
tion in a high risk for relapse breast cancer to
assess whether it reduces the risk of relapse over
standard care. To date, there have been no clini-
cal trials investigating the potential role of TM
in BRAFY* mutated tumors specifically, though
trials are being planned.
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Conclusion

An increased understanding of the role MAPK
signaling plays in melanomagenesis has led to
the development of novel therapies that can
effectively target this pathway. Additionally,
recent preclinical data has uncovered a poten-
tial intersection between MAPK activation and
Cu+ metabolism, demonstrating that Cu+ is a
necessary cofactor required for MEK mediated
activation of ERK 1/2. Furthermore, a decrease
in levels of this critical element, either through
silencing of the CTRI protein or through chela-
tion results in decreased growth in BRAF driven
tumor models. This novel mechanism may pro-
vide a foundation for further exploration of
compounds with synergistic potential.

the MAPK pathway. Recent preclinical data
have emerged that MEK requires Cu* for both
kinase activity and BRAFY®°E tumor growth.
The Cu chelator, TM reduced tumor growth
of both BRAFY®%E transformed cells and cells
resistant to BRAF inhibition. TM is safe and
well tolerated in several early phase clinical
trials. Cu chelation using TM may represent
a component of a rationally designed strategy
to limit MEK1/2 activity and delay resistance
in BRAFY®% driven tumorigenesis. Additional
preclinical data exploring synergy between
dual BRAF/MEK inhibition and copper chela-
tion are needed, with the potential to inform
future combination strategies for further clinical
investigation.

Future perspective

Despite major breakthroughs in the combina-
tion of targeted therapies in the treatment of
BRAFY®’E mutated melanoma, novel approaches
to delay or overcome BRAF inhibitor resistance
are needed. Acquired resistance mechanisms
have been identified due to mutations in NRAS,
BRAF splice variants, BRAFVS""X amplifica-
tions, MEK 1/2 mutations and non-MAPK
pathway alterations with marked heterogene-
ity. Multiple mechanisms of resistance are often
detected in the same patients [37]. Multitargeted
approaches will be needed to overcome resist-
ance in BRAF mutated melanoma in targeting
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