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The levels of copper, which is an essential element in living organisms, are under tight homeostatic control. Inac-
tivating mutations in ATP7B, a P-type Cu-ATPase that functions in copper excretion, promote aberrant accumu-
lation of the metal, primarily the in liver and brain. This condition underlies Wilson’s disease, a severe autosomal
recessive disorder characterized by profound hepatic and neurological deficits. Current treatment regimens rely on
the use of broad specificity metal chelators as “decoppering” agents; however, there are side effects that limit their
effectiveness. Here, we present the characterization of DPM-1001 {methyl 4-[7-hydroxy-10,13-dimethyl-3-({4-
[(pyridin-2-ylmethyl)amino]butyl}amino)hexadecahydro-1H-cyclopenta[a]phenanthren-17-yl] pentanoate} as a po-
tent and highly selective chelator of copper that is orally bioavailable. Treatment of cellmodels, including fibroblasts
derived from Wilson’s disease patients, eliminated adverse effects associated with copper accumulation. Further-
more, treatment of the toxic milk mouse model of Wilson’s disease with DPM-1001 lowered the levels of copper in
the liver and brain, removing excess copper by excretion in the feces while ameliorating symptoms associated with
the disease. These data suggest that it may be worthwhile to investigate DPM-1001 further as a new therapeutic
agent for the treatment of Wilson’s disease, with potential for application in other indications associated with
elevated copper, including cancer and neurodegenerative diseases.
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In biological systems, metals play critical roles in the con-
trol of protein function that introduce novel aspects of
chemistry and structure. Copper is an essential element
in living organisms and an intriguing example in this re-
gard. Its functional significance is enhanced because of
its ability to adopt either reduced (Cu+) or oxidized (Cu2+)
states. It binds to proteins primarily through histidine
and acidic amino acids (Cu2+) or the sulphur-containing
residuesMet or Cys (Cu+) (Turski and Thiele 2009). There
are a wide variety of copper-dependent enzymes. Exam-
ples include cytochrome c oxidase, the terminal protein
in the mitochondrial electron transport chain that plays
a critical role in ATP synthesis; superoxide dismutase,
which is involved in scavenging of free radicals; oxidases
such as lysyl oxidase, which cross-links the extracellular
matrix; dopamine β-hydoxylase, which controls biosyn-
thesis of a neurotransmitter; and transcriptional regula-
tors (Kim et al. 2008; Turski and Thiele 2009; Festa and
Thiele 2011). Furthermore, copper can exchange other
metals, such as zinc, from their cognate ligands in metal-
loproteins (Foster et al. 2014). More recently, it has been
implicated in the regulation of signal transduction

through control of the activity of kinases such as MEK,
linking copper to the control of cell growth and its disrup-
tion in tumorigenesis and metastasis (Turski and Thiele
2009; Brady et al. 2014). This highlights the fundamental
importance of copper to normal cell function. Neverthe-
less, it can also be toxic, indicating that copper content
must be tightly regulated both in the organism as a whole
and at the cellular level.

In mammals, diet serves as the primary source of cop-
per. It is absorbed in the gut and transported to the liver,
which is the central organ of copper homeostasis and dis-
tributes it to other tissues through the bloodstream. In the
liver, copper is incorporated into carrier proteins, primar-
ily ceruloplasmin, for release into the bloodstream; how-
ever, if copper is in excess, it is excreted in the bile
(Mercer and Llanos 2003; Lutsenko et al. 2007). The levels
of copper are under complex homeostatic control, includ-
ing transporters that control influx and efflux, together
with specialized chaperones that deliver the metal to its
sites of action (Lutsenko et al. 2007). It is transported
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into cells primarily through copper transporter 1 (CTR1),
although other transporters, such as the divalent metal
transporter DMT1, may also play a role (Lee et al. 2001).
Within the cell, the levels of free copper are kept to a min-
imum by chaperones that direct the metal to particular
targets. These include COX17, which delivers copper to
the mitochondria for incorporation into cytochrome c ox-
idase; CCS, which transfers it to superoxide dismutase for
redox regulation; and ATOX1, which directs copper to the
P-type Cu-ATPases ATP7A and ATP7B in the trans-Golgi
network (Linz and Lutsenko 2007; Lutsenko et al. 2007;
Kim et al. 2008). These Cu-ATPases serve a dual function,
either delivering copper to the secretory pathway, where
it can be incorporated into copper-dependent enzymes,
or, under conditions in which copper is present in excess,
exporting it from the cell (Linz and Lutsenko 2007; Lut-
senko et al. 2007). Disruption of these homeostatic mech-
anisms is associated with a variety of disease states. In
particular, inactivating mutations in the Cu-ATPases
are the direct cause of severe disease. ATP7Aplays amajor
role in copper absorption, and loss-of-function mutations
lead to decreased levels of copper that result in a rare but
severe genetic disorder, Menkes disease (Kaler 2011). This
disease, which affects one in 100,000 individuals world-
wide, is associated with disruption of normal develop-
mental and neurological function and is characterized
by kinky hair, failure to gain weight, and deterioration
of the nervous system. It is fatal in early childhood (Kaler
2011; Bandmann et al. 2015). On the other hand, muta-
tions in ATP7B, which functions in copper excretion,
lead to accumulation of the metal, resulting in Wilson’s
disease (Pfeiffer 2007; Rodriguez-Castro et al. 2015).
The incidence ofWilson’s disease is estimated to be one

in 30,000 worldwide although this may be an underesti-
mate, as its symptoms overlap with other conditions
(Bandmannet al. 2015).Wilson’s disease is a severe autoso-
mal recessive disorder and, to date, >300 disease-causing
mutations have been identified in the ATP7B gene (Lut-
senko 2014). The physical burden of the disease is felt in
the liver in particular, as this tissue expresses high levels
of ATP7B. It begins with a presymptomatic period, during
which copper accumulates in the liver. If diagnosis occurs
at this stage, the prognosis is good with current therapies
(Bandmann et al. 2015); however, without treatment, a va-
riety of hepatic problems are encountered, from enlarge-
ment of the liver to hepatitis and cirrhosis and even
acute liver failure (Lutsenko 2014; Rodriguez-Castro
et al. 2015). As the disease progresses further, it results in
the development of speech and cognitive impairment, par-
ticular tremors, and dystonia as well as ataxia and Parkin-
sonism (Bandmann et al. 2015; Rodriguez-Castro et al.
2015). In addition, psychiatric problems, including person-
ality changes, antisocial behavior, anxiety, anddepression,
appear inWilson’s patients at some time during the course
of the disease. Most patients with neurological symptoms
also develop Kayser-Fleischer rings, which are formed by
copper deposits in the cornea, leading to a brown discolor-
ation that can be diagnostic for the disease (Bandmann
et al. 2015). Overall, Wilson’s disease can be fatal if not di-
agnosed and treated early; however, the fact that its symp-

toms are often indistinguishable from a variety of other
diseases makes this challenging. The condition cannot
be controlled by switching to a low-copper diet and cur-
rent treatment strategies depend on “decoppering” agents,
the goal of which is to decrease the level of the metal and
to try to re-establish normal homeostasis. Unfortunately,
the pharmacological agents that are used most frequently
are associatedwith adverse effects and, furthermore, these
agents have recently become extremely expensive (Schil-
sky et al. 2015). Consequently, new, potent, and specific
copper chelators are needed for the treatment of Wilson’s
disease.
In this study, we report the biochemical characteriza-

tion of a new small molecule chelator and define the
mechanism underlying its specificity for copper. Further-
more, we demonstrated that the compound attenuated ad-
verse effects associated with accumulation of copper in
cells. Finally, we showed that, when administered orally
or intraperitoneally, the compound was effective in de-
creasing the copper burden in multiple tissues in a mouse
model of Wilson’s disease while ameliorating symptoms
associated with the disease. This compound may repre-
sent the basis for an improved approach to the treatment
of Wilson’s disease.

Results

DPM-1001 {methyl 4-[7-hydroxy-10,13-dimethyl-3-
({4-[(pyridin-2-ylmethyl)amino]butyl}amino)
hexadecahydro-1H-cyclopenta[a]phenanthren-17-yl]
pentanoate} is a specific copper chelator

Previously, we identified DPM-1001 (Fig. 1A) as an inhib-
itor of PTP1B with the unusual property of also binding
copper (Krishnan et al. 2018). In order to examine this che-
lation property further, we tested whether DPM-1001 dis-
played specificity for copper by incubating the compound
with a series of metal ions and then subjecting the com-
plexes to electrospray ionization mass spectrometry
(ESI-MS) analysis. The ESI-MS spectra of the compound
in the presence of CuSO4 revealed three peaks, at 568.6,
620, and 727.5 m/z. The peak at 568.6 m/z corresponded
to free compound, whereas the peaks at 620 and 727.5
m/z corresponded to the Cu- and CuSO4-bound forms, re-
spectively (Fig. 1B). Whenwe incubated DPM-1001 with a
variety of othermetals, we found that none formed a com-
plex with the compound (Fig. 1B). This includes silver,
which is isoelectronic and similar in size to Cu+, high-
lighting the exquisite specificity of DPM-1001 for copper.
Using radiolabeled copper (64Cu) and titrating DPM-

1001 against increasing concentrations of 64Cu in a bind-
ing assay, we measured a Kd of 75 nM. To investigate
the mechanism by which DPM-1001 chelated copper, we
generated a series of analogs. Removal of the N1-(pyri-
din-2-ylmethyl)butane-1,4-diamine tail from the 3 posi-
tion of the A ring in the cholesterol group was sufficient
to abrogate copper binding (Supplemental Fig. 1A), focus-
ing attention on the importance of this tail. Substitu-
tion of the pyridyl group with either piperidine or
benzene or generating a four-amino substituent with an
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ether, to produce 4-(pyridin-2-ylmethoxy)butan-1-amine,
also impaired binding (Supplemental Fig. 1B). Within the
pyridyl group, we moved the N atom from the 2 position
in DPM-1001 to the 3 position to generate compound
DPM-1003. Interestingly, despite their identical chemical
composition, DPM-1003, in contrast to DPM-1001, dis-

played limited binding to radiolabeled 64Cu and any of
the metals tested (Fig. 1C).

In addition, we generated N1,N4-bis(pyridin-2-yl-
methyl) butane-1,4-diamine (analog 2), which is a sym-
metrical compound in which the steroid moiety seen in
DPM-1001 was replaced by a second pyridine ring (Fig.

A

C

D E

B

Figure 1. DPM-1001 was a specific chelator of copper. (A) Chemical structure of DPM-1001. (B) ESI-MS spectra to examine complex for-
mation between DPM-1001 (1 mM) and the indicated metals (8 mM). (C, top left panel) Chemical structure of DPM-1003. (Bottom left
panel) Titration of radiolabeled copper (64Cu) against DPM-1001 andDPM-1003. (Right panel) ESI-MS spectra to examine complex forma-
tion betweenDPM-1003 (1mM) and the indicatedmetals (8mM). (D) Chemical structure of analog 2. (E) ESI-MS spectra to examine com-
plex formation between analog 2 (1 mM) and the indicated metals (8 mM).
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1D). When incubated in the presence of CuSO4, analog 2
yielded a distinct peak at 332 on ESI-MS analysis that cor-
responded to the Cu(II)-bound form of the compound (Fig.
1E). When titrated against 64Cu, a Kd of 57 nM was ob-
tained. In addition, when we incubated analog 2 against
the panel of metals, we observed that, in contrast to
DPM-1001, this analog bound to all of the metals tested
(Fig. 1E). Overall, these data illustrate that within DPM-
1001, the N1-(pyridin-2-ylmethyl)butane-1,4-diamine tail
was responsible for copper chelation, whereas the steroid
moiety conferred selectivity in copper binding.

DPM-1001 improved the viability of cells exposed
to high copper

As our data demonstrated that DPM-1001 was a potent
copper chelator in vitro, we investigated its ability to
bind copper in a cellular context. We used HepG2 cells
as a model, including cells in which ATP7B was sup-
pressed by RNAi (Fig. 2A). ATP7B knockdown (ATP7B-
KD1) cells displayed greater sensitivity to exposure to cop-
per than wild-type cells. At copper concentrations >0.5
mM, the survival of ATP7B-KD1 cells was <20% (Fig.
2B), highlighting the importance of ATP7B in protecting
cells from the effects of excess copper. When viability
was tested in the presence of 2 µM DPM-1001, we found
that the compound was able to rescue cells from copper-
induced cell death (Fig. 2B).
The significance of this observation was explored fur-

ther by testing a panel of six different skin fibroblasts de-
rived from Wilson’s disease patients. These cells have
been reported to express different mutant forms of
ATP7B and display elevated levels of free copper relative

to normal fibroblasts (Chan et al. 1980). We measured
the survival of these cells in the presence of increasing
concentrations of copper and compared the response
with that observed in normal skin fibroblasts. Although
we observed a varying response to copper in the mutant
cells, all were found to be more sensitive to copper-in-
duced cell death than the wild-type cells (Fig. 2C). Inter-
estingly, DPM-1001 also inhibited copper-induced cell
death in the fibroblasts derived from Wilson’s disease pa-
tients (Fig. 2C; Supplemental Fig. 2).

DPM-1001 lowered copper levels in an animal model
of Wilson’s disease

To investigate further the extent towhichDPM-1001may
lower copper levels and ameliorate symptoms associated
withWilson’s disease, weused the toxicmilkmousemod-
el (Theophilos et al. 1996). The toxic milk mouse is a nat-
urally occurring genetic and phenotypicmodel ofWilson’s
disease. A Gly-to-Asp substitution (G775D) renders the
ATP7B protein dysfunctional and results in copper accu-
mulation. This has been used widely as a model to under-
stand thehumandisease (Theophilos et al. 1996;Coronado
et al. 2001; Czachor et al. 2002; Przybylkowski et al. 2013).
Tissue copper levels were assessed by two separate

methods. Liver tissue was excised fromwild-type and tox-
ic milk mice that had been treated with saline or DPM-
1001, then fixed and stained with rhodanine, a dye that
stains for copper-binding proteins (Thornburg et al.
1985). No signal was detected in liver samples obtained
from saline- or DPM-1001-treated wild-type mice. In sa-
line-treated toxic milk mice, we observed bright staining
with the dye, indicative of elevated copper levels. In

A

C

B

Figure 2. Treatment with DPM-1001 improved cell viability in the presence of high levels of copper. (A) Representative immunoblot to
demonstrate siRNA-induced suppression of ATP7B in HepG2 cells. (B) Survival of control cells with (▴) or without (•) DPM-1001 and
ATP7B-KD1 cells with (gray; ▾) and without (▪) DPM-1001 was measured at increasing concentrations of copper, from 0 to 1.5 mM. Cells
were preincubatedwithDPM-1001 at 2 µM for 1 h prior to exposing cells to copper. (C ) Survival of control fibroblasts with (▴) andwithout
(▾) DPM-1001was compared with fibroblasts derived fromWilson’s disease patients (GM00032 [left panel], GM00033 [middle panel], and
GM05257 [right panel]) with (gray, •) and without (▪) DPM-1001, measured at increasing concentrations of copper, from 0 to 1.5 mM.
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contrast, no obvious staining for rhodanine was observed
in liver samples obtained from DPM-1001-treated mice
(Fig. 3A). In order to obtain a quantitative measure of cop-
per levels, we used inductively coupled plasma MS (ICP-
MS). We detected elevated levels of copper in the livers
(Fig. 3B) and brains (Fig. 3C) of saline-treated toxic milk
mice compared with control animals, and treatment
with DPM-1001 lowered the levels of copper in both tis-
sues. Interestingly, the 3-pyridyl analogDPM-1003,which
has the samechemical composition asDPM-1001butdoes
not chelate copper, did not suppress the levels of themetal
in the livers of toxic milk mice (Supplemental Fig. 3), sug-
gesting that the effects of DPM-1001 on tissue copper lev-
els were direct. When we compared the effect of DPM-
1001with the drug candidate chelator tetrathiomolybdate
(Brewer 2009; Brewer et al. 2009; Askari et al. 2010), we
found that DPM-1001 was as effective as tetrathiomolyb-
date in removing copper from the liver and brain (Fig. 3C,
D) but at both a lower dose and lower frequency of
administration.

We investigated the mechanism by which DPM-1001
cleared tissue copper levels. It has been reported that
the use of penicillamine as a “decoppering” agent pro-
motes excretion of the metal in the urine (Humann-Zie-
hank and Bickhardt 2001; Walshe 2011). Therefore, we
measured copper levels in kidney samples obtained
from saline-treated or DPM-1001-treated wild-type and

toxic milk mice and observed no significant difference.
In contrast, treatment with tetrathiomolybdate resulted
in dramatically elevated copper levels in the kidney
(Fig. 3D). We investigated this further by collecting fecal
material from the mice and analyzing copper levels. In
contrast to toxic milk mice treated with saline, the levels
of copper in the feces of DPM-1001-treated toxic milk
mice were dramatically elevated. Unlike DPM-1001
treatment, treatment with tetrathiomolybdate resulted
in only a small increase in the levels of fecal copper
(Fig. 3E).

DPM-1001 ameliorated hepatic complications associated
with Wilson’s disease

In light of the fact that liver damage and hepatic complica-
tions are among the hallmarks ofWilson’s disease (Pfeiffer
2007; Lutsenko 2014; Lin et al. 2015), we conducted mor-
phological analyses of the livers obtained from wild-type
and toxic milk mice following treatment with saline or
DPM-1001. In wild-type livers treated with saline or
DPM-1001 and then sectioned and stained for morpholog-
ical analysis, no obvious abnormalities were detected;
normal hepatocyte size, shape, and arrangement were ob-
served. In contrast, liver sections obtained from toxic
milk mice treated with saline revealed enlarged hepato-
cytes with irregular shape and arrangement as well as

A

B C

D E

Figure 3. Suppression of copper levels in the toxic milk
mousemodel ofWilson’s disease. (A) Representative sec-
tions of liver tissue from the toxic milk mouse model
stained with rhodanine following treatment of animals
for 2 wk with saline (left panel) or DPM-1001 (right pan-
el). Quantitation is shown at the right. (B–D) Copper
levels in the livers (B), brains (C ), and kidneys (D) from
wild-type (black bars) or toxic milk (gray bars) mice
were measured using ICP-MS following treatment with
saline, 5 mg/kg DPM-1001 orally every third day, or
5 mg/kg tetrathiomolybdate (TTM) intraperitoneally
daily for 2 wk. (E) The levels of copper in the feces of
these animals. Data are presented asmean ± SEM. Statis-
tical analysis was performed using ANOVA. (∗∗) P < 0.01;
(∗) P < 0.1; (ns) not significant.
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large cytoplasmic lipid droplets (Fig. 4A). Interestingly,
liver sections obtained from toxic milk mice treated
with DPM-1001 appeared similar to those from wild-
type mice, with normal hepatocyte size, shape, and ar-
rangement. Furthermore, no large lipid droplets were ob-
served, in contrast to liver sections from saline-treated
toxic milk mice (Fig 4A).
In addition, we measured metallothionein levels in the

liver and brain.We found thatmetallothionein levelswere
significantly elevated in both tissues in toxic milk mice
compared with wild type. Furthermore, DPM-1001 treat-
ment lowered metallothionein levels in the liver and the
brain (Fig. 4B,C). Taken together, the data demonstrated
that DPM-1001 lowered tissue copper levels and amelio-
rated symptoms associated with Wilson’s disease.

Discussion

If Wilson’s disease is diagnosed in the early, presymptom-
atic phase, the prognosis is good with current therapeu-
tics. Nevertheless, early diagnosis is challenging, and
treatment becomes more difficult as the course of the dis-
ease progresses; ultimately, patients may develop fulmi-
nant hepatic failure that requires liver transplantation

for resolution (Ahmad et al. 2017; Boga et al. 2017). The
primary therapeutic strategy is to try to reduce the levels
of copper in the patient and re-establish homeostasis.
These approaches do not address the underlying muta-
tions in ATP7B that cause the disease and, therefore,
such treatments would be expected to be continued
throughout the life of the patient, placing an emphasis
on avoidance of toxic side effects. There are two approach-
es to reducing copper levels. Zinc salts, such as zinc
acetate, are a first line of therapy, particularly for asymp-
tomatic patients, and are also important as amaintenance
therapy for long-termmanagement of Wilson’s disease af-
ter treatment with chelators (Ranucci et al. 2017). Zinc
decreases absorption of copper from the gut by inducing
expression of metallothionein in intestinal cells, which
then traps both metals, leading to excretion as the muco-
sal cells are sloughed off and removed in the feces (Brewer
2001). Although this is less toxic than the existing chela-
tors, it does not have the same ability to remove copper
from tissues that have become overloaded. Consequently,
chelating agents that bind copper directly in the tissues or
blood and facilitate its excretion have been developed for
use as an initial “decoppering” step. Currently, the stan-
dard of care for Wilson’s disease includes treatment with
the chelating agents D-penicillamine or trientine, with
tetrathiomolybdate progressing as an experimental thera-
py in clinical trials (Rodriguez-Castro et al. 2015).
D-penicillamine, also known as Cuprimine, promotes

urinary excretion of copper; however, it is not specific
for copper and is a general chelator that has been used to
treat heavymetal poisoning (Lyle 1981). This broad specif-
icity metal chelation may contribute to the side effects.
Neurological problems associated with D-penicillamine
are a particular concern and it has been reported that the
deterioration encountered may be irreversible (Brewer
et al. 1987). Other problems include swelling and inflam-
mation of the kidneys, hepatotoxicity, and hematological
abnormalities, conditions that may be exacerbated by
chronic administration regimens. In fact, in one study,
∼30% of patients discontinued treatment due to the
severity of the side effects (Bandmann et al. 2015), and it
has even been suggested that the drug should not be
used as an initial therapy (Brewer 1999).
In light of the problems with D-penicillamine, trientine

has been used more extensively. Trientine, also known as
Syprine, has a polyamine-like structure that is distinct
from D-penicillamine. Although it forms a complex
with copper, it has also been reported to bind iron and
zinc in vivo (Rodriguez-Castro et al. 2015). It facilitates
copper excretion in the urine and is also suggested to im-
pair intestinal absorption and increase excretion in feces.
A problem with trientine is that it has a short half-life in
humans. It is poorly absorbed from the gastrointestinal
tract andwhat is absorbed is rapidlymetabolized, via acet-
ylation, and inactivated (Lu 2010). Although its side ef-
fects are less marked than those of D-penicillamine,
toxicity problems have been reported (Dahlman et al.
1995; Chang et al. 2013). More recently, tetrathiomolyb-
date has progressed in clinical trials. It forms a complex
with copper that restricts absorption from the gut and

A

B C

Figure 4. Treatment with DPM-1001 ameliorated symptoms in
the toxicmilkmousemodel ofWilson’s disease. (A) H&E staining
of representative sections of liver tissue from wild-type (top) and
toxic milk (bottom; labeled WD for Wilson’s disease) mice that
were either untreated (left) or treated with DPM-1001 (right). (B,
C ). Levels of metallothionein in the livers (B) or brains (C ) from
wild-type (black bars) and toxic milk (gray bars) mice treated
with saline, DPM-1001, or tetrathiomolybdate (TTM) were mea-
sured. Data are presented as mean ± SEM. Statistical analysis was
performed using ANOVA. (∗∗) P < 0.01.

A novel potential therapeutic for Wilson’s disease

GENES & DEVELOPMENT 949

 Cold Spring Harbor Laboratory Press on July 3, 2018 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


limits cellular uptake, eliminating copper in urine and fe-
ces. When used initially as an ammonium salt, problems
were encountered with the stability of the compound.
Subsequently, a bis-choline salt of tetrathiomolybdate,
also known as Decuprate/WTX101, has been tested in
phase 2 clinical trials (Weiss et al. 2017). Although results
were encouraging, some serious adverse events were not-
ed, including 40%of patientswho showed elevation of liv-
er enzymes. Further trials will be necessary to establish
whether this will be an effective therapeutic agent
(Hedera 2017).

Clearly, new approaches are required to treat Wilson’s
disease. Strategies involving cell and gene therapy to tar-
get nonfunctional mutant forms of ATP7B are being con-
sidered (Gupta 2014; Jaber et al. 2017; Ranucci et al. 2017)
and may bear fruit in the longer term. In this study, we
took the approach of characterizing copper binding by a
small molecule that is distinct from the known chelators;
it may offer an improved strategy for decreasing copper
levels that is more immediate. The compound DPM-
1001 has several advantageous properties, including the
fact that it is highly specific for copper, is orally bioavail-
able (Krishnan et al. 2018), crosses the blood–brain barrier,
and promotes fecal excretion of the metal. The specificity
of this compound for copper was striking. Among 14 met-
als tested, it recognized only copper and did not even
chelate silver, which is isoelectronic for Cu+. Structure–
activity relationship data established the critical impor-
tance of the N1-(pyridin-2-ylmethyl)butane-1,4-diamine
tail in metal binding, but the steroid component of the
compound confers specificity for copper. To the best of
our knowledge, this remarkable specificity is a unique fea-
ture of DPM-1001.

Consistent with its ability to chelate copper in vitro, we
observed that DPM-1001 inhibited copper-induced cell
death in cell models of Wilson’s disease, including fibro-
blasts derived from patients in which elevated copper
had been demonstrated (Chan et al. 1980). Furthermore,
when DPM-1001 was administered intraperitoneally or
orally to the toxic milk mouse model of Wilson’s disease,
it lowered copper levels in the liver and brain (Fig. 3). Inter-
estingly, our data indicate that treatment of toxic milk
micewith tetrathiomolybdate led to accumulation of cop-
per in the kidney, raising the possibility that such treat-
ment may produce undesirable consequences, including
renal damage. Similar increases in copper levels in the kid-
ney have been reported following treatment of either toxic
milk mouse (Czachor et al. 2002) or Long-Evans Cinna-
mon (LEC) rat (Ogra et al. 1995; Komatsu et al. 2000)mod-
els ofWilson’s disease. Therefore, our data suggest that, in
addition to its specificity for copper, DPM-1001 may offer
additional advantages as a therapeutic agent to deplete the
excess metal in Wilson’s disease.

It is now becoming evident that abnormally high levels
of coppermay have an impact in other indications in addi-
tion to Wilson’s disease. For example, copper has been
implicated in the pathogenesis of neurodegenerative disor-
ders such as Alzheimer’s and Parkinson’s disease (Cooper
2011; Carboni and Lingor 2015). Copper has been shown
to promote amyloid-β production and may also exert ef-

fects through increased oxidative stress. Elevated levels
of copper have also been noted in the sera of a variety of
cancer patients. It has been suggested that copper plays
an important role in angiogenesis and tumor invasion.
Furthermore, copper has been implicated in the control
of proliferation and survival with the identification of
MEK in the RAS–MAPK pathway as a copper-dependent
enzyme (Turski et al. 2012; Brady et al. 2014). It has been
shown that copper chelators, including tetrathiomolyb-
date, decreased the growth of tumors driven by the
BRAF-V600E mutant that is associated with melanoma
(Brady et al. 2014). Consequently, such multiple lines of
data from several different studies now point to the poten-
tial for copper chelation to represent a major step forward
in a new approach not only to treat Wilson’s disease but
also to impact other major indications, including cancer
and neurodegenerative diseases. What is needed to bring
such an approach to fruition is a potent, selective, and bio-
available copper chelator that is well tolerated. We hope
that further studies of DPM-1001 in the future will help
to achieve this.

Materials and methods

ESI-MS analysis of the DPM-1001–copper complex

Eight equivalents of M(NO3)2·xH2O or MSO4·xH2O were reacted
with 1 eq of DPM-1001, DPM-1003, or analog 2 (1 mM in H2O).
The reaction solutions were stirred for 2 h at room temperature,
40°C, and 80°C. Each sample was diluted fivefold in 50%metha-
nol and 0.1% formic acid and loaded into a 500-µL syringe. A
Thermo Vantage triple quadrupole mass spectrometer (Thermo
Scientific) equipped with an HESI spray source was coupled to
an Accela high-performance liquid chromatography system
(Thermo Scientific). Mobile phase A consisted of 0.1% formic
acid, and mobile phase B consisted of 0.1% formic acid in
methanol. Isocratic flowwas set to 50%B at 200 µL/min. Samples
(200 µL) were injected into the LC flow line via syringe pump at
10 µL/min and electrosprayed into the Vantage triple quadrupole
mass spectrometer. A spray voltage of 4.3 kV was used along
with a capillary temperature of 350°C. Each full MS scan was
0.5 sec, and data were collected with a scan range of 200–900 m/z
over 1 min.

Copper-binding assays

Direct binding assays were performed using radiolabeled copper
(64 Cu2+). Varying concentrations of radiolabeled copper were in-
cubated with 100 nM DPM-1001. Excess copper was removed by
running the samples through aC18 column.The amount ofmetal
bound to the compound was quantitated directly by scintillation
counting.

Cell culture

HepG2 cells purchased from American Type Culture Collection
were cultured in RPMI medium containing 10% FBS and 5%
CO2 at 37°C. Control (AGO9319) and Wilson’s disease patient-
derived fibroblasts (GM00032, GM00033, GM05257, GM12158,
GM05798, and GM11778) were obtained from Coriell Bioreposi-
tory and cultured in DMEM, 10% FBS, and 5% CO2 at 37°C.
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Cell-based assays

For cell survival assays, 10,000 cells were seeded in a 96-well
plate and cultured until fully confluent (90%). These cells were
transfected with ATP7B siRNAs or scrambled siRNA (negative
control) purchased from Qiagen and Santa Cruz Biotechnology,
Inc. Lipofectamine RNAiMAX reagent (Thermo Fisher) and
siRNAs were diluted into a final volume of 100 µL in Opti-
MEM (Gibco). The mixture was incubated for 30 min at room
temperature, following which 800 µL of Opti-MEM was added
to the mixture. The above transfection solution was overlaid
onto cells at a final concentration of 5 nM siRNA. Transfection
of HepG2 cells with scrambled siRNA served as negative control.
Twelve hours after the transfection, complete medium was add-
ed to each well. Knockdown efficiency was checked 24 h later,
following which cells were exposed to varying concentrations
of copper (0–1 mM) for 12 h and cell viability was determined us-
ing the MTT assay as described previously (Mosmann 1983). To
test the ability of DPM-1001 to prevent copper-induced toxicity,
cells were preincubated with the compound at 2 µM for 1 h prior
to exposing cells to copper.

Animal experiments

C3He-Atp7btx-j mice were obtained from the Jackson Laboratory.
All animal experiments were performed according to protocols
approved by the Institutional Animal Use and Care Committee
of Cold Spring Harbor Laboratory. For short-term treatment,
male mice (6–8 wk of age) were administered DPM-1001 intra-
peritoneally at 5 mg/kg for 2 wk prior to collecting samples for
biochemical analysis. At least 10 animals were used in each treat-
ment group.

ICP-MS

Tissue samples from wild-type or toxic milk mice treated with
saline, DPM-1001, or tetrathiomolybdate were washed three
times with PBS containing 1 mM EDTA (to remove nonspecifi-
cally bound copper). Then, 215 µL of concentrated nitric acid
(BDH Aristar Ultra) was added to each sample and incubated
overnight. Samples were boiled for 1 h at 95°C, and ∼150 µL of
each sample was further diluted in 2 mL of 2% nitric acid (fresh-
ly made from concentrated nitric acid and Milli-Q water). Sam-
ples were analyzed on a Thermo Fisher iCAP Qc ICP mass
spectrometer in kinetic energy discrimination (KED) mode
against a calibration curve of known copper and phosphorus con-
centrations, with 20 µg/L Ga (Inorganic Ventures) as an internal
standard. Each experiment was carried out twice and each condi-
tion was repeated at least three times.

Metallothionein quantitation

Tissue samples (100 mg of liver or 25 mg of brain) were rinsed
in PBS to remove excess blood and homogenized using a Dounce
homogenizeron ice (PBS, 1%tween). The sampleswere centrifuged
at 5000g for 5min and the supernatant was collected. Total protein
in the supernatant was measured using Bradford reagent, and an
equal amount of each sample (based on protein concentration)
was used to measure metallothionein levels. Mouse metallothio-
nein ELISA kit was purchased from Lifespan Biosciences, Inc.,
and the assay was performed according to the user’s manual.

Histology

Liver tissues from untreated and DPM-1001-treated wild-type
and similarly treated toxic milk mice were sectioned and stained

with H&E or rhodanine. Whole-slide digitized images of H&E-
stained tissue were captured using the Aperio ScanScope XT au-
tomated scanning system. ImageJ softwarewas used to quantitate
rhodanine staining.
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