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Cisplatin is a widely used chemotherapeutic agent for treatment
of ovarian, testicular, lung, and stomach cancers. The initial
response to the drug is robust; however, tumor cells commonly
develop resistance to cisplatin, which complicates treatment.
Recently, overexpression of the Cu-ATPase ATP7B in ovary cells
was linked to the increased cellular resistance to cisplatin; and the
role for Cu-ATPases in the export of cisplatin from cells was pro-
posed. Our results support functional interactions between cispla-
tin and ATP7B but argue against the active transport through the
copper translocation pathway as a mechanism of drug resistance.
In hepatocytes, we observed no correlation between the levels of
endogenous ATP7B and the resistance of cells to cisplatin. Unlike
copper, cisplatin does not induce trafficking of ATP7B in hepa-
toma cells, neither does it compete with copper in a transport assay.
However, cisplatin binds to ATP7B and stimulates catalytic phos-
phorylation with EC,, similar to that of copper. Mutations of the
first five N-terminal copper-binding sites of ATP7B do not inhibit
the cisplatin-induced phosphorylation of ATP7B. In contrast, the
deletion of the first four copper-binding sites abolishes the effect of
cisplatin on the ATP7B activity. Thus, cisplatin binding to ATP7B
and/or general changes in cellular copper homeostasis are likely
contributors to the increased resistance to the drug. The link
between changes in copper homeostasis and cisplatin resistance
was confirmed by treating the Huh?7 cells with copper chelator and
increasing their resistance to cisplatin.

Cisplatin, cis-diamminedichloroplatinum (DDP),? is a com-
mon anti-tumor agent that is used to treat many types of can-
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cer. It is especially prescribed for testicular, ovarian, bladder,
liver, lung, and stomach cancers (1-5). DDP mediates its cyto-
toxic effects by binding to DNA, forming the intrastrand cross-
links and thus causing an inhibition of DNA synthesis and
repair with eventual cell death (6, 7). The initial tumor response
to the treatment with DDP is robust; however, the efficacy of
treatment decreases with longer and repetitive therapy cycles.
The resistance arises rapidly and is sufficient to cause a failure
of DDP therapy (8). The mechanisms by which cells develop
resistance to DDP are not fully understood. Detoxification of
DDP, enhanced repair and tolerance of DNA adducts, inhibi-
tion of apoptosis, impaired uptake and increased efflux of the
drug may contribute to the acquired resistance of cells (9-13).

Recently, an unexpected connection was discovered between
the resistance of cells to DDP and cellular copper metabolism
(14-16). Either down-regulation of CTR1 (49), a transporter
responsible for the uptake of copper, and/or up-regulation of
the copper-transporting ATPases (Cu-ATPases) responsible
for copper efflux were found to increase cells resistance to DDP,
although correlation between the levels of CTR1 and resistance
were not always observed (17). The DDP-resistant cells were
shown to have a lower copper content (18), and a cross-resis-
tance was detected between cells selected for resistance to
either copper or DDP (19, 20). The link between the
Cu-ATPase ATP7B and cell response to DDP has been partic-
ularly well documented. ATP7B was found to be overexpressed
in several solid tumors and in cultured cells; the increase in the
ATP7B levels correlated with an increased resistance to DDP
(18, 21-24). In ovarian carcinoma cells, ATP7B was detected in
vesicles resembling exosomes, prompting the suggestion that
ATP7B facilitates DDP efflux (25). The evidence was also provided
for colocalization of the enhanced cyan fluorescent protein-tagged
ATP7B and fluorescent DDP analogue in vesicles (26).

These observations have raised significant interest and many
questions. ATP7B is a P,-type-ATPase with high selectivity to
Cu(I) (27). Cu(I) stimulates catalytic activity of ATP7B, induc-
ing the hydrolysis of ATP via formation of an acyl-phosphate
intermediate, a step necessary for subsequent transport of cop-
per across membranes (28 —30). Neither Cu(II) nor other diva-
lent metals such as Zn*" or Cd*" stimulate the formation of
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phospho-intermediate (29). Therefore, it is not apparent how
ATP7B may coordinate and transport DDP or even platinum, a
metal with electronic structure different from Cu(I). Recent
studies provided the in vitro evidence for the DDP-dependent
ATP-hydrolysis by ATP7B and the ATP7B-dependent trans-
port of DDP at acidic pH (pH 4.6) (31). Because these condi-
tions do not match the physiological conditions at which
ATP7B operates, it remains uncertain whether the transport of
DDP to vesicles represents the primary mechanism through
which ATP7B mediates resistance of cells to DDP.

ATP7B is highly expressed in hepatocytes. Given the poor
response of hepatic tumors to chemotherapy and the poor
prognosis of advanced hepatomas (32, 33), it was interesting
and important to investigate the role of ATP7B in the sensitivity
of hepatocytes and hepatoma cells to DDP. Hepatocytes, unlike
ovary cells, express only one Cu-ATPase, ATP7B; this simpli-
fies evaluation of the ATP7B contribution to DDP resistance.
Contrary to expectation, in hepatoma cells and in primary
hepatocytes, we did not observe a correlation between the levels
of ATP7B and cell sensitivity to DDP, nor did we see the effect
of DDP on ATP7B transport activity or trafficking. Instead, we
demonstrate that DDP binds to ATP7B and induces formation
of a phosphorylated catalytic intermediate. We found that the
mode of DDP binding to ATP7B differs from that of copper and
requires the presence of the N-terminal metal-binding domain.
We propose a model of how the overexpression of ATP7B
increases cell resistance to the drug.

EXPERIMENTAL PROCEDURES

Reagents—The DDP solution (GRY-Pharma, Kirchzarten,
Germany or Novaplus purchased through Ben Venue Labora-
tories, Bedford, OH) was obtained via the pharmacies of the
University of Leipzig or the Oregon Health & Science Univer-
sity, respectively. It was kept as a 3.33 mm solution in 0.9% NaCl
in the dark at room temperature. Other chemicals, unless oth-
erwise specified, were provided by Sigma.

Cell Lines—Sf9 cells (Invitrogen) were maintained at 27 °C
in suspension cultures in SF900 II (Invitrogen). The human
hepatoma cell lines HepG2 and Huh7 were cultured at 37 °C
in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen), 2 mm
L-glutamine, and 100 units/ml penicillin and streptomycin
(Invitrogen).

Mouse Strains—The generation of Atp7b~ '~ mice has been
described previously (34). The Atp7b~’~ mice were housed at
the Medizinisch Experimentelles Zentrum (MEZ) of the Uni-
versity of Leipzig according to the university guidelines on the
use of laboratory and experimental animals. The animals were
euthanized by phenobarbital injection (intraperitoneal). Eight-
week-old mice of either sex were used for the experiments.

Primary Liver Cells—Hepatocytes were isolated according to
Seglen et al. (35) with modifications by Gebhardt et al. (36). The
isolated cells were centrifuged at room temperature at 37.5 X g
for 2 min. The pellets were resuspended in culture medium
Williams E (Biochrom AG, Berlin, Germany). The viability was
determined by staining with trypan blue. The hepatocytes were
plated on collagen-coated tissue culture dishes, prepared 1 day
before hepatocyte isolation, and maintained in Williams E. For
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24-well plates, hepatocytes were plated at a density 2.5 X 10°
cells/dish. All of the cells were then grown in 5% CO, at 37 °C
for 2 h prior to treatment with DDP.

Cytotoxicity Experiments—HepG2 and Huh7 cells were
plated in 25-cm? tissue culture flasks at a density of 7 X 10° cells
(HepG2) or 3 X 10° cells (Huh?7) in 5 ml of standard growth
medium and left for 72 h in a CO, incubator at 37 °C to form a
monolayer. The cells were then treated with 0.1-100 um DDP
for 24 h. Copper deficiency was produced by incubating cells
with 200 uMm bathocuproine disulfonate (BCS) 48 h prior to and
during treatment with DDP. The number of viable cells was
determined by Casy TT® (Schirfe System, Reutlingen,
Germany).

The primary hepatocytes were cultured in a 24-well plate and
then incubated with different concentration of DDP for 24 h.
Drug-containing medium was then aspirated, and the cells
were washed with PBS twice before the addition of MTT and
then incubated with 200 ul of MTT solution (2 mg/ml PBS) for
2 h. MTT solution was removed, and 200 ul of Me,SO was
added to each well to lyse cells. The percentage of viable cells
after DDP treatment was determined photometrically by meas-
uring the absorbance at 490 nm compared with untreated
controls.

ATP7B Expression in Hepatoma Cells—Huh7 and HepG2
cells were grown to >90% confluence and trypsinized in 0.05%
trypsin/PBS. Then cells were centrifuged at 500 X g for 10 min
at 4 °C. The cell pellets were resuspended in 1 mMm 4-(2-amin-
oethyl) benzenesulfonyl fluoride hydrochloride, 0.1% B-mer-
captoethanol/PBS. The cells were homogenized and centri-
fuged for 10 min at 500 X g. The supernatant was subjected
centrifugation for 30 min at 20,000 X g to sediment cell mem-
branes. The membranes were resuspended in buffer containing
333 mm Tris, pH 6.8, 2.6 M urea, 3.3% SDS, and 0.1% B-mercap-
toethanol. Protein concentration was determined (37), and
Western blot analysis was carried out using antibody against
the nucleotide-binding domain; staining with the anti-B-actin
antibody was used as a protein loading control.

Immunofluorescence Microscopy—HepG2 cells were grown
in 10-cm? cell culture dishes to >90% confluence before being
trypsinized in 1 ml of trypsin solution (0.05% trypsin) and
adjusted to 10 ml with the medium. In a 12-well tray, 16 ul of
the 10 ml of cell suspension was seeded onto flamed glass cov-
erslips and cultured in the appropriate growth media until the
cells reached 80% confluence. The cells were then treated with
either 200 um BCS to decrease free copper levels in the
medium, with 10-200 um CuCl, or with 10-200 um DDP for
3 h. The cells were then fixed by immersion in acetone for 30 s
at —20 °C. The cells were blocked overnight in 1% gelatin, 1%
bovine serum albumin, 0.01% sodium azide in PBS at 4 °C and
then incubated with the anti-ATP7B antibodies as in Ref. 38
and trans-Golgi marker Syntaxin 6 (BD Sciences, San Jose, CA)
in blocking solution for 1 h at room temperature (each antibody
at 1:500 dilution). After washing four times with PBS for 1 h, the
cells were treated with fluorescently labeled secondary antibod-
ies (1:2000; Alexa Fluor 488 donkey anti-rat for ATP7B, Alexa
Fluor 555 goat anti-mouse (Molecular Probes, Eugene, OR) for
Syntaxin 6. The cells were then washed four times in PBS for
1 h, and then coverslips were mounted onto glass slides using
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mounting medium containing 4’,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA). The images were ana-
lyzed using a Zeiss Confocal Scanning microscope (Carl Zeiss,
Gottingen, Germany).

ATP7B Expression in Sf9 Insect Cells and Preparation of
Membrane Fractions—The cells were infected with the recom-
binant virus encoding the wild-type ATP7B, the D1027A
mutant (this mutation inactivates phosphorylation of invariant
residue D1027), the ATP7B variant with the deletion of metal-
binding sites 1-4 (AMBS1-4), and the ATP7B with CXXC to
AXXA mutation of metal-binding sites 1-5, (mMBS1-5)) as
previously described (29, 39). To generate the CPC>SPS
mutant, site-directed mutagenesis was performed using prim-
ers (forward) 5'-TGT GCA TTG CCA GCC CCA GCT CCC
TGG GG-3' and (reverse) 5'-CCC CAG GGA GCT GGG GCT
GGC AAT GCA CA-3’ and using the wild-type ATP7B cDNA
as a template; the baculovirus virus was generated as previously
described (29). To obtain membrane preparations, the cells
from 50 ml of culture were centrifuged at 500 X g for 10 min at
4. °C and resuspended in 5 ml of homogenizing buffer (25 mm
imidazole, pH 7.4, 0.25 M sucrose, 1 mwm dithiothreitol (DTT),
and 1 mMm 4-(2-aminoethyl) benzenesulfonyl fluoride hydro-
chloride). One tablet of complete protease inhibitor mixture
without EDTA (Roche) was added per 50 ml of buffer solution.
The cells were homogenized 20 times in a manual glass homog-
enizer and then centrifuged for 10 min at 500 X g. The super-
natant was subjected to an additional centrifugation for 30 min
at 20,000 X g to sediment cell membranes. The pelleted cell
membranes were resuspended in the homogenizing buffer. The
membrane protein solution was stored frozen at —80 °C. Pro-
tein concentration was determined by the method of Lowry
et al. (40).

Preparation of Vesicles for Copper Transport—The Sf9 insect
cells were infected with recombinant virus or empty vector
(used as a control) were harvested after 3 days. Cells from a
50-ml culture were pelleted, resuspended in 6 ml of ice-cold
homogenizing buffer for vesicles: 50 mm Tris, pH 7.0, 50 mm
mannitol, 2 mm EGTA, antipain, and leupeptin (each diluted
1:1000), phenylmethylsulfonyl fluoride (diluted 1:200). The
cells were homogenized 20 times in a semi-automatic homog-
enizer (Schiitt homgen plus, Gottingen, Germany) at 3000 rpm
and then centrifuged for 10 min at 500 g at 4 °C. Subsequently,
the supernatant was centrifuged for 1 h at 100,000 X g. The
pelleted membranes were then resuspended in sterile filtered
buffer (SMS; 50 mM sucrose, 100 mm potassium nitrate, 10 mm
Hepes/Tris, pH 7.4). Vesicle formation was facilitated by vor-
texing and passing several times through a 25-gauge %-inch
needle. The vesicle solution was stored in liquid nitrogen. Pro-
tein concentration was determined by the method of Bradford
(37). To confirm the ATP7B expression, the samples were ana-
lyzed by Western analysis using antibody against the nucleoti-
de-binding domain of ATP7B (the region that is unaltered in all
mutants).

Cu®* Uptake in Vesicles—The transport assay has been car-
ried as described by Gmaj et al. (41). The vesicle solution was
thawed, diluted to 5 g of protein/ul with sterile filtered SMS
buffer and kept on ice. For the transport assay 20 ul of vesicle
solution was preincubated at 37 °C for 1 min. Subsequently, the

asEve

MARCH 20, 2009+ VOLUME 284 -NUMBER 12

ATP7B-Cisplatin Interaction

reaction was started at 37 °C by the addition of 80 pul of sterile
filtered incubation solution (50 mM sucrose, 100 mMm potassium
nitrate, 10 mm Hepes/Tris pH 7.4, 12.5 mM magnesium nitrate,
12.5 mm DTT, 6.25 mm ATP, 2.5 um copper chloride (final
copper concentration, 2 um), 6 wCi/ml Cu®* (Rotop Pharmaka,
Radeberg, Germany), and 0—-10 um DDP). The reaction was
stopped at different time intervals by the addition of 3 ml of
ice-cold sterile filtered stopping solution (50 mm sucrose, 100
mM potassium chloride, 10 mm Hepes/Tris, pH 7.4, 0.5 mm
EDTA) and filtered immediately through a 0.45-um nitrocellu-
lose vacuum filter system. The filter was washed with 3 ml of
stopping solution before and after filtration, and its radioactiv-
ity was measured by the vy-Counter Cobra Quantum
(PerkinElmer Life Sciences).

The Effect of Copper or DDP on Phosphorylation of ATP7B
with [y-*’PJATP—75 ug of membrane protein was resus-
pended in 200 pl of phosphorylation buffer (20 mm bis-Tris
propane, pH 6, 200 mm KCI, 5 mm MgCl,). 250 um BCS was
added and incubated on ice for 30 min; BCS was removed by
centrifugation (5 min at 20,000 X gat 4 °C). The pellets were
washed with phosphorylation buffer, resuspended in the
same buffer containing 100 uM ascorbate and 100 uMm tris(2-
carboxyethyl)phosphine hydrochloride, and then incubated
with of copper or DDP (0.5-10 um) on ice for 10 min. In
some cases, incubation with 2 um DDP for 15 min was done
prior to incubation with copper. To test the effect of BCS on
phosphorylation, the metals were first removed by incuba-
tion with BCS as described above, then ATP7B was incu-
bated for 10 min with either 10 um copper (control) or DDP,
then increasing concentrations of BCS (10-100 um) were
added for 30 min, and phosphorylation was measured.

Radioactive [y->’P]ATP (5 uCi; specific activity, 20 mCi/
pmol; PerkinElmer Life Sciences) was added to a final con-
centration of 1 um, and the reaction was incubated on ice for
4 min. In several experiments, 0—500 um ADP was added on
ice for 4 min prior to termination of the reaction. All of the
additional treatments were done as described in the figure
legends. The reaction was stopped by the addition of 50 ul of
ice-cold stop solution (1 mm NaH,PO, in 50% trichloroace-
tic acid) and then centrifuged for 10 min at 20,000 X g. The
pellet was washed once with 1 ml of ice-cold water and cen-
trifuged again for 5 min. The pellet was dissolved in 40 ul of
sample buffer (5 mm Tris-PO,, pH 5.8, 6.7 M urea, 0.4 M DTT, 5%
SDS, and bromphenol blue), and 30 ul were loaded on a 7% acidic
gel (stacking gel: 5.5% acrylamide, 41.3 mm Tris, pH 5.8, 1% SDS,
5% ammonium persulfate, 5% N,N,N’,N’-tetramethylethyl-
enediamine; separating gel: 7% acrylamide, 64.5 mm Tris-HCI, pH
6.8, 1% SDS, 6.25% ammonium persulfate, 6.25% N,N,N',N’'-tet-
ramethylethylenediamine). After electrophoresis the gels were
fixed in 10% acetic acid for 10 min and dried on blotting paper. The
dried gels were exposed overnight either to screen for the Fuji BAS
reader (Fuji, Diisseldorf, Germany) or Kodak BioMax MR film.
The photon-stimulated-luminescence intensity of the bands was
quantified using Aida Image Analyzer (Raytest, Straubenhardt,
Germany).

Papain Digestion and Western Blot Analysis of ATP7B—The
membrane protein was solubilized in 1 mm MgCl,, 0.1% n-de-
cyl-B-p-maltoside, 0.5 mm DTT, 10 mm cysteine, 20% glycerol,
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HepG2 and Huh?7 cells. These cells
are both of human hepatic origin
and have comparable levels of
ATP7B (Fig. 1A). Therefore, if
ATP7B plays a major role in DDP
efflux, it was expected that both cell
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lines may have comparable sensitiv-
ity to the drug. However, the effect
of DDP on cell viability was very dif-
ferent. The Huh7 cells showed a
biphasic response with a sharp 50%
decrease in cell survival and the

0 10 20 30

DDP(uM)

FIGURE 1. The effects of DDP on viability of HepG2 and Huh7 cells does not correlate with the level of
ATP7B expression. A, analysis of ATP7B expression in Huh7 and HepG2 cells by Western blot. B, Huh7 (O) and
HepG2 cells (@) show a different response to increasing concentration of DDP. The data show the means = S.D.
of six separate experiments performed in duplicate and presented as percentages of untreated control. For
determination of EC,, values, the curves were fitted with two exponentials. ¥, p < 0.001.

50 mm MOPS-NaOH, pH 7 and centrifuged 5 min at 20,000 X g
at4 °C. The pellet was then resuspended and incubated in the
buffer containing 500 um BCS, 10 um CuCl,, or 10 um DDP
at 30 °C for 1 h. Papain was activated in papain buffer (5 mm
cysteine, 1 mMm DTT, 50 mm MOPS-NaOH, pH 7) at room
temperature for 30 min. ATP7B and papain were mixed
1:100-1:1000 at 30 °C for 2-200 min. The reaction was
stopped by adding 1-trans-epoxysuccinyl-L-leucylamido(4-
guanidino)butane (E-64) up to a concentration of 2 mwm. tri-
chloroacetic acid was added to 2.5% immediately, and samples
were centrifuged 5 min at 20,000 X gat4 °C. Then the pellet was
resuspended in 34 ul of loading buffer, and 30 ul was loaded
onto 8-16% gradient gel (Pierce). The samples were trans-
ferred to polyvinylidene difluoride or nitrocellulose membrane
(Millipore, Bedford, MA). The membranes were then incu-
bated in 3% bovine serum albumin in PBS overnight at 4 °C. For
the detection of ATP7B, anti-C-terminal domain antibody
(generated against the recombinant protein corresponding to
the last 92 residues of human ATP7B) was diluted in 2% bovine
serum albumin in 0.1% PBS-T (1:3000) and incubated for 1.5 h
at room temperature. Following extensive washing, the mem-
branes were incubated with secondary antibody for 1 h at room
temperature. The bands were visualized using Super Signal
Chemiluminescent reagent (Pierce) and detected using x-ray
films (Biomax O-Mat; Kodak).

Statistical Analysis—The results are presented as the
means * S.D. Statistical differences were analyzed by Mann-
Whitney-U test using SPSS software (SPSS Inc., Chicago, IL).
The test of significance was two-tailed, and a p value of less than
0.05 was considered statistically significant.

RESULTS

Hepatoma Cells HepG2 and Huh?7 Show Different Sensitivity
to DDP—Increased cellular ATP7B levels have been linked to
changes in cell resistance to DDP and were interpreted as evi-
dence for a major role of ATP7B in DDP efflux. To investigate
the contribution of ATP7B to hepatoma cell response to DDP,
the effect of DDP on cell survival was investigated using the
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half-maximum effect at 1.54 um
DDP (Fig. 1B). A further increase of
the DDP concentration up to 100
uM induces a much smaller (addi-
tional 10%) decline in cell viability.
In contrast, the HepG2 cells show
monophasic decrease in cell viabil-
ity with the EC,, for DDP equal to
16.15 um. Higher DDP concentration in the medium induces
larger decline in cell survival down to ~20% at 100 um (Fig. 1B).

Primary Hepatocytes Lacking ATP7B Show Higher Resistance
to DDP—The liver is the major detoxification organ, which
mediates its function through multiple pathways. The individ-
ual contribution of these pathways may vary in cultured cell
lines, thus producing distinct responses to DDP, as we observed
for Huh7 and HepG2. Therefore, to examine the role of ATP7B
more directly, we determined whether the elimination of
endogenous ATP7B would render hepatocytes more sensitive
to cisplatin. The primary hepatocytes were isolated from the
controland Atp7h '~ mice, and their viability was compared in
the presence of increasing concentration of DDP. Although in
the absence of DDP the Atp7b~'~ hepatocytes are generally less
viable (as evidenced by the lower yield of cells during primary
culture preparation), they showed higher resistance to cisplatin
(ECso = 135.2 uMm) compared with control (EC;, = 57.8 um)
(Fig. 2). These results suggested that, in hepatocytes, ATP7B-
mediated efflux did not play a major role in determining cell
sensitivity to DDP.

Trafficking of ATP7B in HepG2 Cells Is Not Regulated by
DDP—One may argue that the inactivation of ATP7B in the
Atp7b~'" liver induces significant remodeling of cell metabo-
lism; this may involve up-regulation of other detoxification
pathways and compensate for the loss of ATP7B function. Con-
sequently, we decided to use an additional approach to charac-
terize the DDP-ATP7B interactions. In hepatocytes, the pri-
mary function of ATP7B is to deliver cytosolic copper to the
secretory pathway and to export excess copper out of the cell
(27). Elevated copper facilitates transport activity of ATP7B
and induces trafficking of hepatic ATP7B from the trans-Golgi
network (TGN) to subapical vesicles (38). The trafficking proc-
ess is associated with the excretion of excess copper and the
restoration of cellular copper balance (42).

In ovarian cancer cells, DDP was shown to induce redistribu-
tion of enhanced cyan fluorescent protein-ATP7B (26), pre-
sumably mimicking the response to copper. Consequently, we
tested whether DDP can induce trafficking of endogenous
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FIGURE 2. Viability of primary hepatocytes from wild-type (®) and
Atp7b~'~ (O) livers after treatment with DDP. Cell survival was measured
by MTT assay. Control cells were cultured without DDP treatment. The data
show the means =+ S.D. of four separate experiments performed in triplicate
and presented as percentages of untreated control. The difference at a con-
centration of 100 um DDP was significant (¥, p < 0.05). The curves were fitted
using a sigmoidal decay model.
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FIGURE 3. ATP7B localization and trafficking in response to copper and
DDP. HepG2 cells were treated with copper chelator BCS, copper, or DDP,
respectively, for 3 h. ATP7B (green) was visualized with the anti N-ATP7B anti-
body. TGN localization is visualized by staining of Syntaxin 6 (purple). Colocal-
ization was obtained by merging images using the microscope software and
is indicated by white.

ATP7B in hepatocytes. Treatment with copper was used as a
positive control. As expected, in cells treated with the copper
chelator BCS, ATP7B was located in the perinuclear compart-
ment and colocalized with the TGN marker, Syntaxin 6. In
response to 10 um copper added to the medium, ATP7B traf-
ficked to vesicles, as indicated by the decrease in colocalization
with Syntaxin 6 (Fig. 3). This trafficking response was observed
at different incubation times (30 min to 24 h; data not shown),
and different copper concentrations (supplemental Fig. S1). In
contrast, incubation with 10 um DDP showed no effect on
ATP7B localization (Fig. 3). Similarly, no DDP effect was
observed with higher DDP concentrations (supplemental Fig.
S1) as well as longer treatment times (data not shown).

DDP Does Not Inhibit ATP7B-mediated Transport of Copper
into Vesicles—Altogether, the above experiments provided lit-
tle support to the current hypothesis that ATP7B mediates
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FIGURE 4. DDP does not alter ATP7B-mediated copper uptake into vesi-
cles. The kinetic of ®*Cu uptake into membrane vesicles containing the wild-
type ATP7B (@), the catalytically inactive ATP7B-D1027A variant (H), and
empty vesicles derived from uninfected Sf9 cells (mock, O). For the competi-
tion experiments, vesicles expressing ATP7B were incubated with ®*Cu in the
presence of increasing DDP concentrations (1 um, V; 2 um, A; and 10 pm, € ).
The data points show the means = S.D. of three separate experiments.

resistance through the transport of DDP out of the cell. There-
fore, we tested the ability of ATP7B to transport DDP to vesicles
in vitro. ATP7B was expressed in insect cells, and the mem-
brane vesicles were prepared as described under “Experimental
Procedures.” In the presence of ATP, the addition of Cu®*
results in the increased accumulation of copper in the vesicles
(Fig. 4). To confirm that the observed accumulation is due to
transport and not simply due to copper binding, we utilized the
catalytically inactive D1027A mutant of ATP7B (29). Although
this mutant is expressed at levels comparable with those of
wild-type ATP7B (Western blot data not shown), it shows no
ATP-dependent copper accumulation in vesicles, excluding
accumulation caused by binding (Fig. 4).

To determine whether DDP is a transport substrate for
ATP7B, we performed competition experiments. Increasing
concentrations of cisplatin up to 10 uMm (5-fold excess over cop-
per) did not inhibit the ATP7B-mediated copper uptake into
vesicles (Fig. 4). The lack of competition argues against DDP
transport through the copper-translocation pathway of
ATP7B, although some unusual transport mechanisms cannot
be formally excluded.

DDP Stimulates Catalytic Phosphorylation of ATP7B—To
reconcile our results with the previous data demonstrating a
connection between ATP7B levels and cell resistance to DDP,
we hypothesized that DDP and ATP7B interact, but this inter-
action has consequences other than efflux of DDP. To test this
hypothesis, we examined whether DDP can bind to ATP7B and
regulate its catalytic activity. ATP7B was first inhibited by treat-
ment with the copper chelator BCS, and then the ability of DDP
to reactivate ATP7B was characterized. Fig. 5A illustrates that
DDP stimulated phosphorylation of ATP7B by ATP with EC,,
(0.57 um) comparable with that of copper (0.84 um), although
the level of reactivation was lower than that for copper.

ATP7B is known to undergo two types of phosphorylation:
the catalytic phosphorylation with the formation of a transient
acyl-phosphate intermediate (which is unstable at basic pH, but
stable at acidic conditions) (29) and a stable kinase-mediated
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FIGURE 5. The effects of copper and DDP on catalytic phosphorylation of
ATP7B. A, catalytic activity of ATP7B was first inhibited by incubation with
250 um BCS. Copper (@) or DDP (O) was then added to ATP7B, and reactiva-
tion of catalytic phosphorylation was measured as described under “Experi-
mental Procedures.” The upper panel shows *?P autoradiograms of a repre-
sentative gel, and the lower panel shows quantification of phosphorylation by
densitometry. The phosphorylation level of ATP7B prior to BCS pretreatment
was set to 100%. The quantification data show the means * S.D. of five
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phosphorylation at a Ser residue(s) (43). To determine whether
DDP induces catalytic or kinase-mediated phosphorylation, we
phosphorylated ATP7B in the presence of copper (as a control)
or DDP and compared the amount of phosphorylated products
on acidic and regular Laemmli gels. The bands phosphorylated
in the presence of either copper or DDP were clearly visible on
the acidic gel but not under the basic conditions (Fig. 5B). We
concluded that DDP stimulates catalytic phosphorylation of
ATP7B.

To ensure that copper is not introduced with the DDP solu-
tion and/or DDP does not simply increase the sensitivity of
ATP7B to trace amounts of copper, we repeated the phospho-
rylation experiments in the presence of increasing concentra-
tion of copper chelator BCS. Fig. 5C illustrates that the addition
of BCS abolishes copper-dependent phosphorylation of ATP7B
but has no effect on stimulation of phosphorylation by DDP.

The N-terminal Domain Has an Important Role in the DDP-
dependent Regulation of ATP7B—Chemical dissimilarity of
DDP and Cu(l) raise questions about the nature and the loca-
tion of the DDP-binding sites. ATP7B has six copper-binding
sites in the N-terminal domain and presumably one or two sites
in the membrane. The binding of copper to the intramembrane
sites of ATP7B is necessary to stimulate catalytic phosphoryla-
tion, whereas the N-terminal sites play a regulatory role (28, 29,
39). The addition of 2 um DDP prior to copper had no signifi-
cant effect on the copper dependence of ATP7B phosphoryla-
tion (tested in the 0.1-2 M range of copper concentration; data
not shown) arguing against DDP and copper being bound by
the same set of coordinating residues in the membrane.

To verify this conclusion, we eliminated the intramembrane
copper-binding motif CPC by mutating it to SPS. Phosphoryl-
ation of the ATP7B-CPC>SPS mutant yielded very interesting
results (Fig. 6). We expected to see no catalytic phosphorylation
of this mutant. Instead, the CPC>SPS mutant showed phos-
phorylation similar to the control ATP7B (the apparently
higher level of signal on the gel is due to a higher level of protein
expression for the mutant). This phosphorylation is not due to
the ability of the mutant to bind copper through the remaining
ligands within the membrane portion of ATP7B, because the
subsequent addition of BCS (that stimulates dephosphoryla-
tion of the wild-type protein) had very little, if any, effect on the
dephosphorylation of the mutant (Fig. 6A).

The CPC>SPS mutant of ATP7B does not transport copper
according to the published reports (30, 44, 45). However, it has
a normal sensitivity to ADP, a characteristic enzymatic feature
of the P-type ATPases (Fig. 6B). This result indicates that the
CPC>SPS mutation stabilizes the conformational state of

independent experiments. The curves were fitted with a sigmoidal model. *,
p < 0.05.B, ATP7B was phosphorylated as in A; the phosphorylation of ATP7B
without any treatments represents the control. The upper panel shows phos-
phorylation visualized at acidic pH (acidic gel). Phosphorylation is largely
absent on a regular Laemmli gel (lower panel). The faint phosphorylation
band represents a kinase-induced phosphorylation on serine residues of
ATP7B normally found in Sf9 cells. C, ATP7B was phosphorylated as in A using
10 um copper (@) or DDP (O) in the presence of increasing concentrations of
BCS (10-100 um). The upper panel shows an autoradiogram of a typical gel.
The lower panel shows quantification data (means = S.D.) of four separate
experiments. The curves were fitted with a single exponential decay model (¥,
p < 0.05; %, p < 0.01 when comparing copper and DDP treatments).
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FIGURE 6. The effects of BCS and ADP on catalytic phosphorylation of
ATP7B and the CPC>SPS mutant. A, copper was removed from ATP7B (@)
and the CPC>SPS mutant (O) using increasing concentrations of BCS for 30
min at pH 7. 0. In the upper panel a typical autoradiogram is shown. The lower
panel shows quantification data (average of four separate experiments;
means = S.D.). The curves were fitted with a single exponential decay model
(*, p < 0.05 when comparing ATP7B and CPC>SPS mutant). B, ATP7B and
CPC>SPS mutant were treated with radioactive [y->**PJATP for 4 min on ice,
and then increasing concentrations of ADP were added, and the reaction was
stopped after 4 min (upper panel shows a autoradiogram, and the lower panel
shows averages of three separate experiments = S.D.).

ATP7B, which is suitable for catalytic phosphorylation even in
the absence of metal bound within the membrane. (Another
recently reported example of the Cu-ATPase being phospho-
rylated in the absence of transported ion is CopA from Ther-
motoga maritima (46)).

We speculated that cisplatin binds to the extramembrane
regions of ATP7B and stabilizes such conformation that is suit-
able for phosphorylation but is not identical to a copper-bound
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FIGURE 7. The effects of DDP on catalytic phosphorylation of ATP7B,
AMBS1-4 and mMBS1-5. Wild-type ATP7B (O), AMBS1-4 (¥), and
mMBS1-5 (A) were inactivated by pretreatment with 250 um BCS, incubated
with DDP (0.5-10 pum) for 10 min and then phosphorylated with [y->2P]ATP.
The phosphorylation levels of ATP7B in the presence of BCS were subtracted,
and the maximum phosphorylation level induced by copper was set to 100%.
In the upper panel a typical autoradiogram is shown. The lower panel shows
quantification (means * S.D. of three separate experiments). The curves for
ATP7B and the mMBS1-5 mutant were fitted with a sigmoidal model. The
data for AMBS1-4 could not be fitted using the sigmoidal model and are
shown without fitting. *, p < 0.05, when comparing AMBS1-4 with wild-type
ATP7B under DDP treatment.

form. To test this hypothesis we first examined whether the
N-terminal metal-binding domain may play a role in DDP
binding.

We have previously shown that the deletion of the first four
N-terminal metal-binding subdomains (AMBS1-4) does not
affect the copper dependence of ATP7B phosphorylation (39).
In contrast, this deletion completely abolishes the ability of
DDP to stimulate phosphorylation of ATP7B (Fig. 7). This
result pointed to the important role of the N-terminal domain
(in particular, the MBS1-4 region) in mediating the DDP
effect. As we discussed above, the coordination environment of
Cu(I) and DDP/platinum are likely to be very different; conse-
quently it was interesting to determine whether the copper-
binding motifs CXXC play a role in the binding of DDP. To do
that we characterized the ATP7B variant in which the first five
of six N-terminal CXXC sites (including all in the AMBS1-4
region) were substituted with AXXA (mMBS1-5). Remarkably,
this mutation, which eliminated most of the copper-binding
sites but preserved the N-terminal domain structure (and/or
the interactions with other domains), had no significant effect
on the DDP potency in the phosphorylation assay (EC,, = 0.78
um) (Fig. 7). Thus, DDP is unlikely to bind to the N-terminal
domain using copper-coordinating Cys.
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FIGURE 8. Limited digestion of ATP7B with papain demonstrates differ-
ent effect of copper and DDP on the conformation of the protein.
A, ATP7B was incubated with 500 um BCS or 10 um copper at 30 °C for 1 h.
Then protein samples were digested with papain at 1:1000 dilution over a
period of 5-30 min at 30 °C. The ATP7B fragments were visualized by Western
blotting using the C-terminal antibody for ATP7B. B, ATP7B was incubated
with 500 um BCS, 10 um copper, and 10 um DDP as described above and then
digested with papain at 1:100 dilution for 5 min at 30 °C. The ATP7B fragments
were visualized by Western blotting using the C-terminal antibody for ATP7B
(samples were run on the same gel).

Distinct structural consequences of DDP and copper binding
to ATP7B were further illustrated using an independent
approach. To monitor the conformational state of ATP7B
before and after ligand binding, we utilized a limited proteolysis
with papain, as described for the archea Cu-ATPase CopA (47).
We first determined whether copper binding to ATP7B can be
detected by proteolysis (under used experimental conditions
copper does not affect the papain activity (47)). Comparison of
the kinetic of ATP7B digestion in the presence of copper and
BCS revealed a difference in the rate of generation of the 112-
kDa fragment. This fragment was rapidly produced in the
absence of copper but was generated less readily when copper
was bound to the protein (Fig. 84). The 112-kDa band is detect-
able with the antibody against the C terminus of ATP7B, which
means that this band is generated by cleaving the 45-50-kDa
N-terminal fragment off the full-length ATP7B (165 kDa). The
slower appearance of the 112-kDa band indicated a change in
the accessibility of the N-terminal portion of ATP7B to papain
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FIGURE 9. Copper deficiency alters the viability of Huh7 cells exposed to
DDP. Huh?7 cells were grown under normal conditions (O) and under copper
deficiency conditions (200 um BCS 48 h prior and during DDP treatment A)
and then exposed to increasing concentrations of DDP (0.1-10 um) for 24 h.
The cells were then harvested, and cytotoxicity was determined by Casy TT®.
The data show the means * S.D. of four to six separate experiments per-
formed in duplicate and presented as percent of untreated control. The
curves were fitted with two exponentials (¥, p < 0.05; *, p < 0.01 when com-
paring BCS-treated and nontreated Huh7 cells).

when copper was bound. Such a protective effect on the 112-
kDa band was not observed in the presence of DDP (Fig. 8B).
Thus, under conditions used for proteolysis, DDP either does
not bind or does not protect, further illustrating different
modes of copper and DDP binding to ATP7B.

Changes in Copper Metabolism Alter Resistance to Cisplatin
of the DDP-sensitive Cells—Altogether, our results suggested
that the binding of DDP by ATP7B rather than active efflux may
contribute to drug resistance in cells with the increased levels of
ATP7B. However, ATP7B in many cells is a minor membrane
protein, and even a 5-10-fold increase in protein levels
(observed in resistant cells) may not be sufficient to sequester
DDP. We hypothesized that up-regulation of Cu-ATPases that
decreases the cytosolic copper concentration (18, 20) may acti-
vate other detoxification pathways (for example, copper defi-
ciency was shown to up-regulate glutathione biosynthesis (48))
and thus indirectly increase resistance to DDP.

To test the prediction that copper deficiency rather than the
ATP7B levels per se may affect cells resistance to cisplatin, we
incubated hepatic cells with or without BCS and then compared
cells resistance to DDP. Fig. 9 illustrates that copper depletion
altered the resistance of Huh7 cells to DDP and eliminated the
biphasic nature of the DDP effect on cell viability. Furthermore,
compared with nontreated cells (EC;, for DDP 1.31 um), the
copper-depleted Huh7 cells showed higher resistance to DDP
(EC,, of 13.62 um). Interestingly, more resistant HepG2 cells
were not significantly affected by the pretreatment with BCS
(supplemental Fig. S2).

DISCUSSION

In this study we examined the potential mechanism through
which Cu-ATPase ATP7B regulates the resistance of human
cells to cisplatin. Our results revealed a more complex relation-
ship between the resistance of cells to DDP and ATP7B than is
currently thought. It is clear that DDP binds directly to ATP7B
and affects its enzymatic activity by stimulating the formation
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of a phosphorylated intermediate; the N-terminal region of
ATP7B s critical for this interaction. Thus, ATP7B can interact
with DDP despite distinct chemistry of cisplatin and copper.

However, DDP binding to ATP7B does not result in the com-
petition with copper in the transport assay. An earlier study in
ovary cells reported colocalization of enhanced cyan fluores-
cent protein-ATP7B with the fluorescent DDP analogue as well
as a 2-fold increase in the amount of DDP in the vesicles with
elevated ATP7B (26). Our results suggest that this modest
increase in the amount of platinum associated with the vesicles
is likely due to the binding of DDP to the overexpressed ATP7B
rather than transport.

DDP does not induce trafficking of endogenous ATP7B in
HepG2 cells (Fig. 3). In contrast, the DDP-dependent change in
ATP7B localization in ovary cells was reported (26). There
could be several reasons for the apparent discrepancy. It is pos-
sible that hepatocytes efficiently prevent interaction of DDP
with ATP7B using other resistance mechanisms, and therefore
in hepatocytes there is simply not enough DDP to induce the
ATP7B trafficking. This explanation is less likely because we
used very different concentrations of DDP and did not see traf-
ficking of ATP7B in any of those conditions. Previous studies
also utilized the overexpressed green fluorescent protein-
tagged protein in cells that normally do not express ATP7B in
high quantities, which may lead to protein mistargeting to ves-
icles rather than TGN. Because the localization of the green
fluorescent protein-tagged ATP7B in the TGN (or the loss of
colocalization in response to copper or DDP) has not been con-
firmed by colocalization with the TGN marker (as we did for
the endogenous ATP7B in the present study), the possibility
remains that the distribution/staining of vesicles (rather than
the localization of ATP7B) differed in = DDP conditions.

Copper Metabolism and Resistance to DDP—Cultured and
primary hepatocytes show significant resistance to DDP and
retain high cell viability (50% in the case of Huh7cells) even at
high drug concentrations. This property is likely due to the
presence of multiple detoxification pathways and is an in vitro
reflection of a poor susceptibility of hepatic tumors to chemo-
therapeutic treatment. We have shown that in hepatocytes
ATP7B does not play a major role in the resistance of cells to
DDP and that inactivation of ATP7B does not increase cells
susceptibility to the drug. This negative result has important
practical implications.

We also found that changes in cellular copper balance (caused
by either the loss of ATP7B or copper depletion produced by BCS)
do alter cell resistance to DDP. These observations may help to
reconcile previous literature reports and our own findings and
shed light on additional important mechanisms operating in
resistant cells. Indeed, it has been shown that the DDP-resistant
ovary cells are copper-deficient (18), i.e. the overexpression of
ATP7B, as expected, is accompanied by the loss of copper.
Given our data with Huh?7 cells, we speculate that copper defi-
ciency (independently of how it was induced) could be a factor
in cell resistance to DDP. Although we have not investigated the
mechanism behind increased resistance in response to copper
deprivation, increased synthesis and export of glutathione have
been reported in copper-deficient cells and may increase resist-
ance to DDP (52, 53).

asEve
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How could the inactivation of Cu-ATPase increase the hep-
atoma cell resistance to DDP? Hepatic cells perform many
detoxification functions and have multiple resistance mecha-
nisms. In the Atp7b~’~ mice, in response to copper accumula-
tion, several protective mechanisms are up-regulated that may
potentially affect cell sensitivity to DDP. Specifically, inactiva-
tion of ATP7B greatly up-regulates expression of metallothio-
nein and increases levels of P-glycoprotein (50). Both events
may lead to increased sequestration and/or export of DDP (51),
explaining the observed increased resistance of Atp7b '~ cells
to the drug.

Interaction with DDP Revealed Conformational Plasticity of
ATP7B—Our studies confirmed the effect of DDP on ATP7B
catalytic activity (31) and revealed an unexpected conforma-
tional plasticity of ATP7B with respect to the formation of
phosphorylated intermediate. It is thought that the binding of
transported ions to the intramembrane sites is required for the
formation of phosphorylated intermediate. We found that DDP
induces catalytic phosphorylation while binding at the sites that
are distinct from the binding sites for copper. This conclusion is
supported by (i) a very different effect of the AMBS1-4 deletion
on copper and DDP stimulation phosphorylation, (ii) by dis-
tinct consequences of the DDP and copper on ATP7B proteol-
ysis, (iii) by the inability of DDP to stimulate trafficking of
ATP7B, and (iv) by the ability of CPC>SPS mutant to become
phosphorylated in the absence of copper. While this manu-
script was in preparation, the studies on CopA from Thermo-
toga meritima provided further evidence that Cu-ATPases (46),
unlike the P,-type ATPases, can undergo phosphorylation in
the absence of transported ion.

So far, our results suggest that the N-terminal domain of
ATP7B (N-ATP7B) plays an important role in interactions
between the transporter and the drug. A deletion of the first
four MBS of the N-terminal domain, but not inactivation of the
first five MBS via substitution of cysteine by alanine, completely
abolished the ability of DDP to stimulate phosphorylation of
ATP7B (Fig. 7). We conclude that DDP binds to the N-terminal
domain using ligands other than copper-coordinating cys-
teines. This result is reminiscent of earlier findings by Sarkar
and co-workers (54), who investigated interactions between
N-ATP7B and Zn>" and found that zinc and copper bind dif-
ferently to N-ATP7B. A recent meeting report (55) provided
further evidence for the direct interaction of DDP with the
recombinant N-ATP7B.

In conclusion, our results show that DDP binds directly to
ATP7B and affects its activity. Sequestration of DDP by ATP7B
could be one of the components of the cellular DDP detoxification
mechanism, particularly in cells in which ATP7B is highly up-reg-
ulated. Another possible mechanism of copper-dependent resist-
ance to DDP involves change in cellular copper homeostasis,
which may in turn activate secondary drug resistance pathways.
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