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Expression of copper-transporting P-type adenosine
triphosphatase (ATP7B) correlates with cisplatin resistance
in human non-small cell lung cancer xenografts
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Abstract. Copper-transporting P-type adenosine triphosphatase
(ATP7B) is reportedly associated with platinum drug resistance
in various solid carcinomas. However, the impact of ATP7B
on platinum drug resistance in non-small cell lung cancer
(NSCLC) remains unknown. We investigated ATP7B
expression in nine human NSCLC xenografts using real-time
polymerase chain reaction (PCR) and immunohistochemistry,
and examined the relationship between the expression level
of ATP7B and in vivo cisplatin (CDDP) sensitivity. ATP7B
mRNA expression was significantly correlated with in vivo
cisplatin sensitivity [coefficient of determination (R?)=0.949,
p=0.005]. ATP7B protein was detected in the nine xenografts.
The ATP7B protein expression level was comparable to that
of ATP7B mRNA. ATP7B mRNA and protein expression
levels in the CDDP-resistant xenografts were significantly
higher than those in the CDDP-sensitive xenografts (p=0.0389
and p=0.0357, respectively, Mann-Whitney U test). These
results suggest that ATP7B is a CDDP-resistance marker in
human NSCLC xenografts in vivo.
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Introduction

The anticancer drug, cisplatin (CDDP), which contains
platinum, is widely used for the treatment of solid tumors such
as testicular, ovarian, cervical, bladder, head and neck and
non-small cell lung cancers (NSCLC) (1). CDDP has been a
key drug in chemotherapy regimens against NSCLC for
>20 years. However, the overall response rate to cisplatin as
a single agent against NSCLC is <20% (2). Furthermore, the
development of resistance to CDDP is common during the
treatment of NSCLC patients and is a major concern for clinical
oncologists. Thus, exploring chemoresistance marker is a very
important issue. The CDDP-resistance mechanisms include
decreased drug accumulation, enhanced detoxification and
increased DNA repair efficiency. However, studies are limited
mainly to the in vitro or in vivo level, and none of these
mechanisms have been validated as common contributors to
clinical CDDP resistance and prognosis in patients with
NSCLC (3).

Copper-transporting P-type adenosine triphosphatase
(ATP7B) plays a key role in copper distribution inside cells.
ATP7B is expressed in liver and kidney and to a lesser extent
in brain tissues in normal individuals (4.,5). ATP7B is respon-
sible for the export of copper from the liver, while mutations
that disable the function of ATP7B lead to excessive hepatic
copper accumulation because of impaired biliary copper
excretion in patients with Wilson's disease (5-8). Studies have
suggested that the copper export system also functions as an
efflux transporter for platinum drugs, and the immunohisto-
chemical expression of ATP7B has been shown to be
associated with resistance against platinum drugs in some
solid tumors (3,9-15). However, ATP7B expression and its
impact on CDDP resistance in NSCLC has yet to be reported.
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Table I. Characteristics of xenografts with reference to histology, ATP7B expression level and in vivo sensitivity to cisplatin.

Xenograft Histology ATP7B expression (MRNA) ATP7B expression (IHC)? %T/CP In vivo sensitivity®
LC-1-JICK Squamous 0.038 ++ 41 S
LC-6-JCK Large 0.214 +++ 70 R
LC-7-JCK Adeno 0.049 ++ 46 S
LC-11-JCK Adeno 0.218 +++ 62 R
LC-17-JCK Adeno 0.279 +++ 56 R
LC-52-JCK  Squamous 0.032 + 42 S
LC-55-ICK Large 0.119 ++ 60 R
LC-58-JICK Adeno 0.110 +++ 65 R
LC-61-JCK  Squamous 0.043 +++ 62 R

[HC, immunohistochemical staining. The scoring system was described as follows: -, 0; +, 0-25; ++, 26-75 and +++, 76-100%. b9 T/C, growth
ratio calculated as the relative volume of the treated xenografts to the volume of the untreated (control) xenografts on Day 14 of treatment. The
underlined number represents T/C value obtained with the administration of the maximum tolerated dose (MTD) of CDDP (10 mg/kg). The
plain number represents the T/C value obtained with the administration of the clinical equivalent dose (CED) of CDDP (7 mg/kg). ¢In vivo

sensitivity; S, sensitive and R, resistant.

In this study, we investigated the relationship between the
expression of ATP7B and CDDP resistance in human NSCLC
xenografts. We examined ATP7B expression in nine human
NSCLC xenografts using real-time polymerase chain reaction
(PCR) and immunohistochemistry, and analyzed the relation-
ship between the expression level of ATP7B and in vivo
cisplatin (CDDP) sensitivity.

Materials and methods

Cell line. A human colorectal cancer cell line (HCTS8) was
obtained from RIKEN (Saitama, Japan). The cell line was
cultured at 37°C in Dulbecco's modified Eagle's medium
(containing 10% bovine serum) under a 5% atmosphere.

Xenografts and the in vivo chemosensitivity test. We employed
a panel of nine xenografts (4 adenocarcinoma, 3 squamous
cell carcinomas and 2 large cell carcinomas). In vivo chemo-
sensitivity tests were performed according to previously
reported procedures (16-18). CDDP was obtained from Nihon
Kayaku (Tokyo, Japan), dissolved in saline and used for the
in vivo chemosensitivity tests.

Female nude mice with a BALB/c background (BALB/c-
nu/nu) were used at 6-8 weeks of age according to the animal
care guidelines of the Central Institute for Experimental
Animals. Nude mice (BALB/c-nu/nu) bearing xenografts
(tumor volume: 100-300 mm?) were selected and divided into
groups of six. CDDP was administered intravenously in a
single dose. The doses that were adopted were the maximum
tolerated dose (MTD) of CDDP (10 mg/kg) and the clinical
equivalent dose (CED) of CDDP (7 mg/kg).

The antitumor effect was assessed 14 days after the start
of treatment. The tumor growth rate was calculated by
dividing the volume 14 days after the start of treatment (V,,)
by the volume on the day treatment was started (V,), and the
relative tumor growth rate (%T/C) was obtained as a ratio of
the treated group to the control group. The drug was considered
effective when the relative tumor growth rate was 50% or

less and a significant difference from the control group was
observed using the Mann-Whitney U test (p<0.01, one-sided).
The therapeutic experiments were conducted first at the MTD
and then at the CED. The CED was lower than the MTD for
CDDP. Testing at the CED level was omitted if the treatment
results showed the MTD to be ineffective, since it was obvious
that the CED would also be ineffective. Xenografts were
dichotomized into CDDP-resistant (R) and CDDP-sensitive
groups (S). Each xenograft was judged as resistant when the
MTD or CED of CDDP was ineffective, and it was judged as
sensitive when the CED of CDDP was effective.

Quantitative evaluation of ATP7B mRNA expression. Total
RNA was extracted from xenograft samples and the cell line
using the acid guanidinium thiocyanate-phenol-chloroform
extraction (AGPC) method. Complementary DNA (cDNA)
was synthesized from 1 ug of total RNA according to our
previous report (18,19).

Real-time PCR assays were run on an ABI PRISM 7000
sequence detection system (Perkin-Elmer Applied Biosystems).
PCR was performed according to the manufacturer's
recommendation and the protocols of other published studies
(20,21). Briefly, a total volume of 50 pl of reaction mixture
containing 1 p1 of cDNA template, 25 y1 of Taq Man Universal
PCR Master Mix (Perkin-Elmer Applied Biosystems), and
2.5 pl of primer probe mixture for ATP7B and B-actin were
amplified as follows: after the initial denaturation (2 min at
95°C), amplification was performed with 50 cycles of 15 sec at
95°C and 60 sec at 60°C. The primer probe mixture for ATP7B
[Tag Man (R) gene expression assays, with the assay ID
being: Hs00163739_m1, Perkin-Elmer Applied Biosystems]
and B-actin (human ACTB, 4310881E, Perkin-Elmer Applied
Biosystems) were purchased as part of the commercial kits.

To quantify the ATP7B gene transcripts precisely, we
monitored the B-actin transcripts as the quantitative control
and each sample was normalized on the basis of its B-actin
transcript content. Standard curves for ATP7B and [-actin
mRNA were generated using serially diluted solutions (1/5,
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Figure 1. Cytoplasmic immunoreactivity for ATP7B protein expression in a human NSCLC xenograft (LC-17-JCK, adenocarcinoma).

1/25, 1/125 and 1/625) of HCT8 cDNA. After determining the
threshold cycle (Ct), which was defined as the PCR cycle
number at which point the fluorescent intensity exceeded the
threshold, the amount of target gene expression was calculated
from the standard curve, and quantitative normalization of
cDNA in each sample was performed using the expression of
the B-actin gene as an internal control. Finally, the ATP7B
mRNA levels were expressed as a ratio to the 3-actin mRNA
levels. Real-time PCR assays were conducted in duplicate on
one dish for each sample, and the mean value was used to
calculate the mRNA expression levels.

Immunohistochemical staining. Immunohistochemistry was
performed using 4-pm sections cut from formalin-fixed,
paraffin-embedded specimens and the commercially available
streptavidin-biotin complex-alkaline phosphatase method
(22). Polyclonal rabbit anti-human ATP7B antibody was
kindly provided by Dr Hiroko Kodama of the Teikyo
University School of Medicine. After 24 h of incubation with
the primary antibody at 4°C, the sections were incubated with
Histofine simple stain MAX-PO(M) (Nichirei Corporation,
Tokyo, Japan) for 60 min, and the immunoreacted cells
were visualized using simple stain DAB solution (Nichirei
Corporation). The sections were lightly counterstained with
hematoxylin.

Each slide was evaluated using light microscopy and the
staining was graded semiquantitatively: -, no immunostaining;
+, 1-25% of the tumor cells stained positive; ++, 26-75% of
the tumor cells stained positive and +++, >75% of the tumor
cells stained positive.

Statistical analysis. The simple linear regression model was
used to assess the relation between ATP7B mRNA expression
and the relative tumor growth rate (%T/C). The Mann-
Whitney U test was used to compare ATP7B expression in
the CDDP-resistant and the CDDP-sensitive tumors. The tests
were two-sided, and statistical significance was set at p<0.05.

The statistical analysis was performed using StatView ver. 5
software (SAS Institute Inc., Cary, NC, USA).

Results

ATP7B mRNA expression. Table I shows the ATP7B mRNA
expression level of each of the human NSCLC xenografts.
The ATP7B mRNA expression levels ranged from 0.032 to
0.279 (mean = standard deviation: 0.126+0.090). The five
xenografts whose ATP7B expression was >0.1 were regarded
as resistant to CDDP. The primers of human ATP7B showed
no cross amplification in murine tissues (brain, heart, lung,
kidney, liver and skin) using real-time PCR.

ATP7B protein expression. ATP7B protein expression in each
of the xenografts was confirmed by immunohistochemical
staining. A variable degree of cytoplasmic staining of ATP7B
in the tumor cells was observed in the nine xenograft lines
employed in this study (Table I). Five ‘+++’ cases and one
‘++’ case occurred in the R group and two ‘++° cases and one
‘+’ case occurred in the S group. These results did not conflict
with the real-time PCR findings. A representative case is
shown in Fig. 1.

In vivo chemosensitivity test. The results of the in vivo
sensitivity test are summarized in Table I. According to the
protocol described in Materials and methods, the therapeutic
experiments were conducted first at the MTD for the nine
xenografts, and 4 out of 9 xenografts (LC-11-JCK, LC-17-
JCK, LC-58-JCK and LC-61-JCK) were unaffected by CDDP
at the MTD and were judged to be the resistant (R) group. The
%T/C values at the MTD of CDDP for xenografts LC-11-JCK,
LC-17-JCK, LC-58-JCK and LC-61-JCK were 62, 56, 65 and
62, respectively.

The other 5 xenografts (LC-1-JCK, LC-6-JCK, LC-7-JCK,
LC-52-JCK and LC-55-JCK) were affected by CDDP at the
MTD. Consequently, their in vivo CDDP sensitivities at the
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Y=338+166.1X (R*=0.949, p=0.003)
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Figure 2. The relation between ATP7B mRNA expression and the relative
tumor growth rate (%T/C). The ATP7B mRNA expression levels were
plotted against the relative tumor growth rate (%T/C) at the clinical
equivalent dose (CED, 7 mg/kg) of cisplatin. ATP7B was plotted on the
horizontal axis and %T/C on the vertical axis. A simple regression line was
then drawn. The regression equation was as follows: Y=35.8+166.1X (X:
ATP7B expression level and Y: %T/C at the CED of CDDP), and the
coefficient of determination (R?) was 0.949 (p=0.005). This result suggests
that ATP7B mRNA expression was strongly correlated with in vivo CDDP
sensitivity.
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Figure 3. ATP7B mRNA expression level and in vivo cisplatin sensitivity.

CED (7 mg/kg) were evaluated. The %T/C values at the CED
of CDDP for xenografts LC-6-JCK and LC-55-JCK were
70 and 60, respectively. The two xenografts were judged as
being resistant (R) to CDDP. In contrast, the %T/C values at
the CED of CDDP for xenografts LC-1-JCK, LC-7-JCK and
LC-52-JCK were 41, 46 and 42, respectively. The xenografts
were judged to be sensitive (S) to CDDP.

Relationship between the ATP7B expression and CDDP
sensitivity. To examine the possible associations between the
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Table II. ATP7B protein expression level and in vivo
sensitivity to cisplatin.

ATP7B expression (IHC?)

+ ++ +++
In vivo sensitivity
S 1 2 0 p°=0.0357
R 0 1 5

A[HC, immunohistochemical staining. The scoring system was: -, 0;
+, 0-25; ++, 26-75 and +++, 76-100%. ®p, p-value, evaluated by
Mann-Whitney U test. ¢In vivo sensitivity; S, sensitive and R,
resistant.

ATP7B mRNA expression level and CDDP resistance in
NSCLC xenografts, the ATP7B mRNA expression levels
were plotted against the %T/C at the CED and MTD of
CDDP. The ATP7B mRNA expression level was plotted on
the horizontal axis and the %T/C on the vertical axis. A simple
regression line was then drawn.

When the %T/C at the CED was adopted, the regression
equation was as follows: Y=35.8+166.1X (X: ATP7B
expression level and Y: %T/C at the CED of CDDP), and the
coefficient of determination (R?) was 0.949 (p=0.005, Fig. 2).
These results suggest that ATP7B mRNA expression was
strongly correlated with the in vivo sensitivity of CDDP at
the CED. No significant correlation was detected between the
ATP7B mRNA expression level and CDDP sensitivity at the
MTD (data not shown).

The difference in ATP7B expression between the CDDP-
resistant (R group, n=6) and the CDDP-sensitive xenografts
(S group, n=3) was also evaluated. The ATP7B mRNA
expression levels in the R group were significantly higher than
those in the S group (Fig. 3, p=0.0389, Mann-Whitney U test).
The same tendency was also observed for immunohisto-
chemistry. The ATP7B protein expression levels in the R group
were significantly higher than those in the S group (Table II,
p=0.0357, Mann-Whitney U test).

Discussion

In the present study, we confirmed the expression of ATP7B
in NSCLC using real-time PCR and immunohistochemistry.
Our findings suggest that the ATP7B expression level may
be useful as a chemoresistance marker in NSCLC. To our
knowledge, this is the first report to evaluate ATP7B
expression and its possible significance as a chemoresistance
marker in NSCLC.

ATP7B is a member of a class of heavy metal-transporting
P-type ATPases that pump copper, cadmium, zinc, silver or
lead (6,7,9,23). Copper is an essential trace element and is
transported to the extracellular environment by an energy-
dependent system. Alterations in copper homeostasis can
cause severe problems (23). For example, Wilson's disease, an
autosomal recessive disease of copper transport, is character-
ized by chronic liver and/or neurological disorders, sometimes
accompanied by kidney damage (14,24).
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ATP7B mRNA expression was reported to be associated
with in vitro cisplatin resistance in ovarian carcinoma cell
lines (25). The ATP7B gene was also induced by exposure to
cisplatin in human prostate cells (9,26). Transfection of
epidermoid, head and neck and ovarian carcinoma cells with
an ATP7B expression vector rendered them resistant to
platinum drugs, such as cisplatin, carboplatin and oxaliplatin
(9,12,26). These ATP7B-transfeted cells not only exhibited
reduced intracellular concentrations but also an increased
efflux of these platinum drugs (9,12).

Immunohistochemistry and mRNA analysis have demon-
strated the possible clinical significance of ATP7B expression
in various solid tumors (13-15,27,28). A higher expression
level of ATP7B is correlated with an unfavorable response to
platinum drug treatment in ovarian, esophagealand oral
squamous cell carcinoma (13-15). In ovarian carcinoma,
ATP7B-positive tumors have an inferior response to chemo-
therapy, and patients with such tumors have a poorer disease-
free and overall survival than those with ATP7B-negative
tumors (15). In endometrial carcinoma, ATP7B-positive
expression was a significant prognostic factor (29). Although
these published data provide strong evidence that ATP7B
mediates resistance to platinum drugs, ATP7B expression in
NSCLC tissues has yet to be reported.

In this study, we evaluated the gene expression levels of
ATP7B in nine NSCLC xenografts using a real-time PCR
assay and immunohistochemistry. A very strong correlation
was found between ATP7B expression and the %T/C at the
CED. Moreover, the level of ATP7B mRNA expression in
the CDDP-resistant group (R) was significantly higher than
that in the CDDP-sensitive group (S).

ATP7B protein expression was also immunohisto-
chemically confirmed in the cytoplasm of the nine xenografts
employed in this study. ATP7B has been reported to be
abundant in the Golgi apparatus, and has been detected in the
cytoplasm of normal tissue and other types of solid malig-
nancies (3). The staining pattern in our study was consistent
with these previous reports. In addition, the ATP7B protein
expression level was comparable to that of ATP7B mRNA in
each of the xenografts. The ATP7B protein expression levels
in the R group were significantly higher than those in the S
group.

These findings suggest that ATP7B expression is asso-
ciated with CDDP resistance in NSCLC xenografts and that
ATP7B expression may be a useful chemoresistance marker
for cisplatin. Knowledge of the ATP7B expression levels in
NSCLC tissues obtained by surgery or biopsy may provide
important information for determining the subsequent treatment
strategy, such as the optimal choice of chemotherapeutic agents
and molecular-targeted therapy to ameliorate cisplatin
resistance.

Further studies are needed to clarify the clinical significance
of ATP7B expression in NSCLC. Comparing the clinical
response or survival after treatment with cisplatin-based
chemotherapy with the ATP7B expression level in NSCLC
would likely provide significant new data.
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