
Abstract. The 50% inhibitory concentration (IC50) values
for cisplatin from 60 cell lines of the National Cancer Institute
(NCI), USA, were correlated with the microarray-based
mRNA expression levels of 55 transporter genes. The
transporters are known to be involved in multiple drug
resistance and belong to different classes, e.g. lysosomal H+

transporting ATPases, Cu2+ transporting ATPases, glutamate
transporters of the solute carrier family 31, copper transporters
of the solute carrier family 31, and ATP-binding cassette
(ABC) transporter genes. The expression levels of 17 genes
represented by 21 clones correlated significantly with the IC50
values for cisplatin. Hierarchical cluster analysis further
enabled the prediction of the sensitivity or resistance of these
cell lines to cisplatin with respect to the mRNA expression of
these set of transporter genes under study. One among the 17
genes studied is ATP7B which is involved in the transport of
copper ions across the cell membrane into the cell. We
conclude that our microarray-based approach is a feasible
and effective tool in identifying prognostic markers for drug
resistance in antitumor therapy.

Tumor cell resistance to cisplatin is multifactorial in nature
(1-3). Cisplatin interacting at the DNA level (being the
critical target) and other upstream and downstream
mechanisms acting in concert render tumor cells resistant
to cisplatin. One of the important downstream mechanisms
is the deregulation of apoptosis, which prevents cell death
upon exposure to lethal concentrations of cisplatin. The
DNA repair mechanisms, such as nucleotide excision repair,
counteract the detrimental effects of DNA-cisplatin
adducts. The upstream mechanisms prevent cisplatin from
interacting with DNA. Detoxification systems such as
metallothionein or glutathione and glutathione-associated

enzymes have been identified as relevant upstream
resistance mechanisms during the past years. Recently,
transporter proteins came into focus of interest also as
potential upstream mechanisms in cisplatin resistance.
Several ATP-binding cassette (ABC) transporters are

known to confer multidrug resistance. Members belonging
to the sub-family C (MRPs) of this gene family have been
shown to translocate cisplatin in cisplatin-resistant cells (4,
5). In addition to copper, the Cu2+-transporting ATPases,
ATP7A and ATP7B, extrude cisplatin out of tumor cells
and contribute to resistance to this drug (6). Influx of
copper is mediated by the copper transport protein 1
(CTR1), which also acts as a cisplatin influx transporter (6).
Indirect transport processes have also been shown to be
responsible for cisplatin resistance. Proton transporters of
the ATP6-type, pump protons out of tumor cells. In
cisplatin-resistant cells, the cellular pH is higher than in
sensitive ones. The binding of cisplatin to DNA is higher
under acidic conditions. As the cytotoxicity of cisplatin is
modulated by cellular pH, an involvement of ATP6-type
proton transporters is suggested as a possible resistance
mechanism for cisplatin (7, 8). Glutamate transporters may
also contribute to cisplatin resistance. The reduction of
glutamate concentrations by inhibitors of glutamate
transporters, diminishes intracellular glutathione levels,
rendering tumor cells more sensitive to cisplatin and other
drugs (9, 10).
The molecular determinants of cisplatin transport are not

yet completely understood. For this reason, we compared
the 50% inhibitory concentration (IC50) values for cisplatin
in 60 cell lines of the Developmental Therapeutics Program
of the National Cancer Institute (NCI), U.S.A., with
baseline mRNA expression levels of 55 transporter genes
obtained from microarray analysis. The mRNA expression
and IC50 values for cisplatin as determined by microarray
analysis is availbale in the NCI’s database (11, 12). We
subjected the retrieved data to Spearman’s correlation test
and hierarchical cluster analysis, to examine the correlation
between the mRNA expression profiles of these transporter
genes and cisplatin. Such correlation results would be useful
in predicting the sensitivity or resistance of tumor cells to
cisplatin.
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Materials and Methods

Cell lines. The panel of 60 human tumor cell lines of the
Developmental Therapeutics Program of the NCI consisted of
leukemia (CCRF-CEM, HL-60, K-562, MOLT-4, RPMI-8226, SR),
melanoma (LOX-IMVI, MALME-3M, M14, SK-MEL2, SK-MEL28,
SK-MEL-5, UACC-257, UACC-62), non-small cell lung cancer
(A549, EKVX, HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-
H322M, NCI-460, NCI-H522), colon cancer (COLO205, HCC-2998,
HCT-116, HCT-15, HT29, KM12, SW-620), renal cancer (786-0,
A498, ACHN, CAKI-1, RXF-393, SN12C, TK-10, UO-31), ovarian
cancer (IGROV1, OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8,
SK-OV-3) cells, cells of tumors of the central nervous system (SF-
268, SF-295, SF-539, SNB-19, SNB-75, U251), prostate carcinoma
(PC-2, DU-145), and breast cancer (MCF-7, NCI/ADR-Res, MDA-
MB-231, Hs578T, MDA-MB-435, MDA-N, BT-549, T-47D). Their
origin and processing are described elsewhere (13).

Sulforhodamine B assay. The determination of drug sensitivity in
the NCI cell lines by the sulforhodamine B assay has been reported
(14). The IC50 values for cisplatin have been deposited in the DTP-
NCI database (http://dtp.nci.nih.gov).

Statistical analysis. The mRNA expression values of 55 transporter
genes of 60 cell lines were selected from the NCI database. The
mRNA expression made available in the database had been
determined by microarray analysis (11, 12). For ATP-binding cassette
transporters, the microarray data have been validated by real-time
PCR (15). The following genes were included: lysosomal H+

transporting ATPases (ATP6V0A1, ATP6V0A2, ATP6V0B, ATP6V0E,
ATP6V1A, ATP6V1B1, ATP6V1B2, ATP6V1C1, ATP6V1C2,
ATP6V1D, ATP6V1E1, ATP6V1E2, ATP6V1F, ATP6V1H, ATP6IP1,
and ATP6IP2), Cu2+ transporting ATPases (ATP7A and ATP7B),

glutamate transporters of the solute carrier family 1 (SLCA1,
SLC1A2, SLCA3, SLCA6, SLCA7), and copper transporters of the
solute carrier family 31 (SLC31A1 and SLC31A2), Furthermore,
ATP-binding cassette (ABC) transporters of the subfamily A
(ABCA1, ABCA2, ABCA3, ABCA4, ABCA5, ABCA6, and ABCA8),
subfamily B (ABCB1, ABCB4, ABCB6, ABCB7, ABCB8, ABCB10,
and ABCB11), subfamily C (ABCC1, ABCC2, ABCC3, ABCC4,
ABCC5, ABCC6, ABCC7, and ABCC8), subfamily D (ABCD2 and
ABCD3), subfamily E (ABCE1), subfamily F (ABCF1, ABCF2,
ABCF3), and subfamily G (ABCG1 and ABCG2) were included in
the current analysis.
Spearman’s rank correlation test (WinSTAT program, Kalmia,

Cambridge, MA, U.S.A.) was used to determine the significance
values and rank correlation coefficients as a relative measure for
the linear dependency of two variables. Spearman’s test determines
the correlation of rank positions of values. Ordinal or metric
scaling of data is suited for the test and data was transformed into
rank positions. There is no condition regarding normal distribution
of the data set for the performance of Kendall’s Ù test. The median
IC50 value was used as cut-off threshold to separate tumor cell lines
as being "sensitive" or "resistant".

Results

To elucidate transporter genes that may be involved in the
cellular response to cisplatin, we correlated the IC50 values
for cisplatin with the microarray-based baseline mRNA
expression levels of 55 genes represented by 101 different
clones of the 60 NCI cell lines by means of Spearman’s
correlation test. Seventeen genes represented by 21 clones
were identified by this approach (Table I) and were
subjected to hierarchical cluster analysis. The dendrogram
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Table I. Correlation of microarray-based mRNA expression of transporter genes with IC50 values for cisplatin in 60 NCI cell lines.

Symbol Genbank Name P-value*

ATP7B U11700 ATPase, Cu2+ transporting, ‚ polypeptide <0.001
ATP6V1A AA056747 ATPase, H+ transporting, lysosomal 70 kDa, V1 subunit A 0.001
SLC31A1 H66812 Solute carrier family 31 (copper transporters), member 1 0.008
SLC31A1 U83460 Solute carrier family 31 (copper transporters), member 1 0.009
ATP6V1C1 J05682 ATPase, H+ transporting, lysosomal 42 kDa, V1 subunit C, isoform 1 0.020
SLCA1 AI928365 Solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, system Xag), member 1 0.028
ABCC3 U83659 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 0.029
ABCC3 AF085692 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 0.033
ATP6V1H AI741756 ATPase, H+ transporting, lysosomal 50/57 kDa, V1 subunit H 0.040
SLCA1 U08989 Solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, system Xag), member 1 0.044
ABCB10 U18237 ATP-binding cassette, sub-family B (MDR/TAP), member 10 0.048
ATP6V1C2 AA040323 ATPase, H+ transporting, lysosomal 42 kDa, V1 subunit C isoform 2 0.037
SLC1A3 D26443 Solute carrier family 1 (glial high affinity glutamate transporter), member 3 0.035
ABCB6 C20962 ATP-binding cassette, sub-family B (MDR/TAP), member 6 0.026
ABCA6 AI651024 ATP-binding cassette, sub-family A (ABC1), member 6 0.017
SLC1A3 W28850 Solute carrier family 1 (glial high affinity glutamate transporter), member 3 0.015
ABCB7 AB005289 ATP-binding cassette, sub-family B (MDR/TAP), member 7 0.014
ATP6IP2 W27971 ATPase, H+ transporting, lysosomal accessory protein 2 0.009
SLC1A3 W95605 Solute carrier family 1 (glial high affinity glutamate transporter), member 3 0.005
ABCC8 L78207 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 0.005

*Spearman’s correlation test.



in Figure 1 shows that the 60 cell lines cluster into three
major branches according to the expression profile of the
respective transporter genes. To analyze whether this
expression profile contains meaningful information, we
correlated the IC50 values for cisplatin, which were not
previously included in the hierarchical cluster analysis
carried out for the 60 cell lines. As seen in Table II, clusters
1 and 3 of the dendrogram contained mainly cisplatin-
resistant cell lines, whereas cluster 2 predominately
contained cisplatin-sensitive cell lines. This pattern of
distribution was statistically significant (p=0.0017, Fisher’s
exact test), indicating that it is possible to predict sensitivity
or resistance of cell lines to cisplatin by this dataset of
mRNA expression of transporter genes.

Discussion

Cisplatin has been applied for clinical purposes for more
than three decades and is still one of the best cytostatic
agents available in antitumor therapy. Despite its broad
spectrum of activity in several tumor types (e.g. carcinoma

of the ovary, lung, colon, head and neck), the development
of drug resistance poses a major problem preventing cure in
many cancer patients (16, 17). The advent of “-omics”
technologies allows the search for genes associated with
drug sensitivity and resistance in a comprehensive fashion.
Transporters take a major share in being involved in
majority of drug resistance mechanisms. They confer
resistance either by reducing influx or increasing efflux of
drugs. From investigations carried out to date on the
members of ATP-binding cassette (ABC) transporter
family, it is well known that some of the transporters are
involved in drug resistance (18-23).
In addition to ABC transporters, we analyzed the

association of microarray-based mRNA expression of several
classes of transporters, e.g. lysosomal H+ transporting
ATPases, Cu2+ transporting ATPases, glutamate transporters
of the solute carrier family 31 and copper transporters of the
solute carrier family 31. While the expression of 17 genes
correlated significantly with cellular response to cisplatin in
cluster analysis, the copper transporter ATP7B showed the
lowest p-value (0.000577). This indicates that this member of
the copper transporter family might be of special relevance
for cisplatin resistance in tumor cells.
Indeed, copper transporters have been described as

determinants of cisplatin resistance in tumor cell lines (24-
28). Copper transporters do not show a tumor-specific
expression. Rather, they are also expressed in normal tissues
indicating that these transporters play a role in the
physiological detoxification of copper and other metals.
Holzer et al. (29) found high hCTR1 expression in the ·
cells of the pancreatic islets, enteroendocrine cells of the
gastric mucosa and bronchioles, C cells of the thyroid, and a
subset of cells in the anterior pituitary. The frequency and
intensity of hCTR1 staining in malignant tissues reflected
the levels found in their normal tissue counterparts, i.e. its
expression in both normal colonic epithelium and in colon
carcinomas.
Interestingly, copper transporters may also serve as

prognostic markers for clinical oncology. ATP7B expression
was associated with the degree of differentiation in breast
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Figure 1. Microarray-based mRNA expression profile of 15 transporter
genes (represented by 20 different clones) in the NCI cell line panel. The
dendrogram was obtained by hierarchical cluster analysis (Ward method)
and shows the assignment of 60 cell lines into three major clusters and
indicates the degree of relatedness between each cell line.

Table II. Separation of clusters of 60 NCI cell lines obtained by
hierarchical cluster analysis shown in Figure 1 in comparison with
cisplatin resistance.

Cluster 1+3 Cluster 2

Sensitive 16 14
Resistant 27 3

P=0.0017 (Fisher’s exact test). The median IC50 value was used as cut-
off threshold to separate tumor cell lines as being "sensitive" or
"resistant".



and ovarian cancer, and endometrial carcinoma (30-32).
Patients with ATP7B-positive oral squamous cell carcinoma
had a significantly inferior response to chemotherapy
compared to the patients with ATP7B-negative tumors.
Patients who received cisplatin-based chemotherapy with
ATP7B-positive carcinomas had a significantly poorer
overall survival than those with ATP7B-negative tumors
(33). These findings suggest that high levels of ATP7B
expression in tumors are associated with unfavorable clinical
outcome in tumor patients treated with cisplatin-based
chemotherapy. Patients with ATP7B-positive oesophageal
tumors tend to have an inferior response to chemotherapy
when compared with the patients with ATP7B-negative
tumors (34). Endometrial cancer patients with ATP7B-
positive tumors showed a worse prognosis than that with
ATP7B-negative tumors in overall survival and disease-free
survival, respectively (32). Furthermore, an increased
expression level of ATP7A was also associated with poor
survival in patients suffering from ovarian cancer (35).
In conclusion, the data presented show the feasibility of

our microarray-based approach in identifying markers for
drug resistance and prognosis.
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