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Abstract Purpose: The emergence of multidrug resis-
tance (MDR) in neuroblastoma is a critical issue for
chemotherapy. In order to study low-level MDR, we
developed variants derived from two neuroblastoma cell
lines, TGW and GOTO, by exposure to low doses of
cisplatin (CDDP). The cross-resistance to other cyto-
toxic agents and expression of MDR-related proteins in
the variants and their clones were examined. Materials
and methods: Cells were exposed to 3 or 10 pM CDDP
and three variants were obtained from each cell line,
TGW and GOTO. Clones TR1 and TR2, derived from
the TGW variants, were also established. Cytotoxicity
was determined using a dye-staining method. Expression
of MDR-related proteins was detected by immunoblot-
ting. Results: Resistant variants exhibited 1.1- to
2.5-fold increased resistance to CDDP, N-methyl-
N’-nitro-N-nitrosoguanidine (MNNG), doxorubicin and
vincristine. The cytotoxicity of these agents varied be-
tween clones of resistant variants. The microsatellite
profiles of the TR1 clones differed, indicating that the
TRI1 variant comprised a heterogeneous cell population.
The cytotoxicities of cytosine f-p-arabinofuranoside
(Ara-C) and chlorambucil in these variants and clones
were similar to those in the parent cells. No significant
changes in the cellular levels of MDR1, MRP, hMLH1
and hMSH2 were detected in the TGW variants. Cy-
closporin A increased the sensitivity of both parental cell
lines and the variants to doxorubicin and vincristine, but
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not to CDDP or MNNG. Conclusions: Ara-C and
chlorambucil may be useful for the treatment of neu-
roblastoma exhibiting an MDR phenotype. These
CDDP-resistant variants and clones may be useful for
studying the mechanisms of low-level drug resistance in
neuroblastoma.
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Introduction

Neuroblastoma, a malignant tumor of neural crest ori-
gin, is the most common extracranial solid neoplasm of
childhood [36]. The prognosis for patients with N-myc-
amplified neuroblastoma varies with the effectiveness of
chemotherapy and the 5-year survival rate has improved
to 43.9% [34]. A favorable prognosis has also been re-
ported in other advanced neuroblastomas with several
therapeutic regimens [8].

Chemotherapeutic agents such as cisplatin (CDDP),
THP-Adriamycin, vincristine, and melphalan are effec-
tive in childhood neuroblastomas. However, a recently
emerging problem is that of multidrug resistance (MDR)
in residual tumor cells after chemotherapy and/or sur-
gical resection. The mechanism of MDR in neuroblas-
toma is thought to be associated with drug-pumping
proteins such as P-glycoprotein encoded by the MDRI
gene [7, 17], multidrug resistance-associated protein
(MRP) [4, 6], and canalicular multispecific organic anion
transporter (c(MOAT) [29]. Recently, the breast cancer
resistant protein (BCRP) and the ATP-binding cassette
gene have been reported to be associated with MDR in
adult breast and ovarian cancer cells [3, 10, 28]. In ad-
dition to these ATP-binding proteins, low level MDR to
DNA-damaging agents including CDDP, N-methyl-N’-
nitro- N-nitrosoguanidine (MNNG), and doxorubicin,
has been reported in cancer cells deficient in DNA
mismatch repair (MMR), including those of colon and
ovarian origin [1, 2, 11, 32, 38]. Low-level MDR has



been demonstrated to be sufficient for resistant tumor
regeneration in a mouse model [14]. Furthermore, after
treatment of ovarian cancer with CDDP, many relapsed
tumors are MMR deficient, indicating that CDDP re-
sults in selective enrichment of resistant tumor cells [40].

Altered drug sensitivity in colon and ovarian cancer
cells has been identified using paired cell lines with
similar genetic and cytogenetic compositions [11, 26].
However, few such neuroblastoma cell lines are avail-
able [15, 37, 42]. A series of human neuroblastoma cell
lines exhibiting a low-level MDR phenotype would be
desirable for studying the mechanisms of MDR. In the
present study, to establish such human neuroblastoma
cell lines with an MDR phenotype, six CDDP-resistant
variants of the two human necuroblastoma cell lines,
GOTO [32] and TGW [35], were established by repeated
treatment with different doses of CDDP, and clones
from two resistant variants were also isolated. The sen-
sitivities of these variants and clones to cytotoxic agents
and the mechanism of the MDR phenotype were ex-
amined. We demonstrated that altered sensitivity to
commonly used chemotherapeutic agents for neuro-
blastoma was induced by CDDP, but that no significant
change in sensitivity occurred in response to DNA
polymerase inhibitors. Our results indicate that these
variants and their clones may be useful for studying
mechanisms of low-level MDR.

Materials and methods

Anticancer agents

Chlorambucil, CDDP, cyclosporin A (CsA), cytosine f-p-arabi-
nofuranoside (Ara-C), doxorubicin, MNNG and vincristine were
purchased from Sigma Chemical Co. (St. Louis, Mo.).

Cells and cell culture

The human neuroblastoma cell lines, TGW and GOTO, obtained
from the Japanese Cancer Research Resources Bank (JCRB,
Tokyo, Japan), were maintained in RPMI-1640 medium supple-
mented with 10% fetal bovine serum as described previously [18].
Cells were removed from the surface of culture vessels by trypsi-
nization, washed with phosphate-buffered saline (PBS) consisting
of (in millimoles) NaCl 136.9, KCl 2.7, Na,PO, 8.1, and KH,PO,
1.5 (pH 7.3), and resuspended in 5 ml culture medium. Aliquots
(0.5 ml) of the cell suspension were added to 4.5 ml fresh medium
in 25-cm? flasks. Cell passaging was performed once weekly.

Resistant variants

CDDP-resistant variants of TGW were obtained by exposure to
CDDP as follows. TGW cultured at an initial density of 10* cells
per 25-cm” flask containing 5 ml medium for 2 or 3 days, was
treated with 3 or 10 pM CDDP for 1 week. Cells were then cul-
tured in CDDP-free medium for 3 weeks to recover cell density.
The above treatment was repeated three times. The variant that
survived exposure to 10 uM CDDP was designated as TR1 and
that which survived exposure to 3 pM as TR2. TR3 was obtained
by a procedure identical to that for TR1 except a second CDDP
treatment at 20 uM was applied. CDDP-resistant GOTO variants
were obtained by a protocol similar to that for the TGW variants.
For GRI, three exposures to 3 pM were used. For GR2 and GR3,
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four exposures to 3 and 10 uM, respectively, were used. These
variants, which were cultured for more than 6 months from es-
tablishment, exhibited stable characteristics with respect to growth
rate, morphology, drug resistance and expression of the two MMR
proteins, hMSH2 and hMLHI1.

Cell cloning

Single-cell suspensions (100 pl) of TR1 and TR2, at a density of ten
cells per milliliter, were inoculated into wells of a 96-well culture
plate. Culture was continued for 2 to 3 weeks until the cells were
semiconfluent and the cells were then cultured further in larger
culture vessels. After the cytotoxic assay, some of the clones were
lost. To date, 26 of the original 38 TR1 clones and 30 of the 39 TR2
clones have survived.

Cytotoxic assay

Cytotoxicity of anticancer agents was determined using a dye-
staining method as described previously [33] with minor modifica-
tions. Briefly, 10* cells were cultured in triplicate wells of a 96-well
microplate for 24 h, treated with various concentrations of an agent
for 1 h, washed twice with medium, and cultured for a further
6 days. After the cells had been fixed and stained with a crystal
violet solution, absorbance at 610 nm was measured with a micro-
plate reader (model 550, Bio-Rad Laboratories, Hercules, Calif.).

Immunoblotting

Exponentially growing cells were harvested and cell lysates were
prepared as described previously [18] and stored at —80°C until use.
Heat-denatured cell lysates were electrophoresed on a sodium
dodecyl sulfate-polyacrylamide gel. The gel was electroblotted to a
polyvinylidene difluoride (PVDF) membrane (Hybond-P, Amer-
sham Pharmacia Biotech). To visualize specific bands, ECL-plus
(Amersham Pharmacia Biotech) with mouse monoclonal antibod-
ies against MDR1 (Cappel, Biochemical Division, ICN Pharma-
ceuticals, Aurora, Ohio) and MRP (Chemicon International,
Temecula, Calif.) were used as recommended by the suppliers.
hMLH1 and hMSH2 proteins were detected with the affinity-
purified IgG fraction of mouse monoclonal antibodies against
hMSH2 and hMLH1 as described previously [25]. Anti-f-actin
mouse monoclonal antibody (Sigma) was used as a loading control.

Detection of genome stability at a microsatellite locus

To determine genome stability after CDDP treatment, DNA was
isolated with a DNAzol reagent (Life Technologies, Gaithersburg,
Md.). DNA fragments amplified by polymerase chain reaction
(PCR) with two locus markers, Mfd26 and Mfd47, were subjected
to microsatellite locus profile analysis using an automated DNA
sequencer (Model 373S, Applera Company, Applied Biosystems,
Foster City, Calif.) as described previously [21].

Statistical analysis

Student’s z-test was performed on a computer using software (DA
Stats) written by O. Nagata of Tokyo University, and the P values
were calculated.

Results

To determine the degree of alteration in the sensitivity
of the resistant variants induced by CDDP treatment,
cells were treated with various concentrations of CDDP
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for 1 h and cytotoxicity on day 7 determined with a
dye-staining method. Dose-dependent cytotoxicity was
observed in all cells examined. The 50% growth in-
hibitory concentration (ICsp) of CDDP was determined
from at least three independent experiments (Table 1).
The ICsy values in TR1, TR2 and TR3 derived from
TGW were 2.1-, 1.6- and 1.9-fold higher, respectively,
than that of the parent cells, and the values in GRI,
GR2 and GR3 derived from GOTO, were 1.5-, 1.7-,
and 1.1-fold higher, respectively. The P values of these,
except a set of GOTO and GR3, were less than 0.01.
The ICsy values of other cytotoxic agents including
doxorubicin, MNNG, vincristine, Ara-C and chloram-
bucil were also determined. The variants showed a low
level of resistance to doxorubicin, MNNG and vin-
cristine, in addition to CDDP (Table 1). However, the
IC5, values of Ara-C and chlorambucil in the variants
examined were very similar to those in the respective
parent cell lines. It is possible that the variants com-

prised heterogencous populations, as the cells had se-
lectively survived repeated CDDP treatment, and/or
that CDDP-induced pleiotropic changes had occurred
in the surviving cells.

The variants TR1 and TR2 were cloned without
treatment, and 38 clones of TR1 and 39 clones of TR2
were obtained. The sensitivity of these clones to CDDP
and MNNG was 0.3- to 4.4-fold that of the parental
variant, respectively. The relative cytotoxicities in some
clones are shown in Fig. 1. The ICsq values of CDDP,
MNNG, vincristine and doxorubicin varied widely from
0.6- to 4-fold, while those of Ara-C and chlorambucil
were in the narrow range of 0.4- to 1.2-fold. These re-
sults indicate that the variants comprised heterogeneous
populations with respect to sensitivity to common
therapeutic agents for neuroblastoma, including CDDP,
vincristine and doxorubicin. Furthermore, Ara-C and
chlorambucil may be effective against resistant tumor
cells with an MDR phenotype.
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Since the CDDP-resistant variants exhibited an MDR
phenotype, we then examined the expression of the
MDR-related proteins MDR1, MRP, hMSH2 and
hMLHI1. Immunoblot analysis showed no significant
differences in the expression of MDR1 and MRP pro-
teins between parent cells and resistant variants treated
with CDDP or doxorubicin (Fig. 2A). Furthermore,
hMLHI1 and hMSH2 proteins were detected in these
variants (Fig. 2B). Expression of hMLH1 and hMSH2
was also determined in 26 TR1 clones and 30 TR2 clones.
The MMR proteins were detected in all clones tested
(data not shown). These results indicate that induction of
MDR1 and MRP or deficiency of MMR proteins may
not contribute to the MDR phenotype in TGW variants.
It is possible, however, that undetectable changes in
MDRI gene expression may have affected low-level drug
sensitivity. To clarify this, we examined the effect of CsA
on the cytotoxicities of CDDP, MNNG, doxorubicin
and vincristine in the variants and six clones of TRI.
Altered cytotoxicity was observed in all parent cells and
variants with the exception of GR2 (Fig. 3).

Cytotoxicities of CDDP and MNNG increased in
both parent cells and variants, but cytotoxicity in the
variants was never greater than that in the parent cells.
The TR1 clones tended to be similar to TR1 with respect
to sensitivity to CDDP and MNNG, although there was

Fig. 2A, B. Immunoblotting does not indicate any significant
alteration in MDR-related protein expression. A MDR1 and MRP
protein expression. Cells were treated with 20 uM CDDP or 20 uM
doxorubicin for 1 h, cultured for 72 h, and harvested. Cell lysates
were electrophoresed in a 10% SDS-polyacrylamide gel and
electroblotted to a PVDF membrane. The membrane was treated
with anti-MDRI1 antibody or anti-MRP antibody as primary
antibody. The specific band was visualized with an ECL-plus kit
and photographed. The membrane was reprobed and anti-f-actin
antibody was used as a loading control. The reverse images are
shown. B hMSH2 and hMLHI proteins. Exponentially growing
cells were harvested and subjected to immunoblot analysis. Anti-
p-actin antibody was used as a loading control
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CDDP  DOX

TR1

nong
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variability between clones (Fig. 4). In contrast, the cy-
totoxicities of doxorubicin and vincristine in the variants
and clones were enhanced in the presence of CsA, with
the exception of GR2 and TR1-30 (Figs. 3 and 4).

Because CDDP is known as a potent mutagen [5], we
next investigated the alteration in DNA sequence in TR1
and the three TR1-derived clones. We selected two
microsatellite loci, Mfd26 located at 18q12 and Mfd47
on chromosome 6. The microsatellite profiles of both
loci in TR1 differed from those in TGW, and the profiles
of the clones also differed from each other (Fig. 5). The
profiles of GR1 and GR2 were also different from those
of GOTO (data not shown). These results indicate that
repeated exposure to low-dose CDDP induced alter-
ations in the DNA sequence throughout the entire
genome.

Discussion

Intensive chemotherapy of neuroblastomas has im-
proved survival even in high-risk groups. However,
neuroblastomas can acquire sustained drug resistance
during chemotherapy. The spectrum of drugs to which
resistance can be acquired is known to include melpha-
lan, carboplatin, etoposide, THP-Adriamycin and vin-
cristine [23, 24, 34, 37]. We developed resistant variants
of the human neuroblastoma cell lines TGW and GOTO
by repeated exposure to CDDP, and then selected clones
of the variants derived. These cells exhibited resistance
to CDDP, MNNG, doxorubicin and vincristine, che-
motherapeutic agents commonly used in the treatment
of neuroblastomas. However, the sensitivity of CDDP-
treated resistant cells to Ara-C and chlorambucil (both
generally used for treatment of leukemia) was similar to
that of their parent cells. Our examination of the sensi-
tivity of these antileukemic agents in neuroblastoma was
based on studies in colorectal cancer.
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Fig. 3A, B. Effect of CsA on 4

the cytotoxicity of CDDP, A
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Cytotoxicities of CDDP (white
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doxorubicin (hatched bars), and
vincristine (black bars) were
determined in the absence or
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cell growth). Relative cytotox-
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Fig. 4. Effect of CsA on cytotoxicity of CDDP, MNNG, doxoru-
bicin and vincristine in TR1 clones. Cytotoxicities of CDDP (white
bars), MNNG (shaded bars), doxorubicin (hatched bars), and
vincristine (black bars) were determined in the absence or presence
of 10 pM CsA (CsA concentration had no effect on cell growth).
Relative cytotoxicity was estimated from the following formula:
1Csq value in the presence of CsA/ICsq value in the absence of CsA

MMR deficiency confers resistance to CDDP [1, 11],
carboplatin [2], and alkylating agents including MNNG
[26, 38], doxorubicin [11], etoposide [2] and vinca alka-
loids [38]. The spectrum of drug resistance in colon and
ovarian cancers is largely similar to that in neuroblas-
toma. We have demonstrated that Ara-C can circumvent

TR2 TR3 GOTO GR1 GR2

MDR in an MMR-deficient colorectal cancer cell line
[38]. Furthermore, hMLHI-deficient ovarian tumors
frequently recur after CDDP treatment [40]. Thus, it is
possible that exposure of TGW and GOTO cells to
CDDP induces or results in enrichment of MMR-defi-
cient cells. However, we could not detect hMLH1- or
hMSH2-deficient cells in resistant variants or any clones
examined. Thus, it is unlikely that CDDP exposure
induces MMR deficiency in neuroblastoma cells.

Increased expression of MDR-related proteins such
as MDR1, BCRP, and MRPs has been demonstrated in
tumor cells with an MDR phenotype. MDR1 was de-
tected in both parent and resistant cells in our study. No
significant increase was observed in CDDP- and doxo-
rubicin-treated cells. CsA, an inhibitor of MDRI1 [16]
and BCRP [9, 30], sensitized resistant variants and
parent cells to doxorubicin and vincristine cytotoxicity.
It is possible that BCRP, but not MDRI1, participates in
the MDR phenotype in neuroblastoma. MRP was not
detected in these cells by immunoblotting. These results
indicate that MDR1 and MRP do not contribute to
acquisition of sustained resistance by the variants.
Semaphorin E [41] and other members of the MRP
family [19, 27, 29, 39] have been identified as MDR-
related proteins that alter chemosensitivity to CDDP.
Further, Bader et al. have demonstrated that, in neu-
roblastoma, the MDR phenotype is caused by multiple
resistance factors [4]. Low-level MDR in neuroblastoma
may be a result of multiple events involving MDR-
related proteins induced by exposure to a cytotoxic
agent.

More recently, dysfunctional p53 in recurrent neu-
roblastomas has been found to confer an MDR phe-
notype [24, 37]. Mutation in the p53 gene in primary
neuroblastomas is very rare. However, loss of p53
function or the p53 gene is frequently observed in
recurrent tumors with an MDR phenotype after che-
motherapy. Keshelava et al. [24] have demonstrated that
neuroblastoma cell lines with disrupted p53 function (by
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Fig. 5. Profiles of microsatellite loci in TGW, TR1 and TRI
clones. DNAs isolated from TGW, TR1, TR1-14, TR1-20 and
TR1-33 were amplified by PCR with primers for the microsatellite
loci Mfd26 and Mfd47. The PCR products were analyzed using an
automated DNA sequencer with Genotyper software (Applied
BioSystems). Arrowheads indicate the presence of a major change
in the clones

transfection of an HPV E6 expression vector) display
resistance to melphalan, carboplatin and etoposide.
TGW was established in culture from a xenograft,
TNBI [35], which was isolated from recurrent tumor
tissue from a patient receiving chemotherapy and
radiotherapy [22]. It is possible that TGW has a dys-
functional mutation in the p53 gene. Preliminary studies
of p53 function in TGW, TR1, TR2 and TR3 showed
that p21 protein was inducible by doxorubicin treatment
and was accompanied by increased nuclear p53. GOTO
has been reported to have a wild-type p53 gene [20].
Further studies of p53 function and p53 gene status in
these resistant variants and clones are necessary.
Interestingly, sensitivities of TGW and its resistant
variants, but not of GOTO, to CDDP and MNNG were
decreased in the presence of a low dose (10 pM) of CsA.
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Since the nucleotides methylated by MNNG or platinum
adducts generated by CDDP in DNA strands must be
recognized by a heterodimer consisting of hMSH2 and
hMSHG6 [12, 13], CsA may interfere with the formation of
these alkylated nucleotides or activation of the MMR
signaling pathway, leading to cell cycle arrest and apop-
tosis. This type of interference may cause reduction in
cytotoxicity. Another possibility is that CsA modulates
p53 function in TGW cells. CsA stabilizes p53 through
induction of heat-shock proteins [31]. However, the latter
possibility is unlikely as induction of functional p53
should increase the cytotoxicity of these agents.

In conclusion, we developed six MDR variants and
clones of TR1 and TR2 by repeated exposure to CDDP.
The DNA sequence of microsatellite regions in these
resistant cells differed from each other. The variants and
clones exhibited different chemosensitivities to drugs
commonly used for neuroblastoma therapy. These cell
lines may be useful for studying mechanisms of MDR,
other than involvement of ATP-binding proteins such as
BCRP, MDRI1, and MRPs, in neuroblastoma. Fur-
thermore, the sensitivity to Ara-C and chlorambucil of
all cells tested was relatively similar, indicating that these
drugs may be useful for therapy of neuroblastoma,
especially recurrent tumors.
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