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Advanced neuoblastoma and malignant liver tumor ae representative childhood cancers for
which combined chemotherapy including cisplatin and doxorubicin isroutinely performed. The
prognosis of patients with tumors which develop multiple drugesistance (MDR) is unfavorable.
To elucidate therole of multidrug resistance-associatedrptein (MRP) and canalicular multispe-
cific organic anion transporter (cMOAT) in the clinical behavior of the tumors, we examined 42
neuroblastomas and 10 malignant liver tumors for the expessions of MRP and cM@T by quan-
titative RNA-polymerase chainreaction (PCR). The amplification and expession of Nmyc onco-
gene in the neuoblastomas wee also investigatedWe found a close association between MRP
and N-myc expression in each netoblastoma sample but no significantelationship between MRP
expression and the patients’ outcome. The foed expession of Nmyc failed to enhance the
expression of MRP in Nmyc transfected neuoblastoma cell lines. cM@\T was rarely expressed in
the neu oblastomas, but wasrfequently expessed in the malignant liver tumors. The exgession of
MRP and cMOAT in the childhood liver tumors was mae common and highg especially in
advanced cases with a poor outcome, than that observed in normal liver or in 9 hepatocellular
carcinomas fom adult patients. The enhanced exgssion of these genes might be characteristic of
childhood malignant liver tumors and related to their clinical chemaesistance.
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The acquisition of multidrug resistance (MDR) by propsed to be ssociated with the non-P-glycoprotein-
tumor cells is frequently observed after the administrationrmediated MDRphenotypein vitro and in vivo.>® In anal-
of a single cytostatic drug, and is a major obstacle to cheyses of MRP expression in neuroblastomas, the enhanced
motherapy in patients with canceBecause childhood expression of MRP was reported to correlate with the
cancers generally respond well to anticancer drugs, cheamplificaion and overexpression of iyc gene and a
motherapy plays an important role in multimodal treat-poor outcome of the patiets? Howeve, MRP has not
ment for them. Neuroblastoma and malignant liver tumorbeen shown to mediate resistance to cisplatin, which is
(hepdoblastoma and hepatobdhr carcinoma, aduliype) the most powerful anticancer drug for neuroblastothas.
are representative childhood cancers which require intenFurther investigations are necessary to elucidate the role
sive chemotherap including cisplatin and doxorubicin, to of MRP inthe clinical drug resistancé aeuroblatomas.
be cured. Hoeve, advanced tumors often display MDR, The human canalicular multispecificrganic anion
which results in a fatal outcome. Information about thetransporter {(MOAT) gene was recently cloned from a cis-
MDR phenotype of an individual tumor would cabtite platin-resistant human head and neck cancer cell line, by
to decisions about appropriate treatment strategies. targeting the conservedTP-binding domain in MDR1
One of the mechanisms underlying MDR is an outwardand MRP™ Human cMQ@\T was expressed at enhanced
efflux of chemotherapeid agents by membrane-bound P- levels in the liver and a subset of cisplatin-resistant cell
glycoprotein, encoded by th#MDR1 gene? Although lines!? and the introduction of antisense cDNA of
MDR1 expression in relation to the MDR phenotype in cMOAT enhanced the sensitivity of multiple anticancer
certain cancers iwell-characterized, evidence concerning drugs, including cisplatin, in human hepatic cancer
the rdation of MDR1 expresen to the clinical behavior cells!® Howeve, analyses of cMA&T expression in pri-
of neuroblastomas is contradigtdr® Multidrug resis- mary cancers and its relevance to clinical behavior have
tance-associated protein (MRP) is another membraneot been documéed?®
transport protein, the overexpression of which has been In the present stydto clarify the clinical significance
of MRP and cM@T expression in childhood cancers, we
®To whom correspondence should be addressed. analyzed their expression in 42 neuroblastomas and 10
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malignant liver tumors by quantitative RNA-polymerase Miyazaki). NB69N and NB69S are clonal sublines of
chain reaction (PCR}:*® Nine hepatocellular carcino- NB69, and cNBI was described previou$tyThe termi-
mas from adult patients were also analyzed for comparinal differentiation of RT-BM-1 cells was induced by
son with the childhood liver tumors. We also examinedtransretinoic acid (Sigma Chemicals, St. Louis, MO), as
neuroblastomas for expression ofnMN«c oncogene, the described previoushy)

amplification of which is a powerful predictor of a poor RNA PCR Total cytoplasmic RNA (5ug) was reverse-
outcome'® and analyzed MRP expression infNrctrans-  transcribed using Moloney murine leukemia virus reverse
fected neuroblastoma cell lines to determine the effect ofranscriptase and random hexanucleotide primers, essen-
N-mycoverexpression on MRP expression. tially as described previous¥. Target (MRP, cMOAT or
N-myg and control f2-microglobulin gene-sequences
were coamplified in the same reaction, using the follow-
ing gene-specific oligonucleotide primers:

MATERIALS AND METHODS

Patients and tumor specimens Forty-two patients with
neuroblastoma were treated at Chiba University Hospital,
Chiba Children’s Hospital or Matsudo Municipal Hospital
between 1987 and 1997. The median follow-up period
after diagnosis for the surviving children was 78 months
(range, 17 to 131; disease-free survival). Of the 42 cases,
20 were metastatic disease and the remaining 22 were
localized disease. The neuroblastoma tissues were
obtained by biopsy or surgery prior to chemotherapy.
After the biopsy, all patients with an unresectable tumor
received intensive chemotherapy including cisplatin, dox-
orubicin and cyclophosphamide. Genomic amplification
of N-myc (more than 10 copies per haploid set) was found
in 14 tumors, all of which were metastatic disease. A fatal
outcome was observed in 8 of the 14 patients with the N-
mycamplified tumor and in 3 of the 28 patients with non
N-mycamplified tumor. All 11 children with a fatal out-

5-TCTGGGACTGGAATGTCACG-3
(MRP, forward);
5'-CAGGAATATGCCCCGACTTC-3
(MRP, reverse);
5-CTGCCTCTTCAGAATCTTAG-3
(cMOAT, forward);
5'-ACCAGCCTCTGTAACTTCGT-3
(cMOAT, reverse);
5'-GACCACAAGGCCCTCAGTAC-3
(N-myg forward);
5'-GTGGATGGGAAGGCATCGTT-3
(N-myg reverse);
5'-ACCCCCACTGAAAAAGATGA-3
(B2-microglobulin, forward);
5'-ATCTTCAAACCTCCATGATG-3
(B2-microglobulin, reverse).

The expected sizes of the PCR products when using

come died of disease resulting from chemoresistance.

these sets of primers are 262 (MRP), 267 (cMOAT), 240

Nine children with a malignant liver tumor were treated (N-mygd and 120 82-microglobulin) base pairs. Aliquots
at Chiba University Hospital between 1986 and 1996.0f cDNA corresponding to 50 ng of RNA were subjected
Eight cases were hepatoblastomas and one case was hep@PCR in a final volume of 25l using 1 unit of Ampli-
tocellular carcinoma, adult type. The hepatoblastoma tisTaq Gold Polymerase (Perkin EImer Cetus, Norwalk, CT).
sues were obtained by surgery before (2 cases) or after 8n initial denaturation of 9 min at 94°C was followed by
cases) chemotherapy. Two specimens were obtained fro®6 (for MRP and cMOAT) or 32 (for Miyg cycles of a
a child with hepatocellular carcinoma before and after30 s denaturing step at 94°C, a 30 s annealing step at
chemotherapy. Five of the 9 children with malignant liver 57°C and a 30 s extension step at 72°C. These PCR con-
tumor have remained alive without disease for over 2ditions were determined on the basis of preliminary
years (24 to 135 months), and the remaining 4 patientexperiments using the normal tissues and 10 neuroblas-
died of disease without responding to the combined chetoma cell lines, which indicated that the PCR products of
motherapy, including cisplatin and doxorubicin. the target and control genes were amplified in parallel
Normal tissues and cell lines RNA from normal tissues with the number of PCR cycles within the range from 33
(kidney, spleen, liver and lung) and 10 neuroblastoma celto 39 cycles (for MRP and cMOAT) or 28 to 36 cycles
lines (IMR32, RT-BM-1, SK-N-SH, NB69, NB69N, (for N-my9; three independent PCR studies resulted in
NB69S, NB-1, GOTO, cNBI and LA-N-5) was used as almost identical levels for all target and control genes
the reference standard for the expression of MRP ofdata not shown). Following the PCR,u8of PCR reac-
cMOAT (normal tissues) and WNwc (neuroblastoma cell tion mixture was subjected to electrophoresis on 2.5%
lines), respectively. SK-N-SH, IMR32, GOTO and NB-1 agarose gels.
were obtained from the Japanese Cancer Researdbstimation of gene expression The PCR products in
Resources Bank. LA-N-5 was kindly provided by Dr. gels containing a DNA staining solution, SYBER Green,
Robert C. Seeger (Children’s Hospital of Los Angeles,were visualized by ultraviolet transillumination and
Los Angeles, CA). RT-BM# was kindly provided recorded as digital images by a Kodak Digital Science
by Dr. Tohru Sugimoto (Miyazaki Medical College, DC40 camera, and the intensity of each band was mea-

1277



Jpn. J. Cancer Re89, December 1998

sured by the 1D Image Analysis Application programwere restricted to the Nycamplified neuroblastoma cell
(Eastman Kodak, Rochester, NY). lines (IMR32, RT-BM-1, NB-1, GOTO, cNBI and LA-N-
N-myc transfection Whole human Nmyc cloned in  5), and very low or undetectable riyc expression was
EMBL3' was digested wittXba and Hincll, and a 4.7 found in the non-Nmycamplified neuroblastoma cell
kb fragment of Nmycincluding the entire coding region lines (SK-N-SH, NB69, NB69N and NB69S) and in the
(from the middle of intron 1 to the middle of exorf®8) normal tissues, as reported previodsi?2>

was subcloned into pTV119N. After the addition)dfal In the analyses of the 42 primary neuroblastoma speci-
linker at theHincll site, theXba—Xba fragment of the mens, the expression of MRP andhiy€was observed in
4.7 kb Nmyc gene was cloned into an expression vector,

pRC/RSV (Invitrogen, San Diego, CA) containing a Rous

sarcoma virus long terminal repeat and bovine growth

hormone poly A signal. Then>x&( neuroblastoma cells Neuroblastoma  Liver tumor
(NB69N) were electroporated with 10g of the Nmyc KalliSpilltafiieitSiinaiiimi S E]ES
expression vector, and seven stablen) transfectants

were selected in 40Qug/ml of G418 one day after the Sane
transfection. The control transfectant, 69NR, was estab- p2m

lished by introducing the vector not containing thenie
gene. The introduction of the Myc gene, the exogenous
expression of the Mayc mRNA and the nuclear localiza-
tion of the Nmyc protein, not in 69NR, but in the Myc

transfectants were confirmed by Southern blot hybridiza-
tion, northern blot hybridization and immunofluorescence i o8
using an anti-Nmyc antibody (Cambridge Research Bio- B 2m
chemicals, Valley Stream, NY), respectively. _ _ N
Statistical ana|ysis The Mann_Whitnew_test was used Fig. 1. Representat_lve results of competitive RNA-PCR analy-
to evaluate the significance of the gene expression in relgtS for the expression of the target (MRP, cMOAT anaiyg-
tion to soread of the disease. proanosis of th tient and control B2-microglobulin) genes. Shown are 4 normal tis-

P e » Prognosis ot the patients anfles > peyroblastoma cell lines and 3 tumors from patients with
N-myc gene amplification. The probability of survival of neyroblastoma and malignant liver tumor. The PCR products
the patients was calculated by the product limit method ofyere separated on 2.5% agarose gels. The PCR product sizes are
Kaplan and Meier and results were compared using th@62 (MRP), 267 (cMOAT), 240 (Myg and 120 §2-microglob-
log rank test. ulin) base pairs. Ki, kidney; Sp, spleen; Li, liver; Lg, lung; S,
SK-N-SH; M, IMR32; neuroblastoma 1, localized disease; 2,
metastatic disease without myc amplification; 3, metastatic

disease with Nwyc amplification; liver tumor 1, resectable

. . hepatoblastoma; 2, unresectable hepatoblastoma; 3, metastatic
The expressions of MRP, cMOAT andr¢cin normal hepatocellular carcinoma, adult type.

tissues, 10 neuroblastoma cell lines, 42 primary neuro-
blastomas, 10 primary childhood malignant liver tumors
and 9 hepatocellular carcinomas from adult patients were
analyzed by quantitative RNA-PCR. RepresentativeTaple I. Mean PCR Ratios of MRP, cMOAT andnic in
results are shown in Fig. 1. The mean PCR ratios of th&lormal Tissues and Cancers

target genes (MRP, cMOAT and mMyqg to control 32- MRP

cMOAT
B2m

RESULTS

. lobulin in th | ii d cMOAT N-myc
microglobulin in the normal tissues and cancers are sum-; ,
. 9 - Iklndney (3 experiments) 0.¥0.02 0.050.01 —
marized in Table I. .
. . . . spleen (3 experiments) 0.40.02 — —
MRP expression was low in the liver, moderate in the !
. . . . liver (3 experiments) 0.G70.01 0.4%0.02 —
kidney and spleen, and relatively high in the lung. :
. . . . 2" lung (3 experiments) 0.38.05 — —
CMOAT expression was very low in the kidney, high in .\ cbiastoma cell lines 1.21+0.08 . 1.63:0.43

the liver and not detectable in the spleen and lung. Thes =10)

expression patterns corresponded to previously reporte@rimary neuroblastomas 0.32+0.04 — 0.6%0.12
observations: 222 All 10 neuroblastoma cell lines (n=42)

expressed MRP, the levels of which were higher thanchildhood malignant liver 0.10+0.04 0.4G:0.10 ND
those observed in the lung. In contrast, cMOAT expres-tumors (=10)

sion was found only in IMR32, GOTO, NB69 and its sub- hepatocellular carcinomas ~ — 0.08:0.04  ND
lines, and its expression levels were lower than thosdrom adult patientsn=9)
found in the kidney. High levels of Nwc expression —, non-measurable levels; ND, not done.
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39 and 39 tumors, respectively. The expression of The relation of the PCR ratio of MRP and niN«
cMOAT at detectable levels was found in only 2 cases, irexpression for each sample and its relevance to the dis-
which the level was as low as that observed in the kidneyease-free survival of the patients is shown in Fig. 3. The
The difference of the mean PCR ratios in subgroups cateresults revealed a highly significant correlation between
gorized by clinical and biological features (spread of thethe MRP and Nmyc expression r=0.795, P<0.0001),
disease, Nmyc amplification and prognosis of the and no involvement of the expression of these genes in
patients) is shown in Fig. 2. The metastatic tumorsthe prognosis of the patient.

expressed higher levels of MRP andryethan the local-

ized tumors. However, a significant difference was found

only in the relation between Nwc expression levels and

the spread of the diseade=<0.2125 and 0.0048 for MRP

and Nmyg respectively). Significantly higher expressions .’g 129

of MRP and Nmyc were observed in Miycamplified g

tumors compared to the tumors withoutny€ amplifica- § 1.0 ;

tion (P=0.0117 andP<0.0001 for MRP and Mnyg Z 08— °
respectively). In contrast, neither MRP nomi< expres- 2 7 o °

sion was significantly associated with the disease-free sur- g 0.6 © .

vival of the patients, although both genes showed a 3 o

tendency to be more highly expressed in the unfavorable & 0.4— P o

group P=0.5480 and 0.1608 for MRP and myg = o°

respectively). When the levels of expression of MRP and (54 g

N-mycin an individual tumor were classified as high or &. o ©

low in relation to the mean PCR ratio calculated for all &

tumors, the cumulative disease-free survival data obtained 0 1‘|0 2!0 3|.0 4!0

by the method of Kaplan and Meier indicated better dis-
ease-free survival of the patients with tumors expressin
low levels of MRP or Nmyc However, this association
between the expression of MRP ornN«< and patient
prognosis was not significani*¥0.211, P=0.6458 and

N-myc expression (PCR ratio)

%ig. 3. Relation of the PCR ratios of the MRP andni:
expressions for each neuroblastoma and its relevance to progno-
sis, indicating a highly significant correlation between the MRP
and Nmyc expressionsrE0.795, P<0.0001), and no involve-

X?=2.085, P=0.1487 for MRP and NayG respectively, ment of the expression of these genes at high levels in a fatal

data not shown). outcome. ® recurrence or death of disease, no evidence of
disease.
Rk
0.5 x 1T 1 NB69N
69NR
0.4 l l RT-BM-1 I N-mye transfectant
~ 1.0 0 14 11 =
0.3
MRP
027 —0.5 B2m
0.1
' ' N-mye
0

NED RECDOD ©
@=3) (=11

localized metastatic
disease  disease N-myc<10 N-mycz10
(n=28) (n=14)

(n=22) (n=20)
Fig. 2. Mean PCR ratios of target genes (MRP anochyg- to

B2m

Fig. 4. Expressions of Miyc and MRP in parental NB69N,
control 69NR, 7 Nmyc transfectants, RT-BM-1 (0) and its

control B2-microglobulin gene in subgroups categorized by clini- chemically differentiated cells treated with retinoic acid for 14
The differentiated RT-BM-1 cells expressed
fication and prognosis of the patients). NED, no evidence ofdecreased levels of Myg and significant levels of Kycwere

cal and biological features (spread of the diseaseyblampli-

disease; REC/DOD, recurrence or death of disedse;
P=0.0048;[1] P=0.0117;11] P<0.0001.0 MRP (left scale),
m N-myc(right scale).

days (14).

observed in the 7 Miyc transfectants, but not in NB69N or
69NR. There was no obvious change in the levels of MRP
expression in these cell lines.
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Childhood malignant liver tumors : Hepatocellular carcinomas
0.504 -1.0
0.251 -0.5
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Fig. 5. PCR ratios of target genes (MRP and cMOAT) to cofiahicroglobulin gene in 10 malignant liver tumors from 9 children,

and 9 hepatocellular carcinomas from adult patients. The pathology of the childhood malignant liver tumor from cases 1 to 8 was
hepatoblastoma, and that of case 9 was hepatocellular carcinoma, adult type. The tumors were staged according to thieespread of
disease (the classification of the Japanese Society of Pediatric Surgeons and Liver Cancer Study Group of Japan). Dsedsath of d
(other patients are alive without tumol).chemotherapy prior gene analyses.MRP (left scale),m cMOAT (right scale).

To determine the direct effect of the miyc oncogene cMOAT in the 9 hepatocellular carcinomas from adult
on the regulation of the transcription of MRP expression,patients was also examined, because the highest expres-
we transfected the Nwyc expression vector into the con- sion of cMOAT was observed in a childhood hepatocellu-
trol vector into the neuroblastoma cell line NB69N, origi- lar carcinoma. cMOAT expression was found in only 3 of
nally harboring a single copy of Myg and established 7 these tumors, and the levels were below those observed in
stable Nmyc transfectants and a control transfectant,the normal liver and childhood liver tumors. None of the
69NR. Compared with the parental cell line NB69N and9 hepatocellular carcinomas from adult patients expressed
the control 69NR, the Mayc transfectants did not differ MRP at a measurable level (Fig. 5).
in morphological appearance or growth in normal
medium, but showed about 6-fold more efficient of col- pjscussion
ony formation in soft agar (data not shown). Fig. 4 shows
the expressions of ycand MRP in NB69N, 69NR, the Neuroblastoma is the most common malignant solid
7 N-myc transfectants, RT-BM-1 and its chemically dif- tumor in early childhood. The metastatic status of neuro-
ferentiated cells following incubation with retinoic acid blastoma warrants the administration of megadoses of
for 14 days. The differentiated RT-BM-1 cells expressedanticancer drugs, because metastatic tumors generally
decreased levels of Myc While NB69N and 69NR have lost the ability to undergo neuronal differentiation,
expressed undetectable levels ofriye significant levels as might be expected from the frequent amplification of
of N-myc were observed in all 7 Nwc transfectants. N-myc and decreased expression of genes related to neu-
However, there was no obvious change in the levels ofonal differentiatiort® % 26-28) However, there is a diver-
MRP expression in these cell lines. gence of long-term prognoses among the patients with

In the analyses of the 10 primary childhood malignantmetastatic neuroblastoma, even if the biological pheno-
liver tumors from 9 children, expressions of MRP andtype of their tumors is almost identid&l.Since a major
cMOAT were observed in 6 and 7 tumors, respectivelycause of a fatal outcome is MDR, analysis of the expres-
(Fig. 5). No relationship between the gene expressionsion of genes related to the MDR phenotype in neuro-
and the degree of histological maturation or seoufeto- blastomas is clinically important.
protein levels was found (data not shown). However, 3 of Our present study of 42 neuroblastomas indicated that
the 4 tumors with a fatal outcome expressed either MRRhe expression of MRP was highly correlated with the
or cMOAT at high levels. The expression of MRP and expression of Nmyg but not with the spread of disease or
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the outcome. A close relationship betweermie and of advanced disease shows a diversity from complete
MRP expressions was also reported by Bordaiwal.” response to progressive disease, even thougtdémécal
The overexpession of Nmyc was restricted to Mayc regimen is applied. This clinical observation raises the
amplified tumors, but Nmyc-amplified tumors did not possibility of the involvement of MDR in the heteroge-
always express fhyc at enhanced levels in the present neous evolution of the liver tumors, as well as neuroblas-
study. This finding concurs with previous observations of tomas.
ours®? and otheré? and these phenomena reduce the The analyses of the 10 malignant liver tumors revealed
prognostic value of Nwyc expression for patients with that MRP and cM@T were expressed in 6 and 7 tumors,
neuroblastoma® In fad, the presenstudy showed that respectivel. Although the mean levels of MRP in the
N-myc expression at high levels was related to metastaticliver tumors were lower than those found in the neuro-
disease, bunat sigrificantly related to an unfavoreb  blastomas, 2 tumors with a fatal outcome expressed rela-
outcome. Consequewtl the levels of MRP expression tively higher levels of MR In contrast, the levels of
also did not show a close association with the clinical outcMOAT expression in the liver tumors were comparable
come. Howeve this conclusion does not agree with that to or greater than those expressed in the normal liver tis-
by Norris et d.19 They concluded that a high expression sue. The most abundant expression of @&WOwas
of MRP was the most powerful indicator of a poor out- observed in the metastatic tumor (hepatocellular carci-
come for patients ith neurobastoma, and suggested the noma, adult type) with a fatal outcome. This expression
possibility that transcription of MRP is regulated through pattern of MRP at low but detectable levels and é\O
E-box motfs, the binding site ofmyc family protens, in  at high levels in the liver tumors resembles that in the
the promoter region of MRP by Mayc protein. normal live, from which malignant transformation could
Our present results, howeydailed to demonstrate an occu. Howeve, the hepatocellular carcinomas from adult
up-regulation of MRP expression in mMyctransfected patients expressed no MRP and showed low levels of
neuroblastoma cells or a down-regulation of MRP expres¢MOAT with a low frequeng The expression of MRP
sion in Nimycdecreased neuroblastoma celléfetenti- and cMQOAT at significant levels might be characteristic
ated by retinoic acid. It is not known whether someof childhood malignant liver tumors and confer an MDR
unidentified gene(s) or mechanism(s) exists that actiphenotype. Analyses of rger numbers of the tumors
vate(s) expressions of -Myc and MRP indpendently  may resolve this question.
during the carcinogenesis of neuroblastoma. In view of In conclusion, MRP expressed in neuroblastomas is
our observation that MRP expression was highly relatechighly related to Nmyc expression but not to the clinical
to N-myc expression, it is unlikely that MRP expression course of the disease. It seems likely that co-activation of
has reliable prognostic value for patients with neuroblasMRP and Nmyc does not occur by the direct association
toma. In addition, cisplatin, the mostfective agent for of N-myc protein with the regulatory domain of NPRas
neuroblastomas, has not been proven to be a substrate felmown by the present Myc transfection assaysWe
MRP. The role of MRP in the clinical chemoresistance offound that childhood malignant liver tumors in advanced
neuroblastoma thus remains uncertain. stages expressed MRP and cMOat higher levels and
Taniguchiet al recently isolated human cM® cDNA more frequently than thofeund in the normal liver and
from a cisplatin-resistant human cancer cell helhe hepatocellular carcinomas from adult patients, indicating
enhanced expression of cMD was suggested to be that these genes might be involved in the clinical
involved in the resistance to cisplatin and other chemo-chemoresistance.
therapeutic drugsn vitro.*??¥ In the pesent stug we
examined the expression of cMD in childhood solid ACKNOWLEDGMENTS
cancers to clarify its relevance to clinical chemoresis-
tance.We found that cM@T was not expressed in most  This study was supported in part by a Grant-in-Aid for Scien-
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