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Abstract We evaluated the expression of MDR1/p-gly-
coprotein in paediatric tumours using reverse transcrip-
tase polymerase chain reaction (RT-PCR), RNA dot blot
analysis, and immunohistochemistry on formalin fixed
paraffin-embedded material with JSB-1 and C-219
monoclonal antibodies, and compared these three tech-
niques. The expression of multidrug resistance-associat-
ed protein (MRP) gene was examined by RT-PCR assay.
We studied MDR1/p-glycoprotein and MRP expression
in 13 samples from 10 neuroblastoma patients, 11 sam-
ples from 10 nephroblastoma patients, 2 rhabdomyosar-
comas, 1 adrenocortical carcinoma and 10 benign tu-
mours or tumour-like lesions. Eleven of 13 neuroblasto-
mas, 7 of 11 nephroblastomas, 2 rhabdomyosarcomas, 1
adrenocortical carcinoma, and 7 of 10 benign tumours or
tumour-like lesions showed MDR1 PCR products. By
RNA dot blot analysis, MDRI1 transcripts were detect-
able in 11 of 34 specimens. Immunohistochemically, we
detected positive reaction products for JSB-1 in 26 of 36
samples. There was a significant correlation between the
immunoreactivity for JSB-1 and the expression of
MDR1 mRNA expression by RT-PCR (P=0.0001). How-
ever, the presence of p-glycoprotein immunostaining
does not correlate with the MDR1 expression shown by
RT-PCR in every case. As for MRP mRNA expression, 9
of 13 neuroblastomas and 10 of 11 nephroblastomas re-
vealed PCR products.
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Introduction

The human MDR1 gene, which encodes the drug efflux
pump called p-glycoprotein [26, 36], has been shown to
play a major role in the acquisition and maintenance of
the multidrug resistance (MDR) phenotype in vitro [16,
31]. Sensitive molecular biological and immunohisto-
chemical techniques have been developed to detect
MDR1 mRNA/p-glycoprotein expression in clinical
samples of paediatric tumours [3, 9, 22, 30, 32]. An in-
crease in MDRI1 transcript levels has already been re-
ported for neuroblastomas by many authors using north-
ern blotting or RNA dot blot analysis [4, 5, 7, 14, 23,
28]. To investigate further association of the expression
of the MDR1 gene in childhood cancers with drug resis-
tance, we studied the expression of MDR1/p-glycopro-
tein in paediatric solid tumours using reverse transcrip-
tase polymerase chain reaction (RT-PCR), RNA dot blot
analysis and immunohistochemistry. To find the most
sensitive and reliable tools for the assessment of
MDR1/p-glycoprotein expression, these three methods
were compared. The recently described multidrug resis-
tance-associated protein (MRP) gene, identified by Cole
et al. [12], encodes a novel membrane transport protein,
the overexpression of which has been associated with a
number of non-P-glycoprotein-mediated MDR pheno-
types in vitro. Using an RT-PCR assay, the expression of
this gene was also examined in this study.

Materials and methods

KB-C1, a drug resistant cell line, and the KB-3-1 parental epider-
moid carcinoma cell line (kindly provided by Prof. M. Kuwano,
First Department of Biochemistry, Kyushu University, Fukuoka,
Japan) were used as standard material for quantification of MDR1
transcript level and p-glycoprotein expression by immunohisto-
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Table 1 Amplimers and conditions of thermal cycling for polymerase chain reaction (PCR) amplification (MRP multidrug resistance-

associated protein, B2MG beta 2 microglobulin)

Gene Length Primer sequence Thermal cycling

MDRI1 167 bp 5’-CCC ATC ATT GCA ATA GCA GG-3’ 94° C (30 5) 55° C (1 min)
5’-GTT CAA ACT TCT CGT CCT GA-3’ 72° C (2 min) 33 cycles

MRP 614 bp 5-CTG AGA AGG AGG CGC CCT G-3’ 94° C (1 min) 57° C (1 min)
5’-GTG TCC GGA TGG TGG ACT G-3’ 72° C (2 min) 30 cycles

B2MG 120 bp 5-ACC CCC ACT GAA AAA GAT GA-3’ 94° C (30 s) 55° C (1 min)

5’-ATC TTC AAA CCT CCA TGA TG-3'

72° C (2 min) 35 cycles

chemistry. A multidrug resistant mutant, KB-C1, was selected with
increasing concentration of colchicine, and was maintained in the
presence of 1 pg/ml colchicine [1]. The KB-C1 cell line expressed
270-fold the MDR1 mRNA compared with KB-8, which expressed
a minimal level of MDR1 as seen by slot-blot analysis [34].

We examined 13 samples from 10 neuroblastoma patients, 11
specimens from 10 nephroblastoma patients, 2 rhabdomyosarco-
mas and 1 adrenocortical carcinoma. Furthermeore, 10 benign tu-
mours or tumour-like lesions were also investigated. For neuro-
blastoma, histological subclassification was made according to
Hughes et al. [24]. The clinical stages of the disease were deter-
mined according to the system of Evans et al. [18]. For nephro-
blastomas, histological grade and clinical stage were determined
according to “Gesellschaft fiir Pédiatrische Onkologie und
Hiamatologie” [33] and “Societe Internationale d’Oncologie
Pediatrique”™ [25], respectively. Tissues with necrosis, haemor-
rhage, or calcification were excluded. Representative tissue was
frozen in liquid nitrogen and stored at —80° C for RNA analysis.
The remainder of the tissue was fixed in 4% neutral buffered for-
malin for pathological analysis and immunostaining.

Total RNA was isolated from the tissue specimens and cell
lines by the single extraction method as described by Chomczyn-
ski and Sacchi [11]. Total RNA was also obtained from peripheral
blood mononuclear cells (PBMC) isolated from freshly drawn
heparinized normal human blood by centrifugation through Hist-
opaque 1077 and washed with phosphate-buffered saline before
lysis. Cellular RNA from PBMC of a healthy volunteer was used
for positive control of MRP mRNA [2, 12]. Purity was confirmed
on 1% agarose-formaldehyde gel, and quantitation was performed
by spectrophotometry analysis.

For reverse transcriptase-polymerase chain reaction (RT-PCR),
1 ug purified cellular RNA was converted to single strand cDNA
using a random primer and the Promega (Madison, Wis.) RT
system according to the manufacturer’s instructions. PCR was per-
formed in a programmable thermal cycler (PTC-100TM: MJ Re-
search, Watertown, Mass.). The oligonucleotides used as ampli-
mers in this study were synthesized by Pharmacia and conditions
of thermal cycling were listed in Table 1. cDNA derived from 50
ng of RNA was incubated with 2.5U of Tag DNA polymerase (GI-
BCO) in 50 ul containing 1.5 mM magnesium chloride (0.5 mM
for MRP primers), 0.2 mM of each dNTPs and 1xPCR buffer (GI-
BCO) and 37.5 pmol (25 pmol for MRP) gene specific amplimers.
After amplification, 5 ul of each reaction was analysed by electro-
phoresis on a 4% agarose gel (1% agarose + 3% NuSieve) stained
with ethidium bromide, and quantified by laser densitometry. The
intensity of each mRNA was standardized with beta 2-micro-
globulin (B2MG) expression. The level of MDR1 was determined
by comparison of the ratio of the intensities of the MDR1 and
B2MG PCR products for each samples with the positive control
KB-C1 cells (100 units). MDR1 values were estimated as follows:
0 unit, grade 0; <10 units, grade 1; >10 units and <40 units, grade
2; >40 units, grade 3.

The level of MRP mRNA was classified as follows: grade 0, not
observed; grade 1, the intensity of the amplified band was less than
that of PBMC; grade 2, the intensity was stronger than PBMC.

In order to allow us to perform RNA dot blotting pHDRSA
was a kind gift from Dr. M. Gottesman. It consists of a 1.4 kb in-
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Fig. 1 RT-PCR analysis of MDRI mRNA expression. The upper
band shows the PCR products following amplification of the
MDRI1 sequence. The lower band shows B2MG-specific PCR
products amplified in separate tubes as internal control. Drug re-
sistant cell line, KB-C1 shows strong positive signal. There was no
MDR1 PCR product in drug sensitive cell line KB-3-1. (NB I neu-
roblastoma case 1; NPB 7 nephroblastoma case 7; Rhabdomyosa.
1: rhabdomyosarcoma case 1. These tumours expressed MDR1
mRNA at high or intermediate levels

sert of MDR1 in transcription vector pGEM4 [37]. The plasmid
was digested with PuvIl which cuts midway in the MDR1 cDNA.
Digoxigenin (dig)-labelled antisense RNA probe was transcribed
using SP6 RNA polymerase with a dig-RNA-labelling kit (Boeh-
ringer-Mannheim, Biochemica, Mannheim, Germany) according
to the manufacturer’s instructions. Serial dilutions of 10, 5 and 1
g of each sample of denatured total cellular RNA were spotted on
the nylon membrane (Hybond N, Amersham) using a BRL Hy-
bridot Manifold apparatus. Samples from both MDRI1 negative
KB-3-1-and positive KB-C1 cell lines were included on each blot.
After fixation by UV-irradiation (UV Stratalinker 2400, Strata-
gene), the filters were prehybridized for 4 h at 55° C in 50% form-
amide, 5x standard saline citrate (SSC), 2% blocking reagent
(Boehringer-Mannheim), 0.1% N-lauroylsarcosine and 0.02% so-
dium dodecyl sulphate (SDS). The hybridization was carried out
overnight at 55° C in the same solution containing dig-labelled
MDRI antisense RNA probe. After hybridization, the filters were
washed with 2x SSC, 0.1% SDS twice for 10 min each at room
temperature and then three times with 0.1x SSC, 0.1% SDS for 15
min each at 68° C. The detection of hybridization signals were
carried out with DIG nucleic acid detection kit (Boehringer-Mann-
heim) and chemiluminescent substrates: 1,2-dioxetane chemi-
luminescent enzyme subtrate (CSPD) (Serva, Heidelberg, Germa-
ny). Finally, the membrane was exposed to X-ray film and the hy-
bridization signals were quantified by densitometer. The specifici-
ty of the generated cRNA probe was confirmed by northern blot-
ting, Values for MDR1 expression were determined by substrating



Table 2 Patient data and results of MDR1 and MRP expression
in paediatric tumours (CT chemotherapy, DB dot blot, PGP p-
glycoprotein, IHC immunohistochemistry, RT-PCR reverse tran-
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scriptase-PCR, M months, y years, d days, M male, F female, NB
neuroblastoma, NPB nephroblastoma, NE not examined)

Case Age/ Histological Prior Grader Stage MDR1 DB . PGP THC MRP Prognosis
number Sex diagnosis CT RT-PCR JSB-1 (C-219 RT-PCR (m)
1 9m/F NB No 3 V.S 3 3 1 0 2 Alive (84)
2 T2m/F NB No 3 v 3 2 2 1 0 Dead (12)
2 Recurrence Yes 3 1 2 1 0
3 Sm/F NB No 3 v-S 0 0 NE NE 1 Dead (11)
3 Recurrence Yes 2 0 0 0 1
4 72m/F NB Yes 2 v 3 0 1 0 0 Dead (7)
5 12m/F NB Yes 3 I 3 0 2 1 1 Aive (72)
6 360w/M NB No 3 I 3 1 1 0 2 Alive (16)
7 10m/F NB No 3 11 3 3 0 NE 1 Alive (12)
8 24m/F NB Yes 3 v 0 0 0 0 0 Alive (5)
9 Sm/M NB No 3 1 1 0 1 0 1 Alive (2)
10 Sm/F NB Yes 3 v 1 0 2 1 1 Dead (2)
10 Liver metastasis Yes 3 3 2 2 2
11 96m/M NPB No S I 2 0 2 1 2 Alive (84)
12 T2m/M NPB No S v 2 0 1 1 2 Alive (70)
13 48m/M NPB No S 1I 0 0 0 0 1 Alive (63)
14 47m/M NPB No S I 0 0 0 0 1 Dead (6)
15 15m/M NPB Yes H I 2 0 1 0 1 Dead (18)
15 Recurrence Yes 0 0 0 0 1
16 60m/F NPB Yes S I 0 0 0 0 1 Alive (54)
17 42m/M NPB Yes H i 2 NE 1 1 0 Dead (8)
18 48m/M NPB Yes S v 3 2 1 0 1 Alive (24)
19 12m/M NPB Yes S I 3 2 1 1 2 Alive (22)
20 96m/M NPB Yes S I 3 0 2 1 1 Alive (24)
21 3y/M Rhabdomyosarcoma 2 NE 2 1 1 Dead (12)
22 17y/F Rhabdomyosarcoma 1 0 1 0 1 Alive (48)
23 8y/F Adrenocortical carcinoma 3 1 2 1 2 Dead (6)
24 3y/F Lipoblastoma 0 0 0 0 1
25 8m/M Lipoblastoma 0 0 0 0 2
26 10d/M Haemangioendothelioma 1 0 0 0 1
27 15y/M Haemangioendothelioma 2 0 1 1 1
28 14y/M Paraganglioma 3 3 1 1 2
29 14y/M Ganglioneuroma 2 1 2 2 1
30 7y/E Neurofibroma 1 NE 2 1 0
31 3y/F Plasma cell granuloma 1 0 1 0 2
32 S5y/M Plasma cell granuloma 1 0 1 0 1
33 5y/F Eosinophilic granuloma 0 0 1 0 0

2 For neuroblastomas the grade is given according to Hughes [24]. For nephroblastomas the grade in that according to Gesellschaft fiir
Pidiatrische Onkologie und Hamatologie [33] with S indicating standard risk and H indicating high risk

the value obtained in the negative control line KB-3-1, and then
normalizing all samples to a value of 100 units for 10 ug total
RNA of the positive control line KB-C1. The negative signals
were scored as grade 0. The value less than 3 units was considered
to be a low expression, grade 1; 3-10 units intermediate, grade 2;
more than 10 units high, grade 3.

For immunohistochemistry formalin-fixed, paraffin-embedded
pellets of KB-3-1 and KB-C1 cell lines were used as controls. Sec-
tions were cut at 4 lim from paraffin-embedded samples and pellets
of cell lines and were dewaxed. After inhibition of endogenous per-
oxidase, tissue sections were exposed to JSB-1 monoclonal anti-
body (Crawly, England; dilution 1:20) and C-219 murine monoclo-
nal antibody (Centocor, Malvern, Pa.; dilution 1:5) for 16 h at 4° C.
A secondary horse anti-mouse antibody conjugated with biotin was
followed by streptavidin. The colour reaction was developed in di-
aminobenzidine solution for 10 min and sections were counter-
stained with haematoxylin. A section without the primary antibody
served as a negative control. The slides were reviewed by three pa-
thologists independent of other experimental results and scored as
negative, grade 0; <50% of cells showing staining, grade 1; >50%
of cells showing immunoreactivity, grade 2.

The correlation between RT-PCR and immunohistochemistry
in MDR1 expression was evaluated by chi-square test. For testing
the effect of MDR1 and MRP expression on the prognosis, Ka-
plan-Meier plots were constructed and Wilcoxon-test was per-
formed. A P value less than 0.05 was considered significant.

Results

RT-PCR for MDR1

The feasibility of RT-PCR for MDR1 was confirmed
with the cell lines. The drug sensitive KB-3-1 showed no
MDRI1 product, whereas a strong positive signal was ob-
tained with the drug resistant cell line KB-C1 (Fig. 1).
Out of the 37 specimens, 28 (76%) had positive PCR
products. For neuroblastomas, 11 of 13 specimens
showed MDR1 expression (Table 2 and Fig. 2A). Four of
five chemotherapy free samples revealed MDR1 expres-
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Fig. 2 A PCR analysis for MDR1 and B2MG gene expression in
NBs. NB2 revealed MDR1 expression at a high level before and
after chemotherapy. Post-Chemo Tx post chemotherapy, Ad. adre-
nal tumour, meta. metastasis, GN ganglioneuroma). B RT-PCR for
MDR1 in NPBs and other tumours or tumour-like lesions. Para-
ganglioma and adrenocortical carcinoma showed MDRI1 expres-
sion at a high level
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Fig. 4 A Specific detection of the 4.5 kb MDR1 mRNA by north-
ern blotting using digoxigenin-labelled cRNA probe. The agarose
gel is coloured with ethidium bromide showing the quality of rib-
osomic RNAs 28S and 18S. B DB analysis for the MDRI1 tran-
scripts in paediatric tumours. MDR1 mRNA levels of the multi-
drug-resistant KB-C1 cell, the drug sensitive KB-3-1 cell and clin-
ical specimens were determined by densitometry

sion initially. Two cases had matched tumours before and
after chemotherapy. In case 3, MDRI1 expression was
recognized only after chemotherapy but in case 2, both
pre and post chemotherapy specimens expressed MDR1
at high level.

In the nephroblastomas, 7 of 11 samples revealed
MDRI1 expression at intermediate or high levels (Table 2
and Fig. 2B). Two of four untreated tumours showed
MDRI1 expression. There was no significant relationship
between MDRI1 expression. There was no significant re-
lationship between MDR1 expression and prognosis in



Fig. 5 A Drug resistant KB-C1
cells shows positive immunore-
action for JSB-1 monoclonal
antibody along the plasma
membrane. B In NB 10, tumour
cells show multifocal positivity
of the cytoplasmic membrane
and Golgi area with JSB-1 (avi-
din-biotin peroxidase complex
method x400)

our neuroblastoma and nephroblastoma series (Fig. 3:
P=0.131). In other tumours, one adrenocortical carcino-
ma and one paraganglioma showed high MDRI expres-
sion, compared with other types of tumour or tumour-
like lesions (Table 2 and Fig. 2B).

Dot blot analysis of MDR1 expression

The specificity of cRNA probe and dot blot analysis was
verified by northern blotting (Fig. 4A). We examined 34
specimens and MDR1 transcripts were detectable in 11
samples (32%). Among 11 positive specimens, 6 were
from 13 neuroblastoma specimens, 2 from 10 nephro-
blastomas and 3 from 11 other tumours or tumour-like
lesions (Table 2 and Fig. 4B). Out of these 11 dot blot
positive cases, 10 showed a high level of MDR1 expres-
sion by RT-PCR and 1 showed an intermediate level.
There were no dot blot positive cases in which RT-PCR
showed no MDR1 gene product.

Immunohistochemical detection of p-glycoprotein

Paraffin-embedded cell pellets were used as control.
Drug resistant KB-C1 shows positive reaction products
in the plasma membrane, while parental KB-3-1 revealed
no immunoreactivity for JSB-1 or C-219 (Fig. 5A). Of
36 specimens, 26 (72%; 6/13 neuroblastomas, 7/11
nephroblastomas, 2/2 rhabdomyosarcomas, 1/1 adreno-
cortical carcinoma and 7/10 benign tumours or tumour-
like lesions) showed positive reaction for JSB-1 antibody
(Table 2 and Fig. 5B). However, 16 of 35 (46%; 5/11
neuroblastomas, 5/11 nephroblastomas, 1/2 rhabdomyo-
sarcomas, 1/1 adrenocortical carcinoma and 4/10 benign
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Table 3 Comparison of MDR1/PGP expression using RT-PCR,
DB analysis, and THC (JSB-1) in 33 paediatric tumours or tumour-
like lesions

Number of samples RT-PCR DB IHC
10 + + +

1 + + -
12 + - +

2 + - -

1 - - +

7 - - -

tumours or tumour-like lesions) revealed immunoreactiv-
ity for C-219 (Table 2). Concordance between RT-PCR,
dot blot and immunohistochemistry with JSB-1 was
found in 17 samples (47; Table 3). Nevertheless, concor-
dance between the positivity of MDR1 expression by
RT-PCR and p-glycoprotein expression by immunohisto-
chemistry with JSB-1 was recognized in 33 (92%) of 36
samples (Table 2). Two neuroblastomas and one haeman-
gioendothelioma showed negative reaction for JSB-1 de-
spite the positivity of RT-PCR. There was a significant
correlation between the immunoreactivity for JSB-1 and
the expression of MDR1 mRNA by RT-PCR (chi-square
test: P=0.0001).

RT-PCR for MRP

Of 37 samples, 31 (84%) showed MRP positive prod-
ucts. In the neuroblastomas, 9 of 13 samples revealed
MRP expression (Fig. 6). In two matched neuroblasto-
mas, no change was recognized at the levels of MRP be-
fore and after chemotherapy. In the nephroblastomas, 10
of 11 specimens had positive products. There was no sig-
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Fig. 6 Analysis of MRP mRNA and B2MG expression in NBs us-
ing RT-PCR. Total RNA from PBMC was used as control

nificant relationship between MRP expression and prog-
nosis in neuroblastomas or nephroblastomas (P=0.473).

Discussion

Recent studies have revealed high levels of MDR1/p-gly-
coprotein in some normal tissue including kidney, colon,
adrenal gland and liver [19, 29]. The tumour arising from
these tissues also shows high levels of MDRI1 [22]. Ex-
pression of MDR1/p-glycoprotein has also been docu-
mented in neuroblastoma [3, 32]. Two authors [7, 23] us-
ing RNA dot blot analysis on neuroblastoma samples
showed that a significantly greater number of treated ver-
sus untreated cases expressed higher levels of MDRI1
mRNA, suggesting that the acquisition of a multidrug re-
sistant phenotype is related to chemotherapy. In our
study, there was no significant correlation between
MDR1 mRNA expression and therapy status or progno-
sis, possibly due to the small number of cases.

For the evaluation of MDR1 mRNA expression, Bro-
phy etal. [8] recommended RT-PCR in comparison
with RNA dot blot analysis, in situ hybridization and
immunohistochemistry, because of its relative simplici-
ty and specificity. Apart from Bordow et al. [6], no in-
vestigator has studied the MDR1 expression in paedi-
atric tumours using RT-PCR. In this study, 28 of 37
specimens (76%) showed MDRI1 expression by RIT-
PCR, while 11 of 34 specimens (32%) revealed MDR1
mRNA expression by dot blot analysis even when em-
ploying a ¢cRNA probe which is considered to be more
sensitive than a cDNA probe. We could not detect the
MDRI1 transcript by dot blot in 14 samples which
showed positive PCR product. Therefore, we consider
that RT-PCR is more sensitive than dot blot analysis to
detect MDR1 mRNA. :

Generally, nephroblastoma is a highly chemorespon-
sive tumour [15], and infrequent MDR1 expression was
previously demonstrated by RNA dot blot analysis [22].
However, 7 of 11 specimens revealed MDR1 expression
by RT-PCR in the current study, whereas the MDR1 tran-
script was demonstrated in only 2 specimens by RNA
dot blot analysis. Our results suggest that nephroblasto-

mas of childhood are not necessarily all chemorespon-
sive tumours and the clinical significance of a low level
of MDR1 expression should be investigated within large
systematically-treated patient groups by employing sen-
sitive techniques such as RT-PCR.

In this study, formalin-fixed paraffin-embedded clini-
cal materials were examined for the presence of p-glyco-
protein by immunohistochemical staining using two
monoclonal antibodies, JSB-1 and C-219. We tried to
use C-219 for paraffin-embedded sections, but the immu-
noreactivity was weaker than JSB-1. Kandel et al. [27]
described that C-219 antibody from a different lot num-
ber decreased the number of cases which showed posi-
tive immunostaining. Furthermore, Cordon-Cardo et al.
[13] recommended using the C-219 antibody only for
frozen sections because the determinants recognized by
C-219 are irreversibly masked or denatured through for-
malin fixation and processing. Several investigators have
pointed out that applying immunohistochemistry alone is
insufficient and must be supplemented by additional as-
says such as northern blotting and quantitative RT-PCR
[17]. Therefore, careful interpretation of the immunohis-
tochemistry of p-glycoprotein should be done.

MREP, a gene recently isolated from a non-p-glycopro-
tein-mediated multidrug-resistant small cell lung cancer,
is a candidate multidrug-resistance gene [12]. It is con-
sidered to encode a 190 kDa transporter membrane pro-
tein [2, 12]. It is still unclear whether MRP mRNA ex-
pression is associated with drug resistance in vitro. Some
authors have found no correlation between MRP expres-
sion and multidrug resistance in vitro [10, 20]. In the in
vivo study, however, some authors have found a contri-
bution of MRP mRNA expression to the multidrug resis-
tance of haematopoietic neoplasms [21] and thyroid can-
cer [35]. Recently, Bordow etal. [6] demonstrated the
MRP mRNA expression in 5 human neuroblastoma cell
lines and in 25 primary neuroblastomas. In our study, 9
of 13 neuroblastomas (69%) and 10 of 11 nephroblasto-
mas (90%) showed MRP expression.

This study confirms the usefulness of RT-PCR to de-
tect the MDR1 mRNA in paediatric tumours. The clini-
cal correlation with MDRI1 expression shown by RIT-
PCR should be demonstrated in a large number of sys-
tematically-treated patient groups.
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