European Journal of Cancer, Vol. 33, No. 12, pp. 1911-1916, 1997
(© 1997 Elsevier Science Ltd. All rights reserved

Printed in Great Britain

0959-8049/97 $17.00+0.00

Pergamon

PII: S0959-8049(97)00284-0

Original Paper

Evidence that the MYCN Oncogene Regulates MRP Gene
Expression in Neuroblastoma

M.D. Norris,! S.B. Bordow,! P.S. Haber,? G.M. Marshall,! M. Kavallaris,! J. Madafiglio,!
S.L. Cohn,>® H. Salwen,> M.L. Schmidt,* D.R. Hipfner,”> S.P.C. Cole,” R.G. Deeley”
and M. Haber!

LChildren’s Leukaemia and Cancer Research Centre, Sydney Children’s Hospital, High Street, Randwick,
Sydney, N.S.W. 2031; ?Department of Gastroenterology, Prince of Wales Hospital, Sydney, Australia;
3Department of Pediatrics, Northwestern University, Chicago, Illinois; *Department of Pediatrics,
University of Illinois, Chicago, Illinois, U.S.A.; and *Cancer Research Laboratories, Queens University,
Kingston, Ontario, Canada

We have recently shown that expression of the multidrug resistance-associated protein (MRP) gene is
a powerful prognostic indicator in childhood neuroblastoma and have suggested that the MYCN
oncogene may regulate MRP gene expression. To address this hypothesis, we have examined the
relationship between MYCN and MRP gene expression in neuroblastoma tumours and cell lines.
MYCN and MRP gene expression were highly correlated in 60 primary untreated tumours both with
(P=0.01) and without MYCN gene amplification (?<0.0001). Like MRP, high MYCN gene expression
was significantly associated with reduced survival, both in the overall study population and in older
children without MYCN gene amplification (relative hazards =13.33 and 19.61, respectively). Inhi-
bition of MYCN, through the introduction of MYCN antisense RNA constructs into human neuro-
blastoma cells in vitro, resulted in decreased MRP gene expression, determined both by RNA-PCR
and Western analysis. The data are consistent with MYCN influencing neuroblastoma outcome by
regulating MRP gene expression. © 1997 Elsevier Science Ltd.

Key words: multidrug resistance, multidrug resistance-associated protein (MRP) gene, neuroblas-

toma, MYCN oncogene, polymerase chain reaction (PCR), antisense RNA

Eur ¥ Cancer, Vol. 33, No. 12, pp. 1911-1916, 1997

INTRODUCTION

AMPLIFICATION OF the MYCN oncogene is one of the most
powerful indicators of poor outcome in childhood neuro-
blastoma [1,2]. MYCN is involved in growth and differen-
tiation of neuroblastoma cells [3, 4] and clearly contributes to
the malignant phenotype of this disease [5]. Nevertheless, its
precise role in neuroblastoma pathogenesis remains to be
elucidated. MYCN encodes a nuclear phosphoprotein which
appears to act as a transcriptional regulator. However, the
specific target genes regulated by MYCN, either in this or
other malignancies, are still undefined.

The risk of treatment failure in patients whose tumours
display MYCN gene amplification is high [1] and is largely
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attributable to simultaneous resistance to a diverse range of
structurally and functionally unrelated drugs. The association
of MYCN amplification with clinical multidrug resistance
raises the possibility that MYCN may be involved in the reg-
ulation of critical drug-resistance genes. Amongst genes
known to mediate a multidrug-resistance phenotype in vitro,
the best characterised are the MDRI1 gene, encoding P-gly-
coprotein [6], and the multidrug resistance-associated pro-
tein (MRP) gene [7]. We have recently shown that MRP gene
expression is significantly higher in tumours with MYCN
gene amplification [8, 9] and that expression of the MRP gene
is a powerful predictor of outcome in primary untreated
neuroblastoma [9]. Moreover, we have previously demon-
strated coordinated downregulation of the MYCN and MRP
genes following retinoic acid-induced differentiation of neuro-
blastoma cell lines [8]. As a result of these findings, we have
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hypothesised that the MYCN oncogene regulates expression
of MRP, thereby modulating the response of neuroblastoma
to cytotoxic drugs.

To address this hypothesis, we analysed MYCN expression
in 60 primary untreated neuroblastoma tumours whose MRP
expression and MYCN gene copy number had previously
been determined and related MYCN expression both to MRP
expression and clinical outcome. We also utilised neuro-
blastoma cells transfected with MYCN antisense RNA con-
structs to investigate the effect of MYCN down regulation on
MRP expression. Collectively, the data provide evidence
consistent with the hypothesis that MYCN influences neuro-
blastoma outcome by regulating MRP gene expression.

MATERIALS AND METHODS

Patients and tumour specimens

Sixty primary untreated neuroblastoma samples, obtained
either from the Neuroblastoma Tumor Bank of the Pediatric
Oncology Group, U.S.A. or from the Sydney Children’s
Hospital (formerly the Prince of Wales Children’s Hospital),
Sydney, Australia, have been described previously [9]. All
tumours had previously been subjected to Southern blot
analysis to determine the number of copies of the MYCN
oncogene per haploid genome [1,10] and tumours were
classified as having MYCN amplification where more than
three MYCN copies were present. In addition, the level of
MRP gene expression had been determined in each tumour
using RNA-PCR analysis [9]. Outcome measures studied
were survival, defined as time from diagnosis to death and
event-free survival, defined as time from diagnosis to the first
major event (relapse, failure to achieve remission or death).

Cell lines

NBL-S [11] is a MYCN non-amplified human neuroblas-
toma cell line established in one of our laboratories (S.L.C.).
The NBL-S-derived MYCN antisense transfectant cell lines
NBAS-4 and NBAS-5 and their vector-only transfectant
control, NBV-1, were developed in the same laboratory and
have been described previously [12]. Briefly, the antisense
cell lines were derived by cotransfecting into the NBL-S cells
a pCMV, vector containing a 1.2kb MYCN cDNA insert in
the antisense orientation together with the pSV2neo plasmid,
followed by isolation of neomycin-resistant clones. The
BE(2)-C human neuroblastoma cell line with MYCN gene
amplification, and the drug-resistant MCF7/VP human
breast cancer cell line [13] with MRP gene amplification,
were generously supplied by Dr J. Biedler (Memorial Sloan-
Kettering Cancer Center, New York, U.S.A.) and by Dr E.
Schneider (Wadsworth Center for Laboratories and
Research, Albany, New York, U.S.A.), respectively. All lines
were maintained as monolayer cultures at 37°C in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal calf
serum and were free of mycoplasma.

Analysis of MYCN gene expression by the polymerase chain
reaction (RNA-PCR)

The synthesis of complementary DNA (cDNA) and the
competitive polymerase chain reaction (RNA-PCR) assay we
employed have been described previously [8,9]. Aliquots of
cDNA corresponding to 50 ng of RNA were amplified for 30
cycles and the MYCN target gene sequence was co-amplified
with a control gene sequence (B,-microglobulin), using gene-
specific oligonucleotide primers, described elsewhere [8].
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Following triplicate PCR analyses and polyacrylamide gel
electrophoresis of PCR products, the level of expression of
MYCN in each tumour was determined by densitometric
scanning of photographic negatives and was expressed relative
to the level of control B,-microglobulin gene expression.

Western analysis

For MRP analysis using monoclonal antibody (MADb)
QCRL-1 [14], protein from cell membranes was prepared as
described previously [15]. For analysis of MYCN using MAb
NCMII 100 (Santa Cruz Biotechnology, Inc. Santa Cruz,
California, U.S.A.), whole cell lysates were prepared as fol-
lows. Cells were suspended in RIPA buffer (PBS, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS) and incubated on ice
(30 min). Following homogenisation and a further incubation
on ice, remaining whole cells, nuclei and debris were
removed by centrifugation (15000g; 20 min; 4°C). Protein
samples (10 pg) diluted in 2X Laemmli buffer (0.125 M Tris-
HCI, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
pH 6.8) were electrophoresed on standard 7% or 10% SDS—
polyacrylamide gels, prior to electrophoretic transfer on to
nitrocellulose membranes. Membranes were blocked in 5%
skimmed milk in TBS (0.02M Tris-HCl, 0.15M NaCl,
pH 7.6) containing 0.1% Tween for 1 h at room temperature
before washing three times in the same solution and incuba-
tion with primary antibody (MAb QCRL-1 at 1:250 dilution
and MAb NCMII 100 at 1:1000 dilution) in 0.5% skimmed
milk/TBS at room temperature for 1h. Membranes were
washed again as previously, incubated with secondary anti-
body (antimouse Ig antibody—horseradish peroxidase conju-
gate; Amersham, Arlington Heights, Illinois, U.S.A.) in 0.5%
skimmed milk/TBS at room temperature for 1 h, and washed
again prior to detection using the ECL Chemiluminescence
Western Blotting detection kit (Amersham, Arlington
Heights, Illinois, U.S.A.).

Statistical analysis

The relationship between levels of MYCN and MRP gene
expression in the neuroblastoma tumours was analysed by
linear regression, whereby the PCR ratio for MRP expression
was related to that of the MYCN gene for each sample. For
the survival analyses, the MYCN PCR ratio of each indivi-
dual tumour was categorised as ‘low’ or ‘high’ by dichoto-
mising around the median MYCN PCR ratio obtained from
all 60 tumour specimens [9]. Survival analyses involving
MRP gene expression were performed as described previously
[9]. Survival analyses were performed according to the
method of Kaplan and Meier, and comparisons of outcome
between subgroups were performed by the log-rank test for
univariate comparisons, using two-tailed tests. Relative
hazards were determined using the Cox proportional hazards
regression model. Survival probabilities and relative hazards
are given with 95% confidence intervals. Differences between
groups of tumours or cell lines in terms of their MRP or
MYCN PCR ratios were assessed by Student’s r-test, using
two-sided P values.

RESULTS
MYCN and MRP gene expression in primary neuroblastoma
The relationship between MYCN and MRP gene expres-
sion was initially analysed in the overall study population of
60 primary neuroblastoma specimens (Table 1). Consistent
with our previous findings [8], linear regression analysis
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Table 1. Correlation between MYCN and MRP gene expression
n primary untreated neuroblastoma

Study population n  Correlation coefficient (R) P value
All patients 60 0.74 <0.0001
Single-copy MYCN 47 0.78 <0.0001
Amplified MYCN 13 0.67 0.01
Age >1 year 31 0.85 <0.0001
Age <1 year 29 0.49 0.007

revealed a highly significant correlation between expression of
these two genes (R=0.74). However, since we have pre-
viously shown that the highest levels of MRP expression are
present in tumours displaying MYCN gene amplification
[8,9], it was important to determine whether a similarly close
relationship between MYCN and MRP gene expression
would be observed in the subset of tumours without MYCN
amplification. Linear regression analysis revealed that in these
tumours, the relationship between MRP and MYCN gene
expression was even stronger (R=0.78) than that which had
been observed in the overall study population (Figure 1 and
Table 1) despite the smaller sample size. MYCN and MRP
gene expression were also significantly correlated in the sub-
set of tumours having multiple copies of the MYCN onco-
gene (Table 1) and the slopes of the regression lines in the
analyses performed on the non-amplified and amplified
tumours were almost identical (0.531 and 0.565, respec-
tively). When the overall study population was subdivided
according to different criteria, strong correlations between
MRP and MYCN gene expression were observed in each
subgroup analysed. Thus, expression of these two genes was
highly correlated both in children aged greater than 1 year at
diagnosis, who tend to have poor outcome in this disease, and
also in infants, who tend to have a good prognosis (Table 1).

MYCN gene expression and outcome

Cumulative survival according to expression of the MYCN
gene is shown in Figure 2. High MYCN expression was
strongly associated with reduced survival. For the overall
study population, the 5-year cumulative survival rates of the
groups with high- and low-level MYCN expression were 61%
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Figure 1. Correlation between expression of the MYCN and

MRP genes in 47 primary untreated neuroblastoma tumours

lacking amplification of the MYCN oncogene. Linear regres-
sion analysis indicated a highly significant relationship.
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(95% confidence interval, 43-79%) and 97% (95% confi-
dence interval, 90-100%), respectively. Event-free survival
was also closely associated with MYCN gene expression, the
5-year event-free survival rates of the groups expressing high
and low levels of MYCN being 54% (95% confidence inter-
val, 35-73%) and 90% (95% confidence interval, 79-100%),
respectively. The relative hazards associated with high
MYCN gene expression were 13.33 and 5.13 for survival and
event-free survival, respectively (Table 2).

The prognostic value of MYCN gene expression was also
determined in the subset of 47 patients who lacked amplifi-
cation of the MYCN oncogene. Amongst these patients, the
5-year cumulative survival rates of the groups with high- and
low-level MYCN expression were 76% (95% confidence
interval, 55-97%) and 97% (95% confidence interval, 90—
100%), respectively. Although high levels of MYCN expres-
sion in this subset of patients tended to be associated with
reduced rates of survival and event-free survival (relative
hazards =7.69 and 3.44, respectively), these trends did not
achieve statistical significance (Table 2). To determine why
MYCN gene expression was not a powerful prognostic factor
in patients without MYCN gene amplification, the pattern of
MYCN expression in these patients was further investigated.
In view of our previous finding that age was the only signifi-
cant prognostic factor for neuroblastoma independent of
MRP gene expression [9], the level of MYCN gene expres-
sion in MYCN unamplified tumours from infants (less than 1
year at diagnosis) was compared with that from older chil-
dren. MYCN gene expression was significantly higher in the
tumours of infants (mean £ SE MYCN PCR ratio=0.705%
0.054) compared to older (mean MYCN PCR ratio=
0.364*+0.072) children (P<0.0005), despite the fact that
infants with neuroblastoma generally have a good prognosis.
Consistent with this result, survival analysis revealed that
MYCN expression was not predictive of outcome in infants
(P>0.05 for all analyses). When infants were excluded from
the analysis, high MYCN gene expression was strongly asso-
ciated with reduced rates of survival and event-free survival,
both in children whose tumours lacked MYCN amplification,
and in the overall study population (Table 2). As anticipated
from the close relationship observed between MYCN and
MRP gene expression (Table 1), high expression of the MRP
gene was also strongly predictive of poor outcome in children
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Figure 2. Cumulative survival in 60 neuroblastoma patients
according to expression of the MYCN oncogene. Tick marks
indicate the length of follow-up of individual patients.
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Table 2. Prognostic value of MYCN gene expression in primary untreated neuroblastoma

Study population n Survival Event-free survival

Relative hazard (95% CI*) P value Relative hazard (95% CI) P value
All patients 60 13.33 (1.71-100.0) 0.013 5.13 (1.46-18.2) 0.011
Single-copy MYCN 47 7.69 (0.86-71.43) 0.068 3.44 (0.82-14.2) 0.091
Age >1 year 31 14.93 (1.87-125.0) 0.011 17.54 (2.22-142.9) 0.007
Single-copy MYCN; Age > 1 year 21 19.61 (2.0-200.00) 0.011 19.61 (2.02-200.0) 0.010

*CI denotes confidence interval.

aged greater than 1 year at diagnosis, both in the overall study
population (relative hazards for survival and event-free survi-
val, 7.4 (95% confidence interval, 1.56-34.48%) and 8.7
(95% confidence interval, 1.87-40.0%), respectively), and in
children whose tumours lacked MYCN gene amplification
(relative hazards for survival and event-free survival, 19.61
and 19.61, respectively) (P <0.01 for all analyses).

For all analyses, high MYCN expression remained a sig-
nificant predictor of poor outcome when MYCN values were
dichotomised around the mean PCR ratio for the 60 tumours
rather than the median ratio [9]. Moreover, analysis by the
Cox proportional hazards regression model showed that, in
common with MRP expression, the risk of an adverse event
increased in proportion to increasing levels of MYCN
expression, with a relative hazard of 2.76 (95% confidence
interval, 1.26—6.0%) associated with each unit increase in the
PCR ratio for the MYCN gene.

MRP expression in MYCN antisense transfectants

Western blot analysis was initially used to confirm that
introduction of MYCN antisense RNA constructs into the
NBL-S cell line had led to downregulation of MYCN protein
expression in the NBAS-4 and NBAS-5 cell lines, by com-
parison with the NBL-S parent cell line and the vector-only
control, NBV-1 (Figure 3(b), MYCN). Consistent with pre-
vious results [12], MYCN protein was reduced by more than
50% in each of the antisense clones. MRP gene expression in
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Figure 3. Downregulation of MRP expression in MYCN anti-

sense transfectant cell lines. (a) Competitive RNA-PCR,

co-amplifying MRP and {3,-microglobulin; (b) immunoblot

analysis of MRP and MYCN proteins. Lane 1, NBL-S; Lane 2,

NBV-1; Lane 3, NBAS-4; Lane 4, NBAS-5. W: Water control.
Lane 5, MRP, MCF7/VP and MYCN, BE(2)-C.

each of the four cell lines was first determined by RNA-PCR.
In both NBAS-4 and NBAS-5, MRP gene expression was
lower than in the parent or vector-only control cell lines
(Figure 3a). Triplicate analyses indicated that the mean PCR
ratio in each of the antisense clones was significantly lower
than in either the parent or vector-only control (< 0.001 for
each comparison). To determine whether MRP downregula-
tion in the MYCN antisense cell lines had occurred at the
protein level, as well as the RNA level, Western blot analysis
was performed (Figure 3b, MRP). Consistent with the RNA—
PCR analysis, the level of MRP in both the NBAS-4 and
NBAS-5 cell lines was markedly reduced by comparison with
either the NBL-S or NBV-1 cell lines.

DISCUSSION

The MYCN oncogene belongs to a family of proto-onco-
genes whose members appear to be critically involved in the
aetiology of a number of malignancies [16]. Available evi-
dence indicates that these genes function as transcriptional
regulators, with MYCN apparently playing a central role in
the regulation of normal neural crest cell differentiation
[17,18]. However, despite extensive study, the number of
MYC-activated genes identified to date has proven to be dis-
appointingly small [16]. For MYCN in particular, the critical
target genes regulated by this proto-oncogene either in nor-
mal or neoplastic cells are still unknown. Our own results
[8, 9] have demonstrated a strong correlation between MYCN
amplification and high levels of MRP expression, a concomi-
tant downregulation of these genes following retinoic acid-
induced differentiation and that expression of the MRP gene
appears to account for the established association between
MYCN gene amplification and reduced survival. These
results have led us to hypothesise that MYCN influences
neuroblastoma outcome by regulating MRP gene expression.
The results of the present study provide further support for
this hypothesis. Thus, even in the absence of MYCN gene
amplification, MYCN and MRP gene expression were closely
correlated in primary neuroblastoma tumours, and MYCN
expression, like MRP, was a significant predictor of outcome.
Moreover, selective inhibition # vizro of MYCN expression
through the use of MYCN antisense RNA resulted in the
downregulation of MRP RNA and protein in two indepen-
dent transfectant clones. The data are consistent with the
hypothesis that MRP gene expression is regulated by the
MYCN oncogene.

The consensus DNA-binding sequence of MYC oncopro-
teins is a characteristic six-nucleotide E-box motif [19]. The
promoter sequence of the MRP gene [20] contains three such
motifs and we are currently investigating the possibility that
MYCN mediates MRP gene expression via these motifs.
Preliminary data from our laboratories indicates that the
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activity of an MRP promoter-luciferase vector construct
which contains the E-box motifs, following transfection into
neuroblastoma cell lines, correlates with the level of endo-
genous MYCN present in these cells. It is also possible,
however, that the putative regulatory interaction between
MYCN and the MRP gene occurs at site(s) on the MRP gene
distinct from the promoter region. Thus, for two genes, a-
prothymosin [21] and ornithine decarboxylase [22], known
to be targets for C-MYC activation, E-box elements present
in the first intron of each of these genes have been shown to
be the sites of myc activation.

While MYCN gene amplification is undoubtedly one of the
most powerful prognostic indicators for neuroblastoma, stud-
ies of the prognostic significance of MYCN gene expression
in this disease have yielded conflicting results [23-27]. Thus,
Nisen and associates [25] concluded that expression of
MYCN did not appear to correlate with prognosis. Nakaga-
wara and associates, however, found MYCN expression to be
prognostic of outcome in two separate studies [26,27],
although the predictive power of MYCN RNA expression
was not as great as MYCN gene amplification [27]. This
result could be attributed to the frequent presence of high
levels of MYCN expression in tumours from infants. The
present study has yielded results consistent with those of
Nakagawara and associates [26,27], in that high levels of
MYCN expression predicted poor outcome in the overall
study population as well as in older children, but not in
infants. This result is not surprising given that we [9] and
others [28,29] have shown that age at diagnosis is itself a
powerful prognostic marker, such that children under the age
of 1 year are likely to have good outcomes despite the pres-
ence of otherwise adverse indicators. The present study has
further demonstrated that in older children, MYCN expres-
sion, like MRP, is a powerful prognostic indicator and can
predict for outcome even in the absence of MYCN gene
amplification.

A large body of evidence indicates that the MYCN onco-
gene is crucial to the growth and development of neuroblas-
toma. While the primary role of the MYCN protein in this
malignancy may well be to provide a block to cellular differ-
entiation, it is known that advanced stage neuroblastomas
with poorly differentiated histology and MYCN amplification
also tend to be most refractory to drug treatment. Given the
established role of MRP as a drug-resistance gene, the present
results provide evidence linking MYCN to the chemoresistant
phenotype of neuroblastoma and are consistent with the
hypothesis that MYCN influences cytotoxic drug response in
this malignancy by regulating expression of the MRP gene.
We are currently addressing this by examining the response of
our MYCN antisense transfectant cell clones to a number of
cytotoxic drugs. These studies, together with ongoing inves-
tigations of the interactions between MYCN and the MRP
gene promoter, may lead to increased understanding of the
role of the MYCN oncogene in this refractory malignancy.
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