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ABSTRACT
Neuroblastomas can acquire a sustained high-level drug resistance
during chemotherapy and especially myeloablative chemoradiotherapy.
p53 mutations are rare in primary neuroblastomas, but a loss of p53
function could play a role in multidrug resistance. We determined p53
function by measuring induction of p21 and/or MDM2 proteins in response to melphalan (L-PAM) in seven L-PAM-sensitive and 11 L-PAMresistant neuroblastoma cell lines. p53 was functional in seven/seven drugsensitive but in only 4/11 drug-resistant cell lines (P ⴝ 0.01). In four of the
seven cell lines lacking p53 function, mutations of p53 were detected by the
microarray GeneChip p53 Assay and automated sequencing, whereas six
cell lines with functional p53 had no evidence of p53 mutations. All of the
cell lines with wild-type (wt) p53 showed a strong transactivation of the
p53-HBS/CAT reporter gene, whereas the four cell lines with mutant p53
failed to transactivate p53 HBS/CAT. Overexpression of MDM2 protein
(relative to p53 functional lines) was seen in two p53-nonfunctional cell
lines with wt p53; one showed genomic amplification of MDM2. Nonfunctional and mutated p53 was detected in a resistant cell line, whereas a
sensitive cell line derived from the same patient before treatment had
functional and wt p53. Loss of p53 function was selectively achieved by
transduction of human papillomavirus 16 E6 (which degrades p53) into
two drug-sensitive neuroblastoma cell lines with intact p53, causing highlevel drug resistance to L-PAM, carboplatin, and etoposide. These data
obtained with neuroblastoma cell lines suggest that the high-level drug
resistance observed in some recurrent neuroblastomas is attributable to
p53 mutations and/or a loss of p53 function acquired during chemotherapy. If confirmed in patient tumor samples, these data support development of p53-independent therapies for consolidation and/or salvage of
recurrent neuroblastomas.

INTRODUCTION
Neuroblastoma is a malignant childhood neoplasm of the sympathetic nervous system. Intensive chemoradiotherapy supported with
autologous bone marrow transplantation has improved survival for
high-risk neuroblastoma, especially if followed by 13-cis-retinoic acid
(1). However, most high-risk neuroblastoma patients develop recurrent disease that is refractory to additional therapy (2). We have
shown that during therapy neuroblastomas acquire a sustained highlevel drug resistance, which correlates with the clinical therapy of the
patient and the intensity of the therapy received (3).
p53 is a transcriptional regulatory protein (reviewed in Refs. 4 and
5), of which the target genes include: p21WAF1/CIP1/SID1, MDM2, Bax,
and Gadd45. Products of these genes are critical for cell cycle regulation, apoptosis, and DNA repair. In response to genotoxic stress, wt
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p53 exerts antiproliferative effects such as induction of cell cycle
arrest and apoptosis. Inactivation of p53 results in genomic instability
(6), and tumors either fail to arrest in G1 or exhibit diminished
apoptosis (7) and can be resistant to chemotherapeutic agents (8 –10).
p53 mutations and/or deletions have been linked to drug resistance in
acute lymphoblastic leukemia (11); melanoma (12); osteosarcoma
(13); and breast (14), ovarian (15), and testicular (16) cancers.
Mutations of p53 are commonly found in many human cancers (17)
but are seen in only 2% of neuroblastoma tumors examined (18 –23),
with most p53 mutations observed in tumors coming from patients
with progressive disease (18 –20). As an alternative to mutations,
cytoplasmic sequestration and defective translocation of p53 have
been suggested as mechanisms of nonmutational inactivation (24), but
several studies have shown that p53 function is intact in neuroblastoma cell lines (25–27).
Like neuroblastomas, mutations of p53 are infrequent in testicular
cancers (28). However, a study of testicular cancers showed that for
those tumors that either were resistant to initial chemotherapy or
recurred with drug-resistant disease after therapy, p53 mutations were
identified within exons 6 –9 in 50% of tumor samples with teratomatous histology (16). On the basis of these observations we sought to
determine whether drug resistance in neuroblastoma cell lines was
associated with a lack of p53 function and/or p53 mutations.
We have examined p53 function by measuring p53 transcriptional
activity in response to alkylating agent-mediated induction of p21 and
MDM2 in a panel of neuroblastoma cell lines with a spectrum of
resistance (acquired during therapy in patients) to L-PAM,3 CBDCA,
and ETOP, all commonly used drugs in neuroblastoma therapy. We
examined the cell lines for p53 mutations by the GeneChip p53 Assay
(29) and confirmed mutations by automated dideoxy DNA sequencing
(29). In addition, we studied p53 function using a p53 transactivation
assay (30). Finally, we abrogated p53 function by transducing drugsensitive neuroblastoma cell lines with HPV16 E6, which targets
cellular p53 for rapid degradation and renders cells expressing HPV16
E6 devoid of p53 function (31). We then determined sensitivities of
HPV16 E6-transduced clones to L-PAM, CBDCA, and ETOP.
Here we show in a panel of neuroblastoma cell lines that a loss of
p53 function is correlated with high-level drug resistance, that selective abrogation of p53 function can confer high-level drug resistance,
and that loss of p53 function in neuroblastoma can be attributable to
both mutational and nonmutational mechanisms.
MATERIALS AND METHODS
Cell Lines. We used a panel of 18 neuroblastoma cell lines (3, 32–34)
obtained from patients at various points of disease: 3 at DX before any therapy
(SK-N-BE(1), SMS-SAN, and CHLA-122), 2 at progressive disease during
dual-agent induction therapy (SMS-LHN and SMS-KCNR), 6 at progressive
3
The abbreviations used are: L-PAM, melphalan; wt, wild-type; CBDCA, carboplatin;
ETOP, etoposide; HPV, human papillomavirus; DX, diagnosis; FBS, fetal bovine serum;
HBS, high-affinity binding site; CAT, chloramphenicol acetyl transferase; LC90, drug
concentration that was cytotoxic for 90% of the cell population; GSH, glutathione; HRP,
horseradish peroxidase; ECL, enhanced chemiluminescence.
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disease during intensive multiagent chemotherapy (SK-N-BE(2), SK-N-RA, under the following conditions: heated at 95°C for 10 min; then 35 cycles of
LA-N-6, CHLA-119, CHLA-171, and CHLA-225), and 7 derived at relapse 95°C for 30 s, 60°C for 30 s, and 72°C for 45 s; followed by a final extension
after bone marrow transplantation (CHLA-8, CHLA-51, CHLA-79, CHLA-90, of 10 min at 72°C. Amplified cell line and reference DNA (45 l) were
fragmented with 0.25 units of fragmentation reagent (Affymetrix) at 25°C for
CHLA-134, CHLA-136, and CHLA-172).
A neuroblastoma origin for CHLA-122, CHLA-119, and CHLA-172 cell 18 min in 2.5 units of calf intestine alkaline phosphatase, 0.4 mM EDTA, and
lines was confirmed by reverse transcription-PCR detection of tyrosine hy- 0.5 mM Tris-acetate (pH 8.2) followed by heat inactivation at 95°C for 10 min.
The DNA amplicons were labeled at 3⬘ ends with a fluoresceinated
droxylase (TH) RNA expression, which is a specific marker for neuroblastoma
(3, 35). CHLA-225 showed no TH expression but did show a pattern for dideoxynucleotide using the terminal transferase enzyme. The fluorescently
binding of the neuroblastoma-associated monoclonal antibody HSAN1.2 and labeled DNA fragments were hybridized in a reaction containing 6 ⫻ salinethe anti-HLA class I antibody W6 –32 characteristic of neuroblastoma (3, 34). sodium phosphate-EDTA, 0.05% Triton X-100, 1 mg of acetylated BSA, and
2 nM control oligonucleotide F1 (Affymetrix) to the probes on the probe array
Other cell lines in the panel were described previously (3, 32–34).
SMS-SAN, SMS-LHN, and SK-N-RA were cultured in complete medium for 30 min at 45°C, after which the probe array was washed [4 times with wash
made from RPMI 1640 (Irvine Scientific, Santa Ana, CA) supplemented with buffer (3 ⫻ SSPE, 0.005% Triton X-100)] and scanned with the GeneChip
10% heat inactivated FBS (Gemini Bio-Products, Inc., Calabasas, CA). SMS- Scanner 50 with a laser that excites the fluorescent label. Thus, the amount of
KCNR, SK-N-BE(1) SK-N-BE(2), LA-N-6, CHLA-122, CHLA-171, CHLA- emitted light was proportional to DNA fragments on the probe array.
Data were analyzed using the GeneChip software. The software calculated
225, CHLA-119, CHLA-51, CHLA-8, CHLA-79, CHLA-90, CHLA-134,
CHLA-136, and CHLA-172 were cultured in complete medium made from the mean intensity of each probe cell. The hybridization intensities of the
Iscove’s modified Dulbecco’s medium (Bio Whittaker, Walkersville, MD) sample sequence were compared with those of a reference sequence, intensity
supplemented with ⬃3 mM L-glutamine (Gemini Bioproducts, Inc., Calabasas, patterns diverging from the reference were identified, and sites containing
CA), 5 g/ml each of insulin and transferrin, 5 ng/ml of selenous acid (ITS mutant bases were displayed. A score was assigned for each site containing a
Culture Supplement; Collaborative Biomedical Products, Bedford, MA), and mutation or deletion. The higher the score for a given position, the greater the
20% heat inactivated FBS. All of the cell lines used in the study were under likelihood that site contained a mutant base. Scores exceeding 13 identified
passage 30, Mycoplasma free, and were cultured at 37°C in a humidified mutations (29).
incubator containing 95% air ⫹ 5% CO2 atmosphere without antibiotics.
Automated p53 Sequencing. Exons 5– 8 of 11 neuroblastoma cell lines
Because cell lines were not selected for resistance to drugs in vitro, drug- and exon 10 of one cell line were sequenced by the fluorescent dideoxy
resistance represents selection that occurred in patients during therapy and terminator method of cycle sequencing (29) on an ABI 377XL (96-well
correlates with those drugs used during therapy (3, 32).
format) automated DNA sequencer at Laragen, Inc. (Los Angeles, CA). The
Retroviral Infection. PA317 packaging cells transfected with the control primers were synthesized at Only DNA (Midland, TX) according to sequence
retrovirus vector, pLXSN, or with the vector pLXSN16E6 (31) containing the information provided by Affymetrix GeneChip Assay in the manufacturer’s
HPV type 16 E6 gene, were obtained from American Type Culture Collection. booklet.
Supernatant was harvested from the packaging cells and filtered through a
p53 Transactivation Assay. p53 status was also studied by transactivation
0.45-M filter. SMS-SAN and SMS-LHN cells were then plated in retrovirus assay (30). Cells were transiently transfected by calcium phosphate-DNA
stock (three parts) with Polybrene (final concentration 0.5 g/ml) and in precipitation with a p53-HBS reporter plasmid containing two copies of a
complete medium composed of RPMI 1640 supplemented with 10% FBS (five 20-bp motif encoding a p53-HBS ligated immediately upstream from a minparts). After a 5-h incubation, 5 ml of complete medium was added, and after imal thymidine kinase promoter linked to CAT. CAT expression occurs only
overnight incubation cells were resuspended in fresh complete medium. Forty- when transcriptionally functional p53 binds to the HBS motif within the
eight h later cells were seeded into six-well plates in complete medium promoter. Cells were collected 48 h after transfection and assayed for CAT
containing 250 g/ml of G418. Individual clones were then picked and activity, determined the percentage conversion to the acetylated forms of
expanded in G418 containing medium. The integration of HPV16 E6 into [14C]chloramphenicol measured by autoradiography of TLC. ␤-Galactosidase
enzymatic activity (␤-Galactosidase Enzyme Assay System with Reporter
G418-resistant clones was confirmed by Western blotting.
Drugs and Reagents. Antibodies p53 (DO-1) mouse monoclonal, p21 Lysis Buffer; Promega, Madison, WI) was used to standardize the efficiency of
(C-19) rabbit polyclonal, MDM2 (SMP14) mouse monoclonal, and HRP- transfection.
Southern Blot Analysis. Aliquots of genomic DNA (20 g) were digested
labeled secondary antimouse and antirabbit antibodies were purchased from
Santa Cruz Biotechnology, Inc., Santa Cruz, CA. ECL Western blotting with EcoRI, separated on 0.7% agarose gel and then transferred onto Hydetection reagents were purchased from Amersham Pharmacia Biotech (Pis- bond-N⫹ membranes (Amersham Pharmacia Biotech, Amersham, England).
cataway, NJ). ETOP was obtained from Bristol-Myers Squibb Co., Princeton, The blot was hybridized with a MDM2 cDNA probe labeled with [␣-32P]dCTP
NJ; the NIH, Bethesda, MD provided L-PAM and CBDCA. Fluorescein and filmed. MDM2 cDNA was cloned in the laboratory of Dr. B. Vogelstein
diacetate was purchased from Eastman Kodak Company, Rochester, NY. (36). To confirm equal loading of DNA the blot was hybridized to ␤-actin
Eosin Y and Polybrene (hexadimethrine bromide) were ordered from Sigma (Clontech Laboratories, Inc., Palo Alto, CA). Human blood mononuclear cells
Chemical Co., St. Louis, MO.
were used as a reference for normal MDM2 copy number. Densitometric
Protein Expression. Proteins were extracted in radioimmunoprecipitation analysis of hybridization signals was performed using the Un-Scan-It Gel (Silk
assay buffer (50 mM NaCl, 50 mM Tris, 1% Triton X-100, 1% sodium Scientific, Inc., Orem, Utah) software.
Cytotoxicity Assay. The cytotoxicity of L-PAM, ETOP, and CBDCA for
deoxycholate, and 0.1% SDS) and 40 g (p53 and MDM2 expression) or 60
g (p21 expression) of total protein was loaded per lane. Proteins were neuroblastoma cell lines was determined using the DIMSCAN assay system,
fractionated on 12–14% Tris-Glycine pre-cast gels (Novex, San Diego, CA), which has a 4 log dynamic range (3, 32, 34). The drug concentration ranges
transferred to nitrocellulose membrane (Protran, Keene, NH), and probed with used were: L-PAM, 0 –10 g/ml; CBDCA, 0 –5 g/ml; and ETOP, 0 –5 g/ml.
primary antibodies and then HRP-labeled secondary antibodies. Proteins were Each condition was tested in 12 replicates. Cells (1,000 –15,000) were seeded
visualized using ECL Western blotting detection reagents.
in each well. After incubation of cell lines with L-PAM for 3 days, CBDCA for
GeneChip Probe Array. The GeneChip p53 Assay (Ref. 29; Affymetrix 7 days, and ETOP for 4 days, 10 g/ml fluorescein diacetate was added to each
Inc., Santa Clara, CA) was used to detect mutated p53 sequences on exons well, plates were incubated for 30 min at 37°C, and finally 0.5% eosin Y was
2–11 of 11 cell lines as described in the manufacturer’s instructions. Briefly, added. The total fluorescence was then measured using digital image micros500 ng of genomic DNA, isolated using DNAzol Reagent (Life Technologies, copy, and results were expressed as surviving fractions of treated cells comInc., Grand Island, NY), and the normal reference DNA were amplified with pared with control cells. LC90 values were calculated using the software
the PCR using the GeneChip p53 primer set and Taq DNA polymerase “Dose-Effect Analysis with Microcomputers” (37). Cell lines with an L-PAM
enzyme. The coding regions of the p53 gene were amplified as 10 separate LC90 value ⬎3.7 g/ml [3.7 ⫽ 3 ⫻ the mean of LC90 values from the three cell
amplicons in a single reaction. Each PCR reaction contained genomic DNA, 5 lines (Table 1) established at DX before treatment] were considered drug
l of the p53 primer set (Affymetrix), 10 units of AmpliTaq Gold (Perkin- resistant.
Statistical Analysis. Logarithmically transformed data of fractional cytoElmer), PCR buffer II (Perkin-Elmer), 2.5 mM MgCl2, and 0.2 mM each
toxicity for SAN/E6, SAN/LXSN, LHN/E6, and LHN/LXSN clones were used
deoxynucleotide triphosphate in a final volume of 100 l. PCR was carried out
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Table 1 LC90 values of neuroblastoma and HPV 16E6 transfected clones of SMS-SAN
and SMS-LHN cell lines
LC90 values (g/ml)a

Phase of
therapy

cell lines

Sensitive
cell lines:

DXe
DX
DX
PD-Indcf
PD-Indc
PD-BMTg
PD-BMT

SK-N-BE(1)
SMS-SAN
CHLA-122
SMS-LHN
SMS-KCNR
CHLA-8
CHLA-51

0.8
1.3
1.6
2.1
1.0
0.3
2.2

0.2
0.7
0.1
1.3
1.2
2.3
2.6

0.2
0.1
0.1
2.1
⬍0.1
⬍0.1
⬍0.1

Resistant
cell lines:

PD-Indih
PD-Indi
PD-Indi
PD-Indi
PD-Indi
PD-Indi
PD-BMT
PD-BMT
PD-BMT
PD-BMT
PD-BMT

SK-N-BE(2)
SK-N-RA
LA-N-6
CHLA-119
CHLA-171
CHLA-225
CHLA-79
CHLA-90
CHLA-134
CHLA-136
CHLA-172

24.0
37.5
15.4
7.4
68.9
8.4
5.0
375.0
37.1
17.0
101.4

2.1
⬎10.0
8.6
6.6
11.6
2.4
3.2
13.8
26.3
2.6
43.4

1.1
181.5
27.3
20.5
443.6
0.5
12.6
51.3
256.0
56.7
31.2

SAN-LXSNi
SAN/EG D4j
SAN/E6 B3j

1.8
8.3
10.8

1.3
19.6
31.7

0.7
29.1
110.4

LHN/LXSNi
LHN/E6 2–6j
LHN/E6 5-B5j

4.7
13.1
32.1

6.4
52.5
693.5

3.7
7.6
166.2

Transduced
clones:

L-PAMb

CBDCAc

ETOPd

a

Drug concentration that was cytotoxic for 90% of treated cells.
Melphalan (Reference drug level for resistance defined as 3 ⫻ mean of LC90 values
of cell lines established at diagnosis ⫽ 3.7 g/ml).
c
Carboplatin (Reference drug level for resistance ⫽ 1 g/ml).
d
Etoposide (Reference drug level for resistance ⫽ 0.4 g/ml).
e
Cell lines established from the patients before treatment.
f
Cell lines established from patients at the time of disease progression after dual-agent
induction chemotherapy.
g
Cell lines established from patients at the time of disease progression after marrow
ablative chemoradiotherapy followed by bone marrow transplantation.
h
Cell lines established from patients at the time of disease progression after intensive
multiagent chemotherapy.
i
Empty vector controls of SMS-SAN and SMS-LHN cell lines.
j
HPV 16 E6 clones of SMS-SAN and SMS-LHN cell lines.
b

indices of p53 function) 16 h after challenge by 6 g/ml L-PAM, (Fig.
2a). Normally, wt p53 expression is either undetectable or very low
but increases briefly on exposure to DNA-damaging agents. In contrast, stabilization of p53 in the absence of genotoxic stress is a
hallmark of mutation and can be detected by immunoblotting (38). We
found that p53 steady-state expression was low and inducible (ⱖ2.5fold), in seven/seven drug-sensitive cell lines: SK-N-BE(1), SMSSAN, CHLA-122, SMS-LHN, SMS-KCNR, CHLA-8, and CHLA-51,
and in 3/11 drug-resistant cell lines: LA-N-6, CHLA-79, and CHLA136. A failure to induce p53 (ⱕ2.5-fold) was observed in 8/11
drug-resistant cell lines: SK-N-BE(2), SK-N-RA, CHLA-119, CHLA225, CHLA-171, CHLA-90, CHLA-134, and CHLA-172.
Cell lines that failed to induce p21 and/or MDM2 ⱖ1.5-fold (median p21 and MDM2 inductions) were defined as p53 nonfunctional.
All seven drug-sensitive cell lines [SK-N-BE(1), SMS-SAN, CHLA122, SMS-LHN, SMS-KCNR, CHLA-8, and CHLA-51] and 4/11
drug-resistant cell lines (LA-N-6, CHLA-79, CHLA-136, and SK-NRA) demonstrated p21 and/or MDM2 induction after L-PAM challenge. Seven of the 11 drug-resistant-cell lines [SK-N-BE(2), CHLA119, CHLA-171, CHLA-225, CHLA-90, CHLA-134, and CHLA172] lacked functional p53 (Fig. 2, b and c). Thus, there was a
significant correlation between drug resistance and p53 loss of function (P ⫽ 0.01).
Analysis of p53 Mutations. (Table 2). The Affymetrix GeneChip
p53 Assay was used to analyze exons 2–11 for p53 mutations. Then,
automated fluorescence dideoxynucleotide sequencing was used to
confirm the Affymetrix GeneChip findings by analyzing exons 5– 8
(where the most mutations were found). Sequencing of exon 10 was
also carried out by automated sequencing for CHLA-119 to confirm a
mutation detected by the GeneChip p53 Assay.
Wt p53 was found in six cell lines with functional p53 [SK-NBE(1), SMS-LHN, LA-N-6, SK-N-RA, CHLA-79, and CHLA-136],

for ANOVA analysis. SAN/E6 clones were compared with SAN/LXSN controls, and LHN/E6 clones were compared with LHN/LXSN controls. Linear
contrasts were used to compare for difference in fractional cytotoxicity at each
dose level between transfected clones. Statistical significance was designed as
P ⬍ 0.05. To perform statistical analysis SAS software was used (SAS
Institute, Inc., Cary, NC).
Fisher’s exact test was performed to determine the correlation between drug
resistance and p53 loss of function. Statistical significance was designed as
P ⬍ 0.05.

RESULTS
Cell Line Panel. The cell lines used in this study and their drug
sensitivity profile to L-PAM, CBDCA, and ETOP are shown in Table
1. The concentration of drug lethal for 90% of treated cells (LC90) was
calculated from dose-response curves for each drug tested using the
DIMSCAN assay, which provides a 4 log dynamic range (3). Doseresponse curves for three representative cell lines treated with L-PAM,
CBDCA, and ETOP are shown in Fig. 1. Cell lines with an L-PAM
LC90 value ⬎3.7 g/ml (3 ⫻ mean of cell lines established at DX
before treatment) were considered resistant. We studied seven sensitive and 11 resistant cell lines. All 11 L-PAM-resistant cell lines
showed cross-resistance to CBDCA (reference drug concentration ⫽ 1 g/ml) and ETOP (reference drug concentration ⫽ 0.4
g/ml).
Expression of p53, p21, and MDM2 in Neuroblastoma Cell
Lines. Expression was measured by immunoblotting the basal expression and induction of p53, p21, and MDM2 (the latter two as

Fig. 1. Representative dose-response curves obtained by DIMSCAN assay. SK-NBE(1) was established at DX before treatment. SK-N-BE(2) was established at the
time of relapse after conventional induction chemotherapy and CHLA-90 at relapse
after myeloablative chemoradiotherapy followed by bone marrow transplantation.
Cell lines were treated with melphalan, carboplatin, and etoposide. Dose-response
curves show the decreased drug sensitivity in cell lines established after induction
chemotherapy and myeloablative chemoradiotherapy compared with cell lines established before treatment.
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Fig. 2. a, Western blot analysis of p53, p21, and MDM2 expressions. ⫺, protein steady state expressions; ⫹, protein expression after
6 g/ml L-PAM exposure for 16 h. b, quantitative analysis of p53
Western blots. Steady state (䡺) and induced levels (f) by 6 g/ml
L-PAM exposure (16 h) are shown. c, quantitative analysis for p21
(䡺) and MDM2 (f) induction by 6 g/ml L-PAM (16 h) as assessed
by Western blotting. ⴱ, off-scale values of SK-N-BE(1) and SMSSAN for p21 induction were 23 and 40, respectively. Horizontal line,
median induction value of 1.5 for p21 and MDM2, which was used as
a cutoff for significant induction.

and in three of the seven cell lines with nonfunctional p53 (CHLA225, CHLA-171, and CHLA-134). Mutations of p53 were found by
both automated sequencing and the GeneChip Assay in four of the
seven cell lines lacking functional p53 [SK-N-BE(2), CHLA-119,
CHLA172, and CHLA-90].
p53 Transactivation Assay. (Fig. 3). We tested eight cell lines
with functional p53 (SMS-LHN, CHLA-122, CHLA-51, CHLA-8,
SK-N-RA, LA-N-6, CHLA-79, and CHLA-136) and all seven of the
cell lines with nonfunctional p53 [CHLA-225, CHLA-134, CHLA-

171, SK-N-BE(2), CHLA-90, CHLA-119, and CHLA-172] for their
ability to transactivate a p53-HBS reporter gene construct. We could
not carry out this assay for all of the cell lines because of an inability
to transfect to some of the lines. CAT activity was detected (and, by
inference, p53 transactivation) in all of the cell lines with wt p53, but
in two cell lines (SMS-LHN and LA-N-6) CAT activity was lower
than the other cell lines. The four cell lines with mutated p53 [SKN-BE(2), CHLA-90, CHLA-119, and CHLA172] showed no transactivation of the p53-HBS reporter gene construct.

Table 2 Sequence analysis of p53 in neuroblastoma cell lines
MDM2
Cell lines

Exon

Codon

Nucleotide
change

Amino acid
change

Induction of p21
and/or MDM2a

Protein

wtd
wtd

⫹
⫹

⫹
⫹

⫺
⫺

wte
wte
wtf
wte
wte
wte
wte
TGC 3 TTCe
CGA 3 CTAe
GAA 3 AAAe
GTG 3 TTGe

⫹
⫹
⫹
⫹
⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫹
⫹
⫹
⫹
11
1
1
11
1
11
1

⫺
⫺
⫺
⫺
⫺
⫺
⫹
nt
nt
nt
nt

b

DNAc

Representative drug-sensitive cell lines
SK-N-BE(1)
SMS-LHN
Drug-resistant cell lines
LA-N-6
SK-N-RA
CHLA-79
CHLA-136
CHLA-171
CHLA-225
CHLA-134
SK-N-BE(2)
CHLA-119g
CHLA-90
CHLA-172

5
10
8
6

135
342
286
216

Cys 3 Phe
Arg 3 Leu
Glu 3 Lys
Val 3 Leu

a
Induction of p21 and/or MDM2 were used as indices of p53 function: ⫹, induction of p21 and/or MDM2 by L-PAM challenge, ⫺, failure to induce p21 or MDM2 by L-PAM
challenge.
b
Basal MDM2 protein expression by immunoblotting: ⫹, protein is expressed; 1, 1.1 to 1.4 times higher than median basal expression of MDM2; 11, 1.7 to 2 times higher than
median basal expression of MDM2.
c
Genomic amplification of MDM2: ⫹, amplified MDM2; ⫺, nonamplified MDM2; nt, not tested.
d
Studied using the GeneChip p53 Assay.
e
Identical results were obtained by GeneChip p53 Assay and automated sequencing.
f
Studied using the automated sequencing.
g
In addition to the above mutation in CHLA-119, a polymorphism at codon 213 (a silent alteration of CGA to CGG) was also detected.
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Fig. 3. p53 transactivation assay. a, bars, conversion values (%) of
acetylated forms of chloramphenicol from total chloramphenicol. Cell
lines with functional p53 (inducible p21 and/or MDM2) u, cell lines
with nonfunctional p53 䡺, and transfected clones f. b, results of CAT
assay for three representative cell lines with functional p53 and four cell
lines with mutated p53. SKOV-3 human ovarian carcinoma cell line
(p53 null) was used as a negative control (Lane 1), and SKOV-3 cell line
transfected with wt p53-HSP promoter was used as a positive control
(Lane 2). Lane 3, CHLA-225; Lane 4, CHLA-134; Lane 5, CHLA171;
Lane 6, SK-N-BE(2); Lane 7, CHLA-90; Lane 8, CHLA-172; and Lane
9, CHLA-119. CAT activation was visualized by TLC as acetylated
form of 14C-labeled chloramphenicol.

MDM2 Gene Amplification. A high baseline expression of
MDM2 protein was seen in four of the seven cell lines lacking p53
function (Fig. 2) including two of the three p53 nonfunctional cell
lines with wt p53 (CHLA-134 and CHLA-171). Genomic DNA from
11 cell lines and from normal human lymphocytes was analyzed for
MDM2 amplification using Southern blot analysis. Genomic amplification of MDM2 was detected in only one cell line (CHLA-134),
which showed a signal 6 –14 ⫻ greater than the other samples analyzed (Fig. 4).
Paired Cell Lines. Within the panel studied, there were pairs of
cell lines derived from two patients: one cell line at DX before
treatment and then another after disease progression. SK-N-BE(1)
was established at DX and then SK-N-BE(2) was established from
the same patient at disease progression during nonmyeloablative
(induction) chemotherapy. Similarly, CHLA-122 was established
at DX and then from the same patient, CHLA-136 was established
at time of relapse after myeloablative therapy supported with bone
marrow transplantation. LC90 values of SK-N-BE(2) were
30 ⫻ greater for L-PAM, 13 ⫻ for CBDCA, and 7 ⫻ for ETOP
relative to SK-N-BE(1); Table 1. SK-N-BE(1) had functional (Fig.
2, b and c) and wt p53 (Table 2), whereas SK-N-BE(2) showed a
lack of functional p53 by p21/MDM2 induction (Fig. 2, a– c) and
by p53 transactivation assay (Fig. 3), and showed mutation of p53
(Table 2). CHLA-136 showed drug resistance relative to CHLA122, and LC90 values of CHLA-136 were 10.6 ⫻ greater for
L-PAM, 26 ⫻ for CBDCA and 567 ⫻ for ETOP compared with
CHLA-122 (Table 1). However, drug-resistance acquired by
CHLA-136 was not associated with a loss of p53 function (Figs. 2
and 3) or p53 mutation (Table 2).
Selective Abrogation of p53 Function with HPV16 E6 Confers
Multidrug Resistance. (Table 1; Fig. 5). To abrogate p53 activity in
drug-sensitive, p53-functional neuroblastoma cell lines, we transduced the papillomavirus gene HPV16 E6 (which encodes a protein

that promotes degradation of p53 and renders cells p53 nonfunctional;
Ref. 31) into two drug-sensitive neuroblastoma cell lines. SMS-SAN
(MYCN gene amplified) and SMS-LHN (MYCN nonamplified) were
transduced with HPV16 E6 or with the pLXSN retrovirus empty
vector as a control, and G418-resistant clones were selected from
each. We then compared the sensitivity to L-PAM, CBDCA, and
ETOP of HPV16 E6-transduced clones to the parental cell lines and
pLXSN (empty vector) transduced controls. Reduced p53 activity was
confirmed by the lack of p53 induction in L-PAM-challenged samples
using Western blotting (data not shown) and the p53 transactivation
assay (Fig. 3). Transduction of HPV16 E6 conferred high-level multidrug resistance to both SMS-SAN and SMS-LHN. LC90 values of
SAN/E6 clones were 4.5– 6 ⫻ higher for L-PAM, 15.4 –25 ⫻ for
CBDCA, and 41.6 –157.7 ⫻ for ETOP relative to SAN/LXSN controls. Similarly, LC90 values of LHN/E6 clones were 3–7 ⫻ higher for
L-PAM, 8 –109 ⫻ for CBDCA, and 2– 45.3 ⫻ for ETOP relative to
LHN/LXSN cells.

Fig. 4. Southern blot analysis of MDM2 gene amplification. EcoRI digested DNA
samples were hybridized with an MDM2 cDNA probe (top) and as a control with ␤-actin
probe (bottom).
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Fig. 5. Dose-response curves of neuroblastoma cell lines and
their transfected clones. a and b, dose-response curves to L-PAM. c
and d, dose-response curves to CBDCA. e and f, dose-response
curves to ETOP. a, c, and e, cytotoxicity assays of SMS-SAN
parental cell line (ƒ), SAN/E6 clones (E and F), and SAN/LXSN
empty vector clone () to L-PAM, CBDCA, and ETOP. b, d, and f,
cytotoxicity assays of SMS-LHN parental cell line (ƒ), LHN/E6
clones (E and F), and LHN/LXSN empty vector clone () to
L-PAM, CBDCA, and ETOP. Ps were calculated based on contrasts
from ANOVA (see “Materials and Methods”). Generally, HPV16
E6 transfected clones were more resistant (P ⱕ 0.002) to all drugs
than LXSN controls, and fractional cytotoxicity for the two transfected clones were not different (P ⬎ 0.05) for most drug concentrations.

DISCUSSION
Although most neuroblastomas show a good response to initial
chemotherapy, tumors from many patients with high-risk disease
(stage IV diagnosed after 1 year of age and/or tumor with MYCN
amplification) acquire drug resistance during the therapy (1, 2). Neuroblastomas established as cell lines and maintained without drug
exposure in vitro manifest drug resistance that was acquired in patients and correlates with the intensity of chemotherapy employed in
vivo, suggesting that selection occurs for tumor cells resistant to those
drugs used during therapy (3, 32). Identification of the molecular
events conferring drug resistance in neuroblastoma may allow developing therapies to overcome the particular form of drug resistance
manifested by this tumor and could provide markers to identify
patients likely to develop progressive disease when treated with
currently available chemotherapeutic agents.
As p53 mutations are infrequent in primary neuroblastomas (18 –
23), it has been suggested that functionally inactive p53 is attributable
to cytoplasmic localization of p53 (24). Goldman et al. (25) reported
that although p53 showed mainly cytoplasmic localization in neuroblastoma cell lines, p53 levels increased mainly in the nucleus after ␥
irradiation and showed that transcriptional activity of p53 was intact.
Other studies have confirmed the presence of functional p53 in
neuroblastoma cell lines in response to ␥ irradiation (39), UV light
(26), and cisplatin (27).
It is well known that p53 mediates responses to cytotoxic agents (8,
40) and that mutant p53 is correlated with resistance to DNAdamaging agents (11, 14, 16, 41). Here we have shown that for 18
neuroblastoma cell lines, p53 loss of function correlated with drug

resistance (P ⫽ 0.01). Using Western blot analysis for p53 target
genes, we found that p53 was functional, as determined by transcriptionally intact p53 (induction of p21 and/or MDM2 after 16 h of 6
g/ml L-PAM) in seven/seven drug-sensitive cell lines. Moreover, the
low steady-state expression and inducible p53 observed in these cell
lines also suggested the presence of functional p53.
We found that p53 was nonfunctional in 7 of 11 drug-resistant cell
lines [SK-N-BE(2), CHLA-119, CHLA-225, CHLA-171, CHLA-90,
CHLA-134, and CHLA-172] as demonstrated by a failure to induce
downstream genes (p21 and MDM2) by L-PAM. High steady state
p53 expression, a hallmark of p53 mutation (38), was found only in
cell lines with nonfunctional p53 [SK-N-BE(2), CHLA-225, CHLA171, CHLA-90, and CHLA-134].
Sequence analysis for p53 of all seven cell lines with loss of p53
function was performed by both the Affymetrix GeneChip p53 Assay
and automated sequencing using the fluorescent dideoxy terminator
method. First, we analyzed exons 2–11 by the GeneChip p53 Assay
and then exons 5– 8 (DNA-binding region) using automated DNA
sequencing. As the Affymetrix GeneChip Assay provides far greater
sensitivity for detection of p53 mutations than does automated DNA
sequencing (29), we sequenced only exons 5– 8 (where most of
mutations were located) by automated sequencing to confirm the
findings of the Affymetrix GeneChip Assay; to confirm a mutation
identified by the GeneChip Assay, exon 10 was also sequenced in
CHLA-119. We found mutations in the DNA-binding domain in
SK-N-BE(2), CHLA-90, and CHLA-172 (CHLA-119 harbors a polymorphism in this region), all of which were drug-resistant cell lines
with nonfunctional p53 that were derived from heavily treated pa-
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tients. These mutations have been identified previously in various
tumors.4 In addition to mutations in the DNA binding region, we
identified a mutation in exon 10 in CHLA-119, which can also render
p53 nonfunctional (42). Mutations of p53 were not found in CHLA225, CHLA-171, and CHLA-134 using either the GeneChip p53
Assay or automated p53 sequencing. As expected, two representative
drug-sensitive/p53-functional cell lines [SK-N-BE(1) and SMS-LHN]
showed no p53 mutations by the GeneChip p53 Assay.
Only 4/11 drug-resistant cell lines (LA-N-6, SK-N-RA, CHLA-79,
and CHLA-136) had functional p53 (as demonstrated by induction of
p21 and/or MDM2 in response to L-PAM), and all 4 cell lines had wt
p53 by both automated p53 sequencing and GeneChip p53 Assay. It
is possible that genetic alterations in apoptotic events downstream of
p53, e.g., Bax (7) or caspase-8 (43), could account for drug resistance
seen in these cell lines. Data from tumors other than neuroblastoma
have shown that decreased L-PAM uptake (44) or increased GSH
biosynthesis (45), together with increased export of GSH-alkylator
complex (46), are also associated with drug resistance. One or more of
these may account for the drug resistance observed in neuroblastoma
cell lines with intact p53 function. However, our data suggest that the
most frequent event conferring high-level, multidrug resistance in
neuroblastomas is a loss of p53 function.
MDM2 is a transcriptional target of p53, which regulates p53
expression in a negative regulatory feedback fashion. The role of
MDM2 has been implicated in the pathogenesis of cancer via inhibition of p53 tumor suppressor function, and MDM2 overexpression
attributable to MDM2 gene amplification or increased translation can
inactivate p53 (47, 48). There were three cell lines (CHLA-225,
CHLA-171, and CHLA-134) in our panel that displayed increased
accumulation and stabilization of p53 and failed to induce p21 and
MDM2 proteins after L-PAM challenge (Fig. 2). All three had wt p53,
and unlike the cells with mutant p53, these three cell lines showed
intact p53 transactivation using the p53-HBS/CAT reporter gene (Fig.
3). Two of these cell lines (CHLA-171 and CHLA-134) showed
overexpression of MDM2 protein by Western blotting, and we found
genomic amplification of MDM2 in one of these cell lines (CHLA134) by Southern blotting. Thus, MDM2 protein overexpression is
likely one mechanism by which p53 function is compromised in some
neuroblastomas.
The level of expression of unstimulated MDM2 protein was high in
two neuroblastoma cell lines with mutated p53 [SK-N-BE(2) and
CHLA-90; Fig. 2]. It has been shown that MDM2 can be stabilized by
mutant p53 and proposed that it occurs because of inhibition of
MDM2 ubiquitination after forming a complex with mutant p53 (49).
To demonstrate that a loss of p53 function mediates multidrug
resistance in neuroblastoma we transduced two sensitive neuroblastoma cell lines carrying functional p53 with the HPV type 16 gene
(HPV16 E6). HPV16 E6 protein and cellular E6-associated protein
form a complex and function as a ubiquitin ligase for p53 for increased degradation, thus disrupting the p53-mediated response (31).
HPV16 E6-transformed cells have been used to examine the effect of
p53 loss on genomic stability, apoptosis, and sensitivity to chemotherapeutic agents or ionizing radiation (50 –52). As MYCN amplification has been linked to tumor progression and poor outcome in
neuroblastomas (53), we used MYCN amplified (SMS-SAN) and
MYCN nonamplified (SMS-LHN) cell lines for these experiments.
The LC90 values of two separate HPV16 E6 clones of both cell lines
were increased relative to the pLXSN empty vector controls: 3–7
times for L-PAM; 8 –109 times for CBDCA; and 2–158 times for
ETOP. Decreased sensitivity of pLXSN empty vector clones com4

pared with parental cells was observed in both cell lines, suggesting
that selection for resistance to G418 can mediate modest cross resistance to chemotherapeutic drugs.
We showed that p53 is functional in all of the tested neuroblastoma
cell lines established before chemotherapy [SK-N-BE(1), SMS-SAN,
and CHLA-122] and that loss of p53 function appears to be one of the
major mechanisms responsible for high-level multidrug resistance in
neuroblastoma. In one pair of cell lines derived from the same patient
before treatment [SK-N-BE(1)] and then after disease progression on
induction chemotherapy [SK-N-BE(2)], we demonstrated acquisition
of a drug-resistant phenotype (3, 32), which we and others (54 –56)
showed was associated with acquisition of a p53 mutation on codon
135 and the loss of p53 function. This is consistent with previous
observations that neuroblastomas lacking p53 mutations at DX
showed mutations of p53 in tumors obtained at relapse after chemotherapy (19, 20). These observations, combined with the high frequency of p53 mutations and loss of p53 function in chemotherapyresistant cell lines relative to those established at DX, suggests that
selection for neuroblastoma cells with p53 mutations and/or loss of
p53 function (in some cases attributable to overexpression of MDM2)
occurs during therapy, leading to multidrug resistance. As all of the
drug-sensitive neuroblastoma cell lines had functional p53 and lacked
p53 mutations, it is unlikely that loss of p53 function was acquired as
a result of growth in vitro.
Our data suggest that the relationship of p53 mutations and/or
functionality to drug resistance should be investigated in tumor samples from patients with neuroblastoma. One possible approach to
studying clinical samples is the Affymetrix GeneChip p53 Assay. The
GeneChip p53 Assay (recently developed by Affymetrix Inc.) is an
oligonucleotide microarray approach that provides an accurate, sensitive, and specific method for detection of p53 mutations (29, 57, 58).
Our results confirm that the GeneChip Assay reliably detects p53
mutations. However, as loss of p53 function in some cell lines
occurred without p53 mutations, methods for detecting p53 functionality in clinical specimens may also be required to complement
detection of mutations. We are currently analyzing p53 mutations in
tumor samples obtained from patients in which the tumor persisted or
progressed after chemotherapy. Confirmation with patient tumors that
inactivation of p53 correlates with a poor response to chemotherapy in
neuroblastoma would additionally support a focus on p53-independent therapies (e.g., ceramide modulators; Refs. 27, 59), L-PAM in
combination with the GSH depletor buthionine sulfoximine (34, 60),
immunotherapy (61), or antimicrotubule agents (62, 63) for neuroblastomas recurring after chemotherapy.
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