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Chemotherapy-Induced Apoptosis
in a Transgenic Model of
Neuroblastoma Proceeds
Through p53 Induction’-

Abstract

Chemoresistance in neuroblastoma is a significant issue complicating treatment of this common pediatric solid
tumor. MYCN-amplified neuroblastomas are infrequently mutated at p53 and are chemosensitive at diagnosis but
acquire p53 mutations and chemoresistance with relapse. Paradoxically, Myc-driven transformation is thought to
require apoptotic blockade. We used the TH-MYCN transgenic murine model to examine the role of p53-driven apop-
tosis on neuroblastoma tumorigenesis and the response to chemotherapy. Tumors formed with high penetrance and
low latency in p53-haploinsufficient TH-MYCN mice. Cyclophosphamide (CPM) induced a complete remission in
p53 wild type TH-MYCN tumors, mirroring the sensitivity of childhood neuroblastoma to this agent. Treated tumors
showed a prominent proliferation block, induction of p53 protein, and massive apoptosis proceeding through induc-
tion of the Bcl-2 homology domain-3—only proteins PUMA and Bim, leading to the activation of Bax and cleavage of
caspase-3 and -9. Apoptosis induced by CPM was reduced in p53-haploinsufficient tumors. Treatment of MYCN-
expressing human neuroblastoma cell lines with CPM induced apoptosis that was suppressible by siRNA to p53.
Taken together, the results indicate that the p53 pathway plays a significant role in opposing MYCN-driven oncogene-
sis in a mouse model of neuroblastoma and that basal inactivation of the pathway is achieved in progressing tumors.
This, in part, explains the striking sensitivity of such tumors to chemotoxic agents that induce p53-dependent apop-
tosis and is consistent with clinical observations that therapy-associated mutations in p53 are a likely contributor to
the biology of tumors at relapse and secondarily mediate resistance to therapy.
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Introduction

Neuroblastoma is the most common extracranial solid tumor of child-
hood [1]. The proto-oncogene MYCN is amplified in one third of
neuroblastomas and is associated with high-risk disease and poor sur-
vival [1-5]. The ability of Myc proteins to induce malignant transfor-
mation is limited by coordinate induction of both proliferation and
apoptosis [6-8]. Consequently, mutations of p53 are common in sev-
eral Myc-driven malignancies at diagnosis and enhance oncogenesis.

In neuroblastoma, genetic defects in the p53 pathway function
(mutation in p53 or pl 4ARE amplification of MDM?2) are rare at di-
agnosis but are present in cell lines established from patients treated
with prolonged therapy [9-12]. In the absence of such mutations, am-
plification of MYCN in newly diagnosed neuroblastomas is typically
associated with epigenetic abnormalities that impair apoptosis: silenc-
ing of caspase-8 or overexpression of the antiapoptotic proteins Bcl-2
and survivin [13-15]. These events are independently associated with
poor outcome in neuroblastoma and represent potential mechanisms
contributing to malignant progression [13,15,16].

Despite such defects in apoptotic signaling, newly diagnosed neuro-
blastoma tumors typically respond to chemotherapeutics such as cyclo-
phosphamide (CPM) irrespective of risk group, suggesting that
epigenetic regulation of apoptotic pathways is either insufficient to
block apoptosis in response to cytotoxic chemotherapy or is not initally
present at diagnosis [17,18]. Because virtually all patients respond to
initial therapy, outcome in this disease is mainly determined by the like-
lihood of relapse, with high-risk patents (including tumors that show
amplification of MYCN) frequently relapsing with drug-resistant tu-
mors [10,19].

The TH-MYCN model shows that coordinate mutation of p53
is not required for MYCN-driven oncogenesis in neuroblastoma,
mirroring the situation in human high-risk tumors. It follows that
apoptosis is functionally suppressed by other means. However, this
presents a paradox in that MYCN-driven murine neuroblastomas
retain exquisite sensitivity to chemotherapeutics, which exert their
effects through induction of apoptosis. To examine this question,
we sought to determine whether the p53 pathway was active or in-
active in TH-MYCN and whether induction of the pathway occurred
in response to chemotherapy.

TH-MYCN is a native neuroblastoma model in which tumorigene-
sis is driven by targeted expression of a TH-MYCN transgene in the
neural crest of transgenic mice [20]. These animals develop an aggres-
sive malignancy that is morphologically, genetically, and clinically sim-
ilar to human high-risk AMYCN-amplified neuroblastoma [21,22]. We
show that p53 haploinsufficiency enhances the effect of MYCN-driven
transformation in neuroblastoma, that basal p53 pathway function
and apoptosis are suppressed in such tumors (in contrast to in vitro
observations), that haploinsufficiency amplifies the effect of MYCN
on transformation in neuroblastoma, and that the chemoresponse
of effective agents such as CPM requires intact p53-driven apopto-
sis. Mechanistically, CPM induces p53 and activates a variety of p53
targets critical to apoptosis, including PUMA, Bim, Bax, caspase-3,
caspase-9, and poly(ADP-ribose) polymerase (PARP). The in vivo re-
sponse of TH-MYCN-driven tumors to CPM is similar to that ob-
served in cultured human cell lines treated with CPM. In three cell
lines with equivalent levels of p53 protein but increasing levels of
Myecn, the apoptotic response to CPM correlated with the induction
of p53 and could be blocked by siRNA to p53.

Taken together, these data document the activity in murine tu-
mors of a frontline chemotherapeutic agent used in children with

newly diagnosed neuroblastoma and add to evidence validating mice
transgenic for TH-MYCN as a preclinical platform for developmental
therapeutics. Furthermore, these observations highlight the utility of
mice transgenic for TH-MYCN as a preclinical model in which to
delineate the kinetics and details of apoptotic signaling in response
to CPM. The induction and functional activation of p53 in these
tumors reinforce the importance of p53 signaling in the therapeutic
response to cytotoxic chemotherapy. These observations are also con-
sistent with clinical data that cytotoxic chemotherapy selects for loss
of p53 function, that recurrence in neuroblastoma is subsequently
driven by p53 mutation, and that p53 mutation in relapsed tumors
contributes secondarily to therapeutic resistance [10,23,24].

Materials and Methods

Cell Culture and Treatments

SHEP, SK-N-SH, SH-SY5Y, and Kelly neuroblastoma cell lines
were obtained from the University of California at San Francisco.
Cells were grown in Dulbecco’s modified Eagle’s medium with
10% FBS at 37°C. 4-Hydroxyperocyclophosphamide (4°™-CPM)
was obtained from Susan Ludeman (University of North Carolina)
and was dissolved at 20 mg/ml in water. For iz vivo therapy, CPM
from the University of California at San Francisco Clinical Pharmacy
was dissolved at 1 mg/ml.

Proliferation and Apoptosis Assays

Cell growth and proliferation were assessed by soluble tetrazolium
(WST-1; Roche, Indianapolis, IN). Necrosis and apoptosis were
assessed using a Cell Death Detection ELISA (Roche) that detects
intracellular or released nucleosomal H2, DNA. Values were cor-
rected for vehicle (DMSO). Cells were plated and assayed at 6 to
24 hours using a Synergy HT-1 spectrophotometer (Biotek, Winooski,
VT). Percent toxicity was standardized using Triton X-100 as a
positive control (0-100 mM).

Immunoblot Analysis and Antibodies

Cells were suspended in nondenaturing lysis buffer (Cell Signaling
Technology, Danvers, MA) with 0.5% SDS. Lysates were sonicated
and cleared at 14,000¢ at 4°C. Protein content was assayed by the
BCA method (Pierce, Rockford, IL), and 20 to 40 pg of protein
was analyzed on 4% to 12% gradient denaturing gels (Invitrogen,
Carlsbad, CA). Membranes were incubated overnight at 4°C with pri-
mary antibodies [cleaved caspase-3 (9664; Cell Signaling Technology),
caspase-9 (9508; Cell Signaling Technology), p53 (9282; Cell Signal-
ing Technology), Bim (4582; Cell Signaling Technology), Bax (2772;
Cell Signaling Technology), PARP (9542; Cell Signaling Technology),
PUMA (49765 Cell Signaling Technology), and B-tubulin (05-661;
Upstate, Billerica, MA)] and visualized using HRP-conjugated second-
ary antibodies (Calbiochem, Gibbstown, NJ) and ECL-Plus reagents.

Immunohistochemistry

For frozen sections, mice were killed after therapy, and tumors
were embedded in Tissue-Tex O.C.T. compound (Sakura, Torrance,
CA), cooled at -80°C (24 hours), sectioned at 4-pm thickness,
mounted on Superfrost slides (Fisher Scientific, Pittsburgh, PA),
and placed in 70% ethanol (1 hour at 4°C). Slides were washed
three times with wash buffer (Dako, Carpinteria, CA), treated with
3% hydrogen peroxide (for 10 minutes), rewashed, blocked with
casein (for 10 minutes), and incubated with caspase-3 antibody
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neuroblastoma, and that agents that enhance the activity of p53 or
PUMA may show efficacy in this disease.

Impaired p53 signaling likely enhances the oncogenic activity of
MYCN in neuroblastoma [10-12,33,34] and probably contributes
to relapse as additional (mutational) defects in this pathway are ac-
quired with genotoxic therapy. These studies help to clarify observa-
tions in cell lines from human neuroblastoma, in which acquisition
of mutations in p53 occurred in cell lines established from relapsed
tumors [11,24,33]. Collectively, our murine data are in agreement
with human cell line data generated here and published by others,
suggesting that cytotoxic drugs drive relapse by selecting for muta-
tions in p53 or in the p53 pathway. We are currently generating mice
transgenic for TH-MYCN that are inducibly dysfunctional at p53
and are backcrossing them into the penetrant 129/Sv] strain to de-
termine the utility of these animals as a model for drug-resistant
high-risk neuroblastoma at relapse.
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