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Abstract

Purpose: Despite advances in multimodal therapy, neuroblas-
tomas with hemizygous deletion in chromosome 11q (20%-
30%) undergo consecutive recurrences with poor outcome. We
hypothesized that patients with 11g-loss may share a druggable
molecular target(s) that can be exploited for a precision medicine
strategy to improve treatment outcome.

Experimental Design: SNP arrays were combined with next-
generation sequencing (NGS) to precisely define the deleted
region in 17 primary 11q-loss neuroblastomas and identify allelic
variants in genes relevant for neuroblastoma etiology. We
assessed PARP inhibitor olaparib in combination with other
chemotherapy medications using both in vitro and in vivo models.

Results: We detected that ATM haploinsufficiency and ATM
allelic variants are common genetic hallmarks of 11g-loss neu-
roblastomas. On the basis of the distinct DNA repair pathways
triggered by ATM and PARP, we postulated that 11g-loss may

Introduction

Neuroblastoma is the most common extracranial solid tumor
in pediatric patients. High-risk patients continue to have very poor
clinical outcomes despite intensive therapeutic interventions.
Analysis of chromosomal alterations using FISH revealed that
chromosomal alterations in 11q, 3p, 1p, and MYCN define four
different groups, all with increased risk for disease progression
(1). In this classification, 11q and MYCN alterations are partic-
ularly interesting because they are of higher incidence (about 30%
and 20%, respectively, for all neuroblastoma cases) and constitute
very valuable markers for predicting recurrence and prognosis. In
contrast to the faster relapse of MYCN-amplified neuroblastomas,
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define a subgroup of neuroblastomas with higher sensitivity to
PARP inhibitors. Noteworthy, concomitant treatment with ola-
parib and DNA alkylating agent temozolomide potently inhibited
growth of cell lines harboring 11q-loss. This drug synergism was
less potent when temozolomide was exchanged for cisplatin or
irinotecan. Intact 11q cells concomitantly treated with ATM
inhibitor displayed growth arrest and enhanced apoptosis, reveal-
ing a role for ATM in the mechanism that mediates sensitivity to
temozolomide-olaparib. Interestingly, functional TP53 is
required for efficacy of this treatment. In an in vivo model,
coadministration of temozolomide-olaparib resulted in sus-
tained xenograft regression.

Conclusions: Our findings reveal a potent synergism between
temozolomide and olaparib in treatment of neuroblastomas with
11q-loss and provide a rationale for further clinical investigation.
Clin Cancer Res; 23(22); 6875-87. ©2017 AACR.

patients with 11q deletion display longer periods of recurrence
but still face an inevitable fatal outcome. Therefore, finding
effective therapeutic targets for this genetic alteration remains a
priority in precision oncology.

The hypothesis that the 11q contains genes implicated in
neuroblastoma development has formed the basis of studies
aimed at identification of the alterations triggered by deletion of
this chromosomal region. Profiling of neuroblastomas with and
without 11q deletion identified a number of genes whose altered
expression correlated highly with 11qg-loss (2); however, none of
these genes actually map to 11q. Thus, it remains to be determined
how loss of genetic information in 11q modulates neuroblastoma
development and/or outcome. Indeed, chromosomal deletion in
11q is highly correlated with relapse and metastasis (3), suggest-
ing a causal relationship between this region and disease out-
come. Other genomic profiling studies have suggested the exis-
tence of two subgroups of patients who bear the 11q chromo-
somal alteration, each with a distinct clinical phenotype and gene
expression profile (4). This subdivision of 11q neuroblastomas is
further supported by the differential expression of miRNAs within
distinct subgroups of neuroblastomas (5). The expression of 11q
hybrid proteins fused to FOXR1 transcription factor as a result of
microdeletions and intrachromosomal fusion genes have also
been reported (6).

11q deletion generally confers high risk and has been associ-
ated with alterations of tumor suppressors in this chromosomal
region (7). H2AFX has been postulated to play a role in this type of
neuroblastoma (8). Expression of TSLCI, a gene in the same
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Translational Relevance

We observed that ATM haploinsufficiency and ATM allele
variants are frequent genetic hallmarks in neuroblastomas
with 11q deletion. Cell lines harboring 11g-loss express low
levels of ATM and treatment of these cells with the PARP
inhibitor olaparib and DNA alkylating agent temozolomide
caused significant growth inhibition and apoptosis. The com-
bination of olaparib with irinotecan or cisplatin was less
efficient than when administered with temozolomide. Note-
worthy, sensitivity to this olaparib-temozolomide combina-
tion therapy was dependent on functional TP53 and loss of
ATM within 11q deletion. As TP53 mutations are rare in
primary neuroblastomas but have higher incidence upon
relapse, the olaparib-temozolomide combination would
have greater chances of success as first-line therapy. In an in
vivo model, coadministration of olaparib and temozolomide
caused sustained tumor regression. Hence, our results reveal
enhanced synergism between temozolomide and olaparib in
11q-loss neuroblastomas with functional TP53 and provide a
rationale for precision medicine based on tumor genetics.

chromosomal locus, has been correlated with poor outcome and
its ectopic expression in the cell line SH-SY5Y reduces prolifera-
tion, suggesting that TSLCI acts as a tumor suppressor in neuro-
blastomas (9). The ubiquitin ligase UBE4A has also been mapped
to this chromosomal region (10). UBE4A plays a relevant role in
chromosomal condensation and segregation by polyubiquityla-
tion of securin, hence, targeting securin for proteasomal degra-
dation (10). The pathologic implication of UBE4A in the disease
might explain the rapid development of resistance to the protea-
some inhibitor bortezomib. These observations underscore the
urgent need for novel therapeutic strategies to treat neuroblasto-
mas with 11q deletion.

We have previously shown that proteasome inhibition in
combination with retinoic acid delays relapse by enhancing
differentiation and death of neuroblastoma stem cells (11). This
combination therapy may be appropriate for certain types of
neuroblastomas but we have no evidence that it would also target
genetic alterations occurring concomitantly with 11q deletion. In
this regard, our previous studies demonstrate that MYCN-ampli-
fied metastatic neuroblastoma has a poor survival with conven-
tional therapy, even with intensive treatment (12). However, in
contrast to MYCN-amplified neuroblastomas, neuroblastomas
with deletion in 11q display a high frequency of chromosomal
breaks (8), revealing a phenotype of high chromosomal instabil-
ity related to or localized within 11q. Thus, one plausible expla-
nation for the association of 11q with poor clinical outcome is
that this region contains genes implicated in DNA repair. Inter-
estingly, the minimal deleted region shared by most of neuro-
blastomas is telomeric for ATM and PP2R1B genes (13). The ataxia
telangiectasia gene (ATM), localized in 11q22-q23, plays an
essential role in maintaining genomic integrity by regulating the
repair of double-strand DNA breaks and activating the different
checkpoints throughout the cell cycle. ATM has been associated
with development of some subtypes of sporadic lymphoma and
leukemia, but is poorly studied in neuroblastoma disease (14).
Collectively, these observations suggest that ATM could have a
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direct role in the development of neuroblastomas with 11q
deletion.

Materials and Methods

Patients and samples

This study included 412 patients diagnosed with neuroblasto-
ma between years 2008 and 2016 in Spanish cooperative hospi-
tals (SEHOP; 6 patients with concomitant MYCN amplification
and 11q deletion were excluded of the statistical analysis). Staging
and risk stratification were established according to International
Neuroblastoma Staging System (INSS) and International Neuro-
blastoma Risk Group (INRG; ref. 15). Patient's median follow-up
was 33 months (range 1-100 months). The distribution of
patients by stages was 24% stage 1; 10% stage 2; 18% stage 3;
37% stage 4 and 11% stage 4S. Median age of the cohort at
diagnosis was 15 months (first quartile 5 months, third quartile
44 months). Information about clinical parameters of this patient
cohort is detailed in Supplementary Table S1. Neuroblastoma
primary tumors of untreated patients were centrally reviewed and
histologic type was classified according to the International Neu-
roblastoma Pathology Classification (INPC) criteria (16, 17).

Biological studies included status of MYCN (studied by FISH)
and 11q (studied by MLPA from 2008-2012 and by CytoScan HD
arrays from 2013-2016), according to ENQUA guidelines
(18, 19). MYCN was amplified in 15% of patients (5 of them
with heterogeneous amplification), 11q was deleted in 24% and
not amplified and with no 11q deletion in 61% of patients.
Patient's follow-up was obtained from Spanish neuroblastoma
studies database. The study was conducted in accordance with the
reporting recommendations for tumor marker prognostic studies
(REMARK), the Declaration of Helsinki and La Fe Research Ethics
Committee approved this project. Parents or legal guardians
signed an informed consent statement for sample and data
management.

DNA extraction and SNP array analyses

SNP dataset has been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series accession num-
ber GSE101533 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE101533). Genomic DNA was extracted from frozen
tumor tissues by a standard proteinase K and phenol-chloroform
extraction protocol. Quantity and quality of DNA was assessed by
NanoDrop spectrophotometer absorbance (Thermo Fisher Sci-
entific), gel electrophoresis, and second quantification after PCR
amplification. Patients' samples and cell lines used for sequencing
were also analyzed by molecular karyotyping with SNP arrays
(Cytoscan HD, Affymetrix). Fragmented DNA by Nsp I digestion
was further ligated to adaptor followed by PCR amplification. The
PCR product was hybridized using Affymetrix CytoScan HD Array
Gene Chip and processed with the Fluidic Station (Affymetrix).
SNP array results were analyzed with Chromosome Analysis Suite
software (Affymetrix, ChAS; version 3.1). The annotation version
used by the ChAS software is based on the February 2009 human
reference sequence GRCh37 (hg19). SNP array data quality was
assessed with the internal array quality control parameter "medi-
an of the absolute values of all pairwise differences" (MAPD). SNP
array data were plotted and interpreted as described previously
(20). Briefly, circos plots were created by extracting weighted log,
ratio and allele peaks information from Affymetrix software ChAS
(ChAS 3.1). Individual weighted log, ratio probes were binned
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into groups of 100 and the bin average taken as smoothed signal.
Allele peaks were trimmed to values between 0 and 1. Both
smoothed weighted log, ratio and allele peaks were plotted using
the Circos software v0.68-1. Smoothed weighted log, ratio values
> 0.15 are shown in blue (gain) and LRR values < —0.15 in red
(loss).

Next-generation sequencing

Sequencing analysis was performed on the Genomic Unit of La
Fe Hospital Research Institute for 17 neuroblastoma cases and 7
cell lines. Sequence dataset GSE101989 was deposited at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101989 and
is combined with SNP dataset in superSeries GSE101990
available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE101990. Quality and quantity of DNA was determined
by Qubit dsDNA HS Assay Kit (Invitrogen). ATM gene
(NM_000051.3) was sequenced with Human Comprehensive
Cancer Panel (Qiagen), containing exons 2-63, with partial
coverage in exons 2, 6, 25, 28, 49, and 63. Additional variants
were also studied by this sequencing panel. Amplicon library was
prepared using GeneRead DNAseq Targeted HC Panel V2 (NGHS-
501X-12, Qiagen) according to manufacturer's instructions. DNA
high-throughput sequencing was performed on Ion Proton
instrument using Ion PI HiQ Sequencing Kit on the Ion PI
sequencing chip (Thermo Fisher Scientific). Data from the Ion
Torrent runs were analyzed using the platform-specific pipeline
software Torrent Suite v5.0. The sequence variants in each sample
were identified using the Torrent Suite Variant Caller (TSVC; v4.0-
176860) plug-in and browser extensible data (BED) files (chro-
mosome coordinates) that specify the coding regions of the target
genes within the human reference genome (hg19) retrieved from
the NCBI database (build 37) as a reference. Finally, Ion Reporter
software (https://ionreporter.thermofisher.com) was used to fur-
ther annotate variant caller format (VCF) files and Integrated
Genomic Viewer (IGV) software (21) was then used to complete
the visualization and to discriminate false-positive variants. We
considered only variants with balanced numbers of forward and
reverse reads. Any variant found in ATM was confirmed by Sanger
to avoid false positives.

MRE11A gene (NM_005591.3) was sequenced with ClearSeq
Inherited Disease XT panel (Agilent Technologies) covering exons
2-20. Library preparation was done with ClearSeq XT Capture
Libraries (Agilent Technologies). Finally DNA high-throughput
sequencing was performed on NextSeq500 (Illumina Technolo-
gies) with a Mid-Output flow cell for paired 150-cycle reads. Each
procedure was realized following the manufacturer's instructions.
Reads were trimmed and filtered with PrinSeq and further
mapped against the latest human reference genome GRCh38
with BWA MEM (22). Read duplicates were removed with Picard-
Tools (http://broadinstitute.github.io/picard). Variants were
called with the Haplotype caller software from the GATK package
according to GATK Best Practices recommendations (23). Variant
calls were then annotated using the variant effect predictor tool
from the set of tools of the Ensembl 86 release.

Variant calls with minor allele frequency (MAF) of > 1% were
excluded from further analyses. MAF numbers provided by Ion
Reporter Software used the source 1000 Genomes Project (http://
www.internationalgenome.org), containing data of 2,504 indivi-
duals from 26 populations and reporting the minor allele fre-
quency for each rs (reference SNP ID number) in a default global
population. Investigation about the potential pathogenic role was
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done using databases [COSMIC, dbSNP, ClinVar (NCBI)| and
prediction algorithms (SIFT, PolyPhen-2, or Mutation Taster).
H2AFX (NM_002105) full sequencing was done by Sanger with
the pair of oligos 5-GTCCTGGGGGCITATAAAGG-3' and 5'-
GCTCAGCTCTTTCCATGAGG-3'.

Cell culture and treatments

SK-N-BE(2) and SH-SY5Y cell lines were purchased from ATCC
in 2010. IMR-32 cells were kindly provided by R. Versteeg and
NLF, NBL-S, LA-N-1, and SK-N-AS were kindly provided by F.
Spelemann, both in 2013. Cell lines were maintained in DMEM
with 1-glutamine and 1-glucose (HyClone) supplemented with
10% v/v FBS, 50 U/mL penicillin, and 50 mg/mL streptomycin
and incubated in a humidified 5% CO, air atmosphere at 37°C.
No more than 40 passages were done after thawing. Cell lines were
checked for mycoplasma every 6 months with VenorGeM detec-
tion kit (Minerva Biolabs; last check up in February 2017) and
were authenticated by NGS and SNP arrays (Supplementary Table
S3; Supplementary Fig. S3).

Cells were treated with DNA alkylating agent temozolomide
(100 pmol/L) and/or with the PARP inhibitor olaparib
(AZD2281; 10 umol/L). Untreated control cells were cultured
in the presence of vehicle alone (0.1% DMSO). For the inhi-
bition of ATM kinase activity, cells were treated with KU-60019
(10 pmol/L). Temozolomide was purchased from SIGMA, KU-
60019, and irinotecan (SN-38) were purchased from Selleck-
chem, cisplatin from Pharmacia Nostrum, and olaparib was a
gift from AstraZeneca.

To establish the working concentration of chemotherapy
drugs causing about 60%-80% cell viability alone, we initially
treated for 3 days the neuroblastoma cell line IMR-32 with
increasing doses (temozolomide ranging from 30 to 1,000
umol/L; cisplatin from 0.3 to 10 umol/L; irinotecan (SN-38)
from 0.5 to 100 nmol/L). In addition, we also tested olaparib at
decreasing concentrations (10, 3, and 1 umol/L). For prolifera-
tion/survival assays, cells were seeded at a density of 3-10 x 10>
cells per well in 96 well-plates and subsequently analyzed by XTT
colorimetric assay (Cell Proliferation Kit Il XTT, Roche) measuring
absorbance at 450 nm. All assays were performed in triplicate in at
least two independent experiments, and data were expressed as
the mean + SE. Thus, we administrated temozolomide 100 umol/
L, cisplatin 0.3 umol/L, and irinotecan (SN-38) 0.5 nmol/L.

To analyze the synergistically inhibitory effect between cyto-
toxic agents and olaparib, the coefficient of drug interaction
(CDI; ref. 24) was calculated as follows: CDI=AB/(A x B).
According to the absorbance of each group, AB is the ratio of the
two-drug combination group to the control group and A or B is
the ratio of the single drug group to the control group. There-
fore, CDI < 1 indicates synergism, CDI < 0.7 indicates a
significantly synergistic effect, CDI = 1 indicates additivity,
and CDI > 1 indicates antagonism.

Live/dead cell detection assay by flow cytometry

To analyze live and dead cells using flow cytometry, we used
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen)
according to the manufacturer's recommendations. Briefly, sub-
confluent cells were treated with temozolomide and olaparib as
described above for 1 day and 3 days, respectively. Supernatant
and cells were collected, washed, and resuspended in PBS at
density 10° cells/mL. Near-IR fluorescent reactive dye L10119
was added at 1 pL/mL, incubated for 30 minutes without light at
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room temperature. Cells were pelleted, washed, and further
resuspended in 0.9 volumes of PBS with 0.1 volumes of 37%
formaldehyde (Sigma) for 15 minutes at room temperature. Cells
were washed and resuspended in 1 volume of PBS + 1% BSA
before flow cytometry analysis. We used a FACSCanto-II flow
cytometer (Becton Dickinson) and at least 20,000 events were
acquired with FACSDiva software at 775 nm and analyzed with
Infinicyt software (Cytognos).

Transfection of wild-type TP53 and caspase-3/7 assay

SK-N-AS cells were seeded in 6-well plates and grown to about
80% confluency at transfection. Each well was transfected with 2.5
ug of the plasmid pCB6+p53 containing human TP53 wild-type
cDNA using Lipofectamine 2000 kit (Invitrogen), according to the
manufacturer's protocol. Cells were incubated 2 days following
transfection prior to further treatment with temozolomide (100
umol/L) and/or olaparib (10 umol/L). Cells were harvested 24
hours posttreatment and lysed for Western blot analysis. Enzy-
maticactivity of caspase-3/7 was determined with caspase-3/7 Glo
kit (Promega) in 96-well plates 2 days after transfection and 1 day
after drug treatment. Luminescence was measured in a Biotek
Synergy H1 microplate reader and normalized against total pro-
tein determined by colorimetric Bradford assay.

Pharmacologic inhibition of TP53 and TP53 knock down

NBL-S and IMR-32 cells were seeded in 6-well plates and grown
to about 80% confluency. Cells were transfected with 25 pmol/L
annealed siTP53 (catalog no. 16104, Ambion) using Lipofecta-
mine RNAIMAX (Invitrogen), according to the manufacturer's
protocol. TP53 inhibition was induced with Pifithrin-o (PFT-ct, 10
umol/L; P4359, Sigma). Cells were incubated for 1 day after
siTP53 transfection or inhibition and were further treated with
temozolomide (100 pmol/L) plus olaparib (10 umol/L in NBL-S
and 1 pmol/L in IMR-32) or vehicle alone (DMSO). Cells were
harvested 24 hours posttreatment and lysed for Western blot
analysis.

Antibodies

mAbs were used as follows: caspase-3 (clone 8G10) and cleaved
caspase-3 (Asp175, 5A1E) from Cell Signaling Technology; anti-
p53 (clone DO-1, Santa Cruz Biotechnology); anti-B-actin (clone
AC-15, Sigma-Aldrich), and anti-ATM (clone 2C1, Thermo Fisher
Scientific). In addition, we used polyclonal antibody anti-PARP
(Cell Signaling Technology). As secondary antibodies, we used
anti-rabbit IgG peroxidase and anti-mouse IgG peroxidase
(Sigma-Aldrich).

Western blotting

Cells were grown to about 80% confluence in 100-mm dishes
and treated for 48 hours as indicated in each experiment. Con-
ventional lysates were done with the following buffer: Tris-HCI 20
mmol/L, pH 7.5, NaCl 300 mmol/L, NaF 1 mmol/L, Na,EDTA 1
mmol/L, EGTA 1 mmol/L, B-glicerolphosphate 1 mmol/L,
Na3zVO, 1 mmol/L, Triton X-100 1%, supplemented with prote-
ase cocktail inhibitors (Roche) and AEBSF 1 mmol/L (Roche).
Proteins were transferred to Hybond-P membrane (Amersham
Life Sciences), and blotted with the indicated antibodies. The
membrane was probed for anti-B-actin as loading control. Pro-
teins were visualized using enhanced chemiluminescence detec-
tion reagents (Pierce).
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Xenografts

Experiments were conducted according to the European Com-
munity and Spanish regulations for the use of experimental
animals and approved by the Institutional Committee of Animal
Research. We used 8-week-old 12 BALB/c (CAnN.Cg-Foxnlnu/
Crl) nu/nu mice per branch (6 males and 6 females). Each mouse
was subcutaneously injected into the flanks with 1.5 x 10”7 IMR-
32 cells resuspended in 0.2 mL PBS:Matrigel (1:1). Two weeks
later, mice were orally treated for five consecutive days with
olaparib (10 mg/kg) and/or temozolomide (50 mg/kg) resus-
pended in DMSO at 20 mg/mL and 100 mg/mL, respectively (10
UL/mouse/day per 20 g body weight). Control mice were treated
with vehicle alone. Xenografts growth were measure every two or
three days with a caliper and tumor volume was calculated by use
of the modified ellipsoid formula 1/2(length x width?; ref. 25).

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
version 21 (SPSS Inc.). The survival curves were plotted according
to the Kaplan-Meier method and comparisons were done by log-
rank test. Relapse-free survival (RFS) was defined as the time from
diagnosis to the time of first occurrence of relapse, progression, or
last follow-up, and overall survival (OS) was defined as the time
from diagnosis until death or until last follow-up if the patient was
alive. P < 0.05 was considered statistically significant.

Results

Hemizygous deletion in chromosome 11q undergo consecutive
recurrences with poor outcome

Allelic deletion in 11q is a frequent chromosomal alteration
occurring in high-risk neuroblastomas that inversely correlates
with MYCN amplification (13, 26, 27). We studied outcome in a
Spanish cohort of 412 neuroblastoma patients (Supplementary
Table S1) and found that those with 11q deletion underwent
frequent relapses comparable to those with MYCN amplification
(Fig. 1A). Overall survival was also significantly low, although not
as severe as in those with MYCN amplification (Fig. 1B). As
expected, both MYCN-amplified and 11q-loss significantly asso-
ciated with patient age (older than 18 months), stage 4, relapse/
progression, and death (Supplementary Table S2). In contrast to
MYCN-amplified neuroblastomas, 11q-deleted neuroblastomas
display a high frequency of chromosomal breaks (8), revealing a
phenotype with high chromosomal instability related or localized
within 11q. One plausible explanation is that 11q contains genes
implicated in DNA repair.

Haploinsufficiency and allelic variants in ATM are genetic
hallmarks in 11q-deleted neuroblastomas

To characterize and precisely define the deleted region in 11q,
we analyzed 17 11g-deleted neuroblastomas by molecular kar-
yotyping and by next-generation sequencing (NGS), with the aim
of identifying mutated genes relevant for neuroblastoma etiology
and prognosis. The deleted region in these tumors was variable in
length, frequently reaching the 11q subtelomeric region (Table 1).
All neuroblastomas had multiple segmental breaks distributed
through the whole karyotype (Supplementary Fig. S1), further
supporting the hypothesis that 11q deletion may alter DNA
repair. Interestingly, only two neuroblastomas had chromothrip-
sis (10 or more consecutive segmental breaks within the same
chromosome), TI_423 in chromosome 5 (Supplementary Fig.
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S2A), and NBX_19 in chromosome 17 (Supplementary Fig. S2B).
The smallest 11g-deleted region of overlap was 104934658 -
119216493 (hgl9 coordinates). Three genes involved in DNA
repair by homologous recombination were always included with-
in the overlap deleted region: the Ataxia Telangiectasia Mutated
(ATM) gene and its downstream signaling targets H2AFX and
MRET11A, with the exception of patient NBX_49 in which MRE11A
was notincluded in the deleted region. Although the coverage was
not complete for all exons, our results reveal ATM rare allele
variants in 8 of 17 cases, whereas no variants were found in
MRE11A or H2AFX. Predictors for disease-causing variants sup-
port a pathogenic character or unknown significance for these
variants (Supplementary Table S3).

Inhibition of cell growth and survival by olaparib and
temozolomide in 11q-deleted cell lines

To assess the impact of ATM loss in 11g-deleted neuroblasto-
mas, we chose the PARP inhibitor olaparib (AZD2281) as it has
one of the lowest IC5, and inhibits PARP1, PARP2, and PARP3. In
addition, olaparib has been studied in ATM-deficient lymphomas
with promising results (28, 29). We used XTT colorimetric assay to
test the proliferation and survival of several cell lines (Fig. 2A)
cultured in the presence of olaparib (10 umol/L) and temozolo-
mide (100 pmol/L). We also tested olaparib at lower concentra-
tions (1 and 3 umol/L) which predictably were less efficacious
(data not shown). Cell lines with intact 11q SK-N-BE(2) and SH-
SY5Y (see Supplementary Fig. S3 for Molecular Karyotypes and
Supplementary Table S3 for sequencing results) were resistant to
the treatment (Fig. 2A). NLF cells, although resistant, showed a
slower growth with the double treatment.

To evaluate whether resistance to combined treatment was
related to intact 11q, we characterized the genetics of all cells
lines used in the study. SK-N-BE(2) and NLF, but not SH-SY5Y,

www.aacrjournals.org

displayed 1p deletion/LOH as well as MYCN amplification (Sup-
plementary Fig. S3). In contrast, the SH-SY5Y line contained the
ALK-activating variant F1174L (Supplementary Table S3), as
previously reported (30). We also detected the ALK-activating
variant F1174L in LA-N-1 and ALK amplification in the NLF line
(Supplementary Fig. S3). Interestingly, NLF also showed around
30% mosaic loss in chromosome 11, perhaps reflecting its mild
sensitivity to the double treatment (Fig. 2A). Loss-of-function
TP53 variants found have been described previously for NLF, LA-
N-1, and SK-N-BE(2) lines (31, 32).

In agreement with previous reports, our IMR-32 cells have 1p
deletion and MYCN amplification (33) as well as MEIST ampli-
fication (34). Notably, IMR-32 also displayed 17q gain and ALK
amplification (Supplementary Fig. S3). We also detected 11q
deletion as reported for IMR-32 parental cell line IMR-5 (13),
but no ATM variants were identified (Supplementary Fig. S3 and
Supplementary Table S3) in this line. These results contrast a
recent publication which reported that this line has intact 11q but
displays a pathogenic mutation in ATM (14). Consistent with our
hypothesis, these cells harboring 11q deletion were highly sen-
sitive to the concomitant treatment of olaparib plus temozolo-
mide (Fig. 2A), perhaps due to ATM haploinsufficiency. 11q
deletion was also detected in the NBL-S line (Supplementary Fig.
S3), which was also sensitive to the combined therapy. LA-N-1
cells showed heterozygous allele variants in ATM, CHEK2, and
BRCA2. This line contained intact 11q (Supplementary Fig. S3)
but did not express ATM protein (Fig. 2B) and thus, displayed an
intermediate sensitivity to the treatment.

In addition to growth and survival curves, we also determined
the effect of combination treatment on the induction of cell death
by flow cytometry analysis. The combination treatment signifi-
cantly increased the percentage of dead cells in cell lines that
were sensitive in growth and survival assays (IMR-32, NBL-S, and

Clin Cancer Res; 23(22) November 15, 2017
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Figure 2.

Response of neuroblastoma cell lines to combined treatment with olaparib and temozolomide. A, Effects of drug treatment on cell growth curves. Neuroblastoma cell
lines were grown in the presence of olaparib (10 umol/L), temozolomide (100 umol/L), both together, or vehicle alone (DMSO). Cell lines with 11q deletion:
IMR-32, NBL-S, and SK-N-AS. Cell lines that do not have 11g deletion: SK-N-BE(2), SH-SY5Y, NLF, LA-N-1. B, Representative Western blot of ATM and PARP

proteins in neuroblastoma cell lines. B-Actin was analyzed as a loading control.

LA-N-1; Supplementary Fig. S4). Similarly, cell lines that were
resistant to combined treatment with temozolomide plus ola-
parib [SK-N-BE(2), SH-SY5Y, NLF, and SK-N-AS] did not display
an increase in the percentage of dead cells (Supplementary Fig.
S4). These results further support the notion that antitumoral
effects of olaparib and temozolomide treatment are mediated, at
least in part, by the induction of cell death.

Sensitivity to olaparib and temozolomide is mediated by TP53
and ATM

SK-N-AS cells were resistant to the treatment although they bear
11q deletion (Supplementary Fig. S3). Interestingly, these cells
express inactive TP53 which is truncated in the C-terminus (31).
Our NGS analysis of SK-N-AS line did not detect TP53 exons 10
and 11, suggesting their ablation in these cells. We subsequently
confirmed absence of exons 10 and 11 by PCR (Supplementary
Fig. S5), consistent with previous reports (31, 32). Ectopic expres-
sion of wild-type TP53 in SK-N-AS cells restored susceptibility to
the combination treatment by increasing the levels of cleaved
caspase-3 (Fig. 3A), increasing caspase enzymatic activity (Fig.

www.aacrjournals.org

3B), and significantly reducing overall cell growth and survival
(Fig. 3C). We then performed the converse approach in IMR-32
and NBL-S cells of knocking down TP53 expression with annealed
oligos or inhibiting TP53 activity with the specific TP53 inhibitor
pifithrin-o.. Either strategy blunted the effects of combined treat-
ment on caspase-3 cleavage in both cell lines, although siTP53 was
more efficient (Fig. 3D and E). These studies further support arole
for TP53 in the activation of apoptosis in response to temozolo-
mide plus olaparib treatment. Interestingly, the combination
treatment upregulated TP53 levels in NBL-S and SK-N-AS and to
a lesser extent in IMR-32 cells, suggesting that TP53 forms part of
the DNA damage response triggered by these agents. Collectively,
these findings demonstrate that cell lines with 11q deletion are
sensitive to olaparib plus temozolomide therapy and this
response requires expression of functional TP53.

To further assess the role of ATM in neuroblastomas, we used
SH-SY5Y cells that contain intact chromosome 11q and treated
them with the specific ATM kinase inhibitor KU-60019. Treatment
with the ATM inhibitor alone reduced cell growth and viability
(Fig. 3F) but inhibition of ATM synergized with olaparib plus

Clin Cancer Res; 23(22) November 15, 2017
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temozolomide [coefficient of drug interaction (CDI) = 0.26; Fig.
3G], suggesting that ATM expression and/or function determines
sensitivity of tumor cells to this drug combination. The combined
treatment of the ATM inhibitor with the two drugs potentiated the
level of cellular apoptosis achieved by the inhibitor alone (Fig.
3H). These results strongly support the notion that loss of ATM
expression and/or function is one mechanism required for cellular
response to combination olaparib + temozolomide therapy.

Synergistic effect of olaparib with temozolomide

We used IMR-32 cells that harbor 11q deletion and functional
TP53 to compare the efficiency of other chemotherapy drugs in
combination with olaparib. We first determined the concentra-
tions of temozolomide, cisplatin, or irinotecan which maintain
cell viability at 60%-80% (Fig. 4A) and combined the drugs at
these concentrations with olaparib (Fig. 4B). Treatment with
olaparib and temozolomide displayed a synergistic effect (CDI
= 0.26) and was more efficient at inhibiting cell growth and
survival than when combined with cisplatin (CDI = 0.76) or with
irinotecan (CDI = 0.67; Fig. 4C). Combination olaparib-temo-
zolomide therapy was reported to be more efficacious in preclin-
ical studies with Ewing sarcoma (35), although irinotecan
required a lower dose than temozolomide. The combination with
temozolomide induced apoptosis in IMR-32 cells (Fig. 4D). The
synergistic effects of olaparib and temozolomide (CDI = 0.55) in
NBL-S cells was also greater than olaparib and cisplatin (CDI =
0.70) or olaparib and irinotecan (CDI = 0.81). Notably, cell
growth and survival were significantly restored by the caspase
inhibitor Z-VAD-FMK (Fig. 4E), suggesting that the mechanism of
action of temozolomide and olaparib occurs, at least in part,
through the activation of caspase-3. Thus, we chose the combi-
nation temozolomide plus olaparib for a preclinical evaluation.

Efficient xenograft regression with combined olaparib and
temozolomide

IMR-32 cells were transplanted in nude mice and used to assess
combination therapy efficacy in xenograft model. Oral treatment
for five consecutive days (one cycle) with olaparib and temozo-
lomide resulted in a complete response/very good partial
response of the tumor in all mice. These benefits were in sharp
contrast to olaparib alone that only weakly inhibited xenograft
growth or temozolomide alone where relapse of xenograft growth
was noted after two weeks of treatment (Fig. 5A). Only 1 of 12
mice that received the combined chemotherapy showed a

Targetting ATM in 11g-Loss Neuroblastomas

regrowth of the tumor during the fifth week after treatment,
indicating that additional cycles of treatment may improve
outcome.

Discussion

Hemizygous deletion of 11q is a frequent genetic marker in
high-risk neuroblastomas but how this chromosomal aberration
alters disease development and outcome remains poorly defined.
Our retrospective analysis of neuroblastoma patients in Spain
from 2008-2016 confirms the poorer outcome of patients with
11qg-loss neuroblastomas (Fig. 1). These observations emphasize
the urgent need for druggable targets in this subpopulation of
patients. We carefully analyzed 17 primary neuroblastomas by
SNP arrays and NGS for a panel of genes implicated in cancer
initiation and progression. Although the coverage was not com-
plete for all exons, our results reveal that ATM which encodes a
crucial DNA repair protein was always contained within the
deleted region and had an allele rare variant in 8 of 17 cases.
These data suggest that haploinsufficiency for ATM, alone or in
combination with other genetic variants, may have a relevant role
in 11g-deleted neuroblastomas. H2AFX has also been implicated
in this type of neuroblastoma (8) but we found no allelic variants
in H2AFX or in MRE11A, suggesting that dysregulation of this
pathway may be predominantly affected by combined haploin-
sufficiency or by ATM variants. The identified ATM variant P604S
(Table 1) was recently reported in 3 of 50 neuroblastoma cases, 2
of them germline variants (14). This same variant was previously
reported in Hodgkin lymphoma and associated with more aggres-
sive clinical course of the disease (36).

Variant F582L has also been implicated in acute lymphoblastic
leukemia (ALL; 37) and in risk of chronic lymphocytic leukemia
(CLL; 38). This as well as other ATM variants may display variable
pathogenic penetrance depending on other alterations occurring
in the tumor. In this regard, it is possible that concomitant TIAM1
variants may improve clinical outcome in neuroblastomas (39).
F858L has been described in risk of CLL (38) and D1853V was
reported pathogenicin B-cell chronic lymphocytic leukemia (40).
We also detected a novel nonsense variant W2344*, which occurs
in the FAT domain proximal to the phosphatidylinositol 3 and 4
kinase domain. One possibility is that these variants moderately
alter ATM activity and their pathologic role depends on other
concomitant alterations, including epigenetic changes that might
explain the impact of H2AFX, MRE11A, or other 119 genes on the

Figure 3.

Sensitivity to olaparib and temozolomide depends on wild-type TP53 and loss of ATM function. A, Western blot analysis of TP53 and caspase-3 activation in SK-N-AS
cell line. B, Enzymatic activity of caspase-3/7 was measured after 1 day of treatment under the same conditions as in A using Caspase-Glo-3/7 assay kit

and values were normalized to protein levels. * indicates a significant difference (P< 0.005). C, Cell growth and survival curves of SK-N-AS cells transfected with wild-
type TP53. One day later (day 0), cells were treated as indicated. Untransfected cells (endogenous TP53) were also treated with temozolomide and olaparib.
Linear regression model with splines was performed to assess significance of the evolution between treatments with time: temozolomide (TMZ) + olaparib
(OLA) + wt TP53 versus temozolomide + olaparib + endogenous TP53 (P < 0.001); DMSO + wt TP53 versus OLA + wt TP53 (P = 0.008); DMSO + wt TP53
versus TMZ + wt TP53 (P = 0.015); DMSO + wt TP53 versus TMZ+OLA + wt TP53 (P < 0.001). D, IMR-32 cells were transfected with siTP53 annealed
oligonucleotides or treated with TP53-specific inhibitor 10 umol/L pifithrin-o. (PFT-a). On subsequent day, cells were treated with olaparib and temozolomide or with
vehicle alone, as indicated. Cells were lysed and immunoblotted for the presence of cleaved caspase-3 as an indicator of apoptosis. E, NBL-S cells were
treated as in D and cell lysates were analyzed by Western blot for the presence of cleaved caspase-3. F, ATM kinase activity was inhibited by addition of KU-60019 (10
umol/L) in SH-SY5Y (11g+). This inhibitor promotes sensitive to olaparib and temozolomide treatment by reducing growth ratio and cell viability (G) after

72 hours of treatment. Linear regression model with splines was performed to assess significance of the evolution between treatments with time in F: P < 0.001
for DMSO versus KU60019, DMSO versus. Olaparib + temozolomide + KU60019 and KU60019 versus olaparib + temozolomide + KU60019. Statistical
significance in G was determined by t test ¢, P<0.001; ¢ ¢, P<0.001; *, P=0.002; **, P=0.01; ***, P=0.001. H, Western blot analysis of SH-SY5Y cells treated with
temozolomide and olaparib. These drugs increased apoptosis when combined with ATM inhibitor KU-60019.
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Figure 4.

Synergistic effect of temozolomide and olaparib in growth and survival inhibition. A, Dose-dependent toxicity of temozolomide (TMZ), cisplatin, and irinotecan
(SN-38; 72 hours) in IMR-32 cells. B, Proliferation assay with IMR-32 cell, a cell line that harbors 11q deletion (1lgdel), showed that olaparib (1 umol/L)
treatment in combination with temozolomide (100 umol/L) inhibits more efficiently cell growth and survival than with either cisplatin (0.3 umol/L) or with irinotecan
(SN-38; 0.5 nmol/L). Linear regression models were performed to assess the interaction between day and treatment variables: P = 0.003 for DMSO versus
olaparib (OLA) + cisplatin; P < 0.001 for DMSO versus olaparib + SN38; P < 0.001 for DMSO versus olaparib + temozolomide. C, Cell viability rate after 72 hours of
treatment revealed synergistic effect between temozolomide and olaparib combination. Statistics significance was determined by t test. *, P < 0.001;

** P=0.006;***,P=0.003.D, Cleaved caspase-3 immunoblotting showed increased apoptosis in IMR-32 cells when treated concomitantly with temozolomide and
olaparib. E, IMR-32 cells were grown for 1 day in the presence or absence of temozolomide (100 umol/L) and olaparib (1 umol/L) and in the presence or
absence of the pan-caspase inhibitor Z-VAD-FMK (20 umol/L), as indicated. Growth and survival assays with XTT were determined. Statistical significance was

determined by t test. *, P < 0.001.

development of the disease. Sequencing results on other genes
included in the study and involved in DNA repair such as BRCA1,
BRCA2, and Fanconi anemia complex genes such as BRIPI,
FANCA, FANCD2, and FANCE, did not show any rare variants
in any of the 17 neuroblastomas analyzed. However, other DNA
repair genes such as PRKDC (DNA-PK), BARD1, RADS5I,
FAM175A (ABRAXASI), and others were not included in the
study and thus we cannot exclude that they may influence some-
how the moderation of ATM allelic rare variants.

Alternatively, haploinsufficiency of genes located in 11q region
may explain how loss of this region impacts disease outcome.
Early studies on ATM haploinsufficiency revealed that heterozy-
gosity for ATM predisposes to cataracts when the eye is exposed to
ionizing radiation (41). ATM haploinsufficiency coincides with

6884 Clin Cancer Res; 23(22) November 15, 2017

lower ATM expression in mouse fibroblasts and confers sensitivity
to radiation when combined with RAD9A haploinssufficiency
(42), a gene located in human chromosome 11q13. However,
deletions of 11q region did not overlap RAD9A locus in our cohort
of neuroblastoma patients (Supplementary Fig. S1). Notably,
haploinsufficiency of ATM in neuroblastoma correlates with
lower ATM expression, event-free survival, and overall survival
(14). Consistent with this, our results demonstrate that cell lines
that express low levels of ATM display increased sensitivity to the
DNA-damaging drug temozolomide combined with PARP inhi-
bition. Following this line of reasoning, one interesting possibility
is that haploinsufficiency for ATM may be enhanced when com-
bined with H2AFX and/or MRE11A. We observed that ATM,
H2AFX and MRE11A are frequently included within the deleted
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Concomitant treatment of olaparib
and temozolomide potently inhibits
xenograft growth in nu/nu mice.

A, Xenografts were generated by
subcutaneous injection of 1.5 x 107
IMR-32 cells in 0.2 mL PBS:Matrigel
(1:D). Two weeks later, mice were orally
treated with olaparib (10 mg/kg)
and/or temozolomide (50 mg/kg;
control vehicle alone) for five
consecutive days. Linear regression
model with splines was performed to
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assess the interaction between day 1
and treatment variables: P < 0.001 for

DMSO versus olaparib (OLA); B

P < 0.001 for DMSO versus TMZ;

P < 0.001 for DMSO versus olaparib
+ temozolomide. B, Predictive model
for the genetic requirements of a
neuroblastoma cell displaying
sensitivity to olaparib and
temozolomide. In the presence of DNA
alkylating agent temozolomide and
PARP inhibitor olaparib, cells lacking
functional ATM are promoted to a
TP53-dependent apoptosis.

region in 11q. Therefore, combined haploinsufficiency may result
in poor expression levels in these three molecular regulators of
DNA double-strand breaks repairing pathway and thus, compro-
mise the whole repairing process.

ATM belongs to a family of genes implicated in DNA repair
and maintenance of genomic integrity. In addition to ATM,
BRCA1 and BRCA?2 are also implicated in the repair of double-
strand DNA breaks through homologous recombination (43).
PARP plays an important role in DNA repair, but in contrast to
ATM and BRCAs, PARP is activated by a mechanism regulating
single-strand breaks. Pharmacologic inhibition of PARP
induces cellular death in cancer cells with inactivating muta-
tions in BRCA genes and is currently been used in therapy of
breast and ovarian cancers with BRCA mutations (44). On the
basis of the functional similarities between BRCAs and ATM, we
hypothesized that neuroblastomas with 11q deletion would be
highly susceptible to conventional chemotherapy when con-
comitantly treated with PARP inhibitors. Genomic studies of
11q-loss tumors revealed that loss of 4p and gain of 7q
occurred at a significantly higher frequency in this subtype,
but miRNA expression profile differentiated two 11q-loss sub-
groups with significantly different clinical outcome, with the
poor survival subgroup having significantly more imbalances
(5). Thus, it is possible that mutated ATM is associated with the
group that displays more genetic instability. However, in our
study, the imbalances in 4p or 7q were equally distributed: 5
patients among those with identified variant in ATM and 6
patients in the group in which we did not find any ATM
variants. A published study of expression profile in 11qg-loss
neuroblastomas identified two biological subgroups that differ
both in their clinical phenotype and gene expression patterns
(4). On the basis of our current data, the presence of ATM
variants with different activities and/or expression levels may

www.aacrjournals.org
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reflect the differences observed in these two biological groups.
Our tumor analysis revealed that about 50% of the patients
contain a variant in ATM. The in vitro data from our study of cell
lines with 11q deletion and the pharmacologic studies with the
ATM kinase inhibitor strongly support a role for ATM haploin-
sufficiency in mediating sensitivity to temozolomide and ola-
parib. All 11g-deleted patients displayed additional segmental
chromosomal breaks (Supplementary Fig. S1). However, only 2
of 17 showed chromothripsis (Supplementary Fig. S2), indi-
cating that genes located within 11q deletion are not directly
involved in the molecular mechanisms of chromothripsis and
therefore, DNA repair and chromothripsis do not share strictly
the same biological processes.

Olaparib treatment in neuroblastomas has recently been
explored by enhancing its biological activity with either nitro-
furan or with radiotherapy (45, 46). Olaparib has also been
studied in combination with camptothecin, irinotecan, and its
active metabolite SN38 (47), showing higher resistance in SK-
N-AS cells. However, none of these reports included a parallel
analysis of genetics which is essential to understanding the
molecular basis of resistance to treatment. In addition to 11q
deletion, IMR-32 and NBL-S cells display MYCN amplification
(Supplementary Fig. S3) and both were sensible to the treat-
ment. Although 11q deletion rarely occurs concomitantly with
MYCN amplification (we identified only 6 neuroblastomas out
of 418 patients with both alterations), our results demonstrate
that sensitivity to olaparib + temozolomide therapy is gov-
erned by 11q deletion and hence, these rare patients would
also benefit from the treatment. Collectively, the current
findings emphasize tumor genotyping as key to precision
medicine and strongly support the combined use of olaparib
+ temozolomide regimen for neuroblastomas with display
both 11q deletion and functional TP53 (Fig. 5B).
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Here we report that ectopic expression of wild-type TP53
restored sensitivity to temozolomide and olaparib in the 11g-
loss cell line SK-N-AS. Conversely, knock down of TP53 expres-
sion or activity in IMR-32 cells and in NBL-S cells resulted in
decreased cleaved caspase-3. Moreover, temozolomide and
olaparib treatment increased TP53 expression levels. Taken
together, these results suggest that the principal mechanism of
action of the combined treatment is induction of apoptosis
through TP53 (Fig. 5B). TP73 is a TP53-related tumor suppres-
sor that is abundantly expressed in developing neurons and
overexpression of its isoform ANp73 in neuroblastoma cells
promotes cell survival by competing with other transcription-
ally active isoform TAp73 as well as with TP53 (48). Therefore,
although TP73 mutations are infrequent in tumors, the fre-
quent deletion of chromosome 1p in neuroblastomas where
TP73 is localized may also reflect a negative feedback mecha-
nism for TP53. Collectively, our results suggest that patients
with 11q-loss neuroblastomas may benefit from temozolomide
and olaparib treatment and therefore, identification of patients
likely to respond to this therapy will require a genetic analysis
of tumors as part of a precision medicine strategy.
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