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ABSTRACT

Background: In the pediatric cancer neuroblastoma (NB), patients are stratified into low, in-
termediate or high-risk subsets based in part on MYCN amplification status. While MYCN
amplification in general predicts unfavorable outcome, no clinical or genomic factors have
been identified that predict outcome within these cohorts of high-risk patients. In partic-
ular, it is currently not possible at diagnosis to determine which high-risk neuroblastoma

patients will ultimately fail upfront therapy.
Experimental design: We analyzed the prognostic potential of most published gene expres-

sion signatures for NB and developed a new prognostic signature to predict outcome for pa-
tients with MYCN amplification. Network and pathway analyses identified candidate

therapeutic targets for this MYCN-amplified patient subset with poor outcome.
Results: Most signatures have a high capacity to predict outcome of unselected NB patients.

However, the majority of published signatures, as well as most randomly generated signa-
tures, are highly confounded by MYCN amplification, and fail to predict outcome in sub-
populations of high-risk patients with MYCN-amplified NB. We identify a MYCN module
signature that predicts patient outcome for those with MYCN-amplified tumors, that also
predicts potential tractable therapeutic signaling pathways and targets including the DNA
repair enzyme Poly [ADP-ribose] polymerase 1 (PARP1).

Conclusion: Many prognostic signatures for NB are confounded by MYCN amplification and

fail to predict outcome for the subset of high-risk patients with MYCN amplification. We

report a MYCN module signature that is associated with distinct patient outcomes, and

predicts candidate therapeutic targets in DNA repair pathways, including PARP1 in MYCN-

amplified NB.
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1. Introduction

Neuroblastoma (NB), the most common pediatric extra-
cranial solid tumor and most frequent neoplasm of infancy
(Irwin and Park, 2015; Maris, 2010), has a diverse pattern of
clinical presentation that reflects its biological heterogeneity.
The outcome of NB patients is highly variable, and clinical and
biological risk factors, most commonly age, stage, histology,
ploidy, segmental chromosome aberrations, and MYCN ampli-
fication (MNA), are used to stratify patients and tailor therapy
(Cohn et al., 2009; Pinto et al., 2015; Brodeur et al., 1993). While
survival rates for low and intermediate-risk NB are >90%,
more than half of patients present with high-risk disease.
Despite intensive multi-modality therapies, survival for
high-risk NB is <50%, making it the most frequent cause of pe-
diatric cancer-related death. The majority of high-risk NB
include patients >18 months of age with metastatic disease,
or patients of any age with loco-regional or metastatic tumors
that harbor MNA (Irwin and Park, 2015).

MNA, detected in approximately 20% of all NB tumors and
40% of those with high-risk disease, is one of the strongest in-
dependent adverse prognostic factors (Brodeur et al., 1984).
However, recent studies demonstrate divergent outcomes
among populations of patients with MNA (Kushner et al.,
2014). MNA patients either have an excellent response to in-
duction chemotherapy that is often associated with long-
term survival, or develop early progressive disease with an
unfavorable outcome. These observations suggest that molec-
ular or genetic factors at diagnosis may discriminate patients
with MNA who rapidly progress, from those who will be long-
term survivors. Many other molecular and pathologic factors
have been identified that are associated with unfavorable
outcome in NB, including segmental chromosomal aberra-
tions such as 17q gain (Bown et al.,, 1999; Meddeb et al,
1996), 1p loss (Attiyeh et al., 2005; Caron et al., 1996), and 11q
loss (Schleiermacher et al., 2010, 2012; Guo et al., 1999; Caron
et al., 1996), diploid/tetraploid status (Ladenstein et al., 2001),
and specific genetic alterations of ALK (Bresler et al., 2014)
and TERT (Peifer et al., 2015). However, these genomic features
and other well-established clinical prognostic variables are
highly correlated with MNA status (Thompson et al., 2016)
and thus cannot be used to effectively predict outcome and
potentially tailor therapy within this unfavorable prognosis
subset of MNA patients. Therefore, alternative strategies are
required to identify genes and pathways that are altered in
subsets of MNA tumors to potentially uncover novel prog-
nostic factors and therapeutic targets.

Recently, high-throughput profiling techniques have
enabled the identification of transcriptomic-based predictors,
commonly known as gene signatures. Signatures with re-
ported predictive power in NB have been identified using a va-
riety of techniques including manually curated gene sets that
represent specific biological processes (Asgharzadeh et al,
2012), experimental perturbations to modulate gene expres-
sion (e.g., MYCN knockdown) (Barbieri et al., 2012; Fardin
et al. 2009, 2010; Liang et al, 2014; Nevo et al., 2009;
Valentijn et al., 2012; van Nes et al., 2013), subtype analysis
(Abel et al., 2011), or comparison of gene expression profiles
derived from patients previously classified as high and low-

risk NB patients (Vermeulen et al., 2009; Oberthuer et al.,
2006; De Preter et al., 2010; Ohira et al., 2005; Asgharzadeh
et al., 2006; Fischer et al., 2006; Garcia et al., 2012; Schramm
et al.,, 2009, 2005, 2007; von Stedingk et al., 2013; Wei et al.,,
2004). Reported signatures vary from 3 to 158 genes, comprise
relatively few overlapping genes, and are associated with a
diverse array of biological processes including differentiation,
hypoxia, therapy resistance, migration/invasion, inflamma-
tion, and DNA repair.

The major objective of developing multi-gene signatures is
to build clinical tools to accurately predict outcome for NB pa-
tients and more precisely tailor treatment strategies. Howev-
er, few signatures have been implemented clinically even
though several signatures have undergone validation using
clinically amenable technology platforms, such as RT-PCR
(Garcia et al., 2012) and the nanoString based technology
nCounter® (Stricker et al., 2014). A current Children’s
Oncology Group (COG) pilot study is testing the feasibility of
prospectively assessing RNA expression signatures using
one of the most well-validated signatures for the subset of
high-risk NB patients that lack MNA (Asgharzadeh et al.,
2006, 2012). The majority of other NB signatures have been
validated on large cohorts of NB patients that include both
high-risk and non-high-risk NB patients. To increase our un-
derstanding of the predictive potential and clinical utility of
current NB gene signatures, and in particular for the high-
risk subset of patients with MNA, we analyzed the prognostic
capacity of all reported prognostic signatures for NB. We find
that although current signatures have a high capacity to pre-
dict outcome of unselected NB patients, randomly generated
signatures are also highly associated with outcome in these
patients. Both reported and randomly generated signatures
are highly confounded by MNA, and no signature predicts
outcome within the subset of patients with MNA tumors. To
address this limitation, we identify a network-based signature
that specifically predicts outcome of MNA NB. Furthermore,
the pathways identified using this signature in the unfavor-
able outcome MNA patients revealed upregulation of DNA
damage-related targets such as poly-ADP ribose polymerase
(PARP1), which plays a critical role in base excision repair.
We further find that PARP1 inhibitors, which have shown effi-
cacy in early phase clinical trials in tumors with BRCA1/2 mu-
tations and other DNA-repair defects (Kaufman et al., 2015;
Mateo et al., 2015), more potently suppress the growth of
MNA than non-MYCN amplified (NA) NB cells, suggesting
that PARP1 inhibition is a candidate therapy for this unfavor-
able subset of MNA tumors.

2. Methods
2.1. Patients and samples

All data was publically available and downloaded from either
ArrayExpress (https://www.ebi.ac.uk/arrayexpress/, E-TABM-
38, E-MTAB-179, E-MTAB-16), or the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/, GSE3446, GSE49710). For
custom arrays, data was pre-processed as described by the
contributor, or raw data was pre-processed using RMA


https://www.ebi.ac.uk/arrayexpress/
http://www.ncbi.nlm.nih.gov/geo/
http://dx.doi.org/10.1016/j.molonc.2016.07.012
http://dx.doi.org/10.1016/j.molonc.2016.07.012
http://dx.doi.org/10.1016/j.molonc.2016.07.012

MOLECULAR ONCOLOGY 10 (2016) 1461—-1472

1463

(Irizarry et al., 2003). Gene level expression data was obtained
by collapsing probe set IDs by Gene ID, based on maximum
average expression across the entire dataset. Validation sets
for the MYCN signature were combined through merging by
Gene ID and removing batch effects using the ComBat algo-
rithm (Johnson et al., 2007).

2.2. Signature evaluation

Signature genes were taken from relevant publications (ST1).
To evaluate the capacity of a signature to stratify NB patients
into low & high molecular risk groups we completed k-means
clustering (k = 2) based on signature gene expression and Cox-
regression to evaluate the differences in survival between pa-
tient subgroups, using the CoxPH package in R. p-value scores
were calculated as the —log(p-value) based on the p-value ob-
tained using the Wald test.

2.3. Confounding analysis

We based our confounding analysis on a previous report that
described the implementation of the Systematic MisPredic-
tion (SMP) test to identify confounding factors in breast cancer
(Tofigh et al., 2014). In short, this test identifies confounding
variables by testing for a relationship between the proportion
of times that a sample was correctly predicted to be high or
low molecular risk across the NBsigDB set with clinical vari-
ables (age, MYCN amplification, stage, and gender). For binary
variables (MYCN amplification, gender) we used the Wilcoxon
rank sum test, otherwise we used Spearman’s rank
correlation.

2.4. Network analysis

MYCN modules identification was implemented using the
Cytoscape Reactome FI plug-in (Wu and Stein, 2012). Briefly,
outcome associated genes were mapped to nodes in Reactome
(Wu et al., 2010). Weights were assigned to edges connecting
interacting nodes based on the absolute value of the Pearson
correlation co-efficient of expression. Markov Clustering
(MCL) network clustering was implemented to identify
network modules, and we selected modules comprising at
least 5 nodes with average Pearson correlation of at least 0.25.

2.5. Network index and signature score calculation

We calculated the module indices as the geometric mean (of
Log, expression) of the module genes, similar to previous re-
ports (Hallett et al., 2012a,b). This occurred as follows:

WX, Xy .. Xn

where x is the log, expression, n is the number of probe sets,
and P is the set of genes comprising the module.

2.6. In vitro cell culture, apoptosis assays, cell viability
experiments

SK-N-AS, IMR-32, SK-N-Be2(c), and SK-N-DZ NB cell lines were
purchased from ATCC. SHEP, LANS, and CHLA-20 cell lines
were kind gifts from Dr. Patrick Reynolds (Texas Tech

University, Children’s Oncology Group (COG) cell bank).
BYK204165 was purchased from Tocris (Cat. 3734). For cell
viability experiments, cells were treated with BYK204165 24-
h post-seeding and cell growth was assessed by alamarBlue
assay (Invitrogen) according to the manufacturer’s instruc-
tions. For apoptosis experiments, cells treated with the indi-
cated concentrations of BYK204165 and time-points were
harvested, lysed, and subjected to immunoblot analysis as
previously described (Seong et al.,, 2015). Antibodies used
included Cl-PARP (#5625), Cl-Caspase 3 (#9661) from Cell
Signaling, MYCN (Millipore, CBL431), Vinculin (Upstate, 05-
386), and B-actin (Sigma, A5316).

2.7. Statistical analysis

Cox-regression, correlation, Wilcoxon rank sum and Fisher
exact tests were completed in R. Kaplan—Meier analysis was
completed using GraphPad Prism™ 5. p-values less than 0.05
were taken to indicate significance.

3. Results
3.1. Outcome prediction is confounded in unstratified NB

We assembled all published gene signatures that were re-
ported to have prognostic capacity in NB, that we collectively
refer to as NB Signature database (NBsigDB) (n = 23,
Supplementary Table 1 [ST1]). Together, the NBsigDB signa-
tures comprise 627 unique genes, of which 70 appear in at
least two independent signatures. Based on these data, we
created two additional signatures, called MASTER and CORE,
which comprise all of the unique genes present in NBsigDB
and the 70 genes present in at least 2 NBsigDB signatures,
respectively. Network and pathway analysis of the MASTER
signature revealed that the genes comprising NBsigDB collec-
tively interact in 9 modules which are enriched in a diverse
array of biological processes (Supplementary Figure 1 [SF1,
ST2]), many of which have previously been linked with NB
outcome. Using a standardized technique based on k-means
clustering and Cox-regression, each signature comprising
NBsigDB was evaluated for its capacity to assign high and
low molecular risk to patients that had either died from dis-
ease or survived during clinical follow-up, from the E-MTAB-
179 cohort (n = 477) (Oberthuer et al., 2006). Importantly, pa-
tients comprising the E-MTAB-179 test cohort have not been
used to develop any of the signatures developed in NBsigDB,
and provide an independent and relatively large group of NB
patients in which to compare the relative accuracies of each
signature. Based on p-value score, represented as the negative
log of the p-value calculated from the Wald test, every signa-
ture was highly predictive of NB patient outcome (Figure 1A).
Overall, the CORE signature provided the best capacity to pre-
dict patient outcome.

Previous work, mainly in breast cancer, has demonstrated
that randomly selected genes/gene signatures can stratify pa-
tients on the basis of outcome (Tofigh et al., 2014; Venet et al.,
2011). To investigate whether this also occurs in NB, we used a
similar approach to assess the prognostic capacity of
randomly generated gene signatures. Surprisingly, the
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majority of randomly generated signatures were significantly
associated with outcome independent to the number of genes
comprising the signature (Figure 1B, 10,000 iterations/n). For
example, 6394 of 10,000 randomly generated 25-gene signa-
tures were significantly associated with patient outcome as
assessed using Cox-regression and a p-value cut-off of 0.05
(Figure 1C). Similar frequencies of randomly generated signa-
tures significantly associated with outcome were observed for
all signature sizes (Figure 1D). Interestingly, only 11 of 25
NBsigDB signatures were more accurate than 95% of the
randomly generated signatures.

3.2. MYCN status confounds prognostic signatures in
unselected pan-NB populations

In breast cancer, the unexpected capacity of randomly
selected signatures to predict outcome is attributed to the sys-
tematic confounding of prognostic signatures by either biolog-
ical processes or clinico-pathological variables that are also
linked with outcome (Tofigh et al., 2014). To explore this pos-
sibility in NB, we examined the prediction accuracy of the 11

NBsigDB signatures that out-performed 95% of the randomly
selected signatures. Strikingly, these signatures displayed a
remarkable degree of similarity in their predictions (Pearson
r = 0.91, p < 0.0001), indicating high concordance between a
signature’s capacity to either correctly (Figure 2A) or incor-
rectly (Figure 2A, boxes i & ii), predict high or low molecular
risk NB. Using the Systematic MisPrediction (SMP) test
(Tofigh et al., 2014), we tested whether the difficulty of patient
classification, calculated as the proportion of times a patient
was correctly classified across the 11 NB signatures, was asso-
ciated with standard clinical or biological variables that are
known to be independently prognostic. Analysis using age,
stage, gender, and MYCN status found that MNA consistently
confounded the 11 NB signatures capacity to identify patients
that either died from disease or experienced survival (ST3).
The proportion of correct signature predictions among pa-
tients who survived was significantly higher in MYCN-non-
amplified (NA) than MNA NB (Figure 3A). Conversely, among
patients who died of disease, the proportion of correct predic-
tions was significantly higher in MNA than NA tumors
(Figure 3B). Overall, we found that the proportion of
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misclassified favorable outcome NB patients was highly
enriched with MNA tumors, whereas among poor-outcome
patients, the misclassified NB patients were enriched in NA
tumors (Figure 3C&D, p < 0.05, Fisher’s exact test). We there-
fore concluded that the predictive capacity of the signatures
is highly confounded by MNA.

To examine why MNA confounds NBsigDB signatures, we
further explored their relationship to MYCN status. Signatures
that were most correlated with MYCN status generally also ob-
tained the highest p-value score based on Cox-regression (Pear-
son r: 0.8, p < 0.0001), suggesting that much of the prognostic
power of the signatures is derived from their capacity to identify
MNA. Indeed, the capacity of CORE to predict MNA of NB tumors
was superior to its capacity to predict patient outcome
(Figure 3E, p = 0.0081, Fisher’s exact test). Interestingly, this
observation extended to a signature trained with data derived
from NA patients (Asgharzadeh et al., 2006), as this signature
was also highly correlated with MNA (p < 0.0001).

Finally, we examined the capacity of the 11 best NB signa-
tures comprising NBsigDB to predict outcome in MNA and NA
NB selected from the E-MTAB-179 cohort. Among NA samples,
each of the 11 signatures was robustly associated with patient
outcome (Figure 3F, p < 0.05). In contrast, not a single signa-
ture showed predictive capacity in the MNA patients
(Figure 3G, lowest p-value: 0.2). Taken with our previous
data, these findings indicate that signatures comprising
NBsigDB are generally only associated with NB patient
outcome in the pan-NB and NA NB cohorts. Furthermore,
they highlight the need to identify prognostic signatures spe-
cifically for the MNA NB subset of patients, as at present, pub-
lished signatures cannot readily distinguish between
favorable and unfavorable prognosis NB within this subset.

3.3. Randomly generated signatures have a high
probability of identifying MNA tumors

Given the surprising observation that most randomly generated
signatures were predictive of NB patient outcome, we assessed
whether they were also confounded by MNA. We randomly
generated 10,000 k-gene signatures (k = 5, 10, 25, 50), and

examined the capacity of each signature to both predict outcome
(Cox-regression) or identify MNA tumors (Wilcoxon rank sum)
(SF2). For each set of 10,000 n-gene signatures, the predictive ca-
pacity of a signature was strongly linked to its capacity to identify
MNA tumors (k=5:r=0.79,k=10:r=0.80,k =25:1=0.82,k =50:
r = 0.84). Hence, independent of signature size, the capacity of a
random signature to predict NB outcome was strongly associ-
ated with its capacity to identify MNA tumors. We next tested
what fraction of the NB transcriptome was associated with
MNA. We found that transcript expression of some 60% of genes
correlated with MYCN transcript expression in NB tumors (Pear-
son’s correlation, p < 0.05), demonstrating that MNA expression
has profound effects on the NB transcriptome. Based on these
data, we concluded that the likelihood of randomly selecting a
gene or gene set associated with MNA is high, and therefore
also likely to be associated with patient outcome based on the
robust link between MNA and poor outcome.

3.4. Identification of a prognostic signature for MNA NB

Given the limitations of previously reported signatures and
our NBsigDB signatures in MNA NB, we sought to identify a
prognostic gene signature specifically for this subgroup of
NB. Briefly, we identified MNA tumors from GSE49710
(n = 93) with associated outcome data that identified patients
with maximally divergent disease (experienced death within
1000 days of diagnosis or long-term survival). To identify
genes associated with outcome, we completed receiver-
operator characteristic (ROC) curve analyses across all genes.
Using an AUC >0.7 as a cut-off, we identified 474 outcome-
associated genes (Figure 4A). The 474 genes were mapped
as nodes onto the human functional interaction network
and clustered to identify candidate interaction modules asso-
ciated with outcome (Wu et al., 2010; Wu and Stein, 2012).
From this analysis, we identified 7 modules that each
comprised at least 5 genes and displayed an average expres-
sion correlation of greater than 0.25 (based on expression),
which were numbered 0—6 based on decreasing module
size (Figure 4B, SF3, ST1). Based on the geometric mean of
expression for the genes comprising each module, we
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calculated a module index and assessed the relationship to
outcome. ROC analysis of the individual module indices
demonstrated the capacity of each module to stratify NB pa-
tients into groups with maximally divergent outcome, and a
combination index representing the mean of the individual
modules indices was the nominally best predictor of patient
outcome (Figure 4C).

To confirm the predictive capacity of the modules, we iden-
tified a second cohort of 95 patients with MNA NB tumors by
merging MNA NB patients from the E-TABM-179, E-MTAB-16,
and E-MTAB-38 datasets, henceforth referred to as the valida-
tion set. Overlapping patients from these datasets identified
on the basis of identical clinical annotations were removed.
Univariate Cox-regression analysis revealed a strong relation-
ship between each module index and patient outcome. Within
the validation set, each of the module indices was signifi-
cantly associated with both OS and EFS (Table 1). As found
within the training data, a combination index was nominally
the best predictor of patient outcome (Table 1).

Survival curve analysis with validation patients, using the
module indices to stratify MNA patients into molecular high
and molecular low-risk groups based on median module index
value, revealed that with the exception of modules 2 and 4,
each of the module indices stratified patients into subgroups
with obviously disparate outcomes (Figure 4Di—viii). The com-
bination index stratified patients into molecular high and low-
risk groups with the greatest difference in outcome
(Figure 4Dviii, HR: 2.90, p = 0.0004). Whereas the Kaplan—Me-
ier estimate for 2 year OS (730 days) among molecular high-
risk MNA patients was only 31%, it was 69% among molecular
low-risk MNA patients (Figure 4Dviii).

Finally, we also examined the predictive capacity of
randomly generated signatures in MNA NB samples
comprising the validation set. Initially, we attempted to iden-
tify modules using randomly selected sets of 474 genes,
similar to how we identified the 7 MYCN modules using 474
outcome-associated genes. However, this approach rarely
identified more than a single module (<1%). As an alternative,
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Figure 4 — Identification of a module based signature that predicts outcome of MNA NB patients. A) AUC analysis to identify outcome associated
genesin MNANB (AUC > 0.7 used as cut-off). B) Modules identified from network analysis of identified predictive genes. C) AUC values for each of
the individual predictive modules, as well as a combination module. The combination module is the best predictor of outcome. D) Kaplan—Meier
survival analysis of each of the MYCN modules in the validation cohort (i—viii: Modules 0—6, combination: *p = 0.01, p = 0.0001, p = 0.07,

p = 0.003, p = 0.1, p = 0.003 p = 0.01, p = 0.0004, log-rank test). High Risk: High molecular risk. Low Risk: Low molecular risk.

we tested the capacity of 10,000 randomly generated signa-
tures to predict MNA NB patient outcome, and found that
none of the selected signatures outperformed the MYCN mod-
ules signatures (SF4). Accordingly, we concluded that the
MYCN modules were significantly associated with the
outcome of patients with MNA NB.

3.5.  MNA NB modules are associated with distinct
biological pathways and identify PARP1 as a therapeutic
target

We performed pathway analyses on genes comprising each of
the MYCN modules (ST4). Many of the identified pathways
were not enriched in genes comprising the NBsigDB signature,

suggesting that unique biological processes may regulate tu-
mor progression and patient outcome for MNA NB. We
observed a significant association between the MYCN modules
and double stranded DNA repair pathways, including the Fan-
coni Anemia and BRCA1/2 pathways (Figure 5A). These find-
ings are consistent with previous reports linking MYCN
function with DNA repair in NB cell lines and tumors
(Valentijn et al., 2012; Cole et al., 2011). Based on this data,
we hypothesized that MNA NB cells might be susceptible to in-
hibitors of DNA repair. Recent studies have demonstrated that
patients with ovarian or prostate tumors with genetic alter-
ations in double strand break pathways are more sensitive
to PARP1 inhibitors (Kaufman et al., 2015; Mateo et al., 2015).
Thus, we asked whether these PARP1 inhibitors were
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Table 1 — Prognostic capacity of the MYCN modules signature
within the validation cohort.

Module Event-free survival Over-free survival
HR P HR P

0 1.7 0.0022 1.9 0.00025
1 1.7 0.00013 1.6 0.00022
2 1.8 2.40E-06 1.6 1.02E-05
3 1.9 0.00015 2.2 3.63E-05
4 1.5 0.0019 1.4 0.0053

5 1.4 0.0024 1.4 0.0013

6 1.7 0.0014 1.7 0.00082
Combo 2 1.83E-06 1.9 2.00E-06

selectively efficacious in MNA vs. NA NB cell lines. We
assessed the capacity of the highly selective and potent
PARP1 inhibitor BYK204165 to inhibit cell growth in a panel
of cell lines with differing MYCN status (Figure 5B). We
observed significantly lower ICs, values for the PARP1 inhibi-
tor BYK204165 in NB cell lines with high MYCN expression
as compared to those with low MYCN expression (Figure 5C),
suggesting that MYCN amplification is associated with
increased sensitivity to PARP1 inhibitors. Using LAN-5 and
SHEP cells as representative MNA and NA cell lines, respec-
tively, we examined the expression of apoptotic markers in
response to PARP1 inhibition. BYK204165 treatment was asso-
ciated with dose-dependent increase in the level of cleaved-
PARP and cleaved-Caspase3, respectively (Figure SD&E).

In addition to hyperactivation of dsDNA repair pathways,
we also observed enrichment of several signaling pathways
for which potential therapeutic inhibitors are available.
These included the TGFB pathway enriched in module 3,
and the RhoA, Insulin receptor (IGFR), and PDGFRp signaling
pathways enriched in module 4. Together, these observations
suggest multiple potential therapeutic targets for MNA NB,
and establish PARP1 inhibitors as candidate therapeutics for
MNA NB.

4, Discussion

The outcome for NB patients is highly variable, and multiple
clinical and biological risk factors are currently used to risk-
stratify patients and guide therapy. Whereas survival rates
for low- and intermediate-risk patients are excellent, half of
patients present with high-risk disease for which the survival
rate is <50%. MNA is detected in approximately 20% of NB tu-
mors and is among the most powerful adverse prognostic fac-
tor for NB. Recently, Kushner and colleagues used a large
clinical database of patients treated since 2000 to identify a
striking divergence in outcomes experienced by patients
with MNA NB tumors (Kushner et al., 2014). Accordingly,
even among high-risk MNA NB, patients could benefit from
stratification on the basis of additional molecular factors to
identify those patients likely to rapidly progress from those
who will be long-term survivors. While many molecular and
genetic factors have been reported that are associated with
unfavorable outcome in NB, these factors and other well-

established clinical prognostic variables are highly correlated
with MNA status (Thompson et al., 2016) and thus cannot be
used to effectively predict outcome and potentially tailor ther-
apy within this unfavorable prognosis subset of MNA patients.
High-throughput profiling techniques, such as microarrays
and RNA-seq, have also been used to identify molecular signa-
tures that predict NB patient outcome. To date, more than 20
signatures have been reported, which collectively comprise
relatively few overlapping genes, and that are associated
with diverse biological processes and robustly associate with
outcome in pan-NB.

In this study, we assembled essentially all previously re-
ported prognostic gene signatures in NB and evaluated their
capacity to identify high- and low-molecular risk NB. We
found that the signatures comprising NBsigDB were robust
and concordant predictors of patient outcome in pan-NB
and NA NB, and generally poor predictors of outcome in pa-
tients with MNA NB. Hence, currently described signatures
are likely best suited to assign molecular risk for patients
with NA NB. Using the SMP test, we found that NBsigDB signa-
tures were highly confounded by MNA. Previous findings sug-
gest that large numbers of transcripts correlate with MNA
(Huang and Weiss, 2013; Valentijn et al., 2012). Our data sug-
gest that NBsigDB confounding by MNA is likely the result of
both a large fraction of transcripts being highly correlated
with MYCN expression and the robust predictive capacity of
MNA itself. We believe that these factors also underpin the
relationship between randomly selected gene signatures and
patient outcome, which to our knowledge has not been previ-
ously reported. These findings, coupled with reports that MNA
NB patients can experience highly divergent outcome
(Kushner et al., 2014), prompted us to test whether a gene
signature could be identified with prognostic capacity in
MNA NB. Our experiments provide proof-of-principle for the
identification of a molecular risk signature within MNA NB,
which we validated in an independent patient cohort. Overall,
our findings are consistent with previous studies in breast
cancer demonstrating that prognostic gene signatures are
easily confounded by clinical variables and that randomly
generated signatures can robustly associate with outcome
(Tofigh et al., 2014; Venet et al., 2011). However, we subse-
quently show that the identification of confounding factors
enables the identification of robustly predictive signatures in
previously difficult to predict tumor subsets, in this case
MNA NB.

MYCN was originally identified as a homolog of MYC that
was amplified in human NB (Schwab et al., 1983; Brodeur
et al., 1984). Structurally, MYCN and MYC are highly similar,
and both proteins heterodimerize with MAX to promote tran-
scription (Huang and Weiss, 2013). Although MYC is over-
expressed in a limited number of NB tumors (Slavc et al,,
1990) and NA NB patients with tumors with positive immuno-
staining for MYC protein have a poor prognosis (Wang et al.,
2015), MYCN has historically been considered the dominant
driver of the family in NB. MYCN is reported to play many
roles during NB tumorigenesis, including the regulation of
signaling pathways involved in immune surveillance, stem-
cell like properties, proliferation, survival, angiogenesis and
metastasis among others (reviewed in (Huang and Weiss,
2013)). Despite intense investigation and the evidence that
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lines.

MYCN is a driver of NB in multiple animal models (Weiss
et al, 1997; Zhu et al., 2012), MYCN itself has remained chal-
lenging to target therapeutically. However, recent publica-
tions have identified potential vulnerabilities of MNA
neuroblastoma, including to bromodomain inhibitors and
combinations of bcl2 and aurora kinase inhibitors (Ham
et al., 2016; Puissant et al.,, 2013). Analysis of the genes
comprising MYCN modules indicated enrichment for multi-
ple DNA maintenance/repair pathways, including the
BRCA1/BRCA2, ATM, BARD1 and Fanconi Anemia pathways.
This finding is supported by previous reports that examined
the therapeutic potential of targeting DNA repair in NB,
including targeting PARP1, CHK1, and alternative non-
homologous end joining (NHE]) elements (Newman et al.,
2015; Cole et al., 2011; Norris et al., 2014). For example, Norris
et al., showed that Olaparib, a PARP inhibitor, inhibited tumor
growth of NB xenografts at clinically achievable concentra-
tions (Norris et al., 2014) however, the authors did not report
a mechanistic link between MNA status and PARP1 inhibitor
sensitivity. Our data, from in vitro experiments with NB cell
lines demonstrate that NB cell lines are sensitive to PARP1 in-
hibition, with more robust activity in MNA NB cells. In addi-
tion, it is known that somatic and/or germline alterations in
many genes implicated in DNA repair are altered in rare sub-
sets of patients with NB, including the BRCA binding partner
PALB2 (FANCN), BARD1, and CHEK1 (Pugh et al., 2013;
Capasso et al., 2009). Our data, combined with previous re-
ports, provide a compelling rationale to investigate targeting

genes involved in DNA repair as a potential treatment for
MNA NB. In addition, since most PARP1 inhibitors are being
assessed on tumors with DNA repair aberrations, our findings
suggest that it may be informative to determine whether
MYCN overexpression or amplification contributes to sensi-
tivity to these inhibitors.

From a clinical standpoint, accurate predictors of NB pa-
tient outcome provide a means to precisely guide therapy
based on patient risk. Overall, our data demonstrates that
many previously reported signatures are confounded by
MNA and these signatures are not able to predict outcome in
patients with MNA NB. These findings have important impli-
cations for integrating gene signature-based molecular risk
predictors in the clinic, as they highlight the dependency be-
tween clinical context and predictor utility. Our findings indi-
cate that current molecular risk signatures are best suited for
predicting outcome in NA NB, including the signature
currently being studied prospectively for NA NB patient
(Park et al., 2013). Whereas the studies presented here provide
proof-of-principle that predictive gene signatures can be iden-
tified for MNA NB, many additional developments would need
to occur to enable implementation into the clinic. These
include transfer of the signature to a clinically amenable tech-
nology, such as the nanoString nCounter® platform, which en-
ables profiling of the expression of large numbers of genes on
low amounts of suboptimal quality RNA, which is typical of
clinical FFPE samples. Furthermore, methods to evaluate the
signature in single samples as well as threshold development
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for patient stratification on the basis of risk would need to be
established. Finally, prospective validation of this or similar
MNA-specific signatures will be a critical step to (1) identify
a minimal number of predictive genes within the signature,
and (2) determine the clinical utility of this approach for pre-
dicting outcome within the poor prognosis MNA subset of
high-risk NB patients using cohorts of patients treated with
current era therapies.
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