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Abstract

Background: Neuroblastoma is a biologically and clinically heterogeneous disease. Based on recent studies demonstrating an
association between the primary tumor site, prognosis, and commonly measured tumor biological features, we hypothesized
that neuroblastomas arising in different sites would show distinct genomic features reflective of the developmental biology
of the sympathicoadrenal nervous system.

Methods: We first compared genomic and epigenomic data of primary diagnostic neuroblastomas originating in the adrenal
gland (n =646) compared to thoracic sympathetic ganglia (n =118). We also evaluated association of common germline
variation with these primary sites in 1027 European-American neuroblastoma patients.

Results: We observed higher rates of MYCN amplification, chromosome 1q gain, and chromosome 11q deletion among
adrenal tumors, which were highly predictive of functional RNA signatures. Surprisingly, thoracic neuroblastomas were more
likely to harbor ALK driver mutations than adrenal cases among all cases (odds ratio =1.89, 95% confidence interval =1.04 to
3.43), and among cases without MYCN amplification (odds ratio =2.86, 95% confidence interval = 1.48 to 5.49). Common
germline single nucleotide polymorphisms (SNPs) in BARD1 (previously associated with high-risk neuroblastoma) were found
to be strongly associated with predisposition for origin at adrenal, rather than thoracic, sites.

Conclusions: Neuroblastomas arising in the adrenal gland are more likely to harbor structural DNA aberrations including
MYCN amplification, whereas thoracic tumors show defects in mitotic checkpoints resulting in hyperdiploidy. Despite the
general association of ALK mutations with high-risk disease, thoracic tumors are more likely to harbor gain-of-function ALK
aberrations. Site of origin is likely reflective of stage of sympathetic nervous system development when malignant transfor-
mation occurs and is a surrogate for underlying tumor biology.

Neuroblastoma is an embryonal malignancy of the sympathetic
nervous system that remains responsible for 10% of all child-
hood cancer deaths (1,2). It is a highly heterogeneous disease,
with diverse clinical presentations, biologic features, and out-
comes, creating both challenges and opportunities in risk strati-
fication and identification of therapeutic targets. Studies over
several decades have revealed several important recurrent ge-
netic alterations including MYCN amplification, large-scale
chromosomal aberrations, and gain-of-function ALK mutations

(3). A recent study established a relationship between the pri-
mary tumor site, prognosis, and some tumor biological features
(4). A key finding was that MYCN amplification was statistically
significantly more common among adrenal tumors compared
with nonadrenal tumors and statistically significantly less com-
mon among thoracic compared with nonthoracic tumors. To re-
fine and extend these findings, here we compared genomic
features between neuroblastomas arising from adrenal and tho-
racic primary tumor sites using the Therapeutically Applicable

Received: September 16, 2019; Revised: January 10, 2019; Accepted: February 7, 2019

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com

1192


mailto:kate.matthay@ucsf.edu
Deleted Text: to 
Deleted Text: -
Deleted Text: ,
Deleted Text: to 
Deleted Text: -
https://academic.oup.com/

Research to Generate Effective Treatments (TARGET) and
genome-wide association study (GWAS) datasets.

Methods

Data Sources

Two different datasets were utilized for this study. First, we com-
pared the genomic changes in adrenal vs thoracic tumors using
genome-scale data from primary neuroblastoma cases included in
the TARGET project (https://ocg.cancer.gov/programs/target/data-
matrix). Because not all genomic data modalities were available for
each individual TARGET case, we conducted separate genomic
analyses for each subcohort in which the data were available
(Supplementary Figure 1 and Supplementary Table 1, available on-
line). Second, we assessed association of common germline varia-
tion with primary site in an overlapping cohort of European-
American neuroblastoma patients. Informed consent for the
Children’s Oncology Group (COG) Neuroblastoma Biology Study
was obtained at each COG institution where respective patients
were treated. Tumor samples without identifiers were sent to the
Children’s Hospital of Philadelphia, and therefore these studies
were exempt from human subject research guidelines, as con-
firmed by the institutional review boards at Children’s Hospital of
Philadelphia (CHOP) and University of California San Francisco
(UCSF). Tumors were classified as “adrenal” (n=646) or “thoracic”
(n=118) when Systematized Nomenclature of Medicine (SNOMED)
annotation was sufficiently detailed to make a definitive call of pri-
mary site.

Statistical Methods for Clinical Association Testing

All statistical calculations, association testing, and data visualiza-
tion were performed in the R programming language. Binary vari-
able associations with adrenal vs thoracic tumors (including
discrete clinical covariates and DNA mutations) were evaluated by
two-sided Fisher-exact test, and 95% confidence intervals were
computed using the CRAN respository package “exact2x2” with de-
fault parameters. Unless otherwise specifed, all tests were two-
sided and P values less than .05 were considered statistically signif-
icant. Survival analyses including Kaplan-Meier plot visualization,
log-rank association testing, and multivariable Cox proportional
hazard modeling were performed using the CRAN respository
package “survival.” Event-free survival (EFS) was defined as time
from diagnosis to first episode of death, second malignancy, or pro-
gression/relapse, with patients without event censored at time of
last follow-up. Separate analyses were performed for all adrenal
and thoracic samples and for only MYCN-nonamplified adrenal
and thoracic samples. Cox proportional hazard modeling was used
to assess association of primary site with survival, adjusting for
MYCN amplification, age at least 18 months, and stage 4 vs other
stage disease. To address violation of the proportional hazard as-
sumption identified by examination of Schoenfeld residuals, we in-
corporated covariate-survival time interaction terms into the
model as previously described, using a split-time of 1year
(https://socialsciences.mcmaster.ca/jfox/Books/Companion/
appendices/Appendix-Cox-Regression.pdf).

Computational and Statistical Methods for Genomic
Data Analysis

Unless otherwise specified, processed genomic datasets from
the TARGET project were downloaded and utilized as-is (https://
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ocg.cancer.gov/programs/target/data-matrix). For GWAS analy-
sis, statistical tests of association for common germline single
nucleotide polymorphisms (SNPs) were performed using
SNPTEST software with an additive genetic model. SNP alleles
are reported with respect to the positive strand of the hgl9 hu-
man reference genome except for rs6720708, rs17489363, and
rs2168101; these are reported on the negative strand for consis-
tency with BARD1 and LMO1 literature. Detailed computational
methods for processing, normalization, and statistical analysis
for the referenced genomic datasets—including SNP, gene ex-
pression, and DNA methylation microarrays; whole genome se-
quencing (WGS); whole exome sequencing (WES); and targeted
gene panel sequencing data—are included in Supplementary
Methods (available online).

Results

Clinical Associations With Neuroblastoma Site of Origin

Within the TARGET neuroblastoma cohort (n=1180), primary
tumors that arose from the adrenal gland (n = 646) were associ-
ated with inferior patient outcomes in comparison with primary
thoracic tumors (n=118), including reduced EFS (P=.006) and
overall (OS; P <.001) survival (Figure 1, A and B). Missing or am-
biguous primary site annotation (n=2373) or small cohort num-
bers (eg, n=22 head/neck and n=21 and pelvic cases)
precluded meaningful analysis of the remaining cases. Primary
adrenal tumors associated with a number of negative prognos-
tic factors including age at least 18 months (odds ratio
[OR] =2.83, 95% confidence interval [CI]=1.89 to 4.24, P <.001),
International Neuroblastoma Staging System (5) (INSS) stage 4
disease (OR=3.06, 95% CI=2.03 to 4.61, P <.001), COG high-risk
disease (OR=4.78, 95% CI=3.16 to 7.34, P <.001) (6), and MYCN
amplification (OR=8.57, 95% CI=3.74 to 20.37, P<.001) com-
pared with their thoracic counterparts within the TARGET co-
hort (Table 1). Whereas 31.5% (201 of 638) of primary adrenal
tumors were MYCN-amplified, only 5.1% (6 of 118) of primary
thoracic tumors were MYCN-amplified. Restricting our analysis
to the remaining MYCN-nonamplified cases, we observed per-
sistent associations of adrenal compared with thoracic cases
with reduced EFS (P=.04) and OS (P <.001; Figure 1, C and D),
age at least 18 months (OR=2.55, 95% CI=1.66 to 3.91, P <.001),
as well as increased likelihood of INSS stage 4 (OR=2.35, 95%
CI=1.53 to 3.60, P <.001) and high-risk (OR=3.22, 95% CI=2.07
to 5.04, P <.001) disease.

These inferior patient outcomes were then validated in the
CHOP GWAS neuroblastoma cohort (n =6407) when comparing
adrenal (n=2501) to thoracic (n=906) primary tumors, includ-
ing both reduced EFS (P <.001) and OS (P <.001) (Figure 1, E and
F). Primary adrenal tumors were again more likely to have
MYCN amplification (OR=9.08, 95% CI=6.17 to 13.41, P <.001),
INSS Stage 4 disease (OR=4.93, 95% CI=4.10 to 5.94, P <.001),
COG high-risk disease (OR=6.21, 95% CI=5.06 to 7.64, P <.001),
and age at least 18 months (OR=1.38, 95% CI=1.18 to 1.61,
P <.001). Considering only MYCN-nonamplified tumors, adrenal
disease was still associated with inferior EFS (P <.001) and OS
(P<.001) (Figure 1, G and H), and a higher likelihood of INSS
Stage 4 (OR=3.63, 95% CI=2.95 to 4.46, P <.001) and high-risk
(OR=4.01, 95% CI=3.16 to 5.10, P <.001) disease; however, an
association with age at least 18 months was no longer observed
(OR=1.14, 95% CI=0.97 to 1.35, P=.13). These findings suggest
that differences in the frequency of MYCN amplification cannot
completely account for inferior clinical outcomes observed in
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Figure 1. Survival analysis comparing adrenal vs thoracic primary site. Comparison of (A) overall survival (OS) and (B) event-free survival (EFS) for 646 adrenal tumors
and 118 thoracic tumors in the Therapeutically Applicable Research to Generate Effective Treatments (TARGET) cohort. C) OS and (D) EFS for 437 adrenal tumors and
112 thoracic tumors in the TARGET cohort that are MYCN-nonamplified. E) OS and (F) EFS for 2501 adrenal tumors and 906 thoracic tumors in the = Children’s Hospital
of Philadelphia (CHOP) genome-wide association study (GWAS) cohort. G) OS and (H) EFS for 1740 adrenal tumors and 829 thoracic tumors in the CHOP GWAS cohort
that are MYCN-nonamplified. P values are computed by two-sided log-rank test. Cross marks illustrate censored data points. Remaining patient counts at specified in-
cremental 2-year cutoffs are shown in the table below each survival curve. The superior EFS and OS in the GWAS cases can be explained by the fact that the TARGET

analysis included a higher proportion of tumors in the high-risk category (Table 1).

neuroblastomas arising in the adrenal gland compared with the
thorax.

By multivariable Cox-proportional hazard modeling, adrenal
neuroblastoma was an independent predictor of worse OS in
the GWAS cohort (P <.001), but not in the comparatively smaller
TARGET cohort (P=.28), after adjusting for MYCN amplification
status, disease stage, and age of at least 18 months. Adrenal
neuroblastoma was not an independent predictor of worse EFS
by similar multivariable analysis for either the GWAS (P =.09) or
TARGET (P =.67) cohorts.

Copy Number Alterations and Their Association With
Neuroblastoma Site of Origin

To perform an unbiased assessment of somatic copy number
alterations that differ between primary adrenal vs thoracic neu-
roblastomas, we analyzed tumor/normal data from SNP micro-
array or from several different Next Generation Sequencing
platforms available through the TARGET project at 1-Mb resolu-
tion. Consistent with the observed association based on clinical
data alone, we observed higher rates of MYCN amplification in
adrenal vs thoracic neuroblastomas by WGS, WES, targeted
panel sequencing, and SNP microarrays separately and by
cross-platform meta-analysis (Figure 2A). Besides MYCN, no
other focal copy number alterations were differentially enriched
between adrenal and thoracic neuroblastomas after multiple
test correction.

Because large segmental copy number alterations are highly
prevalent and prognostically relevant in neuroblastoma (7), we

repeated our differential copy number analysis focusing specifi-
cally on chromosomal arms. We observed enrichment of chro-
mosome 1p loss and 1q gain in adrenal compared with thoracic
neuroblastomas, whereas loss of chromosomes 3q, 4q, 16 (p&q),
19 (p&q), and X (p&q) as well as gain of 17p were all enriched in
thoracic relative to adrenal neuroblastomas (false discovery
rate [FDR] < 0.05; Figure 2B). Because chromosome 1p loss and
1q gain are highly correlated with MYCN amplification, whereas
11q loss is highly anticorrelated (8,9), we further restricted our
analysis to only MYCN-nonamplified cases to remove confound-
ing by MYCN status. Whereas associations of chromosome 1q
gain with adrenal and chromosome 19q loss with thoracic neu-
roblastomas persisted (FDR < 0.05) in the subset of MYCN-non-
amplified patients, we observed enrichment of chromosome
11q loss in adrenal relative to thoracic neuroblastomas that was
not evident when considering all patients regardless of MYCN
status (Figure 2, A and B).

Point Mutations and Their Association With
Neuroblastoma Site of Origin

Activating point mutations in the ALK oncogene have emerged
as promising targets for rational therapy in neuroblastoma (10—
13). We observed that 52 of 559 adrenal cases (9.3%) harbored
ALK mutations compared with 18 of 111 thoracic cases (16.2%),
reflecting a statistically significant enrichment of ALK muta-
tions in thoracic compared with adrenal neuroblastomas
(OR=1.89, 95% CI=1.04 to 3.43, P=.04; Figure 3). Moreover, in
the subset of MYCN-nonamplified neuroblastoma, we observed
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Table 1. Clinical and biological features in adrenal vs thoracic neuroblastoma

Adrenal Thoracic
Clinical subgroups neuroblastomaNo. (%) neuroblastomaNo. (%) OR (95% CI)
All adrenal and thoracic cases included in TARGET cohort
Age
> 18 months 486 (75.2) 61(51.7) 2.83 (1.89 to 4.24)
<18 months 160 (24.8) 57 (48.3) 1.00 (Ref)
Stage
4 499 (77.2) 62 (52.5) 3.06 (2.03 to 4.61)
Not 4 147 (22.8) 56 (47.5) 1.00 (Ref)
COG risk profile
High risk 507 (78.5) 51 (43.2) 478 (3.16 to 7.34)
Not high risk 139 (21.5) 67 (56.8) 1.00 (Ref)
MYCN status
MYCN-amplified 201 (31.5) 6(5.1) 8.57 (3.74 to 20.37)
MYCN-nonamplified 437 (68.5) 112 (94.9) 1.00 (Ref)
Only TARGET cases without MYCN amplification
Age
> 18 months 314 (71.9) 56 (50.0) 2.55 (1.66 to 3.91)
<18 months 123 (28.1) 56 (50.0) 1.00 (Ref)
Stage
4 310 (70.9) 57 (50.9) 2.35 (1.53 to 3.60)
Not 4 127 (29.1) 55 (49.1) 1.00 (Ref)
COG risk profile
High risk 299 (68.4) 45 (40.2) 3.22 (2.07 to 5.04)
Not high risk 138 (31.6) 67 (59.8) 1.00 (Ref)
All adrenal and thoracic cases included in CHOP GWAS cohort
Age
> 18 months 1419 (56.7) 442 (48.8) 1.38 (1.18 to 1.61)
<18 months 1082 (43.3) 464 (51.2) 1.00 (Ref)
Stage
4 1349 (54.0) 174 (19.2) 4.93 (4.10 to 5.94)
Not 4 1150 (46.0) 731 (80.8) 1.00 (Ref)
COG risk profile
High risk 1279 (52.5) 132 (15.1) 6.21 (5.06 to 7.64)
Not high risk* 1157 (47.5) 742 (84.9) 1.00 (Ref)
MYCN status
MYCN-amplified 553 (24.1) 29 (3.4) 9.08 (6.17 to 13.41)
MYCN-nonamplified 1740 (75.9) 829 (96.6) 1.00 (Ref) =
Chromosome 11q statust 9
11q LOH 242 (19.8) 54 (10.5) 2.09 (1.52 to 2.90) =
No 11q LOH 983 (80.2) 459 (89.5) 1.00 (Ref) <
Only CHOP GWAS cases without MYCN amplification
Age
>18 months 878 (50.5) 391 (47.2) 1.14 (0.97 to 1.35)
<18 months 862 (49.5) 438 (52.8) 1.00 (Ref)
Stage
4 743 (42.7) 141 (17.0) 3.63 (2.95 to 4.46)
Not 4 996 (57.3) 687 (83.0) 1.00 (Ref)
COG risk profile
High risk 592 (34.6) 95 (11.6) 4.01(3.16 t0 5.10)
Not high risk* 1121 (65.4) 721 (88.4) 1.00 (Ref)
Chromosome 11q statust
11q LOH 220 (22.9) 52 (10.6) 2.52 (1.81 to 3.50)
No 11q LOH 739 (77.1) 440 (89.4) 1.00 (Ref)

*Ref refers to the reference group for the OR, which is the clinical subgroup associated with favorable prognosis and is enriched in thoracic cases and anticorrelated
with adrenal cases. CI = confidence interval; CHOP = Children’s Hospital of Philadelphia; COG = Children’s Oncology Group; GWAS = genome-wide association study;
LOH = loss of heterozygosity; OR = odds ratio; TARGET = Therapeutically Applicable Research to Generate Effective Treatments.

tClinical annotation of tumor chromosome 11q status is available only for the GWAS cohort, not for the TARGET cohort; association of 11q loss with primary site in the
TARGET cohort was therefore performed by bioinformatic copy number analysis using available genomic data (Figure 2).
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12p [+0.06 +0.07 -0.01 -1.025 0.305 0.522 12p [+0.07 +0.07 -0.00 -0.193 0.847 0914
12q |[+0.08 +0.09 -0.00 -0.401 0.689 0.807 12q [+0.10 +0.09 +0.01 +0.981 0.327 0.548
13q [+0.06 +0.07 -0.01 -0.557 0578 0.789 13q |+0.08 +0.07 +0.01 +0.554 0579 0.772
14q |=0.09 =0.10' +0.01 +0.596 0551 0.779 14q |=0.49 =0.10' -0.02 -0.985 0.325 0.548
15q [-0.04 —0.03 -0.01 -0.666 0.506 0.768 15q [-0.04 -0.03 -0.01 -0.966 0.334 0.548
16p |-0.04 =0.08' +0.04 +2.803 0.005 0.021 16p |-0.06 =0.08' +0.03 +2.015 0.044 0.180
16q |-0.02 -0.07 +0.05 +3.208 0.001 0.008 16q |-0.03 -0.07 +0.04 +2.614 0.009 0.061
17p |+0.05 +0.12 -0.07 -8.724 <0.001 0.002 17p |+0.09 +0.12 -0.03 -1.586 0.113 0.308
17q |HOENE0R28] +0.00 +0.064 0.949 0.973 17q |HOISINE028] +0.03 +1.496 0.135 0.318
18p [+0.05 +0.07 -0.02 -1.064 0.287 0.512 18p | +0.06 +0.07 -0.01 -0.501 0617 0790 | More Negative Copy
18q |+0.09 +0.09 -0.00 -0.295 0.768 0.829 189 [+010 +0.09 +0.01 +0.548 0584 0772 | N\ o Bou
19p |-0.08 +0.07 +8.773 <0.001 0.002 19p |=0.11 +0.05 +2.543 0.011 0.064 umber Log-Ratio
19q |-0.06 +0.06 +4.190 <0.001 0.001 19q |-0.08 +0.05 +3.027 0.002 0.048 (Copy Loss)
20p |+0.02 +0.02 +0.01 +0.446 0.655 0.807 20p [+0.02 +0.01 +0.00 +0.348 0.728 0.904

20q |+0.03 +0.02 +0.01 +0.633 0.527 0.772 20q [+0.03 +0.03 +0.00 +0.196 0.845 0.914
21q |-0.04 -0.06 +0.02 +1.293 0.196 0.388 21q |-0.06 —0.05 -0.01 -0.987 0.324 0.548
22q |+0.02 +0.02 +0.00 +0.176 0.860 0.905 22q |+0.02 +0.02 +0.00 +0.159 0.873 0.918

Xp +0.08 +3.069 0.002 0.011 Xp +0.04 +1.291 0.197 0.403
Xq +0.07 +2.849 0.004 0.020 Xq +0.03 +1.188 0235 0.459

Figure 2. Adrenal vs thoracic tumor copy number association analysis. A) Meta-analysis by nonoverlapping 1-Mb tiles. The y-axis reflects an inverse variance-weighted
meta-analysis across four datasets—single nucleotide polymorphism (SNP) microarray, whole genome sequencing, whole exome sequencing, and gene panel sequenc-
ing cohorts—of average log-ratio (tumor normalized to normal) differences between adrenal vs thoracic cases divided by SD (z score). A positive z score (red) implies
that the relative copy number is higher in adrenal vs thoracic cases and a negative z score (blue) implies the opposite. The inner dashed line illustrates the z score cor-
responding to a nominal P value cut point of .05, and the outer dotted line illustrates the z score corresponding to a multiple test-adjusted false discovery rate (FDR) cut
point of 0.05. The 1-Mb bin containing MYCN is labeled, because it is the only focal copy number alteration to reach statistical significance. B) Meta-analysis by chromo-
some arm. “Avg Adrenal” and “Avg Thoracic” denote a weighted average copy number log-ratio for adrenal and thoracic cases, respectively. More positive/red values
reflect regions of greater copy number gain and more negative/blue values reflect regions of greater copy number loss. From the difference of these values (Avg
Difference), a z score and two-tailed P value were computed by inverse-variance meta-analysis. The FDR was controlled by the Benjamini-Hochberg method. Results
with multiple test-adjusted statistical significance at FDR less than 0.05 are bolded.
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Figure 3. Association of ALK-driver mutations with primary site. A) Association results of all available Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) adrenal and thoracic cases across four sequencing subcohorts/platforms. The measured odds ratio for each analysis is shown as a black dot and
the corresponding 95% confidence interval is shown as a solid line. In the combined analysis of n =559 unique adrenal and n =111 unique thoracic patients, there was
a statistically significant enrichment of ALK mutations in thoracic relative to adrenal cases (odds ratio=1.89, 95% confidence interval =1.04 to 3.43, Fisher exact
P=.04). B) Similar to the analysis in (A) except restricting only to the MYCN-nonamplified subset (n = 372 unique adrenal and n = 105 unique thoracic cases). The enrich-
ment of ALK mutations in thoracic neuroblastoma is even more pronounced in the MYCN-nonamplified subset (odds ratio = 2.86, 95% confidence interval = 1.48 to 5.49,
Fisher exact P=.003). WES = whole exome sequencing; WGS = whole genome sequencing.

that 25 of 372 adrenal cases (6.7%) harbored ALK mutations com-
pared with 18 of 105 thoracic cases (17.1%), demonstrating an
even stronger enrichment of ALK mutations in thoracic compared
with adrenal neuroblastoma in the absence of MYCN amplifica-
tion (OR=2.86, 95% CI=1.48 to 549, P=.003; Figure 3).
Furthermore, after adjusting for high-risk disease in a logistic re-
gression model of ALK mutation status in MYCN-nonamplified
neuroblastoma, the association of primary site with ALK muta-
tion status persisted (P=.02; Supplementary Figure 2, available
online). Taken together, these results suggest that the increased
prevalence of ALK mutations observed in thoracic neuroblastoma
is independent of MYCN amplification status or high-risk disease.

We did not observe statistically significant differences in the
type of ALK mutations (eg, F1174L vs R1275Q) that occurred in
adrenal and thoracic neuroblastomas (Supplementary Figure 3,
available online). Aside from ALK, we did not observe statisti-
cally significant differences in mutation frequencies for other
individual genes, although our statistical power is limited by
the low rate of recurrent somatic mutations in neuroblastoma.
There was no statistically significant difference in the overall
somatic coding mutation frequency between adrenal
(median=17 WES mutations, 13 WGS mutations) vs thoracic
(median =17 WES mutations, 14.5 WGS mutations) cases (WGS
Wilcoxon P =.59, WES Wilcoxon P =.74).

Functional Genomic Associations With Neuroblastoma
Site of Origin

To evaluate the relationship of primary site with functional sub-
classes of neuroblastoma, we performed unsupervised hierar-
chical clustering on adrenal (n=143) and thoracic (n=19) cases
with RNA expression profiling obtained by HuEx microarray, as
well as adrenal (n=128) and thoracic (N=15) cases with DNA
methylation profiling by Infinium microarray. The strongest
clustering was observed for MYCN-amplified cases regardless of
primary site, suggesting that known genetic lesions are the
principal drivers of functional genomic signatures in neuroblas-
toma (Figure 4A). Additionally, global DNA methylation patterns
show strong clustering by MYCN amplification status with
weaker clustering by tumor primary site (Figure 4B). We

observed similarly weak clustering by primary tumor location
when restricting to MYCN-nonamplified cases (Supplementary
Figure 4A-B, available online).

Complementary to the copy number results, we observed
strong differential activation of MYCN signaling expression signa-
tures in adrenal relative to thoracic cases by Gene Set Enrichment
Analysis (Supplementary Figure 5, available online). Moreover,
the degree to which chromosome arm-based positional gene sets
were differentially expressed between adrenal and thoracic neu-
roblastomas was highly correlated with the observed differences
in DNA copy number (Spearman’s rho=0.82, P<.001;
Supplementary Figure 6A, available online) and persisted when
restricting to MYCN-nonamplified disease (Spearman’s rho =0.61,
P <.001; Supplementary Figure 6B, available online).

Due to the prominence of genetic lesions for predicting neu-
roblastoma expression signatures, we performed a limma
(Linear Models for Microarray Data) differential gene expression
analysis between adrenal and thoracic neuroblastomas adjust-
ing for MYCN amplification and chromosome 11q loss, which
are mutually exclusive and each highly associated with poor
outcome. Whereas we observed 3892 differentially expressed
genes based on MYCN amplification status and 226 differen-
tially expressed genes based on chromosome 11q copy number
status, there were no differentially expressed genes associated
with adrenal vs thoracic neuroblastoma after adjusting for
MYCN amplification and chromosome 11q loss (statistical sig-
nificance defined by FDR<0.01, 22985 total genes tested),
underscoring that RNA expression differences observed be-
tween adrenal and thoracic neuroblastomas are largely pre-
dicted by underlying genetic lesions. We do observe higher RNA
expression of MYC in MYCN-nonamplified cases (P<.001;
Supplementary Figure 7, available online), suggesting that MYC
overexpression may be a contributing factor in MYCN-non-
amplified disease.

Correlation of Common Germline Variants With
Neuroblastoma Site of Origin

We conducted an unbiased GWAS of our European-American
discovery cohort (707 adrenal cases vs 320 ancestry-matched
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Figure 4. Unbiased clustering analysis of functional genomic and DNA methylation data in the Therapeutically Applicable Research to Generate Effective Treatments
(TARGET) cohort. Heatmaps and hierarchical clustering for all adrenal and thoracic (A) HuEx RNA microarray samples and (B) DNA methylation microarray samples.
Rows reflect independent patient profiles and columns reflect the 200 probesets with the highest variance after (A) log2 transformation of RNA probe intensity and (B)
logit transformation of methylation beta values. Columns are mean-centered and normalized by SD (z score transformation) and illustrated on a blue-yellow scale.
Additional colored boxes illustrate clinical annotations for each patient according to the legend (white = missing annotation).

thoracic cases, inflation factor=1.01), and observed the stron-
gest association signal with adrenal primary compared with
thoracic at the BARD1 gene locus (see Figure 5). The most highly
associated SNP, rs6720708 (alleles = T/C, adrenal-associated al-
lele = T; OR=1.74, 95% Cl=1.44 to 2.12, P=1.99 x 109), falls
within the locus identified by our original BARD1 GWAS study
(14) and exhibits strong linkage disequilibrium with the
rs17489363 SNP (R? = 0.908, D’ = 0.989). The T-allele of
rs17489363 was recently proposed to increase high-risk neuro-
blastoma susceptibility by disrupting HSF1 transcription fac-
tor binding at the BARD1 promoter, thereby reducing
expression of the BARD1 tumor suppressor (15). This
rs17489363 association is recapitulated between adrenal and
thoracic neuroblastomas (alleles = T/C, adrenal-associated al-
lele = T; OR=1.64, 95% CI=1.36 to 1.98, P=3.10 x 1077), per-
sists in MYCN-nonamplified cases (adrenal-associated allele
=T; OR=1.65, 95% CI=1.33 to 2.04, P=4.49 x 10~°), and repli-
cates in an independent European-American cohort (484 adre-
nal cases vs 242 thoracic cases) genotyped on the Omni array
platform (adrenal-associated allele = T; OR=1.39, 95%
CI=1.11to 1.73, P =.003).

We also observed that an SNP within CASC15 that was pre-
viously associated with high-risk neuroblastoma nominally
associated with adrenal primary site (rs6939340, alleles = A/G,
adrenal-associated allele = G, OR=1.30, 95% CI=1.08 to 1.57,
P=.005) and replicated in the independent Omni array cohort
(adrenal-associated allele = G; OR=1.37, 95% CI=1.10 to 1.70,
P =.005). There was no statistically significant differential as-
sociation between adrenal and thoracic neuroblastomas for
other SNPs that have been previously associated with neuro-
blastoma at the HACE1l (rs4336470, alleles = C/T, adrenal-
favored allele = C, OR=1.14, 95% CI=0.92 to 1.39, P=.23),
LIN28B (rs17065417, alleles = A/C, adrenal-favored allele = A,
OR=1.32, 95% CI=0.91 to 1.90, P=.14), or LMO1 (rs2168101,

alleles = G/T, adrenal-favored allele = G, OR=1.14, 95%
CI=0.88 to 1.46, P=.32) loci.

Discussion

Our study validates and extends our prior finding that MYCN
amplification is less common and survival is improved in tho-
racic compared with adrenal neuroblastoma. The biological
mechanism by which MYCN amplification leads to aggressive
high-risk disease is unclear, although prior evidence points to
expansive roles of MYCN in multiple aspects of tumorigenesis
and metastasis, including immune regulation, cell adhesion,
cell proliferation, and angiogenesis (16). It is therefore not sur-
prising that the higher rate of MYCN amplification among adre-
nal neuroblastoma correlates with poor outcomes. MYCN-
nonamplified adrenal neuroblastoma were more likely to have
high-risk disease and had poorer EFS and OS rates compared
with MYCN-nonamplified thoracic cases in our study. Together
with findings from prior studies (4), our results support the hy-
pothesis that MYCN amplification does not fully explain poorer
outcomes seen in adrenal neuroblastoma. A subset of MYCN-
nonamplified neuroblastoma may nonetheless express high
levels of MYC protein, contributing to inferior outcomes in this
setting (17). Although we did not measure MYC protein expres-
sion directly, our observation of higher MYC RNA expression in
MYCN-nonamplified cases suggests that MYC overexpression
may be a contributing factor.

Our study therefore investigated other potential genomic
features to differentiate adrenal and thoracic neuroblastoma.
Many statistically significant differences in segmental chromo-
somal alterations between adrenal and thoracic cohorts (preva-
lence of 1p loss in adrenal neuroblastoma and losses of 3q, 4q,
16p/q, and 19p/q as well as gain of 17p in thoracic
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Figure 5. Genome-wide association study results associated with neuroblastoma site of origin. A) Manhattan plot illustrating common germline variants and their as-
sociation with neuroblastoma primary site at the BARD1 gene locus. The cohort consists of European-American neuroblastoma patients, and the analysis reflects a
case-case comparison of adrenal (n = 707) vs thoracic (n = 320) patients. Each point represents a germline Single nucleotide polymorphism (SNP) or indel polymorphism
that was either imputed to 1000 Genomes Project data or directly genotyped by Illumina SNP array. B) Manhattan plot of the BARD1 locus. Each variant’s genomic coor-
dinate is plotted on the x-axis, and the negative log10 transform of the association P value is plotted on the y-axis. The color of each point reflects the statistical correla-
tion (r?) between the top associated rs6720708 (alleles = T/C, adrenal-associated allele = T; odds ratio = 1.74, 95% confidence interval =1.44 to 2.12, SNPTEST P=1.99 x
10~%) and surrounding variants at the BARD1 locus. Another prominent signal on the 14q locus did not replicate in the independent Omni array cohort.

neuroblastoma) were no longer statistically significant when
the analysis was restricted to only MYCN-nonamplified cases,
which may reflect statistical confounding with MYCN amplifica-
tion and/or reduced statistical power in subset analysis.
Interestingly, an enrichment of chromosome 11q deletions—a
negative prognostic indicator that inversely correlated with
MYCN amplification (18,19)—in adrenal cases was observed in
the MYCN-nonamplified subcohort. This finding provides fur-
ther evidence that chromosome 11q deletion marks an aggres-
sive molecular subclass of neuroblastoma whose enrichment in
adrenal cases may partially account for worse clinical outcomes
in the absence of MYCN amplification.

We observed statistically significant differences in other re-
current genetic alterations between adrenal and thoracic neuro-
blastoma independently of MYCN status. We evaluated
recurrent point mutations that differentiate adrenal and tho-
racic neuroblastomas, observing a surprising relative paucity of

ALK mutations among adrenal tumors. Interestingly, this differ-
ence in ALK mutation prevalence increased when the analysis
was restricted to only MYCN-nonamplified cases. This suggests
ALK mutations may play important roles in tumorigenesis of
thoracic as compared with adrenal neuroblastoma, indepen-
dent from MYCN status. This hypothesis might appear to be in
contrast with prior preclinical models suggesting that ALK
mutations work in combination with MYCN amplification in the
resulting high-risk phenotypes (20,21), although there is one
published preclinical model of an ALK-driven neuroblastoma
(22). Importantly, we only included recurrent ALK mutations
that had been identified as “driver mutations” with transforma-
tive ability (23), excluding likely passenger mutations.

In our analysis of TARGET gene expression data, we found
that gene expression signatures of adrenal and thoracic neuro-
blastoma are largely predicted by underlying somatic DNA
lesions. The lack of a clear differential expression signature
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based on primary site after adjusting for MYCN amplification
and chromosome 11q loss suggests that adrenal and thoracic
neuroblastomas, rather than representing distinct molecular
subclasses of neuroblastoma, are each heterogeneous entities,
albeit with vastly different propensities toward molecular
subclass-defining lesions. One possibility is that the respective
microenvironments of adrenal and thoracic niches exert selec-
tive pressure inherently favoring specific genetic lesions,
whereas another possibility is that temporal biases in mutation
occurrence differentially align with critical windows in sympa-
thetic nervous system development during which adrenal and
thoracic neuroblastomas arise.

We also investigated whether common germline variation—
previously associated with differential susceptibility to
neuroblastoma—may also correlate with neuroblastoma pri-
mary site. Our study revealed a strong association signal with
adrenal primary compared with thoracic at the previously
reported BARD1 tumor suppressor locus (see Figure 5). Notably,
the most highly associated rs6720708 SNP was in strong linkage
disequilibrium with the putative rs17489363 functional SNP and
replicated in an independent European-American cohort.
Among other previously reported loci, only variation within
CASC15 showed slight association with adrenal vs thoracic pri-
mary site. We did not observe any statistically significant differ-
ential  association between adrenal and thoracic
neuroblastomas for other SNPs at the HACE1, LIN28B, or LMO1
loci. However, the adrenal-favored allele was concordant with
the previously reported risk allele at all loci, suggesting that the
lack of statistical significance may arise from insufficient statis-
tical power and larger studies are required to resolve whether
these variants are associated with primary site. Although
BARD1 variants are associated with MYCN-amplified and high-
risk disease (24), the association of BARD1 with adrenal neuro-
blastoma occurs independently of MYCN amplification status.

We identified several limitations in our study. First, high-
risk cases are overrepresented in the TARGET cohort, likely
resulting in underrepresentation of thoracic cases. Second, neu-
roblastoma primary site annotation was missing or ambiguous
in 373 cases and separate genomic assays were often only avail-
able on nonoverlapping TARGET subsets, limiting our ability to
perform joint statistical analysis and assess primary site as an
independent predictor of survival. Lastly, our current analyses
only focus on the genomic profile of tumor cells and did not ac-
count for the possible role of the tumor microenvironment.
Recent evidence suggests important roles for tumor microenvi-
ronment in disease progression (25), which may contribute to
the clinical differences between thoracic and adrenal
neuroblastoma.

In conclusion, our results collectively support our hypothesis
that there are differences in genetic profiles that account for in-
ferior outcomes in adrenal compared with thoracic cases. Our
findings have several important clinical and biological implica-
tions. With 16% of thoracic tumors harboring ALK mutations,
routine sequencing for these mutations in this setting should
be considered. Additionally, foundational investigation focused
on the developmental pathway and segmental chromosomal
aberrations that underlie differences in localization may pro-
vide novel insights into the fundamental pathogenesis of neu-
roblastoma. Recent work in the zebrafish model has shown
clear differences in sites of origin for malignant neuroblastic
transformation (20,26). Thus, although there are many func-
tional consequences reported for the genetic aberrations con-
sidered here that help to explain the prognostic differences in
primary sites, it is our hope that future validation experiments

in developmental animal models of neuroblastoma may shed
light on differences in localization.
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