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Abstract

To investigate genetic predispositions for MYCN-amplified neuroblastoma, we performed a meta-analysis of three ge-
nome-wide association studies totaling 615 MYCN-amplified high-risk neuroblastoma cases and 1869 MYCN-nonamplified
non-high-risk neuroblastoma cases as controls using a fixed-effects model with inverse variance weighting. All statistical
tests were two-sided. We identified a novel locus at 3p21.31 indexed by the single nucleotide polymorphism (SNP)
rs80059929 (odds ratio [OR] = 2.95, 95% confidence interval [CI] = 2.17 t0 4.02, Pppeta = 6.47 x 1071%) associated with MYCN-
amplified neuroblastoma, which was replicated in 127 MYCN-amplified cases and 254 non-high-risk controls (OR =2.30,
95% CI=1.12 t0 4.69, Preplication = -02). To confirm this signal is exclusive to MYCN-amplified tumors, we performed a sec-
ond meta-analysis comparing 728 MYCN-nonamplified high-risk patients to identical controls. rs80059929 was not statis-
tically significant in MYCN-nonamplified high-risk patients (OR=1.24, 95% CI=0.90 to 1.71, Pmeta = .19). SNP rs80059929 is
within intron 16 in the KIF15 gene. Additionally, the previously reported LMO1 neuroblastoma risk locus was statistically
significant only in patients with MYCN-nonamplified high-risk tumors (OR=0.63, 95% CI =0.53 t0 0.75, Ppeta = 1.51 x 108
Pmeta = .95). Our results indicate that common genetic variation predisposes to different neuroblastoma genotypes, includ-

ing the likelihood of somatic MYCN-amplification.

Neuroblastoma is characterized by a broad spectrum of clinical
behavior (1). Children with high-risk disease are treated with
high-dose chemotherapy, surgery, autologous stem cell trans-
plant, radiation, and immunotherapy (2). A core high-risk crite-
rion is MYCN oncogene amplification (2), which is present in
approximately 20% of all neuroblastoma tumors. Among high-
risk patients, half have MYCN-amplification. Multiple studies
have demonstrated that the biology of MYCN-amplified and
MYCN-nonamplified high-risk neuroblastoma is disparate (3,4).
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However, the genetic events predisposing patients to MYCN-
amplified neuroblastoma remain unclear.

Genome-wide association studies (GWAS) comparing neuro-
blastoma patients to healthy controls have identified several sus-
ceptibility loci associated with clinical risk group (5-12). Many of
these susceptibility loci modify oncogenic drivers or have tumor
suppressor activity (13-15). Here, we performed a meta-analysis of
three GWAS to test the hypothesis that in addition to phenotypic
risk group, specific germline susceptibility loci are associated with
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Figure 1. Specific genomic loci associated with the development of MYCN-amplified high-risk neuroblastoma. A) Manhattan plot showing single nucleotide polymor-
phisms (SNPs) statistically significantly associated with MYCN-amplified neuroblastoma. B) LocusZoom (22) plot of novel loci identified at 3p21.31 shows that the most
strongly associated SNP is located in intron 16 within the KIF15 gene locus. C) Forest plot shows the P value and odds ratio with 95% confidence interval for rs80059929
from each set and meta-analysis. Error bars indicate 95% confidence intervals. All statistical tests were two-sided. D) Manhattan plot showing SNPs statistically signifi-
cantly associated with MYCN-nonamplified high-risk neuroblastoma. E) LocusZoom of previously identified loci on chromosome 11 shows the SNPs in LMO1 that were
not associated with the development of MYCN-amplified disease. F) Forest plot shows the P value and odds ratio with 95% confidence interval for rs2168101 from each
set and meta-analysis. Error bars indicate 95% confidence intervals. All statistical tests were two-sided. MAF = minor allele frequency; OR = odds ratio.
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Supplementary Table 1, available online). All three discovery
studies and the replication study had the same risk allele for
rs80059929 with a P value of less than .05 (Figure 1C). SNPs
reaching genome-wide statistical significance were also found
in or near BARD1, OLA1, and GRKS5 (Table 1). BARD1 was previ-
ously identified as a high-risk neuroblastoma susceptibility lo-
cus using high-risk cases from Set 1 (6). The associations in
OLA1 and GRKS5 loci were not statistically significant in the repli-
cation set, although the association in OLA1 was suggestive
(Preplication = 11)

A second meta-analysis evaluated the association of 3p21.31
and MYCN-nonamplified high-risk disease. Here, we found no as-
sociation in the MYCN-nonamplified high-risk cases compared
with non-high-risk controls (rs80059929 OR = 1.24, 95% CI=0.90 to
1.71, Pmeta = -19) (Figure 1D). There was statistically significant het-
erogeneity between the meta-analyses (Phoi = 1.4x10% 2 =
93.1%). In contrast, we found that the previously identified high-
risk neuroblastoma susceptibility locus in LMO1 was statistically
significantly associated with MYCN-nonamplified high-risk neuro-
blastoma (rs2168101 OR=0.63, 95% CI=053 to 0.75, Ppew =
1.51x10®), but not with MYCN-amplified disease (rs2168101
OR=1.01, 95% CI=0.85 t0 1.19, Prmeta = .95; Pret = 7.0x 107, I =
93.7%) (Figure 1, D-F, and Table 1; Supplementary Table 2, available
online). This association was replicated in 140 MYCN-nonamplified
cases and 254 non-high-risk controls (rs2168101 OR=0.61, 95%
CI=042 to 0.88, Preplication = 2.9 X 10%. SNPs reaching genome-
wide statistical significance were again found in or near BARDI.

Thus, we found that MYCN-amplified high-risk neuroblastoma
and MYCN-nonamplified high-risk neuroblastoma have both
shared and unique germline genetic architecture. We identified a
novel susceptibility locus at 3p21.31 uniquely associated with
MYCN-amplified disease. Additionally, neuroblastoma-associated
variants previously described in LMO1 were statistically significant
only in patients with MYCN-nonamplified high-risk disease.

The causal DNA variant at the 3p21.31 locus was not identi-
fied and expression quantitative loci (eQTLs) were not found,
which are limitations of our study. Thus, the mechanisms leading
to somatic MYCN-amplification remain unclear. Fine-mapping
and additional functional studies will be needed to determine
how germline DNA variants at 3p21.3 increase predisposition to
MYCN-amplified neuroblastoma tumors. Ultimately, these stud-
ies may lead to the discovery of new genomic biomarkers and
provide insight to the development of novel treatment strategies
for this aggressive pediatric disease.
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