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Germline 16p11.2 Microdeletion Predisposes
to Neuroblastoma

Laura E. Egolf,1,2,3 Zalman Vaksman,2,3,4 Gonzalo Lopez,2,3,4 Jo Lynne Rokita,2,3,4 Apexa Modi,2,3,5

Patricia V. Basta,6,7 Hakon Hakonarson,8,9 Andrew F. Olshan,6,7 and Sharon J. Diskin1,2,3,4,5,10,*

Neuroblastoma is a cancer of the developing sympathetic nervous system. It is diagnosed in 600–700 children per year in the United

States and accounts for 12% of pediatric cancer deaths. Despite recent advances in our understanding of this malignancy’s complex ge-

netic architecture, the contribution of rare germline variants remains undefined. Here, we conducted a genome-wide analysis of large

(>500 kb), rare (<1%) germline copy number variants (CNVs) in two independent, multi-ethnic cohorts totaling 5,585 children with

neuroblastoma and 23,505 cancer-free control children.We identified a 550-kb deletion on chromosome 16p11.2 significantly enriched

in neuroblastoma cases (0.39% of cases and 0.03% of controls; p ¼ 3.34 3 10�9). Notably, this CNV corresponds to a known microdele-

tion syndrome that affects approximately one in 3,000 children and confers risk for diverse developmental phenotypes including autism

spectrumdisorder and other neurodevelopmental disorders. TheCNVhad a substantial impact on neuroblastoma risk, with an odds ratio

of 13.9 (95% confidence interval ¼ 5.8–33.4). The association remained significant when we restricted our analysis to individuals of Eu-

ropean ancestry in order tomitigate potential confounding by population stratification (0.42%of cases and 0.03%of controls; p¼ 4.103

10�8).We usedwhole-genome sequencing (WGS) to validate the deletion in paired germline and tumorDNA from12 cases. Finally,WGS

of four parent-child trios revealed that the deletion primarily arose de novo without maternal or paternal bias. This finding expands the

clinical phenotypes associated with 16p11.2 microdeletion syndrome to include cancer, and it suggests that disruption of the 16p11.2

region may dysregulate neurodevelopmental pathways that influence both neurological phenotypes and neuroblastoma.

Current knowledge of predisposition to neuroblastoma

(MIM: 256700) is incomplete. Approximately 1%–2% of

cases occur in the context of familial disease with a domi-

nant mode of inheritance and are largely explained by

germline mutations in the anaplastic lymphoma kinase

(ALK) gene1 (MIM: 105590) or the paired like homeobox

2B (PHOX2B) gene2,3 (MIM: 603851). However, the vast

majority of neuroblastomas arise sporadically without

family history. Genome-wide association studies (GWAS)

have identified common variants that confer risk for spo-

radic neuroblastoma at over a dozen genetic loci,4–13

including a common copy number variant (CNV) at

1q21.1 (MIM: 613017).14 Notably, several of the genes

identified through this approach have been functionally

validated as neuroblastoma oncogenes or tumor suppres-

sors that influence both tumor initiation and mainte-

nance.15–20 However, the common variants identified to

date have only low or moderate effects on neuroblastoma

risk. Higher-impact variants are expected to be rarer due

to purifying selection,21 but the role of rare variants in spo-

radic neuroblastoma has not been extensively explored.

Recent sequencing efforts have reported rare germline sin-

gle-nucleotide variants (SNVs) and indels which affect can-

cer-associated genes in children with neuroblastoma,22–24

but power to detect true disease associations has been

limited due to the lack of sufficient sample sizes available.

In contrast, large CNVs can be reliably detected using high-

density single-nucleotide polymorphism (SNP) arrays, and

hence CNV-based studies often do not suffer the same

limitations. Rare CNVs have recently been implicated in

multiple complex diseases, including cancer.25–28 Here,

we hypothesized that rare germline CNVs contribute sub-

stantially to neuroblastoma risk with larger effect sizes

than do common variants previously identified through

neuroblastoma GWAS.

To identify rare CNVs associated with neuroblastoma,

we analyzed a large cohort of 5,585 neuroblastoma cases

and 23,505 cancer-free control children SNP-genotyped

at the Children’s Hospital of Philadelphia (CHOP). All neu-

roblastoma specimens were obtained with informed con-

sent at original diagnosis through Children’s Oncology

Group (COG) member institutions. DNA from peripheral

blood lymphocytes or bone marrow was provided for gen-

otyping. Neuroblastoma cases were not selected for tumor

stage or other characteristics, so a range of clinical presen-

tations across low-, intermediate-, and high-risk neuroblas-

toma were represented (Table 1). The control group

included cancer-free children recruited after informed
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consent through the CHOP Health Care Network by the

Center for Applied Genomics (CAG) and genotyped

together with the neuroblastoma cases on matched geno-

typing platforms at the CAG. The CHOP Institutional Re-

view Board was responsible for oversight of this study.

The diverse case and control datasets included individuals

of European, African, East Asian, South Asian, and Hispan-

ic descent (Figure S1).

The initial dataset before quality control included 6,072

neuroblastoma cases and 24,242 cancer-free controls. We

divided these samples into discovery and replication co-

horts based on SNP array platform: samples genotyped

on the Illumina HumanHap550 and Human610-Quad ar-

rays were used for discovery (n ¼ 3,688 cases and 9,229

controls) and samples genotyped more recently on the

HumanOmniExpress arrays served as an independent

replication cohort (n ¼ 2,384 cases and 15,013 controls,

Table S1). We restricted the analysis to high-quality SNPs

(see Supplemental Material and Methods in Supplemental

Data) shared across all array types within each cohort

(402,743 and 506,045 SNPs for discovery and replication,

respectively). CNV calls were then generated using a circu-

lar binary segmentation algorithm implemented in Nexus

Copy Number (BioDiscovery) with adjustment for waves

created by GC content variability (Table S2). We removed

excessively noisy samples and those with contamination

from circulating tumor cells and DNA (see Supplemental

Material and Methods in Supplemental Data), resulting

in a final discovery cohort of 3,309 cases and 8,855 con-

trols and a replication cohort of 2,276 cases and 14,650

controls (Table S1).

We first examined megabase-scale chromosomal abnor-

malities in our combined cohort of 5,585 neuroblastoma

cases. Chromosomal abnormalities of this size are detect-

able by conventional cytogenetic analysis as well as by

SNP array and comparative genomic hybridization array

Table 1. Summary of Clinical Covariates for Neuroblastoma Cases before and after Quality Control

- Discovery Cohort Replication Cohort

Clinical Covariate
Before Quality
Control (n ¼ 3,688)

After Quality
Control (n ¼ 3,309)

Before Quality
Control (n ¼ 2,384)

After Quality
Control (n ¼ 2,276)

Sex

female 1,668 (45.2%) 1,496 (45.2%) 1,149 (48.2%) 1,093 (45.6%)

male 1,967 (53.3%) 1,777 (53.7%) 1,232 (51.7%) 1,180 (49.2%)

unavailable 53 (1.4%) 36 (1.1%) 4 (0.1%) 3 (0.1%)

Age at Diagnosis

<18 months 1,705 (46.2%) 1,553 (46.9%) 1,030 (43.2%) 978 (40.8%)

R18 months 1,930 (52.3%) 1,720 (52.0%) 1,351 (56.7%) 1,295 (54.0%)

unavailable 53 (1.4%) 36 (1.1%) 4 (0.1%) 3 (0.1%)

INSSa Stage

stage 1 645 (17.5%) 592 (17.9%) 402 (16.9%) 391 (16.3%)

stage 2 514 (13.9%) 473 (14.3%) 364 (15.3%) 339 (14.1%)

stage 3 581 (15.8%) 542 (16.4%) 380 (15.9%) 362 (15.1%)

stage 4 1,644 (44.6%) 1,435 (43.4%) 1,105 (46.4%) 1,063 (44.4%)

stage 4S 228 (6.2%) 210 (6.3%) 130 (5.5%) 118 (4.9%)

unavailable 76 (2.1%) 57 (1.7%) 4 (0.1%) 3 (0.1%)

Risk

low 1,195 (32.4%) 1,095 (33.1%) 682 (28.6%) 651 (27.2%)

intermediate 753 (20.4%) 700 (21.2%) 567 (23.8%) 537 (22.4%)

high 1,596 (43.3%) 1,398 (42.2%) 1,034 (43.4%) 995 (41.5%)

unavailable 144 (3.9%) 116 (3.5%) 102 (4.2%) 93 (3.9%)

MYCN Status

amplified 631 (17.1%) 551 (16.7%) 425 (17.8%) 411 (17.2%)

non-amplified 2,746 (74.5%) 2,481 (75.0%) 1,768 (74.2%) 1,682 (70.2%)

unavailable 315 (8.4%) 277 (8.4%) 192 (8.0%) 183 (7.6%)

aINSS ¼ International Neuroblastoma Staging System.
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(array CGH) technologies. Several abnormalities have been

identified in children with neuroblastoma and published

as case reports and case series over the last 50 years,29 but

their overall frequency has not been established. Here,

we report that deletions and duplications larger than

5 Mb on autosomal chromosomes were present in 0.27%

of individuals in our large unselected neuroblastoma

cohort (Figure 1A and Figure S3). Notably, a 2p25.1–

p24.2 duplication encompassing the oncogene MYCN

(MIM: 164840) and an interstitial 11q14 deletion were

observed in neuroblastoma cases but not in 23,505 can-

cer-free controls (Figures 1B and 1C). Additionally, a termi-

nal deletion on 11q24.3–q25 was observed in one case and

one control.MYCN amplification and 11q loss are frequent

somatic alterations in neuroblastoma and are predictive of

poor outcome.30,31 Reports of germline 2p gain and 11q

deletion are sparse in the literature, but several of the re-

ported cases have presented with neuroblastoma.29,32–34

The megabase-scale events reported here passed our qual-

ity control (see Supplemental Material and Methods in

Supplemental Data) and showed allelic ratios consistent

with a germline deletion or duplication. However, we

cannot completely rule out the possibility of contamina-

tion from circulating tumor DNA, particularly for the

2p25.1–p24.2 gain, because matched tumor data were

not available. Finally, trisomy 21 (MIM: 190685) was

observed in only one out of 5,585 neuroblastoma cases

in this cohort, which is low relative to the general popula-

tion prevalence of approximately one out of 1,200 individ-

uals.35 This is consistent with previous studies and suggests

a decreased incidence of Down Syndrome in neuroblas-

toma cases.29,36

To narrow our focus to a small number of rare, poten-

tially high-impact CNVs for further analyses and to limit

the interference of artifacts, we considered only CNVs

that were longer than 500 kb and that met stringent

filtering criteria (Table S2.). As expected, large CNVs were

rare. We identified 4,668 high-confidence large CNVs

across the entire sample set, which came to 0.160 per indi-

vidual on average. Large duplications were more common

than deletions (0.114 and 0.046 per individual, respec-

tively). The overall burden of large CNVs was similar

in neuroblastoma cases and cancer-free controls. We

observed an average of 0.154 and 0.157 CNVs per

A B

C

Figure 1. Megabase-Scale Germline Chromosomal Abnormalities Including 2p Gain and 11q Loss Are Observed in 0.27% of Neuro-
blastoma Cases
(A) Germline deletions and duplications larger than 5 Mb on autosomal chromosomes are plotted in a summary karyotype (karyo-
ploteR74) showing the entire cohort of 5,585 neuroblastoma cases. We observed 16 events affecting 15 individuals (the 1q44 terminal
duplication and mosaic 17p13 terminal deletion were present in the same individual).
(B) Log R ratio and B allele frequency plots for the 8.6-Mb germline duplication of 2p25.1-p24.2 (red shading) in a high-risk, MYCN-
amplified case. The location of the MYCN oncogene is indicated by an arrow.
(C) Log R ratio and B allele frequency plots for the 7.2-Mb 11q14 interstitial deletion (blue shading) in an intermediate-risk,MYCN-non-
amplified case.
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case and control, respectively, in the discovery cohort

(p ¼ 0.70) and 0.178 and 0.161 CNVs per case and control

in the replication cohort (p ¼ 0.07). Similarly, no signifi-

cant differences were observed between cases and controls

when considering deletions and duplications separately.

We next carried out a regional association study to iden-

tify CNVs that were larger than 500 kb and enriched in

neuroblastoma in our discovery cohort of 3,309 cases

and 8,855 controls. We collapsed CNVs >500 kb in size

that were recurrent in three or more cases (approximately

0.1%) into copy number variable regions (CNVRs),

requiring at least 100 kb minimum overlap. Consistent

with the overall rarity of large CNVs, no region was deleted

or duplicated in more than 0.63% of neuroblastoma cases

or 0.58% of controls in the discovery cohort. We observed

40 recurrent CNVRs: seven deletions and 33 duplica-

tions (Table S3). We tested these recurrent CNVRs for

association with neuroblastoma using Fisher’s exact test,

applying a Bonferroni-corrected significance threshold

(p ¼ 0.00125). With these restrictions, the only CNVR

reaching genome-wide significance was a 550 kb single-

copy deletion on chromosome 16p11.2 (in 0.36% of cases

and 0.02% of controls; p ¼ 8.3 3 10�6; Table 2 and

Figure 2A). We validated this association in the indepen-

dent replication cohort (p ¼ 3.0 3 10�6). Meta-analysis

detected no heterogeneity between the discovery and

replication cohorts (p ¼ 0.8) and yielded a combined

p value of 3.343 10�9 and an odds ratio of 13.9 (95% con-

fidence interval: 5.8–33.4). This represents a considerably

larger impact on neuroblastoma susceptibility than was

seen with common variants previously identified through

GWAS, for which odds ratios range from 1.2 to 3.0.37

Notably, deletion of this 550 kb region on 16p11.2 is a

recognized genetic syndrome (MIM: 611913) that confers

increased risk for autism spectrum disorder, developmental

delay, intellectual disability, seizures, macrocephaly, early-

onset obesity, increased body mass index, and birth de-

fects.38–45 Chromosome 16p is rich in segmental duplica-

tions, which serve as hotspots for non-allelic homologous

recombination (NAHR) during meiosis or mitosis and give

rise to reciprocal microdeletions and microduplications in

several regions. Five recurrent breakpoint regions have

been defined.44 The deletion we observed in neuroblas-

toma is referred to as the proximal (or typical) deletion

and is characterized by breakpoint (BPs) in the segmental

duplications near 29.6 and 30.2 Mb (BP4–BP5). The

550 kb unique segment between the segmental duplica-

tions (29.65–30.20 Mb) is considered the critical region,

and this segment contains 25 annotated protein-coding

genes. We did not observe any distal (BP1–BP3 or BP2–

BP3) deletions in our cohort of 5,585 neuroblastoma cases,

and we observed proximal and distal 16p11.2 microdupli-

cations only at frequencies consistent with their popula-

tion prevalence (two and three cases, respectively).

These 16p11.2 microdeletions were observed in 0.39%

of neuroblastoma cases and 0.03% of controls overall.

The frequency observed in our control cohort is consis-

tent with previous estimates of 16p11.2 deletion preva-

lence, which range from 0.01%–0.04% in adult popula-

tions38,43,45,46 and 0.03% in a screen of French-Canadian

newborns.47 We observed deletions in all ethnic groups

except South Asians, likely due to the small number

of South Asian individuals included in the study

(Figure S2). The association of 16p11.2 microdeletions

with neuroblastoma remained significant in the dis-

covery and replication cohorts when considering Euro-

pean subjects only (0.42% of cases and 0.03% of controls;

p ¼ 4.10 3 10�8; odds ratio ¼ 14.5; 95% confidence inter-

val ¼ 5.6–37.6; Table 2).

We next tested the 16p11.2 microdeletion for associa-

tion with clinical, biological, and genetic covariates in

our neuroblastoma cohort (Table S4). Strikingly, no cases

with 16p11.2 microdeletion had somatic amplification of

the oncogene MYCN (p ¼ 0.022, Figure 2B), an event

that is observed in approximately 20% of neuroblastoma

tumors and associates with poor prognosis. The deletion

was more frequent in cases classified as low- or intermedi-

ate-risk according to the COG risk stratification method

Table 2. Association of 16p11.2 Microdeletion with Neuroblastoma

Cohort Total Cases

Cases with
16p11.2
Deletion Total Controls

Controls with
16p11.2
Deletion

Deletion
Frequency
in Cases

Deletion
Frequency
in Controls p Value

Odds Ratio
(95% CI)a

All Subjects

discovery 3,309 12 8,855 2 0.36% 0.02% 8.28x10-6 16.1 (3.6–148.2)

replication 2,276 10 14,650 5b 0.44% 0.03% 2.99x10-6 12.9 (4.0–48.2)

meta-analysis - - - - - - 3.34x10-9 13.9 (5.8–33.4)

European Only

discovery 2,219 7 6,236 2 0.32% 0.03% 1.83x10-3 9.9 (1.9–97.4)

replication 1,340 8 12,065 4b 0.60% 0.03% 3.35x10-6 18.1 (4.8–82.2)

meta-analysis - - - - - - 4.10x10-8 14.5 (5.6–37.6)

aCI ¼ Confidence Interval
bOne control possesses a mosaic 16p11.2 microdeletion.
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(p ¼ 0.0049, Figure 2C), even after adjusting for MYCN

amplification (p ¼ 0.046). It also trended toward associa-

tion with tumor stage as described by the International

Neuroblastoma Staging System (p ¼ 0.080), and there

was a slight enrichment for Stage 1 and 2 disease. There

was no significant association with sex (p ¼ 1) or age at

diagnosis (p ¼ 0.68). We compared survival rates between

low-risk cases with and without the deletion and did not

detect a significant difference in overall or event-free sur-

vival at current sample sizes (p¼ 0.54 and p¼ 0.23, respec-

tively; Figure S4). Finally, we restricted our analyses to

European individuals and tested 16p11.2 microdeletion

for association with genotypes at eight known neuroblas-

toma susceptibility loci previously identified through

GWAS. We did not detect any significant differences in

allele frequencies after multiple testing corrections (Table

S5). The enrichment of MYCN non-amplified, low-risk

cases among those with 16p11.2 microdeletion may sug-

gest that the deletion predisposes individuals to neuroblas-

toma through a mechanism that is more likely to give rise

to low-risk disease. Some neuroblastoma-associated GWAS

variants have also shown enrichment in distinct disease

subsets such as high- or low-risk, MYCN amplified, or

11q-deleted cases.5,10,13,48

A

B C

Figure 2. 16p11.2 Microdeletion Associ-
ates with Neuroblastoma and Is Enriched
in MYCN Non-Amplified, Low-Risk Cases
(A) 16p11.2 microdeletions identified in
neuroblastoma cases and cancer-free con-
trols in each analysis cohort (discovery and
replication) are plotted in UCSC Genome
Browser.75 Minimum and maximum dele-
tion coordinates approximated by SNP array
are represented by the thick and thin blue
bars, respectively. The red asterisk denotes
one mosaic deletion identified in a control
(the maximum end coordinate for this sam-
ple was extended to encompass a region of
decreased probe intensity not called by the
segmentation algorithm). Thedeletion coor-
dinates reported by Kumar et al.39 are shown
for reference (converted from hg18 to hg19
using UCSC liftOver76). These coordinates
match the 16p11.2 proximal CNV, a 550-kb
critical region flanked by segmental duplica-
tions. This unique critical region (29.65–
30.20 Mb) contains 25 annotated protein-
coding genes.
(B–C) 16p11.2 microdeletion was tested for
association with clinical covariates in 21
cases with available annotation using
Fisher’s exact test. The deletion associated
significantly (p < 0.05) with MYCN amplifi-
cation status (B) and Children’s Oncology
Group risk classification (C).

To validate these 16p11.2 microdele-

tions and gain further genetic insight,

we performed 303 whole-genome

sequencing (WGS) on germline and

tumor DNA from seven neuroblastoma

cases with the microdeletion. We also utilized WGS data

for five additional microdeletion-carrying neuroblastoma

cases that were sequenced through the Therapeutically

Applicable Research to Generate Effective Treatments

(TARGET) program or the Gabriella Miller Kids First

(GMKF) program. Germline deletions were confirmed in

all 12 individuals, and the deletions were also detected in

all 11 available matched tumors (Figure S5). As estimated

by SNP array, all deletions covered the 550 kb critical re-

gion from 29.65–30.20 Mb and had breakpoints falling

within the flanking segmental duplications.

We next used the WGS data for 11 tumors from 16p11.2

microdeletion cases to profile genome-wide somatic copy

number changes (Figure S6). Segmental chromosomal al-

terations, which clinically correlate with high-risk dis-

ease,49 were observed in two individuals. Nine tumors

harbored no large copy number changes or only whole-

chromosome gains without segmental alterations, consis-

tent with low-risk classification. Chromosome 16 was

gained in three hyperploid low-risk tumors, but did not

harbor any other large alterations. We also assessed the

16p11.2 region for focal copy number changes in these tu-

mors (Figure S5). In most tumors, read coverage within the

16p11.2 deleted region was decreased by approximately
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50% relative to the surrounding region; this result was

similar to the decrease in relative coverage seen with the

germline one-copy deletion. However, two tumors had

slightly lower relative coverage (37%–38%), and one had

higher relative coverage (65%), indicating that the region

may have undergone additional somatic NAHR-mediated

rearrangements in these three tumors.

Wenexthypothesized thatdamaginggermlineor somatic

variants in the unaffected allele might exacerbate the effect

of the deletion by disrupting one or more of the 25 protein-

coding genes within the deleted region. We identified five

rare (allele frequency < 1%), predicted-damaging (CADD

scoreR 20) germline SNVs and indels affecting these pro-

tein-coding genes among the 12 cases with germline WGS

data available (Table S6), but we found no somatic SNVs or

indels meeting these criteria in 11 matched tumors. We

identified two germline missense variants of potential clin-

ical relevance by using the Human Gene Mutation Data-

base: The R386H variant in SEZ6L2 is weakly associated

with autism spectrum disorder (ASD [MIM: 209850]),50

and the P216L variant in PRRT2 has been reported in

Landau-Kleffner syndrome (MIM: 245570), a rare child-

hood neurological disorder.51 It is unclear whether these

and other variants within 16p11.2 play a functional role

in neuroblastoma initiation or progression, but follow-up

studies on these protein-coding variants as well as noncod-

ing and structural variants are warranted.

Lastly, to determine whether these 16p11.2 microdele-

tions arose de novo or were inherited, we considered four

cases for which parental DNA had been collected through

the Neuroblastoma Epidemiology in North America

(NENA) study52 and WGS had been performed through

the GMKF Pediatric Research Program (Figure 3 and Table

S7). By comparing relative coverage and low-frequency

variants within the deleted region in the children to the

same data from their parents, we concluded that the dele-

tion arose de novo in three of four children; of these, two

deletions arose on the maternal allele and one on the

paternal allele. The fourth deletion was either inherited

from the father or arose de novo on the paternal allele.

This predominantly de novo inheritance pattern was also

observed for ASD-associated 16p11.2 microdeletions,

where 90% of deletion cases were de novo or mosaic in

the germline.53 However, in ASD, de novo 16p11.2 dele-

tions exhibited a strong maternal bias: 89% arose on the

maternal haplotype.53 In contrast, here we detected

16p11.2 deletions occurring de novo on both the maternal

and paternal alleles. Maternal ages ranged from 17–32 and

paternal ages from 18–42, showing no apparent trend with

de novo deletion origin (Table S7).

A B

C D

Figure 3. 16p11.2 Microdeletion Arises de novo in Neuroblastoma without Allelic Bias
Coverage is plotted in 2-kb bins for four neuroblastoma cases with parental DNA available: two parent-child trios (A and B) and two
mother-child duos (C and D). All parents show normal coverage within the 16p11.2 critical region (20.65–30.20 Mb, gray shading),
whereas the children show a 50% decrease in coverage; this result confirms 16p11.2 microdeletion (blue shading). The number of
low-frequency variants (<5% in 1000 Genomes) found within each child’s single remaining allele is displayed above the child’s coverage
plot. The fraction of these variants the child shares with each parent is displayed above the parent’s plot.
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16p11.2 microdeletion is associated with a diverse array

of phenotypes including ASD, developmental delay, sei-

zures, macrocephaly, and obesity.35–42 The association

of 16p11.2 microdeletion with neuroblastoma further

expands the breadth of the deletion’s clinical manifesta-

tions to include cancer. Notably, this region has previously

been implicated in the regulation of proliferation and

growth: while 16p11.2 microdeletion associates with mac-

rocephaly and increased body weight, the reciprocal

16p11.2 microduplication associates with microcephaly

and decreased body weight.40,43 Similar reciprocal dele-

tion/duplication growth phenotypes are also observed

with the neurodevelopment-associated CNVs at 1q21.1

(MIM: 612474, 612475)54 and 22q11.2 (MIM: 192430,

608363).55 In general, neurodevelopmental disorders are

enriched for mutations in cancer-associated genes which

control proliferation and differentiation.56 This supports

the notion that genetic variants such as 16p11.2 microde-

letion could predispose individuals to both cancer and

neurodevelopmental phenotypes by perturbing these

cellular functions. For 16p11.2 microdeletion, this effect

may partially be attributed to dysregulation of the

MAPK/ERK pathway caused by deletion of MAPK3 (MIM:

601795), encoding ERK1, and MVP (MIM: 605088). Dele-

tion of a region syntenic to 16p11.2 causes elevated ERK

activity in neural precursors in mice57,58 but the impact

on other lineages, such as those that give rise to neuroblas-

toma, is unknown. Aberrant MAPK signaling contributes

to many cancers, including neuroblastoma, where an

enrichment of mutations in the MAPK pathway has been

observed at relapse.59

The association of 16p11.2 microdeletion with neuro-

blastoma is especially noteworthy given this cancer’s

neurodevelopmental origin. Neuroblastoma is thought

to arise from improper differentiation of neural crest cells

of the sympathoadrenal lineage, giving rise to primary

tumors in sympathetic nervous system tissues. The

pleiotropic effects of 16p11.2 microdeletion on neuro-

blastoma and neurodevelopmental phenotypes such as

ASD may be explained by dysregulation of develop-

mental programs involved in both central and peripheral

nervous system development. Most studies on 16p11.2

microdeletion syndrome have focused on central ner-

vous system defects,60–67 so additional research on the

peripheral nervous system is needed. It is possible that

aberrant neural crest development plays an underappre-

ciated role in the pathology of 16p11.2 microdeletion

syndrome. The neural crest has important functions

in development of the brain and the adrenal and endo-

crine systems, facial bones, heart, and other tissues.

Dysregulation of these systems could partially explain

phenotypes of 16p11.2 microdeletion including lan-

guage and learning impairment, macrocephaly, dysmor-

phic facial features, and cardiac malformation.68 This

possibility is supported by a recent study which suggests

that altered neural crest activity explains some of these

features in the context of ASD.69 Additionally, several

16p11.2 genes were implicated in neural crest-related

phenotypes in a zebrafish loss-of-function screen.70

Future research on the role of the 16p11.2 region in

neural crest development could uncover novel biology

and shed light on the clinical manifestations of the

16p11.2 CNV.

The phenotypes exhibited by 16p11.2 microdeletion

carriers can vary dramatically, even within the same fam-

ily. Some carriers have no identifiable phenotypic abnor-

malities, while others are severely affected with multiple

deficits.68 This makes the deletion syndrome extremely

challenging to diagnose and manage, and it suggests that

other factors cooperate to influence pathogenesis. Both

common and rare variants have been shown to modify

neurodevelopmental outcomes and other phenotypes in

16p11.2 microdeletion carriers.71–73 Given that most dele-

tion carriers do not develop clinically detectable neuro-

blastoma, 16p11.2 deletion alone is likely not sufficient

for neuroblastoma tumorigenesis. Additional genetic,

epigenetic, and environmental factors probably contrib-

uted to initiation and maintenance in individuals

harboring the microdeletion. We identified five rare, pre-

dicted-damaging variants in protein-coding genes within

the 16p11.2 region that could potentially function as

second hits, but the significance of these variants and

other genetic and epigenetic alterations requires further

investigation.

Currently, complete medical histories are not available

for the individuals with neuroblastoma profiled in this

study. An important future direction for this work is to

re-contact families of children with 16p11.2 microdeletion

and define the co-occurrence of neuroblastoma with other

traits typical of the microdeletion syndrome. This will help

determine whether counseling or surveillance for neuro-

blastoma might be appropriate for children diagnosed

with 16p11.2 microdeletion, or conversely, whether germ-

line testing for children newly diagnosed with neuroblas-

toma should include 16p11.2 microdeletion so that the

other phenotypes associated with the syndrome can be

monitored.

Overall, this study identifies a rare germline CNV that

substantially impacts neuroblastoma risk, highlighting

the potential clinical relevance of rare variants in this often

deadly pediatric cancer. This finding expands the already

diverse clinical outcomes associated with 16p11.2 micro-

deletion syndrome to include cancer, and it raises ques-

tions regarding the role of the 16p11.2 region in neural

crest development.
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A.M., Hippolyte, L., Macé, A., Ferrari, C., Kutalik, Z., Andrieux,

J., et al.; Simons VIP Consortium; and 16p11.2 European Con-

sortium (2012). A 600 kb deletion syndrome at 16p11.2 leads

to energy imbalance and neuropsychiatric disorders. J. Med.

Genet. 49, 660–668.

45. Macé, A., Tuke, M.A., Deelen, P., Kristiansson, K., Mattsson,
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I.A., Mendoza, D.B., et al. (2017). Kctd13 deletion reduces

synaptic transmission via increased RhoA. Nature 551,

227–231.

61. Park, S.M., Park, H.R., and Lee, J.H. (2017). MAPK3 at the

Autism-Linked Human 16p11.2 Locus Influences Precise Syn-

aptic Target Selection at Drosophila Larval Neuromuscular

Junctions. Mol. Cells 40, 151–161.

62. Haslinger, D., Waltes, R., Yousaf, A., Lindlar, S., Schneider, I.,

Lim, C.K., Tsai, M.M., Garvalov, B.K., Acker-Palmer, A., Krez-

dorn, N., et al. (2018). Loss of the Chr16p11.2 ASD candidate

gene QPRT leads to aberrant neuronal differentiation in the

SH-SY5Y neuronal cell model. Mol. Autism 9, 1–17.

63. Richter, M., Murtaza, N., Scharrenberg, R., White, S.H., Jo-

hanns, O., Walker, S., Yuen, R.K.C., Schwanke, B., Bedürftig,

B., Henis, M., et al. (2018). Altered TAOK2 activity causes

autism-related neurodevelopmental and cognitive abnormal-

ities through RhoA signaling. Mol. Psychiatry. https://doi.

org/10.1038/s41380-018-0025-5.

64. Golzio, C., Willer, J., Talkowski, M.E., Oh, E.C., Taniguchi,

Y., Jacquemont, S., Reymond, A., Sun, M., Sawa, A., Gusella,

J.F., et al. (2012). KCTD13 is a major driver of mirrored

The American Journal of Human Genetics 105, 658–668, September 5, 2019 667

http://refhub.elsevier.com/S0002-9297(19)30303-9/sref39
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref39
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref40
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref41
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref42
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref42
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref42
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref42
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref42
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref43
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref43
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref43
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref43
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref43
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref44
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref45
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref45
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref45
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref45
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref45
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref46
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref46
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref46
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref47
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref47
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref47
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref47
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref47
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref48
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref48
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref48
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref48
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref48
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref49
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref49
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref49
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref49
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref49
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref50
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref50
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref50
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref50
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref51
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref51
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref51
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref51
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref51
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref52
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref53
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref53
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref53
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref53
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref54
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref54
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref54
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref54
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref54
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref55
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref55
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref55
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref55
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref55
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref56
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref56
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref56
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref57
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref57
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref57
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref57
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref57
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref58
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref59
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref59
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref59
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref59
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref59
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref60
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref60
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref60
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref60
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref60
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref61
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref61
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref61
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref61
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref62
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref62
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref62
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref62
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref62
https://doi.org/10.1038/s41380-018-0025-5
https://doi.org/10.1038/s41380-018-0025-5
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref64
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref64
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref64


neuroanatomical phenotypes of the 16p11.2 copy number

variant. Nature 485, 363–367.

65. Grissom, N.M., McKee, S.E., Schoch, H., Bowman, N., Ha-

vekes, R., O’Brien, W.T., Mahrt, E., Siegel, S., Commons, K.,

Portfors, C., et al. (2018). Male-specific deficits in natural

reward learning in amousemodel of neurodevelopmental dis-

orders. Mol. Psychiatry 23, 544–555.

66. Lin, G.N., Corominas, R., Lemmens, I., Yang, X., Tavernier, J.,

Hill, D.E., Vidal, M., Sebat, J., and Iakoucheva, L.M. (2015).

Spatiotemporal 16p11.2 protein network implicates cortical

late mid-fetal brain development and KCTD13-Cul3-RhoA

pathway in psychiatric diseases. Neuron 85, 742–754.

67. Iyer, J., Singh, M.D., Jensen, M., Patel, P., Pizzo, L., Huber, E.,

Koerselman, H., Weiner, A.T., Lepanto, P., Vadodaria, K.,

et al. (2018). Pervasive genetic interactions modulate neuro-

developmental defects of the autism-associated 16p11.2

deletion in Drosophila melanogaster. Nat. Commun. 9,

2548.

68. Miller, D.T., Chung,W., Nasir, R., Shen, Y., Steinman, K.J., Wu,

B.-L., and Hanson, E. (1993). 16p11.2 recurrent microdele-

tion. In GeneReviews, M.P. Adam, H.H. Ardinger, R.A. Pagon,

S.E. Wallace, L.J.H. Bean, K. Stephens, and A. Amemiya, eds.

(University of Washington, Seattle).

69. Benı́tez-Burraco, A., Lattanzi, W., and Murphy, E. (2016). Lan-

guage impairments in ASD resulting from a failed domestica-

tion of the human brain. Front. Neurosci. 10, 373.

70. Blaker-Lee, A., Gupta, S., McCammon, J.M., De Rienzo, G.,

and Sive, H. (2012). Zebrafish homologs of genes within

16p11.2, a genomic region associated with brain disorders,

are active during brain development, and include two dele-

tion dosage sensor genes. Dis. Model. Mech. 5, 834–851.

71. Pizzo, L., Jensen, M., Polyak, A., Rosenfeld, J.A., Mannik, K.,

Krishnan, A., McCready, E., Pichon, O., Le Caignec, C., Van

Dijck, A., et al. (2019). Rare variants in the genetic background

modulate cognitive and developmental phenotypes in indi-

viduals carrying disease-associated variants. Genet. Med. 21,

816–825.

72. Wu, N., Ming, X., Xiao, J., Wu, Z., Chen, X., Shinawi, M.,

Shen, Y., Yu, G., Liu, J., Xie, H., et al. (2015). TBX6 null vari-

ants and a common hypomorphic allele in congenital scoli-

osis. N. Engl. J. Med. 372, 341–350.

73. Girirajan, S., Rosenfeld, J.A., Cooper, G.M., Antonacci, F., Sis-

wara, P., Itsara, A., Vives, L., Walsh, T., McCarthy, S.E., Baker,

C., et al. (2010). A recurrent 16p12.1 microdeletion supports

a two-hit model for severe developmental delay. Nat. Genet.

42, 203–209.

74. Gel, B., and Serra, E. (2017). karyoploteR: an R/Bioconductor

package to plot customizable genomes displaying arbitrary

data. Bioinformatics 33, 3088–3090.

75. Kent, W.J., Sugnet, C.W., Furey, T.S., Roskin, K.M., Pringle,

T.H., Zahler, A.M., and Haussler, D. (2002). The human

genome browser at UCSC. Genome Res. 12, 996–1006.

76. Hinrichs, A.S., Karolchik, D., Baertsch, R., Barber, G.P., Bejer-

ano, G., Clawson, H., Diekhans, M., Furey, T.S., Harte, R.A.,

Hsu, F., et al. (2006). The UCSC Genome Browser Database:

update 2006. Nucleic Acids Res. 34, D590–D598.

668 The American Journal of Human Genetics 105, 658–668, September 5, 2019

http://refhub.elsevier.com/S0002-9297(19)30303-9/sref64
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref64
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref65
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref65
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref65
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref65
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref65
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref66
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref66
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref66
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref66
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref66
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref67
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref68
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref68
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref68
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref68
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref68
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref69
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref69
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref69
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref70
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref70
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref70
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref70
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref70
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref71
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref72
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref72
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref72
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref72
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref73
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref73
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref73
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref73
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref73
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref74
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref74
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref74
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref75
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref75
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref75
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref76
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref76
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref76
http://refhub.elsevier.com/S0002-9297(19)30303-9/sref76

	Germline 16p11.2 Microdeletion Predisposes to Neuroblastoma
	Data Availability
	Accession Numbers
	Supplemental Data
	Acknowledgments
	Declaration of Interests
	Web Resources
	References


