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Summ a r y

Childhood tumors that occur synchronously in different anatomical sites usually 
represent metastatic disease. However, such tumors can be independent neo-
plasms. We investigated whether cases of bilateral neuroblastoma represented 
independent tumors in two children with pathogenic germline mutations by geno-
typing somatic mutations shared between tumors and blood. Our results sug-
gested that in both children, the lineages that had given rise to the tumors had 
segregated within the first cell divisions of the zygote, without being preceded by 
a common premalignant clone. In one patient, the tumors had parallel evolution, 
including distinct second hits in SMARCA4, a putative predisposition gene for neu-
roblastoma. These findings portray cases of bilateral neuroblastoma as having 
independent lesions mediated by a germline predisposition. (Funded by Children 
with Cancer UK and Wellcome.)

Tumors that occur in multiple sites usually represent metastatic 
disease originating from the same primary tumor. However, in some forms 
of childhood cancer, it has been proposed that synchronous lesions that are 

located in separate anatomical regions may represent independent tumors. The 
only established example of this phenomenon has been shown in children who 
have pathogenic germline mutations in the gene encoding RB transcriptional co-
repressor 1  (RB1), a tumor-suppressor retinoblastoma protein that is dysfunc-
tional in several major cancers. Such children are at increased risk for bilateral 
retinoblastoma, with each tumor harboring a somatic RB1 mutation that is inde-
pendent of the RB1 mutation in the contralateral tumor.1,2 Other tumor types that 
may be multifocal include neuroblastoma, in particular “4S” metastatic disease of 
infants, and bilateral neuroblastoma.3 However, the notion of independent tumor 
formation has not been substantiated in these diseases. For the clinical treatment 
of children with multisite neuroblastoma, the distinction between metastatic and 
multifocal disease is likely to have decisive implications. For example, in patients 
with bilateral tumors, it may be justifiable to reduce treatment intensity if the 
tumors were found to be independent, low-risk lesions. By contrast, if such tumors 
were metastatic, most treatment protocols would stipulate an aggressive, multi-
modal approach to therapy.

It is possible to establish the phylogenetic relationship between multiple tumors 
by comparing the somatic mutations that they share. Such analyses have been ap-
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plied widely to the study of the evolution of hu-
man cancers.4 We have recently adapted this 
approach to enable the reconstruction of the 
embryologic features of childhood tumors.5 As 
cells divide and develop, they acquire (post
zygotic) somatic genetic variants that represent 
embryologic lineages and may be measurable in 
normal tissues. These variants and lineages ren-
der the organism mosaic. Therefore, in principle, 
it would be possible to relate tumors to embryo-
logic lineages through mosaic variants (Fig. 1), 
which may unambiguously resolve whether tu-
mors are developmentally related and reveal a 
precise developmental stage at which tumors 
formed or segregated. For example, in the case 
of bilateral Wilms’ tumor, a childhood kidney 
cancer, we found that tumors originated from a 
common embryologic precursor that formed af-
ter blood and kidney lineages segregated.5 Here, 
we applied our approach to rare cases of bilat-
eral neuroblastoma in two children to investi-
gate whether these lesions represented indepen-
dent cancers.

C a se R eport s

Patient 1 (case number, PD36812), a previously 
healthy 4-year-old boy, was referred to us for the 
evaluation of abdominal masses (Fig. 2A). After 
performing standard diagnostic and staging 
investigations that included bilateral biopsies of 
suprarenal lesions, we derived a diagnosis of bi-
lateral neuroblastoma, with each tumor having 
poorly differentiated histologic features, no am-
plification in MYCN (a member of the Myc fam-
ily of oncogenes), and the deletion of 19p. There 
was no evidence of distant metastatic disease. We 
initiated treatment according to the high-risk 
protocol of Société Internationale d’Oncologie 
Pédiatrique (SIOP).

Patient 2 (case number, PD34954), a 4-year-
old girl, was referred to us for the management 
of bilateral adrenal masses that were shown to 
be undifferentiated neuroblastoma with wide-
spread metastatic disease. In contrast to Patient 1, 
Patient 2 had a left adrenal tumor that was locally 
extensively invasive, whereas the right adrenal 

Figure 1. Possible Developmental Origins of Multisite Tumor Formation.

The expected pattern of mutation sharing between tumors and paired normal blood reflects the origin of bilateral 
tumors. Bilateral tumors can arise from a common progenitor in development, which will be delineated by a shared 
trunk of mutations that is absent from blood (Panel A). If the tumors diverged early in embryogenesis, one or both 
lesions will share mutations with blood but not with the other lesion (Panel B). Letters in the phylogenetic trees 
refer to postzygotic mutations; the variant allele frequency of these mutations is provided in the heat maps.
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tumor constituted a relatively small adrenal 
mass (Fig. 3A). A diagnosis of congenital central 
hypoventilation syndrome was made in associa-
tion with a germline mutation in PHOX2B, an 
alteration that also results in a predisposition to 
neuroblastoma.6

 Genomic A na lysis  a nd R esult s

We performed whole-genome sequencing of DNA 
derived from each tumor and from peripheral 

blood samples obtained from each of the chil-
dren and their parents. Using a validated variant-
calling pipeline,5 we determined variants of all 
classes, which were subdivided into inherited 
germline, de novo germline, mosaic (embryonic), 
and somatic variants. From these catalogues, we 
reconstructed the phylogenetic development of 
each tumor, as described previously.5 Details 
about this approach are provided in the Supple-
mentary Methods section and in Figures S1 
through S3 in Supplementary Appendix 1; an 
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overview of the two cases is provided in Table S1 
in Supplementary Appendix 2, along with details 
about the two patients in Tables S2 through S5. 
The two appendixes are available with the full 
text of this article at NEJM.org.

Patient 1

In Patient 1, we examined inherited and de novo 
germline variants. We found two bona fide 
pathogenic mutations, one inherited from each 
parent. The child carried a paternal truncating 
variant in SMARCA4, which is a putative predis-
position gene for neuroblastoma.7-9 In addition, 
he carried a maternally inherited truncating 
mutation in the gene encoding checkpoint ki-
nase 2 (CHEK2), which has recently been found 
to confer a predisposition to a variety of child-
hood tumors7-9 (Fig.  2B). Next, we examined 
mosaic variants that were present in one or both 

tumors and in blood cells. These variants are 
nonheterozygous in the blood and can be in-
ferred to have accumulated during the first few 
cell divisions of the zygote. Three of these vari-
ants were present in blood and in both tumors 
(Fig.  2C). Unexpectedly, four of these variants 
were present in the left tumor and blood but 
absent in the right tumor. These variants, which 
are exclusive to cells of the blood and the left 
tumor, were not found at chromosomal loci af-
fected by the loss of heterozygosity or copy-
number variation at chromosomal loci (Table S5 
in Supplementary Appendix 2). The exclusivity of 
these variants indicated that the tumors had 
been derived from separate embryologic lineages 
that segregated within the first few cell divisions 
before gastrulation. In a separate analysis, we did 
not find any somatic variants that were shared 
between the left and right tumors, which was 
consistent with the previous finding of exclusivity.

After segregation of the two lineages, the 
tumors had undergone remarkably parallel devel-
opment (Fig. 2D). Among key somatic changes 
in each tumor was the gain of chromosome 7, 
albeit of different parental chromosomes: dupli-
cation of the maternal chromosome in the left 
tumor and duplication of the paternal chromo-
some in the right. Furthermore, both tumors 
had a loss of maternal 19p, thus deleting the 
remaining intact germline copy of SMARCA4. 
However, different translocations generated the 
breakpoint on 19p (Fig. 2D, 2E, and 2F). In the 
right tumor, the loss of 19p was coupled with a 
gain of 17q, a genomic feature of high-risk neuro-
blastoma.6 In addition, on chromosome 11, the 
right tumor had a high density of intrachromo-
somal rearrangements associated with copy-
number changes, which was consistent with 
chromothripsis (i.e., multiple chromosomal re-
arrangements that are thought to occur simulta-
neously and are commonly found in human 
cancer). To establish the order of these parallel 
somatic events, we applied analytic techniques 
that time the acquisition of copy-number chang-
es relative to that of single-base variants.4 Our 
findings indicated that these somatic events may 
have been acquired in the same order on both 
the left and right sides (Fig.  2E). As has been 
shown in other cancers,4,10 we identified trisomy 7 
as an early acquired event. Among the somatic 
events unique to each tumor, we did not find any 
additional driver events.

Figure 2 (facing page). Independent Origin and Convergent 
Parallel Evolution of Tumors in Patient 1.

Panel A shows coronal magnetic resonance imaging 
(MRI) of the right and left adrenal glands in Patient 1 
(case number, PD36812), with large tumors indicated 
by white arrows. Panel B shows the phylogenetic ori-
gins of the right and left tumors in Patient 1. The pa-
tient inherited two pathogenic variants: a truncating 
missense variant in SMARCA4 from the father and a 
truncating frameshift CHEK2 variant from the mother. 
Branches in black depict variants (labeled a through g) 
in the tumors that were shared with blood. The num-
bers of substitutions are annotated above the branch, 
and insertions or deletions (indels) are annotated be-
low the branch. Panel C shows the variant allele fre-
quency (VAF) of the seven mutations present in blood 
(labeled a through g, as in the phylogenetic tree). Panel D 
shows a phased copy-number plot of the left and right 
adrenal tumors. Breakpoints of structural variants are 
connected by solid lines. In the right tumor, the dense 
grouping of solid lines on chromosome 11 is the result 
of chromothripsis. Panel E shows the timing of the ac-
quisition of copy-number gains from somatic mutations 
before and after duplication. Gains of maternal chromo-
somes (chr) are indicated in red and gains of paternal 
chromosomes in blue. Within each branch, asterisks 
highlight pairs of rearrangements that are unlikely to 
have occurred at different time points (P>0.05 by the 
Poisson test). LOH denotes loss of heterozygosity. Panel 
F shows the different breakpoints that underlie the loss 
of heterozygosity of chromosome 19 in the left and right 
tumors. Only the right tumor shows signs of chromo
thripsis. Translocations that mediate a loss of heterozy-
gosity on chromosome 19p in the left and right tumors 
have different chromosomal partners and are located 
in different genomic positions, as indicated by the 
numbers below the breakpoints.
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 Patient 2
We performed the same analyses on samples 
obtained from Patient 2 and her parents, and we 
again found 3 variants in both tumors and in 
blood, along with 14 variants that were exclusive 
to one tumor or the other yet present in blood 
cells (Fig. 3B and 3C and Fig. S4 in Supplemen-
tary Appendix 1). We did not find variants that 
were common to both tumors in a separate 
analysis. We concluded that both tumors were 
derived from independent embryonic lineages 
that segregated within a few cell divisions after 
fertilization. In Patient 2, tumor development 
diverged, leading to a low-risk neuroblastoma 
in the right adrenal with no additional driver 
events. By contrast, the tumor in the left adrenal 
had acquired somatic genetic changes that char-

acterize high-risk tumors, including gain of 
chromosome 17q (Fig. 3D and 3E), consistent 
with its characteristics (locally and extensively 
invasive).

 Discussion

Here, we reconstructed the development of two 
cases of bilateral neuroblastoma from somatic 
mutations that provide a barcode for embryonic 
cell divisions and lineages. Our expectation might 
have been that such tumors stem from a com-
mon postzygotic precursor, similar to what has 
been observed in bilateral Wilms’ tumor.5 In 
such a case, we would have observed shared 
mutations between tumors that we did not find 
in blood. However, we found that such tumors 

Figure 3. Independent Origin of Bilateral Tumors with Divergent Risk Profiles in Patient 2.

Coronal MRI shows a large left adrenal tumor extending into the right thorax (image at left) and a small right adrenal tumor (with arrows 
indicating tumors) in Patient 2 (case number, PD34954). Panel B shows the phylogenetic origin of the left and right tumors, with a de 
novo truncating variant in PHOX2B. Branches in black depict variants shared with blood. The numbers of substitutions are annotated 
above the branch, and indels are annotated below the branch. Panel C shows the variant allele frequencies of representative variants 
that are present in blood and that delineate both tumor lineages. A full heat map is provided in Figure S4 in Supplementary Appendix 1. 
Panel D shows a phased copy-number plot of the left and right tumors. Breakpoints of structural variants are connected by solid lines. 
Panel E shows the timing of the acquisition of copy-number gains from somatic mutations before and after duplication. Asterisks indi-
cate that there was a lack of evidence that gains occurred at different time points (P>0.05 by the Poisson test).
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are independent neoplasms that separated early 
in embryogenesis, thus providing direct phyloge-
netic proof for the presumption that some multi-
site neuroblastomas do not represent metastatic 
disease.

Although our study is limited in scale owing 
to the rarity of bilateral neuroblastoma, our 
findings raise questions about multisite tumors 
in children. In the majority of cases, it is likely 
that, as commonly assumed, multisite tumors 
represent metastatic disease. Nevertheless, our 
observations may lead to some questioning of 
this assumption in certain clinical scenarios, 
such as multisite tumors in infants or in chil-
dren who are predisposed to cancer. One could 
argue that for a child with independent multisite 
tumors, treatment should be guided by the le-
sion associated with the worst prognosis, with a 
less aggressive treatment regimen in the instance 
of multiple, independent low-risk tumors.

In our study, Patient 1 had two embryonic 
lineages that evolved in parallel into high-risk 
tumors. Although the parallel convergent devel-
opment of different clones within a tumor is a 
well-described phenomenon,11 the development of 
independent synchronous tumors that mirror 
each other is a remarkable observation. We 
speculate that each of the germline pathogenic 
variants sets the stage for tumor formation 
through a restricted repertoire of additional 
driver events. Our analytic strategy may provide 
further insights into the early embryonic devel-
opment of childhood cancers, especially because 
whole-genome sequencing in the context of clini-
cal management of cancer is becoming increas-
ingly common.
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