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Abstract

Purpose: Neuroblastoma (NB) is a heterogeneous disease

characterized by distinct clinical features and by the presence of

typical copy-number alterations (CNAs). Given the strong asso-

ciation of these CNA profiles with prognosis, analysis of the CNA

profile at diagnosis ismandatory. Therefore, we testedwhether the

analysis of circulating cell-free DNA (cfDNA) present in plasma

samples of patients with NB could offer a valuable alternative to

primary tumor DNA for CNA profiling.

Experimental Design: In 37 patients with NB, cfDNA analysis

using shallow whole genome sequencing (sWGS) was compared

with arrayCGH analysis of primary tumor tissue.

Results:Comparison of CNAprofiles on cfDNA showed highly

concordant patterns, particularly in high-stage patients. Numer-

ical chromosome imbalances as well as large and focal structural

aberrations includingMYCN and LIN28B amplification andATRX

deletion could be readily detectedwith sWGS using a low input of

cfDNA.

Conclusions: In conclusion, sWGS analysis on cfDNA offers a

cost-effective, noninvasive, rapid, robust and sensitive alternative

for tumor DNA copy-number profiling in most patients with NB.

Clin Cancer Res; 23(20); 6305–14. �2017 AACR.

Introduction

Neuroblastoma (NB) is the most common extracranial solid

tumor of childhood and is characterized by a remarkable biolog-

ical and clinical heterogeneity ranging from spontaneous regres-

sion (stage 4s) to overt metastasis (1, 2). Recurrent somatic

mutations are rare in NB, while DNA copy-number alterations

(CNAs) are present in almost all cases (3–7). The distinct patterns

of CNAs in favorable (whole chromosome imbalances only)

versus highly aggressive NBs (segmental chromosomal gains and

losses) have led to the mandatory inclusion of multi-locus assays

for CNA profiling for the genetic work-up of new patients withNB

at diagnosis (6, 7). To this purpose, either fluorescence in situ

hybridization (FISH),multiplex ligation-dependent probe ampli-

fication (MLPA), arrayCGH, or SNParray was used (8, 9). How-

ever, all these methods depend on the availability of primary

tumor tissue at diagnosis, which can be obtained only through an

invasiveprocedure.Open surgical biopsies are preferred, but often

diagnosis relies on tru-cut or fine-needle biopsies. However, these

small biopsies only provide a genomic view of one particular

small area of a primary tumor, while NB tumors are known to

demonstrate intratumoral, spatial, and temporal heterogeneity

(10–13).

During the last few years, it has become evident that circulating

tumor cells or circulating free nucleic acids present in peripheral

blood or plasma can be used as a valuable alternative to biopsy.

These so-called liquid biopsies can be used for diagnosis, mon-

itoring therapy response, or prediction of relapse and allow

frequent disease monitoring without additional risk and burden

for the patients (14–16). Especially targeted approaches on liquid

biopsies have allowed the detection of specific mutations or

methylation events, while whole genome studies so far are rela-

tively scarce (17). In NB, liquid biopsies have already shown to be

useful to detect MYCN amplification and ALK mutations using

real-time quantitative PCR and digital droplet PCR (18, 19). Thus

far, for NB only one single study compared primary NB tumor

DNA and cfDNA using a classical copy-number profiling tech-

nique (i.e., arrayCGH) (20).

In this study, we report on the first successful application of

shallow whole genome sequencing (sWGS) for the detection of

CNAs in cfDNA of 37 patients with NB. CNA profiles generated
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from cfDNA isolated from as little as 200 mL plasma were

compared with genomic profiles of the corresponding tumors

determined by standard array technology.

Materials and Methods

Patient material

The local ethical committee approved the study and written

consent was obtained from all patients enrolled in this study

or their representatives. The clinical characteristics of the patients

are summarized in Table 1 and Supplementary Table S1. In total,

plasma samples were obtained from 12 low-stage (including two

stage 4s) and25patientswith high-stageNB, including 13MYCN-

amplified cases.

Blood sample collection, plasma preparation, and cfDNA

extraction

Whole blood samples from all patients with NB were collected

in EDTA vacutainer tubes (BD Biosciences) and kept at 4�C until

further processing. Plasma was prepared within 24 hours after

blood collection. Plasma was obtained after 1 � 10 min centri-

fugation at 1,600 rcf at 4�C, centrifuge acceleration, and deceler-

ationwas set to two, followed by a subsequent centrifugation step

of 1 � 10 minutes at 16,000 rcf at 4�C. The plasma was stored at

�80�C (21 samples) or was processed immediately for subse-

quent cfDNA extraction (16 samples). cfDNA was extracted using

theQIAampCirculatingNucleic AcidKit (Qiagen). TheQiagen kit

was used in conjunction with the QiaVac 24 plus vacuum man-

ifold (Qiagen). Isolation of cfDNAwas done starting from1 to 3.5

mLof plasma, if less plasmawas available, volumeswere adjusted

by addingof 1�PBS. For 21of 37 samples the input of plasmawas

200 mL. DNA extraction was performed according to the manu-

facturer's instructions. In case of <3.5 mL starting volume of

plasma, all volumes of the ingredients in the kit were adjusted

accordingly. DNA was eluted in 50 mL of AVE buffer (Qiagen).

DNA concentration was measured using the Qubit high-sensitiv-

ity kit (Thermo Fisher Scientific). Size distribution of the cfDNAs

wasmeasured using the Fragment analyzer (Advanced Analytical)

according to the manufacturer's instructions.

Shallow depth WGS of cfDNA

Shallow depthWGS (sWGS) of cfDNAwas performed using an

Ion Proton sequencer (Thermo Fisher Scientific), starting from 5

ng input of cfDNA using the protocol as previously described

(21). The minimal number of reads per sample was set at 10

million (mean coverage of 0.4�). Four tumors (cases 5, 13, 15,

and 16) were also analyzed using sWGS on the HiSeq 3000

(Illumina Inc.), starting from 200 ng input of tumor DNA accord-

ing to the manufacturer's instructions. Using a bin size of 100 kb,

the R-Bioconductor package QDNAseq (22) was applied to visu-

alize the DNA copy-number profile and call genomic aberrations.

Each genome profile (line view and chromosome view) was

manually checked for aberrations. All profiles were visualized

using the online tool Vivar (http://cmgg.be/vivar/; ref. 23).

ArrayCGH analysis of tumor tissue and DTC samples

For those patients withNB that lacked tumor biopsymaterial at

diagnosis, disseminated NB cells (DTCs) present in the bone

marrow were isolated using magnetic activated cell sorting as

previously described (24).

DNA from primary tumors or DTCs was isolated using the

DNeasy blood and tissue kit (Qiagen) according to the man-

ufacturer's instructions. Tumor samples or DTCs were profiled

on a custom-designed 180K array (Agilent Technologies) as

previously described (25). Tumor DNA and control DNA (400

ng) were labeled using the random prime labeling (BioPrime

ArrayCGH genomic labeling system, Thermo Fisher Scientific)

with Cy3 and Cy5 dyes (Perkin Elmer), respectively. Processing

was performed according to the manufacturer's instructions

(Agilent Technologies). Slides were scanned with an Agilent

scanner (G2505C, Agilent Technologies) and data extracted

using the feature Extraction v10.1.1.1 software program (Agi-

lent Technologies), profiles were visualized using the Vivar

platform (http://cmgg.be/vivar/; ref. 23). ArrayCGH profiles

were further processed with the "no waves" and circular binary

segmentation (CBS) algorithm (26, 27).

Data mining and statistics

Data-mining and statistical analysis was performed in R

statistical environment (R-version 3.2.1), including t-tests,

Mann–Whitney tests, histograms (stats package), and boxplots

(ggplot2 package). With the function normalmixEM (mixtools

package), mixed model fitting on the histograms of the copy-

number data was performed. From these fits, the mean and the

standard deviation of the different distributions (for gains,

normal copy-number, and deletions) was calculated, followed

by z-score calculation, that is, ('mean signal for normal copy

number' – 'mean signal for altered copy number')/('standard

deviation of the signal for the alteration').

With the samtools view function, the distribution of the read

lengths was retrieved. After normalization of the read length

distribution data, the histograms for the different samples were

plotted and compared in R.

qPCR analysis of LIN28B

To validate the LIN28B amplification, qPCR was performed as

described by De Preter and colleagues (28). For LIN28B, both

primers were designed with Primer 3 version 0.4.0 (http://

bioinfo.ut.ee/primer3-0.4.0) using the standard parameters of

this software. The following primer sequences were used for

Translational Relevance

Neuroblastoma (NB) is an aggressive childhood tumorwith

low mutational burden and characterized by typical copy-

number alterations (CNAs) used to co-guide treatment deci-

sions.Here,we show the feasibility of noninvasive detectionof

CNAs using shallow whole genome sequencing (sWGS) of

cell-free DNA (cfDNA) from plasma from patients with NB

with or without metastatic disease. Interestingly, using this

approach, we also detected aberrations that were not observed

in the tumor biopsy. Given the importance of establishing a

CNA profile at diagnosis for therapeutic stratification and the

fact that inmany patients primary tumormaterial is often very

limited or even unavailable, we propose to include this low-

costWGS approach in the genetic work-up of patients withNB

at diagnosis. Moreover, the proposed method offers the per-

spective for noninvasive genomic testing at several time points

over the treatment course without additional risk and burden

for the patient.

Van Roy et al.
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LIN28B: forward primer 50 AATACTGGGCATTACCTCCCAAC 30

and reverse primer 50 ATCAGTGTGGGCGGTACAAAA 30.

Normalization was done using two reference genes, BCMA and

SDC4. These genes are respectively located at 16p13 and 20q13,

both chromosomal regions that rarely showgenetic abnormalities

in NB.

All reactions were performed in duplicate andNGPwas used as

a positive control as this cell linewas shown to have a focal gain of

LIN28B by arrayCGH.

Results

Quality assessment of cfDNA from plasma

In this study, circulating cell-free DNA (cfDNA) was isolated

from plasma of 37 patients with NB (Table 1). Plasma from

patients with cancer showed significantly (P < 0.01) higher cfDNA

yields ranging from 17 to 7,500 ng/mL plasma (median: 194 ng/

mL) as compared with the cfDNA yields in the plasma of normal

controls (#¼8) and pregnant women (#¼100; Fig. 1A). Interest-

ingly, we could also show that sufficient cfDNA could be isolated

for sWGS (i.e., 5 ng) starting from only 200 mL of plasma.

Comparison of the size distribution of the sWGS reads showed

that the cfDNA reads generated in cancer patients were smaller

than these from healthy individuals (pregnant women; P ¼

1.32E�3when comparing themedian read lengths) as previously

shown (refs. 29, 30; Fig. 1B and C).

Setting the parameters for copy-number profile analysis from

shallow WGS data

The most important parameter to be set for QDNAseq analysis

is the bin size, which also determines the resolution for detection

of CNAs (22). Therefore, we analyzed the copy-number profile of

a case with three different bin sizes (i.e., 15 kb, 50 kb, and 100 kb)

(Fig. 2). Aftermodel fitting on the histograms of the copy-number

data, we calculated z-scores to determine how well deleted and

gained regions are discriminated from regions without genomic

aberrations. The z-score represents howmany standard deviations

themean signal for aberrant regions deviates from themean signal

for nonaberrant regions. sWGS data analyzed at 100 kb bin

size have z-scores that match with clear identification of gains

and losses, comparable as in the arrayCGH copy-number data

(z-scores around 3 for gains and 5 for losses).

Comparison of copy-number profiles obtained using sWGS on

plasma cfDNA versus arrayCGH on primary tumor DNA

In total, cfDNA genomic profiles from plasma and corre-

sponding primary tumor profiles from 37 patients with NB

Table 1. Summary information table of 37 patients with neuroblastoma included in this study

Case

number

INSS

stage

Age at diagnosis

(months) Metastasis

MYCN

status

TumorDNA

genomic profile

cfDNA

genomic profile

1 4 19 Yes MNA Segmental Segmental

2 4 60 Yes No MNA Flat Flat

3 4 68 Yes MNA Segmental Segmental

4 4 69 Yes No MNA Segmental Segmental

5 4s 3 Yes No MNA Numerical Numerical

6 1 13 No No MNA Segmental Flat

7 4 39 Yes No MNA Segmental Segmental

8 4 50 Yes MNA Segmental Segmental

9 4 44 Yes No MNA Segmental Segmental

10 4s 2 Yes No MNA Numerical Flat

11 4 46 Yes No MNA Segmental Segmental

12 1 13 No MNA Segmental Segmental

13 4 32 Yes No MNA Segmental Segmental

14 4 44 Yes No MNA Segmental Segmental

15 4 21 Yes MNA Segmental Segmental

16 1 1 No No MNA Numerical Numerical

17 3 9 No No MNA Numerical Numerical

18 1 2 Yes No MNA Numerical Flat

19 1 4 No No MNA Numerical Flat

20 1 16 No No MNA Numerical Flat

21 1 2 No No MNA Numerical Flat

22 4 11 Yes No MNA Segmental Flat

23 4 71 Yes MNA Segmental Segmental

24 1 51 No No MNA Segmental Flat

25 4 52 Yes No MNA Segmental Segmental

26 4 5 Yes MNA Segmental Segmental

27 4 20 Yes MNA Segmental Segmental

28 4 25 Yes MNA Segmental Segmental

29 1 1 No No MNA Numerical Flat

30 4 25 Yes MNA Segmental Segmental

31 4 18 Yes MNA Segmental Segmental

32 4 9 Yes No MNA Numerical Segmental

33 3 37 No MNA Segmental Segmental

34 4 4 Yes No MNA Segmental Flat

35 4 15 Yes MNA Segmental Segmental

36 4 22 Yes No MNA Segmental Segmental

37 1 12 No No MNA Segmental Flat

MNA: MYCN amplification.

Noninvasive Copy-Number Profiling Using Shallow WGS

www.aacrjournals.org Clin Cancer Res; 23(20) October 15, 2017 6307

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/2

0
/6

3
0
5
/2

0
3
9
9
2
3
/6

3
0
5
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



were established using sWGS and conventional oligonucleotide

arrayCGH, respectively (Table 1). A detailed overview of all

aberrations that were identified in the tumor tissue and in

the corresponding cfDNA can be found in Supplementary

Table S1 and Supplementary Fig. S2. For one case, tumor tissue

was not available and DTCs were used instead. We confirmed

a segmental aberrant profile in the cfDNA in 22 out of 26

cases presenting with segmental aberrations in the tumor

DNA (Fig. 3A and B). Twenty-one of these 22 cases belong

to the high-stage tumors, while one case was a low-stage tumor

(case 12). In the cfDNA of the remaining four cases, we

identified no copy-number changes. For two of these cases, it

could be explained by the fact that peripheral blood was

obtained 1 month after diagnosis and after therapy (both cases

showed negative MIBG scans at that moment).

In addition, a typical profile with only whole chromosome

imbalances was detected in three out of 10 cases presenting

with only numerical aberrations in the tumor DNA (Fig. 3C).

From the 10 cases presenting with only numerical aberrations

in the tumor DNA, two cases belonged to the high-stage group,

whereas eight cases were low-stage patients. One out of the

three cases presenting with only numerical aberrations in the

cfDNA belonged to the high-stage group. In the cfDNA of six of

the other cases no copy-number changes could be identified,

while in one case (case 32) we identified segmental aberrations

at chromosome 11 (del(11)(p15.5p12),dup(11)(p12q14.1),

del(11)(q14.1q25)) in the cfDNA in addition to the numerical

aberrations that were also present in the tumor DNA. In one

case (case 2), a flat profile for both the tumor and the cfDNA

was observed.

Detection of amplifications and other focal aberrations in

cfDNA

Given the importance of focal CNAs that target specific genes in

relation to therapeutic stratification and/or tumor biology, we

further zoomed in on focal copy-number amplifications/gains

and deletions (aberrations <3 Mb). Amplifications, in particular

those encompassing the MYCN locus, are known to infer a poor

prognosis in patients with NB (31, 32). Accurate assessment of

MYCN is thus of utmost importance in the genetic work-up of the

primary tumor as it may directly impact treatment decisions.

Importantly, in this study, all MYCN amplifications observed by

arrayCGH in13 tumorDNA sampleswere also detected in cfDNA.

Furthermore, a chromosome 5p amplicon containing IRX1/IRX2

(5p15.33, �2,430 kb) (case 30) as well as a focal gain of the

CCDC148/PKP4 locus (2q24.1, �240 kb; case 15) was detected

both in the cfDNA and tumor tissue. Remarkably, in case 8, a

LIN28B amplification was only present in the cfDNA while not

detected in the tumor DNA, suggesting possible tumor heteroge-

neity (6q16.3-6q21, �2.7 Mb).

Next, we investigated in more detail focal deletions targeting

one or a small number of genes (<1 Mb). ATRX deletions are

known to mark a specific subset of NB tumors with an alternative

telomere lengthening (ALT) phenotype (5, 33, 34). In this series, a

focal ATRX deletion (Xq21.1, �800 kb) was detected in both the

cfDNA and the tumor DNA of one patient (case 7). In addition, a

focal AUTS2 deletion (7q11.22, �820 kb) was detected in both

DNA fractions of another case (case 14). In contrast, three other

focal aberrations including a CDKN2A/B homozygous deletion

(case 3) (9p21.3, �190 kb), a PTPRD deletion (case 7) (9p24.1,

�320kb), and a small 12q-deletion (USP15,MON2, PPM1H, and

Log(ng cfDNA/mL plasma)

A B

C

Relative frequency

cfDNA of
Pregnant women (# = 12)
Neuroblastoma (NB) (# = 7) (CNA detected)

NB (Blood sample long on bench) (# = 1)

(no CNA detected)P = 2.12E−2

P = 1.82E−2

NB tumor stage

High stage

NB patients
Low stage

NB patients

Pregnant

women

Normal

controls

50

0
.0

0
0

0
.0

1
0

0
.0

2
0

0
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3
0

155 160 165 170

Median read length

100 150 200 250 300

Read length

P = 1.32E−3

1

3

4

4s

0

1

2

3

4

P = 1.78E−2

P = 1.01E−2

P = 1.01E−2

Figure 1.

A, cfDNA concentration in plasma of patients with NB is significantly higher than in plasma samples of pregnant women and plasma samples of healthy individuals

(P values measured with t test are indicated), (B–C) the size distribution of read lengths (B) and median read length (C) measured on cfDNA of patients

with NB (#¼9, black) is smaller than that of pregnant women (#¼12, orange). One sample from a patient with NB that was left over the weekend on the bench

before plasma isolation shows larger fragments (red).
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AVPR1A) (case 9) (12q14.1/12q14.2, �850 kb) that were

detected in the tumor DNA could not be detected in the cfDNA

using 100 kb binning. Interestingly, the�190 kbCDKN2A/B focal

homozygous deletion could be detected in the cfDNA sWGS data

by using a smaller bin size (15 kb), while the other two focal

deletions remained undetectable at this resolution.

Capturing spatial and temporal tumor heterogeneity with

cfDNA sWGS

An interesting observation from our study was the finding that

noninvasive cfDNA analysis in several cases provided additional

information regarding the spatial and temporal tumor heteroge-

neity of the primary tumor (and possiblymetastases) at diagnosis

and relapse. Indeed, in 13 cases, additional genomic alterations

were observed in the cfDNA compared with the tumor DNA.

Remarkably, in some cases (like cases 7 and 13), these additional

alterations were detected at lower copy-number level than the

shared alterations (Fig. 4), suggesting that these alterations are

only present in subclones. In contrast, in five tumors we detected

aberrations in the tumor tissue thatwere not present in the cfDNA.

To rule out that these discordances can be attributed to the

use of two different technologies (i.e., arrayCGH and sWGS),

Figure 2.

Comparison of copy-number profiles

of cfDNA obtained using different bin

sizes [100 kb (B), 50 kb (C), 15 kb (D)]

with a matching arrayCGH profile of

the primary tumor (A). Based on the

models fitted on the frequency plots of

the copy-number alterations, z-scores

to detect gains or losses can be

measured and compared in the

different profiles (E–H).

Noninvasive Copy-Number Profiling Using Shallow WGS
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the copy-number profile of four tumors (cases 5, 13, 15, and 16)

was examined with both technologies, and no differences were

observed (Supplementary Fig. S1).

In addition to spatial heterogeneity, cfDNA also allows to

noninvasively capture temporal heterogeneity. For one case (case

8), cfDNA was available both at diagnosis and at relapse (1 year

after diagnosis; Fig. 5). The cfDNAat diagnosis showed some extra

segmental as well as numerical aberrations in comparison with

the tumor tissue, including an amplification of the LIN28B gene.

At relapse, this amplicon was not present anymore in the cfDNA,

but the profile at relapse contained additional segmental altera-

tions such as del(4)(q31.3q35.2), dup(9)(q31.3q33.1), dup(10)

(p15.3p11.21), and del(17)(q11.2q21.2). This observation was

confirmed using independent qPCR based copy-number quanti-

fication (Supplementary Fig. S3).

Discussion

We describe the feasibility to reliably detect copy-number

aberrations using sWGS on cfDNA isolated from plasma of NB

patients. While several studies already reported on the use of

cfDNA for the detection of mutations (35, 36), copy-number

analysis on liquid biopsies has been rarely attempted (17, 18, 37,

38). Shallow whole genome or low pass sequencing have been

described for the detection of copy-number analysis in cfDNA in

the context of prostate cancer, lung cancer, and ovarian cancer

(39–42). InNB, however, this is thefirst report on the use of sWGS

analysis on cfDNA and the comparison with arrayCGH profiles

generated on the corresponding tumor tissue or disseminated

tumor cells. Easier scoring and the apparently lack of wave

patterns in the sWGS profiles of the cfDNA and four tumor

samples is striking, although sWGS and arrayCGH profiles are

not exactly comparable due to differences in resolution. We could

successfully determine the copy-number profile on 25 out of 35

cfDNA NB samples isolated from blood taken at diagnosis.

Although cfDNA profiling was successful in a minority of low-

stage localized tumors (four out of nine), copy-number profiles

could mainly be determined in the cfDNA of patients with high-

stage, metastasizing tumors (18 out of 19), which is in line with

the results of Chicard and colleagues (20). Most of the measures

are very comparable between both studies; however, some quality

measures are a little bit lower in our study, but this can be

explained by the different sample-set composition, that is, in the

Chicard study, less low-stage, nonmetastasized samples (stages 1,

2) (13/66¼ 20%)were included comparedwith our study (10/37

¼ 27%). It is well appreciated that in patients with low-stage,

nonmetastasizing tumors, lower amounts of (tumor derived)

cfDNA are detected. This is supported by the lower cfDNA con-

centrations in blood of low-stage patients. This finding is in line

with other studies (19, 20, 43). In case 6, sWGS of the cfDNA

revealed a flat profile despite very high cfDNA concentration. This

discordance can be explained by the fact that the peripheral blood

stored in an EDTA tube was kept over weekend before plasma

isolation, resulting in lysis of the white blood cells and leading to

contamination of the cfDNA with constitutional DNA, as previ-

ously described (44). This and previous reports thus underline the

importance of good cfDNA sample work-up protocols for suc-

cessful downstream analyses.

Figure 3.

Copy-number profiles of tumors with typical segmental (A, B) and numerical (C) alterations measured on cfDNA from plasma using sWGS.

Van Roy et al.

Clin Cancer Res; 23(20) October 15, 2017 Clinical Cancer Research6310

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/2

0
/6

3
0
5
/2

0
3
9
9
2
3
/6

3
0
5
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



Determination of MYCN amplification status is important

because it is a biomarker strongly associated with unfavorable

outcome of NB disease (31, 32). MYCN amplification detection

has already been described in cfDNA, but most of these studies

relied on real-time quantitative PCR or digital droplet PCR (18,

45–47). Our sWGS platform allowed the identification ofMYCN

amplification in all 13 cases with described MYCN amplification

in the tumor cells. In addition, other focal copy-number aberra-

tions associated with clinical outcome such as ATRX and

CDKN2A/B deletion (5, 33, 34, 48) could be identified in the

cfDNA. Another important prognostic biomarker is the presence

of segmental CNAs being associated with poor survival outcome

(6, 7). In 22 out of 24 cases, a copy-number profilewith segmental

aberrations was confirmed using sWGS on cfDNA. In three out of

11 cases, sWGS of cfDNA confirmed the presence of only numer-

ical alterations. Interestingly, in one case with only numerical

aberrations in the tumor sample, the cfDNA presented with

additional segmental aberrations at chromosome 11 (case 32).

The relatively high occurrence of tumor heterogeneity is further

demonstrated by the presence of alterations in the cfDNA that

could not be detected in the tumor tissue in half of the cases (13

out of 25 caseswhere a nonflat profile was detected in the cfDNA).

Detailed examination of these aberrations showed that some of

these might only be present at the subclonal level. These findings

underscore the problems associated with the availability of small

biopsies, since they do not accurately represent the whole tumor.

Furthermore, these results indicate that cfDNA analysis better

reflects the spatial tumor heterogeneity present in a single patient

as previously described (12, 13). However, alterations that were

identified in the tissueDNA remained undetected in the cfDNA of

five cases. Among others, we could not detect the presence of a

small deletion encompassing the PTPRD gene. Optimization of

the data-mining pipeline using z-score analysis or increasing read

depth might help to detect such small CNAs. The applied sWGS

procedure on cfDNA, as described in this project, uses the same

workflow as our routinely performed NIPT (noninvasive prenatal

testing) analysis for aneuploidy detection (21), which allows

rapid and routine profiling of cfDNAs from patients with NB.

While standard NIPT protocols start from 3.5 mL plasma, we

found that reduced cfDNA input from plasma samples as little as

200 mL plasma were sufficient for successful analysis. The use of

such small samples is particularly important for very young

patients with NB, given the smaller blood volumes that can be

sampled. Furthermore, compared with the previously reported

array-based Oncoscan platform for which at least 20 to 50 ng of

cfDNA is needed (20), sWGS only requires as little as 5 ng of

Figure 4.

Copy-number profiles of NB cases

analysed using sWGS on cfDNA (A)

identifies additional alterations at

subclonal level, that is, alterations

measured at different copy-number

level as compared with the alterations

also observed in the tumor DNA

(arrayCGH; B).
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Figure 5.

Temporal copy-number

heterogeneity measured in cfDNA of

one patient at diagnosis and at

relapse. The top panel represents the

arrayCGH profile of the tumor at

diagnosis.
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cfDNA. Further advantages of sWGSprofiling are the cost-effective

procedure with a comparable price to arrayCGH and the fact that

this sequencing-based method can be easily integrated in the

workflow of contemporary molecular diagnostic laboratories,

within a time frame of 21 calendar days.

In conclusion, we demonstrate the feasibility of sWGS to detect

copy-number aberrations from a small input of plasma and

cfDNA in a series of patients with NB representing all tumor

stages. This is of special interest in clinicalmanagement of patients

with NB, as these patients are often very young at diagnosis and

biopsies are generally very small or cannot be performed. We

therefore propose to include this low-cost WGS approach in the

genetic work-up of patients with NB at diagnosis. For high-stage

patients, cfDNA analysis could offer an alternative to analysis of

scarce and small tumor biopsies; however, for most low-stage

tumors, DNA analysis of the tumor biopsywill still bemandatory,

but in these cases tumor availability is in general not a problem.

Optimization and fine-tuning of the data-mining pipeline is

warranted to allow detection of all present alterations including

small alterations and homozygous deletions. Future plans will

also be directed toward the identification of mutations in a

selected panel of genes on cfDNA in patients with NB and toward

the mapping of the temporal tumor heterogeneity. The sensitive

detection of mutations, however, requires other techniques such

as digital droplet PCR and duplex sequencing (49, 50). Indeed, a

major advantage of liquid biopsies is that they are obtained

noninvasively in the patient and therefore offers the possibility

to do serial analyses: at diagnosis, during therapy, and at relapse

(12, 13, 51, 52).
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