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Abstract Background: Paediatric tumours are often characterised by the presence of recur-

rent DNA copy number alterations (CNAs). These DNA copy number profiles, obtained from

a tissue biopsy, can aid in the correct prognostic classification and therapeutic stratification of

several paediatric cancer entities (e.g. MYCN amplification in neuroblastoma) and are part of

the routine diagnostic practice. Liquid biopsies (LQBs) offer a potentially safer alternative for

such invasive tumour tissue biopsies and can provide deeper insight into tumour heterogene-

ity.

Procedure: The robustness and reliability of LQB CNA analyses was evaluated. We performed

retrospective CNA profiling using shallow whole-genome sequencing (sWGS) on paired

plasma circulating cell-free DNA (cfDNA) and tissue DNA samples from routinely collected

samples from paediatric patients (n Z 128) representing different tumour entities, including

osteosarcoma, Ewing sarcoma, rhabdomyosarcoma, Wilms tumour, brain tumours and neu-

roblastoma.

Results: Overall, we observed a good concordance between CNAs in tissue DNA and cfDNA.

The main cause of CNA discordance was found to be low cfDNA sample quality (i.e. the ratio

of cfDNA (<700 bp) and high molecular weight DNA (>700 bp)). Furthermore, CNAs were

observed that were present in cfDNA and not in tissue DNA, or vice-versa. In neuroblastoma

samples, no false-positives or false-negatives were identified for the detection of the prognostic

marker MYCN amplification.

Conclusion: In future prospective studies, CNA analysis on LQBs that are of sufficient quality

can serve as a complementary assay for CNA analysis on tissue biopsies, as either cfDNA or

tissue DNA can contain CNAs that cannot be identified in the other biomaterial.

ª 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Paediatric solid tumours usually present with a sub-

stantially lower number of somatic mutations compared

to adult tumour types. Instead, they are often charac-

terised by the presence of DNA copy number alterations

(CNAs) [1e6]. These CNAs can aid in the correct

prognostic classification and therapeutic stratification of

several paediatric cancer entities (e.g. segmental copy

number alterations in neuroblastoma [7], 1q gain in
nephroblastoma [8], chromosome 17p loss in medullo-

blastoma [9]). Usually, analysis of the genome-wide

copy number profile relies on the availability of

tumour tissue obtained through biopsy or surgical

resection of the tumour. In recent years, there has been

an evolution towards the sampling of small (e.g. Tru-

Cut [10]) tissue biopsies. These small tissue biopsies

are thought to be less invasive for the patient compared
to an excisional biopsy but can have the disadvantage of

capturing less of the (genetic) heterogeneity of the

tumour. As a consequence, important genetic aberra-

tions (e.g. MYCN amplification in neuroblastoma) can

potentially be missed by relying on a small tumour bi-

opsy for DNA copy number profiling [11].

Cell-free tumour-derived DNA (ctDNA) is released

into the circulation (e.g. bloodstream, cerebrospinal
fluid, urine) by various processes, including apoptosis,

necro(pto)sis and/or active secretion [12]. During the last

two decades, these liquid biopsies (LQBs) have gained
R et al., The feasibility of using li

ric cancer patient samples, Europea
much attention in cancer research [13,14] as these liquid

biopsies can be representative for the different tumour

subclones present in the primary tumour and metastatic

sites. Moreover, many of these biopsies can offer a
possible alternative to painful and invasive tissue

biopsies and may allow multiple sampling for longitu-

dinal follow-up of the tumour’s molecular characteris-

tics and evolution [15]. We and others have already

shown that the CNAs present in the primary tumour can

be studied using the circulating cell-free tumour-derived

DNA isolated from plasma [15e19] and CSF [20].

In this study, we retrospectively analysed plasma
samples and tissue samples that were collected for

routine clinical cancer care. We generated DNA copy

number profiles using shallow whole-genome

sequencing (sWGS) on cfDNA from 128 paediatric

cancer patients representing common solid tumour en-

tities arising in children, including Ewing sarcoma, os-

teosarcoma, nephroblastoma, rhabdomyosarcoma,

neuroblastoma and brain tumours [21] and performed
quality control on the cfDNA with capillary electro-

phoresis. The CNAs obtained from cfDNA were

compared to those generated from tumour biopsy DNA

for all samples. We evaluated the agreement between the

profiles generated on these two types of material and

further explored the parameters influencing the CNA

concordance. This study provides further evidence that

DNA copy number profiling of LQBs, if the samples are
of sufficient quality, can be used as a complementary
quid biopsies as a complementary assay for copy number aberration
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method for tissue biopsies in the genetic workup of

paediatric cancer patients.
2. Methods

2.1. Patient materials

In this retrospective study, samples were included if

there was (1) tumour tissue (fresh-frozen or formalin-

fixed paraffin-embedded (FFPE)), disseminated tumour
cells (DTCs), tissue DNA or genome-wide copy number

data from tissue DNA (generated with any platform

that obtains the log2 (ratio) per locus) available at

diagnosis; and (2) plasma/cerebrospinal fluid (CSF),

plasma/CSF-derived DNA or copy number data from

plasma/CSF DNA available at diagnosis. The time delay

between cfDNA and tissue DNA sampling was set at 31

days or less in either direction (before or after tissue
sampling). Samples were collected between 2003 and

2019 across multiple centres (Ghent University Hospital

e Belgium, Princess Máxima Centre e The

Netherlands, Prague Motol Hospital e Czech Republic

and Institut Curie e France). Samples were selected on

an ad-hoc basis and were not collected using a stand-

ardised protocol. The sampling was approved by the

local ethical committee of all participating institutes,
and written consent for the use of these samples for

research purposes was obtained from all patients or

their representatives. Plasma was prepared according to

five different plasma preparation protocols

(Supplemental methods). Cell-free DNA from samples

originating from Ghent University Hospital and Prin-

cess Máxima Centre was extracted with the Maxwell

RSC LV ccfDNA kit (Promega, US) using a modified
protocol (Supplemental methods). Cell-free DNA from

samples originating from Institut Curie and University

Hospital Motol was extracted using the QIAamp

Circulating Nucleic Acid kit (Qiagen, Germany).

Tumour tissue DNA was extracted according to

different protocols depending on the tissue type (fresh-

frozen or FFPE) (Supplementary methods). If no pri-

mary tumour tissue material was available for neuro-
blastoma tumours, disseminated tumour cells (DTCs)

present in the bone marrow were isolated using magnetic

activated cell sorting as described by

Vandewoestyne et al. (2012) [22] (n Z 2). Concentration

of the cfDNA was determined with a Qubit Fluorometer

using the Qubit dsDNA HS Assay Kit (Life Technolo-

gies, US) according to the protocol of the manufacturer.

DNA originating from tissue samples and DTCs was
quantified with the Qubit dsDNA BR Assay kit (Life

Technologies, US). For detecting potential high molec-

ular weight (HMW) contamination, size distribution

profiles of the cfDNA samples were determined using
Please cite this article as: Van Paemel R et al., The feasibility of using li
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the Ultra-sensitive NGS kit (FP-101-0275) for the

FEMTO Pulse� Automated Pulsed-Field CE Instru-

ment (Agilent Technologies, US) according to the

manufacturer’s instructions and cfDNA/HMW ratio

was calculated as previously described by Van Paemel

et al. [23] (Supplemental Fig. 1). The sample quality was

determined as the ratio between cfDNA versus the high-

molecular-weight DNA (HMW). Per-sample plasma
preparation protocol and (cf)DNA extraction protocol

is available in Supplemental Table 1 and Supplemental

methods. Descriptive data are reported as median

[interquartile range]. The data for 20 samples that were

previously published [17] were reanalysed for the present

study (Supplemental Table 1).

2.2. Library construction and sequencing

Shallow WGS library construction was done on all

cfDNA samples and several tumour tissue DNA sam-

ples in a fully automatic way using the Microlab STAR

Liquid Handling System (Hamilton Company, US).

2.2.1. Cell-free DNA

An AMPure XP beads (Beckman Coulter, US) purifi-

cation step was implemented to guarantee that the ma-

jority of the DNA fragments are �200 bp. Afterwards,

sequencing library construction was performed with the
NEXTflex cell-free DNA seq library prep kit (Perki-

nElmer Applied Genomics, US) according to the man-

ufacturer’s instructions.

2.2.2. Tumour tissue and DTC samples

DNA, 312 ng in 50 mL 0.1� TE buffer, was first sheared

to 200 bp using the Covaris Adaptive Focused Acoustics

shearing procedure on the M220 Focused-ultrasonicator

(Covaris US) (peak incident power Z 50 W, duty

factor Z 20%, cycles per burst Z 200,

temperature Z 20 �C, sample volume Z 130 mL).
Different shearing times were applied for fresh-frozen
tissue DNA (160 s) and FFPE tissue DNA (100 s), as

the latter is already more degraded. Library construc-

tion of tumour tissue DNA for sWGS was performed

using the NEXTflex Rapid DNA Seq Kit (PerkinElmer

Applied Genomics, US) according to the manufacturer’s

instructions. Library construction for WES on tumour

tissue samples (n Z 4) was performed with the Sure-

Select Clinical Research Exome kit (Agilent Technolo-
gies, US), SeqCap EZ Exome kit 3.0 (Roche,

Switzerland), or the SeqCap EZ MedExome kit (Roche,

Switzerland) according to the manufacturer’s

instructions.

2.2.3. Sequencing

Next, libraries were equimolarly pooled to a concen-

tration of 4e6 nM. Shallow depth WGS (sWGS) was
quid biopsies as a complementary assay for copy number aberration
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performed using an Ion Proton Sequencer (Thermo

Fisher Scientific, US) or Hiseq 3000 device (Illumina

Inc., UK), single-end 50 cycles as previously described

by Van Roy et al. [17]. WES samples from tumour tissue

were sequenced using a Hiseq 2500 device, paired-end

100 cycles (n Z 4).

2.2.4. Preprocessing of sequencing data

After sequencing and demultiplexing with bc2fastq,

reads were mapped to GRCh38 with bwa mem [24]

v0.7.17, and duplicate reads were removed with Picard

[25] MarkDuplicates v2.21.6. Afterwards, for sWGS, the
log2 (ratio) was called with WisecondorX [26] v1.1.6

with default parameters and bin and segmentation files

were further processed with the R programming lan-

guage v4.0.1. For WES, the log2 (ratio) was called with

CNVkit [27] v0.9.7 and the *cnr files were further pro-

cessed with R v.4.0.1. The data analysis is available at

https://github.com/rmvpaeme/sWGS_pediatric_cancer.

2.3. Array CGH and Illumina Beadchip

2.3.1. Array CGH on tumour tissue and DTC samples

Before 2016, CNA profiles from tissue DNA or DTC-

DNA (cases from Ghent University Hospital) were

generated on a custom-designed 180K array (Agilent
Technologies, US) as described by Kumps et al. [28] and

Van Roy et al. [17] (n Z 49). Detailed information is

available in Supplemental Table 1.

2.3.2. Illumina Beadchip on tumour tissue

Genome-wide SNPs were investigated on the

HumanCytoSNP-12 v2.1 BeadChip kit (n Z 11) or the

Infinium CytoSNP-850K BeadChip platform (n Z 2)

(Illumina Inc., UK) and for every SNP the log2 (ratio)

was called with GenomeStudio 2.0 according to the

manufacturer’s instructions (samples from Motol Hos-

pital). Afterwards, these individual positions were con-
verted to GRCh38 and grouped into regions of 200 kb

with bedtools [29] v2.27.1 by taking the mean of each

individual SNP. The CBS algorithm (DNA copy R

package [30]) was then applied to group these bins into

segments with equal copy numbers.

2.4. Data analysis

2.4.1. Modified copy number profile abnormality

(CPAm) score

Our group previously proposed the copy number profile

abnormality (CPA) score to quantify copy number

tumour burden in tumour DNA and cfDNA [31].

However, this score is only applicable for next-
generation sequencing data, and our study contains

array-CGH data, as well (for which the Zsegment is not

obtainable). Therefore, we modified the CPA (CPAm)

to allow the calculation on array-CGH samples by using

the log2 (ratio) instead of Zsegment. This modification
Please cite this article as: Van Paemel R et al., The feasibility of using li
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showed high concordance between both values

(Supplemental data analysis):

CPAmodifiedZ

Pn
iZ1

����log 2ðratioÞsegmenti

���� lsegmenti

�

108

The CPAm threshold for cfDNA of copy number

neutral (‘normal’ or ‘flat’) at the 1% false discovery level

(FDR) was calculated on the same cohort of healthy

controls (individuals above 18 years old with no cancer

diagnosis in their past medical history) that served as a

control population in the study by Raman et al. [31]. As

there are multiple technical factors that can influence the

CPAm 1% FDR threshold in tumour tissue (e.g. FFPE
inherently has higher noise levels compared to fresh-

frozen tissue), we were unable to specify or (extrapo-

late from cfDNA) a threshold for tumour tissue.

Instead, the tumour CNAs were interpreted (either as

containing CNAs or not) by two independent scorers

(R.V.P. and N.V.R.). After unblinding, disagreement

was discussed and solved for 11 samples, and a

consensus was reached for all samples.

2.4.2. Linear regression modelling

The influence of disease extent (metastatic or localised

disease), tissue DNA platform (180K array, sWGS,

WES, Illumina Beadchip), tumour type or cfDNA

sample quality (as quantified with the cfDNA/HMW

ratio) on the correlation between the log2 (ratio) in

cfDNA and the log2 (ratio) in tumour tissue was

modelled using the mgcv R package (version 1.8). The
full model, code and evaluation of assumptions can be

found in the Supplemental data analysis.

3. Results

3.1. Sample collection

We retrospectively included 268 unique samples

(nZ 127 plasma, nZ 4 CSF, nZ 137 tumour tissue) of

128 unique paediatric cancer cases. Patients were

recruited at Ghent University Hospital (n Z 103),

Princess Máxima Centre (n Z 6), Institut Curie (n Z 4)

and University Hospital Motol (n Z 15). In total, the
cohort comprised Ewing sarcoma (n Z 9), osteosar-

coma (n Z 10), rhabdomyosarcoma (n Z 10), nephro-

blastoma (n Z 19), neuroblastoma (n Z 67),

ganglioneuroblastoma (n Z 3), kidney sarcoma (n Z 1),

and brain tumour samples (n Z 9). More detailed

sample information is summarised in Supplementary

Table 1. From these 128 patients, copy number pro-

files were determined in plasma with shallow whole
genome sequencing (sWGS) in all samples, while on

tissue this was done either with sWGS (n Z 62), WES

(n Z 4) or array CGH (n Z 62) (Fig. 1 and all

comparative plots are available in Supplementary

Fig. 2).
quid biopsies as a complementary assay for copy number aberration
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3.2. Copy number abnormality score is higher in tumour

tissue than in plasma

For every sample, the modified copy number profile

abnormality (CPAm) score was calculated to quantify

and to allow comparison of copy number tumour

burden in tumour DNA and cfDNA (see Methods for

details, see Fig. 2A and B for an illustration of the

relationship between the genome-wide copy number

profile and the CPAm score). The median CPAm across
Fig. 1. Pairwise heatmap of the 15 samples with the highest Pearson

correlation (bottom panel) included in the study, annotated with the t

indicate that tumour DNA was obtained after the cfDNA), modified c

tissue DNA platform, the tumour type, and the source of the

PNET Z primitive neuroectodermal tumour. sWGS Z shallow whole

Please cite this article as: Van Paemel R et al., The feasibility of using li

profiling in routinely collected paediatric cancer patient samples, Europea
all tumour types was found to be 0.920 [0.285e2.067] in

cfDNA and 2.249 [0.990e4.044] in tissue DNA (Fig. 3B

illustrates the CPAm score per tumour type). Based on

manual inspection (tissue DNA) or the previously

established 1% FDR threshold for CPAm (cfDNA, see

Methods), we found that 51 (39.53%) cfDNA samples

and 10 (7.75%) tumour samples were labelled as ‘flat’,

i.e. copy number neutral.
correlation (top panel) and 15 samples with the lowest Pearson

ime delay in cfDNA and tumour DNA sampling (positive values

opy number abnormality score (CPAm), Pearson correlation, the

DNA sample. FFPE Z formalin-fixed, paraffin-embedded.

-genome sequencing.

quid biopsies as a complementary assay for copy number aberration
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Fig. 2. (A) This figure illustrates a cfDNA-tissue DNA pair with

good overall concordance. Top and middle: Example of the com-

parison of copy number profiles derived from (top) cfDNA and

(middle) tissue DNA with 200 kb bin size. Lower left: sliding win-

dow of 20Mb average log2 (ratio). Lower right: scatterplot between

tissue DNA and cfDNA with Pearson R. The dashed line equals

least-squares fit. (B) Similar to the previous figure, this shows a

tumoureliquid pair with copy number abnormalities in plasma and

subtle CNAs (e.g. chr19) in tissue DNA. CPAm Z modified copy

number profile abnormality. cfDNA Z cell-free DNA.

sWGS Z shallow whole-genome sequencing. (C) Rolling 20 Mb

average of log2 (ratio) for a cfDNA sample and three tissue DNA

samples, sampled at different sites in the resected tumour. cfDNA

sample for patient 056 was obtained 28 days before the tumour

specimen; for patient 057 cfDNA was obtained 1 day before the

R. Van Paemel et al. / European Journal of Cancer xxx (xxxx) xxx6
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3.3. cfDNA sample quality and disease extent

determine concordance between cfDNA and tissue DNA

Previous studies have pointed at a substantial influence

of cfDNA sample quality on the detection of tumour-

derived DNA in cfDNA [19,32e34]. We assessed the

cfDNA quality by determining the ratio of cfDNA

(<700 bp) versus. high molecular weight (>700 bp) (i.e.

cfDNA/HMW ratio) for 110 samples (3.474

[0.461e13.813], Fig. 4 and Supplemental data analysis).

For every cfDNA-tissue pair, the Pearson R and the
CPAm score (see Methods) was calculated and associ-

ated with the cfDNA/HMW ratio (Fig. 3A,

Supplemental data analysis). An association between the

cfDNA/HMW ratio and the copy number burden in

cfDNA was observed, with higher cfDNA/HMW ratios

corresponding with higher CPAm values (Fig. 3A).

Subsequently, we more deeply investigated the effect of

these parameters on the agreement between the tissue
CNAs and cfDNA CNAs. Using a generalised additive

model (GAM), we found that a higher cfDNA/HMW

ratio (after log10 transformation) was associated with a

better agreement between tissue CNA and cfDNA

CNAs (1.1840 (1.1817e1.1863) (estimate, 95% CI),

p < 0.001), after adjusting for tumour type, disease

extent and the platform on which the tissue copy num-

ber was determined (e.g. sWGS or Illumina BeadChip,
full model in Supplemental data analysis). Based on

previously-defined thresholds [23] of cfDNA/HMW

ratio (i.e. low quality corresponds to a ratio that is less

than 1, intermediate quality between 1 and 5, and high

quality is above 5), we found that the concordance be-

tween tumour DNA and cfDNA increases with

increasing sample quality (Fig. 5A). Of the 45 cfDNA

samples with a ratio of more than 5 (high quality), only
2 (4.44%) were copy number neutral. Upon closer in-

spection of these two cases, the tumour was also copy

number neutral in one (patient 008) and contained

segmental aberrations in the other case (patient 206). In

contrast, of the 65 cfDNA samples with a cfDNA/

HMW ratio lower than 5, 39 samples (60%) were copy

number neutral. Overall, disagreement (i.e. tissue DNA

containing CNAs while the plasma does not or vice
versa) was seen in 50 samples and 1 sample, respectively.

The cfDNA/HMW ratio in these 51 discordant samples

is 1.11 [0.255e2.775], while the ratio in the concordant

samples is 8.51 [0.906e22.232]. Furthermore, based on

the GAM, patients with metastatic disease had a higher

agreement between the log2 (ratio) in cfDNA and log2

(ratio) in tissue DNA (1.13 (1.1285e1.1363), (estimate,

95% CI), p < 0.001).
tumour specimen. Both patients were observed to harbour a 1q gain

at the time of nephrectomywhile not present in cfDNAat the time of

sampling.

quid biopsies as a complementary assay for copy number aberration

n Journal of Cancer, https://doi.org/10.1016/j.ejca.2021.09.022



Fig. 3. (A) Association of relative copy number load in cfDNA (modified copy number profile abnormality score, CPAm) with the

Pearson R calculated on the log2 (ratio) in cfDNA versus log2 (ratio) in tissue DNA (per 200 kb bin). The size of the points represents the

cfDNA/HMW ratio of the sample, with larger points indicating a higher cfDNA/HMW ratio. (B) Fitted distribution, boxplot, and

observations of the copy number burden (as quantified by the CPAm metric) in cfDNA, split by tumour type. The shaded grey area

indicates the 1% FDR threshold. The size of the points represents the cfDNA/HMW ratio of the sample as in the legend of panel A. (C)

Fitted distribution, boxplot, and observations of the copy number burden (as quantified by the CPAm metric) in tissue DNA, split by

tumour type. In contrast to panel A and B, the size of the points does not represent the cfDNA/HMW ratio of the sample. (D) Evolution

of the agreement of log2 (ratio) in cfDNA and tissue DNA with increasing cfDNA/HMW ratio. EWS Z Ewing sarcoma;

NBL Z neuroblastoma; NFB Z nephroblastoma; OS Z osteosarcoma; RMS Z rhabdomyosarcoma.
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3.4. Characterisation of spatial heterogeneity and

subclones in tumour samples

For several nephroblastoma cases (patient 050, 053, 054,

056, 057), cfDNA and tumour tissue were available with
Please cite this article as: Van Paemel R et al., The feasibility of using li

profiling in routinely collected paediatric cancer patient samples, Europea
varying time delays between both samples

(Supplemental data analysis). Treatment was done ac-

cording to the SIOP 2001 Wilms tumour protocol for

nephroblastoma. After resection, the copy number

profile was determined in two to three different locations
quid biopsies as a complementary assay for copy number aberration
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Fig. 4. Representative electropherograms for (left) a low quality cfDNA sample (cfDNA/HMW ratio less than 1), (middle) an intermediate

cfDNA sample (cfDNA/HMW ratio between 1 and 5) and (right) a high quality cfDNA sample (cfDNA/HMW ratio above 5). The

cfDNA/HMW ratio is calculated by calculating the area under the curve of cfDNA (region <700 bp, dashed line) over the high-molecular-

weight DNA (region >700 bp), excluding the upper marker (peaks at 6000 bp). Electropherograms were generated on the Femto PULSE

with the FP-1101 kit. Data was exported from PROSize 3.0. RFU Z relative fluorescence unit; HMW Z high molecular weight DNA;

cfDNA Z cell-free DNA.
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in the resected kidney and compared to the corre-

sponding plasma sample, which revealed substantial

intra-tumoural differences and discordances with
cfDNA (Fig. 2C). For patient 56 (tumour DNA was

obtained 28 days after the cfDNA sample), histologic

evaluation for locations 1 and 2 was determined to be

triphasic nephroblastoma with necrosis and location 3

was kidney with blastema. For patient 57 (tumour DNA

was obtained 1 day after the cfDNA sample), locations 1

and 3 were determined to be triphasic nephroblastoma

with rhabdomyoblastic differentiation and location 2
was necrotic tissue. Importantly, the gain of 1q, a

prognostic biomarker in Wilms tumour [8,36], was only

observed in location 1 of patient 56 and location 2 and 3

of patient 57, while not in the cfDNA samples taken at

diagnosis.
3.5. Certain CNAs can be present only in cfDNA or tissue

DNA

Several samples, of moderate to high quality (cfDNA/

HMW ratio above 1) and with a high CPAm (more than

three times the CPAm at the 1% FDR threshold) in
cfDNA were observed to have a low Pearson correlation

coefficient of cfDNA and tissue DNA log2 (ratio) (e.g.

patient 079, patient 212, patient 077, patient 196). Upon

closer inspection, several aberrations are discordant

between plasma and tissue DNA in those cases (patient

077, patient 079, patient 196, Fig. 4A). In one case

(patient 212), only the amplification of MYCN on

2p24.3 could be detected in the tissue DNA, while
analysis of the cfDNA sample showed that many more

CNAs were present. Furthermore, other discordant

samples were seen upon manual inspection, albeit with

smaller and more subtle differences. In three
Please cite this article as: Van Paemel R et al., The feasibility of using li
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neuroblastoma cases (patient 185, 136, 109), recurrent

segmental CNAs (1p deletion, 2p gain, 11q deletion and

17q gain) were more clearly present in the cfDNA than
in the tissue DNA. For several nephroblastoma cases

(e.g. patient 035 and 056), several chromosomal aber-

rations were identified in the cfDNA and not in the

tissue DNA.

3.6. cfDNA yields comparable results to tissue DNA in

the risk stratification of neuroblastoma and

nephroblastoma

As MYCN amplification is an important prognostic

biomarker in neuroblastoma, we investigated the

agreement between MYCN gain/amplification between

cfDNA and tissue DNA (Fig. 5B). On all samples

(irrespective of the sample quality) (n Z 66), MYCN

calls were similar in cfDNA and tissue DNA without

any discrepancies. In nephroblastoma, relying on

cfDNA for determining the presence of 1q gain

(Fig. 5C), a prognostic marker [8,36], two samples

(n Z 19) (or 2/16 when only including the intermediate

to high-quality samples with a cfDNA/HMW ratio

above 1) with 1q gain would have been missed, while

relying only on tissue DNA, 1q gain would have been
missed in 2 cases.

3.7. Cerebrospinal fluid sampling is the preferred option

for CNA detection in medulloblastoma

For brain tumours, it is expected that higher tissue
DNA fractions will be found in cerebrospinal fluid

(CSF) when compared to plasma. We analysed three

CSF samples of brain tumour patients. These samples

showed clear CNAs in the CSF (almost) fully concor-

dant to the matching tissue DNA profile (Supplemental
quid biopsies as a complementary assay for copy number aberration

n Journal of Cancer, https://doi.org/10.1016/j.ejca.2021.09.022



Fig. 5. UpSet [35] plot depicting (A) the discordance and

concordance between copy number aberrations in cfDNA and

copy number aberrations in tissue (all samples), (B) the MYCN

amplification status in cfDNA and tumour DNA in neuroblas-

toma samples, (C) 1q gain in cfDNA and tumour DNA in

nephroblastoma samples.
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data analysis). For patient 101 with a medulloblastoma,

there were matching plasma samples available, with a

cfDNA/HMW ratio of 1.94, that showed a copy number

neutral profile, while CNA analysis in CSF depicted a
chromosome 6 loss (Supplemental data analysis).
4. Discussion

Past efforts have shown that many paediatric tumour

types contain detectable levels of circulating tumour

DNA in their peripheral blood [16,23,37], presenting
with copy number aberrations [15,16,18,19]. Here, we

provide a comprehensive comparative study between

paired cfDNA and tissue DNA samples in common

paediatric cancer entities from routinely collected
Please cite this article as: Van Paemel R et al., The feasibility of using li
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clinical samples to assess CNA agreement for a total of

268 samples from 128 patients. In this study, we have

further investigated what variables can contribute to the

concordance or discordance between copy number var-

iations in tissue DNA and cfDNA.

A first and expected critical parameter for successful

cfDNA analyses is sample quality. This became evident

through the frequent finding of a copy number neutral
cfDNA profile, while many chromosome gains and losses

were observed in the corresponding tissue DNA. We

determined sample quality as the ratio between cfDNA

versus the high-molecular-weight DNA (HMW) in the

DNA sample. This percentage can decrease due to

contamination with high-molecular-weight DNA, often

derived from apoptosis and necrosis of leukocytes [34].

The amount of HMW DNA contamination that is
deemed acceptable will vary on the intended purpose, e.g.

detection of rare events (such as minimal residual disease)

could require a higher quality sample. Importantly, this

association with sample quality was still observed despite

a size selection step of <200 bp in our sequencing library

construction protocol. Thus, the presence of HMW

DNA is a surrogate marker for the dilution of the

cfDNA peak with the non-tumour signal. Therefore,
careful attention to the selection of blood collection

tubes, processing delay and other pre-analytical factors

should be taken into account when including liquid bi-

opsies in prospective multicentre clinical trials as pub-

lished elsewhere [32,38,39], and caution should be taken

when including retrospective samples, or samples without

adequate quality control, in studies or for clinical deci-

sion making. The release of HMW DNA can be reduced
by using cfDNA stabilising tubes (e.g. Streck Cell-Free

DNA BCT tubes or PAXgene ccfDNA tubes), which

have been shown to have an advantage over EDTA tubes

if processing delays of more than 4e24 h are to be ex-

pected [33,39]. However, these specialised blood collec-

tion tubes are not available at all (paediatric) oncology

departments. Furthermore, the minimum required vol-

ume can be up to 10 mL. In situations where the mini-
mum required volume for preservation tubes is an issue,

storing EDTA tubes at 4 �C for a maximum of 24 h is a

valid alternative [39].

A comparison of cfDNA samples, obtained either

before neoadjuvant chemotherapy or at time of ne-

phrectomy, with nephroblastoma tissue samples ob-

tained from various locations in the tumour after

neoadjuvant chemotherapy showed substantial differ-
ences (Fig. 2C). Whether this discrepancy can be the

result of a more aggressive subclone with a higher

tumour cell turnover resulting in higher ctDNA levels,

the effect of chemotherapy and/or an effect of tumour

volume remains yet to be proven. We found no false

positives or false negatives for MYCN amplification

detection, regardless of cfDNA quality. As MYCN

amplifications are highly abundant in tumour tissue, the
presence of MYCN amplification might be masked less
quid biopsies as a complementary assay for copy number aberration
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by the presence of HMW DNA. Serum-based MYCN

amplification detection has already been described with

qPCR [40] (overall sensitivity and specificity for high

stage neuroblastoma ranging from 75 to 86% and 95 to

100%, respectively) [41,42] and ddPCR [43], but the

whole genome can be investigated with sWGS rather

than only the MYCN gene with PCR-based techniques.

In addition, whole-genome sequencing does allow not
only the detection of tumour-derived DNA but can

distinguish cancer types based on the epigenetic signa-

tures and assesses treatment-related toxicity as well,

which from a clinical perspective eases the sample

workflow [18]. Furthermore, the presence of several

samples with CNAs in cfDNA, while not detected in the

corresponding tissue DNA, further highlights the

possible effect of spatial heterogeneity and/or sampling
bias. The importance of spatial heterogeneity is further

supported by the observation that CNAs that are

associated with poor prognosis (e.g. 1p deletion in

neuroblastoma [44]) can only be seen in cfDNA in

several cases. These findings are further supported by

the previous work in neuroblastoma by our group [17]

and by Chicard and colleagues [15], who reported cases

with 1p deletion and 17q gain exclusively in cfDNA at
diagnosis. We not only observed this in neuroblastoma

but also in other tumour entities (e.g. 1q gain in neph-

roblastoma) as well. The important conclusion is that

caution should be taken when interpreting CNAs, being

it from solely cfDNA, or from a single tumour location,

especially in heterogeneous tumours. However, detec-

tion and risk assignment based on the additional CNAs

in cfDNA might not translate to an additional survival
benefit. The added benefit of risk-stratification based on

(additional) CNAs detected in cfDNA as opposed to

CNAs detected exclusively in tissue DNA will need to be

investigated further in future clinical trials.

Among the limitations of this study are its retro-

spective nature and consequently the unstandardised

collection of the samples and the various platforms on

which the samples were analysed. As for some tumour
entities, collections were performed with a certain pro-

tocol and platform, and we were thus not able to assess

any causal effect of certain parameters (e.g. tumour

type) on the presence of CNAs in plasma. For example,

while the osteosarcoma and Ewing sarcoma samples

seem to have the lowest agreement between cfDNA and

tissue DNA, no definitive conclusions can be obtained

between the log2 (ratio) in cfDNA and tumour DNA for
each tumour type due to the low number of samples for

these tumour entities and the retrospective nature of the

study (Supplemental data analysis). Since the copy

number landscape is currently more relevant for clinical

decision-making in neuroblastoma, more neuroblas-

toma samples were included in this study compared to

the other tumour types. Furthermore, for several

tumour types, only one or a few paired samples were
available.
Please cite this article as: Van Paemel R et al., The feasibility of using li
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In conclusion, in future prospective studies, liquid

biopsies can serve as a complementary assay, as either

cfDNA or tissue DNA can contain CNAs that are not

present in the other biomaterial.
Code and data availability

Shallow WGS raw data is available at

EGAD00001007508. Illumina array raw data and pro-

cessed data is available at EGAS00001005197. WES raw

data is available at EGAD00001007816. Processed

sWGS and WES data are available at ArrayExpress

identifier E-MTAB-10548. Processed 180K array data is

available in Supplementary Table 2, and raw array data
can be obtained upon request. Code used for data

analysis is available at https://github.com/rmvpaeme/

sWGS_pediatric_cancer.
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