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Abstract
Pediatric solid tumors have long been known to shed tumor cells, DNA, RNA, and proteins into the blood. Recent technological
advances have allowed for improved capture and analysis of these typically scant circulating materials. Efforts are ongoing to
develop “liquid biopsy” assays as minimally invasive tools to address diagnostic, prognostic, and disease monitoring needs in
childhood cancer care. Applying these highly sensitive technologies to serial liquid biopsies is expected to advance understand-
ing of tumor biology, heterogeneity, and evolution over the course of therapy, thus opening new avenues for personalized therapy.
In this review, we outline the latest technologies available for liquid biopsies and describe the methods, pitfalls, and benefits of the
assays that are being developed for children with extracranial solid tumors. We discuss what has been learned in several of the
most common pediatric solid tumors including neuroblastoma, sarcoma, Wilms tumor, and hepatoblastoma and highlight
promising future directions for the field.
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1 Introduction

Cancer is a group of diseases that arises from genetic in-
heritance, environmental factors, or accumulated errors in
DNA replication that result in uncontrolled cell prolifera-
tion [1]. Of these diseases, pediatric solid tumors often
have particularly devastating outcomes. Fortunately,

increasing knowledge about childhood cancer biology
and tumorigenesis has enabled advances in chemotherapy,
supportive care, and personalized medicine which have
improved outcomes. However, it has become apparent that
intensive treatments can negatively impact survivors’ qual-
ity of life [2–9] and that therapy for children with solid
tumors should be optimally tailored to each child to max-
imize the likelihood of cure while minimizing short- and
long-term toxicity. At population levels, this is best accom-
plished by stratifying risk according to patient demo-
graphics, clinical characteristics, and tumor biology, with
escalating treatment for those at the highest risk of relapse
[10–13]. At the individual level, understanding tumor and
host biology promises truly personalized care by facilitat-
ing targeting of specific drivers of disease [14, 15].

Primary or metastatic tumor biopsies at diagnosis, resec-
tion, or relapse are undeniably the gold standard for identify-
ing tumor biology, diagnosing disease, and therapeutic deci-
sion-making. However, invasive biopsies are difficult to ob-
tain in children, limiting their ability to monitor disease or
determine when alternate treatments may be appropriate.
Additionally, all children receive advanced imaging at diag-
nosis and for disease monitoring that may expose them to
ionizing radiation and/or anesthesia [16]. Despite this, many
children will relapse despite having no evidence of disease on
clinical imaging.
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Peripheral blood sampling is an increasingly attractive av-
enue for developing minimally invasive biomarkers that may
complement tissue biopsies and imaging. It has long been
known that tumors shed cells, nucleotides, proteins, and ves-
icles into the blood [17]. Because the material in a liquid
biopsy is likely to represent the most aggressive part of a
rapidly dividing malignancy, many of the genomic driving
aberrations described in tumor biopsies should be identifiable
in the peripheral blood [18]. Therefore, assays based on inter-
rogating these circulating analytes, (i.e., “liquid biopsies”) are
expected to emerge as tools to diagnose, monitor, and aid in
therapeutic decision-making in real time using simple serial
blood tests [19]. In adult malignancies, these approaches have
led to new screening and diagnostic tests based on known
biology [20], and many of the same approaches are currently
being adapted for use in children with solid tumors. However,
childhood cancers differ considerably from adult malignan-
cies as they infrequently harbor recurrent genomic aberrations
[21], driving the need for pediatric-focused initiatives.

In this review, we will first describe some of the technolo-
gies being pursued for circulating analytes such as circulating
tumor cells (CTCs) and macromolecular structures (nucleo-
somes and exosomes), cell-free DNA (cfDNA), and cell-free
RNA (cfRNA) (Fig. 1, left). The diversity of approaches for
use in liquid biopsies mirrors what has been accomplished
using tumor tissue including assessments of genetic muta-
tions, fusions, expression, and epigenetics. Next, we will dis-
cuss how liquid biopsies can be used to identify these genomic

features and what is currently being evaluated across the spec-
trum of pediatric solid tumors. We conclude with some of the
future directions in the field and potential applications to im-
plement liquid biopsies for diagnostic classification, outcome
prediction, disease monitoring, and therapeutic decision mak-
ing in childhood cancer.

2 Circulating analytes for liquid biopsy

2.1 CTCs and macromolecular structures

CTCs were first reported in 1869 [22], and are defined as cells
circulating freely in the bloodstream with genetic resemblance
to their tumor origin. CTCs have now been identified across a
range of malignancies, including in patients with metastatic
prostate, breast, ovarian, colorectal, and lung cancer [23].
Therefore, CTCs have become appealing analytes for liquid
biopsies in childhood cancers as well. CTCs constitute a very
small fraction of cells in the bloodstream (5 to 1281 CTCs per
mL of blood) and are challenging to identify and capture [24].
Thus, early research efforts were aimed at circulating tumor
cell detection, enrichment, and enumeration techniques, while
more recent approaches have probed the contents of CTCs,
mainly DNA and RNA.

Exosomes are small extracellular vesicles that are lipid
bilayer-coated bodies containing DNA, RNA, and proteins,
with membrane surface molecules that include MHC proteins
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Fig. 1 Overview of approaches to capturing and investigating circulating
analytes from liquid biopsies. In the presence of malignancy, a liquid
biopsy (i.e., blood) has been demonstrated to contain single tumor cells,
free nucleic acids, exosomes containing nucleic acids and proteins, and
free circulating nucleosomes. These components, sampled by simple
phlebotomy, can be analyzed to detect single nucleotide mutations,

copy number aberrations, fusions, translocations, and epigenetic
changes reflective of tumor genetic heterogeneity. Abbreviations:
cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; qPCR, quanti-
tative PCR; RT-qPCR, quantitative reverse transcription PCR; WES,
whole exome sequencing; WGS, whole genome sequencing
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[25–27] (Fig. 1, left). Secreted by many living cell types in-
cluding cancer cells, exosomes facilitate cell-cell communica-
tion by allowing for intercellular exchange of signaling RNAs
such as long non-coding RNAs (lncRNAs), micro RNAs
(miRNAs), mitochondrial DNA, single- and double-stranded
genomic DNA, and proteins [25, 28, 29]. Greater than 109

exosomes per mL have been observed in blood [30, 31],
though they are also present in serum, urine, saliva, cerebral
spinal fluid, and amniotic fluid, and can cross the blood-brain
barrier [25–27]. Early studies focused on detecting and quan-
tifying exosomal presence in the blood; however, it was dem-
onstrated that cancer patients could not be reliably distin-
guished from healthy individuals by total exosome quantity
or exosomal size alone [32]. Therefore, most current studies
focus on the accurate capture of exosomes and assay their
nucleic acid and protein content.

Circulating nucleosomes and histones are nuclear compo-
nents observed in blood (Fig. 1, left). Each nucleosome is
comprised of DNA wrapped 1.65 times around an eight-
histone core, and the N-terminal histone tail protrudes from
the nucleosome core and is a site for post-translational modi-
fications [33]. Histone modifications are epigenetic means by
which gene expression is regulated via chromatin accessibility
and nucleosome positioning [34]. Cell death results in chro-
matin fragmentation and shedding of nucleosomes and his-
tones into the bloodstream, which can then be detected and
interrogated for liquid biopsy applications [35, 36]. Thus, cir-
culating cfDNA, nucleosomes, and histones are closely con-
nected. Indeed, around the time that tumor DNA was first
observed in cancer patient plasma, increased levels of circu-
lating nucleosomes were also reported in several adult cancers
compared with those in controls [36, 37]. As many as 200 ng
per mL of nucleosomes have been quantified in metastatic
colorectal cancer [38]. Emerging methods for studying nucle-
osomes will be discussed in the technologies section.

2.2 Circulating nucleic acids

The probing of circulating cfDNA and cfRNA has been of
significant interest to liquid biopsy development [39] (Fig. 1,
left). cfDNAwas first reported in 1948 [17] and later appreci-
ated in the 1990s for its potential applications in detecting
cancer with circulating tumor DNA (ctDNA) [40, 41] and
non-invasive prenatal testing with fetal-derived cfDNA [42].
Released into the bloodstream through apoptosis and/or ne-
crosis of cancer cells themselves (circulating tumor cells, pri-
mary tumor, or metastatic lesions [43]) or from dying cells in
the surrounding tumor microenvironment, cfDNA has been
demonstrated to be either free double-stranded DNA frag-
ments or nucleosome-associated [44]. In cancer patients, 0–
5 ng to over 1000 ng cfDNA can be isolated per mL of plasma
[39]; and for healthy individuals, 0–100 ng per mL of plasma
can be extracted [45]. The proportion of tumor-derived

cfDNA often varies among patients depending on tumor bur-
den [46]. The short half-life of cfDNA (16–90 min) allows for
real-time assessments, including responsiveness to tumor-
directed therapy [47]. Unlike tissue biopsies, cfDNAmay bet-
ter represent the diverse tumor cell population and tumor het-
erogeneity [48, 49].

Cell-free messenger RNA (mRNA), lncRNA, and miRNA
are also shed by dying cells and have been detected in blood in
spite of endogenous ribonucleases. Circulating mRNA was
first reported in cancer patient serum in 1999 [50]. Later,
IncRNAs were detected in plasma. As they are over 200-bp
in size, it is hypothesized that RNA secondary structure pro-
tects the fraction of non-vesicle bound lncRNAs from degra-
dation [51, 52]. miRNAs, which are small (~ 22 base-pair)
non-coding RNAs that function as translational inhibitors
were observed extracellularly [53] and in plasma within
Argonaute2 complexes or associated with lipoproteins [54,
55]. As the roles of lncRNAs and miRNAs are better eluci-
dated, their potential application as liquid biomarkers will be
defined.

3 Technologies to assess analytes for liquid
biopsy

3.1 Detection of macromolecular structures: CTCs,
exosomes, and nucleosomes

CTCs and other macromolecular structures are detected and
counted in liquid biopsies (Fig. 1, right and Table 1). As of
2019, 265 clinical trials in the USAwere being conducted on
CTCs [69]. Indeed, the CellSearch™ CTC (Menarini Silicon
Biosystems) enumeration assay was reported in 2010 [56] and
is now FDA-approved for diagnosing metastatic breast, pros-
tate, and colorectal cancer. The assay enriches EpCAM+/
CD45− CTCs using immunomagnetic separation to filter
CTCs followed by flow-cytometric analysis for cell counting.
Higher CTC numbers (> 5 CTCs per 7.5 mL of blood) were
associated with poor progression-free survival (PFS) in meta-
static breast and prostate cancers, and conversely lower CTC
counts were associated with improved overall survival
[70–72]. Capture and enrichment systems that have been de-
veloped, such as CellSieve™ (Creatv MicroTech) and
ClearCell® FX (Genomax Technologies), allow for the inves-
tigation of EpCAM-negative CTCs by using physical differ-
ences to isolate them from the bloodstream [73, 74]. Once
isolated, CTCs can be assessed by assaying commonly secret-
ed proteins. For example, in the EPISPOT assay, viable CTCs
were isolated from patients with breast and prostate cancer by
culturing cells on membranes with antibodies against CD19,
MUC1, PSA, and FGF2 [57]. Limitations for bulk analyses of
CTCs include the need for a high yield and purity of samples;
therefore, single-cell approaches probing CTC contents,
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especially CTC-derived nucleic acids, have emerged and will
be an area of active research [69].

Isolation of exosomes faces technical challenges because
traditional approaches are slow and consume large quantities
of material. Exosome isolation methods include serial differ-
ential ultracentrifugation, antibody-based affinity purification
(e.g., CD63, EpCAM), or size filtration [75]. Newer methods
to decrease both processing time and required amount of sam-
ple include nPLEX, an assay that uses a surface plasmon
resonance-based quantitative and high-throughput assay to
achieve label-free exosome isolation [59]. As technologies
have improved to capture exosomes, assays to probe
exosomal contents have been developed. The first commer-
cially available laboratory-developed tests for exosomes, the
ExoDx® Lung assays (Exosome Diagnostics), investigates
the RNA content of exosomes and will be discussed further
in the transcriptomic assays section.

Cancer-specific histone post-translational modifications
and nucleosome positioning have been extensively investigat-
ed [76, 77]. ELISA-based quantitation of circulating nucleo-
somes continues to be an area of research for liquid biopsy
[61]. Focused assays test for histone methylation levels on
circulating nucleosomes [78, 79], while broader nucleosome
footprinting is an emerging technique to study genomic posi-
tioning in cfDNA analytes [44]. Recently, nucleosomal

occupancy mapping on cfDNA was found to correlate with
gene expression, cancer type, and cellular state [80].

3.2 Genomic assays

CTC/exosome-derived DNA or cfDNA can be assessed for
cancer-associated mutations, copy number variants (CNVs),
or single-nucleotide polymorphisms (SNPs) using targeted
PCR-based or genome-wide next-generation sequencing
(NGS) approaches. One of the few FDA-approved liquid bi-
opsies is the cobas® EGFR Mutation Test v2 (Roche), a real-
time quantitative PCR (qPCR) companion diagnostic assay
that screens a panel of known EGFR mutations and deletions
[62]. While qPCR is used in this and other panel-based ap-
proaches, the technology is generally limited by the low nano-
gram amounts of plasma ctDNA present in some cancer pa-
tients. Therefore, digital PCR platforms have been developed
to analyze specific mutations and deletions that improve ana-
lytical sensitivity, which include methods such as microfluidic
droplet digital PCR (ddPCR) and BEAMing (beads, emul-
sion, amplification, and magnetics) [81–83] (Fig. 1, right
and Table 1). Briefly, these approaches divide DNA templates
into near single-molecule/single-target PCR reactions for
quantitative detection without a standard curve. Recently,
O’Leary et. al. compared ddPCR with BEAMing in cfDNA

Table 1 Summary of liquid biopsy technologies developed for the study of cancer.

Analyte Approach Methods used Example in adult malignancies

CTCs Isolation/enumeration Cell separation methods including
immunoaffinity or size selection
coupled with flow cytometry

CellSearch® [56]

Analysis of CTC
contents (DNA,
RNA, proteins)

Antibody-based protein
low-input nucleic acid detection

EPISPOT [57]
Smart-seq [58]

Exosomes Isolation Ultracentrifugation, size-exclusion
filtration, affinity-based,
label-free isolation

nPLEX [59]

Analysis of exosomal
contents (DNA,
RNA, proteins)

Antibody-based protein
Low-input nucleic

acid detection

ExoDx® Lung (EGFR) [60]

Circulating
nucleosomes/histones

Histone methylation ELISA and other antibody-
based detection

ELISA-based histone
methylation assay [61]

Nucleosome footprinting Deep sequencing NGS Snyder, et al. [44]
Circulating DNA

(cfDNA, CTC DNA,
exosomal DNA)

Genetic Targeted PCR (qPCR, ddPCR,
BEAMing), WES

cobas EGFR Mutation Test v2 [62]

Non-targeted (WES, WGS) Leary et al. [63]
Epigenetic 5mC detection (MSRE-PCR,

MS-PCR, MeDIP-seq,
MBD-seq, TamC-seq,
WGBS-seq)

Epi ProColon® [64]

5hmC detection (Nano-hmC-
Seal, Jump-seq)

Li, et al. [65]
Song, et al. [66]

Circulating RNA
(cfRNA, CTC RNA,
exosomal RNA)

Transcriptomic Targeted PCR (RT-PCR,
RT-dPCR)

Targeted RNA-seq

Sanders, et al. [67]

Non-targeted RNA-seq Giraldez, et al. [68]

5hmC, 5-hydroxymethylcytosine; 5mc, 5-methylcytosine; CTCs, circulating tumor cells; ddPCR, digital droplet polymerase chain reaction; ELISA,
enzyme-linked immunosorbent assay; PCR, polymerase chain reaction; qPCR, quantitative polymerase chain reaction; RT-PCR, reverse transcriptase
quantitative polymerase chain reaction; RT-dPCR, reverse transcriptase digital polymerase chain reaction;WES, whole exome sequencing;WGS, whole
genome sequencing
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from breast cancer patients in the PALOMA-3 trial and found
good concordance between the twomethods [84].While these
technologies require a pre-existing knowledge of mutations,
advantages of ddPCR and BEAMing include low cost, short
assay time, and the ability to multiplex mutation assessment.

Whole exome-sequencing (WES) offers a broader method
to analyze cfDNA by sequencing the coding region contained
in exons which are approximately 1% of the genome [85, 86]
(Fig. 1, right and Table 1). In a seminal 2013 cfDNA study
evaluating serial plasma samples from breast, lung, and ovar-
ian cancers patients, WES identified genes with known asso-
ciation with acquired chemoresistance (e.g., PIK3CA), and
clonal evolution of the cancers in response to therapy could
be followed [49]. While WES can aid in biomarker discovery,
most applications of WES in liquid biopsy are used to detect
knownmutations and CNVs. Additionally, becauseWES gen-
erally has lower depth of coverage than targeted sequencing
panels, it may have limited ability to detect mutations below
5% allele frequencies [87].

Compared with WES, whole-genome sequencing (WGS)
offers insight into the entire genetic landscape (Fig. 1, right
and Table 1). WGS covers mutations in non-coding regions
which include introns, regulatory elements, and non-coding
RNAs that WES does not capture [88]. This allows for better
assessment of CNVs, SNPs, and larger structural variations.
WGS was first reported on cfDNA from colorectal cancer and
breast cancer patients to identify chromosomal rearrange-
ments and copy number changes, including ERBB2 and
CDK6 amplification [63]. WGS on cfDNA was soon after
applied to demonstrate applicability of minimal residual dis-
ease detection in pre- and post-operative cancer patients [89].
Sequencing coverage, along with its associated costs, can be a
barrier to WES and WGS approaches. Therefore, low-
coverage sequencing (i.e., 0.1x coverage) and associated com-
putational approaches continue to be an area of active research
for NGS-based cfDNA liquid biopsies [90–92].

3.3 Epigenetic-based assays

Liquid biopsies that focus solely on detecting tumor-specific,
low-frequency mutant alleles face challenges if the mutations
are lower than the limit of detection in the sampled cfDNA. In
contrast, epigenetic modifications are ubiquitous, and the de-
position of epigenetic marks is organ- and cell-type specific
[93, 94]. Thus, epigenetic analysis of cfDNA can also be used
to investigate the tumor microenvironment and metabolic and
immune responses to cancers (Fig. 1, right and Table 1).
Furthermore, mapping of these epigenetic features can en-
hance cancer diagnosis, prognosis, and relapse detection [95].

The most common DNA modification is cytosine methyl-
ation (5mC), which occurs throughout CpG islands and is
associated with transcriptional repression. Despite an overall
decrease in 5mC levels reported in cancers [96], aberrant focal

5mC deposition has been observed, supporting models of epi-
genetic influence on cancer initiation, progression, and inva-
sion [33, 97, 98]. For individual or multiplexed targeting of
specific methylated regions, techniques that employ
methylation-sensitive restriction endonuclease (MSRE)-PCR
ormethylation-specific-PCR (MS-PCR) are utilized [99, 100].
Most of the cfDNA 5mC-based assays that are the furthest in
the clinical validation pipeline are based on MS-PCR using
candidate methylated genes. Indeed, the only epigenetic-
based FDA-approved liquid biopsy available is Epi
ProColon® (Epigenomics), which consists of MethyLight
PCR detection of a single target, methylated SEPT9 [64].

The general approaches for genome-wide DNA
methylome mapping include the following: (1) methods that
use MSRE coupled to sequencing [101, 102]; (2) enrichment
and affinity capture of 5mC-containing DNA fragments in-
cluding MeDIP-seq [103]), MBD-Seq [104], or a 5mC chem-
ical labeling strategy (e.g. Tet-assisted 5mC sequencing
[105]); and (3) bisulfite-conversion-based sequencing
methods (BS-Seq) that achieve single-base resolution differ-
entiation of unmethylated and methylated cytosines [106]. To
date, most whole-genome methylation studies applied to
cfDNA are currently either biomarker discovery or proof-of-
concept studies. The application of whole-genome BS-seq
[107, 108], MeDIP-seq [109, 110], and other genome-wide
methylation mapping technologies to cfDNA for liquid biop-
sies are likely to continue to emerge.

Other promising epigenetic marks for liquid biopsy detec-
t i on i nc l ude ox i d i z ed de r i va t i v e s o f 5mC: 5 -
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC), which are produced by ten-
eleven-translocation (TET) dioxygenase catalysis in mamma-
lian cells [111]. Of these cytosine modifications, 5hmC has
been most developed as a potential liquid biopsy [112].
Differential deposition of 5hmC has been observed in primary
tumor DNA, suggesting that genomic patterns of 5hmC cap-
ture tumor heterogeneity. Affinity-based [113, 114] and
single-base resolution methods [115–119] have been devel-
oped to analyze genome-wide 5hmC; for targeted 5hmC de-
tection, most of these technologies could be coupled to PCR
or arrays. A promising method for liquid biopsy in particular
is nano-hmC-seal [120]. Nano-hmC-seal modified the hmC-
seal approach (chemical labeling, pull-down, and enrichment
of 5hmC-modified DNA fragments) [114] to successfully per-
form it on 1–10 nanogram quantities of DNA. Nano-hmC-
Seal has been applied to cfDNA to develop diagnostic bio-
markers in hepatocellular carcinoma (HCC) [66, 121], diffuse
large B-cell lymphoma [122], and colorectal [65, 66, 123],
gastric [65], lung [66, 124], pancreatic [66], breast [66], and
esophageal cancers [125]. Given these extensive cfDNA ap-
plications, it is likely that clinical validation studies of these
whole-genome or targeted panels of 5hmC-modified loci will
emerge.
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3.4 Transcriptomic assays

Analogous to cfDNA assays, targeted PCR or broader
sequencing approaches can be applied to complimentary
DNA (cDNA) synthesized by reverse transcription from
RNA templates. In general, targeted quantitative reverse-
transcriptase PCR (RT-PCR)-based assays are used for
detecting specific or multiple transcripts. To expand RT-
PCR methodologies to low-input samples, dPCR ap-
proaches have been applied to cDNA synthesized from
circulating cell-free or exosome/CTC-derived RNA, with
efforts focused on improving reverse transcriptase effi-
ciency [67, 126]. The ExoDx® Lung assays (T790M,
ALK, or panel EGFR, Exosome Diagnostics), for exam-
ple, use an RT-dPCR approach on exosomal RNA, com-
bined with analysis of cfDNA, to assess patients with lung
cancer for EGFR mutations [60].

To more broadly assess RNA in liquid biopsies, transcript
microarrays and whole-transcriptome NGS are used. The
transcriptomic analog to WGS, RNA-seq, has been transfor-
mational in molecular biology [127, 128]. Methods to expand
RNA-seq for biomarker discovery from low-quantity or rare
cell populations have been developed. Smart-seq, a single-cell
level mRNA-seq method, has been tested on mRNA isolated
from CTCs to analyze genome wide expression patterns [58].
Considerable effort has been made to establish workflows and
appropriate standards for RNA-seq performed on low-input
samples, such as miRNAs from patient plasma samples
[129] and other cell-free RNA species [68, 130, 131]. In sum-
mary, the analytes available in circulating plasma are myriad,
but the technologies to probe these analytes and discovered
biomarkers need additional clinical validation prior to univer-
sal adoption.

4 Applications of liquid biopsy in pediatric
solid tumors

4.1 Neuroblastoma

Neuroblastoma is the fourth most common pediatric tumor
and the most common extracranial solid malignancy in chil-
dren. As a neural crest cell-derived cancer, it typically presents
in the first few years of life and is characterized by phenotypic
and biologic heterogeneity. Patients with low-risk disease can
often be monitored with observation alone [132], while pa-
tients with aggressive high-risk neuroblastoma can expect a
three-year event-free survival of 60% despite high-intensity,
multimodal therapy [133]. Diagnosis and monitoring of neu-
roblastoma are typically accomplished through tumor biopsy
followed by serial computed tomography scans, 123I-
metaiodobenzylguanidine radionucleotide scanning, urine
catecholamines, and bone marrow biopsies and aspirates.

Once patients are assigned to high-risk therapy, there are no
blood biomarkers to monitor disease or determine response to
therapy. Despite the discovery over thirty years ago that neu-
ron specific enolase, gangliosides, and neuropeptide Y were
elevated in plasma from patients with neuroblastoma
[134–139], these circulating biomarkers have not proven reli-
able enough to augment or supplant imaging and biopsies
(Table 2). Therefore, recent efforts have focused on harnessing
the latest technology to identify novel liquid biopsy bio-
markers of high-risk neuroblastoma.

Neuroblastoma is known to frequently shed CTCs in the
blood both at diagnosis and during therapy [140, 183].
Historically, neuroblastoma CTCs were identified either with
RT-PCR of CTC-derived mRNA or immunoprecipitation of
cell-surface proteins [141, 184]. While it was determined that
the presence or absence of CTCs may serve as a circulating
biomarker of treatment response and likelihood of progression
[142], immunologic purging of CTCs did not improve the
survival of children with high-risk neuroblastoma in a ran-
domized phase III trial [185].

Early efforts toward the genomic identification of neuro-
blastoma in liquid biopsies relied heavily on RT-PCR, which
identified mRNA transcripts possibly shed by CTCs.
Increased steady-state tyrosine hydroxylase mRNA in newly
diagnosed neuroblastoma patients [143, 186, 187] is one ex-
ample of over twenty different transcripts to show potential as
a circulating neuroblastoma biomarker [188]. Indeed, multi-
transcript panels [144–147, 189] and newer NGS approaches
to detect miRNA (freely circulating or exosome-derived)
[148, 149] demonstrate promise and feasibility, but there have
been numerous impediments to clinical implementation in-
cluding the difficulty of obtaining high-quality RNA in the
clinic, prioritizing development of the many gene sets, and a
lack of clear understanding of the assays’ minimum detection
limits.

More recently, advances in parallel genomic sequencing
have made it possible to perform assessment of common ge-
nomic aberrations from cfDNA, particularly CNVs
[150–152], which are well-described as biomarkers of aggres-
sive neuroblastoma [190, 191]. Shallow WGS of cfDNAwas
evaluated as a relatively economical way to assess CNVs and
confirmed that changes identified from liquid biopsies mir-
rored those from primary tumors [151, 153]. In particular,
amplification of theMYCN oncogene, a well-established driv-
er of half of high-risk neuroblastoma tumors [192], can be
identified in cfDNA with a variety of technologies
[154–159]. Gain of 17q and loss of 11q are also readily de-
tectable [160] in serum at diagnosis [160, 161], and amplifi-
cations of the ALK gene has been identified using ddPCR
[159]. Researchers have also implemented WES and WGS
to identify specific genomic alterations in genes such as
TERT, ATRX, and ALK that may have therapeutic implications
[152], though it remains unclear how effective such
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Table 2 Overview of select liquid biopsy studies in patients with pediatric solid tumors

Citation Year Cancer type Assay # of patients Findings

Moss [140] 1990 Neuroblastoma Immunocytology 23 CTCs were identified by immuno-
stains prior to clinical evidence
of disease relapse.

Mattano [141] 1992 Neuroblastoma RT-PCR 18 PGP 9.5 was a blood-based
biomarker of disease.

Seeger [142] 2000 Neuroblastoma Immunocytology 422 The presence of circulating neuroblasts
detected with five monoclonal
antibodies at different time
points was predictive of outcome.

Burchill [143] 2001 Neuroblastoma RT-PCR 49 Tyrosine hydroxylase mRNA in
blood was an independent risk
factor for inferior survival, including
in children without clinical
evidence of disease.

Viprey [144] 2014 Neuroblastoma RT-qPCR 182 High PHOX2B and tyrosine
hydroxylase mRNA expression
in blood correlated with highly
aggressive disease and inferior survival.

Stutterheim [145] 2009 Neuroblastoma RT-qPCR 37 A panel of five genes for detection
of minimal residual disease was
validated in peripheral blood.

Marachelian [146] 2017 Neuroblastoma RT-qPCR 101 mRNA for five neuroblastoma-associated
genes from blood and bone marrow
was found to be an independent
predictor of progression free survival.

Yanez [147] 2011 Neuroblastoma RT-qPCR 102 The presence of tyrosine hydroxylase or
doublecortin mRNA in the blood
or marrow at diagnosis correlated
with inferior event-free survival.

Zeka [148] 2018 Neuroblastoma RT-qPCR 185 A serum-based nine miRNA signature
predicted outcome, and quantities
correlated with disease burden
and treatment response.

Morini [149] 2019 Neuroblastoma RT-qPCR 52 Exosomal three miRNA signature
correlated with response to therapy.

Chicard [150] 2016 Neuroblastoma OncoScan array chip 70 Chromosomal breakpoints and copy
number alterations in cfDNA
correlated with tumors.

Van Roy [151] 2017 Neuroblastoma WGS 37 cfDNA reliably identified CNVs.

Chicard [152] 2018 Neuroblastoma WES 19 New single nucleotide variants were
identified in cfDNA from patients
with relapse or progression.

Klega [153] 2018 Wilms, Neuroblastoma,
Sarcomas

WGS 45 1q gain could be detected in cfDNA
from patients with Wilms tumor.

Kojima [154] 2013 Neuroblastoma RT-qPCR 50 MYCN copy number in cfDNA
correlated with tumor.

Combaret [155] 2009 Neuroblastoma RT-qPCR 267 MYCN copy number in cfDNAwas
a sensitive and specific diagnostic
biomarker in stage 3/4 disease.

Gotoh [156] 2005 Neuroblastoma RT-qPCR 87 MYCN copy number in cfDNAwas
greater in patients whose tumors
were MYCN amplified.

Combaret [157] 2005 Neuroblastoma RT-qPCR 104 MYCN copy number in cfDNA
correlated with tumor.

Combaret [158] 2002 Neuroblastoma RT-qPCR 102 MYCN copy number was
determined from cfDNA.

Lodrini [159] 2017 Neuroblastoma ddPCR 10

Cancer Metastasis Rev (2019) 38:553–571 559



Table 2 (continued)

Citation Year Cancer type Assay # of patients Findings

MYCN and ALK copy number was
accurately determined from cfDNA.

Combaret [160] 2011 Neuroblastoma RT-qPCR 142 There was moderate sensitivity
and specificity to detect 17q gain
in cfDNAwhen compared to tumor.

Yagyu [161] 2011 Neuroblastoma Microsatellite analysis 24 Microsatellite analysis of ctDNAwas
100% sensitive and specific for 11q loss.

Misawa [162] 2009 Neuroblastoma Methylation-specific PCR 68 The methylation status of RASSF1A
in cfDNAwas prognostic.

Yagyu [163] 2008 Neuroblastoma Methylation-specific PCR 80 The methylation status of DCR2 in
cfDNAwas prognostic and
correlated with primary tumor.

Hayashi [164] 2017 Sarcoma Flow cytometry 36 CTC burden decreased during treatment;
persistent detectable CTCs heralded
clinical relapse.

Barris [165] 2018 Sarcoma Targeted next-generation
sequencing

7 Cancer-specific mutations were quantified
and tracked in serially collected
cfDNA from patients with osteosarcoma.

Shulman [166] 2018 Sarcoma WGS 166 The presence and burden of ctDNA in
patients with Ewing sarcoma correlated
with inferior outcome.

Allen-Rhoades [167] 2015 Sarcoma RT-qPCR 39 A plasma miRNA signature detected
osteosarcoma and had prognostic value.

Ma [168] 2014 Sarcoma RT-qPCR 89 Higher miR-148a expression was associated
with metastatic disease and inferior
survival in osteosarcoma.

Schleiermacher [169] 2003 Sarcoma RT-qPCR 172 EWS-FLI1 and EWS-ERG fusions in the
blood and marrow were predictive
of inferior survival.

Hayashi [170] 2016 Sarcoma ddPCR 3 Patient-specific fusion products were detectable
in blood and identified prior to clinical relapse.

Krumbholz [171] 2016 Sarcoma ddPCR 20 EWSR1-FLI1 burden in cfDNA correlated
with radiographic findings during
treatment and at relapse.

Allegretti [172] 2018 Sarcoma RT-qPCR, ddPCR 4 Quantity of the EWS-FLI1 fusion from
ctRNA tracked with disease status.

Eguchi-Ishimae [173] 2019 Sarcoma RT-qPCR 1 The PAX3-FOXO1 fusion was detected
in cfDNA during remission, several
months before clinical/radiographic relapse.

Miyachi [174] 2010 Sarcoma RT-qPCR 8 A six miRNA signature from
cfDNA differentiated rhabdomyosarcoma
from other solid tumors.

Jimenez [175] 2019 Renal tumors WES 18 Tumor-specific genetic alterations were
identified in cfDNA. Wilms-specific genetic
alterations were found in 12 of 14
patients with Wilms tumor.

Murray [176] 2015 Wilms tumor,
Hepatoblastoma,
Neuroblastoma,
Lymphoma, Sarcomas

RT-qPCR 33 Specific diagnostic miRNA signatures
differentiated tumor types.

Ludwig [177] 2015 Wilms tumor RT-qPCR 32 A three miRNA signature differentiated
patients with Wilms tumor
from healthy controls.

Schmitt [178] 2012 Wilms tumor RT-qPCR 13 A miRNA signature differentiated patients with
Wilms tumor from healthy controls but no
difference was seen pre- and post-treatment.

Treger [179] 2018 Wilms tumor ddPCR 4

Cancer Metastasis Rev (2019) 38:553–571560



approaches will be for delineating patients in complete remis-
sion from those with minimal disease states.

It is postulated that neuroblastoma is driven in large part by
epigenetic modifications due to the combination of few driv-
ing somatic mutations [193] and diverse clinical phenotypes
[194, 195]. Indeed, focal and genome-wide profiling of cyto-
sine and histone modifications can recapitulate neuroblastoma
risk groups and identify drivers of tumor biology [196–203].
The potential for biomarker development by identifying al-
tered methylation patterns on specific genes in cfDNA has
been demonstrated for RASSF1A and DRC2 [162, 163] and
efforts are ongoing to explore genome-wide 5mC profiling
from cfDNA for biomarker development in neuroblastoma.

In contrast to 5mC, 5hmC is associated with open chroma-
tin, and increased deposition on gene bodies has been shown
to correlate with gene expression. Thus, assays of genome-
wide 5hmC have the potential to serve a DNA surrogate for
gene expression, particularly of regulatory genes [114]. In
neuroblastoma, 5hmC profiles generated by nano-hmC-seal
from over a hundred diagnostic tumor samples delineated
high-risk from non-high-risk disease [196]. This same profil-
ing technology was recently applied to cfDNA from 129 se-
rially collected samples from mostly high-risk patients during
treatment and follow-up [204]. 5hmC profiles were highly
correlated with metastatic disease burden in both discovery
and validation cohorts regardless of underlying tumor biology,
but were also able to identify samples from patients with
MYCN-amplification. Furthermore, 5hmC cfDNA profiles
differentiated some patients who responded to initial chemo-
therapy from those who did not and detectedminimal amounts
of disease in patients who were classified as achieving com-
plete remission using established clinical response criteria.
This promising methodology will be prospectively validated
in larger, independent cohorts.

4.2 Sarcoma

Sarcomas represent 20% of all pediatric solid malignancies [205]
and are the most common malignancies of bone diagnosed in the
first three decades of life [206]. Tissue biopsy is the gold standard
for diagnosis, but because of its invasiveness it is not feasible for
serial monitoring of disease prior to surgical resection. No liquid
biopsy approaches have been approved for integration into clinical
care, and an expanding number of studies are assessing their utility
for diagnosis, monitoring, and management. For example, across
high-grade sarcomas, Hayashi et. al. showed that CTCs were de-
tectable and quantifiable at the time of diagnosis, decreased with
treatment, and correlated with risk of radiographic relapse [164].

When considering circulating cfDNA as an analyte for os-
teosarcoma, the lack of recurrent translocations limits the ap-
plication of mutation-detection assays such as ddPCR and
WES. In spite of this, McBride et. al. designed patient-
specific PCR primers based on DNA mutations found in pri-
mary tumor DNA to detect tumor-derived DNA in plasma
from one osteosarcoma patient [207]. Additionally, Barris et.
al. demonstrated the use of targeted ultra-deepNGS to identify
and track ctDNA burden of osteosarcoma patients using com-
mon aberrant genes such as TP53 and ATRX [165]. Others
have demonstrated that ultra-low-passage WGS of plasma
can identify tumor material in a majority of patients with os-
teosarcoma [166]. Circulating RNA, including miRNA, has
also been profiled and shown to be prognostic in patients with
osteosarcoma, though validation studies are needed to confirm
correlation with outcome [167, 168].

Another pediatric bone malignancy, Ewing sarcoma, has char-
acteristic translocations that can be detected in liquid biopsy sam-
ples [153]. In an early study, RT-PCR of fusion gene transcripts
EWS-FLI1 or EWS-ERG were used to identify occult tumor cells
in plasma, and occult cell presence was associated with

Table 2 (continued)

Citation Year Cancer type Assay # of patients Findings

TP53 mutations were detected
in serum of patients with diffuse
anaplastic Wilms tumor and ctDNA
burden declined post-nephrectomy.

Charlton [180] 2014 Wilms tumor Methylation analysis
of CpG sites

22 Differentially methylated regions can be
identified in cfDNA of patients
versus healthy controls.

Liu [181] 2016 Hepatoblastoma RT-PCR 32 Exosomal miR-21 was a more accurate
diagnostic marker than serum AFP.

Jiao [182] 2017 Hepatoblastoma RT-PCR 89 miR-34s family expression was prognostic
and a more accurate diagnostic marker
than serum AFP.

AFP, alpha fetoprotein; cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; CNV, copy number variations; CTC, circulating tumor cells; ddPCR,
digital droplet PCR; qPCR, quantitative PCR; RT-PCR, quantitative reverse transcription PCR; WES, whole exome sequencing; WGS, whole genome
sequencing
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micrometastases and adverse outcomes [169]. However, the prog-
nostic significance of this observation has yet to be validated [208].
More recently, in patients with newly diagnosed Ewing sarcoma,
EWSR1 translocations and other mutations such as TP53 and
STAG2 were detected in cfDNA using ultra-low-passage WGS
[166]. This study also explored the prognostic potential of a
translocation-based liquid biopsy, showing that the half of patients
with detectable ctDNA at diagnosis had inferior three-year event-
free survival compared to those without detectable ctDNA at di-
agnosis, an association likely related to increased rates of metasta-
tic disease in those with detectable ctDNA. Hayashi et. al. devel-
oped a highly sensitive and targeted approach to detect ctDNA by
using PCR primers for tumor-specific EWS-ETS fusion gene
breakpoints and subsequently applied ddPCR to detect the fusion
gene in patient plasma [170]. ddPCR was also used to assess
EWSR1-FLI1 fusion levels in cfDNA. Increased EWSR1-FLI1
levels were associated with disease burden and relapse, while de-
creased levels were observed in patients who responded to initial
chemotherapy [171]. The EWS-FLI1 translocation has also been
identified from cfRNA using RT-PCR [172].

Rhabdomyosarcoma, the most common tissue sarcoma, is
also associated with fusion genes in a subset of cases. Eguchi-
Ishimae et. al. reported that the PAX3-FOXO1 translocation
could be detected by qPCR on cfDNA extracted from serial
blood samples of a single patient with alveolar rhabdomyo-
sarcoma. Notably, the translocation was detected in cfDNA
during clinical remission, prior to a relapse that was not radio-
graphically evident for several additional months [173]. In
addition to fusion gene detection, Miyachi et. al. used RT-
PCR to identify circulating miRNAs (miR-1, miR-133a,
miR-133b, and miR-206), with miR-206 having the highest
sensitivity and specificity to distinguish rhabdomyosarcoma
from other solid tumors [174].

4.3 Wilms tumor

Wilms tumor, the most common renal malignancy in child-
hood, is primarily managed with two distinct approaches. In
much of Europe, and in some patients for whom upfront re-
section is contraindicated, neoadjuvant chemotherapy is often
initiated without a tissue biopsy, resulting inmismatched treat-
ment in up to 5% of children [209]. In contrast, North
American trials have demonstrated prognostic pre-treatment
biologic features to stratify higher risk patients for intensified
therapy, and upfront resection or tumor biopsy is preferred
[12]. The development of liquid biopsies for Wilms tumor
diagnosis may help to standardize therapy by providing valu-
able risk-stratification information. In a biomarker discovery
study, WES was performed on cfDNA obtained from pre-
nephrectomy patients at diagnosis and identified tumor-
specific mutations across all kidney tumor histologies [175].
A recent study used low passage WGS of ctDNA from eight
patients with Wilms tumors and identified four patients with

detectable ctDNA, two of whom had 1q gain, a prognostic
marker in Wilms tumor [153]. Others have focused on identi-
fying serummiRNAs using RT-PCR. Circulating miR-143-3p
and miR-129-5p differentiatedWilms tumors from neuroblas-
toma [176], whereas miR-130b-3p, miR-100-5p, and miR-
143-3p differentiated patients with Wilms tumor from healthy
controls with an accuracy of 84.5% [177]. These data are
promising, yet additional diagnostic liquid biopsy needs re-
main, including the ability to reliably differentiate Wilms tu-
mor f rom benign les ions , nephrogenic res t s or
nephroblastomatosis, and other pediatric renal pathologies
(e.g., clear cell sarcoma of the kidney or rhabdoid tumor).
Further, an ideal liquid biopsy will be able to detect prognostic
molecular biomarkers of favorable histology Wilms tumors,
such as 1p and 16q loss of heterozygosity [12].

Several technologies using cfDNA to monitor disease have
been tested with variable success for patients with Wilms tu-
mor. While a signature of 176 circulating miRNAs was diag-
nostic of Wilms tumor at diagnosis and could distinguish
healthy controls, it did not accurately reflect treatment effects
[178]. In patients with anaplastic histology Wilms tumor,
Treger et al. identified TP53 mutations using ddPCR in
matched tumor, blood, and urine samples at various time
points during treatment, although the correlation with progno-
sis has yet to be explored [179]. Finally, as somatic epigenetic
drivers are common inWilms tumors, Charlton et. al. detected
tumor-derived methylated loci in cfDNA from patients with
Wilms tumor [180]. These methylated sites were successfully
identified in cfDNA at the time of diagnosis, and in some
cases, during neoadjuvant chemotherapy, after resection, and
during adjuvant chemotherapy [180]. Taken together, the ge-
netic, transcriptomic, and epigenetic probing of circulating
nucleic acids show promise for liquid biopsies from patients
with Wilms tumor.

4.4 Hepatoblastoma

Hepatoblastoma, the most common liver tumor of childhood,
is often diagnosed in association with underlying cancer pre-
disposition syndromes such as Beckwith-Wiedemann syn-
drome. Early detection ofmalignancies is especially important
for these children [210], and screening typically involves pe-
riodic imaging and measuring of serum alpha fetal protein
(AFP) [210]. Thus, advanced liquid biopsies could be com-
bined with imaging/AFP to improve screening sensitivity. To
begin to address this, Murray et. al. performed RT-PCR of
miRNA isolated from whole blood samples collected from
patients with hepatoblastoma compared to healthy controls
and children with other tumors and identified that miR-122-
5p, miR-483-3p, and miR-205-5p could be used to differenti-
ate patients with hepatoblastoma from those with neuroblas-
toma [176]. Liu et. al. performed RT-PCR to measure the
expression levels of miR-21 in the plasma and the exosomes
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of hepatoblastoma patients and demonstrated that exosomal
miR-21 was able to diagnose hepatoblastoma more accurately
than serum AFP levels [181]. In this study, miR-21 was an
independent predictor of event-f ree survival for
hepatoblastoma patients [181]. In contrast, Jiao et. al. found
that circulating miR-34a, miR-34b, and miR-34c was not di-
agnostically superior to AFP, but the presence of these
miRNAs were the significant predictors of outcome, even
when controlled for PRETEXT stage IV, presence of metasta-
ses, and presence of vascular invasion [182]. The potential
application of liquid biopsies in hepatoblastoma requires ad-
ditional effort to identify optimal analytes and assays for fur-
ther development.

5 Future directions

The applications reviewed above include those for cancer di-
agnostics, risk stratification, and predictive modeling to guide
pediatric personalized medicine. There remains a significant
unmet need in children with solid tumors to titrate the intensity
and duration of therapy based on clinical and biologic features
of disease, including risk of recurrence. Liquid biopsies offer
potential to track tumor burden complementary or indepen-
dent of radiologic or surgical findings. For example, when
treatment for rhabdomyosarcoma is completed, a portion of
patients may have persistent circulating tumor analytes, and
the detection of this through liquid biopsy may justify
maintenance-like chemotherapy for these patients [211].
Serially collected liquid biopsies could also provide insight
about the association between disease burden and
chemosensitivity, i.e., a liquid biopsy indication of rising tu-
mor burden while on conventional therapy could trigger clin-
ical decisions to augment or shift treatment. Additional appli-
cations of liquid biopsies will likely focus on monitoring pa-
tients at high risk of developing cancer (including children
with genetic predisposition or cancer history) without expo-
sure to ionizing radiation or anesthesia.

Assaying circulating tumor material offers unique opportu-
nity to expand our understanding of cancer biology and path-
ogenesis through the study of tumor heterogeneity and evolu-
tion. While a tissue biopsy provides cellular and molecular
insight about the sampled region, a liquid biopsy captures
the diverse landscape of a tumor [212], and therefore deep
sequencing, for example, may identify disease-causal and per-
sistent subclones that are chemo-resistant. Serial liquid biop-
sies may facilitate the application of spatiotemporal genomics
and gene expression profiling, or the study of how tumors
evolve over time, which will allow for the identification of
the most highly relevant disease-associated genes and path-
ways, potentially enabling personalized medicine approaches.
The addition of whole-genome epigenetic profiling may also

complement genomic approaches, as will evolving technolo-
gies to profile metabolites.

Childhood cancer researchers are poised to advance the study
of liquid biopsies and circulating biomarkers. While clinical val-
idation of new assays through randomized controlled trials will
be necessary for clinical adoption, the process will be supported
by the nearly universal cooperation of providers and patients for
clinical trial enrollment, and the increased emphasis on develop-
ing robust, clinically annotated biorepositories. Well established,
centralized infrastructure to handle sample processing, storage,
and distribution can aid in the comprehensive study of these rare
diseases, and this should remain a priority amongst researchers
and funding organizations.

The technologies supporting liquid biopsies in pediatric
solid tumors continue to expand and the clinical applications
are being refined by many independent research groups.
Robust biorepositories will help ensure that as novel technol-
ogies to probe circulating analytes emerge, the use of patient
sample and patient information will be maximized for com-
prehensive validation and clinical adoption.
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