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Abstract

Circulating tumor cells (CTCs) derived from any tumor tissue could contribute to me-
tastasis and resistance to cancer treatments. In this study, we performed single-cell
next-generation sequencing of CTCs and evaluated their usefulness for character-
izing tumor biology and the mechanisms of metastasis in neuroblastomas (NB). We
aimed to isolate CTCs from 10 patients with NB at diagnosis before any treatments
and four patients at relapse. GD2TCD90"CD45 CD235a DAPI™ cells were isolated as
neuroblastoma CTCs using fluorescence-activated cell sorting. In five patients with
advanced stages (M stage), DNA and RNA sequencing of CTCs at single-cell level
were performed. NB CTCs were isolated from eight of the 10 patients at diagnosis and
three of the four patients at relapse. More CTCs could be isolated from patients with
advanced stages. In one patient, ALK mutation (p.F1174L), was identified in both tumor
tissue and a CTC. In patients with MYCN amplification, this gene was amplified in 12
of 13 CTCs. Using single-cell RNA sequencing, angiogenesis-related and cell cycle-
related genes together with CCND1 and TUBA1A genes were found to be upregulated
in CTCs. In one patient, CTCs were divided into two subgroups showing different
gene expression profiles. In one subgroup, cell cycle-related and proliferation-related
genes were differentially upregulated compared with the other group. In conclusion,
next-generation sequencing of CTCs at single-cell level might help to characterize the

tumor biology and the mechanisms of metastasis in NB.
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1 | INTRODUCTION

Neuroblastoma (NB) is the most common extracranial solid tumor
in children. In NB, both intratumor and clinical heterogeneity have
been extensively reported, with some tumors regressing sponta-
neously, while others progressing aggressively.™® To evaluate tumor
biology, open or endoscopic biopsies are performed under general
anesthesia. However, the information obtained is sometimes not in-
formative enough, as it reflects a transient state of the tumor and
is only derived from a specific part of it. Therefore, because of the
frequent heterogeneity found in NB, the data obtained from a single
biopsy might not reflect the biological characteristics of the whole
tumor. Furthermore, multiple or serial biopsies would be too invasive
to be considered as an alternative option to evaluate tumor charac-
teristics and evolution.

Liquid biopsy of CTCs has been proposed to be a valuable tool
for cancer diagnosis, treatment, and research.* CTCs can be col-
lected noninvasively and used for the assessment of malignancy,
prediction of prognosis, and early detection of relapse.* Moreover,
serial sampling of CTCs can provide insights into therapeutic re-
sponses and contribute to advances in personalized medicine
development.*

Importantly, some of CTCs are derived from actively invading
tumor cells such as cancer stem cells.> Given these characteristics,
single-cell next-generation sequencing of CTCs may provide an in-
sight into tumor malignancy and cancer treatments including tar-
geted therapy.

Previous studies on neuroblastoma CTCs using immunocytology
and flow cytometry have focused mainly on their cellular character-
ization. In contrast, genetic information on neuroblastoma CTCs is
limited.>® In this study, we aimed to isolate CTCs from patients with
neuroblastoma and characterize their CTC features using single-cell

next-generation sequencing.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

We aimed to isolate neuroblastoma CTCs from 5-10 mL periph-
eral blood of 10 patients at diagnosis before any treatment, among
whom two, one, and seven patients were staged as L1, L2, and M, re-
spectively, according to the International Neuroblastoma Risk Group
(INRGSS) staging system (cases 1-10) and four patients at relapse
(cases 11-14). In one patient (case 6), we intended to isolate CTCs
both at diagnosis and relapse and in another patient (case 4), we at-
tempted to isolate CTCs both at diagnosis and after intensive chem-
otherapy. The clinical features of the patients are listed in Table S1.
In five patients with neuroblastoma stage M at diagnosis (cases
6-10), CTCs were characterized using single-cell next-generation

sequencing.
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2.2 | Isolation of neuroblastoma CTCs

Neuroblastoma CTCs were isolated from peripheral blood using
multiparametric fluorescence-activated cell sorting (FACS) as pre-
viously described.” Briefly, GD2*CD90+*CD45 CD235a DAPI cells
were isolated as neuroblastoma CTCs from blood using FACS Aria Il

cell sorter (BD Biosciences, Flanklin Lakes, NJ).”

2.3 | Extraction of DNAs from biopsied tumor
tissue and whole blood cells

DNA was extracted from biopsied tumor tissues from five patients
with neuroblastoma (cases 6-10) as previously described.® Also,
DNA from peripheral blood mononuclear cells (PBMCs) was ex-
tracted as a reference for characterization using single-nucleotide
polymorphisms (SNPs) by DNA Extractor WB Kit (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan).

2.4 | Whole genome amplification of single CTC

DNA from single CTCs from five patients with neuroblastoma (cases
6-10) was amplified using REPLI-g Advanced DNA Single Cell Kit
(Qiagen, Hilden, Germany). In total, the DNA from 45 single CTCs
was amplified; specifically, 15, 10, 5, 6, and 9 amplified DNA data-
sets for single CTCs were obtained from cases 6, 7, 8, 9, and 10,
respectively. Quality check (QC) was performed using multiplex
PCR for eight cancer-related genes: BRAF, EGFR, KIT, KRAS, NRAS,
PIK3CA, PTEN, and TP53. The QC standard was based on the number
of threshold cycles (Ct) < 20 obtained for these genes based on our

previous study.”

2.5 | DNA sequencing of tumor tissues and CTCs
at single-cell level

The DNA extracted from tumor tissue and single CTCs of five pa-
tients with neuroblastoma (cases 6-10) was sequenced using both
lon AmpliSeq™ Cancer Hotspot Panel v2 (Thermo Fisher Scientific
Waltham, MA) targeting 50 most common cancer-related genes, and
lon PGM system (Thermo Fisher Scientific). FASTQ files of DNA se-
quencing data were processed using lonTorrent Suite (Thermo Fisher
Scientific) and the sequenced reads were aligned to University of
California Santa Cruz (UCSC) hg19 reference genome. Variant call-
ing was performed using lonReporter (Thermo Fisher Scientific) with
pre-set parameters (variant allele frequency = single-nucleotide
variants [SNV], multinucleotide variants [MNV]21-2%, InDel 5%
in tumor tissue, SNV, MNV, and InDel 210% in single CTC). We con-
firmed the existence of the identified mutations in single CTCs and

tumor tissue using Integrative Genomics Viewer (IGV) software and
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annotated the identified mutations using Catalogue Of Somatic
Mutations In Cancer (COSMIC) and International Cancer Genome
Consortium (ICGC) databases.

2.6 | Evaluation of MYCN status in CTCs at single-
cell level

We evaluated MYCN gene status in tumor tissue and single CTCs
from five patients with neuroblastoma (cases 6-10). As MYCN is not
targeted by lon AmpliSeq™ Cancer Hotspot Panel v2, the evaluation
of MYCN status was performed using QX100 Droplet Digital PCR
system(Bio-Rad, Hercules, CA) according to our previous study.8
MYCN/ N-acetyl-p-glucosamine kinase (NAGK) ratio was measured as
MYCN copy number and MYCN/NAGK ratio 22.5 was considered as
amplified MYCN in accordance with our previous study.8

2.7 | Whole transcriptome amplification of single
neuroblastoma cell from biopsied tumor tissue and
single CTC

We isolated single neuroblastoma cells from biopsied tumor tis-
sue (primary tumor cells: PTCs) from five patients with neuroblas-
toma (cases 6-10), to compare their gene expression profile with
that of single CTCs. After dissociation of tissue specimen using a
cell strainer, GD2TCD90"CD45 CD235a DAPI™ cells were isolated
using FACS as previously described.” In total, mRNA from 30 single
PTCs and 48 single CTCs was amplified; specifically, 5, 10, 5, 5 and
5 amplified mRNA datasets for single PTCs, and 8, 10, 5, 5 and 20
amplified mRNA datasets for single CTCs were obtained from cases
6,7,8,9,and 10, respectively, using SMART-Seq HT Kit (TaKaRa Bio,
Shiga, Japan).

2.8 | RNA sequencing of PTCs and CTCs at single-
cell level

The RNA collected from PTCs and CTCs from five patients with
neuroblastoma (cases 6-10) was sequenced at single-cell level as
previously described.” Processing of FASTQ files and alignment of
sequenced reads were performed in accordance with our previ-
ous study.” In total, 21 single PTCs and 42 single CTCs with over
500,000 reads from transcriptome were selected for data analy-
sis; specifically, 3, 3, 5, 5, and 5 mRNA datasets for single PTCs,
and 6, 6, 5, 5, and 20 mRNA datasets for single CTCs were ana-
lyzed from cases 6, 7, 8, 9, and 10, respectively. The quantifica-
tion of reads from transcripts and their normalization between
samples were performed in accordance with our previous study.”
Gene expression profiles were compared between PTCs and CTCs
to identify differentially expressed genes (DEGs). Whole tumor
characteristics of a single patient could be assessed based on the
data of at least 20 CTCs.? Therefore, in a patient with more than

20 analyzed CTCs (case 10), we performed hierarchical clustering
of CTCs based on normalized read counts of each gene and com-
pared gene expression profiles between CTC subgroups. Pathway
analysis was performed using WikiPathways database. Pathways
were identified as significantly over-represented using hypergeo-
metric test with a p-value<0.01.

2.9 | Statistical analysis

DEGs were identified using moderated t test following Benjamini-
Hochberg method for false discovery rate (FDR) correction of p-
values. We considered genes with a p-value <0.01 and fold change
(FC) 22 as statistically significant, and differentially expressed. Other
data were reported as mean+SD, and analyses were performed

using Microsoft Excel software.

3 | RESULTS

3.1 | Isolation of neuroblastoma CTCs

Cells with the following expression profile: GD2*, CD90", CD45",
CD235a", and DAPI", were isolated as neuroblastoma CTCs from
eight out of the 10 patients with neuroblastoma at diagnosis,
and three out of the four patients at relapse (mean = 2003/mL,
range = 0-7471/mL at diagnosis, mean = 723/mL, range = 0-2751/
mL at relapse). In one patient (case 6), CTCs were isolated at both
diagnosis (1202/mL) and relapse (8/mL). The numbers of CTCs were
highest in patients with neuroblastoma stage M (L1, O/mL; L2, 21/
mL; M, 2858/mL [mean]). In one patient (case 4), we found that the
numbers of CTCs at diagnosis were 4800/ml, and CTCs were no
longer detectable at 2 months after myeloablative chemotherapy.

(Figure 1).

3.2 | Quality check for single CTCs

In case 6, Ct values (mean+SD) of 15 single CTCs were the follow-
ing: BRAF 17.8+2.8, EGFR 16.9 +3.6, KIT 17.9 + 3.4, KRAS 18.7 + 2.9,
NRAS 17.7+3.1, PIK3CA 18.6+2.9, PTEN 18.6+2.7, and TP53
15.1+2.8. Eight of 15 single CTCs complied with the QC standards
with Ct values <20 in all these genes.

In case 7, Ct values (mean +SD) of 10 single CTCs were 17.9+4.4
in BRAF, 19.4+4.6 in EGFR, 18.8+5.4 in KIT, 20.3+2.9 in KRAS,
18.1+4.1 in NRAS, 19.6+4.3 in PIK3CA, 19.9+2.1 in PTEN, and
17.2+3.2in TP53. Two of 10 single CTCs complied with the QC stan-
dards with Ct values <20 in all these genes.

In case 8, Ct values (mean+SD) of five single CTCs were
18.7+3.5 in BRAF, 18.1+3.9 in EGFR, 20.6 +3.0 in KIT, 17.1+2.7 in
KRAS, 17.7+1.9 in NRAS, 18.4+4.1 in PIK3CA, 20.4+2.5 in PTEN,
and 17.6+2.6 in TP53. Two of five single CTCs complied with QC
standards with Ct values <20 in all these genes.
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Case INRGSS stage Number of isolated CTCs (/mL)
1 L1 0
2 L1 0
3 L2 21
4 M (BM +) 4800 (—0 at 2m after intensive chemotherapy)
5 M (BM +) 258
6 M (BM +) 1202 (—8 at relapse, 8m after induction therapy)
7 M 7471
8 M (BM +) 5280
9 M (BM +) 376
10 M 618
11 Relapse (BM -) 67
12 Relapse (BM +) 2751
13 Relapse (BM -) 0
14 Relapse (BM -) 74

m, months; BM, bone marrow metastasis.

Whole genome amplification (WGA) of single CTCs
In total, 45 single CTCs
(15,10, 5, 6 and 9 single CTCs in cases 6, 7, 8, 9 and 10 respectively)

v

|

Whole transcriptome amplification (WTA) of single PTCs and CTCs
In total, 30 single PTCs and 48 single CTCs.

and 5 single PTCs,

and 20 single CTCs in cases 6, 7, 8, 9 and 10 respectively)

A

(5,10, 5, 5,
8,10, 5, 5,

Quality check (QC) of WGA product
In total, 14 single CTCs (31.1%) were passed QC.

(8, 2,2, 1 and 1 single CTCs met QC standards in cases 6, 7, 8, 9 and10 respectively)

[RNA sequencing of PTCs and CTCs at single-cell level |

A

DNA sequencing of CTCs at single-cell level
Evaluation of MYCN status in CTCs by digital PCR at single-cell level

FIGURE 1 Study workflow. Neuroblastoma circulating tumor cells (CTC) were isolated from eight out of 10 patients with neuroblastoma

at diagnosis and three out of four patients at relapse. In one patient (case 6), CTCs were isolated at both diagnosis and relapse. In another
patient (case 4), CTCs were isolated at diagnosis before any treatment but not after intensive chemotherapy. Furthermore, whole genome
amplifications were performed in 45 single CTCs from the five patients with neuroblastoma (cases 6-10). Among them, 14 single CTCs
(31.1%) met the quality check (QC) standards. DNA sequencing targeting 50 cancer-related genes and MYCN status evaluation using digital
PCR at single-cell level were performed. In total, whole transcriptome amplifications were performed on 30 single neuroblastoma cells from
biopsied tumor tissues (primary tumor cells: PTC) and 48 single CTCs. Then, RNA sequencing of PTCs and CTCs at single-cell level was

performed.

In case 9, Ct values (mean +SD) of six single CTCs were 15.6 +2.8
in BRAF, 18.8+3.4 in EGFR, 18.6+3.7 in KIT, 17.6 +3.7 in KRAS,
17.0+3.6 in NRAS, 21.1+6.5 in PIK3CA, 19.2+3.1 in PTEN, and
17.5+3.5 in TP53. One of six single CTCs complied with the QC
standards with Ct values <20 in all these genes.

In case 10, Ct values (mean+SD) of nine single CTCs were
19.0+3.1 in BRAF, 19.7+3.9 in EGFR, 20.0+3.8 in KIT, 18.3+3.3 in
KRAS, 19.1+2.9 in NRAS, 18.1+3.7 in PIK3CA, 20.7+3.9 in PTEN,
and 18.3+2.7 in TP53. One of nine single CTCs complied with the
QC standards with Ct values <20 in all these genes.

In total, 14 out of 45 single CTCs (31.1%), specifically 8, 2, 2, 1, and
1 single CTCs from cases 6, 7, 8, 9, and 10, respectively, complied with
the QC standards; their DNA was extracted and sequenced (Figure 1).
Detailed information on the QCs of single CTCs is shown in Table S2.

3.3 | DNA sequencing of tumor tissues and CTCs
at single-cell level

The mean depths of coverage (mean+SD) were 814+1110 in
tumor tissues and 2603+528 in single CTCs. The coverages

within the target regions (mean+SD) were 98.9+2.4% in tumor
tissues and 95.4+5.3% in single CTCs. The uniformities of cover-
age (mean +SD) were 99.6 £0.5% in tumor tissues and 70.1+9.9%
in single CTCs.

In case 6, we identified mutations in the following genes: APC
(frameshift deletion), EZH2 (frameshift deletion), RET (mutation in in-
tron) and TP53 (synonymous mutation) in tumor tissue. Conversely,
mutations were identified in the following genes: STK11 (mutation in
intron), APC (synonymous mutation), PTPN11 (missense mutation),
ERBB2 (synonymous mutation), and PIK3CA (missense mutation) in
single CTCs (Table 1).

In case 7, we identified the same mutations in ALK gene
(p.F1174L) in both tumor tissue and a single CTC. Mutations other
than ALK gene were not identified in this case (Table 1).

In case 8, no mutation was identified in tumor tissue. In single
CTCs, we identified mutations in RB1 gene (synonymous mutation)
and SMAD4 gene (synonymous mutation). The mutations in RB1 and
SMAD4 genes were validated with very low frequency (0.03 and
0.05%) in tumor tissue (Table 1).

In cases 9 and 10, no mutation was identified in tumor tissue or
single CTCs (Table 1).
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Mutated gene (allele

Case Sample MYCN status frequency)
6 Tumor tissue Amp (x123) APC (2.9%)
(primary site)
EZH2 (1.8%)
RET (90.3%)
TP53 (1.3%)
CTC1 Amp (x279) -
CTC2 Amp (x163) STK11 (10.2%)
CTC3 Amp (x >1000) -
CTC4 Amp (x39) APC (77.9%)
CTC5 Amp (x >1000) -
CTC6 Amp (x111) PTPN11 (14.8%)
CTC7 Amp (x83) ERBB2 (30.6%)
CTC8 Amp (x30) PIK3CA (14.2%)
7 Tumor tissue Amp (x220) ALK (1.8%)
(primary site)
CTC1 Amp (x47) ALK (100%)
CTC2 Amp (x95) -
8 Tumor tissue Amp (x45) -(RB1
(primary site) p.E365 = (0.03%))
(SMAD4
p.Q169 = (0.05%))
CTC1 Amp (x >1000) RB1 (61.9%)
CTC2 Not amp (x2) SMAD4 (35.1%)
9 Tumor tissue Not amp (x1) -
(primary site)
CTC1 Not amp (x0.2) -
10 Tumor tissue Amp (x46) -
(primary site)
CTC1 Amp (x36) -

TABLE 1 The identified mutations and

?:::Zaqd MYCN status in tumor tissues and single
2 CTCs from the recent five patients with
p.51495Mfs*19 neuroblastoma

p.N640Mfs*35
Mutation in intron
p.H193=

Mutation in intron

p.51436=
p.R498W
p.H858=
p.L113F

p.F1174L

p.F1174L

p.E365=
p.Q169=

Abbreviations: Amp, amplification (MYCN/NAGK ratio >2.5); fs* insertion-frameshift.

34

| Evaluation of MYCN status in CTCs at single-
cell level

MYCN was amplified in tumor tissue of cases 6, 7, 8, and 10, and also
in 12 out of 13 CTCs, except for one CTC of case 8. MYCN/NAGK
ratio as MYCN copy number varied among the CTCs of each patient.
In case 9, MYCN was neither amplified in tumor tissue nor in CTC
(Table 1).

3.5 | RNA sequencing of PTCs and CTCs at single-
cell level

Pathway analysis revealed that angiogenesis-related and cell cycle-
related genes ACTG1, CCND1, CFL1, GAPDH, HSP90AA1, PTMA,
RACK1, RPL5, RPS6, TMSB10, YWHAE (pathway name: VEGFA-
VEGFR2 signaling pathway) and CCND1, HDAC2, SKP1, YWHAE,
YWHAQ, YWHAZ (pathway name: Cell cycle) were over-represented

in the top 5% of highly expressed genes (68 genes) in CTCs. These 68
genes are listed in Table S3. Within this group of genes, CCND1 and
TUBA1A were shown to be significantly (p-value = 0.003) upregu-
lated compared with PTCs (Figure 2A,B). The complete list of genes
that were upregulated in CTCs compared with PTCs (eight genes) is
shown in Table S4. Although statistically not significant because of
the small number of samples, there was also a trend for upregulation
of CCND1 and TUBA1A in CTCs compared with PTCs in each case
(cases 6-10). (Figure 2C).

In case 10, 20 CTCs were clustered into two subgroups using hi-
erarchical clustering based on gene expression profiles (Figure 3A),
one consisting of four CTCs (subgroup 1) and the other consisting
of 16 CTCs (subgroup 2). Gene expression profiles were compared
between the two subgroups, which resulted in 62 genes significantly
upregulated (p-value <0.01) in subgroup 1 compared with subgroup
2 (Table S5). Pathway analysis revealed that cell cycle-related and
proliferation-related genes (CCNA2, CCNB2, CDCé6, CDC45, PKMYT1
(pathway name: Cell cycle) and CDC6, CDC45, POLD1, MCM10 (path-
way name: DNA replication)) were over-represented within the



KOJIMA ET AL.

(A)

LogzNormalized Read Counts

Top 5% of highly expressed genes Upregulated genes in CTCs (n = 42) CTC (n=42) PTC(n=21)
in CTCs (n =42 compared with PTCs (n = 21) g -
( ) TUBATA p-value = 0003
"
(68 genes) (8 genes)
3=
5
3
o
°
B
2
E
o
z
2 .
g
w0
(C) CTC (n=42) PTC (n=21)
CceND1 Case 6 CCND1 Case 7 COND1 Case 8
u A
3 3 3
O 10 o o
o o ° o 105
3 3 S
o ss '4 o©
b= = o
Q [ [
D b= 2 o
o O s =}
S 3 3
e
) os R
CTC (n=6) PTC (n=3) CTC (n=6) PTC (n=3) CTC (n=5) PTC (n=5)
TUBA1A TUBA1A TUBA1A
. 5
g " 2 2
€ = €
3 35 3
8 8us 8
E 2 ® .
g~ g . g -
b= b= El
3 g 3
g gu s E
5 u S S
Z Z Z u
5 g g
105
10 105
CTC (n=6) PTC (n=3) CTC (n=6) PTC (n=3) CTC (n=5) PTC (n=5)
CCND1 Case 9 CCND1 Case 10
2
2 2
= €
3 e
o O
5 o
3 S
[ 4 T
b b
Q o
£ N
s s
5. §
P4 Z 0
> >
o o
S S
s o5
Tuata  CTC€(=9) PTC (n=5) TuBa1a CTC(n1=20) PTC (n=5)
s .
2 ]
= £
5 5
Q 13 Q
o O 1
o o
8 ]
Q Q
o ['4
o s =g
3 3
N N
T T
E E
;Cj 12 Z: 12
g g
s 12
CTC (n=5) PTC (n=5) CTC (n = 20) PTC (n=5)



KOJIMA ET AL.

EERRWITS 2 Cancer SCience

FIGURE 2 RNA sequencing of primary tumor cells (PTCs) and circulating tumor cells (CTCs) at single-cell level. (A, B) RNA sequencing was
performed on 30 single neuroblastoma cells from biopsied tumor tissue (PTCs) and 48 single CTCs from five patients with neuroblastoma. In
total, 21 single PTCs and 42 single CTCs were analyzed with over 500,000 reads from transcriptome. CCND1 and TUBA1A genes were in the
top 5% of highly expressed genes in the CTCs and significantly upregulated compared with PTCs. (C) The trend of upregulation of CCND1
and TUBA1A in CTCs compared with PTCs was also observed in each case (cases 6-10).

(A)

Gene expression profile visualized by log, scale of normalized read counts

Color ranie
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FIGURE 3 RNA sequencing of 20 circulating tumor cells (CTCs) at single-cell level in the representative case (case 10). (A, B). Hierarchical
clustering based on gene expression profiles of 20 CTCs was performed for case 10. CTCs were divided into two subgroups. Comparison

of gene expression profiles between the subgroups showed that cell cycle-related and proliferation-related genes (CCNA2, CCNB2, CDC6,
CDC45, MCM10, PKMYT1, and POLD1) were significantly upregulated in the CTC subgroup that consisted of four CTCs (subgroup 1).

upregulated genes in subgroup 1 (Figure 3B). Conversely, pathway
analysis in the top 5% of highly expressed genes in subgroup 2 re-
vealed specifically over-representation of neuronal injury-related
genes FOS, RHOA, MIF (pathway name: Spinal cord injury) compared
with that of subgroup 1.

4 | DISCUSSION

Here, we isolated GD2-expressing cells as neuroblastoma CTCs in
accordance with previous studies.>® GD2 is specifically and strongly
expressed in neuroblastoma cells and used as a target of immuno-
therapy for patients with neuroblastoma.'® However, the complete
or partial lack of GD2 expression on neuroblastoma cells in bone
marrow metastasis in ~10% of patients with advanced neuroblas-
tomas has been shown and there was the possibility of missing a
population of neuroblastoma CTCs that do not express GD2.X! It
is known that the isolation method based on cell diameter is not
suitable for neuroblastoma CTCs.® However, GD2-independent
isolation using immunostaining-fluorescence in situ hybridization
(i-FISH) has shown to accurately detect neuroblastoma CTCs.® In
the future, to avoid the isolation bias, we should detect and measure
neuroblastoma CTCs using the combination of GD2-dependent and
-independent procedures.

The number of isolated neuroblastoma CTCs was higher in pa-
tients with advanced stages of neuroblastoma. Therefore, the num-
ber of CTCs could well represent the tumor burden in a patient. We

could isolate CTCs at relapse; monitoring the number of CTCs during

the course of the disease might be useful for cancer management in
patients with neuroblastoma.

We identified the same ALK mutations (p.F1174L) in both tumor
tissue and single CTC in one patient (case 7). ALK is the most fre-
quently mutated gene in patients with neuroblastoma (7-10%).*®
Additionally, mutations in ALK gene are strongly associated with
poor prognosis.”'14 In particular, the p.F1174L mutation in ALK gene
is one of the hotspot mutations and leads to the resistance to ALK ki-
nase inhibitor.**4 The ALK mutation was identified with about 100%
allele frequency in the CTC; this might show homogenous mutations
in ALK or be caused by allele dropout, the disadvantage of single-
cell DNA sequencing. In this case, single-cell sequencing of not only
CTCs but also PTCs would provide more insights into tumor biol-
ogy in neuroblastoma with ALK mutation. In another patient (case
6), various mutations were identified only in single CTCs and not in
tumor tissue. Conversely, other mutations present in tumor tissue
were not found in single CTCs. This patient relapsed within 1 year
after induction chemotherapy, showing high chemoresistance, and
died 2years and 5 months after diagnosis. Clinical sequencing using
Foundation One® CDx (Foundation Medicine, Cambridge, MA)
targeting 324 cancer-related gene mutations was performed using
this patient's sample. The results revealed a high tumor mutation
burden (three mutations/Mb) and a particular mutation in DNA
repair-related gene POLD1 (data not shown).’> The overall results
indicated high genome instability in the patient that contributed to
the poor prognosis. In the patient, we also identified a PTPN11 mu-
tation in a CTC. PTPN11 mutations are the second most frequent

)13

in patients with neuroblastoma (2.9%)," and have been associated
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with chemoresistance and neuroblastoma relapse.® The identified
PTPN11 mutation (p.R498W) was not reported previously and could
be related to the tumor progression of the patient.13 In another pa-
tient with MYCN-amplified tumor tissue (case 8), we identified a CTC
with a not-amplified MYCN, which might reflect the intratumoral
heterogeneity of MYCN status in neuroblastoma.!” Therefore, the
genetic information of CTCs at single-cell level might be useful for
cancer treatment and provide insights into tumor biology in patients
with neuroblastoma. However, in this study, we performed single-
cell DNA sequencing on a restricted number of CTCs per case, so
there would be the possibility of missing rare mutations in tumors.
Therefore, if we could get reliable genetic information on CTCs for
cancer treatment and research in neuroblastoma, we should apply
high-throughput methods such as droplet microfluidics for single-
cell DNA sequencing into CTCs.1®

RNA sequencing of CTCs and PTCs at single-cell level revealed
that angiogenesis-related and cell cycle-related genes were upreg-
ulated in CTCs and the downstream core factor involved in these
processes, CCND1, was significantly upregulated in CTCs com-
pared with PTCs. Angiogenesis-related genes together with CCND1
are related to tumor progression in neuroblastoma.'??° Moreover,
TUBA1A was significantly upregulated in CTCs compared with PTCs
and related to tumor progression mechanisms in neuroblastoma.?!
In one patient (case 10), CTCs were divided into two subgroups, and
one of them showed higher proliferative features than the other
group. CCNA2, CDC6, MCM10, and PKMYT1 genes associated with
tumor progression of neuroblastoma, were significantly upregulated
inthe subgroup.zz’25 These results contributed to the idea that CTCs
are a group of tumor cells with high malignancy that are involved in
metastasis and suggest the existence of a subgroup of highly ma-
lignant tumor cells, such as cancer stem cells, that are resistant to
conventional therapies. However, to confirm these ideas, we should
perform single-cell RNA sequencing on many more CTCs per case
and compare the features of not only CTCs in a patient but also CTCs
from a larger cohort of patients, including with or without metastatic
neuroblastoma. Furthermore, to clarify the role of CTCs in the mech-
anism of metastasis, we should investigate the overlap of the genetic
features between CTCs and metastatic sites and perform functional
assays using the ex vivo cell culture of CTCs or xenografts.

The limitation of this study is that we performed next-generation
sequencing at single-cell level on some of the CTCs in a patient.
Moreover, the CTCs were isolated from a restricted number of
patients with neuroblastoma. Further investigation with a larger
cohort of patients and the investigation of many more CTCs with
various phenotypes and at several points during the course of the
disease will provide additional, potentially useful, information for the
development of novel cancer treatments.

In conclusion, although there were some limitations in this study
and further investigations are needed in the future, the genetic in-
formation for CTCs obtained using next-generation sequencing at
single-cell level might have the possibility to characterize tumor bi-
ology in neuroblastoma, as well as the mechanisms of metastasis and
resistance to cancer treatment.
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