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Differential expression of minimal residual disease
markers in peripheral blood and bone marrow
samples from high-risk neuroblastoma patients
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Abstract. Neuroblastoma is an aggressive solid tumor that
leads to tumor relapse in more than half of high-risk patients.
Minimal residual disease (MRD) is primarily responsible for
tumor relapses and may be detected in peripheral blood (PB)
and bone marrow (BM) samples. To evaluate the disease status
and treatment response, a number of MRD detection protocols
based on either common or distinct markers for PB and BM
samples have been reported. However, the correlation between
the expression of MRD markers in PB and BM samples remains
elusive in the clinical samples. In the present study, the expression
of 11 previously validated MRD markers (CHRNA3, CRMPI,
DBH, DCX, DDC, GABRB3, GAP43, ISLI1, KIF1A, PHOX2B
and TH) was determined in 23 pairs of PB and BM samples
collected from seven high-risk neuroblastoma patients at the
same time point, and the sample was scored as MRD-positive if
one of the MRD markers exceeded the normal range. Although
the number of MRD-positive samples was not significantly
different between PB and BM samples, the two most sensitive
markers for PB samples (CRMP1 and KIF1A) were different
from those for BM samples (PHOX2B and DBH). There was
no statistically significant correlation between the expression of
MRD markers in the PB and BM samples. These results suggest
that MRD markers were differentially expressed in PB and BM
samples from high-risk neuroblastoma patients.
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Introduction

Neuroblastoma is the most frequent extracranial solid tumor
in children and is characterized by its extreme heterogeneity,
ranging from spontaneous regression to malignant progres-
sion. More than half of neuroblastoma patients are stratified
into a high-risk group and <40% of these high-risk patients can
expect long-term survival. This is mainly due to the chemo-
resistant minimal residual disease (MRD) that is primarily
responsible for tumor metastasis and relapse (1-3).

Although tumor cell dissemination is traditionally classi-
fied as a late event during tumor progression, accumulating
evidence suggests that tumor cells disseminate from the
primary lesions even before the formation of overt tumors,
and become circulating tumor cells (CTCs) in the peripheral
blood (PB) and disseminating tumor cells (DTCs) in the bone
marrow (BM) (4-6). Following local and systemic treatment,
residual tumor cells remain as CTCs in the PB and DTCs in
the BM, as well as cancer stem cells in the primary lesions.
Due to the extremely restricted availability of primary tumor
samples, PB and BM samples are mainly used for MRD moni-
toring in the clinics (7-9).

As sensitive detection of MRD is essential for monitoring
disease status and evaluating treatment response in high-risk
neuroblastoma patients, a number of MRD detection protocols
based on reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) markers have been reported (10-13).
Although the ideal markers should be exclusively expressed
in neuroblastoma cells, the currently available markers are
selected by their ability to define a cut-off value that distin-
guishes neuroblastoma cells from normal PB and BM cells.

To overcome this limitation, the current protocols utilize
multiple MRD markers for PB and BM samples, which are
either common or distinct. Common MRD markers are
reported as three-marker [double-cortin (DCX), paired-like
homeobox 2b (PHOX2B) and tyrosine hydroxylase (TH)] and
eight-marker [(cyclin D1, collapsin response mediator protein 1
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Figure 1. Peripheral blood (PB) and bone marrow (BM) sample characteristics. Downward arrows indicate the time points of minimal residual disease
sampling. Month O was defined as the time when the primary tumor was diagnosed. IC, induction chemotherapy; SC, salvage chemotherapy; R, tumor relapse.

(CRMPI), dopa decarboxylase (DDC), GABA A receptor 33
(GABRB3), ISL LIM homeobox 1 (ISL1), kinesin family
member 1A (KIF1A), PHOX2B and transforming acidic
coiled-coil-containing protein 2] sets (10,11), while distinct
MRD markers are reported as the PB set [PHOX2B, TH, DDC,
dopamine p-hydroxylase (DBH) and cholinergic receptor,
nicotinic, a3 (CHRNA3)] and BM set [(PHOX2B, TH, DDC,
CHRNA3 and growth-associated protein 43 (GAP43)] (12).
However, the rationale for introducing the current protocols
into the clinics remains unclear (14-16).

In the present study, we determined the expression of
11 previously validated MRD markers (CHRNA3, CRMPI,
DBH, DCX, DDC, GABRB3, GAP43,ISL1, KIF1A, PHOX2B
and TH) in 23 pairs of PB and BM samples collected from
seven high-risk neuroblastoma patients treated at Kobe
University Hospital and Kobe Children's Hospital, Japan,
between November 2011 and April 2014 (13), and analyzed the
correlation between PB and BM samples.

Materials and methods

Patients and samples. All PB and BM samples were obtained
from seven high-risk neuroblastoma patients with written
informed consent. All patients were treated at Kobe University
Hospital and Kobe Children's Hospital between November
2011 and April 2014. The use of human samples for this study
was approved by the Ethics Committee at Kobe University
Graduate School of Medicine and conducted in accordance
with the Guidelines for the Clinical Research of Kobe Univer-
sity Graduate School of Medicine.

RNA extraction and ¢cDNA synthesis. All PB and BM
samples were separated using Mono-Poly resolving medium
(DS Pharma Biomedical, Osaka, Japan), and nucleated cells
were collected according to the manufacturer's instructions.
Total RNA was then extracted with a TRIzol Plus RNA purifi-
cation kit (Life Technologies, Carlsbad, CA, USA) according to
the manufacturer's instructions. After evaluating RNA integrity
by agarose gel electrophoresis, cDNA was synthesized from 1
or 0.5 ug total RNA using a Quantitect reverse transcription kit

(Qiagen, Valencia, CA, USA) and diluted to a total volume of
80 or 40 ul.

RT-gPCR. RT-qPCR was performed using an ABI 7500 Fast
real-time PCR system (Applied Biosystems, Foster City, CA,
USA) in a total volume of 15 ul consisting of 7.5 ul 2X Fast-
Start Universal SYBR-Green Master (Roche, Mannheim,
Germany), 1.5 ul each of 3 uM sense and anti-sense primers,
and 1 ul sample cDNA (corresponding to 12.5 ng total RNA).
Each ¢cDNA was amplified with a precycling hold at 95°C for
10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for
60 sec, and one cycle at 95°C for 15 sec, 60°C for 60 sec, 95°C
for 15 sec, and 60°C for 15 sec. Each sample was analyzed in
triplicate. The expression of the 11 MRD markers (CHRNA3,
CRMPI1, DBH, DCX, DDC, GABRB3, GAP43, ISL1, KIF1A,
PHOX2B and TH) was calculated based on the relative stan-
dard curve method using 32-microglobulin as an endogenous
reference for normalization, and was scored as positive if its
expression exceeded the normal range (13).

Statisticalanalysis.Differences betweenthe numberof MRD-posi-
tive samples in PB and BM were evaluated by McNemar's
Chi-squared test. To assess the correlation between MRD marker
expression in PB and BM samples, the expression of each marker
was ranked according to the number of positive samples in 23 PB
and 23 BM samples. Correlation between the rank in PB and BM
samples was assessed by Spearman's rank correlation coefficient.
P<0.05 was considered to indicate a statistically significant differ-
ence. Statistical analyses were performed with EZR (version 1.24
www jichi.ac jp/saitama-sct/SaitamaHP files/statmed EN.html;
Saitama Medical Centre, Jichi Medical University, Saitama,
Japan) (17).

Results

Characteristics of PB and BM samples. The 23 pairs of PB and
BM samples were obtained at the same time point from seven
high-risk neuroblastoma patients who were treated at Kobe
University Hospital and Kobe Children's Hospital between
November 2011 and April 2014 (Fig. 1). Patient characteristics
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Table I. Patient characteristics.
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Patient Tumor INSS MYCN Present

number Age Gender origin stage status Follow-up status

1 3y M Adrenal gland 4 Non-amplified 25-49 m Alive
(Relapsed)

2 4y M Adrenal gland 3 Non-amplified 0-29 m Alive
(Relapse-free)

3 2y M Adrenal gland 4 Amplified 0-24 m Alive
(Relapsed)

4 3y F Adrenal gland 4 Amplified 0-24 m Deceased
(Relapsed)

5 S5y M Posterior 4 Non-amplified 0-17m Alive

mediastinum (Relapse-free)

6 Il m M Adrenal gland 4 Amplified 0-9m Alive
(Relapse-free)

7 14 m M Adrenal gland 4 Amplified 0-7m Alive

(Relapse-free)

y, years; m, months; M, male; F, female; INSS, International Neuroblastoma Staging System; MYCN, v-myc avian myelocytomatosis viral

oncogene neuroblastoma-derived homolog.
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Figure 2. Correlation between minimal residual disease (MRD) marker
expression in peripheral blood (PB) and bone marrow (BM) samples. The
expression of each MRD marker was ranked according to the number of posi-
tive samples in 23 PB and 23 BM samples. Correlation between the rank in
PB and BM samples was analyzed by Spearman's rank correlation coefficient.

are shown in Table I. All patients were stratified into the high-risk
group (18) and treated with induction chemotherapy followed by
peripheral blood stem cell transplantation, radiation therapy and
surgical therapy according to the Japan Neuroblastoma Study
Group protocol. Patients 1, 3 and 4 experienced tumor relapse
and underwent salvage chemotherapy. The median follow-up
time was 24 months (range, 7-29 months).

CHRNA3, CRMPI1, DBH, DCX, DDC, GABRB3, GAP43,
ISL1, KIF1A, PHOX2B and TH expression was determined by
RT-gPCR, and was scored as positive if its expression exceeded
the normal range (13). The number of positive MRD markers
in each sample is presented in Table II. A sample was scored as
MRD-positive if it had more than one positive marker. There

was no statistically significant difference between the number
of MRD-positive samples in PB and BM samples (Table 111,
P=1.000).

Correlation between MRD marker expression in PB and
BM samples. The number of positive samples of each MRD
marker in PB and BM samples is shown in Table IV. CRMP1
and KIF1A were ranked as the two most sensitive markers for
PB samples, whereas these were PHOX2B and DBH for BM
samples. There was no statistical significance in the correla-
tion between the rank of MRD markers in PB and BM samples
(Fig. 2,1r=0.250, P=0.459).

Discussion

To improve the outcome of high-risk neuroblastoma patients,
sensitive MRD detection is essential for evaluating the disease
status and treatment response. Although MRD may be detected
in PB as well as BM samples, the correlation of MRD marker
expression between the PB and BM samples remains elusive.
In the present study, we determined the expression of 11 previ-
ously validated MRD markers (CHRNA3, CRMPI1, DBH,
DCX, DDC, GABRB3, GAP43, ISL1, KIF1A, PHOX2B and
TH) in 23 pairs of PB and BM samples obtained from seven
high-risk neuroblastoma patients treated at Kobe University
Hospital and Kobe Children's Hospital between November
2011 and April 2014 (13). Although the number of MRD-posi-
tive samples was not significantly different between PB and
BM samples, there was no significant correlation between the
expression of these markers in the samples.

In the present study, we collected the 23 pairs of PB and
BM samples from the same patient at the same time point in
order to minimize the variability of MRD marker expres-
sion (19). Even under these conditions, the sensitivity of MRD
markers in PB samples was clearly different from that in BM
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Table IV. MRD marker expression in PB and BM samples.

Number of positive markers

Sample pair number PB sample BM sample
1 1 3
2 2 10
3 0 9
4 0 0
5 1 11
6 1 1
7 1 0
8 0 0
9 1 0

10 0 1

11 1 0

12 2 11

13 6 11

14 2 11

15 1 1

16 10 11

17 0 1

18 0 1

19 2 1

20 0 10

21 1 7

22 1 0

23 0 0

PB, peripheral blood; BM, bone marrow.

Table III. MRD monitoring in PB and BM samples.

BM sample
PB sample MRD (+) MRD (-)
MRD (+) 11 4
MRD (-) 5 3

MRD, minimal residual disease; PB, peripheral blood; BM, bone
marrow.

samples (Table IV). KIF1A and DCX were the only positive
markers in PB but not BM samples, whereas PHOX2B and
DBH were positive in BM but not PB samples. Although DBH
was previously listed as an MRD marker for PB samples (12),
the present study identified it as being one of the most sensitive
markers in BM samples. As suggested for anti-GD2 antibody
and metaiodobenzylguanidine (MIBG) therapies (11), the
various treatment protocols might affect these inconsistencies.

Although the quantity of MRD in PB and/or BM samples
predicts tumor relapse and patient outcome, conflicting results
have been reported with regard to the prognostic value of MRD

MRD marker PB sample BM sample
CHRNA3

+) 1 9

) 20 14
CRMP1

+) 9 10

() 14 13
DBH

+) 3 12

() 20 11
DCX

+) 4 8

() 19 15
DDC

+) 1 9

) 22 14
GABRB3

+) 2 5

) 21 18
GAP43

(+) 2 8

) 19 15
ISL1

+) 1 8

() 19 15
KIFI1A

+) 6 9

() 17 14
PHOX2B

+) 3 13

) 20 10
TH

+) 1 9

) 22 14

MRD, minimal residual disease; PB, peripheral blood; BM, bone
marrow; CHRNA3, cholinergic receptor, nicotinic, a3; CRMPI,
collapsinresponse mediator protein 1; DBH, dopamine -hydroxylase;
DCX, double-cortin; DDC, dopa decarboxylase; GABRB3, GABA A
receptor [33; GAP43, growth-associated protein 43; ISL1, ISL
LIM homeobox 1; KIF1A, kinesin family member 1A; PHOX2B,
paired-like homeobox 2b; TH, tyrosine hydroxylase.

monitoring using various MRD markers (14-16). Given that
CTCs in the PB and DTCs in the BM define the main faces of
MRD in the clinics, these inconsistencies may imply genetic
and phenotypic heterogeneity of CTCs and DTCs (20-22).
Although CTCs have not been convincingly isolated from
neuroblastoma patients, as demonstrated in breast and lung
cancers (23,24), the present results reveal the need for careful
selection of MRD markers for PB and BM samples.
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In summary, the expression of 11 previously validated

MRD markers in PB and BM samples from high-risk neuro-
blastoma patients was not significantly correlated. Distinct
markers for PB and BM samples may be required to achieve
sensitive MRD detection in neuroblastoma patients.
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