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Monitoring of several sets of neuroblastoma-associated mRNAs (NB-mRNAs) by real-time quantitative
PCR (gPCR) can be used to evaluate minimal residual disease in NB patients. Droplet digital PCR (ddPCR)
is an adaption of gPCR that potentially provides simpler and more reproducible detection of low levels
of mRNAs. However, whether minimal residual disease in NB patients can be monitored by ddPCR using
a set of NB-mRNAs is not yet tested. In this study, 208 bone marrow (BM) and 67 peripheral blood
samples were retrospectively collected from 20 high-risk NB patients with clinical disease evaluation at
two Japanese centers between 2011 and 2018, and level of each NB-mRNA (CRMP1, DBH, DDC, GAP43,
ISL1, PHOX2B, and TH mRNAs) was determined by ddPCR. Level of 7NB-mRNAs (defined as the combined
signature of each NB-mRNA) was higher in BM than peripheral blood, but correlated significantly with
each other. In accordance with disease burden, it varied with disease status (remission, stable, or
progression) and collection time point (diagnosis, treatment, post-treatment, or relapse). In 73 post-
treatment BM samples, it was significantly higher in 17 relapsed/regrown samples than in 56 non-
relapsed/nonregrown samples. Furthermore, ddPCR had a better prognostic value than gPCR in
detecting 7NB-mRNAs in the same 73 post-treatment BM samples. This study suggests that ddPCR
detection of 7NB-mRNAs is significantly associated with tumor relapse/regrowth in high-risk NB pa-
tients. (J Mol Diagn 2020, 22: 236—246; https://doi.org/10.1016/j.jmoldx.2019.10.012)

Neuroblastoma (NB) is the most common extracranial solid
tumor in children and is characterized by its extreme hetero-
geneity, ranging from spontaneous regression to malignant
progression.” Approximately half of the patients with NB
have high-risk disease, whose long-term survival remains as
low as 40%. Although intensive multimodal treatment
including high-dose chemotherapy with autologous stem cell
rescue, surgery, radiotherapy, and immunotherapy have been
introduced over the past decades, 50% of high-risk patients
still experience tumor relapse/regrowth caused by chemo-
resistant minimal residual disease (MRD).” >

MRD is defined conceptually as residual tumor cells that
persistently reside in cancer patients after local and systemic

cancer therapies.® It persists as cancer stem cells in primary
tumor, circulating tumor cells in peripheral blood (PB),
disseminated tumor cells in bone marrow (BM) and lymph
nodes, and micrometastasis in other tissues. These cancer
stem cells, circulating tumor cells, and disseminated tumor
cells represent the dynamics of MRD in cancer patients.”*
Because of the invasive nature of surgical biopsies, the
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detection and analysis of circulating tumor cells and
disseminated tumor cells by less-invasive sampling of BM
and PB has been shown to be of clinical relevance in many
cancer types.()

To improve the outcome of high-risk NB patients, the
accurate and sensitive detection of MRD is essential to
monitor the disease burden and treatment response. Because
no recurrent oncogenic-fusion gene is identified in NB cells,
MRD has been identified by detecting NB-associated
mRNAs (NB-mRNAs) with real-time quantitative PCR
(qPCR), which can define a cut-off value between NB cells
and normal BM or PB cells.'”'" Although single
NB-mRNA such as tyrosine hydroxylase (TH) and paired-
like homeobox 2b (PHOXZ2B) initially were evaluated in
BM and PB samples,'>'® multiple NB-mRNAs later were
shown to be required to overcome tumor heterogeneity and
achieve sensitive MRD detection. Recently, several sets of
NB-mRNAs have been reported to have a significant
prognostic value for NB patients.'*”'” However, these NB-
mRNAs adopted by different centers vary considerably and
remain to be established in the clinics.

We previously validated 11 NB-mRNAs [cholinergic
receptor, nicotinic, a3 (CHRNA3); collapsin response
mediator protein 1 (CRMP1I); dopamine beta-hydroxylase
(DBH); doublecortin (DCX); dopa decarboxylase (DDC);
GABA A receptor B3 (GABRB3); growth-associated pro-
tein 43(GAP43); ISL LIM homeobox 1 (ISLI); kinesin
family member 1A (KIFIA); PHOX2B; and TH mRNAs)
based on their expression in NB cancer stem cells by
qPCR."® This gPCR-based MRD monitoring in BM and
PB has enabled the early detection of relapse/regrowth in
two high-risk NB cases.'” In the present study, we tested
7NB-mRNAs (CRMPI, DBH, DDC, GAP43, ISLI,
PHOX2B, and TH mRNAs) for droplet digital PCR
(ddPCR)-based MRD monitoring in high-risk NB patients
to achieve more robust detection of low-levels of
NB-mRNAs than qPCR.

Materials and Methods
NB Patients and Samples

Twenty high-risk NB patients, as defined by the International
Neuroblastoma Risk Group,z() who were treated at Kobe
Children’s Hospital or Kobe University Hospital between
June 2011 and January 2018 based on the JN-H-11
(UMINO000005045) or JN-H-15 (UMIN000016848) protocol
of the Japanese Children’s Cancer Group Neuroblastoma
Committee,”' were included. All BM and PB samples with
written informed consent were collected as frequently as
possible during the entire course of high-risk NB treatment.
This study was approved by the Ethics Committee at Kobe
University Graduate School of Medicine and Kobe Children’s
Hospital, and was conducted in accordance with the guidelines
for Clinical Research of Kobe University Graduate School of
Medicine.
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Disease Evaluation

Response was graded at every BM and PB sampling time
point for computed tomography/magnetic resonance imag-
ing, metaiodobenzylguanidine, and BM assessments based
on the available medical records, and these were combined
into an overall response.”” Evaluation was conducted in
accordance with the International Neuroblastoma Response
Criteria,”””* and the response assigned was remission,
which corresponded to complete response or very good
partial response; stable, which corresponded to partial
response, mixed response, or no response; or progression,
which corresponded to progressive disease. For patients
with multiple collection time points, the most recent disease
status was considered a new baseline for subsequent
response evaluation. The disease status for all BM and PB
samples then were assigned to remission, stable, or pro-
gression according to BM and overall response.

Non-NB Control Samples

All BM samples from non-NB controls were purchased
from commercial sources; 1 sample from BioChain (New-
ark, CA), 2 samples from STEMCELL (Vancouver, Can-
ada), 56 samples from AllCells (Alameda, CA), 16 samples
from ReachBio (Seattle, WA), and 28 samples from Loza
(Walkersville, MD) (Supplemental Table S1). All PB sam-
ples from non-NB controls were obtained from adult healthy
volunteers; 107 samples were obtained from the Japanese
Red Cross Society (Supplemental Table S2). The use of
donated blood was approved by the Kobe University Hos-
pital and the Japanese Red Cross Society Review Board.

RNA Isolation and cDNA Synthesis

All fresh BM and PB samples obtained from NB patients and
adult healthy volunteers were separated using Mono-Poly
resolving medium (DS Pharma Biomedical, Osaka, Japan),
and nucleated cells were collected according to the manu-
facturer’s instructions. For all frozen BM cells obtained from
commercial sources, nucleated cells were prepared according
to the manufacturer’s instructions. Total RNA was extracted
with a TRIzol Plus RNA purification kit (Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions,
and stored at —80°C until use. After measuring RNA con-
centration with a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA) and evaluating its integrity
using a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA) according to the manufacturer instructions, cDNA
was synthesized from 1 or 0.5 pg total RNA using a Quan-
titect reverse transcription kit (Qiagen, Valencia, CA) that
included DNase and priming oligo (a mixture of random and
oligo-dT sequences), and diluted to a total volume of 80 or 40
pL. All cDNA samples were stored at —80°C (median, 1 year;
range, 0—7 years) after processing the BM and PB samples.
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ddPCR

ddPCR was performed using a QX200 ddPCR system (Bio-
Rad Laboratories, Hercules, CA) in a total volume of 20 pL
consisting of 10 pLL 2x ddPCR Supermix for probes (Bio-
Rad Laboratories), 3.3 pL each of 3 pmol/L sense and anti-
sense primers, 0.5 pL of 10 pmol/L. Universal Probe Library
probe (Roche, Mannheim, Germany), and 1 pL sample
cDNA (corresponding to 12.5 ng total RNA). After gener-
ating droplets with a QX200 Droplet Generator (Bio-Rad
Laboratories), each cDNA was amplified with a C1000
Touch Thermal Cycler (Bio-Rad Laboratories). Thermal
cycling conditions were a precycling hold at 95°C for 10
minutes, followed by 40 cycles of 94°C for 30 seconds and
60°C for 1 minute, and a postcycling hold at 98°C for 10
minutes. The ramp rate was 2°C per second. After ddPCR
amplification, droplets were measured with a QX200 Droplet
Reader (Bio-Rad Laboratories), and the target copy number
was analyzed using QuantaSoft software version 1.6.6 (Bio-
Rad Laboratories). By using nontemplate control reactions,
thresholds were manually set as positive and negative droplet
populations. To correct for differences in the amount of total
RNA and the efficiency of cDNA synthesis, the target copy
number was normalized using hypoxanthine phosphoribosyl
transferase 1 (HPRTI) as an endogenous reference. Only
cDNA that resulted in a minimum of 0.045 copies per droplet
of HPRTI mRNA was used to ensure the reproducible
ddPCR reaction, and qualified cDNA was diluted further two
to eight times to adjust a maximum of 0.45 copies per
droplet. Consequently, ddPCR reactions were repeated two to
three times for all samples from NB patients and non-NB
controls. ddPCR analysis was performed in accordance
with the digital Minimum Information for the publication of
Quantitative PCR Experiments (MIQE) guidelines.25

qPCR

gPCR was performed using an ABI 7500 Fast Real-time
PCR system (Applied Biosystems, Foster City, CA) in a
total volume of 15 pL consisting of 7.5 pL of 2x FastStart
Universal SYBR-Green Master (Roche), 1.5 pL each of 3
pmol/L sense and antisense primers, and 1 pL of the sample
cDNA (corresponding to 12.5 ng of total RNA). Each
cDNA was amplified with a precycling hold at 96°C for 10
minutes, followed by 40 cycles at 95°C for 15 seconds and
60°C for 60 seconds, and 1 cycle at 95°C for 15 seconds,
60°C for 60 seconds, 95°C for 30 seconds, and 60°C for 15
seconds. Each sample was analyzed in triplicate. To correct
for differences in the amount of total RNA and in the effi-
ciency of cDNA synthesis, B2-microglobulin (B2M), glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH), and
phosphoglycerate kinase 1 (PGKI) were used as endoge-
nous references for normalization. Relative mRNA expres-
sion was evaluated by the A threshold cycle (Ct) method as
described previously.'” Briefly, the Cy value for each gene
was set as the cycle number where the amplification signal
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reached a threshold of 0.5 over baseline, and 40 was
assigned when this threshold was not reached by the 40th
cycle. ACr values for the detection genes were calculated as
the geometric mean of the Ct values for the detection genes
minus the geometric mean of the Cr values of the reference
genes. Accordingly, lower ACt values indicate a higher
level of NB-mRNA. The qPCR analysis was performed in
accordance with the MIQE guidelines.”®

Primers and Probes

Primers and probes were designed using ProbeFinder software
version 2.50 at the Universal ProbeLibrary Assay Design
Center (Roche). The following primers were used for ddPCR
and qPCR (available from the Nucleotide Database, htps.//
www.ncbi.nlm.nih.gov/nuccore): CRMPI (accession number
NM_001014809) 5'-CCAATCCCTTTATGCTGACG-3'
(forward) and 5-GGAACGATTAAGTTCTCTCCTATTT-
G-3' (reverse), DBH (accession number NM_000787)
5'-TGGGGACACTGCCTATTTTG-3 (forward) and 5'-
TTCTGGGGTCCTCTGCAC-3' (reverse), DDC (accession
number NM_000790) 5'-CTGGAGAAGGGGGAGGA-
GT-3' (forward) and 5'-GCCGATGGATCACTTTGGT-3
(reverse), GAP43 (accession number NM_002045) 5'-
GAGGATGCTGCTGCCAAG-3' (forward) and 5'-GGCA-
CTTTCCTTAGGTTTGGT-3" (reverse), ISLI (accession
number NM_002202) 5-AAGGACAAGAAGCGAAGC-
AT-3 (forward) and 5'-TTCCTGTCATCCCCTGGATA-3'
(reverse), PHOX2B (accession number NM_003924) 5'-
CTACCCCGACATCTACACTCG-3 (forward) and 5'-
CTCCTGCTTGCGAAACTTG-3' (reverse), TH (accession
number NM_199292) 5-TCAGTGACGCCAAGGAC-
A-3" (forward) and 5-GTACGGGTCGAACTTCACG-3
(reverse), HPRTI (accession number NM_000194) 5'-
TGACCTTGATTTATTTTGCATACC-3' (forward) and 5'-
CGAGCAAGACGTTCAGTCCT-3’ (reverse), B2M
(accession number NM_004048) 5'-TTCTGGCCTGGAG-
GCTATC-3 (forward) and 5-TCAGGAAATTTGACTTT-
CCATTC-3' (reverse), GAPDH (accession number
NM_002046) 5'-AGCCACATCGCTCAGACAC-3 (forward)
and 5-GCCCAATACGACCAAATCC-3’ (reverse), and
PGK1 (accession number NM_000291) 5'-GGAGAACCT-
CCGCTTTCAT-3 (forward) and 5'-GCTGGCTCGGCTTT-
AACC-3' (reverse). The following Universal ProbeLibrary
probes (Roche) were used for ddPCR: CRMPI number 65,
DBH number 3, DDC number 49, GAP43 number 26, ISLI
number 66, PHOX2B number 17, TH number 42, and
HPRTI number 73.

Level of Each NB-mRNA (CRMP1, DBH, DDC, GAP43,
ISL1, PHOX2B, and TH mRNA) and 7NB-mRNAs

The level of each NB-mRNA (each signature) was defined as
the relative copy number of each NB-mRNA (each NB-
mRNA copy number divided by HPRTI mRNA copy number
and multiplied by 10,000). The level of 7NB-mRNAs

jmd.amjpathol.org m The Journal of Molecular Diagnostics
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Table 1  Patient Characteristics

Variable Category Count

All patients 20

Sex Male 14
Female 6

>18 months 3
<18 months 17

Age at diagnosis

Relapse/regrowth Positive 12
Negative 8
MYCN status Amplified 8
Nonamplified 12
DNA ploidy Diploid 13
Hyperploid 4
Unknown 3
Histopathology™® Favorable 0
Unfavorable 20
Bone marrow morphology at diagnosis’  Positive 18
Negative 2

*Histopathology was either favorable or unfavorable and was evaluated
according to the International Neuroblastoma Pathology Classification
System.?

fBone marrow morphology at diagnosis was either positive or negative
and was evaluated according to the International Neuroblastoma Response
Criteria Bone Marrow Working Group.?*'*

MYCN, MYCN proto-oncogene, bHLH transcription factor.

(combined signature) was defined as the weighted sum of
seven relative copy numbers (level of each NB-mRNA). The
reciprocal of the 90th percentile in non-NB control samples
was used for weighting each NB-mRNA. For the correlation
of 7NB-mRNA levels between BM and PB, the level of 7NB-
mRNASs in BM was calculated as the mean of right and left
samples. For a direct comparison between ddPCR and qPCR,
the level of 7NB-mRNAs was defined as the geometric mean
of seven relative copy numbers (level of each NB-mRNA).

Statistical Analysis

The differences in the levels of each NB-mRNA and 7NB-
mRNAs between two sample populations were evaluated by
the U-test. Correlation of the level of 7NB-mRNAs between
BM and PB samples was assessed by the Spearman rank
correlation coefficient. The diagnostic and prognostic values
of the levels of each NB-mRNA and 7NB-mRNAs was
assessed using receiver operator characteristic analysis.”’
Reported P values were two sided and P < 0.05 was
considered statistically significant. Statistical analyses were

Table 2 Sample Characteristics

performed with KaleidaGraph version 4.5.2 (Synergy Soft-
ware, Reading, PA) and EZR version 1.38 (Saitama Medical
Center, Jichi Medical University, Saitama, Japan, www.
Jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed EN.html,
last accessed March 2019), which is a modified version of R
commander designed to add statistical functions frequently
used in biostatistics.”

Results

Patient and Sample Characteristics

A total of 20 high-risk NB patients treated at Kobe Children’s
Hospital or Kobe University Hospital were included in the
present study, with a median age of 33 months at diagnosis
(range, 11 to 75 months) and a median follow-up time of 32
months (range, 13 to 73 months). Of these 20 patients, 60% (12
of 20) experienced tumor relapse/regrowth, 40% (eight of 20)
had MYCN proto-oncogene, bHLH transcription
factor—amplified tumors, and 90% (18 of 20) were positive for
BM morphology atinitial diagnosis (Table 1). During high-risk
NB treatment that was widely used in Japan during the study
period, BM and PB were sampled as frequently as possible.
BM samples usually were collected from the right and left iliac
crest.”* Collection time points were classified as follows:
diagnosis; treatment including induction chemotherapy, high-
dose chemotherapy with autologous peripheral blood stem cell
rescue, surgery, and radiotherapy; post-treatment including 13-
cis-retinoic acid; and relapse; this resulted in 34 diagnosis
samples, 116 treatment samples, 94 post-treatment samples,
and 31 relapse samples (Table 2). The disease status at all
sampling time points was assigned retrospectively as remis-
sion, stable, or progression by evaluating the available medical
records, resulting in 72 remission samples, 137 stable samples,
and 66 progression samples (Table 2). A total of 103 BM and
107 PB samples were obtained from healthy adults as non-NB
controls (Supplemental Tables S1 and S2). In the present study,
atotal of 275 (208 BM and 67 PB) samples from 20 NB patients
and 210 (103 BM and 107 PB) samples from 210 non-NB
controls were analyzed by ddPCR.

Level of Each NB-mRNA (CRMP1, DBH, DDC, GAP43,
ISL1, PHOX2B, and TH mRNA) in BM and PB

Previously developed qPCR-based MRD monitoring
showed early detection of relapse/regrowth by consecutive

Disease status

Collection time point

Sample type

Non-NB control NB patient Remission Stable

Progression Diagnosis Treatment* Post-treatment’ Relapse

BM, sample/patient 103/103 208/20 58/10

104/18 46/17 24/14  89/16 73/15 22/10
PB, sample/patient 107/107 67/17 14/6 33/11

20/13 10/10  27/9 21/8 9/8

*Treatment comprised all collection time points during induction chemotherapy, high-dose chemotherapy with autologous peripheral blood stem cell

transplantation, surgery, and radiation.

fPost-treatment comprised all collection time points from the completion of treatment to the clinical diagnosis of relapse/regrowth.

BM, bone marrow; NB, neuroblastoma; PB, peripheral blood.

The Journal of Molecular Diagnostics m jmd.amjpathol.org
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Table 3  Detection of NB-mRNAs in Non-NB Control Samples
BM non-NB control, 103 samples PB non-NB control, 107 samples

Detectable  Positive Detectable  Positive
NB-mRNA Median*  Interquartile range®  samples' rate, %  Median*  Interquartile range*  samples’ rate, %
CRMP1 mRNA 14.4 7.1-30.9 96 93.2 13.2 7.0—26.2 84 78.5
DBH mRNA 0.0 0.0—3.3 49 47.6 0.0 0.0—0.0 11 10.3
DDC mRNA 0.0 0.0—3.6 47 45.6 0.0 0.0—6.6 37 34.6
GAP43 mRNA 2.5 0.0—5.0 65 63.1 7.4 0.0—13.9 72 67.3
ISL1 mRNA 2.2 0.0—4.1 63 61.2 0.0 0.0—0.0 26 24.3
PHOX2B mRNA 0.0 0.0—2.9 51 49.5 0.0 0.0—0.0 23 21.5
TH mRNA 0.0 0.0—2.8 51 49.5 0.0 0.0—0.0 19 17.8

*Median and interquartile range are expressed as relative copy number.

Detectable samples comprised the number of samples whose level of each NB-mRNA (relative copy number) was greater than 0 per number of all analyzed
samples.

BM, bone marrow; CRMP1, collapsin response mediator protein 1; DBH, dopamine beta-hydroxylase; DDC, dopa decarboxylase; GAP43, growth-associated protein
43; ISL1, ISL LIM homeobox 1; NB-mRNA, neuroblastoma-associated mRNA; PB, peripheral blood; PHOX2B, paired-like homeobox 2b; TH, tyrosine hydroxylase.

MRD monitoring in two high-risk NB cases.'™'” To ddPCR detected them in 45.6% to 93.2% and in 10.3% to

achieve the more robust detection of low levels of NB-
mRNA than qPCR-based MRD monitoring, CRMPI,
DBH, DDC, GAP43, ISLI, PHOX2B, and TH mRNAs
were used for ddPCR-based MRD monitoring in the
present study. Although these NB-mRNAs were selected
for no or little expression in normal cells by qPCR,

78.5% of non-NB control BM and PB samples, respec-
tively (Table 3). The level of each NB-mRNA in BM and
PB varied greatly between individuals and collection time
points, and was all significantly higher in diagnosis
samples (24 BM and 10 PB samples collected from NB
patients at diagnosis) than control samples (103 BM and
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Figure 1  Levels of neuroblastoma-associated mRNAs (NB-mRNAs) [collapsin response mediator protein 1 (CRMP1), dopamine beta-hydroxylase (DBH),
dopa decarboxylase (DDC), growth-associated protein 43(GAP43), ISL LIM homeobox 1 (ISL1), paired-like homeobox 2b (PHOX2B), and tyrosine hydroxylase
(TH) mRNAs] in bone marrow (BM) and peripheral blood (PB). A: Level of each NB-mRNA (CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, and TH mRNA, relative copy
number) in BM and PB samples was detected by droplet digital PCR (ddPCR). B: Level of 7NB-mRNAs (relative copy number) in BM and PB samples was
determined from the level of each NB-mRNA. n = 103 BM and 107 PB control samples obtained from non-NB controls; n = 24 BM and 10 PB diagnosis samples
collected from high-risk NB patients at diagnosis.
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Table 4 ROC Analysis of NB-mRNAs in Diagnostic Samples
BM PB
Non-NB control, 103 samples Non-NB control, 107 samples
NB diagnosis, 24 samples NB diagnosis, 10 samples
NB-mRNA v Sensitivity, % Specificity, % AUC v Sensitivity, % Specificity, % AUC
Each signature®
CRMP1 mRNA 85.2 91.7 95.1 0.971 43.9 70.0 91.6 0.859
DBH mRNA 4.9 91.7 83.5 0.911 3.2 80.0 91.6 0.881
DDC mRNA 12.6 75.0 94.2 0.899 11.1 60.0 87.9 0.779
GAP43 mRNA 8.0 83.3 87.4 0.905 22.0 90.0 91.6 0.901
ISL1 mRNA 13.7 79.2 95.1 0.873 7.3 90.0 84.1 0.900
PHOX2B mRNA 17.9 87.5 98.1 0.974 3.2 90.0 80.4 0.896
TH mRNA 14.5 87.5 97.1 0.904 2.7 70.0 84.1 0.794
Combined signature’
7NB-mRNAs 21.2 87.5 98.1 0.981 8.6 90.0 95.3 0.959

*Each signature is expressed as the relative copy number.

fCombined signature is expressed as the weighted sum of seven relative copy numbers.

7NB-mRNAs, CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, and TH mRNA neuroblastoma-associated mRNAs; AUC, area under curve; BM, bone marrow; CRMP1,
collapsin response mediator protein 1; DBH, dopamine beta-hydroxylase; DDC, dopa decarboxylase; GAP43, growth-associated protein 43; ISL1, ISL LIM
homeobox 1; PB, peripheral blood; PHOX2B, paired-like homeobox 2b; ROC, receiver operator characteristic; TH, tyrosine hydroxylase; TV, threshold value.

107 PB samples obtained from non-NB
(Figure 1A).

controls)

Level of 7NB-mRNAs in BM and PB

MRD previously was scored as positive when the expres-
sion of one or two of multiple NB-mRNAs exceeded a cut-
off value between NB cells and normal BM or PB
cells.'* %1% However, the combined signature of five NB-
mRNAs was shown to have a higher diagnostic value than
other fewer NB-mRNA signatures in evaluating MRD by
qPCR."*’ To test whether the combined signature of our
NB-mRNAs also was superior to each NB-mRNA signature
in evaluating MRD by ddPCR, receiver operating charac-
teristic analysis was performed for the level of each NB-
mRNA and 7NB-mRNAs, defined as the weighting sum
of the level of each NB-mRNA, in diagnosis samples (24
BM and 10 PB) and non-NB control samples (103 BM and
107 PB) (Table 4). Consistent with qPCR-based MRD
monitoring,I7 the level of 7NB-mRNAs was estimated as a
higher area under the curve (AUC) than the level of each
NB-mRNA (Table 4). Accordingly, the level of 7NB-
mRNAs resulted in a stronger separation between the
diagnosis and non-NB control samples (Figure 1B) and was
used in the subsequent study.

Correlation of Level of 7NB-mRNAs between BM and PB

Because the correlation of SNB-mRNA expression between
BM and PB was reported in qPCR-based MRD moni-
toring,'” the correlation of the level of 7NB-mRNAs be-
tween BM and PB was tested in the present ddPCR-based
MRD monitoring. Among 208 BM and 67 PB samples, 60
pairs of BM and PB samples were collected concurrently
(<3 days apart), at eight diagnosis time points, 24 treatment

The Journal of Molecular Diagnostics m jmd.amjpathol.org

time points, 19 post-treatment time points, and nine relapse
time points. The level of 7NB-mRNAs in these samples
showed a significant positive correlation between BM and
PB (r = 0.613; P < 0.0001), but was approximately 100
times higher in BM than PB (Figure 2).

Level of 7NB-mRNAs in BM and PB at Each Disease
Status

To analyze the level of 7NB-mRNAs in relation to disease
burden, disease status was evaluated for all BM and PB
samples, and was assigned as remission, stable, or pro-
gression (see the Materials and Methods section). The level

20,000

10,000

Level of 7NB-mRNAs in BM
(relative copy number)

0 160 260
Level of 7NB-mRNAs in PB
(relative copy number)

Figure 2  Correlation of the level of 7NB-mRNAs between bone marrow
(BM) and peripheral blood (PB). The level of 7NB-mRNAs (relative copy
number) in 60 pairs of concurrently collected BM and PB samples was
determined by droplet digital PCR (ddPCR).
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Level of 7NB-mRNAs in bone marrow (BM) and peripheral blood (PB) at each disease status. The level of 7NB-mRNAs (logarithm of relative copy

number) in BM and PB at control, remission, stable, and progression was determined by droplet digital PCR (ddPCR). *P < 0.05. n = 103 BM and 107 PB
control samples obtained from non-NB controls; n = 58 BM and 14 PB remission samples collected from high-risk NB patients; n = 104 BM and 33 PB stable
samples collected from high-risk NB patients; n = 46 BM and 20 PB progression samples collected from high-risk NB patients.

of 7TNB-mRNAs in BM and PB samples changed with
disease status. In BM, it differed significantly in every
combination of disease status (control, remission, stable, or
progression) except for the control-remission combination
(Figure 3, Table 5). In PB, it also differed significantly in
every combination other than the control-remission and
remission-stable combinations (Figure 3, Table 5).

Level of 7NB-mRNAs in BM and PB at Each Collection
Time Point

The relationship of the level of 7NB-mRNAs to the collection
time point was then analyzed. The level of 7NB-mRNAs in BM
and PB samples varied with treatment response and disease
burden. In BM, a significant difference was detected in every

Table 5 Detection of 7NB-mRNAs in NB Patient Samples
BM, 208 samples PB, 67 samples
Sample Interquartile Sample
Sample group number Median* range* number Median* Interquartile range*
Disease status
Remission 58 1.6 1.1-3.0 14 2.9 1.1-7.1
Stable 104 3.5 2.0—10.0 33 4.6 2.0—7.0
Progression 46 301.7 5.5—4110.0 20 17.5 2.4—67.9
Collection time point
Diagnosis 24 1880.8 146.8—5738.1 10 42.8 28.6—209.9
Treatment' 89 3.8 2.0—12.4 27 5.2 1.6—7.1
Post-treatment? 73 1.8 1.1-3.1 21 2.8 1.3—6.1
Relapse 22 16.9 2.2—1221.5 9 3.5 1.8—12.0
BM nonrelapse, 97 samples BM relapse, 89 samples
Sample Interquartile Sample
Sample group number Median* range* number Median* Interquartile range*
Collection time point
Diagnosis 7 6395.8 315.5—13214.0 17 1650.9 109.3—4194.7
Treatment' 34 10.1 2.5-56.5 55 3.3 2.0-5.5
Post-treatment? 56 1.7 1.1-2.4 17 3.5 1.5—4.5

*Median and interquartile range are expressed as relative copy number.

tTreatment comprised all samples collected during induction chemotherapy, high-dose chemotherapy with autologous peripheral blood stem cell trans-

plantation, surgery, and radiation.

¥post-treatment comprised all samples collected from the completion of treatment to the clinical diagnosis of relapse/regrowth.

7NB-mRNAs, CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, and TH mRNA neuroblastoma-associated mRNAs; BM, bone marrow; CRMP1, collapsin response
mediator protein 1; DBH, dopamine beta-hydroxylase; DDC, dopa decarboxylase; GAP43, growth-associated protein 43; ISL1, ISL LIM homeobox 1; PB, pe-
ripheral blood; PHOX2B, paired-like homeobox 2b; TH, tyrosine hydroxylase.
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Level of 7NB-mRNAs in bone marrow (BM) and peripheral blood (PB) at each collection time point. The level of 7NB-mRNAs (logarithm of relative

copy number) in BM and PB at control, diagnosis, treatment, post-treatment, and relapse was determined by droplet digital PCR (ddPCR). *P < 0.05.n = 103
BM and 107 PB control samples obtained from non-NB controls; n = 24 BM and 10 PB diagnosis samples collected from high-risk NB patients; n = 89 BM and
27 PB treatment samples collected from high-risk NB patients; n = 73 BM and 21 PB post-treatment samples collected from high-risk NB patients; n = 22 BM

and 9 PB relapse samples collected from high-risk NB patients.

combination of different collection time points (control, diag-
nosis, treatment, post-treatment, and relapse) except for the
control—post-treatment combination (Figure 4, Table 5). In
PB, significant difference was shown only in the combinations
containing control or diagnosis other than the control—post-
treatment combination (Figure 4, Table 5).

Association between Level of 7NB-mRNAs in BM and
Tumor Relapse/Regrowth

Because the level of 7NB-mRNAs in BM differed signifi-
cantly between post-treatment and relapse samples
(Figure 4), its association with patient outcome then was

Diagnosis

P=0.234

20,000 -

10,000 -

Level of 7NB-mRNAs in BM
(relative copy number)

0 | =

Nonrelapse Relapse

Figure 5

investigated. Diagnosis and post-treatment BM samples
were divided further into nonrelapsed/nonregrown (non-
relapse) and relapsed/regrown (relapse) samples because of
the considerably different sampling time points (ranging
from induction chemotherapy to surgery and radiotherapy)
in treatment BM samples (Table 5). In 24 diagnosis sam-
ples, the level of 7NB-mRNAs in seven nonrelapse samples
did not differ significantly from 17 relapse samples
(Figure 5). In 73 post-treatment samples, 17 relapse samples
expressed a significantly higher level of 7TNB-mRNAs than
56 nonrelapse samples (Figure 5), suggesting a significant
association between the level of 7NB-mRNAs in BM and
tumor relapse/regrowth.

Post-treatment

P =0.006

(relative copy number)

Level of 7NB-mRNAs in BM

OA

!

Nonrelapse

Relapse

Association between the level of 7NB-mRNAs in bone marrow (BM) with tumor relapse/regrowth. The level of 7NB-mRNAs (relative copy number)

in nonrelapse and relapse BM samples at diagnosis and post-treatment was determined by droplet digital PCR (ddPCR). n = 7 diagnosis and 56 post-treatment
BM samples collected from high-risk NB patients (nonrelapse); n = 17 diagnosis and 17 post-treatment BM samples collected from high-risk NB patients

(relapse).
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Figure 6  Prognostic values for real-time quantitative PCR (qPCR) and droplet digital PCR (ddPCR) detection of 7NB-mRNAs in post-treatment bone marrow

(BM) samples. Receiver operator characteristic curves were plotted for the level of gPCR 7NB-mRNAs (geometric mean) and ddPCR 7NB-mRNAs (geometric mean
and weighted sum) in 56 nonrelapse and 17 relapse post-treatment BM samples. AUC, area under curve; TV, threshold value.

Prognostic Values for gPCR and ddPCR Detection of
7NB-mRNAs in Post-Treatment BM Samples

Although ddPCR potentially provides more simple and
reproducible detection of low levels of NB-mRNAs than
gPCR, their prognostic values have never been compared in
the same samples from NB patients. First, we determined
the level of each NB-mRNA (CRMPI1, DBH, DDC, GAP43,
ISL1, PHOX2B, and TH mRNA) in the same 73 (56 non-
relapse and 17 relapse) post-treatment BM samples by
gPCR (Supplemental Table S3). The receiver operator
characteristic curve then was plotted for level of qPCR
7NB-mRNAs (geometric mean).'” The level of gPCR 7NB-
mRNAs (geometric mean) estimated threshold value was
16.23 and the AUC was 0.594 (Figure 6).

To make a direct comparison between qPCR and ddPCR,
the receiver operator characteristic curve was plotted for the
level of ddPCR 7NB-mRNAs (geometric mean) in the same
73 (56 nonrelapse and 17 relapse) post-treatment BM
samples (Supplemental Table S3). The level of ddPCR
TNB-mRNAs (geometric mean) estimated a threshold value
of 3.31 and an AUC of 0.706 with significant accuracy
(AUC > 0.7) (Figure 6), showing that ddPCR can provide a
better prognostic value than qPCR in detecting MRD in NB
patient samples. The level of ddPCR 7NB-mRNAs
(weighted sum) resulted in the further improved estimation
of threshold value of 3.15 and AUC of 0.723 with signifi-
cant accuracy (AUC > 0.7) (Figure 6), validating a better
prognostic value of ddPCR. These results suggested that a
high level of ddPCR 7NB-mRNAs in BM was associated
with tumor relapse/regrowth in high-risk NB patients.

Discussion
In the present study, we determined the level of CRMPI,

DBH, DDC, GAP43, ISL1, PHOX2B, and TH mRNA in BM
and PB by ddPCR for evaluating MRD in high-risk NB
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patients. To our knowledge, this is the first study of ddPCR-
based MRD monitoring in NB patients and shows that
ddPCR detection of 7NB-mRNAs in BM has a significant
prognostic value in predicting tumor relapse/regrowth of
high-risk NB patients (Figure 6).

ddPCR is the most sensitive method to measure the
abundance of specific nucleic acids and potentially provides
more accuracy and reproducibility in quantitating NB-
mRNAs compared with qPCR.”™"" To effectively make
the most of the advantage of ddPCR over gPCR,”*”’
HPRTI mRNA was carefully validated as an endogenous
reference for NB-mRNA and the qualified cDNA template
was prepared to yield 0.045 to 0.45 copies per droplet of
HPRTI mRNA. Accordingly, each NB-mRNA was detected
in more than 45% and 10% of non-NB control BM and PB
samples, respectively (Table 2). The ddPCR detection of
low levels of NB-mRNA in more than 100 non-NB control
samples showed for the first time that there was no signif-
icant difference in the expression of NB-mRNAs between
remission and non-NB control samples (Figures 3 and 4).
This finding prompted us to reconsider the cut-off value for
MRD evaluation in NB patient samples. Previously, we and
others set a cut-off value for each NB-mRNA based solely
on its expression in normal cells, and then scored patient
samples as MRD positive when the expression of one or two
NB-mRNA exceeded the cut-off value.'®***> However, a
recent study reported that the combined signature of mul-
tiple NB-mRNAs had a better diagnostic value than other
fewer NB-mRNA signatures in evaluating MRD by
qPCR."" In the present study, we also confirmed that the
level of 7NB-mRNAs estimated higher AUCs than the level
of each NB-mRNA by ddPCR (Table 4).

ddPCR potentially provides more simple and reproduc-
ible detection of low levels of NB-mRNAs than qPCR,
although their direct comparison has not been reported. The
present study tested whether ddPCR detection of 7NB-
mRNAs predicted tumor relapse/regrowth more accurately
than qPCR detection of the same 7NB-mRNAs in the same
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post-treatment BM samples form high-risk NB patients. The
present results have shown clearly for the first time that
ddPCR detection of 7NB-mRNAs estimates a higher AUC
(>0.7) than qPCR detection of 7NB-mRNAs (Figure 6,
Supplemental Table S3). It warrants a further validation of
ddPCR detection of 7NB-mRNAs in a prospective clinical
studies.

Although the correlation of NB-mRNA expression be-
tween BM and PB by qPCR has remained elusive,' " the
present ddPCR-based MRD monitoring showed its positive
correlation. Consistent with qPCR detection of S5NB-
mRNAs (CHGA, DCX, DDC, PHOX2B, and TH mRNA) in
high-risk NB patients with relapsed/refractory disease,'’
ddPCR detection of 7NB-mRNAs (CRMPI, DBH, DDC,
GAPA43, ISL1, PHOX2B, and TH mRNA) showed a signif-
icant positive correlation between BM and PB, but was
approximately 100 times higher in BM than PB in high-risk
NB patients (Figure 2). Although PB sampling was less
invasive and able to capture the broader landscape of tumors
than BM sampling,”® PB was not likely a sensitive surrogate
for BM in NB patients.

The most striking result of the present study was the as-
sociation of ddPCR detection of 7NB-mRNAs with relapse/
regrowth in post-treatment BM samples from high-risk NB
patients (Figures 5 and 6). This would suggest that ddPCR-
based MRD monitoring in BM enabled risk stratification of
high-risk NB patients. Several other studies previously have
shown that monitoring NB-mRNAs in BM and PB by qPCR
provided a prognostic value for high-risk NB patients.'*"”
The presence of high levels of SNB-mRNAs (CHRNA3,
DDC, GAP43, PHOX2B, and TH mRNA) during and at the
end of induction therapy in BM was associated with a poor
outcome,14 whereas the presence of high levels of 3NB-
mRNAs (DCX, PHOX2B, and TH mRNA) was associated
with a poor outcome at diagnosis in BM or PB and at the
end of induction therapy in BM."” For the more specified
subgroups of NB patients, progression-free survival of
relapsed/refractory NB patients was associated with the
level of SNB-mRNAs (CHGA, DCX, DDC, PHOX2B, and
TH mRNA),]7 and survival of NB patients treated with anti-
disialoganglioside antibody also was predicted by the level
of ANB-mRNAs (B4GALNTI, CCNDI, ISLI, and PHOX2B
mRNA) after two cycles of immunotherapy in BM.'°

However, there were several limitations in the present
study. Although detection of 7NB-mRNAs (CRMPI, DBH,
DDC, GAP43, ISL1, PHOX2B, and TH mRNA) in BM was
associated strongly with tumor relapse/regrowth and corre-
lated significantly with that in PB, its prognostic value in PB
has remained elusive. Similarly, the level of 7NB-mRNAs
at diagnosis in BM did not predict tumor relapse/regrowth in
contrast to the strong predictive power of 3NB-mRNAs
(DCX, PHOX2B, and TH mRNA) at diagnosis for patient
outcome.'” These limitations might be derived from the
restricted number of NB patients and hospitals in the present
study.

The Journal of Molecular Diagnostics m jmd.amjpathol.org

In conclusion, ddPCR is a simple and reproducible
method to detect low levels of NB-mRNAs in BM and PB
samples collected from high-risk NB patients. High levels of
7NB-mRNAs in BM detected by ddPCR predicts tumor
relapse/regrowth in high-risk NB patients. ddPCR-based
MRD monitoring would improve detection of MRD, eval-
uation of disease status and treatment response, and pre-
diction of prognosis in high-risk NB patients. The
prospective clinical study testing ddPCR detection of 7NB-
mRNAs in the context of uniform therapy in larger numbers
of NB patients and hospitals will be warranted to establish
its clinical significance.
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