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Abstract. The MYCN gene is frequently amplified in unfavorable 
neuroblastoma tumors. Therefore, this study aimed at character-
izing the novel junctions connecting the amplified DNA segments 
(amplicons) and obtaining tumor-specific PCR fragments for use 
in detecting minimal residual disease (MRD). High-density SNP 
arrays were used to map the end-points of the MYCN amplicons 
in a subset of neuroblastoma tumors. Primers were designed to 
give rise to a tumor-specific PCR product and were examined 
for MRD in the blood and bone marrow using quantitative PCR. 
Tumor-specific junction fragments were detected in all cases, 
confirming a head-to-tail tandem orientation of the amplicons 
and revealing microhomology at the amplicon junctions, thus 
suggesting a rolling circle caused by microhomology-mediated 
break-induced replication (MMBIR) as a possible mechanism 
initiating the MYCN amplification. We also evaluated the use 
of these junctions as tumor-specific targets for detecting MRD 
and observed that tumor DNA could be readily detected and 
quantified in either blood or bone marrow at a sensitivity of 1/106 
tumor/control DNA. This study provides new information on the 
mechanisms of oncogene amplification and envisages means of 
rapidly obtaining highly sensitive PCR-based tools for tumor/
patient-specific monitoring of treatment response and the early 
detection of relapse in patients with neuroblastoma.

Introduction

Neuroblastoma (NB) is one of the most common solid tumors 
of childhood and accounts for about 15% of all childhood 

cancer deaths (1). A subgroup of aggressive NB is character-
ized by high-grade amplification of the MYCN proto-oncogene 
and of a substantial region flanking it in both directions (2,3). 
The amplified region is variable in size, and although a core 
region that includes the MYCN gene is always present, other 
genes in the close vicinity, such as DDX1, are frequently 
co-amplified (4). The original location of MYCN is 2p24, but 
on chromosomal slides from tumor preparations the amplified 
fragments are typically seen as either double minute chromo-
somes (DMs) or as homogeneously staining regions (HSRs) 
located on chromosomal sites other than 2p (1,5,6).

Several different models attempting to explain the mech
anisms that underlie oncogene amplifications have been 
proposed, most of which are based on studies of drug-induced 
amplifications (6,7). These models use either re-replication or 
recombination to explain a variety of amplifications, differing 
both with respect to the location and orientation of the amplicon 
units, as well as to the amount of homology found at the junc-
tions. Moreover, in some cases the native locus has been found 
to be excised, whereas in other cases the native locus remains 
intact. This heterogeneity among amplicons suggests that 
probably more than one mechanism is responsible for causing 
amplification. The MYCN amplicon in NB has previously 
been characterized as a direct head-to-tail repeat (8), situated 
outside the original locus (6). However, whether the native 
locus stays intact or not remains somewhat contradictory (6,9). 
None of these earlier publications studied the junction region 
at the DNA sequence level.

With the development of sensitive quantification of minimal 
residual disease (MRD), early response to treatment has 
emerged as the most important prognostic factor in child-
hood acute leukemia and is used for treatment stratification. 
Although the MYCN amplification has been studied in NB 
for more than 20 years (10), the prognosis for this group of 
patients remains poor. It is well established that the extent 
of disease after induction therapy, as evaluated by MIBG 
scintigraphy, imaging, bone marrow cytology and urinary 
catecholamine, has prognostic significance. However, at this 
late time-point, salvage treatment for those with poor response 
is often ineffective. Since the majority of children with MYCN 
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amplification have bone marrow metastases it is possible that 
MRD measurement with high sensitivity could lead to early 
detection of resistant tumors, thus allowing for treatment 
modification. A recent study, using a combination of five 
molecular markers showed that those with negative MRD at 
mid‑induction or after induction had a much better outcome 
than those with measurable disease (11).

Several versions of quantitative PCR can be used for MRD 
detection; traces of tumor can be detected either at the tran-
script level using cDNA as a template, or at the genomic level 
using DNA to measure copy-number changes in regions known 
to be amplified or rearranged. Since no recurrent fusion genes 
occur in NB, MRD using transcripts requires a well-defined 
set of target genes that can discriminate between tumor and 
blood mRNA. In NB, studies disagree as to what target genes 
are the most suitable and recent papers recommend using a 
panel of multiple genes to improve the sensitivity (11‑13).

In leukemia and lymphoma, MRD detection with PCR 
analyses directed against tumor-specific junctions is routinely 
used in many treatment protocols (14). It has not been possible 
to adopt this strategy in MRD studies of NB tumors because of 
the lack of good junction targets. A quick, robust way of gener-
ating highly sensitive patient/tumor-specific PCR primers for 
detecting MRD would help in the monitoring and treatment 
of this group of patients. While this manuscript was in prepa-
ration, McBride et al (15) and Leary et al (16) have shown 
that next generation sequencing can be used on solid tumors 
such as breast cancer, colorectal cancer and osteosarcoma to 
identify tumor/patient specific junctions suitable for MRD 
detection. Although promising, the high costs associated with 
this approach currently prohibit a widespread use in a clinical 
setting.

In this article we show that SNP-arrays, commonly used in 
neuroblastoma diagnostics, is a cost-efficient way to identify 
tumor specific junctions that are suitable targets for MRD 
detection. Here we have focused on the MYCN amplification 
often present in aggressive neuroblastoma tumors and have 
generated primers for each patient, detecting a tumor- and 
patient‑specific PCR fragment across the amplicon-junction. 
We also test the use of these junctions as tumor-specific targets 
for detecting MRD and show that tumor DNA can be readily 
detected and quantified in either blood or bone marrow from 
patients with MYCN amplification. Furthermore, we present a 
detailed analysis at the sequence level of the MYCN amplicon 
junctions and discuss possible mechanisms by which these 
amplicons are generated.

Materials and methods

Samples and breakpoint mapping. Fourteen primary NB 
tumors and 3 NB cell lines, previously analyzed using 
high‑density SNP arrays (Genechip 250K Nsp, Affymetrix 
Inc., Santa Clara, CA) (2), were chosen because they presented 
a single well-defined peak of amplification surrounding the 
MYCN locus. The array data was thoroughly re-examined 
using either Copy Number Analyzer for GeneChip (CNAG 3.0; 
Genome Laboratory, Tokyo University, http://www.genome.
umin.jp) or Genotyping Consol (Affymetrix) to determine the 
breakpoint intervals as precisely as possible. In a few cases an 
additional array (Genechip 250K Sty or SNP 6.0, Affymetrix) 

was used to improve the resolution. The experimental proce-
dure has previously been described (2). Two samples (NBL12 
and NBL13) were found to consist of more complex amplicons 
than revealed by the first analysis and were therefore excluded 
from the study. Four of the tumors were selected for further 
analyses due to their small breakpoint intervals (NBL05, 
NBL10) or because the patients were currently in treatment 
(NBL08, NBL11). For the two clinical cases, blood samples 
were also retrieved at different time-points during treatment. 
DNA was prepared from whole blood using the DNeasy Blood 
and Tissue kit (Qiagen, Hilden, Germany). Brief informa-
tion about the clinical course of these patients is presented 
in Fig. 4C. The research has been carried out in accordance 
with the Declaration of Helsinki (2000) of the World Medical 
Association. Ethical permission was granted by the local 
ethics committee and informed consent was obtained from the 
parents of the patients.

PCR amplification and DNA sequencing. The genomic posi-
tions of the breakpoint regions were obtained from the UCSC 
genome browser May 2004 (NCBI35/hg17) and March 2006 
(NCBI36.1/hg18) (www.genome.ucsc.edu) using information 
from the array data on the last non-amplified and first amplified 
SNP probe flanking the amplicon. Primers were designed using 
Primer 3 (http://frodo.wi.mit.edu/primer3), and purchased 
from Invitrogen (Carlsbad, CA). In a few cases where break-
point regions were extensive, universal tags were added to the 
primers, making multiplex PCR reactions possible. Primers for 
detecting amplicon junctions were designed across the entire 
breakpoint regions, ~1 primer/kb, facing outward towards the 
suspected break. Primers were also designed facing inward to 
be able to detect a deletion in the same region as the amplifica-
tion. These primers, however, were designed secondary to the 
analysis of the amplicon-PCR, and were therefore designed 
specifically for the region detected in the first PCR reaction. 
In NBL08, an additional set of deletion primers was also 
designed for the upstream breakpoint, ~1 primer/kb. Primer 
sequences are available upon request.

PCR reactions were performed in a total volume of 25 µl 
containing 50 ng of genomic DNA, 0.8 µM of each primer, 1X 
buffer from the supplier (containing 1.5 mM MgCl), 200 µM 
of each dNTP and 0.65 U HotstarTaq polymerase (Qiagen). 
Touchdown PCR was used for amplification with an initial 
denaturation at 95˚C (10 min) followed by 35 cycles of denatur-
ation 95˚C (30 sec), annealing 67-57˚C (30 sec) (20 cycles with 
a decrease of 0.5˚C/cycle, and 15 cycles at 57˚C) and extension 
72˚C (3 min). Finally, an extension at 72˚C for 10 min was 
performed. The above settings were used as a starting point 
for the PCR reactions. However, annealing temperatures were 
changed in a few cases to improve the specificity of the product 
prior to DNA sequencing. In one case, gel extraction of the 
PCR product using the QIAEX II Gel extraction kit (Qiagen) 
was also performed. Multiplex PCR was performed with up 
to 12 primers in the same reaction using the same conditions 
as described above. In all PCR reactions, control DNA from 
a healthy blood donor was also run in parallel with the tumor 
DNA to ensure the tumor specificity of the fragments.

For each sample, the most suitably sized PCR product was 
purified using Agencourt AMPure magnetic beads (Beckman 
Coulter, Brea, CA) and eluted in dH2O. The sequencing PCR was 
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then performed in 10 µl reactions containing 1.6 pmol primer, 
6 µl of 1:3 diluted PCR product, 0.25 µl BDT v3.1 and 1X BDT 
buffer (Applied Biosystems, Foster City, CA, USA). Cycling 
conditions were 96˚C (1 min), followed by 40 cycles of 96˚C 
(10 sec), 50˚C (5 sec) and 60˚C for 2 min and 30 sec. Sequencing 
products were then purified using Agencourt CleanSeq 
magnetic beads (Beckman Coulter), re-suspended in 10 µl of 
High Dye formamide (Applied Biosystems) and analyzed using 
an ABI3730 DNA analyzer (Applied Biosystems). All fragments 
were bidirectionally sequenced, using either the same primers 
that were used for PCR amplification or primers directed against 
the universal tag. Data was analyzed using Sequence Analysis 
(Applied Biosystems), SeqScape (Applied Biosystems), BLAT 

at the UCSC genome browser (www.genome.ucsc.edu) version 
May 2004 (NCBI35/hg17) and March 2006 (NCBI36.1/hg18) 
and BLAST at NCBI (www.ncbi.nlm.nih.gov).

MRD detection. For the two clinical cases (NBL08, NBL11), 
DNA from a series of blood or bone marrow samples was used 
as a template in both a semi-quantitative and a quantitative 
PCR reaction. The semi-quantitative PCR reactions were 
performed as described above, using the primers previously 
shown to give rise to a patient/tumor-specific junction PCR 
fragment. DNA (50 ng) was used as a template in all cases 
except B2 and BM for NBL11, where the low quality and quan-
tity of DNA made quantifications dubious. A 20 µl sample of 

Figure 1. Primer design and layout. (A) High density SNP-array data were used to define the breakpoints as precisely as possible for each tumor. The break-
point region was then saturated with primers facing outward, enabling detection of the amplicon junctions. (B) Primers were also designed facing inward 
to be able to detect a deletion in the same region as the amplicon. These primers were also used to confirm the functionality of the amplicon primers. (C) 
Genomic positions of the amplicons according to UCSC 2006 (hg18), with the four samples (NBL05, NBL08, NBL10, NBL11) chosen for detailed analysis 
highlighted in blue. The proximal breakpoints of NBL01 and NBL03 (located at 17.8 and 19.9 Mb, respectively) are not shown. Vertical bars represent the 
breakpoint intervals as defined from the SNP-array. RefSeq genes in the area are also shown for comparison.
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unknown concentration was used instead. A serial dilution of 
tumor DNA from the same patient, mixed with control DNA 
from a healthy blood donor, was used as a standard and was 
run in parallel with the blood samples in the PCR. Fragments 
were then visualized on agarose gels and compared with the 
standard as a rough estimate of tumor DNA infiltration in the 
blood. The resulting PCR products were also sequenced as 
described above to ensure that the correct junction fragment 
was detected.

For QPCR analysis, additional primers were designed, 
yielding small PCR fragments of ~50-150 bp spanning the 
amplicon junction (primer sequences are available upon 
request). QPCR reactions were performed in a volume of 10 µl, 
containing 300 nM of each primer and 1X Power SYBR® 
Green buffer (Applied Biosystems) using a 7900HT sequence 
detection system (Applied Biosystems). Cycling conditions 
were 95˚C (10 min) followed by 40 cycles of 95˚C (15 sec) and 
60˚C (1 min). A dissociation curve was also included to ensure 
the specificity of the amplified fragments. DNA, 25 ng, was 
used as a template in all cases, except B2 which was excluded, 
and BM from patient NBL11, where 1 µl of unknown concen-
tration was used instead. Samples were run in triplicates, and a 

primer set targeting a region at 20q13.2 containing 2 copies in 
these tumors, as determined from the array analysis, was used 
as an endogenous control. Results are given as amplicon junc-
tion copies/cell {2*2^[Ct(Amp)-Ct(Ctrl)]} where ‘Amp’ is the 
amplicon junction and ‘Ctrl’ is the control region at 20q13.2.

Results

Detailed analysis reveals microhomology at the amplicon 
junctions. SNP-array data from a set of 14 NB tumors and 
3 cell lines, all presenting with high grade amplification of the 
MYCN gene, was analyzed with respect to the localization of 
the breakpoints delimiting these amplicons. The positions of 
the breakpoints were found to be scattered around MYCN in 
a non-recurrent fashion, with only a few breakpoint regions 
found in more than one tumor (Fig. 1). The three most distal 
breakpoints were also found to map to the recently described 
fragile site FRA2Ctel at 2p24.3 (17) although the majority of 
breakpoints were located slightly proximal to this region. A 
subset of 4 tumors was then chosen for further analysis, and 
primers were designed to generate PCR products spanning the 
amplicon junctions.

Figure 2. Amplicon junctions for four cases of MYCN amplification. (A) Schematic picture of the structure of the amplicons. Multiple amplicon units are 
connected to each other in a head-to-tail arrangement. (B) Schematic picture of the reference sequence and the rearrangement in the tumors NBL05, NBL10 
and NBL11. (C) Schematic picture of the reference sequence and the rearrangement in the tumor NBL08. (D) The junction sequence aligned to the reference 
sequence at the upstream and downstream breakpoints of the respective amplicons. The sequenced junction fragments all reveal a few bases of micro-
homology at the junctions. The sequenced junction fragment of NBL08 also reveals a small inversion in the vicinity of the actual head to tail junction.
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Tumor-specific PCR fragments were successfully obtained 
and sequenced for all of the four samples analyzed (Fig. 2). 
The resulting sequences were then mapped to the reference 
genome using BLAT or BLAST resources at the UCSC and 
NCBI, respectively. All of the junction fragments mapped to 
separate positions on either side of MYCN, corresponding to 
their breakpoint regions as estimated from the array results. 
Detailed analysis of the junction sequences revealed very 
simple overlaps at the junctions, with only a small micro-
homology of 1-4 bases connecting the amplicon units head 
to tail. For one of the junction fragments (NBL08), the initial 
BLAT analysis (UCSC May 2004 and March 2006) displayed 
a more complex pattern, with five rearrangements occurring 
in the vicinity of the junction. These internal rearrangements 

showed either a microhomology of 1-9 bases or a gap of 3-6 
bases that could not be mapped. BLAST analysis of the same 
sequence, however, resulted in another, more suitable hit 
(NW_001838767.2, alternate assembly based on HuRef) that 
explained most of the internal rearrangements (Fig. 3), leaving 
only one small inversion and the actual head-to-tail junction 
to be explained by the MYCN amplification (Figs. 2D and 3D).

Primers designed to detect a deletion in the same region 
as the amplicon did not result in PCR products in any of the 
tumors studied. This was also the case for NBL08, where a 
deletion, extending a further 1.4 Mb upstream of the amplicon 
site was inferred from the array data. Although an additional 
set of primers was designed for this distal breakpoint, no 
deletion could be detected, probably reflecting either a more 

Figure 3. The amplicon junction in NBL08: comparison between different genomic assemblies. (A) Schematic picture of the amplicon structure. Multiple 
amplicon units are connected to each other in a head-to-tail arrangement. (B) Schematic picture of the reference sequence and the rearrangement as proposed 
by UCSC 2004 (NCBI35/hg17). (C) Schematic picture of the reference sequence and the rearrangement as proposed by the alternate assembly based on 
HuRef (NW_001838767.2). (D) Alignment of the rearranged sequence to either UCSC 2004 (NCBI35/hg17) or the alternate assembly (NW_001838767.2). 
The alternate assembly provides the best match, leaving only one inversion and the actual head-to-tail junction to be explained by the amplification event. The 
alignment has been cropped to include only stretches of sequence where rearrangement has occurred or where the assemblies differ from each other.
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complex deletion or a translocation event. In contrast, the dele-
tion primers, used in combination with their corresponding 
amplicon primers, gave rise to distinct PCR products as 
expected in both the tumor and healthy control, thus confirming 
that the primers were functional and annealed to the correct 
position. The resulting PCR products were also confirmed by 
sequencing and were found to map to the expected position 
on the reference assembly (UCSC 2004 and 2006) in all cases 
except the downstream breakpoint of NBL08, where the alter-
nate assembly described above provided a better match. To 
verify this finding, three additional control samples were also 
sequenced, all confirming the alternate assembly as a better 
match for this region. Therefore, this may reflect an error in 
the GRCh37 primary assembly (NT_015926.15).

Tumor DNA can be detected in blood and bone marrow. The 
primer combinations that detected a tumor-specific amplicon 
fragment were also tested for MRD detection using both semi-
quantitative and quantitative PCR assays (Fig. 4). The two 
tumors that were analyzed in this part of the study (NBL08 
and NBL11) were derived from patients currently undergoing 
treatment, and blood and bone marrow samples from these 
patients were taken during regular check-ups at different 
points in time after diagnosis. To find out whether our method 
was sensitive enough to detect small amounts of tumor DNA 
in blood samples, a semi-quantitative PCR reaction was set 
up using a serial dilution of tumor/control DNA as a standard 
(Fig. 4A). This simple gel-based assay was found to be capable 
of detecting the tumor-specific fragment down to a dilution 
of 1/105 and 1/106 tumor/control DNA in NBL08 and NBL11, 
respectively. Real-time QPCR analysis was found to have 
approximately the same sensitivity (Fig. 4B).

In both analyses, NBL08 was found to contain tumor DNA 
in the first three blood samples, with a tendency to decrease 
over time. A second sample from the surgically removed 
primary tumor was also analyzed and found to contain the 
same amplicon junction. The fourth blood sample was found to 
be negative. In the case of NBL11, the semi-quantitative assay 
was positive for the first blood sample B1 and for the following 
blood and bone marrow sample (B2 and BM). In the last two 
blood samples (B3 and B4) however, tumor- specific fragments 
could not be detected. The QPCR assay gave comparable 
results for all samples except B2 which was excluded due to 
lack of material.

Discussion

Microhomology at the amplicon junctions suggests MMBIR 
as a mechanism for amplicon initiation. All of the junctions 
studied revealed a fairly simple rearrangement with only 
small microhomologies of 1-9 bases at the junctions. In three 
of the tumors a simple junction was found, connecting the 
amplicon units head-to-tail, whereas the fourth case consisted 
of a slightly more complex rearrangement with a small inver-
sion in the vicinity of the actual head-to-tail junction. This 
type of rearrangement has previously been attributed to non-
homologous end joining (NHEJ), as the limited homology 
is not sufficient for the use of homology-dependent methods 
such as non-allelic homologous recombination (NAHR) (18). 
However, another mechanism, microhomology-mediated 

break-induced replication (MMBIR), which uses the replica-
tion machinery rather than recombination to explain this kind 
of rearrangement, has recently been proposed (19).

In short, the MMBIR model proposes that a single double-
stranded break (DSB) resulting from a broken replication fork 
can cause a template switch in which the 3'‑end anneals to 
another open replication fork. For this switch to occur, the 
two replication forks need only to share a few bases of micro-
homology and be located close to each other in the replicating 
nucleus. Depending on the orientation and chromosomal loca-
tion of the new replication fork, the result can be an inversion, 
deletion, duplication, translocation or amplification. It is also 
feasible that several successive switches might occur, thus 
creating a more complex rearrangement (19). RAD51, a medi-
ator of homologous recombination (HR), shows decreased 
expression in hypoxic tumor cells, which has been interpreted 
as a stress-induced switch from high fidelity HR to the more 
error-prone NHEJ pathway (20). However, as MMBIR has 
also been found to be RAD51-independent, it represents an 
alternative explanation in hypoxic cells, especially in the case 
of single DSBs where NHEJ is not an option (19).

The simple rearrangement seen in three of our samples can 
be readily explained by a single round of MMBIR skipping to 
a position upstream on the same chromosome, thus creating 
a rolling circle that can be further amplified (Fig. 2B). In the 
slightly more complicated case, a MMBIR model with two 
successive template switches could explain the complexity 
seen at the junction, first creating a small inversion and then 
a rolling circle (Fig. 2C). It has been proposed that features 
affecting the secondary structure of the DNA could locally 
lead to stalled replication forks and an increased genomic 
instability (19,21). A fragile site (FRA2Ctel) located near the 
MYCN amplicon breakpoints has recently been identified. 
This fragile site was reported to be AT-rich and with signifi-
cantly higher flexibility peaks than non-fragile regions of the 
genome, suggesting that secondary structures could form in 
this region (17). Although it remains unclear how far into the 
surrounding DNA this effect will reach, it is an intriguing 
feature that might help to explain the non-recurrent but clus-
tered appearance of the breakpoint distribution.

The corresponding explanation using the NHEJ mechanism 
would require two separate DSBs in the simpler cases, and three 
or four in the more complex case. It also implies that the ampli-
fied region would be excised from its native location as a part 
of the amplification process, thus causing a deletion at 2p24. In 
the four cases analyzed here, no PCR fragment corresponding 
to a deleted gene region could be detected in the genome of the 
tumors, indicating that the native locus has not been excised 
during the amplification process. However, an event that initially 
created a larger deletion or translocation that was not detectable 
with our PCR system cannot be excluded. In the case of NBL08, 
a deletion much larger than the amplified area was indicated 
from the SNP-array data, although it could not be found using 
our PCR approach. This probably reflects a more complex 
scenario than expected for this case, for example a translocation 
event, which is undetectable using SNP arrays.

To our knowledge, this is the first finding of a rolling-circle 
mechanism caused by MMBIR in a tumor. Although all of 
the rearrangements presented in this article represent simple 
MMBIR events with only one or two template switches, 
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more complicated cases of MYCN amplicons presenting with 
multiple areas of amplification are readily found in our NB 
material. A detailed analysis of these amplicons will reveal 
whether these junctions are the result of a more complex 
MMBIR event.

The MYCN amplicon junction is a patient/tumor-specific 
target that can be used for MRD detection. Sensitive MRD 
detection makes it possible not only to identify patients with 
relapse, but also to monitor the patients throughout the treat-
ment, thus enabling early identification of the non-responders 

Figure 4. MRD detection using a semi-quantitative or quantitative PCR assay. (A) The semi-quantitative PCR assay is capable of detecting tumor DNA 
down to 1/105 in NBL08 and 1/106 in NBL11 in serial dilutions of tumor/control DNA. Tumor-specific DNA was detected in the first three blood samples 
and the second tumor sample from NBL08 as well as the two first blood samples and the bone marrow sample from NBL11. In order to clearly visualize also 
the fragments of low intensity, an additional brighter picture is also provided for each gel. (B) QPCR results given as the copies of amplicon junction/cell, 
normalized against an endogenous control fragment at chromosome 20. Detection limits are similar to the semi-quantitative PCR assay. Tumor-specific DNA 
was detected in the first three blood samples from NBL08 as well as the first blood sample and the bone marrow sample from NBL11. B2 from NBL11 was 
excluded due to lack of template. (C) Timelines representing the clinical progression for patients NBL08 and NBL11. Important events, such as treatments, 
disease progression and other analyses of interest are indicated as well as the time when the research samples were taken. Time is reported as days after diag-
nosis. [T, tumor; C, control; NTC, non-template control; B, blood; BM, bone marrow; COJEC, 8 cycle chemotherapy protocol with vincristine, carboplatin 
and etoposide (cycle 1 and 5), vincristine and cisplatin (cycle 2, 4, 6 and 8) and vincristine, cyclophosphamide and etoposide (cycle 3 and 7); TVD, topotecan, 
vincristine, doxorubicin; BU-MEL, busulphan-melphalan).
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that would need alternative therapies. Using QPCR with a 
panel of 5 different mRNA transcripts, Stutterheim et  al 
recently showed that high risk neuroblastoma patients with 
negative MRD at the time of mid-induction had a significantly 
better outcome than those with measurable disease at this time-
point. Those with detectable MRD also at the end of induction 
therapy had an even worse prognosis (11). This highlights the 
need for several sequential samples to be analyzed during treat-
ment and follow-up, and requires a quick, robust and sensitive 
method of detection. However, RNA is sensitive to degradation 
and variation in handling between different laboratories might 
lead to inconsistent results (22). Combining multiple markers 
also increases the amount of good quality RNA needed for the 
analysis. Furthermore, the mRNA expression of certain genes 
may change over time, for example in response to treatment, 
thus giving rise to false negative results.

In leukemia and lymphoma, tumor specific junctions in 
the form of fusion genes are routinely used for PCR-based 
analysis of MRD (14). Although most commonly detected at 
the transcript level, MRD detection using DNA as template has 
also been described (23). Recurrent translocations are absent 
from many solid tumors, including neuroblastoma, but ampli-
fications and translocations with non-recurrent breakpoints 
are readily detected. Here we have shown that high density 
SNP arrays in combination with multiplex PCR can be used 
to identify tumor-specific junctions in neuroblastoma. Both 
the semi-quantitative and quantitative PCR were found to be 
sensitive enough to detect small amounts of tumor DNA (1/105 
to 1/106, tumor/control) as estimated by the serial dilutions. 
The sensitivity could probably also be improved somewhat by 
using a nested PCR approach, as suggested by Bartley et al 
(23). Since DNA is used as template instead of mRNA it is also 
robust against degradation.

Furthermore, the tumor specificity of the assay renders it 
robust against contamination from other cell types, and whole 
blood or bone marrow can be used instead of serum. This 
enables detection of DNA contained either within circulating 
tumor cells (CTCs) or circulating free in the blood plasma. As 
whole blood has been used as the template in our assay, it is 
impossible to determine the origin of the detected tumor DNA. 
The bone marrow sample from patient NBL11, however was 
also found to be positive using standard cytological analyses, 
suggesting that at least in this sample the detected tumor DNA 
originated from the infiltrating tumor cells. Although the role 
and origin of circulating free DNA remain somewhat unclear 
(24), several publications report that the amount of tumor 
DNA in the blood reflects the size of the tumor and/or the 
risk of relapse in several types of cancer such as breast cancer 
(24,25), colon cancer (26) and neuroblastoma (27,28). Some 
authors also stress the prognostic importance of CTCs and 
bone marrow micrometastasis in NB (27,29). Consequently, 
regardless of whether the tumor DNA originates from CTCs 
or cell-free DNA, the persistent existence of tumor DNA in 
the blood or bone marrow most likely is indicative of the prog-
nosis of the patient.

The tumor- and patient-specificity of this method is both 
an advantage and a limitation. As new primers have to be 
designed for each patient, it could be argued that this method is 
not sui-table as a screening method and that methods involving 
genome analysis with higher resolution, e.g., next generation 

sequencing could be used instead to define the breakpoints 
as exactly as possible. However, since high density arrays are 
increasingly used as a diagnostic tool for NB, the prerequisite for 
this analysis is in many cases already fulfilled making a tailor-
made patient-specific assay possible. Furthermore, running 
multiplex PCR reactions with primers carrying universal tags 
makes it possible to test many primers simultaneously and to 
sequence the junction directly from the multiplexed reaction. 
Once the primers are validated and a tumor-specific fragment 
has been achieved, numerous follow-up samples can readily 
be analyzed using a simple PCR reaction. It is also important 
to stress that time is crucial when producing tools for clinical 
follow-up of cancer patients. With the method devised here 
we have a reasonably priced tumor/patient-specific PCR assay 
ready, within 2-3 weeks after tumor material has arrived at the 
DNA laboratory. The next-generation sequencing strategies 
are presently not that fast, and the cost of analysis is conside-
rably higher. It is likely, however that the methods that involve 
high throughput sequencing, which are now research tools in 
the analysis of primary tumors, will eventually be used in the 
clinical diagnosis of neuroblastoma tumors.

In summary, we present a detailed analysis of the novel 
junctions in a subset of MYCN amplifications and propose 
that the microhomology found at these junctions indicates 
a rolling-circle amplification caused by MMBIR, which to 
our knowledge is the first such finding in tumor material. 
Furthermore, we have shown that SNP-arrays, commonly 
used in neuroblastoma diagnostics, is a cost-efficient way to 
identify tumor specific junctions that are suitable targets for 
MRD detection, and that tumor-specific DNA can be readily 
detected and quantified in either blood or bone marrow from 
patients with MYCN amplification.
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