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Reliable	diagnostic	strategies	for	individuals	with	cancer	demand	practical	methods	for	highly	sensitive	and	
specific	detection	of	tumor	cells.	Amplification	of	genomic	regions	that	include	putative	oncogenes	is	com-
mon	in	tumor	cells	of	various	types.	Genomic	array	platforms	offer	the	opportunity	to	identify	and	precisely	
map	amplified	genomic	regions	(ampGRs).	The	stable	existence	of	these	tumor	cell–specific	genomic	aberra-
tions	during	and	after	therapy,	in	theory,	make	ampGRs	optimal	targets	for	cancer	diagnostics.	In	this	study,	
we	mapped	ampGRs	around	the	proto-oncogene	MYCN	of	human	neuroblastomas	using	a	high-resolution	
tiling	array	(HR-TA).	Based	on	the	HR-TA	data,	we	were	able	to	precisely	describe	the	telomeric	and	centro-
meric	borders	of	the	ampGRs	and	deduce	virtual	fusion	sites	of	the	joined	ampGRs	(amplicon	fusion	sites	
[AFSs]).	These	AFSs	served	as	blueprints	for	the	subsequent	design	of	AFS	bridging	PCR	assays	(AFS-PCRs).	
Strikingly,	these	assays	were	absolutely	tumor	cell	specific	and	capable	of	detecting	1	tumor	cell	in	1	×	106	to		
8	×	106	control	cells.	We	successfully	proved	the	in	vivo	practicability	of	AFS-PCR	by	detecting	and	quantify-
ing	the	specific	AFS	DNA	of	human	MYCN-amplified	neuroblastomas	in	the	patients’	corresponding	periph-
eral	blood	and	bone	marrow	samples.	Thus,	we	believe	AFS-PCR	could	become	a	powerful	and	nevertheless	
feasible	personalized	diagnostic	tool	applicable	to	a	large	number	of	cancer	patients,	including	children	with	
MYCN-amplified	neuroblastomas.

Introduction
The detection of minimal amounts of tumor cells within putative 
metastatic sites — LNs, BM, peripheral blood (PB), and cerebral 
fluid — is becoming indispensable for thorough stage classifica-
tion and therapy stratification for all different kinds of malignan-
cies. Most evidence that a very small residual population of tumor 
cells during or after therapy can significantly influence the final 
outcome of a patient is given from hematological malignancies. 
The early detection of such minimal amounts of residual or recur-
rent malignoma cells has been shown to be a major prognostic 
factor for adult and childhood acute  lymphoblastic  leukemia  
(1, 2). Among solid tumors, the clinical relevance of minimal resid-
ual disease (MRD) during and after therapy has been most exten-
sively studied in breast cancer patients (3, 4). Smaller studies report 
a significant impact on prognosis for minimal numbers of tumor 
cells or tumor cell DNA detected in the BM or PB, respectively, for 
different types of nonhematological malignancies (3, 5, 6).

Besides  their use  in clinical diagnostics, another  important 
application for highly sensitive methods of tumor cell tracking is 
the screening of autologous stem cell or BM grafts for residual, 
potentially viable tumor cells to avoid retransfusion following 
myeloablative therapy (7). However, the current literature lacks 
feasible diagnostic strategies for most solid tumor entities with 
tumor cell specificity and sensitivity comparable to that commonly  
described for leukemia diagnostics.

Absolute tumor cell specificity is a characteristic of particular 
parts of the sequence of genomic amplifications, in which single 
copies of amplified genomic regions (ampGRs) directly attach, 

forming amplicon fusion sites (AFSs). A major advantage of iden-
tifying genomic amplifications compared with other genetic aber-
rations is the possibility of an easy-to-perform screen for ampGRs 
via whole-genome comparative genomic hybridization (CGH) 
analysis. ampGRs are easily detectable in primary tumor speci-
mens, even in those containing a high content of stromal tissue. 
Moreover, ampGRs are found in a wide variety of tumor entities, 
emphasizing the relevance of a diagnostic tool targeting these 
numerical aberrations (8). Recent integrated genomic analyses 
of breast cancer, colorectal cancer, and glioblastoma multiforme 
describe detectable ampGRs in almost every individual malignoma 
(9, 10). At least 1 ampGR (>12 copies per haploid genome) was 
found in 41 of 45 (91%) breast cancer, 27 of 36 (75%) colon cancer, 
and 18 of 22 (82%) glioblastoma specimens. The described attri-
butes suggest genomic amplifications may be a predetermined 
target for cancer diagnostics.

Since its discovery in 1983 (11), amplification of the MYCN locus 
on chromosome 2p24-25 in human neuroblastomas has emerged 
as one of the most intensively studied examples of gene amplifica-
tion. We used human neuroblastoma cell lines and primary neu-
roblastomas harboring chromosome 2p24-25 amplifications as a 
model to describe a diagnostic algorithm to detect and map the 
ampGRs, and to use them as blueprints for the subsequent design 
of an AFS bridging, and thus absolute tumor cell specific, PCR 
assay (AFS-PCR; Figure 1).

Results
High-resolution tiling array (HR-TA) mapping of ampGRs. Based on 
HR-TA analysis of the DNA of 3 MYCN-amplified neuroblastoma 
cell lines and 40 primary neuroblastomas, we could describe 2 
main types of amplicons (Figure 2 and Supplemental Figures 1  
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and 2; supplemental material available online with this article; 
doi:10.1172/JCI44415DS1). Of the 43 investigated MYCN ampli-
cons, 27 consisted of 1 single ampGR (type 1 amplicons; Supple-
mental Figure 1), whereas the remaining 16 were assembled of  
2 or more ampGRs (type 2 amplicons) that appeared to be sepa-
rated by nonamplified genomic regions, potentially reflecting a 
more complex amplicon formation (Supplemental Figure 2).

Telomeric and centromeric borders of the identified ampGRs 
were unique for each tumor and cell line investigated. The amp-
GRs including the MYCN gene were defined as core ampGRs. The 
additional ampGRs of the type 2 amplicons were defined as satel-
lite ampGRs. The telomeric borders of the core ampGRs extended 
from bp 10,446,277 to bp 15,994,874 (median, bp 15,717,248). The 
centromeric borders extended from bp 16,041,166 to bp 21,821,063 
(median, bp 16,474,239). We found the MEIS1 gene amplified 
within 1 ampGR of the IMR-32 cell line, as previously described 
(12–14).  Just  one  other  MYCN  amplicon  (tumor  no.  TU-26)  
showed integration of an ampGR in relative proximity to, but not 
including, the MEIS1 gene (bp 63,352,423 to bp 63,921,178; Sup-
plemental Table 1). The intensities of the array signal of the amp-
GRs correlated with the copy numbers of the ampGRs estimated 
by comparative PCR, as described in our previous publication 
(15), with a Pearson correlation of 0.70 (Supplemental Table 2).  
The unique dimensions of the ampGRs permitted the design of 

individual PCR assays for the corresponding tumor cells, and thus 
for each investigated patient or cell line.

Creation of virtual AFSs and first primer design. Based on the exact 
information about the chromosomal location of the oligonucle-
otides that were printed on the HR-TA slides, we were able to 
assess virtual centromeric and telomeric borders of the ampGRs 
for each investigated neuroblastoma DNA. The virtual ampGR 
borders were predicted with a mean accuracy of 65 bp that was 
given by the HR-TA resolution. Based on the hypothesis that the 
single amplicons consist of consecutively joined copies of amp-
GRs, we were able to estimate possible resulting AFSs. Figure 3 
shows an example of type 1 amplicons, with the KELLY cell line. 
In the first step, the AFSs were virtually simulated by joining the 
first 1,000 amplified bp of the virtual telomeric border to the last 
1,000 amplified bp of the virtual centromeric ampGR border (Fig-
ure 3B). The sequences of these virtual junctions served as tem-
plates for the AFS-PCR primer design. A first generation of PCR 
primers was designed by setting one primer within the centromeric 
border region and the other within the telomeric border region of 
the ampGR. Thus, a successful AFS-PCR was only possible with 
the AFS bridging sequence present in the input DNA (Figure 3C). 
These AFSs were defined as type 1 AFSs. Interestingly, in all identi-
fied type 1 AFSs, the ampGRs were found to be joined in the head-
to-tail orientation (Supplemental Figure 3A).

Type 2 amplicons offered additional opportunities to design 
specific AFS-PCRs. Joining the virtual borders of 2 different amp-
GRs led to different possible virtual AFSs that could be used to 
design PCR primers analogously to type 1 AFSs. An example is 
given with the IMR-32 cell line (Figure 4). In type 2 AFSs, the amp-
GRs were found to be arranged in head-to-tail, head-to-head, or 
tail-to-tail orientation (Supplemental Figure 3B). Thus, in some 
cases, we found 2 different ampGRs to be joined inversely in their 
orientation. This resulted in a joining of the coding and noncod-
ing DNA strands of 2 different ampGRs in opposite directions. 
Interestingly, additional short sequences were found between 
ampGRs in the 2 identified AFSs of IMR-32 and in different pri-
mary neuroblastomas, most of which were too short to identify 
their chromosomal origin with any precision (Figure 4C). Not all 
possible AFSs could have been successfully verified by PCR for the 
IMR-32 cell line and for primary neuroblastomas with complex 
type 2 amplicons (Supplemental Table 1).

Finally, the generation of at least 1 AFS-PCR leading to a specific 
PCR product was successful in 34 of 40 (85%) primary neuroblas-

Figure 1
Identification and diagnostic use of AFSs in newly diagnosed maligno-
mas. The diagnostic algorithm combines the possibility of screening 
for ampGRs by whole-genome CGH analysis, the precision of HR-TA 
as a platform for subsequent base-exact AFS mapping, the absolute 
specificity of the AFSs for the respective malignoma cells, and the high 
sensitivity of real-time PCR. For malignomas with already described 
ampGRs, isolated genomic DNA can be hybridized directly on the cor-
responding HR-TA, covering the region of interest. If no ampGRs are 
described, or common ampGRs are not found in preliminary inves-
tigations, whole-genome CGH analysis could be used to screen for 
regions with ampGRs for further fine mapping on a HR-TA. Once the 
borders of the ampGRs are mapped, AFS-PCR, and subsequently 
AFS-RQ-PCR, can be designed. AFS-PCR can be used as a feasible 
tool in the initial staging of malignoma diseases and, furthermore, for 
highly sensitive and absolutely specific tracking of remaining or recur-
rent malignoma cells during the course of the diseases.
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tomas. Including AFS-PCR for the 3 MYCN-amplified cell lines, 
overall success was 37 of 43 (86%) MYCN amplicons investigated. 
The design of AFS-PCR was more successful in type 1 amplicons 
(26 of 27) compared with type 2 amplicons (11 of 16). A detailed 
description of the single amplicons is given in Supplemental Fig-
ures 1 and 2 and Supplemental Tables 1 and 2.

AFS sequencing. By sequencing the AFS-PCR products, we were 
able to exactly describe individual AFSs on the level of sequence. 
The  coordinates  of  the  ampGR  borders  of  all  successfully 
sequenced AFSs are available in Supplemental Table 1. A compari-
son of the sequenced AFSs with the AFSs predicted by the array 
CGH revealed a mean difference of 56 bp, which nearly matched 
the average array resolution of 65 bp between the printed oligo-
nucleotides. The maximum difference found was 354 bp.

Based on the exact sequences we were able to design primers locat-
ed closer to the AFSs for real-time quantitative PCR (RQ-PCR).

Specificity of AFS-RQ-PCR. Based on the uniqueness of the individ-
ual ampGRs, each AFS-PCR product was absolutely specific for the 
neuroblastoma cell line or tumor on whose virtual AFS sequence it 
was designed. For the 3 MYCN-amplified cell lines, the specificity 
of AFS-PCR products is shown in Figure 5. Every AFS-PCR primer 
pair for the amplicons of the primary neuroblastomas were tested 
with control DNA isolated from human placental tissue. Strik-
ingly, specific AFS-PCR product could only be identified with the 
corresponding tumor DNA (Supplemental Figure 3).

Sensitivity of AFS-RQ-PCR. The sensitivity of AFS-RQ-PCR was 
tested with dilution series of 3 human neuroblastoma cell lines 
with MYCN amplification [IMR-32, KELLY, and SKnBE(2)] with a 
line without MYCN amplification (SH-EP; see Methods for details). 
These MYCN-amplified cell lines and SH-EP cells harbor almost 
identical DNA content per cell. The ΔCt values of the specific AFS-
PCR products relative to the control PCR product, a fragment of 
inhibin-β-b (INHBB), were additionally set in relation to the DNA 
of the nondiluted MYCN-amplified cell lines, calculated according 
to the 2–ΔΔCt method (see Methods and ref. 16). Strikingly, the cal-
culated values of the successive dilution steps reflected the single 
dilution steps of the input DNA (Figure 6 and Supplemental Fig-

ures 4 and 5). For all 3 cell lines, AFS-PCR products were reliably 
detectable in the last dilution step: 1 MYCN-amplified cell per 106 
SH-EP cells. We further escalated testing for sensitivity with a suc-
cessive dilution of DNA of the 1 × 10–6 dilution steps with SH-EP 
control DNA at a ratio of 1:1. Finally, the method provided suit-
able to track the AFS from 1 MYCN-amplified cell of 8 × 106 con-
trol cells. The control for a specific AFS-PCR product, as assessed 
by agarose gel electrophoresis, was positive down to the highest 
dilution step (Supplemental Figure 4). Thus, we estimated the sen-
sitivity for AFS-PCR to detect 1 MYCN-amplified cell of 1 × 106 to 
8 × 106 control cells within our experimental setting.

Practicability for MRD diagnostics in primary neuroblastomas. For  
3 of the 40 primary neuroblastomas investigated, we were able to 
investigate DNA from tissue of a second biopsy or of recurrent 
disease by HR-TA (Supplemental Figure 7). In all 3 cases, we found 
absolute consistent borders of the ampGRs in the primary tumor 
tissues and the tissue of each secondary specimen, evidence sup-
porting the structural stability of the ampGRs over time.

To test the practicability of AFS-PCR to identify tumor cells or 
tumor cell DNA in tissues other than primary tumor tissue, we 
investigated genomic DNA of BM, PB, and residual tumor tissue 
during the treatment of 3 different neuroblastoma patients. Strik-
ingly, we were able to detect AFS DNA in different sample types 
from all 3 neuroblastoma patients investigated (Figure 7 and Sup-
plemental Figure 6). From patient TU-23, we were able to investi-
gate BM samples from the time of the initial diagnosis as well as 
from BM aspirations after the first cycle of chemotherapy. The rel-
ative decrease of the number of tumor cells detected in the second-
ary BM samples of this patient (Figure 7) might indicate a thera-
peutic effect. Because of the lack of exact information, the content 
of tumor cells in the initial tumor samples of patients TU-20,  
TU-21, and TU-23 was assumed to be 100% analogous to that of 
the described cell culture experiments. By general agreement, this 
does not reflect the situation in primary tumor specimens. The 
tumor cell content in the initial tumor sample is a variable attri-
bute and depends on malignoma type and histological grading. 
Because for AFS-PCR, the number of tumor cells or tumor cell 

Figure 2
ampGRs of the 3 MYCN-amplified neuroblastoma cell lines around the MYCN gene on human chromosome 2. Signal-Map software (see Methods) 
was used for visualization of the HR-TA data. The relative copy number for each printed oligonucleotide is presented as fluorescence intensity of 
the Cy5-labeled test DNA (cell lines) normalized to the Cy3-labeled reference DNA (healthy human female) (log2 ratios). The mean signal inten-
sity values of the continuous genomic regions calculated are indicated by red lines. The 0 baseline is indicated by the green line. AmpGRs are 
highlighted green. Each cell line harbored an individual amplicon composed of different copy numbers of 1 (type 1) or more (type 2) ampGRs with 
unique telomeric and centromeric borders. See Supplemental Figures 1 and 2 for ampGRs of the 40 MYCN-amplified primary neuroblastomas.
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genomes relative to nonmalignant cell genomes in a given sample 
(e.g., BM and PB) is calculated directly in relation to the ΔCt values 
of the primary tumor sample, it must be corrected for the tumor 
cell content of the primary tumor. This correction (see Methods 
for details) is needed in order to obtain interindividually com-
parable results. For example, this calculation is of importance to 
define threshold values of total cell numbers in a given compart-
ment (e.g., BM) that might be of potential clinical relevance, like 
for a decision about changing a therapeutic strategy. Corrected 
results, taking into account different hypothetical tumor cell con-
tents of the primary tumors investigated (Figure 7), are displayed 
in Supplemental Table 3.

Discussion
Once established from tissue of the primary tumor site, an individ-
ual AFS-PCR offers a powerful tool to track tumor cells or tumor 
cell DNA in potential metastatic sites of any tissue origin as well 
as in BM aspirates, in PB samples, and even in cerebral fluid, urine, 
or any other sample of the corresponding patient. Hence, AFS-

PCR could significantly improve the exact definition of the tumor 
stage at the time of initial diagnosis, the monitoring of response 
to therapy by quantification of tumor cells in subsequent samples, 
and the early detection of MRD or recurrent disease over time.

As fused ampGRs are a prerequisite for the development of an 
AFS-PCR, the diagnostic algorithm is limited to patients with 
malignancies harboring genomic amplifications (Figure 1). How-
ever, current publications give evidence that ampGRs could be 
found in a large percentage of different types of malignomas (9, 
10). A second prerequisite is the stability of the borders of the amp-
GRs. There are very few data about possible flexibility in the struc-
ture of ampGRs during the course of malignant diseases. Our own 
prior data from MYCN-amplified neuroblastomas showed a stable 
coamplification pattern in almost all investigated subjects (15). 
However, the multiplex PCR used in this setting was character-
ized by low resolution and thus lacked satisfactory information on 
possible smaller changes in the amplicon structure. Nonetheless, 
it is unlikely that a complex architecture of consecutively repeated 
ampGRs might change its structure on the level of sequence dur-

Figure 3
Identification of the AFS sequence 
in the type 1 amplicon of the KELLY 
cell line. (A) HR-TA data indicate 
the virtual telomeric and centro-
meric borders of the ampGR of the 
KELLY cell line by referring to the 
first and last amplified oligonucle-
otide. The relative copy number 
for each printed oligonucleotide is 
presented as fluorescent intensity 
of the Cy5-labeled test DNA (cell 
lines) normalized to the Cy3-labeled 
reference DNA (healthy human 
female) (log2 ratios). The mean sig-
nal intensity values of the continu-
ous genomic regions calculated are 
indicated by red lines. The ampGR 
is highlighted green. (B) The last 
(red) and first (blue) 1,000 ampli-
fied bps are fused together, result-
ing in a virtual AFS. (C) Primers for 
a first AFS-PCR are designed up- 
and downstream of the virtual AFS. 
(D) Sequencing of the excised AFS 
fragment from both sides, using 
the previously designed primers, 
results in the exact AFS. (E) Sim-
plified model of the architecture of 
a simple type 1 amplicon. ampGRs 
are subsequently joined together in 
head-to-tail orientation, resulting in 
a tumor cell–specific AFS.
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ing the course of disease and therapy, resulting in a change of all 
AFSs that were initially present.

Hypothetically, the monitoring of malignancies that obviously 
develop from more than 1 clonal cellular population could be at 
the limits of AFS-PCR. However, current publications indicate an 
initially monoclonal origin for different kinds of malignomas, 
even though a rising diversity of different subclones could be 
found during the course of disease (17, 18). Compared with other 
genomic aberrations, ampGRs showed high stability between dif-
ferent arising subclones in those studies. One of the neuroblas-
tomas  investigated  (patient TU-19) harbored 2 different core 
ampGRs detected by HR-TA. There are 2 possible explanations for 
this finding: either the different ampGRs were existent in 1 single 
tumor cell clone, leading to a complex amplicon pattern with the 
different possible AFSs, or 2 independent cell clones were present 
in the initial tumor. Because it is impossible to easily discriminate 
between these 2 conditions, it is imperative to design PCR for the 
AFSs of all potential cell clones, since it might be possible that 
during the course of disease and therapy, one clone might become 
privileged, and thus only a single AFS-PCR could be of use for 
subsequent diagnostic steps. For tumor TU-19, we were able to 
successfully design AFS-PCRs for both possible amplicons, but 
because we lacked consecutive tissue probes of the corresponding 

patient, it was not possible to assess whether 1 of the 2 AFSs disap-
peared during the course of disease.

Different conditions may influence the ability to successfully estab-
lish an AFS-PCR for an individual malignancy. The most important 
prerequisite is DNA of good quality from the initial tumor site for 
HR-TA, as DNA quality directly influences the exact mapping of the 
ampGR borders. Depending on the resolution of the HR-TA, it is 
also possible to miss small additional ampGRs and thus fail to suc-
cessfully design AFS bridging primers. In general, it is more difficult 
to identify the exact ampGR borders of tumors with just a few cop-
ies of ampGRs (gain) compared with high-copy amplifications. An 
example for a low-copy gain is given with tumor TU-4 (Supplemental 
Figure 1). Performing the HR-TA more than once in such cases could 
increase the reliability of the array-based prediction of the ampGR 
borders. Moreover, each AFS-PCR has to be optimized prior to its use 
for semiquantitative diagnostics based on the individual sequences 
flanking each AFS. For the complex type 2 amplicons, it is theoreti-
cally possible to design primers for all potential AFSs. For these cases, 
it is important to keep in mind that 2 different ampGRs could be 
merged in the same or the opposite direction with regard to the cod-
ing DNA strand (Supplemental Figure 3).

The used HR-TA with a custom design covering 8 megabases 
(Mb) telomeric and 10 Mb centromeric to MYCN (and additional 

Figure 4
Identification of AFS sequences in the 
type 2 amplicon of the IMR-32 cell line. (A) 
HR-TA data indicate the virtual telomeric 
and centromeric borders of 4 ampGRs 
that appear to be separated by nonampli-
fied genomic regions. (B) ampGR order 
within a single building block. ampGR-2 is 
fused between ampGR-1 and ampGR-4 
inversely, as identified by different com-
binations of PCR primers and subsequent 
sequencing. No combination of primers for 
the known ampGRs successfully integrat-
ed ampGR-3 in the amplicon. Most likely, 
additional ampGRs that were not covered 
by the HR-TA are adjacent to both sides 
of ampGR-3, avoiding a successful PCR. 
(C) Sequencing of the AFS-PCR products 
from both sides resulted in the exact AFS. 
In both AFSs, additional short sequences 
were found between the ampGR bor-
ders. In the AFS between ampGR-4 and 
ampGR-2 (inverse), an additional ampGR, 
20 bp long, was identified. For shorter 
sequences (lower case) of both AFSs, it 
was not possible to identify the definite 
chromosomal origin. (D) Simplified model 
of the architecture of a complex type 2 
amplicon. Different ampGRs are joined 
together in head-to-tail, head-to-head, or 
tail-to-tail orientation, resulting in different 
tumor cell–specific AFSs. The different 
ampGRs build single building blocks that 
are subsequently joined together. The 
entirety of all ampGRs corresponds to the 
whole, individual amplicon.



technical advance

550	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 2      February 2011

10 Mb around MEIS1) was suitable to design AFS bridging prim-
ers for at least 85% of all amplicons investigated. As shown for 
the MYCN amplicon of the IMR-32 cell line, ampGRs situated far 
from the core ampGRs were found integrated within an amplicon 
building block (ref. 14 and Figure 4). For some of the investigated 
neuroblastomas, 1 ampGR — or even more — might have been 
missed simply because the HR-TA did not cover the correspond-
ing chromosomal regions. This 
would explain why it was impos-
sible  to  design  an  AFS-PCR  in 
these cases. Although successful 
in most cases in this study, the 
described  identification  of  the 
AFSs was based on a simplified 
model  of  amplicon  formation; 
thus, it is not possible to exclude 
the  possibility  that  amplicons 
may be composed in a complex 
pattern that does not allow the 
investigator to successfully iden-
tify  1  single  AFS  based  on  the 
given HR-TA data (19).

If the described requirements 
are  fulfilled,  AFS-PCR  offers 
remarkable benefits over appli-
cations  currently  used  for  the 
detection  of  minimal  amounts 
of  tumor  cells  (20).  Compared 
with  flow  cytometry,  which  is 
mainly used for the detection of 
leukemic cells (21–23), AFS-PCR 
— like other PCR-based strategies 
— is characterized by higher sen-
sitivity. However, even compared 
with  different  commonly  used 
PCR  applications,  AFS-PCR  is 
characterized by certain advan-
tages. Thus, RQ-PCR strategies 
targeting the mRNA of genes that 
are primarily expressed in trans-

formed cells lack the reliable specificity that fundamentally has 
to be claimed for MRD diagnostics (24, 25). PCR assays designed 
to bridge the fusion sites of gene fusion products (e.g., BCR/ABL) 
are, like AFS-PCR, tumor cell specific (22, 23, 26). However, in 
contrast to AFSs, the fusion sites of such gene fusion transcripts 
are not individual for each patient: cross-contamination between 
different patients’ specimens is a known problem for these MRD 

Figure 5
Specificity of AFS-PCR. PCRs with genomic DNA of different neuro-
blastoma cell lines or human placenta tissue were performed with either 
specific AFS primers of 1 of the 3 investigated cell lines, or primers for a 
fragment of INHBB that served as control. 15 μl of the PCR was sepa-
rated in a 3% agarose gel by electrophoresis and visualized under UV 
light after ethidium bromide staining. AFS-PCR was absolutely specific 
for the respective cell line DNA harboring the individual ampGR.

Figure 6
Sensitivity of AFS-PCR. (A) RQ-PCR traces of 1 representative dilution series of KELLY cells with SH-
EP cells. A log10 dilution series of suspended MYCN-amplified cells (KELLY) with non–MYCN-amplified 
control cells (SH-EP) was performed in triplicate prior to DNA isolation. Undiluted KELLY cells (+) served 
as 100% tumor cell control; SH-EP cells (+) served as negative control. 200 ng DNA isolated from 3 × 106 
cells of each dilution step or control served as templates for RQ-PCR with either specific AFS primers or 
INHBB control primers. (B) Calculated 2–ΔΔCt of all 3 independent dilution series. Mean and SD are indi-
cated by points and horizontal bars, respectively. The values reflected almost exactly the corresponding 
dilution steps of the KELLY cell line. See Supplemental Figures 4 and 5 for IMR-32 and SKnBE(2) cell 
lines and further dilution steps.
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targets. The dependency on mRNA as starting material for MRD 
diagnostics instead of genomic DNA is an additional disadvantage 
with regard to its stability and its isolation from tissue specimens. 
Furthermore, the identification of specific mRNA expression pat-
tern, gene fusion products, or tumor cell–specific mutations, such 
as in putative tumor suppressor genes (27–29), may be hindered 
by a high content of stromal tissue in the specimen of interest, 
whereas the identification of ampGRs could still be possible. PCR 
strategies targeting rearrangements in genes encoding for immu-
noglobulin chains are of high specificity and sensitivity but, like 
flow cytometry, suffer from limitations in the detection of MRD 
in different kinds of leukemias (30).

Currently, the designs of genomic microarrays are becoming 
progressively higher in resolution, which results in several advan-
tages.  The  gaps  between  the  printed  oligonucleotides  on  the 
available standard whole-genome arrays will be small enough for 
a direct AFS-PCR design, and customized tiling arrays for each 
single genomic region of interest will become dispensable. To 
reach this goal, arrays with 107 or more printed oligonucleotides 
are required, whereas the recently available CGH arrays consist of 
a standard resolution of 2.1 × 106 printed probes resulting in gaps 
of 1.5–2.0 kilobases. Those arrays would be efficient in reflecting 
larger genomic regions around the core regions of interest, increas-

ing the possibility of complete amplicon mapping even for type 2 
amplicons. Decreasing costs of high-resolution array approaches 
will make this method more affordable for use in routine diagnos-
tics. In the long term, next-generation sequencing has the poten-
tial to substitute for the array CGH. With this technique, it is still 
possible to directly sequence AFSs or other specific junction sites 
in the tumor cell genome, making them affordable for a direct PCR 
design (31, 32). However, this approach is so far too expensive and 
time intensive for use in routine diagnostics.

Fulfilling the qualitative requirements of different analytical 
methods, the malignoma cell–specific AFSs could also be useful for 
designing PCR primers or other types of probes targeting the AFSs 
directly (e.g., labeled probes for fluorescence in situ hybridization). 
Besides these diagnostic approaches, AFSs could also be of interest 
as a target for different malignoma cell–specific therapy strategies 
like double-strand DNA binding antisense oligonucleotides.

In  summary,  our  approach  gives  rise  to  a  feasible  tool  for 
absolutely specific and highly sensitive detection of tumor cells, 
suitable for a large number of patients suffering from different 
malignancies. Once established,  it should be possible to eas-
ily perform AFS-PCR in every laboratory capable of performing 
RQ-PCR. The possibility to reliably detect ampGRs in a primary  
tumor  specimen  even  with  low  tumor  cell  content  by  AFS-

Figure 7
Specific AFS fragments are detectable in samples of different tissue origin of neuroblastoma patients at the time of initial diagnosis and during 
therapy. (A) Tumor cell contents of the primary tumors (TU) were estimated at 100%. Tumor cell contents of the different probes were quantified 
according to the 2–ΔΔCt calculation. Each PCR was performed in triplicate. Mean and SD are indicated by points and horizontal bars, respec-
tively. DNA from human placenta tissue served as negative control (Con). AFS-PCR identified a weak BM infiltration for patient TU-20 at the 
time of diagnosis. This infiltration was not detectable cytologically. Patient TU-21 had considerable BM infiltration in a control aspiration after 6 
months of therapy. AFS-PCR of a secondary biopsy sample of the residual tumor (R) showed a 10-fold decrease of tumor cells compared with 
the initial tumor specimen. Patient TU-23 had BM infiltration and circulating tumor cells in the PB at the time of diagnosis (BM1). The secondary 
BM aspirations, taken from 2 independent anatomical locations after 1 month of therapy (BM2 and BM3), showed a 10-fold decrease of tumor 
cells compared with the initial BM sample, giving evidence for a response to therapy. (B) AFS fragments and INHBB control fragments of the 
RQ-PCR separated in a 3% agarose gel. RQ-PCR had been running for 40 cycles. Asterisks denote lines of the tumor probe loaded with half 
the PCR product of the other lines.
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PCR represents a major advantage over other methods recently 
described. Its prognostic impact on MRD diagnostics and its role 
as a criterion for clinical decision making has to be evaluated for 
each single type of malignoma.

Methods
Patients. We studied primary tumor specimens from 40 children with 
MYCN-amplified neuroblastomas diagnosed in Germany from 1986 to 
2003. The 40 neuroblastomas were selected from a total of 230 tumor 
specimens with MYCN amplification within this time period based on the 
availability of tumor tissue of comparable quality for DNA isolation.

All neuroblastoma diagnoses were confirmed by histological assess-
ment of a tumor specimen obtained from surgery. The tumors were clas-
sified according to INSS criteria (33). All patients were treated according 
to previously described protocols (34, 35), and informed consent for ther-
apy and study procedures was obtained. The studies were reviewed and 
approved by the Ethics Committee of the medical faculty of the University 
of Cologne (Cologne, Germany).

Our study group consisted of 3 stage 1, 0 stage 2, 13 stage 3, 20 stage 4,  
and 4 stage 4S tumors. The median patient age at diagnosis was 23.7 
months (range, 0.03 to 78.6 months). The median follow-up time for all 
40 patients was 31.9 months (range, 0.4 to 87.6 months). The median fol-
low-up time of the patients that died from the disease was 11.5 months 
(n = 21), compared with 56.4 months for surviving patients (n = 19). Age, 
tumor stage, and survival data for each investigated patient are given in 
Supplemental Table 2.

Cell culture. Human neuroblastoma cell lines SH-EP, IMR32, KELLY, and 
SKnBE(2) were grown under standard cell culture conditions in RPMI 
Medium (Gibco;  Invitrogen) containing 10% fetal calf serum (Sigma-
Aldrich), glutamine (2 mM), penicillin-G (100 U/ml), and streptomycin 
(100 μg/ml) at 37°C and 5% CO2. Cells were trypsinized and harvested at 
80% confluence. For dilution series, the cells were counted, and MYCN-
amplified cells [IMR32, KELLY, and SKnBE(2)] were stepwise diluted with 
non–MYCN-amplified SH-EP cells according to the following dilution 
steps: 1 MYCN-amplified cell per 10 SH-EP cells (1:10), 1 MYCN-amplified 
cell per 100 SH-EP cells (1:102), followed by 1:103, 1:104, 1:105, and 1:106. 
For all MYCN-amplified cell lines, the dilution series were performed in 
independent triplicates. 3 × 106 cells of each dilution step were then used 
for DNA isolation.

DNA isolation and further dilution steps. Isolation of genomic DNA was per-
formed using the DNA-Blood and Tissue Kit (QIAGEN). DNA quality and 
concentration was measured spectrometrically (Nanodrop, Amersham).

To test the sensitivity, we further diluted the DNA of each 1:106 dilu-
tion step with SH-EP control DNA at a ratio of 1:1 down to 1:806 for each 
cell line investigated.

HR-TA design. Design of the printed oligos and manufacturing of the array 
slides was performed by Roche NimbleGen. 384,599 DNA oligos of 35–50 
nucleotides in length were printed on 1 array slide. The genomic regions 
of interest were located on chromosome 2p (region 1 [around MYCN], bp 
8,502,655 to bp 26,522,939; region 2 [around MEIS1], bp 59,390,222 to bp 
66,064,884; region 3 [control], bp 120,730,406 to bp 120,948,861), cover-
ing 24,913,401 bp in total. We obtained bp coordinates from the UCSC 
Genome Bioinformatics Database, March 2006 (NCBI36/hg18) assembly 
(http://genome.ucsc.edu/). The average resolution was 1 DNA oligo every 
65 bp. The specific resolution for a genomic section was dependent on 
the underlying sequence. Thus, sections with long sequence repeats were 
represented in a lower resolution, while sections containing highly specific 
chromatin (e.g., gene encoding euchromatin) were represented in a higher 
resolution. Hybridization of the tiling array required a total of 5 μg DNA 
(DNA quality criteria and hybridization methods were according to Ima-

Genes). The DNA of the neuroblastoma cell lines and primary tumors were 
hybridized together with control DNA (healthy human being) on the array 
slides. The DNA of the neuroblastoma specimens were labeled with Cy5, 
whereas the control DNA was labeled with Cy3. SignalMap Software (ver-
sion 1.9; NimbleGen) was used for analysis of the HR-TA data.

Primer design. All primers for standard PCR and RQ-PCR were designed 
using OLIGO Primer analysis software (version 6.41; Molecular Biol-
ogy Insights Inc.). See Results and the Figure 2 and Figure 3 legends for 
details of primer design. The sequences of all primers used are listed in 
Supplemental Table 4.

PCR and sequencing. The PCR for validation of the virtual AFSs was 
performed under standardized conditions. We used the QIAGEN Hot-
StarTaq-Plus PCR Mastermix (12.5 μl), 200 ng DNA, 2 primers at a final 
concentration of 1 pmol each, 1.5 μl DMSO (Sigma-Aldrich), and Aqua-
dest (Braun) at 25 μl. Cycler conditions were as follows: 5 minutes initial 
denaturation at 95°C, followed by 38 cycles with 20 seconds at 95°C,  
20 seconds at 57°C, and 40 seconds at 72°C. Electrophoresis was per-
formed in 1%–3% agarose gels dependent on the PCR fragment length. 
Gels were stained with ethidium bromide, and bands were visualized 
under UV light (Image Master VDS; Pharmacia).

Bands of estimated length were excised from the gel, and PCR fragments 
were isolated using the QIAGEN gel extracting kit following the manufac-
turer’s instructions. Each AFS fragment was sequenced from both sides 
using a BigDye Terminator 3.1 Ready Reaction Cycle Seq Kit (Applied Bio-
systems) following the manufacturer’s instructions. We used a 16 Capil-
lary Sequenzer Genetic Analyzer 3100 from Applied Biosystems. 250 ng of 
DNA and 10 pmol of 1 primer were put in 1 sequencing reaction.

RQ-PCR conditions were as follows: QIAGEN HotStarTaq-Plus PCR 
Mastermix (12.5 μl), 200 ng DNA, 2 primers at a final concentration of  
1 pmol each, 1.5 μl DMSO, 2.5 μl SYBR-Green (10× concentration; Roche), 
and Aqua-dest at 25 μl. Cycler conditions were as follows: 5 minutes ini-
tial denaturation at 95°C, followed by 40 cycles with 20 seconds at 95°C,  
20 seconds at 56°C–58°C, and 40 seconds at 70°C–72°C (depending on 
individual primer binding conditions). All real-time PCR was performed 
on a BIORAD iQ5-Cycler. Each real-time PCR, including the internal con-
trol INHBB, was performed in triplicate.

Statistics. Relative amounts of MYCN-amplified tumor cells within the 
different steps of the dilution series of the cell lines, or in the samples of 
different tissue origin from the neuroblastoma patients investigated, were 
calculated using the 2–ΔΔCt method (16). Therefore, the Ct values of the spe-
cific AFS fragments were normalized to the corresponding Ct values of the 
INHBB control PCR fragments. Each resulting ΔCt value was further nor-
malized to the median ΔCt of the corresponding 100% MYCN-amplified cell 
line DNA or primary tumor DNA specimen. This calculation resulted in trip-
licate 2–ΔΔCt values for each specimen investigated. RQ-PCR data in Figure 7 
present the mean and SD of these 2–ΔΔCt triplicates. Each dilution series of 
MYCN-amplified cell lines was performed in independent biological tripli-
cates. Thus, RQ-PCR data in Figure 6 and Supplemental Figure 4 present the 
mean and the SD of all 3 corresponding 2–ΔΔCt triplicates (i.e., 9 values).

To correct the Ct value of the specific AFS-PCR fragment of the primary 
tumor DNA to the histological assessed tumor cell content, we used the 
equation AFS-Ctcorrected = AFS-Ctnative + log2X; where X is the relative tumor 
cell content of the primary tumor specimen (e.g., 0.8 for 80%). All other Ct 
values stayed unchanged. ΔCt values were then calculated in relation to the 
corrected ΔCt value of the primary tumor specimen according to the 2–ΔΔCt 
method (Supplemental Table 3).
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