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1  | INTRODUC TION

Identification and quantification of tumour associated molecular 
markers is important in diagnostics and treatment response moni‐
toring of malignant diseases. Highly sensitive assays are established 
and commercially available for quantification of recurrent hotspot 
mutations and fusion transcripts in common cancer types.

The use of genomic fusion sequences for monitoring of minimal 
residual disease (MRD) is laborious, because every patient needs an 
individually optimized quantification assay, due to the unique fusion 
site in each case. Furthermore, intronic repeat‐rich DNA sequences 
surrounding translocation breakpoints limit the design of specific 
and highly sensitive PCR assays in a substantial number of cases. 
Positioning of PCR primers outside of breakpoint flanking sequences 
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Abstract
Quantification of tumour‐specific molecular markers at the RNA and DNA level for 
treatment response monitoring is crucial for risk‐adapted stratification and guidance 
of individualized therapy in leukaemia and other malignancies. Most pediatric leukae‐
mias and solid tumours of mesenchymal origin are characterized by a relatively low 
mutation burden at the single nucleotide level and the presence of recurrent chromo‐
somal translocations. The genomic fusion sites resulting from translocations are sta‐
ble molecular tumour markers; however, repeat‐rich DNA sequences flanking intronic 
breakpoints limit the design of high sensitivity PCR assays for minimal residual dis‐
ease (MRD) monitoring. Here, we quantitatively evaluated the impact of repeat ele‐
ments on assay selection and the feasibility of using extended amplicons (≤1330 bp) 
amplified by droplet digital PCR to monitor pediatric chronic myeloid leukaemia 
(CML). Molecular characterization of 178 genomic BCR‐ABL1 fusion sites showed 
that 64% were located within sequence repeat elements, impeding optimal primer/
probe design. Comparative quantification of DNA and RNA BCR‐ABL1 copy numbers 
in 687 specimens from 55 pediatric patients revealed that their levels were highly 
correlated. The combination of droplet digital PCR, double quenched probes and ex‐
tended amplicons represents a valuable tool for sensitive MRD assessment in CML 
and may be adapted to other translocation‐positive tumours.
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contravenes general recommendations that short amplicons should 
be targeted in real‐time quantitative PCR, to ensure highly efficient 
amplification. To overcome these limitations, we evaluated large 
amplicon droplet digital PCR (laddPCR), using breakpoint spanning 
primers, in combination with double quenched probes, for quantifi‐
cation of genomic BCR‐ABL1 fusion sequences in pediatric patients 
with chronic myeloid leukaemia (CML).

Ultra‐sensitive MRD assessment has become of increasing inter‐
est for patients with CML, since it was demonstrated that tyrosine 
kinase inhibitor treatment can be stopped indefinitely for some pa‐
tients who achieve sustained deep molecular remission (DMR) for 
a prolonged period; however, identification of patients with the 
highest likelihood of continuous treatment‐free remission remains 
challenging. Approximately half of all individuals with CML develop 
disease relapse shortly after discontinuation of tyrosine kinase 
inhibitor (TKI) treatment,1,2 indicating that a substantial number 
of quiescent CML cells remain at the time of treatment cessation, 
subsequently giving rise to the relapse. In addition to the well‐es‐
tablished methods and certified commercial techniques available 
for high sensitivity monitoring of BCR‐ABL1 transcripts,5,6 applica‐
tion of DNA‐based monitoring may be a useful adjuvant tool to aid 
treatment decisions8,9; however, the breakpoint cluster region in 
the ABL1 gene locus on chromosome 9 is particularly rich in repeat 
elements, and genomic breakpoints in pediatric patients with CML 
are (in contrast with those of adult CML patients) over‐represented 
within Alu repeats in the BCR breakpoint cluster region on chromo‐
some 22.12,13 These features represent challenges for the establish‐
ment of quantification assays with high specificity and sensitivity for 
these patients.

Here, we analysed the distribution of genomic breakpoints 
within repeat regions in a cohort of 178 pediatric and adolescent 
patients with CML. To enable DNA‐based MRD monitoring for pa‐
tients with genomic fusion sites within repeat‐rich DNA sequences, 
we examined the benefit of laddPCR in combination with double 
quenched probes to overcome the technical limitations associated 
with conventional quantitative PCR. Comparison of fusion gene 
quantification by droplet digital PCR (ddPCR) in 687 blood and bone 
marrow samples from 55 patients with pediatric CML with results 
from monitoring BCR‐ABL1 transcripts by routine quantitative re‐
verse transcription PCR (RT‐qPCR) demonstrated that the results of 
both approaches were highly correlated and had high sensitivity for 
assessment of pediatric CML.

2  | MATERIAL S AND METHODS

2.1 | Patients and materials

Cryopreserved mononuclear cells, fresh or frozen blood samples 
and bone marrow samples collected from patients with CML par‐
ticipating in two consecutive pediatric CML trials (CML‐paed I and 
CML‐paed II, EudraCT 2007‐001339‐69) were included in the analy‐
sis. Informed consent of the patients or their legal guardians was 
obtained, in accordance with the Declaration of Helsinki.

For identification and characterization of genomic BCR‐ABL1 
fusion sequences, 178 individuals (78 Females, 100 Males; median 
age: 13 years; range: 0.3‐22 years) were analysed. This cohort rep‐
resents all children and adolescents diagnosed with CML in Germany 
during the collection period of 15 years.

2.2 | Sequencing of genomic BCR‐ABL1 fusion sites

DNA was isolated using the QIAamp® DNA Blood Mini Kit (Qiagen, 
Hilden, Germany), according to the manufacturer's instructions. 
Genomic fusion sequences were identified using a nested multiplex 
long‐range PCR (MLR‐PCR) assay, as described previously.12

2.3 | Analysis of breakpoint characteristics

Patient‐specific BCR‐ABL1 fusion sequences were aligned to the 
human genome (hg19, UCSC Genome Browser). Breakpoint posi‐
tions are listed in Table S1. Repeat elements at the fusion sites were 
identified using the RepeatMasker tool (http://www.repeatmasker.
org/). Genomic fusion sites were then analysed for co‐localization 
with repeat elements, recombination‐related DNA sequence mo‐
tifs, topoisomerase II binding sites, translin binding sites, heptamer/
nonamer recombination signals, recombination signal sequences 
(Recombination Signal Sequences Site tool, http://www.itb.cnr.it/
rss/), palindromic sequences (EMBOSS explorer [http://emboss.
bioinformatics.nl/cgi-bin/emboss/palindrome] and palindromic se‐
quences finder tool [http://www.biophp.org/minitools/find_palin‐
dromes/demo.php]), human minisatellite core sequences, human 
minisatellite conserved sequences, hypervariable minisatellite re‐
combination sequences, DNA polymerase frameshift hotspots, im‐
munoglobulin heavy chain class switch repeats, LTR‐IS motifs and 
human replication origin consensus sequences.

Components of the free software environment R (http://ww‐
w.r-project.org) were used for kernel density analysis, as described 
previously.14 WebLogo Version 2.8.2. was used for graphical pre‐
sentation of nucleic acid multiple sequence alignments of individual 
patient BCR‐ABL1 fusion sequences, as well as patient‐specific BCR 
and ABL1 wild‐type sequences at the corresponding positions. 15,16.

2.4 | Quantification of tumour‐specific genomic 
DNA using individual BCR‐ABL1 fusion sequences

For comparative analysis of RNA‐ and DNA‐based BCR‐ABL1 ther‐
apy assessment, we evaluated a total of 687 peripheral blood or 
bone marrow samples from 55 individuals. Patients were selected 
based on the availability and quality of follow‐up samples.

Chronic myeloid leukaemia cells were analysed by detection of 
patient‐specific BCR‐ABL1 fusion genes using breakpoint spanning 
primer and probe sets. The amplicon length of the personalized 
assays varied from 80 to 1330 bp. Quantification was performed 
by ddPCR on a QX200 reader system (BioRad) using probe‐based 
quantification assays with 2× ddPCR Supermix for Probes (no 
dUTP). A regular QX200 reaction contained 7 µL of DNA (200 ng/
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µL) for high sensitivity BCR‐ABL1 detection and 1 µL of DNA 
(200 ng/µL) for quantification of the reference gene, albumin 
(ALB). No template control (NTC) and wild‐type negative controls 
were run on each plate, with adjusted amounts of DNA. All assays 
were conducted in duplicate. Amplitudes of FAM‐TAMRA single 
quenched probes were compared with those of FAM‐ZEN‐IBFQ 
double quenched probes, to identify the best combination for dis‐
crimination between amplicon‐negative and ‐positive droplets. A 
sample was regarded as positive when at least three positive drop‐
lets were detected.

For ddPCR assays with amplicon products ≥200 bp, the cycling 
protocol was extended to a three‐step method, with 40 cycles of 
94°C for 30 seconds, 60°C for 1 minute, and 72°C for 2 minutes. To 
calculate the absolute number of BCR‐ABL1 copies, fusion‐specific 
probe signals were normalized to that of the single copy human ALB 
gene. The sensitivities of the patient‐specific ddPCR assays for de‐
tection of BCR‐ABL1 DNA copies were calculated based on the results 
from samples with the lowest quantifiable BCR‐ABL1 copy numbers 
or patient‐individual dilution series, and were 0.0032%‐0.00016% 
(molecular response [MR], 4.5‐5.7).

2.5 | Statistical analysis

Co‐localization of genomic breakpoints with repeat regions and 
DNA sequence motifs was statistically analysed using the Fisher's 
exact test. Differences between the ratio of mRNA% (BCR‐ABL1 
transcript/ABL1 transcript) and DNA% (BCR‐ABL1 fusion gene/ALB 
gene) at the day of diagnosis and 3 months after treatment initia‐
tion were assessed using the Mann‐Whitney U‐test. MRD data from 
quantification of the BCR‐ABL1 fusion at the RNA and DNA levels 
were compared using Spearman correlation statistics.

3  | RESULTS

3.1 | Localization of BCR and ABL1 breakpoints in 
repeat regions

Kernel density analyses of 178 genomic BCR‐ABL1 fusion sequences 
from pediatric CML samples (breakpoint positions listed in Table S1) 
confirmed a bimodal distribution of genomic breakpoints within the 
BCR breakpoint cluster region. One peak of the distribution resulted 
from an accumulation of breakpoints in and around an Alu repeat el‐
ement. Interestingly, females and males exhibited different patterns 
when analysed separately. ABL1 breakpoints were evenly distrib‐
uted within the breakpoint cluster region (Figure S1).

Statistical analyses revealed no significant over‐representation 
of breakpoints within repeat regions or other recombination‐re‐
lated sequence motifs (data not shown). Nevertheless, due to the 
high proportion of repeat elements in both genes involved, par‐
ticularly ABL1, there was a high likelihood of localization of fusion 
sites in repeat regions. Detailed analyses showed that 23% of BCR 
breakpoints and 54% of ABL1 breakpoints were located within 
these elements, mainly Alu repeats or long interspersed nuclear 

elements (LINEs), in accordance with the expected distribution, 
calculated from the overall proportion of these elements in the 
breakpoint cluster regions (Figure 1A). As fusion sequences are 
composed of both partner genes, 52% of patients with pediatric 
CML have fusion sites within repeat elements of one involved gene 
and 12% have fusion sequences located in repeat regions of both 
genes (Figure 1B). Multiple fusion sequence alignments of the in‐
vestigated 178 fusion sites illustrated the preferred localization of 
breakpoints within repetitive sequences, particularly in the ABL1 
gene (Figure 1C). Only 36% of fusion sequences in pediatric CML 
fusion sites were not associated with repeat regions and were 
therefore perfectly suited for a high sensitivity, DNA‐based con‐
ventional qPCR assay design.

Extension of the target sequence to 75 nucleotides flanking ei‐
ther side of the DNA breakpoint (the standard sequence range re‐
quired to place sense and antisense primers, and probes) reduced 
the proportion of fusion sequences unaffected by complicating re‐
peat elements to 33% in the ABL1 gene and 64% in the BCR gene 
(Figure 1A).

3.2 | BCR‐ABL1 fusion sequence quantification by 
droplet digital PCR

Highly specific and sensitive DNA quantification assays require 
primer and probe positions outside of repeat regions; therefore, we 
tested the effects on signal stability and sensitivity of increasing 
amplicons to lengths exceeding those conventionally used for qPCR 
(≥150 bp) in our probe‐based ddPCR assays.

Various primer/probe combinations binding to the single copy 
ALB gene achieved highly specific quantification of the region of 
interest using amplicon lengths up to 925 bp, considerably beyond 
the typical amplicon size (≤150 bp) used for conventional qPCR 
assays. The absolute signal amplitude of amplicon‐positive drop‐
lets reduced with increasing amplicon length; however, separation 
of amplicon‐positive and ‐negative droplets (the relevant read‐out 
for ddPCR) remained definite and allowed reliable quantification 
of the target region. The sensitivity reduction on amplification of 
a very large amplicon (925 bp) relative to the smallest analysed 
amplicon (81 bp) was minimal, with a factor of 1.9 between them 
(Figure 2A–C).

In the next step, BCR‐ABL1 fusion sequences were quantified 
in individual genomic DNA samples from 55 patients with pediat‐
ric CML. Primers were positioned beyond the usual amplicon length 
region of 150 bp in 26 (47%) cases, to avoid binding to a repeat ele‐
ment on either side of the breakpoint. As expected, the distance be‐
tween amplicon‐positive and ‐negative droplets was reduced when 
very large amplicons were generated (Figure 2D). Nevertheless, the 
sensitivity of assays remained high, even for quantification of large 
amplicons (>1000 bp) (Figure 2E).

Reduced signal amplitudes of amplicon‐positive droplets were 
easily compensated for using double quenched probes, which en‐
abled stringent separation between amplicon‐positive and ‐negative 
droplets (Figure 2F).
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3.3 | Comparative quantification of genomic BCR‐
ABL1 fusion genes and BCR‐ABL1 fusion transcripts

To evaluate the potential clinical application of DNA‐based MRD 
monitoring for CML patients with genomic breakpoints within, and 
adjacent to, repeat regions, we compared DNA‐based quantification 
with standard RNA‐based monitoring. Amplicon lengths varied from 
80 to 1330 bp for DNA‐based quantification by ddPCR.

We compared 687 blood or bone marrow samples collected 
from 55 patients with pediatric CML at initial diagnosis and during 
the course of treatment. Of those 687 samples, 47 were negative 
at the DNA and RNA levels, while six samples were quantifiable by 
RT‐qPCR, but not using the DNA‐based assay. Conversely, the DNA‐
based assay was able to quantify 64 samples that tested negative at 
the RNA level (Figure 3A). Insufficient RNA quality, due to incorrect 
sample handling, accounted for failed transcript quantification in 9 
of 64 samples. The remaining 55 RNA‐negative samples had BCR‐
ABL1 levels around MR4.0, indicating the benefit of supplementary 
DNA quantification for detection of quiescent, transcript‐negative, 
CML cells. DNA fusion site copy number and standard RNA tran‐
script copy number correlated well for BCR‐ABL1 quantification (cor‐
relation coefficient, 0.9182 [P < 0.0001]; Figure 3A).

Figure 3B shows an exemplary course of MRD quantification 
for one pediatric patient, who was initially diagnosed at 6 years old. 
Four years after initiation of continuous TKI treatment with imati‐
nib, BCR‐ABL1 transcript levels decreased to non‐detectable (DMR; 
<MR4.5), and the patient stopped imatinib treatment 32 months 
later. Five weeks after treatment discontinuation, the patient lost 
MR4.5, indicating an imminent relapse. Retrospective quantification 
of the genomic BCR‐ABL1 fusion sequence revealed persistence of 
the CML clone at a detectable level, illustrating the potential of sup‐
plementary DNA‐based MRD monitoring.

In addition, we investigated whether the RNA transcript/
DNA fusion site ratio at diagnosis and 3 months after treatment 
reflected differences between good and poor responders to TKI 
treatment. Good responders (MR1.0, <10%, achieved 3 months 
after treatment initiation and MR3.0, < 0.1%, reached within 
12 months of treatment initiation) exhibited lower BCR‐ABL1 ex‐
pression ratios than poor responders (Figure S2). Considering the 
fusion transcript type, patients with b3a2 transcripts had lower 
BCR‐ABL1 expression ratios those with b2a2 transcripts at the day 
of initial diagnosis (P = 0.042), which is in contrast to results re‐
ported for adult patients.17 These findings require confirmation in 
larger cohorts.

F I G U R E  1   BCR and ABL1 breakpoint distribution in 178 patients with pediatric CML. A, Proportion of genomic breakpoints within repeat 
regions in the BCR and ABL1 breakpoint cluster regions, as observed in the study cohort, and expected based on the repeat content in 
the respective breakpoint cluster regions. The expected proportions of breakpoints within repeat elements were calculated for expanded 
regions, taking into account that approximately 150 bp flanking the fusion site is necessary for primer and probe design. B, Localization 
of genomic breakpoints within the breakpoint cluster regions in the BCR and ABL1 genes in relation to repeat elements. Lines represent 
individual genomic breakpoints. Repeat elements are colour coded as indicated. C, Multiple alignment of BCR‐ABL1 fusion sequences in 
comparison with corresponding BCR and ABL1 wild‐type sequences. The black line indicates the fusion site between BCR (left) and ABL1 
(right)
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4  | DISCUSSION

Current technologies, for example, nested multiplex long‐range PCR 
assays, target enrichment next generation sequencing techniques, 
or MinION sequencing, allow the reliable and rapid identification of 
patient‐specific genomic fusion sequences,8,11,12,18 facilitating the 
use of DNA fusion sites as highly specific molecular tumour markers 
for personalized MRD monitoring. In contrast to RNA‐based quan‐
tification assays, DNA‐based MRD monitoring is independent of tu‐
mour‐specific fusion gene expression and allows the quantification 
of absolute tumour cell numbers, as each tumour cell carries a single 

copy of the fusion gene; however, design of highly specific and sensi‐
tive quantification assays for MRD monitoring remains challenging 
when genomic fusion sites are located in repeat‐rich intronic regions, 
which are unfavourable for reliable target quantification.

In pediatric CML specifically, the proportion of individual fusion 
sites within repeat elements is very high. In addition to the high con‐
tent of repeat elements within the ABL1 breakpoint cluster region, 
the bimodal breakpoint distribution within the BCR breakpoint clus‐
ter region results in a high co‐localization of breakpoints with Alu 
repeats.12,13 For specific quantification of these individual genomic 
fusion sequences, primers must be positioned outside of the repeat 

F I G U R E  2   Performance of primer and probe sets with different amplicon lengths in ddPCR. A‐C, ddPCR sets with different amplicon 
lengths were compared for quantification of the single copy gene, ALB. All ddPCR sets used the same forward primer and probe, but 
different reverse primers, at increasing distances from the breakpoint. A, Signal amplitudes of amplicon‐positive and ‐negative droplets. 
B, Differences between amplitudes of amplicon‐positive and ‐negative droplets. C, Calculated concentrations (ALB copies/µL) of different 
ddPCR sets using the same amount of initial template DNA (50 ng). D and E, Comparison of amplitudes from ddPCR sets with varying 
amplicon lengths (D) and assay sensitivities (BCR‐ABL1‐positive cells/all cells) (E) for BCR‐ABL1 fusion gene quantification in samples from 
patients with CML. F, Amplitudes of amplicon‐positive and ‐negative droplets using identical ddPCR sets with differently quenched probes. 
NTC, no template control; CML, CML patient sample

F I G U R E  3   Comparison of ddPCR 
results from BCR‐ABL1 fusion gene 
(DNA) and BCR‐ABL1 transcript (RNA) 
quantification. A, BCR‐ABL1 copy numbers 
in 687 blood or bone marrow samples 
from 55 patients with pediatric CML 
determined using RNA‐ and DNA‐based 
quantification. nc, non‐quantifiable; nd, 
non‐detectable. B, Example of disease 
monitoring by analysis of BCR‐ABL1 fusion 
transcript (RNA) and BCR‐ABL1 fusion 
gene (DNA) copy numbers during imatinib 
treatment and temporary treatment 
discontinuation. NC, nucleated cells
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elements, resulting in amplicon lengths of several hundred nucleo‐
tides, which are incompatible with conventional real‐time PCR assays.

Reliable MRD monitoring of ultra‐low BCR‐ABL1 levels is of increas‐
ing interest for patients with CML to identify individuals exhibiting 
deep molecular response who have optimal prospects for continuous 
treatment‐free remission. The combination of RNA‐ and DNA‐based 
MRD monitoring provides valuable information about transcriptional 
activity under inhibitor treatment and enables the quantification of 
transcriptionally quiescent CML cells, which are likely responsible for 
rapid loss of treatment‐free remission in the majority of patients with 
CML. 8,9,19,20 Furthermore, this combined approach allows the study 
of BCR‐ABL1 expression differences during the course of treatment, 
which may help to predict therapy outcome.17

Digital PCR is an end‐point PCR that enables absolute quantifica‐
tion of nucleic acids by Poisson statistical analysis of amplicon‐posi‐
tive and ‐negative droplets, without the need for standard curves.22 
Compared with well‐standardized real‐time PCR assays, ddPCR has 
equivalent sensitivity but exhibits higher robustness to PCR varia‐
tions influencing amplification efficiency. This feature results in im‐
proved reproducibility and increased sensitivity, particularly when 
primers/probes have to be designed to target sequences with unfa‐
vourable composition.23

In this study, we optimized laddPCR for highly specific and sensi‐
tive assays generating amplicons up to 1330 bp, to enable the quan‐
tification of BCR‐ABL1 fusion sequences in patients with fusion sites 
within or adjacent to repeat‐rich DNA stretches.

To date, laddPCR has been tested using EvaGreen dye, with 
moderate results. As the EvaGreen signal is proportional to the 
amount of double‐stranded DNA, an increase in the fluorescent 
signal with increasing amplicon length is expected, and could be 
observed in amplicons up to 300 bp. Amplicons longer than 300 bp 
showed a significant decrease in amplitude, with an accompany‐
ing loss of sensitivity, indicating that long products may be incom‐
pletely amplified.24,25 Probe‐based assays for laddPCR should not 
be affected by this problem. Laurie et al tested amplicons up to 
860 bp, with reliable amplitude levels for digital quantification of 
sequencing libraries, and observed a substantial reduction in pos‐
itive droplets and hence decreasing sensitivity.26 In this study, we 
optimized laddPCR assays using double quenched probes. Using 
this approach, positive and negative droplets were much better 
separated, and quantification was feasible for large amplicons 
(>500 bp) with minimal reduction in sensitivity, comparable to rou‐
tine RNA‐based PCR assays. To further improve the sensitivity of 
our ddPCR, the number of investigated wells per sample could be 
increased from duplicate to quadruplicate or even more parallel 
reactions.7

In summary, the availability of personalized DNA‐based therapy 
monitoring could be increased by quantification of genomic BCR‐
ABL1 fusion sequences using improved laddPCR with breakpoint 
spanning primers and double quenched probes. The sensitivity of 
this approach is comparable to that of established RNA‐based qPCR. 
Furthermore, laddPCR could be applied for therapy assessment of 

other chromosomal rearrangement‐positive leukaemic diseases, or 
in solid cancers, for detection of circulating tumour cells.

ACKNOWLEDG EMENTS

This work was supported by a grant from “Schornsteinfeger helfen 
krebskranken Kindern”, Germany (to MK and MM). The authors 
thank Ursula Jacobs and Sabine Semper for excellent technical 
assistance.

CONFLIC T OF INTERE S T

The authors confirm that there is no conflict of interest.

AUTHOR CONTRIBUTIONS

MK, MS and MM conceptualized and designed this study. MK, KG, 
CA and JL performed experiments. MK, MS and MM collected and 
analysed data. MK and MM wrote the manuscript. All authors were 
involved in reviewing the final version.

ORCID

Manuela Krumbholz   https://orcid.org/0000-0002-4416-0394 

Markus Metzler   https://orcid.org/0000-0002-4523-1676  

REFERENCES

	 1.	 Mahon F‐X, Réa D, Guilhot J, et al. Discontinuation of imati‐
nib in patients with chronic myeloid leukaemia who have main‐
tained complete molecular remission for at least 2 years: the 
prospective, multicentre Stop Imatinib (STIM) trial. Lancet Oncol. 
2010;11:1029‐1035.

	 2.	 Ross Dm, Branford S, Seymour Jf, et al. Safety and efficacy of 
imatinib cessation for CML patients with stable undetectable 
minimal residual disease: results from the TWISTER study. Blood. 
2013;122:515‐522.

	 3.	 Ross DM, Hughes TP. How I determine if and when to recommend 
stopping tyrosine kinase inhibitor treatment for chronic myeloid 
leukaemia. Br J Haematol. 2014;166:3‐11.

	 4.	 Suttorp M, Schulze P, Glauche I, et al. Front‐line imatinib treatment 
in children and adolescents with chronic myeloid leukemia: results 
from a phase III trial. Leukemia. 2018;32:1657‐1669.

	 5.	 Jobbagy Z, van Atta R, Murphy KM, Eshleman JR, Gocke CD. 
Evaluation of the Cepheid GeneXpert BCR‐ABL assay. J Mol Diagn. 
2007;9:220‐227.

	 6.	 Winn‐Deen Es, Helton B, Van Atta R, et al. Development of 
an integrated assay for detection of BCR‐ABL RNA. Clin Chem. 
2007;53:1593‐1600.

	 7.	 Maier J, Lange T, Cross M, et al. Optimized digital droplet PCR for 
BCR‐ABL. J Mol Diagn. 2018.

	 8.	 Alikian M, Ellery P, Forbes M, et al. Next‐Generation Sequencing‐
Assisted DNA‐Based Digital PCR for a Personalized Approach to 
the Detection and Quantification of Residual Disease in Chronic 
Myeloid Leukemia Patients. J Mol Diagn. 2016;18:176‐189.

	 9.	 Ross Dm, Branford S, Seymour Jf, et al. Patients with chronic my‐
eloid leukemia who maintain a complete molecular response after 

https://orcid.org/0000-0002-4416-0394
https://orcid.org/0000-0002-4416-0394
https://orcid.org/0000-0002-4523-1676
https://orcid.org/0000-0002-4523-1676


     |  4961KRUMBHOLZ et al.

stopping imatinib treatment have evidence of persistent leukemia 
by DNA PCR. Leukemia. 2010;24:1719‐1724.

	10.	 Bartley PA, Latham S, Budgen B, et al. A DNA real‐time quantita‐
tive PCR method suitable for routine monitoring of low levels of 
minimal residual disease in chronic myeloid leukemia. J Mol Diagn. 
2015;17:185‐192.

	11.	 Cumbo C, Impera L, Minervini CF, et al. Genomic BCR‐ABL1 break‐
point characterization by a multi‐strategy approach for "personal‐
ized monitoring" of residual disease in chronic myeloid leukemia 
patients. Oncotarget. 2018;9:10978‐10986.

	12.	 Krumbholz M, Karl M, Tauer JT, et al. Genomic BCR‐ABL1 break‐
points in pediatric chronic myeloid leukemia. Genes Chromosom 
Cancer. 2012;51:1045‐1053.

	13.	 Ross Dm, O'Hely M, Bartley Pa, et al. Distribution of genomic 
breakpoints in chronic myeloid leukemia: analysis of 308 patients. 
Leukemia. 2013;27:2105‐2107.

	14.	 Berger M, Dirksen U, Braeuninger A, et al. Genomic EWS‐FLI1 fu‐
sion sequences in Ewing sarcoma resemble breakpoint characteris‐
tics of immature lymphoid malignancies. PLoS ONE. 2013;8:e56408.

	15.	 Crooks GE, Hon G, Chandonia JM, et al. WebLogo: a sequence logo 
generator. Genome Res. 2004;14:1188‐1190.

	16.	 Schneider TD, Stephens RM. Sequence logos: a new way to display 
consensus sequences. Nucleic Acids Res. 1990;18:6097‐6100.

	17.	 Pagani IS, Dang P, Kommers IO, et al. BCR‐ABL1 genomic DNA PCR 
response kinetics during first‐line imatinib treatment of chronic my‐
eloid leukemia. Haematologica. 2018.

	18.	 Linhartova J, Hovorkova L, Soverini S, et al. Characterization of 46 
patient‐specific BCR‐ABL1 fusions and detection of SNPs upstream 
and downstream the breakpoints in chronic myeloid leukemia using 
next generation sequencing. Mol Cancer. 2015;14:89.

	19.	 Kumari A, Brendel C, Hochhaus A, Neubauer A, Burchert A. Low 
BCR‐ABL expression levels in hematopoietic precursor cells en‐
able persistence of chronic myeloid leukemia under imatinib. Blood. 
2012;119:530‐539.

	20.	 Mattarucchi E, Spinelli O, Rambaldi A, et al. Molecular monitor‐
ing of residual disease in chronic myeloid leukemia by genomic 
DNA compared with conventional mRNA analysis. J Mol Diagn. 
2009;11:482‐487.

	21.	 Rainero A, Angaroni F, D’Avila F, et al. gDNA qPCR is statistically 
more reliable than mRNA analysis in detecting leukemic cells to 
monitor CML. Cell Death Dis. 2018;9:349.

	22.	 Hindson BJ, Ness KD, Masquelier DA, et al. High‐throughput drop‐
let digital PCR system for absolute quantitation of DNA copy num‐
ber. Anal Chem. 2011;83:8604‐8610.

	23.	 Hindson CM, Chevillet JR, Briggs HA, et al. Absolute quantification 
by droplet digital PCR versus analog real‐time PCR. Nat Methods. 
2013;10:1003‐1005.

	24.	 Miotke L, Lau BT, Rumma RT, Ji HP. High sensitivity detec‐
tion and quantitation of DNA copy number and single nucleo‐
tide variants with single color droplet digital PCR. Anal Chem. 
2014;86:2618‐2624.

	25.	 McDermott GP, Do D, Litterst CM, et al. Multiplexed target detec‐
tion using DNA‐binding dye chemistry in droplet digital PCR. Anal 
Chem. 2013;85:11619‐11627.

	26.	 Laurie MT, Bertout JA, Taylor SD, Burton JN, Shendure JA, Bielas 
JH. Simultaneous digital quantification and fluorescence‐based 
size characterization of massively parallel sequencing libraries. 
Biotechniques. 2013;55:61‐67.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.    

How to cite this article: Krumbholz M, Goerlitz K, Albert C, 
Lawlor J, Suttorp M, Metzler M. Large amplicon droplet digital 
PCR for DNA‐based monitoring of pediatric chronic myeloid 
leukaemia. J Cell Mol Med. 2019;23:4955–4961. https://doi.
org/10.1111/jcmm.14321

https://doi.org/10.1111/jcmm.14321
https://doi.org/10.1111/jcmm.14321

