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Relapse of childhood AML1-ETO (AE) acute myeloid leukemia is the most common cause of treatment failure.
Optimized minimal residual disease monitoring methods is required to prevent relapse. In this study, we used
next-generation sequencing to identify the breakpoints in the fusion gene and the DNA-based droplet digital PCR
(ddPCR) method was used for dynamic monitoring of AE-DNA. The ddPCR technique provides more sensitive

and precise quantitation of the AE gene during disease progression and relapse. Quantification of the AE fusion
gene by ddPCR further contributes to improved prognosis. Our study provides valuable methods for dynamic
surveillance of AE fusion DNA and assistance in determining the prognosis.

1. Introduction

The overall survival (OS) of childhood acute myeloid leukemia
(AML) has been improved through dynamic monitoring of minimal
residual disease (MRD) and optimization of treatment [1]. Treatment
failure resulting from disease relapse in AML, including AML1-ETO (AE)
(also known as RUNX1-RUNX1T1) (+) AML, remains a challenge [2].
Developing more sensitive MRD detection methods might improve cur-
rent treatment strategies and prevent relapse.

For AML with fusion genes, the main methods of MRD detection
include multiparameter flow cytometry (MFC) and real-time quantita-
tive polymerase chain reaction (RT-qPCR) [3]. Although a high MRD
level detected by MFC after induction therapy is associated with infe-
rior prognosis [4], this technique has not been fully standardized due to
the limited sensitivity and antigenic changes following treatment [5].
Compared to MFC, RT-qPCR analysis provides better sensitivity and AE
transcript levels can be used to predict the risk of relapse [6,7]. How-
ever, RT-qPCR is a relatively quantitative method and relies on the gene
expression level. Besides, AE transcripts can still be detected by RT-qPCR
in some AE(+) AML patients with long-term remission, RT-qPCR may
thus fail to predict relapse [8]. These factors limit the value of the RT-
qPCR method for accurate detection of the fusion genes. Droplet digital
PCR (ddPCR) is a recently developed technology that can achieve highly
accurate absolute quantification. It has shown great advantages in de-
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tecting mutations [9,10]. However, the use of the DNA-based ddPCR
method for monitoring MRD with fusion genes in childhood AML has
not yet been reported.

Therefore, the purpose of this study was to explore whether DNA-
based ddPCR could monitor MRD sensitively and predict prognosis in
childhood AE(+) AML.

2. Materials and methods
2.1. Patients

Forty-nine AML patients were identified to carry AE fusion gene and
fifteen AML patients were identified to carry CBFf-MYH11 fusion gene.
The pre-treatment DNA samples from 64 patients were used for targeted
sequencing (TS), and 6 samples from AE(+) AML patients were simul-
taneously analyzed by whole-genome sequencing (WGS). DNA samples
from 20 AE(+) AML patients collected at multiple time points during
treatment were used for ddPCR. Detailed information is showed in Sup-
plementary Table S1. Clinical data were collected including age, sex,
white blood cells, genetic mutation results, MFC results, and RT-qPCR
results of AE transcripts. Chemotherapy treatment referred to the AML-
99 regimen [11]. The OS period is defined as the time from diagnosis
to the date of death or the last follow-up. The progression-free survival
(PFS) period is defined as the time from diagnosis to disease progression,
death, or the date of the last follow-up. The median follow-up time was
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Fig. 1. Next-generation sequencing assists in accurate identification of the AML fusion gene site. A. Schematic diagram showing the fusion site detection by targeted
sequencing and whole-genome sequencing. B. Schematic diagram showing the method for verification of the AE fusion site by Sanger sequencing. C. Results of
breakpoint tracing in AMLI intron 5 and intron 6 and in ETO intron 1 for 49 patients.
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Fig. 2. Results for the preliminary exploration of method by ddPCR. A. The primer specificity was verified by conventional PCR in Kasumi-1 and THP-1 cell lines
(primers 1 for ddPCR). The expected amplicon sizes for positive results were 269 bp. B. Correlation analysis of the ddPCR method using different amounts of DNA
from Kasumi-1 and positive AE fusion gene counts. C. ddPCR analysis of THP-1 and Kasumi-1 cell suspensions serially diluted from 1:10° to 1:10°. D. Agarose gel
electrophoresis results of conventional PCR testing using personalized primers for ddPCR of 20 patients.
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Fig. 3. Comparison between the multiparameter flow cytometry, real-time-qPCR, and droplet digital PCR methods for detection of the AE fusion gene in 143 samples
obtained from 20 patients before and during treatment. A. Results for eight patients with disease progression after treatment. B. Results for 12 patients with sustained

complete remission defined by multiparameter flow cytometry after treatment.

52 months (range: 8 to 91 months). Samples were not excluded from
any analysis in any experiments.

2.2. Cell lines

The AML cell lines were purchased from ATCC. Kasumi-1 cells were
cultured in RPMI-1640 (Gibco, C11875500BT) supplemented with 20%
fetal bovine serum (Fetal Bovine Serum, FBS, Biological Industries, 04-
001-1ACS). THP-1 was cultured in RPMI-1640 supplemented with 10%
FBS at 37 °C, 5% CO,.

2.3. DNA extraction

DNA samples from cell lines and patient derived bone marrow cells
were extracted using Universal Genomic DNA KIT (CWBIO, CW2298M)

according to the manufacturer’s instructions. The purity of DNA was
measured by spectrophotometer and quantified by Qubit fluorescence
method (Qubit dsDNA BR Assay Kit, Invitrogen Q32850).

2.4. Next-generation sequencing

Next-generation sequencing, including targeted sequencing and
whole-genome sequencing, were used to predict the gene fusion sites of
patients. The sequencing library was constructed according to the man-
ufacturer’s instructions and sequenced by Hiseq 4000. The raw sequenc-
ing data were mapped to the human reference genome (UCSC hg19) and
the Clipping reveal Structure (CREST) software was used to predict the
gene fusion sites based on split reads analysis.
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Table 1
Clinical characteristics and outcomes of 20 AML1-ETO(+) AML patients.
Median (range) N (%) PFS (%) 0OS (%)

Age (years) 9 (2-15) P =0.215 P = 0.656
>10 11 (55) 71.6+14.0 81.8+11.6
<10 9 (45) 44.4+16.6 76.2+14.8
Sex P =0.572 P = 0.486
Male 11 (55) 55.6+16.6 88.9+10.5
Female 9 (45) 61.4+15.3 72.7+13.4
WBC count ( x 10°/L) 33.6 (1.8-186.8) P =0.024 P=0.198
>14.1 10 (50 37.5+16.1 67.5+15.5
<14.1 10 (50 80.0+12.6 90.0+9.5

Gene mutation P = 0.081 P =0.194
KIT mutation 6 (30) 33.3+£19.2 100.0+0.0
Without KIT mutation 14 (70) 70.1+12.6 71.4+12.1
ddPCR-Dx (copies/ul) 88.4 (43.3-146.0) P=0.013 P = 0.054
>92.5 7 (35) 21.4+17.8 57.1+18.7
<92.5 13 (65) 76.9+11.7 91.7+8.0

ddPCR-MRD1 (copies/ul) 1.1 (0.08-5.5) P=0.116 P = 0.061
>0.43 11 (55) 42.4+15.6 63.6+14.5
<0.43 9 (45) 77.8+13.9 100.0+0.0
Log reduction1 P=0.116 P = 0.061
>2.4 9(45) 77.8+£13.9 100.0+0.0
<24 11(55) 42.4+15.6 63.6+14.5
ddPCR-MRD2 (copies/ul) 1.9 (0.0-5.5) P = 0.009 P = 0.003
>0.75 7(35) 21.4+17.8 42.9+18.7
<0.75 13(65)  76.9+11.7 100.0+0.0
Log reduction2 P = 0.045 P =0.008
>2.2 12(60) 75.0£12.5 100.0+0.0
<2.2 8(40) 33.3+18.0 50.0+17.7
ddPCR-MRD3 (coies/ul) 1.3 (0.0-8.6) P =0013 P =0.146
>0.21 12(63) 38.1x14.7 72.7+13.4
<0.21 7(37) 100.00+0.00 100.0+0.0
Log reduction3 P < 0.001 P =0.007
>1.9 15(79) 79.0+10.8 93.3+6.4

<1.9 4(21) 0.00+0.00 33.3+27.2

2.5. Fusion gene verification

Primers for fusion sites verification of 49 AE(+) patients and 15
CBFp-MYH11(+) patients are listed in Supplementary Table S2 and Ta-
ble S3. TransStart® Taq DNA Polymerase (TransGen Biotech, AP141-03)
was used for PCR amplification of the fragments containing the fusion
sites. The PCR reaction was performed with an initial denaturation of
94 °C for 5 min, followed by 35 cycles of denaturation at 94 °C for 30 s,
annealing at 60 °C for 30 s, and extension at 72 °C for 1 min, with an ex-
tension at 72 °C for 10 min. The PCR products were verified by Sanger se-
quencing through ABI 3730x1 DNA Analyzer (Applied Biosystems, USA).
Sequence was mapped to the reference human genome sequence (UCSC,
hg19).

2.6. DNA-based ddPCR

BioRad QX200 DropletDigital PCR (BioRad, USA) instrument was
used for ddPCR. The ddPCR was performed with different total amounts
of DNA (0.5-100 ng) from Kasumi-1 cell line about correlation between
the proportion of AE fusion gene copies and the total amount of DNA.
Experiments of serially diluted cell suspensions were performed from
DNA samples of Kasumi-1 and THP-1 cell lines with 20 ng DNA per
sample. The amount of DNA samples used for ddPCR from each patient
was 20 ng. The primers used for the Kasumi-1 cell line and 20 patients
are shown in Supplementary Table S4. The ddPCR reaction was per-
formed with an initial denaturation of 95 °C for 5 min, followed by 40
cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 1 min, and
extension at 60 °C for 1 min, with a post cycling step of 4 °C for 5 min
and 90 °C for 5 min. The numbers of droplets of each sample were over
12,000 and ddPCR for each sample was repeated three times.

2.7. Statistical analysis

Pearson chi-squared test was used for comparison between groups of
categorical data. Spearman correlation analysis was used to analyze the
correlation between variables. The survival rates of the patients were
evaluated by the Kaplan-Meier method, the grouping thresholds were
determined by the Receiver Operating Characteristic curve to calculate
the area under the curve, and the comparisons between groups were
determined by the Log-Rank test. A two-tailed P value less than 0.05
was considered statistically significant. The statistical data was analyzed
by SPSS 22.0 software, and GraphPad Prism 8.0 software were used for
graphing.

3. Results

3.1. Targeted sequencing allows precise identification of personalized
fusion gene breakpoints

To identify the specific breakpoints of the AE fusion gene, we per-
formed TS of AML1 and ETO in 49 de novo AE(+) AML patient samples.
Six samples were further explored by WGS (Fig. 1A, Supplementary Ta-
ble S1). The results of AE fusion gene identification by TS and their
validation by Sanger sequencing (Fig. 1B) are shown in Supplementary
Table S2. The fusion sites were successfully identified in 49 AE(+) AML
patients through TS, and TS was shown to be more accurate and less bi-
ased than WGS for fusion sites identification (Fig. 1A). The AML1 break-
points of 48 patients were enriched in intron 5 with ETO breakpoints in
intron 1 (Fig. 1C). These findings were consistent with the previously
reported intron regions containing AE breakpoints [12]. The only excep-
tion was Patient 6 (P6), with the breakpoint in AML1 located in intron
6. TS was also used to predict the fusion sites of CBFf and MYH11 in an
additional 15 CBFp-MYH11(+) AML samples; the results are shown in
Supplementary Table S3.
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Fig. 4. Kaplan-Meier curve analysis showing the correlation of survival with the amount of fusion gene DNA at different stages detected by ddPCR. Groups were
divided based on the area under the curve as different cut-off values for univariate survival analysis; the cut-off values for each pair of groups are shown in Table 1.
(A-C) PFS for groups with different amounts of DNA at diagnosis: (A), after the first consolidation therapy (MRD2) (B), and after the second consolidation therapy
(MRD3) (C). (D-E) PFS for groups with different quantitative DNA decline speeds at MRD2 stage: (D), and MRD3 stage (E) compared with the time of diagnosis.
(F-H) Overall survival for groups with different amounts of DNA: (F) after the first consolidation therapy (MRD2) (G) different quantitative DNA decline speeds at
MRD2 stage (H) different quantitative DNA decline speeds at MRD3 stage. All P < 0.05 determined by log-rank test. Dx:diagnosed; Log reduction: Log10(MRD/Dx).

3.2. DNA-based ddPCR can be used for accurate monitoring of MRD in
AE(+) AML patients

Next, we used cell lines to verify the accurate detection of fusion
DNA by ddPCR (Fig. 2A, Supplementary Table S4). The results showed
that the proportion of AE fusion gene copies was significantly positively
correlated with the total amount of DNA (P < 0.001) (Fig. 2B). Using
ddPCR, we also detected the AE fusion gene in all DNA samples from
serially diluted cell suspensions (Fig. 2C), which demonstrate the ap-
plicability of DNA-based ddPCR for surveillance and quantification of
AE-DNA.

To achieve dynamic MRD monitoring of AE fusion genes at the DNA
level, we performed ddPCR (Fig. 2D, Supplementary Table S4) and com-
pared the results with MFC and RT-qPCR. The MRD detection results
from three methods (Fig. 3) showed that, when the MFC-MRD of dif-
ferent patients at different time points were negative, the fusion gene
detected at the RNA and DNA levels was positive (21.0%, 30/143). Fur-
thermore, multiple MRD results showed negative results for RT-qPCR
but positive for ddPCR at the DNA level (73.8%, 31/42)

For eight patients (P1 to P8) with disease progression, the AE fusion
gene was detected by ddPCR even when the RT-qPCR results were neg-
ative at multiple time-points. Once significant disease progression was
indicated by MFC analysis, we also detected increased AE fusion gene

expression using the ddPCR method (Fig. 3A). Through dynamic moni-
toring of 12 patients (P9 to P20) with long-term follow-up results after
treatment showing continuous remission by MFC and RT-qPCR, these
patients tested positive by DNA-based ddPCR at different time-points
(Fig. 3B). These results indicated that DNA-based ddPCR detection of
AE fusion genes is a sensitive and accurate technique for MRD monitor-
ing of childhood AML.

3.3. DNA quantification of the fusion gene correlates with clinical prognosis

Correlation analysis showed that in addition to the KIT mutation,
sex, age, and white blood cell counts were not related to the DNA quan-
tification of AE at the time of diagnosis (P > 0.05). And we found that the
groups with higher AE-DNA levels at the time of diagnosis, MRD2, and
MRD3 showed poor PFS. Inferior PFS was also observed in the groups
that showed less reduction in the AE-DNA levels at MRD2 or MRD3
phase (P < 0.05). Patients with higher levels of AE-DNA at MRD2 phase
and less reduction at MRD2 or MRD3 also had poorer OS (P < 0.05,
Table 1, and Fig. 4). These results demonstrated that quantification of
the fusion gene at the DNA level by ddPCR contributed to the prognosis
prediction and risk stratification, which may further improve the current
therapeutic strategies for patients with the AE fusion.
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4. Discussion

MRD monitoring in childhood AML is essential to measure the treat-
ment effectiveness and identify patients at high risk of relapse [2]. In
the current study, we used DNA-based ddPCR to detect fusion genes
for MRD monitoring in children with AE(+) AML. This technique was
shown to be more sensitive and accurate than the most widely used MRD
monitoring methods, such as MFC and RT-qPCR. In addition, we found
that MRD status and quantification of DNA by ddPCR was a powerful
predictor of prognosis or relapse risk in patients with AE(+) AML.

The techniques currently for MRD monitoring of variations in mutant
genes are MFC, PCR-based methods, and NGS with limitations [13,14].
To overcome these drawbacks of these methods, we employed ddPCR
to achieve accurate and sensitive detection of the AE fusion gene in
childhood AML. This technology allows for the absolute quantification
from only a small amount of DNA and exhibits excellent performance on
detecting MRD in other diseases [15,16,17,18]. The DNA-based ddPCR
monitoring method evaluated in this study was designed to target the
AE fusion gene, which is not affected by the clonal evolution of gene
mutations and AML progression. These findings indicated that ddPCR
monitoring of the quantitative variations in fusion genes at the DNA
level could assist in predicting prognosis.

Study showed that low level of AML1-ETO expression did not neces-
sarily predict relapse [8]. When RT-qPCR showed low-positive result, it
could not represent the absolute level of MRD due to the gene expres-
sion dependence of this method. The result acquired by RT-PCR thus
do not reflect the proportion of AE(+) AML cells existing in the bone
marrow or the proportion of cells expressing AE(+) transcript in AE(+)
population, which will affect the low-level RT-qPCR results for progno-
sis prediction. In this study, we noticed that some DNA-based ddPCR
results also showed low-level of fusion gene. Although the clinical sig-
nificance of this result is not clear for now, DNA based fusion gene de-
tection method is independent of gene expression and directly reflects
the absolute number of cells from MRD because each single cell has
one fusion gene template for detection, which is the major difference
from RNA-based method. Besides, combined with ddPCR, this method
can achieve absolute quantification of fusion gene positive cells at the
molecular level. Therefore, we proposed that low-level of fusion gene
DNA reflects MRD information that differ from RT-qPCR and the for-
mer is more clinically meaningful. However, studies with larger sample
size are needed for further verification. For patients with positive MRD,
Gemtuzumab ozogamicin or hematopoietic stem cell transplantation can
be useful for treatment in addition to traditional chemotherapy, which
can reduce MRD and prevent relapse [19,20].

This study has demonstrated the utility of ddPCR for dynamic moni-
toring of AE fusion genes at the DNA level in childhood AE(+) AML and
revealed that DNA quantification of AE fusion genes correlates with the
prognosis of AML patients. We provided a new perspective on MRD mon-
itoring although this method is an essentially exploratory work due to
the limitation of sample size and selection bias. This new assay needs to
be properly validated in a larger prospective clinical trial
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