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Advantages of digital PCR in the detection of low abundance
BCR-ABLI gene in patients with chronic myeloid leukemia
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Abstract. Quantitative monitoring of BCR-ABLI'™ gene
using reverse transcription quantitative-PCR (RT-qPCR) is
an important method for evaluating the treatment effects in
patients with chronic myeloid leukemia (CML). Digital-PCR
(dPCR) can be applied to detect the BCR-ABLI gene with high
sensitivity. In the present study, the results of the Clarity™
dPCR system were compared with those of the RT-qPCR in
order to determine whether dPCR can be applied in the clin-
ical setting. A total of 83 patients were included in the present
study, and they were divided into two groups according to the
results of BCR-ABLI™ during ongoing monitoring. A total of
43 patients with undetectable BCR-ABLI™ where enrolled in
group A. BCR-ABLI testing was performed using the dPCR
system on the same peripheral blood samples of patients from
group A, and the association between dPCR results and relapse
was analyzed. The RT-qPCR platform and dPCR system were
used simultaneously to detect the BCR-ABLI gene of another
40 patients who achieved either partial cytogenetic response
(PCyR) or further response. Among patients with undetectable
BCR-ABLI', patients with dPCR-positive disease (BCR-ABLI
>0.1%) were more likely to undergo molecular relapse
(P=0.018). The results of dPCR detection of BCR-ABLI1%
were consistent with the RT-qPCR results (R?=0.9510) in
patients who achieved PCyR or further response. For samples
with BCR-ABLI™ <1.0%, the consistency of the dPCR and
RT-qPCR results was better than that of BCR-ABLI™ >1.0%
(R?=0.9488 vs. R?=0.9264 for BCR-ABLI"™). The detec-
tion results of the BCR-ABLI gene in patients with CML
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using dPCR matched well with those from the RT-qPCR. To
conclude, the results of the dPCR system can be applied as a
supplement to the RT-qPCR platform, particularly for those
with BCR-ABLI™ <1.0%.

Introduction

The BCR-ABLI gene is a molecular marker of chronic myeloid
leukemia (CML), and its transcript level can accurately reflect
tumor burden (1). Molecular monitoring refers to the detection
of BCR-ABLI transcripts in the peripheral blood through the
use of reverse transcription quantitative-PCR (RT-qPCR) (2,3).
In October 2005, an International Standard was proposed
for molecular testing, which included changing BCR-ABLI
gene detection in every laboratory via a conversion factor (4).
Therefore, BCR-ABLI gene detection was also converted to
the international standard value BCR-ABLI™ in the present
study (5,6).

Quantitative monitoring of BCR-ABLI"™ via RT-qPCR
is currently the gold standard method of evaluating patient
response to tyrosine kinase inhibitors (TKIs) and subse-
quent classification into prognostic subgroups (7). However,
RT-qPCR has a number of shortcomings: The difference
in amplification efficiency between the reference gene and
the target gene, and the difference between platforms and
personnel skill level among different laboratories leads to
errors in amplification efficiency (8). Therefore, a consistent
conversion factor must be established and verified on a regular
basis (9).

Digital PCR (dPCR) is used in the detection and quanti-
fication of nucleic acids (10). First, dPCR evenly distributes
the reaction system into a large number of reaction units, and
the number of nucleic acid sequences of interest conforms
to the Poisson distribution (7). PCR amplification is then
performed independently in each reaction unit. Following
the end of the amplification, the fluorescence signal of each
reaction unit is detected, and finally the copy number of the
nucleic acid sequence of interest is calculated based on the
ratio of the Poisson distribution and the reaction unit that is
positive for the fluorescent signal in all the reaction units (7).
The primary advantage of dPCR over RT-qPCR is that it can
be performed without the requirement for a calibration curve,



5140

therefore offering more straightforward means of ensuring
interlaboratory reproducibility (9,11).

Materials and methods

Patients and samples. A total of 83 patients were included
in the present study, and these were divided into two
groups: Groups A and B. All patients were diagnosed in
the Department of Hematology of The Affiliated Hospital
of Xuzhou Medical University between September 10, 2016
and March 4, 2017. A total of 43 patients with undetectable
BCR-ABLI" result from peripheral blood were selected as the
group A. The median age of patients in group A was 45 years
(age range, 13-72 years), including 22 men and 21 women.
Only 25 patients from group A had scokal scores (1). The
same blood samples of Group A patients were tested using
the Clarity™ dPCR system (JN Medsys). Group B comprised
of 40 patients who achieved either cytogenetic response or
further response between January 3, 2017 and May 3, 2017.
The median age of patients in group B was 49 years (age
range, 10-68 years), including 24 men and 16 women. Only
24 patients from groups B had sokal scores. A RT-qPCR
platform (Roche Diagnostics) and Clarity™ dPCR system
was used to detect the BCR-ABLI fusion gene within the
same peripheral blood sample, simultaneously. There was
no BCR-ABLI kinase domain mutation detected in patients
enrolled in the present study. The study protocol was approved
by the Ethics Committee of the Affiliated Hospital of Xuzhou
Medical University, and all patients included in the present
study provided written informed consent.

Quantification of the human BCR-ABLI fusion gene using
the Clarity™ dPCR system. DNA was diluted 10- or 100-fold
prior to quantifying the human BCR-ABL] fusion gene using
the Clarity™ dPCR system to achieve the expected target
concentration range of 0.38 to 2,240 copies/ul reaction mixture.
The samples were diluted using sterile water for injection.
The probe and primers used were supplied by JN Medsys. The
sequences of the primers and probes are listed in Table I.
Each sample was a total of 15 ul, with a mixture of 0.25 yM
forward and reverse primers, 0.25 yuM probe, 1xMaster Mix,
1xClarity™ JN solution, 3 ul DNA sample and PCR grade
water. Using the Clarity™ autoloader, the resultant mixture
was then delivered onto the chip where it was subdivided
into 10,000 partitions. The partitions were then sealed using
Clarity™ Sealing Enhancer and 230 p1 Clarity™ Sealing Fluid
with the following thermocycling conditions: Initial cycle of
95°C for 10 min, 40 cycles of 95°C for 50 sec and 58°C for
90 sec (ramp rate, 1°C/sec). Following amplification via PCR,
the tube strips were transferred to the Clarity™ Reader, which
detects fluorescent signals from each partition simultaneously.
The data were analyzed using Clarity™ software (version 1.0;
JN Medsys), and a proprietary algorithm was used for setting
each threshold based on fluorescent intensities to determine
the proportion of positive partitions out of the total. Based on
this information, the software determines the DNA copies/ul
of the dPCR mix using the Poisson statistics. The mean parti-
tion volume of 1.336 nl was used to calculate the copy number.
Each dPCR test was performed twice, and the average value
was taken as the final result.
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Statistical analysis. The results of BCR-ABL] transcripts were
statistically analyzed, with descriptions of the data including
the calculation of mediums, ranges, standard deviations (SDs),
coefficients of variation (CVs). The association between age
and relapse was evaluated using the y* test. Age and dPCR
outcome were assessed via Kaplan-Meier analysis and
log-rank test. Linear regression analysis was used to analyze
the results of dPCR and RT-gPCR, and R? represents the coef-
ficient of determination. P<0.05 was considered to indicate a
statistically significant difference.

Results

Baseline characteristics of patients. In the present study,
39 patients were MR4.5 (BCR-ABLI™ <0.003 2% or undetect-
able disease in cDNA over 32, 000 ABLI transcripts) when
enrolled in Group A, and 4 patients were MRS5. Table II pres-
ents the clinical features of Group A patients. The median age
of the patients at diagnosis was 45 years (range, 13-72 years).
The disease state of patients in group A was chronic phrase, no
patients were in accelerated phase or blast phase, and 68.0%
of these patients had a low Sokal Score (1). The median white
blood cell (WBC) count at the time of initial diagnosis was
62.7x10°/1 (17.8x10°/1-263x10°/1), median hemoglobin (HB)
level was 94 g/l (53 g/1-145 g/1), median platelet (PLT) count
was 414x10°/1 (153x10°/1-2886x10°/1). Of the total patients,
37 received hydroxyurea; 41 received TKIs; 3 patients had
been treated with interferon; and four had received a hema-
topoietic stem cell transplantation (HSCT). The median
duration of TKI treatment of the patients in Group A was
46.5 months (range, 14.1-149.0 months) prior to enrollment in
the present study. When BCR-ABLI gene was undetectable by
RT-qPCR, the maximum of the ABLI control transcripts was
228,110 copies. dPCR was used to detect peripheral blood
samples from patients at the time that their BCR-ABLI™ results
were undetectable. The % of BCR-ABLI was between 0.0030
and 9.2390% and the median was 0.0517%. The BCR-ABLI%
was <0.1% in 24 patients, and was >0.1% in other 19 patients.

There were two patients already at PCyR when they were
enrolled in Group B; 32 patients were CCyR; and 6 patients
were MMR. Table II presents the clinical features of
Group B patients. The median age at diagnosis was 47 years
(range, 10-68 years). The median WBC count at the time of
initial diagnosis was 126.7x10°%/1 (10.8x10°/1-700.7x10°/1); HB
level was 97 g/l (70 g/1-140 g/1); PLT count was 445x10%/1
(184x10°/1-1,536x10°/1). Of the total patients, 39 received
hydroxyurea; 34 received TKIs; three received both TKIs
and interferon; 2 patients received a HSCT; and 1 patient
was diagnosed in the accelerated phase of disease at the
initial diagnosis. The median duration of TKI treatment of
patients in Group B was 24.7 months (3.4-127.9 months) prior
to enrollment in the present study. When the BCR-ABL1%
results detected via dPCR achieved PCyR, the PCyR or
MMR values were between 0.0260 and 22.5714%, and the
median was 0.6237%. The BCR-ABL1% results detected by
dPCR were <1.0% in 25 patients, and was >1.0% in other
15 patients.

Molecular relapse of Group A patients. RT-qPCR was used
to detect BCR-ABLI level in the peripheral blood of patients
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Table I. Oligonucleotides used for BCR-ABLI amplification.
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Oligonucleotide

Sequence (5'-3")

BCR-ABLI forward
BCR-ABLI reverse

TCCGCTGACCATCAATAAGGA
CACTCAGACCCTGAGGCTCAA

ABL forward TGGAGATAACACTCTAAGCATAACTAAAGGT
ABL reverse GATGTAGTTGCTTGGGACCCA
BCR-ABL probe CCCTTCAGCGGCCAGTAGCATCTGA
ABL probe CCATTTTTGGTTTGGGCTTCACACCATT
A * dPCR- B Age<45 years and dPCR-
1001 F=0018 + dPCR* Age>45 years and dPCR-
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Figure 1. Risk of relapse associated with the dPCR results in Group A patients (P=0.018). (A) The association between the risk of relapse and age and the
dPCR results of Group A patients (P=0.081). (B) Relapse was defined as BCR-ABLI' >0.1%. dPCR+ indicates BCR-ABL1 >0.1%, dPCR- indicates BCR-ABLI

<0.1%. L indicates censored observations. dPCR, digital PCR.

in Group A every 1-3 months starting from their initial
enrollment date in the present study. Molecular relapse was
defined as a BCR-ABLI level >0.1%. Relapsed patients ended
their follow-up at the time of recurrence. Patients who did not
relapse were followed up until October 31, 2018. During the
follow-up period, 37 patients received TKIs according to the
original protocol; two received both TKIs and interferon; and
4 patients who received HSCT did not take TKIs after the
transplantation. At the end of the follow-up, depth of remis-
sion in two patients maintained MRS, 21 patients maintained
MR4.5, and 20 patients had a molecular relapse. None of
the patients included in the present study succumbed. No
mutations in the BCR-ABLI kinase domain were detected.
The median time to molecular relapse was 11.0 months
(range, 3.6-18.4 months). The median follow-up time for all
patients was 20.1 months (range, 3.6-25.3 months). Of the
24 patients with BCR-ABLI level <0.1% detected by dPCR,
seven relapsed. Of the 19 patients with BCR-ABLI >0.1%,
13 experienced recurrence. (Fig. 1A; ¥*=5.560; P=0.018).
The median BCR-ABLI level detected by dPCR system in
the relapsed patients was 0.1860% (range, 0.0062-9.2390%),
and the median BCR-ABL1% in patients without recurrence
was 0.0537% (range, 0.0003-1.5323%) (P=0.080). Fig. 1B
and Table III present relapse by age (<45 years or >45 years)
(x*=1.773; P=0.183). There was no statistically significant
difference in the Kaplan-Meier survival curve (Fig. 1B;
¥*=6.731; P=0.081).

Comparison of BCR-ABLI detected by RT-qPCR and dPCR
in Group B patients. Table IV presents the SD and CV of
the BCR-ABLI gene in Group B patients detected by two
platforms. The SD and CV of dPCR detection results were
lower than RT-gPCR in the two groups with BCR-ABLI™
<1.0% or >1.0%. Scatter plots demonstrate the linear rela-
tionship between the quantification of BCR-ABLI transcript
copies (green plots), ABLI (blue plots) and BCR-ABLI (red
plots) (Fig. 2). Quantification of the cDNA derived from
clinical samples by RT-qPCR was compared with the dPCR
platform. BCR-ABLI transcript copy numbers, ABLI tran-
script copy numbers and BCR-ABLI1% measured by dPCR
platform revealed a good association with RT-qPCR across
all sample groups (Fig. 2). Fig. 3 presents BCR-ABL1% of the
two disease levels (BCR-ABLI™ <1.0% or BCR-ABLI™ >1.0%)
and the matched non-CML controls measured by dPCR and
RT-qPCR. The samples for blank controls were generated with
water instead of cDNA. The non-CML control groups also
revealed a positive measurement for BCR-ABLI and can be
distinguished from the test for patients with CML.

Discussion

At present, RT-qPCR is the preferred method for detecting
BCR-ABLI for the initial diagnosis and ongoing monitoring
of CML (3,9). However, RT-qPCR can lead to errors in
BCR-ABL detection. As such, appropriate correction factors
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Table II. Baseline patient characteristics of groups A and B.

Group A Group B
(n=43) (n=40)

Variables n % n %
Sex

Male 22 512 24 60.0

Female 21 48.8 16 400
Age (years)

<45 24 55.8 17 425

>45 19 442 23 57.5
Disease status

Chronic phase 43 100.0 39 975

Accelerated phase 0 0.0 1 25

Blast crisis 0 0.0 0 0.0
ECOG PS

0 39 90.7 37 92.5

1 4 93 3 7.5
Sokal score range

<0.8 17 68.0* 11 45.8°

0.8-1.2 5 20.0 10 41.7

>1.2 3 12.0 3 12.5
Interferon

No 40 93.0 37 92.5

Yes 3 70 3 7.5
Hydroxyurea

No 6 140 1 25

Yes 37 86.0 39 97.5
Treatment response

PCyR 0 0.0 2 50

CCyR 0 0.0 32 80.0

MMR 0 00 6 15.0

MR4.5 39 90.7 0 00

MRS5S 4 93 0 00

“Percentages based on 25 patients with available Sokal Score at diag-
nosis. PThis percentages is based on 24 patients with available Sokal
Score. ECOG, Eastern Cooperative Oncology Group; PS, perfor-
mance status; PCyR, partial cytogenetic response; CCyR, complete
cytogenetic response; MMR, major molecular response.

need to be established and periodically verified (8,9). In the
present study, only dPCR could be applied to the detection
of BCR-ABLI gene, as dPCR is able detect a lower level of
BCR-ABLI gene than RT-qPCR (8). dPCR has a higher
sensitivity, which is an advantage when detecting very low
levels of the BCR-ABLI gene (12). For molecular response
monitoring of rare fusion transcripts associated with CML,
dPCR is a very useful tool (13). Patients who intend to discon-
tinue TKIs must achieve deep molecular remission, as when
the RT-qPCR result is undetectable, a positive dPCR result
may indicate a higher risk of relapse (14). The data from the
present study demonstrated that there was no statistically

YAN et al: BCR-ABLI GENE DETECTION BY dPCR IN CML

Table III. Correlation between age and relapse status in
Group A patients.

Variable Maintain MMR Relapse Total
Age <45 years 15 9 24
Age >45 years 8 11 19
Total 23 20 43

There is no statistically significant difference in the risk of relapse
between those younger than 45 years and older than 45 years.
(x*=1.773; P=0.183) MMR, Major molecular response.

Table IV. Comparison of SD and CV of BCR-ABL1% detected
by RT-qPCR and dPCR in Group B patients.

BCR-ABLI™ level SD oY
BCR-ABLI™ <1.0%
RT-qPCR 0.276 0.705
dPCR 0.273 0.703
BCR-ABLI™ >1.0%
RT-qPCR 6.541 1.061
dPCR 4.645 0.930

RT-gqPCR, reverse transcription quantitative-PCR; dPCR, digital
PCR; SD, Standard deviation; CV, coefficient of variation.

significant difference between the BCR-ABLI level detected
by dPCR in relapsed and non-relapsed groups (P=0.080), but
patients with BCR-ABLI >0.1% were more likely to experi-
ence molecular relapse (P=0.018), which is consistent with a
previous study (14). The results from the present study also
demonstrated that patients aged <45 years were more likely to
relapse, but this was not statistically significant and therefore
further larger scale studies are required (14). In the present
study, the molecular relapse rate of patients in Group A was
46.5%, even if they achieved MR4.5 or MRS, suggesting it is
necessary to closely monitor the BCR-ABLI gene for patients
who achieved further MR (3,14). An ideal strategy would be to
determine the BCR-ABLI level every 1-3 months, in order to
expose early molecular relapse (3).

The main advantage of dPCR is that it can be performed
without the need for a calibration curve, therefore offering a
simpler method of ensuring reproducibility between different
laboratories (11). In addition, dPCR can provide greater confi-
dence in detecting low BCR-ABLI copy number concentrations
at the limits of current RT-qPCR technology (12). Goh et al (15)
compared dPCR and RT-qPCR to detect BCR-ABLI fusion
gene in patients with CML and revealed that its sensitivity was
3 times higher than RT-qPCR. The data from the present study
revealed that the results of dPCR for BCR-ABL] transcription,
ABLI transcription and BCR-ABLI% were in accordance with
those of RT-qPCR, and the coherence at BCR-ABLI™ <1.0%
was better than that at >1.0%. Normalization using the ABLI
gene appeared to lead to error in the results, as there was
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Figure 2. Comparison of RT-qPCR with dPCR for the quantification of all patients. (A) BCR-ABLI' <1.0% patients (B) and BCR-ABLI" >1.0% patients (C) in
Group B. (B) The slope of these lines are 0.912, 1.013 and 1.150 for BCR-ABL Copies, ABL Copies and BCR-ABL%; (C) 0.901, 0.814 and 1.128 for BCR-ABL
Copies, ABL Copies and BCR-ABL%, respectively. Each data point represents the value derived from the two PCR methods. Each sample was detected twice,
and the average value was taken as the final result. RT-qPCR, reverse transcription quantitative-PCR; dPCR, digital PCR.
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Figure 3. Disease levels measured by RT-qPCR (BCR-ABLI" <1.0%, and
BCR-ABLI'"™ >1.0%) are shown with the matched non-CML controls. The
NTC reactions of matched control samples were generated with water
in place of cDNA. The box plots present the median and interquartile
range with the whiskers presenting the minimum and maximum data
points from 2 replicates for each sample. RT-qPCR, reverse transcription
quantitative-PCR; dPCR, digital PCR; CML, chronic myeloid leukemia.

generally a better agreement between dPCR and RT-qPCR
when measuring BCR-ABLI absolute values than when

measuring for ABLI (7). These results suggest that ABLI may
be a good choice for a reference gene for RT-qPCR, rather than
the ideal internal reference gene for dPCR (14).

In conclusion, the detection results of the BCR-ABLI
gene in patients with CML using dPCR apply well with the
results obtained by RT-qPCR, particularly in the detection
of low abundance BCR-ABLI gene (BCR-ABLI'™ <1.0%).
dPCR has advantages for patients with CML, who have
a deep molecular response, as the results of dPCR can be
applied as a supplement to RT-qPCR before planning TKIs
discontinuation (16).
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