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Introduction

C h r o n i c  m y e l o i d  l e u k e m i a  ( C M L )  i s  a 
myeloproliferative neoplasm disorder characterized by 
the presence of the Philadelphia chromosome (Ph) [1, 2], 
resulting from a balanced reciprocal translocation between 
the long arms of chromosomes 9 and 22, t(9;22)(q34;q11) 
[3]. This genetic aberration leads to the formation of the 
BCR-ABL1 fusion gene, BCR (breakpoint cluster region) 
located in chromosome 22, and c-ABL1 proto-oncogene 
(cellular Abelson) located in chromosome 9 [4, 5]. 
The BCR-ABL1 fusion gene encodes a constitutively 
active non-receptor tyrosine kinase, which is indeed the 
causative molecular aberration of CML [6, 7], making it 
a key diagnostic and monitoring molecular marker of the 
disease [8]. 

The annual incidence of CML varies from 0.6 to 
2.8 cases per 100,000 individuals worldwide [9] and is 
estimated to be 0.6 cases per 100,000 inhabitants in the 
Casablanca region of Morocco [10]. CML is clinically 
divided into three phases: the chronic phase (CP), the 
accelerated phase (AP), and the blast phase (BP) [11, 12]. 
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Unlike AP and BP, where myeloid cells lose their capacity 
to differentiate and mature, in CP-CML, myeloid cells 
maintain normal maturation, leading to asymptomatic 
patients [13]. About 95% of cases of CML are diagnosed 
in the chronic phase. Without treatment or in cases of 
therapy failure, CML advances to the accelerated and 
then the blastic phase within 3-5 years, which is typically 
resistant to treatment [14, 15]. 

The introduction of tyrosine kinase inhibitors (TKIs), 
particularly imatinib mesylate (STI571), has dramatically 
changed CML management and has become the first-
line therapy for CML patients in the chronic phase over 
interferon-α and cytarabine, transforming the disease 
from fatal to a manageable chronic condition, where 
most patients remain in remission and require long-term 
follow-up and monitoring [16-18]. Second-generation 
TKIs, such as dasatinib, nilotinib, and bosutinib, have 
been approved for second-line therapy of CML patients 
intolerant of or in whom imatinib treatment failed [19-
21]. Third-generation TKIs, ponatinib, olverembatinib, 
and asciminib offer better efficacy, safety, and fewer side 
effects than currently available frontline ATP-competitive 
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tyrosine kinase inhibitors (TKIs), especially against 
BCR-ABL1 T315I mutation, which confers a high degree 
of resistance to imatinib and all second-generation (2G) 
TKIs [22-24].

In Morocco, the standard approach for CML diagnosis 
is bone marrow cytogenetics, fluorescence in situ 
hybridization (FISH), which is invasive, labor- intensive, 
time-consuming, expensive, and incapable of accurately 
monitoring minimal residual disease (MRD) [25, 26], 
and also RT-qPCR where the imported GeneXpert is 
the most used one and not available in all laboratories 
because of its high price. The NCCN and the European 
LeukemiaNet recommend RT-qPCR to be performed even 
after a major molecular response MMR (MR3.0 or better) 
is achieved, which most Moroccan CML patients cannot 
afford [27, 28]. Therefore, an affordable, accurate, and 
reliable alternative test is needed. Developing the assay 
locally will not only increase the testing frequency and 
the accessibility of molecular monitoring, but it will also 
reduce the dependency on expensive imported kits and 
the reliance on their availability in the market.

Thus, in this study, we developed a cost-effective 
single-tube one-step multiplex RT-qPCR assay capable 
of simultaneously detecting BCR-ABL1 and ABL1 
transcripts in peripheral blood mononuclear cells 
(PBMCs) of CML patients. Using ABL1 as an internal 
reference gene allows for normalization and ensures 
accuracy of BCR-ABL1 quantification. The Assay’s 
performance was validated using 63 patients recruited 
from Military hospitals in Rabat, Meknes, and Marrakech, 
and the results were compared to the GeneXpert kit.

Success fu l  deve lopment ,  va l ida t ion ,  and 
implementation of this assay will make routine molecular 
diagnostic and monitoring more accessible to Moroccan 
patients, allowing early detection of treatment resistance 
and a timely therapy adjustment, as well as reducing the 
burden on both patients and the healthcare system.

Materials and Methods

Patient recruitment and sample collection
Fresh, prospectively collected EDTA whole blood 

specimens from 63 patients with CML at various stages 
of disease (following initial diagnosis, with or without 
prior exposure to tyrosine kinase inhibitor therapy or other 
CML treatment) were used in this study. The patients were 
recruited from Military hospitals in Rabat, Meknes, and 
Marrakech, Morocco. Informed consent was obtained 
from all participants prior to the study. Peripheral blood 
samples were collected from each patient, and peripheral 
blood mononuclear cells (PBMCs) were isolated.

Peripheral blood mononuclear cells (PBMCs) isolation
Peripheral blood mononuclear cells (PBMCs) were 

isolated from the obtained whole blood samples using 
density gradient centrifugation, as previously described 
by Boyom (1968) with minor modifications [29]. Briefly, 
5 mL of fresh blood from each patient collected in anti-
coagulant tubes containing ethylenediaminetetraacetic 
acid (EDTA) was prepared by mixing an equal volume 
of blood with phosphate-buffered saline (PBS) in sterile 

50 mL centrifuge tubes. The diluted samples were layered 
onto a density gradient separation medium (Ficoll-
Paque) and centrifuged at 400 x g for 30 minutes at room 
temperature. After discarding the upper plasma layer, the 
interface layer containing PBMCs was gently collected 
in a sterile 50 mL tube and washed twice with PBS. The 
isolated PBMCs were then ready for RNA extraction.

RNA extraction
Total RNA was extracted from the isolated PBMCs 

using the RNeasy Mini Kit (Qiagen, Hilden, Germany). 
The RNA extraction was performed according to the 
manufacturer’s protocol, and the RNA concentration and 
purity were measured using a NanoDrop spectrophotometer 
(Thermo Scientific, Waltham, MA, USA). The extracted 
RNA samples were either tested immediately or stored at 
-80 °C until use.

Standard plasmid preparation
A plasmid containing both BCR-ABL1 and ABL1 

sequences was used to generate a standard curve for the 
quantification of BCR-ABL1 transcripts. Standards were 
prepared by cloning PCR products using the cDNA of 
BCR-ABL1 (e14a2) and normal ABL1 as templates, 
as we have previously described [25]. The generated 
recombinant plasmid DNA was isolated and purified using 
the QIAprep Spin Miniprep Kit (Qiagen). The plasmid 
concentration was determined using NanoDrop 2000 
(Thermo Scientific), and the copy number was calculated 
using the molecular weight of the plasmid. Serial dilutions 
ranging from 106 to 10 copies per reaction were prepared 
for standard curve generation.

One-Step Multiplex RT-qPCR Assay
Primers and probes were designed using Primer3Plus 

software (https://www.primer3plus.com/) [30]. For 
BCR-ABL1, primers were designed to amplify both 
e13a2 and e14a2 variants since more than 95% of CML 
cases correspond to the Major breakpoint (M-bcr) with 
62 % e14a2, and 38% e13a2, previously known as b3a2, 
and b2a2, respectively [31-33]. ABL1 primers targeted 
a sequence present in both isoforms a and b of ABL1 
transcripts, disrupted during the BCR-ABL1 fusion gene 
formation. 

Probes were synthesized by GenScript (GenScript 
USA Inc., Piscataway, NJ, USA), with BCR-ABL1 
probes labeled with 6-carboxyfluorescein (FAM) and 
ABL1 probes labeled with 2’-chloro-7’-phenyl-1,4-
dichloro-6-carboxyfluorescein (VIC), as well as Black 
Hole Quencher-1 (BHQ1) as a quencher for both probes. 
The primer design also excluded the amplification of 
genomic DNA.

RT-qPCR assay was performed using the QuantStudio 
6 Flex Real-Time PCR System with TaqMan Fast Virus 
1-Step Master Mix (Applied Biosystems, Thermo Fisher 
Scientific Inc., Waltham, Massachusetts, USA). Each 10 
µL reaction contained 2.5 µL Master Mix, 1 µL oligo 
mix (300 nM each primer, 200 nM each probe), and 6.5 
µL RNA sample or standard. These concentrations were 
optimized to ensure maximum efficiency and sensitivity. 
The 6-log series of standards were processed with every 
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the two assays [36], and Pearson’s correlation coefficient 
was calculated to assess the strength of their relationship 
[37]. Furthermore, Bland-Altman analysis was conducted 
to evaluate the agreement across the measurement range. 
The 95% limits of agreement were calculated as the mean 
difference ±1.96 standard deviations of the differences 
[38].

Results

Patient characteristics
A total of 63 CML patients, with or without imatinib 

treatment, were included in this study. The patient cohort 
represented various stages of CML treatment response, 
allowing for a comprehensive evaluation of the assay’s 
performance across a wide range of BCR-ABL1 transcript 
levels.

Standard curve performance
The standard curve was constructed to allow absolute 

quantification of BCR-ABL1 and ABL1 transcripts. In 
addition, the standard curve also allows us to determine 
reaction efficiency and the coefficient of determination 
R2, key indicators of assay performance and reliability. 
The criteria for a reliable standard curve are to have an 
efficacy greater than 95% and an R2 value exceeding 0.98 
[39, 40]. Standard curves for both BCR-ABL1 and ABL1 
showed excellent linearity over the six serial dilutions (10 
to 106 copies), with an amplification efficiency of 97.48% 
for BCR-ABL1 and 95.7% for ABL1 (Figure 1). R2 values 
were equal to 0.99 for both BCR-ABL1 and ABL1. These 
results indicate a high amplification efficiency and robust 
accuracy of the developed assay.

Comparison of BCR-ABL1 quantification between the 
developed assay and the GeneXpert system

The distribution of patients across different BCR-

RT-qPCR.
The thermal profile consisted of an initial reverse 

transcription step at 50 °C for 5 minutes, followed by 
denaturation at 95 °C for 20 seconds, and 40 cycles of 
amplification (95 °C for 3 seconds, 60 °C for 30 seconds). 
This one-step protocol was chosen to minimize handling 
steps and reduce the risk of contamination [34].

Quantification and Data Analysis
RT-qPCR amplification curves were analyzed using 

QuantStudio Real-Time PCR software. The threshold 
cycle (Ct) values, which represent the cycle at which the 
fluorescence signal crosses the threshold, were obtained 
for both BCR-ABL1 and ABL1 transcripts. The standard 
curve generated from the known concentrations of the 
plasmid was used to calculate the absolute copy numbers 
of BCR-ABL1 transcripts in each sample. The results 
were normalized to the ABL1 transcript level, and the 
BCR-ABL1/ABL1 ratio was calculated. The conversion 
to the international scale (IS) has been performed using a 
conversion factor which corresponds to 1.2 as previously 
shown [47].

Comparison with GeneXpert
To validate the performance of the developed assay, 

all samples were also tested using the GeneXpert BCR-
ABL Ultra kit (Cepheid, Sunnyvale, CA, USA) according 
to the manufacturer’s instructions in their corresponding 
laboratories [35]. BCR-ABL1/ABL1 ratios obtained 
by the assay were compared with those obtained with 
GeneXpert. The results were statistically analyzed to 
evaluate the correlation between the two tests.

Statistical Analysis
To compare the assay with the GeneXpert assay, 

Passing-Bablok regression analysis was performed to 
determine the proportional and constant bias between 

Figure 1. Standard Curves for BCR-ABL1 and ABL1 Quantification. The Ct versus BCR-ABL1 copy number (green-
dotted line) and Ct versus ABL1 copy number (blue line) obtained by the assay are shown. Each data point represents 
the mean of the results in duplicate. The efficiency and R2 values are included in the chart. 
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Chart 1. Comparison of CML Patient Response Distribution between the MAScIR Assay and the GeneXpert System

ABL1 ratio ranges, as determined by both the developed 
assay and GeneXpert assay, is presented in Table 1 and 
Chart 1. The developed assay (MAScIR assay) identified 2 
patients in the diagnostic stage, 5 in complete hematologic 
response (CHR), 2 in complete cytogenetic response 
(CCyR), 10 in major molecular response (MMR), and 
44 in deep molecular response (DMR). In comparison, 
GeneXpert detected 3 patients in the diagnostic stage, 4 in 
CHR, 3 in CCyR, 9 in MMR, and 44 in DMR. The overall 
agreement between the two tests was 86%.

A strong positive correlation was observed between 
the BCR-ABL1/ABL1 ratios obtained from the developed 
assay and the GeneXpert assay, with a Pearson correlation 
coefficient of (r = 0.93, p < 0.001). This high correlation 
indicates a strong linear association between the two 
methods across the entire range of BCR-ABL1 transcript 
levels.

To further assess the relationship and potential bias 
between the two methods, Passing-Bablock regression 
analysis was performed. The regression yielded a slope of 
(1.026) and an intercept of (-0.00686), suggesting minimal 
proportional and constant bias, respectively (Figure 2). 
These findings indicate that the MAScIR assay produces 
results that are in close alignment with the GeneXpert 
assay over the entire measurement range.

The agreement between the two methods was also 
evaluated using the Bland-Altman method [38]. The 
analysis showed a small mean bias of (-0.08), indicating 
minimal systematic differences between the two methods. 
The 95% limits of agreement (-1.33 to 1.18) showed 

that most differences fell within an acceptable range, 
with only 4 samples lying outside the limits (Figure 3). 
The relatively uniform distribution of differences across 
the range supports the consistency and reliability of the 
MAScIR assay.

Discussion

Timely and accurate measurement of BCR-ABL1 
transcript levels is crucial for early detection of treatment 
failure and orienting therapy [12]. Standardization of 
RT-qPCR results reporting allowed it to become the gold 
standard for treatment monitoring and assessment of 
the risk of relapse in chronic myeloid leukemia patients 
[41, 42]. In this study, we developed and validated a 
cost-effective one-step multiplex RT-qPCR assay for the 
quantification of BCR-ABL1 transcripts in CML patients. 
The test showed high analytical performance and a very 
strong correlation with the GeneXpert assay, an automated 
cartridge-based detection system widely adopted in low-
throughput laboratories [43, 44].

A very high Pearson correlation coefficient (PCC) 
was found (r = 0.93, p < 0.001), with a high agreement 
of 86% between the developed assay and GeneXpert 
across different response categories. Passing-Bablock 
regression analysis further confirmed the close agreement 
between the two methods, revealing a slope close to unity 
(1.026) and a minimal intercept (-0.00686), suggesting 
negligible proportional and constant bias. The Bland-
Altman analysis supported these findings, showing a 

Ratio Results MAScIR Assay GeneXpert System
10 to 100 Diagnosis 2 3
1 to 10 Complete Hematological Response (CHR) 5 4
0.1 to 1 Complete Cytogenetic Response (CCyR) 2 3
0.01 to 0.1 Major Molecular Response (MMR) 10 9
< 0.01 Deep Molecular Response (DMR) 44 44
Total 63 63

Table 1. Comparison of CML Clinical Samples between the MAScIR Assay and the GeneXpert Assay. This table 
compares the classification of patient samples used in this study as determined by the developed assay (MAScIR 
assay) and the GeneXpert system. The overall agreement between the two methods was 86%.
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small mean bias (-0.08) and relatively narrow 95% 
limits of agreement, with most samples falling within 
this range, highlighting minimal systematic differences 
between the assays. Moreover, the standard curve for both 
transcripts, BCR-ABL1 and ABL1, showed consistently 
a reaction efficacy ( > 95%) and strong linearity (R2 ≥ 
0.99) under the experimental conditions, demonstrating 
the efficiency and sensitivity of the assay at detecting very 
low transcript levels. This is very important in the context 
of making treatment decisions at low levels of deep 
molecular response to access eligibility for a treatment-

free remission (TFR) attempt [27, 45].
The one-step multiplex format of the assay allows 

simultaneous detection of both BCR-ABL1 and ABL1 
transcripts in a one-step single tube reaction, offering 
several advantages over simplex or two-step methods. 
Combining reverse transcription and qPCR in a single 
tube reduces the risk of sample contamination and 
sample-to-sample variation [34]. It also enhances 
assay reproducibility, simplifies the workflow, and 
minimizes both the required sample volume and reagent 
consumption. Consequently, this reduces hands-on time, 

Figure 2. Passing-Bablock Regression Analysis Plot. The scatter plot shows the log-transformed BCR-ABL1/ABL1 
ratios obtained from the MAScIR assay (y-axis) versus the GeneXpert assay (x-axis). The blue line represents the 
Passing-Bablock regression line, with the shaded area indicating the 95% confidence interval. This analysis assesses 
the agreement and systematic bias between the two methods. 

Figure 3. Bland-Altman agreement Plot. The y-axis represents the log of the differences between BCR-ABL1 values 
obtained from the MAScIR assay and GeneXpert assay, while the x-axis shows the log-transformed means of the two 
methods. The central solid line indicates the mean bias, and the dashed lines represent the 95% limits of agreement 
(mean ± 1.96 SD). 
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decreases overall turnaround time, and diminishes the 
potential for experimental errors, as well as the test price, 
while maintaining high analytical sensitivity.

The use of ABL1 as an internal control ensures 
the quality of the extracted RNA and helps normalize 
for variations in sample quality and quantity, which 
is essential for accurate quantification of BCR-ABL1 
transcripts [46]. Multiplexing also ensures a more accurate 
normalization of BCR-ABL1 to ABL1 as both targets are 
amplified under the same reaction conditions.

Indeed, one can argue that amplification competition 
can occur between the two target genes when multiplexing, 
especially when one of them is found at very low levels 
(BCR-ABL1). The high agreement found between the 
developed assay and GeneXpert assay in patients with deep 
molecular response (≤ 0.01% ; ≥ 4-log reduction from IRIS 
baseline) (Figure 4) confirms the non-competition between 
BCR-ABL1 and ABL1 in the reaction. These results align 
with previous studies that validated the performance of 
similar assays for BCR-ABL1 quantification in various 
patient cohorts [25, 47].

One of the key advantages of this assay is its cost-
effectiveness. Although a detailed economic analysis 
was beyond the scope of this study, preliminary estimates 
suggest that this method could reduce the cost of BCR-
ABL1 testing by approximately 60-70% compared to the 
GeneXpert system. This cost reduction is primarily due 
to lower reagent costs and the use of standard RT-qPCR 
equipment. In the context of Morocco, where the annual 
incidence of CML is estimated at 0.6 cases per 100,000 
in the Casablanca region [10], and where many patients 
struggle to afford regular molecular monitoring, this cost 
reduction could have a huge impact on patient care and 
outcomes, aligning with global and national efforts to 
make healthcare more affordable and accessible.

The development of this assay addresses a critical need 
in CML management in Morocco and potentially other 
resource-limited settings. Currently, the standard approach 

for CML diagnosis in the country relies on bone marrow 
cytogenetics, FISH, and RT-qPCR using imported kits 
like GeneXpert. These methods are often invasive, labor-
intensive, time-consuming, and expensive, making them 
inaccessible for many patients, especially in low-income 
regions [25]. This assay, being both cost-effective and 
reliable, has the potential to increase the frequency and 
accessibility of molecular monitoring for CML patients in 
Morocco, as well as in patients in low and middle-income 
countries (LMICs), aligning with the NCCN and European 
LeukemiaNet recommendations for regular BCR-ABL1 
transcript monitoring [27, 28].

The use of peripheral blood in the assay, rather than 
bone marrow aspirates, is another significant advantage. 
This less invasive approach not only reduces patient 
discomfort but also simplifies the sample collection 
process, potentially enabling more frequent monitoring 
and improving patient compliance.

Despite these promising results, this study has some 
limitations that should be addressed in future research. 
First, while the patient cohort (n = 63) provided a good 
representation of various CML treatment stages, a larger 
sample size would further strengthen the validation of 
this assay. Second, longitudinal studies would be valuable 
to assess the assay’s performance in tracking individual 
patients’ responses to treatment over time. Additionally, 
while this assay showed an excellent correlation with the 
GeneXpert system, further studies comparing it with other 
established methods, such as digital PCR, could provide 
additional insight into its performance characteristics.

Furthermore, this assay currently detects only e13a2 
and e14a2 transcripts, while it covers more than 95% of 
CML cases, it does not detect less common transcript 
variants such as e1a2, e6a2, e8a2, e19a2, e13a3, and 
e14a3, which collectively represent about 2-4% of patients 
[27]. While this limitation is shared by many commercially 
available assays, including this version of the GeneXpert 
assay we compared the test with, future iterations of the 

Figure 4. Concordance between the MAScIR assay and the GeneXpert assay across different diagnostic stages 
(treatment response). 
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assay could potentially be expanded to include these rare 
variants.

It is important to note that this assay, like other RT-
qPCR methods, cannot differentiate between Ph+ CML 
patients and Ph+ acute lymphoblastic leukemia (ALL) 
patients, which represent about 25%, and in which, unlike 
CML, p210 is less frequent [48, 49].

While this assay is not designed to detect specific 
treatment resistance mutations, such as T315I and E255K 
in the ABL1 kinase domain [50], it can indirectly monitor 
treatment resistance by tracking the persistence or increase 
of BCR-ABL1 transcript levels. This information can 
guide treatment decisions, particularly in determining 
whether to switch to second or third-generation tyrosine 
kinase inhibitors (TKIs) or consider alternative therapies 
[51-53].

Looking ahead, the successful implementation of 
this assay in clinical practice could have far-reaching 
implications for CML management in Morocco and 
potentially other developing countries in Africa. Making 
routine molecular diagnostics and monitoring more 
accessible could enable earlier detection of treatment 
resistance and more timely therapy adjustments. This, 
in turn, could lead to improved patient outcomes and 
potentially reduce healthcare costs associated with 
managing advanced disease stages.

Future research directions could include the adaptation 
of this assay for the detection of other clinically 
relevant BCR-ABL1 variants or resistance mutations. 
Additionally, exploring the potential for automating parts 
of the workflow could further reduce costs and increase 
throughput, making the assay even more suitable for high-
volume testing in resource-limited settings.

In conclusion, we developed a reliable, locally 
produced assay for BCR-ABL1 transcript detection and 
monitoring in Moroccan CML patients. This assay has 
the potential to significantly improve the accessibility 
of molecular monitoring, reduce the financial burden on 
patients and healthcare systems, and ultimately contribute 
to better management of CML in Morocco and similar 
LMICs. Further studies and clinical implementation will 
be crucial to fully realize the potential impact of this assay 
on CML patient care.
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