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ABSTRACT

Background: Acute lymphocytic leukemia (ALL), characterized by uncontrolled growth of abnormal lymphocytes, predomi-
nantly affects children. Genetic analysis focusing on genes and microRNAs reveals important information about the biology of
ALL, enabling accurate diagnosis and treatment. This study examines gene and microRNA expression in B cell ALL to improve
early diagnosis and personalized treatment.

Methods: Bone marrow samples were collected from patients both before and after the induction phase of chemotherapy.
Comprehensive diagnostic techniques including flow cytometry, molecular assays, real-time PCR for common translocations,
karyotyping, and complete blood count (CBC) analysis were employed. These methods were utilized to determine the type and
risk assessment of ALL, identify specific gene and microRNA expressions, and measure blood cell counts.

Results: The study comprised 12 patients, all under the age of 18. Post-treatment RT-PCR analysis revealed significant reduc-
tions in the expression of the ABCB1 gene, miR-129-5p, and miR-9-5p following the induction phase of chemotherapy. Karyotype
analysis indicated that two patients were hypodiploid; unfortunately, both of these patients did not survive.

Conclusion: MicroRNAs and ABC genes serve as predictive and prognostic biomarkers in Acute Lymphoblastic Leukemia
(ALL) and should be carefully reconsidered. It is more accurate to state that while microRNAs and ABC genes may potentially in-
fluence treatment response in ALL, further research is crucial to fully understand their roles in determining treatment outcomes.

1 | Introduction marrow components and other lymphoid organs, creating the

unique disease pattern characteristic of acute lymphocytic

Cancer remains the leading cause of death globally, and its in-
cidence is steadily increasing, leading to increased mortality
[1-4]. Acute lymphocytic leukemia (ALL) is a type of cancer
that involves the abnormal development of immature lympho-
cytes and their precursors, whether of B or T cell origin. This
undeclared immunity leads to the conversion of normal bone

leukemia. Acute lymphocytic leukemia is slightly more com-
mon in men than in women and three times more common in
whites than blacks [5]. It represents the most prevalent form
of cancer in childhood, with the highest incidence occurring
between the ages of 2 and 10. Acute Lymphocytic Leukemia is
more frequently observed in children with Trisomy 21 (Down
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syndrome), neurofibromatosis Type 1, Bloom syndrome, and
ataxia telangiectasia [6]. Patients often exhibit complications
related to anemia, thrombocytopenia, and neutropenia due to
the infiltration of the bone marrow by the tumor. These symp-
toms may manifest as fatigue, increased bruising/bleeding,
and increased infections. B symptoms such as fever, night
sweats, and loss of consciousness are common but may be
mild. Hepatomegaly, splenomegaly, and lymphadenopathy
may be observed in half of adults. Central nervous system
(CNS) involvement is common and may be accompanied by
heart disease or symptoms often associated with increased in-
tracranial pressure [7, 8].

Due to the importance of childhood and the notable impact
of (B-ALL) on health and disease development at all stages of
life, with the global spread of ALL, early research in screen-
ing and diagnosis is vital [9]. In this context, genetic analysis
is the most powerful tool to identify genomic alterations for
ALL diagnostics, risk assessment, and treatment selection in
ALL, serving two purposes: discover new molecular targets
to achieve a better understanding of ALL biological processes
and therapeutic roles, aiming to discover effective changes in
better disease management, is important [10]. Identifying the
sequence of genes that play a role in childhood (ALL) can lead
to the classification of their genetics profile, and at higher lev-
els, investigating relevant epigenetic factors can provide more
specificity for diagnosis and screening [11]. As the survival
rate in children with ALL increases, the role of drug resis-
tance and precision medicine is highly crucial [12]. Studies
analyzing gene expression data have identified more than 20
genetic variants of B-cell acute lymphocytic leukemia in pedi-
atric patients [13]. One of the two main types in this group are
(ABCB1) and (ABCAL).

ABC transporters are membrane-spanning proteins that serve
as carriers, transporting substances across various cellular
compartments, including the cell interior and the cytoplas-
mic membrane. This type of transport occurs against the con-
centration gradient and relies on ATP hydrolysis. This large
group has 49 members, and is divided into seven subfamilies
labeled A through G. These carriers, are responsible for the
transport of xenobiotic compounds, other toxic substances and
natural anti-cancer agents. Consequently, they contribute to
resistance against chemotherapy in various cancers, includ-
ing lymphoblastic and myeloid leukemias [14-16]. ABCBL1 is
related to the membrane transporter P-glycoprotein (P-gp),
which is a product of the ABCB1 gene and serves dual roles
as a functional barrier and an efflux transporter in various
tissues, potentially affecting the pharmacokinetics of several
anti-cancer medications. Identification of these genes and
potential polymorphisms may identify patients who may be
more sensitive to various medications, including doxorubi-
cin, vincristine, and prednisone [17-19]. The ABCA1 protein
promotes the transfer of cellular cholesterol from the plasma
membrane to apolipoprotein A-I. Cancer cells often display
high levels of intracellular cholesterol, and a deficiency in
ABCAL1 leads to an accumulation of mitochondrial choles-
terol. This accumulation promotes cancer by stopping the re-
lease of cell death-promoting molecules from mitochondria,

and indicating that decreasing the ABCA1 gene plays a crucial
role in the cancer phenotype [20]. MicroRNAs play a role in
many processes such as apoptosis, tumorigenesis, cell growth
and division, hematopoiesis, and drug resistance. The expres-
sion profile of microRNAs differs in the biological functions
of different cells, leading to significant differences between
normal and malignant hematopoietic diseases. This differ-
ence can be used to classify ALL subgroups. Additionally, mi-
croRNAs have the potential as diagnostic markers, prognostic
indicators, and personalized therapeutic targets in childhood
ALL [21]. Further studies will help unlock novel strategies for
cancer management.

This study aims to explore the expression of drug resistance-
related genes and associated microRNAs in B-cell Acute
Lymphoblastic Leukemia (B-ALL). The findings may enhance
diagnosis, identify treatments, and target drug resistance, con-
tributing to more effective diagnostic tools and personalized
therapies for improved patient outcomes.

2 | Methods

We conducted fundamental and applied research involving 12
patients diagnosed with B-cell acute lymphocytic leukemia
through clinical and laboratory evaluations at referral centers
at Rasoul-e-Akram Hospital, affiliated with Iran University of
Medical Sciences in Tehran, Iran. The study was carried out
from January 2021 to December 2023.

2.1 | Patient Selection

Rasoul-e-Akram Hospital patients with B-cell acute lymphocytic
leukemia patients under 18years of age, without any chronic
diseases, diagnosed their cancer within the last 3months, treat-
ment just with the BFM protocol, with no history of previous
cancer, and those who had not been using immunosuppressive
drugs. Patients above 18years old, with a history of prior can-
cer, individuals who had not received treatment with the BFM
protocol, and patients with chronic diseases were not eligible to
participate in this study (Figure 1).

Assessed for eligibility (n=21)

Excluded (n=9)
* History of prior cancer(n=2)
Declined to participate (n= 2)
Above the age of 18 years old (n=3)
Chronic diseases (n=1)
Treatment without the BFM protocol (n=1)

Enrollment

‘ Randomized (n=12 ) ‘

l

[ Analysis ]

Analysed (n=12)

FIGURE1 | Flow diagram.
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Bone marrow samples, each totaling 5mL, were systematically
collected from study participants both before and after the
chemotherapy induction phase and stored at —80°C until use.
A meticulously designed questionnaire was employed to com-
pile comprehensive patient demographics information, such as
gender and age. Moreover, flow cytometry and complete blood
count (CBC) analysis were performed for each patient to assess
their ALL type, counts of white blood cells (WBC), red blood
cells (RBC), platelets, and the concentration of hemoglobin
(HB). Karyotype analysis data for each patient were also ob-
tained from their hospital records.

All the examinations were executed with the ethical code of
(IR.IUMS.REC.1398.1198) certified by the ethical committee of
the Iran University of Medical Sciences.

2.2 | Flow Cytometry

To distinguish between acute lymphoblastic leukemia (ALL)
and acute myeloid leukemia (AML) and further classify ALL
into T-cell ALL (T-ALL) and B-cell ALL (B-ALL) along with
specific B-ALL subtypes, we used flow cytometry-based anal-
ysis to measure the expression of cell surface and intracellu-
lar markers. Bone marrow aspirate samples were collected
in Ethylenediaminetetraacetic Acid (EDTA) tubes and then
stained with monoclonal antibodies against the following
human proteins. In our study, we employed a comprehensive
panel of antibodies to accurately differentiate between acute
lymphoblastic leukemia (ALL) and acute myeloid leukemia
(AML). Additionally, we subclassified ALL into T-cell ALL (T-
ALL) and B-cell ALL (B-ALL), further delineating specific B-
ALL subtypes, as detailed below:

ALL Antibody Panel: CD2, CDla, CD3, CD5, CD7, CD4/8,
HLA-DR, CD10, CD19, CD20, CD22, CD13, CD33, CD34, TDT.

AML Antibody Panel: CD2, CDla, CD3, CD5, CD7, CD4/8,
HLA-DR, CD10, CD19,CD20,CD22,CD13,CD33, CD34,CD117,
CD14, CD64, CD15, MPO.

The immunophenotypic characterization of B-ALL subtypes
includes Early Pre-B ALL (TdT+, CD19+, CD10-), Pre-B ALL
(CD10+, CD22, CD34, CD19, TdT, HLA-DR positive), and Pro-B
ALL (CD19, CD34, CD22, TdT positive).

The intracellular markers included MPO, TDT, and cytoplas-
mic CD3, while the cell surface markers included CD34, CD10,
CD1a, CD2, CD3, CD5, CD7, CD19, CD20, CD22, HLA-DR,
CD4,CD8, CD13, CD33, CD14, CD64, and CD15. All which were
purchased from Biolegend, USA. For the cell surface staining,
100 1L samples were incubated with the appropriate concentra-
tion of antibodies for 30 min at 4°C in the dark. After incubation,
we performed RBC lysis using 1x RBC Lysis Buffer (DACell,
Iran) for 5min at room temperature, followed by twice washes
with PBS at 1500 rpm for 5min at 4°C. Intracellular staining was
performed using a permeabilization/fixation buffer. Initially,
samples were subjected to 1x RBC Lysis Buffer and then washed
twice with PBS. Intracellular markers were stained using the
Intracell Solution Kit (Immunostep, Spain; Lot: 416686) accord-
ing to the manufacturer's instructions. Finally, the samples were

analyzed using Beckman Coulter FC500 equipped with CXP
Software and Flowjo 7.6 software (Figure 2).

2.3 | Identification of Target Genes and MicroRNA

The identification of target genes for the study was performed
based on the patient's specific cancer type and the chemother-
apy medications given. Genes identified through comprehen-
sive literature searches on Google Scholar and thought to be
responsive to various stages of treatment in clinical trials were
selected as targets. To facilitate this, BANK GENE, KEGG, and
PHARMGKB were used. Finally, ABCA1 and ABCBI1 were se-
lected as the study's target genes. For selecting the target mi-
croRNA, an exhaustive search was executed in articles and
pertinent databases dedicated to microRNA, including mirbase,
mirdatabase, and mirtar, which were specifically selected based
on their high specificity percentage. Finally, hsa-mir-129-5q,
has-mir-495-3q, and hsa-mir-9-5q were selected as the target
microRNAs of this study.

2.4 | RNA Extraction and Real-Time PCR

Total RNA was isolated from bone marrow samples using the
TRIzol reagent (Tiangen, Cat. No. 15596-026, Beijing, China).
A total of 300uL of chloroform was added to this solution,
shaken for 30s, incubated for 5min at room temperature,
and then centrifuged at 12,000rpm at 4°C for 15min. The
resulting supernatant was transferred to a new RNase-free
microtube, combined with an equal volume of cold isopropa-
nol, and stored at —80°C for 20min. After centrifugation at
12,000rpm at 4°C for 10 min and subsequent mixing with 70%
ethanol, the sample was centrifuged again at 8000 rpm at 4°C
for 10 min. The pellet was then combined with Tris-EDTA and
preserved at —80°C. The concentration of the extracted RNA
was determined using a UV spectrophotometer (NanoDrop
One Microvolume UV-Vis spectrophotometer, Thermofisher,
USA). For cDNA synthesis, reverse transcription of RNA was
performed using a kit (Anacell, LOT: MR0084) following the
manufacturer's protocol. Two different protocols for the re-
verse transcription reaction were used including a cDNA syn-
thesis MIR kit that works with steam loop primers, and for
gene expression analysis random hexamer primer for cDNA
synthesis was used. The reverse transcription reaction oc-
curred at 37°C for 1h, with subsequent inactivation of the
reverse transcriptase at 70°C for 5min. DNA polymerase ac-
tivation was conducted at 95°C for 15 min, followed by 45cy-
cles of a three-step PCR (95°C for 255, 58°C for 155, and 72°C
for 405s) then incubated at 35°C for 30s [22, 23]. Dissociation
curve analysis of hsa-mir-129-5q, has-mir-495-3q, and hsa-
mir-9-5q showed a single peak. The GADPH gene was used as
a control in this study [24-26].

2.5 | Statistical Analysis

Correlations between variables were analyzed using one-sample
and paired t-tests. Continuous variables were presented as
means with standard deviations (SD), while qualitative variables
were expressed as frequency percentages. Statistical analysis
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FIGURE 2 | Strategy gating for ALL analysis by flow cytometry. Sequential gating strategy illustrating the identification and characterization of
leukemic cell populations in early pre-B-ALL patient sample. Lymphocyte population selection based on FSC and SSC properties. Representative
histograms of CD2, CD3, CD5, CD7, CD10, CD13, CD19, CD20, CD33, CD34, TDT and HLA-DR expression on lymphocytes.

was performed using SPSS 20 and GraphPad Prism 10.1.2 soft-
ware. A significance level of p <0.05 was adopted for determin-
ing statistical significance.

3 | Results
3.1 | Overall Analysis

The study population consisted of 12 patients, 7 males (58.3%) and
5 females (41.7%), aged between 3 and 16years (mean age+SD:
10.25+4.15years). The average at the time of diagnosis was
9.5years. Flow cytometry analysis was used to determine the pa-
tients' subtype of acute lymphoblastic leukemia in patients. The
results revealed four cases of early B-ALL, five cases of pre B-
ALL, and three cases of pro B-ALL. Karyotype analysis revealed
that five patients were diploid, five patients were hyperdiploid,
two patients were hypodiploid without any significant correla-
tion and one patient was Philadelphia (Ph) chromosome positive.
Participants were followed up for a period of up to 3years, and
the majority of them remained alive throughout the study period.
Unfortunately, three patients succumbed to the disease as a re-
sult of relapse refractory disease (Figure 3).

3.2 | Complete Blood Count Analysis

Blood tests revealed abnormal patient characteristics; In eight
individuals, the white blood cell (WBC) count was above
the normal range that was reported in various studies (4.5
to 11.0x 10%/L) [27]. A total of 10 patients had a red blood cell
(RBC) count below normal (4.5 to 5x 10°/L) [28] and 11 patients
had hemoglobin (Hb) below normal (12g/dL) [29]. Additionally,
the platelet count was lower than normal (150-450x%10°/L)
[30] in nine patients. The mean=+SD of WBC, RBC, HB, and
platelet of patients were evaluated (58.21 +128.8), (3.69 +0.64),
(8.85+2.14), (102.45+ 131.87), respectively (Figure 4).

3.3 | Real Time PCR Analysis

RT-PCR analysis demonstrated a decreasing trend in all ex-
pressions of gene and microRNA of the study between before
and after treatments. A delta cycle threshold (ACT) average of
each gene and microRNA were demonstrated in Figure 5 before
and after chemotherapy induction. Moreover, significant cor-
relations were investigated in reducing the expressions of the
ABCBI1 gene (p value<0.0001), mir-129-5q (p value <0.001),
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| (a), (c) The demographic and clinical information of patients including age, sex, type of ALL, karyotype, and molecular abnormality

were demonstrated. YO means years old. T means translocation. (+) indicates the presence of an extra chromosome, while (—) indicates the absence

of a chromosome. N/A means without abnormality. (b) Kaplan-Meier survival curves of each patient were demonstrated for 36-month follow-up.

Three patients did not survive during the study.

and mir-9-5q (p value <0.05), between before and after induc-
tion chemotherapy. Seven patients (58%) had not any ABCB1
expressions after the induction phase of chemotherapy without
any significant correlation with survival rate (Figure 5). It was
notable that all deceased patients had lower level of mir-129-5q
and mir-9-5q expressions after the chemotherapy induction.
This points to a potential prognostic value of these microRNAs
in predicting patient outcomes following treatment.

4 | Discussion

Leukemia is the most common malignancy affecting chil-
dren, with acute lymphoblastic leukemia emerging as the pre-
dominant form among childhood leukemia cases. A study by
Moussavi focused on CBC screening in the diagnosis of child-
hood ALL, reported that a significant number of patients ex-
hibited leukocytosis. The results of this study showed that the

white blood cell (WBC) count increased in 66.6% of the patients
[31]. study conducted in 2018, anemia was defined as the initial
symptom in ALL patients, and it was found that the hemoglobin
(HB) level of patients diagnosed with B-cell ALL was 7.9 at the
time of diagnosis [32]. Additionally, a 2011 study reported that
pediatric ALL patients often exhibit low red blood cell (RBC)
counts, and the use of iron chelators may exacerbate this symp-
tom [33]. These findings were consistent with our study in which
83.3% of patients showed low red blood cell count. Additionally,
in our study, the HB level was 8.8% and 91% of the participants
had hemoglobin deficiency. Straub's research shows that low
platelet counts were common in acquired thrombocytopenia
such as acute lymphocytic leukemia. A common hypothesis
was that during leukemic progression, immature blasts sup-
pressed megakaryocytic progenitor cells in the bone marrow,
leading to decreased peripheral platelet counts [34]. Also, this
investigation demonstrated that platelet count was low in 75%
of participants.
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a WBC(mm?3) RBC(mm3) HB(g/dL) Platelet(mm?)
3.5 133

1 3.42 10.1

2 15 4 7 8.5
3 16.98 3.98 11.6 16
4 51.8 3.63 10.3 23
5 15.9 2.7 7.8 10
6 14.6 4.7 5.5 8
7 26.1 3.27 8.2 229
8 23.8 345 9.2 31
9 3.7 4.04 12.6 276
10 8.22 3.01 6.2 406
11 464.12 4.86 7.9 54
12 54.9 3.27 9.9 35

58.21 +128.8 3.69 £ 0.64 8.85+2.14  102.45 +131.87
b CBC Analysis

Platelets

>
(5]
S

Number of patients
= Normal range

H Low count

= Overload

FIGURE4 | (a) Table displayed CBC information of patients with a mean of each factor. (b) The number of patients based on the normal range of

each factor in CBC analysis.

ATP-binding cassette (ABC) transporters play multiple roles
in cancer biology and drug resistance. They are responsible for
transporting various inflammatory mediators and lipids that di-
rectly contribute to tumor progression [35, 36]. Hedditch's study
reported that in tumors with an aggressive phenotype, ABCA1
was increasingly expressed more prominently in the tumor than
in the stromal cells [37]. In addition, ABCBI, the most exten-
sively studied ATP-binding cassette transporter, encodes the
multi-drug efflux pump P-glycoprotein (P-gp) and is implicated
in the transport of a broad spectrum of anti-cancer drugs [38].
A 2013 study reported that increased ABCB1 expression makes
cancer cells more resistant to taxanes. The investigation also
suggested that heightened ABCBI1 expression in primary tumors
may impact the time to relapse, particularly in the subgroup of
patients with significant residual tumor post-surgery [39]. In

this study, the expression of ABCA1 and ABCBI expressions
were both downregulated after chemotherapy with a significant
correlation in ABCB1 expression that 58% of patients did not
have any ABCBI1 expression after treatment. The reduction in
ABCBI expression post-chemotherapy is significant as this gene
is often linked to drug resistance. Its downregulation may indi-
cate a reduced capability of the cancer cells to expel chemother-
apeutic agents, potentially enhancing treatment efficacy.

MicroRNAs (miRNAs) constitute a family of 21- to 25-nucleotide,
noncoding small RNAs primarily serving as gene regulators. The
revelation that these diminutive molecules, with their remarkable
diversity and biological significance, remained undiscovered for
so many years is surprising. Their discoveries ushered in a new
era in cancer research. In recent years, studies of miRNAs in
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FIGURE 5 | RT-PCR analysis of patients was depicted, showcasing
the CT values. Following treatment, a paired t-test revealed a signif-
icant decrease in the expression of the ABCBI1 gene, mir-129-5q, and
mir-129-5q.

oncology have increased rapidly using new molecular techniques.
miRNA abnormalities have become an important topic in cancer
research. Researchers are actively investigating the value of miR-
NAs in cancer classification and prognosis, and new treatment
strategies targeting miRNAs have been developed [40]. One of
the most important microRNAs in cancer is MiR-129-5p. Various
studies have reported that MiR-129-5p promoted cell prolifer-
ation, facilitated the formation of colonies, promoted invasion,
induced epithelial-mesenchymal transition (EMT) marker ex-
pression, and improved the tumorigenicity of cancer cells [41-43].
The modulation of DNA damage by miR-9-5p, particularly con-
cerning altered TOP2b/180 protein levels, contributes to acquired
drug resistance, notably to etoposide, in high-risk lymphoblastic
leukemia cells [44]. Moreover, our results show a significant de-
crease in the level of these biomarkers during treatment.

Upregulation of miR-495-3p in BCR-ABL-positive patients re-
sulted in reduced leukemic cell proliferation and improved patient
response to therapeutic agents, especially tyrosine kinase inhibi-
tors [45]. Within the leukemia context, miR-495-3p has been iden-
tified as an important factor in controlling cell proliferation and
response to medications. Research indicates that elevated levels
of miR-495-3p can hinder the growth of leukemia cells, especially
in instances involving the presence of the BCR-ABL fusion gene,
a condition frequently linked to unfavorable prognoses and treat-
ment resistance [46]. However, our study did not show a correlation
between the miR-495-3p expression and overall survival or treat-
ment. The significant decreases in mir-129-5q and mir-9-5q, along
with their association with patient survival, suggest that these
microRNAs could serve as valuable biomarkers for assessing the
effectiveness of chemotherapy and predicting patient outcomes.

Although the mechanisms driving the results of this study are not
fully understood, miRNAs may contribute to pathways involved
in cell growth. However, the possibility of using miRNAs as prog-
nostic biomarkers deserves deeper investigation in larger studies.

5 | Conclusion

Understanding the roles of microRNAs and ABC transporter
genes in B-ALL is vital for advancing diagnosis, prognosis, and
treatment strategies. Chemoresistance poses a significant chal-
lenge to effective treatment outcomes in pediatric leukemia.
Their combined analysis not only offers insights into the mo-
lecular underpinnings of the disease but also paves the way for
the development of personalized therapies aimed at overcoming
drug resistance and improving patient outcomes. Further re-
search is essential to fully elucidate their complex interactions
and to translate these findings into clinical practice.
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