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Abstract. MicroRNAs (miRNAs/miRs) are promising prog‑
nostic biomarkers in pediatric acute lymphoblastic leukemia 
(ALL). The present study aimed to identify miRNAs that could 
serve as prognostic biomarkers or as novel therapeutic targets 
in ALL. The expression levels of 84 miRNAs were assessed 
in the bone marrow aspirates of 10 pediatric patients with 
newly diagnosed ALL at diagnosis and on day 33 of induc‑
tion of the ALL Intercontinental Berlin‑Frankfurt‑Münster 
2009 protocol, and associations with established prognostic 
factors were evaluated. The levels at diagnosis of 25 miRNAs 
were associated with ≥2 prognostic factors. Higher expression 
levels of let‑7c‑5p, miR‑106b‑5p, miR‑26a‑5p, miR‑155‑5p, 
miR‑191‑5p, miR‑30b‑5p and miR‑31‑5p were significantly 
associated with a good prednisone response. The expression 
levels of miR‑125b‑5p, miR‑150‑5p and miR‑99a‑5p were 
significantly higher in standard‑ or intermediate‑risk patients 
compared with those in high‑risk patients (P=0.017, P=0.033 
and P=0.017, respectively), as well as in those with a complete 
response at the end of induction (P=0.044 for all three 
miRNAs). The change in expression levels between diagnosis 
and the end of induction differed significantly between risk 
groups for three miRNAs: miR‑206, miR‑210 and miR‑99a 
(P=0.033, P=0.047 and P=0.008, respectively), with the post 
induction levels of miR‑206 increased in high‑risk patients, 

whilst miR‑210 and miR‑99a levels were increased in inter‑
mediate/standard risk patients. Therefore, miRNAs that could 
be integrated into the risk stratification of pediatric ALL after 
further evaluation in larger patient cohorts were identified.

Introduction

Acute leukemia constitutes the most common malignancy in 
childhood, accounting for ~25% of new cancer cases in the 
USA (1). There are ~0.6 deaths/100,000 per year attributed to 
the disease, with the highest rate recorded in adolescents aged 
15‑19 years (1). Acute lymphoblastic leukemia (ALL) accounts 
for ~85% of leukemia cases in childhood (2). Survival rates 
have increased over previous decades and are >90% at present, 
an improvement which can be attributed to the implementation 
of efficacious risk‑adapted treatment, high‑dose chemotherapy, 
novel targeted therapies and advances in supportive care (2). 
Currently, risk stratification is based on demographic charac‑
teristics (age and sex), and clinical (presence of extramedullary 
disease) and laboratory [number of white blood cells (WBCs) 
at diagnosis, karyotype and cytogenetic findings] parameters. 
Regarding cytogenetic findings, it is noteworthy that the 
presence of the translocation (12;21)(p13;q22), which gives 
rise to the fusion gene erythroblast transformation specific 
(ETS) variant transcription factor 6 (ETV6)‑RUNX family 
transcription factor 1 (RUNX1; previously known as translo‑
cation‑Ets‑leukemia‑acute myeloid leukemia 1 protein), which 
occurs in ~25% of pediatric patients with ALL, is associated 
with a favorable prognosis and is part of the risk stratification 
system of chemotherapeutic protocols (3). Response to treat‑
ment during induction is assessed based on the number of blasts 
in the peripheral blood on day 8 of the therapeutic protocol 
and the minimal residual disease (MRD) on day 15 and 33 of 
the therapeutic protocol (3). However, relapsed or refractory 
disease still poses a therapeutic challenge, as it remains one of 
the most common causes of mortality attributed to disease in 
childhood. The event‑free‑survival and overall survival rates 
of relapsed patients with B‑ALL and T‑ALL do not exceed 
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33% even with the use of the new protocols (4). Furthermore, 
the fact that patients with favorable prognosis according to the 
established criteria do not exhibit the anticipated response to 
treatment, while at the same time a subset of patients is over‑
treated (in risk of treatment‑associated toxicities), underlines 
the need for additional prognostic factors that can be used for 
risk stratification (5,6).

MicroRNAs (miRNAs/miRs) are small (19‑22 nucleotides), 
endogenous, non‑coding, single‑stranded RNA molecules 
that act as epigenetic regulators and are implicated in several 
biological processes, including cell division, differentiation 
and death, thus guarding cell homeostasis  (7). Therefore, 
disruption of normal miRNA expression can lead to oncogen‑
esis and aberrant miRNA expression has been implicated in 
a plethora of solid tumors, including breast, cervical, ovarian, 
prostate, lung, colorectal and brain cancer, as well as in 
hematological malignancies (7). Multiple miRNAs regulate 
hematopoiesis lineage differentiation  (8). Particularly, in 
pediatric ALL, the miRNA expression profile has been evalu‑
ated as a marker for diagnosis and classification, as well as to 
determine prognosis (9‑11). Recently, miRNAs have also been 
proposed as therapeutic targets in leukemia (12). However, the 
high heterogeneity among studies hinders the recognition of a 
set of miRNAs that can be effectively used for risk stratifica‑
tion and assessment of response to treatment.

The aim of the present pilot study was to assess the 
miRNA expression profile in bone marrow aspirates of pedi‑
atric patients with newly diagnosed ALL at two crucial time 
points: i) At diagnosis (day 0 of induction therapy); and ii) at 
day 33 [end of induction therapy in the Acute Lymphoblastic 
Leukemia Intercontinental Berlin‑Frankfurt‑Münster (ALL 
IC BFM) 2009 protocol (13)]. Additionally, the present study 
aimed to evaluate the association of miRNA expression levels 
with established prognostic factors, to identify miRNAs that 
could be used as prognostic biomarkers or are involved in the 
mechanisms underlying resistance to therapy and that could 
serve as novel therapeutic targets. To the best of our knowledge, 
the present study was the first to assess such a large number of 
candidate miRNAs in the bone marrow not only at diagnosis, 
but also at the end of induction, in a Greek population. The set 
of miRNAs used in the present study comprised 84 miRNAs 
that have been previously associated with tumorigenesis, but 
the majority of them had not been studied in pediatric acute 
lymphoblastic leukemia.

Materials and methods

Clinical samples. Patients aged <18  years with newly 
diagnosed ALL and no history of malignancy or autoimmune 
disease were enrolled between October 2021 and October 2022. 
Patients were diagnosed and treated in the pediatric hematology 
units of AHEPA University Hospital (Thessaloniki, Greece) and 
Hippokration General Hospital (Thessaloniki, Greece). A total 
of 10 patients who fulfilled the inclusion criteria were included 
in the study. A total of 4 patients were excluded due to unavail‑
able samples (bone marrow aspirates) either at diagnosis or on 
day 33 of induction. All patients were treated according to the 
ALL IC BFM 2009 protocol. The biological samples included 
two bone marrow aspirates in EDTA‑containing tubes for each 
patient obtained at diagnosis (day 0 of induction therapy) and 

at day 33 (end of induction therapy). Sample collection and 
storage complied with the General Data Protection Regulation. 
The present study was approved by the Committee for Bioethics 
and Ethics of the School of Medicine of the Aristotle University 
of Thessaloniki (Thessaloniki, Greece; approval no. 1.463; 
19/10/2021). Written informed consent was obtained from 
patients or legal caregivers of all patients, as well as from 
patients aged >12 years.

Separation of bone marrow mononuclear cells (BMNCs). 
BMNCs were separated using Histopaque®‑1077 
(MilliporeSigma; Merck KGaA), according to the manufac‑
turer's instructions. Briefly, 1.5 ml bone marrow aspirate was 
diluted with PBS solution to a final volume of 3 ml and layered 
on top of 3 ml Histopaque‑1077. The gradient was centrifuged 
at 400 x g for 30 min at room temperature, and the BMNCs 
were then collected. Once collected, the BMNCs were washed 
with PBS and stored at ‑80˚C until use.

miRNA isolation. Total RNA was isolated from BMNCs 
using the miRNeasy Mini Kit with QIAzol Lysis reagent 
(cat.  no.  217004; Qiagen GmbH), according to the manu‑
facturer's protocol. As a quality control and to determine the 
efficiency of RNA extraction, three synthetic RNAs (spike‑ins: 
UniSp2, UniSp4 and UniSp5) included in the RNA Spike‑in Kit, 
For RT (cat. no. 339390; Qiagen GmbH) were added as recom‑
mended by the manufacturer. The quantity and quality (purity) 
of the isolated RNA was assessed spectrophotometrically, with 
measurements at wavelengths of 230, 260 and 280 nm.

Reverse transcription‑quantitative (RT‑q)PCR. Purified 
RNA was used for RT using the miRCURY LNA RT Kit 
(cat. no. 339340; Qiagen GmbH). During RT, a spike‑in mix 
of two synthetic RNAs (UniSp6 and cel‑miR‑39‑3p) was used 
as a quality control for complementary (c)DNA synthesis. The 
RT conditions were 60 min at 42˚C, followed by 5 min at 95˚C 
(inactivation step).

cDNA samples were then prepared using the miRCURY 
LNA SYBR® Green PCR Kit (cat. no. 339345; Qiagen GmbH). 
A Human Cancer Focus miRCURY LNA miRNA Focus PCR 
Panel (cat. no. 339325; Qiagen GmbH) was used to assess the 
RNA expression levels of 84 cancer‑relevant human miRNAs. 
Each plate included lyophilized primer sets for 84 miRNAs 
and additionally contained primers for interplate calibrators, 
candidate reference genes, RNA spike‑in controls and one water 
blank. qPCR was performed using a StepOnePlus™ Real‑Time 
PCR System (Applied Biosystems™; Thermo Fisher Scientific, 
Inc.) with the following conditions: 95˚C for 2 min, followed by 
45 cycles at 95˚C for 10 sec and 56˚C for 1 min. Melting curve 
analysis was performed at the end of the PCR cycles. UniSp3 
synthetic RNA was used as an interplate calibrator.

Data analysis. Raw Cq values from each PCR panel (Table SI) 
were uploaded to the GeneGlobe Data Analysis tool (Qiagen 
GmbH) for normalization, using let‑7a‑5p as a reference gene, 
as this miRNA was one of the most stably expressed candidates 
(Table SI). The relative quantity of each miRNA was calculated 
using the 2‑ΔCq method (14) using let‑7a‑5p as the endogenous 
control. The fold change (FC) in miRNA expression between 
the two timepoints was calculated using the 2‑ΔΔCq method and 
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treated as a dichotomous variable (FC <1 corresponding to an 
increase in expression levels at the end of induction and FC >1 
corresponding to a decrease).

Statistical analysis. The Mann‑Whitney U test was used to 
evaluate differences in the expression levels of the miRNAs 
of interest at diagnosis between the patient groups defined by 
the following demographic and clinical characteristics: Age; 
sex; WBCs/µl; immunophenotype; hyperploidy; presence of 
the t(12;21)(p13;q22) translocation; prednisone response; risk 
group; and complete response at the end of induction (day 33) 
according to the definitions of the ALL IC BFM 2009 protocol. 
Spearman's rank correlation coefficient was used to evaluate 
the correlation between miRNA expression levels at diagnosis 
and MRD values on days 15 and 33. The Wilcoxon signed‑rank 
test was used to assess differences between expression levels 
at diagnosis and day 33. Fisher's exact test was performed to 
assess possible associations between FC and the risk group, 
and between FC and complete response at the end of induction. 
SPSS software version 25 (IBM Corp.) was used for statistical 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Bioinformatics analysis. The MicroRNA ENrichment TURned 
NETwork (15) web tool (release 3.4.4, March 2018) was used to 
identify experimentally proven targets of miRNAs of interest 
from miRTarBase release 9.0 beta (16), construct the interaction 
networks between miRNAs of interest and mRNAs, and iden‑
tify the associated molecular pathways based on the Reactome 
database  (17), version 85. The false discovery rate was set 
at ≤0.05 in all cases.

Results

Demographic and clinical characteristics of the patients. A 
total of 10 patients who fulfilled the inclusion criteria were 
included in the present study. The majority were female (6/10), 
aged 1‑6  years (8/10) and without underlying conditions 
(8/10). One patient was diagnosed with congenital hearing 
impairment, neuropsychomotor developmental delay and 
epilepsy, and one patient with a ventricular septal defect. Upon 
diagnosis, 7/10 patients had <20,000 WBCs per µl [risk strati‑
fication cut‑off (13)] and 8/10 were diagnosed with B‑cell ALL 
(B‑ALL). No patients exhibited extramedullary manifestations. 
The cytogenetic findings demonstrated that, 4/10 patients had 
hyperploidy and 5/10 had the translocation t(12;21)(p13;q22), 
which gives rise to the fusion gene ETV6‑RUNX1 (3). None of 
the translocations t(1;19)(q23;p13), t(4;11)(q21;q23) and t(9;22)
(q34;q11) were detected. Regarding response to treatment, good 
prednisone response with an absolute blast count of <1,000 in 
the peripheral blood on day 8 of the therapeutic protocol was 
observed in 8/10 patients. The mean MRD on days 15 and 33 
was 7.1±15.3% (range, 0‑50%) and 0.9±2.6% (range, 0‑8.35%), 
respectively. A total of 2  patients were allocated to the 
standard‑risk group, 5 to the intermediate‑risk group and 3 to 
the high‑risk group, as defined by the criteria of the ALL IC 
BFM 2009 protocol. A total of 8/10 patients achieved complete 
remission at the end of induction, based on the criteria of the 
ALL IC BFM 2009 protocol. The demographic and clinical 
characteristics of the patients are presented in Table I.

Association of miRNA levels at diagnosis with demographic and 
clinical characteristics of the patients. Among the evaluated 
miRNAs, the following results were demonstrated: The expres‑
sion levels of nine miRNAs were significantly upregulated in 
patients aged 1‑6 years compared with patients aged <1 year or 
>6 years; the expression levels of 26 miRNAs were significantly 
upregulated in male patients compared with female patients; 
the expression levels of three miRNAs were significantly 
upregulated in patients with <20,000/µl WBCs at diagnosis; 
the expression levels of three miRNAs were significantly 
upregulated in patients with B‑ALL compared with T‑cell ALL 
(T‑ALL); and the expression levels of 13 miRNAs were signifi‑
cantly upregulated in patients with hyperploidy compared with 
those in patients without hyperploidy. No statistically significant 

Table I. Demographic and clinical characteristics of the 
patients included in the study.

	 Complete
	 remission at
	 day 33
	-----------------------------
	 Total	 Yes	 No
Characteristics	 (n=10)	 (n=8)	 (n=2)

Age, years			 
  1‑6	 8	 7	 1
  <1 or >6	 2	 1	 1
Sex			 
  Female	 6	 5	 1
  Male	 4	 3	 1
Syndrome or underlying disease			 
  Yes	 2	 2	 0
  No	 8	 6	 2
White blood cells at diagnosis, /µl			 
  <20,000	 7	 6	 1
  ≥20,000	 3	 2	 1
Immunophenotype			 
  B‑ALL	 8	 8	 0
  T‑ALL	 2	 0	 2
Hyperploidy			 
  Yes	 4	 3	 1
  No	 6	 5	 1
t(12;21)(p13;q22)			 
  Yes	 5	 5	 0
  No	 5	 3	 2
Prednisone response			 
  Good (<1,000 blasts)	 8	 7	 1
  Poor (≥1,000 blasts)	 2	 1	 1
BFM risk group			 
  Standard/intermediate	 7	 7	 0
  High	 3	 1	 2

ALL, acute lymphoblastic leukemia; B‑ALL, B‑cell ALL; T‑ALL, 
T‑cell ALL; BFM, Berlin‑Frankfurt‑Münster.
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differences between patients with and without t(12;21)(p13;q22) 
were observed. The miRNAs with significantly different 
expression levels between the aforementioned patient groups are 
presented in Table SII.

Association of miRNA levels at diagnosis with response to 
treatment. Patients with a good prednisone response exhibited 
markedly higher expression levels of seven miRNAs at diag‑
nosis, namely let‑7c‑5p, miR‑106b‑5p, miR‑26a‑5p, miR‑155‑5p, 
miR‑191‑5p, miR‑30b‑5p and miR‑31‑5p, compared with 
those with poor prednisone response (Table II). The 10 most 
significant protein‑coding genes targeted by the seven miRNAs, 
identified by miRTarBase, are presented in Fig. 1. The associ‑
ated molecular pathways were identified using the Reactome 
database and are presented in Fig.  2. Cellular senescence, 
responses to stress and cell cycle regulation by cyclins appeared 
to be the key pathways involved.

Regarding other measures of response to treatment, a 
strong or moderate‑to‑strong negative correlation was observed 
between the expression levels of 18 (Table  SIII) and 12 
(Table SIII) miRNAs at diagnosis and MRD on days 15 and 33 
of the therapeutic protocol, respectively. Conversely, a strong 
positive correlation was observed between the levels of miR‑206 
and MRD on day 33, based on the calculated Spearman's corre‑
lation coefficient.

The expression levels of 14 miRNAs differed signifi‑
cantly between the risk groups (patients in the standard‑ or 
intermediate‑risk groups vs. patients in the high‑risk group; 
Table SIV). Mann‑Whitney U test was performed in order to 
detect the miRNAs whose expression differed significantly 
between patients with and without complete remission at the end 
of induction (day 33). Higher expression levels of miR‑125b‑5p, 
miR‑150‑5p and miR‑99a‑5p were associated with a complete 
response at the end of induction (Mann‑Whitney U P=0.044 for 
all 3 miRNAs; Table II), as shown in Fig. 3. The interaction 
networks of these three miRNAs and their targets (based on 
miRTarBase) are presented in Fig. 4 and the associated molec‑
ular pathways are shown in Fig. 5. TP53 and BH3 interacting 

domain death agonist associated signaling appeared to serve a 
central role in response to treatment.

miRNAs significantly associated with at least two param‑
eters (demographic and clinical characteristics, laboratory 
findings and measures of response to treatment) and the respec‑
tive P‑values are summarized in Table II.

Effect of induction chemotherapy on the miRNA expression 
profile. The expression levels of seven miRNAs (miR‑100‑5p, 
miR‑10b‑5p, miR‑143‑3p, miR‑145‑5p, miR‑182‑5p, miR‑10a‑5p 
and miR‑22‑3p) were markedly upregulated at diagnosis, 
whilst those of eight miRNAs (miR‑130a‑3p, miR‑146a‑5p, 
miR‑181a‑5p, miR‑181b‑5p, miR‑195‑5p, miR‑20b‑5p, 
miR‑210‑3p and miR‑222‑3p) were markedly upregulated at the 
end of induction (day 33 of the therapeutic protocol) (Table SV).

The FC between diagnosis and day 33 (as a dichotomous 
variable, namely increase/decrease) differed significantly 
between risk groups for three miRNAs (Table SVI). A signifi‑
cant increase in expression levels of miR‑206 was observed in 
all high‑risk patients, compared with a significant decrease in 
6/7 standard/intermediate‑risk patients (P=0.033). Conversely, 
an increase in miR‑210 levels was significantly associated 
with standard/intermediate-risk disease, as it was observed 
in all standard/intermediate‑risk patients, compared with 
the significant decrease in miR‑210 levels observed in 2/3 
high‑risk patients (P=0.047). An increase in miR‑99a was 
also significantly associated with standard/intermediate-risk 
disease, as all standard/intermediate‑risk patients had higher 
levels at the end of induction compared with diagnosis, whilst 
its expression levels were decreased in all high‑risk patients 
(P=0.008).

Discussion

In the present study, differentially expressed miRNAs were 
identified among pediatric ALL patient groups with favorable 
and poor prognostic factors. The present study used a commer‑
cially available cancer panel which included 84 miRNAs that 

Figure 1. miRNAs significantly associated with a good prednisone response. The top ten genes targeted by ≥2 of the miRNAs significantly associated with a 
good prednisone response, according to miRTarBase. FDR, false discovery rate.
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were tested in hematological malignancies or evaluated in solid 
tumors. This allowed for the detection of novel associations 

that have not been described previously, to the best of our 
knowledge. Furthermore, certain associations that have been 

Figure 2. Molecular pathways targeted by miRNAs. Molecular pathways targeted by the miRNAs associated with a good prednisone response, were identified 
using the Reactome database.

Figure 3. Boxplot diagrams representing expression levels of miRNAs associated with response. Relative expression levels of (A) miR‑125b‑5p, (B) miR‑150‑5p 
and (C) miR‑99a‑5p at diagnosis in patients with and without complete remission at the end of induction therapy. Relative quantity was calculated using the 
2‑ΔΔCt method. miR, microRNA.
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described previously were further demonstrated in the present 
study.

Prednisone response was initially associated with event‑free 
survival by the Berlin‑Frankfurt‑Munster Group in 1983 (18) 
and its importance regarding disease outcome has since been 

reported in a series of studies (19‑21). In the current pilot study, 
good prednisone response was associated with increased 
expression levels of let‑7c‑5p, miR‑106b‑5p, miR‑26a‑5p, 
miR‑155‑5p, miR‑191‑5p, miR‑30b‑5p and miR‑31‑5p at diag‑
nosis. Notably, 5/7 of this set of miRNAs target the mRNA 

Figure 4. Interaction network of miRNAs associated with a complete response. Interaction network of the three miRNAs (blue) associated with a complete 
response at the end of induction and their target genes (yellow), according to miRTarBase. (A) Only strong interactions, which have been reported by luciferase 
reporter assay or western blotting results, are presented. (B) Strong and weak experimentally reported interactions are presented. Minimum interactions=2; 
false discovery rate ≤0.05.

Figure 5. Molecular pathways targeted by miRNAs. Molecular pathways targeted by the miRNAs associated with a complete response at the end of induction 
therapy were identified using the Reactome database.
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of the gene encoding the ribonucleotide reductase regulatory 
subunit M2 (RRM2). RRM2 is an essential enzyme for DNA 
synthesis and cell homeostasis as it catalyzes the formation 
of deoxyribonucleotides from ribonucleotides, and imbal‑
anced deoxyribonucleoside triphosphate pools hinder proper 
DNA replication and repair (22). RRM2 expression has been 
reported to be upregulated in cancer as may be expected due 
to the increased DNA synthesis in the rapidly proliferating 
neoplastic cells. It has also been used as a biomarker associated 
with poor prognosis in solid tumors (22,23). Thomas et al (24) 
first reported that administration of dexamethasone reduced 
RRM2 levels in multiple myeloma through glucocorticoid 
receptor binding within 100 kB of the transcription start site. 
Apart from its enzymatic function, RRM2 has been implicated 
in the regulation of cell death and its knockdown induces both 
autophagy and ferroptosis (25). Additionally, RRM2 is associ‑
ated with immune escape through macrophage polarization and 
the programmed death protein 1/programmed death‑ligand 1 
signaling pathway (22). However, to the best of our knowledge, 
no studies have addressed the potential role of RRM2 in ALL. 
The present study provided a basis for the use of RRM2 and/or 
its pathway as a biomarker predictive of response, and as a 
therapeutic target in case of high expression levels. Regarding 
the other genes that serve as targets of more than two of the 
miRNAs associated with prednisone response, forkhead box 
O3 has previously been associated with poor prognosis and 
relapse in pediatric ALL (26). DNA methyltransferase 1 and 
transformation/transcription domain associated protein have 
been implicated in epigenetic dysregulation, a defining feature 
of ALL (27). Methionine aminopeptidase 2 is a metallopepti‑
dase that catalyzes the removal of the N‑terminal methionine 
from newly synthesized proteins, an essential step for their 
proper function, and has been implicated in the pathogenesis 
of numerous solid tumors (28). Chromatin assembly factor 
1 subunit A (CHAF1A) mediates the assembly of histone 
octamers onto replicating DNA during the S‑phase of the cell 
cycle and is required for normal hematopoiesis, as CHAF1A 
deletion results in failure of stem and progenitor cells to enter 
S‑phase from G0/G1. Its overexpression is associated with 
leukemogenesis (29).

The expression levels of three miRNAs (miR‑125b‑5p, 
miR‑99a‑5p and miR‑150‑5p) were significantly upregulated 
at diagnosis in standard/intermediate‑risk patients (P=0.017, 
P=0.033 and P=0.017, respectively), as well as in those who 
achieved a complete response on day 33 of induction (P=0.044 
for all three miRNAs).

The expression levels of miR‑125b were higher in 
patients with B‑ALL, standard/intermediate‑risk disease 
and a complete response on day  33, and were negatively 
correlated with MRD values on day 15 and 33. These find‑
ings are in‑line with previous studies, which reported that low 
levels of miR‑125b may be associated with a poor prognosis 
in pediatric ALL (30,31). Low levels of miR‑125b have not 
only been associated with older age (>9 years), increased 
WBCs (>50.000/µl) and the high‑risk group, but have also 
been reported to be an independent prognostic factor based 
on multivariate analysis  (30). Increased miR‑125b RNA 
expression levels have also been associated with the pres‑
ence of the ETV6‑RUNX1 fusion gene (10). In the present 
study, higher expression levels of miR‑125b were observed 

in patients with the translocation t(12;21)(p13;q22) compared 
with those without; however, the observation did not reach 
statistical significance (P=0.22), possibly due to the small 
sample size. Nevertheless, both El‑Khazragy et al (30) and 
Piatopoulou et al (31) previously reported an association of an 
increase in miR‑125b levels post‑chemotherapy with unfavor‑
able clinicopathological prognostic features, poor survival and 
relapse. These findings are in accordance with the association 
of increased miR‑125b levels with resistance to vincristine 
and daunorubicin (32), which are both included in the ALL IC 
BFM 2009 protocol (13). Regarding the underlying molecular 
mechanism, miR‑125b serves an essential role in normal B‑cell 
development and protection from carcinogenesis by targeting 
lin‑28 homolog A  (33). Furthermore, miR‑125b regulates 
apoptosis by targeting the antiapoptotic gene BCL2 (30,34).

miR‑99a RNA expression levels were significantly higher in 
patients with B‑ALL, standard/intermediate‑risk disease and 
complete response on day 33 and were significantly negatively 
correlated with MRD values on day 15 and 33. These findings 
are also in‑line with previous studies. Li et al (35) reported 
that miR‑99a was downregulated in high‑risk patients and its 
expression levels were associated with survival. In vitro resto‑
ration of miR‑100 and miR‑99a expression has been reported 
to result in suppression of cell proliferation and to enhance the 
effect of dexamethasone regarding induction of apoptosis by 
targeting two important signaling pathways: i) FK506‑binding 
protein 51, which along with heat shock proteins regulates 
the translocation of the glucocorticoid receptor from the 
cytoplasm to the nucleus; and ii) insulin like growth factor 
1 receptor/mTOR, and subsequently the antiapoptotic MCL1 
gene of the BCL2 family (35). Notably, in the present study, 
the expression levels of miR‑99a were increased in all stan‑
dard/intermediate‑risk patients and decreased in all high‑risk 
patients. The present results supported the previously reported 
observation that miR‑99a acts as a tumor suppressor miRNA in 
pediatric B‑ALL, compared with its activity as an oncomiR in 
acute myeloid leukemia (36). Furthermore, similar to miR‑125b, 
miR‑99a is part of the molecular signature of ETV6‑RUNX1+ 
ALL and is also associated with resistance to vincristine 
and daunorubicin (9,37,38). In the present study, the levels of 
miR‑99a were higher in the patient group with the translocation 
t(12;21)(p13;q22); however, this was not statistically significant 
(P=0.22), possibly due to the small sample size (data not shown).

The expression levels of miR‑150 were higher in patients 
with B‑ALL, standard/intermediate‑risk disease and a complete 
response on day 33 of induction chemotherapy. In accordance 
with the present findings, previous studies have reported 
downregulation of miR‑150 at diagnosis to be associated 
with unfavorable prognostic factors, namely age <1 year and 
>6 years, increased WBCs (>20,000/µl) and T‑ALL, as well as 
with a greater risk of relapse (39,40). Fang et al (41) reported that 
miR‑150 suppressed cell proliferation and induced apoptosis 
in ALL cell lines and had a synergistic effect with cytarabine 
administration, which is also an agent used in the ALL IC BFM 
2009 protocol (13). miR‑150 exerts its antileukemic activity 
by regulating key cellular processes, including transcription 
and cell metabolism, and its experimentally identified targets 
include eukaryotic translation initiation factor 4B, forkhead 
box O4, protein kinase C a and Tet methylcytosine dioxygenase 
3 (41).
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A total of three miRNAs, namely let‑7c‑5p, miR‑106b‑5p 
and miR‑191‑5p, were associated with four prognostic factors. 
let‑7c‑5p is known to be a part of the molecular signature 
of ETV6‑RUNX1+ ALL (10). Naderi et al (42) reported that 
miR‑106b was implicated in the pathogenesis of T‑ALL by 
targeting cyclin D1, a key gene in the Notch signaling pathway. 
Furthermore, miR‑106b has been reported to be upregulated 
in relapsed lysine methyltransferase 2A‑rearranged acute 
myeloid leukemia in pediatric patients (43). However, to the 
best of our knowledge, there are no data regarding the role of 
miR‑106b in pediatric ALL at present. A total of two studies 
have associated lower levels of miR‑191‑5p with relapse in 
ALL in the Chinese pediatric population (39,44).

Bioinformatics analysis revealed that all three miRNAs 
(miR‑125b‑5p, miR‑99a‑5p and miR‑150‑5p) that were associ‑
ated with complete response at the end of induction, targeted 
the mRNA encoding MON1 homolog B (MON1B), which 
interferes with NF‑κB signaling. Knockdown of MON1B 
has been demonstrated to increase the expression levels of of 
NF‑κB inhibitor A and reduce the expression levels of p65 (45). 
Constitutively activated NF‑κB complexes are found in the 
majority of childhood ALL cases, regardless of subtype (46). 

Regarding the molecular pathways associated with response 
to treatment, TP53 signaling seems to serve a key role. Unlike 
in solid tumors, the role of TP53 in ALL has only recently 
been reported. TP53 mutations are very rare in pediatric ALL, 
accounting for 2‑4% of B‑ALL cases at diagnosis and 12% 
at relapse, and they are associated with a poor prognosis (47). 
However, functional deregulation of TP53 has been observed 
in B‑ALL due to variations in isoform expression  (48). 
Furthermore, Nakagawa et al (49) recently reported that TP53 
was implicated in the nucleolar stress response, through which 
6‑mercaptopurine, methotrexate, daunorubicin and cytarabine 
exert their antileukemic activity. Further studies are required 
to elucidate the role of miRNAs in TP53 deregulation in pedi‑
atric ALL and possible associations with clinicopathological 
features and prognosis.

In the present study, miR‑210 levels exhibited changes pre‑ 
and post‑therapy that markedly differed between risk groups. 
miR‑210 is a well‑known hypoxamir, the expression of which 
is induced by hypoxia inducible factor (HIF); it regulates 
key cellular processes, including mitochondrial metabolism, 
angiogenesis, DNA repair and cell survival (50,51). Increased 
levels of miR‑210 have been observed in several solid tumors, 

Figure 6. Proposed mechanism of action for the increase in miR‑210 expression during chemotherapy administration. ROS, reactive oxygen species; ISCU, 
iron‑sulfur cluster assembly enzyme; RAD52, RAD52 homolog DNA repair protein; FGFRL1, fibroblast growth factor receptor like 1; HOXA3, homeobox 
A3; HOXA9, homeobox A9; E2F3, E2F transcription factor 3. Created with BioRender.com.
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serving at the same time as a biomarker associated with a 
poor prognosis (50). However, its role in ALL remains unclear 
with contradicting results in the few studies with clinical 
samples (39,52,53). In the present pilot study, there was no 
significant difference between risk groups at diagnosis, but a 
significant increase in expression levels was observed in all 
standard/intermediate‑risk patients compared with a decrease 
in 2/3 high‑risk patients (P=0.047) after chemotherapy admin‑
istration. Contrary to its protective effect in hypoxia, increased 
expression of miR‑210 in normoxia leads to the accumulation 
of reactive oxygen species and oxidative stress mainly due 
to repression of the iron‑sulfur cluster scaffold proteins, 
ISCU1 and ISCU2. Furthermore, by targeting DNA repair 
protein RAD52, miR‑210 inhibits homology‑dependent DNA 
repair  (50,51). This causes accumulation of DNA damage 
and suppression of cell proliferation via additional targeting 
of fibroblast growth factor receptor like 1, homeobox A3, 
homeobox A9 and E2F transcription factor 3 (50,51). As the 
extremely hypoxic state due to rapid uncontrolled proliferation 
of leukemic cells in the bone marrow at diagnosis is normal‑
ized with therapy administration, the mechanism may provide 
a plausible explanation of the present results. The proposed 
mechanism is presented in Fig. 6. Further studies are needed 
to elucidate the complex mechanisms of the hypoxia‑induced 
epigenetic dysregulation in ALL and the effect of therapy 
administration, the HIF‑independent actions of miR‑210 and 
ultimately of its possible use as a biomarker for monitoring 
response to treatment in pediatric ALL.

Furthermore, in the present study, the expression levels of 
miR‑206 were significantly increased in all high‑risk patients, 
compared with their decrease in 6/7 standard/intermediate‑risk 
patients (P=0.033) after chemotherapy administration. 
miR‑206 was also significantly positively correlated with 
MRD on day 33 (r=0.724; P=0.018). The role of miR‑206 has 
been extensively investigated in solid tumors, where it acts 
as a tumor suppressor miRNA in the majority of cases (54); 
however, there is a lack of data regarding its role in hematolog‑
ical malignancies. Existing evidence suggests that miR‑206 is 
upregulated in pediatric patients with B‑ALL compared with 
age‑matched controls and that it inhibits cell proliferation by 
targeting neuroepithelial cell‑transforming 1 (55). Although 
the mechanism behind the results of the present study is not 
yet clear, it can be hypothesized that miR‑206 participates 
in pathways associated with cell proliferation. However, the 
potential for its use as a prognostic biomarker needs to be 
addressed by larger studies.

In conclusion, the present study identified miRNAs that 
were associated with established prognostic factors, including 
age, sex, WBCs at diagnosis, immunophenotype and cyto‑
genetic findings. Furthermore, analysis revealed miRNA 
signatures associated with the prednisone response, risk 
group and complete response at the end of induction, as well 
as miRNAs, whose change with chemotherapy administration 
could be monitored to assess the response to treatment. These 
miRNAs could be added to the existing measures of evaluating 
response to treatment, namely, prednisone response and MRD, 
especially as RT‑qPCR detection of molecular markers is more 
sensitive than flow cytometry, which is routinely used for MRD 
measurement (56). Moreover, the present findings provide the 
basis for further exploration of certain miRNA targets, whose 

role in pediatric ALL has not yet been investigated. However, 
the short follow‑up time and the small sample size constitute 
the main limitations of the present study, thus necessitating the 
validation of these findings in larger patient cohorts to evaluate 
the extent to which these miRNAs could serve as independent 
prognostic factors and whether they could be successfully inte‑
grated into the current risk stratification systems. Furthermore, 
evaluation of the target genes at the mRNA and protein level 
could provide confirmation of the role of the miRNAs and eluci‑
date the molecular mechanisms of treatment resistance.
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