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Background: Despite the favourable survival rates of childhood acute lymphoblastic leukaemia (ALL), a significant number of
patients present resistance to antileukaemic agents and dismal prognosis. In this study, we analysed miR-125b expression in
childhood ALL and evaluated its clinical utility for patients treated with Berlin–Frankfurt–Münster (BFM) protocol.

Methods: The study included 272 bone marrow specimens obtained on diagnosis and on BFM day 33 from 125 patients and 64
healthy children. Following extraction, RNA was polyadenylated and reverse transcribed. miR-125b levels were quantified by
quantitative PCR. Cytogenetics, immunohistotype and MRD were analysed according to international guidelines.

Results: Downregulated miR-125b levels were detected in childhood ALL patients and correlated with adverse prognosis.
Following BFM induction, miR-125b levels were significantly increased, however, elevated day 33/diagnosis miR-125b ratio was
associated with unfavourable disease features. Loss of miR-125b during diagnosis and higher day 33/diagnosis ratio were
correlated with stronger risk for disease short-term relapse and patients’ worse survival. Moreover, multivariate regression models
highlighted the independent prognostic value of miR-125b for childhood ALL. Finally, the combination of miR-125b with clinically
used disease markers clearly enhanced the prediction of patients’ resistance to BFM chemotherapy.

Conclusions: miR-125b significantly improves the prognosis of childhood ALL patients’ outcome under BFM treatment.

Acute lymphoblastic leukaemia (ALL) is the most commonly
diagnosed malignancy in children, accounting for B25% of
all paediatric cancers worldwide (Siegel et al, 2016). Over
the past 50 years, the stratification of patients and the risk-
adjusted treatment intensity have led to an outstanding
improvement in event-free and overall survival (OS) rates,
approaching 80% and 90% respectively, in developed countries
(Pui, 2010).

Several conventional prognostic markers are currently in clinical
use by the Berlin–Frankfurt–Münster (BFM) backbone protocol in
order to categorise patients in risk groups with the appropriate
therapeutic scheme, including white blood cells (WBC) count,
immunophenotype, genetic abnormalities, peripheral blast cells
(prednisone response), bone marrow (BM) blasts percentage (BM
response) and minimal residual disease (MRD) (Moricke et al,
2008; Stary et al, 2014). Nonetheless, there are still challenges to
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overcome, as patients are sometimes overtreated, increasing
toxicity phenomena or present resistance to antileukaemic agents
(Pui et al, 2012; Bhojwani and Pui, 2013). The abovementioned
facts highlight the need for the clinical evaluation of novel
prognostic markers and therapeutic tools either to mitigate the risk
for acute toxic and late side effects or to predict more effectively
patients’ response to therapy and the risk for disease relapse.

MicroRNAs (miRNAs) are implicated in the vast majority of
cellular processes, from proliferation and growth to differentiation
and apoptosis (Bushati and Cohen, 2007). Over the past decade,
researchers have been focusing on unravelling the role of miRNAs
in the manifestation of different human diseases (Almeida et al,
2011), including cancer, as their deregulation is often responsible
for tumour initiation and progression (Lu et al, 2005; Calin and
Croce, 2006; Vasilatou et al, 2010). Numerous studies on ALL have
revealed the implication of miRNAs in disease establishment and
progression as well as their prognostic potential, making them
significant tools for the prediction of patients’ response to
treatment and survival outcome (Schotte et al, 2009; Wang et al,
2010; Schotte et al, 2011; Schotte et al, 2012).

The hsa-miR-125b-5p (miR-125b) has been the research topic
of many studies, highlighting either an oncogenic or a tumour
suppressive role (Sun et al, 2013). The miR-125b is encoded by two
different genes, MIR125B1 (11q24.1) and MIR125B2 (21q21.1),
which are transcribed into hsa-mir-125b-1 and hsa-miR-125b-2
stem-loop precursors, giving rise to the same mature sequence
(Rodriguez et al, 2004). Abnormalities in miR-125b expression
have been linked to various solid tumours and haematological
malignancies (Sun et al, 2013). miR-125b has been reported to
promote lymphoblastic leukaemia by targeting IRF4 tumour
suppressor, necessary for B- and T-cell maturation (So et al,
2014), and ARID3a in progenitor B-cells enhancing cell prolifera-
tion and expression of pluripotency-associated factors OCT4,
SOX2, KLF4, and NANOG (Puissegur et al, 2012). Moreover, miR-
125b suppresses TNFAIP3, resulting to the NF-kB-mediated
increase of B-cell proliferation and reduction of apoptosis in
diffuse large B-cell lymphoma (DLBCL), as well as to inhibition of
T-cell differentiation and metabolic reprograming in ALL (Kim
et al, 2012; Liu et al, 2016).

In myeloid cell leukaemia, overexpression of miR-125b induces
cells’ differentiation arrest, via targeting CBFb and STAT3
transcription factors (Lin et al, 2011; Surdziel et al, 2011) and
confers a proliferative advantage by suppressing ABTB anti-
proliferative factor (Bousquet et al, 2012). In B-cell malignant
multiple myeloma dexamethasone-induced miR-125b has been
reported to stimulate chemotherapy resistance and to prevent cell
death through suppression of p53 and p53/miR-34a/SIRT
regulatory network (Murray et al, 2013). Moreover, miR-125b
has been implicated in megakaryopoiesis and in the pathogenesis
of trisomy 21/Down’s syndrome-associated megakaryoblastic
leukaemia (DS-AMKL) and related transient leukaemia (DS-TL).
The significant overexpression of miR-125b in DS-AMKL and DS-
TL results to enhanced cells’ proliferation and self-renewal, an
effect attributed to direct targeting of DICER1 and ST18 expression
(Klusmann et al, 2010). Finally, the regulation of several pro-
apoptotic genes supports miR-125b anti-apoptotic activity in
haematological malignancies (Sun et al, 2013), while miR-125b
loss has been involved in metabolic changes of chronic
lymphoblastic leukaemia (CLL) cells leading to Warburg effect
(Tili et al, 2012).

The other member of the miR-125 family, miR-125a, has been
also studied in leukaemia and lymphomas. Methylation-mediated
transcriptional suppression of MIR125A gene and decreased miR-
125a levels have been reported in leukaemic myeloblasts of acute
myeloid leukaemia (AML) patients, while ectopic miR-125a
expression resulted to decreased cell proliferation and enhanced
apoptosis of NB4 cells (Garzon et al, 2008; Ramsingh et al, 2010;

Ufkin et al, 2014). Moreover, miR-125a is significantly over-
expressed in DLBCL and in myelodysplastic syndrome patients,
promoting NF-kB pathway activation and thus cells’ propro-
liferative and antiapoptotic phenotype, by targeting the negative
NF-kB regulator TNFAIP3 (Kim et al, 2012; Ganan-Gomez et al,
2014).

Prompted by the involvement and crucial role of miR-125b in
haematological malignancies, the present study aims to examine
the expression profile of miR-125b in childhood ALL in order to
evaluate for the first time its clinical significance for disease
prognosis and prediction of patients’ response to BFM chemother-
apy protocol.

MATERIALS AND METHODS

Study cohort. The present study enroled 125 children with newly
diagnosed ALL, treated according to the BFM backbone protocol at
‘P&A Kyriakou’ Children’s Hospital, Athens, Greece between May
2006 and October 2016, as well as 64 children not suffering from
any haematologic or other type of malignancy consisting our
control cohort. Patients’ clinicopathological characteristics are
presented in Table 1.

The biological samples included in the study consisted of 272
BM specimens. In particular, BM specimens were obtained from
the 125 childhood ALL patients at disease diagnosis. In addition,
matched BM samples on day 33 following BFM protocol induction
were available from 83 patients of the abovementioned cohort and
included in the analysis. Finally, the control group consisted of BM
specimens from 64 children not suffering from any haematologic
or other type of malignancy. All samples were collected by BM
aspiration and undergone total RNA extraction without any cell
fractionation or small RNA enrichment. All available matched day
33 samples following pathological evaluation were included in the
analysis without any selection bias. Samples handling, preparation
and experimental procedure was the same for leukaemic and
normal specimens.

The BFM guidelines were followed for the risk group
stratification of childhood ALL patients and their follow-up
included the assessment of peripheral blast cells (prednisone
response) on day 8, of BM blasts percentage (BM response) on day
15 and the measurement of MRD on days 15 and 33 of the
induction protocol (Moricke et al, 2008; Stary et al, 2014). The
study was approved by the Ethics Committee of ‘P&A Kyriakou’
Children’s Hospital, Athens, Greece, and performed with respect to
the ethical standards of the Declaration of Helsinki, as revised in
2008. Informed consent was obtained from all parents and legal
guardians of the participating patients.

Cytogenetic analysis. Cytogenetic analysis was performed by
direct preparation of unstimulated BM cells, followed by 24 h of
culture in RPMI 1540 culture medium with 25% foetal calf serum
at 37 1C. The standard G-banding technique was carried out for the
analysis of metaphase chromosomes, which were classified
according to the International System for Cytogenetic Nomen-
clature (ISCN).

Immunohistotype analysis. Multiparametric flow cytometry by
direct immunofluorescence was performed via CXP software on an
FC-500 cytometer (Beckman Coulter Inc., Nyon, Switzerland). The
monoclonal antibodies used were reactive with the following
lymphoid differentiation antigens: CD19, CD20, CD22, CD24,
CD10, CD34, CD38, CD58, CD11a, HLA-DRþ , cTdt, cIgM and
cCD79a for B-lineage ALL (B-ALL) and CD7, CD5, CD2, CD3,
CD1a, CD4, CD8, CD99, CD38, CD44, CD34, CD45RA, CD45RO,
CD56, TcR ab, TcR gd, cTdt and cCD3 for T-lineage ALL (T-ALL).
Lineage assignment was decided according to the EGIL recom-
mendations. The presence of a surface antigen was confirmed
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when 20% of the cells expressed it, while for intracellular antigens
the threshold was adopted at 10%. NEQAS programme was used
for external quality assessment.

MRD analysis. MRD assessment was performed using a lineage-
specific panel: CD45, CD10, CD19, CD20, CD22, CD34, CD38,
CD58, CD9, CD11a for B-lineage ALL and CD4, CD8, cCD3 and
sCD3, CD5, CD7, CD2, CD1a, CD99, CD38, cTtd and CD44 for
T-lineage ALL according to BFM protocol guidelines. MRD was
considered positive when leukaemic cells exceeded 0.01% of all
marrow nucleated cells on days 15 and 33.

Isolation and polyadenylation of total RNA. Total RNA was
isolated from BM specimens using TRI-Reagent BD (Molecular
Research Center, Inc., Cincinnati, OH, USA) according to the
manufacturer’s protocol. Total RNA concentration and purity were
evaluated spectrophotometrically at 260 and 280 nm. RNA integrity
was visually confirmed by agarose gel electrophoresis. Thereafter,
1.0mg of total RNA was polyadenylated at the 30-end in a 12.5ml
reaction containing 0.8 mM ATP and 1 U of E. coli poly(A) polymerase
(New England Biolabs Inc., Ipswich, MA, USA), at 37 1C for 30 min.
Enzyme heat inactivation was performed at 65 1C for 10 min.

First-strand cDNA synthesis. Polyadenylated RNA was reverse
transcribed using the poly(T) adaptor 50-GCGAGCACAGAAT-
TAATACGACTCACTATAGGTTTTTTTTTTTTVN-30 (V¼G,
A, C and N¼G, A, T, C) in a 20 ml reaction containing 1 U
MMLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA),
0.2 U RNaseOUT recombinant ribonuclease inhibitor (Invitrogen)
and 0.25 mM poly(T) adaptor, at 37 1C for 60 min. The poly(T)
adaptor is hybridised to the 30-poly(A) tail of the polyadenylated
RNA template allowing the synthesis of a longer first-strand cDNA
product able to be quantified by qPCR. The reverse transcriptase
was inactivated by heating at 70 1C for 15 min.

Quantitative real-time PCR. The quantification of miR-125b
levels was performed by a SYBR-Green fluorescent-based quanti-
tative real-time PCR (qPCR) assay. Specific forward primers were
designed according to published sequences and in silico specificity
analysis for miR-125b-5p (NCBI RefSeq: NR_029671.1 and
NR_029694.1) and the small nucleolar RNA, C/D box 48
(SNORD48), also known as RNU48 (NCBI RefSeq: NR_002745.1).
The specific forward (hybridised to miR-125b- or RNU48-specific
sequences of cDNA template) and universal reverse (hybridised to
poly(T) adaptor RT primer sequence of cDNA template) primer
sequences are presented in Supplementary Table 1.

The qPCR was performed in the 7500 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). The 10 ml reaction
mixture consisted of 2X Kapa SYBR Fast Universal qPCR Master
Mix (Kapa Biosystems Inc., Woburn, MA, USA), 200 nM of each
qPCR primer and 4 ng of cDNA. Both targets were amplified in
technical duplicates for each sample. The thermal protocol
consisted of a 3 min polymerase activation step at 95 1C, followed
by 40 cycles of denaturation at 95 1C for 15 s and the primer
annealing and extension step at 60 1C for 1 min. Melting curve
analysis and gel agarose electrophoresis were performed for the
discrimination of specific amplicons from non-specific products or
primer dimers. Following amplification, melting curve analysis of
the products was performed from 60 to 95 1C by 0.3 1C
temperature increment intervals for 30 s. Products melting
temperature (Tm) was determined by plotting the negative first-
derivative of the normalised fluorescence vs temperature. Only
samples with a single peak at the appropriate Tm (temperature of
the peak maximum) for both miR-125b and SNORD48 were
included in the study.

The 2�DDCT method was conducted for the analysis of miR-
125b expression levels, using SNORD48 as an endogenous
reference control for normalisation purposes. The amplification
efficiencies of the target miR-125b-5p and the reference SNORD48
genes were assessed by a validation experiment, using serial
dilutions of a control cDNA covering six orders of magnitude
(1–10� 5 ng cDNA) as template. The linear increases of miR-125b-

Table 1. Clinicopathological features of the childhood ALL
patients

Variables N (%)
Gender

Male 73 (58.4)
Female 52 (41.6%)

Age
1–9 years 84 (67.2)
o1 or X10 years 41 (32.8)

WBC

o50 000 cells per ml 102 (81.6)
X50 000 cells per ml 23 (18.4)

Immunophenotype
Precursor B-ALL 110 (88.0)

CD10þ 104 (83.2)
CD10� 6 (4.8)

T-ALL 15 (12.0)

High hyperdiploidy (450 chromosomes)
Yes 22 (17.6)
No 102 (81.6)
Unknown 1 (0.8)

Hypodiploidy (p45 chomosomes)
Yes 4 (3.2)
No 120 (96.0)
Unknown 1 (0.8)

TEL-AML1/t(12;21)(p13;q22)
Negative 93 (74.4)
Positive 31 (24.8)
Unknown 1 (0.8)

Philadelphia chromosome BCR-ABL1/t(9;22)(q34;q11)
Negative 122 (97.6)
Positive 2 (1.6)
Unknown 1 (0.8)

BM on day 15
M1 (blasts o5%) 103 (82.4)
M2 (blasts 5–25%) 16 (12.8)
M3 (blasts 425%) 6 (4.8)

MRD on day 15
o0.01% 22 (17.6)
40.01% 67 (53.6)
Unknown 36 (28.8)

MRD on day 33
o0.01% 50 (40.0)
40.01% 21 (16.8)
Unknown 54 (43.2)

Prednisone response on day 8
Good (o1000 blasts) 112 (89.6)
Poor (X1000 blasts) 13 (10.4)

BFM risk groups
Standard risk 16 (12.8)
Intermediate risk 87 (69.6)
High risk 22 (17.6)

Treatment outcome
Disease relapse
CCR 106 (84.8)
Relapse 19 (15.2)

Patients’ survival
Alive 102 (81.6)
Dead 23 (18.4)

Abbreviations: ALL¼ acute lymphoblastic leukaemia; B-ALL¼B-lineage acute lymphoblas-
tic leukaemia; BFM¼Berlin–Frankfurt–Münster; BM¼bone marrow; CCR¼ complete
continuous remission; CD10¼ cluster of differentiation 10 (common acute lymphoblastic
leukaemia antigen, CALLA); MRD¼minimal residual disease; T-ALL¼T-lineage acute
lymphoblastic leukaemia; TEL-AML1¼TEL-AML1 rearrangement; WBC¼white blood cell.
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5p (y¼ � 3.181� þ 37.142; r2¼ 0.984) and SNORD48
(y¼ � 3.225� þ 34.368; r2¼ 0.994) calibration curves highlight
the 106.3% and 104.2% amplification efficiencies, respectively, as
well as the absence of PCR inhibition by the template.

Statistical analysis. The non-parametric Mann–Whitney U test
and Wilcoxon Signed Rank test were performed to evaluate the
differences of miR-125b expression between leukaemic and healthy
BM specimens, and between BM samples on diagnosis and on the
33rd day of the induction protocol, respectively. The discrimina-
tory ability of miR-125b for childhood ALL was examined via ROC
curve and logistic regression analysis. Moreover, the non-
parametric Mann–Whitney U and Kruskal–Wallis tests were
appropriately used to assess the correlation of miR-125b levels
and day 33/diagnosis miR-125b expression levels ratio with
patients’ clinicopathological features.

The X-tile algorithm was applied for the adoption of optimal
cut-off values equal to the median (50th percentile) for miR-125b
levels on disease diagnosis, on day 33 following protocol induction,
and for the day 33/diagnosis miR-125b levels ratio. Logistic
regression models were used to examine the ability of miR-125b
expression levels to predict patients’ response to BFM treatment.
Furthermore, Kaplan–Meier survival curves using log-rank test and
Cox proportional regression analysis were conducted to estimate
the prognostic utility of miR-125b for the disease-free survival
(DFS) and OS of childhood ALL patients treated with the BFM
protocol.

RESULTS

Baseline clinical and experimental data. Median patients’ and
healthy controls’ age was 5.0 and 4.0 years, respectively. The
majority of the patients were males (58.4%), suffering from
precursor B-ALL (83.2% CD10þ and 4.8% CD10� ) and having
WBCo50 000 cells per ml (81.6%). Focusing on cytogenetics,
17.6% of patients were characterised by high hyperdiploidy (450
chromosomes) and 24.8% by t(12;21)(p13;q22) translocation (TEL-
AML1). In order to evaluate the clinical significance of the blasts-
related miR-125b expression in childhood ALL, the inclusion of
patients with high % BM blast percentage at disease diagnosis was
taken into account during study design and patients’ enrolment.
The median and mean values of % BM blast percentage at disease
diagnosis are 92.0% and 88.74%, respectively, for the total ALL
patients cohort, and 95.0% and 88.79%, respectively, for the
precursor B-ALL patients group. The histograms of % BM blast
percentage are presented in Supplementary Figure 1. Regarding
treatment response, poor prednisone response (41000 blasts/ml)
and M2-M3 BM response (X5% blasts) was observed in 13
(10.4%) and 22 patients (17.6%), respectively. MRD data were
available for day 15 (89 patients) and day 33 (71 patients) of the
BFM protocol, where 67 (75.3%) and 21 patients (29.6%) were
found positive. During a median follow-up time (reverse Kaplan–
Meier method) of 79 months, 19 patients relapsed (15.2%) and 23
died (18.4%), while the mean DFS and OS intervals were 105.7
months (95% CI: 98.23–113.2) and 103.1 months (95% CI: 95.42–
110.8), respectively.

Patients excluded from miR-125b analysis on BFM day 33, due
to absence of matched sample, did not differ from those included
with respect to all clinicopathologic and disease prognostic
parameters (gender, P¼ 1.000; age, P¼ 0.576; % blast percentage
at diagnosis, P¼ 0.216; WBC count, P¼ 0.144; immunophenotype,
P¼ 0.831; high hyperdiploidy, P¼ 0.088; hypodiploidy, P¼ 0.299;
TEL-AML1/t(12;21)(p13;q22) translocation, P¼ 0.381; prednisone
response, P¼ 0.541; BM response, P¼ 0.621; MRD on day 15,
P¼ 0.619; MRD on day 33, P¼ 0.603; BFM risk groups, P¼ 0.943;
DFS, P¼ 0.786 and OS, P¼ 0.312).

The expression of miR-125b is significantly reduced in child-
hood ALL and increases following BFM protocol induction. The
descriptive statistics of miR-125b expression levels in childhood
ALL patients and healthy control cohorts are presented in
Supplementary Table 2. The expression analysis pointed out the
significant downregulation of miR-125b levels in childhood ALL
patients compared to the control group (P¼ 0.004; Figure 1A). The
discriminatory significance of miR-125b for childhood ALL from
healthy control group was highlighted by the univariate logistic
regression (OR: 0.477; 95% CI 0.288–0.790; P¼ 0.004;
Supplementary Table 3) and ROC analysis (AUC: 0.628; 95% CI
0.548–0.707; P¼ 0.004; Figure 1B). Moreover, the discriminatory
value of miR-125b revealed to be independent of patients’ age and
gender by the adjusted multivariate logistic regression model (OR:
0.507; 95% CI 0.305–0.842; P¼ 0.009; Supplementary Table 3).

The evaluation of miR-125b expression levels from BM
specimens obtained on day 33 after BFM induction demonstrated
that miR-125b is significantly increased in 83.1% of patients at the
end of the induction protocol (Po0.001; Figure 1A and C), which
is also highlighted by the fact that 69% and 51% of the patients
showed 2 and 5 times, respectively, higher miR-125b levels on day
33 compared to diagnosis. Finally, patients’ BM samples on BFM
day 33 revealed to express significantly higher miR-125b related to
healthy control cohort (Po0.001; Figure 1A), allowing us to
hypothesise that miR-125b levels upregulation on BFM day 33
reflects patients’ response to treatment.

Downregulation of miR-125b levels on diagnosis and higher day
33/diagnosis expression ratio correlate with unfavourable
clinicopathological prognostic features. Lower miR-125b expres-
sion levels on disease diagnosis were correlated with unfavourable
prognostic features of childhood ALL (Figure 1). More precisely,
reduced miR-125b levels were detected in T-lineage compared to
B-lineage ALL (P¼ 0.037) as well as in patients with WBC
X50 000 per ml related to WBCo50 000 per ml patients
(P¼ 0.004). The ratio of miR-125b levels at the end of BFM
protocol induction (day 33) compared to disease diagnosis (day 33/
diagnosis miR-125b ratio) revealed to be higher in T-ALL patients
(P¼ 0.033) and in WBCX50 000 per ml patients (P¼ 0.010).
Moreover, higher day 33/diagnosis miR-125b ratio was also
detected in o1 or X10 years old patients (P¼ 0.025) and in
high-/intermediate-risk group compared to standard-risk patients
(P¼ 0.003). Overall, our data reveal the association of the
decreased miR-125b levels on disease diagnosis as well as of the
higher day 33/diagnosis miR-125b ratio with unfavourable disease
features and dismal prognosis. The correlation of patients’
clinicopathological features with miR-125b levels at disease
diagnosis and with BFM day 33/diagnosis miR-125b levels ratio,
as dichotomous variables, is presented in Supplementary Table 4.

Patients with reduced miR-125b on diagnosis and elevated day
33/diagnosis expression ratio are at a significantly higher risk
for disease recurrence and poor survival outcome. The clinical
value of miR-125b levels regarding the BFM chemotherapy
treatment outcome was evaluated by Kaplan–Meier survival curves
(Figure 2 and Supplementary Figure 2) and Cox regression analysis
(Figure 3 and Supplementary Table 5). Kaplan–Meier analysis
highlighted that patients with reduced miR-125b expression on
disease diagnosis suffered from significantly shorter DFS
(P¼ 0.005) and OS (P¼ 0.013) compared to patients with higher
miR-125b levels. In addition, univariate Cox regression analysis
confirmed the stronger risk for disease relapse (HR: 4.253; 95% CI
1.411–12.82; P¼ 0.010) and death (HR: 3.072; 95% CI 1.209–7.806;
P¼ 0.018) of patients with loss of miR-125b on disease diagnosis
related to those with miR-125b overexpression.

Following BFM induction, miR-125b levels were quantified on
day 33 of treatment. Patients with elevated expression on day 33
presented significantly shorter DFS (P¼ 0.016) and OS (P¼ 0.016)
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(Supplementary Figure 2), as well as higher risk for disease
recurrence (HR: 4.218; 95% CI 1.174–15.16; P¼ 0.027) and death
(HR: 4.218; 95% CI 1.174–15.16; P¼ 0.027; Figure 3) compared to
those with decreased miR-125b levels. To further enhance the
clinical significance of miR-125b in childhood ALL, the same
analysis was performed for the day 33/diagnosis miR-125b ratio.
Patients with increased miR-125b ratio were found to suffer from
significantly shorter DFS (P¼ 0.015) and OS (P¼ 0.004; Figure 2),
while Cox regression analysis (Figure 3) revealed their stronger risk
for short-term relapse (HR: 4.301; 95% CI 1.198–15.44; P¼ 0.025)
and death (HR: 6.789; 95% CI 1.517–30.37; P¼ 0.012) despite BFM
treatment.

To evaluate if the observed prognostic significance for BFM
treatment outcome is caused by the BM blasts expression of miR-
125b, we have repeated the analysis in the subset of precursor
B-ALL patients with high % BM blast percentage at disease
diagnosis. To classify patients to the high % BM blast percentage
cohort, the X85% blasts percentage was adopted as optimal cut-off
point. Consequently, 95 precursor B-ALL patients were included in
the high % BM blast percentage cohort. Kaplan–Meier survival
curves highlighted that patients with lower miR-125b levels at
disease diagnosis presented significantly worse DFS (P¼ 0.028)
and OS (P¼ 0.023; Figure 2), which was confirmed also by
univariate Cox regression analysis (Supplementary Table 6) either
for disease recurrence (HR: 3.445; 95% CI 1.060–11.20; P¼ 0.040)
or death (HR: 3.532; 95% CI 1.107–11.27; P¼ 0.033). Focusing on
day 33/diagnosis miR-125b ratio, the increased miR-125b ratio was
correlated with inferior DFS (P¼ 0.020) and OS (P¼ 0.009) by
Kaplan–Meier analysis (Figure 2), and also with higher risk for
BFM treatment resistance by univariate Cox analysis
(Supplementary Table 6), in terms of disease relapse (HR: 5.279;
95% CI 1.097–25.42; P¼ 0.038) or patients’ death (HR: 9.604; 95%
CI 1.181–78.09; P¼ 0.034). These findings highlight the prognostic
significance of blasts’ miR-125b expression in BFM-treated child-
hood ALL and clearly support that the clinical value of BM miR-
125b levels is induced by BM blasts expression.

Finally, multivariate Cox analysis was performed to evaluate the
independent prognostic value of miR-125b for childhood ALL. The
multivariate Cox models were adjusted for WBC count, prednisone
response on day 8, BM response on day 15, immunophenotype,
risk group according to BFM stratification, patients’ age and
gender. Multivariate analysis (Figure 3 and Supplementary Table 5)
highlighted the independent prognostic value of miR-125b levels
on childhood ALL diagnosis both for disease relapse (HR: 3.891;
95% CI: 1.195–12.67; P¼ 0.024) and death (HR: 2.963; 95% CI:
1.079–8135; P¼ 0.035).

miR-125b enhances significantly the prognostic value of
clinically established biomarkers for disease progression and
patients’ survival outcome. Prompted by the significant prog-
nostic value of miR-125b for patients’ survival, we further
examined its ability in improving the prediction strength of the
established and clinically used prognostic markers. In general,
WBC X50 000 cells per ml, poor prednisone response on day 8,
M2-M3 BM response on day 15 and positive MRD represent
independent unfavourable prognostic markers for patients’ relapse
and survival expectancy.

Combining the expression of miR-125b with the abovemen-
tioned markers, we revealed the improved stratification of patients
regarding their BFM treatment outcome. More precisely, patients
who underexpress miR-125b on disease diagnosis present sig-
nificantly shorter DFS and OS (Figure 4), even if they have good
prednisone response (P¼ 0.003 and P¼ 0.001, respectively) or M1
BM response (Po0.001 and Po0.001, respectively). The same
conclusion arises for patients having an elevated day 33/diagnosis
miR-125b expression ratio (Figure 5), when combined with
prednisone response (P¼ 0.033 and Po0.001, respectively) and
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Figure 1. Evaluation of miR-125b expression levels in childhood ALL
patients. (A) Box plots presenting miR-125b levels in BM specimens of
childhood ALL patients on disease diagnosis and on BFM day 33, as
well as of healthy controls. P-values calculated by Mann–Whitney U test
(*) or Wilcoxon Singed Rank test (**). (B) ROC curve analysis of miR-
125b levels for the discrimination of childhood ALL patients’ from
healthy controls’ BM specimens. P-value calculated by Hanley and
McNeil method. AUC¼ area under the curve; 95% CI¼ 95%
confidence interval. (C) Bar graph of the miR-125b levels ratio on BFM
day 33 compared to disease diagnosis. P-value calculated by Wilcoxon
Singed Rank test. (D–G) Box plots presenting the correlation of miR-
125b expression levels on diagnosis and on BFM day 33, as well as of
miR-125b levels ratio (BFM day 33/diagnosis) with patients’ (D)
B-lineage ALL and T-lineage ALL, (E) WBC count, (F) age and (G) BFM
risk group. P-values calculated by Mann–Whitney U test. A full colour
version of this figure is available at the British Journal of Cancer journal
online.
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Figure 2. Loss of miR-125b levels on disease diagnosis and overexpression of miR-125b on BFM day 33 are associated with poor response to
BFM treatment. Kaplan–Meier survival curves for the DFS and OS according to miR-125 levels on disease diagnosis, and miR-125b levels ratio
(BFM day 33/diagnosis) for (A–D) the total childhood ALL patients’ cohort, and for (E–H) the precursor B-ALL with X85% blasts patients’ cohort.
P-values calculated by log-rank test. A full colour version of this figure is available at the British Journal of Cancer journal online.
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Figure 3. Childhood ALL patients with lower miR-125b levels on disease diagnosis and overexpression of miR-125b following BFM protocol
induction (BFM day 33) are at higher risk for disease short-term relapse and poor survival outcome. Forest plots of the (A and C) univariate and
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Figure 4. Evaluation of miR-125b levels on disease diagnosis improves significantly the risk stratification of the childhood ALL patients according
to the clinically established prognostic markers for the prediction of patients’ response to BFM treatment. Kaplan–Meier survival curves of the
childhood ALL patients’ DFS and OS according to the combination of miR-125b levels on disease diagnosis with (A and B) peripheral blast cells
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Cancer journal online.
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BM response (Po0.001 and Po0.001, respectively). The study of
miR-125b expression with patients’ WBC is presented in
Supplementary Figure 3.

MRD on day 15 is a well-established marker for adjusting
treatment intensity. The implementation of the reduced miR-125b
levels on diagnosis (Figure 4) ameliorated significantly the
predicting ability of MRD for disease recurrence (P¼ 0.010),
distinguishing positive MRD patients with an even more adverse
outcome. Overexpression of miR-125b on day 33 and thus,
increased day 33/diagnosis miR-125b expression ratio (Figure 5),
also allowed the distinction of MRD positive patients, characterised
by significantly worse DFS (P¼ 0.007) and OS (P¼ 0.003). The
study of miR-125b expression with patients’ MRD on day 33
(Supplementary Figure 4) highlighted a trend for unfavourable
prognosis of MRD negative patients with reduced miR-125b levels
on disease diagnosis and elevated day 33/diagnosis expression
ratio. Finally, the combination of miR-125b with the BFM risk
group stratification highlighted a subgroup of intermediate/high
risk patients with considerably more aggressive leukaemia (Figures
4 and 5). The ability of miR-125b to improve childhood ALL
prognosis according to the established markers was also verified in
the subset of precursor B-ALL patients with high % BM blasts
percentage (Supplementary Figures 5 and 6), confirming the blasts-
mediated expression of BM miR-125b levels and strengthening its
clinical value in BFM-treated childhood ALL.

DISCUSSION

Over the past decades, there has been tremendous progress in
treating paediatric ALL, increasing substantially the remission rates
and the survival expectancy of the patients. However, there are still
clinical concerns, as some patients are either being overtreated or
experience adverse outcome, even if they present favourable
clinical characteristics (Pui, 2010; Pui et al, 2012). It is, therefore,
essential to discover new prognostic markers, capable of monitor-
ing patients’ response to therapy and predicting their outcome. In
recent years, miRNAs have emerged as important biomarkers in all
types of cancer, including ALL, and several recent studies have
highlighted their involvement in leukaemogenesis and disease
morbidity and mortality (de Oliveira et al, 2012).

In this study, we performed the expression analysis of BM miR-
125b in childhood ALL patients and we investigated its role as a
prognostic tool of the disease. The expression of miR-125b was
downregulated in childhood ALL patients compared to the control
group, while ROC curve and regression analyses verified miR-125b
ability for distinguishing normal from leukaemic BM samples.
Moreover, patients’ follow-up revealed the significant overexpres-
sion of miR-125b on day 33 of BFM treatment protocol. In
addition, reduced miR-125b expression on disease diagnosis,
higher expression on day 33 of the induction protocol and elevated
day 33/diagnosis expression ratio were correlated with unfavour-
able prognostic features, such as T-ALL, CD10(� ) precursor
B-ALL, WBCX50 000 cells per ml, increased age of diagnosis and
higher BFM-risk stratification.

Numerous studies have supported the implication of miR-125b
in various malignancies, acting either as oncogene or as tumour
suppressor, depending on the cell context (Sun et al, 2013).
Consistent with our findings, Schotte et al (2009) identified miR-
125b downregulation in leukaemic mononuclear BM cells or
peripheral blood cells in newly diagnosed childhood B-ALL
patients being negative for TEL-AML1, BCR-ABL, E2A-PBX and
hyperdiploidy compared to normal CD34þ cells, as well as in
MLL-rearranged patients. Moreover, Tili et al (2012) reported the
reduced expression of miR-125b in aggressive and indolent CLL
patients and supported its role in the metabolic adaptation of the

cells to a transformed state, allowing Warburg effect, possibly by
targeting key enzymes, such as PCTP, LIPA, GSS, ACSS1, HK2,
SCD1, AKT2 and PDK1. In addition, miR-125b has been reported
to regulate p53 activity by targeting 5-lipoxygenase metabolic
enzyme, a p53 inhibitor, in myeloid cells (Busch et al, 2015).

Overexpression of miR-125b was observed in progenitor B-ALL
patients carrying the chromosomal translocation t(11;14)(q24;q32)
(Sonoki et al, 2005; Chapiro et al, 2010; Tassano et al, 2010), and
also in childhood ALL patients positive for TEL-AML1 (Gefen
et al, 2010; Schotte et al, 2011). However, these studies focused on
subsets of ALL patients with specific chromosomal abnormalities,
and in the case of t(11;14)(q24.1;q32) patients, the higher
expression of miR-125b can be explained by the fact that
MIR125B1 gene is juxtaposed in cis to the strong IGH enhancer.
Moreover, the ectopic expression of miR-125b was able to induce
B-ALL, T-ALL and myeloproliferative neoplasm in nude mice as
well as to promote the tumourigenicity of BCR-ABL induced
leukaemia (Bousquet et al, 2010). However, the study was
performed in mouse model using lineage-negative haematopoietic
foetal liver cells, rather than lymphoid progenitors, while the
majority of the transplanted mice developed T-cell rather than
B-cell leukaemia, which characterised most of our patients.
Nevertheless, the ectopic expression of miR-125b was 700-fold
higher in peripheral blood than normal controls, and these
immensely increased miR-125b levels may trigger different
tumourigenic mechanisms than those in human ALL lympho-
blasts, where miR-125b downregulation is observed.

Focusing on patients’ treatment outcome, decreased miR-125b
levels on childhood ALL diagnosis and its overexpression on day
33 of chemotherapy were associated with significantly stronger risk
for short-term relapse and poor OS of the treated patients.
Moreover, multivariate Cox analysis highlighted the clinical
significance of miR-125b levels for the childhood ALL prognosis
independently of established prognostic markers and patients’
clinicopathological data. The clinical utility of BM miR-125b
levels for the prognosis of BFM treatment outcome was
confirmed also in the subset of precursor B-ALL patients with
high % BM blast percentage at disease diagnosis, strengthening the
miR-125b prognostic significance in BFM-treated childhood ALL
and confirming the blasts-mediated expression of BM miR-125b
levels.

Interestingly, the combination of miR-125b expression levels
with established and clinically used disease prognostic markers
improved significantly patients’ stratification for poor response to
BFM chemotherapy either in the total patient cohort or the
precursor B-ALL patients with high % BM blast percentage cohort.
The downregulation of miR-125b on diagnosis and the higher
values of day 33/diagnosis expression ratio were able to
discriminate patients at higher risk for short-term relapse and
worse survival outcome, despite the presence of favourable WBC
o50 000 cells per ml, good prednisone response or good BM
response. The same expression pattern of miR-125b can ameliorate
the predicting value of MRD on day 15 and the current BFM-risk
stratification system, as it can identify patients with even more
aggressive disease among the MRD positive patients’ group or
among intermediate/high risk patients’ cohorts.

The dismal prognosis of BFM-treated patients with increased
miR-125b levels on day 33 compared to diagnosis is consistent
with previous studies, where miR-125b levels correlated with
chemotherapy resistance and inhibition of apoptosis. BFM
treatment protocol includes several drugs that induce apoptosis,
either directly via glucocorticoids (Schmidt et al, 2004), or as a
secondary event via vincristine (Groninger et al, 2002) and
daunorubicin (Richardson and Johnson, 1997). Schotte et al
(2011) highlighted the significantly upregulated miR-125b levels in
childhood precursor B-ALL patients resistant to vincristine and
daunorubicin. Moreover, miR-125b was reported to promote
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survival against apoptotic stimuli and vincristine resistance in
ETV6/RUNX1 leukaemic cells (Gefen et al, 2010; Akbari
Moqadam et al, 2013), while a miR-125b-mediated resistance to
vincristine was also observed in childhood acute megakaryoblastic
leukaemia cells (Kandi et al, 2015). In addition, leukaemic cell lines
resistance to daunorubicin has been induced by the miR-125b-
mediated downregulation of GRK2 and PUMA (Zhou et al, 2014).

Focusing on apoptosis-related targets, miR-125b overexpression
enhances drug resistance and inhibits apoptosis in acute promye-
locytic leukaemia, by targeting BAK1 pro-apoptotic gene (Zhang
et al, 2011), a network that is also observed in breast and ovarian
cancers (Zhou et al, 2010; Kong et al, 2011). Apart from BAK1 (Shi
et al, 2007), several other genes involved in the apoptotic pathway,
such as BMF (Xia et al, 2009), TP53 (Le et al, 2009; Zeng et al,
2012; Murray et al, 2013), TP53INP1 (Enomoto et al, 2011;
Bousquet et al, 2012), TNFAIP3 (Kim et al, 2012) and MAPK14
(p38a) (Tan et al, 2012) are also validated targets of miR-125b,
while the ectopic overexpression of miR-125b has been found to
block cell apoptosis through p53 pathway suppression, NF-kB
pathway activation, or BAK1 downregulation. These studies clearly
demonstrate a possible inhibitory role of miR-125b upon the
activity of chemotherapeutic agents inducing apoptosis and
support our findings concerning the poor treatment and survival
outcome of the BFM-treated childhood ALL patients with
increased post-treatment miR-125b levels.

In conclusion, our study revealed the downregulation of
miR-125b in childhood ALL patients compared to the control
group and its significant upregulation following induction of
BFM chemotherapy protocol. Moreover, lower miR-125b levels on
diagnosis, and higher expression on the 33rd day of treatment were
associated with adverse disease features. Survival analysis clearly
demonstrated the stronger risk for short-term relapse and
worse OS of patients who underexpress miR-125b on diagnosis
and overexpress it on the 33rd day, thus presenting elevated
day 33/diagnosis expression ratio. Finally, the combination of
miR-125b expression with the clinically used disease prognostic
markers resulted in a superior positive prediction of childhood
ALL patients’ poor response to BFM chemotherapy protocol
compared to the study of the disease markers alone. To our
knowledge this is the first study of miR-125b clinical value in the
prognosis of childhood ALL and in prediction of patients’ response
to BFM therapy.
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