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microRNA expression profiling as supportive diagnostic and therapy
prediction tool in chronic myeloid leukemia
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Chronic myeloid leukemia (CML) is a myeloproliferative disorder of hematopoietic stem cells carrying Philadelphia
(Ph) chromosome and the oncogenic BCR-ABLI fusion gene. microRNAs (miRNAs) belong to hematopoiesis transcription
regulators and their deregulated expression associates with pathogenesis of CML. The current study assesses and validates
expression profiles of selected oncogenic and tumor suppressing miRNAs that are associated with different imatinib mesylate
(IM) response in CML patients carrying rare BCR-ABL variants. Microarray analysis has identified different expression of 70
miRNAs (46 up- and 24 down-regulated) when compared IM-resistant with IM-responsive patients carrying Ph chromosome.
Significantly up-regulated expression of oncogenic miRNAs (miR-17, miR-18a, miR-20a, miR-21, miR-27a and miR-155) and
significantly down-regulated expression of tumor supressing mRNAs (let-7d, miR-205, miR-320, miR-451 and miR-574) in
IM-resistant compared to IM-responsive patients was confirmed and validated by qRT-PCR. This study confirms the involve-
ment of the selected oncogenic and tumor suppressing miRNAs in CML pathogenesis and IM response and suggests that
these miRNAs could be suitable biomarkers for differential diagnosis of CML patients carrying rare BCR-ABL transcripts,
as well as for prediction of their IM response and therapy outcome.
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Abbreviations: ABL - Abelson oncogene; AML - acute myeloid leukemia;
BCR - breakpoint cluster region; BCR-ABLI - fusion gene; BIM — pro-apoptotic
member of the BCL-2 protein family; CD34" cells - cells expressing hematopoi-
etic progenitor cell antigen CD34; CEBPA - CCAAT/enhancer-binding protein
alpha; c-Jun - c-Jun N-terminal kinase; CLL - chronic lymphocytic leukemia;
CML - chronic myeloid leukemia; dATP — deoxyadenosine triphosphate; dCTP
- deoxycytidine triphosphate; dGTP — deoxyguanosine triphosphate; DLBCL
- diffuse large B-cell lymphoma; dTTP - deoxythymidine triphosphate; E2F1
— transcription factor E2F1; E2F3 — transcription factor E2F3; EMT - epithelial
to mesenchymal transition; ERK - extracellular-signal-regulated kinase; IM —
imatinib mesylate; K562 cells — human immortalized myelogenous leukemia
cell line; let 7 — microRNA let-7 family; MAPK - mitogen-activated protein
kinases; miR-17~92 cluster - cluster consisting of miR-17, miR-18a, miR-19a,
miR-20a, miR-19b-1 and miR-92a-1; miRNAs - microRNAs; MuLV reverse
transcriptase — Murine Leukemia Virus reverse transcriptase; MYC - MYC
proto-oncogene protein; NF-kB — nuclear factor kappa-light-chain-enhancer of
activated B cells; p38 MAPK - pP38 mitogen-activated protein kinases; PDCD4
- programmed cell death protein 4; Ph chromosome/Ph+ - Philadelphia chro-
mosome; PTEN - phosphatase and tensin homolog; PU.1 - transcription factor;
qRT-PCR - quantitative reverse transcription and polymerase chain reaction;
RNA - ribonucleic acid; RT - reverse transcription; RUNX1 - Runt-related
transcription factor 1; Snord38B - small nucleolar RNA U38B; Snord44 - small
nucleolar RNA U44; STATS5 - signal transducer and activator of transcription
5; TfR-1 - transferrin receptor-1; UTRs — untranslated regions.

Chronic myeloid leukemia (CML) is a myeloproliferative
disorder characterized by expansion of a clone of hemat-
opoietic cells that carry the Philadelphia (Ph) chromosome
[1]. The Ph chromosome is a single reciprocal chromosomal
translocation t(9;22)(q34;q11) between the long arms of chro-
mosome 9 and 22, resulting in the fusion of the Abelson (ABL)
oncogene to the breakpoint cluster region (BCR) gene. This
translocation results in the formation of a hybrid BCR-ABL
oncogene on chromosome 22, which codes for a deregulated
and constitutively activated tyrosine kinase, which is involved
in pathogenesis of CML [2]. BCR-ABL activates multiple signal
transduction pathways, including mitogen-activated protein
kinase, phosphatidylinositol 3 kinase, STAT5/Janus kinase,
and MYC, leading to uncontrolled cell proliferation, reduced
apoptosis and resulting malignant expansion of pluripotent
stem cells in bone marrow [3].

Imatinib mesylate (IM) is a targeted tyrosine kinase inhibi-
tor, the gold standard of CML therapy, inducing a complete
hematological and cytogenetic response in 80% of newly diag-
nosed CML patients. However, primary resistance to IM and
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molecular evidence of persisting disease have been observed
in 20-25 % of IM-treated patients [4].

Molecular diagnostics of CML using qRT-PCR and nested
PCR enables to confirm the BRC-ABL fusion gene and deter-
mines the number of BCR-ABL transcripts with very good
correlation between blood and bone marrow samples. In 95%
of CML cases, BCR-ABL fusion transcripts are b2a2 and b3a2
and these can be detected by qRT-PCR. In the rest of CML
patients, rare b3a3, b2a3, c3a2, blal and ela3 or other variants
are typical, but these are undetectable by routine diagnostic
qRT-PCR and can only be revealed by non-quantitative PCR.
These rare BCR-ABL variants occur in exceptional CML cases
where BCR breakpoints are outside of the main defined cluster
regions (major-M-BCR, minor-m-BCR or micro- mu-BCR),
or with unusual breakpoints in ABL resulting in BCR-ABL
transcripts with b2a3 or b3a3 junctions, or with aberrant
fusion transcripts containing variable lengths of intronic
sequence inserts. Different types of BCR-ABL rearrangement
are associated with different clinical course and prognosis
and their frequency in population relates with different ethnic
backgrounds [5,6]. Consequently, also the treatment outcomes
are difficult to monitor. In such cases, microRNA (miRNA)
expression profiling could provide reliable alternative diagnos-
tic and predictive tool to confirm CML diagnosis and predict
IM-resistance.

Chromosomal translocations are usually associated with
amplification or deletion of regions carrying sequences en-
coding important regulatory molecules, including miRNAs.
miRNAs are non-coding, small (20-25 nts) single-stranded
RNA molecules that regulate the expression of genes involved
in cell development, proliferation [7] and differentiation [8],
apoptosis [9], immune response, inflammation [10], viral
infection [11], and also in pathological states such as autoim-
mune, cancerous [12] and other diseases.

miRNAs have been shown to promote tumor growth acting
both as oncogenes and tumor suppressors. Aberrant miRNA
levels have been observed in many cancers, as compared
to their normal tissue counterparts [13]. The first miRNA
molecules associated with human leukemia pathogenesis
have been found in chronic lymphocytic leukemia (CLL)
[14]. Deletion of chromosome (13)(q14) in CLL has been

Table 1. IM-response and BCR-ABL variants of patients.

Patient BCR-ABL variant IM - response
1 c3a2 resistant
2 b3a3 resistant
3 b3a3 resistant
4 b2a3 resistant
5 b2a3 responsive
6 b2a3 responsive
7 ela3 responsive
8 blal responsive
9 b3a3 responsive

linked to down-regulation of suppressors miR-15a and miR16
[14, 15]. In contrast, in B-cell lymphomas amplification of
chromosome (13)(q31) is associated with overexpression of
the oncogenic miRNA cluster 17~92 [16]. Although several
deregulated miRNAs have already been associated with CML,
some data is rather controversial and its relevant diagnostic
and predictive value is still missing. Oncogenic miRNAs, miR-
155, miR-17~92 cluster, miR-15a, miR-16, miR-142, miR-181,
miR-221 and some others, have been described as crucial
regulatory molecules associated with hematomalignancies,
including CML. Their deregulation has been observed in
acute myeloid leukemia (AML), CLL, diffuse large B-cell
lymphoma (DLBCL) [17-19], and in a number of leukemia
and lymphoid cell lines [13, 15, 19-25]. In present study, we
have focused on validation of the selected miRNAs identified
as the most relevant for CML diagnosis confirmation and
early IM response prediction. To achieve this, we employed
a microarray platform to characterize the group of differen-
tially expressed miRNAs in peripheral blood mononuclear
cells from IM-resistant and IM-responsive patients carrying
Ph chromosome. Of the group of differentially expressed
miRNAs, we have further focused on up-regulated oncogenic
miRNAs, miR-17~92 cluster (namely miR-17, miR-18a, and
miR-20a), miR-21, miR-27a and miR-155, as well as on
down-regulated tumor suppressing miRNAs, let-7d, miR-
205, miR-320, miR-451 and miR-574. Expression profiles of
these mRNAs were subsequently validated by qRT-PCR. We
suggest that, in addition to well-known gene mutations and
aberrations, deregulated expression profiles of these miRNAs
can provide further molecular tool for CML diagnosis and
therapy prediction. Hence, miRNA profiling can clinically
be used for CML diagnosis, patient stratification, treatment
response prediction and therapy outcome monitoring, espe-
cially in rare cases where conventional molecular diagnostics
is not sufficient and/or is unable.

Patients and methods

Patient samples. Blood samples were obtained from 9
CML patients with detected Ph chromosome (Ph+ patients)
and 14 healthy individuals in the Clinics of Hematology
and Transfusion, University Hospital of Medical Faculty of
Comenius University, and in National Institute for Oncology,
Bratislava, Slovakia. The retrospective patient study identi-
fied BRC-ABL positive cases with fusion atypical transcripts
- c3a2, blal, b3a3, b2a3 and ela3. Selection of patients with
rare BRC-ABL fusion transcripts explains the small cohort
analyzed in this study. CML diagnosis was determined by
conventional diagnostic methods. Patients were treated with
imatinib mesylate (IM; dose 400mg/day) during 6 months. In
this study, according to therapy outcome, 5 patients identified
as IM-responsive and 4 patients as IM-resistant were further
analyzed for miRNA expression profiles (Table 1).

The study was approved by the scientific committee of
the University Hospital of Medical Faculty of Comenius



MICRORNA SUPPORTIVE DIAGNOSTIC TOOL FOR CML

951

University and National Institute for Oncology, Bratislava
Slovakia. All subjects donated their samples with informed
consent approved by the Ethic Committee of the Institute of
Hematology and Blood Transfusion and each patient/donor
gave written informed consent in accordance with the Decla-
ration of Helsinki. Peripheral blood mononuclear cells were
prepared by sedimentation using Ficoll-Paque™ PLUS (GE
Healthcare, Freiburg, Germany) density gradient. Cells were
suspended in freezing solution (DMEM supplemented with
10% DMSO and 20% fetal calf serum) and stored at -80 °C
before RNA extraction.

RNA extraction. To extract total RNA containing all small
RNA molecules including miRNAs, TRI Reagent solution (Life
technologies), Ribo Pure-Blood kit (Ambion Inc., no. AM1928,
Austin, TX, USA) and RNA/DNA/Protein Purification Kit (Nor-
gen Biotek®, Thorold, ON, Canada) were used. Total RNA was
quantified using the NanoDrop ND-1000 Spectrophotometer
(Thermo Scientific, USA) and the Qubit fluorimeter (Qubit®
RNA HS Assay Kit, LifeTechnologies, USA). The RNA integrity
was assessed using the Agilent 2100 bioanalyzer (Agilent, Palo
Alto, CA, USA). Ribo Pure-Blood kit and RNA purification
kit gave better 230/280 ratio, and therefore were used for RNA
extraction for microarrays. TRI Reagent RNA extraction was
used for real-time qRT-PCR reactions.

miRNA microarray profiling and data analysis. miRNA
expression profiling in patients' samples performed using
100 ng of total RNA was processed using the Agilent miRNA
Complete Labeling and Hyb Kit (5190-0456, Santa Clara,
California, USA) according to the manufacturer’s protocol
(version 2.4, September 2011) and recommendations. Briefly,
after the dephosphorylation of the 3" ends of RNA molecules,
the Cyanine3-pCp was ligated to the 3" end. Next, the samples
were dried, suspended in the hybridization mix and loaded
onto the SUREPRINT G3 UNRESTRICTED MIRNA 8X60K
slide (G4872A-04606). The loaded slide, placed in the Agilent
Microarray Hybridization Chamber (G2534), was incubated
for 20 hrs at 55°C/20 rpm in the Agilent hybridization oven
(G2545A). After washing with the Gene Expression Wash
Buffers 1 and 2 (5188-5327), the washed and dried slide was
scanned in the Innoscan 900 microarray scanner (Innopsys
Inc., Carbonne, France) with the resolution of 3 micrometers.
The resulting images of individual arrays were extracted with
the Mapix 7.3.0 software (Innopsys Inc., Carbonne, France)
and exported as GPR files.

GPR files were imported into the R workspace by the read.
maimages() function in the limma package and transformed
into the “uRNALIst” format to enable use of functions from
the R package ,,AgiMicroRna“ Subsequently, without back-
ground substraction, data were quantille-normalized between
arrays by the function rmaMicroRna()in the AgiMicroRna
package. Finally, standard limma procedure was applied to
the normalized data to analyze differential expression between
studied groups.

miRNA qRT-PCR quantification. Differentially expressed
oncogenic miRNAs, miR-17, miR-18a, miR-20a, miR-21,

miR-27a, miR-155, and tumor suppressing miRNAs, let-
7d, miR-205, miR-320, miR-451 and miR-574, identified
by miRNA microarray were further validated by qRT-PCR.
Expression of mature miRNAs was determined using First-
Strand cDNA Synthesis System (Central European Biosystems,
Czech Republic) supplemented with poly(A)polymerase
(Takara, Japan) and ATP (Sigma, Germany). Briefly, for cONA
synthesis 100 ng of RNA in a final volume of 10 ul including
1pl of 10x poly(A)polymerase buffer, 0.1 mM of ATP, 1uM of
RT-primer, 0.1 mM of each deoxynucleotide (dATP, dCTP,
dGTP and dTTP), 100 units of MuLV reverse transcriptase
and 1 unit of poly(A)polymerase was incubated at 42°C for
1 hour followed by enzyme inactivation at 95°C for 5 minutes.
The sequence of the oligo-d(T)/adapter primer was 5’-CAG-
GTCCAGTTTTTTTTTTTTTTTVN, where V is A, C and
GandNis A, C, G and T (IDT, Leuven, Belgium).

Real-time PCR detection and quantification of mature
forms of hsa-miR-17-5p, hsa-miR-18a-5p, hsa-miR-20a-5p,
hsa-miR-21-5p, hsa-miR-27a-3p, hsa-miR-155-5p, hsa-let-
7d-3p, hsa-miR-205-3p, hsa-miR-320-5p, hsa-miR-451-5p,
hsa-miR-574-5p and small RNA reference endogenous con-
trols Snord38B and Snord44 were performed using SYBR
Premix Ex Taq II (Tli RNaseH Plus), ROX plus (Takara,
Japan), adapter-specific reverse primer and miRNA-specific
(and Snord-specific) forward primers (Utility model 6932 and
Utility model applications PUV5039/2014-5045/2014). qPCR
was performed using BIOER, LineGene 9660 Real-Time
PCR System (Hangzhou Bioer Technology Co., Ltd, China)
at following settings: 95°C for 5 min, followed by 40 cycles of
95°C for 20 sec and 60°C for 50 sec, followed by melt cycle.
Mature miRNA amplification was done in triplicate. Ct values
were averaged and normalized against reference endogenous
controls Snord44 and/or Snord38B. Relative expression was
determined by the 2-#Y comparative threshold method.

Statistical analysis. The significance of fold change in
miRNA expression was analyzed using the Wilcoxon signed
rank test applied to the ACt values. miRNA differential expres-
sion analysis between unrelated samples was conducted using
the 2-tailed Mann-Whitney U test. Analyses were performed
using GraphPad Prism v.5 (La Jolla, CA, USA) and SAS v.9
(Cary, NJ, USA) Software. Results with a P value <0.05 were
considered significant.

Results

Microarray miRNA expression profiles and IM-response.
To decipher a potential miRNA expression signature associ-
ated with IM response in CML using a miRNA microarray,
we have analyzed expression profiles of miRNAs of Ph+
IM-resistant patients and compared them with Ph+ patients
who responded to drug. Microarray analysis identified 70
differently expressed miRNAs between IM-resistant and
IM-responsive patients. The expression levels of miR-17,
miR-18a, miR-19a, miR-20a (those of miR-17~92 cluster),
miR-21, miR-27a and miR-155, have markedly been increased
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Figure 1. miRNA microarray expression profile and cluster analysis
of IM-resistant against IM-responsive Ph+ patients. A) Log FC values
showed up-regulation of oncogenes miR-17, miR-18a, miR-19a, and
miR-20a of miR-17~92 cluster, next miR-21, miR-22, miR-27a, miR-
26a, miR-29¢, miR-93, miR-145, mir-155, miR-181a and miR-342,
and down-regulation of tumor suppressors let-7, miR-34b, miR-205,
miR-320b-d, miR451b and miR-574 in IM-resistant compared to IM-
responsive Ph+ patients. Values represent mean + SEM; n=4, * p<0.05.
B) Cluster analysis confirmed differential expression of the selected
miRNA oncogenes and tumor suppressors between IM-resistant and
IM-responsive Ph+ patients. Shown is representative miRNA array heat
map where miRNA expression profiles of 2 IM-resistant patients were
compared with those of 4 IM-responsive patients. Performed Agilent
miRNA arrays use the quantile normalization with no background
subtraction (transformation), as recommended by manufacturer
(light grey scale - down-regulated expression, dark grey/black scale
up-regulated expression).

in IM-resistant compared to IM-responsive Ph+ patients. In
addition, expression levels of miR-15a, miR-22, miR-26a/b,
miR-29¢, miR-93, miR-145, miR-150, miR-181a and miR-
342 were moderately increased in IM-resistant Ph+ patients.
Let-7b, d, miR-34b, miR-205, miR-320b, ¢, d, miR-451b and
miR-574 were the most down-regulated miRNAs. Based on
this data, all above expression profiles could potentially be
used to differentiate IM-resistant from IM-responsive Ph+
patients (Figure 1A). Clustering analysis of expression of the
selected oncogenic and tumor suppressing miRNAs differ-
entially expressed between IM-resistant and IM-responsive
Ph+ patients clearly separates both groups suggesting that this
miRNA profile could distinguish the different IM-response
in CML patients (Figure 1B).

qRT-PCR validation. In order to validate the microarray
data and to ensure that the variations observed were not due
to a technical issue, we have carried out SYBR Green miRNA
specific QRT-PCR analyses. We focused on a group of the
selected oncogenic miRNAs with altered expression between
IM-resistant and IM-responsive Ph+ patients, miR-17, miR-
18a, miR-20a, miR-21, miR-27a and miR-155, as well as
on tumor suppressing miRNAs, let-7d, miR-205, miR-320,
miR-451 and miR-574. Expression of each miRNA was de-
termined in IM-resistant and IM-responsive Ph+ patients and
the data obtained was compared with that of healthy control
individuals.
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Figure 2. Real-time RT-PCR validation of the selected oncogenic miRNAs.
The expression of miR-17, miR-18a, miR-20a, miR-21, miR-27a and miR-
155 was significantly up-regulated in IM-resistant Ph+ patients (n=4,
3 replicates each, dark grey columns) compared to healthy individuals
(n=14, 3 replicates each, white columns). Values represent mean + SEM;
* p<0.05, **p<0.01. Significant increase of expression was observed in in-
dividual miRNAs between IM-resistant (n=4, 3 replicates each, dark grey
columns) and IM-responsive Ph+ patients (n=5, 3 replicates each, light grey
columns). Values represent mean + SEM; # p<0.05, ##p<0.01. All data were
normalized against Snord44 reference gene expression control.
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Figure 3. Real-time RT-PCR differential expression of oncogenic miRNAs in
IM-resistant and IM-responsive patients. Expression of oncogenic miR-17,
miR-18a, miR-20a, miR-21, miR-27a and miR-155 were significantly increased
in IM-resistant (n=4, 3 replicates each, dark grey columns) compared to
IM-responsive Ph+ patients (n=5, 3 replicates each, light grey columns). IM
treatment down-regulated oncogenic miRNAs in IM-responsive but not in IM-
resistant Ph+ patients. Values represent mean + SEM; * p<0.05, **p<0.01. All
data were normalized against Snord38B reference gene expression control.

qRT-PCR differential analysis of miRNA expression in
IM-resistant Ph+ patients compared to healthy individuals
confirmed significantly increased expression levels of selected
miRNAs, miR-17 (5.8-fold), miR-18a (4.6-fold), miR-20a
(5.1-fold), miR-21 (1.7-fold), miR27a (2.3-fold) and miR-155
(2.0-fold), when normalized against endogenous reference
gene expression control Snord44 (Figure 2). Significant in-
crease of expression of miR-17 (3.8-fold), miR-18a (1.4-fold),
miR-20a (2.7-fold), miR-21 (2.4-fold), miR-27a (4.0-fold)
and miR-155 (2.3-fold) was also observed in IM-resistant
Ph+ patients when compared with Ph+ IM-responsive ones
(Figure 2). Similarly, significant up-regulation was confirmed
when IM-resistant patients were compared to IM-responsive
Ph+ patients and data was normalized against different en-
dogenous reference gene expression control Snord38. The
observed increase of expression of individual miRNAs was
following: miR-17 (3.1-fold), miR-18a (1.5-fold), miR-20a
(2.6-fold), miR-21 (2.7-fold), miR-27a (2.7-fold) and miR-155
(2.5-fold) (Figure 3).

On the other hand, all selected tumor suppressing miRNAs
except miR-451(showing only decreasing tendency) were sig-
nificantly down-regulated after IM treatment in IM-resistant
compared to IM-sensitive Ph+ patients: let-7d (2.4-fold),
miR-205 (1.9-fold), miR-320 (2.6-fold), miR-451 (1.1-fold)
and miR-574 (2.4-fold). Obtained data were normalized
against Snord44 endogenous reference gene expression control
(Figure 4).

Surprisingly, when these miRNAs were compared against
healthy controls both IM- responsive and -resistant patients

Figure 4. Real-time RT-PCR differential expression of selected tumor
suppressor miRNAs in IM-resistant and IM-responsive patients. IM treat-
ment increased the expression of let-7d, miR-205, miR-320, miR-451 and
miR-574 in IM-responsive (n=5, 3 replicates each, dashed columns) but
not in IM-resistant Ph+ patients (n=4, 3 replicates each, grey columns).
Values represent mean + SEM; * p<0.05, **p<0.01. All data were normal-
ized against Snord44 reference gene expression control.
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Figure 5. Real-time RT-PCR validation of the selected tumor suppressor
miRNAs. In all patients, the expression of let-7d and miR-451 was similar
to healthy controls and qRT-PCR validation showed no differences with
respect to IM response. miR-205, miR-320 and miR-574 were significantly
up-regulated in IM-responsive patients (n=>5, 3 replicates each, light grey
columns). IM-resistant patients (n=4, 3 replicates each, dark grey columns)
expressed higher levels of miR-205, miR-320 and miR-574 compared to
healthy controls (n=14, 3 replicates each, white columns) but significantly
lower compared to IM-responsive patients. Values represent mean + SEM;
* p<0.05, **p<0.01when compared against healthy individuals. Values
represent mean = SEM; # p<0.05, when responsive and resistant patients
were compared. All data were normalized against Snord44 reference gene
expression control.
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expressed up-regulated levels of miR-205 (5-fold in respon-
sive, 4.7-fold in resistant), miR-320 (3.1-fold in responsive,
1.1-fold in resistant) and miR-574 (6.2-fold in responsive,
2.2-fold in resistant), although the levels of these miRNAs were
significantly higher in IM-responsive compared to -resistant
patients. Expression levels of let-7d and miR-451 were unaf-
fected (Figure 5).

In IM-responsive patients, IM treatment down-regulated
expression levels of oncogenic miRNAs and up-regulated tu-
mor suppressing miRNAs, while in IM-resistant patients the
expression levels of oncogenic and tumor suppressing miRNAs
stayed significantly increased and decreased respectively, even
after 6 months of therapy.

Discussion

The current CML treatments include hydroxyurea, bone
marrow transplantation or tyrosine kinase inhibitors (TKI).
IM is commonly used highly effective TKI in CML treatment;
however, IM resistance and intolerance remain a major clinical
problem. 20-25% of CML patients is resistant to IM or develops
resistance during the treatment. The IM resistance may occur
due to BCR-ABL amplification, overexpression or spontaneous
mutations in tyrosine kinase domain of BCR-ABL. Resistance
to IM may also develop due to evolution of the disease with
the occurrence of rare or novel cytogenetic aberrations lead-
ing to BCR-ABL independent proliferation of leukemic cells
[26]. Regular monitoring of patients" resistance and practical
monitoring of IM response can be used to guide treatment
choice and provide patients with significantly better long-term
outcomes. To predict and manage IM resistance, multiple
potential biomarkers are intensively being searched. Recogni-
tion of IM intolerance and resistance, as well as monitoring of
treatment outcomes, becomes even more difficult if patients
carry rare variants of the BCR-ABL fusion gene. In our study,
we have compared miRNA expression profiles in small cohort
of IM-resistant and IM-responsive CML patients carrying Ph
chromosome with rare BCR-ABL variants to identify addi-
tional molecular markers reflecting and predicting resistance
to IM in these patients.

Microarray comparison of miRNA expression in peripheral
blood of Ph+ patients resistant to IM and Ph+ patients respon-
sive to this drug revealed 70 differentially expressed miRNAs,
preferentially oncomiRs (miR-15a, miR-17, miR-18a, miR-20a,
miR-21, miR-22, miR-26a, miR-27a, miR-29¢, miR-93, miR-
145, miR-150, miR-155, miR-181a and miR-342) and several
tumor suppressors (let-7, miR-34b, miR-205, miR-320, miR-
451 and miR-574). Of set of differentially expressed miRNAs,
we further validated 6 up-regulated oncogenic miRNAs and
5 down-regulated suppressors that have been shown to be
highly associated with pathogenesis of several hematological
malignancies, including CML [17, 18].

Subsequently, significant up-regulation of these 6 oncomirs
(miR-17, miR-18a, miR-20a, miR-21, miR-27a and miR-155)
and down-regulation of 5 tumor suppressing miRNAs (let-7,

miR-205, miR-320, miR-451b and miR-574) have been vali-
dated by qRT-PCR. Both microarray and qRT-PCR validation
confirmed that miR-17, miR-18a, miR-20a, miR-21, miR-27a
and miR-155 are significantly up-regulated and let-7, miR-205,
miR-320, and miR-574 are significantly down-regulated in IM-
resistant compared to IM-responsive Ph+ patients. However,
significant down-regulation of miR-451 was not confirmed
by qRT-PCR, probably due to small cohort. Significantly dif-
ferent expression profiles of these miRNAs can distinguish
IM-resistant form IM-responsive CML patients carrying rare
BCR-ABL transcripts.

miR-155 has been described to be overexpressed in many
hematological malignancies [27, 28], being considered as
a regulator of myelopoiesis [29]. However, its expression in
CML remains rather controversial. Observed up-regulation
of miR-155 in IM-resistant patients but not in IM-responsive
patients seems to be in correlation with data of Rokah and
co-authors [3] who detected down-regulation of miR-155 in
chronic myeloid cells and CML patients. Overexpressed miR-
17~92 cluster plays an oncogenic role in CML, being regulated
by c-MYC. BCR-ABL fusion gene induces expression of c-
MYC and consequently up-regulates the cluster expression
[30]. The miR-17~92 cluster contributes to proliferation and
inhibition of apoptosis via E2F1 (E2F transcription factor 1),
PTEN (phosphatase and tensin) and BIM (BCL2-interacting
mediator of cell death) transcription factors; namely miR-17
and miR-20a has been described to inhibit pro-apoptotic BIM
and subsequent mitochondria-dependent apoptosis [31].
Apoptotic and proliferative signals of c-MYC and E2F1 are
tightly balanced by the expression of the miR-17~92 cluster
[32-34]. In evolution, strongly conserved miR-21 has been
found to be associated with a variety of neoplastic disor-
ders targeting a number of tumor suppressor genes widely
involved in growth, apoptosis, invasion and cell cycle (e.g
programmed cell death 4 [PDCD4], PTEN, tropomyosin
[TPM1], etc.) [35, 36]. Knock-down of endogenous miR-21
expression contributed to sensitizing leukemic K562 cells to
therapy mainly through increasing apoptosis [37]. Although
overexpressed miR-21 is one of the most prominent miRNAs
implicated in the tumor growth, proliferation, anti-apoptosis
and response to chemotherapy, its role has rarely been char-
acterized and studied with regard to CML [38]. miR-27a is
an important regulator of hematopoietic development as it
targets the 3" UTR of RUNXI1 transcription factor, a master
regulator in hematopoietic development [39]. Up-regulated
miR-27a in cooperation with miR-17~92 cluster inhibits the
RUNXI and directly activates PU.1 and CEBPA (CCAAT/
enhancer-binding protein alpha), transcription factors criti-
cal for determination of the myeloid and lymphoid lineage
from hematopoietic precursors [40-42]. Increased miR-27a
also promotes angiogenesis [40] and can alter the activity of
NF-kB, MAPKs/p38, c-Jun and ERK.

In correlation with published data, we have also observed
down-regulation of typical tumor suppressing miRNAs: let-7,
miR-34 and miR-200 families [43, 44]. Several studies have re-
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ported that down-regulation of tumor suppressing miRNAs is
involved in regulation of apoptosis, epithelial to mesenchymal
transition (EMT) and tumor invasion in association with CML
and other hematological malignancies [23, 45-47]. Observed
down-regulated miR-320 via posttranscriptional repression of
TfR-1 (transferrin receptor-1) effects cell growth modulating
iron availability, and targets other proteins necessary for cell
growth and proliferation [48]. Down-regulated miR-451 and
miR-547 are considered potent suppressors of oncogenesis
that have been reported to target several signaling pathways
[37,49]. miR-451 together with miR-27a has been described to
modulate multidrug resistance by targeting BCL2 and MDR1,
respectively [50].

According to our results that are in line with observations
of other authors, we suggest that oncogenic miRNAs, miR-
155, miR17~92 cluster together with miR-21 and miR-27a,
and tumor suppressing miRNAs, let-7, miR-205, miR-320,
miR-451 and miR-574, could represent a suitable group of
biomarkers relevant for early detection of IM-resistance and
CML pathophysiology. Thus, these selected miRNAs represent
novel molecular biomarkers offering additional molecular
diagnostic and predictive tool enabling efficient monitoring of
treatment response and therapy outcomes in a group of CML
patients with rare BCR-ABL variants. Undoubtedly, to confirm
predictive potential of identified miRNA biomarkers, these
should thereto be examined in samples from patients with rare
BCR-ABL variants before receiving a therapy. Such experiments
are to be carried out in the laboratory in near future.
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