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Inside the chronic lymphocytic leukemia cell:
miRNA and chromosomal aberrations
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Abstract. Alterations in microRNA (miRNA/miRs) expres-
sion are associated with the occurrence and course of human
diseases, including chronic lymphocytic leukemia (CLL).
Expression of miRNAs may vary among patients with CLL in
different cytogenetic risk groups. The present study assessed
the expression levels of the following miRNAs in 35 patients
with CLL: hsa-miR-15a,-16-1,-29a,-29¢c,-34a,-34b,-155,-181a,
-181b, -221, -222 and -223. Fluorescent in situ hybridization
(FISH) analysis was performed for 13ql4d, 17p13 and 1122
deletions and chromosome 12 trisomy. Significantly higher
expression levels of miR-181a, -221 and -223 were observed
in the group at low risk of disease progression (stage 0)
compared with the group with high risk of CLL progression
(P=0.036, P=0.019 and P=0.038, respectively). The present
study revealed that the expression levels of miRNA-181b and
miRNA-223 were significantly higher in the group of patients
without D13S319 deletion (P=0.039 and P=0.037, respectively).
Moreover, the expression levels of miR-15a and miRNA-29¢
were demonstrated to be significantly higher in the group
of patients with CLL who had a tumor protein p53 deletion,
identified by FISH, compared with patients without this lesion
(P=0.047, P=0.03 respectively). Based on receiver operating
characteristic curve analysis, the present study revealed that
miR-181a, -221 and -223 expression was able to distinguish
low and high risk of CLL progression in patients. Among the
tested miRNAs, miRNA-181a, -221 and -223 were indicated to
have the greatest diagnostic potential in CLL.

Introduction

MicroRNAs (miRNAs/miRs) are small, non-coding molecules
~21 nucleotides long. They have regulatory properties and
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control almost all processes in the human body (1). miRNA
genes are scattered throughout the genome and they can be
located within introns or exons of protein-coding genes (1).
Processes involving miRNAs are not fully understood.
However, alterations in the expression of individual molecules
are associated with the occurrence and course of human
diseases. This is particularly evident in cancer (2,3). Research
on the miRNA signatures that will most aptly describe the
type of tumor and its stage are still being conducted (2,3).

miRNA expression has important diagnostic and prog-
nostic value; therefore, the present study addressed the issue of
its alterations in patients with chronic lymphocytic leukemia
(CLL). CLL is a hematooncological disease characterized by
the accumulation of small, but non-functional mature B cells
in peripheral blood, bone marrow, spleen and lymph nodes (4).
CLL predominantly affects elderly over the age of 60 years
old, but cases of younger patients are currently being observed,
even before the age of 50 years old (4). CLL is a heterogeneous
disease. There are two main forms, benign and aggressive,
but the diagnostic boundary between them is often unclear.
Patients with benign CLL may experience transformation of
this leukemia to an aggressive form that requires intensive
treatment. miRNAs can be used as potential biomarkers in the
early diagnosis and precise assessment of benign and aggres-
sive forms of CLL (4,5).

Diagnosticians and clinicians consider numerous clinical
and laboratory factors that would indicate the form of leukemia
and the risk of disease progression. These include: Rai and
Binet staging system, serum markers, zeta-chain-associated
protein kinase 70 kinase (ZAP-70) expression, CD38 expres-
sion, immunoglobulin variable heavy chain gene (IgVH) and
tumor protein p53 (TP53) mutation status, as well as chro-
mosomal aberrations. The latter have a substantial impact
on the diagnosis and treatment of CLL. Identification of
characteristic, common cytogenetic abnormalities have been
considered as a valuable component of the CLL diagnostic
panel (4-7).

Deletion of 13ql4 is the most frequently observed
chromosomal aberration in patients with CLL (5). An isolated
13q14 deletion is a good prognostic factor. Nevertheless,
it has been demonstrated that the prognosis is worse when
more cells (=70%) with isolated del (13q14) are observed (6).
Some genes involved in CLL pathogenesis are located
within the 13ql14.2-q14.3 region. These include deleted in
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lymphocytic leukemia 2 (DLEU?2) with the miRNA-15/16
gene cluster, deleted in lymphocytic leukemia 7 (DLEU7) and
retinoblastoma 1 (RBI) (7,8).

Deletions of the 11q22-23 region, which harbors the ataxia
telangiectasia mutated (ATM) gene locus, are observed in
~20% of patients (9). In such cases, the disorder is associ-
ated with an aggressive course, shorter overall survival
(OS), treatment-free survival and rapid progression (10-12).
Enlargement of peripheral, abdominal and mediastinal lymph
nodes are often observed in patients with 11q deletion (11,12).
If the number of lymphocytes with 11q deletion exceeds 25%,
the time to therapy is significantly shortened, irrespective
of the IgVH mutation status and ZAP-70 and CD38 expres-
sion (13).

Chromosome 12 trisomy is the third most common aberra-
tion in patients with CLL. It occurs in 15-20% of patients, and
it is an isolated aberration in >2/3 of patients in this group. The
median time to disease progression in such cases is 33 months,
while the median OS is 114 months (11,14).

17p13 deletion is identified in ~7% of patients with CLL and
often occurs with the unmutated form of IgVH (11,15). 17p13
deletion involves part of the short arm of chromosome 17, and
the most important lost fragment is the 17p13.1 locus, a site
occupied by the TP53 gene. It has been demonstrated that in
cases with deletion of a single 17p13.1 allele, TP53 mutations
may occur in the second allele (16). This situation is very
disadvantageous for the patient, as complete deactivation of
the TP53 gene can occur, which is associated with increased
treatment resistance (16). Both 17p13 deletions and 7P53 muta-
tions are associated in CLL with rapid disease progression,
shortened OS and worse prognosis (15,16). For this reason,
identification of these changes is of great importance in clinical
management. Their presence in patients' lymphocytes indi-
cates the need for rapid initiation of therapy. TP53-associated
disorders also indicate the possibility of developing resistance
to chemotherapeutics, which makes treatment difficult (15,16).

Certain miRNA genes associated with leukemogenesis or
miRNA-regulated genes (and perhaps still unknown miRNA
controller genes) are located in chromosomal regions that are
frequently altered in CLL. The miR-15/16 cluster is located on
chromosome 13 (locus 13q14.3) between the second and fifth
exon of the DLEU2 gene. DLEU? is located in the minimal
deleted region and it does not encode any protein; however, it is
necessary for the initiation of miR-15/16 transcription (17,18).
Other miRNAs involved in CLL pathogenesis are negative
regulators of the T cell leukemia/lymphoma 1 (TCLI) onco-
gene: The miR-29 and miR-181 family (19). Pekarsky er al (19)
noted low expression of miR-29b and miR-181b in CLL
lymphocytes with high level of TCL1 expression. This state
is commonly associated with the lack of IgVH mutations and
high ZAP70 kinase levels, which indicates a malignant pheno-
type of CLL.

The miRNA-34 family plays a notable role in CLL patho-
genesis. Expression of miRNA-34a is reduced in patients
with 17p deletion or TP53 mutation. Low levels of miR-34a
are also observed in patients resistant to fludarabine, even in
the absence of 17p deletions or TP53 mutations (20). Another
miRNA from the CLL-associated group is miRNA-155. A high
expression level of miRNA-155 observed in patients with CLL
can attenuate histone deacetylase 4 and BCL6 transcription

repressor expression, leading to the activation of oncogenes
associated with increased cell division and apoptosis inhibi-
tion (21). Increased expression of miRNA-155 is associated
with high levels of ZAP-70 kinase, which corresponds to an
aggressive form of CLL (22).

miR-221 and -222 molecules are involved in regula-
tory mechanisms that maintain CLL lymphocytes in the
G, phase (23). This may be due to the fact that the expres-
sion levels of these two miRNAs are inversely correlated
with P27 protein expression in both peripheral blood CLL
lymphocytes and lymphocytes isolated from bone marrow
or lymph nodes. However, differences in the expression of
miR-221/222 were found in cells from individual anatomical
compartments (peripheral blood, bone marrow, lymph nodes)
of the same patients. Higher expression was observed in bone
marrow/lymph node lymphocytes compared with peripheral
blood cells. However, the correlation with P27 levels was
preserved in both cases (23).

Considering this, the aim of the present study was to
evaluate miRNA expression associated with chromosomal
aberrations in CLL.

Materials and methods

Studied group. A total of 35 consecutive, treatment-naive
patients with CLL, diagnosed according to standard morpho-
logical and immunophenotypic criteria (24,25) were enrolled
from October 2012 to December 2013 in the study. Diagnosis
was routinely confirmed based on peripheral blood smear
analysis by an independent pathologist. The study group
consisted of 15 (43%) women and 20 (57%) men. The median
age was 63 years (SD=8.19; min-max, 46-84 years). According
to the Rai classification (26), 12 (34%) patients were in stage
0, 10 (29%) in stage I, eight (23%) in stage II, two (6%) in
stage III and three (8%) patients were in stage I'V. There were
12 (34%) patients in the low risk group (Rai stage 0), 18 (52%)
patients in the intermediate risk group (Rai stage I and II) and
the high risk group (Rai stage III) included five (14%) patients.
Clinical and pathological features of the studied group are
presented in Table I. White blood cell count, lymphocytosis,
2 microglobulin, lactate dehydrogenase and the percentage of
ZAP-70- and CD38-positive cells were assessed according to
standard protocols at the Clinic of Hematooncology and Bone
Marrow Transplantation (Lublin, Poland) (24,25). Written
informed consent was obtained from patients at the time of
taking the blood for the study. The present study was conducted
with the approval of the Ethics Committee of the Medical
University of Lublin (approval no. KE-0254/155/2010).

Collection and culture of lymphocytes for cytogenetic tests.
Fresh peripheral blood samples were collected into lithium
heparin (as an anticoagulant) tubes and placed in a 37°C incu-
bator for 1-2 h to sediment erythrocytes and platelets. After
sedimentation, the fraction above the sediment containing
white blood cells was collected and the obtained cells were
used for cell cultures.

Lymphocyte suspension cultures were carried out in
duplicate, in a volume of 15 ml of medium in sterile Falcon
culture flasks (Sarstedt, Inc.) at 37°C (Haereus Incubator;
Heraeus Holding GmbH). The culture medium was RPMI
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Table I. Continued.
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14 (54) 2 (25) 11 (44) 5 (56)

12 (52) 4(36)

4 (40) 11 (46)
6 (60) 13 (54)

13 (45) 3 (60)

Low

12 (46) 6 (75) 14 (56) 4 (44)

11 (48) 7 (64)

16 (55) 2 (40)

High
miRNA-223

0.698

0.151

1.000

0

1.209 0.272

6.170 0.013

4.628 0.031

13 (50) 4 (50) 12 (48) 5 (56)

10 (43) 7 (64)

2(20) 16 (67)

8 (80)

15(52) 0(0)

Low

13 (57) 4 (36) 13 (50) 4 (50) 13 (52) 4 (44)

8 (33)

14 (48) 5 (100)

High

miR/miRNA, microRNA; TP53, tumor protein p53; ATM, ataxia telangiectasia mutated; RB1, retinoblastoma 1.

1640 with L-glutamine (Biomed Lublin S.A.) supplemented
with 15% heat-inactivated fetal bovine serum and 1%
mixture of antibiotics and antimycotics (Gibco; Thermo
Fisher Scientific, Inc.).

The cultures were run for 5 days with daily agitation by
gentle shaking. On the last day of culture, KaryoMAX™
Colcemid™ (Gibco; Thermo Fisher Scientific, Inc.) was
added to each culture to a final concentration of 0.1 yg/ml.
Immediately after the addition of Colcemid, the cultures
were incubated for 1-1.5 h at 37°C to stop cell divisions at
the metaphase stage. The cultures were then placed into
15 ml tubes and centrifuged at 80 x g for 10 min at room
temperature. Subsequently, the supernatant was collected
and ~10 ml of 0.075 M KCI (POCH; Avantor, Inc.) at
37°C was added dropwise to the cell pellet and incubated
at 37°C for 15-20 min. After incubation, the suspensions
were centrifuged at 80 x g for 10 min at room temperature.
After centrifugation, the supernatant was collected and the
cell pellet in the metaphase stage was immediately fixed
in a 1:3 solution of glacial acetic acid and methanol (both
Sigma-Aldrich; Merck KGaA) at -20°C. The fixative was
added in the volume of ~10 ml, and the suspensions were
shaken briefly and immediately they were centrifuged at
80 x g for 10 min at room temperature. The fixation step
was repeated three times. After the last rinse, the fixative
was added and the opalescent lymphocyte suspension was
delivered in the fixative. Drops of this material were spread
on the dry microscope slide super frost plus (Thermo
Scientific, Inc.) and dried. Metaphase spreads were checked
using an eclipse Ni-U Nikon upright light microscope
(Nikon Corporation) at a magnification of x200 and using a
Nikon Plan Fluor lens 20x0.50.

Fluorescent in situ hybridization (FISH). FISH was carried
out to analyze the most common chromosomal aberrations
using specific fluorescently labeled cytogenetic probes. They
included: i) 13ql4 Deletion, miR-15/16 gene locus, Vysis
D13S319 probe and RB1 Vysis LSI 13 (RB1) probe (Abbott
Molecular); ii) 17p13 deletion, Vysis LSI TP53 probe (Abbott
Laboratories); iii) 11q22-23 deletion, Vysis LSI ATM probe
(Abbott Laboratories); and iv) trisomy 12, Vysis CEP 12 probe
(Abbott Laboratories).

Dried slides with spattered drops of CLL suspension
were incubated in 70% formamide at 73°C for 5 min. Next,
the slides were dehydrated in a series of ethyl alcohol dilu-
tions (70, 80 and 96%), each for 2 min and then dried at room
temperature. Subsequently, the slides with fluorescent probes
were incubated in the dark at 73°C for 5 min to denature
and then covered with a coverslip. Fixogum-protected slides
were incubated in a humidity chamber at 37°C for 20 h. After
this, the preparations were washed in a solution of 0.4X
saline-sodium citrate buffer (SSC)/0.3% NP-40 (non-ionic
detergent) (Abbott Laboratories) at 73°C for 2 min, followed
by 2X SSC/0.1% NP-40 incubation at room temperature for
1 min. Next, the slides were dehydrated in a dilution series of
ethyl alcohol (70, 80 and 96%) for 2 min each and air-dried in
the dark. Next, 10 ul of DAPI was applied and coverslips were
put on the slides. Slides were analyzed at 1,000x magnifica-
tion under immersion (100x1.45 Plan Apo A Oil lens; Nikon
Corporation), using an eclipse Ni-U Nikon upright fluorescent
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microscope (Nikon Corporation) with a UV lamp. At least
100 nuclei (or metaphases) were analyzed per sample, and the
percentage of aberrant nuclei/metaphases was calculated.

Acquisition and storage of peripheral blood lymphocytes
for molecular studies. Fresh peripheral blood samples
(4.5 ml) from patients with CLL were collected into EDTA
tubes and were diluted 1:1 with PBS without Ca** and Mg?*
(Biomed Lublin S.A.). The prepared blood was layered on
Lymphoprep™ (STEMCELL™ Technologies) and centri-
fuged in a density gradient (11). The samples were centrifuged
immediately after layering at 560 x g for 30 min at room
temperature in 15 ml conical tubes. Leukocyte interphases
were collected after centrifugation, using a truncated needle
and transferred to a 50 ml conical tube.

Leukocytes were washed three times with 45 ml of
PBS, followed by centrifugation at 560 x g for 10 min at
room temperature. The supernatant was removed after each
centrifugation. After the second wash, the cells were counted
in a Thom chamber using Tirk's fluid (Chempur). The total
number of lymphocytes were determined in a given collected
amount of blood. Subsequently, the lymphocytes were divided
into 1.5 ml Eppendorf tubes, with no more than 1x107 cells
per tube. Lymphocyte suspensions were centrifuged at 560 x g
for 10 min at room temperature, and then the supernatant was
removed to obtain a dry cell pellet. Cells were stored at -80°C
until RNA isolation.

Measuring miRNA expression. The miRNeasy Mini kit
(Qiagen, Inc.; cat. no. 217084) was used to isolate RNA with
miRNA fraction from the cells according to the manufacturer's
instructions. The quality of isolated RNA was assessed using
a NanoDrop 2000 (Thermo Fisher Scientific, Inc.). RNA was
stored at -80°C until further analysis.

Reverse transcription was conducted to obtain comple-
mentary (C)DNA for real-time PCR using the Universal cDNA
Synthesis kit (Exiqon; Qiagen, Inc.) according to the manu-
facturer's instructions. The reaction mixture (20 ul) contained
4 ul of reaction buffer, 9 ul of nuclease-free water, 2 ul of
enzyme mix, 1 ul (0.15 fmol) of ‘spike in” and 4 ul of RNA
(5 ng/ul). Reverse transcription was carried out in an Applied
Biosystems 2720 thermal cycler (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Reaction conditions were as follows:
42°C For 60 min, 95°C for 5 min and direct cooling to 4°C.
The cDNA samples were stored at -20°C until real-time PCR
was performed. Real-time PCR reaction was performed using
the SYBR® Green Master Mix kit (Exicon). Real-time PCR
reactions were performed using specific primers (miRCURY
LNA™ Universal RT PCR miRNA LNA™ PCR primer set;
cat. no. 339306; Exicon; Qiagen, Inc.) for: Hsa-miR-15a,
-16-1, -29a, -29c, -34a, -34b, -155, -181a, -181b, -221, -222 and
-223. U6 RNA (U6 snRNA PCR primer set; UniRT, Exiqon,
cat. no. 203907) was used as an internal control.

Real-time PCR reaction mix (10 ul) contained 5 ul SYBR
Green master mix, 4 ul of cDNA diluted x80 with nuclease-free
water and 1 pl of appropriate specific primers. Real-time PCR
reaction was carried out using an Applied Biosystems 7500
Fast Real-Time PCR System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Conditions for real-time PCR were in
accordance with the protocol included in the SYBR® Green

master mix kit (Exiqon; Qiagen, Inc.). The initial step was
denaturation at 95°C for 10 min, followed by 40 amplification
cycles with the following temperature profile: 95°C For 10 sec
and 60°C for 1 min. Each reaction was run in duplicate and
was controlled by a melting curve. The threshold cycle was
obtained from the logarithmic growth phase of the product
from samples from patients with CLL. Evaluation of miRNA
expression was conducted using the 224 method (27).

Statistical analysis. U-Mann-Whitney test was used to
compare miRNA expression in individual patient groups.
The data are presented as median and interquartile range.
The Spearman rank test was used to estimate the correlation
between the data on a continuous scale. The > and Fisher's
exact tests were used to compare individual groups of patients
with respect to clinical and demographic characteristics.
Statistical analysis was performed using the Statistica 12
software (TIBCO Software Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Chromosomal aberrations. Identification of chromosomal
aberrations using the FISH method was performed in 34 (97%)
of the 35 patients enrolled in the study. In one patient, blood
was collected for EDTA only, and therefore no blood was
available for lithium heparin for culture and FISH. Cytogenetic
aberrations were observed in 30 patients (88%). Normal
karyotype was found in four patients (12%). Single chromo-
somal changes were found in 12 patients (35%), two different
aberrations occurred in 12 patients (35%) and =3 changes
were identified in six patients (18%; data not shown). The most
common aberration observed was 13ql4 (D135319) deletion
(n=23; 68%). 11q22-23 deletion (n=11; 32%) was the second
most common in the studied group of patients. The third most
common was trisomy of chromosome 12 (n=9; 26%). A total
of eight patients (24%) had a 17p13 deletion, and five patients
(15%) had a deletion of the 13q14 region where the RB/ gene is
located. Notably, in three cases (9%) it coexisted with D13S3719
deletion, and in two cases there was no D135319 deletion. The
distribution of the occurrence of individual chromosomal
aberrations depending on the cut-off thresholds is presented
in Table I.

Expression of miRNA and disease risk progression according
to the Rai staging. The present study observed significantly
higher expression levels of miR-181a, -221 and -223 in the
group with low risk of disease progression (stage 0) compared
with the high risk of CLL progression (P=0.036, P=0.019 and
P=0.038, respectively; Fig. 1D-F). Markedly higher expres-
sion levels of miR-34a, -181a and -181b were observed in the
group with low risk of disease progression compared with the
intermediate-risk progression group, but it was not statistically
significant (Fig. 1A-C).

Expression of miRNA and chromosomal aberrations. The
present study revealed that miR-181b and -223 expression
levels were significantly higher in the group of patients
without D135319 deletion (P=0.039 and P=0.037, respectively;
Fig. 1J and K). Higher miR-16-1 expression was observed in the



Figure 1. Expression of miRNAs in individual groups of patients with chronic
and (C) miR-181b in low- and intermediate-risk groups. Relative expression of
(G) Relative expression of miR-15a in group of patients with or without deletions i
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Relative expression of (M) miR-16-1, (N) miR-15a, miR-29¢ and (O) miR-155 in
retinoblastoma 1; ATM, ataxia telangiectasia mutated; TP53, tumor protein 53.

group with D13S319 deletion (Fig. 1H), but it was not statisti-
cally significant. Non-significant lower expression of miR-181a
was detected in patients with D135319 deletion (Fig. 11).

For RBI deletion identified by FISH, a higher expression
of miRNA-15a was observed in the group of patients with

patients with or without deletions in TP-53 locus. miRNA, microRNA; RBI,

deletion of this locus, but it was not statistically significant
(Fig. 1G). Moreover, the expression levels of miR-15a and
miR-29¢ were significantly higher in the group with TP53
deletion identified by FISH compared with the group without
this deletion (P=0.047, P=0.03, respectively; Fig. IM and N).
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Figure 2. Example images showing the 17q13 deletion within which the 7P-53 gene is located. (A), (B) and (C): DAPI-stained nuclei in which a monoallelic
deletion of the region where the TP-53 gene is located is visible (red) and centromere 17 as a control (green).
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Figure 3. Expression of miRNA-16-1 and miRNA-223 in the group of patients with chromosomal aberrations. Relative expression levels of (A) miRNA-16-1
and (B) miR-223 in patients with one or =2 chromosomal aberrations. miRNA, microRNA.

Higher miR-155 expression was detected in the group of
patients with TP53 deletion, but this was not significant
(Fig. 10). Example images presenting the 17q13 deletion
within which the TP-53 gene is located are presented in Fig. 2.
A non-significantly lower expression of miR-16-1 was found in
the group of patients with CLL with ATM deletion compared
with patients without this deletion (Fig. 1L).

When the patients were divided into groups with one
or =2 chromosomal aberrations, it was demonstrated that
miR-16-1 and miR-223 expression levels were significantly
higher in the group with just one aberration compared with
groups with =2 lesions (P=0.015, P=0.037, respectively;
Fig. 3A and B). Expression of each miRNA marked as a low
or high in the group with a given aberration are presented in
Table I.

Expression of miRNAs depending on clinical and demograph-
ical factors. It was observed that in the patient group with
low miR-34b expression, the percentage of cells expressing
ZAP-70 over 20% was non-significantly more frequent
compared with patients with high expression of this molecule
(P=0.065; Table II).

Diagnostic value of miRNA expression in differentiating low
and high risk of CLL progression. In further analyses, the

utility of miRNA expression was evaluated as a diagnostic
factor. Receiver operating characteristic curves (ROC) were
generated and areas under the curves (AUC) were defined. It
was revealed that miR-181a, -221 and -223 expression had the
ability to distinguish between low and high risk of progression
in patients with CLL (Fig. 4A-C). Sensitivity for miR-181a was
69% and specificity was 100% (AUC=0.875; 95% CI, 0.687-1;
P=0.0001; Fig. 4A). Sensitivity for miR-221 was 78% and
specificity was 91% (AUC=0.889; 95% CI,0.713-1; P=0.00001;
Fig. 4B). Sensitivity for miR-223 was 72% and specificity was
100% (AUC=0.836; 95% CI, 0.634-1; P=0.0011; Fig. 4C).

Discussion

According to the prospective observational study by
Mato et al (27) covering almost 1,500 patients with CLL
stratified by the results of cytogenetic/fluorescence in situ
hybridization testing, three risk levels could be distinguished:
Unfavorable [presence of del(17p) or del(11q)], favorable
[absence of del(17p) and del(11q)] and unknown. FISH testing
was performed in 58% of patients, cytogenetic testing was
performed in 861 patients (58%) at enrollment and only 40% of
these patients were re-tested before starting the subsequent line
of therapy. FISH testing is rarely performed, and patients with
unfavorable risk genetics treated with immunochemotherapy
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Figure 4. ROC curves plotted to examine diagnostic utility of miRNAs. (A) miRNA-181a, (B) miRNA-221 and (C) miRNA-223 were examined using ROC
curves to indicate the sensitivity and specificity of each miRNA in diagnosing chronic lymphocytic leukemia. ROC, receiver operating characteristic curves;

miRNA, microRNA.

combinations have worse outcomes (27). However,
Hallek er al (28) stated in the International Workshop on CLL
guidelines for diagnosis, indications for treatment, response
assessment and supportive management of CLL that FISH is
not essential to diagnose CLL, but can help predict prognosis
or assess tumor burden (28,29). In addition, they pointed that
the indication for treatment did not depend on the results of
these tests, but on the clinical stage and symptoms of the
patient (28).

Baliakas et al (30) reported that a complex karyotype,
defined as the presence of =3 numerical and/or structural
chromosomal aberrations detected with the use of chromo-
some-banding analysis, should not be indisputably considered
unfavorable in CLL due to the fact that it represents a hetero-
geneous group with variable clinical behavior. Furthermore,
the coexistence of =5 chromosomal aberrations seems to be
unfavorable prognostically, regardless of clinical stage or
TP53 status, while the occurrence of <5 cytogenetic changes
is clinically relevant only when coexisting with TP53 disrup-
tion (30). Simultaneously, Baliakas et al (30) indicated that a
complex karyotype in CLL is not always adverse and demon-
strated that additional chromosome 12 and 19 can be involved
in prolonging OS compared with patients with and without a
complex karyotype.

The present study observed >2 aberrations in 35% of
patients and >3 in six patients with CLL. Moreover, miR-16-1
and miR-223 expression levels were revealed to be signifi-
cantly higher in patients with just one aberration compared
with patients with =2 aberrations. This could indicate that
in patients with CLL, the genome with more complexed
karyotype is more disrupted, which may be reflected in
genetic changes (aberrations, mutations), but also in epigen-
etic changes (methylation, miRNA expression). miRNA-16-1
and miRNA-223 are considered as tumor suppressors and,
along with pathological changes in the genome, their expres-
sion levels are reduced as a result of deletion of their genes
or mutation in the 3'UTR regions of oncogenic target genes;
this prevents efficient binding of mRNAs and subsequent
silencing, especially in the seed region (the best matching
sequence) (31-33). A significant destabilization of the genome
is observed in tumor cells, including leukemia cells, which may
be associated with reduced survival time, worse prognosis and

ineffective therapy. Chromosomal aberrations may be accom-
panied by mutations and epigenetic disorders. Understanding
auxiliary markers such as miRNAs as epigenetic regulators
may be helpful in patient stratification and qualification for
personalized treatment, and thus it seems to be the right
research direction. However, difficulties are often encountered
in the interpretation of study results (6,31-33).

An example is the presence of the D/35319 deletion, a
region containing miRNA15a/16 genes. Research has demon-
strated that patients with the loss of this region had a favorable
prognosis (6). 13q14 deletion may also appear as a coexisting
lesion, and it has been confirmed that the prognosis for patients
is improved in the case of an isolated deletion (6). Reports have
demonstrated that there is a relationship between low levels of
miR-15/16 and 13q14 deletion; notably, when >70-80% of cells
carry 13ql4 deletion, then it is most often biallelic (18,34).
Such a relationship was not revealed in the present study. The
lack of correlation between the expression of miR-15/16 and
del13ql4 in the present study may be due to the fact that only
two patients in the study group had >70% of cells with a dele-
tion of the region (data not shown) where miRNA genes were
located. Nevertheless, there were also reports, for example by
Rossi et al (35) that indicate that there is no relationship or
correlation between 13q14 deletion and miR-15/16 expression.
Nonetheless, the present study revealed that patients with
D138319 deletion had lower expression of miRNA-181b and
miRNA-223. In addition, it should be mentioned that 70%
(n=16) of patients with the D13S319 deletion had an additional
aberration. Due to the fact that D/35379 deletion itself may be
a useful prognostic factor, additional chromosome aberrations
may indicate a more aggressive course of CLL and the appear-
ance of abnormal miRNA expression may be the evidence of
this.

miR-181 is considered a regulator of TCL1, and the product
of this gene is involved in the aggressive form of CLL (36-38).
Moreover, miR-181b expression is often decreased in patients
with progressive CLL disease. Therefore, higher expression
of this miRNA in patients without D/3S319 lesions appears
to be a good complementary marker indicating a potentially
improved prognosis. Especially since the decrease in its expres-
sion is observed with CLL progression, which also qualifies
this molecule as a potential disease monitoring factor (35,36).
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Similarly, miRNA-223 expression decreases as the disease
progresses (37). Zhou et al (39) reported that lower expression
of this miRNA can be observed with the transition of CLL
from stage A to C, according to the Binet classification, and the
transformation of a low-risk form (stage O according to the Rai
classification) into a high-risk form of CLL progression (stage
III and IV according to the Rai classification). Low expression
of miR-223 may indicate a worse prognosis and, additionally, it
is frequently observed in patients with non-mutated IgVH (39).
Thus, similarly to miR-181, high miR-223 expression may be
a useful prognostic factor with the simultaneous presence of
D135319 deletion and coexisting aberrations.

In the present study, higher expression levels of miRNA-15a
and miRNA-29¢ were also observed in the group of patients
with TP-53 deletion. There is evidence that tumor protein 53
can stimulate miRNA-15a expression (40). By contrast, miR-15a
(and miR-16-1) may be involved in TP53 silencing at the post-
transcriptional level, directly targeting its 3'-UTR region, and
miRNA-15a overexpression may result in reduced TP53 expres-
sionatthe RNA and protein levels (41). Liu et al (42) demonstrated
that miR-15a and miR-16-1 expression levels were significantly
decreased in CLL cells with TP-53 loss. Janaki et al (43)
reported that miRNA-15a and TP-53 form a specific feedback
loop: TP-53 regulates miRNA by stimulating its expression, and
miRNA-15a has the ability to silence TP-53 expression. In the
present study, high expression of miRNA-15a in the group with
TP-53 deletion was notable. Perhaps the detection of an inverse
correlation between these parameters was influenced by the
small size of the group, which included only eight cases with
TP-53 deletion. In addition, other regulatory mechanisms could
affect miRNA-15a expression, with decreased TP-53 expression
as a result of deletion. This topic remains to be considered as a
further, extended research in terms of methodology and in terms
of group size.

When miR-29¢ expression was analyzed, it was found that
it was higher in the presence of 17p13 deletion compared with
lymphocytes from patients without this change in the present
study. Pekarsky er al (19,44) indicated that higher miR-29
expression may characterize the initial stage of CLL, while its
reduction can indicate disease progression and its transforma-
tion into an aggressive form. In the present study, this thesis
was not confirmed because higher expression was recorded in
the presence of 17p13 deletion, which is considered a nega-
tive prognostic factor indicating an aggressive form of CLL
or the risk of transformation of the benign to aggressive form.
Mraz et al (45) revealed that miR-29¢ expression was reduced
in the presence of TP53 deletion or mutation. The different
results of the present study may have been influenced by the
size of the groups being compared (patients without deletion
=26; patients with deletion=8) as in the miRNA-15a study.
Particular attention should be paid to this issue in further
studies, due to the fact that no associations were found between
miR-34 (miR-34a, miR-34b) and TP-53 in the current study,
and in the literature there are examples of the relationship
between these molecules in CLL (46)

Zenz et al (20) and Mraz et al (45) reported a relation-
ship between the occurrence of TP-53 deletions/mutations
and reduced miR-34a expression associated with unfavorable
prognosis or resistance to chemotherapy. The present study
revealed no correlations between these factors; however low

miRNA-34b expression was observed in the group of patients
with CD38-positive cells below 30%. Balatti et al (47) indicated
that there is a lower expression level of miRNA-34b/c in patients
with CLL with delllq. The present study did not observe such
a correlation between deletion in the region of chromosome 11
(where ATM is located) and miRNA-34a expression. This may
have been due to the small size of the study group or other
molecular phenomena, such as the lack of methylation of the
miRNA34b/34c gene cluster, which was observed in CLL (48).
It is noteworthy that with high miRNA-34b expression, >20% of
ZAP-70-positive cells were observed significantly more often.
This is notable due to the fact that Fabbri et al (41) demonstrated
the existence of the TP-53/miRNA-34b/c/ZAP-70 axis and that
TP-53 is a positive regulator of the miRNA-34b/c gene cluster,
which has the ability to post-transcriptionally silence TP-53 or
ZAP-70 (41). Thus, a relationship between the factors associated
with this feedback loop and decreased miRNA-34b expression
is expected. The observed high expression of miRNA-34b in the
ZAP-70-positive patients in the present study may have been the
result of the small size of the study groups, or may have been
associated with other molecular mechanisms that interacted
with each other.

The situation was similar in present study with miR-29a,
whose expression was higher in ZAP-70-positive patients,
despite previous evidence of reduced expression of this miRNA
in ZAP-70-positive patients (49). Since a high percentage of
ZAP-70-positive cells may indicate an aggressive course of
CLL, and miRNA-221 is described as an oncomiR, it can
be considered as a prognostic marker (23). The present study
performed ROC analysis to demonstrate the diagnostic utility
of the miRNAs, and revealed that three of them could be
useful as prognostic factors; miRNA-181a, miRNA 221 and
miRNA-223 could differentiate between patients with low
and high risk of progression. There is evidence that miRNA
molecules may be a prognostic factor in CLL (37,38).

However, it should be noted that the study group should be
expanded in further analyses in order to confirm the present
findings. Furthermore, the analysis of a few or a several
miRNAs should be performed jointly if the study group is
much larger and then a miRNA panel can be proposed. It is
now possible to use next-generation sequencing (NGS) as an
extensive study to search for miRNA molecules that can serve
as prognostic and predictive factors in CLL. Kaur ez al (50)
conducted a genome-wide small RNA sequencing study
to reveal a unique pattern of differential regulation of eight
miRNAs in CLL. Upregulated miRNAs include miR-1295a,
miR-155 and miR-4524a; while miR-30a, miR-423, miR-486%,
let-7e and miR-744 are downregulated (50). This demonstrated
that miR-4524a and miR-744 are significantly associated with
CLL risk and time to first treatment (50). These authors also
validated NGS results using RT-qPCR. Therefore, NGS may
be a first-line method in broad analysis to identify miRNAs
that may be useful as predictive markers. However, to imple-
ment miRNA assessment into practice, a less expensive and
more accessible method should be used, such as RT-qPCR.

Beyond research on the diagnostic utility of miRNAs, it is
worth noting that these molecules have therapeutic potential.
Studies on the expression levels of miRNAs contribute to
directing the next steps of research toward specific miRNA
molecules that can be used therapeutically as complementary
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antagomirs for silencing miRNA overexpression or as mimic
RNAs for supplementing deficiencies of specific molecules.
Fu et al (51) indicated that delivery systems for therapeutic
miRNA molecules are different (viral or non-viral vectors or
microvesicles). They are used in clinical trials for the appli-
cation of miRNA-based systems to cancer treatment (52).
Examples of miRNA-based agents include: miR-34a (MR X34,
Phase I clinical trial, liposome-encapsulated miRNA-34a
mimic for the treatment of advanced solid tumors; Clinical
trial, NCT01829971) or miRNA-16 (MesomiR-1 Clinical
Trials, NCT02369198), a molecule mimicking miR-16 encap-
sulated in non-viable bacterial minicells with an anti-EGFR
bispecific antibody, for the treatment of mesothelioma and
non-small cell lung cancer. Research on miRNA expres-
sion in different types of cancer, including CLL, is ongoing
and are extensive. They are important due to the fact that
on their basis miRNA-activity-based therapeutic systems or
diagnostic tests can be developed for early cancer detection
or disease monitoring.

In conclusion, the present study demonstrated that
miRNAs have diagnostic potential. There is a large number
of miRNA molecules from which those that are important in
particular disease entities or their stages can be selected. The
present study demonstrated that among the tested miRNAs,
miRNA-181a, miR-221 and miR-223 appeared to have the
greatest diagnostic potential in CLL.
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