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Abstract: In our study, we estimate an effect from chromosome aberrations and genome mutations on
changes in microRNA expression profiles in cancer cell lines demonstrating different radiosensitivity.
Here, cell viability and microRNA spectrum have been estimated 1, 4, and 24 h after irradiation.
MiSeq high-throughput sequencing system (Illumina, San Diego, CA, USA) is employed to perform
microRNA spectrum estimation. In the K562 cell line, the number of expressed microRNAs in
chromosomes demonstrates a more pronounced variation. An analysis of microRNA effects
on signaling pathway activity demonstrates differences in post-transcriptional regulation of the
expression of genes included into 40 signaling pathways. In the K562 cell line, microRNA dynamics
analyzed for their dependence on chromosome localization show a wider scattering of microRNA
expression values for a pair of chromosomes compared to the HL-60 cell line. An analysis of
microRNAs expression in the K562 and HL-60 cell lines after irradiation has shown that chromosome
abnormalities can affect microRNA expression changes. A study of radiation-induced changes
of microRNA expression profiles in the K562 and HL-60 cell lines has revealed a dependence of
microRNA expression changes on the number of chromosome aberrations and genome mutations.
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1. Introduction

Radiation therapy is widespread for cancer treatment [1]. However, in some cases, this therapy is
inefficient due to radioresistance of cancer cells. Radioresistance is a complex phenomenon associated
with the ability of cancer cells to maintain clonogenic potential under exposure to therapeutic doses
of ionizing radiation [2]. Ionizing radiation induces cell death, mainly due to DNA damage. In cells,
the inability to repair radiation-induced DNA damage triggers programmed cell death (PCD) and
the cell dies [3]. The ability to trigger PCD can be reduced in response to radiation-induced DNA
damage [4]. Another radioresistance mechanism of cancer cells is their ability to abnormally activate

Cancers 2017, 9, 136; doi:10.3390/cancers9100136 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0003-4952-2507
https://orcid.org/0000-0002-4402-1482
http://dx.doi.org/10.3390/cancers9100136
http://www.mdpi.com/journal/cancers


Cancers 2017, 9, 136 2 of 16

certain signaling mechanisms, e.g., DNA damage response [5]. It is assumed that the radioresistance
mechanisms of cancer cells result from genetic mutations and gene expression disturbances [6,7].

The main mechanism regulating gene expression at the posttranscriptional stage is the regulation
of mRNA degradation by microRNAs, which are non-coding RNAs of 20–24 nucleotides in length.
In the human genome, more than one thousand microRNAs have been discovered. Each microRNA is
able to regulate thousands of microRNAs. Therefore, they play a determining role in many cellular
processes including cell radiosensitivity and radioresistance. It has been shown that microRNAs
regulate the expression of about 30% of protein-coding genes [8]. In recent years, it has been shown
that microRNAs play a significant role in cancer pathogenesis [9]. microRNA expression changes
under the influence of ionizing radiation, highlighting its contribution to cell response to ionizing
radiation [10]. Some studies report a relation of certain microRNAs to cancer cells radioresistance [11–13].
As a result, some tens of differentially expressed microRNAs have been found in radioresistant
and radiosensitive cell lines; e.g., miR-125a, miR-150, miR-425 [14], miR-324–3p [15], miR-205 [16],
Lin28-let7 [17], and miR-21 [18]. These microRNAs participate in post-transcriptional regulation of
such genes as WNT2B, TGF-β1, TNF, RAD52, and MDM4, which are a part of TGF-beta, WNT, Toll-like
receptor, DNA-repair family, and apoptosis family signaling pathway, and play a significant role in
cancer cell radioresistance [19–21]. Also, the presence of specific genes and signaling pathways related
to cancer cell radioresistance has not been convincingly demonstrated yet. However, microRNAs
specific for all radioresistant cell lines have not been detected so far.

Expression of protein-coding genes and microRNA can change in the presence of chromosome
abnormalities associated with the changes in chromosome number and structure of cancer cells [22].
Chromosome abnormalities provoke changes in the DNA amount in cells; in particular, they change the
number of gene copies and can affect global expression patterns [22]. Studies of different cancer cells
with microarray technology have demonstrated that chromosome regions containing microRNA genes
exhibit high-frequency genomic alterations [23]. Chromosome abnormalities affecting microRNA loci
can change microRNA expression and affect gene expression and signaling pathway activity [24].

Thus, estimating microRNA expression and its involvement in radioresistance mechanisms,
chromosome abnormalities, and genetic mutations has to be taken into account. In this study,
we perform an analysis of the radiation-induced dynamics of the microRNA expression profiles
of radiosensitive and radioresistant cell lines with different chromosome abnormalities.

2. Results

2.1. Cell Viability

Figure 1 demonstrates the number of cells with the signs of necrosis in the HL-60 and K562 cancer
cell lines after radiation exposure at the dose of 4 Gy. In the HL-60 cell line in the control group,
the percentage of dead cells is 4.5%, and after exposure it increases up to 22%, which is about 5 times
higher than in the control. In the radioresistant K562 cell line in the control group, the percentage of
dead cells is 6% and after irradiation this value increases up to 15%.
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lines, p< 0.05. 
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cell lines. The number of microRNAs in control groups is the same during the experiment (Figure 

2AI–AIII). The most pronounced change in the number of expressed microRNAs occurs 1 h after 

irradiation (Figure 2BI). Compared to the control group, their number increases by 74 and 61 in the 

HL-60 and K562 cell lines, respectively. Four and twenty four hours after irradiation, the number of 

microRNAs in the experimental groups decreases gradually. For the experimental group of the K562 

cell line, this value becomes lower than in the respective control group 24 h after irradiation (Figure 

2BII,BIII). In the HL-60 and K562 cell lines, 258, 198, and 192, the same microRNAs specific for both 

cell lines, have been detected 1, 4, and 24 h after radiation exposure, respectively. 

Figure 2C illustrates the data on the number of expressed microRNAs located in either 
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considerable variations in the number of microRNAs in the K562 cell line has been observed for 
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chromosomes. Variations in the number of expressed microRNAs in chromosomes are more 

noticeable in the K562 cell line. 

Figure 1. Percentage of cells with signs of necrosis in control group and after radiation exposure at the
dose of 4 Gy in the HL-60 and K562 cell lines. *—Statistically significant difference between control
and irradiated cells, p < 0.05; #—Statistically significant difference between the HL-60 and K562 cell
lines, p < 0.05.

2.2. Radiation-Induced Changes in microRNA Expression

Figure 2A,B show the number of differentially expressed microRNAs in control and experimental
groups in the HL-60 and K562 cell lines 1, 4, and 24 h after radiation exposure. Intersection of circles
illustrates the number of the same microRNAs differentially expressed in both cell lines. The number
of microRNAs in control groups is the same during the experiment (Figure 2AI–AIII). The most
pronounced change in the number of expressed microRNAs occurs 1 h after irradiation (Figure 2BI).
Compared to the control group, their number increases by 74 and 61 in the HL-60 and K562 cell
lines, respectively. Four and twenty four hours after irradiation, the number of microRNAs in the
experimental groups decreases gradually. For the experimental group of the K562 cell line, this value
becomes lower than in the respective control group 24 h after irradiation (Figure 2BII,BIII). In the
HL-60 and K562 cell lines, 258, 198, and 192, the same microRNAs specific for both cell lines, have been
detected 1, 4, and 24 h after radiation exposure, respectively.

Figure 2C illustrates the data on the number of expressed microRNAs located in either
chromosome at each point of the experiment. Figure 2C shows that for the K562 and HL-60 cell lines,
the largest number of expressed microRNAs is located in chromosomes 14, X, and in chromosome
X, respectively. In both cell lines, the lowest number of microRNAs is located in chromosome 18.
The figure shows that the distribution of expressed microRNAs in chromosomes is different for two cell
lines. In both cell lines, the number of expressed microRNAs varies during the experiment. The most
considerable variations in the number of microRNAs in the K562 cell line has been observed for
chromosomes 6, 12, 14, 17, 19, and X (Figure 2CI). In the HL-60 cell line, variations in the number
of the expressed microRNAs are less pronounced, but still registered in chromosomes 1, 6, and X
(Figure 2CII).

Thus, the most pronounced changes in microRNA expression profiles are recorded 1 h after
irradiation. Changes in the number of expressed microRNAs have been observed for all chromosomes.
Variations in the number of expressed microRNAs in chromosomes are more noticeable in the K562
cell line.
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24 h after irradiation, respectively. BI, BII, BIII. The number of microRNAs in K562 and HL-60 cells 

in the experimental group 1, 4, and 24 h after irradiation, respectively. CI. The number of expressed 

microRNAs depending on the chromosomal localization in the K562 cell line 1, 4, and 24 h after 

irradiation. CII. The number of expressed microRNAs depending on the chromosomal localization in 

the HL-60 cell line 1, 4, and 24 h after irradiation. *—Statistically significant difference from the K562 

cell line, p< 0.05. 
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with a code. Signaling pathways with the log2(SNEIR/SNEC) value higher or lower than 0.5 in at least 
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Figure 2. Effects of radiation exposure at the dose of 4 Gy on microRNA expression in the K562 and
HL-60 cell lines. (A,B). The number of differentially expressed microRNAs in the HL-60 and K562 cell
lines. AI, AII, AIII. The number of microRNAs in K562 and HL-60 cells in the control group 1, 4, and
24 h after irradiation, respectively. BI, BII, BIII. The number of microRNAs in K562 and HL-60 cells
in the experimental group 1, 4, and 24 h after irradiation, respectively. CI. The number of expressed
microRNAs depending on the chromosomal localization in the K562 cell line 1, 4, and 24 h after
irradiation. CII. The number of expressed microRNAs depending on the chromosomal localization in
the HL-60 cell line 1, 4, and 24 h after irradiation. *—Statistically significant difference from the K562
cell line, p < 0.05.

2.3. microRNA Effects on Signaling Pathway Activity

Regulation of gene expression by microRNA is a complex process. Note, one microRNA
can regulate the expression of many genes and the expression of one gene can be regulated by
many different microRNAs. So, the study of microRNA differential expression is uninformative for
understanding of radioresistance mechanisms. Thus, for more comprehensive study of radioresisitance,
we have analyzed the distribution of microRNA sum of normalized expression (SNE) for intracellular
signaling pathways. In Figure 3, the diagrams demonstrate microRNA effect on particular signaling
pathway activity. microRNA effect on the signaling pathways is described by the binary logarithm of
the ratio of the sum of the normalized expressions (SNE) of the microRNA in the experiment to that
in the control group: log2(SNEIR/SNEC). Negative values of log2(SNEIR/SNEC) show an increase of
microRNA effect on a particular signaling pathway, i.e., signaling pathway activity decreases. Positive
values of log2(SNEIR/SNEC) show a decrease of microRNA effect, so the signaling pathway activity
increases. For convenience, each signaling pathway has been assigned with a code. Signaling pathways
with the log2(SNEIR/SNEC) value higher or lower than 0.5 in at least one experimental point have
been taken for analysis.
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ligand-receptor interaction (hsa04080); 2—Longevity regulating pathway—multiple species 

(hsa04213); 3—Ubiquitin mediated proteolysis (hsa04120); 4—Pertussis (hsa05133); 5—NF-kappa B 

signaling pathway (hsa04064); 6—Regulation of actin cytoskeleton (hsa04810); 7—Fanconi anemia 

pathway (hsa03460); 8—Amoebiasis (hsa05146); 9—PI3K-Akt signaling pathway (hsa04151); 10—

Epstein-Barr virus infection (hsa05169); 11—AMPK signaling pathway (hsa04152); 12—Salmonella 

infection (hsa05132); 13—Shigellosis (hsa05131); 14—Type II diabetes mellitus (hsa04930); 15—
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(hsa04670); 17—Bladder cancer (hsa05219); 18—Toll-like receptor signaling pathway (hsa04620); 19—

Figure 3. Dynamics of changes of microRNA effects on signaling pathways 1, 4, and 24 h after
irradiation at the dose of 4 Gy. Only signaling pathways with statistically significant differences of
log2(SNEIR/SNEC) values between the K562 and HL-60 cell lines are included at any experimental
point (p < 0.01). (A) The K562 cell line. (B) The HL-60 cell line. Signaling pathway code: 1—Neuroactive
ligand-receptor interaction (hsa04080); 2—Longevity regulating pathway—multiple species (hsa04213);
3—Ubiquitin mediated proteolysis (hsa04120); 4—Pertussis (hsa05133); 5—NF-kappa B signaling
pathway (hsa04064); 6—Regulation of actin cytoskeleton (hsa04810); 7—Fanconi anemia pathway
(hsa03460); 8—Amoebiasis (hsa05146); 9—PI3K-Akt signaling pathway (hsa04151); 10—Epstein-Barr
virus infection (hsa05169); 11—AMPK signaling pathway (hsa04152); 12—Salmonella infection
(hsa05132); 13—Shigellosis (hsa05131); 14—Type II diabetes mellitus (hsa04930); 15—Bacterial
invasion of the epithelial cells (hsa05100); 16—Leukocyte transendothelial migration (hsa04670);
17—Bladder cancer (hsa05219); 18—Toll-like receptor signaling pathway (hsa04620); 19—Acute
myeloid leukemia (hsa05221); 20—NOD-like receptor signaling pathway (hsa04621); 21—Hepatitis
C (hsa05160); 22—HIF-1 signaling pathway (hsa04066); 23-RIG-I-like receptor signaling pathway
(hsa04622); 24—ErbB signaling pathway (hsa04012); 25—Neurotrophin signaling pathway (hsa04722);
26—Oxytocin signaling pathway (hsa04921); 27—cGMP-PKG signaling pathway (hsa04022); 28—Rap1
signaling pathway (hsa04015); 29—Insulin signaling pathway (hsa04910); 30—Epithelial cell
signaling in Helicobacter pylori infection (hsa05120); 31—GnRH signaling pathway (hsa04912);
32—Phospholipase D signaling pathway (hsa04072); 33—Choline metabolism in cancer (hsa05231);
34—VEGF signaling pathway (hsa04370); 35—Cell adhesion molecules (CAMs) (hsa04514); 36—Fc
epsilon RI signaling pathway (hsa04664); 37—Melanogenesis (hsa04916); 38—Calcium signaling
pathway (hsa04020); 39—Renal cell carcinoma (hsa05211); and 40—Long-term depression (hsa04730).
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Figure 3 illustrates considerable difference in the effects from microRNAs on signaling pathways
for the K562 and HL-60 cell lines. According to the type of dynamics of changes in microRNA
effect on signaling pathways, they can be divided into three groups: (1) signaling pathways
with the same dynamics of log2(SNEIR/SNEC) change; (2) signaling pathways with an opposite
dynamics of log2(SNEIR/SNEC) change; (3) signaling pathways with a partially opposite dynamics of
log2(SNEIR/SNEC) change.

The first group includes 4 signaling pathways (Figure 3, code 2, 5, 13, and 15). microRNA effect
on Longevity regulating pathway—multiplespecies (hsa04213) (Figure 3, code 2) and NF-kappa B
signaling pathway (hsa04064) (Figure 3, code 5)—has been decreased during the experiment. In the
radioresistant K562 cell line the log2(SNEIR/SNEC) value is 2–3 times less than in the HL-60 cell line.
On the contrary, Shigellosis (hsa05131) and Bacterial invasion of epithelial cell (hsa05100) signaling
pathways (Figure 3, code 13, 15) demonstrate another tendency: microRNA effect on these signaling
pathways is increased, and in the K562 cell line the log2(SNEIR/SNEC) value differs by 2–3 times
compared to the HL-60 cell line.

The second group includes 12 signaling pathways (Figure 3, code 4, 6, 9, 18, 19–23, 26, 27, and 35).
Pertussis (hsa05133), Regulation of actin cytoskeleton (hsa04810), and PI3K-Akt signaling pathway
(hsa04151) (Figure 3, code 6, 9) in the HL-60 cell line have positive log2(SNEIR/SNEC) value, indicating
the decrease of microRNA effect on these signaling pathways. In the K562 cell line, microRNA effect
on these signaling pathways is increased. The rest of the signaling pathways (Figure 3, code 18, 19–23,
26, 27, 35) included in this group demonstrate an increase of microRNA effect in the HL-60 cell line
and a decrease of microRNA effect in the K562 cell line. The largest difference in log2fc values between
two cell lines is observed in Cell adhesion molecules (CAMs) (hsa04514) signaling pathway (Figure 3,
code 35). The most significant difference is observed 4 h after irradiation: log2(SNEIR/SNEC) values
are −0.39 and 0.78 in the HL-60 and K562 cell lines, respectively.

The third group (with a partially opposite dynamics of microRNA effect change) includes
24 signaling pathways (Figure 3, code 1, 3, 7, 8, 10–12, 14, 16, 17, 24, 25, 28–34, and 36–40). The most
significant differences in the dynamics of microRNA effect changes are observed in 15 signaling
pathways. In the K562 cell line, 4 h after irradiation, the log2(SNEIR/SNEC) values are−1.68 and−1.52
in Amoebiasis (hsa05146) (Figure 3, code 8) and Type II diabetes mellitus (hsa04930) (Figure 3, code 14)
signaling pathways, respectively. In the HL-60 cell line, these values are insignificant. In 13 signaling
pathways (Figure 3, code 28–40), considerable differences in the microRNA effect have been registered
24 h after radiation exposure. Twenty four hours after irradiation, microRNA effect value is sharply
increased, ranging from −0.38 to −0.9 in the HL-60 cell line. In the K562 cell line, microRNA effect is
insignificant but reduced compared to the control 24 h after irradiation.

Thus, analysis of the dynamics of microRNA effect on signaling pathways has revealed significant
differences in 40 signaling pathways. After radiation exposure, the activity of these signaling pathways
can differ significantly between the radioresistant K562 cell line and radiosensitive HL-60 cell line.

2.4. An Effect of Chromosome Abnormality on microRNA Expression

There are significant differences in the number of chromosomes between the HL-60 and K562 cell
lines. The K562 cell line has monosomy or trisomy in 14 pairs of chromosomes, whereas the HL-60
cell line has only 4 pairs of chromosomes with such abnormalities. Changes in the amount of DNA
in the cell can significantly affect gene expression. The diagrams in Figure 4A show variation of the
log2fc values for all expressed microRNAs distributed according to their location in chromosomes
in the HL-60 and K562 cell lines. At all points of the experiment, microRNAs in the K562 cell line
have a greater scattering of log2fc values (Figure 4AI–AIII), indicating significant differences in
microRNA expression compared to the control group after radiation exposure. In the HL-60 cell line,
the variation of the log2fc values is less and most microRNAs are concentrated around zero region
(Figure 4AIV–AVI).
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Figure 4. Analysis of microRNA expression dynamics depending on chromosome localization.
(A) MicroRNA expression changes after radiation exposure at the dose of 4 Gy compared to control:
AI—in the K562 cell line 1 h after irradiation; AII—in the K562 cell line 4 h after irradiation; AIII—in the
K562 cell line 24 h after irradiation; AIV—in the HL-60 cell line 1 h after irradiation; AV—in the HL-60
cell line 4 h after irradiation; and AVI—in the HL-60 cell line 24 h after irradiation; (B) Dispersion
of the log2fc values of microRNAs located in the chromosomes of the K562 and HL-60 cell lines:
BI—the K562 cell line; BII—the HL-60 cell line. *—chromosomes with abnormalities (excluding
translocations). (9*)—the ninth pair of chromosomes is absent in the K562 cell line but is part of the
marker chromosomes. #—statistically significant difference from the K562 cell line, p < 0.05.

The differences in scattering of the log2fc values are clearly shown in Figure 4B, where the
dispersion of log2fc values of microRNAs located in each chromosome is presented. Since there are less
than 5 microRNAs located in chromosomes 4 and 18 of the K562 cell line (Figure 4BI) and chromosome
21 of the HL-60 cell line (Figure 4BII), the dispersion of log2fc values of microRNAs with localization
in these chromosomes has not been calculated. As Figure 4B shows, the dispersion of log2fc values for
the K562 cell line is significantly higher than it is for the HL-60 cell line. The dynamics of changes in
dispersion of log2fc also differs in two cell lines. In the K562 cell line, differences in log2fc dispersion
between the points of the experiment can be considered significant for 15 pairs of chromosomes,
whereas in the HL-60 cell line, significant changes in dispersion of log2fc are registered for 5 pairs
of chromosomes.
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Thus, analysis of the dynamics of microRNA expression depending on chromosomal localization
has shown a greater scattering of log2fc values for each pair of chromosomes in the K562 cell line
compared to the HL-60 cell line.

One microRNA can regulate the expression of many genes and one gene can be a target for a large
number of microRNAs. Table 1 lists the microRNAs participating in the post-transcriptional regulation
of expression of genes included into signaling pathways with log2(SNEIR/SNEC) values less or more
than 0.5 (Figure 3). Their chromosomal localizations are also listed in Table 1. As Table 1 shows, almost
all microRNAs in the K562 cell line (except for hsa-miR-185-5p) are located in the regions that are
a part of chromosomes with abnormalities. In the HL-60 cell line, only 5 microRNAs are located in
the regions of chromosome abnormalities. Among the microRNAs presented in Table 1, there are
4 microRNAs located in chromosomes with simple abnormalities: hsa-miR-146a-5p (K562, −5,+5;
HL-60, −5,−5), hsa-miR-186-5p (K562, −1,+1; HL-60, −1), hsa-miR-30e-5p (K562, −1,+1; HL-60, −1),
and hsa-miR-30d-5p (K562, −8,+8; HL-60, −8). Figure 5 shows the dynamics of expression of these
microRNAs after irradiation. The figure shows that, in general, the dynamics of change in microRNA
expression after the radiation exposure correlates with the type of chromosome abnormality and the
type of microRNA response to the stress. microRNA hsa-miR-186-5p and hsa-miR-30e-5p are located
in chromosome 1. The K562 cell line has three chromosomes 1 [25], whereas the HL-60 cell line contains
normal number of chromosome 1 [26]. In the K562 cell line, the expression of these microRNAs is
higher than in the HL-60 cell line (Figure 5). A pronounced difference in the expression change is
observed for microRNA hsa-miR-146a-5p located in chromosome 5. There are three chromosomes 5
and only one chromosome 5 in the K562 and HL-60 cell line, respectively (Table 1). The expression of
microRNA hsa-miR-30d-5p (K562, −8, +8; HL-60, −8) decreases in response to radiation exposure,
and the presence of an extra portion of microRNAs in the additional chromosome cannot greatly affect
the changes in the expression profile. Figure 5 demonstrates small differences in the dynamics of
microRNA hsa-miR-30d-5p expression between the cell lines.

Analysis of microRNA expression profiles in the K562 and HL-60 cell lines after radiation exposure
has shown that chromosome abnormalities can change microRNA expression.

Table 1. Chromosome localization of microRNAs involved into post-transcriptional regulation of gene
expression and included in signaling pathways with the log2(SNEIR/SNEC) values higher or lower
than 0.5.

microRNA
Chromosome Localization Number of

Signaling PathwaysK562 (67, X) HL-60 (44, X)

hsa-miR-101-3p 1,+1 (1p31.3); M7 (9p24.1) 1 (1p31.3); 9 (9p24.1) 2

hsa-miR-103a-3p 5,+5 (5q34); 20 (20p13) 5,−5 (5q34); 20 (20p13) 1

hsa-miR-16-5p 13,−13 (13q14.2); 3 (3q25.33);
M15 (13q14.2) 13 (13q14.2); 3 (3q25.33) 29

hsa-miR-181a-5p 1,+1 (1q32.1); M19 (1q32.1); M8
(9q33.3) 1 (1q32.1); 9 (9q33.3) 5

hsa-miR-181b-5p 1,+1 (1q32.1); M19 (1q32.1); M8
(9q33.3) 1 (1q32.1); 9 (9q33.3) 3

hsa-miR-24-3p
19,−19 (19p13.12); M7(9q22.32);

M8 (9q22.32); M17 (19p13.12);
M18 (19p13.12)

9 (9q22.32); 19 (19p13.12) 22

hsa-miR-7-5p
15,+15 (15q26.1); 19,−19

(19p13.3); M7 (9q21.32); M8
(9q21.32)

9 (9q21.32); 15,−15
(15q26.1); 19 (19p13.3) 22

hsa-miR-92a-3p 13,−13 (13q31.3); M15 (13q31.3) 13 (13q31.3) 5

hsa-miR-9-5p 1,+1 (1q22); 5,+5 (5q14.3); 15,+15
(15q26.1)

1 (1q22); 5,−5 (5q14.3);
15,−15 (15q26.1) 22

hsa-miR-17-5p 13,−13 (13q31.3); M15 (13q31.3) 13 (13q31.3) 26

hsa-miR-20a-5p 13,−13 (13q31.3); M15 (13q31.3) 13 (13q31.3) 8
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Table 1. Cont.

microRNA
Chromosome Localization Number of

Signaling PathwaysK562 (67, X) HL-60 (44, X)

hsa-miR-21-5p 17,−17 (17q23.1); M16 (17q23.1),
M16 (17q23.1) 17 (17q23.1) 3

hsa-miR-23a-3p 19,−19 (19p13.12); M17
(19p13.12); M18 (19p13.12) 19 (19p13.12) 3

hsa-miR-27a-3p 19,−19 (19p13.12); M17
(19p13.12); M18 (19p13.12) 19 (19p13.12) 5

hsa-miR-186-5p 1,+1 (1p31.1) 1 (1p31.1) 5

hsa-miR-30e-5p 1,+1 (1p34.2) 1 (1p34.2) 2

hsa-miR-99a-5p 21 (21q21.1); M13 (21q21.1); M19
(21q21.1) 21 (21q21.1) 8

hsa-miR-155-5p 21 (21q21.3); M13 (21q21.3); M19
(21q21.3) 21 (21q21.1) 33

hsa-miR-185-5p 22 (22q11.21) 22 (22q11.21) 18

hsa-miR-146a-5p 5,+5 (5q33.3) 5,−5 (5q33.3) 12

hsa-miR-106b-5p 7,−7 (7q22.1); M4 (7q22.1); M5
(7q22.1) 7 (7q22.1) 8

hsa-miR-93-5p 7,−7 (7q22.1); M4 (7q22.1); M5
(7q22.1) 7 (7q22.1) 1

hsa-miR-29a-3p 7,−7 (7q32.3); M4 (7q32.3); M5
(7q32.3) 7 (7q32.3) 28

hsa-miR-30d-5p 8,+8 (8q24.22) 8 (8q24.22) 7

hsa-miR-27b-3p M7 (9q22.32), M8 (9q22.32) 9 (9q22.32) 1

hsa-miR-199b-5p M7 (9q34.11); M8 (9q34.11) 9 (9q34.11) 2

hsa-miR-126-3p M7 (9q34.3); M8 (9q34.3) 9 (9q34.3) 3

hsa-miR-221-3p X,−X (Xp11.3) X,−X (Xp11.3) 12
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3. Discussion

For this study, we have selected two leukemia cell lines having different radiation sensitivity
and different number of chromosomal abnormalities. The K562 cell line is less radiosensitive and
has 15 chromosomal abnormalities. The HL-60 cell line possesses moderate radiosensitivity and
4 chromosomal abnormalities. The study of the dynamics of microRNA global expression has revealed
that radiation exposure causes a significant change in the expression of microRNAs and, therefore,
can have a significant effect on posttranscriptional regulation of gene expression. According to our
experiments, more than half of all microRNAs in K562 and HL-60 cells change their expression
after irradiation at the dose of 4 Gy (Figure 2A). These results are in agreement with the results
of earlier studies reporting changes in global expression of microRNA in response to radiation
exposure [27–29]. Most changes in the profiles of microRNA expression have been recorded 1 h
after irradiation in both cell lines. The dynamics of the number of expressed microRNAs changing
with the chromosomal location after irradiation show that changes in the amount of microRNAs are
typical for all chromosomes and are more pronounced in the radioresistant K562 cell line.

The studies on distribution of genes encoding microRNAs in chromosomes in human assembly
genome GRCh37 have shown that chromosomes 1, 2, 8, 11, 14, 17, 19, and X contain larger number
of microRNA genes than other chromosomes. The least number of microRNA genes are located in
chromosomes 13, 18, and 21. Chromosomes 1, 14, 19, and X are the major cancer-associated miRNA
gene-containing chromosomes [30]. The performed analysis of chromosome localization of expressed
microRNA in K562 and HL-60 cell lines has demonstrated that the distribution of these genes between
chromosomes is similar to the human assembly genome GRCh37 (Figure 2). In the data obtained
for human assembly genome GRCh37, the number of expressed microRNAs is always more than
the number of microRNA genes located in all chromosomes in our experiment. In K562 cell line,
the number of expressed microRNAs is less than in HL-60 cell line (Figure 2C). The amount of
genetic material in K562 cell line is less than in HL-60 cell line. An increase of the amount of genetic
material in K562 cell line is associated with a large number of marker and normal chromosomes.
Additional genetic material produced from genomic mutations and chromosomal aberrations has
a broken functional integrity leading to a decrease of its transcriptional activity [31,32].

Differences in response to the microRNA expression to irradiation can also indirectly indicate
breaking of functional integrity of the genetic material. The values of the microRNA expression
obtained for different chromosomes during the experiment with the radiation-resistant K562 line
demonstrate greater scattering. Figure 4 shows that both the log2fc values and their dispersions have
a wider spreading for the K562 cell line in comparison with HL-60.

Different signaling pathways play a significant role in formation of metastases, chemoresistance,
and radiation resistance of cells. The identification of signaling pathways that potentially are
responsible for radiation resistance of cancer cells is important for elaboration of appropriate methods
of medical treatment and for development of new means of increasing radiation sensitivity of
malignant tumors. Nowadays, many methods for evaluating the activation of signaling pathways
are elaborated [33,34]. Commonly, these methods employ gene expression data and do not take into
account the mechanisms of posttranscriptional regulation of gene expression by means of microRNAs,
and also do not take into account the reasons causing changes in the expression of genes included into
these signaling pathways [33].

The effect of microRNA on signaling pathways is evaluated as the binary logarithm of a ratio
between the sum of the normalized microRNA expressions in irradiated cells and a similar sum in
cells of the control group log2(SNEIR/SNEC). Our analysis reveals a difference in the microRNA
pressure obtained for the radiation-resistant and radiation-sensitive cell lines. Fourty signaling
pathways with high differences in log2(SNEIR/SNEC) have been revealed. Among them, one can
see the signaling pathways already associated with radiation resistance (Figure 3, code 5, 7, 9,
16, 17, 18) [35–38]. However, there are lots of signaling pathways that have not been associated
with the radiation resistance of cancer cells (Figure 3, code 1, 4, 10, 25, 30, 37, and 40). Moreover,



Cancers 2017, 9, 136 11 of 16

they can hardly be associated with the mechanisms of radiation resistance of cancer cells. Nevertheless,
our experiments have shown that log2(SNEIR/SNEC) values in radioresistant and radiosensitive cell
lines are significantly different. We believe a large number of chromosome and genome mutations in the
K562 cell line are responsible for these differences. Chromosome and genome mutations lead to change
in the amount of genetic material and can mechanistically influence gene expression and signaling
pathway function [22]. It has been demonstrated that changes in expression level in colorectal cancer
cells correlate with alterations in DNA content, and large chromosomal segments containing multiple
genes are transcriptionally affected in a coordinated way [32]. The effect of genome mutations on the
messenger RNA expression has been demonstrated assuming its relation to the mechanistic processes
of breaking genome integrity [39,40]. Studies on chromosomal aberrations and gene expression
profiles in non-small cell lung cancer show that overexpressed genes are located in amplified regions
while underexpressed genes are located in deleted regions [41]. Similar mechanisms are assumed
to take place in the case of microRNA expression. For microRNAs, it has also been shown that
abnormalities in expression of genes encoding microRNAs can result from chromosomal translocation
leading to, in particular, overexpression of the gene encoding miR-125b, due to translocation of
t(2;11) in some types of leukemia [24]. In our opinion, localization of microRNA genes in the regions
of chromosome abnormalities can lead to disturbances in normal expression of these microRNAs
and changes in post-transcriptional gene regulation, thereby affecting signaling pathway activity.
Thus, localization of specific microRNAs in regions with genome and chromosome abnormalities is
responsible for differences in microRNA effects on signaling pathways that have not been associated
with radioresistance.

To verify this hypothesis, we have analyzed the composition of microRNAs contributing to
regulation of these signaling pathways (Table 1). Analysis of microRNA localization has demonstrated
that most of the microRNAs in the K562 cell line are located in abnormal chromosome regions.
It confirms our assumption that differences in microRNA’s effect on signaling pathways cannot be
associated with radioresistance and can be explained by localization of specific microRNAs in genome
abnormality regions.

For further analysis, microRNAs located in chromosomes with monosomy and trisomy have
been selected. Chromosomes with this type of mutation are not subjected to large-scale functional
rearrangements and can preserve mechanisms for the regulation of gene expression typical for
normal chromosomes. Commonly, the expression of genes located in chromosomes with trisomy is
increased [42] and in chromosomes with monosomy is reduced [43]. In our experiments, 4 microRNAs
(hsa-miR-30d-5p, -30e-5p, -146a-5p, -186-5p) have been located in chromosomes with trisomy and
in normal chromosomes or in chromosomes with monosomy, and in the K562 and HL-60 cell
lines, respectively. After irradiation, the expression of microRNAs located in chromosomes with
trisomy occurs to be higher than the expression of microRNAs located in normal chromosomes
or in chromosomes with monosomy (Figure 5). It is clearly seen in microRNA has-mir-146a-5p:
the gene is located in chromosome 5. Trisomy 5 and monosomy 5 are typical for K562 and HL-60,
respectively. microRNA hsa-mir-146a-5p can regulate a number of genes included, in particular,
in signaling pathways Pertussis (hsa05133), Epstein-Barr virus infection (hsa05169), Hepatitis C
(hsa05160), and long-term depression (hsa04730), with Fanconi anemia pathway (hsa03460) (Figure 3,
code 4, 7, 10, 21) having significantly different log2(SNEIR/SNEC) values in radioresistant and
radiosensitive cell lines. However, comparing hsa-mir-146a-5p gene localization in the K562 and
HL-60 cell lines and its expression (Table 1, Figure 5), one can conclude that the observed differences
in log2(SNEIR/SNEC) values are related to mechanistic effects of chromosome abnormalities and are
specific for our cell lines only.

Thus, we can explain partially an absence of single-valued data on microRNAs, genes,
and signaling pathways associated with radioresistance of cancer cells. If the location of chromosomes
and the presence of genomic mutations and chromosomal aberrations are not taken into account
in the analysis of microRNA expression, one can conclude that these microRNAs are markers of
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radioresistance in cancer cells. However, in reality, the difference in the microRNA expressions is due
to chromosomal aberrations in the studied cell lines.

4. Materials and Methods

In the experiments we used:

(1) the HL-60 cell line, a radiosensitive human promyelocytic leukemia cells (karyotype 44,X,
−X,−5,dic(5;17)(q11;p11),del(7)(p?),der(7)t(5;7)(q11;q?31),t(5;16)(q11;q?),add(8)(q?),der(9)del
(9)(p2?),t(9;14)(q2?;q2?),del(10)(p?),ins(11;8)(q13?;?),der(14)t(14;15)(q1?;q?),−15,der(16)t(5;16)
(q?;q?22~24),der(16)t(7;16)(?;q?22~24),+18) [26];

(2) the K562 cell line, a radioresistant chronic myeloid leukemia cells (karyotype 67,X,−X,
+1,der(2)add(2)(q33),+4,+5,der(?)t(5;6),dup(6)(p12~p22),−7,inv(7),del(7)(p15),der(7)readel(7),+8,
−9,−9,dup(9)(q34),del(9)(p12),der(10)t(3;10),der(10,17)t(3;10;17),+11,der(?)t(6;11),−12,der(12)
t(12;19),der(12)t(12;21),der(?)t(12;19),−13,der(13)t(9;13),+15,+16,−17,der(17)t(9;17)×2,−19,der(19)
t(2;19),der(?)t(19;20),der(22)(q11.2),del(X)(p11)) [25].

Cells were grown at 37 ◦C in a humidified atmosphere of 5% CO2. Cells were maintained in
RPMI-1640 culture medium containing 10% FBS (PAA Laboratories GmbH, Pasching, Austria) that
was supplemented with 50 µg/mL gentamycin (PanEco, Moscow, Russia) and L-glutamine (PanEco,
Moscow, Russia).

Cell lines were exposed to X-rays at a dose of 4 Gy (photon energy of 10 MeV) using the Elekta
Synergy linear accelerator (Elekta, Stockholm, Sweden). Cells were irradiated for 55 s at room
temperature. Cancer cells were in 6 well plates. Transportation of the plates with cell cultures to the
site of irradiation and back was performed in a thermostated container at a temperature of 37 ◦C.
All experiments with the cells were carried out during the logarithmic growth phase. Manipulation
with the control group was similar to the experimental group, except for irradiation.

Cell viability was evaluated using a mixture of fluorescent dyes: Propidium iodide and acridine
orange. Analysis of stained cells was carried out using fluorescence microscopy methods [44].

The total number of microRNA-containing RNA was isolated from the cells using Absolutely
RNA miRNA kit (Agilent Technologies, Santa Clara, CA, USA) 1, 4, and 24 h after irradiation.
Using the Agilent 2100 Bioanalyzer capillary electrophoresis device, the quality of the isolated RNA
was evaluated by the ratio of 18S/28S RNA. For further studies, samples were taken with the RNA
integrity number (RIN) > 8.0. Using the NEBNext Small RNA Library Prep Set (NEB, Hitchin,
UK), cDNA libraries were prepared from microRNA. Purification of the libraries was performed
by electrophoresis in 6% polyacrylamide gel. The cDNA regions corresponding to the microRNA
between 145 and 160 bp were cut from the gel and isolated. In all the microRNA libraries obtained,
concentration of cDNA was measured using a Qubitfluorometer (Invitrogen, Carlsbad, CA, USA).
Equimolar amounts (2 nM) of sample were taken from each library and a pool of libraries was prepared,
which was sequenced using the MiSeq System (Illumina, San Diego, CA, USA) high-throughput
sequencing system employing a 150-bp single-ended reading kit.

After sequencing, FASTQ files were obtained. Data were processed using the GenXPro omiRas
services. As a result, tables were created with data that included the microRNA name and the number
of microRNA normalized for 105 reads. During the data processing, the number of differentially
expressed microRNAs and the number of the same differentially expressed microRNAs in two cell
lines were calculated. Further, a search was carried out for genes, the expression of which was regulated
by the microRNAs obtained during the sequencing. To continue the analysis, microRNAs were taken
with normalized expression > 100 pieces. As a result, lists of genes were created, the expression of
which regulates microRNA with normalized expression > 100 pieces, for each cell line 1, 4, and 24 h
after irradiation. The expression of microRNA was determined by the log2 ratio of the sums of
normalized microRNA expressions in the experiment to the control value: log2(SNEIR/SNEC).
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The search for signaling pathways comprising these genes was performed in the KEGG database
(http://www.genome.jp/kegg/). Since each microRNA can have an effect on different genes,
the normalized expression of microRNA for each gene (NEG) was calculated by the formula

NEGi =
µi

∑n
j=1 I

(
miRNAi → genj

) ,

where µi is the normalized expression of i-microRNA for 105 reads, I(A) is the indicator of event A

I(A) =

{
1, i f A is true,
0, i f A is f alse.

GenXPro omiRas services were employed to list genes whose expression was regulated with
participation of any individual microRNA. Sum of normalized expressions of microRNA for a signaling
pathway was calculated by the formula

SNEk = ∑j I
(

genej ∈ pathk

)
·∑i NEGi · I

(
miRNAi → genej

)
.

The sums of normalized expression of the experiment (irradiated cells) and control (unirradiated
cells) were compared and given as the log2(SNEIR/SNEC) (the binary logarithm of the SNE ratio
between experiment and control). Signaling pathways demonstrating the log2(SNEIR/SNEC) > 0.5
and the log2(SNEIR/SNEC) < −0.5 in at least one experiment were selected. The obtained data are
shown in diagrams.

The localization of microRNA in chromosomes was determined using the National Center for
Biotechnology Information Search database (https://www.ncbi.nlm.nih.gov/).

Dispersion of the log2fc values for each individual pair of chromosomes (σ2) was calculated by

the formula σ2 = ∑n
i=1(xi−x)2

(n−1) (where xi is the log2fc value of particular microRNA located in this pair
of chromosomes and x is the average value of the log2fc for all microRNAs expressed by this cell line).
The dispersion was calculated only for chromosomes comprising more than 5 microRNAs.

All experiments were tripled and data were given as M ± SD (mean value ± standard deviation).
Differences between irradiated and control cells are regarded as statistically significant when p
calculated by the two-sided Student t-test is <0.05.

Cell cultures used in the research were obtained from RCCC of V (Russian cell culture collection
of Vertebrates) (Saint Petersburg, Russia). No human/animal directly participated in biomaterial
sampling process during this research. Local Russian regulations require no approval for using cell
line biomaterials for scientific research purposes (Federal Law of June 23, 2016 No. 180-FZ).

5. Conclusions

An analysis of radiation-induced change in the profiles of the microRNA expression of the K562
and HL-60 cancer cell lines allows for the conclusion that the change in expression in response to
the radiation exposure in our experiments can depend on the number of chromosome aberrations
and the genome mutations of cell lines. microRNA localization and the presence of chromosome
aberrations and genome mutations have to be taken into account in estimation of the relation between
the radioresistance of cancer cells and profiles of microRNA expression.

Acknowledgments: The work is supported by the Ministry of Education and Science of the Russian Federation
(Pr. No. 02.G25.31.0155; Pr. No. 14.Z50.31.0015, Government Assignment 3.3889.2017), and Russian Foundation
for Basic Research (Grant No. 16-04-00504).

Author Contributions: Yury Saenko, Daria Liamina, and Wladimir Sibirnyj conceived and designed the
experiments; Yury Saenko and Daria Liamina performed the experiments; Yury Saenko, Daria Liamina,
Anna Khokhlova, and Viacheslav Saenko analyzed the data; Yury Saenko, Daria Liamina, Anna Khokhlova,

http://www.genome.jp/kegg/
https://www.ncbi.nlm.nih.gov/


Cancers 2017, 9, 136 14 of 16

and Aleksandr Fomin contributed reagents/materials/analysis tools; Yury Saenko, Daria Liamina,
and Eugenia Rastorgueva wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kaliberov, S.; Buchsbaum, D. Cancer Treatment with Gene Therapy and Radiation Therapy. Adv. Cancer Res.
2012, 115, 221–263. [CrossRef] [PubMed]

2. Huber, S.M.; Butz, L.; Stegen, B.; Klumpp, D.; Braun, N.; Ruth, P.; Eckert, F. Ionizing radiation, ion transports,
and radioresistance of cancer cells. Front. Physiol. 2013, 4. [CrossRef] [PubMed]

3. Lomax, M.E.; Folkes, L.K.; O’Neill, P. Biological Consequences of Radiation-induced DNA Damage:
Relevance to Radiotherapy. Clin. Oncol. 2013, 25, 578–585. [CrossRef] [PubMed]

4. Meyn, R.E.; Stephens, C.; Milas, L. Programmed cell death and radioresistance. Cancer Metastasis Rev. 1996,
15, 119–131. [CrossRef] [PubMed]

5. Bao, S.; Wu, Q.; McLendon, R.E.; Hao, Y.; Shi, Q.; Hjelmeland, A.B.; Dewhirst, M.W.; Bigner, D.D.; Rich, J.N.
Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature
2006, 444, 756–760. [CrossRef] [PubMed]

6. Wang, Y.V.; Leblanc, M.; Wade, M.; Jochemsen, A.G.; Wahl, G.M. Increased Radioresistance and Accelerated
B Cell Lymphomas in Mice with Mdmx Mutations that Prevent Modifications by DNA-Damage-Activated
Kinases. Cancer Cell 2009, 16, 33–43. [CrossRef] [PubMed]

7. Ishikawa, K.; Koyama-Saegusa, K.; Otsuka, Y.; Ishikawa, A.; Kawai, S.; Yasuda, K.; Suga, T.; Michikawa, Y.;
Suzuki, M.; Iwakawa, M.; et al. Gene expression profile changes correlating with radioresistance in human
cell lines. Int. J. Radiat. Oncol. Biol. Phys. 2006, 65, 234–245. [CrossRef] [PubMed]

8. Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional regulation by
microRNAs: Are the answers in sight? Nat. Rev. Genet. 2008, 9, 102–114. [CrossRef] [PubMed]

9. Jansson, M.D.; Lund, A.H. microRNA and cancer. Mol. Oncol. 2012, 6, 590–610. [CrossRef] [PubMed]
10. Metheetrairut, C.; Slack, F.J. microRNAs in the Ionizing Radiation Response and in Radiotherapy. Curr. Opin.

Genet. Dev. 2013, 23, 12–19. [CrossRef] [PubMed]
11. Li, G.; Qiu, Y.; Su, Z.; Ren, S.; Liu, C.; Tian, Y.; Liu, Y. Genome-wide analyses of radioresistance-associated

miRNA expression profile in nasopharyngeal carcinoma using next generation deep sequencing. PLoS ONE
2013, 8, e84486. [CrossRef] [PubMed]

12. Zhang, B.; Chen, J.; Ren, Z.; Chen, Y.; Li, J.; Miao, X.; Song, Y.; Zhao, T.; Li, Y.; Shi, Y.; et al. A specific miRNA
signature promotes radioresistance of human cervical cancer cells. Cancer Cell Int. 2013, 13, 118. [CrossRef]
[PubMed]

13. Su, H.; Jin, X.; Zhang, X.; Xue, S.; Deng, X.; Shen, L.; Fang, Y.; Xie, C. Identification of microRNAs involved
in the radioresistance of esophageal cancer cells. Cell Biol. Int. 2014, 318–325. [CrossRef] [PubMed]

14. Chen, C.C.; Moskwa, P.; Zinn, P.O.; Hirshman, B.R.; Choi, Y.E.; Shukla, S.A.; Fendler, W.; Lu, J.; Golub, T.R.;
Hjelmeland, A.; et al. A Functional Screen IdentifiesmiRNAs that Induce Radioresistance in Glioblastomas.
Neurosurgery 2016, 63, 197–198. [CrossRef] [PubMed]

15. Li, G.; Liu, Y.; Su, Z.; Ren, S.; Zhu, G.; Tian, Y.; Qiu, Y. microRNA-324–3p regulates nasopharyngeal carcinoma
radioresistance by directly targeting WNT2B. Eur. J. Cancer 2013, 49, 2596–2607. [CrossRef] [PubMed]

16. Qu, C.; Liang, Z.; Huang, J.; Zhao, R.; Su, C.; Wang, S.; Wang, X.; Zhang, R.; Lee, M.; Yang, H. MiR-205
determines the radioresistance of human nasopharyngeal carcinoma by directly targeting PTEN. Cell Cycle
2012, 11, 785–796. [CrossRef] [PubMed]

17. Oh, J.S.; Kim, J.J.; Byun, J.Y.; Kim, I.A. Lin28-let7 modulates radiosensitivity of human cancer cells with
activation of K-Ras. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, 5–8. [CrossRef] [PubMed]

18. Song, L.; Liu, S.; Zhang, L.; Yao, H.; Gao, F.; Xu, D.; Li, Q. MiR-21 modulates radiosensitivity of cervical
cancer through inhibiting autophagy via the PTEN/Akt/HIF-1alpha feedback loop and the Akt-mTOR
signaling pathway. Tumour Biol. 2016, 37, 12161–12168. [CrossRef] [PubMed]

19. Woodward, W.A.; Chen, M.S.; Behbod, F.; Alfaro, M.P.; Buchholz, T.A.; Rosen, J.M. WNT/beta-catenin
mediates radiation resistance of mouse mammary progenitor cells. Proc. Natl. Acad. Sci. USA 2007, 104,
618–623. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/B978-0-12-398342-8.00007-0
http://www.ncbi.nlm.nih.gov/pubmed/23021246
http://dx.doi.org/10.3389/fphys.2013.00212
http://www.ncbi.nlm.nih.gov/pubmed/23966948
http://dx.doi.org/10.1016/j.clon.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23849504
http://dx.doi.org/10.1007/BF00049491
http://www.ncbi.nlm.nih.gov/pubmed/8842483
http://dx.doi.org/10.1038/nature05236
http://www.ncbi.nlm.nih.gov/pubmed/17051156
http://dx.doi.org/10.1016/j.ccr.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19573810
http://dx.doi.org/10.1016/j.ijrobp.2005.12.048
http://www.ncbi.nlm.nih.gov/pubmed/16618578
http://dx.doi.org/10.1038/nrg2290
http://www.ncbi.nlm.nih.gov/pubmed/18197166
http://dx.doi.org/10.1016/j.molonc.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23102669
http://dx.doi.org/10.1016/j.gde.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23453900
http://dx.doi.org/10.1371/journal.pone.0084486
http://www.ncbi.nlm.nih.gov/pubmed/24367666
http://dx.doi.org/10.1186/1475-2867-13-118
http://www.ncbi.nlm.nih.gov/pubmed/24283459
http://dx.doi.org/10.1002/cbin.10202
http://www.ncbi.nlm.nih.gov/pubmed/24155113
http://dx.doi.org/10.1227/01.neu.0000489823.07757.6e
http://www.ncbi.nlm.nih.gov/pubmed/27399532
http://dx.doi.org/10.1016/j.ejca.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23583221
http://dx.doi.org/10.4161/cc.11.4.19228
http://www.ncbi.nlm.nih.gov/pubmed/22374676
http://dx.doi.org/10.1016/j.ijrobp.2009.08.028
http://www.ncbi.nlm.nih.gov/pubmed/20005451
http://dx.doi.org/10.1007/s13277-016-5073-3
http://www.ncbi.nlm.nih.gov/pubmed/27220494
http://dx.doi.org/10.1073/pnas.0606599104
http://www.ncbi.nlm.nih.gov/pubmed/17202265


Cancers 2017, 9, 136 15 of 16

20. Roses, R.E.; Xu, M.; Koski, G.K.; Czerniecki, B.J. Radiation therapy and Toll-like receptor signaling:
Implications for the treatment of cancer. Oncogene 2008, 27, 200–207. [CrossRef] [PubMed]

21. Cellini, F.; Morganti, A.G.; Genovesi, D.; Silvestris, N.; Valentini, V. Role of microRNA in Response to
Ionizing Radiations: Evidences and Potential Impact on Clinical Practice for Radiotherapy. Molecules 2014,
19, 5379–5401. [CrossRef] [PubMed]

22. Albertson, D.G.; Collins, C.; McCormick, F.; Gray, J.W. Chromosome aberrations in solid tumors. Nat. Genet.
2003, 34, 369–376. [CrossRef] [PubMed]

23. Zhang, L.; Huang, J.; Yang, N.; Greshock, J.; Megraw, M.S.; Giannakakis, A.; Liang, S.; Naylor, T.L.;
Barchetti, A.; Ward, M.R.; et al. microRNAs exhibit high frequency genomic alterations in human cancer.
Proc. Natl. Acad. Sci. USA 2006, 103, 9136–9141. [CrossRef] [PubMed]

24. Lages, E.; Ipas, H.; Guttin, A.; Nesr, H.; Berger, F.; Issartel, J.-P. microRNAs: Molecular features and role in
cancer. Front. Biosci. 2012, 17, 2508–2540. [CrossRef]

25. Naumann, S.; Reutzel, D.; Speicher, M.; Decker, H.-J. Complete karyotype characterization of the K562 cell
line by combined application of G-banding, multiplex-fluorescence in situ hybridization, fluorescence in situ
hybridization, and comparative genomic hybridization. Leuk. Res. 2001, 25, 313–322. [CrossRef]

26. Liang, J.C.; Ning, Y.; Wang, R.Y.; Padilla-Nash, H.M.; Schröck, E.; Soenksen, D.; Nagarajan, L.; Ried, T.
SpectralKaryotypic Study of the HL-60 cell line: Detection of complex rearrangements involving
chromosomes 5, 7, and 16 and delineation of critical region of deletion on 5q31.1. Cancer Genet. Cytogenet.
1999, 113, 105–109. [CrossRef]

27. Shin, S.; Cha, H.J.; Lee, E.M.; Lee, S.J.; Seo, S.K.; Jin, H.O.; Park, I.C.; Lin, Y.W.; An, S. Alteration of miRNA
profiles by ionizing radiation in A549 human non-small cell lung cancer cells. Int. J. Oncol. 2009, 35, 81–86.
[CrossRef] [PubMed]

28. Hummel, R.; Hussey, D.J.; Haier, J. microRNAs: Predictors and modifiers of chemo- and radiotherapy in
different tumour types. Eur. J. Cancer 2010, 46, 298–311. [CrossRef] [PubMed]

29. Jiang, P.; Rao, E.Y.; Meng, N.; Zhao, Y.; Wang, J.J. microRNA-17-92 significantly enhances radioresistance in
human mantle cell lymphoma cells. Radiat. Oncol. 2010, 5, 100. [CrossRef] [PubMed]

30. Ghorai, A.; Ghosh, U. miRNA gene counts in chromosomes vary widely in a species and biogenesis of
miRNA largely depends on transcription or post-transcriptional processing of coding genes. Front. Genet.
2014, 5, 100. [CrossRef] [PubMed]

31. Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.;
Bullrich, F.; Negrini, M.; et al. Human microRNA genes are frequently located at fragile sites and genomic
regions involved in cancers. Proc. Natl. Acad. Sci. USA 2004, 101, 2999–3004. [CrossRef] [PubMed]

32. Tsafrir, D.; Bacolod, M.; Selvanayagam, Z.; Tsafrir, I.; Shia, J.; Zeng, Z.; Liu, H.; Krier, C.; Stengel, R.F.;
Barany, F.; et al. Relationship of gene expression and chromosomal abnormalities in colorectal cancer.
Cancer Res. 2006, 66, 2129–2137. [CrossRef] [PubMed]

33. Ocana, A.; Vera-Badillo, F.; Al-Mubarak, M.; Templeton, A.J.; Corrales-Sanchez, V.; Diez-Gonzalez, L.;
Cuenca-Lopez, M.D.; Seruga, B.; Pandiella, A.; Amir, E. Activation of the PI3K/mTOR/AKT pathway and
survival in solid tumors: Systematic review and meta-analysis. PLoS ONE 2014, 9, e95219. [CrossRef]
[PubMed]

34. Brechbiel, J.; Miller-Moslin, K.; Adjei, A.A. Crosstalk between hedgehog and other signaling pathways as
a basis for combination therapies in cancer. Cancer Treat. Rev. 2014, 40, 750–759. [CrossRef] [PubMed]

35. Ahmed, K.M.; Li, J.J. NF-κB-mediated adaptive resistance to ionizing radiation. Free Radic. Biol. Med. 2008,
44, 1–13. [CrossRef] [PubMed]

36. Ni, J.; Cozzi, P.; Hao, J.; Beretov, J.; Chang, L.; Duan, W.; Shigdar, S.; Delprado, W.; Graham, P.;
Bucci, J.; et al. Epithelial cell adhesion molecule (EpCAM) is associated with prostate cancer metastasis
and chemo/radioresistance via the PI3K/Akt/mTOR signaling pathway. Int. J. Biochem. Cell Biol. 2013, 45,
2736–2749. [CrossRef] [PubMed]

37. Knizetova, P.; Ehrmann, J.; Hlobilkova, A.; Vancova, I.; Kalita, O.; Kolar, Z.; Bartek, J. Autocrine regulation
of glioblastoma cell cycle progression, viability and radioresistance through the VEGF-VEGFR2 (KDR)
interplay. Cell Cycle 2008, 7, 2553–2561. [CrossRef] [PubMed]

38. Berhane, H.; Epperly, M.W.; Goff, J.; Kalash, R.; Cao, S.; Franicola, D.; Zhang, X.; Shields, D.; Houghton, F.;
Wang, H.; et al. Radiologic Differences between Bone Marrow Stromal and Hematopoietic Progenitor Cell
Lines from Fanconi Anemia (Fancd2–/–) Mice. Radiat. Res. 2014, 181, 76–89. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1210909
http://www.ncbi.nlm.nih.gov/pubmed/18176601
http://dx.doi.org/10.3390/molecules19045379
http://www.ncbi.nlm.nih.gov/pubmed/24879584
http://dx.doi.org/10.1038/ng1215
http://www.ncbi.nlm.nih.gov/pubmed/12923544
http://dx.doi.org/10.1073/pnas.0508889103
http://www.ncbi.nlm.nih.gov/pubmed/16754881
http://dx.doi.org/10.2741/4068
http://dx.doi.org/10.1016/S0145-2126(00)00125-9
http://dx.doi.org/10.1016/S0165-4608(99)00030-8
http://dx.doi.org/10.3892/ijo_00000315
http://www.ncbi.nlm.nih.gov/pubmed/19513554
http://dx.doi.org/10.1016/j.ejca.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19948396
http://dx.doi.org/10.1186/1748-717X-5-100
http://www.ncbi.nlm.nih.gov/pubmed/21040528
http://dx.doi.org/10.3389/fgene.2014.00100
http://www.ncbi.nlm.nih.gov/pubmed/24808907
http://dx.doi.org/10.1073/pnas.0307323101
http://www.ncbi.nlm.nih.gov/pubmed/14973191
http://dx.doi.org/10.1158/0008-5472.CAN-05-2569
http://www.ncbi.nlm.nih.gov/pubmed/16489013
http://dx.doi.org/10.1371/journal.pone.0095219
http://www.ncbi.nlm.nih.gov/pubmed/24777052
http://dx.doi.org/10.1016/j.ctrv.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24613036
http://dx.doi.org/10.1016/j.freeradbiomed.2007.09.022
http://www.ncbi.nlm.nih.gov/pubmed/17967430
http://dx.doi.org/10.1016/j.biocel.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24076216
http://dx.doi.org/10.4161/cc.7.16.6442
http://www.ncbi.nlm.nih.gov/pubmed/18719373
http://dx.doi.org/10.1667/RR13405.1
http://www.ncbi.nlm.nih.gov/pubmed/24397476


Cancers 2017, 9, 136 16 of 16

39. Gerstung, M.; Pellagatti, A.; Malcovati, L.; Giagounidis, A.; Della Porta, M.G.; Jädersten, M.; Dolatshad, H.;
Verma, A.; Cross, N.; Vyas, P.; et al. Combining gene mutation with gene expression data improves outcome
prediction in myelodysplastic syndromes. Nat. Commun. 2015, 6, 5901. [CrossRef] [PubMed]

40. Ding, J.; McConechy, M.K.; Horlings, H.M.; Ha, G.; Chun Chan, F.; Funnell, T.; Mullaly, S.C.; Reimand, J.;
Bashashati, A.; Bader, G.D.; et al. Systematic analysis of somatic mutations impacting gene expression in
12 tumour types. Nat. Commun. 2015, 6, 8554. [CrossRef] [PubMed]

41. Dehan, E.; Ben-Dor, A.; Liao, W.; Lipson, D.; Frimer, H.; Rienstein, S.; Simansky, D.; Krupsky, M.; Yaron, P.;
Friedman, E.; et al. Chromosomal aberrations and gene expression profiles in non-small cell lung cancer.
Lung Cancer 2007, 56, 175–184. [CrossRef] [PubMed]

42. Lyle, R.; Gehrig, C.; Neergaard-Henrichsen, C.; Deutsch, S.; Antonarakis, S.E. Gene Expression from the
Aneuploid Chromosome in a Trisomy Mouse Model of Down Syndrome. Genome Res. 2004, 14, 1268–1274.
[CrossRef] [PubMed]

43. Schoch, C.; Kohlmann, A.; Dugas, M.; Kern, W.; Hiddemann, W.; Schnittger, S.; Haferlach, T. Genomic gains
and losses influence expression levels of genes located within the affected regions: A study on acute myeloid
leukemias with trisomy 8, 11, or 13, monosomy 7, or deletion 5q. Leukemia 2005, 19, 1224–1228. [CrossRef]
[PubMed]

44. Mascotti, K.; McCullough, J.; Burger, S.R. HPC viability measurement: Trypan blue versus acridine orange
and propidium iodide. Transfusion 2000, 40, 693–696. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms6901
http://www.ncbi.nlm.nih.gov/pubmed/25574665
http://dx.doi.org/10.1038/ncomms9554
http://www.ncbi.nlm.nih.gov/pubmed/26436532
http://dx.doi.org/10.1016/j.lungcan.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17258348
http://dx.doi.org/10.1101/gr.2090904
http://www.ncbi.nlm.nih.gov/pubmed/15231743
http://dx.doi.org/10.1038/sj.leu.2403810
http://www.ncbi.nlm.nih.gov/pubmed/15902281
http://dx.doi.org/10.1046/j.1537-2995.2000.40060693.x
http://www.ncbi.nlm.nih.gov/pubmed/10864990
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cell Viability 
	Radiation-Induced Changes in microRNA Expression 
	microRNA Effects on Signaling Pathway Activity 
	An Effect of Chromosome Abnormality on microRNA Expression 

	Discussion 
	Materials and Methods 
	Conclusions 

