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The aim of the investigation was to study differential gene expression and signaling pathways activation in radioresistant and 
radiosensitive cancer cell lines.

Materials and Methods. K562 radioresistant cancer cell line of chronic myeloleukosis, and HCT-116p53 (+/+), HCT-116p53 (–/–), Me45 
radiosensitive cancer cell lines were used in the study. Transcriptome analysis was performed using Affymetrix DNA microarray HGU133A 
series. Original Gene Selector program was used for bioinformation analysis. Protein interaction networks were studied by means of online 
STRING 9.0 system. To range the genes according to the signaling pathways the PANTHER program and QIAGEN SABiosciences database 
were used. Quantitative activation of signaling pathways was calculated with the help of OncoFinder bioinformation algorithm.

Results. Four genes (DAAM1, IFNAR2, PALLD, STK17A) were identified to increase their expression in radioresistant cell line and to 
decrease it in radiosensitive cell lines under radiation exposure. Three signal pathways — Wnt, Interferon and p53 — in which these genes 
are involved and which are common to the examined cell lines were found using PANTHER program. A significant difference in activation of 
these signaling pathways was discovered in radioresistant and radiosensitive cell lines.

Conclusion. Based on the analysis of molecular interaction networks and signaling pathway activation it has been revealed that 
the greatest differences between radioresistant and radiosensitive cell lines are observed in the activity of Interferon and p53 signaling 
pathways. TP53 gene expression level is not associated with the activity of p53 signaling pathway. Comparison of gene expression changes 
and activation of signaling pathways allows us to suggest the expression of DAAM1, IFNAR2, PALLD genes as indicators of radioresistance 
under radiation exposure.
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Resistance of malignant tumors to radiation therapy 
remains the challenge that clinical and experimental 
oncology has to face. In addition to the originally inherent 
low sensitivity of some tumor cells to ionizing radiation, 
they are capable to acquire it in the course of therapy 
[1]. This can be explained by the fact, that cancer cells 
after radiation are able to endure DNA damage [2]. 
This results in their survival increase, causing infinite 
growth of cancer tumors and clinical progression of the 
disease. Besides, genetic instability of the tumor cells 
characterized by a high level of spontaneous mutations 
makes the situation more complicated. Therefore, further 
radiotherapy procedures do not improve the condition 
of oncological patients, and may lead to serious 
consequences, aggravating patient general condition 
and quality of life. This situation demands searching 

new paths to improve radiation therapy — overcoming 
radioresistance of cancer cells.

Radioresistance of cancer cells depends mainly on 
correct functioning of intracellular signaling pathways [3]. 
Alteration in one of the signaling pathway components, 
e.g. gene overexpression, is able to derange the 
functioning of the whole cell system. For example, 
ErbB-2 receptor, which is a member of the family of 
epidermal growth factor receptor (EGFR), is one of the 
receptors which are expressed most frequently on the 
cancer cell surface of bronchus epithelium. For EGFR 
gene, ErbB-2 acts as a coreceptor at the moment of 
forming dimer complex and later autophosphorylation, 
but the ligand has not been defined as yet [4]. 
Overexpression has been found to be characteristic 
of EGFR gene in malignant human neoplasms. As it is 
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noted in various studies [5–7], there exists association 
between EGFR gene expression and resistance of 
cancer cells to radiotherapy. In the works [5–7] prostate 
cancer cells (DU145 and PC-3) are shown to express 
EGFR gene. Besides, interrelation of EGFR gene 
expression with proliferation, angiogenesis, migration 
of tumor cells and tumor radioresistance was found in 
preclinical investigations [8, 9]. Information on activation 
of signaling pathways and their components in response 
to radiotherapy will allow physicians to predict the 
outcomes of oncological disease treatment and to 
develop the method of suppressing radioresistance 
mechanism in cancer cells. Methods of full-
transcriptome analysis give the most complete picture 
of the mechanisms of intracellular signaling pathways 
activation [10]. In the present work transcriptome 
analysis of radioresistant and radiosensitive cell lines 
was used to detect differentially expressing genes and 
investigate the differential activity of signaling pathways.

The aim of the investigation was to study differential 
gene expression and signaling pathways activation in 
radioresistant and radiosensitive cancer cell lines.

Materials and Methods
Cell cultures. The following cells were used in the 

experiment: K562 radioresistant suspension line of 
human erythroleukemic lymphoblastoid cells; HCT-
116p53 (+/+) radiosensitive cell line of human rectal 
cancer with a normal TP53 gene; HCI-116p53 (–/–) 
radiosensitive cell line of human rectal cancer with 
a mutant TP53 gene; ME45 radiosensitive human 
melanoma cell line. Cell lines were obtained from 
American Type Culture Collection (ATCC).

Cells were cultured under standard conditions: in CO2-
incubator (MCO-18AIC CO2, Helicon, Japan) at 37°C 
in 5% CO2 atmosphere and 98% humidity. RPMI-1640 
medium containing L-glutamin with 10% fetal bovine 
serum and 5 µg/ml gentamicin was used for cultivation 
of K562 cell line. To cultivate HCT-116p53 (+/+), HCT-
116p53 (–/–), Me45 cell lines DMEM/F12 medium also 
containing L-glutamin with 10% fetal bovine serum and 
5 µg/ml gentamicin was used.

Experiment design. The cell lines were radiated in the 
logarithmic phase of growth. The cells were exposed 
a single time to X-rays generated by therapeutic 
accelerator (Clinac 600, Varian Medical Systems, 
USA) at a room temperature at a dose of 4 Gy [11, 12]. 
Irradiation dose rate amounted to 0.03 Gy/s at 104 cm 
focus distance. The height of water column over the cells 
was 1 cm. The cells were irradiated in 24-well plates 
(2.5 ml well volume). Gene expression analysis was 
performed 1, 12, and 24 h after the exposure.

Gene expression analysis. RNA was isolated from 
3·106 cells using RNA isolation kit according to the 
manufacturer instructions. Integrity of the isolated 
RNA was tested by means of bioanalyzer (Agilent 
2100, Agilent Technologies, USA). Cloned DNA library 
was prepared with the help of GeneChip Expression 

3’-Amplification One-Cycle cDNA Synthesis Kit 
(Affymetrix, USA). Biotin labeling of antisense cloned 
RNA (cRNA) libraries and cleaning were performed 
using GeneChip Expression 3’-Amplification Reagents 
for IVT Labeling as indicated in manufacturer protocol. 
The quantity of RNA and DNA was estimated by a 
spectrometer (NanoDrop, Thermo Scientific, USA). 
Fragmentation of cRNA was conducted at 94°C in a 
thermocycler during 35 min. Synthetized biotinilated 
cRNA were first hybridized with Test-3 control matrix 
in order to assess the quality of the cRNA obtained. If 
the quality satisfied the rated one, hybridization with 
HGU133A was performed. The matrix was stained 
with streptavidin-phycoerythrin. The stained matrix 
was washed to eliminate the unconjugated protein and 
scanned on a scanner (GeneArray G2500A, Hewlett 
Packard, USA).

Bioinformatics analysis. Selection of genes whose 
expression changed relative to the control throughout 
the experiment, and search of common genes in 
radioresistant and radiosensitive cell lines was 
performed using original Gene Selector program (the 
program may be provided by the authors of the article), 
significance of differences was set at p≤0.05.

The network of molecular interaction was built by 
means of online STRING system (Search Tool for 
the Retrieval of Interacting Genes/Proteins). Data 
are presented based on four sources: Genomic 
Context, High-throughput Experiments, (Conserved) 
Coexpression, Previous Knowledge.

The signaling pathways, which the selected genes 
refer to, were determined using PANTHER program and 
QIAGEN SABiosciences database.

Quantitative activation of signaling pathways, which 
are influenced by the selected genes, was calculated 
with the help of OncoFinder method [13]. The degree of 
signaling pathways activation was measured in standard 
units.

Results. As a result of statistical processing of the 
gene expression data of K562 cell line, 109 genes, 
whose expression increased throughout the experiment 
(See the Table), have been selected.

In the radiosensitive cancer cell lines with TP53 HCT-
116p53 (+/+) normal gene and TP53 HCT-116p53 (–/–) 
mutant gene, 231 genes were isolated, while in Me45 
cancer cell line, 63 genes whose expression decreased 
1, 12, and 24 h after the experiment were isolated.

The Gene Selector program of automatic selection of 
genes with a given level of significance and expression 
selected four common genes for the cancer cell lines 
used: DAAM1, IFNAR2, PALLD, STK17A, whose 
expression increases in radioresistent cell line and 
decreases in radiosensitive one.

The selected genes were loaded in the online system 
STRING for detection of molecular interaction networks 
(Figure 1).

DAAM1 gene has been estimated to interact directly 
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Genes selected according to the given criteria from the four cancer cell lines

Cancer cell line
The number of genes whose expression 

increased throughout the experiment 
(p0.05)

The number of genes whose expression 
decreased throughout the experiment 

(p0.05)
K562 109 —
HCT-116p53 (+/+) — 231
HCT-116p53 (–/–) — 231
Me45 — 63

а b

c
d

Figure 1. Networks of molecular interactions of DAAM1 (а), IFNAR2 (b), PALLD (c), STK17A (d) genes

with FNBP1, TRIP10, ARHGAP1, DVL1, DVL2, DVL3, 
PTBP2, RHOA, SRRM4 genes, through which the 
connection with ARHGDIA, BAIAP2, CDC42, PAK1, 
PAK2, PARD6A, PTBP2, TNK2, TRIP10, WAS, WASL 
genes is realized. IFNAR2 gene interacts with TYK2, 
GNB2L1, IFNA8, STAT1, IFNW1, STAT2, JAK1, IFNAR1, 
JAK2, STAT3, IFNA5 genes, through which it affects 

IL2RB, IRS1, EGFR, IFNGR1, IRF1, EP300, CREBBP, 
IRF9 genes. PALLD gene interacts with TGFB1, EPS8, 
AKT1, ACTN1, LPP, ACTN2, SRC, EZR genes.

When studying the influence of STK17A gene, there 
was detected a network of molecular interactions, 
where it does not affect other genes directly. This can 
be explained by the fact, that this gene is not sufficiently 
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studied and the STRING program contains little 
information about its functional links with other genes.

Separate gene expression is liable to a wide 
range of variations and not always is an evidence 
of pathological process in contrast to the activity of 
the whole signaling pathway. Therefore, the selected 
DAAM1, IFNAR2, PALLD genes were downloaded to 
the PANTHER database, which contained information on 
the intracellular signaling pathways where they function 
(Figure 2).

On the basis of the information obtained three 
signaling pathways were found (See Figure 2), which 
are common for radioresistance and radiosensitive 
cancer cell lines: Wnt signaling pathway, Interferon 
signaling pathway, p53 signaling pathway. By means 
of OncoFinder method their activation in the cell lines, 
which were directly affected by DAAM1, IFNAR2, 
PALLD, and STK17A genes, was calculated (Figure 3).

Figure 2. A number of signaling pathways which are 
influenced by DAAM1, IFNAR2, PALLD genes functioning 
in four cancer cell lines (K562, HCT-116p53 (+/+), HCT- 
116p53 (–/–), Me45)
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К562;
Ме45

Figure 3. Activation of signaling pathways in the four cancer cell lines (K562, HCT-116p53 (+/+), HCT-116p53 (–/–), Me45) 
1, 12, and 24 h after radiation: (a) activation of Wnt signaling pathway; (b) activation of Interferon signaling pathway; 
(c) activation of p53 signaling pathway. The quantitative activation is dimensionless and is calculated using OncoFinder 
method, in which relation of gene expression of the examined sample to the control is taken into account
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Activation in the HCT-116p53 (+/+), HCT-116p53 
(–/–), and Me45 lines before 12 h decreases and then 
grows, as seen on the diagrams, reflecting the effect 
of ionizing radiation at a dose of 4 Gy on the activation 
of Wnt signaling pathway (Figure 3 (a)). In the HCT-
116p53 (+/+) and HCT-116p53 (–/–) lines, values of 
activation after 24 h are significantly lower than in Me45 
line. In radioresistant K562 cancer cell line activation 
of this signaling pathway decreases throughout the 
experiment.

The diagrams, reflecting the effect of ionizing 
radiation at a dose of 4 Gy on the activation of Interferon 
signaling pathways (Figure 3 (b)), demonstrate, that 
despite a similar activation character in К562, HCT-
116p53 (–/–), HCT-116p53 (+/+) cell lines, its values in 
these lines differ markedly.

Activation of Interferon signaling pathway reaches 
its greatest value in the radioresistant cancer cell line 
after 24 h, while in radiosensitive lines its relatively low 
values are preserved till the end of the experiment.

As it is seen from the figure, activation of p53 
signaling pathway in radioresistant and radiosensitive 
cell line is also different (Figure 3 (c)). In HCT-116p53 
(+/+) and HCT-116p53 (–/–) it reaches its maximal value 
after 12 h from the beginning of the experiment, and 
it falls by 24 h. In K562 and Me45 cell lines activation 
equally decreases, but after 12 h it starts growing, while 
in Me45, on the contrary, it continues to fall.

Discussion. Intracellular signaling pathways, 
which include a great number of proteins, e.g. p53, 
phospholipase δ1, protein kinase C, clasterin and 
others, play an important role in generating the tumor 
cell response to ionizing radiation [14]. However, 
which particular signaling pathways participate in 
formation of low radiosensitivity of cancer cells remains 
a controversial question. Our investigations showed, 
that DAAM1, IFNAR2, PALLD, STK17A genes of 
radioresistant K562 cell line are characterized by 
overexpression in contrast to the genes of radiosensitive 
cell lines. DAAM1 gene is a member of formin protein 
family. It regulates cell growth and participates in 
generation and stretching of new actin filaments. It has 
been previously shown [15], that some actin-binding 
proteins, e.g. cofilin-1 (CFL1), are considerably activated 
in radioresistant astrocytoma.

IFNAR2 gene stimulates binding and activation of 
protein kinase Janus receptor, which phosphorylates 
several proteins (for example, STAT and STAT1). 
Signaling pathways of phosphatidylinositol-3-kinase 
(PI3K), protein kinase B (Act), Janus-kinase (JAK), 
transcription activator (STAT) are able to block apoptosis, 
which makes tumor cells resistant to radiotherapy [16, 
17]. Rahaman et al. demonstrated in their studies, that 
inhibition of STAT3 signaling pathway results in intensive 
apoptosis and inhibition of proliferation in malignant 
glioma [18].

PALLD gene participates in organization of cell 

cytoskeleton, plays an important role in formation of 
morphology, motility and adhesion of the cells. Adhesion 
to extracellular matrix in normal and tumor cell lines 
promotes resistance to ionizing radiation [19–21].

STK17A gene is a constituent part of DAP-kinases 
and induces apoptosis. It regulates active oxygen forms 
in the cell. Increase of active oxygen forms in the cell 
can lead to adaptive changes and may play a central 
role in forming radioresistance in tumor cells [22].

Thus, DAAM1, IFNAR2, PALLD, and STK17A genes 
are involved in forming radioresistance and may be used 
as targets for the increase of radiosensitivity of tumor 
cells.

All mentioned genes in the radioresistant cell 
line are characterized by overexpression. Not only 
expression of separate genes should be taken into 
consideration in formation of resistance, but activation 
of signaling pathways, in which they participate. We 
have determined common signaling pathways for K562, 
HCT-116p53 (+/+), HCT-116p53 (–/–), Me45 cell lines, in 
which DAAM1, IFNAR2, PALLD, and STK17A genes are 
involved (See Figure 2).

In K562 radioresistant cell line activation of Wnt, 
Interferon, and p53 signaling pathways differed 
considerably from their activation in radiosensitive cell 
lines (See Figure 3 (b)).

It has been previously demonstrated [23], 
that Interferon signaling pathway is activated in 
radioresistant cancer cells. The key protein of this 
signaling pathway is a protein coded by STAT1 gene. 
IFNAR2 interacts physically with STAT1 protein. Zhan 
et al. showed, that overexpression of STAT1 promotes 
radioresistance of breast cancer cells [24]. Myeloma 
cells with STAT1 overexpression have been proved by 
Fryknäs et al. to be more radioresistant than the cells 
with a low expression level of this protein [25]. In our 
experiments increase of STAT1 gene expression was 
observed in all cell lines throughout the experiment, 
while overexpression of IFNAR2 gene was observed 
only in K562 radioresistant cell line during the 
experiment. Thus, IFNAR gene expression may serve 
as an indicator of radioresistance.

Many human malignant tumors contain mutations 
in p53 gene, and the majority of them have genetic 
damages in p53 signaling pathway [26]. For example, 
uveal melanoma has sometimes mutations in p53 
gene, which prohibit normal functioning of p53 
signaling pathway [27–29]. In this connection, uveal 
melanoma is capable to acquire low radiosensitivity. 
In our experiments we used two cell lines with a 
mutant TP53 gene: this is a radiosensitive HCT-
116p53 (–/–) cell line and radioresistant К562 cell line. 
In both lines the protein p53 is not active. Nevertheless, 
activation of p53 signaling pathway in these cell lines is 
different. In K562 line radiation exposure does not affect 
the activity of this pathway throughout the experiment 
(See Figure 3 (c)). In radiosensitive HCT-116p53 (–/–) 
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cell line activity of p53 signaling pathway in 1 h remains 
unchanged, but in 12 and 24 h it increases, though its 
level is somewhat lower than in the isogenic HCT-
116p53 (+/+) cell line with TP53 wild-type gene. The 
data of our experiment demonstrate, that the value of 
TP53 gene expression is not associated with the activity 
of p53 signaling pathway.

Conclusion. For the first time, DAAM1, IFNAR2, 
PALLD, and STK17A genes are demonstrated to 
be associated with the phenomenon of cancer cell 
radioresistance. The greatest differences between 
radioresistant and radiosensitive cell lines are observed 
in the activity of Interferon and p53 signaling pathways. 
The value of TP53 gene expression is not associated 
with the activity of p53 signaling pathway.
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