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Abstract
Objective: Determining cellular radiosensitivity of breast cancer (BC) patients through molecular markers before
radiation therapy (RT) allows accurate prediction of individual's response to radiation. The aim of this study was
therefore to investigate the potential role of epigenetic biomarkers in breast cancer cellular radiosensitivity.

Materials and Methods: In this experimental study, we treated two BC cell lines, MDA-MB 231 and MCF-7, with doses
of 2, 4, and 8Gy of irradiation for 24 and 48 hours. Expression levels of circ-HIPK3, circ-PVT1, miR-25, and miR-
149 were quantified using quantitative reverse-transcription polymerase chain reaction (qQRT-PCR). Significance of the
observations was statistically verified using one-way ANOVA with a significance level of P<0.05. Annexin V-FITC/PI
binding assay was utilized to measure cellular apoptosis.

Results: The rate of cell apoptosis was significantly higher in MCF-7 cells compared to MDA-MB-231 cells at doses of
4Gy and 8Gy (P=0.013 and P=0.004, respectively). RNA expression analysis showed that circ-HIPK3 was increased in
the MDA-MB-231 cell line compared to the MCF-7 cell line after exposure to 8Gy for 48 hours. Expression of circ-PVT1
was found to be higher in MDA-MB-231 cells compared to MCF-7 cells after exposure to 8Gy for 24 hours, likewise
after exposure to 4Gy and 8Gy for 48 hours. After exposing 8Gy, expression of miR-25 was increased in MDA-MB-231
cells compared to MCF-7 cells at 24 and 48 hours. After exposing 8Gy dose, expression of miR-149 was increased in
MCF-7 cells compared to MDA-MB-231 cells at 24 and 48 hours.

Conclusion: circ-HIPK3, circ-PVT1, and miR-25 played crucial roles in the mechanisms of radioresistance in breast
cancer. Additionally, miR-149 was involved in regulating cellular radiosensitivity. Therefore, these factors provided
predictive information about a tumor’s radiosensitivity or its response to treatment, which could be valuable in
personalizing radiation dosage.
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Introduction

Breast cancer (BC) is the most diagnosed cancer among
women globally and the primary cause of cancer-related
fatalitiesinwomen (1). Radiation therapy (RT) isacommon
treatment used in approximately 50% of all cancer patients
at some stage of their disease, as adjuvant therapy (2, 3).
Ionizing radiation (IR) used in RT induces various types
of DNA damage, including double-strand breaks (DSBs).
DNA damage response (DDR) plays an important role in
DSB repair and maintains genomic stability by protecting
cells from apoptosis and malignancies (4). Levels of
apoptosis are closely associated with cellular responses
to IR. RNA expression can be involved in the epigenetic
regulation of apoptosis (5). Circular RNAs (circRNAs)
are a novel class of endogenous non-coding RNAs
(ncRNAs) characterized by a closed-loop structure, which
makes them resistant to degradation by RNases (6). This
highlights the advantages of circRNA as a stable molecular

biomarker for various types of cancer (7-12). circRNAs
regulate expression of the related genes by specifically
binding to microRNAs (miRNAs) and functioning as a
sponge for them (13), thereby modulating expression of
the target genes. miRNAs are a subtype of small non-
coding RNA molecules, typically 20-25 nucleotides in
length. They have been identified for their role in breast
tumor development and regulation of radiation responses
(7). miRNAs can influence tumor radiosensitivity through
regulation of DDR (10).

Circular RNA homeodomain-interacting protein kinase
3 (circ-HIPK3 or hsa_circ_0000284) is produced through
exon two back-splicing of the HIPK3 gene located on
chromosome 11 (14). Several studies showed that circ-
HIPK3 was involved in progression of various types of
cancer, including colorectal (15), glioblastoma (16),
prostate (17), and breast cancers (18). High levels of
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circ-HIPK3 have been demonstrated in breast cancer;
however, its expression was decreased when cancer
cells underwent apoptosis. Overexpression of circ-
HIPK3 has been shown to inhibit cell apoptosis in non-
small-cell lung cancer (19), colorectal cancer (20), and
BC (18). On the other hand, circRNA plasmacytoma
variant translocation 1 (circ-PVT1 or hsa-circ-0001821)
is a circRNAs molecule, originated from the PVT1 gene,
which is located on chromosome eight. This circRNA is
formed through a process called exon two back-splicing.
For convenience, this circRNA is referred to as circ-
PVTI1. Suppression of circ-PVT1 has been shown to
promote BC cell apoptosis, while inhibiting proliferation,
invasiveness, and migratory capacity (21).

Studies showed that circ-HIPK3 functioned as a
miR-149 sponge, regulating activity of cancerous cells
by controlling FOXM1 expression through miR-149-
mediated regulation (19). circ-PVT1 enhanced FOXM1
expression by binding to miR-149-5p, thereby influencing
the viability and migration of ovarian cancer cells (22).
miR-149 is positively correlated with radiosensitivity in
colorectal cancer (23).

Additionally, BC patients, who exhibited low serum
miR-25-3p expression, had a higher overall survival rate
compared to those with high serum miR-25-3p expression
(24, 25). miR-25 has been identified as a contributing
factor to radiosensitivity in lung cancer and therefore, it
may serve as a potential target for enhancing effectiveness
of the RT (25).

Using molecular markers can predict an individual’s
response to radiation and provide valuable insights
into tumor sensitivity to radiation, as well as its
potential response to treatment. This approach could
be advantageous for customizing radiation dosage
to optimize treatment outcomes. This would allow
medical professionals to choose various treatment
options, while reducing radiation-related harm in
patients who are unlikely to benefit from treatment. For
this purpose, we investigated potential involvement
of these RNAs in response to the radiation and rates
of apoptosis in BC cell lines. For the first time, we
assessed expression levels of miR-149, miR-25, circ-
PVTI, and circ-HIPK3 in two cell lines -one of which
was resistant to radiation and the other one was sensitive
to radiation. Finally, both cell lines were evaluated for
apoptosis before and after irradiation.

Materials and Methods

This experimental study was conducted by ethical
guidelines for laboratory cell line research and received
approval from the Ethics Committee of the Research
Department at Tarbiat Modares University in Tehran,
Iran, ensuring compliance with ethical standards (IR.
MODARES.REC.1400.176).

Cell culture
The MCF-7 and MDA-MB 231 human BC cells were

Abdollahi and Mozdarani

obtained from the Pasteur Institute cell bank in Tehran,
Iran. The cells were thawed from liquid nitrogen, washed,
and cultured at a density of 1x10° cells per well in
6-well plates using Dulbecco’s Modified Eagle medium
(DMEM-F12) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA), penicillin, streptomycin,
and glutamine (all from Gibco, USA). The cells were
incubated at 37°C in a humidified atmosphere containing
5% CO.,,.

Cell irradiation

The experiments were conducted at the Cancer
Radiotherapy department in Pars Hospital (Tehran,
Iran) using a Siemens Artiste linac that emitted 6
MV and 15 MV X-ray beams. Ten minutes before
irradiation, the medium was replaced with a fresh
complete medium to ensure proper backscatter.
The cells were exposed to 6 MV and 15 MV photon
radiation using a polystyrene phantom measuring
25%x25x15 cm?. The film exposures were performed
using an open field size of 10x10 cm? at a depth of
5 cm. Two EBT3 films were used for each radiation
beam. Each sheet was then cut into nine pieces with
6.8x8.5 cm? size. Therefore two films (one for each
absorbed dose) were exposed to each X-ray at three
dose levels: 2 Gy, 4 Gy, and 8 Gy. The other four films
were considered zero-dose exposures.

Apoptosis detection by Annexin V-FITC/PI binding
assay

Both cell lines (MDA-MB-231 and MCF-7 cells) were
incubated for 24 and 48 hours after irradiation. Apoptotic
cells were identified using the Annexin V-FITC Apoptosis
Detection Kit from Sigma-Aldrich (USA). The target cells
were detached using EDTA-free trypsin. To neutralize
trypsin, serum containing DMEM (Gibco, USA) was
used. The cells were then washed with 500 pl of flow
buffer. After washing, 5 pl of fluorescein isothiocyanate
(FITC)-labeled annexin V and 5 pl of propidium iodide
(PI) were added to the tube containing the target cells. The
mixture was then incubated at room temperature in dark
for 15 minutes. Finally, cell apoptosis was measured using
a BD FACSCalibur™ flow cytometer (BD Biosciences,
USA) equipped with a fluorescence-activated cell sorter
(FACS). Flowing software version 2.5.1 was used for data
analysis.

Target selection

In this study, we investigated expression levels of
hsa-miR-149, hsa-miR-25, circ-PVT1, and circ-HIPK3
in BC cell lines, as potential biomarkers for predicting
radiosensitivity and radiotoxicity in BC patients
undergoing radiotherapy. When selecting these non-
coding RNAs, we had to consider various criteria,
including their involvement in carcinogenesis and radio-
responsiveness, as well as their expression in blood, rather
than being tissue-specific. Furthermore, these miRNAs
and circRNAs functioned within the same pathway and
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exhibited interrelatedness. Based on these criteria, we
selected RNAs that had previously been studied primarily
in the cell lines and cancers other than BC, and that met all
of the above criteria.

Designing primers

A stem-loop primer was designed for the reverse
transcription of miRNAs. The primer sequences for the
stem-loop used in this study are listed below:

hsa-miR-149:

5-GTCGTACCAGTGCAGGGTCCCGA-3”
GGTATTCGCACTGGATACGACGGGAGT-3"

hsa-miR-25:

5"-GTCGTATCCAGTGCAGGGTCCGAGGTATTCG-
CACTGGATACGACTCAGAC-3’

miRNA sequences were obtained from the miRBase
database, and the primers were designed using the stem-
loop method.

circRNA sequence was obtained from the circBase
database. The junction region was identified using the
circRNA Interactome database (Fig.1A, B), and primers
were designed using divergent methods for both sides of
the junction.

All primers were designed using the Primer3 database
and validated using the Primer-BLAST tool. The primers
list is presented in Table 1.
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Fig.1: Scheme illustrating the production of circular RNAs and sequencing analysis of back-splicing junctions. A. circ-HIPK3 and B. circ-PVT1.
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Table 1: Primer sequences utilized for quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

Target Primer sequence (5°-3")
circ-HIPK3 F: GGTCGGCCAGTCATGTATC
R: ACTGCTTGGCTCTACTTTGAG
circ-PVTI F: CTGCCAACTTCCTTTGGGTC
R: AGGCACAGCCATCTTGAGG
miR-25 F: ACGATCTTTGCTCTTGTCTCG
R: AATACCTCGGACCCTGCAC
miR-149 F: ACATCTGGCTCCGTGTCTTC
R: AATACCTCGGACCCTGCAC
U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT
GAPDH F: ATGAGAAGTATGACAACAGCCTC

R: CATGAGTCCTTCCACGATACC

RNA isolation and quantitative reverse transcription
polymerase chain reaction

Total RNA was extracted from the cell lines using and
TRIzol reagent (Invitrogen, Germany) following to the
manufacturer’s instructions. Purity and concentration of
the RNA samples were determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific,
USA). For validation experiments, RNA was prepared
and stored at -80°C. For cDNA synthesis, we utilized the
qPCRBIO cDNA synthesis kit (PCR Biosystems Ltd.,
UK) and followed the manufacturer’s protocol.

The reagents were gently mixed on ice. The reagents
included miRNA, Stem-Loop RT primer (1 pM), and
water. The mixture was then incubated at 70°C for five
minutes. A mixture was prepared containing 5x first
strand buffer, ANTP (10 mM each), and RNasin (40 units
of MLV). The mixture was added to a tube and incubated
at 16°C for 30 minutes and then at 60°C for 42 minutes
using a PCR system (Eppendorf, Germany). The reaction
was terminated by incubating it at 70°C for 5 minutes.

gRT-PCR reactions were conducted using a Step-
One Plus RT-PCR thermal cycler (Applied Biosystems,
USA) and SYBR Green qPCR Mix Reagent (Amplicon,
Taiwan), in accordance with the manufacturer’s
instructions. Expressions of circ-PVT1 and circ-HIPK3
were normalized using GAPDH, as a reference gene,
while expression of miR-25 and miR-149 was normalized
using U6, as a reference gene. Each 20 pl reaction
contained 10 pl of 2x Master Mix SYBR Green qPCR Mix
Reagent (Amplicon, Taiwan), 0.5 pl of each primer (final
concentration of 0.25 uM), 5 pl nuclease-free water and 4
ul cDNA. Nuclease-free water was included as a negative
control in every qRT-PCR run to ensure that there was no
contamination from non-template sources. We manually
set the threshold value for all assays to determine the
cycle threshold (Ct) value. The cycling conditions were
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as follows: an initial denaturation at 95°C for 20 seconds,
followed by 40 cycles of 95°C for 5 seconds and 60°C for
30 seconds each. This was followed by a melting curve
ranging from 60°C to 95°C, with fluorescence data being
acquired every 0.3°C. To ensure specific amplification,
we confirmed size of the amplicons by running them on a
2% agarose gel electrophoresis and analyzing the melting
curve during the process. All reactions were performed in
duplicate.

Statistical analysis

Statistical values are expressed as the mean + SEM.
The Shapiro-Wilk test was used to evaluate normality
of the data distribution. Outliers were excluded from
the analysis. Statistical analyses were conducted using
GraphPad Prism 9.0 (GraphPad Software Inc.; San Diego,
CA, USA). Multiple comparisons were analyzed using a
single-factor ANOVA, followed by post-hoc comparisons
using the Newman-Keuls test. A P<0.05 was considered
statistically significant.

Results

Association of circ-HIPK3, circ-PVT1, miR-25, and
miR-149 with radiation response

We aimed to analyze expression of circ-HIPK3, circ-
PVT1, miR-25, and miR-149 in both radiosensitive
and radioresistant BC cells, specifically MCF-7 and
MDA-MB-231. We detected expression of circ-HIPK3,
circ-PVT1, miR-25, and miR-149 in MCF-7 and MDA-
MB-231 cells that were irradiated with 2Gy, 4Gy, and
8Gy X-rays using qRT-PCR.

We found that expression of circ-HIPK3 was
significantly increased in MDA-MB-231 cells exposed to
the dose of 8Gy for 48 hours, compared to the control
group (expression ratio=18.16). The results of the non-
parametric ANOVA test were statistically significant with
P<0.0001.

A comparison of RNA expression between two cell
lines showed a 72.64-fold increase of expression level
in the MDA-MB-231 cell line compared to the MCF-7
cell line after 48 hours of exposure to the dose of 8Gy
(P<0.0001). A comparison of circ-HIPK3 expression
revealed a significant increase at radiation doses of 4Gy
and 8Gy (14.76 and 6.01 times, respectively; P<0.0001
for both) in the MDA-MB-231 cell line after 48 hours
(Fig.2A).

On the other hand, increases of circ-PVT1 expression
level were observed in an MDA-MB-231 cell line at doses
of 2Gy, 4Gy, and 8Gy after 24 and 48 hours, compared to
the control. The expression ratios were 1.39, 1.61, 26.65,
1.23, 16.2, and 58.55, respectively. The results of the
non-parametric ANOVA test were statistically significant
with P<0.0001 for all of the tested variables. Moreover, a
comparison between the two cell lines showed that after
24 hours of exposure to 8Gy radiation, and after 48 hours
of exposure to 4Gy and 8Gy radiation, expression levels
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of circ-PVT1 in the MDA-MB-231 cell line were 5.07,
7.3, and 9.5 times higher, respectively, than the MCF-7
cell line. The results of non-parametric ANOVA test were
statistically significant with p-values of less than 0.0001
for the all three variables. In addition, expression level of
circ-PVTI1 was significantly higher in the MDA-MB-231
cell line after 24 hours exposure to radiation doses of 4Gy
and 8Gy compared to 48 hours (10.56-fold and 2.19-fold,
respectively). The results of non-parametric ANOVA test
were statistically significant with p-values of less than
0.0001 for both variables (Fig.2B).

Furthermore, the expression of miR-25 in MDA-
MB-231 cells was increased significantly at 24 and 48
hours post-exposure to 8Gy doses, with an expression
ratio of 22.47 and 26.77, respectively, compared to the
control group. The non-parametric ANOVA test results
indicated statistical significance with p-values of less than
0.0001 for the both time-points. Findings showed that a
dose of 8Gy increased miR-25 expression level by 449
and 535-fold in the MDA-MB-231 cell line, respectively,
compared to the MCF-7 cell line after 24 and 48 hours
(P<0.0001 for the both data, Fig.2C).

Moreover, an increase in miR-149 expression in the
MCF-7 cell line was observed at dose of 8Gy after 24 and
48 hours, compared to the control. The expression ratios
were 3.98, 3.98, and 5.86, respectively. The results of the
non-parametric ANOVA test were statistically significant
with P<0.0001 for all the tested variables.
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Moreover, comparing the two cell lines at 8Gy
demonstrated that expression level of miR-149 was 4.97
fold higher in the MCF-7 cell line after 24 hours and
6.51 fold higher after 48 hours, in contrast to the MDA-
MB-231 cell line (P<0.0001 for the both data, Fig.2D).

Apoptotic rate

MCF-7 and MDA-MB-231 cells were cultured and
then exposed to radiation. Morphological changes in the
cells were observed under a light microscope (Fig.3). The
data revealed that rate of apoptosis in the MCF-7 cell line
was significantly higher in cells exposed to 4Gy and 8Gy
compared to the control group after 24 hours (P=0.0002
and 0.0005, respectively). Results also showed that the
cells receiving 8Gy had higher percentage of apoptotic
cells compared to those receiving 2Gy and 4Gy at 24
hours. Additionally, the cells receiving 8Gy had higher
percentage of apoptotic cells than those receiving control
and 2Gy at 48 hours. It also showed a significant increase
(P=0.016, P=0.032, P<0.0001 and P=0.01). The rate of
cell apoptosis was significantly higher in the MCF-7
cell line, than the MDA-MB-231 cell line 24 hours after
treatment with 8Gy radiation (P=0.007). The results also
indicated that the MCF-7 cell line exhibited significantly
higher levels of cell apoptosis compared to the MDA-
MB-231 cell line after exposing to doses of 4Gy and 8Gy
(P=0.013 and P=0.013, respectively, Fig.4).
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Fig.2: Comparison of the expression levels of RNAs in the control as well as irradiated MCF-7 and MDA-MB-231 cell lines (2Gy, 4Gy, and 8Gy) after 24- and
48 hours. A. circ-HIPK3, B. circ-PVT1, C. miR-25, and D. miR-149. The data was analyzed using Tukey’s post-hoc one-way ANOVA. All experiments were
performed three times. *; P<0.05, **; P<0.01, ***; P<0.001, and ****; P<0.0001.

Cell J, Vol 25, No 10, October 2023

692



Abdollahi and Mozdarani

Fig.3: Morphological changes in cells observed under a light microscope. A. MCF-7 cells before irradiation. B. MCF-7 cells after irradiation. Apoptotic cells
are indicated by red arrows. C. MDA-MB-231 cells before irradiation. D. MDA-MB-231 cells after irradiation. Apoptotic cells are indicated by red arrows.
All experiments were performed three times (scale bar: 100 um).
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Fig.4: Flow cytometric analysis of apoptosis in cell lines. A. Detection of early and late apoptosis through flow cytometry assay using annexin V and Pl
staining. MCF-7 and MDA-MB-231 cells were exposed to 2, 4, and 8Gy of X-radiation for 24 and 48 hours, respectively. They were subsequently assessed

using flow cytometry. MCF-7 cells were treated with medium alone as a control, without radiation. B. Rate of apoptosis in MCF-7 and MDA-MB-231 cells

under radiation and control conditions. Data was analyzed using Tukey’s post-hoc one-way ANOVA. All experiments were performed three times (scale
bar: 100 pum).
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Discussion

A potential avenue for radiosensitivity research involves
developing risk models that incorporate genetic assays to
predict a patient’s response to radiation and the probability
of experiencing radiation-induced side effects (26). This
risk model can ultimately be combined with current
predictors of radiosensitivity, such as radiation dose,
developing the other diseases and conditions in addition to
primary cancer, and volume of tissue exposed to radiation
(27). The mechanism of RT involves directing X-rays
at the affected area of body, which damages the double-
stranded DNA. Healthy cells can repair this damage, while
the cells with repair defects, such as cancer cells, undergo
apoptosis and are eliminated. Previous studies have shown
that rate of cell apoptosis was correlated with the level
of radiation sensitivity (28). Moreover, cancer cells have
high levels of reactive oxygen species (ROS) and they are
selectively targeted for cell death by radiation. Degree of
oxidative stress mediated by ROS is also linked to cellular
radiosensitivity (29).

According to the results of this study, rate of cell
apoptosis in the MCF-7 cell line following irradiation was
significantly higher than the MDA-MB-231 cell line. This
finding is consistent to the results obtained from another
research (30).

Conducting the current study on additional cell lines
would be beneficial to better establish role of radiation-
sensitive or radiation-resistant RNAs. Additionally,
conducting a functional study on the target proteins of these
RNAs would provide more comprehensive understanding
of their mechanisms. Unfortunately, limitations in this
study prevented us from conducting such an investigation.

In the present study, we successfully demonstrated an
increase in the expression levels of circ-HIPK3, circ-PVT]1,
and miR-25 in the MDA-MB-231 cell line, compared to
the MCF-7 cell line after irradiation. Research indicated
that circ-HIPK3, circ-PVT1, and miR-25 were highly
expressed in specific types of malignancy, including BC
(18, 19, 21). Previous studies demonstrated that circ-
HIPK3 activated the NFkB/AKT pathway. Dysregulation
of NF«B activity could cause alterations in the expression
level of the genes regulated cell death, resulting in the
upregulation of antiapoptotic and pro-survival genes,
such as members of the Bcl-2 family, IAP proteins (XIAP,
cIAP), and TNF receptor-associated factor (TRAF). Based
on the previous studies which are in line with our findings,
this dysregulation could also hinder apoptotic response to
therapeutic agents (31, 32).

On the other hand, the previous studies showed that
circ-PVT1 activated Arginase 2 (ARG2). This activation,
in turn, inhibited BAX and activated bcl2, ultimately
leading to inhibition of apoptosis (33). circ-PVT1 could
regulate functions of PI3K/AKT, Wnt5a/Ror2, E2F2,
and HIF-la pathways. The AGR2-HIF-la pathway,
regulated by miR-29a-3p, was activated by circ-PVT1
in breast cancer, leading to increase of proliferation,
invasion, and migration, while apoptosis was decreased.
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This suggested that circ-PVT1 functions as an oncogene
in BC (34). Overexpression of circ-PVT1 enhanced
expression of AGR2 and HIF-1a by inhibiting miR-29a-
3p. During hypoxia, HIF-1a mediated an increase in Arg-
IT protein levels, which in turn increased production of
mitochondrial ROS.

Another study showed that overexpressing miR-25
could decrease production of ROS and apoptosis in renal
tubular epithelial cells by activating the PTEN/AKT
pathway. These findings are consistent with the results of
the current study (24, 35).

Furthermore, our findings demonstrated that expression
of miR-149 was higher in the radiosensitive MCF-
7 cell line compared to the MDA-MB-231 cell line.
Additionally, the expression of miR-149 increased in
parallel with higher rates of apoptosis. These results are
consistent with the previous studies. Moreover, research
studies demonstrated that miR-149 can efficiently inhibit
migration and invasion of basal BC cells by targeting
transcription factors SP1, FOXM1, and ZBTB2 (19).
Previous studies revealed that overexpression of miR-
149-5p led to reduction of the chaperonin TCP1 subunit 3
(CCT3) expression level. This reduction led to disruption
of intracellular ROS homeostasis as well as redistribution
of free amino acids for energy metabolism. This promoted
apoptosis of tumor cells (36).

Conclusion

Our findings provided new evidence that circ-HIPK3,
circ-PVT1, and miR-25 play crucial roles in the
mechanisms of radioresistance in breast cancer. miR-149
was involved in cellular radiosensitivity and it may serve
as a valuable factor for assessing cellular radiosensitivity
in vitro for breast cancer. These factors could serve as
a new therapeutic target for treatment of breast cancer.
In future, additional studies should be conducted to
investigate radiation sensitivity of patients with breast
cancer. Establishing role of these factors as biomarkers for
radiation sensitivity and resistance could provide valuable
predictive information about tumor radiosensitivity or its
response to treatment. This information could be used
to personalize radiation dosing, making treatment more
effective. This would enable clinicians to select from a
variety of treatment options, while preventing radiation-
induced toxicity in patients who are unlikely to benefit
from the treatment.
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