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Abstract

Introduction Despite the fact that high-dose radiotherapy is a main therapeutic modality in cancer treatment, recent evidence
suggests that it might confer radioresistance. Hyper-radiosensitivity (HRS) is one of the important biological effects of low-dose
ionizing radiation (LDIR) in mammalian cell lines. LDIR is considered as a promising assistant method of clinical cancer therapy.
The purpose of this study was to evaluate the efficiency of intermittent LDIR followed by a high-dose radiation therapeutic
approach compared with the conventional high-dose radiotherapy in the breast cancer MDA-MB-231 cell line.

Materials and methods MDA-MB-231 cells were divided into four experimental groups—intermittent LDIR group: cells were
irradiated for 10 fractions with a dose of 30 mGy at each time (interval 24 h) followed by 2 Gy, single LDIR group: cells have
accepted a dose of 300 mGy LDIR and after 24 h a high dose of 2 Gy, high-dose ionizing radiation (HDIR) group: cells were
exposed to a single high dose of 2 Gy, and control group.

Results MTT and flow cytometry assay were used for cell proliferation and apoptosis after 24 h of the last irradiation dose (2 Gy).
Also, we examined p21 and cespase3 gene expression by RT-qPCR. We observed that intermittent LDIR significantly increased
the killing effect of radiotherapy (viability, 71.95 + 1.25%) (P < 0.01). The apoptosis is proposed to increase up to 32.55 +0.07%
in the intermittent LDIR that was markedly higher than those of other groups (P < 0.01). Caspase3 gene expression in this group
was the highest (5.2-fold), 4.26-fold and 1.42-fold in single LDIR and HDIR, respectively. It was observed that the intermittent
LDIR potentially decreases p21 expression in comparison with the challenge dose of 2 Gy (0.681-fold).

Conclusion LDIR may result in HRS through a concurrent increase of apoptosis and a significant decrease in cell viability. The
therapeutic effects of this approach should be further investigated in animal models.

Keywords Low-dose irradiation - Breast adenocarcinoma - Radiotherapy - Hyper-radiosensitivity (HRS)

Abbreviations Int. L+ H Intermittent LDIR followed by HDIR
HDIR High-dose ionizing radiation Single L+H Single LDIR followed by HDIR
HRS Hyper-radiosensitivity
LDIR Low-dose ionizing radiation
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this possibility to preserve the breast in most cases of early-
stage breast cancers [4]. In the case of advanced breast cancer,
postmastectomy radiation therapy is still widely used as a stan-
dard approach [5, 6]. During the last decade, several advanced
methods of radiation therapy have been introduced, including
accelerated partial radiotherapy and hypofractionated treatment
[7-10]. Due to considerable variations in the size and shape of
the breast and/or chest wall, there are important disputed topics
in radiotherapy planning. Moreover, a great deal of care has to
be taken to save organs at risk (OARs), more seriously the
lungs, heart, and contralateral breast (CB) to stave off them
from undesirable side effects [11].

Cellular exposure to radiation results in damage to DNA and
other cellular structures that triggers a complex cascade of
downstream response pathways in both the nucleus and cyto-
plasm, including the modulation of the cell cycle, DNA repair,
reactive oxygen species (ROS) defense, cytokine production,
and apoptosis. In certain tumor cell subpopulations, these gene
networks can be innately biased toward a radioresistant,
prosurvival phenotype, for example, via decreased proliferation
or accelerated cell-cycle arrest, more efficient or prolonged
DNA repair, or dampened apoptotic signaling [12—-14].
However, a range of side effects is associated with conventional
high-dose radiotherapies [ 15], such as radioresistance leading to
tumor recurrence and consequent poor prognosis [16].
Therefore, enhancing radiosensitivity, overcoming
radioresistance, and improving the efficiency of radiotherapy
is of great practical importance in breast cancer treatment.

Application of low-dose radiation therapy in breast cancer is
one of the well-established submodalities that exhibit some
noteworthy advantages like reduced damage to normal tissues,
increased safety, and better tolerance by patients. It may, there-
fore, offer a promising approach in radiotherapy [17].

Low-dose ionizing radiation (LDIR) is defined as doses of
less than 0.2 Gy for low—linear energy transfer (LET) and
doses less than 0.05 Gy for high-LET radiations, respectively
[18]. Low-dose radiotherapy exhibits the advantages of re-
duced damage, increased safety, and easier acceptance by pa-
tients and may, therefore, offer a promising approach in the
field of radiotherapy [17].

Unlike in normal cells, LDIR induces different biological
effects in cancer cells, such as stimulating cell proliferation in
normal cells such as mesenchymal stem cells although this
may not occur in solid tumor cells [19, 20]. LDIR also may
affect the growth of cancer cells through the activation of
certain cell signaling pathways, which does not exist in nor-
mal cells [21, 22].

LDIR has been suggested to have several features includ-
ing hormesis [23, 24], the adaptive effect [25], the bystander
effect [26], and HRS [27].

Three independent studies [28-32] demonstrated that
many human tumor cell lines show a low-dose HRS
(LD-HRS).
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Various roles have been defined for LD-HRS by different
studies. Of these, p21 and caspase3 are two genes responsible
for apoptosis and cell proliferation. In this context, Enns et al.
[33] and later Krueger et al. [34] identified a role for apoptosis
in HRS. Interestingly, it was demonstrated that the apoptotic
response was mediated through the p53-dependent activation
of caspase3, which forms part of the signaling cascade down-
stream of ATM activation. On the other hand, Li et al. [35]
suggested that the ATM/p21 pathway directly participated in
the LDIR-induced cell proliferation inhibition in pS3null-type
prostate tumor cells, whereas this mechanism was absent in
normal prostate cells.

HRS does not induce cellular repair mechanisms often ob-
served at clinically relevant or higher radiation doses and thus
provides a plausible explanation as to why there is no induc-
tion of radiation resistance with HRS as measured in vitro
[36]. However, the extent of LDIR utilization in clinical can-
cer therapy is still a debate and more study is needed.

Regarding the previous undeniable roles of the two deter-
minative genes, caspase3 and p21, in the induction of
radioresistance or radiosensitivity, caspase3 is known as the
molecule responsible for the apoptotic process in various can-
cers, such as breast cancer. Nonetheless, the prognostic value
of caspase3 is still a debate in breast cancer [37].

In this study, we developed a different LDIR model. The
aim of this was to evaluate the efficiency of intermittent LDIR
followed by the high-dose radiation therapeutic approach
compared with the conventional high-dose radiotherapy in
the breast cancer MDA-MB-231 cell line.

Materials and methods

Cell line culture The MDA-MB-231 breast cancer cell line
was purchased from the Iranian Biological Resource Center
(Tehran, Iran) and was cultured in Dulbecco’s modified
Eagle’s medium (Gibco; Thermo Fisher Scientific, Inc.,
Grand Island, NY, USA) supplemented with 10% FBS
(Gibco; GE Healthcare Life Sciences, Chalfont, UK) and
5% penicillin/streptomycin. Cultures were maintained at
37 °C with 5% CO, in a humidified incubator.

LDIR strategy The MDA-MB-231 cells were exposed to X-ray
using a linear accelerator (LINAC) which produces X photons
of 6 Mev at a dose rate of 200 mGy/min (Varian, Golestan
Hospital, Ahwaz, Iran).

When the cells reached 60% confluency, the culture flasks
(T25) were completely filled with the culture medium and
placed in a water phantom to compensate for the build-up
effect. The SSD was 100 cm, and the field size was
10*10 cm. In order to investigate the intermittent LDIR effect
on breast cancer, the MDA-MB-231 cells were divided into
four experimental groups (Fig. la). In group A, the
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Fig. 1 a Chart of irradiation groups. b Irradiation protocol. MDA-MB-
231 cells were divided into four experimental groups—intermittent LDIR
+ HDIR group: cells were irradiated for 10 fractions with a dose of
30 mGy at each time (interval 24 h) followed by 2 Gy, single LDIR +

intermittent group, the cells were irradiated in 10 fractions
with a dose of 30 mGy each time. The time interval between
two irradiations was 24 h [38-40]. After that, the cells were
irradiated with 2 Gy high-dose ionizing radiation (HDIR).
Group B was cultured simultaneously for the same 10 days
and received a dose of 300 mGy and subsequently a high dose
of 2 Gy after 24 h. Group C accepted a single high dose of
2 Gy. Group D, the sham-irradiated group, was the control. At
each time that the cells of other groups were exposed, the
flasks of the control cells were also removed from the incuba-
tor and full of culture medium in the same conditions. They
were taken to the radiotherapy center, but they did not receive
any irradiation (Fig. 1b).

MTT assay The MDA-MB-231 cells were seeded into 96-well
plates at a density of 2 x 10* cells/well and a final volume of
150 puL/well. Each experiment was triplicated. Twenty-four
hours after the last session of radiation [35, 41, 42], the previ-
ous culture medium was removed and new medium (100 pL)
was added. Next, 20 uL of MTT reagent (Sigma-Aldrich,
Shanghai, China) was added and cells were incubated for
4 h at 37 °C in the dark. The medium was then discarded
and cells oscillated in 100 pL/well dimethyl sulfoxide for
30 min. The absorbance was measured at 570 nm using a

HDIR group: cells have accepted a dose of 300 mGy LDIR and after 24 h
a high dose of 2 Gy, HDIR group: cells were exposed with a single high
dose of 2 Gy, and control group

Fluoroskan Ascent FL. Microplate Fluorometer (Thermo
Scientific, Sunnyvale, CA, USA). The viability percent of
each group was calculated as

viability rate (%)

_mean OD (570 nm) of the treated group « 100
~ mean OD (570 nm) of the control group

Flow cytometry for cell apoptosis Annexin V-FITC and PI
double-staining flow cytometry analyses were employed for
the assay of cell apoptosis after irradiation. Cells were
trypsinized and collected in centrifuge tubes 24 h after the last
radiation; subsequent cells were washed three times with cold
PBS and binding buffer, followed by staining with Annexin
V-FITC and PI (Annexin V-FITC Apoptosis Detection kit,
eBioscience) for apoptosis assay. Briefly, the MDA-MB-231
cells were first resuspended in 100 pL binding buffer. Then,
the cells were mixed with 5 uLL of Annexin V-FITC and were
incubated for 15 min followed by adding 300 pL binding
buffer and 5 pL PI (Sigma). After 15-min incubation in PI
buffer, the cells were immediately analyzed using a flow
cytometer (BD FACSCalibur) with the FlowJo FACS analysis
software. The cells in the different portions represent the

@ Springer



202

J Radiat Oncol (2019) 8:199-208

different cell states as follows: the late-apoptotic cells are pres-
ent in the upper-right portion, the viable cells are present in the
lower-left portion, and the early apoptotic cells are in the
lower-right portion.

Reverse transcription-quantitative polymerase chain reaction
For further investigation, the reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) technique was used to
assay gene expression. The p21, caspase3, and HPRT gene
sequences were collected from https://www.ncbi.nlm.nih.
gov/. Then, BLAST and Snapgene software were used for
primer designing and ordered for synthesis. Cell total RNA
was extracted using the RNeasy Plus Mini Kit (Qiagen). Then,
a Reverse Transcription Kit (Qiagen) was used to synthesize
cDNA. Finally, the SYBER Green PCR Kit was used to run
the RT-qPCR. The mRNA expression level of caspase3 and
p21 was quantified by normalizing over HPRT as the internal
control gene. The sequences of the primers used for RT-qPCR
were as follows:

p21-fwd, GTTCACAGGTGTTTCTGCGGC
p21-rev, CCATTAGCGCATCACAGTCGC
Caspase3-fwd, GAGGCGGTTGTAGAAGAGTTT
Caspase3-rev, GGCTCGCTAACTCCTCACG
HPRT-fwd, TAG CCC TCT GTG TGC TCA AG
HPRT-rev, ACT TTT ATG TCC CCT GTT GAC TG

The fold of difference relative to the reference gene
(HPRT) was determined by conversion of 2 AACT
AACT = (CTgpjective gene ~ CTreperence gene) of the experi-
mental group — (CTopjective gen€ — CTyeerence gene) of the con-
trol group.

Statistical analysis All experiments were repeated at least three
times. Data and statistics are presented as means = SD. The
significance was determined by one-way ANOVA using
SPSS 24.0. P<0.05 was considered to indicate a statistically
significant difference (*P < 0.05; **P < 0.01).

Results

In this study, the MDA-MB-231 breast cancer cell line was
chosen because it is a highly aggressive, invasive, and poorly
differentiated triple-negative breast cancer (TNBC) cell line as
it lacks estrogen receptor (ER) and progesterone receptor (PR)
expression, as well as HER2 (human epidermal growth factor
receptor 2) amplification. TNBC is an aggressive form of
breast cancer with limited treatment options [43, 44].

Effects of LDIR on Cell Growth At first, in order to investigate

the effects of LDIR on cell growth, MDA-MB-231 breast
cancer cells were pretreated by an intermittent LDIR and
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single LDIR before HDIR. Cell proliferation activity was
evaluated using MTT assay after 24 h of the last irradiation
dose (2 Gy). The results of MTT are shown in Fig. 2a.

The viability was 71.95 +1.25%, 89.66 + 1.07%, and 84.5
+1.04% in intermittent LDIR + HDIR, single LDIR + HDIR,
and HDIR compared to the control group, respectively. The
viability of cells in the int. L + H group is 17.71% less than
that of single L + H, indicating that using intermittent LDIR is
more effective. Compared with the HDIR, it has been found
that cell survival is 12.55% less in int. L + H, suggesting the
use of intermittent low-dose radiation before the HDIR to
increase the radiosensitivity of the cells, thereby further reduc-
ing cell survival (Fig.2b). Briefly, the intermittent LDIR most
significantly inhibited cell growth compared with the HDIR or
single LDIR (P <0.01). These findings supported that inter-
mittent LDIR followed by HDIR induced radiosensitivity in
the cells and can increase the therapeutic efficacy through
reduced cell survival.

Apoptosis induced by LDIR After observing the decreased vi-
ability of cells in the int. L + H group compared to those of
other groups, for further study of the effectiveness of this
regimen on cells, cell apoptosis was investigated, using the
Annexin V-PI kit. As shown in Fig. 3a, the intermittent
LDIR increased cell apoptosis up to 32.55 + 0.07%. The apo-
ptosis was 30.14 +0.01% in single LDIR, 25.49 + 0.07% in
HDIR, and 8.37 +0.07% in control groups, respectively. The
percentage of apoptosis had the highest value in the intermit-
tent LDIR group (Fig. b, ¢). Moreover, in the single LDIR
group, apoptosis was significantly higher in comparison with
the HDIR and control groups. Therefore, it seems that the use
of low-dose irradiation as an intermittent regimen is more
effective on apoptosis than a single low-dose and high-dose
irradiation alone.

Effect of intermittent low-dose irradiation on gene
expression

Subsequently, to confirm the results, we examined the ex-
pression of p21 and caspase3 genes. The results of caspase3
expression have shown 5.2-, 4.26-, and 1.42-fold change in
int. L + H, single L + H, and HDIR groups, respectively. RT-
gPCR analysis indicated that caspase3 expression in int. L +
H compared with the HDIR was most significant and ap-
proximately a 3.6-fold increase was observed in int. L + H
(P<0.01) (Fig. 4a). The results of the evaluation of the
caspase3 expression, which is associated with apoptosis,
are consistent with flow cytometric results. The int. L + H
group with the highest percentage of apoptosis has the
highest expression of the caspase3 gene (P <0.01). So the
use of low-dose irradiation intermittently is more effective
for breast cancer radiotherapy.
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Fig. 2 a The results of cell
viability in irradiated groups of
breast cancer cells (MDA-MB
231). The survival rate in int. L +
H decreased significantly 71.95 +
1.25% unlike in the control group.
(*P<0.05, #P<0.01 vs.
control). Intermittent LDIR
promotes the therapeutic effects
of radiotherapy. The cell growth
was determined by MTT assay. b
Comparison of the viability of int.
L + H with other groups. The
vitality of the int. L + H group has
decreased by about 12.55+ 1.2%
compared to the HDIR which
shows that the efficacy of
intermittent low-dose before
high-dose irradiation is higher
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On the other hand, the consequence of p21 expression in-
dicated that the highest decrease of p21 gene expression was
measured in the intermittent LDIR group by a 0.102-fold
change than in the other irradiated groups (P<0.01).
Furthermore, the difference between the int. L + H and
HDIR groups was significant, and this implies that this meth-
od is an effective treatment. The decline in p21 gene expres-
sion was not significantly different between single L + H and
HDIR (P> 0.05; Fig. 4b).

Discussion

Radiotherapy is a well-established approach in cancer treatment
which is carried out either following surgery or alone for inop-
erable tumors. The main obstacles in radiotherapy include nor-
mal tissue toxicity and tumor radioresistance [45, 46].
Intriguingly, experimental studies with low-dose ionizing radi-
ation in various cell lines and animal models have demonstrated

the phenomenon of hormesis and adaptive response in normal
cells and tissues while not in malignant tumors [47, 48]. In this
study, the efficacy of the combination of intermittent LDIR and
HDIR was evaluated as a novel strategy in breast cancer treat-
ment. HRS seems to be more induced in pre-treatment by low-
dose fractionated radiotherapy followed by conventional radio-
therapy than the conventional regimen alone.

Surprisingly, this combined modality of radiotherapy in-
creased dramatically the killing ability of HDIR via a strong
induction of apoptosis, concurrently with a significant decline
in cell proliferation.

Wang et al. studied the effect of intermittent LDIR on
HT29 cells [49]. Their data suggested that the intermittent
LDIR noticeably inhibited cell growth in comparison with
the HDIR or single LDIR pretreatments. These results are in
agreement with our study and they confirm that the effect of
radiotherapy has been increased by using intermittent LDIR
followed by a high-dose irradiation challenge such as 2 Gy
that is a conventional dose in radiotherapy. Also, Schwarz
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Fig. 3 a Flow cytometry results.
Analysis of MDA-MB-231 cell

apoptosis by flow cytometry. b The
results of flow cytometry.
Intermittent L + H promotes the
therapeutic effects of radiotherapy.
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et al. studied the effect of LDIR (0.03-0.1 Gy) either alone or
followed by a 2-Gy challenging dose on the survival of the
HT29 cell line [50]. They concluded that the dose of 0.05 Gy
before 2 Gy reduced the survival of these cells which is con-
sistent with our results. Otherwise, they claimed that a dose of
0.03 Gy (the same dose applied in our study) did not affect the
cell survival significantly, which is contrary to our results.
This conflict of conclusions may reflect that various cell lines
at different doses have individual responses. Jiang reported
that LDIR may stimulate the growth of normal cells, whereas
the same results were not obtained about leukemia and solid
tumor cells in vitro [51]. Marples et al. in a review article
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reported that mammalian cells exhibit HRS to radiation
doses of less than ~0.3 Gy when given at acute dose rates.
Over the ~0.3- to 0.6-Gy dose range, a more radioresistant
response per unit dose is evident, as illustrated by the
shallower slope of the radiation dose-response curve. The
transition toward radiation resistance associated with over-
coming HRS is generically described by the term “increased
radioresistance” (IRR) [52]. As that was consistent with this
article, the proliferation rate of the single LDIR + HDIR
(1*0.3 Gy + 1*2 Gy) group was higher than that of the
HDIR group in our result, indicating that 0.3 Gy LDIR in
this group has induced IRR.
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MDA-MB-231 cells include a p53 mutant allele on exon 8
[21]. The ATM/p53/p21 pathway was activated by LDIR in
the MDA-MB-231 cells [53].

Despite the search in valid databases, we found a few arti-
cles about the effect of LDIR on p21 expression. Wang report-
ed that the intermittent LDIR increases p21 expression and
apoptosis [49], and Li’s report showed that p21 expression
was reduced after LDIR (750 mGy) without HDIR [53]. In
fact, the relationship between the different regimes of LDIR
(intermittent and single LDIR) followed by a challenge high-
dose irradiation (2 Gy) on apoptosis and cell proliferation is
not investigated. The results of these research are not compa-
rable to our observations, because the irradiation regimes, the
cell lines, and the main purpose are different from our re-
search. At first, in the intermittent LDIR group, we considered
3 days the interval between LDIR sessions. After 10%30-mGy
sessions followed by a 2-Gy HDIR, we observed that the cell
proliferation in this group is higher than that of other groups,
which may be due to damage repair and radioresistance (data

intL+H

Single L+H HDIR

not published). Then, the interval between LDIR sessions was
reduced to 24 h (group A) and it was observed that apoptosis
and cell proliferation were decreased compared to those of the
HDIR group, in spite of downregulation of the p21 gene. We
suggest that the p21 gene be considered with such a LDIR
therapeutic strategy for other radioresistant cancer cells.
Caspase3 is an important apoptosis-related gene; it is locat-
ed at 4q35.1 [54]. Caspase3 is the effector of the caspase
apoptotic cascade pathway; the mitochondrial apoptotic path-
way and the death receptor apoptotic pathway can both acti-
vate CASP3, making it the central hub of the whole apoptotic
pathway [54-56]. In our study, caspase3 expression increased
in the intermittent LDIR group compared with HDIR which
indicates that int. L + H will cause HRS through a significant
increase in the caspase3 expression as a result of increased
apoptosis, thereby increasing the therapeutic efficacy of
high-dose radiotherapy for breast cancer. Also, Wang reported
that LDIR increased the expression of caspase3 in HT29 cells
in comparison to HDIR [49]. Enns reported that A549 and
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T98G cells showed a discernable activation of caspase3 at low
doses that induce HRS; meanwhile, this HRS was not ob-
served in MCF7 cells at a similar radiation protocol [33].
Therefore, these results indicate that the effects of LDIR on
caspase3 expression in cancer cells are dose and, most impor-
tantly, cell line dependent. It is noteworthy that further studies
are required to evaluate LDIR effects on caspase3, particularly
on its protein level.

There are some limitations to the present study. First, it is
also necessary to treat this regimen for normal breast cells to
check the hormesis effect. Secondly, more parameters especial-
ly protein expression need to be analyzed to indicate the effec-
tiveness of this therapy. Thirdly, to evaluate the therapeutic
effects of this method, it should be studied on other cancer cell
lines and even in animal and clinical models. Finally, the LDIR
requires an investigation to apply as a combination therapy with
the other therapeutic modalities such as conventional radiother-
apy, chemotherapy, and even immunotherapy as well.

Conclusion

The presented findings suggest that intermittent low-dose ion-
izing radiation by inducing HRS can increase the effect of
high-dose radiotherapy on breast cancer cells. In fact, this
study shows that the intermittent LDIR followed by HDIR
could be a novel strategy to improve radiotherapy efficiency.
However, the other effects of LDIR, such as bystander effects,
and adopting response have not been fully investigated.

Limitations

Due to the financial limitations of the project, which belongs
to a postgraduate degree (MSc), it was not possible to add
additional techniques to this project. So the referee’s insightful
suggestions will be considered in future research that will
follow this project.
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