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Abstract

Identifying the radiosensitivity of cells before radiotherapy (RT) in breast cancer (BC) patients allows appropriate switching
between routinely used treatment regimens and reduces adverse side effects in exposed patients. In this study, blood was
collected from 60 women diagnosed with Invasive Ductal Carcinoma (IDC) BC and 20 healthy women. To predict cellular
radiosensitivity, a standard G2-chromosomal assay was performed. From these 60 samples, 20 BC patients were found to be
radiosensitive based on the G2 assay. Therefore, molecular studies were finally performed on two equal groups (20 samples
each) of patients with and without cellular radiosensitivity. QPCR was performed to examine the expression levels of circ-
FOXO3 and miR-23a in peripheral blood mononuclear cells (PBMCs) and RNA sensitivity and specificity were determined
by plotting Receiver Operating Characteristic (ROC) curves. Binary logistic regression was performed to identify RNA
involvement in BC and cellular radiosensitivity (CR) in BC patients. Meanwhile, qPCR was used to compare differential
RNA expression in the radiosensitive MCF-7 and radioresistant MDA-MB-231 cell lines. An annexin -V FITC/PI binding
assay was used to measure cell apoptosis 24 and 48 h after 2 Gy, 4 Gy, and 8 Gy gamma-irradiation. Results indicated that
circ-FOXO03 was downregulated and miR-23a was upregulated in BC patients. RNA expression levels were directly associated
with CR. Cell line results showed that circ-FOXO3 overexpression induced apoptosis in the MCF-7 cell line and miR-23a
overexpression inhibited apoptosis in the MDA-MB-231 cell line. Evaluation of the ROC curves revealed that both RNAs
had acceptable specificity and sensitivity in predicting CR in BC patients. Binary logistic regression showed that both RNAs
were also successful in predicting breast cancer. Although only circ-FOXO3 has been shown to predict CR in BC patients,
circ-FOXO3 may function as a tumor suppressor and miR-23a may function as oncomiR in BC. Circ-FOXO3 and miR-23a
may be promising potential biomarkers for BC prediction. Furthermore, Circ-FOXO3 could be a potential biomarker for
predicting CR in BC patients.

Keywords Breast cancer - G2 assay - Cellular radiosensitivity - Circ-FOXO3 - miR-23a

Introduction refers to the relative sensitivity of different cells (tissues,
organs, or organisms) to the effects of ionizing radiation
(IR) [4]. The radiosensitivity of cells depends on many fac-

tors, including the type of radiation and the ability to repair

Breast cancer (BC) is the most common cancer in women
and the leading cause of cancer-related death in women

worldwide [1]. Radiation therapy (RT) is commonly used
as an adjuvant therapy in approximately 50% of all cancer
patients at some stages of the disease [2]. However, some
patients are over/undertreated after RT [3]. Radiosensitivity

< Hossein Mozdarani
mozdarah@modares.ac.ir

Department of Medical Genetics, Faculty of Medical
Sciences, Tarbiat Modares University, Tehran, Iran

Unit of Personalized Medicine, Department of Epidemiology,
University Medical Center Groningen, Groningen,
The Netherlands

@ Springer

DNA, etc. [5]. Identifying radiosensitive patients before
performing RT allows a proper alternation in routinely used
treatment regimens to decrease the adverse side effects in
exposed patients [4]. Although triple-negative breast can-
cer (TNBC) and Her2 + subtypes are nearly radioresistant,
radiation response analysis of various breast cancer subtypes
shows that luminal subtypes (A, B) are more radiosensitive.
[6]. Given that different BC molecule subtypes respond dif-
ferently to irradiation, this can affect the clinical outcome
of treatment [7]. Studies have shown that peripheral blood
lymphocytes in various types of cancer patients have higher
levels of chromosomal abnormalities (CA) than in healthy
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people after irradiation [8]. An increase in CA after irradia-
tion has been shown in about 40% of BC patients, but only
in about 10% of healthy subjects [9, 10]. The G2 assay is a
widely used method to study radiation sensitivity. In vitro
irradiation of peripheral blood lymphocytes in the G2 phase
of the cell cycle to induce DNA damage is often repaired
during the G2-to-M transition, and residual lesions can be
observed and measured at the metaphase as CA [11]. The
high frequency of chromosomal aberrations that occur after
G2 radiation exposure significantly distinguishes radiosensi-
tive and non-radiosensitive cells or individuals [12—-16]. Sev-
eral reports have shown high frequencies of chromosomal
aberrations in breast cancer lymphocytes after G2 exposure
to IR [17-19]. IR used in RT induces different types of DNA
damage such as double-strand breaks (DSBs) [20]. DNA
double-strand breaks (DSBs) are dangerous form of dam-
age that can lead to cell death and genome rearrangements.
DSBs are repaired using two-component kinetics. In both
phases, the fast process uses Canonical Nonhomologous
End Joining (c-NHEJ) to repair most DSBs [21]. Chromatid
aberrations in G2 may be induced following the signaling
pathway induced by the initial induction of DNA damage
[22, 23]. DNA Damage Response (DDR) plays an important
role in DSB repair [24]. DDR maintains genomic stability by
protecting cells from apoptosis and malignancies [25]. Cir-
cular RNAs (circRNAs) are novel endogenous non-coding
RNAs (ncRNAs) characterized by a closed-loop structure
[26]. A special structure that prevents exonuclease-mediated
degradation makes circRNA highly stable, helping circRNA
resist degradation by RNases and highlighting the advan-
tages of circRNA as a stable molecular biomarker for vari-
ous cancers [27-29]. CircRNA is also an important regulator
in cancer biology [30-32]. CircRNA regulates the expres-
sion of related genes by specifically binding to microRNAs
(miRNAs) as competing endogenous RNAs (ceRNAs) and
functioning as miRNA sponges. [33]. miRNAs are small
non-coding RNA subtypes of 20-25 nucleotides in length
that have been identified for their role in the development
of breast tumors and the regulation of radiation responses
[27]. MiRNAs can affect tumor radiosensitivity through the
regulation of the DDR [15].

Circular RNA Forkhead Box O3 (circ-Foxo3, hsa_
circ_0006404) is encoded by the human FOXO3 gene [34].
Studies have shown that circ-FOXO3 is also involved in the
inhibition of the progression of acute myeloid leukemia [35],
glioblastoma [36], lung cancer [37], and breast cancer [38].
Several discoveries have been reported regarding the func-
tionality of circ-FOXO3. Low levels of circ-FOXO3 have
been demonstrated in breast cancer, but their expression has
been shown to increase when cancer cells undergo apop-
tosis [39, 40]. Overexpression of circ-Foxo3 promotes cell
apoptosis in bladder cancer [41], prostate cancer [42], and
breast cancer [40]. On the other hand, the results showed that

downregulation of circ-FOXO3 significantly increased post-
irradiation DNA damage and apoptosis, whereas upregula-
tion of circ-FOXO3 showed the opposite result. These data
suggest that circ-FOXO3 is involved in radiation-induced
cardiotoxicity [43]. However, the role of circ-FOXO3 in
breast cancer radiosensitivity remains unclear. This non-
coding RNA acts as a sponge for potential miRNAs. Stud-
ies have shown that circ-Foxo3 sponge miR-23a effectively
suppresses esophageal squamous-cell carcinomas (ESCC)
progression by upregulating PTEN expression [44]. Stud-
ies have revealed that DNA Topoisomerase 1 (TOP1) was
identified as a direct target of miR-23a. This is essential for
maintaining genomic stability during DNA damage. [45],
and the inhibition of TOP1 by miR-23a led to a cellular
topoisomerase activity that fell below the crucial critical
threshold and induces cell death [46]. Functional analy-
sis observed that the knockdown of miR-23a may reduce
pS53-induced apoptosis. These data show that miR-23a can
promote the apoptotic effect of p53. [47]. Studies suggest
that miR-23a promotes endothelial cell proliferation and
migration as well by inhibiting the expression of PTEN, it
promotes angiogenesis in radiation therapy [48, 49]. This
is one of the causes of radiation resistance in lung cancer
and may be a new target for increasing the sensitivity of
radiation therapy [50]. MiR-23 and circ-FOXO3 expression
levels in breast cancer radiosensitivity are largely unknown.
We aimed to investigate the potential involvement of circ-
FOXO03 and miR-23a in the radiosensitivity of lymphocytes
and the apoptosis rate of breast cancer cell lines in IDC BC
patients. To do this, a standard G2 assay was used to dif-
ferentiate patients as radiosensitive and non-radiosensitive
groups based on their cellular radiosensitivity. Then, for the
first time, We studied the association of FOXO3 and miR-
23a with cellular radiosensitivity in PBMC of BC patients.
Next, we evaluated the expression levels of circ-FOXO3 and
miR-23a in two radiation-resistant and radiation-sensitive
cell lines. Finally, both cell lines were evaluated for cell
apoptosis before and after irradiation. The ultimate aim of
this study was to evaluate the potential use of the circular
RNA and miRNA used in this study to predict cellular radio-
sensitivity and early detection of BC.

Materials and methods
Study population

BC patients with stage I/ II invasive ductal carcinoma (60
women, average age 47 +9.92 years) were randomly selected
at the Cancer Institute at Imam Khomeini Hospital (Tehran,
Iran). Patients were selected among new-case individuals
who had not received chemotherapy and/or primary radio-
therapy or previous anticancer drugs before blood sampling.

@ Springer
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They also had no history of using alcohol or drugs. First-
degree relatives have no history of cancer and no signs of
radiosensitivity-related congenital chromosomal disruption
syndrome (including ataxia-telangiectasia, xeroderma pig-
mentosum, etc.). Age- and gender-matched healthy donors
(20 females; mean age 44 + 6.7 years) without prior history
of breast cancer or other serious medical conditions in them
or their first-degree relatives at the same time were also
included as a healthy group. Factors such as diet, medical
history, exposure to chemical and physical agents, smok-
ing and alcohol/drug consumption, etc. were asked using a
written questionnaire to obtain information on all lifestyles.
Individuals with these confounders were excluded from the
study for at least 1 month before blood collection. Informed
consent was obtained from all patients and healthy partici-
pants, according to institutional ethics committee guidelines.
This study was approved by the Ethics Committee of the
Tarbiat Modares University (Registration no IR.MODARES.
REC.1400.176 dated 10. October 2021).

Cell culture and G2 chromosomal radiosensitivity
assay

Peripheral blood (2 ml) was collected in heparinized tubes
from all participants. Each blood sample was divided into
two parts: non-exposed and exposed to gamma irradiation.
In brief, 0.5 ml of heparinized blood was added to 4.5 ml
of complete RPMI-1640 (Bioidea, EU) supplemented with
10% fetal bovine serum (Bioidea, EU), penicillin (100 U/
ml), and streptomycin (100 pg/ml) (Bioidea, EU) and 100 pl
phytohemagglutinin (Gibco, BRL, USA). Each culture ves-
sel was prepared twice, one was checked for spontaneous
chromatid break yield (SY) as a control, and the other was
checked for induced chromatid break yield (IY) by gamma
irradiation. The cell culture was incubated at 37° C for 72 h.
Culture vessels were irradiated with a 1 Gy dose of gamma
radiation generated by a 60 Co source (Theratron-II 780C,
Kanata, Canada) at room temperature (4—5 h before harvest-
ing) at a dose rate of 0.8—1 Gy. Colcemid (Gibco, BRL) was
added at a concentration of 4 pg/ml, 1.5 h before harvesting
to arrest cells at metaphase. Harvesting was done accord-
ing to the standard procedures and slides were prepared and
air-dried before staining with 4% Giemsa. To analyze meta-
phase, 100 well-spread metaphases were scored on slides
before irradiation, and 100 lateral metaphases after irradia-
tion were examined under a light microscope (Leica, Japan)
for the presence of chromatid breaks in each sample. Evalu-
ated at 1000 X magnification. The difference in chromatid
break yield before and after irradiation was analyzed. The
cut-off value for radiation-induced chromatid abnormalities
in the lymphocytes of healthy subjects was defined as mean
aberrations +2SD, according to a study by Scott et al. [9,
15]. This method allows us to distinguish between patients

@ Springer

with and without cellular radiosensitivity. Molecular studies
have been conducted according to cellular radiosensitivity in
BC patients. Figure 1 shows exemplary photomicrographs
of metaphase cells with and without chromatid aberrations
after irradiation of G2 lymphocytes.

Isolation of peripheral blood mononuclear cells
(PBMC)

Two ml of peripheral blood was also collected from each
sample into K2-EDTA tubes for molecular experiments.
Blood samples were diluted with an equal volume of phos-
phate-buffered saline (PBS) and mixed. This solution was
carefully added to 3 ml of Ficoll-Hypaque (Lymphodex
Inno-Train) and centrifuged at 400 g for 40 min. The PBMCs
were then carefully transferred to a new tube, further diluted
with PBS, and centrifuged at 500 g for 15 min (twice). The
RNA isolation procedure was performed immediately on the
pellet according to the manufacturer's instruction.

Cell culture and Irradiation

Breast cancer cells, MCF-7, and MDA-MB-231 cells were
cultured at 1x 10° cells/well in 6-well plates in DMEM
medium (Gibco-BRL) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (Penicillin (100 TU/ml)/Strep-
tomycin (100 pg/ml)). Ten minutes before irradiation, the
medium was replaced with a fresh complete medium to pro-
vide proper backscatter. Cells were then exposed to 2 Gy,
4 Gy, and 8 Gy megavoltage X-rays generated from a 6-MV
linear accelerator (LINAC) (Elekta, Sweden) at room tem-
perature. Control cultures received no irradiation.

Apoptosis detection by Annexin V-FITC/PI binding
assay

Both cell lines (MDA-MB-231 and MCF-7 cells) were incu-
bated for 24 and 48 h after irradiation. Target cells were then
detached using EDTA-free trypsin, and serum-containing

Fig. 1 Examples of abnormalities seen in metaphase A Normal meta-
phase, B Metaphase with chromatid breaks and deletions shown with
arrows. Magnification X 1000
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DMEM was used to neutralize trypsin. Cells were then
washed with a 500 pl flow buffer. After washing, 5 pl of
annexin V-fluorescein isothiocyanate V/FITC and 5 pl of
propidium iodide (PI) were added to the tubes with target
cells and incubated for 15 min at room temperature in the
dark. Finally, cell apoptosis was analyzed using a FACSCali-
bur flow cytometer (BD Biosciences, CA).

RNA isolation and qRT-PCR

Total RNA was extracted from PBMCs and cell lines and
TRIzol reagent (Invitrogen, Karlsruhe, Germany) was used
according to the manufacturer's instructions. The purity
and concentration of RNA samples were determined using
a NanoDrop ND-1000 (Thermo Fisher Scientific, Wilming-
ton, DE). For validation experiments, RNA was prepared
and stored at —80 °C. For the synthesis of cDNA, we used
the gPCRBIO cDNA synthesis kit and followed the protocol
according to the manufacturer's instructions. The stem-loop
primer was used to perform reverse transcription. Stem-loop
primer sequences used in this study were as follows: hsa-
miR-23a. 5" GTCGTATCCAGTGCAGGGTCCGAGGTA
TTCGCACTGGATACGACAAATCC 3’

The following reagents: miRNA, Stem-Loop RT primer
(1 pM), and RNase-free water were gently mixed on ice and
incubated at 70 °C for 5 min. Then, a mixture containing: X 5
first strand buffer, ANTP (10 mM each), and RNasin (40-
MLV) was prepared, the mixture was then added to the tube,
and then incubated at 16 °C for 30 min and 60 °C for 42 min
using PCR system (Eppendorf). Termination of the reaction
was performed using a 5-min incubation at 70 °C. Real-time
PCR was performed using SYBR Green qPCR Mix Reagent
(BIOFACT, Taiwan) on a real-time PCR system "Applied
Biosystems, Step One Plus, USA". The sequences of the
specific primers are shown in Table 1.

The universal reverse primer used was a 20 pl PCR reac-
tion mix containing 2 X SYBR Green qPCR mix reagent
(BIOFACT, Taiwan), forward and reverse primers (10 pM
each), cDNA product, and nuclease-free water. The PCR
reaction was incubated at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s, 60 °C for 30 s, and finally 72 °C for
10 s. All reactions were performed in duplicates. Finally,
we used Method 2 to analyze the relative expression levels
of each RNA. All experiments were performed in duplicate.

Statistical analysis

For the G2 assay, the SY of the chromatid breaks was sub-
tracted from the I'Y of each sample to obtain the radiation-
induced yield (RIY). Results were analyzed using SPSS
software (version 25, Chicago, USA). An unpaired t-test
was used to compare the frequency of chromatid aberrations
between groups before and after irradiation.

The normality of data distribution was examined using
the Shapiro—Wilk test. Outliers were excluded from the anal-
ysis, and sampling was repeated. The association between
circular RNA and miRNA expression levels and breast can-
cer was assessed by an unpaired t-test (comparison of the
two groups). The association between radiosensitivity and
miR23a and circ-FOXO3 expression was analyzed using
Tukey's post hoc one-way ANOVA (comparing two or more
groups). In addition, the nonparametric Kruskal-Wallis test
(k samples) was also performed to determine significant dif-
ferences between molecular subtypes of BC. P <0.05 was
considered a significant value. Meanwhile, Tukey's post hoc
one-way ANOVA statistical test was used to examine RNA
expression in two cell lines.

ROC curves were constructed to assess the accuracy of
the use of miRNA and circular RNA in the detection of
breast cancer and cellular radiosensitivity of BC patients.
To evaluate the predictive values of these molecules, we cal-
culated the area under the curve (AUC) for the ROC curve
and the 95% confidence interval (95% CI). Finally, binary
logistic regression was used to assess the ability of miRNA
and circular RNA in predicting BC and cellular radiation
responses.

Results

Patient demographic information and relevant pathological
characteristics such as ER, PR, Her2, Ki67 status, lymph
node status, and clinical stage are presented in Table 2.
Pathologic information for some patients was not available.

The G2 assay analysis

The G2 assay was performed on lymphocytes collected from
the blood samples of 60 BC women (group) and 20 healthy,

Table 1 Primer sequences used
for Real-Time PCR

Target Forward

Reverse

circ-FOXO03
miR-23a

GAPDH

S'TTGAACGTGGGGAACTTCAC3'
5S'GATAGGGGTTCCTGGGGATG3'

ué6 5'CTCGCTTCGGCAGCACA3’
5S'ATGAGAAGTATGACAACAGCCTC3'

5S'TCGACTATGCAGTGACAGGT3’
5'AATACCTCGGACCCTGCAC3'
5'AACGCTTCACGAATTTGCGT3'
5'CATGAGTCCTTCCACGATACC3’

@ Springer
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Table 2 Demographic information of included patients

Category Number Percentage
(%)
Age (years)
<40 18 30
4154 27 45
>55 15 25
T Stage®
T1<2cm 24 40
T2
T3>2cm 36 60
Lymph node status® 21 35
Positive 39 65
Negative
Clinical TNM staging
I 17 27.5
I 43 72.5
ER/PR/HER?2 status
ER +/PR +/HER2- 16 27.5
ER +/PR-/HER2- 10 17.5
ER-/PR +/HER2- 9 15
ER-/PR-/HER2 + 3 7.5
ER+/PR+/HER2+ 7 12.5
ER-/PR-/HER2- 9 20
The mean level of ki-67°
(Luminal A)<14 14 39.13
(Luminal B)> 14 21 60.87
*T0=no evidence of primary tumor, Tl=tumor 2 cm,

T2 =tumor>2 cm not exceeding 5 cm,

T3=tumor>5 cm, T4=tumors with metastasis to surrounding tis-
sues that were not included in our study

bpositive =metastasis to axillary lymph nodes and or in internal
mammary nodes, negative =no regional lymph node metastasis histo-
logically, no additional examination for isolated tumor cells

cER +/PR+/HER2-, ER+/PR-/HER2-, and ER-/PR+/HER2- are
considered as BC luminal subtypes. The mean level of ki-67 is usu-
ally determined to differentiate luminal A from Luminal B

gender-matched individuals with or without 1 Gy of gamma
irradiation.

The SY was 1+0.78 and 3.35+1.90 in metaphase
related to the lymphocytes of healthy individuals and
patients respectively (unpaired t-test; p=0.009). The
patient's irradiation yield I'Y was also significantly dif-
ferent from the control. The mean RIY was 2.95 + 1.5 per
100 cells in the control group and 7.6 +4.8 in patients,
which was significantly higher in patients (unpaired
t-test, p=0.001). No significant difference in mean age
between these two groups was observed (unpaired t-test,
p=0.0699). Cut-off values were obtained to classify
individuals into cellular radiosensitive and non-cellular
radiosensitive groups using the mean number of induced

@ Springer

chromatid abnormalities + 2 SD observed according to the
method used in the study carried out by Scott et al. [17].
The results are shown in Fig. 2A and B.

Based on the determined cut-off value, lymphocyte cul-
tures from patients were divided into two groups, with cel-
lular radiosensitivity and without cellular radiosensitivity.
From 60 lymphocyte cultures initiated from BC patients
and irradiated at G2, 32 lymphocyte cultures (53.33%)
showed cellular radiosensitivity, and 28 cultures (46.66%)
were found without cellular radiosensitivity. From these
60 samples, 20 were selected that were more radiosensi-
tive, and 20 were less radiosensitive than the rest. There-
fore, molecular studies were finally performed on 40 BC
patients, including 2 equal groups (20 samples each) of
patients with and without cellular radiosensitivity.

Association of circ-FOX03 and miR-23a with BC
and cellular radiosensitivity

According to the circBase dataset, hsa_circ_0006404 is
derived from the FOXO3 gene on chromosome 10, which
is the result of exon 2 back splicing. For convenience,
this circRNA is called circ-FOXO3 (Fig. 3). Circ-FOXO3
was significantly down-regulated in PBMCs extracted
from 40 BC patients compared to samples taken from
20 healthy subjects (expression ratio=0.252, unpaired
t-test, < 0.0001). On the other hand, the expression of
miR-23a was increased in 40 BC samples compared to 20
healthy subjects (expression ratio =4.06, unpaired t-test,
p<0.0001; (Fig. 4A,B). Expression of circ-FOXO3 was
directly related to cellular radiosensitivity. The expres-
sion of this circular RNA was reduced in leukocytes
from samples with cellular radiosensitivity (expression
ratio =0.38) and without cellular radiosensitivity (expres-
sion ratio=0.11) compared with leukocytes in the con-
trol group. In addition, the circ-FOXO3 expression was
significantly higher in the cellular radiosensitive group
than in the non-cellular radiosensitive group (expression
ratio=3.45). After running the Tukey Post Hoc One-way
ANOVA test, we found that these observations are sta-
tistically significant with respective p=0.07, p <0.0001,
p=0.01; Fig. 4C). Analysis of miR-23a expression in our
three research groups showed that it was also directly asso-
ciated with cell radiosensitivity in BC patients. Compar-
ing samples with and without cellular radiosensitivity to
controls showed an increase in the miR-23a expression
ratio of 3.2 and 7.87, respectively. A lower level of miR-
23a expression was observed in the radiosensitive samples
compared to the non-radiosensitive samples (expression
ratio=0.4). Based on non-parametric ANOVA test results
were statistically significant with p=0.02,<0.0001,
and < 0.01 respectively (Fig. 4D).
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Fig.3 Scheme illustrating the production of circ-FOXO3 and
sequencing analysis of back-splicing junction in circ-FOXO3

Predictive values of circ-FOX03 and miR-23a
in cellular radiosensitivity in BC patients

Since both circ-FOXO03 and miR-23a were differen-
tially expressed in BC and healthy samples, ROC curves
were applied to assess the specificity and sensitivity
of these RNAs in distinguishing between BC patients
and healthy subjects. For circ-FOXO03, a sensitivity

Chromatic breaks / 100 cells

of 85%, a specificity of 70%, an AUC value of 0.8706
(0.7726-0.9687; p <0.0001), and a confidence interval of
95% were obtained (Fig. 5A).

Analysis of the ROC of miR-23a showed 82.5% sen-
sitivity, 70% specificity, and an AUC value of 0.838
(0.7389-0.9386; p < 0.0001). (Fig. 5B).

The ROC curve was also used to assess the predictive
power of the mentioned RNA for cellular radiosensitivity
in BC patients. Regarding the radiation response, the AUC
value was 0.825 (0.699-0.950; p=0.0004) 95% CI, sen-
sitivity of 55%, and specificity of 100% for circ-FOXO3
(Fig. 5C) and 0.74 (0.5852-0.8948; p=10.009) with a
sensitivity of 70% and specificity of 75% for miR-23a
(Fig. 5D). Binary logistic regression analysis was applied
to predict the ability of circ-FOXO3 and miR-23a in pre-
dicting breast cancer and its cellular radiosensitivity. The
results for circ-FOXO3 were with an odds Ratio=0.06
(p=0.02) and with an odds Ratio=1.683 (p=0.001) for
miR-23a in BC predication. Regarding radiation response
analysis, binary logistic regression evaluation showed that
only circ-FOXO3 could predict cellular radiosensitivity in
BC patients with p=0.04 and odds ratio=0.81, whereas
miR-23a did not (p=0.06). The evaluated results demon-
strated that miR-23a was a positive factor in predicting BC

@ Springer
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and circ-FOXO3 was a negative factor in predicting BC
and cellular radiosensitivity.

Chromatid breaks frequency in BC molecular
subtypes

After determining the molecular subtypes of some patients
based on pathological reports, it was found that 57.5% of BC
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cases were HR-positive (Luminal A +B), 20% were triple
negative (TN), and 7.5% were HER2 +.

Based on the results from innate chromosomal aberra-
tion analysis (without irradiation) it was found that TN and
HER?2 + BC subtypes encompass higher mean of chroma-
tid breaks frequency (CBF) compared to luminal A and B
subtypes (3.67+1.94 and 5.33+1.73 vs. 3.07 +2.34 and
3.33 +1.40 respectively). Luminal A showed the lowest



Breast Cancer (2023) 30:714-726

721

CBF among all examined subtypes. To assess the Radiation
Response Score (RRS) among BC subtypes, induced CBF
was divided by spontaneous CBF values. Comparing radi-
ation-induced and spontaneous chromatid breaks revealed
the highest and lowest RRS for Luminal-B (3.84 +2.74)
and HER2 + (2.05 + 1.53), respectively. More details are
presented in Supplemental Table 1.

Association of circular RNA and miRNA expression
ratios with BC molecular subtypes

A nonparametric Kruskal-Wallis test (k sample) was per-
formed to assess the association between circ-FOXO3 and
miR-23a expression levels and molecular BC subtypes.
Expression levels of the circular RNA and miRNA were
compared with control groups for each BC molecule subtype
an “Expression Ratio” vs. “Control” in Table 3. The expres-
sion levels of studied RNAs were compared in triple-positive
(TP) vs. TN, luminal vs. HER2-positive, and luminal A vs.
luminal B, and the results obtained are reported in Table 3
as "intergroup ratios." These values indicate the degree of
expression change in each group compared to the other
groups. For example, TPs tended to express circ-FOXO3
higher than the TN group (9.2-fold). In summary, for circ-
FOXO3, a significant reduction in expression level differ-
ences was observed in all the BC molecular subtypes except
for TP subtypes, compared to the control, and for miR-23a
a significant increase in expression level differences was
observed in all of the BC molecular subtypes except for TP

and Luminal A subtypes compared to control (Kruskal-Wal-
lis test; p<0.001). More details are presented in Table 3.

Association of circ-FOX03 and miR-23a with BC
and the response of BC cells to IR

The expression levels of circ-FOXO3 and miR-23a were
evaluated by qRT-PCR in MCF-7 and MDA-MB-231 cells
irradiated with 2 Gy, 4 Gy, and 8 Gy X-rays. The expression
level of circ-FOXO3 in MCF-7 at doses of 4 Gy and 8 Gy
showed a significant increase compared to controls at both
24- and 48-h sampling times. Based on Tukey Post Hoc,
one-way ANOVA test results were significant with p=0.018,
p=0.003, p=0.0001, and p < 0.0001 respectively. Compari-
son of the expression of this RNA in two cell lines showed
that in doses at 4 Gy and 8 Gy, there is an increase expres-
sion in the MCF-7 cell line compared to the MDA-MB-231
cell line after 24- and 48-h using Tukey Post Hoc, One-way
ANOVA test was significant with p=0.004, p <0.0001,
0.0006 and p <0.0001 respectively.

Comparing the expression level of circ-FOXO3 at 24 and
48 h showed a significant difference in the MCF-7 cell line
at 8 Gy (p=0.0001) (Fig. 6A). On the other hand, miR23a
expression increase was observed with increasing radiation
dose in 4 Gy and 8 Gy after 24 h and in 2G, 4 Gy, and 8 Gy
after 48 h in comparison to control in the MDA-MB-231
cell line. Based on Tukey Post Hoc, One-way ANOVA
test results were significant with p=0.0008, p <0.0001,
p=0.001, p=0.0003, and p <0.0001 respectively. Also, the

Table 3 RNA expression

; BC molecular subtypes Sample size  Expression p-value*  Inter- p-value
ratios based on BC molecular 1atios Vs. group
subtypes control ratios®
circ-FOX03 1. Triple positive 5(12.5%) 0.46 0.21 9.2 0.46
2. Triple negative 8 (20%) 0.05 <0.0001
1. Luminal 23 (57.5%) 0.38 0.01 2 >0.999
2. HER2 positive 3(7.5%) 0.19 0.01
1. Luminal A 9 (22.5%) 0.46 0.01 8.75 >0.999
2. Luminal B 14 (35%) 0.3 <0.0001
miR-23a 1. Triple positive 5(12.5%) 2.49 0.09 0.3 >0.999
2. Triple negative 8 (20%) 8.18 <0.0001
1. Luminal 23 (57.5%) 2.9 0.007 0.22 0.39
2. HER2 positive 3(7.5%) 12.79 0.0009
1. Luminal A 9 (22.5%) 2.02 >0.999  0.58 >0.999
2. Luminal B 14 (35%) 3.79 0.001

Abbreviations: n=number of patients; TNM stage=tumor size; lymph nodes involvement; metastasis;
ER =estrogen receptor; HER2 =human epidermal growth factor receptor; PR = progesterone receptor

#Kruskal-Wallis Non-parametric 2 independent samples test was performed, *statistically significant

p<0.05

bto obtain the expression ratio of RNAs in each group, the average of RNA expressions in group 1 was
calculated and then divided by group 2, for example, the expression level in TP (groupl) was divided by

Triple Negative (group 2)
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comparison of the two cell lines showed that the expression
of miR23a in 4 Gy and 8 Gy after 24 h, 2 Gy, 4 Gy, and 8 Gy
after 48 h in the MDA-MB-231 cell line was higher than
the MCF-7 cell line significantly different with p=0.0005,
p<0.0001, 0.003, p<0.0001 and p<0.0001 respectively.
The expression level of miR23a was significantly higher in
the 8 Gy irradiated MDA-MB-231 cell line after 48 h com-
pared to 24 h sampling time (p <0.0001) (Fig. 6B).
Apoptosis data revealed that the apoptosis rate of MCF-7
cell lines exposed to 4 Gy and 8 Gy was significantly higher
than in controls at 24 h (p=0.0002 and 0.0005, respec-
tively). The results also showed that the percentage of apop-
totic cells was significantly increased at cells receiving 8 Gy
after 24 h and 4 Gy and 8 Gy after 48 h compared to the con-
trol (p=0.0002, p=0.0005, p<0.0001 respectively). The

Fig. 7 Early and late apoptosis A
detection by flow cytometry

Control MCF-7 cells

MCF7 24h MDA-MB-231 48h MCF7 48h

results also showed that cellular apoptosis was significantly
higher in the MCF-7 cell line than in the MDA-MB-231
cell line at doses of 8 Gy at 24 h, 4 Gy, and 8 Gy at 48 h
(p=0.007, p=0.013 and p=0.004, respectively) (Fig. 7A
and B ).

Discussion

A possible prospect for radiosensitivity research is the crea-
tion of risk models involving genetic assays that can predict
a patient's radiation response and the likelihood of develop-
ing radiation-induced side effects (4). This risk model can
ultimately be combined with current predictors of radiosen-
sitivity, such as radiation dose, the presence of other diseases
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2, 4, and 8 Gy x-radiation for
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and conditions in addition to primary cancer, and the amount
of target exposed to radiation [51].

The results of the G2 assay suggest that SY is more com-
mon in patients than in controls (p < 0.05). We also noted
that I'Y tended to be higher in the BC group than in the
control group (Fig. 2). This result is consistent with some
previous findings [9, 10, 18, and 53]. In addition, RIY scores
were significantly higher in BC patients than in healthy
subjects. On the other hand, the patient's lymphocytes were
more sensitive to ionizing radiation than the lymphocytes
of healthy subjects. Inter-individual differences in chro-
mosomal radiosensitivity between BC patients and healthy
individuals have also been observed [52]. These results are
consistent with several previous studies on BC [9, 10, 18,
19, 53-55]. Deregulation of circular RNAs and miRNAs has
been demonstrated in several cancers, including BC [56].
Studies have shown that some cancers, such as BC, have
reduced levels of circ-FOXO3 expression [57]. As shown
in Fig. 4A, Circ-FOXO3 was significantly down-regulated
with BC-derived PBMCs (0.25 times). This was consistent
with the study by Yang et al. [25]. Based on our results and
according to the fact that circ-FOXO3 expression is reduced
in several types of cancers [38, 41, 57-60], it can be con-
cluded that circ-FOXO3 might probably act as a tumor sup-
pressor circular RNA in breast cancer and may be a putative
biomarker for early detection of BC. Based on the results of
the present study as shown in Fig. 4C, the expression level
of circ-FOXO3 was significantly higher (3.45-fold) in the
radiosensitive group than in the non-radiosensitive group,
which may be due to restraining DNA damage repair by
circ-FOXO3 overexpression.

Our cell line results also demonstrated that the overex-
pression of circ-FOXO3 in the MCF-7 cell line, which is a
radiation-sensitive cell line, is parallel to the increase in the
radiation dose and the increase in cell apoptosis. Moreover,
the expression of circ-FOXO3 in doses of 4 Gy and 8 Gy
after 24 and 48 h is higher in the radiosensitive MCF-7 cell
line than in the radiation-resistant MDA-MB-231 cell line.
Our findings are consistent with the results of Qiu et al. dem-
onstrating an association between circ-FOXO3 and radio-
sensitivity [43].

Furthermore, our data revealed that miR-23a expression
is significantly (4.06 times) upregulated in PBMC in BC
patients, consistent with relevant BC studies [61, 62]. So, it
can be concluded that miR-23a may act as an oncomiR in
BC and might be serve as a suitable potential biomarker of
BC detection in its early stages. Exposure to ionizing radia-
tion significantly alters RNA expression patterns in normal
cells as well as in cancer cells [49, 63]. Studies have shown
that overexpression of miR-23a can significantly increase
the number of chromatid breaks compared to control cells
[64]. Moreover, the expression level of miR-23a was sig-
nificantly lower (0.4 times) in the radiosensitive group than

in the non-radiosensitive group, which is in line with other
reports [49, 63]. Although the AUC of the ROC curve is
good for the association of miR-23a with blood radiosensi-
tivity, the logistic regression is not statistically significant,
so the most likely reason for this event is the sample size.

Our cell line results also showed the increased expression
of miR-23a in the MBA-MD-231 radioresistant cell line,
in parallel with increasing radiation dose. Furthermore, the
expression of miR-23a at doses of 4 Gy and 8 Gy after 24 h
and 2 Gy, 4 Gy, and 8 Gy after 48 h was higher in radi-
oresistant MDA-MB-231 cell lines than in radiosensitive
MCEF-7. Our findings are consistent with the results of Chen
et al., demonstrating an association between miR-23a and
radiosensitivity [43, 48].

Based on the results obtained, the altered expression of
these two RNAs can be considered potential biomarkers
of cellular radiosensitivity in BC patients. This may help
physicians more efficiently identify radiosensitive patients
before RT in the future. This needs to be confirmed in clini-
cal trials. Plotting ROC curves for circ-FOXO3 and miR-23a
also indicated an acceptable specificity and sensitivity for
distinguishing BC from healthy individuals (Fig. 5A and
B). Moreover, both circ-FOXO3 and miR-23a were able to
the separation of radiosensitive lymphocytes of BC patients
from non-radiosensitive ones with a suitable specificity and
sensitivity (Fig. 5C and D).

Binary logistic regression also confirmed the ability of
circ-FOXO3 and miR-23a to identify BC patients from
healthy volunteers. Both RNAs can predict BC, with the
difference that miR23a is likely to be a positive factor and
circ-FOXO03 is likely to be a negative factor in BC predic-
tions. In cellular radiosensitivity assays, only circ-FOXO3
was sufficiently potent to successfully predict the radiosen-
sitivity of BC-derived lymphocytes.

Comparing spontaneous CBFs among different BC
subtypes revealed that the HER2 + and TNBC subtypes
were more likely to have higher CBFs than the luminal
subtypes. The obtained results seem logical, as both
HER2 + and TNBC patients have a poor prognosis and
luminal patients have a good prognosis. The Luminal-
A group was found to have the lowest spontaneous CBF
among all the studied groups. Given that the Luminal A
group generally has a better prognosis than other subtypes
and responds better to RT, the found results are consistent
with our expectations. Furthermore, analysis of the radia-
tion response revealed that among all subtypes, Luminal-
B had the highest (3.84time) and HER?2 + had the lowest
(2.05 time) radiation response. Our data showed that the
number of non-radiosensitive patients in the TN group
was higher than that of radiosensitive patients. Inhibition
in luminal-A and -B subtypes, most members were radio-
sensitive [65]. These results are consistent with several
studies [71]. Previous studies of BC subgroups show that
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the triple-negative and HER2-positive subgroups have a
worse prognosis than the luminal subgroups [66—68].

As shown in Table 3, analysis of the RNA expression
ratios in different BC molecular subtypes compared to
healthy individuals revealed that circ-FOXO3 showed higher
expression in BC molecular subtypes with a better progno-
sis. Our findings are consistent with previous studies sug-
gesting that circ-FOXO3 acts as a tumor suppressor in some
cases [57, 69, 70]. Analysis of miR-23a expression ratios in
different BC molecular subtypes compared with healthy sub-
jects revealed higher expression in BC molecular subtypes
with poor prognosis. In agreement with several studies, miR-
23a can function as an oncomiR in some cases [38]. Based
on clinicopathologic information from participants in each
group studied, the number of individuals in each subtype
was not necessarily equal. To obtain more accurate results in
association studies of these RNAs with BC subtypes, inves-
tigation of radiosensitivity-related RNA expression levels
in larger sample sizes might be deemed necessary. Further
clinical studies are recommended to derive clinical utility
from these results. In conclusion, we suggest that the down-
regulation of circ-FOXO3 and upregulation of miR-23a may
act as a tumor suppressor and oncogene RNA, respectively,
in BC. Circ-FOXO03 and miR-23a can be considered poten-
tial biomarkers in BC detection. Both RNAs are involved in
cellular radiosensitivity and thus may be promising potential
biomarkers in determining cellular radiosensitivity in BC
patients in vitro. This should be confirmed in other clinical
studies for future BC radiosensitivity detection applications.

A limitation of this project was the sample size, pos-
sibly due to this, a small but non-significant difference was
observed between the ages of control and patient subjects
(p=0.0699). Therefore, it is proposed to run this project
with more samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12282-023-01463-4.
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