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ABSTRACT

Objective(s): Breast cancer cells developing radioresistance during radiation may result in cancer
recurrence and poor survival. One of the main reasons for this problem is the changes in the
regulation of genes that have a key role in the epithelial-mesenchymal transition (EMT). Utilizing
mesenchymal stem cells can be an effective approach to overcome therapeutic resistance. In this
study, we investigated the possibility of combining mesenchymal medium with cancer cell medium
in sensitizing breast carcinoma cells to radiation.

Materials and Methods: In this experimental study, the cells were irradiated at a dose of 4 Gy alone and in
combination with stem cells and cancer cells media. Apoptosis, cell cycle, Western blotting, and real-time
PCR assays evaluated the therapeutic effects.

Results: We found that the CSCM could decrease the expression of several EMT markers (CD133,
CD44, Vimentin, Nanog, Snail, and Twist), resulting in increased cell distribution in the G1 and G2/M
phases, apoptosis rate, and protein levels of p-Chk2 and cyclin D1; furthermore, it exhibits synergetic
effects with radiation treatment in vitro.

Conclusion: These findings show that CSCM inhibits the expansion of breast cancer cells and makes
them more susceptible to radiotherapy, offering a unique approach to treating breast cancer by
overcoming radioresistance.
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Introduction

Breast cancer is the world’s most prevalent cancer
nowadays, despite having early detection programs in
countries since the 1980s (1). Depending on the type of breast
cancer and how advanced it is, it might need radiotherapy,
chemotherapy, and hormone therapy either before or after
surgery, or sometimes both (2). Nonetheless, its curative
efficacy is sometimes limited by resistance responses,
recurrence, and metastasis (3). Therefore, it is essential to
look for new therapeutic approaches to concretely target
tumor cells and increase patients’ overall survival.

Mesenchymal stem cells (MSCs) are one of the efficient
strategies in clinical medicine. The MSC’s potential ability
to self-renew and differentiate into a wide range of cell
types results in their application in the treatment of diverse
pathologies, including neurological disorders, cardiac
ischemia, and diabetes (4, 5). Because of the ability to
differentiate and transform into other cells, stem cells are
used to repair damaged tissues (6). The accessible sources
of stem cells include bone marrow, umbilical cord, adipose
tissue, and placenta (3). Numerous reports have indicated
that MSCs act as a double-edged sword because they can
either promote or suppress tumor behavior under various
conditions (7, 8).

Due to the lack of known molecular receptors in triple-
negative breast cancer (ITNBC) cells and the decline in the
patient’s overall survival in TNBC, it seems necessary to
find molecular pathways and introduce new therapeutic
approaches (1).

We investigated the synergistic effect of the MSCs
medium and irradiation on MDA-MB-231 cells. Also,
induction of apoptosis, cell cycle, gene expression, and
protein expression have been examined to evaluate the
response of cells to this combination therapy.

Materials and Methods

The experimental groups were used for either non-
irradiated or irradiated conditions (Listed in Table 1).
The experimental techniques were performed 24 hr after
irradiation.

Cell culture

The human breast cancer cell line MDA-MB-231 (IBRC)
was grown in high glucose DMEM medium supplemented
with 10% fetal bovine serum (FBS, BIO-IDEA-Iran), 1%
nonessential amino acid (Sigma, USA), and 1% penicillin-
streptomycin (BIO-IDEA-Iran) at 37 'C and 5% CO,.
In order to grow and multiply the human umbilical cord
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Table 1. The experimental groups of cells used in this study

Experimental Groups Description

NC The group with the medium of the MDA-MB-231 cells

CSCM The group with the medium of the MDA-MB-231 cells
and MSCs (1:1) (cancer/stem cell medium)

Msc The group with the MSC medium

MSCs, after separating the blood vessels and the amniotic
membrane from the umbilical cord, it was washed three
times with phosphate-buffered saline (PBS) containing
antibiotics. The human umbilical cord MSCs were provided
by the Noor Genetics Lab (Ahvaz- Iran). The human
umbilical cord MSCs were cultured in DMEM/F12 (BIO-
IDEA-Iran), 20% FBS, and 1% penicillin-streptomycin
(BIO-IDEA-Iran). The expression of cell surface markers
CD105, CD90, CD34, and CD45 was examined by
FACSCalibur flow cytometer (BD Diagnostics, Franklin
Lakes, NJ) to confirm the cells were mesenchymal (2).

Collection of conditioned medium

The supernatants of MDA-MB-231 and MSC cultures
were collected after reaching 70-90% confluence and stored
at -80 'C.

Cell irradiation

The cells were centered in the irradiation chamber and
irradiated using a single dose of 4 Gy of 6 MV photons
(Varian, Golestan General Hospital, Ahvaz, Iran).

Cell morphology

The breast cancer cell line was seeded in a 6-well plate.
The medium was replaced with the appropriate medium
for the CSCM and Msc groups the next day. Changes in the
appearance of cells were observed by an inverted microscope
(Hund, Wetzlar, Germany).

Apoptosis assay

In order to detect the induction of apoptosis, the MDA-
MB-231 cells were seeded in 6-well plates. After 24 hr of
irradiation, the cells were digested by trypsin and washed
twice with cold PBS and binding buffer. Then, the cells were
resuspended in 500 ul of binding buffer and stained with
5 pl Annexin V-FITC and 5 pl PIL Finally, the cells were
incubated for 15 min in darkness and analyzed using a flow
cytometer (BD FACSCalibur, USA).

Ghanbarnasab Behbahani et al.

Cell cycle analysis

First, the cells of treatment groups were harvested and
washed with PBS and fixed for at least 30 min at 4 in cold
70% ethanol. Then the cells were washed and treated with
RNase A. Afterward, PI was added, and the cells were
incubated for 15 min. Finally, the fluorescence intensity was
analyzed by a flow cytometer (BD FACSCalibur, USA).

Western blot analysis

Western blotting was executed to recognize the particular
protein in MDA-MB-231 cells. After examining different
treatments, the protein was extracted using RIPA lysis buffer
containing protease inhibitor cocktails (Melford, UK) on ice.
The total protein was quantified using the Bradford assay.
The samples were loaded on a 10% SDS-PAGE (Bio-Rad) and
were transferred to a nitrocellulose membrane (membrane
solution; Shanghai, China). Then the membranes were
blocked in the 5% skim milk in TBST buffer overnight at
4 °C. After washing membranes with TBST five times, they
were incubated with primary antibodies (pChk2 (Thr 68),
cyclin D1, and B-actin (Santa Cruz, USA) at 4°C overnight.
The next day, washing the membranes with TBST five more
times, they were blotted with a secondary antibody (anti-
rabbit IgG, Santa Cruz, USA) for 1 hr at room temperature.
Finally, the protein bands were developed using Clarity™
Western ECL Substrate (Bio-Rad, USA) detection reagent
and visualized using the ChemiDoc MP system (Bio-Rad).
Protein levels were quantified by Image]J software.

Real-time polymerase chain reaction (PCR) technique

Total RNA was extracted from the cells using RNX Plus
reagent (SinaClon, Iran) according to instructions. Total
RNA (3 pg) was reverse transcribed using a ¢cDNA Kit
(Qiagen, Germany), and real-time PCR was performed
using the RealQ Plus 2x Master Mix Green (Denmark). The
method was used to quantify the relative mRNA expression.
The expression levels of genes (listed in Table 2) were
normalized by HPRT as the internal reference.

Statistical analysis

The non-parametric Kolmogorov-Smirnov test assessed
the normality of the data. Data were analyzed with one-way
ANOVA using GraphPad Prism software. The tests were
repeated three times to complete the results, which were
presented as mean+SD, and the P-value below 0.05 was
considered statistically significant in all experiments.

Table 2. The primer sequences used for the real-time quantitative polymerase chain reaction

Gene Name Forward Sequence (5'-3") Reverse Sequence (5'-3")
E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
CD44 CATGGACAAGTTTTGGTGGCAC GCAAAGCGGCAGGTTATATTC
Vimentin ACCAGCTAACCAACGACAAAG GACGCATTGTCAACATCCTGT
CD133 ACCAGCGACAGAAGGAAAATG CTTGAAATTGCTATCTGCCAGTT
Snail CCAGTGCCTCGACCACTATG CTGCTGGAAGGTAAACTCTGGA
Twist CTACGCCTTCTCGGTCTG TGGAAACAATGACATCTAGGTCTC
N-cadherin AGGCTTCTGGTGAAATCGCA TGCAGTTGCTAAACTTCACATTG
Nanog CAATGGTGTGACGCAGAAGG GAAGGTTCCCAGTCGGGTTC
HPRT TAGCCCTCTGTGTGCTCAAG ACTTTTATGTCCCCTGTTGACTG
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Figure 1. Morphology analysis of the cells indicated by an inverted microscope

(A) The groups without irradiation and (B) the groups with irradiation

Results
Effect of CSCM medium combined with radiotherapy on
cell morphology

Microscope analysis indicated that spindle cells appeared
lengthy and slender, and the cell connections were reduced
in treatment groups with the media of the MSCs. Irradiation
had no effect on cell morphology in the NC group but caused
a further decrease in the number of cells in the CSCM and
Msc groups (Figure 1).

CSCM medium combined with irradiation promoted
apoptosis in the MDA-MB-231 cells

Apoptosis assays by flow cytometry revealed that the rate
of induced apoptosis in the Msc group was significantly
increased compared with the NC group (P<0.05) before
radiation. After irradiation, apoptosis induction was
meaningfully increased in the CSCM group compared with
the NC group (P<0.01). The results demonstrated that 4 Gy
dose irradiation significantly increased the apoptosis rate
in the NC (P<0.01) and the CSCM groups (P<0.001) in
comparison with the non-irradiated same groups (Figure 2).

- non-irradiated

= irradiated
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Figure 2. CSCM medium combined with irradiation promoted
apoptosis in the MDA-MB-231 cells

(A) Representative images of apoptosis in groups treated by the
medium of MDA-MB-231 cells and MSC cells, and (B) combined with 4
Gy radiation. (C) The rate of apoptosis is shown as the mean+SD (error
bars) from three independent experiments (* P<0.05, ** P<0.01, and
*** P<0.001)
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The CSCM medium combined with irradiation changed
the cell cycle distribution

After examining apoptosis to determine modifications
in cell cycle distribution, we analyzed the treatment groups
by flow cytometry. Comparing the cell percentages, we
noticed no changes in different cell cycle phases before
irradiation. After irradiation, the G1 and G2/M phases were
significantly shortened, while they were lengthend in the NC
group (P<0.05). Additionally, the proportion of cells in the
G2/M phase was remarkably increased in the CSCM group
compared with the NC group (P<0.01). Meanwhile, the
number of cells in the G1 phase was meaningfully decreased
in the Msc group compared with the NC group (P<0.0001).
However, the proportion of cells in the G2/M phase showed
significant growth (P<0.0001). Moreover, data analysis
demonstrated a considerable decline in the percentage of
cells located in the G1 phase. Whereas; the cell population
of the G2/M phase was substantially increased in the Msc
group compared with the non-irradiated corresponding
group (P<0.0001 in both) (Figure 3).
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Figure 3. The CSCM medium combined with irradiation changed cell
cycle distribution

(A) Non-irradiated groups and (B) irradiated groups. (C) Quantitative
evaluation of cell proportions at each phase (*P<0.05, ***P<0.001, and
**¥%P<0.0001)
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Effect of the CSCM medium combined with irradiation on
proteins that alter cell cycle progression

To identify different proteins that alter cell cycle
progression, we determined the p-Chk2 and cyclin D1
protein levels by the Western blotting technique. The data
indicated that the MSC medium could enhance the p-Chk2
protein expression in the CSCM and Msc groups compared
with the NC group (P<0.01 in both). To apply radiation of
4 Gy single dose, no changes in protein expression level in
all treatment groups compared to each other. Nonetheless,
the p-Chk2 protein level increased significantly in the
CSCM and Msc groups compared with the respective
non-irradiated group (P<0.05 in both). Furthermore,
the investigation of cyclin DI protein showed that its
expression declined remarkably in the CSCM and Msc
groups compared to the NC group (P<0.001 and P<0.0001,
respectively). Also, radiation of 4 Gy single dose caused
substantial decrements the expression of cyclin D1 in the
CSCM and Msc groups compared with the NC group
(P<0.0001 in both). The combination of MSC medium and
irradiation together led to a significant reduction only in the
CSCM group compared to the non-irradiated CSCM group
(P<0.05) (Figure 4).

Effect of the stem cells’ medium in combination with
radiotherapy on the mRNA expression of epithelial-
mesenchymal transition (EMT) markers

To investigate the effect of stem cells’ medium alone or
along with irradiation, we appraised the mRNA expression
of several EMT markers. We evaluated MSC surface- and
structure-related markers like CD133, CD44, N-cadherin,
and Vimentin; surface- and structure-related genes involved
in EMT transcription such as Snail, Twist, and Nanog and
an epithelial marker (E-Cadherin). Before irradiation,
mRNA levels of CD133, CD44, Vimentin, Nanog, Twist, and
Snail in the CSCM were significantly lower than the NC
group (P<0.0001, P<0.0001, P<0.0001, P<0.0001, P<0.01,
and P<0.001, respectively). Also, the N-cadherin mRNA
expression was significantly increased compared with the NC
group (P<0.05). In the Msc group, CD133, CD44, Vimentin,
and Twist were meaningfully decreased in comparison with
the NC group (P<0.0001, P<0.0001, P<0.001, and P<0.01,
respectively). At the same time, the N-cadherin and Snail
were considerably enhanced compared with the NC group
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Figure 4. Effect of the CSCM medium combined with irradiation on
proteins that alter cell cycle progression

(A) The p-Chk2 and cyclin D1 proteins were identified using the
Western blot assay and normalized with the beta-actin protein.
(B) The p-Chk2 protein levels in different groups. (C) The cyclin D1
protein levels in different groups (*P<0.05, **P<0.01, ***P<0.001, and
**E%P<0.0001)
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(P<0.0001 in both). After irradiation, the mRNA expression
of the CD44 and Vimentin were remarkably reduced, and
CD133, Nanog, E-cadherin, N-cadherin, and Snail were
substantially declined in the NC group compared with the
non-irradiated NC group (P<0.0001 in both, P<0.0001,
P<0.01, P<0.01, P<0.0001, and P<0.05, respectively). In
the CSCM group, the mRNA levels of the CD133, CD44,
Nanog, and E-cadherin were notably decreased compared
with the NC group (P<0.0001, P<0.01, P<0.0001, and
P<0.01, respectively). Meanwhile, mRNA expressions of the
Twist, N-cadherin, and Snail showed a significant increase
in comparison to the NC group (P<0.0001, P<0.0001,
and P<0.01, respectively). In the Msc group, except
for a significant increase in the N-cadherin expression,
other markers, including the CD133, CD44, Nanog, and
E-cadherin were remarkably declined compared with the NC
group (P<0.0001, P<0.0001, P<0.01, P<0.0001, and P<0.01,
respectively). The results illustrated a considerable increase
in the CD133, Twist, N-cadherin, and Snail mRNAs and a
significant reduction in the Vimentin in the CSCM group
compared with the non-irradiated CSCM group (P<0.05,
P<0.0001, P<0.0001, and P<0.01, respectively). Whereas
the CD44, Nanog, N-cadherin, and Snail were meaningfully
decreased in the Msc group related to the non-irradiated
Msc group (P<0.0001, P<0.0001, P<0.001, and P<0.0001,
respectively) (Figure 5).
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Figure 5. Effect of the stem cells’ medium in combination with
radiotherapy on mRNA expression of Epithelial Mesenchymal Transition
(EMT) markers. The diagrams show the expression of genes that were
examined based on real-time qPCR

(A) the expression of the CD133 gene; (B) the expression of the CD44
gene; (C) the expression of the Vimentin gene; (D) the expression of
the Nanog gene; (E) the expression of the E-cadherin gene; (F) the
expression of the N-cadherin gene; (G) the expression of the Twist
gene; (H) the expression of the Snail gene (* P<0.05, ** P<0.01, ***
P<0.001, and****P<0.0001)
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Discussion

Nowadays, cancer treatment is facing several challenges.
Numerous reasons reduce the efficiency of cancer therapy
outcomes and even cause metastasis and recurrence in
more advanced stages, including drug resistance, lack of
epigenetic profile, deficiency of efficient biomarkers for
cancer diagnosis and prognosis, and cancer stem cells (9).
Furthermore, some studies have indicated that ionizing
radiation could facilitate metastasis of invasive tumor cells
through EMT; notwithstanding, radiotherapy is one of
the main approaches to cancer therapy (10, 11). On the
contrary, several studies have demonstrated that MSCs hold
promising potential for cancer therapy (12, 13). Hence,
researchers are endeavoring to find the most effective
procedure to treat cancer. In this study, we applied the
human Wharton’s jelly MSC medium combined with a dose
of 4 Gy in order to increase radiosensitivity in the MDA-
MB-231 breast carcinoma cell line.

Numerous studies have shown that several factors are
specific features of stem cells, such as Vimentin, Nanog,
Twist, N-cadherin, E-cadherin, CD133, CD44, and Snail
(14, 15). Low expression of E-cadherin and high expression
of other markers can assist in maintaining mesenchymal
characteristics of the cells. Furthermore, cancer stem cells
lead to chemo-radiotherapy and recurrence in metastatic
cancer cells. In terms of self-renewal and differentiation,
cancer stem cells are identical to regular stem cells. They also
contribute to cancer cell chemoresistance and metastasis,
resulting in treatment failure (16). As previously stated,
epithelial markers (E-cadherin) and mesenchymal markers
(N-cadherin) are the two primary elements in stem cell
analysis. The expression of these two markers is considered
to be independent of one another. According to research,
E-cadherin is required for epithelial cell adhesion and
reduced motility. Due to diminished E-cadherin expression
in tumor cells, cancer cells may be able to penetrate
the basement membrane and invade other organs (17).
Nevertheless, N-cadherin overexpression causes enhanced
motility, invasion, and metastasis, even when E-cadherin,
a tumor suppressor, is present (18). Kim and co-workers
have shown that radiation increases N-cadherin expression
in the MCF-7 cell line (19). In our study, using the CSCM
medium alone or in combination with radiation did not
affect enhancing E-cadherin and declining N-cadherin
expression. However, 4G radiation promoted E-cadherin
expression while decreasing N-cadherin expression when
combined with a mesenchymal medium.Vimentin and
Nanog are essential for the cytoskeleton of mesenchymal
cells as well as the extension of metastasis via EMT, and
their overexpression contributes to poor prognosis in breast
carcinoma (14, 20). Inhibiting Nanog can reduce stemness
and promote apoptosis, while its high expression in MDA-
MB-231 cellsleadsto poor prognosis, invasion,and migration
(21). The findings revealed that combining the medium of
mesenchymal cells and cancer cells alone or with irradiation
reduced their expression considerably. Other genes with
elevated expression in breast cancer include Snail and Twist,
which inhibit apoptosis, enhance angiogenesis, and cause
chromosomal instability. Upregulation these genes, also
reduced the level of E-cadherin, which facilitates the EMT
process and growing CSCs (22-24). According to Lane et
al., radiation alone can promote the expression of Twist in
TNBC cells (25). We found that combining mesenchymal
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and malignant medium may dramatically lower Twist and
Snail expression, although combining this medium with
radiation increases their expression. Following that, two
cell surface markers, CD44 and CD133, were examined for
further research. Some research has shown that CD133 and
CD44 are used as markers to identify cancer stem cells in
diverse cancers like breast carcinoma. Radiation resistance,
migration, and invasion are all assisted through the high
expression of these genes. A study has shown that cancer
cells with CD133* specificity have higher radioresistance
and lower apoptosis than cancer cells with CD133-(26, 27).

We examined p-Chk2 and cyclin DI to evaluate the
effects of applying the mesenchymal medium and 4G
radiation on the expression of DNA damage proteins and
cell survival pathways, respectively. Most normal cells in
the body express Cyclin D1, which regulates intracellular
pathways and proliferation. On the other hand, impaired
transcription and D1 accumulation might result in
uncontrolled cell proliferation. As a result, it is classified
as an oncogenic stimulant in a range of cancers, like breast
neoplasm (28, 29). In addition, p-Chk2 activity signals
DNA damage, which promotes the ATM and Chk2 proteins
(30). Our results exhibited that the CSCM medium with
radiation alone or together could increase the p-Chk2 and
cyclin D1 protein levels.

Conclusion

We used a combination of stem cells and a cancer cell
culture media. Furthermore, cell sensitivity was investigated
by applying a 4 Gy dose. Our data indicated that the CSCM
had synergistic effects with radiation therapy in vitro,
decreasing the expression of several EMT markers and
increasing significant cell distribution in the G1 and G2/M
phases, apoptosis rate, and protein levels of p-Chk2 and
cyclin D1.
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