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Abstract

Aim of Work: Here, we examined the role of resveratrol as a radiosensitizer by targeting cancer stem cells in
radioresistant prostate cancer cells (PC-3) using stem cell markers CD44, CD49b and CD29, SOX2, OCT4, CXCRA4,
DCLKI1 and EMT markers such as VIM and E-cadherin. Material and Methods: This study was an in vitro study
involving PC-3 cell line which was dividing into four groups. Group I (CO): Control group composed of cells grown in
the same medium without treatment with ionizing radiation or resveratrol. Group II (IR): Cells were treated with ionizing
radiation alone. Group III (RV): Cells were treated with resveratrol alone. Group VI (IR&RV): The cells were treated
with ionizing radiation and resveratrol in combination. The viability of cells was assessed by MTT assay. Genes of
interest were measured by RT-PCR and the radiosensitizing efficacy of RV on proliferating cancer cells was determined
by clonogenic assay. Results: lonizing radiation significantly reduced PC-3 viability, lowered stem cell markers and
affected epithelial to mesenchymal transition (EMT) genes expression at all doses (2, 4, 6 and 8 Gray). Resveratrol
significantly decreased PC-3 viability and lowered stem cell markers and EMT genes expression at concentrations 35,
70 and 140 uM. Combining resveratrol treatment with ionizing radiation leads to significant reduction in cell viability
and stem cell markers genes which was noticed with increasing the radiation dose when compared to ionizing radiation
alone treated group. Conclusion: Resveratrol has a radiosensitizing effect, that ability is triggered by reducing the
expression of cancer stem cell markers and affecting EMT markers. Resveratrol showed to be a good candidate for
further studies as anticancer drug in the treatment of human prostate cancer.

Keywords: Prostate cancer- lonizing radiation- PC-3- Resveratrol-Stem cell markers- EMT

Asian Pac J Cancer Prev, 22 (12), 3823-3837

Introduction

The most common cancer in men is Prostate cancer
(PC) which is the fifth leading cause for cancer-related
deaths (Rawla, 2019). Very commonly, radiotherapy,
chemotherapy or radical prostatectomy with or without
androgen deprivation therapy are used. (Shipley et al.,
2017). A standard prostate cancer cell line is known to be
the PC-3 cell. It has been used as a prototype for androgen
independent prostate cancer. In contrast, this cell line has
a higher metastatic potential, in comparison to different
prostate cancer cell line patterns (Kamalidehghan et al.,
2018). Radio-resistance of prostate cancer cells has a range
of features, including raise in the number of epithelial
mesenchymal transition, neuroendocrine differentiation
and cancer stem cells (Murata et al., 2019). For reduction
in the radiation exposure and side effects linked with
radiation therapy for prostate cancer, a safe and efficient
radiosensitizer drug is required. Radiosensitizers are

agents that sensitize the cancer cells to radiation. (Gong
et al., 2021). Recent research has shown that treatment
with resveratrol can sensitize tumor cells to ionizing
radiation and chemotherapy agents (Mortezaee et al.,
2020). Resveratrol is a natural polyphenol (trans-3,
4, 5-trihydroxystilbene) compound (Sun et al., 2019)
found in over 70 plant forms, including hellebore, giant
knotweed, grapes, and peanuts (Koushki et al., 2018).
Cancer stem cells (CSCs) have been known as cancer
cells that are qualified of self-renewal and trigger the
heterogeneous cancer cell lineages that form the cancer
cells. (Fulawka et al., 2014). This capability to survive
suggests that Cancer stem cells could drive post-treatment
recurrence and cancer progression, and targeting these
CSCs would increase the efficiency of cancer treatment,
leading to an increasing number of patients being cured
(Harris and Kerr, 2017). Several biomarkers such as
CD44, CD49b, CD29, SOX2, OCT4 and CXCR4 have
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been used to classify CSCs in prostate cancer (Kobayashi
and Noronha, 2015).

Materials and Methods

Study Design

The present study is an in vitro study employing
prostate cancer cell (PC-3) which was cultured into
four groups: Group I (CO): Control group composed of
cells grown without treatment with ionizing radiation or
resveratrol. Group II (IR): Cells treated with ionizing
radiation alone (exposed to various doses 2, 4, 6 and 8Gy).
Group IIT (RV): Cells treated with different concentrations
of resveratrol alone (140, 70 and 35uM). Group IV
(IR&RV): Cells treated with different concentrations of
resveratrol (140, 70 and 35uM) plus ionizing radiation at
different doses (2, 4, 6 and 8) Gray (Gy).

Cell Culture

Prostate cancer cell (PC-3) was purchased from
National Cancer Institute, Egypt. Cells were cultivated
with ten percent (v/v) fetal bovine serum (FBS) (Sigma-
Aldrich, MO, USA), replenished in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Lonza, Verviers, Belgium). In
a humidified 37°C incubator, cell culture was maintained
in 5% CO2 atmosphere. Cells were developed until 70-80
percent confluence was achieved at that time, they were
subjected to the planned experimental treatment regimens.

MTT assay

Cells were plated in triplicate with an inoculum of
10%cells/well for PC-3 at day zero in 96-well microtiter
plate. At 37°C in 5% CO, overnight, the microtiter plate
was then incubated. The different treatments were added
on day one according to the calculated doses except on
control well. The plate was then incubated at the same
condition for 72 hours. 100 pl of membrane filtered MTT
reagent (SERVA Electrophoresis GmbH - Heidelberg -
Germany) at a last concentration of 5 mg/ml were append
per well. The plate in the same state had been incubated
for 2 hours until purple precipitate was apparent. The
supernatant was extracted neatly. 100ul (per well) of
Dimethyl sulfoxide were append for solubilizing formazan
crystals and the microtiter plate was put on the shaker for 3
minutes to ensure homogeneity of the color. A microplate
reader set to 490 nm was used to define the optical density
of each well. Cell viability was calculated according to
the following formula:

% Cell viability = (mean Abs of treated cells) / (mean
Abs of untreated cells) x 100

Clonogenic assay

Cells were implanted in 6-well microtiter plate and
treated with resveratrol (35uM) and ionizing radiation
at different doses (2, 4, 6 and 8 Gy). Cultural media
was exchanged twenty-four hours after irradiation with
new complete drug removal media and accompanied by
incubation at 37 °C for 8-12 days to permit forming colony.
Remove the medium above the cells then lotion cells with
phosphate buffered saline. Fix cells with methanol: acetic
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acid (3:1) then incubates for 5 minutes. Remove the fixing
reagent and stained cells with 0.5 percent crystal violet
in methanol for thirty minutes. Wash by tap water. Let
the colony plates dry at room temperature. Using colony
counter pen and a stereomicroscope to count the colonies
and measure the survival rate. Plating efficiency (PE) is
the ratio between the numbers of seeded cells to number
of colonies:

no.of colonies formed

PE = x 100%

no.of cells seeded

The surviving fraction (SF) is defined as the number of
colonies that occur after cell therapy, expressed in terms
of plating efficiency:

SF = no. of colonies formed after treatment
- no. of cells seeded x PE

Irradiation procedure

At room temperature, cells were irradiated in 96-well
microtiter plate. The cell culture plates were irradiated
horizontally in upright position at a dose rate of 300 MU/
minute for the time needed to apply different doses (2, 4,
6, and 8 Gy). The field of the radiation range was 18 x13
cm, SSD =97.7 cm from the target. The linear accelerator
(Elekta), generating 6 MV photon X-ray in Ayady
Almostakbal Hospital, Alexandria, Egypt. Cells were
always spot in the middle of the field. After irradiation,
cells were collected, and pellets were stored at -80°C for
determination of gene expression by RT-PCR.

Real-time PCR

Total RNA was extracted from PC-3 cells using a
highly denaturating guanidine—thiocyanate containing
buffer, which immediately inactivates RNases to ensure
purification of intact RNA (RNeasy Mini Kit, Qiagen,
Hilden, Germany). Total RNA reverse-transcription and
amplification reactions taking place sequentially in the
same tube in 25 pl final volume of reaction mix using one
step Rotor Gene SYBR Green PCR Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. All
primers used in this study were predesigned (QuantiTect
Primer Assay, Qiagen, Germany). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as internal
control to normalize the expression of genes of interest.
The relative expression level of each transcript was
calculated by the 224t method.

Statistical analysis of the data

The data was transmitted to the computer and analyzed
using IBM SPSS software version 20.0 (Armonk, NY:
IBM Corp). The Kolmogorov-Smirnov test was used
to check the normality of distribution. Quantitative data
were described using mean and standard error of triplicate
data. F-test (ANOVA) was used for normally distributed
quantitative variables, to compare between more than
two groups, and Post Hoc test (Tukey) for pairwise
comparisons. Significance of the obtained results was
judged at the 5% level.



Results

Cytotoxic effect of ionizing radiation, resveratrol and
combination treatment of both ionizing radiation and
resveratrol on viability of PC-3

The results showed that, the mean+SD of PC-3 cell
viability was 94.30 £ 3.60 at 2 Gy, 93.42 + 3.64 at 4 Gy,
85.71 £9.75 at 6 Gy and 75.96 = 1.65 at 8 Gy, PC-3 cells
viability was significantly reduced in a dose-dependent
manner when treated with ionizing radiation especially at
dose 6 Gray and 8 Gray while insignificantly decreased
at dose 2 Gray and 4 Gray when compared to untreated
group. Regarding Resveratrol treatment, the mean+SD
of PC-3 cell viability was 37.71 £ 6.30 at IC50 (140
uM), 73.47 £ 7.25 at 70 uM and 77.41 + 8.80 at 35
uM, cell viability was significantly decreased in a dose-
dependent manner with resveratrol at concentration 35
uM, 70uM, and 140 uM when compared to untreated
group. Combining resveratrol treatment at different
concentrations with ionizing radiation leads to significant
depression in cell viability when compared to radiation
only treated group. (Table 1, Figure 1).
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Effect of ionizing radiation, Resveratrol and combination
treatment of both ionizing radiation and resveratrol on
CD44, CD49b and CD29 genes expression in PC-3 cell
line.

Statistical analysis of data showed that, CD44
gene expression was significantly decreased following
treatment of PC-3 cells with ionizing radiation at all
doses when compared to the untreated control group.
Expression of CD44 gene was significantly decreased
following treatment of cells with resveratrol at different
concentrations when compared to untreated control group.
Combining resveratrol treatment at 140, 70, 35 uM with
ionizing radiation leads to significant reduction in CD44
gene expression when compared to radiation only treated
group (Table 2, Figure 2 a) (data of 70 and 35 uM RV+IR
not shown).

CD49b and CD29 genes expression were significantly
decreased following treatment of PC-3 cells with ionizing
radiation at all doses when compared to the untreated
control group. Expression of CD49bh and CD29 genes
were significantly decreased following treatment of
PC-3 cells with resveratrol when compared to untreated
control group. Combining resveratrol treatment at
different concentrations especially, at IC50 (140 uM) with
ionizing radiation leads to significant reduction in CD49b
and CD29 genes expression in comparison to ionizing
radiation only treated group (Table 2, Figure 2 b and c)
(data of 70 and 35 uM RV+IR not shown).

Table 1. Cytotoxic Impact of IR, RV and Combination Treatment of Both IR and RV on PC-3 cells viability by MTT

Assay

Cell viability (%) Untreated control group

Ionizing radiation dose (Gy)

2 Gy 4 Gy 6 Gy 8 Gy
Mean+SD 100+0.0 94.30 + 3.60 93.42+3.64 85.71+9.75 75.96 +1.65
P 0.62 0.105 0.019* <0.001*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SD 100+0.0 37.71+6.30 73.47+7.25 77.41+8.80
P <0.001* <0.001* <0.001*
Radiation dose (Gy) + resveratrol (140 uM)
2 Gy+140 uyM 4 Gy+140 upM 6 Gy+140 uM 8 Gy+140 uM
Mean+SD 100+0.0 34.80 + 12.37 30.26+2.14  22.68 +6.21 22.24+2.73
P <0.001* <0.001* <0.001* <0.001*
Pl <0.001* <0.001* <0.001* <0.001*
Radiation dose (Gy) + resveratrol (70 uM)
2 Gy+70 uM 4 Gy+70 uyM 6 Gy+70 uM 8 Gy+70 uM
Mean+SD 100+0.0 83.01 £5.54 67.51+2.24 6524+11.92 53.02+6.82
P 0.002* <0.001* <0.001* <0.001*
Pl 0.049* <0.001* 0.039* <0.001*
Radiation dose (Gy) + resveratrol (35 uM)
2 Gy+35 uM 4 Gy+35uM 6 Gy+35 uM 8 Gy+35 uM
Mean+SD 100+0.0 89.63 £3.71 68.76 £5.47  66.13+9.21 65.35+2.81
P 0.018* <0.001* <0.001* <0.001*
Pl 0.72 <0.001* <0.001* 0.082

* Statistically significant at p < 0.05; P, p value for comparing between untreated control group and the other group; P1, p-value for comparing
between radiation only treated group and radiation + Resveratrol-treated group.
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(D)Combination (35 pM)

(E)Combination (70 pnM)

(D) 2 Gy+ Resveratrol (35pM)

6 Gy+ Resveratrol (35pM)

(E) 2 Gy+ Resveratrol (70uM)

6 Gy+ Resveratrol (70uM)
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4 Gy+ Resveratrol (35pM)

8 Gy+ Resveratrol (35pM)

4 Gy+ Resveratrol (70uM)

8 Gy+ Resveratrol (70uM)
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(F) 2 Gy+ Resveratrol (140uM)

6 Gy+ Resveratrol (140uM)

(F)Combination (140 pM)

Effect of ionizing radiation, Resveratrol and combination
treatment of both ionizing radiation and Resveratrol on
SOX2, OCT4 and DCLK1 genes expression in PC-3 cell
line

Statistical analysis of data showed that SOX2, OCT4
and DCLK genes expression were significantly decreased
following treatment of PC-3 cells with ionizing radiation
at all doses when compared to the untreated control
group except DCLK1 at dose 2 Gy. Expression of these
genes were significantly decreased when PC-3 cells
were treated with resveratrol in comparison to untreated
cells. Combining resveratrol treatment at different
concentrations especially, at IC_ (140 uM) with ionizing
radiation leads to significant reduction in SOX2, OCT4
and DCLK genes expression in comparison to ionizing
radiation only treated group. (Table 3 and Figures 3a, b
and c) (data of 70 and 35 uM RV+IR not shown).

Effect of ionizing radiation, Resveratrol and combination
treatment of both ionizing radiation and Resveratrol on
CXCR4, VIM and E-cadherin genes expression in PC-3
cell line.

Statistical analysis of data showed that CXCR4
expression was significantly increased after exposure
to ionizing radiation at all doses when compared to the
untreated control group. Expression of this gene was
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4 Gy+ Resveratrol (140uM)

8 Gy+ Resveratrol (140uM)

Figure 1. Morphological Alterations of PC-3Cell Line Observed by Inverted Microscopy. (A) untreated control (B)
Resveratrol at different concentrations (140, 70 and 35 pM) group; (C) lonizing radiation at different doses (2, 4, 6
and 8 Gy); (D) Combination of ionizing radiation and resveratrol at 35 uM; (E) Combination of ionizing radiation and
resveratrol at 70 uM; (F) Combination of ionizing radiation and resveratrol at 140 uM.

significantly decreased when PC-3 cells were treated with
resveratrol alone at IC, (140 uM). Combining resveratrol
treatment at different concentrations especially, at 140
uM with ionizing radiation leads to significant reduction
in expression of this gene when compared to ionizing
radiation only treated group. VIM gene expression was
significantly decreased following treatment of PC-3 cells
with ionizing radiation at all doses when compared to
the untreated control group. Expression of this gene was
significantly decreased when PC-3 cells were treated with
resveratrol in comparison to untreated cells. Combining
resveratrol treatment at different concentrations especially,
atIC (140 uM) with ionizing radiation leads to significant
reduction in expression of VIM gene when compared to
ionizing radiation only treated group.

Expression of E-cadherin gene was insignificantly
increased when PC-3 cells were exposed to ionizing
radiation at all doses

Expression of E-cadherin gene was significantly
increased when PC-3 cells were treated with resveratrol
in comparison to untreated cells, especially, at 140 and
70 pM. Combining resveratrol treatment at different
concentrations especially, at IC50 (140 uM) with ionizing
radiation leads to significant increase in E-cadherin gene
expression in comparison to ionizing radiation only treated
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Table 2. Impact of IR, RV and Combination Treatment of Both IR and RV on Expression of CD44, CD49b and CD29

Genes
Fold change Untreated group
Ionizing radiation dose (Gy)
CD44 2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 0.71 +0.06 0.57 £0.05 0.31+£0.025 0.17+0.01
P 0.019* <0.001* <0.001* <0.001*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.13£0.011 0.37+0.021 0.39+0.026
P <0.001* <0.001* <0.001*
Radiation dose (Gy) + resveratrol (140 uM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.29 +0.031 0.25+0.022 0.12 +0.005 0.06 +0.001
P <0.001* <0.001* <0.001* <0.001*
P1 0.004* 0.019* <0.001* <0.001*
CD49b
Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 0.70 + 0.054 0.46 +0.041 0.34+0.018 0.22+0.013
P 0.013* <0.001* <0.001* <0.001*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.18+0.009 0.22+0.015 0.63+0.034
P <0.001* <0.001* 0.002*
Radiation dose (Gy) + resveratrol (140 pM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.30+0.026 0.28 +0.017 0.20+0.010 0.10 £+ 0.003
P <0.001* <0.001* <0.001* <0.001*
Pl 0.005* 0.037* 0.431 0.239
CD29 Tonizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 0.89 +£0.075 0.63 +£0.049 0.30 +£0.026 0.20+£0.016
P 0.583 0.004* <0.001* <0.001*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.0123+0.001 0.0796+0.006 0.310+0.0214
P <0.001* <0.001* <0.001*
Radiation dose (Gy) + resveratrol (140 uM)
2 Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140uM
Mean+SE 1+0.0 0.35+0.044 0.25+0.015 0.11£0.003 0.07 £ 0.001
P <0.001* <0.001* <0.001* <0.001*
P1 0.001* 0.008* 0.036* 0.021*

* Statistically significant at p < 0.05; P, p value for comparing between untreated control group and the other group; P1, p-value for comparing

between radiation only treated group and radiation + Resveratrol treated group.

group. (Table 4 and Figures 4a, b and c) (data of 70 and
35 uM RV+IR not shown).

Radio-sensitizing effect of Resveratrol (35 uM) on PC-3
cell line

Surviving fraction was significantly decreased in a
dose dependent manner following treatment of PC-3 cells

with IR at all doses. Mean£SE of surviving fraction was
0.6968 +4.35 at2 Gy, 0.4892 +3.57 at4 Gy, 0.3193 £ 2.80
at6 Gyand 0.1711 £2.59 at 8 Gy. Combining resveratrol
treatment at 35 pM with IR leads to significant depression
in surviving fraction which was noticed with increasing
the radiation dose. Mean£SE of surviving fraction after
combination treatment at 35 uM Resveratrol was 0.5249
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Figure 2. (a) Bar chart illustrating the effect of combination treatment of both ionizing radiation and resveratrol at IC,|
(140 pM) on CD44 gene expression in PC-3 cell line. (b) Bar chart illustrating the effect of combination treatment
of both ionizing radiation and resveratrol at IC,; (140 pM) on CD49b gene expression in PC-3 cell line. (c) Bar chart
illustrating the effect of combination treatment of both i ionizing radiation and resveratrol at IC_ (140 uM) on CD29
gene expression in PC-3 cell line.
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Table 3. Impact of IR, RV and Combination Treatment of Both IR and RV on Expression of SOX2, OCT4 and DCLK1

Genes
Fold change Untreated group
SOX2 Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 1.03+0.09 0.84 £0.03 0.63 +£0.03 0.32 +£0.06
P 0.996 0.288 0.008* 0.003*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 14+0.0 0.67 +0.07 0.70 +0.08 0.89+0.11
P <0.001* <0.001* 0.715
Radiation dose (Gy) + resveratrol (140 uM)
2 Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.55+0.02 0.44 +£0.03 0.25 +0.02 0.02+0.0
P <0.001* <0.001* <0.001* <0.001*
Pl <0.001* <0.001* <0.001* <0.001*
OCT4 Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 336+0.13 1.57+0.06 1.29+£0.05 0.79+0.03
P <0.001* <0.001* 0.082 0.264
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.14 +0.03 0.30+0.10 0.62 +0.09
P <0.001* <0.001* 0.021*
Radiation dose (Gy) + resveratrol (140 pM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.12+0.04 0.08 +£0.02 0.02 +£0.001 0.02 +£0.001
P <0.001* <0.001* <0.001* <0.001*
Pl <0.001* <0.001* <0.001* <0.001*
DCLK1 Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 1.36 = 0.09 0.94 +0.03 0.63 +£0.03 0.58 +£0.02
P <0.001* 0.872 0.018* <0.001*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.26+0.07 0.36 £ 0.07 0.75 +0.07
<0.001* <0.001* 0.048*
Radiation dose (Gy) + resveratrol (140 uM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140uM
Mean+SE 1+0.0 0.19+£0.01 0.15+0.02 0.008 +0.003 0.005 +0.001
P <0.001* <0.001* <0.001* <0.001*
Pl <0.001* <0.001* <0.001* <0.001*

* Statistically significant at p < 0.05; P, p value for comparing between untreated control group and the other group; P1, p-value for comparing
between radiation only treated group and radiation + Resveratrol treated group.

+3.89 at 2 Gy, 0.3219 £ 4.30 at 4 Gy, 0.2008 = 3.20 at 6
Gy and 0.0488 + 1.42 at 8 Gy (Figure 5).

Discussion

The most widespread malignancy and main reason of
death related to cancer in males is prostate cancer. It is a
significant health issue, especially in ageing populations,

as it is usually diagnosed in men over the age of 50 years
(Jasinski et al., 2013). Current therapies for prostate
cancer, consisting of radical prostatectomy, radiotherapy,
hormone therapy, and chemotherapy (Huang et al., 2015).
In prostate cancer cells, radiotherapy is utilized to damage
deoxyribonucleic acid by ionizing radiation to induce
programed cell death. A confirmed percentage of patients
do not adapt to this treatment and become metastatic due to

Asian Pacific Journal of Cancer Prevention, Vol 22 3831
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Figure 3. (a) Bar chart illustrating the effect of combination treatment of both ionizing radiation and resveratrol
at IC50 (140 uM) on SOX2 gene expression in PC-3 cell line. (b) Bar chart illustrating the effect of combination
treatment of both ionizing radiation and resveratrol at IC50 (140 uM) on OCT4 gene expression in PC-3 cell line. (¢)
Bar chart illustrating the effect of combination treatment of both ionizing radiation and resveratrol at IC50 (140 pM)
on DCLK1 gene expression in PC-3 cell line.
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Table 4. Impact of IR, RV and Combination Treatment of Both IR and RV on Expression of CXCR4, VIM and

E-cadherin Genes

Fold change Untreated group
Ionizing radiation dose (Gy)
CXCR4 2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 140.0 13.64 +0.22 7.14 +£0.06 5.17+0.09 3.77+0.19
P <0.001* <0.001* <0.001%* 0.014*
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 0.48 +0.08 2.96£0.07 6.54+£0.18
P 0.036* <0.001%* <0.001%*
Radiation dose (Gy) + resveratrol (140 uM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.38 £0.02 0.35+0.03 0.33 £0.04 0.27 +£0.03
P 0.007* <0.001* <0.001* 0.005*
Pl <0.001* <0.001* <0.001%* <0.001*
VIM
Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 0.87 £0.07 0.79 £ 0.06 0.44 +0.03 0.29+£0.01
P 0.406 0.089 <0.001* <0.001*
Resveratrol (uM)
140 uM 70 uM 35uM
Mean+SE 1+0.0 0.22+0.01 0.57 £0.04 0.76 = 0.06
P <0.001* <0.001* 0.036*
Radiation dose (Gy) + resveratrol (140 pM)
2Gy+140 pM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140 uM
Mean+SE 1+0.0 0.48 =0.06 0.32+£0.02 0.13 +£0.01 0.01 £0.001
P <0.001* <0.001%* <0.001%* <0.001*
P1 0.006* 0.002* <0.001* 0.006*
E-cadherin Ionizing radiation dose (Gy)
2 Gy 4 Gy 6 Gy 8 Gy
Mean+SE 1+0.0 1.13+£0.09 1.81+0.09 2.01+0.08 2.88+£0.04
P 0.787 0.648 0.510 0.190
Resveratrol (uM)
140 uM 70 uM 35 uM
Mean+SE 1+0.0 3.84+0.05 3.28 £0.05 2.72£0.07
P 0.006* 0.033* 0.147
Radiation dose (Gy) + resveratrol (140 uM)
2Gy+140 uM 4 Gy+140 uM 6 Gy+140 uM 8 Gy+140uM
Mean+SE 1+0.0 4.13+£0.06 4.51+£0.07 491+0.05 5.0+ 0.06
P 0.009* 0.005* 0.002* 0.002*
P1 <0.001* <0.001* <0.001%* <0.001*

* Statistically significant at p < 0.05; P, p value for comparing between untreated control group and the other group; P1, p-value for comparing
between radiation only treated group and radiation + Resveratrol treated group.

radioresistance (Chen et al., 2017). Novel researches have
shown that the evolution of radioresistance is partially due
to inhibition of apoptosis (Wang et al., 2017). Radiation
therapy has been confirmed to remove the plurality of
non-CSCs. However, few CSCs are known, which show
relative radioresistance through reduced ROS production
and successful DNA repair (Murata et al., 2019). In

general, subpopulations of cancer stem cells are more
associated with radioresistance than subpopulations of
non- CSCs (Chang et al., 2015). Resveratrol, one of those
high-grade polyphenols found in red wine and grapes,
has been thoroughly researched for its effects on prostate
cancer (Amor et al., 2018).

The results of the present study demonstrate that
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Figure 4. (a) Bar chart illustrating the effect of combination treatment of both ionizing radiation and resveratrol
at IC, (140 uM) on CXCR4 gene expression in PC-3 cell line. (b) Bar chart illustrating the effect of combination
treatment of both i lonizing radiation and resveratrol at IC, (140 pM) on VIM gene expression in PC-3 cell line. (c)
Bar chart illustrating the effect of combination treatment of both i ionizing radiation and resveratrol at IC, (140 uM)
on E-cadherin gene expression in PC-3 cell line.
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Figure 5. Bar Chart Illustrating Clonogenic Survival Curves for lonizing Radiation (2, 4, 6 and 8 Gy) alone and
Combination Treatment of Both Ionizing Radiation and Resveratrol (35 pM) on PC-3 Cell Line.

resveratrol has cytotoxic effect on PC3 cells and enhance
the efficacy of IR. Noticeably, the findings of this study
showed that combining ionizing radiation with resveratrol
produced a synergistic antitumor effect. Previous
researches confirmed that PC-3 cells are relatively
radioresistant, partly due to apoptosis inhibition. (Diaz et
al., 2009; Chen et al., 2018). We and others have shown
that resveratrol therapy sensitizes tumor cells to cell death
caused by ionizing radiation. (Fang et al., 2013 ; Naponelli
et al., 2014). In line with our results, Data from several
groups has shown that resveratrol increases radiation
sensibility in prostate tumor by preventing cell propagation
and facilitating cell senescence and programed cell death
(Fang et al., 2013; Chen et al., 2017). Resveratrol anti-
carcinogenic action has been widely researched in both in
vitro and in vivo tumor models including prostate tumor.
It is well known that resveratrol stimulate cell cycle arrest
in androgen-independent prostate tumor cells, inhibits cell
propagation and causes programed cell death (Selvaraj et
al., 2016; Silk et al., 2021).

The current research revealed a significant reduction
in expression of stem cell markers genes including
CD44, CD49b, CD29, SOX2, OCT4, and DCLK] genes
in PC-3 cells after exposure to ionizing radiation at all
doses when compared to untreated group except CXCR4
significantly increased. Also resveratrol treatment leads to
significant decrease in stem cells markers genes especially
at 1C,, (140 pM). Moreover, combination treatment
of both ionizing radiation and resveratrol significantly
decreased all studied cancer stem cells markers genes
when compared to ionizing radiation alone suggesting that
resveratrol exerts its anticancer effect through targeting
cancer stem cells.

Multiple researches have revealed that the PC-3 cell
line has elevated stem cell markers expression and is more
aggressive relative to other cell lines such as CWR-22
and LNCaP (Haywood-Reid et al., 1997; Bonaccorsi et
al., 2000; Singh et al., 2012). PC3 cells do not express

androgen receptor and prostate-specific antigen and their
proliferation is independent of androgen. (Tai etal., 2011)

CSCs are little subgroups of cancer cells that are
accountable for tumor heterogeneity, showing high
metastatic potential and resistance to traditional anticancer
treatment (Nazio et al., 2019). Multiple researches
have showed that CSCs were more resistant to ionizing
radiation and chemotherapy and so they can survive
initial therapy. This capability to survive suggests that
cancer stem cells could drive post-treatment recurrence
and cancer progression, and targeting these CSCs would
increase the efficiency of cancer treatment, leading to an
increasing number of patients being cured (Harris and
Kerr, 2017; Du et al, 2019 ; Afify and Seno, 2019). The
full eradication of malignancy can only be accomplished
by targeting the small cell population that drives the origin
of cancer, according to the CSC hypothesis (De Francesco
et al., 2018) Several biomarkers such as CD44, CD49b,
CD29, SOX2, OCT4 and CXCR4 have been used to
classify CSCs in prostate cancer (Kobayashi and Noronha,
2015). Phytochemicals have been extensively studied in
order to target CSCs effectively because they have no
negative effects. Resveratrol is one such molecule that has
recently attracted a lot of attention for its potential to target
CSCs either alone or in combination (Bhaskara et al.,
2020). However, its molecular pathways underlying tumor
arrest are unknown. In the current study, RV increased
susceptibility to induce cancer cell apoptosis by affecting
gene expressions of multiple cancer stem cell markers.

In line with our findings, Qin (2020) showed that
by inhibiting NAF-11, resveratrol greatly inhibits the
characteristics of stem cells and the migration of pancreatic
cancer cell. Peng and Jiang (2018) demonstrated that RV
abolished osteosarcoma cell self-renewal ability, and
decreased osteosarcoma stem cell subgroups proportion.
Fu (2014) demonstrated that RV greatly prevents breast
CSCs in both vitro and in vivo, effectively reducing the
population of breast CSCs.
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Doublecortin like kinase 1 (DCLK1) is upregulated
in a wide range of cancers, including pancreatic ductal
adenocarcinoma and considered a cancer stem cell marker
(Ferguson et al., 2020). Jiang et al., (2018) found that
increased DCLK 1 expression is associated with prostate
cancer aggressiveness and predict poor survival in patients
with prostate cancer. Our results showed that PC3 cells
express higher levels of DCLK1 and RV significantly
repressed its expression. To the best of our knowledge,
this is the first study detects and targets DCLK1gene by
RV in PC3 cells.

With regards to EMT markers, our results showed
that RV significantly increases E-Cadherin and decreases
VIM genes expression in PC3 cells. RV can inhibit EMT
and improve the antiproliferative effects of ionizing
radiation. Our results are consistent with previous
reports demonstrated that RV suppresses EMT and
EMT-generated stem cell-like properties (Song et al.,
2019; Guo et al., 2021). During EMT, epithelial cells
lose their properties and acquire mesenchymal features.
It has been suggested that transformed epithelial cells
can be converted from a sessile, epithelial phenotype to a
motile, mesenchymal phenotype by activating embryonic
programs of epithelial plasticity. As a result, induction
of EMT can result in invasion of the surrounding stroma,
intravasation, dissemination, and colonization of distant
sites. The dissemination of a CSC from the primary tumor
followed by its re-establishment in a secondary site is
required for sustained metastatic growth (Ye et al., 2015).

Regarding clonogenic assay, surviving fraction was
significantly decreased in a dose dependent manner
following treatment of PC-3 cells with IR at all doses.
Interestingly, combining resveratrol treatment at 35 pM
with IR leads to significant depression in surviving fraction
which was noticed with increasing the radiation dose. This
result throws the light on RV as a potential radiosensitizer
of PC3 cells. Our findings are in line with previous
researchers indicating that, inhibited clonogenic survival
of PC-3 cell line following combined treatment of RV with
ionizing radiation (Fang et al., 2013; Heiduschka et al.,
2014; Kortmann and Glasow, 2014; Da Costa Araldi et
al., 2018). Prostate cancer radiosensitization by resveratrol
may reduce the effective radiation dose and side effects
associated with irradiation.

In conclusion, resveratrol alone or in combination with
ionizing radiation exerts anticancer effect on PC3 cells.
Therefore, resveratrol showed to be a good candidate
for further studies as anticancer drug in the treatment of
human prostate cancer. Resveratrol has a radiosensitizing
ability triggered by reducing the expression levels of
cancer stem cell markers and targeting EMT markers.

Recommendations

Further investigation and in particular experimental
evaluations are required to explore clinical applications
of resveratrol alone or in combination with available
anticancer drugs in prostate and other cancers. For future
studies, more pre-clinical and clinical evaluations of
the effectiveness and safety of resveratrol and its active
compounds are imperative.
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