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Effect of resveratrol on drug resistance in colon
cancer chemotherapy
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Lu Huang, ¢ Sheng Zhang,? Jun Zhou® and Xiangzhou Li

To investigate the effects of resveratrol on the drug resistance of 5-FU in the colon cancer chemotherapy, an
MTT assay was used to detect the effects of 5-FU and resveratrol combined with 5-FU on the proliferation of
the LoVo and SW480 cell lines. Flow cytometry was used to detect the effect of 5-FU combined with
resveratrol on the survival rate of the LoVo and SW480 cells. A western blot was used to detect the
expression levels of the proteins associated with colon cancer. After flow sorting, the percentage of the
SW480 and the LoVo cell line CD133* was 97.5% and 95.8%, respectively. The cells cultured in vitro
showed more rapid cell proliferation and differentiation. The MTT assay showed that as compared with the
survival rate of the blank group LoVo and CD133* LoVo cells, the survival rate of the cells containing the 5-
FU group was lower (P < 0.05). When 5-FU was used in combination with different concentrations of
resveratrol, the abovementioned phenomenon was more prominent. The sorted colon cancer cells have
dry stem cells, and the sorted CD133" cells are more resistant to drugs; the combination of resveratrol and
5-FU has the best effect on the colon cancer cells. Preliminary studies on the mechanism of action of the
drug show that a combination of 5-FU and resveratrol regulates apoptosis in CD133* colon cancer stem

rsc.li/rsc-advances

Introduction

Over the past 30 years, the incidence of colon cancer has increased
in most countries and regions, including China.* The main
treatment for colon cancer is currently based on chemotherapeutic
drugs;* however, the disease is prone to relapse. This may be
related to the tumor stem cells, which are similar to the normal
stem cells. Tumor stem cells possess a strong ability to regenerate,
repair DNA,’* and expel the chemotherapeutic drugs out of the cell.®
Therefore, study of the resistance of stem cells to chemothera-
peutic agents and how this resistance can be overcome is a topic of
significant interest in this field. Yang Yu’ reported that cancer
stem cells play a role in maintaining the potential for tissue
differentiation in recurring solid tumors. Youzhi Li® reported that
pancreatic cancer recurrence and metastasis were inhibited by
inhibiting the stem cells. Sheung Tat Fan’ reported the recurrence
of hepatocellular carcinoma by the circulating cancer stem cells
released from primary tumors. Thomas Dittmar*® reported that the
cause of cancer recurrence was the integration of stem cells in
tumors. In addition, cancer stem cells are resistant to drugs.
Xiaoxiang Chen" reported that cancer stem cells control the
epithelial-mesenchymal transition and thus control the resistance
of high-grade ovarian serous tumors. Cristian Tomasetti'* reported
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cells by regulating the BAX gene; however, more complex mechanisms may also be involved.

the positive role of stem cell symmetry and asymmetric divisions in
the development of cancer resistance.

Resveratrol (RES) is a natural active compound® mainly
extracted from peanuts, grapes, Polygonum cuspidatum, and other
plants.™ It is a non-flavonoid polyphenol, insoluble in water, but
soluble in organic solvents such as ethanol and acetone. It exists
in the free state and forms glycosides under natural conditions.
5-FU is a commonly used chemotherapy drug for colorectal
cancer treatment. As its dose increases, the side effects of the
drug also increase and resistance to the drug develops frequently.
Therefore, its clinical application is limited."> Some studies have
shown that a combination of chemotherapeutic drugs and
traditional Chinese medicine not only can reduce adverse drug
reactions but can also produce synergies between drugs and
promote better efficacy.'® Resveratrol has been reported to exhibit
cellular anticancer activity in breast cancer," skin cancer,'® and
liver cancer." More importantly, it has been found that resvera-
trol can be combined with chemotherapeutics to reduce drug
resistance during some cancer treatments. Laura H. Engelke®
reported the effects of ellagic acid and resveratrol on the
epithelial ovarian cancer cell line A2780. Sin Ho Kweon?* reported
that resveratrol-mediated downregulation of MRP1 was associ-
ated with the reversal of resistance to doxorubicin in acute
leukemia cells. Xu** reported that resveratrol inhibited the
epithelial-mesenchymal transitions by regulating the PTEN-Akt
signaling pathway in gastric cancer. Jie Meng® reported the use
of liposome-encapsulated resveratrol and paclitaxel in the treat-
ment of breast cancer cell resistance reversal.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Expression dataof CD133"* and other stem cell markers in colon
cancer cell.
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Fig. 2 Flow detection of the results of cell separation.
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In summary, resveratrol demonstrates good resistance to
drugs in the treatment of multiple cancers with chemothera-
peutic agents. However, its effects have not been reported in
colon cancer cells. In this study, the effect of resveratrol
combined with 5-FU has been investigated on colon cancer cells
and stem cells. We have confirmed the effect of resveratrol on
drug resistance in colon cancer cells and determined its
mechanism of action at the gene level.

Results and discussion

Cancer stem cell selection and separation

CD133, CD44, Lgr5, and Sox-2 are tumor marker genes.”* The
results of the cancer stem cell sorting (Fig. 1) show that the
expression levels of these four tumor markers are significantly
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higher in cancer stem cells (P < 0.01) than those in the normal
cells. The isolated stem cells were confirmed to be exact.

Flow cytometry verification

Flow cytometry results (Fig. 2) showed that the CD133" cells
reached 95.8% and 97.5% in colorectal cancer Lovo and SW480
cells after tumor cell sorting, respectively. Experimental results
also confirmed that the isolated stem cells were exact.

In vitro ball validation results

As shown in Fig. 3 and 4, the Lovo and SW480 cells are more
capable of reproduction after sorting and have more ability to
differentiate than the unsorted stem cells.
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Fig. 3 LoVo balling in vitro before and after separation.
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Fig. 4 SW480 balling in vitro before and after separation.
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MTT assay validates the effect of resveratrol on the drug
resistance of SW480 stem cells

The experimental results obtained via the MTT assays when 5-
FU at different concentrations was reacted with resveratrol are
shown in Table 1. The experimental results obtained when the
same concentration of 5-FU was combined with different
concentrations of resveratrol according to the previous method
are shown in Table 2.

Fig. 5 shows that the CD133" SW480 cells were added to 5-FU
after being compared with the parental cells. The cell survival
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Fig. 5 Effect of FU on the survival rate of SW480 cells and SW480
tumorigenic stem cells.
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Fig. 6 Bar graph of survival rate of SW480 cells and SW480 CD133*
cells.

Table 1 Effects of 5-FU at different concentrations on the survival rate of SW480 cells and SW480 tumorigenic stem cells

0 uM 20 UM 40 pM 80 uM 160 pM 320 uM
SW480 1.210 + 0.082 0.964 + 0.038 0.802 =+ 0.037 0.592 =+ 0.024 0.454 + 0.032 0.313 £ 0.026
SW480 CD133" 1.318 =+ 0.092 1.187 + 0.136 1.149 + 0.075 0.929 =+ 0.059 0.594 + 0.040 0.395 + 0.037

Table 2 Effects of 5-Fu at the same concentration and resveratrol at different concentrations on the survival rate of SW480 cells and SW480

tumorigenic stem cells

0 UM 5-FU 5-FU + 80 uM 5-FU + 160 pM 5FU + 320 pM
SW480 1.324 + 0.023 0.723 £ 0.021 0.683 = 0.020 0.441 + 0.028 0.188 = 0.020
SW480 CD133" 1.495 + 0.014 1.050 + 0.036 0.966 = 0.030 0.676 =+ 0.035 0.332 = 0.070
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Table 3 Effects of 5-FU at different concentrations on the survival rate of LoVo cells and LoVo CD133" tumorigenic stem cells

0 uM 10 uM 20 uM 40 uM 80 uM 160 uM
LoVo 0.476 £ 0.040 0.254 £ 0.016 0.203 £ 0.014 0.199 +£ 0.015 0.173 £ 0.012 0.121 £ 0.007
LoVo CD133" 1.129 £ 0.323 1.041 £ 0.009 0.870 £ 0.067 0.692 + 0.026 0.421 £ 0.061 0.250 £ 0.035

Table 4 Effects of 5-Fu at the same concentration and resveratrol at different concentrations on the survival rate of LoVo cells and LoVo CD133*

tumorigenic stem cells

0 uM 10 uM 20 uM 40 uM 80 uM 160 uM
LoVo 0.476 =+ 0.040 0.254 + 0.016 0.203 + 0.014 0.199 + 0.015 0.173 £ 0.012 0.121 £ 0.007
LoVo CD133" 1.129 + 0.323 1.041 + 0.009 0.870 + 0.067 0.692 + 0.026 0.421 + 0.061 0.250 =+ 0.035

rate of CD133" SW480 cells decreased by 25.852% from
79.656%, and that of the parental cells decreased by 29.94%
from 90.076%. The CD133" SW480 cells were therefore less
sensitive to 5-FU as compared to the parental cells. 5-FU
combined with resveratrol acted on the colon cancer cell line
SW480 and on the sorted CD133" SW480 stem cells (Fig. 6).
Preliminary results showed that with an increase in the resver-
atrol concentration, the survival rate of the SW480 cells
decreased from 43.68% to 10.634% and the survival rate of the
CD133" SW480 cells decreased from 70.234% to 22.232%. The
reason for the decrease in the survival rate is that resveratrol
promotes apoptosis of tumor stem cells and tumor cells.*® A
decrease in the sensitivity of 5-FU to resveratrol indicates that
resveratrol confers drug resistance, and it can be seen in Fig. 6
that the effect of drug resistance is positively correlated with the
dose of resveratrol. The next step is to explore the mechanism of
resveratrol in this process from the aspects of genetic pathway
screening and in vivo research.

MTT assay validates the effect of resveratrol on the drug
resistance of LoVo stem cells

Table 3 shows the results of the reaction of different concen-
trations of 5-FU with the same concentration of resveratrol
according to the MTT assays. Table 4 shows the results of the
reaction of the same concentration of 5-FU with different
concentrations of resveratrol according to the MTT assays.
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Fig. 7 Effect of FU on the survival rate of LoVo cells and LoVo

tumorigenic stem cells.
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As shown in Fig. 7, the concentration of 10, 20, 40, 80, and
160 uM of 5-FU acts on the LoVo CD133" and LoVo colon cancer
cells; the LoVo CD133" cells have a higher survival rate than the
LoVo cells. In a certain range, the same concentration of 5-FU
acts on CD133" LoVo and LoVo colon cancer cells; CD133" LoVo
cells have a higher survival rate than the LoVo cells; therefore,
CD133" LoVo cells are more resistant to drugs than the parental
cells. The calculated IC5, of 5-FU for the LoVo cells is 13 uM and
that for the CD133" LoVo cells is 48 uM. This indicates that the
CD133" LoVo cells are more resistant to drugs than the parental
cells.
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Fig. 8 Bar graph of survival rate of LoVo cells and LoVo CD133™ cells
with 5-Fu + resveratrol.
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Fig. 9 SW480 cell and LoVo cells’ flow apoptotic data histogram (**
indicates significant difference; *** indicates a very significant
difference).
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Fig. 10 Expression data of p53, BAX and other genes in LoVo cell line
samples.

As shown in Fig. 8, it was found that 5-FU combined with
resveratrol acted on LoVo colon cancer cells and the isolated
CD133" LoVo colon cancer stem cells. With an increase in the
resveratrol concentration, the LoVo cell survival rate decreased
from 50.512% to 6.622% and the CD133" LoVo cell survival rate
decreased to 14.604% from 77.954%. The reduced sensitivity of
5-FU to resveratrol indicates that resveratrol confers drug
resistance, and it can be seen from Fig. 8 that the effect of drug
resistance is positively correlated with the resveratrol dose.

From the data presented in Fig. 9, it can be concluded that 5-
FU alone acts on CD133" SW480 colon cancer stem cells, and
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the apoptosis rate is reduced from 15% to 10%. When 5-FU and
resveratrol acted on SW480 CD133", the apoptosis rate
decreased from 30% to 18%, which was significantly different
from that of 5-FU only (P < 0.05). The same results can be ob-
tained when 5-FU alone and 5-FU combined with resveratrol act
on the CD133" LoVo cells. In addition, both the colon cancer
stem cells (CD133") and common colon cancer cells have a large
difference in apoptosis rates when 5-FU combined with resver-
atrol is used and when 5-FU is used alone.

Many studies have been reported on the inhibitory activity of
resveratrol and the mechanism of its effect on tumor cells.?**”
We also studied the effect of resveratrol on the survival rate of
LoVo cells and LoVo CD133" cells in the early stage. The results
showed that resveratrol has a certain effect of inhibiting the
survival on the above two kinds of cells, and this effect is dose-
related; we believe that the effect of resveratrol combined with
5-FU is better than that of only the latter mainly due to the
synergistic inhibition by the former.

Resveratrol inhibits the regulation of cancer stem cell
resistance by gene selection

As shown in Fig. 10, all blank and CD133" cells were treated with
5-FU, and the expression of apoptosis-related genes differed
(excluding CASP3) (P < 0.05); this indicated that the CD133"
group had lower resistance than the blank cells. Moreover, three
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Fig. 11 p53, BAX, CASP3 gene content in LoVo cell line samples.
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selected genes were treated with 5-FU and resveratrol. Only the
expression of the BAX gene was significantly increased (P < 0.01);
this indicated that the gene and resveratrol inhibited the
resistance of colon cancer cells to 5-FU. As can be seen from
Fig. 11, the normal cells and cancer stem cells in the BAX gene
were treated by resveratrol combined with 5-FU and 5-FU alone,
and when 5-FU (conventional cell chemotherapy group),
CD133" + 5-FU (stem cell chemotherapy group), RES + 5-FU
(conventional cell chemotherapy + resveratrol group), and
CD133" + RES + 5-FU (stem cell chemotherapy + resveratrol
group) were compared, the results showed that resveratrol
might regulate stem cell resistance to 5-FU by regulating
apoptosis via the BAX gene.

Conclusion

The rate of apoptosis is an important indicator of the efficacy of
chemotherapeutic drugs. The present study shows that regula-
tion of resveratrol activity can affect the apoptosis induced by
chemotherapeutic drugs in tumor cells. Resveratrol has been
found to reduce the rate of apoptosis induced by chemothera-
peutic agents in breast cancer® although the mechanism of its
action is unknown. 5-FU is a basic chemotherapeutic drug used
to treat colorectal cancer. Apoptosis is an important indicator of
its efficacy. In the present study, resveratrol combined with 5-FU
acts on the SW480 and LoVo colon cancer cells, significantly
inhibiting the apoptosis induced by 5-FU.

We found that after sorting, the colon cancer stem cells were
more resistant to chemotherapeutic drugs. A possible reason for
this is that CD133" cells can escape innate immunity and
adaptive immune surveillance, participate in the formation of
tumor blood vessels, and activate stem cell-related signaling
pathways. The secretion of IL-4 mediates drug resistance and
prevents tumor cell apoptosis; this indicates that IL-4 can be
used as a marker to identify colorectal cancer stem cells and
perform interventional therapy.”**® However, the specific
mechanism of its action needs further study.

Resisting or escaping chemotherapy-induced apoptosis is
one of the most important mechanisms of chemotherapy
resistance in tumors. The results of our experiment show that
the inhibition of resveratrol activity reduces the induction of
apoptosis in 5-FU cells, and the BAX gene participates in this
process. Reports suggest that BAX regulation is involved in the
mechanism. BAX is an important suppressor gene in the
apoptosis signaling pathway and plays a crucial role in the
regulation of apoptosis® via a combination of resveratrol and
the p53 and CASP3 genes. 5-FU cell apoptosis experiments show
significant differences only regarding the BAX gene, which
confirm this theory.

Our experimental results showed that the effects of resvera-
trol on apoptosis induced by 5-FU in SW480 and LoVo cells were
approximately the same. The effect of resveratrol combined
with 5-FU on apoptosis in SW480 and LoVo cells and expression
of the BAX gene were analyzed. We found that apoptosis in
SW480 cells and LoVo cells induced by resveratrol combined
with 5-FU was still significant. Resveratrol regulates apoptosis
via a combination of 5-FU-regulated BAX genes and is important

This journal is © The Royal Society of Chemistry 2019
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in the drug tolerance mechanism, but there may also be more
complex mechanisms involved.

Based on the abovementioned analysis, we conclude that the
apoptosis induced in colon cancer cells by resveratrol is caused
by (1) decreased apoptosis resistance; (2) CD133" cells escaping
the innate immunity and adaptive immune surveillance and
participating in tumor vasculature, and (3) resveratrol and 5-FU
combining to regulate the BAX gene to regulate stem cell
apoptosis.

Methods

Materials

Resveratrol (homemade, 99%); 5-FU (99%, HARVEY USA); colon
cancer SW480 and LoVo cell line (provided by the Hunan Aijia
Biotechnology Company).

Instruments and reagents

CO, cell incubator (ThermoFisher Scientific, USA); biosafety
cabinet (Heal Force, BlOsafe12); inverted microscope (Motic,
AE200); flow cytometer (BD, FACSCanto II); 60 mm cell culture
dish (Corning, 430166); nucleic acid quantifier, mRNA reverse
transcription kit, (ThermoFisher Scientific, USA); pancreatic
digestion solution (Auragene Corporation), PBS (Auragene
Corporation); CD133 MicroBead Kit-Tumor Tissue (MACS Mil-
tenyi Biotec); fetal bovine serum (Gemini).

Selection and isolation of cancer stem cells

CD133" is a surface-specific marker molecule for stem cells and
cancer stem cells.?* Therefore, the cancer stem cells used for the
study were sorted from normal cells according to the presence
of CD133". Magnetic CD133" stem cells were selected by
magnetic sorting.

Flow detection assays

Each group of cells was digested with an EDTA-free trypsin
digestion solution, washed twice with PBS (2000 rpm, centri-
fuged for 5 min), and obtained. Then, 500 pL binding buffer
suspension cells and 5 pL Annexin V-FITC were added, and the
solution was mixed. After this, 5 pL of propidium iodide was
added, and the solution was mixed. The reaction was carried out
at room temperature in the dark for 5-15 min. Flow cytometry
analysis and detection were performed within 1 h.

Cell balling assays

The CD133", LoVo, and SW480 cells were cultured in a cell
incubator for 4 h at 37 °C and 5% CO,, then replaced with
a spheronization medium and incubated for further 48 h.
Individual conglomerate cells were obtained separately and
digested with a 0.05% trypsin digestion solution. A single cell
suspension with a percentage of single cells above 95% was
created with the culture medium. Cells were counted, and the
cell concentration was diluted to 1 x 10° with a spheronizing
medium. Then, 1 mL of single cell suspension was kept as
a spare. 1 pL single cell suspension was added to each well of

RSC Aadv., 2019, 9, 2572-2580 | 2577
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a 96-well ultra-low adsorption plate (containing 200 pL stem cell
medium per well), normal cells and 3 stem cells, each cell total
180 wells (200 pL PBS in 96-well plate edge wells). The cells were
observed using a microscope, and any wells containing no or
few cells were removed. The cells were observed daily using the
microscope for approximately 6-10 days, and the number and
size of the tumors formed was determined.
Calculation of results : balling rate
number of clones

- 0,
~ humber of inoculated cells | 100%

SW480 stem cell assays

Logarithmic phase SW480 and its CD133" stem cells were ob-
tained by trypsinization by adjusting the cell suspension
concentration of each group to 5 x 10* cells per mL, then
adding 100 pL cell suspension to each well of a 96-well plate,
and plating the cells for measurement. For 2 x 10* cells per well
(peripheral wells were filled with sterile PBS to eliminate edge
effects), 5 replicate wells were set in each group. The SW480
parental cell group was first plated and then dosed. The SW480
CD133" cell group was plated the day before and was given the
dose the next day. The 5-FU concentrations were 20, 40, 80, 160,
and 320 pM, which were spread the day before and the medicine
was added the next day. The concentration of 5-FU was 15 uM,
the concentrations of febutriterol (5-FU) were 80, 160, and 320
uM; these were incubated overnight at 37 °C in a 5% CO,
incubator. The 96-well plate was removed after every 24 h. The
medium was removed, 100 pL 10% MTT medium was added to
each well, and incubated in the cell incubator for 4 h. The
medium in the well was carefully aspirated, and 100 pL. DMSO
was added to each well to fully dissolve the crystals. Within
10 min of adding DMSO, the enzyme standard was used. The
instrument was tested for absorbance at 570 nm in each well,
and GraphPad data was used. The cell viability and the cell
growth inhibition rate were calculated according to the
following formulae:

absorbance of the administration group
absorbance of the control group

x 100%

Cell viability(SR)% =

Cell growth inhibition rate(IR)%

_ 1 —absorbance in drug dosage

1009
absorbance in control % /

LoVo stem cell assays

Log phase LoVo cells and LoVo CD133" stem cells were obtained
by trypsin digestion, and the cell suspension concentration was
adjusted to 5 x 10" cells per mL in each group. Then, 100 uL of
cell suspension was added to each well of a 96-well plate. The
cells were measured at 2 x 10 cells per well (peripheral wells
were filled with sterile PBS to eliminate the edge effects), and 5
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replicates were set in each group. The SW480 parental cell group
was first plated and then dosed. The LoVo CD133" cell group
was plated the day before and was given the next day. 5-FU
concentrations were: 0 uM, 10 uM, 20 uM, 40 uM, 80 uM, 160
uM; 5-FU concentrations were: 15 uM. These were incubated
overnight at 37 °C in a 5% CO, incubator. The 96-well plate was
removed after every 24 h. The medium was removed, 100 pL of
10% MTT medium was added to each well, and incubation was
carried out in the cell incubator for 4 h. The medium in the well
was carefully aspirated, and 100 pL. DMSO was added to each
well to fully dissolve the crystals. Within 10 min after adding
DMSO, the enzyme standard was used. The instrument was
tested for absorbance at 570 nm in each well using GraphPad
data. The cell viability and the cell growth inhibition rate were
calculated according to the following formulae:

absorbance of the administration group
absorbance of the control group

x 100%

Cell viability(SR)% =

Cell growth inhibition rate(IR)%

1 — absorbance in drug dosage

0, )
absorbance in control x 100%

Flow cytometry assays

After sorting with CD133" magnetic beads, the cells were
counted and inoculated into 6-well cell culture plates. The next
day, flow cytometry was conducted for different concentrations
of drugs (5-FU 15 pM, RES 80 uM). Each group of cells was
digested with EDTA-free trypsin digestion solution and washed
twice with PBS (2000 rpm, centrifuged for 5 min) to obtain the
cells. Then, 500 puL binding buffer suspension cells and 5 pL
Annexin V-FITC were added, and the solution was mixed well.
After this, 5 uL of propidium iodide was added, and mixing was
continued. The reaction continued for 5-15 min at room
temperature in the dark. Flow cytometric observation and
detection was performed within 1 h.

Real-time PCR analysis

Real-time PCR was used to detect the expression of p53, BAX,
and CASP3 genes in the LoVo cell line samples. The selected
genes are all reported to be closely related to colon cancer.*3*

Cell lines provided by the cell platform were selected for PCR
verification. Herein, 2 pg of total RNA from each sample was
reverse transcribed to cDNA. The 20 pL RT-PCR reaction
mixture was as follows: 10 uL 2x SYBR Green QPCR mix, 1 pL
each of upstream and downstream primers, 1 uL cDNA, and 7
uL water; reaction conditions: pre-denaturation at 95 °C for
3 min; subsequent denaturation at each step of 95 °C, 10 s, p53,
BAX, CASP3, primer annealing at 60 °C extended for 30 s for
a total of 40 cycles each time in the extension phase to read the
fluorescence value.

This journal is © The Royal Society of Chemistry 2019
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Statistical analysis

The experimental data were statistically analyzed using the SPSS
V17.0 software. The experimental results are expressed as the
mean =+ standard deviation. Statistical analysis was performed
using the t-test to analyze the differences between the groups.
The values of P < 0.05 were considered statistically significant.
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