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Effect of SIRT1 activators and inhibitors
on CD447/CD133"-enriched non-small cell lung cancer cells
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Abstract. Lung cancer is one of the most commonly diagnosed
cancers and it is associated with high rates of morbidity and
mortality. Metastasis and relapse of the tumor depend on the
survival and proliferation of lung cancer stem cells (LCSCs).
The ability to identify CSCs may prevent recurrence and lead to
more effective treatments. Sirtuins are a group of deacetylases
that include seven variants (SIRT1-7), with sirtuin 1 (SIRT1)
being the most intensively investigated. Evidence suggests
that SIRT] is both a tumor-suppressor gene and an oncogene.
SIRT1 can deacetylate the tumor-suppressor protein p53 to
decrease its activity. SIRT1 activators increase the deacety-
lation of p53, whereas SIRT1 inhibitors can stimulate p53
by inhibiting deacetylation. In the present study, CD44* and
CD133*-enriched A549 (non-small cell lung cancer) cells
collected using the CD44 and CDI133 CSC surface markers by
fluorescence-activated cell sorting method were treated with
SIRT1 inhibitors (tenovin-6 and sirtinol) and SIRT1 activators
(resveratrol and SRT1720), and their effects on apoptosis, as
well as the mRNA and protein expression of SIRT1 and p53
were investigated. Of these agents, it was found that resveratrol
increased p53 expression by 4.1-fold, decreased SIRT1 expres-
sion by 0.2-fold, and it was the most potent inducer of apoptosis.

Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide due to the increase in cigarette smoking (1).
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Among the different types of lung cancer, non-small cell
lung cancer (NSCLC) has the highest mortality, at ~85% (2).
Lung cancer tumor cell populations have a heterogeneous
structure consisting of cancer cells and a small numbers of
cancer stem cells (CSCs) (3). A CSC originates from a mutated
normal stem cell or a differentiated progenitor cell that has
accumulated various types of damage (3). Several studies have
suggested that identification of CSCs will enable a definitive
treatment of the tumor (4-6).

The fluorescence-activated cell sorting (FACS) method can
be used to identify and differentiate lung CSCs (LCSCs) (7).
LCSCs can be isolated using specific surface markers such as
CD44 and CD133. Using this method, stem cells can be sepa-
rated by molecules capable of irradiation at certain wavelengths
by binding to antibodies specific to these surface markers (8).

Sirtuins are enzymes that act as nicotinamide adenine dinu-
cleotide (NAD*)-dependent deacetylases (9). The mammalian
sirtuin family consists of seven homologs, SIRT1-7, classified
by NAD* binding and catalytic domain (9). Sirtuin 1 (SIRT1),
the most investigated of these variants, has been reported to
act as both a tumor promoter and a tumor suppressor (10). In
the present study, the effects of SIRT1 activators (resveratrol
and SRT1720) and inhibitors (tenovin-6 and sirtinol) on SIRT1
and p53 expression in CD44*/CD133*-enriched cells isolated
from the A549 cell line (NSCLC) were investigated to explore
potential new treatment approaches for lung cancer.

In the present study, cell sorting was performed to enrich
the cancer stem cells. Subsequently, proliferation and cytotox-
icity experiments were used to determine the optimum SIRT1
activator-inhibitor concentrations to use to treat the cells. Flow
cytometric analysis was used to analyze the apoptotic rate
of cells treated with the SIRT1 activators and inhibitors, and
quantitative (q)PCR and western blotting analysis was used to
analyze the expression levels of SIRT1 and p53 mRNA and
protein, respectively.

Materials and methods

Cell cultures and reagents. The cell culture media used
in this study were obtained from Biological Industries
USA, Inc. Allophycocyanin (APC)-labeled CD44 (cat.
no. 130-098-110) and phycoerythrin (PE)-labeled CD133/2
(cat. no. 130-098-046) antibodies were obtained from
Miltenyi Biotec GmbH. Cell sorting consumables were
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procured from BD Biosciences. Antibodies for western blot-
ting were purchased from Cell Signaling Technology, Inc.
SIRT1 activators and inhibitors were obtained from Santa
Cruz Biotechnology, Inc., and stock solutions were prepared
for each substance (Table SI). The A549 cell line was grown
in F-12 Nutrient Mixture (Ham's) medium supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin under standard
culture conditions.

Cancer stem cell sorting. CD44*/CD133* cells were sorted
using a BD FACSAria™ device (BD Biosciences). A549
cells were incubated with 1% trypsin-EDTA for 5 min at
37°C and then collected and centrifuged at room tempera-
ture for 10 min at 300 x g to obtain a cell pellet. The cell
pellet was washed with PBS containing 2% FBS and
2 mM EDTA, centrifuged at room temperature for 10 min
at 300 x g and then incubated in 100 xl PBS buffer with
10 ul each of CD44 and CD133 antibodies (1:11) in the dark
for 10 min at 4°C. After incubation, PBS was added, the
suspension was centrifuged at room temperature for 10 min
at 300 x g, and the supernatant was discarded. The pellet
was resuspended in 3 ml PBS and the APC- and PE-labeled
CD44+*CD1 33* cells were sorted using the BD FACSAria™
device. The gating strategy used for the separation of APC-
and PE-marked CD44* and CD133* cells is demonstrated
in Fig. S1.

Cell proliferation and cytotoxicity assays. The xCELLigence®
Real-Time Cell Analyzer (Roche Applied Science) was used
for cell proliferation and cytotoxicity analyses. After seeding
CD44*/CD133*-enriched A549 cells into an E-Plate at a density
of 10,000 cells/well, the impedance values were measured for
72 h to obtain proliferation curves. For cytotoxicity assays,
cells were seeded into the E-Plates at the same density and
incubated for 24 h at 37°C. After this incubation, SIRT1
activators (resveratrol and SRT1720) and inhibitors (tenovin-6
and sirtinol) were applied, and the impedance values were
measured for 72 h. Each concentration was run in triplicate.
Data analysis was performed using the software included in
the xCELLigence device, and the ICs, of each active substance
was obtained.

Apoptosis analyses. Annexin V/PI staining was performed to
evaluate the apoptotic effects of the active substances. Cells
were seeded onto 12-well plates at a density of 2x10° cells/well
and incubated for 24 h at 37°C to allow adhesion. After this
incubation, the active ingredients were applied at the ICs, dose.
After 72 h, the cells were released by trypsinization, incubated
with Annexin V/PI for 1 min at room temperature, and then
examined in the BD Accuri™ C6 flow cytometry device and
analyzed via BD Accuri™ C6 software (version 227.4; BD
Biosciences).

Quantitative (q)PCR analysis. After treating the CD44*/CD133"-
enriched A549 cells with IC,, dose for 72 h, the cells were
harvested, and RNA was obtained using the MagNA Pure LC
RNA Isolation kit (Roche Applied Science). cDNA synthesis
was performed using the iScript™ cDNA Synthesis kit
(Bio-Rad Laboratories, Inc.). The following reverse transcription
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temperature protocol was used: 30 min at 42°C, 85°C for 5 min
and then maintained at 4°C. SIRT1 and p53 gene expression levels
were analyzed using Hs01009006-SIRT1 and Hs01034249-TP53
TagMan™ primers and TagMan® FAM-MGB dye probes
(Applied Biosystems; Thermo Fisher Scientific, Inc.). GADPH
(Hs03929097-GAPDH) was used as a housekeeping gene. For
gPCR, the reaction mixture was prepared according to Table SII.
The following thermocycling conditions were used for the qPCR:
Initial denaturation at 95°C for 10 min; followed by 40 cycles of
denaturation at 95°C for 10 sec and extension at 60°C for 60 sec;
prior to cooling to 40°C for 30 sec. The relative expression levels
were calculated using the 2244 method (11) and presented as fold
change.

Western blot analysis. Western blot analyses of proteins
collected from cells treated with IC,, doses of the active
substances for 72 h and the control cells were performed
using SIRTI1, p53 and f-actin antibodies. Proteins were
obtained using Complete Lysis-M Buffer (Roche Applied
Science) and quantified using Bradford solution (Fermentas;
Thermo Fisher Scientific, Inc.) and the Pierce™ Bovine
Serum Albumin Standard Pre-Diluted set (Fermentas;
Thermo Fisher Scientific, Inc.). For each sample, 23.8 ug
of protein was run on 8% SDS-PAGE gel and transferred
to a PVDF membrane using the iBlot system (Invitrogen;
Thermo Fisher Scientific, Inc.; Table SIIT). The membranes
were blocked with 5 ml blocking buffer (Western Breeze®
Chromogenic kit; Invitrogen; Thermo Fisher Scientific,
Inc.) for 45 min at room temperature. The membranes were
washed with 10 ml antibody washing solution diluted in
150 ml distilled water three times for 5 min. The membranes
were subsequently incubated with the anti-SIRT1 (1.5:1,000;
cat. no: 9475T; Cell Signaling Technology, Inc.), anti-p53
(1.5:1,000; cat. no: 2527T; Cell Signaling Technology, Inc.)
and anti-B-actin (1.5:1,000; cat. no. 8457S; Cell Signaling
Technology, Inc.) primary antibodies at room temperature
for 90 min. Following the primary antibody incubation,
the membranes were washed three times with a washing
solution and incubated with the ready to use secondary anti-
body solution containing alkaline phosphatase-conjugated
secondary antibody (WesternBreeze™ Chromogenic kit; cat.
no: WB7105; Invitrogen; Thermo Fisher Scientific, Inc.) for
45 min at room temperature. The membranes were washed
three times with washing solution. Western Blot Chromogenic
Detection kit (Invitrogen; Thermo Fisher Scientific, Inc.) was
used to visualize the protein bands and the expression levels
were analyzed using ImagelJ software version 1.8 (National
Institutes of Health).

Statistical analysis. All experiments were performed at least
in triplicate. The results are expressed as the mean + SD.
Data were analyzed by ANOVA followed by post-hoc Tukey's
multiple comparisons test. In the case of P<0.05, the difference
was considered statistically significant. GraphPad Prism 8.0
software (GraphPad software, Inc.) was used for analyses.

Results

Cell proliferation and cytotoxicity test. For the cell prolif-
eration analysis, the proliferation curve and the slope values
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Figure 1. A549 cancer stem cells after 48 h of treatment. Images show
treatment with (A) resveratrol, (B) sirtinol, (C) tenovin-6 and (D) SRT1720
compared with (E) untreated control cells. Magnification, x600.
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Figure 2. Fold changes in apoptosis rates in cancer stem cells treated for 72 h
with ICy, doses of sirtuin 1 activators/inhibitors compared with untreated
A549 cells. “P<0.01 vs. control group.

of CD44*/CD133*-enriched A549 cells were determined
to be 9x10°%, 18x10° and 36x10°* cells/well, respectively, and
12x10° cells/well was calculated as the optimum cell density
(Figs. S2 and S3). The IC, values for each agent were then
determined in cells treated for a total of 72 h (Table SIV).

When calculating the ICs, values at 24, 48 and 72 h for
each agent, the ICs, values at 72 h were preferred for apoptosis
and protein expression experiments, while 48 h values were
preferred for mRNA expression experiments. The ICs, values of
the CD44*/CD133*-enriched A549 cell line treated with resve-
ratrol, sirtinol, tenovin-6 and SRT1720 for 48 h were 196, 37,
13.9 and 6.57 uM, respectively. The ICs, values obtained with
the treatment with resveratrol, sirtinol, tenovin-6 and SRT1720
for 72 h were 605, 35.8, 15.3 and 6.64 uM, respectively. The
cytotoxicity curves and the ICs, plots of the A549-CSC line
treated with the active agents are shown in Figs. S4-SI11.
When the effects of the agents on cell morphology were exam-
ined, the most significant change was observed in the cells
treated with sirtinol (Fig. 1); the cell membrane surface was
rough and furcation had occurred.

Apoptosis assay. As shown in Fig. 2, there was no significant
difference in the apoptosis rates in the CD44*/CD133*-enriched
A549 cells treated with sirtinol and SRT1720 compared with
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the control group, whereas treatment with resveratrol and
tenovin-6 significantly increased the apoptosis rate by 5.7- and
2.5-fold, respectively.

As shown in Table I and Fig. 3, the rate of necrosis was
19.75% with SRT1720 treatment and ~11% in cells treated
with tenovin-6 and resveratrol. Resveratrol was the strongest
inducer of apoptosis (14.64%).

In the flow cytometric analysis, gates were drawn to
create four sections. According to these four sections, the
lower right quadrant represents early apoptosis (Q3-LR),
the upper right quadrant represents late apoptosis (Q3-UR), the
lower left quadrant represents the normal state (Q3-LL), and
the upper left quadrant represents necrosis (Q3-UL; Fig. 4).

Analysis of mRNA expression. Analysis of p53 mRNA expres-
sion at 48 h revealed that sirtinol, resveratrol and tenovin-6
treatments caused significant differences in p53 expression
(Fig. 5). SIRT1 expression decreased significantly after sirtinol
and SRT1720 compared to the resveratrol treatment group.
The most significant difference was a 4-fold decrease in p53
expression in resveratrol-treated cells.

Bradford protein quantification and western blot analysis.
Changes in the protein expression of SIRT1 and p53 in
CSCs treated for 72 h were evaluated by western blotting
(Fig. S12). When the SIRT1 and p53 protein expression levels
of CSCs treated for 72 h with SIRT1 inhibitory agents were
examined, it was observed that SIRT1 expression decreased
by 79% after sirtinol treatment and by 78% after treatment
with tenovin-6. After treatment with resveratrol, SIRT1
expression decreased by 58% and p53 expression increased
by 37%, whereas treatment with SRT1720 decreased the
SIRT1 expression by 31% and increased the p53 expression
by 25% (Fig. S13).

Discussion

To the best of our knowledge, this is the first study to inves-
tigate the effects of SIRT1 activators and inhibitors on the
mRNA and protein expression of sirtuin 1 (SIRT1) and p53
in CD44%/CD133*-enriched A549 non-small cell lung cancer
(NSCLC) cells. Different studies on NSCLC cells have demon-
strated that subpopulations with high expression of CD44 and
CD133 surface markers exhibit stem cell characteristics (12).
In a study on NSCLC, Leung ef al (13) screened the expression
profiles of five stem cell markers (CD34, CD44, CD133, BMI1
proto-oncogene, polycomb ring finger and octamer-binding
transcription factor 4) in 10 lung cancer cell lines by flow
cytometry and reported that cells rich in CD44 may have a
role in spheroid and tumor formation in vitro. In another study,
Tirino et al (14) investigated the role of CD133 in the identifica-
tion and characterization of NSCLC tumor-initiating cells and
found that 72% of NSCLC samples contained CD133" cells.
In another in vivo study, CD133*-rich cells isolated from
non-obese diabetic mice with severe combined immunode-
ficiency were found to be more tumorigenic (14). Based on
this information, a CD44*/CD133* cell subpopulation was
obtained from the A549 NSCLC cell line by the FACS method
using APC- and PE-labeled antibodies to CD44 and CD133
surface markers.
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Table I. A549 cell apoptosis rates with Annexin/PI treatment of cancer stem cells as determined by flow cytometry.

Healthy Early apoptosis Late apoptosis Necrosis

% of % of % of % of % of % of % of % of
Treatment gated area (%) all (%) gated area (%) all (%) gated area (%) all (%) gated area (%) all (%)
A5469-CSCs-UT blank 99.99 61.82 0.00 0.00 0.00 0.00 0.01 0.01
Siritinol 94.20 4951 1.03 0.54 1.32 0.69 345 1.82
Resveratrol 73.87 6.88 1.85 0.17 12.79 1.19 11.49 1.07
Tenovin-6 81.95 0.77 1.62 0.02 4.72 0.04 11.71 0.11
SRT1720 78.25 16.87 0.49 0.11 1.50 0.32 19.75 426
A549-CSCs-UT Annexin-PI 93.60 67.73 1.49 1.08 1.09 0.79 3.82 2.76

CSCs, cancer stem cells; UT, untreated; PI, propidium iodide.
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Figure 3. Apoptosis and necrosis rates of the A549 cell line were determined with Annexin and propidium iodide (PI) by flow cytometry. CSC, cancer stem

cell; UT, untreated.

Resveratrol, a natural polyphenolic phytoalexin, has been
reported to have an antitumor effect by inducing cell apoptosis
via the activation of SIRT1 in human chondrosarcoma (15).
In addition, according to a study by Wang et al (16) resve-
ratrol exhibited an inhibitory effect on proliferation, while
inducing apoptosis of NSCLCs. Similarly, the present findings
demonstrated that resveratrol had the maximum antitumor
effect among all agents on the cell subpopulation, which
had cancer stem cell (CSC) features, by increasing the rate
of apoptosis by 5.7-fold after 72 h of treatment. However,
this effect was observed to occur with a 4.1-fold increased
p53 expression and a 0.2-fold decreased SIRT1 expression in
the CD44*- and CD133*-enriched A549 cells. Although most
of the studies have reported that resveratrol is an activator of
SIRT], the class III NAD-dependent histone/protein deacety-
lase (17-19), some studies have reported that the interactions
between resveratrol, SIRT1 and apoptosis, in fact, are more
complex (20-22). Frazzi et al (20) found that resveratrol exerted
an apoptosis-promoting effect by decreasing the activity
of SIRT1 in Hodgkin's lymphoma cells, which is consistent
with the present study. Furthermore, although the IC;, dose of
resveratrol in A549 cells enriched with CSCs was calculated
at 173 uM (Table SIV), this value for normal A549 cells was
determined to be 98 yuM by Wang et al (23). Altogether, the

possible reasons for all these findings could be that resvera-
trol may have a different pathway from SIRT1 by affecting
apoptosis due to the impact of CSCs.

Yuan et al (24) performed cell cycle analysis and found that
resveratrol downregulated the expression levels of cyclin DI,
cyclin-dependent kinase (CDK) 4 and CDK®6, but it upregu-
lated the expression levels of the CDK inhibitors p21 and p27,
and induced cell cycle arrest in the GO/G1 phase. Similarly,
the increased expression of the tumor-suppressor protein p53
observed in the present study suggests that cancer cells could be
more easily forced into apoptosis. In fact, resveratrol produced
a 5.7-fold increase in the rate of apoptosis as measured using
the Annexin method. On the other hand, a 1.37-fold increase
in p53 protein expression was measured by western blotting.
Yuan et al (24) reported high levels of p53 expression in the
A549 cell line. This demonstrates the difficulty of increasing
p53 expression in CSCs. However, the significant suppressive
effect of resveratrol on the expression of SIRT1, hypothesized
to be a tumor promoter, makes it a significant anti-tumorigenic
agent.

Regarding the other SIRTI1 activator, SRT1720, some
researchers have demonstrated that it has SIRT1-independent
effects and also indirectly activates SIRT1 (21). Therefore, the
cancer stem-like A549 cells treated with SRT1720 experienced
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Figure 4. Apoptotic stages in the flow cytometric analysis. Flow cytometry analysis of the A549 cell line treated with (A) resveratrol, (B) sirtinol, (C) tenovin-6
and (D) SRT1720 compared with (E) untreated blank controls and (F) Annexin-PI-treated controls for 72 h.
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Figure 5. Fold changes in SIRT1 and p53 mRNA expression after 48 h of treatment at the ICs, dose compared with untreated A549 cells. “P<0.05, as indicated.

SIRT1, sirtuin 1; UT, untreated.

a higher necrosis rate than apoptosis rate, which was 19.75%.
Similar to the present result, Lahusen and Deng (25) found that
SRT1720 induced necrosis by increasing lysosomal membrane
permeabilization in breast cancer cells.

In the present study, the SIRT1 inhibitors sirtinol and
tenovin-6 decreased the SIRT1 protein expression by 79 and
78% and decreased the SIRT1 mRNA expression by 1.8- and
1.1-fold, respectively, compared to those in the control group.
These results suggest that sirtinol and tenovin-6 block another
intermediate step in which SIRT1 protein expression does not
suppress the level of mRNA expression effectively. p53 mRNA
expression decreased by 2.4- and 2.3-fold upon treatment with
sirtinol and tenovin-6, respectively, whereas, sirtinol decreased
the rate of apoptosis by 0.1-fold, and tenovin-6 increased the
apoptosis rate by 2.5-fold. When protein expressions of SIRT1

and p53 were evaluated using western blotting, it was found
that resveratrol, sirtinol and tenovin-6 significantly decreased
SIRT1 protein expression, whereas there was no significant
change in p53 expression.

Inhibition of SIRT1 with the activation of p53 is associ-
ated with the pro-apoptotic effects of both tenovin-6 and
sirtinol in several tumors; therefore, in the present study it was
expected that these agents would increase the expression of
p53-dependent proteins, resulting in apoptosis (26-28). On the
other hand, any significant changes in p53 mRNA or protein
expression were not observed after treatment with these
agents, and there were also no marked changes in apoptosis.
However, the present results, in particular for tenovin-6, might
be compatible with the literature when looking at a study
conducted by MacCallum et al (29). These authors observed
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that although tenovin-6 did not induce cellular apoptosis or
p53 mRNA expression activity, it increased apoptosis in acute
lymphoblastic leukemia cells (29).

Due to the budget limitation in the current study, only
the A549 cell line in the NSCLC family was used, and acet-
ylated-p53 could not be evaluated in the western blot assay.
Although this study did not show acetylated-p53 in Fig. S12,
it should be considered that the total p53 also contains
acetylated-p53 regulated by SIRT1 (30).

Overall, although the current literature describes the
relationship between cancer, SIRT1 and SIRTI1 activa-
tors/inhibitors, the available data are still controversial and far
from being definitive, in particular for CSCs. The results of
this study showed that resveratrol is an important agent for
inducing apoptosis in a CD44*/CD133*-enriched A549 cell
line.
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