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Abstract

Background: Quercetin, a natural flavonoid compound, is a potent cancer therapeutic
agent widely found in fruit and vegetables. It has been reported to induce growth inhi-
bition and apoptosis in both A549 and H1299 human lung cancer cells. However, the
effect of quercetin-induced autophagy on apoptosis and the possible autophagy mech-
anism in A549 and H1299 cells have not yet been critically examined.

Methods: A549 and H1299 cells were treated with different concentrations of querce-
tin for 24 hours. Cell growth was measured by cell counting kit-8 (CCK-8) assay,
whereas apoptosis was assessed by western blotting analysis of apoptotic proteins. The
levels of proteins and genes involved in autophagy were determined by western blot-
ting and reverse transcription polymerase chain reaction (RT-PCR), respectively.
Autophagosomes were also observed by transmission electron microscopy (TEM) and
LC3 immunofluorescence.

Results: Quercetin inhibited cell viability and induced mitochondria-dependent apo-
ptosis in both A549 and H1299 cells in a dose-dependent. Moreover, quercetin also
promoted the expression of LC3-II and beclin 1 and suppressed the expression of p62.
The mRNA levels of LC3-II, beclin 1, Atg5, Atg7, and Atgl2 were upregulated by
quercetin treatment. Autophagy inhibition with 3-methyladenine could effectively
inhibit quercetin-induced apoptosis. In addition, quercetin dose-dependently elevated
the levels of SIRT1 protein and the pAMPK-AMPK ratio. Quercetin-induced
autophagy was attenuated by SIRT1 inhibitor EX527 and SirT1 knockdown by small
interfering RNA (siRNA).

Conclusions: Quercetin-induced autophagy contributes to apoptosis in A549 and
H1299 lung cancer cells, which involved the SIRT1/AMPK signaling pathway.
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and immunomodulatory effects and has attracted much
attention in recent years because of its anticancer effects in

Quercetin is a member of the flavonoid family and is one of
the most important dietary antioxidants. It is widely distrib-
uted in vegetables and fruits, tea, and various kinds of food
supplements. Quercetin has antioxidant, anti-inflammatory

"These authors contributed equally to this work.

many types of cancer.'™*

Autophagy is a dynamic process through the lysosome
pathway. In this process, cytoplasmic material is isolated as
autophagosomes and fused with lysosomes to form
autolysosomes.” Autophagy is a survival pathway activated
in response to nutrient deprivation and other stressful

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd.

Thorac Cancer. 2021;12:1415-1422.

wileyonlinelibrary.com/journal/tca 1415


https://orcid.org/0000-0002-0372-478X
https://orcid.org/0000-0002-5112-0892
https://orcid.org/0000-0003-2686-4934
https://orcid.org/0000-0001-6058-4608
mailto:tjcaojie@163.com
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/tca

GUO ET AL

ws | WILEY.

stimuli.® Autophagy is intricately involved in many aspects
of human health and disease, including neurodegeneration,
liver disease, inflammation, type 2 diabetes, and cancer.”™
Autophagy is a double-edged sword in tumorigenesis, acting
both as a tumor suppressor and a protector of cancer cell
survival.'?

Non-small-cell lung cancer (NSCLC), which includes ade-
nocarcinoma, squamous cell carcinoma, large cell carcinoma,
and several other types, is a significant global health problem
presently. As one of the most common malignancies, NSCLC
remains the leading cause of cancer-related death worldwide.
Although great improvements have been achieved in early
detection and the treatments for NSCLC, the prognosis for
NSCLC is still poor. Therefore, searching for new and effec-
tive treatment is an urgent need for NSCLC patients.

Quercetin has been reported to induce both apoptosis
and autophagy in A549 cells''™'* and trigger growth inhibi-
tion and apoptosis in H1299 cells.'® Therefore, quercetin is
emerging as a promising new drug against NSCLC. How-
ever, the effect of quercetin-induced autophagy on apoptosis
and the mechanism through which quercetin activated
autophagy in A549 and H1299 cells remained critically
unknown so far. In this study, we examined the effect of
quercetin-induced autophagy on A549 and H1299 cell apo-
ptosis and the underlying molecular mechanisms. Our find-
ings indicated that quercetin-induced autophagy contributes
to apoptosis via the SIRT1/AMPK signaling pathway.

METHOD
Reagents and antibodies

Quercetin  and EX527 were obtained from Med-
ChemExpress. 3-Methyladenine (3-MA) was obtained from
Sigma-Aldrich Co. Cell counting kit-8(CCK-8) was pur-
chased from Beyotime Institute of Biotechnology (China).
Antibodies against LC3, beclin-1, p62, p-AMPK, AMPK,
SIRT1, bax, bcl-2, cleaved caspase-3, and B-actin as well as
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were obtained from Cell Signaling Technology. Three
small interfering RNAs (siRNAs) specific for SIRT1 and a
scrambled control were synthesized by public protein/plas-
mid library (China).

Cell culture

A549 and H1299 cell lines were obtained from Tianjin Lung
Cancer Institute of Tianjin Medical University General Hos-
pital (Tianjin, China). Cells were cultured in RPMI-1640
complete culture medium (Gibco) supplemented with 10%
fetal bovine serum (Biological Industries) containing 100 U/
mL penicillin and 100 U/mL streptomycin at 37°C in a
humidified atmosphere containing 5% CO,. All experiments
were performed only when the cells were growing during
the exponential phase.

Cell proliferation assay

The CCK-8 assay was used to assess A549 and H1299 cell
viability. A total of 5x 10> cells were seeded in 96-well
plates. Following overnight incubation at 37°C, the cells
were treated with different concentrations of quercetin
(12.5, 25, 50, and 100 uM) for 24 hours. Next, 10 pL of
CCK-8 solution was added to the cultures and incubated for
2 hours at 37°C. Subsequently, the absorbance was mea-
sured at 450 nm using a microplate spectrophotometer.

Transmission electron microscopy (TEM)

A549 and H1299 cells were collected by centrifugation and
washed with PBS, then fixed with 2.5% glutaraldehyde, post-
fixed with 1% perosmic acid, and dehydrated with acetone.
Ultrathin sections were placed on 400-mesh grids and dou-
ble stained with uranyl acetate and lead citrate. Sections
were observed under transmission electron microscopy
(TEM: JEM-1010; Jeol, Tokyo, Japan).

Quantitative real-time PCR (qRT-PR) for
mRNA expression analysis

A549 and H1299 cells were treated with different concentra-
tions of quercetin for 24 hours. Total RNA was extracted
with Trizol reagent. RNA purity was detected, and RNA
from each sample was used for cDNA synthesis using Prime
Script RT reagent Kit. Primers used in the qRT-PCR evalua-
tion were designed; LC-3: GATGTCCGACTTATTCGAG
AGC, TTGAGCTGTAAGCGCCTTCTA; Beclin-1 TTGAG
CTGTAAGCGCCTTCTA, TTGAGCTGTAAGCGCCTTCT
A; ATG5: AAAGATGTGCTTCGAGATG TGT, CACTTT
GTCAGTTACCAACGTCA; ATG7: CAGTTTGCCCCTTT
TAGTA GTGC, CCAGCCGATACTCGTTCAGC; ATGI12:
CTGCTGGCGACACCAAGAAA, CGTGTTCGCTCTACT
GCCC; and f-actin:. CCTGGCACCCAGCACAAT, GGG
CCGGACTCGTCATAC. Changes in the expression of tar-
get gene were measured relative to the mean critical thresh-
old (CT) values of p-actin gene.

Western blotting

Total protein was extracted from a total of 5 X 10° A549 or
H1299 cells using a RIPA lysis buffer according to the man-
ufacturer’s protocol. The same amount of proteins of each
sample was separated by 10% or 12% SDS-PAGE gel and
then transferred into polyvinylidene fluoride membranes.
After blocking with 5% not-fat milk in TBST buffer for
1 hour at room temperature, the membrane was incubated
with specific primary antibodies overnight at 4°C followed
by incubation with HRP-conjugated secondary antibodies
for 1 hour at room temperature, and signals were detected
by electrochemical luminescence. Band density was
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FIGURE 1

Que inhibits proliferation and induces apoptosis in A549 and H1299 cells. (a) A549 and H1299 cells were treated with different
concentrations of Que for 24 hours, and then evaluated for cell viability by CCK-8 assay. (b,c) A549 and H1299 cells were treated with different
concentrations of Que, and western blot analysis was used for analyzing the expression of cleaved caspase-3, bcl-2, and bax. f-actin was used as an internal
control for equal amounts of protein applied. Columns indicate mean + SD of three experiments, p < 0.05, p < 0.01 versus respective control cells
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FIGURE 2 Que induces autophagy in A549 and H1299 cells. (a,b) A549 and H1299 cells were treated with different concentrations of Que for 24 hours, and
western blot analysis was used for analyzing the expression of LC3II/I, beclin-1and p62. (c) A549 and H1299 cells were treated with Que for 24 hours, and
quantitative RT-PCR was carried out for the primers of LC3-II, Beclin-1, Atg5, Atg7, and Atgl2 gene levels, respectively. (d) A549 and H1299 cells were treated
with or without Que (100 pM), and autophagosomes or autolysosomes (shown by arrows) were observed using TEM. The histogram represents quantification
analysis based on three independent experiments. Columns indicate mean + SD of three experiments, p < 0.05, p < 0.01 versus respective control cells



s | WILEY.

GUO ET AL

quantified using Image ] software. The relative levels of pro-
teins were normalized to p-actin.

Immunofluorescence assay

The A549 and H1299 cells were fixed with 4% paraformal-
dehyde for 15 minutes at room temperature washed with
PBS, and permeabilized and blocked for 60 minutes, then
incubated with the LC3 antibody at 4°C overnight. A fluo-
rescent secondary antibody at a dilution of 1:200 was used
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for incubation at room temperature for 1 hour. Finally, the
cells were incubated with DAPI for 10 minutes after PBS
washing and were then covered with glycerin.

Transfection of siRNA

The target sequences of SIRT1 siRNA were si-SIRT1-1
(GGAAAUAUAUCCUGGA CAATT), si-SIRT1-2 (GGCAA
UUAAUGAAGCUAUATT), and si-SIRT1-3 (UGUCA GA
UAAGGAAGGAAATT). The cells were transfected using
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FIGURE 3 Treatment with the autophagy inhibitor, 3-MA, eliminates the autophagy and inhibits apoptosis of Que in A549 and H1299 cells. The cells
were treated with 100 pM Que with or without cotreatment with 10 mM 3-MA for 24 hours. (a,b) Western blot analysis was used for analyzing the
expression of LC3II/I, beclin-1and p62. (c) Immunofluorescence was used for analyzing the expression of the autophagy marker, LC3. (c,d) Western blot
analysis was used for analyzing the expression of cleaved caspase-3,bcl-2, and bax. Columns indicate mean = SD of three experiments, p < 0.05,”p < 0.01
versus respective control cells, “p < 0.05,"p < 0.01 versus Que
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Lipofectamine 3000 reagent (Invitrogen, USA) in Opti-
MEM Reduced Serum Medium (Gibco, USA) according to
the standard protocol. After 24 hours, the cells were
harvested and the transfection efficiency was analyzed by
western blotting.

Statistical analysis

GraphPad Prism software was used for the data analyses. All
data are represented as mean =+ standard deviation (SD).
Student’s ¢-test was used to compare the mean values of two
groups, and one-way analysis of variance was used for com-
paring the mean values of multiple samples. Values of
P < 0.05 were considered statistically significant.

RESULTS

Quercetin inhibits proliferation and induces
apoptosis in A549 and H1299 cells

To determine the role of quercetin on the cell growth, A549
and H1299 cells were treated with various concentrations of
quercetin (0, 12.5, 25, 50, and 100 pM) for 24 hours, and
then cell viability was measured by CCK-8 assay. As shown
in Figure 1(a), quercetin caused a dose-dependent inhibition

c

of cell proliferation compared with the control group
(*p < 0.05), where it was observed that 100 pM quercetin
was the most effective concentration.

To define whether quercetin-induced cell death is associ-
ated with apoptosis, we treated A549 and H1299 cells with
various concentrations of quercetin, then analyzed
apoptosis-associated markers. Western blotting analysis
showed that quercetin significantly increased cleaved
caspase-3 protein expression and decreased bcl-2-bax ratio
compared with the control group (Figure 1(b)). All these
findings suggested that quercetin could inhibit viability and
induce apoptosis in A549 and H1299 cells.

Quercetin induces autophagy in A549 and
H1299 cells

To evaluate whether quercetin induces autophagy, we
treated A549 and H1299 cells with various concentrations of
quercetin, then examined molecular markers of autophagy
by western blotting analysis. The results revealed that quer-
cetin treatment significantly increased the protein expres-
sion level of beclin 1 and the LC3II-LC3I ratio, and
significantly reduced p62 protein expression compared with
the control group (Figure 2(a), (b)). Similar results were
observed in qRT-PCR analysis that these autophagy-related
genes (LC3-II, beclin-1, Atg5, Atg7, and Atgl2) were
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FIGURE 4 Que activated SIRT1/AMPK signaling in A549 and H1299 cells. (a,b) A549 and H1299 cells were treated with different concentrations of
Que for 24 hours, and western blot analysis was used for analyzing the expression of SIRT1 and p-AMPK/AMPK. (c,d) A549 and H1299 cells were treated
with 100 pM Que with or without cotreatment with 10 pM EX527 for 24 hours, and western blot analysis was used for analyzing the expression of SIRT1,
p-AMPK/AMPK, and LC3-II. Columns indicate mean = SD of three experiments, p < 0.05, " p < 0.01 versus respective control cells, “p < 0.05 versus Que
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increased with quercetin treatment (Figure 2(c)). In addi-
tion, the increased numbers of the autophagic vacuoles and
autophagosomes were observed after quercetin treatment by
TEM (Figure 2(d)). These results indicate that quercetin
may promote autophagy in A549 and H1299 cells.

The autophagy inhibitor (3-MA) alleviated
quercetin-mediated apoptosis effect

Our data shows that quercetin induces both autophagy and
apoptosis in A549 and H1299 cells. To further delineate the
effect of autophagy on apoptosis, we first examined the
effect of the autophagy inhibitor 3-MA on autophagy. From
Figure 3(a)-(c), we can conclude that 3-MA can inhibit
autophagy compared with the quercetin group. Next, we
evaluated the levels of cleaved caspase-3 and bcl-2-bax ratio
after treatment with 3-MA. As shown in Figure 3(d) and (e),
3-MA decreased the expression of cleaved caspase-3 and
increased the bcl-2-bax ratio with quercetin treatment com-
bined with 3-MA (#p < 0.05). From these data, we con-
cluded that quercetin-induced autophagy contributed to
apoptosis in A549 and H1299 cells.

Quercetin activation SIRT1/AMPK signaling in
A549 and H1299 cells

SIRT1 and AMPK are potent stimulators of cellular
autophagy in most cells under various stress conditions.
Western blot analysis was used to investigate whether the
quercetin-induced autophagy involved SIRT1/AMPK signal-
ing pathway in A549 and H1299 cells. The protein levels of
SIRT1 and phosphorylated AMPK were significantly
increased in A549 cells after quercetin treatment compared
with control group (Figure 4(a),(b)). To further confirm that
autophagy induced by quercetin involves the SIRT1/AMPK
pathway, we then combined EX527, a SIRT1 inhibitor, with
quercetin to treat A549 and H1299 cells. The SIRT1/AMPK
pathway and the LC3II-LC3I ratio were clearly inhibited
compared with cells treated with quercetin only (Figure 4(c),
(d)). Furthermore, we transfected A549 and H1299 cells with
SIRT1 siRNA to decrease the expression of SIRT1 (Figure 5
(a)-(d)). We observed that SIRT1 siRNA could counteract
the increased levels of autophagy-related protein induced by
quercetin significantly. From these data, we conclude that the
activation of SIRT1/AMPK pathway is involved in quercetin-
induced autophagy in A549 and H1299 cells.
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DISCUSSION

Quercetin is a polyphenolic flavonoid compound and is
practically ubiquitous in plants. It has been studied as a
promising chemopreventive component in a variety of can-
cer models."”'® Consistent with previous reports,"' >'® the
current study revealed that quercetin inhibited growth and
promoted apoptosis in A549 and H1299 human lung cancer
cells.

Autophagy is an intracellular recycling process that
maintains basal levels of metabolites and biosynthetic inter-
mediates under starvation or other forms of stress and
therefore becomes an important mechanism for metabolism
adaptation in cancer cells.” In our study, quercetin treatment
upregulated the protein expression of LC3-II/I and beclin-1,
and downregulated p62 expression levels in A549 and
H1299 cells. Furthermore, consistent with the western blot-
ting results, qRT-PCR analysis provided additional data
showing the elevated mRNA levels of LC3, beclin-1, Atg5,
Atg7, and Atgl2 in response to quercetin treatment, demon-
strating that quercetin induced autophagy flux in A549 and
H1299 cells. It is not surprising, because quercetin has been
recently identified as an autophagy inducer in various tumor
studies.® In fact, Zhang et al."* have reported that quercetin
could increase the ratio of LC3II-LC3I in A549 cells after
24-hour treatment. Moon et al."” also reported quercetin
treatment for 12 hours induced autophagy flux by assessing
LC3B production and p62 expression in A549 cells. Consis-
tent with these data, our results further confirmed that quer-
cetin dose-dependently promoted autophagy after 24-hour
treatment with additional evidence by estimating mRNA
levels of autophagy-related genes.

Accumulating evidence indicated that autophagy played
a controversial role in regulating cell death and survival
under various stimuli. Autophagy can enhance or attenuate
apoptosis in cancer cells. The protective effects of quercetin-
induced autophagy to apoptosis have been reported in sev-
eral cell lines.’*** On the contrary, quercetin induced
autophagy also promoted TRAIL-mediated apoptosis in
lung cancer cells.'” Therefore, the effect of quercetin-
activated autophagy on apoptosis is complicated. However,
to the best of our knowledge, whether autophagy induced by
quercetin exert pro-apoptotic or anti-apoptotic effect in
A549 and HI1299 cells has yet to be investigated clearly.
Therefore, we assessed if quercetin-induced apoptosis was
regulated by the inhibition of autophagy using 3-MA. The
results indicated that 3-MA markedly alleviated the
quercetin-induced apoptosis, as demonstrated by the apo-
ptotic marker levels of reduced cleaved caspase 3 and
increased bcl-2-bax ratio. Our studies suggest that
autophagy inhibition is able to resist quercetin-induced apo-
ptosis in A549 and H1299 cells. These findings might sup-
port using both quercetin and autophagy agonist as a new
therapeutic strategy to treat lung cancer.

SIRT1 is an NAD"-dependent HDAC, which is involved
in multiple disease processes including cancer, vascular dis-
ease, and neurodegenerative disorders. SIRT1 can induce

autophagy through deacetylation of beclin-1 and other
autophagy mediators. Similarly, we observed that quercetin
treatment upregulated the expression of SIRT1 and induced
autophagy significantly, indicating that quercetin induced
autophagy through activating SIRT1 in A549 and H1299
cells. Adding SIRT1 inhibitor EX527 further verified our
results that decreased expression of SIRT1 reduced
autophagy. Moreover, knockdown of SIRT1 reduced
autophagy significantly. These results suggested that querce-
tin acted as an SIRT1 activator to induce autophagy in A549
and H1299 cells.

AMPK, a downstream effector of SIRT1, is the key sig-
naling modulators of autophagy. To clarify the molecular
mechanism of autophagy of quercetin in A549 and H1299
cells, the effect of quercetin on the protein expression of
AMPK was observed by western blotting. Our results
showed that the levels of p-AMPK significantly increased by
quercetin in a dose-dependent manner. However, the
upregulation of LC3II-LC3I ratio and p-AMPK was signifi-
cantly inhibited by EX527 and siSIRT1, indicating that quer-
cetin activated autophagy via SIRT1/AMPK signaling
pathway in A549 and H1299 cells.

In conclusion, the present study substantiated that
quercetin induces pro-apoptotic autophagy via SIRT1/
AMPK signaling pathway in non-small-cell lung cancer cell
lines in vitro. Furthermore, our study might provide a
more effective therapeutic strategy for lung cancer by a
combination treatment with quercetin and autophagy ago-
nist. However, further studies in other lung cancer cell line
and animals are need to fully determine the potential of
quercetin a promising anticancer agent for the treatment of
lung cancer.
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