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Abstract Cisplatin-based therapy is a widely used chemo-
therapeutic regimen for non-small cell lung cancer
(NSCLC); however, drug resistance limits its efficacy.
Acetyl-11-keto--boswellic acid (AKBA), a bioactive
compound from frankincense, has been shown to exert
anti-cancer effects. The aim of this study is to explore the
potential of AKBA in combination with cisplatin as a new
regimen for NSCLC. CCKS8 assay and clone formation
assay were used to determine the effects of AKBA in
combination with cisplatin on cell viability of NSCLC cell
lines. A three-dimensional spherification assay was used to
simulate in vivo tumor formation. Flow cytometry was
performed to examine cell cycle distribution and the per-
centages of apoptotic cells. The associated proteins and
mRNA of cell cycle, apoptosis, and autophagy were mea-
sured by western blotting and real-time fluorescence quan-
titative PCR. Immunofluorescence assay was used to test
apoptotic nuclei and autolysosome. Small interfering RNA
experiments were used to silence the expression of p21.
Combination treatment of AKBA and cisplatin inhibited
cell viability, clone formation, and three-dimensional
spherification, enhanced Gy/G, phase arrest, increased the
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percentages of apoptotic cells, and decreased the ratio of
positive autolysosomes, compared with cisplatin alone.
AKBA in combination with cisplatin suppressed the protein
expressions of cyclin A2, cyclin E1, p-cdc2, CDK4, Bel-xl,
Atg5, and LC3A/B, and upregulated p27 and p21 mRNA
levels in A549 cells. Downregulation of p21 decreased G/
G phase arrest and the percentages of apoptotic cells, and
promoted autophagy in NSCLC A549 cells. Our study
demonstrates that AKBA enhances the cisplatin sensitivity
of NSCLC cells and that the mechanisms involve Gy/G;
phase arrest, apoptosis induction, and autophagy suppres-
sion via targeting p21-dependent signaling pathway.
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Abbreviations

NSCLC  Non-small cell lung cancer
AKBA  Acetyl-11-keto-[3-boswellic acid
Cisplatin CDDP

CKI Cyclin-dependent kinase inhibitor

CDK Cyclin-dependent kinases

Introduction
Lung cancer, the most common malignancies, is a lead-
ing cause of cancer-related death around the world

(Bray et al. 2018). Non-small cell lung cancer
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(NSCLC) represents a most type of tumor, accounting
for approximately 85% of new diagnosed lung cancer
cases (Gridelli et al. 2015). The results of recent ran-
domized trials with different cisplatin-based chemother-
apy regimens have shown that platinum-based therapy
is still the mainstay for treatment of NSCLC (Belani
2002). Cisplatin (CDDP) is a potent DNA-damaging
and apoptosis induction chemotherapy agent
(Matsumoto et al. 2016; Shamimi-Noori et al. 2008;
Sun et al. 2018; Ulukaya et al. 2011). However, a high
rate of relapse occurs following CDDP treatment despite
the methods aiming to overcome resistance (Mitsudomi
et al. 2010; Olaussen et al. 2006; Scagliotti et al. 2008),
and chemotherapy resistance limited its curative effects
in NSCLC patients. Therefore, it is of great significance
to find new combined agents that increase the sensitivity
of NSCLC cells to CDDP.

Natural plant ingredients have been used for clinical
application in human culture. Many natural plant ingre-
dients and their derivatives have been demonstrated be
effective in treating tumors, such as camptothecin
(Lazareva et al. 2018; Shamma and St 1974), paclitaxel
(Meng et al. 2016; Rowinsky and Donehower 1995),
and vinblastine (Silvestri 2013). Recent studies show
that some of them have synergistic effects when com-
bined with standard chemotherapeutic agents. For ex-
ample, taxol, a unique tubulin active agent, was found to
demonstrate a marked schedule-dependent synergistic
interaction with CDDP in the killing of human ovarian
carcinoma cells in vitro (Jekunen et al. 1994). Further-
more, nab-paclitaxel in combination with CDDP versus
docetaxel plus CDDP as first-line therapy have been
used to treat the advanced NSCLC patients (Chen
et al. 2017). Compared with traditional chemotherapeu-
tics, natural medicines are safer and cost less, making
them ideal “chemosensitizers” for cancer management
and treatment.

Acetyl-11-keto-3-boswellic acid (AKBA) is a
pentacyclic triterpenes, which is the main component
of boswellic acid from Boswellia serrata, extensively
known as Indian olibanum that has been proved to
reveal immense potential in combating cancer (Khan
et al. 2016). Traditionally, boswellic acid has the effect
of promoting blood circulation and removing wind,
relieving muscle pain and swelling, widely used in the
treatment of chronic inflammatory diseases (Ammon
2016), such as rheumatoid arthritis and osteoarthritis.
As an anti-inflammatory agent, boswellic acid
downregulates the TNF-oc expression, suppresses the
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activity of active human recombinant GST-IKK« and
His-IKK 3 (Syrovets et al. 2005) and inhibits NF- B and
NF- B-regulated gene expression (Takada et al. 2006).
In the recent years, AKBA also has been found to exert
anti-cancer effects in some tumors. For example, AKBA
has been reported to inhibit prostate tumor growth by
suppressing vascular endothelial growth factor receptor
2-mediated angiogenesis (X et al. 2009) and to suppress
invasion of pancreatic cancer cells through the down-
regulation of CXCR4 chemokine receptor expression
(Park et al. 2011). However, the effects of AKBA on
NSCLC cells have rarely been reported, and whether or
not AKBA can increase the chemo-sensitivity of CDDP
in NSCLC and the underlying mechanisms is still
unknown.

p21, a well-established cyclin-dependent kinase in-
hibitor (CKI), has been found to play an important role
in regulating cell cycle progression (Harper et al. 1993),
apoptosis (Eastham et al. 1995), and autophagy
(Fujiwara et al. 2008). Recent studies indicate that
targeting p21 regulators for therapy could be an effec-
tive way to prevent tumor growth and metastasis (Ji
et al. 2017; Li et al. 2018a, b; Zhang et al. 2019). For
example, exogenous expression of p21 (WAF1/CIP1)
exerts cell growth inhibition and enhances the sensitiv-
ity of CDDP in hepatoma cells (Qin and Ng 2001).
Therefore, targeting p21 pathway provides a promising
therapeutic approach.

In this study, we aimed to evaluate the synergetic
effects of AKBA in combination with CDDP on cell
proliferation, cell cycle distribution, cell apoptosis, and
cell autophagy in NSCLC cell lines. In addition, we
attempted to explore the underlying mechanism that
AKBA enhanced the sensitivity of CDDP in NSCLC
cells.

Materials and methods
Reagents

Purified AKBA (>98.0% pure) was purchased from
Duma biotechnology company (Shanghai, China). It
was dissolved in dimethyl sulfoxide (DMSO, Sigma,
Louis, Missouri, USA) at 20 mg/ml and stored at —
20 °C until needed. The DMSO concentration of each
treatment team was not more than 0.1%. Cisplatin
(CDDP) was purchased from QILU Pharmaceutical
(Shandong, China), and was dissolved in phosphate
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buffer solution (PBS, Keygen Biotech, Nanjing, China)
at 0.5 mg/ml. CDDP was also stored at —20 °C until
needed.

Cell lines and cell culture

The human NSCLC cell line A549 was obtained from
the Cell Bank of the China Science Academy (Shanghai,
China). The normal human lung epithelium cell line
BEAS-2B and the human NSCLC cell lines H460 and
H1299 were purchased from Cell Research (Shanghai,
China). A549, H460, and H1299 were maintained in
RPMI-1640 medium (Sigma, Louis, Missouri, USA)
contained 10% Fetal bovine serum (Biological Indus-
tries, Israel). All cells were cultured at 37 °C under 5%
CO,. BEAS-2B was cultured with complete medium for
bronchial epithelial cells (Cell Research, Shanghai,
China).

Three-dimensional spherification assay

The human NSCLC cell line A549 cells (5 x 10° cells)
were seeded into 96-well plates that were coated with
1% agar gel (Sigma-Aldrich; Merck KGaA) which pre-
vents cell attachment and results in the cells’ suspension
aggregating into cell spheroids. Then, the growth char-
acteristics of spheroids were observed and recorded by
an inverted microscope every day (IX73; Olympus Cor-
poration, Tokyo, Japan). After a month of cultivation,
cells of each group were calculated by hemocytometer.

Cell viability assay

Cells were seeded into 96-well plates at a density of
5000 cells per well and incubated for 24 h. Then, cells
were treated with AKBA (10 pg/ml) or CDDP (0, 1, 2,
4, and 8 pg/ml) or AKBA (10 pg/ml) plus CDDP
(2 pg/ml) for 24 h,48 h, and 72 h. Cell viability was
determined by widely accepted assay, Cell Counting
Kit-8 Assay Kit (Do Jindo Laboratories, Kumamoto,
Japan). The experiments were conducted according to
the manufacturer’s protocol and were performed in
triplicate.

Colony formation assay
A549 and H1299 cells were seeded into 6-well plates at

2x10° cells per well. Then, cells were treated with
AKBA (10 pg/ml), CDDP (2 pg/ml), or AKBA

(10 pg/ml) plus CDDP (2 pg/ml) for 48 h. Then, cells
will be digested with trypsin (Keygen Biotech, Nanjing,
China), and 500 cells of each group were reseeded to 6-
well plates and continually cultured for 8-10 days. Fi-
nally, the colonies were stained with crystal violet stain-
ing solution (Sigma, Louis, Missouri, USA).

Cell cycle analysis

To determine the cell cycle distribution, about 2 x 10°
cells were collected in flow tube after treatment and
fixed in 70% ethyl alcohol at —20 °C overnight. Then,
the cells were washed with PBS three times and incu-
bated with 0.5 ml PI/RNase Staining Buffer (BD Bio-
sciences, Franklin, NJ, USA) for 15 min. The fractions
of'the cells in G0/G1, S, and G2/M phase were analyzed
by flow cytometry (Beckman Coulter or BD Biosci-
ences, USA).

Apoptosis analysis

Cells were treated with AKBA (10 pg/ml), CDDP
(2 nug/ml), or AKBA (10 pg/ml) plus CDDP (2 pg/ml)
for 48 h. Apoptotic cells were determined by Annexin
V-FITC Apoptosis Detection Kit (Do Jindo Laborato-
ries, Kumamoto, Japan), according to the manufac-
turer’s protocol. Cell apoptosis was analyzed by flow
cytometry (Beckman Coulter or BD Biosciences, USA).

Western blot analysis

After treatment, the liquid supernatant was taken out and
the cells were washed thrice in the surface of 6-well
plates. Then, cell lysates were prepared and the concen-
tration of protein was quantified by using BCA protein
assay kit (ThermoFisher, USA). Equal amount of pro-
teins was subjected to 10% or 12% SDS-polyacrylamide
gel electrophoresis and transferred to PVDF membranes
(Millipore, Bedford, MA, USA). Membranes were
blocked and probed with specific antibodies (dilution
ratio: 1:3000, anti-cyclin A2, anti-cyclin E1, anti-cyclin
D2, anti-p-cdc2, anti-CDK2, anti-CDK4, anti-Bax, anti-
Bcl-xl, anti-p62, anti-Atg-5, anti-Beclin-1, anti-LC3A/
B, and anti-f3-actin, Cell Signaling Technology, Dan-
vers, MA, USA) followed by exposure to a horseradish
peroxidase—conjugated goat anti-mouse or goat anti-
rabbit antibody and secondary antibodies (dilution ratio:
1:5000, Cell Signaling Technology, Danvers, MA,
USA). The immunocomplexes were visualized using a
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horseradish peroxidase-conjugated antibody, followed
by a chemiluminescence reagent (Millipore, Bedford,
MA, USA) and detected on photographic film.

Immunofluorescence

After treatment, nuclear staining of cells was performed
with 2 pg/ml 4',6-diamidino-2-phenylindole (DAPI,
Keygen Biotech, Nanjing, China) staining solution at
37 °C for 10 min. DAPI can attach to the minor groove
of double-stranded DNA, forming a stable compound
with fluorescence enhancement. To detect the formation
of autolysosome, the cells were seeded into 24-well
plates at 2 x 10* per well, and treated with AKBA for
48 h. Then, cells were washed with RPMI-1640 medi-
um (Sigma, Louis, Missouri, USA) and treated with
DALGreen Working Solution (Do Jindo Laboratories,
Kumamoto, Japan) for 30 min. After the treatment with
DALGreen Working Solution, cells were washed with
RPMI-1640 medium again and cultured with autophagy
inducer rapamycin (Ji Kai Gene Technology Company,
Shanghai, China) for 24 h. The cells were observed
under a fluorescent microscope (IX73; Olympus Corpo-
ration). Cells with more than three DALGreen-positive
foci were considered to be positive autophagy cells.

Reverse transcription and polymerase chain reaction

RNA isolation was performed using the RNA Purifica-
tion Kit (Yi Shan Biotechnology Company, Shanghai,
China). cDNA was prepared by using the 5 X Reverse
Transcription Master Mix (Takara, Osaka, Japan) and
was performed according to the manufacturer’s proto-
col. Primers used in these experiments were as follows:
[3-actin, forward 5'-CATTGCCGACAGGATGCAG-
3', reverse 5'-CTCGTCATACTCCTGCTTGCTG-3';
P21, forward 5'-CATGTGGACCTGTCACTGTC
TTGTA-3', reverse 5'-GAAGATCAGCCGGCGTTG-
3'; P27, forward 5'-CAATGCCGGTTCTGTGGAG-3',
reverse 5'-TCCATTCCATGAAGTCAGCGATA-3".
After reverse transcription, the cDNA product was am-
plified by PCR according to the manufacturer’s protocol
(Takara, Osaka, Japan) and gene expression was quan-
tified according to the 2~ method.

Small interfering RNA transfection

Lipofectamine 2000 reagents (Invitrogen, Carlsbad,
CA, USA) were used for siRNA transfection according
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to the manufacturer’s instructions. P21 siRNA and NC
siRNA were purchased from Gemma Pharma (Shang-
hai, China) and the specific siRNA sequences were as
following:

P21-homo-376, sense (5'-3"): GAUGGAAC
UUCGACUUUGUTT, antisense (5'-3'):
ACAAAGUCGAAGUUCCAUCTT; P21-homo-887,
sense (5'-3"): CCUCUGGCAUUAGAAUUAUTT, an-
tisense (5'-3"): AUAAUUCUAAUGCCAGAGGTT,
P21-homo-1120, sense (5'-3"):
CAGGCGGUUAUGAAAUUCATT, antisense (5'—
3"): UGAAUUUCAUAACCGCCUGTT; NC, sense
(5'-3"): UUCUCCGAACGUGUCACGUTT; antisense
(5-3"): ACGUGACACGUUCGGAGAATT; The ef-
fect of gene silencing on protein level was measured
by western blot at 48 h after transfection.

Statistical analysis

The statistical data were analyzed by GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA) and
Microsoft Office Excel 2017 (Microsoft Corporation,
Redmond, WA, USA). Student’s ¢ test was used to
determine differences between the two compared
groups. Statistical significance (P <0.05) was deter-
mined by one-way analysis of variance (ANOVA) and
Tukey’s test among 3 or more groups. All statistical
results are expressed as the mean + SD. All the exper-
iments were performed at least three times.

Results

AKBA enhanced the inhibition effects of CDDP on cell
viability in human NSCLC cell lines, but weakened
the suppression effects of CDDP on cell viability

in BEAS-2B cells

CDDP reduced the cell viability of human NSCLC cell
lines (A549, H460, and H1299) and BEAS-2B in time-
and dose-dependent manner (Fig. la—c). Fifty percent
inhibitory concentration (ICsq) values for CDDP on
A549 cells at 24 h, 48 h, and 72 h were 10.65 pg/ml,
2.05 pg/ml, and 1.57 pg/ml. ICsq values for CDDP on
H460 cells at 24 h, 48 h, and 72 h were 6.3 pg/ml,
2.661 pg/ml, and 2.544 pg/ml. ICs, values for CDDP on
H1299 cells at 24 h, 48 h, and 72 h were 10.24 pg/ml,
3.07 ug/ml, and 1.042 pg/ml. ICsq values for CDDP on
BEAS-2B at 24 h, 48 h, and 72 h were 3.808 pg/ml,
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1.019 pg/ml, and 0.7296 pg/ml. According to ICs, values
of AKBA in the previous study (Lv et al. 2020) and CDDP
on cell viability, as well as the effects of AKBA at 5 pg/ml,
10 pug/ml, and 15 pg/ml in combination with CDDP on
human NSCLC cell lines and BEAS-2B in this study (Fig.
S2a, b, ¢), we choose appropriate combined concentration
(AKBA 10 pg/ml, CDDP 2 pg/ml) to treat cell lines. After
24 h of treatment, we found that AKBA enhanced signif-
icantly the repressive effect of CDDP in H1299, but not in
A549, H460, and BEAS-2B (Fig. 1d). In A549 and
H1299, CDDP in combination with AKBA reduced mark-
edly the cell viability at 48 h, compared with CDDP alone.
However, in BEAS-2B, the combination of CDDP with
AKBA increased obviously the cell viability at 48 h, com-
pared with CDDP alone (Fig. 1e). As shown in Fig. 1f]
AKBA enhanced the cell viability suppression effects of
CDDP in A549 cells at 72 h, but not in H460 and H1299
cells. By contrast, AKBA weakened the cell viability
mhibition effects of CDDP in BEAS-2B at 72 h, which
suggested that AKBA could enhance the inhibitory effects
of CDDP on NSCLC cell lines and protect normal
bronchopulmonary epithelial cells (BEAS-2B) treated with
CDDP.

AKBA strengthened the suppression effects of CDDP
on clone formation in A549 and H1299 cells

As shown in Fig. 2a, the proliferation ability of A549
cells was determined by clone formation assay. We
found that AKBA in combination with CDDP reduced
significantly the clone number of A549 cells, compared
with AKBA or CDDP alone (Fig. 2b). In addition, after
cotreatment with AKBA and CDDP in H1299 cells, we
found that the clone number were reduced obviously,
compared with treatment of AKBA or CDDP alone
(Fig. 2c, d). Therefore, this part of data indicated that
AKBA enhanced the sensitivity of CDDP to NSCLC
cells by suppressing cell proliferation. Moreover, we
also detected the colony formation of BEAS-2B after
cotreatment of AKBA and CDDP, finding that AKBA
increased the colony number of BEAS-2B compared to
control group (Fig. S3a, b).

Effects of cotreatment with AKBA and CDDP
on a three-dimensional spherification and cell
morphology

A549 cells (5 x 10°) were cultured in agar gel-coated 96-
well plates and treated with AKBA, CDDP alone, or in

combination. The growth characteristics of A549 were
recorded by using an inverted microscope every 2 days.
As shown in Fig. 3a, we found that the density of three-
dimensional spheres formed by A549 cells in the control
group were increased over time; however, the sphere
density of AKBA, CDDP, or AKBA plus CDDP groups
were markedly lower than control group at the same time.
In particular, we found that the sphere structure of AKBA
plus CDDP group was significantly destructed compared
with CDDP alone group after 32 days, which suggested
that AKBA in combination CDDP could exert more
suppression effects on cell proliferation. Moreover, sta-
tistical analysis of cell count showed that AKBA com-
bined with CDDP was more effective in inhibiting pellet
formation in A549 cells on the 32nd day (Fig. 3b). In this
study, we also found that treatment of AKBA, CDDP
alone, or in combination all could alter the morphology of
A549, and also reduced the cell number compared with
control group (Fig. 3c). Therefore, these evidences dem-
onstrated that AKBA could enhance the sensitivity of
CDDP on cell proliferation.

AKBA enhanced the sensitivity of CDDP to A549 via
arresting cell cycle at Go/G; phase

After the cotreatment with AKBA and CDDP for 48 h,
the cell cycle distribution was measured by flow cytom-
etry. As shown in Fig. 4a, AKBA arrested the cell cycle
at Go/G, phase in A549, but CDDP increased distinctly
the percentages of G,/M phase. Interestingly, after
cotreatment of AKBA with CDDP to A549, the per-
centages of Go/G; phase were increased and the fre-
quencies of G,/M phase were reduced, compared with
CDDP alone. In this study, we found that AKBA en-
hanced the sensitivity of CDDP to A549 via increasing
clearly the percentages of Go/G; phase (Fig. 4b—d).

Effects of combination treatment of AKBA and CDDP
on cell cycle regulators in A549 cells

The protein expressions of cyclin A2 and cyclin E1 were
measured by western blotting, using {3-actin as internal
reference (Fig. 5a). In this study, we found that cyclin
A2 and cyclin E1 protein expression levels were down-
regulated by AKBA or CDDP alone, and they were
further decreased after the treatment of CDDP combined
with AKBA (Fig. 5b, ¢). Furthermore, we examined the
expression of CDK4 and p-cdc2 proteins by using west-
ern blotting assay (Fig. 5d). As shown in Fig. Se, the
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Fig. 1 The effects of CDDP in combination with AKBA on cell
viability of A549, H460, H1299, and BEAS-2B. a, b, ¢ CCK8
assay showed that CDDP reduced the cell viability of A549, H460,
H1299, and BEAS-2B at 24 h, 48 h, and 72 h. d, e, f A549, H460,
H1299, and BEAS-2B were treated with AKBA (10 pg/ml),
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Fig. 2 The effects of CDDP in combination with AKBA (CDDP
2 pug/ml, AKBA 10 pg/ml) on clone formation of A549 and
H1299 cells. a The combination of CDDP with AKBA enhanced
the suppression effects of clone formation in A549 cells. b Histo-
gram showing the clone number in A549 cells and relative statis-
tical analysis. ¢ The combination of CDDP with AKBA enhanced
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Fig. 3 Effects of AKBA in combination with CDDP (AKBA
10 pg/ml, CDDP 2 pg/ml) on a three-dimensional spherification
and cell morphology. a Representative graph of a three-
dimensional spherification assay after cotreatment with AKBA
and CDDP in A549 cells. Scale bar = 500 uM. b Histogram
showing the cell numbers of A549 of cotreatment with AKBA

expression of CDK4 protein was decreased by treatment
of AKBA but was increased by treatment of CDDP in
A549; however, it was decreased by synergetic treat-
ment of AKBA and CDDP, compared with CDDP
alone. We also found that AKBA in combination with
CDDP amplified the inhibition effects of p-cdc2 protein
expression compared with CDDP alone (Fig. 5f). Addi-
tionally, the expressions of cyclin A2 and p-cdc2 pro-
teins were decreased by treatment of CDDP but were

Control AKBA

CDDP

AKBA+CDDP

and CDDP on the 32nd day and relative statistical analysis. ¢
Morphology change of A549 after cotreatment with AKBA and
CDDP. Scale bar = 200 uM. Data were represented as the mean =+
SD of 3 independent experiments, **P<0.01, ***P<0.001,
P < 0,0001, vs. control group. P <0.01

elevated by treatment of AKBA in combination with
CDDP (Fig. S4a, b, ¢).

AKBA in combination with CDDP increased
the mRNA and protein expression levels of p27 and p21
in A549 cells

Cyclin-dependent kinase inhibitors (CKI), as the up-
stream regulators of cell cycle proteins, play a vital

@ Springer



216

Cell Biol Toxicol (2021) 37:209-228

a
Control AKBA CDDP AKBA+CDDP
L 8 g L
Eh ) e g e
£ :
€ 8 g
2 3 H
Q 5 5 £
o 1 2, z
& & &
T o .
20 400 a0 w00 o 20 000 w00 o w0 00 oo w00
FL3INTLIN FL3INT LIN FL3INTLIN
Propidium lodide
b c d
A549 HiHH 40 100 A549
100 I i A549 | i |
= ek
& 80 - - —~ 30 R 8
2 60 2 & 60
o S
-
w“ - 20 o I}
z 8 T £ 40
- o c
g 40 g T T 8
] =
2 o 10 - 5
2 20 oo a 20
0 T T 0 T T 0 T T
Control AKBA  CDDP AKBA+CDDP Control AKBA  CDDP AKBA+CDDP Control AKBA  CDDP AKBA+CDDP

Fig.4 AKBA enhanced the sensitivity of A549 cells to CDDP via
arresting cell cycle at Go/G phase. a A549 cells were treated with
AKBA (10 pg/ml), CDDP (2 pg/ml), or AKBA (10 pg/ml) +
CDDP (2 pg/ml) for 48 h, then the cell cycle distribution was
measured by flow cytometry. b Histogram showing the cell cycle
of A549 cells in Gy/G; phase and relative statistical analysis. ¢

role in regulating negatively cell cycle. In this study,
we employed real-time fluorescent quantitative PCR
to examine the mRNA expression levels of p27 and
p21, finding that combination treatment of AKBA
and CDDP upregulated visibly the mRNA expression
of p27 and p21 compared with CDDP alone in A549
cells (Fig. 6a, b). To further investigate the function
effects of p21 and p27 after cotreatment with AKBA
and CDDP, we used western blotting assay to exam-
ine the protein expression of p27 and p21, finding
that AKBA in combination with CDDP strengthened
the expression of p27 protein, but rarely increased the
expression of p21 protein, compared with CDDP
alone (Fig. 6¢c—¢). This part of data possibly sug-
gested that AKBA enhanced the sensitivity of CDDP
on cell cycle via upregulating the gene expressions of
p27 and p21, then suppressing the cyclical proteins
expression. In addition, we also detected the expres-
sion levels of p27 and p21 proteins in BEAS-2B
cells, finding that the expressions of p27 and p21
were decreased by treatment of CDDP but were ele-
vated by treatment of AKBA in combination with
CDDP (Fig. S4d, e, 1).
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Histogram showing the cell cycle of A549 cells in S phase in each
group and relative statistical analysis. d Histogram showing the
cell cycle of A549 cells in Gy/M phase and relative statistical
analysis. Data were represented as the mean = SD of 3 independent
experiments, **P < 0.01, ***P < 0.001, ****P < (0.0001, vs. con-
trol group. P <0.0001

AKBA enhanced the sensitivity of CDDP to A549 via
increasing apoptosis

In this study, we used flow cytometry to measure the
percentages of apoptotic cells in A549 cells after the
treatment of AKBA, CDDP alone, or AKBA plus
CDDP (Fig. 7a). As shown in Fig. 7b, the proportions
of apoptotic cells were increased by AKBA and CDDP,
and they were further elevated by synergetic therapy of
AKBA and CDDP. In addition, to further explore the
cotreatment effects of AKBA and CDDP on apoptosis,
the apoptosis-related proteins were determined by west-
ern blotting assay in A549 cells (Fig. 7c). Bel-x1, as an
anti-apoptotic protein, was decreased after cotreatment
of AKBA and CDDP, compared with CDDP alone,
which suggested that AKBA could enhanced the effects
of CDDP on apoptosis in A549. We also found that
compared with control group, the expression of pro-
apoptotic protein Bax was increased after treatment of
AKBA, CDDP alone, or AKBA in combination with
CDDP in A549 cells (Fig. 7d, ¢). To further explore the
effects of combination of AKBA and CDDP on apopto-
sis, we employed DAPI staining assay to examine the
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morphological alterations of the apoptotic nuclei (the
red arrow pointed to a nucleus that had either shrunk or
broken), finding that compared with AKBA or CDDP
alone, AKBA in combination with CDDP could signif-
icantly cause the contraction and rupture of nucleus and
increased the ratio of apoptotic nuclei in A549 cells
(Fig. 71, ).

AKBA enhanced the sensitivity of CDDP to A549 via
inhibiting autophagy

To detect the effects of AKBA and CDDP on autopha-
gy, the expression of Beclin-1 and Atg5 proteins was
determined by western blotting assay in A549, using [3-
actin as internal reference (Fig. 8a). Statistical analysis
of Beclin-1 expression level showed that AKBA in
combination with CDDP decreased the protein expres-
sion of Beclin-1 in A549 cells (Fig. 8b). We found that
the expression of Atg5 was decreased by treatment of
AKBA, but was increased after treated with CDDP, and
it was reduced when combined CDDP with AKBA in
A549 cells (Fig. 8c). LC3A/B, a protein marker of
autophagy, was detected by western blotting in A549,
using 3-actin as internal reference (Fig. 8d). After the
treatment of AKBA, the expressions of LC3A/B-I and
LC3A/B-1II proteins were decreased, but they were in-
creased by treatment of CDDP. However, AKBA in
combination with CDDP reduced significantly the ex-
pression levels of LC3A/B-I and LC3A/B-II proteins in
A549 cells, compared with CDDP alone (Fig. 8¢, f). In
addition, we used immunofluorescence technique to
observe the formation of autolysosome under an
inverted microscope, showing that AKBA inhibited
the formation of positive autolysosome and reduced
the fluorescence intensity compared with control group,
CDDP induced autophagy because it increased the ratio
of positive autolysosome and made fluorescence in-
tense, and the combination treatment of two drugs made
fluorescence dim and decreased the formation of posi-
tive autolysosome compared with CDDP alone

(Fig. 8¢, h).

AKBA enhanced the sensitivity of CDDP through G/
G phase arrest via p21-dependent signaling pathway
in A549 cells

To further explore the anti-tumor mechanism of

cotreatment with AKBA and CDDP, we transfected
three different p21 small interfering RNAs (siRNA)
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into A549 cells and selected the p21 siRNA with the
best knockdown effect for subsequent experiments
(Fig. S1). In this part, to detect the function effects
of p21 on cell cycle in A549 cells treated with
AKBA, CDDP alone, or AKBA plus CDDP, the
distributions of cell cycle were determined by flow
cytometry (Fig. 9a). We found that AKBA increased
visibly the percentages of G¢/G; phase in NC
siRNA or p21 siRNA groups, and CDDP arrested
cell cycle at Go/M phase. After the cotreatment of
AKBA and CDDP, the percentages of Go/G; phase
were elevated and the proportions of G,/M phase
were declined, compared with CDDP alone. Further-
more, there were lower percentages of Go/G; phase
of A549 cells treated with AKBA in p21 siRNA
group than in NC siRNA group. After treatment of
AKBA, the frequencies of S phase of A549 in NC
siRNA group were markedly decreased, compared
with control group; however, after treated with
AKBA and transfected p21 siRNA, the proportions
of S phase were significantly increased in A549
cells (Fig. 9b—d). In this study, we also investigated
the effects of knockdown of p21 on cell regulators
in A549 cells treated with two drugs alone or in
combination. Next, we examined the effects of com-
bination treatment on the expressions of Gy/G;
phase associated proteins including cyclin A2, cy-
clin El, cyclin D2, CDK2, and CDK4 by western
blotting analysis. As shown in Fig. 9e, the expres-
sion of p21 was increased by treatment of CDDP
alone, or in combination, and then was decreased
after transfection of p21 siRNA, suggesting that we
could continue to investigate the function effects of
knockdown of p21 on other cell cycle proteins. Our
results showed that AKBA inhibited the expressions
of cyclin A2, cyclin D2, CDK2, and CDK4, CDDP
increased the expressions of CDK2 and CDK4 pro-
teins, and the cotreatment with AKBA and CDDP
suppressed the expressions of Gy/G; phase associat-
ed protein cyclin A2, CDK2, and CDK4, compared
with CDDP alone in NC siRNA group. When
transfected by p21 siRNA, we found that compared
with NC siRNA group, AKBA in combination with
CDDP upregulated the expressions of cyclin A2,
CDK2, and CDK4 proteins (Fig. 9f—j), and down-
regulated the expression of p21 protein (Fig. 9k),
which explained that AKBA enhanced the sensitiv-
ity of CDDP to A549 through arresting cell cycle at
Gy/G, phase via p21-dependent signaling pathway.



s

Cell Biol Toxicol (2021) 37:209-228 219
a
Control AKBA CcDDP AKBA+CDDP
©° a1 a2 ©° a1 a2 ©° 3o a2 0 o

[ 037 022 0.027 4.07 8.05E-3 810 0.16

g |D5 | 105 3 10 9 \05 b |

2 < < < <

e | ¢« g 0t S 9

S 3 L A Fy

5 g g E 13

-E- ° |03 | ° 103 | © |03 | ° \03 |

o E E E

o

] a3 Jos > o4 2 Jos
3 3n © Jmrr 3518 " Jaa0 N8
102 |03 |04 |05 ‘08 |U: ‘03 ﬂ)4 |05 |Ue 102 to:’ ID-‘ |05 105 |02 H}a |D4 ‘05 |0e
Comp-FL1-A Comp-FL1-A Comp-FL1-A Comp-FL1-A
Annexin V-FITC
b C AKBA + - + - d e
CDDP - + - 15 As49
s £
S Bcl-xI | - 3 =% |30kDa a " K
g $ H
z 3 — £
3 3 H
2 £
3 Bax - 20kDa & H
] S o H
g s s
< x %
K @

B—actinlu-- — —I|43koa

Control  AKBA CDDP AKBA+CDDP

f

Control AKBA

CDDP

Fig. 7 AKBA strengthened the sensitivity of CDDP (AKBA
10 pg/ml, CDDP 2 pg/ml) through inducing apoptosis in A549
cells. a Flow cytometry showed that AKBA in combination with
CDDP enhanced the apoptotic cell percentages in A549 cells. b
Histogram showing the apoptotic cell percentages in each group. ¢
Representative graphs of Bel-x1 and Bax protein expressions after
cotreatment with AKBA and CDDP in A549 cells. d, e Histogram

AKBA+CDDP

AKBA enhanced the sensitivity of CDDP
through apoptosis induction via p21-dependent
signaling pathway in A549 cells

To further investigate the molecular mechanism of
apoptosis induction in A549 cells treated with AKBA,
CDDP alone, or in combination, we used the A549
cells transfected by p21 siRNA to explore the effects
of knockdown of p21 on cellular apoptosis. The
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showing the expressions of Bcl-x1 and Bax proteins. f, g Morpho-
logical alterations of the apoptotic nuclei of A549 in each group
and relative statistical analysis. Scale bar = 50 pM. Data were
represented as the mean + SD of 3 independent experiments,
*P<0.05, #*P<0.01, ***P < 0.001, ****P <(0.0001, vs. control
group. *P < 0.05, #P <0.01

percentages of apoptotic cells were determined by
flow cytometry in NC siRNA and p21 siRNA groups
(Fig. 10a). In this study, AKBA and CDDP both
increased the proportions of apoptotic cells of A549
in NC siRNA group, and the combination treatment of
AKBA and CDDP further elevated the frequencies of
apoptotic cells of A549 in NC siRNA group. Interest-
ingly, there were less apoptotic percentages of A549
cells treated with AKBA, CDDP alone, or AKBA plus
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CDDP in p21 siRNA group than in NC siRNA group,
which demonstrated that AKBA strengthened the sen-
sitivity of CDDP to A549 cells through apoptosis
induction via p2l-dependent signaling pathway
(Fig. 10b). In addition, effects of cotreatment with
AKBA and CDDP on apoptosis in A549 cells
transfected by p21 siRNA were further shown by
using western blotting analysis. As shown in
Fig. 10c and d, the expression of Bax of A549 cells
transfected by p21 siRNA was decreased after
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formation of autolysosome was measured by immunofluorescence
in A549 cells. White arrow indicates negative autolysosome cell
and the red indicates positive autolysosome cell. h Quantification
of the positive phagosomes in A549. Scale bar = 50 uM. Data
were represented as the mean + SD of 3 independent experiments,
#P<0.05, ¥¥P < 0.01, ***P <0.001, vs. control group. *P < 0.05,
###p <0.001

treatment of CDDP alone or AKBA plus CDDP com-
pared with A549 cells transfected by NC siRNA,
suggesting that knockdown of p21 decreased the per-
centages of apoptotic cells and these two drugs
exerted anti-cancer effects via p21-depdent signaling
pathway. Our results of immunofluorescence experi-
ments also showed that after cotreatment with AKBA
and CDDP, the ratio of apoptotic nuclei was decreased
in A549 cells transfected by p21 siRNA, compared
with NC siRNA group (Fig. 10e, f).



Cell Biol Toxicol (2021) 37:209-228

221

Count

NC siRNA

Control

CDDP

AKBA+CDDP

<2N:3.31%
2N:527% [u: 219371, cv: 8.58%)
5:31.6%
4N:10.5% [u: 4.40ES, cv: 5.50%]
Ratio: 2.01

70.7% [u: 274854, cv: 9.78%]
10.9%

14.2%  [u: 5.45E5, cv: 124%) =
io: 1.98

<2N:0.23%

N: 3.23%

2N:5.99% [u: 309gMev: 11.9%) 42.9% [p: 271866, cv: 7.91%)
S 17.0% \! 27.2%
4N:75.0% [ 6.29ES, bv: 15.1%] 26.2% [u: 5.27€5, cv: 15.7%]

Ratio: 2.03

tio: 1.94

AN:14.8% [1: 4.27E5, ov: 9.31%)
Ratio: 1.98

>4N: 0.87%

:10.1% [u: 5.28E5, ov: 6.17%]

4N:63.8% [u: 6.77€5[0) 12.0%)
Ratio: 2.05 I

>4N: 5.38%

>aN: 1.87% 111% >aN: 1.73% 0.49%
L l
f \
A\ N\ s
- bt - - wnan - - s -
p21 siRNA
Control AKBA CDDP AKBA+CDDP
<2N: 4.08% N 3.69% <2N:091% | N:248%
2N:52.7% (u: 21530, ov: 7.76%] 65.9% [y 262050, cv: 8.32%] . N 12.3% (s 320930, B} 13.5%) 47.7% (4 269518, ov: 11.3%]
5:27.5% - 17.6% S17.7% < 26.9%

205% [: 5.17ES, ov: 11.7%]
tio: 1.92

243%

-

Cyclin A2 protein expression

> > > > f & F.f &
CFFSF L FS S SEFS S & FS S & ‘ﬁv(‘&q SEES S
ST s“";x“’fs@"?%" et SETTS S S
& \*(;.\ ¥ S @ th .\g’ ch‘ & é‘l@vv &”& Q«y Q«p:«_‘\r & %‘:}@P &\* & & .\Qg’ o
& & & & & &
NC siRNA + + + + - - -
p21 siRNA - - - + + +
AKBA - + - + + - +
CDDP - - + + - + +
Cyclin A2 | e —_— — — — | 55kDa
Cyclin E1 | - e e e e e D | 48kDa
. O
Cyclin D2 | - - | 31kpa
p-cdc2 | - - —_— - - — - | 34kDa
CDK2 | - — — - o | 33kDa
CDK4 | — [— — - ~ - — | 31kDa
p21 | - - N |21kDa
B-actln | T ——— N — — |43kDa & ¥
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AKBA enhanced the sensitivity of CDDP
through autophagy suppression via p21-dependent
signaling pathway in A549 cells

According to the previous results, we knew that AKBA
could strengthen the sensitivity of CDDP through sup-
pressing autophagy. Hence, to study deeply the mecha-
nism of chemo-sensitization, we selected A549 cells
with knockdown of p21 to detect the expressions of
autophagy associated proteins by using western blotting
assay. As shown in Fig. 11a, we used western blotting
assay to examine the expressions of autophagy proteins,
finding that the expressions of Atg5, Beclin-1, and
LC3A/B proteins in A549 cells transfected by p21
siRNA were elevated significantly after combination
treatment of AKBA and CDDP, compared with NC
siRNA group. Furthermore, the protein expression of
p62 was upregulated after cotreatment with AKBA and
CDDP in NC siRNA group, but it was downregulated
after transfection of p21 siRNA (Fig. 11b, c, d). In
addition, our results of immunofluorescence
(DALGreen staining) showed that AKBA combined
with CDDP reduced the ratio of positive autolysosome
compared with CDDP alone. Furthermore, we found
that compared with NC siRNA group, the ratio of the
positive autolysosome formation of A549 cells treated
with AKBA in combination with CDDP was increased
in p21 siRNA groups (Fig. 1le, f). These evidences
predicted that AKBA enhanced the sensitivity of CDDP
to A549 by autophagy suppression via p21-dependent
signaling pathway.

Discussion

Cisplatin (CDDP) is the basic drug for chemotherapy of
advanced NSCLC patients. However, the drug resis-
tance and toxicity of CDDP limit its therapeutic effects
and clinical practice in NSCLC patients (Siddik 2003).
Therefore, the novel synergistic therapy needs to reduce
the toxicity of cisplatin and increase its sensitivity. Re-
cently, the active ingredients of natural plants, such as
camptothecin and paclitaxel, have received extensive
attention for their anti-tumor effects, and their combina-
tion with cisplatin has become the standard treatment for
lung cancer, indicating that traditional Chinese herbal
plants have a broad application prospect. AKBA, a
pentacyclic triterpenoid from frankincense, has been
shown to have anti-tumor effects in numerous studies,
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including glioblastoma (Li et al., 2018) and prostate
cancer (Lu et al. 2008). In our previous study, we found
that AKBA could exert anti-tumor effects in human
NSCLC cell lines (Lv et al. 2020). However, whether
or not AKBA enhanced the sensitivity of CDDP to
NSCLC cell lines is still clearly unknown. In this study,
we attempted to expound the synergistic effects of
AKBA and CDDP on NSCLC cell lines and explore
the possible mechanism of action in detail.

In cancer chemotherapy, it is of utmost importance to
prevent the side effects of anti-cancer agents (Oun et al.
2018). Recent studies showed that AKBA attenuated
oxidative glutamate toxicity in neuron-like cell lines
(Rajabian et al. 2020) and can effectively protect kidney
against interstitial fibrosis (Liu et al. 2018). The results
of CCKS assay, colony formation, and western blotting
of BEAS-2B cells in our study also showed that AKBA
could exert protection effects for normal cells. Our
results of CCKS8 assay in present study showed that
AKBA enhanced the suppression effects of CDDP on
cell viability in human NSCLC cell lines, but could
weaken the cytotoxic effects of CDDP on cell viability
in human normal lung epithelial (BEAS-2B) cells. Ad-
ditionally, AKBA in combination with CDDP inhibited
significantly clone formation of A549 and H1299 cells
compared with either treatment with one alone. These
evidences indicated that AKBA might be an effective
chemotherapeutic sensitizer to human NSCLC cell
lines.

On the basis of synergistic effects of two drugs on
cell viability and clone formation of human NCSLC cell
lines, we attempted to investigate cotreatment effects of
AKBA and CDDP on cell cycle. Previous studies have
shown that AKBA inhibited cell proliferation and
arrested cell cycle in numerous cancers, such as leuke-
mia (Hoernlein et al. 1999; Huang et al. 2000) and colon
cancer (Yadav et al. 2012). In our study, AKBA arrested
cell cycle at Go/G phase and decreased the percentages
of S phase in A549. CDDP leaded to cell cycle arrest at
G,/M phase. With the combination of AKBA and
CDDP, the percentages of Go/G; phase were elevated
but the percentages of G,/M phase were decreased,
compared with CDDP alone. Excessive proliferation is
a common feature of most malignant tumors, in which
cell cycle disorder is the important cause of tumorigen-
esis (Hanahan and Weinberg 2011). The center of cell
cycle drive is the cyclin-dependent kinases (CDKs),
combined with the cyclin proteins. In this study, we
used western blotting assay to test the expression of
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Fig. 10 AKBA enhanced the sensitivity of CDDP (AKBA
10 pg/ml, CDDP 2 pg/ml) through apoptosis induction via p21-
dependent signaling pathway in A549 cells. a Flow cytometry
showed the apoptotic cell percentages after treatment of AKBA,
CDDP alone, or in combination, in NC siRNA and p21 siRNA
groups. b Histogram showing the apoptotic cell percentages of
A549 cells and relative statistical analysis. ¢, d Bax and p21

CDK4 protein that is coupled with cyclin D, and exam-
ine the expression levels of cyclin A and cyclin E that
bind to CDK2 protein. Then, the results showed that

protein expressions were determined by western blotting assay
after knockdown of p21 in A549 cells treated with AKBA, CDDP
alone, or in combination and relative statistical analysis. e, f
Morphological alterations of the apoptotic nuclei of A549 and
relative statistical analysis in each group. Scale bar = 50 uM. Data
are represented as the mean + SD of 3 independent experiments.
#P<0.05, 7P <0.01, #P <0.0001

AKBA in combination with CDDP inhibited the expres-
sion of Gy/G; phase associated proteins, including
CDKA4, cyclin A, and cyclin E, compared with CDDP
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10 pg/ml, CDDP 2 pg/ml) through autophagy suppression via
p21-dependent signaling pathway in A549 cells. a p62, AtgS,
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alone. These data were consistent with the previous
flow cytometry, indicating that AKBA sensitized
CDDP to NCSLC cells via inducing Go/G; phase
arrest through downregulating the relevant CDKs
and cyclins. Cycle-dependent kinase inhibitors
(CKI) that negatively regulate CDKs and cyclins
play a significant role in cell cycle progression
(Schafer 1998). P21 and p27 are currently accepted
as potent universal CKI (Xiong et al. 1993). They
physically interact with, and inhibit, the activity of
cyclin-CDK1, -CDK2, and -CDK4/6 complexes,
thus functioning as a regulator of cell cycle progres-
sion during the Gy¢/G; phases. In present study, we
found that the mRNA expression levels of p21 and
p27 were both increased after combination therapy
of AKBA and CDDP, compared with CDDP alone.
These results further illustrated that AKBA en-
hanced the sensitivity of CDDP to NSCLC cells
though arresting cell cycle at Go/G; phase.
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proteins and relative statistical analysis. e Representative images
of the formation of autolysosome measured by immunofluores-
cence in A549. White arrow indicates negative autophagosome
cell and the red indicates positive autophagsome cell. Scale bar =
50 uM. f Quantification of the positive phagosomes in A549. Data
were represented as the mean + SD of 3 independent experiments

Apoptosis is a form of programmed cell death that
leads to the orderly and efficient removal of damaged
cells, such as those resulting from DNA damage or
during development (Pistritto et al. 2016). CDDP, as
an apoptotic inducer that causes DNA-damaging
(Rebillard et al. 2008), is widely used in treatment of
various cancers, especially lung cancer. In our study,
CDDP significantly increased the number of apoptotic
cells in NSCLC cells. With the combination of CDDP
and AKBA, the percentages of apoptosis were further
elevated, which indicated that AKBA could enhance the
sensitivity of CDDP on apoptosis induction in NSCLC
cells. Studies showed that the Bcl-2 family of proteins
control and regulate apoptotic mitochondrial events
(Cory and Adams 2002). Targeting Bcl-2 family pro-
teins is an effective approach to improving tumor sen-
sitivity to CDDP on apoptosis induction (El-Daly et al.
2019; Li et al. 2015). Here, Bax as a pro-apoptotic
protein of Bcl-2 family was determined by western
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blotting in this study, showing that AKBA in combina-
tion with CDDP increased the expression level of Bax
protein compared with control group. We also found
that after cotreatment of AKBA and CDDP, the expres-
sion of anti-apoptotic protein Bcl-xI was decreased in
A549 cells, compared with CDDP alone. Additionally,
DAPI staining assay showed that there were higher
apoptotic nuclei ratio in combination group than in
single treatment group. These results were consistent
with the previous flow cytometry results, and all these
data indicated that AKBA sensitized CDDP through
increasing apoptosis in A549 cells, showing that the
combination of AKBA and CDDP is a promising strat-
egy for chemotherapy of NCSCL patients that are resis-
tant to CDDP.

Autophagy allows energy supply during starvation,
thus has been defined as a protective mechanism (Lum
et al. 2005; White 2015). In the treatment of CDDP-
based chemotherapy of NSCLC patients, the occurrence
of autophagy is the significant reason of treatment fail-
ure or chemotherapy resistance (Levine and Kroemer
2008; Wu et al. 2015). A previous study demonstrated
that upregulation of autophagy leads to CDDP resis-
tance in NSCLC cells (Ren et al. 2010). Furthermore,
recent studies showed that inhibition of autophagy en-
hanced the sensitivity of CDDP in numerous cancers,
including ovarian cancer (Wan et al. 2018) and lung
cancer(Chen et al. 2018), which indicated that debilita-
tion of autophagy may be an effective approach to
enhancing chemo-sensitivity in NSCLC (Sui et al.
2013). Our results in this study showed that CDDP
enhanced autophagy because of the upregulation of
LC3A/B protein and the increasing ratio of positive
autolysosome in CDDP group, compared with control
group. In addition, after cotreatment of CDDP and
AKBA, the expression level of LC3A/B protein and
the ratio of positive autolysosome were decreased in
A549 cells, compared with CDDP alone. These evi-
dences demonstrated that AKBA enhanced the sensitiv-
ity of CDDP to NSCLC cells via inhibiting autophagy.

P21, a cycle-dependent kinase inhibitor, has been
reported to participate in the regulation of cell cycle
(Dutto et al. 2015), apoptosis (Deng et al. 2016; Gartel
and Tyner 2002), and autophagy (Capparelli et al. 2012;
Fujiwara et al. 2008) in cancer. Recently, targeting
therapy of p21 has been a novel approach to treating
tumors (Moussa et al. 2019), and functional loss or
downregulation of p21 has been suggested to mediate
a drug-resistant phenotype following cancer therapy

(Wei et al. 2010). Studies showed that targeting p21
can enhance the chemo-sensitivity of CDDP (Xu et al.
2016), and the upregulation of p21 increased the cisplat-
in cytotoxicity in NSCLC cells (Wei et al. 2010). In this
study, we found that the mRNA expression level of p21
were increased after combination therapy of AKBA and
CDDP, compared with CDDP alone, which possibly
suggested that AKBA enhanced the sensitivity of
CDDP via the upregulation of p21. In addition, our
results of western blotting analysis found that AKBA
in combination with CDDP suppressed the expressions
of cyclin A2, CDK2, and CDK4, compared with CDDP
alone, thereby arresting cell cycle at Go/G; phase; how-
ever, the expression levels of these proteins were in-
creased after downregulation of p21 in A549 cells treat-
ed with two drugs. Cell cycle distribution determined by
flow cytometry showed that after treatment of AKBA,
knockdown of p21 decreased the percentages of Go/G,
phase, negatively controlled the cyclins and proteins,
thus to drive cell cycle from Gy/G; to S phase, and
increased the proportions of S phase, suggesting that
p21 is a promising therapeutic molecular target for cycle
arrest treatment with AKBA, and treatment of AKBA
further enhanced the chemo-sensitivity of CDDP to
NSCLC A549 cells. We also found that AKBA, CDDP
alone, or in combination all increased the apoptotic cells
by flow cytometry, but after knockdown of p21, the
percentages of apoptotic cells were obviously decreased
in A549 cells, which indicated that p21 promoted apo-
ptosis in NSCLC cells. Although how p21 promotes
apoptosis exactly is not clear, studies showed that it
might depend on both p53-dependent and p53-
independent upregulation of the pro-apoptotic protein
Bax (Gartel 2005; Kang et al. 1999). In present study,
when A549 cells treated with CDDP or CDDP plus
AKBA, the expression level of Bax protein of A549
was downregulated after knockdown of p21, and it was
consistent with previous results, indicated that AKBA
enhanced the sensitivity of CDDP to induce apoptosis
through upregulation of Bax protein via p21-dependent
pathway. Recent studies showed that upregulation of
p21 inhibits autophagy in cisplatin-resistant cancer cells
(Wei et al. 2017), which may make p21 become a
promising therapeutic molecular target for reducing che-
motherapeutic resistance caused by autophagy. Hence,
we downregulated the expression level of p21 in A549
cells, and then investigated whether or not knockdown
of p21 exerted the acceleration effects on autophagy.
Results of western blotting analysis showed that
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compared with single treatment of CDDP, AKBA in
combination with CDDP inhibited the expressions of
Atg5 and LC3A/B-II proteins, and upregulated the ex-
pression of p62 protein; however, after downregulation
of p21, the expressions of downregulated proteins Atg5
and LC3A/B-II were increased and the expression of
upregulated protein p62 was decreased in A549 cells.
These data indicated AKBA sensitized the effects of
CDDP on autophagy via targeting p21. Although we
expound minutely mechanism of action that AKBA
enhanced the sensitivity of CDDP to NSCLC cells via
targeting p21 pathway, this still needs an animal model
and cisplatin-resistant cell lines to further identify our
conclusion in vivo and in vitro.

Conclusion

In summary, AKBA in combination with CDDP
strengthened the anti-tumor effects of CDDP on cell
viability in human NSCLC cell lines but decreased the
cytotoxic effects of CDDP on cell viability in human
normal lung epithelial cell line BEAS-2B, compared
with single treatment of CDDP. Furthermore, AKBA
enhanced the sensitivity of CDDP on cell cycle arrest,
apoptosis induction, and autophagy inhibition via
targeting p21-dependent signaling pathway. Our data
indicated that AKBA, a bioactive compound from
frankincense, in combination with CDDP, might serve
as a new therapeutic regimen for NSCLC.
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