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Abstract. The aim of the present study was to identify 
natural compounds that bear significant anti‑tumor activity. 
Thus, the effects of 63 small molecules that were isolated 
from traditional Chinese medicinal herbs on A549 human 
non‑small cell lung cancer (NSCLC) and MCF‑7 breast 
cancer cells were examined. It was found that ursolic acid 
(UA), a natural pentacyclic triterpenoid, exerted significant 
inhibitory effect on these cells. Further experiments revealed 
that UA inhibited the proliferation of various lung cancer 
cells, including the NSCLC cells, H460, H1975, A549, H1299 
and H520, the human small cell lung cancer (SCLC) cells, 
H82 and H446, and murine Lewis lung carcinoma (LLC) 
cells. UA induced the apoptosis and autophagy of NSCLC 
cells. The inhibition of the mammalian target of rapamycin 
(mTOR) signaling pathway, but not the activation of the 
extracellular signal‑regulated kinase 1/2 (ERK1/2) signaling 
pathway contributed to the UA‑induced autophagy of 
NSCLC cells. Moreover, the inhibition of autophagy by chlo-
roquine (CQ) or siRNA for autophagy‑related gene 5 (ATG5) 
enhanced the UA‑induced inhibition of cell proliferation 
and promotion of apoptosis, indicating that UA‑induced 
autophagy is a pro‑survival mechanism in NSCLC cells. On 
the whole, these findings suggest that combination treatment 

with autophagy inhibitors may be a novel strategy with which 
enhance the antitumor activity of UA in lung cancer.

Introduction

Lung cancer is the leading cause of cancer‑related mortality, 
accounting for 1.8 million deaths worldwide in 2018 (1). Over 
the past 2 decades, the use of targeted therapies and immu-
notherapies has achieved survival benefits in a proportion of 
patients (2‑4). However, the 5‑year overall survival rate of all 
stages combined non‑small lung cancer (NSCLC) and small 
cell lung cancer (SCLC) is currently 18.6% (5) and 6% (6), 
respectively. Therefore, the development of novel treatment 
approaches, including rationally designed combination 
therapies, is urgently required in order to improve the clinical 
outcomes of patients.

Natural products (NPs) are major sources of new drugs due 
to their chemical structure diversity (7‑9). In 1940 and 2014, 
the US Food and Drug Administration (FDA) approved 
175 anticancer small molecules, of which 63% were either NPs 
or directly derived from NPs (10,11). Ursolic acid (UA) is a 
pentacyclic triterpenoid natural compound initially identified 
in the epicuticular waxes of apples in the 1920s and is widely 
distributed in the peel of numerous fruits, as well as in medic-
inal herbs and other plants (12,13). UA displays a wide range 
of pharmacological effects, such as anti‑inflammatory (14,15), 
antioxidant (16), antitumor (17,18), cardioprotective (19) and 
immunomodulatory (20,21) activities. UA has been shown to 
possess a variety of anticancer capabilities in vitro and in vivo, 
including the ability to inhibit the proliferation of multiple 
types of tumor cells, induce apoptosis, induce cell cycle arrest, 
suppress tumor invasion, metastasis and angiogenesis (22‑27). 
However, the underlying anticancer mechanisms of UA in lung 
cancer are not yet fully understood.

Autophagy is an evolutionarily conserved process in 
which intracellular membrane structures undergo dynamic 
morphological changes that lead to the degradation of cellular 
proteins and cytoplasmic organelles  (28). Autophagy is a 
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double‑edged sword and can either repress or promote cell 
apoptosis, depending on the cell type, nutrient supply and 
stimulus (29,30). Recent studies have revealed that several 
signaling pathways regulate autophagy, such as the mamma-
lian target of rapamycin (mTOR) pathway and the extracellular 
signal‑regulated kinase 1/2 (ERK1/2) pathway (28,31,32). It 
has been reported that UA induces autophagy in some types of 
cancer cells (33,34). However, the underlying mechanisms of 
UA‑induced autophagy are not yet fully understood.

According to the theory of Traditional Chinese Medicine 
(TCM), lung cancer is the result of ‘heat and toxin accumulation’ 
within the body, and medicinal herbs with the ‘heat‑clearing 
and detoxification’ activity are considered to have anti‑lung 
cancer activity. In the present study, compounds isolated from 
the ‘heat‑clearing and detoxification’ medicinal herbs were 
collected and the effects of 63 previously untested compounds 
(Table SI) on the human NSCLC cell line, A549, were exam-
ined. As breast cancer is the most commonly diagnosed type 
of cancer and the leading cause of cancer‑related mortality 
among women (1), the human breast cancer cell line MCF‑7, 
was also examined. It was reported that UA exhibited potent 
anticancer activity against these cells. Further experiments 
revealed that UA suppressed the proliferation, and induced the 
apoptosis and autophagy of lung cancer cells. It was identified 
that the inhibition of the mTOR signaling pathway, rather than 
the activation of the ERK1/2 signaling pathway, was one of 
the mechanisms responsible for the UA‑induced autophagy of 
NSCLC cells. Of note, the inhibition of autophagy by chloro-
quine (CQ) or siRNA for autophagy‑related gene 5 (ATG5) 
enhanced the UA‑induced inhibition of proliferation and the 
induction of apoptosis, suggesting that UA‑induced autophagy 
plays a pro‑survival role in NSCLC cells. These findings 
suggest that the combined use of UA and autophagy inhibitors 
may be a promising therapeutic strategy for lung cancer.

Materials and methods

Reagents and antibodies. UA and the custom compound 
library (cat. no. LC00) containing 63 plant‑sourced natural 
products (Table SI) were purchased from Target Molecule 
Corp.; chloroquine (CQ) and 4,6‑diamidino‑2‑phenylindole 
(DAPI) were purchased from Sigma‑Aldrich Merck KGaA; 
LY294002 and 3BDO were obtained from MedChemExpress; 
U0126 was obtained from Cell Signaling Technology, Inc. 
The cells were treated with 5 µM CQ for 25 or 49 h. The 
cells were treated with 10 µM LY294002 or 5 µM U0126 for 
25 h. The cells were treated with 5 or 10 µM 3BDO for 25 h. 
Antibodies used included rabbit anti‑microtubule‑associated 
protein 1 light chain 3 (LC3; cat. no.  L7543, 1:1,000 for 
western blot analysis) and mouse anti‑actin (cat. no. A5441, 
1:5,000 for western blot analysis) from Sigma‑Aldrich Merck 
KGaA; rabbit anti‑poly(ADP‑ribose) polymerase (PARP; cat. 
no. 9542, 1:1,000 for western blot analysis), rabbit anti‑B‑cell 
lymphoma 2 (Bcl‑2; cat. no.  2870, 1:1,000 for western 
blot analysis), rabbit anti‑ATG5 (cat. no.  12994, 1:1,000 
for western blot analysis), rabbit anti‑S6K (cat. no.  9202, 
1:1,000 for western blot analysis), rabbit anti‑phospho‑S6K 
(Thr389) (cat. no. 9205, 1:1,000 for western blot analysis), 
rabbit anti‑phospho‑S6 ribosomal protein (Ser240/244) (cat. 
no. 5364, 1:1,000 for western blot analysis), rabbit anti‑S6 

ribosomal protein (cat. no.  2217, 1:1,000 for western blot 
analysis), rabbit anti‑eukaryotic translation initiation factor 
4E‑binding protein 1 (4E‑BP1; cat. no.  9644, 1:1,000 for 
western blot analysis), rabbit anti‑phospho‑4E‑BP1 (Ser65) 
(cat. no. 9451, 1:1,000 for western blot analysis) and rabbit 
anti‑phospho‑ERK1/2 (Thr202/Tyr204) (cat. no. 4370, 1:2,000 
for western blot analysis) from Cell Signaling Technology, 
Inc.; rabbit anti‑ERK2 (cat. no. ab32081, 1:1,000 for western 
blot analysis) from Abcam; rabbit anti‑phospho‑Akt (Ser473) 
(cat. no. sc‑7985‑R, 1:500 for western blot analysis) and rabbit 
anti‑Akt (cat. no. sc‑8312, 1:500 for western blot analysis) from 
Santa Cruz Biotechnology, Inc..

Cells and cell culture. The human NSCLC cell lines, H460, 
H1975 (harboring EGFR‑L858R/T790M mutations), A549, 
H1299 and H520, the human SCLC cell lines, H82 and H446, 
the human breast cancer cell line, MCF‑7, and the C57BL/6 
murine Lewis lung carcinoma cell line, LLC, were obtained 
from the American Type Culture Collection (ATCC). The cells 
were cultured in DMEM or RPMI‑1640 supplemented with 
10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified atmosphere containing 5% CO2.

Cell viability assay. Cell viability was determined by 3‑(4,5‑ 
dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑ 
2H‑tetrazolium, inner salt (MTS) assay, according to the protocol 
of the CellTiter 96®AQueous One Solution Cell Proliferation Assay 
kit (Promega Corporation). A total of 100 µl of cell suspension 
were seeded onto each well of 96‑well plates. The cells were 
co‑incubated with UA for 24 to 72 h, and 20 µl of CellTiter 
96®AQueous One Solution reagent was added to each well, and 
the cells were then incubated at 37˚C for 1‑2 h. The absorbance 
was measured at 490 nm using a microplate reader (Bio‑Tek 
Instruments, Inc.). The half maximal inhibitory concentration 
(IC50) values were calculated from appropriate dose‑response 
curves.

Colony formation assay. The H460 and H1975 cells were 
seeded into 6‑well plates and cultured in RPMI‑1640 supple-
mented with 10% FBS at 37˚C in a humidified atmosphere 
containing 5% CO2 overnight. The cells were then exposed 
to 10 and 15 µM UA for approximately 7 days until the cells 
grew to visible colonies. The colonies were fixed in methanol 
and stained with 0.005% crystal violet (Sigma‑Aldrich 
Merck KGaA) for 30  min at room temperature. Colonies 
comprising >50 cells were counted using an Olympus inverted 
phase‑contrast microscope (Olympus Corporation).

Apoptosis assay. Cell apoptosis was analyzed using the 
Annexin V‑FITC Apoptosis Detection kit (BD Biosciences) 
according to the manufacturer's instructions. The cells were 
treated with the indicated protocols, collected, resuspended 
in Annexin‑V binding buffer, followed by incubation with 
Annexin V‑FITC and propidium iodide (PI) for 15 min at room 
temperature in the dark, and were examined by flow cytometry 
using a FACSCalibur flow cytometer (BD Biosciences).

Western blot analysis. The preparation of whole cell protein 
lysates and western blot analysis were performed as previ-
ously described (35). The membranes were incubated with the 
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indicated primary antibodies at 4˚C overnight, followed by incu-
bation with the horseradish peroxidase‑conjugated anti‑mouse 
(cat. no. 115‑035‑003, Jackson ImmunoResearch Laboratories, 
Inc.; 1:10,000) or anti‑rabbit (cat. no. 111‑035‑003, Jackson 
ImmunoResearch Laboratories, Inc.; 1:10,000) secondary 
antibodies for 2 h at room temperature. The densitometric quan-
tification of protein expression was performed using ImageJ 
software (version 1.4.3.67; National Institutes of Health).

Cell morphological analysis. The H460, H1975 and A549 
cells were seeded in 12‑well plates and incubated at 37˚C in a 
humidified atmosphere containing 5% CO2 overnight for cell 
attachment. The following day, the cells were treated with UA 
at 10, 15 and 20 µM. Following incubation at 37˚C in a humidi-
fied atmosphere containing 5% CO2 for 24 h, the morphology 
of the cells was observed and photographed using an Olympus 
inverted phase‑contrast microscope (Olympus Corporation).

Immunofluorescence assay. The H460 and H1975 cells were 
seeded on the cover slides with 1% gelatin in 6‑well plates and 
cultured in RPMI‑1640 supplemented with 10% FBS at 37˚C 
in a humidified atmosphere containing 5% CO2 overnight. The 
cells were then treated with UA at 15 µM. Following incuba-
tion at 37˚C in a humidified atmosphere containing 5% CO2 

for 16 h, the cells were fixed with 4% paraformaldehyde for 

20 min, washed with 150 mM glycine in PBS, and permea-
bilized with 0.1% Triton X‑100 in PBS for 15 min at room 
temperature. After blocking with 5% BSA for 1 h at room 
temperature, the cells were incubated with LC3 antibody (cat. 
no. L7543, Sigma‑Aldrich Merck KGaA; 1:100) at 4˚C over-
night and then incubated with FITC‑conjugated secondary 
antibody (cat. no. ZF‑0311, ZSGB‑BIO; 1:100) for 2 h at room 
temperature. Nuclei were stained with DAPI for 2 min at room 
temperature. Images were acquired using a laser confocal 
scanning microscope (N‑STORM, Nikon Corporation).

Small interfering RNAs (siRNAs) and transfection. The 
specific target sequences of ATG5 (sense, 5'‑GAC​GUU​GGU​
AAC​UGA​CAA​ATT‑3' and antisense, 5'‑UUU​GUC​AGU​
UAC​CAA​CGU​CTT‑3') (36) and the negative control (sense, 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3') were synthesized 
by GenePharma. The cells were transfected with the 50 nM 
siRNA using Lipofectamine 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The H460 and H1975 cells were transfected with the siRNAs 
for 36 h, and then treated with 0‑25 µM of UA for 24 or 48 h.

Statistical analysis. The results are presented as the 
means  ±  standard deviation (means  ±  SD). A two‑tailed 

Figure 1. Identification of UA as a potent anticancer compound. (A and B) A549 and MCF‑7 cells were treated with 63 natural compounds isolated from 
traditional Chinese medicinal herbs at 40 µM for 48 h. Cell viability was assessed by MTS assay and presented as relative viability normalized to control. 
(C) A total of 8 lung cancer cell lines were treated with various concentrations of UA for 48 h, cell viability was evaluated by MTS assay and shown as relative 
viability in comparison with control. (D) IC50 values of UA for the indicated cell lines are expressed as the means ± SD. UA, ursolic acid.
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Student's t‑test or one‑way ANOVA with Bonferroni's post hoc 
test was used to determine statistically significant differences. 
P‑values <0.05 were considered to indicate statistically signifi-
cant differences.

Results

Identification of UA as a potent anticancer compound. 
Compounds from medicinal herbs usually have moderate 

Figure 2. UA inhibits proliferation and induces apoptosis of H460 and H1975 cells. (A and B) H460 and H1975 cells were treated with the indicated concentra-
tions of UA for the indicated periods of time, and cell viability was determined by MTS assay. (C) Colony formation assay was performed in H460 and H1975 
cells with indicated concentrations of UA. Representative images are shown. (D) Quantification of colonies. **P<0.01 and ***P<0.001. (E) H460 and H1975 
cells were treated with the indicated concentrations of UA for 48 h, and cell apoptosis was analyzed by flow cytometry using Annexin V‑FITC/PI staining. 
Representative images are shown. (F) Quantification of flow cytometric analysis of apoptosis. ***P<0.001. (G) H460 and H1975 cells were treated with the 
indicated concentrations of UA for 48 h, harvested, and subjected to western blot analysis using the indicated antibodies. Actin was used as a loading control. 
(H) Relative densitometric quantification of protein expression detected in (G). Data are presented as the means ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. 
UA, ursolic acid.
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anticancer activity. In the present study, in order to examine 
the anticancer activity of the compounds, the A549 and MCF‑7 
cells were treated with the compounds and cell viability 
was determined by MTS assay. To reach a high efficacy in 
the identification of candidate compounds, a relatively high 
concentration (40 µM) was used for each molecule in the initial 
screening. For compounds that exhibited a significant anti-
cancer activity, further experiments using lower concentrations 
were carried out; for those that did not exhibit a satisfactory 
activity (inhibition rate <50%), no further experiments were 
performed. As shown in Fig. 1A and B, UA exhibited the most 
potent cytotoxicity against these 2 cancer cell lines among 
the 63 natural compounds tested (Table SI). The inhibitory 
effect of UA on the proliferation of 8 lung cancer cell lines 
(5 NSCLC cell lines: A549, H1975, H1299, H460 and H520; 
and 2 SCLC cell lines: H82, H446; and the murine Lewis 
lung carcinoma cell line, LLC) was further examined by MTS 
assay by treating the cells with various concentrations of UA. 
Treatment with UA (0‑40 µM) for 48 h suppressed the prolif-
eration of these 8 lung cancer cell lines in a dose‑dependent 
manner (Fig. 1C). The half maximal inhibitory concentration 
(IC50) values of UA for these 8 cell lines were 23.3±0.54, 

16.68±0.18, 29.51±0.34, 15.83±0.23, 27.86±0.26, 14.8±0.2, 
14.02±0.17 and 14.36±0.21 µM, respectively (Fig. 1D).

UA inhibits the proliferation and induces the apoptosis of 
H460 and H1975 cells. By using MTS assay, it was found 
that UA significantly suppressed the proliferation of the 
H460 and H1975 cells in a dose‑ and time‑dependent manner 
(Fig. 2A and B). Furthermore, UA markedly suppressed the 
colony formation activity of the H460 and H1975 cells, as 
assessed by colony formation assay (Fig. 2C and D).

To investigate whether UA induces the apoptosis of the 
cells, the H460 and H1975 cells were treated with UA at the 
indicated concentrations for 48 h and apoptosis was detected by 
Annexin V‑FITC/PI double staining and flow cytometric anal-
ysis. The upper right and lower right quadrants of the dot plots 
were counted as apoptotic cells. As shown in Fig. 2E and F, 
UA markedly increased the percentage of Annexin V (+) 
apoptotic cells compared with the control group. In addition, 
the expression of PARP, a well‑known cellular substrate of 
caspases, and that of Bcl‑2, the major regulator of the intrinsic 
(mitochondrial) apoptotic pathway (37), were examined by 
western blot analysis. As shown in Fig. 2G and H, treatment of 

Figure 3. UA induces autophagy and increases the autophagic flux in NSCLC cells. (A) H460, H1975 and A549 cells were treated with UA at 10, 15 and 20 µM 
for 24 h, followed by obtaining images under an Olympus inverted phase‑contrast microscope. (B) NSCLC cells were treated with the indicated concentrations 
of UA for 24 h, and the expression levels of LC3 were analyzed by western blot analysis (left panel). Relative densitometric quantification of LC3‑II expression 
was performed using western blot bands and data are presented as the mean ± SD (n=3; right panel). aP<0.01 and bP<0.001. (C) H460 and H1975 cells were 
treated with 15 µM UA for 16 h, cells were then analyzed by immunofluorescence assay using LC3 antibody (green) and DAPI (blue). (D) H460 and H1975 
cells were transfected with siNC or siATG5 for 36 h, then treated with UA at 15 µM for 24 and 48 h respectively, lysed, and whole cell lysates were subjected 
to western blot analysis using the indicated antibodies. Relative densitometric quantification of protein expression and data are presented as the means ± SD 
(n=3). aP<0.001 vs. siNC 0 µM UA, bP<0.001 vs. siNC 15 µM UA. (E) H460, H1975 and A549 cells were pre‑treated without or with 5 µM CQ for 1 h, followed 
by UA treatment at 10 and 20 µM for 24 h, and the expression levels of LC3 were examined by western blot analysis. Relative densitometric quantification 
of the LC3‑II expression and data are presented as the means ± SD (n=3). aP<0.01 vs. vehicle, bP<0.001 vs. vehicle, cP<0.001 vs. 5 µM CQ. UA, ursolic acid; 
CQ, chloroquine.
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the H460 and H1975 cells with UA for 48 h increased the level 
of cleaved PARP and decreased the expression of Bcl‑2.

UA induces autophagy and increases the autophagic flux in 
NSCLC cells. By observation with an inverted phase‑contrast 

microscopy, it was found that treatment of the H460, H1975 and 
A549 cells with UA for 24 h induced vacuoles in the cytoplasm, 
suggesting that UA regulates autophagy in these cells (Fig. 3A). 
LC3 is associated with the formation of the autophagosome 
membrane and usually displays a molecular form conversion 

Figure 4. UA‑induced autophagy is attributed to the inhibition of the PI3K/Akt/mTOR signaling pathway. (A) NSCLC cells were treated with the indicated 
concentrations of UA for 24 h, whole cell lysates were subjected to western blot analysis with the indicated antibodies. Actin was used as a loading control (left 
panels). Relative densitometric quantification of protein expression was performed using the western blot bands and data are presented as the means ± SD (n=3; 
right panels). aP<0.05 and bP<0.001. (B‑D) NSCLC cells were pre‑treated without or with indicated concentrations of LY294002, 3BDO or U0126 for 1 h, and 
then incubated with 15 or 20 µM UA for 24 h. Whole cell lysates were obtained and subjected to western blot analysis with the indicated antibodies. Relative 
densitometric quantification of protein expression was performed and data are presented as the means ± SD (n=3). aP<0.001 vs. vehicle, bP<0.001 vs. 20 µM 
UA, cP<0.001 vs. 15 µM UA. UA, ursolic acid; LY, LY294002.
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of cytoplasmic LC3‑I to the lapidated LC3‑II that is generally 
used as a marker to monitor autophagy (38,39). In the present 
study, western blot analysis revealed that UA markedly elevated 

the level of LC3‑II in a concentration‑dependent manner in 
the H460, H1975 and A549 cells (Fig. 3B). The distribution of 
endogenous LC3 in the H460 and H1975 cells was also analyzed 

Figure 5. Autophagy inhibition by CQ enhances the UA‑induced inhibition of the proliferation and promotes the UA‑induced apoptosis of NSCLC cells. 
(A) NSCLC cells were treated with the indicated concentrations of UA without or with 5 µM CQ for 48 h, cell viability was assessed by MTS assay and data 
are presented as relative viability to the control. ***P<0.001. (B) H460 and H1975 cells were pre‑treated without or with 5 µM CQ for 1 h, followed by treatment 
with UA at the indicated concentrations for 48 h, cell apoptosis was analyzed by flow cytometry using Annexin V‑FITC/PI staining. Representative images are 
shown. (C) Quantification of flow cytometric analysis of apoptosis. ***P<0.001. (D) H460 cells were pre‑treated without or with 5 µM CQ for 1 h, then incubated 
with 10 µM UA for 48 h, lysed, and whole cell lysates were subjected to western blot analysis using the indicated antibodies. Actin was used as a loading 
control (left panel). Relative densitometric quantification of protein expression was performed and data are presented as the means ± SD (n=3; right panel). 
aP<0.001 vs. vehicle, bP<0.05 vs. 10 µM UA, cP<0.001 vs. 5 µM CQ. (E) H1975 cells were pre‑treated without or with 5 µM CQ for 1 h, then incubated with UA 
at 15 µM for 48 h, whole cell lysates were subjected to western blot analysis with the indicated antibodies (left panel). Relative densitometric quantification of 
protein expression was performed and data are presented as the means ± SD (n=3; right panel). aP<0.001 vs. vehicle, bP<0.01 vs. vehicle, cP<0.001 vs. 15 µM 
UA, dP<0.001 vs. 5 µM CQ. (F) H1975 cells were pre‑treated without or with 10 µM LY294002 for 1 h, followed by UA treatment at 20 µM for 24 h. The cells 
were harvested and subjected to western blot analysis using the indicated antibodies (left panel). Relative densitometric quantification of protein expression 
was performed and data are presented as the means ± SD (n=3; right panel). aP<0.001 vs. vehicle, bP<0.001 vs. 20 µM UA. UA, ursolic acid; CQ, chloroquine; 
LY, LY294002.
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by immunofluorescence assay. As shown in Fig. 3C, the amount 
of LC3 puncta, representative of autophagosomes, increased in 
the UA‑treated cells, whereas the control group cells exhibited a 
diffuse distribution of LC3. ATG5 is involved in vesicle forma-
tion and the lipidation of LC3 and plays pivotal roles in the 
process of autophagy (40,41). The present study demonstrated 
that the knockdown of ATG5 by siRNA reduced the UA‑induced 
LC3‑II accumulation in the H460 and H1975 cells (Fig. 3D). In 
addition, the autophagic flux was evaluated by analyzing the 
level of LC3‑II in the presence of CQ, which inhibits late‑stage 
autophagy by blocking the fusion of autophagosomes and lyso-
somes (39). In the H460, H1975 and A549 cells, the LC3‑II levels 
were elevated upon combination treatment with UA and CQ 
compared to single treatment alone (Fig. 3E), indicating that UA 
promoted the autophagic flux in these cells. Taken together, these 
results demonstrate that UA induces autophagy and increases the 
autophagic flux in NSCLC cells.

UA‑induced autophagy is attributed to the inhibition of the 
PI3K/Akt/mTOR signaling pathway. Since the mTOR signaling 
pathway is a main negative regulator of autophagy (42‑44), the 

present study examined whether UA‑induced autophagy is asso-
ciated with the inhibition of this signaling pathway. As shown in 
Fig. 4A, UA treatment suppressed the phosphorylation of S6K 
(p‑S6K T389) and 4E‑BP1 (p‑4E‑BP1 S65), two of the most 
well‑characterized downstream effector molecules of mTOR 
complex 1 (mTORC1) (43). UA also suppressed the phosphory-
lation of S6 (p‑S6 S240/244), a substrate of S6K (Fig. 4A). These 
results indicated that UA suppressed mTORC1 signaling. mTOR 
forms two structurally and functionally distinct multi‑protein 
complexes: The mTORC1 and mTORC2 (45). mTORC2 phos-
phorylates Akt on S473 (46). We examined the effects of UA 
on mTORC2 signaling and found that UA markedly decreased 
the phosphorylation of Akt (S473) in the tested cells (Fig. 4A), 
suggesting that UA inhibits mTORC2 signaling.

To further confirm the role of the mTOR signaling pathway 
in UA‑induced autophagy, phosphatidylinositol 3‑kinase 
(PI3K) inhibitor, LY294002 (47), and the mTOR activator, 
3BDO (48), were employed. It was found that pre‑treatment 
with LY294002 suppressed the phosphorylation of Akt (S473) 
(Fig. 4B), whereas 3BDO upregulated p‑S6K (T389) (Fig. 4C). 
LY294002 and 3BDO evidently attenuated the UA‑induced 

Figure 6. Autophagy inhibition by siRNA for ATG5 potentiates the UA‑induced inhibition of the proliferation and promotes the UA‑induced apoptosis of 
NSCLC cells. (A and B) H460 and H1975 cells were transfected with siNC or siATG5 for 36 h, treated with the indicated concentrations of UA for 48 h, and cell 
viability was determined by MTS assay. **P<0.01 and ***P<0.001. The knockdown efficiency was determined by western blot analysis. Relative densitometric 
quantification of the ATG5 expression was performed and data are presented as the means ± SD (n=3). (C) H1975 cells were transfected with siNC or siATG5 
for 36 h, treated with the indicated concentrations of UA for 48 h, and cell apoptosis was analyzed by flow cytometry using Annexin V‑FITC/PI staining. 
Representative images are shown. (D) Quantification of flow cytometric analysis of apoptosis. ***P<0.001. (E) H1975 cells were transfected with siNC or 
siATG5 for 36 h, then treated with 20 µM UA for 24 h. Whole cell lysates were subjected to western blot analysis using indicated antibodies. Actin was used 
as a loading control. (F) Relative densitometric quantification of protein expression was performed using bands in (E). Data are presented as the mean ± SD 
(n=3). aP<0.001 vs. siNC 0 µM UA, bP<0.001 vs. siNC 20 µM UA.
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expression of LC3‑II in the NSCLC cells (Fig. 4B and C), 
demonstrating that the PI3K/Akt/mTOR signaling pathway 
is involved in UA‑induced autophagy. The ERK1/2 signaling 
pathway is another major regulator of autophagy (28,49,50); 
Thus, the present study wished to determine whether ERK1/2 
signaling plays a role in UA‑induced autophagy. It was found 
that a selective inhibitor of ERK1/2, U0126, downregulated 
p‑ERK and suppressed the UA‑induced upregulation of 
p‑ERK (Fig. 4D). Pre‑treatment with U0126 did not affect the 
UA‑induced expression of LC3‑II (Fig. 4D), suggesting that 
ERK1/2 signaling is not involved in UA‑induced autophagy.

Autophagy inhibition enhances the anti‑NSCLC activity of UA. 
Whether cancer therapy‑induced autophagy is a pro‑survival 
response or an anticancer effect, remains controversial (28,51). 
In the present study, to assess the role of UA‑induced autophagy 
in its antitumor effect, the autophagy inhibitor, CQ, was used in 
cells treated with UA. MTS assay revealed that the suppression of 
the late autophagic process with CQ (5 µM) significantly potenti-
ated the UA‑induced inhibition of the proliferation of the H460, 
H1975 and A549 cells (Fig. 5A). Moreover, Annexin V‑FITC/PI 
double staining demonstrated that CQ markedly enhanced the 
UA‑induced apoptosis of H460 and H1975 cells (Fig. 5B and C). 
Consistently, CQ potentiated the UA‑induced downregulation 
of the anti‑apoptotic protein, Bcl‑2, in the H460 cells (Fig. 5D) 
and the UA‑induced cleavage of PARP in H1975 cells (Fig. 5E). 
The blockage of the autophagosome formation by LY294002 
(10 µM) also enhanced the UA‑induced cleavage of PARP in 
the H1975 cells (Fig. 5F). It was further demonstrated that the 
silencing of ATG5 by siRNA enhanced the UA‑induced inhibi-
tion of the proliferation of H460 and H1975 cells (Fig. 6A and B). 
In addition, siATG5 potentiated the UA‑induced apoptosis of 
H1975 cells (Fig. 6C and D). The silencing of ATG5 resulted 
in the accumulation of cleaved PARP in the UA‑treated H1975 
cells (Fig. 6E and F). Collectively, these results suggest that 
UA‑induced autophagy plays a protective role in NSCLC cells, 
and the suppression of autophagy enhances the anti‑NSCLC 
activity of UA.

Discussion

UA is a natural pentacyclic triterpenoid that possesses 
anticancer activities against a variety of cancers in vitro 
and in  vivo  (17,18,22,24,26). For example, UA has been 
shown to significantly suppress xenograft tumor growth in 
a human lung cancer H1975 xenograft mouse model (24). 
UA exhibits a low toxicity in human normal lung epithe-
lial BEAS‑2B cells, and exerts minimal toxic effects on 
the kidney and liver tissues in mice  (24). Furthermore, 
UA has recently been promoted to enter clinical trials to 
investigate its effects on insulin sensitivity (phase II study) 
and muscle function in human sarcopenia (phase II and III 
studies) (52,53). However, the underlying anti‑lung cancer 
mechanisms of UA are not yet fully understood. In the 
present study, it was demonstrated that UA inhibited the 
proliferation of various lung cancer cells, including the 
human NSCLC cells, H460, H1975, A549, H1299 and H520, 
the human SCLC cells H82 and H446, and murine LLC 
cells (Fig. 1). Of note, UA exerted inhibitory effects on gefi-
tinib‑resistant H1975 cells that bear EGFR‑L858R/T790M 

mutations and on H460 cells with wild‑type EGFR, as well 
as on the SCLC cells H82 and H446 that harbor TP53 and 
RB1 mutations (Fig. 1). These findings indicate that UA 
possesses therapeutic potential in both NSCLC and SCLC, 
which warrants further investigation.

Previous studies have demonstrated that UA induces 
autophagy in some types of cancer cells, such as prostate (54), 
cervical (55), breast (56), gliomas (33) and oral (34) cancer cells. 
In the present study, it was found that UA increased the expres-
sion level of LC3‑II and induced autophagosome accumulation in 
NSCLC cells (Fig. 3). However, both the upregulation of LC3‑II 
and increased autophagosome formation can act as autophagy 
inducers or autophagy inhibitors (57,58), which can be distin-
guished by the knockdown of ATG proteins or treatment with 
CQ (58‑60). The presents study demonstrated that the knockdown 
of ATG5 by siRNA reduced the UA‑induced accumulation 
of LC3‑II in H460 and H1975 cells (Fig. 3). The LC3‑II levels 
further increased upon the combined use of UA and CQ (Fig. 3). 
These results demonstrated that UA‑induced autophagy was 
ATG5‑dependent, and the upregulation of LC3‑II and increased 
autophagosome formation may be autophagy inducers in the cells.

Several signaling molecules, such as mTOR, PI3Ks and 
mitogen‑activated protein kinases (MAPKs), have been shown to 
play a role in regulating autophagy (31,61). The serine/threonine 
kinase mTOR plays central roles in a number of fundamental 
cell processes, and abnormalities in this signaling pathway have 
been implicated in cancers (62). The class I PI3K activates the 
downstream effector Akt, leading to activation of mTORC1 and 
inhibition of autophagy (28,43). MAPKs, including ERK1/2, Jun 
N‑terminal kinase (JNK) and p38 MAPK, belong to the family 
of serine/threonine kinases that control a variety of cellular 
events, such as proliferation, apoptosis and autophagy (50). 
In the present study, it was identified that the inhibition of the 
PI3K/Akt/mTOR signaling pathway, rather than the activa-
tion of the ERK1/2 signaling pathway, was a mechanism of 
UA‑induced autophagy in NSCLC cells (Fig. 4).

Increasing evidence implicates a dual role of autophagy 
in cancer therapy, i.e., protecting cell survival and promoting 
cell apoptosis (51,63). It has been reported that the blocking 
of autophagy increases erianin or betulinic acid‑induced 
apoptosis (64,65). In the present study, it was found that the 
inhibition of autophagy by CQ or siATG5 enhanced the 
UA‑induced inhibition of cell proliferation and promoted 
the UA‑induced apoptosis (Figs.  5  and 6), indicating that 
UA‑induced autophagy plays a pro‑survival role in NSCLC 
cells; combined treatment with UA and autophagy inhibitor 
may have therapeutic potentials for this lethal disease. However, 
further investigations with multiple animal experiments are 
required prior to the clinical application of the present results.
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