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Abstract. The aim of this study was to investigate the 
underlying mechanisms responsible for the anticancer effects 
of lupeol on human non‑small cell lung cancer  (NSCLC). 
MTT assay and Trypan blue exclusion assay were used to 
evaluate the cell viability. DAPI staining and flow cytometric 
analysis were used to detect apoptosis. Molecular docking and 
western blot analysis were performed to determine the target 
of lupeol. We found that lupeol suppressed the proliferation 
and colony formation of NSCLC cells in a dose‑dependent 
manner. In addition, lupeol increased chromatin condensation, 
poly(ADP‑ribose) polymerase (PARP) cleavage, sub‑G1 cell 
populations, and the proportion of Annexin V‑positive cells, 
indicating that lupeol triggered the apoptosis of NSCLC cells. 
Notably, lupeol inhibited the phosphorylation of epithelial 
growth factor receptor  (EGFR). A docking experiment 
revealed that lupeol directly bound to the tyrosine kinase 
domain of EGFR. We observed that the signal transducer and 
activator of transcription 3 (STAT3), a downstream molecule 
of EGFR, was also dephosphorylated by lupeol. Lupeol 
suppressed the nuclear translocation and transcriptional 
activity of STAT3 and downregulated the expression of 
STAT3 target genes. The constitutive activation of STAT3 

by STAT3 Y705D overexpression suppressed lupeol‑induced 
apoptosis, demonstrating that the inhibition of STAT3 activity 
contributed to the induction of apoptosis. The anticancer effects 
of lupeol were consistently observed in EGFR tyrosine kinase 
inhibitor (TKI)‑resistant H1975 cells (EGFR L858R/T790M). 
Taken together, the findings of this study suggest that lupeol 
may be used, not only for EGFR TKI‑naïve NSCLC, but also 
for advanced NSCLC with acquired resistance to EGFR TKIs.

Introduction

Lung cancer exhibits the highest mortality rate among all types 
of cancer worldwide. Even though chemotherapy is one of the 
standard therapies for lung cancer, <20% of patients treated with 
chemotherapy live >5 years (1). This dismal number indicates 
that advances in lung cancer treatment remain inadequate 
compared to other types of cancer. The poor prognosis of 
patients with lung cancer is mainly derived from the low 
response rate and resistance to current chemotherapeutics (2). 
As non‑small cell lung cancer (NSCLC) is the most common 
type of lung cancer (3), the development of more effective and 
advanced therapeutic strategies for the treatment of NSCLC is 
fundamental in order to improve the poor prognosis of patients 
with lung cancer.

Epidermal growth factor receptor (EGFR) is a transmembrane 
receptor tyrosine kinase protein which belongs to the ErbB 
family. Upon the binding of a ligand, such as epidermal growth 
factor (EGF), the intracellular domain of EGFR is phosphorylated 
and activates downstream signal transduction pathways, including 
RAS/RAF/MEK/mitogen‑activated protein kinase (MAPK), 
phosphoinositide 3‑kinase (PI3K)/Akt, and signal transducer 
and activator of transcription (STAT) signaling pathways. These 
signal transductions finally result in cell proliferation and in the 
inhibition of apoptosis (4). The overexpression of EGFR has been 
implicated in the pathogenesis of NSCLC (5,6). Studies have 
reported that EGFR overexpression in NSCLC is associated 
with a reduced overall survival, chemoresistance and frequent 
lymph node metastasis (7‑11). In addition, a quarter of NSCLCs 
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cases possess activating mutations in the tyrosine kinase domain 
of EGFR (12). These mutations sensitize NSCLCs to EGFR 
receptor tyrosine kinase inhibitors (TKIs), such as gefitinib 
and erlotinib  (13‑15). However, patients ultimately develop 
acquired resistance against these drugs. The most common 
mechanism of resistance is a secondary T790M mutation in 
EGFR exon 20 (16,17). Thus, the identification of novel drugs 
to effectively suppress the activity of EGFR, not only in naïve 
NSCLCs, but also in EGFR TKI‑resistant NSCLCs is imperative.

STAT3 is a transcription factor recognized as a key oncogenic 
factor driving tumor development and progression. STAT3 is 
activated by phosphorylation at tyrosine 705 or serine 727 via 
interleukin (IL)‑6 receptor (IL‑6R), growth factor receptors, 
and non‑receptor tyrosine kinase, such as Src  (18). The 
activation of STAT3 mediates a variety of cellular functions, 
including cell proliferation, differentiation, angiogenesis, 
metastasis, and drug resistance (19). Studies have reported that 
STAT3 was activated in NSCLC and a high phosphorylation 
level of STAT3 was a strong predictor of poor prognosis 
in NSCLC (19‑21). Specifically, STAT3 signaling has been 
related to the development of resistance to EGFR TKIs (22‑27). 
Therefore, aberrant STAT3 phosphorylation appears to be a 
potential therapeutic target for NSCLC.

Lupeol (chemical structure shown in Fig. 1A) is a dietary 
triterpenoid present in various types of fruits, vegetables and 
medicinal plants. Lupeol has been reported to exhibit strong 
antioxidant, anti‑inflammatory, anti‑microbial, anti‑arthritic, 
anti‑diabetic and anti‑malarial activities  (28). Moreover, 
lupeol has been shown to exert anticancer effects in various 
cancer cells. The suppression of tumorigenesis, the induction 
of apoptosis, cell cycle regulation, chemosensitization and 
the enhancement of the cytotoxic function of natural killer 
cells have been reported as the mechanisms of the anticancer 
effects of lupeol (7,29‑37). Notably, lupeol has been shown 
to suppress EGFR activity in oral squamous cell carcinoma 
and gallbladder carcinoma (36,37). It has also been shown 
to inhibit the STAT3 signaling cascade in hepatocellular 
carcinoma cells  (7). In NSCLC, lupeol has been reported 
to downregulate COX2 and mTOR/PI3K/AKT pathways to 
induce apoptosis (33,34). However, the regulatory effects of 
lupeol on the EGFR/STAT3 signaling pathway in human 
NSCLC cells have not yet been elucidated, at least to the best 
of our knowledge. Thus, in the current study, we investigated 
the mechanisms responsible for the anticancer activity of 
lupeol in human NSCLC cells, focusing on the regulation 
of EGFR/STAT3 activity. We also aimed to verify whether 
lupeol exerts anticancer effects on NSCLC cells that are 
resistant to EGFR TKIs.

Materials and methods

Cell lines and cell culture. The H1299, A549, H460, 
H292  human NSCLC cell lines and WI38  human lung 
fibroblast were purchased from the American Type Culture 
Collection (ATCC). The H1975 human NSCLC cell line 
was kindly supplied by professor Ho‑Young Lee (College of 
Pharmacy, Seoul National University). The cells were grown in 
RPMI‑1640 (WelGENE) supplemented with 10% fetal bovine 
serum (FBS, WelGENE) and 1% antibiotics (WelGENE) at 
37˚C in a humidified incubator under 5% CO2.

Reagents and antibodies. Lupeol was purchased from 
ChemFaces and was dissolved in dimethyl sulfoxide (DMSO; 
Sigma‑Aldrich). Trypan blue was purchased from WelGENE, and 
MTT [3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide] from Duchefa. Hematoxylin, propidium iodide (PI), 
paraformaldehyde and 4,6‑diamidino‑2‑phenylindole (DAPI) 
were obtained from Sigma‑Aldrich. Primary antibodies 
against phospho‑EGFR (Y1068, #2234S), EGFR (#4267S), 
phospho‑STAT3 (Y705,  #9145S), STAT3  (#9139S), 
pho spho ‑A K T  (S 473,   # 4 0 6 0 S),  pho spho ‑E R K 
(T202/Y204, #9106S), cleaved caspase‑3 (#9661S) and cleaved 
poly(ADP‑ribose) polymerase (PARP, #5625S) were purchased 
from Cell Signaling Technology. The other primary antibodies 
including AKT (#sc‑5298), ERK (#sc‑514302), β‑actin 
(#sc‑47778), α‑tubulin (#sc‑5286), Lamin B (#sc‑374015), 
survivin (#sc‑17779) and cyclin D1 (#sc‑450) were obtained 
from Santa Cruz Biotechnology. Goat anti‑mouse secondary 
antibody was purchased from Bethyl Laboratories and goat 
anti‑rabbit secondary antibody was purchased from Enzo Life 
Sciences.

Cell viability assay. For the MTT assay, 3x103 cells were seeded 
onto 96‑well plates and treated with lupeol (10‑100 µM) for 
various time periods (24‑72 h) or treated with erlotinib (LC 
Labs; 10‑100 µM) for 72 h. MTT solution was added to the 
media at a concentration of 0.4 mg/ml followed by incubation 
for 4 h at 37˚C. The media were then aspirated and 100 µl 
of DMSO were added to each well to dissolve the formazan. 
The absorbance values at 540 nm were measured using a 
microplate reader (SpectraMax M3; Molecular Devices). For 
the trypan blue exclusion assay, 2x104 cells were seeded in 
12‑well plates and treated with lupeol at 50 or 100 µM for 72 h. 
The cells were then collected and stained with 0.4% trypan 
blue solution at a final concentration of 0.1%. The number 
of viable cells was evaluated by counting the unstained cells 
using a hemocytometer under a microscope (Leica).

Anchorage‑dependent and ‑independent colony formation 
assay. For the anchorage‑dependent 2D colony formation 
assay, 3x102 cells were seeded in 12‑well plates and treated 
with lupeol for 2 weeks. The medium was changed every 
3  days. The colonies were fixed with 100%  methanol 
for 5  min and stained with hematoxylin for 30  min at 
room temperature. Images of the stained colonies were 
acquired using a digital camera (Canon) and the number 
of colonies was counted using ImageJ software. For the 
anchorage‑independent colony formation assay (soft agar 
assay), 4% SeaPlaque agarose (Lonza) dissolved in PBS was 
melted and mixed with warm media to yield 1% bottom agar. 
Bottom agar (1 ml) was then added to 24‑well plates and 
allowed to solidify at room temperature. The cells (1x103) 
were suspended in 0.5 ml of top agar (0.4%) and plated onto 
the bottom agar. The plate was kept at room temperature 
until the top agar solidified. The cells were then treated with 
lupeol at 25, 50 and 100 µM for 2 weeks and the medium 
was changed every 3 days. The colonies were stained with 
MTT solution (final concentration, 0.5 mg/ml) for 2 h at 
37˚C. Images of the stained colonies were acquired using 
a digital camera (Canon) and the number of colonies was 
counted using ImageJ software.
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DAPI staining. The cells (1x105) were seeded in 6‑well plates 
and treated with lupeol at 100 µM for 72 h. The cells were then 
harvested, fixed with 3.7% paraformaldehyde, and attached to 
slide glasses using a cytospin (Shandon). After staining with 
DAPI solution (2.5 µg/ml) for 20 min at room temperature in 
the dark, the attached cells were washed with PBS and distilled 
water and mounted with aqueous mounting medium (Crystal 
Mount). The morphology of the nuclei was observed under a 
fluorescence microscope (Carl Zeiss) at x200 magnification.

Flow cytometric analysis. The cells (1x105) were seeded in 
6‑well plates and treated with lupeol at 50 or 100 µM for 72 h. 
For cell cycle analysis, the cells were collected, washed with 
cold PBS, and fixed with cold 80% ethanol for 1 h at 4˚C. 
Subsequently, the cells were stained with 50 µg/ml of PI in the 
presence of 30 µg/ml DNase‑free RNase A (Sigma‑Aldrich) for 
30 min at room temperature. The stained cell pellet was then 
resuspended in 500 µl of PBS. The relative DNA content in each 
phase of the cell cycle was determined using a flow cytometer 
(FACSCalibeur, BD Biosciences) and CellQuest Pro software 
(version 5.1). For the Annexin V‑PI double staining assay, the 
cells were harvested and double‑stained with annexin V‑FITC 
and PI using the Annexin V‑FITC Apoptosis Detection kit I 
(BD Biosciences; PharMingen) according to the manufacturer's 
instructions. Annexin V‑positive cells were determined using 
a flow cytometer and CellQuest software.

STAT3‑luciferase reporter gene assay. The cells (3x104) 
were seeded in 24‑well plates and co‑transfected with 
100 ng of p‑STAT3‑TA‑luc (Clontech) and 5 ng of pRL‑TK 
using Lipofectamine 2000 according to the manufacturer's 
instructions (Invitrogen; Thermo Fisher Scientific). At 24 h 
post‑transfection, the cells were treated with lupeol for an 
additional 24 to 48 h. The cells were then lysed and the STAT3 
reporter gene activity was measured with the Dual‑Luciferase 
Reporter Assay System (Promega) as described in the 
manufacturer's protocol.

EGFR stimulation by EGF treatment. The cells (5x105) were 
seeded in 6‑well plates and treated with lupeol at 50 or 100 µM 
for 24 h. EGF (Lifeline Cell Technology) was then added at 
20 ng/ml to the culture media 1 h prior o harvesting to activate 
EGFR.

Nuclear/cytosol extraction. To extract cytosolic fractions, 
1x107 cells were lysed with buffer A [10 mM HEPES (pH 7.9), 
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1 mM EDTA, 
0.5% NP‑40, protease inhibitor cocktail (Thermo Fisher 
Scientific), and phosphatase inhibitors (1 mM Na3VO4 and 
100 mM NaF)] for 20 min on ice. The supernatant containing 
cytosolic proteins was collected by centrifugation (900 x g, 
10 min, 4˚C) and cleared again by high‑speed centrifugation 
(16,000 x g, 10 min, 4˚C). To extract the nuclear fraction, the 
pellet was washed with buffer A for three times and lysed 
with buffer C [20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 
420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 25% glycerol, 
protease inhibitor cocktail (Thermo Fisher Scientific), and 
phosphatase inhibitors (1 mM Na3VO4 and 100 mM NaF)] 
for 1  h on ice with vigorous vortexing for 15  sec every 
10 min. The supernatant containing nuclear proteins was 

obtained by centrifugation (16,000 x g, 10 min, 4˚C). To 
detect any cross‑contamination between the nuclear and 
cytosolic fractions, Lamin B (1:1,000 dilution) and α‑tubulin 
(1:1,000 dilution) were used as markers for the nuclear and 
cytosolic fractions, respectively.

Constitutive activation of STAT3. The cells (5x105) were 
seeded in a 6‑well plate and transfected with 1  µg of 
pExpress1‑stat3Y705D for the constitutive activation of 
STAT3, or with 1  µg of pExpress‑1 as a control, using 
Lipofectamine 2000. pExpress‑1 and pExpress1‑stat3Y705D 
were kindly provided by Professor Ho‑Young Lee (Seoul 
National University). At 48 h post‑transfection, the cells were 
trypsinized and seeded again in 6‑well plates. The cells were 
treated with lupeol at 50 µM for a further 72 h, and subse-
quently examined by western blot analysis.

RT‑PCR and semi‑quantitative PCR. Total RNA was 
extracted using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific) according to the manufacturer's instructions. 
First‑strand cDNA was synthesized with the PrimeScript RT 
reagent kit (Takara) using 1 µg of total RNA as described in 
the manufacturer's protocol. The primer sequences used are 
as follows: Survivin forward, 5'‑TCA AGG ACC ACC GCA 
TCT CTA‑3' and reverse, 5'‑TGA AGC AGA AGA AAC 
ACT GGG‑3'; cyclin D1 forward, 5'‑CCT GTC CTA CTA 
CCG CCT CA‑3' and reverse, 5'‑TCC TCC TCT TCC TCC 
TCC TC‑3'; and actin forward, 5'‑ACT ACC TCA TGA AGA 
TC‑3' and reverse, 5'‑GAT CCA CAT CTG CTG GAA‑3'. 
cDNA was amplified using a SimpliAmp Thermal Cycler 
(Applied Biosystems). Cycle numbers corresponding to the 
exponential phase of the reaction were determined to be 28 
cycles at an annealing temperature of 55˚C for survivin and 
cyclin D1 and 20 cycles at an annealing temperature of 55˚C 
for actin. The PCR products were resolved on a 1.5% agarose 
gel  (Lonza), stained with nucleic acid gel staining solu-
tion  (RBC), and visualized by the Gel Imaging System 
(Daihan Scientific).

Western blot analysis. The cells were lysed with cold 
radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher 
Scientific) supplemented with a protease inhibitor cocktail 
(Thermo Fisher Scientific) and phosphatase inhibitors (1 mM 
Na3VO4 and 100 mM NaF) and incubated for 1 h on ice. The 
supernatants were collected by centrifugation at 16,000 x g 
at 4˚C for 30 min. Protein concentrations were determined 
using a bicinoconinic acid (BCA) protein assay kit (Pierce 
Biotechnology) according to the manufacturer's instructions. 
The same amounts (20 µg) of protein were resolved by sodium 
dodecyl sulfate (SDS)‑polyacrylamide gels (8‑12%) and 
transferred onto a polyvinyl difluoride (PVDF) membrane. The 
membrane was then blocked with 3% bovine serum albumin 
(BSA, GenDEPOT) in TBST [Tris‑buffered saline  (TBS) 
containing 0.1% Tween‑20] for 1 h at room temperature and 
incubated overnight with primary antibodies (1:500 dilution 
for p‑STAT3 antibody and p‑EGFR antibody; 1:1,000 dilution 
for the other antibodies) at 4˚C. Following several washes with 
TBST for 1 h, the membrane was incubated with secondary 
antibody solution (1:10,000 dilution in blocking solution) for 
1 h at room temperature. Protein expression was detected by 
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SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific) according to the manufacturer's instructions. 
The densitometric analysis of the western blots was performed 
using ImageJ software (ImageJ 1.38; National Institutes of 
Health).

Molecular docking. The SwissDock web server (http://www.
swissdock.ch) was used for molecular docking and prediction 
of the lowest free binding energy (38). The protein databank 
code (PDB) code for EGFR (1M17) was obtained from the 
Protein Data Bank (39). UCSF Chimera 1.13 software was 
used to explore the predicted binding modes. Among the 
clusters, the conformation with the lowest binding free energy 
was selected.

Statistical analyses. Each result is expressed as the mean ± SD 
of data obtained from triplicate experiments. Statistical 
analyses were performed by Student's t‑test or one‑way 
ANOVA followed by a Tukey's post hoc test to determine 
the significant differences between groups. Differences with 
values of P<0.05 were considered statistically significant. 
Statistical analysis was performed using GraphPad Prism 5 
software (GraphPad Prism Software Inc.).

Results

Lupeol inhibits the growth and colony formation of human 
NSCLC cells. To examine the effects of lupeol on the growth 
of human NSCLC cell lines, the H1299, A549 and H460 cells 
were treated with various concentrations of lupeol for different 
periods of time. The results from MTT assay revealed that 
lupeol markedly reduced cell viability in a concentration‑ and 
time‑dependent manner (Fig. 1B). We set 100 µg/ml as the 
maximum concentration of lupeol and 72 h as the optimal 
incubation time for further experiments. In order to examine the 
effects of lupeol on the viability of normal cells, we performed an 
MTT assay using the WI38 human lung fibroblasts. As shown in 
Fig. 1C, the viability of the WI38 fibroblasts was higher than that 
of the NSCLC cells, including the H460 and A549 cells, following 
48 h of treatment with lupeol, indicating that lupeol exhibited 
a higher sensitivity to cancer cells than normal cells (Fig. 1C). 
To confirm the growth inhibitory effects of lupeol on NSCLC 
cells, trypan blue exclusion assays were performed on the H1299, 
A549 and H292 cells. The results revealed that the number of 
surviving cells was reduced by lupeol in a dose‑dependent 
manner (Fig. 1D). These results clearly demonstrated that lupeol 
inhibited the growth of human NSCLC cells.

Figure 1. Effects of lupeol on the viability and colony formation of human NSCLC cells. (A) The structure of lupeol. (B) Various human NSCLC cell lines 
were treated with the indicated concentrations of lupeol for different incubation times. Cell viability was evaluated by MTT assay. (C) NSCLC cells and 
WI38 human lung fibroblasts were treated with lupeol for 48 h. The cell viability was measured by the MTT assay. (D) NSCLC cells were treated with lupeol 
for 72 h. Viable cells were counted by trypan blue exclusion assay. (E and F) Effects of lupeol on (E) anchorage‑dependent and (F) anchorage‑independent 
colony formation are shown. H1299 and A549 human NSCLC cells were seeded as a single‑cell suspension in (E) 12‑well plates or (F) in soft agar. Cells were 
grown for 2 weeks in medium containing lupeol. The colonies were visualized by a digital camera. The representative results of 3 independent experiments 
are shown (left panels). The number of colonies were counted using ImageJ software and normalized to untreated control cells (right panels). The data are 
expressed as the means ± SD of 3 independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. untreated controls; #P<0.05 and ###P<0.001 vs. WI38 cells 
treated with the indicated concentrations of lupeol. NSCLC, non‑small cell lung cancer; Lu, lupeol.
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Subsequently, we examined the effects of lupeol on colony 
formation, a critical step in tumorigenesis, in human NSCLC 
cells. The results from the 2D colony formation assay indicated 
that lupeol significantly reduced the number of colonies in a 
dose‑dependent manner in H1299 and A549 cells (Fig. 1E). 
To mimic the 3D tumorigenesis environment, a soft agar assay 
was further conducted. As shown in Fig. 1F, lupeol induced 

a dose‑dependent decrease in colony formation in these cell 
lines (Fig. 1F). These results collectively indicated that lupeol 
suppressed anchorage‑dependent and ‑independent colony 
formation in human NSCLC cells.

Lupeol induces the apoptosis of human NSCLC cells. To gain 
insight into the mechanisms underlying the anti‑proliferative 

Figure 2. Induction of the apoptosis of human NSCLC cells by lupeol. H1299 and A549 cells were treated with lupeol for 72 h. (A) Nuclei were stained with 
DAPI solution. Stained nuclei were observed under a fluorescence microscope (x200 magnification). White arrows indicate the apoptotic cells. Representative 
fields of 3 independent experiments are shown. (B) The cells were double‑stained with Annexin V‑FITC and PI and analyzed using a flow cytometer. 
Annexin V‑positive cells were identified as apoptotic cells. (C) The cells were stained with PI solution. The cell populations in sub‑G1, G1, S, and G2/M phases 
were evaluated using a flow cytometer. The representative flow cytometry plots were shown. (D) The expression levels of cleaved PARP and cleaved caspase‑3 
were evaluated by western blot analysis. Actin was used as a loading control. The relative expression of cleaved caspase‑3 and cleaved PARP was analyzed 
with ImageJ software using actin for normalization. The data are expressed as the means ± SD of 3 independent experiments. ns, not significant; **P<0.01 and 
***P<0.001 vs. untreated controls. NSCLC, non‑small cell lung cancer; Lu, lupeol; Cl‑Cas3, cleaved caspase‑3; Cl‑PARP, cleaved PARP.
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effects of lupeol on NSCLC cells, we performed DAPI staining. 
The NSCLC cells treated with lupeol exhibited highly 
condensed and fragmented nuclei, indicative of apoptotic cells 
(Fig. 2A). To confirm this result, we monitored apoptosis by flow 
cytometry. The results of Annexin V‑PI double staining assay 
revealed that 72 h of treatment with lupeol markedly enhanced 
the Annexin V‑positive cell population, an apoptotic portion, 
in NSCLC cells (Fig. 2B). Similar results were obtained by 
cell cycle analysis. The proportion of sub‑G1 phase cells, i.e., 
apoptotic cells, was gradually increased in a dose‑dependent 
manner (Fig. 2C). Likewise, the expression levels of cleaved 
PARP and cleaved caspase‑3, apoptosis marker proteins, were 
upregulated by lupeol treatment (Fig. 2D). Taken together, 
these results demonstrated that lupeol triggered the apoptosis 
if human NSCLC cells.

Lupeol inhibits EGFR activation by direct binding to the 
EGFR TK domain in human NSCLC cells. As one of the pivotal 
oncogenic signaling pathways involved in NSCLC is EGFR, 
we then examined the effects of lupeol on the activity of EGFR. 
Western blot analysis indicated that the phosphorylation of 
EGFR was decreased by lupeol in a dose‑dependent manner, 
while levels of the corresponding total proteins remained 
unaltered (Fig.  3A and B). To determine the mechanisms 
through which lupeol suppressed EGFR phosphorylation, we 
performed a molecular docking analysis using the SwissDock 

webservice (38). The crystal structure for the TK domain of 
EGFR [PDB ID: 1M17] was used for the analysis and erlotinib, 
a known EGFR TKI, was used as a control (40,41). Five clusters 
with a total of 48 binding modes between lupeol and EGFR 
were generated and the binding ∆G (‑7.37 to ‑5.87 kcal/mol) 
was calculated. Among the clusters, the conformation with the 
lowest binding ∆G was selected. The 3D binding mode viewed 
by UCSF Chimera software clearly revealed that lupeol bound 
to the hinge region of the TK domain (Fig. 3C) with full fitness 
energy below 2,145 kcal/mol, which was comparable to that of 
erlotinib (Table I). These results indicate that lupeol blocked 
EGFR activity by directly binding to the EGFR TK domain 
and competing with adenosine trisphosphate (ATP).

Inhibition of STAT3 activity by lupeol induces the apoptosis of 
human NSCLC cells. We further examined the effects of lupeol 
on the activity of downstream molecules of EGFR. As shown 
in Fig. S1, the phosphorylation levels of ERK and AKT were 
not decreased by lupeol treatment (Fig. S1). On the contrary, 
lupeol markedly suppressed the phosphorylation of STAT3 in 
NSCLC cells (Fig. 4A and B). To verify whether this event was 
dependent on EGFR regulation, we used EGF as a stimulator 
of EGFR. The phosphorylation of EGFR and STAT3 was 
enhanced by EGF treatment. However, the addition of lupeol 
reversed the EGF‑mediated phosphorylation of EGFR and 
STAT3 (Fig. 4C). The same expression pattern of p‑EGFR 

Figure 3. Effects of lupeol on EGFR activity in human NSCLC cells. (A and B) H1299 and A549 cells were treated with lupeol for 72 h. (A) The expression 
levelss of p‑EGFR and t‑EGFR were evaluated by western blot analysis. Actin was used as a loading control. (B) The ratio of p‑EGFR/t‑EGFR was analyzed 
with ImageJ software using actin for normalization. The data are expressed as the means ± SD of 3 independent experiments. **P<0.01 and ***P<0.001 vs. 
untreated controls. (C) The interactions between EGFR and lupeol (left panel) or EGFR and erlotinib (right panel) were evaluated by molecular docking 
analysis using SwissDock. NSCLC, non‑small cell lung cancer; EGFR, epidermal growth factor receptor; Lu, lupeol.
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and p‑STAT3 clearly indicated that lupeol suppressed STAT3 
activity via EGFR regulation. In addition, the expression of 
p‑STAT3 in the nuclear extracts was significantly decreased by 
lupeol in the H1299 cells, demonstrating that lupeol inhibited 
the nuclear translocation of p‑STAT3 (Fig. 4D). The results 
from the dual luciferase reporter assay also revealed that the 
STAT3 reporter gene activity was reduced in a dose‑dependent 
manner in the H1299 cells (Fig. 4E). Consistently, the mRNA 
and protein levels of STAT3 target genes, including survivin, 

an apoptosis‑inhibitory protein, and cyclin  D1, a protein 
involved in cell cycle progression, were decreased by lupeol 
in the H1299 cells (Fig. 4F). Taken together, these results 
indicated that lupeol blocked the transcriptional activity of 
STAT3 in human NSCLC cells.

We then examined whether the suppression of STAT3 
activity by lupeol was sufficient to trigger the apoptosis of 
NSCLC cells. As shown in Fig. 4G, the H1299 cells transfected 
with pExpress1‑stat3Y705D exhibited a significantly 

Table I. Docking of lupeol or erlotinib to the TK domain of EGFR (PDB ID: 1M17).

Compound	 Binding site	 Full fitness (kcal/mol)	 Estimated ∆G (kcal/mol)

Erlotinib	 Hinge region of TK domain	‑ 2,200.16	‑ 7.94
Lupeol	 Hinge region of TK domain	‑ 2,145.44	‑ 7.37

Figure 4. Suppression of the transcriptional activity of STAT3 by lupeol induces the apoptosis of human NSCLC cells. (A) H1299 and (B) A549 cells were 
treated with lupeol for 24 h. The expression levels of p‑STAT3 and t‑STAT3 were detected by western blot analysis (left panels). The ratio of p‑STAT3/t‑STAT3 
was calculated using ImageJ software (right panels). (C) A549 cells were treated with lupeol for 24 h, and EGF (20 ng/ml) was then added to the culture 
media 1 h before harvesting to activate EGFR. The expression levels of the indicated proteins were evaluated by western blot analysis (left panel). The ratio of 
phosphorylated protein/total protein was analyzed with ImageJ software using actin for normalization (right panel). (D) H1299 cells were treated with lupeol 
for 24 h. The nuclear translocation of p‑STAT3 was examined by the nuclear/cytosol fractionation assay. Lamin B and α‑tubulin were used as markers of 
nuclear and cytosolic fractions, respectively. (E) H1299 cells were transfected with a STAT3‑responsive Firefly luciferase construct (p‑STAT3‑TA‑luc) and a 
Renilla luciferase construct (pRL‑TK). At 24 h post‑transfection, the cells were treated with lupeol for an additional 24 h. The transcriptional activity of STAT3 
was measured by the Dual‑Luciferase Reporter Assay System. (F) H1299 cells were treated with lupeol for 72 h. mRNA levels (left panel) and protein levels 
(right panel) of the STAT3 target genes were evaluated by RT‑PCR (and semi‑quantitative PCR) and western blot analysis, respectively. Actin was used as an 
internal control. (G) H1299 cells were transfected with control vector or STAT3 phospho‑mimetic mutant (Y705D). At 48 h post‑transfection, the cells were 
treated with the indicated concentrations of lupeol for an additional 72 h. The expressions of p‑STAT3, cleaved PARP and cleaved caspase‑3 were detected by 
western blot analysis. Actin was used as an internal control. The data are expressed as the means ± SD of 3 independent experiments. *P<0.05 and ***P<0.001 
vs. untreated controls; ###P<0.001 vs. EGF‑treated cells. NSCLC, non‑small cell lung cancer; EGFR, epidermal growth factor receptor; Con, control vector; 
Lu, lupeol; RLU, relative luciferase unit; Cl‑Cas3, cleaved caspase‑3; Cl‑PARP, cleaved PARP.
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Figure 5. Anticancer effects of lupeol in erlotinib‑resistant H1975 cells. (A) H1975 cells (EGFR L858R/T790M) were treated with lupeol or erlotinib for 72 h. 
Cell viability was examined by MTT assay. (B‑D) H1975 cells were treated with lupeol (50 µM) for 72 h. (B) The cells were stained with PI solution. Sub‑G1 
phase cells were evaluated by cell cycle analysis using flow cytometry. The representative flow cytometry plots were shown. (C) The cells were double‑stained 
with annexin V‑FITC and PI and analyzed using a flow cytometer. Annexin V‑positive cells were identified as apoptotic cells. (D) The expression levels of 
cleaved PARP and cleaved caspase‑3 were evaluated by Western blot analysis. (E) H1975 cells were treated with lupeol for 24 h. The expression levels of the 
indicated proteins in the cell lysates were assessed by western blot analysis (left panel). The ratios of p‑EGFR/t‑EGFR and p‑STAT3/t‑STAT3 were analyzed 
with ImageJ software using actin for normalization (right panel). (F) H1975 cells were transfected with a STAT3‑responsive Firefly luciferase construct and 
a Renilla luciferase construct. At 24 h post‑transfection, the cells were treated with lupeol for an additional 48 h. The transcriptional activity of STAT3 was 
measured by the Dual‑Luciferase Reporter Assay System. (G) H1975 cells were treated with lupeol for 72 h. The expressions of STAT3 target genes were 
evaluated by western blot analysis. Actin was used as a loading control. The data are expressed as the means ± SD of 3 independent experiments. ###P<0.001 
vs. cells treated with erlotinib at indicated concentrations; *P<0.05 and ***P<0.001 vs. untreated controls. NSCLC, non‑small cell lung cancer; Con, control; 
Lu, lupeol; RLU, relative luciferase unit; Cl‑Cas3, cleaved caspase‑3; Cl‑PARP, cleaved PARP.

Figure 6. A schematic model of the molecular mechanism of lupeol‑induced apoptosis in NSCLC cells. Lupeol exhibits anticancer activities, not only in EGFR 
wild‑type NSCLC cells but also in erlotinib‑resistant H1975 cells by the suppression of EGFR/STAT3 activity. NSCLC, non‑small cell lung cancer; EGFR, 
epidermal growth factor receptor.
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upregulated p‑STAT3 expression compared with that in cells 
transfected with the control vector. In addition, transfection 
with STAT3  Y705D downregulated the expression levels 
of cleaved PARP and cleaved caspase‑3 which had been 
increased by lupeol (Fig. 4G). Thus, these data suggested that 
the inhibition of STAT3 activity by lupeol contributed to the 
induction of the apoptosis of NSCLC cells.

Lupeol exerts anticancer effects on EGFR TKI‑resistant NSCLC 
cells. To examine whether lupeol exhibits anticancer activities 
in an EGFR TKI‑resistant H1975 cell line with L858R/T790M 
double mutations, we first evaluated the effects of lupeol on the 
growth of H1975 cells. The results from MTT assay revealed 
that the viability of the erlotinib‑resistant H1975 cells was 
markedly reduced by lupeol (Fig. 5A). Lupeol also increased the 
percentage of sub‑G1 phase cells and Annexin V‑positive cells 
(Fig. 5B and C) and upregulated the expression levels of cleaved 
PARP and cleaved caspase‑3 in H1975 cells (Fig. 5D). These 
results suggested that lupeol suppressed the growth of H1975 
cells by triggering apoptosis. We then verified whether these 
events were derived from the inhibition of the EGFR/STAT3 
signaling pathway. Lupeol downregulated the expression levels 
of p‑EGFR and p‑STAT3 in a dose‑dependent manner, while 
the corresponding total proteins remained unaltered in the 
H1975 cells (Fig. 5E). To measure the transcriptional activity 
of STAT3 following treatment with lupeol, the H1975 cells 
were transfected with a STAT3‑responsive reporter vector 
and subsequently treated with lupeol for 48 h. As shown in 
Fig. 5F, the STAT3 reporter gene activity was reduced in a 
dose‑dependent manner (Fig. 5F). Consistently, the protein 
expression levels of STAT3 target genes, including cyclin D1 
and survivin, were decreased by lupeol in the H1975 cells 
(Fig. 5G). Collectively, these results clearly demonstrated that 
lupeol exerted anticancer effects on EGFR TKI‑resistant H1975 
cells, as well as on EGFR wild‑type NSCLC cells, through the 
suppression of EGFR/STAT3 activation (Fig. 6).

Discussion

The present study explored the potential anticancer effects of 
lupeol on NSCLC cells, focusing specifically on the regulation 
of the EGFR��������������������������������������������/�������������������������������������������STAT3 signaling pathway. Our results demon-
strated that lupeol triggered the apoptosis of and inhibited the 
activity of EGFR and STAT3 in NSCLC cells, regardless of 
their EGFR mutation status. The novelty of this study is as 
follows: First, to the best of our knowledge, this is the first 
study to demonstrate a contribution of the EGFR/STAT3 axis 
to the lupeol‑induced apoptosis of NSCLC cells. Although 
previous studies have reported that lupeol suppresses EGFR 
activity in several cancer cells, they usually identified AKT 
as a downstream target of EGFR (36,37). In our case, the 
phosphorylation levels of AKT, as well as the MAPK proteins, 
the main signaling mediators activated by EGFR, were even 
slightly increased by lupeol treatment (Fig. S1). Instead, lupeol 
markedly suppressed the phosphorylation, nuclear transloca-
tion, and transcriptional activity of STAT3, suggesting that 
lupeol evoked anticancer effects in NSCLC cells by deacti-
vation of the EGFR/STAT3 signaling pathway. Second, we 
reported the putative direct interaction between lupeol and 
EGFR. The docking analysis implemented by SwissDock 

revealed that lupeol effectively bound to the TK domain of 
EGFR with a low binding energy. Finally, we demonstrated 
that erlotinib‑resistant H1975 cells were highly sensitive to 
lupeol. Lupeol consistently suppressed the activity of EGFR 
and STAT3 in H1975 cells. Given that the T790M mutation 
in EGFR accounts for approximately half of the acquired 
resistance to EGFR TKIs and lowers the response rate and 
overall survival of NSCLC patients (16,17), our results suggest 
that lupeol may be a putative therapeutic option not only for 
EGFR TKI‑naïve NSCLC patients, but also for advanced 
NSCLC with acquired resistance to EGFR TKIs.

Notably, STAT3 signaling has been implicated in primary 
and acquired resistance to EGFR TKIs. Various cell lines and 
ex vivo‑based resistant models and patient‑derived tumor tissue 
analyses have demonstrated that STAT3 activity may protect 
NSCLC cancer cells from EGFR TKI (22‑27). These studies 
have suggested that STAT3 may be a desirable molecular 
target for enhancing sensitivity to EGFR TKIs. Our data also 
demonstrated that lupeol exerted potent anticancer effects in 
erlotinib‑resistant H1975 cells via the suppression of STAT3 
activation. The sole study that reported the inhibitory effects 
of lupeol on STAT3 activity was published by Siveen et al (7). 
They revealed that lupeol blocked the phosphorylation of 
STAT3 by enhancing the expression of tyrosine phosphatase 
SHP‑2. In our case, lupeol did not affect the expression 
of SHP‑2 and treatment with pervanadate, a phosphatase 
inhibitor, did not abrogate lupeol‑induced apoptosis in NSCLC 
cells (data not shown). Instead, our results clearly demonstrated 
that STAT3 activation was dependent on the activity of EGFR.

Despite the novelty of this study, further molecular evidence 
should be provided to demonstrate the direct binding between 
lupeol and EGFR. We also cannot exclude the possibility that 
other upstream molecules of STAT3, such as IL6R and Src, 
are regulated by lupeol. In addition, if lupeol does modulate 
various upstream targets of STAT3, it would be of interest to 
examine the effects of lupeol on the crosstalk between these 
targets to strengthen its anticancer activity.

In conclusion, in this study, we propose a novel molecular 
mechanism of lupeol which involves the induction of the 
apoptosis of NSCLC cells. Our results revealed that lupeol can 
directly bind to the TK domain of EGFR with a quite low binding 
energy comparable to erlotinib, leading to the suppression of 
EGFR/STAT3 activity. Lupeol exerted anticancer effects, not 
only in EGFR wild‑type NSCLC cells, but also on H1975 cells 
with a secondary T790M mutation. These results collectively 
suggest that lupeol may be an alternative therapeutic option 
for patients with advanced NSCLC with acquired EGFR‑TKI 
resistance, as well as for patients with EGFR  TKI‑naïve 
NSCLC. Further preclinical and clinical studies are required to 
evaluate the anticancer activity of lupeol.
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