
INTRODUCTION

Picropodophyllotoxin (PPT) is an epimer of podophyllotoxin 
(PT), which is a bitter-tasting aryltetralin-type lignan and was 
the main component in the alcohol-soluble fraction of Podo-
phyllum species (Canel et al., 2000; Gordaliza et al., 2004; 

Shah et al., 2021). PT targets microtubule assembly and ex-
hibits potent anticancer activity but has severe systemic toxic-
ity in normal cells (Gordaliza et al., 2004; Zhao et al., 2021). 
Thus, PPT with a low toxicity, 50% lethal dose (LD50) of more 
than 500 mg/kg in rodents was developed (Girnita et al., 2004; 
Vasilcanu et al., 2004). Interestingly, despite its high structural 
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Patients with non-small-cell lung cancer (NSCLC) with epidermal growth factor receptor (EGFR) amplification or sensitive muta-
tions initially respond to the tyrosine kinase inhibitor gefitinib, however, the treatment becomes less effective over time by resis-
tance mechanism including mesenchymal-epithelial transition (MET) overexpression. A therapeutic strategy targeting MET and 
EGFR may be a means to overcoming resistance to gefitinib. In the present study, we found that picropodophyllotoxin (PPT), 
derived from the roots of Podophyllum hexandrum, inhibited both EGFR and MET in NSCLC cells. The antitumor efficacy of PPT 
in gefitinib-resistant NSCLC cells (HCC827GR), was confirmed by suppression of cell proliferation and anchorage-independent 
colony growth. In the targeting of EGFR and MET, PPT bound with EGFR and MET, ex vivo, and blocked both kinases activity. 
The binding sites between PPT and EGFR or MET in the computational docking model were predicted at Gly772/Met769 and 
Arg1086/Tyr1230 of each ATP-binding pocket, respectively. PPT treatment of HCC827GR cells increased the number of annexin 
V-positive and subG1 cells. PPT also caused G2/M cell-cycle arrest together with related protein regulation. The inhibition of 
EGFR and MET by PPT treatment led to decreases in the phosphorylation of the downstream-proteins, AKT and ERK. In addition, 
PPT induced reactive oxygen species (ROS) production and GRP78, CHOP, DR5, and DR4 expression, mitochondrial dysfunc-
tion, and regulated involving signal-proteins. Taken together, PPT alleviated gefitinib-resistant NSCLC cell growth and induced 
apoptosis by reducing EGFR and MET activity. Therefore, our results suggest that PPT can be a promising therapeutic agent for 
gefitinib-resistant NSCLC.
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similarity, PPT did not decrease tubulin assembly or topoisom-
erase activity, unlike PT, but it inhibited insulin-like growth fac-
tor-1 receptor activity (Girnita et al., 2004). Recently, PPT was 
reported to exert anticancer effects in colorectal cancer and 
esophageal squamous cell carcinoma by inducing apoptosis 
via ROS-induced Jun N-terminal kinase/p38 mitogen-acti-
vated protein kinase pathways (Kwak et al., 2020; Lee et al., 
2021). However, the molecular mechanism of PPT involved in 
anticancer activity has not been completely elucidated. 

Lung cancer is the first leading cause of cancer-related 
deaths worldwide in both males and females excluding gen-
der-specific cancers (International Agency for Research on 
Cancer, 2020). It is estimated to cause 68,820 deaths in males 
and 61,360 in women in the United States (US) in 2022, with 
more than 80% attributed to smoking (Siegel et al., 2022). And 
the number of people surviving since a diagnosis on January 
1, 2022, in the US was estimated at 287,050 and 367,570 for 
males and females, respectively (Miller et al., 2022). Lung can-
cer treatment differs according to the classification, in which 
~14% are small-cell lung cancer (SCLC) and ~82% are non-
small cell lung cancer (NSCLC) (Griffin and Ramirez, 2017; 
Miller et al., 2022). In genome-associated targets, the major 
causes of lung cancer are known to be epidermal growth fac-
tor receptor (EGFR) mutation, mesenchymal-epithelial tran-
sition (MET) amplification and anaplastic lymphoma kinase 
translocation, and Kirsten rat sarcoma viral oncogene muta-
tion (Akhtar and Bansal, 2017; Griffin and Ramirez, 2017; Tian 
et al., 2022). 

EGFR mutations in NSCLC account for 10-15% of ad-
enocarcinoma in white patients and ~50% in Asians (Engel-
man and Janne, 2008; Kosaka et al., 2011; Shah and Lester, 
2020). These findings suggest that EGFR mutation activates 
related signaling pathways, thus inducing lung cancer growth 
and progression. Gefitinib, a receptor tyrosine kinase inhibitor, 
is an EGFR-targeted inhibitor to which lung cancer patients 
with EGFR mutations respond (Kris et al., 2003; Kosaka et 
al., 2011). However, resistance emerges within six months af-
ter therapy (Engelman and Janne, 2008; Kosaka et al., 2011; 
Brugger and Thomas, 2012). Engelman and colleagues es-
tablished a gefitinib-resistant HCC827GR cell line generated 
by the long-term treatment of HCC827 cells with gefitinib and 
found gefitinib resistance by the amplification of MET via the 
activation of ERBB3 signaling (Engelman et al., 2007). There-
fore, the development of a dual inhibitor of EGFR and MET 
that can overcome the resistance mechanism of gefitinib has 
the potential to successfully treat NSCLC.

The purpose of present study was to determine the under-
lying molecular mechanism of cell growth inhibition by PPT 
treatment in gefitinib-resistant NSCLC cells. We investigated 
cell cycle regulation and apoptosis induction through the dual 
inhibition of EGFR and MET in HCC827GR cells, a previ-
ously established gefitinib-resistant cell line. To investigate 
the hypothesis, we examined EGFR and MET activation, the 
expression of downstream molecules, and apoptosis induc-
tion through the kinase assay, pull-down assay, computational 
docking model, western blotting, and various flow cytometry 
analyses. Apoptosis induction by PPT treatment was verified 
by treatment with N-acetyl cysteine, a reactive oxygen species 
(ROS) scavenger, and Z-VAD-FMK, a caspase inhibitor. The 
anticancer activity of PPT can provide insight into the thera-
peutic aspect of gefitinib-resistant NSCLC, indicating that PPT 
may be a candidate for cancer prevention and treatment.

MATERIALS AND METHODS

Reagents and antibodies
The PPT (>95%) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Roswell Park Memorial Institute (RPMI)-
1640 Medium, phosphate buffered saline (PBS), fetal bovine 
serum (FBS), penicillin and streptomycin and trypsin were pur-
chased from Hyclone (Logan, UT, USA). 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), Basal Medium 
Eagle, and dimethyl-sulfoxide (DMSO) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The primary antibodies 
against cyclin B1, cdc2, p21, actin, GRP78, CCAAT/enhancer-
binding protein homologous protein (CHOP), death receptor 
(DR)5, DR4, Bcl-xl, Mcl-1, Bad, Apoptotic protease activating 
factor-1 (Apaf-1), Poly (ADP-Ribose) Polymerase (PARP), cy-
tochrome C (cyto C), α-tubulin, and COX4 were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies 
against p-EGFR (Tyr1068), EGFR, p-MET (Tyr1234/1235), 
MET, p-AKT (Ser473), AKT, p-ERK (Thr202/Tyr204), and ERK 
were purchased from Cell Signaling Biotechnology (Beverly, 
MA, USA).

Cell culture
HCC827GR (MET-amplified and gefitinib-resistant HCC827) 

cells were kindly obtained by professor Pasi A. Jänne, Depart-
ment of Medical Oncology, Dana-Farber Cancer Institute, Bos-
ton, MA, USA. The cells were cultured in RPMI-1640 medium 
with 10% FBS and 100 U/mL penicillin-streptomycin and incu-
bated at 37°C in a 95% humidified and 5% CO2 atmosphere. 

MTT assay
Cells were plated into 96-well plates at a density of 5.5×103 

cells/well and allowed to incubate for 24 h. The cells were 
treated with DMSO or PPT for 24 h or 48 h. After incubation, 
cells were reacted with MTT reagents for 1 h at 37°C. Then, 
supernatant containing culture medium and MTT reagents 
was removed from the each well and formazan crystals were 
dissolved with 100 μL of DMSO. The absorbance at 570 nm 
was measured using a Multiscan GO spectrophotometer 
(Thermo Scientific, Vantaa, Finland).

Anchorage-independent cell growth assay 
Top agar (3%) and culture medium containing BME, 10% 

FBS, 2 mM L-glutamine and 5 μg/mL gentamicin was mixed 
with the cell suspension and then added into 6-well plate 
(8,000 cells/well), which were previously based with 0.6% 
agar in the same medium. Various concentrations of DMSO or 
PPT were added to bottom and upper layer. The plates were 
incubated at 37°C for 2 weeks and the colonies were captured 
and counted by light microscope (Leica Microsystems, Wetz-
lar, Germany). 

Annexin V/7-AAD staining assay
HCC827GR (5.5×104) cells per well in 6-well plate were 

seeded and treated with DMSO or PPT for 48 h. Cells were 
collected and processed as described in the Muse™ Annexin 
V & Dead Cell Kit manual (MCH100105, Merck Millipore, Bil-
lerica, MA, USA). Annexin V/7-aminoactinomycin D (7-AAD) 
stained apoptotic cells were measured using Muse™ Cell 
Analyzer (Merck Millipore).
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Cell cycle analysis
For cell cycle distribution analysis, HCC827GR were seeded 

with density of 5.5×104 cells per well in 6-well culture plates. 
After incubation overnight, the cells were treated with DMSO 
or PPT for 48 h, and harvested using trypsin. Cells were rinsed 
with cold 1X PBS and fixed in cold 70% ethanol overnight at 
–20°C. Then cells were washed with 1X PBS and resuspended 
with Muse™ Cell Cycle Reagent MCH100106 (Merck Millipore) 
and incubated at room temperature (RT) for 30 min in the dark. 
The quantitation of cell cycle distribution was measured by a 
Muse™ Cell Analyzer.

Western blotting
Cells lysate was collected following lysis in RIPA buffer (iN-

tRON Biotechnology, Seongnam, Korea) for 10 min at 4°C and 
sonicated then centrifuged at 13,000 rpm for 30 min. Protein 
concentrations were determined by using the Bio-Rad DC 
Protein Assay kit (Bio-Rad, Hercules, CA, USA). Target pro-
teins were separated by SDS-polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membranes. 
Membranes were incubated with 3% or 5% skim milk in 1X 
PBST (PBS with 0.1% Tween 20) for 2 h, and probed with spe-
cific primary antibodies. Washed membranes with 1X PBST 
were incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies at RT for 2 h. The specific 
protein bands were detected by the Image Quant LAS 500 
(GE Healthcare, Uppsala, Sweden).

Pull-down assay
To analyze the interaction between PPT and EGFR or 

MET, the HCC827GR cell lysate was immobilized to Sepha-
rose 4B beads or PPT-Sepharose 4B beads. A total protein 
extract was incubated for 12 h at 4°C with PPT-Sepharose 
4B beads, or negative control-Sepharose 4B beads in reac-
tion buffer containing 50 mM Tris (pH 7.5), 5 mM EDTA, 150 
mM NaCl, 1 mM/L dithiothreitol, 0.01% Nonidet P-40, 2 μg/mL 
bovine serum albumin, 0.02 mM phenylmethylsulfonyl fluoride 
and 1X proteinase inhibitor. The beads were washed six times 
with washing buffer containing 50 mM Tris (pH 7.5), 5 mM 
EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% Nonidet P-40 
and 0.02 mM phenylmethylsulfonyl fluoride, and then eluted 
with SDS sample buffer. Eluted proteins were identified using 
SDS- polyacrylamide gel electrophoresis and western blotting 
analysis.

Kinase assay
EGFR and MET kinase activity was measured by using 

the EGFR (#3831) and MET (#3361) kinase enzyme system 
(Promega, Madison, Wl, USA) and ADP-Glo kinase assay kit 
(Promega) according to the manufacturer’s instructions. The 
1.8 ng/μL EGFR and 7 ng/μL MET were incubated in a 384-
well white plate with 0.1, 0.2, 0.3, and 0.4 μM of PPT or 1 μM 
of gefitinib or 2 nM of savolitinib, 5 μM or 10 μM of ATP, 0.2 
μg/μL of substrates and kinase reaction buffer containing 40 
mM Tris (pH 7.5), 20 mM MgCl2, 0.1 mg/mL BSA, 50 μM DTT, 
2 mM MnCl2 and 100 μM sodium vanadate at RT for 1 h. To 
complete the kinase reaction and depletes the remaining ATP, 
ADP-Glo reagent was added to each well and allowed to react 
at RT for 40 min. Then kinase activity detection reagent was 
added to each well and incubated at RT for 30 min. Kinase 
activity was determined by Centro LB 960 microplate lumi-
nometer (Berthold Technologies, Wildbad, Germany) for 0.5 s.

Molecular modelling
To predict the binding mode of the receptor tyrosine kinases, 

we performed a molecular docking simulation using Autodock 
Vina (Trott and Olson, 2010). PDB files 4XYF and 1M17 were 
downloaded from protein data bank for the structures of c-Met 
and EGFR. The PDB file for picropodophyllotoxin was gener-
ated with Pymol using the structure data file. To ensure the 
unbiased search, the search grid was set to cover the entire 
surface of the protein. Ten modes were reported after running 
with Autodock Vina for each docking modelling, and the best 
mode was chosen for structure depiction.

Reactive oxygen species (ROS) measurements
Using the Muse™ Oxidative Stress Kit (MCH100111, Mer-

ck Millipore), ROS generation was determined. Briefly, cells 
were exposed to 0.2, 0.3, and 0.4 μM of PPT for 48 h and 
washed with 1X assay buffer then incubated in Muse™ Oxida-
tive Stress Reagent working solution at 37°C for 30 min. The 
samples were analyzed by using Muse™ Cell Analyzer.

Mitochondrial membrane potential (MMP) assay
Changes of the MMP in HCC827GR cells were examined 

using a Muse™ MitoPotential Kit (MCH100110, Merck Mil-
lipore), according to the manufacturer’s instructed protocol. 
Cells were collected and rinsed with 1X assay buffer. Then 
cells were resuspended in Muse™ MitoPotential working so-
lution and incubated at 37°C for 20 min. After incubation with 
7-AAD at RT for 5 min, MMP was measured using Muse™ 
Cell Analyzer.

Isolation of cytosol and mitochondrial fractionation
PPT-treated or –untreated HCC827GR cells were resus-

pended in plasma membrane extraction buffer [250 mM 
sucrose, 10 mM HEPES (pH 8.0), 10 mM KCl, 1.5 mM 
MgCl2∙6H2O, 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethyl-
sulfonyl fluoride, 0.01 mg/mL aprotinin, 0.01 mg/mL leupeptin] 
before homogenization using a 0.1% of digitonin for 5 min. 
The homogenized cells were centrifuged at 13,000 rpm for 5 
min. The supernatant was furtherly centrifuged at 13,000 rpm 
for 30 min (the cytosolic fraction). The remaining pellet was 
washed with plasma membrane extraction buffer and centri-
fuged at 13,000 rpm for 5 min. The pellet was resuspended in 
plasma membrane extraction buffer and 0.5% of triton X-100, 
and centrifuged at 13,000 rpm for 30 min (the mitochondrial 
fraction). The cyto C level of each fraction was visualized by 
western blotting.

Multi-caspase assay
Multi-caspase (caspase-1, -3, -4, -5, -6, -7, -8, and -9) activ-

ity was analyzed by Muse™ Multi-Caspase Kit (MCH100109, 
Merck Millipore). HCC827GR (5.5×104 cells/well) cells were 
plated in 6-well plate and allowed to attach for 24 h. After 
treatment of DMSO or PPT for 48 h, cells were washed with 
1X caspase buffer and incubated with Muse™ Multi-Caspase 
Reagent working solution at 37°C for 30 min. Cells were ana-
lyzed with Muse™ Cell Analyzer following add Muse™ Cas-
pase 7-AAD working solution for 5 min.

Statistical analysis
Statistical tests were performed using one-way ANOVA 

done on Prism 5.0 statistical package (GraphPad Software, 
San Diego, CA, USA) and all data were expressed as mean 
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± standard deviation (SD). A difference of p values<0.05 was 
considered as significant. 

RESULTS

PPT directly binds with either EGFR or MET and inhibits 
both EGFR and MET kinase activity

To identify EGFR and MET targeting by PPT treatment, we 
performed an ex vivo pull-down assay and determined EGFR 
and MET kinase activity (Fig. 1B-1D). The results showed 
that PPT was bound to either EGFR or MET in HCC827GR 
cell lysates (Fig. 1B). In the kinase assay results, the posi-
tive controls gefitinib and savolitinib were used as EGFR and 
MET clinical drugs, respectively. PPT treatment (0.1, 0.2, 0.3, 
and 0.4 μM) significantly inhibited EGFR (39.3, 40.1, 48.6, and 
50.2%) and MET (56.7, 64.8, 68.0, and 73.0%) kinase activ-
ity, respectively, compared to the untreated control group (Fig. 
1C, 1D). The molecular modeling obtained from Autodock Vina 
simulations located PPT in the ATP-binding sites of both re-
ceptor tyrosine kinases (Fig. 1E). For interactions with EGFR, 
the backbone amino groups of Gly772 and Met769 and the 
hydroxyl groups of Thr766 and Thr830 were in positions to 
form hydrogen bonds with PPT (Fig. 1E left). For interactions 
with MET, the backbone amino group from Arg1086 and the 
side chain hydroxyl group from Tyr1230 were likely to form 

hydrogen bonds with PPT (Fig. 1E right). In addition, hydro-
phobic residues, such as Leu694 and Leu768 in EGFR and 
Ile1084 and Ala1108 in MET, were in close contact with PPT. 
These results suggested that PPT inhibited EGFR and MET 
kinase activity by binding in the ATP-binding pocket of EGFR 
and MET, respectively.

PPT inhibits cell viability in gefitinib-resistant HCC827GR 
cells

We used HCC827GR cells to observe the effects of PPT 
in a gefitinib-resistant NSCLC cell line expressing both EGFR 
and MET. To examine the effect of PPT on the viability of 
HCC827GR cells, we performed an MTT assay. The results 
showed that 0.1, 0.2, 0.3, and 0.4 μM PPT decreased cell 
viability significantly to 94.3, 86.6, 70.6, and 44.4% at 24 h 
and to 94.1, 82.9, 68.0, and 34.3% at 48 h, respectively (Fig. 
2A). Treatment with either gefitinib or savolitinib decreased 
HCC827GR cell viability, and cotreatment with gefitinib and 
savolitinib decreased viability to 74.9 and 39.6% at 24 h and 
48 h, respectively (Fig. 2A). The inhibitory effects of PPT on 
cell viability were confirmed by anchorage-independent colo-
ny growth (Fig. 2B-2D). PPT inhibited colony growth to 42.9, 
63.2, 71.4, and 94.7% in a dose-dependent manner (0.1, 0.2, 
0.3, and 0.4 μM, respectively) (Fig. 2B, 2C). Also, cotreatment 
with gefitinib and savolitinib suppressed viability to 84.2%, 
even though single treatments did not affect cell viability (Fig. 
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2B, 2C). In addition, the effect of PPT on colony size showed 
similar inhibitions (Fig. 2D). These results indicated that PPT 
decreased cell viability and colony growth in gefitinib-resistant 
HCC827GR cells.

PPT induced apoptosis and G2/M phase cell cycle arrest in 
HCC827GR cells

We measured the effect of PPT on apoptosis and the cell 
cycle in HCC827GR cells by flow cytometry analysis (Fig. 
3). To evaluate apoptosis, HCC827GR cells treated with 
PPT (0.2, 0.3, and 0.4 μM) were stained with annexin V and 
7-AAD (Fig. 3A). The percent of total apoptosis which are right 
down (early, annexin V+/7-AAD-) plus right upper (late, an-
nexin V+/7-AAD+) population, were increased to 20.6, 26.5, 
and 36.3% at 0.2, 0.3, and 0.4 μM of PPT, respectively (Fig. 
3A). In the cell cycle analysis, the treatment of HCC827GR 
cells with 0.2, 0.3, and 0.4 μM PPT significantly increased 
the subG1 population to 10.1, 25.7, and 58.8%, respectively, 
compared to the untreated group (2.5%) (Fig. 3B). In addition, 
the proportion of G2/M phase HCC827GR cells following PPT 
treatment increased to 35.3, 35.5, and 48.6% compared to un-
treated cells (30.0%), whereas cells in the G0/G1 phase were 
decreased in a concentration-dependent manner and those 
in the S phase didn’t much changed (Fig. 3C). These results 
were confirmed by detecting the expression of G2/M phase 
regulatory markers including cyclin B1, cdc2, and p21 using 
Western blotting (Fig. 3D). As shown in Fig. 3D, PPT reduced 
the expression of cyclin B1 and cdc2 in HCC827GR cells in a 
dose-dependent manner and increased p21 levels compared 

to controls. Therefore, the results demonstrated that the anti-
proliferative effects of PPT in HCC827GR cells induced apop-
tosis and G2/M cell cycle arrest.

PPT down-regulates EGFR and MET-mediated signaling 
pathways

Because PPT bound to both EGFR and MET and inhib-
ited kinase activity, we performed western blotting to identify 
whether PPT regulated EGFR and MET-mediated down-
stream signaling proteins including AKT and ERK (Fig. 4). 
Treatment of HCC827GR cells with increasing concentrations 
of PPT suppressed the phosphorylation of EGFR and MET 
compared to controls, whereas the total form of each was un-
changed. The phosphorylation of the downstream effectors, 
AKT and ERK was also decreased by PPT treatment. These 
results suggested that the direct targeting of EGFR and MET 
by PPT decreased EGFR- and MET-related signaling path-
ways.

PPT increases ROS generation and ER stress in HCC827GR 
cells

Endoplasmic reticulum (ER) stress and redox stress were 
reported to be highly correlated with cell homeostasis and 
apoptosis, and cellular stress could stimulate apoptosis sig-
naling pathways (Cao and Kaufman, 2014). Thus, since PPT 
induced apoptosis in HCC827GR cells, we examined the ef-
fects of PPT on ROS and ER stress levels by flow cytometry 
analysis and western blotting assays (Fig. 5). PPT treatment 
at 0.2, 0.3, and 0.4 μM for 48 h increased ROS production to 
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33.7, 56.8, and 66.4%, respectively, compared to untreated 
cells (28.5%) (Fig. 5A). To verify ROS induction, we treated 
HCC827GR cells with NAC, a ROS scavenger, and measured 
cell viability (Fig. 5B). The results showed that treatment with 
0.4 μM PPT decreased cell viability to 40.7%, whereas treat-
ment with PPT plus NAC decreased cell viability to 74.0% 
(Fig. 5B). In addition, PPT treatment of HCC827GR cells in-
duced the expression of ER stress markers including GRP78 
and CHOP in a dose-dependent manner (Fig. 5C). CHOP is a 
transcription factor for the expression of pro-apoptotic genes 
such as DR in cancer cells (Cao and Kaufman, 2014). As 
shown in Fig. 5C, DR5 and DR4 expression was elevated in 
HCC827GR cells after treatment with PPT for 48 h. These re-
sults indicated that the apoptosis of HCC827GR cells by PPT 
treatment was associated with ROS and ER stress induction.

PPT up-regulates mitochondrial membrane potential 
dysfunction and caspase activity in HCC827GR cells

To investigate HCC827GR cell apoptosis induced by PPT 
treatment via the mitochondrial-mediated pathway, we mea-
sured changes in mitochondrial membrane potential (MMP), 
apoptosis-related protein expression, and multi-caspase ac-
tivity (Fig. 6, 7). The total percentage of depolarized cells after 

PPT treatment (0.2, 0.3, and 0.4 μM) for 48 h increased to 8.9, 
18.2, and 33.6%, respectively, in the MMP assay compared to 
controls (5.9%) (Fig. 6A). As shown in the western blot results, 
the expression of anti-apoptotic marker proteins Mcl-1 and Bcl-
xl was reduced by PPT. However, the level of the pro-apoptotic 
protein Bad was induced in HCC827GR cells treated with PPT 
in a dose-dependent manner (Fig. 6B). Moreover, the expres-
sion of cytosolic cyto C was increased, whereas mitochon-
drial cyto C was decreased. Apaf-1 expression was increased 
and total PARP levels were decreased in a dose-dependent 
manner (Fig. 6B). Next, we determined whether PPT induced 
apoptosis in HCC827GR cells through a caspase-dependent 
pathway by measuring caspase-1, -3, -4, -5, -6, -7, -8, and 
-9 using the Muse™ Cell Analyzer. The results revealed that 
multi-caspase activity including caspase-1, -3, -4, -5, -6, -7, -8, 
and -9 was increased to 11.1, 19.4, and 32.2% in HCC827GR 
cells treated with PPT (0.2, 0.3, and 0.4 μM, respectively) for 
48 h (Fig. 7A, 7B). To evaluate caspase-dependent apoptosis 
by PPT treatment, we used the pan-caspase inhibitor Z-VAD-
FMK to pretreat HCC827 cells for 3 h and later exposed them 
to PPT for 48 h. The MTT assay results showed that cell vi-
ability was reduced by 68.7% by treatment with PPT alone, 
whereas it was only reduced by 17.8% by treatment with Z-

Fig. 3. Effects of PPT on cell apoptosis and cell cycle. (A) Flow cytometry analysis of apoptosis with Annexin V/7-aminoactinomycin D (7-
AAD) binding to HCC827GR cells after treatment with PPT for 48 h. The lower left represents living cells (Annexin V−/7-AAD−), the lower 
right represents early apoptotic cells (Annexin V+/7-AAD−), the upper right represents late apoptotic cells (Annexin V+/7-AAD+), and the 
upper left represents dead cells (Annexin V−/7-AAD+) (left). Numbers in each quadrant are percentages of early and late apoptotic cells. 
Data are mean ± SD. Total apoptosis percent were showed with histogram graph (right). (B) PPT-untreated or –treated NSCLC cells were 
analyzed by Muse™ Cell Analyzer for cell cycle analysis (left). The subG1 population percent were showed with histogram graph (right). (C) 
G0/G1, S and G2/M phase population of cell cycle were presented by percent. Each value represents the mean ± SD (n=3). *p<0.05, 
**p<0.01, or ***p<0.001 compared with the control. (D) The expression of G2/M phase cell cycle-related proteins was confirmed by western 
blotting in HCC827 cells. Actin was used as a loading control.
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VAD-FMK plus PPT (Fig. 7C). These results showed that PPT 
induced apoptosis in HCC827GR cells via a mitochondria (in-
trinsic)- and caspase-dependent pathway.

DISCUSSION

EGFR-targeted therapy for lung cancer patients showed a 
new paradigm in 2000 when first-generation tyrosine kinase 
inhibitors (TKI) including gefitinib, erlotinib, and icotinib were 
introduced. These EGFR-TKIs reversibly bind to the ATP-
binding pocket of EGFR, generating high responses in lung 
cancer patients harboring EGFR-activating mutants (~70%) 
(Jackman et al., 2010). 

Drug resistances after treatment with gefitinib for a while 
are appeared by EGFR-second mutation and EGFR-inde-
pendent alteration. The T790M EGFR mutation is found in 
~50% of EGFR-mediated NSCLC patients, and the mutation 
from threonine to methionine leads to ATP-binding compared 
to gefitinib (Kobayashi et al., 2005; Johnson et al., 2022). In 
contrast, MET amplification is shown in 5-20% of EGFR-TKI 
acquired resistance (Kosaka et al., 2011; Brugger and Thom-
as, 2012; Johnson et al., 2022) and it is mediated by ErbB2 
amplification (Schulze et al., 2005). Because the downstream 
cascades of EGFR and MET signaling pathways including 
AKT and ERK are overlapped, inhibiting both EGFR and MET 
is a potential strategy compared to treatment with single drug 
(Guo et al., 2008; Puri and Salgia, 2008). PPT bound EGFR 
and MET proteins at predicted sites of Gly772 and Met769 in 
EGFR, and Arg1086 and Tyr1230 in MET, thus inhibiting their 
activity (Fig. 1B-1E). Then, we confirmed that inhibiting both 
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EGFR and MET was effective in inhibiting cell growth. In fact, 
a single treatment with gefitinib, an EGFR inhibitor, or savoli-
tinib, a MET inhibitor, failed to significantly inhibit cell viability 
and colony formation (Fig. 2), whereas treatment with both 
gefitinib and savolitinib significantly suppressed cell growth, 
colony numbers, and size. PPT dose-dependently inhibited 
cell viability and colony growth, as well as induced apoptosis 

and cell cycle arrest (Fig. 2, 3). The results indicate that PPT 
effectively inhibited gefitinib-resistant NSCLC by simultane-
ously obstructing EGFR and MET. Furthermore, the activation 
of AKT and ERK involved in the downstream signaling path-
ways of EGFR and MET for enhancing cancer cell survival 
and proliferation, were dose-dependently suppressed follow-
ing decreases in p-EGFR and -MET expression (Fig. 4). 
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Apoptosis is induced mainly by extrinsic and intrinsic path-
ways via DNA damage and cellular stress (Cao and Kaufman, 
2014; Perillo et al., 2020). Excessive ROS levels induce can-
cer cell death by intrinsic apoptotic pathways. This was veri-
fied by the PPT treatment of gefitinib-resistant HCC827GR 
cells. In these cells, PPT treatment-induced ROS production 
was prevented by treatment with NAC, a ROS scavenger (Fig. 
5A, 5B). ER stress-related markers GRP78 and CHOP and 
their downstream DR5 and DR4 levels were elevated by PPT 
treatment (Fig. 5C). Increases in ROS levels induce MMP dys-
function and regulate related known signaling makers (Zorov 
et al., 2014; Perillo et al., 2020). PPT decreased Bcl-xl, Mcl, 
mitochondrial cyto C, and PARP levels, and increased Bad, 
cytosolic cyto C, and Apaf-1 expression (Fig. 6). Caspase 
activity was increased in the late step of apoptosis (Li et al., 
1997; Kim et al., 2021). PPT induced multi-caspase activity, 
which was verified by measuring cell viability after treatment 
with the caspase inhibitor Z-VAD-FMK (Fig. 7).

In conclusion, PPT directly targeted both EGFR and MET 
to inhibit cell proliferation and induce apoptosis in gefitinib-
resistant NSCLC cells. Therefore, PPT can be considered a 
therapeutic agent for the treatment of gefitinib-resistant non-
small cell lung cancer.
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