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[ABSTRACT] Cucurbitacin E (CuE) is previously reported to exhibit antitumor effect by several means. In this study, CuE acted as a

tyrosine kinase inhibitor interfering with the epidermal growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK) signal-

ing pathway and subsequently induced apoptosis and cell cycle arrest in non-small-cell lung cancer (NSCLC) cell line A549. The ap-
optosis regulators, cleaved Caspases-3 and Caspases-9, were observed to be increased with the treatment of CuE. The activated tran-
scription factor STAT3 and the apoptosis inhibitor protein survivin were also observed to be reduced. The cell cycle regulators, Cyc-
linA2, cylinB1, CyclinD1 and CyclinE, were also investigated and the results suggested that the cell cycle was arrested at G1/GO
phase. Treatment of CuE also altered the existence status of most of the participants in the EGFR/MAPK signaling. Phosphorylation of
EGFR enhanced significantly, leading to the alteration of members downstream, either total amount or phosphorylation level, notably,
MEK1/2 and ERK1/2. Moreover, the results of molecular simulation brought an insight on the interaction mechanism between CuE
and EGFR. In summary, CuE exhibited anti-proliferative effect against A549 cells by targeting the EGFR/MAPK signaling pathway.
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Introduction

In recent years, more and more attention has been paid to
plant-derived compounds for the prevention and treatment of
various diseases. For example, saponins, as natural products
of plant-derived, have been widely used in dietary modifica-
tion of metabolic syndrome 1. Cucurbitacins, as a set of bio-
active plant source compounds, are tetracyclic triterpenes
found in cucurbitaceous plants originally. Unlike most other
tetracyclic triterpenes, they are highly unsaturated and con-
taining numerous hydroxy-, keto- and acetoxy-groups. Cucur-
bitacins have shown cytotoxic properties and are currently
being studied for their pharmacological and potential biolo-
gical activities . Many of them have been developed as po-
tential drugs to treat inflammatory and cancer ™ *
ample, cucurbitacin C has antitumor activity in vivo and in

! For ex-
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vitro, inhibiting the proliferation and cloning potential of
multiple cancer cells in a dose-dependent manner ™. There
are many varieties of cucurbitacins, and researches on the an-
ticancer activity of them have been focused on the four vari-
eties B, D, E and 1 ™. Among them, cucurbitacin E (CuE)
with strong antioxidant and anticancer activity derives from
plants of the genus cucurbitaceae melon (Cucumis melo L.)
stem. As CuE is the first cucurbitacin synthesized " and
abundantly distributed in plants, it can be extracted in large
quantities in many traditional Chinese medicinal plants. In
the matter of fact, CuE is the a major cucurbitacin in Chinese
medicine Guadi (fruit base of Cucumis melo L.) ™ and occu-
pies the largest portion of cucurbitacin in water melon (C.
lanatus), a popular fruit | thus there were abundant original
material for its production. Given CuE is reported to have
lower half inhibitory concentration in many researches "',
it is an attractive compound for deeper investigation. For in-
stance, one study in vitro has demonstrated that CuE therapy
can inhibit the expression of YAP and its downstream signal-
ing genes in non-small cell lung cancer, and inhibit brain
metastasis of non-small cell lung cancer in mouse model ex-
periments ""*. CuE was reported to inhibit tumor angiogenes-
is through VEGFR2 mediated Jak2/STAT3 signaling path-
way "', It also can activate AMPK and block mTOR depend-
ing on signaling pathway to improve hepatic fibrosis ""*\. CuE
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co-treatment can enhance doxorubicin concentration in the
M5076 ovarian sarcoma cells.

Epidermal growth factor receptor (EGFR) is a transmem-
brane protein and a receptor tyrosine kinase. Mutations that
lead to EGFR over-expression are associated with the devel-
opment of various tumors ", Therefore, EGFR is a hot mo-
lecular target in cancer therapy """ Several cucurbitacins
have been reported to exert their antitumor activities via
EGFR/mitogen-activated protein kinase (EGFR/MAPK) sig-
naling pathway " Studies presented thus far support the idea
that the EGFR target is a therapeutic target for many cucur-
bitacins varieties as potential anticancer drugs. For instance,
cucurbitacin Ila can interfere the EGFR/MAPK signaling
pathway and lead to inhibition the proliferation of A549
cell P Cucurbitacin B (CuB) induces lysosomal degrada-
tion of EGFR and inhibits the CIP2A/PP2A/Akt signaling ax-
is in patients with gefitinib-resistant NSCLC ', CuB was
also reported to induce cell cycle inhibition and apoptosis in
colorectal cancer cells by inhibiting the STAT3 and EGFR
signaling **. Treatments with CuB inhibited the expression
of EGFR and its downstream signaling pathways to suppress
the proliferation of pancreatic cancer cells by combining of
inducing cell cycle arrest ™. In breast cancer cell, cucur-
bitacin I can inhibit the motility and Racl activation by
targeting to EGFR ™. Although CuE has been reported
to be capable of inhibiting variety of cancer cells in various
mechanism ' 230 up to date, available mechanism in-
volving EGFR or the EGFR/MAPK pathway is limited in the
treatment of two leukemia cell lines ®”. As lung cancer is
concerned, several studies with CuE treatments are availa-
ble ™3 but EGFR or EGFR/MAPK pathway involved
mechanism is still unrevealed.

Non-small cell lung cancer (NSCLC) is the most com-
mon type of lung cancer, and as a typical cell line of NSCLC,
A549 is a famous platform in anticancer research for reveal-
ing mechanisms and therapeutic drugs exploration for
NSCLC. This study was designed to reveal the potential
mechanism in the inhibition of CuE to NSCLC cell line
A549. In this study, apoptosis and cell cycle in A549 cells
were investigated after treatments of CuE. The regulators of
apoptosis and cell cycle as well as the members of possible
upstream EGFR/MAPK signaling pathway were examined.
In addition, the binding mode and binding stability of CuE
(Fig. 1) with EGFR were explored by combination of mo-
lecular docking and molecular dynamics (MD) simulation.

Fig. 1 Structure of cucurbitacin E

Materials and Methods

Materials

Human non-small cell lung cancer (A549) was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Dulbecco’s modified eagle’s medium
(DMEM), dimethyl sulfoxide (DMSO), 0.25% trypsin solu-
tion (with EDTA) and Penicillin-Streptomycin Liquid were
obtained from Solarbio Life Science Ltd. (Beijing, China).
Fetal bovine serum (FBS) was obtained from HyClone (Lo-
gan, UT, USA). A549 cells were cultured in DMEM with 1%
of Penicillin-Streptomycin Liquid and 10% FBS in 10 cm
petri dishes at 37 °C with 5% CO, in incubator.

Primary antibodies for EGFR, p-EGFR(Y1068), RAS,
BRAF, p-BRAF (T401), Rafl, p-Rafl(S338), MEK1/2, p-
MEK1/2(S218/S222), ERK1/2, p-ERK1/2(T202/Y204), Cas-
pase-3, Caspase-9, STAT3, p-STAT3(Y705), Survivin, Cyc-
linA2, CyclinB1, CyclinD1, cyclinEl and GADPH were ob-
tained from Abcam Co. (Cambridge, UK). Goat anti-rabbit
HPR-conjugated secondary antibody was obtained from Sino
Biological Inc. (Beijing, China) and ECL Immunoblotting
Detection Reagents were obtained from Clinx Science Instru-
ment Co., Ltd. (Shanghai, China). CuE was obtained from
Yuanye Biotechnology Co., Ltd. (Shanghai, China). The
eBioscience™ Annexin V-Fluorescein isothiocyanate (FITC)
Apoptosis Detection Kit and propidiumiodide (PI) were pur-
chased form Thermo Fisher Scientific (San Jose, CA, USA).
All the chemical reagents used in the cell culture experi-
ments are cell culture grade.

Apoptosis and cell cycle analysis

According to the previously reported toxicity of CuE to
A549 cells 9 three different concentrations of CuE were ad-
opted for cell treatments. Cells were cultured in 6-well plate
in 2 mL of DMEM medium with 10% FBS (2.5 x 10°cells per
well) for approximately 14 h, then the medium was dis-
carded and 2 mL of new medium was added to each well and
subsequently cultured for 1 h before 2 puL of different concen-
tration of CuE stock solutions (0, 0.25, 1.0 and 2.5 mmol-L™)
was added. The cells were cultured for 24 h and harvested for
apoptosis and cell cycle analysis. Annexin V-FITC and PI
were added to the cells and cells were cultured in the dark at
temperature for 15 min. After incubation, analyzed with the
guava easyCyte™ flow cytometer (EMD Millipore, Inc., Ger-
many).

Western blotting

Cells with a density of 5 x 10%10 mL DMEM medium
were cultured in a 10 cm culture dish for 14 h, and then fresh
DMEM medium was replaced. After 1 h of culture, 10 pL of
DMSO with or without cucurbitacin E was added to make the
final concentration of cucurbitacin E was 0, 0.25, 1.0 and 2.5
pmol-L™". The cells were cultured for 4, 8 and 12 h respect-
ively and collected for total protein extraction. The protein
concentration was quantitated by BCA method and adjusted
to be equivalent to performed SDS-PAGE and the samples
were loaded 25 pg per well. Proteins were then transferred to
a PVDF membrane and blocked with 5% skim milk or 5%
bovine serum albumin. The membrane was subsequently in-
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cubated with rabbit primary antibodies. After the end of in-
cubation, the membrane was washed with TBST buffer and
incubated with HRP-labelled goat anti-rabbit secondary anti-
bodies. After incubation, the film was washed and ECL lu-
minescent solution was added. The bands were observed with
the protein gel imager. GADPH was taken as the internal ref-
erence. The gray density of bands was measured by ImagelJ
software referenced to GAPDH.
Molecular simulation

Firstly, for the docking prediction, the 3D structure of
EGFR-erlotinib complex is available (1IM17) in the Protein
Data Bank ™. The water molecules and erlotinib were re-
moved by Chimera 1.11 and then the hydrogen atoms were
added by AutoDockTools 1.5.6. The structure of CuE was
built and optimized by using GaussView and Gaussian 09W
respectively. Following the validation of the docking pro-
tocol, both of CuE and EGFR were loaded to AutoDock-
Tools 1.5.6 for a total of 10 docking runs. Afterwards the
docking conformation with the lowest binding free energy
was used to perform the subsequent MD calculation. Briefly,
the CuE-EGFR complex was solvated in a cubic box with
simple point charge (SPC) explicit water solvent. The coun-
terion was distributed randomly to maintain charge neutrality.
The whole system was equilibrated with position restraints on
both of the protein and ligand at the constant temperature and
pressure conditions after its energy minimization. Afterwards
the position restraints were removed and the system was sub-
jected to a 20 ns MD simulation. The root mean squared devi-
ation (RMSD) values of EGFR were calculated with respect
to its crystal structure. Then the RMSD values of CuE were
also calculated against its best docking pose. Both of the
aforementioned RMSD values were used to assess the bind-
ing stability between EGFR and CuE.

Results and Discussion

Cucurbitacin E induced apoptosis in A549 cells

Apoptosis induction was reported in other lung cancer
cells by treatments of CuE " *. The apoptosis induction in
A549 cells by CuE was observed in this study. As shown in
Figs. 2A and 2B, the numbers of normal cells were obvi-
ously decreased by treating with CuE at all concentrations
tested, which were very significantly different to the carrier
control (P <0.001). On the contrary, the numbers of apoptos-
is cells increased in all treatments: the viable apoptotic cells
were very significantly different between carrier and CuE
treatments (P <0.001), and so did the numbers of late apop-
totic cells (P < 0.001, 0.01 or 0.05), though the difference of
number of necrosis cells were not significant. Interestingly, it
seemed that the high concentration of CuE did not promote
the viable apoptotic cells forward to the late phase but on
contrary, inhibited the process (Fig. 2B). These observations
confirmed the complex effects of CuE to different lung can-
cer cells P4,

The apoptosis regulators, caspase-9 and casepase-3 were
tested by western blotting (Fig. 2C). The results suggested
that in the treatments of lower and moderate concentrations,

®

the cleaved caspase-9 was observed to be increased time-de-
pendently and but in high concentration treatments, the in-
crease reversed at 12 h-test-point. On the other hand, in the
early treatments, the accumulation of cleaved caspase-9 was
dose-independent and nearly constant, but in the moderate
treatment time, the accumulation increased was dose-depend-
ently. The increase of accumulation of cleaved caspase-9 was
also observed to be dose-dependent in 12 h treatments at low
and moderate concentration, but this increase descended at
high concentration. The finding that regulation of apoptosis
depending on caspases in A549 cells is accordant with the
previous report in other lung cancer cells ',

STAT3, a transcriptional factor and the product of the
oncogene STAT3 P° was also tested by Western blotting
(Fig. 2, Fig. S1). Its total accumulation was relatively con-
stant in all the treatments with only a slight decrease in the
12 h treatments. However, the phosphorylated STAT3 was
decreased time-dependently at all treatments and and dose-
dependently in the 4 h and 8 h treatments. In 12 h treatments,
the phosphorylation was increased compared to the carrier
treatment and the increment was higher at lower concentra-
tion. Previous studies revealed that CuE modulated apoptosis
by various pathway ¥”** "1 but in the studies related to
lung cancer, the STAT3 dependent pathway was absent. Our
results suggested that CuE induced apoptosis via STAT3 de-
pendent pathway. The accumulation of survivin, an inhibitor
of apoptosis protein %, was also investigated. The results
suggested that, the treatment of CuE resulted in the degrada-
tion of survivin in all treatments, but the residuary amounts
were higher in the higher concentration and longer treat-
ments (Fig. 2C, Fig. S1). This may help to understand why
high concentration of CuE inhibited the apoptosis process in
Fig. 2B.

Cucurbitacin E arrested the cell cycle at G1/G0O phase in
A549 cells

CuE have been demonstrated to be capable of modulat-
ing the expression of cell cycle regulators in multiple cell
lines ), but cell cycle in A549 was not analyzed. In this
study, the treatments of CuE were also observed to be cap-
able of inducing cell cycle arrest in A549 cells (Figs. 3A and
3B). After the treating with CuE, the numbers of cells in
G1/G0 phase increased sharply (P < 0.001) in all treatments.
On the contrary, the numbers of G2/M cells were decreased
significantly (P <0.001, 0.01. or 0.05). Likewise, the num-
ber of cells in S phase decreased in low (0.25 umol-L™") and
moderate (1.0 pmol-L™") concentration treatments and the dif-
ference were very significant (P < 0.001), but the same trend
could not be observed in high concentration (2.5 pmol-L™)
treatment. The present finding that CuE arrest cell cycle at
G1/GO phase is totally different to the previous studies which
arrested at G2/M phase in other cells #* ],

Four cell cycle regulators, cyclinA2, cyclinB1, cyclin El
and cyclinD1 were investigated by Western blotting (Fig. 3C,
Fig. S2). The results suggested that the accumulation of cyc-
linA2, cyclinB1 and cyclin E1 were decreased and were both
time- and dose-dependent. The accumulation of CyclinEl
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was decreased in the all treatments, though only was time-de- compared to others. It is reported that the decrease of cyc-

pendent. The decrement of cyclinB1 was the most significant linA2 and cyclinD1 in A549 cells resulted in G1/GO0 phase ar-
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Fig. 2 Apoptosis analysis after treatments of cucurbitacin E. Apoptosis analysis were performed using cells treated below: 2.5 x
10° cells per well precultured for 14 h in 2 mL medium on 6-well plates treated with 0.25, 1.0, 2.5 pmol-L™" of CuE for 24 h.
DMSO (0.1%) was used as carrier controls. (A) Flow cytometry charts; (B) Statistical charts. All the data are from 3 independent

repeats per treatment and presented as mean = SD. ‘P<0.05,"P<0.01,

s

P <0.001 vs carrier control groups; (C) Western blot-

ting analysis on cells treated with CuE at the concentration of 0, 0.25, 1.0 and 2.5 pmol-L™" respectively for 4, 8 and 12 h for the
apoptosis regulators and oncogene products indicated. DMSO (0.1%) was used as carrier controls

rest 7

, which is accordant to the current results. Therefore,
these results combined with the large decrement of cyclinB1
resulted in the cell cycle arrest at G1/GO phase. In this study,
decrease of the cyclinA2 and cyclinB1 by CuE was first ob-
served in A549 cells. On the other hand, decrease of the cyc-
linB1 is contrary to previous studies in breast cells **.
Cucurbitacin E affected to the EGFR/MAPK pathway
EGFR/MAPK pathway is an essential pathway in cells
that plays a key role in multiple biological and pathological
process in cells. It is important in the process of development
and migration of numerous malignant tumors including non-
small cell lung cancer (NSCLC) """, Thereby, the member of
EGFR/MAPK pathway, namely, EGFR, RAS, Rafl/BRAF,
MEK1/2 and ERK1/2 were investigated by Western blotting
with the aim to further illustrate the above results of apoptos-
is and cell cycle arrest. The results are presented in Fig. 4 and
Fig. S3. As shown in the figure, the accumulation of total
RAS, Rafl, MEK1/2 and ERK1/2 were relatively constant in
all treatments. However, the total amount of EGFR increased
slightly in a dose-dependent manner, but time-independent.
As for total BRAF, it remained constantly at low early treat-
ments, and decreased dose-dependently in later treatments,
the decreases were time-dependent in all treatments. The
phosphorylated EGFR was increased, but the increments in
long-time treatment were smaller than short-time treatments.
In short-time treatments, the accumulation burst at low con-
centration of CuE and decreased afterward as the concentra-
tion increased. But in long-time treatments, the accumulation
was increasingly as the dose increased, which was accordant
to the previous investigation in leukemia cell lines ®”. The
phosphorylated BRAF was relative constant despite of long-
time treatment with high CuE concentration. The phos-
phorylation of Rafl was decreased in short-time treatment
and the decrement was dose-dependently increased. In mod-

®

erate treatment time, the phosphorylation of Rafl was in-
creased with the increase of CuE and the same results were
observed in the long-time treatment with low and moderate
concentration of CuE. However, the phosphorylated Rafl
turned down in at high concentration of CuE in long-time
treatments. The accumulation of phosphorylated MEK1/2
was observed to be decreased both dose- and time-dependent.
On contrary, phosphorylated ERK1/2 increased both and
dose- and time-dependently.

Activation and inhibition of members in EGFR/MAPK
pathway basically result in alteration of biological processes
related to the pathway. MEK inhibition was reported to be
capable of inducing apoptosis % The present results that
phosphorylation MEK1/2 was downregulated by treatment
of CuE maybe one of the reasons to the induction of apoptos-
is. The activation of ERK leads to genes induction, i.e., cas-
pase-9 and cyclin B1 which can regulate cell growth and sur-
vival . A549 cells treated with CuB and one of its derivat-
ives (DACE) showed increased phosphorylation of ERK,
cleavage of casapase-3/9 and degradation of cylinBl and
therefore resulted apoptosis and cell cycle arrested °**. In
this work, the phosphorylation of ERK was upregulated, and
this could be one of reasons causing the caspase-9 and cyn-
IcinB1 were observed increased and decreased respectively
above.

Binding mode and binding stability of EGFR with CuEl

Herein, the binding mode and binding stability of EGFR
with CuE were explored by combination of molecular dock-
ing and MD simulation. As shown in Fig. SA, CuE is located
at the ATP-binding site of EGFR tyrosine kinase domain and
is stabilized by the hydrogen-bonding interactions with
neighboring amino acid residues, including Leu694, Met769,
Arg817, and Asp831. Among which, Leu694 and Met769
have been reported to play a pivotal role in maintaining the
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Fig. 3

Cell cycle analysis after treatments of cucurbitacin E. Cell were treated as in apoptosis and used for cycle analysis.

(A) Charts of cell signal peaks; (B) Statistical charts. All the data are from 3 independent repeats per treatment and presented as
mean = SD. “P<0.01, P < 0.001 vs carrier control groups.”P < 0.01, **P < 0.001 between treatments groups; (C) Western blot-
ting analysis on cells treated with CuE at the concentration of 0, 0.25, 1.0 and 2.5 umol-L'1 respectively for 4, 8 and 12 h for the
cell cycle regulators indicated. DMSO (0.1%) was used as carrier controls

binding between EGFR and tyrosine kinase inhibitors ™!,

which is confirmed by the present work. The results of a 20
ns MD simulation for the CuE-EGFR complex have been
shown in Fig. 5B. The protein backbone atoms essentially re-
main at dynamical equilibrium throughout the simulation,
with average RMSD value of 0.31 + 0.05 nm. In contrast with
EGFR, CuE undergoes a more drastic conformational change,
with average RMSD value of 0.56 £+ 0.13 nm. Since CuE pos-
sesses a tetracyclic triterpenoid skeleton, which is too large to
be accommodated within the binding pocket and, unfortu-
nately, protrudes out of the cavity (Fig. 5A) and, hence, dis-
rupts the binding stability of CuE toward EGFR. In conclu-
sion, the binding mode of the CuE-EGFR complex observed

from molecular docking is consistent with their binding sta-
bility assessed by MD simulation.

Conclusion

Treatment of CuE induced STAT3 dependent apoptosis
cell cycle arrested at G1/GO phase. Apoptosis and cell cycle
arrest in treatments were attributed to the EGFR/MAPK sig-
naling suppression by altering the activation of EGFR and
other kinases. Molecular simulation also brought an insight
on the interaction mechanism between CuE and EGFR.
Therefore, CuE acted as a tyrosine kinase inhibitor interfer-
ing with the EGFR/MAPK signaling pathway and exerted its
anti-proliferative effect against A549 cells.
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Fig. 4 The effect of cucurbitacin E treatment to participants in EGFR/MAPK pathway. Cells were treated with CuE at the con-
centration of 0, 0.25, 1.0 and 2.5 umol-L’1 respectively for 4, 8 and 12 h. (A) Western analysis for EGFR, Ras, BRAF and Rafl;
(B) Western analysis for MEK1/2 and ERK1/2. DMSO (0.1%) was used as carrier controls
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Fig.5 The results of molecular simulation. (A) The binding conformation of cucurbitacin E in the binding pocket of EGFR. Hy-
drogen bonds are highlighted as blue dashed lines; (B) The root mean squared deviation (RMSD) values of EGFR and cucur-
bitacin E in the dynamic binding process
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