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Abstract: Evodiamine (EVO) is an indoloquinazoline alkaloid that exerts its various anti-oncogenic
actions by blocking phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt), mitogen-activated
protein kinase (MAPK), c-Met, and nuclear factor kappa B (NF-κB) signaling pathways, thus leading
to apoptosis of tumor cells. We investigated the ability of EVO to affect hepatocyte growth factor
(HGF)-induced c-Met/Src/STAT3 activation cascades in castration-resistant prostate cancer (CRPC).
First, we noted that EVO showed cytotoxicity and anti-proliferation activities in PC-3 and DU145
cells. Next, we found that EVO markedly inhibited HGF-induced c-Met/Src/STAT3 phosphorylation
and impaired the nuclear translocation of STAT3 protein. Then, we noted that EVO arrested the cell
cycle, caused apoptosis, and downregulated the expression of various carcinogenic markers such as
B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large (Bcl-xL), cyclin D1, cyclooxygenase 2 (COX-2),
survivin, vascular endothelial growth factor (VEGF), and matrix metallopeptidases 9 (MMP-9).
Moreover, it was observed that in cPC-3 and DU145 cells transfected with c-Met small interfering RNA
(siRNA), Src/STAT3 activation was also mitigated and led to a decrease in EVO-induced apoptotic cell
death. According to our results, EVO can abrogate the activation of the c-Met/Src/STAT3 signaling axis
and thus plays a role as a robust suppressor of tumor cell survival, proliferation, and angiogenesis.
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1. Introduction

Prostate cancer remains a major cause of mortality annually among males [1–6]. In 2015, prostate
cancer was the fifth commonly diagnosed cancer in South Korea and it is expected to become the
fourth in 2019 [7–9]. Moreover, prostate cancer is predicted to be the seventh cause of mortality in
men in 2019 [9]. Therefore, the incidence of prostate cancer in South Korea is rapidly increasing [8,10].
When prostate cancer is diagnosed, the tumor can be treated by surgery, radiotherapy, chemotherapy,
and hormonal therapy (androgen deprivation) [11,12]. Androgen deprivation therapy (ADT) remains
the commonly prescribed treatment for prostate cancer patients [13,14]. Unfortunately, this therapy is
not curative and leads to the development of metastatic androgen-independent prostate carcinoma
that is significantly resistant to existing therapeutic interventions [15]. Thus, there exist an unmet need
to identify treatment options for castration-resistant prostate cancer (CRPC).
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c-Met is a receptor expressed in epithelial cells that can be induced by hepatocyte growth factor
(HGF) [16]. Activated c-Met can trigger the phosphorylation of downstream mitogen-activated protein
kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) signaling pathways that can mediate cellular
growth, survival, and invasion [11,16]. Furthermore, Src tyrosine kinase has also been suggested as a
downstream target molecule in the c-Met cascade [16]. In clinical studies, c-Met expression has been
frequently observed in metastatic and CRPC, and higher level of HGF can be associated with poorer
outcomes in prostate cancer patients [17–19].

A number of drugs isolated from nature have shown potential against different cancers including
prostate [20–32]. Evodiamine (EVO) is an indoloquinazoline alkaloid reported to have various
pharmacological effects including anti-proliferation [33–35], and anti-tumor properties [36,37], and can
cause both cell cycle arrest [38,39] and apoptosis [40,41] in vitro and in vivo. According to previous
studies, EVO can effectively block PI3K/protein kinase B (Akt), MAPK, and nuclear factor kappa B
(NF-κB) signaling pathways and enhance apoptosis [33,42–44]. In this study, it was observed that EVO
has an anti-proliferation effect in androgen-independent prostate cancer PC-3 and DU145 cells and can
lead to apoptosis through attenuating c-Met/Src/STAT3 signaling pathways.

2. Materials and Methods

2.1. Reagents

EVO (Figure 1A) was received from RTI International (Research Triangle Park, North Carolina,
USA). We dissolved 10 mg of EVO in 3.3 mL of dimethyl sulfoxide (DMSO) to make a 10
mM stock solution and then diluted it to 1 mM in DMSO for use in the experiments. DMSO,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), propidium iodide (PI), Tris base,
glycine, NaCl, sodium dodecylsulfate (SDS), and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The terminal transferase-mediated dUTP–fluorescein nick-end
labeling (TUNEL) assay kit was from Roche Diagnostics GmbH (Mannheim, Germany). The enhanced
chemiluminescence (ECL) kit was from DoGenBio (Seoul, Korea).

2.2. Cell Lines and Culture Conditions

Human prostate cancer (PC-3 and DU145) cells and normal human prostate (RWPE-1) cells were
obtained from the American Type Culture Collection (Manassas, VA, USA). All cells were incubated in
RPMI medium containing 10% inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin.
The cells were incubated at 37 ◦C in 5% CO2 conditions.

2.3. MTT Assay

Cytotoxicity was analyzed with the MTT assay. PC-3, DU145, and RWPE-1 cells were seeded on
96-well plates. Cells were pre-treated with EVO (0, 1, 2.5, 5, and 10 µM) for 1 h and then treated with
HGF (50 ng/mL) for a total of 48 h. Then, the cells were treated with 2 mg/mL of MTT solution (30
µL/well) for 2 h and then with MTT lysis buffer (100 µL/well) for overnight incubation at 37 ◦C. Finally,
after lysis, MTT formazan was measured by VARIOSKAN LUX microplate reader (Thermo Fisher
Scientific Inc, Waltham, MA, USA) at 570 nm. Cell viability was expressed as relative percentages and
normalized in comparison with that of untreated controls [45].

2.4. Real-Time Cell Proliferation Analysis (RTCA)

PC-3 and DU145 cells were seeded onto 16-well E-plates, integrated with gold microelectrode
arrays, and real-time cell analysis (RTCA) was carried out with the xCELLigence System (Roche,
Mannheim, Germany). Background impedance was measured in 100 µL of cell culture medium per
well. The final volume was adjusted to 200 µL cell culture medium, including 5 × 103 cells/well. After
a 20 h initial incubation on the E-plates, all cells were treated with 5 µM of EVO with or without 50
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ng/mL of HGF. Non-treated samples were used as controls. The cell index was monitored for 72 h,
with measurements every 15 min [46,47].

2.5. Cell Morphology

PC-3 (1 × 105 cells/well) and DU145 cells (5 × 104 cells/well) were seeded on 12-well plate. The
cells were treated with EVO (5 µM) and HGF (50 ng/mL) or non-treated for 48 h. Then the cells were
observed using a Nikon ECLIPSE Ts2 microscope (Tokyo, Japan).

2.6. Western blot Analysis

Cells treated with various concentrations of EVO for the indicated times with or without HGF
were washed with 1 × PBS (phosphate-buffered saline) and lysed. Then, protein concentrations were
determined by Bradford reagent (Bio-Rad, Hercules, CA, USA), and equal amounts of whole cell
lysates were prepared. Proteins were resolved by sodium dodecyl–polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred on nitrocellulose membranes. The membranes were blocked with 3%
or 5% skim milk in 1× TBST (1× tert-butyldimethylsilyl (TBS) with 0.1% Tween 20) for 2 h at room
temperature, and proteins were probed with target specific primary antibodies overnight at 4 ◦C. The
membranes were washed with 1× TBST and incubated with horse radish peroxidase (HRP) at room
temperature for 1 h. Then, proteins were detected by ECL (EZ-Western Lumi Femto, DoGenBio, Seoul,
Korea) [48].

2.7. Immunocytochemistry for STAT3 Localization

PC-3 and DU145 cells treated with EVO with or without HGF were fixed in 4% paraformaldehyde
(PFA) in 1× PBS for 20 min, permeabilized with 0.2% Triton X-100 for 10 min, and blocked with
5% BSA in 1× PBS for 1 h. The cells were probed with anti-phospho-STAT3(Tyr705) and -STAT3
antibodies overnight at 4 ◦C. The next day, the samples were washed in 1× PBS and incubated with the
secondary antibodies Alexa Fluor® 488 donkey anti-mouse IgG (H + L) and Alexa Fluor® 594 donkey
anti-rabbit IgG (H + L), at room temperature for 1 h, then washed in 1× PBS, stained with 1 µg/mL
4′,6-diamidino-2-phenylindole (DAPI) for 3 min, and washed again. The samples were mounted using
a fluorescent mounting medium (Golden Bridge International Labs, Mukilteo, WA, USA) and then
analyzed by using an Olympus FluoView FV1000 confocal microscope (Tokyo, Japan) [49].

2.8. Cell Cycle Analysis

To confirm apoptosis, we performed cell cycle analysis. PC-3 (5 × 105 cells/well) and DU145
cells (5 × 105 cells/well) were treated with EVO with or without HGF for the indicated time and at
the indicated concentrations. After treatment, the cells were harvested and washed with 1× PBS,
fixed in 100% ethanol, and incubated for 30 min at 37 ◦C with 0.1% RNase A in 1× PBS. The cells
were then washed, resuspended, and stained in 1× PBS containing 25 µg/mL of PI for 30 min at room
temperature. Then, the cells were analyzed by a BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences,
Becton-Dickinson, Franklin Lakes, NJ, USA) using the BD Accuri C6 Plus software [50].

2.9. TUNEL Assay

Late apoptotic cell death was determined using a Roche Diagnosis TUNEL assay kit. PC-3 (5 ×
105 cells/well) and DU145 cells (5 × 105 cells/well) were treated with EVO with or without HGF for the
indicated times and at the indicated concentrations and then were fixed in 4% paraformaldehyde at
room temperature for 30 min, washed with 1× PBS, and permeabilized with 0.2% Triton X-100 at room
temperature for 15 min. The cells were then washed with 1× PBS and resuspended in TUNEL reaction
mixture for 1 h at 37 ◦C in the dark. DNA damage in the stained cells was analyzed by a BD Accuri™
C6 Plus Flow Cytometer (BD Biosciences, Becton-Dickinson, Franklin Lakes, NJ, USA) using the BD
Accuri C6 Plus software [48].
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2.10. Transfection of siRNA

The Neon™ Transfection System (Invitrogen, Carlsbad, CA, USA) was used for PC-3 and DU145
cells transfection by electroporation, using 100 nM of c-Met small interfering RNA (siRNA) and
scrambled siRNA as a control, aliquoted into sterile microcentrifuge tubes. A Neon Tip was inserted
into the Neon Pipette, and the mixture was aspirated into the tip avoiding air bubbles. The Neon
Pipette was then inserted into the Neon Tube containing 3 mL of Neon Electrolytic Buffer E in the Neon
Pipette Station. PC-3 cells were pulsed three times with a voltage of 1450 V and a pulse width of 10 ms
and incubate for 24 h. DU145 cells were pulsed two times with a voltage of 1260 V and a pulse width
of 20 ms and incubate for 24 h.

2.11. Statistical Analysis

Statistical significance of the data was measured using the Student unpaired t-test. Significance
was set at *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. EVO Suppressed Cellular Growth and Cell Proliferation.

Cell viability of prostate cancer cells was determined after separate and combined treatment with
EVO and HGF. As shown Figure 1B, cells co-treated with EVO and HGF displayed higher viability
than cells treated only with EVO, and the highest cell viability was noted for the group treated with
HGF alone. Additionally, cell viability was found to be higher in normal prostate RWPE-1 cells than
in prostate cancer PC-3 and DU145 cells upon exposure to EVO. To examine cell proliferation, PC-3
and DU145 cells were treated with 5 µM of EVO with or without 50 ng/mL of HGF. Proliferation of
cells co-treated with EVO and HGF was higher again than that of cells treated only with EVO or HGF
(Figure 1C). Moreover, upon morphological examination, EVO-treated cells displayed a decrease in the
number of cells and a round morphology, whereas HGF-treated cells showed an increase in the number
of cells, and EVO/HGF-co-treated cells showed a slight recovery in the cell number with respect to
cells treated with EVO alone (Figure 1D).

3.2. EVO Attenauted c-Met/Src/STAT3 Phosphorylation in PC-3 and DU145 Cells.

The cells were treated with HGF (50ng/mL) for the indicated times to determine the optimum
when c-Met became activated (p-c-Met). We observed that p-c-MET was maximally activated at 15 min
in both cell types (Figure 1E). Phosphorylation of c-Met was induced only in HGF-treated PC-3 and
DU145 cells, whereas EVO substantially downregulated c-Met phosphorylation, without changing
c-Met expression (Figure 1F). We also determined the time point at which Src (p-Src) and STAT3
(p-STAT3) were activated. We noted that these two proteins were also phosphorylated after 15 min of
treatment in both the cells types (Figure 1G). EVO downregulated HGF-induced phosphorylation of
Src and STAT3 without affecting Src and STAT3 expression (Figure 1H). We also studied whether EVO
can inhibit STAT3 nuclear translocation by using immunocytochemistry. As shown on Figure 1I, EVO
effectively downregulated the movement of STAT3 to the nucleus in PC-3 and DU145 cells.

3.3. EVO Caused DNA Damage and Induced Apoptotic Cell Death.

Cell cycle analysis and TUNEL assays were conducted to study apoptotic cell death by flow
cytometry. The cell cycle results showed that EVO induced DNA damage in a time-dependent fashion.
In cells co-treated with EVO and HGF, a decrease in DNA damage was observed with respect to cells
treated with EVO alone (Figure 2A). Moreover, by employing the TUNEL assay it was noted that EVO
induced apoptotic cell death in a concentration dependent fashion, but interestingly, in cells co-treated
with EVO and HGF, apoptotic cell death was mitigated (Figure 2B).
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Figure 1. Inhibition of cell growth by evodiamine (EVO) and hepatocyte growth factor (HGF)-induced
c-Met/Src/STAT3 phosphorylation in human prostate cancer cells. (A) Chemical structure of EVO. (B) PC-3
(5 × 103 cells/well), DU145 (5 × 103 cells/well), and normal human prostate (RWPE-1) (5 × 103 cells/well)
cells were pre-treated with EVO (0, 1, 2.5, 5, 10 µM) for 1 h and then treated with HGF (50 ng/mL) for
a total of 48 h. Cell viability was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. (C) PC-3 (5 × 103 cells/well) and DU145 cells (5 × 103 cells/well) were treated with
EVO or HGF. cell proliferation was determined by using real-time cell analysis (RTCA). (D) PC-3 (1 × 105

cells/well) and DU145 cells (5 × 104 cells/well) were treated with EVO or HGF. After 48 h of treatment, cell
morphology and density were observed by an optical microscope at a 100x magnification. (E) PC-3 (5 ×
105 cells/well) and DU145 cells (5 × 105 cells/well) were treated with HGF (50 ng/mL) for the indicated
times to determine when c-Met activation occurred. Whole cell extracts were prepared and immunoblotted
with antibodies for phospho-c-Met(Tyr1234/1235) (p-c-MET) and c-Met. (F) PC-3 (5 × 105 cells/well) and
DU145 cells (5 × 105 cells/well) were pre-treated with EVO for 4 h and then treated with HGF for 15 min.
Whole cell extracts were prepared and immunoblotted with antibodies for phospho-c-Met(Tyr1234/1235) and
c-Met. (G) PC-3 (5 × 105 cells/well) and DU145 cells (5 × 105 cells/well) were seeded in six-well plates and
incubated overnight in serum-free conditions. Then, they were treated with HGF (50ng/mL) in serum-free
conditions for the indicated times to determine when Src and STAT3 were activated. Whole cell extracts
were prepared and immunoblotted with antibodies for phospho-c-Src(Tyr416), Src, phospho-STAT3(Tyr705),
and STAT3. (H) PC-3 (5 × 105 cells/well) and DU145 cells (5 × 105 cells/well) were seeded in six-well plates
and incubated overnight in serum-free conditions. Then, they were pre-treated with EVO for 4 h and treated
with HGF for 15 min in serum-free conditions. Whole cell extracts were prepared and immunoblotted with
antibodies for phospho-c-Src(Tyr416), Src, phospho-STAT3(Tyr705), and STAT3. (I) PC-3 (3 × 104 cells/well)
and DU145 cells (3 × 104 cells/well) were treated with 5 µM EVO for 4 h. The samples were subjected to
immunocytochemistry with phospho-STAT3(Tyr705) and STAT3 antibodies. Non-treated (NT) and EVO
(−)/HGF (−) indicate control samples treated with medium containing 0.1% DMSO.
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Figure 2. EVO arrests the cell cycle and induces apoptosis in PC-3 and DU145 cells. (A) PC-3 (5 ×
103 cells/well) and DU145 cells (5 × 103 cells/well) were treated with EVO and HGF t the indicated
concentrations and for the indicated times. The cells were digested with RNase A for 1 h, then stained
with propidium iodide and subjected to flow cytometric analysis to monitor the cell cycle. (B) PC-3 (5
× 103 cells/well) and DU145 cells (5 × 103 cells/well) were treated with EVO or HGF at the indicated
concentrations and for the indicated times. The cells were fixed, stained with TUNEL assay reagent,
and then analyzed by flow cytometry. NT and EVO (−)/HGF (−) indicate control samples treated with
medium containing 0.1% DMSO.

3.4. EVO Downregulated the Expression of Carcinogenic Proteins.

As shown in Figure 3A, EVO substantially downmodulated the expression of various proteins
involved in cell survival (B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large Bcl-xL, survivin),
proliferation (cyclooxygenase 2 (COX-2)), cell cycle (cyclin D1), angiogenesis (vascular endothelial
growth factor (VEGF)), and metastasis (matrix metallopeptidase 9 (MMP-9)) in a time-dependent
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manner. In addition, EVO effectively activated caspase-3 and led to poly(ADP-ribose) polymerase
(PARP) breakdown in a time-dependent manner (Figure 3B). Interestingly, EVO not only reduced
HGF-induced expression of anti-oncogenic proteins but also enhanced the levels of pro-apoptotic
proteins (Figure 3C,D).Molecules 2020, 25, x FOR PEER REVIEW 9 of 17 
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Figure 3. EVO suppresses the expression of various oncogenic proteins involved in survival,
proliferation, cell cycle, angiogenesis, and metastasis and induces caspase-3 activation leading to the
appearance of cleaved poly(ADP-ribose) polymerase (PARP). (A) PC-3 (5 × 105 cells/well) and DU145
cells (5 × 105 cells/well) were treated with 5 µM EVO for the indicated times. Whole cell extracts were
prepared and immunoblotted with antibodies for B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra
large (Bcl-xL), cyclin D1, cyclooxygenase 2 (COX-2), survivin, vascular endothelial growth factor
(VEGF), and matrix metallopeptidase 9 (MMP-9). (B) PC-3 (5 × 105 cells/well) and DU145 cells (5 × 105

cells/well) were treated with 5 µM EVO for the indicated times. Whole cell extracts were prepared
and immunoblotted with antibodies for cleaved caspase-3, caspase-3, cleaved PARP, and PARP. (C)
PC-3 (5 × 105 cells/well) and DU145 cells (5 × 105 cells/well) were pre-treated with EVO (5 µM) for 1 h
then treated with HGF (100 ng/mL) or left untreated for 36 h. Whole cell extracts were prepared and
immunoblotted with antibodies for Bcl-xL, COX-2, survivin, and MMP-9. (D) PC-3 (5 × 105 cells/well)
and DU145 cells (5 × 105 cells/well) were pre-treated with EVO (5 µM) for 1 h then treated with HGF
(100 ng/mL) or left untreated for 36 h. Whole cell extracts were prepared and immunoblotted with
antibodies for cleaved caspase-3, caspase-3, cleaved PARP, and PARP. NT and EVO (−)/HGF (−) indicate
control samples treated with medium containing 0.1% DMSO.
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3.5. c-Met Knockdown Blocked Src/STAT3 Signaling in Prostate Cancer Cells.

We next elucidated if EVO can inhibit Src/STAT3 signal through blockage of c-Met signaling in
prostate cancer cells. As shown in Figure 4A and B, c-Met siRNA-transfected cells did not express
c-Met, while non-treated and scramble siRNA-transfected cells displayed c-Met expression after HGF
stimulation. Furthermore, HGF-induced phosphorylation of Src and STAT3 also had no obvious effect
on c-Met siRNA-transfected cells. These results suggest that Src/STAT3 signals are acting downstream
of c-Met, and EVO effectively downregulates the phosphorylation of the c-Met/Src/STAT3 signaling axis.
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Figure 4. Silencing of c-Met in PC-3 and DU145 cells though c-Met small interfering RNA (siRNA)
transfection. (A and B) PC-3 and DU145 cells were transfected with c-Met and scramble siRNA (100
nM) for 24 h using electroporation. The transfected cells were pre-treated with EVO (5 µM) for 4 h and
then treated with HGF (50 ng/mL) for 15 min. Then, equal amounts of whole cell lysate were analyzed
by Western blot using antibodies against phospho-c-Met(Tyr1234/1235) and c-Met. After overnight
incubation in serum-free conditions following transfection, the cells were pre-treated with EVO (5 µM)
for 4 h and then treated with HGF (50 ng/mL) for 15 min in serum-free conditions. Then, equal amounts
of whole cell lysate were analyzed by Western blot using antibodies against p-Src and p-STAT3. (C
and D) Transfected PC-3 and DU145 cells were re-seeded in 96-well plates (5 × 103 cells/well) and
pre-treated with EVO (5 µM) for 1 h, then treated with HGF (50 ng/mL) or left untreated for 48 h. Cell
viability was compared after the different treatments using the MTT assay. (E and F) Transfected cells
were pre-treated with EVO (5 µM) for 1 h then treated with HGF (50 ng/mL) or left untreated for 36 h.
The cells were fixed, stained with TUNEL assay reagent, and then analyzed by flow cytometry. NT and
EVO (−)/HGF (−) indicate control samples treated with medium containing 0.1% DMSO.
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3.6. c-MET Knockdown Increased Cell Viability and Decreased EVO-Induced Cell Death.

When then compared the viability of c-Met-transfected and control cells. We found that
c-Met-transfected cells exhibited higher cell viability than the control groups (Figure 4C and D).
In addition, transfected PC-3 and DU145 cells were pre-treated with EVO (5 µM) for 1 h and then
stimulated with HGF (50 ng/mL) or left untreated for 36 h. As shown in Figure 4E and F, c-Met
siRNA-transfected cells showed a lower percentage of apoptotic cell death upon EVO treatment in
comparison with control and scramble siRNA-transfected cells, as measured by TUNEL assay.

4. Discussion

The aim of this report was to examine the anti-cancer activity of EVO in androgen-independent
prostate cancer. In previous studies, EVO displayed diverse pharmacological actions in various cancer
cells including prostate cancer cells [38,51–54], but the detailed mechanism of its action of remains
obscure. Thus, we investigated if EVO can exhibit cytotoxicity against tumor cells and whether its
anti-neoplastic actions can be mediated by the targeted abrogation of c-Met-dependent signal cascade
(Figure 5).
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Figure 5. EVO downregulates HGF-induced c-Met/Src/STAT3 phosphorylation and causes apoptosis
through blocking the c-Met signaling pathway.

Activation of HGF/c-Met signal can regulate prostate cancer progression and maintain cellular
growth [11,55,56]. We first examined the effective concentration of EVO using a cell viability assay
and we determined the range of concentration (1, 2.5, and 5 µM) to be used in different assays.
EVO caused higher cytotoxicity and exerted greater anti-proliferation and anti-cell growth actions
in DU145 cells compared to PC-3 cells. Next, we investigated the effect of EVO on HGF-induced
c-Met phosphorylation. EVO inhibited not only c-MET phosphorylation but also HGF-induced
Src/STAT3 signaling, that is deregulated in various malignancies [57–63]. EVO substantially suppressed
HGF-induced c-Met/Src/STAT3 phosphorylation and the attenuated the nuclear translocation of STAT3
protein. Additionally, we investigated that EVO effect was not consistent in other mechanisms. As
shown in Figure S1, that only Akt signal decreased in PC-3 cells and Akt and MAPKs signal decreased
in DU145 cells. Therefore, other mechanisms (MAPKs, PI3K/Akt, and NF-κB) were not mainly signaling
pathway and we focused on Src/STAT3 signaling in our study.



Molecules 2020, 25, 1320 10 of 14

We found that EVO can also effectively enhance apoptosis, by performing cell cycle analysis and
TUNEL assay. These results may be different from those of prior studies in which EVO was reported to
cause cell cycle arrest in G2/M phase [14,54,64], while, according to our cell cycle analysis results, EVO
treatment led to sub-G1 phase accumulation of tumor cells in a time-dependent manner. In addition,
we observed that in HGF-co-treated cells, there was a decrease of cells in sub-G1 phase, which led to
the confirmation that EVO regulates the cell cycle by inhibiting c-Met signaling. Moreover, we also
found that HGF-co-treated cells displayed decreased apoptosis than cells treated with EVO alone, as
shown by the results of the TUNEL assays performed in the same conditions as cell cycle analysis.
These TUNEL assay results are consistent with those of other previous studies [14,54].

EVO also reduced the expression of c-Mer/Src/STAT3-regulated carcinogenic molecules, including
those inhibiting apoptosis and regulating proliferation, angiogenesis, and metastasis in PC-3 and DU145
cells. Theses oncogenic proteins can protect tumor cells from apoptosis [6,65] and mediate malignant
transformation [66]. Furthermore, we found that EVO suppressed c-Met/Src/STAT3-regulated oncogenic
proteins even in the presence of HGF. Further, the activation of caspase-3 and PARP cleavage were
observed in the presence or absence of HGF upon EVO exposure.

Besides, to analyze if EVO can inhibit the Src/STAT3 signaling axis by interrupting c-Met signaling,
transfection experiments were carried out. We observed that in c-Met siRNA-transfected cells, the
effect of EVO on HGF-induced c-Met/Src/STAT3 phosphorylation was neutralized. In addition, the
percentage of apoptotic cells decreased and cell viability increased in c-Met siRNA-transfected cells
with respect to control cells. Overall, EVO can attenuate the activation of c-Met/Src/STAT3 pathways
and act as a modulator of cancer cell survival, proliferation, and angiogenesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/6/1320/s1,
Figure S1: Effect of EVO in others signaling cascades such as MAPKs, PI3K/Akt, and NF-κB. (A–B) Both cells were
seeded in six-well plates and incubated overnight in serum-free conditions. Then, they were pre-treated with
EVO for 4 h and treated with HGF for 15 min in serum-free conditions. Whole cell extracts were prepared and
immunoblotted with indicated antibodies. (C) Both cells were prepared same condition as previous. Nuclear
extracts and cytoplasmic extracts were prepared and immunoblotted with indicated antibodies.

Author Contributions: Designed and performed the experiments: S.T.H.; Designed the experiments: J.-Y.U., A.C.,
S.A.A., A.S.N., O.A.N., B.E.B.; Wrote and edited the manuscript: S.T.H., K.S.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (NRF-2018R1D1A1B07042969). This project was also supported by Researchers
Supporting Project number (RSP-2019/5) King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no competing interests.

Abbreviations

HGF: hepatocyte growth factor
PARP: Poly(ADP-ribose) polymerase
Bcl-2: B-cell lymphoma 2
VEGF: Vascular endothelial growth factor
COX-2: Cyclooxygenase 2
MMP-9: Matrix metallopeptidases 9
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
TUNEL: TdT-mediated dUTP nick-end labeling
SDS: Sodium dodecyl sulfate
PBS: Phosphate buffered saline
TBS: Tris buffered saline
ECL: Enhanced chemiluminescence
PI: Propidium iodide
FBS: Fetal bovine serum
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
siRNA: Small interfering RNA

http://www.mdpi.com/1420-3049/25/6/1320/s1


Molecules 2020, 25, 1320 11 of 14

References

1. Caires-Dos-Santos, L.; da Silva, S.V.; Smuczek, B.; de Siqueira, A.S.; Cruz, K.S.P.; Barbuto, J.A.M.;
Augusto, T.M.; Freitas, V.M.; Carvalho, H.F.; Jaeger, R.G. Laminin-derived peptide C16 regulates Tks
expression and reactive oxygen species generation in human prostate cancer cells. J. Cell. Physiol. 2020, 235,
587–598. [CrossRef] [PubMed]

2. Sharma, G.P.; Gurung, S.K.; Inam, A.; Nigam, L.; Bist, A.; Mohapatra, D.; Senapati, S.; Subbarao, N.; Azam, A.;
Mondal, N. CID-6033590 inhibits p38MAPK pathway and induces S-phase cell cycle arrest and apoptosis in
DU145 and PC-3 cells. Toxicol. Vitro 2019, 60, 420–436. [CrossRef] [PubMed]

3. Sikka, S.; Chen, L.; Sethi, G.; Kumar, A.P. Targeting PPARgamma Signaling Cascade for the Prevention and
Treatment of Prostate Cancer. PPAR Res. 2012, 2012, 968040. [CrossRef] [PubMed]

4. Zhang, J.; Sikka, S.; Siveen, K.S.; Lee, J.H.; Um, J.Y.; Kumar, A.P.; Chinnathambi, A.; Alharbi, S.A.;
Basappa, V.K.; Rangappa, K.S.; et al. Cardamonin represses proliferation, invasion, and causes apoptosis
through the modulation of signal transducer and activator of transcription 3 pathway in prostate cancer.
Apoptosis 2017, 22, 158–168. [CrossRef]

5. Zhang, J.; Ahn, K.S.; Kim, C.; Shanmugam, M.K.; Siveen, K.S.; Arfuso, F.; Samym, R.P.; Deivasigamanim, A.;
Lim, L.H.; Wang, L. Nimbolide-Induced Oxidative Stress Abrogates STAT3 Signaling Cascade and Inhibits
Tumor Growth in Transgenic Adenocarcinoma of Mouse Prostate Model. Antioxid. Redox Signal. 2016, 24,
575–589. [CrossRef]

6. Lee, J.H.; Kim, C.; Baek, S.H.; Ko, J.H.; Lee, S.G.; Yang, W.M.; Um, J.Y.; Sethi, G.; Ahn, K.S. Capsazepine inhibits
JAK/STAT3 signaling, tumor growth, and cell survival in prostate cancer. Oncotarget 2017, 8, 17700–17711.
[CrossRef]

7. Jung, K.W.; Won, Y.J.; Kong, H.J.; Lee, E.S.; Community of Population-Based Regional Cancer R. Cancer
Statistics in Korea: Incidence, Mortality, Survival, and Prevalence in 2015. Cancer Res. Treat. 2018, 50, 303–316.
[CrossRef]

8. Lim, S.L.; Park, S.Y.; Kang, S.; Park, D.; Kim, S.H.; Um, J.Y.; Jang, H.J.; Lee, J.H.; Jeong, C.H.; Jang, J.H.; et al.
Morusin induces cell death through inactivating STAT3 signaling in prostate cancer cells. Am. J. Cancer Res.
2015, 5, 289–299.

9. Jung, K.W.; Won, Y.J.; Kong, H.J.; Lee, E.S. Prediction of Cancer Incidence and Mortality in Korea, 2019.
Cancer Res. Treat. 2019, 51, 431–437. [CrossRef]

10. Park, S.K.; Sakoda, L.C.; Kang, D.; Chokkalingam, A.P.; Lee, E.; Shin, H.R.; Ahn, Y.O.; Shin, M.H.; Lee, C.W.;
Lee, D.H.; et al. Rising prostate cancer rates in South Korea. Prostate 2006, 66, 1285–1291. [CrossRef]

11. Wu, J.C.; Wang, C.T.; Hung, H.C.; Wu, W.J.; Wu, D.C.; Chang, M.C.; Sung, P.J.; Chou, Y.W.; Wen, Z.H.;
Tai, M.H. Heteronemin Is a Novel c-Met/STAT3 Inhibitor Against Advanced Prostate Cancer Cells. Prostate
2016, 76, 1469–1483. [CrossRef] [PubMed]

12. Michaelson, M.D.; Cotter, S.E.; Gargollo, P.C.; Zietman, A.L.; Dahl, D.M.; Smith, M.R. Management of
complications of prostate cancer treatment. CA Cancer J. Clin. 2008, 58, 196–213. [CrossRef] [PubMed]

13. Maluf, F.C.; Smaletz, O.; Herchenhorn, D. Castration-resistant prostate cancer: Systemic therapy in 2012.
Clinics (Sao Paulo) 2012, 67, 389–394. [CrossRef]

14. Kan, S.F.; Yu, C.H.; Pu, H.F.; Hsu, J.M.; Chen, M.J.; Wang, P.S. Anti-proliferative effects of evodiamine on
human prostate cancer cell lines DU145 and PC3. J. Cell. Biochem. 2007, 101, 44–56. [CrossRef] [PubMed]

15. Liu, T.; Mendes, D.E.; Berkman, C.E. From AR to c-Met: Androgen deprivation leads to a signaling pathway
switch in prostate cancer cells. Int. J. Oncol. 2013, 43, 1125–1130. [CrossRef] [PubMed]

16. Dai, Y.; Siemann, D.W. BMS-777607, a small-molecule met kinase inhibitor, suppresses hepatocyte growth
factor-stimulated prostate cancer metastatic phenotype in vitro. Mol. Cancer Ther. 2010, 9, 1554–1561.
[CrossRef] [PubMed]

17. Naughton, M.; Picus, J.; Zhu, X.; Catalona, W.J.; Vollmer, R.T.; Humphrey, P.A. Scatter factor-hepatocyte
growth factor elevation in the serum of patients with prostate cancer. J. Urol. 2001, 165, 1325–1328. [CrossRef]

18. Knudsen, B.S.; Edlund, M. Prostate cancer and the met hepatocyte growth factor receptor. Adv. Cancer Res.
2004, 91, 31–67.

http://dx.doi.org/10.1002/jcp.28997
http://www.ncbi.nlm.nih.gov/pubmed/31254281
http://dx.doi.org/10.1016/j.tiv.2019.06.003
http://www.ncbi.nlm.nih.gov/pubmed/31175925
http://dx.doi.org/10.1155/2012/968040
http://www.ncbi.nlm.nih.gov/pubmed/23213321
http://dx.doi.org/10.1007/s10495-016-1313-7
http://dx.doi.org/10.1089/ars.2015.6418
http://dx.doi.org/10.18632/oncotarget.10775
http://dx.doi.org/10.4143/crt.2018.143
http://dx.doi.org/10.4143/crt.2019.139
http://dx.doi.org/10.1002/pros.20419
http://dx.doi.org/10.1002/pros.23230
http://www.ncbi.nlm.nih.gov/pubmed/27416770
http://dx.doi.org/10.3322/CA.2008.0002
http://www.ncbi.nlm.nih.gov/pubmed/18502900
http://dx.doi.org/10.6061/clinics/2012(04)13
http://dx.doi.org/10.1002/jcb.21036
http://www.ncbi.nlm.nih.gov/pubmed/17340628
http://dx.doi.org/10.3892/ijo.2013.2020
http://www.ncbi.nlm.nih.gov/pubmed/23877345
http://dx.doi.org/10.1158/1535-7163.MCT-10-0359
http://www.ncbi.nlm.nih.gov/pubmed/20515943
http://dx.doi.org/10.1016/S0022-5347(01)69893-8


Molecules 2020, 25, 1320 12 of 14

19. Humphrey, P.A.; Halabi, S.; Picus, J.; Sanford, B.; Vogelzang, N.J.; Small, E.J.; Kantoff, P.W. Prognostic
significance of plasma scatter factor/hepatocyte growth factor levels in patients with metastatic hormone-
refractory prostate cancer: Results from cancer and leukemia group B 150005/9480. Clin. Genitourin. Cancer
2006, 4, 269–274. [CrossRef]

20. Shanmugam, M.K.; Warrier, S.; Kumar, A.P.; Sethi, G.; Arfuso, F. Potential Role of Natural Compounds as
Anti-Angiogenic Agents in Cancer. Curr. Vasc. Pharmacol. 2017, 15, 503–519. [CrossRef]

21. Hsieh, Y.S.; Yang, S.F.; Sethi, G.; Hu, D.N. Natural bioactives in cancer treatment and prevention. Biomed.
Res. Int. 2015, 2015, 182835. [CrossRef] [PubMed]

22. Yang, S.F.; Weng, C.J.; Sethi, G.; Hu, D.N. Natural bioactives and phytochemicals serve in cancer treatment
and prevention. Evid. Based Complement Altern. Med. 2013, 2013, 698190. [CrossRef] [PubMed]

23. Dai, X.; Zhang, J.; Arfuso, F.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G.
Targeting TNF-related apoptosis-inducing ligand (TRAIL) receptor by natural products as a potential
therapeutic approach for cancer therapy. Exp. Biol. Med. (Maywood) 2015, 240, 760–773. [CrossRef] [PubMed]

24. Karamanou, K.; Franchi, M.; Vynios, D.; Brezillon, S. Epithelial-to-mesenchymal transition and invadopodia
markers in breast cancer: Lumican a key regulator. Semin. Cancer Biol. 2019. [CrossRef] [PubMed]

25. Stefanescu, R.; Stanciu, G.D.; Luca, A.; Caba, I.C.; Tamba, B.I.; Mihai, C.T. Contributions of Mass Spectrometry
to the Identification of Low Molecular Weight Molecules Able to Reduce the Toxicity of Amyloid-beta Peptide
to Cell Cultures and Transgenic Mouse Models of Alzheimer’s Disease. Molecules 2019, 24, 1167. [CrossRef]

26. Prasannan, R.; Kalesh, K.A.; Shanmugam, M.K.; Nachiyappan, A.; Ramachandran, L.; Nguyen, A.H.;
Kumar, A.P.; Lakshmanan, M.; Ahn, K.S.; Sethi, G. Key cell signaling pathways modulated by zerumbone:
Role in the prevention and treatment of cancer. Biochem. Pharmacol. 2012, 84, 1268–1276. [CrossRef]

27. Ahn, K.S.; Sethi, G.; Chaturvedi, M.M.; Aggarwal, B.B. Simvastatin, 3-hydroxy-3-methylglutaryl coenzyme
A reductase inhibitor, suppresses osteoclastogenesis induced by receptor activator of nuclear factor-kappaB
ligand through modulation of NF-kappaB pathway. Int. J. Cancer 2008, 123, 1733–1740. [CrossRef]

28. Manna, S.K.; Aggarwal, R.S.; Sethi, G.; Aggarwal, B.B.; Ramesh, G.T. Morin (3,5,7,2′,4′-Pentahydroxyflavone)
abolishes nuclear factor-kappaB activation induced by various carcinogens and inflammatory stimuli, leading
to suppression of nuclear factor-kappaB-regulated gene expression and up-regulation of apoptosis. Clin.
Cancer Res. 2007, 13, 2290–2297. [CrossRef]

29. Chua, A.W.; Hay, H.S.; Rajendran, P.; Shanmugam, M.K.; Li, F.; Bist, P.; Koay, E.S.; Lim, L.H.; Kumar, A.P.;
Sethi, G. Butein downregulates chemokine receptor CXCR4 expression and function through suppression
of NF-kappaB activation in breast and pancreatic tumor cells. Biochem. Pharmacol. 2010, 80, 1553–1562.
[CrossRef]

30. Nair, A.S.; Shishodia, S.; Ahn, K.S.; Kunnumakkara, A.B.; Sethi, G.; Aggarwal, B.B. Deguelin, an Akt inhibitor,
suppresses IkappaBalpha kinase activation leading to suppression of NF-kappaB-regulated gene expression,
potentiation of apoptosis, and inhibition of cellular invasion. J. Immunol. 2006, 177, 5612–5622. [CrossRef]

31. Manu, K.A.; Shanmugam, M.K.; Ramachandran, L.; Li, F.; Fong, C.W.; Kumar, A.P.; Tan, P.; Sethi, G. First
evidence that gamma-tocotrienol inhibits the growth of human gastric cancer and chemosensitizes it to
capecitabine in a xenograft mouse model through the modulation of NF-kappaB pathway. Clin. Cancer Res.
2012, 18, 2220–2229. [CrossRef] [PubMed]

32. Siveen, K.S.; Nguyen, A.H.; Lee, J.H.; Li, F.; Singh, S.S.; Kumar, A.P.; Low, G.; Jha, S.; Tergaonkar, V.; Ahn, K.S.;
et al. Negative regulation of signal transducer and activator of transcription-3 signalling cascade by lupeol
inhibits growth and induces apoptosis in hepatocellular carcinoma cells. Br. J. Cancer 2014, 111, 1327–1337.
[CrossRef] [PubMed]

33. Lin, L.; Ren, L.; Wen, L.; Wang, Y.; Qi, J. Effect of evodiamine on the proliferation and apoptosis of A549
human lung cancer cells. Mol. Med. Rep. 2016, 14, 2832–2838. [CrossRef] [PubMed]

34. Meng, Z.J.; Wu, N.; Liu, Y.; Shu, K.J.; Zou, X.; Zhang, R.X.; Pi, C.J.; He, B.C.; Ke, Z.Y.; Chen, L.; et al.
Evodiamine inhibits the proliferation of human osteosarcoma cells by blocking PI3K/Akt signaling. Oncol.
Rep. 2015, 34, 1388–1396. [CrossRef]

35. Feng, H.; Guo, B.; Kong, X.; Wu, B. [Evodiamine enhances the radiosensitivity of esophageal squamous cell
cancer Eca-109 cells]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. 2016, 32, 940–944.

36. Shi, L.; Yang, F.; Luo, F.; Liu, Y.; Zhang, F.; Zou, M.; Liu, Q. Evodiamine exerts anti-tumor effects against
hepatocellular carcinoma through inhibiting beta-catenin-mediated angiogenesis. Tumour Biol. 2016, 37,
12791–12803. [CrossRef]

http://dx.doi.org/10.3816/CGC.2006.n.006
http://dx.doi.org/10.2174/1570161115666170713094319
http://dx.doi.org/10.1155/2015/182835
http://www.ncbi.nlm.nih.gov/pubmed/25883943
http://dx.doi.org/10.1155/2013/698190
http://www.ncbi.nlm.nih.gov/pubmed/24454507
http://dx.doi.org/10.1177/1535370215579167
http://www.ncbi.nlm.nih.gov/pubmed/25854879
http://dx.doi.org/10.1016/j.semcancer.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31401293
http://dx.doi.org/10.3390/molecules24061167
http://dx.doi.org/10.1016/j.bcp.2012.07.015
http://dx.doi.org/10.1002/ijc.23745
http://dx.doi.org/10.1158/1078-0432.CCR-06-2394
http://dx.doi.org/10.1016/j.bcp.2010.07.045
http://dx.doi.org/10.4049/jimmunol.177.8.5612
http://dx.doi.org/10.1158/1078-0432.CCR-11-2470
http://www.ncbi.nlm.nih.gov/pubmed/22351692
http://dx.doi.org/10.1038/bjc.2014.422
http://www.ncbi.nlm.nih.gov/pubmed/25101566
http://dx.doi.org/10.3892/mmr.2016.5575
http://www.ncbi.nlm.nih.gov/pubmed/27485202
http://dx.doi.org/10.3892/or.2015.4084
http://dx.doi.org/10.1007/s13277-016-5251-3


Molecules 2020, 25, 1320 13 of 14

37. Hu, C.Y.; Wu, H.T.; Su, Y.C.; Lin, C.H.; Chang, C.J.; Wu, C.L. Evodiamine Exerts an Anti-Hepatocellular
Carcinoma Activity through a WWOX-Dependent Pathway. Molecules 2017, 22, 1175. [CrossRef]

38. Su, T.; Yang, X.; Deng, J.H.; Huang, Q.J.; Huang, S.C.; Zhang, Y.M.; Zheng, H.M.; Wang, Y.; Lu, L.L.; Liu, Z.Q.
Evodiamine, a Novel NOTCH3 Methylation Stimulator, Significantly Suppresses Lung Carcinogenesis in
Vitro and in Vivo. Front. Pharmacol. 2018, 9, 434. [CrossRef]

39. Hong, J.Y.; Park, S.H.; Min, H.Y.; Park, H.J.; Lee, S.K. Anti-proliferative effects of evodiamine in human lung
cancer cells. J. Cancer Prev. 2014, 19, 7–13. [CrossRef]

40. Du, J.; Sun, Y.; Lu, Y.Y.; Lau, E.; Zhao, M.; Zhou, Q.M.; Su, S.B. Berberine and Evodiamine Act Synergistically
Against Human Breast Cancer MCF-7 Cells by Inducing Cell Cycle Arrest and Apoptosis. Anticancer Res.
2017, 37, 6141–6151.

41. Yang, F.; Shi, L.; Liang, T.; Ji, L.; Zhang, G.; Shen, Y.; Zhu, F.; Xu, L. Anti-tumor effect of evodiamine by
inducing Akt-mediated apoptosis in hepatocellular carcinoma. Biochem. Biophys. Res. Commun. 2017, 485,
54–61. [CrossRef] [PubMed]

42. Zhou, Y.; Hu, J. Evodiamine Induces Apoptosis, G2/M Cell Cycle Arrest, and Inhibition of Cell Migration
and Invasion in Human Osteosarcoma Cells via Raf/MEK/ERK Signalling Pathway. Med. Sci. Monit. 2018,
24, 5874–5880. [CrossRef] [PubMed]

43. Wei, L.; Jin, X.; Cao, Z.; Li, W. [Evodiamine induces extrinsic and intrinsic apoptosis of ovarian cancer cells
via the mitogen-activated protein kinase/phosphatidylinositol-3-kinase/protein kinase B signaling pathways].
J. Tradit. Chin. Med. 2016, 36, 353–359. [PubMed]

44. Wang, R.; Deng, D.; Shao, N.; Xu, Y.; Xue, L.; Peng, Y.; Liu, Y.; Zhi, F. Evodiamine activates cellular apoptosis
through suppressing PI3K/AKT and activating MAPK in glioma. Onco Targets Ther. 2018, 11, 1183–1192.
[CrossRef]

45. Lee, J.H.; Kim, C.; Um, J.Y.; Sethi, G.; Ahn, K.S. Casticin-Induced Inhibition of Cell Growth and Survival
Are Mediated through the Dual Modulation of Akt/mTOR Signaling Cascade. Cancers (Basel) 2019, 11, 254.
[CrossRef]

46. Lee, J.H.; Rangappa, S.; Mohan, C.D.; Lin, Z.X.; Rangappa, K.S.; Ahn, K.S.; Basappa; Sethi, G. Brusatol, a
Nrf2 Inhibitor Targets STAT3 Signaling Cascade in Head and Neck Squamous Cell Carcinoma. Biomolecules
2019, 9, 550. [CrossRef]

47. Lee, J.H.; Chinnathambi, A.; Alharbi, S.A.; Shair, O.H.M.; Sethi, G.; Ahn, K.S. Farnesol abrogates epithelial to
mesenchymal transition process through regulating Akt/mTOR pathway. Pharmacol. Res. 2019, 150, 104504.
[CrossRef]

48. Jung, Y.Y.; Shanmugam, M.K.; Chinnathambi, A.; Alharbi, S.A.; Shair, O.H.M.; Um, J.Y.; Sethi, G.; Ahn, K.S.
Fangchinoline, a Bisbenzylisoquinoline Alkaloid can Modulate Cytokine-Impelled Apoptosis via the Dual
Regulation of NF-kappaB and AP-1 Pathways. Molecules 2019, 24, 3127. [CrossRef]

49. Yang, M.H.; Lee, J.H.; Ko, J.H.; Jung, S.H.; Sethi, G.; Ahn, K.S. Brassinin Represses Invasive Potential of
Lung Carcinoma Cells through Deactivation of PI3K/Akt/mTOR Signaling Cascade. Molecules 2019, 24, 1584.
[CrossRef]

50. Jung, Y.Y.; Shanmugam, M.K.; Narula, A.S.; Kim, C.; Lee, J.H.; Namjoshi, O.A.; Blough, B.E.; Sethi, G.;
Ahn, K.S. Oxymatrine Attenuates Tumor Growth and Deactivates STAT5 Signaling in a Lung Cancer
Xenograft Model. Cancers (Basel) 2019, 11, 49. [CrossRef]

51. Hu, C.; Gao, X.; Han, Y.; Guo, Q.; Zhang, K.; Liu, M.; Wang, Y.; Wang, J. Evodiamine sensitizes BGC-823
gastric cancer cells to radiotherapy in vitro and in vivo. Mol. Med. Rep. 2016, 14, 413–419. [CrossRef]
[PubMed]

52. Chen, T.C.; Chien, C.C.; Wu, M.S.; Chen, Y.C. Evodiamine from Evodia rutaecarpa induces apoptosis via
activation of JNK and PERK in human ovarian cancer cells. Phytomedicine 2016, 23, 68–78. [CrossRef]
[PubMed]

53. Sachita, K.; Kim, Y.; Yu, H.J.; Cho, S.D.; Lee, J.S. In Vitro Assessment of the Anticancer Potential of Evodiamine
in Human Oral Cancer Cell Lines. Phytother. Res. 2015, 29, 1145–1151. [CrossRef] [PubMed]

54. Huang, D.M.; Guh, J.H.; Huang, Y.T.; Chueh, S.C.; Chiang, P.C.; Teng, C.M. Induction of mitotic arrest and
apoptosis in human prostate cancer pc-3 cells by evodiamine. J. Urol. 2005, 173, 256–261. [CrossRef]

55. Nishida, S.; Hirohashi, Y.; Torigoe, T.; Inoue, R.; Kitamura, H.; Tanaka, T.; Takahashi, A.; Asanuma, H.;
Masumori, N.; Tsukamoto, T.; et al. Prostate cancer stem-like cells/cancer-initiating cells have an autocrine
system of hepatocyte growth factor. Cancer Sci. 2013, 104, 431–436. [CrossRef]

http://dx.doi.org/10.3390/molecules22071175
http://dx.doi.org/10.3389/fphar.2018.00434
http://dx.doi.org/10.15430/JCP.2014.19.1.7
http://dx.doi.org/10.1016/j.bbrc.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28189683
http://dx.doi.org/10.12659/MSM.909682
http://www.ncbi.nlm.nih.gov/pubmed/30135419
http://www.ncbi.nlm.nih.gov/pubmed/27468551
http://dx.doi.org/10.2147/OTT.S155275
http://dx.doi.org/10.3390/cancers11020254
http://dx.doi.org/10.3390/biom9100550
http://dx.doi.org/10.1016/j.phrs.2019.104504
http://dx.doi.org/10.3390/molecules24173127
http://dx.doi.org/10.3390/molecules24081584
http://dx.doi.org/10.3390/cancers11010049
http://dx.doi.org/10.3892/mmr.2016.5237
http://www.ncbi.nlm.nih.gov/pubmed/27176933
http://dx.doi.org/10.1016/j.phymed.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26902409
http://dx.doi.org/10.1002/ptr.5359
http://www.ncbi.nlm.nih.gov/pubmed/25903972
http://dx.doi.org/10.1097/01.ju.0000141587.72429.e3
http://dx.doi.org/10.1111/cas.12104


Molecules 2020, 25, 1320 14 of 14

56. van Leenders, G.J.; Sookhlall, R.; Teubel, W.J.; de Ridder, C.M.; Reneman, S.; Sacchetti, A.; Vissers, K.J.; van
Weerden, W.; Jenster, G. Activation of c-MET induces a stem-like phenotype in human prostate cancer. PLoS
ONE 2011, 6, e26753. [CrossRef]

57. Wong, A.L.A.; Hirpara, J.L.; Pervaiz, S.; Eu, J.Q.; Sethi, G.; Goh, B.C. Do STAT3 inhibitors have potential in
the future for cancer therapy? Expert Opin. Investig. Drugs 2017, 26, 883–887. [CrossRef]

58. Sethi, G.; Chatterjee, S.; Rajendran, P.; Li, F.; Shanmugam, M.K.; Wong, K.F.; Kumar, A.P.; Senapati, P.;
Behera, A.K.; Hui, K.M.; et al. Inhibition of STAT3 dimerization and acetylation by garcinol suppresses the
growth of human hepatocellular carcinoma in vitro and in vivo. Mol. Cancer 2014, 13, 66. [CrossRef]

59. Rajendran, P.; Li, F.; Shanmugam, M.K.; Vali, S.; Abbasi, T.; Kapoor, S.; Ahn, K.S.; Kumar, A.P.; Sethi, G.
Honokiol inhibits signal transducer and activator of transcription-3 signaling, proliferation, and survival
of hepatocellular carcinoma cells via the protein tyrosine phosphatase SHP-1. J. Cell. Physiol. 2012, 227,
2184–2195. [CrossRef]

60. Tan, S.M.; Li, F.; Rajendran, P.; Kumar, A.P.; Hui, K.M.; Sethi, G. Identification of beta-escin as a novel
inhibitor of signal transducer and activator of transcription 3/Janus-activated kinase 2 signaling pathway
that suppresses proliferation and induces apoptosis in human hepatocellular carcinoma cells. J. Pharmacol.
Exp. Ther. 2010, 334, 285–293. [CrossRef]

61. Arora, L.; Kumar, A.P.; Arfuso, F.; Chng, W.J.; Sethi, G. The Role of Signal Transducer and Activator of
Transcription 3 (STAT3) and Its Targeted Inhibition in Hematological Malignancies. Cancers (Basel) 2018, 10,
327. [CrossRef] [PubMed]

62. Mohan, C.D.; Bharathkumar, H.; Bulusu, K.C.; Pandey, V.; Rangappa, S.; Fuchs, J.E.; Shanmugam, M.K.;
Dai, X.; Li, F.; Deivasigamani, A.; et al. Development of a novel azaspirane that targets the Janus kinase-signal
transducer and activator of transcription (STAT) pathway in hepatocellular carcinoma in vitro and in vivo. J.
Biol. Chem. 2014, 289, 34296–34307. [CrossRef] [PubMed]

63. Kim, C.; Cho, S.K.; Kapoor, S.; Kumar, A.; Vali, S.; Abbasi, T.; Kim, S.H.; Sethi, G.; Ahn, K.S. beta-Caryophyllene
oxide inhibits constitutive and inducible STAT3 signaling pathway through induction of the SHP-1 protein
tyrosine phosphatase. Mol. Carcinog. 2014, 53, 793–806. [CrossRef] [PubMed]

64. Kan, S.F.; Huang, W.J.; Lin, L.C.; Wang, P.S. Inhibitory effects of evodiamine on the growth of human prostate
cancer cell line LNCaP. Int. J. Cancer 2004, 110, 641–651. [CrossRef] [PubMed]

65. Raffo, A.J.; Perlman, H.; Chen, M.W.; Day, M.L.; Streitman, J.S.; Buttyan, R. Overexpression of bcl-2 protects
prostate cancer cells from apoptosis in vitro and confers resistance to androgen depletion in vivo. Cancer Res.
1995, 55, 4438–4445. [PubMed]

66. Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev.
Cancer 2002, 2, 161–174. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0026753
http://dx.doi.org/10.1080/13543784.2017.1351941
http://dx.doi.org/10.1186/1476-4598-13-66
http://dx.doi.org/10.1002/jcp.22954
http://dx.doi.org/10.1124/jpet.110.165498
http://dx.doi.org/10.3390/cancers10090327
http://www.ncbi.nlm.nih.gov/pubmed/30217007
http://dx.doi.org/10.1074/jbc.M114.601104
http://www.ncbi.nlm.nih.gov/pubmed/25320076
http://dx.doi.org/10.1002/mc.22035
http://www.ncbi.nlm.nih.gov/pubmed/23765383
http://dx.doi.org/10.1002/ijc.20138
http://www.ncbi.nlm.nih.gov/pubmed/15146552
http://www.ncbi.nlm.nih.gov/pubmed/7671257
http://dx.doi.org/10.1038/nrc745
http://www.ncbi.nlm.nih.gov/pubmed/11990853
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Lines and Culture Conditions 
	MTT Assay 
	Real-Time Cell Proliferation Analysis (RTCA) 
	Cell Morphology 
	Western blot Analysis 
	Immunocytochemistry for STAT3 Localization 
	Cell Cycle Analysis 
	TUNEL Assay 
	Transfection of siRNA 
	Statistical Analysis 

	Results 
	EVO Suppressed Cellular Growth and Cell Proliferation. 
	EVO Attenauted c-Met/Src/STAT3 Phosphorylation in PC-3 and DU145 Cells. 
	EVO Caused DNA Damage and Induced Apoptotic Cell Death. 
	EVO Downregulated the Expression of Carcinogenic Proteins. 
	c-Met Knockdown Blocked Src/STAT3 Signaling in Prostate Cancer Cells. 
	c-MET Knockdown Increased Cell Viability and Decreased EVO-Induced Cell Death. 

	Discussion 
	References

