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Abstract: Nitidine chloride (NC) exhibits tumor suppressive function in a variety of human cancers. However, the mo-
lecular mechanism of NC-triggered anti-cancer activity has not been fully elucidated. In the present study, we aim to
investigate the anti-tumor molecular basis of NC in prostate cancer cells. Multiple approaches including MTT, FACS,
wound healing assay, Transwell invasion assay, Transfection, and Western blotting were performed. We found that
NC inhibited cell growth and induced apoptosis in prostate cancer cells. Moreover, NC suppressed cell migration and
invasion in prostate cancer cells. Notably, we found that NC decreased the expression of YAP oncoprotein in prostate
cancer cells. Downregulation of YAP enhanced the anti-tumor function mediated by NC in prostate cancer cells. On
the contrary, upregulation of YAP abrogated the anti-cancer activity of NC treatment in prostate cancer cells. Our

findings indicate that NC could be useful as a YAP inhibitor for the treatment of prostate cancer cells.
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Introduction

Prostate cancer is one of common malignancy
in males, which is the second leading cause of
cancer death for men in America [1]. Due to
PSA (prostate specific antigen) test screening,
some prostate cancer patients were early diag-
nosed [2]. Several approaches including sur-
gery, chemotherapy, and hormonal ablation
therapy have been used in clinical treatments
[3]. The prostate cancer patients with tumor
metastasis and drug resistance often have
poor survival, indicating that it is necessary to
discover new drugs to treat prostate cancer for
the better outcome.

Nitidine chloride (NC), which is a natural bioac-
tive phytochemical alkaloid, was originally
reported to have anti-fungal, anti-inflammatory,
and anti-oxidant functions [4]. Subsequently,
studies have shown that NC exhibited tumor
suppressive functions in a variety of human
cancers [5]. NC was reported to inhibit breast
cancer cell migration and invasion through
inactivation of c-Src/FAK associated signaling

pathway [5]. NC suppressed the angiogenesis
and cell growth of gastric cancer due to inhibi-
tion of STAT3 [6]. In hepatocellular carcinoma,
NC suppressed cell growth via blocking the
JAK1/STAT3 signaling pathway [7]. One study
showed that NC inhibited cell proliferation and
induced apoptosis via p53 upregulation in
nasopharyngeal carcinoma cells [8]. NC inhibit-
ed renal cancer cell proliferation and metasta-
sis and induced apoptosis through inhibition
of Akt and ERK signaling pathways [9, 10].
However, the function of NC in prostate cancer
has not been reported, which is required to be
explored.

In recent years, accumulating data showed that
Hippo pathway plays a critical role in cancer
development and progression. YAP and TAZ are
two key molecules to regulate Hippo pathway
in cancers. The C-terminal region of YAR/TAZ
shares a phospho-degron motif when phos-
phorylated and bind to 14-3-3 protein, resulting
in cytoplasmic sequestration for ubiquitylation
and proteasome-mediated degradation [11].
YAP and its close paralog TAZ exert oncogenic
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activities in various cancers by cross-talking
with pro- or anti-tumorigenic pathways such as
Wnt/B-catenin, TGF-B (transforming growth fac-
tor beta), Notch and JAK-STAT3 (Janus kinase-
signal transducer and activator of transcription
3) signaling and are deregulated by multiple
factors including cell density/junction and
microRNAs [12]. The oncogenic properties of
YAP and TAZ depend on their interaction with
other proteins in many cases with TEADs [13].
Indeed, genetic mutating amino acid residues
critical for YAP-TEAD or TAZTEAD complex for-
mation disrupts the interaction and abolishes
the transforming ability of YAP and TAZ [14].
Since YAP is an oncoprotein, inhibition of YAP
could be a promising strategy for cancer treat-
ment. In the present investigation, we deter-
mine whether NC exerts its tumor inhibition
function in prostate cancer. Importantly, we
define whether NC could regulate YAP expres-
sion in prostate cancer cells. We found that NC
inhibited cell growth, triggered cell apoptosis,
suppressed cell migration and invasion via tar-
geting YAP in prostate cancer cells. Thus, inhibi-
tion of YAP by NC could be helpful for treating
prostate cancer.

Materials and methods
Reagents

MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide) was bought from
Sigma-Aldrich (St. Louis, MO, USA). Transwell
inserts and Matrigel were bought from BD
Biosciences. NC was purchased from Tauto
Biotech Company (Shanghai, China). Lipofe-
ctamine 2000 reagent was obtained by In-
vitrogen (Waltham, MA USA). The YAP siRNA
was bought from GenePharma Company
(Shanghai, China). Annexin V-FITC/PI apoptosis
assay kit was purchased from Beyotime
Biotechnology (Shanghai, China). Anti-YAP and
anti-tubulin antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA).

Cell culture

The human prostate cancer DU145 and PC-3
cells were purchased from ATCC Company
(Manassas, VA, USA). Cells were grown in RPMI
(Roswell park memorial institute)-1640 medi-
um (Gibro Invitrogen) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin and
streptomycin. The cells were maintained in 5%
CO, culture incubator at 37°C.
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MTT assay

Prostate cancer cells were cultured and seeded
in 96-well plates for overnight. Cells were treat-
ed with NC or YAP siRNA or YAP cDNA or combi-
nations for 72 hours. MTT assay was conduct-
ed as described previously [15].

Cell apoptosis assay

Prostate cancer cells were cultured in 6-well
plates for overnight. Cells were transfected
with YAP siRNA or YAP cDNA plasmid or combi-
nations with NC treatment for 48 hours. An-
nexin V-FITC/PI (propidium iodide) assay was
used to measure the cell apoptosis in prostate
cancer cells after transfection or combinations
with NC treatment as described before [15].

Wound healing assay

Prostate cancer cells were cultured in 6-well
plate until cells reached almost confluent. The
scratch wound was created by a pipette tip.
Then, cells were treated YAP siRNA or YAP cDNA
plasmid or combinations with NC treatment for
16 hours. Photographic images were taken at O
h and 16 hours, respectively.

Transwell migration and invasion assay

The capacities of cell migration and invasion
were measured in prostate cancer cells by
Transwell assay. Cells were treated with NC or
YAP cDNA or YAP siRNA or the combinations,
and then cells were seeded into the upper
chamber of inserts as described before [15].
The migrated and invaded cells were fixed and
stained with Giemsa solution and then photo-
graphed by a microscope.

Western blotting analysis

To measure the expression of YAP in prostate
cancer cells treated with NC or YAP cDNA or
YAP siRNA or the combinations for 72 hours,
Western blotting analysis was conducted. The
treated cells were lysed and the proteins were
separated on SDS-PAGE and immunoblotted
with indicated antibodies as described previ-
ously [16]. Densitometric quantification of the
protein blots was done by ImageJ software.

Transfection

Prostate cancer cells were seeded in 6-well
plates for overnight, and then cells were trans-
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Figure 1. NC inhibited prostate cancer cell proliferation and induced apoptosis. A. MTT was used to detect the cell vi-
ability in PC-3 and DU145 cells after treatment with NC for 72 h. *P<0.01 compared with control. B. Flow cytometry
was used to measure the cell apoptosis in prostate cancer cells after NC treatment for 48 h.

fected with YAP cDNA or YAP siRNA or empty
vector as control by lipofectamine 2000 accord-
ing to the manufacturer’s instructions [17].

Statistical analysis

The data were statistically analyzed to identify
the differences between control group and
treatment or transfection or combination gro-
ups by ANOVA using GraphPad Prism 4.0 (Gra-
ph pad Software, La Jolla, CA). P<0.05 was con-
sidered to have significance.
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Results
NC suppresses prostate cancer cell growth

Several studies have shown that NC inhibited
cell growth in various types of human cancers.
However, the effects of NC in prostate cancer
have remained elusive. Thus, we investigated
whether NC inhibited growth of prostate cancer
cells. We found that NC suppressed cell growth
in a dose-dependent manner in DU145 and
PC-3 cells (Figure 1A). Interestingly, 3.0 uM
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Figure 2. NC inhibited prostate cancer cell migration and invasion. A. Top panel: Wound healing assay was used
to measure the cell motility in prostate cancer cells after NC treatment. Bottom panel: Quantitative results were il-
lustrated for top panel. *P<0.01 compared with control. B. Left panel: Cell migration and invasion were measured
using Transwell chambers assay in prostate cancer cells. Right panel: Quantitative results were illustrated for left
panel. *P<0.01 compared with control.
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Figure 3. NC inhibited the expression of YAP in prostate cancer cells. A. Top
panel: The expression of YAP was measured by Western blotting in prostate
cancer cells after NC treatment. Bottom panel: Quantitative results were il-
lustrated for top panel. *P<0.01 compared with control. B. Overexpression of
YAP abolished NC-mediated YAP inhibition. Top panel: The expression of YAP
was measured by Western blotting in prostate cancer cells after NC treat-
ment or YAP cDNA transfection or combinations. Bottom panel: Quantitative
results were illustrated for top panel. Control: pcDNA3.1; NC: 3 uM (DU145),
10 uM (PC-3) NC; YAP: YAP cDNA vector; Both: YAP ¢cDNA+NC. *P<0.01,
compared with control; #P<0.05, compared with NC treatment alone or YAP
cDNA transfection alone.

and 8.0 uM NC treatments for 72 h led to about
50% of cell growth inhibition in DU145 and

PC-3 cancer cells, respective-
ly (Figure 1A). This result indi-
cated that DU145 and PC-3
cells have different sensitivi-
ties to NC treatment. Our MTT
result revealed that NC inhib-
ited cell growth in prostate
cancer cells.

NC enhances cell apoptosis
in prostate cancer cells

NC has been reported to
induce cell apoptosis in hu-
man cancer cells. Thus, we
determined whether NC cou-
Id induce cell apoptotic dea-
th in prostate cancer cells.
Prostate cancer cells were
treated by NC for 48 hours
and then Annexin V-FITC/PI
assay was used to measure
the cell apoptosis. We found
that NC induced cell apopto-
sis in a dose-dependent man-
ner in both prostate cancer
cell lines (Figure 1B). Clearly,
3.0 uM and 7 yM NC treat-
ments resulted in the percent-
age of cell early apoptosis
from 4.67% of control group
t0 10.9% and 16.1% in DU145
cells, respectively (Figure 1B).
Similarly, NC treatment led to
induction of apoptosis from
2.1% in control group to 4.6%
and 7.7% in 10 yM and 20 uyM
treated groups in PC-3 cells,
respectively (Figure 1B). NC
exposure also slightly induced
cell late apoptosis in both
prostate cancer cells (Figure
1B). Therefore, NC enhanced
cell apoptosis in prostate can-
cer cells.

NC retards migration and
invasion of prostate cancer
cells

Next, we investigated whether
NC could affect migration of
prostate cancer cells. Wound
healing assay was performed

to determine the cell migration in prostate can-
cer cells after NC treatment for 16 h. Our wound
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Figure 4. Overexpression of YAP abrogated NC-mediated cell growth inhibition, apoptosis, and migration retardation.
A. MTT assay was used to measure the cell growth in prostate cancer cells after NC treatment or YAP cDNA transfec-
tion or combinations. B. Flow cytometry was used to measure the cell apoptosis in DU145 cells after NC treatment
or YAP cDNA transfection or combinations for 48 h. C. Left panel: Wound healing assay was used to measure the
cell motility in DU145 cells after NC treatment or YAP cDNA transfection or combinations. Right panel: Quantitative
results were illustrated for left panel. Control: pcDNA3.1; NC: 3 uM (DU145), 10 uM (PC-3) NC; YAP: YAP cDNA vector;
Both: YAP ¢cDNA+NC. *P<0.01, compared with control; ¥#P<0.05, compared with NC treatment alone or YAP cDNA

transfection alone.

healing assay results showed that NC treat-
ment inhibited cell migration in both DU145
and PC-3 cells (Figure 2A). To validate the inhi-
bition of cell migration by NC, Transwell assay
was used to measure the migration in prostate
cancer cells treated with NC for 20 h. We
observed that prostate cancer cell migration
was retarded by NC treatment in both DU145
and PC-3 cells (Figure 2B). Furthermore, we
found that invasiveness activity of prostate
cancer cells was also inhibited by NC treatment
(Figure 2B). Because NC did not inhibit the cell
growth at 24 h (data not shown), the retarda-
tion of migration and invasion by NC treatment
for 16-20 h is not due to cell growth inhibition
of NC exposure. Taken together, NC inhibited
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cell migration and invasion in prostate cancer
cells.

NC downregulates YAP expression in prostate
cancer cells

YAP plays an oncogenic role in prostate cancer
cells. Thus, we tested whether NC could de-
crease the expression of YAP, leading to inhibi-
tion of prostate cancer cell growth and inva-
sion. Western blotting analysis was applied for
measuring the protein level of YAP in prostate
cancer cells after NC treatment. Our results
showed that NC treatment down-regulated the
expression of YAP in DU145 and PC-3 cells
(Figure 3A). This finding indicated that NC facili-
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Figure 5. Overexpression of YAP abrogated NC-mediated inhibition of migration and invasion. Left panel: Cell mi-
gration and invasion were measured using Transwell chambers assay in prostate cancer cells after NC treatment
or YAP cDNA transfection or combinations. Right panel: Quantitative results were illustrated for left panel. Control:
pcDNA3.1; NC: 3 uM (DU145), 10 uM (PC-3) NC; YAP: YAP cDNA vector; Both: YAP cDNA+NC. *P<0.01, compared
with control; #P<0.05, compared with NC treatment alone or YAP cDNA transfection alone.

tated anti-tumor activity partly due to inhibition
of YAP in prostate cancer cells.

Upregulation of YAP abolishes NC-mediated
cell growth inhibition and apoptosis

To characterize whether YAP is critically involv-
ed in NC-mediated tumor suppressive func-
tion, we performed the rescue experiment by
overexpression of YAP in prostate cancer cells
and treatment with NC. We found up-regula-
tion of YAP in prostate cancer cells after YAP
cDNA transfection (Figure 3B). Notably, YAP
cDNA transfection rescued the suppression of
YAP by NC treatment (Figure 3B). Our MTT
assay showed that upregulation of YAP
increased cell growth in both DU145 and PC-3
cells (Figure 4A). Importantly, upregulation of
YAP rescued NC-mediated cell growth inhibi-
tion in prostate cancer cells (Figure 4A). We
also found that overexpression of YAP inhibited
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cell apoptosis in prostate cancer cells (Figure
4B). Consistently, overexpression of YAP abol-
ished NC-triggered cell apoptosis in prostate
cancer cells (Figure 4B). These data indicated
that YAP could play an essential role in
NC-exerted anti-tumor activity in prostate can-
cer cells.

Upregulation of YAP rescues NC-triggered inhi-
bition of cell migration and invasion

To further confirm whether YAP is involved in
NC-induced inhibition of migration and inva-
sion in prostate cancer cells, Transwell assay
and wound healing assay were used to test
the cell motility activity in DU145 and PC-3
cells after overexpression of YAP in combina-
tion with NC treatment. We found that up-
regulation of YAP remarkably increased cell
migration and invasion in both prostate cancer
cell lines (Figures 4C and 5). Overexpression of

Am J Transl Res 2019;11(2):709-720
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Figure 6. Downregulation of YAP enhanced NC-mediated YAP inhibition and cell growth inhibition and apoptosis. A.
Top panel: The expression of YAP was measured by Western blotting in prostate cancer cells after NC treatment or
YAP siRNA transfection or combinations. Bottom panel: Quantitative results were illustrated for top panel. B. MTT
assay was used to measure the cell growth in prostate cancer cells after NC treatment or YAP siRNA transfection or
combinations. C. Flow cytometry was used to measure the cell apoptosis in prostate cancer cells after NC treatment
or YAP siRNA transfection or combinations for 48 h. Control: siRNA control; NC: 3 uM (DU145), 10 uM (PC-3) NC;
si-YAP: YAP siRNA; Both: YAP siRNA+NC. *P<0.01, compared with control; *P<0.05, compared with NC treatment
alone or YAP siRNA transfection alone.

Downregulation of YAP enhances NC-mediated
tumor suppressive activities

YAP rescued NC-induced suppression of mi-
gration and invasion in prostate cancer cells
(Figure 5). These results clearly suggested that
YAP is critically in NC-mediated cell motility
retardation.

To deeper define the role of YAP in NC-mediated
anti-cancer activity, YAP siRNA transfection
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Figure 7. Downregulation of YAP enhanced NC-mediated inhibition of migration and invasion. Left panel: Cell migra-
tion and invasion were measured using Transwell chambers assay in prostate cancer cells after NC treatment or YAP
siRNA transfection or combinations. Right panel: Quantitative results were illustrated for left panel. Control: siRNA
control; NC: 3 uM (DU145), 10 uM (PC-3) NC; si-YAP: YAP siRNA; Both: YAP siRNA+NC. *P<0.01, compared with
control; #P<0.05, compared with NC treatment alone or YAP siRNA transfection alone.

was applied for downregulation of YAP in pros-
tate cancer cells. Our Western blotting results
showed that YAP expression was significantly
downregulated by YAP siRNA transfection in
prostate cancer cells (Figure 6). Our MTT assay
data showed that inhibition of YAP by its siRNA
suppressed cell growth in prostate cancer cells
(Figure 6B). Moreover, down-regulation of YAP
enhanced cell growth suppression by NC treat-
ment in prostate cancer cells (Figure 6B). We
also found that down-regulation of YAP induced
apoptosis in two prostate cancer cell lines
(Figure 6C). YAP downregulation enhanced
NC-induced apoptosis in prostate cancer cells
(Figure 6C). Our Transwell assay data support-
ed that down-regulation of YAP suppressed cell
migration and invasion in prostate cancer cells
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(Figure 7). In keeping with this, YAP down-regu-
lation promoted NC-mediated inhibition of cell
migration and invasive activity (Figure 7).
Altogether, these data indicated that YAP plays
a critical role in NC-exerted anti-tumor activity
in prostate cancer cells.

Discussion

Emerging evidence has demonstrated that YAP
plays oncogenic role in prostate cancer. For
example, it has been reported that enhanced
expression of YAP can transform immortalized
prostate epithelial cells and promoted migra-
tion and invasion in prostate cancer cells [18].
Moreover, YAP knockdown reduced the rates of
migration and invasion in prostate cancer cells.

Am J Transl Res 2019;11(2):709-720



Nitidine chloride inhibits YAP expression

Upregulation and hyperactivation of YAP is
observed in castration-resistant prostate
tumors [18]. In line with this, another study
identified that YAP was closely associated with
castration-resistant prostate cancer, and inhi-
bition of YAP reduced proliferation and induced
apoptosis in prostate cancer PC-3 cells [19].
Similarly, YAP knockdown inhibited proliferation
and induced apoptosis in prostate cancer
DU145 cells [20]. Several studies indirectly
showed the oncogenic role of YAP in prostate
cancer. For instance, Wnt signaling promoted
cell growth through upregulation of YAP in pros-
tate cancer cells [21]. Angiomotin regulated
prostate cancer cell growth through YAP path-
way [22]. Consistently, expression of ntrin-1 by
hypoxia contributed to the migration and inva-
sion by regulation of YAP activity in prostate
carcinoma [23]. These reports suggest that
inhibition of YAP is a potential approach for the
treatment of prostate cancer.

Emerging evidence has demonstrated that NC
facilitated anti-cancer activity in various human
cancers. Sun et al. reported that NC induced
cell growth inhibition and cell cycle arrest in
breast cancer cells, which is associated with
upregulation of p53 and p21 [24]. This group
further found that NC upregulated Bax, cleaved
caspase-9 and caspase-3, and cleaved PARP,
but downregulated Bcl-2 in breast cancer cells
[24]. Interestingly, NC in combination with doxo-
rubicin caused more degree of cell growth inhi-
bition of breast cancer and ovarian cancer cells
[24, 25]. Kin et al. found that NC treatment led
to significant decrease tumor growth via inacti-
vation of STAT3, ERK, and SHH pathways, inhi-
bition of Bcl-2, Cyclin D1, CDK4, VEGF-A and
VEGFR2 in hepatic cancer growth [26]. Another
study further confirmed the effect of NC on
hepatocellular carcinoma cells through regula-
tion of Bcl-2, Bax, p53, and p21 [27]. NC inhib-
ited cell proliferation and induced apoptosis
through suppression of ERK signaling pathway
in colorectal cancer cells [28]. Moreover, NC
retarded cell migration and invasion via inhibi-
tion of MMP-2/9 production in ovarian cancer
cells [29]. Strikingly, NC suppressed EMT (epi-
thelial-to-mesenchymal transition) via regula-
tion of Akt/GSK-3b/Snail signaling pathway in
osteosarcoma cells [30]. Similarly, NC inhibited
EMT and cancer stem cells-like properties by
controlling hedgehog pathway in breast canc-
er cells [31]. Recently, NC targeted PI3K/Akt/
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mTOR pathway and inhibited the malignant
behavior in glioblastoma cells [32]. Currently,
NC was found to inhibit the expression of Skp2
in ovarian cancer cells [33]. In the present
study, our results showed that NC inhibited cell
growth, induced apoptosis, and suppressed
migration and invasion in prostate cancer cells.
This is the first time to show the effects of NC in
prostate cancer cells.

Due to YAP as an important oncoprotein, inhibi-
tion of YAP could provide the benefit for cancer
patients. Several inhibitors of YAP have been
discovered. Verteporfin, a photosensitizer ini-
tially designed for cancer treatment, has been
considered as an inhibitor of the YAP [34].
Porphyrin- and dipyrrin-related derivatives have
been identified as the inhibitors to directly tar-
get YAP [35]. Curcumin was reported to inhibit
the expression of YAP in bladder cancer cells
and pancreatic cancer cells [36, 37]. Here, we
identified NC as one new inhibitor of YAP in
prostate cancer cells. Deeper exploration is
essential to investigate whether NC could
exhibit anti-tumor activity in mouse model via
inhibition of YAP expression in prostate cancer.
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