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Abstract: Liver cancer has relatively few early symptoms and is usually diagnosed in the advanced
stage. Sorafenib is the only first-line anticancer drug approved by the Food and Drug Administration
(FDA) for advanced HCC; however, its use is limited due to resistance. Therefore, the development
of new drugs is essential to achieving customized treatment. Many studies have suggested that
Yes-associated protein (YAP)/transcriptional co-activator with PDZ-binding motif (TAZ) is associated
with metastasis and cancer formation and progression in various cancers. In the present study,
YAP was overexpressed in various patient-derived hepatocarcinoma (HCC) tissues. In addition,
this study examined whether evodiamine (which has anticancer effects) can inhibit YAP and, if
so, modulate HCC. Evodiamine significantly reduced both the YAP level and cell growth of HCC
in a dose-dependent manner. Biochemical analysis indicated mitochondria dysfunction-mediated
apoptosis to be the cause of the reduction in HCC cell growth by evodiamine. YAP was overexpressed
in metastatic HCC tissues as well when compared to primary HCC tissues. Migration and invasion
analysis showed that evodiamine has anti-metastatic ability on Hep3B and Huh-7 cells and reduces
the level of vimentin, an EMT marker. In conclusion, YAP is a critical target in HCC therapy, and
evodiamine can be an effective HCC anticancer drug by reducing the YAP level.

Keywords: YAP; AMPK; HCC; evodiamine; liver cancer

1. Introduction

Most liver cancer is diagnosed in the advanced stages, decreasing the opportunity for
surgical therapies. Hence, the majority of advanced HCC patients have limited therapeutic
options. Chemotherapy is one of the most important treatment modalities for advanced
HCC [1]. Currently, sorafenib is the only first-line anticancer drug approved by the Food
and Drug Administration (FDA) for advanced HCC. The efficacy of sorafenib is brief,
and seriously limited because of the development of resistance [2]. Therefore, studies
of additional drugs for advanced HCC patients are required to improve the survival
of patients.

YAP (Yes-associated protein) and TAZ (transcriptional co-activator with PDZ-binding
motif) are considered to be effectors of the Hippo pathway, which is crucial for regulating
organ size [3] and cell plasticity in animal development and regeneration [4]. The Hippo
pathway inhibits YAP/TAZ through phosphorylation [5]. YAP and TAZ, which are closely
related transcriptional regulators, have attracted increasing attention in cancer. YAP/TAZ
are hyperactivated in human cancers, and the prolongation of YAP/TAZ activation triggers
cancer development [4]. In addition, there is abundant evidence that YAP/TAZ promotes
cancer formation, progression, and metastasis. Metastasis occurs when primary cancer cells
spread to distinct organs, and is a critical obstacle to cancer therapy. Metastasis manifests
as migration, invasion, anchorage-independent growth, epithelial–mesenchymal transition
(EMT), and stemness [6]. The functions of YAP/TAZ are critical for the various factors
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of metastasis. Thus, the activation and critical roles of YAP/TAZ in cancers highlight
YAP/TAZ as prime therapeutic targets for anticancer drugs [7].

Evodiamine is a quinazolinocarboline alkaloid and one of the components isolated
from the dried, unripe fruit of Evodia rutaecarpa (Juss.) Benth. [8]. It affects immunoreg-
ulation, anti-angiogenesis, anti-inflammation, inhibitory adipocyte differentiation, and
adipogenesis [9]. In addition, studies have shown that evodiamine has antitumor activ-
ity in various human cancers [9]. On the other hand, the information on evodiamine is
insufficient. This study examined the effects and mechanisms of the antitumor/metastatic
activity of evodiamine in HCC in order to assess its potential beneficial use [10].

2. Results
2.1. YAP Was Upregulated in Liver Tissues

The current interest in YAP has been fueled by the recognition that YAP is widely
activated in human tumors and thus an appealing therapeutic target in cancer [7,11].
This study assessed whether YAP could be a drug target for liver cancer as well as the
effectiveness of potential YAP inhibitors. First, the YAP levels in tissue microarrays (TMAs)
prepared from liver cancer patients were evaluated. Immunohistochemistry analysis
showed that the YAP level was higher in liver cancer tissues than in paired normal tissues
(Figure 1). Approximately 77.5% of liver cancer tissues were YAP positive, whereas YAP
expression in the normal tissues was minimal (Figure 1). These data suggested that YAP
could be a drug target in HCC.
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The staining results show the summarized expression of YAP in normal (n = 9) and tumor tissues (n 
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HCC therapy. First, Huh-7 cells were treated with a YAP-specific inhibitor, verteporfin, 
and its effects on HCC cells were examined. Verteporfin significantly impaired the cell 
proliferation of Huh-7 cells (Figure 2A). Next, this study tested whether verteporfin in-
duced cell death in HCC cells. A live and dead cell staining assay was used to stain live 

Figure 1. YAP expression in liver tissues and its counterparts. Cancer patient-derived microarrays
containing HCC and normal tissues were examined for YAP expression. Scale bar = 500 µm. YAP
expression was scored according to the intensity and proportion of positive cells, and representative
immunohistochemical images of YAP are shown; none (-), weak (+), moderate (++), or strong (+++).
The staining results show the summarized expression of YAP in normal (n = 9) and tumor tissues
(n = 40).

2.2. YAP Inhibition Induced Apoptosis in HCC Cells

This study examined whether a YAP inhibitor might be an effective drug target for
HCC therapy. First, Huh-7 cells were treated with a YAP-specific inhibitor, verteporfin,
and its effects on HCC cells were examined. Verteporfin significantly impaired the cell
proliferation of Huh-7 cells (Figure 2A). Next, this study tested whether verteporfin induced
cell death in HCC cells. A live and dead cell staining assay was used to stain live (Green)
and dead (Red) cells. Verteporfin markedly increased red-stained Huh-7 cells in live/dead
staining compared to the control, and cell cycle analysis of Hep3B and Huh-7 revealed the
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sub-G1 fraction (Figure 2B,C and Supplementary Figure S1A). The accumulation of the
sub-G1 population is related to the presence of apoptosis with a reduced DNA content [12].
Verteporfin decreased YAP levels and increased PARP cleavage, which is considered a
marker in apoptosis (Figure 2D) [13]. JC-1 staining showed that verteporfin induced mito-
chondrial dysfunction-mediated apoptotic cell death, as assessed by flow cytometry. The
mitochondrial membrane potential (∆Ψm) indicates cell death and functional status, and
cytometry analysis with fluorescent probes is used widely to study the mitochondrial be-
havior [14]. Mitochondrial dysfunction is considered an irreversible step toward apoptosis.
JC-1 was used to investigate the mitochondrial membrane potential in Huh-7 cells. JC-1
is a unique fluorescent probe forming red-aggregates under a high ∆Ψm, whereas the
monomeric green form was increased in cells with ∆Ψm [15]. Verteporfin increased green
monomers in Huh-7 cells significantly (Figure 2E). This study then investigated whether
siRNA-mediated YAP knockdown induced apoptotic cell death in order to confirm the
effects of YAP inhibition. Two different YAP-targeting siRNAs showed cell death mor-
phology under a microscope as well as an increase in the monomeric green form in JC-1
staining (Supplementary Figure S1B,C). These results suggest that YAP inhibition could
hinder HCC growth through mitochondrial membrane dysfunction-mediated apoptosis.
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Figure 2. Effects of verteporfin on cell growth and apoptosis of HCC. (A) Huh-7 cells were treated
with the indicated verteporfin (VP) concentration. Cell growth was measured by a MTT assay at 24 h
and 48 h, with error bars representing S.D. (versus control, ** p < 0.01). (B) Huh-7 cells were treated
with the indicated concentration of VP for 48 h, followed by live/dead analysis with calcein-AM (live)
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and PI (dead). Images were taken by fluorescence microscopy; scale bar = 200 µM. (C) Huh-7 cells
were treated with the indicated concentration of VP for 48 h followed by cell cycle analysis by
flow cytometry. Sub-G1 is summarized in the histogram, with error bars representing S.D. (versus
control, * p < 0.05, ** p < 0.01). (D) Huh-7 cells were treated with 20 µM VP for 48 h, followed by
immunoblotting analysis with indicated antibodies. (E) Huh-7 cells were treated with 10 µM VP for
48 h and stained with JC-1, followed by cell cycle analysis by flow cytometry. The numbers under the
western blot indicate the intensity of the band. CON, control; VP, verteporfin.

2.3. Evodiamine Decreased YAP Levels and Inhibited the Cell Growth of HCC Cells

YAP is frequently overexpressed in many human cancers, and can expand the liver
size and drive cancer development in mouse models [16,17]. Previous studies have shown
that YAP is a critical mediator of apoptosis [18,19]. The change in YAP levels caused by
evodiamine was examined in Hep3B and Huh-7 cells. Evodiamine reduced the YAP level
in HCC cells significantly (Figure 3A). The effects of evodiamine on the growth of Hep3B
and Huh7 were explored as well. Cell proliferation was measured using an MTT assay.
Evodiamine (1–10 µM) reduced cell growth of Hep3B cells significantly compared to the
control; the IC 50 was about 1.5 µM in the Huh-7 at 48 h (Figure 3B). It reduced cell growth
of Huh-7 cells from 77.2% to 63.1% for 24 h and from 53.8% to 35.4% for 48 h compared
to the control (Figure 3B). The cell proliferation assay revealed evodiamine to be more
effective on Huh-7 than on Hep3B. A colony formation assay was used to assess the effect
of evodiamine on long-term survival. A colony formation assay is an in vitro cell survival
assay that assesses the ability of a single cell to grow into a colony [20]. Evodiamine reduced
the long-term survival of Hep3B and Huh-7 cells (Figure 3C). Moreover, evodiamine (20 and
50 µM) reduced cell proliferation and long-term survival in highly aggressive HepG2 cells
according to both the MTT assay and the colony formation assay (Supplementary Figure
S2A,B). A live/dead cell staining assay was performed using 5 µM evodiamine. Evodiamine
markedly increased red cells as a result of cell death in Hep3B and Huh-7 cells compared
to Hep3B and Huh-7 cells in the control (Figure 3D) in the live/dead assay. Cell cycle
analysis showed that evodiamine increased the sub-G1 apoptotic proportion in the Hep3B
and Huh-7 cells (Figure 3E,F).

2.4. Evodiamine Induced Apoptosis via Mitochondrial Dysfunction

Annexin V/PI staining, which is used for determining apoptosis, was performed to
evaluate apoptosis as a possible mechanism for cell death induction by evodiamine [21].
Evodiamine increased the number of early apoptotic (annexin V+/PI-) and late apoptotic
dead cells (annexin V+/PI+) in a dose-dependent manner (Figure 4A). Consistent with
these results, evodiamine also cleaved PARP and caspase 3 and decreased the anti-apoptotic
protein Bcl-xL in HCC cells in a dose-dependent manner (Figure 4B and Supplementary
Figure S2B) [22]. Evodiamine increased the proportion of the monomeric green form in
Hep3B and Huh-7 cells (Figure 4C). Overall, evodiamine induces apoptosis by reducing
the mitochondrial membrane potential, and YAP mediates the effects of evodiamine in the
apoptosis of HCC cells.

2.5. Evodiamine Modulated EMT Ability by Regulating YAP in HCC

Recurrence and metastasis are major factors affecting the poor prognosis of HCC [22].
Recent reports have shown that YAP is associated with metastasis in cancer by promoting
EMT and increasing the cell mobility [23–25]. Consistent with these reports, the YAP levels
were higher in various metastatic HCC tissues than primary HCC in the microtissue array
analysis (Figure 5A). The effects of evodiamine on the metastatic ability of Hep3B and
Huh-7 HCC cells were tested. In the wound-healing assay, a confluent monolayer of the cell
was scratched and treated with evodiamine and optical microscopy images were taken. In
the control, 10.07% closure of the scratch gap was noted; however, evodiamine only closed
57.5% of the scratch gap in Hep3B cells (Figure 5B). The results of wound-healing assay in
Huh-7 cells were lower than that of Hep3B cells (Supplementary Figure S3A). The wound-
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healing assay showed that evodiamine impaired wound closure in HCC cells, suggesting
that the migratory ability of HCC cells was decreased by evodiamine. Similarly, evodiamine
inhibited the migration and invasion of Hep3B and Huh-7 cells in the transwell (Figure 5C
and Supplementary Figure S3B). Evodiamine decreased the levels of vimentin, an EMT
(Epithelial–mesenchymal transition) marker, in HCC cells (Figure 5D and Supplementary
Figure S3C). Overall, these results show that YAP is a critical target in metastatic HCC.
Moreover, evodiamine can be a potential therapeutic drug for metastatic HCC.
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Figure 3. YAP regulation and cell death by evodiamine. (A) Hep3B and Huh-7 cells were treated with
the indicated concentration of evodiamine for 48 h, followed by immunoblotting analysis with YAP
and β-actin antibodies. The loading control was β-actin. (B) Hep3B and Huh-7 cells were treated
with the indicated concentration of evodiamine (EVO). Cell growth was measured using a MTT
assay at 24 h and 48 h, with error bars representing S.D. (versus control, ** p < 0.01) (C) Hep3B and
Huh-7 cells were treated with the indicated concentration of evodiamine (EVO) for 48 h, which was
then changed with fresh media without EVO and incubated for ten days. (D) Hep3B and Huh-7
cells were treated with 5 µM EVO for 48 h, followed by live/dead analysis with calcein-AM (live)
and PI (dead). Images were taken by fluorescence microscopy. Scale bar = 200 µM. (E,F) Hep3B (E)
and Huh-7 (F) cells were treated with 5 µM EVO for 48 h, followed by cell cycle analysis by flow
cytometry. The Sub-G1 is summarized in the histogram, with error bars representing S.D. (versus
Control, ** p < 0.01). The numbers under the western blot indicate the intensity of the band. CON,
control; EVO, evodiamine.
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Figure 4. Apoptosis induction by evodiamine. (A,B) Hep3B and Huh-7 cells were treated with
the indicated concentration of evodiamine for 48 h, stained with Annexin V/PI, and analyzed by
flow cytometry (A). This was followed by immunoblotting analysis with the indicated antibodies.
The loading control was β-actin (B). (C) Huh-7 and Hep3B cells were treated with the indicated
concentration of evodiamine for 48 h and stained with JC-1, analyzed by flow cytometry. The numbers
under the western blot indicate the relative intensity of the band. CON, control; EVO, evodiamine.
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Staining results were graded according to the intensity and proportion of positive cells as described
in ‘Materials and Methods’. Scale bar = 500 µm. (B) Hep3B cells were scrapped and incubated with 0,
2, and 5 µM EVO for 48 h. The scrapped scratches were imaged using an optical microscope. The
data are expressed as the percentage of wound width. Scale bar = 1000 µm. (C) Hep3B cells were
treated with 5 µM EVO for 24 h and plated on transwell coated with matrigel (invasion) or without
matrigel (migration). (D) Hep3B cells were treated with the indicated concentration of evodiamine
for 48 h, followed by immunoblotting analysis with vimentin and GAPDH antibodies. The numbers
under the western blot indicate the intensity of the band. CON, control; EVO, evodiamine.

3. Discussion

HCC is one of the most common cancers with high mortality [26]. Only 15% of
patients with HCC can undergo a surgical resection, and liver transplantation is considered
a potentially curative approach [26]. The majority of patients proceed to advanced disease.
In advanced disease, conventional sorafenib is the only treatment; however, its efficacy
is limited by the development of resistance [2]. In addition, the metastasis of HCC is a
critical cause of poor prognosis. Thus, exploring additional drugs available for advanced
HCC patients is essential. This study suggests that evodiamine can potentially be a novel
anticancer drug through inhibition of metastatic behavior in HCC via YAP.

Hippo signaling, a prime regulator of cancer, regulates its nuclear/cytoplasmic dis-
tribution by phosphorylating YAP/TAZ, and its nucleo-cytoplasmic shuttling induces
expression of cell-proliferative and anti-apoptotic genes by regulating various transcription
factors [27]. YAP is frequently activated during hepatocarcinogenesis in lung, colorectal,
breast, pancreatic, melanoma, and glioma cancers [28,29]. This study showed that while
YAP was overexpressed in HCC, YAP expression was minimal in normal tissues, although
the numbers of normal cases are relatively small (Figure 1). YAP/TAZ integrate various
oncogenic signaling pathways such as EGFR, TGFβ, Wnt, PI3K, GPCR, and KRAS, and
are instrumental for tumor initiation, progression, and chemoresistance [3]. Furthermore,
YAP/TAZ contribute to cancer-stem cells (CSC), preserve the stemness properties, and
generate new CSCs [7]. On the other hand, recent studies suggested that YAP has tumor
suppressor roles in suppressing WNT signaling and triggering DNA damage-induced
apoptosis [27]. In particular, YAP/TAZ may contribute differentially to tumorigenesis
depending on the cellular context. Nevertheless, various studies on the activation of YAP
in carcinomas, the crucial role of YAP activation, and the poor prognosis indicated by YAP
suggest YAP as a prime target for screening and design of anticancer drugs [7].

Evodiamine has potential anticancer activity in human cancer cells. Reports have
shown its effects on various cancer cell lines. With Zhao et al. having shown that evodi-
amine inhibits proliferation and promotes apoptosis of HCC, we focused on the role of
YAP in the human tissue and related signaling pathways [30]. First, this study examined
whether evodiamine regulates YAP levels in Hep3B and Huh-7. Evodiamine reduced the
YAP levels significantly (Figures 1 and 2). Judging from PARP cleavage, JC-1staining, and
live/dead staining, YAP inhibition caused mitochondrial dysfunction-mediated apoptosis
(Figure 2). Chemotherapeutic drugs inducing apoptosis depend mainly on the changes
in the mitochondrial status [31]. The evodiamine treatment accelerated mitochondrial
dysfunction-mediated apoptosis by inducing PARP and Caspase 3 cleavage in HCC cells
(Figure 3). Li et al. reported that YAP could regulate anti-apoptotic Bcl-xL [31]. Bcl-xL is
a member of the anti-apoptotic Bcl-2 family, which is localized in the mitochondria [32].
Bcl-xL is an oncogene overexpressed in many cancers and the key regulator of the mito-
chondrial pathway [32]. Therefore, YAP/Bcl-xL is a potential target in therapeutic cancer
strategy. Evodiamine treatment decreased Bcl-xL, with a concomitant decrease in YAP
levels (Figures 2A and 4B).

Metastasis is a major obstacle to successful cancer treatment and is responsible for
cancer-related death. YAP/TAZ activation promotes several steps in metastasis, including
epithelial-to-mesenchymal cell transition (EMT), invasion, migration, intravasation, anoikis
resistance, and immune evasion. Moreover, it has been implicated in the metastasis of
numerous cancer types [24]. In support of this notion, this study examined YAP levels



Int. J. Mol. Sci. 2022, 23, 1855 8 of 12

in primary HCC cancer tissues and metastatic HCC cancer tissues. The YAP level was
increased in the metastatic HCC cancer tissues compared to the primary HCC tissues
(Figure 4A). Clinical analysis showed that this was consistent with the leading tendency
of recent evidence showing that YAP is closely associated with metastasis. These results
led the authors to investigate whether the YAP regulator evodiamine regulates metastatic
ability. As expected, evodiamine decreased the migration and invasion of HCC cells
(Figure 4 and Supplementary Figure S3). EMT is a highly conserved developmental
program that converts polarized, immotile epithelial cells to cells with motile mesenchymal
properties [33,34]. It is a crucial driver in metastasis [35]. The mesenchymal features
promote the motility and invasiveness of malignant cells [33]. EMT is characterized by the
enhanced expression of the mesenchymal marker N-cadherin and by vimentin progressing
to a metastatic phenotype. Evodiamine reduced the expression of vimentin (Figure 5D and
Supplementary Figure S3D). Evodiamine treatment inhibited EMT, which has a critical role
in metastasis.

Multiple studies have shown that YAP is associated with cancer resistance to various
treatments including chemotherapy, radiation therapy, and targeted therapy [28,36]. Kim
et al. reported that YAP is involved in suppressing the antitumor immune response through
YAP-induced PD-L1 upregulation [37]. Either knockdown or pharmacological inhibition of
YAP sensitizes esophageal cancer cells towards 5-FU and docetaxel [38] and potentiates
the DNA damage response and apoptosis after γ-irradiation [39]. YAP induced BRAFi
resistance through overexpression of the BCL-xL gene, and verteporfin, a YAP inhibitor,
sensitized the resistant melanoma cells to BRAFi [40]. Therefore, YAP inhibition can be an
important target in overcoming cancer resistance. Furthermore, inhibitors of YAP/TAZ
transcriptional targets such as CTGF, AXL, and Bcl-xL, are undergoing clinical trials in
combination with standard therapies [38]. As mentioned previously, evodiamine inhibited
HCC cancer via YAP/Bcl-xL. Based on these results, evodiamine can sufficiently overcome
anticancer drug resistance. On the other hand, the efficacy of evodiamine against cancer
resistance was not explored. A future study will explore the effectiveness and mechanism
of evodiamine on anticancer drug resistance.

Among YAP/TAZ inhibitors only verteporfin acts directly on YAP/TAZ, despite
more than fifty drugs having been shown to inhibit YAP/TAZ activity [3]. While direct
YAP/TAZ inhibitors are currently under development, they are not clinically viable YAP
inhibitors [36]. As YAP/TAZ contributes to the acquisition of cancer traits, the strategy of
targeting them is essential for managing HCC. Therefore, in addition to developing new
drugs against YAP/TAZ, it is essential to determine whether known drugs can be recycled
as YAP/TAZ-inhibitors.

4. Materials and Methods
4.1. Chemicals and Reagents

Anti-PARP, caspase 3, Bcl-xL, LC3B, and β-actin antibodies were purchased from
Cell Signaling (Beverly, MA, USA). Anti-YAP antibodies were supplied by Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-tagged goat anti-
mouse and goat anti-rabbit IgGs were obtained from (Enzo Life Sciences, Farmingdale, NY,
USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and dimethyl
sulfoxide (DMSO) were acquired from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Cell Lines and Cell Culture

Hep3B and Huh-7 human HCC cells were procured from the Korean Cell Line Bank
(KCLB, Seoul, Korea). Hep3B and Huh-7 were cultured in DMEM high glucose or RPMI
1640 medium with 10% FBS and 50 units/mL penicillin and 50 µg/mL streptomycin 37 ◦C
in a humidified atmosphere containing 5% CO2, respectively.
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4.3. Cell Viability Assay

For the cell proliferation assay, the cells were plated in a 96-well culture plate for 24 h
before treatment (approximately 70% confluence). Cell growth was determined using an
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay for 2 h at 37 ◦C
in a humidified atmosphere containing 5% CO2. Following incubation the medium was
removed and 100 µL of DMSO was added to each well in order to dissolve the formazan
crystals. The absorbance was measured at 570 nm using an ELISA microplate reader (Tecan,
Research Triangle Park, NC, USA). Cell viability was measured by exposing the cells to the
indicated concentrations of evodiamine in DMEM or RPMI 1640 medium. After incubation,
the cells were stained with 0.5 µg/mL green-fluorescent calcein-AM and red-fluorescent
propidium iodide (PI).

4.4. Flow Cytometry

The cells were treated and stained with annexin V/propidium iodine (PI, BD Bio-
science, San Jose, CA, USA) according to the manufacturer’s protocol. For cell cycle analysis,
the cells were harvested, fixed with 70% ethanol, and stained with a PI solution (20 µg/mL
PI, 0.1% sodium citrate, 50 µg/mL RNase A, 0.03% NP-40, PBS). The stained cells were
analyzed using an Accuri C6 flow cytometer (Accuri Cytometers Inc., Ann Arbor, MI,
USA) [10].

4.5. Immunoblotting Analysis

The cell extracts were prepared by incubating the cells with a lysis buffer (Thermo,
Rockford, IL, USA) at 4 ◦C. The supernatant was collected by centrifugation at 15,000 rpm
for 30 min at 4 ◦C. The immune complexes were visualized using the enhanced chemilumi-
nescence method with ECL reagent (Advensta, Menlo Park, CA, USA) and a chemi-doc
image analyzer (Vilber Lourmat, Collégien, France) [41].

4.6. Mitochondrial Membrane Potential (∆Ψm) Analysis

The mitochondrial transmembrane potential (∆Ψm) was measured using JC-1, a
fluorescent carbocyanine dye, according to the protocol described previously [42]. The
cells were plated in a six-well plate and treated with different drug concentrations. After
treatment, the cells were incubated with 20 µM JC-1 in media for 30 min, then subjected to
flow cytometry analysis to measure the JC-1 aggregate (red) to monomer (green) ratio.

4.7. Clonogenic Assay

Cells were plated at 5 × 102 per six-well plate and treated with evodiamine for 48 h.
The cells were incubated for another ten days in the drug-free medium. The cells were
fixed with 4% formalin and stained with a 1% crystal violet solution, then air-dried.

4.8. Immunohistochemical Staining for the Cancer Tissue Microarray

Tissue arrays were obtained from Superbiochips Laboratories (Seoul, Korea). The
slide included specimens of HCC, metastatic HCC, and liver normal tissues obtained by
biopsy or surgical resection from patients. Immunohistochemical staining was performed
using a BenchMark XT automated slide stainer (Ventana Medical Systems, Inc., Tucson,
AZ, USA) and OptiView DAB IHC detection Kit (Ventana). The slides were counterstained
with hematoxylin (760-2021; Ventana Medical Systems, Inc., Tucson, AZ, USA) and Bluing
reagent (760-2037; Ventana Medical Systems, Inc., Tucson, AZ, USA).

4.9. Scratch Wound Healing Assay

The cells were plated on six-well plates when they had reached 90% confluence.
The monolayer was scratched, and the cells were incubated without or with various
concentrations of evodiamine for 24 h and 48 h. The cells were observed under Automated
Microscope (Bio-Tek lionheart, Winooski, VT, USA).
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4.10. Cell Invasion Assay

The cells were plated onto a six-well dish and treated with the indicated evodiamine
concentration. The cells treated with evodiamine were mixed with serum-free media
and added to the upper chamber coated with matrigel (invasion) or without matrigel
(migration). Complete medium containing 10% FBS was added to the lower chamber.
After incubation for 18 h, the cells in the upper chamber were removed, and cells traversed
through the membrane were fixed with 4% formaldehyde and stained with 1% crystal violet.

4.11. Statistical Analysis

The experimental results are presented as the mean ± standard deviation (S.D.) of
experiments repeated at least three times. For each significant treatment effect, ANOVA
or T-test was used to compare the multiple group means. The criterion for statistical
significance was set as p < 0.05 or p < 0.01.

5. Conclusions

In conclusion, evodiamine decreased YAP/Bcl-xL levels in HCC cells, inducing mi-
tochondria dysfunction-mediated apoptosis. Furthermore, evodiamine blocked the mes-
enchymal features promoting the motility and invasiveness of malignant HCC cells. Overall,
this study suggests that evodiamine might be a candidate as a new YAP inhibitor for HCC
therapeutic strategies. Nevertheless, more meticulous research on the mechanisms acting
on YAP as well as in vivo experiments using nude mice will be needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23031855/s1.

Author Contributions: U.-J.Y. investigated the study design, performed the experiments, analyzed
the data and wrote the draft manuscript. S.-J.B. and Y.-R.S. performed the experiments and analyzed
the data. Y.-W.K. developed the study design and revised the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (No.2019R1A2C1003200). This
research was also supported by a grant of the Korea Health Technology R&D Project through the
Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare,
Republic of Korea (number: HF20C0212) and (number: HF21C0061).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ikeda, M.; Morizane, C.; Ueno, M.; Okusaka, T.; Ishii, H.; Furuse, J. Chemotherapy for hepatocellular carcinoma: Current status

and future perspectives. Jpn. J. Clin. Oncol. 2018, 48, 103–114. [CrossRef]
2. Xu, Y.; Huang, J.; Ma, L.; Shan, J.; Shen, J.; Yang, Z.; Liu, L.; Luo, Y.; Yao, C.; Qian, C. MicroRNA-122 confers sorafenib resistance

to hepatocellular carcinoma cells by targeting IGF-1R to regulate RAS/RAF/ERK signaling pathways. Cancer Lett. 2016, 371,
171–181. [CrossRef]

3. Pobbati, A.V.; Hong, W. A combat with the YAP/TAZ-TEAD oncoproteins for cancer therapy. Theranostics 2020, 10, 3622–3635.
[CrossRef]

4. Moya, I.M.; Halder, G. Hippo-YAP/TAZ signalling in organ regeneration and regenerative medicine. Nat. Rev. Mol. Cell Biol.
2019, 20, 211–226. [CrossRef]

5. Zhao, B.; Li, L.; Lei, Q.; Guan, K.L. The Hippo-YAP pathway in organ size control and tumorigenesis: An updated version. Genes.
Dev. 2010, 24, 862–874. [CrossRef]

6. Yamaguchi, H.; Taouk, G.M. A Potential Role of YAP/TAZ in the Interplay Between Metastasis and Metabolic Alterations. Front.
Oncol. 2020, 10, 928. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23031855/s1
https://www.mdpi.com/article/10.3390/ijms23031855/s1
http://doi.org/10.1093/jjco/hyx180
http://doi.org/10.1016/j.canlet.2015.11.034
http://doi.org/10.7150/thno.40889
http://doi.org/10.1038/s41580-018-0086-y
http://doi.org/10.1101/gad.1909210
http://doi.org/10.3389/fonc.2020.00928


Int. J. Mol. Sci. 2022, 23, 1855 11 of 12

7. Zanconato, F.; Battilana, G.; Cordenonsi, M.; Piccolo, S. YAP/TAZ as therapeutic targets in cancer. Curr. Opin. Pharmacol. 2016, 29,
26–33. [CrossRef] [PubMed]

8. 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]

9. Yang, J.; Cai, X.; Lu, W.; Hu, C.; Xu, X.; Yu, Q.; Cao, P. Evodiamine inhibits STAT3 signaling by inducing phosphatase shatterproof
1 in hepatocellular carcinoma cells. Cancer Lett. 2013, 328, 243–251. [CrossRef] [PubMed]

10. Yun, U.J.; Lee, I.H.; Lee, J.S.; Shim, J.; Kim, Y.N. Ginsenoside Rp1, A Ginsenoside Derivative, Augments Anti-Cancer Effects of
Actinomycin D via Downregulation of an AKT-SIRT1 Pathway. Cancers 2020, 12, 605. [CrossRef] [PubMed]

11. Piccolo, S.; Dupont, S.; Cordenonsi, M. The biology of YAP/TAZ: Hippo signaling and beyond. Physiol. Rev. 2014, 94, 1287–1312.
[CrossRef]

12. Shu, C.H.; Yang, W.K.; Shih, Y.L.; Kuo, M.L.; Huang, T.S. Cell cycle G2/M arrest and activation of cyclin-dependent kinases
associated with low-dose paclitaxel-induced sub-G1 apoptosis. Apoptosis 1997, 2, 463–470. [CrossRef] [PubMed]

13. Lai, E.H.; Hong, C.Y.; Kok, S.H.; Hou, K.L.; Chao, L.H.; Lin, L.D.; Chen, M.-H.; Wu, P.-H.; Lin, S.-K. Simvastatin alleviates the
progression of periapical lesions by modulating autophagy and apoptosis in osteoblasts. J. Endod. 2012, 38, 757–763. [CrossRef]

14. Perelman, A.; Wachtel, C.; Cohen, M.; Haupt, S.; Shapiro, H.; Tzur, A. JC-1: Alternative excitation wavelengths facilitate
mitochondrial membrane potential cytometry. Cell Death Dis. 2012, 3, e430. [CrossRef] [PubMed]

15. Rogalska, A.; Koceva-Chyla, A.; Jozwiak, Z. Aclarubicin-induced ROS generation and collapse of mitochondrial membrane
potential in human cancer cell lines. Chem. Biol. Interact. 2008, 176, 58–70. [CrossRef] [PubMed]

16. Avruch, J.; Zhou, D.; Bardeesy, N. YAP oncogene overexpression supercharges colon cancer proliferation. Cell Cycle 2012, 11,
1090–1096. [CrossRef]

17. Pei, T.; Li, Y.; Wang, J.; Wang, H.; Liang, Y.; Shi, H.; Sun, B.; Yin, D.; Sun, J.; Song, R.; et al. YAP is a critical oncogene in human
cholangiocarcinoma. Oncotarget 2015, 6, 17206–17220. [CrossRef]

18. Danovi, S.A.; Rossi, M.; Gudmundsdottir, K.; Yuan, M.; Melino, G.; Basu, S. Yes-associated protein (YAP) is a critical mediator of
c-Jun-dependent apoptosis. Cell Death Differ. 2008, 15, 217–219. [CrossRef]

19. Tu, K.; Yang, W.; Li, C.; Zheng, X.; Lu, Z.; Guo, C.; Yao, Y.; Liu, Q. Fbxw7 is an independent prognostic marker and induces
apoptosis and growth arrest by regulating YAP abundance in hepatocellular carcinoma. Mol. Cancer 2014, 13, 110. [CrossRef]

20. Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315–2319. [CrossRef]

21. Kumar, R.; Saneja, A.; Panda, A.K. An Annexin V-FITC-Propidium Iodide-Based Method for Detecting Apoptosis in a Non-Small
Cell Lung Cancer Cell Line. Methods Mol. Biol. 2021, 2279, 213–223. [CrossRef]

22. Hu, L.; Lau, S.H.; Tzang, C.H.; Wen, J.M.; Wang, W.; Xie, D.; Huang, M.; Wang, Y.; Wu, M.-C.; Huang, J.-F.; et al. Association of
Vimentin overexpression and hepatocellular carcinoma metastasis. Oncogene 2004, 23, 298–302. [CrossRef]

23. Qiao, Y.; Chen, J.; Lim, Y.B.; Finch-Edmondson, M.L.; Seshachalam, V.P.; Qin, L.; Jiang, T.; Low, B.C.; Singh, H.; Lim, C.T.; et al.
YAP Regulates Actin Dynamics through ARHGAP29 and Promotes Metastasis. Cell Rep. 2017, 19, 1495–1502. [CrossRef]

24. Warren, J.S.A.; Xiao, Y.; Lamar, J.M. YAP/TAZ Activation as a Target for Treating Metastatic Cancer. Cancers 2018, 10, 115.
[CrossRef]

25. Lee, C.K.; Jeong, S.H.; Jang, C.; Bae, H.; Kim, Y.H.; Park, I.; Kim, S.K.; Koh, G.Y. Tumor metastasis to lymph nodes requires
YAP-dependent metabolic adaptation. Science 2019, 363, 644–649. [CrossRef]

26. Kim, D.W.; Talati, C.; Kim, R. Hepatocellular carcinoma (HCC): Beyond sorafenib-chemotherapy. J. Gastrointest Oncol. 2017, 8,
256–265. [CrossRef]

27. Moroishi, T.; Hansen, C.G.; Guan, K.L. The emerging roles of YAP and TAZ in cancer. Nat. Rev. Cancer 2015, 15, 73–79. [CrossRef]
28. Thompson, B.J. YAP/TAZ: Drivers of Tumor Growth, Metastasis, and Resistance to Therapy. Bioessays 2020, 42, e1900162.

[CrossRef]
29. Moloudizargari, M.; Asghari, M.H.; Nabavi, S.F.; Gulei, D.; Berindan-Neagoe, I.; Bishayee, A.; Nabavi, S.M. Targeting Hippo

signaling pathway by phytochemicals in cancer therapy. Semin. Cancer Biol. 2020. [CrossRef]
30. Zhao, S.; Xu, K.; Jiang, R.; Li, D.Y.; Guo, X.X.; Zhou, P.; Tang, J.F.; Li, L.S.; Zeng, D.; Hu, L.; et al. Evodiamine inhibits proliferation

and promotes apoptosis of hepatocellular carcinoma cells via the Hippo-Yes-Associated Protein signaling pathway. Life Sci. 2020,
251, 117424. [CrossRef]

31. Li, H.; Fu, L.; Liu, B.; Lin, X.; Dong, Q.; Wang, E. Ajuba overexpression regulates mitochondrial potential and glucose uptake
through YAP/Bcl-xL/GLUT1 in human gastric cancer. Gene 2019, 693, 16–24. [CrossRef]

32. Li, M.; Wang, D.; He, J.; Chen, L.; Li, H. Bcl-XL: A multifunctional anti-apoptotic protein. Pharmacol. Res. 2020, 151, 104547.
[CrossRef]

33. Liu, Z.; Li, Q.; Li, K.; Chen, L.; Li, W.; Hou, M.; Liu, T.; Yang, J.; Lindvall, C.; Björkholm, M.; et al. Telomerase reverse transcriptase
promotes epithelial-mesenchymal transition and stem cell-like traits in cancer cells. Oncogene 2013, 32, 4203–4213. [CrossRef]

34. Xiang, J.; Fu, X.; Ran, W.; Wang, Z. Grhl2 reduces invasion and migration through inhibition of TGFbeta-induced EMT in gastric
cancer. Oncogenesis 2017, 6, e284. [CrossRef]

35. Lo, H.C.; Zhang, X.H. EMT in Metastasis: Finding the Right Balance. Dev. Cell 2018, 45, 663–665. [CrossRef]
36. Nguyen, C.D.K.; Yi, C. YAP/TAZ Signaling and Resistance to Cancer Therapy. Trends. Cancer 2019, 5, 283–296. [CrossRef]

http://doi.org/10.1016/j.coph.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27262779
http://doi.org/10.3390/molecules22071175
http://doi.org/10.1016/j.canlet.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23032719
http://doi.org/10.3390/cancers12030605
http://www.ncbi.nlm.nih.gov/pubmed/32151067
http://doi.org/10.1152/physrev.00005.2014
http://doi.org/10.1023/A:1026422111457
http://www.ncbi.nlm.nih.gov/pubmed/14646529
http://doi.org/10.1016/j.joen.2012.02.023
http://doi.org/10.1038/cddis.2012.171
http://www.ncbi.nlm.nih.gov/pubmed/23171850
http://doi.org/10.1016/j.cbi.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18692031
http://doi.org/10.4161/cc.11.6.19453
http://doi.org/10.18632/oncotarget.4043
http://doi.org/10.1038/sj.cdd.4402226
http://doi.org/10.1186/1476-4598-13-110
http://doi.org/10.1038/nprot.2006.339
http://doi.org/10.1007/978-1-0716-1278-1_17
http://doi.org/10.1038/sj.onc.1206483
http://doi.org/10.1016/j.celrep.2017.04.075
http://doi.org/10.3390/cancers10040115
http://doi.org/10.1126/science.aav0173
http://doi.org/10.21037/jgo.2016.09.07
http://doi.org/10.1038/nrc3876
http://doi.org/10.1002/bies.201900162
http://doi.org/10.1016/j.semcancer.2020.05.005
http://doi.org/10.1016/j.lfs.2020.117424
http://doi.org/10.1016/j.gene.2019.01.018
http://doi.org/10.1016/j.phrs.2019.104547
http://doi.org/10.1038/onc.2012.441
http://doi.org/10.1038/oncsis.2016.83
http://doi.org/10.1016/j.devcel.2018.05.033
http://doi.org/10.1016/j.trecan.2019.02.010


Int. J. Mol. Sci. 2022, 23, 1855 12 of 12

37. Kim, M.H.; Kim, C.G.; Kim, S.K.; Shin, S.J.; Choe, E.A.; Park, S.H.; Shin, E.-C.; Kim, J. YAP-Induced PD-L1 Expression Drives
Immune Evasion in BRAFi-Resistant Melanoma. Cancer Immunol. Res. 2018, 6, 255–266. [CrossRef]

38. Song, S.; Honjo, S.; Jin, J.; Chang, S.S.; Scott, A.W.; Chen, Q.; Kalhor, N.; Correa, A.M.; Hofstetter, W.L.; Albarracin, C.T.; et al. The
Hippo Coactivator YAP1 Mediates EGFR Overexpression and Confers Chemoresistance in Esophageal Cancer. Clin. Cancer Res.
2015, 21, 2580–2590. [CrossRef]

39. Ciamporcero, E.; Shen, H.; Ramakrishnan, S.; Yu Ku, S.; Chintala, S.; Shen, L.; Adelaiye, R.; Miles, K.M.; Ullio, C.; Pizzimenti, S.;
et al. YAP activation protects urothelial cell carcinoma from treatment-induced DNA damage. Oncogene 2016, 35, 1541–1553.
[CrossRef]

40. Reggiani, F.; Gobbi, G.; Ciarrocchi, A.; Ambrosetti, D.C.; Sancisi, V. Multiple roles and context-specific mechanisms underlying
YAP and TAZ-mediated resistance to anti-cancer therapy. Biochim. Biophys. Acta Rev. Cancer 2020, 1873, 188341. [CrossRef]

41. Yun, U.J.; Lee, J.H.; Koo, K.H.; Ye, S.K.; Kim, S.Y.; Lee, C.H.; Kim, Y.-N. Lipid raft modulation by Rp1 reverses multidrug resistance
via inactivating MDR-1 and Src inhibition. Biochem. Pharmacol. 2013, 85, 1441–1453. [CrossRef]

42. Li, C.; Liu, H.; Yang, Y.; Xu, X.; Lv, T.; Zhang, H.; Liu, K.; Zhang, S.; Chen, Y. N-myristoylation of Antimicrobial Peptide CM4
Enhances Its Anticancer Activity by Interacting With Cell Membrane and Targeting Mitochondria in Breast Cancer Cells. Front.
Pharmacol. 2018, 9, 1297. [CrossRef]

http://doi.org/10.1158/2326-6066.CIR-17-0320
http://doi.org/10.1158/1078-0432.CCR-14-2191
http://doi.org/10.1038/onc.2015.219
http://doi.org/10.1016/j.bbcan.2020.188341
http://doi.org/10.1016/j.bcp.2013.02.025
http://doi.org/10.3389/fphar.2018.01297

	Introduction 
	Results 
	YAP Was Upregulated in Liver Tissues 
	YAP Inhibition Induced Apoptosis in HCC Cells 
	Evodiamine Decreased YAP Levels and Inhibited the Cell Growth of HCC Cells 
	Evodiamine Induced Apoptosis via Mitochondrial Dysfunction 
	Evodiamine Modulated EMT Ability by Regulating YAP in HCC 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Lines and Cell Culture 
	Cell Viability Assay 
	Flow Cytometry 
	Immunoblotting Analysis 
	Mitochondrial Membrane Potential (m) Analysis 
	Clonogenic Assay 
	Immunohistochemical Staining for the Cancer Tissue Microarray 
	Scratch Wound Healing Assay 
	Cell Invasion Assay 
	Statistical Analysis 

	Conclusions 
	References

