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Abstract 

Aims: Dysfunction of the Hippo-Yes-associated protein (YAP) signaling pathway is 

known to be associated with hepatocellular carcinoma (HCC). Evodiamine (Evo), a 

plant-derived bioactive alkaloid, exerts inhibitory effects on cancer. However, the 

precise influence of Evo on HCC and its potential effects on Hippo-YAP signaling 

have yet to be ascertained. Here, the effects of Evo on cell proliferation and apoptosis 

were evaluated using HCC cell lines (HepG2 and Bel-7402) and nude mice with 

xenograft tumors. We further investigated whether Evo exerts anti-HCC activity 

through effects on Hippo-YAP signaling in vitro with the aid of XMU‐ MP‐ 1, an 

inhibitor of the key component of this pathway, mammalian sterile 20-like kinase 1/2.  

Main methods: Cell proliferation and apoptosis were assessed using 

5-ethynyl-2'-deoxyuridine staining, colony formation, flow cytometry, 

hematoxylin-eosin and dUTP nick-end labeling experiments. Bioinformatics and 

real-time quantitative polymerase chain reaction (RT-qPCR) arrays were performed to 

determine the associations among Evo, HCC progression and the Hippo-YAP pathway. 

The expression patterns of components of Hippo-YAP signaling and apoptotic genes 
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were further examined via RT-qPCR and immunoblotting.  

Key findings: Evo inhibited proliferation and promoted apoptosis of HCC cell lines in 

vitro, and attenuated xenograft tumor formation in nude mice in vivo. Mechanistically, 

Evo treatment stimulated the Hippo-YAP signaling pathway. In vitro, the effects of 

Evo on HCC cell proliferation and apoptosis were alleviated by XMU‐ MP‐ 1.  

Significance: Our collective results revealed that the anti-HCC effects of Evo were 

correlated with the Hippo-YAP signaling pathway.  

Keywords: Evodiamine; hepatocellular carcinoma; anti-cancer effects; Hippo-YAP 

signaling pathway. 

1. Introduction 

Liver cancer is the second leading cause of death worldwide, with hepatocellular 

carcinoma (HCC) reported as the predominant type of primary liver cancer [1]. 

Radiofrequency ablation and surgical resection are partly curative treatments currently 

available for HCC. However, the majority of HCC patients are diagnosed at the 

terminal stage without the opportunity of surgical resection. Chemotherapy is the only 

possible option in these cases [2]. Currently, the overall chemotherapeutic effect on 

HCC is far from satisfactory, and treatment costs are extremely high, thus, 

highlighting an urgent need to develop safer, more effective, and inexpensive 

treatments.  
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The Hippo signaling pathway, a critical regulator of tissue regeneration and 

organ size, is also involved in preventing tumor formation [3]. The core molecules of 

this pathway are serine/threonine kinases, mammalian sterile 20-like kinase 1/2 

(Mst1/2), and large tumor suppressor 1/2 (Lats1/2) [4]. The transcriptional 

co-activator, Yes Activated Protein (YAP), is a target of the Hippo pathway. A number 

of studies have shown that dysfunctional Hippo-YAP signaling is an important 

contributory mechanism to HCC [5]. Previously, overexpression of YAP in liver of 

transgenic mice was shown to induce a significant increase in liver size and eventual 

development of tumors [6]. Accordingly, agents affecting the Hippo-YAP signaling 

pathway may have the ability to alleviate and treat HCC. 

Evodiamine (Evo), a major compound isolated from the Chinese herbal medicine 

Evodia rutaecarpa, is reported to exert anti-inflammation effects [7], in addition to 

influencing adipocyte differentiation [8] and adipogenesis. Previous studies suggest 

that Evo exerts anti-HCC effects through inhibiting β-catenin-mediated angiogenesis 

and WWOX, a STAT3-dependent signaling pathway [9-11]. However, the precise 

mechanisms remain unclear and the effects of Evo on the Hippo-YAP signaling 

pathway have yet to be established. We examined the potential correlation between 

Evo activity and Hippo-YAP signaling in this study, with a view to validating data 

from bioinformatics analyses.  

Here, we also investigated the effects of Evo on proliferation and apoptosis of 

HCC, both in vitro and in vivo. Further experiments with a selective target inhibitor of 

Mst1/2 kinase were performed to examine the specific underlying mechanism. Our in 
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vitro results indicated that Evo promoted inhibition of YAP activity via upregulation 

of its main upstream molecules Lats1 and Mst1/2. The results obtained supported the 

utility of Evo as a candidate therapeutic agent for HCC that exerts anti-cancer effects 

through the Hippo-YAP signaling pathway. 

2. Materials and Methods 

2.1.  Cell culture 

The human normal liver cell line (HL-7702) and HCC cell lines (HepG2 and 

Bel-7402) were obtained from the Cell Bank of the Chinese Academy of Sciences 

(Shanghai, China). HL-7702 was cultured in Roswell Park Memorial Institute-1640 

medium (Hyclone, South Logan, USA) containing 10% fetal bovine serum (FBS; 

Invitrogen, Carlsbad, CA) and 1% penicillin/streptomycin. HepG2 and Bel-7402 were 

maintained in Dulbecco’s modified Eagle medium (Hyclone, South Logan, USA) 

supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were 

incubated at 37°C in an atmosphere of 5% CO2. Evo (#S2382, SelleckChem, USA) 

and XMU-MP-1 (#S8334, SelleckChem, USA) were dissolved in dimethyl sulfoxide 

(DMSO) and added to the medium at a final concentration of DMSO less than 0.1%. 

2.2.  Cell viability assay 

HCC cell lines and HL-7702 cells were individually seeded in 96-well plates at a 

density of 1×10
4
 cells per well with 200 μl of culture medium for 24 hr. Thereafter, 

cells were exposed to different concentrations of Evo (0, 0.25, 1, 4, 8, 16 and 32 μM) 
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for 24, 48 and 72 hr. Then each well was replaced with 100 μl fresh culture medium 

containing 10 μl of CCK-8 and incubated for 2 hr at 37°C. The optical absorbance of 

each well was measured at 450 nm with an auto microplate reader (Bio-Rad, Hercules, 

CA, USA).  

2.3.  Flow cytometry analysis for cell cycle and apoptosis 

As previously described [12], cell apoptosis analysis was detected using the 

Annexin V-FITC/propidium iodide (PI) apoptosis detection kit (Beyotime, China) 

according to the protocol. After being incubated with Evo (0, 8 and 16 μM), HCC 

cells were collected and re-suspended in staining buffer. The results were detected by 

the FAC-Scan laser flow cytometer (FAC-SCalibur, Becton Dickinson, USA). 

For cell cycle analysis, cells were collected and fixed in pre-cooled 75% ethanol 

for 24 hr at 4°C, then re-suspended in PBS, RNaseA (10 mg/mL, 50 µL) and PI (2 

mg/mL, 10 µL). Flow cytometry was used to detect the cell cycle. CELL Quest 

software (BD Biosciences, Franklin Lakes, USA) was used to analyze the data.  

2.4.  5-ethynyl-2'-deoxyuridine (EdU) staining  

In brief, according to the instructions of the EdU detection kit (Beyotime, China), 

cells were supplemented with fresh medium containing 50 μM of EdU and incubated 

for 30 min at room temperature after treatment with Evo. Cell nuclei were then 

counterstained with Hoechst 33342 at room temperature for 10 min. A fluorescence 

microscope (×200; Olympus, Japan) was used to analyze cell proliferation.  
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2.5.  Colony formation assay 

Cells were seeded in six-well plates and treated with different concentrations of 

Evo (0, 1, 4, 8, 16 and 32 μM) for 48 hr. Then, medium was replaced with the 

Evo-free medium and continued to incubate for two weeks. The cells were fixed with 

4% paraformaldehyde and stained with Giemsa stain. Finally, the plate was air-dried 

and photographed to count the number of visible colonies. 

2.6.  Animal experiments 

All animal experiments were approved by the Animal Experimental Center of 

Chongqing Medical University and carried out in accordance with the U.K. Animals 

(Scientific Procedures) Act, 1986. Cultured HepG2 cells (3 x 10
6
 cells in 0.2 ml of 

PBS) were subcutaneously injected into the right armpit of female BALB/c nude mice 

(6 weeks, Chongqing Medical University, Chongqing, China). Mice were housed in a 

pathogen-free environment, and the mice were randomly divided into the control 

group and Evo group (n = 5 each). The mice in the Evo group were given Evo (10 

mg/kg) gavage after tumors formed, while the control mice were gavaged with an 

equal volume of PBS each day for four weeks. Mouse body weight and tumor size 

were measured with a caliper every three days, and the tumor volume (mm
3
) was 

calculated according to the following formula: Volume = width
2
 × length/2. Finally, 

all mice were sacrificed and tumors were quickly collected for further analysis. 

2.7.  Hematoxylin-eosin (HE) staining 
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As previously described [13], xenograft tumor tissues from different groups of 

mice were fixed in 10% neutral buffered formalin, paraffin-embedded, and sectioned 

at an 8 μm thickness. Then, sections were stained using an HE detection kit (Solarbio, 

China) according to the manufacturer’s instructions. Light microscopy was used to 

perform histological observations (×200, ×400; Nikon, Japan).  

2.8.  dUTP Nick-End Labeling (TUNEL) staining 

For in vitro TUNEL assays, after being treated with 0, 16 μM of Evo for 48 hr, 

the cells were fixed with 4% paraformaldehyde for 30 min at room temperature. 

According to the manufacturer's instructions, cells or xenograft tumor tissues were 

incubated with the TUNEL test solution for 1 hr and cell nuclei were counterstained 

with DAPI for 10 min at room temperature. Finally, images of apoptotic cells (green) 

and cell nuclei (blue) were captured by fluorescence microscopy (Olympus, Japan). 

2.9.  Real time quantitative polymerase chain reaction (RT- qPCR) analysis 

Trizol reagent (Invitrogen, Carlsbad, CA) was used to extract the total RNA. 

RNA was converted to cDNA using a reverse transcription kit (Takara, Japan), and 

then RT-qPCR was performed using the SYBR green mixture (Takara, Japan), 

following the manufacturer’s instructions. β-actin was used as the internal control. 

The primer sequences are shown in Table 1.  

2.10. Immunoblotting staining 
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Similar to methods previously described [14], proteins were extracted using 

radio immunoprecipitation assay lysis buffer or the Nuclear and Cytoplasmic Protein 

Extraction Kit (Beyotime, China) and then transformed into polyvinylidene fluoride 

membranes (Millipore, USA) after separation on dodecyl sulfate, sodium salt 

(SDS)-Polyacrylamide gel electrophoresis gels. After blocking, membranes were 

incubated with the appropriate primary antibodies (anti-Mst1 (#3682; cell signaling 

technology (CST); 1:1000), anti-Mst2 (#3952; CST; 1:1000), anti-Lats1 (#3477; CST; 

1:1000), anti-Phospho-Lats1 (#8654; CST; 1:1000), anti-YAP (#14074; CST; 1:1000), 

anti-Phospho-YAP (#46931; CST; 1:1000), anti-connective tissue growth factor 

(CTGF; #86641; CST; 1:1000), anti-Survivin (#2808; CST; 1:1000), anti-B-cell 

lymphoma/leukemia (Bcl-2; #SC-56015; Santa Cruz; 1:500), anti-Bcl-2-associated X 

protein (Bax; #SC-20067; Santa Cruz; 1:500), anti-p53 (#SC-126; Santa Cruz; 

1:1000), anti-β-Actin (#ab8227; abcam; 1:1000), GAPDH (#5147; CST; 1:1000), and 

Lamin A/C (#2032; CST; 1:1000) at 4°C overnight. The membranes were then 

incubated with goat anti-rabbit IgG H&L antibodies (HRP) (#ab97051; abcam; 

1:10,000) for 2 hr at room temperature. The values were then analyzed using Quantity 

One software (Bio-Rad, Hercules, CA, USA). 

2.11. Immunofluorescence staining 

For immunofluorescence analysis, cells were fixed with 4% paraformaldehyde 

for 30 min at room temperature, incubated with primary antibodies (anti-Mst1 and 

anti-YAP) overnight at 4°C, and then incubated with the corresponding secondary 
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antibodies at room temperature for 2 hr. DAPI was used to counterstain the cell nuclei. 

A fluorescence microscope (×800; Olympus, Japan) was used to observe the 

immunofluorescence results. Five microscopic fields were randomly selected, and 

cells clearly displaying nuclear YAP localization, even nuclear or cytoplasmic YAP 

distribution, or cytoplasmic YAP localization were counted. 

2.12. Immunohistochemistry (IHC) staining 

For IHC analysis, paraffin sections were incubated with a blocking solution and 

then incubated at 4°C overnight with an anti-YAP antibody. After washing, sections 

were incubated with biotinylated secondary antibodies for 30 min. Sections were 

visualized with 3, 3’-diaminobenzidine (Boster Biological Technology, China) and 

then counterstained and dehydrated for microscopic observation (×200, ×400; Nikon, 

Japan). 

2.13. Bioinformatics analysis 

Ingenuity pathway analysis (IPA) is an accurate online biomedical analysis 

software and database based on the Ingenuity Knowledge Base that helps researchers 

understand the properties of various molecules, identify active drug components and 

predict existing interaction networks. In this study, we used three key words, 

including, “Evo”, “hepatocellular carcinoma” and “Hippo-YAP signaling pathway” in 

the IPA software and used “Grow” and “Path Explorer” tools to search for direct and 
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indirect associations among Evo, hepatocellular carcinoma and molecules of the 

Hippo-YAP signaling pathway. 

2.14. RT- qPCR array 

Two HCC cell lines of non-treated control and the Evo-treated group were 

individually analyzed using Human Hippo-YAP RT-qPCR-arrays. The qPCR-array 

contains gene-specific optimized RT-PCR primer sets for 106 genes associated with 

the Hippo-YAP signaling pathway. Amplifications were performed with the GoTaq® 

qPCR Master Mix (Promega) on an ABI ViiATM7 RT-PCR Detection System (ABI). 

Each group (control and Evo-treated group) made use of three biological replicates 

and GAPDH was used as the internal control. The Ct value of each gene in each 

sample was compared, and the fold change of gene transcript variation numbers were 

compared to the normalized sample based on the 2
-△△Ct

. The genes were considered 

significantly different between the control and Evo-treated group if the absolute value 

of Log2 fold change ≥ 1.  

2.15. Statistical analysis 

All data are expressed as the mean ± standard deviation. SPSS 17.0 software was 

used to analyze statistical differences between groups by one-way ANOVA or 

Student’s t-test. A P-value < 0.05 was considered significant. 

3. Results 
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3.1.  Evo effectively inhibits proliferation of hepatoma cells in vitro.  

CCK-8 analysis was performed to investigate whether Evo affected proliferation 

of HepG2 and Bel-7402 cells. Notably, Evo inhibited the growth of both HCC cell 

lines in a time- and dose-dependent manner (P < 0.05; Fig. 1a, b). The IC50 values of 

HepG2 and Bel-7402 cells at 48 hr were 14.7 μM and 16 μM, respectively. Low 

concentrations of Evo (0, 0.25, 1, 4, 8, and 16 μM) at 48 hr induced no toxicity in the 

HL-7702 cell line (Supplementary Fig. 1). Accordingly, we selected 16 μM Evo and a 

treatment time of 48 hr for subsequent experiments, unless otherwise specified. 

Flow cytometry analysis of HepG2 and Bel-7402 cultures showed that compared 

with the control group (P < 0.05; Fig. 1c, d), Evo promoted significant accumulation 

of cells in the G2/M phase. In addition, the EdU assay verified the marked reduction 

of the proliferative ability of HepG2 and Bel-7402 cells in the Evo-treatment group (P 

< 0.01; Fig. 1e, f). 

To further establish Evo-mediated inhibition of hepatoma cell proliferation, the 

colony formation abilities of HCC cell lines were examined. Treatment with 

increasing concentrations of Evo gradually alleviated the colony-forming ability of 

HCC cells to a significant extent (P < 0.01; Fig. 1g, h).  

These results collectively indicated that Evo exerted a significant inhibitory 

effect on the proliferation of the HCC cell line. 

3.2. Evo promotes apoptosis of hepatoma cells in vitro.  
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To determine the effect of Evo on apoptosis in HepG2 and Bel-7402 cells, flow 

cytometry was performed. Evo treatment led to an increase in the proportion of 

apoptotic cells (P < 0.01; Fig. 2a, b). The proportion of HepG2 cells undergoing 

apoptosis in the control group was 2.67%. After treatment with 8 and 16 μM Evo, the 

proportion of apoptotic cells increased to 37.15% and 58.76%, respectively. In 

Bel-7402 cells, the percentage of apoptosis was respectively increased from 4.43% in 

the control group to 39.67% and 60.75% in 8 and 16 μM Evo-treated groups.  

In TUNEL analysis, the nuclei of HepG2 and Bel-7402 cells showed a marked 

increase in emitted green light fluorescence after treatment with Evo, indicating that 

Evo effectively induced apoptosis of hepatoma cells (Fig. 2c, d).   

To further confirm that Evo-mediated the promotion of apoptosis of hepatoma 

cells, its impact on the expression of apoptosis-related proteins in HepG2 and 

Bel-7402 cells was examined via immunoblot analysis. Those studies revealed that 

after Evo treatment, the expression of Bcl-2 was obviously decreased, while Bax and 

p53 levels were significantly increased. Furthermore, changes in these proteins were 

concentration-dependent (P < 0.05; Fig. 2e, f).  

3.3. Evo attenuates xenograft tumor formation in nude mice. 

To investigate the effects of Evo on tumor growth in nude mice, an in vivo nude 

mouse xenograft experiment was performed (Fig. 3a). Compared with the control 

group, we observed no significant changes in the body weights of Evo-treated mice, 

indicating no obvious side-effects of Evo treatment (Fig. 3b). Notably, Evo treatment 
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effectively impaired tumor growth and weight, compared to the control group (P < 

0.05, Fig. 3c, d). 

The tumor sections of the HepG2 xenograft model in mice were analyzed via HE 

staining (×200, ×400) and TUNEL analysis (×400). Evo-treated sections exhibited 

significant tumor necrosis, nucleus pyknosis and fragmentation, with rare intact cells 

relative to the control group (Fig. 3e-f).  

3.4. Evo is correlated with HCC inhibition and the Hippo-YAP signaling pathway. 

In RT-qPCR and immunoblot assays, compared with HL-7702 hepatocytes, YAP 

mRNA and protein levels were obviously increased in HepG2 and Bel-7402 cells (P < 

0.05; Fig. 4a, b); thus, validating the critical role of YAP in HCC. 

To elucidate the mechanisms underlying disease progression and directing 

appropriate drug development, the IPA database was used to explore the potential 

network of associations among Evo, HCC and the Hippo-YAP signaling pathway. The 

core molecule in the Hippo-YAP signaling pathway, YAP, was associated with HCC 

(Fig. 4c). Analysis of the molecular network showed that Evo indirectly affected YAP 

via other molecules, such as Akt, thus, supporting the hypothesis that inhibitory 

effects were exerted by Evo through the Hippo-YAP pathway.  

Immunofluorescence findings showed that Evo treatment led to significantly 

reduced expression of YAP in nuclei of HepG2 and Bel-7402 cells, compared with the 

control group (Fig. 4d, e). YAP expression in xenograft tumors was examined via 
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immunochemical staining (×200, ×400). The proportion of YAP‐ positive cells in the 

Evo-treated group was significantly lower than that in the control group (Fig. 4f). 

3.5. Evo regulates key molecules associated with Hippo-YAP signaling.  

In view of the theory that Evo potentially exerts anti-tumor activity via 

Hippo-YAP signaling, we further explored its effects on molecules involved in this 

pathway in vitro and in vivo.  

RT-qPCR array results from HepG2 and Bel-7402 cells are shown in Tables S1 

and S2. Specifically, the top 10 up- and downregulated genes confirmed dysfunction 

of Hippo-YAP signaling in HCC cell lines, including a number of key genes, such as 

Lats1, Mst1 and YAP (Fig. 5a, b). 

Immunofluorescence results revealed that Evo treatment effectively enhanced 

Mst1 expression in HepG2 and Bel-7402 cells (Fig. 5c, d). 

Crucial molecules of the Hippo-YAP signaling pathway in HepG2 and Bel-7402 

cells were further examined via immunoblot assays. The results showed that Evo 

treatment led to the suppression of total YAP protein, which was attributed to 

decreased nuclear translocation of the protein (P < 0.01; Fig. 5e, f). Other key 

molecules of the Hippo-YAP signaling pathway were also evaluated. With increasing 

Evo concentrations, the expression of two downstream effectors, CTGF and Survivin, 

was downregulated, while the levels of Mst1/2 and phosphorylation of Lats1 and YAP 

were enhanced, with peak levels detected at a treatment concentration of 16 μM. Our 

data suggested that the phosphorylation of YAP is regulated by the upstream kinases 
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Lats1 and Mst1/2 (P < 0.05; Fig. 5g, h). Moreover, Evo suppressed expression of YAP 

through promoting upregulation of Lats1 and Mst1/2.  

3.6. Evo inhibits hepatoma cell proliferation via the Hippo-YAP signaling pathway in 

vitro.  

To further validate Evo-induced suppression of HCC cell proliferation through 

Hippo-YAP signaling, HepG2 and Bel-7402 cells were treated with the Mst1/2 

inhibitor XMU-MP-1 (3 μM) for 6 hr before exposure to Evo. RT-qPCR and 

immunoblot analyses revealed that XMU-MP-1 effectively inhibited the expression of 

Mst1/2 in HepG2 and Bel-7402 cells (P < 0.05; Fig. 6a-d).  

XMU-MP-1 treatment ameliorated Evo-induced HCC cell cycle arrest at the 

G2/M phase (Fig. 6e, f). Additionally, XMU-MP-1 suppressed Evo-induced 

reductions in cell density and the irregular morphology of HepG2 and Bel-7402 cells 

(Fig. 6g, h). The number of visible colonies was also partially increased relative to the 

Evo treatment group (P < 0.05; Fig. 6i, j). Data from the EdU assay showed that 

XMU-MP-1 treatment partially reversed the proliferation of HepG2 and Bel-7402 

cells (Fig. 6k, m). Because Mst1/2 is the crucial upstream kinase of YAP and its 

inhibitor, XMU-MP-1, and attenuated the inhibitory effects of Evo on proliferation in 

HCC cells, we propose that Evo suppresses proliferation of liver cancer cells through 

the Hippo-YAP signaling pathway.  

3.7. Evo promotes hepatoma cell apoptosis via Hippo-YAP signaling in vitro. 
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Next, we examined whether Evo-mediated promotion of apoptosis in HCC cells 

could be reversed by XMU-MP-1. Our results showed amelioration of apoptosis 

induced by Evo in HepG2 and Bel-7402 cells following XMU-MP-1 treatment (Fig. 

7a, b). Consistently, in the TUNEL experiment, pretreatment with XMU-MP-1 

partially rescued HepG2 and Bel-7402 cells from Evo-induced cell apoptosis (Fig. 7c, 

d). Immunoblot analysis of apoptosis-related proteins in HepG2 and Bel-7402 cells 

revealed that XMU-MP-1 treatment led to a significant reversal of Bcl-2, Bax, and 

p53 levels induced by Evo (Fig. 7e, f). These results further supported Evo-mediated 

promotion of hepatoma cell apoptosis through the Hippo-YAP signaling pathway.  

3.8. Effects of Evo on Hippo-YAP signaling in vitro 

To further validate whether Evo inhibits proliferation and promotes apoptosis of 

hepatoma cells via Hippo-YAP signaling, HepG2 and Bel-7402 cells were treated 

with Evo and a combination of Evo/XMU-MP-1 for 48 hr. RT-qPCR and immunoblot 

results revealed that XMU-MP-1 treatment reversed the expression patterns of Mst1/2, 

Lats1,YAP, CTGF, Survivin and phosphorylation of Lats1 and YAP in HCC cells 

induced by Evo (P < 0.05; Fig. 8a-d). Immunofluorescence results showed that 

XMU-MP-1 treatment not only reversed Evo-induced Mst1 overexpression, but also 

nuclear translocation of YAP (Fig. 8e, f). Our results clearly demonstrated that the 

Hippo-YAP pathway played a vital role in Evo-mediated inhibition of cell 

proliferation and promotion of apoptosis in HCC cell lines. 
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4. Discussion 

 HCC is not only a serious disease, but also one of the most frequent 

cancer-related causes of death worldwide with increasing incidence. Despite 

significant advances in medical and surgical therapies, effective, inexpensive and safe 

treatments for HCC patients have yet to be established [15]. Chinese herbs, such as 

ginsenoside [16] and curcumin [17], are reported to have alleviatory effects on HCC 

progression.  

Evodia rutaecarpa Bentham is a Chinese herbal medicine commonly used as an 

analgesic and anti-emetic reagent [18]. The active ingredient, Evo, has been shown to 

induce apoptosis in various human cancer cell lines [19-23]. In human small-cell lung 

cancer cells, Evo is reported to induce cell cycle arrest and reduce expression of the 

cyclic regulatory proteins Cyclin B1 and Cdc2 [22, 24]. Consistent with previous 

studies [25-27], our data showed that Evo not only inhibited the proliferation of HCC 

cell lines and induced cell cycle arrest in the G2/M phase, but also promoted the 

downregulation of apoptosis-related Bcl-2 and upregulation of Bax and p53. 

The Hippo-YAP signaling pathway, which is mainly composed of the Mst1/2 and 

Lats1/2 kinase cascade, the transducer, YAP, and its paralog, TAZ, is a promising 

target for the prevention of cancer [28]. Upon Mst1/2 activation, Lats1/2, 

phosphorylates YAP and inhibits nuclear accumulation of YAP/TAZ [29, 30]. 

Dysfunction of this pathway is associated with the development of cancer, and in 

particular, growth and apoptosis of liver cancer cells [31-33]. An earlier clinical study 
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illustrated that YAP was highly expressed in almost half of human liver cancers and 

associated with poor survival [34], which was confirmed in the current study. High 

expression of YAP was clearly observed in HCC cell lines and the xenograft mouse 

model in our experiments.  

To our knowledge, no studies have examined the potential interactions between 

Evo and the Hippo-YAP signaling pathway in HCC cell lines. In the current study, we 

investigated whether Evo exerts its antitumor activity through Hippo-YAP signaling, 

both in vitro and in vivo. The correlations among Evo, HCC and Hippo-YAP signaling 

pathways were examined via bioinformatics analyses. RT-qPCR array results revealed 

dramatic alterations in Lats1, Mst1 and YAP mRNA levels after Evo treatment. Evo 

treatment led to the significant inhibition of YAP expression through the upregulation 

of Lats1 phosphorylation in HCC cell lines, leading to phosphorylation and decreased 

nuclear translocation of YAP, followed by deactivation of its downstream effectors. 

The majority of kinases in Hippo signaling play a role in tumor suppression, and thus, 

present optimal small molecular targets. Development of a small molecule agonist 

that could effectively restore the function of Mst1/2 or Lats1/2 kinases is a major 

challenge as there is little option for the rational designing [35]. The selective Mst1/2 

inhibitor, XMU-MP-1, not only partially reversed phenotypes, such as promotion of 

apoptosis and inhibition of proliferation, but also suppressed upregulation of Lats1 

and YAP phosphorylation induced by Evo in vitro. However, treatment with Evo in 

combination with XMU-MP-1 did not evidently alter colony formation, compared 

with Evo alone. One possible explanation was that the experimental cycle of clone 
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formation is so long that the effects of inhibitors are gradually weakened. Considering 

that Mst1/2 are several layers upstream of YAP and have other important cellular 

targets, a future objective is to assess whether double knockout of Lats1 and 2 

immediately upstream of YAP can directly reverse the effects of Evo treatment in 

HCC cell lines. Furthermore, the issue of whether overexpression of constitutively 

active YAP free from the control of LATS1 and 2 could circumvent the effects of Evo 

requires investigation. Overall, our data suggested that Evo exerted an anti-HCC 

effect through the Hippo-YAP signaling pathway. However, further research is 

warranted to establish the precise mechanisms of action of Evo along with validation 

in various animal models and clinical studies.  

We conclude that Evo plays a role in HCC inhibition through regulation of 

Hippo-YAP signaling that is critical in cancer development, which provide an 

important foundation for further development of Evo-mediated HCC therapy. 

5. Conclusions 

Evo is a novel Hippo-YAP signaling pathway mediator exerting anti-HCC 

activity through upregulating Lats1 phosphorylation that triggers phosphorylation and 

decreased nuclear translocation of YAP protein, followed by deactivation of its 

downstream effectors. The collective results provide an important basis for further 

research into the utility of Evo as a potential therapeutic or preventive candidate agent 

for HCC therapy. 
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Table 1. Primer sequences used in this study. 

Genes       Forward Primer (from 5′ to 3′)         Reverse Primer (from 5′ to 3′) 

Mst1      CCTCCCACATTCCGAAAACCA          GCACTCCTGACAAATGGGTG 

Mst2       AGGAACAGCAACGAGAATTGG       CCCCTTCACTCATCGTGCTT 

Lats1      AATTTGGGACGCATCATAAAGCC      TCGTCGAGGATCTTGGTAACTC 

YAP        CAAATCCCACTCCCGACA           TCTGACCAGAAGATGTCTTTGC 

β-actin     TTGTTACAGGAAGTCCCTTGCC       TCCCACAAAGCCAACTC 

Abbreviations: Lats1, large tumor suppressor 1; Mst1/2, mammalian sterile 20-like kinase 

1/2. 
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Figure legends 

Figure 1. Evodiamine (Evo) inhibits HepG2 and Bel-7402 cells proliferation. (a) 

CCK-8 viability assay. Evo treatment at a range of concentrations (0, 0.25, 1, 4, 8, 16, 

and 32 μM) inhibited HepG2 cell growth; (b) CCK-8 viability assay. Evo treatment at 

a range of concentrations (0, 0.25, 1, 4, 8, 16, and 32 μM) inhibited Bel-7402 cell 

growth; (c) cell cycle analysis of HepG2 cells treated with various concentrations of 

Evo; (d) cell cycle analysis of Bel-7402 cells treated with various concentrations of 

Evo; (e) representative images and analysis of 5-ethynyl-2'-deoxyuridine (EdU) 

staining of HepG2 cells treated with 16 μM Evo for 48 hr; (f) representative images 

and analysis of EdU staining of Bel-7402 cells treated with 16 μM Evo for 48 hr; (g) 

representative images and quantitative analysis of colony numbers of HepG2 cells 

treated with different concentrations of Evo for 48 hr in six-well plates, followed by 

colony formation culture for 14 days; (h) representative images and quantitative 

analysis of colony numbers of Bel-7402 cells treated with different concentrations of 

Evo for 48 hr in six-well plates, followed by colony formation culture for 14 days. 

(n=3; *P < 0.05, **P < 0.01, compared with control). 

Figure 2. Evodiamine (Evo) promotes apoptosis of HepG2 and Bel-7402 cells. (a) 

HepG2 cells were treated with the indicated concentrations of Evo for 48 hr and the 

percentage of apoptosis was analyzed via flow cytometry; (b) Bel-7402 cells were 

treated with the indicated concentrations of Evo for 48 hr and the percentage of cell 

apoptosis was analyzed via flow cytometry; (c) representative TUNEL images of 
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HepG2 cells subjected to Evo treatment; (d) representative TUNEL images of 

Bel-7402 cells subjected to Evo treatment; (e) immunoblot analysis of B-cell 

lymphoma/leukemia (Bcl-2), Bcl-2-associated X protein (Bax) and p53 protein levels 

in HepG2 cells after treatment with the indicated concentrations of Evo for 48 hr; (f) 

immunoblot analysis of Bcl-2, Bax and p53 protein levels in Bel-7402 cells treated 

with the indicated concentrations of Evo for 48 hr. (n=3; *P < 0.05, **P < 0.01, 

compared with the control group). 

Figure 3. Evodiamine (Evo) effectively inhibits xenograft tumor formation in vivo. (a) 

Representative images of tumors collected from HepG2 cells line xenograft model 

mice treated with PBS or Evo; (b) mouse body weights detected at the indicated times; 

(c) tumor volumes measured at the indicated times; (d) significant suppression of 

tumor weights by Evo; (e) hematoxylin-eosin staining in tumor sections (×200, ×400); 

(f) representative images of TUNEL assay in tumor sections (×200). (n=5; *P < 0.05, 

**P < 0.01, compared with the control group). 

Figure 4. Correlations among Evodiamine (Evo), hepatocellular carcinoma (HCC) 

and molecules of the Hippo-Yes-Associated Protein (YAP) signaling pathway. (a) The 

mRNA levels of YAP in HL-7702, HepG2, and Bel-7402 cells; (b) protein levels of 

YAP in HL-7702, HepG2, and Bel-7402 cells; (c) potential molecular networks 

among Evo, HCC and Hippo-YAP signaling pathways; (d) representative 

immunofluorescence images and quantitative analysis of YAP in HepG2 cells 

subjected to Evo treatment; (e) representative immunofluorescence images 
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quantitative analysis of YAP in Bel-7402 cells subjected to Evo treatment; (f) 

immunochemical staining for YAP in tumor sections. (n=3; *P < 0.05, **P < 0.01, 

compared with the control group). 

Figure 5. Evodiamine (Evo) regulates the Hippo-Yes-Associated Protein (YAP) 

signaling pathway. (a) RT-qPCR array revealing the top 10 up- and down-regulated 

genes in HepG2 cells treated with Evo; (b) RT-qPCR array revealing the top 10 up- 

and down-regulated genes in Bel-7402 cells treated with Evo; (c) representative 

immunofluorescence images of mammalian sterile 20-like kinase 1 (Mst1) in HepG2 

cells treated with Evo; (d) representative immunofluorescence images of Mst1 in 

Bel-7402 cells treated with Evo; (e) cytosolic and nuclear proteins of HepG2 cells 

treated with 16 μM Evo for 48 hr were separated to detect expression levels of YAP. 

GAPDH and Lamin A/C were used as the loading controls. (f) cytosolic and nuclear 

proteins of Bel-7402 cells treated with 16 μM Evo for 48 hr were separated to detect 

expression levels of YAP. GAPDH and Lamin A/C were used as the loading controls; 

(g) quantification analysis of proteins associated with the Hippo-YAP signaling 

pathway in HepG2 cells treated with different concentrations of Evo for 48 hr; (h) 

quantification analysis of proteins associated with the Hippo-YAP signaling pathway 

in Bel-7402 cells treated with different concentrations of Evo for 48 hr (n=3; *P < 

0.05, **P < 0.01, compared with the control group).  

Figure 6. XMU‐MP-1 reverses inhibition of HepG2 and Bel-7402 cells proliferation 

by Evodiamine (Evo). (a) XMU-MP-1 reduced mRNA levels of mammalian sterile 
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20-like kinase 1 and 2 (Mst1 and 2) in HepG2 cells to a significant extent; (b) 

XMU-MP-1 reduced mRNA levels of Mst1 and 2 in Bel-7402 cells to a significant 

extent; (c) XMU-MP-1 reduced the protein levels of Mst1 and 2 in HepG2 cells to a 

significant extent; (d) XMU-MP-1 reduced the protein levels of Mst1 and 2 in 

Bel-7402 cells to a significant extent; (e) flow cytometry analysis showing that 

XMU‐ MP‐ 1 reverses Evo-induced arrest of HepG2 cells at the G2/M phase; (f) 

flow cytometry analysis showing that XMU-MP-1 reverses Evo-induced arrest of 

Bel-7402 cells at the G2/M phase; (g) XMU-MP-1 ameliorates the Evo-induced 

density and morphology changes in HepG2 cells; (h) XMU-MP-1 ameliorates the 

Evo-induced density and morphology changes in Bel-7402 cells; (i) representative 

images and quantitative analysis showing that XMU-MP-1 partially reverses HepG2 

cells colony formation; (j) representative images and quantitative analysis showing 

that XMU-MP-1 partially reverses Bel-7402 cells colony formation; (k) representative 

images and quantitative analysis of 5-ethynyl-2'-deoxyuridine (EdU) staining in 

HepG2 cells subjected to the indicated treatment; (m) representative images and 

quantitative analysis of EdU staining in Bel-7402 cells subjected to the indicated 

treatment (n=3; *P < 0.05, **P < 0.01, compared with the indicated group). 

Figure 7. XMU-MP-1 suppresses apoptosis of HepG2 and Bel-7402 cells by 

Evodiamine (Evo). (a) Flow cytometry analysis of the effect of XMU-MP-1 on 

Evo-induced apoptosis in HepG2 cells; (b) flow cytometry analysis of the effect of 

XMU-MP-1 on Evo-induced apoptosis in Bel-7402 cells; (c) representative TUNEL 
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images of HepG2 cells subjected to the indicated treatment; (d) representative 

TUNEL images of Bel-7402 cells subjected to the indicated treatment; (e) 

quantification analysis of protein levels of B-cell lymphoma/leukemia (Bcl-2), 

Bcl-2-associated X protein (Bax) and p53 in HepG2 cells subjected to the indicated 

treatment; (f) quantification of protein levels of Bcl-2, Bax and p53 in Bel-7402 cells 

subjected to the indicated treatment. (n=3; *P < 0.05, **P < 0.01, compared with the 

indicated group). 

Figure 8. Evodiamine (Evo) activates the Hippo-Yes-Associated Protein (YAP) 

signaling pathway in HepG2 and Bel-7402 cells. (a) Real-time qPCR of mRNA 

expression of mammalian sterile 20-like kinase 1 and 2 (Mst1 and 2), large tumor 

suppressor 1 (Lats1) and YAP in HepG2 cells subjected to the indicated treatment; (b) 

real-time qPCR of mRNA expression of Mst1/2, Lats1 and YAP in Bel-7402 cells 

subjected to the indicated treatment; (c) immunoblotting and quantification analysis of 

Mst1/2, Lats1, p-Lats1, YAP, p-YAP, connective tissue growth factor (CTGF) and 

Survivin proteins in HepG2 cells subjected to the indicated treatment; (d) 

immunoblotting and quantification analysis of Mst1/2, Lats1, p-Lats1, YAP, p-YAP, 

CTGF and Survivin proteins in Bel-7402 cells subjected to the indicated treatment; (e) 

representative immunofluorescence images of Mst1 in HepG2 and Bel-7402 cells 

subjected to the indicated treatment; (f) representative immunofluorescence images of 

YAP in HepG2 and Bel-7402 cells subjected to the indicated treatment. (n=3; *P < 

0.05, **P < 0.01, compared with the indicated group). 
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Graphical abstract  

Evodiamine (Evo) is derived from the Chinese herbal medicine Evodia rutaecarpa 

Bentham. Data from the present study confirmed that Evo exerted an inhibitory effect 

on proliferation and promotes apoptosis of HepG2 and Bel-7402 cells in vitro. 

Xenograft tumor formation studies revealed that Evo impairs in vivo tumor growth. 

Mechanistic studies further indicated that the phenotypes caused by Evo are attributed 

to activation of mammalian sterile 20-like kinase 1/2 (Mst1/2) and upregulation of 

large tumor suppressor 1 (Lats1) phosphorylation, leading to phosphorylation and 

decreased nuclear translocation of Yes-Associated Protein (YAP) protein and 

consequent deactivation of its downstream effectors. Abbreviations: transcriptional 

coactivator with PDZ-binding motif (TAZ), TEA domain transcription factor (TEAD), 

connective tissue growth factor (CTGF), B-cell lymphoma/leukemia (Bcl-2), 

Bcl-2-associated X protein (Bax).   
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