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Purpose: The aim of this study was to investigate the role of Yes1 associated transcriptional 
regulator (YAP1) in the pathology of hepatocellular carcinoma (HCC) and its potential as 
a therapeutic target.
Methods: YAP1 expression in HCC and adjacent tissues was determined via immunohisto-
chemistry; in HCC and human normal liver cell lines, expression was examined via Western 
blotting. The effects of YAP1 knockdown and overexpression were detected following trans-
fection of HCC cells with siRNA-YAP1 recombinants or pcDNA3.1-YAP1 plasmids. A tumor 
xenograft model was constructed by implanting YAP1-knockdown lentivirus-infected Hep-3B 
cells into nude mice, and the animals were treated with sorafenib.
Results: In patients with HCC, YAP1 was upregulated in tumor tissue compared with adjacent 
tissue, and its high expression in the tumor was associated with increased Edmonson grade. In 
vitro, YAP1 expression was increased in Hep-3B, SK-HEP-1 and Huh7 cells, while it was 
similar in SMMC-7721 cells and LO2 cells. Meanwhile, YAP1 increased cell proliferation and 
invasion, promoted the progression of epithelial–mesenchymal transition, and inhibited cell 
apoptosis in HCC cells; furthermore, YAP1 knockdown combined with the administration of 
sorafenib decreased cell viability and increased cell apoptosis compared with YAP1 knock-
down or treatment with sorafenib alone. In vivo, YAP1 knockdown inhibited tumor growth and 
metastasis, whereas it promoted apoptosis; meanwhile, YAP1 knockdown synergized with 
sorafenib to suppress tumor progression in HCC mice.
Conclusion: YAP1 is upregulated in both HCC tumor tissues and cell lines. Moreover, it 
promotes cell proliferation and invasion and promoted the progression of epithelial– 
mesenchymal transition in vitro. Furthermore, targeting YAP1 inhibits HCC progression 
and improves sensitivity to sorafenib in vitro and in vivo.
Keywords: Yes1 associated transcriptional regulator, hepatocellular carcinoma, sorafenib, 
proliferation, invasion, apoptosis

Introduction
Hepatocellular carcinoma (HCC) represents the fifth most prevalent type of tumors 
and the second most common cause of cancer-related mortality globally; its inci-
dence presents a progressive increment with age in all populations.1,2 The potential 
curative treatments include liver resection, orthotopic liver transplantation, radio-
frequency ablation, and microwave ablation, while palliative treatment options 
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include intra-arterial administration of chemotherapy, 
embolizing material, and radioactive particles. These treat-
ment modalities have improved the clinical outcomes of 
a small portion of patients with HCC; however, the major-
ity of patients continue to be associated with an unfavor-
able prognosis owing to the high rate of tumor recurrence 
and increasing drug resistance.3–5 Thus, knowledge on the 
molecular biology of HCC is essential for the selection of 
the most appropriate treatment and improvement of the 
clinical outcomes in HCC management.

Yes1 associated transcriptional regulator (YAP1) is an 
important regulator of the Hippo pathway, which is an 
essential tumor-regulating signaling pathway in various 
malignancies.6,7 Recent studies indicated that YAP1 is 
a candidate oncogene and is associated with tumorigenesis 
via diverse biological processes, including the promotion 
of malignant phenotypes, regulation of epithelial– 
mesenchymal transition (EMT), and expansion of cancer 
stem cells.8,9 For example, in breast cancer, YAP1 pro-
motes tumor invasiveness by regulating the phosphoryla-
tion of focal adhesion kinase. Its knockdown sensitizes 
tumor cells to radiation by inhibiting epidermal growth 
factor receptor (EGFR)/PI3K/AKT signaling axis and 
increasing DNA damage.9,10 In another study, YAP1 was 
upregulated in gastric cancer tissues compared with non- 
cancerous paired normal tissues, while its knockdown 
attenuated the proliferation of cancer cells and enhanced 
sensitivity to cisplatin by targeting the EGFR.11 According 
to the previous studies, we hypothesized that YAP1 may 
be implicated in the development and progression of HCC, 
and may serve as a target in the treatment of HCC, in 
combination with other drugs; however, the currently 
available evidence is insufficient. Therefore, in the present 
study, we explored the association of YAP1 with clinico-
pathological features of patients with HCC, and further 
investigated its role in regulating cell proliferation, apop-
tosis, invasion, and expression of its downstream gene 
(Tead) and EMT markers in vitro, as well as the synergis-
tic effect of YAP1 knockdown with sorafenib in vivo in 
this setting.

Materials and Methods
Specimens and Cell Lines
Seventy HCC biopsy specimens and 20 paired adjacent 
tissue specimens were purchased from Shanghai Outdo 
Biotech Co., Ltd. (Shanghai, China). The usage of these 
specimens was approved by the Institutional Review 

Board of the company, and informed consent was provided 
by the patients prior to specimen collection. The human 
HCC cell lines Hep-3B, SMMC-7721, SK-HEP-1, and 
Huh-7, as well as the human normal liver cell line LO2, 
were purchased from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in 90% 
Dulbecco’s modified Eagle’s medium (Gibco, NY, USA) 
supplemented with 10% fetal bovine serum (Gibco), 100 
U/mL of penicillin, and 100 μg/mL of streptomycin. All 
cell lines were maintained in a humidified incubator with 
an atmosphere of 5% CO2 at 37°C. Following cell culture, 
the expression of YAP1 protein in the cell lines was 
determined by Western blotting.

Immunohistochemistry (IHC) Assay
HCC specimens and adjacent tissue specimens were cut 
into 4-µm paraffin-embedded sections, mounted on slides, 
deparaffinized with xylene and rehydrated with graded 
ethanol, and blocked with 3% hydrogen peroxide. Heat- 
induced antigen retrieval was performed using a steamer at 
95°C. The primary antibody Rabbit Anti-YAP1 antibody 
(Abcam, MA, USA) was diluted at a ratio of 1:50. 
Incubation was performed at 4°C overnight, followed by 
incubation with a secondary antibody Goat Anti-Rabbit 
IgG H&L (horseradish peroxidase [HRP]) (Abcam) in 
1:50,000 dilution at 37°C for 60 min. Diaminobenzidine 
was subsequently applied for 10 min. Finally, the sections 
were counterstained with hematoxylin, dehydrated, cov-
ered, and visualized. According to previous studies,12,13 

the expression of YAP1 was determined by the density of 
positive cells and the intensity of staining. The density was 
scored based on the proportion of positive cells (0: none; 
1: ≤10%; 2: 11–25%; 3: 26–50%; 4: >50%), and the 
intensity was scored based on the average staining inten-
sity of positive cells (0: none; 1: weak; 2: intermediate; 3: 
strong). The final score was the product of the density 
score and intensity score, ranging 0–12. Patients were 
classified into two groups: YAP1 low expression (score: 
0–3) and YAP1 high expression (score: 4–12).

Transfection
Three small-interfering RNAs (siRNA) against YAP1 
(siRNA-YAP1) and non-targeting siRNA (siRNA-NC) 
were designed and synthesized by GenePharma 
(Shanghai, China). A pcDNA3.1-YAP1 plasmid and the 
control plasmid (pcDNA3.1-NC) were also synthesized by 
GenePharma. Using Lipofectamine 2000 (Invitrogen, CA, 
USA) according to the instructions provided by the 
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manufacturer, Hep-3B cells were transfected with siRNA- 
YAP1 recombinants or siRNA-NC, as well as with the 
pcDNA3.1-YAP1 plasmid or pcDNA3.1-NC plasmid. 
The SMMC-7721 cells were transfected with the 
pcDNA3.1-YAP1 plasmid or pcDNA3.1-NC plasmid. 
The non-transfected Hep-3B cells and SMMC-7721 cells 
served as controls check (CK). The expression of YAP1 
protein in the cells was determined by Western blotting 
after 24 h, 48 h, and 72 h of incubation.

Western Blotting Assay
Cells were lysed in radioimmunoprecipitation assay lysis 
buffer (Sigma–Aldrich, MO, USA). After electrophoresis 
on a 12% or 15% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis gel, proteins were transferred onto 
polyvinylidene difluoride membranes. Subsequently, the 
membranes were blocked with 5% non-fat milk and incu-
bated overnight at 4°C with the following primary anti-
bodies: Rabbit Anti-YAP1 antibody (1:5000 dilution; 
Abcam), Rabbit Anti-YAP1 (phosphorylated S127) 
(pYAP1) antibody (1:50000 dilution; Abcam), Rabbit 
Anti-Ki67 antibody (1:5,000 dilution; Abcam), Rabbit 
Anti-TEAD-1 antibody (1:50000 dilution; Abcam), 
Rabbit Anti-E-cadherin antibody (1:50000 dilution; 
Abcam), Rabbit Anti-N-cadherin antibody (1:1000 dilu-
tion, Abcam), and Rabbit Anti-glyceraldehyde-3-phos-
phate dehydrogenase (Anti-GAPDH) antibody (1:10000 
dilution, Abcam). The HRP-conjugated secondary anti-
body Goat Anti-Rabbit IgG H&L (HRP) (1:20000 dilu-
tion, Abcam, USA) was added and incubated at room 
temperature for 1 h. Signals were visualized after chemi-
luminescence reaction with horseradish peroxidase sub-
strate. The relative protein expressions of YAP1, pYAP1, 
Ki67, Tead, EMT markers (E-Cadherin and N-Cadherin) 
in different cells were normalized to the GAPDH concen-
tration, and the quantitative analysis was performed using 
the Image J software (National Institutes of Health 
(NIH), USA).

Cell Proliferation, Apoptosis, and Invasion 
Assays
Cell proliferation was determined using the Cell Counting 
Kit-8 cell viability assay kit (Dojindo, Kyushu Japan). In 
brief, 5,000 cells per well were seeded in 96-well plates. 
At 0 h, 24 h, 48 h or 72 h after incubation, 10 μL of cell 
viability assay kit solution was added to each well. 
Subsequently, the absorbance of each well was measured 

at 450 nm using a microplate reader (Biotek, VT, USA). 
Cell apoptosis was assessed by fluorescein isothiocyanate 
(FITC)-labeled annexin-V and propidium iodide (PI) 
(Sigma-Aldrich, USA) using flow cytometry. Briefly, fol-
lowing transfection for 48 h, the cells were collected and 
stained in 500 μL of a solution containing Annexin 
V-FITC in the dark. Then, PI was added for 5 min in the 
dark. Flow cytometry (Becton Dickinson, NJ, USA) was 
used to detect the fluorescent signal in the cells. Cell 
invasion ability was assessed at 48 h after transfection 
through the Transwell assay using invasion chambers 
(BD Biosciences, CA, USA), as previously described.14 

The invading cells that adhered to the lower surface of the 
membrane were viewed through an optical microscope 
(Nikon, Tokyo, Japan) and counted by the ImageJ software 
(National Institutes of Health).

Lentivirus Infection and Assessment of 
Drug-Sensitivity
The YAP1-knockdown lentivirus (YAP1-KD-LV) and 
negative control lentivirus (NC-LV) were synthesized by 
GenePharma and used to infect Hep-3B cells. The cells 
infected with the YAP1-knockdown lentivirus were 
defined as YAP1-KD-LV cells; those infected with nega-
tive control lentivirus were defined as control cells; cells 
treated with 30 mg/kg sorafenib were defined as sorafenib 
cells; and those infected with YAP1-knockdown lentivirus 
and treated with sorafenib were defined as sorafenib and 
YAP1-KD-LV cells. As shown before, cell viability was 
determined using the Cell Counting Kit-8 cell viability 
assay kit (Dojindo) and cell apoptosis was assessed by 
FITC-labeled annexin-V and PI (Sigma-Aldrich) using 
flow cytometry.

Construction of a Tumor Xenograft 
Model
The animal study was approved by the Institutional 
Animal Care and Use Committee of Cancer Hospital of 
the University of Chinese Academy of Sciences 
(Hangzhou, China), following the Guidelines for the ethi-
cal review of laboratory animal welfare People’s Republic 
of China National Standard GB/T35892-2018.15 Twenty 
BALB/c male nude mice (4–5 weeks old, 18–20 g) were 
purchased from Shanghai Lab. Animal Research Center 
(Shanghai, China) and housed in a standard animal labora-
tory with free access to food and water. Subsequently, 
stably infected Hep-3B cells were screened out using 
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puromycin (Sigma-Aldrich). After the harvest, stably 
infected Hep-3B cells were suspended in serum-free 
DMEM (3×106/mL). Subsequently, the YAP1-KD-LV 
infected Hep-3B cells or NC-LV infected Hep-3B cells 
were injected into the upper flank region of nude mice 
(200 μL per animal) for construction of the tumor xeno-
graft model. After 7 days, the mice were assigned into four 
groups (five mice per group) and treated as follows: (1) 
Control group: mice (implanted with NC-LV-infected Hep- 
3B cells) were treated with saline solution by oral gavage 
once daily for 30 days; (2) Sorafenib group: mice 
(implanted with NC-LV-infected Hep-3B cells) were trea-
ted with 30 mg/kg sorafenib (diluted in saline solution) by 
oral gavage once daily for 30 days; (3) YAP1-KD-LV 
group: mice (implanted with YAP1-KD-LV-infected Hep- 
3B cells) were treated with saline solution by oral gavage 
once daily for 30 days; and (4) Sorafenib & YAP1-KD-LV 
group: mice (implanted with YAP1-KD-LV-infected Hep- 
3B cells) were treated with 30 mg/kg sorafenib (diluted in 
saline solution) by oral gavage once daily for 30 days. 
After 30 days of treatment, all mice were sacrificed with 
pentobarbital, and the tumors were resected and weighed. 
Furthermore, tumor specimens were formalin-fixed and 
paraffin-embedded. The cell apoptosis in the tumor speci-
mens was detected by the terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labelling (TUNEL) assay 
using the TumorTACS in situ Apoptosis Detection kit 
(R&D, MN, USA) according to the instructions provided 
by the manufacturer. The expression of YAP1, matrix 
metalloproteinase 3 (MMP3), and MMP9 in the specimens 
was assessed by IHC assay. The primary antibodies (all 
purchased from Abcam) were: Rabbit Anti-YAP1 antibody 
(1:5,000 dilution); Rabbit Anti-MMP3 antibody (1:50 
dilution); and Rabbit Anti-MMP9 antibody (1:1,000 dilu-
tion). The secondary antibody (also purchased from 
Abcam) was Goat Anti-Rabbit IgG H&L (HRP) 
(1:20,000 dilution).

Statistical Analysis
Data were expressed as the mean ± standard deviation or 
number (percentage). In the clinical data analyses, the com-
parison of YAP1 expression between tumor tissue and adja-
cent tissue was determined using the McNemar test. The 
comparison of clinicopathological features between patients 
with low and high expression of YAP1 was conducted using 
the chi-squared test. In the experiment-related analyses, the 
comparison among groups was determined through one-way 
analysis of variance, followed by Dunnett’s multiple 

comparisons test. Moreover, the comparison between two 
groups was performed using the unpaired t-test. 
Furthermore, the degree of drug interaction was calculated 
via calculation of the combination index (CI) according to 
previous evidence: CI<1 indicated a synergistic effect of 
drugs; CI=1 indicated an additive effect; and CI>1 indicated 
antagonism.16 All statistical analyses were performed using 
GraphPad Prism 7.01 (GraphPad Software, Inc., La Jolla, CA, 
USA) and SPSS 22.0 (IBM, Corp., Armonk, NY, USA) soft-
ware. P < 0.05 was considered significant, and the P value was 
displayed as *P < 0.05, **P < 0.01, ***P < 0.001, and NS (P > 
0.05) in the figures related to the experiments.

Results
YAP1 Expression in HCC Tumor Tissue 
and Adjacent Tissue
Representative images of YAP1 low expression in adjacent 
tissue and YAP1 high expression in tumor tissue were 
exhibited (Figure 1A). The comparison of the percentage 
of YAP1 low/high expression between tumor tissue and 
adjacent tissue indicated that YAP1 was upregulated in 
HCC tumor tissue compared with adjacent tissue 
(P <0.001) (Figure 1B).

Correlation of Tumor YAP1 Expression in 
Tumors with Clinicopathological Features 
in Patients with HCC
High expression of YAP1 in tumors was associated with 
increased Edmonson grade (P =0.023), however, there was 
no correlation of tumor YAP1 expression in tumors with age 
(P =0.940), sex (P =0.289), tumor size (P =0.638), TNM stage 
(P =0.717), vascular invasion (P =0.289), adjacent organ 
invasion (P =0.709), or number of tumor nodules (P =0.518) 
(Table 1). Detailed information on the clinicopathological 
features of patients with HCC is provided in Table 1.

YAP1 and pYAP1 Expression in HCC Cell 
Lines and Normal Cells
YAP1 expression was higher in Hep-3B (P<0.001), SK- 
HEP-1 (P<0.01), and Huh7 (P<0.01) cells, but exhibited 
a similar trend in SMMC-7721 (P>0.05) cells compared 
with LO2 cells (Figure 2A and B). pYAP1 expression was 
lower in Hep-3B (P<0.001), SK-HEP-1 (P<0.001), and 
Huh7 cells (P<0.01), but presented a similar trend in 
SMMC-7721 cells (P>0.05) compared with LO2 cells. 
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Hep-3B and SMMC-7721 cells were selected for the fol-
lowing cellular experiments.

YAP1 and pYAP1 Expressions After 
Transfection of Hep-3B and SMMC-7721 
Cells
Hep-3B cells were transfected with three types of siRNA- 
YAP1 recombinants and siRNA-NC. The expression of 
YAP1 in cells transfected with siRNA-YAP1 recombinants 
was decreased compared with that noted in cells trans-
fected with siRNA-NC at 48 h (P<0.001) and 72 
h (P<0.001) (Figure 3A and B). Considering the greatest 
effect of the third siRNA-YAP1 recombinant in suppres-
sing YAP1, it was selected for the following cellular 
function experiments. SMMC-7721 cells were transfected 
with the pcDNA3.1-YAP1 plasmid or pcDNA3.1-NC plas-
mid. YAP1 expression in cells transfected with the 
pcDNA3.1-YAP1 plasmid was increased compared with 

that recorded in cells transfected with the pcDNA3.1-NC 
plasmid at 24 h (P<0.001), 48 h (P<0.01), and 72 
h (P<0.01) (Figure 3C and D). These data indicated the 
successful transfection.

Effect of YAP1 Knockdown and 
Overexpression on the Proliferation of 
HCC Cells
In Hep-3B cells, proliferation in cells transfected with siRNA- 
YAP1 recombinants was decreased compared with that 
observed in cells transfected with siRNA-NC at 48 
h (P<0.05) and 72 h (P<0.05) (Figure 4A); furthermore, 
Ki67 protein expression was decreased in siRNA-YAP1 
recombinants transfected cells compared with siRNA-NC 
transfected cells (P <0.05) (Figure 4B and C). In SMMC- 
7721 cells, proliferation in cells transfected with the 
pcDNA3.1-YAP1 plasmid was increased compared with that 
detected in cells transfected with the pcDNA3.1-NC plasmid at 

Figure 1 YAP1 was upregulated in HCC tumor tissues compared with adjacent tissues. Representative images of low YAP1 expression in adjacent tissue and high YAP1 
expression in tumor tissue (A). Comparison of YAP1 expression between adjacent tissue and tumor tissue (B). 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma.
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48 h (P<0.05) and 72 h (P<0.05) (Figure 4D); Meanwhile, 
Ki67 protein expression in cells transfected with the 
pcDNA3.1-YAP1 plasmid was higher than that determined in 
cells transfected with the pcDNA3.1-NC plasmid (P<0.05) 
(Figure 4E and F).

Effect of YAP1 Knockdown and 
Overexpression on Apoptosis in HCC 
Cells
In Hep-3B cells, the cell apoptosis rate in cells transfected 
with the siRNA-YAP1 recombinants was increased versus 
that observed in cells transfected with siRNA-NC 
(P<0.001) (Figure 5A and B). In SMMC-7721 cells, the 
cells transfected with the pcDNA3.1-YAP1 plasmid exhibited 
a declining trend in cell apoptosis rate versus those trans-
fected with the pcDNA3.1-NC plasmid, though the difference 
was not statistically significant (P>0.05) (Figure 5C and D).

Effect of YAP1 Knockdown and 
Overexpression on Cell Invasion in HCC 
Cells
In Hep-3B cells, the number of invasive cells was decreased 
in cells transfected with siRNA-YAP1 recombinants 

Table 1 Association of Tumor YAP1 Expression with 
Clinicopathological Features in HCC Patients

Category All 
Cases 
(N=70)

YAP1 P-value

High 
(n=51)

Low 
(n=19)

Age 0.940

>45 years 52 

(74.3)

38 (74.5) 14 (73.7)

≤45 years 18 

(25.7)

13 (25.5) 5 (26.3)

Sex 0.289

Men 66 

(94.3)

49 (96.1) 17 (89.5)

Women 4 (5.7) 2 (3.9) 2 (10.5)

Edmonson grade 0.023
I–II 48 

(68.6)

31 (60.8) 17 (89.5)

III–IV 22 
(31.4)

20 (39.2) 2 (10.5)

Tumor size 0.638
≤ 5 cm 33 

(47.1)

25 (49.0) 8 (42.1)

>5 cm 27 
(38.6)

19 (37.3) 8 (42.1)

Unknow 10 

(14.3)

- -

TNM stage 0.717
I–II 10 

(14.3)

8 (15.7) 2 (10.5)

III–IV 60 
(85.7)

43 (84.3) 17 (89.5)

Vascular invasion 0.289
Present 54 

(77.1)

41 (80.4) 13 (68.4)

Absent 16 
(22.9)

10 (19.6) 6 (31.6)

Adjacent organ 
invasion

0.709

Present 5 (7.1) 4 (7.8) 1 (5.3)

Absent 65 
(92.9)

47 (92.2) 18 (94.7)

Numbers of tumor 
nodules

0.518

1 44 

(62.9)

30 (58.8) 14 (73.7)

≥2 16 

(22.9)

13 (25.5) 3 (15.8)

Unknow 10 
(14.3)

- -

Abbreviation: HCC, hepatocellular carcinoma.

Figure 2 YAP1 was upregulated, whereas pYAP1 was downregulated, in HCC cell 
lines compared with normal liver cells. Comparison of YAP1 and pYAP1 expression 
between human HCC cell lines (Hep-3B, SMMC-7721, SK-HEP-1, Huh-7) and 
a human normal liver cell line (LO2) (A and B). P value was displayed as **P < 
0.01, ***P < 0.001, and NS (P > 0.05). 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocel-
lular carcinoma; pYAP1, phosphorylated YAP1; CK, control check.
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compared with that recorded in cells transfected with siRNA- 
NC (P <0.01) (Figure 6A and B). In SMMC-7721 cells, the 
number of invasive cells was increased in cells transfected 
with the pcDNA3.1-YAP1 plasmid compared with that deter-
mined in cells transfected with the pcDNA3.1-NC plasmid 
(P<0.001) (Figure 6C and D).

Effect of YAP1 Knockdown and 
Overexpression on the Expression of 
Tead and EMT Markers in HCC Cells
In Hep-3B cells, the expression of Tead (P<0.05) and 
N-cadherin (P <0.05) was decreased, whereas that of 
E-cadherin (P <0.05) was increased in cells transfected with 
siRNA-YAP1 recombinants versus cells transfected with 
siRNA-NC (Figure 7A and B). In SMMC-7721 cells, the 
expression of Tead (P<0.01) and N-cadherin (P<0.01) was 
higher, whereas that of E-cadherin (P<0.05) was lower in 
cells transfected with the pcDNA3.1-YAP1 plasmid versus 
those transfected with the pcDNA3.1-NC plasmid (Figure 7C 
and D).

Validation of the Effect of YAP1 
Overexpression on the Proliferation, 
Apoptosis, and Invasion of Hep-3B Cells
Transfection of Hep-3B cells with the 
pcDNA3.1-YAP1 plasmid or pcDNA3.1-NC plasmid 

led to an increase in YAP1 protein expression in the 
former group of cells (P<0.001) (Figure 8A and B). In 
Hep-3B cells, cell proliferation (optical density 450 nm 
absorbance) was higher at 48 h and 72 h (both P<0.05) 
(Figure 8C); Ki67 protein expression was higher 
(P<0.01) (Figure 8D and E), cell apoptosis rate was 
lower (P <0.05) (Figure 8F and G), and the number of 
invasive cells was elevated (P<0.05) (Figure 8H and I) 
in cells transfected with the pcDNA3.1-YAP1 plasmid 
versus those transfected with the pcDNA3.1-NC plas-
mid. These data verified that YAP1 promoted the pro-
liferation and invasion, whereas it inhibited apoptosis 
of HCC cells.

Validation of the Effect of YAP1 
Overexpression on Tead and EMT 
Markers in Hep-3B Cells
In Hep-3B cells, the expression of Tead (P<0.01) and 
N-cadherin (P<0.01) was increased, whereas that of 
E-cadherin (P<0.01) was decreased in cells transfected 
with the pcDNA3.1-YAP1 plasmid versus cells trans-
fected with the pcDNA3.1-NC plasmid (Figure 9A and 
B). These data supported that YAP1 increased the 
expression of Tead and promoted EMT progression in 
HCC cells.

Figure 3 Establishment of YAP1 knockdown and overexpression in HCC cells. Comparison of YAP1 expression between cells transfected with siRNA-YAP1 recombinants 
and those transfected with siRNA-NC (HEP-3B cells) (A and B). Comparison of YAP1 expression between cells transfected with the pcDNA3.1-YAP1 plasmid and those 
transfected with the pcDNA3.1-NC plasmid (SMMC-7721 cells) (C and D). P value was displayed as **P < 0.01, ***P < 0.001, and NS (P > 0.05). 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; CK, control check.
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YAP1 Knockdown and Its Synergistic 
Effect with Sorafenib in HCC Cells
Cellular experiments were conducted in Hep-3B cells to 
investigate the combined effect of YAP1 knockdown and 
sorafenib in HCC cells. The relative cell viability was 
decreased in sorafenib cells (P<0.05) and YAP1-KD-LV 

cells (P<0.01) compared with control cells, and was 
further reduced in sorafenib and YAP1-KD-LV cells com-
pared with sorafenib cells (P<0.01) and YAP1-KD-LV 
cells (P<0.05) (Figure 10A). Furthermore, the synergistic 
effect of YAP1 knockdown and sorafenib was assessed; 
the obtained CI value was 0.8825±0.2268, implying 

Figure 4 YAP1 promoted proliferation in HCC cells. Comparison of OD450 nm absorbance by CCK-8 (A) and Ki67 protein expression (B and C) between Hep-3B cells 
transfected with siRNA-YAP1 recombinants and those transfected with siRNA-NC at 24 h, 48 h, and 72h after transfection. Comparison of OD450 nm absorbance by CCK- 
8 (D) and Ki67 protein expression (E and F) between SMMC-7721 cells transfected with the pcDNA3.1-YAP1 plasmid and those transfected with the pcDNA3.1-NC 
plasmid at 24 h, 48 h, and 72 h after transfection. P value was displayed as *P < 0.05 and NS (P > 0.05). 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; OD, optical density; 
CCK-8, Cell Counting Kit-8; CK, control check.
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synergism. Moreover, the cell apoptosis rate in sorafenib 
cells (P<0.01) and YAP1-KD-LV cells (P<0.001) was 
increased versus that recorded in control cells. This rate 
was further enhanced in Sorafenib&YAP1-KD-LV cells 
compared with sorafenib cells (P<0.001) and YAP1-KD- 
LV cells (P<0.01) (Figure 10B and C).

YAP1 Knockdown and Its Synergistic 
Effect with Sorafenib in Treating HCC 
Mice
A tumor xenograft model was constructed by injecting 
Hep-3B cells infected with YAP1-KD-LV or NC-LV into 
nude mice. Tumor size in the Sorafenib&YAP1-KD-LV 
group was smaller compared with those noted in the 
YAP1-KD-LV and Sorafenib groups. Moreover, it was 
smaller in the YAP1-KD-LV group compared with the 
Control group, and similar between the Sorafenib and 
Control groups (Figure 11A). In addition, the tumor 
weight was reduced in the Sorafenib & YAP1-KD-LV 
group compared with the YAP1-KD-LV (P<0.001) and 
Sorafenib groups (P<0.001). It was also decreased in the 
YAP1-KD-LV group versus the Control group (P<0.05), 

and was similar between the Sorafenib and Control groups 
(P >0.05) (Figure 11B). Moreover, a CI value of 0.6801 
±0.2139 was obtained for the synergistic effect of YAP1 
knockdown and sorafenib, suggesting synergism. 
Furthermore, the TUNEL assay indicated that the rate of 
tumor apoptosis in the Sorafenib & YAP1-KD-LV group 
was increased compared with those recorded for the 
YAP1-KD-LV and Sorafenib groups; this rate was also 
elevated in the YAP1-KD-LV and Sorafenib groups versus 
the Control group (Figure 11C). In addition, the IHC assay 
indicated that YAP1-KD-LV decreased the expression of 
YAP1, MMP3, and MMP9; the combination of YAP1-KD- 
LV and sorafenib further reduced the expression of YAP1, 
MMP3, and MMP9 (Figure 11C).

Discussion
In the present study, we noted the following. Firstly, YAP1 
was upregulated in HCC tumor tissues compared with 
adjacent tissues, and its high expression in tumors was 
associated with increased Edmonson grade in patients 
with HCC. Secondly, in vitro, YAP1 expression was 
increased, whereas that of pYAP1 was decreased, in 
HCC cell lines (Hep-3B, SK-HEP-1 and Huh7 cell lines) 

Figure 5 YAP1 decreased apoptosis in HCC cells. Comparison of the cell apoptosis rate by the AV/PI assay between Hep-3B cells transfected with siRNA-YAP1 
recombinants and those transfected with siRNA-NC at 48 h after transfection (Aand B). Comparison of the cell apoptosis rate by the AV/PI assay between SMMC-7721 
cells transfected with the pcDNA3.1-YAP1 plasmid and those transfected with the pcDNA3.1-NC plasmid at 48 h after transfection (Cand D). P value was displayed as ***P 
< 0.001, and NS (P > 0.05).  
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; AV/PI, Annexin V/ 
Propidium Iodide; CK, control check.
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compared with those detected in human normal liver cell 
line (LO2 cell line). YAP1 promoted cell proliferation, 
invasion, EMT progression, and the expression of its 
downstream gene Tead, but decreased cell apoptosis in 
HCC cells. Thirdly, in vivo, YAP1 knockdown exerted 
an inhibitory effect on tumor growth and metastasis, and 
demonstrated a synergistic anti-tumor effect with sorafenib 
in treating mice with HCC, which was verified by cellular 
experiments.

YAP1, as a member of the YAP family, is 
a transcriptional coactivator which regulates tissue home-
ostasis and organ development by triggering numerous 
cell-autonomous responses, such as sustained prolifera-
tion, therapy resistance, cell plasticity, and metastasis.17 

Accumulating published evidence exhibit the essential role 
of YAP1 as an oncogene in the initiation and progression 
of tumors via various ways.6,11,18 For example, a study 
indicated that YAP1 is upregulated in gastric cancer tissues 
compared with normal mucosal tissues, and its overexpres-
sion increases cell proliferation but decreases apoptosis.18 

In another study, YAP1 expression was elevated in bladder 
cancer tissues compared with adjacent normal tissues, and 
its knockdown represses the proliferation ability and 

promotes apoptosis rate of bladder cancer cells.19 

Clinically, high expression of YAP1 is associated with 
unfavorable tumor features in patients with various 
tumors, including gastric, non-small cell lung, colon, and 
breast cancer.20–23 A study indicated that YAP1 is posi-
tively correlated with clinical stage, tumor size, and lymph 
node metastasis in patients with gastric cancer.20 Another 
study exhibited that high expression of YAP1 is correlated 
with poor differentiation, increased depth of invasion, and 
lymph node metastasis in patients with colon cancer.22 

According to these previous findings, it was hypothesized 
that YAP1 may be correlated with clinicopathological fea-
tures of patients with HCC. Confirming our hypothesis, we 
found that YAP1 was upregulated in HCC tumor tissues 
versus adjacent tissues, and high expression of YAP1 in 
tumors was associated with increased Edmonson grade in 
patients with HCC. The following possible reasons are 
considered. Firstly, according to the previous study, over-
expression of YAP1 was positively related to the expres-
sion of the EMT transcriptional factors (eg, ZEB1), and 
the activation of EMT was involved in the HCC formation, 
during which inducing tumor-initiating epithelial cells 
undergo EMT to generate HCC.6 Therefore, YAP1 was 

Figure 6 YAP1 promoted cell invasion in HCC cells. Comparison of invasive cell number by Transwell assay between siRNA-YAP1 recombinants transfected cells and 
siRNA-NC transfected cells in Hep-3B cells at 48 h after transfection (Aand B). Comparison of invasive cell number by Transwell assay between pcDNA3.1-YAP1 plasmid 
transfected cells and pcDNA3.1-NC plasmid transfected cells in SMMC-7721 cells at 48h after transfection (Cand D). P value was displayed as **P < 0.01 and *** P < 0.001. 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; CK, control check.
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upregulated in HCC tissues compared with adjacent tis-
sues. Secondly, high expression of YAP1 was associated 
with increased stemness and EMT features, and the former 
may inhibit differentiation during tumor initiation and 
progression. Therefore, high expression of YAP1 was 
associated with poor tumor differentiation (increased 
Edmonson grade) in patients with HCC.6,24

Subsequently, we determined the expression of YAP1 
in human HCC cell lines (Hep-3B, SMMC-7721, SK-HEP 
-1, and Huh-7) and a human normal liver cell line (LO2) 
through Western blotting. We found that YAP1 was upre-
gulated in Hep-3B, SK-HEP-1, Huh-7 cell lines compared 
with LO2 cell line. We observed that YAP1 knockdown 
inhibited cell proliferation, invasion, whereas it promoted 
cell apoptosis in Hep-3B cells. In SMMC-7721 cells, over-
expression of YAP1 promoted cell proliferation and inva-
sion; however, the apoptosis rate presented a decreasing 
trend without statistical significance. This observation may 
be due to unobvious effect of YAP1 on cell apoptosis and 
relatively low apoptosis rate in SMMC-7721 cells. This 
hypothesis warrants further investigation. We also con-
ducted cellular experiments to investigate the effect of 

YAP1 overexpression on cell apoptosis in Hep-3B cells. 
The results indicated that overexpression of YAP1 inhib-
ited cell apoptosis. These data suggest that YAP1 pro-
moted the proliferation and invasion, whereas it inhibited 
the apoptosis of HCC cells. The results are consistent with 
those of a previous study reporting that silencing of YAP1 
inhibited cell proliferation and invasion, but promoted 
apoptosis in thyroid cancer cells.25 In addition, we also 
found that YAP1 enhanced the expression of its down-
stream gene (Tead) in the Hippo signaling pathway in 
HCC cells, suggesting implication of this pathway in the 
pathology of the disease. However, this requires further 
exploration. Possible reasons are discussed below. Firstly, 
the Hippo signaling pathway is a tumor inhibitory signal-
ing pathway, which medicates cell proliferation, apoptosis, 
invasion and migration. Hence, YAP1 may promote cell 
proliferation, invasion, migration, but inhibit apoptosis by 
acting with TEADs (which was verified in our present 
study) and inactivating Hippo signaling, which further 
leads to tumor growth and metastasis.6 Secondly, existing 
evidence indicates that EMT is a vital biological process 
involved in cancer invasion and metastasis, and prior data 

Figure 7 YAP1 increased Tead expression and promoted EMT markers in HCC cells. Comparison of Tead, E-cadherin, and N-cadherin expression between Hep-3B cells 
transfected with siRNA-YAP1 and those transfected with siRNA-NC (A and B), and between SMMC-7721 cells transfected with the pcDNA3.1-YAP1 plasmid and those 
transfected with the pcDNA3.1-NC plasmid (C and D). P value was displayed as *P < 0.05 and **P < 0.01. 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; EMT, epithelial– 
mesenchymal transition; CK, control check.
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demonstrated that YAP1 enhanced the expression of 
N-cadherin but decreased that of E-cadherin, further 
resulting to the increased invasion of HCC cells,26–28 

These findings were verified in the current study. Thirdly, 
according to a previous study, activation of the tumor 

suppressor Hippo pathway led to cytoplasmic retention 
and further degradation of YAP1, while inactivation of 
the Hippo pathway contributed to the localization of 
YAP1 in the nucleus of HCC cells, as previously 
documented.29,30 Additionally, nuclear localization and 

Figure 8 YAP1 overexpression promoted proliferation and invasion, but inhibited apoptosis of Hep-3B cells. Comparison of YAP1 expression (A and B), OD450 nm 
absorbance (C), Ki67 expression (D and E), apoptosis rate (F and G) and number of invasive cells (H and I) between cells transfected with the pcDNA3.1-YAP1 plasmid and 
those transfected with the pcDNA3.1-NC plasmid. P value was displayed as *P < 0.05, **P < 0.01 and ***P < 0.001. 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; AV/PI, Annexin V/Propidium Iodide; NC, 
negative control; CK, control check.
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Figure 9 YAP1 increased Tead expression and promoted EMT in Hep-3B cells. Comparison of Tead, E-cadherin, and N-cadherin expression (A and B) between cells 
transfected with the pcDNA3.1-YAP1 plasmid and those transfected with the pcDNA3.1-NC plasmid. P value was displayed as **P < 0.01. 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; siRNA, small-interfering RNAs; NC, negative control; EMT, epithelial– 
mesenchymal transition; CK, control check.

Figure 10 Combination of YAP1 knockdown and administration of sorafenib inhibited cell viability, but promoted apoptosis of HCC cells. Comparison of relative cell 
viability (A) and cell apoptosis rate (B and C) among control cells, sorafenib cells, YAP1-KD-LV cells, and sorafenib and YAP1-KD-LV cells. P value was displayed as *P < 0.05, 
**P < 0.01 and ***P < 0.001. 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; YAP1-KD-LV, YAP1-knockdown lentivirus; NC-LV, negative control 
lentivirus.
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stabilization of YAP1 were correlated with increased HCC 
cell proliferation.31,32 Therefore, we hypothesized that 
YAP1 promoted cell proliferation and invasion, but inhib-
ited cell apoptosis via nuclear localization and cytoplasmic 
degradation of YAP1. However, due to the limited budget, 
we could not cover the expense of additional cellular study 
to investigate the subcellular localization of YAP1 and 
related activity in HCC cells. This will be the focus of 
our future study.

Existing research studies demonstrated the association 
of YAP1 with the occurrence of intrinsic or acquired drug 

resistance in several types of tumors. In addition, accu-
mulating data reveal that knockdown of YAP1 synergis-
tically increases the efficacy of anti-tumor therapies, 
including molecular-targeted therapy, cytotoxic che-
motherapy, and radiotherapy.6,11,33 For example, knock-
down of YAP1 diminishes the resistance of HER2- 
amplified breast cancer cells to lapatinib, and silencing 
of YAP1 in vivo attenuates the growth of implanted 
HER2-amplified tumors.34 In another study, overexpres-
sion of YAP1 increased the resistance of non-small cell 
lung cancer cells to erlotinib, and the combination of 

Figure 11 Combination of YAP1 knockdown and administration of sorafenib inhibited tumor growth in HCC. Comparison of tumor size (A) and tumor weight (B) among 
the Control, Sorafenib, YAP1-KD-LV, and Sorafenib & YAP1-KD-LV groups. Comparison of tumor apoptosis, YAP1 expression, MMP3 expression, and MMP9 expression 
among the Control, Sorafenib, YAP1-KD-LV, and Sorafenib & YAP1-KD-LV groups (C). P value was displayed as *P < 0.05, ***P < 0.001 and NS (P > 0.05). 
Abbreviations: YAP1, Yes1 associated transcriptional regulator; HCC, hepatocellular carcinoma; YAP1-KD-LV, YAP1-knockdown lentivirus; NC-LV, negative control 
lentivirus.
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YAP1 inhibitor and erlotinib suppressed the tumorigenic 
properties of these cells.35 Furthermore, sorafenib is 
a multi-kinase inhibitor which possesses various antipro-
liferative, antiangiogenic, and proapoptotic properties, 
and is an effective first-line drug for the treatment of 
advanced HCC.36 According to the aforementioned evi-
dence, we hypothesized that knockdown of YAP1 may 
synergize with sorafenib in the treatment of HCC; there-
fore, we performed the corresponding in vitro and in vivo 
experiments. We found that knockdown of YAP1 
decrease HCC tumor growth. Of note, combined YAP1 
knockdown and administration of sorafenib had some 
synergistic benefit on inhibiting tumor growth, which 
was also supported by the results of the cellular experi-
ments. Furthermore, we performed the TUNEL assay and 
IHC assay. The results showed that the combination of 
YAP1 knockdown and sorafenib exerted a stronger effect 
on promoting apoptosis and inhibiting metastasis com-
pared with YAP1 knockdown or treatment with sorafenib 
alone in HCC. These findings suggested that YAP1 
knockdown synergized with sorafenib in the treatment 
of HCC. The possible reasons are presented below. 
Firstly, according to the previous studies, YAP1 is asso-
ciated with the HCC stem cell phenotype, and its knock-
down weakened the HCC stem cell properties. Hence, 
knockdown of YAP1 may have an inhibitory effect on 
tumor progression and synergize with sorafenib by sup-
pressing stemness markers.37 Secondly, according to pre-
vious evidence, sorafenib served as an inhibitor of EGFR, 
and inactivation of EGFR signaling could suppress HCC 
cell growth via an YAP1-independent manner. Therefore, 
the combination of YAP1 knockdown and administration 
of sorafenib could exert a stronger inhibitory effect on 
tumor progression compared with YAP1 knockdown or 
sorafenib alone.38,39

Conclusion
YAP1 is upregulated in both HCC tumor tissues and cell 
lines, and promotes cell proliferation, invasion, and 
EMT progression in vitro. Meanwhile, targeting YAP1 
inhibits HCC progression and improves sensitivity to 
sorafenib in vitro and in vivo. These data suggest that 
YAP1 may serve as a single or combined target in the 
treatment of HCC.

Abbreviations
YAP1, Yes1 associated transcriptional regulator; HCC, 
hepatocellular carcinoma; EGFR, epidermal growth factor 

receptor; HRP, horseradish peroxidase; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; siRNA, small- 
interfering RNAs; siRNA-NC, non-targeting siRNA; 
pYAP1, phosphorylated YAP1; CK, control check; FIRC, 
fluorescein isothiocyanate; NC, negative control; OD, opti-
cal density; CCK-8, Cell Counting Kit-8; AV/PI, Annexin 
V/propidium iodide; MMP, matrix metalloproteinase; 
EMT, epithelial–mesenchymal transition; YAP1-KD-LV, 
YAP1-knockdown lentivirus; NC-LV, negative control len-
tivirus; CI, combination index.
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