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Abstract. Verteporfin (VP) is a specific inhibitor of yes‑asso‑
ciated protein 1 (YAP1) that suppresses tumor progression 
by inhibiting YAP1 expression. The present study aimed to 
determine the inhibitory effect of VP on osteosarcoma and the 
underlying mechanism of its anticancer effects. Cell viability, 
cell cycle and apoptosis and cell migration and invasion 
were analyzed using the MTT assay, flow cytometry, wound 
healing assay and Transwell assay, respectively. Expressions 
of YAP1 and TEA domain transcription factor 1 (TEAD1) 
were measured using reverse transcription‑quantitative PCR 
and western blotting, while their interaction was identified by 
the co‑immunoprecipitation assay. In vivo mouse xenograft 
experiments were performed to evaluate the effect of VP on 
osteosarcoma growth. The results demonstrated that YAP1 
and TEAD1 were highly expressed in osteosarcoma cells and 
tissues, whereas VP significantly downregulated the expres‑
sion levels of YAP1 and TEAD1 in the osteosarcoma cell line 
Saos‑2 compared with those in untreated control cells. In addi‑
tion, compared with those in the control group, VP suppressed 
the viability, migration and invasion, induced cell cycle arrest 
in the G1 phase and promoted apoptosis in Saos‑2 cells. In 
addition, VP inhibited mouse xenograft tumor growth in vivo 
compared with that observed in the control group. Notably, 
VP downregulated the levels of CYR61 expression in Saos‑2 
cells, whereas CYR61 overexpression mitigated the inhibi‑
tory effects of VP on osteosarcoma cells, as indicated by the 
increased viability and reduced apoptotic rates in Saos‑2 cells 
overexpressing CYR61 compared with those in the control 
group. In summary, VP suppressed osteosarcoma by down‑
regulating the expression of YAP1 and TEAD1. Additionally, 

CYR61 may mediate the effects of VP on osteosarcoma 
progression.

Introduction

Osteosarcoma is a typical primary bone malignancy that 
occurs mainly in children and adolescents aged 10‑20 years (1). 
In Europe, the incidence of osteosarcoma is between 2 and 
5 new diagnoses per 1 million people per year, while in the 
USA, ~800 subjects are diagnosed with osteosarcoma per 
year (2,3). At present, the standard treatments for osteosar‑
coma include surgery and neoadjuvant chemotherapy, such 
as methotrexate, cisplatin and doxorubicin (4). It has been 
reported that cabozantinib can directly suppress osteosarcoma 
cell proliferation by inhibiting the ERK and Akt signaling 
pathways (5). Despite notable progresses in the treatment of 
osteosarcoma, the 5‑year overall survival rate of patients with 
osteosarcoma remains only 20‑30% due to its susceptibility 
to local invasion and early metastasis, with ≤25% of patients 
developing lung metastasis (6). Han et al (7) have suggested 
that the upregulation of c‑Myc is implicated in the invasion 
of osteosarcoma cells by activating the MEK‑ERK pathway. 
Various target genes of microRNAs (miRs) participate in the 
intracellular signaling pathways of osteosarcoma, including 
the c‑Met, Notch, Ras/p21, MAPK, Wnt and Jun/Fos path‑
ways (8). For example, long non‑coding RNA plasmacytoma 
variant translocation 1 downregulates miR‑152 expression to 
activate the c‑Met/PI3K/AKT signaling pathway, facilitating 
chemoresistance of osteosarcoma cells to gemcitabine  (9). 
Therefore, the development of new effective therapeutic strate‑
gies for osteosarcoma is urgently required.

As an evolutionarily conserved developmental network, 
the Hippo signaling pathway impedes tumorigenesis through 
activating large tumor suppressor kinases and controlling the 
downstream effectors yes‑associated protein (YAP) and tran‑
scriptional co‑activator with PDZ‑binding motif (TAZ) (10). 
When the Hippo pathway is inactive, YAP and TAZ are 
dephosphorylated and interact with TEA domain transcription 
factors (TEADs) to regulate cell viability and apoptosis (11,12). 
YAP1, which is involved in the Hippo signaling pathway, has 
been reported to be upregulated in osteosarcoma and associ‑
ated with a poor prognosis (13). Several oncogenic pathways 
feed into the Hippo signaling pathway in a YAP1‑dependent 
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manner, such as Wnt/β‑catenin, PI3K/AKT, MAPK and 
JAK/STAT signaling pathways (14). YAP1‑mediated onco‑
genic effects are dependent on TEADs  (15). TEADs can 
promote tumor progression by regulating the expression levels 
of tumor‑promoting genes, including dynamin  3  (DYN3), 
prostaglandin‑endoperoxide synthase  2 (PTGS2), lysyl 
oxidase (LOX), brain‑derived neurotrophic factor (BDNF), 
connective‑tissue growth factor (CTGF) and cysteine‑rich 
protein 61 (CYR61) (12). 

As a specific inhibitor of YAP1, verteporfin (VP) can be 
used as a drug that promotes phototherapy in the treatment 
of neovascular macular degeneration (16). YAP1 in trabecular 
meshwork cells has been demonstrated to be suppressed by VP 
without light stimulation (17,18). Pan et al (19) have demon‑
strated that VP reverses paclitaxel resistance by specifically 
inhibiting YAP1 expression in patients with colon cancer. 
Although the roles of VP have been documented in various 
types of malignant tumors, its function in osteosarcoma 
progression needs to be further investigated.

The present study aimed to investigate the effects of VP 
on osteosarcoma and the underlying mechanism of its action 
using patient‑derived osteosarcoma tissues, osteosarcoma cell 
lines and a mouse model. We hypothesized that VP may inhibit 
the tumorigenesis of osteosarcoma by blocking the binding 
of YAP1 to TEAD1 and suppressing the expression of the 
downstream targets of TEAD1. This may provide important 
guidance for the treatment of osteosarcoma.

Materials and methods

Patient samples and cell culture. Osteosarcoma specimens 
and paired tumor‑adjacent tissues were collected from eight 
patients aged ≥16 years with bone and joint pain in the First 
People's Hospital of Wenling (Wenling, China). Among the 
patients, three were male and five were female, with a median 
age of 37 years and age range 18‑56 years. All patients were 
diagnosed with stage IIA osteosarcoma in the distal femur and 
proximal tibia by CT scans, magnetic resonance imaging and 
bone scans (20). The patients underwent surgery, and osteosar‑
coma was pathologically confirmed. Signed written informed 
consent was obtained from all patients or guardians and the 
procedure was approved by the Ethics Committee of the First 
People's Hospital of Wenling (approval no. KY‑2019‑2001‑01).

The normal human osteoblast cell line NHOst and osteo‑
sarcoma cell lines U2OS (cat. no. HTB‑96), HOS and Saos‑2 
were purchased from ATCC. NHOst, U2OS and Saos‑2 cell 
lines were cultured in McCoy's 5A medium containing 15% 
FBS (both Gibco; Thermo Fisher Scientific Inc.) and 1% 
penicillin‑streptomycin‑glutamine to 70‑80% confluency. The 
HOS cell line was cultured in 10% FBS‑containing Eagle's 
minimum essential medium (Sigma‑Aldrich; Merck KGaA) 
to 80% confluency. All cell lines were cultured at 37˚C with 
5% CO2 in a humidified incubator and passaged into T75 
flasks (passage three). Saos‑2 cells were cultured with VP 
(HY‑B0146; MedChemExpress) at 0, 2.5 and 5 µM at room 
temperature for 24 h.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was extracted from osteosarcoma and paired tumor‑adjacent 
tissues, as well as NHOst, U2OS, HOS and Saos‑2 cells by 

TRIzol® reagent (cat. no. 15596018; Invitrogen; Thermo Fisher 
Scientific, Inc.). The total RNA was reverse‑transcribed to 
cDNA using a PrimeScript™ RT reagent kit (cat. no. RR037Q; 
Takara Bio, Inc.). Briefly, 10 µl of the reverse transcription 
system containing ~325 ng RNA (50 ng/µl; 6.5 µl) was used, 
and the reverse transcription was performed at  37˚C for 
30 min, followed by 85˚C for 5 sec and 4˚C for maintenance. 
The cDNA was diluted with 50 µl double‑distilled water, and 
mRNA expression was measured using a SYBR® Premix 
Ex Taq™ kit (cat. no. RR42LR; Takara Bio, Inc.). The ther‑
mocycling condition used were as follows: 95˚C for 10 min, 
followed by 40 cycles of 95˚C for 15 sec and 60˚C for 45 sec, 
then 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec and 
60˚C for 15 sec. PCR samples were analyzed with a real‑time 
PCR system (Thermo Fisher Scientific Inc.). The expression 
of YAP1, TEAD1, DYN3, PTGS2, LOX, BDNF, CTGF and 
CYR61 mRNA was normalized to that of GAPDH and calcu‑
lated using the 2‑∆∆Cq method (21). The primer sequences were 
presented in Table I. 

Western blot analysis. Total protein was extracted from osteo‑
sarcoma and paired tumor‑adjacent tissues, as well as NHOst, 
U2OS, HOS and Saos‑2 cells with RIPA lysis and extrac‑
tion buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.), 
followed by centrifugation at 14,000 x g for 15 min at 4˚C. The 
protein concentrations were measured using a BCA protein 
assay kit (Thermo Fisher Scientific, Inc.). Proteins (25 µg per 
lane) were separated by SDS‑PAGE (12% resolving gel and 5% 
stacking gel) and transferred to a PVDF membrane. Following 
blocking with skimmed milk powder in TBS containing 
0.1% Tween‑20 (TBST) for 1  h at room temperature, the 
membrane was incubated overnight at 4˚C with each of the 
following primary antibodies (1:1,000 dilution): anti‑GAPDH 
(rabbit mAb; cat. no. 5174; Cell Signaling Technology, Inc.), 
anti‑TEAD1 (rabbit mAb; cat.  no.  12292; Cell Signaling 
Technology, Inc.) and anti‑YAP1 (rabbit mAb; cat. no. ab52771; 
Abcam). GAPDH was used as a loading control. After being 
washed twice in TBST, the membrane was incubated with a 
horseradish peroxidase‑conjugated goat anti‑rabbit antibody 
(1:1,000; cat. no. ab6721; Abcam) for 2 h at room tempera‑
ture. The protein bands were visualized using an enhanced 
chemiluminescence substrate (cat. no. 32109; Thermo Fisher 
Scientific, Inc.), and the bands were semi‑quantified by ImageJ 
software v.1.8.0 (National Institutes of Health).

Transwell assay. Transwell assay was performed to assess the 
effects of VP on cell invasion. The Transwell filter chamber 
was precoated with Matrigel (50 mg/l; BD Biosciences) at 
a ratio of 1:8 at 4˚C for 30 min. Saos‑2 cells were cultured in 
FBS‑free Dulbecco's modified Eagle's medium (DMEM; 
Sigma‑Aldrich; Merck KGaA) for 24 h, washed twice with PBS 
and resuspended in the medium to a density to 2x105 cells/ml. A 
total of 200 µl cell suspension per well was added to the upper 
chamber, and 400 µl medium with 15% FBS was added to the 
lower chamber in a 24‑well plate. Following a 48‑h incubation 
at 37˚C with 5% CO2, all fixations were with 4% formaldehyde 
solution (1 ml) at room temperature for 10 min. After inhaling 
the stationary fluid, the cells on the upper surface were removed 
with cotton swabs, and those adhering to the bottom of the 
membrane were stained with 0.1% crystal violet at 37˚C for 



ONCOLOGY LETTERS  22:  724,  2021 3

30 min. The number of invasive cells was counted under a light 
microscope (Shanghai Cai Kang Optical Instrument Co., Ltd.) 
(magnification, x100) in 5 randomly selected fields/well.

Wound healing assay. Wound healing assay was performed 
to determine the impact of VP on cell migration. Saos‑2 cells 
were seeded in 6‑well plates and cultured to 80% confluence. 
A 1.5‑mm wide scratch was created using a 10  µl sterile 
micropipette tip. The cells were washed twice with PBS to 
remove cellular debris and cultured in serum‑free DMEM 
at 37˚C for 24 h. The cell migration was observed under a 
light microscope and the scratches were measured at 24 h by 
ImageJ software v.1.8.0 (National Institutes of Health).

MTT assay. MTT assay was performed to evaluate cell 
viability. Saos‑2 cells were seeded into 24‑well plates at a 
density of 1x105 cells per well. Following a 24‑h culture, the 
medium was removed, and the cells were washed with PBS 
three times. Then, the cells were treated with 2.5 µM VP for 
24, 48 and 72 h at 37˚C. Subsequently, 50 µl MTT solution 
(Sigma‑Aldrich; Merck KGaA) was added to each well for 4 h. 
A total of 500 µl dimethyl sulfoxide (Sigma‑Aldrich; Merck 
KGaA) was used to dissolve the formazan crystals. Absorbance 
was measured at 490 nm using a microplate reader. 

Co‑immunoprecipitation. Co‑immunoprecipitation assay 
was performed as previously described (22) using a Pierce™ 
Co‑Immunoprecipitation kit (cat. no. 26149; Thermo Fisher 
Scientific, Inc.). Briefly, Saos‑2 cells were collected, and lysed 

with immunoprecipitation buffer (50 mM Tris‑HCl pH 8.0, 
150 mM NaCl, 0.5% NP40, 1% protease inhibitor cocktail) 
for 30 min on ice, followed by centrifugation at 1,1000 x g for 
20 min at 4˚C. Subsequently, 1 mg protein supernatant was 
incubated with a YAP1 antibody (dilution, 1:1,000) (rabbit 
mAb; cat. no. ab52771; Abcam) overnight at 4˚C and then 
proG agarose beads were added and incubated for 3 h with 
rotation at 4˚C. After washing the beads 3‑5 times with immu‑
noprecipitation buffer, the immune complex was collected and 
analyzed for western blotting as described previously.

Flow cytometry. Saos‑2 cells were cultured in an incubator 
with 5% CO2 at 37˚C for 48 h and rinsed with FACS buffer 
(PBS containing 0.2% BSA; Sigma‑Aldrich; Merck KGaA). 
Cells (5x105 cells/well) were resuspended in 500 µl binding 
buffer and stained with 5 µl Annexin V‑fluorescein isothio‑
cyanate (cat. no. 556419) and 10 µl propidium iodide (PI; 
cat. no. 556463) (both BD Pharmingen; BD Biosciences) at 
room temperature for 5‑15 min. Flow cytometry (CytoFlex S, 
Beckman Coulter, Inc.) was performed to determine the apop‑
totic rates (early + late apoptosis) and the data were quantified 
using FlowJo v.10.7.1 software (FlowJo, Inc.).

Cell cycle distribution was detected by PI staining. In 
brief, Saos‑2 cells (5x105  cells/well) were fixed with 70% 
ethanol overnight at ‑20˚C. After washing with PBS three 
times, cells were incubated with 0.2  mg/ml RNase, 0.1% 
TRITONX‑100 and 0.02 mg/ml PI at 37˚C for 30 min. A flow 
cytometer (CytoFlex S; Beckman Coulter, Inc.) was used to 
detect red fluorescence and scattered light at an excitation 
wavelength of 488 nm. The cell cycle analysis was performed 
using Flow Jo v.10.7.1 software (Flow Jo, Inc.).

Animal experiments. A total of 30 BALB/c nude mice (age, 
4‑5 weeks; weight, 15‑16 g) used in this study were provided 
by Wenzhou Medical University (Wenzhou, China) and housed 
in the specific pathogen free laboratory of Wenzhou Medical 
University under controlled conditions of 12 h light/dark cycle, 
with a temperature of 22±2˚C, a humidity of 50‑60%, as well as 
adequate food and drinking water. The protocols were approved 
by the Wenzhou Medical University Animal Policy and Welfare 
Committee (approval no. wydw2019‑0616). The suspensions 
(150 µl) of Saos‑2 cells (5x107 cells/mouse) were subcutane‑
ously injected into the mice. When the tumor volume reached 
50‑100 mm3, the mice were randomly divided into the control 
(saline) and VP groups (n=15 mice/group). In the VP group, the 
mice were intraperitoneally injected with 50 mg VP once every 
2 days. Tumor volumes, tumor weights and body weights were 
measured on days 4, 7, 11, 14, 18, 21, 25 and 28 post‑inoculation. 
The tumor volume was calculated using the following formula: 
Volume=(length x width2)/2. Animal health and behavior were 
monitored daily. On day 28, all mice were euthanized by an 
intravenous injection with 80 mg/kg pentobarbital sodium, 
followed by cervical dislocation. Death was confirmed by 
observing respiratory and cardiac arrest.

CYR61 overexpression. Saos‑2 cells were infected with 
negative control (pcDNA3.1; empty vector; 1 µg/ml; Shaanxi 
YouBio Technology Co., Ltd.) or CYR61 overexpression 
plasmid (pcDNA3.1‑Cyr61; 1  µg/ml, Shaanxi YouBio 
Technology Co., Ltd.) using Lipofectamine® 3000 (Thermo 

Table I. Primer sequences.

Gene	 Sequences (5'‑3')

YAP1	 F:	 TAGCCCTGCGTAGCCAGTTA
	 R:	 TCATGCTTAGTCCACTGTCTGT
TEAD1	 F:	 ATGGAAAGGATGAGTGACTCTGC
	 R:	 TCCCACATGGTGGATAGATAGC
PTGS2	 F:	 CTGGCGCTCAGCCATACAG
	 R:	 CGCACTTATACTGGTCAAATCCC
LOX	 F:	 GCCGACCAAGATATTCCTGGG
	 R:	 GCAGGTCATAGTGGCTAAACTC
BDNF	 F:	 GGCTTGACATCATTGGCTGAC
	 R:	 CATTGGGCCGAACTTTCTGGT
CTGF	 F:	 CAGCATGGACGTTCGTCTG
	 R:	 AACCACGGTTTGGTCCTTGG
CYR61	 F:	 CTCGCCTTAGTCGTCACCC
	 R:	 CGCCGAAGTTGCATTCCAG
DYN3	 F:	 AGTTCGCCTTGAGATTGAAGC
	 R:	 CGTGTGGGGAATAGACTCGTAAA
GAPDH	 F:	 GGAGCGAGATCCCTCCAAAAT
	 R:	 GGCTGTTGTCATACTTCTCATGG

YAP1, yes‑associated protein 1; TEAD1, TEA domain transcription 
factor 1; PTGS2, prostaglandin‑endoperoxide synthase 2; LOX, lysyl 
oxidase; BDNF, brain‑derived neurotrophic factor; CTGF, connective 
tissue growth factor; CYR61, cysteine‑rich protein 61; DYN3, dynamin 3.
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Fisher Scientific, Inc.) according to the manufacturer's instruc‑
tions for 10  min at room temperature, and then cultured 
with 5% CO2 at 37˚C for 24 h. Subsequent experiments were 
performed 48 h after transfection.

Statistical analysis. Data are presented as the mean ± standard 
deviation and were analyzed using GraphPad Prism version 7.0 
software (GraphPad Software, Inc.). Comparisons between 
two groups were analyzed by paired or unpaired Student's 
t‑tests. Statistical differences among multiple groups were 
determined by one‑way ANOVA with Tukey's post hoc test. 
Two‑way ANOVA was used for the analysis of two or more 
groups over multiple measurements. P<0.05 was considered to 
indicate a statistically significant difference.

Results

YAP1 and TEAD1 are highly expressed in osteosarcoma. As 
presented in Fig. 1A and B, a respective 5.96‑ and 4.31‑fold 
increase in the mRNA expression levels of YAP1 and TEAD1 
was evident in osteosarcoma tissues compared with those in 
the paired tumor‑adjacent normal tissues. Similarly, the protein 
levels of YAP1 and TEAD1 in osteosarcoma tissues were 3.95‑ 
and 2.37‑fold higher compared with those in the normal tissues, 
respectively. The expression levels of YAP1 and TEAD1 were 
further determined in a normal human osteoblast cell line 
as well as osteosarcoma cell lines. Consistently, the mRNA 
and protein levels of YAP1 and TEAD1 in osteosarcoma cell 
lines were significantly higher compared with those in normal 
the human osteoblast cell line (Fig. 1C and D). Among the 
osteosarcoma cell lines, Saos‑2 cells displayed the highest 
expression levels of YAP1 and TEAD1; therefore, the Saos‑2 
cell line was selected for subsequent experiments.

VP impedes the interaction between YAP1 and TEAD1. The 
effects of VP on YAP1 and TEAD1 expression were next eval‑
uated. Western blot analysis was performed on Saos‑2 cells 

treated with various concentrations of VP (0, 2.5 and 5 µM) 
for 24 h. As illustrated in Fig. 2A, VP markedly downregu‑
lated the protein expression levels of YAP1 and TEAD1 and 
the levels appeared to decrease further at a higher dose of VP. 
Since the binding of YAP1 and TEAD1 induces cell prolif‑
eration, differentiation and survival (23), the present study 
examined whether VP affected the interaction between YAP1 
and TEAD1 by co‑immunoprecipitation assay. As demon‑
strated in Fig. 2B, VP weakened the interaction between YAP1 
and TEAD1, suggesting that VP may affect Hippo signaling 
pathway by targeting the formation of the YAP1/TEAD1 
complex.

VP regulates the viability, apoptosis and cell cycle progression 
of Saos‑2 osteosarcoma cells. MTT assay and flow cytometry 
were performed to analyze the viability, apoptosis and cell 
cycle distribution of Saos‑2 cells treated with VP. As presented 
in Fig. 2C, treatment of Saos‑2 cells with VP for 72 h led to 
a reduction of the cell viability to 35.1% of that observed in 
the control group. Notably, the apoptotic rate was increased 
from 2.3% in the control group to 23.5% in Saos‑2 cells treated 
with 2.5 µM VP (Fig. 2D). In addition, VP treatment resulted 
in the accumulation of Saos‑2 cells in the G1 phase (control, 
39.1% vs. VP, 56.03%), accompanied by a reduction in the 
number of cells in the S and G2 phases (7.27 and 9.66% in 
the VP group, respectively), indicating that VP may affect the 
Saos‑2 cell cycle progression (Fig. 2E).

VP inhibits migration and invasion of Saos‑2 cells and 
reduces tumor growth in vivo. Wound healing and Transwell 
assays were performed to determine the effects of VP on the 
migration and invasion of Saos‑2 cells in vitro, respectively. 
As illustrated in Fig. 3A and B, significant decreases in cell 
migration and invasion were observed in Saos‑2 cells treated 
with VP compared with those in the control cells. 

To further evaluate the effects of VP on tumor growth, nude 
mice were used in the in vivo experiments. As demonstrated in 

Figure 1. YAP1 and TEAD1 are highly expressed in osteosarcoma tissues and cells. (A and B) The mRNA and protein levels of YAP1 and TEAD1 were detected 
in osteosarcoma tissues and paired tumor‑adjacent normal tissues by (A) RT‑qPCR and (B) western blot analysis, respectively. *P<0.05 and **P<0.01 vs. normal 
tissues. (C) RT‑qPCR and (D) western blot analyses were performed to determine the mRNA and protein expression levels of YAP1 and TEAD1 in normal the 
human osteoblast cell line NHOst and the osteosarcoma cell lines U2OS, HOS and Saos‑2. All experiments were performed in triplicate. *P<0.05, **P<0.01 and 
***P<0.001 vs. NHOst. YAP1, yes‑associated protein 1; TEAD1, TEA domain transcription factor 1; RT‑qPCR, reverse transcription‑quantitative PCR.  
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Fig. 3C and D, on day 28 post‑inoculation, significantly lower 
tumor volumes and weights were observed in the VP‑treated 
mice compared with those in the saline‑treated mice (volume, 
449.521±151.391 vs. 1,299.008±292.319  mm3; weight, 
0.785±0.073 vs. 1.718±0.244 g). 

CYR61 overexpression antagonizes the inhibitory 
effects of VP. To determine how VP acts on the Hippo signaling 
pathway in osteosarcoma, the present study examined the 
expression of the downstream target genes of TEAD1, including 
DYN3, PTGS2, LOX, BDNF, CTGF and CYR61, in Saos‑2 
cells treated with VP. As presented in Fig. 4A and B, VP admin‑
istration led to a notable decrease in the mRNA and protein 
expression levels of PTGS2, LOX, CTGF and CYR61 compared 
with those in the control group, among which CYR61 displayed 
the most significant changes. 

The association between the inhibitory effects of VP on 
osteosarcoma and CYR61 was further analyzed. For this 
purpose, the present study established an oeCYR61 cell 
line by infecting Saos‑2 cells with CYR61 overexpressing 

lentivirus. The results of the RT‑qPCR and western blot 
assays demonstrated that CYR61 expression levels were 
significantly increased in the oeCYR61 cells compared with 
those in the control group (Fig. 4C). The present study next 
investigated whether CYR61 overexpression affected the 
inhibitory effects of VP on Saos‑2 cells. As demonstrated 
in Fig. 4D, compared with that in the control group, signifi‑
cantly reduced cell viability was observed in the oeCYR61 
+ VP and VP alone group, although the oeCYR61 + VP 
group exhibited a lower reduction than the VP alone group. 
Similarly, CYR61 overexpression attenuated the apoptosis in 
Saos‑2 cells treated with VP, as indicated by the decreased 
apoptotic rate from 27.5% in the VP alone group to 16.4% 
in the oeCYR61 + VP group (Fig. 4E). In addition, CYR61 
overexpression led to an increase in the number of cells in 
the G2 phase from 18.8% in the VP group to 28.8% in the 
oeCYR61 + VP group and decreases in the percentages of 
cells in the G1 and S phases from 60.0 and 25.2% in the 
VP group to 45.7 and 21.8% in the oeCYR61 + VP group, 
respectively (Fig. 4F). 

Figure 2. VP inhibits the expression of YAP1 and TEAD1 and regulates the viability, apoptosis and cell cycle progression of Saos‑2 cells. (A) Western blot analysis 
was conducted to evaluate the protein expression of YAP1 and TEAD1 in Saos‑2 cells treated with various concentrations of VP. (B) Co‑immunoprecipitation 
assay was performed to detect the interaction between YAP1 and TEAD1 in Saos‑2 cells with or without VP treatment. (C) MTT assay was performed to 
analyze the proliferation of Saos‑2 cells with or without VP treatment. (D) VP promoted apoptosis of Saos‑2 cells. (E) Flow cytometry was performed to 
analyze the cell cycle distribution. All experiments were performed in triplicate. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. Saos‑2. YAP1, yes‑associ‑
ated protein 1; TEAD1, TEA domain transcription factor 1; VP, verteporfin; OD, optical density; IB, immunoblot; IP, immunoprecipitation.  
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Discussion

The current study presented evidence that VP reduced cell 
viability, migration and invasion, induced cell cycle arrest at 
the G1 phase and promoted apoptosis in osteosarcoma cells by 
downregulating the expression of the Hippo signaling pathway 
proteins YAP1 and TEAD1. To demonstrate the effects of VP 
on osteosarcoma, the present study comparatively analyzed 
the expression levels of YAP1 and TEAD1 in osteosarcoma 
tissues and paired tumor‑adjacent tissues, as well as in a normal 
human osteoblast cell line (NHOst) and osteosarcoma cell lines 
(U2OS, HOS and Saos‑2). The results demonstrated that YAP1 
and TEAD1 were highly expressed in osteosarcoma cells and 
tissues, especially in Saos‑2 cells. Consistently, previous studies 
have demonstrated that YAP1 is implicated in tumorigenesis, 
facilitating the progression of a number of types of cancer 
including gastric, liver and peritoneal cancer (24‑26), whereas 
TEAD1 expression is upregulated in various types tumor such 
as medulloblastoma, renal and gastric cancer, suggesting a 
tumor‑promoting role for TEADs (27,28).

The Hippo signaling pathway was first identified in the 
Drosophila and was subsequently determined to be conserved 
in humans (29). Dysfunction of the Hippo signaling pathway 
has been reported to be involved in the occurrence of various 
types of cancer, such as cervical squamous cell carcinoma and 
mesothelioma (30,31). YAP1 and TEAD1 are the major compo‑
nents of the Hippo signaling pathway in osteosarcoma (32). 
Upon activation, YAP1 and TAZ form a heterodimer that 
enters the nucleus to activate TEAD1, initiating gene transcrip‑
tion (33). Chai et al (12) have reported that the representative 
dysregulated profile of Hippo signaling in osteosarcoma is the 
formation of YAP1/TEAD1 complex. 

VP is a drug predominantly used for macular degenera‑
tion and choroidal neovascularization that potently restrains 
the transcriptional activity of YAP1  (34). A study by 
Zhang et al  (16) has demonstrated that VP inhibits tumor 

growth in a colorectal cancer model. To determine whether 
VP had an effect on and osteosarcoma, the present study 
conducted a series of experiments and revealed that VP exerted 
tumor‑suppressive effects by reducing the viability, migration 
and invasion of Saos‑2 cells. Subsequently, the inhibitory 
function of VP on YAP1 was assessed by detecting the expres‑
sion levels of YAP1 and the interaction between YAP1 and 
its downstream target TEAD1. Notably, VP downregulated 
YAP1 expression levels and inhibited the interaction between 
YAP1 and TEAD1 in Saos‑2 cells. Taken together, these data 
suggested that VP may potentially constrain the development 
of osteosarcoma by targeting the Hippo signaling pathway.

The results of the present study also demonstrated that 
CYR61 overexpression mitigated the inhibitory effects of VP 
on osteosarcoma progression. CYR61, which is a downstream 
target of the Hippo pathway, acts as one of the oncoproteins 
involved in tumor migration, adhesion and angiogenesis (35). 
Zhou  et  al  (36) have identified an inhibitory function of 
downregulated CYR61 in melanoma, whereas Xie et al (37) 
have reported an association between high CYR61 expression 
levels and a poor prognosis in colorectal cancer. Notably, 
statins can target CYR61 and downregulate its expression in 
osteosarcoma cells (38). In the current study, VP treatment led 
to a marked decrease in CYR61 expression levels in osteosar‑
coma cells. It has been demonstrated that suppression of the 
formation of the YAP1/TEAD1 complex leads to the abnormal 
termination of signal transduction, reducing the expression 
levels of YAP1 downstream targets (12). The results of the 
present study revealed that VP decreased the expression levels 
of CYR61, while inhibiting cell proliferation in osteosarcoma, 
which mainly manifested as the cell cycle arrest, reduced cell 
migration and an increased apoptotic rate compared with 
those observed in the control group. Overexpression of CYR61 
mitigated the cell cycle arrest and apoptosis, thus relieving 
the inhibitory effects of VP on osteosarcoma cells. Based on 
these observations, we hypothesized that CYR61 may act as 

Figure 3. VP suppresses tumor cell migration and invasion as well as tumor growth. (A) Wound healing assay was conducted to detect the effects of VP on 
Saos‑2 cell migration. Magnification, x100. ***P<0.001 vs. Saos‑2. (B) Transwell assays were performed to detect the effects of VP on the invasive ability of 
Saos‑2 cells. Scale bar, 100 µm; magnification, x100. ***P<0.001 vs. Saos‑2. (C) VP inhibited the growth of Saos‑2 xenograft tumors in nude mice compared 
with that in the untreated group. (D) Changes in the volume and weight of OS xenograft tumors in mice following VP treatment. All experiments were 
performed in triplicate. ****P<0.0001 vs. OS group. VP, verteporfin; OS, osteosarcoma.  
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a key molecule in the formation and development of osteo‑
sarcoma. In addition, VP caused significant downregulation 

in the mRNA and protein expression levels of the oncogenic 
targets of YAP (PTGS2, LOX and CTGF) in Saos‑2 cells in 

Figure 4. CYR61 overexpression partially reverses the inhibitory effects of VP on osteosarcoma cells. (A) RT‑qPCR and (B) western blot analyses were 
performed to detect the mRNA and protein expression levels of the downstream targets of the Hippo signaling pathway, respectively. (C) Saos‑2 cells were 
infected with the oeCYR61 lentivirus, and RT‑qPCR and western blot analyses were conducted to determine the expression levels of CYR61 in the infected 
cells. (D) The effects of CYR61 overexpression on the proliferation of Saos‑2 cells treated with VP were evaluated using the MTT assay. (E) Apoptosis and 
(F) cell cycle distribution in the oeCYR61 cells were analyzed by flow cytometry. All experiments were performed in triplicates. *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001 vs. Saos‑2; ##P<0.01, ####P<0.0001 vs. Saos‑2/VP. CYR61, cysteine‑rich protein 61; VP, verteporfin; RT‑qPCR, reverse transcription‑quantita‑
tive PCR; oe, overexpression; PI, propidium iodide; PTGS2, prostaglandin‑endoperoxide synthase 2; LOX, lysyl oxidase; BDNF, brain‑derived neurotrophic 
factor; CTGF, connective tissue growth factor; DYN3, dynamin 3.  
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the present study. Consistently, Chai et al (12) have demon‑
strated that knockdown of TEAD1 led to a reduction in the 
expression of PTGS2, LOX and CTGF at mRNA levels, 
suggesting that PTGS2, LOX and CTGF may contribute to the 
oncogenic effects of TEAD1. The present study had several 
limitations, such as the lack of luciferase activity assay to 
further confirm the enhancement of the transcriptional activity 
of YAP1/TEAD1 complex in osteosarcoma tissues, which 
requires further study in the future.

In conclusion, VP may inhibit the development of osteosar‑
coma by downregulating the expression of the Hippo signaling 
pathway downstream target genes YAP1, TEAD1 and CYR61. 
In addition, the results of the present study demonstrated that 
CYR61 overexpression relieved the inhibitory effects of VP on 
osteosarcoma, suggesting that CYR61 may potentially serve 
as a therapeutic target for osteosarcoma.
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