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Abstract. Yes‑associated protein (YAP) positivity indicates a 
poor prognosis in gastric cancer. Transcriptional co‑activator 
with a PDZ‑binding domain (TAZ), a YAP paralog, is highly 
expressed in gastric signet ring cell carcinoma. Verteporfin 
(VP), a clinical photosensitizer, was recently shown to inhibit 
YAP/TAZ. In the present study, the therapeutic potential of 
VP treatment was explored using two gastric cancer cell lines: 
MKN‑45 (TAZ‑dominant) and MKN‑74 (YAP‑dominant). Cell 
proliferation was evaluated by MTS assay. Vascular mimicry 
was evaluated by the tube formation assay. Gene and protein 
expression levels of YAP/TAZ downstream effectors [such as 
Survivin, Cysteine‑rich angiogenic inducer 61 (CYR61), and 
connective tissue growth factor (CTGF)] were measured. YAP 
or TAZ localization was evaluated by immunofluorescence. 
Cell death was assessed by immunofluorescent staining of 
Annexin V. YAP and TAZ expression were knocked down 
by small interfering RNA. The current results demonstrate 
that MKN‑45, a poorly differentiated TAZ‑dominant gastric 
cancer cell line, was more sensitive to VP than MKN‑74, a 
moderately differentiated YAP‑dominant gastric cancer cell 
line. VP changed the localization of YAP/TAZ, promoted 
its degradation and significantly decreased the protein level 
of Survivin in both cell lines. Cell death was induced by VP 
treatment in a dose‑dependent manner. Vascular mimicry was 

inhibited in both cell lines. Proliferation in both cell lines 
decreased in response to YAP/TAZ knockdown. The present 
study indicated that VP has potential as a therapeutic agent in 
YAP‑ and TAZ‑dominant gastric cancers due to its ability to 
suppress the anti‑apoptotic protein Survivin via inhibition of 
YAP and TAZ.

Introduction

Gastric cancer has the fifth highest incidence among all 
cancers according to GLOBOCAN 2020 data. Globally, it 
is the fourth most frequent cause of death among malignan‑
cies (1). Although the incidence of gastric cancer is decreasing, 
it remains a significant public health problem (2). Gastric 
cancer is commonly diagnosed at an advanced stage, except in 
Japan and Korea where routine screening is performed (3,4). 
The efficacy of chemotherapy for advanced‑stage gastric 
cancer has increased the survival rate in recent years; however, 
the degree of improvement is unsatisfactory (5,6).

The Hippo signaling pathway is essential in the control of 
organ size. It consists of a series of serine/threonine kinases 
and scaffolding proteins that regulate the subcellular localiza‑
tion and activity of the effector proteins yes‑associated protein 
(YAP) and transcriptional co‑activator with a PDZ‑binding 
domain (TAZ)  (7). Overexpression of YAP is observed 
frequently in a variety of cancer types (8). YAP expression 
is elevated in gastric adenocarcinomas, and its knockdown 
inhibits gastric cancer cell proliferation (9). High levels of 
YAP in the nucleus have been linked to chemoresistance in 
various cancer types (10‑13). In gastric cancer cells, YAP is 
associated with cisplatin and trastuzumab resistance (14,15). 
Upregulation of YAP correlates with progression, metastasis 
and poor prognosis in patients with gastric carcinoma (16). 
Moreover, the expression of TAZ, a YAP paralog, is elevated 
in gastric signet ring cell carcinoma (17).

Targeting YAP and TAZ, individually or in combination, is 
likely to have a clinical impact on gastric cancer. Verteporfin 
(VP), a benzoporphyrin derivative, is used in photodynamic 
therapy (PDT) for exudative age‑related macular degen‑
eration; specifically, against choroidal neovascularization (18). 
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We have recently reported the efficacy of VP in PDT using 
gastric cancer cells (19). Other previous studies propose that 
VP may inhibit cancer cell growth in the absence of photoac‑
tivation by inhibiting the YAP/TAZ transcriptional enhanced 
associate domain (YAP/TAZ‑TEAD) complex (20‑22). In the 
present study, the aim was to investigate the effects of VP on 
two gastric cancer cell lines: MKN‑45 (TAZ‑dominant) and 
MKN‑74 (YAP‑dominant).

Materials and methods

Clinical samples and datasets. The gene expression 
patterns of YAP and TAZ in cancer and normal tissue were 
compared on the Gene Expression Profiling Interactive 
Analysis (GEPIA) server developed by the Zhang Lab at 
Peking University (http://gepia.cancer‑pku.cn/). The survival 
analysis of YAP and TAZ was performed on the Kaplan‑Meier 
Plotter online tool headquartered at the Semmelweis 
University in Budapest (http://kmplot.com/analysis/index.
php?p=service&cancer=gastric). Tissue images are obtained 
from the Human Protein Atlas (https://www.proteinatlas.org/).

Reagents and antibodies. VP (cat.  no.  SML0534) was 
purchased from Sigma‑Aldrich; Merck KGaA. The following 
primary antisera were used for the immunoblotting analysis: 
Anti‑β‑actin antibody (cat. no. 13E5; Cell Signaling Technology, 
Inc.), anti‑YAP/TAZ antibody (cat. no. D24E4; Cell Signaling 
Technology, Inc), anti‑Survivin antibody (cat. no. EP2880Y; 
Abcam), anti‑CTGF antibody (cat.  no.  L‑20; Santa Cruz 
Biotechnology, Inc.), and anti‑CYR61/CCN1 antibody 
(cat. no. ab24448; Abcam). The following primary monoclonal 
antibodies were used for immunofluorescence: Anti‑YAP 
antibody (cat. no. sc‑101199; Santa Cruz Biotechnology, Inc.), 
anti‑TAZ antibody (cat. no. ab84927; Abcam), and anti‑CD31 
antibody (cat. no. ab28364; Abcam). Horseradish peroxidase 
(HRP)‑conjugated goat anti‑mouse IgG (cat.  no.  ab6789; 
Abcam) and goat anti‑rabbit IgG H&L (cat.  no.  ab97051; 
Abcam) were purchased for western blotting. Goat anti‑mouse 
IgG H&L (Alexa Fluor® 488; cat. no. ab150113; Abcam) was 
purchased for immunofluorescence.

Cell lines and cultures. Kato III (derived from a signet ring 
cell carcinoma with no further information), NUGC‑4 (derived 
from an adenocarcinoma, poorly differentiated, signet ring 
cell carcinoma with lymph node metastasis in a 32‑year‑old 
female), MKN‑45‑Luc (derived from a poorly differentiated 
adenocarcinoma in a 62‑year‑old female), MKN‑74/CMV‑Luc 
cells (derived from a moderately differentiated tubular adeno‑
carcinoma with liver metastasis in a 37‑year‑old male), and 
PANC‑1 (TAZ‑dominant pancreatic cancer cell line) were 
obtained from the JCRB Cell Bank. The Kato III cell line 
was grown without antibiotics in Roswell Park Memorial 
Institute (RPMI)‑1640 (FUJIFILM Wako Pure Chemical 
Corporation) medium with Eagle's minimal essential medium 
(E‑MEM; FUJIFILM Wako Pure Chemical Corporation), 
supplemented with 10% fetal bovine serum (FBS; Biosera) and 
1% L‑glutamine solution (FUJIFILM Wako Pure Chemical 
Corporation). The other cell lines were cultured without 
antibiotics in RPMI‑1640 medium, supplemented with 10% 
fetal bovine serum and 1% L‑glutamine solution. The cells 

were cultured in a humidified incubator with 5% CO2 at 37˚C. 
Dimethyl sulfoxide (DMSO) was used as the solvent for VP, 
and all the negative control groups were treated with a DMSO 
volume the same as the highest concentration of VP solution. 
Aluminum foil was used to protect cells treated with VP from 
light exposure, and all experiments with samples containing 
VP were performed in the dark.

RNA interference and transfection. YAP and TAZ were tran‑
siently knocked down in the MKN‑74 and MKN‑45 cell lines 
with validated siRNAs [L‑012200‑00‑0005 ON‑TARGETplus 
Human YAP1 (cat.  no.  10413) siRNA‑SMARTpool, 
L‑016083‑00‑0005 ON‑TARGETplus Human WW domain 
containing transcription regulator 1 (WWTR1; also 
known as TAZ; cat. no. 25937) siRNA‑SMARTpool] from 
GE   Healthcare Dharmacon (Horizon Discovery Group). 
Universal non‑targeting control pool of four siRNAs 
(D‑001810‑10‑05 ON‑TARGETplus Non‑targeting Pool) 
from GE Healthcare Dharmacon (Horizon Discovery Group) 
were used for the negative control group (NT). All the siRNA 
sequences used in the present study are listed in Table II. The 
cells were grown on 96‑well or 6‑well plates and transfected 
(final concentration, 60 nM) with Lipofectamine RNAiMAX 
reagent per the manufacturer's instructions (Thermo Fisher 
Scientific, Inc.), incubated at 37̊C for 96 h, and used for MTS 
assays, RT‑qPCR and caspase‑3/7 assays. The efficiency and 
specificity of the knockdown were assayed by western blot‑
ting.

Cell viability assay. VP‑induced changes in gastric cancer cell 
viability were assessed using an MTS assay. MKN‑45 and 
MKN‑74 cells were seeded into 96‑well plates at a density of 
5x104 cells/ml (200 µl/well) and incubated at 37˚C for 24 h. 
Cells were then treated with 10, 15 and 20 µM of VP and incu‑
bated at 37̊C for 24, 48 and 72 h, respectively. Cell viability 
was measured by MTS {3‑(4,5‑dimethylthiazol‑2‑yl)‑5-[3‑car-
boxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑2H-tetrazolium] assay 
as follows: 100 µl of the culture medium and 20 µl of the 
proliferation assay solution of a CellTiter 96® AQueous One 
Solution Cell Proliferation assay (cat. no. G3580; Promega 
Corporation) were combined and incubated at 37̊C for 1 h. 
Absorbance was then measured at 490 nm using a microplate 
reader (Viento nano; Sumitomo Dainippon Pharma Co., Ltd.) 
with an All‑in‑One Microplate reader Software (Gen 5 ver 
2.00.18; BioTek), and the viability of the sample relative to 
control cells was calculated.

Western blot analysis. MKN‑45 and MKN‑74 cells were 
treated with 15 µM of VP and incubated at 37̊C for 24 h. 
Whole‑cell lysates were collected by adding ice‑cold RIPA 
Lysis and Extraction Buffer (cat. no. 89900; Thermo Fisher 
Scientific, Inc.) containing cOmplete™ ULTRA Tablets, 
EASYpack Protease Inhibitor Cocktail and PhoSTOP 
(cat. nos. 05892970001 and 4906845001; Roche Diagnostics). 
Cells were collected by scraping. Samples were vortexed and 
lysed on ice for ~20 min. The lysed cells were centrifuged 
at 12,000 x g for 15 min at 4̊C to remove cellular debris. 
Supernatants were transferred to clean tubes, and protein 
concentrations were determined by a Pierce 660 nm Protein 
Assay Reagent (cat. no. 1861426; Thermo Fisher Scientific, 



ONCOLOGY LETTERS  22:  703,  2021 3

Inc.). Proteins (30‑50  µg/lane) were resolved by 4‑20% 
SDS‑PAGE and transferred to nitrocellulose membranes for 
western blotting. Membranes were incubated with primary 
antibodies at 4˚C overnight in 5% BSA‑TBS Tween. Primary 
antibody dilutions were 1:1,000 unless otherwise indicated. 
Membranes were then washed for 30  min in TBS‑0.05% 
Tween. Membranes were incubated with secondary anti‑
bodies (1:5,000) for 1 h at room temperature. Immunoreactive 
proteins were visualized using Clarity Western ECL substrate 
(cat. no. 1705061; Bio‑Rad Laboratories, Inc.) and an image 
analyzer (LAS‑3000 mini; Fujifilm Co., Ltd.) with an Image 
Reader (LAS‑3000 UV mini ver2.2; Fujifilm Co., Ltd.). When 
multiple proteins were evaluated, membranes were stripped 
using Restore PLUS Western Blot Stripping Buffer (Thermo 
Fisher Scientific, Inc.) before primary antibody incubation.

Crystal violet staining. VP‑induced changes in gastric 
cancer cell viability were also assessed by crystal violet 
(CV; cat. no. 031‑04851; FUJIFILM Wako Pure Chemical 
Corporation) staining. MKN‑45 and MKN‑74 cells were 
seeded onto 6‑well plates at a density of 3x105  cells/ml 
(1 ml/well) and incubated at 37̊C for 24 h. Cells were treated 
with 10 and 15 µM of VP and incubated at 37̊C for 24 h. Cells 
were then fixed for 5 min with 4% paraformaldehyde (PFA) 
and stained for 30 min at room temperature with 0.05% CV. 
Samples were then washed twice with tap water and allowed to 
drain in an inverted position for ~2 min. Staining was recorded 
by photography, and then a volume of methanol equivalent to 
one‑third to one‑half the total well volume was added and 
solubilize the dye for 30 min at room temperature (20‑25˚C). 
The absorbance at 540 nm was measured with aliquots trans‑
ferred to a fresh plate using a microplate reader (Viento nano; 
Sumitomo Dainippon Pharma Co., Ltd.) with an All‑in‑One 
Microplate reader Software (Gen 5 ver 2.00.18; BioTek).

RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR. Total RNA was extracted from cultured cells using 
an miRNeasy Mini kit (cat.  no.  217004; Qiagen GmbH) 
and quantified using a Biospec‑nano spectrophotometer 
(Shimadzu Corporation). The extracted RNA samples were 
stored at ‑80˚C until use. cDNAs were prepared from total 

RNA using a High‑Capacity cDNA Reverse Transcription kit 
(cat. no. 4374966; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocols. Reverse transcription reaction 
mixtures contained 2 µg of total RNA, 1X RT buffer, 4 mM 
dNTP mix, 1X RT random primer, 50 units MultiScribe reverse 
transcriptase and 20 units RNase inhibitor. Nuclease‑free 
water was added to adjust the reaction volume to 20 µl. The 
reaction mixtures were incubated at 25˚C for 10 min, followed 
by 37˚C for 120 min and 85˚C for 5 min. The real‑time‑PCR 
assays were performed in 20 µl aliquots containing 1 µl RT 
products with 4 µl LightCycler® FastStart DNA Master PLUS 
SYBR Green I (cat. no. 03515869001; Roche Diagnostics), 
0.2 µl (final concentration 0.5 µM) of each primer and 14.6 µl 
nuclease‑free water. Analyses were run on a Real‑Time PCR 
Light Cycler® 1.5 Complete System (Roche Diagnostics). 
Thermal cycling was initiated with a denaturation step at 95˚C 
for 10 min, followed by 45 cycles of 95˚C for 10 sec, 60˚C 
for 10 sec, and 72˚C for 10 sec. The cycle threshold (Cq) was 
recorded for each target mRNA by LightCycler® Software 
version 3.5.28 (Roche Diagnostics), and β‑actin was used as 
the endogenous control for data normalization. The relative 
expression was calculated using the formula 2‑ΔΔCq=2‑(ΔCq, 

reagent treatment‑ΔCq, control) (23). All the primer sequences used in the 
present study are listed in Table I.

Verteporfin uptake evaluation. An all‑in‑one fluorescence 
microscope (BZ‑X800; Keyence Corporation) equipped with an 
OP‑87767 filter (excitation: 405 nm and fluorescence: 630 nm) 
was used to evaluate VP uptake. MKN‑45 and MKN‑74 cells 
were seeded onto 96‑well plates at a density of 5x104 cells/ml 
(200 µl/well) and incubated at 37̊C for 24 h. Cells were then 
treated with 15 µM of VP and incubated at 37̊C for 30 min, 1 
or 2 h. Pixel intensities were measured using ImageJ software 
ver1.52a (Wayne Rasband; National Institutes of Health) using 
20 random microscopic fields (magnification, x20), according 
to the manufacturer's instructions (24).

Table  I. Primer sequences used for reverse transcription-
quantitative PCR.

Gene	 Primer sequences

Survivin	 F:	 5'‑CAAGGACCACCGCATCTCTAC‑3'
	 R:	 5'‑AGTCTGGCTCGTTCTCAGTGG‑3'
CTGF	 F:	 5'‑CAGTGTCTGACTTCGACAACGC‑3'
	 R:	 5'‑CCATCGGCGTGTTTGGAGTA‑3'
CYR61	 F:	 5'‑GAGTGGGTCTGTGACGAGGAT‑3'
	 R:	 5'‑GGTTGTATAGGATGCGAGGCT‑3'
β‑actin	 F:	 5'‑GCATCCTCACCCTGAAGTA‑3'
	 R:	 5'‑TGTGGTGCCAGATTTTCTCC‑3'

CTGF, connective tissue growth factor; CYR61, Cysteine‑rich angio‑
genic inducer 61; F, forward; R, reverse.

Table II. Sequences of siRNA oligonucleotides.

Name	 Target sequences

Non‑targeting	 5'‑UGGUUUACAUGUCGACUAA‑3'
Pool (NT)	 5'‑UGGUUUACAUGUUGUGUGA‑3'
	 5'‑UGGUUUACAUGUUUUCUGA‑3'
	 5'‑UGGUUUACAUGUUUUCCUA‑3'
Human YAP1	 5'‑GCACCUAUCACUCUCGAGA‑3'
siRNA	 5'‑UGAGAACAAUGACGACCAA‑3'
SMART pool	 5'‑GGUCAGAGAUACUUCUUAA‑3'
(si‑YAP)	 5'‑CCACCAAGCUAGAUAAAGA‑3'
Human WWTR1	 5'‑CCGCAGGGCUCAUGAGUAU‑3'
siRNA	 5'‑GGACAAACACCCAUGAACA‑3'
SMART pool	 5'‑AGGAACAAACGUUGACUUA‑3'
(si‑TAZ)	 5'‑CCAAAUCUCGUGAUGAAUC‑3'

YAP, Yes‑associated protein; WWTR1, WW domain‑containing 
transcription regulator protein 1 (alias of TAZ); TAZ, transcriptional 
co-activator with a PDZ‑binding domain; si, small interfering.



HASEGAWA et al:  VERTEPORFIN INHIBITS YAP‑ AND TAZ‑DOMINANT GASTRIC CANCER CELLS4

Immunofluorescence. MKN‑45 and MKN‑74 cells were 
seeded on glass coverslips in 6‑well plates at a density of 
3x105 cells/ml (1 ml/well) and incubated at 37̊C for 24 h. Cells 
were then treated with 15 µM of VP and incubated at 37̊C 
for 24 h. Cells were fixed with 4% PFA and permeabilized 
with 0.1% Triton X‑100 and then incubated in blocking buffer 
containing 5.0% BSA and 0.1% glycine at room temperature 
(20‑25̊C). Cells were incubated with the following primary 
antibodies in blocking buffer at  4˚C overnight; anti‑YAP 
antibody (cat. no. sc‑101199; Santa Cruz Biotechnology, Inc.), 
anti‑TAZ antibody (cat. no. ab84927; Abcam), and anti‑CD31 
antibody (cat. no. ab28364; Abcam). Cells were washed and 
then incubated with corresponding secondary antibody, Goat 
anti‑mouse IgG H&L (Alexa Fluor® 488; cat. no. ab150113; 
Abcam) in blocking buffer for 1  h at room temperature 
in the dark. Cells were washed, and the coverslips were 
mounted onto slides using ProLong Antifade Gold reagent 
with 4',6‑diamidino‑2‑phenylindole (DAPI; Thermo Fisher 
Scientific, Inc.). Slides were analyzed with an all‑in‑one fluo‑
rescence microscope (BZ‑X800; Keyence Corporation). Pixel 
intensities were measured using ImageJ software ImageJ soft‑
ware ver1.52a (Wayne Rasband; National Institutes of Health) 
using 20 random cells (magnification, x20), according to the 
manufacturer's instructions.

Matrigel‑based tube formation assay. An aliquot of growth 
factor‑reduced Matrigel (BD Biosciences) was warmed to 
room temperature, and then 50 µl/well was transferred to 
24‑well plates on a horizontal surface to allow even distribu‑
tion. Plates were incubated for 15 min at 37̊C. MKN‑45 and 
MKN‑74 cells (1x106) were resuspended with 1 ml RPMI-
1640 with 10% FBS and 20 µl of Matrigel and loaded onto 
the Matrigel surface in a well. VP (15 µM) was added at the 
same time. Each well was visualized under a microscope after 
3 days at 37˚C. The average number of tubules counted manu‑
ally in 10 random fields from each well was calculated.

Quantification of cell death. Cell death was evaluated by 
staining with an Annexin V‑FITC Apoptosis Detection Kit 
Plus (BioVision, Inc.) and Hoechst 33342 stain (Thermo Fisher 
Scientific, Inc.). MKN‑45 and MKN‑74 cells were seeded into 
96‑well plates at a density of 5x104 cells/ml (200 µl/well) and 
incubated at 37̊C for 24 h. Cells were then treated with 15 µM 
VP and incubated at 37̊C for 24 h. Annexin‑V detection was 
performed according to the manufacturer's protocol. Plates 
were analyzed with an all‑in‑one fluorescence microscope 
(BZ‑X800; Keyence Corporation). Dead cells were quantified 
by calculating the ratio of Annexin V and SYTOX green‑posi‑
tive nuclei and Hoechst 33342‑positive nuclei (total nuclei) in 
20 random microscopic fields (magnification, x20).

Quantification of caspase 3/7 activity. MKN‑45 and MKN‑74 
cells were cultured on glass coverslips. When the cultures 
achieved the desired confluency (~50%), they were treated 
with siRNAs as described above. Caspase activity was evalu‑
ated by staining (incubated at 37̊C for 30 min) with a Cell 
Event Caspase‑3/7 Green Detection Reagent (Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
Coverslips were mounted with ProLong Gold Antifade reagent 
with DAPI (Thermo Fisher Scientific, Inc.) and fixed overnight 

at room temperature in the dark. Slides were analyzed with 
an all‑in‑one fluorescence microscope (BZ‑X800; Keyence 
Corporation). Caspase‑3/7‑positive cells were quantified by 
calculating the ratio of caspase‑3/7‑positive to DAPI‑positive 
nuclei (total nuclei) in 10 random microscopic fields 
(magnification, x20).

Statistical analysis. All data represent ≥ three independent 
experiments using cells from a minimum of three separate 
isolations. Skewness‑Kurtosis was used to check the distribu‑
tion of the data. The Mann‑Whitney U test was used to assess 
the statistical significance of differences between two groups. 
Kruskal‑Wallis test was used for comparisons between groups 
and Dunn's test was applied for multiple comparisons. Survival 
curves were calculated using the Kaplan‑Meier method on the 
Kaplan‑Meier Plotter online tool. Statistical analyses were 
performed using StatFlex software (Windows ver. 6.0; Artech 
LLC), except for the Log‑rank test for survival analysis using 
the Kaplan‑Meier Plotter online tool. P<0.05 was considered 
to indicate a statistically significant difference and all data are 
expressed as the mean ± SEM.

Results

YAP and TAZ are prognostic factors of gastric cancer. YAP 
and TAZ expression levels in gastric cancer cells are signifi‑
cantly higher than those in normal tissues (Fig. 1A and B). A 
higher expression of YAP or TAZ in gastric cancer cells is 
associated with a significantly poorer prognosis than cancer 
cells with lower expression levels (Fig. 1C and D).

Expression patterns of YAP and TAZ differ among gastric 
cancer cell lines. Initially, YAP and TAZ expression levels 
were examined in four gastric cancer cell lines. Kato III, 
NUGC‑4 and MKN‑74 cells exhibited a YAP‑dominant 
expression pattern. By contrast, the MKN‑45 cell line showed 
a TAZ‑dominant expression pattern (Fig.  2A). Therefore, 
MKN‑45 was selected as the TAZ‑dominant cell line and 
MKN‑74 as the YAP‑dominant cell line (Fig. S1A).

VP suppresses MKN‑45 proliferation. The effect of VP on 
proliferation in MKN‑45 and MKN‑74 cells was examined 
using 10, 15 and 20 µM VP. VP treatment suppressed prolifer‑
ation in MKN‑45 cells (Fig. 2B) more than it does in MKN‑74 
cells at 24 h (Fig. 2C). In MKN‑74 cells, the same level of 
proliferation suppression was observed at 72 h. VP treatment 
decreased the amount of CV staining in MKN‑45 cells in a 
dose‑dependent manner over 24 h (Fig. 2D). VP uptake was 
faster in MKN‑45 cells than MKN‑74 cells (Fig. 2E).

VP decreases YAP and TAZ proteins after 12 h. Western 
blotting demonstrated that VP treatment for 12 h reduces the 
expression of YAP in MKN‑74 cells and TAZ in MKN‑45 
cells (Fig. 3A). PANC‑1 cells were used as a positive control 
for TAZ expression (Fig. S1A).

VP decreases Surivivin gene and protein expression in 
MKN‑45 and MKN‑74 cells. VP treatment reduces the expres‑
sion of downstream Survivin gene in MKN‑45 and MKN‑74 
cells at  24  h (Fig.  3B  and  C). Moreover, immunoblotting 
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confirmed that only Survivin expression is affected by VP 
treatment at 24 h in both cell lines (Fig. 3D).

VP changes the localization of YAP and TAZ from nuclear 
to cytosolic. Immunofluorescence analysis demonstrated that 
exposure to 15 µM VP for 2 h changes YAP and TAZ localiza‑
tion from the nucleus to the cytosol in MKN‑45 and MKN‑74 
cells (Fig. 4A and B).

VP induces cell death in MKN‑45 and MKN‑74 cells in a 
dose‑dependent manner. Annexin V staining demonstrated 
that treatment with 15 µM of VP for 24 h induces cell death 
in MKN‑45 and MKN‑74 cells in a dose‑dependent manner 
(Fig. 5A).

VP suppresses vascular mimicry. MKN‑45 and MKN‑74 are 
CD31‑positive cells that have angiogenic and vasculogenic 
potential (Fig.  S1B). Therefore, the vascular mimicry of 

both cell lines was examined using tube formation assays. In 
MKN‑45 and MKN‑74 cells, exposure to 15 µM of VP for 
72 h suppressed the level vascular mimicry, demonstrated by a 
decrease in the number of tubules formed (Fig. 5B).

Concurrent YAP/TAZ knockdown decreases cellular 
proliferation. RNA interference assays targeting YAP, TAZ 
and YAP/TAZ in MKN‑45 and MKN‑74 cells demonstrated 
that simultaneous knockdown (YAP/TAZ) is required to 
decrease cell proliferation (Fig. 6A‑D). YAP and YAP/TAZ 
knockdown also decrease Survivin expression. Concurrent 
YAP/TAZ knockdown increases caspase3/7 activity in both 
cell lines (Fig. 6E‑G).

Discussion

In the present study, it was demonstrated that VP affects both 
YAP‑dominant (MKN‑74) and TAZ‑dominant (MKN‑45) cell 

Figure 1. YAP and TAZ are prognostic factors in gastric cancer. Images from the Humap Protein Atlas showed that expression levels of (A) YAP and 
(B) TAZ in gastric cancer (tumor; n=408), as indicated by immunohistochemistry, were significantly higher than in the normal tissue (normal; n=211). Higher 
expressions of (C) YAP and (D) TAZ in gastric cancers are associated with significantly poorer prognoses relative to cancers with lower expression levels. 
**P<0.01 vs. control. YAP, yes‑associated protein; TAZ, transcriptional co‑activator with a PDZ‑binding domain.
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lines. Moreover, in the poorly differentiated, TAZ‑dominant 
gastric cancer cell line MKN‑45, VP treatment elicited a more 
rapid suppression than in MKN‑74 cells.

VP is used in PDT as a photosensitizer to eliminate 
abnormal blood vessels in the eyes of patients with conditions 
such as macular degeneration (18). It produces highly reac‑
tive, short‑lived, singlet oxygen species when stimulated by 
non‑thermal red light at 689 nm. VP has also been employed 

for PDT in oncology. A Phase  I/II clinical trial of PDT 
with VP was conducted in patients with locally advanced 
pancreatic cancer in 2014 (25). However, light penetration 
into abdominal tissue is an invasive process. Therefore, 
the present study focused on gastric cancers because these 
tumors are more accessible to PDT via endoscopy. Our 
previous study reported the efficacy of VP in PDT using 
a gastric cancer cell line (19). More recently, VP has been 

Figure 2. YAP‑ or TAZ‑dominant gastric cancer and VP treatment. (A) Kato III, NUGC‑4 and MKN‑74 cells exhibited a YAP‑dominant expression 
pattern. MKN‑45 cells demonstrated a TAZ‑dominant expression pattern. VP significantly suppresses the proliferation of (B) MKN‑45 cells compared with 
(C) MKN‑74 cells at 24 h, and it took 72 h to achieve the same level of proliferation suppression in MKN‑74 cells. (D) VP decreased the concentration of 
crystal violet in MKN‑45 cells in a dose‑dependent manner over 24 h. (E) The uptake of VP was faster in MKN‑45 cells than MKN‑74 cells. The CNT group 
was treated with an equal volume of DMSO. *P<0.05; **P<0.01 vs. control. CNT, control; DMSO, dimethyl sulfoxide; YAP, yes‑associated protein; TAZ, tran‑
scriptional co‑activator with a PDZ‑binding domain; VP, verteporfin.
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reported to have an anti‑cancer effect via YAP inhibition 
in the absence of light activation (20‑22,26,27). Moreover, 
VP inhibited interactions between YAP/TAZ and the TEA 
domain transcriptional factor (TEAD), and inhibited YAP 
function by upregulating the 14‑3‑3σ sequestering of YAP in 
the cytoplasm (28).

YAP and TAZ gene expression levels are elevated in a 
subset of human gastric cancers, most of which are associated 

with poor clinical outcomes (29‑33). Choi et al (34) recently 
demonstrated that MYC upregulation is a direct consequence 
of YAP activation in YAP‑activated human gastric cancer 
cells.

YAP and TAZ are usually discussed in the same vein. 
However, in renal development, YAP‑knockout (KO) mice 
are embryonically lethal (35), whereas TAZ‑knockout mice 
develop severe cystic kidney disease  (36). A study using 

Figure 3. VP treatment significantly decreases Survivin by suppressing YAP and TAZ expression. (A) VP treatment for 12 h decreases YAP in MKN‑74 
cells and TAZ in MKN‑45 cells, as determined by western blotting. (B) The expression of downstream genes only Survivin is significantly decreased in 
MKN‑45 cells at 24 h after VP treatment. (C) In MKN‑74 cells, only Survivin is significantly decreased at 24 h after VP treatment. (D) Immunoblotting 
confirms that only Survivin expression is decreased at 24 h after VP administration. The CNT group was treated with an equal volume of DMSO. *P<0.05; 
**P<0.01 vs. control. CNT, control; DMSO, dimethyl sulfoxide; YAP, yes‑associated protein; TAZ, transcriptional co‑activator with a PDZ‑binding domain; 
VP, verteporfin; CTGF, connective tissue growth factor; CYR61, Cysteine‑rich angiogenic inducer 61.



HASEGAWA et al:  VERTEPORFIN INHIBITS YAP‑ AND TAZ‑DOMINANT GASTRIC CANCER CELLS8

YAP‑KO, TAZ‑KO and YAP‑/TAZ‑KO cell lines generated 
by the CRISPR/Cas9 technique in 293A cells revealed that 
YAP inactivation has more significant effects on cellular phys‑
iology than TAZ inactivation; namely, cell spreading, volume, 
granularity, glucose uptake, proliferation and migration (37). 
TAZ expression is highly elevated in gastric signet ring cell 
carcinoma (17). Hayashi et al (38) reported an imbalance in 
TAZ and YAP expression in gastrointestinal cancer cell lines. 
Another study reported that TAZ accumulation is negatively 
regulated by YAP abundance (39). The present results suggest 
that concurrent suppression of YAP and TAZ inhibits cell 
proliferation and that TAZ and YAP may serve distinct roles 
in cancer progression.

In the present study, four gastric cancer cell lines were 
used; one was TAZ‑dominant and the other three were 
YAP‑dominant. Kato III and NUGC‑4 are signet ring carci‑
noma cell lines; however, YAP/TAZ dominance patterns do 
not depend on histological classification. VP decreases YAP 
and TAZ expression and subsequently reduces the expres‑
sion of downstream genes, predominantly Survivin. Survivin 
is a new member of the inhibitor of apoptosis (IAP) family 
and is selectively upregulated in most human cancers but not 
in normal tissues (40). Moreover, it exhibits anti‑apoptotic 
activity via caspase‑3 and caspase‑7 inhibition (41) and is a 
prognostic factor in gastric cancer associated with lymphatic 
metastasis (42‑44). A correlation between YAP and Survivin 

in gastric cancer has been demonstrated for tumorigenesis 
and lymph node metastasis (45). The current results indi‑
cate that VP inhibits YAP/TAZ and induces apoptosis by 
increasing caspase‑3 and caspase‑7 activity via decreasing 
Survivin expression in gastric cancer cells.

Vascular mimicry (VM) is a concept proposed by 
Maniotis et al (46) in 1999. Tumors with vigorous VM are 
often aggressive and associated with a poor prognosis (47). 
Evaluating the therapeutic potential of inhibiting VM has 
critical clinical importance. Sun et al (48) demonstrated that 
VM is correlated with the differentiation, stage and metastatic 
potential of tumors, in addition to less favorable prognoses 
in clinical samples of gastric cancer. VP has been shown to 
suppress VM by disrupting the YAP‑TEAD complex (49,50). 
CD31‑positive cancer cells are reported to display VM (51), 
and the cell lines used in the present study were CD31‑positive 
(Fig.  S1B). Therefore, VM was evaluated in VP‑treated 
cells using tube formation assays and it was revealed that 
VP significantly suppresses VM in MKN‑45 and MKN‑74 
cells. Consequently, VP may represent a promising target 
for anti‑cancer therapy in YAP‑dominant or TAZ‑dominant 
gastric cancers with poor prognostic outcomes.

Kang et al (52) demonstrated that the anti‑proliferative effects 
of VP on gastric cancer cell lines are associated with suppres‑
sion of FAT1, another marker associated with poor prognoses. 
Notably, more recent studies report that VP can potentially treat 

Figure 4. VP treatment changes the localization of YAP and TAZ from nuclear to cytosolic. The localization of YAP/TAZ in (A) MKN‑45 and (B) MKN‑74 
cells changed from nuclear to cytosolic at 2 h after treatment with 15 µM VP, as shown by immunofluorescence. The CNT group was treated with an 
equal volume of DMSO. **P<0.01 vs. control. YAP, yes‑associated protein; TAZ, transcriptional co‑activator with a PDZ‑binding domain; CNT, control; 
DMSO, dimethyl sulfoxide; VP, verteporfin.
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chemo‑resistant gastric cancer stem cells (53,54). However, these 
studies did not distinguish between YAP and TAZ and did not 
evaluate the effects of VP on Survivin expression and vascular 
mimicry. In the present study, characteristics that reveal under‑
lying mechanisms of VP in the suppression of gastric tumor cell 
growth were investigated.

One limitation of the present study was the high concen‑
tration of VP required to achieve suppression. The plasma 

concentration in human patients receiving liposomized 
VP (Visudyne®) is ~2  µg/ml. The in  vitro assays used 
10 and 15 µM VP treatments, which equate to 5 and 7.5 µg/ml, 
respectively, or 2‑4 times more than a recommended clinical 
dose. Liposomization can increase VP tissue uptake, leading 
to a high concentration in the gastric cancer tissue.

In conclusion, VP has the potential to suppress different 
types of gastric cancers via suppressing Survivin. Further 

Figure 5. VP induces cell death and inhibits vascular mimicry in MKN‑45 and MKN‑74 cell lines. (A) Cell death is induced at 24 h after treatment with 15 µM 
VP, as shown by Annexin V and SYTOX green staining in MKN‑45 and MKN‑74 cells in a dose‑dependent manner. (B) Vascular mimicry is suppressed 
at 72 h after treatment with 15 µM VP, as demonstrated by tube formation assays in MKN‑45 and MKN‑74 cells. The CNT group was treated with an equal 
volume of DMSO. **P<0.01 vs. control. CNT, control; DMSO, dimethyl sulfoxide; VP, verteporfin.
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in vivo studies will be required to confirm the potential of VP 
for use as a therapeutic agent.
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