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light activation
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Abstract: Uveal melanoma (UM) is the most common primary ocular malignancy in adults. Currently, no beneficial
systemic therapy is available; therefore, there is an urgent need for effective targeted therapeutic drugs. As verte-
porfin has shown anti-neoplastic activity in several types of cancers, here we hypothesized and investigated the
efficacy of verteporfin against UM cells without light activation. MTS assay, flow cytometry analysis of apoptosis,
Western blotting of relevant proteins, transwell migration and invasion assay, melanosphere culture, and measure-
ment of ALDH* populations, were used to evaluate the effects of verteporfin on UM cells. We found that verteporfin
disrupted the interaction between YAP and TEAD4 in UM cells and decreased the expression of YAP targeted down-
stream genes. Verteporfin treatment decreased the cytoplasmic and nuclear levels of YAP and induced lysosome-
dependent degradation of YAP protein. Verteporfin exhibited distinct inhibitory effect on the proliferation of four
lines of UM cells (e.g., 92.1, Mel 270, Omm 1 and Omm 2.3), and induced apoptosis through the intrinsic pathway.
Additionally, verteporfin suppressed migration and invasion of UM cells, impaired the traits of cancer stem-like cells
(e.g., melanosphere formation capacity, and ALDH* cell population). This study demonstrated the anti-neoplastic
activity of verteporfin against UM cells in vitro, providing a rationale for evaluating this agent in clinical investigation.
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Introduction

Melanomas derived from the choroid, ciliary
body and iris of the eye are defined as uveal
melanomas (UM) [1]. UM is the most common
primary ocular malignancy in adult with an inci-
dence of 5.1 per million per year [2]. Although
several relative risk factors have been identi-
fied, the etiology of this neoplasm remains
largely unclear [3, 4]. Despite the relatively low
incidence rate, UM results in high mortality,
mostly due to the frequent metastasis to the
liver by means of blood circulation [5]. Nearly
half of patients develop metastatic diseases
over a 15 year period [6]. Although there are
effective therapies to eradicate primary UM
and prevent local recurrence, including radio-
plague, proton beam and enucleation, the me-
dian survival of patients with advanced UM is
only 4-6 months after diagnosis [7], largely due
to lack of beneficial systemic therapy.

The genetic studies of UM have helped under-
stand such aggressive cancer. For instance,
activating mutations in BRAF and NRAS are
common in cutaneous melanoma, but are rare
in UM [8]. The reported mutations of UM include
G, subunits GNAQ and GNA11, BAP1 (BRCA
1-associated protein-1), and splicing factor 3B
subunit 1 (SF3B1). While SF3B1 and BAP1
mutations occur later in tumor progression,
mutations in GNAQ and GNA11l are early and
initiating events [9]. These mutations de-
crease the guanosine triphosphatase activity of
the G proteins, leading to constitutive down-
stream signaling, with PLC[3 as one of the best-
known downstream molecules [10].

The Hippo signaling pathway controls organ size
by regulating cell proliferation and apoptosis
[11]. The deregulation of the Hippo pathway has
been reported in various types of cancer, includ-
ing breast, lung and colorectal cancers [12-14].
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Being a core component of the Hippo pathway,
YAP translocates to the nucleus when it is not
phosphorylated by LATS1/2 and binds with cor-
responding transcriptional factors TEAD1-4,
promoting the expression of target genes such
as connective tissue growth factor (CTGF) and
cysteine-rich 61 (CYR61) [15]. YAP has been
considered as an important oncoprotein in UM
[16-18]. It has been reported recently that YAP
can be activated by actin polymerization and
partial LATS1/2 inhibition in UM harboring
mutations in GNAQ or GNA11 [19].

The benzoporphyrine derivative, verteporfin, is
a photosensitizer used in photodynamic thera-
py for the treatment of age-related macular
degeneration and neovascularization when this
agent is stimulated by irradiation at a wave-
length of 693 nm [20]. Photodynamic therapy
with verteporfin has been tested for treatment
of several human cancers including pancreatic
cancer, metastatic breast cancer, and posterior
uveal melanoma [21-23]. Notably, verteporfin
has been used to inhibit YAP-TEAD association
and YAP-induced liver overgrowth alone without
irradiation [24]. Moreover, verteporfin showed
anti-tumor effects in certain types of cancers in
the absence of light activation [25-27]. Con-
sidering the photodynamic-independent inhibi-
tion of YAP by verteporfin, here we sought to
determine whether verteporfin possesses cyto-
toxicity against UM cells. Reports have shown
that verteporfin reduced UM cells tumorige-
nesis and proliferation in mouse model [17,
19]; here we found that verteporfin can effec-
tively suppress the malignant phenotypes su-
ch as migration, invasion and cancer stem-like
cells (CSCs) of UM cells in the absence of light
activation. Our study suggests that vertepor-
fin holds promise to be a therapeutic agent for
UM.

Materials and methods

Chemicals and antibodies

Verteporfin was purchased from Selleck (Sh-
anghai, China) and prepared as a 20 mmol/L
stock solution in DMSO. The stock solution was
stored in aliquots at -20°C. Annexin-V was from
Sigma-Aldrich (Shanghai, China). Antibody aga-
inst cytochrome ¢ oxidase subunit II (COX 1I)
was from Invitrogen (Shanghai, China). Antibo-
dies against BAX, survivin, proliferating cell
nuclear antigen (PCNA), CYR61, CTGF were pur-
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chased from Santa Cruz Biotech (Santa Cruz,
CA). Antibodies against PARP (clone 4C10-5),
caspase-3, cytochrome ¢ (clone 6H2.B4), XIAP,
Bcl-2 were from BD Biosciences (San Jose, CA).
Antibodies against MMP-2, YAP, phospho-YAP
(8127) were from Cell Signaling Tech. (Beverly,
MA). MG 132 was from EMD Biosciences.
Cycloheximide and chloroquine were from Sig-
ma-Aldrich. Anti-mouse immunoglobulin G and
anti-rabbit immunoglobulin G horseradish per-
oxidase-conjugated antibodies were from
LI-COR Biotechnology (Nebraska, USA).

Cell culture

The UM cell lines, Mel 270, 92.1, Omm 1 and
Omm 2.3, were generous gifts from Dr. MJ
Jager of Leiden University Medical Center,
Leiden, The Netherlands [28-30]. The cells
were cultured in RPMI 1640 supplemented
with 10% FBS in a 37°C humidified incubator
containing 5% CO,,.

Cell viability assay

The MTS assay (CellTiter 96 Aqueous One
Solution reagent; Promega) was used to assess
cell viability [31]. Briefly, UM cells seeded in
96-well plates at a density of 5,000 cells per
well were exposed to increasing concentrations
of verteporfin for 72 hours, MTS was added to
each well and incubated for 4 hours. The absor-
bance density was measured at a wavelength
of 490 nm. The drug concentration resulting in
50% inhibition of cell growth (IC, ) was calcu-
lated. The combinations were done in serial
fixed-ratio dilutions of the two-drug mixtures.
The effects of combinations were estimated
using the CalcuSyn software [32]. The combina-
tion index (Cl) was the ratio of the combination
dose to the sum of the single-agent doses at an
isoeffective level. CI<1 indicates synergy; CI>1,
antagonism; and Cl=1, additive.

Colony-formation assay

UM cells pretreated with increasing concentra-
tion of verteporfin (0-1 yM) or vehicle (DMSO,
control) for 24 hours were harvested and
washed. The cells (5,000/sample) were then
incubated for 10-14 days in a modified double
layer soft agar system in the absence of verte-
porfin. Colony composed with more than 50
cells was counted under an inverted phase-
contrast microscope [33].
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Dual luciferase reporter assay

The Gal4-TEAD4 reporter plasmid was from
Addgene (Cat# 24640). pGbluc plasmid and
the Renilla luciferase reporter construct, pRLTK
were purchased from Promega. UM 92.1 cells
were co-transfected with plasmids Gal4-TEAD4
(0.5 ug), pGbluc (0.5 ug), Renilla (1 ng) using
polyethyleneimine (Polysciences, Inc., Warring-
ton, PA), and then treated with indicated con-
centrations of verteporfin for 18 hours. The
dual luciferase reporter assay was performed
according to the manufacturer’s instructions
[34].

Western blotting analysis

Total cell lysates were prepared in RIPA buffer
(1 x PBS, 1% NP40, 0.5% sodium deoxycholate,
0.1% SDS) supplemented with 1 x protease
inhibitor cocktail (Roche, Nutley, NJ), 10 mM
B-glycerophosphate, 1 mM sodium orthovana-
date, 10 mM sodium fluoride, and 1 mM phenyl-
methylsulfonyl fluoride unless otherwise stat-
ed. As for cytochrome c detection, cytosolic
fraction was prepared with digitonin extraction
buffer (10 mM PIPES, 0.015% digitonin, 300
mM sucrose, 100 mM NaCl, 3 mM MgCI2, 5mM
EDTA, and 1 mM phenylmethylsulfonyl fluoride).
For extractions of sub-cellular cytoplasmic and
nuclear fractions, cells were pelleted, washed
by PBS, and then re-suspended in 200 pL of
ice-cold lysis buffer (10 mM 4-[2-hydroxyethyl]-
1-piperazine ethane-sulfonic acid (HEPES) PH
7.9, 10 mM KCI, 0.1 mM sodium orthovanadate
and Complete Protease Inhibitor cocktail. The
lysates were incubated on ice for 10 minutes
followed by centrifugation at 10,000 g. The
supernatants were transferred to fresh tubes
and these were cytoplasmic extracts. Rem-
aining pellets were washed with the lysis buffer,
vigorously re-suspended in nuclear protein
extraction buffer with inhibitors (20 mM HEPES
PH 7.9, 0.4 M NaCl, 1 mM EDTA with 1 mM DTT,
0.5 mM PMSF, 0.2 mM sodium orthovanadate
and Complete Protease Inhibitor Cocktail) and
centrifuged at 14,000 g for 10 minutes at 4°C.
The supernatants were collected as nuclear
fractions [35]. Protein samples were subjected
to SDS-PAGE and then transferred to nitrocel-
lulose membranes. Membranes were subse-
quently incubated with the primary antibodies
overnight before incubation with appropriate
second antibodies. Actin was used as a loading
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control. The immunoblots were recorded with
the Odyssey infrared imaging system (LI-COR).

Apoptosis assay

Apoptosis was measured by Annexin V-fluo-
rescein isothiocyanate (FITC) and propidium
iodide apoptosis detection kit (Sigma-Aldrich,
Shanghai) according to the instructions of the
manufacturer. Briefly, the cells treated with dif-
ferent concentrations of verteporfin (O uM, 1.5
UM, 2.5 uM or 5 uM) or 5 uM verteporfin for
various periods of time were pelleted, washed
in PBS, and re-suspended in 100 uL of annexin
V binding buffer (10 mM HEPES/NaOH, [pH
7.4],4MNaCl, 1 M CaCI2). After addition of 0.3
pL annexin V-FITC (Sigma), the mixtures were
incubated for 30 minutes at room temperature
in dark. At the end of incubation, the cells were
washed and re-suspended in 0.5 mL of binding
buffer. Inmediately after staining with propidi-
um iodide, the samples were run and analyzed
on BD C6 flow cytometer.

Melanosphere formation assay

92.1 and Omm 2.3 cells were harvested and
washed after treatment with O yM or 1 uM
verteporfin for 24 hours. Primary tumor spheres
were derived by plating 5,000 cells in the
DMEM/F-12 medium (HyClone, containing B27
1 ml, basic Fibroblast growth factor 10 ng/ml,
Epidermal growth factor 20 ng/ml) in each well
of 24-well Corning™ Ultra-Low Attachment
Plates (Thermo Fisher Scientific Inc., Waltham,
MA) and incubating for 10~14 days. At the end
of incubation, melanospheres were counted
under an inverted phase-contrast microscope.
The cells were then collected, and 5,000 cells
were replated for the secondary and tertiary
rounds of melanosphere culture; colonies were
counted on day 14 after each round of culture.

Aldehyde dehydrogenase (ALDH) assay

Mel 270 and Omm 2.3 were treated with O uM
or 1 uM verteporfin for 24 hours, and then ana-
lyzed for ALDH activity following the manufac-
turer’s instructions [36]. In brief, 1 x 10° UM
cells were incubated with 5 yL ALDH reagent in
the absence of 5 yL DEAB or not for 1 hour in
37°C. Then cells were washed with ALDH assay
buffer, and ALDH activity was measured using
flow cytometry.
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Figure 1. Verteporfin disrupts YAP-TEAD4 interaction through promoting YAP turnover in uveal melanoma cells. A:
The chemical structure of verteporfin. B: Verteporfin treatment inhibited the TEAD4-dependent luciferase activity in
uveal melanoma (UM) cells. Twenty-four hours after 92.1 cells were transfected with Luc-TEAD4-reporter, the cells
were then exposed to verteporfin for another 18 hours. The luciferase activity was then detected. C: The levels of
YAP, phospho-YAP (S127), and its downstream targeted molecules CTGF and CYR61 were analyzed by Western blot-
ting after UM cells were exposed to verteporfin for 24 hours. D: The turnover rate of YAP protein was accelerated
by verteporfin treatment. 92.1 cells were exposed to 1.5 uM verteporfin for 2 hours, and then cycloheximide was
added (50 pg/ml). Cells were harvested at the indicated time points and YAP expression was analyzed by Western
blotting. Data shown are one representative Western blotting and the curves of integrated density 100% normalized
to the control band obtained by Image J from three independent experiments. E: Verteporfin decreased the levels
of YAP in both cytoplasm and nucleus fractionations. F: Chloroquine, not MG132, blocked YAP degradation in the
verteporfin-treated cells. After a 2-hour pretreatment with 1.5 yM MG132 or a 6-hour pretreatment with 15 uM
chloroquine, 92.1 cells were treated with verteporfin for 12 or 2 hours, respectively. Whole cell lysates were then
collected for Western blotting.

In vitro transwell migration and invasion as- dium were plated in the upper chamber with
says the non-coated membrane (24-well insert; pore

size, 8 um; Corning, NY). For invasion assays, 1
After pretreated with O uM or 1 uM verteporfin x 105 cells in FBS-free medium were plated in
for 24 hours, 92.1 and Omm 2.3 cells were col- the upper chamber with a Matrigel-coated
lected and washed with PBS. For transwell membrane. In both assays, medium supple-
migration assays, 1 x 10* cells in FBS-free me- mented with 10% FBS in the lower chambers
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Figure 2. Verteporfin suppresses the growth of uveal melanoma cells. A: Cell viability was determined by MTS assay
after the UM cells were exposed to verteporfin for 72 hours. B: After treated with various concentrations of vertepor-
fin for 24 hours, the UM cells (e.g., 92.1, Mel 270, Omm 1, Omm 2.3) were seeded in drug-free soft agar culture for
14 days. Colonies were counted. C: The UM cells were exposed to escalating concentrations (serial fixed-ratio dilu-
tions) of the mixture of vinblastine and verteporfin, synergistic effect of the combination was evaluated by CalcuSyn

software. Combination Index (Cl) <1 indicates synergy.

served as chemo-attractant. After 24 or 48
hours of incubation at 37°C, the cells that had
migrated or invaded to the lower surface of
membrane were fixed with 4% methanol,
stained with crystal violet, and counted in 3
random microscopic fields (200 x).

Cell transfection

pBABE YAP1 (Cat# 15682) was obtained from
Addgene (Cambridge, MA). Omm 2.3 cells were
transfected with HA-YAP plasmid or empty vec-
tor using polyethyleneimine (Polysciences, Inc.,
Warrington, PA). For establishment of stable
expression of HA-YAP, the transfected cells
were selected with puromycin (0.5 pg/mL) for 4
days.

Statistical analysis

All experimental results were presented as
mean * standard error (SEM). For statistical
analysis, GraphPad Prism 5.0 software (Graph-
Pad Software, San Diego, CA) was used. Diffe-
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rences between two groups were analyzed by
2-tailed Student's t test while differences
among multiple groups were analyzed by one-
way analysis of variance (ANOVA) with post-hoc
intergroup comparisons with Turkey test. P<
0.05 was considered as statistically signifi-
cant.

Results

Verteporfin inhibits YAP-TEAD signaling path-
way through accelerating YAP turnover in uveal
melanoma cells

We first determined the effect of verteporfin on
YAP-TEAD4 complex in UM cells. Twenty-four
hours after co-transfection with plasmids of
Gal4-TEAD4, pGbluc and Renilla luciferase,
92.1 cells were exposed to verteporfin treat-
ment for 18 hours, followed by dual luciferase
activity assay. The results showed that verte-
porfin treatment significantly reduced the TE-
AD-dependent reporter luciferase activity (Fi-
gure 1B). We next assessed the expression of

Am J Cancer Res 2016;6(12):2816-2830
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Figure 3. Verteporfin induces apoptosis in uveal melanoma cells. (A-D) UM cells were treated with various concen-
trations of verteporfin for 24 hours or with 5 yM verteporfin for different periods of time. Apoptosis was measured
by flow cytometry following Annexin V-FITC/PI dual staining (A-C) or analyzed by Western blotting (D). (A) Representa-
tive histograms are shown. (B and C) Results from 3 independent experiments are shown. The Y-axis presents the
sum of the top left, top right, and bottom right quadrants. Columns, mean; bars, SEM. *, P<0.05; **, P<0.01; ***,
P<0.001. One-way ANOVA with post hoc intergroup comparison by the Tukey test. (D) Data shows immunoblotting
of PARP, caspase-3 and caspase-9. (E) After treatment with verteporfin for 24 hours, cytochrome c in the cytosolic
fractionations was detected with Western blotting. COX |l served as a mitochondria marker to exclude mitochondrial
contamination in the cytosolic fractionations.
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Figure 4. Verteporfin affects expression of the apoptosis-related proteins. A: Western blotting analysis of Bcl-2, Bax,
Bcl-X,, Survivin and XIAP in the whole cell lysates after the UM cells were exposed to increasing concentrations of
verteporfin. B: UM cells were treated with 5 uM verteporfin for various time periods. Bcl-2, BAX, Bel-X, Survivin and
XIAP expression were detected by immunoblotting.

YAP and its downstream targets, and found levels in UM cells in the presence of MG132, a
that the levels of YAP, phospho-YAP (S127), proteasome inhibitor. The results showed that
CYR61 and CTGF were appreciably decreased the verteporfin-mediated decrease of YAP pro-
in UM cells exposed to verteporfin (Figure 1C). tein was not rescued by MG132 but by chloro-
To explore the underlying regulation of YAP by quine, an inhibitor of lysosomal degradation
verteporfin, we performed pulse-chase experi- (Figure 1F). These data hint that verteporfin
ments using 92.1 cells [37]. Figure 1D shows may trigger lysosome-dependent degradation
that verteporfin accelerated the turnover rate of YAP protein in UM cells.

of YAP. Further, immunoblotting analysis show-

ed that YAP protein in both of the cytoplasmic Verteporfin suppresses growth of uveal mela-
and nuclear fractionations was remarkably noma cells

reduced (Figure 1E). Because YAP phosphory-

lation by the Lats1/2 kinases was reported to To assess the inhibitory effect of verteporfin on
induce its cytosolic retention and subsequent cellar proliferation, four lines of UM cells were
protein degradation by the ubiquitin-protea- treated with various concentrations of verte-
some pathway, we examined the cellular YAP porfin for 72 hours, followed by MTS assay.
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Figure 5. Verteporfin inhibits the migration and invasion of uveal melanoma cells. A: After pretreated with 1 yM
verteporfin or control medium for 24 hours, the Omm 2.3 and 92.1 cells (1 x 10* cells) were inoculated in the
transwell inserts, and then the migrated cells were counted in 3 random microscopic fields. Statistical graphs were
shown. B: The cells invaded through matrigel-embedded upper chamber were quantified and statistical graphs
were shown. Columns, mean; bars, SEM. *, P<0.05; **, P<0.01; ***, P<0.001. 2 tailed-student’s t-test. C: MMP-2
expression was analyzed after 92.1 and Omm 2.3 cells were exposed to verteporfin for 24 hours.

Figure 2A shows that verteporfin significantly respectively (Figure 2A). We also carried out
decreased the cell viability of UM cells in a colony formation assay to investigate the effect
dose-dependent manner. The IC,, values for of verteporfin on the anchorage-independent gr-
92.1, Mel 270, Omm 1, Omm 2.3 cells were owth of UM cells. Figure 2B reveals that verte-
4.67 uM, 6.43 uM, 5.89 uM, and 7.27 uM, porfin pretreatment led to a concentration-
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Figure 6. Verteporfin impairs self-renewal and eliminates uveal melanoma stem-like cells. A: The pictures of typical
melanospheres. B: 92.1 and Omm 2.3 cells were exposed to O uM, 0.5 pM, or 1 uM verteporfin for 24 hours, and
then cultured in DMEM/F-12 medium for 14 days. Melanospheres containing more than 50 cells were counted. The
cells were then harvested for another two rounds of culture for melanospheres. C: 92.1 and Omm 2.3 cells were
treated with control or verteporfin (1 uM) for 24 hours, ALDH activity was analyzed with flow cytometry. D: Bar charts
summarizing the statistics were shown. Columns, mean; bars, SEM. *, P<0.05; **, P<0.01; ***, P<0.001. One-way

ANOVA with post hoc intergroup comparison by the Tukey test.

dependent decrease of colony formation ability.
These experiments demonstrated that verte-
porfin can effectively inhibit the growth of UM
cells.

Synergistic cytotoxic effect between verteporfin
and vinblastine

Vinblastine, an anti-microtubule chemothera-
peutic agent, is used clinically for metastatic
UM patients [38]. We found that there was a
synergistic effect between vinblastine and
verteporfin in killing the tumor cells, based on
the combination index (Cl), which was less than
1 (Figure 2C) [32].

Verteporfin induces apoptosis in UM cells

We next determined whether verteporfin indu-
ced apoptosis in UM cells. The UM cells were
stained with Annexin V/PI after treatment with
various concentrations of verteporfin or 5 yM
verteporfin for different durations, and then
were analyzed by flow cytometry. The results
showed that verteporfin caused a drastic apop-
tic cell death in UM cells in a concentration- or
time-dependent fashion (Figure 3A-C). Treat-
ment with verteporfin also resulted in a dose-
or time-dependent cleavage of poly ADP-ribose
polymerase (PARP), decline of caspase-9, and
activation of caspase-3 (Figure 3D). In the UM
cells treated with verteporfin, the level of the
cytoplasmic cytochrome ¢ was increased (Fi-
gure 3E), suggesting that this agent triggers
mitochondrial release of cytochrome c. In addi-
tion, the levels of anti-apoptotic proteins Bcl-2,
Bel-X , XIAP and Survivin were down-regulated,
whereas the pro-apoptotic Bax was up-regulat-
ed in the tumor cells subjected to verteporfin
treatment (Figure 4A and 4B). These results
indicate that verteporfin can activate apoptosis
in UM cells without light activation.

Verteporfin inhibits migration and invasion of
UM cells

Although approximately half of UM patients
develop metastatic disease [7], so far no sys-
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temic chemotherapy has been proved to be
clinically beneficial for patients with the adva-
nced disease. We tested whether or not verte-
porfin had inhibitory effect on migration and
invasion of UM cells. 92.1 and Omm 2.3 cells
were exposed to DMSO-containing medium or
1 uM verteporfin for 24 hours, then equal num-
bers of cells were seeded in Boyden chambers.
Migrated cells were quantified after 24 hours’
culture. We observed that the numbers of
migrated cells were significantly reduced in the
presence of verteporfin (Figure 5A). Verteporfin
treatment also decreased the invaded cells in
the matrigel invasion assay (Figure 5B). Matrix
metalloproteinase-2 (MMP-2), a critical mole-
cule in metastasis and invasion [39], was also
down-regulated in the tumor cells treated with
verteporfin (Figure 5C). These results indicate
that verteporfin can effectively hinder migra-
tion and invasion of UM cells.

Verteporfin reduces cancer stem-like cells in
um

CSCs are a subset of cancerous cells with abili-
ties of self-renewal and multi-lineage differen-
tiation. CSCs have been identified and isolated
in various types of cancers [40, 41]. UM also
contains stem-like cells that survive chemo-
therapy [42]. To determine the effect of verte-
porfin on CSCs, we cultured UM cell line, 92.1
and Omm 2.3, with O uM or 1 uM verteporfin for
24 hours. Cells were then collected and seeded
in 24-well ultra-low attachment plates in the
absence of verteporfin. The number of melano-
sphere consisting of more than 50 cells was
counted 10-14 days later. The results of three
rounds of serially replating experiments dem-
onstrated that the self-renewal ability of UM
CSCs was reduced by pre-treatment with verte-
porfin (Figure 6A and 6B). ALDH* cells in UM
have enhanced tumorigenicity over ALDH" cells
and superior self-renewal capacity [43]. We
observed that following treatment of Mel 270
and Omm 2.3 cells with verteporfin, the per-
centage of ALDH" cells was markedly decreased
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Figure 7. Over-expression of YAP attenuates the antitumor activity of verteporfin. (A) YAP was critical in verteporfin-
induced apoptosis in UM cells. After treated with control or 5 uyM verteporfin for 24 hours, Omm 2.3 cells stably
expressing HA-YAP or empty vector underwent trypan blue exclusion assay and Western blotting analysis. (B, C) YAP
promoted migration of UM cells. After treated with or without 0.5 uM verteporfin, HA-YAP-overexpressing Omm 2.3
cells underwent migration (B) and invasion (C) assay. (D) Overexpression of YAP rescued the verteporfin-induced
decrease in capacity of melanosphere formation. Omm 2.3 cells stably expressing HA-YAP or empty vector were
exposed to 0.25 pyM verteporfin, and inoculated for melanosphere assay in drug-free DMEM/F-12 medium for 14
days. Columns, mean; bars, SEM. *, P<0.05; **, P<0.01; ***, P<0.001. One-way ANOVA with post hoc intergroup

comparison by the Tukey test.

(Figure 6C and 6D). These data imply that
verteporfin is able to eliminate CSCs in UM;
however, the underlying mechanisms remain to
be elucidated.

Ectopic overexpression of YAP partially de-
creases verteporfin’s efficacy against UM cells

Omm 2.3 cells stably expressing HA-YAP
showed less apoptosis compared with vector
control in response to verteporfin treatment as
indicated by activation of caspase-3 and trypan
blue exclusion assay (Figure 7A). Moreover,
stable expression of YAP partially restored the
migration and invasion of Omm 2.3 cells (Figure
7B and 7C), as well as the capacity of melano-
sphere formation (Figure 7D). We found that
cells expressing HA-YAP showed increased
number of migrated cells, invaded cells and
melanospheres in comparison with empty vec-
tor control after verteporfin exposure. These
data indicate that verteporfin exhibits anti-
tumor activity partially through targeting YAP.

Discussion

In the present study, we demonstrate that
verteporfin, a photosensitizer in common clini-
cal use, has anti-neoplastic activity against UM
cells, likely through inhibiting the YAP-TEAD4
interaction and triggering intrinsic apoptosis
pathway.

Different from that in photodynamic therapy,
without light activation verteporfin alone can
significantly suppress the proliferation of UM
cells and induce apoptosis. Our findings are in
accordance with previous reports [17, 19]. In
addition, verteporfin inhibits migration and
invasion of UM cells. Also, verteporfin exhibited
synergistic effect with vinblastine, a conven-
tional chemotherapeutic agent. The anti-tumor
capacity of verteporfin might be associated
with its role in blocking of canonical Hippo-YAP
pathway, as previously demonstrated in other
types of cancers [25-27, 44].
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Verteporfin was first identified as a YAP-inhi-
bitory compound by Liu-Chittenden et al in
HEK293 cells [24]. Indeed, we showed that
verteporfin disrupted the interaction between
YAP and TEAD4 in UM cells. CTGF and CYR61
are two downstream targets of YAP. Verteporfin
reduced their expression in a dose-dependent
manner. Moreover, verteporfin reduced the
total expression of YAP including phospho-YAP
(8127), suggesting that LATS1/2 is not involved
in this process. We further demonstrated that
this reduction was a consequence of enhanced
turnover of YAP. Cytoplasmic and nuclear YAP
distributions were also altered, and this prompt-
ed us to explore the underlying mechanism of
verteporfin-promoted turnover of YAP. Interes-
tingly, we found that in UM cells, inhibition of
autophagy by chloroquine led to accumulation
of YAP; in contrast, inhibition of the proteasome
did not affect the amount of YAP. It was report-
ed that verteporfin can inhibit autophagosome
by promoting oligomerization of p62 in pancre-
atic ductal adenocarcinoma [45]. We found
that verteporfin decreased YAP expression in
UM. In addition, YAP expression was restored
when cells were subjected to combined treat-
ment with chloroquine and verteporfin. Based
on our data, we propose that verteporfin pro-
motes YAP degradation through the lysosomes
in UM cells.

Existence of CSCs is believed to be a major
contributor to tumorigenesis, drug resistance
and local or distant recurrence. High YAP activ-
ity has been observed in the cancer stem and
progenitor cells of multiple tissues, suggesting
a role for YAP in CSC maintenance [46]. CSCs
also exist in UM, but no validated biomarkers
have been available so far [42]. The capacity of
melanosphere formation and activity of ALDH
are the two universal features of CSCs. Our
data showed that verteporfin treatment can
impair the melanosphere formation ability and
reduce the population of ALDH* cells in UM,
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suggesting an inhibitory effect of this drug on
CSCs in uveal melanoma.

Furthermore, ectopic expression of YAP antago-
nized verteporfin in inducing apoptosis and
inhibiting migration, invasion as well as tumor
sphere formation. It is reasonable to conclude
that verteporfin achieves its anti-neoplastic
effect at least in part by targeting YAP.

In summary, we demonstrate that verteporfin
can potently inhibit UM without light activation
and we report for the first time that verteporfin
impairs CSCs in UM. These observations war-
rant further studies of the anti-uveal melanoma
activity of verteporfin in patients with this
malignancy.
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