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Abstract: Yes-associated protein (YAP), the central mediator of Hippo pathway, not only regulates a diversity of cellu-
lar processes during development but also plays a pivotal role in tumorigenesis. YAP is overexpressed in many types 
of human cancers with its expression level being associated with patient outcomes. Thus, inhibiting YAP function 
could provide a novel therapeutic approach. Verteporfin, a photosensitizer, which has been used in photodynamic 
therapy (PDT), was recently identified as an inhibitor of the interaction of YAP with TEAD, which, in turn, blocks 
transcriptional activation of targets downstream of YAP. However, the mechanism by which Verteporfin inhibits YAP 
activity remains to be elucidated. We demonstrate that overexpression of YAP stimulates cell proliferation whereas 
knocking down YAP or treating cells with Verteporfin inhibited cell proliferation, even in the presence of growth fac-
tors. Protoporphyrin IX, another photosensitizer, did not have similar activity demonstrating specificity to Verteporfin. 
Verteporfin induced sequestration of YAP in cytoplasm through increasing levels of 14-3-3σ, a YAP chaperon protein 
that retains YAP in cytoplasm and targets it for degradation in the proteosome. Interestingly, while knockdown of 
YAP had no effect on the ability of Verteporfin to induce 14-3-3σ, p53 is required for this effect of Verteporfin. This 
provides potential approaches to select patients likely to benefit from Verteporfin.
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Introduction

The Yes-associated protein (YAP), a key down-
stream effector in the HIPPO signaling cascade, 
which was originally identified in Drosophila, 
has emerged as a major contributor to cancer 
pathophysiology [1-3]. Lats1/2 in the HIPPO 
pathway phosphorylates YAP leading to cyto-
solic sequestration of YAP and subsequent pro-
teosome mediated degradation. Inactivation of 
HIPPO allows YAP to translocate to the nucleus 
where it acts as a transcriptional co-activator of 
the TEAD program, which increases the tran-
scription of many oncogenes while inhibiting 
the expression of tumor suppressors. YAP has 
been proposed to function as an oncogene in 
most cancers, with nuclear localization of YAP 
correlating with poor prognosis [4]. Thus pertur-
bation of YAP levels or functions could improve 
outcomes for cancer patients.

Photodynamic therapy (PDT) is an established 
cancer treatment using the interaction of a pho-
tosensitizer and light in an oxygenated environ-
ment [5]. Verteporfin is a second-generation 
photosensitizer approved by the Food and Dr- 
ug Administration in 2000 for the treatment  
of age-related macular degeneration [6]. Initial 
studies of focused on cell killing through photo-
dynamic therapy [7, 8]. However, Verteporfin 
has demonstrated activity independent of light-
activation for example in inhibiting autophago-
some and autophagy [9, 10]. Recently vertepor-
fin has been proposed to inhibit proliferation  
of hepatocellular carcinoma cells and retino-
blastoma cells through suppressing YAP activity 
[11, 12]. In this study, we explore mechanisms 
by which Verteporfin regulates YAP function. 
The resulting data provides insight into poten-
tial approaches to use Verteporfin in the thera-
py of cancer patients.
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Methods

Reagents and materials: Antibodies to YAP for 
WB, 14-3-3σ for WB, EGFR, Histone3, MEK1 
were obtained from Cell Signaling Technology; 
14-3-3σ for IF staining was from VWR In- 
ternational; YAP for IF staining, p53, Erk2, β- 
actin, γ-actin, α/β-tubulin from Santa Cruz Bio- 
technology. EGF (10 ng/ml) was from Sigma. 
ON-TARGETplus SMARTpool siRNA libraries we- 
re obtained from Dharmacon for human YAP1 
(L-012200-00). YAP and YAPS127A plasmi- 
ds were obtained from Dr. Ju-Seog Lee Lab  
(MD Anderson Cancer Center). X-tremeGENE 
HP DNA Transfection Reagent (06366236001) 
was from Roche Diagnostics. Lipofectamine® 
RNAiMAX Transfection Reagent was from In- 
vitrogen (13778150). Verteporfin and Protopor- 
phyrin IX were ordered from Sigma.

Cell culture and transient transfection: KLE, 
EFE184 and NOU-1 cell lines were obtained 
from the Characterized Cell Line Core Facility of 
the MD Anderson Cancer Center and routinely 
propagated as a monolayer culture with, re- 
spectively, DMEM F12, RPMI1640 and DMEM, 
all supplemented with 5% heat-inactivated fet- 
al bovine serum (FBS). Cells were cultured at 
37°C in a humidified incubator containing 5% 
CO2. HCT116 cells were from Dr. Bert Vogelste- 
in (The Ludwig Center for Cancer Genetics and 
Therapeutics and Howard Hughes Medical In- 
stitute, Johns Hopkins Kimmel Cancer Center, 
Baltimore). MEF p53 wt and p53-/-cells were 
from Dr. Flores Lab (MD Anderson cancer cen-
ter, Houston).

For siRNA knock down studies, cells were re- 
verse transfected with siRNA with RNAiMAX 
reagent (Invitrogen) using 4-6*103 cells/well in 
a 96-well plate or 2*104 cells/well of a 6-well 
plate for the KLE and EFE184 cell lines, 8*103 
cells/well in a 96-well plate or 3*105 cells/well 
in a 6-well plate for the NOU-1 cell line; For over-
expression, 24 h after seeding cells, cells were 
transfected with plasmid and X-tremeGENE 
reagent using the manufacturer’s instructions.

Sulforhodamine B assay: Cells were seeded in 
96-well plates and then treated as described. 
The inhibition effects on cell growth were deter-
mined using sulforhodamine B (SRB) as des- 
cribed previously [13-15]. Adherent cells were 
fixed with cold (4°C) 10% trichloroacetic acid 
(TCA) in a 96-well microplate for 1 h at 4°C and 
then washed with deionized water and air dried 

at room temperature. Next, 0.4% (w/v) SRB in 
1% acetic acid solution was added into each 
well and incubated at room temperature for 30 
min; then the cells were washed with 1% acetic 
acid and air dried at room temperature. Bound 
SRB was solubilized with 100-200 μl of 10 mM 
unbuffered Tris-base solution (pH 10.5). Absor- 
bance was read at 540-560 nm without refer-
ence wavelength. Each experiment was per-
formed at least three times in triplicate de- 
terminations.

Western blots: Cells were washed twice in ice-
cold phosphate-buffered saline (PBS) and then 
lysed in RIPA Lysis Buffer (Santa Cruz Biote- 
chnology). The resulting suspension was cen- 
trifuged for 10 min, 14,000 rpm at 4°C. The 
supernatant was then collected, and the pro-
tein concentration was determined using a bic- 
inchoninic acid protein assay kit (Thermo Sci- 
entific). Cell lysates were incubated with 6× 
SDS sample buffer for 5 min at 100°C and then 
were run on SDS-PAGE gels, transferred to poly-
vinylidene fluoride membranes, and probed 
with the appropriate primary and secondary 
antibodies. Protein bands were detected by en- 
hanced chemiluminescence (ECL, GE Health- 
care).

Immunofluoresence microscopy: Cells were fi- 
xed for 10 min in 4% paraformaldehyde. The 
fixed cells were permeabilized with 0.3% Triton 
X-100 in PBS for 2 min on ice. After blocking for 
1 h at room temperature with 1% bovine serum 
albumin, the cells were stained using primary 
antibodies (1:1000), 4°C, overnight as indicat-
ed. After washing three times with PBS, cells 
were incubated with appropriate secondary 
antibodies (1:2500) at room temperature for 1 
h. After washing three times with PBS, the sli- 
des were mounted with antifade reagent with 
DAPI.

Reverse phase protein array: Cells were washed 
twice in ice-cold PBS and then lysed in reverse 
phase protein array (RPPA) lysis buffer (provid-
ed by CCSG supported RPPA core facility of MD 
Anderson cancer center) for 30 min with fre-
quent vortexing on ice. The resulting suspen-
sion was centrifuged for 10 min at 14,000 rpm. 
The supernatant was then collected and the 
protein concentration was determined using a 
bicinchoninic acid protein assay kit (Thermo 
Scientific). Protein concentration was adjusted 
to 1 mg/mL using lysis buffer. Cell lysates were 
incubated with 4× SDS sample buffer for 5 min 
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at 100°C, and then samples were sent to the 
RPPA core facility of the MD Anderson Cancer 
Center.

Results

YAP1 is overexpressed in women cancers and 
promotes cell proliferation

Using the cancer genome atlas data (http://
www.cbioportal.org) for patients with “women’s 
cancer” (breast, cervix, ovarian and uterine ca- 
ncer) on the CBio website, we found YAP1 gene 
was amplified in a portion of patients of each of 
these disease (Figure 1A). Similar data was 
present across all cancer in the TCGA as well as 
in our own endometrial cancer studies (data 
not shown). High grade and late stage of endo-
metrial cancer was associated with elevated 
YAP1 levels compared with the low grade and 
early stage, while the low grade and early stage 
had a higher p-YAPS127. P-YAPS127 is retained 
in the cytoplasm preventing association of 
YAP1 with TEAD in the nucleus and thus abro-
gating expression of downstream TEAD targets. 
Thus YAP1 is implicated in the pathophysiology 
of women cancers. In support of this conten-

tion, increasing or decreasing YAP levels in cell 
lines, enhanced or decreased cell proliferation, 
respectively (Figure 1B and 1C).

Verteporfin inhibits cell proliferation

Verteporfin treatment of KLE cells and EFE184 
cells, induced a dose and time dependent de- 
crease of cell proliferation (Figure 2A, 2B). Pr- 
olonged incubation with Verteporfin induced 
cell death with the vacuolization in cells (Figu- 
re 2C). Compared with KLE and EFE184 cells, 
NOU-1 cells were more sensitive (Figure 2D).

Verteporfin but not Protoporphyrin IX decreas-
es YAP levels

We selected Protoporphyrin IX (PPIX), another 
derivation of porphyrin, to see whether all pho-
tosensitizers have a similar effect with that of 
Verteporfin. 3 μM Verteporfin for 20 h caused 
the vacuolation of cells and inhibited cell prolif-
eration. The decrease in proliferation was asso-
ciated with cell death as assessed with a LIVE/
DEAD kit, (data not shown). In contrast, Pro- 
toporphyrin IX did exhibit similar effects of ce- 
ll proliferation, morphology and death (Figure 

Figure 1. YAP1 is overexpressed in women’s cancers and nuclear-localized YAP promotes cell proliferation. A. YAP1 
protein expression level in women cancers including ovarian, cervix, endometrial and breast cancer, and uterine 
carcinoma sarcoma, Data from CBio website. YAP is amplified in a subset of these cancers. B. In EFE184 cells, 
overexpression of YAPS127A, the nuclear-localized, constitutively active mutant of YAP1, enhances cell proliferation 
(Left panel). Right panel is Western blot of YAPS127A protein expression. At 48 h after transfection, cells in the 96-
well plate were processed for SRB assay to measure cell proliferation while cells in the 6-well plate were collected 
for western blotting with the indicated antibodies. Erk2 was used as a loading control. C. Knocking down of YAP at-
tenuates cell proliferation. EFE184 cells were transfected with siYAP and siControl. At 48 h after transfection, cells 
were collected for SRB assay and Western blot. Conclusion: Nuclear YAP promotes cell proliferation.
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3A). As assessed by western blotting, Verte- 
porfin, but not Protoporphyrin IX, induced a 
dose and time dependent increase in YAP lev-
els (Figure 3B). Low concentrations were able 
to completely abrogate YAP expression at del- 
ayed times as were high doses of Verteporfin 
(10 µM) at short time (1 hr) (data not shown). 
Thus the ability of Verteporfin, but not Pro- 
toporphyrin IX to induce dose and time depen-
dent decreases in cell proliferation is associat-
ed with an ability to decrease YAP levels.

Nuclear localization of YAP

YAP must translocate to the mediate the TEAD 
transcription program. Translocation of YAP to 

the nucleus can be induced by growth factors 
such as EGF. Consistent with the effects of 
Verteporfin on YAP levels, Verteporfin inhibited 
EGF-induced proliferation (Figure 4A). In con-
trast, the HIPPO pathway activation increases 
LATS kinase activity, which leads to phosphory-
lation of YAP and its sequestration in the cyto-
plasm through binding to 14-3-3σ [1]. In endo-
metrial cells, the majority of YAP was localized 
to the nucleus which was further increased by 
EGF treatment (Figure 4B). Concurrently EGF 
decreased cell surface EGFR levels likely due  
to internalization and degradation. Strikingly, 
Verteporfin decreased both basal and EGF-
induced YAP nuclear localization resulting in in- 
creases in cytosolic YAP. However, Verteporfin 

Figure 2. Verteporfin inhibits cell proliferation. A. Cell proliferation is inhibited by Verteporfin in a dose dependent 
manner. KLE cells were treated with Verteporfin (VP) at 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM. 24 h after treatment, 
cell viability was measured by SRB. Statistical significance was calculated using two way ANOVA and Sidak’s mul-
tiple comparisons test, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.5, ns means non-significant. Error bars 
represent Mean ± SD of triplicates. B. EFE184 were treated the same as for KLE. Cell viability was measured by 
SRB. C. KLE and EFE184 cells were treated with Verteporfin of 0.3 μM, 1 μM, 3 μM, 10 μM. 24 h after treatment, 
cells were observed under the microscope and imaged. Top panel, morphological change of EFE184 cells. Bottom 
panel, enlargements of the pictures. D. NOU-1 cells were treated with Verteporfin of 0.625 μM, 1.25 μM, 2.5 μM. At 
24 h after treatment, cells were observed under the microscope and imaged. At the same time, cells were collected 
for SRB assay. Statistical significance was calculated using the same way with that in A. DMSO was used as vehicle 
control. Conclusion: Verteporfin inhibits proliferation of multiple endometrial cell lines.
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Figure 3. Verteporfin decreases YAP levels. A. EFE184 cells were treated with Verteporfin and Protoporphyrin IX 
(PPIX) at 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM. At 24 h, 48 h, 72 h, or 96 h after treatment, cells were collected for 
SRB assay to determine cell proliferation. Cells at 20 h after treatment were also observed under the microscope 
and imaged. The left panel shows morphology. B. EFE184 cells and NOU-1 cells were treated with Verteporfin 
and Protoporphyrin IX. At 24 h after treatment, cell lysates were subjected to western blotting with the indicated 
antibodies. Erk2 and α/β tubulin were used as a loading control. Conclusion: Verteporfin but not Protoporphyrin IX 
decreases YAP expression.

Figure 4. Verteporfin affects YAP location. A. KLE cells and NOU-1 cells (data not shown) were treated with Vertepor-
fin at 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM. 24 h after treatment, Verteporfin was removed and cells were treated with 
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EGF (10 ng/ml) for 48 h. Cell proliferation was measured by SRB. Statistical significance was calculated using two 
way ANOVA and Sidak’s multiple comparisons test, ****P<0.0001, ***P<0.001, **P<0.01, *P<0.5, ns means 
non-significant. Error bars represent Mean ± SD of triplicates. B. EFE184 cells were treated with Verteporfin (3 μM) 
and EGF (10 ng/ml) simultaneously for 48 h. The cellular location of YAP was determined by immunofluorescence 
staining. The green color refers to EGFR, while the red color refers to YAP. The pictures at the right side are the en-
largement of yellow frames in pictures at the left side. Conclusion: Verteporfin sequesters YAP in the cytosol.

Figure 5. Verteporfin increases the level of 14-3-3σ, which promotes the translocation of YAP from nucleus to cyto-
plasm. A. EFE184 cells were treated with 1 μM and 3 μM Verteporfin and Protoporphyrin IX for 24 h. Cells were col-
lected for western blotting with the indicated antibodies. β-actin was used as a loading control. B. NOU-1 cells were 
treated with 3 μM of Verteporfin and Protoporphyrin IX for 24 h. Western blotting was performed with the indicated 
antibodies. β-actin was used as a loading control. C. HCT116 cells were treated in same way with that in EFE184 and 
NOU-1. In all cells tested, 14-3-3σ was increased by Verteporfin but not by Protoporphyrin IX. D. EFE184 cells were 
treated with 3 μM of Verteporfin and 1 μM of 14-3-3σ inhibitor BV-02. 24 h after treatment, cells were processed to 
immunofluorescence staining to observe the location of 14-3-3σ and YAP. The green color represents 14-3-3σ; the 
red color represents YAP. E. EFE184 cells were treated with Verteporfin with or without BV-02 for 24 h. 0.03 μM BV-
02 antagonized the effects of Verteporfin. Cell proliferation was measured by SRB. Statistical significance was cal-
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did not reverse the effects of EGR on EGFR lev-
els indicating that its action was downstream of 
EGFR activation and internalization (Figure 4B).

Verteporfin increases 14-3-3σ levels, which 
promotes the translocation of YAP from 
nuclear to cytoplasm

Phosphorylated YAP associates with cytoplas-
mic 14-3-3σ [1], thus, we investigated the ef- 
fects of Verteporfin on 14-3-3σ levels. Western 
blotting showed that Verteporfin but not Pro- 
toporphyrin IX, increases 14-3-3σ in multiple 
cell lines including EFE184 NOU-1 and HCT- 
116 (colon cancer line) (Figure 5A-C). Immu- 
nofluorescence indicated that Verteporfin in- 
creased 14-3-3σ primarily in the cytoplasm si- 
milar to the effects of Verteporfin on YAP. St- 
rikingly, the BV-02 nonpeptidic inhibitor of 14- 
3-3σ [16], antagonized the effects of Vertepor- 
fin resulting in and increase of nuclear YAP 
(Figure 5D). As indicated in Figure 5E, BV-02 
markedly increases nuclear YAP levels in both 
basal conditions and in Verteporfin treated 
cells.

The increase of 14-3-3σ induced by verteporfin 
requires the interference of p53

To determine whether YAP regulated 14-3-3σ, 
we decreased and increased YAP levels and 
found that altering YAP levels did not alter the 
effects of Verteporfin on 14-3-3σ (Figure 6A). 
Since 14-3-3σ could be regulated by p53 (ref 
please), and RPPA and western blotting data 
showing that Verteporfin (Figure 6B), we deter-
mine whether p53 is necessary for Verteporfin 
to regulate 14-3-3σ. Intriguingly, knock down of 
TP53, attenuated the ability of Verteporfin to 
increase 14-3-3σ, and decreased the effects of 
Verteporfin on cell proliferation (Figure 6C, 6D). 
Consistent with TP53 being required for the 
effects of Verteporfin on cell proliferation, the 
effects of Verteporfin were attenuated in TP53 
null murine embryo fibroblasts (Figure 6E). It is 
important to note that Nou-1 endometrial can-
cer cell lines studied above are TP53 wild type.

Discussion

Although YAP also has been implicated as a 
tumor suppressor under particular circumst- 

ances including in breast cancer [17], in most 
cases, YAP has been proposed to function as 
oncogenes, with nuclear localization of YAP/
TAZ correlating with poor prognosis [4]. The 
potential action of YAP as a tumor suppressor 
may be independent of its transcriptional co-
activator function with YAP acting as a scaffold-
ing protein in the cytosol [18-22]. Recent litera-
ture reported YAP overexpression is not only an 
early event in rat and human liver tumorigene-
sis but also a critical event in the clonal expan-
sion of carcinogen-initiated hepatocytes and 
oval cells, and the disruption of YAP-TEAD inter-
action induced by Verteporfin may provide an 
important approach for the treatment of YAP-
overexpressing cancers [23]. Nuclear YAP ex- 
pression was associated with poor outcome in 
urothelial cell carcinoma patients who received 
perioperative chemotherapy. Verteporfin inhib-
iting YAP function inhibited tumor cell prolifera-
tion and restored sensitivity to cisplatin [24]. 
Thus inhibition of YAP levels or function with 
Verteporfin warrants exploration as a therapeu-
tic approach particularly in cancer with wild 
type TP53 where the effects of Verteporfin are 
most clearly manifest. Our studies with endo-
metrial cells lines, the association of YAP levels 
with clinical characteristics in endometrial can-
cer and the observation that TP53 is wild type 
in most type 1 endometrial cancers, suggest 
that Verteporfin may be effective in this di- 
sease.

Verteporfin has been used to treat patients as 
a photosensitizer with limited toxicity. Recent 
evidence that Verteporfin can alter functions 
associated with tumor pathophysiology includ-
ing autophagy and inhibition of YAP function 
independent of its action as a photosensitizer 
support its evaluation as a cancer therapeutic 
[9-11]. We demonstrated that Verteporfin de- 
creases nuclear YAP levels and function as a 
consequence of increasing cytosolic 14-3-3σ 
and trapping YAP in the cytosol. Our RPPA data 
indicates that Verteporfin also increases 14-3-
3ζ and 14-3-3ε levels suggesting that multiple 
14-3-3 family members might contribute to 
trapping YAP in the cytosol.

14-3-3 is a highly conserved family of 28- to 
33-kDa acidic proteins consisting of seven 

culated by two way ANOVA and Sidak’s multiple comparisons test, ****P<0.0001, ***P<0.001, **P<0.01, P<0.5, 
ns means non-significant. Error bars represent Mean ± SD of triplicates. “ns” refers to the comparison between 0 
μM verteporfin and 3 μM verteporfin + 0.03 μM BV-02. “**” refers to the comparison between 0 μM verteporfin and 
3 μM verteporfin. Conclusion: Verteporfin increases 14-3-3σ which sequesters YAP in the cytosol.
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members (β, γ, ε, ζ, η, σ, and τ (also named θ)). 
They regulate many critical events such as au- 
tophagy [25], apoptosis [26], cell cycle progres-
sion [27], DNA damage response [28], cytoskel-
etal rearrangements [29], and transcriptional 
regulation [30] (refs please). As 14-3-3 proteins 
regulate autophagy, this raises the intriguing 
possibility that the effects of Verteporfin on 
autophagy may be secondary to effects of Ve- 
rteporfin on inducing 14-3-3 family members. 
The major activity of 14-3-3 proteins is thought 
to be the sequestration of phosphorylated pro-
teins in the cytosol with subsequent targeting 
for degradation in the proteasome. The differ-
ent 14-3-3 proteins sequester unique sets of 
targets. For example, 14-3-3σ is the key family 
member retaining c-Abl in the cytoplasm [31]. 
Thus targeting 14-3-3σ has been regarded as a 
therapeutic option in CML [32]. Mancini et al. 
identified a nonpeptidic inhibitor of 14-3-3σ, 
BV02, which released c-Abl from 14-3-3σ incre- 
asing the proapoptotic function of c-Abl [16]. In 
addition, 14-3-3β binds histone deacetylase 4 
(HDAC4) and HDAC5 [33, 34], 14-3-3θ binds 
Bad [35] and Bcl2-associated X protein (Bax) 
[36], and 14-3-3ζ binds apoptosis signal-regu-
lating kinase 1 (Ask1) [37] and Forkhead-Re- 
lated Family of Mammalian Transcription Fac- 
tor-1 (Fkhrl1) [38]. Thus 14-3-3 family prote- 
ins sequester multiple key oncogenic regula- 
tors.

TAZ (a homolog of YAP) as well as YAP seques-
tered in the cytosol by 14-3-3 decreasing its 
transcriptional co-activation function [39]. Ph- 
osphorylation of Ser89 in the RSHSSP motive 
which is equivalent to, RAHSSP in YAP is a con-
sensus 14-3-3 binding motive [40]. In addition 
to LATS in the HIPPO pathway other kinases 

such as AKT can phosphorylate YAP with for 
example AKT [41].

The induction of 14-3-3σ by DNA damage is 
dependent on TP53 and ectopic expression of 
p53 induces 14-3-3σ and conversely, 14-3-3σ 
contributes to further activation of p53 in a 
feed forward loop [42]. Interesting Verteporfin 
increased p53 levels and further p53 was 
required for the effects of Verteporfin on 14-3-
3σ and cell proliferation. Thus the effects of 
Verteporfin may be most clearly manifest in 
cells with wild type p53.

Taken together our studies suggest that repur-
posing Verteporfin as a cancer therapeutic may 
demonstrate monotherapy or more likely com-
bination therapy activity in in tumors where YAP 
signaling is critical to tumor pathophysiology 
and in particular in tumors where p53 is wild 
type. Type 1 endometrial cancer is an obvious 
candidate for the therapeutic evaluation of 
Verteporfin.
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