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PI3K/Akt/YAP signaling promotes migration and
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Abstract. Colorectal cancer (CRC) is one of the most preva-
lent malignant diseases and metastasis is the leading cause
of poor prognosis in patients with CRC. Further knowledge
of the molecular mechanism underlying metastasis in CRC
and the identification of new therapeutic targets are needed.
Yes-associated protein (YAP) is a transcriptional regulator
that is important in tumorigenesis and tumor cell proliferation.
The present study investigated whether YAP was crucial for
CRC migration and invasion. The protein expression levels
were detected via western blotting, and migration and invasion
were analyzed by Transwell migration and invasion assays.
Subsequently, YAP expression was silenced using small inter-
fering RNA. The mRNA expression levels were detected via
reverse transcription-quantitative PCR and cell viability was
assessed via Trypan blue exclusion assay. The results revealed
that YAP protein levels were associated with migration and
invasion of CRC cells. Notably, YAP small interfering RNA
inhibited the migration and invasion of DLD-1 cells. In addi-
tion, the phosphoinositide 3-kinase (PI3K)/Akt signaling
pathway inhibitor LY294002 suppressed the migration and
invasion of DLD-1 cells by decreasing the expression of YAP.
Notably, the present study demonstrated that verteporfin medi-
ated the suppression of migration and invasion of DLD-1 cells
due to the decreased expression of YAP. Therefore, targeting
YAP may be valuable for developing therapeutic strategies
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against CRC, and verteporfin may be an effective therapy to
suppress the migration and invasion of CRC.

Introduction

Colorectal cancer (CRC) is the third most common type
of cancer and ranks as the second most frequent cause of
cancer-related deaths. The incidence in young individuals
continues to increase (1). Tumor metastasis is the leading
cause of death in patients with cancer. At least half of all
patients with CRC experience systemic metastases. The most
frequent metastatic sites are the lungs and liver (2,3). Once
metastasis occurs, the clinical outcomes of conventional
therapies, including surgery, radiotherapy, chemotherapy, and
targeted drug therapy, remain unsatisfactory (4,5). Defining
the molecular mechanisms underlying the progression and
metastasis of CRC will help to identify novel biomarkers
and provide efficient therapeutic strategies to improve CRC
treatment.

Yes-associated protein (YAP) is the main effector of Hippo
signaling and is the key mechanism in the regulation of cellular
proliferation, differentiation, fate determination, and regenera-
tion (6,7). In mammalian systems, YAP translocates from the
cytoplasm to the nucleus, where it induces the transcriptional
activity of genes associated with cell proliferation, apoptosis,
migration, and invasion by interacting with DNA-binding
transcription factors (8,9). Accumulating evidence suggests
that YAP contributes to the progression in human cancers,
including breast cancer, melanoma, and lung cancer (10-12).
Aberrant YAP expression or activation is also associated
with poor prognosis (13-15). In addition, YAP is frequently
overexpressed in CRC tissues and has been correlated with
pathological grading, lymph node metastasis, and survival in
CRC (16,17). However, it is unclear whether YAP serves as a
useful therapeutic target to inhibit CRC metastasis.

In the present study, we tested whether YAP could be the
key mechanism involved in CRC migration and invasion. We
investigated whether YAP protein levels are correlated with
the metastatic phenotype of CRC cells and serve as a useful
therapeutic target. Importantly, we found that YAP plays a
critical role in the migration and invasion of DLD-1 cells.
Furthermore, we also tested the potential of verteporfin, a
small molecule that inhibits YAP activation, as a therapeutic
agent to inhibit the migration and invasion of DLD-1 cells. The
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collective findings indicate potential therapeutic targets that
can help to suppress the migration and invasion of CRC cells.

Materials and methods

Cell culture. Caco-2, LoVo and Colo-205 cell lines were
purchased from the Riken Cell Bank (Ibaraki, Japan). The
DLD-1 cell line was obtained from the Health Science Research
Resources Bank (Osaka, Japan). These cell lines were grown
in RPMI-1640 (Sigma-Aldrich; Merck KGaA) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.).

Chemicals and reagents. Verteporfin was purchased from
ChemScene. Trametinib was obtained from LC Laboratories.
LY294002 was purchased from Promega. The reagents were
dissolved in dimethyl sulfoxide (DMSO). Antibodies against
lamin A/C were purchased from Santa Cruz Biotechnology.
Antibodies against 3-actin were obtained from Sigma-Aldrich;
Merck KGaA. Antibodies against YAP, phosphorylated
(p)-Akt, Akt, p-extracellular signal-regulated kinase (ERK),
and ERK were obtained from Cell Signaling Technology.
Small interfering RNA (siRNA) targeting YAP (HSS115942);
(5'-GCAACTCCAACCAGCAGCAACAGAT-3") was
purchased from Thermo Fisher Scientific, Inc.

Silencing of YAP. DLD-1 cells were transfected with YAP
siRNA (10, 20 and 50 nM) or Stealth™ RNAi Negative
Control (NC) (Invitrogen; Thermo Fisher Scientific, Inc.) using
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After transfection, the cells were treated according to the
experimental requirements.

Total RNA extraction and reverse transcription-quantitative
PCR. Total RNA was extracted using RNAiso Plus reagent
(Takara Bio) according to the manufacturer's instructions. The
RNA wasreverse-transcribed to cDNA using the PrimeScript™
RT reagent kit (Takara Bio), according to the manufacturer's
protocol. Quantitative PCR was performed with the Thermal
Cycler Dice Real Time system (Takara Bio) using SYBR
Premix Ex Taq (Takara Bio). The PCR conditions were an
initial denaturation at 95°C for 5 min, followed by 40 cycles of
denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec,
and extension at 72°C for 30 sec. The following primers were
used: YAP forward, 5-CCTCGTTTTGCCATGAACCAG-3'
and reverse, 5-GTTCTTGCTGTTTCAGCCGCAG-3'; glyc-
eraldehyde 2-phosphate dehydrogenase (GAPDH) forward,
5'-AAGGTCGGAGTCAACGGATT-3' and reverse, 5'-CTC
CTGGAAGATGGTGATGG-3'". The expression levels were
normalized to the GAPDH internal control and fold changes
in expression levels were calculated using the 2244 method.

Western blot analysis. Western blot analysis was performed
as previously described (18). The cells were lysed using lysis
buffer, and the protein concentration was determined using
the BCA protein assay kit (Thermo Fisher Scientific, Inc.).
Proteins were separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and subsequently transferred
to polyvinylidene fluoride membranes (EMD Millipore). The
membranes were treated with primary antibodies at 4°C over-
night, followed by incubation with the appropriate secondary

antibody. The proteins were detected using the Luminata Forte
Western HRP Substrate (EMD Millipore).

Transwell migration and invasion assay. Transwell migra-
tion and invasion assays were performed as described
previously (19). DLD-1 cells were treated for 24 h with YAP
siRNA (10 and 20 nM), verteporfin (10, 50 and 100 nM),
and LY294002 (1 and 5 uM). Cells (2x10*) were collected
and seeded in the upper chamber without Matrigel coating
for the migration assay and in the upper chamber precoated
with Matrigel for the invasion assay. After 24 h, cells that had
traversed the membrane were counted using a light microscope
(Olympus).

Trypan blue exclusion assay. DLD-1 cells (2x10%) were
treated with YAP siRNA (10, 20 and 50 nM), verteporfin (10,
50 and 100 nM), LY294002 (1, 5 and 10 M), and trametinib
(1 and 10 gM). After 72 h of incubation, the number of stained
cells was counted. There are no images of trypan blue exclu-
sion assay in this study.

Statistical analysis. All experiments were repeated three
times. The results are expressed as the mean + standard devia-
tion (SD). Statistical analysis involved analysis of variance
(ANOVA) with Dunnett's test. Statistical significance was set
at P<0.05.

Results

Levels of YAP expression are correlated with migration and
invasion of CRC cells. We examined whether high levels of
YAP correlated with the metastatic phenotype of cells from
four human CRC cell lines (Caco-2, LoVo, Colo-205, and
DLD-1). We first examined the expression of YAP in the CRC
cells using western blot analysis. Only DLD-1 cells produced
a high level of YAP protein (Fig. 1A). We next investigated the
migration and invasion of the four CRC cell lines using the
Transwell migration and invasion assay. Migration and inva-
sion were more pronounced for DLD-1 cells compared to those
of Caco-2, LoVo, and Colo-205 cells (Figs. 1B and C, and Sl1).
These results support the view that the levels of YAP protein
are correlated with high migration and invasion in CRC
cell lines. The DLD-1 cells that abundantly expressed YAP
and displayed a highly metastatic phenotype were used for
subsequent experiments.

YAP promotes migration and invasion of DLD-1 cells. To
determine the contribution of YAP to migration and invasion,
these attributes of DLD-1 cells were examined when YAP
was silenced using siRNA. DLD-1 cells were transfected with
siRNA specific for YAP in DLD-1, and the mRNA and protein
expression levels of YAP were determined after 2 days. The
levels of YAP mRNA and protein were suppressed in DLD-1
cells treated with YAP siRNA in a concentration-dependent
manner (Fig. 2A and B). Next, the effect of YAP siRNA on
the viability of DLD-1 cells was assessed using the Trypan
blue exclusion assay. DLD-1 cells treated with 10 and 20 nM
YAP siRNA showed no inhibition of cell viability (Fig. 2C).
However, 50 nM YAP siRNA reduced the viability of DLD-1
cells compared to that of untreated cells. These conditions
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Figure 1. The levels of YAP expression are correlated with pronounced migration and invasion of CRC cell lines. (A) The expression of YAP in CRC cell lines
(Caco-2, LoVo, Colo-205, and DLD-1) was detected by western blot. $-actin and Lamin A/C was analyzed as an internal control. Bands were normalized to
that of $-actin and Lamin A/C. (B) Migration was analyzed using Transwell culture inserts. (C) Invasion was analyzed using Transwell culture inserts coated
with Matrigel. Data are represented as mean + SD and have been repeated three times with similar results. "P<0.05 compared to DLD-1. YAP, yes-associated

protein; CRC, colorectal cancer; SD, standard deviation.

were used for subsequent experiments to assess the effects of
YAP siRNA on the migration and invasion of DLD-1 cells.
YAP siRNA inhibited the migration and invasion of DLD-1
cells but did not affect viability (Fig. 2D and E, and S2).
Although the phenotypes observed after depletion of YAP
mRNA and proteins with YAP siRNAs are usually attributed
to the impaired function of these proteins, it is possible that
they are due to off-target effects of the siRNAs. These results
suggest that YAP is important for the migration and invasion
of DLD-1 cells.

PI3K/Akt pathway regulates YAP activation and promotes
migration and invasion of DLD-1 cells. YAP is regulated

by signaling pathways, including mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK)
and phosphoinositide 3-kinase (PI3K)/Akt pathways (20,21).
In addition, we previously reported that the YAP-high
expressing DLD-1 cell line harbors a K-Ras mutation and
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) mutations (22). To determine
whether the PI3K/Akt and/or MEK/ERK pathways regulate
YAP activation and therefore promote the migration and
invasion of DLD-1 cells, we examined the expression of
YAP in cells treated with the PI3K/Akt signaling pathway
inhibitor LY294002 and the MEK/ERK signaling pathway
inhibitor trametinib. LY294002 suppressed YAP activation
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Figure 2. YAP promotes migration and invasion of DLD-1 cells. (A-C) DLD-1 cells were treated with YAP siRNA (10, 20 and 50 nM), Stealth™ RNAi
Negative Control (NC), or were not treated with siRNA (control). (A) The mRNA expression of YAP mRNA was measured by reverse transcription-quan-
titative PCR. The expression levels were normalized to the internal level of GAPDH. (B) The expression of YAP was detected by western blot. 3-actin and
Lamin A/C was analyzed as an internal control. Bands were normalized to that of 3-actin and Lamin A/C. (C) Cell viability was determined by trypan blue.
(D and E) DLD-1 cells were treated with YAP siRNA (10 and 20 nM), Stealth™ RNAi Negative Control (NC) or were not treated with siRNA (control).
(D) Migration was analyzed using Transwell culture inserts. (E) Invasion was analyzed using Transwell culture inserts coated with Matrigel. The percentages
of migratory and invasive cells are shown relative to the control group. Data are represented as mean + SD and have been repeated three times with similar
results. "P<0.05 compared with control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. YAP, yes-associated protein; siRNA, small interfering RNA;

GAPDH, glyceraldehyde 2-phosphate dehydrogenase; SD, standard deviation.

by inhibiting Akt phosphorylation (Fig. 3A). However, no
change was observed in YAP activation upon inhibition of
ERK phosphorylation by trametinib (Fig. 3B). Next, we
tested the effect of LY294002 on the viability of DLD-1
cells. Viability was not reduced in DLD-1 cells treated with
1 and 5 uM LY294002 (Fig. 4A). However, 10 uM LY294002
reduced the viability of DLD-1 cells compared to that of

untreated cells. These conditions were used in subsequent
experiments to assess the effects of LY294002 on the migra-
tion and invasion of DLD-1 cells. LY294002 inhibited the
migration and invasion of DLD-1 cells but did not affect
viability (Figs. 4B and C, and S3). These results showed that
the PI3K/Akt pathway regulates YAP activation and promotes
the migration and invasion of DLD-1 cells.
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Figure 3. LY294002 suppresses YAP activation by inhibiting Akt phosphorylation. (A) DLD-1 cells were untreated (control) or treated with LY294002 (1,
5 and 10 uM). The expression of YAP, p-Akt, and Akt was detected by western blot. -actin and Lamin A/C were analyzed as an internal control. Bands were
normalized to that of Akt, B-actin and Lamin A/C. (B) DLD-1 cells were untreated (control) or treated with trametinib (1 and 10 zM). The expression of YAP,
p-ERK, and ERK was detected by western blot. 3-actin and Lamin A/C were analyzed as an internal control. Bands were normalized to that of ERK, -actin
and Lamin A/C. Data are mean = SD and have been repeated three times with similar results. “P<0.05 compared with control. YAP, yes-associated protein;

ERK, extracellular signal-regulated kinase; SD, standard deviation.

Verteporfin suppresses migration and invasion of DLD-1
cells by decreasing YAP production. Verteporfin is primarily
used as a photosensitizer for the treatment of choroidal
neovascularization in age-related macular degeneration in
ophthalmology (23). Previous studies have reported that
verteporfin inhibits YAP activation by preventing its binding
to the transcriptional enhancer associate domain (TEAD) (24).
Thus, we investigated the potential of repurposing verteporfin
as a new treatment for metastatic CRC. The expression of
YAP in cells treated with verteporfin was assessed by western
blot analysis. Verteporfin decreased the production of YAP in
DLD-1 cells in a concentration-dependent manner (Fig. 5A).
Next, the effect of verteporfin on the viability of DLD-1 cells
was assessed using the Trypan blue exclusion assay. Viability
was not significantly decreased in DLD-1 cells treated with 10,

50 and 100 nM verteporfin (Fig. 5B). The effects of verteporfin
on the migration and invasion of DLD-1 cells were also exam-
ined. Consistent with YAP knockdown, verteporfin treated
DLD-1 cells exhibited significantly decreased migration and
invasion (Figs. 5C and D, and S4). These results indicate that
verteporfin inhibits the expression of YAP and suppresses the
migration and invasion of DLD-1 cells.

Discussion

CRC is one of the most prevalent malignant tumors. Its poor
prognosis is mainly ascribed to the pronounced malignant
invasion and metastasis of the cancer cells. Clarifying the
mechanism of metastasis could facilitate the design of novel
and more effective therapeutic strategies for metastasis in
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Figure 4. LY294002 decreases migration and invasion of DLD-1 cells. (A) DLD-1 cells were untreated (control) or treated with LY294002 (1, 5 and 10 uM).
Cell viability was determined by trypan blue. (B and C) DLD-1 cells were untreated (control) or treated with LY294002 (1 and 5 uM). (B) Migration was
analyzed using Transwell culture inserts. (C) Invasion was analyzed using Transwell culture inserts coated with Matrigel. The percentages of migratory and
invasive cells are shown relative to the control group. Data are mean = SD and have been repeated three times with similar results. "P<0.05 compared with

control. YAP, yes-associated protein; SD, standard deviation.

CRC patients. Numerous studies have confirmed that dysregu-
lation of signaling pathways is involved in the migration,
invasion, and metastasis of human cancers (25-28). YAP is
involved in the regulation of tissue growth, homeostasis, and
tumor development (29). Altered expression of YAP has been
reported in various cancers that include breast, ovarian, and
liver cancers. The expression levels of YAP are associated
with disease-free survival (DFS) and overall survival (OS)
of patients with tumors (30,31). In this study, we investi-
gated whether YAP protein levels are correlated with the
metastatic phenotype of CRC cells and thus have potential
as a useful therapeutic target. The level of YAP protein was
correlated with pronounced migration and invasion of CRC
cells. Inhibition of YAP expression decreased the migration
and invasion of DLD-1 cells. Consistent with these findings,
inhibition of YAP reportedly suppressed the migration and
invasion of pancreatic cancer cells (32). These results suggest
that YAP plays an important role in the migration and invasion
of DLD-1 cells.

Although an increasing number of negative regulators of
YAP have been identified, there are few known positive regu-
lators of YAP (21,33). Recent studies have reported that the
MEK/ERK and PI3K/Akt pathways positively regulate YAP

activation (34,35). In this study, we used the YAP high expres-
sion cell line DLD-1, which harbors KRAS and PIK3CA
mutations. KRAS mutations are frequent in CRC and have
the potential to activate proliferation, survival, migration,
and invasion through MEK/ERK signaling pathways (36).
PIK3CA mutation also leads to the activation of the PI3K/Akt
signaling pathway, promoting cancer growth in CRC (37).
Presently, the PI3K/Akt signaling pathway inhibitor LY294002
suppressed YAP activation by inhibiting Akt phosphorylation.
Furthermore, LY294002 inhibited the migration and inva-
sion of DLD-I1 cells. These results indicate that the PI3K/Akt
pathway regulates YAP activation and promotes the migration
and invasion of DLD-1 cells.

Drug repositioning refers to the discovery of new
indications for drugs that are clinically approved for other
indications. For approved drugs that have been clinically
used for a long time, the dosage, safety, dosage, safety,
toxicity, tolerability, and pharmacokinetic features are clear.
In addition, the success rate of drug repurposing approaches
accounts for approximately 30% of new Food and Drug
Administration-approved (FDA) drugs and vaccines in recent
years (38). Therefore, repurposed candidate drugs reduce the
time and costs associated with drug development. Verteporfin
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is a second-generation photosensitizer approved by the FDA
for photodynamic therapy in macular degeneration as a
photosensitizer (39). The present evidence demonstrates that
verteporfin suppresses the migration and invasion of DLD-1
cells by decreasing YAP expression. Verteporfin was recently
identified as a disruptor of YAP-TEAD-mediated transcrip-
tion, which inhibits the YAP-TEAD complex (40). Moreover,
verteporfin was reported to decrease the expression of YAP

protein by increasing the levels of 14-3-30, a YAP chaperone
protein (24). These findings support the use of verteporfin as
an effective therapy to suppress CRC migration and inva-
sion.

This study has a few limitations. Migration and invasion
of cells are important factors in cancer cell metastasis. In
this study, we showed that inhibition of YAP suppresses the
migration and invasion of DLD-1 cells. However, we have
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only circumstantial evidence to support the relevance of our
findings in vivo. Further studies are warranted to scientifically
establish the efficacy of YAP inhibition in DLD-1 cells in vivo.
Moreover, the present experiments involved the DLD-1 human
CRC cell line. These results were not confirmed in other
human CRC cell lines. The contribution of YAP to migration,
invasion, and metastasis should be more widely studied in
other human CRC cell lines.

In summary, the levels of YAP protein were correlated with
high migration and invasion of CRC cells. YAP siRNA inhib-
ited the migration and invasion of DLD-1 cells, but did not
influence viability. Furthermore, the Akt inhibitor LY294002
suppressed YAP activation by inhibiting Akt phosphorylation
and decreasing the migration and invasion of DLD-1 cells.
Importantly, verteporfin suppressed the migration and inva-
sion of DLD-1 cells by decreasing the expression of YAP. The
collective findings indicate that targeting YAP might be valu-
able for developing therapeutics against CRC. Verteporfin may
be an effective therapy to suppress the migration and invasion
of CRC.
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