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Abstract

Background: Phosphatase and tensin homolog (PTEN) is an important tumor suppressor gene, and its encoded
protein has activities of both a protein phosphatase and a lipid phosphatase. However, the substitution effect of
protein phosphatase activity remains unclear. PI3K/Akt is the most common pathway negatively regulated by PTEN.
The Hippo and PI3K/Akt pathways have a joint effect in regulating cell proliferation and apoptosis. Therefore, how
PTEN lipid phosphatase inactivation contributes to the occurrence and development of gastric cancer and the
potential role of the Hippo and PI3K/Akt pathways in PTEN lipid phosphatase inactivation mediated gastric
tumorigenesis remain to be explored.

Methods: Immunohistochemical staining was performed to detect the expression of p-PTEN and YAP in a
gastric cancer tissue microarray. Stable cell lines expressing a wild-type or dominant-negative mutant PTEN
were established. The proliferation and migration of stable cells were detected by MTT, BrdU, and colony-
formation, transwell assay and high content analysis in vitro, and tumor growth differences were observed in
xenograft nude mice. Changes in the expression of key molecules in the Hippo and Akt signaling pathways
were detected by western blot. Nuclear-cytoplasm separation, immunofluorescence and coimmunoprecipitation
analyses were conducted to explore the dysregulation of Hippo in the stable cell lines.

Results: PTEN lipid phosphatase inactivation strongly promoted the proliferation and migration of gastric cancer cells
in vitro and tumor growth in vivo. A immunohistochemical analysis of gastric cancer tissues revealed a significant
correlation between phosphorylated PTEN and nuclear YAP expression, and both were determined to be independent
prognostic factors for gastric cancer. Mechanistically, PTEN lipid phosphatase inactivation abolished the MOB1-LATS1/2
interaction, decreased YAP phosphorylation and finally promoted YAP nuclear translocation, which enhanced the
synergistic effect of YAP-TEAD, thus inducing cell proliferation and migration. Moreover, PTEN lipid phosphatase
inactivation promoted the PI3K/Akt pathway, and disruption of YAP-TEAD-driven transcription decreased the activation
of Akt in a dose-dependent manner.

Conclusions: Taken together, our findings indicate that PTEN lipid phosphatase inactivation links the Hippo and PI3K/Akt
pathways to promote gastric tumorigenesis and cancer development.
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Background

Gastric cancer (GC) is the fourth most fatal malignant
cancer worldwide and the second leading cause of
cancer-related occurrence and death in China, which
has had a severe impact on national health [1, 2]. Gastric
carcinogenesis/development is a complicated multi-stage
process, and during this process, the accumulation of gen-
etic alterations plays an important role, such as the activa-
tion of an oncogene or the deletion of a tumor suppressor
gene [3].

Phosphatase and tensin homolog (PTEN) is an im-
portant tumor suppressor gene that was discovered in
1997 [4]. Its encoded protein has activities of both a
protein phosphatase and a lipid phosphatase and can
regulate a complex network system dependent on phos-
phatase or non-phosphatase activity to affect biological
functions [5-7]. The C124S mutation of PTEN can com-
pletely ablate its protein phosphatase and lipid phosphatase
activity but does not affect its non-phosphatase function.
The G129E mutation was discovered from a family with
Cowden disease, and this mutation only abrogates its lipid
phosphatase activity while maintaining its protein phos-
phatase activity [8, 9]. However, the substitution effect of
protein phosphatase activity after the loss of lipid phosphat-
ase activity remains unclear. Therefore, we investigated the
effects of the loss of PTEN phosphatase function and the
loss of its lipid phosphatase activity on GC.

The Hippo pathway is a highly conserved growth control
signaling pathway identified in Drosophila in 1995 [10]. In
recent years, the inactivation or abnormal regulation of
Hippo has been found in lung adenocarcinoma, esophageal
squamous cell carcinoma, liver cancer, ovarian serous
cystadenoma, and bladder cancer [11-15]. The mam-
malian Hippo pathway is composed of three parts: multiple
upstream signal input factors; the core kinase cascade reac-
tion chain, including mammalian STE20-like protein kinase
1/2 (MST1/2), large tumor suppressor 1/2 (LATS1/2), hu-
man salvador homolog 1 (SAV1) and MOB kinase activator
1 (MOB1); and downstream transcription coactivators, in-
cluding Yes-associated protein (YAP) and transcriptional
coactivator with PDZ binding motif (TAZ) [16]. YAP and
TAZ are the key effectors downstream of the pathway. YAP
is localized at human chromosome 11q22 and can promote
gene expression by enhancing transcription factor activity
[17]. TAZ, located at chromosome 3q25, is homologous to
YAP, and these proteins have similar functions [18]. Once
Hippo has been activated by upstream signal molecules,
MST1/2 binds to SAV1 and thus activates LATS1/2, which
leads to YAP/TAZ phosphorylation and its stagnation in
cytoplasm. If the pathway is blocked or inactivated, the
nonphosphorylated YAP/TAZ will translocate into the
nucleus. Because YAP/TAZ do not have DNA-binding
sequences, they mainly combine with transcription factors
in the nucleus, such as TEA domain family members
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(TEAD:s), to regulate the expression of downstream genes,
inducing those related to cell transformation, proliferation,
invasion and metastasis [19]. However, the exact regula-
tory mechanism of Hippo has not been fully explored and
is still unclear.

At present, the most in-depth study of PTEN regards
its negative regulation of the PI3K/Akt pathway in a
phosphatase-dependent manner [20]. However, recent
studies have found that PTEN can play a role that is in-
dependent of the PI3K/Akt pathway; therefore, the
identification of other possible molecular mechanisms
involved in PTEN function has important clinical sig-
nificance [8, 21, 22]. Furthermore, the Hippo and PI3K/
Akt signaling pathways have a joint effect in regulating
cell proliferation and apoptosis [23]. How does PTEN
phosphatase inactivation lead to the occurrence and devel-
opment of GC? Are the Hippo and PI3K/Akt signaling
pathways involved in PTEN phosphatase inactivation me-
diated gastric tumorigenesis? And what is the relationship
between the Hippo and PI3K/Akt signaling pathways in
this system? In view of these questions, this study investi-
gated PTEN phosphatase inactivation and the PI3K/Akt
and Hippo pathways and conducted in-depth studies at
the human, animal and cell levels to provide new insights
into the diagnosis and treatment of GC.

Methods

Tissue specimens

A GC tissue microarray containing 90 cases of GC and
paired adjacent non-tumor tissues (ANTTs) was purchased
from Shanghai Outdo Biotech (HStm-Ade180Sur-06). The
study was approved by the Medical Research Ethics
Committee and the Institutional Review Board of the
First Affiliated Hospital of Nanchang University.

Cell lines

BGC-823 and SGC-7901 cells were respectively cultured
in Dulbecco’s Modified Eagle Medium and RPMI-1640
(Thermo Scientific HyClone, Beijing, China) supple-
mented with 10% fetal bovine serum (FBS), 100 U peni-
cillin, and 100 pg/ml streptomycin (Gibco of Thermo
Fisher Scientific Inc., Waltham, MA, USA) at 37 °C in
an atmosphere of 5% CO,.

Reagents and lentivirus

YAP-TEAD-driven transcription was disrupted with verte-
porfin (VP, SML0534; Sigma-Aldrich, St. Louis, MO, USA)
[24]. The cells were incubated with different concentrations
of VP for 72 h for cell quantification and motility detection.
Wild-type PTEN, dominant-negative mutant type PTEN
(C124S and G129E) and empty lentiviral supernatants were
purchased from Invitrogen (of Thermo Fisher Scientific
Inc.). For lentivirus infection, BGC-823 and SGC-7901
cells were grown to approximately 80% confluence and
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incubated with viral supernatants and hexadimethrine
bromide (Sigma-Aldrich, St. Louis, MO, USA) for 6 h.
Forty-eight hours later, the cells were split and cultured in
selection media containing blasticidin (Sigma-Aldrich) for
an additional 2 weeks. To isolate single cell lines, the cells
were diluted and plated into wells at a ratio of 0.3 cells per
well in 96-well plates in media without puromycin. Stable
cell lines expressing wild-type or dominant-negative mu-
tant PTEN were then established.

Immunoblotting

Western blotting was performed according to standard
method described previously [25] using the following anti-
bodies: anti-PTEN (#9559; 1:1000), anti-phosphorylated
(p)-PTEN (Ser380/Thr382/383) (#9554; 1:1000), anti-Akt
(#4691; 1:1000), anti-p-Akt (Serd73) (#4060; 1:1000),
anti-p-Akt (Thr308) (#13088; 1:1000), anti-Bad (#9239;
1:1000), anti-p-Bad (Ser136) (#4366; 1:1000), anti-p-FoxO1
(Ser256) (#9461; 1:1000), anti-FoxO1(#2880; 1:1000),
anti-p27 Kipl (#3686; 1:1000), anti-p-GSK-3p (#9323;
1:1000), anti-GSK-3f (#9315; 1:1000), anti-p-YAP (Ser 127)
(#13008; 1:1000), anti-YAP/TAZ(#8418; 1:1000), anti-SAV1
(#13301; 1:1000), anti-LATS1 (#3477; 1:1000), anti-LATS2
(#5888; 1:1000), anti-MOB1 (#8699; 1:1000), anti-histone
H3 (#4499; 1:1000), and anti-TEAD (#13295; 1:1000)
from Cell Signaling Technology (Danvers, MA, USA) and
anti-GAPDH (BA2913, 1:1000) from Boster Biological
Technology (Preston, CA, USA).

Immunohistochemistry

Immunohistochemistry was performed on 90 cases of GC
and their paired ANTTs according to standard method
described previously [25] using the following antibodies:
anti-p-PTEN (Ser380/Thr382/383) (ab47332; 1:800) anti-
body (Abcam, Cambridge, UK), anti-YAP (#8418; 1:200)
antibody and anti-p-Akt (Ser473) antibody (#4060; 1:100)
(Cell Signaling Technology, Danvers, MA, USA). A total
of 100 cells were counted in five random fields at 200x,
and scores were evaluated based on the ratio and intensity
of stained cells as described previously. Then, we catego-
rized the expression into two groups based on score: score
0-3, low expression; score 4—12, high expression.

MTT, BrdU, colony-formation, transwell assay and high
content analysis

Cell survival was detected using the MTT assay. The stable
cell lines expressing wild-type PTEN, dominant-negative
mutant PTEN (C124S and G129E) or empty vector were
seeded at a density of 2 x 10° cells/well in a 96-well plate,
and 20 pl of MTT solution (Sigma-Aldrich, St. Louis, MO,
USA) was added 4 h before detection as described pre-
viously [20]. Cell proliferation was also detected using a
BrdU assay kit (EMD Millipore, Billerica, MA, USA).
For colony-formation assay, stable cell lines were trypsinized
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into a single-cell suspension and seeded in 6-cm dishes at
10% per plate. After 2-3 weeks of incubation, the colonies
were stained with crystal violet dye. For the migration assay,
stable cell lines were seeded at a density of 3 x 10* cells/well
in transwell chambers (8.0-um pore size; Corning Inc.,
Corning, NY, USA) with medium containing 20% FBS
in the lower chamber as the chemoattractant and incu-
bated for 48 h at 37 °C with 5% CO,. Cells that did not
migrate through the pores were mechanically removed with
a cotton swab. Cells attached to the bottom of the mem-
brane insert were fixed in methanol at room temperature
for 5 min and stained with hematoxylin. The number of in-
vaded cells on the lower surface of the membrane was
counted under a microscope at 400x magnification. For the
high content analysis, stable cell lines were seeded at a
density of 2 x 10® cells/well in a 96-well plate, and after
adherence, the cells were changed to medium without FBS
and incubated overnight. The cells were then were placed
into the high content analysis system to detect the cell
numbers and relative motility distance.

Mouse studies

Female BALB/c nude mice were provided by the Experi-
mental Animal Center of the Fourth Military Medical
University. All animals were housed and maintained in
pathogen-free conditions. All animal studies complied
with the Fourth Military Medical University animal
use guidelines, and the protocol was approved by the
Medical Research Ethics Committee and the Institutional
Review Board of the First Affiliated Hospital of Nanchang
University. Thirty-two nude mice were randomly divided
into four groups according to the expression of the target
genes: Control (with empty vector), WT (expressing WT
PTEN), Mut 1 (expressing PTEN C124S), and Mut 2
(expressing PTEN G129E). The stable cell lines were
trypsinized into a single-cell suspension and diluted to
1x107/ml. A total of 200 pl of cells was injected sub-
cutaneously into each flank of the nude mice. The
tumor volumes were monitored using a living imaging
system, and the growth curves of the tumors were plot-
ted accordingly. After approximately 4 weeks, the nude
mice were sacrificed, and the tumors were weighed.

Coimmunoprecipitation

The appropriate cell numbers lysed for coimmunopreci-
pitation were determined by the same expression levels
of LATS1 and LATS2 in the total lysate among groups.
Coimmunoprecipitation was accomplished by incubating
lysates with anti-MOB1 antibody (sc-161,867, Santa
Cruz, Dallas, TX, USA) for 2 h and then with Protein A/G
beads overnight. The immunoprecipitates were washed
three times with lysis buffer. The immunoprecipitated
proteins and input lysates were resolved by SDS-PAGE
and then immunoblotted with the indicated antibodies.
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Immunofluorescence

The stable cell lines were seeded into an immunofluores-
cence culture chamber at the same density and cultured
using standard protocols. The medium was removed, and
the cells were washed with PBS and fixed in 4% formalde-
hyde solution for 15 min. The cells were then perme-
abilized in 0.5% Triton for 15 min, blocked with 10%
serum for 30 min, and stained using indicated antibodies
overnight at 4 °C. The cells were stained with the second-
ary antibody for 1 h and DAPI for 15 min and then im-
aged under a confocal microscope.

Nuclear-cytoplasm separation

The nucleus-cytoplasm separation assay was performed
using the Nucleus-cytoplasm Protein Extraction Kit
(Beyotime Biotechnology, Shanghai, China). Extracted
nuclear and cytoplasmic proteins were resolved by
SDS-PAGE and then immunoblotted with the indicated
antibodies.

Statistical analyses

The data are summarized as the meanststandard devia-
tions (SDs) or percentages of the control. The chi-square
test was performed to evaluate differences in categorical
variables. One-way analysis of variance (ANOVA) was
used to determine the differences in numerical variables.
Kruskal-Wallis or Mann-Whitney tests were used to de-
termine the differences in numerical variables between
differently defined groups. Growth curves were plotted
using the Kaplan-Meier method. An independent factor
analysis for the prognosis of GC was performed using uni-
variate and multivariate COX regression models; p < 0.05
was considered significant.

Results

P-PTEN is increased in GC tissues and correlates with
clinicopathological characteristics of GC patients

PTEN phosphorylation at Ser380/Thr382/Thr383 de-
prives PTEN of its phosphatase activity but maintains
PTEN stability. Therefore, we evaluated the expression
of p-PTEN (Ser380/Thr382/383) to observe the effect of
PTEN phosphatase inactivation on gastric carcinogenesis
in a cohort of 90 GC samples by immunohistochemistry.
The results showed that p-PTEN was significantly up-
regulated in GC tissues compared with ANTTs (Fig. 1la;
see also Additional file 1 for more detail). A correlation
analysis showed that high expression of p-PTEN in GC
was significantly associated with a more aggressive tumor
phenotype, particularly T grade, N grade and clinical stage
(Table 1). Furthermore, a Kaplan—Meier analysis indicated
that high expression of p-PTEN was related to a shorter
disease-free survival time for GC patients (Fig. 1b). Over-
all, these results indicated that an increase in p-PTEN
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with a loss of phosphatase activity is closely related to GC
development and prognosis.

PTEN lipid phosphatase inactivation promotes GC
proliferation and migration in vitro

To further investigate how PTEN phosphatase inactiva-
tion affects GC growth and invasion, we established stable
cell lines that expressed a wild-type or dominant-negative
mutant PTEN. PTEN was overexpressed in the stable cell
line that carried the wild-type PTEN, which exhibited ro-
bust phosphatase activity. However, the C124S and G129E
dominant-negative mutant forms of PTEN were catalytic-
ally dead forms of the phosphatase; the former mutant ex-
hibits complete loss of phosphatase activity (Mut 1),
whereas the latter only lacks lipid phosphatase activity
(Mut 2). The empty vector did not carry any exogenous
gene (Control). PTEN and p-PTEN were detected to
confirm the establishment of these stable cells (see
Additional file 2 for more detail). With regard to cell
growth, MTT, BrdU and colony-formation assays re-
vealed that PTEN lipid phosphatase inactivation signifi-
cantly enhanced cell proliferation compared with the
control, and the cell lines that carried the wild-type
PTEN presented obviously decreased cell proliferation
(Fig. 1lc-h). In addition, the high content analysis
showed increases in the cell division rate and total cell
numbers in the Mut 1 and Mut 2 groups, whereas a de-
crease in these parameters was found in the WT group
(Fig. 1i, j). With regard to cell migration, a transwell
analysis showed that the dominant-negative mutant
forms of PTEN significantly upregulated cell migration,
whereas the WT group exhibited reduced migration
compared with the control (Fig. 1k, m). Furthermore,
the high content analysis revealed that PTEN lipid
phosphatase inactivation increased the mean cell mi-
gration distance (Fig. 11, n). Overall, these results sug-
gested an important role for PTEN lipid phosphatase
inactivation in GC development in vitro.

PTEN lipid phosphatase inactivation promotes tumor
growth in nude mice

To identify the role of PTEN lipid phosphatase inactiva-
tion in gastric tumorigenesis in vivo, a xenograft model
was adopted using nude mice. Stable cell lines express-
ing wild-type PTEN, dominant-negative mutant PTEN
(C124S and G129E) or an empty vector were injected
subcutaneously into each flank of nude mice. The results
showed that PTEN lipid phosphatase inactivation signifi-
cantly increased the tumor growth rate, tumor volume
and tumor weight in vivo (Fig. 2a—h). Overall, these re-
sults indicated that PTEN lipid phosphatase inactivation
affected GC development in vivo.
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shown. *, p < 0.05; **, p < 0.01

Fig. 1 PTEN phosphatase inactivation is related to GC development. a IHC staining of p-PTEN in GC and ANTT tissues. b Kaplan-Meier analysis of
p-PTEN expression and survival time in GC patients (n = 90; p < 0.05, log-rank test). ¢, f MTT assay, d, g BrdU assay, e, h colony-formation assay,
and i, j high content analysis were performed to detect the proliferation of BGC823 and SGC7901 stable cells expressing wild-type PTEN,
dominant-negative mutant type PTEN C124S (Mut 1) or G129E (Mut 2) or an empty vector. k, m Transwell and |, n high content analysis were
conducted to detect the migration ability of the stable cells. The means+SEMs of a representative experiment (n = 3) performed in triplicate are

The YAP level is positively correlated with GC progression
and the p-PTEN level

YAP is the key effector downstream of the Hippo path-
way. The YAP level in the cohort of 90 GC samples indi-
cated previously was detected by IHC. Compared with
the ANTTs, the YAP level was increased in GC tissues
(Fig. 3a; see Additional file 3 for more detail). The cor-
relation analysis showed that high expression of YAP
and nuclear YAP were significantly associated with a
more aggressive tumor phenotype in GC, such as tumor
size, T grade, N grade and clinical stage (Table 2).

Furthermore, the Kaplan—Meier analysis indicated that
high expression of YAP and nuclear YAP were related
to a shorter disease-free survival time for GC patients
(Fig. 3b). The correlation between p-PTEN and nuclear
YAP expression in 90 cases of GC was analyzed. It
showed that p-PTEN expression was positively corre-
lated with expression of nuclear YAP (Fig. 3c). A Cox
regression analysis also showed that high expression of
phosphorylated PTEN, YAP, and nuclear YAP were in-
dependent prognostic factors for poor survival in GC
patients (Table 3).

Table 1 Correlation of p-PTEN expression with clinicopathologic features in GC patients

Variables p-PTEN expression
All cases (n=90) Low expression (n = 46) High expression (n = 44) p value
Sex
Male 53 25 28 0.371
Female 37 21 16
Age (years)
263 46 22 24 0.822
<63 44 24 20
Tumor size (cm)
255 42 19 23 0.297
<55 48 27 21
Location
Upper 1/3 10 3 7 0465
Middle 27 13 14
Low 1/3 51 29 22
Remnant 2 1 1
T classification
T 3 3 0 0.019
T2 11 7 4
T3 53 30 23
T4 23 6 17
N classification
NO 22 21 1 0.000
N1/N2/N3 68 25 43
Clinical stage
/11 36 32 4 0.000
11\% 54 14 40
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Fig. 2 PTEN lipid phosphatase inactivation promotes tumor growth in nude miceBGC823 and SGC7901 stable cells infected with an empty
vector, wild-type PTEN, or dominant-negative mutant type PTEN C124S (Mut 1) or G129E (Mut 2) lentiviral were injected subcutaneously into
nude mice. a, e Representative live imaging of tumors formed in nude mice at days 5, 10, 15, 20, 25 or 30 (n=8) and b, f quantification of tumor
growth curves. ¢, g All tumors isolated from the mice. d, h quantification of tumor weight *, p < 0.05; **, p < 0.01.
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PTEN lipid phosphatase inactivation negatively regulates

the hippo pathway

To further verify whether PTEN lipid phosphatase in-
activation affects the Hippo pathway, we detected the
expression of key molecules in the Hippo pathway in
the stable cell lines expressing wild-type PTEN, a
dominant-negative mutant PTEN (C124S and G129E)
or an empty vector. The results showed that compared
with the control, dominant-negative mutant PTEN sig-
nificantly decreased the expression of SAV1, LATSI,
LATS2, MOBI as well as p-YAP (Ser127) and increased

the expression of YAP/TAZ. In contrast, wild-type
PTEN upregulated the expression of SAV1, LATSI,
LATS2, MOBI1 and p-YAP (Ser127) and downregulated
the expression of YAP/TAZ (Fig. 4a, d).

PTEN lipid phosphatase inactivation promotes YAP
translocation

Interestingly, PTEN lipid phosphatase inactivation redis-
tributed YAP to the nucleus, which could be observed
by examining the expression levels of YAP/TAZ in the
nuclear and cytoplasmic protein fractions (Fig. 4b, e).
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Table 2 Correlation of YAP protein expression with clinicopathologic features in GC patients

Variables YAP expression
All cases  Low High p value High nuclear Low nuclear p value High cytoplasmic Low cytoplasmic p value
(n=90)  expression expression expression expression expression expression
(n=37) (n=53) (n=25) (n=65) (n=21) (n=69)
Sex
Male 53 22 31 0.927 15 38 0.894 13 40 0.748
Female 37 15 22 10 27 8 29
Age (years)
263 46 19 27 0.970 12 34 0.714 11 35 0.894
<63 44 18 26 13 31 10 34
Tumor size (cm)
255 42 12 30 0.024 16 26 0.041 11 31 0.549
<55 48 25 23 9 39 10 38
Location
Upper 1/3 10 3 7 0424 3 7 0492 3 7 0518
Middle 27 1 16 10 17 4 23
Low 1/3 51 22 29 12 39 13 38
Remnant 2 1 1 0 2 1 1
T classification
T 3 3 0 0.040 0 3 0.003 0 3 0.708
T2 1" 5 6 3 8 2 9
T3 53 24 29 9 44 14 39
T4 23 5 18 13 10 5 18
N classification
NO 22 17 5 0.000 1 21 0.005 4 18 0511
N1/N2/N3 68 20 48 24 44 17 51
Clinical stage
1711 36 27 9 0.000 2 34 0.000 6 30 0.222
/v 54 10 44 23 31 15 39

Further detection of the YAP location in stable GC cell
lines through an immunofluorescence assay showed that
YAP was mainly localized in the nucleus in Mut 1 and
Mut 2 cells and mainly in the cytoplasm in the WT
group (Fig. 4c, f).

PTEN lipid phosphatase inactivation inhibits the binding
of MOB1 to LATS1/2

We subsequently tested for a physical interaction between
the upstream regulator MOB1 with LATS1 or LATS2 by
coimmunoprecipitation with anti-MOB1 antibody in the
stable cells. Surprisingly, we found that compared with the
control, dominant-negative mutant PTEN (C124S and
G129E) decreased the MOBI1-LATS1/2 interaction,
whereas the stable cell lines expressing wild-type PTEN
showed increased MOB1-LATS1/2 binding (Fig. 4g, h).

VP inhibits the proliferation and migration of GC cells
induced by PTEN lipid phosphatase inactivation

To further identify how Hippo/YAP contributes to the
gastric tumorigenesis mediated by PTEN lipid phosphat-
ase inactivation, we used VP, which effectively disrupts
YAP-TEAD-driven transcription, at different concentra-
tions and detected GC cell proliferation and migration.
Interestingly, after treatment with VP for 72 h, cell prolifer-
ation and motility were significantly inhibited in a
dose-dependent manner in the stable cell lines, and this
trend was particularly obvious in the stable cell lines ex-
pressing dominant-negative mutant PTEN (Mut 1 and Mut
2), which rapidly exhibited decreased cell numbers and mo-
tility distances (Fig. 4i-1). To further confirm effect of VP
on GC proliferation in vivo, the xenograft model was
adopted using nude mice as previously indicated. Then VP
(100 mg/kg) was injected into the mouse intraperitoneally
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Table 3 Summary of univariate and multivariate Cox regression analysis of overall survival duration

Parameter Case number p HR 95% Cl
Univariate analysis
Sex (Male vs. Female) 53/37 0.149 0.67 0.39-1.15
Age (263 vs. < 63) 46/44 0.0673 061 0.36-1.04
Tumor size (25.5 vs. <5.5) 42/48 0.1179 1527 0.90-2.60
Location (Upper vs. Middle vs. Low vs. Remnant) 10/27/51/2 03653 - -
T classification (T1/T2 vs. T3/T4) 14/76 0.0031 039 021-0.73
N classification (No vs. N1/N2/N3) 22/68 < 0.0001 0.26 0.15-045
YAP (Low vs. High) 37/53 <0.0001 0.23 0.14-0.40
YAP (Nuclear high vs. Nuclear low) 25/65 < 0.0001 0.17 0.09-0.35
YAP (Cytoplasm high vs. Cytoplasm low) 69/21 04020 0.77 041-143
p-PTEN (Score: 0 vs. 1 vs. 2 vs. 3 vs. 4 vs. 5 vs. 6) 10/5/31/36/6/0/2 < 0.0001 - -
Multivariate analysis
T classification (T1/T2 vs. T3/T4) 14/76 0.043 292 1.03-8.28
N classification (No vs. N1/N2/N3) 22/68 0.004 466 1.61-1346
YAP (Low vs. High) 37/53 0.001 3.70 1.70-8.04
YAP (Nuclear high vs. Nuclear low) 25/65 0.028 1.98 1.07-3.63
p-PTEN (Score: 0 vs. 1 vs. 2 vs. 3 vs. 4 vs. 5 vs. 6) 10/5/31/36/6/0/2 0.045 0.80 0.65-1.00

every 3 day after tumor constructed, while mouse in
untreated group using PBS. Mouse were sacrificed after
five doses of VP and tumor volumes were measured. It
showed that the tumors were dramatically smaller in
VP-treated group than the untreated. (Fig. 4m, n; see
also Additional file 4 for more detail). Overall, these
data suggest that the Hippo pathway is involved in the
malignant biological behaviors of GC that are induced
by PTEN lipid phosphatase inactivation.

PTEN lipid phosphatase inactivation activates the PI3K/
Akt pathway in a hippo pathway-dependent manner

To verify the effect of PTEN lipid phosphatase inactiva-
tion on the PI3K/Akt pathway, we detected the expression
of key proteins in the PI3K/Akt pathway in the stable cells.
The results showed that PTEN lipid phosphatase inactiva-
tion activated the PI3K/Akt pathway with increased ex-
pression of p-Akt (Ser308, Ser473), p-FoxO1/FoxOl,
p-GSK-3B, B-catenin, and p-Bad and decreased p27 ex-
pression. In contrast, the robust phosphatase activity in
the WT group had the opposite effect on the expression
of these molecules (Fig. 5a, b). We also detected the
p-Akt (Serd73) level in the cohort of 90 GC samples in-
dicated previously by IHC and analysed correlation be-
tween p-Akt (Ser473) and p-PTEN or nuclear YAP. It
showed that p-Akt (Serd473) expression was positively
correlated with expression of p-PTEN and nuclear YAP
(Fig. 5¢, d). Moreover, after treatment with VP at differ-
ent doses, a concentration-dependent reduction of p-Akt
in the stable GC cell lines was evident (Fig. 5e, f).

Discussion

PTEN deletion has been recognized as a driver of many
sporadic cancers in the clinic [26-31]. PTEN has dual
activity of a protein phosphatase and a lipid phosphatase
and can thus regulate a complex set of signaling pathways.
However, the substitution effect of protein phosphatase
activity remains unclear. Therefore, we investigated the
role of the loss of PTEN phosphatase and lipid phosphat-
ase functions in GC development. We established stable
cell lines that expressed wild-type PTEN (with robust
phosphatase activity), dominant-negative mutant PTEN
C124S (loss of complete phosphatase activity), or G129E
(lacks only lipid phosphatase activity) to conduct func-
tional and mechanistic studies in vitro and in vivo. Our re-
sults showed that PTEN lipid phosphatase inactivation
increased the malignant biological behavior of GC cells,
especially cell proliferation and migration. The analysis of
in vivo tumor growth in nude mice also confirmed that
PTEN lipid phosphatase inactivation was positively related
to GC progression. Another study on transgenic mice also
showed that compared with heterozygous mice carrying
one wild-type allele and one null allele, mice carrying both
a wild-type PTEN allele and a mutant PTEN (C124S/
G129E) allele had a higher risk of breast cancer [22, 32].
These findings suggest the significance of PTEN lipid
phosphatase inactivation on tumorigenesis.

PTEN phosphorylation at Ser380/Thr382/383 can de-
prive PTEN of phosphatase activity and maintain PTEN
stability, similarly to dominant-negative mutant PTEN
(C124S and G129E). Therefore, in our study, we detected
the expression of p-PTEN (Ser380/Thr382/383) in human
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(See figure on previous page.)

Fig. 4 The Hippo pathway is involved in the malignant biological behaviors of GC that are induced by PTEN lipid phosphatase inactivation. a, d
Immunoblot of upstream molecules and (p)-YAP/TAZ in the Hippo pathway in stable cells expressing wild-type PTEN, dominant-negative mutant
type PTEN C124S (Mut 1) or G129E (Mut 2) or empty vector. b, e Immunoblot of YAP/TAZ expression levels in nuclear and cytoplasmic proteins
of the stable cells. ¢, f Immunofluorescence analysis of YAP (red) and DAPI (blue) in stable cells. g, h Coimmunoprecipitation analysis of MOB1-LATS1/2
by incubating with an anti-MOB1 antibody in stable cells. i, j Cell viability of the cells after treatment with 0, 0.5, 1,5, and 10 uM VP for 72 h. k, |
Relative distance of cell motility after treatment with 0, 1, and 10 uM VP for 72 h. m, n Quantification of tumor volumn *, p < 0.05; **, p < 0.01
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tissues to reflect the role of PTEN phosphatase inactiva-
tion in GC and found that the expression of p-PTEN in
GC tissues was significantly higher than that in ANTT.
One study showed that PTEN inactivation may occur as a
relatively late event during cancer development [33]. In
this study, we found that p-PTEN expression was posi-
tively correlated with the depth of tumor invasion, lymph
node metastasis, clinical stage and a poor prognosis in GC
patients and is an independent prognostic factor for GC.
Based on these findings, p-PTEN (PTEN phosphatase in-
activation) is expected to become an effective biomarker
for predicting the risk of GC occurrence and prognosis.

To date, the known functions of the Hippo signaling
pathway are mainly the following: (1) to regulate the
size and growth of tissues and organs, (2) to regulate
cell proliferation and apoptosis, (3) to regulate the
epithelial-mesenchymal transition and intercellular con-
tact, and (4) to maintain stem cell self-renewal and versa-
tility [34]. Dysregulation of the Hippo pathway may cause
uncontrolled phenotypic changes, which result in disease
[35]. YAP is the key effector downstream of the Hippo
pathway. However, there are some controversies regarding
the suppression or promoting role of YAP in cancer. Barry
et al. [36] found that YAP expression was decreased in
colon cancer patients, thereby inhibiting the Wnt signal-
ing pathway in the colon. However, Wang et al. [37] re-
ported that 53.5% of colon cancer patients show YAP
overexpression, and this overexpression was found to be
associated with lymph node metastasis, TNM staging, and
a short overall survival rate. In addition, another study on
breast cancer found that YAP showed higher nuclear ex-
pression in normal breast tissues and was absent in breast
cancer tissues [38]. Furthermore, although the role of YAP
in human glioma cells is difficult to judge, there is an indi-
cation for YAP overexpression [39]. These reports suggest
that YAP may play a dual role in suppressing and promot-
ing cancer in these types of tumor.

What is the exact role of YAP in gastric cancer? To
address this question, we detected YAP expression in 90
cases of GC and their paired ANTTs and found that
YAP expression was significantly higher in GC tissues
than in ANTTs. The total and nuclear YAP levels were
positively correlated with the tumor size, depth of tumor
invasion, lymph node metastasis, clinical stage and poor
prognosis in GC patients, whereas the cytoplasmic YAP
levels did not correlate with these clinicopathologic fea-
tures. In addition, both the total and nuclear YAP levels
are independent prognostic factors for GC. Based on the
above-described results, it can be noted that YAP may
play an important role in promoting GC development,
and the localization of YAP in GC cells may lead to differ-
ent risks of disease. However, YAP can exert different
functions in the cytoplasm and nucleus, which depend on
the tissue type. For example, a previous study found that

Page 13 of 16

YAP expression was elevated in cervical squamous cell
carcinomas and that the cytoplasmic YAP level was posi-
tively correlated with lymph node metastasis, high-grade
tissue type, and early recurrence. In contrast, nuclear YAP
was overexpressed in cervical adenocarcinoma, and in-
creased nuclear YAP led to a reduction in the overall sur-
vival rate [40]. These results suggest that YAP may serve
as a potential anti-cancer target, which has important clin-
ical significance.

However, the regulatory mechanism of Hippo/YAP re-
mains unclear. In our study, we found that the expression
levels of nuclear YAP were positively related to p-PTEN in
GC tissues. Interestingly, our study also demonstrated that
PTEN lipid phosphatase inactivation decreased the expres-
sion of upstream kinases in the Hippo pathway, increased
YAP phosphorylation and promoted YAP translocation into
the nucleus in stable GC cell lines. Furthermore, previous
studies emphasized that increased binding of MOBI1
with LATS1/2 promotes further activation of the
upstream-kinase-activation-loop, thus increasing YAP
phosphorylation and inhibiting the nuclear transloca-
tion of YAP [41, 42], also in our study, we found that
PTEN lipid phosphatase inactivation abolished the
MOBI1-LATS1/2 complexes, which may contribute to
the observed decrease in YAP phosphorylation and the
enhancement of nuclear localization.

We then added VP, which can effectively decrease
YAP/TEAD expression and disrupt YAP-TEAD-driven
transcription, to the stable cell lines to determine how
Hippo/YAP contributes to the gastric tumorigenesis medi-
ated by PTEN lipid phosphatase inactivation. We found
that cell proliferation and motility were significantly inhib-
ited in a dose-dependent manner in the stable cell lines,
especially in the cells expressing dominant-negative
mutant PTEN. The analysis of in vivo tumor growth in
nude mice also confirmed the important role of Hippo/
YAP in PTEN lipid phosphatase inactivation induced
GC progression. In summary, PTEN lipid phosphatase
inactivation regulates the Hippo signaling pathway,
reduces YAP phosphorylation, promotes YAP nuclear
translocation, and leads to an enhanced synergistic ef-
fect of YAP-TEAD, thus inducing GC proliferation and
migration.

The PI3K/Akt signaling pathway is important in control-
ling cell survival, promoting proliferation and inhibiting
apoptosis [20]. Our studies demonstrated that PTEN lipid
phosphatase inactivation activated PI3K/Akt and regulated
downstream molecules, such as FoxO, GSK-3f, p-catenin,
p27 and Bad. And also p-Akt (Ser473) expression was posi-
tively correlated with expression of p-PTEN in human GC
tissues. Because Hippo/YAP and PI3K/Akt are both in-
volved in the regulation of PTEN lipid phosphatase activity,
we further explored their link. Interestingly, we found ex-
pression of p-Akt (Ser473) was positively correlated with
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Fig. 6 A schematic model of the role and underlying mechanism of PTEN lipid phosphatase inactivation in GC development. PTEN lipid
phosphatase inactivation negatively regulates the Hippo signaling pathway and activates the PI3K/Akt signaling pathway, leading to enhanced
GC proliferation and migration and resulting in gastric tumorigenesis and development

that of nuclear YAP in human GC tissues. Strikingly, we
further found that VP could decrease Akt activation in a
dose-dependent manner. This finding was consistent with
previous studies, as some reports have confirmed the
synergistic effects of Hippo/YAP and P13K/Akt on cell
proliferation and apoptosis. Some scholars found that
Yki, a homolog of YAP in Drosophila, positively regu-
lates the expression and activity of Akt, and activation
of the Hippo signaling pathway can reduce Akt expression
[43]. Tumaneng et al. [23] found that overexpression of
YAP increased phosphorylation of Akt and conversely,
p-Akt was reduced in YAP knockdown cells. In addition, a
study on medulloblastoma found that YAP could increase
the radioresistance of tumor cells by inducing the ex-
pression of insulin-like growth factor and Akt activa-
tion, thereby promoting the growth of tumor cells
after radiotherapy [44]. Another in vivo study has
shown that the binding of YAP-TEAD directly pro-
motes the transcription of P13K, thereby activating
the PI3K/Akt signaling pathway and promoting myo-
cardial cell proliferation in rats [45, 46].

Conclusions

In summary, we elucidated a schematic model for the role
of PTEN lipid phosphatase inactivation in GC development
(Fig. 6). Taken together, the results of this study indicate
that PTEN lipid phosphatase inactivation negatively
regulates the Hippo signaling pathway and activates the
PI3K/Akt signaling pathway, leading to enhanced GC
proliferation and migration, which contribute to gastric

tumorigenesis and development. This new molecular
mechanism may contribute to potential benefits associ-
ated with early diagnosis and gene therapy-based treat-
ment strategies.
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