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BACKGROUND: PI3K/Akt (PKB) pathway has been shown in several cell types to be activated by ligands to cell surface integrins, leading
to the metastasis of tumour cells. The signalling pathways involved in the metastatic spread of human scirrhous gastric carcinoma cells
have not been defined.
METHODS: The role of the PI3K/Akt pathway in an extensive peritoneal-seeding cell line, OCUM-2MD3 and a parental cell line,
OCUM-2M, was investigated by assessing in vitro adhesion and spreading assay, and in vivo peritoneal metastatic model. We also
examined the correlation of PI3K/Akt pathway with integrin signals by immunoprecipitations, using cells by transfection with mutant
p85 (Dp85).
RESULTS: Adhesiveness and spreading of OCUM-2MD3 cells on collagen type IV was significantly decreased by PI3K inhibitors and
expression of mutant p85, but not by inhibitors of protein kinase C (PKC) or extracellular signal-regulated kinase (ERK).
Immunoprecipitation studies indicated that the PI3K/Akt pathway was associated with integrin signalling through Src and vinculin. In an
in vivo experimental metastasis model, p85 inhibition reduced peritoneal metastasis of OCUM-2MD3 cells.
CONCLUSION: PI3K/Akt signalling may be required for integrin-dependent attachment and spreading of scirrhous gastric carcinoma
cells, and would be translated into generating better strategies to optimise their use in cancer clinical trials.
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Gastric carcinoma is one of the most frequent and lethal
malignancies in the world (Sowa et al, 1989). Aggressive gastric
carcinoma, especially scirrhous type adenocarcinoma, is charac-
terised by a rapid dissemination into the abdominal cavity, which
leads to peritoneal metastasis. Such metastasis is a multistep
phenomenon, involving detachment of malignant cells from the
primary tumour, transfer to the peritoneal cavity, attachment to
the peritoneum, and, finally, proliferation to form secondary
tumour foci (Fidler, 1991). During the sequential steps of
peritoneal metastasis, the direct adhesive interaction between
tumour cells and extracellular matrix (ECM) is thought to be
critical (Fidler, 1991). Cell-matrix interactions result in a cascade
of cellular responses that ultimately promote not only cell binding
but also cytoskeletal rearrangements and cell spreading, with a
concomitant formation of focal adhesions (Yamada and Geiger,
1997). These interactions are mediated by a diverse class of
heterodimeric transmembrane receptors known as integrins
(Giancotti and Ruoslahti, 1999). Integrin engagement with the
ECM induces activation of multiple intracellular signal transduc-
tion pathways, involving protein phosphorylation, that regulate a
variety of cellular functions (Lipscomb et al, 2005; Luo et al, 2007;
Mahabeleshwar et al, 2007). Although many signalling enzymes are
activated following integrin engagement, the signalling pathways

involved in the metastatic spread of human scirrhous gastric
carcinoma cells have not been defined.
One pathway that has been implicated in integrin-induced signal

transduction is PI3K and Akt/PKB (Delcommenne et al, 1998;
Engelman, 2009). Phosphatidyl inositol 3-kinases are a family of
lipid kinases that propagate intracellular signalling cascades regulating
a wide range of cellular processes, including metabolism, growth,
survival, and motility (Samuels et al, 2004; Courtney et al, 2010).
There are three classes of PI3Ks grouped according to structure
and function. Class IA PI3K, which is the one most clearly impli-
cated in human cancer, consists of a regulatory subunit (p85, p55,
or p50) and a catalytic subunit (p110). Two mammalian genes,
PIK3CA and PIK3R1, encoding p110a and p85a, respectively, are
somatically mutated in cancers, and these mutations promote activa-
tion of the PI3K pathway (Katso et al, 2001; Samuels et al, 2004;
Courtney et al, 2010). Phosphatidyl inositol 3-kinase phosphorylates
the 30-OH group on phosphatidylinositols in the plasma membrane.
This leads to recruitment of the protein Ser/Thr-kinase, Akt and other
targets of this pathway, to the cell membrane, where it becomes
activated (Cantley, 2002; Vivanco and Sawyers, 2002; Engelman, 2009;
Vasudevan et al, 2009). Akt/PKB, originally identified by its homo-
logy to protein kinases A and C, is the best characterised effector
kinase within the PI3K cascade and a mediator of PI3K signalling
(Vivanco and Sawyers, 2002; Manning and Cantley, 2007). PI3K/Akt
cascade transmits signals from ligand-stimulated receptor tyrosine
kinase to effector molecules that control metabolism, proliferation,
survival, and motility (Vivanco and Sawyers, 2002). PI3K/Akt
pathway has also been shown in several cell types to be activated
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by ligands to cell surface integrins. Thus, PI3K/Akt signalling
might contribute to cancer cell progression through its effects on
integrin signalling in scirrhous gastric carcinoma. With the
development of inhibitors targeting the PI3K pathways, it will be
pivotal to elucidate the role of PI3K/Akt dependent and
independent pathways in cancer progression in specific cancer
types.
The cell line OCUM-2MD3, which was established from a human

scirrhous gastric tumour, readily develops peritoneal metastases
with bloody ascites after peritoneal inoculation in immunodefi-
cient mice (Yashiro et al, 1996b). OCUM-2MD3 cells displayed
higher surface expression of the a2b1- and a3b1-integrin,
exhibited ECM-mediated adhesion and invasion (Nishimura
et al, 1996). Whether PI3K/Akt pathway mediates adhesion and
spreading, and in vivo metastasis of scirrhous gastric carcinoma is
the focus of the present report.

MATERIALS AND METHODS

Cell line and cell culture

An extensively peritoneal-seeding human scirrhous gastric cancer
cell line, OCUM-2MD3, and parental cell line, OCUM-2M, were used
(Yashiro et al, 1996b). Other scirrhous gastric carcinoma cell line,
OCUM-12, was provided by Dr Kosei Hirakawa, Osaka City
University, Osaka, Japan. MKN-45(poorly differentiated gastric
carcinoma cell line) and MKN-74 (well-differentiated gastric
carcinoma cell line) were obtained from JCRB cell bank (Osaka,
Japan). The cell lines were maintained in Dulbecco’s modified Eagle
medium (DMEM) (Life Technologies, Grand Island, NY, USA),
supplemented with 10% heat-inactivated fetal calf serum at 5% CO2.

Antibodies and reagents

Type IV collagen and matrigel were purchased from Becton
Dickinson. Bovine serum albumin ((BSA (fraction V)) was from
ICN. LY294002, wortmannin (PI3K inhibitor), PD98059 (extra-
cellular signal-regulated kinase (ERK) inhibitor), and calphostin C
(protein kinase C (PKC) inhibitor) were from Cabiochem. Protease
inhibitors were from Sigma or Roche Molecular Biochemicals.
Dimethyl pimelimidate (DMP) was from Pierce. Primary anti-
bodies were from Upstate Biotechnology (anti-p85, anti-phospho
Src, and anti-vinculin). Anti-phosphorylated Akt Ser472/473/474,
anti-total Akt, anti-phospho paxillin and anti-phospho FAK were
from New England Biolabs, and anti-paxillin and anti-actin was
from Santa Cruz Biotechnology, Inc. (anti-paxillin and anti-actin).

Plasmids and transfection

To obtain cell lines bearing the wild-type (Wp85) or mutant
(Dp85) regulatory subunit of PI3K, OCUM-2M, and OCUM-2MD3
cells were transfected with 10 mg of HA-tagged Wp85 or Dp85
expression plasmids (under the control of the SR promoter; kindly
provided by Dr Wataru Ogawa, Kobe University, Kobe, Japan)
(Hara et al, 1994; Kotani et al, 1995), using Lipofectamine
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The empty vector was used as a control. Stable
transfectants were then selected by incubation with geneticin
(G418; Life Technologies) and subcloned by limiting dilution. All
transfectants were maintained in medium containing 500mgml� 1

geneticin. HA-tagged Wp85 and Dp85 proteins in the transfectants
were detected by immunoblotting using mouse monoclonal anti-
HA antibodies (Santa Cruz Biotechnology, Inc.).

Cell attachment and spreading assay

The attachment of cells was assessed by MTT assay. Tissue culture
96-well clusters were coated with 100 ml of type IV collagen

(6.4mgml� 1), polylysine (32mgml� 1), or 2% BSA for 2 h at room
temperature. Cells were preincubated in suspension for 30min
with wortmannin, and for 1 h with other inhibitors. Then OCUM-
2MD3 cells, and the other scirrhous gastric carcinoma cell lines
OCUM-12, MKN-45, and MKN-74 were suspended in serum-free
DMEM, placed on coated plates at 7.5� 104 cells per well and
incubated at 37 1C for 30min. The results were normalised,
assuming the adhesion to polylysine-represented attachment of
100% of the added cells. Cell spreading was determined as follows.
OCUM-2MD3 cells were detached and resuspended to 1�
105ml� 1 in warm DMEM with DMSO or PI3K inhibitors. Aliquots
of cell suspensions (100 ml) were added to substrate-coated wells
and incubated for 75min at 37 1C. Cells were fixed by the addition
of 100ml of 6% (w/v) glutaraldehyde. Wells were then aspirated,
and CMF-PBS, containing 0.02% (w/v) sodium azide, was added
until an inverted meniscus was formed at the top of each well. The
percentage of cells spread in each well was determined using
phase-contrast microscopy.

Immunoblotting and immunoprecipitation

Immunoblotting and immunoprecipitation were performed as
described previously (Schneider et al, 1982; Nakatani et al, 1999).
Briefly, OCUM-2M and 2MD3 cells were seeded on 60mm dishes
coated with type IV collagen (6.4mgml� 1), or polylysine
(32mgml� 1) at the same concentrations as in the adhesion assay
and allowed to attach at 37 1C for the indicated times. Proteins
were subjected to SDS–PAGE and transferred to polyvinylidene
difluoride membrane. The membrane was blocked and incubated
with respective antibody, followed by incubation with secondary
antibody. The specific proteins were detected with enhanced
chemiluminescence. When using LY294002, cells were pretreated
with LY294002 or DMSO for 1 h and then treated with type IV
collagen in serum-free medium for 1 h. For immunoprecipitations,
500mg of total protein were incubated with antibodies to anti-p85
at room temperature for 2 h, followed by 1 h incubation with
protein A-Sepharose beads (Upstate Biotechnology). After 3
washes in lysis buffer, the immunocomplexes were resolved by
SDS–PAGE, and analysed by immunoblotting with anti-phospho
FAK (1 : 1000), anti-phospho Src (1 : 1000), anti-phospho paxillin
(1 : 500), or anti-vinculin (1 : 1000), using the chemiluminescence
system for detection. In some experiments, equal amounts of
lysates were analysed directly by immunoblotting.

In vivo metastatic model

Mice were maintained in microisolator cages in a pathogen-free
isolation facility and studies were conducted in accordance with
the NIH Guide for the Care and Use of Laboratory Animals. For
experimental metastasis, OCUM-2MD3 cells expressing Wp85,
Dp85, or empty vector were inoculated intraperitoneally into
4-week-old female athymic nude mice (NCr-nu/nu), obtained from
Charles River Laboratories (Portage, MI, USA). To obtain the
stable transfected cell lines, wild type and mutant p85-expressed
OCUM-2MD3 cells were selected and subcloned. Experimental
metastasis was assayed, as described previously, with some
modifications (Yashiro et al, 1996b). Briefly, the cells were
harvested from subconfluent cultures and collected by centrifuga-
tion, washed once, and resuspended in serum-free DMEM at 1�
107 cellsml� 1. Mice were injected intraperitoneally, with OCUM-
2MD3 transfectants, 2� 106 cells in 200 ml, and observed for an
additional 4 weeks. The mice were weighed at weekly intervals. For
in vivo treatment with LY294002, the mice (n¼ 5 per group) were
randomised into PBS-, DMSO-, and LY294002-treated groups.
OCUM-2MD3 cells were pretreated for 1 h with 20 mmol l� 1 of
LY294002, PBS containing 8% (v/v) DMSO, or PBS only. Cells
(2� 106) were injected intraperitoneally in nude mice, and
subsequently the mice were given 25mg kg� 1 or 50mg kg� 1 of
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LY294002 3 times a week for 2 weeks. Mice were killed 2 and 4
weeks after peritoneal injection in the dose of 25mg kg� 1

treatment group, and 4 weeks in 50mg kg� 1 treatment group. At
necropsy, body weights were recorded and the extent of
macroscopic peritoneal metastasis was assessed. The maximum
diameters (L) and perpendicular diameters (W) of metastatic
nodules were measured with a vernier caliper. The volume of
nodules was calculated by the formula:

4/3 p L2W

Statistical analysis

The data were analysed using Student’s t-test. A P-value of less
than 0.05 was considered statistically significant.

RESULTS

Signalling through PI3K/Akt pathway is necessary for the
attachment and spreading of metastatic gastric cancer cells
to type IV collagen

We examined whole-cell extracts from type IV collagen, which is
primary collagen component of the basement membrane, attached
human scirrhous gastric carcinoma cells for PI3K/Akt activity.
Attachment of OCUM-2MD3 cells to type IV collagen increased
Akt activation within 5min of treatment, and was sustained for
30min (Figure 1A). In contrast, Akt showed only minimal

phosphorylation even 30min after cell adhesion to polylysine,
which occurs by nonspecific binding. Adhesive ability of OCUM-
2MD3 cells to ECM was increased compared with their parental
cell line, OCUM-2M (Nishimura et al, 1996; Yashiro et al,
1996a). The flavonoid derivative, LY294002, is a dual PI3KmTOR
inhibitor (Gharbi et al, 2007). Here, we asked whether LY294002
influenced gastric cancer cell adhesion to ECM. As shown in
Figure 1B, 10mM LY294002 was sufficient to completely block
the activation of PI3K/Akt pathway, as judged by immunoblotting
with antibody to the phosphorylated form of Akt. We found
that LY294002-treated OCUM-2MD3 cells decreased adhesion to
type IV collagen in a dose-dependent manner (Figure 1B). Growth
assay showed no influence on the proliferation by LY294002
treatment within 20 mM (data not shown), suggesting that reduced
adhesion was not caused by cytotoxicity. In contrast, attachment
of OCUM-2MD3 cells to polylysine was not altered by treatment
with LY294002, suggesting that activity of the PI3K/Akt pathway is
required for the attachment of OCUM-2MD3 cells to type IV
collagen.
Next, we examined the effect of wortmannin, another kind of

PI3K inhibitor. From 25 to 200 nM wortmannin significantly
reduced the attachment of OCUM-2MD3 cells to type IV collagen
(Figure 1C). To further examine the specificity of the role of PI3K/
Akt pathway in the attachment of gastric carcinoma cells, we tested
whether inhibition of PKC and ERK activity, other major signalling
pathways regulating tumour progression (Boulton et al, 1991;
Palmantier et al, 1996), with a specific PKC inhibitor, calphostin C,
and ERK inhibitor, PD98509, respectively, altered the binding
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Figure 1 PI3K/Akt pathway is necessary for the attachment and spreading of metastatic gastric cancer cells to type IV collagen. (A) Upper panel:
attachment of cells to type IV collagen induced Akt/PKB phosphorylation shown by immunoblotting. Control is shown on the lower panel with polyclonal
antibody to AKT (0.5 mgml� 1). Lower panel: pretreatment with LY294002 attenuated Akt/PKB phosphorylation following attachment of cells to type IV
collagen. (B) Effect of LY294002 on the attachment and spreading of OCUM-2MD3 cells to type IV collagen. (C) Adhesion of OCUM-2MD3 cells to type
IV collagen was performed in the presence of PI3K inhibitor (wortmannin), PKC inhibitor (calphostin C), and MAPK inhibitor (PD98059). OCUM-2MD3
cells were pretreated with/without inhibitors for 30 minutes with wortmannin, 60 min with calphostin C and PD98059, respectively. (D) OCUM-12, MKN-
45, and MKN-74 cells were treated with DMSO (conrol) or 20mM LY294002. Adhesion to Type IV collagen-coated membranes was assessed after 30 min.
*Po0.01 vs control. Values shown are mean±s.d. (n¼ 4).
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ability of OCUM-2MD3 cells to type IV collagen. Neither inhibitor
influenced the adhesion of OCUM-2MD3 cells. LY294002 also
decreased adhesion of other scirrhous gastric carcinoma cells,
OCUM-12, MKN-45, and MKN-74 to type IV collagen-coated
membranes (Figure 1D).
The spreading ability of OCUM-2MD3 cells to type IV collagen,

with or without treatment of LY294002, was assessed. As shown in
Figure 1B and Supplementary Figure 1, 10mM LY294002 signifi-
cantly impaired the spreading of OCUM-2MD3 cells to type IV
collagen. In contrast, most cells attached to polylysine did not
spread within 75min incubation and LY294002 did not affect
spreading ability on polylysine, suggesting that spreading of
OCUM-2MD3 cells is dependent on an integrin signalling pathway,
and that PI3/Akt activity is required for spreading of gastric
carcinoma cells.

PI3K/Akt pathway has an important role in the acquisition
of metastatic phenotype

Recent studies have described that p85/PI3K was closely related
with gastric carcinoma progression (Liu et al, 2010; Michl and
Downward, 2005). In line with this, the level of expression of the
PI3K p85 regulatory subunit in OCUM-2MD3 cells was compared
with that in its parental cell line, OCUM-2M which has low
metastatic ability. Interestingly, p85 expression was markedly
higher in metastatic cell line than in the non-metastatic cells
(Supplementary Figure 2A). We next compared the Akt activity
between OCUM-2M and OCUM-2MD3 cell lines. We did not detect
the Akt activation by the OCUM-2M attachment to type IV
collagen, although even suspended OCUM-2MD3 cells displayed
phosphorylated Akt (Supplementary Figure 2B). However, the
expression of total Akt protein was not different between the two
cell lines. These results indicate that increased p85 expression may
contribute to enhanced activity of Akt and may be required for
cells to acquire metastatic phenotype including high adhesive
capacity.

Gastric carcinoma cells transfected with the mutant
regulatory subunit of PI3K display reduced adhesion and
Akt phosphorylation on type IV collagen

LY294002 and wortmannin are not as specific as we would like, so,
to further elucidate the role of PI3K, we established transient
subclones from OCUM-2MD3 cells by transfection with the wild-
type (Wp85) or mutant (Dp85) regulatory subunit of bovine PI3K.
Dp85, a mutant regulatory subunit of PI3K lacking the binding site
to the catalytic subunit, was utilised as a dominant negative p85. In
these cells, expression of HA-tagged Wp85 and Dp85 proteins in
transfectants was detected by immunoblotting (Figures 2A and B).
To explore whether these clones alter PI3K signalling activity, the
activation of Akt was examined. Although total protein volume was
similar, phosphorylation of Akt was decreased in Dp85-transfected
OCUM-2MD3 cells compared with cells carrying the empty vector
by attachment to type IV collagen for 30min, as judged by
immunoblotting (Figure 2C). Subsequently, we observed that
when plated on matrigel and type IV collagen-coated dishes,
adhesion of Dp85-transfected OCUM-2MD3 cells was significantly
reduced, compared with cells transfected with the empty vector,
which was consistent with the result using PI3K inhibitors. Wp85-
transfected cells did not show a significant alteration of adhesion
(Figure 2D). To examine the spreading ability of these transfected
cells, Dp85-transfected cells were seeded onto type IV collagen-
coated dishes. Decreased spreading onto type IV collagen was
observed when Dp85 was expressed in OCUM-2MD3 cells
(Figure 2E). These results suggest that PI3K/Akt pathway may
have an important role for attachment of gastric carcinoma cells
to ECM.

PI3K associates with focal adhesion proteins related to
integrin-dependent signalling

To identify the possible interactions between PI3K and integrin
signalling pathways during gastric carcinoma cell adhesion to
ECM, we examined whether the proteins involved in integrin
signalling were associated with p85. As shown in Figure 3A,
vinculin was detected in p85 immunoprecipitates from OCUM-
2MD3 cells attached to type IV collagen for 30 or 60 min, but no
vinculin was found in precipitates from cells attached to plastic or
polylysine. Coimmunoprecipitation of phosphorylated Src with
p85 also occurred in extracts from any attached cells and was not
altered by attachment to type IV collagen. Attachment to type IV
collagen did not induce the coimmunoprecipitation of p85 and
either focal adhesion kinase or paxillin (Figure 3A).
To explore in more detail, we also examined the extracts for p85-

associated proteins using p85-transfected OCUM-2MD3 cells. The
level of vinculin in the p85 immunoprecipitates was increased in
Wp85-transfected cells and decreased in Dp85-transfected cells
compared with that in cells carrying the empty vector (Figure 3A),
suggesting that p85 activity is closely related with vinculin. In
contrast, the expression of coimmunoprecipitated Src was
decreased weakly in dominant negative p85-expressed cells and
had no change in wild-type p85-expressed cells, compared with
that of empty vector-expressed cells. We did not detect
coimmunoprecipitation of focal adhesion kinase (FAK) and
paxillin in all three kinds of transfected cells (Figure 3A).

Src expression is increased in metastatic cell lines

Observations that Src was constitutively expressed in metastatic
carcinoma cells prompted us to investigate whether this expression
pattern would change in non-metastatic cells. Interestingly, we
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Figure 2 (A) Resistant OCUM2MD3 cells overexpressing p85 proteins
were screened by immunoblotting with anti-p85alpha antibodies and
subcloned by penicillin-cup methods. Clones selected for use in other
experiments are shown by a box around the bands on the blot. (B)
Expression of cells transfected with empty vector (control), Wp85, and
Dp85 by immunoblotting. (C) The activation of Akt of cells with empty
vector (control), Dp85 by immunoblotting after attachment to type IV
collagen for 30min. Control is shown on the lower panel with polyclonal
antibody to AKT. (D) Adhesiveness of OCUM-2MD3 cells in transfectants
with Wp85, Dp85, or the empty vector. (E) The transfectants were
investigated for spreading activities. The transfected cells were examined
for in vitro adhesion activities as in this figure. *Po0.01 vs control. Values
shown are mean±s.d. (n¼ 4).
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found that Src expression was increased in OCUM-2MD3 cells
compared with that in OCUM-2M cells (Figure 3B). FAK activity
was also constitutively found in OCUM-2MD3 cell lines adhered to
plastic dishes, poylysine, and type IV collagen. However, FAK
activity was not altered between these two cell lines. These results
led us to investigate the expression of vinculin. As shown in
Figure 3C, there was no difference in the expression of vinculin
between these cell lines.

Inhibition of the PI3K/Akt pathway reduced peritoneal
metastasis in nude mice

The results of mice treated with LY294002, DMSO, or PBS,
respectively, are summarised in Table 1 and Figure 4A. During the
experiment, LY294002-treated mice did not show any sign of
general toxicity, including loss of weight or skin lesions associated
with high doses of the compound (Hu et al, 2002). Peritoneal
metastases were recognised as white nodules in the peritoneal
cavity. With respect to the incidence of metastatic nodules,
frequency of metastasis in LY294002-treated group was decreased
compared with PBS-treated group, DMSO-treated group, but
difference was not statistically significant among the 3 groups
both in groups treated for 2 and 4 weeks. Whereas, the total
volume of metastatic nodules was significantly suppressed in

LY294002-treated groups compared with PBS only and 8% (v/v)
DMSO in PBS-treated ones (Po0.05).
These data led us to hypothesise that the inhibition of PI3K

might not be complete, given the use of low doses of LY294002,
and that a more complete inhibition of PI3K activity might yield
more effective inhibition of metastasis. Thus, we tested the p85
transfectants of OCUM-2MD3 cells for peritoneal metastatic ability
(Table 2 and Figure 4B). Peritoneal dissemination was markedly
less frequent in mice inoculated with cells expressing Dp85 (40.0%)
than with cells expressing Wp85 (80.0%). Furthermore, the
number and total volume of tumours, per mouse, were also
significantly less in Wp85-transfected cells (3.4±1.2 tumours per
mouse, and 446±287, respectively) compared with Dp85-trans-
fected cells (1.5±1.0, and 34±12, respectively) (Po0.05).

DISCUSSION

In this study, we demonstrated that engagement of type IV
collagen receptors in OCUM-2MD3 cells resulted in the phosphor-
ylation of Akt. This Akt phosphorylation seems to be specific for
integrin-dependent adhesion, because attachment of OCUM-2MD3
cells to polylysine did not induce Akt phosphorylation. In contrast,
we observed no phosphorylation of Akt in OCUM-2M cells, and
attachment of OCUM-2M cells to ECM did not lead to an increase
in phosphorylation of Akt (Supplementary Figure 1B). These data
suggest that increased phosphorylation of Akt in OCUM-2MD3
cells may be a specific property of the metastatic form of these
cells. Although previous reports (Hippo, 2001; #1508) have
performed global analysis on differential gene expression of
OCUM-2M and OCUM-2MD3 cells, PI3K/Akt pathway has never
been the target of genetic differences between two cell lines. The
binding ability of OCUM-2MD3 cells to type IV collagen was
significantly inhibited by PI3K inhibitors LY294002 and wortman-
nin, but not by a PKC inhibitor, or an ERK inhibitor. These results
indicate that PI3K/Akt pathway may be a specific mediator of
integrin-dependent cell attachment in OCUM-2MD3 cells. To
confirm that the response to PI3K inhibitor is common in gastric
carcinoma cells, we next sought to address whether other gastric
carcinoma cell lines had the similar response to LY294002.
Interestingly, three cell lines, OCUM-12, MKN-45, and MKN-74,
treated with LY294002 showed a significant impairment of
adhesive ability, indicating that effect of PI3K inhibitor might be
common in gastric carcinoma. Our current data also showed that
LY294002 reduced the spreading ability of OCUM-2MD3. Cell
spreading is dependent on cytoskeletal organisation and focal
adhesion complex formation in response to the engagement of
integrins to ECM. These data suggest that the PI3K/Akt pathway
would be a candidate of signalling component involved in the
mechanism of cell spreading in gastric carcinoma cells. However,
our data do not directly show how PI3K associates with
cytoskeletal components, required for adhesion of gastric carci-
noma cell, because these chemical components have some off-
target effects and spreading, and cannot rule out the involvement
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Figure 3 (A) PI3K associates with focal adhesion proteins related to
integrin-dependent signalling. Left panel: after attachment to type IV
collagen and polylysine, OCUM-2MD3 cells were solubilised with lysis
buffer as described in Material and Methods. The lysates were
immunoprecipitated with the anti-p85 antibody. Equivalent precipitation
of p85 was confirmed and is shown in the lower panel. Right panel:
modulation of the association of integrin-associated proteins by p85-
transfected OCUM-2MD3 subclones. After attachment to type IV collagen
for 60min, OCUM-2MD3 cells carrying Wp85, Dp85, or empty vector
were solubilised with lysis buffer, as described in Materials and Methods.
(B) Expression of integrin-related proteins in OCUM-2M and -2MD3 cells.
Equivalent volume of protein samples was confirmed and was shown in the
lower panel. (C) Vinculin expression in OCUM-2M and -2MD3 cells by
immunoblotting.

Table 1 Effect of PI3K inhibitor on grossly visible peritoneal metastatic nodules from OCUM-2MD3 human gastric cancer cells injected into nude mice

2 weeks 4 weeks

Treated time PBS DMSO LY294002 25mg per body PBS DMSO LY294002 25mg per body

Incidence 4/5 (80%) 4/5 (80%) 3/5 (60%) 5/5 (100%) 5/5 (100%) 4/5 (80%)
Mean no. per mouse 1.4±0.4a 1.6±0.4a 1.1±0.2a 5.6±0.9a 4.4±0.9a 2.8±0.9a

Total volume per mouse (mm3) 183±57a 107±31a 78±34a 1482±289a 2193±904a 693±307ab

Body weight 17.2±0.9a 16.9±1.0a 17.8±1.0a 16.2±1.0a 17.1±1.2a 17.1±0.8a

aValues are means±s.e.m. bSignificantly different from DMSO group, Po0.05.
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of PI3K in integrin-independent signalling. To address this, we
next established cell lines overexpressing the wild-type p85 and a
mutant defective in P85 binding site.
Interestingly, p85 expression was markedly greater in exten-

sively metastatic cell lines than in the parental cell lines
(Supplementary Figure 2A). We showed that the P85 binding-
deficient mutant reduced phosphorylation of Akt and cell adhesion
to ECM substances. Wp85 expressing cells failed to further
increase the adhesion ability, indicating that OCUM-3MD3 cell
had already sufficient p85 activity for metastasis. The fact that the
endogenous expression of p85 in OCUM-2M cells was much lower
than that of OCUM-2MD3 cells prompted us to examine the

adhesive property of p85-expressed OCUM-2M cells. Wp85
expression induced increased adhesion of OCUM-2M cells (data
not shown). These results suggest that PI3K activation may be one
of an important step in the acquisition of properties consistent
with the metastatic ability.
The observation that PI3K activity was associated with integrin

signalling led us to investigate which proteins, consisting the integrin
signalling, might be a target of PI3K. Focal adhesion kinase and Src
are two of the most important members of focal adhesion complexes
(Chen and Guan, 1994; Giancotti and Ruoslahti, 1999; Reiske et al,
1999; Mitra and Schlaepfer, 2006). First, we examined the
expression of FAK in immunoprecipitates of p85. However, we
did not detect any interaction of FAK and PI3K in p85
immunoprecipitates, indicating that FAK activation was likely to
be independent of PI3K regulation for adhesion of gastric
carcinoma cell lines. Several reports demonstrated that PI3K
facilitated FAK-promoted cell migration (Reiske et al, 1999; Sieg
et al, 1999). And we showed FAK phosphorylation was detected in
suspended OCUM-2MD3 cells and not affected by cell attachment
to type IV collagen (Figure 3B). When cells were kept in
suspension in serum-free media, dephosphorylation of FAK
was observed within 1 h (data not shown), indicating that FAK
activity may be constitutively induced in harvested OCUM-2MD3
cells by various stimuli, such as growth factor or cytokines.
Kahana et al (2002) reported that dysregulation of the FAK
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Figure 4 Inhibition of the PI3K/Akt pathway reduced peritoneal metastasis in nude mice. (A) The frequency of metastasis, number and total volume of
nodules/mouse were identified. Upper lane: after cells were injected 2 weeks and 4 weeks with the treatment of 25mg kg� 1 LY294002. Lower lane: after
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Values shown are mean±s.d. (n¼ 10).

Table 2 Effect of p85 expression on incidence of grossly visible
peritoneal metastatic nodules from OCUM-2MD3 human gastric cancer
of nude mice

Metastasis Wp85 Dp85

Incidence 8/10 (80%) 4/10 (40%)
Mean no. per mouse 3.4±1.2a 1.5±1.0a,b

Total volume per mouse (mm3) 446±287a 34±12a,b

Body weight 18.3±1.5a 16.7±0.5a

aValues are means±s.e.m. bSignificantly different from Wp85 group, Po0.05.
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contributed to the malignancy of melanoma cells. So introduction
of constitutively active FAK may lead to transformation, and the
suppression of apoptosis of scirrhous gastric carcinoma. Immu-
noprecipitation results also indicated that a signalling complex
containing at least PI3K, Src, and vinculin was formed after
OCUM-2MD3 cell attachment to ECM. To the best of our
knowledge, it is the novel signalling combination identified in cell
adhesion and spreading process in human gastric carcinoma.
Attachment to type IV collagen induced this interaction in a time-
dependent manner, suggesting that this interaction is integrin
dependent. Increased expression of vinculin in the p85 immuno-
precipitates within 1 h indicates that vinculin is a downstream
target of PI3K, because induced phosphorylation of Akt occurred
within 5min. Already there is evidence that vinculin has a critical
role in cytoskeletal rearrangement (Ezzell et al, 1997; Xu et al,
1998; Bakolitsa et al, 2004). Vinculin is believed to negatively
regulate cell motility, as vinculin (� /� ) cells are more motile and
show higher levels of focal adhesion kinase, p130Cas and paxillin
(Xu et al, 1998). This observation is consistent with our data,
because p85 was not associated with paxillin in OCUM-2MD3 cells,
indicating that spreading of cells modulated by PI3K through
integrin signalling is dependent on vinculin, but not paxillin. Src
kinase has many cellular functions such as growth factor-induced
proliferation, invasion, and protection from apoptosis (Brown and
Cooper, 1996; Chiang et al, 2005). In OCUM-2MD3 cells,
constitutive activation of Src may cause usual interaction of
PI3K, and these activations and associations may be both
necessary for cell adhesion to ECM, but Src contribution may be
partial in OCUM-2MD3 cell adhesion, because specific Src
inhibitor, PP2, significantly inhibited the adhesion of OCUM-
2MD3 cells to type IV collagen, but less compared with PI3K
inhibitor (Supplementary Figure 3B). Recent studies have been
described that activity of Src kinase was required for integrin-
matrix adhesion (Kaplan et al, 1995; Li et al, 2002). Kaplan et al
reported that Src may serve as an adaptor protein to localise
specific proteins to adhesive structures, involved in cell
adhesion, which raise the possibility that Src has a role as
an adaptor protein to localise PI3K in OCUM-2MD3 cells.
Interestingly, the expression of p85 and Src in OCUM-2MD3 cells
were higher than in OCUM-2M (Figure 3B and Supplementary
Figure 2A), indicating that p85 and Src activity may have an
important role in acquisition of metastatic potential of this cell
lines. We also suggest the evidence that activity of Akt was
increased in metastatic cell lines, which was not shown in non-
metastatic cells (Figure 3B) indicates that Akt/PKB pathway may
contribute to form metastasis in peritoneal cavity through PI3K by
another biological function, the most likely candidate being cell
survival (Engelman, 2009).
These observations led us to investigate whether inhibition of

PI3K could contribute to therapy for scirrhous gastric carcinoma,
because several PI3K pathway inhibitors have been developed and
are being evaluated in preclinical studies and in early clinical trials
(Courtney et al, 2010). In the experimental metastatic model,

LY294002 reduced total volume of metastatic nodule per mouse of
OCUM-2MD in peritoneal cavity as well as in vitro study. And
high-dose administration of LY294002 contributed only the total
volume of metastatic nodules per mice, whereas the effect on
the incidence of metastasis and number of nodules per mouse did
not show any significant change. There have been some reports
on experiments using LY294002 in vivo model (Hu et al,
2002; Nakanishi et al, 2002). Accordingly, inhibition of PI3K by
LY294002 has recently been shown to sensitise ovarian cancer cells
to chemotherapy-induced apoptosis (Hu et al, 2002) and suppress
colony formation and haematogenous metastasis of hepatic
carcinoma cells (Nakanishi et al, 2002). These findings led us to
propose that in vivo condition, inhibition of PI3K activity, may not
only impair the adhesion of gastric carcinoma cells but also block
the apoptosis and growth factor signalling pathway (Dudek et al,
1997; Engelman, 2009). Our results from these early studies
indicated that PI3K inhibitor administration might prevent the
peritoneal metastasis, but it is likely that treatment with LY294002
was insufficient to use alone. These findings gave us a hint to
attempt a genetic approach. Stable Wp85 and Dp85 transfectants
were administrated intraperitoneally in nude mice. In particular,
Dp85 transfection dramatically reduced the incidence of peritoneal
metastasis compared with Wp85, and this effect was markedly
greater than the treatment with LY294002. The important finding
may be the expression change of p85 showed the potential
alteration of frequency of metastasis. The one probable explana-
tion for this difference may be that constitutive suppression of p85
activity might be more effective on the treatment of peritoneal
metastasis by inhibiting the biological response mediated by PI3K,
highly suggesting that gene therapy with dominant negative p85 is
a possible target for treatment of peritoneal metastasis of gastric
carcinoma; otherwise, continuous administration of PI3K inhibitor
might be effective. Our data suggest that PI3K/Akt signalling
mediates attachment and spreading of scirrhous gastric carcinoma
cells on ECM by associating with integrin signalling through Src
and vinculin, and have an important role in acquisition of
metastatic property. Inhibition of this activity contributed to a
decrease in peritoneal metastasis. These findings would be
translated into generating better strategies to optimise their use
in cancer clinical trials.
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