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Cancer metastasis remains the primary cause of pain, suffering,
and death in cancer patients, and even the most current therapeu-
tic strategies have not been highly successful in preventing or
inhibiting metastasis. In most patients with scirrhous gastric can-
cer (one of the most aggressive of diffuse-type gastric cancer),
recurrence occurs even after potentially curative resection, most
frequently in the form of peritoneal metastasis. Given that the
occurrence of diffuse-type gastric cancers has been increasing, the
development of new strategies to combat metastasis of this dis-
ease is critically important. Plasminogen activator inhibitor-1 (PAI-
1) is a critical factor in cancer progression; thus, PAI-1 RNAi may be
an effective therapy against cancer metastasis. In the present
study, we used an RNAi technique to reduce PAI-1 expression in an
in vivo model system for gastric cancer metastasis. Ex vivo plasmid
transfection and adenovirus infection were tested as mechanisms
to incorporate specific PAI-1 RNAi vectors into human gastric carci-
noma cells. Both approaches significantly decreased peritoneal
tumor growth and the formation of bloody ascites in the mouse
model, suggesting that this approach may provide a new, effective
strategy for inhibiting cancer metastasis. (Cancer Sci 2012; 103:
228–232)

T here are approximately 450 000 deaths from cancer each
year in the US alone and estimates indicate that 90% of

these deaths are the result of cancer metastatic disease.(1) How-
ever, current treatments are not very successful in inducing
remission. The incidence and mortality of overall gastric carci-
noma in the US has been declining over the past 50 years, but
the incidence of diffuse-type gastric cancer has been increas-
ing.(2) Scirrhous gastric cancer is a diffuse-type gastric cancer
that is characterized by diffusely infiltrating carcinoma with fre-
quent peritoneal dissemination. Patients with scirrhous gastric
cancer have a poorer prognosis than patients with other types of
gastric cancer.(3,4) In most patients with scirrhous gastric cancer,
the recurrence of cancer occurs even after potentially curative
resection, most frequently in the form of peritoneal metastasis.(4)

Thus, with an increasing incidence of aggressive tumors, better
therapeutic approaches are greatly needed.

Plasminogen activator inhibitor-1 (PAI-1) has been long con-
sidered as a cancer inhibitor.(5) However, PAI-1 is associated
with a poor prognosis in a variety of cancers, including breast,
skin, lung, colon, brain, ovarian, and stomach.(6) A recent study
has also reported that PAI-1 is an integrator of cell signaling and
migration.(7) In animal models, high levels of PAI-1 have been
shown to be correlated with the ability of human melanoma cells
to metastasize in the nude mouse,(8) and a monoclonal antibody
to PAI-1 has been shown to suppress the metastatic potential of
human HT1080-P4 fibrosarcoma cells.(9) However, overexpres-
sion of PAI-1 in breast carcinoma MDA-MB-435 cells reduced
migration and invasion, with an antibody that blocks PAI-1
activity restoring migration and invasion.(10) Antisense oligonu-
cleotides to PAI-1 have been reported to increase the invasion of
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HLE hepatocellular carcinoma cells.(11) Recently, physiological
concentrations of PAI-1 were shown to promote tumor invasion
and angiogenesis, whereas supraphysiological concentrations
inhibited tumor vascularization.(12) These reasons underlying
these apparently conflicting results are not fully understood.
Thus, the first aim of the present study was to elucidate whether
cancer cell-derived PAI-1 is critical for tumor progression
in vivo.

Using RNAi induces a sequence-specific degradation of
homologous mRNA, leading to post-transcriptional gene silenc-
ing(13) that can be at least a hundred-fold more efficient than
antisense RNA in mouse oocytes.(14) This approach has been
applied successfully to inhibit tumorigenicity(15) and tumor pro-
gression.(16) Knock-out methods are very useful for research,
but cannot be applied as yet for the therapy of solid cancers.
Thus, we used knocked down host- and tumor cell-derived PAI-
1 expression to investigate therapeutic potential. The second
goal of the present study was to evaluate the potential of PAI-1
RNAi as a treatment for cancer metastasis.

Materials and Methods

Cell culture. The human scirrhous gastric cancer cell line
OCUM-2M was established in our department from a resected
primary tumor.(17) An extensively peritoneal-seeding cell line,
namely OCUM-2MD3, was established from the OCUM-2M
cell line using orthotopic tissue implantation in nude mice.(18)

The cell line was maintained in DMEM (Invitrogen, Frederick,
MD, USA), supplemented with 10% heat-inactivated bovine
serum, 100 IU ⁄ mL penicillin, and 0.5 mM sodium pyruvate, at
37�C in a humidified atmosphere containing 5% carbon dioxide.

Plasmid RNAi construction and ex vivo transient transfection.
We have described the plasmid vector-mediated PAI-1 RNAi
construct and transfection conditions previously.(19) Briefly, Hair-
pin siRNA template oligonucleotides for PAI-1 were designed
using an algorithm from Ambion (Austin, TX, USA) and synthe-
sized by Invitrogen. The sense loop sequence is 5¢-GATCCC-
GTGACCGACATGTTCAGACATTCAAGAGATGTCTGAAC-
ATGTCGGTCATTTTTTGGAAA-3¢ and the antisense sequence
is 5¢-AGCTTTTCCAAAAAATGACCGACATGTTCAGAC-
ATCTATTGAATGTCTGAACATGTCGGTCACGG-3¢. The
annealed hairpin siRNA oligonucleotides were inserted into pSi-
lencer�4.1-CMV hygro vector (Ambion) according to the man-
ufacturer’s instructions. The negative control consisted of an
siRNA template sequence that lacks significant homology to the
mouse, human, and rat genome databases. The vectors were
cloned into Douglas Hanaham 5 (DH5)a-competent cells. The
inserted sequences were verified by DNA sequencing. The
OCUM-2MD3 cells were seeded in 100-mm dishes at a density
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of 6 · 106 cells ⁄ dish and grown overnight to approximately
60% confluence prior to transfection. Cells were transfected
with siPORT�XP-1 transfection reagent (Ambion) according to
the manufacturer’s instructions. Appropriate amounts of the
siRNA expression plasmids were used (10 lg ⁄ 100 mm dish).

Adenovirus RNAi construction. The siRNA template oligonu-
cleotides for PAI-1 were designed using an algorithm from
Ambion and synthesized by Invitrogen. The sense strand was
5¢-TCGAGTGACCGACATGTTCAGACATTCAAGAGATGT-
CTGAACATGTCGGTCATTA-3¢ and the antisense strand is
5¢-CTAGTAATGACCGACATGTTCAGACATCTCTTGAATG-
TCTGAACATGTCGGTCAC-3¢. The annealed siRNA oligonu-
cleotides were inserted into pSilencer adeno 1.0-CMV Shuttle
vector (Ambion). The linearized shuttle vector and the linear-
ized Adenoviral LacZ Backbone plasmid (Ambion) were mixed
and transfected in HEK-293 cells using a calcium phosphate
method according to the manufacturer’s instructions. All the
viruses were propagated in a package containing 293 cells, puri-
fied twice via ultracentrifugation in a cesium chloride gradient
and subjected to dialysis. The titer of the viruses (i.e. viral parti-
cles [vp]) was determined according to the absorbance at
260 nm (= optical density at 260 nm [OD260nm]).

Western blotting for in vitro and in vivo knock-down
efficiency. To evaluate in vitro knock-down efficiency, OCUM-
2MD3 cells were plated in 24-well culture plates at a density of
1 · 105 cells ⁄ well 1 day before infection and were subsequently
infected at an MOI of 1000 (vp). Cells were collected, washed
with PBS, and lysed in RIPA buffer 2 days after infection.
Lysates were centrifuged at 13 500g for 15 min at 4�C. The pro-
tein concentration of each lysate was determined using the BCA
protein assay (Pierce Biotechnology, Rockford, IL, USA). To
evaluate in vivo knock-down efficiency, 4-week-old female
athymic mice were killed at neuropsy, blood was collected and
the serum was separated. A 6.5-lL aliquot of each serum sample
was used for loading. Samples were resolved by SDS-PAGE
and transferred to nitrocellulose membrane. Membranes were
blocked with 5% milk in Tris-buffered saline Tween-20 (TBST)
at room temperature for 1 h. Membranes were incubated with
antibodies against PAI-1, GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), or albumin (Bethyl Laboratory, Mont-
gomery, TX, USA) at room temperature for 2 h or at 4�C over-
night, after which they were incubated with an HRP-conjugated
secondary antibody for 1 h. Immunoreactivity was detected
using chemiluminescent substrate (SuperSignal West Pico
Chemiluminescent Substrate; Pierce Biotechnology). Subse-
quently, PAI-1 expression levels were determined by densitome-
try analysis. Images were analyzed using ImageJ 1.44p
(developed by Wayne Rasband, National Institutes of Health
[NIH], Bethesda, MD, USA).

Animal experiments. Mice were maintained in microisolator
cages in a specific pathogen-free facility and experiments were
conducted in accordance with NIH guidelines for the care and
use of laboratory animals. To determine the effects of PAI-1
knockdown ex vivo, OCUM-2MD3 cells expressing PAI-1
siRNA or control siRNA were inoculated i.p. into 4-week-old
female athymic nude mice obtained from Charles River Labora-
tories (Raleigh, NC, USA). The PAI-1 siRNA or control siRNA
plasmids were transfected 1 day before inoculation. Briefly,
cells were harvested from subconfluent culture and collected by
centrifugation at 1500g for 5 min at room temperature, washed
once and resuspended in serum-free DMEM at a density of
1 · 107 cells ⁄ mL. Mice (n = 5 per group) were injected i.p. with
OCUM-2MD3 cells (2 · 106 cells in 200 lL) and observed for
an additional 4 weeks. To examine the effects of PAI-1 knock-
down in vivo, mice (n = 10 per group) were injected i.p. with
OCUM-2MD3 cells (2 · 106 cells in 200 lL serum-free
DMEM). Adenovirus (2 · 1011 vp) with either PAI-1 RNAi or
control RNAi in 200 lL of 3% sucrose ⁄ PBS were injected i.p.
Nishioka et al.
twice a week. Mice were killed by CO2 4 weeks after the final
injection. At necropsy, the extent of peritoneal metastasis was
assessed macroscopically. Tumor volume was calculated using
the equation a · b2 · 0.5, where a and b are the largest and
smallest tumor diameters, respectively. Each experiment was
performed twice.

Immunohistochemistry and microvessel density scoring for
angiogenesis. Paraffin-embedded tumor sections (4 lm) were
deparaffinated and rehydrated according standard procedures
and washed with PBS solution. To block endogenous peroxidase
activity, sections were put in 3% hydrogen peroxide in methanol
for 20 min and then rinsed in PBS. Sections were blocked with
an avidin ⁄ biotin block and rabbit serum. Immunostaining was
performed using a goat Vectas stain ABC elite kit (Vector Labo-
ratories, Burlingame, CA, USA) according to the manufacturer’s
instructions, with the following modifications. Sections were
incubated for 2 · 30 min with anti-CD31 antibodies (Santa Cruz
Biotechnology) diluted 1:750 in Dako Antibody Diluent (Dako-
Cytomation, Carpinteria, CA, USA). Slides were counterstained
with Mayer’s hematoxylin for 1 min and washed with water.
Histologic slides were blind-coded during assessment. Tissue
sections were viewed at a magnification of ·100 (0.565 mm2 per
field). Four fields per section were randomly chosen for analysis.
Microvessel density (MVD) was calculated as the number of
CD31-positive objects ⁄ 0.565 mm2 and the mean values of MVD
in each group were calculated from seven tumor samples.

Statistical analysis. Unless indicated otherwise, data are pre-
sented as the mean ± SEM. Data were analyzed using Student’s
t-test and the chi-square test. P < 0.05 was considered significant.

Results

Ex vivo plasmid vector-mediated PAI-1 RNAi effectively
suppress peritoneal metastasis of OCUM-2MD3 cells in nude
mice. Initially, we examined the effects of PAI-1 knockdown
on tumor progression in vivo by using ex vivo transfection. Con-
trol and PAI-1 RNAi expression vector-transfected OCUM-
2MD3 cells were injected i.p. into mice. The peritoneal cavities
were examined both macro- and microscopically 4 weeks after
injection. Typical images of abdominal cavities in each group
are shown in Figure 1(a). Peritoneal metastases were recognized
as white nodules in the peritoneal cavity and confirmed by
microscopic examination. The number of metastatic nodules in
the PAI-1-knockdown group was less than that in the control
group, but the difference failed to reach statistical significance
(Fig. 1b). There was no difference between the two groups in
the number of mice that developed metastatic nodules (Fig. 1e).
However, the total volume of the metastatic nodules and the
incidence of bloody ascites were significantly less in the PAI-1-
knockdown group compared with the control group
(2970.5 ± 713.1 vs 294.6 ± 214.2 mm3, respectively; 4 ⁄ 5 vs
0 ⁄ 5, respectively; Fig. 1c,d). These data are representative of
two independent experiments.

In vivo suppression of angiogenesis by PAI-1 RNAi. It has
been reported that one of the crucial roles of PAI-1 in cancer
progression is in the development of new blood vessels that are
critical for tumor nourishment and spread (i.e. angiogenesis).
The MVD has been frequently used as a measure of angio-
genesis. Therefore, in the present study we evaluated MVD in
the tumor samples in vivo. Typical images of CD31 staining in
each group are shown in Figure 2(a). The MVD was decreased
in the PAI-1-knockdown group compared with the control
group (11.6 ⁄ 0.565 vs 15.4 ⁄ 0.565 mm2, respectively; P < 0.05;
Fig. 2b).

Adenovirus-mediated PAI-1 RNAi effectively suppresses
peritoneal metastasis. Next we examined the potential clinical
application of this by investigating the effects of the in vivo
infection of RNAi. Three targets were tested and the most
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(a) (b)

(c) (d) (e)

Fig. 1. (a) Representative images of mice injected with either control (Control) or plasminogen activator inhibitor-1 (PAI-1) knockdown
(Knockdown) siRNA expression plasmid vector-transfected OCUM-2MD3 cells. Arrows indicate tumor nodules. Bloody ascites was observed in
mice carrying control vector-transfected OCUM-2MD3 cells. (b) There was a tendency for the number of metastatic tumors in mice (n = 5)
injected with PAI-1-knockdown cells to be less that in mice injected with control cells, but the difference failed to reach statistical significance
(P = 0.06). (c,d) There were significant decreases total metastatic tumor volume (c) and the formation of bloody ascites in mice injected with
PAI-1 knockdown cells compared with mice injected with control cells. (e) There was no significant difference in tumor incidence between the
two groups. Data are shown as the mean ± SEM from experiments performed in duplicate. *P < 0.05, **P < 0.01.

(a) (b)

Fig. 2. Microvessel density (MVD) of tumors in mice injected with
either control (Control) or plasminogen activator inhibitor-1 (PAI-1)
knockdown (Knockdown) siRNA expression plasmid vector-transfected
OCUM-2MD3 cells. Tumors were stained with anti-CD31 antibodies. (a)
Representative images from each group. CD-31-positive objects were
seen in tumor tissue (brown). (b) Mean ± SEM MVD values in each
group calculated from seven tumor samples. *P < 0.05. The MVD was
inhibited by PAI-1 RNAi.
effective target was selected (data not shown). The PAI-1-
knockdown efficiency was confirmed in vitro by using western
blotting (Fig. 3a). Infection in vivo was confirmed by X-gal
staining of the peritoneal tumor (Fig. 3b). Typical images of
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abdominal cavities in each group are shown in Figure 4(a). The
knockdown efficiency of PAI-1 in vivo was confirmed by serum
western blotting. Densitometry revealed a significant reduction
in knockdown group, compared with control group (P < 0.05;
Fig. 3d). The results are summarized in Figure 4. Although
there was a tendency for the number of tumors in the knock-
down group to be lower than that in the control group
(7.81 ± 2.9 vs 2.41 ± 0.51, respectively), the difference failed to
reach statistical significance (P = 0.09; Fig. 4b). Similarly,
although there was a tendency for adenoviral knockdown
to reduce tumor volume (mean [±SD] 1674 ± 1489 vs
616 ± 514 mm3 in the control and knockdown groups, respec-
tively), the difference failed to reach statistical significance
(P = 0.07; Fig. 4c). However, adenoviral knockdown signifi-
cantly reduced the formation of bloody ascites formation (4 ⁄ 19
vs 0 ⁄ 20) and tumor incidence (12 ⁄ 19 vs 6 ⁄ 20; P < 0.05 for both;
Fig. 4d,e). We did not see any effect on the hosts or the hosts’
tissues when we used adenovirus. Figures 1 and 4 show aggre-
gate data of two independent experiments.

Discussion

Plasminogen activator inhibitor-1 has been implicated as a
mediator of invasion and metastasis(19) and presents an attractive
potential target because 80% of patients with scirrhous gastric
cancer show recurrence of cancer after tumor resection. This
recurrence most frequently occurs in the form of peritoneal
metastasis.(4) However, there has been no report about the role ⁄ s
of PAI-1 in scirrhous gastric cancer and the therapeutic potential
of PAI-1 knockdown for peritoneal metastasis. In the present
study, we demonstrated that PAI-1 RNAi has potential as a ther-
apy for peritoneal metastasis in as much as two different meth-
ods of PAI-1 RNAi inhibited in vivo metastasis by human
gastric cancer cells in a mouse model.
doi: 10.1111/j.1349-7006.2011.02155.x
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(a) (b)

(c) (d)

Fig. 3. Adenovirus efficiency of knockdown and
infection. (a) Plasminogen activator inhibitor-1 (PAI-
1) protein expression was decreased by adenovirus-
mediated PAI-1 siRNA in vitro. N, no adenovirus
infection; C, control targeted knockdown; K, PAI-1-
targeted knockdown. (b) Adenovirus infection was
confirmed by X-gal staining of peritoneal tumors
in vivo. (Original magnification ·20.) (c) Serum was
obtained 4 weeks after cancer cell injection and
serum PAI-1 and albumin were measured by western
blotting. Adenovirus-mediated PAI-1 RNAi decreased
PAI-1 expression. (d) Densitomtric analysis of serum
PAI-1 expression. Images were analyzed using
ImageJ 1.44p (developed by Wayne Rasband,
National Institutes of Health). Densitometry revealed
a significant reduction in PAI-1 expression. Data are
the mean ± SEM. *P < 0.05.

(a) (b)

(c) (d) (e)

Fig. 4. (a) Representative images of mice injected with adenovirus-mediated siRNA. Control, mice injected with control siRNA; Knockdown,
mice injected with plasminogen activator inhibitor-1 (PAI-1) knockdown siRNA. Arrows indicate peritoneal metastatic tumors. (b,c) There was a
tendency for the number of metastatic tumors (b) and total metastatic tumor volume in mice (n = 10) injected with PAI-1 RNAi adenovirus to be
less than that in the control group, but the differences failed to reach statistical significance (P = 0.09 and 0.07, respectively). (d,e) There were
significant reductions in the formation of bloody ascites (d) and tumor incidence (e) in the knockdown group compared with the control group.
Data are the mean ± SEM. *P < 0.05.
Host-derived PAI-1 is critical for in vivo angiogenesis and
growth, and PAI-1 produced by tumor cells did not overcome the
absence of PAI-1 in the host.(12) Nevertheless our ex vivo model
showed that PAI-1 knockdown of cancer cells reduced tumor
growth and angiogenesis in vivo, indicating that tumor cell-
derived PAI-1 is also critical for tumor angiogenesis and growth.
Previously, we reported that plasmid vector-mediated PAI-1
RNAi significantly decreased invasion ability and apoptosis.(19)

In the present study, PAI-1 knockdown did not affect the adhe-
sion of OCUM-2MD3 cells (data not shown). There was an occa-
sional mouse with a high number of nodules, as shown in
Figure 1(b), perhaps due to loss of knockdown because there was
Nishioka et al.
no selection pressure in vivo. We also noticed that tumor progres-
sion in the control group in the adenovirus experiments seemed
to be less than that in the ex vivo transfect experiments. We think
this could be due to the cytotoxic effect of the adenovirus.

Systemic chemotherapy is often used for gastric cancer
metastasis therapy. Although gastric cancer is a relatively
chemosensitive disease with response rates of 30–40%, results
of most classical chemotherapy have been unsatisfactory in
terms of survival rate.(21) When the combination of cisplatin and
5-fluorouracil was used in Phase II studies, the response
rate was 40%, but median survival was only 9 months.(22,23)

Moreover most chemotherapy does not achieve a better quality
Cancer Sci | February 2012 | vol. 103 | no. 2 | 231
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of life for patients. Thus, new approaches are needed. Many tar-
gets for cancer metastasis therapy have been identified and some
have been used in the development of drugs that are used in both
preclinical research and as clinical therapies.(1) Although clini-
cal studies of the MMP inhibitor marimastat,(24) a monoclonal
antibody against the integrin receptor,(25) a monoclonal antibody
against vascular endothelial growth factor-A,(26) and a Bcr-Abl
kinase inhibitor(27) have been useful, there are still some con-
cerns about improvements in survival for patients. The interest
in PAI-1 as a potential target for anticancer therapy stems from
the diverse biological effects of PAI-1 in different cell types.(28)

In patients with complete PAI-1 deficiency, the clinical manifes-
tations appear to be restricted to abnormal bleeding after
trauma.(29) Folkman(30) reported that one of the critical roles of
PAI-1 in tumor progression is angiogenesis mediated through
angiostatin, a circulating antiangiogenesis factor. Treatment of
metastatic cancer with angiostatin has been reported to be feasi-
ble in a clinical study.(31) These results and those of the present
study suggest that it may be possible to use PAI-1 RNAi for spe-
cific cases of anticancer therapy.
232
The present study shows for the first time that PAI-1 RNAi
in vivo effectively reduces gastric peritoneal metastasis. The
RNAi of PAI-1 effectively decreased tumor progression.
Although a more effective vector or carrier for the delivery of
RNAi remains to be discovered, these finding have important
implications for the clinical use of PAI-1 siRNA.
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