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Abstract

Background Semaphorin 5A, a member of the semaph-

orin family, was originally identified as an axonal guidance

factor functioning during neuronal development. Previ-

ously, we showed that the expression of semaphorin 5A

might contribute to the metastasis of gastric cancer.

However, less information is currently available as to the

involvement of uPA in the semaphorin 5A-induced

metastasis and invasion of gastric cancer cells.

Aim The present study was designed to test whether

semaphorin 5A mediates the invasion and metastasis of

gastric cancer via PI3K/Akt/uPA signaling.

Methods The semaphorin 5A-overexpressing cell was

established from the gastric cancer cell line AGS. The

effect of semaphorin 5A on the expression of uPA was

evaluated by ELISA and Western blotting as well as RT-

PCR assays, respectively. Synthetic or natural inhibitors

and dominant-negative mutants were used to determine the

hierarchical relationship between semaphorin 5A, PI3K/

Akt and uPA in the invasion and metastasis of gastric

cancer.

Results Overpression of semaphorin 5A enhanced the

expression of uPA, and synthetic or natural inhibitors of

uPA abolished semaphorin 5A-induced cell migration and

invasion. Semaphorin 5A overexpression promoted the

phosphorylation of Akt. Blocking effects of PI3K/Akt

using pharmacologic inhibitors, dominant-negative

mutants abolished the ability of semaphorin 5A to induce

uPA expression and cell invasion and migration.

Conclusion Semaphorin 5A could promote invasion and

metastasis of gastric cancer through the PI3K/Akt/uPA

signal transduction pathway. Semaphorin 5A and its reg-

ulated molecules could be the potential targets for cancer

therapy.
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Introduction

Gastric carcinoma is one of the most frequent causes of

cancer-related deaths in the world, and current treatment

options have made little impact on the overall survival rate

[1, 2]. Most gastric cancer patients have metastatic disease

at the time of diagnosis with an extremely poor prognosis

[3]. Therefore, further understanding the molecular mech-

anism(s) of gastric cancer may provide an insight into the

development of novel diagnostics and targeted therapeutics.

The semaphorin represents a large family of genes that

currently contain more than 30 members, characterized by

a conserved sema domain of 500 amino acids. Based on

sequence similarity and distinctive structural features, these

genes have been grouped into eight subclasses (1–8) [4].

Semaphorin 5A belongs to class 5 of the semaphorin

family, and is an integral membrane protein with seven

characteristic thrombospondin specific repeats (TSP-1),

which was originally identified as axonal guidance factor

functioning during neuronal development [5, 6]. Our pre-

vious data have demonstrated that semaphorin 5A was

overexpressed in gastric cancer tissues, indicating a pos-

sible role for semaphorin 5A in occurrence and develop-

ment of gastric cancer [7, 8]. In a recent study, we also

found that semaphorin 5A enhances the invasion and

metastasis of human gastric cancer through activation of

MMP9 [9]. However, further analysis of the semaphorin

5A-induced signaling pathway was expected to provide us

with a better understanding of the activity of semaphorin

5A, and also on the mechanisms underlying the invasion

and subsequent metastasis of gastric cancer cells.

A critical event in tumor invasion and metastasis is the

ability of tumor cells to invade through the extracellular

matrix (ECM), allowing tumor cells to move beyond the

confines of the primary tumor environment [10]. At present,

it has been established that tumor cell invasion through ECM

and tissue barriers requires the combined effects of increased

cell migration and regulated proteolytic degradation of

matrix. Urokinase-type plasminogen activators (uPAs) are

well identified to mediate the abnormal matrix remodeling

occurring during human cancer progression. Such a system

generates plasmin activity from plasminogen and provides

the necessary conditions for tumor cells to invade the sur-

rounding tissues, thus promoting metastasis development. In

addition, more recent studies indicate that the PI3K/Akt

pathway participates in the activation of many human tumors

[11, 12]. Therefore, in this study, we investigated the possible

involvement of uPA in semaphorin 5A-induced signaling,

and also analyzed their relationship to the PI3K–Akt path-

way. Our data presented the first evidence that overexpres-

sion of semaphorin 5A was sufficient to induce increases in

gastric cancer cell migration and invasion by inducing uPA

expression via activation of the PI3K/Akt pathway.

Materials and Methods

Cell Culture and Transfection

The gastric cancer cell line AGS was maintained in DMEM

(GIBCO, Carlsbad, CA, USA) containing 10 % heat inac-

tivated fetal bovine serum (FBS), 100 U/ml of penicillin and

100 lg/ml of streptomycin at 37 �C in a humidified atmo-

sphere of 5 % CO2 and 95 % air. Expression constructs were

prepared using pcDNA3.1 vectors and transfected into cells

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Transfected cells were selected by using 3 mg/ml G418

sulfate. Heterogeneous populations of stably transfected

cells were used in this study to avoid any possible clonal

variations.

RT-PCR Analysis

Total RNA was extracted from specimens using Trizol

reagent (Invitrogen). After RNA was quantified, cDNA

was synthesized from 5 lg of total RNA according to the

manufacturer’s guidelines in a total volume of 20 ll

(Fermentas Maryland, USA). Primers used for RT-PCR

were as follows: uPA-f, 50-CACGCTTGCTCACCACA-30,
and uPA-r, 50-CTTCAGGGCACATCCAC-30; b-actin-f,

50-CACGCACGATTTCCCGCTCGG-30, and b-actin-r,

50-CAGGCTGTGCTATCCTGTAC-30. The PCR was per-

formed at 94 �C for 5 min followed by 30 cycles at 94 �C

for 30 s, 57 �C for 30 s, and 72 �C for 40 s with a PCR

Thermal Cycler Dice (Takara, Otsu, Japan). b-actin was

used as an internal control.

Western Blotting Analysis

The cells were homogenized in lysis buffer. Equal amounts of

protein were subjected to 10 % SDS–polyacrylamide gel

electrophoresis, and transferred to polyvinylidene difluoride

(PVDF) membrane. The membranes were blocked with 5 %

nonfat milk and incubated with primary antibody (Ab). After

three washes for 15 min in tris-buffered saline (TBS) sup-

plemented with 0.1 % Tween 20 (TBST), the membranes

were incubated with horseradish peroxidase conjugated rab-

bit anti-mouse secondary Ab, followed by enhanced chemi-

luminescence (KPL, Gaithersburg, USA). Primary antibodies

against semaphorin 5A, uPA, Akt and b-actin were applied at

the optimized concentrations (Santa Cruz Biotechnology).

ELISA Analysis

The supernatant of the examined cells was centrifuged for

10 min at 2,0009g then collected and stored in -80 �C

until use. In order to activate the samples, 100 ll of each

sample were incubated with 20 ll of 1 N HCl for 10 min at
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room temperature. The sample was then neutralized by

adding 20 ll of 1.2 N NaOH/0.5 mol/l HEPES. Active

uPA level was measured by ELISA kit (QuantikineTM,

R&D, Minneapolis, MN, USA) according to the instruc-

tions of the manufacturer.

Cell Motility Assay

Gastric cancer cell motility was assessed using a wound

healing assay. The examined cells (5 9 104/well) were

seeded in a six-well plate coated with fibronectin and

cultured until confluent to get cell monolayers, which were

then carefully wounded using sterile pipette tips, and any

cellular debris was removed by washing with PBS. Photos

were captured at 0, 24 and 36 h after wounding.

Cell Migration and Invasion Assay

To determine the migration ability, the examined cells

were plated on cell culture inserts uncoated with Metrigel

in 24-well plates (8-lm pore size; Becton–Dickinson

Labware) in serum-free medium, and 700 ll of DMEM

containing 10 % bovine serum was added into the lower

compartment. The invasion assay was similar to the

migration procedure described above, except that the upper

side of the membranes was coated with a uniform thickness

of 50 lg Matrigel for 1 h at room temperature before

experiment. In some inhibitory experiments, inhibitors and

Ab were also added to the upper chambers. The cells were

allowed to invade for 24 h at 37 �C in a 5 % CO2

humidified incubator. Next, the cells were removed from

the upper surface of the filter with the cotton swab, and the

cells that had invaded the bottom surface of the filter were

fixed with methanol and stained with hematoxylin. The

invasiveness was determined by counting the penetrating

cells under a microscope at 2009 magnification on ten

random fields in each well.

Tail Vein Metastatic Assay

Female athymic Balb/c nude mice (Slac Laboratory Ani-

mal Co. Ltd., Shanghai, China) were used in the metastasis

model and housed in individually ventilated cages of iso-

lated ventilation. The use of animals in this study complies

with the Guide for the Care and Use of Laboratory Animals

(National Institutes of Health [NIH] publication no. 86-23,

revised 1985) and the current Chinese law on the protection

of animals. Cells were harvested from tissue culture flasks

using trypsin and washed three times with PBS. Mice were

injected with 1 9 106 cells in 0.1 ml PBS through the tail

vein. The mice were then monitored for overall health and

total body weight. At the end of the experiment (the 23rd

day), mice were sacrificed. The liver tissues were observed

with the naked eye and the number of visible tumors in

liver surface was counted. Liver tissues were made into

serial sections before being HE dyed and observed under a

light microscope. Each experimental group contained five

mice.

Statistical Analysis

All experiments were performed at least three times, and

the results were from representative experiments. The

results were presented as mean ± SD. The data were

analyzed by ANOVA. The statistical analysis was done

using SPSS 11.0 software (SPSS) and P \ 0.05 was con-

sidered significantly.

Results

Overexpression of Semaphorin 5A Promotes Motility,

Migration, Invasion, and In Vivo Metastasis Abilities

of Gastric Cancer Cells

To further demonstrate the roles of semaphorin 5A in

invasiveness and metastasis of gastric cancer cells, AGS

cells were infected with pcDNA3.1 to overexpress sem-

aphorin 5A. After 9 days of infection, semaphorin 5A

protein was detected to be expressed at a high level

(Fig. 1a). Additionally, AGS cells infected with vector

were used as a control group. The effect of semaphorin 5A

on the motility capability of AGS cells was analyzed using

a wound healing assay. As shown in Fig. 1b, c, when

transfected with semaphorin 5A, cell flattening and

spreading along the edges of the wound was enhanced

compared with control. Similarly, the migration ability of

the AGS cells was promoted when transfected with sem-

aphorin 5A (Fig. 2a, b). A modified Transwell chamber

assay was performed to determine the effect of semaphorin

5A on the ability of AGS cells invading biological matrices

in vitro. As shown in Fig. 2a, c, when transfected with the

semaphorin 5A gene, the cells invading capabilities

through the filter coated with Matrigel were increased by

200.28 % (P \ 0.001) compared with the control. The tail

vein metastatic assay in nude mice was further adopted to

examine the in vivo metastatic ability of AGS cells when

transfected with semaphorin 5A. Compared with control

cells, i.v. inoculation of AGS cells transfected with sem-

aphorin 5A led to significantly visible tumors in liver

surface (Fig. 2d). Those results indicate that overexpres-

sion of semaphorin 5A was sufficient to increase the

motility, migration, invasion and metastasis of gastric

cancer cells.
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Semaphorin 5A Up-Regulates the Expression of uPA

in Gastric Cancer Cells

We explored the expression of uPA to determine the

cellular components involved in semaphorin 5A-induced

invasion and metastasis. As shown in Fig. 3a, b, the

overexpression of semaphorin 5A in AGS cells essentially

led an increase in the expression of uPA protein and

mRNA, as demonstrated by using Western blotting, ELISA

and RT-PCR assays, respectively, indicating that semaph-

orin 5A up-regulates the expression of uPA in gastric

cancer cell. As semaphorin 5A promoted cell motility,

migration, and invasion in vitro, we propose that

semaphoring 5A may indirectly up-regulate the expression

of uPA.

uPA Mediates Semaphorin 5A-Induced Migration

and Invasion

To determine the role of uPA in the invasiveness and migration

of gastric cancer cell mediated by semaphorin 5A, the cells

were preincubated with anti-uPA Ab and aprotinin, a specific

inhibitor of plasmin activity, respectively, and then subjected

to migration and invasion assays. The data shown in Fig. 3c, d

showed that the preincubation of uPA antibodies significantly

abolished semaphorin 5A-induced increases in gastric cancer

Fig. 1 Effect of semaphorin 5A

overexpression on the motility

of gastric cancer cells. AGS

cells were infected with

semaphorin 5A and vector,

respectively. a The expression

of semaphorin 5A was analysed

by Western blotting and the

b-actin band served as a protein

control. b Semaphorin 5A

promotes the wound healing

ability of AGS cells.

c Statistical plot of motility of

assay. *P \ 0.01 versus control
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cell migration and invasion. Similar results were observed

when the assay was conducted in the presence of aprotinin

(Fig. 3c, d). These results indicate that uPA activity is required

for semaphorin 5A-induced cell invasion and migration.

PI3K/Akt Pathway Was Involved in Gastric Cancer

Invasion

To determine whether this pathway is required for semaphorin

5A-induced invasion and migration of gastric cancer cells, the

cells were preincubated with LY294002 (LY), an inhibitor of

PI3K and Akt-inhibitor (Akt-I), and then subjected to migration

and invasion assays. Experimental results showed that the

addition of any of these inhibitors could abolish semaphorin

5A-induced increases in gastric cancer cell migration and

invasion (Fig. 4a, b). We examined the effect of semaphorin 5A

on the phosphorylation of Akt, a major downstream target of

PI3K, to further confirm this pathway involved.

Figure 4c showed that overexpressing semaphorin 5A

enhanced the phosphorylation of Akt, that is, activated Akt.

Fig. 2 Effects of semaphorin

5A overexpression on the

migration, invasion and

metastasis of gastric cancer

cells. a Semaphorin 5A

promotes the migration and

invasion of AGS cells.

b Statistical plot of migration of

assay. c Statistical plot of

invasion of assay. d Semaphorin

5A promotes the metastasis of

AGS cells in vivo. *P \ 0.01

versus control

Dig Dis Sci (2013) 58:2197–2204 2201

123



Those results taken together, it could be possible that

activation of PI3K/Akt was essential for semaphorin 5A-

induced gastric cancer cell migration and invasion.

PI3K/Akt Act Upstream of uPA

Western blotting and ELISA assays were used to analyze

the expression of uPA in the cells treated with LY294002,

Akt-I, which further characterized the signal transduction

mechanisms involved in gastric cancer cell migration and

invasion induced by semaphorin 5A.

Figure 4d, e showed that preincubation of the cells with the

PI3K inhibitor LY294002 clearly reduced the effect of sem-

aphorin 5A on uPA activation. The same result was obtained

with Akt-I treatment (Fig. 4e, f). These findings suggest that

PI3K/Akt has a specific role in semaphorin 5A-induced

expression of uPA. To further confirm this possibility, PTEN,

a tumor suppressor protein blocking PI3K-induced signaling,

was cotransfected with semaphorin 5A. Like LY294002, this

Fig. 3 Semaphorin 5A

promotes the migration and

invasion of AGS cells by

inducing uPA. a, b Semaphorin

5A up-regulates the expression

of uPA, as demonstrated by

Western blotting and Elisa as

well as RT-PCR assays,

respectively. c, d Anti-uPA

antibody and aprotinin suppress

semaphorin 5A-induced

migration and invasion of AGS

cells. *P \ 0.01 versus control;
#P \ 0.05 versus control
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treatment suppressed semaphorin 5A, increasing uPA activity

and cell invasion (data not shown). Furthermore, the effects of

PTEN were mimicked by the dominant-negative mutant of

Akt (Akt-M) (data not shown), suggesting that PI3K and Akt

are involved in semaphorin 5A-induced uPA expression.

Discussion

The invasion of cancer cells is one of the fundamental steps

in the metastatic process. Highly invasive cancer cells are

capable of passing through matrix membranes, yet the

molecular events involved in these mechanisms have not

been well identified. Therefore, understanding the molec-

ular mechanism(s) regulating gastric cancer metastasis is a

major objective of cancer research. In the present study, we

presented the first evidence that semaphorin 5A could

promote invasion and metastasis of gastric cancer by reg-

ulating uPA expression, at least partially, via the PI3K/Akt

signal transduction pathway. These findings significantly

advance our understandings of the semaphorin 5A-induced

signaling processes that result in the migration and inva-

sion of gastric cancer cells.

Semaphorin 5A is a member of the semaphorin family

but has received scant attention as compared with other

semaphorin family members. Consequently, only limited

information is available about its physiologic role and

modes of action in human tumors. Although our previous

work revealed that semaphorin 5A might contribute to the

development and progression of gastric carcinoma [4],

the exact mechanism(s) by which semaphorin 5A enhances

the invasion and metastasis of gastric cancer

remain(s) unclear.

In order to penetrate into neighboring tissues and metas-

tasize to distant organs, cancer cells require the motility and

degradation of the ECM. Under this condition, certain types of

ECM-degrading enzymes play a critical role in promoting the

migration and subsequent metastasis of cancer cells [13–15].

A well-characterized example of such enzymes is the uPA, a

serine proteinase which is overexpressed in many human

cancers in a manner associated with their malignancy [16, 17].

Therefore, we hypothesized that the stimulatory effect of

Fig. 4 Semaphorin 5A

promotes the migration and

invasion of AGS cells through

the PI3K/Akt/uPA pathway. a,

b The treatment of LY, Akt-I

abolishes semaphorin 5A-

induced migration and invasion

of AGS cells. c Semaphorin 5A

enhances the phosphorylation of

Akt, as demonstrated by

Western blotting. d–f The

treatment of LY, Akt-I reduces

semaphorin 5A-induced uPA

expression, as demonstrated by

Western blotting and Elisa

assays, respectively. *P \ 0.01

versus control; #P \ 0.05 versus

control
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semaphorin 5A on tumor invasion and migration is associated

with the expression of uPA. The present work demonstrated

that, after being transfected with the semaphorin 5A gene,

expression of uPA in AGS cells at mRNA and protein levels

was up-regulated. Furthermore, we also found that the sem-

aphorin 5A-induced cell invasion and migration were strongly

blocked by the uPA inhibitor and Ab against uPA. These data

suggest that semaphorin 5A may promote the migration and

invasion of gastric cancer cells by uPA expression.

The PI3K/Akt pathway has been demonstrated to be an

important mediator of tumor cell invasion and migration

[11, 12]. Therefore, we wonder whether the PI3K/Akt

pathway is responsible for the migration and invasion of

gastric cancer cells and expression of uPA induced by

semaphorin 5A. In the present study, we found that sem-

aphorin 5A overexpression elevated Akt phosphorylation,

and that the addition of LY294002 and Akt-I reduced the

ability of semaphorin 5A to induce uPA, and abolished

semaphorin 5A-induced the migration and invasion of

gastric cancer cells. Furthermore, we also found that

semaphorin 5A failed to promote uPA expression and cell

migration and invasion when PTEN was cotransfected with

semaphorin 5A in AGS cells, and that the effects of PTEN

were mimicked by the dominant-negative mutant of Akt.

Taken together, the results demonstrate that a PI3K/Akt/

uPA pathway is involved in semaphorin 5A-induced

migration and invasion of gastric cancer cells.

To our knowledge, this is the first time it has been revealed

that semaphorin 5A enhances the invasion and metastasis of

gastric cancer through the PI3K/Akt/uPA pathway, which

not only displays a novel function of semaphorin 5A outside

the nervous system but adds more weight to our knowledge

of semaphorin 5A. Most importantly, since gastric cancer is

one of the most risky cancers, this study may provide some

useful information for the development of biomarkers in the

clinical diagnosis and also for the design for an appropriate

therapeutical strategy of gastric cancer.
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