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Abstract

Background Prospero homeobox 1 (PROX1) functions as

a tumor suppressor gene or an oncogene in various cancer

types. However, the distinct function of PROX1 in gastric

cancer is unclear. We determined whether PROX1 affected

the oncogenic behavior of gastric cancer cells and inves-

tigated its prognostic value in patients with gastric cancer.

Methods A small interfering RNA against PROX1 was

used to silence PROX1 expression in gastric cancer cell

lines AGS and SNU638. Expression of PROX1 in gastric

cancer tissues was investigated by performing immuno-

histochemistry. Apoptosis, proliferation, angiogenesis, and

lymphangiogenesis were determined by performing the

TUNEL assay and immunohistochemical staining for Ki-

67, CD34, and D2-40.

Results PROX1 knockdown induced apoptosis by acti-

vating cleaved caspase-3, caspase-7, caspase-9, and

poly(ADP-ribose) polymerase, and by decreasing the

expression of anti-apoptotic proteins Bcl-2 and Bcl-xL.

PROX1 knockdown also suppressed tumor cell prolifera-

tion. In addition, PROX1 knockdown decreased lymphatic

endothelial cell invasion and tube formation and the

expression of vascular endothelial growth factor (VEGF)-C

and -D and cyclooxygenase (COX)-2. However, PROX1

knockdown only decreased umbilical vein endothelial cell

invasion, not tube formation. The mean Ki-67 labeling

index and lymphatic vessel density value of PROX1-pos-

itive tumors were significantly higher than those of

PROX1-negative tumors. However, no significant differ-

ence was observed between PROX1 expression and apop-

totic index or microvessel density. PROX1 expression was

significantly associated with age, cell differentiation,

lymph node metastasis, cancer stage, and poor survival.

Conclusions These results indicate that PROX1 mediates

the progression of gastric cancer by inducing tumor cell

proliferation and lymphangiogenesis.
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Introduction

Gastric cancer is one of the major causes of cancer-related

morbidity and mortality worldwide. Despite much pro-

gress in therapeutic techniques for treating gastric cancer,

clinical outcomes in patients with advanced gastric cancer

are poor, with cancer metastasis being the major cause of

cancer-related morbidity and mortality [1, 2]. Studies

investigating molecular and biochemical changes in gas-

tric cancer indicate that metastasis of gastric cancer is a

complex process caused by mutations that alter the

functions of proto-oncogenes and tumor suppressor genes,

resulting in deregulated proliferation and differentiation

of cells, inhibition of apoptosis, increased invasiveness,
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perturbation of cell adhesion, promotion of angiogenesis,

and inhibition of immune surveillance [3–6].

Homeobox genes encode transcription factors that con-

trol cell proliferation, differentiation, and morphogenesis

during embryonic development [7]. Prospero homeobox 1

(PROX1) is a homeobox gene that is related to the Dro-

sophila prospero gene and plays a critical role in deter-

mining cell fate during the development of various organs,

including neuronal differentiation in the central nervous

system, elongation of lens fibers, migration of hepatocytes,

differentiation of retinal cells, stabilization of myocardial

actin, pancreatic growth, and induction of lymphatic

endothelial cells [8].

PROX1 is aberrantly expressed in various human can-

cers, suggesting its role in carcinogenesis [8]. PROX1

plays multifunctional roles in human cancers and acts as a

tumor suppressor gene or an oncogene based on the

cancer type, thus exerting variable effects on cell prolif-

eration and differentiation [8]. Decreased expression of

PROX1 is observed in pancreatic cancers, hepatocellular

carcinomas, sporadic breast cancers, and biliary carcino-

mas, indicating that PROX1 plays a tumor-suppressive

role in these cancers [9–12]. In contrast, overexpression

of PROX1 is observed in colorectal cancers, endothelial

tumors, and gliomas, indicating that PROX1 promotes the

progression of these cancers [13–16]. These data suggest

that PROX1 could be a potential molecular target for

treating human cancers. However, it is unclear whether

PROX1 exerts tumor-suppressive or oncogenic effects in

gastric cancer.

The present study investigated the possible role of

PROX1 in gastric carcinogenesis and examined its corre-

lation with the clinicopathological features of gastric can-

cer, including prognosis.

Materials and methods

Cell lines, culture, and siRNA transfection

Human gastric cancer cell lines AGS and SNU638 (ATCC,

Manassas, VA, USA) were grown in RPMI-1640

(HyClone, Loan, UT, USA) supplemented with 10 % fetal

bovine serum and antibiotics. Transfection of cells with

PROX1 siRNA (BIONEER, Daejeon, Korea) and scram-

bled siRNA (Qiagen, Germantown, MD, USA) was per-

formed using LipofectamineTM RNAiMAX (Invitrogen,

Carlsbad, CA, USA), according to the manufacturer’s

recommendations. Human umbilical vein endothelial cells

(HUVECs; Lonza, Walkersville, MD, USA) and human

lymphatic endothelial cells (HLECs; Sciencell, San Diego,

CA, USA) were cultured in EBMTM-2 supplemented with

EGMTM-2 SingleQuotTM Kit (Lonza).

Western blotting

Cell lysates were prepared by sonicating cells in RIPA�

reagent (Thermo, Rockford, IL, USA) for 15 s. Proteins

were separated by performing sodium dodecyl sulfate–

polyacrylamide gel electrophoresis and were electrotrans-

ferred onto a PVDF membrane (Millipore, Billerica, MA,

USA). Specific proteins were detected using an enhanced

chemiluminescence western blotting kit (Millipore) and a

luminescent image analyzer LAS-4000 (Fujifilm, Tokyo,

Japan). Antibodies against the following proteins were

used in this study: human PROX1 (OriGene, Rockville,

MD, USA); cleaved caspases (caspase-3, caspase-7, and

caspase-9) and poly(ADP-ribose) polymerase (PARP), Bcl-

2, Bcl-xL, Bax, Bid, hypoxia-inducible factor-1a (HIF-1a),
E-cadherin, zonula occludens-1 (ZO-1), snail, vimentin,

extracellular signal-regulated kinase (ERK), phosphory-

lated ERK, p38, phosphorylated p38, c-Jun NH2-terminal

kinase (JNK), phosphorylated JNK, phosphorylated ERK1/

2, phosphorylated b-catenin, and b-catenin (Cell Signaling,

Danvers, MA, USA); vascular endothelial growth factor-A

(VEGF-A), VEGF-C, VEGF-D, cyclooxygenase-2 (COX-

2), and b-tubulin (Santa Cruz Biotechnology, CA, USA);

and endostatin, angiostatin, matrix metalloproteinase-2

(MMP-2), and MMP-9 (Abcam, Cambridge, UK).

Cell proliferation assay

Proliferation of transfected cells was assessed using water-

soluble tetrazolium salt (WST-1; Daeil Lab Inc., Seoul,

Korea). Transfected cells were seeded at a density of

1 9 104 cells/well in 96-well plates, incubated overnight,

and treated with WST-1 at 37 �C. Cell proliferation was

assessed by measuring the absorbance at 450 nm using a

microplate reader.

Flow cytometric analysis

Transfected cells were detached by trypsinization, washed

with PBS, and resuspended in binding buffer (BD Bio-

sciences, San Diego, CA, USA). Cell suspensions were

stained with APC Annexin V and 7-amino-actinomycin D

(BD Biosciences) for 20 min at RT. Apoptotic cells were

analyzed using BD Cell Quest� version 3.3 (Becton,

Dickinson and Company, San José, CA, USA) and

WinMDI version 2.9 (The Scripps Research Institute, San

Diego, CA, USA).

Matrigel invasion assay

For the Matrigel invasion assay, HUVECs and HLECs

were inoculated in the upper chamber of a 1 mg/ml

Matrigel-coated Transwell chamber (8-lm pore; Corning
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Costar, Corning, NY, USA). The lower chamber was filled

with cell-free conditioned media (CM) from transfected

AGS and SNU638 cells. After incubating for 16 h, cells

invading the lower surface of the Matrigel-coated Tran-

swell membrane were stained with Diff-Quik (Sysmex,

Kobe, Japan) and counted.

In vitro endothelial tube formation assay

HUVECs and HLECs were trypsinized, seeded in Matrigel

(BD Bioscience)-coated 96-well plates, and incubated with

cell-free conditioned media (CM) from transfected AGS

and SNU638 cells for 16 h. Degree of tube formation was

photographed using an inverted microscope and calculated

using the WIMTube image analysis platform (WIMASIS

GmbH, Munich, Germany).

Cell adhesion assay

Cell adhesion assay was conducted by coating a 96-well plate

with fibronectin, collagen I, and collagen IV. Nonspecific

binding sites in the plate were blocked using 0.2 % bovine

serum albumin (BSA) in PBS. SiRNA-transfected AGS and

SNU638 cells cultured in serum-freemedia were plated in the

coated 96-well plate and incubated for 15 min. Nonadherent

cells were removed by gentle agitation, and adherent cells

were assessed by performing the WST-1 assay.

Transwell migration assay

The in vitro migratory potential of the gastric cancer cells

was examined using 24-well Transwell plates containing

polycarbonate filter inserts with a pore size of 8 lm
(Corning Costar). SiRNA-transfected AGS and SNU638

cells cultured in 0.2 % BSA were plated in the upper

chamber of non-coated Transwell plates, and the lower

chamber was filled with 10 % BSA. After incubation for

16 h, cells that had migrated to the lower membrane were

stained with Diff-Quik and counted.

Immunohistochemical analysis

For immunostaining, paraffinized sections of tumor tissues

from patients were dewaxed and were gradually rehy-

drated. Endogenous peroxidase activity was blocked using

a peroxidase-blocking solution, and the sections were

incubated with polyclonal rabbit anti-human PROX1

(Santa Cruz Biotechnology), anti-Ki-67 (Dakopatts,

Glostrup, Denmark), anti-CD34 (Abcam), and anti-D2-40

(Dakopatts) antibodies. The sections were then stained

using a Dako RealTM Envision HRP/DAB detection system

(Dako Cytomation, Glostrup, Denmark) and were coun-

terstained using Mayer’s hematoxylin (Sigma–Aldrich, St.

Louis, MO, USA).

Patients and tumor specimens

Paraffin-embedded tissue samples used in this study were

obtained from 327 consecutive patients with gastric cancer

who underwent surgery between January 1999 and

December 2000 at the Chonnam National University

Hwasun Hospital (Jeonnam, Korea). None of the patients

received preoperative chemotherapy or radiotherapy.

Clinicopathological parameters at the time of the surgery

were retrieved from medical records. Tumor staging was

performed in accordance with the American Joint Com-

mittee on Cancer staging system [17]. Survival was mea-

sured from the time of surgery until follow-up on

December 31, 2013. This study was approved by the

Institutional Review Board of the Chonnam National

University Hwasun Hospital. Also, ethical approval was

obtained from the Institutional Review Board of the

Chonnam National University Hwasun Hospital.

Evaluation of PROX1 expression

Immunostaining score of PROX1 was evaluated by 2

observers who were blinded to the clinicopathological

data, and the score was determined by multiplying the

stained area with the intensity. Stained area was graded on

a scale of 0–3: 0, none; 1, \10 %; 2, 10–50 %; and 3,

[50 %. Staining intensity was also graded on a scale of

0–3: 0, no staining of cancer cells; 1, weak staining of

cancer cells; 2, moderate staining of cancer cells; and 3,

strong staining of cancer cells. Samples with a total score

of C6 were designated PROX1-positive samples, while

those with a total score of\6 were designated PROX1-

negative samples.

Determination of tumor cell proliferation

and apoptosis

Proliferation of tumor cells was determined by immunos-

taining with anti-Ki-67 antibody. Ki-67 labeling index (KI)

was defined as the number of Ki-67-positive nuclei per

1000 tumor cell nuclei. Apoptotic cells were detected using

the DeadEndTM colorimetric terminal deoxynucleotidyl

transferase dUTP nick-end labeling (TUNEL) system

(Promega, Madison, WA, USA), according to the manu-

facturer’s instructions. Apoptotic index (AI) was expressed

as the number of TUNEL-positive nuclei containing an

apoptotic body per 1000 tumor cell nuclei.
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Determination of microvessel and lymphatic vessel

densities

Microvessel density (MVD) and lymphatic vessel density

(LVD) were measured using samples that yielded positive

results for anti-CD34 and anti-D2-40 antibodies, respec-

tively. To assess MVD and LVD, immunostained vessels

were scanned under low magnification (409), and areas

showing the highest concentrations of vessels (hot spots) in

the tumor and peritumoral parenchyma were selected. Hot

spots were chosen for each sample, and 5 hot spots were

examined under high magnification (2009). MVD and

LVD are expressed as the mean of vessels from 3 hot spots.

Statistical analysis

The relationship between PROX1 expression and various

clinicopathological parameters was assessed using the chi

square (v2) test and Fisher’s exact test. Differences in patient
survival were estimated using theKaplan–Meier method and

were analyzed using the log-rank test. Survival data were

evaluated using multivariate Cox regression analysis. The

relationship between PROX1 expression and KI, AI, MVD,

and LVD was evaluated using Student’s t-test. All statistical

analyses was conducted using the Statistical Package for the

Social Sciences (SPSS/PC ? version 15.0; Chicago, IL,

USA), and P B 0.05 was considered statistically significant.

Results

PROX1 knockdown induces the apoptosis of human

gastric cancer cells

We used PROX1 siRNA-transfected cells to evaluate the

impact of PROX1 knockdown on the oncogenic behavior

of human gastric cancer cells. Transfection of cells with

PROX1 siRNA decreased both mRNA and protein

expression of PROX1 (data not shown). We performed

flow cytometric analyses to evaluate the impact of PROX1

knockdown on apoptosis. Transfection of AGS and

SNU638 cells with PROX1 siRNA increased the proportion

of early apoptotic cells compared with the transfection of

these cells with scrambled siRNA (33.7 vs. 23.3 % and

12.9 vs. 8.2 %, respectively; Fig. 1a). We investigated

caspase activities to determine the activation of caspases,

the key enzymes of apoptosis, after PROX1 knockdown.

Expression of cleaved caspase-3, caspase-7, caspase-9, and

PARP was upregulated in AGS and SNU638 cells after

PROX1 knockdown (Fig. 1b). We further examined whe-

ther PROX1 knockdown-induced apoptosis was associated

with the modulation of apoptosis-regulatory proteins. We

observed that PROX1 knockdown decreased the expression

of anti-apoptotic proteins Bcl-2 and Bcl-xL but did not

alter the expression of pro-apoptotic proteins Bax and Bid

(Fig. 1c).

PROX1 knockdown inhibits the proliferation

of human gastric cancer cells

To determine the effects of PROX1 on cell proliferation,

we performed a cell proliferation assay on days 1, 2, 3, and

4 after the transfection of cells with PROX1 siRNA. The

proportion of proliferating cells, as determined by mea-

suring absorbance, was significantly lower among PROX1

siRNA-transfected AGS cells than among scrambled

siRNA-transfected AGS cells on days 2, 3, and 4

(P = 0.047, P = 0.001, and P = 0.001, respectively), and

was significantly lower among PROX1 siRNA-transfected

SNU638 cells than among scrambled siRNA-transfected

SNU638 cells on day 4 (P = 0.013; Fig. 1d).

Impact of PROX1 knockdown on the angiogenesis

of human gastric cancer cells

To evaluate the effect of PROX1 on the angiogenesis of

HUVECs, we performed Matrigel invasion and tube for-

mation assays by using conditioned media (CM) from

PROX1 and scrambled siRNA-transfected AGS and

SNU638 cells. Invasion of HUVECs cultured in CM from

PROX1 siRNA-transfected AGS and SNU638 cells was

significantly decreased compared with that of HUVECs

cultured in CM from scrambled siRNA-transfected AGS

and SNU638 cells (P = 0.017 and P = 0.010, respec-

tively; see 1a in the Electronic supplementary material,

ESM). However, CM from PROX1 siRNA-transfected

AGS and SNU638 cells did not inhibit the formation of

endothelial tubes compared with CM from scrambled

siRNA-transfected AGS and SNU638 cells (P = 0.098 and

bFig. 1 PROX1 knockdown induces the apoptosis and inhibits the

proliferation of human gastric cancer cells. a The proportion of early

apoptotic cells was higher among PS-transfected AGS and SNU638

cells than among SS-transfected AGS and SNU638 cells (33.7 vs.

23.3 % and 12.9 vs. 8.2 %, respectively). b Expression of total and

cleaved caspase-3, caspase-7, caspase-9, and PARP. PROX1 knock-

down increased the expression of cleaved caspase-3, caspase-7,

caspase-9, and PARP. c Expression of apoptosis regulatory proteins.

PROX1 knockdown decreased the expression of anti-apoptotic

proteins Bcl-2 and Bcl-xL but did not alter the expression of pro-

apoptotic proteins Bax and Bid. Results are representative of 3

independent experiments. d PROX1 knockdown inhibits the prolif-

eration of human gastric cancer cells. The proportion of proliferating

cells, as determined by measuring absorbance, was significantly lower

among PS-transfected AGS cells than among SS-transfected AGS

cells on days 2, 3, and 4 (P = 0.047, P = 0.001, and P = 0.001,

respectively), and was significantly lower among PS-transfected

SNU638 cells than among SS-transfected SNU638 cells on day 4

(P = 0.013). SS scrambled siRNA; PS PROX1 siRNA; PARP

poly(ADP-ribose) polymerase
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P = 0.255, respectively; ESM 1b). PROX1 knockdown

decreased the expression of the angiogenic inducers HIF-

1a (in all the tested cells) and VEGF-A (in AGS cells), but

did not alter the expression of the angiogenic inhibiters

endostatin and angiostatin (in all the tested cells; ESM 1c).

Impact of PROX1 knockdown

on the lymphangiogenesis of human gastric cancer

cells

To evaluate the effects of PROX1 on the lymphangiogen-

esis of HLECs, we performed Matrigel invasion and tube

formation assays using CM from PROX1 and scrambled

siRNA-transfected AGS and SNU638 cells. Invasion and

tube formation of HLECs cultured in CM from PROX1

siRNA-transfected AGS (P = 0.034 and P = 0.022,

respectively) and SNU638 cells (P = 0.020 and P = 0.037

respectively) were significantly decreased compared with

those of HLECs cultured in CM from scrambled siRNA-

transfected cells (Fig. 2a, b). PROX1 knockdown

decreased the levels of the lymphangiogenic inducers

VEGF-C, VEGF-D, and COX-2 in all of the tested cells

(Fig. 2c).

Impact of PROX1 knockdown on epithelial

to mesenchymal transition of human gastric cancer

cells

We performed cell adhesion and migration assays to

investigate the relationship between PROX1 and epithelial

to mesenchymal transition (EMT) in human gastric cancer

cells. The cell adhesion ability of siRNA-transfected cells

was measured using 3 cell adhesion substrates: fibronectin,

collagen I, and collagen IV. PROX1 siRNA-transfected

AGS cells showed higher adhesion to collagen I and col-

lagen IV than scrambled siRNA-transfected AGS cells

(P = 0.012 and P = 0.001, respectively), and PROX1

siRNA-transfected SNU638 cells showed higher adhesion

to fibronectin, collagen I, and collagen IV (P = 0.013,

P = 0.018, and P = 0.019, respectively; Fig. 3a) than

scrambled siRNA-transfected SNU638 cells. The number

of migratory cells was significantly lower among the

PROX1 siRNA-transfected AGS and SNU638 cells than

among scrambled siRNA-transfected cells (P = 0.037 and

P = 0.048, respectively; Fig. 3b). The cell morphologies

of PROX1 siRNA- and scrambled siRNA-transfected cells

were observed via phase-contrast microscopy. PROX1

siRNA-transfected AGS and SNU638 cells displayed

cobblestone-like morphologic features and growth in

clusters, unlike scrambled siRNA-transfected AGS and

SNU638 cells (Fig. 3c). To investigate the phenotypic

changes induced by EMT, expression of the EMT-associ-

ated proteins MMP-2, MMP-9, ZO-1, snail, E-cadherin,

and vimentin was assessed. We observed that the expres-

sion of MMP-2, MMP-9, ZO-1, and vimentin was lower in

PROX1 siRNA-transfected AGS and SNU638 cells than in

scrambled siRNA-transfected cells. However, the expres-

sion of E-cadherin and snail was not altered in PROX1

siRNA-transfected cells (Fig. 3d).

Impact of PROX1 knockdown on oncogenic

signaling pathways in human gastric cancer cells

To examine whether PROX1 activated oncogenic signaling

pathways in human gastric cancer cells, we examined the

phosphorylation of b-catenin and MAPK signaling proteins

by performing western blotting. PROX1 knockdown

increased the phosphorylation of b-catenin and decreased

the phosphorylation of ERK1/2, p38, and JNK in AGS and

SNU638 cells (see ESM 2).

Associations of PROX1 with the clinicopathological

variables of human gastric cancer

To study the prognostic role of PROX1 in the progression

of human gastric cancer, we investigated PROX1

expression immunohistochemically in formalin-fixed,

paraffin-embedded tissue sections obtained from 327

patients with gastric cancer, and correlated our results

with the clinicopathological data for these patients.

PROX1 expression was increased in gastric cancer and

metastatic lymph node tissues compared with that in

normal gastric mucosa and non-metastatic lymph node

tissues (see ESM 3). Immunostaining of PROX1 protein

was predominantly identified in the cytoplasm of cancer

cells and was not detectable in the tumor stroma (ESM 3).

We analyzed the survival rates of patients with gastric

cancer and the association between PROX1 expression

and clinicopathological parameters of these patients. We

observed that PROX1 expression was significantly asso-

ciated with age, cell differentiation, cancer stage, and

lymph node metastasis (P\ 0.001, P = 0.001,

P = 0.012, and P = 0.002, respectively; Table 1).

Moreover, the overall survival of patients with PROX1-

positive tumors was significantly lower than that of

patients with PROX1-negative tumors (P\ 0.001;

Fig. 4). The associations between the clinicopathological

parameters of patients with gastric cancer and prognosis

of gastric cancer are shown in Table 2. Patients with

PROX1-positive tumors showed an elevated risk of death

after adjustment for age, sex, and tumor size, with a

hazard ratio (95 % CI) of 1.662 (1.180–2.339).
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Associations of PROX1 expression with apoptosis,

proliferation, angiogenesis, and lymphangiogenesis

of human gastric cancer cells

All tumor samples were assessed by performing the TUNEL

assay and via Ki-67, CD34, and D2-40 immunostaining to

determine the apoptosis, proliferation, angiogenesis, and

lymphangiogenesis of tumor cells (ESM4). The AI of the 327

tumor samples ranged from 0.0 to 5.1, with a mean AI of

1.8 ± 1.4. No significant difference was observed between

PROX1 expression and AI (P = 0.381). The KI of the 327

tumor samples ranged from 14.8 to 86.9, with a mean KI of

49.8 ± 17.8. The mean KI value of PROX1-positive tumors

was 60.0 ± 15.9, which was significantly higher than that of

Fig. 2 Impact of PROX1 knockdown on the lymphangiogenesis of

human gastric cancer cells. a Invasion of HLECs cultured in CM from

PS-transfected AGS and SNU638 cells was significantly decreased

compared with that of HLECs cultured in CM from SS-transfected

cells (P = 0.034 and P = 0.020, respectively). b CM from PS-

transfected AGS and SNU638 cells inhibited the formation of

endothelial tubes compared with CM from SS-transfected AGS and

SNU638 cells (P = 0.022 and P = 0.037, respectively). c PROX1

knockdown decreased the expression of the lymphangiogenic induc-

ers VEGF-C, VEGF-D, and COX-2 in all the tested cells. SS

scrambled siRNA; PS PROX1 siRNA; HLECs human lymphatic

endothelial cells; CM conditioned medium; VEGF vascular endothe-

lial growth factor; COX-2 cyclooxygenase-2. *P\ 0.05 versus

control
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PROX1-negative tumors (P = 0.002). The MVD of the 327

tumor samples ranged from 7.0 to 92.3, with a meanMVD of

42.1 ± 15.0. No significant difference was observed between

PROX1 expression and MVD (P = 0.188). The LVD of the

327 tumor samples ranged from 3.8 to 15.5, with amean LVD

of 8.9 ± 2.7. The mean LVD value of PROX1-positive

tumors was 9.5 ± 2.5, which was significantly higher than

that of PROX1-negative tumors (P = 0.031; Table 3).

Discussion

PROX1 performs both oncogenic and tumor-suppressive

functions depending on the tumor in which it is expressed,

and its expression is altered in various human cancers [8].

However, the distinct function of PROX1 in human gastric

cancer is largely unclear.

A balance between cell growth and apoptosis is impor-

tant for the preservation of normal homeostasis and mor-

phogenesis of human tissues. Disruption of this balance

provides a survival advantage to cancer cells and promotes

tumor development and progression [18, 19]. We first

investigated whether inactivation of PROX1 affected the

fate of human gastric cancer cells. We observed that

PROX1 knockdown induced apoptosis by upregulating the

activities of caspases and by decreasing the expression of

anti-apoptotic proteins Bcl-2 and Bcl-xL. In addition,

PROX1 knockdown inhibited the proliferation of human

gastric cancer cells. These results suggested that PROX1

played a potential role in regulating cell fate by inhibiting

Fig. 3 Impact of PROX1 knockdown on the EMT of human gastric

cancer cells. a The cell adhesion ability of siRNA-transfected gastric

cancer cells was measured using 3 cell adhesion substrates:

fibronectin, collagen I, and collagen IV. Adherent cells were

performed using WST-1 assay, and quantified by measuring the

absorbance at 450 nm using a plate reader. PS-transfected AGS cells

showed higher adhesion to collagen I and collagen IV than SS-

transfected AGS cells (P = 0.012 and P = 0.001, respectively), and

PS-transfected SNU638 cells showed higher adhesion to fibronectin,

collagen I, and collagen IV than SS-transfected SNU638 cells

(P = 0.013, P = 0.018, and P = 0.019, respectively). b The number

of migratory cells was significantly lower among PS-transfected AGS

and SNU638 cells than among SS-transfected AGS and SNU638 cells

(P = 0.037 and P = 0.048, respectively). c The cell morphologies of

PS- and SS-transfected cells were observed via phase-contrast

microscopy. PS-transfected AGS and SNU638 cells displayed

cobblestone-like morphologic features and growth in clusters, unlike

SS-transfected AGS and SNU638 cells (2009). d Expression of

MMP-2, MMP-9, ZO-1, and vimentin was lower in PS-transfected

AGS and SNU638 cells than in SS-transfected AGS and SNU638

cells. However, expression of E-cadherin and snail were not altered

after PROX1 knockdown in all tested cells. SS scrambled siRNA, PS

PROX1 siRNA, FN fibronectin; Col I collagen I, Col IV collagen IV,

MMP matrix metalloproteinase; ZO zonula occludens
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apoptosis and by promoting the proliferation of human

gastric cancer cells.

Tumor angiogenesis and lymphangiogenesis are the key

features of tumor progression and metastasis in various

human cancers, including gastric cancer [20–24]. We

assessed the impact of PROX1 expression on angiogenesis-

and lymphangiogenesis-promoting phenotypes of human

gastric cancer cells by performing in vitro assays. We

observed that incubation of HLECs in CM from PROX1

siRNA-transfected AGS and SNU638 cells significantly

decreased their invasive and tube-formation abilities.

PROX1 knockdown decreased the expression of lym-

phangiogenic inducers VEGF-C, VEGF-D, and COX-2 in

human gastric cancer cells. Previous studies have shown

that VEGF-C and VEGF-D induce the proliferation and

migration of LECs by activating VEGFR-3, and that

overexpression of VEGF-C, VEGF-D, or VEGFR-3 is

associated with lymphatic metastasis and poor clinical

outcomes of various cancers [25–27]. Further, COX-2

promotes tumor lymphangiogenesis and lymph node

metastasis [28]. These results indicate that PROX1 may

play an important role in promoting tumor progression by

stimulating tumor lymphangiogenesis along with VEGF-C,

VEGF-D, and COX-2 in human gastric cancer. However,

PROX1 knockdown did not inhibit the tube formation

ability of HUVECs, indicating that it did not affect

angiogenesis.

EMT causes cells to lose their epithelial polarity and to

gain migratory mesenchymal properties. There is increas-

ing evidence that EMT is a major contributor to tumor

progression and metastasis and is associated with poor

clinical outcomes of various cancers [29, 30]. A study

Fig. 4 Kaplan–Meier survival

curves for the correlations of

overall survival with positive

(dotted line) and negative (solid

line) PROX1 expression. The

overall survival of patients with

PROX1-positive tumors was

significantly lower than that of

patients with PROX1-negative

tumors (P\ 0.001)

Table 1 Associations between PROX1 expression and clinico-

pathological parameters of patients with gastric cancer

Parameters Total

(n = 327)

PROX1 P value

Negative

(n = 134)

Positive

(n = 193)

Age (years) \0.001

\58.7 118 64 54

C58.7 209 70 139

Sex 0.055

Male 215 80 135

Female 112 54 58

Tumor size (cm) 0.051

\4.3 199 90 109

C4.3 128 44 84

Histologic type 0.001

Differentiated 140 43 97

Undifferentiated 187 91 96

Stage 0.012

I/II 198 92 106

III/IV 129 42 87

Depth of invasion (T) 0.884

T1/T2 179 74 105

T3/T4 148 60 88

Lymph node

metastasis (N)

0.002

N0 176 86 90

N1-3 151 48 103

Distant metastasis (M) N/A

M0 327 134 193

M1 0 0 0

PROX1 prospero homeobox 1, N/A not available
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indicated that PROX1 promoted EMT and tumor progres-

sion by downregulating E-cadherin and upregulating

MMPs in colorectal cancer cells [31]. Our study showed

that PROX1 knockdown increased the adhesion of gastric

cancer cells to ECM proteins and decreased their migra-

tion. Although PROX1 knockdown did not alter the

expression of the epithelial marker E-cadherin, it decreased

the expression of the migratory mesenchymal markers

MMP-2, MMP-9, ZO-1, and vimentin. These results indi-

cated that PROX1 induced phenotypic alterations similar to

those observed during EMT, which are crucial for the

progression and metastasis of human gastric cancer.

Next, we studied the effects of PROX1 on the stimulation

of multiple intracellular signaling pathways involved in

apoptosis, proliferation, angiogenesis, lymphangiogenesis,

and EMT of gastric cancer cells to determine the mecha-

nisms underlying the effects of PROX1. Wnt/b-catenin/T-
cell factor (TCF) and MAPK signaling pathways are

involved in the migration, adhesion, proliferation, survival,

EMT, angiogenesis, and lymphangiogenesis of various

human cancer cells [32, 33]. We observed that phosphory-

lation of b-catenin was increased and that of ERK1/2, p38,

and JNK was decreased after PROX1 knockdown. A study

showed that the Wnt/b-catenin/TCF signaling pathway

controls PROX1 expression in colorectal cancer cells that

results in the neoplastic transformation of these cells, thus

indicating an oncogenic role of PROX1 in colorectal cancer.

However, this pathway does not control PROX1 expression

in hepatocellular carcinoma cells, indicating a tumor-sup-

pressive role of PROX1 in this cancer [34]. These contra-

dictory results indicate tissue-specific differences in

signaling pathways in different cancer types. However, the

relationship between PROX1 and the Wnt/b-catenin/TCF
signaling pathway in gastric cancer remains unknown. These

results suggest that PROX1may activate theWnt/b-catenin/
TCF signaling pathway in gastric cancer, thus performing an

oncogenic role.

Next, we evaluated PROX1 expression in a well-defined

series of human gastric cancers, including long-term and

complete follow-up, with special reference to patient

prognosis. In our study, PROX1 protein was predominantly

immunostained in the cytoplasm of gastric cancer cells.

Previously, immunostaining of PROX1 protein showed

both nuclear and cytoplasmic expression in gastric cancer,

and cytoplasmic expression of PROX1 protein correlated

with its mRNA amplification [35]. However, in colorectal

cancer, expression of PROX1 protein was limited to tumor

cell nuclei [13]. PROX1 is a transcription factor and its

level and subcellular localization may be dynamically

changed during carcinogenesis. Therefore, the subcellular

localization of PROX1 is still contradictory and may be

tissue dependent.

We observed that PROX1 expression was increased in

human gastric cancer and metastatic lymph node tissues

compared with that in normal gastric mucosa and non-

metastatic lymph node tissues. PROX1 expression was

Table 2 Cox multivariate regression analysis of the association

between PROX1 expression and survival of patients with gastric

cancer

Covariate HR 95 % CI P value

PROX1 expression

Low 1.000 Ref.

High 1.662 1.180–2.339 0.004

Age

\58.7 1.000 Ref.

C58.7 1.037 1.020–1.054 \0.001

Sex

Male 1.000 Ref.

Female 1.419 1.012–1.989 0.043

Tumor size

\4.3 1.000 Ref.

C4.3 1.356 0.969–1.896 0.075

Histologic type

Differentiated 1.000 Ref.

Undifferentiated 1.343 0.965–1.868 0.080

Stage

I/II 1.000 Ref.

III/IV 4.077 2.874–5.784 \0.001

PROX1 prospero homeobox 1, HR hazard ratio, CI confidence

interval, Ref. reference in Cox proportional hazards model

Table 3 Associations of

PROX1 expression with

apoptosis, proliferation,

angiogenesis, and

lymphangiogenesis of human

gastric cancer cells

Parameter (mean ± SD) Total (n = 327) PROX1 expression P value

Negative (n = 134) Positive (n = 193)

AI 1.8 ± 1.4 1.6 ± 1.5 2.1 ± 1.3 0.381

KI 49.8 ± 17.8 45.3 ± 18.5 60.0 ± 15.9 0.002

MVD 42.1 ± 15.0 39.8 ± 14.7 44.6 ± 15.2 0.188

LVD 8.9 ± 2.7 8.4 ± 2.8 9.5 ± 2.5 0.031

PROX1 prospero homeobox 1, AI apoptotic index, KI Ki-67 labeling index,MVD microvessel density, LVD

lymphatic vessel density, SD standard deviation
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significantly associated with age, cell differentiation, can-

cer stage, lymph node metastasis, and poor survival. In

addition, patients with PROX1-positive tumors showed an

elevated risk of death after adjustment for age, sex, and

tumor size. A previous study showed that PROX1

expression was correlated with tumor grade and regional

lymph node metastasis in human gastric cancer [35]. These

results suggest that PROX1 plays an important role in

tumor progression and may serve as a potential prognostic

factor and target for treating gastric cancer.

Finally, we evaluated the correlation of PROX1

expression with apoptosis, proliferation, angiogenesis, and

lymphangiogenesis in human gastric cancer tissues to

confirm the results obtained from our in vitro experiments.

We observed that the mean KI and LVD values of PROX1-

positive tumors were significantly higher than those of

PROX1-negative tumors. However, no significant differ-

ence was observed between PROX1 expression and AI or

MVD value. These results thus confirm the inhibition of the

proliferation- and lymphangiogenesis-inducing potential of

PROX1 knockdown in vivo.

Taken together, our results indicate that PROX1 pro-

motes tumor progression by inducing the proliferation and

lymphangiogenesis of gastric cancer cells.
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