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Abstract Carcinoma cells hijack the epithelial–mesenchy-

mal transition (EMT) for tumor dissemination. Paired-related

homeobox 1 (PRRX1) has been identified as a new EMT

inducer. However, the function of PRRX1 in gastric cancer has

not been elucidated. In this study, we observed that PRRX1

expression levels were upregulated and positively correlated

with metastasis and EMT markers in human gastric cancer

specimens. PRRX1 overexpression had distinct effects on the

cell morphology, proliferation, migration and invasion of

BGC823 and SGC7901 gastric cancer cells both in vitro and in

xenografts. PRRX1 overexpression resulted in the regulation of

the EMT molecular markers N-cadherin, E-cadherin and

vimentin as well as the levels of intranuclear b-catenin and the

Wnt/b-catenin target c-Myc. Furthermore, the inhibition of the

Wnt/b-catenin pathway by XAV939 offset the effects of

PRRX1 overexpression. These findings demonstrate that

PRRX1 promotes EMT in gastric cancer cells through the

activation of Wnt/b-catenin signaling and that PRRX1 upreg-

ulation is closely correlated with gastric cancer metastasis.

Keywords PRRX1 � Gastric cancer � Epithelial–

mesenchymal transition � Wnt/b-catenin � Metastasis

Introduction

Invasion and metastasis are the hallmarks of malignant

tumor progression [1]. The epithelial–mesenchymal transi-

tion (EMT), which was first recognized as a feature of

embryogenesis, has also been shown to occur in wound

healing, organ fibrosis and the initiation of metastasis [2].

There is increasing evidence that metastasis is initiated by

EMT at the invasive front of primary carcinomas [3], and

EMT is recognized as an important step in invasion and

metastasis [4]. The invasive ability of cancer cells is acquired

via transformation to the mesenchymal phenotype [5], and

the expression of the EMT markers N-cadherin, E-cadherin

and vimentin changes during this transition [6]. EMT is

induced by genetic and epigenetic changes within the

transforming cells as well as by signals from the tumor

microenvironment [7]. EMT inducers, such as TWIST1 [8],

SNAI1 [9], ZEB1 and ZEB2 [10, 11], are reported to be

associated with EMT in cancer. Furthermore, EMT involves

several related signaling pathways, such as TGF-b [12],

NF-jB [13], Notch [14] and Wnt/b-catenin [15]. Wnt/b-

catenin signaling has a major impact on EMT during cancer

progression [16]. Paired-related homeobox 1 (PRRX1) was

recently, reported as a new EMT inducer [17]. EMT is

induced by overexpressing PRRX1 in breast cancer and

colorectal cancer; however, the function of PRRX1 in these

cell types is distinct. High PRRX1 expression levels were

significantly associated with reduced metastasis and good

prognosis in breast cancer [17]. But the opposite relationship

was observed in colorectal cancer [18]. It is unknown whe-

ther PRRX1 induces EMT, through which pathway PRRX1

acts and what role PRRX1 may play in gastric cancer.

Materials and methods

Patient selection and tissue preparation

Between January 2005 and December 2008, 73 male and

52 female patients with gastric adenocarcinoma were
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selected in the Department of General Surgery of the First

Affiliated Hospital of Chongqing Medical University

(Chongqing, China) (see Table 2 for patients’ clinico-

pathological features). Radical resection was performed on

these patients. Cancer tissues were excised, fixed in 10 %

neutral-buffered formalin and embedded in paraffin blocks.

The patients received neither chemotherapy nor radio-

therapy before surgery. Informed consent for tissue speci-

mens derived from patients, and the study was approved by

the Research Ethics Committee of Chongqing Medical

University.

Immunohistochemistry

Immunohistochemical staining was performed with the

immunohistochemical SP kit to detect the expression of

PRRX1, E-cadherin, N-cadherin, vimentin and b-catenin.

Slides were deparaffinized, and antigen was retrieved by

heating in a microwave oven for 15 min at 90 �C in citrate

buffer, incubating in 3 % hydrogen peroxide for 20 min

and blocking with normal goat serum for 30 min at room

temperature. Slides were incubated with primary antibody

overnight at 4 �C and then incubated with secondary

antibodies at 37 �C for 30 min. Next, the slides were

incubated with streptavidin–HRP for 30 min at 37 �C,

rinsed with PBS, incubated for 15 min with the chromogen

3,30-diaminobenzidine and then counterstained with

hematoxylin. The staining results of targeted proteins were

observed under the microscope. Negative controls were

prepared by substituting primary antibody with non-

immune rabbit serum. Two independent pathologists

evaluated and scored the sections in 10 random visual

fields for each section (double-blinded). Staining was

graded semiquantitatively as described previously; the

Fig. 1 Representative expression levels of PRRX1, N-cadherin, E-cadherin, vimentin and b-catenin in gastric cancer and adjacent normal gastric

mucosa by immunohistochemistry
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expression intensity scores (0 points for 0–5 %; 1 point for

6–25 %; 2 points for 26–50 %; 3 points for [ 50 %) and

positive staining cell scores (1 point = weak intensity; 2

points = moderate intensity; 3 points = strong intensity)

were summed. The sum scores [3 were believed to rep-

resent significant overexpression and considered positive to

simplify data analysis.

Cell culture and antibodies

The human gastric adenocarcinoma cell lines BGC823 and

SGC7901 were obtained from the Key Laboratory of

General Surgery. The cells were cultured in RPMI medium

1640 (RPMI-1640, HyClone, China) supplemented with

10 % fetal bovine serum (FBS, HyClone, China) in a

humidified 5 % CO2 atmosphere at 37 �C.

The antibodies used in this study were as follows:

PRRX1 antibodies (OriGene, Rockville, USA); E-cadherin,

N-cadherin, vimentin, b-catenin and c-Myc antibodies

(Abcam, USA); b-actin (Beyotime, Jiangsu, China); anti-

LaminB1 (Sigma-Aldrich, USA); Alexa Fluor 549-conju-

gated goat anti-rabbit IgG (H ? L); HRP-conjugated goat

anti-mouse IgG; and HRP-conjugated goat anti-rabbit IgG

(ZSGB-BIO, Beijing, China).

Lentiviral overexpression of PRRX1 in BGC823

and SGC7901 cells

The cDNA for human PRRX1 was cloned into pIRES2 by

PCR (Invitrogen, Shanghai, China) via homologous

recombination between pIRES2 and pLV–UbC–IRES2 by

GeneChem Biomedical Co. Ltd (Shanghai, China). We

obtained lentiviral vectors plasmids for overexpressing

PRRX1 and then packaged into lentivirus particles

according to manufacturer’s protocol (Invitrogen, Shang-

hai, China). A blank vector lentivirus gene delivery system

was used as a negative control. A total of 5 9 105 BGC823

or SGC7901 cells were seeded into each well of a 6-well

plate. When the cells reached 80–90 % confluence, PRRX1

or a blank vector lentivirus gene delivery system was

transfected into the cells, which are hereafter referred to as

the PRRX1 or MOCK groups. The PRRX1 group and

Mock group were treated with 10 lM XAV939 (a Wnt/b-

catenin signaling inhibitor) for 24 h to address the influ-

ence of Wnt/b-catenin signaling on the function of PRRX1.

Cell proliferation assay

After the indicated treatments, cells were incubated in

96-well plates at a density of 2 9 103 cells per well for

24 h. Cell proliferation was examined after 1, 2, 3, 4, 5, 6

and 7 days. Approximately 20 ll of MTT dye (5 mg/ml;

Sigma-Aldrich) was added and incubated for another 4 h at

37 �C. Subsequently, 150 ll of dimethylsulfoxide was

added to each well and mixed for 30 min. Spectrophoto-

metric absorbance at 490 nm was determined with a

microplate reader (Bio-Rad, Hercules, CA, USA). Each

sample had three replicates.

Cell invasion and migration assays

Transwell invasion and migration assays were performed in

24-well 8-lm pore size transwell plates according to the

manufacturer’s instructions (Corning, New York, NY,

USA). The bottom of the transwell chamber was coated

with BD Matrigel Basement Membrane Matrix (BD Bio-

sciences, San Diego, CA, USA) in invasion assays, but no

coating was applied for migration assays. The upper

chamber was filled with 1 9 105 cells in RPMI 1640

containing 10 % fetal bovine serum. The lower chamber

was filled with RPMI 1640 containing 15 % fetal bovine

serum as a chemoattractant. After the chambers were

incubated for 18 or 25 h at 37 �C, non-migrating or

invading cells on the upper side of the chamber were

removed from the surface of the membrane by scrubbing,

and migrating or invading cells on the lower surface of the

membrane were fixed with methanol, mounted, dried and

stained with hematoxylin–eosin (HE). The number of cells

invading through the Matrigel or migrating through the

pores was counted by a technician blinded to the experi-

mental settings in 10 randomly selected microscopic fields

for each filter. The test was repeated three times.

Table 1 Expression of PRRX1, N-cadherin, E-cadherin, vimentin

and b-catenin in 125 paired samples of gastric cancer and adjacent

normal gastric mucosa (k2-test)

Proteins Gastric cancer tissues Normal gastric mucosa P value

PRRX1

? 70 46 0.002

- 55 79

E-cadherin

? 56 78 0.005

- 69 47

N-cadherin

? 76 55 0.008

- 49 70

Vimentin

? 78 58 0.011

- 47 67

b-Catenin

? 66 45 0.008

- 59 80
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Table 2 Correlation between PRRX1, E-cadherin, N-cadherin, vimentin and b-catenin immunostaining and clinicopathological features in 125

gastric cancer cases (k2-test)

Parameters n PRRX1 E-cadherin N-cadherin

? - P value ? - P value ? - P value

Age (years)

\60 68 37 31 0.696 32 36 0.579 39 29 0.389

C60 57 33 24 24 33 37 20

Gender

Male 73 40 33 0.748 33 40 0.914 46 27 0.548

Female 52 30 22 23 29 30 22

Tumor size

\5 cm 72 35 37 0.052 30 42 0.412 48 25 0.179

C5 cm 53 35 18 26 27 28 24

Depth of tumor invasion

T1–T2 55 24 31 0.001 33 22 0.002 27 28 0.017

T3–T4 70 46 24 23 47 49 21

Histologic type

Well and moderately differentiated 59 28 31 0.069 32 27 0.045 31 28 0.074

Poorly and undifferentiated 66 42 24 24 42 45 21

TNM stage

I 31 10 21 0.000 19 12 0.003 16 15 0.038

II 26 10 16 16 10 11 15

III 29 21 8 12 17 21 8

IV 39 29 10 9 30 28 11

Metastasis status

No 57 24 33 0.004 32 25 0.02 29 28 0.037

Yes 68 46 22 24 44 47 21

Parameters n Vimentin b-Catenin b-Catenin

? - P value ? - P value Nuclear Cytoplasmic P value

Age (years)

\60 68 38 30 0.100 33 35 0.296 12 21 0.614

C60 57 40 17 33 24 14 19

Gender

Male 73 45 28 0.836 37 36 0.575 15 22 0.83

Female 52 33 19 29 23 11 18

Tumor size

\5 cm 72 43 29 0.471 33 39 0.069 9 24 0.044

C5 cm 53 35 18 33 20 17 16

Depth of tumor invasion

T1–T2 55 27 28 0.006 23 32 0.029 5 18 0.032

T3–T4 70 51 19 43 27 21 22

Histologic type

Well and moderately differentiated 59 32 27 0.075 26 33 0.064 9 17 0.522

Poorly and undifferentiated 66 46 20 40 26 17 23

TNM stage

I 31 13 18 0.023 11 20 0.031 2 9 0.05

II 26 15 11 11 15 2 9

III 29 22 7 18 11 8 10

IV 39 28 11 26 13 16 12
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Soft agar assays

A quantity of 5 9 103 cells was suspended in 0.35 %

agarose (RPMI medium 1640 mixed with 0.7 % agarose)

and poured onto a 0.6 % agarose (RPMI medium 1640

mixed with 1.2 % agarose) bed. Colonies were counted

after 3 weeks. Colonies [100 lm diameter were counted,

and the number of cells colony formation was counted by a

technician blinded to the experimental settings in 10 ran-

domly selected microscopic fields. The test was repeated

three times.

Immunofluorescent analysis

Cells were grown in dishes and fixed for 30 min in 4 %

paraformaldehyde. The cells were permeabilized with

0.04 % Triton X-100 for 10 min and blocked with 5 %

bovine serum albumin for 40 min. The primary antibody,

diluted in phosphate-buffered solution, was applied over-

night at 4 �C. Following phosphate-buffered solution

washing steps, the appropriate Alexa Fluor 549-linked

secondary antibody was applied for 30 min at room tem-

perature. Cells were counterstained with 40,6-diamidino-2-

phenylindole (DAPI), and images were acquired with a

fluorescence microscope.

Animal studies

Five-week-old female BALB/c nude mice, purchased from

the National Biological Industry Base, Laboratory Animal

Center of Chongqing Medical University (Chongqing,

China), were used to examine tumorigenicity. To evaluate

the role of PRRX1 in tumor formation, four groups of gastric

cancer cells, SGC7901 (MOCK and PRRX1) and BGC823

(MOCK and PRRX1), were propagated and inoculated

subcutaneously into the flanks of nude mice (3 9 106 cells in

0.1 ml volume). Tumor volumes were determined according

to the following formula: v(mm3) = length 9 width2/2.

Tumor diameters were measured every week using vernier

calipers. After 6 weeks, the mice were killed, and tumors

were weighed. All experimental procedures and protocols

were approved by the Animal Ethics Committee of Chon-

gqing Medical University. All the procedures involving

animals were conducted as indicated in the guidelines of the

National Institutes of Health (NIH) for animal care (Guide

for the Care and Use of Laboratory Animals, Department of

Health and Human Services, NIH Publication No. 86-23,

revised 1985).

Western blot analysis

Whole-cell extracts were prepared in lysis buffer contain-

ing 150 mM sodium chloride, 0.1 M Tris, 1 % Tween-20,

50 mM diethyldithiocarbamic acid, 1 mM ethylenediamine

tetraacetic acid and protease inhibitors at pH 8.0. The

lysates were centrifuged at 12,000 rpm for 15 min at 4 �C,

and the supernatants were collected. To detect the cellular

localization of b-catenin, nuclear and cytoplasmic fractions

were isolated using the Nuclear and Cytoplasmic Protein

Extraction kit (Beyotime, China). Fifty micrograms of

proteins was loaded onto each well. The transferred

membranes were subsequently incubated with primary

antibodies overnight at 4 �C and then with secondary

antibodies for 1 h. Bands were visualized and quantified

using the ECL chemiluminescence detection system

(ChemiDocTM XRS imager, Bio-Rad, USA).

Real-time quantitative PCR analysis

Total RNA from cells was isolated using TRIzol as rec-

ommended by the manufacturer (TaKaRa, Dalian, China).

The concentration and purity of the total RNA were

assessed using a UV spectrophotometer (UltroSPec2100

Pro, Amersham, USA). Total RNA was reverse-transcribed

using the PrimeScript RT Reagent kit (TaKaRa, Dalian,

China). Quantitative PCR (RT-qPCR) was performed with

the CFX96TM Real-Time System (Bio-Rad, USA) using

SYBR Premix Ex TaqTM II (TaKaRa, Dalian, China). The

relative levels of target gene mRNA are expressed as the

ratio of target to tubulin and calculated from the standard

Table 2 continued

Parameters n Vimentin b-Catenin b-Catenin

? - P value ? - P value Nuclear Cytoplasmic P value

Metastasis status

No 57 30 27 0.039 25 32 0.067 5 20 0.012

Yes 68 48 20 41 27 21 20

Both the depth of tumor invasion and the TNM stage are classified according to the 2010 TNM classification of malignant tumors by the

International Union Against Cancer

TNM tumor node metastasis
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curves using the 2�DDCt method as directed. The experi-

ment was performed in triplicate. The primers were as

follows: PRRX1 (forward 50-GCA GGC TTT GGA GCG

TGT CT-30 and reverse 50-TCC TGC GGA ACT TGG

CTC TT-30); c-Myc (forward 50-TTC GGG TAG TGG

AAA ACC AG-30 and reverse 50-CAG CAG CTC GAA

TTT CTT CC-30); N-cadherin (forward 50-CAT CCT GCT

TAT CCT TGT GCT G-30 and reverse 50-CTG GTC TTC

TTC TCC TCC ACC TT-30); E-cadherin (forward 50-TCG

TCA CCA CAA ATC CAG TG-30 and reverse 50-CAT

TCA CAT CAA GCA CAT CC-30); vimentin (forward

50-TGA ATA CCA AGA CCT GCT CAA-30 and reverse

50-ATC AAC CAG AGG GAG TGA ATC-30); and

b-catenin (forward 50-TGC AGT TCG CCT TCA CTA TG-

30 and reverse 50-ACT AGT CGT GGA ATG GCA CC-30).

Statistical analysis

The protein expression levels and clinicopathological

parameters were compared by the k2-test. Continuous

Table 3 Correlations between PRRX1 and E-cadherin, N-cadherin,

vimentin and b-catenin in 125 cases of gastric cancer based on

immunohistochemistry

PRRX1

? - r P value

E-cadherin

? 11 45 -0.660 0.000

- 59 10

N-cadherin

? 50 26 0.246 0.006

- 20 29

Vimentin

? 49 29 0.177 0.048

- 21 26

b-Catenin

? 47 19 0.077 0.159

- 33 26

b-Catenin

Nuclear 20 6 0.447 0.000

Cytoplasmic 15 35

Fig. 2 PRRX1 promotes

migration, invasion, anchorage-

independent growth and

proliferation in gastric cancer

cells. a Cellular migration was

analyzed using a migration

assay. The migration of various

groups of BGC823 and

SGC7901 cells was visualized

by hematoxylin and eosin (HE)

staining. b The invasive

properties of the cells were

analyzed using a Matrigel-

coated plate. Cells were stained

with HE. c The soft agar

colony-formation assay.

Representative images depicting

colonies formed by various

groups of migrating BGC823

and SGC7901 cells. d PRRX1

overexpression affected

BGC823 and SGC7901 cells

proliferation, based on the MTT

assay (*P \ 0.05 vs. MOCK

groups)
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variables were evaluated by unpaired Student’s t test.

Bivariate correlations between study variables were cal-

culated by Spearman’s rank correlation coefficients.

Statistical analyses were performed with the SPSS 11.0

software (SPSS Inc., Chicago, IL, USA). P \ 0.05 was

considered to be statistically significant.

Fig. 3 PRRX1 regulates EMT markers and the Wnt/b-catenin

pathway. a The mRNA expression levels of the EMT markers

(E-cadherin, N-cadherin and vimentin), b-catenin and PRRX1 in

various groups of BGC823 and SGC7901 cells were measured by

quantitative real-time PCR. b The protein levels of the EMT markers,

b-catenin, c-Myc and PRRX1 and the subcellular localization of b-

catenin in various groups of cells were assayed by Western blotting
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Results

PRRX1 expression regulated EMT-related proteins

and associated with tumor metastasis in gastric cancer

The PRRX1 expression levels in cancer tissue and adjacent

normal gastric mucosa of gastric cancer patients were

determined by immunohistochemical analysis. PRRX1

expression was significantly higher in gastric cancer tissues

relative to adjacent normal gastric mucosa (Fig. 1). The

expression levels in 125 gastric cancer specimens of the

EMT-related proteins N-cadherin, E-cadherin, vimentin

and b-catenin among the levels of the EMT-related pro-

teins, b-catenin and PRRX1 were evaluated. As presented

in Table 1, the expression levels of PRRX1, vimentin,

N-cadherin and b-catenin were significantly higher in

gastric cancer tissues than in adjacent normal gastric

mucosa (P \ 0.05); E-cadherin, in contrast, exhibited

reduced expression levels in gastric cancer tissues with

respect to adjacent normal mucosa (P \ 0.05). The corre-

lations between the clinicopathological features of gastric

cancer patients and the expression levels of PRRX1,

N-cadherin, E-cadherin, vimentin and b-catenin are sum-

marized in Table 2. There were close correlations between

Fig. 4 Immunofluorescence assay for E-cadherin, N-cadherin, vimentin and b-catenin in various groups of cells. Targeted proteins were stained

red, and the nuclei were stained with DAPI (*P \ 0.05 vs. MOCK groups)
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the levels of PRRX1, N-cadherin, E-cadherin, vimentin or

b-catenin and the depth of tumor invasion. In particular, the

nuclear localization of b-catenin was increased in gastric

cancer tissues and was also related to the depth of tumor

invasion (Table 2). E-cadherin, vimentin and N-cadherin

exhibited significant correlations with patients’ tumor

metastasis status (P \ 0.05). Table 3 demonstrates that the

expression levels of PRRX1 were positively correlated in

Fig. 5 PRRX1 promotes EMT through the Wnt/b-catenin pathway.

a The protein levels of the EMT markers, b-catenin, c-Myc and

PRRX1 and the subcellular localization of b-catenin in different

groups of BGC823 PRRX1 and SGC7901 PRRX1 cells (treated with

10 lM XAV939 or DMSO for 24 h) were assayed by Western

blotting. b The migration of the cells (treated with 10 lM XAV939 or

DMSO) was analyzed using a migration assay. c The invasive

properties of the cells (treated with 10 lM XAV939 or DMSO) were

analyzed using a Matrigel-coated plate (*P \ 0.05 vs. treated with

DMSO groups)

Fig. 6 PRRX1 overexpression

promotes the growth of

xenograft tumors in nude mice.

a Representative xenograft

tumors are shown. b Tumor

volume was monitored over

time (*P \ 0.05 vs. MOCK

groups)
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gastric cancer tissues with those of vimentin, N-cadherin and

b-catenin but were inversely correlated with E-cadherin.

PRRX1 modulates invasion, migration and cell

proliferation in gastric cancer cells

To demonstrate the effect of PRRX1 on the invasion and

migration of gastric cancer cells, an in vitro cell invasion

assay was performed based on the principle of the Boyden

chamber assay. Cells that have invaded through the Ma-

trigel are shown in Fig. 2b. When PRRX1 was overex-

pressed, the number of cancer cells migrating through the

Matrigel increased significantly compared with the Mock

group (P \ 0.05). To provide further support for the

positive effect of PRRX1 expression on cell migration, the

migration assay was performed. As shown in Fig. 2a, in the

PRRX1-overexpressing gastric cancer cells, the number of

cancer cells migrating through the Boyden chamber pores

increased significantly compared with the Mock group

(P \ 0.05). These results imply that PRRX1 promotes

gastric cancer cell invasion and migration.

The proliferation of BGC823 and SGC7901 cells was

increased upon PRRX1 overexpression (Fig. 2d). The

proliferation curves indicate that PRRX1 might enhance

the proliferation rate of gastric cancer cells.

PRRX1 promotes EMT in gastric cancer cells

Ectopic PRRX1-expressing gastric cancer cells (BGC823

and SGC7901) were used to examine whether PRRX1

induced EMT in gastric cancer cells. After PRRX1 expres-

sion was induced using a lentivirus, BGC823 and SGC7901

cells exhibited a more spindle-like fusiform shape and a less

sheet-like architecture than mock-transfected cells. The

expression of EMT markers was quantified by RT-qPCR and

Western blot 48 h after transfection. Significantly increased

mRNA and protein levels of vimentin, N-cadherin and b-

catenin were observed in PRRX1-overexpressing cells

increased significantly. In contrast, the expression of

E-cadherin in PRRX1-overexpressing cells decreased sig-

nificantly (Fig. 3a, b). These changes were also observed by

immunofluorescence staining (Fig. 4). These results suggest

that PRRX1 is a driving force of EMT in gastric cancer cells.

PRRX1 regulates the Wnt/b-catenin pathway in gastric

cancer cells

We monitored the expression and localization of b-catenin

and the expression of its downstream target c-Myc to

determine whether PRRX1 regulated the Wnt/b-catenin

pathway in BGC823 and SGC7901 gastric cancer cells. As

shown in Fig. 3, the overexpression of PRRX1 signifi-

cantly increased the mRNA and total protein levels of

b-catenin and c-Myc as well as the intranuclear levels of b-

catenin. The increased nuclear staining of b-catenin upon

PRRX1 overexpression was also observed by immunoflu-

orescence staining (Fig. 4). Moreover, we observed that the

inhibition of Wnt/b-catenin signaling by XAV939 neu-

tralized the EMT, migration and invasion promoted by

PRRX1 overexpression (Fig. 5a–c). These results suggest

that PRRX1 might be involved in activating the Wnt/b-

catenin pathway in gastric cancer cells.

PRRX1 promoted anchorage-independent growth

in gastric cancer cells

In soft agar colony-formation assays, the overexpression of

PRRX1 in SGC7901 and BGC823 cells resulted in larger

and more colonies, revealing the increased capacity for

anchorage-independent growth compared with MOCK

cells (Fig. 2c).

PRRX1 promotes gastric cancer cell proliferation

in vivo

We next tested the role of PRRX1 in tumorigenesis using a

nude mouse xenograft model. Nude mice xenografted with

SGC7901 or BGC823 cells developed solid tumors after

6 weeks. Tumor volumes and weights were greater when

PRRX1 was stably overexpressed compared to the control

group (Fig. 6).

Discussion

EMT is a process by which epithelial cells lose their cell

polarity and cell–cell adhesion [19]. EMT endows cells

with migratory and invasive properties, induces stem cell

properties, prevents apoptosis and senescence and con-

tributes to immunosuppression [20]. Epithelial cells

express high levels of E-cadherin, whereas mesenchymal

cells express high levels of N-cadherin, fibronectin and

vimentin and lose E-cadherin expression [2]. These genetic

changes are associated with tumor progression to metas-

tasis and are accompanied by the activation of signaling

networks associated with the migration and survival of

mesenchymal cells in an anchorage-independent environ-

ment [21].

PRRX1 functions as a transcription coactivator, enhanc-

ing the DNA-binding activity of serum response factor [22].

PRRX1 regulates the differentiation of mesenchymal pre-

cursors [23] and plays a central role in pancreatic regenera-

tion and carcinogenesis [24]. It has been reported that

PRRX1 induces EMT [17, 18, 25]. PRRX1 may promote

EMT by regulating the expression of E-cadherin, N-cadherin

and vimentin. Our study demonstrates that PRRX1

393 Page 10 of 12 Med Oncol (2015) 32:393

123



expression is higher in gastric cancer tissues than in adjacent

normal gastric mucosa and is significantly correlated with

EMT markers and the metastasis of gastric cancer. PRRX1-

expressing gastric cancer cells exhibit a more spindle-like

shape and display upregulated N-cadherin and vimentin and

downregulated E-cadherin. More importantly, we observed

that PRRX1 could promote invasion, migration and cell

proliferation in gastric cancer cells in vitro and could pro-

mote the proliferation of gastric cancer in vivo. These results

suggest that PRRX1 promotes EMT and that EMT could be a

mechanism of PRRX1-mediated gastric cancer invasion and

metastasis [18, 25].

The mechanism underlying PRRX1 overexpression and

EMT in cancer remains unclear [18]. The Wnt/b-catenin

signaling pathway regulates EMT in gastrulation, cardiac

valve formation and cancer [26, 27]. Activation of the Wnt/

b-catenin pathway contributes to carcinogenesis in a subset

of gastric cancers, [28] and activation of the Wnt/b-catenin

signaling pathway has an important impact on the EMT in

gastric cancer [29]. In this study, we found that Wnt/

b-catenin signaling and b-catenin expression and localiza-

tion were correlated with gastric cancer and PRRX1

expression in gastric cancer patients. Upon PRRX1 over-

expression, b-catenin and c-Myc were upregulated, and the

translocation of b-catenin into the nucleus was increased.

When the Wnt/b-catenin pathway is activated, the binding of

Wnt molecules to frizzled receptors inhibits the activity of

the destruction complex and allows b-catenin to accumulate

and translocate to the nucleus; the translocation of b-catenin

into the nucleus may result in the loss of E-cadherin [30, 31].

Thus, overexpressed PRRX1 may activate the Wnt/b-cate-

nin pathway. Furthermore, XAV939, a selective inhibitor of

the Wnt/b-catenin pathway [29], inhibited Wnt/b-catenin

signaling, neutralized the effect of EMT induced by PRRX1

overexpression, and suppressed the invasion and migration

of gastric cancer cells. These results reveal that PRRX1

promotes EMT via Wnt/b-catenin signaling in gastric cancer

cells and that Wnt/b-catenin is essential to the function of

PRRX1. Furthermore, the Wnt/b-catenin pathway is also

linked to the maintenance of stem cell properties [32, 33].

We observed a greater capacity for anchorage-independent

growth in PRRX1-expressing cells compared to MOCK

cells, suggesting that PRRX1-overexpressing cells exhibit a

more stem-like phenotype [18, 34]. Our findings suggest that

PRRX1 expression likely induces the stemness phenotype

via the Wnt/b-catenin pathway in gastric cancer.

In summary, this study reports that PRRX1 regulates

EMT by enhancing the Wnt/b-catenin pathway and induces

stem cell properties in gastric cancer. PRRX1 stimulates

gastric cancer invasion and metastasis, thereby contributing

to poor prognosis [35, 36]. Our results concerning the

relationship between PRRX1 expression and cancer

metastasis differ from those seen in breast cancer [17], but

are consistent with results observed in colorectal and

pancreatic cancer. Thus, these data suggest that PRRX1

expression is associated with different phenotypes in dif-

ferent cancers. Transforming growth factor-b and mi-

croRNAs can regulate the expression of PRRX1 [17, 37].

Recently, it was reported that miR-124 could increase the

radiosensitivity of CRC cells by blocking the expression of

PRRX1 [38]. The inhibition of Wnt/b-catenin signaling

could block EMT downstream of PRRX1. Thus, PRRX1-

induced EMT is associated with the capacity of gastric

cancer to migrate to distant organs and maintain stemness.

Given the importance of PRRX1, EMT and the Wnt/b-

catenin signaling pathway in gastric cancer, our findings

not only provide an improved understanding of the

molecular mechanisms underlying PRRX1 and tumor

metastasis but also suggest an additional target for thera-

peutic intervention [24].
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