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Abstract. The relationship of TMPRSS2-ERG fusion gene 
with matrix metalloproteinase-9 (MMP-9) and PLXNB1 
(plexin B1) in regulation of prostate cancer (PCa) aggres-
siveness was investigated. Fluorescence in situ hybridization 
(FISH) assays, qRT-PCR and western blot analysis were 
employed to detect the expression of TMPRSS2-ERG fusion 
gene, ERG, MMP-9 and PLXNB1 of 135 human tissues, which 
included 55 metastatic PCa cases, 50 localized PCa cases and 
30 BPH cases. Then using siRNA (anti-ERG, MMP-9 and 
PLXNB1, respectively) downregulation of the target gene of 
VCaP and PC-3 cells, MTT and Transwell were performed. 
The results showed that the positive rate of TMPRSS2-ERG 
fusion was 38.1% (40/105) in total PCa samples, 47.3% (26/55) 
of metastatic PCa, 28.0% (14/50) of localized PCa, while 0.0% 
(0/30) in BPH samples. The mRNA and protein expression of 
ERG, MMP-9 and PLXNB1 were higher in metastatic PCa 
(P<0.0001), and the mRNA expression of the three genes 
were positively correlated with TMPRSS2-ERG fusionin PCa 
group (P<0.0001). siRNA transfected PCa cells can effectively 
downregulate the target gene expression, and we identified 
that MMP-9 and PLXNB1 expression were all regulated by 
TMPRSS2-ERG fusion gene. While only PLXNB1 contrib-
uted to TMPRSS2-ERG mediated enhancements of VCaP 
cell migration and invasion. The results demonstrated that 
PLXNB1, but not MMP-9, was the target gene directly related 
to TMPRSS2-ERG in PCa cell migration and invasion.

Introduction

Prostate cancer (PCa) is the second most prevalent cancer 
and the fifth leading cause of cancer-related death affecting 
men worldwide (1). Recent genomic and oncogenetic study 
involved in PCa onset and progression highlighted several 

genomic alterations. Among these, gene fusion of the 
androgen-regulated trans-membrane-serine protease gene 
(TMPRSS2) and erythroblast transformation-specific (ETS) 
family members are considered as hallmarks, and the fusion 
of ETS-related gene (ERG) with TMPRSS2 is the most 
frequent (2). TMPRSS2-ERG fusion gene leads to overexpres-
sion of ERG, and plays an important role in PCa progression 
and invasiveness (2).

The function of TMPRSS2-ERG in PCa has been explored 
using PCa cell lines, human tissues and mouse models. 
Some research demonstrated that aberrant TMPRSS2-ERG 
expression in mouse prostate can induce prostatic intraepi-
thelial neoplasia (PIN), and a study showed that patients 
with ERG-positive high-grade PIN are much more likely to 
progress to PCa (3,4). While others have highlighted that 
TMPRSS2-ERG expression cooperates with or induces other 
genomic alterations, such as PDE4D7 or EZH2 overexpres-
sion, PTEN deletion, PI3K pathway, or androgen receptor (AR) 
signaling to promote PCa genesis, progression, migration and 
invasion (5-8). These studies provide functional insight into 
the role of TMPRSS2-ERG in PCa.

Matrix metalloproteinases (MMPs), especially MMP-9, 
have well-recognized roles in cancer metastasis and invasion. 
Plexins (PLXNs) are a family of transmembrane receptors for 
semaphorins, there were investigations showing that overex-
pression of PLXNB1 can activate ErbB2, hinder Rac and R-Ras 
binding, inhibit R-Ras GAP activity, or promote AR trans-
location to the nucleus to increase the motility and invasion 
of PCa (9,10). Given the potential ability of TMPRSS2-ERG 
fusion gene in invasiveness, we hypothesized that MMP-9 
and/or PLXNB1 might be the target gene of TMPRSS2-ERG 
to promote PCa invasion and metastasis.

In this study, we therefore aimed to characterize the rela-
tion of TMPRSS2-ERG and MMP-9 as well as PLXNB1 in 
regulation of PCa aggressiveness. Additionally, the expres-
sion and clinicopathological association of the three genes of 
Chinese PCa patients were also investigated.

Materials and methods

Clinical samples. Our study consisted of 55 needle biopsy 
tissues of bone metastatic PCa, 50 radical resection tissues 
from localized PCa, and 30 electrosection tissues of benign 
prostatic hyperplasia (BPH). None of the patient received 
preoperative radiation or androgen deprivation therapy. All 
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the cases were collected from 2009-2015 at Northern Jiangsu 
People's Hospital (Jiangsu, China), and approved by the local 
ethics committee of Northern Jiangsu People's Hospital, in 
accordance with the guidelines of the 1975 Declaration of 
Hesinki. Patients' clinicopathological variables are shown in 
Table I. Tissues were collected directly from the operating 
room, part of the tissue from each case was immersed in 
formalin immediately, and the rest stored in liquid nitrogen.

Fluorescence in situ hybridization (FISH) analysis. Four‑micro
meter (4-µm) sections of the formalin-fixed, paraffin‑embedded 
tissues were cut for FISH analysis. TMPRSS2-ERG fusion 
was tested by a dual-color dual-fusion model probes (Beijing 
GP Medical Technologies, Ltd., Beijing, China) according 
to the manufacturer's protocol. Slides were examined using 
ImagingZ1 microscope (Carl Zeiss, Oberkochen, Germany). 
FISH signals were scored manually (100X oil immersion) 
in morphologically intact and non‑overlapping nuclei. The 
positive signal patterns are one yellow/one green in a cell, 
which revealed a deletion pattern of fusion, or one yellow/one 
green/one red in a cell, which illustrated an insertion pattern. 
Additionally, the negative signal pattern is two yellow signals 
in a cell. The criteria to determine a PCa case TMPRSS2-ERG 
fusion-positive was that ≥20 cells with the positive signal 
pattern in a random count of 100 cells.

Cell culture. Human PCa cell lines VCaP (TMPRSS2-ERG 
fusion-positive) and PC-3 (TMPRSS2-ERG fusion-negative) 
were obtained from Chinese Academy of Sciences Typical 
Culture Preservation Committee Cell Bank and maintained 
in RPMI-1640 and  Ham's/F12 medium (Hyclone Laboratories 
Inc., Logan, UT, USA) respectively, and supplemented with 
10% fetal bovine serum (Clark Bioscience, USA) at 37˚C in a 
humidified 5% CO2 incubator.

siRNA-mediated knockdown. VcaP and PC-3 cells were seeded 
at a density of 5x105 cells/well into 6-well plates and cultured 
overnight at 37˚C with 5% CO2 until the cells reached 70-80% 
confluency. Small interfering RNA (siRNA) transfection on 
two cell lines was carried out using Lipofectamine  2000 
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer's protocol. Specific siRNA sequences targeting the 
human ERG, MMP-9, and PLXNB1 were all designed and 
synthesized respectively (GenePharma Pharmaceutical Co., 
Shanghai, China), and the sequences are provided in Table II. 
The NC group was defined as negative control, and the mock 
group was the ones supplemented with the transfection reagent 
only.

Cell proliferation, migration and invasion assays. Cell 
proliferation was determined using MTT assay in 96-well 
plate (1x104 cells/well). After transfection for 12, 24, 48 or 
72 h, at 10 µl/well MTT solution (5 mg/ml) was added and 
incubated for 4 h. The supernatant was removed and DMSO 
(100 µl/well) added. The absorbance [estimated by optical 
density (OD)] was measured at 492 nm using Epoch Microplate 
Spectrophotometer (BioTek, VT, USA).

Cell migration assays were performed with 1x105 cells in 
a serum-free medium and seeded on the upper chamber of 
Transwell inserts with a pore size of 8 µm. While the cell 

invasion assays were performed on Matrigel-coated upper 
chamber with 1x105 cells, the culture medium containing 10% 
FBS as a chemoattractant was added to the lower chamber. 
After 24-h incubation, cells were fixed and labeled with 
crystal violet, and the migrated or invaded cells were counted 
in five randomly selected microscopic fields under x200 
microscopy (Olympus, Tokyo, Japan).

RNA extraction and quantitative real-time PCR (qRT-PCR). 
Total RNA isolated from human prostate tissues and 
cells was extracted using Trizol reagent according to the 
manufacturer's instructions (Invitrogen). cDNA was reverse 
transcribed from 1 µg total RNA using PrimeScript™ RT 
Master Mix kit (Takara, Dalian, China) according to the manu-
facturer's protocol. qRT-PCR was performed with the SYBR 
Premix Ex Taq (Takara). All primer sequences are listed in 
Table II. Relative mRNA expression levels were calculated by 
the comparative 2-∆∆Ct method.

Western blot analysis. We randomly selected 10 cases from 
each group of patients to detect the protein expression. Total 
protein of human prostate tissues and PCa cell lines was 
extracted using RIPA lysate buffer (Beyotime, Shanghai, 
China) and the concentration was quantified by BCA protein 
assay kit (Beyotime). Protein lysates (20 µg per lane) were 
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis and transferred onto nitrocellulose membranes. 
After blocking with 5% fat-free milk, the membranes were 
incubated with primary antibodies at 4˚C overnight, followed 
by horseradish peroxidase-conjugated secondary antibodies. 
Immunoreactive bands were visualized using FluorChem 
FC2 (Alpha Innotech, CA, USA). The primary antibodies to 
ERG, MMP-9 and PLXNB1 were all purchased from Abcam 
(Cambridge, MA, USA), and were diluted 1,000, 5,000 and 
5,000 times respectively. The internal reference GaPDH was 
from KangChen Biotech (Shanghai, China) and diluted 5,000 
times.

Table I. Clinicopathological variables of patient sample (mean 
± standard deviation).

		  Metastatic PCa	 Localized PCa	 BPH
		  (n=55)	 (n=50)	 (n=30)

Age (years)	 70.8±5.8	 70.2±5.8	 68.1±7.7
PSA (ng/ml)	 36.3±34.4	 27.5±27.1	   6.7±6.6
Volume (cm3)	 56.3±29.5	 44.1±21.6	 66.4±57.8

Gleason score
	 ≤6	   3 (5.5%)	 10 (26.0%)	       -
	 7	 16 (29.1%)	 20 (44.0%)	       -
	 ≥8	 36 (65.4%)	 20 (30.0%)	       -

Pathological
tumor stage
	 2	        -	 33 (66%)	       -
	 3	        -	 12 (24%)	       -
	 4	        -	   5 (10%)	       -
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Statistical analysis. Statistical analysis was performed using 
SPSS 17.0 software (IBM Corp., NY, USA), with a significance 
level of 0.05 (two-tailed probability). Data were expressed as 
percentage or means ± standard deviation. The distributions 
of continuous and categorical variables between cases and 
controls were compared using Student's t-test and one-way 
ANOVA analysis. Correlations between the clinicopathological 

parameters and gene expression were determined by Chi-square 
test and rank correlation analysis.

Results

MMP-9 and PLXNB1 expression were associated with 
TMPRSS2-ERG expression in human PCa tissues. To inves-
tigate whether MMP-9 and PLXNB1 are target genes of 
TMPRSS2-ERG in PCa, we first examined their expression in 
human samples. A total of 135 cases were successfully analyzed 
by FISH, qRT-PCR, and 30 randomly selected cases by western 
blot analysis. Overall, TMPRSS2-ERG fusion was positive in 
47.3% (26/55) of metastatic PCa, 28.0% (14/50) of localized 
PCa, and 0.0% (0/30) of BPH (Fig. 1). The mRNA expression 
of ERG, MMP-9 and PLXNB1 were increasing gradually from 
BPH to metastatic PCa, as well as protein expression (Figs. 2 
and 3). Additionally, in metastatic PCa cohort, localized PCa 
cohort and total PCa cohort, the mRNA expression levels of 
ERG, MMP-9 and PLXNB1 were all significantly higher in 
TMPRSS2-ERG-positive PCa samples than in TMPRSS2-
ERG-negative samples (P-values were all <0.0001).

The mRNA levels of ERG, MMP-9 and PLXNB1 were all 
positively correlated with TMPRSS2-ERG fusion (P<0.0001), 
in metastatic PCa group the spearman values were 0.757, 
0.833 and 0.865 respectively, in the localized PCa group were 
0.778, 0.781 and 0.889, respectively, and in total PCa group 
were 0.549, 0.806 and 0.626, respectively. Moreover, the 
mRNA expression of MMP-9 and PLXNB1 were positively 
correlated with ERG mRNA level (P<0.0001), in metastatic 
PCa group the Spearman values were 0.705 and 0.751, in 
localized PCa group were 0.640 and 0.710, and in total PCa 
group were 0.762 and 0.919. While there was no relationship 
between MMP-9 and PLXNB1 in each of the PCa groups. 
Furthermore, there was no relationship among the genes with 
each other in BPH samples.

Chi-square test demonstrated that high Gleason score 
patients tend to the fusion of TMPRSS2 and ERG gene in meta-
static PCa group (P=0.007) and total PCa group (P=0.039). 
The relationship between gene expression and clinicopatho-
logical parameters is shown in Table III. Obviously, there was 
no relationship in metastatic PCa samples. While in localized 
PCa group, TMPRSS2-ERG fusion gene positive rate was 
positively correlated with serum PSA level, Gleason score and 
pathological tumor stage, additionally, the Gleason score and 

Table II. The sequences of primers and siRNA.

Gene	 Forward primer	 Reverse primer

ERG	 5'-GTG CCA AAC ATC CTA TTT CC-3'	 5'-CAT TTA TAC ACT ACG AGT TG-3'
MMP-9	 5'-CCT TCT ACG GCC ACT ACT GT-3'	 5'-CAC TTG TCG GCG ATA AGG AA-3'
PLXNB1	 5'-TCT GCT CAG TGA CCT GGT TG-3'	 5'-CTA CGG AGT CCC TCA CGA AG-3'
β-actin	 5'-GGG ACC TGA CTG ACT ACC TC -3'	 5'-TCA TAC TCC TGC TTG CTG AT -3'
ERG siRNA	 5'-CGA CAU CCU UCU CUC ACA UAU-3'	 5'-UGA UGU UGA UAA AGC CUU A-3'
MMP-9 siRNA	 5'-CUA UGG UCC UCG CCC UGA ATT-3'	 5'-UUC AGG GCG AGG ACC AUA GAG-3'
PLXNB1 siRNA	 5'-AAG GUA UAC AGA CAG AUG GAC AUC C-3'	 5'-AAG CUC GAA AUA UCU CCU-3'
Negative siRNA	 5'-UUC UCC GAA CGU GUC ACG UTT-3'	 5'-ACG UGA CAA GUU CGG AGA ATT-3'

Figure 1. The expression of TMPRSS2-ERG fusion gene in human tissues. 
(A) Representative image for TMPRSS2-ERG fusion-positive, one yellow/
one green/one red signals. (B) Representative image for TMPRSS2-ERG 
fusion-negative, two yellow signals.
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Figure 2. The mRNA expression of ERG, MMP-9 and PLXNB1 in human tissues. ***P<0.001. mPCa and lPCa represent metastatic PCa and localized PCa, 
respectively.

Figure 3. The protein expression of ERG, MMP-9 and PLXNB1 in human tissues. ***P<0.001, n=10. mPCa and lPCa represent metastatic PCa and localized 
PCa, respectively.

Figure 4. The mRNA and protein expression of target genes in PCa cell lines after siRNA transfection. (A) Expression of ERG was downregulated by si-ERG 
in VCaP cells; MMP-9 expression was decreased by si-ERG and si-MMP-9 in VCaP cells, while just decreased by si-MMP-9 in PC-3 cells; PLXNB1 was 
downregulated by si-ERG and si-PLXNB1 in VCaP cells, but just decreased by si-PLXNB1 in PC-3 cells. (B) Protein expression of target genes in VCaP and 
PC-3 cells. *P<0.05, **P<0.01 and ***P<0.001.
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pathological tumor stage were positively correlated with the 
expression of MMP-9 and PLXNB1. In total PCa samples, the 
Gleason score was positively correlated with the expression of 
each gene, and serum PSA level was positively correlated with 
TMPRSS2-ERG fusion gene positive rate.

Successful transformation of siRNA to PCa cells and inhibi-
tion of the expression of target genes. To determine the role 
of TMPRSS2-ERG fusion gene, MMP-9 and PLXNB1 in the 
invasiveness of PCa cells, specific siRNA targeting of ERG, 
MMP-9 and PLXNB1 were transiently transfected into PCa 
cells, and, the mRNA and protein of the target genes were 
detected. qRT-PCR and western blot analysis confirmed the 
downregulation of ERG, MMP-9 and PLXNB1 in VCaP cells, 
and downregulation of MMP-9 and PLXNB1 in PC-3 cells, 
compared to the cells transfected with negative siRNA (Fig. 4). 
We also discovered that downregulated ERG expression can 
significantly decrease the mRNA and protein expression of 
MMP-9 and PLXNB1 in VCaP cells.

The effects of siRNA on proliferation, migration and invasion 
in PCa cells. Consistent with previous findings, the mRNA 
and protein expression level of ERG were high in PCa cell line 
VCaP, but almost no expression was observed in PC-3 cells 
(Fig. 4). Using MTT assay, we found that ERG, MMP-9 and 

PLXNB1 knockdown VCaP cells have higher apoptosis rate 
(Fig. 5A); while only MMP-9 and PLXNB1 knockdown have 
higher apoptosis rate in PC-3 cells (Fig. 5B).

In VCaP cells, siRNA knockdown of ERG significantly 
decreased migration and invasive capacity (P=0.002 and 
0.008 respectively, Fig. 6A), similarly, knockdown of PLXNB1 
also reduced migration and invasive capacity (P=0.005 and 
<0.0001 respectively, Fig. 6A). In PC-3 cells, knockdown of 
MMP-9 downregulated the migration and invasive capacity 
significantly (P=0.002 and 0.007 respectively, Fig. 6B); and 
knockdown of PLXNB1 observably decreased the migration 
and invasive ability (P≤0.0001 and 0.015 respectively, Fig. 6B).

Discussion

The mechanism and treatment of metastatic PCa have been 
the focus of targeted therapy as a new treatment with great 
application prospects. Santoni et al indicated that fully 
understanding the role of TMPRSS2-ERG is important for 
individualised therapy in PCa patients (11). Urbinati et al 
designed a kind of siRNA anti-TMPRSS2-ERG and success-
fully downregulated the expression of this fusion gene, and 
observably inhibited the proliferation of PCa cells (12). The 
above showed the potential and importance of TMPRSS2-ERG 
in PCa targeting treatment.

Figure 5. The change of proliferation capacity in PCa cells after siRNA transfection. (A) Knockdown of ERG, MMP-9 and PLXNB1 can significantly induce 
apoptosis in VCaP cells. (B) Knockdown of MMP-9 and PLXNB1 can significantly induce apoptosis in PC-3 cells. *P<0.05, **P<0.01 and ***P<0.001.

Figure 6. The change of migration and invasion capacity in PCa cells after siRNA transfection. (A) Knockdown of ERG and PLXNB1 can significantly 
decrease the migration and invasive capacity in VCaP cells. (B) Knockdown of MMP-9 and PLXNB1 can significantly decrease the migration and invasive 
capacity in PC-3 cells. *P<0.05, **P<0.01 and ***P<0.001.
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Here, using human samples, we showed that, as expected, 
the positive rate of TMPRSS2-ERG fusion in human 
prostate tissues was increasing with the degree of invasive-
ness. Additionally, this fusion can obviously upregulate the 
mRNA and protein expression of ERG, as well as MMP-9 
and PLXNB1. These findings are in agreement with the 
role of TMPRSS2-ERG as revealed using various PCa cell 
models (2,10,13). The positive rate of TMPRSS2-ERG fusion 
detected by FISH in our study was 38.1% (40/105). While, 
Magi-Galluzzi et al reported that TMPRSS2-ERG fusion 
was present in 50.0% (21/42) of Caucasian, 31.3% (20/64) of 
African-American, and 15.9% (7/44) of Japanese, and Dong 
et al demonstrated the incidence was 14.3% (13/91) by biopsy 
specimens or 11.1% (2/18) by radical prostatectomy samples 
(14,15). The reasons why the frequency of gene fusion varies 
among different studies is complex, probably owing to race, 
methods of obtaining specimens, the sensitivity of the tech-
nique used, the number of samples included in the study, the 
criteria used to determined a positive signal and the patients 
from different areas.

MMP-9 has been confirmed to be correlated with increased 
invasion and metastasis in various tumor types, including PCa 
(16). In fact, several transcription factors, such as twist-related 
protein 1 (Twist1), high-mobility group protein A2 (HMGA2), 
mitogen-activated protein kinase 1 (MAPK1), and signal 
transducer and activator of transcription 3 (STAT3), have been 
shown to control MMP-9 expression in numerous cancer types 
(17-20). Here, we showed that MMP-9 expression was corre-
lated with TMPRSS2-ERG as well as ERG in PCa samples, 
and was positively regulated by ERG which is upregulated 
by TMPRSS2-ERG fusion in VCaP cells. Additionally, it has 
been reported that ETS-1 promotes the invasiveness of pacli-
taxel-resistant and hormone-refractory PCa cells by increasing 
MMP‑9 expression, moreover, a recent study demonstrated 
that overexpression of ETV4 can upregulate the invasiveness 
of PCa through increasing MMP-9 expression (21,22). ERG is 
not only a transcription factor, but also a member of the ETS 
family, so these findings emphasized the importance of ETS in 
controlling MMP-9 expression in PCa. However, knockdown 
of the expression of MMP-9 did not weaken TMPRSS2-ERG-
induced cell migration or invasion in VCaP cells. This result 
was similar to that treating TMPRSS2-ERG expressing PCa 
cells with MMP-9 inhibitor (23). Therefore, future studies are 
required to investigate the role of MMP-9 in TMPRSS2-ERG-
positive PCa cells using in vivo models.

PLXNs activate many characteristics of the invasive 
phenotype seen in cancer progression, inducing changes in 
extracellular matrix (ECM) adhesion, motility, scatter, and 
branching morphogenesis (24). It was revealed that PLXNA2 
expression was higher in more aggressive breast cancer cell 
types, and another study showed that TMPRSS2-ERG posi-
tively and directly regulates PLXNA2 expression in PC3c 
cells (13,25). Ye et al found that PLXNB1 was significantly 
higher expressed in serous ovarian carcinomas (26). Our 
results showed that, similar to MMP-9, PLXNB1 was not only 
expressed higher in metastatic PCa tissues, but positively and 
directly regulated by TMPRSS2-ERG fusion in VCaP cells. 
Together with the finding that downregulation of PLXNB1 in 
VCaP cells can decrease the migration and invasion capacity, 
we first discovered that PLXNB1 contributes, at least in part, 

to TMPRSS2-ERG-induced VCaP cell migration and inva-
sion. This finding supports the potential of PLXNB1 in PCa 
metastasis.

The association between TMPRSS2-ERG fusion and PCa 
clinical outcome has not yet been clearly established. Some 
studies have shown that this gene fusion is not significantly 
associated with PCa clinicopathological parameters (27,28). 
However, other studies have demonstrated that it is associated 
with higher clinical tumor stages and Gleason scores (29,30). 
Our results showed that TMPRSS2-ERG is positively associ-
ated with Gleason scores and serum PSA level in localized 
PCa samples and total PCa samples, while the correlation was 
weak. Additionally, the expression of MMP-9 and PLXNB1 
were positively associated with Gleason scores with a weak 
correlation. Compared to others research, these uncertain 
results still need support of larger sample numbers.

In conclusion, our data confirmed the important role of 
TMPRSS2-ERG in PCa invasiveness, and demonstrated 
that PLXNB1, but not MMP-9, was the target gene directly 
related to TMPRSS2-ERG in PCa cell migration and invasion, 
providing novel insights into the role of TMPRSS2-ERG in 
PCa invasiveness.
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