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Golgi phosphoprotein 3 regulates metastasis  
of prostate cancer via matrix metalloproteinase 9
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Abstract: Recent studies suggest that Golgi phosphoprotein 3 (GOLPH3) protein is a candidate metastasis gene 
in human cancer. The goal of this study was to determine the function of GOLPH3 in prostate cancer metastasis 
and to identify GOLPH3-regulated pathways and genes involved in prostate cancer metastasis. GOLPH3 expression 
was detected in prostate cancer. To investigate its function, PC-3 cells were stably transfected with shRNA target-
ing GOLPH3. Cell abilities of invasion and migration were measured in vitro. Downstream regulatory pathways of 
GOLPH3 were characterized using quantitative RT-PCR and Western blotting analysis. Immunohistochemical studies 
in prostate cancer specimens revealed a positive correlation of GOLPH3 expression with prostate cancer. GOLPH3 
was expressed in prostate cancer cell lines. GOLPH3 repression resulted in the reduction of mRNA level and protein 
level of MMP9, accompanied with reduced phosphorylation of mTOR, EGFR and Src. Our findings suggest GOLPH3 
regulate MMP9 expression which impact cell migration and invasion. This regulation is probably mediated by EGFR 
and Src signaling pathways. 
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Introduction

Prostate cancer remains one of the most malig-
nant and lethal cancers in male genitourinary 
system. The mortality of prostate cancer is not 
primarily attributed to the tumor growth but, 
rather, is caused by metastases in other 
organs. There are some curative treatments for 
localized prostate cancer, however, there is still 
no effective cure for advanced metastatic pros-
tate cancer [1]. Presently, we are facing a large-
ly unsolved challenge in combating this ad-
vanced metastatic disease. Clarification of 
molecular mechanisms of metastasis is a cru-
cial step towards establishing a new therapeu-
tic strategy. Hence, the elucidation of the 
mechanisms underlying metastasis has been 
the research focus of prostate cancer over the 
past decades. Cancer metastasis initiates from 
cancer cells that detach from the primary tumor 
and are able to breach, pass through extracel-
lular matrix (ECM), and survive in remote organs 
[2]. Metastatic phenotype of prostate cancer 

was achieved with an increase of EGFR/PI3K/
AKT/mTOR phosphorylation, resistance to apop- 
tosis, and reduction of ERK phosphorylation 
[3]. Activation of EGFR/AKT/mTOR stimulates 
Src signaling that promotes cell migration 
through turnover of cytoskeletal organization 
and en-hance invasion via promotion of matrix 
metalloproteinases (MMPs) secretion [4-6].

The Golgi apparatus is a subcellular organelle 
where post-translational modification and pro-
cessing and trafficking of glycosylated proteins 
and lipid molecules proceeds [7]. It also partici-
pates extensively in cell differentiation, signal-
ing pathways and the endocytosis pathway [8]. 
In recent years, with the rapid development in 
the fields of genomics and proteomics, novel 
Golgi and its associated proteins have been 
identified. Golgi phosphoprotein (GOLPH3) is a 
highly conserved Golgi membrane protein that 
was originally identified in the Golgi apparatus 
[9] and considered to be associated with tumor-
igenesis and cancer progression [10, 11]. Also 
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in prostate cancer it was revealed that GOLPH3 
was associated with cancer aggressiveness 
[12]. It indicates GOLPH3 possibly associates 
with metastases development in prostate can- 
cer. 

To examine the possibility of GOLPH3 to regu-
late metastasis and investigate the underlying 
mechanism, we constructed a GOLPH3 knock-
down stable cell line, detect its motility and 

invasion and characterized the downstream 
regulatory pathways.

Material and methods

Immunohistochemical analysis

Prostate adenocarcinoma TMAs were obtained 
from U.S. Biomax (Rockville, MD, USA) and pre-
pared as recommendations. To examine the 
GOLPH3 protein expression in the prostate, we 
used TMAs comprising samples of prostate 
adenocarcinoma, benign and normal prostate 
tissue. Immunohistochemistry was performed 
as previously described [13]. The GOLPH3 pri-
mary antibody (Epitomics Inc.) was diluted at a 
1:25 and applied to incubation with slides over-
night at 4°C. The secondary goat anti-mouse/
rabbit IgG polymer was diluted at 1:200 for 
incubation with slides at room temperature for 
30 min. The normal rabbit IgG isotype served 
as the negative control. 

Cell lines and stable transfections

PC-3, DU145 and LNCaP purchased from the 
cell bank of Chinese Academy of Sciences 
(Shanghai, China) were routinely maintained in 
RPMI-1640 medium (Hyclone) supplemented 
with 10% FBS. Cultures were maintained in a 
humidified atmosphere of 5% CO2. 

To establish GOLPH3-knockdown (GOLPH3-KD) 
stable cell line, the cell culture was selected by 
200 µg/ml hygromycin. Successfully transfect-
ed cells were selected in culture medium with 
the addition of 200 µg/ml hygromycin for one 
week before the individual clones were isolat-
ed, then established and maintained in the 
medium containing 50 µg/ml of hygromycin. 
Knockdown of GOLPH3 was determined by 
detection of the mRNA and protein level using 
quantitative RT-PCR and Western blotting anal-
ysis in triplicate, respectively. 

Cell migration and invasion assay

PC-3 cells were seeded in 6-well plates with the 
appreciate density and cultured overnight. One 
day after vaccination, PC-3 cells were infected 
by GOLPH3-RNAi lentiviruses and blank control 
with virus culture solution was set. Cells (1 × 
105 cells) were seeded on INSERT 24WELL 8UM 
PORE TRANSPARENT (BD Falcon) coated over-
night at 4°C, cells were immobilized with 4% 
PFA and their migration capabilities were mea-

Table 1. List of the primer sequences for poly-
merase chain reaction studies
Target Sequences (5’-3’)

MMP1
Forward: ATCCCTTCTACCCGGAAGTTG
Reverse: TCATCTCTGTCGGCAAATTCG

MMP2
Forward: CGGCGGTCACAGCTACTTC
Reverse: CGCTTCTGGCTGGGTCTGT

MMP3
Forward: GCGCAAATCCCTCAGGAA
Reverse: CATCCACGCCTGAAGGAAGA

MMP9
Forward: GAGGCGCTCATGTACCCTATGT
Reverse: GTGCCGGATGCCATTCAC

MMP10
Forward: CCCTGGTGCCCACAAAATC
Reverse: GAAGGACAAAGCAGGATCACACT

MMP14
Forward: GCCTGCGTCCATCAACACT
Reverse: TCATCAAACACCCAATGCTTGT

Moesin
Forward: ACAAGACCCTGCGCCAGAT
Reverse: GCCCATTACATAGACTCAAATTCGT

TIMP2
Forward: GAAGGAGCCCCATCAATCCT
Reverse: CTCCCATTTCTACAAGGCTCAGA

Vimentin
Forward: CGCCAGATGCGTGAAATG
Reverse: AGGCGGCCAATAGTGTCTTG

VEGF-A
Forward: CGCAGCTACTGCCATCCAAT
Reverse: GTGAGGTTTGATCCGCATAATCT

E-Cadherin
Forward: GGCCAGGAAATCACATCCTA
Reverse: GGCAGTGTCTCTCCAAATCC

ACTR2
Forward: CAAGCTACTTCTGTTGCGAGGATAC
Reverse: TTTAATCATGCGAACCGTTTCA

Furin
Forward: CCCCTCAAACCTCCTCTTCTG
Reverse: AATGGCTAGGGTAGAAAAGAAAAGG

CD44
Forward: GACACCATGGACAAGTTTTGG
Reverse: CGGCAGGTTATATTCAAATCG

P65
Forward: AAGAGCAGCGTGGGGACTA
Reverse: CACATCAGCTTGCGAAAAGG

P50
Forward: AGGATTTCGTTTCCGTTATGTATG
Reverse: TGTGACCAACTGAACAATAACCTTT

GOLPH3
Forward: CCTGTTTTGGGTTTCTGGTC
Reverse: CCAAAAGCTGTGCGTATGAG

β-Actin
Forward: TCCTTCCTGGGCATGGAGT
Reverse: CAGGAGGAGCAATGATCTTGAT
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sured by 0.1% crystal violet staining assay. 
Using 10-fold magnification, take pictures for 
five field of view under arthroscope, counted 
and then calculate an average. 

Invasion assay was conducted using Matrigel 
invasion chambers coated with the matrix 
Matrigel (BD Falcon). Briefly, Matrigel was dilut-
ed 1:9 in DMEM medium (Invitrogen), added 
onto the insert filter of transwell and incubated 
for 1 h at 37°C. 1 × 105 cells were seeded in the 
upper chamber. The lower chambers were filled 
with DMEM plus 10% FBS. After 72 h at  
37°C, the cells passed through the insert were 

stained with 0.1% crystal violet, and counted by 
microscopic visualization.

Quantitative RT-PCR

The total RNA was extracted using Trizol reagent 
(Invitrogen), and reverse transcription was car-
ried out using a RevertAid Reverse Tran- 
scriptase (Fermentas) at 42°C for 1 hour. 
cDNA was used as the template to amplify the 
tumor metastasis-related gene and cytokines 
with the following primers (Table 1). The quanti-
tative PCR reactions were performed in tripli-
cate in a 15 μl reaction volume containing 7.5 
μl of 2 × SYBR mix (Takara), 0.8 μl of each 

Figure 1. GOLPH3 is overexpressed in clinical specimens and prostate cancer cell lines. A. Immunohistochemical 
staining indicated that the level of GOLPH3 was obviously upregulated in human prostate cancer specimens ver-
sus BPH and normal specimens. B. qRT-PCR validation of GOLPH3 showed that the mean expression of GOLPH3 
was higher in prostate cancer cell lines. C. Western blotting analysis showed that the expression of GOLPH3 was 
increased in human prostate cancer cell lines. 
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hyperplasia and normal prostate 
tissue with immunohistochemis-
try. Figure 1A showed various 
patterns of GOLPH3 expression 
in normal prostate (a, d), benign 
prostatic hyperplasia (b, e), and 
adenocarcinoma tissues (c, f). 
GOLPH3 protein expression was 
typically cytoplasmic. In 2 out of 
10 (20%) normal prostate tissues 

primer (10 μM), and 1 μl cDNA. The program 
was as follows: 94°C for 120 s, followed by 40 
cycles of 95°C for 30 s, 60°C for 30 s, and 
72°C for 30 s. The expression values of the 
tumor metastasis-related gene were normal-
ized to β-actin. 

Western blotting analysis

Briefly, GOLPH3-KD stable prostate cancer cell 
lines were lysed with 150 μl lysis buffer con-
taining inhibitors of protease and phosphatase. 
The protein concentrations were measured 
with the BCA protein assay and adjusted to 
equivalent amounts. 20 μg protein was electro-
phoresed, transferred onto nitrocellulose mem-
branes (Millipore) and then incubated with spe-
cific antibodies (MMP2, MMP9, Moesin, vimen-
tin, EGFR, phospho-EGFR, FAK, phospho-FAK, 
Src, phospho-Src, AKT, phospho-AKT, mTOR, 
phospho-mTOR, p70S6K, phospho-p70S6K; 
Abcam) at room temperature for 2h. After wash-
ing and incubation with a horseradish peroxi-
dase-conjugated secondary antibody, signals 
were developed with ECL reagents (Millipore).

Statistical analysis

Statistical analyses were performed using 
SPSS software version 19.0 (SPSS Inc.). Data 
are presented as the mean ± SD. Student’s 
t-test was performed for statistical analysis. 
Regarding the immunohistochemical study, the 
chi-square analyses were performed to evalu-
ate the statistical significance. P<0.05 denotes 
statistical significance of differences.

Results 

Expression of GOLPH3 is up-regulated in pros-
tate cancer

To determine whether GOLPH3 was up-regulat-
ed in prostatic carcinoma, we analyzed GOLPH3 
protein level on a prostate tissue microarray 
containing prostate cancer, benign prostatic 

and in 6 out of 20 (30%) benign prostatic hyper-
plasia, positive GOLPH3 immunostaining could 
be observed in the cytoplasm. Of the 50 pros-
tate carcinoma samples, only 18 (36%) were 
graded as negative, whereas 32 (64%) were 
positive for GOLPH3 expression (Table 2) 
(P<0.05). The normal and benign prostate tis-
sues showed low levels of GOLPH3 staining, in 
contrast to prostate cancer, which displayed 
strong GOLPH3 staining. These findings sug-
gest that the GOLPH3 protein is significantly 
elevated in prostate cancer compared with 
noncancerous tissues. We further confirmed 
the expression of GOLPH3 in LNCaP, DU145 
and PC-3 cell lines. It was found the mRNA level 
and protein level of GOLPH3 was overexpressed 
in prostate cancer cell lines (Figure 1B and 1C). 
The study of the expression signature of 
GOLPH3 in prostate cancer indicated that 
GOLPH3 was significantly upregulated in clini-
cal specimens and prostate cancer cells, sug-
gesting that GOLPH3 act as an oncogene in 
prostate cancer.

Down-regulated GOLPH3 expression inhibits 
prostate cancer cell migration and invasion

GOLPH3 has been found to be significantly 
associated with invasion in gastric cancer [14]. 
It prompted us to investigate the effect of 
GOLPH3 on prostate cancer cell migration and 
invasion. We first constructed a GOLPH3-KD 
stable cell line derived from PC-3 (Figure 2A). 
Quantitative RT-PCR and Western blotting anal-
ysis revealed GOLPH3 mRNA level and protein 
level were both reduced by roughly 80% in the 
stable cell line compared to the scramble 
shRNA control (Figure 2B and 2C). 

We then compared the ability of migration and 
invasion of GOLPH3-KD cells with scramble 
control through migration and invasion assay. It 
was shown that the migration of GOLPH3-KD 
cells was greatly affected compared with con-

Table 2. Expression of GOLPH3 in normal prostate, BPH, and 
PCa

Pathological type No. of 
cases

GOLPH3 Expression
P-value*

Positive (rate %) Negative
Normal 10 2 (20%) 8 s. 

(.001)*BPH 20 6 (30%) 14
PCa 50 32 (64%) 18
P-value derived from χ2 test; s., significance.
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trol cells after 24 hours (Figure 3A and 3C). 
Statistical analysis demonstrated that invasion 
ability of GOLPH3-KD cells was reduced by 60% 
almost significantly at P<0.05 (Figure 3B). 
Similarly, the migration of GOLPH3-KD cells 
markedly decreased to 40% of control cells 
with highly significance at P<0.05 (Figure 3D).

MMP9 was greatly downregulated following 
GOLPH3 knockdown

To find out the underlying mechanism of 
GOLPH3 influencing metastasis, we examined 
the effect of GOLPH3 knockdown on transcrip-
tion of metastasis associated genes using 
quantitative PCR. Compared to the scramble 
control, the mRNA level of expression of MMP2, 
MMP9, moesin, vimentin, E-cadherin, TIMP2, 
P65, and GOLPH3 in PC-3 cells transfected 
with GOLPH3 RNAi at mRNA levels was 
decreased, of which MMP9 and P65 were 
greatly suppressed in GOLPH3-KD stable cell 
line with high significance (P<0.05) (Figure 4A), 
whereas the mRNA level of furin, MMP1, MMP3, 
MMP10, MMP14, CD44, P50, VEGF-A, ACTR2 
increased (P>0.05) (Figure 4B).

We further performed protein analysis of four 
downregualted genes. It was shown only MMP9 
significantly reduced, indicating GOLPH3 regu-
lated MMP9 expression in prostate cancer 
cells (Figure 4C). 

GOLPH3 modulates EGFR and Src signaling 
pathways

GOLPH3 interacts with VPS35 which has been 
implicated in recycling of receptor [3, 15, 16], 

therefore GOLPH3 possibly promotes down-
stream signaling of receptor tyrosine kinases 
(RTK). Indeed, GOLPH3 has been found to 
enhance mTOR signaling [3]. To investigate the 
effect of GOLPH3 on RTK and its downstream 
signaling, we examined EGFR phosphorylation 
and its downstream mTOR, MAPK, Src and FAK 
signaling. 

In the GOLPH3-KD cells, the phosphorylated 
EGFR was markedly reduced, accompanied by 
decrease of phosphorylated mTOR and its 
downstream phosphorylated p70S6K (Figure 
5A). Meanwhile, Src signaling was also impaired 
following GOLPH3 knock down (Figure 5B). 

Figure 2. The GOLPH3-KD stable cell line were constructed and authenticated. A. Prostate cancer cells infected 
with lentiviral vector under a fluorescence microscope. B. Quantitative real-time polymerase chain reaction was 
performed to validate the efficiency of GOLPH3 interference in prostate cancer cells. C and D. Western blotting was 
performed to validate the efficiency of GOLPH3 interference in prostate cancer cells. (P<0.05, n = 3). 
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However, AKT and FAK signaling were not 
affected. 

Discussion 

GOLPH3 gene is localized on chromosome 
5p13 region and its gain of copy number fre-
quently takes place in various types of solid 
tumors including the lung, ovary, breast, pros-
tate, and skin (melanoma) [17]. These suggest 
GOLPH3 is a proto-oncogene. In this study, it 
was interesting to note that GOLPH3 was posi-
tive in 64% cancer samples compared with 
20% in normal and 30% in benign samples. 
This confirmed the previous findings that 
reported an overexpression of GOLPH3 in 37% 
of prostate cancer cases. Increased expression 
of GOLPH3 has been found to be significantly 
associated with the prognosis of gastric can-
cer, esophageal squamous cell cancer and 
ovarian cancer, non-small cell cancer, oral can-
cer and prostate cancer [8, 10, 12, 14, 18, 19]. 
Although in vitro studies in hepatocellular carci-

noma cell lines demonstrated that overexpres-
sion of GOLPH3 promoted aggressiveness [20, 
21], its exact functional role in metastasis and 
underlying mechanism are unclear.

In the study, we employed loss-of-function 
approaches to examine that GOLPH3 regulate 
the expression of downstream metastasis 
associated genes. We observed that knock-
down of GOLPH3 in vitro inhibited cell migration 
and invasion, accompanied with a great loss of 
MMP9. MMPs function primarily to degrade 
ECM proteins, and are therefore necessary for 
cell invasion [22, 23]. These suggest GOLPH3 
are extensively involved in metastasis of pros-
tate cancer. MMP9 expression secreted by 
tumor or stroma cells is elevated in both pri-
mary and metastases and associated with can-
cer progression [24-26]. Previous studies 
showed that interaction between stroma and 
prostate cancer cells induced pro-MMP9 ex- 
pression in prostate cancer cells [27]. These 
suggest MMP9 play a pivotal role in prostate 

Figure 3. GOLPH3 may promote prostate cancer metastasis. A and B. The migration activity of the cells in the 
GOLPH3-KD group was reduced by approximately 43.28% in comparison with control group cells (P<0.05). C and 
D. Cell invasion assays showed that the knockdown of GOLPH3 expression resulted in a decreased capacity for 
invasion in comparison with the NC group, especially the invasion activity of the cells in the GOLPH3-KD group was 
reduced by approximately 56.10% in comparison with NC group cells (P<0.05). These data are the means and stan-
dard deviations of a representative experiment performed in triplicate (P<0.05, n = 3).
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cancer metastasis through which GOLPH3 reg-
ulates metastasis. These also would account 
for association of GOLPH3 with aggressiveness 
and progression in a variety of cancers. Future 
work is needed to be determined if MMP9 is 
critical for GOLPH3-induced prostate cancer 
cell migration and invasion.

Metastasis is the spread of cancer cells from 
the primary tumor to distant organs, and thus it 
is regulated and controlled by intracellular sig-
naling pathways. The molecular mechanism by 
which GOLPH3 promotes MMP9 expression is 
an intriguing question. We probed the signaling 
pathways upstream of MMP9 to clarify the 
mechanism. Our findings demonstrated that 
GOLPH3 extensively intersects with cancer reg-
ulatory pathways such as EGFR, mTOR and Src 
that appear crucial in determining the meta-
static prostate phenotypes. Phosphorylations 
of EGFR, mTOR and Src decreased markedly in 

GOLPH3-KD cells whereas EGFR, mTOR and 
Src levels did not change. EGFR was ever docu-
mented to upregulate MMP9 expression and 
promotes cancer cell motility and invasion in 
epithelioid sarcomas [28, 29]. Consistently, 
studies in breast cancer cell line displayed that 
EGFR knockdown resulted in a decrease of 
MMP9 expression [30]. One of MMP9 regula-
tion modes by EGFR requires the participation 
of NFκB [31]. One of NFκB subunits RelA (P65) 
can bind to the promoter of MMP9 and pro-
motes its transcription [28]. Quantitative PCR 
revealed that transcription of RelA (P65) was 
reduced after GOLPH3 knockdown (Figure 4A), 
indicating NFκB involved in the modulation of 
MMP9 expression by GOLPH3 in prostate can-
cer. In addition, MMP9 expression was sup-
pressed in myeloid cells by Src kinase inhibitor 
Dasatinib, accompanied with inhibition of Src 
family kinase and cancer cell motility [32]. This 
indicates Src phosphorylation regulate MMP9 

Figure 4. GOLPH3 promotes prostate cancer cell migration and invasion through down-regulation of MMP9. (A and 
B) qRT-PCR and (C) Western blotting analyses showed that the inhibition of the GOLPH3 reduced MMP9 expression 
at the mRNA and protein levels in prostate cancer cells. 
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metastasis, and showed that 
GOLPH3 controls MMP9 ex- 
pression through EGFR and 
Src and consequently regu-
late metastasis of prostate 
cancer.
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expression and cancer metastasis. In mouse 
model, knockout of Src negative regulator 
Carboxy-terminal Src kinase (Csk) resulted in 
MMP9 and TNF alpha elevation [33]. This indi-
rectly confirmed the role of Src to drive MMP9 
expression and activate NFκB. These also imply 
EGFR and Src could serve as drug targets to 
treat metastatic prostate cancer. Taken togeth-
er, GOLPH3 regulates MMP9 expression prob-
ably through EGFR and Src signaling pathways 
and NFκB probably mediates this regulation. 
The results suggest that GOLPH3 play a pivotal 
role in the development and progression of 
prostate cancer. GOLPH3 might become a 
prognostic marker and a promising therapeutic 
target which requires a large population to 
determine.  

Overall, our findings confirmed GOLPH3 is asso-
ciated with prostate cancer development and 
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