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Abstract 

Background: Golgi phosphoprotein 3 (GOLPH3) is a metastasis-associated gene, however its 
role in cell proliferation of prostate cancer (PCa) has not yet been elucidated. 
Methods: The level of expression of GOLPH3 and other genes was examined by quantitative 
real-time PCR (QPCR) and western blot analysis. Furthermore, we performed a comprehensive 
analysis of the expression of GOLPH3 in PCa using a tissue microarray (TMA) and correlated our 
findings with pathological parameters of PCa. RNA interference (RNAi) was used to silence the 
expression of GOLPH3 in PC-3 cells and to measure the effects on proliferation and cell cycle 
using the CCK-8 assay and flow cytometry. Western blots were also employed to assess 
AKT-mTOR and cell cycle-related proteins. 
Results: We showed that the expression of GOLPH3 was located at the trans-Golgi membranes 
in PCa cells. We found that GOLPH3 was expressed in all PCa cells and was significantly higher in 
two androgen-independent cell lines, DU145 and PC-3. TMA immunohistochemistry showed that 
GOLPH3 was positive in 64% of cancer tissue samples compared with 20% in normal and 30% in 
benign samples (P<0.05). In vitro, silencing GOLPH3 expression inhibited cell proliferation and 
arrested the cell cycle at the G2/M phase. Silencing GOLPH3 also activated P21 expression but 
suppressed the expression of CDK1/2 and cyclinB1 protein together with the phosphorylation of 
AKT and mTOR.  
Conclusions: The expression of the GOLPH3 protein was significantly elevated in PCa. GOLPH3 
can promote cell proliferation by enhancing the activity of AKT-mTOR signaling. Altogether, these 
findings suggest that GOLPH3 play important roles in proliferation and cell cycle regulation in PCa 
and might serve as promising biomarkers for PCa progression as well as potential therapeutic 
targets. 
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Introduction 
With the rapid development of gene technology 

and proteomics, novel Golgi proteins and Gol-
gi-associated proteins have been identified. Golgi 

phosphoprotein 3 (GOLPH3, also designated as 
GMx33, GPP34, MIDAS or yeast Vps74p) is consid-
ered to be the most promising marker of cancer biol-
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ogy. GOLPH3 is a highly conserved Golgi membrane 
protein that was originally identified by proteomic 
analyses of the Golgi apparatus [1, 2]. GOLPH3 has 
been shown to be a mitochondrial protein that is in-
volved in the regulation of mitochondrial lipids [3]. 
Indeed, GOLPH3 is highly modified post-transla-
tionally and dynamically associated with the trans 
surface of the Golgi membranes. Similarly to many 
other Golgi matrix proteins, GOLPH3 presents in a 
large cytosolic pool. However, GOLPH3 is an atypical 
Golgi matrix protein that is relatively small (molecu-
lar weight of 34 kDa) and lacks a long coiled-coil do-
main [4]. The biological functions of the GOLPH3 
protein are still unknown. Previous studies have 
demonstrated that the association of GOLPH3 with 
the Golgi is modulated in a GTP-dependent manner 
[4]. GOLPH3 protein is an effector of Golgi phospha-
tidylinositol (PtdIns) 4-kinases, which are regarded as 
key regulators of the Golgi structure and function [5, 
6]. GOLPH3 binds to PtdIns 4-phosphate-rich 
trans-Golgi membranes, and myosin 18A conveys the 
tension that keeps the Golgi structure intact in its 
stretched shape to maintain its function [7]. This 
phenomenon reveals the potential role of GOLPH3 in 
protein trafficking and maintaining Golgi function.  

Recently, GOLPH3 has emerged as a potent on-
coprotein that participates in the regulation of protein 
glycosylation, a common form of post-translational 
modification and a hallmark feature of cancers [8, 9]. 
The gene encoding GOLPH3 resides on human 
chromosome band 5p13, which is frequently ampli-
fied in a variety of human solid tumors, including 
lung, prostate, ovary, breast, pancreas, and gastric 
cancer, and melanoma [10-15]. This amplification of 
the GOLPH3 locus in malignancies is involved in 
oncogenic transformation, suggesting that GOLPH3 
may originate from cancerous cells and play an im-
portant role in carcinogenesis. GOLPH3 is a regulator 
of protein synthesis and can act as a proto-oncogene. 
Thus, the activity of GOLPH3 may be associated with 
cancer cell growth and survival. These observations 
support the notion of GOLPH3 as a matrix protein 
with potent oncogenic activity at the Golgi, although 
very little is known regarding its role in the devel-
opment and treatment of PCa. 

In this study, we investigated the expression of 
GOLPH3 in human PCa and its effect on cell prolifer-
ation. We found that the expression of the GOLPH3 
protein was significantly elevated in each pathological 
grade and stage of PCa. However, a significant asso-
ciation could not be established between GOLPH3 
expression and the pathological parameters of PCa. 
On the other hand, reduced expression of GOLPH3 by 
shRNA inhibited the growth of PC-3 cancer cells, and 
silencing of GOLPH3 in PCa cells led to G2/M 

cell-cycle arrest. Using these loss-of-function ap-
proaches, we showed that down regulation of 
GOLPH3 inhibited the proliferation of PCa cells via 
downregulation of the expression of cyclinB1 and 
CDK1/2 accompanied with phosphorylation of AKT 
and mammalian target of rapamycin (mTOR). The 
study of the expression profiles of GOLPH3 and its 
effect on cell proliferation could lay a foundation for 
the prevention of PCa. Overall, the present study en-
riches our understanding of biological characteristics 
of GOLPH3 in PCa. 

Materials and Methods 
Cell culture 

Four human PCa cell lines, 22Rv1, LNCaP, 
DU145, and PC-3 purchased from the cell bank of 
Chinese Academy of Sciences (Shanghai, China), were 
routinely cultured in RPMI-1640 media (Hyclone, 
Logan, UT). All cultures were supplemented with 
10% fetal bovine serum (GIBCO, Grand Island, NY) 
and incubated at 37°C in a 5% CO2 incubator.  

Immunofluorescence 
The localization of GOLPH3 in the PCa cell line 

DU145 was assessed using laser confocal im-
munofluorescence microscopy. Briefly, cells were 
cultured on cover slips and fixed for 15 minutes in 4% 
paraformaldehyde. After permeabilization with 0.3% 
Triton X-100 (Sigma, St. Louis, MO) for 15 minutes, 
the samples were blocked with 0.05% BSA for 1 h. The 
samples were incubated with primary antibodies 
(1:100) and an anti-Golgi marker TGN46 antibody 
(1:100) overnight at 4°C, washed, and incubated with 
the corresponding goat anti-mouse and anti-rabbit 
IgG secondary antibodies for 1 h. The nuclei were 
labeled with 4,6-diamidino-2-phenylindole (DAPI), 
and the cells were visualized using confocal micros-
copy. 

mRNA-expression analysis 
For each cell line, the total RNA was extracted 

using RNAiso (Takara, Dalian, China), and reverse 
transcription was performed using RevertAid Re-
verse Transcriptase (Fermentas, Glen Burnie, MD), 
according to the manufacturer's instructions. The 
cDNA was used to amplify the GOLPH3 gene using 
PCR with the following primers: GOLPH3 forward, 
5'-ACATCCCCTCACCAATAACAAC-3', and 
GOLPH3 reverse, 5'-TAGCCAAATCATACTGCT 
CGTC-3'. The QPCR reactions were performed in 
triplicate in a 15 μl reaction volume containing 7.5 μl 
of 2×SYBR mix (Takara), 0.2 μl of each primer (10 
μM), and 0.3 μl cDNA. The conditions were as fol-
lows: 94°C for 2 min, followed by 40 cycles at 95°C for 
30 sec, 60°C for 30 sec, and 72°C for 30 sec. The ex-
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pression values of GOLPH3 were normalized to the 
endogenous reference gene glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH). 

Western blot analysis 
Briefly, PCa cell lines were lysed with 150 μl lysis 

buffer supplemented with protease and phosphatase 
inhibitors. The cell lysates were collected by scraping 
and centrifugation at 12,000 rpm for 15 min. The pro-
tein concentrations were measured using the BCA 
protein assay and adjusted to equivalent amounts. 
Total protein (20 μg) from each sample was electro-
phoresed in 10% SDS-PAGE gels and transferred onto 
nitrocellulose membranes (Millipore, Billerica, MA). 
The membranes were first blocked in 5% non-fat milk 
in TBS containing 0.1% Tween 20 (TBST) for 1 h at 
room temperature and then incubated with specific 
antibodies (Abcam, Cambridge, UK) for different 
western blot analyses for 2 h at room temperature. 
After washing and incubating with a horseradish pe-
roxidase-conjugated secondary antibody, the protein 
bands were detected using ECL reagents (Millipore). 

Tissue microarrays and immunohistochemical 
analysis 

Prostate adenocarcinoma TMAs were obtained 
from Biomax, Inc. (Rockville, MD). Immunohisto-
chemistry was performed using the EliVision plus 
system according to the manufacturer's instructions 
(Maixin Biological, Fuzhou, China). Briefly, the array 
slides were deparaffinized in xylene, rinsed with 
phosphate-buffered saline (PBS), and subjected to 
epitope retrieval treatment by boiling in 0.01 M citrate 
buffer solution (pH 6.0) for 2 min. The slides were 
cooled at room temperature and further rinsed with 
PBS three times for 5 min each. The slides were then 
incubated with 3% hydrogen peroxide at room tem-
perature for 10 min to quench the endogenous pe-
roxidase activity and rinsed three more times for 5 
min each. The tissue arrays were subsequently incu-
bated with the anti-GOLPH3 primary antibody (Epi-
tomics Inc., Burlingame, CA) at a 1:25 dilution over-
night at 4°C. The arrays were then treated with a 
polymer accentuator at room temperature for 20 min 
and incubated with horseradish peroxidase-labeled 
goat anti-mouse/rabbit IgG polymer at room tem-
perature for 30 min. The sections were rinsed thor-
oughly with PBS containing 0.1% Tween 20 for 5 min 
each. The color reaction was performed using dia-
minobenzidine (DAB) solution for 5 min. Finally, the 
slides were washed, counterstained with hematoxy-
lin, dehydrated, and mounted. The normal rabbit IgG 
isotype served as the negative control. 

Expression of transfected GOLPH3 shRNA 
Knockdown of GOLPH3 gene expression in PC-3 

cells was carried out using GOLPH3 shRNA ex-
pressing lentiviral vectors. Briefly, recombinant lenti-
viral particles containing non-target and human 
GOLPH3 targeted shRNA were prepared using 
transfection of 293T cells. Cells were cultured in 
DMEM (GIBCO) with 10% FBS. Exponentially prolif-
erating cells were seeded into 24-well culture plates 
and incubated overnight, allowing cells to adhere. A 
multiplicity of infection (MOI) of 20 was adopted. To 
each well, 40 µl of Lenti-GOLPH3 or negative control 
(NC) was added. After five days of incubation, the 
cells were collected. RNA and protein were extracted 
to analyze the expression of GOLPH3 in PC-3 cells. 
PC-3 cells were stably transfected with GOLPH3 
shRNA (pUEGH-GOLPH3shRNA), or pUEGH using 
TARGET TransIn transfection reagent (Tri-D Bio-
pharm, Shanghai, China) according to the manufac-
turer's instructions.  

To select stably transfected PC3 cells, the cell 
cultures were incubated with 200 µg/ml hygromycin 
for one week before individual clones were isolated, 
then established and maintained in the medium con-
taining 50 µg/ml of hygromycin. The stable 
GOLPH3-underexpression cells were seeded into well 
plates, and CCK-8 and flow cytometry were used to 
assess cell viability, and cell cycle status. Knockdown 
of GOLPH3 expression was determined by detecting 
the mRNA level and protein level using QPCR and 
western blot analysis, respectively. All experiments 
were performed in at least triplicate cultures and re-
peated 3 times. 

Cell proliferation assay 
To investigate the effects of GOLPH3 on the rate 

of cell proliferation, we used Cell Counting Kit-8 
(CCK-8) (Dojindo Laboratories, Kumamoto, Japan). 
Cells (3×103 cells/well) were first seeded into 96-well 
flat-bottom plates for 8 h to adhere. After 24 h, 10 μl of 
solution from CCK-8 was added to each well. These 
plates were incubated for 45 minutes in a humidified 
CO2 incubator at 37°C. Finally, the absorbance of 
sample taken from each well was measured at 450 nm, 
on the basis of which the percentage of surviving cells 
in each treatment group was plotted relative to the 
untreated one. 

Cell cycle analysis 
The cell cycle of PC-3 cells was analyzed by flow 

cytometry using BD FACSAria Cell Sorter (Becton 
Dickinson, Franklin Lakes, NJ). PC-3 stable trans-
fectant cells were seeded onto 20-mm2 dishes for 24 h. 
After incubation, the cells were trypsinized and col-
lected by centrifugation and fixed with 70% ethanol. 
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Samples were treated with 5 μL RNase A (10 μg/mL) 
for 1 h at room temperature, stained with 10 μL pro-
pidium iodide (10 μg/mL) for 30 min at 4°C and an-
alyzed using the FACSCalibur flow cytometer. 

Measurement of AKT-mTOR signaling and cell 
cycle-related proteins 

The expression of AKT-mTOR proteins (AKT, 
mTOR, phospho-AKT, phospho-mTOR, p70S6K, and 
phospho-p70S6K) and cell cycle-related proteins (P21, 
cyclinB1, and CDK1/2) were analyzed by western 
blots. Western blot was applied as described above to 
detect GOLPH3 protein expression in the four PCa 
cell lines. Primary antibodies AKT, mTOR, phos-
pho-AKT, phospho-mTOR, p70S6K, phos-
pho-p70S6K, P21, cyclinB1, and CDK1/2 were pur-
chased from Cell Signaling Technology (CST, Beverly, 
MA) and Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA) and used at a concentration of 1: 1000, 1: 500 and 
1: 200, respectively. 

Statistical analysis 
The statistical significance of the correlation 

between GOLPH3 expression in PCa and pathological 
variables was analyzed by the chi-square test. QPCR, 
western blot data and cell growth data were analyzed 
by the Student's t-test. The level of statistical signifi-
cance was set at P <0.05. 

Results 
Localization of GOLPH3 in PCa cells 

To study the role of 
GOLPH3 in PCa, we first at-
tempted to define the subcel-
lular localization of GOLPH3 
in the PCa cell lines by im-
munofluorescence using the 
trans-Golgi marker TGN46. 
We observed that GOLPH3 
localized in Golgi complex 
and co-existed with TGN46 

(Figure 1A). These findings suggest that GOLPH3 and 
TGN46 co-localize to the Golgi complex in PCa cells. 
GOLPH3 targeting to the Golgi may serve a structural 
role to the Golgi apparatus. 

Expression of GOLPH3 mRNA and protein in 
PCa cells 

To verify the expression of the GOLPH3 gene in 
PCa, we assessed the relative abundance of GOLPH3 
in four PCa cell lines (22Rv1, LNCaP, DU145, and 
PC-3) using QPCR. The LNCaP cells are andro-
gen-dependent human PCa cell line, whereas the 
22Rv1, DU145 and PC-3 cells are considered andro-
gen-independent human PCa cell lines. GOLPH3 
mRNA was expressed in all PCa cell lines (Figure 1B). 
The QPCR results indicated that the expression of 
GOLPH3 was higher in the androgen-independent 
cell lines DU145 and PC-3 than the andro-
gen-dependent cell line LNCaP. The expression of 
GOLPH3 in both DU145 and PC-3 cells was at least 
double those in LNCaP cells (Figure 1B). 

Based on the QPCR results, we evaluated the 
expression of GOLPH3 protein in the four prostate 
cell lines (22Rv1, LNCaP, DU145, and PC-3) using 
western blot analysis. Clear and specific bands of the 
predicted molecular weight (34 kDa) corresponding 
to the predicted size of the GOLPH3 protein were 
detected (Figure 1C). Consistent with the QPCR re-
sults, the expression of the GOLPH3 protein was also 
higher in DU145 and in PC-3 than in LNCaP cells 
(Figure 1D). The levels of GOLPH3 protein in PCa 
cells correlated with its level of transcription. 

 
 
 

Figure 1. The localization and levels of 
expression of GOLPH3 in PCa cells. A. 
Subcellular localization of GOLPH3 in PCa 
cells. The upper panels show the location of 
the nuclei (blue) and GOLPH3 expression 
(green), and the lower panels show the 
merged image and the trans-Golgi marker 
TGN46 (red). B. The levels of expression of 
GOLPH3 mRNA in various PCa cell lines. C 
and D. The levels of expression of GOLPH3 
protein in various PCa cell lines. The ex-
pression of GOLPH3 was normalized to that 
of GAPDH. 
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Immunohistochemical expression of GOLPH3 
in prostate tissues 

The QPCR and western blot analyses of the PCa 
cell lines demonstrated that the expression of 
GOLPH3 was significantly elevated. To analyze the 
expression of GOLPH3 in normal and diseased pros-
tate tissues in greater detail, we performed immuno-
histochemistry using TMAs. Figure 2 showed various 
patterns of GOLPH3 expression in normal prostate, 
benign prostatic hyperplasia (BPH), and adenocarci-
noma tissues. The expression of GOLPH3 protein was 
typically cytoplasmic. In 2 out of 10 (20%) normal 
prostate tissues and in 6 out of 20 (30%) BPH tissues, 
positive GOLPH3 immunostaining could be observed 
in the cytoplasm. Of the 50 prostate carcinoma sam-
ples, 32 (64%) were positive for GOLPH3 expression 
(P<0.05). The normal prostate and BPH tissues 
showed low levels of GOLPH3 staining, in contrast to 
PCa, which exhibited strong GOLPH3 staining. These 
findings suggest that GOLPH3 protein was signifi-
cantly expressed in PCa in comparison to the normal 
prostate gland and BPH. 

GOLPH3 expression and pathological param-
eters of PCa 

To further determine the association of GOLPH3 
with the pathological parameters of PCa, we per-
formed a statistical analysis of the immunohisto-
chemical expression of GOLPH3 protein. The histo-
logical grade of the PCa, as defined by the Gleason 
score, was classified as well-differentiated (Gleason 
score 2 to 5), moderately differentiated (Gleason score 
6 to 7), and poorly differentiated (Gleason score 8 to 
10). Gleason scores were obtained from the prostate 
adenocarcinoma TMA manufacturer. Figure 3 

showed various GOLPH3 expression patterns in dif-
ferent histological grades and pathological stages of 
PCa. Of the 50 PCa specimens (the Gleason scores of 
two specimens were lacking), the frequency of ex-
pression of the GOLPH3 protein in 
well-differentiated, moderately differentiated, and 
poorly differentiated groups were 6 out of 10 (60.0%), 
10 out of 17 (58.8%) and 14 out of 21 (66.7%), respec-
tively. There was no statistically significant associa-
tion between GOLPH3 staining and the Gleason score 
(P>0.05). The expression rates of GOLPH3 in PCa 
stage T1-2 and T3-4 were 66.7% (18/27) and 60.9% 
(14/23), respectively. Similarly, statistical analysis 
showed that the expression of GOLPH3 in PCa was 
not associated with the pathological stage (P >0.05).  

Inhibition of GOLPH3 arrests cell growth in 
PCa cells 

To assess whether the expression of GOLPH3 is 
important for the proliferation or survival of PCa 
cells, we first established GOLPH3 deleted stable cell 
lines by transfection of lentiviruses expressing shRNA 
targeting the human GOLPH3 gene or control shRNA 
and examined the effects on the cell proliferation rate. 
As shown in Figure 4A, as we expected, we obtained a 
lentiviral GOLPH3 shRNA that effectively silenced 
human GOLPH3 expression in PCa cells. QPCR and 
western blot analysis demonstrated that the levels of 
GOLPH3 mRNA and protein were both reduced by 
approximately 80% in the stable cell line compared to 
the scrambled shRNA control (Figure 4B). Further-
more, silencing of GOLPH3 expression resulted in 
robust inhibition of the proliferation of PC-3 cells. 
Together with the results shown in Figure 4C, our 
findings clearly indicate that down regulation of 
GOLPH3 significantly suppressed the growth in PC-3 

cells (P<0.05). This observation indicated 
that GOLPH3 is a potential gene therapy 
target for PCa. 

 
 
 

Figure 2. Immunohistochemical evaluation of 
GOLPH3 expression in different human prostate 
tissues. Immunoreactivity for GOLPH3 was mainly found in 
the cytoplasm. 200× magnification views of GOLPH3 
staining in prostatic tissues. Normal prostate glands did not 
exhibit any immunostaining for GOLPH3 staining (A). BPH 
shows very weak staining for GOLPH3 (B), whereas ade-
nocarcinoma tissues show strong staining for GOLPH3 (C). 
The negative control (D) shows no immunostaining. Scale 
bars: 10 µm. 
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Figure 3. Elevated levels of GOLPH3 in various histological grades and pathological stages of PCa tissue. Immunoreactivity for GOLPH3 was mainly 
found in the cytoplasm. 200× magnification views of GOLPH3 staining in well-differentiated (A, moderate), moderately differentiated (B, weak), poorly differentiated 
(C, moderate), low-stage (D, weak) and high-stage (E, moderate) adenocarcinoma tissues. The negative control (F) does not show immunostaining. Scale bars: 10 µm. 

 
Figure 4. The effect of silencing of GOLPH3 expression on PC-3 cell proliferation. A. Comparative analysis of the viability of cells in each group seven days 
after PC-3 cells were seeded. B. QPCR and western blot were performed to validate the efficiency of GOLPH3 interference in PCa cells. C. Cell growth curve of PC-3 
cells stably expressing GOLPH3 RNAi. No significant effects of lentiviral infection on the growth of PC-3 cell viability (NC) were detected. Silencing of GOLPH3 
expression significantly suppressed PC-3 cell growth (P <0.05), indicating that GOLPH3 as a positive regulatory gene implicated in the growth of PC-3 cells. 

 

Inhibition of GOLPH3 arrests the cell cycle at 
the G2/M phase 

To elucidate the molecular mechanism underly-
ing the effect of inhibition of GOLPH3 on cell growth 
arrest, we transduced PC-3 cells with the lentivirus 
expressing GOLPH3 shRNA or a control, and estab-
lished stable cell lines. We performed a 
flow-cytometric analysis to determine the impact of 
silencing of GOLPH3 expression on the distribution of 
the cell cycle in PC-3 cells. As shown in Figure 5, in 
agreement with its inhibitory function, knockdown of 
GOLPH3 increased the percentage of cells in the 
G2/M phase, suggesting the cells were significantly 
arrested in the G2/M phase (P < 0.05). These data im-
ply that GOLPH3 may regulate some of the cell cycle 

proteins in G2/M phase.  

GOLPH3 regulates the expression of cyclinB1 
and CDK1/2 in PCa cells 

To investigate the underlying molecular mecha-
nisms by which GOLPH3 positively regulates cell 
growth of PCa cell lines, we analyzed several cell cy-
cle regulators by western blots. We found that cy-
clinB1 and CDK1/2 protein were downregulated in 
PC-3 cells transfected with GOLPH3 shRNA, com-
pared with cells transfected with control lentiviruses. 
On contrast, P21 protein was overexpressed (Figure 
6). These results demonstrated that GOLPH3 inhibit-
ed the G2 to M phase transition concomitantly with 
upregulation of P21 protein, and downregulation of 
cyclinB1 and CDK1/2.  
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GOLPH3 modulates the AKT-mTOR signaling 
pathways 

It will be important to determine whether cellu-
lar proliferation is required for GOLPH3-mediated 
signaling through mTOR. We examined the effect of 
GOLPH3 on its downstream signaling, such as the 
AKT-mTOR pathways. In the GOLPH3-knockdown 
cells, the levels of phosphorylated AKT and mTOR 
were remarkably reduced, associated with decrease of 
phosphorylated mTOR and phosphorylated p70S6K 

(Figure 7). However, the levels of AKT and mTOR 
were not affected. The proliferation process mediated 
by GOLPH3 involved the downregulation of phos-
pho-AKT, phospho-mTOR and phospho-p70S6K. 
These findings suggested that GOLPH3 modulates 
the phosphorylation state of the AKT-mTOR signal-
ing pathway, which integrates input from multiple 
signaling pathways to control cell growth, prolifera-
tion, differentiation, and survival [16,17]. 

 
Figure 5. Cell cycle analysis of PC-3 cells stably expressing GOLPH3RNAi. A. Representative histograms of flow cytometry analysis of cell cycle alterations 
of PC-3 cells 72 h after lentiviral infection (NC). B. Representative histograms of flow cytometry analysis of cell cycle alterations of PC-3 cells stably expressing 
GOLPH3RNAi 72 h after treatments. C. Effects of lentiviral infection (NC) and GOLPH3RNAi on cell cycle at 24, 48, and 72 h after treatments. The results are 
expressed as the mean of three experiments ± SD of the relative cell population (%). *P <0.05 versus control. 

 
Figure 6. GOLPH3 modulates cell cycle-related proteins. A. Representative photographs from western blot assay. B. The relative levels of expression of P21, 
cyclinB1 and CDK1/2 proteins in PCa cells were analyzed by western blots. *P <0.05 versus NC control. 
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Figure 7. GOLPH3 modulates the phosphorylation status of the AKT-mTOR signaling pathways. A. Representative photographs from western blot assay. B. The 
relative levels of expression of AKT, mTOR, phospho-AKT, phospho-mTOR, p70S6K, and phospho-p70S6K in PCa cells were analyzed by western blots. *P <0.05. 
versus NC control. 

 

Discussion 
GOLPH3 is a newly identified member of the 

family of Golgi matrix proteins [1, 4, 18]. To our 
knowledge, the GOLPH3 protein exerts various func-
tions depending on its intracellular localization. Gen-
erally speaking, proteins located in the cell membrane 
act as receptors, whereas proteins located in the cyto-
plasm are involved in protein modification and en-
ergy metabolism, and proteins located in the cell nu-
cleus are transcription factors. The Golgi plays im-
portant roles in the maturation of glycoproteins. Us-
ing an immunofluorescence assay, we confirmed that 
GOLPH3 and TGN46 co-localized in the Golgi com-
plex in PCa cells. As a Golgi-localized protein, 
GOLPH3 showed a typical Golgi localization and may 
play an important role. Recent studies in yeast show 
that Vps74p, a human protein ortholog of GOLPH3, 
directly interacts with many glycosyltransferases 
through their N-terminal cytoplasmic domains. It is 
possible that Vps74p and GOLPH3 play a similar role 
[19]. In addition, GOLPH3 has a role in the spatial 
localization 2 N-acetylglucosamine-transferase 1 of 
α-2,6-sialyltransferase 1, and GOLPH3 depletion 
changed the subcellular localization of these enzymes 
[20]. S-nitrosylation of the extracellular matrix metal-
loproteinase inducer (EMMPRIN) and GOLPH3 has 
been demonstrated in endothelial cells; this modifica-
tion regulates extracellular matrix remodeling, signal 
transduction, protein trafficking, glycosylation and 
maintenance of the Golgi structure [21]. The finding 
suggests a novel function for GOLPH3 and highlights 
an important regulatory role of GOLPH3 in Golgi 

trafficking. Golgi-targeted GOLPH3 may functionally 
associate with cancer-related signaling factors. To 
date, the precise biological role and molecular func-
tion of GOLPH3 in the pathogenesis of PCa and other 
solid tumors is unknown. Other studies have sug-
gested that GOLPH3 may promote migration and 
invasion of tumor cells [22, 23]. The role of GOLPH3 
in the regulation of cancer cell proliferation and 
growth remains to be determined. 

 GOLPH3 has been reported to be overexpressed 
in solid tumors [10], but the present report is the first 
study of the expression and function of GOLPH3 in 
PCa. Using QPCR, we confirmed the initial report 
about the upregulation of GOLPH3 mRNA in PCa 
cells [24]. In our study, we demonstrated that the ex-
pression of GOLPH3 mRNA and protein was elevated 
in four commonly used PCa cell lines (22Rv1, LNCaP, 
DU145, and PC-3). Interestingly, among the PCa cells, 
the expression of GOLPH3 was much higher in an-
drogen-independent cell lines than in andro-
gen–dependent cell lines. Emerging evidence has in-
dicated that GOLPH3 was an androgen-regulated 
gene, which has been implicated in protein synthesis 
and trafficking, response to transcription, prolifera-
tion, apoptosis, and differentiation [24]. Taken to-
gether, these findings suggested that the upregulation 
of GOLPH3 may be involved in the progression from 
androgen-dependent to androgen-independent 
growth. 

TMA immunohistochemical studies showed that 
the expression of GOLPH3 was occasionally observed 
in benign prostate tissue, whereas GOLPH3 was 
predominantly found in the cytoplasm of prostate 
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tumor cells. These results indicated that only low lev-
els of GOLPH3 were detected in the normal prostate 
gland and BPH. In contrast, PCa of each grade re-
vealed a statistically significant overexpression of 
GOLPH3. The differences in the expression of 
GOLPH3 in PCa compared with benign prostate tis-
sue may facilitate the clinical diagnoses of PCa. In 
addition, to investigate whether GOLPH3-positive 
PCa are associated with higher pathological stage and 
grade, we performed a statistical analysis of the im-
munohistochemical data regarding the expression of 
GOLPH3 protein. The results showed that levels of 
GOLPH3 expression were not associated with the 
histological grade or pathological stage of PCa. Up-
regulated expression of GOLPH3 in PCa was con-
firmed in different types of PCa cell lines, i.e., 22Rv1, 
LNCaP, DU145, and PC-3, as previously described. 
Cumulatively, these observations suggest that 
GOLPH3 acts as an oncogene and may be a useful 
target for therapeutic interventions. 

Because GOLPH3 was found to be upregulated 
in PCa cells and tissues, it remains to be determined 
whether or not GOLPH3 alters the cell cycle and pro-
liferation of PCa cells. In this study, PC-3 cells were 
transfected with GOLPH3 shRNA or NC. We used 
seven GOLPH3 specific shRNAs to insure that the 
knockdown was specific for the GOLPH3 gene and 
not due to off target effects. By using loss-of-function 
approaches, we confirmed that the growth of PCa 
cells was significantly decreased compared with that 
of their corresponding controls, measured using the 
CCK-8 assays. The results demonstrated that 
GOLPH3 is a potent positive regulator of the growth 
of PCa cells. Furthermore, silencing of GOLPH3 in-
creased the percentage of cells in the G2/M phase. 
GOLPH3 also regulated cell-cycle progression and 
survival. GOLPH3 regulated components of the 
G2/M checkpoint, which are closely associated with 
tumorigenesis.  

To investigate the underlying molecular mecha-
nisms by which GOLPH3 regulates the growth of PCa 
cells, we determine that cyclinB1 protein, a key regu-
lator of cell cycle (G2/M phase) for both normal and 
tumor cells, is negatively regulated by downregula-
tion of GOLPH3 in PCa cells. The proliferation of PCa 
cells, driven by cyclin-dependent kinases (CDKs) and 
their cyclin partners, is deregulated. As shown pre-
viously, knockdown of CDK1 leads to slowing of 
G2/M, whereas CDK2 depletion causes G1 accumu-
lation; dual CDK1/2 depletion resulted in further 
G2/M accumulation [25]. Downregulation of cell cy-
cle inhibitor P21 may also inhibit CDK1, which has a 
critical role at the G2/M transition [26]. These find-
ings suggest that inhibition of cyclinB1 and CDK1/2 

meditated by GOLPH3 reduced the proliferation of 
PCa cells. 

GOLPH3 interacts with VPS35, which has been 
implicated in recycling of receptors [10, 27, 28]; 
therefore, GOLPH3 possibly promotes downstream 
signaling of receptor tyrosine kinases (RTK). Indeed, 
GOLPH3 has been found to enhance mTOR signaling 
[10]. To investigate the effect of GOLPH3 on RTK and 
its downstream signaling, we examined the phos-
phorylation of AKT-mTOR and its downstream sig-
naling. We showed that increased expression of 
GOLPH3 was associated with PCa proliferation me-
diated through AKT-mTOR signaling. Amplification 
of GOLPH3 at chromosomal band 5p13, which corre-
lates with increased phosphorylation of the mTOR 
substrate p70S6 kinase in lung cancer, served to link 
the function of GOLPH3 to the activity of mTOR [29]. 
mTOR signaling is known to be a central regulator of 
cell growth, proliferation, differentiation, and survival 
[16, 17]. Other studies have revealed that GOLPH3 is 
an oncoprotein that modulates mTOR signaling by 
upregulating the phosphorylation of both mTORC1 
and mTORC2 substrates in human cancer cells which 
influences cell size, enhances cell growth, regulates 
cell proliferation and survival, and confers increased 
sensitivity to rapamycin, an inhibitor of the mTOR 
pathway [10, 29]. In addition, GOLPH3 has been in-
volved in vesicular trafficking, receptor endocytosis 
and recycling, and protein glycosylation [29]. mTOR 
mediates the translation of mRNAs related with cell 
cycle check-points, regulates the expression of sur-
vival factors such as c-myc, HIF-1α and VEGF and is 
involved in the regulation of CDK1/2 [30]. Mechanis-
tically, we showed that the enhanced phosphorylation 
of AKT-mTOR represents a potential molecular basis 
for the oncogenic activity of GOLPH3. These findings 
also raise the possibility that the level of expression of 
GOLPH3 or its copy number status may serve as a 
predictive biomarker for PCa. 

Taken together, through our systematic study of 
GOLPH3 expression and function, we found that 
GOLPH3 was highly expressed in PCa. Silencing of 
GOLPH3 inhibited the proliferation of PCa cells at the 
G2/M cell cycle arrest. GOLPH3 can function as an 
oncogene to promote cell proliferation by enhancing 
the activity of AKT-mTOR signaling, a ser-
ine/threonine protein kinase known to modulate cell 
growth, proliferation, and survival. The present study 
supports a novel role for GOLPH3 in PCa cell prolif-
eration, distinct from the previously reported role of 
GOLPH3 as a promoter for cancer metastasis. Our 
study also suggests that GOLPH3 may be an im-
portant characteristic of PCa and could be used as a 
disease marker and as a therapeutic target. 
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