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Abstract. Background/Aim: The human prostate cancer
antigen 3 (PCA3) is a long non-coding RNA (IncRNA)
commonly used as a diagnostic marker for prostate cancer
(PCa). Herein we investigated the cellular function of PCA3
in PCa and its potential mechanism. Materials and Methods:
PCA3 was overexpressed in a PC3 cell line (PC3PCAY) and
cell proliferation, migration, invasion and apoptosis were
compared to those of control cells (PC3VC). Differentially
expressed proteins were identified by two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) and mass
spectrometry. Results: Overexpression of PCA3 significantly
increased cell proliferation rate, migration and invasion,
while inhibited apoptosis in PC3 cells. Three proteins were
found down-regulated and 7 proteins up-regulated in
PC3PCA* cells compared to PC3NC cells, including GRP7S.
Higher GRP78 was also found in PCa clinical specimens.
Conclusion: This study confirmed that in PCa, PCA3 plays a
pro-cancer role through promoting cell proliferation,
migration and invasion while inhibiting cell apoptosis. This
process might involve the up-regulation of GRP7S.

Prostate cancer (PCa) is a common malignancy affecting the
male urogenital tract, which imposes a severe threat to
human life. In 2012, there were 1,100,000 patients diagnosed
with PCa worldwide, with 75% occurring in developed
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countries, especially Australia, New Zealand and the United
States (1). There are 180,890 estimated new cases in the
United States in 2016 and it potentially causes 26,120 deaths,
which accounts for about 1/5 of new cancer diagnosis in men
(2). In China, there were 603,000 estimated new cases of
PCa in 2015, leading to 266,000 deaths. Due to the aging of
population and development in diagnosis, the incidence of
PCa has been constantly rising in the past 15 years (3).

Although novel therapies with proven survival benefits
have been developed in the last few years (4), the increases
in survival rates are marginal. The prostate-specific antigen
(PSA) screening and histopathological grading performed by
Gleason scoring have been used as important prognostic
indicators of PCa (5). A major clinical challenge in PCa is
the inability of current diagnostic tests to distinguish between
aggressive and indolent tumors (6). Novel biomarkers of PCa
have been studied during recent years with the aim of
increasing the diagnostic specificity and sensitivities. The
human prostate cancer antigen 3 (PCA3, previously known
as DD3) is a long non-coding RNA (IncRNA) specifically
expressed in human prostate (7). It is 25 kb long, containing
3 introns and 4 exons (8). Although the PCA3 gene does not
encode any protein, its mRNA is identified to be
overexpressed 60 to 100-fold in 95% of PCa cells, while
little or no expression is observed in normal prostate tissue
or benign prostatic hyperplasia (9, 10). A wide variety of
studies confirmed the diagnostic value of serum and urine
PCA3 in predicting PCa and PCA3 was approved by the
FDA in 2012 as an important diagnostic marker for PCa (11).
Compared to the traditional PCa biomarker prostate-specific
antigen (PSA), PCA3 score, even when the most appropriate
cut-off has to be established, performs better than PSA,
although its relationship with the aggressiveness of the tumor
remains controversial (12).

However, despite its robust clinical application, the role
that PCA3 plays in the tumorigenesis and development of
PCa is not very clear. Ferreira et al. reported that PCA3
may modulate PCa cell survival and that PCA3 expression
is androgen-regulated via activation of androgen receptor
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(AR)-mediated signaling (13). A recent study found that
down-regulation of PCA3 modulated the expression of
several key cancer-related genes in PCa cells, including
those coding for AR cofactors and epithelial-mesenchymal
transition (EMT) markers, as well as leading to loss of
viability of the cells (14). However, our understanding of
the biological function and regulatory mechanism of PCA3
are still superficial.

In this study, we further characterized the cellular function
of PCA3 in PCa and identified a potential effector of PCA3
through proteome analysis, which provided a clue for the
mechanism of how PCA3 is involved in PCa.

Materials and Methods

Cell culture. PC3 prostate cancer cell lines were obtained from
ATCC (Rockville, MD, USA) and cultured in RPMI-1640 medium
(Gibco, Grand island, NY, USA) supplemented with 10% fetal
bovine serum (Gibco) at 37°C in 5% CO, humidified incubator.
Cells were harvested in logarithmic phase of growth for all
experiments described below.

Plasmid construction and transfection. PCA3 overexpression vector
pcDNA3.1(+)-PCA3 was constructed by amplifying PCA3 with
primers 5’-AGATTTGTGTGGCTGCAGC-3’ and 5’-TCCTGCCC
ATCCTTTAAGG-3’ using a synthesized PCA3 sequence (GenBank
number NR_015342.2) as template, which was inserted into the
pcDNA3.1(+) vector. For plasmid transfection, cells were seeded in
6-well plate and cultured overnight to reach 70-80% confluency.
Recombinant plasmid or empty vector was transfected into cells
using X-treme GENE HP DNA transfection reagent (Roche,
Indianapolis, IN, USA), according to the manufacturer’s
instructions. Cells were examined 48 h after transfection under an
inverted fluorescence microscope to assess transfection efficiency.
Cells were then harvested and subjected to following analyses.

RNA isolation and quantitative real-time polymerase chain reaction
(qRT-PCR). Total RNA was extracted from cells using RNAiso
Plus reagent (TaKaRa, Dalian, China), according to the
manufacturer’s instructions. The concentration of RNA was
determined by spectrophotometry (Nanodrop 2000/2000C; Thermo
Scientific, Shanghai, China). Then, 2 ug total RNA was reverse
transcribed using ReverTra Ace (TOYOBO, Shanghai, China).
qRT-PCR analysis was performed on a Roter-Gene Q (QIAGEN,
Hilden, Germany) with the Platinum SYBR Green qPCR
SuperMix-UDG kit (Life Technologies Corporation, Carlsbad, CA,
USA), according to the manufacturer’s protocol. Cycling conditions
were: 50°C for 2 min; 95°C for 5 min; followed by 40 cycles of
95°C, 10 s and 60°C, 45 s. Melting curve analysis and agarose gel
electrophoresis were used to confirm the specific PCR products.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
endogenous reference.

Cell proliferation assay. Cells were seeded into 96-well plates at
a density of 5x103 cells/well and cultured overnight. Cell
proliferation was measured using the CCK-8 assay (Biyuntian,
Shanghai, China) in 24 h increments for up to 96 h. In brief, 10
ul CCK-8 solution was added into each well of cell culture and
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the plates were further incubated for another 2.5 h. Optical density
was then measured by FACS analysis at the absorbance of 450 nm.
Experiments were performed in triplicate and repeated at least
three times independently.

Wound healing assay. When transfected cells reached 95%
confluence in 6-well plates after transfection, a 200 pl pipette tip
was used to draw a straight wound with the same width on the cell
monolayer. After washing with phosphate buffered saline (PBS) and
removing cell debris, the cells were cultured using a serum-free
medium under standard conditions. The wound was observed under
a light microscope (Olympus Corporation, Tokyo, Japan) at 40x
magnification at two preselected time points (0 and 24 h). The
widths of the wounds in each well were measured.

Migration and invasion assays. Cell migration and invasion were
determined using a transwell chamber (8 um pore size) with and
without BD Matrigel (BD Biosciences, San Jose, CA, USA). The
upper side of the membrane was coated with Matrigel for the
invasion assay. After 24 h of transfection, a total of 1x103 cells
in 200 pl serum-free medium were plated to the upper chambers
and 600 pl medium containing 10% FBS was used as a
chemoattractant in the lower chambers. After 48 h, the cells on
the upper side of the membrane were removed using cotton
swabs, whereas the invaded cells on the lower side of the
membrane were fixed, stained and counted using an inverted
microscope at 400x magnification.

Annexin V fluorescein isothiocyanate (FITC)/propidum iodide (PI)
double staining. An Annexin V FITC Apoptosis Detection kit (BD
Biosciences) was used to assess the apoptosis of transfected cells.
PC3 cells, which were transfected for 48 h, were collected and
washed with PBS. Subsequently, the cells were resuspended in 1X
Binding Buffer at a density of 1x10° cells/ml. In total, 5 pl Annexin
V FITC and 5 pl PI were added to the cells, which were incubated
at room temperature for 15 min. Subsequently, the cells were
analyzed by flow cytometry, using BD FACSDiva™ software v6.1.3
and BD CellQuest™ Pro (BD Biosciences).

Gel electrophoresis, mass spectrometry and protein identification.
The procedure of 2D-polyacrylamide gel electrophoresis (2D-
PAGE) was performed as described previously (15). All gels were
stained with Coomassie brilliant blue R-350 (Amersham
Biosciences, Uppsala, Sweden). Gels were made in triplicate to
confirm the spot patterns and scanned with a Z320 scanner
(Founder, Beijing, China). Gel images were analysed with
Imagemaster software version 6.0 (GE Healthcare, Piscataway, NJ,
USA). For quantification, each gel was normalized by the volume
of its each spot divided by the total volume of all spots. Quantitative
analysis was performed by Student’s t-test. Protein spots were
excised from gels and destained with 25 mM NH,HCO3; 50% (v/v)
acrylonitrile. After drying, 10 ng trypsin in 10 ml of 25 mM
NH4HCO3 was added for digestion for 12 h at 37°C. Peptides were
analysed on a 5800 MALDI-TOF/TOF MS (Applied Biosystems/
MDS SCIEX, Framingham, MA, USA). Mass spectrometry data
were analysed automatically by GPS Explorer software (version 3.6;
Applied Biosystems) integrated with Mascot version 2.1 (Matrix
Science, Boston, MA, USA) against the SWISS-PROT protein
database (SwissProt Release 55.0, 356194 sequences, 127836513
residues) for Homo sapiens. For tandem mass spectrometry
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Table 1. Summary of differentially expressed proteins between PC3PCA3+ and PC3NC cells identified by mass spectrometry.

Spot No. PC3PCA3+/ Protein Gene Swiss-Prot MW PI  Protein
PCNC name name  Accession No. score

Structural constituent of cytoskeleton

8 2.03+0.06 Keratin, type I cytoskeletal 19 KRTI19 P08727 44,065 5.05 238

9 2.60+0.11 Keratin, type I cytoskeletal 18 KRTI18 P05783 48,029 534 80

3 3.08+0.15 type I cytoskeletal 10 KRTI10 P13645 59,020 5.13 110
Binding

7 0.46+0.03 Vimentin VIM P08670 53,676 5.05 411

10 2.83+0.02 Calreticulin CALR P27797 48,283 429 109

4 0.39+0.05 Alpha-enolase ENOI P06733 47,481 7.01 194
Chaperone

1 3.36+0.03 78 kDa glucose- regulated protein GRP78 P11021 72,402 5.07 157

5 2.04+0.03 60 kDa heat shock protein HSPDI P10809 61,187 5.70 583
Isomerase

2 0.43+0.08 Triosephosphate isomerase TPI1 P60174 26,938 5.65 96
Antioxidant ctivity

6 2.01+0.07 Protein isulfide- isomerase A3 PDIA3 P30101 57,146 5.98 99

MW, Molecular weight; PI, isoelectric point.

(MS/MS) database searches, the mass tolerance of precursor ions
and fragment ions was set to 150 ppm and 0.4 Da. The MS/MS
analysis score was >60 (p<0.05). If one spot corresponded to more
than one protein, the top-ranked protein in each spot was singled
out from the multi protein family.

Protein extraction and western blotting. Total cellular protein was
extracted from transfected cells and protein concentration was
determined using a BCA protein assay kit (Beyotime, Beijing,
China). These protein samples were resolved in 10% SDS
denatured polyacrylamide gel and transferred onto polyvinylidene
difluoride (PVDF) membranes with a pore size of 0.45 pum
(Millipore, Billerica, MA, USA). After blocking in 5% skim milk
in Tris-based saline-Tween 20 (TBST) for 60 min at room
temperature, membranes were incubated with rabbit anti-hGRP78
antibodies at a dilution of 1:1,000 (all antibodies from Abcam,
Cambridge, MA, USA) overnight at 4°C. After washed in TBST,
the membranes were further incubated with a secondary goat anti-
rabbit (1:5,000) antibody for 1 h. Enhanced chemiluminescence
(ECL) solution was added onto the membranes and protein
expression was quantified using The Laboratory Work Image
Acquisition and Analysis Software (UVP, Upland, CA, USA).
Actin was used as a loading control.

Immunohistochemical staining. Formalin-fixed tissue samples were
embedded in paraffin and sliced into 4 pum sections.
Immunohistochemical staining was performed as previously
described (16). Briefly, the tumor tissue sections were
deparaffinized, rehydrated and stained with anti-hGRP78 primary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
biotin-labeled secondary antibody (Zhongshan Golden Bridge
Biotechnology Co., Ltd., Beijing, China), followed by incubation
with diaminobenzidine (Zhongshan Golden Bridge Biotechnology
Co., Ltd.) and counterstained with hematoxylin. Slides were
dehydrated with various concentrations of ethanol and soaked in
xylene and then mounted with neutral balsam and visualized using
a light microscope (DM LB2; Leica, Nussloch, Germany).

Statistical analyses. The results are expressed as meantstandard
deviation. All statistical analyses were performed using the SPSS
16.0 software (SPSS Inc., Chicago, IL, USA). Data were analyzed
using a two-tailed Student’s t-test or one-way analysis of variance.
p<0.05 was considered statistically significant.

Results

PCA3 promoted cell proliferation, migration and invasion,
while inhibited apoptosis in PC3 cells. In order to study the
role of PCA3 in PCa, we overexpressed PCA3 from
pcDNA3.1(+) vector in the PCa cell line PC3. Expression of
PCA3 was measured on transcription level by qPCR. PC3
cells harboring the PCA3 overexpression vector (PC3PCA3*)
had significantly increased expression of PCA3 comparing
to the control cells that were transfected with the empty
vector (PC3NC) (Figure 1A, p<0.01).

We further investigated the changes in cell behavior upon
PCA3 overexpression in PC3 cells. Cell proliferation assay were
performed on PC3PCA3* and PC3NC cells and we found
significantly higher proliferation rate in PC3PCA3* cells
beginning at day 1 (FigurelB). Cell migration and invasion was
studied by wound healing assay and migration, as well as
invasion, assays. Wound healing assay demonstrated
significantly increased cell mobility in PC3 cells overexpressing
PCA3 (Figure 1C and D). Similarly, the migration and invasion
assay showed that PCA3 significantly promoted the migration
and invasion abilities of PC3 cells (Figure 1E and F). These
results suggested that PCA3 contributed to the proliferation,
migration and invasion of PC3 cells.

Subsequently, the effect of PC3 on cell apoptosis was
analyzed using Annexin V and PI double staining. The
proportion of Annexin V positive early phase apoptotic cells
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Figure 1. Overexpression of PCA3 led to increased proliferation, migration, invasion and decreased apoptosis of PC3 cells. (A) Quantitative real-
time polymerase chain reaction (qRT-PCR) analysis of PCA3 expression in transfected PC3 cells. PC3 cells were grown and transfected with
pcDNA3.1(+)-PCA3 (PC3PCA3+) or pcDNA3.1(+) vector (PC3NC) and subjected to gRT-PCR analysis **p<0.01. (B) MTT assay showing increased
PC3 cell proliferation when overexpressing PCA3. *p<0.05. (C) Representative images of the wound healing assay. A 200-ul pipette tip was used
to draw a straight wound with the same width on the cell monolayer. The wound was observed at 40x magnification at 0 and 24 h. (D) Quantitative
comparison of cell motility between PC3PCA3+ and PC3NC cell. *p<0.05. (E) Representative images of the migration and invasion assay. (F)
Quantitative comparison of cell migration and invasion between PC3PCA3+ qnd PC3NC cells. **p<0.01. (G) Flow cytometry result showing
decreased apoptosis rate in PC3 cells overexpressing PCA3.
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Figure 2. Separation and identification of differentially expressed proteins between PC3PCA3+ and PC3NC cells by two-dimensional polyacrylamide

gel electrophoresis (2D-PAGE).

was significantly decreased in PC3PCA3* cells (11.43%=0.32%)
compared to PC3NC cells (23.30%+0.52%, p<0.01, Figure 1G
and 1H). This suggested that PCA3 played an anti-apoptosis
role in PCa.

Identification of differentially expressed proteins between
PC3PCA3+ and PC3NC cells. Using 2D-PAGE and mass
spectrometry, we investigated the differentially expressed
proteins between PC3PCA3+ and PC3NC cells. A total of 10
differentially expressed proteins were identified, including 7
proteins that were up-regulated (ratio PC3PCA3*:pC3NCx2;
p<0.01) and 3 proteins down-regulated in the PC3PCA3* cells
(ratio PC3PCA3+pC3NCL 5; p<0.01). (Table I, Figure 2). The
one up-regulated protein in PC3PCA3* with the highest fold-
change was the 78 kD glucose-regulated protein (GRP78).

GRP78 was up-regulated in PCa. To confirm the up-
regulation of GRP78 upon PCA3 overexpression, the protein
levels of GRP78 in PC3PCA3* and PC3NC cells were measured
and a significantly higher level of GRP78 was found in
PC3PCA3+ cells than in PC3NC cells (Figure 3A). In PCa
clinical specimens, immunohistochemistry showed stronger
GRP78 staining in the tumorous tissues compared with the
normal para-carcinoma tissue (Figure 3B).

Discussion
Despite the robust clinical application of PCA3 in the

diagnosis of PCa, the mechanism of PCA3 in association
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with PCa has not been widely studied. Lemos et al. knocked-
down PCA3 in another PCa cell line, LNCaP, which led to
loss of cell viability (14). In this study, we elucidated the
cellular function of PCA3 in the PCa cell line PC3 by
overexpressing PCA3. PCA3 was confirmed to increase cell
proliferation, promote cell migration and invasion and
suppress cell apoptosis of PC3 cells.

We then investigated possible mechanism of the pro-tumor
effect of PCA3 via proteomic analysis and identified several
potential effector proteins of PCA3. Among these effector
proteins, GRP78 seemed to be markedly positively regulated
by PCA3.

GRP78 is also known as binding immunoglobulin protein
(BiP) (17, 18). It is considered the master regulator of the
unfolded protein response (UPR) (19), which is triggered by
the accumulation of unfolded protein within the endoplasmic
reticulum (ER) that initiates a widespread but refined
signaling cascade (20).

There have been numerous, yet inconsistent, reports
regarding the association of GRP78 with cancers. Some
studies have reported the pro-cancer effect of GRP78.
GRP78 increase and UPR activation following ER stress
were identified as mechanisms favoring growth and invasion
of endometrial cancer cells (21). GRP78 was also reported
to play a crucial role in the proliferation, migration and
invasion of pancreatic cancer cells and may be a suitable
prognostic marker in pancreatic ductal adenocarcinoma (22).
In contrast, other studies suggested GRP78 as an anti-tumor
factor. For example, reduced expression of GRP78 was
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Figure 3. Elevated protein level of GRP78 in PCA3-abundant conditions. (A) Western blot showing increased GRP78 expression upon PCA3
overexpression. (B) Immunohistochemistry staining of GRP78 in PCa and adjacent normal tissues.

found to contribute to worse survival for patients with
advanced head and neck cancer (23). Positive cell surface
GRP78 expression was also associated with improved
disease-free survival of breast cancer patients (24). This
controversy reflected the complex role that GRP78 plays in
the tumorigenesis and progression of tumors. Numerous
evidences have also suggested the involvement of GRP78 in
the tolerance to chemotherapy. GRP78 expression promoted
chemoresistance in pancreatic ductal adenocarcinoma,
affected gemcitabine chemosensitivity and apoptosis levels
in breast cancer cells (25, 26). It also regulated autophagy
and apoptosis of ovarian cancer cells by regulating the
expressions of beclinl, Bcl-2 and CHOP, thereby affecting
the sensitivity to cisplatin in ovarian carcinoma (27).

In terms of PCa, there were a few studies suggesting the
involvement of GRP78. GRP78 is highly active in
osteoblastic, androgen-independent prostate cancer in vivo
(28). Knocking down GRP78 expression suppressed the
proliferation, adhesion, migration and induced apoptosis of

prostate cancer cells, possibly via maspin and COX-2
regulation (29, 30). GRP78 was also reported to be
preferentially expressed in the camptothecin (CPT)-resistant
PC3 prostate cancer cell line in comparison to the CPT-
sensitive LNCaP prostate cancer cell line, which indicated
its involvement in chemotherapy resistant in PCa (31). In
our study, overexpression of PCA3 resulted in increased
proliferation and migration of PCa cells and reduced
expression of GRP78. Considering previous findings, it is
highly likely that GRP78 is regulated by PCA3 in
promoting the development of PCa. PCA3 contributes to the
progression of PCa, at least in part, through the up-
regulation of GRP78.

In conclusion, this study confirmed that elevated PCA3
promotes cell proliferation, migration and invasion while
inhibiting cell apoptosis in PCa cell line, possibly in part
through up-regulation of GRP78. The interactive relationship
between PCA3 and GRP78, as well as other differentially
expressed proteins, still awaits further investigation.
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