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Abstract. Glucose-regulated protein 78 [GRP78, also termed 
binding immunoglobulin heavy chain protein (Bip)] may be 
involved in cancer progression and metastasis. However, to date 
there has been minimal investigation into its potential role in 
human prostate cancer cells. Recent studies have demonstrated 
that asymmetric small interfering RNA (asiRNA)-mediated 
gene silencing is more effective and longer-lasting than 
conventional symmetric siRNA. Thus, the current study aimed 
to investigate the effects of GRP78‑specific asiRNA on human 
prostate cancer cells. A series of asiRNAs was synthesized and 
their efficiency in silencing GRP78 expression in PC‑3 human 
prostate cancer cells was evaluated. The effects of knock-
down using asiRNAs were compared to those of knockdown 
using symmetric siRNAs. The effect of GRP78 silencing on 
PC‑3 cell apoptosis and migration, and the possible mecha-
nisms governing these biological processes were examined. 
Compared with the symmetric siRNA, transfection with the 
15 base pair asiRNA (asiGRP78‑3) resulted in greater down-
regulation of GRP78 expression. GRP78 depletion in PC‑3 
cells resulted in increased apoptosis and decreased migration 
of these cells. Experiments investigating the underlying mech-
anisms of these effects revealed that knockdown of GRP78 

attenuated protein kinase B activation and decreased the 
expression of pro‑caspase 9, pro‑caspase 3 and vimentin. In 
conclusion, knockdown of GRP78/Bip expression with asym-
metric siRNA led to increased prostate cancer cell apoptosis 
and reduced cellular migration.

Introduction

Prostate cancer (PCa) is one of the most common types of 
non-cutaneous malignant tumors in older males. According to 
the World Health Organization, ~899,000 new cases of PCa are 
diagnosed each year, and the worldwide mortality is ~258,000 
per year (1). In China, the incidence of PCa and its associated 
mortality have significantly increased in recent years, largely 
as a result of longer lifespans and altered dietary habits. The 
androgen receptor is important in the initiation and progression 
of PCa. While tumors are often initially sensitive to androgen 
deprivation therapy (ADT), a significant proportion rapidly 
develop resistance and become androgen‑independent (2,3). 
Thus, numerous studies have focused on identifying novel 
therapeutic targets in androgen-independent prostate cancer.

Glucose-regulated protein 78 (GRP78) is a heat shock 
protein, which is also termed binding immunoglobulin heavy 
chain protein (BiP). It is a multifunctional Ca2+-binding protein 
that participates in protein folding, transportation and degra-
dation. It has also been shown to be involved in cancer cell 
survival (4,5). Previous studies in ovarian cancer, breast cancer 
and lung cancer have shown that high levels of GRP78 expres-
sion in tumors correlate with reduced cell differentiation and 
a poorer prognosis (6-8). Other studies have demonstrated that 
silencing GRP78 using RNA interference, induces apoptosis 
and inhibits migration in hepatoma cells (9,10). These find-
ings suggest that GRP78/BiP may be a potential therapeutic 
target in malignant tumors. However, little is currently known 
regarding the importance of GRP78 in the development of 
PCa.

RNA interference (RNAi) is an effective method by which 
to silence genes of interest. As a result, it is an indispensable 
tool in experimental and clinical research. Certain small 
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interfering RNAs (siRNAs) have demonstrated potential thera-
peutic value in multiple types of tumor, including colon, renal, 
liver and bladder cancers (11-14). Conventional RNAi methods 
rely on siRNAs consisting of 19-21 bp that form symmetrical 
duplexes. However, a number of unintended nonspecific effects 
triggered by siRNA structures have been demonstrated (15,16). 
Recent studies have indicated that gene silencing mediated by 
asymmetrical siRNAs (asiRNAs), which are siRNA duplexes 
with shortened sense strands, is more effective and shows 
greater specificity than when conventional symmetric siRNA 
is used (17-19).

In the present study, a series of GRP78‑specific asiRNAs 
ranging from 14‑17 bp in duplex region length were designed 
and their activity in the human androgen-independent prostate 
cancer cell line PC‑3 was investigated. The aim was to evaluate 
the effect of these molecules on the expression of GRP78, and 
the ensuing effects of this on the apoptosis and migration of 
PC‑3 cells.

Materials and methods

Cell culture. PC‑3 and DU145 human prostate cancer cells 
(China Center for Type Culture Collection, Wuhan, China) 
were cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco Life Technologies, Carlsbad, CA, USA). Non-malignant 
BPH1 human prostate cells (China Center for Type Culture 
Collection) were cultured in RPMI-1640 medium (Gibco Life 
Technologies) supplemented with 10% fetal bovine serum 
(FBS; Gibco Life Technologies), 100 mg/ml streptomycin and 
100 U/ml penicillin (Goodbio Technology Co., Ltd., Wuhan, 
China). The cells were maintained in a cell incubator (Forma 
Scientific, Inc., Cincinnati, OH, USA) at 37˚C under a humidi-
fied 5% CO2 atmosphere for 48 h.

Design and synthesis of siRNA and asiRNAs. The 19 nucleotide 
(nt) target sequence for GRP78 was selected from GenBank 
(accession no. NM_005347.4; nt sequence, 1293-1311). This 
sequence has previously been shown to downregulate GRP78 
expression (10). The symmetrical siRNA (19bp duplex region), 
designed according to the target sequence, was designated as 
siGRP78. A series of asiRNAs with 5’ sense strands shortened 
by 2 nt to 5 nt were designed and designated asiGRP78-1, 
asiGRP78‑2, asiGRP78‑3 and asiGRP78‑4 (Fig. 2A). These 
asiRNAs comprised a duplex region ranging from 14 to 

17bp and their antisense sequence was identical to that of 
the siRNA. All siRNAs and asiRNAs were synthesized and 
purified by Invitrogen Life Technologies (Carlsbad, CA, USA). 
Two negative control siRNAs [with and without a carboxyfluo-
rescein (FAM) label] were also synthesized by Invitrogen Life 
Technologies. The FAM-labeled siRNA was used to measure 
transfection efficiency, and the non‑FAM‑labeled siRNA was 
used for all other experiments.

Cell transfection and transfection efficiency assay. PC‑3 cell 
transfection was performed using the INTERFERin® in vitro 
siRNA transfection reagent (Polyplus-Transfection SA, Brant, 
France) according to the manufacturer's instructions for reverse 
transfection. Briefly, siRNA or asiRNA were diluted in 200 µl 
of Opti-MEM (Gibco Life Technologies, Carlsbad, CA, USA), 
and 12 µl of INTERFERin transfection reagent was mixed 
with the diluted siRNA/asiRNA. This mixture was incubated 
for 10 min at room temperature. It was then transferred into 
6‑well culture plates and mixed with 1.95 ml of antibiotic‑free 
serum‑free DMEM. PC‑3 cells were immediately seeded 
onto the plates. The transfected cells were maintained in an 
incubator at 37˚C. FBS (245 µl per well) was added into the 
medium at 10% final concentration, 8 h following transfection. 
To compare the efficiency of siRNA‑ and asiRNA‑mediated 
silencing of GRP78, all transfections were maintained for 48 h.

To assess transfection efficiency, cells transfected with 
FAM-labeled siRNA were collected at 6 h post-transfection, 
rinsed three times with phosphate‑buffered saline (PBS; 
Goodbio Technology Co., Ltd.) and resuspended in PBS. 
The cell suspensions were analyzed by flow cytometry 
(BD Biosciences, Franklin Lakes, NJ, USA).

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
and quantitative PCR (qPCR). Total RNA was isolated using 
an AxyPrep total RNA Miniprep Kit (Axygen Scientific, 
Inc., Union City, CA, USA) and was reverse transcribed into 
cDNA using the ReverTra Ace® First Strand cDNA Synthesis 
kit (Toyobo Co., Ltd., Osaka, Japan) according to the 
Manufacturer's instructions. The first strand cDNA samples 
were amplified by RT‑PCR using Taq PCR Mastermix 
(Tiangen Biotech Co., Ltd., Beijing, China) or by qPCR using 
Thunderbird™ SYBR® qPCR Mix (Toyobo Co., Ltd.). All 
primer sequences and the sizes of the PCR products are listed 
in Table I. For RT-PCR, the products were electrophoresed on 

Table I. Primers for RT-PCR and qPCR.

Primer name Sequence (5'‑3') Product size (bp)

GRP78 F: GTTCTTCAATGGCAAGGAACCATC 494
(RT-PCR) R: CCATCCTTTCGATTTCTTCAGGTG 
GRP78 F: GGAGGACAAGAAGGAGGACG 152
(qPCR) R: CAGGAGTGAAGGCGACATAGG 
β‑actin F: GCAAAGACCTGTACGCCAAC 143
(RT-PCR and qPCR) R: GTACTTGCGCTCAGGAGGAG 

RT‑PCR, reverse transcription‑polymerase chain reaction; qPCR, quantitative PCR; GRP78, glucose‑regulated protein 78; F, forward; R, 
reverse.
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1.5% agarose gels (Goodbio Technology Co., Ltd.), stained 
with Goldview (Goodbio Technology Co., Ltd.), and visualized 
under ultraviolet light. β-Actin was used as a loading control. 
For qPCR, the relative GRP78 mRNA expression levels were 
calculated relative to β-actin according to the 2-ΔΔCt method.

Western blot analysis. Cells were harvested, rinsed and lysed 
with lysis buffer supplemented with phenylmethylsulfonylfluo-
ride (Beyotime Institute of Biotechnology, Shanghai, China). 
Cell lysates were kept on ice for 30 min and centrifuged at 
12,000 x g for 15 min to obtain lysate proteins. The protein 
concentration was measured using a bicinchoninic acid protein 
assay kit (Goodbio Technology Co., Ltd.,) and equal amounts of 
protein were resolved on 12% SDS-PAGE gels prior to transfer 
to a polyvinylidene difluoride membrane. Samples were 
blocked in 5% skimmed milk and the membranes were incu-
bated with primary antibody overnight at 4˚C. The following 
primary antibodies were used: Anti-GRP78/Bip rabbit 
polyclonal antibody (1:1,000; catalog number, 11587‑1‑AP), 
anti-E-cadherin rabbit polyclonal antibody (1:1,000, catalog 
number, 20874-1-AP) and anti‑caspase 3 rabbit polyclonal 
antibody (1:1,000; catalog number, 19677‑1‑AP) (ProteinTech 
Group, Inc., Chicago, IL, USA); anti‑vimentin rabbit poly-
clonal antibody (1:500; catalog number, S0859; Epitomics, 
Burlingame, CA, USA); anti‑AKT rabbit monoclonal 
antibody (1:1,000; catalog number, 4691s) and anti-pAKT 
(ser473) rabbit monoclonal antibody (1:200; catalog number, 
4058s) (Cell Signaling Technology, Inc., Danvers, MA, 
USA); and anti‑caspase 9 rabbit polyclonal antibody (1:500; 
catalog number, sc‑8355) and anti-β-actin rabbit polyclonal 
antibody (1:1,500; catalog number, sc‑130656) (Santa Cruz 
Biotechnology, Inc., Dallas, TX. USA). Following incubation 
with primary antibodies, the membranes were probed with 
horseradish peroxidase-conjugated goat anti-rabbit polyclonal 
secondary antibodies (1:5,000; catalog number, sc‑2004; 
Santa Cruz Biotechnology, Inc.) at room temperature for 2 h, 
and the reactive bands were detected using the BeyoECL 

plus (Beyotime Institute of Biotechnology) reagent. Relative 
protein expression levels were calculated based on the relative 
optical densities of the protein bands with Quantity One 4.62 
software (Bio-Rad Laboratories, Hercules, CA, USA).

Apoptosis assay. Transfected cells were harvested at 48 h 
post-transfection, rinsed twice with PBS and resuspended in 
500 µl binding buffer. The cell suspensions were immediately 
incubated for 15 min with 5 µl propidium iodide (PI) and 
5 µl fluorescein isothiocyanate (FITC)‑labeled Annexin V 
(KeyGen, Nanjing, China) at room temperature. Samples were 
analyzed on a flow cytometer (BD Biosciences) within 1 h of 
the end of incubation.

Cell migration assay. Cell migration assays were performed 
using 6.5-mm Transwell® chambers with 8.0‑µm‑pore poly-
carbonate membranes (Corning Life Sciences, Tewksbury, 
MA, USA) in 24-well culture plates. To perform serum starva-
tion, complete medium in a six-well plate was removed and 
replaced with serum-free DMEM 24 h following transfection. 
The serum-starved cells were harvested 12 h later and resus-
pended in DMEM with 0.1% bovine serum albumin (Goodbio 
Technology Co., Ltd.). Equal numbers of cells were seeded 
in the upper chamber. DMEM with 10% FBS was added to 
the lower chamber. Following 12 h of incubation, the cells in 
the upper chamber were removed and the cells on the lower 
surface of the Transwell® membrane were stained with crystal 
violet (Goodbio Technology Co., Ltd.) and photographed by 
an Olympus BX51 microscope (Olympus Corporation, Tokyo, 
Japan). To evaluate the inhibitory rate of migration, crystal 
violet-stained cells from each group were dissolved in 100 µl 
10% ethylic acid. The optical density (OD) of the solution 
was measured at 570 nm using a microplate reader (Tecan 
Group Ltd., Männedorf, Switzerland). The inhibitory rate 
was determined using the following equation: Inhibition rate 
(%) = [1-(OD of treatment group/OD of mock group)] x 100. 
The mock group was transfected in the absence of RNA.

Statistical analysis. All statistical analyses were performed 
using SPSS statistical 19.0 software (IBM SPSS, Armonk, NY, 
USA). One-way analysis of was used to compare the results of 
three or more groups, and Student’s t-test was used to compare 
differences between two groups. Data are expressed as the 
mean ± standard deviation. P<0.05 were considered to indicate 
a statistically significant difference.

Results

Grp78 expression is elevated in prostate cancer cell lines. It 
has previously been reported that the expression of GRP78 
is upregulated in human prostate cancer tissues (20). In the 
current study the expression of GRP78 in three prostate cell 
lines, including two cancerous (PC‑3 and DU145) cell lines 
and one non-malignant (BPH1) cell line was measured. 
RT‑PCR results showed that GRP78 mRNA expression was 
higher in PC‑3 and DU145 cells than it was in BPH1 cells. 
The expression of GRP78 was highest in PC‑3 cells (Fig. 1A). 
Western blot analysis showed that GRP78 protein expression 
correlated with the mRNA expression profile in all three 
cell lines (Fig. 1B). PC‑3 cells were selected as a model of 

Figure 1. Expression of GRP78 in three prostate cell lines. (A) GRP78 and 
β-actin mRNA levels were detected using reverse transcription-polymerase 
chain reaction in benign prostate hyperplasia (BPH1) and prostate cancer 
(DU145 and PC‑3) cell lines. β-actin was used as a loading control. (B) GRP78 
and β-actin protein levels were detected in three cell lines by western blot 
analysis. β-actin was used as a loading control. GRP78, glucose-regulated 
protein 78.
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androgen-independent prostate cancer and used for subsequent 
experiments.

Optimization of transfection efficiency. To optimize siRNA 
and asiRNA transfection efficiency, PC‑3 cells were trans-
fected with FAM‑labeled siRNA at final concentrations of 0, 
5, 10, 25, 50 and 100 nM for 6 h. The transfection efficiency 
for each condition was assessed by flow cytometry. At an 
siRNA concentration of 50 nM, the transfection efficiency 
was 84.4%. Flow cytometry analysis also revealed there 
was no improvement in transfection efficiency with siRNA 
concentrations >50 nM (Fig. 2B). Therefore, a final siRNA 
(asiRNA) concentration of 50 nM for all of the siRNA or 

asiRNA transfection groups was used in all subsequent 
experiments.

Silencing GRP78 gene expression by siRNA and asiRNA. We 
compared the efficiency of siRNA- and asiRNA-mediated 
silencing of GRP78. As shown in Fig. 3A, qPCR data demon-
strated that GRP78 expression was reduced in the siRNA‑ and 
asiRNA-transfected groups. The relative levels of GRP78 
mRNA were decreased by ~77% in the 15bp asiRNA group 
and by ~63% in the siRNA group. GRP78 expression was 
decreased by ~23, 52 and 58% in cells transfected with a 14, a 
16 and a 17 bp asiRNA, respectively. The gene‑silencing effi-
ciency of the 15bp asiRNA (asiGRP78‑3) was the highest 

Figure 2. Design of GRP78‑specific asiRNAs and assessment of transfection efficiency. (A) Sequences of GRP78‑specific siRNA (siGRP78), GRP78‑specific 
asiRNAs (asiGRP78‑1, asiGRP78‑2, asiGRP78‑3 and asiGRP78‑4) and the negative control siRNA. (B) PC‑3 cells were transfected for 6 h with varying 
concentrations (0, 5, 10, 25, 50 and 100 nM) of FAM‑labeled siRNA. Transfection efficiencies (Q1 region) were detected by flow cytometry. siRNA, small 
interfering RNA; asiRNA, asymmetric siRNA; GRP78, glucose‑regulated protein 78; FAM, carboxyfluorescein; FSC, forward scatter.
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among all the groups and was significantly higher than that of 
the siRNA (siGRP78) groups (P=0.024).

The duration of gene silencing following siRNA/asiRNA 
transfection was also investigated. PC‑3 cells were transfected 
with 50 nM asiGRP78‑3 or siGRP78. Cells were harvested 
at 0, 24, 48, 72 and 96 h following transfection. The relative 
GRP78 mRNA levels were determined by qPCR. As shown 
in Fig. 3B, GRP78 expression in the asiGRP78‑3 group was 
significantly lower than that in the siGRP78 group at 48, 72 
and 96 h (P<0.05). Thus, the duration of gene silencing was 
greater in the asiGRP78‑3 group.

Transfection of asiGRP78‑3 into PC‑3 cells resulted in 
reduced expression of GRP78 at the mRNA and protein 
levels (Figs. 3C and D). For this reason, asiGRP78‑3 (15 bp 
asiRNA) was selected for use in subsequent experiments 
examining the potential antitumor effects of GRP78 down-
regulation.

Silencing of GRP78 by asiRNA induces PC‑3 cell apoptosis 
and inhibits PC‑3 cell migration. The percentage of apoptotic 
transfected cells was detected by flow cytometry using double 
staining for Annexin V-FITC and PI 48 h following transfec-
tion. As shown in Fig. 4A and C, the percentage of apoptotic 
cells was significantly higher in the GRP78‑depleted groups 

than it was in either the negative control (NC) group or the 
mock group. Additionally, the percentage of cells in which 
apoptosis was induced by asiGRP78‑3 was higher than that 
induced by siGRP78. 

The effect of GRP78 knockdown on PC‑3 cell migration 
using was investigated using Transwell® chambers. Migration 
inhibition in each of the four groups were calculated as 
described in the materials and methods section. As shown 
in Fig. 4B and D, knockdown of GRP78 decreased the migra-
tory capability of PC‑3 cells compared with the control group. 
This effect was greater in the asiGRP78‑3 group than it was in 
the siGRP78 group (P=0.044).

Apoptosis‑related and migration‑related proteins are regulated 
by asiRNA. To further investigate how GRP78 may regulate 
apoptosis, the expression of pro‑caspase 9, pro‑caspase 3, and 
phosphorylated AKT (pAKT) in the GRP78-depleted groups 
and the control groups were measured. At 48 h post-transfec-
tion, western blot analysis showed reduced expression of all 
three of these markers of apoptosis following GRP78 deple-
tion (Fig. 5A).

To investigate the possible mechanisms by which GRP78 
may regulate cellular migration, the expression of E‑cadherin 
and vimentin by were measured western blotting. As shown 

Figure 3. Effect of siRNA and asiRNAs on silencing GRP78 expression. (A) PC‑3 cells were transfected with 50 nM of siRNA or asiRNAs for 48 h. The mock 
group was transfected in the absence of RNA. GRP78 mRNA expression levels relative to β-actin were determined by qPCR. The levels were calculated as a 
percentage change relative to the mock group and the data are presented as the mean ± standard deviation of three independent experiments. *P<0.01 compared 
with NC. (B) PC‑3 cells were transfected with 50 nM siGRP78 or asiGRP78‑3 for 0, 24, 48, 72 and 96 h. The relative GRP78 mRNA expression levels were 
determined by qPCR and were measured as the percentage change relative to the initial values at time 0 h. Data are presented as the mean ± standard deviation  
of three independent experiments. *P<0.05 compared with siGRP78. (C) PC‑3 cells were transfected with mock or NC siRNA, siGRP78 or asiGRP78‑3 for 
48 h. GRP78 and β-actin mRNA levels were measured by RT-PCR. β‑actin was used as a loading control. (D) PC‑3 cells were transfected with mock or NC 
siRNA, siGRP78 or asiGRP78‑3 for 48 h. GRP78 and β-actin protein levels were detected by western blot analysis. β-actin was used as the loading control. 
siRNA, small interfering RNA; asiRNA, asymmetric siRNA; GRP78, glucose‑regulated protein 78; NC, negative control; qPCR, quantitative polymerase 
chain reaction; RT‑PCR, reverse transcription‑PCR. 
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in Fig. 5B, vimentin expression was significantly decreased 
in the asiGRP78‑3 group compared with the control group; 
however, the expression of E‑cadherin was unchanged.

Discussion

Primary treatment options for patients with prostate cancer 
include surgery and ADT. In some cases, for example in 
elderly patients, surgery may not be possible. In these cases, 
ADT is the only available option. However, patients receiving 
ADT often develop resistance to treatment after a period of 
time. Thus, the identification of alternative therapies for pros-
tate cancer is critical.

Over the last decade, RNA interference has been proven to 
be effective in the treatment of cancer. The majority of conven-
tional RNA interference methods use 19-25 bp symmetrical 
oligonucleotides. However, Sun et al (19) first demonstrated the 
successful silencing of a gene using asiRNA. They showed that 
asiRNA is superior to symmetrical siRNA for the purpose of 
gene silencing. A number of other studies have since confirmed 

this (18,21‑23). In addition to more efficient gene silencing, 
asiRNA typically causes fewer unpredictable off-target effects 
and produces a longer duration of knockdown compared with 
conventional symmetric siRNA (18,19,21‑23). Thus, downregu-
lation of gene expression using asiRNA has become common 
practice. In the present study, silencing of GRP78 by asiRNA and 
siRNA was compared. All of the asiRNAs that were tested led 
to decreased levels of GRP78 at the mRNA level. asiGRP78‑3 
(15bp) was particularly effective at downregulating the expres-
sion of GRP78 and was significantly more effective than the 
symmetric siRNA in this regard. Furthermore, transfection of 
the asiRNA into PC‑3 cells had a more marked effect on apop-
tosis and migration compared with the conventional siRNA. 
Previous studies have shown that asiRNA duplex regions 
range from 15-19 bp. The most appropriate length is likely to 
depend on the specific sequence of the target gene of interest 
and the design of the interfering RNA sequence. Therefore, for 
different target genes, a series of asiRNAs with different duplex 
region lengths should be designed and screened for the one that 
exhibits the greatest knockdown effect (22).

Figure 4. Effect of asiGRP78‑3 on apoptosis and migration in PC‑3 cells. (A) PC‑3 cells were transfected with mock or NC siRNA, siGRP78 or asiGRP78‑3, 
harvested at 48 h post‑transfection, and apoptosis rates (Q2 and Q4 regions) were determined by flow cytometry. (B) PC‑3 cells were transfected with mock 
or NC siRNA, siGRP78 or asiGRP78‑3. Equal numbers of cells were seeded in the upper chamber of a Transwell® plate at 36 h post‑transfection and allowed 
to migrate for 12 h. The cells on the lower surface of the Transwell® membrane were stained with crystal violet and photographed at 100x magnification. 
(C) Apoptosis rates of the four groups from three independent experiments. Data are presented as the mean ± standard deviation. *P<0.01 and **P<0.05 
compared with NC. (D) Migration inhibition rates of the three groups were evaluated based on the optical density values of the crystal violet staining of the 
cells that passed through the membrane. *P<0.01 compared with NC. siRNA, small interfering RNA; asiRNA, asymmetric siRNA; GRP78, glucose‑regulated 
protein 78; NC, negative control; FITC, fluorescein isothiocyanate.
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GRP78 is hypothesized to promote tumor cell survival 
through two mechanisms. It is important in the unfolded 
protein response (UPR). Changes in the microenvironment 
(such as glucose depletion or hypoxia) or the administration 
of anticancer drugs may induce endoplasmic reticulum stress 
(ERS) leading to the aggregation of misfolded proteins. 
ERS then activates the UPR in an attempt to correct these 
misfolded proteins in order to relieve the cellular stress. 
GRP78 is an endoplasmic reticulum chaperone that assists in 
the proper folding of proteins. Cancer cells tend to produce 
large amounts of variant proteins, which require high levels of 
GRP78 for proper folding (24). In addition, when it is bound 
to α2-macroglobulin, T-cadherin or Cripto, GRP78 activates 
either the phosphoinositide 3‑kinase/AKT pathway or the 
mitogen-activated protein kinase pathway, which promote 
tumor cell proliferation (24-26). In previous studies, GRP78 
has been linked to various stages of tumor development (6-8). 
GRP78 expression was also shown to be significantly higher 
in prostate cancer tissues compared with that in the normal 
prostate. Notably, this elevated GRP78 expression was corre-
lated with significantly decreased progression‑free and overall 
survival (20). In the current study it was shown that GRP78 
mRNA and protein levels are higher in the prostate cancer cell 
lines PC‑3 and DU145 than in the prostate hyperplasia cell 
line BPH1 Thus, these findings are consistent with previous 
reports.

Several groups have examined the effect of GRP78 
inhibition on cancer cell biology. Blocking GRP78 using 
monoclonal antibodies inhibits cell proliferation and induces 

apoptosis in several types of tumor cells (4,27,28). Others 
have reported that downregulating GRP78 expression using 
RNAi induces apoptosis in lung, liver, cervical and colorectal 
cancer cells (8,10,29,30). Similarly, the present study showed 
that downregulation of GRP78 in PC‑3 cells using asiRNA 
significantly increases apoptosis. These results indicate 
that GRP78 is important in the survival of prostate cancer 
cells. To further investigate the mechanisms underlying 
GRP78‑mediated apoptosis, the expression levels of pAKT, 
pro‑caspase 9, and pro‑caspase 3 were examined. Following 
GRP78 depletion, the levels of pAKT were reduced, which 
is consistent with recent reports (31‑33). AKT phosphory-
lation inhibits caspase 9 activation by phosphorylating 
pro‑caspase 9 (34). Thus, downregulation of pAKT activates 
pro‑caspase 9 and pro‑caspase 3 leading to an increase 
in apoptosis (35). In the present study, decreased levels of 
pro‑caspase 9 and pro‑caspase 3 were also detected following 
GRP78 knockdown. Thus, inhibition of AKT phosphoryla-
tion and the activation of caspase 9 and caspase 3 may be a 
possible mechanism by which GRP78 downregulation induces 
apoptosis in PC‑3 cells.

Tumor metastasis is a complex, multi‑step process that 
involves, at least in part, the ability of cancer cells to migrate. 
The current study found that downregulation of GRP78 with 
asiRNA significantly decreased the migratory capacity of PC‑3 
cells (by ~50%). Excluding the effects on apoptosis of GRP78 
silencing in these cells at the same time point (apoptosis rate 
~20%), it is likely that GRP78 downregulation also inhibits PC‑3 
cell migration. Such findings are consistent with previous studies 

Figure 5. Effect of downregulation of GRP78 by asiRNA on AKT phosphorylation and vimentin expression of PC‑3 cells. Mock and NC groups were used as 
the controls. Western blot analysis was performed 48 h after transfection. Protein levels were normalized to β-actin using Quantity One software. The results 
were calculated as a fold change relative to the mock group. Data are presented as the mean ± standard deviation of three independent experiments. Expression 
levels of (A) AKT, pAKT, pro‑caspase 9 and pro‑caspase 3 (*P<0.01 and **P<0.05 vs. NC) and (B) E-cadherin and vimentin (*P<0.05 vs. NC) in PC‑3 cells 
following asiGRP78‑3 knockdown. asiRNA, asymmetric small interfering RNA; pAKT, phosphorylated AKT; NC, negative control.
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performed in liver, lung, and head and neck cancers (8,9,36). 
Finally, in the present study E-cadherin and vimentin protein 
levels were examined, and it was shown that vimentin levels 
were decreased following GRP78 knockdown. By contrast, 
E‑cadherin levels did not change. Vimentin is important role 
in cancer cell motility (37). Thus, it is hypothesized that the 
decreased migration of PC‑3 cells following GRP78 silencing 
may be related to vimentin downregulation, although the under-
lying mechanism requires further investigation.

In conclusion, the current study showed that GRP78‑specific 
asiRNA effectively downregulates GRP78 expression in 
PC‑3 cells. It provides evidence that GRP78 downregulation 
increases PC‑3 cell apoptosis and decreases cell migratory 
ability. The use of GRP78‑specific asiRNA may therefore be a 
novel therapeutic approach for prostate cancer.
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