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Tumor suppressor RKIP inhibits prostate cancer cell metastasis and sensitizes 
prostate cancer cells to docetaxel treatment 
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Raf kinase inhibitory protein (RKIP) is a well-established metastasis suppressor that is frequently down-regulated in 
aggressive cancers. However, the impact of RKIP on cancer cell invasion and metastasis in prostate cancer is still elusive. To 
this end, we overexpressed RKIP in two prostate cancer cell lines. We found that overexpression of RKIP inhibited prostate 
cancer cells proliferation, migration and invasion. Mechanistically, we found that RKIP overexpression led to down-regula-
tion of the NF-kB signaling pathway and inhibition of the epithelial-to-mesenchymal transition, which is important step for 
cancer metastasis. In addition, overexpression of RKIP can promote drug eff ects of docetaxel on prostate cancer cell lines. In 
conclusion, overexpression of RKIP signifi cantly inhibits prostate cancer cell migration and metastasis, and overexpression 
of RKIP could aid prostate cancer treatment and therapy. 

Key words: RKIP, prostate cancer, docetaxel treatment, inhibition

Raf kinase inhibitory protein-RKIP (also known as 
PEBP1) is a member of the evolutionarily conserved 
phosphatidylethanolamine-binding protein family. Th is 
protein family is ubiquitously expressed within a panoply 
of organisms, including humans, yeast, bacteria, and plants. 
RKIP regulates a variety of physiological processes such as 
diff erentiation, cell cycle, apoptosis, and contractile activity 
of cardiomyocytes. RKIP has been implicated as a suppressor 
of metastatic progression in an orthotopic murine model 
using androgen-independent prostate tumor cells [1]. Th e 
RKIP is a conserved cytosolic protein with wide tissue expres-
sion and does not share signifi cant homology with other 
kinase inhibitors. Although primary prostate tumor growth 
was unaff ected, RKIP inhibited both vascular invasion and 
lung metastases. RKIP is depleted or defi cient in a number 
of tumors, including prostate, breast, melanoma, hepatocel-
lular carcinoma, and colorectal cancer [1–6]. Taken together, 
these results suggest that RKIP may function as a general 
metastasis suppressor.

RKIP modulates at least three critical intracellular signaling 
pathways in mammalian cells, including the signaling 
cascades of Raf/MEK/ERK, NFκB, glycogen synthase 
kinase-3β, and G protein-coupled receptors (GPCRs) [7, 8]. 
RKIP inhibits MAPK signaling partially by directly binding 

to Raf-1, thereby preventing the phosphorylation of Raf-1 
and the activation of MEK and downstream components of 
the signaling cascade [9, 10]. Conversely, phosphorylation 
of RKIP at S153 by Protein Kinase C dissociates RKIP from 
Raf, enabling MEK and MAPK activation. Phosphorylated 
RKIP can inhibit the downregulation of G protein-coupled 
receptors (GPCRs), thereby mediating the crosstalk between 
MAPK and GPCR signaling pathways [8, 11]. RKIP can also 
suppress NFκB activation in response to tumor necrosis factor 
alpha (TNF-alpha) or interleukin 1 beta [12], potentiating the 
effi  cacy of chemotherapeutic agents and sensitizing prostate 
and breast cancer cells to drug-induced apoptosis [13].

Loss or silencing of metastasis suppressor genes plays key 
roles in cellular growth, epithelial-to-mesenchymal transi-
tion (EMT), invasion and metastasis. It has been reported 
that restoration of RKIP reduced spontaneous lung metas-
tasis. Signifi cant down-regulation of RKIP has been found in 
melanoma cell lines compared to normal melanocytes [14]. 
Stable transfection of melanoma cells with RKIP showed 
signifi cant inhibition of invasiveness in vitro. Mechanistically, 
RKIP ensures chromosomal integrity by preventing MAPK 
inhibition of Aurora B kinase and the spindle checkpoint 
[15]. Although genomic instability resulting from RKIP loss 
could contribute to metastatic progression, this mechanism 



RKIP INHIBITS PROSTATE CANCER 229

is unlikely to give rise to a common phenotype in multiple 
tumor types. In addition, RKIP silencing has been shown to 
destabilize GSK3β and activate its downstream targets, which 
culminates in the expression of β-catenin, SNAIL and SLUG. 
β-catenin, SNAIL and SLUG are known to promote EMT, 
cellular invasion and metastasis.

In the present study, we report that overexpression of 
RKIP inhibits prostate cancer cell proliferation, migration, 
invasion and metastasis. Mechanistically, we found that RKIP 
overexpression led to downregulation of the ERK signaling 
pathway and inhibition of the EMT. In addition, overexpres-
sion of RKIP can promote the drug eff ect of docetaxel on 
prostate cancer cell lines. Moreover, the expression of RKIP 
is signifi cantly associated with prostate cancer prognosis and 
overall survival [16]. And in metastases of prostate cancer 
patients, the expression of RKIP is lower than that of normal 
prostate or the primary prostate tumor [17]. In conclusion, 
overexpression of RKIP signifi cantly inhibits prostate cancer 
cell migration and metastasis, and rescuing of RKIP could 
help prostate cancer treatment and therapy.

Materials and methods

Cell lines and cell culture. PC3 and P69 cell lines were 
obtained from American Type Culture Collection (ATCC, 
Rockville, MD, USA) and cultured in DMEM medium 
(Gibco®life technology, Carlsbad, CA) supplemented with 
4.5 g/l glucose, L-glutamine, sodium pyruvate and 10% FBS.

Antibodies and reagents. Docetaxel was purchased 
from Sigma (St. Louis, MO, USA); Anti-Snail (Catalogue 
number ab53519), anti-E-cadherin (ab76055), anti-COX-2 
(ab52237), anti-Vimentin (ab8978), anti-GAPDH (ab8245) 
antibodies were from Abcam; anti-STAT3 (9145), anti-p-
STAT3 (12640), anti-Erk1/2 (4695), anti-p-Erk1/2 (4370), 
anti-NFκB p65 (8242), anti-H3 (4499) antibodies were from 
Cell signaling technology company.

Generation of RKIP overexpression cells. RKIP was 
cloned into the expression vector pcDNA3.1 vector (Invit-
rogen). PC3 and PC69 cells were transfected with pcDNA3.1-
RKIP or vector by using lipofectamine 2000 (Invitrogen, 
Carlsbad, CA). Stable overexpression cell lines were gener-
ated for further cell function analysis.

Cell proliferation. Cells were plated at 1×104 cells/well 
in triplicate in 96-well microplates for both, control and 
docetaxel treatment (0.5 μg/ml). At each time points (0, 24 
and 48 hrs), 10 μl CCK8 solution (Boster Bio-engineering, 
Wuhan, China) was added to each well and incubated for 
1 h. Optical density values (OD) at wavelength 450 nm 
were measured by Multiscan spectrum microplate reader 
(Th ermo, Waltham, MA, USA).

Cell migration assay. For transwell migration assay, 
indicated cells (1×105 cells/chamber) in 100 μl serum-free 
DMEM culture medium were seeded into the upper well 
of the transwell chamber (Costar). An aliquot of 600 μl of 
culture medium supplemented with 10% FBS was added into 

the lower well of the chamber. Aft er 24 h, cells in the upper 
well were removed with a cotton swab. Cells that migrated 
into the lower well were washed with phosphate-buff ered 
saline (PBS), fi xed in 3.7% paraformaldehyde at room 
temperature and stained by 0.2% crystal violet in 2% ethanol. 
Cells were photographed and counted under microscope. 
Th e number of migrated cells was expressed as mean value ± 
standard deviation (s.d.).

Transwell invasion assay. Transwells were fi rst coated 
with Matrigel (1:3 dilution) in serum-free media for 2 h at 
37 °C. Th e rest of the assay was performed as described above 
(see migration assay).

Western blot analysis. Total cell lysates were collected 
with immunoprecipitation (IP) lysis Buff er (20 mM Tris 
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton 
X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerol-
phosphate, 1 mM sodium orthovanadate, 1 mM PMSF and 
protease inhibitor cocktail). Whole cell lysates were obtained 
by sonication followed by centrifugation. Protein concentra-
tion was measured by BCA protein assay kit (Pierce). Equal 
amounts of cell lysates were subjected to electrophoresis 
using SDS-PAGE and transferred to polyvinyldifl uoride 
membrane (Bio-Rad). Membranes were blocked with 5% 
milk (in PBS-T) for 30 min, followed by primary antibody 
incubation overnight at 4 °C, aft er three washes with PBS-T 
(5 min each), incubated with secondary antibody (5% milk in 
PBS-T ) for 60 min, signal was detected by ECL (Amersham) 
following the manufacturer’s instructions.

Statistical analysis. All data were presented as the mean ± 
standard deviation (SD). Data were analyzed using student’s 
t-test and p<0.05 was considered statistically signifi cant.

Results

Establishment of RKIP stable cell lines. To study the 
func  tions of RKIP in prostate cancer cells, construct of RKIP 
was generated and stably transfected into PC3 cells. As shown 
in Figure 1, RKIP expression was signifi cantly increased in 
RKIP-transfected cells, whereas RKIP expression remained 
unaff ected in vector-transfected cells.

Figure 1. Establishment of RKIP stable cell lines. Western blot analysis 
showed ectopic expression of RKIP in PC3 cells. GAPDH was used as a 
loading control.
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RKIP inhibits cancer cell proliferation. 
Docetaxel has been applied to treat prostate 
cancer. To examine the eff ects of RKIP 
overexpression and docetaxel treatment on 
the proliferation of prostate cancer cells, we 
monitored cell proliferation using CCK-8 
assay. As shown in Figure 2, docetaxel 
(0.5 g/ml) or RKIP overexpression can 
inhibit PC3 cells proliferation. In addition, 
RKIP overexpression signifi cantly potenti-
ated the inhibition eff ects of docetaxel on 
PC3 cell proliferation (Figure 2). Th ese data 
indicate a role of RKIP in cell proliferation 
of PC3 cells.

RKIP inhibits prostate cancer cell 
migration. To determine the function 
of RKIP in prostate cancer metastasis, 
transwell assays were carried out to quanti-
tatively determine the eff ect of RKIP on cell 
migration. As shown in Figure 3, similar 
numbers of wild-type (WT) and vector-
transfected cells migrated to the lower face 
of the transwell membrane, whereas the 
RKIP overexpression cells and docetaxel 
treated cells exhibited a strongly inhib-
ited motility, with only 33% and 58% cells 
migrating. In addition, RKIP overexpres-
sion signifi cantly potentiated the inhibi-
tion eff ects of docetaxel on PC3 cell migra-
tion. Our data suggest that RKIP may play 
a role in inhibiting cancer cell migration 
(Figure 3).

RKIP inhibits prostate cancer cell 
invasion. It has been reported that RKIP is 
associated with cancer metastasis. However, 
the function of RKIP in prostate cancer cell 
has never been explored. Th en, we investi-
gated whether RKIP overexpression aff ects 
the invasive ability of PC3 cells by in vitro 
invasion assay. RKIP overexpression cells 
and docetaxel treated cells showed dramati-
cally reduced invasive ability (Figure 4). In 
addition, the overexpression of RKIP can 
strengthen the docetaxel eff ects on PC3 cell 
invasion.

Related proteins were regulated by 
RKIP overexpression. To explore the 
possible mechanism by which RKIP inhibits 
cancer cell invasion, expression levels of 
several related proteins, including NF-kB, 
Snail, E-cadherin, COX2, vimentin, STAT3, 
and ERK1/2 were detected by Western blot. 
Total expression level and phosphorylated 
ERK does not change aft er RKIP overex-
pression (Figure 5). Interestingly, Snail, 

Figure 2. RKIP overexpression inhibited cell proliferation. Indicated cells were treated with 
vehicle (Veh) or docetaxel (Doc, 0.5 g/ml) for 0 h, 24 h and 48 h. Cell growth was detected 
using the CCK-8 assay. Mean ± SD, n=3; *p<0.05, **p<0.01 V.S. Veh; +p<0.05, ++p<0.01 V.S. 
Doc; #p<0.05, ##p<0.01 V.S. RKIP+Veh.

Figur  e 3. Cell migration was impaired by RKIP overexpression. Migration assay of indicated 
cells treated with vehicle (Veh) or docetaxel (0.5 g/ml) for 24 h was performed in transwell 
chambers. Cells that migrated from the upper well of a transwell chamber into the lower well 
were stained, photographed and counted. Data are presented as the mean value from three 
diff erent fi elds ± SD; **p<0.01 V.S. Veh; +p<0.01 V.S. Doc; #p<0.01 V.S. RKIP+Veh.
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COX-2, Vimentin and p-STAT3 level were 
repressed by RKIP overexpression (Figure 5). 
E-cadherin was upregulated by RKIP overex-
pression. Furthermore, we found that RKIP 
overexpression or docetaxel treatment inhib-
ited the translocation of NFκB to the nucleus 
(Figure 6). Interestingly, RKIP overexpres-
sion can signifi cantly potentiate the inhibi-
tion eff ects of docetaxel on the translocation 
of NFκB.

Discussion

Prostate cancer is the most common 
non-cutaneous malignancy in the world. 
Since secondary hormone therapy of castra-
tion-resistant prostate cancer lacks eff ective-
ness, a chemotherapeutic agent docetaxel 
is the standard treatment [18]. However, 
docetaxel resistance emerges invariably and 
fast which leads to the relapse of prostate 
cancer, not to mention the length of the treat-
ment and systemic side eff ects [19]. Docetaxel 
resistance is either de novo or acquired 
through various mechanisms including 
genetic alterations, decreased infl ux and 
increased effl  ux of the drugs [20]. To improve 

Figure 4. Cell invasion was impaired by RKIP overexpression. Invasion assay of indicated 
cells treated with vehicle (Veh) or docetaxel (0.5 g/ml) for 24 h was performed in extracel-
lular matrix (ECM)-coated transwell chambers. Data are presented as the mean value from 
three independent experiments ± SD; *p<0.05, **p<0.01 V.S. Veh.

Figure 5. Immunoblotting 
of signaling components in 
indicated cells treated with 
vehicle (Veh) or docetaxel 
(0.5 g/ml) for 24 h. GAPDH 
was used as a loading control 
(A). Quantifi cation of west-
ern blot signals was shown in 
(B). Th e y axis represents the 
relative protein levels in indi-
cated cells. Th e relative levels 
of Snail, COX2, E-cadherin 
and Vimentin were normal-
ized to GAPDH level. Th e 
activity of ERK and STAT3 
was normalized to the corre-
sponding total protein level. 
Data are presented as the 
mean value from three inde-
pendent experiments ± SD; * 
p<0.05, **p<0.01 V.S. Veh.
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outcomes, docetaxel in combination with other agents has 
been evaluated. For example, several combination therapies 
and small P-glycoprotein inhibitors have been proposed to 
improve the therapeutic potential of docetaxel in prostate 
cancer. In addition, novel therapeutic strategies that may 
allow reversal of docetaxel resistance include alterations of 
enzymes, improving the drug uptake and enhancement of 
apoptosis [19, 20]. Here we found that overexpression of 
RKIP can promote the drug eff ect of docetaxel on inhib-
iting the prostate cancer cell lines proliferation. Consistent 
with previous report, RKIP expression levels in tumorigenic 
human prostate and breast cancer cells are rapidly induced 
upon chemotherapeutic drug treatment to sensitize the cells 
to apoptosis. In addition, RKIP expression highly correlates 
with the onset of apoptosis, and ectopic expression of RKIP 
re-sensitizes DNA-damaging agent-resistant cells to undergo 
apoptosis. Down-regulation of endogenous RKIP by expres-
sion of antisense and small interfering RNA (siRNA) confers 
resistance on sensitive cancer cells to anticancer drug-induced 
apoptosis [13]. Th us, activation of RKIP would overcome 
the docetaxel resistance in prostate cancer and promote 
the effi  cacy of chemotherapy in the treatment of prostate 
cancer. Moreover, a combinatory treatment with antagonists 
to RKIP’s downstream signaling components and docetaxel 
will be a better strategy in the prostate cancer therapy.

Down-regulation of RKIP was observed in metastatic 
prostate cancer cell lines as compared to non-metastatic cell 
lines. Additionally, immunohistochemical staining showed 
moderate to high RKIP expression in normal prostate and 
primary prostate tumors, whereas low or undetectable levels 
were observed in metastatic foci. Th ese data suggest that RKIP 
may function as a metastasis suppressor in prostate cancer 

development. Here, we found that overexpression of RKIP 
inhibits prostate cancer cell migration and invasion. Snail is 
regarded as a key inducer of EMT and plays an important 
role in cancer metastasis [21]. Our data indicate that RKIP 
overexpression may downregulate the expression of Snail, 
thus inhibiting the EMT (Figure 6). More importantly, we 
found that RKIP overexpression inhibited the translocation 
of NFκB from cytoplasm into nucleus, which further aff ected 
downstream gene expression, including E-cadherin, COX2 
and vimentin.
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