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Rab23, a novel member of the Rab GTPase family, was found to be implicated in the progression of some 
human cancers. However, what role Rab23 plays in prostate cancer (PCa) remains to be illustrated. In the 
present study, we investigated the expression pattern and roles of Rab23 in PCa. The study results showed 
that Rab23 was upregulated in PCa tissues and cell lines. Moreover, downregulation of Rab23 remarkably 
suppressed the proliferation, migration, and invasion of PCa cells. In addition, downregulation of Rab23 sig-
nificantly downregulated the protein expression levels of Shh and Gli1. Furthermore, we found that the Gli1 
inhibitor GANT-61 greatly enhanced the suppressive effect of Rab23 downregulation on PCa cells. In conclu-
sion, we suggested Rab23 as a potential therapeutic target for PCa treatment.
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INTRODUCTION

Prostate cancer (PCa), one of the most prevalent 
malignancies, is a main cause of cancer-related deaths 
among men (1). Thanks to the improvement in PSA 
screening, prostate biopsies, and MRI imaging, prostate 
tumors have been detected and localized more accurately 
(2). In addition, the survival rate of PCa patients has been 
greatly increased due to the development of therapeutic 
strategies including surgery, radiotherapy, and pharmaco-
therapy (3,4). However, 5% of PCa patients, at the time of 
diagnosis, still suffer from metastatic lesions, which lead 
to a later stage (5,6). To achieve a satisfactory therapeu-
tic effect for patients with advanced PCa, we desperately 
need to find a novel indicator for more effective treatment 
of PCa.

The Rab GTPase family has been reported to play 
a crucial role in the regulation of some important pro-
cesses, such as intercellular vesicle trafficking, receptor 
recycling, and signal transduction (7,8). Rab23, a novel 
member of the Rab GTPase family, localizes to plasma 
membranes, cytosol, and endosomes (9). It serves as a 
significant regulator during the differentiation of skeletal 
and nervous systems (10,11). Recently, Rab23 was found 
to be implicated in the progression of some human can-
cers. For example, Liu et al. reported the overexpression 
of Rab23 in hepatocellular cancer and its association with 

tumor size (12). Similarly, Hou et al. demonstrated the 
upregulation of Rab23 in gastric cancer and its promoting 
effect on the invasion of gastric cancer cells (13). These 
findings suggested Rab23 as an oncogene in human 
cancers. On the contrary, Denning et al. reported the 
downregulation of Rab23 in thyroid cancer and its tumor-
inhibitive effect on thyroid cancer cells (14). Despite all 
of the studies on the role of Rab23 in human cancers, 
there have been no reports on the expression and effect 
of Rab23 in PCa.

In this study, we investigated the clinical signifi-
cance of Rab23 in PCa. The study results showed that 
Rab23 was upregulated in PCa tissues and cell lines. 
Furthermore, downregulation of Rab23 remarkably sup-
pressed the proliferation, migration, and invasion of PCa 
cells as well as the protein expression levels of Shh and 
Gli1. We also discovered that the Gli1 inhibitor GANT-61 
greatly potentiated the suppressive effect of Rab23 down-
regulation on PCa cells. All in all, we suggest Rab23 as a 
potential therapeutic target for PCa treatment.

MATERIALS AND METHODS

Clinical Samples

Sixteen patients from the Department of Urology of 
Huaihe Hospital of Henan University participated in 
the study and provided informed consent. PCa tissues 
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and corresponding normal tissues were collected from 
the participants during surgery. All tissue samples were 
stored in liquid nitrogen before use. All experiments in 
the study were approved by the ethics committee of the 
Huaihe Hospital of Henan University.

Cell Lines and Cell Culture

Human PCa cell lines (DU145, PC3, and 22RV1) and 
the normal epithelial prostate cell line RWPE-1 were 
obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). All cell lines were cul-
tured in RPMI-1640 medium (Gibco, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS; 
Gibco), 100 μg/ml streptomycin (Gibco), and 100 IU/ml 
penicillin (Gibco) in a humidified incubator with 5% CO2 
at 37°C.

Quantitative Real-Time RT-PCR

Extraction of total RNA from tissue samples or cell 
lines was performed using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). Synthesis of cDNA was carried 
out using a reverse transcription kit (Zhongshan Biotech, 
Beijing, P.R. China) according to the manufacturer’s 
instructions. The thermal cycling conditions for PCR were 
94°C for 1 min, 95°C for 15 s, and 30 cycles of 60°C for 
1 min. Primer sequences were listed as follows: Rab23, 
5¢-GTAGTAGCCGAAGTGGGA-3¢ (forward) and 5¢-CC 
TTTGTTTGTTGGGTCTC-3¢ (reverse); GAPDH, 5¢-GC 
ACCGTCAAGGCTGAGAAC-3¢ (forward) and 5¢-TGGT 
GAAGACGCCAGTGGA-3¢ (reverse). GAPDH was used  
as internal control. The expression levels of genes were 
measured using the comparative CT method (2−DDCt) (15).

Western Blot

Tissues or cells were lysed in lysis buffer. After 
centr ifugation at 12,000 rpm for 20 min, lysates were 
collected, separated by 10% SDS-PAGE, and then trans-
ferred onto PVDF membranes. The membranes were 
blocked in Tris-buffered saline (TBS) and 5% nonfat 
milk and then incubated overnight at 4°C with the pri-
mary antibodies against Rab23, Shh, Gli1, or GAPDH. 
Subsequently, the membranes were washed three times 
and then incubated for 1 h at room temperature with HRP-
coupled anti-mouse/rabbit IgG. All antibodies used in the 
study were purchased from Cell Signaling Technology 
(Danvers, MA, USA). The membranes were visualized 
using ECL reagents (Sigma-Aldrich, St. Louis, MO, 
USA). Band intensities were analyzed using BandScan 
software.

Cell Transfection

Rab23-targeting siRNA and scramble control siRNA 
were obtained from Dharmacon (Lafayette, CO, USA). 
The sequences of Rab23 siRNA and control siRNA were 

5¢-caaacaaaggaccaagaaaTT-3¢ and 5¢-uucuccgaacgugucac 
guTT-3¢, respectively. Lipofectamine 2000 (Invitrogen) 
was used to transfect cells with Rab23 siRNA or con-
trol siRNA according to the manufacturer’s instructions. 
Twenty-four hours later, cells were harvested for the fol-
lowing assays. The transfection efficiency was verified 
via Western blot analysis.

Cell Proliferation and Colony Formation Assays

For the cell proliferation assay, transfected cells were 
seeded in a 96-well plate at a density of 5 × 103 cells/well. 
After culturing for different times, 20 μl of 5 mg/ml MTT 
(Sigma-Aldrich) was added to each well, and the cells 
were incubated at 37°C for 4 h. Subsequent to removal 
of the culture medium, 150 μl of dimethyl sulfoxide 
(DMSO; Sigma) was added to each well. The absorbance 
at 570 nm was measured with a microplate reader (Bio-
Rad, Hercules, CA, USA).

For the colony formation assay, transfected cells were 
seeded in a six-well plate at a density of 300 cells/well. 
After 2 weeks of culturing, the cells were washed with PBS 
and then stained with Giemsa. The number of colonies with 
more than 50 cells was counted using a microscope.

Cell Migration and Invasion Assays

For the migration assay, Transwell chambers (pore 
size: 8 μm) with Matrigel-free membranes were used. 
Transfected cells were seeded in 100 μl of serum-free 
medium and then added to the upper chamber at a den-
sity of 2 × 105 cells/chamber. FBS was added to the lower 
chamber to promote cell migration. After 24 h of incu-
bation at 37°C, cells remaining on the upper side of the 
membrane were wiped off, and cells passing through the 
membrane were fixed with methanol and stained with 
0.1% crystal violet. Five fields were randomly chosen to 
count the number of migrated cells under a microscope 
(400×). The invasion assay was performed according 
to the same procedure as mentioned above, except that 
Matrigel-coated membranes were used.

Tumor Xenografts In Vivo

Female 6-week-old BALB/c nude mice were obtained 
from the Shanghai Laboratory Animal Center (Shanghai, 
P.R. China). All mice were randomly divided into two 
groups (seven mice/group) and handled according to 
the procedure approved by the Institutional Animal Care 
and Use Committee of the Huaihe Hospital of Henan 
University. Transfected cells (4 × 103) were suspended 
in 100 μl of PBS and then injected subcutaneously into 
the left flank of each mouse. Tumor size was measured 
every 6 days. After 30 days, all mice were sacrificed for 
thorough removal and weighing of tumors. Tumor vol-
ume was calculated according to the following formula: 
volume = (length × width2)/2.
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Statistical Analysis

All data were expressed as mean ± standard deviation 
(SD). Statistical comparison between different groups 
was made by Student’s t-tests. All experiments were per-
formed at least three times. A value of p < 0.05 was con-
sidered statistically significant.

RESULTS

Expression of Rab23 Is Upregulated in PCa Tissues 
and Cell Lines

We compared the expression of Rab23 in 16 pairs of 
PCa tissues and corresponding normal tissues via RT-PCR 
and Western blot analysis. As shown in Figure 1A and B, 
the mRNA and protein expression levels of Rab23 were 

remarkably higher in PCa tissues than in correspond-
ing normal tissues. Furthermore, we made an analysis 
of the mRNA and protein expression levels of Rab23 in 
three PCa cell lines (DU145, PC3, and 22RV1) and the 
normal epithelial prostate cell line RWPE-1. The results 
showed that the expression of Rab23 was much higher 
in three PCa cell lines than in the cell line RWPE-1 at 
the mRNA (Fig. 1C) and protein (Fig. 1D) levels. These 
results suggested upregulation of Rab23 in PCa tissues 
and cell lines.

Downregulation of Rab23 Inhibits PCa Cell 
Proliferation In Vitro and In Vivo

To investigate the impact of Rab23 on PCa cell pro-
liferation, we downregulated Rab23 in DU145 and PC3 

Figure 1. Expression of Rab23 is upregulated in PCa tissues and cell lines. (A, B) The expression of Rab23 was analyzed in PCa tis-
sues and corresponding normal tissues via RT-PCR and Western blot. (C, D) The expression of Rab23 was measured in three PCa cell 
lines (DU145, PC3, and 22RV1) and the normal epithelial prostate cell line RWPE-1. *p < 0.05.
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cells using siRNA transfection. As shown in Figure 2A 
and B, Rab23 siRNA transfection greatly reduced the 
protein expression of Rab23 in DU145 and PC3 cells.

Both MTT and colony formation assays were carried out 
to measure the effect of Rab23 downregulation on PCa cell 
proliferation. The MTT assay showed that the proliferation 
of DU145 (Fig. 2C) and PC3 (Fig. 2D) cells was remark-
ably suppressed by downregulation of Rab23 in comparison 
with the control cells. The colony formation assay indicated 
that the downregulation of Rab23 obstructed the formation 
of colonies in DU145 (Fig. 2E) and PC3 (Fig. 2F) cells in 
comparison with the control cells.

To further confirm the inhibitory effect of Rab23 
downregulation on tumor growth, we performed in vivo 
experiments. In brief, DU145 cells transfected with Rab23 
siRNA or control siRNA were subcutaneously injected into 
each nude mouse. Tumor size was measured every 6 days. 
After 30 days, all mice were sacrificed to weigh tumors. 
As shown in Figure 2G and H, downregulation of Rab23 
caused a remarkable decrease in the volume and weight of 
tumors in nude mice compared with the control group.

Downregulation of Rab23 Inhibits PCa Cell 
Migration and Invasion In Vitro

To examine the effect of Rab23 downregulation on 
PCa cell migration and invasion, Transwell assay was per-
formed. As shown in Figure 3A and B, downregulation of 
Rab23 weakened the migratory and invasive capabilities 
of DU145 cells, compared with the control group. Similar 
results were obtained for PC3 cells (Fig. 3C and D).

Downregulation of Rab23 Inhibits the Activity of 
the Shh/Gli1 Signaling Pathway

To explore the molecular mechanism underlying the 
suppressive effect of Rab23 downregulation on the pro-
liferation, migration, and invasion of PCa cells, we 
detected the protein expression levels of Shh and Gli1, in 
consideration of the significant role Rab23 plays in regu-
lating the Shh/Gli1 signaling pathway (16–21). As shown 
in Figure 4A, downregulation of Rab23 significantly 
decreased the protein expression levels of Shh and Gli1 in 
DU145 cells in comparison with the control cells. To vali-
date the involvement of the Shh/Gli1 signaling pathway 
in Rab23-regulated proliferation, migration, and invasion 
of PCa cells, we employed the Gli1 inhibitor GANT-61. 
As shown in Figure 4B–D, GANT-61 obviously enhanced 

the suppressive effect of Rab23 siRNA on the prolifera-
tion (Fig. 4B), migration (Fig. 4C), and invasion (Fig. 4D) 
of DU145 cells.

DISCUSSION

PCa, one of the most prevalent cancers among men, 
is characterized by increasing morbidity and mortality 
(1,22). Despite the development of therapeutic strategies, 
5% of PCa patients still suffer from poor quality of life 
owing to metastatic lesions, which lead to a later stage 
(3–6). Therefore, we urgently need to find a new thera-
peutic target for a more effective treatment of PCa, thus 
changing the unsatisfactory outcome of patients with 
advanced PCa.

Recent studies found the implication of Rab23 in 
the development of various human cancers such as 
hepatocellular cancer, gastric cancer, thyroid cancer, 
squamous cell cancer, and pancreatic duct adenocarci-
noma (12–14,23,24). However, little is known about the 
specific role of Rab23 in PCa. In this study, we found 
that the expression of Rab23 was significantly higher in 
PCa tissues and cell lines than in normal prostate tissues 
and cell lines. This expression model of Rab23 in PCa 
was similar to that in hepatocellular cancer where Rab23 
was found to be upregulated (12). Our study showed that 
downregulation of Rab23 remarkably suppressed the pro-
liferation rate of PCa cells. Meanwhile, the migratory and 
invasive capabilities of PCa cells were also significantly 
inhibited. These results were inconsistent with those 
obtained from the studies performed by Jiang et al., who 
demonstrated overexpression of Rab23 in human blad-
der cancer and the promoting effect of Rab23 on blad-
der cancer cell proliferation and invasion (25). All these 
findings suggested the tumor-promoting role of Rab23 
in human cancers. However, some other researchers 
obtained opposite results. For example, Liu et al. put for-
ward that Rab23 suppressed growth and proliferation in 
breast cancer cells (26). Similar to Liu’s demonstration, 
Denning et al. proved the tumor-inhibitory effect on thy-
roid cancer cells in their studies (14). Taken together, we 
reasonably inferred that the role Rab23 played, an onco-
gene or a tumor-suppressor gene, was dependent on the 
type of cancer.

In our study, we demonstrated the tumor-promoting 
effect of Rab23 on PCa cells. However, what molecular 
mechanisms underlie the effect remained to be explored. 

FACING PAGE
Figure 2. Downregulation of Rab23 inhibits PCa cell proliferation in vitro and in vivo. (A, B) After siRNA transfection, the protein 
expression of Rab23 in DU145 and PC3 cells was detected by Western blot assay. (C, D) The MTT assay showed that the proliferation 
rate of DU145 and PC3 cells was significantly decreased by downregulation of Rab23 in comparison with the control cells. (E, F) The 
colony formation assay indicated that the colony formation capability of DU145 and PC3 cells was markedly attenuated by downregu-
lation of Rab23 in comparison with the control cells. (G, H) Downregulation of Rab23 resulted in a remarkable decrease in the volume 
and weight of tumors formed by DU145 cells transfected with Rab23 siRNA, compared to the control group. *p < 0.05.



246 CHANG ET AL.

Many studies have reported the key role Rab23 plays in 
regulating the Shh/Gli1 signaling pathway (16–21), so we 
detected whether downregulation of Rab23 affected this 
signaling pathway in PCa cells by investigating the protein 
expression levels of Shh and Gli1. The results showed that 
downregulation of Rab23 exerted a significant inhibitory 
effect on the protein expression levels of Shh and Gli1 in 
DU145 cells in comparison with the control cells. Like our 
study, a chondrocyte differentiation study found a similar 
result in that downregulation of Rab23 greatly reduced the 
level of Gli1 in chondrocytes (21). Conversely, Chi et al. 
discovered in their study that Rab23 negatively mediated 
the Gli1 transcription factor (20). In our study, we sug-
gested the positive role of Rab23 in regulating Shh/Gli1. 
To further confirm the involvement of the Shh/Gli1 sig-
naling pathway in Rab23-regulated proliferation, migra-
tion, and invasion of PCa cells, we employed the Gli1 

inhibitor GANT-61. The related assays demonstrated that 
GANT-61 remarkably potentiated the suppressive effect 
of Rab23 downregulation on the proliferation, migration, 
and invasion of PCa cells.

On the basis of all the findings in our study, we con-
cluded that Rab23 was upregulated in PCa tissues and 
cell lines, and downregulation of Rab23 remarkably 
suppressed the proliferation, migration, and invasion 
of PCa cells as well as the protein expression levels of 
Shh and Gli1. We also observed that the Gli1 inhibitor 
GANT-61 greatly potentiated the suppressive effect of 
Rab23 downregulation on PCa cells. All in all, we suggest 
Rab23 as a potential therapeutic target for PCa treatment.
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Figure 3. Downregulation of Rab23 inhibits PCa cell migration and invasion in vitro. (A, B) The Transwell assay indicated that the 
downregulation of Rab23 significantly reduced the number of migrated and invaded DU145 cells. (C, D) Similar results were observed 
in PC3 cells. *p < 0.05.
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