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Abstract. Prostate cancer (PCa) is one of the most commonly 
diagnosed malignancies, and 90% of advanced prostate cancer 
patients relapse after therapy. Trophinin associated protein 
(TROAP) is essential for centrosome integrity and proper 
bipolar organisation of spindle assembly during mitosis and 
plays an essential role in proliferation. We found that TROAP 
expression correlates with patient survival and speculated 
that it may be involved in PCa progression. The Oncomine 
database tool (http://www.oncomine.org) was used to analyse 
TROAP mRNA expression from microarray data, and patient 
survival analysis for target genes was performed using the 
PROGgeneV2 Database (http://watson.compbio.iupui.edu). 
Gene interference with lentivirus was used to silence TROAP 
expression in PCa cells and knockdown efficiency was 
detected by qRT-PCR and western blot analysis. Cell viability, 
colony formation, cell cycle and apoptosis were then assessed 
to determine the function of TROAP in PCa cells. Markers 
of cell cycle and apoptosis were tested by western blotting. 
The correlation between WNT3 or survivin expression and 
TROAP transcripts in prostate cancer tissues was analysed 
using GEPIA (http://gepia.cancer-pku.cn) and validated by 
western blotting. The in vivo role of TROAP was investigated 
using xenografts. This protein was overexpressed in PCa, and 
exhibited relatively higher expression in PCa cell lines, DU145 
and 22Rv1. Importantly, analysing human cancer databases 
available from PROGgeneV2 showed that higher expression 
of TROAP is associated with shorter overall survival in 
prostate cancer patients. TROAP knockdown inhibited cell 
proliferation and led to cell cycle arrest at S phase in 22Rv1 

and DU145 cells. Cell cycle arrest resulted in apoptosis in both 
cell lines via the cyclin A2-cyclin B1-caspase pathway. WNT3 
and survivin expression levels were found to correlate with 
TROAP in PCa, and in vivo xenograft assays revealed that 
silencing of TROAP inhibited PCa tumour growth. Therefore, 
TROAP might represent a novel predictive marker to guide 
therapeutic intervention.

Introduction

Prostate cancer (PCa) is one of the most commonly diagnosed 
malignancies and the third most common lethal cancer in 
men  (1). Over 160,000 new cases of prostate cancer were 
estimated to have been diagnosed in 2017 in the US, which 
accounts for 19% of all cancer cases  (2). Consequently, it 
is vitally important and necessary to study the associated 
detailed mechanisms of this disease.

TROAP, also named tastin and first cloned in 1995, is a 
cytoplasmic protein that is necessary for the function of 
trophinin as a cell adhesion molecule (3,4). The associated 
adhesion molecule complex consists of bystin, trophinin and 
TROAP, and bystin has been shown to be present in human 
PCa (5). In addition to its function as a component of the 
adhesion complex during embryo implantation, TROAP has 
also been reported to be required for spindle assembly during 
mitosis (6,7). It is also essential for centrosome integrity and 
proper bipolar organisation of spindle assembly during mitosis, 
playing an essential role in cell proliferation. Levels of this 
protein peak during the G2/M phase and abruptly decline after 
division. However, its biological function in prostate cancer 
and cancer in general is still unclear. We found that TROAP 
expression correlates with patient survival and deduced that 
TROAP plays an important role in prostate cancer progression.

In this study, we first examined the TROAP expression 
profile using several online datasets of prostate cancer; in 
addition, patient survival analysis with respect to the target 
gene was performed using PROGgeneV2 Database. Next, the 
regulatory effect of TROAP on cellular survival and apoptosis 
was demonstrated by performing cell proliferation and flow 
cytometric assays. Western blot analysis was used to determine 
the expression of apoptosis and cell cycle-related biomarkers. 
Correlations between WNT3 or survivin expression and 
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TROAP transcripts in prostate cancer tissues were also anal-
ysed. Finally, the regulation of TROAP in PCa cell progression 
was established in vivo. Collectively, our data suggest that 
TROAP could be an important target for PCa diagnosis and 
treatment.

Materials and methods

Database analysis. To examine TROAP mRNA expression 
using microarray data, the Oncomine database tool (www.
oncomine.org) was used. Briefly, the TROAP gene was queried 
in the database and the results were filtered by selecting 
prostate cancer studies that reported TROAP expression data 
(Reporter ID: 204649_at for Varambally Prostate, Arredouani 
Prostate, Wallace Prostate and A_23_P150935 for Grasso 
Prostate). Both probes were targeted to nucleotide sequence 
of TROAP. P-values for each group were calculated using The 
Student's t-test. Standardised normalisation techniques and 
statistical calculations are provided by the Oncomine website. 
Additionally, ProggeneV2 prognostic Database (http://watson.
compbio.iupui.edu/chirayu) was used to collect information 
about patient survival data with regards to TROAP expression 
in prostate cancer (8).

Cell lines and culture conditions. Human prostate cell lines, 
LNCaP, WPMY-1, DU145, 22Rv1, PC-3 and C4-2 (all have 
been confirmed that they are not misidentified or contami-
nated by checking established cell lines with the list of known 
misidentified cell lines available from the International Cell 
Line Authentication Committee http://iclac.org/databases/
cross-contaminations) were purchased from the Cell Bank of 
the Chinese Academy of Science (Shanghai, China). LNCaP 
and WPMY-1 cells were cultured in DMEM (Hyclone 
Laboratories; GE Healthcare Life Sciences, Logan, UT, USA; 
SH30022.01B) with 10% fetal bovine serum (FBS). C4-2 and 
22RV1 cells were cultured in RPMI-1640 medium (Hyclone 
Laboratories; GE Healthcare Life Sciences, SH30809.01B) 
containing 10% FBS (Biowest, Riverside, MO, USA; 
S1810). DU145 and PC-3 cells were cultured in Ham's/F-12 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA; 
11765054) with 10% FBS and 1% non-essential amino acids 
(NEAA, Hyclone Laboratories; GE Healthcare Life Sciences; 
SH30238.01). The culture medium was supplemented with 
100 U/ml penicillin and 100 mg/ml streptomycin to avoid 
bacterial contamination. All cells were cultured in humidified 
air at 37˚C with 5% CO2.

Total RNA isolation and quantitative real-time (qRT)-PCR 
analysis. Total RNA was prepared from several human 
prostate cancer cell lines (WPMY-1, LNCap, 22Rv1, DU145, 
PC3 and C4-2) using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) following the manufacturer's protocol. 
Then, 1 µg of total RNA was reverse transcribed in a final 
volume of 20 µl using random primers and M-MLV Reverse 
Transcriptase (Promega, Madison, WI, USA; M170A) and 
standard conditions. The reverse transcription reaction was 
performed using the following conditions: 37˚C for 30 min; 
85˚C for 5 sec and a hold at 4˚C.

After reverse transcription, the qRT-PCR was performed 
using the SYBR Green Master Mix Kit (Takara Biotechnology, 

Co., Ltd., Dalian, China) and a BioRad CFX96 sequence 
detection system, according to the manufacturer's instructions. 
The relative levels of TROAP were determined by qRT-PCR 
using gene specific primers, and expression was normalised 
to the internal control β-actin. The primer sequences used are 
as follows: forward, 5'-GTGGACATCCGCAAAGAC-3' and 
reverse, 5'-AAAGGGTGTAACGCAACTA-3' for β-actin, 
and forward, 5'-GGTCAGGAGAAAAGCGGAGGAAG-3' 
(sense) and reverse, 5'-AGGCGTGCGTTTCTGAGAGC-3' for 
TROAP. The qRT-PCR was conducted under the following 
conditions: 95˚C for 60 sec, 40 cycles of 95˚C for 5 sec and 
60˚C for 20 sec. Each sample was run at least three times. The 
relative expression level of TROAP was computed using the 
comparative cycle threshold (CT) method 2-∆∆Cq (9).

Lentivirus infection of prostate cancer cells. The shRNA 
sequence targeting TROAP was synthesised and ligated into 
pGreenPuro™ shRNA Cloning and Expression Lentivector 
(#s SI505A-1; SBI System Biosciences, LLC, Palo Alto, 
CA, USA), which contains green fluorescent protein (GFP) 
tag. The shRNA sequence targeting human TROAP was: 
5'-AGAACCAAGATCCAAGGAGATCTCGAGATCTCCT 
TGGATCTTGGTTCT-3'. The non-targeting shCon 
sequence (control shRNA) used was 5'-TTCTCCGAACGT 
GTCACGTCTCGAGACGTGACACGTTCGGAGAA-3'. 
Lentiviral particles were then packaged in the 93T cells and 
harvested using ultra-centrifugation. DU145 and 22Rv1 cell 
lines cultured in 6-well plates were infected with lentivirus 
containing targeting shRNA or control shRNA. Cells were 
harvested after 3 days for qRT-PCR and other experiments.

Cell proliferation assays. The effect of TROAP knockdown on 
cell proliferation was determined using the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
method according to the manufacturer's (Sigma-Aldrich; 
Merck KGaA) instructions. Briefly, DU145 and 22Rv1 cells 
infected with shTROAP and shCon, separately, were seeded in 
96-well plates (3,000/well) and incubated for 5 days. At day 1 
to day 5 after seeding, MTT plus acidic isopropanol solution 
was added to every well and samples were incubated at 37˚C 
for 1 h. The absorbance values were measured at 595 nm 
using a Biotek Epoch Microplate Spectrophotometer (BioTek 
Instruments, Inc., Winooski, VT, USA). Each group comprised 
five replicates.

Colony formation assays. For colony formation assays, DU145 
and 22Rv1 cells were seeded in 6-well plates at 500 cells/well 
and cultured in medium containing 10% FBS, changing the 
medium every 3 days. After 14 days, the colonies were washed 
with PBS, fixed with 4% paraformaldehyde, and stained 
with 0.1% freshly-prepared crystal violet solution (Beyotime 
Unstitute of Biotechnology, Haimen, China). Visible colonies 
containing 50 or more cells were observed and manually 
counted using an inverted light microscope (Olympus CKX41; 
Olympus Corp., Tokyo, Japan). Triplicate wells were measured 
for each treatment group.

Flow cytometric analysis. For flow cytometric analysis, 
infected cells were collected 6  days after inoculation by 
trypsinisation. Cells for cell cycle analysis were stained using 
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Figure 1. TROAP is overexpressed in prostate cancer and higher expression is associated with shorter overall survival. (A) Oncomine analysis of the prostate 
cancer datasets showed that four datasets reported overexpression of TROAP in cancer as compared to expression in normal tissue. (B) Representation of 
individual datasets reporting TROAP expression from the Oncomine website and analysed using an unpaired Student's t-test. (C) Higher expression of TROAP 
was associated with shorter overall survival (left) and relapse-free survival (right) of prostate cancer patients. Survival data were retrieved and analysed 
from PROGgeneV2 (http://watson.compbio.iupui.edu/chirayu/proggene/database/? url=proggene). Patients were grouped based on TROAP expression levels, 
specifically, higher or lower than the median level.
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propidium iodide (PI) with the Cycle TEST PLUS DNA 
Reagent kit (BD Biosciences, Franklin Lakes, NJ, USA; 
NC9941088) according to the manufacturer's protocol, and 
then subjected to FACScan. The percentage of the cells in the 
G0/G1, S, and G2/M phases were computed and compared. 
For apoptosis analysis, double staining was performed using 
the FITC Annexin  V Apoptosis Detection kit (Nanjing 
KeyGen Biotech, Co., Ltd., Nanjing, China), according to the 
manufacturer's instructions, and then the stained cells were 
analysed using FACScan (BD Biosciences). The percentage of 
early apoptotic and apoptotic cells were compared to that in 
the control groups for each experiment.

Western blot assay. Cells were lysed using RIPA buffer 
containing 100 mM Tris-HCl (pH 6.8), 10 mM EDTA, 4% 
SDS, and 10% glycine supplemented with PMSF (Roche, 
Basel, Switzerland). Total protein was quantified using the 
Coomassie brilliant blue method at 560 nm. The supernatant 
(10 µg of protein) was denatured and separated on 12% SDS 
polyacrylamide gel electrophoresis (SDS-PAGE), and then 
transferred to 0.22-μm polyvinylidene difluoride (PVDF) 

membranes (EMD Millipore, Bedford, MA, USA) and 
incubated with specific antibodies as follows: anti-GAPDH 
(dilution 1:500,000; cat. no.  10494-1-AP), anti-TROAP 
(dilution 1:1,000; cat. no. 13634-1-AP), anti-PSA (dilution 
1:1,000; cat. no. 10679-1-AP), anti-cleaved caspase 3 (dilution 
1:1,000; cat. no. 25546-1-AP), anti-caspase 9 (dilution 1:1,000; 
cat. no. 10380-1-AP), anti-cyclin A2 (dilution 1:1,000; cat. 
no. 18202-1-AP), anti-WNT3 (dilution 1:500; cat. no. 17983-
1-AP), anti-survivin (dilution 1:1,000; cat. no. 10508-1-AP) 
and anti-CNNB1 (dilution 1:1,000; cat. no. 51067-2-AP) from 
Proteintech Group Inc., (Rosemont, IL, USA); anti-Bcl-2 (dilu-
tion 1:1,000; cat. no. 2876) and PARP (dilution 1:1,000; cat. 
no. 9542) from Cell Signaling Technology, Inc. (Danvers, MA, 
USA); anti-cyclin B1 (dilution 1:2,000; cat. no. 21540) from 
SAB (Nanjing, China). Bands were visualised using enhanced 
chemiluminescence (ECL-PLUS/Kit, Amersham Pharmacia 
Biotech, Tokyo, Japan) reagents.

Pairwise correlation analysis. WNT3 and survivin were 
previously reported to be relevant for carcinogenesis. To deter-
mine whether there is a correlation between the expression of 

Figure 2. TROAP expression and efficiency of lentivirus-mediated TROAP shRNA silencing in prostate cancer cell lines. (A) The mRNA expression level of 
TROAP in prostate cancer cells (LNCap, 22RV1, DU145, PC-3 and C4-2) and normal cancer cells (WPMY-1). (B) The protein levels of TROAP in prostate 
cancer and normal cells. (C) Representative images of prostate cancer cell lines infected with shCon/shTROAP lentivirus are shown. (D) Analyses of TROAP 
mRNA expression in DU145 and 22Rv1 cells quantified by qRT-PCR. **P<0.01 and ***P<0.001 vs. shCon. (E) Western blot analyses of TROAP protein expres-
sion in DU145 and 22Rv1 cells. Data are presented as means ± SD of three independent experiments.
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WNT3 or survivin and TROAP transcripts in PCa, pairwise 
gene correlation analysis was performed using the web server 
GEPIA (http://gepia.cancer-pku.cn/) (10). P<0.05 was defined 
as statistically significant. Correlation analysis results were 
then further validated by western blot analysis.

Xenograft tumourigenicity and gene expression assay in vivo. 
The prior approval of the Ethics Committee of the Third 
Affiliated Hospital, The Second Military Medical University 
was obtained for use of the animals in this study.

Twelve male athymic nude mice (nu/nu), 4 weeks old 
(weight, 15-20 g), were housed under pathogen-free conditions 
in a barrier animal facility with a 12-h light/12-h dark cycle 
and humidity (45-55%) at 21-24˚C, and food and water were 
available ad libitum. For in vivo tumourigenicity experiments, 
DU145 cells stably infected with lentivirus or negative control 
were collected, resuspended in PBS, and injected subcutane-
ously into the right subaxillary of each male 4-week-old 
BALB/c nude mouse (2x104 per mouse; SLRC Laboratory 
Animal, Shanghai, China). The tumour volumes and weights 
were measured every 3 days and maximum allowable tumour 
size was controlled according to the IACUC guidelines 

(diameter, 2.0 cm; volume 4.2 cm3); tumour volume (V) was 
measured as V = length x width2 x 0.5. Forty-five days after 
injection, mice were sacrificed by cervical dislocation and 
tumours were dissected, imaged, and weighed; the tumours 
were also collected and fixed for further western blot analysis. 
The relative amount of protein was calculated based on the 
integrated optical density reference value using ImageJ optical 
density gel analysis software (National Institutes of Health, 
Bethesda, MD, USA). GAPDH was used as the control.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 5.0 software (GraphPad Software, Inc., 
La Jolla, CA, USA). Student's t-test was used for two-group 
comparisons and ANOVA with Sidak's multiple comparisons 
were used to test the significance of multigroup data. Data are 
presented as mean ± SD. A P-value <0.05 was considered to be 
indicative of statistical significance.

Results

TROAP is overexpressed in PCa and higher expression is 
associated with shorter overall survival. To achieve a profound 

Figure 3. Effects of TROAP knockdown on the proliferation and colony formation of DU145 and 22Rv1 prostate cancer cells. (A) Cell viability was determined 
by MTT assays. (B) Representative images of crystal violet staining and colony size and density in DU145 and 22Rv1 cells. (C) Statistical analysis of colony 
numbers in shCon- and shTROAP-infected cells. Data are shown as means ± SD of three independent experiments. ***P<0.001 vs. shCon.
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understanding of the role of TROAP in PCa, a publicly avail-
able array data source, the Oncomine database tool (www.
oncomine.org), was first used to investigate the expression 
levels of TROAP. The Oncomine Cancer Microarray database 
contains several datasets comparing human prostate carcinoma 
to normal tissue. TROAP expression was commonly highly 
expressed in several PCa groups compared to that in adja-
cent normal tissue. As shown in Fig. 1A and B, four datasets 
[Arredouani et al (11), Grasso et al (12), Varambally et al (13) 
and Wallace et al (14)] showed that TROAP is significantly 
overexpressed in PCa as compared to levels in adjacent normal 
tissue, with fold changes ranging from 1.27 to 2.08 (11-14). 
Additionally, by exploring the PROGgeneV2 Prognostic 
Database, we found that PCa patients (GSE16560) (15) with 
TROAP levels that were higher than the median expression 
level had significant shorter overall survival than those with 
lower TROAP levels (Fig.  1C). Notably, another database 
(GSE70768) (16) showed that higher TROAP expression is 
associated with poor relapse-free survival (Fig. 1C).

TROAP expression in prostate cells and knockdown effi­
ciency in PCa cell lines. The expression of TROAP in 
different PCa cell lines including WPMY-1, LNCaP, 22Rv1, 
DU145, PC3 and C4-2 was detected by qRT-PCR and western 
blotting. The results showed that the expression of TROAP 
is relatively high in PCa cells, especially non-metastatic 

22Rv1 and metastatic DU145 cells (Fig. 2A and B), which 
are androgen-independent PCa cell lines. Accordingly, these 
two cell lines were selected for further study. DU145 and 
22Rv1 cells were separately infected with the shTROAP and 
shCon lentiviruses. Based on the observed expression of GFP 
using a microscope, the infection efficiencies were adequate 
(Fig. 2C). Results of qRT-PCR illustrated that the mRNA 
levels of TROAP were significantly suppressed in DU145 
and 22Rv1 cells (Fig. 2D). Accordingly, the protein levels of 
TROAP were decreased obviously with shRNA targeting in 
DU145 and 22Rv1 cells (Fig. 2E).

Inhibition of PCa cell proliferation by shRNA-mediated 
TROAP knockdown. To determine the effect of different treat-
ments on PCa cell proliferation, prostate cancer cell numbers 
were assessed using MTT and colony formation assays. As 
shown by the cell growth curve, growth of the shTROAP-
treated groups was significantly slower than that of the shCon 
groups for DU145 and 22Rv1 cells (Fig. 3A). Furthermore, the 
sizes of independent colonies were much smaller in DU145 
and 22RV1 cells infected with shTROAP, compared to that in 
cells infected with shCon (Fig. 3B). Moreover, the numbers 
of colonies formed in shTROAP-infected groups were signifi-
cantly lower than that in shCon-infected groups (P<0.001, 
Fig. 3C). The data demonstrated a significant reduction in cell 
expansion with reduced TROAP expression.

Figure 4. TROAP silencing leads to cell cycle arrest at S phase in the DU145 and 22Rv1 prostate cancer cells. (A and B) Cell cycle distribution was analysed by 
flow cytometry. Representative images of three independent FACS analyses are presented. (C-F) Proportions of cells in the different cell cycle phases. *P<0.05, 
**P<0.01 and ***P<0.001 vs. shCon. (G and H) Western blot analysis of cyclin A2 and cyclin B1 in DU145 and 22Rv1 cells with or without TROAP knockdown.
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Knockdown of TROAP leads to cell cycle arrest and cell 
cycle modulation through cyclin A2/cyclinB1. Having 

established that TROAP expression is related to PCa cell 
proliferation, we were next interested in whether the cell 

Figure 5. TROAP silencing leads to DU145 and 22Rv1 prostate cancer cell apoptosis. (A) Representative images of apoptosis in DU145 and 22Rv1 cells. 
(B) Cell populations with different apoptosis status were calculated. **P<0.01 and ***P<0.001 vs. shCon.

Figure 6. TROAP regulates cyclin A2/cyclinB1 and caspase-3 cascades in prostate cancer cells. (A-D) Western blot analysis of Bcl-2, caspase-9, cleaved 
caspase-3, and PARP (cleaved or not) in DU145 and 22Rv1 cells with TROAP ablation.
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cycle is influenced by TROAP. After performing cell cycle 
analysis by flow cytometry, we found that inhibition of 
TROAP significantly decreased the number of cells in the 
G0/G1 phase and increased the number of cells in the S phase 
in the DU145 and 22Rv1 cells (Fig. 4A and B). The S phase 
cell percentage was increased from 18% in the shCon group 
to 30% in the shTROAP group in DU145 cells and from 27% 
in the shCon group to 33% in the shTROAP group in the 
22Rv1 cells (Fig. 4C and E). TROAP knockdown further led 
to significant increases in the sub-G1-phase cell population in 
both DU145 and 22Rv1 cells (Fig. 4D and F). We then focused 
on the molecular mechanisms through which TROAP knock-
down delays S phase to mitosis transition by analysing the 
expression of checkpoint proteins. Western blotting showed 
that downregulation of TROAP increased the expression of 
cyclin A2 but decreased the expression of cyclin B1, compared 
to that in respective controls, for the DU145 and 22Rv1 cells 
(Fig. 4G and H). The results thus corresponded to a cell cycle 
arrest at S phase.

Knockdown of TROAP promotes apoptosis in PCa cell lines 
through the mitochondrial apoptosis pathway. Based on 
the observed increases in the sub-G1-phase cell population 
(Fig.  4D and  F), we attempted to determine whether the 
decrease in TROAP was associated with cancer cell apoptosis 
by flow cytometry. TROAP silencing significantly accelerated 
both DU145 and 22Rv1 cell apoptosis. Lentivirus-mediated 
shRNA increased both early and late apoptosis in the DU145 
and 22Rv1 cells (Fig.  5A and B). The total percentage of 
apoptotic cells increased from 6% in the shCon group to 
43% in the shTROAP group for DU145 cells, and from 10% 
in the shCon group to 72% in the shTROAP group for 22Rv1 
cells. To investigate the underlying mechanisms of TROAP 
knockdown-induced apoptosis in these cells, the protein levels 
of Bcl-2, caspase-9, cleaved-caspase-3 and PARP in PCa 
cells were measured by western blot analysis after treatment 
with shTROAP. Western blot analysis showed that depletion 
of TROAP decreased the levels of Bcl-2, whereas levels of 
caspase-9, caspase-3 and PARP increased (Fig. 6). The results 

Figure 7. Expression of WNT3 and survivin is positively correlated with TROAP in prostate cancer. (A) The levels of (left) WNT3 (R=0.22, P=0.000285) and 
(right) survivin (BIRC5) (R=0.89, P=0.000302) were positively correlated with TROAP mRNA levels in prostate cancer based on the TCGA public dataset 
using GEPIA correlation analysis. (B) Western blotting further verified that WNT3 and survivin expression levels were correlated with TROAP in the DU145 
and 22RV1 cell lines.
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demonstrated that the mitochondrial apoptosis pathway was 
activated by downregulation of TROAP in PCa cells.

TROAP expression correlates with WNT3 and survivin 
levels in PCa. Survivin is demonstrated to protect cells 
from caspase-induced apoptosis. Meanwhile, it was the 
downstream target of wnt/β-catenin. Hence, we deduced that 
TROAP induced apoptosis by interrupting the expression of 
surviving and wnt. Correlation analysis indicated that WNT3 
and survivin (BIRC5) levels were positively correlated with 
TROAP expression (P<0.05; Fig. 7A). To further validate this 
analysis, we performed western blotting. Consistently, it was 
verified that protein levels of WNT3 and survivin decreased 
with TROAP knockdown (Fig. 7B).

Knockdown of TROAP inhibits PCa growth in nude mice. 
To investigate the effect of TROAP on PCa cell proliferation 
in vivo, a xenograft model was utilised to assess the tumori-
genesis of DU145 cells after shTROAP or shCon transduction. 
As shown, the largest diameter of the tumours was approxi-
mately 10 mm in the shCon group. Tumours in mice injected 
with shTROAP-transduced cells were significantly smaller 
than those originating from shCon-infected cells (Fig. 8A). 
Both the volume and the weight of tumours derived from 
shTROAP DU145 cells were significantly decreased compared 

to those of the shCon group (Fig. 8B and C). Thus, the results 
confirmed that TROAP knockdown can inhibit PCa tumour 
growth in vivo.

To further illustrate that tumour suppression by shTROAP 
is associated with the knockdown of TROAP and associated 
downregulation of survivin in PCa cells, mice from the two 
groups were sacrificed after the last measurement. Protein 
expression levels of both TROAP and survivin were detected 
by western blotting. As shown in Fig. 8D and E, the levels 
of both were efficiently decreased in tumour tissue of the 
shTROAP group compared to those in the shcontrol group.

Discussion

In the present study, we initially demonstrated that TROAP 
is upregulated in PCa tissues. Importantly, clinical data have 
suggested that TROAP is associated with poor overall and 
relapse-free survival in prostate cancer patients, underscoring 
the oncogenic role of this marker, particularly in relapse. 
We also demonstrated for the first time that TROAP protein 
expression is relatively high in several PCa cell lines by using 
qRT-PCR and western blot analysis.

Silencing of TROAP significantly inhibited the growth 
and colony formation ability of PCa cells through cell 
cycle arrest at the S phase and the induction of apoptosis. 

Figure 8. TROAP knockdown inhibits prostate tumour growth in vivo. (A) Xenograft tumours derived from shTROAP-infected DU145 cells were significantly 
smaller in terms of volume (B) and weight (C) when compared with these parameters in the tumours derived from the shCon-transfected cells. **P<0.001. 
(D) TROAP and survivin protein expression in cancer tissues was analysed by western blotting. (E) The relative protein expression of TROAP and survivin 
was clearly downregulated. GAPDH was used as a control, and the difference was statistically significant (*P<0.05).
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More importantly, downregulation of TROAP dramatically 
decreased cyclin B1 and Bcl-2 levels and increased cyclin A2, 
caspase-9 protein levels and cleaved PARP.

Knockdown of TROAP caused cell cycle arrest and apop-
tosis through the cyclin/Cdk pathway. Cyclin A2 is a core 
cell cycle regulator that activates Cdk1 and Cdk2 (17). The 
expression of cyclin A2 and CDK2, are known to promote 
S phase entry in mammals (18). Cyclin B1 is a key regulator 
of cell cycle progression from the S phase to the G2/M phase 
and its downregulation therefore results in S phase arrest (19). 
Therefore, upregulation of cyclin A2 and downregulation of 
cyclin B1, induced by TROAP silencing, explains why PCa 
cells were arrested at the S phase. Furthermore, it was found 
that in the shTROAP group, the G2/M phase cell ratio was 
increased in DU145 cells and decreased G2/M in 22RV1 
cells. This may be owing to the different metastatic abilities 
in DU145 and 22RV1 cells as metastasis may relate to the cell 
cycle (20,21). This needs further study. In addition, more cell 
cycle markers are required to determine the exact point at 
which the cell cycle is disrupted.

To further confirm that apoptosis induced by TROAP 
depletion is associated with the mitochondrial pathway, the 
levels of Bcl-2, cleaved caspase-3, caspase-9, and PARP were 
detected by western blotting. The results demonstrated that 
the mitochondrial pathway was activated by downregulation 
of TROAP in PCa cells. Survivin is the smallest member of the 
human IAPs (inhibitor of apoptosis proteins) and is the down-
stream target gene of the Wnt signalling pathway. WNT3, a 
member of the Wnt family, was reported to be associated 
with hepatic, lung, and colorectal carcinogenesis (22-25). It 
can protect cells from caspase-induced apoptosis, activated 
in mitosis, presumably by binding caspase-3, -7, and -9 (26). 
The results of the correlation analysis indicated that TROAP 
expression was correlated with WNT3 and survivin in PCa. 
Knockdown of TROAP could decrease the Wnt 3 and survivin 
expression, which confirms both the in  vitro and in  vivo 
experiments. Hence, we deduced that TROAP may affect 
proliferation through the WNT signalling pathway.

In conclusion, knockdown of TROAP decreased cell prolif-
eration and colony formation and induced cell cycle arrest and 
apoptosis in vitro. Taken together, we concluded that TROAP 
functions as a regulator of PCa to control tumour growth.

In conclusion, collectively, our observations indicate that 
TROAP is one of the driving mechanisms of Wnt/β-catenin 
signalling. Our findings provide new insights into the mecha-
nism of the progression of PCa.
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