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Abstract. – OBJECTIVE: Members of the tri-
partite motif (TRIM) protein family contain a
highly conserved N-terminal really interesting
new gene (RING) domain that is involved in
regulating transcriptional factors and tumor
suppressors. In this study, the effects of
TRIM59 expression on tumor growth were in-
vestigated in prostate cancer.

MATERIALS AND METHODS: The expres-
sion of TRIM59 in prostate cancer tissues (n =
15) and prostate cancer cell lines was deter-
mined by quantitative reverse transcriptase-
PCR (qRT-PCR), Western blotting, and immuno-
histochemistry. A specific shRNA targeting
TRIM59 was employed to knockdown TRIM59
expression in the prostate cancer cell lines PC3
and DU145. The effects of TRIM59 knockdown
on cell proliferation were assessed by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and colony formation assays. The
effects on cell cycle progression were deter-
mined by flow cytometry, and a xenograft
mouse model of prostate cancer was generated
to determine the in vivo effects of TRIM59
knockdown. The effects on cell cycle regula-
tors were determined by Western blotting.

RESULTS: TRIM59 was highly expressed in
prostate cancer tissues. Knockdown of TRIM59
significantly inhibited cell proliferation and
colony formation, and cell cycle analysis
showed that TRIM59-depleted cells accumulat-
ed in S-phase. TRIM59 knockdown was shown
to inhibit tumorigenesis in mice. In addition,
the cell cycle regulators CDC25A, CDC2, and
cyclin B1 were decreased by TRIM59 shRNA-
mediated knockdown.

CONCLUSIONS: Our study suggests that
TRIM59 promotes prostate cancer cell prolifera-
tion, possibly through its effects on cell cycle
progression.
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Introduction

Prostate cancer (PCa) is one of the most com-
mon non-cutaneous malignancies and the second
leading cause of tumor-related deaths in males,
accounting for nearly 30,000 deaths annually in
the United States of America alone1,2. In China,
the morbidity of PCa was 9.92 cases per 100,000
people in 2012 and the number of cases is in-
creasing each year. In recent decades, great
progress has been made towards understanding
the disease3-6; however, the detailed mechanisms
of prostate tumorigenesis remain obscure. Ac-
cording to recent studies, the incidence of PCa
increases with age7. Therefore, it is an emerging
priority to find novel molecular biomarkers to di-
agnose and treat PCa in its early stages.

The human tripartite motif (TRIM) protein
family has more than 77 members, of which
most possess E3 ubiquitin ligase activity associ-
ated with the conserved really interesting new
gene (RING) domain. They are involved in a va-
riety of cellular processes, including transcrip-
tional regulation, membrane repair, cytoskeleton
remodeling, and oncogenesis. Of note, TRIM13,
TRIM19, and TRIM 25 have been implicated in
leukemia, breast, and prostate cancers through
the regulation of transcriptional factors, demon-
strating the crucial roles of TRIM proteins in tu-
morigenesis8-12. The biological importance of
TRIM59, a surface molecule belonging to the
TRIM family, has already been described in
some tumors. Zhou et al13 reported that TRIM59
was markedly increased in gastric cancer and
was strongly associated with poor outcomes for
patients. Moreover, TRIM59 interacts with p53,
leading to p53 ubiquitination and degradation,
which promotes tumor growth, cell proliferation,
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Immunohistochemistry (IHC) Analysis
Prostate cancer samples and their adjacent

non-cancerous tissues were obtained from 15
patients treated at Shanghai Seventh People’s
Hospital, fixed in formalin, and sectioned into
4 μm slices. After deparaffinization, the slices
were incubated in 3% H2O2 solution for 10 min
at room temperature. Antigen retrieval was per-
formed by heating the sections in 0.1 M citric
acid buffer (pH 6.0) for 10 min. The sections
were then incubated with TRIM59 primary an-
tibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 4°C overnight. After wash-
ing three times with TBS, the sections were in-
cubated with secondary antibody (Epitomics,
Inc., Burlingame, CA, USA) for 1 h at room
temperature. For negative controls, normal goat
serum was used in place of the specific primary
antibody.

Cell Culture and Western Blot Analysis
Human prostate cancer cell lines PC3, 22Rv1,

LNCaP, and DU145 were purchased from Ameri-
can Type Culture Collection (ATCC) and cultured
in MEM medium (Gibco, Los Angeles, CA, USA)
supplemented with 10% FBS (Gibco). Protein ex-
tractions for subsequent immunoblot analysis
were performed when cells had reached approxi-
mately 80% confluence. Briefly, 50 μg of total
protein was loaded into each well of a 12% SDS-
PAGE gel and GAPDH was included as an inter-
nal control. Immunoreactivity was determined
with enhanced chemiluminescence (Thermo Fish-
er Scientific, Waltham, MA, USA) using the LAS-
3000 imaging system (Fuji Film, Tokyo, Japan).

Recombinant Lentiviral Constructs and
shRNA Interference

For knockdown of TRIM59, a specific shRNA
was chemically synthesized by GenePharma
(Shanghai, China) with the sequence described
previously16. After insertion into the LV3-GFP
vector, the recombinant plasmid was cotransfect-

and migration in gastric tumors. Valiyeva et al14

demonstrated that TRIM59 exerts a proto-onco-
genic function by communicating with the Ras
signaling pathway in a transgenic PCa mouse
model. However, the exact role of TRIM59 in
human tumorigenesis remains unclear to date,
particularly in human prostate cancer. In this
study, we observed that TRIM59 expression was
significantly higher in PCa tissues than in adja-
cent normal tissues at both the mRNA and pro-
tein level. We used shRNA-mediated knockdown
to inhibit TRIM59 expression in prostate cancer
cells and determined the effects on cell prolifera-
tion and growth. Our data suggest a tumorigenic
function for TRIM59 in PCa and may provide
novel clues to aid PCa diagnosis and treatment.

Materials and Methods

Total RNA Extraction and cDNA 
Synthesis

Total RNA was isolated from each sample us-
ing TRIzol Reagent (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufac-
turer’s instructions. The quality and concentra-
tion of extracted RNA was determined by mea-
suring the absorbance at 260 nm using a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). First-strand cD-
NAs were generated using PrimeScript RT Mas-
ter Mix (Perfect Real Time) (TaKaRa, Shiga,
Japan).

Relative Real-time PCR
All real-time PCRs were performed using an

ABI PRISM 7900 Real-Time System with the
SYBR Premix Ex Taq Kit (TaKaRa), as de-
scribed previously15. The primers are shown in
Table  I, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was included as the internal
control. Each experiment was performed at least
in triplicate.

Genes Gene ID Primer nucleotide Sequences

TRIM59 286827 Forward: 5’-TACGAGAGCAGCAGCTTGAA-3’
Reverse: 5’-ACGGGTTGAACCTCAGGAAG-3’

GAPDH 2597 Forward: 5’-GTGGACATCCGCAAAGAC-3’
Reverse: 5’-AAAGGGTGTAACGCAACTA-3’

Table I. Primers used in RT-PCR.



ed into HEK 293T cells with the packaging vec-
tors. Lentivirus particles were harvested 48 h af-
ter transfection and purified by ultracentrifuga-
tion. PC3 and DU145 cells were then transduced
with the packaged TRIM59-shRNA lentivirus.
96 h after infection, fluorescence microscopy
was used to determine the viral titer. 

Cell Proliferation Assay
PC3 and DU145 cells were inoculated into

96-well plates (3000 cells/well) and allowed to
grow overnight. Cells were treated with 10 μM
shRNA and incubated in MEM medium for an-
other 72 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (2
mg/mL) was added to each well. After incuba-
tion for 4 h at 37°C, the medium was removed
and 200 μL DMSO was added to each well. The
plate was shaken for 5 min and the optical densi-
ty was measured at 570 nm.

Colony Formation Assay
PC3 and DU145 cells were cultured in 10 cm

plates and treated with TRIM59 shRNA
lentivirus. After 72 h incubation, transduced cells
were washed with PBS, recultured in new dishes
(800 cells/well), and allowed to form natural
colonies. After 10 days of incubation, treated
PC3 and DU145 cells were stained with crystal
violet (Sangon Biotech, Shanghai, China). Sub-
sequently, cells were washed twice and fixed
with paraformaldehyde. After washing with PBS,
fixed cells were treated with crystal violet,
washed with ddH2O and photographed with an
inverted microscope. Colonies containing more
than 50 cells were manually counted.

Cell Cycle Analysis
PC3 and DU145 cells were harvested after

DEB treatment for cell cycle analysis. Cells were
fixed in 70% pre-chilled ethanol and incubated at
4°C overnight. After centrifugation and resuspen-
sion in staining buffer (Beyotime, Nanjing, Chi-
na), cells were incubated with propidium iodide
(PI) at 37°C for 30 min. The FC500 flow cytome-
ter (Beckman Coulter, Fullerton, CA, USA) was
used to measure DNA content and Modfit 2.0
software was used to determine the percentage of
cells in G0/G1, S, and G2/M phases.

Mouse Xenograft Model of Prostate 
Cancer

Twelve male BALB/c-nu mice (six weeks old)
were purchased from SLRC Laboratory Animal

Co. (Shanghai, China). Mice were randomly di-
vided into the shRNA group (n = 6) and the neg-
ative control (NC) group (n = 6). Mice were
housed with ad libitum access to water and food
in a temperature- and light-controlled environ-
ment. A total of 1 × 106 PC3 cells, stably ex-
pressing either TRIM59-specific shRNA or con-
trol shRNA, were injected into the left flank of
each mouse accordingly. Tumor dimensions
were measured once a week and tumor size was
calculated using the function TV = (L × W2)/2,
where TV represents tumor volume, L represents
the longer dimension, and W represents the
smaller dimension. Eight weeks after the injec-
tion, all mice were sacrificed and each tumor
was dissected for subsequent analysis. The ani-
mal experimental protocol was approved by the
Institutional Animal Care of Shanghai Seventh
People’s Hospital. All efforts were made to mini-
mize suffering.

Statistical Analysis
Results are presented as mean ± standard de-

viation (SD). Statistical analysis was carried out
using Student’s t-test. p < 0.05 was considered
significant. All experiments were performed in
triplicate.

Results

TRIM59 was Overexpressed in Prostate
Cancer Samples and Cell Lines

To determine the importance of TRIM59 in
PCa, we began by analyzing the expression of
TRIM59 in 15 clinical cases. IHC analysis
showed that TRIM59 was highly expressed in
PCa tissues while it was barely detected in the
adjacent non-cancerous tissues. TRIM59 stain-
ing was observed in the cell membrane, cyto-
plasm, and nucleus (Figure 1A). Quantitative
reverse transcriptase PCR (qRT-PCR) analysis
showed that the average level of TRIM59 mR-
NA in PCa tissues was approximately twice of
that seen in adjacent non-cancerous tissues
(Figure 1B). Expression of TRIM59 was also
determined in a series of PCa cell lines, includ-
ing RWPE-1, PC3, 22Rv1, LNCaP, and
DU145. TRIM59 was differentially expressed
in these five cell lines with the highest level
detected in PC3 cells and DU145 cells. RWPE-
1 cells exhibited the lowest expression level of
TRIM59 (Figure 1C). These data suggest that
TRIM59 is highly expressed in PCa.
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High Transduction Efficiency of TRIM59-
Specific shRNA Lentivirus

Next, the effects of shRNA-mediated TRIM59
knockdown on PCa growth and proliferation
were assessed. Lentiviral vectors expressing
shRNA against TRIM59 or scramble shRNA
were constructed and transduced into PC3 and
DU145 cells. Figure 2A shows the high transduc-
tion efficiency for both cell lines (approximately
95%). After transduction, we extracted total RNA
and protein to perform qRT-PCR and Western
blot analyses. Following transduction with
TRIM59-specific shRNA lentivirus, TRIM59
mRNA levels were significantly suppressed in
both PC3 and DU145 cell lines, by 80% and
60%, respectively (Figure 2B). Furthermore,
TRIM59 protein levels were decreased by more
than 80% compared with the control group,
while levels of the internal control GAPDH re-
mained stable (Figure 2C). These observations
confirmed the high efficiency of lentiviral
shRNA-mediated RNA interference.

TRIM59 Knockdown Inhibited Cell 
Proliferation and Colony Formation 
in vitro

TRIM59 functions to promote cell proliferation
and growth in gastric cancer13; consequently, we
examined the role of TRIM59 in prostate cancer.
An MTT assay showed that there were no signifi-
cant differences in cell proliferation within the
first three days between cell lines (PC3 or
DU145) transduced with control and TRIM59
shRNA. However, by the fourth day, the prolifer-
ation rate of TRIM59 shRNA-transduced PC3
cells was significantly lower than that of the con-
trol cells, and this difference was increased by the
fifth day. Similarly, significant discrepancies be-
tween the two groups were observed by the fifth
day in DU145 cells. The cell proliferation rate
was suppressed by nearly 25% on the fifth day
following transduction of DU145 cells with
TRIM59 shRNA (Figure 3A). A colony formation
assay further confirmed that knockdown of
TRIM59 with specific shRNA caused a marked

Figure 1. Tripartite motif 59 (TRIM59) was overexpressed in prostate cancer (PCa) samples and cell lines. (A) Representative
images show the high expression of TRIM59 in clinical PCa samples. (B) Quantitative reverse transcriptase-PCR (qRT-PCR)
analysis of 15 PCa tumors and their paired adjacent non-cancerous tissues. The relative mRNA level of TRIM59 in the tumor
tissues was significantly higher than that in the adjacent tissues (p = 0.013). (C) Western blot analysis of TRIM59 expression in
five PCa cell lines. TRIM59 was differentially expressed in these cell lines. 
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decrease of colony numbers for both prostate can-
cer cell lines (Figure 3B). Approximately 90
colonies were formed in the control shRNA-in-
fected PC3 cells, while approximately 30 colonies
were seen in the TRIM59 shRNA-infected PC3
cells (Figure 3C, left panels). Similarly, in the
DU145 cell line, 80 colonies were formed in the
control group and 25 colonies were formed in the
TRIM59 shRNA group (Figure 3C, right panels).
These data suggest that knockdown of TRIM59
inhibits prostate cancer cell proliferation in vitro.

TRIM59 knockdown Caused cell Cycle 
Arrest in Prostate Cancer Cell Lines

To determine the effect of TRIM59 knock-
down on the cell cycle distribution of PC3 and

DU145 cell lines, we performed cell cycle analy-
sis. After incubation for 24 h, cells with and
without TRIM59 knockdown were collected and
subjected to flow cytometry following PI stain-
ing. As shown in Figure 4, TRIM59 knockdown
increased the percentage of PC3 cells in S-phase
from 36% to 48% and decreased the percentage
of cells in G2/M phase from 18% to 5%. Similar-
ly, in the TRIM59 shRNA-transduced DU145
cell line, the percentage of cells in S-phase in-
creased from 26% to 40% while the percentage
of cells in G2/M phase decreased from 16% to
2%. These results suggest that knockdown of
TRIM59 arrested cell cycle progression leading
to the accumulation of cells in G0/G1 and S-
phase, in both PC3 and DU145 cell lines. 

Figure 2. High transduction efficiency of tripartite motif 59 (TRIM59)-specific shRNA lentivirus. (A) Prostate cancer (PCa)
cell lines PC3 and DU145 were transfected with control or TRIM59 shRNAs. Fluorescence microscopy revealed a high trans-
duction efficiency (more than 95%) for both cell lines. (B) Quantitative reverse transcriptase-PCR (qRT-PCR) analysis showed
that, after transduction, mRNA levels of TRIM59 were markedly decreased in both PCa cell lines. **p < 0.01, shRNA vs. con-
trol. (C) TRIM59 protein levels were notably decreased following the transduction of TRIM59 shRNA into both cell lines.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. 
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TRIM59 Knockdown Inhibited Tumor
Growth in a Mouse Model 
of Prostate Cancer

Next, we established a nude mouse model of
prostate cancer. Mice were injected with PC3
cells expressing either TRIM59 shRNA or
scramble shRNA. After approximately one week,
mice began to bear tumors that increased in size
over time. However, tumor volumes were higher
in the control mice than in the TRIM59 shRNA
group. By the seventh week, the average tumor
size in the shRNA group was significantly small-
er than that in the control group (Figure 5).
Analysis of dissected tumors confirmed this (Fig-
ure 5B). These data strongly suggest that
TRIM59 knockdown can decrease tumor growth.

TRIM59 Knockdown Inhibited the 
Expression of Cyclins

Given the cell cycle arrest induced by
TRIM59 knockdown, we proceeded to measure
the expression levels of key cell cycle regulators.

As shown in Figure 6, the cyclin family proteins
CDC25A, CDC2, and cyclin B1 were downregu-
lated following TRIM59 knockdown, while lev-
els of the internal control GAPDH remained sta-
ble. The regulation of cyclins by TRIM59 might
underlie the TRIM59-mediated cell cycle arrest
in PCa cells.

Discussion 

Prostate cancer originates from the prostate, a
gland of the male reproductive system. Malig-
nant prostate cancer cells often spread to the
bones and lymph nodes, leading to serious out-
comes including difficulty urinating, blood in the
urine, pelvic pain, and death17. Approximately
99% of prostate cancers occur in patients over 50
years old, making prostate cancer one of the
most hazardous diseases among older male pa-
tients. However, there are no established pre-

Figure 3. Knockdown of tripartite motif 59 (TRIM59) inhibited cell proliferation and colony formation in vitro. (A) A 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the cell proliferation rate was significantly in-
hibited by the fourth day after shRNA-mediated TRIM59 knockdown in PC3 cells, and by the fifth day in the DU145 cell line.
Cell proliferation was further reduced over time. (B) A colony formation assay showed that TRIM59 knockdown blocked the
formation of colonies in PC3 and DU145 cell lines. (C) Quantification of colonies revealed that TRIM59 knockdown inhibited
cell proliferation for both cell lines. Colony numbers in the TRIM59-depleted group decreased by up to 66.7% compared with
the control group in PC3 cells. TRIM59 knockdown in DU145 cells led to a 68.7% decrease of colony numbers compared with
the control group. *p < 0.05, **p < 0.01, shRNA vs. control.
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ventable risk factors for prostate cancer18. There-
fore, the discovery of novel diagnostic and prog-
nostic molecular markers and an improved un-
derstanding of the mechanisms underlying
prostate cancer remain urgent problems.

The present work provides evidence that
TRIM59 is overexpressed in both human
prostate cancer tissues and cultured prostate
cancer cells. However, the role of TRIM59 in
prostate cancer development is far from clear.
This study showed that the cell proliferation
rate was significantly lower in cells treated with
specific TRIM59 shRNA than in those treated
with control shRNA. The inhibitory effects of
TRIM59 knockdown on tumor growth were al-
so observed in a xenograft mouse model of
prostate cancer. This showed that the introduc-
tion of TRIM59-depleted prostate cancer cells
led to the development of smaller tumors than
those seen with the introduction of control cells.
These in vitro and in vivo data suggest a promi-
nent tumorigenic function for TRIM59 in
prostate cancer. Moreover, following cell cycle
analysis, we observed that prostate cancer cells
accumulated predominantly in G0/G1 and S-
phase when TRIM59 was depleted. These find-
ings indicated that TRIM59 functions as an acti-
vator of cell  division. In support of this,
TRIM59 knockdown led to significant down-

regulation of the key cell cycle regulators
CDC25A, CDC2, and cyclin B1. These findings
suggest that TRIM59 may contribute to tumor
growth by regulation of cell cycle progression
in prostate cancer. 

Cyclins were originally named because their
concentrations vary in a cyclical fashion during
the cell cycle. CDC25A is proto-oncogene in
humans and has been shown to be overex-
pressed in various cancers19,20. In addition,
CDC25A is involved in the process of apopto-
sis mediated by the p53-dependent and ATF3
signaling pathways21,22. CDC2, also known as
CDK1, is a small and highly conserved protein.
Human CDC2 can form complexes with its cy-
clin partners that phosphorylate various target
substrates, leading to cell cycle progression23-25.
The cyclin B1-CDC2/CDK1 complex is in-
volved in many of the early events of mitosis,
including chromosome condensation and spin-
dle pole assembly. The main role of cyclin B1
is to facilitate the transition of cells from G2 to
M phase, and dysregulation of this process is
implicated in human tumorigenesis26,27. In the
present report, we found that TRIM59 knock-
down significantly inhibited the expression of
CDC25A, CDC2, and cyclin B1 in the prostate
cancer cell lines PC3 and DU145. However, the
detailed mechanisms by which TRIM59 regu-

Figure 4. Knockdown of tripartite motif 59 (TRIM59) caused cell cycle arrest in S-phase in prostate cancer cell lines. (A)
Cells were starved for 24 h and then treated with scramble shRNA (control group) or TRIM59-specific shRNA (shRNA group)
for another 24 h. (B–C) Cell distributions in PC3 cells (B) and DU145 cells (C) treated with control or TRIM59 shRNA. Data
shown represent the mean ± standard deviation (SD) of three independent experiments. **p < 0.01, shRNA vs. control.
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lates expression of these cell cycle regulators
remain unclear. TRIM59 has been reported to
be involved in NF-κB- and IRF3/IRF7-mediat-
ed signaling pathways28. Furthermore, c-Myc

overexpression and DNA promoter hyperme-
thylation repress the expression of TRIM59 in
cancers29. These reports suggest several possi-
ble mechanisms by which TRIM59 may regu-
late cell cycle progression in prostate cancer,
and further work is required to explore these.

Conclusions

We demonstrated that TRIM59 was highly ex-
pressed in human prostate cancer. Knockdown of
TRIM59 with specific shRNA inhibited in vitro
cancer cell proliferation and in vivo tumor
growth, and led to cell cycle arrest in S-phase.
Regulation of cell cycle progression may under-
lie TRIM59-mediated prostate cancer develop-
ment. Our evidence provides novel clues that
may aid prostate cancer diagnosis and treatment
in the future.
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Figure 5. Knockdown of tripartite motif 59 (TRIM59) inhibited tumor growth in a mouse model of prostate cancer. (A) A nude
mouse model of prostate cancer was established and the tumor volume was measured weekly. From the third week after inoculation,
mice in the control group typically exhibited a larger tumor size than those in the TRIM59 shRNA group. The difference in tumor
size between the two groups increased over time. (B) By the end of the seventh week, all mice were sacrificed and tumors were dis-
sected. The tumors in the shRNA group were significantly smaller than those in the control group. *p < 0.05, shRNA vs. control.

Figure 6. Knockdown of tripartite motif 59 (TRIM59) in-
hibited the expression of cyclins. Expression of the cell cycle
regulators CDC25A, CDC2, and cyclin B1 was significantly
suppressed following TRIM59 knockdown in both PC3 and
DU145 cell lines. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was included as an internal control.
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