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Abstract: Dysregulation of mitotic processes can induce chromosome instability, which results in aneuploidy, tu-
morigenesis, and chemo-resistance. Thyroid hormone receptor interactor 13 (TRIP13) is a critical mitosis regulator, 
and recent studies suggest that it functions as an oncogene in multiple cancers. However, the role of TRIP13 in 
bladder cancer (BC) is still unknown. In this study, our analysis of RNA-sequencing data from the Cancer Genome 
Atlas and Gene expression profiling databases showed that TRIP13 expression was upregulated in BC tissues, and 
overexpression of TRIP13 was significantly associated with poor prognosis of BC patients. In addition, we found a re-
markable elevation of TRIP13 in BC samples compared to normal controls by immunohistochemistry. Furthermore, 
our in vitro functional assays showed that overexpression of TRIP13 promoted the growth/viability, colony formation 
ability by inducing cell cycle arrest in G2/M phase, as well as enhancing drug resistance of BC cells to cisplatin and 
doxorubicin. Conversely, knockdown of TRIP13 inhibited cell growth and induced apoptosis of BC cells. Furthermore, 
TRIP13 acted as an oncogene in BC by inhibiting spindle assembly checkpoint signaling by targeting mitotic arrest 
deficient 2 (MAD2) protein. TRIP13 overexpression also alleviated cisplatin- and doxorubicin-induced DNA damage 
and enhanced DNA repair as evidenced by the reduced expression of γH2AX and enhanced expression of RAD50 in 
drug-treated BC cells. In conclusion, TRIP13 may be a novel target for the treatment of BC.

Keywords: Bladder cancer, TRIP13, oncogene, proliferation, drug resistance

Introduction

Bladder cancer (BC) is a common urinary sys-
tem malignancy, and it is the 9th most common 
cancer worldwide [1]. Bladder neoplasias com-
prise 5% of all diagnosed cancers globally [2]. 
In 2015, an estimated 74,000 BC cases occ- 
urred in the USA, with 16,000 BC-related de- 
aths reported in the same year [3]. Per National 
Central Cancer Registry of China data, 74,400 
newly diagnosed BC cases and 29,400 BC- 
related deaths were reported in 2013 [4]; nota-
bly, 35-45% of these BC patients were identi-
fied as having a high risk of recurrence based 
upon tumor size, grade, multifocality and 10% 
of them progressed to muscle-invasive disease 
[5]. For most patients, chemotherapy remains 
the primary therapeutic strategy to improve 
quality of life. However, many patients ultimate-
ly suffer from poor disease outcomes arising 

from chemo-resistance [6]. A previous study 
has indicated that a complicated molecular 
mechanism may underlie chemo-resistance in 
BC [7]. Various urine-based predictive biomark-
ers exhibit an improved sensitivity in compari-
son to urinary cytology, but frequently exhibit 
lower specificity [8-10]. Therefore, exploring 
novel biomarkers as potential tools for accu-
rately estimating tumor progression and drug 
resistance in BC is a pressing clinical need.

Thyroid hormone receptor interacting protein 
13 (TRIP13) is a member of AAA+ ATPases 
superfamily characterized by the presence of a 
conserved nucleotide-binding and catalytic 
module, the AAA+ module, and is involved in 
multiple biological processes including spindle 
assembly checkpoint (SAC) signaling, DNA br- 
eak formation and recombination, and chromo-
some synapsis [11, 12]. TRIP13 has been 
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reported to be aberrantly expressed in several 
primary tumor tissues or cancer cell lines, such 
as Wilms tumor, primary cutaneous T-cell lym-
phoma, non-small cell lung cancer, lung adeno-
carcinoma, breast cancer, prostate cancer, 
colorectal cancer, squamous cell carcinoma of 
the head and neck, chronic lymphocytic leuke-
mia, and multiple myeloma [13-26]. However, 
the role of TRIP13 and its molecular mecha-
nisms of action in BC remain undefined. Among 
the cast of SAC proteins, Mitotic arrest deficient 
2 (MAD2) is identified not only as an inhibitor of 
SAC signaling [27], but also as a driver of drug 
resistance in epithelial ovarian cancer [28]. In 
addition, TRIP13 facilitates double strand bre- 
aks (DSBs, the most dangerous type of DNA 
damage) repair in squamous cell carcinoma of 
the head and neck [23]. Thus, further studies 
exploring TRIP13’s potential roles in driving 
tumorigenesis and disease progression in BC 
are warranted. 

In this study, we evaluated the expression lev-
els of TRIP13 in BC tissues and normal control 
tissues and found a significant association 
between TRIP13 expression and BC patient 
outcomes. Then we assessed the role of TR- 
IP13 in influencing the viability, clonogenic 
capacity, and drug resistance of BC cells in 
vitro and further defined the underlying mecha-
nism of TRIP13’s oncogenic functions focusing 
on the SAC signaling, and drug-induced DNA 
damage and repair.

Materials and methods

Database analysis

RNA-sequencing data for BC and normal tis-
sues were mined from The Cancer Genome 
Atlas (TCGA) and the Genotype-Tissue expres-
sion (GTEx) database and analyzed in http://
gepia.cancer-pku.cn [29]. TRIP13 mRNA expre- 
ssion in BC tissues was compared with that in 
normal bladder tissues. The prognostic value of 
TRIP13 in BC was evaluated via Kaplan-Meier 
survival analysis of the BC patients’ Gene 
Expression Profiling (GEP) and outcome data 
based on Gene Expression Omnibus database.

BC samples and immunohistochemical (IHC) 
analysis

BC samples for IHC analysis were obtained fr- 
om Jiangsu Province Traditional Chinese Me- 

dicine Hospital. Normal bladder tissue (n=25) 
and BC tumor tissue (n=75) were used for path-
ological assessment. The study protocol was 
approved by the Human Research Ethics Co- 
mmittees of the hospital (Ethics number: 20- 
19NL-KS27). All patients provided written in- 
formed consent for their bladder tissue sam-
ples for study use.

The 3 μm tissue sections were conventionally 
dewaxed to water, followed by incubation in 3% 
(v/v) H2O2 for 10-15 min to block endogenous 
peroxidase activity. Then, antigen retrieval was 
performed using citrate buffer. To block non-
specific background staining, 5% BSA was 
added to the sections, followed by incubation 
for 5 min at room temperature. Sections were 
then incubated overnight with anti-TRIP13 pri-
mary antibody (Santa Cruz Biotechnology, CA, 
1:1,000 dilution) at 4°C, followed by incubation 
with the secondary antibody for 45 min at 
37°C. Tissue sections were then incubated at 
37°C for 30 min with StreptAvidin-Biotin Com- 
plex (SABC), followed by incubation with the 
chromogenic substrate 3,3’-diaminobenzidine 
(DAB) until the desired reaction was achieved. 
Slides were then counterstained with hematox-
ylin, dehydrated, and mounted. Semi-quantita- 
tive measurements for TRIP13 staining were 
performed by an experimental pathologist us- 
ing the following staining intensity scores: 0 
indicated no staining; 1+ indicated weak stain-
ing; 2+ indicated moderate staining, and 3+ 
indicated intense staining.

Cell culture

Human bladder cancer cell lines T24 and J82 
were purchased from Cell Bank of Chinese 
Academy of Sciences (Shanghai, China) and 
were cultured in Dulbecco’s Modified Eagle 
Medium (Biological Industries, Kibbutz Beit 
Haemek, Israel) supplemented with 10% heat-
inactivated fetal bovine serum (Biological In- 
dustries, Kibbutz Beit Haemek, Israel), 1% peni-
cillin and streptomycin solution (Sigma, St. 
Louis, MO), at 37°C in a humidified atmosphere 
containing 5% CO2.

Transfection 

The sequence of the small interfering RNA oli- 
go targeting TRIP13 (siTRIP13) was as follows:  
5’-GCUGAAUUCCAUGGGCUUUTTAAAGCCCA- 
UGGAAUUCAGCTT-3’. 
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siTRIP13- and TRIP13-overexpressing plasmids 
were synthesized by Gene Pharma Co., Ltd. 
(Shanghai, China). pCMV2-C-FLAG-TRIP13 plas-
mid for overexpressing TRIP13 (TRIP13Hi; refer-
ence sequence: BC000404) was purified from 
Escherichia coli bacteria using TIANGEN En- 
doFree Mini Plasmid Kit II (TIANGEN Biotech 
Co. Ltd., Beijing, China). When the T24 and J82 
cells attained 70-80% confluency, they were 
seeded into 24-well plates and transfected 
using 50 nmol/L of siTRIP13/TRIP13Hi plasmid 
and 25 nmol/L of Lipofectamine 2000 (Invi- 
trogen, Carlsbad, CA). After 4 h, normal com-
plete medium (Biological Industries, Kibbutz 
Beit Haemek, Israel) was used to culture the 
transfected cells. After 48 h, the cells were 
used for subsequent experiments.

Cell viability assay

After incubation in presence of cisplatin (40 
μM) or doxorubicin (1 μM) [30, 31], cell viability 
was evaluated using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
tetrazolium reduction assay (Sangon Biotech, 
Shanghai, China), which was performed as pre-
viously described [32]. Cells (3-4×103 cells/
well) were inoculated onto 96-well plates. After 
culturing for 0 h, 24 h, 48 h, and 72 h, the 
supernatant was removed before adding 10 µL 
of 5 mg/mL MTT and 90 µL of complete medi-
um to each well for 4 h. Afterwards, the medi-
um was removed and 150 µL dimethyl sulfox-
ide was added to each well. Finally, the absor-
bance of the reaction solution was measured at 
a wavelength of 570 nm using a multi-function 
microplate reader (Varioskan LUX, Thermo, 
Manassas, USA). 

Flow cytometry

For the apoptosis assay, 1×105 T24 or J82 cells 
were seeded into each well of 6-well plates. 
After incubation for 24 h, cells were treated 
with 40 μM cisplatin or 500 nM doxorubicin. 
The cells were harvested after 48 h and stain- 
ed with Annexin-V-Allophycocyanin (Annexin-V-
APC)/propidium iodide (PI) apoptosis detection 
kit (Real-gen Biotechnology, Suzhou, China) 
according to the manufacturer’s instructions. 
For assay of cell cycle, samples were washed 
with cold phosphate buffer saline (PBS) twice 
and fixed in 70% cold ethanol overnight at 4°C, 
treated with RNaseA (Yeasen, Shanghai, China), 
then stained with PI for 15 min at room tem-

perature in the dark before analysis. All sam-
ples were analyzed using FlowSight (Merck 
Millipore, Darmstadt, Germany).

Western blot analysis

Protein levels in transfected T24 and J82 cells 
were detected via western blot analysis. Briefly, 
total protein was extracted using lysis buffer 
and was quantified by Microvolume Spectro- 
meter (Berthold, Germany). Next, samples con-
taining about 20 µg total protein were analyzed 
by 12/15% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and tr- 
ansferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore, Bedford, MA). After block-
ing with 5% non-fat milk, the membrane was 
incubated with primary antibodies directed 
against TRIP13 (Santa Cruz Biotechnology, CA, 
1:1,000), MAD2 (Santa Cruz Biotechnology, CA, 
1:1,000), RAD50 (Cell Signaling Technology, 
Danvers, MA, 1:1,000), γH2AX (Cell Signaling 
Technology, Danvers, MA, 1:1,000), PARP (Cell 
Signaling Technology, Danvers, MA, 1:1,000), 
and β-actin (Cell Signaling Technology, Danvers, 
MA, 1:1,000) at 4°C overnight, followed by in- 
cubation with secondary antibodies (Cell Sig- 
naling Technology, Danvers, MA, 1:10,000). 
The bands were visualized by Enhanced Ch- 
emiluminescence (ECL) Detection Kit (Amer- 
sham Pharmacia Biotech, Piscataway, NJ). The 
immunostaining band was quantified using 
Image J software. 

Colony formation assay

Colony formation assay was utilized to assess 
the proliferation and clonogenic growth capaci-
ty of BC cells. The assay was been replicated 
three times. Cells were inoculated onto 6-well 
plates at the density of 300 cells/well and cul-
tured for 10-14 days. Each cell type was divid-
ed into three groups: non-treated, 0.4 μM cispl-
atin-treated, and 100 nM doxorubicin-treated 
cells. Colonies were fixed with 5% glutaralde-
hyde and then stained with crystal violet. After 
capturing the images of colonies, colony num-
bers were analyzed with the help of Image J.

Immunofluorescence assay

The immunofluorescence assay was performed 
as previously described [33]. Briefly, cells were 
fixed in 4% paraformaldehyde for 20 min. Then, 
the samples were treated with 0.2% Triton X- 
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100 for 20 min and washed with PBS. After 
that, samples were blocked with 4% bovine 
serum, and then incubated with anti-γH2AX 
antibody (Cell Signaling Technology, Danvers, 
MA, 1:200) overnight at 4°C. Subsequently, the 
samples were incubated with Alexa-labeled 
secondary antibodies (Alexa Fluor 488, 1:200) 
for 1 h at room temperature. Lastly, nuclei were 
stained with DAPI (Solarbio Life Sciences, Bei- 
jing, China, 1:1,000). The sections were imaged 
via confocal microscopy (Optika 500TiFL, Th- 
ermo, Manassas, USA).

Statistical analysis

The SPSS 22.0 software and GraphPad prism 
5.0 software were employed for statistical anal-
yses and drawing diagrams. The Kaplan-Meier 
method was applied to plot the overall survival 
(OS), which was compared between patients 
with high and low expression of TRIP13 using 
the log-rank test. The two-tailed Student’s t-test 
was applied to compare two experimental gr- 
oups for IHC and in vitro experiments. All data 
were presented as the mean ± standard devia-

tion (SD) of three or more independent experi-
ments. The following terminology is used to 
denote the statistical significance: *P<0.05, 
**P<0.01, ***P<0.005.

Results

Overexpression of TRIP13 is associated with 
poor overall survival of BC patients

Using RNA-sequencing data downloaded from 
the TCGA database, we compared the expres-
sion of TRIP13 in normal bladder tissue sam-
ples (N, n=28) with that in BC samples (T, 
n=404) to evaluate if dysregulation of TRIP13 
expression was associated with development 
or progression of BC. TRIP13 expression was 
significantly elevated in BC samples compared 
to that in normal controls, indicating an associ-
ation between TRIP13 overexpression and BC 
tumorigenesis/progression (Figure 1A). In addi-
tion, protein level of TRIP13 was significantly 
upregulated in tumor samples from primary 
and recurrent BC patients compared to sam-
ples from normal bladder tissues (Figure 1B). 

Figure 1. TRIP13 message levels in samples of BC and normal tissues. A. TRIP13 gene expression was markedly 
increased (*P<0.05) in tumor tissue from BC patients (n=404) compared to normal bladder tissues (n=28) in the 
TCGA database. B. Representative images and mean IHC staining intensity of TRIP13 protein expression in normal 
and tumor tissues. C. In GTEx dataset, TRIP13 expression showed a trend of gradual increase from samples of 
normal looking bladder mucosae with surrounding carcinoma cells, to tumor tissues of patients with primary and 
recurrent BC. D. Patients with high expression of TRIP13 had poorer overall survival rates (P=0.0118) compared to 
patients with low TRIP13 level.
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Intriguingly, TRIP13 expression was markedly 
elevated in tumor-infiltrating, normal looking 
bladder mucosal cells (surrounding) in GTEx 
database (Figure 1C). TRIP13 overexpression 
in samples from recurrent patients compared 
to tumor samples from patients with primary 
BC suggest overexpressed TRIP13 in BC cells 
may contribute to drug resistance and cell pro-
liferation (Figure 1C). Additionally, we evaluated 
the role of TRIP13 in the prognosis of BC 
patients by Kaplan-Meier survival analysis. BC 
patients with high TRIP13 expression suffered 
from worse OS compared to the patients of low 
TRIP13 expression (P=0.0118) (Figure 1D). 
Together, these data suggest that TRIP13 may 
be a potential diagnostic and prognostic mark-
er in BC.

Silencing TRIP13 inhibits cell proliferation and 
induces cell apoptosis 

To assess the function of TRIP13 in BC, we 
used two BC cell lines T24 and J82 as in vitro 
experimental models of BC. The cells either 
overexpressed TRIP13 (TRIP13Hi) or showed 
siRNA-mediated knockdown of TRIP13 (TRIP- 
13si), with wild-type cells serving as controls 
(TRIP13N). A representative schematic of the 
experimental design is shown in Figure 2A. 
Western blot examination validated that expres-
sion of TRIP13 in TRIP13si T24 and J82 cells 
was significantly reduced compared to that in 
TRIP13N T24 and J82 cells (Figure 2Ba and 
2Bb). PARP expression is an indicator of apop-
tosis in multiple cancers. As shown in Figure 

Figure 2. Attenuated expression of TRIP13 le- 
ads to decreased cell proliferation in vitro. (A) 
Schematic of study design depicts the three 
experimental cell states (TRIP13Hi, TRIP13si 
and TRIP13N) of the T24 and J82 BC cells. (B) 
Western blot results demonstrated that the 
levels of the PARP protein were significantly el-
evated in TRIP13si cells compared to TRIP13N 
cells (a: The bands of results; b, c: Quantita-
tive analyse for WB results). All data shown 
represent the mean ± SD of three replicates. 
(C) MTT assay showed that the cell viability at 
48 h in TRIP13si T24 cells was not significantly 
changed, but cell viability at 48 h in TRIP13si 
J82 cells (***P<0.001) and 72 h in TRIP13si 
T24 and J82 cells (*P<0.05) were significantly 
decreased compared to TRIP13N cells. 
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ated via the MTT assay (Figure 4A, bottom 
panel). TRIP13Hi T24 and J82 cells treated with 
0.4 μM cisplatin (middle panels) or 100 nM 
doxorubicin (right panels) or untreated (left 
panels) produced ~15% or ~12% or more colo-
nies respectively, than TRIP13N controls (Figure 
4B and 4C). These results indicate a clear cor-
relation between TRIP13 overexpression and 
drug resistance. In addition, cell apoptosis was 
measured by flow cytometry after the apoptotic 
cells were stained by the APC-conjugated 
Annexin-V. As shown in Figure 4D, after the 
cells were treated with cisplatin or doxorubicin 
for 48 h, both TRIP13Hi T24 and J82 cells con-
tained significantly fewer apoptotic cells than 
TRIP13N cells (P < 0.05), suggesting that TRIP- 
13 overexpression may contribute to the apop-
tosis-resistance of these drug-treated cells.

TRIP13 acts as an oncogene by inhibiting SAC 
signaling and drug-induced DNA damage in BC

We focused on SAC signaling pathway and the 
critical factor MAD2 to explore the potential 
mechanism by which TRIP13 overexpression 
may drive BC development/progression. MAD2 
protein level in TRIP13si and TRIP13Hi cells was 
detected by western analyses. As expected, 
MAD2 expression was significantly decreased 
in TRIP13Hi cells compared to TRIP13N cells 
(Figure 5A). Conversely, MAD2 expression was 
dramatically increased in TRIP13si cells com-
pared to TRIP13N control cells (P<0.05) (Figure 
5A). To investigate whether TRIP13 regulates 
DNA damage and repair in BC, we performed 
western blot analyses to examine DNA damage 
indicators in TRIP13Hi and TRIP13N cells treated 
with cisplatin (DNA damaging drug). H2AX 
phosphorylated on serine 139 (γH2AX) is a 
marker of DNA damage, and RAD50 is involved 
in DNA repair. Under the condition of cisplatin 
treatment, we observed remarkable reduction 
of γH2AX protein and elevation of RAD50 in 
TRIP13Hi cells compared to TRIP13N cells 
(P<0.05) (Figure 5B). Additionally, we applied 
immunofluorescence assay to validate that 
TRIP13 expression has an impact on γH2AX 
levels. As illustrated by immunofluorescence 
staining in Figure 5C, consistent with the re- 
sults of our western blots, fluorescence inten-
sity of γH2AX was much higher in TRIP13si cells 
than in TRIP13N cells. Based on these data, we 
conclude that TRIP13 suppresses drug-induced 
DNA damage, and promotes DNA repair and 
apoptosis-resistance in drug-treated BC cells.

2Ba and 2Bc, PARP expression significantly 
increased in TRIP13si T24 and J82 cells com-
pared to that in TRIP13N cells (P < 0.05). Po- 
tential differences in viability of TRIP13N and 
TRIP13si cells were evaluated via MTT assay 
conducted 24 h, 48 h, and 72 h after transfec-
tion. TRIP13si cells showed significantly lower 
cell growth/viability compared to TRIP13N cells 
(P<0.05) (Figure 2C). These results suggest 
that TRIP13 is crucial for the viability of BC cells 
in vitro.

Increased TRIP13 accelerates cell growth and 
promotes cell cycle progression 

To further validate the role of TRIP13 in cell pro-
liferation, we overexpressed TRIP13 in two BC 
cell lines T24 and J82 using transient transfec-
tion. Western blot analysis confirmed markedly 
elevated expression of TRIP13 in TRIP13Hi cells 
relative to TRIP13N cells (P<0.05) (Figure 3A). 
As shown in Figure 3B, MTT assay indicated 
that TRIP13Hi cells showed significantly higher 
cell viability compared to TRIP13N controls at 
72 h (T24 cells, **P<0.01; J82 cells, ***P<0.001). 
These results were consistent with the findings 
from our TRIP13si experiments. Moreover, flow 
cytometric analysis demonstrated that upregu-
lation of TRIP13 promoted cell cycle progres-
sion (Figure 3C). With DNA stained by PI, 
TRIP13Hi T24 and J82 cells exhibited 5.4% and 
8.1% higher proportion of cells in G2/M phases 
than in TRIP13N cells, respectively (Figure 3D; 
*P < 0.05). Figure 3E depicts PI-stained exam-
ples of cells in prophase, metaphase, ana-
phase, and telophase. Together, these findings 
illustrated that TRIP13 accelerates BC cell 
growth/viability, which promotes cell entry into 
mitosis.

Increased TRIP13 expression is associated 
with drug resistance

Cisplatin and doxorubicin are currently the first-
line treatments for BC. We tested the effect of 
cisplatin and doxorubicin on TRIP13N and TRI- 
P13Hi cells. After 2 days of cisplatin (concentra-
tions: 0, 10.47, 20.94, 41.88, 83.75, 167.5 and 
335 μM) or doxorubicin (concentrations: 0, 
1.57, 3.13, 6.25, 12.5, 25 and 50 μM) treat-
ment, the proliferation of TRIP13N T24 and J82 
cells was significantly inhibited relative to 
TRIP13Hi T24 and J82 cells (Figure 4A, top 
panel). We also observed that the IC50 of cispla-
tin and doxorubicin in TRIP13Hi cells was much 
higher compared to TRIP13N cells when evalu-
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Figure 3. TRIP13 overexpression promotes proliferation of BC cells. A. Western blot analysis confirmed that ectopic 
overexpression of TRIP13 (i.e., the TRIP13Hi BC cell model) was successfully established compared to TRIP13N cells 
with significant elevation of TRIP13. These results are representative of three independent overexpression clones. 
B. MTT assay showed that the cell viability at 48 h in TRIP13Hi J82 cells was not significantly changed, but cell vi-
ability at 48 h in TRIP13Hi T24 cells (*P<0.05) and 72 h in TRIP13Hi T24 (**P<0.01) and J82 cells (***P<0.001) were 
significantly increased. C-E. The distribution of TRIP13N and TRIP13Hi cells in different phases of the cell cycle was 
determined by flow cytometry. Elevated TRIP13 led to an increased proportion of cells in G2/M phase in TRIP13Hi 
cells compared to TRIP13N cells (*P<0.05). 
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Cells
IC50(μM)

T24 J82
TRIP13N TRIP13Hi TRIP13N TRIP13Hi

Doxorubicin 0.85 2.41 1.71 4.39
Cisplatin 28.00 47.83 36.60 86.03
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Discussion

BC cells have strong proliferative ability and 
tend to be resistant to chemotherapy, radia-
tion, and biological treatment, which result in 
rapid tumor growth and a high recurrence rate 
[34]. As the preferred treatment of BC, cisplat-

in-based chemotherapy remains more likely to 
develop drug resistance [35]. Doxorubicin is 
used as a frontline agent in systemic chemo-
therapy for BC; however, doxorubicin resistance 
always leads to treatment failure [36]. Although 
the molecular mechanism by which TRIP13 pro-
motes drug resistance in BC has not yet been 

Figure 4. Overexpressed TRIP13 induces cisplatin and doxorubicin resistance in BC cells. A. MTT assay showed 
that cell viability following cisplatin and doxorubicin treatment for 48 h was much higher in TRIP13Hi cells than that 
in TRIP13N cells. B, C. Photomicrographs showing colony formation assay results for untreated control cells (left), 
cisplatin-treated (0.4 μM) cells (middle), and doxorubicin-treated (100 nM) cells (right), after 48 h. The average 
colony numbers of TRIP13Hi and TRIP13N cells were determined in triplicate experiments and are shown as mean ± 
SD. Cisplatin and doxorubicin treatments significantly inhibited colony formation in both TRIP13Hi and TRIP13N cells 
(*P<0.05), especially in the latter. D. Flow cytometry illustrated that TRIP13N T24 and J82 cells showed sensitivity 
to both the anticancer drugs after a 48 h treatment using the standard apoptotic assay, and the right-shifted peak 
indicated cells undergoing apoptosis. The TRIP13Hi T24 and J82 cells showed weaker right-shifted peaks compared 
to TRIP13N cells (*P<0.05).
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elucidated, TRIP13 misexpression has been 
implicated in mediating tumor cell proliferation, 
survival, and invasion in other cancers [20, 25, 
37-39]. 

TRIP13 is located at 5p15.33 and plays an 
essential role in DNA replication, SAC silencing, 
and protein degradation [40, 41]. TRIP13 has 
also been reported to be involved in chromo-

Figure 5. TRIP13 suppresses DNA damage and promotes DNA repair. A. The western blot results showed that 
MAD2 protein level in TRIP13Hi cells was significantly diminished compared to TRIP13N cells. By contrast, MAD2 was 
increased significantly in TRIP13si cells compared to TRIP13N cells. These experiments were repeated three times 
and representative blots are shown. B. Western blot results indicated that the γH2AX protein levels were markedly 
down-regulated and RAD50 was significantly upregulated in TRIP13Hi cells compared to TRIP13N cells treated with 
cisplatin (40 μM) for 48 h. These experiments were repeated three times and representative blots are shown. C. 
Immunofluorescence staining of γH2AX (green) and DAPI (blue; bar =50 μm) in TRIP13si/TRIP13N T24 and J82 cells 
was imaged by confocal microscopy. The results confirmed that increased expression of γH2AX was seen in TRIP13si 
cells compared to TRIP13N cells.
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some synapsis and meiotic recombination [42]. 
Interestingly, recent research showed that TR- 
IP13 mutations are present in some tumors, 
suggesting a potential role for TRIP13 in devel-
opment or progression of multiple cancers [13, 
21, 43]. In prostate cancer, TRIP13 is a predic-
tor of prognosis and functions as a tumor pro-
moter that regulates cell proliferation, invasion, 
and migration [44]. In multiple myeloma, TRI- 
P13 is associated with poor prognosis (may 
serve as a prognostic biomarker) and impairs 
mitotic checkpoint surveillance [25]. In hepato-
cellular carcinoma, silencing TRIP13 inhibits 
cell growth and metastasis in vitro and in vivo 
[45]. However, there is no research on TRIP13’s 
role in BC. In our study, we found that TRIP13 
expression is much higher in BC tissues than in 
non-tumor bladder tissues. Additionally, eleva-
tion of TRIP13 was associated with poor prog-
nosis in BC patients. Functional knockdown of 
TRIP13 in BC cells resulted in a decrease in the 
viability of BC cells and apoptosis induction, 
which is in agreement with the findings in other 
cancers [21, 23, 25, 38, 39]. Moreover, overex-
pressed TRIP13 promoted the viability and col-
ony formation capability of BC cells. Drug resis-
tance is still the most important problem in 
antitumor therapy. Notably, we found that 
TRIP13 overexpression promotes resistance of 
BC cells to cisplatin and doxorubicin. Specifi- 
cally, the half-maximal inhibitory concentration 
(IC50) of cisplatin was 1.2-fold (T24) and 2.4-
fold (J82) higher in TRIP13Hi cells compared to 
TRIP13N cells, while IC50 of doxorubicin was 3.4-
fold (T24) and 2.6-fold (J82) higher in TRIP13Hi 
cells compared to TRIP13N cells. Based on 
these findings, we propose that upregulation of 
TRIP13 leads to diminished drug sensitivity, 
suggesting that TRIP13 may be a good thera-
peutic target for BC. 

To further dissect the signaling pathways th- 
rough which TRIP13 overexpression may lead 
to poor outcomes in BC, we analyzed the cor-
relation between TRIP13 expression and MAD2 
levels. MAD2 is a SAC protein which functions 
as a key component of the mitotic checkpoint 
complex (MCC), which is a suppressor of the 
anaphase-promoting complex/cyclosome [27]. 
Moreover, it has been reported that decreased 
MAD2 may result in drug resistance and tumor 
cell proliferation in many human cancers [12, 
28]. The P13K/AKT signaling pathway, which 
responds to survival, nutrient metabolism, cell 

growth, and apoptosis [46], can positively regu-
late MAD2 degradation in a multiple myeloma 
model [25]. Our work showed that forcing 
TRIP13 overexpression induced degradation of 
MAD2 and conversely, silencing TRIP13 elevat-
ed MAD2 protein levels in BC cells. Enhanced 
SAC silencing induced by TRIP13 overexpres-
sion was associated with an increase in cell 
proliferation and drug resistance in vitro. It has 
been demonstrated that TRIP13 promotes non-
homologous end joining and induces chemo-
resistance in head and neck cancer progres-
sion [23]. Based on this finding, we evaluated 
the role of TRIP13 in DNA damage and repair in 
BC. As γH2AX is a maker of DSBs, its expres-
sion level can be used to quantify DSBs [47]. 
Our western blot and immunofluorescence an- 
alyses suggested that TRIP13 alleviates drug-
induced DNA damage (as indicated by a de- 
crease in γH2AX expression) and promotes 
DNA repair by enhancing the expression of 
RAD50. We assert that TRIP13 overexpression 
promotes the evolution of more aggressive 
tumor cell phenotypes, including enhanced 
drug resistance, by enhancing SAC silencing 
and Mad2 turnover, and thus impairing SAC 
function in drug-treated cells; impairment of 
SAC function enhances genetic instability and 
accelerates evolution of chemo-resistance, me- 
tastasis, and leads to poor clinical outcomes, 
and reducing drug-induced DNA damage, and 
enhancing DNA repair mechanisms and apop-
tosis-resistance of drug-treated cells [48, 49].

In summary, our study demonstrates a signifi-
cant association between TRIP13 overexpres-
sion and poor OS of BC patients and provides 
novel insights into the functions of TRIP13 in 
growth/viability, clonogenic self-renewal, and 
drug resistance of BC cells in vitro. More stud-
ies are warranted to further validate that 
TRIP13 as a potential therapeutic target in BC.
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