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INTRODUCTION

Globally, bladder cancer is an extremely common urological 
malignancy. In 2012, bladder cancer was diagnosed in approxi-
mately 429,800 patients worldwide and there were 165,100 blad-
der cancer-related deaths [1]. In 2015, in the United States, there 
were 74,000 new bladder cancer patients were diagnosed and 
16,000 cases of bladder cancer-related death were occurred [2]. 
In the same year, approximately 80,500 patients were diagnosed 
with bladder cancer in China and about 32,900 patients died [3]. 
Although the clinical treatment of bladder cancer has progressed 
recently, the 5-year survival rate is still less than 60% [4]. There-
fore, understanding the molecular mechanisms that underpin 
tumorigenesis is important to identify molecular targets for gene 

therapies of bladder cancer.
Analyzing transcriptome data proven to be beneficial assessing 

overall gene function, thereby elucidating the potential molecular 
mechanisms underlying pathological conditions, such as cancer. 
Recent transcriptome studies of bladder cancer have begun to elu-
cidated the molecular mechanism of the disease and uncovered 
possible new candidates in the bladder cancer pathomechanisms, 
however follow-up studies on identified candidates is still largely 
missing [5,6].

Previous transcriptomic analysis on bladder tumors showed 
overexpression of mitochondrial ribosomal protein s28 (MRPS28) 
[5] and centromere protein U (CENPU, also known as MLF1IP 
and KLIP1) [7]. While direct link in bladder cancer is currently 
not available, we found evidence in other forms of cancer, such 
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ABSTRACT Bladder cancer is one of the most common types of cancer. Most gene 
mutations related to bladder cancer are dominantly acquired gene mutations and 
are not inherited. Previous comparative transcriptome analysis of urinary bladder 
cancer and control samples has revealed a set of genes that may play a role in tumor 
progression. Here we set out to investigate further the expression of two candidate 
genes, centromere protein U (CENPU) and mitochondrial ribosomal protein s28 
(MRPS28) to better understand their role in bladder cancer pathogenesis. Our results 
confirmed that CENPU is up-regulated in human bladder cancer tissues at mRNA and 
protein levels. Gain-of-function and loss-of-function studies in T24 human urinary 
bladder cancer cell line revealed a hierarchical relationship between CENPU and 
MRPS28 in the regulation of cell viability, migration and invasion activity. CENPU 
expression was also up-regulated in in vivo nude mice xenograft model of bladder 
cancer and mice overexpressing CENPU had significantly higher tumor volume. In 
summary, our findings identify CENPU and MRPS28 in the molecular pathogenesis of 
bladder cancer and suggest that CENPU enhances the progression of bladder cancer 
by promoting MRPS28 expression.
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as adenocarcinoma [8] and gastric cancer [9] that two candidate 
genes, CENPU and MRPS28 form a functional synergistic net-
work.

CENPU plays crucial role in orchestrating kinetochore-micro-
tubule attachment via interacting with Hec1 [10]. CENPU is also a 
transcriptional repressor, which can inhibit herpes simplex virus 
thymidine kinase promoteractivity [11]. Simultaneously, CENPU 
is considered as a constitutive component of the centromere, 
which plays an important function in the progression of cell cycle 
[12]. Currently, CENPU has been found to possess a key regula-
tory role in tumorigenesis and cancer progression. Approximately 
25% of mice overexpressing the CENPU gene developed breast 
cancer. Furthermore, the CENPU protein is highly expressed in 
human breast cancer tissues, and siRNA-mediated knockdown 
of CENPU significantly reduces the colony formation and migra-
tion rate of breast cancer cells [13]. It has also been reported that 
overexpression of CENPU is associated with poor prognosis in 
luminal breast cancer patients. Individuals with elevated CENPU 
expression have a shorter survival period, which is an indepen-
dent prognostic factor for distant metastasis [14]. Furthermore, 
CENPU is rarely expressed in brain tissue; however, increased 
CENPU expression has been reported in various glioblastoma 
cell lines of human and rat. Therefore, CENPU might have a role 
in the pathogenesis of glioma [15]. Although elevated CENPU has 
been implicated in several human malignancies, few studies have 
investigated the expression patterns of CENPU in bladder cancer. 
Furthermore, the molecular mechanism by which CENPU affects 
bladder cancer progression has not been clearly defined.

Mitochondrial ribosomal proteins (MRP), which are encoded 
by nuclear gene, are consisted of a small 28S subunit and a large 
39S subunit. MRPS28 is located on 8q21.1-q21.2, encoding 28S 
subunit protein, which is unique to mammals [16]. MRPS28 is 
synthesized as a precursor with an amino-terminal extension that 
serves as a mitochondrial targeting signal. Cells with disrupted 
copy of MRPS28 are unable to respire and spontaneously lost por-
tions of their mitochondrial genomes with a high frequency [17]. 
At present, the involvement of MRPS28 in tumor development 
has not been well studied. Gopal and Rajkumar [16] reported that 
a variant of MRPS28 was differentially expressed in response to 
radiation in a cervical carcinoma-derived cell line. Currently, no 
studies have confirmed the role of MRPS28 in the development of 
bladder cancer.

In this research, we investigated the function of CENPU in 
bladder cancer. More importantly, the molecular mechanism of 
CENPU and MRPS28 in regulating bladder cancer development 
was further explored. As far as we know, this was the first time 
that the mechanism by which CENPU and MRPS28 expression 
affect bladder cancer progression was elaborated. Our findings 
will provide novel molecular target and theoretical basis for the 
target treatment of bladder cancer.

METHODS

Clinical sample collection

Tumor tissues and the corresponding cancer-adjacent normal 
tissues of 100 bladder cancer patients were collected during sur-
gery and stored in liquid nitrogen. All of these patients were diag-
nosed with bladder cancer for the first time in our hospital from 
April 2017 to January 2020. All patients had no previous history 
of cancer-related treatment. The range of patients' age was 45–75 
years old with an average age of (58.3 ± 11.7) years old. Among 
the 100 bladder cancer cases, 43 cases were female and 57 cases 
were male. Tumor tissues were obtained from the center of the 
lesion, while the corresponding cancer-adjacent normal tissues 
were collected from tissues about 10 mm away from the lesion tis-
sues.

This study received written informed consent by all patients 
and was approved by the Ethics Committee of Bengbu Medical 
College (approval No. 2017-008).

Cell culture

Immortalized bladder epithelium cells (SV-HUC-1, Cat. 
No.C1241) and bladder cancer cells (T24, Cat. No. HZ-H024) 
were obtained from the Shanghai Institute of Cell Biology, Chi-
nese Academy of Sciences. Both cells lines were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) containing 10% fetal 
bovine serum (FBS) with penicillin/streptomycin and incubated 
in 5% CO2 at 37°C.

Cell transfection

T24 cells were collected after reaching 80% confluency, dis-
persed in FBS-free DMEM and seeded in 6-well plates (5 × 104 
cells per well). The siRNAs targeting CENPU (si-CENPU) and 
MRPS28 (si-MRPS28), siRNA negative control targeting CENPU 
and MRPS28 (si-NC), pcDNA-CENPU and pcDNA-MRPS28 
overexpression vector, and the pcDNA-CENPU and pcDNA-
MRPS28 empty vectors, were obtained from GenePharma 
(Shanghai, China). The full maps of the pcDNA-CENPU and 
pcDNA-MRPS28 overexpression vectors were shown in Supple-
mentary Fig. 1. After the cells reached 50% confluency, they were 
transfected with the aforementioned molecular transfectants us-
ing Lipofectamine 2000 (Thermo Fisher, Waltham, MA, USA). 
Co-transfections with the CENPU siRNA and pcDNA-MRPS28 
overexpression vector and the MRPS28 siRNA and pcDNA-
CENPU overexpression vector were also performed using Lipo-
fectamine 2000 according to the manufacturer’s instructions. 
After 6 h, the liquid in each well was exchanged for fresh normal 
culture media. Cells were harvested after 48 h incubation for the 
subsequent studies.
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Cell counting kit-8 assay

Cell viability was determined using the cell counting kit-8 
(CCK-8) assay. Cells dispersed in DMEM (10% FBS) were added 
to 96-well plates and incubated for 72 h. Each well contained 1 
× 103 cells and 100 l DMEM (10% FBS). CCK-8 volume of 10 
l was subsequently added into each well and plates were incu-
bated for 2 h at 37°C. The absorbance (450 nm) of each well was 
measured with a microplate reader (BioTek Instruments Inc., 
Winooski, VT, USA), using the absorbance value of 10 l of CCK-
8 without cells as a blank. Cell viability was defined as follows: 
(experimental group absorbance – blank absorbance) / blank ab-
sorbance value × 100%.

Cell scratch test

Cells in the logarithmic growth phase were seeded into 6-well 
plates by adding 1 ml of DMEM (10% FBS) cell suspension (1 × 
105 cells/ml). When cells reached a confluency of 80%, a scratch 
was made at the bottom of the wells with a sterile 200 l pipette. 
The liquid in each well was removed and the remaining cells were 
washed twice with phosphate-buffered saline (PBS). The original 
scratch width was measured and marked as the scratch width at 0 
h. Fresh DMEM (10% FBS) at a volume of 1 ml was subsequently 
added and plates were incubated at 37°C. Plates were removed 
from the incubator after 48 and 72 h to measure the width of the 
scratch using a light microscope (Olympus, Tokyo, Japan).

Transwell experiment

The Transwell migration assay was used to study the migration 
and invasion of cells using Transwell chambers (with or without 
Matrigel) (BD Biosciences, San Jose, CA, USA). Serum-free media 
cell suspension (1 × 105 cells/ml) was added to the upper cham-
bers (200 l) and the lower chambers contained DMEM with 
10% FBS (600 l). After 24 h incubation, the upper layer cells were 
removed with a cotton swab. Lower layer cells were fixed for 20 
min in 95% ethanol and stained for 10 min in crystal violet (0.1%). 
After washing with PBS, cells were observed by light microscopy 
(Olympus) and counted using 5 random, unique fields of view.

In vivo experiment in nude mice

Animal experiments in this study have been approved by the 
Animal Ethics Committee of Bengbu Medical College (approval 
No. 2017-021). Seventy-two nude mice (4–5 weeks old, 20–25 g) 
with body masses ranging from 11–13 g were purchased from the 
Beijing Vital River Laboratory Animal Technology Co., Ltd., Chi-
na. T24 cells for the pcDNA-NC group, pcDNA-CENPU group, 
and pcDNA-CENPU + si-MRPS28 group were harvested and re-
suspended in PBS (3 × 107 cells/ml). Mice were given free access to 
food and water. After 2 weeks, mice were injected subcutaneously 

with 100 l of cell suspension in the back. Notably, every three 
days, mice of each group were injected subcutaneously with 30 g 
of Lipofectamine 2000-encapsulated pcDNA-CENPU empty vec-
tor, or pcDNA-CENPU overexpression vector, or pcDNA-CEN-
PU overexpression vector and MRPS28 siRNA [18]. At 1, 2, 3, and 
4 weeks after injection, 6 nude mice per group were randomly 
selected and sacrificed to collect tumors. The tumor volume was 
then measured. It should be noted that, after injection, the health 
and behavior of mice were monitored every 24 h. The health and 
behavior of mice were monitored by observing the daily diet 
weight, behavior, mental state, stool and urine weight and body 
weight.

The anesthesia and euthanasia of mice were as follows: Briefly, 
a total of 72 nude mice were used in this research. Before being 
sacrificed by cervical dislocation, mice were deeply anesthetized 
with an intraperitoneal injection of 60 mg/kg pentobarbital. The 
standard for deep anesthesia was that mice had no response to 
limb and head stimulation. Then mice were euthanized in about 
10 s by cervical dislocation. Mice were judged to be dead if they 
met the following criteria: 10 s after cervical dislocation, mice 
were stopped breathing and did not respond to systemic stimuli. 
The duration of the experiment was about 10 min. The health 
and behavior of nude mice was observed every 3 min. During the 
research, no accidental death of nude mice was occurred.

Immunohistochemistry

Immunohistochemical staining for CENPU and MRPS28 was 
performed on paraffin-embedded tumors that were fixed in a 
10% formaldehyde solution. After dewaxing, hydration, and an-
tigen retrieval, the endogenous peroxidase activity was quenched 
using H2O2 (3%) and goat serum was used to block tumor tissue 
sections for 30 min at 4°C. After three PBS washes, Triton X-100 
(0.5%) was added onto the tissue sections, followed by a 2 min 
incubation on ice. Sections were washed three times in PBS. A 
rabbit anti-mouse CENPU antibody or MRPS28 antibody (1:100 
dilution, Wuhan Boster Bio-Engineering Co., Ltd., Wuhan, 
China) was added and the sections were incubated for 12 h incu-
bation at 4°C. After incubation with the primary antibodies, sec-
tions were probed using biotinylated secondary antibodies for 2 h 
followed by three times washing with PBS. Sections were stained 
using 3,3’-diaminobenzidine color reaction and counterstained 
with hematoxylin. Following ethanol dehydration, sections were 
sealed with neutral resin and the integrated optical density (IOD) 
was analyzed using the Gel-Pro Analyzer V4.0 image analysis 
software system (Media Cybernetics, Rockville, MD, USA). Large 
IOD/Area value indicated more protein expression level.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was extracted from cells or tissues using Trizol 
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(Thermo Fisher Scientific). cDNA was synthesized by reverse 
transcription of isolated RNA using the PrimeScript miRNA 
cDNA Synthesis Kit (Applied Biosystems, Carlsbad, CA, USA). 
Expression of the target genes was quantified using the ABI 7500 
Fast Real-Time PCR instrument (Applied Biosystems) with the 
following cycling conditions: pre-denaturation at 95°C, 5 min, 
then 40 cycles of 95°C, 15 s and 60°C, 1 min. Gene expression was 
calculated according to the 2–ΔΔCt method with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an internal reference. 
The following primer sequences were used: CENPU, F, 5'-AT-
GAACTGCTTCGGTTAGAGC-3', R, 5'-TATTTCGCAGATG-
GCTTTCGG-3'. GAPDH, F, GTCGATGGCTAGTCGTAG-
CATCGAT, R, TGCTAGCTGGCATGCCCGATCGATC.

Western blot

Total protein was extracted from tissues and cells in a radio-
immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St. 
Louis, MO, USA) containing aprotease inhibitor. A BCA protein 
assay kit (Pierce, Rockford, IL, USA) was used to measure protein 
concentration. Quantified proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 
a 10% gel and transferred onto a polyvinylidenefluoride (PVDF) 

membrane. Membranes were blocked in 5% skimmed milk for 
1 h and incubated in a primary antibody (mouse anti-rabbit 
CENPU, MRPS28, N-cadherin, Slug, and Snail antibodies, 1:1,000 
dilution; Cell Signaling Technology, Beverly, MA, USA) for 12 h 
at 4°C. After three times washing with TBST, membranes were 
incubated for 1 h with a goat anti-mouse IgG secondary antibody 
(Wuhan Boster Bio-Engineering Co., Ltd.). Membranes were 
washed three times with TBST and viewed on a LI-COR imager 
(LI-COR Biosciences, Lincoln, NE, USA) using -actin as a load-
ing control.

Statistical analysis

Statistical analyses were performed using SPSS version 20.0 
(IBM Co., Armonk, NY, USA). Data were obtained from ≥ 3 in-
dependent experiments and values were represented as the mean 
± standard deviation. A Student’s t-test was used to identify sig-
nificant differences between two groups. The comparison among 
more than two groups was performed using one-way analysis 
of variance (ANOVA). Tukey's post hoc test was used to validate 
ANOVA for pairwise comparisons. All graphs were made using 
GraphPad Prism v5 (GraphPad Software, Inc., La Jolla, CA, USA). 
p < 0.05 was considered statistically significant.

Fig. 1. Abnormally high expression of centromere protein U (CENPU) in bladder cancer cells and tissues. Significantly higher CENPU mRNA (A) 
and protein (B) expression was found in tumor tissues compared to cancer-adjacent normal tissues. Significantly higher CENPU mRNA (C) and protein 
(D) expression was found in bladder cancer cells (T24) compared to bladder epithelium cells (SV-HUC-1). Scale bar represents 1 cm. **p < 0.01. ***p < 
0.001.

B

C D
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RESULTS

CENPU is up-regulated in bladder cancer tissues

The expression of CENPU was determined in tumor tissues 
and cancer-adjacent normal tissues from 100 bladder cancer cases 
by qRT-PCR and Western Blot. Compared to normal tissues (1.13 
± 0.11), CENPU mRNA transcripts were 2-fold higher in tumor 
tissues (2.45 ± 0.26) (p < 0.01). Similarly, at the protein level, 
CENPU was more than 3-fold higher in tumor tissues (0.34 ± 0.09) 
than in normal tissues (0.10 ± 0.03) (p < 0.001) (Fig. 1A, B). CEN-
PU expression was also investigated in bladder epithelium cell 
line (SV-HUC-1) and bladder cancer cell line (T24). The relative 
CENPU mRNA and protein expression levels were significantly 
higher in T24 cells (mRNA: 2.28 ± 0.17) compared to SV-HUC-1 
cells (mRNA: 1.01 ± 0.05) (p < 0.01) (Fig. 1C, D).

CENPU enhances the viability, migration, and 
invasion of T24 cells

To further characterize the role of CENPU in bladder cancer 
pathogenesis, siRNA was used to knockdown CENPU expres-
sion in T24 cells. At the mRNA and protein levels, the expression 
of CENPU was significantly lower in cells transfected with si-
CENPU compared to the control group (si-NCgroup). We also 
overexpressed CENPU by transfecting T24 cells with a pcDNA-
CENPU overexpression vector. CENPU mRNA and protein 
was significantly higher in pcDNA-CENPU transfected cells 
(pcDNA-CENPU group) than in the control (pcDNA-NC group) 
(p < 0.01) (Fig. 2A, B). The effect of CENPU down-regulation or 
up-regulation on cell viability, migration, and invasion was subse-
quently examined. Cells with down-regulated CENPU expression 
(si-CENPU group) had reduced viability compared to the control 

Fig. 2. Overexpression of centromere protein U (CENPU) enhanced the viability, migration, and invasion of T24 cells. (A, B) CENPU mRNA and 
protein expression of each group was measured by qRT-PCR and Western blotting. (C) The cell viability of each group was measured using the cell 
counting kit-8 (CCK-8) assay. (D) The cell invasion ability was assessed using Transwell assay, magnification ×100. (E) Cell scratch test was performed to 
evaluate the cell migration abilities. (F) N-cadherin, Slug, and Snail protein expression in transfected T24 cells of each group determined by Western 
analysis. *p < 0.05 or **p < 0.01 vs. si-NC group or pcDNA-NC group.

A B

C D

E F
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group (si-NC group) (p < 0.01), while cells overexpressing CENPU 
(pcDNA-CENPU group) had increased viability relative to the 
control (pcDNA-NC group) (p < 0.01) (Fig. 2C). Cell invasion was 
measured in the four groups using a Transwell assay. As shown in 
Fig. 2D, less invasive cells were observed in the si-CENPU group 
compared to the si-NC group. However, the number of invasive 
cells in the pcDNA-CENPU group was remarkably higher than in 
the pcDNA-NC group. A cell scratch test was used to examine the 
migration ability of the cells. After 48 and 72 h, significantly wid-
er scratch widths were found in the si-CENPU group compared 
to the si-NC group, while significantly narrower scratch widths 
were found in the pcDNA-CENPU group relative to pcDNA-NC 
group (Fig. 2E). The protein expression of N-cadherin, Slug, and 
Snail proteins was also examined by Western blot analysis. Lower 
amounts of all three proteins were detected in si-CENPU cells 
compared to si-NC group cells (p < 0.05 or p < 0.01). In contrast, 
the pcDNA-CENPU had more N-cadherin, Slug, and Snail pro-
teins relative to the pcDNA-NC group (p < 0.05 or p < 0.01) (Fig. 
2F).

MRPS28 promotes the viability, migration, and 
invasion of T24 cells

We investigated the role of MRPS28 by down-regulating (si-
MRPS28 group) (Fig. 3A) and up-regulating (pcDNA-MRPS28 
group) (Fig. 3B) MRPS28 expression in T24 cells. Down-regula-

tion of MRPS28 decreased the viability of cells compared to the 
si-NC group (p < 0.05), while up-regulation of MRPS28 increased 
cell viability relative to the pcDNA-NC group (p < 0.05) (Fig. 3C). 
Similarly, cell invasion was lower in MRPS28 down-regulated 
cells and higher in MRPS28 up-regulated cells compared to the 
respective control groups (Fig. 3D). After incubation for 48 and 
72 h, wider scratch widths were observed in the si-MRPS28 group 
compared to the si-NC group. However, at both time points, the 
scratch widths of the pcDNA-MRPS28 group were significantly 
narrower than that of the pcDNA-NC group (Fig. 3E).

CENPU enhances the viability, invasion, and migration 
of T24 cells by promoting MRPS28 expression

In order to explore the link between CENPU and MRPS28, 
we simultaneously down-regulated CENPU and up-regulated 
MRPS28 in T24 cells (si-CENPU + pcDNA-MRPS28 group). 
Down-regulation of CENPU alone (si-CENPU group) signifi-
cantly decreased the viability of cells relative to the control group 
(si-NC group) (p < 0.01). However, simultaneous up-regulation 
of MRPS28 (si-CENPU + pcDNA-MRPS28 group) increased 
cell viability relative to the si-CENPU group (p < 0.01) (Fig. 4A). 
Similarly, more invasive cells (Fig. 4B) and higher migration (Fig. 
4C) abilities were detected in the si-CENPU + pcDNA-MRPS28 
group compared to the si-CENPU group. In addition, we simul-
taneously up-regulated CENPU and down-regulated MRPS28 in 

Fig. 3. Overexpression of mitochon-

drial ribosomal protein s28 (MRPS28) 

promoted the viability, migration, 

and invasion of T24 cells. (A, B) The 
protein expression of MRPS28 for each 
group was determined by Western blot. 
(C) Cell viability of each group using the 
cell counting kit-8 (CCK-8) assay. (D) Cell 
invasion ability using Transwell assay, 
magnification ×100. (E) Cell scratch test 
to evaluate the cell migration abilities. 
*p < 0.05 vs. si-NC group or pcDNA-NC 
group.

A B

C D

E
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T24 cells (pcDNA-CENPU + si-MRPS28 group). Cells with up-
regulation of CENPU (pcDNA-CENPU group) had higher cell 
viability (p < 0.01) and more invasive and migrated cells relative 
to the control group (pcDNA-NC group). Simultaneous down-
regulation of MRPS28 (pcDNA-CENPU + si-MRPS28 group) 
significantly decreased the viability (p < 0.01), invasion, and mi-
gration of T24 cells compared to the pcDNA-CENPU group (Fig. 
4D–F).

CENPU promotes bladder cancer development 
in vivo by increasing MRPS28 expression

Mice with up-regulated CENPU expression (pcDNA-CENPU 
group) and simultaneously down-regulated MRPS28 expression 
(pcDNA-CENPU + si-MRPS28 group) were used to examine the 
role of CENPU/MRPS28 in bladder cancer progression in vivo. In 
this study, a total of 3 × 106 cells were injected subcutaneously into 

nude mice. At week 1, tumor volume were comparable between 
the experimental and control (pcDNA-NC) groups. However, 
within 2–4 weeks, CENPU-overexpressing mice (pcDNA-CEN-
PU) had significantly higher tumor volume compared to the pcD-
NA-NC group (p < 0.05). In contrast, from 1–4 weeks, CENPU-
overexpressing mice with down-regulated MRPS28 expression 
(pcDNA-CENPU + si-MRPS28 group) had significantly lower 
tumor volume compared to the pcDNA-CENPU group (p < 0.05 
or p < 0.01 or p < 0.001). After 4 weeks of injection, the maximum 
tumor volume was about 1.3 cm3, which was in line with the 
recommendations of the University of Pennsylvania Institutional 
Animal Care and Use Committee guidelines (Fig. 5A). CENPU 
and MRPS28 expression at the protein level was established in tu-
mor tissues by immunohistochemistry and Western blot analysis. 
In comparison to the pcDNA-NC group, more CENPU protein 
was detected in the tumor tissues of CENPU-overexpressing mice 
(pcDNA-CENPU group) (p < 0.001). As expected, more CENPU 

Fig. 4. Centromere protein U (CENPU) enhanced the viability, invasion, and migration of T24 cells by promoting mitochondrial ribosomal 

protein s28 (MRPS28) expression. (A, D) Cell viability of each group was detected using the cell counting kit-8 (CCK-8) assay. (B, E) Cells invasion 
ability was measured using Transwell assay, magnification ×100. (C, F) Transwell assay was used to evaluate the cell migration abilities, magnification 
×100. **p < 0.01 vs. si-NC group or pcDNA-NC group. ##p < 0.01 vs. si-CENPU group or pcDNA-CENPU group.

A B

C D

E

F
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protein and less MRPS38 protein was detected in CENPU-
overexpressing mice with down-regulated MRPS28 expression 
(pcDNA-CENPU + si-MRPS28 group) compared to the pcDNA-
NC group (p < 0.001) (Fig. 5B, C). The levels of N-cadherin, Slug, 
and Snail proteins in tumor tissues were examined by Western 
blot analysis. Tumor tissues of CENPU-overexpressing mice 
(pcDNA-CENPU group) had a higher amount of N-cadherin, 
Slug, and Snail proteins compared to the pcDNA-NC group (p < 
0.001). Furthermore, the amount of all three proteins was lower 
in tumor tissues of CENPU-overexpressing mice with down-
regulated MRPS28 expression (pcDNA-CENPU + si-MRPS28 
group) compared to the pcDNA-CENPU group (p < 0.001) (Fig. 
5D).

DISCUSSION

Despite recent progress, bladder cancer remains a frequent 
diagnosis that is associated with high mortality rates. Chemo-
therapy is one of the most common approaches to bladder cancer 
treatment. However, drug resistance caused by long-term che-
motherapy poses a significant challenge for successful treatment 
strategies. Understanding the pathogenesis of bladder cancer is 
essential for developing alternative treatment strategies. In this 
study, we investigated for the first time that CENPU enhanced 
bladder cancer progression by promoting MRPS28 expression.

Previous studies have found that CENPU proteins are associ-
ated with multiple human malignancies [19]. The up-regulation 
of CENPU is involved in the progression of glioblastoma, breast 
cancer and familial colorectal cancer [14,15,20]. However, few 

Fig. 5. Centromere protein U (CENPU) promoted bladder cancer development in vivo by elevating mitochondrial ribosomal protein s28 

(MRPS28) expression. (A) Picture of tumor tissues and volume of tumors from nude mice in each group from 1–4 weeks. (B, C) Immunohistochem-
istry and Western blot analysis was used to measure the expression of CENPU and MRPS28 proteins in tumor tissues of nude mice. (D) Western blot 
analysis to measure N-cadherin, Slug and Snail protein expression in tumor tissues. In this study, T24 cells were injected subcutaneously into the back 
of nude mice. *p < 0.05 or ***p < 0.001 vs. pcDNA-NC group. #p < 0.05 or ##p < 0.01 or ###p < 0.001 vs. pcDNA-CENPU group.

A B

C D
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studies have examined the role of CENPU in bladder cancer pro-
gression. Recently, Wang et al. [7] proposed CENPU as a potential 
therapeutic target for bladder cancer treatment. Increased expres-
sion of CENPU in bladder cancer tissues was found to be associ-
ated with larger tumor size, advanced TNM stage, and lower 
survival rates. CENPU-knockdown in human bladder cancer cell 
lines inhibited cell proliferation and arrested cell cycle progres-
sion in the G1 phase. Similarly, our data showed that CENPU is 
significantly up-regulated in bladder cancer. Furthermore, over-
expression of CENPU enhanced in vitro malignant phenotype 
and in vivo growth of bladder cancer cells. These findings sug-
gested that CENPU promoted the progression of bladder cancer.

Few researches have investigated the mechanisms underpin-
ning CENPU up-regulation in bladder cancer development. 
Knockdown of CENPU in vitro could affect the regulation 
of several proteins that are involved in the HMGB1 signaling 
pathway, such as IL6, IL1B, TNF, and HMGB1 [7]. HMGB1 up-
regulation is associated with the progression of bladder cancer 
and a poor prognosis, while decreased HMGB1 expression sup-
presses the bioactivity of bladder cancer cells [21-23]. It has been 
reported that CENPU facilitates ovarian cancer metastasis by 
enhancing HMGB2 expression [10]. Although this study did not 
investigate the HMGB family, we have demonstrated for the first 
time that CENPU enhances the expression of MRPS28. Immu-
nohistochemistry and Western blot on xenograft tumors shows 
that CENPU overexpression elevates the expression of MRPS28 
protein. Both in vitro and in vivo studies illustrated that MRPS28 
silencing reverses the promoting effect of CENPU on bladder 
cancer progression. This represents an important finding for 
understanding the mechanism of bladder cancer progression and 
potential for targeted treatments.

Other members of the MRP family have been previously im-
plicated in the development and progression of some human 
malignancies. It has been demonstrated that decreased MRPS23 
expression suppresses metastasis in rats with breast cancer [24]. 
Furthermore, enhanced MRPS18-2 expression has been associ-
ated with prostate cancer, and promotes the migration of prostate 
cancer cells migration by inducing epithelial to mesenchymal 
cell transition (EMT) [25]. Another MRPS protein, MRPS18a, 
is rarely expressed in normal human breast cells, but aberrantly 
overexpressed in breast cancer cells [26]. However, no studies had 
previously investigated MRP family expression in bladder cancer. 
We have provided the first evidence of the positive regulation of 
MRPS28 by CENPU in bladder cancer. MRPS28 expression was 
elevated via CENPU overexpression, which further enhanced 
bladder cancer cells in vitro malignant phenotype and in vivo 
growth. Based on our findings, we will continue to evaluate the 
impact of MRPS28 on bladder cancer progression in our future 
research.

It has been reported that CENPU up-regulation enhances EMT 
in human cancers, including breast cancer [13]. EMT is important 
for the occurrence, development, invasion and metastasis of ma-

lignant tumors [27]. EMT occurs by decreased adhesion between 
cells and the loss of cell polarity, resulting in the transformation 
of the originally polar epithelial cells to mesenchymal cells with 
strong migration and invasion capacities [28]. We found that the 
levels of three EMT-associated proteins, N-cadherin, Slug, and 
Snail, are increased by overexpressing CENPU. N-cadherin is a 
calcium-dependent transmembrane glycoprotein that is involved 
in the regulation of calcium-mediated cell-to-cell adhesion, in-
cluding homogenous adhesion, cell polarity, and morphology 
maintenance, as well as cell aggregation and migration [29]. N-
cadherin is an interstitial marker of EMT, which is positively cor-
related with tumor invasion. Increased expression of N-cadherin 
is associated with the enhanced transformation of tumor cells 
from epithelial to mesenchymal, resulting in enhanced vascular 
proliferation and invasive ability of tumors [30]. Both Slug and 
Snail are zinc-finger transcription factors belonging to the Snail 
family, which are key regulators of EMT [31]. Slug and Snail 
inhibit the expression of E-cadherin (a cell adhesion molecule), 
therefore decreasing cell-cell adhesion and enhancing infiltration 
and metastasis [32,33]. Based on our data and previous studies, 
we speculated that CENPU might promote EMT by increasing 
the expression of N-cadherin, Slug, and Snail proteins, thereby 
enhancing the migration and invasion of bladder cancer cells.

Of course, this study has limitation. The signaling relationship 
between CENPU and MRPS28 in bladder cancer should be re-
searched. However, due to the limitations of the laboratory, we are 
currently unable to conduct experiments to study this point. This 
will be the focus in our future research. In conclusion, we have 
provided evidence that CENPU up-regulation might enhance the 
progression of bladder cancer by promoting MRPS28 expression 
and stimulating EMT. Therefore, CENPU could function as a 
useful biomarker for diagnosis and potential therapeutic target 
for the treatment of bladder cancer.
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