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1  | INTRODUC TION

Bladder cancer is a highly prevalent malignancy in males worldwide1. 
Bladder cancer is divided into 2 groups: muscle- invasive bladder 
cancer (MIBC) and non- muscle- invasive bladder cancer (NMIBC). 

The 5- y and 10- y survival rates of treated MIBC patients are ap-
proximately 50 and 36%, respectively2. The prognosis of bladder 
cancer patients has not changed in the last 10 y, and most patients 
are diagnosed with macroscopic hematuria3. NMIBC is treated with 
endoscopic resection and risk- based intravesical therapy, whereas 
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Abstract
The unfolded protein response (UPR) plays an important role in carcinogenesis, but 
the functional role and mechanism of UPR- associated bladder carcinogenesis remain 
to be characterized. Upon UPR activation, ATF6α is activated to upregulate the tran-
scription of UPR target genes. Although the mechanism of ATF6 activation has been 
studied extensively, the negative regulation of ATF6 stabilization is not well under-
stood. Here, we report that the deubiquitinase otubain 1 (OTUB1) facilitates bladder 
cancer progression by stabilizing ATF6 in response to endoplasmic reticulum stress. 
OTUB1 expression is raised in bladder cancer patients. Genetic ablation of OTUB1 
markedly inhibited bladder cancer cell proliferation, viability, and migration both in 
vitro and in vivo. Mechanistically, luciferase pathway screening showed that ATF6 
signaling was clearly activated compared with other pathways. OTUB1 was found 
to activate ATF6 signaling by inhibiting its ubiquitylation, thereby remodeling the 
stressed cells through transcriptional regulation. Our results show that high OTUB1 
expression promotes bladder cancer progression by stabilizing ATF6 and that OTUB1 
is a potential therapeutic target in bladder cancer.
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MIBC is treated more aggressively, such as with bladder removal 
with or without chemotherapy2. Some immunotherapies, such as 
pembrolizumab4 and atezolizumab5, are being studied in bladder 
cancer. However, new targets and effective treatments still need to 
be identified and developed.

Cancer cells are exposed to various intrinsic and extrinsic factors 
that can produce endoplasmic reticulum (ER) stress. The accumula-
tion of ER stress leads to the activation of a homeostatic intracellular 
signaling network called the unfolded protein response (UPR), which 
has evolved to maintain a productive protein- folding environment 
in the ER6. When unfolded proteins accumulate in the ER lumen, 
stress signals are transduced by the dissociation of binding immu-
noglobulin protein (BiP)7, which frees the sensors inositol- required 
enzyme 1 (IRE1), protein kinase- like ER kinase (PERK), and activating 
transcription factor 6α (ATF6α) to begin UPR signaling. These 3 acti-
vated sensors transduce information to the nucleus to halt the trans-
lation of new proteins and to promote increased protein folding and 
proteasome activity to restore ER homeostasis. If the UPR cannot 
resolve the protein- folding defect, cells enter apoptosis. In normal 
cells, activation of the IRE1- XBP1 and ATF6α pathways is attenu-
ated in response to chronic stress, which then triggers apoptosis8,9. 
However, some cancer cells have constitutive activation of the IRE1- 
XBP1 pathway or BIP overexpression, which suppresses apopto-
sis10,11. UPR activation also represses cyclin D1 translation, leading 
to cell cycle arrest in G1 phase and permitting cancer cell survival in 
the stressed environment12. Persistent ER stress or UPR activation 
induces apoptosis in both cancer cells and normal cells. Lee’s group 
demonstrated that chronic exposure to tumor- derived extracellular 
vesicles results in IRE1 activation and the transformation of nonma-
lignant human SV- HUC urothelial cells13. However, there have been 
no substantial studies on the relationship between ER stress or UPR 
activation and bladder cancer development.

ATF6α (called ATF6 from this point forwards), a member of the 
leucine zipper family, localizes to the ER14. Under normal condi-
tions, ATF6 interacts with BIP in the ER, but on ER stress, ATF6 is 
exported to the Golgi complex and cleaved by site- 1 protease (S1P) 
and S2P, which releases a 50- kDa amino- terminal cytoplasmic frag-
ment (ATF6f). Then, ATF6f enters the nucleus and binds ER stress- 
response elements15. Lack of ATF6 impairs adaption to chronic and 
acute ER stress16. ATF6 was proposed as a marker for early dysplas-
tic17. Overexpressed ATF6 induces intestinal dysbiosis and innate 
immune response to promote colorectal tumorigenesis18. Although 
the mechanism of ATF6 activation has been studied extensively, the 
negative regulation of ATF6 stabilization is not well understood.

Ubiquitination, the posttranslational addition of ubiquitin to 
target proteins, is a cellular process that alters protein stability19. 
Ubiquitination is regulated by both ubiquitin ligases and deubiquiti-
nases (DUBs)20. The DUB otubain 1 (OTUB1) specifically cleaves K48- 
linked polyubiquitin chains21 and is widely expressed in human tissues, 
especially in the brain22. OTUB1 regulates many pathways associated 
with cancer development and progression, for example OTUB1 inhib-
its the monoubiquitination of RAS, resulting in RAS accumulation at 
the plasma membrane and triggering ERK1/2 signaling in wild- type 

(WT) RAS lung carcinoma cells. Overexpression of OTUB1 enhances 
the soft agar colony formation and xenograft tumor growth of lung 
carcinoma cell lines23. In breast cancer, OTUB1 deubiquitinates and 
stabilizes FOXM1 in cells treated with epirubicin, thereby potenti-
ating cell proliferation24. In prostate cancer (PCa), OTUB1 silencing 
reduces the expression of several androgen receptor (AR)- regulated 
proteins25, and OTUB1 enhances PCa cell invasion in vitro by altering 
P53/RhoA activity26. Although evidence for the critical role of OTUB1 
in cancer imitation and progression has emerged, the function and 
mechanism of OTUB1 in bladder cancer remain unclear.

We found that OTUB1 is overexpressed in bladder cancer samples 
and that patients with high OTUB1 expression have an unfavorable 
prognosis. In vitro, OTUB1 overexpression promotes the proliferation 
and migration of bladder cancer EJ cells. Consistent with these re-
sults, OTUB1 deficiency represses cell proliferation and migration of 
bladder cancer T24 cells. To explore the mechanism, we performed 
RNA sequencing (RNA- seq) analysis and identified the ATF6 signaling 
pathway. We found that OTUB1 binds and stabilizes ATF6 by deubiq-
uitination, thereby promoting the ATF6 signaling cascade. The stud-
ies described here identify the oncogenic role of OTUB1 in bladder 
cancer, in which OTUB1 targets ATF6 to affect the UPR.

2  | MATERIAL S AND METHODS

2.1 | Antibodies

Rabbit monoclonal anti- ATF6 antibody (65880S) and rabbit mono-
clonal anti- OTUB1 antibody (3783S) were purchased from CST Inc 
(Beverly, Massachusetts, USA); antibodies against HA (M180- 3) and 
FLAG (M185- 3L) were procured from MBL Beijing Biotech Co., Ltd. 
(Beijing, China); the anti- GAPDH antibody (cat# CW0266A) was 
purchased from Beijing Cowin Biotech Co., Ltd. (Beijing, China) and 
horseradish peroxidase (HRP)- conjugated secondary antibodies (cat. 
nos. 111- 035- 003 and 115- 035- 003) were obtained from Jackson 
ImmunoResearch Laboratories, Inc (West Grove, PA, USA).

2.2 | Xenografts

Given the effect size and standard deviation, the sample size for 
the animal studies was chosen in accordance with the suggestion 
by the animal research committee. OTUB1- /-  and parental T24 cells 
were collected and washed twice with PBS. In total, 4 × 106 cells 
were resuspended in 0.2 mL of PBS and inoculated into the flanks 
of 5 6- wk- old female nude mice. Tumors were measured 3 times per 
week, and tumor volume was calculated in accordance with the fol-
lowing formula: [length × width2] × 0.5. Mice were killed 28 d post 
inoculation. All animal studies were conducted in accordance with 
the Guidelines of the China Animal Welfare Legislation and were ap-
proved by the Committee on Ethics in the Care and Use of Laboratory 
Animals of Wuhan University (permit number: IACUC2018055). All 
efforts were made to minimize suffering.
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2.3 | Cell culture and cell lines

HEK293T cells, human bladder cancer T24 cells with OTUB1 knock-
out and human bladder cancer EJ cells with OTUB1 overexpression 
were maintained in Dulbecco's modified Eagle's medium (DMEM, 
HyClone, Logan, UT, USA) supplemented with 10% fetal bovine 
serum (FBS; GE Healthcare Life Sciences, Logan, UT, USA) and 100 
U penicillin/streptomycin (Gibco, Carlsbad, CA, USA) at 37°C in a 5% 
CO2 incubator. All cell lines were purchased from ATCC. The com-
monly used HEK293T and T24 cell lines were screened for myco-
plasma contamination, but none was found.

2.4 | Cell proliferation, colony formation, soft 
agar, and Transwell assays

Cell proliferation assays were performed using the Cell Counting 
Kit- 8 (CCK- 8, Dojindo Laboratories, Kumamoto, Japan) in accord-
ance with the manufacturer’s instructions. The indicated cells 
were seeded into 96- well plates at a density of 1 × 103 cells/well. 
Subsequently, CCK- 8 solution (10 μL of CCK- 8 reagent in 90 μL 
DMEM) was added to each well, and the plates were incubated at 
37°C for 1- 3 h. The optical density was measured at a wavelength 
of 450 nm. Soft agar and colony formation assays were performed 
to examine the viability and tumorigenicity of bladder cancer cell 
lines with OTUB1 knockout or overexpression. Briefly, 4 × 102 cells 
were seeded into 6- well plates. After 2 wk of incubation, colonies 
were stained with 0.025% crystal violet at room temperature for 
15 min, and images were captured using a scanner. For soft agar 
assays, 2 ml of 0.7% agar was plated into each well of 6- well plates 
and then 1 mL of cells (2 × 104 cells) was mixed with 1 mL of 0.7% 
agar to form the upper gel. Plates containing cancer cells were in-
cubated at 37°C in a 5% CO2 in air incubator for 2- 3 wk, then the 
number of colonies was counted, and images were captured under 
a microscope. For cell migration assays, Transwell inserts (Corning) 
were placed into 24- well plates. DMEM with 40% FBS was added 
to the lower chamber and then the indicated cells were seeded into 
the upper chamber in serum- free medium at a density of 4 × 104 
cells/well. The plates were incubated for 48 h. Cells that migrated 
into the lower chamber were fixed with 4% paraformaldehyde 
and stained with 0.025% crystal violet, and images were captured 
under a microscope.

2.5 | RNA isolation and real- time (RT) quantitative 
PCR (qPCR)

The mRNA levels of the indicated genes were detected using qPCR. 
The cells were lysed using RNAiso Plus (9108, TaKaRa Biomedical 
Technology [Beijing] Co., Ltd.), and total RNA was isolated in accord-
ance with a standard protocol, followed by reverse transcription in 
accordance with the manufacturer’s instructions (04896866001; 
Roche, Munich, Germany).

2.6 | Western blot analysis

Cells were lysed with SDS sample buffer (62.5 mM Tris- HCl, pH 6.8, 
2% SDS, and 10% glycerol) at 95°C for 10 min. Protein concentra-
tion was determined using a BCA protein assay kit (Thermo Fisher 
Scientific, Inc). Proteins (20- 40 μg) were separated using 8- 12% SDS- 
PAGE and transferred to PVDF membranes (IPVH00010; Millipore, 
Billerica, MA, USA). The membranes were incubated with primary 
antibodies overnight at 4°C and then with HRP- conjugated second-
ary antibodies at room temperature for 1 h before visualization in 
the ChemiDoc™ MP Imaging System (Bio- Rad, Hercules, CA, USA).

2.7 | Coimmunoprecipitation

HEK293T cells were lysed in NP- 40 lysis buffer (20 mM Tris- HCl pH 
7.4, 150 mM NaCl, and 1% NP- 40) supplemented with a proteinase 
inhibitor cocktail (Roche). Cell lysates were collected and subjected 
to immunoprecipitation with 2 µg of the indicated antibody at 4°C 
overnight and then protein A/G magnetic beads were added to the 
lysates (Thermo Fisher Scientific, Inc) at 4°C for 3 h. The immunopre-
cipitated proteins were separated using SDS- PAGE and visualized in 
the ChemiDoc™ MP Imaging System (Bio- Rad, Hercules, CA, USA).

2.8 | Luciferase assay

HEK293T cells were seeded into 24- well plates and transfected 
with the indicated plasmids. The reporter plasmid (200 ng/well), 
pRL- CMV (2 ng/well) and gene expression plasmid were included in 
each transfection. After 36 h, reporter assays were performed with 
a dual- specific luciferase assay kit (Promega).

2.9 | Immunofluorescence

The cells were cultured in 24- well plates with coverslips and fixed 
with 4% paraformaldehyde for 15 min. Then, the cells were permea-
bilized with 0.1% Triton X- 100 in PBS, washed with PBS, blocked with 
5% bovine serum albumin in PBS for 30 min, and incubated with pri-
mary antibody overnight at 4°C. The next day, the cells were washed 
3 times, incubated with secondary antibody for 30 min, and stained 
with DAPI. Coverslips were mounted onto glass slides with anti- fade 
solution. Finally, the slides were observed and digitally photographed 
using an Olympus Laser Scanning Confocal Microscope.

2.10 | KEGG pathway and gene set enrichment 
analysis (GSEA)

The genes involved in biological pathways were annotated using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The 
enrichment analysis tool clusterProfiler was used in this study.



2202  |     ZHANG et Al.

2.11 | Statistical analysis

All experiments (except the xenografts) were performed at least 
3 times. The phenotype studies, mechanism studies, and data 
analysis were performed by different investigators. Statistical 
analyses were conducted using GraphPad Prism software. Data 
are expressed as the mean ± SEM. The statistical significance of 
differences between 2 groups was evaluated using an unpaired 
two- tailed Student t test, and differences among more than 2 
groups were analyzed by one- way analysis of variance (ANOVA) 
with the Bonferroni post hoc test for homogeneity of variance or 
with Tamhane’s T2 analysis for data heteroscedasticity. The sample 
size in the animal/cell experiments in this study was fixed in a pro-
spective manner; no statistical method was used to predetermine 
the sample size, which was determined from previous studies from 

our group and others. P < .05 was considered to show statistical 
significance.

3  | RESULTS

3.1 | OTUB1 is overexpressed in bladder cancer

Several studies have indicated OTUB1 overexpression in certain 
types of cancer. The interactive web server GEPIA was used to anal-
ysis OTUB1 expression in bladder cancer, and RNA- seq expression 
data in the TCGA and GTEx databases were examined. As shown in 
Figure 1A, OTUB1 expression was higher in tumor tissue compared 
with in normal tissue. We also evaluated the superficial bladder can-
cer and infiltrating bladder urothelial carcinoma data in Oncomine 

F I G U R E  1   OTUB1 expression in bladder cancer. A, OTUB1 expression in bladder urothelial carcinoma tissues compared with normal 
tissues on the GEPIA website. B, OTUB1 expression in bladder urothelial carcinoma, superficial bladder cancer, and infiltrating bladder 
urothelial carcinoma tissues compared with normal tissues on the Oncomine website. C, GEPIA survival analysis of overall survival for 
114 bladder cancer samples and OTUB1 expression. The high OTUB1 group showed significantly lower survival rates (P = 0.039). D, 
Immunohistochemical staining of OTUB1 on tissue microarrays containing ovarian cancer and normal tissues. E, Tissue microarray data 
analysis of OTUB1 expression in tumor (n = 70) and adjacent normal (n = 10) tissues from 70 patients with bladder cancer (P<.01). Data are 
presented as the mean ± SEM. Statistical significance was analyzed by ANOVA or Student t test. *P < .05, **P < .01, ****P < .0001
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and obtained results similar to those of our analysis and consistent 
with those in the GEPIA dataset, indicating that OTUB1 is upregu-
lated in bladder cancer (Figure 1B). To evaluate whether OTUB1 ex-
pression is associated with a poor prognosis, we performed survival 
analysis of overall survival using the web server GEPIA. The results 
showed that bladder cancer patients with high OTUB1 expression 
had poorer survival compared with those with low OTUB1 expres-
sion (Figure 1C). To verify OTUB1 expression in bladder cancer, 
we examined OTUB1 protein levels in bladder cancer tissues and 
adjacent bladder tissues from patients using immunohistochemis-
try (IHC); this analysis revealed that OTUB1 was highly expressed 
in bladder cancer compared with normal tissue (Figure 1D, E). The 
results show that OTUB1 is closely associated with bladder cancer 
progression.

3.2 | Overexpression of OTUB1 promotes cell 
proliferation and migration

To examine the function of OTUB1 in bladder cancer cells, EJ 
cells were transfected with a FLAG- OTUB1 (WT OTUB1) plas-
mid or FLAG- OTUB1 C91S (catalytic- inactive mutant) plasmid and 
OTUB1 expression was detected using western blotting (Figure 2A). 
Functional colony formation, cell growth, soft agar, and Transwell 

assays were performed to assess the effects of OTUB1 on cell pro-
liferation, viability, and migration. Colony formation, cell growth, and 
soft agar assays demonstrated that exogenous expression of OTUB1 
potently increased colony number and cell proliferation, but not the 
OTUB1 C91S (Figure 2B- D). Transwell assays showed that stable 
OTUB1 overexpression, but not the OTUB1 C91S, notable increased 
the number of migrating EJ cells (Figure 2E). The same results were 
also confirmed in T24 cells transfected with FLAG- OTUB1 (Figure 
S1). These results suggest that OTUB1 overexpression, but not the 
OTUB1 C91S, promotes bladder cancer cell viability, proliferation, 
and migration.

3.3 | OTUB1 deficiency represses cell 
proliferation and migration

To further verify the function of OTUB1 in bladder cancer tumo-
rigenesis, we generated OTUB1- knockout cell lines by the CRISPR 
technique in T24 cells. Western blotting analysis was used to exam-
ine OTUB1 expression in the knockout cell lines (Figure 3A). Next, 
colony formation and soft agar assays were used to assess cell vi-
ability and tumorigenicity. The results showed that WT T24 cells had 
a strong ability to form colonies, whereas OTUB1- deficient T24 cells 
formed significantly fewer colonies (Figure 3B). Subsequently, we 

F I G U R E  2   OTUB1 overexpression promotes bladder cancer cell proliferation, viability, and migration. A, EJ cells were transfected 
with FLAG- OTUB or FLAG- OTUB1 C91S, and protein levels were detected by western blot. GAPDH served as a control. B, EJ cells were 
transfected with OTUB1 or FLAG- OTUB1 C91S as indicated, and wild- type EJ cells served as control. Colony formation assays were 
performed to detect cell viability. The colonies were stained with crystal violet and photographed. The number of colonies was counted 
and plotted (n = 3). C, EJ cells were transfected with FLAG- OTUB or FLAG- OTUB1 C91S as indicated, and wild- type EJ cells served as 
control. Soft agar colony formation assays were performed to evaluate the anchorage- independent growth of cells overexpressing OTUB1. 
The colonies were imaged (left, ×20 magnification) and counted, and the results were plotted (right, n = 3). D, EJ cells were transfected 
with FLAG- OTUB or FLAG- OTUB1 C91S as indicated, and wild- type EJ cells served as control. and CCK- 8 assays were used to analyze 
cell proliferation (n = 6). E, EJ cells were transfected with FLAG- OTUB or FLAG- OTUB1 C91S as indicated, and wild- type EJ cells served 
as control. Transwell experiments were used to evaluate the effects of OTUB1 overexpression on cell migration. The cells were imaged 
(left, ×20 magnification) and counted, and the results were plotted (right, n = 3). Data (mean ± SEM) are representative of 3 independent 
experiments. Statistical significance was analyzed by ANOVA or Student t test. *P <.05 , **P, ***P < .001
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performed soft agar colony formation assays to determine whether 
OTUB1 deficiency influences the anchorage- independent growth 
of T24 cells. The results showed that OTUB1 ablation notably de-
creased colony number (Figure 3C). We also examined the effects of 
OTUB1 on cell proliferation using CCK- 8 assays and found that the 
proliferation of OTUB1- deficient T24 cells was inhibited compared 
with that of the parental cells (Figure 3D). Finally, Transwell assays 
showed that OTUB1 deficiency inhibited the migration of T24 cells 
(Figure 3E). In summary, genetic OTUB1 deficiency led to reduced 
proliferation, viability, and migration of T24 cells.

3.4 | OTUB1 deficiency leads to 
downregulation of the ATF6 pathway

To investigate the molecular mechanism of OTUB1 in bladder can-
cer, we performed RNA- seq analysis using OTUB1- deficient and 
WT T24 cells. KEGG pathway enrichment analysis was conducted 
to identify changes in signaling pathways (Figure 4A). The results 
revealed that multiple signaling pathways involving numerous 
biological processes were affected in OTUB1- deficient cells. We 
also performed luciferase pathway screening using cancer- related 

reporters in the HEK293T cell line to identify the underlying 
pathway. The results showed that OTUB1 expression noticeably 
activated the ATF6 luciferase reporter compared with the other 
pathway reporters (Figure 4B). Considering these findings, we be-
lieve that OTUB1 is important in ATF6- regulated protein folding, 
sorting, and degradation. Therefore, heatmap assays were per-
formed to verify whether genes downstream of ATF6 are regulated 
in OTUB1- deficient T24 cells, and the results showed that most 
genes were downregulated in these cells (Figure 4C). Subsequently, 
GSEA was conducted to detect enrichment of the ATF6 signal-
ing pathway between the WT and OTUB1- deficient groups. As 
expected, the ATF6 signaling pathway was enriched in the WT 
group but not the OTUB1- deficient group (Figure 4D). ATF6 tran-
scriptional activity was activated by OTUB1 in a dose- dependent 
manner (Figure 4E). Once activated, the transcription factor ATF6 
enters the nucleus and regulates the expression of downstream 
genes. We examined the expression of downstream target genes 
of ATF6, including HEDJ, PERK and PDIA4, in OTUB1- deficient T24 
cells. Compared with parental cells, OTUB1- deficient T24 cells had 
decreased mRNA levels of these ATF6 target genes. The above re-
sults show that OTUB1 influences bladder cancer cell behavior by 
regulating ATF6- associated pathway activity.

F I G U R E  3   Genetic depletion of OTUB1 inhibits T24 cell proliferation, viability, and migration. A, OTUB1 protein levels in WT and 
OTUB1- deficient T24 cells were detected by western blotting with GAPDH as a loading control. B, Colony formation assays showed the 
viability of OTUB1- deficient T24 bladder cancer cells. Colonies were stained with crystal violet and subsequently imaged (left). The number 
of colonies was counted and plotted (right, n = 3). C, Cell proliferation was analyzed by CCK- 8 assays daily for 7 d (n = 6). D, Soft agar 
colony formation assays were performed to assess the anchorage- independent growth of OTUB1- deficient T24 bladder cancer cells. The 
cell colonies were imaged (left, ×20 magnification) and counted, and the results were plotted (right, n = 3). E, Transwell experiments were 
used to evaluate the effects of OTUB1 deficiency on T24 bladder cancer cell migration. The cells were imaged (left, ×20 magnification) 
and counted, and the results were plotted (right, n = 3). Data (mean ± SEM) are representative of 3 independent experiments. Statistical 
significance was analyzed by ANOVA or Student t test
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F I G U R E  4   ATF6 pathway is downregulated in OTUB1- deficient cells. A, KEGG pathway enrichment analysis on the basis of most 
significantly differentially expressed genes between the WT and OTUB1- deficient groups (P < .05 using Fisher exact test). B, Luciferase 
pathway screening revealed that OTUB1 significantly promoted ATF6 activation in HEK293T cells (n = 3). C, Heatmap of differentially 
expressed genes in WT and OTUB1- deficient T24 bladder cancer cells: red, upregulated; green, downregulated. D, GSEA of ATF6 target 
genes in the WT and OTUB1- deficient groups. E, Luciferase assays showing ATF6 activity in HEK293T cells transfected with increasing 
amounts of the OTUB1 expression plasmid (n = 3). F, The transcription of endogenous genes downstream of ATF6 was decreased in 
OTUB1- deficient T24 cells, as examined by RT- qPCR (n = 3). Data (mean ± SEM) are representative of 3 independent experiments. Statistical 
significance was analyzed by ANOVA or Student t test. **P < .01, ***P < .001, ****P < .0001
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3.5 | OTUB1 interacts with and stabilizes ATF6

We next investigated the relationship between OTUB1 and ATF6, 
and confocal laser scanning microscopy showed that OTUB1 and 
ATF6 colocalize in the cytoplasm when overexpressed exogenous 
plasmids in HEK293T cells (Figure 5A). We performed coimmuno-
precipitation experiments to explore the possibility that OTUB1 and 
ATF6 directly interact. As shown in Figure 5B, endogenous interac-
tions between OTUB1 and ATF6 were confirmed in T24 cells.

Given that OTUB1 is a deubiquitinating enzyme, we investigated 
whether OTUB1 affects ATF6 stability. We first cotransfected T24 
cells with FLAG- OTUB1 and HA- ATF6 and detected ATF6 protein 
levels using western blotting. Figure 5C shows that FLAG- ATF6 pro-
tein levels were raised when OTUB1 was overexpressed, and this in-
crease occurred in a dose- dependent manner (Figure 5C). To assess 
whether OTUB1 deficiency affects ATF6 protein levels, we deter-
mined ATF6 expression in the OTUB1- deficient cell line; the results 
showed that OTUB1 deficiency reduced ATF6 levels (Figure 5D). 
To further confirm the effect of OTUB1 on ATF6 stability, we per-
formed cycloheximide (CHX) chase assays to verify the time course 
of ATF6 degradation. The half- life of ATF6 increased on transfection 
of the OTUB1 plasmid compared with an empty vector (Figure 5E). To 
clarify whether the deubiquitin activity of OTUB1 is caused the sta-
bilization of ATF6, we determined the half- life of ATF6 when OTUB1 
C91S was overexpressed. The results showed that the half- life of 
ATF6 was not increased by OTUB1 C91S compared with the control 
(Figure 5F). Consistent with these results, the half- life of ATF6 was sig-
nificantly reduced in OTUB1- deficient cells (Figure 5G). The ubiquitin- 
proteasome pathway is the main protein degradation pathway, so we 
next investigated whether OTUB1 can reduce the ubiquitination of 
ATF6. The results showed that the levels of ubiquitinated ATF6 were 
markedly reduced by OTUB1 compared with the control. However, 
OTUB1 C91S abolished this reduction compared with the WT OTUB1 
(Figure 5H). Taken together, these results show that OTUB1 interacts 
with ATF6 and regulates its stability by inhibiting ubiquitination.

3.6 | OTUB1 deficiency represses tumor formation 
in vivo

To further verify whether OTUB1 influences tumorigenesis in vivo, 
we injected WT and OTUB1- deficient T24 cells into the flank of nude 

mice. As shown in Figure 6A, in contrast with those injected with 
WT T24 cells, mice injected with OTUB1- deficient T24 cells showed 
no tumor formation. Accordingly, there was a noticeable difference 
in tumor weight between the knockout and WT groups (Figure 6B, 
D). Tumor volume was monitored throughout the experimental pe-
riod, and the growth of the tumors from OTUB1- deficient T24 cells 
was found to be significantly attenuated (Figure 6C). These findings 
show that OTUB1 potentially promotes bladder cancer growth in 
vivo.

4  | DISCUSSION

The ER is an essential organelle for protein folding and quality 
control. Only properly folded proteins are transported to their 
intended destination from the ER; misfolded proteins are traf-
ficked to the cytosol for ubiquitination and degradation. Excessive 
amounts of misfolded or unfolded proteins cause ER stress, 
which activates the UPR. It has been well documented that both 
ER stress and UPR activation are involved in the development of 
various cancers27. ATF6 is an important ER stress sensor, but the 
regulation of ATF6 by post translation modification is not well 
understood. Ubiquitin ligases and DUBs add or remove ubiquitin, 
respectively, from intracellular proteins to regulate their stability 
and degradation. We analyzed numerous DUBs using the TCGA 
dataset and found that OTUB1 expression was highly upregulated 
in bladder cancer patient tumor tissue. An analysis of Oncomine 
datasets yielded the same conclusion. From survival curve analy-
sis, we found that patients with high OTUB1 expression survived 
longer compared with those with low expression. To verify our 
findings, we examined OTUB1 expression by IHC in bladder can-
cer tissue and, as expected, found OTUB1 to be upregulated in 
cancer tissue compared with control tissue. To examine whether 
OTUB1 influences bladder cancer progression, we analyzed the 
phenotypes of OTUB1- overexpressing and OTUB1- deficient blad-
der cancer cells in vitro. The results demonstrated that OUTB1 
promotes cell viability and growth, with a particularly strong ef-
fect on cell proliferation.

OTUB1 regulates many cancer- associated signaling pathways, 
including the MAPK, epithelial- mesenchymal transition (EMT)28,29, 
mTORC130 and P53 pathways, to promote tumor cell survival, pro-
liferation, and invasion. Clinical studies have reported that high 

F I G U R E  5   OTUB1 interacts with ATF6 and promotes ATF6 stability. A, Immunofluorescence images of OTUB1 (red) and ATF6 (green) in 
HEK293T cells. DAPI was used as a nuclear stain (blue). B, Immunoprecipitation experiments showed the endogenous interaction between 
OTUB1 and ATF6 in T24 cells. C, Cells were transfected with increasing amounts of HA- OTUB1 (0, 200, 400, or 600 ng) and FLAG- ATF6, 
and western blotting was performed to determine the effect of OTUB1 protein levels on ATF6 expression in HEK293T cells. D, Western 
blot analysis of ATF6 expression in OTUB1- deficient T24 cells. E, Cells were transfected with FLAG- ATF6 with or without HA- OTUB1 as 
indicated. Western blot analysis of ATF6 stability after treatment with CHX (50 μg/mL) for the indicated time. GAPDH served as a control. 
The results were plotted (right). F, Cells were transfected with FLAG- ATF6 with or without HA- OTUB1 C91S as indicated. Western blot 
analysis of ATF6 stability after treatment with CHX (50 μg/mL) for the indicated time. GAPDH served as a control. The results were plotted 
(right). G, Western blot analysis of ATF6 stability in OTUB1- deficient cells after treatment with CHX (50 μg/mL) for the indicated time. 
GAPDH served as a control. H, Cells were cotransfected with FLAG- ATF6 and Myc- Ub with or without HA- OTUB1 or HA- OTUB1 C91S, 
treated with MG132 (10 μM) for 6 h and then subjected to ubiquitination assays. Data are representative of 3 independent experiments. 
Statistical significance was analyzed by ANOVA or Student t test. ***<.0001
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OTUB1 expression is associated with several types of cancer, in-
cluding glioma and colon, gastric, ovarian, breast, and lung can-
cer31. To determine the mechanism of OTUB1 in bladder cancer, 
we performed RNA- seq and luciferase screening and found notable 
changes in signaling pathways related to protein folding, sorting, and 
degradation in response to changes in OTUB1 biological function. 
Heatmaps and GSEA confirmed that most genes were downregu-
lated in OTUB1- deficient cells. The ATF6 pathway was obviously 
activated in OTUB1- overexpressing cells, and the transcription of 
downstream genes was decreased in OTUB1- deficient cells. We ver-
ified the association between OTUB1 and ATF6. Full- length ATF6 is 
a membrane- localized protein, and we detected ATF6 and OTUB1 
colocalization in the cytoplasm. We detected that overexpression 
of OTUB1 stabilizes ATF6 protein levels. D88, C91, and H265 are 
the catalytic residues in OTUB132, and OTUB1 specifically cleaves 
K48- linked polyubiquitin chains. To verify whether these catalytic 
residues are related to ATF6 deubiquitination, we constructed the 
catalytic- inactive C91S mutant plasmid and performed cyclohex-
imide (CHX) chase assays and deubiquitination assay. The results 
suggest that OTUB1, as a DUB, stabilizes ATF6 protein levels by in-
hibiting its ubiquitination.

Finally, the in vivo xenograft mouse study results demonstrated 
that OTUB1 deficiency inhibits tumorigenesis. We generated xeno-
graft mouse models with OTUB1- deficient T24 cells, however these 
cells did not form tumors, indicating that OTUB1 plays an important 
role in bladder cancer development.

In conclusion, our experimental research results showed that 
OTUB1 is associated with bladder cancer and has a particular effect 
on cell proliferation. OTUB1 plays a pivotal oncogenic role through 
deubiquitination of ATF6. Our findings give new insight into the role 
of OTUB1 in the UPR pathway in bladder cancer, and OTUB1 is a 
potential target for the treatment of bladder cancer.
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