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Background: Prostate cancer (PCa) is currently the most common cancer amongmales

worldwide. It has been reported that OTUB1 plays a critical role in a variety of tumors

and is strongly related to tumor proliferation, migration, and clinical prognosis. The aim

of this research is to investigate the regulatory effect of OTUB1 on PCa proliferation and

the underlying mechanism.

Methods: Using the TCGA database, we identified that OTUB1 was up-regulated

in PCa, and observed severe functional changes in PC3 and C4-2 cells through

overexpression or knock down OTUB1. Heterotopic tumors were implanted

subcutaneously in nude mice and IHC staining was performed on tumor tissues.

The relationship between OTUB1 and cyclin E1 was identified via Western blotting and

immunoprecipitations assays.

Results: We found that the expression of OTUB1 in PCa was significantly higher than

that in Benign Prostatic Hyperplasia (BPH). Overexpression OTUB1 obviously promoted

the proliferation and migration of PC3 and C4-2 cells via mediating the deubiquitinated

Cyclin E1, while OTUB1 knockout has the opposite effect. The nude mice experiment

further explained the above conclusions. We finally determined that OTUB1 promotes

the proliferation and progression of PCa via deubiquitinating and stabling Cyclin E1.

Conclusions: Our findings reveal the critical role of OTUB1 in PCa, and OTUB1

promotes the proliferation and progression of PCa via deubiquitinating and stabilizing

Cyclin E1. Blocking OTUB1/Cyclin E1 axis or applying RO-3306 could significantly

repress the occurrence and development of PCa. OTUB1/Cyclin E1 axis might provide

a new and potential therapeutic target for PCa.
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INTRODUCTION

Prostate cancer (PCa) is the most common malignant tumor in
the United States. The prevalence of PCa approximately accounts
for 20% of all types of cancers. In 2019, there were 174,650
new cases and 31,620 deaths from PCa (Siegel et al., 2019). If
detected early and treated aggressively, the 5-year survival rate of
PCa will almost reach 100%. However, many patients with PCa
are diagnosed in the late stage, and their survival rate declines
drastically because PCa has no obvious symptoms except urinary
tract infection (Nguyen-Nielsen and Borre, 2016). Due to the
irreplaceable role of androgen receptor (AR) in the development
of PCa, the most important and standard treatment is androgen
deprivation therapy (ADT) (Murillo-Garzón and Kypta, 2017;
Bastos and Antonarakis, 2018). ADT mainly includes drug
castration and surgical castration, but most patients eventually
develop to castration-resistant prostate cancer (CRPC), even
metastasis castration resistant prostate cancer (mCRPC), without
effective treatment (Gasnier and Parvizi, 2017; Hossain et al.,
2018). CRPC and mCRPC still are the most difficult problems
during the diagnosis and treatment of prostate cancer. In
recent years, with the development of urology, chemotherapy,
radiotherapy, target therapy, and immunotherapy have emerged,
and the overall survival rate has been prominently improved
(Sebesta andAnderson, 2017; Altwaijry et al., 2018; Komura et al.,
2018). At present, there is still a lack of effective and sensitive
drugs for prostate cancer, especially the urgent demand for new
drugs to treat CRPC (Smolle et al., 2017).

Ubiquitination is a vital pathway for protein degradation
and conducts a crucial regulatory factor in many cellular
signal pathways (Popovic et al., 2014). As a member of the
deproteinized cysteine protease subfamily of the ovarian tumor
domain (OTU) (Sivakumar et al., 2020), OTUB1 could stabilize
the expression level of target protein and maintain its function
by inhibiting ubiquitination degradation (Wiener et al., 2012).
Many researchers have demonstrated that OTUB1 regulates
lots of important cellular processes, such as DNA-reparation,
cell signaling transduction, proliferation, and apoptosis (Nakada
et al., 2010; Liu et al., 2019). Furthermore, OTUB1 plays an
increasingly important and irreplaceable role in the field of
cancer. For example, OTUB1 is found to be up-regulated in
colorectal cancer (Zhou et al., 2014), gastric adenocarcinoma
(Weng et al., 2016), esophageal cancer (Sun et al., 2020),
ovarian cancer (Wang et al., 2016), human glioma (Xu et al.,
2017), and hepatocellular carcinoma (Ni et al., 2017), which
could promote tumor invasion and predict a poor prognosis.
OTUB1 promotes tumor progression in two ways: to stabilize the
expression of oncogenic genes by inhibiting the ubiquitination
of target protein, and the other mode does not depend on
the deproteinization manner (Saldana et al., 2019) but directly
interacts with E2 ubiquitin ligase. These results imply that

Abbreviations: OTUB1, ovarian tumor domain deubiquitination 1; PCa,

prostate cancer; CCNE1, Cyclin E1; AR, Androgen receptor; BPH, Benign

prostate hyperplasia; IP, Immunoprecipitation; UB, Ubiquitination; DUB,

Deubiquitination; ADT, androgen deprivation therapy; CRPC, castration-resistant

prostate cancer; mCRPC, metastasis castration resistant prostate cancer.

OTUB1 might provide a tumor associated biomarker and
candidate target for PCa treatment. Currently, the relationship
between OTUB1 and PCa has been preliminarily researched.
Previous research verified that OTUB1 promotes prostate cancer
invasion in vitro and aggravates tumorigenesis in vivo via
regulating RhoA activity and p53 expression (Iglesias-Gato et al.,
2015). The cyclin/Cdk complexes involved in cell cycle are
the primary regulators during the various stages of mitosis,
which could influence the conversion within different cell phases
through the phosphorylation of cell phase-specific substrate
proteins (Malumbres and Barbacid, 2009; Wei et al., 2020).
Cyclin E1 is known to be a conserved protein and its essential
function is to promote G1/S conversion. In previous studies,
Cyclin E1/Cdk2 axis has been associated with the proliferation
of various cancers in previous studies (Geng et al., 2003; Masaki
et al., 2003). The anticancer effect of Cyclin E1/Cdk2 complexes
has been extensively concerned in a variety of tumors, including
ovarian cancer (Kanska et al., 2016), liver cancer (Bisteau et al.,
2014; Ehedego et al., 2018), and so on (Fang et al., 2016).

In this study, we focus on the characteristics of OTUB1
involved in the process of cell cycle, and we investigate the
specific mechanism of OTUB1 promoting tumor progression.
Further experiments were performed to explore the possibility
OTUB1 serves as a potential therapeutic target and diagnostic
biomarker for PCa.

METHODS

Clinical Samples
Clinical tissue samples were acquired from patients undergoing
transurethral resection of the prostate in the Second Affiliated
Hospital of Tianjin Medical University (Tianjin, China) and
examined by a professional pathologist in order to obtainGleason
grade. This study was approved by the Ethics Committee of
the Tianjin Medical University and strictly complied with the
Helsinki Declaration of Human Rights.

Prostate Cancer Cell Lines
Human prostate cancer cell lines (PC3 and C4-2) were obtained
from ATCC cell bank. The cells were cultured with RPMI 1640
medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin in a humidified environment containing
5% CO2 at 37◦C.

Cell Transfection and Inhibitor
A total of 6× 105 PC3 and C4-2 cells were seeded in 6-well plates.
After 24 h, the cells were transfected with 2 µg plasmid or 100-
nM siRNA with LipofectamineTM 2000 (Invitrogen) according
to the manufacturer’s protocol. The FLAG-OTUB1 plasmid and
pcDNA3.1-OTUB1C91S plasmid was transfected into PC3 cell
and C42 cell. The knockdown of OTUB1 and Cyclin E1 was
generated by transient transfecting with RNA (OTUB1 siRNA
and Cyclin E1 siRNA). After 48 h, the cells were collected for
western blotting, MTT, transwell, and migration assays. The
relative siRNA primers are showed in Supplementary Table 1.
The cell cycle inhibitor RO-3306 was purchased from MCE,
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and different doses of RO-3306 were added into the 6-well
plate respectively.

Immunoprecipitation and Western Blot
Analysis
Total protein was extracted from PC3, C4-2 cell lines, and
tumor tissues using RIPA (Biosharp) and PMSF, and the BCA
kit was used to determine the protein concentration. In the
10% acrylamide gels, an equal amount of protein sample (40
µg per channel) was separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to the poly vinylidine
difluoride (PVDF) membrane (Millipore, Billerica, MA). The
membrane was blocked in 5% fat-free milk and incubated
overnight with the following primary antibodies: rabbit anti-
OTUB1 (1:1,000 dilution; affinity), rabbit anti-GAPDH (1:1,000
dilution; Abcam), mouse anti-β-actin (1:1,000 dilution; CST),
rabbit anti-Cyclin E1 (1:1,000 dilution; CST), and rabbit anti-
FLAG (1:1,000 dilution; SIGMA) at 4◦C. Then, the PVDF
membrane were washed and incubated with anti-rabbit or anti-
mouse IgG for 1 h at room temperature. The immunoreactive
bands were detected by chemiluminescence methods and
visualized using Luminescent Imaging Workstation, and
the relative intensity was measured and analyzed using
ImageJ software.

Immunohistochemical Staining
The clinical tissue samples were collected from prostate surgery
and the tumors of null mice were collected and preserved in
formalin. The specimens were frozen, embedded in paraffin,
and cut into 5µm sections. The tissue sections were roasted at
65◦C for 45min, next de-waxed in xylene and rehydrated in
graded alcohol. Citric acid buffer solution (pH adjusted to 6.0)
was used for antigen recovery, under high fire for 5min and
middle-low fire for 10min in turn. Endogenous peroxidase was
blocked in 0.3% hydrogen peroxide and 1.5% horse serum for
10min. Then the tissue sections were incubated with primary
antibody (anti-OTUB1, 1:100 from affinity; anti-Cyclin E1 1:100
from affinity; Ki67 1:100 from Abcam) overnight at 4◦C. After
using rabbit/mouse universal secondary antibody IgG (1 h),
the secondary antibody was detected with the Ultraview DAB
detection kit (Zhongshan Co, China). The nuclei were stained
with hematoxylin, then dehydrated and transparent, and the
slides were sealed with neutral glue. The expression levels
of OTUB1, ki-67, and Cyclin E1 were observed under Zeiss
microscope (×200).

Wound Healing Assay
PC3 and C4-2 cells were seeded on 6-well plate and grew to the
pavement overnight. After 24 hours of transfection, a channel
was drawn on the monolayer cells with 10 µL micropipette
tip. Then PC3 and C4-2 cells were washed with PBS twice and
cultured in 10% FBS 1640 at 5% CO2, 37

◦C for an additional
24 h. Photographs were taken by an inverted Leica phase contrast
microscope at 0 h and 24 h.

Clone Formation Assay
PC3 and C4-2 cells were digested and 2.0 × 103 cells in
each group were seeded into 6-well plate. After 24 h, OTUB1
siRNA, Cyclin E1 siRNA, negative control siRNA, OTUB1-
overexpression, and otub1 c91s were transfected, respectively.
The cells were cultured for 1 week. After washing with phosphate-
buffered saline (PBS) buffer twice, 4% paraformaldehyde was
used to fixate for 20min. Then, an appropriate amount of crystal
violet solution was added and stained for 30min. After washing
with PBS again and air drying, the software Image J was used for
clones counting.

MTT Assay
After 48 h of transfection, 2.0 × 103 cells per well were seeded
into 96-well plates and cultured at 37◦C for 24 h, 48 h, 72 h, and
96 h. Then 30 uL MTT solution was added into each well at
the indicated time, and cells were cultured for another 2 h at
37◦C. Subsequently, the MTT solution was removed and 150
uL dimethyl sulfoxide (DMSO) was added into each well to
dissolve formazan crystals. The absorbance was measured with
a microplate reader at 490 nm.

Transwell Migration Assay
PC3 and C4-2 cells were transfected with OTUB1-siRNA
or negative-control siRNA and pcDNA3.1-OTUB1 plasmid
respectively, which were suspended in 1,640 containing 10% FBS,
and 2 × 104 cells were added to the top chamber of 24-well
transwell plates (Corning, 8m pore size), and 1,640 containing
10% FBS was added to the bottom chamber. After incubating at
37◦C for 48 h, the chambers were washed with PBS twice, and
these cells which migrated to the bottom chambers were fixed
with paraformaldehyde and stained with crystal violet. Then the
number of transitional cells in all chambers was calculated in the
5 visual fields.

Animal Studies
Five-week-old male Babl/c mice (HFK Bio-Technology Co. Ltd,
Beijing) were injected subcutaneously with 2× 106 PC3 cells with
control, otub1, and otub1-c91s groups suspended in 0.1mL of
Matrigel (BD Biosciences) and 1,640. These cells were implanted
subcutaneously into the dorsal flank on both sides of the mice.
Once the diameter of tumors reached nearly 2mm, the volume
of tumor was measured daily for 10 days. These mice with
overexpression otub1 were divided into two groups: one group
was used as control group, and another were treated with RO-
3306 4 mg/kg every 2 days via oral feeding. Tumor volume was
recorded by digital caliper and the volume was estimated the
formula 0.52∗L∗W2 (L = the length of tumor and W = the
maximum width). At the 10th day, these mice were killed and
tumors were extracted and measured. The tumors were fixated
with paraformaldehyde, then immunohistochemistry staining
was performed for OTUB1, Ki 67, and Cyclin E1. All procedures
involving mice were approved by the University Committee on
Use and Care of Animals at the Tianjin Medical University and
met all regulatory standards.
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FIGURE 1 | OTUB1 is up-regulated in prostate cancer. (A) The volcanic map depicting the dysfunctional genes in prostate cancer. (B) According to TCGA, OTUB1 is

up-regulated in prostate cancer. (C) IHC staining showed that the expression of OTUB1 was up-regulated in human prostate cancer. (D) IHC staining showed that the

expression of Ki-67 was up-regulated in human prostate cancer. (E) IHC of OTUB1 (X2 = 16.56; P = 0.0024) and Ki-67 (X2 = 20.2; P = 0.0005) was statistically

analyzed according to the expression intensity. *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS

OTUB1 is Up-regulated in Prostate Cancer
We filtered all dysregulated genes in prostate cancer profiles
from TCGA database, identified 3,480 up-regulated genes and
2,592 down-regulated genes, and the results were presented in
the volcano map (Figure 1A). Of the up-regulated genes, we
observed that the expression of OTUB1 in PCa was higher
than para-carcinoma tissue (Figure 1B). To further identify the
deubiquitinating enzymes OTUB1 driving the prostate cancer
progression, we conducted subsequent experiments and assays.
In order to identify whether clinical data was consistent with
the database, we collected clinical prostate cancer tissue and
immunohistochemical staining was performed with OTUB1
(Figure 1C) and ki-67 antibody (Figure 1D). A Chi-square test
was performed, and the results demonstrated that the expression
of OTUB1 in PCa groups was higher than that in BPH group (X2

= 16.56; P= 0.0024), and the results of ki-67 were consistent with
OTUB1 (X2

= 20.2; P = 0.0005). The detailed statistical results
showed that the positive ratios of OTUB1 and Ki67 in ADPC and
CRPC groups were higher than BPH group (Figure 1E).

OTUB1 Promotes Proliferation and
Invasion of PCa Cell
We transfected PC3 and C42 cells with OTUB1 overexpression

and otub1 c91s, and the expression level of OTUB1 was detected
by Western blotting. The results showed that, compared with
the control group, the expression level of OTUB1 transfected
with otub1-c91s group (cells introduced by the mutated OTUB1

fragment) was not significantly changed, but the expression
level of OTUB1 transfected with OTUB1 overexpression was

significantly increased (Figure 2A). The gray value of OTUB1

was detected by Image analysis software Image J (Figure 2A).
For further explanation, we transfected PC3 and C4-2 cells with
OTUB1 siRNA, and the expression level of OTUB1was decreased
distinctly compared with the control group (Figure 2B). Recent
studies have shown that OTUB1 is highly expressed in invasive
tumor cells and plays an important role in its proliferation
and invasion (Zhou et al., 2014, 2019, 2020; Weng et al., 2016;
Yuan et al., 2017; Sun et al., 2020). The results showed that
the migration and invasion ability of PC3 and C4-2 cells was
significantly enhanced in increased OTUB1 group compared
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FIGURE 2 | OTUB1 promotes the proliferation and invasion of PCa cells. (A,B) Western blotting detecting the expression of OTUB1 in C4-2 and PC3 cells transfected

with overexpression OTUB1, otub1 c91s, and OTUB1 siRNA. (C) Transwell assay in PC3 cell transfected with overexpression OTUB1 and otub1 c91s. (D) Transwell

assay in PC3 cell transfected with OTUB1 siRNA. (E) Transwell assay in C4-2 cell transfected with OTUB1 overexpression and otub1 c91s. (F) Transwell assay in

C4-2 cell transfected with OTUB1 siRNA. (G,H) Wound healing assay in PC3 and C4-2 cells transfected with OTUB1 overexpression, otub1 c91s, and OTUB1 siRNA.

*P < 0.05; **P < 0.01; ****P < 0.001.

with control group (Figures 2C,E). On the contrary, PC3 and C4-
2 cells transfected with OTUB1 siRNA dramatically attenuated
the migration and invasion ability (Figures 2D,F).

Cell healing assays is one of the methods to determine the
movement characteristics of tumor cells. In order to eliminate
the interference of cell proliferation and observe the migration
ability of tumor cells, the scratch injury was applied to monolayer
cells in vitro. The effect of OTUB1 expression level on the
migration ability of prostate cancer PC3 and C4-2 cells was
observed. The results showed that the migration of OTUB1
overexpression group was significantly improved compared with
the control group (Figure 2G), but there was no significant
difference between the otub1 c91s group and the control group.
The difference was statistically significant (P < 0.01). The similar
results were also found in PC3 and C4-2 cells transfected with
OTUB1 siRNA, the migration ability of PC3 and C4-2 cells
was dramatically attenuated (Figure 2H). The results showed
that OTUB1 expression significantly influenced cells migration
(Figures 2G,H).

Effects of Increased OTUB1 Expression on
PC3 and C4-2 Cells Cycle Distribution
The cell growth curve was drawn, and the proliferation
absorbance of the control group, OTUB1 overexpression, and
otub1 c91s at 24, 48, 72, and 96 h were detected, respectively. The
results showed that the cells with increased OTUB1 expression
had significantly higher growth ability than the control group,
while the proliferation ability of otub1 c91s group had no
significant change compared with the control group (P < 0.01;
Figures 3A,B). In the same way, we transfected PC3 and C4-
2 cells with OTUB1 siRNA and found the opposite results
(Figures 3C,D). The results demonstrated that the expression of
OTUB1 significantly affected the proliferation of PC3 and C4-2
cells (P < 0.01; Figures 3A–D). Clone formation rate is defined
as the rate at which a single cell grows and forms small cell groups
(clones). The cells were inoculated at a low density (2 × 103cells
/chamber). After 7 days of culture, all cells formed obvious
colonies. The colony forming ability of PC3 and C4-2 cells was
significantly enhanced in increased OTUB1 group (P < 0.01;
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FIGURE 3 | Effects of increased OTUB1 expression on the cells cycle distribution of PC3 and C4-2 cells. (A,B) MTT assays in PC3 and C4-2 cells transfected with

otub1 overexpression and otub1 c91s. (C,D) MTT assays in PC3 and C4-2 cells transfected with OTUB1 siRNA. (E,F) Colony formation assays in PC3 and C4-2 cells

transfected with OTUB1 overexpression and otub1 c91s. (G,H) Colony formation assays in PC3 an C4-2 cells transfected with OTUB1 siRNA. (I,J) Effects of

increased otub1 expression on the cell cycle distribution of PC3 (X2 = 12.59; P = 0.0135) and C4-2 (X2 = 15.17; P = 0.0044) cells. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.

Figures 3E,F). Similarly, we transfected PC3 and C4-2 cells with
OTUB1 siRNA and the colony forming ability of PC3 and C4-2
cells was reduced significantly (P < 0.01; Figures 3G,H). Based
on the above results, it could be seen that the expression levels of
OTUB1 influence the ability of colony formation.

Cell cycle refers to the whole process from the end of the last

mitosis to the completion of the next mitosis, including quiescent
phase (G0), early DNA synthesis phase (G1), DNA synthesis

phase (S), late DNA synthesis phase (G2), and division phase
(M). After increasing the expression of OTUB1, the proliferation

ability of prostate cancer cells was significantly enhanced (P <

0.01; Figures 3A–D). Cell cycle test results of PC3 and C4-2
showed that the ratio of G1 phase decreased in increased OTUB1
expression group, while the ratio of G2/M+S phase increased,
the Chi-square test results of PC3 (X2

= 12.59; P = 0.0135) and
C4-2 (X2

= 15.17; P = 0.0044) showed the statistical difference
(Figures 3I,J). In conclusion, these experiments suggested that
OTUB1 might influence the proliferation of PCa cells through
altering the distribution of cell cycle (Figures 3I,J).

OTUB1 Rescues Cyclin E1 From
Proteasomal Degradation
Next, we investigated how OTUB1 promotes the G1 cell cycle
progression, and analyzed a series of OTUB1-related proteins
through gene MANIA online database. Cyclin E1, a cell cycle-
relative regulative key protein, was found to interact with OTUB1
closely (Figure 4A). To explore the relationship between OTUB1
and Cyclin E1, we further observed a consistent result with
OTUB1 that the expression level of Cyclin E1 in ADPC and
CRPC groups were significantly higher than that in BPH group
via IHC assay (Figure 4B). To verify whether the function of
Cyclin E1 is related to OTUB1, we observed that the expression
of Cyclin E1 increased in increased OTUB1 expression group of
PC3 and C4-2 cells (Figure 4C). In addition, we found a similar
experiment result that the protein expression of OTUB1 and
Cyclin E1 deceased obviously in PC3 and C4-2 cell transfected
with OTUB1 siRNA (Figure 4D). The expression level of OTUB1
and Cyclin E1 was found to gradually increase with the gradient
overexpression of OTUB1 in PC3 and C4-2 cells (Figure 4E).
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FIGURE 4 | OTUB1 promotes and regulates the expression of Cyclin E1. (A) The relationship between OTUB1 and Cyclin E1 was analyzed via gene MANIA

database. (B) The protein expression of Cyclin E1 in BPH, ADPC, and CRPC was detected by IHC staining. (C) Western blotting detecting the expression of Cyclin E1

in PC3 and C4-2 cells transfected with otub1 overexpression and otub1 c91s. (D) Western blotting detecting the expression of Cyclin E1 in PC3 and C4-2 cells

transfected with OTUB1 siRNA. (E) Western blotting detecting the expression of Cyclin E1 in PC3 and C4-2 cells transfected with an increasing gradient OTUB1.

It could be inferred that up-regulated OTUB1 could promote
the expression of Cyclin E1 from the above results, and we
had sufficient evidence to predict that Cyclin E1 could interact
with OTUB1.

Further experiments are needed to verify this conclusion.
Thus, we explored how OTUB1 influences the expression of
Cyclin E1. PC3 cell transfected with OTUB1 siRNA were treated
with DMSO or 10uM MG132 (a protease inhibitor) for 8 h,
respectively. The results demonstrated that the expression of
Cyclin E1 was decreased significantly in OTUB1 siRNA group
compared with the control group, and MG132 could partially
preserve the stability, indicating that OTUB1 influenced the
expression of Cyclin E1 in a proteasome dependent manner
(Figure 5A). Above results implied that Cyclin E1 might be
regulated by OTUB1 via a deubiquitinating degradation manner.
To identify this hypothesis, we treated PC3 cells transfected with
OTUB1 siRNA with 10 uM MG132 and 200 uM chloroquine (a
lysosomal enzyme inhibitor) for 8 h.We found thatMG132 could
partially maintain stability of Cyclin E1 in PC3 cell transfected

with OTUB1 siRNA, while chloroquine could not (Figure 5B).
To further explain the above results, PC3 cell transfected with
OTUB1 siRNA were treated with 10 mg/ml cycloheximide
(CHX), a protein synthesis inhibitor in eukaryotic cells, for 0, 4,
8, and 24 h, respectively. The results showed that CHX promoted
the degradation of Cyclin E1 protein, and the decrease rate of
Cyclin E1 was increased significantly in PC3 cell transfected
with OTUB1 siRNA (Figures 5C,D). The results implied that
Cyclin E1 was not a lysosomal enzyme degradation pathway
but ubiquitin dependent degradation. The relationship between
OTUB1 and Cyclin E1 was determined by immunoprecipitation.
The results demonstrated that OTUB1 interacted with Cyclin
E1, and Cyclin E1 was also linked with OTUB1 (Figure 5E).
Another immunoprecipitation assay presented that knocking
down the expression of OTUB1 could strengthen the degree
of ubiquitination of Cyclin E1 (Figure 5F), while increased
OTUB1 expression could weaken the ubiquitination of Cyclin E1
(Figure 5G). Therefore, these results demonstrated that OTUB1
could promote tumor proliferation and progression in prostate
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FIGURE 5 | OTUB1 rescues Cyclin E1 from proteasomal degradation. (A) Western blotting detecting the expression of Cyclin E1 in PC3 cells transfected with OTUB1

siRNA and treated with 10 uM MG132 for 8 h. (B) Western blotting detecting the expression of Cyclin E1 in PC3 cells transfected with OTUB1 siRNA and treated with

CHX and chloroquine for 8 h. (C,D) Western blotting detecting the expression of Cyclin E1 in PC3 cell transfected OTUB1 siRNA and treated with CHX for 0, 4, 8, and

24 h. (E) OTUB1 interacted with Cyclin E1 (upper panel) and Cyclin E1 interacted with OTUB1 (lower panel) were found via immunoprecipitation assay. (F) The effect

of OTUB1 knockdown on ubiquitination of Cyclin E1 in PC3 cells. (G) The effect of increased OTUB1 on ubiquitination of Cyclin E1 in PC3 cells. (H) The correlation

between OTUB1 and Cyclin E1 was analyzed online (R = 0.19, P < 0.01).

cancer via stabilizing the function and increasing the expression
level of Cyclin E1. We analyzed the correlation between OTUB1
and Cyclin E1 via GEPIA online database, and the result
presented that OTUB1 was positively correlated with Cyclin E1
(R= 0.19; P < 0.01; Figure 5H).

OTUB1/Cyclin E1 Axis Promotes Prostate
Cancer Cell Proliferation
To further explore the effect of OTUB1/Cyclin E1 axis upon
PCa, PC3 cell were co-transfected with Cyclin E1 siRNA and
OTUB1 overexpression. The expression of cyclin E1 was detected
48 h after transfection. The results demonstrated that OTUB1
could promote the expression of Cyclin E1, while Cyclin E1
expression was obviously decreased after transfection with Cyclin
E1 siRNA. Interestingly, knockdown of Cyclin E1 attenuated
the effect of OTUB1 overexpression (increasing the expression
of Cyclin E1) (Figure 6A). MTT assay was used to detect

cell proliferation, and the results demonstrated that Cyclin E1
knockdown obviously postponed cell proliferation, while the
effect of OTUB1 overexpression promoting proliferation was
restrained significantly to accompany with Cyclin E1 siRNA
group (Figure 6B). These results were confirmed by healing
assay and clone formation experiments, which were consistent
with previous results (Figures 6C,D). These results demonstrated
that OTUB1/Cyclin E1 axis promotes the proliferation and
migration of prostate cancer. Interfering with the contact
between OTUB1 and Cyclin E1might provide a potential therapy
for prostate cancer.

To identify the possibility of targeting prostate cancer with
OTUB1/Cyclin E1 axis, we treated PC3 cell with RO-3306, a
Cyclin E1/CDK2 related inhibitor, in the range dose of 0, 340 nM,
1 uM, 2 uM, 3 uM, and 5 uM. After treating with RO-3306
for 24 h, the protein was extracted and Western blotting was
performed. We observed the phenomenon of the expression
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FIGURE 6 | OTUB1/Cyclin E1 axis promotes the proliferation of PCa cells. (A) Western blotting detecting the expression of Cyclin E1 in PC3 cell transfected with

OTUB1 overexpression and Cyclin E1 siRNA. (B,D) MTT assays and colony formation assays in PC3 cell transfected with OTUB1 overexpression and Cyclin E1

siRNA. (C) Transwell assay in PC3 cell transfected with OTUB1 overexpression and Cyclin E1 siRNA. (E) Western blotting detecting the expression of Cyclin E1 in

PC3 cell treated with a different dose of RO-3306. (F,H) MTT assays and colony formation assays in PC3 cell treated with a different dose of RO-3306. (G) Transwell

assay in PC3 cell treated with a different dose of RO-3306. ***P < 0.001; ****P < 0.0001.

level of Cyclin E1 was degraded in a RO-3306 dose dependent
manner. Interestingly, RO-3306 also attenuated the effect of
OTUB1 overexpression on promoting Cyclin E1 (Figure 6E).
The results were consistent with the knock down of Cyclin E1.
More experiments were performed to further explore the effect
of RO-3306 on cell proliferation and migration. MTT assays and
clone formation assays demonstrated that the proliferation and
migration ability declined gradually with the increase of RO-
3306 concentration (Figures 6F,H). And the results of healing
assays were coincided with those mentioned earlier results
(Figure 6G). RO-3306 treatment significantly postponed the
migration and proliferation ability of prostate cancer, and the
clinical application of RO-3306 in the treatment of PCa might
be a potential and effective measure, which could decrease the
mortality of PCa patients.

OTUB1 Promotes the Growth of PC3 Cell
via Increasing Cyclin E1 in vivo
Male nude mice aged 4–6 weeks were selected as animal models.
We planted 2 × 106 PC3 cells transfected with overexpressed

OTUB1 and otub1 c91s in mouse groin, respectively. We began
to measure the size of the tumors daily with a vernier caliper
for 10 days, when the tumor grew to a diameter of 2mm
(Figure 7D). After 10 days, the animals were sacrificed with
cervical dislocation, and the solid tumor was removed under
sterile conditions. The tumor volume of OTUB1 overexpression
group was distinctly different from that of the control group,
but there was no obvious change in the otub1 c91s group
compared with the control group (Figures 7A–C). We further
found an interesting result that the tumor volume was restrained
significantly compared with OTUB1 overexpression group, when
these mice were oral administrated with RO-3306 in a dose
of 4 mg/kg every day (Figures 7A–C). In addition, we found
that tumor incidence in OTUB1 overexpressed group was
significantly faster than that in the control group, while RO-3306
restrained the tumor incidence in the OTUB1 overexpression
group (Figure 7D), indicating the critical role of OTUB1/Cyclin
E1 axis in tumor formation. Immunohistochemical staining assay
showed that the protein expression levels of OTUB1, Ki-67, and
Cyclin E1 were higher in the tumors tissue with increased otub1
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FIGURE 7 | OTUB1 promotes the growth of PC3 cell via increasing Cyclin E1 in vivo. (A,B) PC3 cells transfected with OTUB1 overexpression and otub1 c91s were

transplanted subcutaneously in nude mice. The effect of otub1 overexpression, otub1 c91s, and RO-3306 on the growth of PCa. (C) The tumor volume was

measured with a caliper. (D) The tumor volumes were measured daily when the diameter grew into 2mm. (E) IHC staining detecting the expression of OTUB1, ki-67,

and Cyclin E1 in these tumors from nude mice. ****P < 0.0001.

compared with the control group, and the expression of Cyclin
E1 declined after the use of RO-3306, while the expression level
of OTUB1 did not decrease (Figure 7E). The results further
illustrated that OTUB1 regulated the expression and function of
Cyclin E1 in vivo, and targeting OTUB1/Cyclin E1 axis might
provide a potential therapeutic method for these patients with
prostate cancer.

DISCUSSION

In our research, we found that the expression levels of OTUB1
are up-regulated in PCa, OTUB1 could promote the proliferation
and progression of PCa via deubiquitinating and stabling the
expression of Cyclin E1 protein. Many previous researches
have shown that OTUB1 is frequently up-regulated in many
cancers, such as esophageal squamous cell carcinoma and
colon cancer (Liu et al., 2014). Based on these findings of
previous studies, OTUB1 promotes the metastasis of esophageal
squamous cell carcinoma by modulating snail stability (Zhou
et al., 2018), while different expression of OTUB1 affects the

migration and progression of colorectal cancer through the
regulation of ERRα or mir-542-3p (Yuan et al., 2017; Zhou
et al., 2019). OTUB1 not only regulates cancer metastasis but
also chemoresistance. Karunarathna et al. found that OTUB1
inhibited the ubiquitination and degradation of FOXM1 in breast
cancer, and mediated epirubicin resistance (Karunarathna et al.,
2016). Recently, some researchers have proved that OTUB1 could
attenuate interferon response to hepatitis B virus infection (Xie
et al., 2020). The effects of OTUB1 in a variety of tumors reminds
us that OTUB1 might play an important role during cancer
evolution and some physiological activities.

In our research, we first found the expression of OTUB1 was
up-regulated in PCa compared with normal prostate tissue from
TCGA database. Next, we conducted immunohistochemical
staining with PCa tissues and BPH to prove the above conclusion.
The results were consistent with the database conclusion
(Figure 1). To further explore the specific role of OTUB1 in
the progression of prostate cancer, we performed a series of
experiments to monitor the changes of migration ability by
altering the expression of OTUB, and the results demonstrated
that increased OTUB1 could significantly promote the migration
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and invasion ability of PC3 cell and C4-2 cells. When we knocked
down the expression of OTUB1, the ability to influencemigration
and invasion was obviously decreased compared with untreated
PC3 cell and C4-2 cells (Figure 2). Previous studies found the
effect of OTUB1 on prostate cancer, which showed that there was
no significant deviation in PCa proliferation between decreased
OTUB1 and the control group (Iglesias-Gato et al., 2015). In
this research, we found that increased OTUB1 could promote
proliferation of PC3 and C4-2 cells. We also found that G1
phase of cell cycle was shortened with the elevated expression
of OTUB1 (Figure 3). To investigate the effect of OTUB1 on
cell proliferation, we found that increased OTUB1 could increase
the expression of Cyclin E1. Further experiments presented that
Cyclin E1 interacted with OTUB1. OTUB1 could mediate the
deubiquitination of Cyclin E1 and stabilize the expression level
and function of Cyclin E1. Compared with PC3 cells transfected
with OTUB1 overexpression alone, the proliferation of PC3 cell
was decreased when co-transfected with OTUB1 overexpression
and Cyclin E1 siRNA (Figures 4–6). These results suggested that
OTUB1 might promote the proliferation of PCa via mediating
Cyclin E1. The experimental results in vivo were consistent with
those of the above-mentioned cell results in vitro (Figure 7). So
far, we have a lot of evidence to identify the hypothesis that
OTUB1 promotes the progression and proliferation of prostate
cancer via mediating and stabling Cyclin E1. Previous researches
had proved that Cyclin E1 belongs to a highly conserved
Cyclin family, and its members are characterized by a dramatic
periodicity in protein abundance through the cell cycle (Masaki
et al., 2003). Cyclins could function as the regulators of CDK
kinases (Hu et al., 2014; Asghar et al., 2015). This cyclin forms
a complex and functions as a regulatory subunit of CDK2, whose
activity is required for G1/S transition of cell cycle (Xu et al.,
2019). Many researches have presented that Cyclin E1 could
mediate the progression of many tumors, such as hepatocellular
carcinoma (Sonntag et al., 2018; Xu et al., 2019), ovarian cancer
(Au-Yeung et al., 2017), and breast cancer (Turner et al., 2019).
Previous researches have proved that Cyclin E1 has several
functional domains, mainly including a central cyclin homology
district (interacting with CDK2), a unique N-terminal region,
and a C-terminal PEST sequence, which are often detected in
protein degraded through the ubiquitin system (Lew et al., 1991;
Richardson et al., 1993; Honda et al., 2005; Rath and Senapati,
2014). As an unstable protein, Cyclin E1 is degraded by two
distinct pathways involving the ubiquitin-proteasome system
mediated by Cul1 or Cul3, which belongs to the cullin-RING
family of ubiquitin ligases (Welcker et al., 2003; Davidge et al.,
2019). AndCul1mediated-degradation requires phosphorylation
of Cyclin E1 at T77 and T395 to produce ubiquitylation of
cyclin E (Minella et al., 2008). Previous studies have shown
that Cul3 degrades Cyclin E that was not bound to Cdk2 and
regulation of Cyclin E by Cul3 (McEvoy et al., 2007; Davidge
et al., 2019). Although our research found that the deubiquitinase
OTUB1 promotes the stability of Cyclin E1 and the progression
of prostate cancer, the specific mechanism of OTUB1 mediated
function of Cyclin E1 remains to be further studied. The
interaction among OTUB1, Cu11, and Cu13 might become the
internal reason for the stable functions of Cyclin E1 and its

subsequent functions. The next aim of our research focuses on
the relationship between OTUB1 and ubiquitin ligases. Not only
prostate cancer and the above-mentioned cancers, Kai Zhou
et al. found that OTUB1 could promote the progression of renal
cell carcinoma via mediating the deubiquitination of FOXM1
and up-regulating the expression of ECT-2 (K. Zhou et al.,
2020). Other researchers have proved that SP1 regulates the
progression of non-small-cell lung cancer by recruiting OTUB1
(Xie et al., 2019).

Based on the above results, we found that the high expression
level of OTUB1 promoted the migration and invasion of PCa
cells, while the low expression of OTUB1 decreased themigration
and invasion of PCa cells. Previous studies on the biological
function of OTUB1 are contradictory. The initial study found
that OTUB1 attributed to the stability of P53 protein, and thus
inhibiting cell proliferation. Recent studies have indicated that
OTUB1 is involved in the invasion and migration of malignant
tumors. However, in our study, we discovered that high level
of OTUB1 promoted cell proliferation, while low expression
of OTUB1 had the opposite effect. And we further found that
OTUB1 promoted the progression of PCa via regulating the
stability and interacting with Cyclin E1. Cyclin E1 was mainly
degraded in a ubiquitination manner, yet OTUB1 inhibited
the ubiquitination of Cyclin E1 and stabilized its function to
promote the cell proliferation. This mechanism and relationship
reminded us that OTUB1/Cyclin E1 pathway might serve as
a potential therapeutic target for PCa. When we interfere or
interrupt the connection between OTUB1 and Cyclin E1, the
proliferation and progression of PCamight be slowed or stopped.
The results of RO-3306 treatment are the direct evidence of
targeting OTUB1/Cyclin E1 axis for prostate cancer.

This new treatment may become an effective therapy for
patients with PCa. The specific mechanism of OTUB1/Cyclin
E1 axis needs further experiments to investigate and reinforce.
Furthermore, the limitations of this research are also obvious,
the role of Cyclin E1 in OTUB1 induced PC is not strong
enough and it is only a correlation established from amechanism.
And the design of in vivo animal experiments was simple. The
specific function of OTUB1/Cyclin E1 axis in vivo could not
be fully explained by subcutaneous tumor related experiments.
Although we have found that otub1 promoted the proliferation
and progression of PCa via mediating and stabling Cyclin E1,
in which one ubiquitination enzyme directly causing to the
ubiquitination degradation of Cyclin E1 remains unclear, and
the manner of OTUB1 regulating the expression of Cyclin E1
directly or indirectly are still yet not determined. Therefore,
this research preliminarily proposed that OTUB1 could promote
the progression and proliferation of PCa via regulating the
expression of Cyclin E1, thus the specific internal mechanismwill
become the main work and direction in the next step.

CONCLUSIONS

Here, our study shows that OTUB1 deubiquitinates and
stabilizes Cyclin E1 to promote the progression, migration, and
proliferation of prostate cancer. The OTUB1/Cyclin E1 axis may
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serve as a potential therapeutic target for patients with prostate
cancer. The prognosis of patients with prostate cancer may be
improved when the connection between OTUB1 and Cyclin E1
are interrupted or disturbed.
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Lew, D. J., Dulić, V., and Reed, S. I. (1991). Isolation of three novel human

cyclins by rescue of G1 cyclin (Cln) function in yeast. Cell 66, 1197–1206.

doi: 10.1016/0092-8674(91)90042-W

Liao, Y., Wu, N., Wang, K., Wang, M., Wang, Y., Gao, J., et al. (2020). OTUB1

promotes progression and proliferation of prostate cancer via deubiquitinating

and stabling cyclin E1. bioarxiv. 8, 1–13. doi: 10.3389/fcell.2020.

617758

Liu, T., Jiang, L., Tavana, O., and Gu, W. (2019). The deubiquitylase OTUB1

mediates ferroptosis via stabilization of SLC7A11. Cancer Res. 79, 1913–1924.

doi: 10.1158/0008-5472.CAN-18-3037

Liu, X., Jiang, W. N., Wang, J. G., and Chen, H. (2014). Colon cancer

bears overexpression of OTUB1. Pathol. Res. Pract. 210, 770–773.

doi: 10.1016/j.prp.2014.05.008

Malumbres, M., and Barbacid, M. (2009). Cell cycle, CDKs and cancer: a changing

paradigm. Nat. Rev. Cancer 9, 153–166. doi: 10.1038/nrc2602

Masaki, T., Shiratori, Y., Rengifo, W., Igarashi, K., Yamagata, M., Kurokohchi,

K., et al. (2003). Cyclins and cyclin-dependent kinases: comparative study

of hepatocellular carcinoma versus cirrhosis. Hepatology 37, 534–543.

doi: 10.1053/jhep.2003.50112

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 January 2021 | Volume 8 | Article 617758

https://www.bioarxiv.org
https://www.frontiersin.org/articles/10.3389/fcell.2020.617758/full#supplementary-material
https://doi.org/10.2147/IJN.S139080
https://doi.org/10.1038/nrd4504
https://doi.org/10.1158/1078-0432.CCR-16-0620
https://doi.org/10.1080/14737159.2018.1427068
https://doi.org/10.3390/cancers6010079
https://doi.org/10.1242/jcs.233049
https://doi.org/10.1038/s41388-018-0181-8
https://doi.org/10.18632/aging.100946
https://doi.org/10.1259/bjr.20170180
https://doi.org/10.1016/S0092-8674(03)00645-7
https://doi.org/10.1038/sj.emboj.7600554
https://doi.org/10.2217/imt-2017-0123
https://doi.org/10.1002/hep.26584
https://doi.org/10.1186/s12943-014-0280-2
https://doi.org/10.1016/j.ygyno.2016.07.111
https://doi.org/10.1038/onc.2015.208
https://doi.org/10.1111/iju.13512
https://doi.org/10.1016/0092-8674(91)90042-W
https://doi.org/10.3389/fcell.2020.617758
https://doi.org/10.1158/0008-5472.CAN-18-3037
https://doi.org/10.1016/j.prp.2014.05.008
https://doi.org/10.1038/nrc2602
https://doi.org/10.1053/jhep.2003.50112
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Liao et al. Originate Article

McEvoy, J. D., Kossatz, U., Malek, N., and Singer, J. D. (2007). Constitutive

turnover of cyclin E by Cul3 maintains quiescence. Mol. Cell. Biol. 27,

3651–3666. doi: 10.1128/MCB.00720-06

Minella, A. C., Loeb, K. R., Knecht, A., Welcker, M., Varnum-Finney, B.

J., Bernstein, I. D., et al. (2008). Cyclin E phosphorylation regulates cell

proliferation in hematopoietic and epithelial lineages in vivo. Genes Dev. 22,

1677–1689. doi: 10.1101/gad.1650208

Murillo-Garzón, V., and Kypta, R. (2017). WNT signalling in prostate cancer. Nat.

Rev. Urol. 14, 683–696. doi: 10.1038/nrurol.2017.144

Nakada, S., Tai, I., Panier, S., Al-Hakim, A., Iemura, S., Juang, Y. C., et al.

(2010). Non-canonical inhibition of DNA damage-dependent ubiquitination

by OTUB1. Nature 466, 941–946. doi: 10.1038/nature09297

Nguyen-Nielsen, M., and Borre, M. (2016). Diagnostic and therapeutic

strategies for prostate cancer. Semin. Nucl. Med. 46, 484–490.

doi: 10.1053/j.semnuclmed.2016.07.002

Ni, Q., Chen, J., Li, X., Xu, X., Zhang, N., Zhou, A., et al. (2017). Expression of

OTUB1 in hepatocellular carcinoma and its effects on HCC cell migration and

invasion. Acta Biochim. Biophys. Sin. 49, 680–688. doi: 10.1093/abbs/gmx056

Popovic, D., Vucic, D., and Dikic, I. (2014). Ubiquitination in disease pathogenesis

and treatment. Nat. Med. 20, 1242–1253. doi: 10.1038/nm.3739

Rath, S. L., and Senapati, S. (2014). Why are the truncated cyclin Es more effective

CDK2 activators than the full-length isoforms? Biochemistry 53, 4612–4624.

doi: 10.1021/bi5004052

Richardson, H. E., O’Keefe, L. V., Reed, S. I., and Saint, R. (1993). A Drosophila

G1-specific cyclin E homolog exhibits different modes of expression during

embryogenesis. Development 119, 673–690.

Saldana, M., VanderVorst, K., Berg, A. L., Lee, H., and Carraway, K. L. (2019).

Otubain 1: a non-canonical deubiquitinase with an emerging role in cancer.

Endocr. Relat. Cancer 26, R1–r14. doi: 10.1530/ERC-18-0264

Sebesta, E. M., and Anderson, C. B. (2017). The surgical management of prostate

cancer. Semin. Oncol. 44, 347–357. doi: 10.1053/j.seminoncol.2018.01.003

Siegel, R. L., Miller, K. D., and Jemal, A. (2019). Cancer statistics, 2019. CA Cancer

J. Clin. 69, 7–34. doi: 10.3322/caac.21551

Sivakumar, D., Kumar, V., Naumann, M., and Stein, M. (2020). Activation and

selectivity of OTUB-1 and OTUB-2 deubiquitinylases. J. Biol. Chem. 295,

6972–6982. doi: 10.1074/jbc.RA120.013073

Smolle, M. A., Bauernhofer, T., Pummer, K., Calin, G. A., and Pichler, M. (2017).

Current insights into long non-coding rnas (LncRNAs) in prostate cancer. Int.

J. Mol. Sci. 18:473. doi: 10.3390/ijms18020473

Sonntag, R., Giebeler, N., Nevzorova, Y. A., Bangen, J. M., Fahrenkamp, D.,

Lambertz, D., et al. (2018). Cyclin E1 and cyclin-dependent kinase 2 are critical

for initiation, but not for progression of hepatocellular carcinoma. Proc. Natl.

Acad. Sci. U. S. A. 115, 9282–9287. doi: 10.1073/pnas.1807155115

Sun, J., Deng, Y., Shi, J., and Yang,W. (2020). MicroRNA-542-3p represses OTUB1

expression to inhibit migration and invasion of esophageal cancer cells. Mol.

Med. Rep. 21, 35–42. doi: 10.3892/mmr.2019.10836

Turner, N. C., Liu, Y., Zhu, Z., Loi, S., Colleoni, M., Loibl, S., et al. (2019).

Cyclin E1 expression and palbociclib efficacy in previously treated hormone

receptor-positive metastatic breast cancer. J. Clin. Oncol. 37, 1169–1178.

doi: 10.1200/JCO.18.00925

Wang, Y., Zhou, X., Xu, M., Weng, W., Zhang, Q., Yang, Y., et al. (2016).

OTUB1-catalyzed deubiquitination of FOXM1 facilitates tumor progression

and predicts a poor prognosis in ovarian cancer. Oncotarget 7, 36681–36697.

doi: 10.18632/oncotarget.9160

Wei, R., Thanindratarn, P., Dean, D. C., Hornicek, F. J., Guo, W., and Duan, Z.

(2020). Cyclin E1 is a prognostic biomarker and potential therapeutic target in

osteosarcoma. J. Orthop. Res. 38, 1952–1964. doi: 10.1002/jor.24659

Welcker, M., Singer, J., Loeb, K. R., Grim, J., Bloecher, A., Gurien-West, M.,

et al. (2003). Multisite phosphorylation by Cdk2 and GSK3 controls cyclin E

degradation.Mol. Cell 12, 381–392. doi: 10.1016/S1097-2765(03)00287-9

Weng, W., Zhang, Q., Xu, M., Wu, Y., Zhang, M., Shen, C., et al. (2016).

OTUB1 promotes tumor invasion and predicts a poor prognosis in gastric

adenocarcinoma. Am. J. Transl. Res. 8, 2234–2244.

Wiener, R., Zhang, X., Wang, T., and Wolberger, C. (2012). The mechanism

of OTUB1-mediated inhibition of ubiquitination. Nature 483, 618–622.

doi: 10.1038/nature10911

Xie, J. J., Guo, Q. Y., Jin, J. Y., and Jin, D. (2019). SP1-mediated overexpression

of lncRNA LINC01234 as a ceRNA facilitates non-small-cell lung cancer

progression via regulating OTUB1. J. Cell. Physiol. 234, 22845–22856.

doi: 10.1002/jcp.28848

Xie, M., Yin, Y., Chen, L., Yin, A., Liu, Y., Liu, Y., et al. (2020). Scavenger

receptor A impairs interferon response to HBV infection by limiting

TRAF3 ubiquitination through recruiting OTUB1. FEBS J. 287, 310–324.

doi: 10.1111/febs.15035

Xu, J., Huang, F., Yao, Z., Jia, C., Xiong, Z., Liang, H., et al. (2019). Inhibition

of cyclin E1 sensitizes hepatocellular carcinoma cells to regorafenib by mcl-1

suppression. Cell Commun. Signal. 17:85. doi: 10.1186/s12964-019-0398-3

Xu, L., Li, J., Bao, Z., Xu, P., Chang, H., Wu, J., et al. (2017). Silencing of OTUB1

inhibits migration of human glioma cells in vitro. Neuropathology 37, 217–226.

doi: 10.1111/neup.12366

Yuan, L., Yuan, P., Yuan, H.,Wang, Z., Run, Z., Chen, G., et al. (2017). miR-542-3p

inhibits colorectal cancer cell proliferation, migration and invasion by targeting

OTUB1. Am. J. Cancer Res. 7, 159–172.

Zhou, H., Liu, Y., Zhu, R., Ding, F., Cao, X., Lin, D., et al. (2018). OTUB1

promotes esophageal squamous cell carcinoma metastasis through modulating

Snail stability. Oncogene 37, 3356–3368. doi: 10.1038/s41388-018-0224-1

Zhou, K., Mai, H., Zheng, S., Cai, W., Yang, X., Chen, Z., et al. (2020).

OTUB1-mediated deubiquitination of FOXM1 up-regulates ECT-2 to

promote tumor progression in renal cell carcinoma. Cell Biosci. 10:50.

doi: 10.1186/s13578-020-00408-0

Zhou, Y., Jia, Q., Meng, X., Chen, D., and Zhu, B. (2019). ERRα regulates

OTUB1 expression to promote colorectal cancer cell migration. J. Cancer 10,

5812–5819. doi: 10.7150/jca.30720

Zhou, Y.,Wu, J., Fu, X., Du,W., Zhou, L., Meng, X., et al. (2014). OTUB1 promotes

metastasis and serves as a marker of poor prognosis in colorectal cancer. Mol.

Cancer 13:258. doi: 10.1186/1476-4598-13-258

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Liao, Wu, Wang, Wang, Wang, Gao, Zhong, Ma, Wu and Jiang.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 January 2021 | Volume 8 | Article 617758

https://doi.org/10.1128/MCB.00720-06
https://doi.org/10.1101/gad.1650208
https://doi.org/10.1038/nrurol.2017.144
https://doi.org/10.1038/nature09297
https://doi.org/10.1053/j.semnuclmed.2016.07.002
https://doi.org/10.1093/abbs/gmx056
https://doi.org/10.1038/nm.3739
https://doi.org/10.1021/bi5004052
https://doi.org/10.1530/ERC-18-0264
https://doi.org/10.1053/j.seminoncol.2018.01.003
https://doi.org/10.3322/caac.21551
https://doi.org/10.1074/jbc.RA120.013073
https://doi.org/10.3390/ijms18020473
https://doi.org/10.1073/pnas.1807155115
https://doi.org/10.3892/mmr.2019.10836
https://doi.org/10.1200/JCO.18.00925
https://doi.org/10.18632/oncotarget.9160
https://doi.org/10.1002/jor.24659
https://doi.org/10.1016/S1097-2765(03)00287-9
https://doi.org/10.1038/nature10911
https://doi.org/10.1002/jcp.28848
https://doi.org/10.1111/febs.15035
https://doi.org/10.1186/s12964-019-0398-3
https://doi.org/10.1111/neup.12366
https://doi.org/10.1038/s41388-018-0224-1
https://doi.org/10.1186/s13578-020-00408-0
https://doi.org/10.7150/jca.30720
https://doi.org/10.1186/1476-4598-13-258
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	OTUB1 Promotes Progression and Proliferation of Prostate Cancer via Deubiquitinating and Stabling Cyclin E1
	Introduction
	Methods
	Clinical Samples
	Prostate Cancer Cell Lines
	Cell Transfection and Inhibitor
	Immunoprecipitation and Western Blot Analysis
	Immunohistochemical Staining
	Wound Healing Assay
	Clone Formation Assay
	MTT Assay
	Transwell Migration Assay
	Animal Studies

	Results
	OTUB1 is Up-regulated in Prostate Cancer
	OTUB1 Promotes Proliferation and Invasion of PCa Cell
	Effects of Increased OTUB1 Expression on PC3 and C4-2 Cells Cycle Distribution
	OTUB1 Rescues Cyclin E1 From Proteasomal Degradation
	OTUB1/Cyclin E1 Axis Promotes Prostate Cancer Cell Proliferation
	OTUB1 Promotes the Growth of PC3 Cell via Increasing Cyclin E1 in vivo

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


