
Cell Death & Differentiation (2020) 27:1938–1951
https://doi.org/10.1038/s41418-019-0473-8

ARTICLE

Deubiquitinating enzyme USP33 restrains docetaxel-induced
apoptosis via stabilising the phosphatase DUSP1 in prostate cancer

Fei Guo1
● Chao Zhang1

● Fubo Wang1
● Wei Zhang1

● Xiaolei Shi1 ● Yasheng Zhu1
● Ziyu Fang1

● Bo Yang 1
●

Yinghao Sun1

Received: 17 June 2019 / Revised: 27 November 2019 / Accepted: 28 November 2019 / Published online: 19 December 2019
© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2019

Abstract
The treatment of castration-resistant prostate cancer (CRPC) still faces many challenges. Docetaxel is a chemotherapeutic
drug commonly used in CRPC patients. However, docetaxel-based chemotherapy usually causes docetaxel resistance,
partially due to the resistance of CRPC cells to docetaxel-induced apoptosis. Here, we report that the deubiquitinating enzyme
ubiquitin-specific protease 33 (USP33) inhibits docetaxel-induced apoptosis of prostate cancer cells, including androgen-
independent prostate cancer cells. USP33 is overexpressed in prostate cancer cells and tissues. We found that knockdown or
knockout of USP33 enhanced docetaxel-induced apoptosis of prostate cancer cells, accompanied by increased
phosphorylation of the cJUN NH2-terminal kinase (JNK). After blocking docetaxel-induced JNK activation using the
JNK inhibitor SP600125 or siRNA targeting JNK, the USP33 knockout-enhanced apoptosis was reversed. Furthermore, we
found that USP33 could interact with the phosphatase DUSP1 to negatively regulate the activation of JNK, while USP33
knockdown promoted the proteasomal degradation of DUSP1. Mechanistically, we found that USP33 could inhibit the Lys48
(K48)-linked polyubiquitination of DUSP1. More importantly, DUSP1 overexpression could reverse the USP33 knockdown-
induced JNK activation and apoptosis in docetaxel-treated prostate cancer cells. Therefore, USP33 overexpression in prostate
cancer may contribute to docetaxel resistance by inhibiting the degradation of its partner DUSP1, leading to impaired JNK
activation and apoptosis. Our study suggests that USP33-DUSP1-JNK may be a key signalling module mediating the
docetaxel resistance of CRPC, indicating that USP33 is a potential novel therapeutic target in CRPC.

Introduction

Prostate cancer is one of the most common malignant
tumours in developed countries, and its incidence in China
is gradually increasing [1, 2]. The treatment of prostate

cancer, especially castration-resistant prostate cancer
(CRPC), is a global challenge [3]. Docetaxel is a
microtubule-targeting chemotherapeutic agent. It causes
microtubule damage, which induces mitotic arrest in pro-
liferating cells and activates the intrinsic or mitochondrial
apoptosis pathway [4]. Furthermore, it is believed that
docetaxel promotes cancer cell apoptosis mainly through
JNK activation [5]. A docetaxel-based regimen is a com-
monly used cytotoxic therapeutic for CRPC patients.
Unfortunately, patients usually develop docetaxel resistance
after docetaxel treatments partly due to the inhibition of
JNK apoptotic signalling [5]. Therefore, it is necessary to
further elucidate the mechanisms involved in docetaxel-
induced JNK activation and apoptosis.

As one of the most important post-translational mod-
ifications, ubiquitin (Ub) modification plays an important
role in tumourigenesis and tumour progression [6]. Ub
modification is a reversible process, which is mainly
countered by deubiquitinases. Deubiquitinases can remove
Ub chain(s) from protein substrates and thus regulate the
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degradation, localisation and activation of the substrates [7].
In recent years, several deubiquitinating enzymes have been
found to play an important role in tumour cells, and tests of
a variety of small-molecule compounds targeting deubi-
quitinases suggest that deubiquitinases have become emer-
ging targets for anticancer therapeutics [8, 9].

USP33 (ubiquitin-specific protease 33), also known as
VDU1 (VHL-interacting deubiquitinating enzyme 1), is a
deubiquitinating enzyme [10]. It has been reported that
USP33 promotes the replication of centrosomes during the
S and G2/M phases of the cell cycle by mediating the
deubiquitination of the CP110 protein [11]. In addition,
USP33 also promotes Slit signalling by binding to the
intracellular portion of ROBO1, thus inhibiting breast can-
cer cell migration [12]. USP33 has been implicated in the
pathogenesis of many other cancers, such as colorectal
cancer and lung cancer [13–15]. Both in androgen-
stimulated prostate cancer cells and in tumour tissues of
CRPC tumour-bearing mice receiving androgen deprivation
therapy, the expression of USP33 is increased [16, 17].
However, the role of USP33 in prostate cancer, especially
CRPC, has not been clearly elucidated.

DUSP1 (dual-specificity phosphatase-1), also known as
MKP-1 (MAP kinase phosphatase 1), is a phosphatase
primarily suggested to negatively regulate the activation of
JNKs, extracellular signal-regulated kinases (ERKs), and
p38 MAPK [18]. DUSP1 is highly expressed in prostate
cancer and is negatively correlated with apoptosis of pros-
tate cancer cells [19]. In other tumours, such as non-small
cell lung cancer, pancreatic cancer, and breast cancer,
DUSP1 can affect cisplatin-, gemcitabine- or paclitaxel-
induced tumour cell apoptosis by modulating the phos-
phorylation of JNK and p38 MAPK [20–22]. However, the
post-translational modification and regulation of DUSP1
itself in tumour cells, especially in prostate cancer cells, has
not been completely understood.

Here, we report that USP33 is overexpressed in prostate
cancer cells and tissues. We found that USP33 over-
expression in prostate cancer cells, including androgen-
independent prostate cancer cells, may contribute to
impaired JNK activation and apoptosis after docetaxel
treatments, possibly by removing Ub chains from Lys48
(K48) Ub-linked DUSP1. Our study provides mechanistic
insights into the docetaxel resistance of CRPC and indicates
USP33 as a potential novel target for CRPC treatments.

Materials and methods

Cell culture

The prostate cancer cell lines (LNCaP, ATCC number:
CRL-1740; C4-2B, ATCC number: CRL-3315; and PC3,

ATCC number: CRL-1435) were maintained in RPMI
medium 1640 (Gibco, 22400-089, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco,
10099141 C), 2 mM L-glutamine and 25 mM HEPES. The
normal prostate epithelial cell line (RWPE-1; ATCC num-
ber: CRL-11609) was cultured in keratinocyte serum-free
medium (Gibco, 17005-042). HEK-293 cells (ATCC
number: CRL-1573) were cultured in DMEM (Gibco,
11965-092) supplemented with 10% FBS. The prostate
cancer cells used in our study had been recently authenti-
cated by Biowing Biotechnology Co., Ltd. (Shanghai,
China) and Integrated Biotech Solutions Co., Ltd. (Shang-
hai, China) by using short tandem repeat (STR) analysis as
described in 2012 in an ANSI Standard (ASN-0002) by the
ATCC Standards Development Organization (SDO).
Fluorescent quantitative PCR (qRT-PCR) and primers for
mycoplasma (Forward: GGGAGCAAACAGGATTAGAT
ACCCT and Reverse: TGCACCATCTGTCACTCTGTT
AACCTC) were used to determine whether cells had
mycoplasma contamination.

Mice, reagents and antibodies

Six- to 8-week-old male BALB/c nude mice were pur-
chased from Joint Ventures Sipper BK Experimental Ani-
mal (Shanghai, China). All animal experiments were
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and with the approval of the Scientific Investigation Board
of Second Military Medical University, Shanghai. Anti-
bodies specific to HA-tag (HA.C5, ab18181), Myc-tag
(Myc.A7, ab18185), Flag-tag (M2, ab49763), β-actin (AC-
15, ab6276) and DUSP1 (ab195261) were obtained from
Abcam Inc. (Cambridge, MA, USA). Antibodies specific
for IkBa (44D4, #4812), phospho-ERK1/2 (Thr202/Tyr204)
(197G2, #4377), JNK (#9252), phospho-JNK1/2 (Thr183/
Tyr185) (81E11, #4668), p38 MAPK (D13E1, #8690),
phospho-p38 (Thr180/Tyr182) (12F8, #4631), phospho-
AKT (Thr308, #9275), cleaved caspase 3 (Asp175) (5A1E,
#9664), cleaved PARP (Asp214) (D64E10, #5625), ubi-
quitin (P4D1, #3936), K48-linkage specific polyubiquitin
(#4289) and Myc-tag (9B11, Sepharose bead conjugate,
#3400) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-USP33 antibody (HPA005719)
was purchased from Sigma Aldrich (St. Louis, MO, USA).
Pierce™ Protein A/G Agarose (20422) was obtained from
ThermoFisher Scientific (Rockford, IL, USA). The inhibi-
tors SP600125 (HY-12041) and SB203580 (HY-10256)
were obtained from MedChemExpress (Monmouth, NJ).
MG132 (Cat. No. S2619) and docetaxel (Cat. No. S1148)
were obtained from Selleck Chemicals (Houston, TX,
USA). Other non-specified reagents were from Sigma
Aldrich (St. Louis, MO, USA).
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Sequences, plasmids, transfection and RNA
interference

Flag- or Myc-tagged vectors of USP33 (GenBank No.
NM_015017.4), DUSP1 (GenBank No. NM_004417.3) and
the indicated mutants were subcloned into the pcDNA3.1
vector as described [23]. HA-Ub and the mutant vectors were
gifts from Prof W.L. Chen (Shenzhen University, Shenzhen,
China). For transient transfection of plasmids in prostate cancer
cells, the X-tremeGENE HP reagents were used according to
the manufacturer’s instructions (Cat. No. 06 366 546 001,
Roche, Welwyn Garden City, UK). For transient knockdown
of a specific molecule, 20 nM siRNA duplexes specific for the
molecule were transfected using INTERFERin™-HTS
according to the standard protocol (Cat. No. 409-50, Polyplus-
transfection, Illkirch, France). A nonsense sequence was used
as a control siRNA. The siRNA duplexes specific for DUSP1
(sc-35937), JNK1 (sc-29380) and JNK2 (sc-39101) were from
Santa Cruz Biotechnology (Dallas, TX, USA). The siRNAs
specific for USP33 were designed and synthesised by Shang-
hai GenePharma Co., Ltd. (Shanghai, China). Generally, these
siRNAs were designed obey the same design rules as coding
genes. The sequences are listed in Supplemental Table S1.

RNA quantification

Total RNA was purified by TRIzol (Thermo Scientific,
Grand Island, NY, USA) from cells and reverse-transcribed
using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). qRT-PCR was performed with diluted cDNA using
SYBR Green PCR master mix (Toyobo, Osaka, Japan) and
gene-specific primers on an ABI7500 instrument (Applied
Biosystems, Foster City, CA, USA). The sequences of all
primers are listed in Supplemental Table S1.

Tissue arrays and immunohistochemistry

Tissue arrays containing multiple human normal and can-
cerous prostate tissues were obtained from ServiceBio Co.,
Ltd. (Wuhan, China). Informed consent was obtained from
all subjects. The tissue sections were immunostained fol-
lowing a standard protocol using anti-USP33 and anti-
DUSP1 antibodies. The EnVision+ detection system (Dako)
was used per the manufacturer’s instructions. Immunos-
tained tissue arrays were scored by multiplying the intensity
(0–3) and extent (0–100) of staining for each tissue point,
which was analysed by a pathologist at Changhai Hospital
as described previously [24].

CRISPR-Cas9-mediated depletion of USP33

For the depletion of USP33, the pC3-U6-guide RNA-CMV-
RED (encoding guide RNA and red fluorescent protein) and

Cas9-IRES-EGFP (encoding Cas9 and green fluorescent
protein) plasmids (kind gifts from Shanghai Biomodel
Organism Science & Technology Development Co.,
Shanghai, China) were cotransfected into PC3 cells. Three
target sequences for guide RNA synthesis against USP33
were tested and one guide RNA sequence (5′-
TCGAAATCATTGTCCACATT-3′) was the most efficient
in depleting USP33. Cells with both red and green fluor-
escence were then sorted by using a Gallios flow cytometer
(Beckman Coulter, Brea, CA). Sorted cells were cultured
for 5–7 days, and clones propagated from single cells were
selected. The depletion of USP33 was confirmed by both
western blot and DNA sequencing.

Immunoprecipitation and immunoblot

Cell samples were lysed with IP lysis buffer (ThermoFisher
Scientific) supplemented with a protease inhibitor cocktail
(Abcam) for 15min on ice and were then centrifuged at
12,000 × g for 10min. The supernatants were collected, and the
total protein concentrations were measured by using a BCA kit
(Thermo Scientific). For immunoprecipitation, equal amounts
of lysate were incubated with IgG, anti-USP33 or anti-DUSP1
plus protein A/G agarose or anti-Myc Sepharose bead con-
jugates overnight at 4 °C. Then, the beads were washed three
times with IP lysis buffer and prepared for western blotting.
The western blot assays were performed as described [23].

Nanospray liquid chromatography–tandem mass
spectrometry

Immunoprecipitated USP33 complexes were separated on
an SDS-PAGE gel as described previously [25]. After silver
staining, each differential gel band was excised and then
analysed by nano-ultra-performance liquid chromato-
graphy–electrospray ionisation tandem mass spectrometry
as described [25].

Polyubiquitination assay

For analysis of ubiquitination of DUSP1, whole-cell extracts
prepared with radioimmunoprecipitation assay buffer
(50 mM Tris, pH 8.0, 150mM NaCl, 1% (vol/vol) Nonidet-
P40, 0.5% (wt/vol) sodium deoxycholate, 1% (wt/vol) SDS,
and proteinase inhibitors) supplemented with 10 mM N-
ethylmaleimide were heat denatured in the presence of 1%
SDS and then immunoprecipitated with the indicated anti-
bodies and analysed by immunoblot as described [23].

CCK8, BrdU incorporation and apoptosis assays

The viability of LNCaP, C4-2B and PC3 cells was eval-
uated by a CCK8 assay (Dojindo, Japan) according to the
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manufacturer’s instructions. The proliferation of LNCaP,
C4-2B and PC3 cells was evaluated by a BrdU Cell Pro-
liferation Assay Kit (Cell Signaling Technology, USA)
according to the manufacturer's instructions. The Annexin
V/PI apoptosis kit (BD, USA) was used to detect cell
apoptosis according to the manufacturer's instructions.

Xenograft model and in vivo treatment

All animal experiments were conducted according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, with the approval of the Scientific
Investigation Board of Second Military Medical University,
Shanghai. PC3 cells (1 × 107) were subcutaneously injected
into the back of the mice. For in vivo treatments, only
inoculated mice (n ≥ 3) with established tumours of the
required size (70–100 mm3, ~1 week after tumour cell
inoculation) were selected. The remaining mice will be
excluded from the analysis. A total of 20 μg USP33 siRNA
duplexes were incubated with in vivo-jetPEI reagents as
suggested (Cat. No. 201-50G, Polyplus-transfection) and
intratumourally administered. Docetaxel was intraper-
itoneally injected at 10 mg/kg once every 5 days for a total
of three times from the time the tumour reached the required
size (70–100 mm3) selected from all inoculated mice. All
animal with established tumours of the required size and the
same genotype were randomly assigned into four or two
groups as needed. Technicians were blinded when mea-
suring tumour sizes.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 5.0 software. All experiments were repeated at least
three times and (n= 3) for each experimental group. Sta-
tistical significance between the means of two groups was
determined using Student’s t tests (normal distribution),
Mann–Whitney U tests (abnormal distribution) or Wilcoxon
signed rank test (matched pairs). Statistical comparisons of
the means of multiple groups were performed using one-
way ANOVA or two-way ANOVA. Correlations between
two variables were evaluated by using the Pearson corre-
lation assay. Data are presented as the mean ± s.d. P < 0.05
was considered statistically significant.

Results

USP33 is overexpressed in prostate cancer cells and
tissues

To explore the role of USP33 in prostate cancer, we first
analysed the expression of USP33 in prostate cancer cell
lines. We found that prostate cancer cell lines, especially
CRPC cell lines (C4-2B and PC3), showed higher USP33
expression compared to the normal prostate cell line
(RWPE-1) at both the mRNA and protein levels (Fig. 1a, b).
Then, immunohistochemistry (IHC) staining of USP33
protein was performed in tissue microarrays containing both

Fig. 1 Overexpression of
USP33 in prostate cancer. a, b
The levels of USP33 were
examined by Q-PCR (a) and
western blot analysis (b) in four
prostate cell lines. Data are
shown as the mean ± s.d. of
triplicate samples derived from
one representative experiment.
Similar results were obtained in
three independent experiments.
**P < 0.01; ***P < 0.001. c
Representative IHC images for
USP33 protein in tissue
microarrays. Typical staining
images in the red box (left) were
magnified and shown in adjacent
rows (right). d IHC scores for
USP33 staining in the indicated
groups. Error bars represent the
mean ± s.d. (n= 24, Wilcoxon
signed rank test). **P < 0.01.
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cancerous and matched adjacent normal tissues derived
from prostate cancer patients. According to the EAU and
AUA guidelines for prostate cancer treatment, radical sur-
gical treatment for prostate cancer patients with distant
metastasis or CRPC patients is not suggested [26, 27]. The
specimens collected in this study were all specimens of
localised prostate cancer after radical prostatectomy, and the
prognosis was relatively good. Therefore, the survival data
for these patients in our study are not available at present.
The IHC results (Fig. 1c, d) showed that a higher level of
USP33 protein was detected in human prostate cancer tis-
sues than in matched adjacent normal tissues. These data
suggest that USP33 is overexpressed in prostate cancer
tissues and androgen-independent prostate cancer cells,
indicating that USP33 may play a role in the development
or progression of prostate cancer.

USP33 inhibits apoptosis and enhances the viability
of prostate cancer cells

The upregulation of USP33 in prostate cancer raises the
possibility that USP33 overexpression may be an important
tumour-promoting factor in prostate cancer. To verify this
hypothesis, we first tested siRNAs targeting USP33 for
functional effects in prostate cancer cells. We transfected
three different siRNAs targeting USP33 into the LNCaP,
C4-2B and PC3 prostate cancer cell lines. All of the siRNAs
for USP33 (#1 to #3) could suppress the expression of
USP33 protein in these cells (Supplementary Fig. S1A).
Then, we tested cell viability after knocking down USP33
in the LNCaP, C4-2B and PC3 prostate cancer cell lines.
The CCK8 assay showed that USP33 was positively cor-
related with the viability of the three prostate cancer cell
lines (Fig. 2a). Since the #1 and #2 USP33 siRNAs showed
stronger suppression of USP33 protein levels, we used them
for further analysis (Supplementary Fig. S1A). To exclude
the potential off-target effects of USP33 knockdown, we
transiently overexpressed two mutants of USP33 resistant to
the #1 and #2 siRNAs (si-res) in USP33-silenced PC3 cells
and examined cell viability. We found that these USP33
mutants could rescue the effects of USP33 knockdown on
PC3 cells (Fig. 2b, Supplementary Fig. S1B, C), indicating
that these two siRNA duplexes are suitable for subsequent
experiments. To further investigate the function of USP33
in prostate cancer, we performed a BrdU incorporation
experiment (an indicator of cell proliferation). The results of
BrdU incorporation demonstrated that USP33 knockdown
did not significantly affect the proliferation of prostate
cancer cells (Fig. 2c).

Apoptosis plays a critical role in affecting cell viability in
response to anticancer therapies. Therefore, we tested the
regulatory effect of USP33 on the apoptosis of androgen-
independent prostate cancer cells. We found that

knockdown of USP33 could promote the apoptosis of
prostate cancer cells under normal conditions slightly and
significantly after treatment with docetaxel (Fig. 2d, Sup-
plementary Fig. S2). We also found that more cleaved
PARP1 and caspase 3 were detected in C4-2B and PC3
cells with or without docetaxel treatments after USP33
knockdown (Fig. 2e).

We further validated the roles of USP33 in prostate cancer
by depleting USP33 expression using the CRISPR-
Cas9–mediated genome editing technique in PC3 cells. We
randomly selected three clones of USP33 wild-type PC3
cells (USP33+/+, #1-#3) and three clones of USP33 knock-
out PC3 cells (USP33−/−, #1-#3) for apoptosis analysis
(Supplementary Fig. S3A). We found that all clones of
USP33−/− cells are more susceptible to apoptosis than wild-
type cells in the presence or absence of docetaxel (Supple-
mentary Fig. S3B, C). This indicated that there is no sig-
nificant clonal difference in the function of USP33 in PC3
cells. Therefore, we selected USP33+/+ (#1) and USP33−/−

(#1) for subsequent research. Consistent with the results
obtained by USP33 interference, USP33−/− PC3 cells
showed decreased cell viability, and this effect could be
rescued by transfection of wild-type (WT) USP33 (Fig. 3a).
Therefore, the observed effects of USP33 in PC3 cells should
be attributed to USP33 knockout specifically and not to off-
target effects. Further, knockout of USP33 showed no effects
on the proliferation of PC3 cells (Fig. 3b) but made PC3 cells
more susceptible to apoptosis, especially after docetaxel
treatment (Fig. 3c). It has been reported that mutations in
specific cysteine and histidine sites of USP33 (C194S and
H673Q in human USP33) could inactivate the enzymatic
activity of USP33 [11, 28]. We found that WT-USP33 but
not Mut-USP33 with a C194S/H673Q mutation (inactive
deubiquitinating enzyme activity) could rescue PC3 cells
from apoptosis (Fig. 3c, Supplementary Fig. S4).
More cleaved PARP1 and caspase 3 were also detected in
USP33−/− PC3 cells and Mut-USP33-transfected USP33−/−

PC3 cells with or without docetaxel treatments compared to
USP33+/+ PC3 cells and WT-USP33-transfected USP33−/−

PC3 cells (Fig. 3d). Our data suggest that USP33 can inhibit
apoptosis and may thus contribute to docetaxel resistance in
androgen-independent prostate cancer cells through its deu-
biquitinating enzyme activity.

USP33 knockout promotes docetaxel-induced
apoptosis by enhancing JNK activation

To study the mechanism by which USP33 inhibited the
apoptosis of prostate cancer cells, we analysed the activation
of related signalling pathways in androgen-independent cells
after USP33 knockdown. We found that the activation of
JNK, but not p38 MAPK, ERK, AKT and NF-κB, was
enhanced following USP33 knockdown in C4-2B and PC-3
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cells (Fig. 4a). After adding docetaxel, JNK activation was
further significantly increased (Fig. 4a). We observed the
same effect in USP33−/− PC3 cells. More importantly, WT-
USP33 but not Mut-USP33 could rescue the activation of
JNK (Fig. 4b). Therefore, the effects of USP33 on docetaxel-
induced apoptosis in prostate cancer cells may require JNK
signalling. When we added the JNK inhibitor SP600125 or
transfected JNK1/2 siRNA into the cell culture system, the
increase in cleaved caspase 3 and cleaved PARP caused by
USP33 knockout was reversed (Fig. 4c). Moreover, the JNK
inhibitor SP600125 or JNK1/2 siRNA could reverse the
apoptosis of PC3 cells induced by docetaxel treatments after
USP33 knockout (Fig. 4d). However, the addition of the p38
MAPK inhibitor SB203580 showed no obvious effect
(Fig. 4c, d). Taken together, these data suggest that USP33

impairs the apoptosis of androgen-independent prostate
cancer cells by inhibiting JNK activation.

USP33 interacts with DUSP1 in prostate cancer cells

To further elucidate the underlying mechanism by which
USP33 inhibited JNK activation, we performed liquid
chromatography mass spectrometry (LC-MS) assays after
immunoprecipitation (IP) of USP33 in PC3 cells. The MS
data indicated that USP33 could interact with DUSP1
(Supplementary Fig. S5), a phosphatase that can depho-
sphorylate JNK, ERK or p38 MAPK separately under dif-
ferent conditions [18]. Then, we confirmed the endogenous
interaction of USP33 and DUSP1 by performing IP with
anti-USP33 antibody and found that USP33 interacted with

Fig. 2 USP33 knockdown promotes the apoptosis of prostate
cancer cells. a Cell viability was measured by CCK8 assay at 24 h,
48 h, 72 h, and 96 h after knocking down USP33 (USP33 RNAi #1 to
#3, 20 nM) for 48 h in the indicated cells. b Cell viability was mea-
sured as in a after knocking down USP33 (USP33 RNAi #1 and #2,
20 nM) and transfecting PC3 cells with Ctrl vector (Mock), WT-
USP33 (si-res #1) (si-resistance #1) or WT-USP33 (si-res #2) vectors
for 48 h. c BrdU incorporation assay was performed in the cells
transfected as in a at 24 h. d PC3 and C4-2B cells were transfected
with control (Ctrl) or USP33 siRNA (USP33 RNAi #1 and #2, 20 nM)
for 48 h and then treated with DMSO or docetaxel (Doc) (10 nM) for
48 h as indicated. Annexin V+ apoptotic cells were quantified by

Annexin V/PI assay. Data and error bars in (a) to (d) represent the
mean ± s.d. of triplicate samples derived from one representative
experiment. Similar results were obtained in three independent
experiments. *P < 0.05; ***P < 0.001; ns, not significant (one-way
ANOVA followed by Bonferroni multiple comparison using PRISM
software). e C4-2B and PC3 cells were transfected with control (Ctrl)
or USP33 siRNA (USP33 RNAi #1 and #2) for 48 h and then treated
with DMSO or docetaxel (10 nM) for 24 h as indicated. The indicated
molecules were examined by western blot. One representative
experiment of three is shown. Similar results were obtained in three
independent experiments.
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DUSP1 in C4-2B and PC3 cells (Fig. 5a). We also found
that lower protein levels of DUSP1 were detected in PC3
cells after USP33 knockdown or knockout, while re-
expression of WT-USP33 but not Mut-USP33 could
restore the protein level of DUSP1 (Fig. 5b), indicating that
a positive correlation existed between USP33 and DUSP1.
In the same tissue arrays used for IHC analysis of USP33,
we found that more DUSP1 protein was detected in human
prostate cancer tissues than in matched adjacent normal
tissues (Fig. 5c), and we also found that in prostate cancer
tissues that showed high expression of USP33, DUSP1 was
also obviously detected (Fig. 5d). Correlation analysis of
the H-score of the IHC results further confirmed that there
was a positive correlation between the protein levels of
USP33 and DUSP1 in our tissue microarrays (Fig. 5e).
These data indicate that USP33 can interact with DUSP1
and that their expression levels are positively correlated in
prostate cancer cells and tissues.

USP33 knockdown promotes proteasomal
degradation of DUSP1 by enhancing K48-linked
polyubiquitination of DUSP1

Since the ubiquitin-proteasome pathway plays a vital role in
protein degradation and USP33 is a ubiquitin-specific pep-
tidase that mediates the deubiquitination of substrates, we

examined the effect of the proteasome inhibitor MG132 on
the correlation between USP33 and DUSP1 expression
levels. In the presence of the proteasome inhibitor MG132,
the effects of USP33 on DUSP1 were rescued (Fig. 6a, b),
indicating that USP33 inhibited the proteasomal degrada-
tion of DUSP1 in prostate cancer cells. Next, we examined
the polyubiquitination of DUSP1 in C4-2B and PC-3 cells
after USP33 knockdown. We found that DUSP1 could be
polyubiquitinated in both cells, which was significantly
increased in USP33-silenced cells (Fig. 6c).

To further elucidate the modification type of DUSP1
regulated by USP33, we cotransfected Myc-tagged DUSP1
and Flag-tagged USP33 with several HA-tagged Ub (wild
type or mutant) into HEK293 cells and found that the wild-
type Ub and the Ub with only intact Lys48 residue (mutate
other Lys into Arg) (HA-Ub (K48)) could be removed from
DUSP1 by USP33 (Supplementary Fig. S6). We confirmed
the requirement of USP33 for removing K48 poly-
ubiquitination of DUSP1 by using a K48 polyubiquitination
specific antibody and found that USP33 knockdown sig-
nificantly increased the K48-linked polyubiquitination of
DUSP1 (Fig. 6d). Overexpression of the USP33 C194S/
H673Q mutant (Flag-USP33 mutant) in HEK293 cells could
no longer dose-dependently decrease the level of K48-linked
polyubiquitination of DUSP1 (Fig. 6e), indicating that the
ubiquitin peptidase activity of USP33 was indispensable for

Fig. 3 USP33 knockout promotes the apoptosis of prostate cancer
cells. a Cell viability was measured by CCK8 assay in PC3 cells after
depleting USP33 and transfecting Mock or WT-USP33 vector for 48 h
as indicated. b BrdU incorporation assay was performed in the cells
transfected as in a at 24 h. c USP33+/+ and USP33−/− PC3 cells were
transfected with Mock, WT-USP33 or Mut-USP33 vector as indicated
for 48 h and then treated with DMSO or docetaxel (Doc) (10 nM) for
48 h as indicated. Annexin V+ apoptotic cells were quantified by
Annexin V/PI assay. Data and error bars in a to c represent the mean ±

s.d. of triplicate samples derived from one representative experiment.
Similar results were obtained in three independent experiments.
***P < 0.001; ns, not significant (one-way ANOVA followed by
Bonferroni multiple comparison using PRISM software). d USP33+/+

and USP33−/− PC3 cells were transfected as in c and then treated with
DMSO or docetaxel (Doc) (10 nM) for 24 h as indicated. The indicated
molecules were examined by western blot assay. One representative
experiment of three is shown. Similar results were obtained in three
independent experiments.
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deubiquitinating K48 polyubiquitination of DUSP1. Subse-
quently, we verified in USP33−/− PC3 cells that the ubi-
quitination level of DUSP1 was significantly increased after
knocking out USP33 and that the Flag-USP33 but not the
Flag-USP33 mutant could reverse the K48-ubiquitination
level of DUSP1 (Fig. 6f). Therefore, our data suggest that
USP33 can bind and stabilise the DUSP1 protein by
removing the K48 polyubiquitination chains from DUSP1.

DUSP1 and USP33 synergistically inhibit docetaxel-
induced activation of JNK and apoptosis of prostate
cancer cell lines

The above results suggest that USP33 inhibits the apoptosis
of prostate cancer cells possibly by stabilising DUSP1 and

inhibiting JNK activation. DUSP1 has been reported to
enhance the chemoresistance of tumour cells by inhibiting
the activation of JNK [22]. Therefore, we wondered whe-
ther the anti-apoptotic effect of USP33 depends on the
dephosphorylation of JNK by stabilising DUSP1. We found
that overexpression of DUSP1 could rescue PC3 cells from
USP33 knockdown-induced apoptosis in the presence of
docetaxel (Fig. 7a). In addition, overexpression of DUSP1
could also reverse the phosphorylation of JNK and the
levels of cleaved PARP and caspase 3 induced by USP33
knockdown in PC3 cells treated with docetaxel (Fig. 7b).
When we knocked down DUSP1 in PC3 cells, we found
that the apoptosis of PC3 cells was promoted and was
increased even further due to the synergistic effect of
USP33 knockout (Fig. 7c). The phosphorylation of JNK

Fig. 4 JNK activation is required for USP33 knockout-mediated
regulation of apoptosis in prostate cancer cells. a C4-2B and PC3
cells were transfected with control (Ctrl) or USP33 siRNA (USP33
RNAi #1 and #2, 20 nM) for 48 h and then treated with DMSO
or docetaxel (Doc) (10 nM) for 24 h as indicated. The indicated
molecules were examined by western blot assay. b USP33+/+ and
USP33−/− PC3 cells were transfected with Mock, WT-USP33 or Mut-
USP33 vector as indicated for 48 h and then treated with DMSO
or docetaxel (Doc) (10 nM) for 24 h as indicated. The indicated
molecules were examined by western blot assay. c USP33+/+ and
USP33−/− PC3 cells were treated with DMSO or docetaxel (Doc)
(10 nM) for 24 h in the presence of SP600125 (20 μM), SB203580

(20 μM) or transfected with JNK1/2 siRNA (20 nM) as indicated, and
the indicated molecules were examined by western blot assay. One
representative experiment of three is shown in a to c. Similar results
were obtained in three independent experiments. d USP33+/+ and
USP33−/− PC3 cells treated as in c were incubated with DMSO or
docetaxel (10 nM) for 48 h. Annexin V+ apoptotic cells were quanti-
fied by Annexin V/PI assay. Error bars represent the mean ± s.d. of
triplicate samples derived from one representative experiment. Similar
results were obtained in three independent experiments. ***P < 0.001;
ns, not significant (one-way ANOVA followed by Bonferroni multiple
comparison using PRISM software).
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and the cleavage of PARP and caspase 3 were also
enhanced after knocking down DUSP1 (Fig. 7d). These data
together validate that DUSP1 functions downstream of
USP33 but upstream of JNK in the same signalling pathway
and that USP33 inhibits the apoptosis of androgen-
independent prostate cancer cells by stabilising DUSP1
and, in turn, inhibiting JNK activation.

USP33 is a potential therapeutic target for prostate
cancer

To investigate the possible application of USP33 knock-
down in tumour therapy, we tested the effects of
USP33 siRNA in combination with docetaxel on estab-
lished CRPC tumours. We found that repeated intratu-
moural injection of USP33 siRNAs could potentiate the
effects of docetaxel in inhibiting tumour growth and
decrease the protein level of DUSP1 in tumours (Fig. 8a–c).
Moreover, USP33-deficient tumours were more sensitive to
docetaxel treatment and showed lower protein levels of
DUSP1 (Fig. 8d–f). These data indicate that USP33
knockdown may be used in the treatment of CRPC.

Discussion

Docetaxel was the first cytotoxic therapy associated with a
survival benefit in CRPC patients [29]. However, almost
all patients will develop docetaxel resistance after treat-
ment [5]. Anti-apoptosis is one of the important mechan-
isms that decrease the sensitivity of prostate cancer to
docetaxel [30]. JNK signalling has been reported to be
involved in the regulation of docetaxel-induced apoptosis
in triple-negative breast cancer and prostate cancer [31, 4].
Our study suggests that USP33 contributes to docetaxel
resistance in prostate cancer cells including the AR-
negative PC3 cells, thus illustrating its negative reg-
ulatory role in docetaxel-induced apoptosis in prostate
cancer, whereby USP33 interacts with and stabilises
DUSP1 so that DUSP1 can efficiently dephosphorylate
JNK and then inhibit JNK-mediated apoptosis. Our study
provides new evidence for understanding the mechanism
underlying the resistance to docetaxel-induced apoptosis
in prostate cancer. More importantly, this mechanism is
still effective in androgen-independent prostate cancer
cells. Therefore, our study indicates that interfering

Fig. 5 USP33 interacts with DUSP1 and is positively correlated
with DUSP1 levels. a C4-2B and PC3 cells were prepared for whole-
cell extracts (WCE), which were immunoprecipitated (IP) with anti-
USP33 or IgG as indicated. The associated DUSP1 was examined by
western blot. b PC3 cells transfected with Ctrl siRNA or USP33
siRNA (USP33 RNAi #1), and USP33+/+ and USP33−/− PC3 cells
were transfected with Mock, WT-USP33 or Mut-USP33 vector (si-
resistance (si-res) or not) as indicated for 48 h. The indicated

molecules were examined by western blot analysis. One representative
experiment of three is shown. Similar results were obtained in three
independent experiments. c IHC scores for DUSP1 staining in the
indicated groups. Error bars represent the mean ± s.d. (n= 24, Wil-
coxon signed rank test). **P < 0.01. d Representative IHC images for
USP33 and DUSP1 expression in tissue microarrays. e Correlation
between the IHC scores for USP33 and DUSP1 (n= 51, Pearson
correlation assay).

1946 F. Guo et al.



with USP33 or DUSP1 may be used in the adjuvant
treatment of CRPC.

Poly-Ub modification is one of the most important post-
translational modifications in regulating tumours and other
diseases [6]. E3 ubiquitin ligases have been found to be
closely associated with tumour growth and drug resistance.

In recent years, deubiquitinases have also been gradually
revealed to be new targets for cancer therapy [32]. Deubi-
quitinating enzymes have been implicated in regulating the
degradation and activity of substrate proteins by removing
poly-Ub chains (e.g., K48 or K63 types) from substrate
proteins. A growing number of deubiquitinases have been

Fig. 6 USP33 stabilises DUSP1 by removing K48-linked poly-
ubiquitin chains from DUSP1. a, b PC3 cells were transfected with
Ctrl siRNA or USP33 siRNA (USP33 RNAi #1) (a), and USP33−/−

PC3 cells were transfected with Mock or Flag-USP33 vector for 48 h
(b) in the presence or absence of MG132 (10 μM) as indicated. The
indicated molecules were examined by western blot analysis. c C4-2B
and PC3 cells were treated with control (Ctrl) or USP33 siRNA
(USP33 RNAi #1) for 48 h in the presence of MG132 (10 μM).
Polyubiquitination of DUSP1 was examined by western blot (WB)
analysis after immunoprecipitation (IP) with an anti-DUSP1 antibody.
WCE, whole-cell extracts. d C4-2B and PC3 cells were transfected
with control (Ctrl) or USP33 siRNA (USP33 RNAi #1) for 48 h in the
presence of MG132 (10 μM). The K48 polyubiquitination of DUSP1
was examined by western blot (WB) assay using a K48-Ub specific
antibody after immunoprecipitation (IP) with anti-DUSP1 or IgG
antibody. e HEK293 cells were cotransfected with the indicated

amounts (0, 0.2, 1 or 2 μg) of Flag-USP33 or Flag-USP33(mutant) and
equal amounts of Myc-DUSP1 and HA-Ub (K48) vectors for 48 h in
the presence of MG132 (10 μM). Then, K48-polyubiquitinated DUSP1
was examined by western blot (WB) of HA after immunoprecipitation
(IP) with anti-Myc agarose. WCE, whole-cell extracts. f USP33 WT
(USP33+/+) and USP33 KO (USP33−/−) PC3 cells were transfected
with Mock, Flag-USP33 or Flag-USP33 (mutant) vector as indicated
for 48 h in the presence of MG132 (10 μM). The K48 poly-
ubiquitination of DUSP1 was examined by western blot (WB) with
K48-Ub-specific antibody after immunoprecipitation (IP) with anti-
DUSP1 or IgG antibody. MG132 in all experiments were added 6 h
before cells were harvested. All cell lysates that were tested for ubi-
quitination in c–f were heat denatured in the presence of 1% SDS
before IP. One representative experiment of three is shown. Similar
results were obtained in three independent experiments.

Deubiquitinating enzyme USP33 restrains docetaxel-induced apoptosis via stabilising the phosphatase. . . 1947



associated with cancer and anticancer therapy directly or
indirectly [33, 34]. For example, COP9 signalosome 5
(CSN5) can enable tumour cells to be more sensitive to anti-
CTLA4 therapy through its ability to deubiquitinate and
stabilise PD-L1 [35]. In addition, deubiquitinase DUB3 in
colorectal cancer promotes NRF2 stability and transcrip-
tional activity by decreasing the K48-linked ubiquitination
of NRF2, which increases chemotherapy resistance in colon
cancer cell lines [36]. Deubiquitinase JOSD1 deubiquiti-
nates and stabilises MCL1 to suppress mitochondrial
apoptotic signalling and causes chemoresistance in gynae-
cological cancer [37]. Our study suggests that USP33 is
responsible for the stabilisation of DUSP1 by demonstrating
that USP33 is required for the removal of K48 polyubiquitin
chains from DUSP1, which then inhibits DUSP1 degrada-
tion by the ubiquitin-proteasome pathway. However, why
USP33 is upregulated in AR-negative prostate cancer cells

and how the function of USP33 is regulated still await
further investigations.

DUSP1 is a threonine/tyrosine dual-specificity phos-
phatase that mainly mediates the dephosphorylation of
ERK1/2, JNK and p38 MAPK by directly depho-
sphorylating threonine and tyrosine residues [18]. DUSP1 is
overexpressed in many cancer types, such as breast, lung,
prostate, ovarian, pancreatic and gastric adenocarcinoma
[38]. In breast cancer, non-small-cell lung cancer and
ovarian cancer, DUSP1 protects cancer cells from
chemotherapy-induced apoptosis by dephosphorylating
JNK and p38 MAPK [20, 39, 40]. However, DUSP1-
deficient mice are more susceptible to head and neck
squamous cell carcinoma as a result of elevated IL-1β
production and an inflammatory microenvironment through
enhanced p38 MAPK activation in macrophages but not
tumour cells [41]. In human hepatocellular carcinoma

Fig. 7 DUSP1 and USP33 synergistically inhibit docetaxel-induced
activation of JNK and apoptosis of PC3 cells. a PC3 cells were
cotransfected with control (Ctrl) or USP33 siRNA (USP33 RNAi #1)
and Mock or Myc-DUSP1 vector for 48 h and then treated with DMSO
or docetaxel (10 nM) for 48 h as indicated. Annexin V+ apoptotic cells
were quantified by Annexin V/PI assay. b PC3 cells were cotrans-
fected with control (Ctrl) or USP33 siRNA (USP33 RNAi #1) and
Mock or Myc-DUSP1 vector for 48 h as indicated in the presence of
docetaxel (10 nM) for 24 h, and the indicated molecules were exam-
ined by western blot analysis. One representative experiment of three
is shown. Similar results were obtained in three independent experi-
ments. c USP33+/+ and USP33−/− PC3 cells were transfected with
control (Ctrl) or DUSP1 siRNAs for 48 h as indicated and then treated

with docetaxel (10 nM) for 48 h. Annexin V+ apoptotic cells were
quantified by Annexin V/PI assay. Data and error bars in a and c
represent the mean ± s.d. of triplicate samples derived from one
representative experiment. Similar results were obtained in three
independent experiments. *P < 0.05; ***P < 0.001; ns, not significant
(one-way ANOVA followed by Bonferroni multiple comparison using
PRISM software). d USP33+/+ and USP33−/− PC3 cells were trans-
fected with control (Ctrl) or DUSP1 siRNA for 48 h as indicated and
then treated with docetaxel (10 nM) for 24 h, and the indicated
molecules were examined by western blot analysis. One representative
experiment of three is shown. Similar results were obtained in three
independent experiments.
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(HCC), DUSP1 is degraded by the SKP2/CKS1 ubiquitin
ligase complex via the ubiquitin-proteasome pathway,
which may further promote HCC growth by maintaining
ERK1/2 activation [42]. Thus, DUSP1 demonstrates dif-
ferent regulatory modes in different cells. Importantly, the
regulation of DUSP1 degradation and the function of
DUSP1 in prostate cancer remain largely unknown. Our
study revealed that K48 polyubiquitination of DUSP1 can
be reversed by USP33 in prostate cancer, leading to high
expression of DUSP1, low activity of JNK1/2 and apoptosis
resistance during docetaxel treatment of prostate cancer and

USP33-DUSP1-JNK is a new regulatory pathway in reg-
ulating docetaxel resistance.

In summary, our study has convincingly demonstrated
that USP33 plays an important role in docetaxel-induced
apoptosis of prostate cancer by removing the K48 poly-
ubiquitin chain from DUSP1 to stabilise DUSP1 and ulti-
mately inhibit JNK-mediated apoptosis in prostate cancer
cells including androgen-independent prostate cancer cells.
Our data suggest that USP33 and DUSP1 may be potential
new targets for combination chemotherapy in castration-
resistant prostate cancer.

Fig. 8 USP33 knockdown or knockout inhibits tumour growth and
increases the sensitivity of prostate cancer cells to docetaxel. a, b
Tumour volume was measured 3 days after the indicated treatments.
When the PC3 tumour volume reached 70–100 mm3 (day 7), the
tumours with the required size (n= 4) were treated as indicated. Black
arrows indicate the siRNA injections. Docetaxel was intraperitoneally
injected at 10 mg/kg once every 5 days from the time the tumour
reached the required size (70–100 mm3) for a total of three times. c
Representative IHC images of USP33 and DUSP1 protein staining in
tumour tissues. d, e Tumour volume was measured 5 days after the

indicated treatments. When USP33+/+ and USP33−/− PC3 tumour
volumes reached 70–100 mm3 (day 10), the tumours with required
sizes (n= 3) were treated as indicated. Docetaxel was intraperitoneally
injected at 10 mg/kg once every 5 days for a total of three times. Black
arrows indicate the docetaxel injections. Error bars in b and e represent
the mean ± s.d. ***P < 0.001 (one-way ANOVA followed by Bon-
ferroni multiple comparison using PRISM software). f Protein was
extracted from each tumour tissue, and the indicated molecules were
examined by western blot analysis. #1–#3 is the number of the
tumours in d.
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