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Background: Deubiquitinases (DUBs) are essential components of the ubiquitin-proteasome system (UPS) that regulates cancer-
related processes. Effective inhibitors of 19S proteasome-associated DUBs, including ubiquitin carboxy-terminal hydrolase L5
(UCHL5), ubiquitin-specific protease 14 (USP14), and gold-(triphenylphosphine (PPh3))-platinum (AuPT), suppress cell growth
in several human tumor cell lines. The aim of this study was to determine the effect of AuPT and its mechanism of action on
prostate cancer (PCa) progression.
Methods: The malignant PCa phenotype and apoptotic cell death were evaluated in vitro. The antitumor activity of AuPT was
verified using nude xenografts. Furthermore, the protein levels in the UPS and the phosphorylation of p65 were determined by
overexpression plasmid transfection using Western blotting.
Results: The viability, invasion, and migration abilities of PCa cells decreased and the cell apoptosis rate increased with AuPT
treatment in a time-dependent manner (p < 0.05, p < 0.01). The tumor weight and volume were effectively suppressed in nude
mice (p < 0.01). DUB protein expression levels and p65 phosphorylation were downregulated and restored after overexpression
of USP14 or UCHL5 (p < 0.05, p < 0.01, p < 0.001).
Conclusions: We found that AuPT induced PCa cell apoptosis and inhibited the activation of nuclear factor-κB (NF-κB) signaling
by disturbing UPS functioning. AuPT treatment may enable specific targeted therapy against NF-κB-activated PCa.

Keywords: prostate cancer; AuPT; NF-κB signaling; UCHL5 and USP14; apoptosis

Introduction

Prostate cancer (PCa) is the secondmost common type
of cancer in men after lung cancer [1]. A recent epidemio-
logical study estimated that approximately 1.4 million cases
and 375,000 deaths were associated with PCa worldwide
in 2020 [2]. PCa incidence is differs geographically, be-
ing prevalent in northern and western Europe and America
[3]. Preventive measures, including screening for prostate-
specific antigens, can substantially reduce the incidence and
mortality of PCa [4]. PCa can develop into castration-
resistant PCa after some patients receive androgen depri-
vation therapy, which involves treatment with androgen re-
ceptor (AR) inhibitors such as enzalutamide or abiraterone
to attenuate PCa progression [5,6]. However, resistance
to chemotherapy rapidly occurs in patients with PCa [7].
Therefore, new and effective drugs for the treatment of PCa
must be identified.

Deubiquitinases (DUBs) are crucial regulatory fac-
tors of the ubiquitin-proteasome system (UPS) in eukary-
otes. DUBs protect cellular proteins from ubiquitination-
mediated degradation by hydrolyzing ubiquitin chains [8].
The human gene encodes approximately 100 DUBs, which
are classified into six families based on different cysteine
residues [9]. Among these, regulatory particle subunit
11, ubiquitin-specific protease 14 (USP14), and ubiquitin
carboxy-terminal hydrolase L5 (UCHL5) are related to 19S
regulatory particles and regulate proteasome degradation
[10]. Abnormal DUB expression is closely related to the
progression of human cancers [11–13]. Considering the in-
volvement of UPS regulators in various cancer pathways,
using UPS as a drug target may advance anticancer thera-
pies.

The nuclear factor-κB (NF-κB) pathway is a highly
conserved stress-responsive pathway that regulates mul-
tiple biological processes, including carcinogenic signals
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[14]. The canonical NF-κB signaling pathway promotes
cancer progression through a high-level inflammation re-
sponse in the cancer microenvironment and the elevated ex-
pression of proangiogenic genes and chemokines [15]. Ad-
ditionally, the UPS can control the activation of the NF-κB
transcription factor pathway, where the level of ubiquitina-
tion among its components is high [16]. DUB can regulate
the growth of various tumors through the NF-κB signaling
pathway [17–19]. Thus, DUB inhibitors targeting the NF-
κB pathway may be effective as cancer therapy.

The identification of the biological activity of cis-
platin was a critical milestone in the development of
metal-based anticancer medicine [20]. To date, some
metal-based compounds strongly inhibit DUBs and in-
duce apoptosis in cancer cell lines [21]. However, treat-
ments with platinum-based agents are frequently associated
with serious side effects [22]. Therefore, effective metal-
based DUBs inhibitors need to developed as anticancer
drugs. Previously, we synthesized a new gold (I) complex,
gold-(triphenylphosphine (PPh3))-platinum (AuPT), and a
metal-based drug as a DUB inhibitor that selectively sup-
presses the growth of cells from patients with acute myeloid
leukemia and lung cancer xenografts in nude mice, and the
cytotoxicity of the drug was low [23]. However, whether
AuPT has similar effects on PCa remains unclear.

Studies on the role of AuPT and the potential mecha-
nisms involved in PCa are lacking. In our study, by com-
bining in vivo and in vitro experiments, we evaluated the
antitumor potential mechanism that is involved in the ther-
apeutic effects of AuPT on PCa.

Materials and Methods

Cell Culture
Human PCa cell line PC3 cells (22Rv1, iCell, Shang-

hai, China) were seeded in Ham’s medium F-12K (F12K,
0007, iCell, Shanghai, China) supplemented with 10% fetal
bovine serum (FBS, 2020010501, iCell, Shanghai, China)
and antibiotics (100 IU/mL penicillin G and 100 µg/mL
streptomycin, SV30082.01, HyClone, Logan, UT, USA).
Then, the cells were cultured in an incubator at 37 °C in
a 5% CO2 atmosphere. All cells were mycoplasma-free
and authenticated using short tandem repeat DNA profiling.
The STR identification profile of the cell line is provided in
the Supplementary Supporting Information.

Cell Viability Assay
A cell counting kit-8 (CCK-8) assay (CA1210; Solar-

bio, Beijing, China) was used to measure the viability of
PC3 cells. PC3 cells were seeded in 96-well microplates
(1 × 104 cells/well). Next, F12K medium supplemented
with 10% FBS was added to the culture cells for 24 h.
Then, cells were treated with a certain concentration of
AuPT (1, 2, 4, 6, or 8 µM) and co-cultivated for 24 h or
treated with 2 µM AuPT and co-cultivated for 3, 6, 9, 12,

and 24 h. Then, 90 µL of cells was stained with 10 µL of
CCK-8 reagent from each well, which was followed by co-
culturing for 2 h. The absorbance was measured at 450 nm
using a microplate reader (VL0000D0, Thermo Fisher Sci-
entific, Waltham, MA, USA). Cell viability was calculated
as: Cell viability (%) = [A (with different AuPT dosing) –
A (blank)]/[A(without AuPT dosing) – A (blank)]× 100%.
This experiment was repeated three times.

Cell Wound Healing Assay
A total of 5 × 105 PC3 cells/well were seeded into

a 6-well plate and cultured in complete medium. When
the confluency of cells reached 80%, the cell monolay-
ers were scratched with a 100 µL sterile pipette tip. The
scratched cells were washed with phosphate-buffered saline
(PBS) three times. The remaining cells were incubated with
serum-free F12Kmedium, and the scratch was immediately
recorded at 0 h. At 0, 12, 15, 18, and 21 h after scratching, 2
µMAuPT was added to cells for 3, 6, 9, 12, or 24 h of treat-
ment in an incubator at 37 °C in a 5% CO2 atmosphere.
Wound width was measured to reflect the process of cell
wound healing in vitro, and the wound was photographed
using an inverted microscope (Eclipse 80i, Nikon, Tokyo,
Japan) at the indicated times. The wound healing rate was
calculated as [(scratch width at 0–24 h)/0 h scratch width]
× 100%.

Cell Invasion Assay
The invasive ability of PC cells is often assessed us-

ing a Transwell invasion assay in vitro. Briefly, 100 µL
of 1:8 F12K medium-diluted Matrigel (C08383, Beyotime,
Shanghai, China) was added to each well at 37 °C for 30
min. Next, approximately 5 × 105 PC3 cells/well were
seeded in the upper chamber of 24-well plates containing
100 µL of free-serum F12Kmedium; then, 600 µL of F12K
medium supplemented with 20% FBS was added into the
lower chamber. After 24 h of incubation at 37 °C, the up-
per chamber was removed, and invasive cells on the sur-
face of the lower chamber were washed with PBS, fixed
with 4% paraformaldehyde solution for 30 min, and stained
with 0.1% crystal violet solution for 20 min. The cells that
passed through the filter were counted in five random fields
under a microscope (Eclipse 80i, Nikon, Tokyo, Japan).
Each experiment was repeated three times.

Cell Apoptosis
PC3 cells were seeded into 6-well plates (5 × 105

cells/well in l mL) in F12K medium containing 10% FBS
for 24 h. After treatment with 2 µM AuPT for different du-
rations (3, 6, 9, 12, and 24 h), cells were collected using
trypsin without EDTA, washed with PBS, and resuspended
in binding buffer. Next, 100 µL of cells was inoculated with
5 µL of Annexin V-Fluorescein Isothiocyanate (V-FITC) at
room temperature for 5 min in the dark. Then, cells were
stained with propidium iodide (ST512, Beyotime, Shang-
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hai, China) and resuspended with 400 µL of PBS. The rate
of apoptosis was determined using flow cytometry (342973,
BDBiosciences, San Jose, CA, USA). This experiment was
repeated three times.

Western Blotting Assay
The protein expression levels of BCL2-associated X

(Bax), B-cell lymphoma-2 (Bcl-2), caspase-3, UCHL5,
USP14, p27, p53, C/EBP-homologous protein (CHOP),
Heavy-chain binding protein (Bip), and NF-κB p65 were
measured via Western blotting. The total protein was ex-
tracted from the treated cells using RIPA buffer, and the
protein lysates were separated using SDS-PAGE and trans-
ferred onto a PVDF membrane (IPVH00010, Millipore,
Danvers, MA, USA). After blocking with 5% nonfat milk
at room temperature for 2 h, the membrane was incubated
with primary antibodies (Abcam, Cambridge, UK) as fol-
lows: anti-Bax, ab32503, 1:2000; anti-Bcl-2, ab32124,
1:2000; anti-caspase-3, ab32351, 1:1000; anti-UCHL5,
ab192616, 1:2000; anti-USP14, ab137433, 1:2000; anti-
p27, ab32034, 1:2000; anti-p53, ab32049, 1:2000; anti-
CHOP, ab11419, 1:2000; anti-Bip, ab21685, 1:2000; anti-
NF-κB p65, ab32536, 1:2000; and anti-β-actin, ab8226,
1:2000 at 4 °C for 12 h. After washing four times with Tris-
buffered saline containing Tween, the membrane was in-
cubated with horseradish-peroxidase-conjugated secondary
antibodies including anti-rabbit (IgG, A0216, Beyotime,
Shanghai, China) or anti-mouse (1:5000, A0208, Beyotime,
Shanghai, China) at room temperature for 1 h. Finally,
the immunoblot was colored using enhanced chemilumi-
nescence and visualized using an imaging system (Tanon
5200, Tanon Science and Technology, Shanghai, China).
The band images were quantified using Image J software
(V1.8.0.112, NIH, Madison, WI, USA) with β-actin used
as the internal control.

Construction of a Mouse Model of PCa
All animal experiments were approved by the Institu-

tional Animal Care and Use Committee of the Guangzhou
Medical University (approval number: GY2018-043).
Healthy adult nude mice (BALB/c, male, 6–8 weeks old,
20–22 g, n = 18) were purchased from Guangdong Animal
Center and housed in standard cages at a specific pathogen-
free level on a 12 h light/dark cycle at a constant tempera-
ture of 22–26 °C with a relative humidity of 50–55%. Af-
ter one week of acclimatization with free access to rodent
food and autoclaved water, 18 nude mice were subcuta-
neously injected with PC3 cells to induce cancer and then
randomly divided into three different groups (n = 6/group):
control group, low-dose AuPT (3 mg/kg) group, and high-
dose AuPT (6 mg/kg) group. The control and experimen-
tal groups received normal saline and AuPT, respectively,
daily for four weeks via oral gavage. Tumor length (a)
and width (b) were measured using a Vernier caliper once
per week to record tumor volume using the following for-

mula: 1/2 × (a × b2). Finally, the mice were euthanized
using an intraperitoneal injection of sodium pentobarbital
(50 mg/kg, P3761, Sigma-Aldrich, St. Louis, MO, USA),
and tumor tissues were collected to measure tumor volume
and weight for further experiments.

Immunohistochemistry
The tumor tissues collected from each treatment group

were fixed with 4% paraformaldehyde solution for 24 h
and embedded in paraffin. The maximum cross-section
of the paraffin-embedded tumor tissue for staining was 4
µm. After the sections were deparaffinized and rehydrated
with different concentrations of ethanol, they were heated
with 10 mM sodium citrate buffer in a microwave for 5 min
to recover the antigenic activity. Sections were then incu-
bated with 0.3% hydrogen peroxide at 4 °C for 30 min and
blocked with 3% bovine serum albumin at room tempera-
ture for 30 min. The serial sections were then incubated
with primary antibody anti-ki67 (1:200, ab16667, Abcam,
Cambridge, UK) at 4 °C overnight and secondary antibod-
ies (anti-rabbit IgG, 1:200, A0208, Beyotime, Shanghai,
China) at room temperature for 80min. Finally, the sections
were stained with diaminobenzidine, counterstained with
hematoxylin, and sealed in liquid paraffin. The stained sec-
tions were observed by randomly selecting five high-power
fields for each mouse (original magnification 200×) using
a microscope (Eclipse 80i, Nikon, Tokyo, Japan).

Transfection
UCHL5 or USP14 were overexpressed using plas-

mid transfection. First, a UCHL5 or USP14 coding se-
quence was cloned into pcDNA3.1 to overexpress UCHL5
or USP14. An overexpression-Negative Control (oe-NC)
was used. PC3 cells were seeded into 24-well plating
medium for 24 h with 30%–50% density. 2 h before trans-
fection, PC3 cells were cultured in antibiotic-free com-
plete medium. Then, oe-UCHL5/oe-USP14/oe-NC and
Lipo3000 transfection reagent (L3000001, Thermo Fisher
Scientific, Waltham, MA, USA) were mixed in antibiotic-
free complete medium in a 1:1 radio in aseptic centrifuge
tubes, and 50 µL of the mixture was added into each well.
After transfection for 6 h, the cells were cultured in fresh
complete medium to increase transfection efficiency.

Statistical Analysis
Statistical analyses were performed using GraphPad

Prism software (version 7.0; GraphPad, San Diego, CA,
USA). Data are presented as mean ± standard deviation.
Multiple group comparisons were performed using one-
way analysis of variance (ANOVA), which were subse-
quently analyzed using Tukey’s multiple comparison test.
Comparisons between two groups were performed using t-
tests. Each experiment was repeated three times. p < 0.05
was considered statistically significant.
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Fig. 1. A gold-(triphenylphosphine (PPh3))-platinum (AuPT) reduces malignant phenotype of human prostate cancer (PCa) cell
and promotes cell apoptosis in a time-dependent manner. Relative viability of human PCa cell line PC3 cells treated with different
concentrations of AuPT for 24 h (A) or treated with 2 µM AuPT at the time of 3 h, 6 h, 9 h, 12 h and 24 h (B). (C) Cell wound healing
assay analysis of the migration capacity of human PC3 cells after AuPT treatment (scale bar: 100 µm). The horizontal represented the
process of AuPT treatment (from left to right): the non-AuPT treatment and after 3 h, 6 h, 9 h, 12 h and 24 h of AuPT treatment. The
vertical indicated representative photographs at the cells scratch of 0 h and 24 h. (D) Transwell assay analysis of the invasion capacity
of human PC3 cells (scale bar: 200 µm). (E) Flow cytometry analysis of the apoptosis of human PC3 cells by staining with Annexin
V-FITC and PI after 3 h, 6 h, 9 h, 12 h and 24 h of AuPT treatments. n = 3, data was presented as the mean ± standard deviation. *p
< 0.05, **p < 0.01, ***p < 0.001 vs control. PPh3, triphenylphosphine; V-FITC, Annexin V-Fluorescein Isothiocyanate; PI, propidium
iodide.
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Results

AuPT Time-Dependently Reduces Malignant
Phenotype of Human PC3 Cells and Promotes Cell
Apoptosis

To explore the effect of AuPT on PCa progression,
AuPT concentration was first confirmed. Human PC3 cells
were treated with different AuPT concentrations. The re-
sults of the cell viability assay showed that the prolifer-
ation ability was 50% restrained by 2 µM AuPT, which
was considered as the most suitable working concentration
(Fig. 1A). After treatment with 2 µM AuPT, the prolifer-
ation ability was time-dependently inhibited (Fig. 1B, p <

0.05, p < 0.01). Next, compared with the control (non-
AuPT treatment), the wound healing and relative invasion
rate of human PC3 cells decreased after AuPT treatment,
which were most prominent 24 h after AuPT intervention
(Fig. 1C,D, p < 0.05, p < 0.01). In addition, the results
of flow cytometry show that cell apoptosis significantly in-
creased after treatment with 2 µMAuPT (Fig. 1E, p< 0.01).
These results indicated that AuPT significantly inhibited the
malignant phenotype of human PC3 cells and selectively
and time-dependently induced caspase-dependent apopto-
sis.

Downregulation of Expression of Apoptosis-Related
Protein after AuPT Treatment

Because cell apoptosis was affected by AuPT treat-
ment, we further measured the expression levels of
apoptosis-related proteins using Western blotting. The re-
sults showed that the levels of the proapoptotic proteins Bax
(p < 0.05, p < 0.01, p < 0.001) and caspase-3 (p < 0.01,
p < 0.001) in the AuPT-treated group were significantly
higher than those in the control group, and the levels were
time-dependent. The level of the antiapoptosis protein Bcl-
2 (p < 0.05, p < 0.001) was lower (Fig. 2). AuPT induces
caspase-dependent apoptosis in PCa.

Inhibition of UPS Function with AuPT Treatment
AuPT shows an inhibitory effect in some cancers,

which is closely related to ubiquitination [23]. We next
explored the changes in UPS function in human PC3 cells
using Western blotting analysis. Compared with the con-
trol group, the levels of UCHL5 (p < 0.01) and USP14 (p
< 0.05, p < 0.01) decreased 9, 12, and 24 h after AuPT
treatment, whereas the levels of protease substrate p27 (p
< 0.01) and p53 (p < 0.001) were upregulated 6, 9, 12,
and 24 h after AuPT treatment. The levels of unfolded pro-
tein CHOP (p < 0.05, p < 0.01) and Bip (p < 0.05, p <

0.01) were increased 9, 12, and 24 h after AuPT treatment
(Fig. 3). These results suggest that AuPT disturbs protea-
somal and nonproteasomal functions in PCa cell lines.

Inhibition of NF-κB Pathway with AuPT Treatment
The NF-κB signaling pathway is involved in many

complicated physiological processes, including cancer pro-
gression, in which ubiquitination and deubiquitination both
play critical regulatory roles [24]. p65 is a critical tran-
scription factor in the NF-κB family [25]. We assessed
the level of the NF-κB signaling-pathway-related pro-
tein, p65, which was compared with that of the control
group. The phosphorylation level of p65 gradually and
time-dependently decreased, which indicated that the AuPT
treatment inhibited the activation of the NF-κB signaling
pathway (Fig. 4, p < 0.05, p < 0.01, p < 0.001).

AuPT Inhibits PCa Growth in Vivo
We observed that the malignant phenotype of human

PC3 cells was time-dependently inhibited by AuPT treat-
ment in vitro. The effect of AuPT on cancer growth was
measured by establishing a PCa xenograft nude mouse
model. At the end of the treatment period, the tumor tis-
sues were collected and photographed (Fig. 5A). The tumor
weight and volume in the high-dose AuPT group were sig-
nificantly lower than those in the control group (Fig. 5B,C,
p< 0.05, p< 0.01). Furthermore, the results of immunohis-
tochemistry analysis revealed that Ki67 levels were much
lower, and the AuPT high-dose treatment was more effec-
tive (Fig. 5D).

Deubiquitylating enzymes play key roles in the regula-
tion of cancer progression [26]. UCHL5, an isomer of ubiq-
uitin carboxyl-terminal hydrolase, is important for regulat-
ing tumor-related signaling [27]. USP14 participates in the
regulation of cancer proliferation andmetastasis [28]. Next,
we examined UCHL5 and USP14 expressions in AuPT-
treated PCa xenograft nude mice. The results of Western
blotting analysis revealed that UCHL5 and USP14 levels
were lower in the treated mice than those in the control
group (Fig. 5E, p < 0.05, p < 0.001, respectively). These
results are consistent with the inhibition of the malignant
phenotype of human PC3 cells.

AuPT Downregulates Expressions of UCHL5 and
USP14 to Inhibit Malignant Phenotype of PC3 Cell
Line

To confirm whether AuPT affects human PC3 cell
growth by inhibiting UCHL5 and USP14 expression, an
overexpression model was constructed. UCHL5 and
USP14 levels were significantly higher in overexpressed
PC3 cells than in control cells (Fig. 6A, p < 0.001).
Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl] (zVAD), a
specific caspase inhibitor, was used to block apoptosis [29].
Cell viability was determined using a CCK-8 assay for the
different treatments. We found that the proliferation of hu-
man PC3 cells was effectively enhanced by AuPT + zVAD
treatment (p< 0.01) or by the overexpression of UCHL5 (p
< 0.01) or USP14 (p < 0.05) (Fig. 6B). The migration and
invasion abilities of human PC3 cells were significantly re-

https://www.biolifesas.org/


4124

Fig. 2. Downregulation of the expression of apoptosis-related protein under AuPT treatment. Western blotting analyzed protein
expression of Bax, Bcl-2 and Caspase-3 at the AuPT processing time in human PC3 cells. n = 3, data was presented as the mean ±
standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001 vs control. Bax, BCL2-associated X; Bcl-2, B-cell lymphoma-2.

stored by cotreatment with AuPT + zVAD (p < 0.001) and
AuPT + oe-UCHL5 or AuPT + oe-USP14 (p < 0.01, p <

0.001) (Fig. 6C,D). The rate of apoptosis was significantly
lower in the AuPT + zVAD, AuPT + oe-UCHL5, and AuPT
+ USP14 groups than in the control (Fig. 6E, p < 0.001).
These results illustrate that AuPT inhibits the expression of
UCHL5 andUSP14 to attenuate themalignant phenotype of
PC3 cells and induces caspase-dependent apoptosis in the
PC3 cell line.

AuPT Disturbs UPS Function via Downregulating
UCHL5 and USP14 Expression

We found that AuPT downregulated the expressions of
DUBs UCHL5 and USP14 both in vitro and in vivo. Next,
we investigated the regulatory role of AuPT on the effects of
UCHL5 and USP14 on UPS function. The results showed
that the levels of proteasome substrate (p27 and p53) and
unfolded proteins (CHOP and Bip) were reversed in the

AuPT + zVAD group (p < 0.001) and AuPT + oe-UCHL5
or AuPT + USP14 groups compared with those in the con-
trol groups (p < 0.01, p < 0.001) (Fig. 7), demonstrating
that AuPT inhibited the expressions of UCHL5 and USP14
and further disturbed the UPS functioning in PC3 cell lines.

AuPT Downregulates NF-κB Pathway by Inhibiting
UCHL5 and USP14 Expression

We also found that AuPT downregulated the phospho-
rylation level of p65. Subsequently, we explored the regu-
latory role of AuPT in the effects of UCHL5 and USP14 on
the NF-κB signaling pathway. The results showed that the
phosphorylation level of p65 was reduced with AuPT treat-
ment and was strongly restored with zVAD, oe-UCHL5, or
oe-USP14 treatment (Fig. 8, p< 0.001). These results indi-
cate that AuPT disturbs UPS functioning to inhibit the ac-
tivation of the NF-κB pathway.
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Fig. 3. Inhibition of ubiquitin-proteasome system (UPS) function under AuPT treatment. Western blotting analyzed protein ex-
pression levels of deubiquitinated proteins (UCHL5 and USP14), protease substrates (p27 and p53) and unfolded proteins (CHOP and
Bip) at the AuPT processing time in human PC3 cells. n = 3, data was presented as the mean ± standard deviation. *p < 0.05, **p
< 0.01, ***p < 0.001 vs control. UCHL5, ubiquitin carboxy-terminal hydrolase L5; USP14, ubiquitin-specific protease 14; CHOP,
C/EBP-homologous protein; Bip, Heavy-chain binding protein.

Fig. 4. Inhibition of the nuclear factor-κB (NF-κB) pathway by AuPT. Western blotting analyzed related protein expression of the
NF-κB pathway. n = 3, data was presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.

Discussion

Patients with relapsed or metastatic PCa face con-
siderable medical challenges owing to the emergence of
chemotherapy resistance [30]. Thus, anticancer drugs that
are safe and highly selective with low cytotoxicity must be
studied to prevent the progression of PCa. DUBs play an
important role in tumorigenesis, and the inhibition of DUBs
is a focus of anticancer medicine research [31]. AuPT was
synthesized as an antitumor agent by selectively inhibiting
19S proteasome-associated USP14 and UCHL5 [23]. In
this study, we demonstrated that AuPT treatment limits the
malignant phenotype of PCa by inducing cell apoptosis and
downregulating the NF-κB signaling pathway.

However, reports of DUB inhibitors as effective
anticancer agents are rare because of their cytotoxic-
ity, water solubility, and absorbency [32]. EOAI, a
specific USP5 inhibitor, can induce lung cancer cell
apoptosis, synergistically promote cisplatin chemother-
apy, and easily induce resistance [33,34]. 2-N,4-N-
dibenzylquinazoline-2,4-diamine (b-AP15), an inhibitor of
USP14 or UCH37/UCHL5, induces apoptosis in large B-
cell lymphoma cell lines and decreases 5-fluorouracil re-
sistance in colorectal cancer cells; its toxicity is also low
[35,36]. Moreover, the highly water-soluble (6 mg/mL)
Na-AuPT, a metal-based drug, was synthesized as a pro-
teasome inhibitor that potently inhibited the growth of 11
different types of tumor cells [37]. AuPT induces caspase-
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Fig. 5. AuPT inhibits PCa growth in vivo. (A) The representative photographs of tumor tissue taken after 4 weeks. (B) Changes in
tumor weight were revealed in three groups. (C) Changes in tumor volume were measured once a week. (D) Immunohistochemistry
assay examined Ki67 expression in tumor tissue, scale bar (×200): 200 µm. (E) Western blotting analyzed the protein expression level
of UCHL5 and USP14. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.

dependent apoptosis, showing higher selectivity in inhibit-
ing cancer cell growth than nickel pyrithione or copper
pyrithione [23,38,39]. In this study, we found that AuPT
strongly inhibited the malignant phenotype of human PC3
cells, promoted apoptotic cell death, and effectively re-
duced tumor weight and volume in a nude mouse model.
These findings indicate that AuPT, as an anticancer drug
treatment for PCa, may be more effective and safe, espe-
cially given its low cytotoxicity. Further AuPT applications
in cancer treatment must be fully tested through clinical tri-
als.

Plasmid transfection was used to verify the roles
of USP14 and UCHL5 in PCa progression. The results
showed that, in addition to zVAD intervention, the over-
expression of USP14 or UCHL5 strongly restored the ma-
lignant phenotype of PC3 cells. Targeting USP14 or
UCHL5 as an anticancer agent can drive key biologi-

cal events that inhibit cancer growth. For example, b-
AP15 selectively inhibits the activity of UCHL5 to sup-
press ovarian cancer growth by downregulating transform-
ing growth factor-β/Smad signaling [40]. In addition,
UCHL5 knockdown suppressed endometrial cancer growth
via the wingless/integrated/β-catenin pathway [41]. Au-
ranofin targets UCHL5 and USP14 to inhibit PCa growth
by downregulating AR signaling [42]. These findings pro-
vide new insights for the development of specific DUB in-
hibitors as cancer therapy.

The activation of the NF-κB pathway plays a posi-
tive role in tumor metastasis and angiogenesis [37]. Ma-
lignant tumors such as PCa usually present with hyperacti-
vation of the NF-κB pathway, which stimulates tumor cell
proliferation and invasion [43]. AR signaling is controlled
by the NF-κB pathway, which promotes the progression
of PCa to castration-resistant PCa [44]. Chelerythrine in-
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Fig. 6. AuPT downregulates the expression of UCHL5 and USP14 to inhibit malignant phenotype of PC3 cell lines. (A) Western
blotting verified protein expression of UCHL5 and USP14 after transfection. Cells were divided into 6 groups under different treatment:
the control, AuPT, AuPT + zVAD, AuPT + oe-NC, AuPT + oe-UCHL5 and AuPT + oe-USP14. CCK-8 assay (B), wound healing assay
(C) and transwell assay. Scale bar: 50 µm. (D) Examined the viability, migration and invasion ability of PC3 cells under AuPT or zVAD
or transfection treatment, respectively. Scale bar: 50 µm. (E) Flow cytometry measured cell apoptosis under differment treatment. ***p
< 0.001 vs control; &&p < 0.01, &&&p < 0.001 vs AuPT; #p < 0.05, ##p < 0.01, ###p < 0.001 vs AuPT + oe-NC; CCK-8, cell counting
kit-8; oe-NC, overexpression-Negative Control; zVAD, Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl].

https://www.biolifesas.org/


4128

Fig. 7. AuPT disturbs UPS function by downregulating the expression of UCHL5 and USP14. Western blotting assessed protein
expression of p27, p53, CHOP and Bip under AuPT or zVAD or transfection treatment. n = 3, data was presented as the mean± standard
deviation. ***p < 0.001 vs control; &&&p < 0.001 vs AuPT; ##p < 0.01, ###p < 0.001 vs AuPT + oe-NC.

Fig. 8. AuPT downregulates the NF-κB pathway by inhibiting UCHL5 and USP14. Western blotting assessed the related protein
expression of the NF-κB pathway under AuPT or transfection. n = 3, data was presented as the mean ± standard deviation. ***p <

0.001 vs control; &&&p < 0.001 vs AuPT; ###p < 0.001 vs AuPT + oe-NC.

hibited PC3 cell migration and invasion by decreasing the
levels of p65 [45]. Imipramine has a similar effect on the
serine/threonine protein kinase-NF-κB signaling pathway
[46]. NF-κB p65 is degraded via ubiquitination to sup-

press breast cancer growth, which demonstrates that UPS
can regulate the activity of the NF-κB signaling pathway
[16]. In this study, we found that AuPT treatment inhibited
the phosphorylation of p65, which was strongly rescued af-
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ter zVAD intervention or by the overexpression of UCHL5
or USP14. These findings suggest that the inhibition of the
NF-κB signaling pathway can attenuate cancer progression.
Taken together, AuPT exerts antitumor effects in PCa and
could be a drug for PCa treatment. Additionally, our study
provides new insights into the mechanisms of AuPT, and
the information obtained will be helpful in expanding the
clinical applications of AuPT.

Conclusions

We demonstrated that AuPT significantly inhibited on
PC3 cell growth and PCa xenografts in nude mice. The re-
sults of further exploration of the mechanisms of this effect
showed that AuPT downregulates NF-κB signaling and en-
hances apoptosis via inhibiting the expression of UCHL5
and USP14 in PCa.
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