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Silencing of PSMC2 inhibits development
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Abstract
Background: Prostate cancer is the most common malignant tumor of male genitourinary system, molecular
mechanism of which is still not clear. PSMC2 (proteasome 26S subunit ATPase 2) is a key member of the 19S regulatory subunit of 26S proteasome, whose relationship with prostate cancer is rarely studied.
Methods: Here, expression of PSMC2 in tumor tissues or cells of prostate cancer was detected by qPCR, western
blotting and immunohistochemical analysis. The effects of PSMC2 knockdown on cell proliferation, colony formation,
cell migration, cell cycle and apoptosis were assessed by Celigo cell counting assay, colony formation assay, woundhealing assay, Transwell assay and flow cytometry, respectively. The influence of PSMC2 knockdown on tumor growth
in vivo was evaluated by mice xenograft models.
Results: The results demonstrated that PSMC2 was upregulated in tumor tissues of prostate cancer and its high
expression was significantly associated with advanced Gleason grade and higher Gleason score. Knockdown of
PSMC2 could inhibited cell proliferation, colony formation and cell migration of prostate cancer cells, while promoting
cell apoptosis and cell cycle arrest. The suppression of tumor growth in vivo by PSMC2 knockdown was also showed
by using mice xenograft models. Moreover, the regulation of prostate cancer by PSMC2 may be mediated by Akt/Cyclin D1/CDK6 signaling pathway.
Conclusions: Therefore, our studies suggested that PSMC2 may act as a tumor promotor in the development and
progression of prostate cancer, and could be considered as a novel therapeutic target for prostate cancer treatment.
Keywords: Prostate cancer, PSMC2, Cell proliferation, Cell apoptosis, Akt pathway
Background
Prostate cancer is the most common malignant tumor of
male genitourinary system [1]. In United States, prostate
cancer has been identified as the most common malignant tumor in men, accounting for 19% of morbidity of
male cancer, which is also the second most fatal cancer in
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men, accounting for about 9% of all cancer-related deaths
[2]. The statistical data showed that, in 2018, there were
164,690 new cases of prostate cancer and 29,430 deaths
from prostate cancer in United States [2–4]. Although
the progression of prostate cancer is relatively slow and
radical treatment has exhibited excellent therapeutic
effects on early and localized prostate cancer, the tumors
of a large number of prostate cancer patients have progressed to advanced stage when diagnosed who can only
be treated by endocrine therapy [5–8]. However, after
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endocrine therapy, most prostate cancer patients will
progress to castration-resistant prostate cancer, which is
insensitive to chemotherapy and radiotherapy, thus suffering poor prognosis due to the lacking of effective therapy and the tendency of metastasis [9–11]. Therefore, as
a prerequisite for the development of novel treatment
strategies for prostate cancer, it is of great urgency to
deepen the understanding of the molecular mechanism
of the development and metastasis of prostate cancer
[12–14].
Previous studies have showed that 26S proteasome
participated in the regulation of a variety of biological
processes such as cell cycle progression [15], apoptosis
[16], metabolic regulation [17], and signal transduction
[18]. With the continuous exploration of 26S proteasome, its substrates have attracted considerable attention.
PSMC2 (proteasome 26S subunit ATPase 2), located
in 7q22.1-q22.3 of the genome, is a key member of the
19S regulatory subunit of 26S proteasome, responsible
for catalyzing the unfolding and translocation of substrates into the 20S proteasome [19]. In addition, because
of the intracellular existence of free 20S granules, but
not 19S granules, the 26S proteasome assembly is limited by the level of 19S regulatory subunit [20]. Therefore, the expression of PSMC2 may be necessary for the
assembly of 19S and 26S proteasomes. Nijhawan et al.
listed PSMC2 as the highest-ranked gene of CYCLOPS
(Copy-number alterations Yielding Cancer Liabilities
Owing to Partial losS), which represents a special subset
of essential genes related to the activity of cancer cells.
It was demonstrated that some genomic deletions of
PSMC2 were observed in more than 3000 tumors, which
made the cancer cells highly dependent on the remaining PSMC2, and further indicated that PSMC2 could be
used as a potential target for cancer treatment [20]. Previous studies have also confirmed the important role of
PSMC2 in some human cancers [21]. For example, the
expression of PSMC2 increased in tumors of p21-HBx
transgenic mice and downregulation of PSMC2 inhibited
the proliferation of ovarian cancer cells [22]. Moreover,
the role of PSMC2 in the development and progression
of osteosarcoma has also been revealed as a tumor promotor [23, 24]. Despite that PSMC2 is considered to be
a newly discovered gene closely related to human cancer,
its relationship with prostate cancer is still unclear.
The emphasis of this study lied in a potential promotor acted by PSMC2 in the development and metastasis of prostate cancer. PSMC2 expression significantly
increased in prostate cancer tissues and cell lines. The
behavior of the correlation coefficient made us conclude
that a positive relationship between PSMC2 overexpression with advanced Gleason grade and higher Gleason
score. Furthermore, the inhibition of PSMC2 led to the
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decrease in prostate cancer cell proliferation, colony formation and cell migration, while facilitated cell apoptosis of prostate cancer cells. Also, PSMC2 knockdown
exerted its tumor suppressive function in vivo. Moreover,
the involvement of PSMC2 in prostate cancer was mediated by the activity of Akt/Cyclin D1/CDK6 signaling
pathway. As such, this study provided novel insights into
PSMC2 as a potential therapeutic target for the treatment of prostate cancer.

Methods
Cells and antibodies

Human prostate cancer cells PC-3 and DU 145 were
purchased from the Cell Bank of Typical Culture Preservation Committee of Chinese Academy of Sciences
(Shanghai, China) and C4-2 were obtained from ATCC
(Manassas, VA, USA). PC-3 cells were cultured in F-12
medium (Gibco, Rockville, IN, USA), DU 145 were kept
in MEM medium (Gibco, Rockville, IN, USA) and C4-2
were maintained in 400 mL MEM (Lonza, Basel, Switzerland) plus 100 mL F12 Medium. All the medium was
supplemented with 10% fetal bovine serum (FBS) and all
cultured medium changed every 3 days. All cells were
maintained at 37˚C with 5% C
 O2 and 95% humidity.
Antibodies used in our study were PSMC2 (Cat #
SC-166972, Santa Cruz, CA, USA), GAPDH Rabbit (Cat
#AP0063, Bioworld, St. Louis, MN, USA), HRP goat antirabbit/mouse IgG (Cat # A0208/ A0216, Beyotime, Beijing, China), Akt and Cyclin D1 (Cat #4685/2978, CST,
Danvers, MA, USA), p-Akt (Cat #bs-5193r, Bioss, Beijing,
China), CDK6 (Cat #ab151247, Abcam, Cambridge, MA,
USA), P21 (Cat #BM3990, Boster, Wuhan, China), Ki67
(Cat #ab16667, Abcam, Cambridge, MA, USA) and HRP
goat anti-rabbit IgG (Cat #ab151247, ab40776, ab76125,
ab16667 and ab6721, Abcam, Cambridge, MA, USA).
Akt inhibitor MK-2206 was purchased from MedChemExpress (Cat #HY-10358).
Immunohistochemistry

Prostate cancer tissue microarray chip was obtained
including 152 cases of prostate cancer tissues and 80
cases of normal prostatic tissues. Patients’ information and related data were collected as well. Written
informed consent was provided by each patient before
the operation. Our study protocol was approved by Ethics Committee of First Affiliated Hospital of Nanchang
University. For immunohistochemistry, tissue slides were
bake at 65 °C for 30 min in oven. After dehydrated in
xylene and rehydrated in 100% and 75% alcohol, EDTA
was added for antigen retrieval in 100 °C boiling water
for 30 min. After washing with 1 × PBS + 0.1%Tween20,
slides were blocked with 3% H2O2 for 5 min. Primary
antibody specific to PSMC2 were added for incubating
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at 4 °C overnight. Then the second antibody HRP goat
anti-rabbit IgG was added and incubated for 1 h at 37 °C.
All slides were wash and DAB color with DAB dye solution for 5 min without light, then all slices were counterstained with hematoxylin. Slides were pictured with
microscopic 200 × and 400 × Objectives and viewed by
ImageScope and CaseViewer. All slides were examined by
two independent pathologists. Staining percentage scores
were classified as: 1 (1–24%), 2 (25–49%), 3 (50–74%) and
4 (75–100%). Staining intensity were scored as 0 (Signalless color), 1 (brown), 2 (light yellow), 3 (dark brown).
Plasmid construction and stable transfection

For overexpression, the PSMC2 construct was produced
by subcloning human PSMC2 cDNA into vector BR-V208 (Shanghai Biosciences, Shanghai, China). For knockdown, three small hairpin RNAs (shRNA) of PSMC2 was
synthesized (5′-GCCAGGGAGATTGGATAGAAA-3′,
5′-CAACGTAAAGCAGTTTGCCAA-3′, 5′-AAGCAA
GTTGAAGATGACATT-3′) and cloned into BR-V108
vector. Plasmids were collected and purified using EndoFree Maxi Plasmid Kit and transfected into 293T cells to
package lentivirus.
DU 145 and PC-3 cells were transfected with the packaged lentivirus along with ENI.S and Polybrene additives.
After 72 h culturing, fluorescence and cell infection efficiency was observed and valued by microscopic.
RNA isolation and RT‑PCR analysis

Transfected human prostate cancer cells were fully lysed
with Trizol (Sigma, St Louis, MO, USA). The concentration and quality of extracted RNA was determined by
Nanodrop 100 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was converted
to cDNA with ReverAid First Strand cDNA kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s recommendation. RT-PCR was performed with the Qiagen One-step RT-PCR kit (Vazyme,
Nangjing, Jiangsu, China). PCR procedures are as follows: 95 °C for 70 s, 60 °C for 30 s, 95 °C for 30 s, 95 °C for
15 s, 55 °C for 60 s and 95 for 15 s, 45 cycles. Primers to
anneal to PSMC2 were 5′-CAGCACTCTGGGATTTGG
CT-3′ and 5′-TTTCTATCCACGCCCACTCTC-3′ and
primers to anneal to inner control GAPDH were 5′-TGA
CTTCAACAGCGACACCCA-3′ and 5′-CACCCTGTT
GCTGTAGCCAAA-3′.
Western blot and human apoptosis antibody
array‑membrane

Cells were washed with cold PBS and lysed in icecold lysis buffers containing Western, IP lysate and
PMSF. Total protein concentrations were determined
using the BCA method with BCA Protein Assay Kit
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(HyClone-Pierce, Logan, UT, USA). Proteins (20 μg per
lane) were separated by electrophoresis on a 10% SDSPAGE gel, and transferred to nitrocellulose membranes.
The membranes were blocked with TBST solution containing 5% skimmed milk for 1 h. Primary antibodies specific to Akt (1:1000), p-Akt (1:1000), Cyclin D1 (1:2000),
CDK6 (1:1000), p21 (1:500) were added and incubated
at 4 °C overnight. Then the membranes were incubated
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibodies (1:3000) for 1 h at room temperature. Western Chemiluminescent HRP Substrote kit was
used for coloring (Millipore, Schwalbach, Germany).
GAPDH served as the internal standard and the blot
bands were visualized with enhanced chemiluminescence
(ECL) (Amersham, Chicago, IL, USA) system.
For human apoptosis antibody array, total protein from
was PC-3 in shCtrl and shPSMC2 groups were collected
after fully lysed by lysis buffer. Protein samples were
added for incubating with blocked array antibody membrane overnight at 4 °C. After washing, 1:100 Detection
Antibody Cocktail was added incubating for 1 h, followed
by incubated with HRP linked streptavidin conjugate
for 1 h. All spots were visualized by enhanced chemiluminescence and the signal densities were analyzed with
ImageJ software (National Institute of Health, Bethesda,
MD, USA).
Celigo cell counting assay

Lentivirus-infected (shCtrl, shPSMC2) DU 145 and PC-3
cells were seeded at a 96-well plate with 2000 cells per
well for culturing. The plate was continuously detected
by Celigo (Nexcelom, Lawrence, MA, USA) for 5 days at
the same time. Cell proliferation rate was analyzed.
MTT assay

Cells were seeded on 96-well plates. After trypsinization,
culture medium was resuspended into cell suspension.
Cell density was adjusted to 2000 cells/well and inoculated to 96-well plates (100 µL/well) (Corning, Corning,
NT, USA, #3599). MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide) (Genview, Beijing,
China; # JT343) solution was added per well for 4 h. After

Table 1 Expression patterns of PSMC2 in prostate tissues and
normal tissues revealed in immunohistochemistry analysis
PSMC2
expression

Tumor tissue

Normal tissue

Cases

Percentage

Cases

Percentage

Low

82

53.9%

77

96.3%

High

70

46.1%

3

3.7%

P < 0.001
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Fig. 1 PSMC2 was upregulated in prostate cancer. a The expression of PSMC2 in prostate cancer tumor tissues with different tumor stages and
normal tissues was detected by IHC (magnification ×200/×400). b The background expression of PSMC2 in prostate cancer cell lines was detected
by qPCR. Results were presented as mean ± SD

removing the culture medium containing MTT and adding dimethyl sulfoxide (DMSO), the cells were shaken for
10 min at room temperature. The absorbance was measured at 490 nm with Microplate Reader (Tecan) and the
cell viability was calculated.
Cell apoptosis assay

Lentivirus-infected (shCtrl, shPSMC2) DU 145 and
PC-3 cells (1 × 103 cells/mL) were inoculated in a 6-well
plate with 2 mL per well and further cultured for 5 days.
Cells were collected with centrifugation at 1200×g, then
cells were resuspended with binding buffer, then 10 μL
Annexin V-APC (eBioscience, San Diego, CA, USA) was
added for staining without light. Apoptosis analyses was
measured using FACSCalibur (BD Biosciences, San Jose,
CA, USA).
Colony formation assay

Lentivirus-infected (shCtrl, shPSMC2) DU 145 and PC-3
cells in the logarithmic growth phase were collected,
digested and resuspended. Cells were seeded in a 6-well
plate with 1000 cells per well and cultured for 8 days,
the culture medium was changed every 3 days. Colony photos were collected by fluorescence microscope
(Olympus, Tokyo, Japan). After cells were fixed with 4%

paraformaldehyde, Giemsa (Dingguo, Shanghai, China)
was used for staining and the number of colonies (> 50
cells/colony) was counted.
Wound healing assay

Lentivirus-infected (shCtrl, shPSMC2) DU 145 and PC-3
cells (5 × 104 cells/well) were plated into a 96-well dish
in triplicate for culturing. Scratches were made by a 96
wounding replicator (VP scientific, San Diego, CA, USA)
across the cell layer with 90% confluence. Photographs
were taken by a fluorescence microscope at 0 h, 24 h and
48 h after scratching. Cell migration rates of each group
were calculated.
Transwell assay

Lentivirus-infected (shCtrl, shPSMC2) DU 145 and PC-3
cells were incubated in the upper chamber with 100 μL
medium without FBS in a 24-well plate (5 × 104 cells/
well). 600 μL medium supplemented with 10% FBS was
added into the lower chamber. Cells were incubated for
24 h at 37 °C with 5% C
 O2. Finally, lower chamber cells
were fixed by 4% formaldehyde and stained by Giemsa
and cells from five random fields were selected for
observing and the migration ability of cells was analyzed.
Experiment was repeated in three wells.
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Table 2 Relationship between PSMC2 expression and tumor
characteristics in patients with prostate cancer
Features

No. of patients PSMC2
expression
Low

High

152

82

70

79

46

33

73

36

37

89

53

36

56

23

33

T1

2

2

0

T2

68

39

29

T3

37

18

19

T4

6

4

2

N0

105

59

46

N1

8

4

4

I

14

13

1

II

56

28

28

III

31

16

15

IV

12

6

6

2

8

7

1

3

38

26

12

4

51

26

25

5

47

17

30

All cases

P value

Age (years)
≤ 69
> 69

0.272

Gleason score
≤8
>8

0.031*

T infiltrate

0.420

Lymphatic metastasis (N)

0.735

Stage

0.077

Gleason grade

< 0.001***

(4 × 107 mL D-Hanks) stably transfected PC-3 cells were
subcutaneous injected into the nude mice, there were 10
mice in each group (shCtrl and shPSMC2 group). Mice
weight and tumor sizes using W and L (W means width
at the widest point of tumor; L means perpendicular
width) were recorded two times per week 20 days post
injection. After intraperitoneal (I.P.) injection of D-luciferin (15 mg/mL) at a dose of 10 μL/g, the mice were of
0.7% sodium pentobarbital for in vivo bioluminescence
applying Lumina LT Xenogen VivoVision IVIS 100 system (Perkin Elmer, Waltham, MA, USA). 48 days later, all
mice were euthanized and the tumor tissues were surgically dissected.
The tumor tissues were embedded in paraffin for hematoxylin and eosin (HE) staining. Before HE staining, slides
were blocked with PBS-H2O2 and were incubated with
primary antibody Ki-67 (1:200) at 4 °C overnight. Then
slides were incubated with goat anti-rabbit IgG HRP
(1:400) second antibody. Hematoxylin and Eosin (Baso,
Zhuhai, Guangdong, China) were used for staining.
Statistical analyses

All experiments were performed in triplicate. Data were
shown as mean ± SD. The significance of the differences
between groups was determined using the two-tailed
Student’s t test or one-way ANOVA. Statistical significance was calculated by SPSS 22.0 (IBM, SPSS, Chicago,
IL, USA), and P < 0.05 was considered statistically significant. Graphs were made using GraphPad Prism 6.01
(Graphpad Software, La Jolla, CA, USA).

Results
PSMC2 is upregulated in cancer of the prostate
Table 3 Relationship between PSMC2 expression and tumor
characteristics in patients with prostate cancer analyzed by
Spearman rank correlation analysis
Tumor characteristics

Index

Gleason score

Pearson correlation

0.180

Significance (two tailed)

0.030*

n

145

Pearson correlation

0.303

Gleason grade

Significance (two tailed)

< 0.001***

n

145

Nude mice xenograft tumor studies and HE staining

4 week-BALB/c nude mice were purchased from Shanghai Slake Laboratory Animal Co., Ltd. (Shanghai,
China). Mice were maintained in SPF conditions and
the experiment were approved by Ethics Committee of
First Affiliated Hospital of Nanchang University. 0.2 mL

Immunohistochemical (IHC) analysis was used to investigate the expression levels of PSMC2 in specimens of
tumor acquired from 145 patients with prostate cancer;
these data were then compared with the expression levels
of PSMC2 in normal control tissues. It was clear from the
resulting data that the expression of PSMC2 was clearly
upregulated in tumors (Table 1, Fig. 1a). It was also evident that tumors with a higher Gleason grade expressed
higher levels of PSMC2, thus indicating a positive relationship between PSMC2 levels and Gleason grade in
cases of prostate cancer (Fig. 1a). There was a significant correlation between the expression of PSMC2 and
the Gleason score and grade (Table 2), as confirmed by
Spearman’s rank correlation analysis (Table 3). Collectively, these results clarified the potential role of PSMC2
as a tumor promoter in the development and progression
of prostate cancer. qPCR further detected high levels of
PSMC2 expression in a range of prostate cancer cell lines
(DU 145, PC-3, and C4-2) thus demonstrating the strong
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(See figure on next page.)
Fig. 2 Knockdown of PSMC2 inhibited cell growth in vitro. PSMC2 knockdown cell models were constructed through the transfection of shCtrl
or shPSMC2. a The knockdown efficiencies of PSMC2 in PC-3 and DU 145 cells were detected by qPCR. b The successful knockdown of PSMC2 in
PC-3 and DU 145 cells were confirmed by western blotting. c The effects of PSMC2 knockdown on cell proliferation of PC-3 and DU 145 cells were
evaluated by Celigo cell counting assay. d Colony formation assay was performed to detect the effects of PSMC2 on colony formation ability of PC-3
and DU 145 cells. Results were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

association between PSMC2 expression and prostate
cancer (Fig. 1b).
The silencing of PSMC2 led to the inhibition
of proliferation and colony formation in prostate cancer
cells

Next, we aimed to investigate the specific effects of
PSMC2 in cancer of the prostate. To facilitate this investigation, we designed three short-hairpin RNAs (shRNAs) that targeted PSMC2 (shPSMC2) and a negative
control (shCtrl). These shRNAs were then packaged into
a lentivirus vector alongside a green fluorescent protein
(GFP) tag. These lentiviral vectors were subsequently
transfected into two prostate cancer cell lines (PC-3 and
DU 145) in order to construct a cell model for the knockdown of PSMC2. Observation of the signal arising from
the GFP indicated that the efficiency of transfection in
both cell types was > 80% (data not shown). Next, we used
qPCR to determine the mRNA expression of PSMC2 in
PC-3 cells in order to ascertain the efficiency of knockdown for the three shRNA constructs. It was evident that
shPSMC2 (RNAi-00145) exhibited optimal effect (90%
knockdown); this construct was therefore selected for use
in subsequent experiments (Fig. 2a). We also verified the
successful silencing of PSMC2 in PC-3 and DU 145 cells
by both qPCR and western blotting (Fig. 2a and b). Celigo
cell counting assays further showed that the silencing of
PSMC2 led to a significant inhibition of cell proliferation in both PC-3 and DU 145 cells (P < 0.001, Fig. 2c). In
addition, we also found that the knockdown of PSMC2
significantly weakened the abilities of PC-3 and DU 145
cells to form colonies; significantly fewer colonies were
formed by cells in the shPSMC2 groups compared to the
control groups over the same period of time (P < 0.01,
Fig. 2d). Collectively, these results indicated that the
PSMC2 knockdown inhibits the development and progression of prostate cancer by regulating mechanisms
related to cell proliferation.
Knockdown of PSMC2 promotes cell apoptosis and cycle
arrest of prostate cancer cells

Next, we investigated the effects of PSMC2 knockdown
on the proportion (%) of apoptosis in PC-3 and DU 145
cells by flow cytometry. Data indicated that the depletion
of PSMC2 caused a significant increase in the proportion
of cells showing evidence of apoptosis (P < 0.001, Fig. 3a).

On the other hand, we also found that knockdown of
PSMC2 induced the decrease of cell percentage in S
phase and the increase of cell percentage in G1 phase,
suggesting the arrest of cell cycle (Fig. 3b). In addition,
the knockdown of PSMC2 also affected the expression
of a range of proteins related to apoptosis, as determined
by a Human Apoptosis Antibody Array (Fig. 3c). As
shown in Fig. 3d, cells treated with shPSMC2 exhibited
an upregulation of pro-apoptotic proteins (BIM and P21)
and a downregulation of anti-apoptotic proteins (HSP27,
IGF-II, Survivin, sTNF-R1, sTNF-R2, TNF-β, TRAILR-4,
and XIAP) (P < 0.05). These results indicated that these
factors are all involved in the PSMC2-induced regulation
of cell apoptosis.
The knockdown of PSMC2 inhibited the migration
of prostate cancer cells

Next, we investigated the potential role of PSMC2 in the
metastasis of prostate tumors and the migration of prostate cancer cells. Wound-healing assays showed that rate
of migration for PC-3 and DU 145 cells when treated
with shPSMC2 decreased significantly (P < 0.01, Fig. 4a),
by 24% and 38%, respectively, after 24 h of culture.
Transwell assays further showed that the knockdown of
PSMC2 led to a significant inhibition of cell migration in
both PC-3 and DU 145 cells (P < 0.01, Fig. 4b). These data
demonstrated that PSMC2 depletion significantly inhibited the ability of prostate cancer cells to migrate.
The knockdown of PSMC2 led to an inhibition of tumor
growth in a mouse xenograft model

Next, we investigated the ability of PSMC2 knockdown
to suppress the growth of tumors in vivo. PC-3 cells
were injected subcutaneously with shCtrl and shPSMC2
and used to construct a mouse xenograft model. Animals treated with the shCtrl construct exhibited tumors
that grew consistently in terms of volume. However,
there were no discernable tumors in the mice that were
injected with shPSMC2 (Fig. 5a). Bioluminescence imaging showed similar results following the injection of
D-Luciferin (P < 0.001, Fig. 5b). 34 days after injection,
the animals were sacrificed and the xenografts were
removed and weighed; mice injected with shCtrl exhibited significantly larger tumors than that injected with
shPSMC2 cells (P < 0.01, Fig. 5c and d). Moreover, it could
also be observed that Ki67 expression, a representation
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Fig. 3 Knockdown of PSMC2 promoted cell apoptosis. a, b Flow cytometry was performed to examine the effects of PSMC2 knockdown on
cell apoptosis (a) and cell cycle distribution (b) of PC-3 and DU 145 cells. c, d Human apoptosis antibody array was used to identify differentially
expressed apoptosis-related proteins in PC-3 cells with or without PSMC2 knockdown. Results were presented as mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001

of proliferative activity of tumors, was distinctly lower
in shPSMC2 xenografts (Fig. 5e). Therefore, our in vivo
studies demonstrated that the depletion of PSMC2 significantly inhibited the growth of prostate cancer cells.
An analysis of the downstream mechanisms underlying
the actions of PSMC2 on prostate cancer

In this part of the study, we investigated the mechanisms
by which PSMC2 might regulate prostate cancer. To do
this, we investigated the influence of PSMC2 depletion or
the overexpression of several established cancer-related
molecules in PC-3 cells by western blotting. As shown
in Fig. 6a and b, the activity of the Akt pathway, along
with the expression levels of Cyclin D1 and CDK6 were
decreased in the shPSMC2 group, but were increased following the overexpression of PSMC2. Also, the upregulation of P21 in shPSMC2 cells was in consistent with
previously mentioned results (Fig. 6a). More importantly,
cells in which PSMC2 was, or was not, overexpressed by
an Akt inhibitor (MK-2206) did not show suppression of
the Akt pathway; instead, these cells showed downregulation in the levels of Cyclin D1 and CDK6. This indicated the potential involvement of the Akt/Cyclin D1/
CDK6 pathway in the PSMC2-induced proliferation of

prostate cancer (Fig. 6a and b). We also demonstrated
that MK-2206 treatment significantly inhibited the proliferation of PC-3 cells, and partially reversed the effects
of PSMC2 overexpression on the growth of PC-3 cells
(Fig. 6c). Collectively, these results indicated that PSMC2
may promote the development of prostate cancer by regulating the Akt/Cyclin D1/CDK6 pathway.

Discussion
The most common structural form of ubiquitin-mediated proteasomes in cells is the 26S proteasome, which
contains a 20S core particle at the center and two 19S
regulatory particles at either side [25, 26]. The 19S
subunit of proteasome contains 19 protein components, each of which has its unique regulatory effect
on the whole proteasome structure. PSMC2 is a necessary component of 19S subunit, which has the functions of ATP binding, nucleotide binding, nucleoside
triphosphatase and hydrolase, and is mainly involved
in regulating the selective degradation of intracellular
proteins. In 2012, Nijhawan et al. identified 56 genes
as CYCLOPS candidates during the study of cancerspecific vulnerabilities, which were enriched for spliceosome, proteasome and ribosome components, as

Chen et al. Cancer Cell Int

(2021) 21:235

Page 9 of 12

Fig. 4 Knockdown of PSMC2 inhibited cell growth and cell migration. a Wound-healing and b Transwell assays were utilized to assess the effects of
PSMC2 knockdown on cell migration of PC-3 and DU 145 cells. Results were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

well as essential genes in cell proliferation or survival.
Among them, PSMC2 was reported to be the highestranked one with potential role in human cancers [20].
Song et al. investigated the role of PSMC2 in the development and metastasis of osteosarcoma, indicating the
upregulation of PSMC2 in osteosarcoma tissues and
elucidating the PSMC2 knockdown induced inhibition effects on cell proliferation, colony formation, cell

motility and promotion of apoptosis as well as arrest
of cell cycle in G2/M and/or S phase [23]. Moreover, Li
et al. deepen the understanding of the role of PSMC2
in osteosarcoma through identifying it as the target of
miR-630 in the promotion of cell proliferation, migration, invasion and correlation of poor prognosis [24].
Nevertheless, the relationship between PSMC2 and

Chen et al. Cancer Cell Int

(2021) 21:235

Page 10 of 12

Fig. 5 PSMC2 knockdown suppressed tumor growth in vivo. a The tumor volumes were measured throughout culture of animal models. b The
bioluminescence intensity was obtained through injection of D-Luciferase before sacrificing the mice. c The photos of tumors were taken after
the removal of tumors. d Tumor weights were measured after sacrificing the mice models. e Ki67 expression was detected by IHC in shCtrl and
shPSMC2 xenografts. Results were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

prostate cancer has not been reported and still remains
unknown.
In this study, PSMC2 expression was enhanced in
prostate cancer cell lines and tissues. PSMC2 overexpression was strongly associated with advanced Gleason grade and higher Gleason score. Beyond that, the
in vitro experiments elucidated that the limited abilities
of proliferation and colony formation of prostate cancer
cells were particularly pronounced due to the inhibition
of PSMC2. With respect to the results of wound-healing
and transwell assays, the migration level of prostate cancer cells significantly decreased by PSMC2 knockdown.
At the same time, our findings put forward the repressed
cell apoptosis generated by PSMC2 knockdown as a
result of the activation of apoptosis-related proteins
including BIM, HSP27, IGF-II, p21, Survivin, sTNF-R1,
sTNF-R2, TNF-β, TRAILR-4, XIAP. More importantly,
it has come to light that PSMC2 knockdown attenuated
tumor growth in vivo. The results of our study provided
evidence for PSMC2 as a tumor promotor for prostate
cancer.
Akt (also called as protein kinase B, PKB) is known for
its great significance to regulate cell growth, proliferation,

survival, as well as metabolism [27]. In agreement with
previous reports indicating Akt as a target for the treatment of prostate cancer [28, 29], we also observed that
knockdown of PSMC2 could decrease the activity of
Akt pathway, especially the decline in its phosphorylation level. Conversely, PSMC2 overexpression observably
stimulated the activation of Akt pathway, which could
be restored to a normal level with the help of Akt inhibitor MK-2206. It was worth noting that cells with overexpressed PSMC2 showed the opposite phenotype, with the
results of promoting cell growth, which was also found
to be alleviated by the supplement of MK-2206. Based on
our findings, we proposed that PSMC2 regulated prostate
cancer cell partly by targeting Akt pathway. Cyclin D1
and CDK6, as the other two important regulators in cell
cycle and cell proliferation [30–32], have been demonstrated to be highly expressed in prostate cancer and have
enormous potential in wide various of cancer research
and prognosis judgement [33–36]. Moreover, it has been
reported before our study that both Cyclin D1 and CDK6
worked as downstream of Akt signaling pathway in the
regulation of lung cancer and colorectal cancer [37, 38].
Corresponding to previous reports, our results have
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pointed to an obvious downregulation of both Cyclin D1
and CDK6 upon knockdown of PSMC2. Different from
knockdown of PSMC2, we obtained the conversed results
when PSMC2 overexpression. Subsequently, upregulation of Cyclin D1 and CDK6 was also partially reversed
by MK-2206, which served as an evidence for the involvement of Akt/Cyclin D1/CDK6 pathway in prostate cancer. Albeit these results, the underlying mechanism of
the regulatory effects of PSMC2 on the development and
metastasis of prostate cancer is still poorly understood
and would be the focus of next research.

Conclusion
In conclusion, this study was the first to verify the promotor role played by PSMC2 in development and metastasis
of prostate cancer. It was also the first study to demonstrate that high expression of PSMC2 was correlated with
more advanced Gleason grade and higher Gleason score.
Knockdown of PSMC2 gave rise to the blocked development and metastasis of prostate cancer, which was
probably resulted from regulating Akt/Cyclin D1/CDK6
signalling pathway. Our experimental data might provide
a strategy for targeting with the PSMC2/Akt/Cyclin D1/
CDK6 signalling pathway interaction as a novel therapeutic application to treat prostate cancer patients.
Authors’ contributions
AX and GG designed this program. QC and LF operated the cell and animal
experiments. QC and JH conducted the data collection and analysis. QC
produced the manuscript which was checked by AX. All the authors have
confirmed the submission of this manuscript. All authors read and approved
the final manuscript.
Funding
This work was financially supported by National Natural Science Foundation of
China (No. 81001144), National Natural Science Foundation of Jiangxi Province
(No. 20181BAB205056) and Department of Education of Jiangxi Province
Project No. 170056.
Availability of data and materials
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.

Fig. 6 Exploration of mechanism underlying PSMC2-induced
regulation of prostate cancer. a The expression levels of Akt, p-Akt,
CDK6, Cyclin D1 and P21 detected by western blotting in PC-3 cells
of shCtrl and shPSMC2 groups. b The expression levels of Akt, p-Akt,
CDK6, Cyclin D1 and P21 detected by western blotting in PC-3 cells of
Control and PSMC2 overexpression groups with or without treatment
of MK-2206 (500 nM). c MTT assay was performed to assess the cell
proliferation rate of PC-3 cells of Control and PSMC2 overexpression
groups with or without treatment of MK-2206 (500 nM). Results were
presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

Declarations
Ethics approval and consent to participate
Written informed consent was provided by each patient before the operation.
Our study protocol was approved by Ethics Committee of First Affiliated
Hospital of Nanchang University. The experiment was approved by Ethics
Committee of First Affiliated Hospital of Nanchang University.
Consent for publication
Not applicable.
Competing interests
The authors have no conflicts of interest.
Author details
1
Department of Urology, First Affiliated Hospital of Nanchang University,
Nanchang, China. 2 Institute of Urology, First Affiliated Hospital of Nanchang

Chen et al. Cancer Cell Int

(2021) 21:235

University, 17 Yong Wai Zheng Street, Nanchang, Jiangxi, China. 3 Department
of Burns, First Affiliated Hospital of Nanchang University, Nanchang, China.
4
Jiangxi Health Vocational College, Nanchang, China.
Received: 24 December 2019 Accepted: 13 April 2021

References
1. Gasnier A, Parvizi N. Updates on the diagnosis and treatment of prostate
cancer. Brit J Radiol. 2017;90:20170180.
2. Bray F, et al. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CACancer J Clin. 2018;68:394–424.
3. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.
2019;69:7–34.
4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA-Cancer J Clin.
2018;68:7–30.
5. Sebesta EM, Anderson CB. The surgical management of prostate Cancer.
Semin Oncol. 2018;44:347–57.
6. Nguyen-Nielsen M, Borre M. Diagnostic and therapeutic strategies for
prostate cancer. Semin Nucl Med. 2016;46:484–90.
7. Scher HI, Heller G. Clinical states in prostate cancer: toward a dynamic
model of disease progression ☆. Urology. 2000;55:323–7.
8. Julius S, Cinzia A, Boorjian SA, Mongan NP, Jenny Liao P. Overcoming drug
resistance and treating advanced prostate cancer. Curr Drug Targets.
2012;13:1308–23.
9. Boulos S, Mazhar D. The evolving role of chemotherapy in prostate cancer. Future Oncol. 2017;13:1091–5.
10. Helgstrand JT, Berg KD, Lippert S, Brasso K, Røder MA. Systematic review:
does endocrine therapy prolong survival in patients with prostate cancer? Scand J Urol. 2016;50:135–43.
11. Rd RM. Prostate cancer: combining endocrine treatment and radiotherapy: a bright future. Nat Rev Urol. 2016;13:373–4.
12. Han Y, Hu H, Zhou J. Knockdown of LncRNA SNHG7 inhibited epithelialmesenchymal transition in prostate cancer though miR-324-3p/WNT2B
axis in vitro. Pathol Res Pract. 2019. https://doi.org/10.1016/j.prp.2019.
152537.
13. Ling X, et al. miR-505 suppresses prostate cancer progression by targeting NRCAM. Oncol Rep. 2019;42:991–1004.
14. Wang Y, et al. The lncRNA PVT1 regulates nasopharyngeal carcinoma
cell proliferation via activating the KAT2A acetyltransferase and
stabilizing HIF-1α. Cell Death Differ. 2019. https://doi.org/10.1038/
s41418-019-0381-y.
15. Zwergel T, et al. Proteasome inhibitors and their combination with
antiandrogens: effects on apoptosis, cellular proliferation and viability
of prostatic adenocarcinoma cell cultures. Prostate Cancer Prostatic Dis.
2004;7:138–43.
16. Dafonseca PA, He J, Morris E. Molecular model of the human 26S proteasome. Mol Cell. 2012;46:54–66.
17. Wakshlag JJ, et al. Effects of exercise on canine skeletal muscle proteolysis: an investigation of the ubiquitin-proteasome pathway and other
metabolic markers. Vet Ther. 2002;3:215–25.
18. Tanahashi N, et al. Chromosomal localization and immunological analysis
of a family of human 26S proteasomal ATPases. Biochem Biophys Res
Commun. 1998;243:229–32.
19. Smith DM, Fraga H, Reis C, Kafri G, Goldberg AL. ATP binds to proteasomal
ATPases in pairs with distinct functional effects, implying an ordered reaction cycle. Cell. 2011;144:526–38.

Page 12 of 12

20. Deepak N, et al. Cancer vulnerabilities unveiled by genomic loss. Cell.
2012;150:842–54.
21. Raamesh D, et al. A comparative genomic approach for identifying synthetic lethal interactions in human cancer. Cancer Res. 2013;73:6128–36.
22. Fang C, et al. The up-regulation of proteasome subunits and lysosomal
proteases in hepatocellular carcinomas of the HBx gene knockin transgenic mice. Proteomics. 2010;6:498–504.
23. Song M, Wang Y, Zhang Z, Wang S. PSMC2 is up-regulated in osteosarcoma and regulates osteosarcoma cell proliferation, apoptosis and
migration. Oncotarget. 2017;8:933–53.
24. Li G, Yan X. Lower miR-630 expression predicts poor prognosis of
osteosarcoma and promotes cell proliferation, migration and invasion by
targeting PSMC2. Eur Rev Med Pharmaco. 2019;23:1915–25.
25. Saeki Y. Ubiquitin recognition by the proteasome. J Biochem.
2017;161:113–24.
26. Bard JAM, et al. Structure and function of the 26S proteasome. Annu Rev
Biochem. 2018;87:697–724.
27. Zhao Y, Tang H, Zeng X, Ye D, Liu J. Resveratrol inhibits proliferation,
migration and invasion via Akt and ERK1/2 signaling pathways in renal
cell carcinoma cells. Biomed Pharmacother. 2018;98:36–44.
28. Guo Y, et al. IL-8 promotes proliferation and inhibition of apoptosis via STAT3/AKT/NF-κB pathway in prostate cancer. Mol Med Rep.
2017;16:9035–42.
29. Yan G, et al. GOLM1 promotes prostate cancer progression through
activating PI3K-AKT-mTOR signaling. Prostate. 2018;78:166–77.
30. Goel S, Decristo MJ, Watt AC, Brinjones H, Zhao JJ. CDK4/6 inhibition triggers anti-tumor immunity. Nature. 2017;548:471–5.
31. Qie S, Diehl JA. Cyclin D1, cancer progression, and opportunities in
cancer treatment. J Mol Med. 2016;94:1313–26.
32. Tigan A, Bellutti F, Kollmann K, Tebb G, Sexl V. CDK6—a review of the past
and a glimpse into the future: from cell-cycle control to transcriptional
regulation. Oncogene. 2015;35:3083–91.
33. Lu S, Wang MS, Chen PJ, Ren Q, Bai P. miRNA-186 inhibits prostate cancer
cell proliferation and tumor growth by targeting YY1 and CDK6. Exp Ther
Med. 2017;13:3309–14.
34. Rice DH, Cabrita MA, Huijun Z, Jim D, Addison CL. miR-105 inhibits
prostate tumour growth by suppressing CDK6 levels. PLoS ONE.
2013;8:e70515.
35. Casimiro MC, et al. Cyclin D1 promotes androgen-dependent DNA damage repair in prostate cancer cells. Cancer Res. 2015;76:329–38.
36. Yin H, et al. Overexpression of SOX18 promotes prostate cancer progression via the regulation of TCF1, c-Myc, cyclin D1 and MMP-7. Oncol Rep.
2016;37:1045–51.
37. Feng Y, et al. CDCA2 promotes the proliferation of colorectal cancer cells
by activating the AKT/CCND1 pathway in vitro and in vivo. BMC Cancer.
2019;19:576.
38. Wei F, Wang M, Li Z, Wang Y, Zhou Y. miR-593 inhibits proliferation
and invasion and promotes apoptosis in non-small cell lung cancer
cells by targeting SLUG-associated signaling pathways. Mol Med Rep.
2019;20:5172–82.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

