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The proteasome inhibitor, bortezomib, induces prostate cancer
cell death by suppressing the expression of prostate-specific
membrane antigen, as well as androgen receptor

KENJI KURODA! and HE LIU?

1Department of Urology, National Defense Medical College, Tokorozawa, Saitama 359-8513, Japan;
2Laboratory of Urological Oncology, Department of Urology, Weill Cornell Medical College, New York, NY 10065, USA

Received September 26, 2018; Accepted January 17, 2019

DOI: 10.3892/ij0.2019.4706

Abstract. The progression of primary prostate cancer (PC) is
dependent on the androgen receptor (AR) and prostate-specific
membrane antigen (PSMA). Furthermore, the growth of PC
cells is terminated with the downregulation of both AR and
PSMA. In our preliminary experiments, it was also found that
bortezomib (BZ; PS-341) that inhibits 26S proteasome activity,
acts as a downregulator of both PSMA and AR. In addition to
evaluating the effects of BZ on protein expression, the present
study evaluated and compared the anticancer effects of BZ
on the growth of cells treated with BZ, docetaxel (DOC),
or a combination of both. Western blot analysis was used
to examine the expression levels of AR and PSMA. The
knockdown effect of small interfering RNA (siRNA) and
the drugs on the expression of either AR or PSMA was also
evaluated. An MTT assay was performed in order to evaluate
the inhibitory effects of the drugs on PC cells. The cell
cycles were analyzed, and apoptotic cells were detected. The
downregulation of AR and PSMA was observed using siRNA
specific to AR or PSMA, and the inhibition of PSMA, as well
as that of AR severely suppressed the growth of PC cells. The
inhibitory effect of BZ alone on PSMA expression was similar
to that of both AR- and PSMA-specific siRNA, and this drug
also induced the downregulation of AR and PSMA in PC cells.
This phenomenon was confirmed even in cells transfected to
overexpress PSMA. The apoptosis-promoting effect of BZ
on the cells was similar to that observed with BZ plus DOC,
and more potent than that of DOC alone. BZ had the same
inhibitory effect on the expression of AR and PSMA as did
siRNA specific to AR or PSMA. On the whole, the findings
of this study indicate that BZ may prove to be a promising
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chemotherapeutic agent and may be used as a molecularly
targeted drug in the treatment of PC.

Introduction

The growth of primary prostate cancer (PC) is dependent on
androgens (1). Androgen ablation therapy through chemical
castration with a luteinizing hormone-releasing hormone
agonist, in combination with non-steroidal androgen
receptor (AR) antagonists, is often used to impede the growth
of PC (2,3). Although there is an initial regression in cancer
growth, PC almost always progresses to a more aggressive
castration-resistant form, which can be accompanied by the
appearance of bone metastases (4).

A tumor biomarker of PC, i.e., prostate-specific membrane
antigen (PSMA), is expressed in primary carcinomas and an
increase in PSMA expression has been shown to be associated
with tumor grade, pathological stage and aneuploidy (5).
PSMA expression is also upregulated with the transition from
androgen-sensitive PC to castration-refractory PC (6). Since
PSMA is predominantly expressed in the prostate epithelium
and the neovasculature of solid tumors (7,8), it can be an
excellent candidate in PSM A-targeted therapy.

Bortezomib (BZ; PS-341) is a boronic acid dipeptide
that inhibits 26S proteasome activity (9). The antitumor
effects of BZ have been extensively studied in multiple
myeloma (MM) cells. BZ has been shown to inhibit the
proliferation of and induce the apoptosis of MM cells
in vitro, and in an MM murine model via the inactivation of
nuclear factor-xB (NF-xB) (10-13). BZ has also been shown
to overcome drug resistance and potentiate the anticancer
effects of conventional therapeutic agents (14-16). Moreover, a
previous clinical study using BZ in individuals with relapsed,
refractory MM have demonstrated objective responses, some
of which were complete responses (17). Although BZ appears
to be a promising therapeutic agent for MM, its activity against
non-hematological malignancies, including PC remains to be
elucidated, regardless of its potent anticancer effects on MM
cells.

The results of our preliminary experiments to evaluate the
effects of BZ treatment on PC cells suggested that BZ exerts
an inhibitory effect on PSMA expression (data not shown).
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Therefore, the detailed functions of BZ in PC cells should
be defined. It was previously observed that docetaxel (DOC)
exerts a suppressive effect on AR expression, but not on PSMA
expression (18). Thus, distinguishing between the effects of
DOC and BZ on protein expression is an intriguing line of
investigation.

In this study, we examined the effects of BZ on protein
expression in PC cells and compared its anticancer effects on
the growth of PC cells treated with BZ, DOC, or a combination
of both.

Materials and methods

Cell lines and reagents. The human PC cell lines, LNCaP,
CWR22Rvl, MDA-PCa-2b and LAPC-4, were purchased from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). The LNCaP and CWR22Rv1 cells were maintained in
RPMI-1640 medium supplemented with 2 mM L-glutamine,
1% penicillin-streptomycin, and 10% heat-inactivated fetal
bovine serum (FBS) (all from Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA). The MDA-PCa-2b cells
were grown in F12K medium containing 2 mM L-glutamine,
1% penicillin-streptomycin, 20% heat-inactivated FBS,
25 ng/ml cholera toxin (Sigma-Aldrich, St. Louis, MO,
USA), 10 ng/ml epidermal growth factor (BD Biosciences,
Franklin Lakes, NJ, USA), 5 uM phosphoethanolamine,
100 pg/ml hydrocortisone, 45 nM selenious acid and
5 ug/ml insulin (all from Sigma-Aldrich). The LAPC-4
cells were maintained in IMDM medium supplemented
with 2 mM L-glutamine, 1% penicillin-streptomycin and
5% heat-inactivated FBS. All the cell lines were kept at
37°C in a 5% CO, atmosphere. DOC was purchased from
Sanofi-Aventis (Bridgewater, NJ, USA). BZ was purchased
from Tronto Research Chemicals (North York, ON, Canada).

RNA interference. Small interfering RNA (siRNA) duplexes
specific to AR and PSMA and random siRNA were purchased
from Dharmacon (Lafayette, CO, USA). The sequence of
AR-specific siRNA (AR-siRNA) corresponds to the human
AR site was 5'-GACUCAGCUGCCCCAUCCA-3") (19). The
PSMA-specific siRNA (PSMA-siRNA) is a custom product
(siGENOME Duplex D-005881-04-0050, Human FOLHI,
NM_004476). A non-targeting siRNA (NT-siRNA) (5'-CCU
ACGCCACCAAUUUCGU-3") was used as a control for the
RNA interference experiments (20). Following overnight incu-
bation of the suspended cells at 37°C transfected with 10-40 nM
of AR- or PSMA-siRNA or NT-siRNA using Lipofectamine
RNAiIMAX reagent (Invitrogen/Thermo Fisher Scientific)
according to the manufacturer's instructions, the media were
changed with fresh media and the cells were incubated at 37°C
with or without the drugs for the time indicated in the Figures
and Figure legends.

Cell cycle analysis. All cell lines were first incubated in 6-well
plates (2.5x10° cells/well) overnight and then transfected
with 10 nM of AR-siRNA and/or 10 nM of PSMA-siRNA
for 72 h. Subsequently, the cells were prepared for cell
cycle analysis using the Cell Cycle Phase Determination kit
(Cayman Chemical Co., Ann Arbor, MI, USA) according
to the manufacturer's instructions. Briefly, the cells were
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trypsinized, collected and centrifuged to the pellet. The cell
pellet was fixed in fixative included in the kit for at least 2 h
at -20°C prior to propidium iodide (PI) staining after being
washed 2 times with assay buffer also in the kit. After the fixed
cells were centrifuged at 500 x g for 5 min and the fixative
was thoroughly removed, the cell pellet was suspended in
PI solution and incubated for 30 min at room temperature
in the dark. The samples were subjected to FACScan flow
cytometer and analyzed using CellQuest software (both from
BD Biosciences).

Western blot analysis. The cells were lysed with Cell Lysis Buffer
(Cell Signaling Technology, Danvers, MA, USA) containing
1 mM phenylmethylsulphonyl fluoride (EMD Chemicals,
Gibbstown, NJ, USA). Equal amounts of proteins (40-60 ug
for each) determined by the Lowry method (DC protein assay
reagents) were applied to each well on a 10% Tris-HCl gel (both
from Bio-Rad Laboratories, Hercules, CA, USA). The proteins
were transferred onto Immobilon-P Membranes (Millipore,
Billerica, MA, USA), after which the filters were washed
with 15 ml of Tris-buffered saline (Bio-Rad Laboratories)
with Tween-20 (TBST) containing 5% bovine serum albumin
(Sigma-Aldrich) 3 times for 5 min each at room temperature,
and probed with solutions containing the following reagents:
Mouse monoclonal anti-PSMA antibody J591 (generated and
purified in Dr Neil Bander's laboratory) (dilution 1:4,000) (8),
mouse monoclonal antibody anti-AR (sc-7305) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) (dilution 1:100),
goat polyclonal antibody anti-glyceraldehyde-3-phosphate
dehydrogenase (sc-31915) (GAPDH; Santa Cruz Biotechnology)
(dilution 1:100). The temperature and duration of the incubation
with the primary and secondary antibodies were 4°C overnight,
and room temperature for 1 h, respectively. After these steps,
proteins were detected using ECL Plus Western blotting
detection reagents (GE Healthcare, Chicago, IL, USA).

AR and PSMA DNA transfection. For all transfections, the
LNCaP, CWR22Rv1 and MDA-PCa-2b cells were seeded at
2x10° cells/well in 1 ml of complete media in 12-well plates or
3.5x10° cells/well in 2 ml of complete media in 6-well plates on
the day before transfection. Subsequently, 1.3 ug (for 12-well) or
3.4 ug (for 6-well) of AR DNA, or 1.0 ug (for 12-well) or 2.5 ug
(for 6-well) of PSMA DNA were mixed with 1 pul (for 12-well)
or 2.5 ul (for 6-well) of PLUS reagent (Invitrogen/Thermo
Fisher Scientific) in 200 ul (for 12-well) or 500 ul (for 6-well)
of serum-free media (Opti-MEM® I Reduced Serum Media;
Invitrogen/Thermo Fisher Scientific) for 10 min. A total of 4 ul
(for 12-well) or 11.25 ul (for 6-well) of Lipofectamine LTX
(Invitrogen/Thermo Fisher Scientific) was then added, mixed
and incubated for an additional 25 min before the mixture
of DNA, PLUS reagent and Lipofectamine LTX was added
dropwise to the cells. The cells were then incubated for 48 h
at 37°C, 5% CO, prior to the addition of 10 nM of DOC to the
cells transfected with AR DNA or 20 nM of BZ to the cells
transfected with PSMA DNA. Following treatment with DOC
or BZ for an additional 48 h, the cells in the 12-well plates were
subjected to cell counting by flow cytometry, and those in the
6-well plates were subjected to western blot analysis.

For cell counting, the cells were first incubated overnight
in 24-well plates (4x10* cells/well) and then treated for various
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periods of times with several methods. The media from each
well were then discarded. Subsequently, 300 p1 of 0.1% trypsin
was placed in each well for 8 min at 37°C followed by 700 pl of
fresh media containing 10% FBS, and the cells were collected.
A total of 50 ul of SPHERO™ (Spherotech, Lake Forest,
IL, USA) was then added to each sample, and the cells were
then subjected to flow cytometry (BD Biosciences). The data
were analyzed using CellQuest software (BD Biosciences)
according to the manufacturer's instructions.

Cell viability assay. MTT assay was used to assess cell
viability following treatment of the PC cells. The cells were
seeded in 96-well plates (5x10° cells/well), grown overnight,
and then treated for various periods of time as indicated in
the results and/or figure legends. Subsequently, 10 ul of MTT
reagent (R&D Systems, Minneapolis, MN, USA) were added
to each well. The plates were incubated for approximately 4 h
at 37°C. When purple precipitate was clearly visible grossly,
100 pl of detergent reagent (R&D Systems) was added to
all wells, including the control wells. The color change was
measured at 570 nm with a reference wavelength of 650 nm on
a Spectramax 340PC Microplate Reader (Molecular Devices
Corporation, Sunnyvale, CA, USA) following overnight incu-
bation at room temperature.

Apoptotic cell detection. The LNCaP and CWR22Rvl1 cells
were seeded in 6-well plates (1x10°/well), grown overnight,
and then treated with 5 nM of DOC and/or 10 nM of BZ
for 72 h. Following treatment, the cells trypsinized were
collected and centrifuged at 1,000 x g for 5 min at room
temperature, and then resuspended in 500 ul of binding buffer
(MBL International, Woburn, MA, USA). Subsequently, 5 ul
of Annexin V-conjugated fluorescein isothiocyanate (FITC)
and 5 ul of PI (both from MBL International) were added
into each binding buffer containing the suspended cells.
Following a 5-min incubation at room temperature in the
dark, the cells were subjected to FACScan flow cytometer
(BD Biosciences). The data were analyzed using CellQuest
software (BD Biosciences) according to the manufacturer's
instructions.

Statistical analysis. All values in bar graphs are expressed
as the means =+ standard deviation, and variables for different
groups were compared using one-way analysis of variance
(ANOVA) with Tukey's post hoc test, and a value of P<0.05
was considered to indicate a statistically significant difference.
Statistical analyses were performed with JMP version 8.0
(SAS Institute, Cary, NC, USA).

Results

Effect of AR- and/or PSMA-siRNA on cell growth and protein
expression. The knockdown effect of AR- or PSMA-siRNA
transfection on cell growth and protein expression in the LNCaP
and CWR22Rv1 cells was examined. The knockdown of both
AR and PSMA suppressed cell growth more significantly
(33.89+5.42 and 45.00+3.00%) than AR alone (50.50+4.36 and
56.92+1.81%) or PSMA alone (57.21+2.43 and 68.18+2.93%)
in the LNCaP and CWR22Rvl1 cells, respectively (Fig. 1A).
There was also a significant difference in growth between the
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cells transfected with AR- or PSMA-siRNA or both and the
untreated cells in the LNCaP and CWR22Ruvl cells (Fig. 1A).
No statistically significant difference in cell growth between the
AR-siRNA-transfected cells and PSMA-siRNA-transfected
cells was observed (Fig. 1A). The expression levels of AR
and PSMA were sufficiently downregulated following the
knockdown of AR or PSMA using siRNA specific to AR or
PSMA (Fig. 1B and C).

CellcycleanalysisincellstreatedwithAR-and/or PSMA-siRNA
transfection. The percentage of sub-Gl1 in the cells transfected
with AR-siRNA alone (20 nM), or PSMA-siRNA alone
(20 nM), or AR-siRNA (10 nM) plus PSMA-siRNA (10 nM)
for 72 h was 54.15, 55.99 and 70.98%, respectively in the
LNCaP cells, and 16.90, 9.41 and 39.52%, respectively in the
CWR22Rvl1 cells (Fig. 2A and B).

Effect of DOC on protein expression in cells transfected
with AR DNA and that of BZ on protein expression in those
transfected with PSMA DNA. The effects of DOC on the
LNCaP, CWR22Rvl and MDA-PCa-2b cells, and on the
cells transfected to highly express AR were examined. Even
under the condition of AR upregulation, DOC inhibited the
expression of AR, but not that of PSMA, in all of the cell
lines tested (Fig. 3A). The effects of BZ were also examined
using the same cell lines transfected with PSMA DNA. BZ
decreased both AR and PSMA expression in normal cells and
in the cells transfected to upregulate PSMA in every cell line
tested (Fig. 3B).

Effect of DOC and/or BZ on the expression of AR and PSMA.
The effects of DOC and/or BZ on the expression of proteins,
including AR and PSMA in the LNCaP, CWR22rvl and
MDA-PCa-2b cells incubated with 10 nM DOC, and/or 50 nM
BZ for 48 h were evaluated. DOC inhibited the expression of
AR in all the cell lines tested in a dose-dependent manner;
however, it did not suppress PSMA expression in any of the
cell lines tested (Fig. 4). On the other hand, BZ inhibited the
expression of both AR and PSMA expression in all the cell
lines tested (Fig. 4).

Inhibitory effect of BZ and/or DOC on normal cells or those
transfected to upregulate AR or PSMA. The inhibitory
effects of BZ and/or DOC on normal cells or cells trans-
fected to overexpress AR or PSMA were also evaluated.
The results of MTT assay revealed that BZ itself exerted
a significantly potent anticancer effect on the cell lines
tested with or without the administration of DOC (Fig. 5).
Cell growth was not inhibited compared to the normal
cells in all the cell lines transfected to overexpress AR
or PSMA, which were respectively treated with DOC or
BZ (Fig. 6A and B).

Apoptotic cell detection in cells treated with BZ and/or
DOC. The percentages of late apoptotic cells detected using
Annexin V and propidium iodide staining, which were used
with DOC alone (5 nM), BZ alone (10 nM), or DOC (5 nM)
plus BZ (10 nM) for 72 h, were 37.84, 52.67 and 61.69%,
respectively in the LNCaP cells and 12.29, 37.59 and 49.87%,
respectively in the CWR22Rvl cells (Fig. 7).
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Figure 1. (A) Knockdown effect of both AR-siRNA (20 nM) or PSMA-siRNA (20 nM) for 72 h suppressed the growth of LNCaP and CWR22Rvl cells more
significantly than AR alone (40 nM) or PSMA alone (40 nM) (P<0.01). (B) Knockdown effect of AR-siRNA on AR expression for 48 h. (C) Knockdown effect
of PSMA-siRNA on PSMA expression for 9 days. AR, androgen receptor; PSMA, prostate-specific membrane antigen.

Discussion

Previous research suggests that PSM A expression is modulated
inversely by the expression level of androgens. In other
words, PSMA expression is upregulated when AR expression
is downregulated and vice versa (6,21). It was previously
confirmed that saporin-conjugated, anti-PSMA antibodies have
potent and selective anticancer effects on PSMA-expressing
PC cells in vitro and in vivo (22). The same effects were
observed by immunohistochemistry in the downregulation of
PSMA, particularly in inoculated tumors (22). These results
indicate that along with decreased levels of PSMA, AR
expression may be downregulated. Consequently, the viability
of PC cells could be significantly reduced by the simultaneous
knockdown of PSMA and AR. As stated in this study in the

Introduction, BZ was found to exert an inhibitory effect on
PSMA expression in our preliminary experiments. The present
study verified whether the anticancer effect of BZ is dependent
on decreased expression levels of both AR and PSMA.

Based on these previous findings, this study investigated
the anticancer effect of BZ on PC cell lines compared to DOC
alone or BZ plus DOC after confirming the inhibitory effect of
siRNA on cell growth, the expression of PSMA as well as AR,
and the cell cycles (Figs. 1 and 2). The results suggested that the
simultaneous knockdown of AR and PSMA exerted sufficient
growth inhibitory effects on PC cells. These phenomena were
tested and confirmed using the cells transfected to overexpress
AR or PSMA to determine whether DOC exerts an inhibitory
effect on AR expression or whether BZ exerts a suppressive
effect on PSMA expression even in the cells transfected to



INTERNATIONAL JOURNAL OF ONCOLOGY 54: 1357-1366, 2019

A[mer]

AR-siRNA(-), PSMA-siRNA(-)

120

subG1; 4.99%
G1;29.09%

100

] 200 400 800 800 1000
A2

AR-siRNA(-), PSMA-siRNA 20 nM

g

- subG1; 55.99%

8 G1:19.07%
ga
“g

8

e LS = -

o &00 800 1000

200 400
FLZ-A
-

B CWR22Rv1

AR-siRNA(-), PSMA-siRNA(-)

g

. subG1; 6.82%

+1 G1; 46.1%
L

£

&]

o] . .

o 200 400 500 800 1000
FL2-A

AR-siRNA(-), PSMA-siRNA 20 nM

g
subG1; 9.41%
¥ G1;52.97%
8
o 3-
&
1] 200 400 600 800 1000
ALz2-A

1361

AR-siRNA 20 nM, PSMA-siRNA(-)

150

subG1; 54.15%
G1;23.23%

120

g
£
° o 200 400 ‘-;;;— ‘;Tx.‘“ 1&0
FL2-A
AR-siRNA 10 nM, PSMA-siRNA 10 nM
]
2 subG1; 70.98%

G1; 12.48%

AR-siRNA 20 nM, PSMA-siRNA(-)

subG1; 16.9%
G1; 52.23%

AR-siRNA 10 nM, PSMA-siRNA 10 nM

g

subG1; 39.52%
& G1; 35.42%
_3§-
§§‘
&
2 200 s a0 wo 1000

A2-A

Figure 2. Percentage of sub-Gl cells were measured in cells transfected with AR-siRNA alone (20 nM), or PSMA-siRNA alone (20 nM), or AR-siRNA
(10 nM) plus PSMA-siRNA (10 nM) for 72 h in (A) LNCaP and (B) CWR22Ruvl1 cells. AR, androgen receptor; PSMA, prostate-specific membrane antigen.

upregulate AR or PSMA expression (Figs. 3 and 4). These
findings were similar to those observed with both AR- and
PSMA-siRNA on cell growth, protein expression and cell
cycle analysis observed in Figs. 1 and 2. Based on these
findings, a bona-fide inhibitory effect on cell growth in PC
cells was examined. We do assert that BZ has an inhibitory
effect on the expression of both AR and PSMA. However, the
expression levels of AR and PSMA are inversely correlated.
When AR expression is upregulated, PSMA expression

is downregulated (6). Therefore, we did not use cell lines
transfected with AR DNA for examining the effect of BZ on
AR expression, as we suspected that PSMA expression would
be relatively low in such cell lines with the effect of BZ not
sufficiently significant. The effect of BZ alone on cell growth
was found to be suf ficiently potent when compared to the effect
of DOC alone or to that of the combined administration of
both drugs on LNCaP and CWR22Rvl1 cells. Furthermore, BZ
inhibited the growth of the two cell lines in a dose-dependent



1362

KURODA and LIU: EFFECT OF BORTEZOMIB ON THE EXPRESSION OF PSMA AND AR

A LNCaP CWR2Z2Rv1 MDA-PCa-2b
DOC (10 nM) - + - + + - + = + - +
AR DNA 34 pg) = - - + +
PSMA

AR

e s X LT
==s -_-="1B

B LNCaP CWR22Rv1 MDA-PCa-2b
BZ (20 nM) - + = 4 + = o+ - + -
PSMA DNA (2.5pug) - -+ 4+ -+ o+ - -+ 4
PSVA [ e G o [— e G G || o - —
AR — e o | B — e

GAPDH

e e et e

Figure 3. (A) LNCaP, CWR22Rvl and MDA-PCa-2b cells were transfected with AR DNA (3.4 ug) for 48 h, and then treated with DOC (10 nM) for a further
48 h. (B) The Same cell lines were transfected with PSMA DNA (2.5 ug) for 48 h, and then treated with BZ (20 nM) for a further 48 h. Total protein was then
analyzed by western blot analysis. AR, androgen receptor; PSMA, prostate-specific membrane antigen; DOC, docetaxel; BZ, bortezomib.

LNCaP

CWR22Rvl

DOC (10 nM) - + -
BZ (50 nM) - - +

PSMA

MDA-PCa-2b LAPC-4
DOC (10 nM) = + - _ + _ "
BZ (50 nM) - = + _ _ " o
PSMA = d — — _ — e —
AR S— — ——
GAPDH | —— s—— s— —

Figure 4. Effects of DOC, BZ, or both, on protein expression following 48-h treatment of the LNCaP, CWR22Rvl, MDA-PCa-2b and LAPC-4 cells confirmed
by western blot analysis. AR, androgen receptor; PSMA, prostate-specific membrane antigen; DOC, docetaxel; BZ, bortezomib.

manner (Fig. 5). We believe that AR and PSMA play essential
roles in enabling cells to survive the treatment of anticancer
drugs, such as DOC and BZ (23-26). In fact, we demonstrated
that cells transfected with AR DNA or PSMA DNA were
resistant to the inhibitory effects of DOC and BZ on the
growth of the cells (Fig. 6). In detecting apoptotic cells by
fluorescence-activated cell sorting (FACS) analysis, the
apoptosis-inducing effect on the cells treated with BZ alone
was close to that observed with treatment with BZ plus DOC,
but more potent than that observed with treatment with DOC
alone (Fig. 7). The dose of BZ and DOC tested was designated
appropriately in this series of experiments we conducted,
and was within a normal limitation (16,18). Based on these
findings, BZ induced the apoptosis of the cells expressing AR,
as well as PSMA by suppressing both the expression of both

proteins, and the apoptosis-inducing effect of BZ was similar
to that observed with DOC plus BZ.

BZ is a highly selective, reversible inhibitor of the 26S
proteasome that is recommended for single-agent use in the
treatment of patients with multiple myeloma (9-13). BZ has
been known to have a variety of mechanisms influencing
the physiology of cells, which indicates that exposure to BZ
has the exposure to BZ results in the stabilization of p21, p27
and p53, as well as the pro-apoptotic Bid and Bax proteins,
caveolin-1 and inhibitor kB-a, which prevents the activation of
NF-kB-induced cell survival pathways. BZ can also promote
the activation of proapoptotic c-Jun-NH2 terminal kinase,
as well as the endoplasmic reticulum stress response. Thus,
this drug exerts potent anticancer effects on various types of
malignant tumors (27-29).
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Figure 5. Results of MTT assay indicated the inhibition of the growth of LNCaP and CWR22RvI cells treated with several doses of (A) DOC and 25 nM of BZ
or (B) those treated with several doses of BZ and 10 nM of DOC for 48 h. AR, androgen receptor; PSMA, prostate-specific membrane antigen; DOC, docetaxel;

BZ, bortezomib.
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Although a relatively high expression level of p21 and p27
have been found in cells treated with BZ, other proteins such
as p53, Bid, Bax and c-Jun-NH2 terminal kinase have been
found to be expressed weakly even in the cells treated with BZ
alone (data not shown). However, DOC has been known to be
an effective chemotherapeutic drug against PC. As far as we
investigated its anticancer function, this drug has an inhibitory
effect on AR expression, not PSMA (18). Therefore, the
anticancer effect of BZ may be attributed to its downregulating
effect against both AR and PSMA.

Resistance to chemotherapy can be attributed to mechanisms
specific to PC biology, general mechanisms common to other
tumor types, drug pharmacokinetics, such as continued
androgen-AR signaling and upregulation of pro-survival cellular
pathways, or to the role of angiogenesis and immune mechanisms
in the tumor microenvironment (30). Therefore, BZ should be used
in combination with other anticancer agents. BZ has reportedly
demonstrated anticancer effects when used in combination with

other chemotherapeutic drugs, such as etoposide, for PC cell lines
and has been reported to sensitize human PC cells to radiation
effects when administered with DOC (31,32). Other studies
have reported the synergistic anticancer effects of BZ when it
is administered in combination with various agents on PC cell
lines (33,34). In addition to PC, BZ has reportedly been shown
to exert a synergistic anticancer effect on ovarian cancer and
multiple myeloma when administered with a histone deacetylase
inhibitor or daratumumab (a human CD38-directed monoclonal
antibody) plus dexamethasone (35,36). In the near future, BZ
may be prescribed in combination with targeted molecular drugs
or immune checkpoint inhibitors. Although a report indicating
the single use of proteasome inhibitor exerting an anticancer
effect in the treatment of PC exists (37), the fact that the use
of BZ to prevent biochemical recurrence if used together with
antiandrogen drugs introduced in another study should also be
considered (38). Nevertheless, further research is still required to
overcome these limitations.
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There are a few limitations to this study. First, the
anticancer effect of BZ alone was found to be as close as
that of BZ plus DOC. This reason for this may be that DOC
occasionally exerts an upregulating effect on PSMA, which
was not found previously, but DOC could theoretically induce
the upregulation of PSMA by downregulating AR expression.
Similar results to the ones found in the present study have been
reported (39). In fact, further investigation includes whether
the synergistic effect of BZ plus other anticancer drugs or
chemical agents have a more potent effect on PC cells. Second,
the mechanism of AR and PSMA downregulation induced by
BZ was not described. Furthermore, we could not clarify why
the expression of AR and PSMA were inversely correlated, but
this phenomenon remained consistent from our previous study
to the present study (18).

In conclusion, the results of this study suggest that the
knockdown of PSMA expression, as well as the suppression
of AR expression inhibits the growth of treated PC cells. BZ,
which has the same effect on the expression of AR and PSMA,
is promising if applied to clinical use for molecular targeted
therapy. The inhibition of PSMA, as well as AR severely
inhibits the growth of PC cells. The proteasome inhibitor, BZ,
has the same inhibitory effect on the expression of AR and
PSMA as siRNA specific to AR or PSMA. Our results from
cells transfected with AR DNA or PSMA DNA would also be
more relevant as BZ and/or DOC may be used for patients with
aggressive PC. This chemotherapeutic agent shows promise
as a molecularly targeted drug for the treatment of PC, and
BZ plus other anticancer drugs or chemical agents may be
required for more potent anticancer effect.
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