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Background: Disease progression in castrate-resistant prostate cancer (PCa) is most commonly driven
by the reactivation of androgen receptor (AR) signaling and involves AR splice variants including ARV7.
Materials and methods: We used the ARV7-positive PCa cell line, 22Rv1, to study the relationship of the
PCa marker a-methylacyl-CoA racemase (AMACR), AR, and ARV7 in PCa.
Results: Docetaxel addition but not AMACR inhibition decreased the proliferation of 22Rv1 cells. The
combination of AMACR inhibition and docetaxel treatment resulted in a maximum reduction of cell
proliferation. The Western blotting analysis revealed that both AR and ARV7 expression were signifi-
cantly decreased with the use of charcoal-stripped serum following AMACR inhibition and docetaxel
treatment. AMACR inhibition and docetaxel treatment in the charcoal-stripped serum condition reduced
the proliferation of 22Rv1, possibly via the downregulation of the heat shock protein 27.
Conclusion: Using cell proliferation and Western blot analysis, we demonstrated that AMACR inhibition
and docetaxel treatment, under androgen deprivation conditions, significantly reduced the proliferation
of ARV7 positive cancer cells and decreased the levels of AR and ARV7 expression, possibly via down-
regulation of heat shock protein 27.
© 2020 Asian Pacific Prostate Society. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Androgen deprivation therapy (ADT) is widely considered as the
primary treatment for metastatic prostate cancer (PCa). Although
patients are initially responsive to ADT, remission occurs after only
2e3 years1. PCa progresses into castration-resistant PCa (CRPC),
which is refractory to ADT. Identifying targetable mechanisms
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underlying CRPC progression is essential for improving the survival
of PCa patients with advanced disease.

CRPC progression is most commonly driven by the re-activation
of androgen receptor (AR) signaling2. This has led to the clinical
development and approval of potent AR-targeted therapies for
patients with metastatic CRPC3. However, in the majority of the
cases, treatment with potent AR-targeted therapies results in an
activation of the AR signaling and CRPC progression. This can occur
through secondary alterations involving the AR gene (e.g., ampli-
fication or activating point mutations, AR splice variants), AR
bypass, or crosstalk mechanisms (e.g., the glucocorticoid receptor
or the PI3K/AKT pathway activation)4.

ARV7 is a major AR splice variant expressed in human PCa and is
associated with the development and progression of CRPC5,6.
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However, the relationship between AR and ARV7 is not well
defined.

The a-methylacyl-CoA racemase (AMACR) is a peroxisomal and
mitochondrial enzyme capable of racemizing the a-carbon of
various a-methylacyl-CoA derivatives7. In the context of urological
cancer, AMACR is typically negative or weakly positive in urothelial
carcinoma8, whereas Ha YS et al. reported the first case of AMACR-
expressing urachal adenocarcinoma arising in the abdominal wall9.
Overexpression of AMACR has been identified in PCa and is now
used as an immunohistochemical marker such as prostate specific
antigen10. However, the function of AMACR in PCa, particularly in
CRPC, is yet to be characterized.

In light of this, we decided to examine the functions of ARV7 and
AMACR to better understand the mechanism of CRPC progression.
We investigated the relationship between AR, ARV7, and AMACR
in vitro using chemically synthesized AMACR siRNA and docetaxel
treatment.

2. Materials and Methods

2.1. Cell lines

The human PCa cell lines 22Rv1, LNCaP, PC3, and DU145 were
purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The human PCa cell line C4-2 was obtained
from Dr. L.W. Chung (University of Virginia, Charlottesville, VA,
USA). Cells were maintained in RPMI1640 supplemented with 10%
fetal bovine serum (FBS) (Life Technologies, Burlington, ON, Can-
ada) or charcoal/dextran-treated FBS (CSS) (Thermo Scientific,
Waltham, MA, USA) and 1% penicillin/streptomycin (Life Technol-
ogies) at 37�C in a humidified atmosphere containing 5% CO2.

2.2. siRNA transfection in 22Rv1 cells

22Rv1 cells were grown in RPMI1640 medium supplemented
with 10% FBS or CSS without antibiotics overnight (Day 0). Chem-
ically synthesized AMACR siRNA or negative control siRNA (B-
bridge International, Mountain View, CA, USA) diluted in Opti-MEM
I with Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA)
were added to each well and incubated for 4 h (Day 1). The medium
was then changed to RPMI1640 medium supplemented with 10%
FBS or CSS for cell assays or Western blotting analysis.

2.3. Cell growth assay

22Rv1 cells (5� 103 per well) were seeded into 96-well plates in
RPMI1640 medium supplemented with 10% FBS or CSS containing
1% penicillin/streptomycin (Day 1). Cells were cultured for 2 and
4 days, respectively, at 37�C in a humidified atmosphere containing
5% CO2. Cell proliferationwas evaluated using the cell counting kit-
8 (Dojindo Laboratories, Japan) according to the manufacturer's
instructions. The absorbance was measured at 450 nm using a
spectrophotometer.

For monitoring cell growth in AMACR siRNA-transfected cells,
22Rv1 cells (1 � 105 per well) were seeded into 6-well plates in
RPMI1640 medium supplemented with 10% FBS or CSS without
antibiotics overnight (Day 0). Transfection was done with 10 nM of
AMACR siRNA or negative control siRNA (Day 1), and cell prolifer-
ation was evaluated on Days 2 and 4.

For monitoring cell growth in cells treatedwith the combination
therapy of AMACR siRNA and docetaxel treatment, 22Rv1 cells
(1 � 105 per well) were seeded into 6-well plates in RPMI1640
medium supplemented with 10% FBS or CSS without antibiotics
overnight (Day 0). At Day 1, 10 nM of AMACR siRNA or negative
control siRNA were transfected. On the second day, 1, 2.5, or 10 nM
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of docetaxel (Sigma-Aldrich, St. Louis, MO, USA) was added to each
plate. Cell proliferation was evaluated on Days 3 and 5.
2.4. Migration assay

22Rv1 cells (5 � 105 per well) were seeded in a 100-mm dish
and maintained in RPMI1640 medium supplemented with 10% FBS
or CSS without antibiotics overnight (Day 0). Transfection with
10 nM of AMACR siRNA or negative control siRNA was performed
(Day 1). At Day 3, 1 � 105 22Rv1 cells were cultured in 500 mL of
serum-free medium and added to the upper chambers of Transwell
Migration Plates (8 mm pore size; Corning, Lowell, MA, USA). Me-
dium supplemented with 20% FBS (1 mL) was added to each lower
chamber. After 24 h, the culture inserts were washed with PBS, and
cells were fixed with 70% ethanol for 30 min and stained with Gi-
emsa at room temperature for 30 min. For each insert, at least five
randomly selected fields were observed using optical microscopy,
and the number of migrating cells in each field was counted.
2.5. Western blotting

For the characterization of 22Rv1, LNCaP, DU145, PC3, and C4-
2 cells, 20x105 cells from each cell line were seeded into 100-mm
dishes in RPMI1640 medium supplemented with 10% FBS and
incubated for 48 h.

For the immunoblotting of 22Rv1 lysates after AMACR siRNA
transfection, 22Rv1 cells (20 � 105 per well) were seeded in a 100-
mmdish andmaintained in RPMI1640medium supplementedwith
10% FBS or CSS without antibiotics overnight (Day 0). The cells were
harvested at Day 3 for the AMACR siRNA transfection protocol alone
and at Day 4 for the combination therapy of AMACR siRNA trans-
fection and docetaxel treatment (10 nM). The cells were collected
and lysed using the RIPA buffer (25 mM Tris, 0.1 M NaCl, 1% Triton
X-100, 0.5% deoxycholic acid, 0.1% SDS, pH 7.4). Expression changes
at the protein level were determined by Western blotting. 40 mg of
the total protein from each sample was loaded on NuPAGETM 4%-
12% Bis-Tris Protein Gels (Invitrogen). The primary antibodies were
as follows: ARV7 (1:1000; RevMAb Biosciences, San Francisco, CA,
USA), AMACR (1:500; OriGene Technologies, Inc., Rockville, MD,
USA). AR (1:1000), HSP27 (heat-shock protein 27) (1:1000), and b-
actin (1:1000) were purchased from Abcam in Cambridge, UK.
Images were captured and analyzed using a LuminoGraph I (ATTO,
Tokyo, Japan).
2.6. Statistical analysis

All values have been represented as the mean ± SD. Statistical
comparison of results was performed using the Student t test.
Western blot analyses were performed twice, and all other in vitro
experiments were repeated at least in triplicate and analyzed.
3. Results

3.1. Characteristics of 22Rv1 cells

To investigate the characteristics of PCa cell lines, Western blot
analysis was performed (Fig. 1A). AR expression was not observed
in DU145 or PC3 cells, but it was observed in 22Rv1, LNCaP, and C4-
2 cells, whereas ARV7 expressionwas observed only in 22Rv1 cells.
The cell proliferation of 22Rv1 cells in CSS medium was not
inhibited on Days 2 or 4 confirming that 22Rv1 was a CRPC cell line
(Fig. 1B).
racemase inhibition and docetaxel treatment reduce cell proliferation
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Fig. 1. Characteristics of 22Rv1 cells (A) Whole cell lysates from 22Rv1, LNCaP, DU145, PC3, and C4-2 cells were subjected to immunoblotting with antibodies against AR, ARV7,
AMACR, and b-actin (B) The proliferation of 22Rv1 with the RPMI1640 medium supplemented with 10% FBS or CSS was assessed on Days 2 and 4 using the cell counting kit-8.
Histograms represent the mean ± SD (ns: not significant). AMACR, a-methylacyl-CoA racemase; CSS, charcoal-stripped serum; FBS, fetal bovine serum.
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3.2. AMACR knockdown by siRNA in 22Rv1 cells

Transfection of chemically synthesized AMACR siRNA into
22Rv1 cells was performed to investigate the biological role of
AMACR and ARV7. Western blot analysis was used to determine the
specificity and potency of AMACR siRNA in inhibiting the AMACR
protein levels in 22Rv1 cells. We treated 22Rv1 cells with AMACR
siRNA or negative control siRNA at concentrations of 1 nM, 10 nM,
and 50 nM. AMACR expression was stably suppressed at AMACR
siRNA concentrations 10 nM and 50 nM as compared with the
treatment of the negative control (Fig. 2).
3.3. Unaffected cell growth of 22Rv1 cells after the treatment of
AMACR inhibition

Firstly, we examined the influence of AMACR inhibition on the
cell growth of 22Rv1 cells. In medium containing 10% FBS or CSS,
Fig. 2. Knockdown of AMACR with siRNA transfection in 22Rv1 cells. Western blot ana
negative control siRNA at 1 nM, 10 nM, and 50 nM. AMACR, a-methylacyl-CoA racemase.
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22Rv1 cell growth ratio (Days 2 and 4) after treatment with AMACR
siRNA was compared with that of cells transfected with the nega-
tive control siRNA. Using either serum, there was no significant
difference in 22Rv1 cell growth between the treatment with
AMACR siRNA and negative control siRNA on both Days 2 and 4
(Fig. 3A). Western blotting analysis on Day 3 demonstrated that
both AR and ARV7 expression were not affected after AMACR in-
hibition in 22Rv1 cells grown in either FBS or CSS medium (Fig. 3B).
3.4. Effects of AMACR inhibition on 22Rv1 cell migration

We next evaluated 22Rv1 cell migration on Day 4 after treat-
ment with AMACR siRNA or negative control siRNA. In the Trans-
well assay, the suppression of 22Rv1 cell migration was only
observed in the CSS medium after AMACR inhibition (Fig. 4A).
There was a significant difference in 22Rv1 cell migration between
the AMACR siRNA and negative control siRNA treatments in the CSS
lysis of 22Rv1 cells transfected with the chemically synthesized AMACR siRNA or the
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Fig. 3. Effect of AMACR transfection in 22Rv1 cells (A) The proliferation of 22Rv1 cells transfected with AMACR siRNA (10 nM) or negative control siRNA (10 nM) was assessed on
Days 2 and 4 using the cell counting kit-8. The percentage of cells with AMACR siRNA in each group has been expressed as relative proliferation activity with negative control siRNA.
Histograms represent the mean ± SD (ns: not significant) (B) Representative pictures of Western blot analysis with 22Rv1 cells after the transfection of AMACR siRNA or negative
control siRNA. AR, androgen receptor; AMACR, a-methylacyl-CoA racemase; CSS, charcoal-stripped serum; FBS, fetal bovine serum.

Fig. 4. Effects of AMACR inhibition on 22Rv1 cell migration (A) Migration after treatment with AMACR siRNA or negative control siRNA in the FBS or CSS medium. White arrows
indicate 22Rv1 migrated cells (B) Number of 22Rv1 cells that migrated per field after treatment with AMACR siRNA or negative control siRNA in the FBS or CSS medium. Histograms
represent the mean ± SD (ns: not significant; *P < 0.05). AMACR, a-methylacyl-CoA racemase; CSS, charcoal-stripped serum; FBS, fetal bovine serum.
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medium. Furthermore, the number of migrating 22Rv1 cells in the
CSS medium after AMACR inhibition were significantly decreased
compared with the number in the FBS medium (Fig. 4B). These
results indicated that AMACR inhibition suppressed the migration
of 22Rv1 cells under androgen-deprivation conditions.

3.5. Reduction of cell numbers in 22Rv1 after combined AMACR
inhibition and docetaxel treatment

We then evaluated the cell growth of 22Rv1 cells after combi-
nation therapy with AMACR siRNA and docetaxel. One day after the
Please cite this article as: Yoshizawa A et al., Combined a-methylacyl-CoA
and decrease expression of heat shock protein 27 in androgen receptor-va
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treatment with AMACR siRNA and the negative control siRNA,
10 nM docetaxel was added to the medium containing 10% FBS or
CSS, and the cell growth assay was performed on Days 3 and 5. As
expected, on both Days 3 and 5, there was no significant difference
in cell growth between 22Rv1 cells treated with AMACR siRNA and
the negative control siRNA in either FBS or CSS medium. The cell
growth of 22Rv1 cells, in both FBS and CSS media, after docetaxel
treatment was significantly reduced. Moreover, cell proliferation
significantly decreased after docetaxel treatment using only 10%
CSS medium in 22Rv1 cells treated with AMACR siRNA compared
with 22Rv1 cells treated with the negative control siRNA (Fig. 5).
racemase inhibition and docetaxel treatment reduce cell proliferation
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Fig. 5. Effect of the combination therapy of AMACR transfection and docetaxel treatment in 22Rv1 cells. The proliferation of 22Rv1 cells with AMACR transfection alone or the
combination therapy of AMACR transfection and docetaxel treatment were assessed on Days 3 and 5 using the cell counting kit-8. The percentage of cells with 22Rv1 in each group
has been expressed as relative proliferation activity with the negative control siRNA alone. Histograms represent the mean ± SD (ns: not significant; *P < 0.05). AMACR, a-
methylacyl-CoA racemase; CSS, charcoal-stripped serum; FBS, fetal bovine serum.
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3.6. Docetaxel dose-dependent cell reduction of 22Rv1 after AMACR
inhibition

To support the result of the significantly reduced growth of
22Rv1 cells after the combination therapy of AMACR inhibition and
docetaxel treatment at 5 days in 10% CSS medium, another exper-
iment was performed. The experiment used different concentra-
tions of docetaxel (1, 2.5, 10 nM) and 10 nM of AMACR siRNA or
negative control siRNA. After the combination therapy of AMACR
inhibition and docetaxel treatment, a docetaxel dose-dependent
cell reduction of 22Rv1 growth was observed. There was a signifi-
cant difference between AMACR siRNA and the negative control
siRNA using 2.5 nM and 10 nM of docetaxel (Fig. 6). These results
suggested that the inhibition of 22Rv1 growth in the CSS medium
involved the synergistic effect between AMACR inhibition and
docetaxel treatment.
Fig. 6. The synergistic effect between AMACR inhibition and docetaxel treatment
in 22Rv1 cells. The proliferation of 22Rv1 cells with different concentrations of
docetaxel (1, 2.5, and 10 nM) and 10 nM of AMACR siRNA or negative control siRNA
were assessed in the CSS medium on Day 5 using the Cell Counting Kit-8. The per-
centage of cells with 22Rv1 in each group is expressed as relative proliferation activity
with the negative control siRNA. Histograms represent the mean ± SD (ns: not sig-
nificant; *P < 0.05). AMACR, a-methylacyl-CoA racemase.
3.7. Decreased expression of AR and ARV7, possibly via HSP27
reduction, in CSS medium after combination therapy of AMACR
inhibition and docetaxel treatment

To understand the changes in 22Rv1 cell proliferation following
a combination therapy of AMACR inhibition and docetaxel treat-
ment (10 nM), the expression of AMACR, HSP27, AR, and ARV7were
examined by Western blot analyses. Both ARV7 and AR expression
levels were not changed in FBS or CSS medium in the presence of
AMACR inhibition, whereas only HSP27 expression in CSS medium
was decreased as compared with other conditions (Fig. 7A). When
22Rv1 cells were treated with docetaxel, the expression of AMACR,
AR, and HSP27 was not affected. However, ARV7 expression was
decreased compared with no treatment in FBS or CSS medium
(Fig. 7B). The expression of ARV7, AR, and HSP27 was decreased
Please cite this article as: Yoshizawa A et al., Combined a-methylacyl-CoA
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after the combination therapy of AMACR inhibition and docetaxel
treatment in the CSS medium (Fig. 7C). Our cell proliferation assays
and Western blotting results suggested that 22Rv1 cell growth was
reduced by the combination therapy of AMACR inhibition and
docetaxel treatment with a decreased expression of AR and ARV7,
racemase inhibition and docetaxel treatment reduce cell proliferation
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Fig. 7. Representative pictures of Western blot analysis of 22Rv1 cells (A) Western blot analysis of 22Rv1 cells after AMACR siRNA transfection alone (B) Western blot analysis of
22Rv1 cells after docetaxel treatment alone (C) Western blot analysis of 22Rv1 cells after the combination therapy of AMACR siRNA transfection and docetaxel treatment. AMACR, a-
methylacyl-CoA racemase
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possibly via the HSP27 pathway, under androgen-deprivation
conditions.
4. Discussion

Patients with CRPC currently receive next-generation hormone
treatments such as an AR-targeted therapy (abiraterone or enza-
lutamide)11 or chemotherapies such as those with docetaxel12,13. In
recent years, the role of AR mutations in the development of PCa
has been demonstrated in a number of studies14. Resistance to ADT
in PCa has been associated with alternative splicing of the AR and
the expression of truncated and structurally active ARV7. ADT-
induced AR gene transcription and the subsequent recruitment of
splicing factors to the AR pre-mRNA contribute to an ARV7 splicing
in PCa cells15. Moreover, an increased AR gene copy number was
associated with an increased ARV7 mRNA expression in CRPC me-
tastases16. However, the relationship between AR and ARV7, espe-
cially in CRPC, is not well understood. In this study, we focused on
the PCa marker AMACR and investigated its relationship with AR
and ARV7 in CRPC cells.

A previous study has demonstrated that a decrease in the level
of the AMACR expression results in the decreased proliferation of
prostate adenocarcinoma cells and that the function and expres-
sion of AMACR are independent of the AR-mediated signaling.
However, the growth inhibition of PCa can be accelerated by
androgen ablation to achieve an additional growth-inhibitory ef-
fect17, following the unclear function of AMACR in PCa cells. We
have previously reported that AMACR inhibition might induce an
increase in the expression of AR and the conversion of PCa cells
from being hormone-independent to being hormone-dependent18.

Docetaxel and cabazitaxel are used as standard chemothera-
peutics for the treatment of patients with naïve CRPC13,19-22.
Despite the clinical availability of docetaxel, cabazitaxel, and
newer-generation taxane chemotherapeutics, CRPC often develops
resistance to these agents20,23. Therefore, combination therapies
Please cite this article as: Yoshizawa A et al., Combined a-methylacyl-CoA
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consisting of docetaxel/cabazitaxel and other targeting agents
should be tested for patients with CRPC.

We performed a combination therapy of AMACR inhibition and
docetaxel treatment in CRPC cells, focusing on the expression of AR
and ARV7. In the present study, the growth of the ARV7-positive cell
line, 22Rv1, was not changed by AMACR inhibition alone in either
FBS or androgen-depleted CSS medium. AR and ARV7 expression
levels remained constant as well. However, our migration assay
revealed that AMACR inhibition suppressed the migration of 22Rv1
cells under androgen-deprivation conditions. We next evaluated
the growth of 22Rv1 cells after combination therapy with AMACR
siRNA and docetaxel. The proliferation of 22Rv1 cells was signifi-
cantly decreased after treatment with docetaxel alone. Of note, the
growth of 22Rv1 cells after the combination therapy of AMACR
inhibition and docetaxel treatment did not change as compared
with the docetaxel treatment alone in the normal FBS medium,
although cell growth was significantly reduced in a docetaxel dose-
independent manner in the CSS medium.

To further elucidate these findings observed in our cell prolif-
eration assays and Western blotting results, we then analyzed the
expression of HSP27 in 22Rv1 cells. The overexpression of HSP27, a
cytoprotective chaperone protein, has been identified in many
cancers including PCa. The overexpression of HSP27, which is a
chaperone protein important for AR to remain stable, is also asso-
ciated with a poor prognosis and castration resistance. The role of
HSP27 in AR signaling has recently been investigated24,25. Kilic-
cioglu et al. reported that the expression of AR and AR-V7 was
significantly reduced when HSP27 was inhibited together with NF-
kB, suggesting that targeting ARV7, the NF-kB pathway, and the
HSP27 together had a great potential in the treatment of an
advanced stage PCa24.

In our Western blotting analyses, HSP27 expression in 22Rv1
cells was not decreased by docetaxel treatment but by an AMACR
inhibition, especially in the presence of an androgen-depleted CSS
medium. In contrast, ARV7 expression in 22Rv1 cells was not
decreased by an AMACR inhibition but by docetaxel treatment in
racemase inhibition and docetaxel treatment reduce cell proliferation
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both normal FBS and CSS media. However, the expression of AR
after docetaxel treatment was not affected regardless of the me-
dium conditions. The expression of ARV7, AR, and HSP27 was
decreased, especially after the combination therapy of AMACR in-
hibition and docetaxel treatment in the CSS medium. These
Western blotting analyses strongly support our results of prolifer-
ation assays. They demonstrated that a significant difference in
22Rv1 cell reduction between the treatment with AMACR siRNA
and the negative control siRNA was observed after the docetaxel
treatment using only CSS medium. With respect to the previous
report by Kiliccioglu et al. which demonstrated that the activations
of HSP27 and NF-kB pathways were associated with AR/ARV7
expression in PCa cells, our results of Western blot analyses were
consistent with those findings. Again, because HSP27 expression
only decreased in the androgen-depleted CSS medium after an
AMACR inhibition in 22Rv1 cells, the cell proliferation was signifi-
cantly reduced with decreasing levels of AR and ARV7 expression,
possibly via downregulation of HSP27, when performing the com-
bination therapy of AMACR inhibition and docetaxel treatment in
the androgen-deprivation condition.

It remains unclear why the expression of HSP27 was decreased
only under androgen-deprivation conditions after an AMACR in-
hibition. However, considering that AMACR may be an important
factor whose inhibition induces the conversion of PCa cells from
being hormone independent to being hormone dependent18, the
characteristics of HSP27 might have changed as well as AMACR
inhibition, following the significant decrease in expression under
androgen-deprivation conditions.

In conclusion, our in vitro experiments demonstrated that cell
proliferation of ARV7 positive cancer cells was significantly reduced
through decreased levels of AR and ARV7 expression, possibly via
downregulation of HSP27, through AMACR inhibition and docetaxel
treatment under androgen-deprivation conditions. Although
further studies are needed, the combination therapy of AMACR
inhibition and docetaxel treatmentmay be useful for CRPC patients.
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