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Suppression of dopamine receptor 2 inhibits the
formation of human prostate cancer PC-3-derived
cancer stem cell-like cells through AMPK inhibition
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Abstract. Cancer stem cells (CSCs) contribute to the resis-
tance of intractable prostate cancer, and dopamine receptor
(DR)D2 antagonists exhibit anticancer activity against prostate
cancer and CSCs. Human prostate cancer PC-3 cells were used
to generate CSC-like cells, serving as a surrogate system to
identify the specific DR subtype the inhibition of which signifi-
cantly affects prostate-derived CSCs. Additionally, the present
study aimed to determine the downstream signaling molecules
of this DR subtype that exert more profound effects compared
with other DR subtypes. The inhibitory effects of specific
antagonists or small interfering (si)RNAs on DR subtypes
were compared by analyzing morphological changes of cells,
expression patterns of pluripotency markers, cell growth
inhibitory activities and in vitro cell invasion. L-741,626, a
specific DRD2 antagonist, induced morphological changes
in PC-3-derived CSC-like cells, suppressed the expression of
Oct4 (a pluripotency marker), and inhibited the growth of cells
and tumors. The proliferation of heterozygous null PC-3 cells,
generated using the CRISPR/Cas9 method, was slow, and their
sphere-forming ability was substantially reduced, indicating a
diminished capacity to produce CSCs. In addition, the phos-
phorylation of AMPK was suppressed by DRD2 siRNA and
the heterozygous knockout of DRD2 in PC-3 cells, indicating
that AMPK may be a putative downstream signaling molecule
involved in the production and maintenance of PC-3-derived
CSC-like cells. Specific inhibition or suppression of DRD2
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caused PC-3-derived CSC-like cells to lose their properties
and inhibited the formation of PC-3-derived CSC-like cells,
followed by inhibition of the phosphorylation of AMPK,
which is considered a putative downstream signaling molecule
of DRD2. Further understanding of the mechanisms by which
DRD?2 regulates AMPK and the effects of AMPK inhibition
on the properties of PC-3-derived CSC-like cells may provide
valuable insights into the identification of molecular targets
for treating intractable prostate cancer wherein AMPK is
constitutively activated.

Introduction

Prostate cancer incidence is considerably high in Western
and developed Asian countries. Although the 5-year survival
rate of prostate cancer is ~97%, which is one of the highest
among cancers, mortality due to prostate cancer is substantilly
high, ranking it second among all cancer-related deaths (1).
Chemotherapeutic agents such as docetaxel and cabazitaxel
and androgen signaling inhibitors such as abiraterone and
enzalutamide have successfully been used to treat prostate
cancer. However, the recurrence of prostate cancer resis-
tant to these therapies, such as castration-resistant prostate
cancer (CRPC), and the side effects of these therapies, which
includes impotence, continue to affect the quality of life of
patients (2,3).

Although safe and effective methods for treating prostate
cancer are being investigated, effective androgen-independent
therapies for advanced prostate cancer remain unavailable.
Similar to other tumor types, a very small proportion (<1%) of
cancer stem cells (CSCs) are present in prostate cancer (4,5).
Prostate CSCs differentiate into androgen-dependent and
androgen-independent carcinomas. Androgen-independent
carcinomas are more resistant to anticancer therapy. Thus,
in addition to conventional chemotherapy, novel therapies
targeting CSCs are required to prevent CSCs from continuously
supplying androgen-independent carcinomas. Accordingly, it
is necessary to elucidate the characteristics of prostate CSCs
and identify methods to mitigate their properties to effectively
treat patients with CRPC (6,7).
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Because the elimination of CSCs in various tumor types
using conventional anticancer agents has been ineffective,
the differentiation of CSCs into nonmalignant cells has been
attempted for different cancer types (8-10). Previous studies
on other cancer types have reported the use of differentiation
therapy to convert prostate CSCs into more differentiated
cells (11). However, these studies were unsuccessful. Further
understanding of signal transduction involved in the differ-
entiation of prostate CSCs can help develop anticancer
therapies, including differentiation therapies. ZEP1, YAP1, and
TMPRSS4, which are involved in maintaining the properties
of prostate CSCs, are potential targets for the differentiation
therapy of prostate cancer (12-14).

Previous studies have suggested the use of dopamine
receptor 2 (DRD2) antagonists as putative anticancer
agents (15,16). Neoplastic human pluripotent stem cells
(hPSCs) possessing CSC-like properties were differentiated
into cells that lost their pluripotency due to treatment with
dopamine receptor (DR) antagonists, such as thioridazine (10).
Our previous study using CSC-like cells derived from PC-3
cell lines (human prostate cancer cells) and thiordazine
yielded results very similar to those obtained using the hPSCs
described above (17). In addition, our previous study suggested
that thioridazine induces the differentiation of PC-3-derived
CSC-like cells via AMPK inhibition. However, thioridazine
inhibits other types of receptors, including histamine, musca-
rine, and serotonin receptors, in addition to DRD2 (18-20).
Accordingly, it must be clarified that the differentiation of
PC-3-derived CSC-like cells using thioridazine was induced
by DRD2 inhibition and not by the nonspecific inhibition
of different receptors. Herein, PC-3-derived CSC-like cells
were transfected with siRNA or treated with highly specific
antagonists against five different DR subtypes (DRD1-DRD5)
and the effects of the inhibition of each receptor subtype were
compared. In addition, the involvement of DRD2 in the forma-
tion of PC-3-derived CSC-like cells was confirmed using the
heterozygous knockout of the DRD2 gene in PC-3 cells via
the CRISPR/Cas9 method and by investigating the effects of
DRD2 knockdown in the cells.

Materials and methods

Reagents. LE300, L-741,626, PG 01037, PD 168568, and
SCH 39166 were purchased from Tocris. Antibodies against
Akt, phosphor-Akt, AMPKa, phospho-AMPKa, mTOR,
phospho-mTOR, SAPK/JNK, phospho-SAPK/INK, Oct4,
KIf4, c-Myc, and b-actin were purchased from Cell Signaling
Technology. Unless otherwise stated, all other reagents were
purchased from Merck KGaA.

Cell lines. The human prostate cancer cell line PC-3 was
obtained from the American Type Culture Collection and
cultured in RPMI-1640 medium supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS). Cell cultures
enriched for CSC-like cells derived from PC-3 cells were
prepared according to a previously described protocol (17).
Briefly, PC-3 cells were trypsinized, harvested after washing
with phosphate-buffered saline (PBS), and then suspended
in serum-free DMEM/F12 medium (R&D Systems) supple-
mented with 100 IU/ml penicillin, 100 pgg/ml streptomycin,

10 ng/ml human recombinant epidermal growth factor
(hrEGF; R&D Systems), 10 ng/ml human recombinant basic
fibroblast growth factor (hrbFGF; R&D Systems), and 2%
B27 supplement (Thermo Fisher Scientific, Inc.). These
suspended cells were cultured in ultralow attachment culture
dishes at a density of 1x10° cells/dish and then allowed to
form tumorspheres for 7 days. Single cells obtained via the
trypsinization of the tumorspheres were collected and allowed
to form an adherent monolayer culture in a regular animal cell
culture ware in the abovementioned serum-free medium and
maintained in serum-free DMEM/F12 medium supplemented
with 100 IU/ml penicillin, 100 gg/ml streptomycin, 10 ng/ml
hrEGF, 10 ng/ml hrbFGF, and 2% B27 supplement.

Immunocytochemistry. The cells were seeded into a
four-chamber plate (Falcon) at a density of 1x10* cells/well,
incubated for 72 h, and fixed with 3.7% formaldehyde at room
temperature for 10 min. Fixed cells were permeabilized with
0.1% Tween-20 in PBS (pH 7.4) for 5 min, blocked with PBS
containing 1% bovine serum albumin (BSA) for 30 min, and
incubated with a rabbit monoclonal antibody against DRDI,
DRD2, DRD3, DRD4, and DRDS at 4°C overnight. The cells
were washed with PBS and incubated in the presence of goat
antirabbit IgG conjugated with Alexa Fluor™ 594 (Thermo
Fisher Scientific, Inc.) for 1 h in the dark. Alexa Fluor™ 488
Phalloidin (Thermo Fisher Scientific, Inc.) diluted to a ratio
of 1:40 using PBS was added to the wells and incubated for
another 20 min. The cells were washed with PBS, stained with
DAPI for 5 min, and observed under an LSM 700 confocal
microscope (Zeiss).

Human tumor xenografts in nude mice. The Institutional
Animal Care & Use Committee (IACUC) of Korea University
(Seoul, Korea), reviewed and approved the animal study
protocol (protocol number: KUIACUC-2021-0028). Six- to
seven-week-old female Balb/c nude mice (Charles River
Laboratories) were maintained as previously described (21).
Cancer cells (5x10° cells/200 ul/mouse) suspended in PBS
(pH 7.4) were injected subcutaneously into the right flank of a
mice. Tumor volumes were measured 2-3 times weekly using
a Vernier caliper and were calculated using the following
equation: Tumor volume=Dmin? x Dmax x 0.5 (Dmin: short
axis, Dmax: long axis of mass). The experiments were stopped
before the tumor volume reached 1,000 mm? and the mice were
euthanized by introducing CO, into the euthanasia chamber at
arate sufficient to fill 50% of the chamber's volume per minute.
The mice were continuously monitored for visible signs of
death, such as cessation of breathing and lack of movement.
Even after observing the visible signs of death, CO, exposure
were continued for an additional 1 min. After then, the tumors
were collected from the mice.

SiRNA transfection. PC-3-derived CSC-like cells were
seeded into tissue culture plates at a density of 3x10* to
1x10° cells/ml depending on the type of experiment using
antibiotic-free DMEM/F12 medium with supplements and
growth factors. To silence the expression of the DRD subtype
genes, the cells were transfected for 6 h with 50-100 pmol/ml
of control siRNA and DRDI1, DRD2, DRD3, DRD4, and
DRDS5 siRNA separately using the siRNA Reagent System



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

(Santa Cruz Biotechnology, Inc.) following the manufac-
turer's instructions (see Table SI for more information about
siRNA).

Semiquantitative reverse transcription (RT)-polymerase
chain reaction (PCR). Total RNA was extracted from cells
using a GeneAll kit (GeneAll Biotechnology), and cDNA
was prepared and amplified using a One Step RT-PCR kit
(SolGent). Table SII shows the primer sequences for the
dopamine receptor subtypes (DRD1, DRD2, DRD3, DRD4,
and DRDS5) and GAPDH. The PCR products were subjected
to electrophoresis using 1.5-1.8% agarose gel and visualized
after staining with ethidium bromide.

cAMP assay. PC-3-derived CSC-like cells were transfected
with siRNA against DRDI1-DRDS5 and seeded in 96-well plates
at a density of 5x10* cells/well. After 24 h of incubation, the
intracellular cAMP levels were assayed using cAMP-Glo™
assay (Promega) following the manufacturer's instructions.
Luminescence was measured using a Centro LB 960 micro-
plate luminometer (Berthold Technologies).

Cell growth assay. To measure the growth of PC-3-derived
CSC-like cells transfected with DRD siRNAs, the WST-8
assay (Biomax) was used. Briefly, 24 h after seeding the cells
in a six-well culture plate at a density of 1x10* cells/ml, WST-8
assay was conducted at designated times and absorbance
was measured at 450 nm. To determine the growth of DRD2
heterozygous knockout PC-3 cells, the cells were seeded into a
six-well culture plate at a density of 1x10* cells/ml and grown
in RPMI-1640 medium supplemented with 10% heat-inacti-
vated FBS at 37°C. The cells were trypsinized and harvested at
designated times and counted using an automated cell counter
(Countess™ 11 #AMQX1000).

In vitro cell invasion assay. The insert polycarbonate
membranes (§ mm in pore size) of the upper compartments
of the 24-well Transwell Boyden chamber were coated with
Matrigel® (BD Biosciences) diluted using a serum-free medium.
Depending on the cell type, 300 pl of cells (1.5x10° cells/ml)
suspended in RPMI-1640 or DMEM/F12 medium were placed
in the upper compartment. The lower compartment was then
filled with 500 ul of RPMI-1640 medium supplemented with
10% FBS or serum-free DMEM/F12 medium supplemented
with 2% B-27 supplements and growth factors. The cells on
the lower side of the insert membrane were fixed with 10%
trichloroacetic acid (TCA) and stained with 0.5% crystal violet
in 2% ethanol for 2 h. The insert was washed with PBS and air
dried. The upper side of the insert was wiped using a cotton
swab, and images of the cells that had migrated to the under-
side of the insert membrane were taken. The dye that stained
the cells was extracted with 0.2 ml of 30% acetic acid, and the
absorbance was measured at 590 nm.

Western blotting analysis. Protein extracts (20 ug) of cell
lysates were resolved on 8-10% SDS-polyacrylamide gels
and transferred to Immobilon-P transfer membranes as
described previously (22). The membranes were blocked
with Tris-buffered saline containing 0.1% Tween-20
(TBST) supplemented with 0.5-2% BSA and probed
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with primary antibodies. After washing with TBST, the
membranes were probed with species-specific horseradish
peroxidase (HRP)-conjugated secondary antibodies and
developed using an Immobilon western chemiluminescent
HRP substrate.

Staining of cells to observe morphological changes. The
cells incubated for 6 days in the presence and absence of
compounds were fixed with 50% TCA and stained with 0.4%
sulforhodamine B (SRB) in 0.1% acetic acid. Excess staining
was removed by washing the cells with 1% acetic acid. The
morphology of the stained cells was observed using an inverted
microscope and photographed (Nikon).

Preparation of DRD?2 heterozygous knockout (DRD2"~) PC-3
cells. PC-3 cells were seeded into 60-mm dishes at a density
of 1.5x10° cells/ml and cultured in an antibiotic-free medium.
When the cells were at ~80% confluency, they were transfected
with an all-in-one vector (Macrogen, Seoul, Korea) containing
the DRD2 sgRNA sequence (5'-GGTATGATGATGATCTGG
AGAGG-3"), puromycin resistance gene, and CAS9 expression
gene using the TransIT-LT1 transfection reagent (Mirus Bio)
following the manufacturer's instructions (see Fig. S1 for the
all-in-one vector map). After 48 h, the cells were cultured
on RPMI medium supplemented with 100 IU/ml penicillin,
100 pg/ml streptomycin, and 1 pg/ml puromycin for 6 days.
During this period, the medium was changed daily. The
surviving cells were amplified, and genomic DNA was isolated
using Exgene™ Cell SV mini kit (GeneAll Biotechnology,
Seoul, Korea). DNA fragments were then amplified by
PCR with the DRD2 primers used in the T7 endonuclease
assay and sequenced using the Sanger sequencing method
(Cosmogenetech) (See the DNA sequences in Fig. S2).

T7 endonuclease assay. To validate DRD2 heterozygous
knockout in PC-3 cells, genomic DNA isolated from wild-type
and all-in-one vector-transfected PC-3 cells were amplified
using PCR with the DRD2 primers (forward: 5-TGTGTT
TGCTCATTTGTCCTACC-3', reverse: 5" AGGAAACAA
TCTACCCATTTCGT-3"). The amplified DNA products were
incubated at 37°C for 20 min in the presence of T7 endo-
nuclease (Goldbio). The reaction products were then subjected
to electrophoresis using 1.2% agarose gel and visualized after
staining with ethidium bromide.

Sphere formation assay. Wild-type, mock-transfected, and
DRD2*~ PC-3 cells grown in RPMI medium containing
10% heat-inactivated FBS were trypsinized and cultured at a
density of 1x10* cells/well in an ultralow attachment six-well
plate containing DMEM/F12 medium supplemented with
2% B27, 10 ng/ml hrEGF, and 10 ng/ml hrbFGF. Round cell
clusters of >40 um were classified as spheres.

Statistical analysis. GraphPad Prism 5.03 (GraphPad
Software, Boston, Massachusetts, USA) was used for all statis-
tical analyses. Statistical differences among experimental
groups were analyzed using a unpaired Student's t-test or
one-way/two-way ANOVA with Dunnett's post hoc analysis.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. Intracellular location of dopamine receptor subtypes in PC-3 and PC-3-derived CSC-like cells. Cells were fixed, permeabilized, and stained as
described in the Materials and Methods section. Blue: nucleus, green: F-actin, red: dopamine receptor subtype. Scale bar: 50 ym. DRD, dopamine receptor;

CSC, cancer stem cell.

Results

Detection of DR subtype receptors in PC-3 and PC-3-derived
CSC-like cells via immunocytochemistry. Our previous study
showed that cell cultures prepared for enriching CSC-like cells
from PC-3 cells possessed several properties characteristic
of CSC-like cells, such as the expression of Oct4, K1f4, and
Sox2. These PC-3-derived CSC-like cells were more resistant
to some agents with anticancer activity such as dasatinib
and saracatinib, tyrosine kinase inhibitors, and tirbanibulin,
a tubulin polymerization inhibitor, than PC-3 cells (Fig. S3).
In addition, the mRNA of all DR subtypes, which were of
primary interest in our study, were expressed in PC-3 cells
and PC-3-derived CSC-like cells (17). Immunocytochemical
analysis revealed that the proteins of the DR subtypes were
also expressed in these cells (Fig. 1). Capturing stained images
of DRD3 was challenging, as expected from the extremely
low expression of its mRNA; however, the presence of all five
subtypes was detected in both the cell types.

Morphological changes and loss of pluripotency markers
in PC-3-derived CSC-like cells caused by a specific DRD?2
antagonist. Thioridazine used in our previous study (17) is a
DRD?2 antagonist but it also binds and inhibits various other
receptors, including serotonin and cholinergic receptors.
Thus, more specific antagonists against each DR subtype, such
as LE300, L-741,626, PG 01037, PD 168568, and SCH39166,
were applied to PC-3-derived CSC-like cells at a concentra-
tion of 3 M. Subsequently, the morphological changes of
the cells and the expression of pluripotency markers such as
Oct4, KIf4, and c-Myc were analyzed (Fig. 2). L-742,626, a
DRD2 antagonist, strongly induced morphological changes
in the cells, a strong decrease in Oct4 and KlIf4 protein
expression, and a strong increase in c-Myc protein expres-
sion, indicating the loss of CSC properties. These results are
consistent with those of our previous study (17). Meanwhile,
PD 168568, a DRD4 antagonist, also induced changes in the
morphology and Oct4, KIf4, and c-Myc protein expression in

the cells, although the effects were weaker than those induced
by L0741,626. PG-01037 induced very weak morphological
changes in the cells and a slight decrease in Oct4 protein
expression; however, further studies are needed to determine
whether DRD2 is involved in maintaining the properties of
PC-3-derived CSC-like cells.

Inhibition of the growth of tumors induced by PC-3-derived
CSC-like cells by a specific DRD2 antagonist. To determine
whether a specific DRD2 antagonist inhibits tumor growth
in vivo, L-741,626 (20 mg/kg) was administered intraperito-
neally to nude mice with tumors formed from PC-3-derived
CSC-like cells daily. L-741,626 induced 59.5% tumor growth
inhibition compared with the control group without significant
changes in body weight (Fig. 3).

Downregulation of the mRNA expression of DR subtypes
through transfection with siRNA against each subtype. Because
the inhibition of DRD2 in PC-3-derived CSC-like cells by thio-
ridazine, a DRD2 antagonist, appeared to induce a loss of CSC
characteristics in our previous study (17), it was necessary to
determine whether this effect could be mimicked by the knock-
down of any DR subtype. siRNA against all five subtypes was
transfected into PC-3-derived CSC-like cells. Semiquantitative
RT-PCR revealed that the mRNA of each subtype was effectively
downregulated by its corresponding siRNA (Fig. 4).

Effects of DR siRNA transfection on the intracellular cAMP
concentration. While DRD2, DRD3, and DRD4 are type 11
dopamine receptors coupled to the Gs protein, DRDI and
DRDS are type I dopamine receptors coupled to the G;
protein (23). To determine whether the siRNA-mediated
knockdown of DR subtypes is functionally effective, intra-
cellular cAMP concentrations were measured (Fig. 5). The
knockdown of type I dopamine receptors suppressed intracel-
lular cAMP concentrations to the control levels, whereas the
knockdown of type II dopamine receptors increased intracel-
lular cAMP concentrations.
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Figure 2. Effects of DR subtype antagonists on the morphology and expression of pluripotency markers in PC-3-derived CSC-like cells. (A) PC-3-derived
CSC-like cells were incubated in the presence and absence of 3 M of antagonists against DR subtypes (LE 300, L-741,626, PG 01037, PD 168568, and SCH
39166 for DRDI1, DRD2, DRD3, DRD4, and DRDS, respectively) for 6 days and stained with 0.4% SRB. Black arrows indicate cells with altered morphology.
Scale bar: 100 #m. (B) Lysates of cells incubated as described in (A) were subjected to western blotting. (C) Band densities of western blot images (n=3) were
measured using ImageJ software. Data are presented as mean + SD. "P<0.05, “'P<0.01, ““P<0.001 vs. control. DRD, dopamine receptor; CSC, cancer stem cell.

Alteration of growth and in vitro invasion of PC-3-derived
CSC-like cells by DR siRNAs. The growth of PC-3-derived
CSC-like cells transfected with DRD2 siRNA decreased
substantially with time (Fig. 6). Transfection with DRD4
siRNA also inhibited cell growth, but the effect was less
pronounced than that caused by DRD2 siRNA. A slight but
statistically significant increase in the growth of cells trans-
fected with DRDI or DRD3 on day 6 was observed. In contrast
to the effects on cell growth, in vitro cell invasion remained

unaffected by DRD1 and DRD3 siRNA (Fig. 7). However, it
was substantially inhibited by DRD2 siRNA and slightly by
DRD4 siRNA.

Inhibition of AMPK phosphorylation by DRD2 siRNA. Our
previous study showed that AMPK phosphorylation was
inhibited by thioridazine, a DRD2 antagonist (17). To examine
whether AMPK phosphorylation is inhibited by DR knock-
down, PC-3-derived CSC-like cells were transfected with DR
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Figure 4. Downregulation of mRNA expression of dopamine receptor subtypes in PC-3-derived CSC-like cells by siRNA. (A) Twenty hours after seeding into
a six-well plate at a density of 1x10* cells/ml, PC-3-derived CSC-like cells were transfected with 50 pmol of each siRNA for 6 h as described in the Materials
and Methods section, incubated for 48 h in the presence of fresh serum-free medium, and harvested for semiquantitative RT-PCR. (B) Band densities of
RT-PCR blot images (n=3) were measured using ImageJ software. Data are presented as mean + SD. "P<0.05, “P<0.01, "“P<0.001. DRD, dopamine receptor;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CSC, cancer stem cell; si, small interfering.
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DRD2*~ PC-3 cells partially restored the cell growth (Fig. 9D).
The concentration of 30 mM was chosen from the previous study
as it showed the highest effects in restoring cell growth (17).
The morphology of the DRD2*~ PC-3 cells differed substan-
tially from that of the mock-transfected PC-3 cells (Fig. 9E).
The sphere formation assay, an in vitro method for amplifying

and isolating CSCs, revealed that the sphere-forming ability
of the DRD2*~ PC-3 cells was substantially lower than that of
the parental and mock-transfected PC-3 cells (Fig. 9F and G).
Because AMPK phosphorylation in PC-3-derived CSC-like
cells is inhibited by DRD2 siRNA, the effect of heterozygous
DRD2 knockout on the phosphorylation of several signal


https://www.spandidos-publications.com/10.3892/ol.2025.14888

8 PARK et al: SUPPRESSION OF DRD2 INHIBITS FORMATION OF PC-3-DERIVED CSC-LIKE CELLS

A Citrl DRD1 DRD2 DRD3 DRD4 DRD5 B
PAMPK: i MR o S 151
AMPKY e Gl  wme e G D £,
L 404
. <
Bactin e . S A - A 0 O
% *%
) Z 054
mTOR ”’ ’ (O J N S I N T N I A I
: . x ® : 2
[a] [a] (a)] o o

Figure 8. Inhibition of AMPK phosphorylation via suppression of DRD2 expression. (A) PC-3-derived CSC-like cells were transfected twice (day 1 and 3)
with each DR siRNA 60 pmol/ml), harvested on day 7, and subjected to western blotting. (B) Band densities of western blot images (n=3) were measured using
Imagel software. Data are presented as mean + SD. “P<0.01 vs. Ctrl. Ctrl, control; DRD, dopamine receptor; AMPK, 5' AMP-activated protein kinase; mTOR,
mammalian target of rapamycin; CSC, cancer stem cell; si, small interfering.

4
A o % 8 C 1o .
8 § DD: £ 0.8
[}
F 06
<=1
S 04
o
718 bp 8 02 l__.__l
432 bp 7
286 bp
D
~ 100 7 -e- Mock
£ -6~ Mock+A769662
5 807=DRD"
% go & DRD*"+A769662
x
@ 40 1
[0
(]
5 201
S
Z 0 :
0 1 2 3 4
Days
F G 5 ~ 100
PC-3 Mock DRD2""~ ER Hoxk
50 80
2
85 60
o]
SE 40
» 3
s 2
o A
Z>~ 0
™ X ]
[ [} I
O
g 2 2
o
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Figure 10. Suppressed phosphorylation of AMPK in DRD2*~ PC-3 cells. (A) Lysates of wild-type, mock-transfected, and DRD2*~ PC-3 cells were subjected
to western blotting to measure the extent of AMPK phosphorylation. (B) Band densities of western blot images (n=3) were measured using ImageJ software.
Data are presented as mean = SD (n=3). ""P<0.001 vs. Mock. DRD, dopamine receptor; AMPK, 5' AMP-activated protein kinase; mTOR, mammalian target

of rapamycin; SAPK, stress-activated protein kinase; p-, phosphorylated.

transduction pathways, including AMPK, was examined. As
shown in Fig. 10, AMPK phosphorylation in DRD2*~ PC-3
cells was substantially decreased compared with that in the
parental and mock-transfected PC-3 cells, whereas there were
no significant differences in mTOR, SAPK/INK, and Akt
phosphorylation in the parental, mock-transfected, and DRD2"~
PC-3 cells, indicating that AMPK activity or phosphorylation is
crucial for maintaining or inducing CSC properties.

Discussion

With the global increase in the incidence of prostate cancer,
the number of patients with intractable prostate cancer, such as
CRPC, is also rising. Various alterations, including the loss of
normal androgen receptor expression in prostate carcinomas,
are reportedly involved in the recurrence of prostate cancer
and the acquisition of metastatic ability by carcinomas to other
tissues, such as bones. CSCs have been reported to be crucial
in these malignant processes (6). Our previous study using
PC-3-derived CSC-like cells semiquantitatively determined the
relative mRNA expression levels of five DR subtypes without
providing information about their protein expression (17).
There have been reports regarding the protein expression of
some of the DR subtypes in carcinoma (10,24,25); however, to
the best of our knowledge, there have been no reports regarding
the protein expression of all five DR subtypes in CSCs or
CSC-like cells. Because the immunocytochemistry methods
used in this study were not quantitative, we could not compare
the relative expression levels of the DR subtypes in the cells.
Furthermore, the stained images of DRD3 were particularly
difficult to obtain compared with those of the other subtypes
in both the cell types.

L-741,626,a DRD2 antagonist, induced significant changes
in the morphology of PC-3-derived CSC-like cells and the
expression of pluripotency markers, including Oct4, Kl1f-4,
and c-Myc. The DRD4 antagonist PD 168568 produced

weak but similar results to those obtained using L-741,626.
These results further confirm our previous results obtained
with siRNA specific for the DR subtypes (17) and indicate
that DRD2 and DRD4 coupled with G; protein are involved
in the maintenance of the properties of prostate CSC-like
cells. Thus, in addition to studies on DRD2 and CSCs, further
studies on the relationship between DRD4 and CSCs are
required to understand the effect of dopamine receptors on
the properties of CSCs. A previous study reported that DRD4
inhibition could be an effective tool for controling the proper-
ties of glioblastoma stem cells although it was not conducted
using prostate CSCs (26). Our ongoing study using DRD4*~ or
DRD4™ is expected to provide a clearer understanding of the
role of DRD4 in PC-3-derived CSC-like cells. The in vivo
study that examined the antitumor effect of L-741,626, which
exhibits stronger in vitro effects than PD 168568, indicated
that a specific DRD2 antagonist could be used as an antipros-
tate cancer agent. However, even if a safe and effective DRD2
antagonist against CPRC is discovered, combination therapy
with conventional therapeutic agents, such as cytotoxic and
androgen-targeted agents, is required because a tumor contains
a heterogeneous population of differentiated carcinomas in
addition to CSCs (11).

Five different types of siRNA specific to each DR subtype
were used to confirm whether the effects of specific antagonists
against the subtypes effectively downregulated the expression
of the mRNA corresponding to each DR subtype. The down-
regulation of the mRNA of the DR subtypes produced opposite
effects to those expected from the intrinsic functions of the DR
subtypes on adenylyl cyclase (23). While the downregulation
of DRD2, DRD3, and DRD4 (G; protein coupled receptors)
appeared to inhibit adenylyl cyclase in the cells, that of DRDI1
and DRD5 (G, protein coupled receptors) appeared to cause
the cells to lose their ability to activate adenylyl cyclase. These
experiments were designed to validate whether the down-
regulation of DR subtypes caused by siRNA transfected into
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cells was effective. However, further studies are warranted
to determine whether fluctuations in cAMP concentrations
induced by DRD2 and DRD4 inhibition are related to changes
in the properties of PC-3-derived CSC-like cells. Nevertheless,
obtaining an answer is difficult because DRD3 downregula-
tion did not cause clear changes in the morphology, growth,
and invasion ability of PC-3-derived CSC-like cells, although
it induced an increase in the cAMP concentration.

As shown in our previous study (17), which revealed
the inhibition of AMPK phosphorylation by thiorida-
zine in PC-3-derived CSC-like cells, siRNA specific for
DRD2 substantially inhibited AMPK phosphorylation in
PC-3-derived CSC-like cells, further confirming that DRD2
inhibition leads to the loss of PC-3-derived CSC-like cell
properties via AMPK inhibition. To determine whether the
lack of DRD?2 itself affects the formation of CSC-like cells
and the regulation of AMPK phosphorylation, we attempted
to prepare DRD2 homozygous null (DRD27") PC-3 cells
without success. Complete DRD2 knockout appeared to cause
the DRD2™" cells to lose their proliferative ability, making the
cloning of DRD2™" cells impossible (Data not shown here, but
our ongoing study also failed to obtain DRD2~~ DU 145 human
prostate carcinomas). Although we cannot conclusively state
that the presence of DRD?2 is essential for the proliferation or
survival of all types of carcinoma cells because we have not yet
found other studies that have prepared and used DRD2~~ carci-
noma cells, DRD2 appears to be important for the proliferation
or survival of certain types of prostate carcinoma cells. Thus,
instead of DRD27 cells, heterozygous null (DRD2*") PC-3
cells were prepared and subjected to further study. The reduced
expression of DRD2 protein in DRD2*~ PC-3 cells correlated
well with reduced growth rates, changes in morphology, and
reduced sphere formation capacity. The fact that A769662,
an AMPK activator, partially restored the growth of DRD2*~
PC-3 cells suggests that the decreased AMPK activity induced
by the heterozygous knockdown of DRD2"~ PC-3 was partially
restored by A769662. Although the size and number of spheres
formed from DRD2*~ PC-3 cells were smaller and fewer than
those from DRD2** PC-3 cells, respectively, we attempted to
prepare a monolayer culture of CSC-like cells using DRD2"~
spheres to investigate the effects of reduced DRD2 expression
on signal transduction in PC-3-derived CSC-like cells. However,
this approach was unsuccessful because the growth rate of
single cells prepared from the DRD2"~ spheres was too low to
form a monolayer culture. Thus, we used DRD2"~ PC-3 cells
instead of using DRD2*~ CSC-like cells to examine changes
in signal transduction induced by reduced DRD2 expression.
The formation of spheroid carcinoma cultures is a well-known
method for enriching CSCs in vitro (27). Accordingly, the
fact that DR~ PC-3 cells exhibited a reduced ability to form
spheroid cultures and that preparing a monolayer culture of
CSC-like cells from DRD2*" spheres was almost impossible
indicate that the intact presence of DRD?2 is crucial during the
conversion process of parental PC-3 cells to CSC-like cells.

To determine whether a signal transduction molecule was
affected by DRD2 suppression, changes in the phosphorylation
of several signal transduction molecules, including AMPK,
whose phosphorylation was decreased by siRNA specific for
DRD?2 in PC-3-derived CSC-like cells, were examined in
DRD2%~ PC-3 cells. Consistent with the results obtained using

siRNA specific for DRD2, the reduction in DRD2 expres-
sion in DRD2*~ PC-3 cells resulted in a drastic decrease in
AMPK phosphorylation, further indicating that the inhibition
of AMPK phosphorylation interferes with the maintenance of
the intact properties of PC-3-derived CSC-like cells. The role
of AMPK has been reported in various cancer types. However,
it is difficult to define its role in one sentence because activated
AMPK suppresses or activates cancer or CSCs depending
on the cancer type or stage (28-30). A review on the role of
AMPK in advanced stages of prostate cancer supported the
hypothesis that a complex of activated AMPK and pyruvate
kinase 2 (PKM?2) participates in the upregulation of cancer
stemness genes by Oct4 (30), supporting the results of this
study. In addition, another of our previous studies showed
that AMPK suppression in PC-3-derived CSC-like cells and
various cancer types using AMPK?2a siRNA caused a loss of
the properties of these cells (31).

Overall, DRD2 inhibition with a specific antagonist,
suppression of DRD2 expression by DRD2 siRNA, or the
heterozygous knockout of DRD2 causes PC-3-derived
CSC-like cells to lose their properties and inhibits the forma-
tion of PC-3-derived CSC-like cells, followed by the inhibition
of the phosphorylation of AMPK, a putative downstream
signaling molecule of DRD2. Finding ways to effectively
modulate the interrelation between DRD2 and AMPK in
PC-3-derived CSC-like cells will provide an opportunity to
identify new drug targets that can be useful for treating at least
some types of incurable prostate cancer wherein AMPK is
constitutively or highly activated.
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