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Abstract

Prostate cancer is one of the most common cancers in men. Choline PET or PET/CT has been used to visualize prostate cancer,
and high levels of choline accumulation have been observed in tumors. However, the uptake system for choline and the functional
expression of choline transporters in prostate cancer are not completely understood. In this study, the molecular and functional
aspects of choline uptake were investigated in the LNCaP prostate cancer cell line along with the correlations between choline
uptake and cell viability in drug-treated cells. Choline transporter-like protein 1 (CTL1) and CTL2 mRNA were highly expressed
in LNCaP cells. CTL1 and CTL2 were located in the plasma membrane and mitochondria, respectively. [*(H]Choline uptake was
mediated by a single Na*-independent, intermediate-affinity transport system in the LNCaP cells. The anticancer drugs, flutamide
and bicalutamide, inhibited cell viability and [*H]choline uptake in a concentration-dependent manner. The correlations between
the effects of these drugs on cell viability and [*H]choline uptake were significant. Caspase-3/7 activity was significantly increased
by both flutamide and bicalutamide. Furthermore, these drugs decreased CTL1 expression in the prostate cancer cell line. These
results suggest that CTL1 is functionally expressed in prostate cancer cells and are also involved in abnormal proliferation. Iden-
tification of this CTL1-mediated choline transport system in prostate cancer cells provides a potential new therapeutic target for
the treatment of this disease.
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INTRODUCTION S-adenosylmethionine (SAM). SAM participates in DNA and
histone methylation and is therefore required for the estab-
Choline is a water-soluble organic cation that is crucial for lishment and maintenance of the epigenome (Anderson et al.,
the normal function of all cells. Its cellular absorption occurs 2012).
via choline transporters. After uptake, choline is metabolized "C- or ®F-labelled choline derivatives are used as diag-
and used for various functions (e.g., regulation of osmotic nostic tools for positron emission tomography (PET) and PET/
pressure, a precursor for methyl donors in epigenetics, phos- computed tomography (PET/CT) in clinical oncology (Schwar-
pholipid synthesis) (Michel and Bakovic, 2012; Inazu, 2014). zenbdck et al., 2012; Xu et al., 2019). Choline PET is highly
Choline is an essential component of the membrane phospho- effective for imaging several tumor types, including prostate
lipids phosphatidylcholine (PC) and sphingomyelin and plays carcinoma (Kotzerke et al., 2000), brain tumors (Ohtani et al.,
a critical role in the structure and function of biological mem- 2001), lung metastasis of esophageal cancer (Kobori et al.,
branes in all cells. Thus, large amounts of choline uptake and 1999), and mediastinal lymph node metastases (Hara et al.,
PC biosynthesis are needed for new membrane synthesis. 2000). Choline PET can also be used to differentiate between
Choline is also a precursor for the synthesis of the neurotrans- malignant and benign lesions in various regions of the body,
mitter acetylcholine at the cholinergic nerve terminal. Finally, including the brain, head, bone, and soft tissue (Tian et al.,
choline is converted to betaine through oxidative metabolism, 2004). Choline PET or PET/CT is increasingly used to visual-
which provides a source of methyl groups for the production of ize primary and recurrent prostate cancer (Hara et al., 1998;
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Xu et al., 2019). Because tumor cells grow very quickly, the
biosynthesis of their cell membranes is also rapid. Conse-
quently, the uptake of choline by tumors is linked to the rate
of tumor cell proliferation. Intracellular uptake of choline via
the choline transporter is the rate-limiting step in the synthesis
of phospholipids in the plasma membrane, and a prerequisite
for cancer cell proliferation. However, the uptake system for
choline and the functional expression of choline transporters
in human prostate cancer are not completely understood.

To date, the choline transport system has been categorized
into three major transporter families: (I) high-affinity choline
transporter 1 (CHT1/SLC5A7), (ll) choline transporter-like
proteins (CTL1-5/SLC44A1-5), and (lll) polyspecific organic
cation transporters (OCT1-2/SLC22A1-2) with low affinity for
choline (Michel et al., 2006). The families are expressed in
different organisms and cell types and are involved in a va-
riety of physiological functions. Our studies have shown that
many cancer cells express high levels of CTL1, and inhibition
of CTL1 function induces apoptotic cell death (Inazu, 2014;
Taguchi et al., 2014; Nishiyama et al., 2016; Nagashima et al.,
2018). Thus, CTL1 may be a target for cancer therapy.

In this study, we investigated which transporters could me-
diate choline uptake in LNCaP prostate cancer cells, which
are androgen-dependent. We also examined the correlations
between choline uptake and the effects of anticancer drugs
on cell viability.

MATERIALS AND METHODS

Cell culture

The human prostate adenocarcinoma cell line, LNCaP
(RCB2144), PC-3 (RCB2145) and DU-145 (RCB2143) were
provided by the RIKEN BRC through the National Bio-Re-
source Project of the MEXT (lbaraki, Japan). The cells were
grown in RPMI 1640 medium (Wako, Osaka, Japan) supple-
mented with 10% fetal bovine serum (Gibco BRL, Gaith-
ersburg, MD, USA) and 20 mg/L kanamycin (Gibco BRL) in
non-coated flasks. Cultures were maintained in a humidified
atmosphere of 5% CO, and 95% air at 37°C, and the medium
was changed every 3 to 4 days.

RNA extraction and real-time polymerase chain reaction
(PCR)

Total RNA was extracted from cells using ISOGEN (Wako)
according to the manufacturer’s instructions. The primer pairs

Table 1. TagMan® gene expression assay

and TagMan probes for the target (CHT1, OCT1-3, CTL1-5) and
housekeeping (glyceraldehyde-3-phosphate dehydrogenase
[GAPDH]) mRNAs were designed based on human mRNA
sequences using TagMan® Gene Expression Assays (Applied
Biosystems, Foster City, CA, USA) (Table 1). One-step real-
time PCR was performed on total RNA (50 ng) using the Tag-
Man® RNA-to-CT™ 1-Step Kit (Applied Biosystems) according
to the manufacturer’s instructions. Real-time PCR data were
analyzed using the LightCycler® 96 system (Roche Diagnostics,
Mannheim, Germany). Target gene expression levels were cal-
culated relative to GAPDH using the comparative cycle time (Cy)
method (relative mMRNA expression=2-(Ct'arget-Ct GAPDH)x 100 %,).

Immunocytochemistry

LNCaP cells were grown in 35 mm glass base dishes (IWA-
Kl, Chiba, Japan), washed twice with D-PBS, and fixed with
100% MeOH for 20 min at room temperature. Fixed cells were
incubated with detector blocking solution (Kirkegaard and
Perry Laboratories, Gaithersburg, MD, USA) overnight at 4°C.
Cells were incubated with 2 ug/mL anti-CTL1 rabbit polyclonal
antibody (ab110767, Abcam plc, Cambridge, UK), 2 pg/mL
anti-CTL2 mouse monoclonal antibody (clone 2D11, Abnova,
Taipei City, Taiwan), or anti-COX IV rabbit polyclonal antibody
(ab16056, Abcam plc) in fresh blocking solution overnight at
4°C. After washing with wash solution (Kirkegaard and Perry
Laboratories), the cells were incubated with 1 ug/mL Alexa
Fluor 488 goat anti-mouse IgG (Molecular Probes, Eugene,
OR, USA) or Alexa Fluor 568 goat anti-rabbit IgG (Molecular
Probes) for 1 h at room temperature. After washing, the speci-
mens were mounted using VECTASHIELD mounting medium
containing DAPI (Vector Laboratories, Burlingame, CA, USA).
Fluorescence images were obtained using a Confocal Laser
Scanning Biological Microscope (FV10i-DOC, Olympus, To-
kyo, Japan).

Immunoblotting

Cells were washed twice with D-PBS (Wako) and extracted
on ice in RIPA buffer (Santa Cruz, CA, USA) containing 1 mM
EDTA and protease inhibitors. The extracts were centrifuged
for 15 min at 4°C. The supernatant was incubated for 5 min
at 100°C in a 1:1 (v:v) ratio with Tris—SDS B-ME sample so-
lution (Cosmo Bio, Tokyo, Japan). The samples electropho-
resed on 10% SDS-PAGE gels and then transferred to PVDF
membranes. Following protein transfer, the membranes were
blocked with Detector Block Solution (Kirkegaard and Perry
Laboratories) overnight at 4°C. Membranes were then in-

Gene Accession number Assay ID Exon boundary Assay location Amplicon length
CHT1 (SLC5A7) NM_021815 Hs00222367_m1 4-5 749 66
CTL1 (SLC44A1) NM_080546 Hs00223114_m1 5-6 759 66
CTL2 (SLC44A2) NM_020428 Hs01105936_m1 20-21 2060 67
CTL3 (SLC44A3) NM_001114106 Hs00537043_m1 5-6 625 64
CTL4 (SLC44A4) NM_001178044 Hs00228901_m1 12-13 1177 58
CTL5 (SLC44A5) NM_152697 Hs01120485_m1 9-10 673 73
OCT1 (SLC22A1) NM_003057 Hs00427554 _m1 8-9 1493 66
OCT2 (SLC22A2) NM_003058 Hs01010723_m1 10-11 1771 120
OCT3 (SLC22A3) NM_021977 Hs01009568 m1 10-11 1657 73
GAPDH NM_002046 Hs99999905 m1 3-3 243 122
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cubated with 1 pg/mL rabbit anti-CTL1 polyclonal antibody
(ab110767, Abcam plc) in new Detector Block Solution over-
night at 4°C. Membranes were washed three times in wash
solution and then incubated with 1 ug/mL horseradish peroxi-
dase-conjugated anti-rabbit and anti-goat IgG (Kirkegaard and
Perry Laboratories) for 1 h at room temperature. Following
washing, protein bands were visualized using the ECL Prime
Western Blotting Detection System (GE Healthcare Life Sci-
ences, Marlborough, MA, USA) on the ChemiDoc XRS Plus
System (Bio-Rad Laboratories, Hercules, CA, USA).

[*HICholine uptake into LNCaP cells

[*H]Choline uptake was measured as previously described
(Nagashima et al., 2018). Following removal of the growth
medium, the cells were washed twice with uptake buffer (125
mM NaCl, 4.8 mM KCI, 1.2 mM CaCl,, 1.2 mM KH,PO,, 5.6
mM glucose, 1.2 mM MgSOQO,, and 25 mM HEPES adjusted to
pH7.4 with Tris) and then incubated with [*H]choline (Perki-
nElmer, Boston, MA, USA). When Na*-free buffer was used,
NaCl was replaced with an equimolar concentration of N-
methyl-D-glucamine chloride (NMDG-CI). Choline uptake was
terminated by removal of the uptake buffer and three rapid
washes with ice-cold uptake buffer. The cultures were dis-
solved in 0.1 M NaOH containing 0.1% Triton X-100. The ra-
dioactivity was measured using a liquid scintillation counter
(Tri-Carb®2100 TR, Packard, Palo Alto, CA, USA).

Uptake buffers of varying pH (pH 6.0, 6.5, 7.0, 7.5, 8.0, and
8.5) were prepared by mixing 25 mM MES (pH 5.5) and 25
mM Tris (pH 8.5). Both buffers contained 125 mM NacCl, 4.8
mM KCI, 1.2 mM CacCl;, 1.2 mMKH,PO,, 5.6 mM glucose,
and 1.2 mM MgSO.. In saturation kinetics experiments, the
concentration of [*H]choline was kept constant at 10 nM, and
unlabeled choline was added to give the desired choline con-
centration. The specific uptake of [*H]choline was calculated
as the difference between total [*H]choline uptake in the pres-
ence and absence of 30 mM unlabeled choline. Protein con-
centrations were determined using the DC Protein Assay Kit
(Bio-Rad Laboratories).

Cell viability assay
Cells were plated, and then inhibitors were added 24 h later.
Cell numbers were measured using ATPLite™ (PerkinElmer)
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and the luminescence ATP detection assay system according
to the manufacturer’s instructions. Luminescence was mea-
sured on a FilterMax F5 Multi-Mode Microplate Reader (Mo-
lecular Devices, San Jose, CA, USA).

Caspase-3/7 assay

LNCaP cells were seeded at a density of 1x10* cells/well
in 24-well plates. Twenty-four hours after plating, cells were
incubated with test drugs for 24 h. Caspase-3/7 activity was
determined using the Caspase-Glo® 3/7 Assay kit (Promega
Corporation, Madison, WI, USA) according to the manufactur-
er’s instructions. Luminescence was measured on a FilterMax
F5 Multi-Mode Microplate Reader (Molecular Devices).

Data analysis

Analysis of variance (ANOVA) followed by the Dunnett’s
multiple comparison test for data from multiple groups was
performed using InStat 3 (GraphPad Software, San Diego,
CA, USA). The time courses of choline uptake were com-
pared by fitting into single-exponential decay equations. The
kinetic parameters were calculated by non-linear regression
methods. Eadie-Hofstee plots were fitted using linear regres-
sion (Prism 6, GraphPad Software). The K; values were de-
rived from the 1Cs, values as described by Cheng and Prusoff
(1973): K=ICso/(1+[L]/K=), where [L] is the concentration of
radiolabeled ligand.

RESULTS

Expression of choline transporters in LNCaP, PC-3 and
DU-145 cells

The expression of CHT1, CTL1-5, and OCT1-3 in prostate
cancer cell lines (LNCaP, PC-3, and DU-145) was investigated
using real-time PCR (Fig. 1A). In the prostate cancer cell lines,
CTL1, CTL2, and CTL4 were highly expressed, and their lev-
els did not differ from each other. In contrast, CTL3 and OCT1
were expressed at very low levels, and CHT1, CTL5, OCT2,
and OCT3 were not detectable. The expression patterns of
the transporters closely resembled it in all prostate cancer cell
lines. Therefore, we conducted a molecular and functional
analysis using LNCaP cells.
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Fig. 1. Expression of choline transporters in prostate cancer cell lines, LNCaP, PC-3, and DU-145. (A) Real-time PCR analysis of CHT1,
CTL1-5, and OCT1-3 expression. Relative expression is expressed as a ratio of the target mMRNA to GAPDH mRNA. Experiments were
performed in triplicate. Data are presented as the mean + SD (n=3). (B) Subcellular distribution of CTL1 and CTL2 proteins by immunocy-
tochemistry. CTL1 (red), CTL2 (green), and COX IV (red) were imaged using confocal microscopy. Nuclei were stained with DAPI (blue).
Merged images are shown in Merge with yellow representing co-localization.
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It has been reported that human CTL4 protein functions as
thiamine pyrophosphate (TPP) transporter, and CTL4 trans-
port TPP but not thiamine and choline (Nabokina et al., 2014).
Therefore, CTL4 may not be involved in choline uptake in LN-
CaP cells. Expression of both CTL1 and CTL2 in LNCaP cells
on the protein level was established by immunocytochemical
staining (Fig. 1B). CTL1 was located in the plasma membrane.
In contrast, CTL2 co-localized with COX IV, indicating that it
was located in mitochondria.

Properties of [*H]choline uptake into LNCaP cells

We examined the time course of [*H]choline uptake in LN-
CaP cells in the presence and absence of extracellular Na*
for 60 min (Fig. 2A). [*H]Choline uptake increased in a time-
dependent manner and was linear for up to 20 min. When
the NaCl in the uptake buffer was replaced by NMDG-CI, the
uptake of [*H]choline under Na*-free conditions was slightly
decreased compared to uptake under normal conditions.
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Fig. 2. Time course and Na'-dependence of [*H]choline uptake
in LNCaP cells. (A) Time course of [*H]choline uptake (10 pM) in
the presence (e) and absence (o) of extracellular Na" in LNCaP
cells over 60 min. Na'-free buffer was modified by replacing NaCl
with an equimolar concentration of NMDG-CI. The time course of
[’H]choline uptake was fitted to the experimental data using linear
regression. (B) The kinetics of [*H]choline uptake in LNCaP cells.
Cells were incubated for 20 min with 2.31 to 50 uM [*H]choline. In-
set: Eadie-Hofstee plots of [’H]choline uptake show single straight
lines. All data are presented as the mean + SD (n=4).
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Fig. 3. Effects of pH and HC-3 treatment on [°H]choline uptake in
LNCaP cells. (A) Influence of extracellular pH on [*H]choline up-
take in LNCaP cells. [*H]choline uptake (10 pM) was measured for
20 min under different pH conditions. Data are presented as a per-
centage of uptake relative to that at pH 7.5. *p<0.05, **p<0.01, and
**p<0.001 compared to pH 7.5. (B) Effect of HC-3 on [*H]choline
uptake in LNCaP cells. Cells were pre-incubated for 20 min with
increasing concentrations of HC-3 followed by the measurement of
[PH]choline uptake for 20 min. Results are shown as a percentage
of the uptake for the vehicle control. All data are presented as the
mean + SD (n=4).
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The kinetics of [*H]choline uptake were determined by non-
linear regression. This analysis yielded a Michaelis—Menten
constant (Ky,) of 4.7 + 0.7 uM and maximal velocity (Vima) of
93.4 + 3.7 pmol/mg protein/min (Fig. 2B). The Eadie—Hofstee
plot shows single straight lines. These data suggest that [°H]
choline uptake in LNCaP cells is mediated by a single Na*-
independent, intermediate-affinity transport system.

It has been reported that choline uptake through CTL1 is
pH-dependent (Inazu et al., 2005). Therefore, the influence of
extracellular pH on the uptake of [*H]choline in LNCaP cells
was examined by varying the pH of the pre-incubation and
incubation media from pH 6.0 to 8.5 (Fig. 3A). [*H]Choline
uptake significantly decreased when the extracellular pH was
lowered from 7.5 to 6.0. Conversely, [°*H]Choline uptake was
enhanced when the pH of the extracellular medium was raised
from 7.5 to 8.5.

HC-3 is a choline uptake inhibitor (Inazu, 2014). We inves-
tigated the inhibitory effects of this compound on the uptake
of [*H]choline into LNCaP cells (Fig. 3B). HC-3 inhibited [*H]
choline uptake in a concentration-dependent manner with a K;
of 67.3 uM.
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Fig. 4. Effects of flutamide on cell viability, [’H]choline uptake, and
caspase-3/7 activity in LNCaP cells. (A) Cell viability was mea-
sured 24 h after treatment with increasing concentrations of flu-
tamide. The results are presented as the percentage of the vehicle
control. (B) LNCaP cells were incubated for 20 min with increasing
concentrations of flutamide followed by the measurement of [*H]
choline uptake. [*H]Choline uptake was calculated as uptake per
protein. The results are presented as the percentage of uptake in
the vehicle control sample. (C) Cells were incubated for 24 h with
increasing concentrations of flutamide followed by the measure-
ment of caspase-3/7 activity and cell number. Caspase activity was
calculated as the activity per cell number. The results are shown
as a percentage of the vehicle control. (D) Correlation analysis
between inhibition of [*H]choline uptake and cell viability for LN-
CaP cells treated with increasing concentrations of flutamide. The
correlation was highly statistically significant (p=0.0023) with a cor-
relation coefficient of R square=0.9697. Data for all assays are pre-
sented as the mean = SD (n=4). **p<0.01 compared with vehicle.
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Effects of flutamide and bicalutamide on LNCaP cells

The anticancer drugs, flutamide and bicalutamide, inhibited
cell viability and [*H]choline uptake in a concentration-depen-
dent manner (Fig. 4, 5). The correlations between the effects
of both anticancer drugs on cell viability and [*H]choline up-
take were significant (flutamide R square=0.9697, p=0.0023;
bicalutamide R square=0.9329, p=0.0075). Caspase-3/7 ac-
tivity was significantly increased following 24 h treatment with
80 and 100 uM flutamide or 100 uM bicalutamide.

Because both flutamide and bicalutamide reduced choline
uptake in LNCaP cells, we determined whether these two
drugs had an effect on CTL1 protein levels in this cell line and
found that both drugs (100 uM for 24 h treatment) significantly
decreased the levels of this transporter (Fig. 6).

DISCUSSION

The levels of choline and phospholipid metabolites in can-
cer tissues have been reported to correlate with the Gleason
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Fig. 5. Effect of bicalutamide on cell viability, [’H]choline uptake,
and caspase-3/7 activity in LNCaP cells. (A) Cell viability was
measured 24 h after treatment with increasing concentrations
of flutamide. The results are presented as the percentage of the
vehicle control. (B) LNCaP cells were incubated for 20 min with
increasing concentrations of bicalutamide followed by the mea-
surement of [*H]choline uptake. [*H]Choline uptake was calculated
as uptake per protein. The results are presented as the percentage
of uptake in the vehicle control sample. (C) Cells were incubated
for 24 h with increasing concentrations of bicalutamide followed
by the measurement of caspase-3/7 activity and cell number.
Caspase activity was calculated as the activity per cell number.
The results are shown as a percentage of the vehicle control. (D)
Correlation analysis between inhibition of [*H]choline uptake and
cell viability for LNCaP cells treated with increasing concentrations
of bicalutamide. The correlation was highly statistically significant
(p=0.0075) with a correlation coefficient of R square=0.9329. Data
for all assays are presented as the means + SD (n=4). **p<0.01
compared with vehicle.

score and tumor growth in prostate cancer patients (van As-
ten et al., 2008). Choline PET is used clinically as a diagnos-
tic imaging technique for prostate cancer and for monitoring
prostate cancer recurrence (Reske et al., 2006; Rinnab et al.,
2007). However, which choline transporters are expressed in
prostate cancer is currently unknown. Therefore, we analyzed
the functional expression of choline transporters in the human
prostate cancer cell line LNCaP. We found that CTL1, CTL2,
and CTL4 were highly expressed. Human CTL4 has been
shown to transport TPP but not thiamine or choline (Nabokina
et al., 2014). Therefore, CTL4 is not likely involved in choline
transport in LNCaP cells. We previously reported that CTL1
and CTL2 are highly expressed in various cancer cells types
(Inazu et al., 2013; Taguchi et al., 2014; Nishiyama et al.,
2016; Nagashima et al., 2018). Therefore, we examined the
intracellular localization of CTL1 and CTL2 in LNCaP cells.
CTL1 was clearly distributed in the plasma membrane, while
CTL2 was localized to the intracellular compartment, specifi-
cally in mitochondria. These results suggest that it is CTL1
that is involved in the uptake of extracellular choline into cells,
whereas CTL2 is involved in mitochondrial choline transport.
These findings are similar to previous reports in which CTL1
is a target molecule for cancer therapy in esophageal can-
cer cells (Nagashima et al., 2018). We believe that CTL1 is
a therapeutic target molecule not only for esophageal cancer
but also for prostate cancer.

Choline oxidase is located in the inner membrane of mito-
chondria in the liver and kidney (Porter et al., 1992; Kaplan et
al., 1993; O’'Donoghue et al., 2009). Therefore, intracellular
choline must cross the mitochondrial inner membrane before
oxidation can occur. CTL2 may play an important role as the
rate-limiting step of choline uptake into mitochondria. We ex-
amined whether CTL1 was involved in choline transport in
LNCaP cells. LNCaP cells have a Na*-independent and inter-
mediate-choline transport systems. The Ky, value was 4.7 uM,
which is similar to those in the human cell line, and these cell
types show properties similar to those of CTL1. Miiller et al.
(2009) also evaluated the sodium dependence of choline up-
take in LNCaP cells. They reported that choline uptake in LN-
CaP cells consists of two components, 50% NaCl-dependent,
and 50% NaCl-independent (Miller et al., 2009). However,
our results showed only a Na*-independent choline uptake
mechanism. These differences may be due to the problem in
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Fig. 6. Effect of flutamide and bicalutamide on CTL1 protein levels
in LNCaP cells. Cells were incubated with 100 uM flutamide (F)
and bicalutamide (B) for 24 h. Western blot analysis (A) and densi-
tometry (B) show CTL1 levels in total cell lysates from drug-treated
LNCaP cells. The bar graph represents the densitometric measure-
ment of CTL1 protein normalized to GAPDH. The experiment was
performed in triplicate. The densitometric data are presented as
the means + SD. **p<0.01 compared with control (C).
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the replacement of NaCl with NMDG. In our experiment, the
Cl ion concentration was maintained by replacing NaCl with
NMDG chloride (NMDG-CI). It is considered that choline up-
take was inhibited by 50% as a result of replacing NaCl with
NMDG alone and using a buffer solution containing 140 mM
of less Cl ions. CTL1 is known to be pH-dependent and can
be completely inhibited by HC-3 in the uM range (Inazu et al.,
2013; Nishiyama et al., 2016; Nagashima et al., 2018). In this
study, [*H]choline uptake in LNCaP cells was decreased by
acidification and increased by alkalinization of the extracel-
lular medium, indicating that choline may be transported by
a choline/H* antiport system in these cells. Moreover, the K;
value of HC-3 is 67.3 uM, which is very close to the K;value for
CTL1. Thus, [*H]choline uptake in LNCaP cells may be medi-
ated by CTL1.

Flutamide and bicalutamide are nonsteroidal androgen
receptor antagonists that are used in the treatment of pros-
tate cancer (Crawford et al., 2018). LNCaP cells are andro-
gen-dependent prostate cancers, and these antiandrogenic
drugs appear to have antiproliferative effects. Therefore, we
investigated the relationship between the antitumor effects of
these antiandrogens and choline uptake. Both flutamide and
bicalutamide inhibited cell viability and choline uptake in LN-
CaP cells, and these inhibitory effects were significantly cor-
related. In addition, both drugs increased caspase-3/7 activity
at high concentrations. Thus, both flutamide and bicalutamide
were found to have not only antiandrogenic activity but also
apoptosis-inducing activity by inhibiting choline uptake. Flu-
tamide and bicalutamide are organic cationic drugs that may
competitively inhibit the uptake of choline, which is an organic
cation. Many studies have reported that various organic cat-
ions inhibited choline uptake and cell viability (Yamada et al.,
2011; Nishiyama et al., 2016; Nagashima et al., 2018). These
results demonstrate that the functional inhibition of choline up-
take through CTL1 could promote apoptotic cell death.

After the androgen testosterone is enzymatically convert-
ed to dihydrotestosterone, it binds to the androgen receptor,
which is then translocated to the nucleus, and binds to DNA,
leading to the growth of prostate cancer (Choong and Wilson,
1998). Thus, the androgen receptor complex may regulate the
expression of the CTL1 gene in LNCaP cells. Indeed, both flu-
tamide and bicalutamide caused a decrease in CTL1 protein
levels in LNCaP cells. Thus, the antitumor activity of flutamide
and bicalutamide is thought to be involved not only in direct
inhibition of CTL1-mediated choline uptake but also in sup-
pression of CTL1 expression.

The current study suggests that LNCaP cells express the
intermediate-affinity choline transporter CTL1, which uses a
directed H* gradient as a driving force. Choline uptake through
CTLA1 is correlated with cell viability, and the functional inhibi-
tion of CTL1 could promote apoptotic cell death. The antian-
drogens flutamide and bicalutamide may express antitumor
activity through the suppression of CTL1 function and expres-
sion. Thus, the CTL1-mediated choline transport system may
be a potential new target for prostate cancer therapy.
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