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a b s t r a c t

Introduction: Choline is essential for the synthesis of the major membrane phospholipid phosphatidyl-
choline (PC), the methyl donor betaine and the neurotransmitter acetylcholine (ACh), which is involved
in several vital biological functions that play key roles in fetal development. In this study, we examined
the molecular and functional characteristics of choline uptake in the human trophoblastic cell line JEG-3.
Methods: We examined [3H]choline uptake in the human trophoblastic cell line JEG-3. The expression of
CTL1 and CTL2 was evaluated by quantitative real-time PCR, western blotting and immunocytochemistry.
Results: We demonstrated that JEG-3 cells take up [3H] choline by a saturable process that is mediated by
a Naþ-independent and pH-dependent transport system. The cells have two different [3H] choline
transport systems, high- and low-affinity, with Km values of 28.4 ± 5.0 mM and 210.6 ± 55.1 mM,
respectively. Cationic compounds and hemicholinium-3 (HC-3) inhibited choline uptake. Choline
transporter-like protein 1 (CTL1) and CTL2 mRNA and protein were highly expressed in JEG-3 cells and
were localized to the plasma membrane.
Discussion: The present results suggest that choline is mainly transported via a high-affinity choline
transport system (CTL1) and a low-affinity choline transport system (CTL2) in human trophoblastic JEG-3
cells. These transporters play an important role in the growth of the fetus.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Choline is one of the essential nutrients for all cells, and is
needed for the synthesis of the major membrane phospholipids
phosphatidylcholine (PC) and sphingomyelin. Large degrees of
choline uptake and PC biosynthesis are necessary for new mem-
brane synthesis. Choline is also used as a precursor of acetylcholine
(ACh) and osmolyte betaine, and participates in several vital bio-
logical functions that play key roles in fetal development. During
development, large amounts of choline phospholipids (i.e., PC and
sphingomyelin) are required membrane biogenesis, myelination of
nerve axons, cell division, tissue expansion, and lipid transport [1].
In addition, ACh is essential for proper organization and function of
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the developing brain through its effects on neurogenesis and syn-
apse formation [2]. Finally, betaine, an oxidized metabolite of
choline, is a source of methyl groups for the production of S-ade-
nosyl methionine (SAM), which serves as a substrate for DNA and
histone methyltransferases, and is thus required for the establish-
ment and maintenance of the fetal epigenome [3]. Choline is
consumed in the diet and insufficient intake may cause choline
deficiency, especially under conditions that require large amounts
of choline, such as pregnancy, breast-feeding and parenteral
nutrition [3]. Several neuro-developmental genetic diseases influ-
ence epigenetic regulatory genes and genomic imprinting [4].
Moreover, women in the lowest quartile for dietary choline intake
had four times the risk of giving birth to a child with a neural tube
defect, compared with women in the highest quartile of intake [5].
Therefore, it is important that we elucidate the mechanism of
choline transport from the mother to the fetus.

The choline transport system has been categorized into three
transporter families, high-affinity choline transporter 1 (CHT1),
choline transporter-like proteins (CTL1-5), and polyspecific organic
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cation transporters (OCT1-3) [6]. CHT1 is thought to play an
important role in cholinergic neurons, and may be part of the rate-
limiting step in ACh synthesis. In addition, CHT1 is a Naþ-depen-
dent co-transporter that is highly sensitive to the choline analogue
hemicholinium-3 (HC-3) (nM range). Choline is known to be a
substrate for carriers of OCTs, and these transporters accept choline
as a substrate with comparatively low affinity. Recently, distinct
choline transporters called CTLs have been shown to be present in
various human tissues [7,8]. CTL1 is a Naþ-independent,
intermediate-affinity transporter of choline that can be completely
inhibited by a high concentration of HC-3 (mM range). CTL2 is
expressed as two isoforms (CTL2-P1 and CTL2-P2) in the cochlea,
tongue, heart, colon, lung, kidney, liver and spleen, which suggests
that tissue-specific differences may influence its function in each
tissue. While human CTL2-P1 does not transport choline, human
CTL2-P2 exhibits detectable choline transport activity [9]. Recently,
it has been demonstrated that CTL1 and CTL2 are functionally
expressed as choline transporters [9,10]. They are expressed in
different organisms and cell types, and this implies that they play
an important role in choline transport for a broader purpose, such
as phospholipid synthesis. However, the functions of other trans-
porters in this family (CTL3-5) are not fully understood.

There have been some studies on choline uptake in syncytio-
trophoblast cells. Lee et al. reported that choline transport in the rat
conditionally immortalized syncytiotrophoblast cell line TR-TBT,
used as an in vitro blood placenta barrier (BPB) model, was
mainly mediated by CTL1 [11]. Furthermore, Muller et al. found that
JEG-3 cells express a low-affinity (Km value ¼ 206 mM) and Naþ-
independent choline transport system that has not yet been iden-
tified at a molecular level [12]. In human placental brush-border
membrane vesicles, the presence of choline transport mecha-
nisms that mediate Naþ-choline co-transport, choline/Hþ exchange
and facilitated diffusion were assessed based on [3H]choline tracer
flux measurements [13]. Thus, there is no consensus regarding the
functional expression of choline transporters in the BPB. The
placental barrier regulates the fetal transfer of maternal choline
and thus maintains fetal development. Therefore, it is important to
elucidate the molecular and functional characteristics of the
choline transport system in the BPB.

In this study, we examined the molecular and functional char-
acteristics of choline uptake in the blood placenta barrier and by
using the human trophoblastic cell line JEG-3, which has been used
to examine the placental transport of nutrients and xenobiotics.
2. Materials and methods

2.1. Cell culture

Human trophoblastic JEG-3 cells (DS Pharm Biomedical, Japan) and COS-7 cells
(Japanese Collection of Research Bioresources of the Human Science Research Re-
sources Bank, Japan) were grown in RPMI 1640 medium (Wako, Japan) or D-MEM
medium (Wako, Japan) supplemented with 10% fetal bovine serum (Gibco, USA) and
20mg/L kanamycin (Gibco, USA) on non-coated flasks and in 24-well plates that had
been pre-coatedwith Type I Collagen (CELLCOAT®, Greiner, Germany). Cultures were
maintained in a humidified atmosphere of 5% CO2 and 95% air at 37 �C, and the
medium was changed every 3e4 days.
2.2. [3H]Choline uptake into JEG-3 cells

Cells were washed twice with uptake buffer, consisting of 125 mM NaCl,
4.8 mM KCl, 1.2 mM CaCl2, 1.2 mM KH2PO4, 5.6 mM glucose, 1.2 mM MgSO4 and
25 mM HEPES (pH 7.4). This was followed by the addition of [3H]choline (Perki-
nElmer, USA). Choline uptake was terminated by removal of the uptake buffer and
three rapid washes with ice-cold uptake buffer. The cultures were dissolved in 0.1 N
NaOH and 0.1% Triton X-100, and aliquotswere taken for liquid scintillation counting
and protein assay. The radioactivity was measured by a liquid scintillation counter
(Tri-Carb® 2100 TR, Packard, USA). In experiments dealing with saturation kinetics,
the concentration of [3H]choline was kept constant at 10 nM and unlabeled choline
was added to give the desired choline concentration. Protein concentrations were
determined using a DC Protein Assay Kit (Bio-Rad Laboratories, USA).
2.3. RNA extraction and real-time polymerase chain reaction (PCR) assay

Total RNA was extracted from JEG-3 cells with the use of ISOGEN (Wako, Japan)
according to the manufacturer's instructions. Human placenta Total RNA was pur-
chased from Clontech Laboratories, Inc. (USA). Normal human placentas pooled from3
Caucasians, ages: 23-30. The pairs of primers and the TaqMan probes for the target
mRNAs (CHT1, OCT1-3, CTL1-5 and the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)) were designed based on the human mRNA
sequence using TaqMan® Gene Expression Assays (Applied Biosystems, USA). For one-
step real-time PCR, 50 ng of total RNA was added to a master mixture by using the
TaqMan® RNA-to-CT™ 1-Step Kit (Applied Biosystems, USA) according to the manu-
facturer's instructions. Real-time PCR datawere analyzedwith the Applied Biosystems
StepOne Plus™ Real-Time PCR system. The relative mRNA expression levels of the
target genes in cells were calculated using the comparative cycle time (Ct)method. The
mRNA expression level relative to GAPDH for each target PCR can be calculated using
the following equation: relative mRNA expression ¼ 2-(Ct target- Ct GAPDH) � 100%.

2.4. Immunoblotting

JEG-3 and CTL1-expressing COS-7 cells [14] were washed two times with D-PBS
and extracted on ice in a RIPA buffer (Santa Cruz, USA) containing 1 mM EDTA and
protease inhibitors, and then centrifuged for 15 min at 4 �C. JEG-3 and CTL1-
expressing COS-7 whole cell lysates, CTL2 overexpression cell lysate (Novus Bi-
ologicals, USA) and mouse brain extract (SantaCruz, USA) were incubated for 5 min
at 100 �C in a 1:1 (v:v) ratio of TriseSDS b-ME sample solution (Cosmo Bio, Japan)
and electrophoresed by 10% SDS gel with molecular weight standards. Proteins
separated on 10% SDSePAGE were transferred to PVDF membranes by electro-
blotting. Following protein transfer, the membrane was blocked with Detector Block
Solution (Kirkegaard and Perry Laboratories, USA) overnight at 4 �C. Membranes
were then incubated with 1 mg/mL rabbit anti-CTL1 polyclonal IgG (ab110767,
Abcam, USA), rabbit CTL2 antiserum (Osenses, Australia) (1:500) and mouse anti-
CHT1 monoclonal antibody (SantaCruz, USA) (1:200) in new Detector Block Solu-
tion overnight at 4 �C. Membranes were then washed three times in wash solution
and incubated with 1 mg/mL horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgG (Kirkegaard and Perry Laboratories, USA) for 1 h at room temper-
ature. Membranes were washed with wash solution and protein bands were visu-
alized using an ECL Prime Western Blotting Detection System (GE Healthcare Life
Sciences, USA). The luminescent image was obtained using a ChemiDoc XRS Plus
System (Bio-Rad Laboratories, USA).

2.5. Immunocytochemistry

JEG-3 cells grown on a 35 mm Glass Base dish (IWAKI, Japan) were washed twice
withD-PBS and fixedwith 4% paraformaldehyde for 20min at room temperature. Cells
were permeabilized with D-PBS containing 0.2% Triton X-100 for 5 min. Fixed cells
were incubatedwithDetector blocking solution overnight at 4 �C. Cellswere incubated
with 2 mg/mL rabbit anti-CTL1 polyclonal IgG, rabbit CTL2 antiserum (1:500), 2 mg/mL
normal rabbit immunoglobulin fraction (Negative control: Dako, Denmark) and 2 mg/
mL anti-Naþ/Kþ-ATPase mouse monoclonal antibody (ab7671, Abcam, USA) in new
blocking solution overnight at 4 �C. After being washed with wash solution, the cells
were incubated with 2 mg/mL Alexa Fluor 568 goat anti-rabbit IgG (Molecular Probes,
USA) and 2 mg/mL Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes, USA) for 1 h
at room temperature. After excess antibody was washed out with wash solution, the
specimens were mounted using VECTASHIELD mounting medium with DAPI (Vector
Laboratories, USA). Fluorescence imageswere obtainedwith a Confocal Laser Scanning
Biological Microscope (FV10i-DOC, Olympus, Japan).

2.6. Data analysis

Statistical analyses were performed with a KruskaleWallis test for data from
multiple groups using commercially available software (SPSS Statistics, IBM, USA).
The time courses of choline uptake were compared after fitting into single-
exponential decay equations. The kinetic parameters were calculated by non-
linear regression methods, and Eadie-Hofstee plots were fitted using linear
regression using the commercially available software Prism 6 (GraphPad Software,
USA). Ki values were derived from IC50 values as described by Cheng and Prusoff
[15]: Ki ¼ IC50/(1 þ [L]/Km), where [L] is the concentration of radiolabeled ligand.

3. Results

3.1. Expression of mRNA for Syncytin-1 in JEG-3 cells in several
different culture mediums

The transport of nutrients across the placenta is regulated by the
BPB, which is composed of syncytiotrophoblast cells. Syncytio-
trophoblasts are formed by the fusion of cytotrophoblasts during
trophoblast differentiation. Human choriocarcinoma JEG-3 cells
have been used as a model of the trophoblast layer to examine the



Fig. 2. Time course and kinetics of [3H]choline uptake. (A) Time course of 10 mM [3H]
choline uptake in the presence (C) and absence (B) of extracellular Naþ in JEG-3 cells
for 60 min. Naþ-free buffer was modified by replacing NaCl with an equimolar con-
centration of NMDG-Cl. Uptake was measured at pH 7.4 and 37 �C. Each point repre-
sents the mean ± S.D. (n ¼ 4 experiments). (B) Kinetic characteristics of [3H]choline
uptake in JEG-3 cells. Cells were incubated for 10 min with [3H]choline at concentra-
tions of from 2.31 to 200 mM. Each point represents the mean ± S.D. (n ¼ 3 experi-
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placental transport of nutrients. Syncytin-1 is expressed in
placental syncytiotrophoblasts and is involved in the fusion of
cytotrophoblast cells to form the multinucleated syncytial layer of
the placenta. An increased expression of syncytin-1 was observed
in syncytiotrophoblast-like differentiating JEG-3 cells [16].
Furthermore, the differentiation pattern of JEG-3 cultured in CS-C
medium (Cell Systems, USA) resembled the syncytiotrophoblast-
like differentiation signal in vivo [17]. Therefore, we examined the
mRNA expression of Syncytin-1 in JEG-3 cells cultured in D-MEM,
CS-C and RPMI 1640 medium for 6 days. The expression of
Syncytin-1 in JEG-3 cells was significantly increased in RPMI 1640
compared to D-MEMmedium (Fig. 1). The expression of Syncytin-1
increased in the order RPMI 1640 > CS-C > D-MEM. Based on these
findings, subsequent experiments were performed using JEG-3
cells that were cultured in RPMI 1640 medium.

3.2. Time course and kinetics of [3H]choline uptake into JEG-3 cells

We examined the time course of [3H]choline uptake in the
presence and absence of extracellular Naþ in JEG-3 cells (Fig. 2A).
[3H]Choline uptake in these cells increased in a time-dependent
manner; it was linear with time up to at least 30 min. When NaCl
in the uptake buffer was replaced by NMDG-Cl, the uptake of [3H]
choline under Naþ-free conditions was weakly decreased (not sig-
nificant) compared to control uptake under normal conditions. The
characteristics of the kinetics of [3H]choline uptake by JEG-3 cells
were determined (Fig. 2B). A kinetic analysis of [3H]choline uptake,
as determined by a non-linear regression analysis, yielded a
MichaeliseMenten constants (Km) for the high- and low-affinity
systems of 28.4 ± 5.0 mM and 210.6 ± 55.1 mM, and a maximal ve-
locities (Vmax) of 1939 ± 191.0 pmol/mg protein/min and
7097 ± 1147.0 pmol/mg protein/min, respectively. The
EadieeHofstee plot shows two straight lines in these cells. These
data suggest that [3H]choline uptake into JEG-3 cells is mediated by
two transport systems, i.e., high- and low-affinity transport systems.

3.3. Effects of HC-3, organic cations and PAH on [3H]choline uptake
in JEG-3 cells

We investigated the inhibitory effects of HC-3, as a choline uptake
inhibitor, on the uptake of [3H]choline into JEG-3 cells (Fig. 3A). [3H]
Fig. 1. The expression of mRNAs for Syncytin-1 in JEG-3 cells cultured in D-MEM, RPMI
1640 and CS-C medium for 6 days by real-time PCR analysis. Relative mRNA expression
is expressed as the ratio of Syncytin-1 mRNA to ACTB mRNA. Each column represents
the mean ± S.D. (n ¼ 4 experiments). *p < 0.05 compared with D-MEM.

ments). The specific uptake of [3H]choline was calculated as the difference between
total [3H]choline uptake in the presence (nonspecific uptake) and absence (total up-
take) of 30 mM unlabeled choline. An analysis of the kinetics of [3H]choline uptake
(specific uptake), as computed by a non-linear regression analysis, yielded a Michae-
liseMenten constants (Km) for the high- and low affinity systems of 28.4 ± 5.0 mM and
210.6 ± 55.1 mM, and a maximal velocities (Vmax) of 1939 ± 191.0 pmol/mg protein/min
and 7097 ± 1147.0 pmol/mg protein/min, respectively. (Inset) EadieeHofstee plots of
[3H]choline uptake show two straight lines.
Choline uptake was inhibited by HC-3 in a concentration-dependent
manner. The Ki value for the inhibition of [3H]choline uptake were
calculated from the corresponding inhibition curves. The Ki value for
the inhibition of [3H]choline uptake by HC-3 was 44.8 mM. We
further investigated the inhibitory effects of organic cations and PAH
on the uptake of [3H]choline into JEG-3 cells (Fig. 3B). Various
organic cations such as quinine, quinidine, imipramine, diphenhy-
dramine, and choline at 0.5 mM and 1 mM markedly inhibited [3H]
choline uptake. However, 1 mM TEA (substrate for OCTs), PAH
(organic anion), clonidine, atropine, cimetidine and betaine (choline
metabolite) had no effects on [3H]choline uptake.
3.4. Effect of extracellular pH on [3H]choline uptake in JEG-3 cells

The effect of extracellular pH on the uptake of [3H]choline in
JEG-3 cells was examined by varying the pH of the pre-



Fig. 3. Effects of various compounds on [3H]choline uptake in JEG-3 cells. (A) Effects of
HC-3 on [3H]choline uptake in JEG-3 cells. Cells were pre-incubated with the test
compounds for 10 min and the uptake of 10 mM [3H]choline was measured for 10 min.
Results are given as a percentage of the control uptake measured in the presence of
vehicle. Each point represents the mean ± S.D. (n ¼ 3 experiments). (B) [3H]Choline
uptake into JEG-3 cells that were pre-incubated with organic cations and PAH for
20 min; the uptake of 10 mM [3H]choline was then measured for 10 min. Results are
given as a percentage of control uptake measured in the presence of vehicle. Each
value represents the mean ± S.D. (n ¼ 3 experiments). *p < 0.05 and **p < 0.01
compared with the vehicle control.

Fig. 4. Effects of extracellular pH on [3H]choline uptake in JEG-3 cells. The uptake of
10 mM [3H]choline was measured for 10 min under different pH conditions. The results
show [3H]choline uptake as a percentage of that at pH 7.5. Each value represents the
mean ± S.D (n ¼ 3 experiments).
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incubation and incubation media between pH 6.0 and 8.5
(Fig. 4). [3H]Choline uptake decreased when the extracellular
pH was changed from 7.5 to 6.0. [3H]Choline uptake was
enhanced when the pH of the extracellular medium was
changed from 7.5 to 8.5.
3.5. Expression of mRNA for CHT1, CTL1-5 and OCT1-3 in JEG-3 cells
and normal human placenta

The expression of mRNA for CHT1, CTL1-5 and OCT1-3 in JEG-3
cells and normal humanplacentawas investigated by real-time PCR
analysis (Fig. 5). CTL1 and CTL2 mRNA were highly expressed in
JEG-3 cells, while CHT1 mRNA was not expressed. The expression
level of CTL2 mRNA was three times that of CTL1 mRNA. CTL3
mRNA was expressed at a low level. OCT1 and OCT2 mRNAs were
expressed at very low levels, while OCT3 mRNAwas not expressed.
These expression patterns in JEG-3 cells resembled that of the
normal human placenta.
3.6. Detection of CTL1, CTL2 and CHT1 proteins by western blot
analysis and immunocytochemistry

Immunoblot assays with CTL1 antibody demonstrated the
presence of bands of 70 kDa, in the both COS-7 cells transfected
with pFLAG-CTL1 and JEG-3 cell extracts (Fig. 6A). Immunoblot
assays with CTL2 antibody demonstrated the presence of bands of
50 kDa in the both CTL2 overexpression lysate and JEG-3 cell ex-
tracts (Fig. 6B). We examined the expression of CHT1 at protein
levels (Fig. 6C). Immunoblot assays with CHT1 antibody demon-
strated the presence of bands of 80 kDa in mouse brain extracts
(Brain). However, CHT1 protein (80 kDa) was not expressed in JEG-
3 cell extracts.

In addition, CTL1 and CTL2 immunoreactivity in JEG-3 cells was
detected by immunocytochemical staining (Fig. 6D). Immunocy-
tochemical staining using anti-CTL1 antibody and CTL2 antiserum
in JEG-3 cells revealed that the cell surface showed a considerable
level of immunoreactivity. Both CTL1 and CTL2 immunoreactivity
was detected predominantly on the cell surface overlapping with
the plasma membrane marker Naþ/Kþ-ATPase. In contrast, the
normal rabbit IgG did not indicate positive stain.

4. Discussion

In this study, we found that the human trophoblastoma JEG-3
cells take up [3H]choline by a saturable process that is mediated
by a Naþ-independent transport system. JEG-3 cells have two
different [3H]choline transport systems, high- and low-affinity, that
can be characterized by their kinetic parameters and Eadie-Hofstee
plots. The Km value of the high-affinity system was 28.4 ± 5.0 mM,
which is similar to the blood concentration of choline (5e30 mM).
This Km value of high-affinity choline transport was very similar to
those in the human cell lines [14,18e21], and these cell types show
properties similar to those of CTL1. CTL1 is known to be membrane
potential- and pH-dependent, Naþ-independent, sensitive to
organic cations, and to have affinity for choline (Km

value ¼ 10e30 mM) and HC-3 (Ki value >10 mM) [22,23]. We
examined whether CTL1 mediates choline uptake in JEG-3 cells and
noted the following four characteristics: 1) CTL1 mRNA and protein
were expressed and CTL1 protein was located in the plasma



Fig. 5. Real-time PCR analysis of the expression of mRNAs for CHT1, CTL1-5, and OCT1-
3. Real-time PCR analysis of the expression of mRNAs for CHT1, CTL1-5, and OCT1-3 in
JEG-3 cells (A) and normal human placenta (B). Relative mRNA expression is expressed
as a ratio of the target mRNA to GAPDH mRNA. Experiments were performed in
triplicate. Each column represents the mean ± S.D. (n ¼ 4 experiments). BLQ means
below the limit of quantification.
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membrane. 2) Kinetics data indicated that the Km values of high-
affinity [3H]choline uptake were very close to the Km value for
CTL1. 3) [3H]Choline uptake was inhibited by various organic cat-
ions, but not by the anion PAH or TEA (substrate for OCTs). 4) [3H]
Choline uptake was decreased by acidification and increased by
alkalization of the extracellular medium, indicating that choline
may be transported by a choline/Hþ anti port system. These results
suggest that high-affinity [3H]choline uptake in JEG-3 cells is likely
mediated by CTL1. Lee et al. reported that choline transport by rat
conditionally immortalized syncytiotrophoblast TR-TBT cells was
mainly mediated by CTL1 [11]. Therefore, high-affinity choline
uptake via CTL1 is believed to play an important role in the choline
transport in syncytiotrophoblast.

On the other hand, we found that the Km value of low-affinity
[3H]choline transport was 210.6 ± 55.1 mM. Muller et al. found
that the choline uptake is saturable with a Km of 206 ± 15 mM in
JEG-3 cells [12]. These results are consistent with our data for the
low-affinity system. However, the responsible molecular entity is
not clear. Therefore, we performed an examination at themolecular
level. CTL2 mRNA and protein were mainly expressed in JEG-3 cells
and CTL2 protein was located in the plasma membrane. CTL2 is
thought to participate in choline uptake in JEG-3 cells, like CTL1.
Therefore, JEG-3 cells present a wide range of choline uptake
mechanisms via CTL1 (high-affinity) and CTL2 (low-affinity). The
physiological function of CTL2 is not well understood. However,
there have been some reports on this subject. CTL2 mRNA and
protein are expressed in the human inner ear [24] and rat renal
epithelial cells [20]. It has recently been demonstrated that CTL2 is
functionally expressed as choline transporters [9,10]. However, the
function of CTL2 has not been fully characterized and Km values for
choline are unknown.

Our study is the first to report that CTL1 and CTL2 are involved in
choline uptake in JEG-3 cells. This result is consistent with the two
straight lines in the EadieeHofstee plot and suggests that [3H]
choline uptake into JEG-3 cells is mediated by two transport sys-
tems. We sought to confirm the expression of CTL1 and CTL2 pro-
tein by western blot analysis, and to clarify the subcellular
localization of CTL1 and CTL2 protein by immunocytochemistry.
Western blotting with CTL1 antibody and CTL2 antiserum revealed
major bands of 70 kDa and 50 kDa, respectively. The estimated size
of human CTL1 based on the deduced amino acid sequences was
73.3 kDa for deglycosylated CTL1, which is very similar to the size of
the JEG-3 cells described here. For CTL2, a major band of 50 kDawas
similar to bands of 60 kDa observed in the human glioblastoma cell
line A-172 and U-251MG cells [25]. Furthermore, we achieved the
direct visualization of CTL1 and CTL2 proteins expressed in plasma
membrane by immunocytochemical staining using CTL1 polyclonal
antibody and CTL2 antiserum. Both CTL1 and CTL2 immunoreac-
tivity was detected predominantly on the cell surface overlapping
with the plasma membrane marker Naþ/Kþ-ATPase. Thus, both
CTL1 and CTL2 proteins were obviously expressed in the plasma
membrane of JEG-3 cells. These results suggested that CTL1 and
CTL2 are functionally expressed in JEG-3 cells and are responsible
for choline uptake in these cells. We propose that the high- and
low-affinity choline transporters in JEG-3 cells are CTL1 and CTL2,
respectively. CTL2 (low-affinity) seems to have a role to maintain
choline uptake at dysfunction of CTL1 (high-affinity). In addition,
CTL2 has properties of low affinity and the high capacity choline
uptake. Therefore, CTL2 is thought to play an important role in the
choline transport to fetuses requiring much choline. Furthermore,
both CTL1 and CTL2 mRNAwas mainly expressed in normal human
placenta (see Fig. 5B). Accordingly, these transporter functions
seem to play an important role in the choline supply in placenta.

We examined the involvement of other choline transporters in
JEG-3 cells. The high-affinity choline transporter CHT1 is a Naþ-
dependent choline transport system that is inhibited by HC-3 at a
very low concentration (nM range). The Ki value of HC-3 in JEG-3
cells was 44.8 mM. This Ki value is much higher than those in the
literature, and [3H]choline uptake was also observed under Naþ-
free conditions. Furthermore, we found that CHT1 mRNA and
proteinwere not expressed in this cell type. These findings strongly
suggest that CHT1 does not play a role in the uptake of choline by
JEG-3 cells.

Choline is a substrate for the OCT family. Therefore, we exam-
ined whether choline uptake into JEG-3 cells is mediated by OCTs.
These transporters, known as OCT1, OCT2, and OCT3, exhibit a
broad and overlapping substrate-specificity toward organic cations
[26e28]. OCT1 and OCT2 accept choline as a substrate with
comparatively low affinity. The transport process is Naþ-indepen-
dent, and the Kt values for OCT1 and OCT2 are 620 and 210 mM,
respectively [26]. We found a low-affinity choline transport system
in JEG-3 cells, and the Km value for choline is 210 mM, which is close
to the affinity of OCTs. In the present study, there was very little
expression of OCT1 and OCT2 mRNAs compared with the expres-
sion of CTL1 mRNA, and OCT3 mRNA was not expressed at all. The
choline transport system in JEG-3 cells resembles OCTs with regard
to some pharmacological and functional properties, such as



Fig. 6. Detection of CTL1 (A), CTL2 (B) and CHT1 (C) proteins by western blot analysis and immunocytochemistry (D). COS-7 cells were transfected with pFLAG-CTL1 (CTL1). CTL2
overexpression cell lysate was created in HEK293T cells (CTL2). Aliquots containing 10 mg of the each cell lysates and mouse brain extracts (Brain) along with a molecular weight
standard were loaded and electrophoretically separated on a 10 % polyacrylamide gel. The protein fractions were transferred to a PVDF membrane and sequentially probed with
anti-CTL1 IgG, CTL2 antiserum and anti-CHT1 IgG, and then incubated with horseradish peroxidase-conjugated secondary antibody. Protein bands were visualized using an ECL
PrimeWestern Blotting Detection System. MM, pre-stained protein molecular weight marker. Immunocytochemical detection of CTL1 and CTL2 in JEG-3 cells. Fixed JEG-3 cells were
incubated with 2 mg/mL anti-CTL1 rabbit polyclonal antibody, diluted CTL2 antiserum (1:500), 2 mg/mL anti-Naþ/Kþ-ATPase mouse monoclonal antibody (plasma membrane
marker) and 2 mg/mL normal rabbit immunoglobulin fraction (Negative control) and then incubated with 2 mg/mL Alexa Fluor 568 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-
mouse IgG as described in the Material and Methods. The presence of CTL1 and CTL2 is shown in red, Naþ/Kþ-ATPase is shown in green and the staining of nuclei with DAPI is shown
in blue. Merged images are shown in Merge.
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sensitivity to organic cations, Naþ-independence and pH-
sensitivity. However, TEA, a prototypical OCT substrate, did not
cause any inhibition at up to 1mM. TEA is very often used as a high-
affinity reference compound for OCTs, and has Ki values of 46.6 and
52.2 mM for OCT1 and OCT2, respectively [29]. These biochemical
and pharmacological data show that low-affinity choline uptake in
JEG-3 cells does not occur via OCTs.

In conclusion, the present results suggest that choline is mainly
transported via a high-affinity choline transport system (CTL1) and
a low-affinity choline transport system (CTL2) in JEG-3 cells, which
are BPB model cells. In fetal development, choline is an essential
nutrient. These transporters play an important role in the growth of
the fetus. It is necessary to study not only the choline uptake into
the cells from the apical surface but also the efflux from the baso-
lateral membrane. Further studies are required on the pathophys-
iology of CTL1 and CTL2 in the human placenta.
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