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Abstract: L-type amino acid transporter 1 (LAT1) is a neutral amino acid transporter expressed in trophoblast gi-
ant cells onembryonic day 8 in mice. LAT1 is responsible for metabolism in blastocysts and cancer cells. Despite
research concerning the aberrant high expression and indispensable function of LAT1 in various cancers, little is
known about the role of LAT1 in regulating the behaviors of human trophoblast cells under different physiological
and pathological conditions. The HTR8-SVneo human trophoblast cell line and JEG-3 and JAR choriocarcinoma cell
lines are used as models for trophoblast cell biological research. The proliferation and apoptosis of these cells were
assayed using the CCK-8 assay and flow cytometry, respectively. Transwell-chambers were used to observed migra-
tion and invasion of the cells. Immunofluorescent staining, western blot, and RT-PCR assays were used to determine
the possible mechanism of LAT1 on human trophoblast cell behaviors with small interfering RNA or signal agonists
and antagonist treatments. LAT1 was expressed in the trophoblast and choriocarcinoma cells. LAT1 was involved
in regulating behaviors of these cells, such as cell proliferation, apoptosis, migration, and invasion. Detailed results
suggested that LAT1 modulated trophoblast cell functions by mediation of mTORC1 signaling pathways. Our results
implicate LAT1 as a very important regulator in human trophoblast cell behaviors at the maternal-fetal interface.
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Introduction cells are associated with severe pregnancy and
fertility pathology, such as spontaneous mis-
carriages, preeclampsia (PE), intrauterine grow-
th restriction, and choriocarcinoma. Gestational
choriocarcinoma is a gestational trophoblastic
neoplasia that grows rapidly and invades differ-
ent organs, including the lung, brain, liver, kid-
ney, intestine, pelvis, and vagina.

The placenta is an important organ in material
exchange, immune protection, and providing
stable environment between a mother and
fetus. Three primary types of trophoblasts have
been identified: cytotrophoblasts (CTBs), syncy-
tiotrophoblasts (STBs) and extrovillous tropho-
blasts (EVTs). They are involved in the process-

es of pregnancy establishment and placenta-
tion [1]. During early placentation, CTBs are
involved in invasion and proliferation and STBs
display endocrine activity by secreting human
chorionic gonadotropin (hCG), progesterone,
and estrogen [2, 3]. Abnormal development
and dysfunction of the placental trophoblast

L-type amino acid transporter 1 (LAT1) is
responsible for the transport of many essential
neutral amino acids to support their continuous
metabolism in somatic cells, blastocysts, and
even cancer cells [4-7]. Accumulating evidence
indicates that LAT1 is indispensable for both
normal and malignant cells, and aberrant high
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expression of LAT1 has been observed in vari-
ouscancer, including colon cancer, prostate
cancer, pulmonary cancer, and esophageal
cancer [8-12]. Cancer cells predominantly take
up a large amount of amino acids to maintain
their survival and sustain their biological behav-
iors. LAT1 might promote cancer cell prolifera-
tion and invasion by stimulating the uptake of
amino acid which is inportant for protein syn-
thesis. Functional transport of LAT1 depends
on the assembly of a heterodimeric complex
with another glycoprotein (heavy chain
CD98hc), which recruits the light chain of
SIc7A5 in the plasma membrane through cova-
lent association [7, 13]. As a result, the inhibi-
tion of LAT1 activity might be a potential thera-
peutic strategy for cancer treatment.

Mammalian target of rapamycin (mTOR) is a
conserved serine/threonine kinase that is
involved in cancer cell survival and invasion
[14]. Abnormal activation of mTOR can disrupt
G1-S phase transition in a wide variety of tumor
cells. Many studies have demonstrated that
mTOR signaling regulates the activities of
matrix metalloproteinase (MMP)2/9 to control
the invasion of human bladder and breast can-
cer cells [15, 16]. mTOR forms two distinct
multi-protein complexes: mTOR complex 1
(MTORC1) and mTOR complex 2 (mTORC2).
mTORC1 is very sensitive to rapamycin and can
be activated by many upstream factors, includ-
ing insulin, growth factors, and amino acids
[17]. In many kinds of cancer cells, LAT1 trans-
ports many neutral amino acids including high-
affinity leucine, which activates mTORC1 to
facilitate cell proliferation [18-21].

Amino acid are essential during maternal-fetal
interface development in both humans and
rodents. Recent studies have implicated LAT1
as being crucial in trophoblast proliferation and
invasion. Chrostowski et al. reported that the
transport of leucine and arginine by LAT1 pro-
motes mouse trophoblast outgrowth, invasion,
as well as implantation by stimulating mTOR
activity at the blastocyst stage [22, 23]. In
mouse trophoblasts, LAT1 is crucial in mediat-
ing in cell cycle arrest, apoptosis, and viability
of placental cells [24].

We previously reported that LAT1 might pro-
mote the outgrowth of ectoplacental cones
(EPCs) during the early placenta establishment
and participate in the maternal-fetal interface
by modulating the controlled invasion of tropho-
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blasts in mice [26-28]. The transport of nutri-
ents transport is critical in the development of
trophoblasts, even in gestational choriocarci-
noma cell destiny. However, few studies have
investigated the role of LAT1 in regulating
human trophoblast cell behaviors under differ-
ent physiological and pathological conditions.
In this report, we demonstrate that LAT1 regu-
lates the proliferation, migration, and invasion
of human extravillous trophoblasts and chorio-
carcinoma cells proliferation, migration by mod-
ulation the mTORC1 signaling pathway.

Materials and methods
Cell culture and chemicals

The HTR8-SVneo human extravillous tropho-
blast cell line and the JEG-3 and JAR choriocar-
cinoma cell lines were kindly provided by
Professor Hongmei Wang (Institute of Zoology,
Chinese Academy of Sciences). The three cells
types were observed from the placenta, which
is a key organ responsible for the exchange of
nutrients at the maternal-fetal interface. HTR8-
SVneo cells have been widely used as a physi-
ological model for the first trimester invasion
and migration of EVTs, while JEG-3 and JAR cell
lines have been used to examine many patho-
logical aspects of placental physiology and biol-
ogy. HTR8-SVneo and JAR cells were cultured in
RPMI 1640 medium (Gibco, Waltham. MA,
USA). JEG-3 cells were cultured in DMEM-F12
(1:1) medium (Gibco). The media were supple-
mented with 10% heat inactivated fetal bovine
serum (Hyclone, Logan, UT, USA), 100 U/ml
penicillin G, and 100 mg/ml streptomycin and
maintained at 37°C in an atmosphere of 5%
CO,. The reference concentrations of mTOR
agonist rapamycin (VO900930; Sigma-Aldrich,
St. Louis, MO, USA) and antagonist MHY1485
(5005540001; Sigma-Aldrich) were related to
general descriptive categories.

Cell treatment

Following the addition of inhibitor (2-amino-
2-norbornanecarboxylic acid, BCH; Sigma-
Aldrich), cells were plated (4 x 10° cells/50
cm?) in the dishes. The samples were randomly
assigned to Group 1 (blank control without any
treatment), Group 2 (0.1 uM BCH), Group 3 (1
UM BCH), and Group 4 (4 uM BCH). Each group
was cultured for 24 or 48 h.
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To assess short hairpin (sh) RNA interference
and over-expression of LAT1, prevalidated
PCONGV102000025 shRNA sequences tar-
geting LAT1 were obtained from Genechem
(Shanghai, China). The sequences are provided
in our previous study [27]. H4509 LAT1 cDNA
was purchased from Fulen Gene (Guangzhou,
China). The cDNA was used as we have previ-
ously detailed. Cells cultured to 40%-50% con-
fluence were transfected with shRNAs and
pPEGFP-N1-LAT1 plasmid in serum-free medi-
um according to the Lipofectamine® 2000
Transfection Reagent protocol (11668019;
Thermo Fisher Scientific, Waltham, MA, USA).
Briefly, 6 uL Lipofectamine® 2000 was mixed
with 3 pg shRNA or pEGFP-N1-LAT1 plasmid to
form complexes. After 4 h, the medium was
replaced by complete medium. The control was
validated sequence shRNA or empty vector.

Semi-quantitative RT-PCR

Total RNA was extracted from cells using TRIzol
lysis buffer (Invitrogen) and purified according
to the manufacturer’s protocol. Total RNA (2 ug)
was reverse transcribed in 20 uL of reaction
mixture containing 4 uL MgCI2, 25 mM; 2 uL
Reverse Transcription 10 x buffer; 2 uyL dNTP
mixture, 10 mM; 0.5 uL Recombinant RNasin®
Ribonuclease Inhibitor, 15 U AMV Reverse
Transcriptase (High Concentration), and 0.5 ug
random primers (A3500; Promega, Madison,
WI, USA). PCR was performed in a total volume
of 25 pL containing 12.5 yL GoTaq® Green
Master Mix (M7122; Promega), 0.5 uM primers,
and 1 pL cDNA for over 20 cycles using glycer-
aldehyde-3-phosphate dehydrogenase (GAP-
DH) as an internal control, or for25 cycles for
LAT1. The primers used in this study were Latl
(NM_003486.5) (Forward: 5'-GGAGGCTGCTGT-
GAAAACTC-3’, Reverse: 5'-AGGAGAAAGGAAGG-
CTCCTG-3’) and GAPDH (Forward: 5-GTCAAG-
GCTGAGAACGGGAA-3’, Reverse: 5-AAATGAG-
CCCCAGCCTTCTC-3’). Amplifications were ana-
lyzed by electrophoresis on agarose gels con-
taining ethidium bromide. The quantity of the
PCR products was determined by Quantity One
software (Tanon Science and Technology Co.,
Shanghai, China) and wasnormalized to GAPDH.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15
min at room temperature, washed three times
with PBS for 15 min each time, permeabilized
with 0.1% Triton X-100 (T8532; Sigma-Aldrich),
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and exposed to 5% bovine serum albumin for 1
h at room temperature. Cells were incubated
with rabbit anti-human LAT1 (1:600, Santa Cruz
Biotechnology, Dallas, TX, USA) overnight at
4°C and then incubated for 1 h at room tem-
perature with anti-rabbit labeled FluoProbe
594 (1:200 dilution; Abbkine, Wuhan, China).
Nuclei were stained with 4’,6’-diamidino-2-phe-
nylindole (DAPI) for 3 min. Images were cap-
tured usingconfocal microscopy (Leica, Wetzlar,
Germany).

Western blotting

Total cell protein was isolated from the four
groups and loaded on 12.5% Tris-glycine SDS-
PAGE gels (20 ug protein per well). The resolved
proteins were transferred to a nitrocellulose
membrane (Hybond™-C; Amersham Bio-Sci-
ences, Piscataway, NJ, USA). After blocking with
5% non-fat milk at room temperature for 2 h,
membraneswere incubated primary antibod-
ies: anti-LAT1 (0.2 pg/mL, sc-134994; Santa
Cruz Biotechnology), anti-mTOR (0.5 ug/mL,
ab2732, Abcam), anti-phospho-mTOR (0.5 pg/
mL, ab84400, Abcam), anti-4E-BP-1 (1 ug/mL,
2855S; Cell Signaling Technology), and anti-
phospho-p4E-BP-1 (1 yg/mL, 9644S; Abcam,
Cambridge, UK). Horseradish peroxidase (HRP)-
labeled goat anti-rabbit IgG (H + L) were used at
1:2000 dilution (A0208; Beyotime, Nantong,
China) for 60 min at room temperature. Sig-
nals were developed by chemiluminescence
(BeyoECL Plus, PO018; Beyotime).

Proliferation assay

Proliferation was measured using the CCK-8
assay kit (Dojindo Molecular Technologies,
Kumamoto, Japan) according to protocol.
Briefly, 5 x 103 cells were seeded onto a 96-well
plate for each condition. Following treatment
for 24 and 48 h, 10-uL CCK-8 reagent was
added to each well and incubated for 2-4 hours.
The absorbance of each sample was measured
at 450 nm using an EL x 800 enzyme-labeled
instrument featuring high-speed 8-channel fil-
ter-based absorbance.

Flow cytometryanalysis of cell cycle distribu-
tion and apoptosis

Cells were collected by trypsinization. The cells
(at least 1 x 10°%) were washed twice in PBS at
24 or 48 h fixed in ice-cold 70% ethanol for a
minimum overnight incubation for cell cycle
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analysis. Otheraliquots were re-suspended in
cold PBS for cell cycle measurement. Cell apop-
tosis was determined by Annexin V Apoptosis
Detection Kit (KeyGEN BioTEC, Nanjing, China).
The cell cycle distribution and apoptosis were
analyzed using a FACSVantage SE flow cytome-
ter (BD Biosciences, San Jose, CA, USA).

Cell migration and invasion assay

Cell migration assay was carried out by using
the QCMTM 24-Well Colorimetric Cell Migration
or Invasion Assay Kit (Millipore, Billerica, MA,
USA), while the upper side of the filters was
coated with 100 pyL Matrigel (1 mg/ml) for inva-
sion analysis. Briefly, 1 x 10° cells in 300-uL
serum-free medium were added to the upper
chamber, and 10% FBS-containing medium
was used as chemo-attractant in the lower
chamber. After incubating for 24 h, the cells on
the upper side of the insert were scraped off
using a cotton swab and then fixed in methanol
for 10 min. Cells that invaded or migrated to
the other side of the insert were stained after
24 h and checked by light microscopy (Olympus,
Tokyo, Japan).

Statistical analyses

Quantitative data are presented as mean +
standard deviation (SD). Statistical significance
(P < 0.05) was determined by the Student’s
t-test or analysis of variance (ANOVA) using the
Statistical Package for the Social Sciences for
Windows, Version 16.0 (SPSS Inc., Chicago, IL,
USA).

Results

The tempospatial LAT1 expression in human
trophoblast-derived cell lines

We analyzed the expression of LAT1 in tropho-
blast-derived cell lines. LATL mRNA could be
detected in HTR8-SVneo human extravillous
trophoblast cells, and JEG-3 and JAR choriocar-
cinoma cells (Figure 1A). Western blot data fur-
ther confirmed the presence of LAT1 proteins
in all three cell lines (Figure 1B). Immuno-
histochemistry data revealed that LAT1 were
strongly located in the cytoplasm (Figure 1C).
Thus, these three cell lines could be used as in
vitro model systems to study the function of
LAT1 in trophoblasts.
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Manipulating LAT1 expression affects cell pro-
liferation and apoptosis

To investigate the cellular function of LAT1 in all
three cell lines, BCH, a competitive inhibitor of
LAT1, was added to the culture medium before
evaluating cell proliferation, cycle distribution,
and apoptosis, and LAT1 expression. LAT1 pro-
tein was remarkably decreased following the
24-h BCH treatment (Figure 1F). This result
suggested that BCH could directly regulate
LAT1 expression. LAT2 is another important
L-type amino acid transporter. BCH treatment
could also inhibit the function of LAT2. To
assess the LAT1 function distinct from that of
LAT2, shRNA targeting LAT1 or LAT1 was used.
Three specially over-expressing plasmids har-
boring shRNA-targeting LAT1 were transfected
into the three cells, followed by western blot
evaluations. The results clearly showed that
one of the shRNAs (SiLAT1-3) could significantly
reduce the expression of LAT1 (Figure 1D), with
elevated LAT1 protein detected in all three cell
lines after pEGFP-N1-LAT1 transfection (Figure
1E).

Cell proliferation was assessed using the CCK-8
reagent assay. Flow cytometry was used to ana-
lyze the cycle distribution and apoptosis. As
shown in Figure 2A and 2B, 1 yM and 4 uM
BCH treatment for 24 h or 48 h could inhibit cell
proliferation and exhibited dose-dependent
effects in JAR cells. Similarly, the proliferation
of HTR8-SVneo and JEG-3 cells were also sup-
pressed by 4-uM BCH treatment for 24 h or 48
h.

Flow cytometry showed that 4 uM BCH treat-
ment for 24 h (Figure 2C) or 48 h (Figure 2D)
aided HTR8-SVneo and JEG-3 cellsin overriding
G2/M phase. A significant exposure-response
relationship was evident (Figure 2C and 2D).
JAR cell cycle distribution was also disrupted by
4-uM BCH treatment for 24 h or 48 h. More
cells were arrested at the GO/G1 phase with
only a few cells remaining in the S phase, as
shown in Figure 2C and 2D. Cells cycle analysis
revealed that HTR8-SVneo and JAR cells were
arrested at the GO/G1 stageafter LAT1 silenc-
ing, with arrest at the G2/M stage after LAT1
over-expression (Figure 2E). In JEG-3 cells, cell
cycle distribution was arrested at the GO/G1 in
cells transfected with SiLAT1-3, while their time
at the GO/G1 phase was shortened with arrest
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Figure 1. Expression of LAT1 in human placental cell lines. Expression of LAT1 in three trophoblast cell lines ana-
lyzed by semi-quantitative RT-PCR (A) and western blotting (B), respectively. GAPDH was used as an internal control
for RT-PCR or loading control for western blotting. Immunofluorescence of LAT1 in three trophoblast cell lines (C).
LAT1 signals were visualized as red and strongly located in the cytoplasm in HTR8-SVneo cells, JEG-3 cells, and JAR
cells, respectively. The nuclei were highlighted by DAPI staining (blue). (D) Three sequences of shRNA targeting LAT1
were separately transfected in the three cell lines and the efficiency of silencing was evaluated by western blotting.
The three sequences (SiLAT1-3) could effectively silence LAT1 expression and were used as interfering plasmid in
follow-up experiments. *P < 0.05, as compared with blank. (E) The protein levels of LAT1 were enhanced in the three
cell lines transfected with pEGFP-N1-LAT1 plasmid compared to those transfected with empty vector. *P < 0.05, as
compared with vector. (F) The expression of LAT1 was decreased by 4 uM BCH (competitive inhibitor of LAT1), indi-
catingthat BCH could directly regulate LAT1 protein expression in the three cell lines. *P < 0.05, as compared with
blank. Bar = 25 pyM. Representative western blot images are shown with original western experiments.

at the G2/M phase by transfecting with pEGFP- treatment, the ratios of apoptotic cells of all
N1-LAT1 at 48 h (Figure 2E). After the 24 h BCH three cell lines were notably increased and all
treatment, a sharp increase in cell apoptosis exhibited exposure-response relationship, as
was observed in JAR and JEG-3 cells, but not in shown in Figure 3A. Similar to the results of
HTR8-SVneo cells (Figure 3A). After 48 h BCH BCH experiments, silencing LAT1 could pro-
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Figure 2. Effects of LAT1 on the proliferation and cell cycle distribution of the three trophoblast cell lines. (A) Down-regulation of LAT1 expression with 4 uM BCH
suppressed cell proliferation in all three cell lines and exhibited a dose-effect relationship in JAR cells at 24 h or 48 h of treatment. (B) Down-regulation of LAT1
expression upon transfection with SiLAT1-3 plasmid decreased, while up-regulation of LAT1 with transfection of pEGFP-N1-LAT1 plasmid increased the proliferation
in the three cell lines. Control group was transfected with invalid interference fragment. (C and D) Down-regulation of LAT1 disturbed the cell cycle distributions of all
three cell lines after 24 h (C) and 48 h (D) of treatment. The statistical bar graphs showing down-regulation of LAT1 expression with 4 yM BCH. Obvious effects on
cell cycle distribution are evident at 24 h and 48 h. Representative images of cell cycle distribution assayed by flow cytometry are shown at 24 h and 48 h. In HTR8-
SVneo and JEG-3 cells, down-regulation of LAT1 with 4-uM BCH treatment significantly shortened the G2/M phase and exhibited a dose-effect relationship at 24 h
or 48 h. In JAR cells, down-regulation of LAT1 with 4 uM BCH treatment arrested cells at the GO/G1 phase and shortened the S phase at 24 h or 48 h. (E) Up- and
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down-expression of LAT1 regulated the cell cycle distributions of the three cell lines at 48 h. Statistical bar graphs
showing the increased or decreased expression of LAT1 upon transfection with plasmids and the obvious effects
on cell cycle distribution. Representative images of cell cycle distribution assayed by flow cytometry. In HTR8-SVneo
and JAR cells, the cell cycle distributions were shortened at the S phase and arrested at the GO/G1 phase in cells
transfected with SiLAT1-3, while cells transfected with pEGFP-N1-LAT1 were arrested at the G2/M phase at 48 h. In
JEG-3 cells, cell cycle distribution was arrested at the GO/G1 phase in cells transfected with SiLAT1-3, while were
shortened at the GO/G1 phase and arrested at the G2/M phase in cells transfected with pEGFP-N1-LAT1 at 48 h.
Blank group was not treated. *P < 0.05, as compared with blank, **P < 0.01, as compared with blank, *P < 0.05,

as compared with 0.1 uM BCH.

mote cell apoptosis in all three cell lines, but
ectopically over-expressed LAT1 inhibited cell
apoptosis (Figure 3B). These results indicated
that LAT1 plays a key role in regulating tropho-
blast and choriocarcinoma cell behavior, and
might be the main target of BCH treatment.

Presence of LAT1 promotes cell migration and
invasion

To explore the functions of LAT1 on cell migra-
tion and invasion, Transwell matrigel invasion
chambers and migration chambers were used
for experiments. In the cell migration assay, the
number of cells that migrated to the lower side
of the membrane was decreased in all three
cell lines after treatment with 4 yM BCH (com-
petitive inhibitor of LAT1) or SiLAT1-3 trans-
fection. Cells over-expressing pEGFP-N1-LAT1
plasmid presented eminent migration and inva-
sion potential compared to cells expressing
control vector (Figure 4). These results sug-
gested the involvement of LAT1 in regulating
the motility of human extravillous trophoblasts
and choriocarcinoma cells.

LAT1 positively regulates mTORC1 signaling
pathway through p-4E-BP1

mTOR is an important regulator of cell prolifera-
tion and survival. The mTOR signaling pathway
also plays a significant role in modulating cell
invasion. Amino acids including leucine or
amino acid prodrugs were transported into cell
by LAT1, which then triggered mTORC1 activa-
tion. The results suggested that manipulation
of LAT1 could be a new therapeutic strategy for
tumor treatment. To assess this, it was neces-
sary to investigate the interaction between
LAT1 and mTOR signaling on cell growth or sur-
vival. Rapamycin and MHY1485 are an antago-
nist and agonist, respectively, of mMTORC1 activ-
ity. We designed several experiments to clarify
if these compounds could regulate LAT1
expression or rescue the phenotypes caused
by different LAT1 expression level. As shown in
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Figure 5, the expression of LAT1 was signifi-
cantly increased after treatment with 100 nM
MHY1485, while being remarkably decreased
after treatment with 200 nM rapamycin for 30
min or 24 h. Aberrant LAT1 expression in all
three cell lines disrupted mTORC1 activity. To
this end, the effects of up-regulation of LAT1 on
mTORC1 activity were blocked by treatment
with 100 nM rapamycin in all three cell lines.
Depletion of LAT1 in the three cell lines trans-
fected with SiLAT1-3 or treated with 4 uM BCH
suppressed mTORC1 activity. The activity was
rescued by 100 nM MHY1485, while the total
protein levels of these molecules were unaf-
fected following treatment. Down-regulation of
LAT1 expression with SiLAT1-3 or treatment
with 4 yuM BCH suppressed mTOR, p-mTOR, and
p-4E-BP1 expression. However, these expres-
sions were blocked by treatment with 100 nM
MHY1485. Up-regulation of LAT1 expression by
transfection with the over-expressing pEGFP-
N1-LAT1 plasmid promoted mTOR, p-mTOR,
and p-4E-BP1 expression. These expressions
were blocked by treatment with 100 nM ra-
pamycin. Representative western blot images
are shown with original western experiments.

Discussion

LAT1 gene expression and protein production
were observed in HTR8-SVneo human tropho-
blasts and JEG-3 and JAR choriocarcinoma
cells. Further investigation revealed the involve-
ment of LAT1 in stimulating cell proliferation,
inhibiting cell apoptosis, and promoting cell
migration and invasion in both human tropho-
blasts and choriocarcinoma cells. Interestingly,
mTORC1 signaling was a critical regulator of all
these cell behaviors.

We previously demonstrated that LAT1 acts as
a positive regulator of decidualization and the
outgrowth of ectoplacental cones (EPCs) in a
mouse model [25-27]. These phenomena sug-
gested that the role of LAT1 could be dissected
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from a “maternal-fetal” perspective. The dy-
namic balance of trophoblast cell proliferation
and invasion plays a key role in the establish-
ment of the placenta and functional matura-
tion. As main neutral amino acids transporter,
trophoblast dysfunction has been related to
many obstetrical issues. The role of LAT1 in
human trophoblasts and its potential mecha-
nism remains unclear. The proliferative and
invasive properties of trophoblasts and tumor
cells have several similarities involving growth
factors, adhesion molecules, cytokines, and
chemokines [3]. Our previous study showed
that LAT1 and leucine promote the early estab-
lishment of the placenta and participate in the
maternal-fetal interface in mice, indicating the
active participation of LAT1 in supporting fetal
development. In this study, the expression of
LATL mRNA and protein of inHTR8-SVneo
human trophoblasts indicated a possible cor-
relation of LAT1 in maternal-fetal interface,
such as proliferation and moderate invasion in
normal pregnancy.

The aberrantly high expression of LAT1 is one of
the most significant markers in various tumors,
including mammary gland, thyroid, glioblasto-
ma multiforme, and hemangiopericytomas [3,
28-31]. Suppression of LAT1 activity using
selective compounds, such as BCH or (S)-2-
amino-3-(4-((5-amino-2-phenylbenzo[d]oxazol-
7-yl) methoxy)-3, 5-dichlorophenyl) propanoic
acid (JPH203), might be considered novel
molecular therapeutic strategies for tumor
treatment [32]. Human placenta choriocarci-
noma is rarely observed, but is a highly malig-
nant neoplasm characterized by fast growth
and broad transformation. In clinical condi-
tions, choriocarcinoma is often found synchro-
nously with metastasis. Unfortunately, we did
not obtain any evidence that the expression of
LAT1 in choriocarcinoma cells were abnormally
higher than the expression in HTR8-SVneo tro-
phoblasts. Due to limited gestational choriocar-
cinoma clinical specimens, we also lacked his-
tological verification. Based on our current
restricted knowledge, we might speculate that
this phenomenon may be caused by differenc-
es in transport substrates. This needs to be
assessed in further experiments. In this study,
we failed to collect fresh choriocarcinoma tis-
sues due to the limited research progress.
However, we do report the oncogenic effects of
LAT1 on choriocarcinoma JEG-3 and JAR cells.
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Both cell lines have been considered feasible
for the study of the physiological and pathologi-
cal effects on placental functions and human
trophoblasts. The collective results we obtained
are partially consistent with the observations of
LAT1 expression in tumor cells with prolifera-
tive and invasive properties [28-31, 33].

HTR8-SVneo human extravillous trophoblasts
are an established model to study first trimes-
ter EVT invasion and migration. In this stu-
dy, BCH, a competitive inhibitor of the leucine
transporter, was used to analyze the function
of LAT1 proteins in HTR8-SVneo cells. BCH sup-
pressed cell proliferation and promoted apop-
tosis, while inhibiting migration and invasion.
BCH also inhibited LAT2. The inhibition of LAT2
also contributes to the cellular phenotype. We
selectively knocked down LAT1 in HTR8-/SVneo
cells, which resulted in significantly suppressed
cell proliferation, cell migration, and cell inva-
sion as well as massive cell apoptosis. The
majority of cells were arrested in GO/G1 stage
with a shortened S phase, which might be asso-
ciated with disrupted mTORC1 signaling. We
then over-expressed LAT1 in HTR8-SVneo
cells. The cells remained in G2/M phase with
increased cell proliferation, migration, and
invasion, but suppressed apoptosis. Tropho-
blast invasiveness is regulated by cross-talk
between trophoblasts and decidual cells in
paracrine and autocrine manners [3]. The
results provide direct evidence that LAT1 plays
a major role in regulating human extravillous
trophoblast cell behavior.

The mTOR signaling pathway regulates the
function of the placental L-amino acid trans-
porter in primary villous. Defective placental
mTOR signaling might directly contribute to
abnormal fetal growth in intrauterine growth
retardation (IUGR) [34, 35]. In human tropho-
blasts, the mTOR signaling pathway was sug-
gested a key role in the regulation of prolifera-
tion and differentiation in invasive trophoblasts
[36]. Rapamycin regulates cell growth through
mTORC1, but not mTORC2. The best-character-
ized downstream targets of mTORC1 are the
ribosomal protein S6 kinase 1 (S6K1) and
eukaryotic initiation factor 4E (elFAE)-binding
protein 1 (4E-BP1) [14, 36]. However, we failed
to detect the presence of S6K1 and its phos-
phorylated protein in the three cell lines. We
observed the change of LAT1 expression after
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treatment with rapamycin or its antagonist
MHY1485 for 30 min or 24 h. Down-regulation
of LAT1 suppressed mTOR, p-mTOR, and p-4E-
BP1 expression. These suppressions were
relieved by treatment with 100 nM MHY1485.
Up-regulation of LAT1 could promote mTOR,
p-mTOR, and p-4E-BP1 expressions, which
were blocked by 100 nM rapamycin. These find-
ings suggest that LAT1 functions as a powerful
switch to control human trophoblast cell growth
and differentiation in response to mTORC1.

The relationship between structure and func-
tion provides mechanistic and therapeutic
insights into amino acid transport in the wider
amino acid polyamine cation superfamily [37-
40]. The solutable carriers LAT1-4F2hc (Slc7ab-
Slc3a2) is a heterodimeric complex that plays a
major role in transporting large branched and
aromatic neutral amino acids, including leu-
cine, past placental barriers [41]. Recent
research shows 4F2hc is not only required for
the cellular localization and stability of LAT1,
but is also essential for its transport activity
[13]. Due to its low expression and distribution
in non-pathological cells and up-regulation in
tumor cells, inhibitors of LAT1 would be intro-
duced to impair or prevent cancer cell growth
due to blocked amino acid uptake or induced
deprivation. Moreover, LAT1-targeting amino-
acid positron emission tomography tracers
have been used in the tumor imaging [42, 43].
In this study, we detected co-expression of
4F2hc (Slc3a2) protein in HTR8-SVneo, JAR and
JEG-3 cells (Supplementary Figure 1). Further
revelations of the structure/function correla-
tions will contribute to the exploration of new
target drugs for pregnancy-related diseases.

We demonstrated that impeded LAT1 trans-
porter activity or knockdown LAT1 expression
in JEG-3 and JAR cells could partially suppress
cell growth by inhibiting mTORC1 signaling.
LAT1 suppression significantly decreased cel-
lular leucine uptake, which might also contrib-
ute to mTOR signaling inhibition [44]. The rela-
tionship between intracellular leucine levels
and mTOR signaling will be an interesting topic
to study in the near future. It was beyond the
scope of this paper. Irrespective of their rela-
tionship, LAT1 could be a potential marker in
early diagnosis or ongoing therapeutic candi-
date for choriocarcinoma.
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Conclusions

This is one of the few studies to investigate the
role of LAT1 in human extravillous trophoblast
and choriocarcinoma cells. LAT1 was validated
as a key pathophysiological regulator in human
pregnancy to control trophoblast and choriocar-
cinoma cell growth, survival, migration, and
invasion. Thus, LAT1 may be considered a
potential candidate involved in mTORC1 signal-
ing pathway for further research in human tro-
phoblast differentiation regulation and even in
choriocarcinoma treatment. Further studies
are needed to determine whether LAT1 exists
in blood or other body fluids, and whether it has
the potential to be used as a biomarker or a
therapeutic molecular target for PE and chorio-
carcinoma in pregnancy.
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Supplementary Figure 1. Expression of Slc3a2 in human placental cell lines. Immunofluorescence of Slc3a2 in
three trophoblast cell lines. Sic3a2 signals were visualized as red and strongly located in the cytoplasm in HTR8-
SVneo cell, JEG-3 and JAR cell line, respectively. The nuclei were shown by DAPI staining (blue). Bar = 25 yM.



