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Abstract

The System L amino acid transporter, particularly the isoform Large Neutral Amino Acid 

Transporter Small Subunit 1 (LAT1) encoded by SLC7A5, is believed to mediate the transfer of 

essential amino acids in the human placenta. Placental System L amino acid transporter expression 

and activity is decreased in pregnancies complicated by IUGR and increased in fetal overgrowth. 

However, it remains unknown if changes in the expression of LAT1 are mechanistically linked 

to System L amino acid transport activity. Here we combined overexpression approaches with 

protein analysis and functional studies in cultured primary human trophoblast (PHT) cells to test 

the hypothesis that SLC7A5 overexpression increases the uptake of essential amino acids and 

activates mTOR signaling in PHT cells. Overexpression of SLC7A5 resulted in a marked increase 

in protein expression of LAT1 in the PHT cells microvillous plasma membrane and System L 

amino acid transporter activity. Moreover, mTOR signaling was activated, and System A amino 

acid transporter activity increased following SLC7A5 overexpression, suggesting coordination of 

trophoblast amino transporter expression and activity to ensure balanced nutrient flux to the fetus. 

This is the first report showing that overexpression of LAT1 is sufficient to increase the uptake 

of essential amino acids in PHT cells, which activates mTOR, a master regulator of placental 

function. The decreased placental System L activity in human IUGR and the increased placental 

activity of this transporter system in some cases of fetal overgrowth may directly contribute to 

changes in fetal amino acid availability and altered fetal growth in these pregnancy complications.
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Introduction:

Pregnancies complicated by intrauterine growth restriction (IUGR) or fetal overgrowth are 

associated with increased perinatal morbidity and mortality and increase the risk for the 

child of developing cardiovascular and metabolic disease later in life (1–3). However, the 

mechanisms causing abnormal fetal growth are still not fully understood, and no specific 

treatment is currently available. Numerous studies show that changes in placental amino acid 

transport capacity are strongly associated with altered birth weight (4–7), suggesting that 

changes in placental amino acid transport directly contribute to changes in the fetal growth 

trajectory. However, the mechanistic roles of specific transporters in placental amino acid 

transfer remains to be fully established.

The system L amino acid transporter is a key transport system mediating the sodium-

independent transfer of essential amino acids, including leucine, across the placental barrier. 

This heterodimeric transporter forms a protein complex consisting of a light chain, typically 

LAT1 (large neutral amino acid transporter 1) (Solute Carrier Family 7 Member 5, SLC7A5) 

or LAT2 (SLC7A8), and a heavy chain, 4F2hc/CD98 (4F2 cell-surface antigen heavy 

chain/cluster of differentiation 98) (SLC3A2). LAT1 has been colocalized with 4F2hc at 

the syncytiotrophoblast polarized plasma membrane domains, i.e., the maternally facing 

microvillous membrane (MVM) and the basal plasma membrane (BM), adjacent to the 

fetal capillary (8–11). LAT1 protein is expressed in the human placental syncytiotrophoblast 

plasma membranes across gestation (12). Specifically, LAT1 and LAT2 are present and 

functional in the syncytiotrophoblast MVM, whereas LAT2 is also expressed in the BM and 

the fetal capillary endothelium (9).

Using primary human trophoblast (PHT) and BeWo cells cultured in a Trans well system, 

Zaugg and coworker (13) demonstrated that System L transporter inhibitors reduce leucine 

transfer across the placental barrier in vitro. Placental System L amino acid transporter 

activity is decreased in human IUGR (14, 15) and increased in fetal overgrowth in women 

with gestational diabetes (16). In addition, we recently reported that MVM LAT1 expression 

is increased and correlates with birth weight and neonatal fat mass in women with Type 

2 diabetes (17). Ample indirect evidence suggests that System L is critical in mediating 

trophoblast uptake and placental transfer of essential amino acids and that placental System 

L activity is linked to fetal growth. For example, siRNA-mediated inhibition of mTOR 

signaling, a positive regulator of System L, in cultured PHT cells decreased the abundance 

of LAT1 protein in the microvillus plasma membrane and reduced the uptake of leucine 

(18). Moreover, reduced placental system L amino acid transport activity precedes the 

development of decreased fetal growth in undernourished rats (4) and non-human primates 

(19). However, it is largely unknown if changes in the expression/activity of placental LAT1 

are mechanistically linked to the placental transport of essential amino acids.
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The mechanistic target of rapamycin (mTOR) signaling pathway is a conserved master 

regulator of placental function, including amino acid transport (18). mTOR responds to 

an array of diverse nutritional and metabolic signals, particularly essential amino acids, 

including those transported by LAT1(20). Furthermore, altered placental mTOR signaling 

has been recognized as a central integral mechanism linked to altered fetal growth (6, 21). 

It has been reported that leucine is the essential amino acid that most effectively activates 

the mTOR signaling in various cancer cells(22). We recently demonstrated that silencing of 

trophoblast DEPTOR, an endogenous inhibitor of mTOR signaling, resulted in activation 

of mTOR signaling and System L amino acid transport (23). The AMP-activated protein 

kinase (AMPK) is highly conserved multimeric kinase complex. The activation of AMPK 

results in the suppression of mTORC1 through a mechanism that is either dependent on or 

independent of tuberous sclerosis complex 2 (TSC2). However, if the function of trophoblast 

LAT1 is mechanistically linked to placental AMPK/mTOR signaling is unknown.

System A mediates sodium-dependent uptake of non-essential neutral amino acids into 

the cell (24). All three isoforms of System A (SNAT1, SLC38A1; SNAT2, SLC38A2 
and SNAT4, SLC38A4) are expressed in the human placenta. Trophoblast-specific SNAT2 

knock-down and SNAT4 gene knockout studies indicate that placental system A amino acid 

transport activity is necessary for normal placental and fetal growth in mice (25, 26). In 

addition, placental system A amino acid transport activity is decreased in human IUGR, 

suggesting that changes in placental amino acid transport activity may directly contribute 

to fetal growth restriction (27, 28). System L transport activity is believed to depend on 

the intracellular concentration of non-essential amino acids accumulated by System A (29). 

Moreover, the activity of placental amino acid transporters system L and system A activity 

are decreased in IUGR and have been shown to be upregulated in fetal overgrowth (4, 7, 19, 

30–33). However, the mechanistic link between trophoblast System A and System L amino 

acid transport is remains elusive.

We hypothesized that SLC7A5 overexpression increases the uptake of essential amino acids 

and activates mTOR signaling in PHT cells. Using gene targeting approaches in cultured 

PHT cells allowed us to generate mechanistic information in an experimental system 

believed to represent the in vivo syncytium in women, contributing to the physiological 

and clinical relevance of our findings.

Materials and Methods

Human subjects

Cytotrophoblast cells were isolated from placentas collected from uncomplicated term C-

section deliveries and cultured in vitro. The Institutional Review Board of the University 

of Colorado Anschutz Medical Campus approved the placental collection (COMIRB 14–

1073). The research protocol was conducted out in accordance with the World Medical 

Association Declaration of Helsinki, and all recruited participants provided written informed 

consent. The exclusion criteria were smoking, use of illicit drugs, concurrent diseases, such 

as diabetes and hypertension, and the development of pregnancy complications, including 

gestational diabetes, pregnancy-induced hypertension, and preeclampsia, as well as fetal 

anomalies, preterm birth, and birth-related complications.
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Cytotrophoblast isolation and culture from term placentas

Following collection of the placenta, primary human trophoblast (PHT) cells were 

isolated using a well-established protocol involving sequential trypsin digestion and Percoll 

purification(34). After the isolation, cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Sigma-Aldrich, St. Louis, MO) and Ham’s F-12 nutrient mixture 

(Life Technologies, Carlsbad, CA) containing 10 % of fetal bovine serum (FBS, Atlanta 

Biological, Atlanta, GA), 50 μg/ml gentamicin, 60 μg/ml benzyl penicillin and 100 μg/ml 

streptomycin (Sigma-Aldrich). Cells were plated in either 60-mm culture dishes (~7.5 × 106 

cells/dish for Western blot analysis) or six-well plates (for amino acid uptake experiments; 

~2.75 × 106 cells/well for LAT1 gene overexpression) and cultured in 5% CO2, 95% 

atmosphere air at 37°C for 90 h with daily change of the culture media. All studies were 

repeated in PHT cells isolated from 3 to 6 different placentas.

Overexpression of LAT1

The SLC7A5 cDNA (NM_003486, Origene Rockville, MD) was cloned into a pENTR 

vector (Thermo Fisher Scientific, Waltham, MA) so that the expression of SLC7A5 was 

driven by the trophoblast specific promoter Cyp19I.1. Both pENTR Cy19I.1- SLC7A5 and 

vector EGFP plasmid (control) from Origene Rockville, MD were transfected (at 18 h 

in culture) into Primary Human Trophoblast (PHT) cells using X-treme GENE HP DNA 

transfection reagent (Sigma-Aldrich, St Louis, MO, USA) (35). After 90 h in culture, the 

efficiency of target gene over expression was determined at the protein level using Western 

blot.

System A and System L amino acid uptake assay

At 90 hours in culture, the amino acid uptake of primary human trophoblast cells was 

determined. The activity of System A and System L amino acid transporters was determined 

by measuring the Na+-dependent uptake of [14C] methyl-aminoisobutyric acid (MeAIB; 20 

μM) and the 2-amino-2-norbornane-carboxylic acid (BCH; 64 μM)-inhibitable uptake of 

[3H] leucine (0.0125 μM), respectively, as described in detail previously (23).

Isolation of microvillous plasma membranes from trophoblast cells

Microvillous plasma membranes (MVMs) were isolated from total homogenates of cultured 

primary human trophoblast cells using differential centrifugation and Mg2+ precipitation 

as described previously (23, 36). Briefly, centrifugation stages were performed out at 4°C, 

where as all other steps were performed on ice. Cells were lysed, scraped off the plate 

and subsequently homogenized using buffer D (10 mm Tris-Hepes, 250 mm sucrose, 1 mm 

EDTA). Next, the cell homogenate was centrifuged at 10,000 g for 15 min, the supernatant 

was collected, and the pellet was resuspended, homogenized in 1 ml of buffer D, and 

centrifuged again at 10,000 g for 10 min. The two resulting supernatants were combined and 

centrifuged at 125,000 g for 30 min. The pelleted crude membrane fraction was resuspended 

in 2 ml of buffer, and 12 mM MgCl2 was added. After 20 minutes of steady stirring on ice, 

the mixture was centrifuged at 2500 g for 10 minutes. The supernatant containing MVMs 

was subsequently centrifuged at 125,000 g for 30 min and the final pellet was resuspended 
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in buffer D. Protein concentration was determined using the Bradford assay. Using the 

MVM/homogenate ratio of alkaline phosphatase activity, MVM enrichment was evaluated.

Western Blotting

For immunoblotting, cells were lysed in 1x RIPA buffer containing phosphatase and 

protease inhibitors. Subsequently, cells were scraped, collected, and sonicated. Proteins in 

cell homogenate and MVMs (isolated from PHT cells) were separated by electrophoresis. 

Western blotting was performed out as described previously (18). Total protein from cell 

homogenate (5μg), used to determine total protein expression and phosphorylation of 

cellular signaling proteins, were separated and probed using primary antibodies (Total 

and phosphorylated S6 ribosomal protein, 4EBP-1 and AMPK) and beta actin or total 

protein was used as a protein loading control to calculate relative abundance. Total and 

phosphorylated S6 ribosomal protein, 4EBP-1 and AMPK antibodies were validated as 

described previously (4, 6, 30, 36). Secondary anti-rabbit HRP antibody conjugate was used 

to target the primary antibody. Protein expression of the System L amino acid transporter 

isoform LAT1 was analyzed in MVM preparations. Antibodies targeting the LAT1 were 

produced in rabbits (37). The specificity of LAT1 antibodies has previously been validated 

using gene-silencing techniques (9). Target protein expression was normalized to β-actin or 

total protein expression. The mean density of the control sample bands was arbitrarily set to 

1 for each protein target. All densitometry values were expressed relative to this mean value.

Data presentation and statistics

Data are presented as mean ± SEM or mean + SEM. For PHT cells, the number of 

experiments (n) represents the number of placentas studied. In the amino acid uptake 

experiments, each condition was studied in triplicate, and data were averaged to represent 

trophoblast cells isolated from one placenta. The statistical significance of differences 

between control and experimental groups was assessed using Student’s t test. A P value 

<0.05 was considered significant.

Results

Validation of overexpression efficiency of SLC7A5 in PHT cells

Cultured cytotrophoblasts form syncytial islands, which serve as a model for the 

syncytiotrophoblast, the transporting epithelium of the human placenta. After 66 h in 

culture, there was an increase in hCG production by trophoblast cells, and the levels 

remained elevated until at least 90 h after plating (data not shown). Because hCG is 

produced primarily by syncytiotrophoblast, these data provide evidence of syncytialization. 

In addition, the hCG secretion profile of PHT cells in which SLC7A5 was overexpressed 

was comparable to those of cells cultured with the vector control (data not shown). 

These findings suggest that critical components of the System L amino acid transport 

can be overexpressed without compromising trophoblast cell survival and differentiation. 

To confirm that SLC7A5 overexpression resulted in increased LAT1 expression in PHT 

cells, we performed Western blots on SLC7A5 transfected PHT cells at 90 h of culture. 

Overexpression of SLC7A5 increased the protein expression of LAT1 by 76 % (p= 0.02, 

Figure 1 A). In addition, we found that overexpression of SLC7A5 resulted a marked 
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increase in the expression of LAT1 (+112%, P<0.0001; n=5, Figure 1B) in the MVM 

fraction.

Overexpression of SLC7A5 increases System L and System A amino acid transport in PHT 
cells.

We measured the System L amino acid transport activity in PHT cells transfected with 

SLC7A5. Overexpression of SLC7A5 in PHT cells did increase the System L amino acid 

transport activity (+156 %, p=0.0003, Figure 2A) as compared to control. In addition, 

System A amino acid transport activity increased by 38 % (p=0.0007, Figure 2B) in PHT 

cells with SLC7A5 overexpression.

Overexpression of SLC7A5 activates mTORC1 signaling in PHT cells

As shown in the Figure 3A, the phosphorylation of ribosomal protein S6 (Ser-235/236), 

a component of the 40S ribosome and a physiologically relevant S6K1 substrate, was 

increased by 73% (p=0.007, Figure 3A) in PHT cells transfected with SLC7A5 as compared 

to control. However, there was no significant difference in the total expression of S6 

ribosomal protein between SLC7A5 overexpressing and control PHT cells (Figure 3B).

The 4E-BP1 undergoes phosphorylation at multiple sites, and we measured the 4E-

BP1 phosphorylation at Thr-37/46. Phosphorylation of 4E-BP1 is hierarchical, in 

that phosphorylation of Thr-37/46 is required for further phosphorylation at Thr-70. 

Densitometry analysis showed SLC7A5 overexpression in PHT cells increased (+23%, 

p=0.01, Figure 4A) the phosphorylation of 4E-BP1 at Thr-37/46 as compared to control. 

There was no significant difference in total 4E-BP1 expression between groups (Figure 4B).

Overexpression of SLC7A5 inhibits Phosphorylation of AMPK at Threonine-172 signaling 
in PHT cells

As shown in Figure 5A, trophoblast AMPK activity, as determined by Thr-172 

phosphorylation, was comparable between PHT cells overexpressing SLC7A5 and PHT 

cells transfected with a control vector. In contrast, there was a significant increase (+54%, 

p=0.01; Figure 5B) in total AMPK expression in SLC7A5 overexpressing PHT cells as 

compared to the vector control (control). The ratio of AMPK phosphorylation at Thr-172 to 

total AMPK was decreased in the SLC7A5 overexpressing PHT cells (Figure 5B).

Discussion

We tested the hypothesis that SLC7A5 (LAT1) overexpression increases the uptake 

of essential amino acids and activates mTOR signaling in PHT cells and found that 

overexpression of LAT1 was sufficient to markedly increase system L transport activity in 

these cells. This is the first time the effect of LAT1 overexpression on the uptake of essential 

amino acids has been directly studied in primary human trophoblast cells. Moreover, report 

that SLC7A5 overexpression inhibited AMPK signaling and activated mTOR signaling. 

Given our previous reports that activation of mTOR promotes the trafficking of specific 

System L (LAT1) and A (SNAT2) to the trophoblast microvillous plasma membrane we 

propose that the activation of mTOR signaling in response to SLC7A5 overexpression 
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not only contributes to further LAT1 abundance in the pasma cell microvillous plasma 

memebrnae but also can explain the increase in System A mediate uptake in PHT cells. 

These main findings of our study are summarized in Figure 6. We speculate that the 

decreased placental System L activity reported in human IUGR and the increased placental 

activity of this transporter system in some cases of fetal overgrowth may directly contribute 

to changes in fetal amino acid availability and altered fetal growth in these pregnancy 

complications.

Overexpression of SLC7A5 in PHT cells resulted in an increase of the LAT1 protein in 

the syncytiotrophoblast MVM plasma membrane, in line with the increase in System L 

activity. Thus, increased expression of the SLC7A5 gene not only enhanced the translation 

of the LAT1 protein, it also resulted in increased trafficking of the LAT1 transporter to 

the plasma membrane. These results are similar to previous studies that overexpression of 

LAT1 in mouse hepatocytes increased the protein expression of LAT1 in both cytoplasm 

and plasma membrane, and was sufficient to increase the system L transport activity 

(38). siRNA mediated silencing of LAT1 decreased the L-leucine uptake in human oral 

carcinoma (39) and PHT cells (9). Further supporting a mechanistic role of LAT1 for 

the uptake of essenarial amino acids in cell culture systems, LAT1 overexpression in oral 

carcinoma cells resulted in elevated transport of neutral amino acids and increased cell 

growth and proliferation(40). Furthermore, muscle-specific knockout of the Slc7A5 gene in 

mice results in substantial reductions of both SLC7A5 mRNA expression and large neutral 

amino acids transport activity in the skeletal muscle (41). In humans, in vitro experiments 

demonstrate that LAT1 and LAT2 contribute to trophoblast System L-mediated amino acid 

uptake (9). The 156 % increase in System L activity with SLC7A5 overexpression in PHT 

cells in the current study was of similar magnitude to that observed in a mouse model of 

maternal obesity with upregulation of System L amino acid transport activity associated with 

fetal overgrowth (31, 32). The present study shows that overexpressing placental SLC7A5 

is sufficient to increase placental System L amino acid transport activity in PHT cells. 

During syncytialization in vitro, trophoblast cells become polarized and develop numerous, 

uniform microvilli on their culture medium-exposed cell surface (42). The measured 

uptake of labeled amino acid can likely be attributed to transport across the MVM of the 

syncytiotrophoblast layer, as this is the cell surface that is readily accessible in vitro during 

transport activity measurements. Leucine is transported across the MVM, mediated almost 

exclusively by the System L amino acid transport activity (43). Furthermore, in vivo studies 

using stable isotope techniques indicate that leucine taken up across the MVM from the 

maternal circulation is rapidly transferred to the fetus (44). Thus, our data strongly support 

a critical role of LAT1 in mediating the uptake of essential amino acids from the maternal 

circulation into the synctytiotropoblast, the active step of tranplscental transfer for most 

amino acids.

There is ample indirect evidence supporting the hypothesis that transplacental transport 

of essential amino acids regulates fetal growth (45). Trophoblast MVM LAT1 expression 

is elevated in women with type 2 diabetes and is correlated to birth weight (17) and 

MVM System L activity is increased in women with gestational diabetes delivering large 

babies (16). In contrast, MVM System L amino acid transporter activity is decreased 

in human IUGR (14, 15) and LAT1 and 2 protein expression have been reported to be 
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decreased in placental homogenates from small-for-gestational-age (SGA) fetuses (46) and 

in pregnancies complicated by preeclampsia (47). Furthermore, maternal infection decreases 

System L amino acid transport activity and results in fetal growth restriction in rats (48). 

Moreover, hormones associated with abnormal fetal growth in various animal models have 

been demonstrated to decrease and/or increase placental LAT1 abundance and System L 

activity (5, 31). These observations are consistent with the model that placental LAT1 is 

important in the maternofetal transfer of essential amino acids (49) and that changes in 

placental LAT1 expression and System L activity contribute to abnormal fetal growth in 

important pregnancy complications.

Overexpression of SLC7A5 in PHT cells resulted in a marked increase in trophoblast 

leucine uptake coincident with a significant activation of the mTORC1 signaling, a positive 

regulator of placental amino acid transporters (18). Leucine has been shown to stimulate 

the mTOR signaling pathway in porcine trophectoderm cells (50). In addition, leucine 

supplementation restores placental mTOR signaing and fetal weight in a mouse model of 

tumor-induced fetal growth restriction (51). Leucine mediated activation of S6K appears 

to be attenuated in SLC7A5 knockout gastrocnemius muscle (52).The precise molecular 

mechanism by which leucine activates mTORC1 signaling has not yet been elucidated, but 

cytosolic and lysosomal leucine-sensors have been identified (53, 54). Our previous studies 

have shown that mTORC1 is a positive regulator of System L amino acid transport activity 

(36, 55). Activation of placental mTORC1 signaling and system L transport activity were 

reported in mouse model of maternal obesity with fetal overgrowth (31). Hence, it is likely 

that the activation of mTORC1 signaling in SLC7A5 overexpressing PHT cells might have 

contributed to the activation of System L transport activity.

5’AMP-activated protein kinase (AMPK) is the primary cellular energy sensor and is 

phosphorylated at Thr-172 in response to increased AMP/ATP ratio associated with energy 

deprivation. In this study we demonstrated that the activity of PHT cell AMPK, as 

measured as the ratio of phosphorylated to total AMPK, was decreased in response to 

SLC7A5 overexpression. These findings are in general agreement with a reported increase 

in AMPK activity in skeletal muscle of Slc7a5 knock out mice. Because AMPK is a 

negative regulator of mTORC1, the observed inhibition of AMPK in our study likely 

contributes to the activation of mTORC1 in PHT cells with SLC7A5 overexpression. We 

have previously reported that placental AMPK phosphorylation is decreased and mTORC1-

S6K signaling pathway is activated in association to increased fetal growth (6). Hung 

et al (56) reported that women with GDM and LGA babies had lower phosphorylation 

of AMPKα at Thr-172, and higher phosphorylation of mTOR at Ser2448 levels in the 

placentas than normal pregnant women. The finding that the SLC7A5 overexpression in 

PHT cells was able to decrease AMPKα phosphorylation in the current study is consistent 

with the work from Wilson et al (57)., who demonstrated that leucine supplementation in 

rats resulted in reduction of phospho-AMPKα activity in the muscle. Leucine incubation 

in C2C12 myoblasts stimulates mTOR signaling in part through inhibition of AMPK 

signaling(58). We speculate that elevated energy levels following increased intracellular 

amino acid concentrations in PHT cells with SLC7A5 overexpression contribute to the 

observed inhitiion of AMPK signaling. Thus, it is possible that SLC7A5 overexpression 
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in PHT cells stimulates System L activity and mTOR signaling in part through AMPK 

inhibition.

We have previously reported that mTOR signaling is a positive regulator of trophoblast 

System L and System A transporter activity by promoting the plasma membrane trafficking 

of LAT1 and SNAT2, respectively (23, 36, 59). Thus, the increased System A activity 

following trophoblast overexpression of LAT1 in the current study may be due to the 

activation of mTOR signaling in response to increased trophoblast uptake of essential amino 

acids. The interaction between System A and L amino acid transporters is bidirectional 

because System L exchanges intracellular non-essantial amino acids – taken up by System 

A - with extracellular essenatial amino acids. Thus this is an important example of 

coordination of trophoblast amino transporter expression and activity to ensure balanced 

nutrient flux to the fetus.

Alterations in the transfer of nutrients across the placenta may be directly responsible for 

abnormal fetal growth, which is associated with increased susceptibility to develop chronic 

diseases such as obesity, T2D and CVD in childhood and adult life (60). Upregulation 

of LAT1 has been reported to be a key mechanism underlying metabolic re-programming 

in tumors (61). We recently demonstrated that in MVM LAT1 expression was positively 

correlated with neonatal fat mass in pregnancy complicated with T2D (17). Increased 

neonatal adiposity is associated with higher BMI and an increased likelihood of being 

overweight or obese in adulthood (62). Recent studies suggest that various prenatal factors 

may specifically influence offspring fat accretion, and neonatal adiposity may be a useful 

surrogate endpoint for prenatal interventions aimed at reducing future childhood overweight 

and obesity (63).

There is strong interest in therpautic targeting of LAT1 activity and various selective 

inhibitors have recently been tested in clinical trials in the cancer field (64). Recent 

experimental studies provide evidence that activators of LAT1 transporters can be used 

to prevent or reverse fetal growth restriction. For example, leucine treatment has also been 

repeatedly shown to improve fetal growth in various species and models of fetal growth 

restriction (51, 65). Our findings suggest that interventions aiming at decreasing placental 

System L amino acid transport capacity may prevent fetal overgrowth and long-term 

metabolic dysfunction in offspring that are exposed to the abnormal metabolic intrauterine 

environment in maternal obesity.

One limitation of this study is that although gene targeting in PHT cells can provide 

mechanistic evicence of the critical role of LAT1 in mediating the uptake of essential amino 

acids across the MVM, representing the the uptake into the placenta from the maternal 

circulation and the active step in placental amino acid transfer, this experimental system 

does not allow firm conclusions on the effect of transplacental transfer of esseantial amino 

acids. To address this issue, future directions include the generation of mouse models of 

trophoblast-specific targeting of Slc7a5 in mice by, for example, using transduction of 

blastocysts with lentiviral vectors (26, 66, 67) . This approach will allow the determination 

of transplacental transfer of amino acids in vivo.
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In conclusion, we have demonstrated that LAT1 overexpression results in increased System 

L amino acid transport activity and activation of mTOR signaling in cultured primary 

human trophoblast cells. We propose that that trophoblast LAT 1 expression and activity not 

only regulates placental function mediated by modulating mTOR signaling but also control 

the transplacental transfer essential amino acids and fetal growth. We speculate that the 

decreased placental System L activity reported in human IUGR and the increased placental 

activity of this transporter system in some cases of fetal overgrowth may directly contribute 

to changes in fetal amino acid availability and altered fetal growth in these pregnancy 

complications.
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Clinical Significance

The availability of essential amino acids is believed to be one critical factor determining 

fetal growth. However, the mechanism mediating the placental transport of essential 

amino acids in women remains to be fully established. We observed that overexpression 

of the LAT1 isoform (SLC7A5) in cultured primary human trophoblast cells, constituting 

the placental transporting epithelium, caused increased trafficking of the LAT1 protein 

to the microvillous plasma membrane and a marked increase in the uptake of essential 

amino acids. The previously reported decreased placental System L activity in human 

fetal growth restriction and the increased placental activity of this transporter system in 

some cases of fetal overgrowth may directly contribute to changes in fetal amino acid 

availability and altered fetal growth in these pregnancy complications
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Figure 1: Effect of SLC7A5 overexpression on trophoblast LAT1 protein expression in PHT cells 
cell lysates and microvillus plasma membrane.
A) Representative western blots of LAT1 (n= 5) in cell lysates of PHT cells transfected 

with vector control (Control, C) or SLC7A5 cDNA (OX). Equal loading was performed. 

Summary of the Western blot data. After normalization to total protein, the mean density 

of vector control (Control) samples was assigned an arbitrary value of 1. Subsequently, 

individual control and SLC7A5 group density values were expressed relative to this mean. 

Values are given as means + SEM. *P < 0.05 versus control, Paired Student’s t test.

B) Representative western blots of LAT1 (n= 5) in microvillus plasma membrane isolated 

from PHT cells transfected with vector control (Control, C) or SLC7A5 cDNA (OX). 
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Equal loading was performed. Summary of the Western blot data. After normalization 

to total protein, the mean density of vector control (Control) samples was assigned an 

arbitrary value of 1. Subsequently, individual control and SLC7A5 group density values 

were expressed relative to this mean. Values are given as means + SEM. *P < 0.05 versus 

control, Paired Student’s t test.
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Figure 2: Trophoblast System L and System A amino acid transport in PHT cells with SLC7A5 
overexpression
(A-B) System L activity was measured as the BCH-inhibitable uptake of [3H] leucine, 

and System A activity was determined as the Na+-dependent uptake of [14C] MeAIB. 

Overexpression of SLC7A5 increased the System L (A) and System A (B) transporters in 

cultured human primary trophoblast cells. Values are given as means + SEM. *P < 0.05 

versus control, Paired Student’s t test.
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Figure 3: Overexpression of SLC7A5 activates ribosomal S6 phosphorylation at Serine 235/236 in 
PHT cells
(A) Effect of SLC7A5 overexpression on S6Serine−235/236 and total S6 protein expression. 

Representative western blots of S6Serine−235/236 and total S6 expression in cell lysates of 

PHT cells transfected with vector control (Control, C) or SLC7A5 cDNA (OX). Equal 

loading was performed. Summary of the Western blot data. After normalization to β--actin, 

the mean density of vector control (Control) samples was assigned an arbitrary value of 1. 

Subsequently, individual control and SLC7A5 group density values were expressed relative 
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to this mean. Values are given as means + SEM. *P < 0.05 versus control, Paired Student’s t 

test.

Rosario et al. Page 20

Clin Sci (Lond). Author manuscript; available in PMC 2024 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Overexpression of SLC7A5 activates 4EBP-1 phosphorylation at Threonine 37/46 in 
PHT cells
(A) Effect of SLC7A5 overexpression on 4EBP-1Threonine−37/46 and total 4EBP-1 protein 

expression in cell lysates of PHT cells transfected with vector control (Control, C) or 

SLC7A5 cDNA (OX). Representative western blots . Equal loading was performed. After 

normalization to β-actin, the mean density of vector control (Control) samples was assigned 

an arbitrary value of 1. Summary of the western blot data. Values are given as means + 

SEM. *P < 0.05 versus control, Paired Student’s t test.
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Figure 5: Overexpression of SLC7A5 decreases the ratio of AMPKThreonine−172/Total AMPK in 
PHT cells.
(A) Effect of SLC7A5 overexpression on AMPK Threonine−172 and total AMPK protein 

expression in cell lysates of PHT cells transfected with vector control (Control, C) or 

SLC7A5 cDNA (OX). Representative western blots. Equal loading was performed. After 

normalization to β-actin, the mean density of vector control (Control) samples was assigned 

an arbitrary value of 1. Summary of the western blot data. Values are given as means + 

SEM. *P < 0.05 versus control, Paired Student’s t test.
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Figure 6: A proposed model linking SLC7A5 overexpression to increase placental System L and 
System A amino acid transport and activate mTORC1 signaling.
The present study’s findings are consistent with the model that overexpression of SLC7A5 

in PHT cells resulted in an increase of the LAT1 protein in the syncytiotrophoblast 

MVM plasma membrane, in line with the increase in System L activity. This marked 

increase in trophoblast leucine uptake coincident with significant activation of the mTORC1 

signaling, a positive regulator of placental amino acid transport. It is also possible that 

SLC7A5 overexpression in PHT cells stimulates mTORC1 signaling in part through AMPK 

inhibition. Activation of placental mTORC1 signaling increased the transporter trafficking of 

System L amino acid transport isoform LAT1 and System A amino acid transport isoform 

SNAT2, which contributes to an increased fetal amino acid supply and increased fetal 

growth.
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