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Abstract

The SLC (solute carrier)-type transporters (∼400 in number) in mammalian cells consist of 52 

distinct gene families, grouped solely based on the amino acid sequence (primary structure) of the 

transporter proteins and not on their transport function. Among them are the transporters for amino 

acids. Fourteen of them, capable of transporting glutamine across the plasma membrane, are found 

in four families: SLC1, SLC6, SLC7, and SLC38. However, it is generally thought that the 

members of the SLC38 family are the principal transporters for glutamine. Some of the glutamine 

transporters are obligatory exchangers whereas some function as active transporters in one 

direction. While most glutamine transporters mediate the influx of the amino acid into cells, some 

actually mediate the efflux of the amino acid out of the cells. Glutamine transporters play 

important roles in a variety of tissues, including the liver, brain, kidney, and placenta, as clearly 

evident from the biological and biochemical phenotypes resulting from the deletion of specific 

glutamine transporters in mice. Owing to the obligatory role of glutamine in growth and 

proliferation of tumor cells, there is increasing attention on glutamine transporters in cancer 

biology as potential drug targets for cancer treatment. Selective blockers of certain glutamine 

transporters might be effective in preventing the entry of glutamine and other important amino 

acids into tumor cells, thus essentially starving these cells to death. This could represent the 

beginning of a new era in the discovery of novel anticancer drugs with a previously unexplored 

mode of action.

1. Introduction

Glutamine is one of the twenty different amino acids involved in protein synthesis in 

mammalian cells, but the biological functions of this particular amino acid go far beyond its 

role in protein synthesis. It is the most abundant amino acid in human blood, its 

concentrations ranging from 0.4 mM to 0.7 mM [1, 2]. The average concentration of the next 

most abundant amino acid, namely alanine, is far less (0.35 mM) than that of glutamine. The 

carbon skeleton of glutamine can be incorporated into glucose as well as fatty acids while 
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the nitrogen is used in the synthesis of purines and pyrimidines [3]. As such, glutamine 

occupies a central place in the metabolism of all major macromolecules in mammalian cells. 

In addition, glutamine is also the precursor for the synthesis of various biologically 

important molecules including glutathione (an antioxidant), glutamate (an excitatory 

neurotransmitter), and γ-aminobutyrate (GABA, an inhibitory neurotransmitter). It also 

serves as a carrier of ammonia from tissues such as the skeletal muscle and the brain to the 

liver where ammonia is extracted from glutamine for subsequent conversion to urea. Skeletal 

muscle represents the principal site as the reservoir of glutamine in the body; amino acid 

metabolism leads to the generation of glutamine in this tissue as a mechanism of 

detoxification of ammonia that is produced in the metabolism [4, 5]. Under physiologic 

conditions, a major portion of glutamine in the plasma is derived from the skeletal muscle. 

Another important function of glutamine is to replenish anaplerotic carbon in the citric acid 

cycle in the form of α-ketoglutarate (glutamine → glutamate → α-ketoglutarate). Two 

additional metabolic pathways also depend on glutamine, namely glutamate/GABA-

glutamine cycle that occurs in the brain between glutamatergic/GABAergic neurons and 

astrocytes, and glutaminolysis that occurs in cancer cells where glutamine enters the citric 

acid cycle in the form of α-ketoglutarate and gets converted to malate, which then becomes 

pyruvate through the action of malic enzyme and then lactate through the action of lactate 

dehydrogenase. Glutamine also plays an important role in acid-base balance; it is used by 

the tubular epithelial cells in the kidney as a source of NH3, which then is used to carry H+ 

(NH4
+) into urine, a process that occurs during metabolic acidosis as a means to eliminate 

excess acid [3].

From the plethora of biological functions that glutamine is known to play in mammalian 

cells, the metabolic versatility of this amino acid is quite obvious. Nonetheless, glutamine is 

a non-essential amino acid, meaning that it does not have to be provided in the diet; it can be 

synthesized endogenously from the citric acid cycle intermediate α-ketoglutarate by a two-

step process involving glutamate dehydrogenase, which converts α-ketoglutarate into 

glutamate using NADPH, and glutamine synthetase, which converts glutamate into 

glutamine using NH3. But still, most cells do depend on extracellular glutamine to some 

extent because of the inadequacy of the endogenous biosynthetic pathway to meet the 

normal demands of the cells for this important amino acid. This is particularly true for cells 

with high proliferative rates (e.g., immune cells, intestinal epithelial cells) and for cancer 

cells. Rapid proliferation means increased demand for DNA/RNA synthesis, a process that is 

dependent on glutamine as the source of nitrogen for the generation of purine and 

pyrimidines. Certain cancer cell types are actually “addicted” to glutamine as evident from 

their failure to grow and proliferate in the absence of extracellular supply of this amino acid 

[6, 7].

As glutamine is hydrophilic and water-soluble, extracellular glutamine cannot simply diffuse 

into cells across the plasma membrane; the transmembrane transfer of glutamine into cells 

needs mediation by transporters. To date, fourteen transporters have been identified at the 

molecular level in the mammalian cell plasma membrane that accept glutamine as a 

substrate (Table 1). It is important to note that none of these transporters is exclusively 

selective for glutamine and that not all of these transporters function in the influx of 

glutamine into cells. Even though all of these transporters have multiple substrate selectivity, 
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some accept only neutral amino acids whereas others accept neutral as well as cationic 

amino acids, and yet others neutral, cationic, and anionic amino acids. Similarly, while most 

of these transporters mediate the entry of extracellular glutamine into cells, some facilitate 

the release of intracellular glutamine into the extracellular medium under normal 

physiologic conditions. According to the Human Genome Organization nomenclature, these 

transporters belong to four distinct gene families: SLC1, SLC6, SLC7, and SLC38. The 

distribution of the fourteen transporters in these four gene families is as follows: one 

transporter in SLC1, two transporters in SLC6, five transporters in SLC7, and six 

transporters in SLC38 (Table 1).

2. SLC1A5

The SLC1 gene family consists of transporters for anionic amino acids (aspartate and 

glutamate) or neutral amino acids [8]. SLC1A4 (also known as ASCT1) and SLC1A5 (also 

known as ASCT2) are the transporters for neutral amino acids, the former being selective for 

alanine, serine, and cysteine and the latter for alanine, serine, cysteine, threonine, and 

glutamine, all of which are neutral amino acids. The term “ASCT” stands for “Alanine-

Serine-Cysteine Transporter.” Both transporters are Na+-coupled and function as obligatory 

exchangers. SLC1A5 is the only transporter in this gene family that accepts glutamine as a 

substrate. Since it is an obligatory exchanger, it is capable of mediating either the influx or 

efflux of glutamine depending on the concentration gradients for the five amino acid 

substrates across the plasma membrane in a given cell. The transport process is 

electroneutral, involving the influx of Na+/amino acid coupled to the efflux of Na+/amino 

acid (Fig. 1), thus contributing to the homeostasis of neutral amino acids inside the cells. It 

is expressed in the intestine, kidney, lung, testis, skeletal muscle, and adipose tissue.

In recent years, SLC1A5 is receiving increasing attention for its potential role in cancer 

because its expression is up-regulated in many cancer types, including triple-negative breast 

cancer [9, 10], colon cancer [11], lung cancer [12], melanoma [13], neuroblastoma [14], 

glioblastoma [15], and prostate cancer [16]. In glioblastoma and neuroblastoma, the 

expression of the transporter appears to be under the control of the Myc oncogenes, c-Myc 

in glioblastoma [15] and n-Myc in neuroblastoma [14]; activation of these oncogenes 

induces SLC1A5 expression. The transporter is also under the control of the retinoblastoma 

protein Rb; the expression of SLC1A5 is down-regulated by this tumor suppressor protein 

[17]. It is interesting that this transporter is widely up-regulated in cancers considering its 

narrow substrate selectivity and its mode of transport as an obligatory exchanger. Even 

though glutamine is a substrate, none of the essential amino acids is a substrate for the 

transporter. How could this transporter support the growth and proliferation of tumor cells? 

The answer to this question seems to rest upon the potential coupling of this transporter to 

two other amino acid transporters (SLC7A5 and SLC7A11) at the functional level. SLC1A5 

mediates the Na+-coupled influx of glutamine (in exchange for the efflux of the other four 

amino acid substrates), and SLC7A5 then mediates the efflux of glutamine from the cells in 

exchange for the influx of leucine, an essential amino acid and also a potent activator of 

mTORC1. This co-operation between SLC1A5 and SLC7A5 in tumor cells might underlie 

the promotion of tumor growth by these transporters [18]. Similarly, the Na+-coupled influx 

of glutamine via SLC1A5 could also fuel the transport function of SLC7A11 to potentiate 
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the antioxidant machinery in tumor cells [9]. SLC7A11 is a cystine-glutamate exchanger, 

which functions always in the import of cystine into cells under physiologic conditions, and 

the imported cystine is then used in the synthesis of the antioxidant molecule glutathione. 

For this transporter to work optimally, there must be a source of intracellular glutamate, and 

the SLC1A5-mediated accumulation of glutamine inside the cells could serve as the source 

of this glutamate [7]. This mode of functional coupling between SLC1A5 and SLC7A11 has 

been shown to be important for the survival and proliferation of triple-negative breast cancer 

cells [9]. In fact, the expression of SLC7A11 is also increased in several cancers [19]; as 

SLC7A11 also works as an exchanger for extracellular glutamate and intracellular 

glutamate, the transporter can be exploited for PET (positron emission tomography) imaging 

of tumors using 18F-labelled glutamate derivatives [20]. Recent studies have shown a similar 

phenomenon involving the co-operation between SLC1A5 and SLC7A5 with the resultant 

mTORC1 activation in the development of pro-inflammatory CD4+ Th1 and Th17 responses 

[21]. In this case, the T-cell receptor controls the expression of SLC1A5 in CD4+ cells.

As SLC1A5 appears to play a critical role in the promotion of at least certain types of 

cancers and also in the development of pro-inflammatory immune responses, this transporter 

represents a potential drug target in cancer therapy and in the treatment of immunological 

diseases. Blockade of the transporter function with small molecules has been shown to yield 

promising results in decreasing the growth of SLC1A5-positive cancer cells in vitro and in 

vivo, but the currently available blockers are not necessarily selective for this particular 

amino acid transporter and also exhibit low affinity for the transporter. Identification of 

selective high-affinity blockers of SLC1A5 would likely have a significant impact in the 

treatment of SLC1A5-positive tumors. Information on the crystal structure of the transporter 

would be very useful towards achieving this goal, but neither SLC1A5 nor any other 

members of the SLC1 gene family has been crystallized. However, the structure of a 

homolog of the SLC1 gene family members, the aspartate transporter GltPh from Pyrococcus 
horikoshii, is available [22, 23], which could be used as a template for homology modeling 

for the design of selective blockers of SLC1A5 [24].

A knockout mouse line for Slc1a5 has been generated [21]; the mutant mice show no 

obvious abnormalities in growth and survival. The immune system function is normal in 

Slc1a5-/- mice under normal conditions, but the development of pro-inflammatory T cell 

responses is impaired under experimental conditions of immunity and autoimmunity. The 

knockout mouse line has not yet been used in cancer biology to determine if the deletion of 

the transporter blocks the growth of tumors in spontaneous models of cancer.

3. SLC6A14 and SLC6A19

The SLC6 gene family is known as the Na+/Cl- -coupled neurotransmitter transporter family 

because of the inclusion of transporters for a variety of neurotransmitters (e.g., GABA, 

serotonin, dopamine, norepinephrine, and glycine) in this family [25, 26]. However, the 

SLC6 gene family does contain transporters for amino acids that do not function as 

neurotransmitters; among these transporters are the glutamine transporters SLC6A14 and 

SLC6A19.
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3.1. SLC6A14

SLC6A14 is unique among the amino acid transporters in a number of ways. It is the only 

transporter with a broad substrate selectivity and obligatorily coupled to a Na+ gradient as 

well as a Cl- gradient [27, 28]. It recognizes 18 of the 20 amino acids as substrates, with 

glutamate and aspartate being the only two amino acids excluded by the transporter. As the 

transporter accepts all of the neutral and cationic amino acids, it is also called ATB0,+ with 

“AT” referring to amino acid transporter, “B” referring to broad selective, and “0,+” 

referring to neutral and cationic amino acids. SLC6A14 is highly concentrative and 

electrogenic, its transport function thus coupled to three different driving forces, namely a 

Na+ gradient, a Cl- gradient, and a membrane potential. Irrespective of whether it transports 

neutral or cationic amino acid, the Na+:Cl-:amino acid stoichiometry is 2:1:1 (Fig. 2A).

SLC6A14 is expressed in the lung, trachea, salivary gland, intestinal tract, and pituitary. Its 

expression in the lung and ileum is of interest because of the recent findings that the 

transporter is a modifier of cystic fibrosis phenotype, including meconium ileus and the 

severity of lung disease [29, 30]. Certain specific single nucleotide polymorphisms (SNPs) 

in the gene coding for the transporter have been found to have a strong link to these 

phenotypes in children with cystic fibrosis, but the molecular mechanisms underlying the 

connection remain unknown. In fact, it is not even known what these specific SNPs do to the 

expression of the transporter. The transporter is also linked to obesity [31-33]; again, nothing 

is known on the molecular basis of the connection. Similarly, the transporter is also 

associated with inflammatory bowel disease; the expression of the transporter is induced 

several-fold in the colon of patients with ulcerative colitis [34, 35]. In all of these cases, the 

ability of the transporter to transport most of the amino acids in a highly concentrative 

manner is likely to have a role. For example, as SLC6A14 is a transporter for Na+ and Cl- 

coupled to the absorption of amino acids, its function might have a significant impact on 

water absorption as well in the lung and ileum; this could link the function of the transporter 

to the incidence of meconium ileus and the progression of lung disease in cystic fibrosis 

patients. The expression of the transporter in the pituitary suggests that it might function as a 

sensor of circulating levels of amino acids in the brain and hence could be an important 

determinant of satiety control by the pituitary, thus explaining the link between the 

transporter and obesity. As SLC6A14 is a Na+/Cl- -coupled concentrative transporter for 

arginine, its up-regulation in ulcerative colitis is likely to be related to the role of arginine as 

a donor of nitric oxide, a critical participant in the progression of inflammation.

SLC6A14 exhibits several functional features that are highly suitable to support tumor 

growth; this includes the robust energy coupling for concentrative uptake of amino acid 

substrates into cells and the ability to transport not only all essential amino acids but also 

most of non-essential amino acids such as glutamine, arginine, serine, and glycine, which 

have been shown to be important for various metabolic pathways critical for tumor growth. 

SLC6A14 does indeed get up-regulated in certain cancer types: colon cancer [36], cervical 

cancer [37], estrogen receptor-positive breast cancer [38], and pancreatic cancer [39, 40]. 

The tumor-promoting role of SLC6A14 has been documented unequivocally in estrogen 

receptor-positive breast cancer using α-methyltryptophan, a small molecule blocker of the 

transporter [38, 41].
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Slc6a14-knockout mice have been generated [42]; these mice do not have any noticeable 

physical or metabolic phenotype, including body habitus and plasma levels of amino acids. 

But, when crossed with MMTV-PyMT mice, a model for spontaneous breast cancer, the 

development and progression of breast cancer were markedly suppressed on Slc6a14-null 

background, thus demonstrating the tumor-promoting role of the transporter in mammary 

gland [42]. Similar studies are yet to be done for other cancer types that are associated with 

the up-regulation of the transporter.

Based on the convincing evidence for SLC6A14 as a tumor promoter at least in certain 

specific cancers and also on the known up-regulation of the transporter in ulcerative colitis, 

it is tempting to speculate that SLC6A14 is a viable drug target for treatment of cancer and 

possibly also for treatment of inflammatory bowel disease. Pharmacological blockade of the 

transporter using small molecules or monoclonal antibodies is likely to be therapeutically 

effective in these cases. Details of the membrane topology and the structural motifs of the 

substrate-binding site for the transporter would greatly facilitate the design and development 

of such blockers for clinical use. The crystal structures of a prokaryotic homolog LeuT [43] 

and a drosophila homolog drDAT [44] have been elucidated; homology modeling of 

SLC6A14 based on the structural features of LeuT and drDAT has potential to aid in the 

design of high-affinity and selective ligands for the transporter for potential use in cancer 

therapy.

3.2. SLC6A19

In the early days of the amino acid transport field, the focus was entirely on the small 

intestine and kidney because of the role of these organs in the absorption of protein-

digestion products (small intestine) and in the reabsorption of amino acids filtered at the 

glomerulus (kidney). Prior to the discovery of various amino acid transporters at the 

molecular level, amino acid absorption in these two tissues was shown to occur via group-

specific transport processes in terms of amino acid substrates, each selective for a given 

group of amino acids: one for neutral amino acids, one for cationic amino acids, one for 

anionic amino acids, and one for imino acids. The transport process that is selective for 

neutral amino acids is defective in a genetic disorder known as Hartnup disease, which is 

characterized by increased urinary excretion of neutral amino acids. The excretion of 

cationic amino acids and anionic amino acids is normal in these patients, demonstrating the 

selectivity of the transport process for neutral amino acids that is defective in Hartnup 

disease. Based on the broad selectivity of the transport process for all neutral amino acids, 

the transporter responsible for the process is referred to as B0 (“B” for broad; uppercase 

letter denoting Na+-dependent active transport, and the superscript “0” indicating the net 

charge on the neutral amino acid substrates). Subsequently the transporter that is mutated in 

Hartnup disease was identified as SLC6A19, also known as B0AT1 (i.e., B0 Amino acid 

Transporter 1) [45, 46]. It transports all neutral amino acids including glutamine. 

Interestingly, even though SLC6A19 belongs to the SLC6 gene family in which most of the 

previously known members are coupled to Na+ as well as Cl-, SLC6A19 is coupled only to 

Na+. The transport process is however electrogenic with a Na+:amino acid stoichiometry of 

1:1 (Fig. 2B). The transporter is expressed primarily in the lumen-facing apical membrane of 

the absorptive cells of the small intestine and kidney. Recent studies have shown that the 
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stability and trafficking to the plasma membrane of SLC6A19 depend on two specific 

proteins, collectrin in the small intestine and ACE2 (angiotensin converting enzyme 2) in the 

kidney [47, 48]. It is not readily apparent as to why the same transporter protein (SLC6A19) 

interacts with two different chaperones in different tissues. Nonetheless, deletion of 

collectrin in mice affects the stability and plasma membrane localization of Slc6a19 in the 

kidney but not in the small intestine; in contrast, deletion of Ace2 in mice affects the 

stability and plasma membrane localization of Slc6a19 in the small intestine but not in the 

kidney. However, neither collectrin nor Ace2 plays any direct role in the transport process 

mediated by SLC6A19.

Slc6a19-knockout mouse has been generated [49]; the mice show no Na+-dependent uptake 

of neutral amino acids in the apical membranes of the intestinal and renal epithelial cells, 

indicating that this transporter represents the major route for the energy-coupled active 

absorption of neutral amino acids in these two tissues. Analysis of amino acids in the urine 

shows a general neutral aminoaciduria similar to that seen in patients with Hartnup disease. 

With the loss of active absorption of neutral amino acids in the intestine and the increased 

excretion of neutral amino acids in the urine due to their defective reasbsorption in the 

kidney, the knockout mice exhibit decreased body weight; furthermore, the intestinal and 

renal epithelial cells suffer from amino acid deficiency as evident from decreased mTORC1 

signaling.

4. SLC7A5, SLC7A6, SLC7A7, SLC7A8, and SLC7A9

Most members of the amino acid transporters in the SLC7 gene family are unique because 

they function as heterodimers, consisting of a “transporter proper” subunit and a chaperone 

subunit that interacts with the transporter during biosynthesis and brings it to the plasma 

membrane [50]. There are two chaperones related to the amino acid transporters in the SLC7 

gene family; they themselves are classified as the members of a separate solute carrier gene 

family, namely SLC3. Among the five glutamine transporters in the SLC7 gene family, four 

(SLC7A5, SLC7A6, SLC7A7, and SLC7A8) specifically interact with SLC3A2 (also known 

as 4F2hc; heavy chain of the cell-surface antigen 4F2) whereas one interacts specifically 

with SLC3A1 (also known as rBAT; related to b0,+ amino acid transporter). Each of these 

heterodimeric transporters functions as an obligatory exchanger, meaning that the transport 

process is associated with the influx of some amino acid substrates into the cells obligatorily 

coupled to the efflux of some other amino acid substrates out of the cells. Again, the 

chaperones participate only in the trafficking of the transporter proteins to the plasma 

membrane but have little effect on the functions of the transporters themselves.

4.1. SLC7A5 and SLC7A8

SLC7A5 and SLC7A8 are known as LAT1 and LAT2 respectively; “LAT” refers to “system 

L amino acid transporter” because the transport process mediated by these two transporters 

represent the amino acid transport system originally known as “system L” owing to its 

preference for leucine. Both transporters do interact with all neutral amino acids but prefer 

large amino acids such as leucine, isoleucine, valine, tyrosine, phenylalanine, tryptophan, 

glutamine, and methionine. SLC7A5 exhibits relatively higher affinity for its substrates than 
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SLC7A8. Both are expressed in a wide variety of tissues and cells. SLC7A5 is the primary 

transporter for neutral amino acids in the endothelial cells lining the blood-brain barrier [51, 

52]. It is also expressed at high levels in placental syncytiotrophoblast where it plays a role 

in the transfer of amino acids from the mother to the developing fetus [53]. An important 

aspect of this transporter is its substrate selectivity that includes all essential amino acids, 

with the exception of arginine (a conditionally essential amino acid) and lysine. Relative to 

SLC7A5, SLC7A8 has a narrower tissue expression pattern. It is highly expressed in the 

absorptive cells of the intestine and kidney where it is present in the basolateral membrane, 

thus participating in the efflux of amino acids from the cells into the circulation. Both 

SLC7A5 and SLC7A8 are Na+-independent and obligatory exchangers (Fig. 3A).

SLC7A5 is receiving increasing attention in recent years for its potential role in cancer and 

its relevance to mTORC1 signaling [54, 55]. Its expression is increased in many cancers, 

particularly in melanoma, lung cancer, and colon cancer [55]. As this transporter is an 

obligatory exchanger, it is unlikely that the mechanism of tumor promotion by this 

transporter is the general supply of amino acids. Even though it can transport almost all 

essential amino acids, the obligatory exchange mechanism means that influx of an amino 

acid substrate into the tumor cells is coupled to the efflux of some other amino acid substrate 

out of the tumor cells. What might be happening in tumor cells is a functional coupling 

between SLC7A5 and some other transporter that can bring a specific amino acid substrate 

of SLC7A5 into the cells by a concentrative mechanism; the consequent increase in the 

intracellular concentration of this amino acid then results in its efflux via SLC7A5 coupled 

to the influx of leucine into the cells via the obligatory exchange mode [7, 56]. Currently 

available evidence identifies the coupled transporter as SLC1A5, which brings in glutamine 

into tumor cells actively by a Na+-dependent mechanism, and then SLC7A5 mediates the 

efflux of glutamine coupled to the influx of leucine into the tumor cells. The relevance of 

leucine to tumor promotion is that it is a potent activator of mTORC1 signaling [57, 58]. In 

those tumor cells where the functional coupling has been demonstrated between SLC7A5 

and SLC1A5, both transporters are up-regulated, thus making the interaction between the 

two transporters as an underlying mechanism for activation of mTORC1 and resultant tumor 

promotion. The induction of SLC1A5 and SLC7A5 in cancer cells might involve the 

oncogene c-Myc [15] and the hypoxia-inducible factor 2α [59], respectively. In theory, a 

similar functional coupling can also occur between SLC6A14 and SLC7A5 in certain 

cancers [7, 56], but this possibility has not yet been investigated.

Recent studies have investigated the consequences of Slc7a5 deletion in mice [60]. While 

the heterozygous knockout mice have no overt phenotype, homozygous knockout mice are 

embryonically lethal. The lethality resulting from the complete absence of the transporter is 

understandable based on the fact that it is the primary transporter in the blood-brain barrier 

for the delivery of most of the essential amino acids to the brain. This however undermines 

the potential of this transporter as a therapeutic target for cancer treatment because high-

affinity blockers of the transporter as anticancer drugs are likely to interfere with amino acid 

delivery to the brain. Conditional deletion of the transporter in skeletal muscle has provided 

unequivocal evidence for the role of the transporter in mTORC1 signaling pathway [60].
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SLC7A8 is very similar to SLC7A5 in substrate selectivity and function. It plays a critical 

role in the release of absorbed amino acids from the intestinal and renal epithelial cells into 

blood. Accordingly, homozygous deletion of Slc7a8 in mice leads to aminoaciduria even 

though the growth and development remain unaffected [61]. Despite the similarity between 

SLC7A5 and SLC7A8 in function, there is very little known on whether SLC7A8 plays any 

role in cancer. Data from Oncomine do suggest significant up-regulation of SLC7A8 in 

many cancers, but none of these has been validated independently.

4.2. SLC7A6 and SLC7A7

SLC7A6 (y+LAT2) and SLC7A7 (y+LAT1) exhibit an interesting transport function; both 

mediate the influx into cells of neutral amino acids in a Na+-coupled manner, but the process 

is obligatorily coupled to the efflux of cationic amino acids (Fig. 3B). “y+” refers to the 

ability of the transporters to mediate the transfer of cationic amino acids in a Na+-

independent manner whereas “LAT” refers to the ability of the transporters to mediate the 

transfer of amino acid substrates of system L (large neutral amino acids) but in a Na+-

coupled manner. Both transporters have similar substrate selectivity, which is true for 

cationic amino acids as well as neutral amino acids. These transporters are expressed in the 

basolateral membrane of absorptive epithelial cells of the intestine and kidney where they 

play an essential role in the release of cationic amino acids into blood following their 

absorption from the lumen across the apical membrane. The presence of an inside-negative 

membrane potential across the plasma membrane in these cells poses a problem for the 

release of cationic amino acids from the cells, which is overcome by the obligatory exchange 

mode of transport by SLC7A6 and SLC7A7 that links the Na+-coupled active influx of 

neutral amino acids into the cells and the efflux of cationic amino acids out of the cells. This 

mode of transport renders the entire process electroneutral (transfer of cationic amino acid in 

one direction coupled to the co-transfer of Na+ and neutral amino acid in the opposite 

direction). Without such a mechanism, it would be difficult to release positively charged 

cationic amino acids from the cells in the presence of the inside-negative membrane 

potential.

Inactivating mutations in SLC7A7 (y+LAT1) cause a genetic disease of amino acid 

transport, known as lysinuric protein intolerance [62]. Untreated children with the disorder 

suffer from growth failure, hepatosplenomegaly, mental retardation, osteoporosis, and 

altered immune function. As the transporter is critical for the efflux of cationic amino acids 

from the renal and intestinal epithelial cells into circulation, defects in the transporter lead to 

decreased absorption of cationic amino acids (lysine and arginine) in both organs, thus 

causing lysinuria and lysine malabsorption. Patients with the disease do not tolerate proteins 

in the diet as the presence of proteins in the diet makes them sick; this feature coupled with 

urinary excretion of lysine highlight the two important clinical symptoms of lysinuric 

protein intolerance. Knockout mice with homozygous deletion of Slc7a7 recapitulate the 

clinical phenotype of the patients [63]. The knockout mice exhibit significant neonatal 

lethality, and those that survive display all the symptoms and metabolic abnormalities seen 

in patients with lysinuric protein intolerance.
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4.3. SLC7A9

SLC7A9 mediates a transport process that is identified as b0,+ at the functional level. The 

transport is Na+-independent, and the process involves an obligatory exchange of cationic 

amino acids with neutral amino acids. It is expressed predominantly in the absorptive tissues 

such as the intestine, kidney, and placenta, and is located on the apical membrane of the 

absorptive epithelial cells in these tissues. Under physiologic conditions, the transporter 

facilitates the influx of cationic amino acids in the cells coupled to the efflux of neutral 

amino acids from the cells (Fig. 3C). Interestingly, the disulfide amino acid cystine is a 

substrate for the transporter. In fact, SLC7A9 provides the principal mechanism for the 

absorption of cystine and cationic amino acids (lysine, arginine) in the kidney and intestine 

[50]. Inactivating mutations in SLC7A9 are the cause of the amino acid transport disease 

cystinuria [64]. Patients with the disease however do not exhibit any evidence of protein 

malnutrition, but excrete abnormally high levels of cystine and cationic amino acids in urine. 

The major clinical symptom in cystinuria patients is the kidney damage caused by cystine 

stones. Normal plasma contains cysteine mostly in the form of cystine (the oxidized form of 

cysteine). Cystine has poor solubility in water (300 mg/L), but its plasma levels under 

normal conditions (10 mg/L) are well below this solubility limit. But when the blood is 

filtered at the glomerulus, if the filtered cystine is not reabsorbed by the tubular epithelial 

cells due to mutations in SLC7A9, this amino acid accumulates in the tubular lumen because 

of the normal absorption of water; this has potential to increase the tubular concentrations of 

cystine by ∼100-fold, thus leading to the precipitation and crystallization of cystine. This is 

the molecular pathogenesis of cystine stones in the kidney in patients with cystinuria. Along 

with cystine, the levels of cationic amino acids are also increased in the urine.

Slc7a9-knockout mouse develop cystinuria and also cystine urolithiasis [65]. Calculi develop 

during the first month of life itself and continue to grow throughout the lifespan of the 

animals. As a result of these stones in the kidneys, the mice show evidence of tubular 

necrosis and chronic nephritis.

5. SLC38A1, SLC38A2, SLC38A3, SLC38A5, SLC38A7, and SLC38A8

The SLC38 gene family consists of amino acid transporters that mediate transport processes 

that are functionally identified as amino acid transport systems A and N; system A (“A” 

stands for alanine-preferring) refers to a Na+-dependent transport process selective for 

neutral amino acids including alanine while system N (“N” stands for amino acids with 

nitrogen in the side chain) refers to a Na+-dependent transport process selective for 

glutamine, asparagine, and histidine, which all contain nitrogen atom in the side chain. All 

transporters belonging to this gene family are called SNATs (sodium-coupled neutral amino 

acid transporters) [66, 67]. One of the key distinguishing features between system A and 

system N transporters is the ability of the former to transport the non-metabolizable amino 

acid (methylamino)isobutyric acid (MeAIB); in addition, the transport process mediated by 

system A transporters is electrogenic involving the co-transport of Na+ and amino acid with 

a 1:1 stoichiometry (Fig. 4A) whereas the transport process mediated by system N 

transporters is electroneutral involving the movement of Na+ and amino acid (stoichiometry, 

1:1) in one direction coupled to the movement of H+ in the opposite direction (Fig. 4B). As 
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such, the function of system N transporters is associated with H+ flux with a significant 

impact on intracellular pH. It is important to note that the activity of both groups of 

transporters is increased in the presence of an alkaline pH in the extracellular medium, but 

H+ is a transportable co-substrate only for system N transporters; even though pH influences 

the activity of system A transporters, transmembrane transfer of H+ does not occur as a part 

of the transport process. SLC38A1 and SLC38A2 belong to the group of system A 

transporters; SLC38A3 and SLC38A5 belong to the group of system N transporters; detailed 

functional studies are not available for SLC38A7 and SLC38A8 for definitive classification 

into either system A group or system N group. Another important distinction between 

system A and system N transporters is that the latter is capable of changing the direction of 

amino acid flux either into the cell or out of the cell, depending on the metabolic phenotype 

of a given cell; in contrast, system A transporters are capable of transporting their amino 

acid substrates only into the cells.

5.1. SLC38A1 and SLC38A2

SLC38A1 and SLC38A2 are Na+-coupled transporters for neutral amino acids including 

glutamine; aromatic amino acids, though neutral, are excluded as substrates by the 

transporters [68, 69]. Both transporters are expressed ubiquitously in mammalian tissues. 

Owing to the relatively narrow substrate selectivity, these transporters represent one of the 

major routes of glutamine entry into cells under physiologic conditions. In the central 

nervous system, SLC38A1 and SLC38A2 are expressed almost exclusively in neurons where 

they function in glutamate/GABA-glutamine cycle that takes place between neurons and 

astrocytes [70]. Astrocytes take up the neurotransmitter glutamate from the synapse and 

extrasynaptic regions and convert it into glutamine, which is then released into the 

extracellular medium via system N transporters (see below); the released glutamine is taken 

up by the neurons via SLC38A1 and SLC38A2 and re-used as the source of glutamate, 

which is then released into the synaptic cleft during neuronal activation. This glutamate/

GABA-glutamine cycle plays a critical role in glutamatergic neurotransmission. A similar 

metabolic cycle also occurs in GABAergic neurotransmission because glutamine also serves 

as the precursor for the synthesis of GABA with glutamate as an intermediate [70]. 

SLC38A2 also plays an important role in ammonia metabolism and urea synthesis in the 

liver where the metabolically distinct perivenous hepatocytes and periportal hepatocytes 

both take up glutamine via the transporter [71]. Recent studies have shown that glutamine 

entry into the α cells of the pancreas via SLC38A2 is an important regulator of glucagon 

secretion [72]. SLC38A2 is also critically involved in the transfer of amino acids from the 

mother to the developing fetus across the placenta; the placental expression of SLC38A2 is 

an important determinant of placental and fetal growth [73].

There is some evidence that SLC38A2 might be involved in promoting tumor growth and in 

chemotherapy. The gene encoding this transporter is a transcriptional target for the tumor 

suppressor p53; the expression of SLC38A2 is repressed by active p53 [74]. SLC6A14 is 

also a target gene for p53, and the expression of this transporter is also suppressed by active 

p53. As most cancers are associated with mutations in p53, it is likely that the expression of 

SLC38A2 and SLC6A14 is increased in p53-mutant cancers, thus providing glutamine to the 

tumor cells. SLC38A2 is also regulated by proteasomal degradation; the chemotherapeutic 
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agent paclitaxel induces endoplasmic reticulum stress, which induces the activity of the 

ubiquitin ligase RNF5 with subsequent ubiquitination and degradation of SLC38A2 [75]. 

The same mechanism also leads to degradation of SLC1A5. The resultant decrease in 

glutamine entry into tumor cells might represent at least a part of the mechanism underlying 

the therapeutic efficacy of this drug in cancer treatment.

5.2. SLC38A3 and SLC38A5

SLC38A3 and SLC38A5 are referred to as SN1 (system N1) and SN2 (system N2) 

transporters. These are Na+-coupled, to some extent Li+-tolerant (i.e., the transport process 

is at least partly active even when Na+ is replaced with Li+), and selective for glutamine, 

asparagine, and histidine. SLC38A5 recognizes alanine and serine as additional substrates. 

SLC38A3 is expressed abundantly in the liver, brain, retina, and pancreas [76, 77] whereas 

SLC38A5 is expressed primarily in the intestinal tract, kidney, retina, lung, and cervix [78, 

79]. Because of the involvement of H+ as a transportable co-substrate for both transporters, 

the transport process is associated with changes in intracellular pH. When the transporters 

function in the influx of Na+/amino acid into cells, H+ is effluxed out of the cells, thus 

leading to intracellular alkalization. However, these transporters are capable of working in 

both directions; in certain cell types, these transporters mediate the release of glutamine (and 

other substrates) from the cells, a process in which the efflux of Na+/amino acid out of the 

cells is coupled to the influx of H+ into the cells [67]. In this mode, the transport process 

leads to intracellular acidification. In the brain, both transporters are expressed in astrocytes 

where they function in the release of glutamine from the cells as a part of the glutamate/

GABA-glutamine cycle. The transport process occurs in this particular direction in these 

cells because of the robust activity of glutamine synthetase that generates glutamine from 

glutamate or GABA, which increases the intracellular concentrations of glutamine, 

consequently changing the direction of the transport process of the two transporters. In the 

liver, the transporters function differentially in periportal hepatocytes versus perivenous 

hepatocytes. In the periportal hepatocytes, which express both SLC38A3 and SLC38A5, the 

transporters mediate the influx of Na+/glutamine into cells from the portal blood, thus 

transferring NH3 in the form of glutamine from the intestinal tract for subsequent conversion 

into urea in the liver. On the other hand, in the perivenous hepatocytes, which express mostly 

SLC38A3, the transporter functions to release Na+/glutamine from the cells into the venous 

circulation. Renal tubular epithelial cells express predominantly SLC38A5; the function of 

this transporter in this tissue is in acid-base balance. During metabolic acidosis, the 

expression of SLC38A5 in the kidney is induced, resulting in active entry of Na+/glutamine 

into cells from the blood; once inside the cells, glutamine is hydrolyzed by glutaminase to 

release ammonia, which then serves to carry H+ into the urine in the form of NH4
+. Retina is 

another tissue in which both SLC38A3 and SLC38A5 are expressed abundantly [80, 81], but 

their precise physiological function in this tissue remains unexplored.

The ability of SLC38A3 and SLC38A5 to transport glutamine into cells in a Na+-coupled 

manner and the associated intracellular alkalization in the process are uniquely suitable for 

tumor cells not only because of the provision of glutamine for the tumor cell-specific 

metabolic pathways but also because of the intracellular alkalization. Tumor cells are at 

increased risk for intracellular acidification due to their robust glycolytic activity resulting in 
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lactic acid production, and any biological process leading intracellular alkalization would be 

beneficial to these cells. As such, it may be advantageous for tumor cells to up-regulate 

SLC38A3 and/or SLC38A5. Notwithstanding this attractive logic, few studies have 

examined the expression of SLC38A3 and SLC38A5 in tumor tissues. It is of importance to 

note that SLC38A5 is a transcriptional target for the oncogene c-Myc [15], making it likely 

that some cancer subtypes might actually up-regulate this transporter as a part of their 

tumor-promoting gene expression program.

5.3. SLC38A7 and SLC38A8

SLC38A7 and SLC38A8 are Na+-coupled glutamine transporters that are expressed in the 

central nervous system, almost exclusively in the neurons [82, 83]. As such, these two 

transporters may also play a role in glutamate/GABA-glutamine cycle between the neurons 

and astrocytes. Even though SLC38A7 has been classified as a system N transporter [82] 

and SLC38A8 as a system A transporter [83], additional studies might be necessary to 

confirm and corroborate this classification. SLC38A7 is Na+-dependent but does not tolerate 

Li+. It recognizes not only glutamine, asparagine and histidine, but also the anionic amino 

acids glutamate and aspartate and the cationic amino acid arginine as substrates. It does not 

transport the system A-selective substrate MeAIB. Thus, the transport characteristics of 

SLC38A7 do not allow classification of the transporter as a system N transporter 

unequivocally. Li+-tolerance may not be a reliable distinguishing feature between system A 

and system N transporters [67], but the involvement of H+ as a transportable co-substrate is. 

However, there is no information as to whether or not SLC38A7 is influenced by 

transmembrane H+ gradient and whether or not the transport process involves 

transmembrane movement of H+. SLC38A8 is also Na+-dependent but does not tolerate Li+ 

[83]. It recognizes glutamine, asparagine, histidine, alanine, aspartate, and arginine as 

substrates. Its transport process is electrogenic, associated with substrate-induced currents. 

Curiously, even though the transporter interacts with the system A-selective substrate 

MeAIB, it induces outward currents in the presence of this amino acid derivative; but it does 

transport this derivative into cells, making it difficult to explain the differences in the 

currents between MeAIB and other transportable substrates. Further, we have no information 

on the impact of transmembrane H+ gradient on the transport process. Both transporters, 

when expressed heterologously in X. laevis oocytes, localize to the plasma membrane as 

evident from the appearance of the transporter-specific amino acid uptake activity [82, 83], 

but whether this is true in situ in the neurons, which express these transporters, has not yet 

established.

Among the known members of the SLC38 gene family, the consequences of gene deletion 

are known thus far only for Slc38a3 [84]. The knockout mice show growth retardation, 

hypoglycemia, and impaired mTORC1 signaling; the mice die within 20 days of birth. The 

levels of glutamate and GABA in the brain are significantly reduced, possibly highlighting 

the role of the transporter in glutamate/GABA-glutamine cycle in the brain; as a 

consequence, the mice are ataxic. Urinary excretion of NH4
+ is also reduced in these mice as 

expected from the essential role of the transporter in the kidney as the supplier of glutamine 

in the maintenance of acid-base balance.
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6. Conclusions

Mammalian cells express several transporters in the plasma membrane that can mediate the 

transmembrane transfer of glutamine, but none of these transporters is selective exclusively 

for this amino acid. Nonetheless, the members of the SLC38 gene family are generally 

considered as the major glutamine transporters in mammalian cells. Different cell types 

express different sets of glutamine transporters depending on their metabolic phenotype. 

Accordingly, some transporters mediate the influx of glutamine into cells whereas others do 

the opposite, mediating the efflux of glutamine out of the cells. In fact, the directionality of 

glutamine movement associated with a given transporter might vary in different cell types. 

Many of these transporters are becoming increasingly relevant to tumor growth; this is not 

surprising given the fact that glutamine plays an obligatory role in tumor cell-specific 

metabolic pathways. Some of these transporters might actually have potential as drug targets 

in the design of novel anticancer agents to deprive the tumor cells of this important tumor-

promoting amino acid.
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Highlights

• Glutamine is an amino acid with a plethora of functions in physiology 

and cancer

• Tumor cells are addicted to glutamine

• There are multiple glutamine transporters in the plasma membrane of 

mammalian cells

• Tumor cells induce selective transporters to meet their high demands 

for glutamine

• Some of the glutamine transporters have potential as drug targets in 

cancer therapy
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Fig. 1. 
Transport mode of SLC1A5.

AA0, neutral amino acids (net charge of zero on the molecule).
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Fig. 2. Transport modes of SLC6A14 (A) and SLC6A19 (B)
AA0,+, neutral (net charge of zero on the molecule) and cationic (net positive charge on the 

molecule) amino acids; AA0, neutral amino acids (net charge of zero on the molecule).
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Fig. 3. 
Transport modes of the glutamine transporters in SLC7 gene family.

AA0, neutral amino acids (net charge of zero on the molecule); AA+, cationic amino acids 

(net positive charge on the molecule); CSSC, cystine (oxidized form of cysteine)
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Fig. 4. 
Transport modes of the glutamine transporters in SLC38 gene family.

AA0, neutral amino acids (net charge of zero on the molecule).
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Table 1
Plasma membrane transporters for glutamine in mammalian cells

Gene name Protein name Amino acid substrates Direction of glutamine flux

SLC1A5 ASCT2 Neutral Influx/Efflux

SLC6A14 ATB0,+ Neutral & Cationic Influx

SLC6A19 B0AT1 Neutral Influx

SLC7A5 LAT1 Neutral Influx/Efflux

SLC7A6 y+LAT2 Neutral & Cationic Influx

SLC7A7 y+LAT1 Neutral & Cationic Influx

SLC7A8 LAT2 Neutral Efflux

SLC7A9 b0,+AT Neutral & Cationic Efflux

SLC38A1 SNAT1 (SA2) Neutral Influx

SLC38A2 SNAT2 (SA1) Neutral Influx

SLC38A3 SNAT3 (SN1) Neutral Influx/Efflux

SLC38A5 SNAT5 (SN2) Neutral Influx/Efflux

SLC38A7 SNAT7 Neutral & Cationic & Anionic Influx

SLC38A8 SNAT8 Neutral, Cationic & Anionic Influx
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