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Abstract

Tumor cells have an increased demand for amino acids because
of their rapid proliferation rate. In addition to their need in
protein synthesis, several amino acids have other roles in support-
ing cancer growth. There are approximately two-dozen amino
acid transporters in humans, and tumor cellsmust upregulate one
or more of these transporters to satisfy their demand for amino
acids. If the transporters that specifically serve this purpose in
tumor cells are identified, they can be targeted for the develop-
ment of a brand new class of anticancer drugs; the logical basis of
such a strategy would be to starve the tumor cells of an important
class of nutrients. To date, four amino acid transporters have been

found to be expressed at high levels in cancer: SLC1A5, SLC7A5,
SLC7A11, and SLC6A14. Their induction occurs in a cancer type–
specific manner with a direct or indirect involvement of the
oncogene c-Myc. Further, these transporters are functionally cou-
pled, thusmaximizing their ability to promote cancer growth and
chemoresistance. Progress has been made in preclinical studies,
exploiting these transporters as drug targets in cancer therapy.
These transporters also show promise in development of new
tumor-imaging probes and in tumor-specific delivery of appro-
priately designed chemotherapeutic agents. Cancer Res; 75(9); 1782–
8. �2015 AACR.

Introduction
Amino acids represent an important class of major nutrients

obligatory for the survival of any cell. Tumor cells have a notably
increased demand for these nutrients to support their exception-
ally fast proliferation rate. All mammalian cells, whether they are
cancerous or not, have to obtain essential amino acids (Thr, Met,
Phe, Trp, Val, Ile, Leu, and Lys) from external sources because they
cannot synthesize these amino acids. Nonessential amino acids
can be synthesized endogenously in all mammalian cells, but if
the proliferation rate is fast as is the case with tumor cells, even
these amino acids need to be obtained from external sources
because the capacity of endogenous synthesis does not meet the
increased demands of the highly proliferating cells. Although the
primary function of the amino acids is to serve as the building
blocks for protein synthesis, some amino acids have specific
biologic functions. Glutamine, glycine, and aspartate are needed
for nucleotide biosynthesis, a process critical for tumor cells for
proliferation. Serine plays an important role as a one-carbon
source that is critical in nucleotide synthesis and DNA methyla-
tion. Leucine, glutamine, and arginine serve as signaling mole-
cules and activate mTOR. Recent studies have shown that tumor
cells have altered metabolic pathways involving the amino acids

glutamine, serine, threonine, and proline (1–4). In particular, the
prominent role of glutamine in tumor-selective metabolic path-
ways has received considerable attention as evident from the
widespread use of the terms such as "glutamine addiction" and
"glutaminolysis" in the vocabulary of cancer biology.

Amino Acid Transporters in Cancer
All amino acids are hydrophilic and hence cannot traverse the

plasmamembrane without the aid of selective transport proteins.
Mammalian cells express at least two-dozen amino acid trans-
porters that are expressed differentially in a tissue-specific and
development-specific manner (5, 6). Most amino acid transpor-
ters recognize more than one amino acid as substrates. Because
tumor cells have a high demand for amino acids, it is logical to
expect that these cellsmust upregulate certain selective amino acid
transporters tomeet this demand. Because the signaling pathways
responsible for the initiation and propagation of tumor vary
markedly from one tumor type to another, it is likely that not
all tumor types rely on the same given set of amino acid trans-
porters to support their growth. If there is a differential upregula-
tion of selective amino acid transporters in specific tumors, we
should be able to exploit such transporters for targeted cancer
therapy. Tumor cells express these transporters at a higher level
than normal cells because of the increased nutritional demands of
the former. Therefore, blocking the function of such transporters
shouldhavedetrimental effects specifically on tumor cells, leaving
normal cellsmostly unaffected. As such, the "starve the tumor cells
to death" approach is logical for effective cancer treatment, but it
has not receivedmuch attention in thefield of cancer therapeutics.
Thewidespread focus on the signaling pathways involving growth
factor receptors and tyrosine kinases as targets for cancer treatment
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has largely overshadowed other potential therapeutic avenues.
The purpose of this review is to highlight the recent advances in
the area of amino acid transporters in cancer and pinpoint the
potential of these transporters as molecular targets for the design
and development of a brand new class of anticancer drugs.

SLC7A5 and SLC1A5 in Cancer and the
Relevance of Their Functional Coupling to
Cancer Growth

SLC7A5 represents one of the System L (Leucine-preferring)
amino acid transporters (7). As such, it is also known as LAT1 (L-
Amino acid Transporter 1), the others being LAT2, LAT3, and
LAT4. LAT1 shows high affinity for the transport of branched-
chain amino acids (Val, Ile, and Leu) and also bulky amino acids
(Phe, Tyr, Trp, Gln, Asn, and Met; Table 1). It does not interact
with anionic or cationic amino acids. It is not an active transporter
and is not coupled to any transmembrane ion gradients. More
importantly, it is an obligatory exchanger, meaning that influx of
one amino acid substrate into cells via this transporter is man-
datorily coupled to efflux of another amino acid substrate.
SLC7A5 is highly expressed in most cancers (8), raising the
possibility that the transporter functions in the maintenance of
amino acid nutrition in cancer cells. Recent studies have demon-
strated that the hypoxia-inducible factor HIF2a upregulates
SLC7A5 (9). Because hypoxia plays a critical role in cancer growth
and progression, the control of SLC7A5 expression by HIF2a
offers a molecular mechanism for the high expression of this
transporter in cancer. MiRNAs may also play a role in the regu-
lation of SLC7A5 expression.miR-126,which is downregulated in
lung cancer, directly targets SLC7A5 (10). SLC7A5 promoter also
has canonical binding sites for the oncogene c-Myc, and over-
expression of the oncogene results in increased expression of
SLC7A5 (11).

In addition to the connection between SLC7A5 and the pro-
carcinogenic transcription factors HIF2a and c-Myc, the ability of
this transporter tomediate the cellular uptake of leucinewith high
affinity has further fueled the current interest in this transporter in
cancer. Leucine is a well-known activator ofmTOR signaling (12),
and pharmacologic inhibition of SLC7A5 transport function
suppresses mTOR signaling and tumor growth in a number of
model systems (13–16). But how does SLC7A5, an obligatory

exchanger, mediate the entry of leucine into cancer cells to impact
onmTOR? The basis for this question is that without the presence
of an outwardly directed concentration gradient for another
substrate of SLC7A5, the transporter cannot facilitate the entry
of leucine into cells. This conundrum was resolved with the
finding that SLC7A5 does not act alone in mTOR activation; the
transporter is functionally coupled to SLC1A5, another amino
acid transporter (17). SLC1A5 is a Naþ-coupled transporter for
alanine, serine, cysteine, and glutamine, but the transport process
is an obligatory exchange in which Naþ-coupled entry of one
amino acid substrate into cells is mandatorily coupled to Naþ-
coupled efflux of another amino acid substrate out of the cells
(Table 1). Thus, in the functional coupling between SLC7A5 and
SLC1A5, glutamine enters the cancer cells via SLC1A5, which then
effluxes out of the cells via SLC7A5 coupled to the entry of leucine
(Fig. 1). Accordingly, loss of SLC1A5 or pharmacologic inhibition
of SLC1A5 leads to inability of SLC7A5 to activatemTOR in cancer
cells. Interestingly, SLC1A5 is also a target for c-Myc (11, 18),
meaning that the two transporters are induced in cancer cells in a
coordinated manner to optimize the functional coupling in the
promotion of tumor growth. Further evidence in support of a role
for SLC1A5 in cancer comes from recent studies, which show that
the retinoblastoma protein, a well-documented tumor suppres-
sor, regulates SLC1A5 by decreasing its expression (19).

SLC7A11 and Its Functional Coupling to
SLC1A5 in Cancer: Relevance to Cancer
Growth and Chemoresistance

SLC7A11 is a transporter for extracellular cystine (Cys-S-S-Cys)
coupled to the efflux of intracellular glutamate; it represents the
amino acid transport system x�c and is also known as xCT
(catalytic subunit of the transport system x�c; ref. 7). This trans-
porter is also a Naþ-independent obligatory exchanger, meaning
that cystine entry into cells is mandatorily coupled to glutamate
efflux from the cells (Table 1; Fig. 1). The primary function of this
transporter was once thought to be the maintenance of glutathi-
one status in cells via the provision of cysteine, the rate-limiting
amino acid in the synthesis of this antioxidant peptide. Recent
studies have shown that glutamate released into the extracellular
environment via the transporter also plays a critical role in the
biologic function of the transporter (20). SLC7A11 is upregulated

Table 1. Amino acid transporters that are upregulated in cancer

Gene Alias Transport mechanism Substrates Inhibitors/blockers 18F-PET probes

SLC1A5 ASCT2 Obligatory exchange Ala, Ser, Cys, Thr, Gln Benzylserine FACBC
Naþ/AA exchanged for Naþ/AA g-Glu-p-nitroanilide FPhPA
Electroneutral

SLC7A5 LAT1 Obligatory exchange Large neutral amino acids BCH FAMT
AA exchanged for AA JPH203 FET
Electroneutral FPhPA

FACBC
SLC7A11 xCT Obligatory exchange Cystine, glutamate Sulfasalazine FSPG

AA exchanged for AA Erastin
Electroneutral Sorafenib

(S)-4-Carboxyphenyl glycine
SLC3A2 4F2hc Chaperone for SLC7A5 and SLC7A11

CD98hc
SLC6A14 ATB0,þ Unidirectional All neutral amino acids a-Methyl-L-Trp FEMAET

Naþ/Cl�/AA0,þ symport Electrogenic All cationic amino acids FET

Abbreviations: BCH, 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid; FACBC, trans-1-amino-3-fluorocyclobutane carboxylic acid; FAMT, 3-fluoro-a-methyl-L-
tyrosine; FET, O-(2-fluoro ethyl)-L-tyrosine; FEMAET, O-2-((2-fluoroethyl)methylamino)ethyl-L-tyrosine; FPhPA, 2-amino-5-(4-fluorophenyl)pent-4-ynoic acid;
FSPG, (4S)-4-(3-fluoropropyl)-L-glutamate; JPH 203, (S)-2-amino-3-(4-((5-amino-2-phenylbenzo[d]oxazol-7-yl)methoxy)3,5-dichlorophenyl)propionic acid.
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in a variety of cancers where the transporter-assisted promotion of
glutathione synthesis reduces oxidative damage and protects the
cancer cells from apoptosis (21). Equally important is the rele-
vance of extracellular glutamate to cancer growth. This amino acid
iswell known for its excitotoxicity, but its role in the promotion of
cancer is getting increasing attention in recent years. Glutamate
acts on selective metabotropic glutamate receptors (mGluRs) and

ionotropic glutamate receptors (iGluRs) on cancer cells and
potentiates oncogenic signaling (22, 23). The relevance of
SLC7A11 as a promoter of cancer growth is evident from the
findings that the transporter is stabilized in the plasmamembrane
by a specific cancer-associated variant of CD44 (24) and that the
expression of the transporter is induced directly by c-Myc (25) and
also by the proto-oncogene Ets-1 (26). This is also supported by
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Figure 1.
A, the amino acid transporters that
are upregulated in cancer and
their functional inter-relationship.
B, metabolic and signaling
consequences of cancer-associated
amino acid transporters and their
functional coupling.
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several studies, which demonstrate the tumor-suppressing effects
of SLC7A11 inhibitors (21). TwomiRNAs,miR-26b andmiR-27a,
which are downregulated in several cancers, have been shown to
target SLC7A11, thereby providing additional mechanisms for
cancer-associated upregulation of this transporter (27, 28). How-
ever, because SLC7A11 promotes an antioxidant mechanism in
cells, blocking the transporter function may have opposite effects
in cancer prevention versus cancer treatment because while oxi-
dative stress induces cell death in cancer cells, it increases the risk
of carcinogenesis. This is evident from the findings that Slc7a11-
null mice, though viable, fertile, and phenotypically normal,
exhibit increased sensitivity to chemically induced carcinogenesis
(29).

The need for intracellular glutamate for the optimal function of
SLC7A11 in providing cysteine for glutathione synthesis inside
the cells raises the issue of glutamate source. A recent study has
addressed this issue by showing that extracellular glutamine
supports SLC7A11-mediated cystine uptake in cancer cells
(30). Therefore, it is likely that a glutamine transporter is coupled
functionally to SLC7A11. An obvious candidate is SLC1A5, which
is upregulated in cancer and is capable of mediating the influx of
extracellular glutamine into cells in a Naþ-dependent manner
(Fig. 1). The other potential candidate is SLC6A14, a Naþ/Cl�-
coupled transporter for glutamine andmultiple other amino acids
(see below). Once glutamine enters the cancer cells, it can be
converted into glutamate by glutaminase, thus providing the
exchangeable amino acid substrate for SLC7A11-mediated cystine
entry into cells. It is important to note that the c-Myc oncogene
that induces SLC1A5 and SLC7A11 in cancer cells also induces
glutaminase I (1, 2), thus making the functional coupling
between the two transporters maximal. The proposed functional
cooperation between SLC7A11 and SLC1A5may also be relevant
to the cystine/cysteine cycle that has been shown recently to play a
role in inducing resistance to cell death in tumor cells (31). The
overexpression of SLC7A11 in cancer cells mediates cystine entry
into cells coupled to glutamate release; once inside the cell, cystine
gets reduced to cysteine, a part of which is used in the synthesis of
glutathione while the rest is secreted into the extracellular envi-
ronment where it is oxidized again into cystine, thus completing
the cystine/cysteine cycle (Fig. 1). The oxidation of cysteine into
cystine outside tumor cells creates a reducing extracellular envi-
ronment as an additional facilitator of resistance to cell death in
tumor cells (31). The transporter responsible for the secretion of
cysteine as a part of this cystine/cysteine cycle has not yet been
identified, but we speculate that, among the amino acid trans-
porters that are induced in cancer, SLC1A5 is best suited for this
purpose because it is an obligatory exchanger. Because SLC7A11
and SLC1A5 are coexpressed at high levels in cancer cells, SLC1A5
provides glutamine, which is then converted into glutamate to
fuel SLC7A11-mediated cystine entry; cystine is then converted
into cysteine, which fuels SLC1A5-mediated glutamine entry (Fig.
1). The proposed coupling between SLC1A5/SLC6A14 and
SLC7A11 in cancer cells would also mean that the ratio of
glutamate to glutamine in the extracellular environment of
tumors would bemarkedly higher than in normal tissue, resulting
from increased clearance of glutamine from the extracellular
medium via SLC1A5/SLC6A14-mediated entry into tumor cells
following by increased glutaminolysis inside the cells coupled to
increased release of SLC7A11-mediated release of glutamate into
the extracellular medium where it can potentiate autocrine glu-
tamate signaling in tumor cells via mGluRs/iGluRs. As such, the

glutamate/glutamine ratio in the tumor extracellular environ-
ment might serve as a valuable indicator of the aggressiveness of
tumor growth.

In addition to promoting tumor growth via mechanisms
involving antioxidant machinery both inside and outside the
cells and autocrine glutamate signaling, SLC7A11 also induces
chemoresistance to selective drugs (28, 32–34). The underlying
mechanism in this process also involves the ability of the trans-
porter to modulate oxidative stress. Some anticancer drugs (e.g.,
geldanamycin) elicit their therapeutic effects through generation
of reactive oxygen species, resulting in cell death in tumor cells;
SLC7A11 interferes with the therapeutic efficacy of such drugs by
reversing the oxidative stress (32). In case of certain other anti-
cancer drugs, SLC7A11 suppresses the expression of the proteins
that are targets for the drugs. For example, gemcitabine in the form
of its diphosphate produces its anticancer effects by inhibiting
ribonucleotide reductase; SLC7A11 reverses this effect by directly
activating the enzymewith glutathione or inducing the expression
of the enzyme with glutathione-dependent activation of p53 (35,
36). Therefore, pharmacologic blockade of the transport function
of SLC7A11 not only interferes with tumor growth but also
reverses resistance to certain chemotherapeutic agents.

SLC3A2 in Cancer and Its Relevance to
SLC7A5 and SLC7A11

Although SLC7A5 and SLC7A11 are the actual transporters,
they need SLC3A2 (also known as 4F2hc or CD98hc) as a
chaperone to recruit them to the plasma membrane. Both trans-
porters exist in the plasmamembrane in the formof heterodimers
in complex with SLC3A2. The chaperone by itself does have any
transport function, but its expression is obligatory for the recruit-
ment and hence the transport function of SLC7A5 and SLC7A11
(7). Interestingly, SLC3A2 is also a target for c-Myc as are SLC7A5
and SLC7A11 (25), and is overexpressed in cancer. SLC3A2,
however, has additional biologic functions that are relevant to
tumor growth. Recent studies have shown that SLC3A2 promotes
Ras-driven tumorigenesis by modulating integrin-mediated
mechanotransduction, which involves an increase in extracellular
matrix stiffness as well as potentiation of the tumor cells' response
to matrix rigidity (37). On the other hand, tumor stiffness is
known to influence the metastatic behavior negatively (38); what
thismeans in terms of the impact of overexpression of SLC3A2 on
cancer progression at the primary site versus spreading of the
tumor to distant sites needs further investigation.

SLC6A14 in Cancer and the Relevance of Its
Transport Function toSLC7A5andSLC7A11

SLC6A14 is unique among the amino acid transporters and is
very different from SLC1A5, SLC7A5, and SLC7A11 in that its
transport function is highly concentrative being coupled to trans-
membrane gradients of Naþ as well as Cl� and also to membrane
potential and that its substrate specificity is broad including all
neutral and cationic amino acids (39). SLC6A14 is also known as
ATB0,þ (amino acid transporter with neutral, denoted by "0," and
cationic, denoted by "þ," amino acids as substrates). The sub-
strates of SLC6A14 include all essential amino acids as well as
glutamine. Unlike SLC1A5, SLC7A5, and SLC7A11, it is not an
exchanger and it catalyzes almost a unidirectional influx of its
substrates into cells. It is upregulated in several cancers, including
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estrogen receptor–positive breast cancer, colon cancer, cervical
cancer, and pancreatic cancer (40). The extraordinary ability of
SLC6A14 to concentrate glutamine in tumor cells leads to cou-
pling of this transporter functionally to SLC7A5 and SLC7A11
(Fig. 1). Pharmacologic blockade of SLC6A14 in tumor cells
causes amino acid starvation, autophagy followed by apoptosis,
suppression of mTOR and HIF1a signaling, and inhibition of
tumor growth in vitro and in vivo (41, 42). However, the upregula-
tion of this transporter is not a common phenomenon in all
cancers; for example, the transporter is not upregulated in estro-
gen receptor–negative breast cancer. SLC6A14 is a target for
estrogen receptor (42). c-Myc also influences SLC6A14 expres-
sion, not directly but indirectly via miR-23a; c-Myc suppresses the
expression ofmiR-23a (11), and SLC6A14 is a documented target
for miR-23a (43).

Utility of Amino Acid Transporters in
Cancer Treatment, Tumor Imaging, and
Tumor Cell–Selective Delivery of
Anticancer Drugs

Nutrient transporters that are overexpressed in tumor cells have
potential as drug targets for cancer therapy because pharmaco-
logic blockade of such transporters would lead to nutrient dep-
rivation in tumor cells and hence growth arrest and cell death (44,
45). Because these transporters are upregulated in cancer to meet
the demands for nutrients, their expression is higher in tumor cells
than in normal cells. Therefore, blocking such transporters may
not affect the biology of normal cells. Several inhibitors and
blockers have been identified that selectively target the four amino
acid transporters that are upregulated in cancer (Table 1); these
pharmacologic agents show promise in killing tumor cells in a
manner specific for the transporter. However, none of these agents
has yet progressed beyond the preclinical stage. The clinical and
therapeutic potential of these agents will ultimately depend on
whether or not their transporter targets have essential function in
normal tissues. With regard to this important issue, some insight
can be gained from the knockout mouse studies with selective
deletion of these transporters. Mice with the deletion of Slc7a11,
Slc1a5, and Slc6a14 are viable and fertile with no obviously
noticeable phenotype (46–48). This suggests that pharmacologic
blockade of these three transporters may not have any significant
impact on normal cells. Therefore, these transporters have poten-
tial as drug targets in cancer therapy. In contrast, deletionof Slc7a5
in mice is embryonically lethal (49). This transporter is essential
for the transfer of amino acids from blood into brain across the
blood–brain barrier, suggesting a critical role for the transporter in
the function and development of the brain. It is also expressed
highly in placenta, implicating the transporter in fetal nutrition
and development (50). The potential obligatory function of this
transporter in early development might underlie the nonviability
of Slc7a5-null mice. Therefore, whether pharmacologic blockade
of SLC7A5 would be a feasible approach to treat cancer without
anymajor impact on normal tissues remains to be seen. The same
is true with Slc3a2, the chaperone for Slc7a5; deletion of Slc3a2 in
mice results in embryonic lethality (51).Nonetheless, conditional
deletion of Slc3a2 protects against Ras-driven tumorigenesis (37),
implicating its role in the promotion of cancer. However, because
Slc3a2 is multifunctional with its role as a chaperone of selective
amino acid transporters such as Slc7a5 being just one of them, it is

difficult to assess the relevance of amino acid nutrition to Slc3a2-
dependent promotion of cancer.

SLC38 gene family contains several amino acid transporters,
many of them capable of mediating concentrative entry of glu-
tamine into cells (52). Among them is SLC38A5 (also called
SNAT5 or SN2) that catalyzes Naþ-coupled entry of glutamine
into cells in exchange for Hþ (53, 54), indicating that this
transporter has potential not only for supplying glutamine to
cells but also regulating intracellular pH; both of these features are
beneficial for tumor cells. Even though very little is known on the
contribution of SLC38A5 to amino acid nutrition in cancer cells, it
is important to note that SLC38A5 is a c-Myc target (18). Two
recent studies (55, 56) have identified another member of this
gene family, SLC38A9, as relevant to mTOR activation. But this
transporter is located intracellularly on the lysosomalmembrane,
thus most likely involved in the efflux of amino acids from the
lysosome into the cytoplasm; such a functionmight be relevant to
autophagy in the maintenance of amino acid nutrition in cells,
thus invoking a potential connection to cancer. However, the
relationship of this transporter to cancer has not yet been
investigated.

These amino acid transporters that are upregulated in cancer
can also be exploited for tumor imaging by PET. This approach is
analogous to the current use of 18F-deoxyglucose (FDG) in cancer
diagnosis based on the selective upregulation of the glucose
transporter SLC2A1 (also known as GLUT1) in cancer. If a given
transporter is expressed at higher density in tumors than in the
surrounding normal tissue, 18F-labeled substrates of the trans-
porter can be used as a tracer for PET scanning to image the tumor.
Several PET probes have been designed and validated for each of
the four amino acid transporters discussed in this review (Table
1). Again, all of them are still at the preclinical stage. On the same
rational basis, the amino acid transporters that are upregulated in
cancers can also be exploited for tumor cell–selective delivery of
chemotherapeutic agents. Some of these transporters are amena-
ble for drug delivery (39). Anticancer drugs can be designed or
chemically modified so that they are recognized as transportable
substrates for these transporters, thus enabling thedelivery of such
drugs selectively into tumor cells. For example, the histone
deacetylase inhibitors butyrate andpropionate become substrates
for the amino acid transporter SLC6A14 if they are presented in
the form of amino acid esters (40). Similarly, selective amino acid
derivatives of naproxen show enhanced potency in colorectal
cancer prevention than the parent drug (57), most likely via
preferential entry of the derivatives into cancer cells facilitated
by some amino acid transporters.

Conclusion
Cancer has proven to be a very difficult disease to treat. Most

of the currently used anticancer drugs are either nonselective for
tumor cells or extend the lifespan of the patients only in terms
of a few months to years. Obviously, new molecular targets are
sorely needed to make progress in cancer treatment. Nutrient
transporters that are upregulated in cancer provide logical
and attractive, but yet unexplored, targets for the design and
development of a brand new class of anticancer drugs. Because
the transporters are cell-surface proteins, functional blockade
of such targets can be achieved not only with selective
small molecules but also with blocking antibodies. Metabolic
reprogramming is a hallmark of cancer; in recent years, tumor
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cell–specific metabolic pathways have been gaining increasing
attention, but the fact that nutrient transporters lie upstream of
these metabolic pathways has gained relatively less attention.
Interfering with the functions of these transporters with small
molecules or monoclonals would automatically suppress the
tumor-specific metabolic pathways because of the lack of the
substrates to fuel the pathways. As such, this therapeutic

approach is simple and logical, and is prime for exploitation
as a novel new strategy for cancer treatment.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Received December 19, 2014; revised January 22, 2015; accepted January 23,
2015; published OnlineFirst April 8, 2015.

References
1. Wise DR, Thompson CB. Glutamine addiction: a new therapeutic target in

cancer. Trends Biochem Sci 2010;35:427–33.
2. Dang CV. Rethinking the Warburg effect with Myc micromanaging gluta-

mine metabolism. Cancer Res 2010;70:859–62.
3. Locasale JW. Serine, glycine and the one-carbon cycle: cancer metabolism

in full circle. Nat Rev Cancer 2013;13:572–83.
4. Phang JM, LiuW,Hancock CN, Fischer JW. Prolinemetabolism and cancer:

emerging links to glutamine and collagen. CurrOpin ClinNutrMetab Care
2015;18:71–7.

5. Broer S. Adaptation of plasma membrane amino acid transport mechan-
isms to physiological demands. Pflugers Arch 2002;444:457–66.

6. Ganapathy V, Inoue K, Prasad PD, Ganapathy ME. Cellular uptake of
amino acids: system and regulation. In: Cynober LA, editor. Metabolic and
therapeutic aspects of amino acids in clinical nutrition. 2nd ed. Boca Raton,
FL: CRC Press; 2004. pp. 63–78.

7. Fotiadis D, Kanai Y, Palacin M. The SLC3 and SLC7 families of amino acid
transporters. Mol Aspects Med 2013;34:139–58.

8. Kaira K, Oriuchi N, Imai H, Shimizu K, Yanagitani N, Sunaga N, et al. l-type
amino acid transporter 1 and CD98 expression in primary and metastatic
sites of human neoplasms. Cancer Sci 2008;99:2380–6.

9. Elorza A, Soro-Arnaiz I, Melendez-Rodriguez F, Rodriguez-Vaello V, Mars-
boomG, deCarcer G, et al. HIF2a acts as anmTORC1 activator through the
amino acid carrier SLC7A5. Mol Cell 2012;48:681–91.

10. Miko E, Margitai Z, Czimmerer Z, Varkonyi I, Dezso B, Lanyi A, et al. miR-
126 inhibits proliferation of small cell lung cancer cells by targeting
SLC7A5. FEBS Lett 2011;585:1191–6.

11. Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. c-Myc
suppression of miR-23a/b enhances mitochondrial glutaminase expres-
sion and glutamine metabolism. Nature 2009;458:762–5.

12. Taylor PM. Role of amino acid transporters in amino acid sensing. Am J
Clin Nutr 2014;99:223S-230S.

13. Oda K, HosodaN, EndoH, Saito K, Tsujihara K, YamamuraM, et al. L-Type
amino acid transporter 1 inhibitors inhibit tumor cell growth. Cancer Sci
2010;101:173–9.

14. Yun DW, Lee SA, Park MG, Kim JS, Yu SK, Park MR, et al. JPH203, an
L-type amino acid transporter 1-selective compound, induces apo-
ptosis of YD-38 human oral cancer cells. J Pharmacol Sci 2014;124:
208–17.

15. Chen R, Zou Y, Mao D, Sun D, Gao G, Shi J, et al. The general amino acid
control pathway regulates mTOR and autophagy during serum/glutamine
starvation. J Cell Biol 2014;206:173–82.

16. Wang Q, Beaumont KA, Otte NJ, Font J, Bailey CG, van Geldermalsen M,
et al. Targeting glutamine transport to suppressmelanoma cell growth. Int J
Cancer 2014;135:1060–71.

17. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al.
Bidirectional transport of amino acids regulates mTOR and autophagy.
Cell 2009;136:521–34.

18. WiseDR,DeBerardinis RJ,MancusoA, SayedN, ZhangXY, PfeifferHK, et al.
Myc regulates a transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. Proc Natl Acad Sci U S A
2008;105:18782–7.

19. Reynolds MR, Lane AN, Robertson B, Kemp S, Liu Y, Hill BG, et al. Control
of glutaminemetabolism by the tumor suppressor Rb. Oncogene 2014;33:
556–66.

20. Lyons SA, Chung WJ, Weaver AK, Ogunrinu T, Sontheimer H. Autocrine
glutamate signaling promotes glioma cell invasion. Cancer Res 2007;67:
9463–71.

21. Lewerenz J, Hewett SJ, Huang Y, Lambros M, Gout PW, Kalivas PW, et al.
The cystine/glutamate antiporter system x�c in health and disease: from

molecularmechanisms tonovel therapeutic opportunities. AntioxidRedox
Signal 2013;18:522–55.

22. Stepulak A, Rola R, Polberg K, Ikonomidou C. Glutamate and its receptors
in cancer. J Neural Transm 2014;121:933–44.

23. Hu H, Takano N, Xiang L, Gilkes DM, Luo W, Semenza GL. Hypoxia-
inducible factors enhance glutamate signaling in cancer cells. Oncotarget
2014;5:8853–68.

24. Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H, et al.
CD44 variant regulates redox status in cancer cells by stabilizing the xCT
subunit of system x�c and thereby promotes tumor growth. Cancer Cell
2011;19:387–400.

25. Kim J, Lee J, Iyer VR. Global identification of Myc target genes reveals its
direct role in mitochondrial biogenesis and its E-box usage in vivo. PLoS
One 2008;3:e1798.

26. Verschoor ML, Singh G. Ets-1 regulates intracellular glutathione levels: key
target for resistant ovarian cancer. Mol Cancer 2013;12:138.

27. Liu XX, Li XJ, Zhang B, Liang YJ, Zhou CX, Cao DX, et al. MicroRNA-26b is
underexpressed in human breast cancer and induces cell apoptosis by
targeting SLC7A11. FEBS Lett 2011;585:1363–7.

28. Drayton RM, Dudziec E, Peter S, Bertz S, Hartmann A, Bryant HE, et al.
Reduced expression of miRNA-27a modulates cisplatin resistance in blad-
der cancer by targeting cystine/glutamate exchanger SLC7A11. Clin Cancer
Res 2014;20:1990–2000.

29. Nabeyama A, Kurita A, Asano K, Miyake Y, Yasuda T, Miura I, et al. xCT
deficiency accelerates chemically induced tumorigenesis. Proc Natl Acad
Sci U S A 2010;107:6436–41.

30. Timmerman LA, Holton T, Yuneva M, Louie RJ, Padro M, Daemen A, et al.
Glutamine sensitivity analysis identifies the xCT antiporter as a common
triple-negative breast tumor therapeutic target. Cancer Cell 2013;24:
450–65.

31. Banjac A, Perisic T, Sato H, Seiler A, Bannai S, Weiss N, et al. The cystine/
cysteine cycle: a redox cycle regulating susceptibility versus resistance to cell
death. Oncogene 2008;27:1618–28.

32. Huang Y, Dai Z, Barbacioru C, Sadee W. Cystine-glutamate transporter
SLC7A11 in cancer chemosensitivity and chemoresistance. Cancer Res
2005;65:7446–54.

33. Pham AN, Blower PE, Alvarado O, Ravula R, Gout PW, Huang Y. Pharma-
cogenomic approach reveals a role for the x�c cystine/glutamate antiporter
in growth and celastrol resistance of glioma cell lines. J Pharmacol Exp Ther
2010;332:949–58.

34. Lo M, Ling V, Wang YZ, Gout PW. The x�c cystine/glutamate antiporter: a
mediator of pancreatic cancer growth with a role in drug resistance. Br J
Cancer 2008;99:464–72.

35. Fernandes P, Holmgren A. Glutaredoxins: glutathione-dependent redox
enzymes with functions far beyond a simple thioredoxin backup system.
Antioxid Redox Signal 2004;6:63–74.

36. Yousefi B, Samadi N, Ahmadi Y. Akt and p53R2, partners that dictate
the progression and invasiveness of cancer. DNA Repair 2014;22:
24–9.

37. Estrach S, Lee SA, Boulter E, Pisano S, Errante A, Tissot FS, et al. CD98hc
(SLC3A2) loss protects against Ras-driven tumorigenesis by modulat-
ing integrin-mediated mechanotransduction. Cancer Res 2014;74:
6878–89.

38. Fenner J, Stacer AC, Winterroth F, Johnson TD, Luker KE, Luker GD.
Macroscopic stiffness of breast tumors predicts metastasis. Sci Rep 2014;
4:5512.

39. Ganapathy ME, Ganapathy V. Amino acid transporter ATB0,þ as a delivery
system for drugs and prodrugs. Curr Drug Targets Immune Endocr Metab
Disord 2005;5:357–64.

www.aacrjournals.org Cancer Res; 75(9) May 1, 2015 1787

Amino Acid Transporters in Cancer

on December 21, 2018. © 2015 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 8, 2015; DOI: 10.1158/0008-5472.CAN-14-3745 

http://cancerres.aacrjournals.org/


40. Bhutia YD, Babu E, Prasad PD, Ganapathy V. The amino acid transporter
SLC6A14 in cancer and its potential use in chemotherapy. Asian J PharmSci
2014;9:293–303.

41. Karunakaran S, Umapathy NS, ThangarajuM, Hatanaka T, Itagaki S, Munn
DH, et al. Interaction of tryptophan derivatives with SLC6A14 (ATB0,þ)
reveals the potential of the transporter as a drug target for cancer chemo-
therapy. Biochem J 2008;414:343–55.

42. Karunakaran S, Ramachandran S, Coothankandaswamy V, Elangovan S,
BabuE, Periyasamy-ThandavanS, et al. SLC6A14 (ATB0,þ) protein, a highly
concentrative and broad-specific amino acid transporter, is a novel and
effective drug target for treatment of estrogen receptor-positive breast
cancer. J Biol Chem 2011;286:31830–8.

43. Zhu M,Wang N, Tsao SW, YuenMF, Feng Y, Wan TSK, et al. Up-regulation
of microRNAsmiR21 andmiR23a, in human liver cancer cells treated with
Coptidis rhizoma aqueous extract. Exp Ther Med 2011;2:27–32.

44. Ganapathy V, Thangaraju M, Prasad PD. Nutrient transporters in cancer:
relevance to Warburg hypothesis and beyond. Pharmacol Ther 2009;121:
29–40.

45. McCracken AN, Edinger AL. Nutrient transporters: the Achilles' heel of
anabolism. Trends Endocrinol Metab 2013;24:200–8.

46. Sato H, Shiiya A, Kimata M, Maebara K, TambaM, Sakakura Y, et al. Redox
imbalance in cystine/glutamate transporter-deficient mice. J Biol Chem
2005;280:37423–9.

47. Nakaya M, Xiao Y, Zhou X, Chang JH, Chang M, Cheng X, et al. Inflam-
matory T cell responses rely on amino acid transporter ASCT2 facilitationof
glutamine uptake and mTORC1 kinase activation. Immunity 2014;40:
692–705.

48. Babu E, Bhutia YD, Thangaraju M, Prasad PD, Ganapathy V. Genetic
deletion or pharmacological blockade of the amino acid transporter
Slc6a14 in mice suppresses breast cancer induced by polyoma middle T
oncogene. Cancer Res 2014;74(19 Suppl):Abstract nr 3928.

49. Poncet N, Mitchell FE, Ibrahim AFM, McGuire VA, English G, Arthur JSC,
et al. The catalytic subunit of the system L1 amino acid transporter (Slc7a5)
facilitates nutrient signaling in mouse skeletal muscle. PLoS One 2014;9:
e89547.

50. Prasad PD, Wang H, Huang W, Kekuda R, Rajan DP, Leibach FH, et al.
Human LAT1, a subunit of system L amino acid transporter: molecular
cloning and transport function. Biochem Biophys Res Commun 1999;
255:283–8.

51. Tsumura H, Suzuki N, Saito H, Kawano M, Otake S, Kozuka Y, et al. The
targeted disruption of the CD98 gene results in embryonic lethality.
Biochem Biophys Res Commun 2003;308:847–51.

52. Broer S. The SLC38 family of sodium-amino acid co-transporters. Pflugers
Arch 2014;466:155–72.

53. Nakanishi T, Sugawara M, Huang W, Martindale RG, Leibach FH, Gana-
pathyME, et al. Structure, function, and tissue expression pattern of human
SN2, a subtype of the amino acid transport systemN. BiochemBiophys Res
Commun 2001;281:1343–8.

54. Nakanishi T, Kekuda R, Fei YJ, Hatanaka T, Sugawara M, Martindale RG,
et al. Cloning and functional characterization of a new subtype of the
amino acid transport system N. Am J Physiol Cell Physiol 2001;281:
C1757–68.

55. Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al.
Metabolism. Lysosomal amino acid transporter SLC38A9 signals arginine
sufficiency to mTORC1. Science 2015;347:188–94.

56. Rebsamen M, Pochini L, Stasyk T, de Araujo ME, Galluccio M, Kandasamy
RK, et al. SLC38A9 is a component of the lysosomal amino acid sensing
machinery that controls mTORC1. Nature 2015 Jan 7. [Epub ahead of
print].

57. Aboul-Fadl T, Al-Hamad SS, Lee K, Li N, Gary BD, Keeton AB, et al. Novel
non-cyclooxygenase inhibitory derivatives of naproxen for colorectal can-
cer prevention. Med Chem Res 2014;23:4177–88.

Cancer Res; 75(9) May 1, 2015 Cancer Research1788

Bhutia et al.

on December 21, 2018. © 2015 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 8, 2015; DOI: 10.1158/0008-5472.CAN-14-3745 

http://cancerres.aacrjournals.org/


2015;75:1782-1788. Published OnlineFirst April 8, 2015.Cancer Res 
  
Yangzom D. Bhutia, Ellappan Babu, Sabarish Ramachandran, et al. 
  
Class of Anticancer Drugs
''Glutamine Addiction'': Novel Targets for the Design of a New 
Amino Acid Transporters in Cancer and Their Relevance to

  
Updated version

  
 10.1158/0008-5472.CAN-14-3745doi:

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/75/9/1782.full#ref-list-1

This article cites 54 articles, 14 of which you can access for free at:

  
Citing articles

  
 http://cancerres.aacrjournals.org/content/75/9/1782.full#related-urls

This article has been cited by 8 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/75/9/1782
To request permission to re-use all or part of this article, use this link

on December 21, 2018. © 2015 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 8, 2015; DOI: 10.1158/0008-5472.CAN-14-3745 

http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-14-3745
http://cancerres.aacrjournals.org/content/75/9/1782.full#ref-list-1
http://cancerres.aacrjournals.org/content/75/9/1782.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/75/9/1782
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




