
Abstract. Transporter proteins play an important role in
taking up nutrients into and effluxing xenobiotics out of cells to
sustain cell survival. Transporters that affect drug absorption,
distribution and excretion are the so-called drug transporters. In
the last decade, a number of studies revealed interactions
between drug transporters and clinically important anticancer
agents. Utilizing the knowledge of transporter functions offers
us the possibility of delivering a drug to the target tissues,
avoiding distribution to other tissues and improving oral
bioavailability. Many transporters have been reported to be
differentially up-regulated in cancer cells compared to normal
tissues, suggesting that the differential expression of transporters
in cancer cells may provide good targets for enhancing drug
delivery as well as diagnostic markers for cancer therapy. This
review will focus on the role of drug transporters in the
adaptation and growth of tumors and in their potential
usefulness as therapeutic targets in cancer. 

Approximately 4% of the genes in the human genome
encode transporter proteins, including ion channels (1).
Plasma membrane transporter proteins are encoded by

numerous gene families. They are key players in the uptake
of nutrients, such as sugars, amino acids, nucleosides and
inorganic ions, into and the efflux of xenobiotic toxins,
including many anticancer drugs out of cells to sustain cell
survival. Transporter proteins can be classified into two
major families, the solute carrier (SLC) and the ATP-
binding cassette (ABC) transporters. Most ABC proteins
transport a substrate molecule by utilizing the energy
generated from ATP hydrolysis, while some form specific
membrane channels. SLC transporters comprise both
facilitated and secondary active transporters. Facilitated
transporters move a molecule across plasma membranes
following its concentration gradient, whereas secondary
active transporters utilize the downhill flow of an ion to
transport another molecule against its concentration
gradient across the membranes in either the same (symport
or cotransport) or opposite (antiport) direction. Currently
the SLC and ABC family include 360 transporter genes in
46 subfamilies (2) and 48 transporter genes in 7 subfamilies
(3, 4), respectively. 

Transporters that affect drug absorption, distribution
and excretion are often called drug transporters, these
confer sensitivity or resistance to anticancer drugs. The
functional characterization of drug transporters provides
important information crucial to drug design by targeting
specific transporter proteins (5). The use of specific
transporters as molecular targets in cancer therapy has
been proposed as a promising strategy for tissue-selective
drug delivery and for reducing systemic toxicity (6). More
recent, transporter-targeted drug delivery approaches have
been tested for their usefulness in the clinic. A number of
studies revealed that many transporters are up-regulated in
cancer cell lines and malignant tumors compared to normal
tissues, suggesting that a differential expression of
transporters in cancer exists and can be exploited for drug
delivery or as diagnostic markers. This review will focus on
the role of drug transporters for tumor growth and the
usefulness of drug transporters as targets for specific drug
delivery into cancer cells.
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Table I. SLC transporters, their substrate and their anticancer drugs/agents.

Transport system Protein name Gene symbol Predominant substrate Transport type* Anticancer drug/agent

/Coupling ion

Peptide PEPT1 SLC15A1 Oligopeptide C/H+ Bestatin, ‰-ALA

PEPT2 SLC15A2 Amino acid ester of floxuridine 

Amino Acid ATB0/ASCT2 SLC1A5 A,S,C,T,Q** C/Na+ -

LAT1 SLC7A5 H,M,L,I,V,F,Y,W,Q** E/amino acid Melphalan, BCH (inhibitor)

ATB0,+ SLC6A14 K,R,A,S,C,T,N,Q,H, C/Na+&Cl– NOS inhibitors

M,I,L,V,F,Y,W**

xCT SLC7A11 E, Ci** E/amino acid L-Alanosine***

Organic Anion NTCP SLC10A1 Bile salts C/Na+ Chlorambucil-bile acid 

conjugates 

Ursodeoxycholic acid 

derivatives 

Bamet-R2, Bamet-UD2

ASBT SLC10A2 Bile salts C/Na+ Bamet-UD2

OATP1A2 SLCO1A2 Bile salts, F Methotrexate

Organic anion, Organic cation Bamet-R2, Bamet-UD2

OATP1B1 SLCO1B1 Bile salts, F Methotrexate 

Organic anion Irinotecan (SN38)

Bamet-R2, Bamet-UD2

OATP1B3 SLCO1B3 Bile salts F Methotrexate

Organic Cation OCT1 SLC22A1 Organic cation, polyspecific F Oxaliplatin, Imatinib

Bamet-R2, Bamet-UD2

OCT2 SLC22A2 Organic cation, polyspecific F Bamet-R2, Bamet-UD2

CT2 SLC22A16 Carnitine, Betain F Doxorubicin

Nucleoside CNT1 SLC28A1 Nucleoside C/Na+ Cytarabine (ara-C), 

Gemcitabine 

Fluorouridine

5dFU

ENT1 SLC29A1 Nucleoside

Inosine F Cytarabine (ara-C),

Gemcitabine Cladribine,

Fluorouridine, 

5dFU, Fludarabine

Folate RFC SLC19A1 Folate E/OH– Methotrexate, Tomudex,

Edatrexate, 

Alimta (LF23514) 

Monocarboxylate MCT1 SLC19A1 Lactate, Pyruvate C/H+ or E Lonidamine (inhibitor)

alpha-Cyano-4-OH-cinnamate 

(inhibitor)

SMCT SLC5A8 Lactate, Pyruvate, Butyrate C/Na+ -

Glucose GLUT1 SLC2A1 Glucose F 18-FDG

*C; cotransporter, E; exchanger, F; facilitated transporter; **Amino acid substrates are shown in one-letter code; ***Proposed substrates (or not

confirmed).



1. SLC Transporters as Targets for Cancer
Chemotherapy

Most SLC transporters function as influx transporters and
could be useful as tools for delivery of anticancer drugs to
tumor tissues. The interaction of anticancer agents with
various types of SLC transporters is reviewed (as
summarized in Figure 1 and Table I) and the possible role
of transporters in cancer chemotherapy is discussed. 

1.1 Oligopeptide Transporters 

The H+/peptide co-transporters PEPT1 (SLC15A1) and
PEPT2 (SLC15A2) have been extensively characterized as

drug transporters in the intestine. PEPT1 and PEPT2
mediate transport of di- and tri-peptides across plasma
membranes utilizing an inwardly directed H+ gradient into
cells. PEPT1 is functionally expressed in epithelial cells of
the small intestine, kidney and bile duct, whereas PEPT2 is
predominantly expressed in the epithelial cells of the kidney
and the choroid plexus (7). The expression of these
transporters in epithelial cells in the intestine and kidney is
important for (re)absorption of nutrients and peptide-
mimetic drugs including ‚-lactam antibiotics, angiotensin-
converting enzyme inhibitors and even non-peptide antiviral
drugs as valacyclovir (Figure 1 and Table I, (8)). The limited
expression pattern (intestine and kidneys), but broad
substrate specificity of PEPTs could be utilized to deliver
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Figure 1. Human transporters expressed in major tissues affecting absorption, metabolism and disposition of drugs and at the blood-brain barrier (BBB).
Dotted line indicates the enterohepatic circulation of bile salts. Transporters in blue, pink and yellow indicate SLC transporters, ABC transporters and
ATPases, respectively. Transporters in red and green indicate transporters that are reported to be up-regulated and down-regulated, respectively, in cancer
as compared to their normal counterparts. 



peptidomimetics to the target tissues differentially
expressing peptide transporters. Cancer cells appear to up-
regulate peptide transport. Since the finding that a pH-
dependent carrier-mediated uptake of dipeptides was
enhanced in human fibrosarcoma HT1080 cells compared
to that of normal fibroblast IMR90 cells (9), functional
expression of PEPT1 has been found in variety of human
cancer cell lines (10-12). However little is known about the
expression of PEPT2 in these cancer cells. The hypothesis
whether the differential expression of PEPT1 is a valid
target for cancer therapy was tested in animal models
implanted with HeLa cells stably transfected with PEPT1.
Bestatin is a dipeptide mimetic that competitively inhibits
amino peptidase B and leucine amino peptidase. Bestatin is
a good substrate for PEPT1 and PEPT2. Four-week
consecutive oral administration of bestatin suppressed the
growth of tumors expressing PEPT1, but not mock-
transfected control tumors (13). Future studies are needed
to clarify expression of peptide transporters in primary
tumors and to determine if the basal expression is sufficient
to deliver drugs. For this approach to succeed, it will be
important to develop anticancer agents that specifically
target PEPT1. Recently, amino acid ester pro-drugs of the
nucleoside analog floxuridine were reported to have
promising anticancer activity in cancer cells expressing
PEPT1 (14).

Other applications for using PEPT1 expressed in cancer
chemotherapy lie in fluorescence imaging and
photodynamic therapy (PDH). ‰-Aminolevulinic acid
(ALA) has gained interest in PDH of tumors including
gastrointestinal adenocarcinoma and dysplastic mucosa (15,
16), because it is metabolized to produce the photosensitizer
protoprophyrin IX. Since this compound is transported by
PEPT1, the expression of PEPT1 on epithelial cells of the
bile duct has been proposed as a useful target for delivery
of ‰-ALA to extrahepatic biliary duct cancers (17). 

1.2 Amino Acid Transporters 

Amino acid transporters have been classified into a number
of distinct ‘systems’ dependent on their substrate specificity,
transport mechanisms and regulatory properties in humans
and rodents. Neoplastic transformation is accompanied by
adaptive increases in nucleotide and protein biosynthesis.
Enzymatic conversion of glutamine to glutamate and
ammonia is the first step in a series of reactions that
generate the metabolic intermediates required for cell
growth. Therefore glutamine is essential for tumor growth;
indeed tumor cells are known to consume large amounts of
glutamine (18). In humans, glutamine is principally taken
up into cells by the Na+-dependent systems A and ASC (or
B0), with the exception of the liver, where the pH-
dependent system N predominantly mediates glutamine

influx from the sinusoidal blood. Recently a distinct carrier-
mediated glutamine transport rather than system N has
been suggested in transformed human hepatocytes (Figure
1, (19)). This particular transport event to regulate
glutamine uptake was identified as the amino acid
transporter ATB0/ASCT2 (SLC1A5) that is an isotype of
system ASC for neutral amino acids. The differential
expression of ATB0/ASCT2 in human hepatocellular
carcinoma and hepatoblastoma is of pharmacological
interest (20), although it is not known yet why a major
transport system is altered during hepatocellular malignant
transformation. Similar to liver, such up-regulation was
found in human colorectal cancer (21), glioma and glioma
metastases (22, 23). In addition to ATB0/ASCT2, SNAT3
(SLC38A3, an isotype of system N) was found to be
overexpressed in malignant glioma, suggesting an
immunohistological application as a potential diagnostic
maker for these brain cancers (23).

Tumor cells have an increased demand for essential
amino acids as well as glutamine. Increased expression of the
system L transporter LAT1 (SLC7A5, also termed TA1/E16)
is well documented in various types of human cancer cell
lines and primary malignant tumors. The LAT1 protein
mediates an Na+-independent exchange of neutral amino
acids including several essential amino acids (e.g. L, I and V)
(24), but requires a single-membrane spanning protein, the
heavy chain of 4F2 (CD98) antigen (4F2hc also termed
CD98hc, SLC3A2) to function. In contrast to the restricted
normal tissue distribution of LAT1, its broad and high
expression in a variety of cancer cell lines has drawn
attention to this transporter although the expression of
4F2hc was variable among the cell lines, particularly in acute
leukemia (25). Current evidence also suggests a differential
expression of LAT1 in human colorectal tumor tissues (26),
glioma (27) and esophageal carcinoma (28). It is important
to note that the expression of LAT1 has been associated with
clinicopathological variables. Kaplan-Meier analyses
demonstrated that high LAT1 expression correlated with
poor survival for sixty patients with astrocytoma, indicating
that LAT1 is an independent predictive factor for this tumor
type (27). Of therapeutic importance, the differential
expression of LAT1 could be exploited in the treatment of
tumor with melphalan, a substrate for LAT1. Thus LAT1
levels should be determined prior to therapy; only those who
express LAT1 should receive melphalan. 

ATB0/ASCT2 and LAT1 themselves might be good
molecular targets for therapeutic intervention in certain
cancers. These two amino acid transporters were previously
validated as molecular targets for cancer therapy. Fuchs et
al. revealed that disruption of ATB0/ASCT2 mRNA by
transfecting human hepatoma SK-Hep cells with antisense
RNA to ATB0/ASCT2 elicited apoptosis in human
hepatocellular carcinoma cells, resulting in a 98% decrease
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in their proliferative activity (29), while competitive
inhibition of ATB0-mediated glutamine uptake only blocked
the growth of hepatocellular carcinoma cell lines which
lacked expression of system N transporters (SNAT3 and
SNAT5; SLC38A5) and exhibited low activity of glutamine
synthase (20). Specific inhibition of LAT1 was also tested
by utilizing 2-aminobicyclo-2(2, 2, 1)-heptane-2-carboxylic
acid (BCH), a known specific inhibitor for LAT1. In rat
models, BCH exerted an antiproliferative activity in rat
ortholog Lat1-expressing C6 glioma cells by showing
prolonged overall survival of animals treated with BCH.
Studies are currently underway to develop compounds that
efficiently and specifically inhibit these amino acid
transporters. 

The amino acid transporter, ATB0,+ (SLC6A14) may
provide a possibility for targeted drug delivery. The ATB0,+

transporter might target antiangiogenic nitric oxide synthase
(NOS) inhibitors to colorectal or gynecological cancers.
ATB0,+ accepts zwitterionic as well as cationic amino acids,
hence this differentiates it from ATB0. ATB0,+, unlike
ATB0 is able to transport a series of NOS inhibitors (30),
most of which are structurally related to L-arginine, because
L-arginine is converted to citrulline and nitric oxide by NOS
(31). Expression of inducible NOS (iNOS) is known to be
increased in several types of cancers, including colorectal
(32, 33) and gynecological (34), and appears to be
correlated with proliferation and vascular invasion of these
cancers (35). Recently, quantitative RT-PCR studies showed
that ATB0,+ mRNA increased 23-fold in human colorectal
and 5.6-fold in cervical tumors, respectively, compared to
their normal surrounding tissues (33, 36). NOS inhibitors
can be transported by three amino acid transporter systems:
system y+, system b0,+ and system B0,+. Of these, the ability
of ATB0,+ (an isotype of system B0,+) to concentrate
substrates inside the cell is the greatest because it utilizes
multiple driving forces (Na+, Cl– and membrane potential)
to transport substrates (37). Taking account of the capability
and expression pattern of ATB0,+, it would be a promising
target for NOS inhibitors in these cancers. 

The amino acid transporter xCT (SLC7A11), together
with 4F2hc, encodes the heterodimeric amino acid transport
system Xc–, which mediates cystine entry into cells in
exchange for glutamate. Recent microarray studies profiling
gene expression of transporters in the NCI-60 human cancer
cell line panel showed that xCT and 4F2hc were expressed
at relatively high levels in lung, colon and CNS cancer cells
(38). The linking of the expression of xCT in the 60 cancer
cell line panel to the antiproliferative potencies of 1,400
candidate anticancer drugs identified an amino acid analog
L-alanosine as the drug with a positive correlation, which
could be a substrate for xCT (38). Microarray profiling
analysis of drug transporter genes with the cytotoxicity of
anticancer drugs amongst multiple cancer cell lines is likely

to be an efficient methodology to reveal novel interactions
of drugs with the transporters, hence providing important
information on chemosensitivity, chemoresistance and
effective drug delivery. 

1.3 Bile Acid Transporters and Organic 
Anion Transporting Polypeptides (OATPs) 
Responsible for Enterohepatic Circulation 

Of more than 50 Na+/bile salt cotransporters in the SLC10
family, the Na+/taurocholate cotransporting polypeptide
(NTCP; SLC10A1) and the apical Na+-dependent bile salt
transporter (ASBT; SLC10A2, also termed IBAT) are best
known members for the enterohepatic circulation of bile salts
in humans. OATPs are membrane transporters that are
currently classified within the new gene symbol
"OATP/SLCO" superfamily (39). Members of this family
mediate the Na+-independent transport of a wide range of
amphipathic organic compounds including bile salts, steroid
conjugates, thyroid hormones, anionic oligopeptides,
numerous drugs and xenobiotics (40). In humans, members of
OATP1A2 (SLCO1A2, also termed OATP-A, OATP),
OATP1B1 (SLCO1B1, also termed OATP-C, LST1, OATP2)
and OATP1B3 (SLCO1B3, also termed OATP8, LST2) play
an important role in drug absorption and disposition,
particularly in the enterohepatic circulation. Every step of the
enterohepatic circulation of bile salts is maintained by
transporter proteins (Figure 1). Bile salts are taken up into
the liver across sinusoids by NCTP and OATPs including
OATP1A2, OATP1B1 and OATP1B3, while the exit step
from the liver across the canalicular membranes is mediated
mainly by the ATP-dependent bile salt export pump (BSEP;
ABCB11) or the multidrug resitance associated protein 2
(MRP2; ABCC2). About 90% of bile salts excreted into the
gastrointestinal tract are actively reabsorbed by the ABST and
then recycled. The recycling performed by several transporters
in a concerted manner is a pharmacologically attractive drug
delivery system for bile acid derivatives. Such a strategy could
target organs like the liver, leading to both a prolonged
exposure of target organ to and limited systemic toxicity of the
drug. With respect to chemotherapy, bile acids conjugated
with the alkylating drug chlorambucil (41, 42) or cisplatin (43,
44), and ursodeoxycholic acid derivatives (45) have been
studied for efficacy, as well as their interaction with these
liver-specific transporters (42, 46). Liver perfusion
experiments revealed a secretion profile of the chlorambucil-
bile acid conjugates into bile very similar to taurocholate,
because of NTCP-mediated high-affinity uptake of this
compound into the liver (45). In contrast, unconjugated
chlorambucil was predominantly excreted by the kidney (41).
The anticancer activity of bile acid conjugated agents for
hepatocellular carcinoma was tested with a series of bile acid
cisplatin derivatives designated as "Bamet" (43, 44). Two
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Bamets seem to have potential in treating hepatocarcinomas:
Bamet-R2 [cis-diammine-chloro-cholylglycinate-platinum (II)]
and Bamet-UD2 [cis-diammine-bisursodeoxycholate-platinum
(II)]. The anticancer activity of these compounds against liver
tumor xenografts was almost comparable to that of cisplatin,
however, the Pt intracellular accumulation in other organs,
particularly the kidneys was much lower, which may translate
into reduced systemic toxicity of cisplatin (47). Later in vitro
transport studies of Bamets, clearly showed that they act via
a liver-specific distribution owing to the interaction with
transporters involved in enterohepatic circulation of bile salts
(46). Drug design targeting this circuit may have potential in
increasing the clinical efficiency of standard chemotherapeutic
agents for the treatment of hepatocellular carcinoma and
liver-related malignant diseases. 

Some members of the SLCO family are reported to
mediate transport of anticancer drug into cells. For
example, methotrexate is a folate analog with anti-
neoplastic effect and can be transported by OATP1A2 (48),
OATP1B1 (40) and OATP1B3 (39). Recently, irinotecan
and its major metabolite SN38 were reported to be
efficiently transported by OATP1B1 (49). It is important to
note that OATP1B3 is up-regulated in gastric, colorectal
and pancreatic cancer, but not in hepatocellular carcinomas,
whereas it is almost exclusively expressed in liver among
normal tissues (50). 

1.4 Organic Cation/Anion/Zwitterion Transporters

The SLC22 family consists of bidirectional facilitated
organic cation (OCTs) and anion (OATs) transporters
(Figure 1) and Na+-dependent zwitterions/cation
transporters (OCTNs) (51). Amongst these transporters,
recent studies highlight the role of OCT1 in cancer
chemotherapy. OCT1 (SLC22A1)-mediated influx may be a
key determinant of molecular response to the clinically used
BCR-ABL tyrosine kinase inhibitor imatinib, but not
nilotinib, in untreated chronic myeloid leukemia patients
(52). In addition to imatinib, oxaliplatin, which is a potent
cisplatin-derivative against colorectal cancer, was found to
be transported by OCT1 and 2 (SLC22A2) (53). Because
OCT1 and 2 markedly increased oxaliplatin accumulation
and cytotoxicity in transfected cells, they could be major
determinants of the anticancer activity of oxaliplatin. In fact,
RT-PCR showed that expression of OCT1 and OCT2
mRNA was detected at different levels among colorectal
tumors (53), therefore OCTs in tumors should be
investigated as markers for selecting specific platinum-based
therapies in individual patients. Since imatinib and
oxaliplatin are structurally unrelated, substrate specificity of
OCTs may provide a benefit for the development of new
anticancer drugs specifically targeted to OCTs, providing a
novel strategy for targeted drug therapy. 

CT2 (SLC22A16, also termed FLIPT2 or OCT6) is
another transporter with potential for the targeted drug
delivery of anticancer agents to tumors. CT2 transports
carnitine and betain bidirectionally across plasma
membranes (51). A recent study demonstrated CT2 as a
mediator of doxorubicin uptake into cancer cells.
Quantitative real-time RT-PCR analyses detected that
mRNA of this gene is expressed in primary specimens
from patients with acute leukemia. Characterization of
protein function and gene expression in leukemia and solid
tumors may prove valuable for improving existing
treatments and designing novel cancer therapeutic
regimens (54). 

1.5 Nucleoside Transporters 

A number of synthetic nucleoside analogs are known to be
therapeutically useful agents in the treatment of AIDS and
cancer. Potent antineoplastic nucleoside analogs in clinical
use include the purines cladribine and fludarabine, and the
pyrimidines cytarabine (ara-C) and gemcitabine. These
agents are so lipophobic that they are unable to enter cells
without nucleoside transporters (NTs, Table I). Therefore,
the interaction of nucleoside analogs with NTs is one of the
important determinants of their clinical efficacy in cancer
therapy (55). Physiologically, NTs play an important role in
the transport of purine and pyrimidine nucleosides and
bases during nucleic acid synthesis. There are two families
of NTs in human and rodents: concentrative (CNTs, SLC28)
and equilibrative (ENTs, SLC29) nucleoside transporters.
The SLC28 family consists of the three Na+-coupled
concentrative nucleoside transporters designated as CNT1
to 3. The three isotypes differ in their substrate specificities:
CNT1 (SLC28A1, also known as "cit") prefers pyrimidine-
nucleosides, CNT2 (SLC28A2, "cif") prefers purine-
nucleosides, and CNT3 (SLC28A3, "cib") transports both
pyrimidine and purine nucleosides (56, 57). The SLC29
family comprises four members designated as bidirectional
ENT1 to 4 (SLC29A1-4). Two of these are the best
characterized members of this family: ENT1 (NBMPR-
sensitive, also known as "es") and ENT2 (NBMPR-
insensitive, "ei"). Both are expressed on plasma membranes
with similar broad substrate specificities for purine and
pyrimidine nucleosides, but ENT2 efficiently transports
nucleobases in addition to nucleosides (57, 58). 

Gemcitabine was the first agent that showed antitumor
activity in patients with pancreatic cancer and is currently
also used for advanced breast, non-small cell lung, and
ovarian cancer (59). Gemcitabine is efficiently transported
by CNT1 and ENT1, and to a lesser extent by CNT3 and
ENT2 (60). Recently, ENT1 was reported to be
overexpressed in human pancreatic cancer cell lines,
demonstrating that ENT1, rather than CNT1, is an NT
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isotype that confers sensitivity to gemcitabine (61). This
observation is in agreement with the outcome of clinical
studies which documented the prognostic significance of
ENT1 for efficacy of gemcitabine in pancreatic cancer (62,
63). Although ENT1 is almost ubiquitously expressed in
human tissues, significant overexpression of this transporter
in cancer may provide a therapeutic window for gemcitabine
and other nucleoside analogs. Therefore, an increase in
ENT1 expression can potentially augment the effect of
gemcitabine. 5Fluorouracil inhibits de novo DNA synthesis
by blocking thymidylate synthase, which in turn allows cells
to alternatively enhance the salvage pathway of DNA
synthesis by up-regulating NBMPR-sensitive nucleoside
transport (64). In mice implanted with human pancreatic
cancer MiaPaCa-2 cells, Tsujie et al. showed that animals
treated with uracil-tegafur (UFT) exhibited significantly
increased ENT1 mRNA in xenografts. As a consequence of
this, treatment with UFT followed by gemcitabine led to
significant growth inhibition of xenografts as compared to
either untreated mice or mice treated with UFT alone (65),
suggesting that optimization of an administration schedule
of gemcitabine in combination with thymidylate synthase
inhibitors might be important for clinical efficacy of
antineoplastic nucleoside analogs that are transported by
ENT1 in chemotherapy. 

More interestingly, recent studies have shown that, in
addition to NBMPR, coronary vasodilators such as
dipyridamole and lidoflazine analogs, protein kinase
inhibitors such as imatinib, and immunosuppressive agents
such as rapamycin are potent modulators of ENT1 and
ENT2 (66). Thus, modifying the activity of nucleoside
transporters by protein kinase inhibitors may offer an
attractive rationale for targeting both protein kinases and
nucleoside transporters as a salvage pathway of DNA
synthesis, resulting in enhancement of anticancer activity of
inhibitors of de novo nucleic acid synthesis such as
methotrexate and leflunomide.

1.6 The Reduced Folate Carrier 

The human reduced folate carrier (RFC; SLC19A1, also
termed RFT or FOLT) mediates the transport of reduced
folates and antifolates as divalent anions, and to a lesser
extent the phosphate esters of thiamine (67). Disruption of
folate metabolism has long been known to inhibit cell
growth and is an established target in cancer chemotherapy.
Antifolates in clinical use include the dihydrofolate
reductase inhibitor methotrexate (MTX) and the
thymidylate synthase inhibitor Tomudex (ZD1694). Since
folate and its derivatives are hydrophilic divalent anions,
they must be transported by carriers into cells to elicit their
action. Although the role of RFC in antifolate transport is
undisputed (Table I), the folate receptor · (FR· or FOLRs,

also termed FBP) also plays a role in uptake of antifolates
to a lesser extent (68). Differential expression levels of RFC
and FR· are recognized in normal and cancer cells, hence
folate antagonist structure-activity relationships could be of
value for predicting drug sensitivity and resistance of tumor
cells, or drug related toxicity to normal cells, and for the
rational design and development of novel antifolates. In
terms of chemoresistance to antifolates in cancer, the level
of expression of the RFC might be an important factor in
determining the sensitivity of breast cancer cells as well as
leukemia cells to antifolate compounds. Loss of function
associated with inactivating mutations and reduced gene
expression of RFC are well-documented mechanisms of
MTX resistance in leukemia and breast cancer. Decreased
expression of RFC in primary tumor cells was described
with poor response to MTX in patients with osteosarcoma
(69) and acute leukemia (70). 

1.7 Monocarboxylate Transporters 

Monocarboxylate transporters (MCT1-4) mediate
transport of lactate, pyruvate and ketone bodies across the
plasma membranes of mammalian cells in a proton-
dependent manner (71). MCT1 (SLC16A1) is ubiquitously
expressed in tissues in mammals and functions as an
H+/monocarboxylate cotransporter or bidirectional
monocarboxylate exchanger. Expression of MCT1 in
epithelium of the small intestine and the blood-brain
barrier (BBB) is important for intestinal absorption and
distribution to the CNS of nutrients and exogenous
compounds (Figure 1). Monocarboxylic acids, such as
lactate and pyruvate, play a major role in glycolysis that is
a key mechanism in generating ATP by converting glucose
to pyruvate in all mammalian cells. In normal aerobic cells,
pyruvate is transformed into acetyl-CoA in the
mitochondrion and then utilized to produce ATPs through
the Krebs cycle. However, in cancer cells, where the
demand for oxygen is always high, the hypoxic tumor
environment favors the intensification of anaerobic
metabolic pathways, resulting in the high intracellular
accumulation of lactate converted from pyruvate for
acquisition of ATP by lactate dehydrogenase (LDH) 5,
which is up-regulated by hypoxia inducible factor (HIF)
1·. MCT1 appears to be up-regulated in a variety of
human malignancies (72), although studies regarding MCT
in cancer are rare. Koukourakis et al. hypothesized that
MCT1 plays a vital role in transporting lactate out of
tumor cells in exchange for pyruvate that is regenerated
from lactate by LDH1 in stroma cells surrounding tumor
cells, where LDH5 is turned off because of the aerobic
condition. The differential expression of MCT1 could be a
new therapeutic target for cancer chemotherapy.
Experimental data from primary neuroblastomas indicate

Nakanishi: Nakanishi: Drug Transporters in Cancer Therapy (Review)

247



that inhibition of MCT1 by an indazole-carboxylic acid,
lonidamine, caused cell death to a similar extent as did ·-
cyano-4-OH-cinnamate, a well established MCT1 inhibitor,
because of intracellular acidification (73). Such treatment
would be selective by virtue of the acidic milieu
surrounding tumors, because MCT1 is increasingly active
as extracellular pH decreases below 7.0 and lactic acid
production increases.

On the other hand, short-chain fatty acids such as
pyruvate and butyrate are known inhibitors of histone
deacetylase (HDAC). SMCT (SLC5A8) is a Na+-
dependent monocarbo-xylate transporter for these short-
chain fatty acids. This protein is the first membrane
transporter postulated to function as a tumor suppressor
(74) because the silencing of its expression represents an
early event in the progression of cancer cells, so that it
would prevent the entry of circulating pyruvate into tumor
cells and thus avoid pyruvate-induced cell-death (75).
Therefore, pharmacological means to increase the
intracellular concentrations of pyruvate in tumor cells via
induction of SMCT and/or inhibition of LDH5 may have
potential in the treatment of cancer.

1.8 Glucose Transporter as a Diagnostic Marker 

Increased rates of glucose uptake and glucose metabolism
in malignant tumors have been documeted and are
mediated by the overexpression of the gluose transporter
(GLUT1; SLC2A1) and key glycolytic enzymes (76, 77).
GLUT1 expression in tumor tissues is one of the most
characteristic biochemical markers for the transformed
phenotype. Positron emission tomography (PET) is an
advanced imaging tool for the diagnosis and staging of
cancers that was developed based on identifying enhanced
glucose uptake in malignant tumor cells. 2-[Fluorine-18]-
fluoro-2-deoxy-D-glucose (FDG) is taken up by GLUT1 in
tumor cells and phosphorylated by hexokinase to FDG-6-
phosphate. FDG-6, however is not a good substrate for
glycolytic enzymes in subsequent reactions and hence
accumulates within cells in a tumor-specific manner. With
the availability of senstive PET scanners and successful
application of 18-FDG for measuring regional tissue
glucose metabolism, enhanced tumoral glucose
consumption has gained considerable clinical interest,
representing one of the most important pathophysiological
mechanisms for detecting human malignant tumors.
Numerous studies have revealed correlation of 18-FDG
uptake with the expression of GLUT1 in various tumor
types inlcuding lung, colorectal, lymphoma, esohageal,
melanoma, head and neck, and breast cancer. This suggests
that cellular uptake of FDG via GLUT-1 is a useful
diagnostic tool for carcinoma and should be compared to
standard pathological characteristics (78). 

2. ABC Transporters as Target for Cancer
Chemotherapy 

2.1 ABC Transporters and Multidrug Resistance

The ABC transporters are primary active transport systems
of the cell which are widespread from bacteria to humans.
ABC transporter proteins are located in the plasma
membranes of cells, or in the membranes of different
cellular organelles and mediate the translocation of various
molecules across these barriers. Most ABC proteins
transport a substrate molecule by utilizing the energy
generated from ATP hydrolysis, while some form specific
membrane channels. Several ABC transporters function as
efflux pumps of xenobiotics or toxins and their transport
activity has a significant role in modulating the absorption,
distribution and excretion of numerous clinically important
drugs, particularly anticancer drugs. In terms of self-defense,
cells can develop resistance to these cytotoxic compounds by
a number of mechanisms including decreased uptake
carriers, increased detoxification, alteration in target
proteins, or increased excretion. Multidrug resistance
(MDR) is a phenomenon where cells become simultaneously
resistant to structurally unrelated compounds when exposed
to a single cytotoxic agent. MDR was first observed three
decades ago but is still a severe obstacle in cancer
chemotherapy because it limits clinical efficiency of major
anticancer drugs on repeated use. Numerous clinical studies
have revealed that the MDR phenotype in tumors is
associated with the overexpression of certain ABC proteins,
termed MDR transporters, including Pgp, MRP1, MRP2,
MRP3, MRP4, MRP5 and BCRP, which mediate efflux
transport of xenobiotics and drugs. The MDR mediating Pgp
(product of MDR1; ABCB1) was the first ABC transporter-
based resistance mechanism discovered (79) and is probably
still the most widely observed mechanism in MDR in human
cancer. There are two other ABC transporters which have
been demonstrated to participate in the MDR of tumors: the
MDR-associated protein 1 (MRP1; ABCC1) (80) and the
breast cancer resistance protein (BCRP; ABCG2, also
termed MXR or ABCP1) (81). Since no genes other than
Abcg2 have been found overexpressed in cells from mice
with disrupted Abcb1a, Abcb1b and Abcc1 genes in response
to topotecan, mitoxantrone, or doxorubicin (82), these three
transporters appear to account, at least in part, for MDR
observed in tumor cells of both humans and rodents.

2.2 MDR transporters in Targeted Cancer Therapy

Inhibitors of the major MDR transporter genes have been
developed and extensive experimentation and clinical research
have been performed in attempts to block the development of
drug resistance. MDR modifying agents, which inhibit the
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function of the MDR transporters either competitively or non-
competitively, are good candidates for pharmacological
modulation. Such compounds are expected to increase the
cytotoxic action of drugs that are substrates of MDR
transporters by preventing their extrusion by the target cells.
Substrates and inhibitors/modulators for the three major ABC
transporters are listed in Table II. Since both Pgp and BCRP
are located in the apical membranes of epithelial cells of the

intestines and BBB, oral bioavailability and CNS penetration
of substrate drugs can be low and variable. The inhibition of
Pgp and/or BCRP is therefore a logical strategy to improve
oral absorption and delivery of anticancer drugs to brain
tumors or CNS metastases across BBB (83). For example,
coadministration of the Pgp and BCRP inhibitor GF120918
significantly increased the systemic exposure of oral
topotecan, a substrate for BCRP and to lesser extent for Pgp,
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Table II. Major substrate drugs and inhibitors/modulators of Pgp, MRP1 and BCRP. 

Transporter Gene symbol Substrate anticancer drug Inhibitor/modulator
(protein name)

P-glycoprotein MDR1 Alkylating agents Cyclosporin A 
Pgp ABCB1 Mitomycin Valspodar (PSC-833)

Plant alkaloids LY335979 (Zosuquidar 
Vinblastine, Vincristine, Etoposide trihydrochloride) 
Paclitaxel Verapamil 

Antibiotics Staurosporine 
Anthracyclines Econazole
(Doxorubicin, Daunorubicin, Epirubicin) Prazosine 
Actinomycin D, Dactinomycin, Mitoxantrone GF120918

TKI-inhibitors Reserpine
Imatinib

Other cytotoxic agents
Topotecan

MRP1 ABCC1 Alkylating agents MK571
Cisplatin, Staurosporine 
Cyclophosphamide, Chlorambucil, Probenecide 
Carmustine Benzbromarone 

Plant alkaloids Sulfinpyrazone 
Vincristine, Vinblastine, Etoposide Indomethacin 
Paclitaxel, Irinotecan (SN-38) Genistein 

Antibiotics CCP (Chlorocarbonyl cyanide 
Anthracyclines phenylhydrazone)
(Doxorubicin, Daunorubicin, 
Epirubicin, Idarubicin)

Other cytotoxic agents 
Anti-folates (e.g. Methotrexate)
Hydroxyurea, Tamoxifen

BCRP/MXR/ABCP1 ABCG2 Antibiotics Fumitremorgin C (FTC)
Anthracyclines FTC analog (e.g. Ko-143) 
(Doxorubicin*, Daunorubicin*, GF129018
Epirubicin*, Idarubicinol*) Iressa (Geftinib)
Mitoxantrone Reserpine

Plant alkaloids Tamoxifen
Irinotecan (SN-38) Estrone

TKI-inhibitors Anti-estrogen derivatives 
Imatinib (TAG-11, TAG-139)

Topoisomerase I inhibitors
Topotecan, 9-Aminocamptothecin
NB-506, J-10788

Other cytotoxic agents 
Anti-folates (e.g. Methotrexate**)
Flavopiridol

*Transport substrate for BCRP mutant (R482T); **Transport substrate for BCRP wild-type.



resulting in an apparent oral bioavailability increase from 40%
to 97% (84). In addition, a high throughput cell-based screen
for BCRP has been established and is being used to identify
new inhibitors (85). Inhibition of these transporters is likely
to cause toxicity in a patient's normal stem cells, particularly
those of the bone marrow, or might enhance drug distribution
to the CNS across the BBB. Therefore, Pgp and BCRP
inhibitors would have to be carefully titrated in order to avoid
excessive side-effects.

The use of monoclonal antibodies to block MDR
transporters may be another approach to reverse MDR.
Several antibodies have been reported to inhibit in vitro Pgp-
mediated drug efflux (86). Antibodies that bind to
extracellular epitopes of transporters may provide a
supplement to chemical agents for the reversal of MDR in
cancer. In addition, a method to eliminate MDR is the use of
macromolecular carriers. Conjugation of anti-tumor agents to
various drug carriers, including antibodies specific for MDR
transporters may be a clinically useful application. Methods
involving inhibition of expression or functional removal of
mRNA using antisense oligonucleotides or ribozymes
targeting MDR proteins were recently reviewed (87, 88).

2.3 Stem cells/Cancer Stem Cells and MDR
Transporters 

Over the past three decades, the cancer stem cell (CSC)
hypothesis has postulated that only a small population of
cancer cells is capable of giving rise to new tumors. Since
tumorigenic CSCs were first identified in acute myeloid
leukemia (89), the concept that cancer develops from CSCs
is gaining wider acceptance. Almost all current therapies
against cancer target differentiated cancer cells, but not
CSCs, hence CSCs that are more resistant to therapy and
relatively quiescent can escape the treatment, resulting in
recurrence of the tumor. Although CSCs and normal stem
cells are expected to have many similar properties, the
challenge in eradicating CSCs from tumor cells provides a
new rationale for CSC-targeted cancer chemotherapy
without affecting normal tissue stem cells. Hence, finding
unique pathways in CSCs is of the utmost importance.

Pgp and BCRP are the most extensively studied MDR
transporters in stem cells (90) and are found to be expressed
in normal stem cells and CSCs (91-93). Recently, flow
cytomet-ric methods demonstrated that a small population of
cells (~0.1%) called the side population (SP), with low
Hoechst dye accumulation, was able to reconstitute tumors
similar to the tumor of origin in NOD-SCID mice (94). The
SP is a CSC/progenitor-enriched population and has been
identified in many normal tissues including mammary glands,
lung, muscle, heart, liver, brain and skin in both human and
animal models (90), and in most human tumor stem cells (92,
93). Current evidence suggests that BCRP contributes

significantly to the generation of the SP phenotype, which in
turn protects stem cells from xenobiotic toxins. With respect
to MDR in cancer, it may be important for efficient clinical
outcome to modulate or block the function of BCRP in
CSCs. Therefore the combination of anticancer drugs with
inhibitors targeting ABC transporters, in particular BCRP,
may be an efficient way to combat malignant tumors (95).
Moreover, recent reports suggest that transcription of BCRP
and mouse ortholog is likely regulated by multiple promoters
in response to drug exposure (96), or in a hematopoietic stem
cell-specific manner (97). Previously a sharp down-regulation
of BCRP expression at the stage of lineage commitment was
observed, suggesting that this gene may play an important
role in the unique physiology of pluripotent stem cells. In this
respect, determination of precise transcriptional control of
this gene in human hematopoietic stem or SP cells may
provide a new drug target for modulating BCRP expression
in a stem cell-specific manner, although differential promoter
usage by CSCs remains to be proven. Malignancies appear to
be heterogeneous with respect to drug responsiveness.
Cancer that responds to therapy initially appears to acquire
drug resistance during the course of treatment, the
mechanism of which may be different from the mechanism
that intrinsically occurs. If normal tissue stem cells are subject
to transforming events leading to the generation of CSCs,
CSCs and normal stem cells are expected to have many
similar properties. However, cancer stem cells can also arise
from a mature (i.e. differentiated or committed) cell (98).
Whether these two types of CSCs have similar characteristics
or not remains unclear. 

Finally, in addition to ABC transporters, little is known
about expression of SLC transporters in cancer stem cells.
Differential expression of influx transporters in CSCs could
be targets for delivery of anticancer agents to CSCs. In this
respect, expression profiles of SLC transporters should be
investigated in normal tissue stem cells and CSCs. 

Conclusion

It is essential to specifically target anticancer drugs to the
tumor cells. This will increase clinical efficiency and reduce
side-effects of anticancer agents. The effectiveness of cancer
chemotherapy will often depend on the relative transport
capacities of normal and cancer cells. In as much as
transporters are gatekeepers that regulate entry of anticancer
drugs into cells, transporters that are differentially expressed
in cancer and tumor cells are also targets for cancer
chemotherapy. Therefore drug design or pro-drug
derivatization of anticancer agents that consider substrate
specificities and tissue distribution of transporters could create
efficient anticancer agents and improve currently available
therapies. In addition, the development of inhibitors specific
to transporters that play a role in tumor cell survival may have
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pharmacological potential as anticancer agents. Moreover
investigations into transporters overexpressed by cancer stem
cells may provide new targets for cancer chemotherapy.
Finally, this review of drug transporters and their importance
in cancer biology and chemotherapy clearly highlights the
pivotal role of drug transporters in translational research. The
large variety of human transporter proteins underscores the
inclusion of the study of drug transporter expression patterns
for optimization and individualized use of cancer medicines. 
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