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Abstract

Systemic disposition of nucleosides and nucleoside analogs is dependent on renal handling of these compounds. There are five known,

functionally characterized nucleoside transporters with varying substrate specificities for nucleosides: concentrative nucleoside transporters

(CNT1–CNT3; Solute Carrier (SLC) 28A1–28A3), which mediate the intracellular flux of nucleosides, and equilibrative nucleoside

transporters (ENT1–ENT2; SLC29A1–SLC29A2), which mediate bi-directional facilitated diffusion of nucleosides. All five of these

transporters are expressed in the kidney. Concentrative nucleoside transporters primarily localize to the apical membrane of renal epithelial

cells while equilibrative nucleoside transporters primarily localize to the basolateral membrane. These transporters work in concert to mediate

reabsorptive flux of naturally occurring nucleosides and nucleoside analogs. In addition, equilibrative transporters also participate in

secretory flux of some nucleoside analogs. Nucleoside transporters also serve in the targeting of nucleoside analog therapies to renal tumors.

This review examines the role that these transporters play in renal disposition of nucleosides and nucleoside analogs in both systemic and

kidney-specific therapies.
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1. Introduction

Nucleosides and nucleoside analogs are administered

therapeutically in the treatment of cardiac arrhythmias,

neoplasms, and viral infections. These compounds are

hydrophilic and require facilitated transport to traverse

cellular membranes. This movement is carried out primar-

ily through interactions with nucleoside-specific transporter

proteins of which there are two known families: sodium-

dependent concentrative nucleoside transporters (CNTs;

Solute Carrier (SLC) 28) and equilibrative nucleoside

transporters (ENTs; SLC29). The presence of these trans-

porters in various tissues throughout the body governs

tissue specific disposition and pharmacokinetics of natu-

rally occurring nucleosides as well as some synthetic

nucleoside analogs. This review will focus on the five

characterized nucleoside-specific transporters with regard

to how they work in concert to mediate renal disposition of
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nucleosides and nucleoside analogs, as well as their role in

targeting of nucleoside analogs in renal cancers.

Naturally occurring nucleosides are produced in the

liver and peripheral tissues, circulate through the body

for use by both energy-depleted and dividing cells, and are

then actively reabsorbed within the kidney. Renal disposi-

tion of nucleoside analogs is more variable: some are

reabsorbed but others are actively secreted (Table 1). The

extent of reabsorption or secretion does not appear to be

related to similarities in chemical structure between an

analog and endogenous nucleosides. Deoxyadenosine,

which differs from adenosine by one hydroxyl group, is

actively secreted whereas ribavirin, which differs drastical-

ly in structure from endogenous nucleosides, is actively

reabsorbed (Fig. 1) (Kuttesch and Nelson, 1982; Paroni et

al., 1989). Unlike filtration, the processes of renal secretion

and reabsorption require active transport.

Renal epithelial cells serve as a barrier between the

tubular filtrate and the interstitium. As such, they are

polarized with two distinct membranes: an apical or

brush-border membrane that is in contact with the filtrate

and a basolateral membrane that is in contact with the

interstitium. Transepithelial flux of nucleosides in either



Table 1

Renal handling of selected clinically administered nucleosides and nucleoside analogs

Therapeutic

compound

Common indications Active renal processes Renal toxicities References

Nucleosides

Adenosine Cardiac arrhythmia Reabsorbed – (Kuttesch and Nelson, 1982)

Deoxyadenosine – Secreted – (Kuttesch and Nelson, 1982)

Synthetic analogs

Gemcitabine Pancreatic cancer,

breast cancer,

bladder cancer,

non-small cell

lung cancer

Metabolite poorly

secreted

Mild proteinuria,

common mild hematuria,

common renal failure, rare

(Aapro et al., 1998;

Abbruzzese et al., 1991)

Didanosine HIV, HTLV Secreted Nephrotoxicity, rare (Crowther et al., 1993;

Hartman et al., 1990;

Knupp et al., 1991)

Cytarabine ALL, ANL, CML,

Meningial leukemia

N/D Renal failure, rare (Slavin et al., 1978)

Ribavirin Hepatitis C Reabsorbed Nephrolithiasis, rare (Fontana, 2001;

Paroni et al., 1989)

Zidovudine HIV, HTLV Secreted – (de Miranda et al., 1989)

HIV, human immunodeficiency virus; HTLV, human T-cell lymphotrophic virus; ALL, acute lymphocytic leukemia; ANL, acute non-lymphocytic leukemia;

CML, chronic myelocytic leukemia. N/D, not determined. – , no toxicities reported.
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the reabsorptive or secretory direction necessitates a min-

imum of two steps to traverse the epithelium: concentrative

transport of nucleosides into the cells and then equilibra-

tive transport out the other side. Thus, the subcellular

localization of concentrative nucleoside transporters, which

mediate influx, to the apical membrane would implicate

them in the reabsorption of naturally occurring nucleosides
Fig. 1. Chemical structures of selected nucleosides and nucleoside analogs.

Compounds have a purine (adenosine, deoxyadenosine, ribavirin) or

pyrimidine (gemcitabine) base linked to a ribose or deoxyribose ring.

Ribavirin is a guanosine analog. Gemcitabine is a cytidine analog.
and localization to the basolateral membrane would impli-

cate them in the secretion observed for many nucleoside

analogs.

Nucleoside transporters are expressed within the kidney

and are expected to play an important role in the active

processes that govern the renal disposition of nucleosides

and nucleoside analogs. Historically, functional studies in

animal tissue preparations suggested the presence of multi-

ple nucleoside transport systems within renal epithelia (Le

Hir and Dubach, 1984; Lee et al., 1990). Both sodium-

dependent (concentrative) and sodium-independent (equili-

brative) transport systems with varying substrate specific-

ities have been described (Williams and Jarvis, 1990, 1991;

Williams et al., 1989). Nucleosides can be categorized as

either purine or pyrimidine nucleosides based on chemical

structure (Fig. 1). Some nucleoside transport systems char-

acterized in the kidney have a preference for purines, some

prefer pyrimidines, and others appear to be indiscriminate.

The first study of nucleoside transport systems in human

renal brush-border membrane vesicles was carried out in

this laboratory and identified the presence of both an

equilibrative and a concentrative nucleoside transport sys-

tem (Gutierrez et al., 1992). Further examination of the

concentrative system indicated that the system preferred

pyrimidine nucleosides although it also transported adeno-

sine and guanosine (Giacomini et al., 1994; Gutierrez and

Giacomini, 1994). The equilibrative transport system was

not characterized.

Five nucleoside-specific transporters have been cloned

and functionally characterized. These proteins are thought to

be responsible for governing the systemic disposition of

nucleosides and nucleoside analogs. All five of these trans-

porters appear to be transcribed within the kidney and are
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thus likely to play a role in renal disposition of endogenous

and therapeutic nucleosides (Pennycooke et al., 2001; Ritzel

et al., 2001). The relative importance of each of these

transporters in the renal disposition of naturally occurring

nucleosides and synthetic analogs is dependent on its

substrate specificity and subcellular localization and level

of expression within renal epithelia.
2. Concentrative nucleoside transporters

Three members of the mammalian CNT family have been

cloned and functionally characterized to date: CNT1, CNT2

or SPNT (Sodium-dependent Purine-selective Nucleoside

Transporter), and CNT3 (Ritzel et al., 1997, 1998; Wang

et al., 1997b). These transporters differ in their substrate

specificity and work in concert to mediate the renal transport

of nucleosides and nucleoside analogs. CNT1 is pyrimidine

preferring, CNT2 is purine preferring, and CNT3 is broadly

selective. Concentrative nucleoside transporters couple in-

ward flux of nucleosides to inward flux of Na+. All three of

the cloned nucleoside transporters appear to be expressed in

the kidney to some degree (Table 2).

2.1. CNT1

CNT1 was the first member of the CNT family to be

isolated and functionally characterized (Ritzel et al., 1997).

CNT1 encodes a protein of 650 amino acids (f 72 kDa)

and is expressed in epithelial tissues (predominantly jeju-

num and kidney). CNT1 preferentially transports pyrimi-

dine nucleosides (thymidine, cytidine, and uridine) and

some pyrimidine nucleoside analogs but not the purine

nucleosides, guanosine or inosine, or their analogs (Table

3). Interestingly, CNT1 does transport adenosine albeit at

low capacity (Ritzel et al., 1997). It does not interact with

either nucleobases (uracil, hypoxanthine) or nucleotides

(UMP, UDP, UTP) (Lostao et al., 2000; Ritzel et al.,

1997; Yao et al., 2002). Sequence analysis and topology

studies suggest that CNT1 has 13 transmembrane domains

with a cytoplasmic N-terminal tail and an extracellular C-
Table 2

Expression and localization of nucleoside transporters in the kidney

Transporter Kidney expression Localization in renal epithelia

mRNA Protein Apical Basolateral

Concentrative nucleoside transporters (CNT)

CNT1 ++++ yes *** �
CNT2 ++ yes ** *

CNT3 + N/D *** �

Equilibrative nucleoside transporters (ENT)

ENT1 +++ N/D * **

ENT2 ++ N/D � ***

N/D: not determined. ++++, high expression; +++ to ++, intermediate

expression; +, low expression; �, not present; ***, entirely localized; ** to

*, partially localized.
terminal tail (Fig. 2) (Hamilton et al., 2001; Huang et al.,

1994). CNT1 has two putative glycosylation sites in the C-

terminal extracellular tail, at positions N606 and N654.

Treatment with endoglycosidase F, a deglycosylation

agent, indicates that at least one of these sites is glyco-

slyated (Hamilton et al., 2001). Identification of the

molecular structure of CNT1 has allowed for extensive

analysis of both the mechanism of transport and the

substrate specificity of this protein. Transport is sodium-

dependent, with a likely coupling ratio of 1:1 (Na+/nucle-

oside). Transport also appears to be sensitive to membrane

potential (Dresser et al., 2000; Lostao et al., 2000).

A wide variety of nucleoside analogs pass through the

kidney and may be affected by the presence of CNT1 within

renal epithelia. For this reason, an examination of the

tolerated substrate substitutions that are compatible with

transport is essential. To this aim, CNT1 has been expressed

in multiple heterologous expression systems (oocytes, mam-

malian cells, and yeast) and examined for interaction with a

variety of substrates. Standard assays in these systems

involved determination of the uptake of radiolabeled nucleo-

sides or nucleoside analogs and, often, the inhibition of

uptake by unlabeled compounds. While this methodology

provides a rapid way to test for interactions of compounds

with transporters, it requires the use of radiolabeled substrate

in order to determine definitively whether a substance is

acting as a substrate or an inhibitor, a difficult and costly task.

The advent of electrophysiological techniques has allowed

for a much broader understanding of the substrate specificity

of CNT1. Examination in this laboratory of the structural

basis for substrate interaction of the rat ortholog, rCNT1,

using electrophysiologic techniques has shown that pyrimi-

dine analogs modified at the 3-, 4-, or 5-positions on the base

continued to be transported by rCNT1 but modification at the

6-position negated substrate/transporter interactions (Dresser

et al., 2000). 5V-Hydroxylation of the ribose was not essential
for transport. Examination of human CNT1 via electrophys-

iology showed similar trends (Lostao et al., 2000; Mata et al.,

2001). A summary of the substrates and inhibitors known to

interact with rat and human CNT1, and the other cloned

transporters discussed below, is provided in Table 3.

2.2. CNT2 (SPNT)

The human ortholog of CNT2, termed SPNT1 or

CNT2, was originally cloned in this laboratory from the

kidney (Wang et al., 1997b). CNT2 is 72% identical to

CNT1, and mediates sodium-dependent purine-selective

nucleoside transport (Ritzel et al., 1998). The protein is

predicted to have a similar secondary structure to the other

cloned CNTs, and contains six putative N-linked glycosyl-

ation sites (only the four in the C-terminal tail are

predicted to be extracellular) and six putative protein

kinase C (PKC) phosphorylation sites. CNT2 has a wider

tissue distribution than CNT1 and is most abundant in the

GI tract where it appears to be responsible for the



Table 3

Substrate specificity of the rat (R) and human (H) orthologs of cloned nucleoside transporters
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absorption of orally administered therapeutic purine ana-

logs such as ribavirin (Patil et al., 1998; Pennycooke et al.,

2001). Significant amounts of CNT2 mRNA transcript are

detected in kidney, liver, skeletal muscle, lymph nodes and

mammary gland (Pennycooke et al., 2001). This protein

preferentially transports purine nucleosides—adenosine,

guanosine, inosine—and purine nucleoside analogs over

pyrimidine nucleosides although it also transports uridine.

CNT2-dependent nucleoside transport appears to be mech-

anistically very similar to CNT1-mediated transport. The

ratio of Na+ to nucleoside transport via CNT2 is 1:1 (Li et

al., 2001). In addition, there is some residual nucleoside

transport in the absence of Na+ suggesting that the protein

may transport other ions (Gerstin et al., 2002).

There are some significant species differences in sub-

strate specificity for nucleosides and nucleoside analogs

between rat and human CNT2, which is important to note

since many functional studies have been done with the rat

clone (Gerstin et al., 2002). Both orthologs selectively

transport purine nucleosides but rat CNT2 prefers adenosine

to inosine whereas human CNT2 prefers inosine to adeno-
sine. The human ortholog is also less tolerant of ribose

modifications, whereas the rat ortholog transports 5V-AMP

and several ribose modified analogs including didanosine

(2V,3V-dideoxyinosine) and fludarabine (2-F-Ara-AMP).

Analogs with base modifications such as cladribine (2-

chloro-2V-deoxyadenosine) are also less tolerated by human

SPNT. Dehydroxylation at the 3Vposition is not tolerated.

2.3. CNT3

CNT3-type transport characteristics were originally de-

scribed in rabbit choroid plexus in this laboratory (Wu et al.,

1992). hCNT3 and mCNT3 were identified in the EST

database and simultaneously cloned from human mammary

gland, humanmyeloid HL-60 cells, andmouse liver (Ritzel et

al., 2001). CNT3 encodes a 691 amino acid protein (77 kDa)

containing four N-linked glycosylation sites, all within the C-

terminal tail. The amino acid sequence of CNT3 is 48%

identical to CNT1 and 47% identical to CNT2. These three

proteins are predicted to have very similar secondary struc-

tures. Mechanistically, CNT3 differs from CNT1 and CNT2



Table 3 (continued)

Yellow, known substrate; Red, known inhibitor; Blue, neither; White, unknown. Substrate specificity of mCNT3 (M) is given because no functional rat CNT3

ortholog has been reported to date. Values (in AM) are Km if written in black, IC50 values if written in black and italicized, and Ki if written in blue, and EC50 if

written in green. dA, deoxyadenosine; NBMPR, nitrobenxylthioinosine; 5dFU, 5V-deoxy 5V-fluorouridine; Trox, Troxacitabine (Che et al., 1995; Crawford et

al., 1998a; Fang et al., 1996; Gourdeau et al., 2001; Graham et al., 2000; Hammond, 2000; Mackey et al., 1998; Schaner et al., 1997; Vickers et al., 2001; Wang

et al., 1997a; Yao et al., 2001).
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in two major ways. First, the Na+/nucleoside coupling ratio

for CNT3 is 2:1, as opposed to 1:1 for the other CNTs. In a

physiological situation, this means that CNT3 concentrates

nucleosides intracellularly 10 times more CNT1 or CNT2.

Thus, CNT3-mediated transport of nucleosides or nucleoside

analogs may be important even in tissues such as the kidney

where lower levels of this transporter are expressed. Second-

ly, CNT3 is broadly selective for nucleoside substrates,

transporting both purine and pyrimidine nucleosides. There-

fore, it interacts with a much broader range of therapeutic

nucleoside analogs and is expected to play an important role

in absorption, distribution, and elimination of these drugs.

2.4. Amino acid determinants of specificity of concentrative

nucleoside transporters

The molecular determinants of substrate specificity and

translocation for all three cloned CNTs appear to be related.

Removal of the N-terminus of CNT3, containing the intra-
cellular tail and first three transmembrane domains, results in

a truncated protein that retains function, indicating that

translocation is independent of this portion of the protein

(Hamilton et al., 2001). Examination of the conserved amino

acid differences between these proteins in the remainder of

the protein sequence has provided insights into regions

responsible for substrate selectivity. This was originally

examined in this laboratory with a series of chimeric proteins

of the rat orthologs of CNT1 and CNT2 (Wang and Giaco-

mini, 1997, 1999a,b). Using CNT1 as the template, the

amino acids in transmembrane domain 7 were replaced with

those from this region of CNT2, resulting in a broadly

selective nucleoside transporter. Further studies determined

that substitution of a single pair of conserved residues in

CNT1 (S318G/Q319M) created a protein that tolerated both

purine and pyrimidine nucleosides, implicating these resi-

dues in substrate binding and possibly in the translocation

pathway of these proteins. Similar studies using the human

orthologs showed that alteration of these two residues in



Fig. 2. Secondary structure of (A) CNT1 and (B) ENT1. All members of the

CNT family are predicted to have 13 transmembrane spanning domains

with a cytosolic N-terminal tail and an extracellular C-terminal tail. All N-

linked glycosylation sites in each CNT are located within this C-terminal

tail. All members of the ENT family are predicted to contain 11

transmembrane domains with a very short cytoplasmic N-terminal tail

and extracellular C-terminal tail. ENTs are predicted to have two large

loops—an extracellular loop between transmembrane domains 1–2 that is

glycosylated and a cytosolic loop between transmembrane domains 6–7.
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CNT1 confers the ability to transport purines to an otherwise

pyrimidine-selective transporter (Loewen et al., 1999). In

addition, mutations of conserved differences in a nearby

region (S353T and L354V) selectively reduce pyrimidine

transport, indicating that purine-selection and pyrimidine-

selection may occur at different positions within these

proteins. Examination of conserved residues at these posi-

tions in the broadly selective human CNT3 and its orthologs

supports the importance of these four residues and the

surrounding region in determination of substrate selectivity

(Ritzel et al., 2001). Both pairs of residues in CNT3 contains

one residue conserved with CNT1 and one residue conserved

with CNT2 (G318/Q319 and S353/V354).
3. Equilibrative nucleoside transporters

Three members of the mammalian equilibrative nucle-

oside transporter (ENT, SLC29) family have been cloned

to date: ENT1, ENT2, and ENT3 (Griffiths et al., 1997a,b;

Hyde et al., 2001). ENT1 exhibits equilibrative nucleoside

transport that is sensitive to inhibition by nanomolar

concentrations of nitrobenzylthioinosine (NBMPR, termed

es-type activity). Nucleoside transport by ENT2 is insen-

sitive to inhibition by similar concentrations of NBMPR

(termed ei-type activity). Both ENT1 and ENT2 are

transcribed in the kidney but their respective protein

levels have not been examined (Pennycooke et al.,

2001). ENT3 sequence (accession number AF326987)

has recently been identified within the GenBank database
by its homology to members of the ENT family. While

examination of the EST database indicates that ENT3 is

expressed in kidney, this protein does not localize to the

plasma membrane in renal epithelial cells (unpublished

observation). Functional characterization of ENT3 has not

been possible to date (Hyde et al., 2001). Similar database

searches have identified a fourth family member, ENT4, in

mouse and human (accession numbers NM146257 and

NM153247). ENT4 has not yet been cloned, but does

not appear to be transcribed in the kidney. For this reason,

discussion of ENTs in this review will focus on ENT1 and

ENT2.

3.1. ENT1

ENT1 was first cloned from human placenta in 1997

(Crawford et al., 1998b; Griffiths et al., 1997a). Topology

studies and sequence analysis indicate that this protein has

11 transmembrane domains, with a short internal N-

terminal tail, a short external C-terminal tail, and two

large loops: an extracellular, glycoslyated loop between

the first two transmembrane domains and a cytoplasmic

loop between transmembrane domains 6 and 7 (Fig. 2)

(Sundaram et al., 2001a). ENT1 is broadly selective,

transporting both pyrimidine and purine nucleosides and

their analogs although with lower affinity than the CNTs.

ENT1 is impermeable to nucleobases or nucleotide mono-

phosphates (Lum et al., 2000; Yao et al., 2002). Pharma-

cological analysis indicates that ENT1 substrate binding is

not affected by base modifications but is sensitive to

dehydroxylation at the 2V, 3Vor 5Vpositions of the ribose

ring (Table 3) (Lum et al., 2000). Transport is inhibited by

nanomolar concentrations of NBMPR (IC50 is 3.7 nM for

uridine inhibition) though NBMPR is not itself a substrate

(Griffiths et al., 1997a). In addition, transport is compet-

itively inhibited by several coronary vasodilators: dilazep,

draflazine, and dipyridamole. These compounds are struc-

turally distinct from nucleosides but appear to bind to the

same region of the transporter (Sundaram et al., 1998).

A number of studies have focused on mapping the

substrate-binding region of ENT1. Mutagenesis studies

indicate that transmembrane domains 3–6 of ENT1 are

responsible for interacting with both the vasodilators and

NBMPR, suggesting that this region of the transporter is

also responsible for substrate binding (Sundaram et al.,

1998, 2001b). In addition, deglycosylation at position 48

and mutagenesis of residue 33, both within the first

extracellular loop, decrease affinity of ENT1 for NBMPR

(Vickers et al., 1999, 2002). Further mutagenesis studies

demonstrated that the conserved glycine at residue 179 in

transmembrane domain 5 is important for both NBMPR

binding and nucleoside transport, linking the two func-

tions to the same region of the transporter (SenGupta et

al., 2002).

Transcripts of ENT1 are expressed within the kidney

and are expected to be responsible for the es-type transport
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seen in membrane vesicle preparations from whole kidney

tissue (Pennycooke et al., 2001). Recent studies have

shown that ENT1 transport can be regulated by several

signaling pathways present in renal epithelium including

PKC and purinoceptor activity, indicating that renal nucle-

oside transport may be a dynamic process (Coe et al.,

2002; Parodi et al., 2002).

3.2. ENT2

A transcript encoding a 456-residue protein (f 50

kDa), termed ENT2, was simultaneously cloned in two

separate laboratories from human placenta and the HeLa

cell line (Crawford et al., 1998b; Griffiths et al., 1997b).

ENT2 protein has a lower affinity than ENT1 for all

nucleosides with the exception of inosine (Ward et al.,

2000). ENT2 is a poor transporter of both guanosine and

cytidine. ENT2 transport is only partially inhibited by

NBMPR at micromolar concentrations (Yao et al., 1997).

Recent studies indicate that ENT2 binds and translocates

nucleobases via the same pathway as nucleosides (Yao et

al., 2002). The region of the protein responsible for

nucleobase transport appears to lie in transmembrane

domains 5 and 6.

mRNA expression profiling indicates that ENT2 is less

abundant than ENT1 in the kidney (Pennycooke et al.,

2001). Thus, ENT2-mediated renal transport of nucleosides

is likely to take a secondary role to ENT1-mediated trans-

port, which has a higher expression level and a higher

affinity for most nucleosides. However, ENT2 has a high

affinity for inosine and hypoxanthine, two primary metab-

olites of adenosine. This may be important for termination

of actions generated by adenosine-mediated pathways with-

in the kidney.
4. Nucleoside transporter-mediated renal disposition of

nucleoside analogs

Nucleoside transporters in the kidney have been iden-

tified primarily through reverse transcriptase-polymerase

chain reaction (RT-PCR) and Northern blotting. mRNA

transcripts of all five characterized transporters are present

in human kidney. Transcripts of CNT2 and CNT3 appear

to be present at significantly lower levels than those of

CNT1 (Pennycooke et al., 2001; Ritzel et al., 2001).

ENT2 transcripts are present at lower levels than ENT1.

While CNT1 and CNT2 proteins have been identified in

renal epithelium using protein-specific antibodies, protein

levels have not been quantified to date (Felipe et al., 1998;

Hamilton et al., 2001). CNT1 is likely the most abun-

dantly expressed CNT in the kidney consistent with

functional assays in human renal vesicles that identified

a single pyrimidine-preferring concentrative transport sys-

tem (Gutierrez and Giacomini, 1993; Gutierrez et al.,

1992). The physiological relevance of high levels of pyri-
midine-specific nucleoside transport in the kidney remains

unclear.

To determine the role of nucleoside transporters in the

renal disposition of nucleosides, we investigated the sub-

cellular localization of these proteins. Transporters were

tagged with green fluorescent protein (GFP) and stably

expressed in two renal epithelial cell lines: MDCK and

LLC-PK1. Using this system, subcellular localization was

determined directly via immunofluorescence and function-

ally via membrane-specific nucleoside transport (Fig. 3)

(Mangravite et al., 2001, 2003). Studies examining sub-

cellular localization of CNT1 and ENT1 have also been

carried out by Lai et al. (2002) with similar results.

Our data indicate that the concentrative nucleoside

transporters, CNT1, CNT2, and CNT3, localized predom-

inantly to the apical membrane of MDCK where they

control movement of nucleosides from tubular filtrate into

epithelium (Fig. 4). While CNT1 and CNT3 were entirely

confined to the apical membrane, CNT2 had significant

presence on the basolateral membrane as well. In contrast,

the equilibrative nucleoside transporters, ENT1 and ENT2,

localized predominantly to the basolateral membrane

where they likely control movement of nucleosides be-

tween the epithelial cytosol and the interstitium (Fig. 4).

ENT2 was confined entirely to the basolateral membrane,

whereas ENT1 was predominantly on the basolateral

membrane with a small additional presence on the apical

membrane.

Localization of CNTs to the apical membrane and

ENTs to the basolateral membrane of renal epithelial cells

implicates these transporters in active reabsorption of

nucleosides and nucleoside analogs from the tubular

filtrate. Nucleosides present in the tubular filtrate are

actively removed in two steps. Nucleosides and nucleo-

side analogs within the filtrate come in contact with

CNTs and are actively transported into the cytosol of

the surrounding epithelium. As these nucleosides are

concentrated within the cells, they are driven across the

basolateral membrane via ENT1 and ENT2. This model

of nucleoside transporters within the kidney explains the

reabsorptive processes noted clinically for adenosine and

other nucleosides but is in contrast to the secretory

processes described for many clinically administered nu-

cleoside analogs. Secretion may be explained by several

factors. First, many of these analogs are not well tolerated

by nucleoside transporters. Thus, they may not be effec-

tively reabsorbed. Second, the renal epithelia is also home

to a wide range of xenobiotic transporters and efflux

pumps that mediate the efflux of compounds into tubular

filtrate. Interactions with these pumps, which are broadly

selective for substrates, would influence the overall renal

disposition of nucleoside analogs. In fact, there is grow-

ing evidence that nucleoside analogs and their metabolites

are substrates for some of the xenobiotic transporters found

in the kidney. These active secretory processes are likely to

play a major role in renal disposition of therapeutic



Fig. 3. Localization of nucleoside transporters in MDCK, a renal epithelial cell line (Mangravite et al., 2001, 2003). Cells were transfected with GFP-tagged

CNT1, CNT2, CNT3, ENT1, or ENT2, and polarized by growth on permeable support. Localization was assay by (A) immunofluorescence or (B) functional

transport. (A) Cells were fixed, stained for actin with Texas Red-conjugated phalloidin and visualized by confocal microscopy. Red, actin; Green, GFP. Top row

shows both stains. Bottom row shows just GFP. Bar, 10 Am. (B) Cells were exposed to 10.1 AM nucleoside (0.1 AM 3H-inosine or 3H-thymidine and 10 AM
nucleoside) in physiologic buffer for two min at either the apical or basolateral membrane. Thymidine was used to assess the function of CNT1 and inosine was

used to assess the function of CNT2, CNT3, ENT1 and ENT2.
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nucleoside analogs. It is likely that ENT1 on the basolateral

membrane may serve in concert with apical xenobiotic

pumps to mediate secretion of therapeutic nucleoside

analogs.
 

Fig. 4. Model of nucleoside transporters in renal epithelia. Primary

localization of transporters are displayed visually in a representative renal

epithelial cell. Rectangles represent tight junctions, separating the apical

(top) from basolateral (bottom) membranes. Dual arrows on the concen-

trative transporters indicate cotransport of substrate and sodium.
5. Nucleoside transporters in renal cancer chemotherapy

In addition to their significance in the renal disposition of

systemic therapies, nucleoside transporters could have a

major impact in chemotherapeutic treatment of renal neo-

plasms. Ninety percent of renal cancers occur within the

cortex and originate predominantly within the proximal

tubule, which is the site of localization of reabsorptive

transporters. Immunohistochemistry studies of CNT1 in

rat kidney sections indicate that this is the precise location

of CNT1 and, presumably other concentrative nucleoside

transporters, within the kidney (Hamilton et al., 2001).

Systemic chemotherapy is not indicated for renal cortical

tumors as they often present with multi-drug resistance

phenotypes, possibly due to the presence of multiple efflux

pumps within this tissue. First line therapy is surgical

removal: partial, simple or radical nephrectomy (Godley

and Taylor, 2001). However, survival rates are low, in part

because diagnosis often does not occur early enough to

prevent metastasis. For this reason, all patients are encour-

aged to enroll in clinical trials. There are approximately 80

clinical trials currently ongoing in the United States exam-

ining novel therapies for renal cancer (http://www.nci.nih.

gov/clinicaltrials). The usefulness of several nucleoside

analogs known to be effective in solid tumor therapy is

being examined. Gemcitabine, capecitabine (a pro-drug of

 http:\\www.nci.nih.gov\clinicaltrials 


Fig. 5. Simplified diagram of mechanisms of activation of antineoplastic

nucleoside analogs. Nucleoside analogs (NA) gain entry into cells via

nucleoside transporters and are activated by a series of three consecutive

phosphorylation steps to active triphosphorylated forms (NA-TP). NA-TPs

can act by causing DNA chain termination, inhibiting ribonucleotide

reductase, incorporating into RNA, and inducing apoptosis.
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5-fluorouracil), 5-fluorouracil, and fludarabine administra-

tion alone or in combination with other therapies are all

currently in clinical trials. With all five known and func-

tionally characterized nucleoside transporters expressed

within the proximal tubule, it is reasonable to think that

nucleoside analogs may provide an effective line of defense

in renal cancer.

Based on the proposed renal model of nucleoside trans-

porter-mediated nucleoside movement discussed above, an

antineoplastic analog selectively transported by CNTs could

easily gain and retain access to renal cortical tumors. For

example, gemcitabine is preferentially transported by CNT1

(Km is 24 AM) over ENT1 (Km is 160 AM) or ENT2 (Km is

740 AM) (Mackey et al., 1999). There are no known

interactions between gemcitabine and any efflux pumps or

xenobiotic transporters, although the active species, gemci-

tabine triphosphate (Gem-TP), may undergo active efflux. In

addition, relative expression levels of nucleoside transporters

in renal carcinomas may be a very important factor in the

chemotherapeutic efficacy of these nucleoside analogs.

Expression of nucleoside transporters appears to be a

dynamic event. Transcription and translation of nucleoside

transporters are regulated by various cellular and systemic

processes. Normal cellular demand for endogenous nucleo-

sides varies with cell cycle. As such, expression of CNT1 has

been shown to be cell cycle regulated (Valdes et al., 2002).

ENT1 is regulated by PKC, an internal signal present in renal

cells (Coe et al., 2002). Within macrophages, proliferation

and activation alter both CNT and ENT expression (Soler et

al., 2001). It is not surprising, then, to discover that nucle-

oside transporters are alternatively expressed in cancerous

cells. Studies of mRNA transcript expression in individual

biopsies from kidney cancer tumors indicate two important

points (Pennycooke et al., 2001). First, tumor cells have

lower levels of mRNA transcripts of concentrative nucleo-

side transporters than do normal tissue. CNT1 expression is

very low or negligible in most biopsy samples. CNT2

expression levels decrease minimally. Secondly, there is

enormous interpatient variability in transporter expression

levels. ENT1 transcript levels varied widely in normal

kidney tissue with a 64-fold difference in expression ob-

served across 15 samples. In addition, the difference in

ENT1 transcript levels between matched kidney and renal

tumor samples varied widely among subjects.

Little work has been done to determine the relationship

between nucleoside transporter expression and nucleoside

analog cytotoxicity in renal carcinomas but there has been

some significant work of late looking at resistant pheno-

types in leukemias. Transport of nucleoside analogs rep-

resents the first step in tumor cytotoxicity (Fig. 5). The

internalized analog is then phosphorylated by a series of

nucleoside kinases to the active triphosphorylated metab-

olite. Several studies have attempted to correlate cytotox-

icity of nucleoside analogs with mRNA expression of

ENT1, the predominant NT expressed in blood cells, in

neoplastic cells. Cytarabine and fludarabine chemotoxicity
correlated to increased ENT1 expression in several studies

(Gati et al., 1998; Molina-Arcas et al., 2003; Stam et al.,

2003; Wright et al., 2002). As nucleoside analogs are used

more and more for treatment of solid tumors such as renal

carcinoma, which express multiple nucleoside transporters,

these studies will need to be extended to the other

nucleoside transporters.

If relative expression of nucleoside transporters does

correlate to therapeutic efficacy of antineoplastic nucleoside

analogs, then a diagnostic test for the presence of these

transporters may prove helpful. An immunohistochemical

technique for quantification of ENT1 protein levels in

tumors is currently being developed for primary breast

cancer and lymphomas (Mackey et al., 2002; Reiman et

al., 2002). This strategy could prove especially useful in

renal cancers, as first line therapy in all cases is nephrecto-

my. Removed tissue could be assayed for markers involved

in resistant phenotypes and a more rational chemotherapeu-

tic regime may ensue.
6. Future studies

The work outlined in this review has provided a basis for

understanding the role of nucleoside transporters within the

kidney. Nucleoside transporter distribution in renal epithe-

lium clearly implicates these proteins in the reabsorptive

flux of naturally occurring nucleosides and nucleoside

analogs, a process that affects systemic exposure to these

compounds. It also implicates these transporters in the

targeting of nucleoside analog therapies within renal can-

cers. Efficacy of antineoplastic treatment with nucleoside

analog therapies is highly variable. Much of the current
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work in the field is aimed at understanding the mechanisms

for this variability. Inherent nucleoside analog-specific re-

sistance is often indicative of altered expression of nucleo-

side transporters. Understanding the mechanisms that

govern transporter expression is essential to map the path-

ways by which tumor cells alter transporter expression.

In addition, there is inherent interpatient variability in

systemic response to clinical nucleoside analog therapies.

Single nucleotide polymorphisms within the genes that

encode nucleoside transporters may affect transporter func-

tion and expression. In this laboratory, we have screened an

ethnically diverse population for genetic variation in the

exons and flanking intronic regions of CNT1, CNT2, ENT1,

and ENT2 (Leabman et al., 2003). Both nonsynonymous

variants, which alter the amino acid sequence of the trans-

porters, and synonymous variants, which do not alter the

amino acid sequence, were found in all four cases. We have

identified 13 nonsynonymous variants in the coding region

of CNT1, the primary CNT expressed in the kidney. Pheno-

typic characterization of these variants is underway. Only

two nonsynonymous variants were identified in the coding

region of ENT1, the primary ENT in the kidney (Leabman et

al., 2003). Heterologous expression of these variants in yeast

and kinetic analysis indicated that both variants were func-

tionally identical to the reference ENT1 (Osato et al., 2003).

These studies represent a starting point in the analysis of

genetic influence on variation in transporter function. Vari-

ation in splice sites and promoter regions may also influence

transporter expression or function. Understanding these

mechanisms could lead to simple clinical diagnostic tests

that would predict patient response to nucleoside analog

therapies and improve therapeutic response.

In addition, there is a need to understand how nucleoside

transporters may affect the basic physiological processes of

the kidney. Renal processes are closely monitored and

rapidly altered to maintain proper systemic levels of fluid

and electrolytes via a series of signaling pathways, including

adenosine signaling. Adenosine signaling is essential in

modifying key kidney functions including glomerular filtra-

tion rate, solute excretion, and renin release (Spielman and

Arend, 1991). Extracellular adenosine acts on adenosine

receptors (A1, A2A, A2B and A3) present throughout the

kidney including the epithelium. Nucleoside transporters

may play a role in terminating adenosine-mediated signal

by removing adenosine from the external site of action. Very

little is known about the significance of coexpression of

adenosine receptors and nucleoside transporters within renal

epithelia. These proteins may be regulated in a synergistic

fashion to control adenosine-signaling pathways.

Nucleoside transporters within the kidney govern sys-

temic distribution of naturally occurring nucleosides and

therapeutic nucleoside analogs. Knowledge of the substrate

specificity of each of these transporters and their subcellular

localization within renal epithelial cells has greatly en-

hanced our understanding of the role these proteins play

within the kidney. Examination of protein expression levels
and spatial localization throughout the nephron will aid in

developing this model of systemic nucleoside distribution

and in understanding the relevance of nucleoside trans-

porters to renal cancer therapy and basic physiologic func-

tions within the kidney.
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