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Introduction

Because this award lecture, given in memory
of Jeanne Manery Fisher, celebratesmy lifetimere-
search achievements, | will give ahistorical over-
view of the field of nucleoside transport, which
coincides amost exactly with my academic career
at the University of Alberta. | will trace the history
of the nucleoside transport field, from our early
functional studies in human erythrocytes to our
current studies of nucleoside transporter proteins
and their importance in nucleoside biology and
therapeutics.

Nucleosides are central metabolitesin all life
forms and, as precursors of nucleotides, play an
essentia rolein intermediary metabolism, biosyn-
thesis of macromolecules and cell signaling
through interaction with purinergic receptors. Nu-
cleoside drugs are used to treat hematologic malig-
nancies, certain solid tumors and many viral dis-
eases. A natural nucleoside, 2’ -deoxycytidine, and
three of itsanalogsthat haveimportant applications
in either antiviral therapy (lamivudine) or antican-
cer therapies (gemcitabine, cytarabine) are shown
inFig. 1.

Since most nucleosides are hydrophilic mol-
ecules and don't cross cell membranes readily by
diffusion, cellular utilization of extracellular
nucleosidesis dependent on the activity of special-
ized membrane proteins that transl ocate organic
solutes across lipid bilayers.

In humans, the physiologic nucleosides and
most nucleoside drugs enter cells via one or more
of the five known nucleoside transporter proteins
(NT) that have been identified during the past dec-
ade by molecular cloning and functional expression
of cDNAsencoding the NT proteins. Their charac-
teristics will be described in detail later. All of the
known nucleoside transporters play an important
role in nucleotide metabolism by their catalysis of
thefirst stepin nucleoside “ salvage” pathways and
the bidirectional transporters also probably play an

important role in cellular release of nucleosides
(Fig. 2).

The beginning: studies of nucleoside
transport in human erythrocytes

The story beginsin the late 1960s, when Dr.
A.R.P. Paterson (McEachern Cancer Research
Laboratory, University of Alberta) discovered that
uptake of uridine and thymidine by human eryth-
rocytes was mediated by a process that exhibited
the hallmark characteristics of facilitated diffusion
(1, 2). | joined the Paterson research group as a
postdoctoral fellow in 1970, just asthe nucleoside
transport project was gathering momentum. At the
time, nucleoside analogs were being aggressively
examined as potential anticancer drugsinthe U.S.
National Cancer Ingtitute’sdrug discovery program
and there was considerabl e interest in the possibil-
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Figure 1. Deoxycytidine and analog drugs
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ity that cellular uptake might be animportant deter-
minant of their pharmacologic activity.

During the 1970s, the mgjor focus of research
was on the functional characterization of nucle-
oside transport processes. Human erythrocytes,
which lack intracellular organelles, haveonly asin-
gle membrane type, thereby enabling analysis of
processes of the plasma membrane without the
necessity of membrane fractionation. Human eryth-
rocytes also lack many enzymes of nucleotide
metabolism, including the kinases required for sal-
vage of uridine and thymidine, thereby enabling
kinetic studies of nucleoside transport in the ab-
sence of metabolism. Because of these characteris-
tics, erythrocytes of humans, and other species,
were extensively used for functional characteriza-
tion of nucleosidetransport processes. Although we
didn’'t know it at the time, human erythrocyteswere
asoided for functiona studies of nucleosidetrans-
port because they are one of the few human cell
types that possess a single, rather than multiple,
nucleoside transport processes. During the 1970s,
the nucleoside transport process of human erythro-
cyteswas shown to be equilibrative in nature, was
characterized kinetically and was shown to exhibit
broad permeant selectivity.

A key discovery, which subsequently led to the
identification of equilibrative nucleoside trans-
porter proteins, was the demonstration that agroup
of S-substituted thiopurine ribonucl eosides, which
had been synthesized as potentia anticancer drugs,
exhibit potent nucleos de-transport inhibitory activ-
ity in erythrocytes (2). We established that
nitrobenzylthioinosine (NBMPR) bindsto asingle
set of high-affinity sites (K, 1 nM; 10¢ sites/cell) on
erythrocyte plasma membranes, the occupancy of
whichisdirectly correlated to inhibition of uridine
transport (3-5). The erythrocytic nucleoside trans-
porter has subsequently been extensively studied
and isthe prototypic equilibrative NBMPR-sensi-
tive (es) transporter, now known through molecu-
lar cloning to bethe hENT1 protein (Fig. 3).

We defined the broad substrate sdlectivity of the
estrangporter in kinetic studiesin erythrocytes (6, 7)
and subsequent work by ourselves and others ex-
tended these ohservationsto erythrocytesfrom other
species (4, 8), and as rapid-assay technologieswere
developed (9, 10), to more complex cell types, in-
cluding cultured cancer cell lines (11-15). Our stud-
ies of the relative ahilities of structural analogs of
NBMPR toinhibit nucleoside transport in cells (14-
19) and high-affinity binding of NBMPR in mem-
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Figure 2. Role of plasma membrane transporters in nucleoside (N)
metabolism in mammalian cells
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Figure 3. NBMPR, a tight-binding inhibitor of the equilibrative sensitive (es)
transporter

brane preparations (5, 18, 20-23) provided thebasi's
for the wide-spread use of NBMPR as a molecular
probe for quantification and identification of thees
trangporter protein in call membranes. We aso dem-
onstrated that two potent, structurally unrelated in-
hibitors of nucleoside transport, dipyridamole and
dilazep, inhibited binding of NBMPR to theestrans-
porter (22, 24), thereby stimulaing interest inthenu-
cleoside-transport inhibitory capabilities of these,
and related, compounds.
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Multiple nucleoside transport
processes

During the 1980s, it became increasingly evi-
dent that mammaian cells possess multiple nucle-
oside transporter types, based on permeant
selectivities, inhibition by diagnostic agents, and
mechanisms of transport (for reviews, see 25, 26).
We now know that these processes comprise two
functionadly distinct groupsthat differ in their fun-
damental mechanisms of transport. The
equilibrative processes, which exhibit the classic
features of abidirectional, non-concentrative proc-
ess, have been subdivided on the basis of their sen-
sitivities to nanomolar concentrations of NBMPR
into the es (equilibrative-sensitive) and e
(equilibrative-insensitive) processes. Theesand el
processes transport a structurally diverse group of
nucleosides and the e process also transports
nucleobases.

The concentrative processes are Na'-depend-
ent, moving nucleosides into cells against their
concentration gradients and have been subdivided
into several functional groups. Thecit, cif and cib
processes are insensitive to NBMPR and accept,
respectively, pyrimidine nucleosides, uridine plus
purine nucleosides or pyrimidine and purine
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Figure 4 Inhibitors of equilibrative nucleoside transport and NBMPR

binding

nucleosides as permeants. TwWo minor processes
(csg, cs), which are inhibited by NBMPR, have
also been described.

Transporter discovery by molecular
cloning: two new membrane protein
families

The nucleoside transporters of mammalian
cells are hydrophobic membrane proteins of low-
abundance that have been notorioudly difficult to
study biochemically. With the exception of the
transporter of human erythrocytes, which was pu-
rifiedin very small quantitiesinthe late 1980s (27),
efforts to isolate the proteins responsible for vari-
ous hucleoside-transport activitiesfailed. Molecu-
lar cloning strategies becameincreasingly attractive
as an approach to identify the elusive nucleoside
trangporter proteins. In 1990, we established along-
term collaboration with Dr. J.D. (Jim) Young
(Physiology, University of Alberta) and Dr. SA.
(Steve) Baldwin (Biochemistry & Molecular Biol-
ogy, University of Leeds) to identify nucleoside
transporter proteins by molecular cloning. Because
we had physica information about only one of an
uncertain number of different nucleoside trans-
porter subtypes, we invested heavily in strategies
for functional expression selection of candidate
cDNAs, recognizing that expression methods
would be essentia for the subsequent characteriza
tion of newly discovered nucleoside transporter
proteins. The Young group focused on functional
expression of nucleoside transportersin oocytes of
Xenopus laevis, and their system has become the
‘gold standard’ for nucleoside transporter identifi-
cation. We focused on the use of the yeast Saccha-
romyces cerevisiae and cultured mammalian cells
for functiona expression of nucleoside transporter
proteins.

Identification of the first nucleoside trans-
porter protein occurred in 1994 by functional-ex-
pression cloning in Dr. Young's laboratory, and its
sequence revealed anew membrane protein family
with representatives among bacteria (28). The next
major breakthrough came in 1997 when our three-
laboratory consortium successfully cloned acDNA
encoding the first recognized member of a second
family of membrane proteins (29). Since then, our
collaboration has been extraordinarily successful
with the discovery of five nucleoside transporters
from human cells, an equal number from rodents
and several from lower organisms, including yeast,
protozoan parasites, nematode worms and bacteria.
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The nucleoside transporter proteins are mem-
bers of two evolutionarily old protein families: the
Equilibrative Nucleoside Transporters (ENTS) and
Concentrative Nucleoside Transporters (CNTSs).
cDNAs encoding representatives of thetwo ENT
subfamilies (ENT1 and ENTZ2; exhibit esand el
characteristics, respectively) were cloned from
human and rat tissues (29-32), and thereis evidence
from the human EST data base that a third ENT
family member may exist (33). cDNASs encoding
representatives of three CNT subfamilies (CNT1,
CNT2and CNT3: exhibit cit, cif and cib character-
istics, respectively) were cloned from human, rat,
pig and/or mouse tissues (28, 32, 34-39).

The ENT and CNT protein families do not
share sequence identities and are architecturally
quite different (Fig. 5). The ENT proteins are pre-
dicted to have 11 transmembrane domains (29, 30,
32, 33) whereas the CNT proteins of mammalian
cells are predicted to have 13 transmembrane do-
mains (40, 41). Studies with N-glycosylation mu-
tants and antibody preparations raised against the
large hydrophilic domains of hENT1 have estab-
lished that the large hydrophilic loop between
transmembrane domains 1 and 2 is extracel lular
and the large hydrophilic loop between transmem-
brane domains 6 and 7 isintracellular.

There has been arapid increase in the identi-
fication of nucleoside transporter cONAssincethe
isolation of the first cDONAS encoding representa
tive membersof the CNT and ENT families. Clon-
ing strategies based on sequence similarities and
functional analysis of recombinant proteins have
recognized in excess of 20 nucleoside transporter
cDNAs from eukaryotes and prokaryotes. Addi-
tionally, homology searches of sequence databases
using predicted protein and/or cDNA sequences
have identified a number of structurally related
proteinsthat are candidate nucleoside transporters.
The variability in the properties of the ENTs and
CNTs among different cells and species has ex-
panded beyond the scope of the existing nomencla
ture. Currently, nucleoside transporter proteinsare
categorized on the basis of their structural similari-
ties as either CNTs or ENTS; their molecular and
functional properties must be determined experi-
mentally. Phylogenetic trees of known and putative
nucleoside transporter proteins have been devel-
oped (33, 40, 42) and are constantly changing.
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Figure 5. The architecture of the ENT and CNT protein families: different

predicted membrane topologies

Therapeutic relevance: nucleoside
transport activity is required for
cytotoxicity of nucleoside drugs.

Our studies of nucleoside transport in trans-
plantable murine tumors and cultured murine and
human cell linesled to the concept that cellsrequire
membrane ‘carriers' for salvage of extracellular
nucleoside precursors of nucleic acids, and for
manifestation of cytotoxicity by anticancer nucle-
oside drugs. We demonstrated that inhibition of
nucleoside transport by NBMPR afforded protec-
tion of cellsagainst cytarabine, an anticancer nucle-
oside, by reducing drug uptake (43). This work,
which was conducted with a mouse leukemia cell
line (L1210), suggested that nucleoside transport
activity isacritical determinant of cytotoxicity of
nucleoside drugs. The requirement for nucleoside
transport for cytotoxicity was extended to human
cells in a subsequent study in which we demon-
strated that treatment with non-toxic levels of
NBMPR protected cultured human cells (RPMI
6410) from alarge series of structurally diverse
cytotoxic nucleosides by inhibiting cellular uptake
of drug (13). We a so demonstrated that resistance
to nucleoside drugsin amurine lymphomacel line
that had been mutagenized and selected for resist-
anceto cytotoxic nucleosideswas dueto the loss of
afunctional nucleoside transporter in cell mem-
branes (21).

Our results established that either
pharmacol ogic or genetic nucleoside-transport de-
ficiency isaccompanied by high-level resistanceto
avariety of nucleoside drugs and thus provided
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experimental evidencefor the concept that the pres-
ence of afunctiona nucleoside transporter in cell
membranes is essential for manifestation of cyto-
toxicity of many nucleoside drugs. In recent stud-
ies with gemcitabine, we have shown that a panel
of mutant murine leukemia L1210 cell lines that
differ in their nucleoside transporter phenotypes
exhibit different levels of gemcitabine sensitivity
(Table 1).

Table 1. Gemcitabine Cytotoxicity in Murine L1210 Leukemia Cells with
Deifned NT Activites

Cell line  Origin es e citcif ICw Relative
(BM)  resistance
L1210 wild-type + + + 00071 1.0
BZ231 mutant + 0.092 13
Du-5 transfectant + 0.012 1.7
MAZT mutant + 5.2 730
DMC-3 null mutant 13 1800
We have also demonstrated that normal hu-
man hematopoietic progenitor cells can be pro-
tected from ex vivo nucleoside cytotoxicity by treat-
ment with nucleoside transport inhibitors, thereby
providing experimental evidence for atherapeutic
rationale based on the use of nucleoside transport
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Figure 6. Gemcitabine toxicity against NT-deficient (CEM-AraC-8C) and
NT-competent (CEM) cells

inhibitors to selectively protect dose-limiting nor-
mal tissues during nucleoside chemotherapy (44).
Our most recent studies (26) have shown a strong
correlation between nucleoside transport activity
and cytotoxicity against human cancer cdll linesby
gemcitabine, awidely used nucleoside drug with
therapeutic activity against avariety of solid tumors
(e.g., breast, pancreas, head and neck, lung). Fig. 6
compares the cytotoxicity of gemcitabine against
cultured human leukemia cells that possess the
capacity for nucleoside transport (CEM cells) with
that against amutant cell line (CEM-AraC-8C) that
lacks the capacity for nucleoside transport.

Future studies

We have proposed that cellular resistance to
anticancer nucleoside drugs is related, in part, to
low nucleosidetransport capacity (45). That severa
anti-cancer cytidine analogs are transported differ-
ently by recombinant human nucleoside transport-
ers (46, 47) is consistent with the importance of
drug transportability as a determinant of therapeu-
tic activity. We are collaborating with Dr. JR.
Mackey (Oncology, University of Alberta) on the
role of nucleoside transportersin clinical resistance
to gemcitabine therapy in solid tumors, with aspe-
cial focus on cancers of the breast, head and neck
and pancresas, and resistance to nucleoside therapy
in hematol ogic malignancies. On-going and future
projects include development of immunohisto-
chemical assays for detection of nucleoside trans-
portersin clinical samples (48), assessment of re-
| ati onships between expression of nucleoside-trans-
porter mRNA by cells and responsiveness to
gemcitabine, and definition of the nucleoside-trans-
porter phenotype of hematopoietic progenitor cells.

A magjor goal of our trandational research pro-
gramisto define nucleoside structura determinants
for permeants and inhibitors of the human trans-
porters, to guide the development and use of thera-
peutic nucleosides. We have taken advantage of our
ability to functionally produce the human nucle-
oside transporters in yeast (49, 50) to develop as-
saysto assessthe potentid transportability of nucle-
oside drugs by assessing the ability of test
nucleosides to inhibit uptake of *H-uridine (a uni-
versally accepted permeant of the known human
transporters). The determination of relationships
between nucleoside transportability and cytotoxic-
ity will be undertaken in human cell lines, since
there are substantia differencesin sensitivity to cy-
totoxic drugs between yeast and human cells. We
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