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Abstract
Introduction—Two families of nucleoside analogs have been developed to treat viral infections
and cancer, but these compounds can cause tissue and cell-specific toxicity related to their uptake
and subcellular activity which are dictated by host enzymes and transporters. Cellular uptake of
these compounds requires nucleoside transporters that share functional similarities but differ in
substrate specificity. Tissue-specific cellular expression of these transporters enables nucleoside
analogs to produce their tissue specific toxic effects, a limiting factor in the treatment of
retroviruses and cancer.

Areas Covered—This review discusses the families of nucleoside transporters and how they
mediate cellular uptake of nucleoside analogs. Specific focus is placed on examples of known
cases of transporter-mediated cellular toxicity and classification of the toxicities resulting. Efflux
transporters are also explored as a contributor to analog toxicity and cell-specific effects.

Expert Opinion—Efforts to modulate transporter uptake/clearance remain long-term goals of
oncologists and virologists. Accordingly, subcellular approaches that either increase or decrease
intracellular nucleoside analog concentrations are eagerly sought and include transporter inhibitors
and targeting transporter expression. However, additional understanding of nucleoside transporter
kinetics, tissue expression, and genetic polymorphisms are required to design better molecules and
better therapies.
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1. Introduction
Nucleoside analogs are either naturally occurring or chemically altered nucleosides that
mimic the natural counterparts that compose DNA and RNA [1-3]. Humans utilize the same
set of deoxynucleosides or nucleosides as the basis of forming DNA or RNA, respectively.
Each nucleoside consists of a sugar moiety and a nitrogenous base. While each nucleoside
analog is different, the process of becoming a component of DNA or RNA is the same.
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Each nucleoside requires phosphorylation to its triphosphate to become a substrate for target
and/or off-target nucleic acid polymerases (Figure 1). This requires the nucleoside to be
phosphorylated sequentially into its monophosphorylated, diphosphorylated, and
triphosphorylated with the triphosphorylated nucleotide being the substrate of the
polymerase that elongates and synthesizes the nucleic acid. (Note that in the case of
tenofovir, it is a delivered as a nucleotide analog that only requires diphosphorylation and
triphosphorylation to be incorporated. For simplicity, the term “nucleoside” will be used
throughout the review to describe these analogs.) Chain elongation requires both
triphosphate on the C5 position of the nucleotide and a hydroxyl group on the C3 position.
When the C3 hydroxyl group is absent, as is the case for analogs, chain elongation is
terminated until that nucleoside analog is removed and replaced with a correctly assembled
nucleotide. In addition, if a bulky adduct (such as fluorine) is conjugated to the nucleoside,
this can disrupt further nucleic acid replication by the incorporating polymerase. To that end,
many nucleoside analogs are designed to chain terminate DNA or RNA elongation of a
specific target and thereby eliminate replication, while other nucleoside analogs interfere
with other crucial cell cycle-dependent DNA synthesis activities such as thymidine kinase or
ribonucleotide reductase. Analogs are currently used in the treatment of cancer and viral
infections (HIV-1, HCV, etc.), dividing nucleoside analogs into two pharmacological
classes: anticancer (antineoplastics) and antivirals. Although nucleoside analogs share
inhibition of nucleic acid replication as their central theme, it may be easy to view viral
nucleoside analogs as those that inhibit viral reverse transcriptase (e.g. HIV-RT) while
cancer nucleoside analogs inhibit cellular nuclear DNA polymerases in rapidly replicating
cells in malignancies. Due to the difference in molecular targets (i.e. viral polymerase for
antiviral analogs and nuclear DNA for anticancer analogs) and the type of cancer targeted,
toxicities resulting from these compounds will vary (Tables 1 and 2). Nucleoside toxicity is
based on a variety of factors (phosphorylation steps, polymerase specificity, etc.), but all
toxicity is dependent initially on the uptake of nucleoside analogs into affected cells and
cellular compartments by nucleoside transporters so the analog can be further processed.

Each cell can express multiple types of nucleoside transporters, and each nucleoside
transporters demonstrate broad substrate specificity so that redundancy can be an adaptive
advantage. Reviews that focus on classification, cell expression, and function of nucleoside
transporters are available [4-8]; however, the present review will address how mechanisms
of nucleoside uptake promote cellular toxicity, utilizing specific examples of transporter-
mediated toxicity.

2. Classification of Nucleoside Transporters
Specificity of nucleoside analog uptake by nucleoside transporters determines their access to
selected intracellular compartments. It follows that the toxic effects of nucleoside analogs
are mediated by the availability of uptake-compliant transporters (Figure 2). In addition,
other transporters have been found to promote uptake of nucleoside analogs into specific cell
types. There are also families of transporters that regulate the export of nucleoside analogs,
playing an important role in tissue toxicity.

2.1 Equilibrium Nucleoside Transporters
Equilibrium transporters (ENT) facilitate the transport of nucleoside analogs down the
concentration gradient formed across the plasma membrane of the cell [8]. Delivery of
nucleoside a given analog to a patient leads to its detection in blood. This concentration
gradient enables transport of nucleoside analogs across sodium-independent transporters to
promote concentration equilibration across the membrane [9, 10]. It is worth noting that
passive diffusive of nucleoside analogs across the plasma membrane is possible but operates
at a much lower efficiency than ENT-mediated uptake.
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At present, there are four known human equilibrative nucleoside transporters, termed hENT
1-4. The substrate specificity of nucleosides and analogs are different for each transporter.
For example, hENT 1 and 2 will transport anticancer drug fludarabine effectively while
hENT 3 will transport fludarabine less efficiently [11-13]. There are differences in tissue
expression of these transporters, with some ENTs expressing ubiquitously and others
relatively tissue specific [9, 13-15]. In general, hENTs are found on the plasma membrane to
facilitate nucleoside uptake into the cell; however, some hENTs can localize to other
subcellular membranes where nucleoside transport across a membrane is important (i.e.
mitochondrial membrane, ER membrane, etc.) [16, 17].

The hENT transporter family is capable of transporting antiviral nucleoside analogs in
addition to the anticancer analogs. However, transport is limited due to the lack of a 3’-OH
group on antiviral nucleoside analogs [18, 19]. The 3’OH group appears to be a necessary
component for efficient uptake, but less efficient uptake of antiviral nucleoside analogs have
been documented through hENT 2, hENT 3, and, to a lesser extent, hENT 1 [13, 18-20].

2.2 Concentrating Nucleoside Transporters
Concentrating transporters (CNT) transport nucleoside analogs against a concentration
gradient [21]. These transporter are sodium-dependent, which defines their separate
classification from equilibrium transporters, but they share many of the same characteristics
of substrate specificity and cellular localization. There are five human concentrative
nucleoside transporters (hCNT 1-5), of which hCNT 1-3 have been characterized for
nucleoside analog transport efficiency [22-24]. They localize primarily to the plasma
membrane to promote cellular uptake of nucleosides, but studies have shown they can have
subcellular localization as well [21]. The two additional CNTs (hCNT 4 and hCNT 5) have
been identified but have not been as extensively characterized as hCNT 1-3 [25-27]. The
ability of these two additional CNTs to contribute to nucleoside analog uptake have yet to be
determined, as well as tissue specificity and cellular/subcellular localization in human
tissues.

Specificity for nucleoside analogs is different for each CNT. Generally, anticancer
nucleoside analogs are transported well by all CNTs, though there are varying levels of
efficiency for each anticancer compound. This is also the case with antiviral compounds that
have different uptake specificity. For example, AZT can be transported by hCNT1 but
lamivudine is poorly transported [28, 29]. Differential uptake of nucleoside analogs into
tissues may pharmacologically relate to tissue-specific expression of CNTs and thus may
account for tissue-specific toxicity.

2.3 Organic Cationic Transporters and Organic Anionic Transporters
Organic cationic transporters (OCT) and organic anionic transporters (OAT) utilize
facilitated transport to promote the uptake of nucleoside analogs (and other charged
compounds) into a variety of cells. Interestingly, these transporters do not transport naturally
occurring nucleosides, but modifications to the nucleoside structure can promote uptake by
these transporters [7]. OCTs and OATs are plasma membrane proteins that mediate the
uptake of nucleoside analogs into the cell; unlike ENTs, no intracellular populations of these
transporters have been documented. OCT 1 and OCT 2 are expressed primarily in the liver
and kidney, respectively, while OCT 3 is expressed more ubiquitously [30-32]. The OAT
family consists of 10 different transporters, with each transporter expressed differently in
each tissue [33]. Uptake studies of nucleoside analogs for specific transporters have revealed
that each transporter exhibits compound-specific uptake. For example, not all antiretroviral
nucleoside analogs have a high specificity for OCT1 and OCT2; lamivudine and zalcitabine
show uptake by OCT1 and OCT2 while other NRTIs show little or no uptake [34].
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Similarly, the uptake of nucleoside analogs by OATs is dependent on the nucleoside analog
structure as not all nucleoside analogs are transported as efficiently by OATs.

2.4 ATP-binding Cassette Transporters and Multidrug Resistance Proteins
ATP-binding cassette (ABC) transporters are a protein superfamily that mediates the ATP-
dependent transport of compounds [35, 36]. While both import and export ABC transporters
exist, this section will focus on the export transporters that mediate the clearance of
compounds, specifically nucleoside analogs, from the cell. These transporters utilize ATP to
transport the compound against a concentration gradient and promote intracellular clearance
of compounds. They are important in the resistance of cells to a variety of chemotherapeutic
agents and the development of an effective clinical treatment strategy. With viral nucleoside
analogs, they can eliminate tissue toxicity by clearing the analogs from unwanted tissues.
These efflux transporters do not transport the non-phosphorylated nucleoside analog. The
nucleoside analog must be phosphorylated into its monophosphorylated nucleotide form,
and the nucleotide can be transported by one of these transporters [37]. These transporters
include proteins such as P-glycoprotein (ABCB1) and the breast cancer resistance protein
(BCRP or ABCG2) [38-42]. This superfamily includes the drug-exporting multidrug
resistance proteins (MRP), and they are regulators of the efflux of many compounds,
including nucleoside analogs. While not of the same family of transporters required for the
successful uptake of nucleoside analogs, MRPs are important in the clearance of these
compounds by an ATP-dependent mechanism [43]. There are nine characterized members
of the MRP family of transporters with broad tissue specificity and broad substrate
specificity [44]. The efflux of nucleoside analogs from the kidney is a key aspect of
nucleoside analog toxicity in the kidney, a point discussed in more detail below (see Section
5.1- Tenofovir and Renal Toxicity). The expression of clearance transporters can reduce the
effectiveness of anticancer nucleoside analogs by promoting the export of these compounds
from neoplastic tissue (see Section 5.2- Nelarabine (Ara-G), Cytarabine (Ara-C), and
Neurotoxicity).

3. Antiviral Nucleoside Toxicity
As shown in Table 1, antiviral nucleoside analogs have both unique and shared
characteristic toxicities. The observed toxicities probably reflect activity of a combination of
factors including transporters utilized for cell entry, metabolism of the compound to its
active form, specificity of the compound for its desired target, and the clearance of the
compound following biological inactivation. The combination of these effects can promote
the cell and tissue dysfunction that is characteristic to a family of compounds. For antiviral
compounds, one acknowledged toxic effect is mediated by mitochondrial dysfunction
relating to inhibition of the mitochondrial polymerase, pol γ [45-51]. The inhibition of
mtDNA replication leads to a decrease in energy production and a subsequent increase in
reactive oxygen species and tissue dysfunction [47, 49, 52].

As is the case with the entire class of such compounds, the toxicity of antivirals is dependent
on the entry of the nucleoside analog into the cell and its uptake into the mitochondrial
compartment. As discussed previously, antiviral nucleoside analogs can be transported
across the cellular membrane through uptake by ENTs, CNTs, OCTs, and OATs. This
allows the compound to gain access to the cytoplasm of the cell. The mechanism by which
nucleoside analogs are transported into the mitochondrial compartment is still debated.
Research originally suggested that the deoxynucleoside carrier (DNC) transported
antiretroviral compounds across the mitochondrial membrane [53, 54]. This finding was
questioned when DNC was shown not contribute to mtDNA depletion induced by NRTIs
[55]. While the mechanism of nucleoside analog uptake into the mitochondrial is not
definitive, the presence of ENTs and CNTs in the inner mitochondrial membrane does
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suggest one possible pathway of analog access to the mitochondrial compartment. Further
experiments are required to define the precise mechanism of nucleoside analog entry into
mitochondria.

4. Anticancer Nucleoside Toxicity
Similar to antiviral nucleoside analogs, anticancer nucleoside analogs exhibit toxicities
shared with related compounds and those that are unique (Table 2). As with antiviral
nucleoside analogs, the toxicity of these analogs is multifactorial with transporter uptake
contributing to the cellular toxicity. These compounds are designed to inhibit cellular
replication of cancer cells and promote cell death; the toxicities arising from these
compounds is due to the undesired inhibition of mammalian host cells that require
replication to maintain proper homeostasis. Although all rapidly replicating cells could
potentially serve as targets, one important group includes hematopoietic stem cells and the
pluripotent cells derived from them [56-59]. Resultant toxicity leads to a decrease in blood
cell lineages from bone marrow suppression, an effect that fortunately is reversible
following cessation of anticancer therapy.

Toxicity of anticancer nucleoside analogs requires uptake into the cell and inhibition of
cellular replication by inhibiting nuclear DNA replication. Cellular uptake is mediated
primarily by ENTs and CNTs [9, 11]. Uptake into the nuclear compartment does not appear
to be mediated by nucleoside transporters as no concentration gradient is observed across the
porous nuclear membrane [60]. Since all replicating cells use similar DNA replicating
machinery, the toxicity of anticancer nucleoside analogs is dependent on the targeting of
replicating cells and the expression of nucleoside transporters that mediate the uptake of the
nucleoside analog.

5. Nucleoside Transporters Involved in Nucleoside Analog Toxicity
Due to the differential tissue expression and cellular localization of the nucleoside
transporters, the tissue-specific toxic effects of analogs can vary. Toxicity is mediated by
many cellular processes that work to activate and localize the analogs subcellularly in an
undesired manner. While tissue-specific toxicity is dependent on nucleoside phosphorylating
enzymes that activate the anticancer and antiviral nucleoside analogs to their triphosphate
form, the uptake of nucleoside analogs is the first step of tissue-specific analog-induced
toxicity [47, 49, 50, 52, 61, 62]. There are certain cases where nucleoside transporters were
found to be directly involved in tissue-specific nucleoside analog toxicity. The following
sections will highlight examples of nucleoside transporter-mediated toxicity.

5.1 Tenofovir and Renal Toxicity
Among primary and most serious toxicities associated with antiretroviral nucleoside analogs
are lactic acidosis and hepatic steatosis. Tenofovir, however, has a unique toxicity that
includes kidney failure in the most extreme cases [63-65]. The renal toxicity of tenofovir has
been linked to its uptake by two nucleoside transporters that concentrate it in the kidney and
promote proximal tubule cell toxicity. (It is worth mentioning again that tenofovir is not a
nucleoside analog but is a nucleotide analog. However, the term “nucleoside analog” will be
used as a general term that will include tenofovir.)

Tenofovir is transported from the blood into the kidneys via OAT1 and OAT3 [66, 67].
While OAT 3 exhibits localization throughout the cortical tubule, OAT 1 is co-localized
with OAT3 in proximal tubule cells [67]. The uptake of antiretroviral nucleoside analogs is
not limited to tenofovir in the proximal tubules: zidovudine and lamivudine were shown to
be taken up through OAT1 in the proximal tubules. However, the clearance of these analogs
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from the proximal tubules is performed by the multidrug-resistance protein 4 (MRP4).
MRP4 knockout mice had a decreased efflux of organic anions in the proximal tubules, an
effect that could enable concentration of tenofovir in proximal tubule cells [68]. Pathological
and biochemical studies of tenofovir-induced mitochondrial toxicity revealed that OAT1 is a
major transporter of tenofovir into the proximal tubule cells [45, 69]. Additionally, MRP4
was found to be necessary for elimination of tenofovir from renal proximal tubule cells [69,
70]. A decrease in MRP4 was associated with an increase in tenofovir-induced
mitochondrial toxicity. Due to broad substrate specificity of MRP4, enhanced clearance of
other biological compounds can decrease clearance of tenofovir and increase its cellular
concentration [44]. In this situation, tenofovir appears to cause renal toxicity as a result of
the colocalization of OAT1, OAT3, and MRP4 in renal proximal tubule cells, with tenofovir
toxicity likely resulting from decreased elimination and increased intracellular
concentration.

5.2 Nelarabine (Ara-G), Cytarabine (Ara-C), and Neurotoxicity
Anticancer nucleoside analogs exhibit myelosuppression as a common side effect. However,
within this class of analogs, a few compounds display unique toxicities that can limit
dosage. As an example, neurotoxicity and peripheral neuropathy are seen with high
concentrations within a subset of anticancer compounds including nelarabine and cytarabine
[71].

Nelarabine was observed in Phase I clinical trials to cause reversible neurotoxicity in 40% of
adult patients at a dose of 40mg/kg/dose [72]. The neurological conditions observed
included drowsiness, headaches, malaise and fatigue, confusion, motor dysfunction,
peripheral neuropathy. The ability of nelarabine to enter the neurological cells and cause this
toxicity has not been studied extensively. Research has demonstrated that the effectiveness
of nelarabine is diminished in leukemia cells that have a lower expression of hENT1 and
hENT2, but this correlation only suggests the primary method of uptake in leukemia cell
[73]. Microarray studies have implicated overexpression of ABCB1, a member of the family
of clearance transporters including the MRP family, in reducing nelarabine effectiveness
against leukemia cells [74]. Further studies would be required to determine the transporters
that are mediating nelarabine-induced neurotoxicity, but research has shown modulation of
plasma membrane transporters can modulate nelarabine efficacy and toxicity.

The neurotoxicity of cytarabine is primarily a concern related to high-dose regimens (3g/m2

every 12 hours in adults) [75]. The mechanism of cellular uptake into the affected
neurological cells has not been extensively studied, but evidence from other cell models
provide some clues as to the mechanism. Peripheral blood mononuclear cells exhibited
decreased cytarabine-associated toxicity when treated with a hENT1 inhibitor,
demonstrating hENT1 is an important transporter for cytarabine uptake [76]. Experiments in
transfected cells showed that hCNT1 can transport cytarabine, but cytarabine is a poor
permeant [29]. The clearance of cytarabine from the cell appears to be mediated, at least in
part, by MRP7, as knockout mouse cells for MRP7 were hypersensitive to cytarabine [77].
Other studies have implicated the expression of ABCG2 (also known as Breast Cancer
Resistance Protein-BCRP) in cellular resistance to cytarabine toxicity [78-80]. As with
nelarabine, cytarabine-induced toxic effects appear to be mediated by the availability of
uptake transporters and clearance transporters that facility the intracellular toxic effects. The
presence of these transporters in the affected neurological tissues will need to be further
studied to determine which transporters contribute to additional neurotoxicity.
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6. Expert Opinion
The toxicity of nucleoside analogs is dependent on a broad range of factors that contribute to
pathophysiological manifestations in affected tissues. Nucleoside transporters (both uptake
and clearance) represent one component that is important in the generation of toxic effects
of nucleoside analogs, both antiviral and anticancer. Limiting the toxic effects of both
antiviral and anticancer nucleoside analogs is paramount to better treatment regimens and
better patient adherence. To minimize toxic effects, the development of better nucleoside
analogs with reduced toxicity is the first goal. In addition, the reduction of unwanted cell
uptake or enhanced clearance of nucleoside analogs from non-target cells is another
therapeutic goal. The reduction of unwanted cell uptake is one therapeutic method that has
some potential. There are current inhibitors of hENT that can limit the uptake of nucleoside
analogs through specific hENTs; for example, NBMPR (nitrobenzylmercaptopurine
ribonucleoside) inhibit hENT1 better than hENT2 while hENT3 is insensitive to NBMPR
inhibition [13, 81]. While NBMPR is not a good compound for clinical application, this
differential inhibition can be utilized in cases where a nucleoside analog preferentially enters
through one transporter over another. This presents the obvious problem of inhibiting
normal nucleoside uptake, but as multiple methods of nucleoside entry are possible and the
selective uptake of nucleoside analogs through specific transporters is determined, the
development of nucleoside transporter inhibitors does remain a possible therapeutic
intervention to reduce unwanted cell toxicity. And as antiviral nucleoside analogs are more
likely to enter through OATs and OCTs, inhibitors of these transporters have a decreased
likelihood of reducing normal nucleoside uptake into the cell. The ability to inhibit antiviral
uptake to reduce tissue toxicity has been documented and does suggest intervention may be
possible [82, 83].

A second possible avenue of therapeutic intervention is the enhanced clearance of
nucleoside analogs through ABC/MRP transporters. As discussed above, many of the
antiviral and anticancer compounds are cleared from cells via these transporters. Through
the development of gene expression vectors, promoting the clearance of nucleoside
compounds through enhanced expression of pertinent transporters may be possible. As is the
case with tenofovir, enhanced expression of MRP4 could reduce tenofovir-induced kidney
toxicity and enable higher doses of tenofovir [69]. However, this option is still in a non-
clinical test phase due to the successful delivery of these vectors without disrupting normal
cell function.

In addition to enhanced clearance of nucleoside analogs, the reduced expression of
nucleoside transporters on the tissues can reduce the toxicity of these compounds. From an
expression/vector approach, this method is still in development also. However, in clinical
settings, the reduction of nucleoside transporter expression has been documented and can be
used as a predictor of nucleoside analog effectiveness in cancer treatment. This was shown
in a study of Waldenström's Macroglobulinemia and small lymphocytic lymphoma [84].
This study revealed that patients with reduced hCNT1 had a lower clinical success rate
following nucleoside analog therapy than those patients with higher hCNT1 levels. This was
attributed to a higher uptake of cladribine. Another study showed that enhanced levels of
ABCG2 could enhance clearance of cladribine and other nucleoside analogs and reduce the
effectiveness of these compounds in breast cancer [78-80]. One study revealed that for
clofarabine to be effective, ABCG2 expression had to be reduced or inhibited to permit the
cellular accumulation of the analog; the mechanism of altered ABCG2 expression was
linked to intracellular deoxycytidine kinase activity [85]. Inhibition of ABCG2 would have
the benefit of increasing clofarabine in targeted tissue but could also enhance cellular
toxicity in other affected tissues. Future combination therapy of clearance inhibitors or
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genetic modulation of surface transporters may help enhance the targeting of anticancer
nucleoside analogs to cancer and reduce unwanted cell toxicity.

On the opposite spectrum is the desire by oncologists to increase tissue toxicity in cancer
cells to reduce the treatment duration or exposure and increase the effectiveness of these
nucleoside analogs in a greater variety of cancers. This is conceptually intertwined with
many of the same mechanisms discussed to reduce tissue toxicity. To increase the toxicity,
an increase in nucleoside analog uptake or a reduction in export would be desired. Inhibitors
of export transporters or the use of RNAi to reduce tissue-specific expression of clearance
transporters show promise. Increased expression of importing nucleoside transporters is still
in a non-clinical test phase, with its usage limited or non-existent in clinical applications. It
is hopeful that a mechanism may be found to exploit these transporter systems and modulate
the balance of intracellular nucleoside analog concentrations.

Modulation of the expression of transporters is crucial to understanding the mechanisms of
nucleoside analog toxicity. Very little is known about the factors that can induce these
changes, though the changes are important (as discussed for anticancer analog success
above). There have been some insightful studies that have provided a glimpse into possible
mechanisms of expression regulation. In one study, transporters hCNT1, hCNT3, and
hENT2 were found to be expressed differently between HIV-1 infected and non-infected
individuals [86]. This work found that the infection process, likely mediated in part by TNF-
α, was able to stimulate the expression of these transporters in adipocytes. This effect could
lead to changes in the effectiveness of nucleoside analogs that require these transporters
while also providing analogs access to tissues that may not normally be as convivial to
nucleoside analogs. Additional studies will be required to determine how modulating tissue
expression alters analog effectiveness and toxicity.

Finally, it is worth noting that polymorphisms in nucleoside transporters represent another
mechanism of reduced or enhanced nucleoside uptake. Single nucleotide polymorphisms in
nucleoside transporters have been documented in patients that are either more receptive or
less receptive to nucleoside analogs. In a review of these effects on gemcitabine, over
fourteen polymorphisms were detected in both coding and promoter regions of three
nucleoside transporters [87]. These polymorphisms can either promote or hinder the efficacy
of gemcitabine-inclusive therapies, an important concern for the application of these
compounds. In this case, additional genetic profiling would enable the development of
personalized therapies for both cancer and viral infections based on the polymorphisms
present in a patient's nucleoside transporter.

The description of nucleoside analog transporters has been increasing in recent years due to
additional identification and classification of how these transporters promote differential
cellular toxicity. Further research, from substrate specificity to pharmacological inhibitor
identification, will be necessary for additional advances in the clinical setting of nucleoside
analogs. As our understanding of nucleoside analog uptake and clearance is expanded, the
applicability of nucleoside analogs to other cancers or the benefits to current treatment
regimens will increase as will the effectiveness of this drug class, thereby reducing patient
discomfort and the need for additional therapies.
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Article Highlights

1. Nucleoside transporters mediate the uptake and clearance of antiviral and
anticancer nucleoside analogs, a growing class of therapeutic compounds with
increasing potential.

2. The current knowledge of nucleoside analog transporters, including ENTs,
CNTS, OATs, and OCTs, demonstrates the importance of these transporters in
analog-mediated toxicity but also highlights the limits of current understanding.

3. ABC/MRP transporters promote clearance of nucleoside analogs from tissues,
and the resulting toxicities from nucleoside analogs are can be directly linked
their reduced clearance by these efflux transporters.

4. Nucleoside analog toxicity can be linked to tissue-specific expression of of
uptake and efflux transporters that mediate intracellular accumulation.

5. Clinical and experimental attempts to modulate transporter activity require
further studies on substrate specificity and tissue expression to develop viable
therapeutic options.
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Figure 1. Phosphorylation of nucleoside analogs
Nucleoside analogs must be phosphorylated with intracellular kinases to activate the
compound. A nucleoside analog is phosphorylated in a series of reactions from its
nucleoside form to its monophosphorylated, diphosphorylated, and its final
triphosphorylated form. The triphosphorylated form can be incorporated into DNA to
perform chain termination. In this figure, R shows the location of hydroxyl groups required
for chain extension; for antivirals, this hydroxyl group is missing. R’ denotes a generic base
that is used for incorporation. Many structural differences exist between nucleoside analogs,
including loss of the ribose ring and inclusion of bulky adducts used in many anticancer
nucleoside analogs.
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Figure 2. Nucleoside analog transporters
This simplified cell view demonstrates the transporters involved in nucleoside uptake and
clearance. Most nucleoside transporters are located on the plasma membrane of cell to
regulate the influx of nucleosides and nucleoside analogs. Anticancer compounds
(diamonds, C) and antiviral compounds (circles, V) display different uptake kinetics with
each transporter, with anticancer compounds more readily transporter by ENTs and CNTs
while antiviral compounds demonstrating uptake through OATs and OCTs. It is currently
unknown to what extent OATs and OCTs play in anticancer nucleoside analog uptake. It is
also unknown what transporter(s) mediate uptake of antiretroviral analogs into the
mitochondrial matrix. Export of the nucleoside analogs is mediated by ABC/MRP
transporters. Please note that not all cells express every transporter.
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Table 1

Antiviral Nucleoside Analogs
*

Nucleoside Analog Abbreviation Analogous to: Used to Treat: Toxicity

Abacavir ABC Guanosine HIV-1 Lactic acidosis, severe hepatomegaly with steatosis,
hypersensitivity reaction, myocardial infarction

Didanosine ddI Adenosine HIV-1 Lactic acidosis, severe hepatomegaly with steatosis, pancreatitis,
peripheral neuropathy

Emtricitabine FTC Cytidine HIV-1 Lactic acidosis, severe hepatomegaly with steatosis

Lamivudine 3TC Cytidine HIV-1, HBV Lactic acidosis, severe hepatomegaly with steatosis, pancreatitis

Stavudine d4T Thymidine HIV-1 Lactic acidosis, severe hepatomegaly with steatosis, pancreatitis,
peripheral neuropathy

Tenofovir TDF Adenosine HIV-1, HBV Lactic acidosis, severe hepatomegaly with steatosis,
nephrotoxicity, Fanconi's syndrome

Zidovudine AZT Thymidine HIV-1 Lactic acidosis, severe hepatomegaly with steatosis, bone
marrow suppression, myopathy

Entecavir ETV Guanosine HBV Lactic acidosis and severe hepatomegaly with steatosis

Telbivudine LdT Thymidine HBV Lactic acidosis, severe hepatomegaly with steatosis, myopathy,
peripheral neuropathy

Aciclovir ACV Guanosine Herpes Nephrotoxicity, thrombotic thrombocytopenic purpura,
hemolytic anemia

Valaciclovir VACV Guanosine Herpes Nephrotoxicity, thrombotic thrombocytopenic purpura,
hemolytic anemia, CNS adverse reactions

Ganciclovir GCV Guanosine Herpes, CMV Neutropenia, hemolytic anemia and thrombocytopenia

Famciclovir FCV Guanosine Herpes Acute renal failure, thrombocytopenia, hepatobiliary disorders

Adefovir ADV Adenosine HBV Lactic acidosis, severe hepatomegaly with steatosis,
nephrotoxicity

Cidofovir CDV Cytidine CMV Acute renal failure, Fanconi's syndrome, neutropenia

*
Information obtained from [88].
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Table 2

Anticancer Nucleoside Analogs
**

Nucleoside Analog Abbreviation Analogous to: Used to Treat: Toxicity

Gemcitabine dFdC Cytidine ovarian cancer, breast cancer, pancreatic
cancer, non-small cell lung cancer

Anemia, neutropenia,
thrombocytopenia, pulmonary
toxicity, hepatic impairment, renal
impairment

Cytarabine ARA-C Cytidine acute nonlymphocytic leukemia, acute
lymphocytic leukemia

Anemia, neutropenia,
thrombocytopenia, renal impairment,
stomatitis, peripheral neuropathy

Clofarabine Cl-F-ARA-A Adenosine acute lymphoblastic leukemia Anemia, neutropenia,
thrombocytopenia, hepatic
impairment, renal failure, systemic
inflammatory response syndrome

Cladribine CdA Adenosine Hairy cell leukemia Anemia, neutropenia,
thrombocytopenia, peripheral
neuropathy, renal failure

Fludarabine F-ARA-A Adenosine chronic B-cell lymphocytic leukemia Anemia, neutropenia,
thrombocytopenia, pulmonary
toxicity, autoimmune reaction,
neurological toxicity

Azacitidine 5-AZC, 5-AC Cytidine myelodysplastic syndromes, chronic
myelomonocytic leukemia

Anemia, neutropenia,
thrombocytopenia, hepatic
impairment, renal impairment and
failure

Decitabine DAC, 5-AZA Cytidine myelodysplastic syndromes, chronic
myelomonocytic leukemia

Anemia, neutropenia,
thrombocytopenia, neurological
reactions

Nelarabine ARA-G Guanosine T-cell acute lymphoblastic leukemia, T-
cell lymphoblastic lymphoma

Anemia, neutropenia,
thrombocytopenia, neurological
reactions

Pentostatin dCF Adenosine Hairy cell leukemia Anemia, neutropenia,
thrombocytopenia, peripheral
neuropathy, hepatic impairment

**
Information obtained from [88,89].
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