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PREFACE

Successful cancer chemotherapy relies heavily on the application of various
deoxynucleoside analogs. Since the very beginning of modern cancer chemotherapy,
a number of antimetabolites have been introduced into the clinic and subsequently
applied widely for the treatment of many malignancies, both solid tumors and
hematological disorders. In the latter diseases, cytarabine has been the mainstay of
treatment of acute myeloid leukemia. Although many novel compounds were
synthesized in the 1980s and 1990s, no real improvement was made. However, novel
technology is now capable of elucidating the molecular basis of several inborn errors
as well as some specific malignancies. This has enabled the synthesis of several
deoxynucleoside analogs that could be applied for specific malignancies, such as
pentostatin and subsequently chlorodeoxyadenosine (cladribine) for the treatment
of hairy cell leukemia. Already in the early stage of deoxynucleoside analog
development, it was recognized that several of these compounds were very effective
in the treatment of various viral infections, such as for the treatment of herpes
infections. This formed the basis initially for the design of azidothymidine and
subsequently many other analogs, which are currently successfully used for the
treatment of HIV infections. As a spin-off of these research lines, some compounds
not eligible for development as antiviral agents appeared to be very potent anticancer
agents. The classical example is gemcitabine, now one of the most widely applied
deoxynucleoside analogs, used for the (combination) treatment of non-small cell
lung cancer, pancreatic cancer, bladder cancer, and ovarian cancer. The knowledge
gained with the development of all of these compounds formed the basis for the
design of a number of novel analogs currently being used for the treatment of various
malignancies or currently in an advanced stage of development. Interestingly, several
of the nucleoside analogs are also targeted directly against cell cycle regulatory
proteins as well as other protein kinases.

In this volume of the Cancer Drug Discovery and Development series, the current
status of development and application of deoxynucleoside analogs has been
summarized. A number of scientists well known in their specific area contributed
with authoritative up-to-date reviews of their field. Their contributions were not
limited to writing, but also included sound advice on structure and topics that was
extremely valuable. Deoxynucleoside Analogs in Cancer Therapy is organized into
several parts: the first part (Chapters 1–5) deals with general aspects of drug uptake
and metabolism, the second deals with a number of specific drugs (Chapters 6–12),



while the last part covers pharmacokinetics, prodrugs, and specific applications such
as radiosensitization and the use of deoxynucleoside analogs as tracers.

In order to be taken up by the cell, deoxynucleoside analogs require specific
transporters, whereas other transporters can mediate efflux of (monophosphoryl-
ated) nucleosides. Novel technology enabled a rapid expansion of this field in the last
decade (Chapters 1–5). Subsequent phosphorylation of nucleoside analogs is
essential for their action and is mediated by a number of specific and less-specific
deoxynucleoside kinases; their characteristics and regulation are summarized in
Chapters 2 and 3. The role of nucleotidases in resistance to nucleoside analogs is
described in Chapter 4. Specific viral deoxynucleoside kinases were recognized to
be very suitable for local activation of otherwise inactive deoxynucleoside analogs.
The HSV-specific thymidine kinase was therefore extensively used in early gene
therapy studies. More active deoxynucleoside kinases with broad substrate specificity
seem very suitable for future gene therapy applications, as described in Chapters 3
and 16.

A chapter on cytarabine—the first real deoxynucleoside analog widely used in the
clinic—is essential to a complete book (Chapter 6). Various novel deoxynucleoside
analogs have been developed in the last decade; several aspects of their mechanism
of action and applications have been described throughout the above-mentioned
chapters, while several of these analogs are described extensively in specific chapters
on gemcitabine (Chapters 11 and 12), troxacitabine (Chapter 9), clofarabine, which
was approved recently for acute leukemia (Chapter 7), and ara-G (Chapter 10). Two
additional chapters deal with prodrug design (Chapter 15) or the novel class of
L-nucleosides (Chapter 8).

Modern drug development tends to focus on specific targets, thereby neglecting
that, in order to be effective, a drug needs to be taken up by the body and transported
to the malignant tissues. A proper understanding of pharmacokinetics and
pharmacodynamics of deoxynucleoside analogs is indispensable to their admini-
stration (Chapter 14). Also, pharmacogenomics, specific genetic properties of a
tumor or a subject, determines whether a tumor will be sensitive to a drug and
whether a patient will tolerate a drug. Proper knowledge of a patient’s pharmaco-
genomics profile enables individualized treatment, as described in chapters on
specific drugs.

Deoxynucleoside analogs can be considered ideal compounds to be combined
with other drugs, either with classical cytotoxic agents or with novel so-called targeted
agents such as cell cycle-directed compounds, various protein kinase inhibitors, and
angiogenesis inhibitors. These applications are also described in specific chapters,
while a specific chapter is dedicated to the excellent radiosensitizing properties of
deoxynucleoside analogs (Chapter 13). The last chapter focuses on a novel
application of a deoxynucleoside analog, the use of 3'-deoxy-3'-fluorothymidine as
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an active tracer in PET with the potential to replace fluorodeoxyglucose in specific
applications (Chapter 17).

Throughout Deoxynucleoside Analogs in Cancer Therapy, the focus is on novel
aspects of deoxynucleoside analogs in the clinical context, as well as on unexpected
targets of these compounds, such as their specific activity against cell cycle-
dependent kinases or oncogenes. Modern targeted cancer chemotherapy aims to be
more specific than in the past, but it has now been recognized that inhibition of just
one target often enables the cell to find another pathway, bypassing this inhibition.
Current knowledge of deoxynucleoside analogs has already led to successful
combinations with novel targeted agents that prevent inhibition of one target from
being bypassed by simultaneous activation of another. Future research in this field
should use this knowledge to design rational combinations aimed at inhibiting various
cellular signaling pathways, enhancing apoptotic pathways, or combining inhibition
of various targets. Deoxynucleoside Analogs in Cancer Therapy has been designed
specifically to facilitate such an interaction between various fields.

Godefridus J. Peters, PhD
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1 Nucleoside Transport 
Into Cells
Role of Nucleoside Transporters SLC28
and SLC29 in Cancer Chemotherapy

Marçal Pastor-Anglada, MSc, PhD

and F. Javier Casado, MSc, PhD
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SUMMARY

Nucleosides are taken up into cells by either concentrative nucleoside trans-
porter (CNT; SLC28 gene family) or equilibrative nucleoside transporter
(ENT; SLC29 gene family) nucleoside transporters, which differ in their
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substrate selectivity and their energy requirements. Both nucleoside trans-
porter families have also been involved in the transmembrane transport of
nucleoside-derived compounds, many of them currently used in antiviral
and antitumoral therapies; hence, there is necessity for good knowledge
about the function of these transporters. Some key points in the pharmaco-
logical understanding of these transporters are addressed. There is a long list
of nucleoside derivatives with clinical relevance that are known to be trans-
ported by one or several nucleoside transporters; however, until recently 
little was known about the structural determinants that allow the molecular
recognition of the substrates by their transporters. This will be a key point
in the development of rationally designed new drugs. Other aspects of
nucleoside transporters are also relevant to their function as drug trans-
porters. On  the one hand, several polymorphisms have been described in
CNT and ENT proteins that could affect their activity, although thorough
functional analysis awaits. On the other hand, tissue distribution of these
transporters is not homogeneous among tissues, and their expression can be
tightly regulated, thus opening the possibility of over- or underexpression of
a particular transporter in transformed cells, as has been reported in several
cases. All these properties of nucleoside transporters determine their role in
the bioavailability and cell sensitivity to anticancer drugs, and the first studies
linking nucleoside transporter function to drug sensitivity and clinical outcome
in cancer patients are now reported.

Key Words: Concentrative nucleoside transporter; equilibrative nucleo-
side transporter; nucleoside uptake; passive diffusion.

1. THE CELLULAR REQUIREMENT FOR NUCLEOSIDE
SALVAGE IS CRUCIAL TO NUCLEOSIDE-BASED

CHEMOTHERAPY

Nucleosides and nucleotides play a variety of roles in cell physiology,
and they can be considered as both nutrients and modulators of cell 
homeostasis. In addition to their role as nucleic acid precursors, nucleo-
sides and nucleotides are also key determinants of energy metabolism, lig-
ands for purinergic receptors, and transducers of endocrine signals, thereby
modulating a wide range of cellular events.

Nucleotide biosynthetic pathways are restricted to selected cell types
and are energetically costly. Thus, salvage and nucleoside recycling are
common events, probably occurring in cell types, such as hepatocytes, in
which endogenous synthesis is high. The pharmacological use of nucleo-
side derivatives, such as the deoxynucleoside-derived drugs used in cancer
chemotherapy, relies on the dependence of various key cellular processes
(e.g., deoxyribonucleic acid [DNA] replication, ribonucleic acid [RNA]
synthesis, and nucleos[t]ide-dependent signaling) on the extracellular
nucleoside supply.
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In principle, dependence on extracellular nucleoside supply in highly
proliferating cells such as tumor cells would result in a relatively specific
effect of nucleoside-derived drugs on neoplastic targets. Nucleoside sal-
vage capacity essentially relies on the enzymatic machinery that controls
conversion into other nucleo(s)tides, as well as into their phosphorylated
derivatives, which also represent the active form of most nucleoside-based
chemotherapeutic agents. Thus, metabolism is a key determinant of pro-
drug activation and action, which might explain differences in responsive-
ness. This area is reviewed in other chapters.

However, the first metabolic “bottleneck” is the plasma membrane.
Nucleosides and nucleoside derivatives are hydrophilic molecules that
show low or even negligible permeability across cell membranes. Thus, to
facilitate efficient uptake, specific membrane proteins mediate nucleoside
translocation from the extracellular milieu into the cytosol. Consequently,
nucleoside-based anticancer drugs also interfere with the naturally occur-
ring substrates by competition for entry pathways.

2. HOW ARE NUCLEOSIDE-DERIVED DRUGS
TRANSPORTED INTO CELLS?

2.1. Mechanisms of Nucleoside and Nucleoside-Derived Drug
Transport Into Cells

The initial evidence in favor of protein-mediated uptake of nucleosides,
and consequently of nucleoside-derived drugs, was obtained decades ago
using classical biochemical approaches involving measurements of sub-
strate flux across membranes and accumulation in cells. These kinetic
determinations revealed that transport processes were sufficiently hetero-
geneous to be the result of several distinct membrane proteins, the molec-
ular identification of which would have to wait for some years (for
comprehensive reviews of the classical “kinetic” classification and proper-
ties of nucleoside transport systems, see, among others, refs. 1 and 2).

Two types of nucleoside transport processes occur in cells: an equilibra-
tive transport mechanism, which shows broad selectivity but relatively low
affinity for substrates, and a concentrative, Na+-dependent, high-affinity
transport process, which exhibits some substrate selectivity, as discussed in
Section 2.2. Although the former is in principle reversible as long as its
driving force is the transmembrane substrate concentration gradient itself,
the latter mediates the unidirectional influx of nucleosides, taking advan-
tage of the electrochemical transmembrane sodium gradient irrespective of
the nucleoside concentration inside the cell. Despite these considerations,
equilibrative uptake can also contribute significantly to the unidirectional
uptake of nucleosides and nucleoside-derived drugs whenever tight coupling
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between nucleoside transport and subsequent metabolism occurs (i.e., phos-
phorylation leading to intracellular retention of their corresponding
nucleotides). Equilibrative processes have been considered ubiquitous,
whereas Na+-dependent concentrative transport was initially thought to be
restricted to selected epithelia.

The long-standing utilization of the kinetic classification currently is
under replacement by the more accurate use of gene nomenclature and that
of associated proteins. This is the classification that is introduced in this
chapter. However, to take advantage of some earlier literature linking
nucleoside transporter (NT) function to cell sensitivity to anticancer drugs,
we would like to emphasize that, for a specific transport system (the so-
called es system), a high-specificity ligand (nitrobenzylmercaptopurine
ribonucleoside [NBMPR] or nitrobenzylthio inosin [NBTI]) often has
been used for quantitative purposes, with the number of high-affinity
NBMPR- (NBTI-) binding sites representing an estimation of the es-
related transporters inserted into the plasma membrane (2).

2.2. The Nucleoside Transporter Proteins Concentrative
Nucleoside Transporter (SLC28) and Equilibrative Nucleoside

Transporter (SLC29)
The two principal types of nucleoside transport processes, concentrative

and equilibrative, are the result of the expression of concentrative nucleo-
side transporter (CNT) and equilibrative nucleoside transporter (ENT) pro-
teins encoded by genes belonging to the SLC28 and SLC29 families,
respectively (Table 1; Figs. 1–4). The first two NT-related complementary
DNAs (cDNAs) (rCNT1 and rCNT2) were isolated in the mid-1990s by
expression cloning from rat jejunum and liver, respectively (3,4). The
human orthologs and other members of the two gene families have since
been cloned and functionally characterized (5–10). However, the two most
recently identified NT transporters, hENT3 and hENT4, remain to be fully
characterized (11).

Three subtypes of human CNT transporters have been cloned: hCNT1,
hCNT2 and hCNT3 (Table 1; Figs. 1 and 2). All contain 13 transmembrane
domains, and the deduced lengths, from their corresponding cDNAs are
649, 658, and 698 amino acid residues, respectively. They all recognize uri-
dine as a substrate, with apparent affinities ranging from 20 to 80 µM, and
are responsible for three well-documented nucleoside transport activities.

Human CNT1 displays a pyrimidine-preferring nucleoside transport
activity, whereas hCNT2 is purine preferring. Human CNT3 shows broad
substrate selectivity. Apparent Km values for preferred substrates can be as
low as 6 µM for the CNT1-mediated uptake of thymidine (5,12) and 4 and
8 µM for inosine and adenosine, respectively, when mediated by CNT2
(6,13,14). Despite the original view that all three CNT proteins can accept
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adenosine as a substrate, evidence suggests that adenosine is either an
inhibitor of hCNT1 (15) or a very poorly transported substrate (16).
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Table 1
Kinetic and Molecular Properties of Concentrative 

and Equilibrative Nucleoside Transporters

Concentrative systems

Protein
Transporter Gene length Stoichiometry Substrates (Km)

hCNT1 SLC28A1 649 1 Na/1 nucl Uridine (40–60 µM)
2 Na/1 nucl Thymidine (6 µM)

Cytidine (34 µM)
hCNT2 SLC28A2 658 1 Na/1 nucl Adenosine (8 µM)

Guanosine (21 µM)
Uridine (80 µM)
Inosine (4 µM)

hCNT3 SLC28A3 698 2 Na/1 nucl Uridine (22 µM)
Cytidine (15 µM)
Thymidine (21 µM)
Adenosine (15 µM)
Guanosine (43 µM)
Inosine (52 µM)

Equilibrative systems

Protein
Transporter Gene length Inhibitors (IC50) Substrates (Km)

hENT1 SLC29A1 456 NBTI (0.4 nM) Adenosine (40 µM)
dipyr. (5 nM) Guanosine (140 µM)

Inosine (170 µM)
Uridine (260 µM)
Thymidine (300 µM)
Cytidine (580 µM)

hENT2 SLC29A2 456 NBTI (2.8 µM) Adenosine (100 µM)
dipyr. (356 nM) Inosine (50 µM)

Uridine (250 µM)
Thymidine (710 µM)
Cytidine (5610 µM)

The basic selectivity properties of hCNT1, hCNT2, hCNT3, hENT1, and
hENT2 are summarized. Data were taken from a variety of published reports cited
in the text. Stoichiometry for hCNT1 is still controversial. For the SLC29 (hENT)
protein family, the IC50 values of high-affinity inhibitors are also given (dipyr
stands for dipyridamol), whereas no specific inhibitors have been yet identified for
SLC28 (hCNT) proteins. Although hENT3 and hENT4 have been identified, these
proteins have not been well characterized and are not included in this table.



Fig. 1. Homology among the deduced protein sequences of the SLC28 (concentrative nucleoside transporter) family members. The pri-
mary structures of SLC28A1 (hCNT1), SLC28A2 (hCNT2), and SLC28A3 (hCNT3) were derived from the available cDNA sequences
and compared using Clustal N and Bioedit Sequence Alignment Editor software. Shaded areas correspond to primary sequences show-
ing a homology threshold of 5%. Symbols in the Clustal analysis are as follows: asterisk, identical residues; colon, conserved substitu-
tions, period, semiconserved residue substitutions.
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Fig. 2. The concentrative nucleoside transporter (SLC28) family and the suggested topology for the mammalian orthologs. A phyloge-
netic tree of the CNT family was built using Tree View software. Orthologs of the human CNTs are found in many phyla, including bac-
teria, where they might be coupled to protons instead of sodium ions to mediate nucleoside translocation across the plasma membrane.
The suggested topology for the mammalian proteins anticipates 13 transmembrane domains, with the N-terminus tail localized in the
cytosol, whereas the glycosylated C-terminus domain is extracellular.
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Fig. 3. Homology among the deduced protein sequences of the SLC29 (equilibrative nucleoside transporter) family members. The pri-
mary structures of SLC29A1 (hENT1), SLC29A2 (hENT2), hENT3, and hENT4 were derived from the available cDNA sequences and
compared using Clustal N and Bioedit Sequence Alignment Editor software. Shaded areas correspond to primary sequences showing a
homology threshold of 5%. Symbols in the Clustal analysis are as follows: asterisk, identical residues; colon, conserved substitutions;
period, semiconserved residue substitutions.
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Fig. 4. The equilibrative nucleoside transporter (SLC29) family and the suggested topology for the mammalian orthologs. A phyloge-
netic tree of the ENT genes was built using Tree View software. Orthologs of the human ENTs are also found in many phyla, although,
conversely to the CNT protein family, ENT genes are not found in prokaryotes. In some protozoa, ENT-type transporters have been
shown to mediate the translocation of nucleosides in an H+-coupled manner. The topology for the mammalian proteins anticipates 11
transmembrane domains, with the N-terminus tail localized in the cytosol and the C-terminus domain in the extracellular space.
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CNT proteins might show different stoichiometry depending on the
isoform, a feature that might be associated with their ability to concentrate
nucleoside-derived drugs intracellularly and allow efficient phosphorylation.
At least theoretically, coupling with either one or two sodium ions would
dramatically modify the concentrative capacity of the transporter. Human
CNT3 requires two Na+ ions per translocated nucleoside (10), whereas
hCNT2 apparently needs only one (4). The stoichiometry for hCNT1 is
still controversial because data suggest that either two (15) or one (16)
sodium ions are required for nucleoside translocation.

Although at least two other CNT-type transport activities have been kinet-
ically identified in human cells (for review, see ref. 2), there is no evidence
from the human genome database that other CNT isoforms exist. Thus, either
these activities are mediated by other nonrelated proteins or they may be the
result of polymorphisms in the three known CNT proteins (see below).

Up to four members of the hENT family have been identified (11)
(Table 1; Figs. 3 and 4). Human ENT proteins span 11 transmembrane
domains, the human orthologs are 450 and 452 amino acid residues in
length and show a 50% sequence identity between the isoforms hENT1
and hENT2. They mediate the facilitative diffusion (equilibrative) trans-
port of naturally occurring nucleosides with broad selectivity but relatively
low affinity when compared to the other family of NTs, CNT. Apparent Km
values for substrates, recognized by hENT1, range from 40 µM for adeno-
sine to 580 µM for cytidine (17).

Although selectivity for nucleosides is similar for hENT1 and hENT2, the
latter shows noteworthy differences in substrate specificity, particularly for
cytidine, which has an apparent Km value that, when transported by ENT2,
is 10-fold higher than for hENT1 (5610 vs 580 µM) (17). These differences
in specificity also predict different roles in nucleoside-derived drug uptake.
The hENT1 and hENT2 can be pharmacologically inhibited by NBTI (with
50% inhibitory concentration [IC50] values of 0.4 nM and 2800 nM, respec-
tively) and dipyridamol (with IC50 values of 5 and 356 nM, respectively).
Thus, the NBTI-sensitive nucleoside transport activity that was character-
ized long ago, routinely “quantified” by measuring the number of high-affin-
ity NBMPR/NBTI binding sites, is assumed to be associated with ENT1
function. As mentioned, hENT3 and hENT4 are the two most recently
cloned NT proteins and have yet to be fully characterized. Thus, their substrate
selectivity profile and subcellular localization remain to be determined.

2.3. The Pharmacological Profiles of CNT 
and ENT Transporters

CNT and ENT are strong candidates to mediate the translocation of
most nucleoside derivatives used in anticancer therapies. Although prelim-
inary evidence in favor of common entry pathways for naturally occurring
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nucleosides and nucleoside-derived drugs was also obtained by kinetic
experimental approaches prior to the cloning era, the ability to express a
particular NT protein selectively in a null background has been particularly
useful for the determination of pharmacological profiles. Moreover,
because CNT proteins mediate nucleoside translocation coupled to Na+

uptake, it was anticipated, and later demonstrated, that CNT function is
indeed associated with Na+ inward currents that can be measured using
electrophysiological approaches. In particular, Xenopus laevis oocytes
expressing human CNT isoforms can be impaled with electrodes, and
using a two-electrode voltage clamp approach, selected nucleoside deriva-
tives can be tested for their ability to generate Na+ inward currents, which
is itself a demonstration of transportability. This approach obviates the
need for labeled substrates, which often represent a bottleneck in the
elucidation of the drug selectivity of a particular CNT protein.

By combining substrate flux measurements, cross-inhibition studies,
and electrophysiology, general profiles for CNTs and ENTs have been
obtained. These are summarized in Table 2. Unfortunately, transportability
cannot necessarily be inferred from cross-inhibition studies, as discussed
above in the particular case of adenosine interaction with hCNT1:
Adenosine binds to the transporter with high affinity (Kd 14 µM) but does
not translocate (15). Moreover, in many cases, transportability has only
been assessed at a single substrate concentration, which does not generate
a definitive view of specificity because no affinity constants can be derived
from these studies. Some general properties of CNT and ENT pharmacology
have been reviewed elsewhere (18–20).

Substrate selectivity in the hCNT gene family is narrower than for
hENTs. For instance, gemcitabine is a high-affinity substrate for
hCNT1, but it is not recognized by hCNT2 (21) and appears to be less
effectively taken up by the hCNT3 isoform (10). In contrast, hCNT3
takes up fludarabine with high affinity; hCNT1 does not recognize it,
and hCNT2, although inhibited by it, does not take it up. A similar
specificity profile seems to apply to cladribine. In any case, it can be
assumed that hCNT1 is a high-affinity transporter for fluoropyrimidines
(12,15,21–23).

In the case of the ENT protein family, it can be predicted that, as for nat-
urally occurring nucleosides, hENT1 and hENT2 show broad substrate
selectivity for nucleoside derivatives, even if apparent Km values have not
been measured for many drugs. Nevertheless, when available (as for gem-
citabine), values are much higher than those reported for CNTs (21), as one
would expect on the basis of their specificity panel for naturally occurring
nucleosides. Moreover, gemcitabine and other nucleoside analogs used in
the treatment of lymphoid malignancies also appear to be better substrates
for hENT1 than for hENT2 (19,21,24).
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Table 2
Pharmacological Properties of Concentrative and Equilibrative Nucleoside

Transporters

Concentrative systems Equilibrative systems

Drugs as substrates Drugs as substrates 
(apparent Km) (apparent Km)

hCNT1 Gemcitabine + (17 µM) hENT1 Gemcitabine + (160 µM)
5′-DFUR (209 µM) Cytarabine +
Cytarabine + Fludarabine +
Fludarabine – Cladribine +
Cladribine –

hCNT2 Cladribine – hENT2 Gemcitabine + (740 µM)
Fludarabine – Fludarabine +
Gemcitabine – Cladribine +

Cytarabinea +
hCNT3 Cladribine +

Fludarabine +
Gemcitabine +

The interaction of selected nucleoside-derived anticancer drugs with hCNT and
hENT proteins has been studied either by testing uptake at a single concentration
(+, transported, –, not transported) or by determining kinetics of interaction
(apparent Km values). In this particular case, these values are given. Data came
from a variety of reports cited in the text. aIn some cases, drugs have been tested
as inhibitors. This is not by itself proof of transportability, as explained in the text.
5′-DFUR, 5′deoxy-5′fluorouridine.

Overall, available information on the pharmacological profiles of hCNT
and hENT proteins reveal substrate selectivity and specificity that is suffi-
ciently different to predict specific drug uptake capabilities in cells accord-
ing to their expression pattern of NT proteins.

3. HOW ARE NUCLEOSIDES AND NUCLEOSIDE-
DERIVED DRUGS RECOGNIZED BY CNT 

AND ENT PROTEINS?

The structures of CNT and ENT proteins are unknown; consequently,
topology models are essentially based on bioinformatic approaches, with
limited biochemical information as yet. Although the putative transmem-
brane domains and residues that might somehow determine substrate recog-
nition and translocation have been identified by combining isoform
chimeras and site-directed mutagenesis (for reviews, see refs. 11 and 25),
this chapter focuses on the molecular determinants that confer transport



suitability to substrates. This is of interest from a drug delivery and discovery
perspective.

Besides the comprehensive analysis of transporter pharmacological
profiles by standard biochemical means, as discussed above, the identifi-
cation of substrate determinants will help to predict transportability on the
basis of nucleoside structure.

3.1. Structural Determinants for the Molecular 
Recognition of NT Substrates

Expression of recombinant hENT1, hENT2, hCNT1, and hCNT3 in
Saccharomyces cerevisiae has been used to identify binding motifs that
enable these transporters to translocate uridine, a naturally occurring
nucleoside shared as a substrate by all of them (26,27). Interestingly, a key
element for recognition is the sugar moiety, within which the C(3′)-OH
appears to be crucial. This may explain why all NTs functionally charac-
terized to date, with the exception of hENT2, are indeed nucleoside and
not nucleobase transporters. As indicated above, hENT2 can transport
some nucleobases, although the apparent Km values are much higher than
for nucleosides, which is consistent with the view that, at least for binding,
the sugar moiety is important.

Human ENT1 and hENT2 form strong interactions with the hydroxyl
group in the 3′ position of the sugar (27), whereas substitutions or config-
urational inversion at this point are barely tolerated by hCNT1 and
hCNT3 (26). Nevertheless, these findings do not rule out the possibility
of cooperation of other groups, in both the sugar and base moieties, of
varying importance depending on the particular NT studied. These obser-
vations agree with an extensive bioinformatic analysis that took advan-
tage of previously generated biological data (nucleoside uptake
measurements) (28). Moreover, this explains, for instance, why hCNT1,
although considered a high-affinity pyrimidine-preferring NT protein,
does not interact efficiently with the majority of antiviral nucleosides,
such as AZT (zidovudine), d4T (stavudine), ddC (zalcitabine), and 3TC
(lamivudine) (29). Although all of these molecules are pyrimidine nucle-
oside derivatives, they all lack the 3′ hydroxyl group. Thus, these findings
strongly support the view that very slight changes in substrate structure
provoke a dramatic shift in selectivity; therefore, a nucleoside structure
does not by itself imply recognition and efficient translocation by either
CNT or ENT proteins.

3.2. Polymorphic NTs
The search for putative single nucleotide polymorphisms (SNPs) and

other polymorphic variants in CNT and ENT proteins might be useful in
pharmacogenetic terms. As discussed previously, site-directed mutagenesis
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has allowed the identification of amino acid residues critical for function,
but these occur on highly conserved residues that are unlikely to be mutated
in humans. Indeed, until now, no inherited disease associated with a pri-
mary defect in NT function has been described. Nevertheless, natural
genetic variability may be responsible for slight functional changes that, in
principle, might determine drug bioavailability and action.

A comprehensive list of genetic variants of plasma membrane trans-
porters in general, and NTs in particular, is available at www.pharmgkb.org.
Although different types of apparent polymorphisms have been detected in
a defined ethnically diverse population (30), only a few have been func-
tionally characterized to date. Human ENT1 genetic variants do not seem
to affect function significantly (31); thus, differences in hENT1 protein
levels might be more important in determining variability in human popu-
lations. In contrast, some functionally relevant hCNT1 polymorphisms
have been described (32). Surprisingly, two variants, a nonconservative
change (Ser546Pro) and a single nucleotide deletion (1153del), appear to
be nonfunctional, whereas the Val189Ile polymorphic variant showed a
twofold increase in the apparent affinity for gemcitabine when compared
to the reference gene. Whether these alterations are really associated with
different drug pharmacokinetics remains to be elucidated.

Genetic variants might also explain the occurrence of particular “trans-
port systems” that were characterized kinetically prior to the “cloning era”
and for which no specific gene has yet been identified. Interestingly, it has
been shown that a single substitution in the hCNT1 gene results in a func-
tional transporter protein with guanosine preference (33), a feature that had
been kinetically defined several years ago as a new transport system (34),
besides the three well-known systems, now associated with the more abun-
dant variants of hCNT1, hCNT2, and hCNT3.

4. TISSUE DISTRIBUTION OF NT PROTEINS

The understanding of the role of NT proteins in drug pharmacokinetics
and drug responsiveness might in fact depend on our knowledge of what
we should call the basic pattern of NT expression in normal tissues.
Human ENTs, particularly hENT1, may be considered ubiquitous trans-
porters, with significant variability in tissue abundance, as determined pre-
viously by NBMPR/NBTI high-affinity binding site measurements (for
review, see ref. 2). The lack of appropriate ligands for CNT-type trans-
porters did not allow an accurate estimation of their tissue distribution
until they were cloned and suitable molecular tools generated.

However, the original view that CNT protein expression would be
restricted to a few epithelia, such as those of the small intestine, kidney, and
choroid plexus, has been challenged by the identification of CNT-related
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functional activity in cell types showing high endogenous nucleotide
biosynthesis, such as rat liver parenchymal cells, which in principle should
not rely on salvage pathways (35–37). The generation of the first anti-
bodies against the rat orthologs of CNT1 (rCNT1) and CNT2 (rCNT2)
revealed a much broader tissue distribution for both transporter proteins
than expected (38). Of the tissues assayed, rCNT1 protein immunoreactivity
was detected at high levels in crude homogenates from liver and kidney
and, to a lesser extent, in small intestine, heart, lung, brown adipose tissue,
and pancreas. CNT2 protein distribution was more homogeneous than that
found for CNT1. In addition to the tissues mentioned, CNT2 was also
detected in brain and skeletal muscle.

CNTs are also expressed in cells of the immune system. CNT2-related
activity has been detected in human B-cells (39), and both transporter pro-
teins are expressed in murine bone marrow macrophages (40,41). The
messenger RNA (mRNA) of the most recently cloned member of the
SLC28 family, hCNT3, has also been identified in many tissues; it displays
a high abundance in mammary gland, pancreas, and bone marrow but is
also present, although to a lesser extent, in intestine, liver, lung, placenta,
brain, and heart, among other tissues (10).

Taken together, these observations support the view that most tissues
and cell types are likely to coexpress more than one single NT protein. The
physiological rationale for this coexpression of transporters that, in most
cases, show significant overlapping selectivity is still unclear.

5. REGULATED VS CONSTITUTIVE NT EXPRESSION: 
A BASIS FOR DIFFERENTIAL EXPRESSION OF NTs

IN TUMORS?

We have learned that NTs are coexpressed in a variety of cells and
tissues, and that they show different substrate selectivity and specificity.
Accordingly, their pharmacological profiles do not coincide. The ques-
tion we want to address now is whether their expression is constitutive
or, alternatively, can be regulated. To some extent, the evidence that NTs
show different regulatory properties, as discussed here, suggests comple-
mentary physiological roles for these membrane proteins and may
explain the need for coexpression, at least in highly differentiated cell
types. However, from a clinical perspective, regulation of nucleoside
transport activity in an isoform-specific manner may offer an opportunity
to modulate drug bioavailability. Moreover, evidence of different trans-
porter protein expression patterns in tumors might be important from a
therapeutic standpoint, not only because of the variability in drug uptake
capabilities, but also because the entry pathway might determine intra-
cellular drug targeting.
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Cell types showing high turnover but relying on salvage pathways for
nucleoside supply, such as macrophages and enterocytes, coexpress CNTs
and ENTs with apparently different physiological roles. In murine bone
marrow macrophages, proliferation induced by macrophage colony-stimulating
factor is associated with the upregulation of ENT1 activity and mRNA
levels. Blocking ENT1 function with NBTI inhibits proliferation and
significantly reduces the incorporation of extracellular thymidine into
DNA without any effect on uridine incorporation into RNA, thus suggesting
some sort of metabolic channeling of extracellular nucleosides (41). Macro-
phage activation by interferon-γ or promotion of apoptosis by lipopolysac-
charide and tumor necrosis factor-α (TNF-α) block proliferation induced
by macrophage colony-stimulating factor and upregulation of ENT1,
whereas CNT1 and CNT2 show a dramatic increase in expression and
activity (40–42). Similarly, in IEC-6 cells, a rat enterocyte cell model,
mitogenic agents and epithelial wounding selectively increase ENT1
mRNA levels and activity; induction of differentiation by glucocorticoids
upregulates expression of the CNT2 (43). Taken together, these data sup-
port the view that ENT1 is a sort of “housekeeping” transporter responsi-
ble for constitutive nucleoside supply. In fact, as discussed below, ENT1
expression is often high and is highly retained in tumors. Nevertheless, an
ENT1 knockout mouse has been generated, and it is viable (44), thus demon-
strating that ENT1 is not crucial for cell survival and suggesting possible
redundancy with other ENT members.

Expression of CNT1 and CNT2 is highly dependent on differentiation in
human and rat liver parenchymal cells (45–48). Both transporter proteins
are upregulated during liver regeneration (37), but CNT1 expression is sen-
sitive to multifunctional cytokines (49), whereas CNT2 is transcriptionally
activated by proapoptotic agents such as transforming growth factor-β1
(unpublished observations). CNT1 is highly sensitive to metabolic interfer-
ence with the endogenous nucleotide pool because pharmacological inhibi-
tion of ribonucleotide reductase results in a dramatic increase in CNT1
protein levels (50), whereas CNT2, a high-affinity adenosine transporter,
appears instead to be involved in regulating purinergic responses (51).
Overall, these data suggest specific roles for CNT1 and CNT2, with the for-
mer responsible for fine tuning of nucleoside supply in salvage processes
and the latter more likely to modulate adenosine-induced cell signaling.

Leukemia B-cell lines, which express transporters of both CNT and ENT
types, respond similarly to the phorbol ester PMA, lipopolysaccharide, and
TNF-α treatments by upregulating concentrative transport activity and
downregulating equilibrative nucleoside uptake. This is associated with a
decrease in hENT1 mRNA levels. However, the effect on CNT-type trans-
porters is sensitive to protein kinase PKC inhibition, whereas the decrease
in hENT1-related transport induced by TNF-α is not, suggesting that 
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different pathways are involved in the response of concentrative and equi-
librative transporters to cytokine treatment (39). PMA-induced differentia-
tion of the promyelocytic cell line HL-60 causes downregulation of
ENT-type transport systems and the emergence of a Na-dependent, CNT-
type transport activity (52). This is likely to be caused, at least partially, by
upregulation of the hCNT3 gene (10). The transcription factors involved in
this type of regulatory responses are unknown.

Nevertheless, it has been shown that chronic lymphocytic leukemia
(CLL) cells display constitutive Ser-727 signal transducer and activator of
transcription (STAT) 1 phosphorylation (53). In contrast, normal B-cells
phosphorylate STAT1 at this serine residue after treatment with PMA (53).
Indeed, phorbol esters cause downregulation of ENT1 activity in B-cell
lines (39), a feature that is interesting because the downregulation of ENT1
activity triggered by interferon-γ in murine bone marrow macrophages is
STAT1 dependent (42).

Although regulation of NT activity and expression is still poorly under-
stood and has only been studied for particular isoforms in selected cell
types, it is already clear that NT expression is not constitutive. Even the
ubiquitous, highly abundant, ENT1 protein seems to be regulated at both
the transcriptional and posttranscriptional level. CNT expression is highly
dependent on differentiation. In fact, we and others have noticed that it is
very difficult to obtain good cell models in which to study their biological
properties, particularly for CNT1, an isoform with tissue distribution that
might be narrower than that of other transporters and with activity that is
often lost even in cell types in which CNT1 mRNA is easily detected.

Finally, there is another issue related to NT regulation that might be very
important from a clinical perspective: whether nucleoside-derived drugs
can by themselves modulate NT activity or expression. As indicated above,
inhibition of ribonucleotide reductase by hydroxyurea promotes a dramatic
increase in CNT1 protein levels in rat hepatoma cells (50). Thus, given that
many nucleoside-derived drugs, such as fluoropyrimidines, strongly inter-
fere with endogenous nucleotide metabolism, it is not surprising that similar
responses occur in drug-treated cells. Little is known about this particular
aspect of NT regulation, which is briefly summarized below.

6. ROLE OF NTs IN CELL SENSITIVITY 
TO ANTICANCER DRUGS: FROM DIAGNOSIS 

TO INDIVIDUALIZED THERAPY?

As discussed above, the molecular cloning of the cDNA encoding mem-
brane proteins, responsible for nucleoside-derived drug uptake into cells,
is relatively recent. Thus, the role of nucleoside carriers in controlling drug
bioavailability, thereby determining cell sensitivity to anticancer drugs,
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has not been appropriately addressed, essentially because of a lack of suit-
able molecular tools. In particular, no commercial antibodies are currently
available, although a few laboratories, including our own, have been able to
raise antibodies suitable for immunohistochemical analysis on either
frozen or paraffin-embedded tissues.

The putative role of NT function in drug uptake, bioavailability, and
cytotoxicity was initially addressed in cell culture models. Some clinical
data were also available prior to NT cloning thanks to the ability of the
hENT1 protein to be crosslinked by specific inhibitors, such as NBMPR
and its derivatives. During the past 2 yr, the first immunohistochemical
data have become available. Although there are still very few published
studies, we anticipate forthcoming reports in this area that will help to
include NT proteins in the complex framework of enzymatic machinery
responsible for nucleoside and nucleotide metabolic activation that deter-
mines drug action and tumor responsiveness to treatment.

6.1. Analysis of the Role of NTs in Sensitivity 
to Nucleoside-Derived Anticancer Drugs in Cultured Cell Models

A significant number of studies performed in cell lines have demon-
strated that transport processes may be important for drug-induced cyto-
toxicity and resistance. This idea was already put forward nearly 40 yr ago
when analyzing the differential response to 5-fluorouracil (5-FU) of a
panel of hepatoma cells showing variable sensitivity to fluoropyrimidines
(54). Although cells lacking selected transport functions are resistant to
nucleoside-derived analogs (55–57), the pharmacological blockade of
ENT-type transport activities might increase sensitivity to nucleoside-
derived drugs, presumably by inhibiting efflux pathways (58–62). This
apparent discrepancy can be explained by the design of these experiments.
Sensitivity is indeed promoted when drugs reach cells prior to the inhibi-
tion of transporter function, whereas treatment of cells after exposure to
NBTI results in resistance (63). Consistent with this, NBTI is also able to
block the acadesine-induced apoptosis of CLL cells, demonstrating that
the uptake of acadesine via NBTI-sensitive transporters is required for its
apoptotic effect (64).

The role of selected NTs in drug-induced cytotoxicity has been
addressed by determining the extent to which heterologous expression of
a particular NT protein modifies cell sensitivity to drugs. Thus, hCNT1,
when expressed in Chinese hamster ovary cells, induces an increase in cell
sensitivity to the cytotoxic action of 5′-deoxy-5′-fluorouridine (5-DFUR),
an intermediate of capecitabine metabolism and the immediate precursor
of 5-FU (23). In fact, unlike either capecitabine or 5-FU, 5-DFUR is an
hCNT1 substrate (23). This sensitization of cells triggered by hCNT1
expression is still retained when endogenous ENTs are blocked using
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dipyridamole, thus suggesting that the retention of high-affinity, concentrative
nucleoside transport activity might by itself be a determinant of cytotoxi-
city (23). Similarly, acquisition of hCNT2 function by gene transfer into a
T-cell drug-resistant cell line, devoid of nucleoside transport activity,
results in increased sensitivity to a variety of halogenated uridine analogs
(65). Moreover, slight increases in hCNT1-related function in cells derived
from pancreatic adenocarcinomas also induce higher sensitivity to gemc-
itabine than in their parental cell lines (66).

An important issue in this type of study is the evidence that transporter
function, and thereby protein amounts, might be better correlated with cyto-
toxicity than mRNA levels. The quantification of mRNA for NTs, by real-
time reverse transcriptase polymerase chain reaction, in a panel of 50 cell
lines did not reveal significant correlations with sensitivity in a variety of
anticancer drugs (67). This lack of correspondence between mRNA levels
and sensitivity to nucleoside-derived drugs has subsequently been demon-
strated to occur in patients with CLL (see below), highlighting the need for
functional assays, suitable antibodies to NTs, or both.

One additional issue that might help to understand the relationship
between transporter function and cell responsiveness to drugs is the possi-
bility that treatment by itself induces changes in transporter protein expres-
sion and activity. As explained above, this can be predicted from the recent
finding that inhibition of ribonucleotide reductase upregulates CNT1 pro-
tein in rat FAO hepatoma cells (50). This kind of interaction was antici-
pated in the case of hENT1-type transporters when no molecular tools
were available, and occurrence at the plasma membrane was indirectly
measured by determining high-affinity NBTI-binding sites. When
thymidylate synthase activity is blocked in cells, both the number of
NBTI-binding sites and the thymidine kinase activity are dramatically
upregulated, probably via a common mechanism sensitive to the depletion
of deoxythymidine 5′-triphosphate pools (68,69).

Nucleoside-derived drugs can also modulate transporter function by
affecting selected signaling pathways. Fludarabine has been shown to deplete
STAT1 specifically in normal resting B-cells and in a fludarabine-treated
patient with CLL (70), whereas, at least in macrophages, ENT1 activity
seems to be posttranscriptionally regulated via STAT1-dependent mecha-
nisms (42). Surprisingly, it has also been reported that an increasing number
of protein kinase inhibitors, including rapamycin, inhibitors of cyclin-
dependent kinases, mitogen-activated protein (MAP) kinase inhibitors, and
others, can interact and even block hENT1-related transport activity (71).
This unexpected finding suggests that nucleoside derivatives and protein
kinase inhibitors may antagonize each other in some combined therapies.

In summary, evidence obtained from in vitro studies (cultured cell mod-
els) clearly suggests that NTs contribute to nucleoside-derived drug
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cytotoxicity. In turn, NT function and expression can also be affected by
drug treatment itself as well as by other agents used in combined therapies.
Nevertheless, key issues are to determine whether these findings can be
transferred to clinical settings and whether they will help to understand
what roles NT proteins actually play in tumor responsiveness to nucleoside-
based therapies.

6.2. Studies Linking NT Function to Drug Sensitivity 
and Clinical Outcome in Cancer Patients

An intermediate step between cell line models and patient NT profiling
is the analysis of the possible correlations among NT mRNA, protein, bio-
logical function, and ex vivo cell sensitivity to nucleoside-derived drugs.
For obvious reasons, this approach has been possible in lymphopro-
liferative malignancies, although it is not feasible when dealing with solid
tumors, in which functional analysis is difficult, if not impossible to perform,
and antibodies are required for a suitable approach to the analysis of NT
protein expression.

Human ENT1-type transporter abundance, as measured by high-
affinity binding of the fluorescent nucleoside derivative 5′-S-(2-
aminoethyl)-N6-(4-nitrobenzyl)-5′-thioadenosine (SAENTA), has been
correlated with cytotoxicity of cytarabine (ara-C) in blasts from patients
with acute leukemia (72,73). Moreover, a significant correlation
between hENT1 mRNA levels and ara-C-induced cytotoxicity has been
reported in cells from childhood ALL patients (74). Nevertheless, as
discussed above, this type of correlation might not be very common.
Indeed, when analyzing the whole panel of NT genes in cells from CLL
patients, the mRNAs for hENT1, hENT2, hCNT2, and hCNT3 were
easily amplified, whereas no hCNT1 expression was detected (75). No
statistical correlations were found between mRNA levels and fluda-
rabine transport or ex vivo cytotoxicity, a finding confirmed by others
(76). Interestingly, ex vivo sensitivity to fludarabine showed a strong
correlation with fludarabine accumulation (75), which was exclusively
mediated by ENT-type transporters (75,76). The hENT2 protein
amounts were shown to correlate with fludarabine ex vivo cytotoxicity
in these patients (77).

The combined measurement of mRNA levels for hENT1, hCNT3, and a
panel of enzymes involved in nucleotide metabolism has allowed patients
with CLL to be clustered into two groups with significant differences in the
risk of disease progression (76). Surprisingly, this clinical parameter showed
statistical correlation with hCNT3 overexpression, although, in agreement
with a previous report, no hCNT3-related nucleoside transport was detected
(75). Indeed, all hCNT3 protein was located intracellularly (76). In acute
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myeloid leukemia, low hENT1 expression has also been associated with
decreased disease-free survival (78).

NT profiling in solid tumors is more complex than in lymphoprolifera-
tive diseases. The closest approach to NT function here is protein analysis,
either by Western blot or immunohistochemistry. This is obviously chal-
lenged by the fact that these approaches are only semiquantitative and,
most important, by a lack, until recently, of suitable molecular tools (iso-
form specific anti-NT antibodies).

The first immunohistochemical evidence of selective loss of NT proteins
in tumors was obtained in rat models of hepatocarcinogenesis using anti-
rCNT1 and anti-rCNT2 polyclonal antibodies that, unfortunately, did not
crossreact with the human CNT orthologs (48). Evidence for variable NT
expression in solid tumors was later obtained at the mRNA level using
commercial tumor RNA arrays (79). Nevertheless, information about NT
proteins in human tumors is scarce. hENT1 protein has been analyzed on
frozen sections from breast tumors, demonstrating heterogeneity of hENT1
staining in a cohort of 33 patients, 4 of them apparently lacking hENT1
protein expression (80). Immunhistochemical detection of hENT1 protein
has been achieved in paraffin-embedded sections of breast tumors (81), and
variability in hENT1 protein has also been reported in Reed-Sternberg cells
from patients with Hodgkin’s disease (82).

A panel of antibodies against hENT1, hENT2, and hCNT1, suitable for
immunohistochemistry analysis on paraffin-embedded tissues, has
allowed high-throughput analysis of NT protein expression using a tissue
array approach (83). Nearly 300 independent gynecological tumors
(endometrium, ovary, and cervix) were analyzed. As anticipated from what
we know about NT biology, both hENT1 and hENT2 protein expression
was highly retained, although a significant number of tumors were hCNT1
negative. Human CNT1 was not detected in 33% and 39% of the ovarian
and uterine cervix carcinomas, respectively, whereas only 15% of endome-
trial carcinomas were hCNT1 negative. In ovarian cancer, the loss of all
three transporters was a more common event in the clear cell histological
subtype than in the serous, mucinous, and endometrioid histotypes. In cer-
vical tumors, the loss of hCNT1 expression was significantly associated
with the adenocarcinoma subtype. Overall, these data suggest that NT
expression is variable and is related to the type of gynecological tumor and
its specific subtype, with hCNT1 protein loss highly correlated with poor
prognosis histotypes (83).

Unfortunately, studies comparing NT protein profiles with clinical
parameters relevant to outcome and survival are still scarce. Spratlin et al.
(84) reported that the absence of hENT1 protein, as determined by
immunohistochemistry, is associated with reduced survival in patients with
gemcitabine-treated pancreas adenocarcinoma. Moreover, an unpublished
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study of 90 patients with breast cancer (85) has shown that the percentage
of hCNT1-positive cells correlates positively with reduced long-term
survival, with the hCNT1-positive index indicative of poor prognosis. A
relative risk of relapse was also associated with high hCNT1-positive
indexes. All these patients underwent surgery followed by cyclophos-
phamide/methotrexate/5-fluorouracil (CMF) chemotherapy, during which
they received 5-FU rather than nucleoside-based therapy. Thus, it is tempt-
ing to speculate that high expression of hCNT1 is linked to high nucleotide
salvage efficiency and consequently might compromise nucleotide metab-
olism interference triggered by 5-FU.

7. FUTURE PERSPECTIVES

NT proteins are definitely the preferred entry pathways for most nucle-
oside- based anticancer drugs. Nevertheless, complete pharmacological
profiles and molecular determinants of transportability are not yet fully
available. Little is known either about the regulatory and physiological
properties of these proteins that might be key determinants of drug action.
Thus, a major effort should now be put into these particular aspects of NT
biology. However, in the meantime, some tools are already available for
high-throughput analysis of NT expression in tumors. Unfortunately, as
discussed above, there is still little published information regarding the
relationships between NT profiles and clinical outcome, but previous evi-
dence supports the view that these membrane proteins might play a signif-
icant role in nucleoside-based chemotherapy.

An additional effort should be made toward generating a coordinate
view of how transporters, enzymes, and intracellular targets mutually
interact to define chemotherapeutic responses. In this context, although it
is unlikely that transport processes will become unique biomarkers of
nucleotide metabolism, an integrated view might help to identify a discrete
number of proteins that, when considered together, prove useful as predic-
tors of therapeutic response.
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SUMMARY

Deoxycytidine kinase (dCK) is the main enzyme in the salvage of deoxyri-
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ble of 5′-phosphorylation of the natural substrates deoxycytidine (dCyt),
deoxyadenosine, and deoxyguanosine; and can be interconverted into
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thymine nucleotides. The deoxycytidine triphosphate (dCTP), in addition to
DNA, can be utilized for special processes, such as for synthesis of “liponu-
cleotides,” which are precursors of membrane phospholipids. The expression
of dCK is highest in lymphoid cells/tissues (e.g., such as thymus, spleen,
lymph nodes, stimulated peripheral blood mononuclear and bone marrow
cells) and in all malignancies of these cells. The cell cycle dependence of the
expression of dCK has been a matter of discussion; even higher dCK activity
and dCyt metabolism were found in undifferentiated rather than in differenti-
ated human lymphocytes. An enhancement of dCK activity occurred on prein-
cubation of cells with a variety of nucleoside derivatives and nonnucleoside
genotoxic agents, such as aphidicolin, etoposide (VP16), taxol, and even the
G protein modulator sodium fluoride. γ-Irradiation and ultraviolet (UV) C
irradiation also augmented dCK activity in different cells. The decrease of
dCK activity was observed with protein phosphatase inhibitors, suggesting a
regulatory role for reversible protein phosphorylation in the activation
process. Cytosolic Ca2+ ion and p53 protein are necessary for the increase of
dCK activity in cells after toxic treatments. The reason for the increase of
dCK activity after toxic treatment of cells seems to be a compensatory
mechanism induced by “metabolic stress” signals; cells need deoxynu-
cleotides to repair damaged DNA. A positive correlation was found between
dCK activity and the sensitivity of malignant cells to chemotherapy; thus,
dCK has an outstanding importance in human chemotherapy. dCK is often the
rate-limiting enzyme in the activation of these analogs. L-2′3′-dideoxy-3′-thi-
acytidine (lamivudine, 3TC); arabinosylcytosine (Cytosar, ara-C); 2-
chlorodeoxyadenosine (cladribine, CdA); and 2′,2′-difluorodeoxycytidine
(gemcitabine, dFdC), the first a human immunodeficiency virus drug and the
last three valuable anticancer agents, are all substrates for dCK, and they are
between 5% and 50% as efficient as dCyt as substrates for the enzyme. dCK
prefers nucleoside sugars in the S-conformation (C2′-endo-C3′-exo)
because α-2′,3′-dideoxycytidine adopts that conformation preferentially.
dCK is composed by two identical polypeptides of 261 amino acids (54), and
it shows some significant sequence similarity with the herpes simplex type 1
virus thymidine kinase, as well as about 40% sequence identity to the mito-
chondrial thymidine kinase 2. In 2003, the structure of dCK in complex
with dCyt and ADP-Mg2+ was solved.
The activated form of dCK seems to be an altered stable conformation of
the enzyme in which the C-terminal is differently exposed to immunore-
agents. Further studies are needed to define the molecular mechanism
responsible for the activation process, but it is clear that increased under-
standing in this field may lead to the development of new drug combina-
tions in antitumor or antiviral chemotherapy. With determination of the
structure of dCK, it is now possible to define some of the structure function
relationships of this enzyme and the related expanding deoxynucleoside
kinase enzyme family.

Key Words: Deoxycytidine kinase; deoxyguanosine kinase; deoxynucleo-
side analogs; deoxynucleoside kinases; deoxynucleosides; thymidine kinases.
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1. INTRODUCTION
This chapter mainly concerns the role of deoxycytidine kinase (dCK;

EC 2.7.1.74) in cellular nucleotide metabolism and in activation of
nucleoside analogs used in chemotherapy. However, Chapter 3 also
describes the activation of many of the most important deoxynucleoside
analogs by the four cellular deoxynucleoside kinases (dNKs). We there-
fore focus on the special metabolic function of dCK in relation to metab-
olism and DNA synthesis; refer to Chapter 3 and to several earlier review
articles (1–4) for a more comprehensive account of the topic. Here, we
summarize the basic facts regarding dCK but focus on the results
obtained during recent years.

The adequate maintenance of intracellular deoxyribonucleotide pools
to supply the needs of deoxyribonucleic acid (DNA) replication, repair,
and recombination is a central issue of nucleotide metabolism, accom-
plished by the tightly regulated de novo and salvage biosynthetic path-
ways presented in Fig. 1. Purine and pyrimidine ribonucleotides can be
synthesized from carbohydrate and amino acid derivatives by the energy
consuming de novo biosynthetic pathways producing ribonucleoside
diphosphates (NDPs), which are reduced by the ribonucleotide reductase
(RR) to the corresponding deoxyribonucleotide diphosphates (dNDPs)
and converted to deoxyribonucleotidetriphosphates (dNTPs).

The synthesis of deoxythymidine 5′-triphosphate (dTTP) is slightly dif-
ferent from that of the others; deoxyuridine monophosphate (dUMP) is
methylated by thymidylate synthase to deoxythymidine monophosphate
(dTMP) and then phosphorylated to deoxythymidine triphosphate (dTTP)
by kinases. However, the mitochondria and some tissues (i.e., erythro-
cytes, polymorphonuclear leukocytes, peripheral lymphocytes, and brain)
in mammals have reduced capacity for de novo synthesis of nucleotides;
therefore, they are dependent on exogenous bases or nucleosides (salvage
processes) to supply the ribo- and deoxyribonucleotides required for dif-
ferent metabolic processes and nucleic acid synthesis. The main sources of
deoxyribonucleotides in the cytosol and in the mitochondrion are pre-
sented in Fig. 1.

Nucleosides are transported through the plasma and mitochondrial
membranes by different nucleoside transporters and immediately phospho-
rylated by the cytosolic or mitochondrial dNKs. Two cytosolic dNKs (dCK
and TK1) and two mitochondrial dNKs (deoxyguanosine kinase [dGK]
and thymidine kinase 2 [TK2]) have been identified in different cells and
tissues (Fig. 1).

Among different salvage enzymes in different tissues, dCK is the main
enzyme in the salvage of deoxyribonucleosides as a consequence of its
broad substrate specificity. The dCK has an outstanding importance in
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Fig. 1. The sources of deoxyribonucleotides in the cytoplasm and mitochondrion. CNT, concentrative nucleoside transporter (NT);
ENT, equilibrative NT; DNC, mitochondrial deoxyribonucleotide carrier; RR, ribonucleotide reductase; DA, dCMP deaminase; TS,
thymidylate synthase; AK, adenylate kinase; GMPK, guanylate kinase; UMP/CMPK, TMPK, UMP/CMP kinase and TMP kinase;
NDPK, nucleotide diphosphate kinase.



human therapy because it is also responsible for the activation of many
important nucleoside derivatives used in anticancer and antiviral therapy.
The enzyme is capable of 5′-phosphorylation of the natural substrates
deoxycytidine (dCyt), deoxyadenosine (dAdo), and deoxyguanosine (Fig. 2)
and a large number of both pyrimidine and purine analogs (1–3). The phys-
iological phosphate donor for the reaction is most likely both adenosine
triphosphate (ATP) and uridine triphosphate (UTP), and the nature of the
phosphate donor affects the kinetics of the reaction (1–4 and references
therein). There exists an interconversion pathway between dCyt and
deoxythymidine (dThd) nucleotides in the cytosol. The main enzyme in the
dCyt-dThd interconversion pathway is the deaminase activity (DA); in the
catabolic pathway, it is the nucleotidase activity (5′-NT) presented in Fig. 1.

The metabolic importance of dCK is apparent from the observations
that, in some mammalian cells, the major source of dTTP comes also from
its product dCMP via dCMP deaminase (dCMP-DA) rather than from
deoxyuridine monophosphate via ribonucleotide reduction (4–6) as pre-
sented in Fig. 2. Approximately 75% of extracellularly added dCyt was
converted into dTTP via dCMP-DA and TS in human lymphocytes (7).
The importance of the other products, dAMP and dGMP, is less clear
because in most situations there is efficient catabolism of purine deoxynu-
cleosides. Only with stable purine analogs or inherited deficiencies of cata-
bolic enzymes is there a significant accumulation of these type of dCK
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products. The synthesis of dCMP directly by dCK became a central role in
supply of all processes utilizing only dCyt for special functions (i.e., for
phospholipids) and the other three deoxynucleotides for DNA as seen in Fig. 2.

dCK is the only enzyme that can supply cells with all four precursors of
DNA. The final product of the salvage, beside of DNA (8–10), the deoxy-
cytidine triphosphate (dCTP) can also be utilized for special processes, for
synthesis of “liponucleotides,” precursors of membrane phospholipids
(11–14). Treatments of patients with dCyt analogs often resulted in neu-
ropathy as a side effect, which might be the result of altered phospholipid
biosynthesis. dCyt is incorporated into dCDP-ethanolamine and dCDP-
choline more effectively than cytidine itself, and the anticancer analog
arabinosyl-cytosine also participates in these reactions (11–13). The inos-
itol-phospholipid pathway, deoxycytidine diphosphate (dCDP)-diacyl-
glycerol can also incorporate external dCyt, but only in the presence of the
amphipathic, neuroleptic drug chlorpromazine (12,14), inhibiting its fur-
ther metabolism. The incorporation of dCyt into two separate dCTP pools
and into membrane phospholipids is presented in Fig. 2.

An important function of dNTP pools has been demonstrated in the
activation of origenes during DNA replication (10), and dCK is involved
in the overall regulation of the dNTP pools in most cells. The concentra-
tions of dCTP and dTTP pools are regulated at different levels of the
metabolism, which then influences the activation processes and effects of
nucleoside analogs used in cancer chemotherapy. The inhibition of the
dCTP synthesis by the allosteric effect of dTTP occurs at the level of RR,
where the reduction of CDP is regulated by dTTP (Fig. 1). There is

34 Staub and Eriksson

Fig. 3. The regulation of dCTP synthesis and ara-C phosphorylation.



another regulation step in the formation of dCTP at the level of dCK; that is,
at a high level of dCTP there is no further phosphorylation of dCyt by dCK.
However, this regulation will also influence the activation of the antileukemic
nucleoside analog(s) arabinosyl-cytosine (ara-C). A high level of dCTP will
inhibit the phosphorylation of ara-C, decreasing the effect of the drug on
DNA synthesis as presented in Fig. 3.

2. THE EXPRESSION OF dCK IN DIFFERENT CELLS
AND TISSUES

The expression of dCK is highest in different lymphoid cells/tissues, such
as thymus, spleen, lymph nodes, stimulated blood mononuclear cells, and
bone marrow cells and in all malignancies of these cells as presented in
Fig. 4 (1,2,7). The dCK levels were intermediate in proliferating epithelial
cells (lung, colon, placenta) and in resting peripheral blood mononuclear cells
and very low in terminally differentiated tissues such as brain, liver, kidney,
and muscle (Fig. 4). The TK1 isoenzyme is a cell cycle-regulated enzyme; its
activity is high in all proliferating cell types (Fig. 4). The mitochondrial TK2
and dGK isoenzyme activities are mainly constant in different tissues (Fig.
4).

There is a discrepancy between the relatively high messenger ribonucleic
acid (mRNA) levels and the lack of enzyme activity in adult brain extracts
(3). However, embryonic sympathetic neuron cultures are inhibited by nucle-
oside analogs, such as ara-C (15) and cladribine (2-chlorodeoxyadenosine,
CdA), a dAdo derivative (16), which is an excellent substrate for dCK (3)
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in vitro. The effect of CdA on neurons could be reversed by dCyt, indicating
that phosphorylation by dCK is a necessary step in the nucleoside toxicity
observed in embryonic neuron cultures (16). The conclusions from these
results might be that, during cell differentiation, there are also fundamental
changes in the capacity of the nucleoside metabolic pathways.

The cell cycle dependence of the expression of dCK was a matter of dis-
cussion. There was only a slight (two- to threefold) increase in dCK activ-
ity in S phases (i.e., large lymphoid cells compared to small, e.g., G1 phase
cells) (1–4). Surprisingly, even larger differences were found in dCK activ-
ity and dCyt metabolism between undifferentiated and differentiated human
tonsillar lymphocytes (17) and between cell fractions isolated from germi-
nal centers of lymph nodes, where B lymphocyte differentiation occurs
(18). These differences did not correlate with the activities of S-phase
marker enzymes (i.e., DNA polymerase-α and TK1), which support the cell
cycle-independent synthesis of the dCK enzyme. The differences in dCK
activity in lymphomas, different leukemias, and solid tumors seems proba-
bly correlated to their differentiation stages, with higher levels of dCK in
undifferentiated lymphoid and embryonic neural cells.

The normal differentiation pathway is apparently disturbed in children
with Down syndrome (DS, trisomy of chromosome 21), who have a 10- to
20-fold increased risk of developing acute lymphoid leukemia and acute
myeloid leukemia (AML) compared to children without DS (19,20).
However, DS leukemic lymphoblasts and myeloblasts are more sensitive
to ara-C toxicity, leading to longer event-free survival rates after treatment
compared to children without DS. This may be related to DS leukemic
cells containing two to three times higher dCK levels than other leukemic
cells (20).

Comparisons have been done among the levels of dCK mRNA, the
level of enzyme activity, and dCK protein using dCK-C-terminal peptide
antibodies in different cell lines and transplanted tumors (21,22). There
was overall a good correlation between these three parameters, except in
some cases. These results may be important for future studies in which the
level of dCK in patients could be considered as a parameter to obtain indi-
vidualized chemotherapy with nucleoside analogs, potentially leading to
higher efficacy and reduced side effects.

A positive correlation was found between dCK activity and the sensitiv-
ity of malignant cells to chemotherapy (20–23), discussed in Section 7.
Resistance to nucleoside analogs has been attributed to impaired dCK func-
tion caused by various genetic and epigenetic alterations, as summarized
below (e.g., point mutations, exon deletions, and alternatively spliced
mRNAs). Antisense oligonucleotides and retroviral introduction of ham-
merhead ribozymes targeted against dCK mRNA have been used and were
reported to result in both decreased dCK activity and sensitivity to cytidine
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analogs (24). Furthermore, full sensitivity to ara-C could be restored by
viral transfer of the dCK complementary DNA (cDNA) into ara-C-resistant
cell lines (25,26).

The gene for human dCK is localized to chromosome band 4q13.3–q21.1
and is a 34-kb single copy gene. The true localization of the dCK protein
in cells has been unclear. During biochemical isolation procedures, dCK
was found in the cytosol, but the enzyme has a nuclear localization signal
sequence in the N-terminal region (27). However, endogenous dCK was
found only in the cytosol using immunohistochemistry with a dCK pep-
tide antibody, and nuclear localization of dCK was found only in dCK-
overexpressing cells (28). The possible role of such a redistribution
process of dCK between the cytosol and nuclei remains to be determined.

3. INCREASE OF dCK ACTIVITY BY TREATMENT 
OF CELLS WITH GENOTOXIC AGENTS: IMPLICATIONS

FOR DNA REPAIR AND APOPTOSIS

The sensitivity of malignant cells to deoxyribonucleoside chemothera-
peutic drugs is highly influenced by the cellular dCK levels, so that high
dCK activity enhances the efficacy of treatment of the cells with nucleo-
side derivatives. Pretreatment of resistant cells with bryostatin 1 has been
shown to exert an adjuvant effect on the sensitivity of the cells to CdA tox-
icity (29). The mechanism behind this effect has been studied, and it was
shown that a 1- to 2-h pretreatment of human lymphocytes with CdA
caused a two- to threefold increase in dCK activity not accompanied by
any increase in dCK mRNA or protein levels (30). The TK1 or TK2 isoen-
zyme activities were not increased by this or other treatments of cells with
genotoxic agents, so this phenomenon was specific for dCK. During serial
dilutions and affinity chromatography, purification the elevated dCK activ-
ity was maintained, indicating that feedback regulation by small molecules
or allosteric factors is unlikely (31). On the other hand, incubation with λ
protein phosphatase decreased the specific activity of dCK in cell extracts,
suggesting that reversible phosphorylation of the enzyme might be
involved in this process (31). It has also been reported that protein kinase
C in vitro phosphorylates and “activates” recombinant dCK (32), but the
increase of dCK activity by this mechanism could not be confirmed in
human lymphocytes (33).

CdA is an analog of deoxyadenosine that is not deaminated by adenosine
deaminase and has excellent clinical activity against hairy cell leukemia and
chronic lymphocytic leukemias of B- and T-cell types. CdA is an excellent
substrate for dCK in vitro (34) as well as in vivo, and its main product,
Cl-dAMP, accumulates in human lymphocytes during short-term incuba-
tions, during which the activity of dCK increased two to four times (35). The

Chapter 2 / dCK in DNA Synthesis and Nucleoside Analog Activation 37



same enhancement of dCK activity occurred on preincubation with a variety
of nonnucleoside genotoxic agents such as aphidicolin (35), etoposide
(VP16) (36,37), taxol, and even the G protein modulator sodium fluoride
(38,39). γ-Irradiation (40) and UV-C irradiation (41) also augmented dCK
activity in different lymphoid cells. The decrease of dCK activity was
observed with protein phosphatase inhibitors (40), again suggesting a regu-
latory role for reversible protein phosphorylation in the activation process.
The sequence of treatment has also been shown to be important, and a syn-
ergistic effect was observed with sequential etoposide and cytarabine ther-
apy combinations (42,43).

The effects of nucleoside-5′-thiosulfate (-5′-TS) derivatives of four
deoxy- and two ribonucleosides were measured on the activity of the two
main salvage dNKs, dCK and TK1, in primary lymphoid cells. Only
thymidine-5′-TS (dThd-5′-TS) enhanced the activity of dCK in cells; none
of the other nucleoside-5′-TS derivatives had any effect on either the TK
or the dCK activities (44).

The activation of dCK can be achieved not only in lymph node cells
but also in thymocytes, spleen cells, and peripheral blood lymphocytes.
A marked difference in the extent of dCK activation was found between
G- and S-phase enriched subpopulations of lymphocytes. In resting lym-
phocytes, the extent of stimulation was higher than in S-phase cells (18).
The activation of dCK was seen also with treatment of cells with the nat-
ural nucleoside dAdo, provided that its deamination was abolished by the
addition of the adenosine-deaminase inhibitor deoxycoformycine (45).
This could be a contributing factor in adenosine deaminase deficiency,
which is associated with a dramatic decrease of T lymphocytes and intra-
cellular accumulation of deoxyadenosine 5′-triphosphate (dATP) (46).
An imbalance in the nucleotide pools seems to be a primary reason for
DNA damage and inhibition of DNA synthesis and repair.

All the treatments described are toxic for cells, disturbing metabolic
processes and leading finally to damage of DNA. DNA damage caused by
UV-C or γ-irradiation increased the repair of DNA in parallel with the ele-
vation of dCK activity (40,41), and the dATP concentration was also
increased in cells (46), which was shown to be involved in apoptosis (47).
The damaged DNA triggered rapid hyperphosphorylation and induction of
p53, which promotes either DNA repair or apoptosis (47,48). To explore
whether p53 is involved in the activation of dCK on genotoxic stress,
pifithrin-α, a recently discovered pharmacological inhibitor of p53, was
used (49). Treatment of cells with this inhibitor reduced the activation of
dCK (93), suggesting a direct or indirect role for p53 in the enzyme acti-
vation process (93).

Unexpectedly, the dCK activity was 22-fold higher in CEM cells
transfected with the cystathione-β-synthase cDNA (a gene localized to
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chromosome 21 involved in cysteine biosynthesis from homocystein)
compared to wild type. However, levels of dCK mRNA and protein were not
changed in the transfected cells, similar to toxic treatments of cells. Only the
dCK enzyme activity was for as-yet-unknown reasons enhanced by transfec-
tion of cells with cystathione-β-synthase cDNA (20). The transfection of
cells by a cDNA might disturb metabolic processes similarly to other geno-
toxic treatments, presented before. The final answer was the increase of dCK
activity and the increase of the deoxynucleoside salvage and DNA repair.

The special function of the dCyt salvage in the DNA repair was sug-
gested in an early work in which two dCTP pools were shown in lympho-
cytes (8); this suggestion was also supported in other cells, where
functional compartmentation of dCTP pools was shown (9). Thus, the rea-
son for the increase of dCK activity after toxic treatments of cells seems
first to be to supply the repair of DNA.

4. PREVENTION OF dCK ACTIVATION BY dCyt
AND DEPLETION OF CYTOSOLIC Ca2+ IONS

Among nucleoside-monophosphate analogs, only dThd-5′-TS enhanced
the activity of dCK in cells; no other nucleoside-5′-TS derivatives had any
effect on either dCK or TK activities (44). The activation process of dCK
by dThd-5′-TS and other agents can be prevented by simultaneous addition
of dCyd; dThd had no effect on the activation process (44).

The counteracting effect of dCyt and not of dThd, preventing the acti-
vation of dCK induced by toxic treatments, was surprising. Similar effects
of dCyt were observed in totally different systems; for instance, induction
of the glycoprotein hormone αa-subunit and placental alkaline phos-
phatase by butyrate was also inhibited only by dCyt and not by other
nucleosides in HeLa cells (51). The treatment with butyrate could be a sim-
ilar stress signal for the cells as the toxic treatments listed above. The
mechanisms of this “protecting” effect of dCyt against the different
“stress” treatments leading to increased dCK activity and DNA repair are
still unknown. It might be important to supply all four deoxynucleosides
by the action of dCK and by the dCyt–dThd nucleotide interconversion
pathway, operating mainly in lymphoid cells (7) (Figs. 1 and 2).

Protein phosphorylation is involved in the signaling pathway induced by
γ-irradiation in the case of the P53R2 RR (53), and it was suggested that the
dCK activation is also dependent on protein phosphorylation (31,32,52,54).
BAPTA-AM (1,2-bis [2-amino-phenoxy] ethane-N,N,N′,N′-tetraacetic acid
tetrakis [acetoxymethyl ester]), a cell-permeable calcium chelator, (55,56)
selectively inhibited the activation of dCK in a time- and concentration-
dependent manner, but extracellular calcium depletion had no effect on dCK
activity (50). Denaturing Western blots of extracts from lymphocytes
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treated with CdA or other genotoxic agents (i.e., DNA polymerase inhibitor
aphidicolin) or with the intracellular calcium chelator BAPTA-AM showed
that dCK protein levels were not changed during these treatments (50); the
enzyme activity was six to eight times higher in cells treated with genotoxic
agents than in cells with low Ca2+ ion concentration. However, analysis by
Western blotting of native gels surprisingly demonstrated a striking correla-
tion between enzyme activity and the intensity of dCK-specific bands.
Apparently, the “high-activity” (presumably modified) form of dCK was
more efficiently recognized by the antibody than the “low-activity” dCK
form existing at low Ca2+ levels in BAPTA-AM-treated cells (50). The exact
molecular background for this modification process remains to be clarified.

The molecular mechanism of the toxic treatments inducing increase of
dCK activity can be seen in Fig. 5. All toxic treatments (nucleoside
analogs, UV or γ-irradiation, etc.) caused DNA damage, which needs DNA
repair. The dNTP pools were supplied by the increased dCK activity; the
activation of dCK needs Ca2+ ions and an intact p53 protein. However, the
increased dATP pool is ready to induce the apoptotic machinery if DNA
cannot be totally repaired (Fig. 5).

5. DEOXYNUCLEOSIDE ANALOGS ACTIVATED BY dCK

In Chapter 3, Munch-Petersen and Piškur list the pharmacologically
most important deoxynucleosides and the anabolizing enzymes responsible
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for their activation in humans (see Chapter 3, Table 2). Here, we shortly
summarize the role of dCK in this process; the background is that, as men-
tioned, dCK is often the rate-limiting enzyme in the activation of these
analogs. L-2′3′-Dideoxy-3′-thiacytidine (lamivudine, 3TC); ara-C; CdA; and
2′,2′-difluorodeoxycytidine (gemcitabine, dFdC) (1–4, 24, 57, and 58 and
references therein), the first a human immunodeficiency virus drug and the
last three valuable anticancer agents, are all substrates for dCK, and they are
between 5% and 50% as efficient as dCyt as substrates for the enzyme.
Gemcitabine belongs to a new category of anticancer nucleoside analogs that
shows activity against solid tumors; other chapters in this book are devoted
to describing the use of this drug as well as the key role of dCK as an anab-
olizing enzyme.

In addition to the analogs mentioned, the antileukemia drug 2-fluoro-
arabinofuranosyladenine (fludarabine, F-ara-A) and the antiviral agents
2′,3′-dideoxycytidine (zalcitabine, ddC) and arabinosyladenine (vidara-
bine, ara-A) are also phosphorylated by dCK (1–4,57). ddC is about
10–20% as efficient as a substrate as dCyt; the two other arabinosyl
analogs are less active.

dCK in not selective in the case of the enantiomeric forms of its substrates
and in some cases shows preferential phosphorylation of L-nucleosides
(58–63). Several L-nucleosides that are substrates for dCK have been devel-
oped as antiviral and anticancer drug. Two of these new L-nucleosides;
L-FMAU (2′-fluoro-5-methyl-β-L-arabinofuranosyluracil) and L-OddC
(β-L-(–)-dioxolane-cytidine), show relatively high activity with dCK. The
former analog has broad antiviral activity, and the second shows good
promise as an antitumor agent (62,64).

The fact that α-ddC is a more efficient substrate for dCK than β-ddC
(61) indicates that dCK prefers nucleoside sugars in the S-conformation
(C2′-endo-C3′-exo) because α-ddC adopts that conformation preferentially.
This has been verified by direct determination of the structure of the nucle-
oside bound to dCK using nuclear magnetic resonance methods (65). The
results are in agreement with molecular modeling studies with herpes sim-
plex virus type 1 TK and conformationally restricted nucleoside analogs
(66) and should be considered in the future design of nucleoside analogs.

In addition to the analogs briefly described, there are many other nucle-
osides known to be phosphorylated by dCK. The overall pattern is that dCK
accepts both purine and pyrimidines with many modifications in the base,
some of which, like 2-Cl or 2-Br adenosine analogs, are better substrates
than the natural compounds. Furthermore, many sugar modifications are
accepted, and here fluoro-substituted sugars are often excellent substrates,
as are arabionsyl analogs. Both L- and D-analogs are accepted, but acyclic
nucleoside analogs are very poor substrates for dCK; this is part of the rea-
son for the antiviral properties of the acyclic analogs.
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6. STRUCTURE–ACTIVITY RELATIONSHIPS OF dCK

dCK is composed by two identical polypeptides of 261 amino acids (67),
and it shows some significant sequence similarity with the herpes simplex
type 1 virus TK, as well as about 40% sequence identity to TK2 and dGK.
The structure of a dGK-ATP complex was determined in 2000 (68), and in
2003 the structure of dCK in complex with dCyt and ADP-Mg2+ was solved
(69). Both dGK and dCK show large similarity in structure, and they have
six β-sheets and seven or eight α-helices; the N-terminal phosphate-binding
loop is in the center of the active site. In dCK, helices 5 and 6 are short;
these are one long helix (helix 5) in the case of dGK (4,68,69), but other-
wise the folds of the proteins are almost identical, and differences can only
be seen in the active site . Both have the 5′-OH group of the nucleoside held
in place by hydrogen bonds to a conserved Glu, the amino group of an Arg,
and most likely of a water molecule.

The 3′-OH of the deoxyribose interacts with a Glu and a Tyr, and the latter
is “overlapping” the 2′-position so that a hydroxy group from a ribonu-
cleotide is prevented from binding with high affinity. The base is bound by
hydrogen bonds to a conserved Gln and a Phe. However, the difference
between dGK and dCK apparently stems from an altered hydrogen bond
network in the active sites, where an Asp residue interacts with an Arg but
only in the case of dGK is there a Ser also participating and stabilizing
this network. In contrast, in dCK the Ser is substituted by an Ala, and this
means that the Arg residue is in a less-extended conformation and allows
another position of the Asp, which thus can form a hydrogen bond with
the amino group of dCyt. The “same” Arg residue (R104 in dCK and
R118 in dGK) is in both enzymes responsible for interacting with the
purine base, and it is assumed that in dCK the flexibility in the active site
is such that the Arg can also adopt an extended conformation like that
found for dGK.

This very elegant explanation for the mechanism behind the
structure–activity relationships of dCK and dGK has been supported by
the construction of several different mutants in these key residues, both for
dCK (69) and the homologs Drosophila dNK (4,70, and Figs. 6 and 7).
Overall the understanding of the broad specificity of dCK has made a
fundamental advance by the structure determinations of dCK not only in
complex with dCyt and ADP-Mg2+, but also in complex with Ara-C-ADP-
Mg2+ and dFdC-ADP-Mg2+ (69). However, still there is no structure of
dCK interacting with a phosphate donor or a purine deoxynucleoside,
and the structure of the open conformation of dCK is not yet known.

The phosphate donors of dCK most likely bind in the opposite direction
compared to the nucleosides, and the β- and γ-phosphates interact with
the Lys and Ser residues of the phosphate loop in the N-terminal and two

42 Staub and Eriksson



arginines in the LID region (residues 186–1999) covering the active site
(4,68,69). Results regarding the effects of mutations in this region for
the specificity of dCK are described next; however, direct structure
determinations are needed to clarify the role of the LID region in
enzyme catalysis.

A large number of enzyme kinetic studies have been performed with
dCK and the reaction kinetics when studied with a wide range of substrate
concentrations follows a pattern of negative cooperativity for both the phos-
phate donor and acceptors, giving Hill coefficients >1 (1–4,71,72). The
reaction follows a random bi-bi pathway with ATP; with UTP at low nucle-
oside concentration, it appears to be ordered with the donor binding first
(70–74). This conclusion based on kinetics is difficult to explain in light of
the structure of the active site, where the deoxynucleoside is bound in the
interior and the donor supposedly binds externally (4,68,69).

Fluorescence quenching, UV difference spectroscopy and near-UV CD
spectroscopy demonstrate that substrate binding induces several different
conformational changes (72,74,75), with apparently one binding site (or
state) for the donors but two binding sites (or states) for the acceptors.
These results indicate that the enzyme may exist in different conformational
states with different affinities for the substrates, and maybe the open state
of the enzyme can bind either substrate alone nonproductively. Only when
both bind in the correct subsites simultaneously is a conformational change
induced, forming the closed catalytically competent state of dCK.

Feedback inhibitors (e.g., dCTP) act as bisubstrate analogs, binding to
both sites in the active cleft, blocking the enzyme (4,76); in case of the
Drosophila dNK enzyme, the structure of such an enzyme feedback
inhibitor complex has been solved (77). It was shown that inorganic
tripolyphosphate was a good phosphate donor for dCK when dCyt was the
acceptor but not when dAdo was the substrate (78), again indicating that
the nature of the donor and acceptor mutually affects its other capacity to
participate in the catalytic cycle.

Mouse dCK has a lower capacity to phosphorylate certain deoxynucleo-
sides (e.g., dAdo and ddC) compared with human dCK, which is one rea-
son for that these analogs are less toxic to mice than to humans. The amino
acid sequences are 93% identical between mouse and human dCK, but the
enzymes show different nucleoside substrate specificity with ATP or UTP
used as phosphate donors. The amino acids in the LID region (i.e., in the
phosphate donor site) differ in several important positions (particularly
Q179R, T184K, H187N) between the mouse and human dCK (79). If these
amino acids are changed by mutagenesis, then the specificity of the mutated
mouse dCK is indistinguishable from the normal human dCK. Introduction
of such a triple mutant (i.e., a humanized form of mouse dCK) into mice
may create a better animal model for future nucleoside drug testing.
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7. dCK IN CELLS RESISTANT TO TOXIC NUCLEOSIDES

Cell lines lacking dCK are resistant to nucleoside analogs, and dCK
deficiency was shown to be a reason for ara-C, dFdC, and CdA resistance
(and crossresistance) in cultured cells (23,80–85). However, when
leukemic cells were isolated from patients with acute AML who were
resistant to ara-C, only in 1 of 16 cases showed dCK deficiency (86). In a
separate study of ara-C-resistant AML cells, several shorter dCK mRNA
variants were found, and these truncated forms of dCK mRNAs lacked one
or several exons (87). However, introduction of these alternatively spliced
forms of dCK into leukemic cells did not confer the resistance phenotype
to the transfected cells; thus, the role of alternate spliced or truncated forms
of dCK mRNA in AML cells (87) and in dFdC-resistant ovary cancers cells
(80) is still unclear.

Three-point mutations leading to inactive dCK have been defined by
reconstruction and characterization of the recombinant dCK mutants (i.e.,
G28E in the P loop, Q156R in α-helix 7, and Y99C in α-helix 4) (68,81,86).
In these cases, only the Q156R mutation is in an apparently nonconserved
residue, but α-helix 7 is responsible for the subunit interactions. Therefore,
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Fig. 6. Comparison of the amino acid sequences of human dCK, dGK, and TK2 and
that of the Drosophila. Amino acids: identical read, similar: yellow. Structural
motives aa:1–10 and β: 1–5 are characteristic for dCK. (From ref. 16, with permis-



introduction of a charged amino acid may lead to inactivating alterations in
the subunit structure of dCK. However, these defined dCK point mutations
are only found in a minor fraction of cells resistant to toxic dCK-activated
analogs. Apparently, other, more indirect and multiple alteration such as
altered splicing and translational and posttranslational mechanisms are
involved in the generation in vivo of the resistance phenotype.

In several studies, a correlation between the sensitivity of cells to nucle-
oside analogs and the level of dCK was observed (e.g., patients responding
to CdA had a somewhat higher level of dCK than nonresponders) (34,88).
However, the correlation was relatively weak, and in some studies no cor-
relation was observed (89,90). It has been shown that the pretreatment dCK
activity or mRNA levels predicted the in vivo sensitivity of transplantable
human tumors to treatment with dFdC (22). A significant predictive value
of determining the dCK and cNII 5′-nucleotidase levels in AML blast cells
at the time of diagnosis has been established in relation to the sensitivity of

Chapter 2 / dCK in DNA Synthesis and Nucleoside Analog Activation 45

Fig. 7. The homodimer structure of the recombinant dCK. (From ref. 16, with
permission.)



treatment of the patients with ara-C (91). Thus, it now seems clear that
determinations of dCK levels with highly sensitive and selective methods
such as quantitative real-time polymerase chain reaction in the clinical sit-
uation is of diagnostic or prognostic value when combined with other
parameters, such as the level of catabolic enzymes and other general param-
eters such as age.

Transfection experiments with dCK gene constructs have shown that
higher cellular levels of dCK give higher sensitivity of the cells to cyto-
toxic nucleosides that serve as substrates for the enzyme (25,26,92).
Therefore, dCK gene transfer to tumor cells could be a method to increase
the sensitivity for a nucleoside analog. Transfection of glioma cells with
vectors containing the dCK gene gave higher sensitivity of the transfected
cells to ara-C, and when tested in animal models, it led to tumor regression
in response to ara-C chemotherapy (26).

8. CONCLUSIONS

The role of dCK in the supply of DNA precursors is gradually being
elucidated, and new knowledge both from enzyme structure and function
studies and from studies of deoxynucleoside-resistant cells supports a key
function for this enzyme in the deoxynucleoside salvage pathway. The
involvement of dCK in liponucleotide metabolism is also obvious even
though much remains to be learned about the biological consequences of
this pathway. The posttranslational activation of dCK observed after treat-
ment of cells with DNA synthesis inhibitors appears to be a compensatory
mechanism induced by metabolic stress signals.

Cells need deoxynucleotides to repair damaged DNA; the increased dCK
activity can help supply all four dNTPs, and this may be a unique source of
DNA precursors in quiescent cells. The dCK activation process is dependent
on the intracellular Ca2+ levels and normal function of the p53 protein. The
activated form of dCK seems to be an altered stable conformation of the
enzyme in which the C-terminal is differently exposed to immunoreagents.

Further studies are needed to define the molecular mechanisms responsi-
ble for the activation process, but it is clear that increased understanding in
this field may lead to the development of new drug combinations in antitu-
mor or antiviral chemotherapy. The structure of dCK was recently deter-
mined, and thus it is now possible to define some of the structure–function
relationships of this enzyme and the related expanding dNK enzyme family.
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SUMMARY

Deoxynucleoside kinases are pivotal for the cytotoxic effect of anticancer
and antiviral nucleoside analogs. The transfer of a phosphate group from a
nucleotide phosphate donor, mostly adenosine triphosphate, to the 5′-OH
group of the nucleoside is the key step in the activation of the analog. In
human cells, there are four deoxynucleoside kinases with overlapping speci-
ficities that together are responsible for the activation of a broad spectrum
of nucleoside analogs. Deoxycytidine kinase has the most relaxed speci-
ficity and today is the kinase toward which most of the currently used
analogs, such as ara-C (cytarabine, Cytosar); dFdC (Gemzar, gemcitabine);
CdA (2-chlorodeoxyadenosine, cladribine); and CAFDA (clofarabine,
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Clofarex) are directed. However, the cytosolic and S-phase-specific thymi-
dine kinase 1 also plays an important role; it is responsible for the activation
of the antiviral drug zidovudine (AZT) and, to a lesser degree, d4T (stavu-
dine). Until recently, the two mitochondrial deoxynucleoside kinases,
thymidine kinase 2 (TK2) and dGK (deoxyguanosine kinase), have not been
in focus as drug-targeting enzymes, but the accumulating knowledge of the
role these kinases play for the integrity of mitochondrial deoxyribonucleic
acid and their role in apoptosis have increased interest. The efficient cyto-
toxic effect of drugs like CdA (cladribine) and ara-G (nelarabine) are likely
to be caused by the induction of the apoptotic caspase cascade by the corre-
sponding nucleotides. The deoxynucleoside kinases are thought to be evolu-
tionarily closely related to and originate through duplication of a single
gene. Then, only a few changes of residues in the active site were necessary
for changing the specificity from pyrimidine to purine nucleosides. A thor-
ough and detailed knowledge of the molecular basis for substrate specificity
will be a valuable tool for design and development of new and more effi-
cient nucleoside analogs for cancer chemotherapy and viral diseases.

Key Words: Deoxynucleosides; deoxyribonucleosides; kinases; nucleoside
analogs; deoxynucleoside kinases; salvage; enzyme evolution; chemotherapy.

1. INTRODUCTION

The overall dominating route for activation of nucleoside analogs is the
deoxynucleotide salvage pathway. The key enzymes of this pathway are
the deoxynucleoside kinases (dNKs). These enzymes catalyze the trans-
fer of the γ-phosphate group from a nucleotide phosphate donor, usually
a nucleoside triphosphate like adenosine triphosphate (ATP), to the
5′-hydroxy group of the nucleoside 2′-deoxyribose. The deoxynucleosides
may originate from external sources such as food or degraded dead cells or
from internal sources caused by degradation of damaged deoxyribonucleic
acid (DNA) during the DNA repair process. The resulting negatively
charged deoxynucleoside monophosphates are trapped within the cell and
are thereafter phosphorylated by nucleoside monophosphate and diphos-
phate kinases to the corresponding deoxynucleoside triphosphates
(dNTPs), the direct DNA precursors. This rather straightforward route for
dNTP biosynthesis must be distinguished from the de novo pathway by
which the dNTPs are synthesized from small inorganic molecules through
a comprehensive number of complex, and far more energy demanding,
biosynthetic reactions.

The natural substrates for the dNKs are the four deoxynucleosides: 
thymidine (dThd), deoxycytidine (dCyd), deoxyadenosine (dAdo), and
deoxyguanosine (dGuo). In mammalian cells, they are phosphorylated by
four dNKs with overlapping specificity: the cytosolic kinases thymidine
kinase 1 (TK1) and deoxycytidine kinase (dCK) and the mitochondrial
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kinases thymidine kinase 2 (TK2) and deoxyguanosine kinase (dGK) (1,2).
Most of the nucleoside analogs used in the treatment of cancer and viral dis-
eases are activated by these dNKs. In this chapter, the four human dNKs are
discussed according to their origin, substrate, and analog specificity; intra-
cellular localization; regulatory properties; and role in cytotoxicity of
nucleoside analogs.

2. THE EVOLUTIONARY ORIGIN OF MULTIPLE dNKs
WITH DIFFERENT SUBSTRATE SPECIFICITIES

Gene duplication plays one of the major roles in biological evolution (3).
Two genes that are derived from a gene duplication are said to be paralo-
gous. In most organisms, genes are continuously duplicated, generating para-
logs; often, afterward one of the copies is removed from the genome.
However, when a set of parallel genes is created, gene copies can be func-
tionally specialized through accumulation of mutations and afterward per-
manently preserved in the genome. Preservation can be achieved either by
origin of a new function by one of the duplicated genes or by partitioning
of the ancestral functions between the two duplicated genes (for additional
references, see ref. 3). Mammalian deoxynucleoside kinases represent an
excellent model of gene duplication and preservation of the duplicated
genes through partitioning of the substrate specificity. On duplication of the
progenitor kinase, each kinase copy had to limit the original broad substrate
specificity to become specialized for a limited number of native substrates.

Deoxyribonucleoside kinases exhibit much diversity among the presently
analyzed organisms. Characterization and comparison of the modern
enzymes can help reconstruct the ancient kinases and how they have evolved
into the modern forms. The four mammalian deoxyribonucleoside kinases
have the following overlapping specificities (see Table 1): TK1 phosphory-
lates only dThd. TK2 phosphorylates both deoxypyrimidines, dThd and
dCyd. dCK phosphorylates dCyd, dAdo, and dGuo, and dGK phosphory-
lates only the purine deoxynucleosides, dAdo and dGuo.

In insects, such as the fruitfly, silk moth, and mosquito, there is only one
deoxynucleoside kinase capable of phosphorylating all four natural sub-
strates, as discovered in our laboratories (4–7). The insect dNK was ini-
tially assumed to represent a direct descendent of the original enzyme, a
dCK/dGK/TK2-like kinase with a broad substrate specificity (5). A few
random mutants of Drosophila melanogaster dNK (Dm-dNK) were ana-
lyzed, and the sequences and the three-dimensional (3D) structures of dif-
ferent kinases were compared, suggesting the key amino acid residues
determining the substrate specificity (8,9). These data could be used to
reconstruct the evolutionary origin of Dm-dNK.
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Table 1
Properties of the Human Deoxynucleoside Kinases

Chromosomal Intracellular Specificity constantsa kcat/Km (M–1s–1)

Enzyme name EC number localization localization dT dC dA dG

dCK 2.7.1.74 4q13.3–21.1 Cytoplasma 2 × 102 (0.1) 2 × 105 (100) 8 × 104 (40) 6 × 104 (30)
(nucleusb)

TK1 2.7.1.21 17q25.2–25.3 Cytoplasma 8 × 106 (100) —c — —
TK2 2.7.1.21 16q22 Mitochondrial 9 × 105 (100) 3 × 104 (3.3) 1 × 102 (0.01) —

matrix
dGK 2.7.1.113 2q13 Mitochondrial — 1 × 103 (1.7) 4 × 103 (6.7) 6 × 104 (100)

matrix

The kcat values were calculated from Vmax values using Vmax = kcat × [E], presuming one active site per monomer. Values in parentheses are
the relative kcat/Km with the principal substrate set to 100%.

aValues are from ref. 2.
bWhen overexpressed (23,24).
c Values <102 M–1s–1.
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Dm-dNK mutants generated by hypermutagenesis were isolated based
on their ability to increase the sensitivity of transformed thymidine kinase-
deficient Escherichia coli KY895 to various analogs. One mutant, MuC,
carrying a Val84Ala mutation, increased the sensitivity of E. coli only
toward dCyd analogs, like ddC (zalcitabine) and ara-C (cytarabine,
Cytosar) (9,10). These results overlapped with the observation that valine
at site 84 is present in all TK2-like kinases, whereas all eukaryotic dCKs
have alanine at this site (see Fig. 1). Furthermore, in Dm-dNK, Val84 is
one of the substrate-binding pocket residues (Fig. 2A) (9,11). Thus, this
residue may be at least partly responsible for the substrate specificity.
When the 3D structures of Dm-dNK and dGK were compared, it was
apparent that the predominantly pyrimidine-specific Dm-dNK has a large
substrate cleft; purine-specific dGK has a tighter pocket (Fig. 2B,C).
Dm-dNK has an extended cleft at the 5-position of the substrate pyrimi-
dine ring, surrounded by Val84, Met88, and Ala110 (9). These residues are
conserved in all TK2-like enzymes but not in dCK- and dGK-like enzymes
(Figs. 1 and 2). The corresponding hydrophobic cavity of the TK2-like
kinases may therefore be necessary to accommodate the methyl group of
thymidine.

We attempted to modify a multisubstrate enzyme, Dm-dNK, into differ-
ent mutant forms with limited substrate specificity. The above-mentioned
three amino acid residues, 84/88/110, were mutated into the corresponding
residues found among dCK- and dGK-like enzymes (Figs. 1 and 2) (12).
As expected, the site-directed mutagenesis of these sites provided mutant
enzymes with changed substrate specificity. For example, the triple
Dm-dNK mutant, Val84Ser/Met88Arg/Ala110Asp, mimicking the substrate
binding site of dGK, also showed dGK substrate specificity, phosphorylating
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Fig. 1. Multiple alignments of the amino acid sequences from two short domains
from various eukaryotic deoxynucleoside kinases. Bm-dNK, Bombyx mori multi-
substrate dNK; Xen-PyK, Xenopus laevis pyrimidine dNK. The three positions in
Dm-dNK that were mutated are marked with arrows. The conserved residues are
marked with asterisks.
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Fig. 2. Crystal structure of the Dm-dNK subunit with dCyd at the active site (pdb
code 1J90) (9). (A) Mutated residues are shown in ball-and-stick representation.
ATP (white) is modeled from the herpes simplex virus TK to show location of the
phosphate donor (127) (pdb code 1 vtk). (B) Close-up view of dCyd bound at the
substrate site showing the positions of residues Val84, Met88, and Ala110. The
dotted lines represent hydrogen bonds. (C) Model of the mutations V84S, M88R,
and A100D based on the crystal structures of dNK and dGK. The conformation of
these side chains are as in dGK (9). (From ref. 12 with permission.)



exclusively purine substrates. Our results clearly demonstrated that only one
to three changes of residues were necessary to convert the substrate speci-
ficities from predominantly dThd into dAdo, dCyd, or dGuo as the most-
preferred substrate.

Another group solved the 3D crystal structure of dCK. In their work,
they mutated two of the three residues corresponding to the above-men-
tioned Val84, Met88, Aal110 in Dm-dNK back to those of the Dm-dNK,
creating the double-dCK mutant Arg104Met, Asp133Ala and thus revers-
ing the mutations done by our group (13). Interestingly, this mutant
gained the ability to phosphorylate dThd. Further, the dCK triple-mutant
Ala100Val/Arg104Met,Asp133Ala, which was created to imitate the
Dm-dNK hydrophobic cavity, was found to have a 30-fold increased kcat
with dCyd and 9.5-fold with dFdC (gemcitabine, Gemzar) when com-
pared with the kcat values of the wild-type dCK (13). Thus, the hydropho-
bicity of the reaction cavity may play a role in release of product from the
enzyme, which is reflected in the kcat value. A similar scenario, based on a
limited number of single amino acid changes, could have operated during
the evolutionary history of eukaryote deoxynucleoside kinases, changing
their specificity and reactivity.

We assume that the first deoxynucleoside kinase had a broad substrate
specificity, and that the gene was duplicated before the separation of bac-
teria and eukaryotes. In our model, we propose that the first eukaryote was
likely to have a TK1-like kinase and a dCK/dGK/TK2-like kinase, the lat-
ter being the progenitor of the modern mammalian dCK, dGK, and TK2
kinases. On further rounds of duplication of the progenitor dCK/dGK/
TK2-like kinase, the resulting copies each became specialized for a limited
number of substrates. As illustrated from the mutation experiments, only a
limited number of point mutations had to accumulate to achieve the final
specialization.

Our studies also suggested that Dm-dNK does not represent the origi-
nal, preduplication stage enzyme, but an enzyme that has undergone retro-
grade evolution from a specialized TK2-like enzyme toward an enzyme
with a broad substrate specificity. The reason could be that insects at some
point lost all but the TK2-like kinase. This enzyme was subsequently under
evolutionary pressure to broaden the substrate specificity. Again, only a
limited number of point mutations were necessary to remodel the special-
ized enzyme into a modern multisubstrate deoxynucleoside kinase. Our
phylogenetic analysis supported this model because the insect dNKs group
together with TK2-like pyrimidine-preferring kinases (Fig. 3) and not at
the root of the modern dCK, dGK, and TK2 kinases, as would be expected
if Dm-dNK represented a living fossil version of the original, nonspecial-
ized, broadly specific kinase (14).

Chapter 3 / Properties of Deoxynucleoside Kinases 59



3. PROPERTIES OF HUMAN DEOXYNUCLEOSIDE
KINASES

3.1. Deoxycytidine Kinase
dCK (NTP:deoxycytidine 5′-phosphotransferase, EC2.7.1.74) has the

broadest specificity among the four mammalian dNKs. dCK phosphory-
lates both purine and pyrimidine deoxynucleosides, and ATP and several
other nucleoside triphosphates are efficient phosphate donors (15). Several
investigations have indicated that UTP and not ATP is the physiological
phosphate donor (15,16), and kinetic investigations indeed showed a more
efficient substrate phosphorylation with uridine 5′-triphosphate (UTP) as
the phosphate donor compared to ATP (15,16). dCyd is the principal sub-
strate for dCK, but according to the specificity constants (i.e., the kcat/Km
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Fig. 3. Phylogenetic relationship among animal deoxynucleoside kinases (amino
acid sequence accession numbers in brackets). Insect broadly specific dNKs group
together with other animal TK2 kinases that only phosphorylate pyrimidine
deoxynucleosides. Apparently, dNK, TK2, dCK, and dGK kinases also share a com-
mon progenitor. The phylogenetic analysis was done using ClustalX 1.81 with stan-
dard settings and TREECON 1.3b by the neighbor joining method with Poisson
correction for distance calculation (see also ref. 14).



values), dAdo and dGuo are also efficiently phosphorylated by dCK
(see Table 1). Even dThd is phosphorylated by dCK, although to a very
low degree, having a specificity constant of about 0.1% of that with
dCyd.

Active human dCK is composed of two identical polypeptides, each
consisting of 260 amino acids and with a calculated molecular weight of
30.5 kDa (13,17); it is located on chromosome 4 (4q13.3–q21.1) (18). dCK
does not appear to be cell cycle regulated (19), although the expression and
levels of activity vary between different tissue types and are especially
high in lymphoid tissue; it appears to be upregulated in some solid tumors
(17,20,21). dCK has been found to be activated by posttranslational mech-
anisms, probably phosphorylation (22). The regulatory and substrate prop-
erties of dCK are extensively discussed in Chapter 2.

dCK is generally believed to be a cytoplasmic enzyme, but overexpres-
sion of dCK fused to the green fluorescent protein gave a nuclear localiza-
tion that agreed with the presence of a nuclear import signal in the
N-terminal part of the enzyme (23). Another study, however, using a
highly specific dCK antibody, showed that the native, endogenous dCK is
located in the cytoplasm (24).

3.2. Cytosolic Thymidine Kinase
TK1 (ATP:thymidine 5′-phosphotransferase, EC2.7.1.21) has the most

narrow substrate specificity of the four mammalian dNKs. TK1 only phos-
phorylates thymidine and deoxyuridine (25), but it has the highest speci-
ficity constant (kcat/Km) with its primary substrate, dThd (see Table 1),
about 40 times higher than that of dCK with dCyd. ATP and deoxyadeno-
sine 5′-triphosphate (dATP) are the preferred phosphate donors, but
(deoxy)guanosine 5′-triphosphate (d)GTP, (deoxy)cytidine 5′-triphosphate
(d)CTP, and (deoxy)uridine 5′-triphosphate (d)UTP can also serve as phos-
phate donors, although only with 15–30% of the efficiency with ATP (26,27).
Thymidine 5′-triphosphate (dTTP) is not a phosphate donor of TK1 but is an
efficient and cooperative feedback inhibitor (27,28).

In the active form, TK1 occurs as a homodimer or homotetramer,
with each polypeptide chain consisting of 234 residues with a calculated
size of 25.5 kDa (29,30). The chromosomal position of the TK1 gene is
17q25.2–25.3, within a region of chromosomal loss in primary breast
tumors and other diseases (31,32). At present, there are no reports on the
structure of TK1.

TK1 is located in the cytoplasma and is cell cycle regulated. TK1 activ-
ity and enzyme protein are absent in nondividing cells; increase during late
G1, reaching maximal activity coinciding with DNA synthesis and DNA
polymerase activity; and decline in G2/M (33–35). The regulation of TK1
is very complex and is accomplished at transcriptional, posttranslational,
as well as enzymatic levels. A comprehensive number of studies have
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shown that the TK1 promoter is under control of S-phase-specific nuclear
and cell cycle regulatory factors (36,37).

Furthermore, the regulation of TK1 messenger ribonucleic acid (mRNA)
expression appears to be disturbed or defect in some cancer cells. For
instance, in lymphocytes from patients with chronic lymphatic leukemia a
high level of TK1 mRNA was found, whereas TK1 activity was nearly
absent (38), and in HeLa cells, the human TK1 promoter appeared to be dif-
ferently regulated than in normal human fibroblasts (39).

Also at the posttranscriptional level, TK1 seems to be extensively regu-
lated by proteolytic degradation as well as phosphorylation. The decline of
TK1 protein in G2/M was found to be caused by a specific degradation of
the protein relying on a signal within the C-terminal 40 residues (but not the
last 10 residues). Deletion of the C-terminal part of TK1 prevented the
degradation and stabilized TK1 all through the cell cycle (40,41). It is notice-
able that, when aligning human TK1 with several viral TK1-like sequences
(e.g., from vaccinia virus and poxvirus), there is high identity, about 69%,
but the C-terminal residues are missing. It is tempting to suggest that the
viral TKs lacking the C-terminal cell-cycle-specific degradation signal
escape the S-phase regulating machinery for TK1.

Serine 13 in human TK1 has been shown to be involved in mitotic phos-
phorylation of TK1 by cyclin-dependent kinases (42), and a report indicated
that this phosphorylation may contribute to the degradation signal for human
TK1 by the SCF-mediated proteolytic pathway involving ubiquitylation
(43,44). The SCF complex catalyzes ubiquitylation of cell cycle regulatory
proteins such as cyclines. The ubiquitylated proteins are then degraded in a
proteasome. Ke et al. (43) shows that cell cycle-specific degradation of TK1
is impaired in Saccharomyces cerevisiae having a temperature-sensitive
mutation in the SCF complex (Skp1-Cullin-1/CDC53-F-box). But mutation
of serine 13 in human Tk1 to alanine results in a TK1 that is more resistant
to degradation in wild-type S. cerevisiae. However, other signals than phos-
phorylation at serine 13 seem to be involved in the degradation of TK1, as
the Ser13Ala mutant also was degraded in S. cerevisiae, although at a
slower rate (43).

Even though the transcriptional and posttranscriptional regulation is
extensive and complex, TK1 is also regulated at the enzymatic level.
Human TK1 can exist either as a dimer with low dThd affinity (Km
about 15 µM) or a tetramer with high-affinity dThd (Km about 0.5 µM).
The two forms have the same kcat, and the transition between them is
reversible and depends on ATP and enzyme concentration (45). It is likely
that the low-affinity dimer is dominating at the low TK1 concentrations
in G1/early S phase, and that the high-affinity form dominates in late S
phase, thus constituting a fine-tuning mechanism for regulation of TK1
activity during the cell cycle.
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Numerous studies showed that TK1 activity is upregulated in cancerous
tissues, which led to the use of TK1 as a prognostic and therapeutic marker
as well as an indicator of chemotherapeutic efficiency (46,47).

In the light of the intensive control of TK1 expression and activity, indi-
cating the vital importance of a well-functioning enzyme, it is surprising
that genetically modified mice deficient in TK1 were viable, although they
had shortened life spans, were very poor breeders, and developed sclerosis
of the kidney glomeruli and died prematurely (48).

3.3. Mitochondrial Thymidine Kinase
TK2 (ATP:thymidine 5′-phosphotransferase, EC2.7.1.21 (same EC num-

ber as TK1), differs markedly from TK1 by having a broader specificity,
with the ability to phosphorylate all three deoxypyrimidine nucleosides
(dThd, dUrd, dCyd) with approx the same turnover (25) and to be constitu-
tively expressed (1,27,34,49). Even dAdo is phosphorylated, although to a
very limited extent (see Table 1). The specificity constants for TK2 with
dThd and dCyd are about nine- and seven-fold lower than those for TK1
with dThd and for dCK with dCyd, respectively. ATP and dATP are the
most efficient phosphate donors, but UTP, (d)CTP, and (d)GTP also can
donate the phosphate group, although less efficiently (20–35%). dUTP and
dTTP are not phosphate donors; furthermore, dTTP inhibits the reaction in
a noncooperative mode, whereas dUTP is without inhibitory effect (25,27).

The TK2 gene is located at chromosome 16q22, but the initial reports on
the cloning disagreed about the length of the polypeptide and the N-terminal
sequence (50,51). Although early studies indicated TK2 was a mitochondrial
enzyme (52,53), the cloned TK2 sequences did not contain a mitochondrial
leader sequence. However, the complementary DNA (cDNA) 5′-end of the
human TK2 constituting exon 1 of the 45-kb TK2 gene was cloned (54)
and shown to have high homology to the mouse TK2 N-terminal sequence
that directed the import of the mouse TK2 into mitochondria (55). The
entire human TK2 cDNA encoded a protein of 265 residues, of which the
leader sequence constituted 33 residues. Based on the sequence data and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
experiments of the pure native and recombinant TK2s, the size of the pep-
tide is about 30 kDa (25,51).

There has been some uncertainty whether TK2 occurs as a monomer or
dimer. The discrepancies seem to be caused by the choice of chromato-
graphic material in the gel filtration experiments. Native TK2 partly puri-
fied from human lymphocytes eluted from Sephadex G-200 had a size of
60 kDa indicating a dimer (27), but in other experiments, both native and
cloned human TK2 eluted from Superose 12 and Superdex 200 had an
apparent size of 30 kDa, which points to a monomer form (25,54). When
recombinant TK2 from mouse was analyzed by gel filtration on both
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Superose and Sephadex, it behaved as a monomer on Superose 12 but as
a dimer on Superdex 200 (55). A similar discrepancy has been observed
with the closely related D. melanogaster dNK, which appeared as a
monomer or dimer, depending on the type of size determination technique
applied (4,6). However, the 3D crystal structure of Dm-dNK shows that it
is a dimer (9), and gel filtration experiments in our laboratory using
Superdex 200 also showed a dimer structure (unpublished results). The
complex behavior of these enzymes may be caused by the hydrophobic
character of the enzymes.

There are no reports on the regulation of the transcription of TK2, but
enzymatic activity is regulated through the negative cooperativity observed
with dThd (25,27,34,51). With dCyd, the kinetics is noncooperative. As seen
in Table 1, the specificity constant with dCyd is only 3% of that with dThd,
although the maximal velocities with the two substrates are in the same
range, about 0.6–0.9 µmol/min/mg. But, because of the negative cooperative
behavior with dThd, the velocity at low substrate concentrations is higher
with dThd than with dCyd (25,60).

The importance of TK2 has been demonstrated by the finding of two
homozygous point mutations in TK2 in four children with the mitochondrial
DNA (mtDNA) depletion syndrome (58). The level of TK2 in the affected
children was diminished, and they died between 19 months and 4 yr of age
from devastating myopathy. In an analysis of the effect of the mutations on
the activity of TK2, one of the mutations, His90Asn, was shown to change
the negative cooperativity of TK2 to a hyperbolic reaction mechanism
(54,61). This is the first observation that clearly underlines the importance
and significance of the enzyme kinetic regulation of DNA precursor
enzymes for maintenance of genome integrity. In two new screening stud-
ies of the TK2 gene of patients with the mitochondrial deletion syndrome,
the same mutations were identified, as were novel mutations (62,63).

3.4. Mitochondrial Deoxyguanosine Kinase
dGK (NTP:deoxyguanosine 5′-phosphotransferase, EC2.7.1.113) phos-

phorylates the purine deoxynucleosides dAdo, dGuo, and deoxyinosine
(dIno), with dGuo the preferred substrate. As seen in Table 1, although
very limited, it also has activity with dCyd, as reflected by the specificity
constant, which is about 2% of that with dGuo. The phosphate donor speci-
ficity is rather relaxed, with ATP and UTP the most efficient, and dATP and
dGTP are feedback inhibitors.

dGK does not appear to be cell cycle regulated, and Northern blot analy-
sis revealed a major 1.35-dGK mRNA transcript in most tissues, proliferating
as well as nonproliferating (64,65). The human dGK gene is located to chro-
mosome 2p13 (66), a region reported to be involved in translocations in some
patients with lymphoproliferative diseases such as acute and chronic
leukemia (67). The human dGK cDNA encodes a polypeptide of 260 residues
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with a calculated molecular weight of 30 kDa, plus an N-terminal part of 17
residues with a mitochondrial leader sequence (65,68). This N-terminal
sequence was shown to direct a dGK fused to the green fluorescent protein
into the mitochondria (23). The localization of dGK to the mitochondrial
matrix was verified by biochemical studies of subcellular fractions and by
in situ immunohistochemical analysis, and these studies showed no signifi-
cant cytosolic signals (69). It is, however, surprising and unexpected that
dGK was observed to leak out of the mitochondrial matrix simultaneously
with cytochrome c after induction of apoptosis in human epithelial and lym-
phoblastic cells (70). These observations indicate an as-yet-unidentified role
of dGK in apoptosis, but there may be an association to its role in synthesis
of dATP necessary for formation of the apoptotic complex required to initiate
the “caspase cascade” (71).

Together with TK2, dGK is responsible for the supply of nucleotide pre-
cursors for mtDNA synthesis. Because no mitochondrial ribonucleotide
reductase activity has been clearly demonstrated, mitochondria do not seem
to have de novo deoxynucleotide synthesis. Therefore, the two mitochondrial
dNKs, TK2 and dGK, must be regarded as very important for mtDNA syn-
thesis and repair. As described Section 3.3, TK2 was found to be mutated in
several individuals with mitochondrial deletion syndrome with fatal effect.
In three other kindreds with the early onset hepatocerebral variant of the dis-
ease, a homozygous mutation in the dGK gene was found (68). The muta-
tion was a frameshift resulting from deletion of a single nucleotide. No dGK
protein or activity was detectable in the patients, who died in early age by
liver failure, encephalopathy, and mtDNA deletion in their liver mitochon-
dria, but not in the muscle mitochondria. In another study, a novel homozy-
gous nonsense mutation in exon 3 of the dGK gene was revealed (72).

4. NUCLEOSIDE ANALOG SPECIFICITY

The antiviral or anticancer effects of the nucleoside analogs are gener-
ally exerted by their phosphorylated derivatives, through incorporation
into DNA, thereby acting as elongation terminators; by distorting the helix
structure; or by causing misincorporation of nucleotides on the opposite
strand (73,74; see also Chapters 8 and 15). Other analogs act by interfer-
ing with the viral or cellular DNA polymerases or the dNTP de novo syn-
thesis through inhibition of ribonucleoside reductase (RNR) (75).

Zidovudine (AZT)-triphosphate has been shown to inhibit repair of
ultraviolet-induced DNA strand breaks and mitogen-stimulated growth of
human lymphocytes (76). Some analogs, FIAU (fialuridine), AZT, d4T
(stavudine), ddI (ddA), and 3TC (lamivudine) have been shown to inter-
fere with mtDNA polymerase-γ or to be incorporated in mtDNA, thereby
causing depletion of mtDNA, which is responsible for the myopathy and
bone marrow suppression observed after long-term treatment with these
analogs (77–80). Lately, deoxyadenosine analogs such as CdA (cladribine),
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Table 2
Properties of Nucleoside Analogs

Analog
Principal kcat/Km Relative

Action Target phosphorylating (analog) analog
Abbreviation Chemical name Clinical name mechanism disease dNK(s) (M–1s–1)a specificityb

Ara-C Cytosine-β-D- Cytosar Inhibition of Hematological dCK 5 × 104 0.13
arabinofuranoside DNA malignancies TK2 3 × 102 0.0003

synthesis
Ara-G Guanin-9-β-D- Nelarabine DNA chain T-cell dCK 1 × 104 0.03

arabinofuranoside termination malignancies dGK 3 × 104 0.32
AZT 3′-Azido-2′,3′- Zidovudine DNA chain HIV TK1 3 × 106 0.27

dideoxythymidine termination TK2 8 × 104 0.079
CdA 2-chloro- Cladribine RNR inhibition, Hematological dCK 6 × 104 0.15

deoxyadenosine apoptosis diseases dGK 5 × 104 0.43
induction

ddC 2′,3′- Zalzitabine DNA chain HIV dCK 1 × 104 0.03
Dideoxycytidine termination

dFdC 2′,2′-Difluoro- Gemzar RNR inhibition, Hematological dCK 4 × 104 0.11
deoxycytidine DNA pausing, malignancies TK2 2 × 104 0.02

DNA structure
F-Ara-A 2-Fluoroadenine- Fludarabine Inhibits RNR, Hematological dCK 1 × 103 0.003

β-D-arabino- DNA synthesis, malignancies dGK 4 × 103 0.06
furanoside apoptosis 

induction
FdU 5-Fluoro-2′- Inhibition of Cancer TK1 2 × 106 0.2

deoxyuridine TMP synthase TK2 3 × 105 0.24
FLT 3′-Fluoro-3′- Alovudine DNA chain HIV TK1 6 × 105 0.07

deoxythymidine termination
3TC β-L-2′,3′-Dideoxy- Lamivudine DNA chain HIV and HBV dCK 1 × 105 0.23

(L-SddC) 3′-thia-cytidine termination TK2 1 × 102 0.0002
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5-Aza dC 5-Aza-2′- Decitabine Inhibits DNA Cancer dCK — —
deoxycytidine chain elongation

and DNA
methylation

CAFDA 2-Chloro-2-deoxy- Clofarabine, Inhibition of Hematological dCK — —
fluoro-β-D-arabino- Clofarex DNA synthesis malignancies dGK —
furanosyl)adenine and RNR —

ddI 2′,3′-Dideoxy- Didanosine DNA chain HIV dCK — —
inosine termination 

(ddATP)
d4T 2′,3′- Stavudine DNA chain HIV (TK1) — —

Dideoxythymidine termination
FIAU 1-(2′-Deoxy-2′- Fialuridine Incorporated HBV TK2 — —

fluoro-1-β-D- into mtDNA
arabinofuranosyl)-
5-iodouracil

L-FMAU 2′-Fluoro-5-methyl- Clevudine HBV DNA pol HBV TK1 — —
β-L-arabino- inhibition TK2 — —
furanosyl-uracil dCK

FMdC (E)-2′-Deoxy-2′- Tezacitabine DNA chain Cancer dCK — —
(fluoromethyl)- termination, 
cytidine RNR inhibition

L-OddC L-(—)-Deoxy-3′- Troxacitabine DNA chain HIV, HBV dCK — —
oxacytidine termination

—, data not available.
aThe (kcat/Km) values for the analogs are from ref. 2, except for FLT, which is from ref. 25.
bThe relative analog specificity for the individual enzyme is calculated using the following expression:

[kcat/Km (nucleoside analog)]

[kcat/Km (dAdo) + kcat/Km (dGuo) + kcat/Km (dCyd) + kcat/Km (dThd) + kcat/Km (nucleoside analog)]
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CAFDA (clofarabine, Clofarex), and F-Ara-A (fludarabine) have been
shown to induce apoptosis through activation of the apoptotic caspase cas-
cade, leading to programmed cell death (81–83). Table 2 summarizes these
properties for a number of the most frequently used analogs.

4.1. Comparison of Substrate Specificities
The best tool for comparison of velocity and affinity toward various

substrates is the kcat/Km value, that is, the specificity constant. This fig-
ure gives the velocity at substrate concentrations below Km for the sub-
strate and therefore the efficiency of phosphorylation at low and often
physiological substrate concentrations. Moreover, when comparing the
efficiency of an enzyme toward different analogs or between different
enzymes toward the same analog, the simultaneous presence of all four
deoxynucleosides in the cellular compartment should be considered.
This can be done using the expression given in the footnote to Table 2
and as proposed by Kokoris et al. (84). This equation reflects the relative
velocity with the enzyme/analog in question at low and often physiolog-
ical substrate concentrations and was used for the calculations in Table
2. The equation and its interpretation indirectly assume that the concen-
tration of the competing native substrates in the cell is similar, but this is
not necessarily true. Therefore, this equation may sometimes give a
wrong impression of the in vivo situation.

4.1.1. CYTOSOLIC THYMIDINE KINASE 1
TK1 has a very restricted substrate specificity and tolerates only a few

substitutions. The analog now known to be most efficiently phosphory-
lated by TK1 is AZT, widely used in human immunodeficiency virus
(HIV) therapy together with other nucleoside analogs and protease
inhibitors (85,86). Only the high-affinity tetramer form of TK1 seems to
phosphorylate AZT, indicating that efficient phosphorylation of AZT takes
place in the S phase (28). FdU (5-fluoro-2′-deoxyuridine) is nearly as effi-
cient as AZT (see Table 2), and quite a few 5-substituted dUrd analogs are
also good substrates (5-propenyl, 5-chloro, 5-iodo, 5-bromo, and 5-ethyl
dUrd); larger substitutions are not tolerated [5-propenyl, 5-(2-chloroethyl),
5-(2-bromovinyl)] (87).

In another study of the binding of TK1 to thymidine model compounds
linked to affinity matrices, it was found that TK1 bound better to thymidine
fixed to the matrix through the 5 and 5′ positions than when fixed through
the 3 and 3′ positions (88). However, there seems to be some tolerance 
for changes at the N3 position because a number of large substitutions at
the N3 position, such as o-carboranyl-alkyl dT, were found to be good 
substrates for TK1 (89).

The anti-HIV drug d4T is a very poor substrate for TK1 and expectedly
showed considerably less antiviral effect than AZT (90). The fluorinated
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pyrimidine analog FIAU and its in vivo metabolite FMAU (2′-fluoro-5-
methyl-β-D-arabino-furanosyl-uracil) have been efficient substrates for
both TK1 and TK2 (91) and initially proved to be effective against hep-
atitis B virus (HBV) (92). However, clinical trials were halted because
of severe toxicity, and the clinical signs indicated mitochondrial dys-
functions (93). Later research showed that FIAU was phosphorylated in
vivo by mitochondrial enzymes and interfered with mtDNA synthesis by
inhibiting mtDNA polymerase and by incorporation into DNA, leading to
mtDNA depletion (94–96). Another novel fluoropyrimidine, L-FMAU,
was also active against HBV as well as Epstein-Barr virus, but without the
toxic effects of its D-analog, and did not deplete cells of mtDNA (97,98).
Interestingly, L-FMAU was shown to be phosphorylated by TK1, TK2,
and dCK (99).

4.1.2. DEOXYCYTIDINE KINASE

dCK has a very broad substrate specificity, and a large number of nucleo-
side analogs are phosphorylated efficiently (see Table 2). The antileukemic
drug ara-C is probably the most used dCK-targeted drug (100), but other drugs
that are less susceptible for degradation by cellular deaminases have been
developed, such as dFdC and CdA (74,101). The action of dFdC seems to
involve interference with ribonucleotide reductase (102) and affects the
ribonucleotide pools (103). A newly developed purine analog with promising
potential is the hybrid analog CAFDA, which is CdA with a fluorine at the ara-
binosyl configuration at the 2′-position of the ribose (see Table 2) (104). In
contrast to CdA, this drug is resistant to degradation by acids and bacterial
phosphorylases in the digestive channels and can therefore be given orally
(105). It is activated by dCK, and it seems to have higher cytotoxic effects than
CdA (106,107). It is at present in clinical trials against acute leukemias and
solid tumors and has shown promising results (108,109). It was found that
dCK accepts different enantiomeric forms of the nucleosides and even in some
cases prefers L-nucleosides (110). dCK appears to prefer nucleosides with the
sugar in the S-conformation (C2′-endo-C3′-exo) because α-ddC, which
mostly is in the S-conformation, is a better substrate for dCK than β-ddC
(111).

4.1.3. MITOCHONDRIAL THYMIDINE KINASE 2
TK2, like dCK, covers a broad spectrum of substrate specificity. FdU is

phosphorylated as efficiently, and the relative specificity for FdU is slightly
higher for TK2 (0.24) than for TK1 (0.2) (Table 2). Arabinofuranosyl com-
pounds with thymine or uracil as the base (AraT, AraU) are efficiently phos-
phorylated (25,112), and even ara-C is accepted, although to a low degree
(113). The relative analog specificity of TK2 for ara-C is more than 400-fold
lower than that of dCK (Table 2). TK2, in contrast to TK1, accepts relatively
large hydrophobic substitutions at the 5-position of the base but has a low
capacity to phosphorylate dideoxynucleosides like ddC, ddT, and AZT (114).
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It has been discussed whether TK2 plays a role in the severe side effects
of AZT in spite of the low phosphorylation capacity. AZT has been found to
inhibit HIV replication efficiently in macrophages even more than in divid-
ing H9 cells (115). This is in spite of the fact that TK2 is the only kinase in
the nondividing macrophages (116). The surprisingly good anti-HIV effect of
AZT in the macrophages may be explained by the absence of catabolization
of AZT combined with a low TTP pool and therefore a diminished feedback
inhibition (117).

Only a few inhibitors of dNKs have been reported, but a series of efficient
and selective nonnucleoside inhibitors were developed. One of these, KIN-52,
((E)-5-(2-bromovinyl)-1-[(Z)-4-(triphenylmethoxy-2-butenyl]uracil), selec-
tively and efficiently inhibited TK2 (IC50 = 1.3 µM) and not Herpes simplex
virus TK and D. melanogaster dNK (118). Like dCK, TK2 has relaxed
stereospecificty and phosphorylates the L forms of dThd and dCyd as well
as L-FMAU and L-BVDU (bromovinyl-deoxyuridine) (119,120).

4.1.4. DEOXYGUANOSINE KINASE

dGK can phosphorylate many of the analogs phosphorylated by dCK
(see Table 2), but mostly with lower efficiency. Therefore, dGK has not
been the focus of interest as an analog-activating enzyme. Ara-G, however,
a nucleoside analog with high efficacy toward T-cell acute lymphoblastic
leukemia, is phosphorylated by dGK with a higher catalytic efficiency than
dCK (65,121). The relative specificity for ara-G is about 20-fold higher for
dGK than for dCK (Table 2). This is in agreement with the observation that
in vivo dGK seems to be the responsible activating kinase at low concen-
trations, and dCK seems responsible at high ara-G concentrations (122).
Another study showed that ara-G was indeed predominantly incorporated
into mtDNA of human lymphoblastic cell lines (123).

In a study of the role of purine nucleoside phosphorylase deficiency for
immunedeficiency syndromes, mitochondria have been suggested to play
a role in the T-cell-specific toxicity of deoxyguanosine and its analogs,
which are resistant to degradation by purine nucleoside phosphorylase
(124). Another analog with higher specificity for dGK than dCK is CdA
(Table 2), and it has been shown that the sensitivity to CdA as well as ara-
G was increased by overexpression of dGK in a human pancreatic cell line
(125). Also, CAFDA seems to be a good substrate for dGK with a speci-
ficity constant that is about 60% of that with dGuo (126).

5. SUMMARY AND CONCLUSION

Deoxyribonucleoside kinases are pivotal for the cytotoxic effect of anti-
cancer and antiviral nucleoside analogs. The transfer of a phosphate group
from a nucleotide phosphate donor, mostly ATP to the 5′-OH group of the
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nucleoside, is the key step in the activation of the analog. In human cells,
there are four dNKs with overlapping specificities that together are respon-
sible for the activation of a broad spectrum of nucleoside analogs. dCK has
the most relaxed specificity, and today it is the kinase toward which most
of the currently used analogs, such as ara-C (Cytosar), dFdC (Gemzar), CdA
(cladribine), and CAFDA (clofarabine, Clofarex) are directed. However, the
cytosolic and S-phase-specific thymidine kinase TK1 also plays an impor-
tant role because it is responsible for the activation of the antiviral drug
AZT and, to a low degree d4T (stavudine).

Until recently, the two mitochondrial dNKs, TK2 and dGK, have not
been a focus as drug-targeting enzymes, but the accumulating knowledge of
the role these kinases play for the integrity of mtDNA and their role in
apoptosis have increased interest. The efficient cytotoxic effect of drugs
like CdA (cladribine) and ara-G (nelarabine) are likely to be caused by
induction of the apoptotic caspase cascade by the corresponding
nucleotides.

The non-TK1 dNKs are thought to be evolutionary closely related and
to originate through duplication of a single gene. Then, only a few changes
of residues in the active site were necessary for changing the specificity
from pyrimidine to purine nucleosides. Thorough and detailed knowledge
of the molecular basis for substrate specificity will be a valuable tool for
design and development of new and more efficient nucleoside analogs for
cancer chemotherapy and viral diseases.
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SUMMARY

Nucleoside analogs are an important part of therapeutic strategies in a broad
range of diseases, especially cancer and viral infections. Most nucleoside
analogs need to be phosphorylated to attain full clinical potency; thus,
knowledge of the metabolism of this class of drugs is required to improve
their clinical use. The 5′-nucleotidases are a family of enzymes that catalyze
the final dephosphorylation step of nucleotides in the cell and, by opposing
the activation step catalyzed by nucleoside kinases, initiate subsequent
purine and pyrimidine catabolism. They also catalyze a critical step in
nucleotide analog degradation; therefore, their expression and regulation in
various tissues will likely have an impact on a nucleoside drug’s half-life in the
human body. Numerous studies in vitro and in vivo indicate that increased
expression of 5′-nucleotidase may decrease nucleoside analog activation and
thereby contribute to drug resistance. Because cloned 5′-nucleotidases have
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been described in human tissues, it is not always possible to assess which
particular 5′-nucleotidase is important in nucleoside drug catabolism. In
this chapter, we review the properties of all cloned 5′-nucleotidases and
the important role of these enzymes in nucleoside analog metabolism and
clinical resistance.

Key Words: Drug metabolism; drug resistance; nucleoside analogs; 
5′-nucleotidase.

1. INTRODUCTION

The deoxyribonucleoside triphosphates (dNTPs) required for DNA syn-
thesis are either produced de novo from ribonucleoside diphosphates by
ribonucleotide reductase, or salvaged from the extracellular or intracellular
pools of deoxynucleosides by phosphorylation to the triphosphate form in a
stepwise cascade of kinase reactions. Because the maintenance of balanced
dNTP pools is critical for accurate DNA replication and repair (reviewed in
ref. 1), regulatory mechanisms operate at multiple levels in both the de novo
and salvage pathways. Among these, the least understood are the mecha-
nisms that regulate deoxynucleotide catabolism. The most critical step in the
catabolic pathway is the dephosphorylation of deoxynucleoside monophos-
phates catalyzed by 5′-nucleotidases, which ultimately leads to the release of
purine and pyrimidine bases from cells. The important role of these enzymes
in nucleotide pool regulation is emphasized by the severe perturbations in
pyrimidine nucleotide pools that result from deficiency of 5′-nucleotidase in
erythrocytes, leading to hereditary hemolytic anemia (2).

In combination with nucleoside kinases (described in detail in other
chapters of this book), 5′-nucleotidases form substrate cycles that seem to
be critical for the accurate maintenance of deoxynucleotide pools (Fig. 1).
Nucleoside analogs are designed to mimic the natural nucleosides and take
advantage of the kinases of the deoxyribonucleoside salvage pathway for
phosphorylation to the triphosphate form. Analog monophosphates are
also substrates of the 5′-nucleotidases, and the relative level of activating
kinase to catabolic nucleotidase will determine in part the therapeutic effi-
ciency of these compounds.

Seven human 5′-nucleotidases have been cloned; one encodes an extra-
cellularly oriented nucleotidase, one encodes a mitochondrial nucleoti-
dase, and the remaining five encode cytosolic enzymes (Table 1). These
nucleotidases have different, but overlapping, substrate specificities, pro-
viding a way for nucleotide metabolism to be regulated to meet the meta-
bolic needs of different cell types. This chapter discusses the role of
5′-nucleotidases in the maintenance of nucleotide pools, their properties in
relation to deoxynucleotide metabolism, and the evidence that these
enzymes may be involved in clinical resistance to nucleoside analogs.
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Fig. 1. Scheme depicting the anabolic and catabolic pathways leading to deoxyribonucleoside triphosphates in different cellular compartments.
dN, deoxynucleoside; dNMP; deoxynucleoside monophosphate; dNDP; deoxynucleoside diphosphate; dNTP, deoxynucleoside triphosphate;
NK, nucleoside kinase; NMPK, nucleoside monophosphate kinase; NDPK, nucleoside diphosphate kinase; RR, ribonucleotide reductase; a,
nucleoside transporter; b, nuclear pore; c, mitochondrial nucleoside transporter; d, mitochondrial deoxynucleotide carrier.



Table 1
5′-Nucleotidases

Human GenBank 
5′-Nucleotidase cytogenetic accession
(gene name) Description Protein structure localization numbers Aliases References

eN (NT5E) 5′-Specific nucleotidase Glycosylphos 6q14–q21 Human,  Ecto-5′-NT, 52, 125,
that hydrolyzes -phatidylinositol- NM_002526; NT5, eNT, 126
extracellular purine and linked membrane murine, low Km
pyrimidine deoxy- and glycoprotein (dimer) NM_011851 5′-NT, CD73
ribo-nucleoside subunits: 63 kDa; 
monophosphates; has a PLC-cleaved 
variable expression in soluble variant
most tissues and cells.

cN-IA 5′-Specific nucleotidase Cytosolic (tetramer) 1p34.3-p33 Human, AMP-specific 66, 67
(NT5C1A) that hydrolyzes purine subunits: 41 kDa AF331801 and 5′-NT, cN-I

and pyrimidine NM_032526;
deoxyribonucleotides pigeon, 
and AMP; highly AJ131243
expressed in skeletal
and heart muscle
and brain

cN-IB 5′-Specific nucleotidase Cytosolic 2p24.3 Human, Homolog of 39
(NT5C1B) that hydrolyzes AMP; AF417165, cN-I, cN-I, 

highly expressed NM_033253, and AIRP
in testis NM_001002006;

murine,
NM_027588



cN-II 5′-Specific nucleotidase Cytosolic (tetramer) 10q24.33 Human, High Km 42, 75, 77,
(NT5C2) that hydrolyzes purine subunits: 65 kDa D38524 and 5′-NT, purine 79, 127

(inosine and guanosine) NM_012229; 5′-NT, GMP-
monophosphates; bovine, IMP-specific
possesses U73690 5′-NT
phosphotransferase
activity; ubiquitous
expression

cN-III 5′-Specific nucleotidase Cytosolic (monomer) 7p14.3 Human, PN-I, 87, 94,
(NT5C3) that hydrolyzes 36 kDa AF312735 P5′N-1, 128

preferentially CMP and UMPH-1
and UMP; possesses NM_016489
phosphotransferase
activity; most likely
ubiquitous

cdN (NT5C) Preferentially hydrolyzes Cytosolic (dimer) 17q25. Human, dNT-1, 97, 99
5′-phosphates of subunits: 23 kDa 321–23 AF154829 PN-II, 
deoxynucleosides and P5′N-II, 
and 2′(3′)-phosphates NM_014595; UMPH-2
of ribonucleosides; murine, 
some preparations have AF078840
phospho-transferase and 
activity; ubiquitous; NM_015807
highly expressed in
pancreas, heart, and
skeletal muscle

(Continued)



mdN (NT5M) Mitochondrial homolog Mitochondrial (dimer) 17p11.2 Human, dNT-2 102
to cdN with pronounced subunits: 26 kDa AF210652
specificity for uracil with mitochondrial and
and thymine nucleoside import sequence NM_020201
monophosphates; highly
expressed in heart,
skeletal muscle,
and brain

GenBank accession numbers relate to the earliest deposition and include a unified NM numeration (reference sequences), where avail-
able. Molecular size of the subunit derived from human cDNA (does not include posttranslational modifications such as glycosylation, sig-
nal peptide cleavage, etc.). Chromosomal localization derived from the Human Genome Project and approved gene symbols from HUGO
Gene Nomenclature Committee (http://www.gene.ucl.ac.uk/nomenclature).

Table 1 (Continued)

Human GenBank 
5′-Nucleotidase cytogenetic accession
(gene name) Description Protein structure localization numbers Aliases References
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2. MAINTENANCE OF DEOXYNUCLEOTIDE POOLS

Deoxynucleotide pools provide the necessary substrates for nuclear and
mitochondrial DNA (mtDNA) synthesis and repair (3), and deoxycytidine
triphosphate (dCTP) may also contribute to the synthesis of phospholipids
(4,5). Thus, the maintenance of deoxynucleotide pools has an important
bearing on broad aspects of cell integrity and survival. Perturbations in the
supply of DNA precursors may cause spontaneous and induced genetic
instability, misincorporation of nucleotides, reduced fidelity of DNA syn-
thesis, decreased effectiveness of DNA repair, and a decreased frequency
of immunoglobulin gene rearrangement in B cells (6,7). The imbalance in
deoxynucleotides may also cause enhanced sensitivity to mutagens, chro-
mosome breakage, and other genetic aberrations (reviewed in ref. 8).

2.1. Biosynthetic vs Catabolic Pathways and Substrate Cycles
The pathways leading to dNTP synthesis have been fairly well defined.

The de novo pathway uses ribonucleoside diphosphates from the general
ribonucleotide pools and transforms them into deoxynucleoside diphos-
phates in a single step catalyzed by ribonucleotide reductase (9), followed
by phosphorylation by nucleoside diphosphate kinases (NDPKs). The sal-
vage pathway uses preformed deoxynucleosides and a cascade of
deoxynucleoside kinases, deoxynucleoside monophosphate kinases, and
NDPKs. Interestingly, the two biosynthetic pathways are not equivalent in
their ability to provide specific precursors for DNA synthesis and repair.
For example, inhibition of ribonucleotide reductase (and thus the de novo
synthesis pathway) with hydroxyurea leads primarily to depletion of
purine deoxynucleotides and a twofold increase in the deoxythymidine 5′-
triphosphate (dTTP) pool (10–13).

The increased levels of deoxyadenosine and deoxyguanosine found in
adenosine deaminase (ADA) deficiency and purine nucleoside phosphory-
lase (PNP) deficiency, respectively, result in decreased purine catabolism and
high deoxyadenosine 5′-triphosphate (dATP) and deoxyguanosine 5′-triphos-
phate (dGTP) levels, severely perturbing DNA synthesis as well as impairing
lymphocyte development (14–17). On the other hand, dCTP pools expand
more readily in the presence of excess cytidine than in the presence of exoge-
nous deoxycytidine (18) and seem to be functionally compartmentalized:
dCTP for DNA synthesis originates mainly from the de novo pathway, and
dCTP for DNA repair arises from the salvage pathway (5,19,20). Unlike other
nucleoside kinases, expression of cytosolic thymidine kinase 1 (TK1) is lim-
ited to S phase; accordingly, thymidine salvage outside S phase and in resting
cells can only occur through mitochondrial thymidine kinase 2 (TK2) (21,22).

Another example of differential regulation of deoxynucleotide pools
has been demonstrated in myeloid cells, where withdrawal of the cytokine
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interleukin 3 led to a rapid decrease in dATP, dGTP, and dTTP pools with-
out affecting dCTP levels (23), reminiscent of the unique accumulation of
dCTP in V79 hamster fibroblasts lacking deoxycytidylate (dCMP) deami-
nase (24). These examples illustrate the complexities of deoxynucleotide
metabolism and show that much needs to be done to understand fully the
regulatory mechanisms of de novo and salvage pathways.

Much less information is available on the catabolic pathways of
deoxynucleotides. Although the extracellular ecto-adenosine triphosphatase
and ecto-adenosine phosphatase that are involved in the breakdown of free
nucleotides outside the cell have been studied in detail (25), little is known
about intracellular deoxyribonucleoside diphosphate and triphosphate hydro-
lases that may also (if present) regulate deoxynucleotide pools. A nuclear
deoxyribonucleotide triphosphatase has been described with a preference
for dATP and dGTP, but the role that this enzyme plays in deoxynucleotide
metabolism is still unclear (26,27).

Ribonucleotide and deoxyribonucleotide pools have different metabolic
fates in cells. DNA turns over several orders of magnitude more slowly
than ribonucleic acid (RNA), and with the exception of DNA repair, degra-
dation occurs only after cell death. Consequently, catabolic pathways are
likely to be less pronounced in deoxyribonucleotide than ribonucleotide
degradation, and this may have a significant impact in cases of overexpan-
sion of dNTP pools in pathological situations. Increased catabolism of
deoxyribonucleotides could lead to the accumulation of deoxynucleoside
monophosphates and consequently to the generation of nucleosides
through intracellular 5′-nucleotidases.

The involvement of deoxyribonucleotide monophosphate dephosphoryla-
tion in countering the imbalance of dNTP pools was elegantly demonstrated
in V79 cells that lack dCMP deaminase (24). In these cells, in contrast to the
wild-type strain, there is a large expansion of the dCTP pool and a massive
excretion of deoxycytidine, implying a role for 5′-deoxynucleotidase. The
accumulation of deoxyribonucleoside monophosphates will also depend on
the energy status of cells: Under conditions of insufficient adenosine triphos-
phate (ATP) supply, deoxynucleotide mono- and diphosphates will be
ineffectively phosphorylated by ribonucleoside monophosphate kinases and
NDPKs, respectively, and increased deoxyribonucleotide dephosphorylation
will ensue (28).

There are several deoxyribonucleoside monophosphate-specific 5′-
nucleo-tidases that appear to be important in the regulation of the first step
in deoxynucleotide synthesis by the salvage pathway (Table 1). In combina-
tion with deoxyribonucleoside kinases, they form substrate cycles that,
depending on relative supply of either deoxynucleosides or deoxyribonucle-
oside mono-phosphates, may have both anabolic and catabolic functions
(Fig. 1) (29). Consequently, the alterations in the activity of either kinase
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or nucleotidase may bring about net excretion or uptake of deoxyribonu-
cleosides (30). The existence of specific cytosolic and mitochondrial 5′-
nucleotidases and deoxynucleoside kinases provides a basis for the
independent operation of substrate cycles in these cellular compartments.

2.2. Separation of Cytosolic, Mitochondrial, and Extracellular
Deoxynucleotide Pools

Several studies have shown indirect evidence for functional compartmen-
tation of dNTP pools in the nucleus, suggesting that some enzymes of the
de novo pathway may be localized close to the DNA replication site (1).
However, in spite of great experimental effort, there is no convincing bio-
chemical evidence to date for the nuclear localization of key enzymes par-
ticipating in the salvage and de novo pathways. Furthermore, no dNTP
concentration gradient has been found across the nuclear membrane (31).
However, the association of ribonucleotide reductase with the nuclear mem-
brane of rat liver cells may provide argument for the possibility of channel-
ing dNTPs to the transcription machinery from outside the nucleus (32).

In contrast to the more porous nuclear membrane, the mitochondrial inner
membrane is not permeable to nucleotides and other charged small mole-
cules, instead requiring the presence of specific nucleotide transporters.
Although there is evidence that the cytosolic and mitochondrial dNTP pools
are separate (e.g., depletion of cytosolic dNTPs does not affect mitochondr-
ial dNTP levels (33), there is more recent evidence that deoxynucleoside di-
and triphosphates as well as the phosphorylated analog 2′,3′-dideoxycyti-
dine triphosphate (ddCTP) can enter the mitochondria through transporters
such as the mitochondrial deoxynucleotide carrier, which exchanges
cytosolic deoxyribonucleoside diphosphates (dNDPs) and dNTPs for
adenosine 5′-diphosphate (ADP), ATP, and dNDPs (34–36). While studies so
far have indicated that nucleoside analogs phosphorylated in the mitochon-
dria are mainly incorporated into mtDNA and are not exported to the cytosol
(37), the same is not true for the natural nucleosides. Studies of cytosolic and
mitochondrial dTTP pools using cells deficient in cytosolic TK1 demon-
strated that salvaged thymidine phosphorylated in the mitochondria by TK2
can be exported to the cytosol for use in nuclear DNA synthesis (21).
Conversely, import of de novo synthesized nucleotides from the cytosol
appears to be a major source of mitochondrial dTTP in cycling cells (21). It
is likely that an equilibrium also exists between the cytosolic and mitochon-
drial pools for other nucleotides as well (21).

3. MAMMALIAN 5′-NUCLEOTIDASES

Seven 5′-nucleotidases have been cloned and characterized (Table 1).
Although there is high homology between cytosolic 5′(3′)-deoxyribonu-
cleotidase (cdN) and mitochondrial 5′(3′)-deoxyribonucleotidase (mdN)

Chapter 4 / Nucleotidases and Nucleoside Analog Cytotoxicity 89



90 Hunsucker, Mitchell, and Spychala

(38) and between cytosolic 5′-nucleotidase IA (cN-IA) and cytosolic 5′-
nucleotidase IB (cN-IB) (39), there is little overall homology among the
other nucleotidases. Despite the lack of overall sequence similarity, align-
ment of the intracellular nucleotidases revealed three conserved motifs
containing the catalytic residues (motifs I, II, and III) and one conserved
motif containing amino acids involved in substrate recognition (motif S)
(40) (Fig. 2).

Because of the conservation of catalytic residues among the intracellular
nucleotidases, it seems likely that they may share a common catalytic

Fig. 2. Alignment of the conserved catalytic motifs of the intracellular nucleotidases
identified from the crystal structure of mdN (based on the alignment by Rinaldo-
Matthis et al. in ref. 40). Motif I, DXDX[T/V][L/V/I]; motif S, P(X)7-

8[R/K]XGF[W/L]; motif II, three hydrophobic residues followed by [T/S]; and motif
III, K(X)5D(X)3DD. Motif II has not been identified in cN-IA, cN-IB, or cN-II, and
motif III has not been identified in cN-II. Conserved residues in and around the motifs
are shaded. cN-III, cdN, and mdN are shown full length; cN-II has been truncated at
301 amino acids, and the N-terminal portion of cN-IA and cN-IB has been removed.



mechanism involving the formation of a phosphoenzyme intermediate, with
the phosphate group covalently bound to aspartate (40,41). In the nucleo-
tidase reaction, the phosphoenzyme intermediate is hydrolyzed by water,
releasing orthophosphate. Cytosolic 5′-nucleotidase II (cN-II), cytosolic 
5′-nucleotidase III (cN-III), and cdN can also catalyze a phosphotransferase
reaction by which phosphate is transferred to an acceptor nucleoside,
forming a nucleoside monophosphate, instead of being released as free
phosphate (42–44).

Although all cloned 5′-nucleotidases display different substrate specifici-
ties, there is some degree of overlap, indicating limited functional redun-
dancy. Because of overlapping substrate specificities, it is difficult to
assess the expression of individual nucleotidases by activity assays. Recently,
specific assays have been proposed to distinguish between many of the
nucleotidases (45), and quantitative reverse transcriptase polymerase chain
reaction has been useful in determining nucleotidase messenger RNA
(mRNA) expression levels from patient samples (46–48).

3.1. Ecto-5′-Nucleotidase
Ecto-5′-nucleotidase (eN) is ubiquitously expressed; however, its level

of expression may vary significantly between different cell types in the
same tissue. For example, eN is expressed only on endothelial cells in
liver, kidney, and spleen (49); expression of eN on B cells correlates with
cell maturity (50). eN expression is highly variable in cancers and may
correlate with a more aggressive phenotype (51). eN exists as a dimer
linked to the plasma membrane by a glycosylphosphatidylinositol anchor
and co-localizes with detergent-resistant and glycolipid-rich membrane
subdomains called lipid rafts (52,53).

eN dephosphorylates both purine and pyrimidine ribo- and deoxy-
ribonucleoside monophosphates with high affinity. Of the nucleotidases char-
acterized to date, it has the highest affinity for adenosine 5′-monophosphate
(AMP), with a Km of 3–15 µM (54–56). eN is inhibited by both ADP and ATP
as well as other nucleoside di- and triphosphates and the ADP analog α,β-
methyleneadenosine diphosphate (54). eN is responsible for the generation of
extracellular adenosine to activate local adenosine receptors that mediate
responses as diverse as vasodilation, neurotransmission, inhibition of
immune responses, and angiogenesis (57–60). Adenosine produced both
extracellularly by eN and intracellularly by cytosolic 5′-nucleotidase IA is
cardioprotective under conditions of metabolic stress in the heart through
activation of G protein-coupled adenosine receptors (61,62).

The ectocellular orientation of eN, high substrate affinity and broad sub-
strate specificity make this enzyme unique in deoxynucleotide metabolism
in that it may ensure complete and rapid local dephosphorylation and salvage
of released deoxynucleotides from dead and apoptotic cells. Aside from
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its nucleotidase activity, eN is also involved in the adhesion of lymphocytes
to vascular endothelial cells during migration to sites of inflammation (63).

3.2. Cytosolic 5′-Nucleotidase IA
AMP-selective 5′-nucleotidase (cN-IA) was first purified from pigeon

and rabbit hearts and is proposed to have a role in adenosine generation
under ischemic conditions because of its dependence on ADP as an activa-
tor (64,65). Both pigeon and human cN-IA have been cloned (66,67). In
pigeon tissues, cN-IA mRNA is expressed at high levels in heart muscle,
skeletal muscle, and brain and at a lower level in liver and kidney (66).
mRNA expression in human tissues is similar, with a high level in skeletal
muscle; a lower level in heart, brain, and pancreas; and a much lower level
in kidney, testis, and uterus (67). cN-IA is active as a tetramer (68) and
appears to be associated with contractile elements of cardiac muscle (66,68).

cN-IA enzymes purified from pigeon, rat, and rabbit hearts have a Km that
ranges from 1.2 to 8.3 mM for AMP and demonstrate the highest Vmax with
this substrate (64,69–72). Relative selectivity toward AMP at millimolar con-
centrations suggested that this is the major physiological substrate, and over-
expression of cN-IA in the COS-7 and H9c2 cell lines significantly increased
the production of adenosine (73). More detailed kinetic studies with the puri-
fied rabbit enzyme revealed that cN-IA possesses high affinity toward
deoxypyrimidine monophosphates (Km of 20 µM for dTMP [thymidylate]
and 61 µM for dCMP) as well as deoxypurine monophosphates (Km of 130
µM for dAMP (deoxyadenylate) and 120 µM for dGMP [deoxyguanylate])
(69). Thus, it seems that cN-IA is a dual-specificity 5′-nucleotidase and may
participate in both the regulation of deoxynucleotide pools and, under
ischemic conditions with elevated AMP and ADP concentrations, in the gen-
eration of signaling adenosine (64,67,73).

3.3. Cytosolic 5′-Nucleotidase IB
cN-IB was identified as a nucleotidase by its high sequence homology

to cN-IA. Murine cN-IB has been cloned and, like cN-IA, is activated by
ADP and catalyzes the production of adenosine from AMP, although the
range of substrates accepted by this enzyme has not yet been defined (39).
There are multiple possible translation start sites in both the mouse and
human cN-IB mRNAs, and it is currently unclear which may be used in
vivo, although three of the initiation sites in murine cN-IB were shown to
produce active enzymes when expressed in cultured cells (39). Using
reverse transcriptase polymerase chain reaction, cN-IB mRNA was shown
to be present in all tissues tested, with the highest level of expression in
testis; lower levels in placenta, pancreas, liver, heart, lung, and kidney; and
barely detectable amounts in skeletal muscle and brain (39).
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3.4. Cytosolic 5′-Nucleotidase II
The 6-hydroxypurine-specific 5′-nucleotidase cN-II was first described

in chicken liver, where it is expressed at a high level (74). The cloned
human cN-II (75) shows extremely high amino acid conservation through-
out evolution, with homology of 98% to cN-II from other mammalian
species, 66% to the enzyme from Drosophila, and 51% to the protein from
Caenorhabditis elegans. The unusually high sequence conservation and
ubiquitous expression suggest an important and conserved function of cN-II
in purine catabolism. Data from gel filtration chromatography suggest that
both purified and recombinant cN-II are tetramers (76,77), but cN-II can
oligomerize into an octamer in the presence of ATP, which may account for
its increased activity with this activator (76).

cN-II is allosterically regulated by ATP, inorganic phosphate, and substrate
in a complex manner (77–79). cN-II may also be regulated by diadenosine
tetraphosphate or glycerate 2,3-bisphosphate in a tissue-specific manner
(80,81). In the presence of ATP as an activator, cN-II has an apparent Km
of 200 µM for IMP and 1.8 mM for AMP (72). IMP (inosinate), GMP (guany-
late), dIMP (deoxyinosinate), dGMP, and XMP (xanthylate) serve as the best
substrates; AMP, dAMP, and pyrimidine monophosphates are poor substrates
(77). Because cN-II preferentially hydrolyzes IMP, a precursor of both AMP
and GMP on the de novo synthesis pathway, this nucleotidase is critically
positioned at the crossroad of biosynthetic and catabolic pathways leading to
adenylate and guanylate pools (30,73,77–79).

Interestingly, cN-II was found to catalyze, under physiological condi-
tions, the reverse reaction involving the transfer of the phosphoryl group
from one purine nucleoside onto another (42). Although the physiological
significance of this reaction is unclear, it is responsible for phosphorylation,
and thus activation, of several antiviral and anticancer nucleoside analogs
(82–84). The reaction intermediate formed during catalysis is phospho-
aspartate at position 52 (41). The phosphate may either be released from the
enzyme, leading to hydrolysis, or be transferred to a suitable nucleoside
acceptor, thus leading to transphosphorylation. The rate-limiting step of
nucleotidase activity is hydrolysis of the enzyme-phosphate bond. Addition
of a phosphate acceptor, inosine, increases the speed of the nucleotidase
reaction, suggesting that transfer of the phosphate to inosine occurs more
rapidly than hydrolysis of the enzyme-phosphate bond (42,43). It has been
suggested that, under physiological conditions, cN-II acts mainly as a phos-
photransferase (85).

3.5. Cytosolic 5′-Nucleotidase III
The kinetic properties of cN-III are uniquely suited to function in the ery-

throcyte. During the maturation of erythrocytes, the nucleus is expelled and
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RNA is degraded, producing large quantities of nucleotides. cN-III is upreg-
ulated during erythrocyte maturation and plays the critical role of breaking
down uridine and cytidine ribonucleotides (2,86). Deficiency of this enzyme
leads to the accumulation of cytidine and uridine phosphates, which in turn
can interfere with glycolysis, leading to hemolytic anemia (2,87).

Although cN-III expression was originally thought to be restricted to
erythrocytes, enzyme activity has also been found in multiple mouse and
rat tissues (88,89), and the Expressed sequence tags (EST) database shows
expression in a wide variety of human tissues (90,91). Three alternatively
spliced mRNA transcripts are produced from the cN-III gene, predicting
proteins of 285, 286, and 297 amino acids that are identical throughout the
majority of the protein and differ only in the number of amino acids at the
N-terminus (91,92). The cloned 286-amino acid form of cN-III has the
same characteristics as cN-III purified from erythrocytes; the other two
forms have not been cloned (93). Unlike other nucleotidases, cN-III is a
monomer (44).

Catalytic activity of cN-III is restricted to pyrimidines: uridylate (UMP;
Km 330 µM), deoxyuridylate (dUMP; Km 400 µM), cytidylate (CMP;  Km
10–150 µM), dCMP (Km 580 µM), and dTMP (Km 1.0 mM) (87,94). cN-III
activity is dependent on Mg2+, is not affected by ADP and ATP, and is inhib-
ited by nucleosides and phosphate (94). cN-III also displays phosphotrans-
ferase activity, preferring uridine, cytidine, and deoxycytidine as phosphate
acceptors, although the role that this reaction plays in vivo is unclear (94).

3.6. Cytosolic 5′(3′)-Deoxyribonucleotidase
The cdN has been purified from rat liver (95,96), human placenta (97),

and erythrocytes (98). cdN is ubiquitously expressed, with a high level of
mRNA in pancreas, heart, and skeletal muscle; a lower level in kidney and
liver; and low expression in brain and lung (99). cdN is unique among the
cytosolic nucleotidases in its preference for uridine and thymidine
monophosphates. The best overall substrates for the human enzyme, as
defined by the Vmax/Km ratio, are 3′-UMP, 3′-dTMP, and 3′-dUMP with Km
values of 250, 300, and 200 µM, respectively (100). 5′-dUMP (Km 410 µM
to 1.5 mM) and 5′-dTMP (Km 1.5 mM) also serve as substrates (100,101).
Although cdN can use some purine ribonucleotides as substrates, AMP is
a very poor substrate (99). cdN functions as a dimer and is dependent on
Mg2+ for activity (97).

Although cdN purified from erythrocytes was shown to catalyze phos-
photransferase reactions, using 3′-UMP and 3′-dUMP as phosphate donors
and deoxyuridine and deoxythymidine as acceptors (44), the recombinant
mouse cdN did not demonstrate any phosphotransferase activity (99). The
overall substrate specificity of cdN suggests an important role in protecting
against deoxyuridine triphosphate (dUTP) and dTTP pool expansion and in
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elimination of atypical 2′ and 3′ nucleoside monophosphates. Overexpression
of mouse cdN in 293 cells caused increased excretion of thymidine, uridine,
deoxycytidine, and even cytidine, although there was no activity of the
enzyme with CMP in vitro (30).

3.7. Mitochondrial 5′(3′)-Deoxyribonucleotidase
The mdN is encoded by nuclear DNA and has a mitochondrial import

signal that is cleaved in the mature protein (102). Not including the mito-
chondrial leader sequence, mdN has 52% amino acid identity with cdN,
and like cdN, mdN is a dimer. The expression pattern for mdN is similar
to that of cN-IA, with high expression in heart, brain, and skeletal mus-
cle; barely detectable expression in kidney and pancreas; and no expres-
sion in lung, placenta, or liver (102). mdN has a striking preference for
dUMP and dTMP and shows high activity with 5′-, 2′-, and 3′-UMP and
3′-dTMP. Only residual activity with dAMP, dGMP, and dCMP has been
demonstrated (102).

mdN forms a substrate cycle with TK2 to regulate thymidine salvage in
the mitochondria (103). Mitochondrial export of thymidine phosphates 
salvaged by TK2 to cytosolic pools and import of dTDP synthesized de
novo in the cytosol appear to reach a dynamic equilibrium (103).
Overexpression of mdN, in contrast to overexpression of cdN, did not lead
to increased excretion of deoxynucleosides from the cell, demonstrating
that mdN activity does not regulate cytosolic deoxynucleotide levels in
cycling cells (104). In noncycling cells, where TK1 is absent and de novo
synthesis of dTTP is turned off, dTTP can only be provided through 
salvage of thymidine by TK2. In this case, it is possible that the mdN/TK2
ratio may affect both mitochondrial and cytosolic dTTP levels (21,103).

4. 5′-NUCLEOTIDASES AND DRUG RESISTANCE

Although nucleoside analogs have been essential components of anti-
cancer and antiviral therapies for years (105), the cellular mechanisms
responsible for clinical resistance to this class of compounds are still not
completely understood. To maximize cytotoxic effects, the ideal nucleo-
side analog is readily phosphorylated, stable as a triphosphate, and poorly
catabolized. The mechanisms of nucleoside analog resistance are likely to
involve changes in a number of independent pathways, including enzymes
of nucleoside metabolism and proteins involved in apoptosis (106).

Because 5′-nucleotidases are critical for dephosphorylation of ribonucleo-
side and deoxyribonucleoside monophosphates, they also are likely to inacti-
vate nucleoside analogs before they have a chance to be phosphorylated
into di- and triphosphates, thereby limiting their therapeutic potency. The
substrate cycles described between nucleoside kinases and nucleotidases are
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likely to play a major role in nucleoside analog metabolism, with the balance
between the kinases and nucleotidases determining the extent to which
analogs are phosphorylated to triphosphate form. Reduced nucleoside kinase
activity has already been defined as an important mechanism of nucleoside
analog resistance (107), and altered activity of 5′-nucleotidases is now emerg-
ing as a related resistance mechanism (105). In this respect, the role of cN-II
in drug resistance has been studied most extensively; however, the kinetic
properties of several other nucleotidases suggest that they may also play a
role in nucleoside analog resistance.

4.1. cN-II in Nucleoside Analog Metabolism
Several studies have implicated increased cN-II activity in nucleoside

analog resistance both in vivo and in vitro. Increased cN-II activity has
been reported in HL60 (acute promyelocytic leukemia) cells selected for
cladribine (2-chloro-2′-deoxyadenosine; CdA) resistance (108), CEM 
(acute lymphocytic leukemia) cells selected for deoxyadenosine resistance
(109), K562 (chronic myelogenous leukemia) cells selected for resistance 
to cytarabine (1-β-D-arabinofuranosylcytosine; Ara-C), CdA, fludarabine
phosphate (2-fluoroadenine-9-β-D-arabinofuranosine monophosphate; F-
AraAMP), or gemcitabine (dFdC) (110), and even CEM cells selected for
etoposide resistance (111). Many of these cells are crossresistant to other
nucleoside analogs, including the CEM cells selected for etoposide resist-
ance that are also resistant to CdA, Ara-C, and to a lesser extent dFdC
(111). Along with cN-II upregulation, some of these cell lines had reduced
deoxycytidine kinase (dCK) expression, suggesting that the dCK/cN-II
ratio is important for determining nucleoside analog phosphorylation.

In WSU-CLL (chronic lymphocytic leukemia) cells that have a low
dCK/cN-II ratio, treatment with bryostatin 1, a protein kinase C activator
that induces differentiation, both increased dCK and decreased cN-II, thus
sensitizing the cells to CdA (112). Bryostatin 1 pretreatment of severe com-
bined immunodeficient mice with WSU-CLL xenografts also improved
tumor growth inhibition by CdA, suggesting that modulation of the dCK
/cN-II ratio in vivo may improve cancer treatment (112). The nucleoside
analog monophosphates FdUMP (5-fluorodeoxyuridylate), AZTMP (3′-
azido-2′,3′-dideoxythymidylate; zidovudine monophosphate), CdAMP
(CdA monophosphate), Ara-GMP (9-β-D-arabinofuranosylguanylate),
BVdUMP ([E]-5-[2-bromovinyl]-2-deoxyuridylate), and ddCMP (2′-,3′-
dideoxycytidylate; zalcitabine monophosphate) are all substrates of purified
recombinant human cN-II (101). Of interest, Ara-CMP (Ara-C monophos-
phate) was not a substrate of cN-II in this study, suggesting that Ara-C
resistance in cell lines with increased cN-II activity may be caused by other
factors, such as changes in dNTP pools. In the etoposide-resistant CEM
cells with increased cN-II activity that were crossresistant to CdA and 
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Ara-C, the dCTP pool was increased and likely reduced incorporation of
Ara-CTP (Ara-C triphosphate) into DNA (111).

A limited number of reports are available on the expression of cN-II in the
clinical setting. Studies of cN-II in patients with leukemia have focused on
the prognostic value of cN-II mRNA expression or activity prior to treatment.
The dCK/cN-II ratio was higher in patients with refractory chronic lympho-
cytic leukemia who responded to CdA than patients who did not respond
(113). Patients diagnosed with acute myeloid leukemia (AML) who had
higher cN-II mRNA levels had shorter disease-free and overall survival when
treated with Ara-C; dCK mRNA levels did not correlate with survival (114).

A study identified cN-II as an independent prognostic factor in AML
treated with a combination of Ara-C and anthracyclines (46). In this study,
elevated cN-II activity was associated with shorter disease-free survival in
the entire patient population and shorter overall survival in patients under
57 years. Furthermore, a follow-up study revealed that both dCK and cN-II
activities may better predict survival in AML patients treated with Ara-C (48).
Further studies are necessary to confirm or extend these observations.

As a phosphotransferase, cN-II can also phosphorylate several clini-
cally relevant drugs, including 2′,3′-dideoxyinosine (ddI) (83), tiazofurin
(82), and acyclovir (115), using IMP as a phosphate donor. For the anti-
human immunodeficiency virus analog ddI, phosphorylation by cN-II to
ddIMP is the main route for activation (83). Two anticancer agents in
development, tiazofurin and benzamide riboside, with active dinucleotide
forms that inhibit inosine monophosphate dehydrogenase, are phosphory-
lated to the monophosphate form by cN-II, adenosine kinase, and nicoti-
namide ribonucleoside kinase (82,116,117). cN-II can also phosphorylate
the antiviral guanosine analogs acyclovir and ganciclovir (115,118). These
drugs are usually phosphorylated by the herpes simplex virus-encoded
thymidine kinase and not by cellular thymidine kinases, allowing them to
be specifically activated only in virus-infected cells (119). However, low-
level activation has also been seen in uninfected cells and is caused by 
cN-II phosphotransferase activity, although this activity plays little role in
the antiviral activity of these compounds (118). Increasing the cellular
concentration of IMP, the preferred phosphoryl donor in the phosphotrans-
ferase reaction, may increase the efficiency of drug activation by this
route. For example, the inhibition of IMP dehydrogenase limits the use of
IMP for the synthesis of guanylates and thereby increases IMP levels; this
leads to increased phosphorylation of ddI by cN-II (120).

4.2. cN-IA in Nucleoside Analog Resistance
cN-IA has far more favorable kinetic properties toward pyrimidine and

purine deoxyribonucleoside monophosphates than other cytosolic nucleo-
tidases, suggesting that cN-IA could play a significant role in nucleoside
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Table 2
Activity of Cytosolic 5′-Nucleotidases With Deoxynucleoside Monophosphates

Vmax Vmax
Nucleotidase Substrate (µmol/mg/min) Km (mM) Vmax/Km (µmol/mg/min) Km (mM) Vmax/Km

Rabbit heart enzymea Human recombinant enzyme

cN-IA dAMP 14.9 0.130 115 — — —
dGMP 8.5 0.120 71 — — —
dCMP 12.8 0.061 210 49.5 0.012 4125
dTMP 9.9 0.020 495 61.5 0.020 3075

Chicken liver enzymea Chicken heart enzymea

cN-II dAMP 27 41.0 0.66 3.3 23.0 0.1
dGMP 29 3.4 8.5 5.7 1.0 5.7
dCMP — — — — — —
dTMP 22 54.0 0.41 5.1 18.0 0.3
dIMP 27 2.0 13.5 6.4 0.4 16.1

Human erythrocyte enzyme

cN-III dCMP 15.0 0.580 25.9
dTMP 12.6 1.0 12.6
dUMP 4.1 0.4 10.3

Mouse recombinant enzyme Human placenta enzyme

cdN dAMP 53.6 1.0 52 14 3.0 4.5
dGMP 195 1.2 171 73 3.3 22
dCMP 165 3.6 46 — — —
dTMP 347 1.25 277 83 7.0 12
dUMP 313 0.42 745 107 2.6 41
dIMP — — — 294 4.4 67

Data compiled from refs. 67,69,94,97,99, and 129.
aRecalculated from refs. 69 and 129.
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analog resistance. The substrate affinities of the cytosolic 5′-nucleotidases
for deoxyribonucleotides are shown in Table 2. The affinity of cN-IA toward
dCMP and dTMP, approximately 50- to 100-fold lower than for the other
intracellular 5′-nucleotidases, would suggest that cN-IA may be more effi-
cient in dephosphorylating both natural deoxyribonucleotide substrates and
nucleoside analog monophosphates at low physiological concentrations
(67,69). Overexpression of cN-IA in HEK293 and Jurkat cells led to resist-
ance to CdA in both cell lines, to dFdC in HEK293 cells, and to ddC in
Jurkat cells, supporting a role for this enzyme in nucleoside analog metabo-
lism (67). In addition, cN-IA can dephosphorylate AZTMP (Km 8 µM) with
high efficiency (S. A. Hunsucker, unpublished data).

Thus, it will be extremely interesting to test whether clinically devel-
oped resistance to nucleoside analogs is associated with increased activ-
ity of cN-IA. In addition, cN-IA is not ubiquitously expressed by mRNA
analysis, and confirmation of protein expression in tissues other than
skeletal and heart muscle is needed to fully assess its role in drug resist-
ance. In a preliminary study with mononuclear cells from patients with
AML and chronic lymphocytic leukemia, dephosphorylation of CdAMP
in extracts correlated best with cN-I activity (121).

4.3. cdN in Nucleoside Analog Resistance
Unexpectedly, it was demonstrated that low expression of cdN correlates

with both shorter overall survival and shorter disease-free survival in patients
treated with Ara-C for AML (122). While purified recombinant human cdN
uses FdUMP, AZTMP, BVdUMP, d4TMP (2′,3-didehydro-3′-deoxythymidy-
late; stavudine monophosphate), dFdCMP (dFdC monophosphate), 3TCMP
(-)2′-deoxy-3′-thiacytidylate; lamivudine monophosphate), ddCMP, and Ara-
GMP as substrates, Ara-CMP was not a substrate (101). Although it is possi-
ble that Ara-C is a substrate for cdN phosphotransferase activity, this is not
likely to be a major route of Ara-C activation, and it is more likely that a
reduction of cdN leads to an increased level of dCTP that competes with Ara-
CTP for incorporation into DNA (122). dCTP also inhibits dCK, the enzyme
responsible for the initial phosphorylation of Ara-C, and activates cytidine
deaminase, thus increasing Ara-C catabolism (122). The finding that reduced
expression of cdN can cause resistance to an analog that is not a substrate
highlights the complexities inherent in studying nucleoside metabolism.

4.4. Other Nucleotidases
Although their activity with nucleoside analogs has not been studied in

detail, cN-III and cN-IB are also potential candidates for mediating nucle-
oside analog resistance. cN-III uses both AZTMP and Ara-CMP as sub-
strates, suggesting a potential role of this enzyme in drug resistance (100).
Although cN-IB has not been investigated in this respect, its low-level
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presence in main tissues may potentially make this nucleotidase another
candidate for involvement in drug metabolism (39).

Several nucleoside analogs used in antiviral therapies show striking
mitochondrial toxicities, most likely resulting from the incorporation of
the toxic triphosphate form of these drugs into mtDNA (123). The recently
solved crystal structure of mdN may aid in the design of new compounds
that will be more susceptible to dephosphorylation in the mitochondria and
thus limit toxicity to this organelle without affecting activation of the drug
in the cytosol. Purified recombinant human mdN uses FdUMP, BVdUMP,
d4TMP, AZTMP, and Ara-TMP (1-β-D-arabinosylthymidylate) as sub-
strates; ddCMP, dFdCMP, Ara-CMP, 3TCMP, CdAMP, and Ara-GMP
were not hydrolyzed (101).

Because of low solubility of the nucleoside form, fludarabine is admin-
istered as a monophosphate F-Ara-AMP that requires dephosphorylation
to be taken up by target cells. Although eN is unlikely to be involved in
nucleoside analog resistance because of its extracellular orientation, it may
catalyze the initial step in fludarabine activation (124). Because some solid
tumors have increased expression of eN (60), this may provide a novel
therapeutic opportunity for tumor site-specific activation and uptake of
anticancer drugs.

5. 5′-NUCLEOTIDASES: NEW POTENTIAL DRUG
TARGETS?

Progress in our understanding of the role of 5′-nucleotidases in the reg-
ulation of nucleotide and deoxynucleotide pools led to the realization that
they may have similar functions in metabolism of nucleoside-based drugs.
As stated, ideal drug candidates must be readily metabolized by nucleoside
kinases and be stable in the triphosphate form. Thus, it is important that the
catabolism of phosphorylated nucleoside analogs is slow, especially at the
step catalyzed by 5′-nucleotidases. Although this theoretical framework is
well established, much remains to be done to fully understand the role of
5′-nucleotidases in drug metabolism. However, given their prominent role
in deoxyribonucleotide metabolism, it is already clear that they constitute
potential drug targets.

In this respect, there are two areas for further research. First, novel
nucleoside analogs should be tested as potential substrates of 5′-nucleoti-
dases to avoid developing drugs that are metabolized and inactivated by
this pathway. Second, development of specific 5′-nucleotidase inhibitors
would likely increase the pharmacological efficacy of existing nucleoside-
based drugs. In this regard, knowledge of structure–function relationships
of human 5′-nucleotidases could facilitate the development of more selec-
tive and potent drug candidates.
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SUMMARY

Several adenosine triphosphate-binding cassette transporters can transport
nucleoside analogs out of cells against steep concentration gradients, result-
ing in resistance to these drugs. At least three members of the family of
human multidrug resistance-associated proteins (MRPs) (MRP4, 5, and 8)
are able to transport not only the cyclic nucleotides cyclic adenosine 
5′-monophosphate and cyclic guanosine 5′-monophosphate but also some
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nucleoside–monophosphate analogs. This can result in resistance to their
base, nucleoside, or nucleotide precursors, at least in cell lines with high levels
of the transporter. MRP4- and MRP5-transfected cells showed resistance
(although at a low level) to the thiopurines 6-mercaptopurine and 6-thiogua-
nine and to the antiviral agent adefovir. MRP8-transfected cells also show
resistance to adefovir, dideoxycytidine, and the fluoropyrimidines 5-fluo-
rouracil and 5-fluorodeoxyuridine, possibly because MRP8 can efflux the
monophosphate derivative of these analogs. However, the affinity of these
transporters for the nucleotide analogs studied thus far is relatively low (mil-
limolar rather than micromolar), and this limits their potential impact on
resistance. This review summarizes briefly how adenosine triphosphate-bind-
ing cassette transporters in general, and MRPs in particular, could affect the
disposition and cellular accumulation of anticancer agents.

Key Words: ABC transporters; BCRP; efflux pumps; MRP4; MRP5;
multidrug resistance proteins; nucleoside monophosphates; PMEA; thiopurines.

1. INTRODUCTION

The number of transporters able to transport drugs through membranes
against a steep concentration gradient has rapidly risen in recent years. The
transporters that use adenosine triphosphate (ATP) hydrolysis to energize
transport belong to the superfamily of ATP-binding cassette (ABC) pro-
teins (1–4) (Fig. 1):

1. P-Glycoproteins (P-gps), exemplified by the P-gps encoded by the
human MDR1 gene and the murine Mdr1a and Mdr1b genes, in for-
mal new nomenclature ABCB1. These proteins transport a range of
amphipathic (natural product) drugs, including many major anticancer
drugs, such as taxanes, vinca alkaloids, and anthracyclines. P-gps pre-
fer neutral and weakly basic drugs as substrate, and they appear to take
these drugs from the inner leaflet of the plasma membrane and expel
them from the cell. High expression of P-gp genes results in multidrug
resistance (MDR) of cancer cells.

There are three other P-gps known, but these appear to play no role
in drug resistance. The MDR3 (also called MDR2) human P-gp and its
mouse homolog encoded by the Mdr2 gene (both now ABCB4) are
dedicated phosphatidylcholine (PC) transporters, essential for transport
of PC into bile. The human homolog still has some of the drug trans-
port capacity of ABCB1 (5), but is not known to be involved in MDR.

The second MDR1 P-gp homolog was originally called “sister of
P-gp” (6) but is now known as BSEP (7), the bile salt export protein
(ABCB11). It has low transport activity toward paclitaxel (8). The third
P-gp homolog (ABCB5) was recently described and still needs to be
characterized (9).
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2. The multidrug resistance (-associated) proteins or MRPs (ABCC
group), a large transporter family containing nine members in humans
(2,10–12). Some MRPs have five extra transmembrane segments not
present in P-gps, as indicated in Fig. 1, but these do not seem to be
essential for transport activity, and they are missing in MRP4, MRP5,
MRP8, and MRP9. The MRPs studied thus far are organic anion trans-
porters; that is, they transport organic compounds with one or more
negative charges, such as drugs conjugated with glutathione, glu-
curonide, or sulfate. Whereas MRP1 can cause MDR and may play a
substantial role in anticancer drug resistance, this is much less clear
for the other MRPs. Some of these transporters appear to fulfill essen-
tial roles in normal metabolism. An example is MRP2, located in the
canalicular membrane of the hepatocyte and the main transporter for
the excretion of bilirubin glucuronides into bile. MRP4, MRP5, and
MRP8 can transport nucleotide analogs, and these MRPs are discussed
in more detail in this review.

3. The breast cancer resistance protein (BCRP), or ABCG2, but also
known under various other names (3,4). ABCG2 is a half-transporter
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Fig. 1. Putative two-dimensional membrane topology of representative ABC trans-
porters. See ref. 3 for background references. MRP1, multidrug resistance (-asso-
ciated) protein 1 (ABCC1); MDR1, the P-glycoprotein (ABCB1) encoded by the
human MDR1 gene; BCRP1, the breast cancer resistance protein (ABCG2).
BCRP1 functions as a homodimer.



(Fig. 1) and functions as a homodimer. Its substrate specificity is wider
than initially thought and overlaps with both P-gp and the MRPs. Like
the MDR1 P-gp, BCRP is located apically in epithelial cells and plays
a role in preventing drugs from entering the body and entering the
fetus through the feto-maternal barrier.

2. TRANSPORT OF NUCLEOSIDE/NUCLEOTIDE
ANALOGS BY MRP4 AND MRP5

The first indication that MRP5 might be able to transport nucleotide
analogs came from Wijnholds et al. (13), who found that cells transfected
with an MRP5 gene construct were resistant to thiopurines. Schuetz et al.
(14) showed that cells selected for resistance to adefovir (PMEA) overpro-
duced MRP4, and subsequent work has established that MRP4 (14–20) and
MRP5 (20–22) can confer resistance to a range of base, nucleoside, and
nucleotide analogs, as summarized in Table 1. For the thiopurines and
PMEA, a detailed metabolite analysis has shown that resistance is caused by
transport by MRP4/5 of the nucleoside-monophosphate, and not the base,
nucleoside, nucleoside-diphosphate, or -triphosphate (19,20). By inference,
we assume that the same holds for all other compounds listed in Table 1.

The resistance levels in Table 1 are low. The main reason for this is the
low affinity of MRP4/5 for all nucleotide analogs tested thus far. This has
been demonstrated in vesicular transport experiments (20), but it also fol-
lows from the relatively high intracellular nucleotide analog concentra-
tions required for a difference between resistant and sensitive cells. In fact,
the human T-lymphoid cell line CEM-resistant1 (CEM-r1), selected for
high resistance to PMEA, has a partial defect in mitochondrial adenylate
kinase in addition to high overexpression of MRP4 (14). The adenylate
kinase is required for phosphorylation of PMEA. Hence, PMEA accumu-
lates to high levels in these cells.

The Human Embryonic Kidney 293 (HEK293) cells often used to
screen for MRP function have a high intrinsic resistance to several nucleo-
side analogs. This is not because of the absence of nucleoside transporters
(unpublished results) but presumably sluggish phosphorylation of the
nucleoside analogs in HEK293 cells. This may explain why the HEK cells
are not affected by zidovudine, stavudine (d4T), and 3TC (lamivudine)
(20), whereas the MRP4-overproducing CEM-r1 cells of Schuetz et al.
(14) are partially resistant to the anti-human immunodeficiency virus
activity of these drugs. Even in the CEM-r1 cells, however, substantial
resistance to the cytostatic effect of ganciclovir was only obtained when
the CEM-r1 and the control parental cells were both transfected with a her-
pesvirus thymidine kinase gene construct to allow efficient phosphoryla-
tion of ganciclovir (17).
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The degree of resistance is strictly dependent on the degree of overex-
pression of the transporter studied in the transfected cell. An additional
complication is that not all the transporter molecules made in the trans-
fected cell reach the plasma membrane where they can contribute to resist-
ance. The fraction trapped in the cell can be high and is difficult to
quantitate (23). This may explain why groups at Eli Lilly (24,25) have
observed higher levels of resistance in the MRP5-transfected HEK293
cells produced in their laboratory than we have seen in our laboratory. For
6-thioguanine, they find a resistance factor of 9, whereas we obtain 2
(Table 1). They also find resistance for gemcitabine, cytarabine, cladribine,
and 5-fluorouracil (5-FU). The 5-FU resistance appears to be caused by
transport of 5-fluoro-2′-deoxyuridinemonophosphate (5-F-2′-dUMP). In
vesicular transport experiments, the authors found an affinity constant Km
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Table 1
Resistance Against Drugs Caused by MRP4 and MRP5 in Transfected Cells 

HEK293 Resistance factor
Base/nucleoside/nucleotide IC50 (µM) MRP4 MRP5

Altered purine ring
6-mercaptopurine 5 3 3
Thioguanine 1 3 2

Altered pyrimidine ring No resistance found
Purine nucleoside analog

adefovir (PMEA) 84 4 3
PMEG 2 2 1
PME diaminopurine (PMEDAP) 64 5 2
Cyclopropyl-PMEDAP (cPr-PMEDAP) 2 10 1
didanosine (ddI) >250 n.d. n.d.
ddA >400 1 1
Abacavir (ABC) 244 2 2
Cladribine 2 2 2
Ganciclovira (GCV) 12 5 n.d.

Pyrimidine nucleoside analog
Zidovudineb (AZT) 1800 n.d. 1
Stavudineb (d4T) 1000 1 1
Zalcitabine >1000 1 n.d.

Source: From ref. 20.
n.d., no data.
aFrom ref. 17, using CEMr1-TK cells transfected with a herpes virus thymidine

kinase gene construct.
bSome resistance found by Schuetz et al. (14) in a PMEA-selected.
MRP4 overproducing T-lymphoid cell line.



for this substrate of 1.3 mM, confirming that MRP5 is a poor nucleotide
analog transporter. The details of these results remain to be published.

HEK293 cells are highly resistant to the cytostatic effect of 3′-deoxy-2′3′-
didehydrothymidine (d4T), and they also are not inhibited by So324, the
recently synthesized arylphosphoramidate precursors of d4 T-5′-monophos-
phate (d4TMP). We have shown, however, that both d4TMP, and especially
alaninyl-d4TMP, which is released from the prodrug prior to d4TMP forma-
tion (26), are transported by MRP5, albeit with low affinity (20).

3. TRANSPORT OF PHYSIOLOGICAL SUBSTRATES 
BY MRP4 AND MRP5

MRP4 (15) and MRP5 (22) are able to transport cyclic guanosine
5′-monophosphate and cyclic adenosine 5′-monophosphate, but whether
the affinity of these transporters for cyclic nucleotides is high enough to
make an impact on the cellular disposition of these compounds remains
controversial (20,27). However, we have found a range of other physiolog-
ical substrates for MRP4 that are transported with micromolar affinity. The
list now includes steroid-glucuronides and steroid-sulfates (28), hydroxy-
lated bile salts conjugated to glucuronide (unpublished results), and
prostaglandins E1 and E2 (29). There is clearly no lack of high-affinity sub-
strates for MRP4. Whether this transporter is normally not too occupied
with physiological substrates to transport nucleotide analogs or cyclic
nucleotides remains to be seen. For MRP5, no high-affinity substrate is
known yet.

4. TRANSPORT OF NUCLEOTIDE ANALOGS 
BY MRP8 AND MRP9

The two latest additions to the MRP family, MRP8 (30–32) and MRP9
(30,31,33,34), resemble MRP4 and MRP5 most (30). They might there-
fore also be able to transport nucleotide analogs. It has been difficult to
obtain high-level expression of MRP8 in the standard cell lines used in
our laboratory, but Guo et al. (35) managed to obtain expression of MRP8
in a pig LLC-PK1 kidney cell line. As shown in Table 2, these cells are
resistant to PMEA as well as zalcitabine, 5-FU, and 5-fluoro-2′-deoxyuri-
dine, but not to 6-thioguanine, cladribine, deoxycoformycin, 2′3′-dideoxy-
3′-thial-cytidine, or zidovudine. Membrane vesicles from MRP8-
overproducing cells transport 5-F-2′-dUMP, suggesting that MRP8 causes
resistance by transporting nucleotide analogs out of the cell, like MRP4
and MRP5. Whether MRP8 also has a low affinity for these substrates
remains to be determined. The substrate specificity of MRP9 has not yet
been determined.
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5. CONCLUDING REMARKS

The precise role of MRP4, MRP5, MRP8, and possibly MRP9 in limit-
ing cellular accumulation of base, nucleoside, and nucleotide analogs
remains to be established. As pointed out, the low affinity of MRP4 and
MRP5 for the nucleotide analogs studied thus far makes a prominent role
of these transporters in drug resistance less likely at present. As it stands,
there is no evidence that anticancer chemotherapy in patients is adversely
affected by any of these MRPs.

The knockout mice lacking one or more of these transporters could, in
the long run, provide more solid information on the ability of MRPs to
contribute to resistance to base, nucleoside, and nucleotide analogs. We
have not observed altered pharmacokinetics of PMEA in the Mrp5(–/–)
mice (unpublished results), but it is possible that this negative result is
caused by compensatory activity of related transporters. In collaboration
with Dr. John Schuetz (Memphis, TN), we have generated an Mrp5/Mrp4
double-knockout mouse to investigate this issue.
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SUMMARY

The deoxynucleoside analog cytarabine (ara-C) remains one of the most
effective drugs used in the treatment of acute leukemia as well as other
hematopoietic malignancies. The activity of ara-C depends on the conversion
to its cytotoxic triphosphate derivative, ara-CTP. This process is influenced
by multiple factors, including transport, phosphorylation, deamination, and
levels of competing metabolites, deoxycytidine triphosphate in particular.
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Furthermore, the efficacy of ara-C is determined by the ability of ara-CTP to
interfere with deoxyribonucleic acid (DNA) polymerases in the extent of
incorporation into the DNA, leading to chain termination. Finally, several
factors in the apoptotic pathway also determine sensitivity to ara-C. Ara-C
has been given intravenously over a wide range of doses. The standard or
conventional dose varies from 100 to 200 mg/m2 daily and is given by inter-
mittent injection or by continuous infusion over 5–10 d. The presence of drug
refractoriness and relapsing leukemia together with insights into the mecha-
nisms of ara-C resistance led to the development of high-dose (1–3 g/m2) ara-C
treatment. A number of different strategies have been developed to increase
the efficacy of ara-C. First, biochemical modulation of ara-C-mediated cyto-
toxicity, in which ara-C is combined with compounds that enhance its metab-
olism or interfere with its catabolism, has been successful. Second, ara-C has
been encapsulated into multivesicular liposomes, and several ara-C prodrugs
containing lipophilic side chains in the base or in the sugar moiety have been
designed to increase cellular uptake of ara-C and delay its deamination and
clearance. Greater understanding of the metabolism and mechanisms of
action of ara-C could contribute to the development of novel therapeutic
strategies capable of overcoming ara-C resistance and is essential to improve
therapeutic efficacy.

Key Words: Acute myeloid leukemia; biochemical modulation; cytara-
bine; cytosine arabinoside; deoxycytidine kinase; high-dose ara-C; FLAG;
fludarabine.

1. INTRODUCTION

Cytosine arabinoside (1-β-D-arabinofuranosylcytosine, cytarabine, ara-C)
is a classical deoxynucleoside analog and is the most effective agent in the
treatment of acute myeloid leukemia (AML). It is used as part of first-line
treatment in all AML treatment protocols (1) and is active in other hema-
tological malignancies, including acute lymphoblastic leukemia (ALL)
and non-Hodgkin’s lymphoma (2–5). The administration of high-dose
ara-C has become firmly established over the past decades. These sched-
ules achieve considerably higher ara-C plasma levels than those obtained
with standard-dose therapy. Moreover, a subset of refractory and relapsed
AML patients responds to high-dose ara-C therapy (6). Unfortunately,
remissions obtained with high-dose ara-C are short-lived, and patients
ultimately relapse with highly resistant disease (7). Therefore, a clear
rationale exists for efforts to understand the mechanisms of action of
ara-C. Knowledge of the mechanisms that can cause resistance to this
drug (Table 1) can be used to design strategies capable of circumventing
resistance. Leukemic cells can be obtained relatively easy, and therefore
several ex vivo pharmacological studies have been conducted with these
cells in relation to the antileukemic effect, but studies with solid tumors
are limited (3,4).
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2. MECHANISMS OF ACTION AND RESISTANCE

2.1. Structure and Metabolism
Ara-C is a structural analog of 2′-deoxycytidine and differs by the pres-

ence of a hydroxyl group in the β-configuration at the 2′ position of the
sugar moiety (Fig. 1). Ara-C is a prodrug that has to be converted to the
active triphosphate derivative (ara-CTP) to exert its cytotoxic effect (5). As
an analog of deoxycytidine, ara-C shares the same metabolic pathways
with this deoxynucleoside. Ara-C is transported across the cell membrane
by a facilitated nucleoside diffusion mechanism, after which it is converted
to its nucleotide derivative by the pyrimidine salvage pathway enzyme
deoxycytidine kinase (dCK).
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Table 1
Mechanisms Implicated in Resistance to Ara-C

Resistance mechanism

Reduced transport (human equilibrative nucleoside transporter
1)
Decreased activation (deoxycytidine kinase)
Enhanced degradation

Deamination (cytidine deaminase)
Dephosphorylation (5′-nucleotidase)

Increased rate of ara-CTP dephosphorylation
Increased dCTP pools
Cell death pathways

p53
Bcl-2

Fig. 1. Ara-C is a structural analog of 2′-deoxycytidine and differs by the presence
of a hydroxyl group in the β-configuration at the 2′ position of the sugar moiety.



After subsequent phosphorylation by monophosphate and diphosphate
kinases, ara-C is converted to its active form, ara-CTP. Ara-CTP inhibits
deoxyribonucleic acid (DNA) polymerase-α and is incorporated into elon-
gating DNA strands, causing chain termination. These anabolic processes
are opposed by the degradative enzymes cytidine deaminase (CDA) and
deoxycytidylate deaminase, which convert ara-C and ara-CMP to the inac-
tive derivatives ara-U and ara-UMP, respectively. Finally, the intracellular
metabolism of ara-C can be influenced by several feedback mechanisms.
Deoxycytidine triphosphate (dCTP), for instance, is a potent feedback
inhibitor of dCK. In summary, the activation of ara-C and, ultimately, ara-
C-mediated cytotoxicity depend on a complex interplay among ara-C
anabolism, catabolism, and intracellular endogenous purine and pyrimi-
dine levels (Fig. 2).

2.2. Transport
To be activated, ara-C first has to be transported into the cell. Cellular

uptake of ara-C is mediated by facilitated diffusion via nucleoside-specific
membrane transport carriers (8,9). The human equilibrative nucleoside
transporter 1 (hENT1) is responsible for 80% of ara-C influx in human
leukemic blast cells (10,11). At “standard-dose” ara-C (100–200 mg/m2),
plasma levels of 0.5–1 µM are reached, and the drug has to compete with
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Fig. 2. Activation of ara-C and, ultimately, ara-C-mediated cytotoxicity depend on
a complex interplay among ara-C anabolism, catabolism, and intracellular endoge-
nous purine and pyrimidine levels.



other nucleosides for the transport carrier. At these concentrations, transport
is the rate-limiting factor in the intracellular accumulation of ara-C. In MLL
gene-rearranged infant, ALL-elevated expression of hENT1 contributed to
ara-C sensitivity (12). Reduced hENT1 expression correlated with clinical
outcome in adult AML, suggesting that hENT1 deficiency may be involved
in clinical resistance to ara-C in AML (13,14). Impaired transport may be
overcome by the use of high-dose (1–3 g/m2) ara-C, by which high plasma
levels (>50 µM) can be achieved. At these concentrations, passive diffusion
rates exceed those of pump-mediated transport (2,15).

Efflux of ara-C may also limit its cytotoxic effect, and a useful approach
to increase ara-C retention within the cell, thereby enhancing its cytotoxic
effects, may be to combine it with a nucleoside transport inhibitor (16).
However, this has not led to useful clinical application. Drug efflux may also
be mediated by the multidrug resistance-associated proteins (MRPs), which
belong to the adenosine triphosphate (ATP)-binding cassette superfamily
of transporters and have the ability to function as outward pumps for
chemotherapeutic drugs. Several MRPs have been linked to drug resistance;
in childhood ALL, for instance, MRP3 has been related to worse prognosis
(17). Also, in AML MRP3 gene expression was higher in patients who did
not achieve remission, and expression of MRP2 or MRP3 was associated
with a lower rate of survival; patients who expressed high levels of both
genes had a particularly poor prognosis (18). No direct link with ara-C could
be established, however. Recent reports have demonstrated that MRP4 and
MRP5 are able to efflux monophosphorylated forms of several nucleoside
analogs, thereby potentially limiting their efficacy (19). Reid et al., however,
showed no MRP4- and MRP5-mediated resistance against ara-C in HEK293
cells overexpressing these transporters (19). It therefore seems unlikely that
MRP-mediated efflux plays a role in ara-C resistance.

2.3. Phosphorylation
Ara-C is dependent on phosphorylation catalyzed by dCK for its bio-

chemical activation. Conversion of ara-C into ara-CMP by dCK is the rate-
limiting step in the formation of ara-CTP (20,21). Conversion of ara-CMP
into the active metabolite ara-CTP involves phosphorylation by dCMP
kinase and dCDP, respectively. Both these enzymes are expressed abun-
dantly and are therefore not rate limiting in the accumulation of ara-CTP
(22). dCK activity has been shown to be decreased or absent in different
cell lines resistant to ara-C (23,24). Moreover, transfection of the dCK
gene in dCK-deficient cell lines restores in vitro sensitivity to ara-C
(25,26). Furthermore, in vitro models have shown crossresistance between
ara-C and the deoxynucleosides 2-chlorodeoxyadenosine (2-CdA, cladrib-
ine), gemcitabine, and fludarabine (F-ara-A), with reduced dCK activity as
the underlying determinant of resistance (27–29).
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The relevance of dCK in clinical resistance to ara-C, however, remains
controversial. In AML (30,31), ALL (32,33), and lymphoproliferative dis-
orders (34), some authors have observed decreased expression of the dCK
gene or a significant decrease in activity of the enzyme as one of the mech-
anisms responsible for clinical resistance to ara-C or other deoxynucleo-
side analogs such as 2-CdA and F-ara-A. Conversely, other authors
reported no significant correlation between dCK activity and clinical
response to deoxynucleoside analogs in these malignancies (35,36).

In vitro structural analyses of the dCK gene have revealed inactivating
mutations and deletions causing dCK deficiency (32,33,37–39). These
mutations rarely occur in vivo, however, and therefore do not constitute a
major clinical resistance mechanism. Alternatively, spliced forms of dCK
messenger ribonucleic acid (mRNA) have been detected in vitro as well as
in leukemic blasts from patients with clinically resistant AML. These
splice variants were shown to be inactive, indicating that the presence of
dCK splice products may contribute to clinical ara-C resistance (40).

Structural alterations of the dCK gene other than mutations may also play
a role in ara-C resistance in vivo. Hypermethylation of the promoter region
of the gene might result in downregulation of dCK activity (41,42). The pre-
cise role that promoter methylation plays in the regulation of dCK activity
remains controversial, however. Despite reports that promoter hypermethy-
lation resulted in downregulation of dCK activity (43), Leegwater et al.
failed to demonstrate any methylation of the dCK promoter in the leukemic
CCRF-CEM cell line (44). Another possible regulation mechanism of dCK
involves phosphorylation of the enzyme itself. This issue is still under debate
(see Chapter 2).

Finally, dCK activity is feedback regulated by dCTP, which is a potent
inhibitor of dCK. Intracellular dCTP pools potently antagonize the forma-
tion of ara-CTP (20). dCTP pools may be modulated by inhibition of
ribonucleotide reductase, which catalyzes the reduction of CDP to dCDP
(45). CDP production may be mediated by alteration of CTP synthetase.
Several ara-C-resistant Chinese hamster ovary cell lines displayed base-
pair substitutions, rendering CTP synthetase unresponsive to allosteric reg-
ulation, leading to high dCTP pools (46). However, this mechanism of
ara-C resistance could not be identified in primary human leukemic blasts
(47).

2.4. Drug Degradation
Degradation of ara-C by deamination may decrease its antitumor activity

(48,49). The catabolism of ara-C results from rapid deamination by CDA to
the nontoxic metabolite arabinoside uracil (ara-U). Forced expression of
CDA by transfection of the gene resulted in resistance to ara-C and other
deoxycytidine analogs (50–52), and it was postulated that the ratio between
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the deaminase and the kinase might determine the response to ara-C in
leukemic cells (48). Patients who responded to treatment had a low deami-
nase/kinase ratio; in nonresponders, the ratio was high. Although there was
a large variation in enzyme activities, Jahns-Streubel et al. (53) demonstrated
that patients who responded to treatment had a lower median deaminase
activity compared to nonresponding patients. Ara-U itself can have pro-
nounced effects on the metabolism and cytotoxicity of ara-C through a self-
potentiating mechanism (54). Preincubation of cells with ara-U enhanced the
cytotoxicity of ara-C by an increased phosphorylation to ara-CTP and incor-
poration into DNA (55).

Ara-CMP can be converted to the inactive ara-UMP form by deoxy-
cytidylate deaminase (dCMPD), abrogating ara-C toxicity (56). Studies
have shown that tetrahydrodeoxyuridine (dTHU), which inhibits dCMPD,
potentiated the metabolism of ara-C in lymphoblastic leukemic cell lines
(49). Furthermore, ara-CMP can be dephosphorylated by high-Km cyto-
plasmic 5′-nucleotidase (5′-NT). Galmarini et al. reported that patients
with AML whose blasts expressed high 5′-NT mRNA had shorter time to
relapse and overall survival than patients with no or low expression (57).

Once formed, ara-CTP may be dephosphorylated, which limits the
intracellular accumulation of this metabolite (58).

3. Ara-C-MEDIATED CYTOTOXICITY

3.1. Inhibition of DNA Polymerases and DNA Incorporation
The active metabolite of ara-C, the triphosphate ara-CTP, acts in two

ways: (1) as an inhibitor of DNA polymerases and (2) by incorporation of
ara-CTP into the DNA, causing chain termination, resulting in a block of
DNA synthesis. DNA polymerase-α has a comparable affinity for ara-CTP
and dCTP (59). Ara-CTP can therefore act as a weak competitive inhibitor
of this enzyme (3,60). When present at high intracellular concentrations,
ara-CTP also inhibits DNA polymerase-β and consequently DNA repair
(61–64). Ara-CTP is also a substrate for DNA polymerase-α and is incor-
porated into replicating DNA strands, behaving as a relative chain termi-
nator (65). This incorporation disrupts further DNA elongation and ultimately
triggers apoptosis (66). Accumulation and retention of ara-CTP and its
incorporation into DNA have been shown by several authors to be the main
factors determining its cytotoxic effect (3,49,67–71).

3.2. Ara-CTP Accumulation and Retention
In vitro studies have clearly shown that an initially high accumulation

of ara-CTP, long retention, and high incorporation into DNA determine the
sensitivity of cells in culture. In addition, Rustum et al. (70,72) showed a
relationship between initially high accumulation of ara-CTP and long
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retention in leukemic lymphoblasts and the response rate and duration of
response. Plasma ara-C levels and ara-CTP formation are not related,
which implies that there is great variability in levels of activating enzymes.
In addition, ara-CTP formation was observed to continue after the end of
the infusion in several patients and declined thereafter with a t1/2 of 3–4
(73,74). The retention of ara-CTP appears to be a critical factor in the
response of patients to ara-C treatment. Preisler et al. observed a correla-
tion between ara-CTP retention and the duration of complete remission in
acute myelogenous leukemia (75).

One of the reasons for giving high-dose ara-C treatment is to enhance
ara-CTP formation. However, Plunkett et al. showed that ara-CTP forma-
tion in leukemic blasts during ara-C treatment is saturated at plasma levels
reached at a dose of 0.5–1 g/m2 (plasma concentrations >10 µM), which is
considerably lower than the 1–3 g/m2 of high-dose ara-C often given (76).

3.3. S Phase
Cells are maximally sensitive to ara-C during the S phase, in which

DNA synthesis is active. Ara-C can therefore generally be considered as an
S-phase-specific drug (77), and the cytotoxicity of ara-C will therefore
depend on cell cycle kinetics. Preisler et al. showed that the outcome of
high-dose ara-C treatment was highly dependent on the percentage of cells
in S phase before the start of treatment (78). Several strategies (e.g., drug
scheduling, pharmacological means, and the use of hematopoietic growth
factors) have been designed to recruit cells into S phase, making them
more susceptible to ara-C-mediated cytotoxicity (79).

3.4. Intracellular Signaling and Cell Death Pathways
Incorporation of ara-C into DNA causes localized alterations in the DNA

duplex and stabilizes covalent topoisomerase I-DNA complexes, convert-
ing the enzyme into a cellular poison (80). Ara-C-induced DNA damage
triggers a wide spectrum of intracellular signaling elements that may con-
tribute to ara-C-mediated cytotoxicity (5), including the lipid second mes-
sengers diglyceride (81) and ceramide (82), activation of protein kinase C
(PKC) (83), and the MAPK and SAPK cascades (84,85). However, the
molecules that detect and respond to the DNA damage caused by incorpo-
rated nucleoside analogs remain to be characterized fully.

It has been suggested that the DNA protein kinase and p53 may form a
sensor complex that detects the disruption in DNA replication caused by
incorporated nucleoside analogs and may subsequently signal for apoptosis
(86). Enforced expression of p53 rendered U937 cells more sensitive to
ara-C-induced apoptosis (87). Kanno et al. recently reported that leukemic
cell lines with a high expression level of p53 were more susceptible to 

126 Hubeek et al.



ara-C-mediated cytotoxicity compared to p53-null leukemic cell lines
(88). Exposure to ara-C also results in upregulation of various transregula-
tory factors (e.g., activator protein-1, NF-κB) and the induction of the
proto-oncogene c-jun in human myeloid leukemia cells (89,90).
Screenivasan et al. reported that ara-C was able to induce apoptosis in NF-
κB-expressing cells by dephosphorylating the p65 subunit of NF-κB (91).

Ara-C-induced inhibition of colony formation could be enhanced by a
combination of granulocyte-macrophage colony-stimulating factor and
interleukin 3, which was associated with an increase in the degree of apop-
tosis and correlated with the enhanced expression of the c-jun transcriptional
activator (92). This effect is mediated by an interaction of an activated c-jun
protein with its own promoter (93). In the National Cancer Institute’s in vitro
screening panel, an increased sensitivity to ara-C was observed in cells with
an activated ras oncogene compared to cells with wild-type ras alleles; in
cells with activated ras oncogenes, induction of apoptotic cell death was
efficient, and S-phase arrest was prevented (94,95).

Defects in distal cell death pathways may confer resistance to a broad
range of cytotoxic compounds. Ara-C-mediated JNK signaling can
directly regulate the intrinsic pathway for apoptosis by translocating to the
mitochondria and interacting with Bcl-XL or by promoting the release of
SMAC into the cytosol (80). An increased expression of the antiapoptotic
protein bcl-2 protects leukemic cells from ara-C-induced cell death
(96–99). Increased expression of bcl-2 in acute leukemia was associated
with a decrease in therapy-induced apoptosis, reduced patient survival, and
in vitro autonomous growth of leukemic cells (100–103). Inhibition of bcl-
2 with antisense oligonucleotides induced apoptosis and increased the sen-
sitivity of AML blasts to ara-C (104). In bcl-2-transfected cells, a
decreased sensitivity to ara-C and a lower percentage of apoptosis was
observed. Ara-C treatment did not change bcl-2 levels; the accumulation
of ara-CTP and its incorporation into DNA were not changed (100). This
indicates that high intracellular levels of bcl-2 operate distally to inhibit
the final apoptotic pathway.

Various kinases may be involved in this process; Chelliah et al.
observed an increase in ara-C-induced apoptosis by the PKC activator
bryostatin in human leukemia HL-60 cells (105). In contrast, dysregulation
of the cyclin-dependent kinase inhibitor p21 increased susceptibility of
U937 cells to ara-C-induced apoptosis associated with mitochondrial per-
turbations implicated in the activation of the apoptotic protease cascade,
such as caspase-3 activation (106). Members of the inhibitors of apoptosis
family, survivin and XIAP, did not affect the survival of primary cells in
response to ara-C (107). It is clear from these data that not only factors
involved in drug activation and degradation, but also several factors in the
apoptotic pathway determine sensitivity to ara-C.
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4. CLINICAL PHARMACOLOGY OF Ara-C

4.1. Pharmacokinetics
Measurement of ara-C is done either by a simple, rapid and specific

immunoassay (108) or by high-performance liquid chromatography, which
has the advantage of determining both ara-C and its deaminated product
ara-U (109). Ara-C is not administered orally because of high CDA levels
in the liver and the high first-pass elimination. Ara-C has been given intra-
venously over a wide range of doses (2,110,111). The standard or conven-
tional dose varies from 100 to 200 mg/m2 daily and is given by intermittent
injection or by continuous infusion over 5–10 d. The steady-state plasma
concentration generally is in the range of 0.1–0.5 µM, and the clearance is
about 134 L/m2 (112). Males have a significantly faster clearance than
females. Clearance was correlated with the pretreatment white blood cell
blast count (112).

In the “high-dose” protocols, the drug is administered at 1–3 g/m2,
resulting in peak concentrations in the range of 100 µM ara-C, which fall
rapidly with a t1/2,α of 7–20 min and a t1/2,β of 0.5–2 h. Ara-U is rapidly
formed from ara-C, and peak levels are found within 15 min after ara-C
administration and are about 100 µM. The half-life of ara-U is much longer
than that of ara-C, on the order of 0.5–6 h. The parent drug is rapidly dis-
tributed into total body water; levels in the cerebrospinal fluid reach about
50% of that in plasma. About 70% of the ara-C is excreted in the urine in
the form of ara-U. In children, the rate of conversion of ara-C to ara-U
increases with age (113) (see Chapter 14).

High-dose ara-C compared to standard doses appears to give compara-
ble or greater efficacy in remission induction in AML, but some individu-
als are resistant to conventional dosing and may obtain remission with
higher doses (2,114). Because high-dose ara-C treatment leads to high
drug levels in the cerebrospinal fluid, this regimen may provide an ade-
quate prophylaxis or treatment for central nervous system leukemia. The
rationale behind high-dose ara-C is that it can overcome impaired transport
and may enhance intracellular ara-CTP pools, and cells at the boundary of
G1-S may be more sensitive to high-dose ara-C.

Ara-C has also been given in very low doses (20 mg/m2/d) (115,116).
Very low steady-state plasma levels were observed, below the level 
(100 nM ara-C) assumed to be required for cytotoxicity. There is still the
question whether ara-C in these dosages may act as a differentiation-
inducing agent (117).

4.2. Toxicity
The main side effects (Table 2) of standard-dose ara-C consist of nau-

sea, vomiting, mucositis, hair loss, and pancytopenia. In varying degrees,
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the so-called ara-C syndrome is observed and consists of fever, myalgia,
joint and bone pain, chest pain, a maculopapular rash, and keratoconjunctivi-
tis, although the symptoms can also occur separately (6,114). Occasionally,
standard-dose ara-C causes “ara-C lung,” acute pancreatitis, and peritonitis.
An ara-C lung is characterized by (sub)acute respiratory failure accompanied
by diffuse changes on chest films, and the diagnosis is usually made when
other explanations (such as infection) can be excluded. With high-dose ara-
C, the incidence and severity of these toxicities increases, as, for instance,
clearly shown for the severity of skin problems, gastrointestinal toxicity, and
ocular signs (6). Dose-limiting toxicity of high-dose ara-C consists of central
nervous system dysfunction (especially cerebellar). Pericarditis and peri-
pheral neuropathies have also been reported with high-dose ara-C. The
pathogenesis of the pulmonary side effects is not clear, although some
evidence has been presented that the incidence and severity are more pro-
nounced with high-dose ara-C.

5. ANTILEUKEMIC ACTIVITY OF Ara-C

The introduction of ara-C in the late 1960s was the single most impor-
tant development in the therapy of AML. Ara-C is the most important drug
used in the treatment of AML and is given in induction, maintenance, and
consolidation treatment. In addition, ara-C is also used for the treatment of
other hematological malignancies, such as ALL and non-Hodgkin’s lym-
phoma (Table 3). In general, ara-C has low activity against solid tumors.
Intraperitoneal ara-C in combination with cisplatin has been used for the
treatment of ovarian carcinoma with a high surgically defined response in
patients with small-volume residual ovarian cancer (118,119).

Chapter 6 / Cytosine Arabinoside 129

Table 2
Main Adverse Effects Associated With Ara-C Treatment

Standard-dose ara-C High-dose ara-C 
(100–200 mg/m2) (1–3 g/m2)

Diarrhea Higher incidence of standard-dose
Mucositis toxicities
Myelosuppression Neurotoxicity (especially cerebellar
Nausea dysfunction)
Vomiting
“Ara-C syndrome” (fever, myalgia,

bone pain, chest pain,
maculopapular rash,
conjunctivitis, and malaise)
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Table 3
Treatment Regimens Containing Cytarabine Used in Other Malignancies

Disease Acronym Regimen Reference

Pediatric ALL
Induction Regimen Age 1 yr Age 2 yr Age ≥ 3yr

TIT (CNS Methotrexate 10 mg 12.5 mg 15 mg Lauer et al., 1993
prophylaxis) Cytarabine 20 mg 25 mg 30 mg

Hydrocortisone 10 mg 12.5 mg 15 mg
Administer intrathecally on d 1, 2, 3, 6, 11, 16, 21, 26, 31,

then every 12 wk
Consolidation/ 6-MP/CMP/ara-C Cyclophosfamide 1 mg/m2 iv, d 0 and d 14 Lauer et al., 1993

intensification Cytarabine 75 mg/m2/d sq or iv, d 1–4, 8–11, 15–18,
and 22–25

Mercaptopurine 60 mg/m2/d po for 28 d
Non-Hodgkin’s DHAP Dexamethasone 40 mg/d po or iv, d 1–4 Velasquez et al., 1988

lymphoma Cisplatin 100 mg/m2, iv CI, d 1
Cytarabine 2 g/m2 iv over 3 h every 12 h for two doses, d 2

ESHAP Etoposide 40 mg/m2/d iv, d 1–4 Velasquez et al.,1994
Methylprednisolone 500 mg/day iv, d 1–5
Cytarabine 2 g/m2 iv over 2–3 h, d 5
Cisplatin 25 mg/m2/day iv CI, d 1–4

CI, continuous infusion.



5.1. Standard Dose Ara-C
As a single agent (standard dose), ara-C induced complete remissions in

25% of patients (120). Initial randomized phase II studies with ara-C were
fashioned after laboratory studies regarding the treatment of L1210
leukemia in mice (121). The results of these trials were reported in 1974,
1981, 1987, and 1991 (Table 4). The Southwest Oncology Group compared
an administration schedule of 400 mg/m2/d ara-C for 2 d with the adminis-
tration of 200 mg/m2/d for 5 d and found a superior complete response (CR)
rate with the 5-d regimen (24% vs 38% with the 2- and 5-d regimens,
respectively) (122).

These observations were extended by the Cancer and Leukemia Group B,
who compared a 5-d vs a 7-d treatment regimen using 100 mg/m2/d ara-C.
The outcome of the 7-d regimen was reported to be superior (39% vs 55%
CR for 5- and 7-d treatments, respectively). Although results from this
study were confounded because of the administration of either two or three
doses of daunorubicin along with the 5- or 7-d ara-C treatment, respec-
tively, combined treatment appeared additive (123,124). Additional phase
II trials studied extension of the duration of exposure to 10 d, adding 
6-thioguanine to the regimen (125) or doubling the dose of ara-C to 200
mg/m2/d (126), but no additional therapeutic benefit was observed. Increased
doses of ara-C have been explored in induction.

Schiller et al. compared intermediate-dose ara-C (at 500 mg/m2 given
with daunorubicin at 60 mg/m2) with conventional-dose ara-C (200 mg/m2)
and observed similar results with respect to CR and DFS rates (127).

On the basis of these trials, the administration of a 7-d continuous infusion
of ara-C along with three daily doses of daunorubicin (the so-called 7 + 3
regimen) became standard practice. In general, 65% of patients will enter
CR with this regimen; approx 20% will have drug-resistant progressive
leukemia (128).

5.2. High-Dose Ara-C
The presence of drug refractoriness and relapsing leukemia together

with insights into the mechanisms of ara-C resistance led to the develop-
ment of high-dose ara-C treatment. Detailed pharmacokinetic studies with
human leukemic cells showed that at standard-dose ara-C conditions trans-
port is rate limiting; if transport is in excess, then the carrier will equili-
brate ara-C nucleoside concentrations on both sides of the membrane, and
the anabolic rate depends on the capacity for phosphorylation.

This prompted investigators to explore gram doses of ara-C in patients
refractory to daily doses of 100–200 mg/m2/d ara-C, given in combination
with other drugs (128). The first evidence demonstrating the superior
antileukemic activity of high-dose ara-C was presented in 1977, when
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investigators showed that a 15- to 30-fold increase in dose to 3 g/m2 had
additional efficacy despite the fact that the leukemia was refractory to stan-
dard dose ara-C. This trial explored one to four doses as high as 7.5 g/m2

(129) and stimulated a number of phase II trials.
Capizzi and Powell evaluated the efficacy of high-dose ara-C (3 g/m2

every 12 h for 6–12 doses) in 400 relapsed or refractory AML patients and
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Table 4
Development of Ara-C-Containing Treatment Regimens in AML

Southwest Oncology Group (122)
n = 67 n = 70

Ara-C CI 400 mg/m2 200 mg/m2

Duration 2 d 5 d
DNR None None
6-TG None None
CR % 24 38

Cancer and Leukemia Group B (123)
n = 75 n = 104

Ara-C CI 100 mg/m2 100 mg/m2

Duration 5 d 7 d
DNR 45 mg/m2 45 mg/m2

6-TG None None
CR % 39 55

Cancer and Leukemia Group B (125)
n = 211 n = 216 n = 241

Ara-C CI 100 mg/m2 100 mg/m2 100 mg/m2

Duration 7 d 7 d 10 d
DNR 30–45 mg/m2 30–45 mg/m2 30–45 mg/m2

6-TG None 100 mg/m2 None
CR % 53 57 57

Cancer and Leukemia Group B (126)
n = 160 n = 166

Ara-C CI 100 mg/m2 200 mg/m2

Duration 7 d 7 d
DNR 30–45 mg/m2 30–45 mg/m2

6-TG None None
CR % 57 63

CI, continuous infusion; DNR, daunorubicin; 6-TG, – thioguanine.



observed a 23–27% CR rate. The combination of high-dose ara-C with other
active drugs in the same disease setting resulted in a 42–62% CR rate (130).
The high response rate achieved with high-dose ara-C in patients with recurrent
or refractory leukemia would indicate that the initial therapy with standard-
dose ara-C in newly diagnosed patients utilized a suboptimal dose.

High-dose ara-C has also been used for remission induction in patients
with newly diagnosed AML. Two prospectively randomized trials that
accrued large numbers of patients compared high-dose ara-C with standard
induction while employing the same postremission therapy in both arms
(Table 5). Both trials failed to identify a higher CR rate with high-dose ara-C
compared with standard induction, but the high-dose regimen was associ-
ated with increased toxicity (131). High-dose ara-C has also been used to
intensify induction by adding a course of high-dose ara-C during the 3 d
following standard ara-C plus daunorubicin induction (132).

Both the ECOG and Southwest Oncology Group have completed phase
II studies exploring this strategy but observed no difference in the CR rate
among patients given the intensified induction compared to historical results
with standard induction (131). The German AML Cooperative Group ran-
domized newly diagnosed patients to either two courses of standard dose
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Table 5
Randomized Studies of High-Dose Ara-C vs Standard-Dose Ara-C 

in Induction in AML

Australia Leukemia Study Group (Bishop et al., 1996)
n = 149 n = 152 p value

Ara-C 3 g/m2 every 12 h 100 mg/m2 CI
on d 1, 3, 5, and 7 for 7 d

Daunorubicin 50 mg/m2 d 1–3 50 mg/m2 d 1–3
Etoposide 75 mg/m2 d 1–7 75 mg/m2 d 1–7
CR (%) 71 74 0.70
5-year DFS (%) 41 23 0.007
5-year OS (%) 31 25 0.44

The Southwest Oncology Group (Weick et al., 1996)
n = 172 n = 493

Ara-C 2 g/m2 every 12 h for 6 d 200 mg/m2 CI for 7 d
Daunorubicin 45 mg/m2 for 3 d 45 mg/m2 for 3 d
CR (%) 55 58 0.96
5-year DFS (%) 33 21 0.049
5-year OS (%) 32 22 0.41

CI, continuous infusion.



ara-C with daunorubicin and 6-thioguanine or one course of the same
chemotherapy followed by high-dose ara-C with mitoxantrone on d 21. There
was no difference in CR; however, a subgroup of high-risk patients had a
higher CR rate, a superior event-free survival rate at 5 yr, and a median OS at
5 yr with the high-dose ara-C and mitoxantrone arm (133).

Several groups have prospectively evaluated the role of intensive
postremission consolidation with high-dose ara-C. The CALGB conducted
a prospectively randomized clinical trial in which AML patients in CR
were randomly assigned to receive either a 5-d continuous infusion of 100
or 400 mg/m2/d or six 3-h infusions of high-dose ara-C (3 g/m2) adminis-
tered on d 1, 3, and 5 at a 12-h interval (128). High rates of central nerv-
ous system toxicity were observed in patients older than 60 yr randomly
assigned to the high-dose regimen, and randomization was subsequently
limited to patients 60 yr or younger. The disease-free survival at 4 yr was
significantly higher following treatment with high-dose ara-C in
patients under 60 yr of age. These results were supported by phase II trials
that utilized high-dose ara-C for postremission intensification and are con-
sistent with survival rates associated with the use of bone marrow trans-
plantation (124). In addition, this trial demonstrated a dose–response effect
for ara-C in patients undergoing postremission therapy. Although the high-
dose regimen used in this trial has become widely adopted, the number of
high-dose ara-C courses required for optimal postremission therapy
remains uncertain (131).

6. Ara-C COMBINATIONS

6.1. Modulation of Ara-C-Mediated Cytotoxicity
A number of different strategies have been developed to increase the

efficacy of ara-C. One approach has been biochemical modulation of ara-
C-mediated cytotoxicity, in which ara-C is combined with compounds that
enhance its metabolism or interfere with its catabolism. Reduction of dCTP
levels enhances ara-CTP formation through the allosteric activation of dCK
and reduced competition for incorporation of ara-CTP into the DNA (5).
Ara-C has therefore been combined with several inhibitors of the de novo
pyrimidine biosynthesis, which results in the depletion of intracellular
dCTP pools. Favorable interactions between ara-C and several of these
agents have been reported, such as thymidine (134,135), hydroxyurea
(136,137), 3-deazauridine (138), PALA (139,140), deoxyguanosine (141),
and imidazole pyrazole (142).

6.2. Ara-C in Combination With Purine Analogs
Several in vitro and ex vivo studies have confirmed the ability of purine

analogs to enhance the cytotoxicity of ara-C through stimulation of dCK
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(143,144). An interesting combination is that of F-ara-A and ara-C; both
compounds require activation catalyzed by dCK. The triphosphate of
F-ara-A is a potent inhibitor of ribonucleotide reductase, which results in
depletion of deoxynucleotide pools. In leukemic lymphocytes from
patients with chronic lymphocytic leukemia, the F-ara-A-induced increase
in ara-CTP was 1.5-fold (145), and it was and 1.8-fold in ALL blasts (146),
with no effect on plasma ara-C concentration, deamination, or elimination
of cellular ara-CTP. The maximum F-ara-ATP concentration is achieved
within 4 h of administration and correlates with potentiation of ara-CTP
formation; therefore, a protocol was derived using the sequential adminis-
tration of F-ara-A and ara-C after a 4-h interval (147).

Pharmacokinetic studies in a small group of patients with AML
revealed a median 1.8-fold increase in the ara-CTP AUC (146). Clinical
studies of this schedule (ara-C 1 g/m2 d 1–6 plus fludarabine 30 mg/m2

d 2–6) in patients newly diagnosed with AML found a CR rate of 36%.
These results were not significantly better than results previously
achieved with high- or intermediate-dose ara-C, although subgroup analy-
sis showed that the schedule was associated with significantly higher
remission rates in patients whose initial remission duration was longer
than 1 yr (148).

Another purine analog that has been combined with ara-C is 2-CdA. In
vitro and ex vivo pharmacologic studies have demonstrated a 50–65%
increase in the rate of ara-CTP accumulation in leukemic blasts after pre-
treatment with 2-CdA (143,149,150). A clinical study of the combination
(2-CdA 12 mg/m2/d × 5 d by CI and ara-C 1 g/m2/d over 2 h) in adult refrac-
tory/relapsed AML showed an increase in ara-CTP uptake in these heavily
treated patients, but the regimen did not appear to be an improvement over
existing modalities (150). Crews et al. reported that the combination of 
2-CdA and ara-C seemed to be effective therapy for newly diagnosed pediatric
AML. Intracellular accumulation of ara-CTP was increased when 2-CdA
was given with ara-C, but no schedule-dependent differences in this effect
were seen (151). This combination was evaluated in a phase II trial in pediatric
relapsed/refractory AML and was not effective (152).

6.3. Ara-C in Combination With Growth Factors
In addition to the potentiating effects of purine analogs, it has also

been demonstrated in vitro that growth factors can enhance the cytotox-
icity to ara-C (153–155). Lowenberg et al. evaluated the addition of
granulocyte colony-stimulating factor (G-CSF) to induction chemother-
apy (ara-C plus idarubicin for cycle 1 and ara-C plus amsacrine for
cycle 2, with or without G-CSF) in patients with newly diagnosed AML.
After a median follow-up of 55 mo, patients in CR after induction
chemotherapy with G-CSF had a higher rate of disease-free survival
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than patients who did not receive G-CSF, owing to a reduced probability
of relapse. Although G-CSF did not improve overall survival, patients
with standard-risk AML benefited from treatment with G-CSF (79).

6.4. FLAG
Further enhancement of the efficacy of the sequential administration of

fludarabine and ara-C in acute leukemias has been achieved by the addition
of G-CSF, resulting in the FLAG (fludarabine, high-dose cytarabine, and 
G-CSF) regimen. The prior administration of G-CSF results in increased
recruitment of cells into S phase, making them more susceptible to ara-C-
mediated cytotoxicity. G-CSF has also been shown to enhance the cytotoxi-
city of ara-C with increased [3H]-ara-C DNA incorporation and apoptosis
(156). Clinically, FLAG is now one of the most active regimens in AML
(144) and has been used successfully in the treatment of those with poor
prognosis and relapsed AML (Table 6). The efficacy of the FLAG regimen
in inducing remissions in heavily pretreated children relapsing with both
acute lymphoblastic and myeloid leukemias has been established with a CR
rate of 70% (157). The advantage of the FLAG regimen in these patients is
that, although it is intensive, it is also potentially less cardiotoxic because of
the avoidance of anthracyclines.

The precise role of G-CSF in the FLAG combination has not been fully
elucidated (158). Colony-stimulating factors (G-CSF and GM-CSF) have
been used for the management of neutropenia in cancer patients (159). But,
for this prophylactic effect, G-CSF is administered after chemotherapy,
which accelerates neutrophil recovery, resulting in a reduction in the num-
ber of documented infections (160,161). In the FLAG regimen, however,
G-CSF is given prior to chemotherapy to sensitize leukemic cells to the
action of cytotoxic compounds (priming). AML is a heterogeneous dis-
ease, and some subsets of AML patients (e.g., unfavorable cytogenetics)
might benefit from G-CSF priming (79,162–164). Besides the benefit of
G-CSF, it should be considered that addition of a growth factor may also
increase tumor load in some cases (e.g., patients with a high white blood
cell count).

Unfortunately, there are no randomized studies comparing FLAG with
fludarabine and ara-C (FLA). Estey et al. reported similar survival rates,
when comparing a cohort of those newly diagnosed with AML and
myelodysplastic syndrome (MDS) patients treated with either FLA or FLAG
(165). In a prospective randomized study, Ossenkoppele et al. evaluated
FLAG in comparison with G-CSF/ara-C in high-risk MDS and elderly indi-
viduals with AML (166). Although ara-CTP accumulation was enhanced after
FLAG in leukemic blasts, clinical outcome was not significantly improved.
In vitro studies have also shown that the addition of G-CSF did not result in
increased cytotoxicity of FLA (167).
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The Medical Research Council is conducting a high-risk AML study
that randomizes patients to therapy with ADE (ara-C, daunorubicin, and
etoposide) with/without G-CSF with/without ATRA or FLA (fludarabine
and ara-C) with/without G-CSF with/without ATRA. This trial will provide
the first direct comparison of FLAG against other conventional combination
chemotherapy regimens (143).
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Table 6
Efficacy of the FLAG Regimen in Adult Acute Myeloid Leukemia/MDS

CR rate
Reference Schedule Patients n (%)

Estey et al. Fludarabine Newly diagnosed 69 65
(1994) 30 mg/m2 d 1–5 AML

Ara-C 2 g/m2 d 1–5 MDS 43 60
G-CSF

400 g/m2 d 0–CR
Visani et al. Fludarabine Refractory AML 8 75

(1994) 30 mg/m2 d 1–5
Ara-C 2 g/m2 d 1–5 Relapsed AML 10 10
G-CSF Secondary AML 10 80

5 mg/kg d 0–CR
Nokes et al. Fludarabine Newly diagnosed 1

(1997) 30 mg/m2 d 1–5 AML
Ara-C (variable doses) Refractory AML 4 50
G-CSF Relapsed AML 19 67

400 g/m2 d 1–CR
MDS (RAEB-t) 8 75

Huhnman et al. Fludarabine Refractory AML 8 50
(1996) 25 mg/m2 d 1–5

Ara-C 2 g/m2 d 1–5 Relapsed AML 14
G-CSF

400 g/m2 d 1–CR
Montillo et al. Fludarabine Refractory AML 16 44

(1998) 30 mg/m2 d 1–5
Ara-C 2 g/m2 d 1–5 Relapsed AML 22 64
G-CSF 5 g/kg d 0–CR

Jackson et al. Fludarabine Refractory AMLa 45 30
(2001) 30 mg/m2 d 1–5

Ara-C 2 g/m2 d 1–5 Relapsed AML 21 81
G-CSF 30 MU d 0–6 MDS (RAEB-t) 23 56

aIncludes early relapses of AML (<6 mo).



6.5. Other Approaches to Modulate Ara-C-Induced
Cytotoxicity

Another approach to enhance the cytotoxicity of ara-C has been to com-
bine ara-C with agents that interfere with its degradation. Tetrahydrouridine
effectively inhibits CDA and has been shown to potentiate ara-C in vivo
(168,169). Galmarini et al. showed that high expression levels of high Km
5′-NT in leukemic blasts at diagnosis correlated with adverse outcome in
AML patients treated with ara-C (13,14,57). Combinations of ara-C with an
appropriate 5′-NT inhibitor might therefore also potentiate ara-C-induced
cytotoxicity.

dCTP inhibits the phosphorylation of ara-C and the incorporation of
ara-CTP into DNA. dCTP can be synthesized indirectly from CTP by CTP
synthetase. Cyclopentenyl cytosine is a nucleoside analog that inhibits CTP
synthetase, inducing a depletion of CTP and dCTP (170,171). Cyclopentenyl
cytosine has increased the phosphorylation and incorporation into DNA of
ara-C, as well as enhanced ara-C-mediated apoptosis in acute leukemic cell
lines and neuroblastoma cells (172–175).

Ara-CTP has to be incorporated into the DNA to induce cytotoxicity.
Inhibitors of DNA repair may sensitize cancer cells to DNA-damaging
agents (176). Aphidicolin inhibits DNA polymerases-α, -δ, and -ε (177).
Aphidicolin has been shown to potentiate ara-C-induced apoptosis in
human myeloid leukemia cell lines (178).

Sargent et al. demonstrated that aphidicolin can decrease resistance to
ara-C in vitro in blasts from adult and childhood AML (177,179). In the
blasts of a small group of AML patients, aphidicolin significantly increased
the in vitro sensitivity to ara-C, especially in resistant patients, suggesting
that aphidicolin targeted the population most requiring rescue and implicated
increased DNA repair as a major resistance mechanism to ara-C.

A recent approach has been to combine ara-C with agents that act
through cell signal transduction pathways. These agents do not influence
the metabolism of ara-C directly but may increase the susceptibility of
cells to activation of the apoptotic cascade by drug-mediated cytotoxicity
(5). Inhibitors of PKC are potent inducers of apoptosis in human leukemic
cells (180,181). The macrocyclic lactone bryostatin 1 alters the threshold
for cytotoxic drug-induced apoptosis by downregulation of PKC activity.
Preincubation of human leukemic blasts with bryostatin 1 facilitated ara-
C-induced apoptosis and resulted in a synergistic antileukemic effect
(182). A phase I trial of bryostatin 1 (24-h continuous infusion, d 1 and 11)
and high-dose ara-C (1.5 g/m2, every 12 h × 4 on d 2, 3, 9, and 10) showed
activity in refractory acute leukemia (183). Direct inhibition of PKC by
staurosporine and its derivative 7-hydroxystaurosporine has also been
shown to augment ara-C-mediated cytotoxicity (184) and circumvented
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resistance to ara-C-induced apoptosis in human leukemic cells that over-
express bcl-2 (185,186). These agents may be able to overcome drug
resistance that arises from distal defects in the apoptosis pathway.

7. Ara-C PRODRUGS

Several characteristics of ara-C, such as metabolic deamination, low
affinity for dCK, and rapid elimination of ara-CTP, limit its cytotoxic activity
(111). To overcome these problems, several chemical modifications of ara-C
have been synthesized. Ara-C has been encapsulated into multivesicular
liposomes (187–189), and several conjugates have been designed (190). 
Ara-C prodrugs containing lipophilic side chains in the base or in the sugar
moiety have been designed with the aim to increase cellular uptake of ara-C
and delay its deamination and clearance (191–193). Such molecules can enter
cells by a transporter-independent mechanism and possibly increase the
intracellular half-life of ara-C (193,194).

These prodrugs have activity against solid tumor models, in contrast to
ara-C itself. This is possibly to a better penetration and subsequent reten-
tion of these drugs. One of these prodrugs, CP-4055, is undergoing phase
I clinical evaluation in which 6 of 17 pretreated patients with solid tumors
showed stable disease (195). The pronucleotide analog UA911, a precur-
sor of 5′-ara-CMP, was capable of overcoming dCK-mediated ara-C resist-
ance in human follicular lymphoma RL-G cells (196).

The application of an ara-C prodrug may enable the administration of
these drugs as an oral formulation; the nature of several of these com-
pounds will result in longer retention of ara-C in body fluids. These prop-
erties might make these analogs suitable for treatment of solid tumors, but
the compounds still require further clinical investigation.

8. CONCLUSIONS AND FUTURE PERSPECTIVES

Ara-C remains the most important drug in the treatment of AML. The
aim is therefore to optimize the efficacy of this compound and develop
more potent ara-C-derived compounds that are less sensitive to resistance
mechanisms. Greater understanding of the metabolism and mechanisms
of action of ara-C have already created opportunities for improving its
antitumor effect and will continue to do so in the future. Understanding
the factors that contribute to the emergence of resistance is essential to
improve patient outcome.

Over the past decades, much has been learned about the mechanisms
responsible for ara-C-induced cytotoxicity as well as about the factors that
determine the response of cells to this drug. It has become clear that the
response of cells to ara-C depends on drug-specific mechanisms (e.g.,
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transport, phosphorylation and dephosphorylation, and deamination), as
well as less-specific downstream pathways (DNA repair mechanisms and
cell death pathways).

Identifying the cellular mechanisms of resistance also provides clues to
circumvent this resistance. Metabolic modulation of the cytotoxicity of
ara-C has been approached with the aim of reducing intracellular pools of
nucleotides. Inhibition of ribonucleotide reductase by fludarabine fol-
lowed by treatment with ara-C, for instance, has achieved responses in
AML patients, although no clear additional benefit. Deoxynucleoside ana-
log combinations have proven successful in the clinic. Combining ara-C
with novel deoxynucleoside analogs (e.g., clofarabine) could further
increase its cytotoxicity. Ara-C combined with agents modulating apop-
totic responses or novel “targeted” therapies is expected to provide addi-
tional benefit. A multifactorial approach to ara-C resistance should allow
progress in the treatment of resistant disease.
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SUMMARY

Clofarabine is a new dAdo analog that shows effectiveness in both adult
and pediatric ALL and AML. The pharmacokinetic and pharmacodynamic
profile of the drug in acute leukemias is favorable relative to fludarabine or
cladribine and may have prognostic value for its clinical activity. The tox-
icity profile of this agent is different from other nucleoside analogs in that
it clearly has clinical activity when used as a single agent against adult
acute leukemias at tolerable doses. Further, therapeutic strategies combin-
ing clofarabine with DNA-damaging agents are likely to allow mechanism-
based rationales to be evaluated with minimal likelihood of untoward
toxicity. Exploration of additional schedules and combinations along with
availability of an oral formulation strongly indicate promising possibilities
with this agent.



Key Words: Acute leukemias; cellular pharmacology; cladribine; 
clofarabine; DNA polymerase; DNA repair; fludarabine.

1. INTRODUCTION TO THE STRUCTURE

As a class of therapeutic agents, nucleoside analogs are more prevalent
in the clinical treatment of cancer and viral diseases than other mechanisti-
cally similar groups of compounds. Among the medley of these antimetabo-
lites, congeners of deoxycytidine (dCyd) or deoxyadenosine (dAdo) are the
most effective agents in the clinic. Minor variations in the sugar moiety of
the structures have resulted in dCyd analogs with a wide spectrum of clin-
ical applications. Cytarabine (ara-C), distinguished by an arabinose sugar,
is the most active drug in acute myeloid leukemia (AML) (1). The success
of ara-C generated enthusiasm for the development of dCyd analogs such
as gemcitabine, troxacitabine, and decitabine (2–4). Although these analogs
showed some efficacy in acute leukemias, none was as effective as ara-C,
and most needed to be used in combinations (5–7).

Purine nucleoside analogs used in acute leukemias include cladribine and
fludarabine. Each is derivatized with a halogen at the 2-position of the ade-
nine to prevent deamination and hence deactivation of the compound (Fig. 1).
Cladribine has been efficacious for pediatric acute leukemias (8–10) but has
only marginal activity in adult disease (11). Fludarabine is ineffective at the
tolerable doses but has been used effectively in combinations with ara-C in
both pediatric and adult acute leukemias (12,13).

Nonetheless, each has shown different degrees of activity against indo-
lent lymphoproliferative disorders. Cladribine, which has the natural
deoxyribosyl sugar, is the drug of choice for hairy cell leukemia (14) and
has proven activity in Waldenstrom’s macroglobulinemia (15).
Fludarabine, an arabinosyl nucleoside, is widely used in combinations for
chronic lymphocytic leukemia (CLL) (16) and for indolent lymphomas
(17). Activity in these diseases may be attributed not only to the nature of
their biologies, but also to the various modifications of the carbohydrate
moieties of these nucleosides, which undoubtedly affects their meta-
bolism and pharmacodynamics.

Although both these dAdo analogs are resistant to deamination, they are
susceptible to phosphorolysis and are labile in an acidic environment.
These shortcomings were addressed by the conceptualization of a new
purine nucleoside analog, clofarabine (18). Clofarabine (2-chloro-2′-fluoro-
deoxy-9-β-D-arabinofuranosyladenine) was synthesized as a rational
extension of the dAdo analog experiences (Fig. 1). This hybrid drug retains
the 2-chloroadenine aglycone of cladribine. Reminiscent of fludarabine,
clofarabine is further derivatized with a fluorine molecule in the arabino
configuration at the critical 2′-position of the carbohydrate (18). The last
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substitution stabilizes the glycosidic bond, rendering this nucleoside ana-
log highly resistant to bacterial purine nucleoside phosphorylase and to
acid hydrolysis (18–21).

Structure–activity relationship investigations demonstrated that clofara-
bine incorporates the most favorable antimetabolic properties of fludara-
bine and cladribine (Fig. 2). Similar to these purine congeners, clofarabine
requires intracellular phosphorylation by deoxycytidine kinase to be metab-
olized to the triphosphate form necessary for its cytotoxic effect (22). The
triphosphate of fludarabine (F-ara-A triphosphate) primarily inhibits
deoxyribonucleic acid (DNA) polymerization after incorporation into
DNA; cladribine triphosphate is particularly inhibitory to ribonucleotide
reductase. Clofarabine triphosphate has the mechanistically favorable prop-
erties of both agents regarding DNA chain termination (23–25) and inhibi-
tion of ribonucleotide reductase (19,25).
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Fig. 1. Structure of dAdo analogs including clofarabine.

Fig. 2. Metabolism of clofarabine to its triphosphate and actions of analog triphos-
phate that are DNA-directed and non-DNA-directed.



2. CATABOLISM

Structure–activity studies comparing the 2′, 2′-difluoro-, and 2′-deoxy-
2′-ribo- derivatives with clofarabine demonstrated that the placement of the
fluorine in the arabinosyl configuration was essential for the DNA-directed
activity of the compound (22). Furthermore, substitution of a fluorine at the
C-2′ position, while retaining the arabino configuration, decreased the sus-
ceptibility of clofarabine to phosphorolytic cleavage by bacterial purine
nucleoside phosphorylase to roughly one-third that of cladribine and of 
F-ara-A, the nucleoside of fludarabine (18) (Table 1). The 2′-arabino-fluoro
substitution also resulted in an increased acid stability of clofarabine relative
to dAdo and cladribine (18).

Comparison of the metabolism of clofarabine and cladribine in isolated
perfused rat livers demonstrated that 2-chloroadenine was liberated from
each nucleoside (26) to a similar extent (50%). The fact that the total recov-
ery of clofarabine from the perfusate was incomplete compared to cladri-
bine remains unexplained, and the enzyme responsible for this first-pass
metabolism has not been identified. Nevertheless, the stability of clofara-
bine to low pH and its relative resistance to phosphorolysis by Escherichia
coli purine nucleoside phosphorylase, in contrast to fludarabine (27), are
attributes that have stimulated investigations for the development of clo-
farabine as an orally administered drug.

3. ANABOLISM

Early studies indicated that clofarabine was phosphorylated to the
monophosphate by deoxycytidine kinase (19). In addition, deoxyguano-
sine kinase is able to phosphorylate clofarabine and cladribine, although
the activity of the enzyme in cells is only a fraction of that of deoxycyti-
dine kinase (28). However, the finding that cells that lack deoxycytidine
kinase are resistant to clofarabine (19,20) emphasizes its relative impor-
tance to cytotoxicity.

Two studies using purified deoxycytidine kinase have detailed the
kinetic characteristics of this reaction (22,29). The biochemically purified
enzyme from human Molt-4 lymphoblasts exhibited an efficiency
(Vmax/Km) at phosphorylating clofarabine that was 87% of that of dCyd as
the substrate (22). By comparison, phosphorylation of cladribine and flu-
darabine was 23% and 3.4% as efficient, respectively. Somewhat in con-
trast, phosphorylation of clofarabine and cladribine by the recombinant
human enzyme was 7.6-fold and 2.3-fold more efficient, respectively, than
was that of dCyd (29). The reasons for the differences in these values are
not obvious but may be caused by the methods used to prepare the enzymes
(Table 1; Fig. 2).
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Using radiolabeled clofarabine, the metabolism and inhibitory actions of
this compound were examined in human CEM lymphoblastoid cells (24).
These studies demonstrated that the major metabolite was clofarabine
monophosphate, although the triphosphate accumulated to significant con-
centrations. This investigation was extended in primary CLL cells in vitro
(30). As similar characteristics were observed for cladribine, it appears that
nucleosides bearing a 2-chloroadenine nucleobase are relatively poor sub-
strates for the monophosphate kinase responsible for their phosphorylation
to the respective diphosphates (Table 1). Clofarabine triphosphate was
eliminated slowly after washing CEM cells free of exogenous nucleoside
(24,25). The observations noted during studies with cell lines were also
apparent when these investigations were done using primary leukemia cells
(30,31). The differences in pharmacology of fludarabine, cladribine, and
clofarabine triphosphate accumulation in primary leukemia cells suggest
that this may be a basis for the spectrum of clinical activities generated with
these agents.

4. MECHANISMS OF ACTION

DNA-directed and also non-DNA-directed actions have been reported
for clofarabine-mediated cytotoxic effects (Fig. 2). Incorporation of clo-
farabine monophosphate into DNA was strongly correlated with its cyto-
toxicity in CEM cells (24), as had previously been demonstrated for
fludarabine (32), and suggests DNA-directed actions as the primary mech-
anisms. Clofarabine triphosphate accumulation in K562 cells (19) was
associated with specific inhibition of DNA synthesis; uptake of radioactive
precursors into ribonucleic acid (RNA) and protein was not affected.
Although clofarabine was most inhibitory to DNA synthesis in whole cells
(19,24,25), a small but reproducible amount of the analog was incorpo-
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Table 1
Comparison of Metabolism of dAdo Analogs

Fludarabine Cladribine Clofarabine

Glycosidic bond cleavage Stable Labile Stable
(pH < 3.0)

Enzymatic phosphorolysis 1 1 0.3
(relative rate)

dCyd kinase (Km, µM) 1600 5 14
Major metabolites TP MP + TP MP + TP
Triphosphate t1/2 >24 13 >24

(h, in CLL cells)

TP, 5′-triphosphate; MP, 5′-monophosphate.



rated into RNA (24), although less than for F-ara-A triphosphate (33). The
last studies demonstrated a strong correlation between incorporation of the
analog into DNA, the clonogenic viability of CEM cells, and cells in S
phase.

The inhibition of DNA synthesis by clofarabine in K562 cells was associ-
ated with a decrease in the concentrations of cellular deoxynucleotides (22),
a finding that was later confirmed in CEM cells (25). Cell-free assays demon-
strated that clofarabine triphosphate was a potent inhibitor of ribonucleotide
reduction (19,23). This was explained by the demonstration that the triphos-
phate of clofarabine inhibited ribonucleotide reductase. In this respect, clo-
farabine triphosphate was as inhibitory as cladribine triphosphate, but 10
times more potent than F-ara-A triphosphate (Table 2). In addition to the
potential direct effect of reduced concentrations of deoxyribonucleotide
triphosphates (dNTPs) on DNAsynthesis, these analog triphosphates compete
with deoxyadenosine 5′-triphosphate (dATP) for incorporation into DNA. An
action such as reductase inhibition that decreases the cellular concentration of
the normal nucleotide may enhance the incorporation of the analog triphos-
phate, an interaction known as self-potentiation (34).

Primer extension assays demonstrated that clofarabine triphosphate is a
potent inhibitor of DNA polymerases-α and -ε, each of which is involved
in nuclear DNA replication (19,25). However, the activity of DNA poly-
merase-β, which fills small gaps during base excision repair, and the mito-
chondrial DNA polymerase-γ are much less sensitive to clofarabine
triphosphate (19). As the triphosphates of fludarabine and cladribine also
have different activities against these polymerases (19), this may be a fac-
tor that influences the differences in clinical responses to these structurally
similar nucleosides (Table 2).

The observation that the cytochrome c-induced apoptosis cascade
requires binding of dATP in the apoptosome complex (35) motivated stud-
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Table 2
Comparison of Actions of dAdo Analogs

Fludarabine Cladribine Clofarabine

Ribonucleotide reductase
(IC50, µM) 650 65 65

DNA polymerase alpha (dATP)
Km incorp, µM (3.7) 7.4 2.8 1.9
Km extend, µM (0.3) 36 1.4 27

Apoptosome (ATP = 1) 39 8 26
RNA incorporation

(% of DNA incorporation) 20 none 1



ies to determine if triphosphate analogs of dAdo could substitute for dATP.
Stimulation of caspase activation by cladribine triphosphate suggested that
analog triphosphates could effectively substitute for normal nucleotides in
apoptosome functions (36). This was true for several nucleoside analogs,
including clofarabine triphosphate (37), which was equally active as dATP
(Table 2). Although this appears to be a DNA-independent effect of clo-
farabine, the trigger to release cytochrome c from mitochondria in whole
cells probably occurs after actions of the analog on genomic DNA, further
indicating the importance of DNA-directed actions of the agent. At higher
concentrations of clofarabine, however, disruption of mitochondrial mem-
brane integrity and loss of mitochondrial functions suggest a direct action
on mitochondria (38) (Fig. 2). This needs to be evaluated in clinical sam-
ples to establish this action, especially in nondividing leukemic lympho-
cytes. Similarly, other non-DNA-directed actions (39) require testing in
primary leukemia cells in vitro and during therapy with clofarabine.

5. PRECLINICAL ACTIVITY

Preclinical biological experiments showed that clofarabine is a potent
cytotoxic to human cell lines such as CEM, K562, HEp2, and murine
leukemia L1210 (20,40). Clofarabine exhibited in vivo antitumor activity
against three murine tumors (P388 leukemia, colon 36, and mammary 16/c)
and was curative against both early- and advanced-stage colon 36 (40). Other
investigations demonstrated impressive activity against a variety of human
tumor xenografts from colon, lung, breast, and stomach (41). Its activity in
experimental therapeutic investigations was largely independent of route of
administration and was favored by a prolonged treatment schedule.

The oral bioavailability of clofarabine in rats was 50%, further suggest-
ing the feasibility of oral regimens (42). In evaluating the therapeutic effi-
cacy of this route of administration, mice that were given oral doses of either
clofarabine or cladribine achieved 10-fold greater concentrations of clofara-
bine in the plasma than those of cladribine (20). This was associated with a
significantly greater efficacy of clofarabine against xenografts of human
chronic lymphoid leukemia cells in severe combined immunodeficient mice
(20). The therapeutic activity of an aqueous solution of clofarabine was effi-
cacious on several schedules in mice bearing a variety of human colon
xenografts (41). Thus, there is adequate evidence to support the development
of an oral formulation of clofarabine, especially now that the clinical activ-
ity of the intravenous administration has been established for the drug.

6. CLINICAL INVESTIGATIONS

Based on its favorable metabolic properties and actions, investigators at
M. D. Anderson Cancer Center in Houston, Texas, decided to move the drug
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in the clinic. Hence, Investigational New Drug (IND)-directed toxicology and
pharmacological investigations were conducted in animal model systems.
This has been formulated for clinical trials. Phase I studies have been com-
pleted in patients with refractory solid tumors and hematologic malignancies
(43); some phase II investigations have been completed, and evaluations have
moved to combination clinical trials.

6.1. Clinical Trials in Adults
6.1.1. PHASE I STUDIES

Based on animal toxicology data, a starting dose of clofarabine of 
15 mg/m2/d as a 1-h intravenous infusion daily for 5 d was chosen for the
phase I study for patients with advanced solid tumors and hematologic mali-
gnancies (43). Grade 3 and 4 myelosuppression in patients with solid tumors
forced dose reductions to 7.5 mg/m2, 4 mg/m2, and finally 2 mg/m2/d. The
trial eventually established a dose of 2 mg/m2 intravenously daily for 5 d as
the maximum tolerated dose (MTD) in solid tumors and a dose of 4 mg/m2/d
using the same schedule in CLL. The dose-limiting toxicities (DLTs) were
defined as myelosuppression and thrombocytopenia, respectively.

In patients with acute leukemias, the dose of 15 mg/m2/d was escalated
stepwise to 52 mg/m2/d for 5 d. The MTD was established as 40 mg/m2/d
for 5 d, 10- to 20-fold greater than that tolerated by patients with indolent
leukemias or solid tumors, respectively. The DLT was hepatotoxicity,
which is different from other clinically effective anticancer nucleoside
analogs (44). Whereas no significant responses occurred in patients with
solid tumors, antitumor activity has been noted in patients with acute
leukemias and lymphoproliferative disorders. In short, of 32 patients with
acute leukemias, 5 showed response (16%), including complete remissions
(CRs) in 2 patients.

6.1.1.1. Pharmacokinetics and Pharmacodynamics
Investigations of the plasma pharmacology of clofarabine, of the phar-

macokinetics of its triphosphate in leukemia cells, and of the pharmacody-
namic actions in circulating blasts obtained from patients with acute
leukemia were conducted during this phase I trial to understand the actions
of the drug and to develop a rationale for use of clofarabine in subsequent
phase II investigations (45). Adults with refractory acute leukemias,
including lymphoblastic (acute lymphocytic leukemia, ALL), AML, and
chronic myelogenous leukemia in blastic phase (CML-BP) received clo-
farabine from 4 to 55 mg/m2/d for 5 d as a 1-h intravenous infusion.
Plasma pharmacology studies done in 25 of the 32 patients indicated a lin-
ear increase in the plasma clofarabine concentration with increasing doses.
At 40 mg/m2, the MTD, the median plasma clofarabine level was 1.5 µM
(range 0.42–3.2 µM; n = 7). Cellular pharmacokinetic studies done at the
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end of the first clofarabine infusion in 26 patients appeared dose propor-
tional but showed a wide variation in the concentrations of clofarabine
triphosphate. At the MTD, the clofarabine triphosphate concentration was
a median 19 µM (range 3–52 µM). In the majority of cases, more than 50%
of the analog triphosphate was present 24 h after the end of the infusion.

The mechanistic investigations with clofarabine have demonstrated that
this dAdo analog has dual actions on inhibition of DNA synthesis: first, by
direct incorporation into DNA followed by inhibition of further DNA chain
elongation by DNA polymerases and second by inhibiting ribonucleotide
reductase, the enzyme responsible for the supply of dNTPs needed for
replicative DNA synthesis (19,24,25). The ratio of the concentrations of
clofarabine triphosphate to dATP in cells would be a primary determinant
for analog incorporation into DNA. Data from acute leukemia blasts from
9 patients studied during the phase I investigation suggested that the intra-
cellular concentration of dATP was relatively low prior to treatment
(median 1.8 µM). Furthermore, after clofarabine infusion, this concentra-
tion declined further in the blasts of 3 patients; in 2 patients, it remained
unchanged. Hence, it would be predicted that the clofarabine triphosphate
concentrations achieved in the leukemia blasts after the first infusion of clo-
farabine (median 19 µM at the MTD) should provide a ratio of clofarabine
triphosphate concentration to that of the normal dNTP that favors the incor-
poration of the analog into DNA, resulting in inhibition of DNA synthesis.

The dose-dependent pharmacodynamic actions of clofarabine triphos-
phate were evident regarding the duration of DNA synthesis inhibition in
blasts following a single clofarabine infusion. Although doses between
22.5 and 55 mg/m2 reduced DNA synthesis by 75–95%, this nearly recov-
ered to pretreatment levels in blasts from patients who received 22.5 and
30 mg/m2 of clofarabine (Fig. 3). In contrast, DNA synthesis remained
suppressed at 24 h in the blasts of patients treated with 40 and 55 mg/m2.
The extent and duration of inhibition of DNA synthesis is strongly associ-
ated with clofarabine killing of cells in culture (24,25). As with other
nucleoside analogs (46,47), it is likely that timing of recovery of DNA syn-
thesis is related to the cellular concentration of triphosphate accumulated
and its rate of elimination. Because inhibition of DNA synthesis and its
effect on leukemia cells are related to clinical response to other nucleoside
analogs (46), it will be important to develop a thorough understanding of
this relationship to facilitate the design of optimal schedules and combina-
tions with clofarabine.

6.1.2. PHASE II STUDIES

6.1.2.1. Acute Leukemias
The objective activity in acute leukemias during phase I studies and

favorable pharmacokinetics and pharmacodynamics at the MTD in these
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patients provided compelling rationales for phase II trials in patients with
relapsed acute leukemias and myelodysplastic syndromes (MDSs). Phase II
trials in relapsed and refractory acute leukemias were conducted to deter-
mine efficacy of clofarabine at a MTD of 40 mg/m2/d for 5 d and to seek
correlations between clofarabine triphosphate cellular pharmacokinetics
with clinical response (48). Sixty-two patients with AML, MDS, CML-BP,
and ALL were treated with clofarabine 40 mg/m2 iv over 1 h daily for 5 d
every 3–6 wk. Overall, 20 patients (32%) achieved CR, 1 had a partial
response, and 9 (15%) had CR but without platelet recovery for an overall
response rate of 48%. Overall responses based on diagnosis suggested a
preferential response in myeloid disease; however, the number of patients
with ALL was small (Table 3).

6.1.2.1.1. Pharmacokinetics. Plasma pharmacokinetic analyses of clo-
farabine were done in 29 patients at the end of infusion and up to 24 h. There
was heterogeneity for accumulation of plasma clofarabine; the median value
at the end of infusion was 1.0 µM (range 0.26–1.94 µM), which was similar
to that observed during phase I study. To determine the variability in elimina-
tion kinetics of the drug from plasma, clofarabine levels were quantified at
different time-points after infusion. Clofarabine appeared to be eliminated in
a biphasic manner, with more rapid elimination during the first 6 h followed
by a slower phase through 24 h. There were insufficient data points for cal-
culation of elimination half-lives. Nonetheless, there was a measurable clo-
farabine concentration at 24 h. Among the 26 patients, the median
concentration of plasma clofarabine at 24 h was 0.038 µM (range
0.013–0.11). When applied to leukemia cell lines in vitro, such concentrations
caused greater than 50% loss of clonogenicity (24).

Cellular clofarabine triphosphate concentration investigations in circu-
lating leukemia blasts of these 29 patients suggested peak concentration of
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Fig. 3. Inhibition of clofarabine mediated DNA synthesis in leukemia cells during
therapy. Inhibition of DNA synthesis was measured either at the end of 1 h infu-
sion (•) or 24 h after infusion (▲). (From ref. 45 with permission.)



20 µM of clofarabine triphosphate. At 24 h, more than 50% of the peak
triphosphate concentration was retained, suggesting a long half-life (>24 h)
of the triphosphate. Purine nucleoside analogs in general have a prolonged
retention of analog triphosphates. For example, the elimination half-lives of
nelarabine triphosphate, fludarabine triphosphate, and cladribine triphos-
phate were >24, >24, and 10 h, respectively (49–51). This positive feature
may in part be associated with the favorable response in indolent leukemias.
By comparison, the peak levels of fludarabine triphosphate in circulating
leukemia blasts of patients with relapsed acute leukemias at the MTD of
fludarabine were a median 40 µM (52). However, the elimination half-life
of fludarabine triphosphate was much faster (t1/2 = 7 h) (53).

With these kinetic profiles, the pharmacodynamic actions likely will be
greatly diminished prior to the subsequent fludarabine dose. For cladribine
triphosphate, the information in acute leukemia was very limited.
Nonetheless, the accumulation of triphosphate in blasts either after continu-
ous infusion or bolus administration was less than 5 µM (10,54). Thus, the
accumulation and retention of clofarabine triphosphate in acute leukemia
blasts at the MTD appears somewhat different and has a more favorable pro-
file than does that of either fludarabine or cladribine.

In seeking associations between cellular pharmacokinetics and the clin-
ical response, it was observed that after the first clofarabine infusion
responders accumulated a greater clofarabine triphosphate concentration in
blasts (median 18 µM) compared to nonresponders (median 10 µM; p = 0.03).
In contrast to other dAdo analogs, both in responders and nonresponders,
the triphosphate of clofarabine was maintained well, and at 24 h 50% of the
peak triphosphate concentration was detected (Table 4). Because the start-
ing level of triphosphate was higher in responders, at 24 h higher levels of
triphosphate were retained in responders (n = 15) than in nonresponders
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Table 3
Clinical Responses During Phase II Trial in Adult Acute Leukemias (n = 62)

Responders (n)

Diagnosis Total (n) CR CRp PR OR (%)

AML 31 13 4 — 17 (55)
CML-BP 11 4 2 1 7 (57)
MDS 8 2 2 — 4 (50)
ALL 12 1 1 — 2 (17)
Total 62 20 9 1 30 (48%)

CR, complete remission; CRp, complete remission without platelet recovery;
PR, partial remission; OR, overall response. (From ref. 45 with permission.)



(n = 10). Furthermore, there was a trend for an increase in the end of infu-
sion value from d 1 to d 2 in responders compared with nonresponders.
Overall, the median concentration of clofarabine triphosphate at the end of
second infusion was 30 µM (n = 15) for patients who responded to therapy
and 9 µM (n = 10) for those who failed the treatment (p = 0.015). Finally,
when compared for the increase in clofarabine triphosphate value after a
subsequent dose, responders had a median 1.8-fold increase compared to
nonresponders who did not increase the concentration of clofarabine
triphosphate from d 1 to d 2 (p = 0.008). Taken together, these data sug-
gested an overall greater accumulation, longer duration of analog triphos-
phate retention, and incremental increase in clofarabine triphosphate
during the 5-d therapy in patients who benefited from clofarabine therapy
(Table 4).

6.1.2.2. Indolent Leukemias
During the phase I clinical studies, it was observed that clofarabine

resulted in cytoreductiveness in indolent leukemias. To explore this possi-
bility further, two phase II studies were initiated using either daily for 5 d
or weekly infusion schedules at M. D. Anderson Cancer Center. These
studies are ongoing and yet unpublished.

6.1.2.3. Solid Tumors
Similar to indolent leukemias, for patients with solid tumors hematolog-

ical toxicities resulted in a relatively low MTD (2 mg/m2/d) on a daily
times 5 d schedule. This fact along with the observation that clofarabine
triphosphate is long-lived in cells suggested reduction in the frequency of
infusions. Hence, a weekly dose schedule is undergoing testing in a phase I
setting for patients with solid tumors (55).

6.1.3. COMBINATION STUDIES

6.1.3.1. Biochemical Modulation
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Table 4
Relationship Between Clofarabine Triphosphate 

Pharmacokinetics and Clinical Responses

Median clofarabine triphosphate, µM (range)

Responders, Nonresponders, p
n = 19 n = 11 value

d 1 end of infusion 18 µM (5–44) 10 µM (1–23) 0.032
at 24 h 11 µM (1–44) 5 µM (1–20) 0.039
d 2 end of infusion 30 µM (1–67) 9 µM (1–23) 0.015



In vitro investigations using human leukemia cell lines demonstrated that
cells loaded with clofarabine triphosphate accumulated ara-C triphosphate at
higher rate than did cells that were not pretreated with clofarabine (56,57).
This may be because of direct and indirect effects of clofarabine triphosphate
on the activity of deoxycytidine kinase, the rate-limiting enzyme for the
accumulation of ara-C triphosphate (56,57). Based on these observations
and the utility of both clofarabine and ara-C in acute leukemias, phase I and
II studies were initiated to demonstrate that clofarabine will modulate the
accumulation of ara-C triphosphate levels and therefore increase the
antileukemic activity of ara-C.

Thirty-two patients with acute leukemias were treated with the combi-
nation of clofarabine and ara-C; 12 were entered on the phase I part of the
trial with four dose levels of clofarabine (15, 22.5, 30, 40 mg/m2/d) (58).
Clofarabine was given as a 1-h iv infusion daily for 5 d (d 2–6), followed
4 h later by ara-C at 1 g/m2/d as a 2-h iv infusion daily for 5 d (d 1–5). As
no DLTs occurred at any dose level, 40 mg/m2/d for 5 d was chosen as the
phase II dose of clofarabine. Among the 29 patients with AML/MDS, 
7 patients (24%) achieved CR, and 5 patients (17%) achieved CR but with-
out platelet recovery, for an overall response rate of 41%. No responses
occurred in the 3 patients with ALL and CML, respectively. Adverse
events were mainly grade 2 or below and included nausea/vomiting, diar-
rhea, skin rashes, mucositis, and palmoplantar erythrodysesthesias. Plasma
clofarabine levels generated clofarabine triphosphate accumulation, which
resulted in an increase in ara-C triphosphate accumulation in the leukemic
blasts. The combination regimen of clofarabine with ara-C is safe and
active in of patients with acute leukemias with poor prognosis. Cellular
pharmacology data support the biochemical modulation strategy. Future
studies are needed to investigate the combination in newly diagnosed
AML and MDS.

6.1.3.2. Inhibition of DNA Repair
Lymphoid malignancies exhibit strong activation of excision repair

processes in response to DNA damage by alkylating agents, platinum
derivatives, or ultraviolet light. Studies using CLL lymphocytes demon-
strated that clofarabine triphosphate was incorporated into DNA repair
patches that were induced following treatment with 4-hydroperoxy-
cyclophophamide, an activated form of cytoxan (59). Comparisons of clo-
farabine with fludarabine indicated inhibition of such DNA repair activity
was qualitatively similar. However, the potency of clofarabine was approx
10 times greater than that of fludarabine. Importantly, the combination of
minimally toxic concentrations of clofarabine and the alkylating agent
caused significantly more apoptosis than would have been expected from
the sum of each agent administered separately. Clinical studies have
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stemmed from this observation by combining clofarabine with idarubicin
and clofarabine with cytoxan in acute leukemias.

6.2. Clinical Trials in Pediatric Patients
6.2.1. PHASE I STUDIES

Based on the ongoing adult phase I studies in acute leukemias and the
encouraging cytoreductiveness, a phase I study of clofarabine in pediatric
patients with refractory and relapsed leukemia was initiated at M. D. Anderson
Cancer Center (60). Clofarabine was infused intravenously over 1 h daily
for 5 d. Six dose levels between 11.25 and 70 mg/m2/d for 5 d were studied
in 25 patients. The MTD was similar to adult acute leukemia population
(i.e., 52 mg/m2/d for 5 d). Pharmacokinetic and pharmacodynamic aspects
of investigations were also consistent with observations in adult acute
leukemia patients (60,61). At the end of infusion at MTD, clofarabine
triphosphate levels in leukemia blasts varied between 6 and 19 µM.
Pharmacodynamically, this resulted in complete and sustained inhibition
of DNA synthesis. The DLT was reversible hepatotoxicity and skin rash at
70 mg/m2/day for 5 d. Five patients achieved a CR, and 3 had a partial
remission, for an overall response rate of 32%. Taken together, the phase I
study defined the dose level of 52 mg/m2 daily for 5 d as the MTD for clo-
farabine in children with leukemia. Multicenter phase II trials in pediatric
acute lymphoblastic leukemia and AML have been initiated based on these
investigations (62).

6.2.2. PHASE II STUDIES

Impressive clinical results, pharmacokinetic profile, and lack of untoward
toxicities in heavily pretreated pediatric patients with acute leukemias were the
primary reasons to initiate phase II trials. These multicenter phase II studies
were initiated to fully determine the efficacy of clofarabine for pediatric
patients with either AML or ALL. Clofarabine was administered at 52 mg/
m2/d over 5 consecutive days. Among 69 patients (40 with ALL and 29 with
AML), a response rate of 28% in ALL and 24% in AML has been reported
(62), which is consistent with the observation during phase I investigations.
Considering the multiply prior treatments including transplantation and
favorable toxicity profile, and durability of responses suggest major utility of
this agent in refractory and relapsed acute leukemias in children.

7. SUMMARY

In conclusion, clofarabine is a new dAdo analog that shows effectiveness
in both adult and pediatric ALL and AML. The pharmacokinetic and pharma-
codynamic profile of the drug in acute leukemias is favorable relative to flu-
darabine or cladribine and may have prognostic value for its clinical activity.
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The toxicity profile of this agent is different from other nucleoside analogs in
that it clearly has clinical activity when used as a single agent against adult
acute leukemias at tolerable doses. Further, therapeutic strategies combining
clofarabine with DNA-damaging agents are likely to allow mechanism-
based rationales to be evaluated with minimal likelihood of untoward tox-
icity. Exploration of additional schedules and combinations along with
availability of an oral formulation strongly indicate promising possibilities
with this agent.
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SUMMARY

Nucleoside analogs have been a major class of chemotherapeutic agents.
Currently, more than 30 commercially available antiviral and antitumor
nucleosides and nucleoside analogs are available. Among nucleoside
analogs, nonnatural L-enantiomers have been particularly interesting. The
most notable example is lamivudine, which has been playing an important
role in the treatment of human immunodeficiency virus and hepatitis B
virus infections. The reason for their high therapeutic potential is that,
when biologically active, L-nucleosides have proven to possess favorable
toxicological, chemical, and biochemical profiles, such as potency, low
toxicity, and high metabolic stability. These characteristics have been the
key factors in their success as drugs. Currently, two L-nucleosides, lamivudine



and emtricitabine, are available for the treatment of human immunodefi-
ciency virus and hepatitis B virus infections, and several other analogs,
such as clevudine and troxacitabine, are in advanced clinical trial develop-
ment stages. Among these, troxacitabine, a true chain terminator, is the first
L-nucleoside endowed with promising antitumor activity against leukemia
as well as solid tumors. This chapter reviews the important L-nucleosides
used in therapy as well as compounds in development.
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Acronyms and Abbreviations

3TC Lamivudine
ACV Acyclovir
araA Vidarabine
AZT Zidovudine,

3′-azido-3′-
deoxythymidine

cccDNA Covalently closed
circular DNA

d4T Stavudine, 3′-deoxy-
2′,3′-
didehydrothymidine

dCK Deoxycytidine kinase
dCTP Deoxycytidine

triphosphate
ddC Zalcitabine, 2′′,3′′-

dideoxycytydine
ddI Didanosine, 2′′,3′′-

dideoxyadenosine
DHPG Ganciclovir
DNA Deoxyribonucleic

acid
dNTP Deoxynucleoside

triphosphate
EBV Epstein-Barr virus
EC50 Half maximal

response
EdU Acedurid
FCV Famciclovir
FTC Emtricitabine
HBV Hepatitis B virus
HIV Human

immunodeficiency
virus

HPMPC Cidofovir

IC50 50% Inhibitory
concentration

IdU Idoxuridine
L-2′-Fd4C 2′,3′-Didehydro-2′,3′-

dideoxy-2′-fluoro-L-
cytidine

L-d4C 2′,3′-Didehydro-
2′,3′-
dideoxycytidine

L-d4FC 2, 3′-Didehydro-2′,3′-
dideoxy-5-
fluorocytidine

L-d4T 3′-Deoxy-2′,
3′-didehydrothymidine

L-dA L-2′-Deoxyadenosine
L-dC L-2′-Deoxycytidine
L-dT Telbivudine,

L-thymidine
L-FMAU Clevudine
L-I-OddU 5′-Iodo-L-dioxolane

uridine
L-OddC Troxacitabine
PBM Peripheral bone

marrow
PCV Penciclovir
RNA Ribonucleic acid
RT Reverse transcriptase
TFT Trifluridine
TK Thymidine kinase
TPs Triphosphates
val-ACV Valaciclovir
val-L-dC Valtorcitabine
WHV Woodchuck hepatitis

virus
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Key Words: Anticancer agents; antiviral agents; deoxycytidine kinase;
L-nucleosides; troxacitabine.

1. INTRODUCTION

Nucleoside analogs have been effective weapons in the fight against
viral infections and tumors. In the antiviral field, over 20 nucleosides are
currently used in therapy against a wide array of viruses. These agents
include the nucleoside/nucleotide reverse transcriptase inhibitors used in
the treatment of HIV infection: zidovudine or AZT (1), zalcitabine (2),
stavudine (d4T) (3), didanosine (ddI) (2), lamivudine (3TC) (4), abacavir
(5,6), and the recently approved tenofovir isoproxil (7) (Fig. 1). 3TC is
also the drug of choice for the treatment of HBV infection, chronically car-
ried by approx 350 million patients worldwide.

3TC has recently been joined by the acyclic nucleotide analog adefovir
dipivoxil (Hepsera™) (8–10) (Fig. 2) as an anti-HBV agent. Ribavirin (11)
(Fig. 2), a nucleoside analog containing a triazole base moiety, is a viral
ribonucleic acid (RNA) polymerase inhibitor active against respiratory
syncytial virus and, in combination with interferon-α, is the only approved
nucleoside for the treatment of hepatitis C infection.

Ten more nucleoside analogs (idoxuridine, trifluridine, acedurid, vidara-
bine, acyclovir, valaciclovir, penciclovir, famciclovir, ganciclovir, and cido-
fovir) are currently available for the treatment of diseases caused by viruses
belonging to the herpes family, particularly herpes simplex types 1 and 2,
cytomegalovirus, and varicella zoster virus (Fig. 3).

Fig. 1. Anti-HIV nucleoside/nucleotide analogs approved by the Food and Drug
Administration.
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A number of other nucleoside analogs are currently undergoing pre-
clinical studies or clinical trials. These include an impressive number of
L-nucleosides, “unnatural” analogs of those naturally found in nucleic
acids. Emtricitabine (FTC), structurally related to 3TC, is in phase III
clinical trials as an anti-HBV agent and has recently been approved for
anti-HIV therapy, developed by Gilead. L-dT and val-L-dC are promising
anti-HBV agents developed by Idenix Pharmaceuticals, currently in phase
III and II, respectively. L-FMAU is an anti-HBV agent characterized by
extremely low toxicity, currently in phase III clinical trials developed by

Fig. 2. The anti-HBV drug adefovir dipivoxil and the anti-hepatitis C virus drug
ribavirin.

Fig. 3. Nucleoside analogs used in antiherpes therapy.
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Gilead. L-2′-Fd4C is a potent anti-HBV agent developed by Pharmasset
Incorporated and is currently in preclinical evaluation. Elvucitabine (L-
d4FC), developed by Achillion, is in phase II clinical trials as an anti-HIV
as well as anti-HBV agent. L-I-OddU is undergoing preclinical evaluation
as an anti-EBV agent by Achillion Pharmaceuticals. L-OddC is the first L-
nucleoside endowed with promising selective antitumor activity, currently
in phase III clinical trials, and was developed by Shire.

The efficacy of nucleoside analogs depends on their ability to mimic nat-
ural nucleosides, thus interacting with viral or cellular enzymes and inhibit-
ing critical processes in the metabolism of nucleic acids. For this reason, it
has been believed that only D-analogs, which possess the same stereochem-
istry as natural nucleosides, could effectively interact and inhibit metabolic
enzymes. This paradigm has proven not to be true with the discovery of the
antiviral activity of L-oxathiolane nucleosides (12–14), which eventually led
to the approval of 3TC as a therapeutic agent and the development of FTC
and L-FMAU, among others (Fig. 4). Favorable features of L-nucleosides
include an antiviral activity comparable and sometimes greater than their D-
counterparts, a more favorable toxicological profile, and greater metabolic
stability. The synthesis and biology of L-nucleosides have been the object of
previous reviews (15–17). In this chapter, we focus on the most promising L-
nucleosides currently in preclinical or clinical studies.

2. LAMIVUDINE

Although the synthesis of the first L-nucleoside was reported by Smejkal
and Sorm in 1964 (18), the discovery of the important biological features of
this class of compounds began with the discovery of the anti-HIV activity
of (±)-BCH-189 and the realization that the antiviral activity resides both at
the (–)-L- (3TC) and (+)-D- (BCH-189) enantiomers. More surprisingly,
3TC (5, Fig. 1) is more active (EC50 0.002 µM in HIV-1-infected PBM cells
and 0.24 µM in HIV-2-infected ROD cells) than its (+)-D counterpart (EC50
0.2 µM in PBM cells). Furthermore, the cytotoxicity resides mainly in
(+)-BCH-189 (IC50 2.7 µM in PBM cells), whereas 3TC is virtually non-
toxic (4,19). Also, as an anti-HBV agent, 3TC is more potent (EC50 0.01
µM in HepG2 2.2.15 cells) (20) than its (+)-enantiomer.

First isolated by resolution of the racemic mixture, the structural charac-
terization of each enantiomer was possible only after the stereospecific syn-
thesis of each enantiomer. The synthesis of the D-isomer 33 has been
accomplished starting from D-mannose 28 (21) or D-galactose 29 (22) via the
1,6-thioanhydro sugars 30 or 31 (Scheme 1). These were converted to the key
oxathiolane acetate 32 by a series of reactions, including an oxidative cleav-
age of the diol functionality. Coupling of intermediate 32 with protected bases
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in Vorbrüggen conditions followed by further elaboration/deprotection reac-
tions afforded a series of D-nucleosides, including (+)-BCH-189 33, and their
α-isomers.

3TC 5 and its congeners, such as the 5-fluoro analog FTC 19, were
synthesized from 1,6-thioanhydro-L-gulose 32 using a similar strategy
(Scheme 2) (23).

Although the mechanistic basis for the stereochemical selectivity and
differential toxicity of the isomeric 3TC compounds is not completely
understood, the different antiviral activity and toxicological profiles of (+)-
BCH-189 and (–)-BCH-189 (3TC) can be partially explained based on their
metabolic and pharmacodynamic characteristics. From a pharmacokinetic
point of view, 3TC is resistant to deamination, whereas (+)-BCH-189 is
deaminated to inactive 2′-deoxy-3′-thiauridine 34 by deoxycytidine deami-
nase (Scheme 3) (24).

Fig. 4. Nucleoside analogs currently undergoing preclinical or clinical studies.
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Both isomers are substrates of dCK, which converts them to the corre-
sponding monophosphates (25); further phosphorylations to the di- and
triphosphates are accomplished by deoxycytidylate and nucleoside diphos-
phate kinases, respectively (Scheme 4). Because the first phosphorylation is

Scheme 1. Synthesis of (+)-BCH-189, 33.

Scheme 2. Synthesis of 3TC 5 and FTC 20.

Scheme 3. Catabolism of 3TC and (+)-BCH-189.
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the rate-limiting step in their conversion to the active TPs, the preferential
affinity of 3TC to dCK may explain its higher potency over its enantiomer
(26). Both TPs act as dCTP analogs, competitively inhibiting HIV RT and
HBV DNA polymerase, and both can be incorporated into viral DNA, caus-
ing chain termination. However, the TP of (+)-BCH-189 also inhibits cellu-
lar DNA polymerases-β and -γ, resulting in toxic effects. In particular,
3TCTP has a high IC50 value (43.8 µM) against human DNA polymerase-γ
at concentration of dCTP equal to its Km value, whereas the TP of (+)-BCH-
189 has an IC50 of 0.005 µM (27).

From a pharmacodynamic point of view, the TPs of both 3TC and (+)-
BCH-189 can interact effectively with HIV RT (28). When the base moi-
ety and the 5′-hydroxymethyl group are considered reference points, the
furanose rings of each pair of the D- and L-nucleosides are superimposable
even though the furanose ring does not superimpose atom by atom. The
binding mode of 3TCTP to the dNTP binding site of RT is very similar to
those of their natural D-nucleoside TPs except that their β-L-configurations
cause the sugar portion to be relatively shifted toward Met184, as suggested
by Sarafianos et al. (29).

Treatment with 3TC rapidly induces resistance both in HIV- and HBV-
infected individuals. In the case of HIV, this is caused by a single point
mutation, with the substitution of valine (or isoleucine) for methionine at
position 184 within the YMDD motif of HIV-1 RT. The substitution of
valine with a bulkier amino acid prevents the mutant enzyme from accom-
modating 3TCTP (Fig. 5). The efficacy of 3TC against M184V mutants is
reduced over 1000-fold (30).

An analogous point mutation has been detected in position 204 of HBV
DNA polymerase. (Position 204 [rtM204V/I], corresponding to the M184V/I
mutation of HIV RT, has also been named 552, 550, 539, or 549, depending
on different HBV genotypes considered. In this review, we use the recently
proposed genotype-independent nomenclature system of ref. 31.) However,
other mutations outside the YMDD motif, such as rtL180M (previously

Scheme 4. Metabolic activation of 3TC and (+)-BCH-189.
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described as L526M), seem to enhance viral replication of the rtM204V-
mutated HBV DNA polymerase, which indicates that mutations outside
the YMDD motif are an essential part in causing clinical viral resistance
(32). These mutations often confer resistance to other anti-HBV nucleo-
side analogs. For instance, the rtL180M mutation causes resistance to pen-
ciclovir and, like the V553I, to L-FMAU (33).

As shown in Fig. 6, the 3TC/wild-type (wt) HBV polymerase complex
is stabilized by extensive hydrophobic interactions between Met204 and
the sugar moiety of the nucleoside (Fig. 6A) (34). Resistance to 3TC can
be explained with a large movement of 3TCTP toward Val204 (Fig. 6B),
which causes an unfavorable close contact (1.5 Å) between two negatively

Fig. 5. Interactions between 3TCTP and wt or M184V RT.

Fig. 6. Interactions between 3TCTP and wt or rtM204V HBV polymerase.
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charged aspartic acid residues (Asp83 and Asp205), repulsive electrostatic
interactions, and thereby poor binding energy.

Considering the rapid occurrence of resistance on treatment with 3TC, its
success as an anti-HIV drug would hardly be explained. However, M184V
mutants are characterized by suboptimal fitness, with a much lower replica-
tion ability compared to the wt. Besides, the combination of 3TC with other
nucleoside RT inhibitors has been shown to reduce the emergence of 3TC-
resistant strains (35). This fact is the basis of combination therapy, in which
3TC is used in combination with AZT (Combivir®) (36), and more effective
triple combinations with AZT and protease inhibitors such as nelfinavir (37),
indinavir (38), and ritonavir (39) or AZT and abacavir (Trizivir®) (40).

3. EMTRICITABINE

FTC (20, Fig. 4 and Scheme 2), the 5-fluorinated analog of 3TC, resem-
bles the parent compound in antiviral and resistance profile as well as cel-
lular metabolism. Like 3TC, the L-(–)-enantiomer is 100-fold more potent
(EC50 0.008 µM in HIV-1-infected PBM cells) than the D-(+)-isomer (41)
and has the same anti-HBV potency as 3TC (EC50 0.01 µM in HepG2
2.2.15 cells) (42). The metabolic activation of FTC is similar to that of 3TC
(Scheme 5). FTC has a bioavailability of 73% with oral administration and
penetrates the blood-brain barrier. Pharmacokinetic studies indicated that
the renal excretion of the racemic FTC is the major route of elimination
(43). Although its D-enantiomer is slowly deaminated to the 5-fluorouracil
analog (+)-FTU via cellular cytidine-deoxycytidine deaminase, (–)-FTC is

Scheme 5. Metabolism of FTC.
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essentially resistant to this enzyme (43). Neither enantiomers of FTU are
metabolized by thymidine phosphorylase to cytotoxic 5-fluorouracil (43).

Like 3TC, FTC shows synergistic anti-HIV activity when used in com-
bination with AZT or d4T, but only additive activity when in combination
with ddI or ddC (44). None of these combinations shows additive toxicity
in cell culture. FTC has recently been approved as an anti-HIV drug and is
currently undergoing phase III clinical trials as anti-HBV agent.

4. TELBIVUDINE AND VALTORCITABINE

Among L-2′-deoxynucleosides, L-dT (21, Fig. 4), L-dC and L-dA (38 and
39, respectively, Fig. 7) showed selective antiviral activity against HBV, with
EC50 values of 0.24, 0.19, and 0.10–1.9 µM, respectively, but not against
HIV-1, herpes simplex virus types 1 and 2, varicella zoster virus, EBV,
human cytomegalovirus, adenovirus type 1, influenza A and B viruses,
measles virus, parainfluenza virus type 3, rhinovirus type 5, or respiratory
syncytial virus at concentrations as high as 200 µM (45).

In the structure-activity relationship study of L-dC analogs, substitution
of a halogen atom at position 5 of the cytosine ring decreased the potency
against HBV but retained the specificity for HBV. In contrast, analogs of
L-dC lacking the 3′-OH group on the deoxyribose sugar, such as L-ddC,
3TC, and L-d4C, lose antiviral selectivity for HBV and also showed activ-
ity against HIV. Similarly, replacement of the 3′-OH group with a 3′-flu-
oro moiety eliminated the antiviral selectivity, but the antiviral potency
against HBV and HIV was retained.

The results of structure-activity relationships for the L-dT and L-dA
series are similar to those observed for the L-dC series. The selective anti-
HBV activity of L-2′-deoxynucleosides was lost by removal or substitution
of the 3′-OH group. L-dT and L-dC were phosphorylated by TK and dCK
in human and woodchuck, which means that the activity of a potential
combination of the two agents would not be limited by competition for the
same metabolic enzyme. L-dTTP and L-dCTP inhibited WHV DNA poly-
merase (IC50 0.24 and 1.8 µM, respectively) (46).

Fig. 7. Selective anti-HBV agents L-dC and L-dA.
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In an in vivo study of a chronically WHV-infected woodchuck model,
oral administration of L-dT, L-dC, and L-dA at a dose of 10 mg/kg/d signif-
icantly inhibited WHV DNA replication. Serum WHV DNA levels (HBV
viremia) decreased in the L-dT-treated animals by as much as 8 logs, in
which WHV DNA levels of pretreated animals were 1011 genome equiva-
lents/milliliter, and during the treatment the levels decreased to 103 or
detection limit (300 genome equivalents/milliliter) by quantitative poly-
merase chain reaction method. After drug withdrawal, viral rebound
reached near-pretreatment levels between wk 4 and wk 8. During treatment
of L-dC and L-dA, serum WHV DNA levels decreased by 6 logs and 1.5
logs, respectively, which was also followed by viral rebound within the
first week posttreatment. Currently, L-dT and val-L-dC (valtorcitabine, a
prodrug of L-dC) are in phase III and II clinical studies by Novirio
Pharmaceuticals as anti-HBV agents.

For the syntheses of L-2′-deoxynucleosides, 2-deoxy-L-ribose 40 (47)
(Scheme 6) is converted to 1-chloro-2-deoxy-3,3-di-O-p-toluoyl-α-L-ery-
thro-pentofuranose 41 (48)or 1-O-acetyl-2-deoxy-3,3-di-O-p-toluoyl-α-
L-L-erythro-pentofuranose 42 (49), which can be condensed with appropriate
bases to give the corresponding nucleosides 43.

5. CLEVUDINE

Among carbohydrate ring substituents that confer favorable biological fea-
tures to nucleoside analogs, fluorine has been one of the most useful. 1-(β-D-
2-Fluoro-2-deoxyarabinofuranosyl)-5-methyluracil (D-FMAU) showed
promising anti-HBV activity, but its development was interrupted in phase
I clinical trials because of severe neurological toxicity (50). Its enantiomer
L-FMAU (clevudine 25, Fig. 4), on the other hand, is much more active
(EC50 0.1 µM in HepG2 2.2.15 cells) (51,52) and nontoxic. Table 1 shows
the biological evaluation of the two isomers. The low toxicity of L-FMAU
was confirmed by growth inhibition studies in a variety of human cell
lines and is clearly shown by its high selectivity index (>2000). In addition,
L-FMAU does not inhibit growth of human bone marrow progenitor cells.

Unlike L-ddC analogs, L-FMAU is inactive against HIV. Interestingly, it
shows antiviral activity against EBV, with an EC90 value of approx 5 µM (53).

Scheme 6. Synthesis of L-2′-deoxynucleosides 43.
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Table 1
Anti-HBV and Anti-EBV Activities of L- and D-FMAU

Anti-HBV activity in Anti-EBV activity in Growth inhibition (ID50; µM) in: Selectivity index

2.2.15 cells (EC50; µM) H1 cells (EC90; µM) MT2 CEM H1 2.2.15 2.2.15 H1

L-FMAU 0.1 5 ± 0.8 100 >100 913 ± 70 >200 >2000 183
D-FMAU 2.0 0.1 ± 0.02 8–9 0 <10 50 25 >100
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A convenient synthesis of L-FMAU (Scheme 7) and its congeners was
accomplished by Chu and coworkers starting from L-arabinose 44 (54) or L-
xylose 45 (55). Thus, L-arabinose or L-xylose was converted to fluorinated
L-arabinose derivative 46, which was condensed to persilylated thymine
via the bromosugar intermediate 47.

The differential activity and toxicity between D- and L-FMAU have been
explained based on the metabolism of the two isomers (Scheme 8). Both
isomers are activated intracellularly to their TPs, which are the active
species. The first phosphorylation is the rate-limiting step and is catalyzed
by TK and dCK for the L-isomer (56) and by deoxypyrimidine kinase for
the D-isomer. The following phosphorylations can be accomplished by var-
ious cytosolic enzymes. Although both TPs inhibit HBV DNA polymerase
[L-FMAUTP also inhibits EBV DNA polymerase (57), but it is not incorpo-
rated into HBV or cellular DNA (53)], D-FMAUTP also inhibits DNA
polymerase-γ, causing mitochondrial toxicity (58).

In the in vivo duck model, L-FMAU has proved to decrease the level of
viremia effectively, both in short-term and prolonged administration (59).
In in vivo studies in the woodchuck model, treatment with L-FMAU for 4 wk
significantly reduced viremia, antigenemia, intrahepatic WHV replication,
and expression of WHV core antigen in a dose-dependent manner (60).
Toxicological studies suggest no apparent toxicity for 30 d at 50 mg/kg/d
in mice and for 3 mo in woodchucks at 10 mg/kg/d (61). The development
of a new and effective anti-HBV drug is critical because long-term therapy
with 3TC causes resistance, treatment with α-interferon is effective in only
20–30% of patients, and there are a number of limitations such as numer-
ous side effects, high cost, and administration by injection (62). In addi-
tion, as a reverse transcription inhibitor 3TC inhibits viral replication but
not cccDNA, which functions as the viral DNA reservoir as well as tem-
plate for the synthesis of new DNA (62). At this time, it is not known

Scheme 7. Synthesis of L-FMAU 25.
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whether cccDNA is lost during mitosis or transmitted to daughter cells
along with host chromosomes (63). Treatment of woodchucks infected
with WHV with L-FMAU causes a decrease in the average cccDNA copy
number in infected cells (63). This fact may support the first hypothesis
and suggesting possible use of L-FMAU in combination therapy with 3TC.
Currently, L-FMAU is in phase II clinical trials by Triangle Pharmaceuticals
and Bukwang Pharmaceuticals as an anti-HBV agent.

6. L-2′-Fd4C

Unsaturated 2′-fluorinated nucleosides (51, Scheme 9) revealed potent
anti-HIV and anti-HBV activities. Also in this series, L-isomers are more
potent or less toxic than their natural counterparts. Thus, L-2′-Fd4C (24,
Fig. 4) and its 5-fluoro congener L-2′-Fd4FC are potent anti-HIV (EC50 0.51
and 0.17 µM in PBM cells, respectively) (64) and highly potent anti-HBV
(EC50 2 and 4 nM, respectively, in HepG2 cells) (65,66) agents with no tox-
icity up to 100 µM in PBM, Vero, and CEM cells. Their D-counterparts also

Scheme 8. Cellular metabolism of D- and L-FMAU.
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show from moderate to potent anti-HIV (EC50 0.37 and 1.1 µM, respec-
tively) and HBV (EC50 2.0 and 0.05 µM, respectively) activity (67). The
adenine derivative L-2′-Fd4A is moderately active against HIV (EC50 1.5
µM) and HBV (EC50 1.7 µM) (64), whereas D-2′-Fd4A displays anti-HIV
activity with an EC50 of 0.44 µM (67). Interestingly, however, the D-adenine
as well as the hypoxanthine (EC50 1.0 µM) analogs did not show crossresis-
tance with 3TC when tested against 3TC-resistant M184V Pitt virus (67).
In view of the importance of 3TC in combination therapy for the treatment
of HIV infection, it is crucial to develop new anti-HIV compounds active
against 3TC-resistant viral strains.

The synthesis of L-L-2′-fluoro-2′,3′-unsaturated nucleosides was accom-
plished starting from L-gulonic-γ-lactone 48 via the acyclic fluorinated
intermediate 49 (Scheme 9), which was cyclized, protected, and acetylated
to the key intermediate 50. Condensation of 68 with various persilylated
bases followed by derivatization/deprotection afforded the target nucleo-
sides 51 along with their α-isomers (64).

7. ELVUCITABINE

Although L-d4T (68), the unnatural isomer of d4T, shows no activity
against HIV and HBV, other “L-d4-type” nucleosides with cytosine and
5-fluorocytosine bases, L-d4C 58 and L-d4FC 22 (69), showed potent
activity against HIV (EC50 1 µM and 0.09 µM for L-d4C and L-d4FC,
respectively) and HBV (EC50 0.01 µM and 0.002 µM for L-d4C and L-d4FC,
respectively). L-d4C and L-d4FC were synthesized by Lin et al. (69) from
L-arabinose 44 via L-3′,5′-dibenzoyl-2′-deoxyuridine 52, which was trans-
glycosylated to give L-3′,5′-dibenzoyl-2′-deoxy-5-fluorouridine 53
(Scheme 10). These uridines were converted to the corresponding L-3′,5′-
anhydro-derivatives 54 and 55, which were converted to cytosine deriva-
tives 56 and 57 by the triazole method followed by treatment with a
Brønsted base to give L-d4C 5 8 and L-d4FC 25.

Like 3TC, L-d4FC could be phosphorylated to mono-, di-, and TP metabo-
lites, and L-d4FCTP acts as a competitive inhibitor for viral polymerase and
a terminator of viral DNA chain elongation (70) (Scheme 11). The enzyme
responsible for the phosphorylation of L-d4FC is cytosolic dCK. When
L-d4FC is incubated with human dCK, it serves as a substrate, but with

Scheme 9. Synthesis of L-2′-fluoro-2′,3′-unsaturated nucleosides 51.
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human mitochondrial deoxypyrimidine nucleoside kinase, no phosphory-
lation of L-d4FC occurs (71). Moreover, L-d4FC is not susceptible to
deoxycytidine deaminase.

The relative molecular activity of the 5′-TPs of L-d4FC, L-ddFC, and
ddC on DNA strand elongation by HIV-1 RT and human DNA poly-
merases-α, -β, -γ, and -ε has been evaluated (72). The IC50 of L-d4FCTP are
0.20, 1.8, and 4.0 µM for HIV RT, polymerase-γ and polymerase-β, respec-
tively, and L-d4FCTP has no or little inhibitory effect on polymerase-ε or poly-
merase-α. By comparison, the Ki values of 3TCTP have been reported as 1,
0.01, and 1.2 µM for HIV RT, polymerase-γ, and polymerase-β, respectively.
L-d4FCTP shows inhibitory effect against mitochondrial DNA polymerase
(polymerase-γ). A combination study of L-d4FC showed synergistic activ-
ity with AZT or d4T and additive activity with ddI or ddC. A combination
with L-d4FC decreased the drug-induced decreases in mitochondrial DNA
content but showed additive toxicity toward CEM cells.

Scheme 10. Synthesis of L-2′,3′-didehydro-2′,3′-dideoxynucleosides 58 and 2.

Scheme 11. Cellular metabolism of L-d4FC.
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In an in vitro study, secretion of HBV DNA from 2.2.15 cells was
decreased by 50% at a concentration of 1 nM by L-d4FC, which is approx 15
times more potent than 3TC. The level of formation of phosphorylated
metabolites in cells is higher for L-d4FC than for 3TC, and L-d4FC metabo-
lites have a much longer retention time in HepG2 cells than 3TC metabolites
(73). These results suggest that the dosage required to suppress HBV repli-
cation in patients should be lower for L-d4FC than for 3TC.

Short-term administration of L-d4FC transiently inhibited viral repli-
cation in vivo in experimentally infected ducklings. At 3 d after inocula-
tion of the virus, the drug was administered intraperitoneally at
25mg/kg/d for 5 d. The inhibition of the peak of viremia reached 97% for
L-d4FC. However, after drug withdrawal, a relapse of viral replication
occurred. A long-term administration study could not prevent the relapse
of viral replication after drug withdrawal, and viral cccDNA was still
detected at the end of the treatment, indicating the absence of viral clear-
ance from infected hepatocytes. A 4-wk administration of L-d4FC in
acutely infected ducklings not only suppressed viral DNA synthesis but
also inhibited viral antigen expression in the liver. No hepatocytes or bil-
iary cells expressing the viral pre-S proteins were detected in the liver of
L-d4FC-treated animals.

In a long-term administration study of 3TC, the inhibition of the peak of
viremia reached only 80% for 3TC, and viral antigens (pre-S envelope pro-
teins) were expressed up to 90%. However, a significant repulse of viral
replication did not occur after 3TC withdrawal. Interestingly, the greater the
antiviral effect was during therapy, the higher the rebound of viral replica-
tion was after drug withdrawal. This suggested that the suppression of viral
replication in acutely infected animals is not associated with a strong spe-
cific antiviral response, leading to a delayed peak of viral replication after
drug withdrawal.

A new study of L-d4FC was reported in woodchucks chronically
infected with WHV (74). L-d4FC was administered at 4 mg/kg to wood-
chucks for 5 consecutive days as an induction therapy followed by a
maintenance therapy three times weekly for 8 more weeks, and the
results were compared with those with 3TC at a dose of 10 mg/kg by the
same schedule. During the 3TC treatment period, both assays (WHV
endogenous polymerase activity and DNA) showed a first phase of
viremia drop followed by successive phases of a rise and a drop of
viremia. In contrast, in the L-d4FC treatment group a rapid and signifi-
cant decrease in viremia to the level of detection of the WHV endoge-
nous polymerase activity assay (38.7-fold decrease) or close to the limit
of detection of the WHV DNA assay (31-fold decrease) was observed
and maintained until the end of therapy. However, after drug with-
drawal, viremia levels in all groups of treated woodchucks returned to
pretherapy values in 4–6 wk for the L-d4FC group and in 10 wk for the
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3TC group. Prolonged L-d4FC treatment for 15 wk was not able to
achieve clearance of intrahepatic viral cccDNA. This was associated
with the absence of a decline in the number of infected hepatocytes and
the WHV surface antigen titer in serum. Residual viral cccDNA is an
active template for viral genome expression, allowing the reinitiation of
viral replication when therapy is stopped. Analysis of liver histology
showed a decrease in the inflammatory activity during chronic hepatitis
and a stability of liver fibrosis in woodchucks treated with L-Fd4C; in
control animals, hepatitis activity increased, and the level of liver fibro-
sis decreased. An electron microscopy study showed the absence of
ultrastructural changes of hepatic mitochondria, biliary canaliculi, and
bile ducts. However, loss of weight was observed in all animals, and
skin hyperpigmentation related to an accumulation of melanin was
reported during L-d4FC treatment and slowly disappeared after drug
withdrawal. Although L-d4FC and 3TC administration inhibited viral
replication to different extents and acted on liver disease, 4 of 10 in the
L-d4FC group, 1 of 4 in the 3TC group, and 1 of 6 in the control group
died of hepatocellular carcinoma during the study period.

From these continuous studies of L-d4FC, it could be concluded that
clearance of viral cccDNA and infected cells from the liver is difficult to
achieve with monotherapy. L-d4FC is currently in a late stage of preclinical
testing for safety by Achillion Pharmaceuticals.

8. L-I-OddU

A number of D- and L-5′-halo- and 5′-halovinyl nucleosides and their
dioxolane analogs are active against different DNA viruses. Among
them, L-I-OddU (26, Fig. 4) is the most potent anti-EBV agent so far dis-
covered (EC50 0.03 µM, IC50 < 100 µM) and is currently undergoing pre-
clinical studies (75). The antiviral activities of compounds belonging to
this series can be related to the size of the halogens (EC50 Cl 0.15; Br
0.07 µM]. L-I-OddU is an efficient substrate for EBV TK but not for
human cytoplasmic dThy or mt-dPyd kinases, with L-I-OddUMP the
major metabolite (76).

The synthesis of D-dioxolane nucleosides has been accomplished anal-
ogously to the synthesis of D-oxathiolane nucleosides (Scheme 1) using D-
mannose 28 as a chiral starting material (Scheme 12) (77,78). Sugar 28
was converted to the key intermediate 60 via protected 1,6-anhydro-D-
mannose 59. Coupling of intermediate 60 with persilylated purines and
pyrimidines followed by deprotection/derivatization reactions afforded D-
dioxolane nucleosides 61.

L-Dioxolane nucleosides have been synthesized in similar fashion using
L-gulose 62 as the chiral starting material via its 1,6-anhydro derivative 63
(Scheme 13) (79,80).



192 Gumina, Chong, and Chu

9. TROXACITABINE

The dioxolane analogs of 3TC and FTC, L-OddC 27 (Fig. 4) and its 5-
fluoro analog L-OddFC, also display potent antiviral activities but, unlike
the oxathiolane nucleosides, also have cellular toxicity (78,79,81–84)
Thus, L-OddC shows an EC50 of 2 nM in HIV-1-infected PBM cells and an
EC50 value of 0.5 nM in HBV-infected HepG2 2.2.15 cells but strongly
inhibits cellular growth (IC50 0.1 µM in Vero cells and 0.26 µM in CEM
cells). The toxicity of L-OddC is caused by the inhibition of DNA poly-
merases-α, -β , and -γ by its TP. Because this toxicity is selective toward
several solid tumor cells, such as hepatocellular and prostate, which are
usually unresponsive to nucleoside analogs (82), L-OddC is a potential
candidate for the treatment of these tumors. It is the first L-nucleoside
showing antitumor activity, and unlike its D-form, it is not metabolized by
cytidine deaminase (Scheme 6), which can prolong its effect as a therapeu-
tic agent. Intracellularly, L-OddC is metabolized by dCK to its monophos-
phate, which is converted to the diphosphate and TP by aspecific cellular
kinases (Scheme 14). Interestingly, Cheng and coworkers (85) reported
that apurinic/apyrimidinic endonuclease, a DNA base excision repair pro-
tein, has a higher affinity toward L-nucleosides than the natural substrates,
and it is particularly active in removing L-OddC from the 3′-terminus of
the DNA chain. L-OddC is currently in phase III clinical trials as an anti-
cancer agent (Troxatyl™, Shire Pharmaceuticals).

The most interesting feature of troxacitabine is its activity in solid
tumors, which are usually unresponsive to nucleoside analogs, such as
prostatic, renal, hepatic and colon tumors. Besides, its unnatural config-
uration renders it stable against the metabolic enzyme deoxycytidine
deaminase, which may prolong its effect as a drug (86).

Scheme 12. Synthesis of D-dioxolane nucleosides 61.

Scheme 13. Synthesis of L-dioxolane nucleosides 65.
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SUMMARY

Nucleoside analogs are commonly used in the treatment of hematological
malignancies and solid tumors. As antimetabolites, these drugs act by disrupting
DNA synthesis and inducing apoptosis following their incorporation into DNA.
Troxacitabine (Troxatyl™ Shire Biochem, Inc., exclusively licensed to SGX
Pharmaceuticals, Inc.) is the first nucleoside analog with anticancer activity that
has an unnatural stereochemical configuration. Its broad preclinical antineoplas-
tic spectrum led to its clinical development. Summaries of the preclinical data
and of the initial phase I and II clinical trials are presented.

Key Words: Chemotherapy; clinical treatment; hematological malignan-
cies; solid tumors; troxacitabine.

1. INTRODUCTION

The majority of nucleoside analogs known to have antineoplastic or antivi-
ral activities are in the β-D configuration. These drugs were developed based



on the belief that the corresponding L-enantiomers would be ineffective
because metabolic enzymes required for their activation would not recognize
the unnatural stereochemistry. This assumption was dismissed with the
discovery of lamivudine, an L-nucleoside with potent anti-human immuno-
deficiency virus and anti-hepatitis B virus activities (1–4). Exchange of the
sulfur atom with an oxygen in the dioxolane ring of lamivudine resulted in
the formation of troxacitabine [Troxatyl™, BCH-4556, (–)-2′-deoxy-3′-
oxacytidine] (Fig. 1). Original screening assays revealed that troxacitabine is
cytotoxic and has much lower anti-human immunodeficiency virus activity
than lamivudine (5). Initial in vitro assessment by the National Cancer
Institute in 1990 indicated moderate antineoplastic activity. Subsequent in
vivo work by Cheng and collaborators (6) demonstrated the potential of trox-
acitabine to become an important anticancer agent.

2. STRUCTURE AND MECHANISM OF ACTION

As with other deoxycytidine nucleotide analogs, such as ara-C (1-β-D-
arabinofuranosylcytosine, cytarabine) and gemcitabine (2′,2′-difluo-
rodeoxycytidine), deoxycytidine kinase catalyzes the monophosphorylation
of troxacitabine, thereby indicating that deoxycytidine kinase may lack chi-
ral specificity (7). In contrast, cytidine deaminase (CDA) is more chirally
specific and is incapable of deaminating troxacitabine to an inactive
metabolite. This is in contrast to ara-C and gemcitabine, which are both
inactivated via deamination. These results suggest that troxacitabine may
continue to be effective when deamination is a pathway of tumor resistance
to cytidine analogs.

Once monophosphorylated, these antimetabolites are phosphorylated
to their di- and triphosphate forms by other cellular kinases (8–10). The
triphosphate form of troxacitabine is a good substrate and inhibitor of the
replicative and repair deoxyribonucleic acid (DNA) polymerases in vitro
(11). Although inhibition of such DNA polymerases could in part explain
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Fig. 1. Chemical structure of clinically relevant cytidine analogs.



its cytotoxicity, other evidence has indicated that troxacitabine is a com-
plete DNA chain terminator (Fig. 2). This can be rationalized because
the dioxolane ring from the nucleoside structure lacks the necessary
hydroxyl moiety for chain elongation. In contrast, gemcitabine incorpo-
ration allows addition of a single deoxynucleotide (12,13); cytarabine
incorporation allows addition of multiple deoxynucleotides before chain
termination (9,14).

Excision of incorporated analogs from the 3′ termini of DNA has been
demonstrated in vitro and represents a way for cells to recuperate and sur-
vive the action of these nucleoside analogs. It was found that a human
apurinic/apyrimidic DNA endonuclease (APE1) would be the major enzyme
involved in the removal of troxacitabine monophosphate from DNA (15),
whereas ara-C and gemcitabine removal would be more dependent on the 3′
to 5′ exonuclease associated with DNA polymerases (16,17).

Other mechanistic features of troxacitabine relate to its cellular metab-
olism. Although the mono- or triphosphate forms are normally the predom-
inant metabolites for most nucleoside analogs, troxacitabine diphosphate
is a major metabolite, and its formation increases linearly with increasing
extracellular drug concentration (18). Thus, a large pool of troxacitabine
diphosphate is created that serves as a reservoir for the generation of the
triphosphate. In addition, although nucleoside diphosphate kinase phos-
phorylates 2′-deoxyadenosine 5′-diphosphate, 2′-deoxycytidine 5′-diphos-
phate, and 2′-deoxyguanosine 5′-diphosphate into their corresponding
triphosphates and pharmacologically active species (19), data demon-
strated that troxacitabine diphosphate was selectively phosphorylated by
3-phosphoglycerate kinase (20–22).

The pharmacokinetic behavior of troxacitabine is also substantially dif-
ferent from that of other deoxynucleoside analogs, which are characterized
by rapid disappearance from plasma because of deamination. In contrast to
ara-C and gemcitabine, which undergo rapid and monophasic elimination,
elimination of troxacitabine triphosphate from cells is slow and biphasic as
denoted by intracellular half-lives of 3.5 h and longer than 20 h for the first
and second phases, respectively (23). Additional results indicated that mito-
chondrial DNA synthesis is not inhibited in vitro by troxacitabine at any
concentrations that are cytotoxic to tumor cells (24). These results suggest
that treatment with troxacitabine would not result in delayed toxicities.

Another characteristic that distinguishes troxacitabine from ara-C and
gemcitabine is the uptake of these analogs into cells. Results have demon-
strated that the major route of cellular uptake of troxacitabine in leukemia
cells was passive diffusion (25), which implies that deficiencies in nucle-
oside transport are unlikely to impair its activity. On the other hand, ara-
C and gemcitabine uptake into cells is highly dependent on nucleoside
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transporters (26,27), and the level of equilibration-sensitive transporters
correlates with the in vitro sensitivity of leukemia blasts from patients to
ara-C (28).

3. PRECLINICAL EVALUATION

Troxacitabine has demonstrated broad activity against both solid and
hematopoietic malignancies in vitro and in vivo. Antitumor efficacy stud-
ies were done in two prostate, four renal, one colon, one head-and-neck,
three non-small cell lung, one hepatocellular, two pancreatic, and three
leukemia human xenograft tumor models. The activity of troxacitabine
against these various tumor types is summarized in Table 1. For compari-
son purposes, the results are presented using the single or twice daily
administration for 5 d because this regimen is one of the optimal dosing
schedules. Troxacitabine was administered intraperitoneally with the
exception of three studies in which it was administered orally (HepG2) and
intravenously (Panc-01 and MiaPaCa). Controls consisted of saline (nega-
tive control) and one of the following positive control agents: doxorubicin,
cisplatin, 5-fluorouracil (5-FU), cyclophosphamide, mitomycin C, gemc-
itabine, vinblastine, ara-C, and imatinib mesylate (Gleevec®). Responses
in solid tumors were measured by reductions in tumor growth; for the
leukemia studies, response rate was evaluated by the length of survival.

Troxacitabine was highly active in both human prostate xenograft tumor
models. In the DU-145 xenograft (7), troxacitabine produced tumor regres-
sion, with half the tumors regressing completely by d 15. Regrowth occurred
by d 25, but ceased by d 47. At d 60, when animals were sacrificed, tumors
showed necrotic morphology, with few viable cells found by trypan blue
exclusion. In the human hormone-independent prostate adenocarcinoma
(PC-3) xenograft, troxacitabine was significantly active at all doses and
schedules tested. There was greater antitumor activity when using a 5-d
treatment, and the efficacy was the same when the compound was admin-
istered once or twice daily. Troxacitabine showed marked activity in all
four renal xenograft models and, in all cases, was more effective than the
positive control drug (29). Similar results were obtained in the human colon
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Fig. 2. (Opposite page) Representation of the metabolism and drug target interac-
tions of troxacitabine in proliferating cells. Troxacitabine enters cells via passive
diffusion. Once inside the cell, troxacitabine undergoes a series of phosphorylation
(P) steps through a first rate-limiting step catalyzed by deoxycytidine kinase
(dCK) to form the active triphosphate nucleotide. Troxacitabine triphosphate is
incorporated into DNA and since it is a dideoxy analog its incorporation results in
chain termination and cell death. Unlike cytidine and other analogs, troxacitabine
is resistant to deamination via cytidine deaminase (CDA) and is therefore not con-
verted to a nonactive uridine metabolite.
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Table 1
Antitumor Efficacy Studies of Troxacitabine Against Various Human Tumor Xenografts in Nude Mice

Troxacitabinea Positive control

Study end
Tumor type point (days) %T/Cb Drug (regimen) % T/Cb

Prostate (PC-3) 60 4 Doxorubicin (10 mg/kg/wk × 3) 34
Prostate (DU-145) 25 7 ara-C (25 mg/kg bid × 5) 100
Renal (CAKI-1) 61 16 Cisplatin (6.7 mg/kg q4d × 3) 108
Renal (A498) 56 27 Doxorubicin (8 mg/kg q4d × 3) 41
Renal (RXF-393) 34 13 Cyclophosphamide (90 mg/kg q4d × 3) 38
Renal (SN-12C) 44 8 Cyclophosphamide (90 mg/kg q4d × 3) 122
Colon (HT-29) 46 5c 5-FU (40 mg/kg qd × 5 for 2 wk) 84
Head and neck (KBV) 49 19 Doxorubicin (10 mg/kg/wk × 2) 32
NSC lung (NCI-H322M) 58 62 Mitomycin C (3 mg/kg/wk × 3) 28
NSC lung (NCI-H460) 27 46 Mitomycin C (3 mg/kg q4d × 3) 26
NSC lung (A549) 67 41 Mitomycin C (3 mg/kg q4d × 3) 25
Liver (HepG2) 10 38 ara-C (25 mg/kg bid × 5) 93
Liver (HepG2) 10 26d ara-C (25 mg/kg bid × 5) 93
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Pancreas (Panc-01) 29 16e,f Gemcitabine (80 mg/kg q3d × 4) 76
Pancreas (MiaPaCa) 32 77e,f Gemcitabine (80 mg/kg q3d × 4) 87
Leukemia (HL60) 98 422f,g ara-C (25 mg/kg qd × 5) 106g

Leukemia (CCRF-CEM) 87 152f,g ara-C (25 mg/kg qd × 5) 146g

Leukemia (KBM5) 100 171f,g Imatinib mesylate (50 mg/kg bid × 10) 109g

aTroxacitabine was administered intraperitoneally twice a day (6-h interval) at a concentration of 25 mg/kg unless specified.
bTumor measurements were taken twice weekly using calipers and were converted to tumor volumes using the following formula:

Width (mm2) × Length (mm) × 0.52. T/C’s were generated from the mean treated tumor volume divided by the mean control tumor
volume times 100. By National Cancer Institute criteria, %T/C < 42% indicates that the drug is active (56,57).

cTwo cycles of drug were administered.
dThe drug was administered orally instead of intraperitoneally.
eThe drug was administered intravenously instead of intraperitoneally.
fOnce daily (qd) administration was used instead of twice daily (bid).
gFor the leukemia studies, the results are expressed as percentage of mean survival time of treated animals over the mean survival

time of the control group (treated vs control, T/C%). By National Cancer Institute criteria, %T/C exceeding 125% indicate that the drug
has significant antitumor activity (57).



adenocarcinoma (HT-29) xenograft tumor model, well known for its
chemorefractory status (30). On the other hand, troxacitabine produced
moderate inhibition of tumor growth in the three human lung xenografts.

In the HepG2 human hepatocellular tumor model, troxacitabine pro-
duced marked tumor growth inhibition when given either orally or
intraperitoneally; no effect was observed with ara-C (7). Indeed, preclini-
cal pharmacokinetic studies in rats indicated that troxacitabine was slowly
absorbed, and bioavailability was around 37–41% (18).

Troxacitabine was also found to be active in the HL60 promyelocyte
human leukemia xenograft (31,32), resulting in a significant increase in sur-
vival time with complete cures at higher doses. In contrast, ara-C was inef-
fective in this model (31), possibly as a result of the high levels of CDA
present in HL60 cells. CDA activity in the HL60 cell line is similar to lev-
els found in solid tumors, which are also refractory to ara-C. This is further
indicated by the observation that ara-C was as effective as troxacitabine in
the CCRF-CEM T-lymphoblastoid human leukemia xenograft with low
levels of CDA (31). When compared with gemcitabine, which is approved
for the palliative treatment of pancreatic cancer, troxacitabine was signifi-
cantly more effective in the Panc-01 model and showed moderate activity
in the gemcitabine-refractory MiaPaCa model (33). Gemcitabine, which is
also a substrate for CDA, although with less affinity than ara-C (34), was
shown to be less effective in several tumors with high CDA levels (35).
These findings indicate that troxacitabine is likely to be effective not only
against solid tumors with high CDA activity but also in leukemias that have
developed resistance to ara-C because of increased CDA levels.

Following the promising antitumor efficacy of troxacitabine in hemato-
logical malignancies, we investigated its combination with ara-C or ima-
tinib mesylate (36–38). Combination of ara-C and troxacitabine was better
at slowing the progression of leukemia in severe combined immunodefi-
cient mice than either agent used alone without additive toxicities. These
effects appear to be related to their interaction at the level of DNA repair
rather than to pharmacokinetic interactions (36). Moreover, troxacitabine
showed strong synergy with imatinib mesylate, resulting in complete
cures at doses at which imatinib mesylate was ineffective when given in
monotherapy (37,38).

Multidrug resistance (MDR) is believed to be one of the relevant mech-
anisms of primary or acquired resistance in human leukemias and solid
tumors (39,40). The MDR phenotypes have been associated with the over-
expression of various members of the ATP-binding cassette transporters.
The first and most common, P-glycoprotein, is the product of the mdr 1
gene. P-Glycoprotein was demonstrated to act as an efflux pump for
anthracyclines as well as for various unrelated cytotoxic drugs.
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Because troxacitabine most likely enters cells by passive diffusion, we
were interested to evaluate its efficacy against MDR tumors. The in vivo
activity of troxacitabine was therefore examined against MDR and multidrug
resistance-associate protein (MRP) hematological and solid tumor xenografts
(32). The human promyelocytic leukemia (HL60/R10, doxorubicin-resistant)
and the human nasopharyngeal epidermoid carcinoma (KBV, vincristine-
resistant epidermal carcinoma) cell lines have alterations in the mdr 1 gene
while the promyelocytic leukemia adriamicin-resistant cell line (HL60/ADR)
has an alteration in the MRP gene. Tumor regression was observed in the
KBV xenograft following a 5-d treatment with 20, 50, and 100 mg/kg of trox-
acitabine, with percentages of total growth inhibition of 81, 96, and 97,
respectively, and some cures at the two highest dosage levels. In the
HL60/R10 and HL60/ADR xenografts, the effect of troxacitabine was evalu-
ated on survival time. Troxacitabine treatment (25, 50, and 100 mg/kg/d for
5 d) was initiated 10 d after tumor cell inoculation, once animals had devel-
oped disseminated tumors. In both leukemic models, troxacitabine was quite
potent, producing treated-vs-control values of 162–315% as well as complete
cures at the higher dosage levels.

In mice and rats, troxacitabine was generally well tolerated by intraperi-
toneal or intravenous administration. In antitumor studies in mice, troxac-
itabine did not produce significant toxicity at doses up to 50 mg/kg when
administered twice daily for 5 d. In rats, troxacitabine was relatively nontoxic
when given as a single intravenous injection (no effects up to 2000 mg/kg).
However, on multiple dosing in rats, troxacitabine produced spermatocyte
depletion and testicular tubular atrophy at doses of 100 mg/kg/d or higher
administered over 5 d and decreases in white and red blood cell counts at
doses of 25 mg/kg/d or higher over 5 d. Cynomolgus monkeys were much
more sensitive than rodents to single- and multiple-dose exposures of troxac-
itabine. The maximum tolerated dose in the monkey following a single intra-
venous dose was 1 mg/kg and following 5-d dosing was 0.20 mg/kg/d.

4. CLINICAL TRIALS

4.1. Solid Tumors
Three phase I studies of troxacitabine have been performed in patients

with solid tumors. In the first study, troxacitabine was initially given as a
30-min infusion every 3 wk (41). Granulocytopenia was dose limiting, and
10 mg/m2 was chosen as the recommended dose. A second study adminis-
tered troxacitabine as a 30-min intravenous infusion daily for 5 d every
3 wk. The recommended dose was 1.2 mg/m2/d for heavily pretreated
patients and 1.5 mg/m2/d for lightly pretreated patients; neutropenia and
skin rash were the dose-limiting toxicities (42). A third study gave the drug
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as a 30-min infusion weekly for 3 wk, with prolonged myelosuppression
defining the recommended dose of 3.2 mg/m2 weekly three times every
4 wk (43). The pharmacokinetics of troxacitabine were linear and consistent
across the phase I trials, with urinary excretion of unchanged troxacitabine
accounting for most of drug elimination (41,42). No metabolite was iden-
tified in the plasma or urine of treated patients.

Pilot solid tumor phase II clinical trials were performed with 10 mg/m2

administered every 3 wk in prostate, colorectal, pancreatic, renal cell (44),
and non-small cell lung (45) cancers and malignant melanoma. Two par-
tial responses were observed in 33 patients in the renal cancer trial, with
21 patients having stable disease (median duration 4.4 mo), and 10 with
progressive disease. Eight patients remained stable for more than 6 mo, of
whom 6 remain free of progression. The median survival was 18 mo for
patients classified as intermediate risk and 8 mo for the high-risk patients
compared to 10 and 4 mo, respectively, in Motzer’s retrospective analysis
(46). A phase III study would be required to validate these observations.

The pancreatic cancer study enrolled 15 patients, 9 previously treated
with either a gemcitabine or 5-FU-containing regimen and 6 chemother-
apy naïve. Two patients with no prior chemotherapy met the criteria for
attaining a clinical benefit response to troxacitabine, and one of these had
a partial response. In addition, three chemotherapy naive patients had
decreased serum concentrations of CA 19-9. Troxacitabine was then eval-
uated as first-line therapy in 54 patients with advanced adenocarcinoma
of the pancreas but was administered at 1.5 mg/m2 daily five times every
4 wk (47). Median time-to-tumor progression was 3.5 mo, median sur-
vival was 5.6 mo, and the 1-yr survival rate was 19%. Best responses
were stable disease in 24 patients, with 8 patients having stable disease
for at least 6 mo (15%). A 50% or greater decrease in CA 19-9 was seen
in 7 of 44 assessed patients (16%). Four of 34 (12%) patients who had
sufficient symptoms and follow-up data for clinical benefit response eval-
uation had a positive response. Two additional patients who were not suf-
ficiently symptomatic to meet the criteria for clinical benefit response
evaluation increased their weight by more than 7% on the study while
receiving 8 and 14 cycles of therapy, respectively. These results appear to
be comparable overall to those reported with gemcitabine in recently pub-
lished randomized trials (48).

Troxacitabine and gemcitabine were demonstrated to be synergistic in
vitro in four human pancreatic adenocarcinoma cell lines and to be at least
additive in an in vivo model (49). A phase I trial examined the clinical
feasibility of a troxacitabine/gemcitabine combination, and preliminary
results suggest that both drugs can be safely combined at effective doses
(50). Recommended doses for the combination are 8 mg/m2 troxacitabine
on d 1 with 1000 mg/m2 gemcitabine on d 1 and 8 of a 3-wk cycle. Further
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evaluation of troxacitabine in pancreatic cancer in combination with gem-
citabine appears warranted.

The most commonly observed toxicities in the phase II studies were
hematological (neutropenia, sometimes with fever) and cutaneous (skin
rash, dry skin, pruritus, and hand-foot syndrome). Other observed toxicities
were nausea, fatigue, anorexia, vomiting, taste disturbance, alopecia, and
stomatitis. Most observed toxicities were grade 1 or 2. The incidence of
grade 3 skin rash appeared to be decreased by prophylactic steroid therapy.

4.2. Acute Leukemia
A phase I/II study of troxacitabine was performed in patients with

refractory acute leukemia using a 30-min infusion daily for 5 d. The dose-
limiting toxicities were stomatitis and hand-foot syndrome, and the recom-
mended dose was defined as 8 mg/m2/d (51). In the subsequent phase II
part of this study (52), 42 patients were treated at the recommended dose
with 2 complete and 1 partial responses (18%) observed in 16 patients with
relapsed acute myeloid leukemia. None of the 6 patients with acute lym-
phoblastic leukemia responded, but 6 (37%) of 16 patients with chronic
myelogenous leukemia in blastic phase were transformed back to chronic
phase (52). In a subsequent phase II study, 4 of 31 patients with chronic
myelogenous leukemia in blastic phase, including 29 refractory to imatinib
mesylate (Gleevec), had a response to troxacitabine (53).

In another phase I/II study, troxacitabine was administered in associa-
tion with ara-C, idarubicin, or topotecan (54). Four complete responses
and an additional four complete responses with incomplete platelet recov-
ery were observed in 31 patients with refractory/relapsed acute myeloid
leukemia treated with the ara-C/troxacitabine combination. Respectively,
2/14 and 1/17 complete responses were seen with the idarubicin/troxac-
itabine and topotecan/troxacitabine combinations (54). These data suggest
that further exploration of troxacitabine combinations may be warranted in
patients with relapsed acute myeloid leukemia.

A recently published prospective randomized study was conducted in
patients aged 50 yr or older with untreated, adverse karyotype, acute
myeloid leukemia (55). Patients were adaptively randomized to receive
idarubicin and ara-C (IA) vs troxacitabine and ara-C (TA) vs troxacitabine
and idarubicin (TI). A Bayesian design was used to adaptively randomize
patients to a treatment arm. Thus, although initially there was an equal
chance for randomization to IA, TA, or TI, treatment arms with more initial
complete responses eventually received a greater proportion of the patients.
Thirty-four patients were treated. Randomization to TI stopped after 5
patients and randomization to TA after 11 patients. Complete response rates
were 10/18 (55%) with IA, 5/11 (45%) with TA, and 1/5 (20%) with TI.
Survival was equivalent with all three regimens. Risk factors were not
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equilibrated between the three treatment groups because of the small num-
ber of patients randomized. The control group had more patients with more
favorable cytogenetics and fewer patients with antecedent hematological
disorders compared to the experimental arms, but there were too few
patients to evaluate the impact of this imbalance on the observed results.
The study was stopped when it was determined that neither troxacitabine
combination was likely to be superior to the control arm in elderly patients
with previously untreated adverse karyotype acute myeloid leukemia.

5. CONCLUSION

Troxacitabine is a deoxycytidine analog with an unnatural stereochem-
ical configuration and different pharmacological characteristics compared
to other clinically relevant deoxycytidine analogs such as ara-C and gem-
citabine. Nucleoside transporters do not mediate troxacitabine membrane
permeation, and the drug is not inactivated by CDA or excised from DNA
by the same enzymes as the naturally occurring nucleosides and deoxycy-
tidine analogs. Troxacitabine has shown significant activity in a number of
preclinical tumor models, including models with the MDR phenotype as
well as relatively chemoresistant tumor models such as the HT-29 human
colon cancer xenograft. This notable preclinical activity led to troxac-
itabine’s clinical development. More than 700 patients have received the
drug thus far in phase I and II clinical trials. Encouraging signs of anti-
cancer activity have been seen in patients with acute myeloid leukemia,
chronic myelogenous leukemia in blastic phase, and renal cell and pancre-
atic cancer. Following these trials, SGX Pharmaceuticals has initiated a
pivotal phase II/III trial in relapsed refractory AML.
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SUMMARY

9-β-D-Arabinofuranosylguanine (ara-G) was synthesized in 1964, but
because of its difficult chemical synthesis and poor solubility properties, it
was 1995 before a prodrug of ara-G, nelarabine, entered clinical trials. Ara-
G is a deoxyguanosine analog that needs to be phosphorylated inside the cell
for pharmacological activity. In the first and rate-limiting phosphorylation
step, ara-G is a substrate of both the mitochondrial deoxyguanosine kinase
and the cytosolic deoxycytidine kinase. Once phosphorylated to its triphos-
phate derivative, ara-GTP acts as a structural analog of deoxyribonucleotide
5′-triphosphate and is thereby incorporated into DNA. The accumulation of
the triphosphate form of ara-G results in inhibition of DNA synthesis and
subsequent cell death. Although preclinical studies have shown that ara-G
has higher toxicity in T than B lymphoblasts, nelarabine has shown prom-
ising effect not only in patients with T-cell malignancies but also in
patients with B-cell malignancies. Nelarabine has now earned fast track sta-
tus from the US Food and Drug Administration for the treatment of T-cell
acute lymphoblastic leukemia and lymphoblastic lymphoma in those who

215

From: Cancer Drug Discovery and Development:
Deoxynucleoside Analogs in Cancer Therapy

Edited by: G. J. Peters © Humana Press Inc., Totowa, NJ

10_Curbo  7/21/06  4:59 PM  Page 215



have not responded to or whose disease has progressed during treatment
with at least two standard regimens. Nelarabine is an interesting new anti-
cancer agent that might be used as a standard treatment in the future.

Key Words: Anticancer; 9-β-D-arabinofuranosylguanine; deoxyguano-
sine analog; deoxyguanosine kinase; mitochondrial deoxynucleoside
kinases; nelarabine; T-cell malignancies.

1. BACKGROUND

In 1975, it was discovered that patients suffering from purine nucleoside
phosphorylase (PNP) deficiency accumulated high levels of deoxyribonu-
cleotide 5′-triphosphate (dGTP) in their T-cells, causing T-cell lymphopenia
(1). The greater accumulation of dGTP in T-cells compared to B-cells was
later suggested to be caused by a higher phosphorylation rate of
deoxyguanosine (dGuo) in T-cells than in B-cells. These findings suggested
that dGuo analogs would be selectively toxic to T-cells; thereafter, 9-β-D-
arabinofuranosylguanine (ara-G), which was synthesized by Reist and
Goodman in 1964, obtained more attention (2). However, because of its dif-
ficult chemical synthesis and its poor solubility properties, it took until
1995 for nelarabine, a prodrug of ara-G, to enter clinical trials.

2. MECHANISM OF ACTION

Ara-G is a dGuo analog that needs to be phosphorylated inside the cell
for pharmacological activity. In the first and rate-limiting phosphorylation
step, ara-G is a substrate of both the mitochondrial deoxyguanosine kinase
(dGK) and the cytosolic deoxycytidine kinase (dCK). Although ara-G is a
very poor substrate of dCK as compared to dGK (3), the relative importance
of dGK and dCK for ara-G phosphorylation in vivo is not known. However,
it was shown in vitro that dGK was the predominant enzyme at low ara-G
concentrations, whereas dCK was the preferred enzyme at higher ara-G
concentrations (4). T lymphoblasts have high expression of dCK and there-
fore also a high capacity for phosphorylation of dGuo (5,6). The accumula-
tion of dGTP results in inhibition of deoxyribonucleic acid (DNA) synthesis
and subsequent cell death (7,8). The dGuo itself is not suitable for selective
treatment because it is a good substrate for PNP and is thereby quickly
hydrolyzed inside the cell. However, its analog ara-G is relatively resistant
to hydrolyses by PNP, and the accumulation of the triphosphate derivative
of ara-G (ara-GTP) is independent of the degradation of ara-G, which sug-
gests that ara-G could be selectively toxic to T-cells (9).

Studies have shown that ara-G has higher toxicity to T than to B lym-
phoblasts (10,11). The prominent efficiency of ara-G in T compared to B lym-
phoblasts has been attributed both to decreased catabolism of ara-GTP and to
higher expression of dCK in T lymphoblasts compared to B lymphoblasts
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(10,11). Rodriguez and colleagues published a study in which differences of
effect of ara-G were analyzed in T lymphoblast (CEM), B lymphoblast (Raji),
and myeloid (ML-1) cell lines (12). The pharmacokinetics of ara-GTP
accumulation was shown to be favorable, but not the only determinant,
for T-lineage-specific cytotoxicity. The incorporation of ara-GMP into repli-
cating DNA of T-cells initiated S-phase-specific cell death and not S-phase
arrest, with possible repair of the damage caused by ara-G, as was seen in the
other lineages.

It has been shown before that ara-GTP can substitute for deoxyriboadeno-
sine 5′-triphosphate (dATP) in the apoptosome (13), and therefore the signal
for apoptosis was suggested to be enhanced by cytosolic ara-GTP by bind-
ing to the apoptosome complexes.

Finally, transcriptional and translational upregulation of soluble Fas
ligand, which triggers Fas-dependent apoptosis, was only seen in the T
lineage and was also suggested to account for the S-phase-independent
cell death. However, the clinical effect of the prodrug of ara-G, nelarabine,
has demonstrated anticancer effect also in a small number of patients with
indolent leukemia, and in vitro studies have also shown sensitivity to ara-
G in B-chronic lymphocytic leukemia (14,15). Once phosphorylated to
its triphosphate derivative, ara-GTP acts as a structural analog of dGTP and
is thereby incorporated into DNA (16) (Fig. 1).

The mechanism of action of ara-G is not fully understood. It is hypothe-
sized that a high accumulation of ara-GTP in circulating leukemia cells cor-
responds to a good prognostic value, and it is likely that ara-GTP is the only
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Fig. 1. AraG-triphosphate is a substrate for DNA polymerases, and araG monophos-
phate is thereby incorporated into the growing DNA chain. It contains no alterations
in its 3′-OH group, and subsequently additional nucleotides can be added.

10_Curbo  7/21/06  4:59 PM  Page 217



cytotoxic metabolite (16,17). It has been demonstrated that the accumulation
of ara-GTP is independent of the cell cycle (18), which is consistent with the
constitutive expression of dCK and dGK, the key enzymes of ara-G, through-
out the cell cycle. Furthermore, it has been suggested that ara-G exerts its
cytotoxic action by inducing apoptosis, and that incorporation of ara-GMP
into nuclear DNA is a critical event for triggering apoptosis (18).

Several studies have also demonstrated that ara-G can be incorporated
into mitochondrial DNA (mtDNA), but it is presently not known to what
extent the mitochondrial incorporation contributes to the cytotoxic action of
the analog (19–21). However, it has been shown that the acute cytotoxicity
of ara-G is not caused by mtDNA damage, which supports the hypothesis
that incorporation of ara-G is necessary for cytotoxicity (18,21). A study by
Arpaia et al. suggested a role of mitochondria in the cell-specific toxicity of
dGTP with intramitochondrial accumulation of dGTP and inhibition of
mtDNA repair (22). It is possible that the mechanism of T-cell-specific tox-
icity could be similar for ara-G.

3. CLINICAL USE

In 1991, it was reported that ara-G was an effective agent for chemosep-
aration of malignant T lymphoblasts from human bone marrow (23). Ara-G
has poor water solubility, and its clinical use was for a long time hampered
because of lack of a more soluble prodrug. In 1995, it was shown that the
prodrug 2-amino-6-methoxypurine arabinoside (also called 506U78), which
was synthesized enzymatically from diaminopurine arabinoside, was
eightfold more soluble than ara-G (24). This prodrug made administration
of high drug concentrations possible at physiological pH and in much
lower volume than would be required for ara-G (25). 506U78 and ara-G
had the same selectivity in vitro to T-cells and did not inhibit B-cell growth
in the concentrations tested (IC50 > 100 µM). 506U78 was shown not to be
a substrate for dCK or PNP but for dGK, which phosphorylated it at a rate
of 4% of the rate of ara-G phosphorylation. Furthermore, 506U78 was
shown to be converted rapidly to ara-G through demethoxylation by
adenosine deaminase (25) (Fig. 2).

Based on the accumulated data of 506U78, a phase I trial was initiated
in patients with relapsed and refractory hematologic malignancies (17).
The overall response rate in this trial was 31% (complete and partial remis-
sions), and of the patients with acute T-cell leukemia, 54% achieved a partial
or complete remission after one or two cycles of drug treatment. Including
only the evaluable patients, the response rates in patients with T-cell malig-
nancies were even higher (Table 1). In patients who achieved a complete
or partial remission, the peak levels of ara-GTP were threefold higher in
comparison to patients who failed therapy (17). One patient with B-cell
chronic leukemia achieved partial remission from the treatment.

218 Curbo and Karlsson

10_Curbo  7/21/06  4:59 PM  Page 218



The result encouraged further studies with nelarabine, the registered
name for 506U78, also in patients with indolent leukemia. To date, one
strategy to enhance the effect of nelarabine through increase of cellular ara-
GTP has been tested in patients. Clinically achievable levels of F-araATP
(fludarabine) can mediate a decrease in deoxynucleotides, especially of the
deoxycytidine triphosphate and dGTP pools, which may result in decreased
feedback inhibition of dCK and dGK, respectively (26,27). These enzymes
are involved in the key activating step of both ara-G and F-ara-A; therefore,
a trial was conducted with the combination of nelarabine and fludarabine
against indolent leukemia as well as other types of leukemia. The therapy
proved to be effective and well tolerated (28). Response was seen in some
of the fludarabine-refractory patients, encouraging further evaluation of
nelarabine in treatment of patients refractory to fludarabine. Nelarabine has
also been evaluated as a single agent and has demonstrated clinical efficacy
as such also in the setting of indolent leukemia (29).

4. TOXICITY

Several nucleoside analogs interfere with mtDNA replication, and adverse
effects of these compounds are correlated to mitochondrial dysfunction
(30). Clinical forms of toxicity often occur in antiviral treatment and span
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Table 1
Summary of Important Findings in a Phase I Study With GW506U78 (32)

Disease Evaluable patients Response

T-ALL 25 CR 44%, PR 32%
T-CLL 9 PR 67%
T-cell lymphoma 12 CR 12%, PR 58%

T-ALL, acute T-cell leukemia; T-CLL, chronic T-cell leukemia; CR, complete
remission; PR, partial remission.

Fig. 2. Adenosine deaminase converts the prodrug nelarabine (506U78) to the
biologically active compound araG.
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from mild reversible neuropathy, myopathy, and pancreatitis to severe mul-
tiorgan failure (30,31). The dose-limiting toxicity in the clinical trials with
nelarabine has been neurotoxicity (32). Although not as pronounced, adverse
effects also include myopathy, myelosuppression, and loss of peripheral
sensitivity, similar to the symptoms of drugs causing mitochondrial toxi-
city (30,33).

It has been demonstrated that the acute cytotoxicity of ara-G is not
caused by mtDNA damage (21). However, the available data do not exclude
that long-term exposure to ara-G might cause mtDNA alterations with
subsequent delayed mitochondrial toxicity. 2-Chloro-2′-deoxyadenosine
(CdA, cladribine) is also a substrate of dGK and, just like ara-G, has shown
side effects similar to mitochondrial toxicity, such as neuropathy and
myelosuppression, in the clinical setting (17,34–36). CdA has also been
reported to cause an early effect on cellular mitochondrial function, meas-
ured as a temporary increase in lactate production (36). In the same study,
it was shown that CdA does not cause any decrease in mtDNA content.
Taken together, it is thus possible that the subcellular location of the nucle-
oside analog is of minor importance for mitochondrial toxicity, whereas
other determinants (e.g., the affinity for mitochondrial polymerase-γ) are
more important.

Recently published results indicated that mutations in the genes coding
for the mitochondrial deoxyribonucleoside kinases dGK or thymidine
kinase 2 (TK2) are associated with mtDNA depletion (37,38). Because the
main supply of deoxyribonucleotides for mitochondrial synthesis comes
from the salvage pathway and the rate-limiting step in this pathway is the
phosphorylation by dGK or TK2, it is likely that dGK and TK2 are involved
in the maintenance of balanced mitochondrial deoxyribonucleotide pools.
Although it has been shown that ara-G is predominantly incorporated into
mtDNA, the contribution of dGK for the cytotoxicity of ara-G in vivo is
not known.

It has been demonstrated that the antiviral compounds 2′,3′-dideoxycy-
tidine, 2′3′-dideoxyinosine, and 2′,3′-didehydro-3′-deoxythymidine induce
mitochondrial impairment by reducing the amount of mtDNA. Tissues that
are affected by 3′-azido-2′,3′-dideoxythymidine (AZT) and 1-(2-deoxy-2-
fluoro-β-D-arabinofuranosyl)-5-iodouracil (FIAU) toxicity consist mainly
of nondividing cells. These cells contain undetectable levels of thymidine
kinase 1, and it is likely that TK2 is responsible for phosphorylation of the
analogs in these tissues.

The importance of nucleoside analog phosphorylation in the mitochon-
drial matrix for mtDNA damage is, however, still unresolved. The mito-
chondrial location of TK2 has been suggested to be important for the
mitochondrial toxicity of AZT and FIAU (30). It was shown that the human
equilibrative nucleoside transporter 1 is expressed also in the mitochondrial
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membrane, and that the expression of this transporter in the mitochondr-
ial membrane enhances the toxicity of nucleoside analogs such as FIAU
(39). This strengthens the hypothesis that TK2 would be important for
mitochondrial toxicity of compounds such as FIAU and AZT. However,
2′,3′-dideoxycytidine, which is initially phosphorylated by dCK outside the
mitochondria, does also cause mtDNA damage (40). The identification of a
carrier in the mitochondrial membrane that catalyzes the transport of all
four deoxy nucleoside analogs and the corresponding deoxyribonucleoside
triphosphates in exchange for deoxyribonucleoside diphosphates, adeno-
sine 5′-diphosphate, or adenosine triphosphate provides a possible entering
mechanism for phosphorylated analogs into the mitochondrial matrix (41).
Although it is suspected that ara-G and CdA might cause mitochondrial
toxicity, no purine nucleoside analog, as a substrate of mitochondrial dGK,
has yet been shown to induce mitochondrial toxicity.

In addition to ara-G and CdA, another dGuo analog called dFdG (2′,2′-
difluorodeoxyguanosine) has been tested as an antileukemic compound.
dFdG is also a substrate of dGK, and in vitro studies have shown that it dis-
plays potent toxicity to human leukemic cells (42). However, in the prelim-
inary toxicology testing in patients, it caused several deaths because of
cardiac toxicity (43). The compound dFdG was subsequently removed
from development because of the severe toxicity it caused in patients, and
although it has not been proven, the toxicity is assumed to be caused by
mitochondrial toxicity.

5. RESISTANCE

So far, nelarabine has only been tested in patients who have been refrac-
tory to other treatments. The spectrum of different responses to nelarabine
reflects the intrapatient variability and the treatments to which they have
been exposed before nelarabine was introduced. No study to reveal the
mechanism of resistance to nelarabine has been performed with clinical
samples. However, several studies of mechanisms of resistance to ara-G
have been performed in cell lines in vitro. These studies have shown partly
conflicting results regarding the molecular mechanism of resistance.

Fridland et al. reported ara-G resistance associated with loss of dCK
activity (10), whereas ara-G resistance has been reported to occur with
retained dCK activity in other cell lines (16,44,45). A study showed that
ara-G resistance can occur by two separate molecular mechanisms that
can occur sequentially. The first mechanism is associated with a decrease
of ara-G incorporation into mtDNA, and the second event is associated
with loss of dCK activity (19). In another study, it was also suggested
that loss of dCK activity is associated with a higher level of resistance to
ara-G (30,45).
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It is not yet known how the decreased incorporation of ara-G into
mtDNA contributes to the resistance to ara-G, but from a recent study it is
known that the acute effect of ara-G does not render mtDNA depletion or
altered translation of mtDNA encoded genes (21). Resistance to nucleo-
side analogs is often caused by several molecular mechanisms, and there
is a need for further studies in this area.

6. CONCLUDING REMARKS

It has been shown that nelarabine has activity as a single agent in patients
with T-cell malignancies that have relapsed or are refractory to other ther-
apy. Until now, nelarabine has not been approved for the treatment of any
disease in any country. However, the ongoing research on nelarabine has
earned fast-track status from the US Food and Drug Administration for
the treatment of those with T-cell acute lymphoblastic leukemia and lym-
phoblastic lymphoma who have not responded to or whose disease has
progressed during treatment with at least two standard regimens. It is likely
that nelarabine will be a useful drug in the treatment of some leukemic
diseases in the future, and it is therefore important to learn more about its
actions in vivo.
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SUMMARY

Gemcitabine (2′,2′-difluorodeoxycytidine, Gemzar®) is a deoxycytidine ana-
log with pronounced antitumor activity against a variety of solid tumors, such
as non-small cell lung carcinoma and pancreatic and bladder cancer. In this
chapter, we summarize the role of the key enzymes in its metabolic activa-
tion and deactivation pathways, the role of the various targets, the associated
mechanisms of acquired and inherent resistance, and the changes in DNA
caused by exposure to this drug. Extensive research has revealed a complex
mechanism of action of this relatively new drug. Gemcitabine requires phos-
phorylation to mono-, di-, and triphosphates (dFdCTP) to be active; this
mechanism results in a unique pattern of self-potentiation of the drug, ulti-
mately resulting (when incorporated into the DNA) in a masked chain termi-
nation. Similar to the structurally and functionally related deoxycytidine
analog 1-β-D-arabinofuranosylcytosine (ara-C), the first, crucial step in phos-
phorylation is catalyzed by deoxycytidine kinase (dCK). However, unlike
ara-C, gemcitabine has multiple intracellular targets; up- or downregulation
of these targets may confer resistance to this drug. Resistance is associated
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with altered activities of enzymes (e.g., dCK) involved in the metabolism of
the drug, of target enzymes (e.g., ribo-nucleotide reductase), and of enzymes
involved in programmed cell death. Strong correlations with gemcitabine
sensitivity have been observed for dCK activity and dFdCTP pools; microar-
ray analyses have suggested a potentially important role for ribonucleotide
reductase.

Key Words: Deoxycytidine kinase; DNA repair; gemcitabine; masked
chain termination; ribonucleotide reductase; self-potentiation; thymidine
kinase 2. 

1. INTRODUCTION

Gemcitabine (2′,2′-difluorodeoxycytidine, dFdC, Gemzar®), a deoxy-cyti-
dine (dCyd) analog with two fluorine atoms substituted at the 2′-position of
the ribose ring, was synthesized in the 1980s by Eli Lilly (Indianapolis, IN)
(1,2). First, it was screened for antiviral activity; however, the drug seemed
more promising as a cytostatic than as an antiviral drug. Because the struc-
turally and functionally related dCyd analog 1-β-D-arabinofuranosylcytosine
(ara-C) is active in leukemia, gemcitabine was initially screened for
activity in hematological malignancies (3). Surprisingly, unlike ara-C,
gemcitabine had remarkable activity in solid tumors (4–7). Further research
on the mechanism of action of this drug revealed a far more complicated
metabolism than that of ara-C, with several self-potentiating mechanisms
(Fig. 1). These self-enforcing mechanisms might explain its potency to a
variety of malignancies.

In the clinic, gemcitabine is used in combination with other drugs for
the treatment of inoperable or metastasized non-small cell lung cancer
(NSCLC) and bladder cancer and as a single agent for the treatment of
locally advanced or metastasized adenocarcinoma of the pancreas (8–10).

Drug resistance to cytostatic agents is a major problem in the treatment
of neoplasms with chemotherapy. Resistance can be either inherent or
acquired. Inherent resistance is a quality of several tumor types and is
reflected in low response rates in clinical trials (11). Acquired resistance
can develop during treatment by selection of cells from a heterogeneous
tumor cell population or changes within the cancer cells. Moreover, cells
resistant to a closely related drug (e.g., ara-C) might also be resistant to
gemcitabine (crossresistant) or be more sensitive (collateral sensitive).

In this chapter, the metabolism of gemcitabine and its mechanism of
action are discussed. Theoretically, sensitivity to gemcitabine is deter-
mined by the drug’s ability to enter the cell; the activity of the cataboliz-
ing enzymes, anabolizing enzymes, target enzymes; and cells’ ability to
repair deoxyribonucleic acid (DNA) damage. A change in activity in the
above-mentioned factors might lead to changes in sensitivity of cancer
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cells to gemcitabine. Moreover, altered sensitivity to gemcitabine might be
multifactorial. For every step in the metabolism of gemcitabine, the rela-
tion to activity of the drug is discussed separately.

2. MECHANISM OF ACTION

2.1. Transport Over the Cell Membrane
2.1.1. MECHANISM

Because dCyd and gemcitabine are hydrophilic, they require specialized
transport systems for the passage of nucleoside analogs in or out of cells (12)
(Fig. 2). There are seven distinct carriers for the transport of nucleosides;
these are either of the sodium-dependent type (concentrative nucleoside
transporter) (CNT) or of the sodium-independent type (equilibrative nucleo-
side transporter) (ENT) (13). ENTs are classified into two major subtypes:
the equilibrative sensitive (es) and the equilibrative inhibitor (ei) resistant
transporters (13–16). Studies in Xenopus laevis oocytes overexpressing
nucleoside transporters of the CNT and ENT types revealed that gemcitabine
is transported by several proteins, except the purine-selective transporters of
the CNT type (17,18).

Multidrug resistance proteins (MRPs) pump multiple agents actively out
of the cell. Of the MRP family, currently seven members have been identi-
fied, all with different drug specificities (19). As far as is known, gemc-
itabine is only a substrate for the MRP4 and MRP5 efflux pumps (20).
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Fig. 1. Metabolism and mechanisms of action of gemcitabine: 1, transport across the
cell membrane; 2, phosphorylation of gemcitabine by dCK and TK2; 3, deamination
of gemcitabine by dCDA; 4, deamination of gemcitabine by dCMP-deaminase; 
5, inhibition of thymidylate synthase by dFdUMP; 6, inhibition of ribonucleotide
reductase (RNR) by dFdCDP; 7, accumulation of the triphosphate dFdCTP; 8, incor-
poration into DNA and RNA; and 9, inhibition of CTP-synthetase by dFdCTP.
(Reproduced with permission from ref. 113.)
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2.1.2. ROLE IN DRUG SENSITIVITY

Several studies in human cancer cell lines reported that inhibition of the
facilitated, diffusion-mediated, nucleoside transport resulted in up to a 100-
fold decrease in sensitivity to gemcitabine, and that human and murine cells
with a nucleoside transport deficiency were highly resistant to gemcitabine
(21–23). However, not every cell with an acquired resistance to gemcitabine
displays altered nucleoside transport. In those with gemcitabine-resistant
variants of head and neck squamous carcinoma and erythroleukemic, no
altered nucleoside transport capacity was found (14,24). Moreover, no rela-
tion between basal es nucleoside transporter and gemcitabine sensitivity
could be demonstrated in different human pancreatic cancer cell lines (25).
Although gemcitabine is a substrate for MRP4 and MRP5, no in vitro rela-
tion between activity of the membrane efflux pump and sensitivity to
gemcitabine is reported yet.

2.2. Phosphorylation of Gemcitabine
2.2.1. MECHANISM

Once in the cell, ara-C and gemcitabine are phosphorylated to mono-,
di-, and triphosphates prior to incorporation into DNA, which is required
for their growth-inhibiting activity (3). The first step in phosphorylation is
catalyzed by deoxycytidine kinase (dCK), further phosphorylation to di-
and triphosphates is catalyzed by less-specific kinases (3). dCK has a Km
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Fig. 2. Classification of human nucleoside transporters (NTs) and substrate speci-
ficity of the characterized representatives. ENT, equilibrative NT; CNT, concentra-
tive NT; NBMPR, nitrobenzylmercaptopurine ribonucleoside; es, equilibrative and
NBMPR inhibition sensitive; ei, equilibrative and NBMPR inhibition insensitive.
hENT1, hENT2, hCNT1, and hCNT2 are the cloned representatives of the different
transporters.
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value of 4.6 µM for gemcitabine compared to 1.5 µM for dCyd, which
makes gemcitabine a good substrate for dCK (26). In addition, it has better
efficacy, as shown by the favorable Vm/Km ratio (3) (Table 1). This first step
in phosphorylation is the rate-limiting step for further phosphorylation to
active metabolites and thus is essential for the activation of gemcitabine.
For this reason, dCK plays a pivotal role in gemcitabine activation.

Gemcitabine is also phosphorylated by the mitochondrial enzyme thymi-
dine kinase 2 (TK2), but less efficiently than by dCK (27). The substrate
specificity of gemcitabine for TK2 is only 5–10% of the specificity of
dCyd. In contrast, the cytosolic cell cycle-dependent enzyme thymidine
kinase 1 is not able to phosphorylate dCyd and gemcitabine (27). In reverse,
phosphorylating activity is counteracted by 5′-nucleotidases (5′-NTs),
which degrades the nucleotide to a lower number of phosphate groups (24).

Gemcitabine is inactivated by deamination, catalyzed by deoxycytidine
deaminase (dCDA) to 2′,2′-difluorodeoxyuridine (dFdU) (Km for dCyd and
gemcitabine of 46.3 and 95.7 µM, respectively) (26) (Table 1). In addition, the
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Table 1
Enzymes Involved in Gemcitabine Metabolism, Natural Substrates,

and Km Values of Gemcitabine and ara-C

Enzyme Source Substrate Km (µM) Vm/Km

dCK Human leukemic cells Deoxycytidine 1.5a 3.7a

Human leukemic spleen Deoxyadenosine 120b 5b

Human leukemic spleen Deoxyguanosine 50b 5b

Human leukemic cells Gemcitabine 4.6a 14.9a

MOLT-4 human lymphoblasts Ara-C 14.8c 4.2c

TK2 Human leukemic spleen Thymidine 0.3 and 16d 1.9d

Human leukemic spleen Deoxycytidine 36d 25d

Human leukemic spleen Deoxyuridine 6d 115d

Human brain cells Gemcitabine 66e n.d.
Human brain cells Ara-C 800e 0.8e

dCDA Human leukemic cells Deoxycytidine 46.3a 23.8a

Human leukemic cells Gemcitabine 95.7a 12.5a

Human liver cells Ara-C 270f 15.6f

n.d., not determined.
aRef. 26.
bRef. 114.
cRef. 36.
dRef. 115; biphasic kinetics of TK2 with thymidine as a substrate.
eRef. 27.
fRef. 116.
(From ref. 113 with permission.)
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monophosphate dFdCMP can be deaminated by the action of deoxycytidylate
deaminase (dCMP-deaminase), to 2′,2′-difluorodeoxyuridine monophos-
phate (dFdUMP), which is further degraded to dFdU and transported out of
the cell (28). However, dCMP-deaminase is inhibited by dFdCTP, which is
one of gemcitabine’s mechanisms of self-potentiation (29).

2.2.2. ROLE IN DRUG SENSITIVITY

In a panel of solid tumor cell lines, intrinsic resistance to gemcitabine
correlated with dCK activity in the cell (30). Also, in various murine tumors
and human tumor xenografts, a clear correlation between dCK levels and
gemcitabine sensitivity was found (31).

Human ovarian cancer cells with an acquired highly gemcitabine-resistant
phenotype were dCK deficient (32). When these cells were transfected with
the dCK gene, various clones of transfected cells were formed with different
levels of dCK activity, which strongly correlated with gemcitabine sensitivity
(33). Altered dCK activity is the most frequently described mechanism of
acquired resistance to gemcitabine in vitro (Table 2). Only a few authors
described a discrepancy between dCK expression or activity and acquired
resistance to gemcitabine (30,34).

Cells made resistant to other nucleoside analogs can display crossresis-
tance to gemcitabine (3,24,35). Murine and rat leukemia cells with an
acquired resistance to ara-C were shown to be crossresistant to gemc-
itabine, which was related to altered dCK activity (35).

Not only the degree of expression of the dCK enzyme, but also its reg-
ulation determines its phosphorylating activity. In a study with purified
dCK enzyme from leukemia cells, the best phosphorylating efficiency was
achieved with uridine triphosphate (UTP) as the phosphate donor (36). The
decreased UTP pools found in gemcitabine-resistant rat and murine human
cancer cells may contribute to their gemcitabine resistance (30,32,35).
Because the deoxynucleotide dCTP is the most prominent feedback
inhibitor of dCK, increased dCTP pools will decrease phosphorylation of
gemcitabine and reduce its activity, as was found in gemcitabine-resistant
human oropharyngeal epidermoid carcinoma cells (37).

Although gemcitabine is a poor substrate, the mitochondrial enzyme
TK2 could play an important role in sensitivity to gemcitabine. Because
dCK phosphorylates dCyd and gemcitabine efficiently and TK2 phospho-
rylates dCyd far more efficiently than gemcitabine, some authors sug-
gested that an increase in a dCK/TK2 activity ratio may lead to increased
sensitivity to gemcitabine (38,39).

5′-NT opposes the action of nucleoside kinases by catalyzing the con-
version of nucleotides back to nucleosides. The kinetic properties of the
human cytosolic 5′-NT II (cN-II) make it unlikely to contribute to pyrimi-
dine dephosphorylation (40). However, gemcitabine resistance of human
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Table 2
Summary of the Studies on the Relation Between Deoxycytidine Kinase (dCK) Activity or mRNA Expression 

and Sensitivity to Gemcitabine in Cell Lines and Human Xenografts

Tumor Resistance to Technique dCK Related Reference

Human ovarian cancer cells Gemcitabine Continuous exposure Activity + 32
Human ovarian cancer cells transfection Activity + 96
Human erythroleukemic cells Gemcitabine Continuous exposure Activity + 24
Human oropharyngeal cells Gemcitabine Continuous exposure Activity + 37
Murine leukemia cells Gemcitabine Continuous exposure Activity + 117
Human folicular lymphoma cells Gemcitabine Continuous exposure mRNA + 118
Human NSCLC cells Gemcitabine Continuous exposure mRNA - 34
Human NSCLC cells Gemcitabine Continuous exposure mRNA + 119
Human NSCLC cells Gemcitabine Continuous exposure Activity + 120
Human lung cancer cells transfection Activity - 30
Murine colon cancer Gemcitabine Continuous exposure mRNA + 63
Human colon xenografts transfection Activity + 121

Intrinsic resistance
Various solid tumor cells Activity + 33
Human NSCLC cells Activity + 69
Various xenografts Activity + 33
Human pancreatic cancer cells mRNA + 122
Various human xenografts Activity + 31
Various human xenografts Activity + 123
Various solid tumor cells Activity + 124

(Continued)
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Table 2 (Continued)

Tumor Resistance to Technique dCK Related Reference

Crossresistance
Chinese hamster ovary Ara-C Continuous exposure Activity + 3
Murine and rat leukemia cells Ara-C Continuous exposure Activity + 35
Human erythroleukamic cells Ara-C Continuous exposure Activity + 24
Human promyelocytic cells Cladribine Continuous exposure Activity - 125
Human erythroleukemic cells Cladribine Continuous exposure Activity + 24
Human erythroleukemic cells Fludarabine Continuous exposure Activity + 24
Human NSCLC cells P-gp / MRP transfectiona Activity + 45
Human NSCLC cells Daunorubicine Continuous exposurea Activity + 38
Human NSCLC cells VM-26 Continuous exposure Activity + 38

ara-C, 1-β-D-arabinofuranosylcytosine; cladribine, 2-chlorodeoxyadenosine; fludarabine, 2-fluoroadenine-β-D-arabinoside; NSCLC,
non-small cell lung carcinoma. Gemcitabine, ara-C, cladribine, and fludarabine all require phosphorylation by dCK to become active.

aCollateral sensitivity.
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erythroleukemic cells was associated with increased 5′-NT activity (24).
Moreover, transfection of the 5′-NT I gene resulted in cells less sensitive
to gemcitabine (41). However, studies of the relation between altered 
5′-NT activity and nucleoside analog sensitivity were unequivocal.

dCDA effectively inactivates gemcitabine to dFdU (Km for dCyd and
gemcitabine of 46.3 and 95.7 µM, respectively) (26). Murine and human
cells overexpressing dCDA by transfection were resistant to ara-C and
gemcitabine (42–44), which was completely reversed by the addition of a
specific dCDA inhibitor (42). Collateral sensitivity to gemcitabine in
anthracyclin-resistant variants of human lung cancer cells was associated
with decreased dCDA activity (38,45). However, the role of dCDA in gem-
citabine sensitivity is not clear because in murine and human cells with an
acquired resistance or crossresistance to gemcitabine, dCDA activity was
unchanged compared to that of parental cells or even decreased (32,35). In
a panel of five parental solid tumor cell lines and several head-and-neck,
ovarian, and colon xenografts, no relation between dCDA activity and
inherent sensitivity to gemcitabine was found (33). In addition, the ratio
dCK/dCDA in a panel of 28 xenografts was not related to sensitivity (46).

Another pathway of inactivation is deamination of dFdCMP to dFdUMP
by the action of dCMP-deaminase and subsequently to dFdU (28). Because
gemcitabine and dFdU are not substrates for pyrimidine nucleoside phos-
phorylases, dFdU is not further degraded and excreted out of the cell (28).

In one study, an inhibitor of dCMP-deaminase affected the degradation
of dFdCTP in human leukemia cells, indicating a role of this enzyme in
accumulation of the active metabolite (28).

2.3. Accumulation of Triphosphates and Incorporation 
Into DNA and Ribonucleic Acid

2.3.1. MECHANISM

The triphosphate dFdCTP is incorporated into DNA, which is consid-
ered the most important mechanism of action of gemcitabine (3). After
incorporation of dFdCTP into DNA, one more nucleotide is incorporated
before polymerization stops (47). This so-called masked chain termination
after incorporation of dFdCTP prevents exonucleases from excising
dFdCMP from DNA (47). Further mechanistic studies of chain termination
revealed that incorporated gemcitabine into DNA is recognized by a DNA-
dependent protein kinase (DNA-PK) and p53 protein complex (48). After
gemcitabine treatment, the quantity of this complex will increase, and p53
will increasingly be phosphorylated at Ser15. Although the wild-type p53
present in the protein complex exhibits 3′-5′ exonuclease activity, it is inca-
pable of excising the incorporated gemcitabine from DNA, resulting in
stalling of this complex at the site of drug incorporation (48).
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Moreover, dFdCTP is also incorporated into ribonucleic acid (RNA), after
which RNA synthesis is completely blocked in leukemia cells and severely
hampered in solid tumor cells (49). However, the contribution of incorporation
into RNA to the growth-inhibiting properties of gemcitabine is still unclear.

2.3.2. ROLE IN DRUG SENSITIVITY

Accumulation of dFdCTP in solid tumor cell lines is dose and exposure
time dependent (50). In a panel of 21 cell lines, dFdCTP concentrations
related to sensitivity to gemcitabine in vitro, underlining the important role
of dFdCTP (51). In AG6000 cells with an acquired resistance to gemc-
itabine as a result of dCK deficiency, no dFdCTP was accumulated (32).
Also, in xenografts of this cell line, no dFdCTP pools could be measured
in the resistant tumors after an intraperitoneal injection of 120 mg/kg gem-
citabine (32). These results are in agreement with a five-fold decreased
dFdCTP pool in gemcitabine-resistant erythroleukemic K562 cells com-
pared to parental cells (24). In human small cell lung cancer cell lines with
collateral sensitivity to gemcitabine, increased sensitivity was associated
with increased concentrations of accumulated dFdCTP (38).

Another important factor in sensitivity to gemcitabine is the retention of
dFdCTP, even when initial accumulation may be limited. In both in vitro
and in vivo models, long retention of dFdCTP was associated with
increased sensitivity (33,50) In addition, in human NSCLC cell lines col-
laterally sensitive to gemcitabine, no difference in dFdCTP pools was
found; however, dFdCTP was retained longer (44). In contrast to elimina-
tion of ara-C triphosphate, which is relatively rapid and monophasic, that
of dFdCTP is biphasic and much slower (52). This is because of the self-
potentiation of gemcitabine, specifically inhibition of dCMP-deaminase,
which will prevent degradation, and to the inhibition of cytidine triphos-
phate (CTP) synthetase and ribonucleotide reductase (RNR). Inhibition of
these last two enzymes will decrease the dCTP concentration, which will
activate dCK and synthesis of dFdCTP. Overall, these effects will lead not
only to increased dFdCTP accumulation, but also to longer retention (52).

dFdCTP is believed to be one of the most important metabolites of gem-
citabine, which is reflected in a strong correlation between dFdCTP pools
and sensitivity to gemcitabine. However, other factors may play a role
because some studies describe a discrepancy between dFdCTP pools and
sensitivity to gemcitabine (50,53). Measurement of dFdCTP in target and
surrogate tissue such as lymphocytes may be used as a marker for efficacy.

2.4. Intracellular Targets
2.4.1. MECHANISM

Unlike ara-C, gemcitabine has several self-potentiating mechanisms of
action. Several metabolites of gemcitabine inhibit enzymes involved in
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DNA synthesis and repair and salvage of (deoxy)ribonucleotides. The
diphosphate dFdCDP is an inhibitor of RNR, which plays a vital role in the
provision of DNA building blocks during cell division and DNA repair
(54). The enzyme catalyzes the conversion of ribonucleoside diphosphates
to deoxyribonucleoside diphosphates, which are subsequently phosphory-
lated to triphosphates prior to incorporation into DNA. Deoxycytidine
triphosphate (dCTP) competes with dFdCTP for incorporation into DNA
and is a potent inhibitor of dCK activity (54,55). Thus, depletion of dCTP
pools by RNR inhibition enhances both dFdC phosphorylation and incor-
poration into DNA (37).

Although the deaminated products dFdU and dFdUMP were considered
inactive metabolites for a long time, dFdU can inhibit growth in human
ovarian carcinoma cells; however, dFdU was over 1000-fold less toxic than
gemcitabine (32). Because dFdU is present at relatively high concentra-
tions in the plasma of patients (>100 µM for 24 h) (56–58), it may exert
some cytotoxicity.

Thymidylate synthase (TS) catalyzes the conversion of deoxyuridine
monophosphate (dUMP) to thymidine monophosphate (59). Because
dFdUMP resembles dUMP, it might contribute to the growth-inhibiting
activity by inhibiting TS (60). In human ovarian cancer cells and murine
colon carcinoma cells, TS activity was inhibited 90% after 24-h exposure
to gemcitabine (60). However, the value of this putative activity is not
known yet. The triphosphate of gemcitabine, dFdCTP, is an inhibitor of
CTP synthetase, which catalyzes the conversion of UTP to CTP (51,61).
Because CTP competes with dFdCTP for incorporation into RNA, inhibi-
tion of CTP synthetase might also contribute to cell growth inhibition.

2.4.2. ROLE IN DRUG SENSITIVITY

Inhibition of RNR by dFdCDP is concentration, time, and cell line
dependent and results in a decrease in deoxyribonucleotide pools (54).
Because dCTP is a feedback inhibitor of dCK and competes with dFdCTP
for incorporation into DNA, depletion of dCTP pools will lead to increased
phosphorylation of gemcitabine and incorporation into DNA (54).
Therefore, this self-potentiating mechanism of gemcitabine is considered
an important one, and some authors believe it is a more important determi-
nant for gemcitabine sensitivity than dCK activity.

Human erythroleukemic cells with an acquired gemcitabine resistance
had increased RNR activity; however, dCK activity was decreased (24)
(Table 3). As a result of an increased RNR activity in human oropharyn-
geal epidermoid carcinoma cells made resistant to gemcitabine, increased
deoxyadenosine 5′-triphosphate and dCTP pools were found (37). No dif-
ference was found in dCK expression, but enzyme activity was decreased
in the resistant cells. After removal of the endogenous deoxyribonucleotide
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Table 3
Summary of the Studies on RNR Activity or mRNA Expression of the Subunits M1 and M2 and Acquired Resistance

to Gemcitabine of Cell Lines and In Vivo Tumors

Tumor Technique RNR activity RNRM1 mRNA RNRM2 mRNA Reference

In vitro
Murine leukemia cells Continuous exposure Decreased 117
Human pancreas cancer cells Continuous exposure Increased 126
Human oropharyngeal cancer cells Continuous exposure Increased 127
Human oropharyngeal cancer cells Continuous exposure Increased 128
Human oropharyngeal cells Continuous exposure Increased 37
Human erythroleukemic cells Continuous exposure Increased 24
Human NSCLC cells Continuous exposure No change Increased 34

In vivo
Murine colon carcinoma Repeated treatment Increased 63
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triphosphate pools, no difference in dCK activity in extracts from parental
and variant cells was found, suggesting that increased RNR activity was
the only mechanism of gemcitabine resistance.

By using RNA interference mediated by small interfering RNA of the 
M2 subunit of RNR, evidence was provided that RNR overexpression is
associated with gemcitabine chemoresistance in pancreatic adenocarcinoma
cells (62). Synergism between RNR subunit M2 small interfering RNA and
gemcitabine resulted in markedly suppressed tumor growth, increased tumor
apoptosis, and inhibition of metastasis (62). In gemcitabine-resistant human
NSCLC cells, microarray expression profiling showed marked increase in
the expression of the M1 subunit of RNR that was related to an increase in
M1 messenger RNA (mRNA) and protein expression but not with an
increased RNR activity (34). The authors suggested that the increased 
M1 expression, which is the binding site for dFdCDP, might act as a “molec-
ular sink,” by which the drug binds to the subunit, which is irreversibly inac-
tivated (34). In a mouse colon cancer with an in vivo acquired resistance to
gemcitabine, an increase in RNR M1 expression was found in a microarray
expression profiling assay (63). These results demonstrate the importance of
RNR inhibition as a target for gemcitabine. Also, clinical evidence for the
importance of RNR inhibition is provided. Pretreatment RNR mRNA levels
in tumor specimens predicted the efficacy of gemcitabine-containing
chemotherapy regimens in patients with NSCLC (64).

Not all reports on the importance of RNR inhibition in the cytotoxic
properties of gemcitabine are consistent. Murine leukemia cells made
resistant to the RNR inhibitor hydroxyurea showed increased RNR activ-
ity but were not crossresistant to gemcitabine (65). Moreover, human
leukemia cells resistant to hydroxyurea as a result of increased RNR activ-
ity were even more sensitive to gemcitabine (66).

CTP synthetase provides the cell with CTP, which might compete with
dFdCTP for incorporation into RNA; however, CTP synthetase activity is
also inhibited by the triphosphate. Thus, increased CTP synthetase activity
may maintain CTP pools during gemcitabine exposure, contributing to
gemcitabine resistance. Only indirect evidence is provided that this mech-
anism plays a role in gemcitabine sensitivity. Several studies showed a
marked change in normal ribonucleotide pools after exposing human colon
and ovarian carcinoma cell lines to gemcitabine (50,67). However, in a
study of shifts in NTP pools during gemcitabine exposure in various cell
lines, both increased and decreased CTP pools were found (51). The
authors attributed the decreased CTP pools to the inhibition of CTP syn-
thetase by dFdCTP, and the increased CTP pools to a rise in ATP pools
because ATP is a phosphate donor for the synthesis of all NTPs. Also, in
cells with an acquired gemcitabine resistance, increased CTP pools are
found. In highly gemcitabine-resistant ovarian carcinoma cells and in

Chapter 11 / Gemcitabine 237

11_Peters  7/21/06  3:30 PM  Page 237



murine colon cancer cells with an in vivo induced gemcitabine resistance,
increased CTP pools were found compared to the parent (32,53). No evi-
dence is provided that competition between CTP and dFdCTP for incorpo-
ration into RNA affects gemcitabine sensitivity.

2.5. Incorporation Into DNA and RNA
2.5.1. MECHANISM

After incorporation of dFdCTP catalyzed by DNA polymerases-α and -ε,
one more deoxynucleotide is incorporated before DNA polymerization stops,
resulting in single-strand DNA damage (47,68). The rate of dFdCTP incorpo-
ration depends on activity of the polymerases, competition with dCTP, and
the capacity to excise gemcitabine from DNA. Whether the cell dies as a
result of gemcitabine incorporation depends on efficacy of DNA repair mech-
anisms and apoptotic pathways. Gemcitabine is also incorporated into RNA,
which is in some cell lines at similar levels as in DNA (40,69,70).

2.5.2. ROLE IN DRUG SENSITIVITY

Incorporation into DNA is considered an important mechanism of gemc-
itabine-induced cell death. In human glioblastoma cells, gemcitabine was far
more cytotoxic than RNR and DNA polymerase-inhibiting drugs, but less
effective in inhibiting DNA synthesis, suggesting that incorporation itself of
dFdCTP into DNA is a more lethal event (71). Also, in another study
dFdCTP did not show potent inhibition against the DNA polymerases-α, -β,
and -γ (72). After exposure to gemcitabine at equitoxic and equimolar con-
centrations, fewer DNA strand breaks were found in gemcitabine-resistant
human ovarian carcinoma cells than in the parental cells, suggesting
decreased incorporation of gemcitabine into DNA or an increased DNA
repair mechanism as a mechanism of gemcitabine resistance (73).

Of the four mammalian DNA repair pathways, a relation between some
pathways, or enzymes involved in these pathways, and sensitivity to gemc-
itabine has been suggested. Although initial reports described an inability of
the exonuclease activity of polymerase ε to excise gemcitabine from DNA
(47), gemcitabine incorporated into DNA of Escherichia coli bacteria was
excised by 3′-5′ exonuclease activity. These results suggest that 3′-5′ exonu-
clease activity might be a mechanism of resistance to gemcitabine (74,75).

Mismatch repair (MMR) is a postreplicative DNA repair process that cor-
rects single-base mismatches in DNA by removing such errors from the
newly synthesized strand (76). In human colon cancer and endometrial ade-
nocarcinoma cells with deficient MMR, resistance to gemcitabine was found
compared to the MMR-sufficient parental cells, suggesting an important role
of MMR in gemcitabine sensitivity (77).

Incorporation of gemcitabine into RNA was time and concentration
dependent, and RNA synthesis was inhibited completely in human leukemia
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cells (49). Although, relations have been found between gemcitabine sensi-
tivity and incorporation into RNA, no evidence has been provided that incor-
poration into RNA plays an important role in gemcitabine toxicity.

2.6. Induction of Apoptosis
2.6.1. MECHANISM

In drug-sensitive cells, cytostatic agents can induce apoptosis irrespective
of their intracellular target (78). Also, in gemcitabine-induced cell death, apop-
tosis seemed to play a significant role (79). Gemcitabine mediates apoptosis
by several distinct pathways, both P53 dependent and independent (Fig. 3).

Activation of protein kinase C plays an important role in second mes-
senger pathways in cells with a functional tumor suppressor P53 gene and
in the induction of the proapoptotic Bax gene (80–82). Gemcitabine
exerts its cytotoxic activity mainly by incorporation into DNA; disruption
of further DNA synthesis seems to play a less-important role (71,72).
After gemcitabine exposure, a complex of the DNA-PK and p53 is able to
interact with the gemcitabine-containing DNA (48). This complex binds
to gemcitabine-containing DNA in preference to normal DNA and plays
a role in signaling to apoptotic pathways.
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Fig. 3. Schematic representation of the p53-dependent and -independent, gemc-
itabine-induced apoptotic pathways in NSCLC. In some solid tumor cells lines
(e.g., NSCLC), gemcitabine induces apoptosis via a mitochondria-dependent, cas-
pase 8-mediated pathway. This is in contrast to leukemic cells, for example, in
which gemcitabine and other cytostatic agents can induce caspase 8 via a Fas
receptor-dependent pathway or via a mitochondria-dependent caspase 9 pathway.
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Gemcitabine also induces apoptosis via other pathways than P53 (Fig. 3).
Apoptosis in gemcitabine-exposed NSCLC cells was positively correlated
with induction of the transmembrane receptor Fas, which plays a role in
tumor–host interactions (83). Further downstream, events of induction of
receptor-mediated apoptosis such as FAS include activation of the caspase 
8-initiated cascade (84,85). The observation that in NSCLC cells a cytosta-
tic agent and a caspase 8 peptide inhibitor resulted in a decreased percentage
of apoptotic cells is also suggestive for an important role of caspase 8 activ-
ity in gemcitabine resistance.

Another possible pathway to apoptosis might be via the mitochondria.
Gemcitabine treatment caused apoptosis in multiple myeloma cells as
measured by an increase in DNA cleavage, a decrease in the mitochondr-
ial membrane potential as a measure of damage, and activation of caspase
activity (86). At 8 h after gemcitabine treatment, cleavage of the caspase
substrate poly(ADP-ribose) polymerase and caspase 3 activation were doc-
umented. Caspases 8 and 9 were activated by gemcitabine treatment in this
cell line, suggesting several mechanisms of action, including death recep-
tor pathway and mitochondrial damage. These results suggest an important
role for a caspase 8 mitochondria-dependent cascade in gemcitabine-
induced apoptosis in solid tumor cells (85).

The nuclear factor κB (NF-κB) was increased in gemcitabine-resistant
pancreatic cancer cells and associated with decreased apoptosis. Moreover,
NF-κB was induced in sensitive cells during gemcitabine exposure (87). An
inhibitor of NF-κB restored sensitivity to gemcitabine in these cells. These
results indicate an important role of this transcription factor in gemcitabine
sensitivity.

In one study, the authors suggested that gemcitabine-induced apoptosis is
mediated by the MKK3/6-p38 mitogen-activated protein kinase (MAPK)-
caspase signaling pathway (88). In human pancreatic cancer cell lines, gem-
citabine induced apoptosis by specific activation of p38 MAPK, a member
of the MAPK superfamily (88). A selective p38 MAPK inhibitor signifi-
cantly inhibited gemcitabine-induced apoptosis, suggesting that phosphory-
lation of p38 MAPK might play a key role in gemcitabine-induced apoptosis
in pancreatic cancer cells. Furthermore, gemcitabine-induced cleavage of the
caspase substrate poly(ADP-ribose) polymerase was inhibited by pretreat-
ment with a p38 MAPK inhibitor, suggesting that activation of p38 MAPK
by gemcitabine induces apoptosis through caspase signaling (88).

2.6.2. ROLE IN DRUG SENSITIVITY

The p53 status of cancer cells influences their sensitivity to gemcitabine
cytotoxicity. Evidence is provided that loss of p53 function leads to loss of
cell cycle control and alterations in the apoptotic cascade, conferring resist-
ance to gemcitabine in cancer cell lines displaying a mutant p53 (89).
Reintroducing wild-type p53 in several pancreatic cancer cell lines resulted
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in a decreased percentage of cells in S phase and increased sensitivity to
gemcitabine (90).

In pancreatic cancer cells, which have generally an inherent resistance to
5-fluorouracil and gemcitabine, a Bax/Bcl-2 ratio was predictive for
chemotherapy sensitivity, whereas Bcl-X(L) levels following repeated expo-
sure to 5-fluorouracil or gemcitabine were associated with resistance to these
drugs (91). These findings suggest that the activation of antiapoptotic genes
after repeated drug exposure contributes to chemoresistance of pancreatic
cancer cells. Transfection of human breast cancer cells with complementary
DNA of the Bcl-2 gene resulted in reduced sensitivity to gemcitabine, and
the use of antisense mRNA of Bcl-X(L) in pancreatic cancer cells increased
sensitivity to gemcitabine (92,93). Transfection of pancreatic cancer cells
with the Bax-α gene resulted in increased expression of Bax, activation of
the caspase 8 and caspase 3 pathways, and increased sensitivity to gemc-
itabine (94). Apparently, sensitivity to gemcitabine is closely correlated to
activity of suicide genes whether or not P53 mediated.

3. GENOMIC ALTERATIONS AND SENSITIVITY

Exposure to antimetabolite drugs results in genomic instability, which
can eventually lead to gene deletions and gene mutations. These genomic
alterations might result in resistance to antimetabolite drugs. Also, gemc-
itabine introduces genomic instability in exposed cells. Gemcitabine expo-
sure induced chromatid exchange and micronuclei in mortal and
transformed fibroblasts (95). If these genomic alterations occur in genes
involved in gemcitabine metabolism or target enzymes, this might result in
altered sensitivity to this drug. In ovarian cancer cells with an acquired
resistance to gemcitabine, an absent dCK activity was found that was asso-
ciated with an altered splice variant by deletion of exon 3 (96). Also, altered
activity of oncogenes like myc and ras, which are frequently amplified in
tumor cell lines (97,98), is associated with development of resistance to
antimetabolite drugs by amplification of the corresponding target genes
(99). However, also in tumors with an inherent resistance to gemcitabine,
low sensitivity is associated with genomic alterations. In human lung ade-
nocarcinoma cells, gemcitabine sensitivity was increased by an inhibitor of
posttranslational modification of ras malignant transformation and human
pancreatic adenocarcinoma cells, with an inherent resistance to gemc-
itabine, carry constitutively active Ki-ras and overexpress multiple receptor
tyrosine kinases, eventually initiating a survival pathway (100,101).

4. DRUG COMBINATIONS

Gemcitabine is the only dCyd analog with activity against solid tumors.
This unique quality makes introduction of gemcitabine in drug combination
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regimens interesting. Moreover, gemcitabine was relatively ineffective in
colon and other gastrointestinal cancers (11). This type of resistance can be
overcome by using combinations of chemotherapeutic agents with different
mechanisms of action, such as cisplatin. Combinations of gemcitabine with
many drugs with a different mechanism of action have been tested in 
preclinical models.

The combination of gemcitabine and cisplatin is the most successful
and has been extensively studied. These two drugs differ completely in
both mechanisms of action and side effects. Gemcitabine is primarily
myelotoxic; cisplatin induces mainly nonhematological side effects, such
as nephrotoxicity, neurotoxicity, and severe nausea and vomiting
(102,103). In in vitro studies, a synergistic interaction was found between
gemcitabine and cisplatin that was mainly caused by both an increased
platina adduct formation with DNA by cisplatin and decreased repair of
these lesions (104,105). Decreased kidney function, severe ototoxicity, or
neuropathy can be a reason not to treat a patient with cisplatin. For these
reasons, the combination of gemcitabine and carboplatin was investigated,
which was found synergistic in NSCLC cell lines (106).

Etoposide is also a compound with a completely different mechanism
of action than gemcitabine. Etoposide is a topoisomerase II inhibitor,
resulting in double DNA strand breaks in the dividing cell (107). In human
ovarian cancer cells, gemcitabine enhanced the formation of double DNA
strand breaks by etoposide, which might explain the synergistic interaction
in some of the cell lines (108).

The taxanes paclitaxel and docetaxel are used as a second-line treatment
for NSCLC and for that reason are interesting to combine with gemc-
itabine. In human NSCLC cell lines, additive toxicity was found in the
combination of gemcitabine and paclitaxel (109). The interaction was
sequence dependent, and paclitaxel increased dFdCTP accumulation, gem-
citabine incorporation into RNA, and the apoptotic index. Also, in human
bladder cancer cells, the combination of gemcitabine and paclitaxel was
highly active (110). The combination of gemcitabine and the other taxane
docetaxel was highly synergistic in a panel of human NSCLC and human
gastric cancer cell lines (111,112). In both studies synergistic cytotoxicity
of the drug combination was schedule dependent.

Gemcitabine has been combined with many more drugs in preclinical
models and in the clinic. Moreover, gemcitabine has shown excellent 
preclinical activity as a radiosensitizer.

5. FUTURE PROSPECTS

Although gemcitabine has established its place in the treatment of sev-
eral solid tumors, response rates are still low, especially in relapsed tumors
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after previous treatment. Because gemcitabine is only moderately active as
monotherapy, emphasis should be on gemcitabine-based combination
chemotherapy. To design intelligent new chemotherapy regimens, further
research on the mechanisms of action of gemcitabine is warranted.
Gemcitabine has a complicated mechanism of action, with many enzymes
involved in the metabolism of the drug or as targets for the different
metabolites of gemcitabine. It seems that sensitivity of a cell to gemcitabine
cannot be attributed to activity of a single enzyme, but is multifactorial.

However, some parameters seem to predict sensitivity to gemcitabine.
Knowledge of these parameters is valuable for predicting which patient is
going to respond to gemcitabine-based therapy and who is not. With that
knowledge, it might be possible to design a combination therapy based on
qualities of the patients’ tumor cells. Possible parameters for predicting
gemcitabine response might be nucleoside transport, dCK activity, RNR,
and accumulation and retention of dFdCTP.

Another promising development is gene therapy. Cells transfected with
the dCK gene were increasingly more sensitive to dCyd analogs. It might
be possible to sensitize resistant and moderately sensitive tumors by tar-
geted gene delivery, resulting in specific expression of the gene in certain
tumors. Although there is no clear relationship between dCDA activity and
gemcitabine sensitivity, cells transfected with the dCDA gene were resist-
ant to gemcitabine. Transfection of the dCDA gene may play an important
role in protecting bone marrow from gemcitabine toxicity.
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1. INTRODUCTION

Gemcitabine (2′,2′-difluoro-deoxycytidine, dFdC, Gemzar®), a pyrimi-
dine derivative characterized by its geminyl difluoro substitution on the
ribose ring, entered cancer therapeutics in the 1990s as the first nucleoside
analog with broad solid tumor activity since the introduction of 5-fluorouracil
(5-FU) by Heidelberger in the late 1950s. With proven activity in a wide array
of solid tumors (Table 1) and hematologic malignancies (1), gemcitabine’s
role both alone and in combination with other anticancer drugs and irradia-
tion continues to be the focus of active investigation.

The compound was synthesized in the 1980s at Lilly Research Labo-
ratories (Eli Lilly and Co., Indianapolis, IN) (2). Although initially devel-
oped as an antiviral agent based on its ability to inhibit DNA and RNA
viruses, gemcitabine revealed a low therapeutic index because of cytotox-
icity to the parental cell lines. This led to formal development as an anti-
cancer agent with unique mechanisms of action and activity against
various solid tumors (3–8).

Gemcitabine is a deoxynucleoside analog with structural and metabolic
similarities to cytarabine (ara-C), an agent in broad use against acute
myeloblastic leukemia (9,10). Both differ from the parent nucleoside by a
modification at the 2′ position of the sugar moiety (Fig. 1). Furthermore,
gemcitabine differs from ara-C through its different schedule dependency,
greater membrane permeability, affinity for deoxycytidine kinase (dCK),
longer intracellular retention, and multiple self-potentiating mechanisms
of action (6) (see Chapter 11). It is believed that these differences underlie
gemcitabine’s greater solid tumor activity.

2. SINGLE-AGENT EFFICACY

Gemcitabine has shown encouraging single-agent activity in non-small
cell lung cancer (NSCLC); small cell lung cancer; and ovarian, breast,
bladder, and head-and-neck squamous cell cancers (Table 1), with
response rates ranging from 13% to 29%. In addition, in patients with
NSCLC and pancreatic cancer, improvement of the performance status has
been observed (11–13). However, in the relatively chemoresistant tumor
types, such as renal cancer, gastroesophageal cancer, and melanoma, gem-
citabine alone was not active. Gemcitabine has been approved for first-line
treatment in advanced pancreatic cancer and NSCLC.

In 1992, Rational Therapeutics initiated an analysis of gemcitabine
activity in human tumor specimens obtained at surgery (14). Using mor-
phologic changes in primary culture specimens as surrogate measures of
drug-induced apoptosis as previously described (15), these analyses in 619
previously untreated patient specimens yielded a disease-specific profile
of drug activity. Having shown that these ex vivo analyses correlated with
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Table 1
Efficacy of Gemcitabine in Various Solid Tumor Types

Median 
Prior No. patients Response survival

Phase chemotherapy (range) (range; %) (range; mo) Reference

Bladder II + 24–39 23–29 5–13+ 176–179
Breast II + 20–42 14–29 12–15 130–132, 180
Esophageal cancer II – 17 0 5 126
Gastric cancer II – 15–26 0–4 ng 181, 182
Ovary II + 20–42 15–22 8.1 156, 159, 183
NSCLC II – 150 19 5.7 11

III – 26–49 18–19 ng–8.5 184, 185
SCLC II – 26 27 12 186
Renal II – 18–37 6–8.1 ng–12 187, 188
HNSCC II – 54 13 ng 189
Pancreas II – 32–43 9–21 5.6–8.8 95, 190–192

II + 57 10.5 [27%] 3.9 13
III – 63 5.4 [24%] 5.65 12

[%], clinical benefit response; ng, not given; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; HNSCC, head-and-
neck squamous cell carcinoma.



patient response, time to progression, and survival (16,17), they used mod-
ified Z scores of the LC50 values to predict activity for gemcitabine by
tumor type (Fig. 2). The Z-score formula allows the comparison of gemc-
itabine activity for diseases with widely varied LC50 ranges. By subtract-
ing the disease LC50 result (i.e., breast, colon, etc.) from the average LC50
for all diseases and dividing the result by the standard deviation, the rela-
tive sensitivity or resistance is provided in standard deviation units from
the mean. The formula is (Overall Mean LC50 – Disease LC50)/Standard
Deviation. Results have proven concordant with the published response
rates from phase II clinical trials and have provided the basis for the com-
bination analyses.

2.1. Mechanism of Action
Gemcitabine has multiple mechanisms of action (Fig. 3). Membrane

transport is mediated by the facilitated diffusion human equilibrative or
concentrative nucleoside transporters (hENTs or hCNTs) dependent on the
tissue or tumor (5,18; see Chapter 1, this volume) Subsequently, the pro-
drug is phosphorylated to its monophosphate by dCK. Subsequent phos-
phorylation yields the active metabolites, gemcitabine diphosphate and
triphosphate (dFdCTP). The main action of gemcitabine is assumed to be
competitive incorporation of dFdCTP with deoxycytidine triphosphate
into DNA (4,7,19), after which DNA polymerase is able to add only one
more nucleotide, leading to DNA fragmentation and cell death. This so-
called masked chain termination prevents exonuclease recognition and
excision of gemcitabine.

Gemcitabine activity has been correlated with the extent of dFdCTP
formation, its incorporation into DNA, and its inhibition of DNA synthesis
(7,19–21). In addition, several self-potentiating mechanisms have been
described, including inhibition of ribonucleotide reductase, deoxycytidylate
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Fig. 1. Structural formulas of deoxycytidine (CdR), cytarabine (ara-C), and gem-
citabine (dFdC).
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Fig. 2. Z-score analysis of gemcitabine activity in previously untreated human
tumors. PRO, prostate; REN, renal; MEL, melanoma; OVA, ovary; GAS, gastric;
PAN, pancreas; NSCLC, non-small cell lung cancer; SAR, soft tissue sarcoma;
ENDO, endometrial; BLAD, bladder; BRE, breast; SCLC, small cell lung cancer.

deaminase and cytidine triphosphate synthetase (22,23), enhancing the
incorporation of dFdCTP into DNA and possibly also into RNA. The
potential role of incorporation of gemcitabine into RNA has not yet been



elucidated but may be related to induced apoptosis, as was shown for
another fluoropyrimidine, 5-FU (24). Gemcitabine induces a G1/S-phase
arrest (6,25,26) and triggers apoptosis in both human leukemia (6,27,28)
and solid tumor cells (25,26,29). Moreover, gemcitabine caused an imbal-
ance in the (deoxy)ribonucleotide pools, which might play a role in apop-
tosis by influencing DNA repair. Collectively, the various effects of
gemcitabine result in a unique pattern of self-potentiation.

Although these self-potentiating factors are important for the activity of
gemcitabine, dCK activity and dFdCTP accumulation and incorporation
into DNA seem vital to all these actions. dCK is the rate-limiting enzyme
for active metabolite formation. Acquired resistance to gemcitabine has
been associated with deficiency of dCK (30–32); after transfection with
dCK, the sensitivity to gemcitabine increased (33). We found a clear rela-
tion between dCK levels and chemotherapeutic response to gemcitabine in
various tumors of different histology in vivo (34), indicating that dCK
might be an important prognostic factor for gemcitabine sensitivity. This is
supported by the favorable ratio of tumor to normal tissue for dCK (34–36).
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Fig. 3. Metabolism and mechanisms of action of gemcitabine: 1, facilitated diffusion
human nucleoside transporters (hNT); 2, deoxycytidine kinase (dCK); 3, deoxycy-
tidine deaminase (dCDA); 4, deoxycytidylate deaminase; 5, ribonucleotide reductase;
6, CTP-synthetase; and 7, DNA-polymerase.



In addition, accumulation of dFdCTP has been correlated to its incorpora-
tion into DNA, its inhibition of DNA synthesis, and gemcitabine sensitivity
(7,19,21).

Inactivation of gemcitabine occurs through deamination of gemcitabine
itself or of gemcitabine monophosphate to the metabolites 2´,2´-difluoro-
2´-deoxyuridine (dFdU) or 2´,2´-difluoro-2´-deoxyuridine monophosphate
by the enzymes, deoxycytidine deaminase, and deoxycytidylate deaminase,
respectively (Fig. 3). dFdU is 1000-fold less active than gemcitabine (37).
However, plasma concentrations are maintained for a prolonged period
(>24 h) at levels known to cause growth inhibition. Additional degradation
of gemcitabine can occur by dephosphorylation of the nucleotides to the
nucleoside. Increased nucleotidase activity has been found in gemcitabine-
resistant cell lines (30). In these resistant cell lines, nucleotidase activity
was strongly increased and dCK activity was moderately reduced, resulting
in reduced accumulation of triphosphate analogs. Furthermore, ribonucleotide
reductase activity was strongly increased in the gemcitabine- selected resistant
cell line.

2.2. Pharmacology
Gemcitabine antitumor activity is strongly schedule dependent. In

phase I trials, several schedules with gemcitabine have been studied. The
daily for 5 d schedule with a maximal tolerable dose (MTD) of 12 mg/m2

(38) was too toxic and not recommended for phase II studies. In a schedule
of once every 2 wk, gemcitabine was well tolerated, with MTD reached at
5700 mg/m2 (39).

The weekly schedule (d 1, 8, 15, every 4 wk) was recommended for
phase II studies with gemcitabine at a dose of 800 mg/m2, which could
later be increased to 1000–1250 mg/m2 because of lack of toxicity in most
patients. The usage of prolonged gemcitabine infusions is still under inves-
tigation. Prolonged infusions required considerable dose reductions of
gemcitabine, to 300 mg/m2 at a 6-h infusion (40) and 180 mg/m2 at a 24-h
infusion (41), with myelotoxicity dose limiting. Pharmacokinetic studies
suggested that the accumulation of dFdCTP is saturated at 10–20 µM gem-
citabine in plasma, which was achieved at a gemcitabine infusion rate of
10 mg/m2/min (42). The maximum tolerated infusion duration at the gem-
citabine infusion rate of 10 mg/m2/min was 12–15 h (43), with maximal
dFdCTP levels obtained at the end of infusion. Maintaining high dFdCTP
for a long period of time might optimize accumulation of dFdCTP and be
favorable for clinical response to gemcitabine.

Although a study comparing fixed dose rate with standard-dose gemc-
itabine in 91 patients with advanced pancreatic cancer suggested benefit
(44), randomized trials will be necessary to compare these administration
schedules formally. Plasma concentrations of gemcitabine generally reach
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a plateau after 15–30 min during the standard 30-min infusion protocol
(45). Pharmacokinetics were linear over the range 53–4500 mg/m2 (45) but
became nonlinear at the higher dose levels (46). In our pharmacokinetic
studies, mean gemcitabine peak plasma concentrations ranged from 24 to
32 and to 53 µM at doses of 800, 1000, and 1250 mg/m2 (47,48).

Gemcitabine is rapidly eliminated, with a median elimination half-life
of 8 min (Fig. 4); its catabolite, dFdU, has a biphasic elimination, with a
terminal half-life of 14 h (Fig. 4) (45,48). Urinary excretion of gemcitabine
predominantly occurs as dFdU (45,49). Accumulation and retention of
gemcitabine nucleotides by target cells are critical for the cytotoxicity of
the drug. Intracellular concentrations of dFdCTP in peripheral blood
mononuclear cells reached peak levels within 2–4 h after start of gemc-
itabine infusion (30-min infusion) and increased dose dependently until
saturation at doses above 1000 mg/m2 (46,50); dFdCTP elimination was
biphasic (45). Gemcitabine elimination occurs largely through deamina-
tion in the blood, liver, kidney, and other tissues (45). Gemcitabine phar-
macokinetics are age and gender dependent (51). Clearance of gemcitabine
decreases with increasing age. In women, gemcitabine clearance is about
30% lower than in men; however, dosage adjustment may not be neces-
sary.
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Fig. 4. Plasma levels of gemcitabine (1000 mg/m2; (mol/L) administered directly
after paclitaxel (d 1; closed circle) and as a single agent (d 8; open circle) and of
its metabolite dFdU on d 1 (closed triangle) and d 8 (open triangle).



In conclusion, gemcitabine pharmacokinetics are schedule dependent.
The gemcitabine weekly schedule was recommended for further evaluation.
Evaluable parameters are plasma levels of gemcitabine, its deaminated
product dFdU, and intracellular concentrations of dFdCTP, the active
metabolite of gemcitabine.

2.3. Toxicity
Gemcitabine exhibits schedule-dependent toxicity. The MTD on an

every-other-week schedule in solid tumors is 4500 mg/m2 (39); the MTD
for gemcitabine administered 5 d/wk every 4 wk was 12 mg/m2 (38). The
most favorable therapeutic index is achieved when the drug is given at a
weekly dose of 800–1250 mg/m2 for 2 or 3 wk, followed by 1 wk of rest
(52). Myelotoxicity has been dose limiting in this schedule. The US
prescribing information for gemcitabine cites data from 979 patients with
various malignancies who received weekly 800–1250 mg/m2 gemcitabine
as part of 22 clinical studies (53). The most common grade 3 or 4 adverse
effects accordingly to the World Health Organization were myelosuppres-
sion, hepatic abnormalities, and nausea and vomiting. Rare toxicities,
including pulmonary toxicity (54), hemolytic-uremic syndrome (55), and
vasculitis (56), have been described. This relatively mild toxicity profile
makes gemcitabine attractive for usage in combination chemotherapy.

3. GEMCITABINE COMBINATIONS: 
MECHANISMS OF ACTION

The introduction of gemcitabine rapidly led to studies of its combination
with other cytotoxics. In cell line and preclinical models, analyses revealed
additive and synergistic effects, with particular focus on modalities that
directly damaged DNA, like alkylating agents, platins, and ionizing radiation.
The capacity of human tumor primary cultures to predict gemcitabine activ-
ity (described above) provided the opportunity to conduct synergy studies
with other chemotherapeutics, including median-drug-effect analysis of
select combinations (57). The results of these analyses are provided as bar
graphs indicating the percentage of specimens yielding synergy (Fig. 5). The
insights gained from various preclinical studies led to several successful
phase II clinical trials, including the study of cisplatin and gemcitabine in
relapsed breast and ovarian cancers described in sections following. The
molecular basis of these favorable interactions remains an area of investiga-
tion.

3.1. Gemcitabine-Cisplatin
Gemcitabine is attractive for use in combinations with drugs that damage

DNA based on its ability to inhibit DNA replication and repair. Cisplatin acts
by formation of platinum-DNA (Pt-DNA) adducts, both interstrand and
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intrastrand (58). Preclinical studies of the gemcitabine-cisplatin combination
clearly showed additive and synergistic effects (3,59,60). The interaction
might be explained by the increased gemcitabine incorporation in DNA and
formation of Pt-DNA adducts. However, paradoxically, cisplatin tended to
decrease the cellular dFdCTP concentration (59,60). Furthermore, gemc-
itabine decreased the repair of Pt-DNA adducts in a cisplatin-resistant cell
line.

There is no clear evidence of the best sequential schedule of administration
of the two drugs. Preclinical studies showed that gemcitabine prior to cisplatin
schedule was synergistic; the reversed schedule was mostly additive (3,59,61).
In a pharmacological study, the schedule with cisplatin prior to gemcitabine
produced the best pharmacological profile (47) but resulted in more severe
leukopenia (62). Reanalysis of clinical phase II studies and a randomized
study, using 4-wk schedules, suggested that the regimen with cisplatin on d 15
had highest dose intensity with the most favorable toxicity profile (63,64).
However, despite the better tolerance in the d 15 schedule, dose reductions
were still necessary. Therefore, the 3-wk schedule is currently often used,
showing comparable response rates and better compliance profile (65).

3.2. Gemcitabine-Paclitaxel
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Fig. 5. Incidence of synergy for gemcitabine combinations by drug (percentage
of specimens positive for synergy). Gem, gemcitabine; Topo I, topotecan; MMC,
mitomycin C; Dox, doxorubicin; NM, nitrogen mustard; CDDP, cisplatin; 5FU,
5-fluorouracil.



Various gemcitabine-paclitaxel combinations did not show sequence-
dependent cytotoxic effects in NSCLC cells; all combinations were not
more than additive (25,66). However, the administration of paclitaxel prior
to gemcitabine seemed to be favorable compared to the reversed schedule
because of the potentiating effect of paclitaxel on gemcitabine metabolism
and apoptotic index (25). In patients, no pharmacokinetic drug–drug interac-
tions for the paclitaxel-gemcitabine combination were observed, but pacli-
taxel dose-dependently increased dFdCTP peak levels in mononuclear
cells of NSCLC patients (48). Increased dFdCTP levels might be related to
an altered metabolism of cofactors involved in the synthesis of dFdCTP,
such as adenosine triphosphate. The paclitaxel-gemcitabine combination
significantly increased ribonucleotide levels (48), especially adenosine
triphosphate, which is the cosubstrate for dCK and together with uridine
triphosphate is a major phosphate donor in the phosphorylation of gemcitabine
(67,68). Thus, although the paclitaxel-gemcitabine combination did not
show synergistic sequence-dependent cytotoxicity, paclitaxel prior to gem-
citabine seems to be favorable compared to its reversed schedule.

3.3. Other Combinations With Gemcitabine
Many other drugs have been evaluated for their potential synergistic inter-

action with gemcitabine. Combination of gemcitabine with oxaliplatin showed
potent antitumor effects comparable to those observed for the gemcitabine-
cisplatin combination (69). Additive to slightly synergistic effects have been
observed for docetaxel (70), topotecan (26), etoposide (71), mitomycin C (72),
5-FU (73), and multitargeted antifolate (74). For etoposide, the mechanism
may be related to reduced repair of DNA damage (71). Gemcitabine induced
a decrease in deoxyuridine monophosphate concentration (75), which might
explain a synergistic effect with 5-FU and multitargeted antifolate. In addition,
gemcitabine has been recognized as a potent radiosensitizer (76–78) (see
Chapter 13), for which DNA repair, cell cycle effects, and deoxyadenosine
triphosphate depletion might play a role. Because of its multiple actions, gem-
citabine seems attractive for combination chemotherapy.

4. GEMCITABINE COMBINATIONS: 
FIRST-LINE EFFICACY

4.1. Advanced NSCLC
Currently, cisplatin is the basis for most of the effective combination

chemotherapy regimens in NSCLC (79,80), prolonging survival and
improving quality of life. Gemcitabine, the taxanes, irinotecan, and vinorelbine
have shown improved survival and quality of life compared to best supportive
care in NSCLC (11,70,81–83). Two-drug combinations with these new
drugs demonstrated improved results compared to cisplatin alone or the
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Table 2
Phase III Trials With Gemcitabine Combinations (@, Gemcitabine and Cisplatin) 

and Three-Drug Combinations ($) in Advanced NSCLC

Regimen No. of patients Response (%) Median survival (mo) QoL Reference

Gem-Cis @ 69 41a 8.7 = 193
Cis-VP16 66 22 7.2 =
Gem-Cis @$ 155 38a 8.6 = 194
MIC 152 26 9.6 =
Gem-Cis 30.4a 9.1a nd 195
Cis @ 11.1 7.6
Gem-Vinor 60 22 7.3 + 196
Vinor 60 15 4.5
Gem-Vinor 49 18 ng nd 184
Gem 49 18
Gem-Tax 257 35 9.8 nd 91
Tax-Carbo 252 28 10.4
Gem-Cis 205 30 9.8 nd 197
Tax-Carbo @ 204 32 9.9
Cis-Vinor 203 30 9.5
Gem-Carbo 99 27 11.6a nd 198
Cis-vinblastine 99 15 7.9
Cis-Gem-Vinor 69 47 11.5 nd 199
Cis-Gem @$ 63 30 9.8
Cis-Vinor 67 25 8.2b

Cis-Tax 288 21 7.8 nd 200
Cis-Gem @ 288 22 8.1
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Cis-docetaxel 289 17 7.4
Carboplatin-Tax 290 17 8.1
Gem-ifosfamide 94 25 7.5 nd 201
Gem-Cis-Carbo 92 29 8.5
Cis-Carbo-ifosfamide $ 94 23 6.0
Cis-Gem 9.9 nd 85
Cis-Gem-Gef 250 9.9
Cis-Gem-Gef 500 10.9

Gem, gemcitabine; Cis, cisplatin; VP16, etoposide; MIC, mitomycin C + ifosfamide + cisplatin; Vinor, vinorelbine; Tax, paclitaxel;
Gef, gefitinib, Iressa; nd, not determined; =, not significantly different; QoL, quality of life; mo, months.

aSignificantly better.
bSignificantly worse.



older platinum-based combinations using etoposide, vinblastine, or vindesine.
With the newer agents, response rates seem to improve, but a survival advan-
tage was less frequently observed. Recent or ongoing phase III trials aim to
determine the optimal combination using newer agents (Table 2).

4.1.1. GEMCITABINE-CISPLATIN

Combinations of gemcitabine and cisplatin are theoretically attractive
because of preclinical synergism and have proven to be among the most
active in clinical studies (Table 2). Thrombocytopenia has generally been
dose limiting.

4.1.2. GEMCITABINE-CISPLATIN-GEFITINIB

Current research has focused on targeted therapy, and epidermal growth
factor receptor inhibition is one of the promising clinical strategies.
Epidermal growth factor receptor inhibitors currently under investigation
include the small molecules gefitinib (Iressa, ZD1839) and erlotinib (Tarceva,
OSI-774), as well as monoclonal antibodies such as cetuximab (IMC-225,
Erbitux) and bevacizumab (Avastin). Agents that have only begun to undergo
clinical evaluation include CI-1033, an irreversible pan-erbB tyrosine kinase
inhibitor, and PKI166 and GW572016, both examples of dual kinase
inhibitors (inhibiting epidermal growth factor receptor and Her2).
Preclinical models have demonstrated synergy for all these agents in com-
bination with either chemotherapy or radiotherapy (84). However, serious
clinical challenges persist. Gefitinib in combination with gemcitabine and cis-
platin in chemotherapy-naïve patients with advanced NSCLC had a manage-
able and predictable safety profile but did not have improved efficacy over
gemcitabine and cisplatin alone (84,85). A multinational clinical trial that
combined erlotinib with cisplatin and gemcitabine in 1172 patients with
advanced NSCLC also failed to show benefit for the combination (84,86),
raising questions regarding the optimal use of these agents in combination.

4.1.3. GEMCITABINE-CARBOPLATIN AND GEMCITABINE-OXALIPLATIN

The platinum derivatives carboplatin and oxaliplatin offer potential
therapeutic advances in terms of different toxicity profiles and possibly
different efficacies. Carboplatin appears to be equally efficacious com-
pared to cisplatin in NSCLC. Carboplatin is attractive because it gives less
nonhematologic toxicity, but care has to be taken for additive myelotoxicity
(87); oxaliplatin is relative noncrossresistant with standard platinum
compounds (88).

4.1.4. GEMCITABINE-TAXANES
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To circumvent cisplatin-induced toxicities, the combination paclitaxel
or docetaxel plus gemcitabine seems attractive (89–91). Combinations
with paclitaxel have been studied in phase II (89,92,93) and phase III trials
(91,94). In view of the approximately equal efficacy of current regimens,
quality-of-life and cost-effectiveness analysis should now be included in
future phase III trials.

4.2. Pancreatic Cancer
Chemotherapy has been used for advanced pancreatic cancer but still

with limited success. Because of the aggressive behavior of the disease,
emphasis of current experimental chemotherapy is also focusing on clini-
cal benefit. Single-agent gemcitabine has a significant impact on survival
and clinical benefit compared to 5-FU (12,95). In contrast to the common
schedule in NSCLC, gemcitabine is administered in a 7-wk schedule fol-
lowed by 1-wk rest. Thereafter, gemcitabine is given weekly three times
every 4 wk. Retrospective evaluation of 3023 pancreatic cancer patients
treated with single-agent gemcitabine yielded a symptom improvement of
18% after the four treatment cycle; a response rate of 12% and a median
survival of 4.8 mo were observed in 982 and 2380 patients, respectively (96).
Currently, gemcitabine treatment is considered standard therapy for pancre-
atic cancer. Drug combinations with gemcitabine have been studied.

4.2.1. GEMCITABINE-CISPLATIN

Phase II trials using the gemcitabine-cisplatin combination appeared to
improve treatment results regarding response rate and survival (97,98).
Using 1000 mg/m2 gemcitabine (d 1, 8, and 15) and 50 mg/m2 cisplatin (d 1
and 15) every 28 d resulted in median survival of 8.2 and 7.4 mo, respec-
tively. Randomized studies comparing single-agent gemcitabine with the
combination have been initiated.

4.2.2. GEMCITABINE-5-FU
Both gemcitabine and 5-FU as single agents improved treatment of pan-

creatic cancer. Gemcitabine inhibits the formation of deoxynucleoside
triphosphates via inhibition of ribonucleotide reductase (99), reducing deoxy-
uridine monophosphate and deoxythymidine 5´-triphosphate, which might
enhance the antitumor effect of 5-FU. Combinations with 5-FU have been
tested in phase II studies with 5-FU bolus at 600 mg/m2 (100,101) or 5-FU
protracted infusion at 200 mg/m2/d (102–104). Objective responses ranged
from 3.7% to 20% and median survival from 4.0 to 10.3 mo. However, in a
randomized trial (ECOG; Eastern Cooperative Oncology Group), the combi-
nation of 5-FU and gemcitabine did not improve the median survival of
patients with advanced pancreatic cancer compared to the use of gemcitabine
alone (105).

4.2.3. GEMCITABINE-DOCETAXEL
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The combination of both gemcitabine and docetaxel was well tolerated,
with neutropenia the dose-limiting toxicity; however, so far the addition of
docetaxel to gemcitabine has not shown benefit compared to gemcitabine
alone (106,107). Based on preclinical models, Fine (108) has reported phase
II trial response rates approaching 50% in advanced pancreatic cancer using
a combination of gemcitabine, docetaxel, and capecitabine, dubbed GTX.
Confirmation in larger trials is awaited.

4.2.4. GEMCITABINE-RADIOTHERAPY

Gemcitabine has been recognized as a potent radiosensitizing drug
(76,78). Radiosensitization by gemcitabine can be caused by different
mechanisms, such as (1) gemcitabine’s inhibition of repair of chromosome
damage induced by irradiation; (2) induced cell cycle redistribution, which
might accumulate cells into a more radiosensitive phase of the cell cycle;
(3) depletion of deoxyadenosine triphosphate; and (4) level of dCK
expression. Phase I studies in advanced pancreatic cancer demonstrated
that the toxicity profile of gemcitabine combined with radiation had
acceptable toxicity (109,110). However, the toxicity of the combination
was occasionally severe, including bleeding ulceration and fistula forma-
tion (111,112). A phase II study has been performed in which patients with
locally advanced pancreatic cancer were treated with 300 mg/m2 gemc-
itabine and 800 cgy external beam radiation (d 1, 8, and 15, every 28 d)
(111). If possible, treatment was continued with single-agent 1000 mg/m2

gemcitabine. Although toxicity was severe, 7 of 22 patients (32%)
responded.

4.3. Advanced Bladder Cancer

4.3.1. GEMCITABINE-CISPLATIN

Until recently, the multidrug combinations CMV (cisplatin, methotrexate,
and vinblastine) and MVAC (methotrexate, vinblastine, adriamycin, and
cisplatin) were considered standard treatment for advanced bladder cancer
(113–115). Phase II studies of the gemcitabine-cisplatin combination
showed notable response rates in advanced bladder cancer (116–118). The
gemcitabine-cisplatin combination has been randomized against the
MVAC standard in a multinational, multicenter, phase III study (119),
comparing the gemcitabine (1000 mg/m2, d 1, 8, 15) and cisplatin (70
mg/m2, d 2) combination with standard MVAC in 405 patients. Response
rate, time to progression, and survival were comparable for both the 
gemcitabine-cisplatin and the MVAC combination, with a response rate of
49% and 46% and overall survival of 13.8 and 14.8 mo, respectively. In
addition, the gemcitabine-cisplatin provided a better safety profile and
tolerability. Although long-time follow-up of the gemcitabine-cisplatin
combination remains to be completed, the better risk-benefit ratio has
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changed the standard of care from MVAC to gemcitabine-cisplatin for
patients with advanced bladder cancer.

4.3.2. GEMCITABINE-PACLITAXEL

A phase II trial using the gemcitabine-paclitaxel regimen showed results
that compare favorably with those produced by the first-line regimens,
with a response rate of (29/54) 54% and a median survival of 14.4 mo
(120). Especially in patients with compromised renal function, this regi-
men seems attractive.

4.4. Advanced Gastric and Esophageal Cancer
At present, there is no established standard chemotherapy for advanced

gastric and esophageal cancer. Cisplatin-based regimens are among the
most active in gastric and esophageal cancer (121–123), resulting in mod-
est response rates up to 45% and poor median survival times ranging from
6 to 10 mo (124,125). These results have prompted the evaluation of newer
agents. In gastroesophageal cancers, a gemcitabine combination has not
been studied before in a phase II setting. Although gemcitabine alone is not
active in this disease (126), we studied the combination with cisplatin
because of the encouraging results obtained in a previous schedule-finding
study (62). In patients with advanced gastric and esophageal cancer, toxicity
was manageable, with myelosuppression the main toxicity. In advanced
gastric cancer, responses were observed in 12 of 40 patients (30%), with a
median survival of 11 mo (127). In patients with advanced esophageal cancer,
14 of 34 patients (41%) had an objective response, with a median survival
of 9.8 mo (128).

4.5. Breast Cancer
Gemcitabine has shown activity as a single agent in advanced breast

cancer, with response rates in the range of 14–37% (129–132). Weekly
schedules of 800–1250 mg/m2 administered on d 1, 8, and 15 every 28 d
have been well tolerated. Using a 6-h infusion administered weekly at an
MTD of 250 mg/m2, a response rate of 25% was reported with tolerable
toxicity (133). Response rates tend to favor chemonaïve over previously
treated patients, suggesting some crossresistance with taxanes, anthracy-
clines, and alkylating agents to which relapsed patients had been exposed.
Based on these favorable results, a number of combination trials in breast
cancer have been undertaken (Table 3).

4.5.1. GEMCITABINE-VINORELBINE

The combination of vinorelbine plus gemcitabine has been extensively
investigated. In a series of phase II trials, the most widely used schedule
was that of 25–30 mg/m2 vinorelbine plus 1000–1250 mg/m2 gemcitabine,
with both drugs administered d 1 and 8 every 21 d. Response rates of
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Table 3
Select Gemcitabine-Based Combinations in Breast Cancer

Regimen Number Response rate (%) Median TTP Median survival Reference

Gemcitabine single agent 39 37 5.1 mo 21.1 mo 129
47 29 N/A N/A 132
25 16 5.1 mo 12.6 mo 97
42 14.3 N/A 15.2 mo 131
44 25 1.9 mo 11.5 mo 130

Vinorelbine and gemcitabine 31 22 3.5 mo 9.5 mo 136
25 44 17 wk NA 135
51 33.3 10.8 mo 17.8 mo 134
32 43.8 5 mo NA 137
51 54 NA NA 138

Doxorubicin (epirubicin) 33–89 NA NA 139
and gemcitabine

Liposomal doxorubicin 49 52 4.5 mo 16.1 mo 140
and gemcitabine

Paclitaxel and gemcitabine 29 55 NA 12 mo 144
45 66.7 11 mo 19 mo 143
43 68 16.6 mo NA 142
267 39.3 5.4 mo N/A 149

Docetaxel and gemcitabine 39 36 7 mo 12.7 mo 147
53 53 7.5 mo 16.5 mo 146
50 46 NA NA 145
33 79 NA 24.5 mo 148
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Doxorubicin (epirubicin) 83–92 NA NA 151
and gemcitabine 
and paclitaxel

Cisplatin and gemcitabine 31 50 14 wk 50 wk 17
Carboplatin and gemcitabine 30 30 20 wk NA 152
Trastuzumab and gemcitabine 61 38 5.8 mo 14.7 mo 153
Trastuzumab and paclitaxel 42 67 9 mo 27 mo 154

and gemcitabine

NA, not available; TTP, time to progression.



22–54% with acceptable toxicity were observed (134–138). However, with
single-agent activities for each drug of 20%, it remains to be shown
whether the doublet provides clinical advantage over sequential single
agents.

4.5.2. GEMCITABINE-ANTHRACYCLINE COMBINATIONS

For gemcitabine-anthracycline combinations, both doxorubicin and
epirubicin have provided response rates of 33–89% (139). A 52%
objective response rate was reported for the combination of liposomal
doxorubicin plus gemcitabine in relapsed breast cancer patients, with
58% of patients who had previously received anthracycline therapy
responding (140).

4.5.3. GEMCITABINE-TAXANES

Paclitaxel and docetaxel have both been successfully combined with gem-
citabine in breast cancer. Paclitaxel-plus-gemcitabine combinations resulted
in objective response rates of 55–71% (141–144), highly similar to results
with docetaxel, at 36–79% (145–148). Principal toxicities have been hemato-
logic, with fluid retention and allergic and hepatic toxicities also reported.
The largest study compared paclitaxel at 175 mg/m2 every 3 wk with the
same paclitaxel dose plus gemcitabine at 1250 mg/m2 on d 1 and 8 every 21
d. Response rates of 25.6% vs 39.3% and median time to progression of 3.5
vs 5.4 mo favored the combination arm, leading to the US Food and Drug
Administration to approve this combination for relapsed breast cancer
(145–149). A parallel study found no significant pharmacokinetic interactions
between the agents (145–148,150). Based on favorable doublet results, the
triplet regimens of gemcitabine plus paclitaxel with either doxorubicin or
epirubicin have been explored, providing objective responses as high as 94%
(151). A comparison of the epirubicin-based GET (gemcitabine-epirubicin-
taxol) vs FEC (fluorouracil-epirubicin-cytoxan) regimens has been under-
taken by European investigators in a large phase III trial.

4.5.4. GEMCITABINE-PLATINUM

The activity and synergy between platins and gemcitabine led to the
examination of these doublets in advanced breast cancer. Cisplatin plus
gemcitabine provided objective responses in 23–50% of previously
treated, relapsed breast cancer patients, including patients treated follow-
ing autologous bone marrow transplant relapses (14,16). Carboplatin plus
gemcitabine has yielded similar results (152). With hematologic toxicity
dose limiting, thrombocytopenia has been the most common finding.
Lower dose schedules that employed cisplatin at 30 mg/m2 with gemc-
itabine at 600–1000 mg/m2 were generally well tolerated, with little neu-
ropathy or alopecia reported. The concept of “capturing” repair-efficient
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cells, although requiring further clinical confirmation, offers a theoreti-
cally attractive option for the use of this repeating-doublet schedule in
heavily pretreated patients or as a consolidation regimen.

4.5.5. GEMCITABINE-TRASTUZUMAB

With the introduction of trastuzumab, combinations that employ this
agent with gemcitabine alone or with taxanes have been explored. One
trial combining trastuzumab at 4 mg/m2 load followed by 2 mg/m2 weekly
combined with gemcitabine at 1200 mg/m2 for 2 wk every 21 d provided
objective responses in 23 of 61 (38%) and a median time to progression
of 5.8 mo (153). Adding paclitaxel to this regimen at 175 mg/m2 on d 1
improved the overall response rate to 67% (28/42), including complete res-
ponse in 10% (4/42), with a median time to progression of over 9 mo (154).

The favorable toxicity profile and activity for numerous gemcitabine-
based combinations has led to the application of this agent in advanced
breast cancer. Current trials are examining the role of gemcitabine in the
neoadjuvant setting, with future applications in the postoperative adjuvant
setting under development.

4.6. Ovarian Cancer
Ovarian cancer is among the most chemoresponsive epithelial neoplasms.

Favorable responses are observed with alkylating agents, platins, anthracy-
clines, both topoisomerase I and II inhibitors, and the antimetabolites. As a
single agent, in phase II trials gemcitabine showed responses in the range of
11–22% (155–159). Activity for gemcitabine is preserved even in patients
with documented resistance to platinum and paclitaxel (160,161), which
may in part reflect the development of collateral sensitivity as previously
described in cell lines (160–162). The drug’s favorable toxicity profile has
made it an attractive option for patients with relapsed disease.

Therapy for recurrent ovarian cancer has increasingly incorporated
gemcitabine into combinations with agents of known single-agent activity
for this disease. A compendium of select combination trials is provided in
Table 4. Gemcitabine plus paclitaxel provided a response rate of 40% and
median time to progression of 5.7 mo (163); gemcitabine and topotecan, in
a dose-seeking trial, revealed responses in 6 and stable disease in 4 of 12
evaluable patients (164). The combination of gemcitabine and doxorubicin
in platinum-resistant disease was reported to provide objective response in
24% and a duration of response of 5 mo(165), similar to the 34% response
rate for the related gemcitabine-liposomal doxorubicin combination (160).

4.6.1. GEMCITABINE-CISPLATIN

As platin-based therapies have become the mainstay of treatment for
ovarian cancer, resistance to platins has become an important clinical chal-
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Table 4
Select Gemcitabine-Based Combinations in Ovarian Cancer

Regimen Number Response rate (%) Median TTP Median survival Reference

Gemcitabine single agent 40 22 NA NA 159
38 13.9 NA 6.7 mo 155
27 11 NA NA 158
50 19 2.8 mo 6.2 mo 156
38 11 NA NA 157
51 16 NA NA 161
41 17 NA NA 160

Gemcitabine and Paclitaxel 35 40 5.7 mo 13.1 mo 163
Gemcitabine and Topotecan 23 NA 15.3 mo 164
Gemcitabine and Doxorubicin 49 24 NA 12 mo 165
Gemcitabine and Liposomal 27 34.4 NA NA 160

Doxorubicin
Gemcitabine and Cisplatin 27 70 _7.9 mo NA 17

36 42.9 NA 12 mo 166
40 70.7 10.4 23.4 mo 167
37 62.2 NA 27.7 mo 168
37 13.4 mo 24 mo 169

Carboplatin and Gemcitabine 37 40.5 9 mo 24.5 mo 171
26 62.5 10 mo 18+ mo 170

Carboplatin and Paclitaxel 21 NA NA NA 172
and Gemcitabine 57 90.4 15.5 mo 40.8 mo 173

20 75 6.5 mo NA 174



lenge. Preclinical observations indicating that the combination of cisplatin
plus gemcitabine could reverse platinum resistance led to the clinical exam-
ination of this doublet in patients who relapsed following platinum therapy.
Two phase II trials administered cisplatin at 30 mg/m2 plus gemcitabine at
750 mg/m2, with both drugs administered d 1 and d 8 every 21 d (17,166).
In one study, the overall response rate of 70% was associated with a 50%
response rate in the cisplatin-resistant patients; the second study, which
limited accrual to patients who were cisplatin resistant and who also over-
expressed P-glycoprotein, revealed a response rate of 42% (166). In
chemonaive patients, a response of 71% was reported; two other groups
observed similarly high responses of 62% and 57%, respectively, using
cisplatin at 75–100 mg/m2 on d 1 combined with gemcitabine at 1250
mg/m2 on d 1 and 8 (168,169). The GOG clinical trial testing this combina-
tion in platinum-resistant patients provided an objective response rate of
16%, with stable disease in an additional 54%. The median TTP of 5.4 mo
compared favorably with other trials in this population (202). Similar
results have been observed in recurrent cancer of the cervix with the cis-
p l a t i n /
gemcitabine doublet, providing an objective response rate of 22% and TTP
of 3.5 mo (203). Related trials that combined carboplatin with an area under
the curve of 4 or 5 on d 1 plus gemcitabine 1000 mg/m2 on d 1 and 8 in
the second-line setting reported objective response in 41–62%, with neu-
tropenia and thrombocytopenia the principal toxicities (170,171).
Oxaliplatin-gemcitabine combinations are also under investigation.

Finally, the addition of gemcitabine to the widely used paclitaxel-carbo-
platin doublet has been the subject of several studies, two in the previously
untreated (172,173) and one in the relapsed setting (174), providing response
rates of 75–90%, with dose-limiting myelosuppression in two studies and
increased neuropathy in the third. The high activity observed has led to the
incorporation of this triplet into the current GOG 182-ICON4 international
clinical trial as one of the five arms (175). Indeed, of the four experimental
arms in the Gynecologie Oncology Group (GOG) 182-International
Collaboration Ovarian Neoplasm (182-ICON)-4 clinical trial, two are gemc-
itabine based, indicating the important potential of this agent in the future
management of advanced ovarian cancer.

5. CONCLUSIONS

Gemcitabine acts uniquely through its multiple self-potentiating mech-
anisms, in which dCK and dFdCTP play important roles. Its antitumor
activity has been confirmed in various solid tumor types. In addition, the
relatively mild toxicity profile and partially nonoverlapping toxicity with
other anticancer agents, such as the platinum analogs and taxanes, make
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usage in combinations attractive. Results of gemcitabine combinations
with other anticancer agents or radiotherapy are encouraging but might be
improved by the identification of molecular markers capable of selecting
responding patients. Combinations with new therapies are currently ongo-
ing and might benefit from the increasing knowledge of the more estab-
lished agents, hopefully resulting in increased cure rates in cancer patients.
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SUMMARY

Nucleoside/nucleobase analogs (bromodeoxyuridine, iododeoxyuridine, 5-
fluorouracil, fluorodeoxyuridine, difluorodeoxycytidine, fluoroadenine arabi-
noside, fluoromethylenedeoxycytidine) can synergistically enhance ionizing
radiation-induced cell killing. These analogs are able to radiosensitize a
wide variety of tumor cell types in vitro and several have proven clinical
efficacy as well. They share a requirement for intracellular metabolism to
phosphorylated forms. As triphosphate analogs they can serve as substrates
for nucleic acid synthesis and subsequent incorporation into DNA has been
correlated with radiosensitization for bromo- and iododeoxyuridine. Each of
these analogs also inhibits an enzyme involved in deoxynucleotide metabo-
lism resulting in depletion of at least one deoxynucleoside triphosphate
pool. This effect appears to be responsible for radiosensitization with fluo-
rodeoxyuridine difluorodeoxycytidine and fluoromethylenedeoxycytidine in
a manner similar to hydroxyurea which elicits radiosensitization solely
through its depletion of deoxynucleotides as a result of ribonucleotide
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reductase inhibition. In addition these analogs promote accumulation of
cells in S-phase which appears to be necessary for radiosensitization.
Combined with data demonstrating that mismatch repair defective cells are
better radiosensitized by these compounds the evidence suggests that errors
in DNA replication contribute to radiosensitization. It is essential to define
more completely the mechanism(s) responsible for radiosensitization with
these important drugs in order to optimize antitumor efficacy and limit nor-
mal tissue toxicity.
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Acronyms and Abbreviations

BER base excision repair
BrdUMP 5-bromo-2′-deoxyuri

dine 5′-monophosphate
BrdUrd 5-bromo-2′-deoxy

uridine
BrdUTP 5-bromo-2′-deoxyuri

dine 5′-triphosphate
dATP 2′-deoxyadenosine 

5′-triphosphate
dCTP 2′-deoxycytidine 

5′-triphosphate
dCyd 2′-deoxycytidine
dFdCyd 2′,2′-difluoro-2′-

deoxycytidine
DNA deoxyribonucleic acid
dNTP deoxyribonucleoside

5′-triphosphate
dsb double-strand break
dThd thymidine
dTMP thymidine 5′-mono

phosphate
dTTP thymidine 

5′-triphosphate
dUMP 2′-deoxyuridine 

5′-monophosphate
dUTP 2′-deoxyuridine 

5′-triphosphate
dUTPase 2′-deoxyuridine 

5′-triphosphatase
F-ara-A 2-fluoroadenine 

arabinoside
F-ara-ATP 2-fluoroadenine arabi-

noside 5-triphosphate

FdUDP 5-fluoro-2′-deoxyuri
dine 5′-diphosphate

FdUMP 5-fluoro-2′-deoxyuri
dine 5′-monophosphate

FdUrd 5-fluoro-2′-deoxy
uridine

FMdCyd 2′-fluoromethylene-
2′-deoxycytidine

5-FU 5-fluorouracil
FUDP 5-fluorouridine 

5′-diphosphate
FUMP 5-fluorouridine 

5′-monophosphate
FUTP 5-fluorouridine 

5′-triphosphate
HU hydroxyurea
IdUMP 5-iodo-2′-deoxyuridine

5′-monophosphate
IdUrd 5-iodo-2′-deoxyuridine
IdUTP 5-iodo-2′-deoxyuridine 

5′-triphosphate
MMR mismatch repair
MTD maximum tolerated 

dose
RNA ribonucleic acid
TK1 thymidine kinase 1
TK2 thymidine kinase 2
TS thymidylate synthase
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Key Words: DNA repair; fludarabine; fluorodeoxyuridine; 5-fluorouracil;
gemcitabine; radiation;  radiation enhancement ratio; radiosensitization.

1. INTRODUCTION

The ability to increase the efficacy of radiotherapy by combining it with
chemotherapy is an attractive approach to enhance tumor treatment for
patients with solid malignancies. The advantage of using radiotherapy and
chemotherapy concurrently rather than sequentially is that the two modal-
ities have the potential to interact with each other to produce more than
additive, or synergistic, cell killing. When this occurs, the chemotherapeutic
agent is thought to sensitize the tumor cells to radiation. Depending on the
specific drug and tumor type, this can be accomplished at a concentration
of drug that is not cytotoxic when used alone; in other cases, only a
cytotoxic drug concentration will enhance cell killing with radiation.
For purposes of this chapter, we define radiosensitization as any combination
of drug and radiation that produces synergistic cytotoxicity in vitro or syn-
ergistic antitumor activity in vivo.

Measuring the degree of radiosensitization allows comparison of the
efficacy of different drugs to enhance cell killing with radiation. The two
most popular methods, the sensitizer enhancement ratio (SER) and the
radiation enhancement ratio (RER), are illustrated in Fig. 1. Both methods
rely on cell survival data that compare survival after radiation alone with
that from the combination of radiation and the drug after correction for the
cytotoxicity of the drug alone. These data are usually derived using colony
formation assays. The SER is then calculated from the graphical represen-
tation of these data, and is simply the amount of grays necessary to effect
a specific level of cell killing for control cells divided by the amount of
grays necessary to effect the same level of cell killing for drug-treated
cells. The RER uses the linear quadratic equation to determine the areas
under the control and drug-treated survival curves, and the ratio of these
areas represents the RER (1). With either method, an enhancement ratio
significantly greater than 1 indicates that the drug produced radiosensitiza-
tion. Although these methods are reasonably accurate when the drug alone
produces minimal cytotoxicity, when there is significant cytotoxicity from
drug alone (surviving fraction less than about 0.5), the nonlinear nature of
the radiation cell survival curve can produce apparent synergy when drug
and radiation are only additive or even antagonistic (2–4).

Following the initial reports in the early 1960s of increased cell death
when halogenated thymidine analogs were added to cells prior to treatment
with ionizing radiation, numerous compounds have been tested as radiation
sensitizers. Among the most effective have been the nucleoside/ nucleobase
analogs, including 5-bromo-2′-deoxyuridine (BrdUrd) and 5-iodo-2′-
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deoxyuridine (IdUrd); 5-fluoro-2′-deoxyuridine (FdUrd) and its base, 5-fluo-
rouracil (5-FU); 2′,2′-difluoro-2′-deoxycytidine (dFdCyd); 2-fluoroadenine
arabinoside (fludarabine; F-ara-A); and 2′-fluoromethylene-2′-deoxycytidine
(FMdCyd). Hydroxyurea was one of the first radiosensitizers discovered and
is included in this chapter because, although it is not a nucleoside, it alters
the levels of endogenous deoxynucleotides. All of these drugs can be cyto-
toxic when administered to cells, all are antimetabolites that target deoxyri-
bonucleic acid (DNA) replication, and consequently, all can alter the
distribution of cells in the cell cycle. This redistribution must be accounted
for when combining each drug with radiation as radiosensitivity is highest
during mitosis, late G1 and early S phase, whereas mid-S-phase cells are
more radioresistant (5,6). This chapter examines these radiosensitizers, dis-
cussing both in vitro and in vivo activity, with emphasis on mechanisms that
produce radiosensitization.

2. BrdUrd AND IdUrd

Because bromine and iodine have a van der Waals radius similar to that
of a methyl group, replacement of the methyl group on the 5-position of
thymidine with bromine or iodine results in compounds that share many
similarities in biologic activity with thymidine. BrdUrd and IdUrd have
long been of interest for their antitumor as well as antiviral properties (7).
Clinical use of these analogs has been limited by a lack of selectivity, in
that they appear to be incorporated equally into proliferating normal and

Fig. 1. Representation of SER and RER. SER is calculated as X2/X1 for a specific
level of cell survival. RER is calculated from the ratio of the area under the con-
trol and drug-treated survival curves, shown graphically as the area represented by
the single and cross-hatched lines (control) divided by the area represented by the
cross-hatched lines (drug treated).
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tumor cells (8). These limitations have been addressed primarily by admin-
istration strategies that rely on hypothesized differences between the pro-
liferation rate of normal and tumor tissue and by regional delivery of these
drugs. The halogenated thymidine analogs continue to be of interest for
their radiosensitizing properties both in vitro and in vivo.

2.1. Metabolic Considerations
Both BrdUrd and IdUrd require phosphorylation for cytotoxic and

radiation-sensitizing effects (7). The initial and rate-limiting step in phos-
phorylation is thymidine kinase. Two forms of thymidine kinase have been
reported: TK1 (cytosolic thymidine kinase 1) is a cytosolic enzyme with
activity that increases as cells enter S phase, whereas TK2 (mitochondrial
thymidine kinase 2) is a mitochondrial enzyme with broader substrate
specificity (9–11).1 BrdUrd and IdUrd are excellent substrates for mam-
malian thymidine kinase (TK1) with Km values similar to those reported for
dThd (9). Once the monophosphates are formed, they are readily converted
to their corresponding triphosphates, which are the major cellular metabo-
lites. Both BrdUTP and IdUTP are excellent substrates for DNA replica-
tion and are readily incorporated into DNA instead of their endogenous
competitor, thymidine 5′ triphosphate (dTTP) (8,12). The resulting incor-
poration of 5-bromodeoxyuridine-5′-monophosphate (BrdUMP) and 5-
iododeoxyuridine-5′-monophosphate (IdUMP) into internal linkages in
DNA leads to cytotoxicity. IdUrd is a more potent cytotoxic agent com-
pared to BrdUrd (13,14).

2.2. Mechanisms of Radiosensitization
Although it has been suggested since the 1960s that DNA incorporation

is also the critical event for radiosensitization by BrdUrd and IdUrd (13), the
mechanism underlying the enhanced response to radiation still is not com-
pletely understood. Several investigators have demonstrated that BrdUMP
and IdUMP incorporation in DNA correlates with radiosensitization in vitro
(15–20) as well as in an animal model (14). Radiosensitization occurred after
incorporation of the analog into either one or both strands of DNA, with
increasing exposure to the thymidine analog correlating with greater
radiosensitization (21,22). Radiosensitization was linearly related to the
extent of substitution of the halogenated analog for thymidine (15,18,23).

Several mechanisms have been suggested to account for the radiosensi-
tizing property of BrdUrd/IdUrd resulting from their incorporation into
DNA. Investigators have demonstrated that incorporation of the thymidine
analogs into DNA results in DNA double-strand breaks (dsbs), which has
correlated with radiosensitization (19,20,24). Although the mechanism of
dsb formation is not completely clear, it has been suggested that the pres-
ence of the halogenated uracil analogs in DNA during irradiation produces
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uracilyl radicals capable of extracting a hydrogen atom from a deoxyribose,
resulting in a DNA strand break (25). This would increase the number of
dsbs per gray of radiation delivered (26). In addition, several studies have
demonstrated that the presence of BrdUrd or IdUrd inhibits the repair of
the dsbs formed after ionizing radiation (20). This may be caused by direct
inhibition of repair processes by 5-bromo-2′-deoxyuridine 5′-triphosphate
(BrdUTP) or 5-iodo-2′-deoxyuridine 5′-triphosphate (IdUTP). However,
the fact that BrdUTP and IdUTP are rapidly accumulated in cells yet
radiosensitization increases with increasing length of incubation prior to
irradiation suggests that factors other than simply the levels of analog
triphosphates are necessary for radiosensitization. Increasing the duration
of incubation will increase the amount of analog or other lesions in DNA
(15,17,18,23), and such lesions may inhibit certain types of repair.

To explain the synergy in cell killing with the combination of BrdUrd or
IdUrd and ionizing radiation, it is clear that the inhibition of repair by the
triphosphates could result in synergistic cytotoxicity. Radiation-induced
DNA dsbs that would normally be repaired will persist then in the presence
of analog triphosphate. Accounting for synergy based on increased numbers
of DNA dsbs must be considered carefully because an additive increase in
dsbs from the combined drug and radiation treatments would only be
expected to produce additive cytotoxicity. However, if the combination of
BrdUrd or IdUrd with irradiation produces more than an additive increase
in dsbs, then synergistic cytotoxicity would be predicted. This explanation
is consistent with the theory of strand breakage caused by the reactivity of
the uracilyl radical generated by irradiation in the vicinity of the halogenated
analog in DNA. Alternatively, a combination of inhibition of dsb repair
with an increased number of DNA dsbs would also explain the synergistic
cytotoxicity.

In addition to evaluating the number of DNA dsbs and their efficiency of
repair, studies have examined the role of specific DNA repair processes on
radiosensitization by nucleoside analogs. As mismatch repair (MMR) is a
primary pathway for excision and repair of misincorporated nucleotides in
DNA (27), determining whether this process plays a role in the incorpora-
tion or retention of halogenated thymidine analogs into DNA is important.
Mismatch repair is carried out by a complex of proteins responsible for the
identification, excision, and repair of the incorrect nucleotide pair (27). In
mammalian cells, mismatch repair is characterized by proteins related to the
MutHLS system of repair in bacteria. Recognition of mismatches is carried
out by the heterodimeric complexes MutSα (MSH2 and MSH6) and MutSβ
(MSH2 and MSH3). The identification of single base:base mismatches is
primarily a function of MutSα, whereas MutSβ participates mainly in
recognition of insertion-deletion loops. Once the mismatch is identified,
MutS complexes are assisted by the MutL heterodimer of MLH1 and PMS1
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to excise and repair the mismatch. Deficiency of mismatch repair is associ-
ated with hereditary nonpolyposis colorectal cancer and is most frequently
associated with inactivation of MLH1 or MSH2 (28).

To evaluate the role of mismatch repair in radiosensitization with
BrdUrd and IdUrd, studies have been carried out in cell lines that lack
expression of a mismatch repair protein. Deficiency of MLH1 because of
its inactivation in HCT116 colorectal cancer cells was associated with
increased incorporation of IdUrd and BrdUrd into cellular DNA compared
to the MMR-proficient subline (29). As expected, this increased incorpo-
ration was associated with higher cytotoxicity as well as greater radiosen-
sitization with the thymidine analogs. Similarly, studies in embryonic
fibroblasts with a genetic deletion of MSH2 demonstrated that they
retained higher levels of IdUrd in their DNA, which was associated with
greater cytotoxicity and radiosensitization (30). The authors suggested that
the lower incorporation in MMR-proficient cells was caused by excision of
the halogenated thymidine analog from DNA and supported this with an
article showing that IdUMP opposite a mismatched deoxyguanosine 5′-
monophosphate residue in DNA was able to bind MutSα (31)

Studies evaluated another repair pathway, base excision repair (BER),
for its role in repairing DNA damage induced by IdUrd (32). Chinese ham-
ster ovary cells deficient in this pathway because of lack of XRCC1
expression exhibited greater cytotoxicity and radiosensitization with
IdUrd, although the amount of IdUrd in DNA was not altered. BER is
involved primarily in repair of DNA single-strand breaks rather than dsbs,
suggesting a role for this pathway in the cytotoxic and radiosensitizing
properties of IdUrd. As DNA repair pathways become better defined at the
molecular level, study of the contribution of each pathway to radiosensiti-
zation with nucleoside analogs will be central to our understanding of the
mechanism by which these drugs enhance radiation-induced cell killing.

One aspect that has received little attention with respect to radiosensiti-
zation has been the ability of BrdUrd and IdUrd metabolites to alter
endogenous deoxynucleotide pools. Cells treated with BrdUrd or IdUrd
have shown decreases in dTTP and deoxycytidine triphosphate (dCTP)
pools, which may be caused by feedback inhibition of thymidine kinase or
ribonucleotide reductase by the corresponding triphosphates (9,33–35).
Although these effects on dTTP and dCTP have been discussed with
respect to their role in mutagenesis with BrdUrd and IdUrd (33,34), their
potential role in radiosensitization has not been evaluated. This is a diffi-
cult issue to resolve because both the feedback inhibition and incorpora-
tion into DNA depend on the level of the 5′-triphosphate analog. Certainly,
other drugs that decrease dTTP as their major effect, such as 5-FU and
FdUrd, also act as radiation sensitizers (discussed in Section 3), so there is
support for the notion that effects of BrdUrd and IdUrd on pyrimidine
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deoxyribonucleoside triphosphate (dNTP) pools contribute to their
radiosensitizing ability. At least, the ability of BrdUrd and IdUrd to
decrease dTTP pools would be considered advantageous to radiosensitization
because it would promote incorporation of the halogenated nucleotides into
DNA. Potential mechanisms by which imbalances in nucleotide pools would
result in radiosensitization are discussed in Section 8.

2.3. Clinical Aspects
Clinical trials with BrdUrd or IdUrd and radiotherapy have been evaluated

in patients with head-and-neck cancer (36), malignant gliomas (37–39), soft
tissue sarcomas (40,41), intrahepatic cancer (42), and cervical cancer (43).
Findings of improved progression-free survival (44) in phase I/II studies
spurred a larger trial of BrdUrd and radiotherapy in patients with high-grade
gliomas (45). Incorporation of the halogenated thymidine analog into tumor
cell DNA increased with the duration of infusion and achieved values that
have been shown to radiosensitize tumor cells in vitro and in vivo (36,38,43).
Unfortunately, randomized trials assessing the potential of intravenous
BrdUrd to improve the outcome of treatment of primary gliomas and of brain
metastases have been negative. In most clinical studies, the dose-limiting sys-
temic toxicity has been hematological, which is not surprising given the rapid
proliferation of normal bone marrow elements.

The key to success of any radiosensitizer is selectivity of radiosensitiza-
tion in tumor compared to normal tissue. The two main approaches that
have been used to obtain selectivity are the use of regional infusion
(37,42,46) and differential tumor/normal tissue kinetics. In the latter case,
investigators have used concurrent analog infusion and radiation in settings
in which the tumor was anticipated to proliferate more rapidly than the
surrounding normal tissue, such as brain (47). Patient studies combining
regional therapy with a kinetic approach have demonstrated increased
incorporation in tumor compared to normal liver (48). Animal models have
demonstrated that, although initially there was relatively high incorpora-
tion of these analogs into normal intestine, the analogs were eliminated
faster from normal tissue (14,49).

Based on these findings, a clinical trial in cervical carcinoma was devel-
oped in which radiotherapy began 3 d after infusion of BrdUrd (43). This
study also utilized an alternating schedule of drug and radiation treatment
because the radiation dose-limiting tissue (small intestine) proliferated
more rapidly than the tumor (43). Biopsies taken during that study demon-
strated that incorporation of BrdUrd was higher in DNA from tumor cells
compared to rectal mucosa. In addition, BrdUrd-containing rectal mucosal
cells had migrated from the crypts to the surface at the time of radiother-
apy, suggesting that proper sequencing of therapy can spare normal tissue
toxicity. With in vitro studies suggesting that some selectivity is observed
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in tumor cells with deficiencies of DNA repair pathways (29,30,32), better
selectivity may also result by utilizing these radiosensitizers in patients
whose tumors have such a repair defect.

3. 5-FU AND FdUrd

5-FU continues to be the mainstay of treatment for colorectal and other
gastrointestinal (GI) tumors. It has been widely used in different infusion
schedules (50) and is commonly administered with reduced folate (51) and
other chemotherapeutic agents (52) to improve efficacy. The related nucle-
oside FdUrd has been used primarily in hepatic regional chemotherapy in
which there is greater than 90% first-pass extraction (53). Both 5-FU and
FdUrd have been used clinically as radiosensitizers.

Although 5-FU and FdUrd are halogenated uracil analogs that share
many of the same metabolic pathways as BrdUrd and IdUrd, their mecha-
nisms of action for both cytotoxicity and radiosensitization differ consid-
erably. This is likely because of the difference in size of the halogen at the
5-position of the uracil base (54). Because the van der Waals radius of
bromine and iodine approximates that of a methyl group, BrdUrd and
IdUrd have actions within the cell that are similar to thymidine (7). In con-
trast, fluorine is comparable in size to a hydrogen atom, and thus this sub-
stitution at the 5-position of the base makes such derivatives more similar
to uracil/uridine. Because the primary target for both 5-FU and FdUrd is
thymidylate synthase (TS), they are considered together in this chapter.

3.1. Metabolic Considerations
For cytotoxicity and radiosensitization, 5-FU requires intracellular con-

version to phosphorylated analogs (Fig. 2). After transport into the cell
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Fig. 2. Metabolism of 5-fluorouracil (5-FU). 1, orotic acid phosphoribosyltrans-
ferase; 2, ribonucleotide reductase; 3, thymidine kinase; 4, thymidine phosphory-
lase. See text for details.
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(55), 5-FU is initially converted to a nucleotide via orotic acid phosphori-
bosyltransferase to form FUMP (56,57). This metabolite is rapidly con-
verted to the corresponding di- and triphosphate, with FUTP as the most
abundant phosphorylated derivative. FUTP is incorporated into ribonu-
cleic acid (RNA), which can interfere with RNA processing and function
and contributes to the cytotoxicity of 5-FU (56). In addition, FUDP can
be converted to its deoxy analog by the enzyme ribonucleotide reductase.
The resulting FdUDP is then converted to the triphosphate FdUTP and
the action of 2′-deoxyuridine 5′-triphosphate (dUTPase) readily converts
this compound to FdUMP, a potent inhibitor of TS, as discussed below.
FdUMP is considered the metabolite responsible in large part for the
antitumor activity of 5-FU, as inhibition of TS by FdUMP has correlated
with clinical response (58). 5-FU can be degraded initially through the
action of dihydropyrimidine dehydrogenase, a ubiquitous enzyme that
follows a circadian pattern of activity in vivo (59). Inhibitors of this
enzyme have been developed to increase the efficacy of 5-FU, although
selective effects against tumors compared to normal tissues have not been
demonstrated (60,61).

Intracellular metabolism of FdUrd has a more straightforward activa-
tion pathway. Following its transport into the cell (62), FdUrd is readily
phosphorylated by thymidine kinase to FdUMP (57). Although FdUrd can
be metabolized to 5-FU by thymidine phosphorylase, the low concentra-
tions of FdUrd used result in little FUTP (57). This monophosphate can
then be converted to its di- and triphosphate derivatives, but the action of
dUTPase maintains FdUMP as a major metabolite. Thus, 5-FU and FdUrd
both produce FdUMP, whereas significant levels of FUTP are only
observed with 5-FU. FdUMP can be converted to FdUTP, although rela-
tively low levels of this nucleotide are present in cells because of the action
of dUTPase (63,64). Despite the low levels of FdUTP, there is evidence
that some incorporation of this fraudulent nucleotide occurs, which may
also contribute to the biologic activity of 5-FU and analogs (65,66).
However, the extent of the incorporation is far less than that for BrdUrd or
IdUrd, and thus mechanistically these analogs differ dramatically. In con-
trast to the avid replication of DNA in the presence of BrdUrd and IdUrd,
DNA synthesis is inhibited in cells incubated with FdUrd or 5-FU, result-
ing in accumulation of cells in early S phase (67).

The primary target for FdUMP is the inhibition of TS, the enzyme
responsible for conversion of deoxyuridine monophosphate (dUMP) to
dTMP. FdUMP in the presence of 5,10-methylenetetrahydrofolate forms a
tight-binding ternary complex with TS, causing prolonged enzyme inhibi-
tion, resulting in lowered dTMP and elevated dUMP pools (68).
Ultimately, this produces lowered dTTP pools, but because the cells are
still able to produce thymidylate through the salvage thymidine kinase
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pathway, dTTP is generally lowered by only 50–60% (69). The elevation
in dUMP results in increased dUTP, which can be incorporated into DNA
(63). FdUrd and 5-FU have also been noted to affect purine pools, with a
marked increase in deoxyadenosine 5′-triphosphate (dATP) in murine cells
(70–72) as well as human cells (73) (our unpublished data, 1995), which
likely contributes to the inhibition of DNA synthesis and may be an impor-
tant determinant of cell death with these drugs (74).

3.2. Mechanisms of Radiosensitization
The ability of 5-FU or FdUrd to enhance ionizing radiation-induced cell

death has been studied in a variety of cell lines. Initial reports indicated that,
when added postirradiation, 5-FU decreased cell survival (75). Considering
the time required for intracellular conversion of 5-FU to its active metabo-
lites, it seemed that treatment with 5-FU prior to irradiation would be a
more effective mode of radiosensitization. Subsequent studies with FdUrd
compared pre- and postirradiation drug exposure and demonstrated that
increasing the duration of incubation with FdUrd prior to irradiation
resulted in greater radiosensitization than postirradiation exposure (69). The
addition of 5-FU after irradiation increased primarily the β-component of
the cell survival curve that had been fit to the linear quadratic equation (75),
whereas preirradiation exposure increased both α- and β-components (69).

Cell cycle position at the time of irradiation appears to play an impor-
tant role in radiosensitization with FdUrd and 5-FU. Several studies have
noted that the accumulation of cells in early S phase, because of the effects
on deoxynucleotide pools produced by these analogs, may actually be a
key element of radiosensitization (67,76). In a study in which FdUrd-
treated cells were separated by physical methods into four fractions rang-
ing from late G1 up to early S phase and then irradiated, investigators
observed that early- to mid-S-phase cells were radiosensitized to a signif-
icant degree (67). Cells unable to progress into S phase with FdUrd treat-
ment, because of either overexpression of wild-type p53 or lack of cyclin
E activation, could not be radiosensitized by FdUrd (77,78). As cells in
mid-S phase are typically less sensitive to radiation-induced DNA damage
than cells in late G1 or G2/M (5,79), these data demonstrate that radiosen-
sitization with these analogs is not simply caused by redistribution to a
more radiosensitive phase of the cell cycle.

The inhibition of TS by FdUMP has long been recognized as an impor-
tant target for the anticancer properties of 5-FU and FdUrd both in vitro and
in vivo, and the accumulated data indicate that it is also the main target for
radiosensitization by these drugs (57,58,68). Although a role for FUTP in
the cytotoxicity of 5-FU has been established (80), the majority of the
radiosensitization with 5-FU can be accounted for by TS inhibition (81). In
view of the ability of 5-FU and FdUrd to cause accumulation of cells in
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early to mid-S phase as well as inhibit TS, investigators have studied
whether the biochemical changes that resulted from TS inhibition or the
lack of TS activity in early S phase produced the observed radiosensitiza-
tion. Although low enzymatic activity in cells deficient in TS did not repro-
ducibly produce radiosensitization when those cells were synchronized in
early S phase, an altered dATP:dTTP ratio did correlate with radiosensiti-
zation (82), similar to that observed with FdUrd, suggesting that the bio-
chemical changes associated with FdUMP inhibition of TS are essential
elements of radiosensitization. It has been hypothesized that radiation-
induced DNA damage is not repaired in cells that are progressing into S
phase in the presence of FdUMP (67). Dysregulation of the cell cycle
because of altered checkpoint controls, a common trait of cancer cells,
would promote S-phase progression in the presence of DNA-damaging
agents, resulting in radiosensitization (83).

The nature of the DNA damage produced by FdUMP-mediated inhibi-
tion of TS has been the subject of considerable debate. Recognition of the
erroneous incorporation of FdUMP or dUMP in DNA causes cells to
attempt to repair these lesions (84). It has been proposed that this initiates
a futile repair cycle because, as cells attempt to repair these lesions, they
continue to incorporate uracil-containing nucleotides from the precursor
pool (65), eventually producing dsbs that result in DNA fragmentation
(65,85,86). Although the ability of 5-FU or FdUrd to produce DNA dsbs
suggests a mechanism for radiosensitization, this is not a requirement as
noncytotoxic concentrations of FdUrd that did not produce dsbs could induce
radiosensitization, apparently through inhibiting the rate of DNA repair after
irradiation (69). Furthermore, although cells overpressing dUTPase were
relatively resistant to the cytotoxic effects of FdUrd, they showed a similar
ability to be radiosensitized (87).

Accounting for 5-FU and FdUrd-mediated radiosensitization based
on their effects on TS and initiation/repair of DNA dsbs is well sup-
ported by the available data. The relationship of more recently reported
effects of 5-FU and FdUrd to radiosensitization remains to be explored.
For example, it is known that TS expression can be regulated by the
uninhibited protein, and whether interference with this biological feed-
back loop affects radiosensitization is not known (88). A novel mecha-
nism for cytotoxicity independent of DNA dsbs that involves
Fas-mediated apoptosis has been demonstrated for 5-FU, although
whether this is an important pathway for radiosensitization is not known
(89). Reports demonstrated a multitude of signaling and repair proteins
associated at the sites of DNA dsbs that may also mediate radiosensiti-
zation (90). As the complex biologic interactions resulting from 5-FU
and FdUrd exposure become apparent, subsequent effects on radiosen-
sitization should be evaluated.
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3.3. Clinical Aspects

Radiosensitization with 5-FU (often administered with leucovorin) in
patients has been studied in many different clinical trials, with the most
promising effects in patients with anal, rectal, esophageal, pancreatic, or
stomach cancer (91). Randomized trials have shown a benefit in locore-
gional control or survival when systemically administered 5-FU was added
to radiotherapy (92–96). In addition, when radiotherapy was combined
with 5-FU and other chemotherapeutic drugs in patients with cervical can-
cer, there was improved survival, and with head-and-neck cancer, improve-
ments in locoregional control, organ preservation, and survival were
reported (97–99). As both 5-FU and radiation therapy have the potential to
produce mucositis, this radiochemotherapy combination increases normal
tissue toxicity but still produces substantial benefit.

Innovative formulations have been developed that address some of the
major limitations regarding the clinical administration of 5-FU. Capecitabine
is an oral formulation that can be absorbed from the GI tract and then is
metabolized by several enzymes to 5-FU. The final step in this conversion
process is mediated by thymidine phosphorylase, an enzyme that is present
at higher levels in tumor compared to normal tissue, which may allow pref-
erential uptake of 5-FU in tumors (100). Uracil:tegafur is also an oral for-
mulation with the added benefit of preventing degradation of 5-FU by
dihydropyrimidine dehydrogenase (101). Combinations of these oral for-
mulations of 5-FU with radiation therapy have produced promising results
in patients with colorectal cancer (101,102).

Regional infusion of 5-FU and FdUrd has been evaluated in patients with
hepatic tumors to increase drug levels selectively at the tumor site and
improve response (91). FdUrd is amenable to such therapy because it is effi-
ciently extracted through the hepatic artery into hepatic tissue. When com-
bined with conformal radiotherapy, hepatic artery-delivered FdUrd produced
long-term freedom from tumor progression and survival benefits in patients
with unresectable hepatobiliary cancer (103). However, in a large random-
ized trial of patients with colorectal cancer who received portal vein infusion
of 5-FU with perioperative radiotherapy, there was not a clear benefit for
5-FU, although the results suggested a small benefit for the subset of patients
with rectal cancer (104). These results establish an important role for the
halogenated pyrimidines in clinically beneficial radiosensitization.

4. GEMCITABINE

Gemcitabine (2′,2′-difluoro-2′-deoxycytidine, dFdCyd) is a deoxycyti-
dine (dCyd) analog with broad activity as a chemotherapeutic agent in a
variety of solid malignancies (105). It was first approved for use in patients
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with pancreatic cancer, for whom it was shown to provide a small but
significant survival benefit compared to 5-FU and was noted for its ability
to improve symptoms and decrease the need for narcotic analgesics
(106,107). dFdCyd has also been approved for use in non-small cell lung
cancer, for which it is a common component of multiagent chemotherapy
(108,109). Demonstration of its excellent radiosensitizing properties in
vitro and in animal models has encouraged numerous clinical trials.

An important distinction between dFdCyd and the halogenated thymi-
dine and uracil analogs is that the halogen (fluorine) substitution occurs on
the sugar ring instead of the base. As with other analogs discussed in this
chapter, the fluorines permit the drug to be metabolized along pathways
utilized by the endogenous dCyd, but the metabolites are not as bulky as
bromine and iodine in the thymidine analogs. With the deoxyribose sugar,
dFdCyd has primarily DNA-directed effects, as do BrdUrd and IdUrd, but
lacks the strong RNA effects of 5-FU.

4.1. Metabolic Considerations
As discussed for the other nucleoside/nucleobase analogs, dFdCyd

requires intracellular phosphorylation for its antitumor activity (Fig. 3)
(110). dFdCyd is a substrate for several nucleoside transporters, with high-
est affinity for the Na+-dependent concentrative transporters (111,112).
Once inside the cell, dFdCyd is an excellent substrate for dCyd kinase, and
subsequent phosphorylation allows accumulation of two active metabo-
lites: the 5′-diphosphate, gemcitabine diphosphate (dFdCDP), and the 5′-
triphosphate, gemcitabine triphosphate (dFdCTP) (113,114). Although
dFdCDP accounts for less than 10% of the total phosphorylated dFdCyd in
the cell (113), it is a potent, mechanism-based inhibitor of ribonucleotide
reductase with measurable effects on dNTP pools at clinically achievable
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Fig. 3. Metabolism of gemcitabine. 1, deoxycytidine deaminase; 2, deoxycytidy-
late deaminase. See text for details.
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concentrations (115). In leukemia cells, this inhibition results primarily in
reduction of pyrimidine deoxynucleotide pools (116), whereas purine
deoxyribonucleotide pools are more affected in solid tumor cells
(117,118). The decrease in deoxynucleotide pools results primarily in an
inhibition of DNA synthesis (119). dFdCTP is also an inhibitor of and sub-
strate for DNA polymerases, and incorporation of this analog into DNA
correlates strongly with cytotoxicity (120–122). When incorporated into
template DNA, dFdCMP increases misincorporation in the opposing
nucleotide (123). Although the majority of the dFdCyd-mediated effects
are DNA directed, some incorporation into RNA occurs as well; whether
this contributes to cytotoxicity or radiosensitization is not known (124).
dFdCyd can be degraded rapidly through deamination at either the nucle-
oside or the 5′-monophosphate level (125). dFdCTP can inhibit its own degra-
dation through inhibition of dCMP deaminase and thus is able to potentiate
its own activity (126).

4.2. Mechanisms of Radiosensitization
Initial reports demonstrated that dFdCyd could enhance radiation-induced

cytotoxicity in breast cancer and colon cancer cells, even at noncytotoxic
concentrations (118,127). Radiosensitization was highest when exposure to
dFdCyd preceded irradiation, requiring at least a 4-h incubation with dFdCyd
prior to irradiation (118). Radiosensitization increased with duration of
dFdCyd exposure and drug concentration (117,118). dFdCyd is remarkable
for its ability to enhance radiation-induced cell killing at concentrations
that, by themselves, are not cytotoxic. Because of the excellent intracellular
retention of phosphorylated dFdCyd in tumor cells, a brief (2-h) exposure to
higher concentrations of dFdCyd could produce significant radiosensitiza-
tion 24–48 h later (128). Radiosensitization with dFdCyd is characterized by
a change in both the α and β-components of the cell survival curve when fit-
ted to a linear quadratic model (118,127,129).

As with the uracil analog radiosensitizers, cell cycle appears to play an
important role in radiosensitization with dFdCyd (91,130). For most cell
lines, incubation with dFdCyd promotes accumulation of cells in early
S phase (118,128). S-phase accumulation is time dependent and is a char-
acteristic of some, but not all, cell lines (131,132). Treatment of synchro-
nized cell populations with dFdCyd demonstrated that radiosensitization
was highest for cells in S phase (133). One cell line that was not radiosen-
sitized by dFdCyd did not show S-phase accumulation (134). These results
suggested that expression of wild-type p53 may prevent cells from enter-
ing S phase with dFdCyd, thus blocking radiosensitization. However, sub-
sequent studies in matched wild-type and null or mutant p53 cell lines have
demonstrated that p53 expression does not prevent radiosensitization with
dFdCyd (135,136). Although induction of p53 expression can produce a
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G1 block, this occurs slowly with dFdCyd and does not prevent the initial
accumulation of cells in S phase (136).

Studies demonstrated that radiosensitization with dFdCyd correlated
with depletion of the dATP pool but not dFdCTP accumulation or its incor-
poration into DNA (Fig. 4) (117,118,128). Consistent with this finding, a
correlation was observed between dCyd kinase activity, the rate-limiting
step in the phosphorylation of dFdCyd, and radiosensitization (137). The
importance of dATP depletion is further substantiated by the finding that
radiosensitization with dFdCyd can be mimicked by hydroxyurea, a non-
nucleoside inhibitor of ribonucleotide reductase. At radiosensitizing con-
centrations, hydroxyurea depletes dATP pools in a fashion similar to that
of dFdCyd (119). Furthermore, cells that are radiosensitized by dFdCyd
are radiosensitized by hydroxyurea, whereas a single cell line that was not
radiosensitized by dFdCyd was not radiosensitized by hydroxyurea (134).
Thus, although incorporation of dFdCMP into DNA is required for cyto-
toxicity, it appears that the inhibition of ribonucleotide reductase by
dFdCDP is the pathway that leads to radiosensitization with this analog.

dFdCyd differs markedly from other nucleoside/nucleobase radiosensi-
tizers in that it does not increase induction of DNA dsbs or inhibit their
repair (128,138). However, an effect on DNA integrity was demonstrated
in a study in which addition of dFdCyd prior to irradiation increased resid-
ual chromosomal aberrations (139). When the two major pathways by
which DNA dsbs are repaired in mammalian cells were evaluated, it was
demonstrated that dFdCyd did not affect nonhomologous end joining
(140) but appeared to target homologous recombination (141).

Fig. 4. Radiosensitization with dFdCyd correlates with dATP depletion. HT29 colon
cancer cells were incubated with gemcitabine for 4 h prior to irradiation. Cells were
then plated for survival in a colony formation assay for determination of RER. Levels
of dATP, dFdCTP, and dFdCMP were measured by high-performance liquid chro-
matographic analysis.
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We have proposed a hypothesis for radiosensitization with dFdCyd
based on strong correlative data suggesting that dATP depletion and accu-
mulation of cells in S phase are important for radiosensitization. It is
known that an imbalance in dNTP pools, because of depletion or elevation
of a single pool, can produce errors of replication in DNA (142–144). We
propose that dATP produces misincorporation events in DNA that, if left
unrepaired, result in enhanced sensitivity to radiation. This hypothesis
would then predict that cells deficient in the repair of DNA misincorpora-
tion events would be better radiosensitized by dFdCyd. We evaluated this
hypothesis in matched mismatch repair-proficient and -deficient HCT-116
cells (145,146). As predicted, the HCT-116 (hMLH1-deficient) cell line
was better radiosensitized than the mismatch repair-proficient sublines
(147). Although the HCT-116 mismatch repair-deficient cell lines could be
radiosensitized at dFdCyd concentrations at or below the 50% inhibitory
concentration (IC50), the HCT-116 mismatch repair-proficient lines
required at least IC96 of dFdCyd to produce an increase in radiation-
induced cell killing. These data suggest that mismatch repair proficiency
prevents radiosensitization with dFdCyd, but that this can be overcome at
excessively high doses of dFdCyd. Further data are needed to support this
hypothesis, such as identifying mismatches in cellular DNA with radiosen-
sitizing concentrations of dFdCyd.

These data with dFdCyd demonstrate that, as observed for BrdUrd and
IdUrd, radiosensitization was increased in mismatch repair-deficient cells.
However, mechanistically dFdCyd differs from the halogenated thymidine
analogs in that incorporation of dFdCMP in DNA was higher in mismatch
repair-proficient cells (147), whereas BrdUMP and IdUMP incorporation
was higher in DNA in mismatch repair-deficient cells (29). The specificity
of mismatch repair for recognizing and excising nucleotide analogs from
DNA is an important area for further investigation.

The actual mechanism by which these lesions produce cell death is still
uncertain. The role of apoptosis was evaluated in a study of HT29 colon
cancer cells, UMSCC-6 head-and-neck cancer cells, and A549 lung cancer
cells, which differ substantially in the ability to undergo radiation-induced
apoptosis. It was hypothesized that if dFdCyd produced radiosensitization
by potentiating preexisting death pathways, then only the apoptotic-prone
HT29 cells would show a substantial increase in apoptosis when treated
with the combination of dFdCyd and radiation, and that UMSCC-6 cells
and A549 cells would be radiosensitized through nonapoptotic mecha-
nisms. Radiosensitization of HT29 cells (enhancement ratio 1.81 ± 0.16)
was accompanied by an increase in apoptosis and by caspase activation, and
inhibition of this activation by the caspase inhibitor Z-Asp-Glu-Val-Asp-
fluoromethylketone (DEVD) significantly decreased radiosensitization (to
1.36 ± 0.24; p < 0.05). In contrast, UMSCC-6 cells and A549 cells were
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modestly radiosensitized (enhancement ratio 1.47 ± 0.24 and 1.31 ± 0.04,
respectively) via a nonapoptotic mechanism. These findings (143), along
with those from other studies (134,136,148), suggest that although apopto-
sis can contribute significantly to dFdCyd-mediated radiosensitization, the
role of apoptosis in dFdCyd-mediated radiosensitization depends on the cell
line rather than representing a general property of the drug.

4.3. Clinical Considerations
dFdCyd is an excellent example of a drug for which the clinical applica-

tion was modeled after the in vitro schedule determined to be optimal. In a
clinical trial in patients with unresectable head-and-neck cancer, dFdCyd
was administered at low dose to patients once weekly approx 4–6 h prior to
radiotherapy, with concurrent standard radiotherapy in daily 2-gy fractions
for 7 wk (149). These studies demonstrated that dFdCyd is an excellent
radiosensitizer in vivo, with nearly 80% of all patients achieving complete
pathologic regression of their tumors. This is approximately twice the
expected complete response rate based on historical controls treated with
standard radiotherapy only. Pharmacologic studies in tumor biopsies taken
2 h after drug infusion demonstrated excellent uptake and phosphorylation
of dFdCyd to concentrations that could inhibit ribonucleotide reductase.
However, toxicity was high, with mucosal toxicity that resulted in swallow-
ing dysfunction in most patients (150). Current studies have attempted to
decrease normal tissue toxicity by utilizing gemcitabine twice per week, as
suggested by preclinical studies (151), during the last 2 wk of radiotherapy
when radiotherapy portals address only the gross tumor.

A number of phase I trials using dFdCyd combined with radiotherapy in
patients with pancreatic cancer have produced promising results. Based on
in vitro results showing that a single low dose of dFdCyd could radiosensi-
tize tumor cells for up to 48 h, two clinical trials used twice-weekly dFdCyd
with standard daily radiotherapy (152,153). Maximum tolerated doses
(MTDs) were 40–50 mg/m2, and several partial responses were observed
along with radiographic evidence of response. Dose-limiting toxicities were
mainly nausea and vomiting or hematologic. With the rationale that these
relatively low doses of dFdCyd may control local but not metastatic disease,
a novel trial of weekly full-dose dFdCyd (1000 mg/m2) with escalating
daily radiotherapy demonstrated an MTD of 36 gy in 2.4-gy fractions (154).
The number of partial responders along with lack of excess regional failures
encourages future trials based on this design.

Greater toxicity was observed in two clinical trials using higher doses of
radiotherapy. Based on animal studies suggesting that dFdCyd administered
at least 24 h prior to radiotherapy would maximize tumor response and
allow normal tissue to recover the ability to synthesize DNA faster than
tumor tissue (155–157), dFdCyd was administered to patients 3 d prior to
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beginning daily radiotherapy (158). However, this resulted in unaccept-
ably high hematologic and GI toxicity. In a separate study, 300 mg/m2

dFdCyd weekly with weekly 8 gy produced GI ulcerations in more than
one-third of the patients (159). These studies demonstrated that the dose
per fraction as well as the volume irradiated can affect toxicity and sug-
gest that the use of conformal radiotherapy to the gross tumor is the best
method for intensifying chemoradiation. The addition of dFdCyd to 5-
FU with concurrent radiotherapy resulted in severe GI toxicity, as might
be expected from combining three agents capable of producing GI toxi-
city (160). In contrast, the combination of dFdCyd and cisplatin with radi-
ation showed some promise (161).

Phase I trials of dFdCyd in patients with non-small cell lung cancer
have produced promising clinical results. Response rates were 66% and
88% with once or twice weekly dFdCyd, respectively, and standard radio-
therapy (162,163). High toxicity observed in an early trial of dFdCyd with
concurrent radiotherapy was attributed to using full doses of each modality
with a large radiation field (164).

Taken together, these studies suggest that dFdCyd with concurrent radio-
therapy has significant activity, but dose and scheduling must be optimized
to decrease normal tissue toxicity. Minimizing the volume of normal tissue
in the radiation field (165) or adding radioprotective agents such as amifos-
tine (166) may improve the selectivity of this approach. Development of an
appropriate animal model may help as well. However, to date all animal
models have demonstrated only an additive interaction between dFdCyd
and radiotherapy, in which therapeutic doses of each modality when used
individually were required to demonstrate any increase in efficacy in com-
bination (151,155,156,167).

5. FLUDARABINE

Development of fludarabine (F-ara-A) as an antitumor agent grew out
of prior work on the antitumor activity of arabinofuranosyl adenine (ara-
A). Although ara-A showed good antitumor activity in animal models,
results in patients were less impressive, likely because of the rapid deami-
nation of ara-A by the ubiquitous adenosine deaminase. Fludarabine was
developed as a deaminase-resistant analog that showed superior activity to
ara-A, and it is now commonly used to treat patients with chronic lympho-
cytic leukemia (168). Early reports demonstrated that ara-A sensitized
cells to ionizing radiation (169,170), which encouraged similar studies
with F-ara-A (171). As ara-A is no longer used in patients, this section
focuses on interactions between the therapeutically active F-ara-A and ion-
izing radiation.
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5.1. Metabolic Considerations

After its facilitated transport into the cell, F-ara-A is phosphorylated
initially by dCyd kinase to its monophosphate; subsequently, other cellu-
lar kinases convert it to its major metabolite, F-ara-ATP, the 5′-triphos-
phate derivative (168). F-ara-ATP has several actions on enzymes of
DNA replication: it is an inhibitor of and substrate for mammalian DNA
polymerases (12,172) and DNA primase (173,174), and it acts as an
inhibitor of DNA ligase (175). In addition, F-ara-ATP is an allosteric
inhibitor of ribonucleotide reductase in a manner analogous to that of the
endogenous dATP (12,172,176,177). Cytotoxicity correlated with incor-
poration of F-ara-ATP into DNA, where it acted as a chain terminator
(178). The ability of F-ara-ATP to inhibit ribonucleotide reductase and
thus reduce its endogenous competitor for DNA synthesis likely
enhances its incorporation into DNA. This incorporation can result in
apoptosis in tumor cells (179).

5.2. Mechanism of Radiosensitization
Studies have demonstrated that F-ara-A is an excellent radiation sensi-

tizer in a variety of animal and human tumor cells. Similar to the results
with other nucleoside analog radiation sensitizers, F-ara-A was initially
found to be most effective when delivered to animal tumors prior to irradi-
ation (171,180). Radiosensitization of animal tumors was F-ara-A dose
dependent and was evident when radiation was administered in a single
high dose or on a fractionated schedule (181). Analysis of cell cycle
parameters in tumors treated with F-ara-A and radiation suggested that
F-ara-A induced specific loss of S-phase cells, followed by redistribution
of remaining cells to a more radiosensitive phase of the cell cycle (182).
Although F-ara-A was shown to inhibit repair of cisplatin and alkylation
adducts in DNA (183,184), other studies in vitro have demonstrated that
F-ara-A did not inhibit the ability of cells to rejoin dsbs (185), similar to
results with dFdCyd. To our knowledge, studies have not yet determined
whether radiosensitization with F-ara-A is related to DNA incorporation or
inhibition of ribonucleotide reductase.

Normal tissue sensitization has been observed with F-ara-A because
F-ara-A was shown to decrease the tolerance of rat spinal cord to radiation
(186). However, studies comparing the sensitivity of human fetal lung
fibroblasts and human squamous carcinoma cells demonstrated that there
was less radiosensitization in the fibroblasts (185). Furthermore, the com-
bination of F-ara-A and radiation was synergistic in the tumor cells but
only additive in the fibroblasts. Thus, in these studies it was possible to
attain some selectivity of F-ara-A radiosensitization in tumor cells, encour-
aging clinical studies.
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5.3. Clinical Considerations
To date, there has been only one report of F-ara-A administered as a

radiation sensitizer in patients with malignancies. In a phase I trial in
patients with locally advanced head-and-neck carcinoma, all patients were
treated with 70 gy in 2-gy fractions over 7 wk (187). F-ara-A was added
only during the last 2 wk of radiotherapy, and it was given 3–4 h prior to
irradiation to maximize sensitization. The results demonstrated a MTD of
15 mg/m2, with lymphocytopenia and neutropenia as dose-limiting toxici-
ties. Survival in this group was similar to historical controls. Thus, F-ara-A
is tolerable when administered during the last 2 wk of standard radiotherapy
to this group of patients, although further studies are necessary to determine
efficacy.

6. FLUOROMETHYLENEDEOXYCYTIDINE

FMdCyd was synthesized as an anticancer drug that would act as a
mechanism-based inhibitor of ribonucleotide reductase (188). After
uptake, tumor cells metabolize FMdCyd to its mono-, di-, and triphosphate
forms (189). FMdCyd diphosphate binds to the catalytic site of ribonu-
cleotide reductase and results in enzyme inactivation (190). Although
dFdCDP is also a mechanism-based inhibitor of ribonucleotide reductase,
there appear to be differences in the mechanism of enzyme inactivation.
For example, no chromophore was generated with inactivation by
dFdCDP, whereas binding of FMdCyd diphosphate to the enzyme resulted
in rapid formation of a new chromophore. In addition, FMdC diphosphate
inactivated R1 as well as R2 subunits of ribonucleotide reductase, presum-
ably by alkylation, which cannot be accomplished with dFdCDP. The
triphosphate of FMdCyd is a substrate for DNA polymerases, and its incor-
poration into DNA is thought to be an important event in cytotoxicity
(191). FMdCyd exhibited good antitumor activity in a variety of human
tumor xenografts in nude mice (192–194).

Initial studies demonstrated that FMdCyd could enhance the toxicity of
ionizing radiation in HeLa cells in vitro when the drug was added 1 h prior
to irradiation (195). Subsequent studies in colon carcinoma and cervical
carcinoma cells demonstrated that radiosensitization increased with
increasing dose and duration of incubation preceding irradiation (196).
Radiosensitization could be accomplished at minimally toxic concentra-
tions of FMdCyd, similar to results with dFdCyd. FMdCyd also induced a
precipitous decline in the dATP pool, with a dose-dependent increase in
the dCTP and dTTP pools. Initially, deoxyguanosine 5′-triphosphate levels
increased, but then declined at higher FMdCyd concentrations. It is not
known whether the dNTP pool changes or DNA incorporation or a combi-
nation of both effects mediate radiosensitization by FMdCyd.
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Flow cytometry studies demonstrated that FMdCyd alone produced an
accumulation of WiDr colon cells in early S phase, similar to the cell cycle
redistribution observed with other nucleoside analogs as discussed earlier
(197). FMdCyd followed by ionizing radiation produced an accumulation
of cells in G2/M at 24 h after treatment. When the S and G2/M accumula-
tion was abrogated by the addition of pentoxifylline, radiosensitization
was also enhanced (197).

Studies in animal models demonstrated that FMdCyd acts as a
radiosensitizer in vivo as well. When human xenografts in nude mice
were treated with fractionated radiation, the addition of FMdCyd further
enhanced the tumor growth delay, with some animals achieving long-term
remission (198). As with dFdCyd, radiosensitization was observed at
doses of FMdCyd that, by themselves, had a substantial chemotherapeu-
tic effect.

Phase I clinical trials with FMdCyd have demonstrated that it is well
tolerated in patients with solid tumors (199,200). As with other anti
metabolites, dose-limiting toxicity was hematologic, manifested primarily
as neutropenia. Although FMdCyd is relatively resistant to deamination by
cytidine deaminase (201), the primary metabolite in patients was the
deamination product fluoromethylene deoxyuridine. However, in contrast
to the rapidly deaminated dFdCyd, FMdCyd had a longer half-life of 2–4
h, with measurable elimination of FMdCyd in urine. Further studies are
necessary to determine its efficacy as a chemotherapeutic agent and
whether it has radiosensitizing antitumor activity in patients.

7. HYDROXYUREA

Hydroxyurea is a small molecule which has a primary action in mam-
malian cells of inhibition of de novo biosynthesis of deoxynucleotides by
ribonucleotide reductase, resulting in strong inhibition of DNA synthesis
(202). As hydroxyurea targets cells that are actively replicating DNA, it
has been used clinically in a variety of myeloproliferative diseases, such
as chronic leukemias and polycythemia vera, and it has been useful in
treating sickle cell disease (203,204). Clinical success with hydroxyurea
has encouraged development of other inhibitors of ribonucleotide reduc-
tase (205). Studies have shown that hydroxyurea can inhibit replication
of human immunodeficiency virus, and it is currently under evaluation
clinically as a component of multidrug therapy for patients with acquired
immunodeficiency syndrome (206). Although it is not a nucleoside ana-
log, hydroxyurea is important to include in this chapter because it acts as
a radiation sensitizer through alteration of the endogenous deoxynu-
cleotide pools in cells.
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7.1. Metabolic Considerations
Hydroxyurea inhibits ribonucleotide reductase through its action at the

tyrosyl residue on the catalytic subunit of the enzyme. Formation of a free
radical at tyrosine 122 is essential to initiate reduction of the ribonucleotide
substrate (207). Hydroxyurea destroys the tyrosyl radical so that the enzyme
is unable to abstract the hydroxyl at the 2′-position of the ribose (208).

Although it would be expected that inhibition of ribonucleotide reduc-
tase would decrease the levels of all four dNTP pools, it has been demon-
strated that pool alteration is cell specific (209). This may be because
dNTPs can also be synthesized through the salvage of deoxynucleosides
and subsequent phosphorylation by the endogenous kinase pathways,
which are not affected by hydroxyurea (210). In addition, the regulation of
ribonucleotide reductase by endogenous nucleotides, which differ in
amount between cell types, may alter effects from inhibiting the de novo
biosynthesis pathway (211,212). Furthermore, once synthesis is inhibited,
the rate of decay for each dNTP may be different (209). Studies in patients
with chronic myelogenous leukemia undergoing treatment with hydrox-
yurea or another inhibitor of ribonucleotide reductase demonstrated that
this pattern of effects on dNTPs occurs in vivo as well (213,214). Analysis
of dNTP pools in the leukemia cells during therapy showed a strong
decrease in the dATP pools with lesser effects on deoxyguanosine 5′-
triphosphate, while dCTP and dTTP pools increased.

7.2. Mechanism of Radiosensitization
Evidence that hydroxyurea was most effective at killing cells in S phase

(215) encouraged evaluation of its effects on repair of ionizing radiation
damage. Studies in Chinese hamster ovary cells demonstrated that the
combination of hydroxyurea and ionizing irradiation resulted in signifi-
cantly enhanced cell killing compared to either modality alone
(6,216,217). Studies in HeLa cells demonstrated that hydroxyurea could
alter the repair of DNA single-strand breaks induced by ionizing radiation,
although only a cytotoxic concentration was used (218). Hydroxyurea has
also been used in combination with nucleoside analogs because it was pro-
posed that reduction of endogenous deoxynucleotide pools would improve
incorporation of the nucleoside analogs into DNA (209). Based on this
rationale, the combination of hydroxyurea with cytosine arabinoside was
shown to inhibit repair of DNA single-strand breaks induced by ionizing
radiation (218,219). A noncytotoxic concentration of hydroxyurea added
simultaneously with IdUrd synchronized cells in S phase, produced higher
IdUTP levels, and resulted in greater incorporation of IdUMP into DNA
(220). Each drug alone enhanced radiation-induced cell killing, and the
combination produced a significant enhancement of radiosensitization.
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This enhancement increased with longer exposure to hydroxyurea. These
studies have fueled numerous clinical investigations.

7.3. Clinical Considerations
The appealing idea of treating rapidly growing tumors with S-phase-

specific drugs that would enhance sensitivity to ionizing radiation resulted
in numerous clinical trials employing hydroxyurea alone or combined with
other chemotherapeutic and radiosensitizing agents (204,221). In random-
ized trials in patients with cervical cancer treated with radiotherapy, the
addition of hydroxyurea significantly prolonged the disease-free interval
(222,223). However, the addition of hydroxyurea during radiotherapy fol-
lowed by treatment with BCNU and 6-thioguanine did not change overall
survival for patients with glioblastoma (204,224,225).

Hydroxyurea has been a component of several studies of multiagent
intensive chemo- and radiotherapy for head-and-neck cancer, in which it
has improved control of local disease (99,226). As expected, when com-
bined with other antimetabolites such as 5-FU, there was substantial
mucositis and myelosuppression. These toxicities were controlled some-
what by a 1-wk on/1-wk off cycle. However, toxicity remains difficult with
these regimens, and improving quality of life as well as control of metasta-
tic disease continue to be high priorities in these studies. More recent regi-
mens have used a 5-d continuous infusion instead of oral hydroxyurea
(227), based on preclinical studies in which longer duration of exposure to
hydroxyurea enhanced cytotoxicity (228). In view of studies demonstrating
that cells can regain the ability to synthesize dNTPs even during continuous
hydroxyurea incubation of cells in culture (119), continuous infusion of
hydroxyurea in patients may provide improved enzyme inhibition com-
pared to oral dosing.

8. CONCLUDING REMARKS

The nucleoside/nucleobase analogs discussed in this chapter can pro-
duce a dramatic increase in radiation-induced cell killing in vitro, and
they have proven clinical efficacy as well. The malignancies in which
radiosensitizers have had the most impact when used alone (or with a
reduced folate cofactor) include anal, rectal, gastric, and pancreatic can-
cer, and they play a role (in combination with cisplatin) in the treatment
of esophageal, head-and-neck, and cervical cancers. These improve-
ments extend from organ conservation (in the case of anal and laryngeal
cancers) to local control (all of the above cancers) to survival (esophageal,
head-and-neck, cervix, pancreatic, and gastric cancers). As radiation and
antimetabolites are known for their ability to produce mucositis, radio-
chemotherapy with nucleoside/nucleobase compounds is associated with
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increased toxicity to the mucosa within the radiation field, and reduction
of this normal tissue toxicity remains an important goal.

Comparison of the mechanisms mediating radiosensitization for the
nucleoside/nucleobase discussed in this chapter reveals important common
features. For example, the majority of the studies indicated that the nucleo-
side radiosensitizers and hydroxyurea are more effective when administered
prior to irradiation. This likely reflects the necessity for metabolism to a
nucleotide form for the nucleoside/nucleobase analogs and the requirement
for a time-dependent alteration in dNTP pools for hydroxyurea. In addition,
most studies demonstrated that the degree of radiosensitization increases
with longer duration of prior drug exposure. There may be several explana-
tions for this optimal sequence of administration. The nucleoside/nucleobase
radiosensitizers require intracellular phosphorylation for activity, and this
can require several hours to achieve steady-state levels. In addition, it
requires several hours for the nucleosides/nucleobases and hydroxyurea to
achieve their effects on DNA incorporation or dNTP pool alteration.
Furthermore, cell cycle studies have demonstrated that these radiosensitizers
work best when cells have accumulated in S phase, also a time-dependent
process. We have previously suggested that, for FdUrd/5-FU, inappropri-
ate activation of cyclin-dependent kinases in cells with mutant p53 pro-
motes S-phase accumulation and DNA replication prior to repair, resulting
in radiosensitization (91). In general, drug exposure prior to radiation
allows cells time for the requisite metabolism and progression of cells
lacking checkpoint controls into S phase, which leads to DNA damage or
inhibition of repair.

There is an impressive amount of work done on the characteristics of
radiosensitization by the nucleoside/nucleobase analogs, such as optimal
sequence of drug/radiation treatment, cell cycle redistribution, and effects
on DNA strand breakage and repair. However, less is known about the
actual lesions that may be necessary for radiosensitization. Perhaps the
most specific hypothesis has been proposed for BrdUrd and IdUrd, in
which the irradiation of the halogenated uracil may produce a uracilyl
radical that can cleave deoxyribose, resulting in strand breakage. For the
other drugs discussed in this chapter, the mechanism of strand breakage is
not clear, or the specific DNA damage that leads to radiosensitization is
not known.

We suggest that the dNTP pool alteration, a feature common to all of the
radiosensitizers discussed here, is a component that contributes to
radiosensitization. We propose that the dNTP alterations in cells that are
replicating DNA in S-phase lead to errors in nucleotide incorporation into
DNA. Without further DNA damage, these misincorporation events would
normally be repaired correctly and not result in cytotoxicity. However, fol-
lowing ionizing radiation, we propose that these lesions are either not
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recognized or not repaired correctly. If these errors are not corrected prior
to irradiation, then we suggest they will result in enhanced cell death
(radiosensitization). There is ample evidence for imbalanced dNTP pools
producing incorrect nucleotide incorporation in DNA (142–144). If such
mismatched nucleotides are the lesions necessary for radiosensitization by
these agents, then it would follow that cells that are not capable of repair-
ing these errors, that is, mismatch repair-deficient cells, would be better
radiosensitized. New evidence that is now accumulating demonstrates that
defective mismatch repair enhances radiosensitization by BrdUrd, IdUrd,
and dFdCyd (29,30,147).

Although it has been argued that the role of MMR is to reduce BrdUrd
and IdUrd incorporation into DNA, it is also expected to correct errors
that would result from the BrdUrd- and IdUrd-mediated decrease in
pyrimidine dNTPs. For dFdCyd, we have demonstrated that MMR does
not decrease incorporation of the fraudulent nucleotide into DNA (147),
and preliminary data suggest that MMR can repair the incorrect
nucleotides in DNA that likely resulted from the altered dNTP pools
(229). Regardless of the mechanism, the number of radiosensitizers that
have dNTP pool alteration as their major cellular effect suggests that this
is an important mechanism to radiosensitization. Future studies should
evaluate other drugs that alter dNTP pools for their ability to produce
radiosensitization.

The nucleoside/nucleobase radiosensitizers and hydroxyurea have an
established role in radiochemotherapy treatment of malignancy. Continued
studies to determine the mechanism by which they act are important to
improve efficacy as well as selectivity in patients.
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SUMMARY

Computer software NONMEM for nonlinear mixed-effects modeling was
used to determine the population pharmacokinetics (PPK) and pharmacody-
namics (PPD) of intravenously administered nucleoside analogs cytosine
arabinoside (ara-C) and fludarabine phosphate (F-ara-A) in pediatric
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patients with leukemias. A description of the major NONMEM tasks as well
as the statistical models has been given for these drugs. Two pharmacokinetic-
pharmacodynamic (PK-PD) models have been developed for ara-C and one
for F-ara-A. These NONMEM population analyses present a novel approach
for determining the PK parameters in many patients; these parameters are
superimposable to the ones derived from the classical two-stage PK approach.
However, by minimizing errors, population analyses explained the signifi-
cant variabilities in the elimination of these drugs from the central compartment
and the variable high peak plasma concentrations in younger leukemia patients.
Moreover, the influence of the covariate product (TR AGE × SA) demon-
strated an increase in the PK parameter values with increasing patient age
(AGE) and surface area (SA). The evaluation of the intercompartmental clear-
ance of ara-C demonstrated statistically significant linear relationships
with the covariate product (AGE × SA). These results explained the lower
drug plasma concentration in the older children as compared to the infant
and younger patients with leukemias. In addition to the classical population
pharmacokinetic and population pharmacodynamic parameters of half-lives
of elimination, clearance, and volumes of distribution, these analyses in
pediatric patients determined the effects of deamination by cytidine deami-
nase on the clearance of ara-C from the circulation. Moreover, the Km of
activation of these drugs to their respective phosporylated anabolites in
patients, and under treatment conditions, was determined by the Michaelis-
Menten equation, which was fused into the INPUT PK-PD subroutine.
Overall, NONMEM population PK-PD analyses are complicated and time
consuming and require a rich database from many patients. However, they
produce the best possible PK-PD analyses for a drug and its metabolites, the
parameters of which give better understanding of the biochemical pathways
in plasma and in leukemic blasts simultaneously, which can then be applied
to many other patients in future clinical trials.

Key Words: Acute lymphoblastic leukemia, ALL; apparent volume of
distribution, Vd; cytosine arabinoside, ara-C; fludarabine phosphate, F-ara-A;
interindividual variance, ω2; nonlinear mixed-effects modeling, NONMEM;
total body clearance, CL; value of minimum objective function, OBF; vector
of intraindividual effects, εij; vector of random interindividual effects, ηi.

1. INTRODUCTION

NONMEM software was produced by researchers in the Schools of
Medicine and Pharmacy of the University of California at San Francisco
(UCSF) and is marketed by GloboMax (Hanover, MD). The project is con-
cerned with the development of data analysis techniques and exportable
software for fitting nonlinear mixed-effects models (NONMEM). The data
analyses may be described by regression models with mixed effects (i.e.,
both fixed and random effects, any of which may enter the model nonlin-
early). Data of this sort arise frequently in clinical pharmacology projects,
among other scientific fields. These techniques are particularly useful when
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the data are population pharmacokinetic/pharmacodynamic (PK/PD) origin
data, when there are only a few PK/PD measurements from some individ-
uals sampled from the population, or when the regression design varies con-
siderably between individual subjects. This project is a continuously
evolving one, with the first version released in 1979 and version III released
in 1989 and written in ANSI FORTRAN 77.

Currently, the UCSF NONMEM version V is licensed and distributed by
GloboMax® LLC (Hanover, MD). The inputs to the program consist of
data files, control information, and user-coded subroutines. The program
(version V) consists of three parts. The NONMEM program itself is a very
general (non-interactive) regression program that can be used to fit many
different types of data. PREDPP is a powerful package of subroutines that
can be used by NONMEM to compute predictions for population PK data.
Last, NM-TRAN is a non-interactive pre-processor that allows control and
other needed inputs to NONMEM/PREDPP to be specified in a user-
friendly manner, with quick and comprehensive detection of a variety of
errors that may have been introduced by the user in the data file. The NM-
TRAN package allows the user to select the desirable PK model by selecting
the appropriate model in the ADVAN/TRANS subroutines of PREDPP as
indicated by the two-stage PK analysis (STS) of the PK data. See the
appendix for guidelines to get started.

2. MAJOR NONMEM TASKS

There are six major NONMEM tasks that may be undertaken in solving
any given PD data problem. In the first step, the simulation step, data are
simulated under the user-specified PK model. The key advantage of this
pharmacokinetic approach is that the large PK data are examined as if they
were from one source, even though later the program allows the user to
examine the individual patient’s data as they “fit” into the population.

In the second step, the initial estimation step, initial estimates of model
parameters are computed. Initial estimates may also be specified and the
estimates of the fixed-effect parameters may be constrained by the user,
and this is often highly recommended.

In the third step, the estimation step, final estimates of the model para-
meters—fixed-effect parameters and variance-covariance components—
are obtained. For this purpose, an objective function (kel, Vd, clearance CL, etc.)
in the model parameters is minimized, and the final estimate is taken to be
the minimum point (as a vector).

In the covariance step, an estimate for the covariance matrix of the esti-
mate obtained in the estimation step is computed. The accuracy of this
covariate estimate increases as the number of the statistically independent
observations increases. The original impetus of the NONMEM project was
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to develop an ability to analyze large quantities of PK data arising from rou-
tine patient care. Both intra- and inter-individual variabilities can be
described by the “constant coefficient of variation” (CCV) model because
the frequency distributions of the individual parameters are skewed (non-
normal distribution).

Routinely, the improvement of the fit of the PK data, as a result of the
incorporation of covariates in the regression model, is determined based on
the value of the “minimum objective function” (Likelihood Ratio Test), the
magnitude of the standard errors of the parameter estimates, the plots of
weighted residuals against the predicted PK drug concentrations, and
decreases in the estimates of interindividual variabilities. The difference in
the values of the objective function (Log Likelihood Difference) of a
reduced model with n – 1 parameters and a full model (n parameters) can be
approximated by the chi-square (χ2) distribution with q degrees of freedom,
where q is the number of parameters with values that are fixed in the reduced
(n – 1) model.

In the fifth step, the Tables step, all data items of selected parameters
are tabulated. Last, in the sixth step, the Scatterplot step, the actual depend-
ent variable data (i.e., PK drug concentrations) can be scatterplotted
against the predicted data or any other type of data.

3. POPULATION PHARMACOKINETIC ANALYSIS
OF CYTOSINE ARABINOSIDE

A population PK analysis of cytosine arabinoside (ara-C) has been per-
formed utilizing the computer program NONMEM by the Project Group of
UCSF. The NONMEM analysis of nucleoside analog drugs has been
accomplished in other studies by using the PREDPP and NM-TRAN pack-
ages of NONMEM, version IV, level 2, in this laboratory. Similarly, popu-
lation PK of fludarabine phosphate has been done in pediatric patients with
acute lymphoblastic leukemia (ALL). These analyses have yielded impor-
tant information on the pharmacology of these drugs, where classical PK
analyses (STS) have been shown to be inadequate to describe the signifi-
cant variability among patients. This methodology has been used retro-
spectively to analyze all of the pediatric patient data concerning ara-C and
its catabolite uracil arabinoside (ara-U) data (1).

The main advantage of NONMEM analysis is that it considers data from
all patients as one set, and the population PK parameter estimates are
obtained, as stated in this section, using a nonlinear mixed (fixed and 
random) effects regression model. In addition, NONMEM analysis requires
a few data points per individual patient, and it correlates covariates such as
age, weight, surface area, liver function, and creatinine levels with PK
parameters.
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Specifically, the plasma concentrations of the drug are described by the
equation:

Cij = Fij(θ, xij) + Gij(θ, xij)ηi + Hij(θ, xij)εij (1)

where, Fij is the structural PK model that predicts plasma drug concentra-
tions for each time point j of every patient i, θ is the vector of fixed effects
such as dose and sampling times, xij is the vector of all values of fixed
effects associated with a particular observation Yij, Yij represents the value
of the jth observation for an individual subject i, ηi is the vector of random
interindividual effects, εij is the vector of intraindividual effects, and Gij
and Hij are matrices of partial derivatives of F with respect to ηi and εij,
respectively, evaluated at their expected values. The parameters ηi and εij
are assumed to be randomly distributed with expected values E(ηi) = 0 and
E(εij) = 0, respectively.

The data have been analyzed by the one- or two-compartment open
model to determine the parameters that describe the data best.

In the event of intramuscular or subcutaneous administration of the
drug, all further population PK analyses were performed using the
ADVAN2, TRANS2 subroutines of the NONMEM-PREDPP load module as
if they included absorption of the drug from the injection site.

For drugs administered orally or intramuscularly, the structural PK
model F will be described by the equation

(2)

where, Ka is the absorption rate constant, F1 is the average relative drug
bioavailability of drug after oral, intramuscular, or subcutaneous adminis-
tration compared to intravenous administration, CL is the systemic clearance,
and Vd is the apparent volume of distribution of the drug.

If the PK parameter distribution of the drug is skewed (usually they
are), then the inter-individual variability of the PK parameters will be
described by the following equations:

Ka,i = ka,pop(1 + ηka,i) (3)

CLi = CLpop (1 + ηCL,I) (4)

Vd,i = Vd,pop(1 + ηVdi) (5)

Intraindividual variability may also be described by the CCV model as
shown in Eq. 6.

Observed Cij = Predicted Cij(1 + εij) (6) 

F
F X k e ea

CL Vd t ka t

a

( – )– ( / ) –
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= 1 0

V k – CLd
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4. CYTOSINE ARABINOSIDE

Ara-C is considered one of the most active antimetabolites for inducing
complete remissions (CR) in acute myelogenous leukemia (AML) and in
ALL in adult and pediatric patients (2–5). In combination with other antineo-
plastic drugs, such as purine nucleoside analogs, anthracyclines, asparagi-
nases, ara-C treatment leads to CR in the majority (60–70%) of patients.
Ara-C is a pro-drug and must be activated intracellularly to its triphosphate
anabolite to exert its cytotoxic effect. Only a small portion of the adminis-
tered drug is converted intracellularly to its active anabolite, cytosine arabi-
noside triphosphate (ara-CTP). The majority of the dose is deaminated to
ara-U in plasma or blood, a reaction that is catalyzed by cytidine deaminase
(Cyt DA). Numerous inhibitors of Cyt DA have been tested with limited suc-
cess in efforts to enhance the parent drug’s activity against leukemias.

Pharmacokinetic (PK) studies in pediatric patients with AML or ALL
have shown that ara-C is rapidly eliminated from plasma, obeying a two-
compartment open model after low- or high-dose ara-C (HDara-C). The
average peak plasma concentration is much higher in pediatric patients than
in adult patients. The plasma concentrations of ara-U are five- to eightfold
higher than ara-C, and ara-U is eliminated mono-exponentially from the cen-
tral circulation with a faster half-life than that of ara-C. However, the in vivo
relationship between ara-C and its metabolite ara-U has not been made clear
in either pediatric or adult patients. It is known that infant patients with ALL
tend to accumulate much higher concentrations of ara-C than older children,
primarily because of the reduced deamination capacity in the infant organ-
ism. The average ratio of ara-U to ara-C in infant patients is usually 1:2, indi-
cating that their capacity to deaminate or eliminate the parent drug is limited,
and that its clearance is reduced significantly.

5. NONMEM PK MODEL CHARACTERISTICS

The ara-C and ara-U PK data were obtained from four separate clinical
studies using HDara-C (3 g/m2 over 3 h, every 12 h times four and repeat
on day 8). In one clinical study, ara-C was administered as a loading bolus
(LB) followed immediately by a continuous infusion (CI) of the drug (LB
plus CI). Quite a few patients were treated with both the HDara-C and the
LB plus CI infusion regimens at various times of their leukemia treatment.
Therefore, we had a considerable number of patients from these four clin-
ical trials who had been treated repeatedly with the drug (1).

The two-compartment open model with first-order elimination was chosen
as the best PK model to describe adequately the kinetics of ara-C in the pedi-
atric patient population. However, a third compartment was added to repre-
sent ara-U in the mammalian body. This model simultaneously described the
combined PK models of the parent drug ara-C and its metabolite ara-U. The
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ara-C PK data were best modeled by a two-compartment open model, and
simultaneously, ara-U PK data were modeled by the one-compartment open
model I.

For model 1, the concentration–time PK data of ara-C were best described,
pharmacokinetically, by a two-compartment open model with first order
of elimination (Schema I). The ADVAN3/TRANS4 subroutines of the
PREDPP/NONMEM program were used for the best-fit population model.

Model 2 allowed for simultaneous description of the PK of ara-C and
its metabolite ara-U by a two-compartment open model with first order of
elimination for the parent drug while those of ara-U were analyzed by a
one-compartment open model with first order of elimination of ara-U from
the central compartment (Schema II). The metabolic conversion of ara-C
to ara-U was modeled as a first-order kinetic process despite the fact that
ara-C is converted to ara-U by the mammalian enzyme Cyt DA. This sim-
plification was permitted by the final solution of this complex PK model
because there are vast amounts of Cyt DA in the body of patients, with the
exception those children younger than 12 months, in whom this enzyme is
of limited capacity or availability.

Chapter 14 / NONMEM Population Models in Leukemia 337

Schema I. PK model I.

Schema II. PK model II.



The CL of ara-C from the central compartment (ktotal rate constant) was
described by two processes: (1) deamination of ara-C to ara-U (k13) and (2)
renal elimination of the parent drug (ara-C) from the central compartment
(k10). The following differential equations describing the complete PK
model were entered in the ADVAN6 subroutine of NONMEM:

dA(1)/dt =  k12A(1) + k21A(2)  k10A(1)  k13A(1) (7)

dA(2)/dt = k12A(1)  k21A(2) (8)

dA(3)/dt = k13A(1)  k30A(3) (9)

where, A(1) is the amount of ara-C in compartment 1, A(2) is the amount
of ara-C in compartment 2, and A(3) is the amount of the metabolite 
ara-U in compartment 3. The microconstants, k12, k21, k13, k10, and k30
are the first-order rate constants of transfer or elimination of the parent
drug ara-C and its catabolite ara-U within the various compartments of
the PK model.

6. STATISTICAL MODELS FOR ara-C AND ara-U
NONMEM POPULATION ANALYSES

The interindividual variability in PK parameters was expressed as the
variance ω2 of the random error ηi with a mean value of zero, and it was
described by the constant coefficient of variation (CCV) model. This is the
most appropriate statistical model for skewed parameter distributions.
Therefore, an individual patient’s clearance was described by the equation

CLi = CL(1 + ηCL,i) (10)

where, CLi represents the clearance of ara-C in patient i, CL is the average
patient population value of ara-C clearance, and ηCL,i represents the devi-
ation of the individual’s ara-C clearance from the average population value
of this parameter.

Intraindividual variability of ara-C in models depicted in Schemas I and II
was expressed as the variance σ2 of random effects εij and was described
by a combined additive and CCV error model:

Cij = f + fε1,ij + ε2,ij (11)

where, Cij is the ara-C plasma concentration of patient i at time j, f is the
structural PK model, ε1,ij is the residual error for the CCV portion of the
model with variance σ1

2, and ε2,ij is the residual error for the additive portion
of the model with variance σ2

2.
The two variance terms (additive and proportional) describing the intrain-

dividual variability of the ara-C PK data were estimated in the NONMEM
analyses of the PK model depicted in Schema I. In the model depicted
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in Schema II, these two variance terms were fixed to the values obtained
from the NONMEM analyses of the model in Schema I. This was perceived
as necessary to reduce the estimation time, which is considerably longer
when the PK models are expressed as differential equations and when the
drug concentrations of ara-C and ara-U are analyzed simultaneously. Finally,
the intra-individual variability of ara-U PK data was described nicely by the
CCV statistical model.

6.1. NONMEM Analyses of ara-C (Model I)
The combined ara-C data obtained after HDara-C and after the LB plus

CI modes of administration were analyzed by a stepwise regression model
using the two-compartment open model (Schema I) with first-order elimi-
nation of the parent drug from the central compartment. Initially, the data
were analyzed using the simple regression model (basic PK model) in the
absence of covariates. The variance-covariance (OMEGA) matrix of the
basic PK model was constrained to be diagonal. This basic model calcu-
lated the interindividual variances for all four basic model PK parameters:
total body clearance (CLT), the apparent volumes of distribution of the cen-
tral (Vd1) and peripheral (Vd2) compartments, and the intercompartmental
clearance (Q). The plot of the predicted (PRED) vs. the observed ara-C
plasma concentrations (dependent variable, DV) indicated “significant
bias” in the fit of the data by this PK model analysis, suggesting the need
to include covariates in the regression model that could account for the
large interindividual variability of the data.

The regression model was subsequently expanded to include the evalu-
ation of the effects of the covariates AGE and surface area (SA) of the pedi-
atric patients on the PK model of ara-C. The next best-fit model, which
resulted in a significant improvement of the data fit [PRED vs. DV – (1)]
and a substantial decrease in the minimum value of the “objective func-
tion” was the one in which all four basic PK parameters (see above) were
expressed as linear functions of the covariate product of estimates (AGE ×
SA). The final PK parameter estimates were CLT = 2.59 × (AGE × SA) L/h;
Q = 2.01 × (AGE × SA) L/h; Vd1 = 0.48 × (AGE × SA) L; and Vd2 = 38.1 ×
(AGE × SA) L. It is imperative to note the distinction in that, routinely, the
units of volume of distribution (Vd) are expressed in units of volume, mil-
liliters or liters per square meter of patients. However, in these population
PK analyses, the covariate term SA has already been considered in the
regression model; hence, the units of these Vd estimates are expressed in
units of volume only.

These analyses provided the following coefficients of variation (%CV):
for CL = 83.8%; for Q = 12.1%; for Vd1 = 40.0%; and for Vd2 = 52.54%.
The complete results from these PK population analyses are summarized in
Table 1.
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Table 1
PPK Analyses of ara-C Alone (Model I)

Model CL (L/h) Q (L/h) Vd1 (L) Vd2 (L) ω2
CL ω2

0 ω2
Vd1 ω2

Vd2 σ2
1 σ2

2 OBF

I-1 15.1 28.7 3.82 77.0 26.9 58.5 1.1E3 0.29 5E-3 613.0 3410.5
(5.8) (13.7) (1.9) (31.0) (27.0) (61.1) (9.5E2) (1.4) (0.02) (237.0)

I-2 2.6 × Pa 1.82 × P 0.46 × P 34.6 × P 0.65 0.17 0.017 0.43 0.13 122.0 2837
(0.62) (0.86) (0.22) (22.6) (0.24) (0.3) (0.32) (0.7) (0.07) (39.9)

The numbers in parentheses are the standard errors (SEs) of the estimated parameters. OBF, minimum values of the objective function.
aP, product of covariates AGE × SA.



6.2. NONMEM Population PK Analyses of ara-C/ara-U
Data (Model II)

The ara-C and ara-U data have been analyzed simultaneously using the
model depicted in Schema II. The same database was used for these analy-
ses as for the previous ones. The PK characteristics of ara-U data were best
described by the one-compartment open model as previously determined
by the two-stage PK analyses (STS) for this metabolite. The first popula-
tion PK analysis was done using the basic regression PK model, and it did
not include covariates. The variance-covariance (OMEGA) matrix was
constrained to be diagonal, as in the previous modeling described above.

The intraindividual variability of ara-C was best described by a com-
bined Additive and Proportional (CCV) Error model, in which the two
variance terms σ2

1 and σ2
2 were “fixed” to the final parameter estimates

obtained via the NONMEM analyses of ara-C using model II. The intra-
individual variability of ara-U was described by the Proportional (CCV)
Error model.

The elimination of ara-C from the central compartment was described by
two first-order rate constants: k13, which described the metabolic conver-
sion for ara-C to ara-U in the body, and by k10, which described the renal
elimination of ara-C from the central compartment. The simultaneous pop-
ulation analysis by the NONMEM program of ara-C and ara-U PK data
using model II estimated a very low k10 value, approx equal to zero, and 
k13 = 3.65 h–1 or for a t1/2,el = 0.19 h. Therefore, the best-fit population PK
model was altered in a manner so that the clearance of ara-C from the cen-
tral compartment was described primarily only by the k13 rate of metabolic
elimination; that is, the clearance of ara-C from the central compartment of
the pediatric patient population occurred via its metabolic conversion to
ara-U rather than by renal elimination as unchanged parent drug.

The observed differences between the ratios of ara-U to ara-C in infants
and older children suggested the possibility of an AGE-dependent meta-
bolic conversion of ara-C to ara-U. The ratio of ara-U to ara-C was approx
1 in infant patients, but it averaged 7 in the older age pediatric patients. To
examine the effect of the covariate AGE in the ara-U/ara-C ratio, the
parameter k13 was expressed as a linear function of the AGE covariate as
shown in Eqs. 12 and 13:

k13 = θ(1) + θ(2) × AGE (12)

k13 = θ(2) × AGE (13)

where, θ(1) and θ(2) are parameters that express the metabolic rate constant
k13 and are estimated by the final population analysis (NONMEM).
Expression of k13 in terms of AGE in Eq. 12 was highly significant as deter-
mined by the Likelihood Ratio Test. However, the estimate of θ(1) in Eq.
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12 is approx zero, suggesting that this parameter was not very important in
the (best-fit) model, and perhaps a more simplified expression for k13
should be used. This was accomplished by utilizing the model with Eq. 13
(Table 2). Table 2 shows the parameter estimates obtained for the basic and
expanded PK regression models.

The microconstant parameters of ara-C (k12, k21, k13, and Vd1) estimated
using model II-3 (Table 2) are very similar to the values for these parame-
ters obtained when ara-C data were analyzed alone (Table 2, model II-4),
by the two-compartment open model with first order of elimination from
the central compartment utilizing the ADVAN3/TRANS1 subroutines of the
NONMEM program. Therefore, these results conclude that ara-C is elimi-
nated from the central compartment with a first-order elimination, but this
step is catalyzed by a remarkably large quantity of the Cyt DA enzyme;
hence, no Michaelis-Menten (MM) saturable kinetics apply.

The final parameter estimates of both ara-C and ara-U for model II-3
(the best-fit one) were k12 = 1.16 ± 0.30 h–1, k21 = 0.08 ± 0.01 h–1, k13 =
1.53 × AGE h–1, Vd1 = 1.37 ± 0.51 L, k30 = 0.41 ± 0.06 h–1 (t1/2,el = 1.69 h),
and Vd3 = 4.98 ± 1.50 L (the volume of distribution of ara-U).

7. FLUDARABINE PHOSPHATE NONMEM 
POPULATION PK-PD ANALYSES IN PEDIATRIC

PATIENTS WITH LEUKEMIAS

The combination of anthracycline and ara-C has been the basis for the
therapy of AML since the 1970s. It was hypothesized that further progress
in this disease therapy can be achieved by the use of newer, more effective
drug combinations, such as Idarubicin followed by infusions of fludara-
bine monophosphate (F-araAMP) and ara-C regimen (6).

The metabolism of nucleoside analog prodrugs (F-araAMP, ara-C) have
been studied extensively in vitro and in vivo in both adult and pediatric
leukemia patients (4,7–9).

F-araAMP, the soluble analog of fludarabine (F-ara-A), once injected in
the bloodstream, is dephosphorylated rapidly to F-ara-A by the alkaline
phosphatases. When radiolabeled F-araAMP was administered, a half-life
of 4–7 min was estimated in mice. Therefore, after 12–24 min of the
F-araAMP injection, only F-ara-A circulates in plasma. Therefore, PK
analyses of F-ara-A have been estimated in patients. F-ara-A is transported
into the leukemia cells, where it is phosphorylated by cytosolic dCk to the
monophosphate F-araAMP and by other kinases to the triphosphate 
F-araATP. F-araATP is considered to be the active anabolite of the drug (7).

F-ara-Afollowed by the ara-C regimen has been the cornerstone of success-
ful antileukemic regimens for leukemia patients in relapse as well as in
front-line treatments in both adult and pediatric patients (6,10,11).
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Table 2
Simultaneous PPK Analyses of ara-C and ara-U Data (Model II)

Model k12 (h–1) k21 (h–1) k10 (h–1) k13 (h–1) k30 (h–1) Vd1 (L) Vd3 (L) σ2
1 σ2

2 σ2
3 OBF

II-1 4.9 0.24 3E-9 3.65 3.78 1.5 0.47 0.13 107.0 0.06 7456.8
II-2 4.89 0.24 — 3.65 3.78 1.5 0.47 0.13 107.0 0.06 7456.8
II-3 1.16 0.08 — 1.53 3 × Αa 0.4b 1.37 4.98 0.13 107.0 0.10 6764.14

(0.30) (0.08) (0.25) (0.06) (0.51) (1.51) (0.40)
II-4c 1.37 0.07 1.19 3 × Αa — — 2.17 — 0.38 67.5 — 2810.17

(0.48) (0.04) (0.13) (0.39) (0.19) (29.7)

The numbers in the parentheses represent the standard errors (SEs) of the estimated parameters. The variance terms σ2
1

and σ2
2 of the ara-C PK data were assigned fixed values. The variance term σ2

3 of the ara-U PK data was estimated dur-
ing the NONMEM analyses. OBF, minimum value of the objective function.

aA, AGE surrogate marker.
bThe half-lives of elimination of ara-U were 0.18 h and 1.69 h for models II-2 and II-3, respectively. The estimates of

half-life in model II-1 (similar to model II-2) and II-2 were highly biased; the half-life of ara-U in model II-3 was very
similar to that estimated by STS analyses of the drug.

cThis model estimated the PK parameters of ara-C along with ara-U using the ADVAN3/TRANS1 subroutines of NONMEM.
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The pharmacokinetic and pharmacodynamic studies of F-ara-A or ara-C
were established long before the combination regimen of these drugs was
designed for use in pediatric patients with leukemia. Specifically, the
phase I–II of F-ara-A PK-PD data in pediatric leukemia patients were
examined with the two-stage (STS) method and by the use of the NONMEM
population analyses (12). The data presented here are only a brief summary
of these population PK-PD efforts.

The unpredicted neurotoxicity after F-araAMP administration in adult
patients was associated with the high peak plasma levels of F-ara-A, a
highly lipophilic drug. To avoid this type of host toxicity in children with
leukemias and because of the long half-life of elimination of the drug, 
F-araAMP was administered as an LB followed immediately by a CI 5-d
regimen, which, as stated above, is rapidly dephosphorylated to F-ara-A
(12). The maximum tolerated dose of F-araAMP consisted of an LB of 
10 mg/m2 followed by an infusion of 30.5 mg/m2/d for 5 d. The idea of LB
plus CI was to achieve steady-state plasma concentrations (Css) of F-ara-A
immediately after initiation of the regimen. Pharmacokinetic evaluations
by the classical method (STS) of plasma 2 h after the initiation of the LB
plus CI regimen demonstrated that the Css of F-ara-A was achieved and
remained relatively constant for the duration of the 5-d infusion. The PK
characteristics of the drug were then determined after the 5-d infusion.
The terminal half-life of F-ara-A was similar to that reported in adult
patients and after six dose-level escalations, suggesting the linear han-
dling of the drug by pediatric patients over a wide range of dosing. The
total body clearance of F-ara-A averaged 0.6 ± 0.1 L/m2/h, and it was
shorter in children than the reported value in adult patients. The drug
obeys a two-compartment open model; the half-life of distribution (t1/2,α)
averaged 1.25 ± 0.4 h and the terminal half-life (t1/2,β) averaged 12.5 ±
3.1 h (mean of means ± SDEV of six dose levels). The intercept con-
stants ratio (A/B) averaged 9.2, which indicated the high peak plasma
levels achieved (12).

8. NONMEM POPULATION PHARMACOKINETICS
MODELING OF F-ara-A AND F-araATP

The NONMEM PK-PD population analyses of F-ara-A in plasma and 
F-araATP in leukemic blast cells were then performed. First, a two-compart-
ment open PK model was devised to account for the fact that F-araAMP was
the administered drug in patients (Schema III, model III). This NONMEM PK
model was characterized by the ADVAN3/TRANS1 subroutines. However,
because of the vast amount and prevalence of alkaline phosphatases in plasma,
liver, red blood cell surface, and so on, than phosphorylases, it was rejected.
Then, and because F-ara-A is extensively catabolized to F-ara-hypoxanthine
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(F-araHyp), which itself obeys a two-compartment model, model in
Schema IV, Model IV was devised. This PK model describes the plasma
concentrations of F-ara-A and F-araHyp as each obeys a two-compart-
ment open model; the ADVAN6/TOL = 5 subroutines were used. Because
the examination of F-araHyp did not alter the PK results of F-ara-A (no influ-
ence), this model was also rejected.

Finally, the Schema V, Model V was devised to describe simultaneously
the PK distribution and elimination of F-ara-A from plasma and the con-
comitant formation/accumulation of its active anabolite F-araATP in
leukemic cells. This PK-PD model was customized to insert the Michaelis-
Menten (M-M) equation in the formation of F-araATP, even though the 
rate-limiting step in its formation is only at F-ara-A → F-araAMP;
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ADVAN6/TOL = 5 subroutines were used. The following equations were
used to solve this PK-PD model V.

dA/dt(1) = –k12 × A(1) + k21 × A(2) – [A(1) × V1 × VM]
/[V1 × KM + A(1)] – k10 × A(1) (14)

dA/dt(2) = k12 × A(1) – k21 × A(2) (15)

and

dA/dt(3) = [A(1) × V1 × VM]/[V1 × KM + A(1)] – k30 × A(3) (16)

The concomitant NONMEM population pharmacokinetic and pharma-
codynamic (PPK) model for F-ara-A and its cellular triphosphate anabolite
F-araATP has been completed. The A/B intercept ratio for F-ara-A in
plasma remained 9.2. The NONMEM population t1/2,α of F-ara-A was 1.6 h,
and the terminal t1/2,β of F-ara-A was 9.8 h (model V). These population
values are similar to the ones obtained from the STS analyses. The Vd1 of
F-ara-A (central compartment) was 1.71 L/m2, and the Vd2 of F-ara-A was
3.35 L/m2. However, the volume of distribution at steady state (Vdss) was
higher, averaging 10.83 ± 3.5 L/m2, strongly indicating that F-ara-A is
accumulated in a slowly perfused peripheral compartment, most likely
consisting of adipose and other lipophilic tissues.

The total body clearance (CLT) of F-ara-A was 0.75 L/m2/h, and the inter-
compartmental clearance (Q) from the central to the peripheral compartments
of F-ara-A was 0.56 L/m2/h. There is no MM kinetics in the distribution or
elimination phases of F-ara-A in pediatric patients with leukemias.

The NONMEM PPK model for F-ara-A was tested for associations
between AGE and SA covariates with the volumes of distribution (Vd1, Vd2)
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and CL. No associations were seen between SA and Vd2 of F-ara-A. However,
there was a good association (95% confidence interval, CI) between SA and
Vd1 of F-ara-A. In addition, a good association was seen between SA and CL
of F-ara-A. There was a minor association (90% CI) between CL and AGE of
patients from 5 to 19 yr of age.

The NONMEM PPK model for F-ara-A simultaneously modeled the 
F-ara-A plasma concentrations and the F-araATP cellular concentrations
under MM conditions (model V). The Km of F-ara-A for the dCk rate-lim-
iting step was 142 µM, and the Vmax of F-ara-A phosphorylation was 30.6
nmol/h/m2. The MM parameters (Km and Vmax) of F-ara-A from these
NONMEM PPK analyses for dCk were similar to values determined
under biochemical conditions of initial rates using a partially purified
(2500-fold purification, (Km = 200–400 µM) dCK enzyme. Furthermore,
the addition of the additive error for k12, kKM, the volume of the leukemic
blast cell (VM), and k10 produced significant differences, and it was an
integral part of the final PK-PD model. In contrast, the Error, either
Additive or Proportional, for Vmax, k10, k30 did not make a significant dif-
ference; therefore, the simpler model subroutines were accepted as the
best fit of this PK-PD model of F-ara-A in plasma and F-araATP in
leukemic cells. The ω-parameter values for ω2

12, ω2
KM, ω2

Vd1, ω2
Vd3

ranged from 1.27 to 4.85E-8.
The volume of the leukemic cells averaged 114 mL, which represents

the theoretical volume of the leukemic cell burden (packed leukemic blast
volume). According to cell size estimation of the patients’ leukemic cell
volume, the 114 mL represents a tumor burden of approx 10 × E11 cells at
the time of treatment. Under these MM conditions of F-ara-A metabolism
by a significant number of leukemic cells, the t1/2,α of F-ara-A increased to 3.4
h, and the terminal t1/2,β of F-ara-A was 11.2 h. These values are superimpos-
able to the ones estimated by the STS method (12).

On the secondary evaluations using the final model, it was found that
there is no correlation, but a weak association between CL of F-ara-A and
patients’ SA. However, there was an association between CL and AGE,
with 2σ of the paired data points falling within the 90% confidence inter-
val (%CI) of the best-fit line. There was no association between the vol-
ume of distribution of the peripheral compartment of F-ara-A (Vd2) and SA
or between the intercompartmental clearance Q and SA. However, there
was an association between the volume of distribution of the central com-
partment of F-ara-A (Vd1) and SA.

Finally, the intercompartmental rates of transfer or the half-lives of
transfer of F-ara-A between the central to the peripheral compartment were
within physiological rates of transfer for most lipophilic drugs and were
under physiological clearance values.
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Table 3
Simultaneous Population PPK Analyses of F-ara-A in Plasma and F-araATP in Leukemic Blast Data (Model V)

Model k12 (h–1) k21 (h–1) Km (µM) Vmax k10
a (h–1) k30 (h–1) Vd1 (L) Vd3 (L) ω2

12 ω2
KM ω2

Vd1 ω2
Vd3

V 0.203 0.125 142 30.6 0.0617 0.186 1.82 1.14E-1 1.27 0.39 4.8E-8 0.139

OBF (minimum value of the objective function) = 303.29; E, exponent.
aThe population PK-PD model V final half-life of elimination of F-ara-A from the central compartment averaged 11.23 h. The

previous models had an estimated half-life for F-ara-A of 19.85 h.



9. DISCUSSION

By utilizing the NONMEM PK modeling methodology, the analyses of
ara-C in a pediatric patient population with leukemias have been
described. The classical two-stage PK approach did not explain the signif-
icant variabilities in the elimination of this drug from the central compart-
ment or the high peak plasma concentrations in younger patients (3–6,11).
For example, after the HDara-C regimen, there was greater than 100-fold
difference in the peak plasma concentrations of ara-C and approx a 10-fold
difference in the half-life of elimination of the drug in children than that
reported in adult ALL patients. NONMEM population approaches
resolved these variabilities and the mechanism of metabolic clearance of
ara-C to ara-U systemically (1). As stated, the simple PK model I showed
considerable/ significant bias in the best fit of the ara-C PK data. However,
the addition of covariates on the PK of the drug strongly indicated that sub-
stantial interindividual variability could be attributed to differences of
age and surface area of the body (body size). As a result of the examina-
tion of these covariates, the total body clearance, the apparent volumes of
distribution of the central and peripheral compartments, and the intercom-
partmental clearance of ara-C had statistically significant linear relation-
ships with the covariate product [AGE × SA]. The influence of [AGE ×
SA] demonstrated an increase in the PK parameter values with increas-
ing patient age (AGE) and surface area (SA). The results from these final
analyses could therefore explain the lower drug plasma concentration in
the older children as compared to that of the infants and younger
patients with leukemias (1).

In an effort to determine whether the increasing values of ara-C clearance
with increasing AGE were caused by differences in the capacity of the body
to deaminate the parent drug to ara-U, as suggested by the experimentally
determined ara-U/ara-C ratios, the PK of ara-C and ara-U were modeled
simultaneously in the pediatric patient population as a limited physiological
model (model II). This was the most significant contribution of these popu-
lation analyses to the medical sciences, the fact that ara-C is cleared almost
100% via metabolic deamination to ara-U (1). This fact explained the high
plasma concentrations of ara-C in infants and the low concentrations in
teenaged patients (1,3–5). By extrapolation of these findings and based on
the reported PK concentrations of ara-C in adult leukemia patients, it is sug-
gested that ara-C is cleared metabolically in these patients as well.

These NONMEM population analyses demonstrated that the clearance of
ara-C from the central compartment occurred primarily via its deamination
to ara-U. In addition, the rate of deamination increased with increasing AGE
and SA as the expected enzymatic capacity of the body increased. Hence,
patients’ age was significant in explaining the interindividual variability
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of this important antileukemic drug, strongly suggesting that infant
patients, who have underdeveloped metabolic systems, do not eliminate
ara-C from plasma as readily as older children via its deamination pathway
to ara-U. This finding confirmed with a mathematical population model the
previous observation that infant leukemia patients were accumulating very
high plasma ara-C concentrations, had a very long half-life of elimination,
and had a significant increase in central nervous system toxicity, facts that
the STS PK method could explain (1,4,5).

Many important findings were made by the population PK-PD analyses
of F-ara-A and its active anabolite F-araATP in the leukemic blast cells.
The similarity of the half-life of elimination between the final population
model V (PPK-PD) analyses and those reported by the STS method in
either pediatric or adult patients is remarkable, as is the estimation of the
Km of F-ara-A to F-araATP in blast cells in vivo and under steady-state
plasma concentrations. In addition, the estimation of the secondary param-
eters contributes to the understanding of the accumulation of this drug to
adipose or other lipophilic tissues, which may explain some of the drug’s
central nervous system toxicities. Unlike ara-C, the catabolic pathway to
F-araHyp did not play an important role in the PK-PD handling of this
drug in children.

Finally, these studies allow us to conclude that the NONMEM PPK
analyses of F-ara-A and F-araATP under MM conditions produce impor-
tant findings between the antileukemic drugs and the pediatric leukemia
patients’ surrogate markers. Overall, NONMEM population PK-PD analy-
ses are complicated and time consuming and require a large amount of data
or data from many patients. However, they produce the best possible PK-
PD analyses for a drug and its metabolites, the parameters of which give
better understanding of the biochemical pathways in plasma and in
leukemic blasts simultaneously, which can then be applied to many other
patients and future clinical trials.
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APPENDIX: NONMEM: GUIDELINES TO GET STARTED

1. Enter the PK-PD data in a formatted table and label the file: Pt #; dose
# (DOSE AMOUNT); TIME Dependent variable (Drug conc.) #1, #2,
#3, etc.; Surrogate marker(s), like surface area (SA), body weight, AGE,
creatinine clearance, outcome response vs. non-response, and so on.

2. Go to the appropriate computer compartment and select NMIV subrou-
tine, for instance, :\NMIV\RUN.

3. Copy or transfer the data file to the NMIV\RUN.
4. Select a basic PK-PD subroutine, for instance, one-compartment open

model, two-compartment open model, two-compartment Michaelis-
Menten model, and so on, for example, ADVAN3TRLA.LNK.

5. Go to the INPUT file of the NONMEM program. Here is where all the
subroutines of the PK selection and their customized modifications (if
any), the number of compartment(s); the presence of metabolite data
(e.g., ara-C/ara-U, ara-C/araCTP, F-ara-A/F-ara-Hyp, F-ara-A/F-
araATP); the PK microconstants; the Km; volume of distribution, volume
of distribution of the peripheral compartment, or the nth compartment
(i.e., the volume of leukemic blasts); the selection of type of Error(s),
for instance, Additive, Proportional, Exponential, or Exponential plus
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Additive, and their upper and lower limits wanted; the THETA (θ),
OMEGA (ω), and SIGMA (σ) Error range fluctuations. Then, the differ-
ential equations, if any, and their relationship to the PK-PD equations
(fusion). Then, the maximum evaluations, whether to print the outcome,
and whether to abort on an Error or to continue and show the Error
step(s). Last, print the scatterplot between PRED(icted) vs. DV (depend-
ent variable) and the scatterplot between the (weighted error) WRES vs
PRED. Give the INPUT file a name and insert the PK-PD run name, date,
version, and so on; the data file; and the ADVAN.LNK file.

6. Select the NM-TRAN subroutine and click to “RUN”.
7. If all files and subroutines have been entered correctly, then the NM-

TRAN RUN will run without any Errors. If there are Errors, then it will
define the Error, but not its location. Search and correct the Error. It
usually is in the entry of the data (data file).

8. Go to NMIV\RUN and select a DOIT (command followed by identi-
fication of run) and ENTER (e.g., DOITVA.BAT).

9. If all subroutines and data files are well, then the program will come
to a NO ERROR stop.

10. Then, GO to the appropriate compartment of the program and select:
NONMEM.EXE. If all is well, then it will run the program(s) and print
the data or print until the Error. If all is well, then rerun the data with
variations of the ADVAN and PK subroutines until the MINIMUM
VALUE OF OBJECTIVE FUNCTION is not changing (significantly).
Then, one has arrived at the best-fit model for the data, and the FINAL
PARAMETER ESTIMATE(s) can be used with the confidence of the
ETA Error(s). Last, the predicted (PRED) vs. the DV values are com-
pared at each and every time interval chosen, and the surrogate marker
evaluations can be incorporated into the PK-PD or limited physiologi-
cal model. For a completed mammalian physiological model one has to
design a 13-compartment open model with a heart-lung shunt and the
MM-controlled biliary excretion (liver) and reabsorption from the gas-
trointestinal mucosa.
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SUMMARY

Pronucleotides represent a promising alternative to improve the biological
activity of nucleoside analogs against different viral diseases and cancer
chemotherapy. Moreover, pronucleotides are valuable tools for studies con-
cerning nucleoside/nucleotide metabolism. The basic idea is to achieve
nucleotide delivery into cells, bypassing limitations with intracellular for-
mation of nucleotides from their nucleoside precursors. The cycloSaligenyl
(cycloSal) concept is one of several pronucleotide systems reported so far
but is the only approach in which a pronucleotide is cleaved successfully
by simple but selective chemical hydrolysis. Beside others, for the nucleo-
side analog 2′,3′-dideoxy-2′,3′-didehydrothymidine (d4T), the application
of the cycloSal approach improved antiviral potency. The basic concept, the

353

From: Cancer Drug Discovery and Development:
Deoxynucleoside Analogs in Cancer Therapy

Edited by: G. J. Peters © Humana Press Inc., Totowa, NJ

15_Meier  7/21/06  3:57 PM  Page 353



chemistry, different structural modifications, and their effects on the antivi-
ral potency of the cycloSal-d4T 5′-monophosphate triesters are discussed.
The application of the approach to different biologically active nucleoside
analogs against different targets is discussed. First results of a conceptual
extension of the original cycloSal approach are summarized. Once the
pronucleotides have passed the membrane, the aim is to trap the cycloSal-
phosphate triesters inside the cells. Therefore, enzyme-cleavable groups
have been attached via a linker to the cycloSal moiety.

1. INTRODUCTION

Since the discovery of 3′-azido-3′-deoxythymidine (AZT) as the first
nucleoside drug for the treatment of acquired immunodeficiency syndrome
(1), considerable efforts have been made to develop new nucleoside
analogs that would be more-active and less-toxic inhibitors of human
immunodeficiency virus (HIV) reverse transcriptase (RT) (2,3). These
analogs differ from the natural nucleosides in the modifications of the glycon
or the aglycon residue (4).

Today, synthetic nucleoside mimetics represent a highly valuable source
of antiviral and anticancer compounds that contribute significantly to the
arsenal of agents for the treatment of viral diseases (e.g., HIV, herpes and
hepatitis virus infections) and cancer. The general mode of action of most
of the nucleoside analogs is through the inhibition of DNA polymerases,
including RT, by acting as competitive inhibitors or as DNA chain termi-
nators. To act as DNA chain termination agents/polymerase inhibitors,
intracellular conversion of the nucleoside analogs into their 5′-mono-, 5′-di-,
and finally 5′-triphosphates is a prerequisite after cell penetration (2,5).
However, the efficient anabolism to the corresponding nucleoside analog
triphosphates often is a major hurdle because of limited anabolic phosphory-
lation or catabolic processes as deamination of the aglycon or cleavage of the
glycosidic bond. Therefore, their eventual therapeutic efficacy is compro-
mised (2,6). For example, the first phosphorylation step of the anti-HIV active
dideoxynucleoside analog 2′,3′-dideoxy-2′,3′-didehydrothymidine (d4T) 1
(7–9) (Fig. 1) into d4T 5′-monophosphate (d4TMP) catalyzed by thymidine
kinase (TK) is the critical rate-limiting step in human cells (10).

Despite the example given, the intracellular fate of the majority of
nucleoside analogs has not been studied in detail. These compounds are
often exclusively tested as nucleosides and discarded if found inactive. As
they are rarely studied against the target polymerases as triphosphates, this
ends in a black-box metabolism (Fig. 2).

However, a lack of uncovering where the metabolic blockade exists pre-
vents further successful development. On the other hand, knowing the lim-
itations on phosphorylation of a nucleoside offers a chance to develop
derivatives with improved biological potential. In principle, the direct
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administration of nucleotides like d4TMP should bypass the limiting step
in the TK-based anabolism of some nucleosides and thus improve their
biological activity. Unfortunately, nucleotides are very polar molecules
and do not easily pass cellular membranes. However, this difficulty can be
surmounted by linking suitably degradable lipophilic carrier groups to the
phosphate moiety, which leads to neutral, membrane-permeable nucleotide
delivery systems (pronucleotide approach; Fig. 1) (11–15).

It should be mentioned that strategies also have been studied to improve
the uptake and therefore the efficiency of antiviral and anticancer nucleoside
analogs. Examples are valacyclovir, famciclovir, and 5′-lipid-, cholesterol-,
or simple alkyl esters of the nucleosides. However, these drugs work as
prodrugs of the parent nucleoside and not of the nucleotides. Hence, they
cannot help in the bypass of a metabolic limitation during phosphorylation.
Therefore, these compounds are not further discussed in the review. Here,
the focus is on nucleotide-releasing compounds.

Two masking groups are necessary to obtain a neutral, lipophilic phos-
phate ester because of the presence of at least one negatively charged
phosphate oxygen under physiological conditions (phosphate monoester
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principle of the pronucleotide approach for the nucleotide d4TMP.

Fig. 2. Bioactivation of nucleosides into their triphosphates.
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pKas are ~1.6 and ~6.6). Moreover, the efficient intracellular delivery of
nucleotides from a pronucleotide requires the design of a specific delivery
mechanism. Several strategies using different nucleotide delivery mecha-
nisms have been developed to achieve this goal (11–15). Among these,
simple dialkyl-, diphenyl-, and dibenzylphosphate triesters based on pure
chemical hydrolysis proved to be unsuccessful in vitro and in vivo (11,12,
14,15). More recent pronucleotide approaches are based on selective enzy-
matic or chemical activation of the masking group, which leads to a second,
spontaneous reaction (tripartate prodrug system; 16). These approaches uti-
lize and exploit carboxyesterase activity and pH. The concepts working via
an enzymatic trigger mechanism are as follows: bis(pivaloyloxymethyl)
(POM), bis(isopropyloxycarbonyloxymethyl) (POC), bis(S-glycosylth-
ioethyl) (SGTE), bis(4′-acylbenzyl) (AB), aryloxyphosphoramidate (APA),
phosphoramidate monoester, and (modified) bis(S-acylthioethyl) (SATE).
The delivery mechanisms of these enzyme-cleavable compounds have been
summarized (12–14). All these enzyme-triggered approaches have demon-
strated in vitro that the successful intracellular delivery of nucleotides is
possible.

However, the only successful, pH-driven nucleotide delivery strategy is
the cycloSaligenyl (cycloSal) approach (17). This approach, which also
belongs to the group of tripartate prodrug delivery systems, has been
developed in our laboratories and is the topic of this chapter. The effects of
differently modified cycloSal triesters 2 and 3 of the nucleoside analog
d4T are described. Three groups of derivatives are discussed. The so-called
prototypes (2), a second series of compounds (3) bearing alkyl residues in
the benzyl position (7-position), and finally a series of triesters having
ester-functionalized X substituents but unsubstituted in the 7-position
(4; Fig. 3). Moreover, several examples are summarized in which the
prototype cycloSal structure has been attached to different antiviral and
anticancer (5-fluoro-2′-deoxyuridine) nucleosides.

The first two compound series are discussed concerning their hydrolytic
behavior. These first-generation compounds will offer valuable mechanistic
insights into the designed cascade cleavage mechanism as well as their antivi-
ral potential. The third series is discussed in the last part of this chapter. These
compounds may act as second-generation cycloSal-pronucleotides.

2. THE cycloSALIGENYL-PRONUCLEOTIDE APPROACH:
THE FIRST GENERATION

2.1. CycloSaligenyl-Nucleotides (cycloSal-Nucleoside
Monophosphates): The Design of a Concept

In contrast to the approaches mentioned in Section 1, the aim was the
development of a selective delivery mechanism based on an exclusively
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pH-dependent, chemically induced cascade mechanism (18). However, the
chemically driven release of the free nucleotide from a lipophilic precursor
is not as easy as it seems (19–21). By contrast to the enzymatically trig-
gered pronucleotides (12), the cycloSal strategy requires only one activation
step to deliver the nucleotide, and because of the bifunctional character of
the cycloSal group, the ratio of the masking unit per nucleotide molecule is
1:1. Other pronucleotide concepts employ ratios up to 4:1 (22–24).

As summarized in Fig. 4, simple bis(phenyl)- (5) or bis(benzyl) nucleotide
triesters (6) are unable to deliver the nucleotide (25–27). Hydrolysis always
stops at the phosphate diesters 7 and 8, respectively, without formation of
d4TMP (9). An exception to this are the bis acyclobenzyl (AB) pronu-
cleotides developed by Freeman (22). Although this concept should rely on
enzymatic activation by carboxyesterases, work in our laboratory showed that
these compounds are also chemically labile and deliver the nucleotide.
However, the mechanism is the same as the enzymatic activation process and
no SNP-reaction is necessary for the cleavage of the intermediate AB-
phosphate diester.

Chapter 15 / cycloSal-Pronucleotides 357

Fig. 3. Various prototype cycloSal-d4TMP triesters 2 and 3.
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Interestingly, the influence of substituents in the aromatic rings of 5 or
6 are just the opposite: Although acceptors in bis(phenyl) esters 5 cause
fast hydrolysis, donors in bis(benzyl) esters 6 cause fast cleavage to yield
the diester and finally benzyl alcohol (Fig. 4). However, a combination of
both may form the basis of a suitable pronucleotide approach. Thus, the
basis of the cycloSal concept consists of a combination of two ester bond
types as part of a cyclic bifunctional group (masking unit).

Salicyl alcohols have been attached via a phenyl- and a benzylester
bond. In addition, the nucleoside analog is attached through an alkyl ester
bond. Only the introduction of these three ester bonds would allow suffi-
cient discrimination between the different phosphate ester bonds. Thus, the
designed chemically induced coupled process (tandem or cascade mecha-
nism) is the following (18,28,29): The phenyl ester bond in the cycloSal-
triester structure should be the most labile one after nucleophilic attack
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Fig. 4. Hydrolysis of bis(phenyl)- and bis(benzyl) phosphate triesters 5,6.
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of hydroxide to phosphorus (SNP reaction). The developing negative
charge can be delocalized by the aromatic system and thus make the phe-
nolate the best leaving group in the triester. Cleavage yields a 2-hydroxy-
benzylphosphate diester (10; Fig. 5, step a). As a consequence of the initial
step, the ortho-substituent to the benzyl ester is changed from a very weak
electron-donating group (phosphate ester) to a strong electron-donating
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group (hydroxyl). This effect of the 2-substituent intrinsically activates the
remaining masking group, and this induces spontaneous rupture of diester
10 to yield the nucleotide and salicyl alcohols 11 (R = H) and 12 (R =
alkyl) (cascade reaction; steps b1 and b2). This rupture proceeds presum-
ably after intramolecular proton transfer (intermediate 13) via zwitterion
14 or 2-quinone methide 15. By this pathway, a cleavage mechanism is
achieved that takes place within the masking group only and so prevents a
pseudorotation process (19) that may partly lead to nucleoside liberation
instead of the nucleotide. This is the preferred pathway via the benzyl
phosphate diester intermediate 10.

Although unfavored, a cleavage of the benzyl ester bond should also be
taken into account (step c). Benzyl esters may be cleaved via SN1-type
Cbenzyl–O bond rupture, which leads to the formation of a stabilized benzyl
cation and an anionic phosphate ester group (intermediate 16). The cation
16 is rapidly trapped by water to yield the phenyl phosphate diester of type
17 (Fig. 5). However, no further hydrolysis can be expected from this
diester, thus hindering nucleotide release. The reason is the formation of a
negative charge at the phosphorus atom. This prevents a second nucle-
ophilic attack at the phosphorus atom in phenyl phosphate diesters. It also
would decrease the leaving group properties of the 5′-nucleoside phos-
phate fragment in benzyl phosphate diesters (21). Consequently, this
Cbenzyl–O bond rupture would lead to a dead end (Fig. 5) by formation of
the phenyl phosphate diester 17.

Salicyl alcohols 11 and 12 used as masking units were tested for their
biological potency but showed neither antiviral activity nor cytotoxicity
(28,29). In addition, feeding of mice with 250 mg/kg of 3-methyl salicyl
alcohol did not cause any visible toxic side effect. It should be added that
salicyl alcohol (saligenin) is used as part of the antirheumatic and analgetic
drug salicin (2-[hydroxymethyl]phenyl-β-D-glucopyranoside; Assalix®)
(30). β-Glucosidases hydrolyze salicin to D-glucose and saligenin, and the
latter is then slowly oxidized by cytochrome P450 to salicylic acid in the
blood and in the liver.

2.2. Chemistry
For the synthesis of the prototype cycloSal-d4TMP triesters 2, the sali-

cyl alcohols 11 had to be prepared first from the corresponding salicylic
aldehydes, acids, or esters by reduction (NaBH4 or LiAlH4; Fig. 6) in high
yields. In most cases, the aldehydes/acids/esters were not commercially
available. Diols 11 then were synthesized starting with appropriately sub-
stituted phenols. Selective ortho-formulations have been achieved accord-
ing to Casiraghi (31) or the Rieche formulation protocols (32). Both
methods led to salicyl aldehydes, which then could be reduced to the cor-
responding diols 11. Alternatives are direct hydroxymethylation according
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to Nagata et al. (33) or direct hydroxymethylation using formaldehyde in
aqueous basic medium (34). The last methods are the mildest of the proce-
dures (Fig. 6).

These generally highly efficient methods are suitable for the synthesis of
the prototype cycloSal derivatives without substituent in the benzyl posi-
tion. For the second series of derivatives (triesters 3), 7-methylated diols 12
were prepared by alkylation of salicyl aldehyde with methyllithium or
dichloromethyllithium to give diols 12a and 12c. 7-Chloromethylsalicyl
alcohol 12d was prepared by chlorination of ortho-hydroxy acetophenone
using 2,3,4,5,6,6-hexachloro-2,4-cyclohexadiene-1-one to give the ketone
intermediate, which was reduced to give the alcohol. The 7-trichloromethyl
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derivative 12b was synthesized using chloral instead of formaldehyde; dou-
ble 6,7-modified salicyl alcohol 12e was prepared by nucleophilic substitu-
tion of the fluorine in 2-chloro-6-fluoro-benzaldehyde by hydroxide and
subsequent aldol-type addition (35).

The synthesis of the cycloSal-pronucleotides was carried out using reac-
tive phosphorus(III) reagents (Fig. 7). Therefore, diols 11 and 12 were
reacted with phosphorus trichloride to give the cyclic chlorophosphites 18.
Phosphites 18 were reacted directly with the nucleoside analog (e.g., d4T)
in the presence of diisopropylethylamine (Hünig’s base) to yield the cyclic
phosphite triesters, which were oxidized in a one-pot reaction using
t-butylhydroperoxide or dimethyldioxirane. The phosphate triesters 2–4
were obtained in reasonable yields (50–73%) as mixtures of stereoisomers
(28,29).

Alternatively, chlorophosphites 18 were treated with diisopropylamine
to yield the phosphoramidites 19. The coupling with the nucleoside analog
was carried out in acetonitrile in the presence of pyridinium chloride or
imidazolium triflate as a coupling activator. In some cases, the last proce-
dure resulted in yields greater than 90% using imidazolium triflate as the
activator (36).

2.3. Proof of Principle
2.3.1. D4TMP RELEASE FROM CYCLOSAL-D4TMP PRONUCLEOTIDES

Extensive studies have been performed to investigate the designed deliv-
ery mechanism of d4TMP from the cycloSal-triesters (28,37). Chemical
hydrolysis studies in different buffer solutions at different pH values proved
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that all prototype compounds released d4TMP selectively in a pH-depend-
ent manner. As a second product, the salicyl alcohols 11 were also detected
by high-performance liquid chromatographic (HPLC) analysis. The d4TMP
was identified using ion-pairing eluents and the coelution technique. The
half-lives of the triesters were determined in these studies (Table 1).

Within the prototype compound series, the following interesting effects
were observed: As expected, the half-lives depend on the substitution pattern
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Table 1
Half-Lives, Product Ratio and Antiviral Data of the Prototype

cycloSal-d4TMP Triesters 2 and the 7-Modified cycloSal-d4TMPs 3

EC50 (µM)a

t1/2; Product
37°Cb; ratio CEM/

Modification pH 7.3c d4TMP: CEM/O CEM/O TK– CC50
Compound X and/or R (h) 17d HIV-1 HIV-2 HIV-2 (µM)e

2a 5-Cl 1.1 100:0 0.42 1.40 2.67 49
2b 6-Cl 0.9 100:0 0.087 0.15 0.8 36
2c 5-H 4.4 99:1 0.20 0.22 0.15 50
2d 5-C6H5 3.1 100:0 0.40 0.47 2 54
2e 3-C6H5 5.1 97:3 0.13 0.27 0.15 22
2f 3-CH3 17.5 94:6 0.057 0.07 0.048 32
2g 3,5-CH3 29 92:8 0.09 0.17 0.08 21
2h 3-tBu 96 92:8 0.18 0.65 0.33 35
2i 3,5-tBu 73 66:34 1.1 1.2 2.0 27
2j 3,5-tBu; 6-F 6.2 100:0 1.23 0.73 0.6 26
2k benzo[a] 2.8 91:9 0.14 0.12 0.6 53
2l benzo[b] 1.4 97:3 0.41 0.50 4 132
2m benzo[c] 2.8 88:12 0.09 0.17 0.8 >50
3a 7-CH3 0.25 17:83 0.22 0.34 35 152
3b 7-CCl3 0.9 85:15f 0.19 0.60 42 54
3c 7-CHCl2 1.4 97:3 0.16 0.55 27 67
3d 7-CH2Cl 2.8 100:0 0.19 0.35 22 56
3e 6-Cl,7-CH3 2.2 100:0 0.19 0.25 7 42
d4T 1 — — — 0.18 0.55 28 35

aAntiviral activity: 50% effective concentration.
bHydrolysis half-lives in hours
c25 mM sodium phosphate buffer.
dRatio of d4TMP: phenyl phosphate diester 17 determined by 31P-NMR.
eCytotoxic concentration: 50% cytostatic/toxic activity.
fBenzyl diester 4: phenyl diester 17.
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of the aromatic ring. In general, acceptor substituents like the 5- or 6-chloro
atom cause a decrease in hydrolytic stability, and donor substituents like
3-methyl-, 3,5-dimethyl-, and particularly 3-t-butyl or 3,5-di-t-butyl groups
lead to an increased stability with respect to the unsubstituted prototype
triester 2c.

However, the phenyl ring substituent in the 3- (2e) and 5-positions (2d),
respectively, showed a stabilizing effect for the first (t1/2 = 5.1 h) and a
destabilizing effect for the latter (t1/2 = 3.1 h) compared to a t1/2 of 4.4 h for
the unsubstituted prototype triester 2c. It should be mentioned that these
differences are not within the experimental error (±0.2 h) and are relevant.
Our interpretation is that the phenyl ring in the case of 5-phenyl-cycloSal-
d4TMP 2d is involved in the delocalization of the negative charge devel-
oped after the initial cleavage of the phenyl ester bond to give the benzyl
phosphate diester 10 (Fig. 5). Thus, the accelerating effect dominates
because of a (–)M-effect of the phenyl group, and the stability of the triesters
decreases. In contrast, the rotation of the phenyl-aryl bond in 3-phenyl-
cycloSal-d4TMP 2e is hindered because of the bulky dioxaphosphorine-2-
oxide ring, and the delocalization of the negative charge in diester 10 is
less effective. Thus, a weak donor (+)I-effect dominates, and the stability
increases. However, this electron-donating effect is considerably weaker
compared to the strong (+)I-effect of a methyl group, as reflected by the
longer half-life of 3-methyl-cycloSal-d4TMP 2f. Another contribution of
the 3-phenyl ring may be hindering the nucleophilic attack of water or
hydroxide to the P-atom because of its lipophilicity by making the trajec-
tory less available. By contrast, the presence of t-butyl groups has an unex-
pectedly big influence on the hydrolysis stability. Although the
electron-donating property of a t-butyl group differs only slightly from the
+I-effect of a methyl group, triesters 2h (3-tBu) and 2i (3,5-tBu) showed
considerably higher half-lives compared to the methyl counterparts 2f and
2g. We attribute this to differences in the lipophilicity and therefore in the
accessibility of the phosphate group.

It is interesting to note that the compounds bearing an extended aromatic
system 2k–2m (37) all showed decreased hydrolytic stability compared to
the unsubstituted prototype triester 2c. Half-lives ranged between 2.8 and
1.4 h for compound benzo[a]- (2k), benzo[b]- (2l), and benzo[c]-cycloSal-
d4TMP 2m. This may be explained by the increasing stabilization of
the negative charge in the extended aromatic ring system, particularly in the
case of the benzo[b]-derivative 2l compared to the monocyclic prototype
counterparts.

In addition to these HPLC-based studies, we were able to study the
delivery mechanism by a 31P nuclear magnetic resonance (NMR) experi-
ment. The reason for using this technique was that the detection limit
judged by integration of the resonance signals of possible reaction side
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products in the NMR technique using the 31P nucleus as a probe is much
lower (1%) compared with the HPLC method (~5%). However, phosphate
buffer is not an appropriate buffer system for this experiment. Compounds
were dissolved, therefore, in an imidazole/HCl buffer adjusted to pH 7.3.
A similar NMR experiment using only a dimethyl sulfoxide/water mixture
was performed earlier in our lab for the hydrolysis of 5-nitro-cycloSal-
d4TMP (28). In that case, d4TMP was detected as the only hydrolysis
product, pointing to an entirely selective delivery reaction.

The prototype cycloSal-d4TMP 2c led to 99% formation of d4TMP in
the imidazole/HCl buffer at pH 7.3. Moreover, 1% phenyl phosphate
diester of type 17 (Fig. 5) was detected (Table 1). Diester 17 proved to be
entirely stable for several weeks in the NMR tube at 37°C. This diester of
the SN1-type reaction has also been found in other cases in amounts of 3%
(3-phenyl derivative 2e) up to 8% for the 3,5-dimethyl triester 2g and 3-t-
butyl triester 2h (Table 1). The formation of the phenyl phosphate diesters
could not have been followed in the HPLC studies because of lower detec-
tion sensitivity. The benzo-annulated benzo[a]- and benzo[c]-cycloSal-tri-
esters 2k and 2m formed 9% and 12% of the phenyl phosphate diester
under the same reaction conditions, respectively.

The difference between the above benzo-annulated triesters 2k, 2m, and
benzo[b]-cycloSal-d4TMP 2l (3% diester 17) results from better
mesomeric stabilization of the cation intermediate of the first two com-
pounds. This additional stabilization increases the rate of the SN1-type
bond rupture. By contrast, the worst case was found for the introduction of
two t-butyl groups in the 3- and 5-position (compound 2i), which led to the
formation of 34% phenyl phosphate diester. Here, the concurrent SN1-type
reaction plays a considerable role in the degradation of triester 2i. In con-
trast, 5-chloro- (2a), 6-chloro- (2b), 6-fluoro (data not shown), and 5-
phenyl-cycloSal-d4TMPs 2d turned out to deliver d4TMP exclusively. No
side products were observed in the NMR experiment.

In conclusion, the SNP-type hydrolysis of the prototype cycloSal-
triesters showed strongly favored delivery of d4TMP following the designed
cascade mechanism. However, a small amount of the phenyl phosphate
diester 17 was also formed via an SN1-type reaction. Hydrolysis half-lives
may be controlled by introduction of appropriate substituents in the aryl
moiety. Benzo-annulated compounds do not show favorable properties
with respect to the half-life as well as delivery mechanism.

Interesting effects were observed for the second series of compounds.
First, 7-methyl-cycloSal-d4TMP 3a was investigated. Surprisingly, an enor-
mous decrease in chemical stability was measured. The half-life dropped to
0.25 h (compared to 4.4 h for prototype triester 2c), and even product distri-
bution changed dramatically. NMR studies confirmed that the major product
was the phenyl phosphate diester 17 (83%; Table 1). Thus, the SN1-type
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reaction is now preferred. This may be because of the formation of a second-
ary benzyl cation intermediate as compared to a primary benzyl cation in the
prototype cases. The additional alkyl residue stabilizes the cation by a (+)I-
effect. This interpretation has been further confirmed by density functional
theory calculations on the B3LYP/6–311G(d,p) level on model compounds
of the prodrug systems (38).

The activation energy barrier for the initial SN1 reaction is considerably
lower for 7-methyl-cycloSal-methylMP compared to the prototype triester
analog. On the other hand, this predominant SN1-type reaction should be
avoided by reduction of the methyl (+)I-effect or by introduction of a strong
electron-withdrawing substituent like a halogen atom in the 6-position of the
aromatic ring. Both should decrease the stability of the intermediate benzyl
cation and therefore should favor again the phenyl ester bond cleavage.

Therefore, the corresponding cycloSal-triesters 3b–3e bearing a 7-
trichloromethyl, a 7-dichloromethyl, a 7-chloromethyl, and a 6-chloro,7-
methyl group instead of a 7-methyl group (3a) were prepared. The
half-lives were determined as before (Table 1). NMR studies proved that,
in all cases, the favored degradation pathway is the phenyl ester bond
cleavage giving benzyl phosphate diesters 10a–d (Fig. 8).

Unexpectedly, the intermediate benzyl diester bearing a 7-trichloromethyl
group proved to be entirely stable in phosphate buffer at pH 7.3 as well as in
imidazole/HCl at pH 7.3. No formation of d4TMP was observed. By intro-
duction of three chloro atoms, the second, spontaneous step leading to the
formation of d4TMP is prevented completely (Fig. 8). By introducing only
two chloro atoms, 7-dichloromethyl-cycloSal-d4TMP 3c gave the diester 10
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at 93%, which subsequently delivers d4TMP. However, the reaction pro-
ceeds very slowly. 7-Chloromethyl-cycloSal-d4TMP 3d led to an entirely
selective cleavage of the triester to give the benzyl phosphate diester 10,
which then delivered d4TMP as known for the prototype triesters 2. Thus, a
single chloro atom in the 7-methyl group completely turns the delivery
mechanism from a predominant SN1-type reaction into the desired, highly
selective SNP reaction (Fig. 8) (35).

For 6-chloro-7-methyl-cycloSal-d4TMP 3e, similar results were obtained:
Again, highly selective d4TMP delivery was observed. Obviously, the intro-
duction of the destabilizing 6-chloro atom compensates the stabilizing effect
of the 7-methyl group efficiently. It should be mentioned that also the proto-
type 6-chloro-cycloSal-d4TMP 2b (and the 6-fluoro derivative; data not
shown) gave an exclusive d4TMP delivery as discussed above. The additional
7-methyl group did not interfere, although it resulted in an increase in chem-
ical stability (0.9 h for 2b vs 2.2 h for 3e).

Finally, the tremendous effect of a halogen atom in the 6-position lead-
ing only to the formation of d4TMP 9 has been transferred to the case of
3,5-t-butyl cycloSal-triester 2i. Our aim was to avoid or at least minimize
the formation of the hydrolytically stable phenyl phosphate diester. With the
introduction of a fluorine atom in the 6-position in addition to two t-butyl
groups in the 3- and 5-positions in triester 2j, the concurrent SN1-type reac-
tion should be limited; moreover, this fluorine atom should have an impact
on the chemical stability at the same time. Triester 2j, as expected, showed
a pronounced decrease in chemical stability (6.2-h half-life instead of 73 h
for 2i); moreover, to our surprise, this compound delivers d4TMP 9 highly
selectively (0% of the phenyl phosphate diester for 2j instead of 34% for 2i)
(39). Thus, again the concurrent SN1-type cleavage of the triesters was
entirely excluded.

In conclusion, it became apparent that besides the d4TMP formation, the
prototype triesters also led to a small amount of the phenyl phosphate diesters
17. However, this can be efficiently avoided by introduction of an electron-
withdrawing 6-substituent or by a mono-acceptor-substituted methyl group in
the 7-benzyl position.

No evidence of an enzymatic degradation in RPMI-1640 medium con-
taining 10% fetal calf serum (pH 7.3) has been observed. Studies in CEM
cell extracts showed that the hydrolysis half-lives slightly decreased only
as compared to the buffer hydrolyses. Further studies of the prototype
triesters in human serum (10% serum in phosphate buffer) exhibited no
difference in stability compared to the buffer hydrolysis studies. Again, no
enzymatic contribution could be detected, thus confirming the initial idea
of a delivery mechanism independent of enzymatic activation.

All data obtained from hydrolysis and NMR studies are in perfect
agreement with the designed degradation cascade reaction mechanism and
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showed convincingly that the mechanism may be controlled efficiently by
structural modification of the cycloSal moiety (Fig. 5).

2.3.2. ANTIVIRAL ACTIVITY

The in vitro antiviral potency of the cycloSal-nucleotides against HIV-1
and HIV-2 in CEM cells was assessed. It became apparent that the unsub-
stituted prototype (2c), 3-phenyl- (2e), 3-methyl- (2f), and 3,5-dimethyl-
cycloSal-d4TMP (2g) showed comparable or even higher antiviral potency
(0.087 µM) in a wild-type T-lymphocytic cell line (CEM/O) compared to
d4T (1) (0.18 µM, Table 1). Moreover, particularly striking is the complete
retention of the antiviral potency in mutant TK-deficient cells (CEM/TK–)
of the unsubstituted (2c), 3-phenyl- (2e), 3-methyl- (2f), 3,5-dimethyl-
(2g), 3-t-butyl- (2h), and 3,5-t-butyl-6-fluoro- (2j) substituted triesters.
The antiviral data and the hydrolysis half-lives clearly point to the fact that
certain stability is needed, but beyond this point no further improvement of
activity could be observed.

By contrast, the short half-life of the 5-chloro-triester 2a (t1/2 = 1.1 h)
seems to be responsible for considerable loss of antiviral activity in the
CEM/TK– cell assay, although the antiviral activity in the TK-competent
cells (CEM/O cells) was comparable to that of d4T. The compound
hydrolyzes extracellularly to yield d4TMP, which cannot be taken up by
the cells. After extracellular dephosphorylation, d4T is taken up inside the
cells and can be converted into the triphosphate. This is only possible in
the TK-competent cells. Similar results were obtained for the 6-chloro
derivative and all the triesters bearing the extended aromatic ring system.
All of them are losing activity in the CEM/TK– cell assay.

An interesting observation has been made in the case of the unsubsti-
tuted, the 5-phenyl-, and the 3-phenyl prototype triesters 2c, 2d, 2e, respec-
tively. Although the 3-phenyl and the unsubstituted triester retained all
antiviral potency in the CEM/TK– cells, 5-phenyl-cycloSal-d4TMP 2d
loses activity (fourfold). Half-lives were 5.1, 4.4, and 3.1 h, respectively.
This may point to a threshold of about 4 h of hydrolytic stability needed to
obtain a biologically active compound in the CEM/TK– cell assay.

Having this in mind, it is also reasonable that all compounds of the sec-
ond series bearing the additional group in the 7-position and 3,5-t-butyl-
cycloSal-triester 2i lack antiviral activity in the CEM/TK– cells. Even the
most stable derivative, 7-chloromethyl-cycloSal-d4TMP (3d), lost all
antiviral potency in the TK-deficient cell line (Table 1). Moreover, a loss
in activity also has been found for some of the compounds in the CEM/O
cells. This can be attributed to the fact that predominantly the phenyl phos-
phate diester 17 or a stable benzyl phosphate diester 10 was formed that
did not release d4TMP efficiently in the time-scale of the in vitro assay. It
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should be added that, from experiments using an isolated recombinant
RT/ribonucleic acid/DNA template primer, it became clear that the
cycloSal-triesters themselves have no inhibitory effect on DNA synthesis,
which is consistent with a mechanism of action for the cycloSal-triesters
that relies on the formation of free d4TTP. Taken together, these results
confirm (1) the cellular uptake of the compounds, (2) the highly selective
intracellular delivery of d4TMP, and (3) the independence of the biologi-
cal activity on cellular TK activation for some of the described cycloSal-
phosphate triesters.

Nevertheless, the in vitro anti-HIV assays give only indirect proof of the
intracellular delivery of d4TMP. Therefore, a series of incubation experi-
ments with wild-type CEM/O and CEM/TK– cells and radiolabeled 3-
methyl-cycloSal-d4TMP 2f (tritium label in the methyl group of thymine)
was conducted (40). The amount of d4TMP in CEM/O cells was consider-
ably higher (15-fold, 6-h incubations) compared to the amount of d4TMP
resulting from the metabolism of d4T in the same cell line. In addition, an
increase in the concentration of d4TTP was observed (16-fold, 6-h incuba-
tion), which may explain the higher activity of the prototype cycloSal-
d4TMPs in wild-type CEM cells compared to d4T. These results are
consistent with a mechanism of the cycloSal-d4TMPs that successfully
bypasses TK and releases d4TMP inside the cells.

Furthermore, the cycloSal-d4TMP triesters demonstrated significant
antiviral activity in AZT-resistant H9rAZT250 cells (41). The resistance is
concomitant with a fivefold lower expression of the TK gene in compari-
son to parental H9 cells. The consequence is that d4T also showed reduced
antiviral potency because of insufficient phosphorylation. In contrast, the
prototype cycloSal-d4TMP 2c proved to be equipotent in parental and in
H9rAZT250 cells (EC50 = 0.3 µM and 0.5 µM, respectively) proving again
the entire independence of the expressed TK levels.

2.4. CycloSal-Pronucleotides of Different Nucleoside Analogs
The cycloSal-approach has further been applied to different nucleo-

side analogues (Fig. 9). In addition to d4T (1), the cycloSal approach has
been applied to 2′,3′-dideoxyadenosine (ddA) 20 and 2′,3′-dideoxy-2′,3′-
didehydroadenosine (d4A; 21). The anti-HIV activity has been increased
100-fold compared to the parent nucleoside analog ddA (42), and the
activity of d4A (21) has increased by 600-fold by the introduction of the
cycloSal mask (42). Thus, both cycloSal derivatives achieved the adeno-
sine deaminase bypass. In the same project, two fluorinated ddA deriva-
tives (22, 23) were used (43). The activity of 2′-ara-F-ddA 22 was
improved (10-fold), but more interestingly, the entirely inactive nucleoside
2′-ribo-F-ddA 23 was converted into an anti-HIV active compound after
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modification with the 3-methyl-cycloSal moiety. The reason for the unex-
pected difference in the bioactivity of the two nucleosides may be related
to a conformational difference caused by the introduction of the fluorine
atom. This was the first example for a conversion of an inactive nucleoside
into a bioactive derivative by the cycloSal approach.
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Fig. 9. Nucleoside analogs use with the cycloSal-approach.
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The purine nucleoside analogs carbovir 24 and abacavir 25 have been
used. For carbovir, no improvement against HIV and herpes simplex
virus (HSV) 1/2 was observed compared to the parent nucleoside.
However, the antiviral potency of abacavir was improved after cycloSal
modification against HIV, and antiviral activity has been observed also
against HSV-1/2 (44).

2.4.1. THE FAILURE OF THE CYCLOSAL-3′-AZIDOTHYMIDINE

MONOPHOSPHATE TRIESTERS

The approach has been applied to the delivery of the antiviral 3′-azi-
dothymidine monophosphate (AZTMP), the monophosphate ester of the
clinically used AZT (26; Fig. 9). In this case, the antiviral activity surpris-
ingly observed in the TK-deficient cells clearly showed the failure of the
concept (45).

The preparation of these compounds was achieved by the chlorophos-
phite method. Chemical hydrolysis studies confirmed that these triesters
behave as the corresponding cycloSal-d4TMP compounds: they release
AZTMP selectively with half-lives slightly higher compared to the d4TMP
derivatives. The antiviral test of these compounds showed pronounced
anti-HIV activity in the wild-type CEM cells against both HIV-1 and HIV-2.
However, the cycloSal-AZTMP derivatives 30 were losing most of their
antiviral activity in mutant TK-deficient CEM/TK– cells. Nevertheless, a
few of the compounds were still considerably more active compared to the
parent nucleoside AZT 26 (triesters 30c and 30d; Table 2).

From the conceptual point of view, this was an unexpected result because
the mutant cell line is unable to phosphorylate AZT into its monophosphate,
and the retention of antiviral activity was expected again. However, it is
known that the metabolic bottleneck in the activation of AZT into its
triphosphate is the conversion of AZTMP into AZTDP (2–5,46–48). Thus,
a special metabolic limitation seems to act against the retention of activity
in the TK– cells.

To investigate the reason for the failure of the cycloSal-AZTMP deriv-
atives 30, a study using radiolabeled 3-methyl-cycloSal-AZTMP Rp/Sp-
30c was conducted (49). From studies in CEM/O cells and CEM/TK– cells,
it became apparent that the amount of AZTMP found in the wild-type CEM
cells incubated with the cycloSal-AZTMP triester was considerably lower
compared to the AZTMP concentration found in the same cell line incu-
bated with AZT itself. However, after only 48 h of incubation the AZTMP
levels formed from the triester reached the same level as those formed
from the nucleoside AZT. In contrast, AZT formed extremely low levels of
AZTMP in CEM/TK– cells (slightly over detection limit); the levels formed
by hydrolysis of the cycloSal-AZTMP triester were considerably higher.
This at least explains why the compounds kept some antiviral activity in
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contrast to AZT. Nevertheless, the comparison of the AZTTP levels formed
from the triester in CEM cells and in mutant CEM/TK– cells after 6 h
showed, as expected, a 100-fold decreased AZTTP level in the mutant cell
line. This may explain the 100-fold decrease in antiviral activity in the
mutant cell line compared to wild-type CEM cells.

Our interpretation of the failure of the AZTMP triesters is as follows:
Because the bottleneck in the activation of AZT is the conversion of
AZTMP into AZTDP, an increase of the AZTMP level by release from a
pronucleotide would act counterproductively for the forward phosphoryla-
tion. Moreover, assuming efficient enzymatic dephosphorylation of
AZTMP into AZT, the intracellular delivery of AZTMP cannot improve
the activity. In wild-type cells, AZT formed by this catabolic reaction is
readily rephosphorylated into AZTMP by the cellular TK; thus, no effect
on the antiviral activity will be observed.

In contrast, in mutant CEM/TK-deficient cells, this process would have
a severe consequence: If the released AZTMP from the pronucleotide is
readily dephosphorylated, the intracellular pool of AZTMP is dramatically
reduced because no TK phosphorylation restores the AZTMP amount. For
AZT, this dephosphorylation/rephosphorylation metabolism plays a signif-
icant role because of rate-limiting phosphorylation into AZTDP and the
nonphosphorylation to AZTMP in TK– cells (Fig. 10). An identical process
does not occur in the case of d4T because the bottleneck within the meta-
bolism is the formation of d4TMP by the cellular TK, while d4TMP
released from the pronucleotide is readily phosphorylated into d4TDP.
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Table 2
Anti-HIV-Data of the cycloSal-AZTMP Triesters 30 in CEM Cells

Antiviral activity 
EC50 (µM)a

CEM/
Substance log P CEM/O TK– Cytotoxicity SI

Compound X valueb HIV-1 HIV-2 HIV-2 CC50 (µM)c valued

30a 5-NO2 0.81 0.008 0.02 >100 79 9800
30b 5-H 1.12 0.004 0.005 >20 68 17,000
30c 3,5-Me 1.81 0.007 0.017 7 40 5700
30d 3-Me 1.43 0.006 0.013 15 40 6600
AZT 26 — 0.037 0.006 0.005 >100 >100 >16600

a50% effective concentration.
blog P: partition coefficient in 1-octanol/water.
c50% cytotoxic concentration.
dSelectivity index: ratio 50% cytotoxic concentration/50% effective concentration.
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An enzyme that may be involved in the dephosphorylation of AZTMP
is 3′,5′-(deoxy)nucleotidase (49,50). From kinetic studies using this
enzyme, it was shown that the relative efficacy for the dephosphorylation
of dTMP, d4TMP, and AZTMP was 1, 0.08, and 2, respectively. This
shows that AZTMP is even a better substrate for this enzyme than dTMP;
d4TMP is about 20-fold less efficiently converted into d4T than AZTMP
to AZT. This study may point to an important factor when pronucleotides
are used to bypass metabolic limitations: Although a selective release of
the nucleotide occurs, this alone may not be sufficient to overcome a lim-
itation if unknown catabolic processes are involved.

Finally, it should be mentioned that other pronucleotides of AZTMP
also lost most of their activity in the TK-deficient cell line (13–15,24). This
clearly points to an intrinsic problem during AZT metabolism and not to a
general problem of the cycloSal-pronucleotide concept because the deliv-
ery concepts involved are entirely different from the cycloSal concept.

2.4.2. CYCLOSAL-PRONUCLEOTIDES OF 5-FLUORO-2′-DEOXYURIDINE

In antitumor chemotherapy, the 5-fluorouracil (5-FU) is used frequently.
The mechanism of action of this compound includes the intracellular

Chapter 15 / cycloSal-Pronucleotides 373

Fig. 10. Comparative metabolism of cycloSal-AZTMP in CEM/O- and CEM/TK–

cells.
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formation of 5-fluoro-2′-deoxyuridine monophosphate (FdUMP). FdUMP
does not need to be phosphorylated because it acts as an inhibitor of
thymidylate synthase, which is responsible for the methylation of dUMP
into dTMP. It appeared reasonable to apply the cycloSal concept (starting
from 5-Fluoro-2′-deoxyuridine [FdU], 27; Fig. 9) to the direct intracellular
delivery of FdUMP (51,52).

The chemical synthesis was first carried out using the chlorophosphite
method (52). However, the regioselectivity could be controlled only moder-
ately: We obtained a 2:1 selectivity for the 5′-O-phosphorylated product and
the 3′,5′-O-bisphosphorylated side product. Using cycloSal-phosphorchlori-
dates instead of the phosphorchloridites, the regioselectivity increased to 5:1
in favor of the 5′-O-phosphorylated compound (51). Interestingly, only a
minor amount of the also-possible 3′-O-phosphorylated cycloSal-FdUMP
triester could be isolated. It was interesting to note that cycloSal-FdUMP
triesters were easily separable by semipreparative HPLC into the two
diastereomers. Chemical hydrolysis studies proved again that FdUMP was
released selectively.

Biological evaluation of the separated diastereomers of the cycloSal-
FdUMP phosphate triesters was done in the following cell lines: L1210/O,
L1210/TK–, FM3A/O, FM3A/TK–, Molt4/C8, CEM/O, and CEM/TK–

(Table 3). In FM3A/O cells, the triesters showed even lower antitumor activ-
ity (0.057 µM) compared to the nucleoside 5-FdU (0.009 µM). Moreover, as
for FdU itself, we observed a loss in antitumor activity in L1210/TK– and
FM3A/TK– cells (IC50 2.5–5 µM). However, in wild-type L1210 (0.004
µM), Molt4/C8 (16 µM) and CEM cells (0.03 µM) the biological activity of
the triesters and the parent nucleoside 27 proved to be equipotent. A consid-
erable loss (1000- to 200-fold, respectively) in activity was observed for
compounds in L1210/TK– and CEM/TK– cells compared to the wild-type
cell line (Table 3). In addition, the antithymidylate synthase activity was
determined in a specific inhibition assay. As before, cycloSal-FdUMP tri-
esters proved to be 10-fold less efficient than FdU independently if L1210/O
cells or mutant L1210/TK– cells were used.

It should be mentioned that in the CEM/O assay, 5-FU showed only an
IC50 of 0.7 µM, and thus 5-FU is considerably less active (23-fold) than the
cycloSal-compounds.

Nevertheless, taken together, from these data it is obvious that ineffi-
cient cellular nucleotide delivery took place. One possibility for the lack of
activity was excluded. In contrast to the anti-HIV nucleoside analogs used
so far, FdU possess a hydroxyl group at the 3′-position and therefore an
internal nucleophile. This hydroxyl group may attack the phosphorus atom
instead of the external nucleophile. This would still lead to the cleavage of
the cycloSal-mask but with formation of 3′,5′-cyclic FdUMP instead of
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FdUMP. This cyclic diester cannot act as an inhibitor of thymidylate syn-
thase. However, all data obtained from chemical hydrolysis studies
exclude the formation of cyclic FdUMP.

One limitation may be the cellular uptake of the triesters. Evidence for
this assumption may be taken from the following experiment: The afore-
mentioned thymidylate synthase assay was repeated in permeabilized
L1210/O cells. As test compounds, FdU 27, FdUMP, and 5-Cl-cycloSal-
FdUMP were used. The IC50 values were 2.50, 0.15, and 0.30 µM, respec-
tively. Here, the triester clearly showed comparable biological activity to
FdUMP and a higher potency compared to FdU 27. This experiment proves
that FdUMP and not FdU is released from the pronucleotide and may point
indirectly to problems during uptake in nonpermeabilized cells for some
unknown reasons.

However, as for the corresponding AZTMP compounds, a competing
dephosphorylation cannot be excluded that led to fast intracellular clear-
ance of FdUMP released from the pronucleotide. Indeed, it was shown that
FdUMP is a very good substrate for 3′,5′-(deoxy)nucleotidase (50).

As in the case of AZTMP pronucleotides, other reported pronucleotides
of FdUMP also lost their activity in the mutant TK-deficient cell lines.
Again, this clearly points to an intrinsic problem during FdU metabolism.

2.4.3. APPLICATION OF THE CYCLOSAL APPROACH TO ANTIVIRAL ACYCLIC

NUCLEOSIDE PHOSPHONATES

Nucleoside phosphonates represent a further class of interesting antiviral
agents (52). The most prominant compounds are 9-(2-phosphonylmetho-
xyethyl)adenine 31 (PMEA, adefovir), (R)-9-(2-phosphonyl- methoxypropyl)
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Table 3
Antitumor Activity of the cycloSal-FdUMP Triesters in Different Cell Lines

Antiviral activity IC50 (µM)a

Substance L1210/ L1210/ FM3A/ FM3A/ Molt4/ CEM/ CEM/
Compound X 0b TK–b 0b TK–b C8c 0c TK–c

a 5-Cl 0.0041 4.3 0.077 3.00 20.2 0.054 10.9
b H 0.0057 4.2 0.012 3.07 20.3 0.070 ≥5.7
c 3-Me 0.0077 4.9 0.12 3.25 20.9 0.029 4.85
d 3,5-DiMe 0.0081 3.8 0.18 4.63 17.7 0.072 11.5
FU — — — — — — 0.7 —
FdU 27 — 0.0034 3.0 0.0096 1.98 15.5 0.058 4.22

a50% inhibitory effect.
bMurine leukemia cells.
cHuman T-lymphocyte cells.
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adenine 32 (PMPA, tenofovir) and (S)-9-(3-hydroxyphosphonylmetho-
xypropyl)cytosine 33 (HPMPC, cidofovir) (Fig. 11).

De Clercq and Holy reported in 1986 on the antiviral activity of such
compounds against DNA viruses, which started a tremendous effort to find
highly potent derivatives of this class of antiviral agents (54). Mostly, these
nucleoside phosphonates exhibited a broad antiviral activity spectrum; for
instance, PMEA and PMPA were found to be active not only against HIV
but also against DNA viruses like hepatitis B virus. HPMPC shows a broad
spectrum of activity against DNA viruses such as the whole herpes family, pox
virus, and papillomavirus. HPMPC is used clinically against cytomegalovirus
(CMV) retinitis and is sold under the name Vistide®.

The mechanism of action of these nucleoside phosphonates is identical
to that of the nucleoside analogs. They have to be converted into the cor-
responding nucleoside phosphonate diphosphates, the nucleoside triphos-
phate analog. However, because of the present phosphonate group, the
parent compounds are analogs of the nucleoside monophosphates and thus
do not need the first kinase-catalyzed conversion. On the other hand, the
compounds are highly polar because of the charged phosphonate group, and
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Fig. 11. Structural formulae for acyclic nucleoside phosphonates PMEA, PMPA,
and HPMC and the cycloSal-derivatives of PMEA and PMPA.
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the bioavailability and cellular uptake are limited. Thus, the aim of prodrugs
of these nucleoside phosphonates is to enhance membrane uptake and not
an enzyme bypass as in the case of the nucleoside analogs.

A few prodrugs of nucleoside phosphonates are known: the bis(POM)-
PMEA (adefovir dipivoxil, Hepsera®) (55,56), bis(POC)-PMPA (tenofovir
diisoproxil, Viread®) (57,58), bis(SATE)-PMEA (59), bis(AB)-PMEA (60),
and arylphosphoramidate prodrugs of PMEA and PMPA (61). The first two
lipophilic prodrugs are approved by the Food and Drug Administration for
clinical use against hepatitis B virus and HIV, respectively. In all given
examples, the parent drug is released by enzymatic activation.

The application of the cycloSal approach to this class of compounds
deserves an entirely different chemical synthesis pathway. It was princi-
pally not possible to introduce the cycloSal moiety already attached to the
phosphate group. Therefore, the cycloSal group was attached to the nucle-
oside phosphonates directly. However, it turned out that this approach was
not as easy as it seemed. Numerous attempts failed, but finally the in situ
conversion of the dialkyl esters of the parent phosphonates into the dichlo-
ride and subsequent one-pot esterification with the salicyl alcohol, leading
to 34 and 35, was successful. In the case of PMPA, direct esterification
occurred with the salicyl alcohol using intermediate active esters.

Studies regarding the hydrolysis properties of the cycloSal-PMEA and
PMPA derivatives showed a surprising effect: The half-lives of com-
pounds 34 and 35 were 15-fold lower compared to the corresponding
cycloSal-d4TMP triesters (e.g., 3,5-tbutyl-cycloSal-PMPA: t1/2 = 5.91 h;
and 3,5-tbutyl-cycloSal-d4TMP: t1/2 = 91 h at pH 7.3 in phosphate buffer,
37°C). However, the hydrolysis in the case of the PMPA derivative was
highly selective to PMPA without any trace of the formation of phenyl
phosphonate monoester. In comparable hydrolysis studies of 3,5-tbutyl-
cycloSal-d4TMP, 35% of the corresponding phenyl phosphate diester was
formed.

Further hydrolysis studies in CEM cell extracts proved that the com-
pounds are not cleaved by enzymes present because the detected stability
data were identical to those found in the chemical hydrolysis assays.

Moreover, it was interesting to note that the cycloSal-nucleoside phos-
phonates were entirely noninhibitory to human butyrylcholinesterase
(BChE); for some, cycloSal-d4TMP triesters were inhibitory to that enzyme
(3-tbutyl-cycloSal-PMPA: IC50 ≥ 50 µM; and 3-tbutyl-cycloSal-d4TMP:
IC50 = 4.2 µM after 5-min incubation). In addition, both compounds proved
to be noninhibitory to human acetylcholinesterase (AChE) (62).

Finally, the anti-HIV activity of the cycloSal-nucleoside phosphonates
has been determined in wild-type CEM cells as well as in CEM/TK-deficient
cells. The EC50 values are summarized in Table 4.
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Table 4
Anti-HIV Data of the cycloSal-Nucleoside Phosphonates of PMEA and PMPA in CEM Cells

Antiviral activity EC50 (µM)a

CEM/O CEM/TK– Cytotoxicity
Compound Substance X t1/2 at at pH 7.3 HIV-1 HIV-2 HIV-2 CC50 (µM)b IC50 (BChE)c

34a 3-t-butyl 4.06 3.0 ± 1.4 4.5 ± 0.7 4.0 ± 1.4 29.3 ± 6.5 >50
34b 3,5-t-butyl 3.05 5.5 ± 0.7 5 - ≥ 10 4.5 ± 0.7 16.8 ± 0.6 >50
PMEA — — 4.0 3.5 ± 0.7 3.5 ± 0.7 ≥ 250 —
35a 3-t-butyl 3.39 2.1 ± 1.3 1.6 ± 0.6 1.65 ± 0.49 116 ± 11.3 >50
35b 3,5-t-butyl 5.91 1.1 ± 0.4 1.0 ± 0.57 0.85 ± 0.21 97.9 ± 5.8 >50
PMPA — — 10.5 ± 6.4 10.0 10.0 50.0 ± 12.9 —

a50% effective concentration.
b50% cytotoxic concentration.
c50% inhibitory effect to human butyrylcholinesterase (BChE).
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CycloSal-nucleoside phosphonates showed considerable anti-HIV
activity against HIV-1 and HIV-2 in wild-type CEM cells as well as in the
TK-deficient cells. The EC50 values observed were two- to fourfold lower
compared to those of the parent nucleoside phosphonates PMEA and
PMPA. Two known prodrugs [bis(POM)-PMEA and bis(POC)-PMPA]
were tested in the same series for comparison. Both compounds were more
active than the cycloSal derivatives but also showed a considerable increase
in the toxicity (CC50 value). A possible reason for the lower activity of the
cycloSal derivatives might be the lower chemical stability of these deriva-
tives. In comparative hydrolysis studies, bis(POM)-PMEA showed a half-
life of 16 h, while the most stable cycloSal-PMEA derivative showed a
half-life of only 4 h.

2.5. Application of the cycloSal-Pronucleotides Against DNA
Viruses

DNA viruses are also an attractive target for the application of pronu-
cleotides. In contrast to ribonucleic acid viruses like HIV, these viruses do
not rely on reverse transcription of their genome prior to replication.
Therefore, the target is not RT but a viral DNA polymerase. Moreover,
some of the known antivirals against DNA viruses are not monophospho-
rylated by cellular TK but by a virus-encoded TK (63). Often, drug-resist-
ant virus strains are selected in vivo. One reason for this resistance seems
to be associated with a downregulation of the expression of viral TK (64).
However, not all the virus types belonging to the herpesvirus family
express viral TK activity (e.g., Epstein-Barr-virus [EBV] and CMV.
Therefore, the cycloSal approach has been applied to the broad-spectrum
acyclic purine nucleoside acyclovir (ACV; 28) and to the pyrimidine-
modified nucleoside 5-[(E)-2-bromovinyl]-2′-deoxyuridine (BVdU or
brivudin) (29; Fig. 9).

2.5.1. CYCLOSAL-PRONUCLEOTIDES OF ACV
Among the most active and most broadly applicable nucleoside antivirals

in this area is the purine-bearing acyclic nucleoside analog ACV (28)
(65–68). ACV is a potent inhibitor of HSV-1, HSV-2, but inhibits to a lesser
extent varicella zoster virus (VZV), CMV, and EBV. ACV acts in its triphos-
phate form as a chain terminator (because its incorporation into DNA does
not allow further chain elongation) or acts as inhibitor of the HSV DNA
polymerase (Ki value for ACVTP vs the natural substrate deoxyguanosine 5′-
triphosphate of 0.1 µM). Although ACV is preferentially phosphorylated by
a viral TK, it is not a particularly good substrate for HSV-TK, and the rate of
phosphorylation is reckoned to be slow. Furthermore, ACVTP has a rela-
tively short intracellular half-life of 0.7 h. More important, resistance to ACV
seems to be associated with downregulation of the expression of viral TK.
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The most common mutation is the selection of mutants deficient in TK activ-
ity or in mutants that express TKs with altered substrate specificity.

The chemical synthesis of 3-methyl-cycloSal-ACVMP triester may
be carried out using the chlorophosphite method (69,70). However, better
results were obtained when the exocyclic amino group of the guanine
residue was protected by dimethoxytritilation prior to the phosphitila-
tion reaction using the phosphoramidite strategy with pyridinium chlo-
ride as activating agent. Reproducible yields of 80% were obtained. The
protecting group has been cleaved by acid treatment of the N2-blocked
cycloSal-triester. The cycloSal-ACVMP triester was obtained as racemic
mixtures. Chemical hydrolysis again showed selective delivery of ACVMP.

Antiviral evaluation showed an EC50 for the parent nucleoside ACV 28
of 0.62 µM against HSV-1/TK+ in Vero cells. As expected, ACV lost its
activity in Vero cells infected with HSV-1/TK– (EC50 = 58 µM). Strikingly,
3-methyl-cycloSal-ACVMP showed identical antiviral activity values of
0.47 µM and 0.51 µM in the same HSV-1 TK+ and TK– systems, respec-
tively, and an EC90 of 1.62 µM against the mutant virus strain without
increasing the toxicity. Again, the complete retention of activity clearly
proves that ACVMP is delivered to the cells by the pronucleotide.

A comparable result was obtained for the antiviral activity against VZV. 3-
Methyl-cycloSal-ACVMP showed an antiviral activity of EC50 of 4.1 µM and
1.2 µM against two wild-type virus strains (plaque reduction assay). This
activity was completely retained in cells infected with VZV/TK– (EC50 = 7.6
µM) without changing the cell morphology (MCC > 200 µM). As expected,
ACV showed activity against the wild-type viruses but lost its antiviral
potency in the mutant virus (YS/R) strain. Furthermore, 3-methyl-cycloSal-
ACVMP exhibited antiviral activity against two VZV/TK– strains (EC50 =
9–13 µM); ACV was entirely inactive. As above, viral thymidylate kinase
clearly is not involved in the activation into ACVDP. Here, cellular guanosine
monophosphate kinase is involved in the phosphorylation.

The situation was somewhat different when 3-methyl-cycloSal-
ACVMP was tested against CMV. Although ACV itself was completely
inactive against two virus strains (EC50 > 200 µM against the AD-169 and
the Davis strain), the triester exhibited activity against both virus strain at
EC50 of 13 µM and 9 µM, respectively, without changing the cell morphol-
ogy (MCC > 200 µM). This example clearly shows again the potential of
the cycloSal-phosphate triester concept or—more generally—the potential
of a pronucleotide: It converts a nucleoside analog that has no antiviral
activity against a certain virus into a bioactive compound.

Finally, cycloSal-triester proved to be a potent and selective inhibitor of
EBV DNA synthesis and EBV capsid antigen expression.

Further evidence for an effective intracellular delivery of ACVMP from
the triester could be taken from the observed genotoxic effects caused by
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3-methyl-cycloSal-ACVMP in wild-type Chinese hamster ovary (CHO)
cells. The triester caused sister chromatid exchange and abberrations in
this cell line in a concentration-dependent manner. Quantitatively compa-
rable rates were found for ACV itself in CHO/TK+ gene-transfected CHO
cells. This clearly proves that ACVMP was liberated in the former case.

2.5.2. APPLICATION OF THE CYCLOSAL APPROACH TO THE ANTIHERPES

DRUG BRIVUDINE

As mentioned, the cycloSal concept has been applied to the nucleoside
analog BVdU (brivudin, 29), which is a very potent and highly selective
inhibitor of the replication of HSV-1 and particularly VZV (71). By contrast,
BVdU is not markedly active against HSV-2 and EBV. Again, selectivity as
inhibitor primarily depends on specific activation by HSV-encoded TK to the
mono- and diphosphate and finally to the triphosphate by cellular enzymes
(72). BVdU triphosphate (BVdUTP) can act as either an inhibitor of the cel-
lular DNA polymerase or an alternate substrate that would render the DNA
more prone to degradation when incorporated in DNA (73).

Some limitations for the use of BVdU are known: There is lack of activity
during virus latency because of missing viral TK; drug-resistant virus strains
are known; and BVdU will be enzymatically degraded to the nucleobase
5-[(E)-2-bromovinyl]uracil within 2–3 h from the bloodstream. Moreover, it
has been shown that EBV does not express an HSV-like TK, and this may be
the reason why BVdU is inactive to inhibit EBV replication (74).

Obviously, cytosolic TKs are unable to activate BVdU. The aim was to
prove if the cycloSal concept is able to broaden the application of BVdU
against infections caused by EBV (75). Such infections play a significant
role as secondary infection (e.g., in patients with acquired immunodefi-
ciency syndrome). It should be mentioned that two reports of pronu-
cleotides of BVDU were published previously, but both were unsuccessful
(76,77).

Two different series of cycloSal-BVdUMP triesters were synthesized:
cycloSal-BVDUMP (36) having different substituents in the aromatic residue
and a series of 3′-O-esterified 3-methyl-cycloSal-derivatives (37 and 38)
(78,79). As 3′-O-modification, different lipophilic carboxylic acids (37) as
well as α-amino acids (38) were used (Fig. 12).

The compounds were prepared using 3′-O-levulinylated BVdU or 3′-O-
esterified BVdU derived from N-Boc-α-aminoacids like L-/D-alanine, L-
phenylalanine, and carboxylic acids. These compounds were phosphorylated
using the phosphoramidite/oxidation method. The levulinyl protection group
was removed by treatment of the triester with hydrazine hydrate. The N-Boc
protecting group was removed by treatment with trifluoroacetic acid.

First, chemical hydrolysis studies proved clearly the selective delivery of
BVdUMP 39 as the sole product without formation of 3′,5′-cyclicBVdUMP
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40 (Fig. 13). By contrast, cycloSal-BVdUMP triesters modified by esterifi-
cation with a carboxylic acid (37) led to the formation of the 3′-esterified
BVdUMP 41. However, the 3′-aminoacyl-esterified compounds 38 showed
shorter half-lives compared to the others, but to our surprise the main prod-
uct was 3-methyl-cycloSal-BVdUMP 36c and not the corresponding 3′-
aminoacyl-esterified BVdUMP 41. 3-Methyl-cycloSal-BVdUMP 36c then
hydrolyzed as before to yield BVdUMP. Consequently, triesters 36 and 38
should act as sources for BVdUMP 39.

First, 3-methyl-cycloSal-BVdUMP 36c as well as the 3′-O-acetyl deriv-
ative 37a were tested for inhibition of VZV replication. BVdU 29 proved
to be highly active against VZV/TK+, with EC50s of 0.033 µM and 0.010
µM using the YS and the OKA strains, respectively. As expected, this activ-
ity was completely lost when VZV/TK– (YS/R and O7/1 strains; > 200 µM)
was used. Interestingly, both 3-methyl-cycloSal-BVdUMP triesters 36c
and 37a showed comparable anti-VZV activity compared to the parent.
However, both also lose all the antiviral activity against the VZV/TK–

strains (EC50 > 50 µM). This led to the conclusion that only the VZV/TK–
associated viral thymidylate kinase activity is involved in the intracellular
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Fig. 12. Structural formulae of cycloSal-BVdUMP derivatives 36–38.
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formation of BVdUDP. Thus, cellular enzymes are unable to phosphory-
late BVdUMP.

Much more interesting was the result obtained in the assays against
inhibition of EBV replication in P3HR-1 cells (50). BVdU itself was
entirely inactive (EC50 > 100 µM in the EBV DNA synthesis assay as well
as the EB-VCA expression assay) (74). It has been described that EBV
does not possess an HSV-1-like TK. The lack of activity of BVdU clearly
indicates that cellular kinases are unable to activate BVdU into its
monophosphate BVdUMP. Strikingly, some of the cycloSal-BVdUMP tri-
esters exhibited pronounced anti-EBV activity. The most active compound
was the prototype 5-methoxy-cycloSal-BVDUMP 36b (Table 5). As com-
pared to the inactive BVdU 29, triester 36b was more than 166-fold more
active and about 4-fold more active than the reference compound ACV.

The 3′-alanine cycloSal-triesters showed antiviral activity that was
5- (D-38a) and 12-fold (L-38a) lower compared to 36c, but both were still
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Fig. 13. Hydroysis pathways of cycloSal-BVdUMPs 36–38.
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significantly more potent than BVdU. It was interesting to realize that, in
both cases, the attachment of L-amino acids led to lower antiviral activity
compared to the unnatural D-amino acids. Surprisingly, both derivatives 37
esterified with carboxylic acids devoid of any antiviral activity (Table 5).
Obviously, BVdUMP 39 released from the cycloSal-pronucleotide led to
antiviral activity, and thus the phosphorylation of BVdUMP into the ulti-
mate metabolite BVdUTP seems to be achieved by cellular enzymes. Such
insights of biosynthetic pathways are only possible because cycloSal-
pronucleotides led to intracellular delivery of the corresponding
nucleotides. Thus, this is a good example that cycloSal-triesters may also
be used as biochemical tools to study nucleoside metabolism.

To study the different behaviors of the mentioned 3-methyl-cycloSal-
BVdUMP triesters, studies using isolated carboxyesterase (80) and cell
extracts from CEM/O cells as well as P3HR-1 cells (the same cell line used
for the antiviral evaluation) were performed.
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Table 5
Hydrolysis Data in Buffer, With Pig Liver Esterase (PLE) and Antiviral

Activity of the cycloSal-BVdUMP Triesters 36–38 Compared to the Parent
Nucleoside BVdU 29 and Acyclovir (ACV) 28

Incubation with Antiviral
Hydrolysis in PLE t1/2 (h) activity

aqueous t1/2 (h) and and product (%); EC50 [µM]a;
product (%); PBS PBS buffer; DNA Cytotoxicity

Compound buffer; pH 7.3 pH 7.3 synthesis CC50 [µM]b

36a 1.5; BVdUMP (100) n.a.c 6.0 92
36b 2.3; BVdUMP (100) n.a.c 1.8 137
36c 6.7, BVdUMP (100) n.a.c 4.1 122
36d 8.6; BVdUMP (100) n.a.c 11 143
37a 5.8, 41a (100) 3.6; 36c (100) >85 110
37b 6.3, 41b (100) 2.8; 36c (100) >150 >300
D-38a 1.39, BVdUMP (100) 0.3; 36c (100) 9.5 83
L-38a 1.40; BVdUMP (100) 0.6; 36c (100) 22 140
D-38b 1.68, BVdUMP (100) n.a.c; 36c (100) 7.6 66
L-38b 1.18, BVdUMP (100) 1.2; 36c (100) >100 78
ACV 28 — — 7.2 422
BVdU 29 — — >300 225

aEC50: concentration required to reduce EBV DNA synthesis by 50%.
bCC50: concentration required to reduce the growth of exponentially growing

P3HR-1 cells by 50%.
cNot available.
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In studies concerning possible enzymatic cleavage caused by intracellu-
lar (carboxy)esterases, the triesters 37a,b, D/L-38a, and L-38b were treated
with 50 units of pig liver esterase (PLE) in phosphate buffer at pH 7.3 as a
model for enzymatic cleavage. The half-lives were markedly lower com-
pared to previous studies in phosphate buffer at the same pH (Table 5).
More important, the product was in all cases the 3′-O-deesterified 3-
methyl-cycloSal-BVdUMP 36c, which clearly proves efficient enzymatic
cleavage and explains the shorter half-lives found in the study (given half-
lives represent only the disappearance of the cycloSal-triester). After enzy-
matic deesterification, 3-methyl-cycloSal-BVdUMP released BVdUMP as
in the chemical hydrolysis studies. In these incubation studies, 3′-O-ester-
ified BVdUMP 41 was not detected. It is worth mentioning that the 3′-O-
α-amino acid containing triesters 38 were cleaved to the same extent as the
3′-O-carboxylic acid bearing derivatives 37. Hence, the reason for the sig-
nificant differences in antiviral activity remains unclear (Table 5).

A few striking differences have been observed in P3HR-1 cell extracts.
Triester 36c was hydrolyzed to BVdUMP with a half-life comparable to
that observed in chemical hydrolysis studies (t1/2 = 8.9 h; Table 6). Thus,
the degradation is chemically driven, not enzymatically. Again, no
cBVdUMP 40 was detected (81). In contrast to the chemical hydrolyses,
BVdU 29 was observed also to a minor extent after 4 h (5%) and 8 h
(22%), which was caused by an enzymatic dephosphorylation of
BVdUMP by phosphatases/nucleotidases (path f, Fig. 13). In separate
studies, BVdUMP was 13% converted to BVdU within 4 h.

The hydrolyses of the 3′-O-acyl derivatives 37 exhibited a clear differ-
ence with respect to the attached acid. For the 3′-O-Ac-derivative 37a,
enzymatic deesterification by carboxyesterases yielded the prototype 36c
as the major product (32%), but only 9% of BVdUMP was found. By con-
trast, the 3′-O-Prop derivative 37b yielded the 3′-O-esterified BVdUMP
derivatives 41c as the major hydrolysis products because of the chemically
driven cleavage of the cycloSal-mask (path b, Fig. 13) (Table 6).

The situation was significantly different for the α-amino acid-modified
3-methyl-cycloSal-BVdUMP triesters 38a,b. All four compounds were
rapidly deesterified to yield the prototype triester 36c as the major product
(40–44%). This result also differs considerably from the PLE studies
described. The half-lives were dependent on the stereochemistry and the
type of the α-amino acid. As for 3-methyl-cycloSal-BVdUMP 36c, 33%
BVdUMP was formed, starting from amino acid esters D/L-38a,b after
incubation for 8 h (Table 6).

Comparable data were obtained in the CEM/O cell extract incubation.
The major difference was that the triesters yielded higher amounts of
BVdUMP after 8 h as in the P3HR-1 extracts. Again, the triesters modified
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Table 6
Incubation Studies of the cycloSal-BVdUMP Triesters 36–38 in CEM and P3HR-1 Cell Extracts

Hydrolysis in cell extractsa, t1/2 (h) and (products [%])

Compound CEM cell extract P3HR1 cell extract

36a 2.3 [BVdUMP 82, 29 18] 2.3 [BVdUMP 51, 29 49]
36b 3.0 [BVdUMP 58, 29 10] 3.2 [BVdUMP 42, 29 24]
36c 4.8 [BVdUMP 50, 29 8] 8.9 [BVdUMP 31, 29 18]
36d 9.8 [BVdUMP 38, 29 10] 10.9 [BVdUMP 22, 29 15]
37a 4.1 [BVdUMP 22, 36c 24, 41a 17, 29 4] 2.2 [BVdUMP 16, 36c 29, 41a 16, 29 10]
37b 4.7 [BVdUMP 3, 36c 3, 41b 18, 29 <1] 4.5 [BVdUMP 3, 36c 4, 41b 13, 29 2]
D-38a 0.8 [BVdUMP 52, 36c 38, 29 10] 0.5 [BVdUMP 33, 36c 43, 29 24]
L-38a 0.08 [BVdUMP 53, 36c 37, 29 10] 0.12 [BVdUMP 30, 36c 44, 29 26]
D-38b n.d.b [BVdUMP 53, 36c 35, 29 12] n.d.b [BVdUMP 35, 36c 40, 29 25]
L-38b 0.2 [BVdUMP 47, 36c 39, 29 14] 1.1 [BVDU BVdUMP MP 29, 36c 46, 29 25]

aResults shown in the table are at the end of an 8-h incubation; missing percentage to 100% is remaining cycloSal-phosphate triester.
bNot determined.
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at C3′ with a carboxylic acid exhibited considerably lower amounts of
BVdUMP (1–22%, Table 6). Moreover, dephosphorylation in CEM/O cell
extracts BVdUMP proceeded to a lower extent compared to P3HR-1 cell
extracts (13% vs 26%, respectively).

Taking these data together, the experiments with both extracts resulted in
much higher formation of BVdUMP for triesters 36 and amino acid-modi-
fied triesters 38 compared to the carboxylic acid-modified derivatives.
Extrapolated to a cellular situation, this would lead to higher BVdUMP
concentrations and a higher degree of forward phosphorylation to the ultimate
metabolite BVdUTP.

The promising anti-EBV data of some cycloSal-BVdUMP triesters
(e.g., 36b) proved that, by applying the cycloSal approach, the inactive
BVdU can be converted into an anti-EBV active agent that is even more
active than the reference ACV.

Moreover, it may be proven whether the cycloSal-BVDUMP triesters show
also some anticancer activity. The US company New Biotics reported that aryl
phosphoramidates of BVdU may act as potential anticancer drugs (82).

2.6. Interaction of cycloSal-Phosphate Triesters 
With Human AChE and BChE

Because of their nature to be reactive organophosphate esters, cycloSal-
phosphate triesters were studied concerning their potential inhibitory
effect against human AChE. A large number of cycloSal-nucleotide tri-
esters bearing different nucleoside analogs and substitution patterns in
the aromatic ring have been studied concerning their ability to inhibit
cholinesterases of different origins. It was shown that none of the tested
triesters showed any inhibitory effect against the physiologically relevant
human AChE (isolated enzyme) as well as against AChE from beef ery-
throcytes, calf serum, and electric eel (Electrophorus electricus) (83). The
assay was a modified Rappaport assay measuring the hydrolysis of acetyl-
choline catalyzed by these enzymes to yield acetic acid at pH 7.8. As indi-
cator, m-nitrophenol is used. The progression of the reaction was therefore
followed photometrically (absorption at λ = 420 nm) because of the
decreasing amounts of m-nitrophenolate.

In contrast, inhibition of BChE has been observed for some triester
derivatives in human and mouse serum. However, the physiological role of
this enzyme is not known, and it is not related to nerve signal transfer. The
cycloSal pronucleotides showed strong competitive inhibition with respect
to the substrate acetylcholine chloride (Ki/Km ~ 2 × 10–5) and acted by
time-dependent irreversible inhibition of the human serum BChE. Detailed
studies demonstrated that the inhibitory effect against BChE is highly
dependent on the nature of the nucleoside analog, the substitution pattern
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in the cycloSal moiety, and particularly the stereochemistry at the phos-
phorus atom (Fig. 14) (84).

A few cycloSal-NMP triesters have been separated into their diastereoiso-
mers by semipreparative HPLC. These separated diastereomers were sub-
jected to the assays with AChE from electric eel and BChE from human
serum. Again, no inhibitory activity was found against AChE for both
diastereoisomers. Much more interesting was the behavior of the triesters
against human BChE. As expected, a marked difference in the inhibition was
observed. In all cases, the Sp-diastereoisomer was inhibitory toward the
enzyme, while the Rp-isomers were entirely noninhibiting. This behavior was
independent of the nature of the nucleoside. To some extent, such stereoselec-
tivity has also been reported for Torpedo californica AChE against E-2020
((R,S)-1-benzyl-4-[(5,6-dimethoxy-1-indanon-2-yl)methyl]piperidine)
(donepezil hydrochloride, Aricept®); the enzyme showed a fivefold higher
affinity for the R-enantiomer (Ki = 3.3 nM) than for the S-enantiomer (Ki =
17.5 nM). In contrast, among the cycloSal-nucleotide prodrugs, the difference
in IC50 between the two diastereomers was up to more than 200-fold.

Moreover, an interesting inverse correlation between the inhibitory
potency and the antiviral activity was observed. As a rule, the most antivirally
active diastereomers corresponded to the least BChE-inhibitory diastereomer.
Thus, the Rp diastereomer of 3-Me-cycloSal-d4TMP 2f, although not
inhibitory to human BChE at 50 µM, was fivefold more anti-HIV active
(0.087 µM) than the Sp diastereomer. In contrast, the Sp diastereomer was
markedly more inhibitory against BChE (0.24 µM). In deciding which
cycloSal anti-HIV prodrug should be chosen as a clinical candidate, the opti-
mal configuration at phosphorus is Rp, but it would be advantageous to
choose cycloSal substituents with reduced anti-BChE activity of the Sp con-
figuration to avoid the need for separating the diastereomers.

In addition, the inhibitory potential of the cycloSal-triesters can be mod-
ulated by the substitution pattern of the aromatic ring. Particularly, bulky
alkyl substituents in the 3-position led to considerable reduction of the
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inhibitory potential. This effect was even more pronounced when two sub-
stituents were introduced in the 3- and 5-positions. Both diastereomers of
3,5-dimethyl-cycloSal-d4TMP 2g and 3,5-t-butyl-cycloSal-d4TMP 2i
proved to be noninhibitory to BCHE. However, two properties of these two
triesters were undesirable: (1) The chemical stability was very high (29
and 73 h, respectively; Table 1), and (2) there was formation of the phenyl
phosphate diesters 17 instead of the benzyl phosphate diesters (8% and
34%, respectively; Table 1). However, by combination of different proper-
ties of various cycloSal-phosphate triesters reported in this chapter, a new
cycloSal group attached to d4T 1 has been developed having four desirable
properties: 3,5-t-butyl-6-fluoro-cycloSal-d4TMP 2j.

As mentioned, the presence of two t-butyl groups is responsible for high
stability of the triester but avoids the interaction with BChE. The fluorine
atom in position 6 was introduced to achieve two goals: First, from previ-
ous studies using 6-chloro-cycloSal-d4TMP 2b, it was concluded that an
acceptor group in this position prevents the formation of the unwanted
phenyl phosphate diester 17. Thus, although two t-butyl groups are pres-
ent, hydrolysis of 2j should lead to highly selective delivery of d4TMP.
Second, in the same study, the halogen atom in position 6 reduced the
chemical stability of the cycloSal-triester (Table 1). Because of this effect,
considerable decrease in the hydrolysis half-life for the triester 2j com-
pared to t-butyl- (2h) and di-t-butyl triester (2i) was expected.

The target triester 2j was prepared starting from commercially available
3-fluorophenol. First, an acid-catalyzed alkylation with isobutene was car-
ried out to give 4,6-t-butyl-3-fluorophenol 7 at a 70% yield. Reaction of
this material with a basic formaldehyde solution led to the formation of the
corresponding salicyl alcohol 11j at a 71% yield. As shown in Fig. 7, the
diol was reacted with PCl3 and subsequently with d4T to give the target
cycloSal-triester 2j at a 47% yield.

As expected, the chemical hydrolysis of triester 2j at pH 7.3 showed a
significant reduction in stability (half-life 6.2 h; Table 1). In 31P-NMR
studies in imidazole/HCl buffer at pH 7.3 after 6 wk, only the formation of
d4TMP was observed from triester 2j, which proves that the introduced
fluorine atom completely avoided the formation of the phenyl phosphate
diesters 17 (Fig. 5). Incubation studies with human AChE showed that
compound 2j was not inhibitory to the enzyme. Moreover, incubations
with human serum confirmed that the triester 2j has almost no inhibitory
potency toward BChE (IC50(BChE) = 48 µM). Finally, in antiviral tests using
HIV-1- and HIV-2-infected wild-type CEM/O cells, triester 2j exhibited
pronounced antiviral potency that was even better than the activity of d4T
1. Most important, the antiviral activity was fully retained in HIV-2-
infected CEM/TK– cells, and thus triester 2j achieved the TK bypass. Thus,
so far this masking group is optimal (39).
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3. SECOND-GENERATION 
cycloSAL-PHOSPHATE TRIESTERS

3.1. “Lock-in” cycloSal-d4TMP Triesters: A Conceptional
Extension of the Trojan Horse Concept

The compounds described so far belong to the first-generation com-
pounds of the cycloSal concept. Although these first-generation cycloSal-
triesters led to convincing antiviral results, the use of a chemical hydrolysis
mechanism may also have some limitations. We have clearly shown for sev-
eral cycloSal-triesters that an enzymatic contribution to the hydrolysis could
not be found in cell extracts or human serum. Moreover, we have clearly
proven that the lipophilic cycloSal-triesters are able to penetrate the cell
membranes and deliver nucleotides inside the cell. However, it cannot be
excluded that the chemical hydrolysis also takes place outside the cells. In
addition, although the compounds are lipophilic enough to migrate inside
the cells, we cannot exclude that they also can diffuse in the opposite direc-
tion through the membrane. This would lead to the formation of an equilib-
rium. To avoid such a backdiffusion, we planned to convert the triesters
inside the cell into a much more polar compound by an enzymatic reaction,
thus preventing the efflux (“lock-in” mechanism; Fig. 15) (85–87).

Therefore, we used a (carboxy)esterase reaction on a carboxylic ester
attached to the cycloSal-aromatic ring via a linker. As a linker, a C2-alkyl
chain was introduced. The ethylene spacer should separate the ester group
efficiently from the aromatic ring to avoid an electronic effect on the
hydrolysis of the phosphate triester moiety. Because of results obtained
from the first-generation cycloSal-phosphate triesters, two positions in the
cycloSal-moiety were selected for the introduction of the ester-spacer
residue: the 3- and the 5-positions. As an ester group, two possibilities
were used: (1) esterification of a cycloSal-acid (42, 43) with an alcohol and
(2) esterification of a cycloSal-alcohol (44, 45) with a carboxylic acid,
leading to compound series 46, 47 and 48, 49, respectively (Fig. 16).

After enzymatic cleavage, the former triesters 46, 47 should lead to the
formation of a free carboxylic acid residue that should be deprotonated
under physiological pH conditions; the triesters 48, 49 would lead to a free
alcohol group. Different esters bearing linear or branched alkyl groups
were introduced, and the new concept first was applied to the nucleoside
analog d4T.

The synthesis of the cycloSal-pronucleotides was done as for the proto-
type compounds 2 and 3, respectively, using the above-mentioned reactive
phosphorus(III) reagents. Again, phosphate triesters 46–49 were obtained
in reasonable yields as diastereomeric mixtures (85,86).

Originally, salicyl alcohols 11 were prepared from the corresponding
salicylic aldehydes or acids by standard reduction protocols. However, the
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aldehydes/acids that were used here were not commercially available.
Then, diols 11 were synthesized from the phenols by the mentioned selec-
tive ortho-hydroxymethylation according to Nagata. Unfortunately, there
is no generally applicable method for the preparation of the substituted
phenols bearing the ester-spacer residue, and thus each one was prepared
separately. All triesters were studied concerning their properties to liberate
the polar group by the enzymatic reaction as well as their chemical hydrol-
ysis to yield d4TMP.

3.2. Proof of the Lock-In Concept
First, chemical hydrolysis studies were conducted. The results are sum-

marized in Table 7. As expected, all new triesters were cleaved to yield
d4TMP at pH 7.3 in 25 mM phosphate buffer. Half-lives were between 7.3
and 13.5 h in the case of the 3-modified triesters 43 and 45 and between 5.4
and 7.3 h for their 5-modified counterparts 47 and 49. A comparison with
the 3- (2f; t1/2 = 17.5 h) and 5-methyl-cycloSal-d4TMP triesters (t1/2 = 8.1 h)
proved that the ethylene-spacer separates the electron-withdrawing ester
group and the cycloSal aromatic ring sufficiently. Interestingly, both free
acid-cycloSal-d4TMP triesters 42 and 43 showed up to twofold higher half-
lives compared to the neutral ester-modified cycloSal-triesters. A possible
explanation for this effect may be the presence of an overall negative charge
on the molecule caused by the carboxylate formed at pH 7.3, which slows
the nucleophilic reaction necessary for the initial cleavage step.
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As expected, 3-cycloSal-triester 44, having the hydroxyl group in the
side chain, did not show such an increase in the half-lives (t1/2 = 12.6 h;
Table 7). This value is very close to the esters 48a,c and the levulinyl-ester
48b (t1/2 = 12.5–13.6 h). In addition, the hydrolysis of 3-MePr-cycloSal-
d4TMP 46a followed by 31P-NMR showed that also the phenyl phosphate
diester was formed to a minor extent (~2%). However, this amount is con-
siderably lower compared to the situation found for 3-methyl-cycloSal-
d4TMP 2f (5.5%). In both experimental setups for chemical hydrolysis, no
cleavage of the carboxylic ester group was observed.

Next, studies in 25 mM phosphate buffer (pH 7.3) containing 50 units
of PLE were carried out as a model for the enzymatic cleavage of the car-
boxylic esters (Table 7). It was observed that the half-lives of the 3-modified
cycloSal-triesters 46 (methyl-, i-propyl, and t-butyl-esters) were slightly
lower compared to the situation in pure phosphate buffer. However, no
trace of the expected cycloSal-triester acid 42 could be detected. Thus,
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no enzymatic cleavage took place. In contrast, the acetyl and the pivaloyl
triester 48a,c showed a twofold decrease in the half-lives, and alcohol 44
was observed in the HPL chromatograms. Interestingly, the situation was
different for the 5-modified cycloSal-d4TMPs. Here, none of the studied
esters of the cycloSal-d4TMP acid 43 and the cycloSal-d4TMP alcohol 45
were hydrolyzed.

In conclusion, the outcome of these cleavage studies using PLE was dis-
appointing. It should be added that first experiments using the methyl ester
of the 3-propionate-cycloSal-mask showed extremely fast deesterification
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Table 7
Antiviral Data of cycloSal-d4TMP Triesters 42–44 and 46–49

Hydrolysis (t1/2) EC50 (µM)a

at 37°C

CEM/
Substance pH 7.3b PLEd CEe CEM/O CEM/O TK- CC50

Compound X [h]c [h]c [h]c HIV-1 HIV-2 HIV-2 (µM)f

46a 3-MePrg 7.3 7.6 7.2 0.09 0.25 0.40 57
46b 3-iPrPr 12.5 9.3 10.1 0.14 0.80 1.50 54
46c 3-tBuPr 13.5 10.9 9.0 0.33 0.50 1.14 43
42 3-HPr 22.9 22.6 20.4 0.19 1.4 20 100
48a 3-AcEth 13.6 8.3 1.9 0.16 0.33 0.15 40
48b 3-LevEt 12.5 n.d.i 1.9 0.13 0.15 0.33 58
48c 3-PivEt 13.1 8.2 6.6 0.16 0.70 0.40 55
44 3-HOEt 12.6 n.d.i 14.9 0.24 0.25 0.49 96
47a 5-MePr 7.0 4.0 5.7 0.33 1.05 1.20 58
47b 5-iPrPr 7.3 4.7 5.7 0.17 0.90 3.00 59
47c 5-tBuPr 7.1 5.5 5.3 0.18 2.40 4.00 42
43 5-HPr 12.5 9.1 11.4 0.14 0.80 50 76
49a 5-AcEt 6.3 5.8 2.6 0.15 0.80 0.55 44
49b 5-PivEt 5.4 4.8 5.5 0.23 0.90 0.60 22
d4T 1 — n.a.j n.a.j n.a.j 0.25 0.15 50 56

aAntiviral activity: 50% effective concentration.
b25 mM sodium phosphate buffer.
cHalf-lives in hours.
d25 mM phosphate buffer + 50 units pig liver esterase (PLE).
eCEM cell extracts.
fCytotoxicity: 50% cytostatic concentration.
gX = 3-MeOC(O)CH2CH2.
hX = 3-MeC(O)OCH2CH2.
iNot determined.
jNot available.
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under the same conditions. Therefore, we also expected fast ester hydrol-
ysis in most of the cases of the cycloSal-triesters 46. Nevertheless, d4TMP
9 was formed in all cases as a result of a chemical hydrolysis of the phos-
phate triester entity.

Further studies were done in CEM/O cell extracts. Triesters were incu-
bated for 10 h at 37°C (Table 7). The acetyl- (48a) and the levulinyl ester
of the cycloSal-d4TMP alcohol 48b showed the most impressive result.
These triesters were degraded six- to sevenfold faster compared to the
buffer incubations, and the intermediate alcohol 44 was clearly detected in
the chromatogram. So, the cleavage capacity of the extracts was markedly
higher compared to the isolated enzyme PLE. However, the enzyme
responsible for the ester hydrolysis in the extracts is not known. The pival-
oyl ester 48c was also cleaved (half-life dropped twofold); all the other
esters (46) were again not cleaved. In the 5-ester-modified cycloSal-
d4TMP series 47, 49, only the acetyl ester 49a showed a two-fold decrease
in stability. In conclusion, the acetyl esters were proven to be good sub-
strates for the human esterases; all alkyl esters were not cleaved by the
extracts. However, again the final products of the complete chemical
hydrolysis of all triesters were d4TMP and the salicyl alcohols.

The reason for the insusceptibility of the alkyl esters is surprising because
alkyl esters are often used in prodrug strategies, and at least the phospho-
ramidate approach developed by the McGuigan group is based on initial
cleavage of such an ester group (88). However, esters of natural α-amino
acids were used in their case.

It was interesting to note that, in studies of the corresponding BVdUMP
triesters, also the benzyl esters were cleaved in P3HR-1 cell extracts in
addition to the acetyl ester (data not shown). So, obviously the cleavage is
also dependent on the nature of the nucleoside analog. However, we can-
not exclude that the extracts from P3HR-1 cells contain different esterases
or different concentrations of esterases as CEM cell extracts.

3.3. Antiviral Activity
The triesters were tested for their antiviral potency in CEM/O cells

infected with HIV-1 and HIV-2 as well as in HIV-2-infected CEM/TK–

cells. The results are summarized in Table 7.
All cycloSal-triesters proved to be active in the wild-type cell line

against both virus types. Only the 5-tBu-ester 47c was fivefold less active
against HIV-2 compared to the reference compound d4T. More interesting
are the results obtained in the TK-deficient CEM cells (CEM/TK–). First,
both cycloSal-triesters 42 and 43, having the unesterified acid functionality
in the side chain, lost all their antiviral activity in the mutant cell line. The
reason is the charge at the carboxylate, which prevents efficient membrane
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penetration. However, this result shows that, in the case of liberation of
the carboxylate inside the cell by an enzymatic cleavage, the resulting
polar product would stay trapped inside the cell. This is the first hint that
the planned lock-in mechanism should work. Moreover, and in contrast to
the parent d4T, all cycloSal-triesters bearing alkyl esters in the 5- or 3-posi-
tion of the cycloSal aromatic ring retained their antiviral activity in the
CEM/TK– cells (EC50 = 1–2 µM), thus proving at least the TK bypass
envisaged by these pronucleotides. Taking into account the results of the
cell extract studies, no additional effect of the lock-in could be expected.
However, cycloSal-triesters 48a and 49a, which were enzymatically
cleaved in the extracts, showed lower EC50 values in the CEM/TK– cells.
Although these triesters do not liberate a charged carboxylate but a more
polar neutral alcohol group (44 and 45, respectively), it appears that these
compounds show first evidence for successful trapping inside the cells.

4. CONCLUSION

To summarize, the cycloSal approach convincingly demonstrated the
intracellular delivery of active nucleotides by a nonenzymatically induced
cascade reaction. Compared to other pronucleotide systems, one advantage
of cycloSal prodrugs is their easy synthesis and their reasonable solubility
in aqueous media. Moreover, the drug/masking group ratio for cycloSal
prodrugs is 1:1 only, whereas almost all enzymatically triggered nucleotide
delivery systems show a ratio of 1:2 or 1:4. The 1:1 ratio may be favorable
in terms of reducing potential toxicity. A further key feature of the cycloSal
approach is the chemically driven release of the nucleotide. Thus, in con-
trast to the enzymatically driven systems, we are entirely independent to
changing concentrations of the activating enzymes.

The cycloSal-pronucleotide system is further an ideal tool to study bio-
chemical pathways in nucleoside metabolism. Modification of the cycloSal
moiety and particularly of the benzyl position led to considerable differ-
ences in the hydrolysis pathway. This allowed further insights into the
mechanism of degradation and at the same time gave clues to improve
d4TMP delivery. It has considerably improved the antiviral activity of cer-
tain nucleoside analogs using the first-generation cycloSal-triesters. First
attempts have been made to influence the equilibrium formed by a
lipophilic phosphate triester through the membrane, resulting in the devel-
opment of second-generation cycloSal-triesters having an ester-bearing side
chain in the cycloSal aromatic ring. So far, only acetyl- and (partly) pivaloyl-
esters were found to be substrates for cellular esterases. Nevertheless, the
liberation of a negatively charged carboxylate would be advantageous to
achieve an efficient intracellular trapping (lock-in) of the triester. Work to
achieve this goal is currently in progress in our laboratories.
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SUMMARY

Nucleobase and nucleoside analogs are widely used chemotherapeutic
agents in the treatment of cancer and viral diseases. These compounds
inhibit or disrupt DNA synthesis, and as tumor cells usually divide more
rapidly than normal cells, there is a narrow therapeutic window to be
exploited. Suicide gene therapy delivers genes to the cancer cells, enabling
them to convert relatively nontoxic prodrugs into active chemotherapeutic
agents. With this strategy, drug activation occurs primarily in the cancer
cells, thereby maximizing damage to the cancer cells while keeping the sys-
temic toxicity low. A number of suicide gene systems utilizing nucleobase
and nucleoside analogs have been described. The best-known and most
studied examples are the herpes simplex virus thymidine kinase gene in
combination with ganciclovir and the Escherichia coli cytosine deaminase
gene, which activates 5-fluorocytosine. Additional promising genes for use
in suicide systems include the bacterial purine nucleoside phosphorylase
gene; different deoxyribonucleoside kinases, such as the multisubstrate
insect nucleoside kinase; and several other genes acting on a variety of
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different analogs. The efficiency of the currently used suicide systems
depends on various biological parameters, such as the potential of activa-
tion, degree of activation, and bystander effect. In addition to these param-
eters, in-depth understanding of the biopharmaceutical properties of the
prodrugs and suicide system kinetics should be known before selecting a
specific system. Each suicide system offers not only specific advantages but
also some limitations, and full understanding of the system can help over-
come a number of problems associated with this type of gene therapy.
Effective tumor destruction also depends on the delivery systems. Various
vectors, including liposomes, retroviruses, and different adenoviruses, have
been used to transfer suicide genes to tumor cells. Several of these
approaches have been successful in many early clinical trials. Advances in
new suicide systems, improved modulation of existing systems, and cell-
specific delivery will definitely improve the clinical efficacy of suicide gene
therapy and hopefully lead to better cancer treatments.

Key Words: Acyclovir; cytosine deaminase; deoxynucleoside kinase;
drug delivery system; fluorocytosine; ganciclovir; gene therapy; herpes
thymidine kinase; suicide genes; thymidine kinase.

1. INTRODUCTION

Nucleoside and nucleobase analogs were among the first chemothera-
peutic agents to be used for the medical treatment of cancer and viral dis-
eases. Today, these compounds include a range of purine and pyrimidine
derivatives with therapeutic activity in a variety of different tumors.
Although used as first-line therapy for many cancer types, several poten-
tial disadvantages still remain. The most specific problem is insufficient
therapeutic index, either because of the limited bioavailability in tumors
with poor, unequal vascularization in the areas with necrosis or as a result
of low selectivity in heterogenetic tumor cell populations. The lack of
specificity often leads to emergence of drug-resistant subpopulations of
cells, which ultimately results in an inadequate therapeutic effect. Therefore,
it is not surprising that alternative strategies using gene therapy methods
are under development to improve the therapeutic properties of these drugs.
Combination therapy, with different subsets of analogs or other cytotoxic
drugs, has been used to increase the cytotoxicity and activity of these drugs
(1,2). In general, tumors show greater susceptibility to multiple agents that
simultaneously attack tumor cells by different mechanisms. Combinations
of analogs and inhibitors of their degradative enzymes are also used to
combat cancers (3,4). Nevertheless, all these improvements showed quite
limited success.

An increasing number of attempts are in motion to target therapeutic
compounds to tumors selectively. These technologies include targeting cells
with monoclonal antibodies (5) or the use of liposome formulation for
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encapsulation of analogs (6–8). In either case, the existing intravenous drugs
are concentrated into the specific area of the body where the treatment is
required. This in return maximizes the efficacy of the drug, lowers the dose
requirement, and thus reduces the potential for side effects while still deli-
vering the desired therapeutic effect. Rather than increasing the drug concen-
tration at the tumor site, an alternative strategy is to kill cancer cells by the
selective expression of a “suicide” gene. The suicide genes can be designed
to cause either a direct or an indirect antitumor effect. Toxin gene therapy is
the method by which the gene expresses toxic proteins that directly kill
tumor cells. Examples of toxin suicide gene approaches include, for exam-
ple, engineering cells with a diphtheria toxin A-chain (DT-A) gene (9,10).

The therapy by which enzymes need to activate specific prodrugs to
create the toxic effect is known as gene-directed enzyme prodrug therapy
(GDEPT), gene prodrug activation therapy, or suicide gene therapy. Here,
new functions that sensitize cells to drugs, at concentrations that would
otherwise be harmless, are introduced. The expression of a suicide enzyme
converts a relatively nontoxic prodrug into a potent cytotoxic metabolite
that inhibits or disrupts DNA synthesis. The tumor cells subsequently die
via necrotic or apoptotic pathways.

2. SUICIDE GENE SYSTEMS

There are many barriers to overcome in developing clinically useful sui-
cide gene therapy. Effective tumor destruction depends on the chemistry of
the prodrugs, the interaction between produced enzyme and administrated
prodrug, the choice of the gene therapy vector, and finally specific target-
ing to tumor cells. Several factors critical to enzyme–substrate kinetics
should be considered.

The “perfect” prodrug for suicide gene therapy should be rapidly acti-
vated by the enzyme. Then, issues like prodrug half-life, intracellular
degradation, or clearance mechanisms will not be limiting factors, plus
high concentrations of prodrug are unnecessary. Enzymes that are highly
efficient in activating the prodrug should prove beneficial because gene
transfer and gene expression are usually not high in in vivo setups.
Because current delivery methods cannot transfer the gene into all tumor
cells, the bystander effect, by which activated prodrug can kill neighbor-
ing tumor cells that are not expressing the suicide gene, is also required.
The vectors, which deliver the transgenes to the tumor cells, must be care-
fully adapted to each specific suicide system and to the specific cancer
type. The success of suicide cancer therapy also depends on how specifi-
cally cancer cells can be targeted and how high transfection rates can be
achieved. All these key issues are described and discussed in the following
sections.
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2.1. Prodrugs
Nucleobases, nucleosides, and nucleotides are essential compounds for

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) synthesis.
These compounds serve as a general energy source (adenosine triphos-
phate [ATP] and guanosine 5′-triphosphate [GTP]), they are involved in
phospholipid and polysaccharide biosynthesis and are components of
many cofactors, vitamins, and allosteric activators. Therefore, it is not sur-
prising that a variety of purine and pyrimidine derivatives has been synthe-
sized with activity in both solid tumors and malignant disorders of the
blood. Many biologically potent nucleobase and nucleoside analogs have
limited clinical use because of their undesirable biopharmaceutical proper-
ties. Low bioavailability, caused by low permeability through biological
barriers, such as the blood-brain barrier and the intestinal barrier, is often
encountered. Undesirable physicochemical properties (e.g., charge, lipophilic-
ity, hydrogen bonding potential, size) hinder the permeation of these drugs
through biological barriers.

One of the most successful strategies to optimize all these characteristics
is through the use of prodrugs (11). The term prodrug is used to describe an
agent that must undergo chemical or enzymatic transformation to the active
or parent drug after administration. The metabolic product or parent drug
can subsequently exert the desired pharmacological response. Nucleobase
analogs, such as 5-fluorouracil (5-FU), enter human cells via both nonfacil-
itated diffusion and nonspecific carriers (12). Analogs of the naturally
occurring nucleosides are usually administered as prodrugs (e.g., in their
unphosphorylated form) as the omission of the negative charges from the
phosphate groups allows effective transport of the analog into the cell.

Several mammalian nucleoside transporter proteins have been identi-
fied so far (13,14). They belong to two families: the equilibrative nucleo-
side transporters (ENTs) and the concentrative nucleoside transporters
(CNTs). Once the nucleosides are inside the cell, they must be phosphory-
lated to exert a toxic effect. Phosphorylated analogs cannot freely diffuse
across cell membranes, which greatly limits spreading of these drugs in
surrounding tissues. Only a few of the nucleosides have been reported to
accumulate in their mono- or diphosphorylated forms, and it is therefore
generally assumed that the initial phosphorylation by salvage nucleoside
kinases is the rate-limiting step in the activation process (15). Accordingly,
the initial phosphorylation by nucleoside kinases is well studied, and it is
utilized in several suicide gene systems.

Nucleoside analogs and nucleobases are a pharmacologically diverse
family, which includes cytotoxic compounds, antiviral agents, and immuno-
suppressive molecules (Fig. 1).

These drugs belong to the so-called antimetabolite family because they
compete with naturally occurring compounds and interact with a large
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number of metabolic pathways and intracellular targets through which they
exert their cytotoxic effect. The anticancer nucleosides include several
analogs of physiological pyrimidine and purine nucleosides and nucleobases.
The two primary purine analogs are cladribine (CdA, 2-chloro-2′-deoxyade-
nine) and fludarabine (F-ara-A, 2-fluoro-9-β-D-arabinofuranosyl-adenine).
These drugs have mostly been used in the treatment of low-grade malignant
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disorders of the blood. Among the currently available pyrimidine analogs,
cytarabine (ara-C, 1-β-D-arabinofuranosylcytosine) is extensively used in the
treatment of acute leukemia; gemcitabine (dFdC, 2′.2′-difluorodeoxycytidine)
has activity in various solid tumors and some malignant hematological dis-
eases; the fluoropyrimidines 5-FU and 5′-deoxy-5-fluorouridine (5-DFUR) in
the form of its prodrug N4-pentoxycarbonyl-5′-deoxy-5-fluorocytidine
(capecitabine, Xeloda®) have shown activity in colorectal and breast cancers.

Antiviral drugs are extensively used and studied for suicide gene therapy
applications. Acyclic nucleosides, such as ganciclovir (GCV) and acyclovir
(ACV) are well known antiherpetic drugs activated by viral thymidine
kinases. Anti-human immunodeficiency virus (HIV) compounds, like 2′,3′-
didehydro-3′-deoxythymidine (d4T), and azidothymidine (AZT), which are
phosphorylated by the same enzymes, might also find use in inhibiting
DNA synthesis. Other approved HIV drugs, such as dideoxycytidine (ddC)
or 2′-deoxy-3′-thiacytidine (3TC), have yet to be applied in combination
with suicide therapy.

2.2. Suicide Genes
The most important and limiting factor in suicide gene therapy is the choice

of the suicide gene. Numerous suicide gene/prodrug systems using a variety
of drugs have been described so far. However, only suicide gene systems that
activate nucleoside and nucleobase analogs are described here (Table 1).

The enzymes used for suicide gene therapy fall into two categories. The
first group is comprised of enzymes of nonmammalian origin, with or with-
out human homologs such as viral thymidine kinases (TKs) (16–18), bacter-
ial cytosine deaminase (CD) (19), bacterial purine nucleoside phosphorylase
(PNP) (20), insect multisubstrate deoxynucleoside kinase (dNK) (21), and
prokaryotic xanthine-guanine phosphoribosyl transferase (XGPRT) (22)
gene. The second category includes enzymes of human origin, such as deoxy-
cytidine kinase (dCK) (23) and thymidine phosphorylase (TP) (24).

The main advantage of the enzymes from the first category is their
rather different substrate requirements compared to the human homologs.
Disadvantages may be the potential of provoking an immune response in
humans, although this may actually improve the therapeutic effect (25).
Enzymes from the second group will not induce an immune response, but
the substrate kinetics of the transfected enzymes should first be modified,
or the enzyme must be selectively delivered to the tumor cells to avoid
unwanted prodrug activation in normal cells.

The suicide enzymes should activate their prodrugs to achieve at least
a 100-fold increase in cytotoxic effect compared to the preactivated pro-
drug form (26). Before choosing between various suicide systems, their
efficiency should be known. However, the kinetic parameters (Km, Vmax,
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and kcat), which often are used to compare prodrug activation processes,
are usually made under different experimental conditions. Therefore,
direct comparison among different systems is quite difficult, although a
low Km and high Vmax suggest a good suicide gene candidate. An alterna-
tive approach is to use an Escherichia coli system for testing and screen-
ing of genes that sensitize bacteria to specific prodrugs. DNA family
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Table 1
Enzyme-Prodrug Systems Based on Nucleobase

and Nucleoside Prodrug Analogs

Enzyme-prodrug
system Origin Prodrugs Activated drug

Cytosine deaminase E. coli Yeast 5-Fluorocytosine 5-Fluorouracil
(CD) (5-FC) (5-FU)

Deoxycytidine Human Cytosine Cytosine 
kinase (dCK) arabinoside arabinoside 

(ara-C) monophosphate 
(ara-CMP)

DeoxyribonucleosideD. melanogaster Pyrimidine and Pyrimidine and 
kinase (dNK) purine purine dNMP

2-deoxynucleoside analogs
analogs

Purine nucleoside E. coli Purine 2-Fluoroadenine
phosphorylase nucleosides 6-Methylpurine
(PNP)

Thymidine kinase Herpes simplex Ganciclovir GCV and ACV
(TK) virus (GCV) monophosphates

Acyclovir
(ACV)

Thymidine Varicella zoster Purine Monophosphate 
kinase (TK) virus nucleosides nucleotide 

FIAU, ara-M analogs
Thymidine Human E. coli Pyrimidine 5-Fluorouracil

phosphorylase analogs
(TP) 5-DFUR

Xanthine-guanine E. coli 6-Thiopurines 6-Thiopurine
phosphorybosyl nucleoside
transferase 
(XGPT)

FIAU, 1-(2′-deoxy-2-fluoro-β-D-arabinofuranosyl)-5-iodouracil; araM, 6-
methoxy-9-β-D-arabinofuranosylpurine.



shuffling and a high-throughput robotic screening have been used to iden-
tify optimized suicide genes with an enhanced ability to phosphorylate
AZT (27). Kinetic measurements showed that these novel chimeric
enzymes had acquired reduced Km for AZT as well as decreased speci-
ficity for thymidine (Thd).

Taking into account the pharmacokinetics and activation steps of differ-
ent prodrugs, it may be unwise to choose systems based solely on strong
reaction rates. However, two biological parameters, the activation poten-
tial and the degree of activation, can be used to compare suicide systems
(28). The potential of activation is expressed as the ratio of the 50%
inhibitory concentration (IC50) of the prodrug to the IC50 of the active drug
in a nontransfected cell system. It represents the maximum possible effi-
ciency of a given enzyme-prodrug system toward a specific cell line. The
degree of activation is defined as the ratio of the IC50 of the prodrug in the
nontransfected cell line to the IC50 of the prodrug in the transfected cell
line and demonstrates the system’s efficiency in a given cell line. These
parameters allow fair selection of the desired suicide system and might help
in comparing and evaluating novel suicide systems. Unfortunately, not all
systems can be compared in this way. The potential of activation is impossi-
ble to determine for nucleoside prodrug-based systems as mono-, di-, and
triphosphate forms of activated analogs cannot cross cell membranes.
Therefore, their IC50 values cannot be precisely determined.

Some authors have tried to determine cytotoxicity based on transfer of
phosphorylated analogs between different cells (29,30). However, many of
the analogs do not accumulate and exert toxic effects not only by DNA
incorporation but also by interference with other metabolic pathways. The
interaction between different nucleoside drugs and metabolic pathways is
not well established; therefore, it is difficult to predict fully their cytotoxic
effect. The activation process is very complex and involves numerous
parameters, which directly or indirectly influence this process. The degree
of activation, which might be lower or equal to the potential of activation,
reflects the efficiency of the system and can be a useful parameter to pre-
dict the in vivo effect.

The best-known and most-studied genes used for suicide gene therapy
are the bacterial CD gene and the herpes simplex virus (HSV) TK gene.
Both systems display several advantages over other suicide systems and
have been tested in numerous clinical trials. CD mediates cell death
through the conversion of 5-fluorocytosine (5-FC) to the potent cytotoxic
agent 5-FU. Expression of the HSV-TK gene leads to cell death when
growing cells are exposed to antiherpetic nucleoside analogs such as GCV
as this prodrug is metabolized by HSV-TK to a toxic agent. Several other
suicide systems based on nucleobase and nucleoside analogs have been
described and tested. The majority of them used prodrugs that are
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approved anticancer or antiviral agents, and their side effects, pharmaco-
kinetics, and dosage are well documented. This might facilitate their intro-
duction into clinical trials and speed development of these suicide systems.

2.2.1. CYTOSINE DEAMINASE

One of the best-known genes used for suicide gene therapy is the bac-
terial CD gene (Enzyme Commission [EC] 3.5.4.1) (31,32). CD catalyzes
the hydrolytic deamination of cytosine and 5-methylcytosine to uracil and
thymine, respectively. The enzyme also deaminates the nontoxic prodrug
5-FC to 5-FU, which is further metabolized to several 5-fluoronucleotides
that inhibit both RNA and DNA synthesis (33) (Fig. 2). The CD gene is
present in different prokaryotes and some fungi, but a mammalian coun-
terpart does not exist. Therefore, 5-FC has relatively little toxicity, and it
seems that most of the toxicity observed with oral use of 5-FC in humans
is caused by deamination by intestinal bacteria (34). 5-FC is an approved
antifungal agent with a well-established clinical profile. Taking into
account its biopharmaceutical properties, such as good oral absorption and
crossing of the blood-brain barrier, 5-FC offers several advantages over
other prodrugs used in cancer gene therapy.

Two different CD genes are used for suicide gene therapy. Escherichia
coli CD is a hexamer of approx 300 kDa; the yeast Saccharomyces cere-
visiae CD is a homodimer with a molecular mass of 35 kDa (35). The sig-
nificant differences between the bacterial and yeast enzymes include not
only size and quaternary structure but also relative substrate specificities
and affinities. The bacterial enzyme is capable of deaminating a wide
range of cytosine derivatives, including 2-thiocytosine, 6-aza-cytosine,
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Fig. 2. The conversion of 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU)
by cytosine deaminase.



4-azacytosine, and, of course, 5-FC (36). The high-resolution crystal struc-
ture of E. coli CD is available (37), which may help with specific protein
design for gene therapy applications through the selection of modified
enzyme forms with improved catalytic properties for 5-FC. The yeast CD
has a different fold, active site architecture and binds other metal ions than
the bacterial enzyme (38). Although bacterial CD is more thermostable
than its yeast counterpart, the yeast enzyme may be the better candidate for
suicide gene therapy because of its lower Km toward 5-FC (39).

Many cancer cell lines are sensitive to 5-FC when transfected with the
CD gene (19,40–42). Mouse 3T3 cells transduced with the CD gene were
sensitive to 5-FC, but no bystander effect was observed (19). A similar
result, again with minimal bystander effect, was observed in transduced
mouse fibrosarcomas and adenocarcinomas (43). In contrast, human col-
orectal cancer cells showed a very strong bystander effect (40,44). With
only 4% implanted tumor cells expressing the CD gene, 60% of the mice
were tumor free after 5-FC treatment (45). This discrepancy between
mouse and human cells might be explained by a much higher CD expres-
sion in human cells. However, a higher level of CD expression does not
ultimately result in higher effect. The effect may actually depend on the
inherent sensitivity of the particular cell line to 5-FU. In sensitive cell
lines, such as colon or lung carcinomas, the cytotoxicity of 5-FU directly
correlates with the level of CD expression (46). In resistant cells, the CD
dose response is not as obvious, which might explain the absence of
bystander effect in murine cells. On the other hand, the prodrug dose
response is more obvious because higher 5-FC concentrations are more
effective in killing CD-expressing cells than lower concentrations (47). It
is clear that the CD/5-FC system displays very strong bystander effect
mediated by direct diffusion of 5-FU molecules across cell membranes.
This can result in strong in vitro and in vivo tumor response, which is
advantageous, especially when taking into account the current low rates of
in vivo gene transfer.

The CD/5-FC combination has been used in many experimental studies
(48). However, its clinical use to date is rather limited (49–51), although
recent clinical trials have proven the safety and efficacy of the CD/5-FC
system (52). Use of a replication-competent, oncolytic adenovirus contain-
ing CD/HSV-TK genes together with radiation therapy showed that all
these treatments can be safely combined and suggests a possible interac-
tion between the oncolytic adenovirus or double-suicide gene therapies
and radiation (52).

CD is the second-most-used suicide system under clinical investigation.
However, certain restrictions may have an effect on the use of this system.
One disadvantage is actually that the strong 5-FU bystander effect as free
diffusion is not selective and can also damage surrounding normal tissues.
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Another problem associated with this suicide system is its quite low sensi-
tivity for 5-FU as many tumor cells lack the uracil phosphoribosyl trans-
ferase enzyme that catalyzes the conversion of 5-FU to 5-fluorouridine
monophosphate (Fig. 2), and the mammalian counterpart orotate phosphori-
bosyltransferase has a variable expression in tumor cells. The antitumor effect
of 5-FU is enhanced by augmenting 5-fluorodeoxyuridine monophosphate
converted from 5-fluorouridine monophosphate, which inhibits thymidy-
late synthase. To overcome this drawback, CD and uracil phosphoribosyl
transferase were coexpressed, which led to 6000-fold activation (53). The
toxicity of 5-FU is cell proliferation specific; that is, it affects only highly
proliferating tumor cells. Tumors contain highly variable cell populations
in which only a few percent of the cells are actively dividing. To compen-
sate for lower therapeutic effect, higher doses of both 5-FC and CD are
needed, which may be difficult to achieve.

Finally, the active product, 5-FU, is rapidly degraded by pyrimidine
catabolic enzymes, such as dihydrouracil dehydrogenase (54), which has a
high systemic (predominantly liver) expression; tumoral expression is
related to the antitumor activity of 5-FU. The metabolic pathway of 5-FC
activation is quite complex, which provides cancer cells with many oppor-
tunities to develop resistance to the therapy. Further research and advanced
trials are necessary to develop this suicide system to its full potential.

2.2.2. DEOXYCYTIDINE KINASE

Once inside the cell, the nucleosides are monophosphorylated by the
salvage kinases. Mammals have four deoxyribonucleoside kinases with
overlapping specificities (15,55) (see Chapters 2 and 3). dCK (EC 2.7.1.74)
phosphorylates deoxyadenosine (dAdo), deoxyguanosine (dGuo), and
deoxycytidine (dCyd). Deoxyguanosine kinase (dGK; EC 2.7.1.113) only
phosphorylates the purine nucleosides dAdo and dGuo; thymidine kinase 1
(TK1; EC 2.7.1.21) only phosphorylates Thd and deoxyuridine (dUrd). The
pyrimidine-specific thymidine kinase 2 (TK2; EC 2.7.1.21) phosphorylates
not only both Thd and dUrd, but also dCyd (56).

dCK is also a crucial enzyme in the phosphorylation of a variety of
antineoplastic and antiviral nucleoside analogs, including F-ara-A (57),
CdA (58), dFdC (gemcitabine) (59), and ddC (2′,3′-dideoxycytidine) (60)
(Fig. 1). Deficiency of dCK actively mediates resistance to these drugs
(61,62). Conversely, increased dCK activity is associated with increased
sensitivity to these compounds, which is utilized in suicide gene therapy
(23,63,64). A noticeable sensitization of glioma cells lines to ara-C was
achieved by both retroviral and adenoviral transduction of the dCK gene
(23). Ara-C is a potent analog used for treatment of acute myeloid
leukemia, but its activity against solid tumors is quite limited. Solid tumors
have high expression of cytidine deaminase, an enzyme that degrades ara-C,
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whereas the expression of dCK, which phosphorylates ara-C, is quite low
(Fig. 3). Therefore, overexpression of dCK in solid tumors activates ara-C
to ara-C monophosphate, which after further phosphorylation and incorpo-
ration into DNA results in significant antitumor effects (65).

The dCK/ara-C system may be a useful approach for gene therapy.
Several other prodrugs can be developed for successful suicide gene ther-
apy. The recently solved crystal structure of human dCK (66) led to the
construction of a mutant of dCK with improved kinetic parameters for
dFdC, which might facilitate activation of this drug in tumor tissues. Other
kinases, such as TK2 (67) and dGK (68), are also able to phosphorylate
substrate analogs of dCK. Human cancer cells transfected with the dGK
gene show increased sensitivity toward CdA (69). Nevertheless, none of
these genes have as yet been used in suicide gene therapy.

A number of potential problems are associated with this suicide system.
Solubility of some analogs used by dCK, such as F-ara-A and ara-A (vidara-
bine), is quite low (70), and many of these drugs are rapidly inactivated
(59,71), which limits their applications. Cell specificity is another restric-
tion; F-ara-A and CdA are used against hematological malignancies (72,73),
are specific for blood cells, and do not penetrate other tissues well (58,74).
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Fig. 3. Metabolism of pyrimidine nucleoside analog ara-C. This analog is either
phosphorylated by dCK into ara-C monophosphate or degraded by cytidine deam-
inase (CDA) into chemotherapeutically inactive uracil nucleoside.



On the other hand, dFdC appears to be useful in the treatment of a wide
variety of cancers, including both hematological malignancies (75) and
solid tumors (76). The major advantage of using dCK as a suicide gene is
that activated metabolites may help trigger apoptosis (77–79). The active
species of nucleoside analogs are predominantly toxic to cells that are
replicating their DNA. Even with fast-growing solid tumors, the propor-
tion of actively dividing cells may be as low as a few percent (80,81).
Therefore, a large proportion of resting cells may be responsible for fail-
ure of some suicide therapies. By triggering apoptosis, slow-growing and
quiescent cells can be eliminated, which is especially important for eradi-
cation of large solid tumors. So far, clinical trials using the dCK system
have not been carried out.

2.2.3. MULTISUBSTRATE DEOXYRIBONUCLEOSIDE KINASES

The fruitfly Drosophila melanogaster has a single enzyme that phos-
phorylates all the natural pyrimidine and purine deoxyribonucleosides
(82). The sequence of the Drosophila melanogaster nucleoside kinase
(Dm-dNK; EC 2.7.1.113) is closely related to the human deoxyribonucleo-
side kinases (Fig. 4).

The enzyme also phosphorylates several nucleoside analogs, and there-
fore the Dm-dNK gene has been suggested as a candidate suicide gene in
combined gene/chemotherapy of cancer (83). In addition to its broad sub-
strate specificity, the enzyme demonstrates other interesting properties that
may be beneficial in a gene therapy application. Most important, the cat-
alytic activity is 10- to 100-fold higher, depending on the substrate, than
what has been reported for the mammalian enzymes, which is especially
interesting because the initial activation step is rate limiting for the phos-
phorylation of the majority of nucleoside analogs. The further phosphory-
lation, to the corresponding di- and triphosphates, is performed by cellular
mono- and diphosphate kinases with high capacity. Another important
property is that the Dm-dNK protein can be expressed at high levels in
mammalian cancer cell lines retrovirally transduced with the complemen-
tary DNA encoding Dm-dNK (21). Dm-dNK prefers pyrimidine substrates
to purines, and the Km values for Thd and dCyd are more than 100-fold
lower than the Km for dAdo and more than 1000-fold lower than the Km for
dGuo. The efficiency to phosphorylate nucleoside analogs follows a simi-
lar pattern, with high efficiency for several pyrimidine and some dAdo
analogs, whereas analogs of dGuo, like GCV and ACV, are inefficient sub-
strates. The inhibitory activity (IC50) of some nucleoside analogs on the
phosphorylation of 1 µM Thd and dCyd are shown in Table 2.

The pyrimidine nucleoside analog (E)-5-(2-bromovinyl)-2′-deoxyuri-
dine (BVDU) has been identified as an efficient substrate for Dm-dNK
with low toxicity toward several human cell lines. Cancer cell lines
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expressing Dm-dNK exhibit increased sensitivity toward several cytotoxic
nucleoside analogs, among which BVDU is the most efficient prodrug
candidate (21). On this ground, BVDU has been selected as a prodrug in
combination with Dm-dNK for further preclinical studies for gene therapy
applications. The cytotoxicity of BVDU can be enhanced in cell lines
when the compound is used in combination with subtoxic concentrations
of hydroxyurea. The inhibition of ribonucleotide reductase by hydroxyurea
has been shown to increase the phosphorylation of Thd analogs, but the
mechanism for this is not clear. Hydroxyurea also enhances the bystander
effect in certain cells when combined with BVDU. BVDU is an efficient
substrate for both HSV-TK and Dm-dNK, and the compound has previ-
ously been investigated as a prodrug in HSV-TK-transduced cells (84).
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Fig. 4. Alignment of Dm-dNK with HSV-1 TK, dGK, dCK, and TK2. Black boxes
indicate completely conserved amino acid residues (uppercase) and gray boxes
indicate semiconserved residues (lowercase). Arrows indicate the location of the
studied mutants. Numbering is based on the amino acid sequence of Dm-dNK.



Although BVDU did not show any bystander effect in HSV-TK-transduced
osteosarcoma cells, a clear bystander effect was detected in Dm-dNK-
transduced osteosarcoma cells (85).

An advantage with the Dm-dNK-based suicide system is the overlap-
ping substrate specificity with dCK in addition to its activation of unique
substrates. dCK activates several clinically important nucleoside analogs
like ara-C, CdA, and dFdC, which are also substrates for Dm-dNK. The
possibility to combine two or more prodrugs with different cytotoxic
mechanisms should be interesting in a future clinical trial using the Dm-dNK
suicide gene. The sequence and substrate specificity of Dm-dNK indicate
that the enzyme has evolved close to mammalian TK2 (86), but it has also
similarities and overlapping substrate specificity with dCK, dGK, and
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Table 2
Inhibitory Activity (IC50) (µM) of Nucleoside Analogs

on the Phosphorylation of 1 µM Radiolabeled Thd or dCyd by Dm-dNK

Dm-dNK

Base Analog Thd dCyd

A CdA 123 ± 14 120 ± 6
ara-A >1000 >1000

G GCV >1000 >1000
ara-G >1000 >1000

C ara-C 53.4 ± 18.9 89.0 ± 24.0
ddC 760 ± 8 838 ± 53
dFdC 145 ± 1 102 ± 30
3TC 740 ± 31 868 ± 95

T ara-T 64.8 ± 27.7 34.8 ± 5.6
AZT 41.9 ± 12.9 29.6 ± 0.8
d4T >1000 805 ± 275

U ara-U 570 ± 66 580 ± 49
BVDU 27.7 ± 10.0 15.8 ± 2.8
FdUrd 25.8 ± 0.8 23.5 ± 5.0
FIAU 16.3 ± 0.1 15.4 ± 2.6

Source: Adapted from ref. 83.
CdA, 2-chloro-2′-deoxyadenosine; araA, 9-β-D-arabinofuranosyladenine;

GCV, ganciclovir; ara-G, 9-β-D-arabinofuranosylguanine; ara-C, 1-β-D-arabino-
furanosylcytosine; ddC, 2′, 3′-dideoxycytidine; dFdC, 2′,2′- difluorodeoxycytidine;
3TC, 2′-deoxy-3′-thiacytidine; ara-T, 1-β-D-arabinofuranosylthymine; AZT,
3′-azido-2′,3′-dideoxythymidine; d4T, 2′,3′-didehydro-3′-deoxythymidine; ara-U,
1-β-D-arabinofuranosyluracil; BVDU, (E)-5(2-bromovinyl)-2′-deoxyuridine;
FdUrd, 5-fluoro-2′-deoxyuridine; FIAU, 1-(2′-deoxy-2-fluoro-β-D-arabinofura-
nosyl)-5-iodouracil.



HSV-TK (Fig. 4). The three-dimensional structure of Dm-dNK and dGK
indicate that only a few amino acids differ in the substrate-binding region
of the enzymes (87). Mutagenesis of three key residues in Dm-dNK con-
verts the Dm-dNK substrate specificity from predominantly pyrimidine
specific into purine specific (88). Such alterations of Dm-dNK may be use-
ful to obtain Dm-dNK mutants with specific properties for suicide gene
therapy.

One suggested advantage of purine analogs is that the bystander effect
is more efficient than for pyrimidine analogs (84). Several mutant enzymes
of Dm-dNK have been engineered to find an enzyme with higher effi-
ciency in GCV phosphorylation because GCV is the nucleoside analog that
has shown the most efficient bystander cell killing (89). It is still not
known if any of these mutants will demonstrate superior properties to the
wild-type Dm-dNK for gene therapy applications. Clinical trials using Dm-
dNK, or any of its mutants, have not yet been initiated.

Other insect multisubstrate nucleoside kinases that have been identified
and characterized are the Bombyx mori deoxynucleoside kinase and the
Anopheles gambiae nucleoside kinase (90). Both these enzymes, similar to
Dm-dNK, have the ability to phosphorylate all four natural deoxyribo-
nucleoside substrates, although that of B. mori has a preference for pyri-
midines, whereas the A. gambiae dNK shows higher efficiency for purine
substrates (91). Whether activation of immune responses toward the insect
enzymes will affect their efficiency when used in humans is still unknown.

2.2.4. PURINE NUCLEOSIDE PHOSPHORYLASE

PNP (EC 2.4.2.1) catalyzes the reversible phosphorolysis of purine
(2′-deoxy)ribonucleosides to generate the corresponding purine base and
(2-deoxy)ribose 1-phosphate. The enzyme has been isolated from variety
of eukaryotic and prokaryotic organisms. There are two major classes of
this enzyme: Mammalian PNP are trimers with 31-kDa monomer size;
bacterial PNPs are hexameric proteins with 26-kDa monomers. The hexa-
meric PNP is specific for adenosine and dAdo (92) and accepts purine ara-
binosides (93). This property is utilized in suicide gene therapy as E. coli
PNP cleaves substrates as 2-fluorodeoxyadenosine, fludarabine
monophosphate, and 6-methyl purine-deoxyribose into toxic compounds
2-fluoroadenine (2-F-Ade) and methyl purine (6-MeP), respectively (Fig. 5).

These compounds are further incorporated into a variety of metabolites
that inhibit RNA and protein synthesis. The PNP system exhibits several
characteristics that make it a very attractive suicide method. Generated
active compounds are very potent; 2-F-Ade is 1000 times more toxic then
5-FU. Because the molecules are as small as 5-FU, the bystander effect of
these drugs is not dependent on gap junctions and does not require cell-to-
cell contact. An entire cell population can be killed when as few as 0.1–1%
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of the cells express the PNP gene (94). Apart from being extremely
potent toxins, these compounds appear to have very long half-life
(greater than 24 h) with slow release from solid tumors (95), and they are
active against both dividing and nonproliferating cells. Both 6-MeP and
2-F-Ade are converted to ATP analogs and block reactions involving
ATP, which ultimately leads to cell death. Therefore, these two com-
pounds are quite different from, for example, GCV and 5-FU in that they
block enzymes unrelated to DNA synthesis and can kill cells that are not
actively dividing.
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Fig. 5. Conversion of nucleoside analogs by E. coli PNP. Analogs are cleaved into
cytotoxic purines and corresponding sugar molecules.



Several reports showed that expression of PNP led to superior killing of
human prostate cancer (PC-3) cells both in vitro and in vivo (96) when
compared to the HSV-TK/GCV system using identical adenovirus as a
delivery. Strong in vivo antitumor effects in mouse models of liver carci-
noma have also been shown (97,98). The E. coli PNP system has several
advantages over other suicide gene therapy strategies. However, rigorous
clinical tests are required to fully prove usefulness of this system for cancer
treatment.

2.2.5. VIRAL TKS

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) and varicella
zoster virus (VZV) encode TKs similar to the mammalian TKs but with a
markedly different substrate specificity. HSV and VZV TK phosphorylate
a wide range of antiherpetic nucleoside analogs in addition to the natural
substrates Thd, dUrd, and dCyd. After the initial monophosphorylaton by
herpes TK, the further phosphorylation to the active triphosphate form is
carried out by cellular enzymes. GCV and ACV are purine nucleoside
analogs that are specific substrates for herpesvirus TK (Fig. 6) with no tox-
icity in cells not expressing these enzymes.

Although both compounds are widely used as antiviral agents, GCV
is the common prodrug used in HSV-TK suicide gene systems. The
triphosphate of GCV has higher affinity for herpesvirus DNA poly-
merase than for human DNA polymerases, but several studies of HSV-1
TK/GCV gene therapy indicated that the tumor cells expressing HSV-1
TK generate enough levels of phosphorylated GCV to inhibit mam-
malian DNA polymerase (99). The effect of GCV treatment on HSV-1
TK gene-transduced cells in terms of cell cycle progression and the
mechanism of GCV-induced cell death have been investigated in several
studies. GCV has been demonstrated to induce cell cycle arrest and to
induce cell death by apoptosis (100,101).

The first clinical trial using HSV-1 TK/GCV gene therapy for cancer
was carried out in 1992 and involved patients with malignant brain tumors
who had failed standard therapy (102). The advantage of this kind of ther-
apy for brain tumors is its high selectivity for tumor cells over healthy
brain cells. Normal brain cells are postmitotic and are no longer dividing,
so interfering with DNA synthesis is not nearly as harmful as it is for the
rapidly dividing cancer cells. Although the tumor volume slightly
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Fig. 6. (Opposite page) The activation of ganciclovir (GCV) and acyclovir (ACV)
by herpes simplex thymidine kinase (HSV-TK). GCV and ACV are converted into
their monophosphate forms by HSV-TK, and thereafter cellular mono- and diphos-
phate kinases add additional phosphate groups to form active GCV and ACV
triphosphates.
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decreased in 50% of the patients, the efficiency of HSV-1 TK gene trans-
fer was very low. Since then, numerous clinical trials have been carried out
using adenovirus or retrovirus vectors to deliver HSV-TK to different
tumors. Even though some patients show tumor regression with HSV-
TK/GCV therapy, further improvements are necessary to obtain better
therapeutic efficiency.

The major hurdle in these trials, as in most gene therapy protocols, is
the low in vivo efficiency of gene delivery to a sufficient number of tumor
cells (103). The transduction difficulty is more pronounced for larger
tumors than for small tumors, and subsequently the best tumor-killing
effect has been for the small tumors. Another drawback is the pronounced
hematopoietic toxicity exerted by GCV, which limits the dose that can be
administered to patients. Possible improvements of the HSV-1 TK/GCV
system include the development of novel routes of GCV administration,
superior HSV-1 TK mutants, pharmacological enhancers of the bystander
effects, more efficient and less-toxic prodrugs, and combinations with
other anticancer approaches.

The VZV-TK has different substrate specificity compared to HSV-TK
and has been investigated in cell cultures as a potential suicide gene. Several
very potent pyrimidine nucleoside analogs have been demonstrated as
inhibitors of the proliferation of VZV-TK gene-transduced cells (104).
Although they have high potency, in cell culture assays the specific VZV-TK
pyrimidine substrates exhibit very poor bystander effect, which may limit
the in vivo use of this system for cancer therapy.

The use of suicide gene therapy has been extended to allogeneic stem
cell transplantation (105). Donor T-cells are genetically modified by inser-
tion of HSV-TK, which can activate GCV to eliminate the transplanted
T-cells in the event of graft-vs-host disease. Because GCV is widely used
to treat cytomegalovirus infection in immunosuppressed patients, another
suicide gene/prodrug combination that does not include an antiviral com-
pound should be developed for this clinical application. Furthermore, a
bystander effect is not desired in circulating T-cells, compared to the impor-
tance of bystander effect in solid tumors, giving a broader range of prodrugs
for the selection of the optimal compound.

2.2.6. THYMIDINE PHOSPHORYLASE

TP (also known as platelet-derived endothelial cell growth factor or
gliostatin; EC 2.4.2.4) catalyzes the phospholytic cleavage of Thd or dUrd
to deoxyribose-1-phosphate. TP also converts 5′-DFUR to the toxic 5-FU
(Fig. 7). Because of its reversible phosphorolytic activity, this enzyme also
converts 5-FU to its anabolite 5-fluoro-2′-deoxyuridine (FdURD) if suffi-
cient cofactor is available (106); however, usually the equilibrium of this
reaction is at the side of the base.
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These pyrimidine analogs were developed for selective inhibition of
tumor growth because the levels of TP are much higher in tumors than in
normal tissues. However, tumors are not necessarily sensitive to these
drugs as the levels of TP vary considerably from cell to cell. Therefore,
raising the TP levels within the tumor is expected to enhance the sensitiv-
ity of the tumor to the prodrug significantly.

Indeed, this suicide system has been shown to sensitize the human
MCF-7 breast cancer cell line 1000-fold to 5′-DFUR (24). Similarly, when
the TP gene was transfected into human colon cancer cells, the sensitivity
to 5′-DFUR was increased by 100-fold (107), although this effect might be
cell line specific (108). The TP/5′-DFUR system can also be modulated
with 2′-deoxyinosine, which provides TP cofactor deoxyribose 1-phosphate.
An almost 4000 fold increase of cell sensitivity in vitro was detected after
combined TP/5′-DFUR/2′-deoxyinosine treatment (109). A substantial
bystander killing effect was observed when small portions of TP-expressing
cells were mixed with parental cells.

The bystander effect of the TP system seems to be comparable to that
of the CD system as the active product 5-FU is freely diffusible. However,
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dine (5′-DFUR) is converted to toxic 5-fluorouracil (5-FU), which can be inte-
grated into both RNA and DNA.



5-FU is not always effective for every type of tumor as the levels of the
enzymes responsible for further drug metabolism vary significantly in
each tissue. Combining the TP and CD systems in murine gliosarcoma
cells showed an increased sensitivity to 5-FC and prolonged the survival
of mice bearing intracerebral tumors after in vivo CD gene therapy (110).
The combination of different suicide gene systems, such as CD/5-FC and
HSV-TK/GCV, seems to be more effective than individual treatments
(111,112), although a single report contradicted these findings (113).

The TP strategy has much in common with the CD suicide system, and
it is questionable whether the TP system offers any advantages over the
E. coli CD suicide system. For example, the activation rates and bystander
effect are very similar. The crystal structures of both the TP (114) and the
CD (37) enzymes are available, which makes enzyme optimization possible.
The human TP gene (identified also as the endothelial cell growth factor–
ECGF1) is quite large and includes 10 exons spanning more than 4.3 kb.
The complementary DNA is 1449 bp long and codes for a protein of 482 aa
with predicted molecular weight of approx 50 kDa. The bacterial CD gene
is slightly smaller (427 aa), which might be advantageous when using
delivery vectors for which size of the transgene is the limiting factor (e.g.,
replicative adenoviruses). On the other hand, the human TP gene is less
likely to provoke an immunoresponse, although the enzyme might be more
susceptible to metabolic inhibition in human cells.

2.2.7. XANTHINE-GUANINE PHOSPHORYBOSYL TRANSFERASE

XGPRT (EC 2.4.2.22) catalyzes the transfer of the phosphoribosyl
group from 5-phospho-α-D-ribosyl 1-pyrophosphate to the 6-oxopurine
bases. In contrast to its human homolog, the hypoxanthine phosphoribosyl-
transferase, the E. coli enzyme can convert xanthine to xanthine monophos-
phate (115). Cells that produce E. coli XGPRT are also able to transfer the
deoxyribose moiety to 6-mercaptopurine, which is further activated to its
highly cytotoxic triphosphate analog (22). 6-Thioguanine (6-TG), a potent
agent for therapy of acute nonlymphocytic leukemias, can also be used as
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an analog because it is deaminated to 6-thioxanthine (6-TX) by endoge-
nous enzymes. 6-TX, an inactive compound having negligible antitumor
activity, is thereafter converted into 6-TX monophosphate (Fig. 8).

The E. coli enzyme is a tetramer with 152 residues per subunit. The
small gene size and available structure (116) may facilitate optimization of
XGPRT and improve its substrate/inhibitor properties. A 10- to 20-fold
degree of activation was obtained in rat C6 glioma cells for both 6-TG and
6-TX (117). The effects of 6-TX on cell proliferation required at least 10 d
of exposure. Bystander effect was also observed; cells expressing the
XGPRT gene efficiently transferred 6-TX sensitivity to XGPRT-negative
cells at ratios as low as 1:9. Oddly, the bystander effect was not present the
first 4 d of prodrug exposure (118). Trypsinization and replating of the
cocultures were required for the bystander effect to take place in this case.
In vivo, both 6-TX and 6-TG significantly inhibited the growth of subcu-
taneously and intracerebrally transplanted tumors.

The XGPRT gene provides a unique system because it not only sensi-
tizes cells to the prodrugs but also provides resistance to a different course
of therapy, such as mycophenolic acid. This provides a means to select for
XGPRT-positive cells, which is advantageous for ex vivo gene therapy
applications, such as bone marrow transplantation or the gene therapy of
gliomas. Therefore, the XGPRT/6-TX system seems to be a promising
alternative to the HSV-TK/GCV combination for gene therapy of gliomas.
The XGPRT system still has not been tested in any clinical trials.

2.3. Bystander Effect
A major advantage of many suicide gene therapy strategies is that not

only the tumor cells that contain the suicide gene are destroyed, but also
the surrounding “nontransduced” cells are killed (119). The mechanism by
which nontransduced neighboring cells are killed is known as the
bystander effect (Fig. 9). The bystander effect is dependent on cell contact
and on intercellular communication. Cells close to those expressing the
suicide gene can acquire activated prodrug by several ways. Small mole-
cules, such as 5-FU, can freely cross cell membranes. In this case, the
bystander effect is determined by the drug half-life and diffusion range. On
the other hand, the phosphorylated nucleoside analogs must pass through
gap junctions into noninfected cells. Gap junctions are protein channels
connecting cells and allowing passage of small molecules and ions up to
1000 Da. Formation of gap junctions requires cell-to-cell contact.
Although many tumor cells readily form gap junctions, some tumor tissues
actually downregulate gap junction formation (120). Transfer of phospho-
rylated prodrugs could be inhibited by the addition of α-glycyrrhetinic
acid (121), which is a gap junction inhibitor, suggesting that gap junction
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formation between neighboring cells is an important contributing factor in
bystander effect. The local bystander effect can also be induced by the
transfer of toxic products via apoptotic vesicles (122) or by contact with
dead cells caused by the transfer of apoptotic factors (123).

The bystander effect is extremely helpful as it addresses one of the main
obstacles for efficient gene therapy, the transduction of the tumor cells.
Not all tumor cells need to be transduced to reach a sufficient proportion
of cells with the suicide gene for the therapy to be effective. Numerous
studies have shown near-complete regression in small tumors, when as few
as 10% of the cells contained the HSV-TK gene (124–126).

Several strategies to improve the bystander effect have been considered.
One way to enhance the bystander effect is the expression of the connexin
(Cx) gene (127). Cxs are membrane proteins considered to be building
blocks of gap junctions. The recombinant expression of Cx proteins, or
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chemically induced Cx overexpression, enhance the bystander effect in
suicide gene therapy, both in vitro and in vivo settings (128,129).
However, it seems unlikely this approach will provide a feasible way of
mediating the bystander effect in clinical settings. Studies of histone
deacetylase inhibitors in combination with suicide gene therapy might
provide an alternative strategy (130). Histone acetylase and deacetylases
regulate the level of transcription by modifying chromatin structure (131).
Numerous compounds that inhibit histone deacetylation have been iden-
tified (132). Although the real synergistic mechanism between these
agents and suicide genes remains elusive, results suggest that either
increased expression, bystander effect, and tumor immunity all play
important roles (130).

Apart from local bystander effect, immune-mediated bystander effect
also exists. In vivo models suggested that systemic immune response may
play a role in inducing the bystander effect (133). The HSV-TK/GCV sys-
tem can induce an immune response, which could contribute to the
bystander effect (134). Tumor-specific killer T-cells were present in rela-
tively high concentration in the tumors, and major histocompatibility com-
plex class I expression increased on the tumor cells containing HSV-TK
system. The immune stimulation not only enhances local tumor killing but
also has almost a vaccination effect, inducing the regression of distant tumor
deposits and preventing the recurrence of tumors (135).

3. GENE DELIVERY AND TARGETING

The selection of a specific suicide system and prodrug combination is
important to the success of the therapy. An equally important factor is the
vector or delivery vehicle by which the suicide gene is delivered to the
tumor cells. The effect of suicide gene therapy is linearly related to the
efficiency of gene transfer. The ideal gene therapy vector should be admin-
istrated systemically and should specifically deliver the gene to the target
cells, minimizing exposure to normal, nonmalignant cells. In addition, the
vector should be biodegradable, nontoxic, nonimmunogenic, and stable dur-
ing storage and administration. Not surprisingly, not a single gene delivery
vector has all these properties at once.

Replication-deficient vectors derived from viruses are considered the
most efficient for gene delivery. They are made by removing all or part of
the viral genes and replacing these with therapeutic genes. The problems
associated with replication-deficient vectors are low virus titers (limited
quantities), toxicity, and potentially regaining replication ability.

The most-used virus vectors for suicide gene therapy are retroviruses
and adenoviruses. A retrovirus is a eukaryotic RNA virus that uses viral
enzymes to copy its genome into DNA and integrate it into the host
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genome. Only dividing cells can be transduced with these vectors (136),
but the development of lentivirus vectors has also enabled the transduction
of nondividing cells (137). Some of the major disadvantages associated
with retroviruses are the difficulties in obtaining high virus titers and inser-
tional mutagenesis.

Compared to the retrovirus vectors, adenoviruses possess a number of
properties that make them an ideal means of cell transduction. An adeno-
virus is an icosahedral virus that contains a large (35–36 kb) DNA genome.
They can infect both dividing and nondividing cells, and high viral titers
can be obtained. However, gene expression from adenoviruses is short
as the adenoviral genome is not integrated into the host DNA, and aden-
oviruses induce inflammatory responses, which limits their repeated
administration (138).

The capacity of an adenovirus to infect a given cell is determined by the
attachment receptor CAR (Coxsackie and adenovirus receptor)  and the
integrin expression levels of the host cell. A number of cell types, such as
fibroblasts, lymphocytes, and endothelial cells, are partially or completely
resistant to adenovirus infection (139). In addition, many types of tumor
cells, such as prostate and breast cancers, express CAR at undetectable lev-
els (140). To overcome these limitations, it is necessary to develop adeno-
virus vectors capable of infecting tumors in a CAR-independent fashion.
A number of successful studies have shown the utility of receptor-modi-
fied adenovirus vectors. Simultaneously targeting two or more cell surface
receptors could increase gene transfer in a heterogeneous population of
tumor cells (141). Current work is aimed at the development of truly tar-
geted adenovirus vectors capable of highly efficient cell-specific delivery
of suicide genes in vivo.

Replication-selective oncolytic adenoviruses represent a novel cancer
treatment platform. These viruses are engineered to replicate selectively
only in tumor cells, induce cell death, release tumor particles, and finally
spread through tumor tissues. The problems of selectivity and intratumoral
spreading are reduced using this delivery system. Several clinical studies
have demonstrated the safety and feasibility of this approach, including sys-
temic delivery (142,143). It is an inherent capacity of replication-competent
adenoviruses to sensitize tumor cells to chemotherapy. This opens the possi-
bility of constructing novel adenoviruses expressing suicide genes to enhance
even further the antitumor activity.

However, certain limitations do apply. Oncolytic adenoviruses can
carry up to 7.5% extra DNA, which may limit the packaging size of the
transgenes and promoters to be used. Active replication is needed for the
virus to exert its therapeutic effect; therefore, the use of suicide systems
based on antiviral prodrugs, such as GCV, will inhibit virus replication and
eliminate their effect. To overcome this problem, the use of anticancer
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drugs is recommended. Other virus species, including herpesvirus, vac-
cinia, reovirus, and measles virus are under development for oncolytic
therapy (144,145). So far, no virus species other than adenovirus has been
combined with any of the suicide systems presented here.

Nonviral vectors represent an attractive alternative to virus vectors. These
classes of vectors include naked DNA transfer, liposomes (lipoplex), poly-
mers (polyplex), and the combination of the last two (liopopolyplex). They
are all characterized by low toxicity and immunogenicity and can relatively
easily be produced on a large scale. Disadvantages include low efficiency of
gene transfer compared to the viral vectors. Nevertheless, many nonviral
vectors are extensively used in combination with suicide genes and nucleo-
prodrugs (146–148).

Specific targeting of the suicide genes to the tumor cells provides selec-
tivity, which maximizes the therapeutic effect in cancer cells with a minimal
and acceptable level of damage to normal, nonmalignant cells. Although the
current vectors are still some distance from reaching this goal, different
approaches exist by which this might be accomplished. Direct intratumoral
injection is a simple way to introduce genes into a single tumor. Limited
applications exist for this approach. Nevertheless, the method is widely
employed for delivery into gliomas, although the insertion requires stereo-
tactic injections to pinpoint the tumor (149,150).

Tumor-specific vector binding, the so-called transductional targeting, is
widely used for adenovirus vectors. An alternative way of obtaining selec-
tivity is the use of tumor- or tissue-specific promoters. Many tumors over-
express specific genes, enabling the expression of the suicide genes to be
linked to the transcriptional control of these genes. Tumor-specific expres-
sion of CD under control of the carcinoembryonic antigen promoter, for
example, led to partial regression of a colorectal carcinoma after 5-FC
treatment (151).

Further developments and fine-tuning of existing systems and techno-
logies will definitely make suicide gene therapy a clinically effective treat-
ment for cancers.

4. CHALLENGES AND FUTURE ASPECTS

Several problems must be overcome before suicide gene therapy becomes
an efficient cancer treatment. A number of other novel suicide gene/prodrug
systems are currently under investigation. Unfortunately, most of these sys-
tems are not completely characterized or are only in early preclinical develop-
ment. Another limiting factor is that the majority of suicide systems are
based on nonapproved prodrugs, slowing their introduction into clinical tri-
als. Fortunately, multiple options are available and are being tested. For
example, double-suicide therapy, in which a combination of different suicide
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systems is coexpressed, shows promising results. The activated prodrugs
should preferably act by different mechanisms (i.e., termination of DNA
synthesis and induction of apoptosis) or should have different bystander
effects (free diffusion vs gap junction-mediated transfer). In this way, a syn-
ergistic effect can be achieved in the tumor cells, and the occurrence of
resistant cell populations might be limited. Such a “combination” suicide
gene therapy with HSV-TK and CD completely eliminated tumors, while
expression of the individual genes did not provide the same result (112).

Nevertheless, there is room for further improvement. The use of in vitro
protein evolution provides a way to obtain both more efficient activation
of prodrugs and better specificity for certain prodrugs. Numerous exam-
ples are available that demonstrate the power of this approach
(27,152,153). The prodrugs also can be redesigned to achieve better solu-
bility or stronger bystander effect or simply to create better substrates for
suicide enzymes. Finally, it will be useful to clarify ways in which differ-
ent suicide systems synergize with each other or with other treatments,
such as radiotherapy.

Cancer gene therapy based on suicide genes and nucleoanalogs will
probably never produce a “magic bullet” for all types of malignant dis-
eases. It is likely that single or combined gene therapy strategies in con-
junction with existing treatments will be needed to accomplish a complete
therapeutic effect. Nevertheless, the extraordinary progress witnessed in
all areas of gene therapy will contribute to the development of specific sui-
cide gene therapy applications and fully exploit the potential of this excit-
ing technology.
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17 3′-Deoxy-3′-Fluorothymidine
as a Tracer of Proliferation
in Positron Emission
Tomography
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SUMMARY

3′-Deoxy-3′-fluorothymidine (FLT), a thymidine analog, is a relative new
PET tracer for imaging proliferation. Thymidine is transported into the cell,
and after several phosphorylation steps, it will be incorporated into DNA.
FLT is transported into the cell by the same mechanism but is then trapped in
the cell after the first phosphorylation step. The cell cycle-dependent enzyme
TK1 is responsible for the first phosphorylation step of thymidine and FLT.
Consequently, FLT labeled with 18F is a PET tracer of TK1 activity, and as
such an indirect marker of DNA synthesizing activity and cell proliferation.
Potential applications of FLT are in detecting and staging tumors.

Key Words: 3′-Deoxy-3′-fluorothymidine; FLT; PET; positron emission
tomography; proliferation marker; thymidine kinase.
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1. INTRODUCTION

3′-Deoxy-3′-fluorothymidine (FLT; alovudine) belongs to the group of
3′-modified deoxynucleoside analogs (Fig. 1). The best-known compound
in this group is 3′-azido-3′-deoxythymidine (AZT), which is one of the
most widely used agents against human immunodeficiency virus (HIV)
(1–3). After phosphorylation by a thymidine kinase (TK) to a monophos-
phate, these compounds are further phosphorylated to a triphosphate, and
they may either be incorporated into DNA (3) or inhibit viral reverse tran-
scriptase. Incorporation into DNA leads to blockage of chain elongation
because of the lack of the hydroxyl group on the 3′ position, thereby
inhibiting viral replication.

Viral replication of HIV-1 is not completely suppressed by the deoxy-
nucleoside analogs. One of the problems is to maintain a sufficiently high
level at the site of action to inhibit viral replication. AZT is among the most
potent agents against HIV-1 replication. Long-term treatment with AZT,
however, is limited by its toxicity and development of drug resistance
(2–4). In the search for other active agents against HIV-1, 3′-fluoro-pyrim-
idine nucleoside analogs such as FLT have been developed. FLT proved to
be at least as active as AZT in vitro, and in clinical studies efficacy was
demonstrated (5). Clinical results for FLT treatment provided an estimate
of the therapeutic range in HIV-1-infected subjects. A narrow therapeutic
window between 100 and 200 ng·h/mL showed acceptable hematological
toxicity and antiretroviral activity.

Initially, FLT was labeled with 18F with the objective to be able to monitor
HIV infection. However, it was never used for this purpose (6). Many years
later, Shields et al. developed a method for [18F]FLT synthesis for imaging
tumor proliferation (7,8).

Positron emission tomography (PET) is an imaging technique based on
annihilation coincidence detection, which requires administration of a
positron emitter. In contrast to imaging techniques such as computed
tomography, magnetic resonance imaging, and ultrasound, which are pri-
marily used for anatomical imaging, PET is able to visualize and quantify
metabolic processes.

A positron emitter is a radionuclide that emits a positively charged
β-particle (called a positron) and a neutrino on conversion of a proton into
a neutron (p+ → n + β+ + v). The emitted positron will travel a distance of
a few millimeters, depending on its initial energy and the density of the
surrounding tissue. After losing its kinetic energy, the positron combines
with an electron. During this event, the masses of the two particles convert
into their energy equivalent according to E = mc2, resulting in the forma-
tion of two 511-KeV photons that are emitted simultaneously in opposite
directions. This process is called annihilation (Fig. 2). After administration
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of a positron-labeled molecule to a patient, its distribution can be moni-
tored by detection of the annihilation photon pairs. For this purpose, a PET
camera is used that consists of a ring of detectors placed around the body
of the patient. If, within a very short time, two photons are recorded by
opposing detectors, it is assumed that somewhere along the line between
the two detectors an annihilation event has taken place. This line is referred
to as the line of response and the simultaneous detection as a coincidence
event. From the information of all lines of response, the distribution of
radioactivity in the body can be reconstructed (9).

Important positron-emitting radionuclides are 18F, 11C, and 15O with
half-lives of 110, 20, and 2 min, respectively. These radionuclides can be
incorporated into virtually all biological elements, such as water and the
glucose analog fluorodeoxyglucose (FDG).

18FDG is the most commonly used PET tracer in oncology, with diag-
nostic, staging, and response monitoring applications (10,11). 18FDG is an
analog of glucose in which the hydroxyl on the C2-position has been
replaced by 18F (11). The pathway for FDG uptake is similar to that for
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glucose uptake. Both glucose and FDG are transported into the cell by glu-
cose transporters. In the cells, the enzyme hexokinase phosphorylates glu-
cose and FDG to glucose-6-phosphate and FDG-6-phosphate, respectively.
Glucose-6-phosphate is a substrate for the next enzyme in the glycolytic
pathway. In contrast, FDG-6-phosphate is not a substrate and consequently
will be trapped in the cell (Fig. 3).

Tissues with high glucose consumption also have high FDG uptake. In
1930, Warburg et al. (12) discovered that tumors are characterized by the
production of lactate (caused by glycolysis) despite the presence of suffi-
cient oxygen. Tumors demonstrate higher glucose consumption than nor-
mal tissues, and FDG PET has been used for tumor detection and staging
to obtain long-term prognostic information and to identify tumor response
to chemotherapy at an early phase of treatment (13). A disadvantage of
FDG PET is the uptake in other tissues with physiologically high glucose
consumption, such as brain, muscle, inflammatory tissue, macrophages,
and lymphocytes (14).

Therefore, other tracers have been developed. FLT is one of these tracers
as it is considered to be more specific for proliferation, another characteristic
for tumor tissue. Besides 18FLT, other tracers for imaging proliferation, such
as 11C-thymidine and 11C-choline, were developed. 11C-choline is incorpo-
rated in lipids of the cell membrane, and choline kinase, involved in cellular
choline uptake, is upregulated in tumor cells. However, conflicting results
have been reported concerning correlations between 11C-choline uptake
and proliferation (15,16).

11C-thymidine is incorporated in DNA and therefore is a direct marker
for DNA synthesis. Disadvantages of 11C-thymidine have been its rapid
catabolism and short half-life (20 min) (17).

2. 3′-DEOXY-3′-FLUOROTHYMIDINE

2.1. Synthesis
Currently, several methods have been described for the synthesis of FLT

starting from thymidine and bringing about [18F]FLT with a fluor atom at
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the 3′ position of the ribose (Fig. 1) (18,19). The most frequently used
method is that of Grierson and Shields (18), a two-step process starting with
thymidine and resulting in approx 500 MBq FLT within 2 h (Fig. 4). A more
simplified method is that of Machulla et al. (19). The precursor for the syn-
thesis is easily (commercially) available, and the average yield is 1.5 GBq.

2.2. Pathway
Thymidine can be transported into cells by two different pathways: the

salvage and the de novo pathways (Fig. 5). Pyrimidine precursors are
predominantly supplied via the salvage pathway (20,21). Exogenous
thymidine is transported from the blood into cells by facilitated diffusion.
Two different transporters for nucleosides, the ei (equilibrative protein
transporter insensitive to nitrobenzylmercaptopurine) and es (equilibrative
protein transporter sensitive to nitrobenzylmercaptopurine), control cellu-
lar influx and efflux [22,23]). Besides this facilitated transport, sodium-
dependent concentrative carriers also mediate influx of nucleosides. In
normal tissues, the latter type of transport is dominant, but in tumor cells,
the equilibrium transporters prevail, especially the es transporter (23).

Intracellular thymidine is phosphorylated by the cytosolic enzyme thymi-
dine kinase 1 (TK1). Other enzymes are responsible for the phosphorylation
of deoxythymidine monophosphate (dTMP) to deoxythymidine diphosphate
(dTDP) and deoxythymidine triphosphate (dTTP). Thymidine triphos-
phate is incorporated into DNA.

In the de novo pathway, small molecules are the basis for dTMP synthesis.
From glutamine and adenosine triphosphate (ATP), deoxyuridine monophos-
phate is formed in several steps, and thymidylate synthase (TS) methylates
deoxyuridine monophosphate to dTMP. Further phosphorylation steps take
place in the same pathway as in the salvage pathway. In rapidly growing
cells, high TS levels are found (24). In resting cells, there is a lack of de novo
synthesis (20).

After transport into the cell, FLT is phosphorylated by salvage pathway
enzymes. TK1 phosphorylates FLT to FLT monophosphate (Fig. 6), which
is negatively charged. Controversy exists about the further phosphorylation
steps of FLT monophosphate. In vitro research focused on HIV mainly
reported phosphorylation into FLT triphosphate (3,25), but [18F]FLT stud-
ies could not confirm this and instead described trapping of FLT
monophosphate (26). FLT monophosphate contributes most to the radioac-
tivity signal after FLT incubation, but a significant increase of phosphory-
lation into FLT triphosphate after 2 h of FLT incubation has been reported
(27).

Studies with 3H-FLT hardly showed incorporation into DNA (0.2% in
various cell lines). This would imply that FLT is not a direct marker for
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Fig. 4. Reaction steps in FLT synthesis. (Modified from ref. 18.)
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DNA synthesis (28). This was confirmed in vivo by uptake experiments of
18F-FLT in rats, with <2% DNA-incorporated activity (spleen and intestine)
(29). In bone marrow of dogs, low FLT incorporation also was demon-
strated (30).

2.3. Metabolism
Degradation of thymidine into thymine and deoxyribose-1-phosphate

occurs under the influence of the enzyme thymidine phosphorylase (TP).
However, FLT is resistant to catabolism by TP (28,31). In most species, no
metabolites of FLT, besides the nucleotide, can be demonstrated, with the
exception of glucuronidation of FLT in monkeys and in humans (30).

Several studies have been performed with respect to biodistribution and
pharmacokinetics of FLT in vitro and in animal models. As demonstrated in
a human B-cell line by high-performance liquid chromatographic (HPLC)
analysis of cell lysates, most of the radioactivity appeared as FLT monophos-
phate, and very little was parent FLT (32). In a subcutaneous xenograft tumor
model of this cell line, tumor tissue displayed a time-dependent accumula-
tion of FLT, reaching a maximum of 7.4% of the injected dose/gram at
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Fig. 5. De novo and salvage pathway.

Fig. 6. Structure of FLT monophosphate (8).
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60 min postinjection (pi). Highest FLT uptake in normal mouse tissues
measured at most 5% 15 min pi with fast washout thereafter, with the
exception of high uptake in the spleen (~threefold of tumor uptake with
comparable kinetics) (32).

In mice with fibrosarcoma tumors, the biodistribution of FDG and FLT
was compared. In blood, plasma, liver, kidneys, and small intestine, FLT
accumulation was higher compared with that of FDG, but was lower in
brain, spinal cord, heart, and muscle (33).

In another mouse tumor model for prostate cancer, fast clearance of FLT
from the circulation was shown; 5 min pi, 3.8% of the injected dose/gram
was present, but no comparison with FDG was performed (34). Highest
FLT uptake was shown 2 h pi as compared with normal tissues in this
model. Ex vivo determination of plasma and liver extracts showed that
96% and 90% of total activity in plasma and liver, respectively, was caused
by parent compound. A minor peak was seen in urine and in tumor tissue.
Further investigations of these products showed that, in tumor tissue, phos-
phorylated FLT could be demonstrated (33).

In non-tumor-bearing rats, at 80 min pi the highest FLT uptake was
observed in kidney and intestine; spleen uptake increased up to 2 h pi (29). In
the same study, the effect of cimetidine was investigated, leading to increased
uptake of FLT in these tissues. Radioactivity was excreted via urine, and
analysis of urine 80 min pi with and without cimetidine showed that 62% and
40%, respectively, was eliminated. From the HIV literature, it was known that
most unlabeled FLT administered in rats was excreted via urine, and no glu-
curonidated metabolites were ever detected in the urine (35).

Analysis of dogs’ urine and blood after FLT administration showed that
more than 95% of the total radioactivity in the urine was caused by intact
FLT (8). The major tissue sites for FLT accumulation were bone marrow,
kidneys, and bladder. In dogs, no glucuronidation of FLT has been observed
(30). Hardly any uptake was seen in the brain. A dog with soft tissue carci-
noma showed increased uptake in the rim of proliferative tumor but no
uptake in the central area of necrosis (30). HPLC analysis of the supernatant
of femoral marrow contained 22% unmetabolized FLT and 78% phosphory-
lated FLT. The HPLC conditions used could not separate mono-, di-, and
triphosphate.

Pharmacokinetic studies with unlabeled FLT in rhesus monkeys did
reveal glucuronidated metabolites in urine samples. A ratio of 1.45 of glu-
curonidated FLT/parent FLT was found 2 h pi (36). In another study in
monkeys with 3H-FLT, most FLT found in urine was parent compound
(40–60%), with 3–7% glucuronidated FLT and 3% unidentified activity
(8 and 48 h pi, respectively) (3). It is assumed that 18F-FLT and 3H-FLT
behave similarly in vivo, but this has never been examined.
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In human studies, glucuronidation could be expected, and in serum of
patients with lymphoma, urine HPLC analysis demonstrated an additional
peak with a shorter retention time than for FLT monophosphate, probably
caused by 5′-glucuronide of FLT (32). The parent compound made up 35%
of the total urinary activity. In the blood of these patients, no other radioac-
tive metabolites could be found up to 30 min pi. In contrast, HPLC chro-
matograms of arterial plasma of patients with colorectal cancer demonstrated
two polar metabolites eluted before the parent compound (parent FLT meas-
ured 55–80% of the total radioactivity 60 min pi). The concentration of these
metabolites increased from approx 4% at 5 min pi to 30% at 60 min pi (37).
At 60 min pi, 75% of radioactivity was parent FLT, and although the rate of
glucuronidation is relatively slow, FLT glucuronide should be measured and
taken into account for kinetic modeling (38).

In most human studies, increased FLT accumulation can be observed in
bone marrow, a tissue with a physiological high level of proliferation.
Higher uptake in liver, kidneys, and bladder, however, is a consequence of
metabolism and excretion (39,40).

Probenecid has been used to decrease metabolism of AZT and to prolong
its retention to improve imaging of the liver. Unfortunately, administration
of probenecid prior to FLT injection did not decrease FLT glucuronidation,
and no improvement of liver imaging was demonstrated (38).

2.4. Thymidine Kinases and the Cell Cycle
TK1 is one of the key cytosolic enzymes in the synthesis of DNA. This

enzyme catalyzes the transfer of a phosphate group from a nucleoside
triphosphate to the 5′-hydroxyl group of thymidine. Only thymidine and
deoxyuridine are substrates for TK1 (41). The favorable phosphate donor is
ATP. In the presence of ATP, TK1 is more stable and has a greater affinity
for the substrate (20). TK1 activity is high in proliferating cells. TK1 activ-
ity is low in the G0/G1 phase and increases during the S phase (Fig. 7.).
Some cells show high TK1 levels in the M phase. After cell division, the
level of TK1 drops again to the low levels in the G1/G0 phase (31). In malig-
nant tumor cells, no relation has been found between TK1 expression and
cell cycle phase (42). Hence, the activity of TK1 seems to be uncoupled with
DNA synthesis (28). Similarly, in a study of human and murine cell lines, it
was demonstrated that the uptake of 3H-thymidine was higher than that of
3H-FLT. Again, a strong correlation (0.41 < r2 < 0.96 for six different cell
lines) was found between cell proliferation and TK1 (13). In pancreatic can-
cer cell lines with overexpression of TK1 messenger RNA, TS expression
also was increased (24). The expression of TS showed a pattern comparable
with that of TK1, suggesting an increased capacity for utilization of thymi-
dine metabolites from both the salvage and the de novo pathways (24).
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Thymidine kinase 2 (TK2) is a mitochondrial enzyme. TK2 is hardly
able to phosphorylate FLT. The relative affinity of TK2 for FLT was less
than 0.01 compared with thymidine; for comparison, the affinity of purified
human TK1 for FLT measured 0.3 compared with thymidine (20). TK2 is
the only TK present in nondividing cells, and the activity of TK2 is not cell
cycle dependent. In dividing cells, only 1–5% of the TK activity is TK2
activity (43).

Considering species differences with respect to FLT uptake, it was
shown that rats had a 10-fold higher thymidine blood level than humans.
Because thymidine is a competing substrate for TK1, less accumulation of
FLT will be found in rats. Therefore, an FLT study in rats has to be
designed with care. One way to deal with the high levels of thymidine in
rat blood is the injection of TP prior to experimentation. Thymidine will be
degraded to deoxyribose-1-phosphate and thymine, leading to increased
uptake of FLT in tissue (44).

In 22 different tumor cell lines, uptake of 3H-FLT was analyzed with
respect to the number of individual cells in the S phase (Fig. 8). These cell
lines demonstrated predefined differences in cell proliferation genes (28).
Results showed a direct correlation between the percentage of cells in S phase
and FLT accumulation (r = 0.76, p < 0.0001), implying that FLT reflected
proliferation despite genetic differences between various cell lines (45).
The investigators also examined the uptake of arabinothymidine, a sub-
strate for TK2 (not correlated with S phase, r = 0.19, p = 0.39).

3. APPLICATIONS

3.1. Oncology
At present, FDG is the most widely used tracer in oncology for tumor

detection, staging, and response monitoring (10). A disadvantage of FDG
is its uptake in macrophages, lymphocytes, and inflammatory tissues.
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Tumor growth and DNA synthesis are attractive alternative targets for
imaging tumors (46). FLT is an indirect marker of DNA synthesis and pro-
liferation. Tumors usually are characterized by a high degree of prolifera-
tion, and therefore high FLT uptake can be expected.

Primary colorectal cancer and malignant soft tissue carcinomas were
detected with a sensitivity of 100% (26,47), but sensitivity was lower in
patients with bronchial carcinoma (48). For detecting laryngeal cancer,
equal sensitivities of 88% for FDG and FLT were obtained (49). Hardly
any uptake of FLT was seen in recurrent tumor (49).

In both lung and esophageal tumors, FLT uptake was higher in the squa-
mous cell type than in adenocarcinomas (50). Squamous cell carcinoma of
non-small cell lung cancer (NSCLC) is also more sensitive to chemotherapy,
indicating that FLT could be used as a prognostic marker in untreated
NSCLC (50). However, low sensitivity could result in false-negative scans
and understaging of patients (42).

Detection of tumors with FDG can result in false positive-findings
caused by FDG uptake in inflammatory tissue. FLT uptake in inflamma-
tory tissues was investigated by van Waarde et al. in an experimental rat
model and showed significant differences between tumor and inflamma-
tory tissue (44). Because of its lower sensitivity, FLT is not a substitute for
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Fig. 8. Uptake of 3H-FLT and arabinothymidine in various cell lines. (Modified
from ref. 45.)
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FDG in detecting well-differentiated pulmonary or slowly proliferating
tumors (46,48). Although FLT uptake in liver and bone metastases is
slightly higher than in surrounding tissues, detection of these metastases is
difficult because of the high uptake of FLT in these organs (50).

FLT has high potential for the detection of brain tumors based on low
uptake of FLT in normal brain caused by both low extraction and a low
proliferation index of normal brain cells (50,51). FLT appeared more sen-
sitive (100%) in identifying recurrent high-grade glioma than FDG (72%),
and FLT also better predicted tumor progression. Furthermore, significant
differences in FLT uptake were found between high-grade and low-grade
glioma. FDG showed the same results, but the tumor/nontumor ratio was
higher for FLT (3.54 for FLT vs 1.28 for FDG) (51,52).

Staging with FLT is possible in pulmonary nodules because FLT uptake
is observed only in malignant and not in benign tumors. It should be noted,
however, that FDG is more sensitive (53,54), and FLT is considered not
suitable for staging in NSCLC (55). In soft tissue carcinomas, FLT has the
potential to distinguish between low- (grade 1) or high- (grade 2 or higher)
grade soft tissue carcinomas, whereas FDG is not able to differentiate
between these grades (47).

3.2. Response Monitoring
FLT is an indirect marker of DNA synthesis activity, which can be a tar-

get for chemotherapy (28). Chemotherapeutic agents may affect DNA syn-
thesis in various ways. The chemotherapeutic drug 5-fluorouracil (5-FU) is
a de novo pathway inhibitor by inhibiting the enzyme TS (56). The de novo
pathway is also inhibited by the drug methotrexate (MTX) by depleting
nucleotide pools. Cisplatin (CCDP) does not interfere with this pathway but
binds to DNA and makes internal crosslinks or links with other DNA
strands, causing local denatured DNA. Within the cell, gemcitabine (GEM,
2′-2′-difluorodeoxycytidine) is converted into the 5′-triphosphate form
before it is incorporated into DNA, terminating strand elongation (56).

The effects of these four different chemotherapeutic agents on FLT
uptake were tested in vitro. Esophageal carcinoma cells were incubated
with different concentrations of the drugs. Cells treated with CCDP showed
S-phase arrest, and FLT uptake was decreased; after treatment with 5-FU
and MTX, the amount of FLT increased in the cells. Cells treated with
5-FU and MTX showed cell cycle arrest at the beginning of the S phase.
Both 5-FU and MTX are inhibiting the de novo pathway, causing cell cycle
arrest in the early S phase. The salvage pathway will compensate for inhi-
bition of the de novo pathway, and increased TK1 activity may be respon-
sible for increased accumulation of FLT (56). FLT uptake hardly changed
after gemcitabine treatment, probably because of the salvage pathway
activation (56).
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In mice, uptake of FLT in fibrosarcoma was lower after treatment with
5-FU (33) than in nontreated mice, in contrast to the in vitro results with
esophageal carcinoma cells (56). This decrease in FLT uptake was corre-
lated with decreases in tumor volume of 25% and 33%, at 24 and 48 h after
treatment, respectively (33). The 5-FU-induced reduction in tumor FLT
uptake was significantly more pronounced than that of FDG (33). The levels
of TK1 decreased 24 h after treatment with 5-FU, but at 48 h an increase
was observed, which is in contrast to the lower uptake of FLT observed at
48 h. The levels of the cofactor ATP were lower in 5-FU-treated tumors
than in control mice. The decrease in FLT uptake, combined with the
increased TK1 levels, at 48 h after treatment could be caused by a decreased
level of ATP (33). In mice bearing TK1 +/– cells in one flank and TK1 –/–
cells in the other flank, higher FLT uptake was shown in the TK1 +/–
tumor. This could be explained by the higher TK1 concentration of 48% in
the TK1 +/– tumor. ATP levels were the same in both types of tumor. Not
only TK1 expression is important in the uptake of FLT, but also the levels
of TK1 and the cofactor ATP are important (57).

An in vivo fibrosarcoma mouse model was also used to determine the
FLT uptake after CCDP treatment. In concordance with the 5-FU treatment,
FLT uptake decreased after CCDP treatment. Also, TK1 levels showed a
similar pattern as for 5-FU: a decrease after 24 h followed by an increase at
48 h and ATP levels decreased in time. In this model, FLT was superior to
FDG for imaging changes in proliferation associated with early response
after chemotherapy (58). For other anticancer drugs involved in cell cycle
control, a decrease in FLT uptake might actually be caused by the correspon-
ding decrease in TK1 levels (33).

Apart from chemotherapy, it may also be possible to use FLT for response
monitoring of other types of therapy. Mice with androgen-dependent
prostate tumor were treated with surgical castration or diethylstilbestrol,
and FLT uptake was determined. A decrease in FLT uptake was observed
2 and 3 wk after treatment. Diethylstilbestrol and castration ensured a
decrease in serum testosterone levels, and this will affect TK1 activity and
hence FLT uptake, making it suitable for response monitoring (34).

The use of protein kinase inhibitors in the treatment of solid tumors is
a promising form of targeted therapy. Mice with ErbB-overexpressing
A431 xenografts treated with an ErbB inhibitor showed a 79% decrease in
FLT tumor uptake during the first week of treatment. Histological evalua-
tion of cellular proliferation by staining for proliferating cell nuclear anti-
gen (PCNA) correlated with FLT uptake. FLT PET may become a valuable
test to determine clinically the effectiveness of ErbB kinase inhibitors (59).

In mice bearing a SCCVII tumor (squamous cell carcinoma), 18FLT and
3H-thymidine uptake (both markers for proliferation) decreased rapidly
after radiotherapy. In HeLa-bearing mice, the same result was observed
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after photodynamic therapy. A tendency for 18FLT uptake to increase 7 d
after radiotherapy indicated that the role of FLT as an indicator of tumor
regrowth is not clear (60).

Thus far, no patient studies have been published on response monitor-
ing after chemotherapy using FLT PET. At present, in our department a
response monitoring study is under way in patients with (locally) advanced
breast cancer to compare FDG and FLT before and after one course of
high-dose chemotherapy.

4. PET IMAGING

4.1. Imaging and Kinetic Model
Most studies used the standardized uptake value (SUV) to compare

uptake of FDG and FLT. SUV is a semiquantitative method and does not
take into account tracer kinetics (61). It is defined as the tissue concentra-
tion of tracer divided by the injected dose (40,62), normalized for patient
weight:

SUV = C/(ID/W)

where C is the tissue concentration (Bq/mL), ID is the injected dose (Bq),
and W is the patient weight (kg).

In theory, tracer uptake should reach a constant value to obtain correct
SUV measurements. For an irreversible tracer, this usually is not the case,
and therefore SUV will depend on the time between tracer injection and
PET scanning (62). This time difference may vary between studies; conse-
quently, comparing SUV values from different studies should be per-
formed with great care. More important, the error because no equilibrium
will be reached might be different before and after chemotherapy, thereby
complicating the interpretation of changes in SUV.

The calculation of SUV does take into account differences in patient
weight. If, however, uptake in fat is different from that in nonfatty tissues,
a simple correction for weight might not be optimal. For FDG, this has led
to alternative normalizations (i.e., for body surface area or lean body mass)
(62), although it is still not clear which normalization is best. This is cer-
tainly the case for FLT as data are lacking.

The SUVs for FLT and FDG were compared in colorectal cancer, soft
tissue carcinoma, pulmonary nodules, esophageal cancer, laryngeal cancer,
thoracic tumors, lung cancer, gliomas, and breast cancer. SUV values for
FLT were always lower than for FDG (26,47–51,53,63,64). In breast cancer,
it was found that, because of the very low FLT uptake in surrounding nor-
mal breast tissue, tumor contrast was comparable to that with FDG (63).
Because mediastinum demonstrated low FLT uptake, the tumor-to-medi-
astinum ratio was even higher than that of FDG, facilitating detection of
small tumor foci in this area (63).
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Because of low FLT background signal in normal tissue (i.e., low rate
of proliferation), tumors can be imaged with high contrast (50). Lower
contrast because of higher background levels has only been in liver (glu-
curonidation) and bone marrow (proliferating tissue).

FLT is a relatively new tracer, and a three-compartment model has been
proposed for its kinetics, analogous to the FDG model (Fig. 9). The rate con-
stant of the transport of FLT into tissue is described by K1; k2 represents out-
flow, and k3 describes the rate constant of phosphorylation of FLT into FLT
monophosphate. Dephosphorylation of FLT, represented by k4, is assumed to
be negligible during the time of a PET study (60 min in general). For inter-
preting FLT metabolism, estimation of k4 may be important, especially in
tumors, where therapy may have an effect on reutilization of nucleotides.
Elimination of k4 in lung tumor simulation leads to a bias of 30% in the KFLT
(flux constant for FLT from plasma into phosphorylated state in tissue),
which could mask a biological response to therapy. Simulations suggest that
longer imaging times (>60 min) reduce the bias and associated error in the
estimation of KFLT (65,66). In dogs, application of this three-compartment
model predicted that at 60 min pi 63% of total activity would be present as
phosphorylated FLT (because of chromatographic conditions, no differences
could be made between the various phosphorylated forms of FLT) and 37%
as free FLT. The measured values were 78% and 22%, respectively (30) and
consistent with the predicted values. In colorectal cancer patients, the same
kinetic model was applied (37). The quantitative behavior of FLT could be
characterized up to 60 min pi using a 3k model or Patlak analysis in combi-
nation with image-derived input functions (37).

4.2. Safety and Toxicity
FLT is a relatively new PET tracer and information about radiation-

related risks is useful. Information about toxicity is readily available from
acquired immunodeficiency syndrome research. For PET studies, FLT is
administered in tracer quantities. As these doses are orders of magnitude
lower than those given (as antiviral drug) in the treatment of HIV-positive
patients, there are no toxicity problems in PET (67). The biodistribution of
18F-FLT in patients with (suspected) lung cancer was used for estimating
the doses for different organs. The mean dose was the highest for the bladder.
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Voiding 2 h after injection, however, will decrease this dose (7.91*e–2

mGy/MBq) more than 50% instead of voiding only 6 h pi (1.79*e–1

mGy/MBq) (68). The mean organ doses for 18F-FLT are comparable with
those for 18F-FDG (68,69).

4.3. Biomarkers
In pathology, proliferation is often studied by the amount of Ki-67

staining, a nuclear antigen only expressed in the G1, G2, and S phases of the
cell cycle (70,71). It has also been indicated as a prognostic marker (71–74).

Ki-67 staining in solitary pulmonary nodules (75), glioma, and lung
cancer (40,50,51,53) was positive in all malignant tumor lesions, positively
correlating with FLT uptake. In benign tumors, proliferative activity as
indicated by Ki-67 staining was less than 5%, with no FLT uptake (75). In
contrast, in primary breast and esophageal cancer and thoracic tumors, no
correlation between FLT uptake and the amount of Ki-67 could be demon-
strated (50,63,64). This lack of correlation might be explained by the
known differences in tumor growth pattern of breast tumors compared with
lung cancer (63). Ki-67 levels were assessed in the proliferating part of the
esophageal cancer and compared with tumor SUV values. This compari-
son will influence outcome (64). For thoracic tumors, it might be caused
by the diversity of tumor types included in the study (50).

P53, a tumor suppressor protein, is involved at the checkpoint between
the G1 and S phases of the cell cycle (76). Cells with DNA damage, caused
by hypoxia, radiation, or chemotherapy (77), show a rapid increase of p53
levels (76). This results in G1 arrest or apoptosis (76,77). In cell lines, acti-
vation of p53 is involved in maintaining the common relationship between
TK1 activity and S phase by regulating TK1 activity. In human cancers,
often mutations of p53 are seen with subsequent deregulations of the cell
cycle. It also has been reported that, in the absence of p53, TK1 activity
and FLT uptake can remain high even when the fraction of cells in the
S phase is low (77). Another characteristic of tumors is the presence of
regions with low oxygen concentration because of hypoxia. FLT uptake in
these regions may be p53 dependent, resulting in lower tracer uptake (77).

5. SUMMARY AND CONCLUSIONS

FLT, a thymidine analog, is a relative new PET tracer for imaging pro-
liferation. Thymidine is transported into the cell, and after several phos-
phorylation steps, it will be incorporated into DNA. FLT is transported into
the cell by the same mechanism but is then trapped in the cell after the first
phosphorylation step. The cell cycle-dependent enzyme TK1 is responsi-
ble for the first phosphorylation step of thymidine and FLT. Consequently,
FLT labeled with 18F is a PET tracer of TK1 activity, and as such an indi-
rect marker of DNA synthesizing activity and cell proliferation.
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Potential applications of FLT are in detecting and staging tumors. At
present, in the reported studies the sensitivity of detecting tumors is com-
parable with FDG, although in general the uptake of FLT is lower than
that of FDG. A disadvantage of FLT is the difficulty of detecting liver
and bone metastases because of high physiological uptake in liver and
bone marrow. FLT has great potential in detecting brain metastases
because there is low physiological uptake in normal brain. An important
advantage of FLT over FDG is that it can discriminate between tumor
and inflammatory tissue.

Treatment with chemotherapeutic drugs such as 5-FU and CCDP
resulted in a change of FLT uptake both in vitro and in vivo. Experiments
in which physiological processes in animals are studied should be designed
with care. Knowledge of the specific animal used is of great importance to
interpret the results and extrapolate them to humans (78). At present, no
credible patient studies have been published on response monitoring after
chemotherapy. As a tracer of proliferation, however, FLT could become an
important tool for early response monitoring. At present, in our department
such a study is operational in breast cancer patients comparing FDG and
FLT before and after one course of high-dose chemotherapy. Furthermore,
a simultaneous dynamic FLT PET study in head-and-neck cancer patients
will give insight into the best kinetic model for analyzing quantitative
behavior of FLT.

Glucuronidated FLT is the only labeled metabolite found in monkeys
and humans. FLT is primarily excreted via the urine. Therefore, high phys-
iological uptake of FLT (or its metabolite) is seen in liver (glucuronidation),
bladder, and kidneys. In addition, high uptake is seen in bone marrow as a
result of the physiological high level of proliferation. The radiation dose for
different organs is comparable with that of 18F-FDG.

As a tracer of proliferation, FLT could be a more specific tumor marker
than FDG. Its potential for early response monitoring warrants further
studies.
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Acute myeloid leukemia, see AML
ACV, see Acyclovir
Acyclic nucleoside phosphonates, 375,
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Acyclovir, 96, 175, 370, 379
ADA, see Adenosine deaminase
Adefovir, 112, 113, 114, 115, 376
Adenosine deaminase, 218
Adenosine-triphosphate, 237
Adenovirus, 183
A. gambiae, see Anopheles gambiae
Alaninyl-d4TMP, 114
ALL, 36

clofarabine, 153
clofarabine pharmacokinetics, 160,

161–162

CML-BC, 161–162
AML, 36, 45, 153, 154

clofarabine, 160, 161–162
clofarabine pharmacokinetics, 161–
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Annihilation. See Positron emission

tomography
Anopheles gambiae, 418
Anthracyclines, 110
Anti-HBV, 181, 182
Anti-leukemic activity, 129

high dose ara-C, 123, 131–134
standard dose ara-C, 122–131

Antiviral agents, 354
Apoptosis, 217, 218, 238–242, 301, 305,
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adenosine analogs, 65–67
dGK, 65

Arabinose, 186
Ara-C, 20, 30, 35, 42, 96, 113, 154, 165,

226, 228, 230, 233, 234, 256,
336, 408, 413, 414, 417

ara-CTP, 165, 234
cell death pathways, 126, 127
dCK, 123, 124
DNA incorporation, 125
DNA polymerases, 125
drug degradation 124, 125

cytidine deaminase, 124, 125
elimination of, 165, 234
intracellular signaling, 126
mediated cytotoxicity, 125
metabolism, 121, 122
phosphorylation, 123
retention, 125
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S-phase, 126
structure, 121
triphosphate, 165
transport, 122, 123

hENT1, 122
MRPs, 123

accumulation, 125
Ara-CTP, see Ara-C
Ara-G, see Nelarabine
ATP, see Adenosine-triphosphate
ATP-binding cassette, see ABC

transporters
Azidothymidine, see Zidovudine
AZT, see Zidovudine

B

(E)-5-(2-bromovinyl)-2'-deoxyuridine,
96, 370, 381, 415, 416

Base, 112, 113
Bax, 239, 241
Bax/Bcl-2 ratio, 241
B-cells, 216–218
BCH, see Troxacitabine
Bcl-X(L), 241
Bile salt export protein, 110
Bilirubin, 111
Biodistribution, 447
Biological parameters, 410

activation, degree of, 410
activation, potential of, 410

Biomarker, 456
Ki-67, 456
p53, 456

Bladder cancer, 226
cisplatin, 268
gemcitabine, 255, 268
paclitaxel, 268

B-lymphoblast cells, 215, 216
raji, 217

B. mori, see Bombyx mori
Bombyx mori, 418
Breast cancer, 269

anthracycline, 269, 270
cisplatin, 271

doxorubicin, 270
gemcitabine, 255, 269, 270, 272
taxanes, 270, 272
trastuzumab, 271, 272
vinorelbine, 269, 270

Breast cancer resistance protein, 111, 112
Brivudin, 369, 381
Bromodeoxyuridine, 292–296, 297, 313

base excision repair, 295
cervical carcinoma, 296
gliomas, 294, 296
mismatch repair, 294
regional therapy, 296

BvdU, see (E)-5-(2-bromovinyl)-2'-
deoxyuridine

Bystander effect, 412, 425, 427
α-glycyrhetinic acid, 425
connexin gene, 426
gap junctions, 425, 426
histone deacetylase, 426

C

2-Chloro-2'-deoxyadenosine, 30, 41, 96,
113–115, 153, 154, 220,
221, 407, 414, 417

metabolism, 157
structure, 155
triphosphate, 155, 157, 158, 163

Cancer, see Oncology
Capecitabine, 301
Carboplatin, 242
Carbovir, 370, 371
Caspases, 240, 241

caspase 3, 240, 241
caspase 8, 240, 241
caspase 9, 240
inhibitor of, 240
mitochondria dependent cascade, 240

Catabolism, 216
cccDNA, 187, 190–191
CCRF-CEM leukemia model, 96, 156–

159, 206, 217
CEM-resistant, 96, 112, 113

CD, see Cytosine deaminase
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CDA, see Deoxycytidine deaminase
CdA, see 2-Chloro2'-deoxyadenosine
Cell cycle, 292, 300, 304, 308, 310, 311,

312, 313, 449
checkpoints, 312

p53, see Biomarkers
Cell death, 215, 217
Cell differentiation, 36
Cell membrane,

concentrative nucleoside transporter,
227

equilibrative nucleoside
transporter, 227, 228

nucleoside transport, 227, 228, 243
CEM, see CCRF-CEM
Chlorpromazine, 34
Cidofovir, 175
Cimetidine, 449
Cisplatin, 242, 261, 266, 452, 453

DNA adducts, 261
platina adduct formation, 242
repair, 242

Chemotherapy,
5-FU, 453
cimetidine, 448
cisplatin, 452, 453
gemcitabine, 452
methotrexate, 452
response monitoring, see Response

monitoring
Cladribine, see 2-Chloro-2'-

deoxyadenosine
Clevudine, 176, 181, 184, 186, 187
Clinical pharmacology, 128

pharmacokinetics, 128
toxicity, 128, 129

CLL, 154, 164
cells in vitro, 157
xenografts, 159

Clofarabine, 153-171
anabolism, 156
apoptosis, 158
biochemical modulation, 164-165
catabolism, 156

clinical, 159–166
combination, 164-165
correlates with response, 163, 164
incorporation DNA, 157, 161
incorporation RNA, 157
inhibition DNA repair, 165
mechanism of action, 157
mitochondria, 159
monophosphate, 156
oral bioavailability, 159
pediatric leukemia, 166
pharmacokinetics, 160–161, 162
pharmacodynamics, 160–161
phase I study, 160, 166
phase II study, 161, 166
phosphorylation, 156
preclinical, 159
synthesis, 154
structure, 155
triphosphate, 157, 158, 159, 161,

162, 164
CML, 161, 162
CNT, 31, 134, 256, 406

activity, 16, 17, 19
coexpression, 15, 16
cloning, 4
expression 4, 10, 14–17, 19–21
hCNT1, 4, 5, 10, 11, 13, 14, 19
hCNT2, 4, 10, 16, 19
hCNT3, 4, 10, 13, 14
ligands (e.g., inhibition)

dipyridamole, 10, 18
NBMPR, 4, 18
NBTI, 4, 10, 6, 19

mRNA, 19, 2
polymorphisms, 13, 14
profile, 11, 12
profiling, 20, 21
rCNT (1-2), 15

activity, 16, 17, 19
structure, 12
substrate selectivity, 1, 11–13, 18
tissue distribution, 15

Collateral-sensitivity, 226, 233, 234
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Combination therapy, 183, 187, 190
FLAG, 136, 138
growth factors, 135
modulation, 134, 138
purine analogs, 135

Combivir®, 182
Concentrative nucleoside transporters,

see CNT
cPr-PMEDAP 113
Cross-resistance, 226, 230, 233, 237
CTP, see Cytidine-triphosphate
CTP-synthetase, see Cytidine-

triphosphate synthetase
Cx, see Connexin
Cyclic adenosine 5'-monophosphate,

114
Cyclic guanosine 5'-monophosphate,

114
Cyclic nucleotides, 114
Cyclin-dependent kinases, 19
CycloSal-concept, 353–401
Cytarabine, see ara-C
Cytidine analogs, 200
Cytidine deaminase, see Deoxycytidine

deaminase
Cytidine-triphosphate, 235, 237

incorporation into RNA, 235, 237
Cytidine-triphosphate synthetase, 234,

235, 237
Cytomegalovirus, 175, 183
Cytosar, see ara-C
Cytosine arabinoside, see ara-C
Cytosolic thymidine kinase, see

Thymidine kinase 1
Cytoxan, 165

D

2'-Deoxynucleosides, 184
2'-Deoxy-3'-thiacytidine, see

Lamivudine
2', 2'-Difluorodeoxycytidine, see

Gemcitabine
2'-2'-Difluorodeoxyguanosine, 220, 221

2'- 2'-Difluorodeoxyuridine, 229, 230,
233, 235

phase I studies, 258
pharmacokinetics, 259, 260
resistance, 258

2', 3'-Dideoxycytidine, see Zalcitabine
2', 3'-Dideoxyinosine, 96, 220
2', 3'-Dihydro-3´-deoxythymidine, 220
3'-Deoxy-3'-fluorothymidine, see FLT
5'-Deoxy-5-fluorouridine, 408, 422, 423
5'-DFUR, see 5'-Deoxy-5-fluorouridine
5-Fluorodeoxyuridine, 297–301, 313

cell cycle, role in radiosensitization,
300

regional infusion, 301
d4A, 369, 370
d4T, see Stavudine
dATP, see Deoxyadenosine-

triphosphate
dCDA, see Deoxycytidine deaminase
dCDP-choline, 34
dCDP-ethanolamine, 34
dCDP-diacylglycerol, 34
dCK, see Deoxycytidine kinase
dCK/dCDA activity ratio, 233
dCK/TK2 activity ratio, 230
dCMP-deaminase, see Deoxycytidylate

deaminase
dCTP, see Deoxycytidine-

triphosphate
ddA, see Dideoxyadenosine
ddC, see Zalcitabine
Ddl, see Didanosine
Decitabine, 154
Delivery vehicle, see Vector
De novo biosynthesis pathways, 32
Deoxyadenosine analogs, 154

mechanism of action, 158
metabolism, 157
structure, 155

Deoxyadenosine-triphosphate, 235
Deoxycoformycin, 114, 115
Deoxycytidine, 33, 226, 227, 229, 230,

233
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Deoxycytidine deaminase, 33, 99, 193,
200, 206, 208, 229, 233,
243, 259

gene transfection, 233, 243
inhibitor, 233
metabolism, 157
structure, 155
triphosphate, 155, 157, 158, 163

Deoxycytidine kinase, 31, 41, 60, 96,
155–156, 179, 180, 183,
186, 190 192, 215, 216, 218,
219, 221, 256, 258, 228–
230, 234, 235, 237, 241,
243, 256, 258

activity, 230, 235, 237, 241, 243
chromosomal localization, 56, 61
clofarabine, 156, 157
deficiency, 230, 234
enantiometric form, 42
expression, 34, 230
feed back inhibitors, 35, 43
gene transfection, 230, 243
increase, 37
kinetic properties, 42, 56, 60, 61
nucleoside analog specificity, 65–67,

69
phosphate donors, 60
phylogenetic relationship, 60
posttranslational regulation, 61
random bi-bi, 43
recombinant mutants, 43, 44
subcellular localization, 61
substrate specificity, 41, 215, 216,

218, 219, 221
Deoxycytidine-triphosphate, 31, 33, 35,

41, 230, 234, 235
functional compartmentalization, 32,

40, 87
Deoxycytidylate, 179
Deoxycytidylate deaminase, 33, 230,

233, 234
inhibition, 233, 234
lack of, 88

Deoxyguanosine, 33

Deoxyguanosine kinase, 31, 215, 216,
218–221, 413, 414, 418

apoptosis, 65
chromosomal localization, 56, 64
kinetic properties, 56, 64, 65
mitochondrial DNA depletion

syndrome, 65
nucleoside analog specificity, 65–67,

70
phylogenetic relationship, 60
subcellular localization, 64

Deoxynucleoside kinases, 33
Deoxynucleoside triphosphate, see

Deoxyribonucleoside
triphosphate

Deoxyribonucleic acid, see DNA
Deoxyribonucleoside triphosphate, 31,

87–89, 180, 294, 295, 296,
301, 305, 308, 309, 311, 313

catabolism, 88
pools, 87–89

compartmentalization, 89
differential regulation, 87
imbalance of, 87
maintenance of, 87
role in DNA synthesis and repair,

87
synthesis, 87

de novo pathway, 87
salvage pathway, 87

Deoxyuridine-monophosphate, 235
dFdC, see Gemcitabine
dFdCDP, see Difluorodeoxycytidine-

diphosphate
dFdCMP, see Difluorodeoxycytidine-

monophosphate
dFdCTP, see Difluorodeoxycytidine-

triphosphate
dFdG, see 2'-2'-Difluorodeoxyguanosine
dFdU, see 2', 2'-Difluorodeoxyuridine
dFdUMP, see Difluorodeoxyuridine-

monophosphate
dFMAU, see Clevudine
D-Galactose, 177
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dGK, see Deoxyguanosine kinase
Didanosine, 113, 183
Didehydro-3'-deoxythymidine, see

Stavudine
Dideoxyadenosine, 113, 369, 370
Difluorodeoxycytidine-diphosphate,

228, 235, 237
Difluorodeoxycytidine-monophosphate,

228, 230, 233
Difluorodeoxycytidine-triphosphate,

228, 233–235, 237–239,
242, 243

accumulation, 233, 234, 242, 243
elimination, 233, 234
incorporation into DNA, 233, 235, 238
incorporation into RNA, 234, 235,

237–239, 242
retention, 234, 243

Difluorodeoxyuridine-monophosphate,
230, 233, 235

Dioxolane nucleosides, 191, 192
D-Mannose, 177, 191
Dm-dNK, see Drosophila melanogaster

deoxynucleoside kinase
DNA, 226, 228, 233, 235, 238, 239,

242, 256, 442, 447, 449
base excision repair, 295
damage, 40
DNA-dependent protein kinase, 233,

239
DNA-PK, see DNA-dependent

protein kinase
double strand breaks (dsb), 294, 295,

296, 300, 305, 308
exonuclease activity, 233, 238
incorporation, 218, 220, 222

mitochondrial, 218, 220–222
nuclear, 218

inhibition by repair, 165
masked chain termination, 233,

238
mismatch repair, 238
polymerase, 158, 161, 256, 258

inhibition by clofarabine, 161

polymerase-β, 180, 183, 189, 192
polymerization of, 233, 238
repair, 40, 41, 233, 235, 238
strandbreaks, 238, 242
supply of DNA precursors, 33
synthesis, 157, 235, 239

dNTP, see Deoxyribonucleoside
triphosphate

Docetaxel, 242
Down syndrome, 34, 36
dPyd, seeThymidine kinase 2
Drosophila melanogaster

deoxynucleoside kinase, 55,
415–418

active site, 58
evolutionary origin, 55–60
crystal structure, 58
phylogenetic relationship, 60

dThy, see Thymidine
dUMP, see Deoxyuridine-

monophosphate

E

EBV, see Epstein-Barr virus
E. coli, see Escherichia coli
Emtricitabine, 176,177, 181–183,

192
Enantiometric forms, 12
ENT, 31, 256, 406

activity, 16,17, 19
cloning, 4
coexpression, 15, 16
expression, 4, 14–17, 19–21
hENT1, 10, 13, 14, 19
hENT2, 10, 13
hENT3, 4, 10
hENT4, 4, 10
ligands (e.g., inhibition)

dipyridamole, 10, 18
NBTI, 4, 10, 16, 19
NBMPR, 4, 18

mRNA, 16, 19, 20
polymorphisms, 13, 14
profile, 11, 12
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structure, 12
substrate specificity, 1, 3, 11
transport mechanism, 3

Epstein-Barr virus, 177, 183, 186
Equilibrative nucleoside transporter, see

ENT
Escherichia coli, 409, 411, 412, 418,

420, 424
Esophageal cancer, 269
Etoposide, 96, 242
Ex vivo models

gemcitabine, 257, 261, 262

F

2-F-Ade, see 2-Fluoroadenine
2-Fluoroadenine, 418, 419
2-Fluoroadenine arabinoside, see

Fludarabine
2-Fluoro-9-β-D-arabinofuranosyl-

adenine, see Fludarabine
5-FC, see 5-Fluorocytosine
5-F-2'-dU, see 5-Fluorodeoxyuridine
5-F-dU, see 5-Fluorodeoxyuridine
5-Fluorocytosine, 410, 411, 413, 417,

229, 423
5-Fluorodeoxyuridine, 114, 115, 297–

301, 313, 370, 373
cell cycle, role in radiosensitization,

300
regional infusion, 301

5-Fluoro-2'-deoxyuridine, see 5-
Fluorodeoxyuridine

5-Fluoro-2'-
deoxyuridinemonophosphate,
113, 114

5-Fluorouracil, 113, 114, 115, 241, 267,
297–301, 311, 408, 412,
413,  418, 419, 453

cell cycle, role in radiosensitization,
300

metabolism, 297–299
regional infusion, 301

5-FU, see 5-Fluorouracil
F-AraA, see Fludarabine

FAS, transmembrane receptor, 240
F-ddA, 369, 370
FDG, 443, 444, 457

glucose transporter, 443, 444
glycolysis, 443
hexokinase, 443, 444
inflammation, 444

FIAU, see 1-(2-Deoxy-2-fluoro-β-D-
arabinofuranosyl)-5-
iodouracil

FLT, 175, 177, 180, 186-189, 192, 442,
443, 445-457

HIV, 442
phosphorylation, 445, 446
probenecid, 449
proliferation, 442, 444, 447
synthesis, 445
toxicity, 442, 455
transporters, 445, 448

Fludarabine, 19, 20, 41, 96, 100, 119,
307, 309, 342, 344, 407,
413, 414

cell cycle, role in radiosensitization,
308

head and neck cancer, 309
metabolism, 157, 308
structure, 155
triphosphate, 155, 157, 158  163

Fludarabine phosphate, see Fludarabine
Fluoroadenosine, 11, 19, 20, 41, 119,

153, 154, 306, 307, 407,
413, 414

Fluorodeoxyglucose, see FDG
Fluoromethylenedeoxycytidine, 309,

310
cell cycle, role in radiosensitization,

310
metabolism, 309

FTC, see Emtricitabine

G

Gamma-irradiatation, 39, 40
Ganciclovir, 96, 112, 113, 408, 410,

415, 419, 420, 422, 427, 428



470 Index

Gastric cancer, 269
cisplatin, 269
gemcitabine, 269

GCV, see Ganciclovir
Gemcitabine, 30, 41, 96, 113, 154, 225–

243, 302–307, 313, 408,
413, 415, 452

apoptosis, 305
cell cycle, role in radiosensitization,

303
head-and-neck cancer, 306, 307
metabolism, 302
mismatch repair, 304, 305
non-small cell lung cancer, 306
P53, 303
pancreatic cancer, 306
pharmacokinetics, 259, 260
Phase I studies, 259
phosphorylation, 228–233
predicting response, 237, 243
radiosensitizer, 242, 302
resistance, 226, 228, 230, 233–235,

237, 241, 258
acquired, 226, 228, 230, 233–235,

237, 241
inherent, 226, 233, 241

ribonucleotide reductase, 302
self-potentiation, 226, 230, 234, 235
single agent in solid tumors, 255
toxicity, 261

Gemcitabine combinations, 226, 261,
264, 265, 267

anthracyclines, 269, 274
carboplatin, 275
cisplatin, 261, 266, 268, 269, 271,

274
docetaxel, 260, 263, 270
etoposide, 263
gefinitib, 265, 266
oxaliplatin, 263, 266
paclitaxel, 262, 266, 274, 275
pemetrexed, 263
radiosensitization, 263, 268
topotecan, 274

trastuzumab, 271, 272
vinorelbine, 269

Gemcitabine triphosphate, 259, 260,
262, 263

Gemzar, see Gemcitabine
Gene delivery, 427–429
Gene targeting, 404, 427–429
Gene therapy, 243
Gliostatin, see Thymidine

phosphorylase
Glucuronide, 111, 114
Glutathione, 111

H

HBV, see Hepatitis B virus
HBV DNA polymerase, 181
HCL, 154
Hep2, 159
Hepatitis B virus, 175, 177, 180, 181,

183,184, 186–188, 190,
192

HepG2 liver tumor model, 206
Hematologic malignancies, 215, 217–

219, 222
B-chronic lymphocytic leukemia,

217, 218
T-cell acute lymphoblastic leukemia,

215, 218, 219, 222
T-cell acute lymphoblastic

lymphoma, 215, 222
Herpes simplex, 175, 183
Herpes simplex virus, 183, 410, 420
Herpes simplex virus thymidine kinase,

10, 410, 415, 417, 418, 420,
422, 423, 425

HIV reverse transcriptase, 180, 186–
189, 192, 442, 442

HIV-1 RT, see HIV reverse
transcriptase

HL60 leukemia model, 96, 206, 207
HSV, see Herpes simplex virus
HSV-TK, see Herpes simplex virus

thymidine kinase
Human cytomegalovirus, 183
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Human tumor xenograft models, see
also specific models

antitumor evaluation troxacitabine,
203, 206, 207

Human xenograft, 159
Hydroxylated bile salts, 114
Hydroxyurea, 292, 304, 310–312

cell cycle, role in radiosensitization,
311

glioblastoma, 312
head-and-neck cancer, 312

I

Idoxuridine, see Iododeoxyuridine
Imaging, see Positron Emission

Tomography
Immune-mediated bystander effect, 427
Indinavir, 182
Influenza, 183
Insect kinase, see Drosophila

melanogaster
deoxynucleoside kinase

Interferon-γ (IF-γ), 16
Intracellular Ca2+ levels, 39
Iododeoxyuridine, 175, 292–298, 314

base excision repair, 295
with hydroxyrea, 311
mismatch repair, 294

K

K562, 96, 157–159
Kinetic modeling, 454, 455

quantification, 454
standard uptake value, 454, 455
three-compartment model, 454, 455

Kinetic parameters, 408–410
K-cat-, 409
K-m, 408–410, 412, 413, 415
Vmax, , 408, 409

Kinetic studies, 14

L

L-2'-Deoxyadenosine, 183, 184
L-2'-Deoxycytidine, 183

L-2'-Fd4C, 177, 187
L-2'-Fd4FC, 187
L-526M, 181
L-d4FC, 177, 188–191
Lamivudine, 30, 41, 99, 112, 115,

175–178, 180–183, 192
193, 408

L-Arabinose, 188
L-d4T, 188
L-dA, see L-2'-Deoxyadenosine
L-dC, see L-2'-Deoxycytidine
L-dCTP, 183
L-ddC, see Zalcitabine
L-ddFC, 189
L-dT, see L-thymidine
L-dTTP, 183
Leukemia, 36, 45
L-FMAU, see Clevudine
L-Glucose, 178, 192
LID region, 43
L-I-OddU, 177, 191
Liponucleotides, 34
L-nucleosides, 41
“Lock-in”-concept, 390
L-OddC,  see Troxacitabine
L-Thymidine, 176, 183, 184
Lymphoid cells, 34, 35
Lymphoma, 154

deoxyadenosine analogs, 154
indolent, 154
mechanism of action, 158
metabolism, 157
structure, 155

L-Xylose, 186

M

6-MeP, see Methyl purine
6-Mercaptopurine, 113, 418, 419
M184V, 182, 188
M184V-I mutation, 180
MAPK, see Mitogen-activated protein

kinase
MAP kinase inhibitors, 19
Masked chain termination, see DNA
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MDR, see Multiple drug resistance
MDS

clofarabine, 161
Measles, 183
Mechanisms of action and resistance,

121
Metabolic stress, 30, 37
Metabolic stress signals, 37
Metabolism, 447–449

glucuronidation, 447, 448
urine, 448

Methotrexate, 452
Methyl purine, 418, 419
Microarray expression profiling, 237
Mismatch repair, 294, 305, 306, 313
Mitochondria, 240

adenylate kinase, 112
damage, 240
membrane potential, 240

Mitochondrial deoxyguanosine kinase,
see Deoxyguanosine kinase

Mitochondrial DNA, 189
Mitochondrial DNA depletion

syndrome, 64, 65
dGK, 65
TK2, 64

Mitochondrial thymidine kinase, see
Thymidine kinase 2

Mitogen-activated protein kinase, 240
inhibition, 240
MAPK-caspase signaling pathway,

240
p38 MAPK, 240

MMR, see Mismatch repair
Molt-4, 156
MRP, 111, 112, 227, 228

MRP1, 111
MRP2, 111
MRP4, 111–115
MRP5, 111–115
MRP8, 111, 114, 115
MRP9, 111, 114, 115
resistant cell lines in tumor models,

207

Multidrug resistance
MDR1, 110, 112
Mdr1a, 110
Mdr1b, 110
MDR3, 110

Multidrug resistance protein, see MRP
Murine leukemia models, see HL60

leukemia model, CCRF-
CEM leukemia model

Murine tumor models, 159
yc, 241

Myeloblast cells, 217
ML-1, 217

N

5'-NT, see 5'-Nucleotidases
5'-Nucleotidases, 81–100, 229, 230,

233
catalytic mechanism, 91
catalytic sequence motifs, 90

gene transfection 233
drug targets, 100
localization, 91–95

cytosolic, 92–95
cytosolic 5'-NT IA (cN-IA), 92
cytosolic 5'-NT IB (cN-IB), 92
cytosolic 5'-NT II (cN-II), 93
cytosolic 5'-NT III (cN-III), 93, 94
cytosolic 5' (3')-Deoxy-

ribonucleotidase, 94, 95
extracellular, ecto-5'-NT, 92
mitochondrial 5' (3')-Deoxy-

ribonucleotidase, 94, 95
metabolism, 96
nucleoside analogs, 95
resistance, 97–100
substrate specificity, 91

Na+, 3, 4, 10, 11
Nelarabine, 215–222

nelarabine triphosphate, 163
Nelfinavir, 182
NF-κB, see Nuclear factor-κB
NONMEM guidelines, 351, 352
NONMEM tasks, 333, 334
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Non-small cell lung cancer, 226, 254,
255

cisplatin, 262, 264
gefitinib, 265
gemcitabine, 254, 255
gemcitabine combinations, 262, 267
irinotecan, 263, 264
paclitaxel, 262, 264, 266
vinorelbine, 264

NSCLC, see Non-small cell lung cancer
NT, nucleoside transporter, see CNT

and ENT
Nuclear factor-κB, 240

inhibition of, 240
Nucleobases, 406
Nucleoside, 1, 2, 112, 113, 406

derived drugs, 3
protein mediated uptake, 3
recycling, 2
salvage, 2, 3, 16
translocation, 3
transporters, 4

Nucleoside analogs, 111, 112, 114, 354,
404, 405, 408

resistance, 44, 221, 222
toxic treatment, 40
triphosphate elimination, 157, 163

Nucleoside-diphosphate, 112
Nucleoside diphosphate kinases, 179
Nucleoside-monophosphate, 112
Nucleoside transporter, see ENT, CNT
Nucleoside-triphosphate, 112
Nucleotidase, 259
Nucleotide, 2, 113, 354

biosynthetic pathway, 2
metabolism, 17, 22

Nucleotide delivery, 353

O

Oncology, 451, 452
metastasis, 451
staging, 443, 452
tumor detection, 444, 452

Organic anion transporters, 111

Ovarian cancer
carboplatin, 275
cisplatin, 273, 274
doxorubicin, 274
gemcitabine, 255
taxanes, 274
topotecan, 274

P

P53, 40, 233, 239–241, 299, 303, 313
mutant, 240
wild-type, 233, 239, 240

Paclitaxel, 110, 242, 264, 266
Pancreas cancer, 226

5-fluorouracil, 267
cisplatin, 267
docetaxel, 167
gemcitabine, 254, 255, 259, 267
gemcitabine combinations, 262,

267
radiation, 268

Pancreatic tumor models, 206
Parainfluenza, 183
Pathway, 445, 447, 450

de novo pathway, 445, 447, 452
salvage pathway, 445, 447, 452

Penciclovir, 175
PET, see Positron emission tomography
P-Glycoproteins, 110, 111, 112
Phosphatidylcholine transporters, 110
Phosphorylation, 215, 216, 220, 221
Platelet-derived endothelial cell growth

factor, see Thymidine
phosphorylase

PMEA, see Adefovir
PMEDAP, 113
PMEG, 113
PMPA, 376
PNP-deficiency, see Purine nucleoside

phosphorylase
Poly (APD-ribose) polymerase, 240
Polymerase, 189

polymerase-α, see DNA polymerase
polymerase-β,  see DNA polymerase
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polymerase-γ, see DNA polymerase
polymerase-ε, see DNA polymerase

Population PK analyses
cytosine arabinoside, 336

PK model I, 336, 337
PK model II, 337, 338, 341

fludarabine phosphate, 342-344
population PK models, 344–348

uracil arabinoside, 341
PK Model II, 341

Positron, see Positron emission
tomography

Positron emission tomography, 442, 443
annihilation, 443
coincidence detection, 442

imaging, 442, 454
line of response, 444

photon, 442, 443
positron, 442, 443

Prodrugs, 139, 353, 356, 406–408
Proliferation, 442, 444, 448

choline, 444
Pronucleotides, 355
Prostaglandines, 114
Prostate tumor models, 203
Protease inhibitors, 182
Protein kinase C, 37, 239
Purine nucleoside phosphorylase,

155,156, 216, 218

Q

Quantification, see Kinetic modeling

R

Radionuclide, 442, 443
Radiation enhancement ratio, 292
Rapamycin, 19
Ras, 241

K-ras, 241
Regional infusion, 293, 297, 300, 301
Respiratory syncytial virus, 183
Response monitoring, 443, 452, 453
Reverse transcriptase, 180
Rhinovirus, 183

Ribonucleic acid, see RNA
Ribonucleotide reductase, 16, 17, 19, 39,

155, 158, 234, 235, 237, 238,
243, 256, 258, 259, 295, 298,
302, 303, 308, 309, 311

hydroxyurea, 237
increased activity, 235, 237
inhibition, 87, 234, 235, 238
inhibition by clofarabine, 161
M1 subunit, 237
M2 subunit, 237
overexpression, 237

Ritonavir, 182
RNA, 234, 237, 239, 241

antisense RNA, 241
small interfering RNA, 237
synthesis of, 234

RNR, see Ribonucleotide reductase
RT, see Reverse Transcripase
RtL180M, 180
RtM204V-I, 180
RtM204V-mutated, 181

S

Saccharomyces cerevisiae, 411
Second messenger pathways, 239
Self-potentiation, see Gemcitabine
Sensitizer enhancement ratio, 292
So324, 114
Sodium ion, see Na+

Solid tumors
clofarabine clinical Phase II, 164

Standard uptake value, see Kinetic
modeling

Stavudine, 99, 112–114, 175, 183, 188,
354, 355, 362, 408

Steroid-glucuronides, 114
Steroid-sulfates, 114
Suicide genes, 408–427

human origin
deoxycytidine kinase, 408, 413–415
thymidine phosphorylase, 408,

422–424
non-mammalian origin
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cytosine deaminase, 408, 410–
412, 423, 424, 429

multisubstrate deoxynucleoside
kinase, 408

purine nucleoside phosphorylase,
408, 418

thymidine kinase, 408, 413, 420
xanthine-guanine phosphoribosyl

transferase, 408, 424
Suicide gene system, 405–427
Suicide gene therapy, 403–430
Sulfate, 111
Synergistic interaction, 237, 242
Synthesis, 178, 184, 188, 191

T

3TC, see Lamivudine
6-TG, see 6-Thioguanine
6-Thioguanine, 424
6-Thiopurines, 424
6-Thioxanthine, 424
6-TX, see 6-Thioxanthine
Taxanes, 120
Taxol, see Paclitaxel
Taxotere, see Docetaxel
T-cells, 216, 218
T-cell lymphopenia, 216
Telbivudine, 183
Tenofivir isoproxil, 175
Thioguanine, 113–115
Thiopurines, 112
Thymidine, 191, 444, 446, 450

degradation, see Thymidine
phosphorylase

phosphorylation, see Thymidine
kinase

Thymidine kinase 1, 61, 112, 220, 229,
442, 447, 449, 452, 455, 456

activity in cancer cells, 62
cell cycle, 449
cell cycle regulation, 61, 62
chromosomal localization, 56, 61
deficient mice, 62, 63
kinetic properties, 56, 61–63

nucleoside analog specificity, 65–68
oligomerization, 61
phosphorylation, 442, 445, 447, 450
phylogenetic relationship, 60
salvage pathway, 445, 447

Thymidine kinase 2, 63, 183, 191, 220,
221, 229, 230, 450

chromosomal localization, 56, 63
kinetic properties, 56, 63, 64
mitochondrial DNA depletion

syndrome, 64
nucleoside analog specificity, 65–67,

69, 70
phylogenetic relationship, 60
subcellular localization, 63

Thymidine kinase, 19, 183, 220, 442,
445, 447

deficiency, 89
expression, 87

Thymidine-monophosphate, 235
Thymidine phosphorylase, 447, 450
Thymidylate synthase, 19, 235, 297–

300, 447, 449
5-FU, see Chemotherapy
inhibition, 235

TK1, see Thymidine-kinase 1
TK 2, see Thymidine kinase 2
TK, see Thymidine kinase
T-lymphoblast cells, 215-218
TMP, see Thymidine-monophosphate
Toxicity, 40, 216–221

cytotoxicity, 218, 220
mitochondrial toxicity, 220, 221
neurotoxicity, 220

TP, see Thymidine phosphorylase
Transport, 406
Transporter proteins, 406
Trojan horse concept, 356-358, 390
Troxacitabine, 154, 177, 178, 189, 192

clinical trials, leukemia, 209, 210
clinical trials, solid tumors, 207–209
mechanism of action, 200, 201
MTD, 207–209
pharmacokinetics, 201, 208
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Troxatyl™, see Troxacitabine
TS, see Thymidylate synthase
Tumor necrosis factor-α (TNF-α), 16

U

506U78, see 9-β-D-
Arabinofuranosylguanine

Uracil arabinoside, 341
Uridine-triphosphate, 230, 235
UTP, see Uridine-triphosphate
UV-C irradiation, 30, 40

V

Valaciclovir, 175
Val-L-dC, see Valtorcitabine
Valtorcitabine, 176, 183, 184
Varicella zoster, 175, 183, 420
Varicella zoster virus, 183, 420, 422
Vector, 427-429

nonviral
lipopopolyplex, 428
liposomes (lipoplex), 404, 428
naked DNA transfer, 428

polymers (polyplex), 428
replication deficient, 427
retrovirus, 427

viral
adenovirus, 427, 428
Coxsackie and adenovirus

receptor (CAR), 428
replication-selective oncolytic,

428
Vidarabine, 175
Vinca alkaloids, 110
Vorbrüggen, 178
VZV, see Varicella zoster virus
VZV-TK, see Varicella zoster virus

thymidine kinase

W

WHV, see Woodchuck hepatitis virus
Woodchuck hepatitis virus, 183, 184,

190, 191
WV, 186

Z

Zalcitabine, 96, 99, 113-115, 175, 183,
186, 220, 221, 408, 413

Zidovudine, 96, 112-115, 175, 182, 183,
220, 221, 354, 370, 371,
379, 408, 410, 415, 420,
441, 442
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