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PREFACE

Knowledge gained concerning mechanisms of action of 5-fluorouracil (5-FU) alone,
in combination with leucovorin (LV) in in vitro and in vivo preclinical model systems,
provided the basis for clinical evaluation and validation of the therapeutic efficacy and
selectivity of this modulation in the early 1980s.

For more than two decades, the therapeutic options for patients with advanced
colorectal cancer have been 5-fluorouracil/leucovorin modulation (5-FU/LV) based
therapy. Although significant improvement in overall response rate was achieved, there
has been no significant benefit as far as overall survival. With this treatment modality,
diarrhea, mucositis, and neutropenia are the dose-limiting toxicities. In contrast to bolus
5-FU/LV, protracted continuous infusion of 5-FU yielded similar overall response rates
with hand and foot syndrome as the dose-limiting toxicity.

In attempts to improve further on the therapeutic selectivity and efficacy of 5-FU/LV
modulation, new and more specific thymidylate synthase (TS) inhibitors such as
Tomudex (ZD-1694) are under extensive preclinical and clinical evaluation. However,
the response rate in colorectal cancer and the toxicity profile from this drug were similar
to those observed with 5-FU/LV therapy.

In clinical and preclinical model systems, 5-FU is eliminated rapidly from the plasma
with a t;a of less than 10 min, and more than 85% of the injected dose of 5-FU is
inactivated by dihydropyrimidine dehydrogenase (DPD) in normal and tumor tissues.
The remaining 15% of 5-FU is activated via the anabolic pathways with a major fraction
incorporated into cellular RNA. Preclinical results indicate that GI toxicity was associ-
ated with increased drug incorporation into cellular RNA. This suggests that the thera-
peutic selectivity of 5-FU may be improved by selective inhibition of PRPP transferase
(PRPPT) in normal tissue, the enzyme responsible for phosphorylation of 5-FU into
5-fluorouracil-monophosphate (FUMP).

Several new treatment modalities are under evaluation: (1) the combination of
5-FU or its prodrug with an inhibitor of DPD (e.g., uracil and eniluracil) to prevent 5-FU
degradation; (2) the use of PRPP inhibitor to reduce 5-FU incorporation into RNA of
normal tissue (e.g., potassium oxonate); and(3) capitalizing on the differential expression
of enzymes responsible for the activation of 5-FU prodrug, in normal vs tumor tissues
(e.g., capecitabine).

S-1 is a new oral pyrimidine fluoride-based anticancer agent in which Ftorafur (FT)
is combined with two classes of modulators, 5-chlorodihydropyrimidine (CDHP) and
potassium oxonate, at a molar ratio of 1.0/0.4/1.0 for FT/CDHP/Oxo, respectively. FT is
inactive until it is metabolized to 5-FU by thymidine/uridine phosphorylase. CDHP is a
potent inhibitor of DPD, the enzyme responsible for degradation of 5-FU into therapeu-
tically inactive but toxic 5-fluorodihydrouracil; CDHP is about 180 times more effective
than uracil in inhibition of DPD in vitro. Oxo is a potent inhibitor of PRPPT. S-1 is in
phase I and II clinical trials in patients with advanced colorectal cancer in Europe, Japan,
and in the United States.

Capecitabine is an oral, inactive 5-FU prodrug that requires three-step activation to
5-FU with the final step of activation to 5-FU by thymidine/uridine phosphorylase.
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vi Preface

Capecitabine has been approved by US FDA in patients with breast carcinoma and
advanced colorectal cancer. In contrast, UFT is activated by thymidine/uridine phospho-
rylase to 5-FU with uracil as a DPD inhibitor.

Improving therapeutic selectivity is a major goal of anticancer drug development. The
success of 5-FU/LV therapy in patients with advanced colorectal cancer demonstrated
the important role of thymidylate synthase (TS) as a predictive marker for response to
5-FU-based therapy. The therapeutic roles of the other markers associated with metabo-
lism of 5-FU and its prodrugs are under evaluation in preclinical and clinical settings.

Fluoropyrimidines in Cancer Therapy updates and reviews the mechanisms of action
and therapeutic selectivity and efficacy of 5-FU, with and without leucovorin and its
prodrugs in colorectal cancer therapy. The potential advantages and disadvantages of
these agents and the role of predictive markers are reviewed here. Drawing on the knowl-
edge gained to date with these agents when used individually, they are now being evalu-
ated in combination with other drugs (e.g., irinotecan, oxaliplatin, and EGF inhibitors).

Youcef M. Rustum
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INTRODUCTION

For years 5-fluorouracil (5-FU) was the only chemotherapeutic agent for the
treatment of patients with advanced colorectal cancer. Recent advances based on delin-
eation of the mechanism of action of 5-FU demonstrated that leucovorin (LV) can sig-
nificantly potentiate the response rate to 5-FU from approximately 10% to 30%. With no
major impact on survival, these important advances, however, were associated with
significant toxicities, namely diarrhea, leucopenia, and mucosites, independent of the
dose of LV but highly dependent on the schedule of 5-FU/LV. With the daily X 5
schedule, grade 3 and 4 mucositis (25%), diarrhea (15%), and leukopenia (15%) were
clearly documented in patients with colorectal cancer. In contrast, with the weekly X 6
schedule of 5-FU/LV, the dose-limiting toxicity is diarrhea, grade 3 and 4, in approxi-
mately 30% of patients. These toxicities, especially in the adjuvant setting, could have
a significant impact on patient quality of life, cost, and the ability to be used in combi-
nation with other active chemotherapeutic agents.

Todate, 5-FU/LV, CPT-11 (irinotecan, atopoisomerase I inhibitor), capecitabine, and
oxaliplatin are the only drugs approved by the Food and Drug Administration for treat-
ment of patients with advanced colorectal cancer. New drugs in clinical trials include
folate-based thymidylate synthase (TS) inhibitors (Tomudex [raltitrexed, ZD-1694],
ZD9331, YW1843U89, AG337), a synthetic dihydrofolate reductase inhibitor
(trimetrexate glucuronate), new platinum compounds (oxaliplatin and JM-216 [an oral
form]), and orally bioavailable fluoropyrimidine prodrugs, including capecitabine
(Xeloda), Orzel (UFT/LV), and S-1 as well as FU/EU. With the 5-FU prodrugs, the
overall aim is to improve the therapeutic efficacy, selectivity, survival, and quality of life
of 5-FU-based therapy and to provide an orally bioavailable form of 5-FU.

Three recognized mechanisms of action of fluoropyrimidine agents are (1) inhibition
of TS by 5-fluorodeoxyuridine monophosphylate (FdUMP); (2) incorporation of fluoro-
uridine triphosphate (UTP) into cellular RNA; and (3) degradation of 5-FU by
dihydropyrimidine dehydrogenase (DPD). DPD inhibitors (e.g., uracil, 5-eniluracil
[EU]), 5-chloro-2,4-dihydropyridine [CDHP]), in combination with 5-FU or ftorafur
(FT) provided strong evidence for the therapeutic importance of DPD in the outcome of
therapy with 5-FU and its prodrugs .

Thymidine phosphorylase (TP) catalyzes the activation of 5-FU prodrugs
(5-d-FUR) and the metabolism of 5-FU into FdUrd. This enzyme is identical to
platelet-derived endothelial growth factors and acts as a promoter of angiogenesis. In
preclinical model systems in colorectal cancer, high levels of TP, and low levels of DPD
and TS, are predictive markers for response to 5-FU and its prodrugs. High levels of TP
and TS predict resistance to 5-FU.

Future studies should seek to determine whether the therapeutic efficacy of 5-FU and
its prodrugs can be enhanced without increasing toxicity by the combination with agents
with different mechanisms of action (e.g., platinum compounds, topoisomerase I inhibi-
tors, and EGF/VGEF inhibitors). Studies should continue to assess the therapeutic role
of dual modulation of 5-FU and its prodrugs in terms of their interfering with the anabolic
and catabolic pathways of 5-FU. Future work should also attempt to determine the level

xi



xii Introduction

and activity of metabolic enzymes (TP, DPD, and TS), in order to select patients for
different treatment modalities. Finally, the predictive values of molecular markers
altered by flouropyrimidine prodrugs as a consequence of sustained inhibition of TS
should also receive high priority.

Future studies should aim to confirm the predictive values of TP, DPD, and TS in a
well-controlled clinical trial. With this knowledge, it should be possible to design treat-
ment on the basis of the biochemical profile of tumors prior to initiation of therapy.
Furthermore, in tumors with effective and sustained inhibition of TS, the molecular
markers that are being altered downstream and the therapeutic consequences of such an
alterations need to be investigated.
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G. . Peters, PhD
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1. INTRODUCTION

5-Fluorouracil (5-FU) is an analog of uracil (Fig. 1) but, owing to its additional resem-
blance to orotic acid and thymine, the drug uses the same pathways as these natural sub-
strates. 5-FU is transported into the cell either by a high-affinity nucleobase carrier or by
passive diffusion (/). There is increasing evidence that the dypiridamole-sensitive nucleo-
side transporter ENT2 also contributes to nucleobase transport. In order to be active, 5-FU
has to be converted to one of its nucleotides (Fig. 2). These are

* FUTP, which can be incorporated into RNA.

e FAUTP, which can be incorporated into DNA.

e FUDP-sugars, which may interfere with glycosylation of proteins and lipids.

e FAUMP, which is an inhibitor of thymidylate synthase (TS), a key enzyme in the de novo syn-
thesis of the pyrimidine deoxynucleotide deoxythymidine triphosphate (dTTP), a direct precur-
sor for the synthesis of DNA.

Disturbances in one of these conversions can lead to resistance to 5-FU (2,3). Thus the
activities of the anabolic pathways (either directly via orotate phosphoribosyltransferase
[OPRT] or indirectly via the pyrimidine nucleoside phosphorylase and kinase) have been
associated with the cytotoxic effects of 5-FU, both the side effects and the antitumor activity.

From: Fluoropyrimidines in Cancer Therapy
Edited by: Y. M. Rustum © Humana Press Inc., Totowa, NJ
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Fig. 1. Structural formulas of thymine, 5-FU, uracil, orotic acid, the DPD inhibitors Eniluracil and CDHP,
the 5-FU prodrug Ftorafur, and the OPRT inhibitor oxonic acid.
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Fig. 2. Schematic representation of 5-FU metabolism with possible sites responsible for resistance. Resis-
tance can be due to an increase of the target enzyme (thymidilate synthase), a decrease in activation, or an
increased inactivation (of 5-FU itself to F-DHU or of the 5-FU nucleotides FUMP of FAUMP to the nucleo-
sides FUR and FUdR). Inhibition of thymidylate synthase by FAUMP is represented by a © and a bar. The
boxes indicate that a low accumulation (FAUMP) or decreased incorporation (RNA, DNA) can limit the action
of 5-FU. Enzymes catalyzing these reactions are 1, orotate phosphoribosyltransferase; 2, uridine phosphory-
lase; 3, thymidine phosphorylase; 4, uridine kinase; 5, thymidine kinase; 6, thymidylate synthase; 7, dihydro-
folate reductase; 8, dihydropyrimidine dehydrogenase; 9, ribonucleotide reductase; 10, 5’-nucleotidases and
phosphatases. F-DHU, 5-fluorodihydrouracil; F-UPA, fluoroureido-propionate; F-BAL, o-fluoro-B-alanine;
PRPP, 5-phosphoribosyl-1-pyrophosphate; TdR, thymidine.



Role of 5-Fluorouracil Activation and Inactivation 3

Cellular transport of 5-FU itself has not been shown to limit its cytotoxicity but it has been
demonstrated that transport deficiency of its nucleoside analog 5-fluorodeoxyuridine
(FUdR) can lead to resistance. This chapter focuses on the relative role of the various activa-
tion and inactivation pathways in mediating the cytotoxic effects of 5-FU and whether mod-
ulation of these pathways will cause a change in the mechanism of cytotoxicity, either
toward the tumor cells or against normal tissues.

2. ACTIVATION AND INACTIVATION

2.1. Activation

Initial studies on 5-FU resistance concentrated on its activation pathways (Table 1). In
several model systems a low activity of uridine kinase (UK) and phosphorylase (UP) (and
the channeled UP-UK) (4-6) and OPRT (7,8) were related to resistance to 5-FU. In in vivo
models both high UP activity and high OPRT activity (9,10) were related to 5-FU sensitivity.
However, Ardalan et al. (/1) observed low 5-phosphoribosyl-1-pyrophosphate (PRPP) levels
in 5-FU-resistant tumors and a higher activity of PRPP synthetase in the sensitive tumor,
indicating an important role for OPRT, since PRPP is the cosubstrate for this enzyme in acti-
vation of 5-FU. Activation of 5-FU via UP also requires the action of UK, which may be lim-
iting (12-14). More evidence for the importance of the OPRT pathway was obtained by
Holland et al. (15) who showed that injection of the UP inhibitor, benzylacyclouridine
(BAU), together with 5-FU resulted in the accumulation of 5-fluorouridine (FUR) in the
tumor, whereas no FUR was observed when 5-FU was injected as a single agent. This means
that FUR should be formed as a degradation product of FUMP, and indicates the existence of
a futile cycle 5-FU — FUMP — FUR — 5-FU. This can be considered as some “hidden”
depot of 5-FU in the tumor responsible for the long retention of 5-FU in tissues (/6). A high
activity of the OPRT pathway is essential for 5-FU activation (/4). Shani and Danenberg
(17) provided evidence that activation of 5-FU may be compartmentalized. The use of vari-
ous labeled fluoropyrimidines resulted in two separate phosphorylated fluorinated nucleotide
pools in the cells, which do not easily mix. The UK pathway would favor incorporation into
RNA, whereas 5-FU activation would favor direct conversion of 5-FU to FUMP. Thus, 5-FU
activation is most likely via the direct phosphoribosylation pathway. Hence resistance may
be due to a decreased activity of this pathway, but it is most likely determined by a combina-
tion of several factors also including increased breakdown of 5-FU, its nucleosides, and its
nucleotides and aberrations in TS activity (see refs. 18,3,19). These factors may be different
for each cell or tumor type.

The role of thymidine phosphorylase (TP) in the conversion of 5-FU to FUdR and subse-
quently to FAUMP is unclear. The only source for the essential substrate for this reaction,
deoxyribose-1-phosphate (dRib-1-P), is by degradation of purine and pyrimidine deoxynu-
cleosides, catalyzed either by purine nucleoside phosphorylase or one of the pyrimidine
nucleoside phosphorylases, uridine and thymidine phosphorylase. In addition the only
source for deoxynucleosides is reduction of ribonucleotides to deoxyribonucleotides by
ribonucleotide reductase, followed by dephosphorylation. Hence the physiological concen-
tration of dRib-1-P in cells and tissues is low, usually below the detection limit of the assays
used for this compound (/3,20), although methodological problems may have limited the
reliable detection of dRib-1-P (20). Indirect evidence for a role of TP in the activation of 5-
FU follows from the fact that formation of FAUMP and inhibition of TS can be enhanced by
providing an alternative source for dRib-1-P such as deoxyinosine, which can be degraded to
hypoxanthine and dRib-1-P (13,21-23). Also in vivo deoxyinosine could increase the antitu-
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Table 1
Resistance to 5-FU

Mechanisms of resistance to 5-FU

A. Decreased accumulation of activated metabolites
a. Decreased activation
b. Increased inactivation
c. Increased inactivation of SFU-nucleotides
B. Target-associated resistance
a. Decreased RNA effect
b. Altered effect on thymidylate synthase
— Aberrant enzyme kinetics
— Increased dUMP levels
— Decreased FAUMP accumulation
— Decreased stability of ternary complex
— Depletion of intracellular folates
— Decreased polyglutamylation of folates
— Recovery and enhanced enzyme synthesis
— Gene amplification
— Enzyme induction
C. Pharmacokinetic resistance
a. The drug does not reach the tumor
b. Disease state affects drug distribution
c. Increased elimination

Modified from ref. 3, 19.

mor activity of 5-FU (24). These latter effects were most pronounced in cells that were trans-
fected with human TP and displayed nonphysiologically high TP levels. In in vitro studies
evidence for a role of TP in direct activation of 5-FU to FUdR was only observed in cells
with very high TP levels (usually achieved by transfection) (25-28). Administration of
FUdR to mice resulted in a rapid degradation to 5-FU (29), although this may be the result of
a uridine phosphorylase mediated degradation of FUDR (30). However, in patients TP may
degrade FUdR, since it is an excellent substrate, whereas the equilibrium is likely to be in
the degradative direction due to the relatively high phosphate levels and low bioavailability
of dRib-1-P. It may be concluded that at physiological levels TP is unlikely to play a signifi-
cant role in direct activation of 5-FU to FUDR, although it should be recognized that only
very low amounts of FAUMP are necessary to inhibit TS.

2.2. 5-FU inactivation

5-FU can be inactivated by degradation to 5-fluoro-dihydrouracil (F-DHU) in a reaction
catalyzed by dihydropyrimidine dehydrogenase (DPD) with NADPH as the cosubstrate. F-
DHU is degraded further to FUPA (fluoroureidopropionate) and subsequently to fluoro-f3-
alanine, (F-BAL) NH3, and CO, Conversion of F-BAL to fluoroacetate has been related to
neurotoxicity (3/). However, F-BAL itself was shown to cause neurotoxicity manifested by
a direct action on myelin inducing vacuole formation and a necrosis/softening-like change of
the brain stem (32). F-BAL itself can also form conjugates with bile acids such as cholate
and chenodeoxycholate (33-35). These conjugates may have a role in the hepatic and biliary
toxicity that develop in patients receiving hepatic arterial infusions of fluoropyrimidines. 5-
FU degradation occurs in all tissues, including tumors (36), but is most abundant in the liver
and to a lesser extent in the kidney (37). Thus, the liver plays an important role in 5-FU
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degradation and elimination. In patients, large amounts of the breakdown products have
been demonstrated in plasma and urine. Breakdown products were also demonstrated in the
liver with!® F-NMR (38).

3. TARGETS FOR FLUOROPYRIMIDINES

3.1. Inhibition of TS

Inhibition of TS by FAUMP is considered to be the main mechanism for the action of 5-
FU (Fig. 2). Several mechanisms of resistance to 5-FU have been attributed to alterations in
TS (3). Characteristics of the TS enzyme have been described in detail by others (39,40). TS
catalyses the conversion of dUMP to dTMP, for which 5,10-methylene-tetrahydrofolate
(CH,-THF) serves as a methyl donor. FAUMP acts as a potent competitive inhibitor of TS
with dUMP. The inhibition by FAUMP is mediated by the formation of a covalent ternary
complex between FAUMP, TS, and CH,-THF, whereas the retention of inhibition is also
dependent on the ratio between free dUMP and FAUMP levels (41,42). A low sensitivity to
5-FU has been related to a rapid disappearance of FAUMP. A high dUMP concentration or a
limited FAUMP binding to TS may reduce retention of the inhibition of TS.

The stability of the ternary complex is highly dependent on the availability of CH,-THF
or one of its polyglutamates (42). Leucovorin (LV) can increase the availability of CH,-THF
(Fig. 2). After transfer across the membrane, mediated by the reduced folate carrier (43), LV
will be metabolized to CH,-THF (44), which will be polyglutamylated and enhance inhibi-
tion of TS (45). A decreased activity of folylpolyglutamate synthetase (FPGS) (46) and
altered binding of FAUMP to TS (41,47-49) have been associated with 5-FU resistance. In
the absence of CH,-THF or one of its polyglutamates (41,49—51), FAUMP forms an unstable
binary complex, which results in poor inhibition. Also, disturbed folate pools (57) lead to
intrinsic resistance as well as a high level of enzyme before treatment (47,48,52). Gene
amplification of T'S and mutations in the gene (49) lead to acquired resistance (53-55). Thus,
changes in the TS gene at the DNA level (e.g., mutations or gene amplification) are clearly
associated with acquired resistance to fluoropyrimidines.

Expression of TS under physiological conditions is related to the cell cycle, with a high
activity during the S-phase (56), which decreases when the cells do not proliferate (57). The
translation of the TS mRNA appears to be controlled by its end product, the TS protein, in an
autoregulatory manner. However, when TS is bound to a ternary complex, the protein can no
longer regulate its synthesis, leading to the observed increase. Thus, inhibition of TS in vitro
either by the formation of the ternary complex between FAUMP, the enzyme, and 5,10-CH,-
THF (58,59) or by specific TS inhibitors such as ZD1694 (60) disrupt the regulation of
enzyme synthesis, manifested as an increase in TS protein expression. An increase in the TS
mRNA or a change in the stability of the enzyme did not accompany this increase. The
increase in TS protein, however, may also be due to stabilization of the protein owing to
decreased degradation of the ternary complex (6/). p5S3—mRNA translation can also be regu-
lated by TS protein (62), although wild-type p53 protein can also inhibit TS promoter activ-
ity (63). Thus, regulation of induction of TS is a very complicated process, which may be
even more disrupted (more induction) in cells with mutated p53 than with wild-type p53
(low induction). The 5-FU-induced increase could be prevented by interferon-y (64). A simi-
lar increase in TS was also observed in vivo in murine tumors (29,65,66). This increase
could be prevented by LV or by the use of a high dose of 5-FU (67). These mechanisms
probably play a role in the observed enhancement of the sensitivity to 5-FU and may reverse
resistance to 5-FU.



6 Peters

Response to 5FU and total TS activity Response versus incorporation into RNA
o
© 15
< 450 0
S o0 |
L 350 .
; 200 .
£ . <
= ¢ £ 10 * s
< 150 : L °
g [ \g [ ]

M =

g . g ‘ [ ]
- 1001 . s °
3 . 2 05
° 5o . e 3o 00 =] l
o [T [ ]
o ‘oo T+ S .
s . ® e
) ' ' 0.0 $ .
]
b SD/PD CR/PR SD/PD CR/PR

Fig. 3. Relation between response to 5-FU-based treatment and TS levels (A) and 5-FU incorporation into
RNA (B) (modified from refs. 52 and 68)

TS inhibition in primary human colon tumors and in liver metastases is retained for at
least 48-72 h after a bolus injection of 500 mg/m?2 5-FU (52,68); in 19 patients responding
to 5-FU hepatic artery infusion, TS inhibition was 2—3-fold higher and enzyme levels were
2-3-fold lower than in 21 patients not responding (Fig. 3A). Also in breast cancer patients
binding of FAUMP and the effect of CH,-THF decreased during development of resistance
(69). These results demonstrate that analysis of biochemical parameters in tumor biopsies
obtained at both short and longer time periods after 5-FU administration gives valuable
information about the in vivo mechanism of action of the drug in the tumors of patients.

3.2. FU Incorporation into RNA

In most cells and tissues 5-FU will also be incorporated into all classes of RNA, including
ribosomal, transfer, and messenger RNA, but in tumor cells particularly in nuclear RNA (70).
In several model systems in vitro the amount of 5-FU in RNA correlated with the sensitivity to
5-FU (71) and in vivo the antitumor effect of 5-FU (72), together with the gastrointestinal
cytotoxicity were also related to the amount of 5-FU in RNA (73). The cytotoxicity due to
incorporation of 5-FU into RNA is mainly determined by the incorporation of 5-FU into
nuclear RNA (74). At drug concentrations, which do not impair transcription, methylation of
4S-nuclear-RNA appeared to be impaired (74), possibly associated with an impaired process-
ing of nuclear RNA to cytoplasmic RNA (71,75,76). A major point of discussion is whether 5-
FU incorporation into RNA or inhibition of TS is the major factor responsible for antitumor
activity. Because both in vitro and in vivo 5-FU incorporation into RNA are concentration-
and dose-dependent, respectively, it was postulated that 5-FU RNA incorporation was related
to the antitumor effect, since the antineoplastic activity was also dose-dependent (77,78).
However, the extent and duration of in vivo TS inhibition was also dose-dependent (29). A
higher dose of 5-FU (enabled by uridine protection) enhanced antitumor activity, and was
associated with a longer duration of inhibition of TS than the lower dose, but not with an
increase in the 5-FU incorporation into RNA (67). Similar to these in vivo studies, in vitro
studies also indicated that uridine did not influence 5-FU incorporation into RNA, whereas
withdrawal of 5-FU did not diminish 5-FU incorporated into RNA (79). Thus TS inhibition,
and its downstream effects, seem the most important factors for the antineoplastic activity.
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Similar findings have been obtained in samples from patients. In patients who received
either 5-FU alone, or 5-FU with LV, the RNA incorporation was similar but the inhibition of
TS was significantly increased in the LV group (Fig. 3B). Furthermore the RNA incorpora-
tion of 5-FU in patients with a partial or complete response was not significantly different
from nonresponders, but the extent of TS inhibition was significantly different (52,68) (Fig.
3). There is, on the other hand, substantial evidence that the side effects of 5-FU are related
to its incorporation into RNA, since a decrease of the 5-FU incorporation into RNA by uri-
dine was associated with a decreased extent of side effects of 5-FU (80,81). In summary, evi-
dence is accumulating that the antitumor activity of 5-FU is predominantly related to the
inhibition of TS, rather than to its incorporation into RNA.

3.3. DNA Directed Effects of 5-FU

5-FU can exert an effect on DNA either by its incorporation or by inducing a deoxynu-
cleotide imbalance (decrease of dTTP and increase of dUTP, Fig. 2). 5-FU incorporation
into DNA has long been considered as a very unlikely event, not contributing to 5-FU cyto-
toxicity. FAUTP can be formed intracellularly but its concentration remains very low, since it
is hydrolyzed by dUTPase, although FAUTP incorporated into DNA may be removed by
uracil-DNA glycosylase in a similar manner to the removal of uracil from DNA (82,83).
Owing to the inhibition of TS, the dTTP concentration is usually depleted (/2) whereas the
concentration of dUTP increases (79,84). These conditions cause an imbalance in deoxyri-
bonucleotides and may favor incorporation of both dUTP and FAUTP into DNA. The impor-
tance of dUTPase in cytotoxicity of 5-FU has been demonstrated by comparison of cell lines
with high and low dUTPase and by transfection of the gene in cells with a low dUTPase. It
was evident from these studies (85-87) that a high level of expression of dUTPase can pre-
vent cytotoxicity of 5-FU. Despite the action of dUTPase, 5-FU can be incorporated into
DNA and a relationship between 5-FU incorporation and cytotoxicity has indeed been postu-
lated (81). However, in the same group of patients in which we could relate response to 5-FU
with TS levels, the extent of incorporation of 5-FU into DNA was similar in the responding
and nonresponding patients (88).

It seems that both misincorporation of 5-FU into DNA and the excision of these residues
can be responsible for cell death. 5-FU can induce DNA strand breaks through its misincor-
poration, but also because of inefficient DNA repair (due to the lack of dTTP and imbalance
of other deoxynucleotides) of normally occurring defects in purine and pyrimidine residues
(89). Thymidine depletion due to TS deficiency (90-92) also leads to a dTTP depletion and
an increase in dATP, resulting in a G1-S arrest. Cells with a p53 wt phenotype died by apop-
tosis, whereas mt p53 cells along with a relatively high Bax and Fas (Apo-1, CD95) expres-
sion went in cytostasis (9/). Because an anti-Fas antibody could induce apoptosis, colon
cancer cells seem to have a functional Fas-mediated apoptosis pathway, which may be regu-
lated by wt p53 (92-95). However, other factors may also play a role, because in wt pS3 cells
transfected with mt p53 apoptosis could also be induced with an anti-Fas antibody (95),
whereas a blockade of the Fas-receptor did not affect antifolate-induced apoptosis. Expres-
sion of the Fas-receptor possibly has clinical implication, because 5-FU administration to
patients increased the expression of the Fas-receptor on tumor cells (96).

More insight into the role of DNA damage caused by 5-FU treatment was obtained by
analysis of the effect of interferon-o. on the formation of both single- and double-strand
breaks (97,98). Interferon-o. increased both types of strand breaks, a mechanism, which
was possibly responsible for the enhanced cytotoxic effect of the combination compared to
5-FU alone.
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Table 2

Pharmacokinetic Parameters of 5-Fluorouracil

Bolus injection at 400-900 mg/m?

Half-life t,B 9-20 min
tyY 2-7h
Volume of distribution 14-541
Clearance from plasma 50-140 I/h
Peak levels 1 mM

Continuous infusion

Steady-state levels 1-71 uM
Clearance from plasma 54-420 1/h
Oral admininstration

Steady-state levels 0.5-10 uyM
t,B (dependent on DPD inhibitor) 2-4h

4. ROLE OF 5-FU DEGRADATION IN 5FU PHARMACOKINETICS

4.1. 5-FU Pharmacokinetics and DPD Activity

Pharmacokinetics of single dose 5-FU administered as an iv bolus injection in doses vary-
ing between 300 and 600 mg/m?2 have been studied most extensively (2,99—-101). Peak levels
of 5-FU can reach the millimolar range, with a subsequent rapid decline. 5-FU is rapidly dis-
tributed over all tissues (Table 2). The total clearance was rather high, comparable to the flow
through the liver, but hepatic extraction has been estimated at 50% (102). The kidneys con-
tribute to elimination by both DPD-mediated degradation and active renal secretion with about
20% of 5-FU being excreted as the parent drug (/03). In addition, the lungs may also con-
tribute significantly to 5-FU clearance (99,103). Collins et al. (104) have shown that a sat-
urable two-compartment model can be used to describe the disappearance kinetics of 5-FU for
the first hour. However, in a third compartment plasma levels fluctuated from 3 nM to 0.1 uM
between 4 and at least 24 h (105). It is most likely that this 5-FU represents efflux from the tis-
sues; 5-FU tumor levels vary from 2 to 10 uM between 2 and 48 h after administration of a
bolus 5-FU injection of 500 mg/m? (16), while 5-FU is retained for a long period in RNA
(29,67,106), which may form a depot for 5-FU. Wolf et al. (38) demonstrated with 'F-NMR
that the half-life in tumors (0.5-2.1 h) was considerably longer than that in plasma (9-20 min).

This nonlinearity of 5-FU kinetics (99,102—105,107) is related to the saturation of 5-FU
catabolism. Peak plasma levels of the first catabolite F-DHU were between 20 and 40 uM
with a terminal half-life of 40-60 min (108,109). With 1F-NMR the other catabolites could be
demonstrated in human plasma (34). Cumulative urinary excretion of the catabolites showed
that F-BAL was the major one followed by FUPA, while F-DHU excretion was minimal.
Sweeny et al. (33) and Malet-Martino et al. (34) observed that one of the major breakdown
products of 5-FU was a bile acid conjugate of fluoro-B-alanine. This conjugate may contribute
to liver toxicity after intrahepatic treatment of liver metastasis with fluoropyrimidines (35).

Circadian variations in DPD activity may (at least partially) be responsible for the circadian
pattern in the plasma 5-FU concentration during protracted continuous infusion with 5-FU
(108,109), with the peak in the 5-FU concentration at 11 AM and the trough at 11 pm The ratio
peak/trough was about 5. In mice a reversed circadian pattern was observed (66). The concen-
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Fig. 4. Mechanism of action of various DPD inhibitors. Inhibition of DPD will lead to a higher bioavailability
of 5-FU in plasma and tissues, which will enhance metabolism to active metabolites. F-DHU, 5-fluorodihy-
drouracil.

trations were the inverse of the circadian pattern of the catabolic enzyme dihydrouracil dehy-
drogenase. Circadian rhythms of metabolism have been described in mice (110,111). However,
recent data indicated that, under less controlled conditions (the majority of cancer patients), the
circadian pattern of DPD is less consistent (//2,113), although a circadian pattern of 5-FU
plasma concentrations was still present. These data suggest that continuous infusion of 5-FU
should not be given at a constant rate, but according to a circadian pattern (//4), using pro-
grammable pumps in order to minimize host toxicity. Programmed 5-FU and LV administration
with the peak at 4 AM combined with oxaliplatin (peak afternoon) showed a clear advantage
compared to flat administration, with response rates of 51% compared to 29% (115).

A large variability in bioavailability for orally administered 5-FU, between 28 and 100%,
has been observed (99,103), which may be related to a saturable hepatic catabolism (104),
but also to an additional first-pass effect. Because of these variabilities 5-FU alone should
not be given via the oral route. However, in the last decade the development of orally admin-
istered drugs, including 5-FU (pro)drugs, has progressed rapidly. Currently, various forms of
oral formulations are being evaluated in the clinic; these formulations are either based on a
prodrug selectively activated in the tumor or on a combination of 5-FU (or prodrug) with a
DPD inhibitor. Capecitabine is a prodrug of Doxifluridine (/16), which is activated by
thymidine phosphorylase, which has a higher activity in tumor tissues (1/4,117).
Capecitabine causes the hand—foot syndrome, typical for continuous infusions. Since plasma
levels are in the same range, this indicates that degradation products of 5-FU (absent in the
combinations with DPD inhibitors) may be responsible for this specific type of toxicity.

4.2. The Use of DPD Inhibitors to Increase Bioavailability
of 5-FU and Increase its Efficacy

DPD is the first enzyme in the pathway of 5-FU catabolism and is responsible for more
than 80% of 5-FUs elimination. Therefore, inhibition of 5-FU degradation would enhance the
bioavailability of 5-FU to other tissues, including the tumor. Initial studies used the ability of
natural substrates of DPD to modulate 5-FU. Thymidine, a precursor of thymine, however,
did not improve the therapeutic index of 5-FU (7/8), while in rats toxicity was increased
(119). Thymidine, however, also interferes at other sites of 5-FU metabolism and may form
an alternative source for dTMP, bypassing its depletion caused by TS inhibition. Uracil, the
other natural substrate of DPD, has been developed more successfully as a modulator of 5-
FU catabolism.
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The use of inhibitors of DPD enables the use of 5-FU (or one of its prodrugs) as an oral for-
mulation, since degradation of 5-FU in the gastrointestinal tract and other tissues is almost
completely prevented (Fig. 4). Plasma concentrations of the formulations with a DPD inhibitor
are generally comparable to that of continuous infusions (/20-124) and vary depending on the
drug combination and the frequency by which the drug is given. The formulations with a DPD
inhibitor include 5-FU with ethynyluracil, UFT (ftorafur with uracil), S-1 (ftorafur with a
CDHP and oxonic acid), (125). The only combination in which 5-FU is given orally is that with
ethynyluracil (776C85; EU). EU is a 5-substituted uracil analog and a potent mechanism-based
irreversible inactivator of DPD (126), which produces an enzyme-deficient state (/27) and
thereby prevents degradation of 5-FU (728). Injection of EU into mice led to rapid inactivation
of the enzyme; within 25 min rat liver DPD was completely inhibited (/27) resulting in
increased plasma uracil levels to 60 puM, as well as increased thymine levels (127). EU
increased the bioavailability of orally administered 5-FU from <5% (128) to 85% in mice and
100% in rats, resulting in an increased therapeutic efficacy of oral 5-FU in rats (129).

Formulations of oral 5-FU with a DPD inhibitor result in plasma 5-FU concentrations in the
micromolar range. The most widely used formulation at this moment is UFT in which uracil is
combined with Ftorafur (FT) in a 4:1 molar ratio (/30). Ftorafur (1-2-tetrahydrofurany1-5-
FU) acts as a depot form for 5-FU and as a single agent produced little myelosuppression, but
significant gastrointestinal toxicity and neurotoxicity. The drug is well absorbed orally in con-
trast to 5-FU itself. Conversion to 5-FU may occur predominantly in tumor cells and the liver
and is predominantly catalyzed by cytochrome P450 2A6 (131), although a role for thymidine
phosphorylase has also been postulated. Ftorafur is not given anymore as a single agent but
only in biochemical modulation regimens, which enable oral formulation forms, such as UFT
(uracil with ftorafur) and S-1 (ftorafur with CDHP and oxonic acid).

Combination of uracil with 5-FU serves several purposes. First, uracil is a weak competi-
tive inhibitor of DPD, preventing degradation of 5-FU (732,133), but it has no direct effect
on 5-FU anabolism (/33). Second, in combination with FT, uracil will enhance the bioavail-
ability of orally administered 5-FU. It was observed that coadministration of uracil with FT
enhanced the 5-FU concentrations in the tumor 5-10 times compared to FT alone or 5-FU
itself (/34-136). In a rat colon tumor model it was demonstrated that the antitumor activity
could be enhanced by LV, which was associated with an increased TS inhibition (from 70%
to 100% inhibition) (/37). Considerable differences are seen in 5-FU plasma pharmacoki-
netics for FT administered alone (150 mg/kg/d) compared to UFT (60 mg/kg/d of FT). The
peak concentration increased from 2.8 to 19.4 uM, the area under the curve (AUC) increased
7-8-fold, and the terminal half-life about two-fold, from 4 to 7.5 h. A steady-state plasma 5-
FU concentration of 10 uM was maintained for about 24 h after an oral dose of UFT.

Further refinement of the strategy that led to UFT has resulted in a new mixture called S-
1, which is a combination of FT, CDHP, and oxonic acid in a molar ratio of 1:0.4:1 (138).
CDHP is a potent reversible inhibitor of DPD (/39) and oxonic acid is an inhibitor of OPRT
(Figs. 1 and 4). Because oxonic acid accumulates specifically in normal gut (/40) and will
prevent accumulation of toxic 5-FU nucleotides (141,142), this will reduce the gastrointesti-
nal toxicity of FT (738). Oxonic acid can be degraded to cyanuric acid by direct conversion
by the microflora in the gut and by xanthine oxidase and aldehyde oxidase. In rats and mice,
5-FU administration will lead to substantial inhibition of TS in gut tissue (143, 144), but after
treatment with S-1, inhibition of TS in gut tissue was significantly decreased compared to
control tissue (/45). This was associated with a decreased histopathological-confirmed dam-
age to the gut. After administration of S-1 to mice, plasma levels of 5-FU were substantially
higher, with a 12- and 32-fold higher AUC for 5-FU derived from S-1 compared to that of
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Table 3
Antitumor Activity of S-1
Response Median Survival
Tumor Phase I/l N Pat (CR/PR) (days; range) Reference
Gastric Early II 28 53.6% 298 (29-232) 159
Gastric 1I 50 44.2% 207 (153-334) 160
Gastric Late II 51 48.1% 250 (171-376) 162
Colon Early II 30 16.7% 120 (40-272) 159
Colon I 62 35% 378 161
Breast Early I 27 40.7% - 163
Head & Neck Early I 26 46.2% - 164
Colon 1I 26 23% - 155
Gastric 1I 19 32% - 156

Refs. 155 and 156 describe European studies; the other references refer to Japanese studies.

UFT and FT, respectively (/46). Plasma Cp,x of 5-FU was about 15-30 uM after 1 h.
Although the oral formulations aim to achieve prolonged 5-FU levels in plasma and tissues,
the incidence of toxicities at a similar antitumor effect of continuous infusion or S-1 was
much more pronounced at the continuous-infusion schedule (742). In several in vivo models
(human gastric, breast, head and neck, and colon cancer; rat and mouse colon tumors) S-1
showed a better antitumor activity than UFT or 5-FU given at various schedules, either con-
tinuous infusion or as a bolus (/42,147-151). In a rat colon tumor the increased therapeutic
efficacy of S-1 compared to Ftorafur alone and continuous infusion of 5-FU at their MTDs
was associated with clearly increased induction of apoptosis and prolonged inhibition of TS
in tumors from S-1-treated mice (/52). All these findings demonstrate that the postulated
biochemical modulation was indeed effective; inhibition of DPD prolonged 5-FU plasma
half-life, while accumulation of oxonic acid inhibited 5-FU activation specifically in the gut.

Based on the encouraging preclinical studies of inhibition of DPD, these formulations
have been translated to the clinic. Schilsky et al. describe the combination with EU (153).
UFT has undergone extensive clinical evaluation and is registered in several countries for
use in a variety of cancers, including colorectal and breast cancer. S-1 is registered in Japan
and has also shown clinical activity in European studies (Phase II) (Table 3). 5-FU formed
from tegafur in the S-1 formulation reached levels up 10 uM (Fig. 5). 5-FU showed linear
pharmacokinetics and its AUC was related to the dose of S-1 (724). The dose-limiting toxic-
ity in the European study was diarrhea, which was related to the AUC of plasma 5-FU (Fig.
6); at the highest dose of 45 mg/m? four out of five patients developed diarrhea, at the lower
dose of 40 mg/m? severe toxicity was observed in those patients who had received severe
prior chemotherapy (124). It seems that exposure, especially the length of it, is responsible
for the toxicity. This finding was confirmed in the Phase II study, during which limiting
pharmacokinetic sampling was applied and Grade 3/, toxicity was found in colorectal cancer
patients with a high AUC for 5-FU (> 400 uM - min) (1/54). In contrast to the Phase I study
40 mg/m? could not be given to these patients and the dose had to be lowered to 35 mg/m?.
Also at this dose severe diarrhea was observed in colon cancer patients (/55,156). Hemato-
logic toxicity was mild, with Grade 3 leukopenia and neutropenia in only one patient. Also,
other toxicities were mild. In the Japanese studies, hematological toxicity was considered as
dose-limiting (123), but no Grade 3/, toxicity was observed. In addition to the difference in
toxicity, Japanese and Caucasian patients differed in the 5-FU pharmacokinetics. Europeans
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Fig. 5. Example of 5-FU pharmacokinetics after administration of S-1 or UFT (from ref. /24).
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Fig. 6. Relation of between 5-FU AUC and diarrhea (from ref. 124).

had a higher Cp,x and AUC for 5-FU than Japanese patients, which may be related to the
higher levels of CYP 2A6 in Caucasians compared to Japanese (/57). Whether this differ-
ence is responsible for a potential different handling of the drug remains to be established.
Food intake did not significantly affect the absorption of Ftorafur and subsequent conversion
to 5-FU (158). The activity of S-1 is comparable or better than that of UFT. The compounds
show encouraging activity in gastric cancer and colorectal cancer, both in Japanese and
European patients (155,156,159—-164) despite the difference in drug handling. In general, the
clinical activity of these formulations is comparable to that found with modulated 5-FU
bolus schedules and continuous infusions. The main advantage is the convenient oral admin-
istration of these formulations. Further enhancement of therapeutic efficacy is being sought
by other combinations with UFT, or S-1 such as with the platinum analogs cisplatin and
oxaliplatin, the taxane paclitaxel, the topoisomerase I inhibitor irinotecan, and radiation.
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6. MODULATION OF 5-FU ACTIVATION PATHWAYS

6.1. PALA and 5-FU

The combination of phosphonoacetyl-L-aspartate (PALA) and 5-FU is an example of the
combination of an inactive drug with an active drug. Only a low dose of PALA is required to
obtain the biochemical effect necessary for increased anabolism of 5-FU. By inhibition of
the pyrimidine de novo synthesis PALA can enhance the availability of PRPP (Fig. 2), thus
increasing the anabolism of 5-FU and the incorporation into RNA (765). In several Phase 11
clinical trials, the response rate for this combination varied from 33 to 43% (166—168), but
in larger and randomized studies these effects were not confirmed (/69). PALA combina-
tions with 5-FU are not being pursued actively.

6.2. Trimetrexate, 5-FU, and LV

Combinations of 5-FU with MTX gave controversial results in the clinic (19), which is
possibly due to a neutralization of the MTX effects by LV, resulting in a net modulation by
LV (170) or a competition of MTX uptake by LV. Trimetrexate (TMQ) is a lipophilic DHFR
inhibitor (/71), which does not use the reduced folate transport system (/72), cannot be
polyglutamated, and does not compete with LV for cellular uptake and metabolism (43).
Romanini et al. (/73) showed that LV can enhance the cytotoxicity of TMQ and 5-FU
metabolism intracellularly (increased 5-FU activation) whereas LV can enhance TS inhibi-
tion. These results formed the basis for clinical studies on the combination of TMQ with 5-
FU and LV. This combination had activity in previously pretreated patients with a response
rate of approx 20% (174), and about 50% in untreated patients (/75). These studies are an
elegant example how a rational combination can be based on preclinical studies, combining
increased 5-FU activation to enhance TS inhibition.

6.3. SFU and uridine

In the beginning of the 1980s it was proposed that the antitumor activity of 5-FU could be
increased by enhancing its incorporation into RNA (72,176). For this purpose 5-FU was
combined with uridine, which enabled an increase in the 5-FU dose leading to an improved
therapeutic efficacy (72,80,176,177). Uridine did not affect the 5-FU-induced inhibition of
TS in cell culture (80) and murine tumors (/77). The effect of the 5-FU—-uridine combination
could be increased even more by combination with LV (178). Further studies explored the
possibility to use a precursor of uridine to modulate 5-FU toxicity. In mice uridine-diphos-
phoglucose (UDPG) can increase the concentration of UTP in liver and in intestine, but not
in tumors (179). The therapeutic index of 5-FU could be improved by rescue with UDPG;
the dose of 5-FU could be increased from 100 to 150 mg/kg in mice, and this produced a bet-
ter antitumor activity in several tumors (/80). Mechanistic studies in murine tumors using
UDPG demonstrated that the higher dose of 5-FU did not increase the extent of TS inhibi-
tion but prolonged the retention of TS inhibition (67); thus in mice treated with standard
dose 5-FU, TS inhibition was retained until 7 d with a 2-3-fold induction after 10 d, while in
mice treated with the high dose of 5-FU (UDPG) TS inhibition was retained until 10 d; the
TS induction could be prevented by injection of the next dose of 5-FU. Incorporation of 5-
FU into RNA was, however, decreased by UDPG although the antitumor effect was
increased.

Clinical studies have shown that uridine can be used effectively in patients to reduce the
5-FU-induced myelotoxicity. Pharmacokinetics of short-term infusions of uridine in patients
resulted in plasma levels of uridine around 2 mM (181), but the rapid catabolism prevented
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an effective protection from 5-FU toxic effects. In following studies uridine has been admin-
istered continuously using a central venous catheter, but fever appeared to be the dose-limit-
ing toxicity (182,183), similar to animal studies. This side effect was effectively controlled
using an intermittent-infusion scheme consisting of alternating 3 h of infusion with 3 h of
treatment-free period over a total of 72 h (184). Using this schedule in combination with a
weekly injection of 5-FU, starting the uridine infusion 3 h after the injection of 5-FU, an
effective reduction of myelosuppression was obtained in patients. Interestingly, the protec-
tive effect of uridine on myelosuppression was observed also during the following courses of
5-FU, which were not combined with uridine infusion. Also, in other studies the dose of 5-
FU could be increased even when 5-FU was combined with different modulating agents
such as PALA or methotrexate and doxorubicin (FAMTX regimen) (/85,186). There was a
marked reduction in mucositis and myelosuppression. Also in animal model systems uridine
administration could reduce gastrointestinal toxicity of 5-FU (180,187).

Intravenous infusions of uridine must be performed via a central venous catheter in order
to avoid phlebitis at the site of administration. Therefore more convenient ways of adminis-
tering the drug have been explored. Preclinical data showed that with oral administration of
uridine to mice it was possible to obtain plasma concentrations of approx 100 uM (188) that
are sufficient to reduce 5-FU toxicity (/89). Similar pharmacokinetic data have been
obtained in humans (/90); when uridine was administered repeatedly, the dose had to be low-
ered to 5 g/m? every 6 h due to the occurrence of diarrhea. Using this schedule the myelosup-
pression of 5-FU was reduced (/917). Initial studies have been performed with UDPG
administration to patients; plasma uridine peak values were 40—-60 uM, and a concentration
of 20-25 uM was still present 8 h after the second dose (unpublished results). The studies
could however not be continued. Another prodrug, PN401 (an acytelated prodrug of uridine),
has also been tested (pre-)clinically to increase the uridine levels of 5-FU. In mice plasma
concentrations of PN401 resulted in 8-fold higher plasma concentrations than equimolar uri-
dine administrations, while in patients 6 g PN401 gave plasma levels of about 160 uM and 5-
FU doses could be escalated from 600 to 1000 mg/m?2 (192), which is somewhat higher than
with uridine (183,190). Studies determining the effective dose of 5-FU (with or without LV)
with PN401 protection are ongoing. It is expected that PN401 will protect both against
myelosuppression and mucositis and that the use of higher 5-FU doses will enable TS inhibi-
tion to be prolonged and thus enhance the antitumor effect of 5-FU-LV bolus regimens.

Further evidence for a role of uridine in modulation of 5-FU and for a difference with the
specific TS inhibitor ZD1694 (Tomudex, Raltitrexed) was obtained from studies using wild-
type p53 and p53 knockout mice. In these mice cell death was measured as the apoptotic
index in crypts of the intestine BDF-1 mice. 5-FU administration induced cell death in p53
wild-type mice but not in knockout mice, while p53 was also upregulated in wild-type mice.
Uridine administration could prevent 5-FU-induced apoptosis in p53 wild-type mice, indi-
cating an RNA-dependent mechanism of toxicity in gut tissue. Thymidine prevented
7ZD1694 induced toxicity in wild-type and p53 knockout mice (/93), indicating a TS-depen-
dent mechanism of cell death.

7. MODULATION OF TS INHIBITION

7.1. Biochemical Modulation with LV

The combination of 5-FU with LV is based on the stabilization of the ternary complex
between FAUMP, TS, and CH,-THF (Fig. 2). The bioavailability of the latter is increased by
LV administration. After transfer across the membrane mediated by the reduced folate carrier
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Table 4
Results of Meta-Analyses and Randomized Studies in Colorectal Cancer Using Several 5-FU Schedules
Response Median Survival
N Trials N Patients (CR/PR) p-value (mo) p-value Reference
5-FU 11% 11.0 199
5-FU/LV 9 1381 23% <0.001 11.5 0.57
Systemic 5-FU 14% 12.2 203
or FUDR
HAI FUDR 5 391 41% <0.001 16.0 0.14
5-FU bolus 14% 11.3 204
5-FU CI 6 1219 22% <0.001 12.1 0.04
5-FUp4p + LV A 91 44% 16.2 205
5-FUp4p + IFN B 90 18% <0.05 12.7 <0.04
5-FUpp IFN+LV ~ C 49 27% 19.6

@ A 5-FUyy, 2600 mg/m2 + LV 500 mg/m? 2h, weekly X 6; B FU,q, 2600 mg/m2 + IFN 3 MU s.c 3 X/w,
weekly x6; C 5-FUyyy, 2600 mg/m?2 + LV + IFN, weekly x6;

CI, continuous infusion; IFN, interferon-a; HAI hepatic arterial infusion Modified from Peters and Kohne (79).

(43), LV will be metabolized to CH,-THF. Although intermediates of the metabolic pathway
of LV to CH,-THF can also support the formation of the ternary complex, CH,-THF is the
most active substrate (44). Polyglutamates of CH,-THF (45), which are formed by the action
of FPGS, will enhance inhibition of TS. In general, prolonged exposure of cells also led to a
1.5-2-fold increased enhancement of the cytotoxicity of 5-FU and FUdR by LV 1-10 uM
(reviewed in refs. 19 and 194). Lower concentrations of LV are generally not sufficient to
potentiate the effects of 5-FU or FUdR, while higher concentrations generally do not enhance
the effect (195). There are fewer in vivo studies on 5-FU modulation by LV, usually limited to
the description of the antitumor effect (/94) but do not include mechanistic studies. 5-FU
alone shows a clear tumor-dependent TS inhibition (7/96,197), followed by a 2—3-fold induc-
tion after 2-3 wk (29,66). The potentiation of the antitumor activity of 5-FU by LV given
before 5-FU in several murine tumors was associated with a prevention of the induction of
TS and with a more pronounced inhibition of TS by LV plus 5-FU compared to 5-FU alone
(65). Thus, in vivo modulation of 5-FU with LV seems to be related to prolonged TS inhibi-
tion and prevention of TS induction.

A number of different schedules have been used successfully in Phase III trials in which a
clear benefit for LV-5-FU compared to S5FU alone was observed in terms of response rate, but
a benefit in view of increased survival was not always evident (198-200), biweekly, weekly,
and daily administrations, as well as 24 h, 48 h, and continuous infusions (Table 4). LV has to
be administered at a certain threshold dose allowing sufficient accumulation of LV. Although
low-dose LV seems to be better than high-dose LV (201), it has to be noted that the 5-FU dose
was lower in the high-dose LV regimen. Altogether, it may be concluded that the best way to
administer LV is as an infusion, thus allowing accumulation of folates and folylpolygluta-
mates in the tissues: 5-FU has to be administered either immediately after LV or during the
infusion of LV. Administration of 5-FU weekly or daily times five every 4 or 5 wk generally
gave the same results. Toxicity of the combination LV and 5-FU is more severe than that of 5-
FU. In particular, diarrhea and stomatitis are increased. The pure active isomer, L-LV, demon-
strated a similar activity (202) and both forms can be used interexchangeable.



0 0 COOH
OH cuo o COOH 1l ¢Hs / \ 1 |
il I _C CH,— C—NH—CH
H,—NH C—NH—CH HN S ]
1 CH,
K CHZ k |
/k /CHz ] H;c” N CH,
CH, ]
] COOH
COOH
ZD1694
LV
0

COOH
HsC NH ° ] o] COOH
e HN | CH,—CH & nn <I:H

CH,"NH CH, )\ 2 M2

| H,N” SN N CH
N—CH A ]
< | CH,
COOH MTA |

% COOH
GW1843U89
)
e

e CH,

D
H,NT N

AG337

Fig. 7. Structural formulas of leucovorin (LV) and several new antifolates that inhibit TS: GW1843U89, AG337 (Nolatrexed),

7ZD1694 (Tomudex, Raltirexed), and MTA (LY231514, ALIMTA, Pemetrexed).

91

SI919J



Role of 5-Fluorouracil Activation and Inactivation 17

2 A A
\ /
A, e
A, AA
AAAAraA
o 1 o

/
®

' 3

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fa

Fig. 8. Interaction between 5-FU and the TS inhibitor AG337 in SW116 (@) and LS174T (A) colon cancer
cells. Synergism was evaluated using the median-drug effect analysis (208). A Cl (combination index) value
above 1 indicates antagonism, below 1 synergism. FA is the fraction affected (270).

7.2. 5-FU Combinations with Antifolate TS Inhibitors

Because FAUMP and the new antifolates (Fig. 7) bind at different sites of the enzyme, a
synergistic interaction of 5-FU with new antifolate TS inhibitors was expected and combina-
tion studies were initiated. At the molecular level, Van der Wilt et al. (206) demonstrated that
7ZD1694, 1Y231514, AG337, and GW1843 appeared to enhance the binding of FAUMP to
TS, although to different extents. With some of these drugs the extent of binding was depen-
dent on the presence of a glutamate moiety; ZD1694-Glu4 and LY231514-Glu4 supported
binding of FAUMP to TS to a similar extent as CH,-THF. There was, however, a major dif-
ference; in contrast to the natural substrate all antifolates showed nonlinear binding with a
plateau at about 1 uM. Data using double labeling (*C-AG337 and 3H-FdUMP) indicated
that the antifolates possibly induce a structural modification of the enzyme, which affects the
binding of FAUMP. The binding of GW1843 is maximal at a much lower concentration than
for the other antifolates, possibly related to the fact that it binds to different amino acids in
the enzyme (207). The concentration-dependent binding of antifolates and FAUMP to TS is
possibly a major factor that should be taken into consideration when 5-FU is combined with
any of these antifolates. These factors were considered in initial studies of the combination.
Indeed in vitro cytotoxicity experiments revealed a concentration dependence; when 5-FU
concentrations were kept constant, and the antifolate concentration varied, a synergistic
effect was observed at low antifolate concentrations (Fig. 8), but only additivity at higher
concentrations (208). Changes in in situ TS inhibition paralleled these effects. The extent of
in situ TS inhibition (5-FU alone, 15%; AG337, LY231514, or ZD1694 alone, 10-15% inhi-
bition; GW1843, no inhibition) was more than additive for the combinations (all combina-
tions of 5-FU with antifolates produced 30-35% inhibition) in WiDr colon cancer cells, but
mostly additive in other cell lines. Furthermore, the induction of DNA damage was at least
additive (5-FU, AG337, or ZD1694 alone, 25-30%; LY231514 and GW1843 alone,
10-15%; combinations of antifolate with 5-FU, 40-60% DNA damage; additive to synergis-
tic for LY231514, ZD1694, and GW1843). In HCT-8 human colon cancer cells, exposure to
7ZD1694 for 24 h, followed by 4 h 5-FU exposure, resulted in a downregulation of thymidine
kinase activity and mRNA level, and increased 5-FU incorporation into RNA compared to 5-
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FU exposure alone (209). It was postulated that this enhancement was related to the
7ZD1694-induced increase in dUMP, leading to an increase in the incorporation of 5-FU into
RNA. These studies indicate a complex biochemical interaction. Based on the additive/syn-
ergistic interaction clinical combination studies have been initiated.

8. CONCLUSIONS

Although initial research on 5-FU in the 1960s already revealed the importance of the var-
ious metabolic pathways, their relative role in achievement of antitumor activity or toxic side
effects remains a matter of debate. The interpretation of several of these studies is hampered
by the use of various model systems and different conditions used in these studies. However,
the use of various modulators of one of the activation or inactivation pathways (or both) has
given more substantial evidence on the relative role of each pathway. Thus it can be con-
cluded that degradation of 5-FU by DPD is the major elimination pathway, since inhibition
of this pathway either naturally in patients with a DPD deficiency or by the use of DPD
inhibitors necessitated a drastic decrease of the dose, because otherwise toxic side effects
such as diarrhea and myelosuppression would be lethal. Under these conditions urinary
excretion of 5-FU is more important than in the classical bolus and continuous-infusion
schedules. For the activation pathway, most evidence supports the crucial role of the direct
phosphoribosylation of 5-FU to FUMP. However, depending on substrate availability and
enzyme levels, the pathway via FUR may contribute to nucleotide formation, which may
proceed to a different compartment. The contribution of the TP-mediated pathway is mini-
mal under physiological conditions; this pathway may play a role only at very high TP levels
with a sufficient supply of dRib-1-P. The various pathways may also play a role in the tar-
gets, which may be affected by 5-FU. However, considering the overwhelming evidence of a
relation between response to 5-FU and both TS levels and TS inhibition, it may be con-
cluded that TS is a major determinant in the antitumor effect of 5-FU. Various modulation
studies have provided substantial evidence that 5-FU incorporation into RNA contributes to
the toxic side effects of 5-FU, although TS inhibition in normal gut may cause additive toxi-
city, probably more important under conditions of modulation of TS inhibition. Future mod-
ulation studies with nonpurine or pyrimidine compounds should ideally attempt to increase
the TS-mediated effects in the tumors, not only the direct inhibition of TS but also its regula-
tion (to prevent induction) and the downstream events leading to either apoptotic or necrotic
cell death. The relative role of the various caspases and the Fas-R remains to be elucidated.
Altogether, these modulation studies provided a strong basis to include 5-FU in various
novel combination regimens (2/0), which can still be improved based on a proper translation
of preclinical studies to the clinic, and subsequently feedback this information.
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1. INTRODUCTION

5-Fluorouracil (5-FU) is still one of the most commonly prescribed anticancer drugs,
with activity against cancers of the gastrointestinal tract, head and neck, and breast. In addi-
tion, new oral 5-FU prodrugs like UFT, S;, capecitabine are emerging in the arena of the
new drugs in oncology (/,2). Thus, treatment by fluoropyrimidines including 5-FU itself or
its prodrugs represents a significant part of the chemotherapy agents currently in use or
under investigation. The administration of oral fluoropyrimidines underscores the impor-
tance of the enzyme dihydropyrimidine dehydrogenase (DPD), which not only controls the
catabolic route of 5-FU but also limits its oral absorption (3). In addition, DPD inhibition
represents a major objective for the development of oral fluoropyrimidines like UFT and S,
(4). DPD has highest activity in liver and mononuclear cells, but is also found in most
human tissues. The aim of this chapter is to cover the role of DPD in treatment by fluoropy-
rimidines with considerations on the link between DPD and 5-FU pharmacokinetics, the
importance of DPD deficiencies, the existence of DPD circadian rhythm with its clinical
consequences, the comparison between DPD genotyping and DPD phenotyping, the role of
DPD in 5-FU resistance in vitro and in vivo, and the role of DPD inhibition in the develop-
ment of new oral fluoropyrimidines.
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2. DPD AND PHARMACOKINETICS OF 5-FU

More than 80% of an administered dose of 5-FU is eliminated by catabolism through
DPD, the rate-limiting enzyme (3). DPD activity is found in most tissues, exhibiting the
highest activity in the liver (5). However, peripheral blood mononuclear cells (PBMC) are
used for clinical monitoring of DPD activity, as these cells are obviously more accessible
than hepatic tissue. We reported on a significant, but weak (> = 0.32), correlation between
PBMC and liver DPD activity (6). This observation validates the use of DPD determination
in PBMC for estimating the individual capacity to clear 5-FU. It is however important to
mention that marked discrepancies may exist between hepatic and PBMC-DPD activity par-
ticularly in the case of patients with altered liver function who can exhibit a low DPD activ-
ity and a normal PBMC-DPD activity (7). The evidence of an association between DPD
activity in PBMC and plasma 5-FU concentration was initially published a decade ago by
the group of R. Diaso (8). The relationship between PBMC-DPD activity and 5-FU systemic
clearance was then evaluated by Fleming and associates (9). A significant linear correlation
was observed between PBMC-DPD activity and 5-FU clearance (9,10). However, this rela-
tionship is very weak (r2 = 0.10), and we feel that simply determining PBMC-DPD is not
sufficient to accurately predict 5-FU clearance. The NONMEN population pharmacokinetic
analysis that we conducted had the aim to identify patient covariables, which could influence
interpatient variability in 5-FU clearance (10). 5-FU clearance was significantly reduced by
increased age, high serum alkaline phosphatase, length of infusion, and low PBMC-DPD.
However, a relatively high error was found in the estimate between observed and predicted
5-FU clearance and thus this multifactorial approach including PBMC-DPD did not allow
faithful 5-FU dose adaptation prior to treatment. In addition, DPD activity may vary from
one cycle to the other without any evidence of a trend for an increase or decrease during the
treatment course (9). McLeod and coworkers conducted a clinical study and an experimental
study on laboratory animals, aiming to examine the evolution of DPD activity under 5-FU
treatment (/). They found that PBMC-DPD decreased by a median of 39% following the
administration of 5-FU (p = 0.001). In addition, 5-FU induced alterations in rat liver DPD
were noted by these authors with the lowest activity occurring 48 h after drug administration
(11). In total, PBMC-DPD-based 5-FU dose adaptation strategy is not justified in our opin-
ion. However, marked 5-FU dose reductions can be proposed for patients showing more or
less marked DPD deficiency (see below).

3. DPD DEFICIENCIES

Lu and associates (12) were the first to provide population data on DPD activity and
demonstrated a Gaussian distribution for PBMC-DPD in 124 healthy subjects. Prospective
studies on 185 unselected cancer patients and 75 colorectal cancer patients were performed
(13,14). In these populations, DPD activity also showed an unimodal distribution and no
subject with complete DPD deficiency was identified in these studies. Multifactorial analysis
of variance showed that neither liver function tests (biological evaluation) nor age influenced
DPD activity. It was also found that DPD activity was, on average, 15% lower in women as
compared with men (p = 0.03) (14). Interestingly, this 15% difference in DPD activity is the
same order as the difference observed in 5-FU clearance between men and women (15).
However, in the study by Lu and colleagues, DPD activity was not influenced by sex (12).
The discrepancy in the effect of gender on DPD activity between these studies could be
explained by the difference in the age range covered, with influences from the hormonal sta-
tus: Premenopausal women were the majority in the Lu study (/2) vs postmenopausal
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women in the majority studied by Etienne and colleagues (/4). However, this hypothesis
could not be confirmed from the limited set of women studied (n = 33), since no difference
in DPD activity was demonstrated between pre- and postmenopausal women. We recently
reported PBMC-DPD data concerning a group of 53 patients (23 men, 30 women) (/6)
treated by 5-FU-based chemotherapy in different French institutions and who developed
unanticipated 5-FU-related toxicity. Among the whole group of 53 patients, 19 had a signifi-
cant DPD deficiency (DD; below 150 fmol/min/mg protein, i.e., less than 70% of the mean
value observed from previous population study). There was a greater majority of women in
the DD group (15 out of 19, 79%) compared with the remaining 34 patients (15 out of 34,
44%, p < 0.014). Toxicity was often severe, leading to patient death in two cases (both
women). The toxicity score (sum of WHO grading, theoritical range 0-20) was twice as high
in patients with marked DD (below 100 pmol/min/mg protein, n = 11, mean score = 13.2)
compared with patients with moderate DD (between 150 and 100 pmol/min/mg protein, n =
8, mean score = 6.8), p = 0.008. In the DD group, there was a high frequency of neurotoxic
syndromes (7 out of 19, 37%). The two deceased patients both had severe neurotoxicity. The
occurrence of cardiac toxicity was relatively rare (1 out of 19, 5%). These data confirm that
women are particularly prone to DPD deficiency. In total, from these above-discussed stud-
ies, it is clear that complete DPD deficiency is a very rare event. However, if we consider the
PBMC-DPD value of 100 pmol/min/mg protein as the upper threshold indicative of an
increased risk for developing 5-FU-related toxicity (/6), one can estimate that approx 3% of
an unselected group of cancer patients are located below this threshold value (/4). DPD-
associated morbidity, and in some cases mortality, among patients who often do not have
detectable disease (adjuvant therapy) has great personal and economic implications. It fol-
lows that, in our opinion, the practical interest to determine DPD before 5-FU treatment
must be carefully weighed in terms of cost—benefit balance. Current methods, requiring
PBMC isolation and high performance chromatography analysis, are difficult to apply for
general screening. In addition, Van Kuilenburg and colleagues have recently reported on a
positive correlation they observed between DPD activity in PBMC and the percentage of
monocytes (/7). The proportion of monocytes can vary during anticancer treatment, thus the
variable proportion of monocytes in PBMC can introduce intra- and interpatient variability
in DPD activity determination. An interesting alternative approach to identify DPD deficient
patients could be to use surrogate markers like the dihydrouracil (UH;)—-uracil (U) ratio, easy
to determine in plasma before treatment; Gamelin and coworkers recently reported on this
ratio, which was determined in a group of 81 patients with advanced colorectal cancer
receiving weekly infusions of 5-FU—folinic acid (/8). They found that the UH,-U ratio was
normally distributed and was correlated to 5-FU clearance (r = 0.64). Interestingly, toxic
side effects were observed only in patients with initial UH,—U ratio of less than 1.8.

4. CIRCADIAN RHYTHM OF DPD

The existence of a circadian rhythm for DPD activity has been suggested from both
human and animal investigations (/9). Harris and associates (8) measured lymphocyte DPD
activity and 5-FU plasma concentrations in cancer patients receiving 5-FU by protracted
continuous infusion. A circadian rhythm was observed in 5-FU plasma concentrations
with a peak observed at 11 AM and a trough at 11 PM on average. The inverse relationship
observed between the circadian profile of 5-FU plasma concentration and PBMC-DP activ-
ity suggested a link between DPD activity and 5-FU pharmacokinetics. Our group per-
formed a pharmacokinetic study of FU in patients treated by continuous venous infusion of a
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constant rate for 5 d (20). All patients had stage C blader carcinoma and received cis-
diamminedichloroplatinum (II) (45-91) mg/m?) on d 1 as 30-min venous infusion at 5 PM.
Continuous venous infusion of 5-FU (450-966 mg/m?/day) was started on d 2 at 8:30 AM via
a volumetric pump and lasted for 5 d (until d 6). Blood samples were obtained every 3 h on
d 2, d 4, and d 6 on each patient (20 samples/patient). Data were analyzed by both multiple
analysis of variance and cosinor. Mean lowest and highest 5-FU plasma concentrations
(x SEM) were, respectively, 254 + 33 ng/mL at 1 pPM and 584 * 160 ng/mL at 1 AM
(p < 0.03). Both analysis of variance and cosinor analysis further validated (p < 0.0001) a
circadian rhythm with a double amplitude (total extent of variation) of 50% of the 24-h mean
and an acrophase located at approx 1 AM (estimated time of peak). It was thus felt that circa-
dian modulation of the infusion rate of 5-FU may further optimize the therapeutic index of
such treatment modality. Besides continuous venous infusion, the impact of the time of drug
administration was also studied for short venous infusions by Nowakowska-Dulawa (21). 5-
FU (15 mg/kg) was administered in over 15 min every 4 d for 12 d and this at various times
during the day. The authors noted marked differences in pharmacokinetic parameters and
clearance value was found to be 70% at 13.00 h as compared to 01.00 h. Several studies have
described a wide interindividual variation in peaks and troughs in DPD activity (22,23).
More precisely, in the work recently reported Grem and coworkers (23) the authors wished
to determine whether peak and trough in DPD activity occurred at uniform times in six sub-
jects, whether individual patterns fit a discernible profile and whether such patterns were
consistent and reproducible over time. In that purpose mononuclear cells were isolated from
peripheral blood at 3-h intervals over a 24-h period on three different dates over a 6-mo
period. When the data were averaged by study date for each subject, the median value for the
average DPD activity was significantly different from both the median peak and median
trough activities. Within the six subjects, the average DPD activity for the three study dates
differed by a median of 2.4-fold. The time at which peak and trough DPD activities occurred
varied between subjects: 8 of the 17 peaks (47%) occurred between 10:00 PM and 6:00 AM, 6
(35%) occurred between 8:00 AM and 3:00 pM, and 3 (18%) occurred between 5:00 PM and
8:15 pM. Thus, it could be concluded by the authors that the time of day when the peak
occurred was essentially randomly distributed over the 24-h period of observation (p = 0.68).
Sixty percent of the trough DPD activities occurred between 7:00 AM and 3:00 pm. The
median interval between the peak and trough was 6.5 h. When the combined data for all
cycles was considered, the trough occurred 6-9 h after the peak, and the DPD levels subse-
quent to the peak did not display merely random variation (p = 0.0055). The authors con-
cluded that DPD activity levels and the times at which peak and trough DPD activities
occurred varied both between and within subjects. A limitation from this latter study may be
the fact that subjects were not synchronized.

5. DPD GENOTYPING VS DPD PHENOTYPING

Chromosome mapping of human DPYD gene was first described in 1994 (24). DPYD
gene is located on chromosome 1 (1p22). DPYD gene is a large gene (> 950 kb) containing
23 exons leading to 3 kb of coding region (25,26). Seventeen DPYD mutations have been
reported (27); these mutations lead to single amino acid substitutions, nucleotide deletions,
or a donor splice site mutation resulting in exon skipping (GA mutation in the exon 14 splice
site, 27). This latter mutation results in the production of a truncated mRNA and has been
consistently associated with low DPD activity and 5-FU toxicity. In addition, Van Kuilen-
burg reported that this mutation was found in 8 out of 11 patients suffering from a complete
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deficiency of DPD (28). More recently, Johnson and coworkers identified this latter molecu-
lar defect as being responsible for a complete lack of DPD enzymatic activity having
induced a life-threatening toxicity in a patient treated by topical 5-FU (29). A molecular
study was conducted in a cohort of cancer patients with reduced or normal DPD activity
with the aim to analyze the 10 DPYD exons (exons 2, 4,7, 10, 11, 13, 14, 18, 21, 23), where
DPYD mutations were previously identified, (27). From this study a patient with a heterozy-
gous intron 14G1A mutation had normal DPD activity. Kouwaki and colleagues undertook
an expression analysis for three mutant DPYD genes found in Japanese patients (30). Only
two mutations led to mutant DPD proteins with significant loss of enzymatic activity; the
third one, however, resulted in no decrease in enzymatic activity compared with the wild-
type. The conclusion from these studies is that DPYD mutations do not entirely explain poly-
morphic DPD activity and toxic response to 5-FU.

6. DPD IN TUMORS AND RESISTANCE TO 5-FU-BASED THERAPY

DPD activity can be considered as a potential factor for controlling 5-FU responsive-
ness at the tumoral level. The concept is simple: A high level of tumor DPD would metab-
olize 5-FU to inactive products before cytotoxic nucleotides can be formed. The potential
role of DPD for influencing 5-FU activity also concerns new 5-FU prodrugs like UFT or
capecitabine, where 5-FU is metabolically produced at the target site. Previous in vitro
data revealed that DPD activity in tumor cells was significantly related to 5-FU sensitivity
(31); the lower the DPD enzymatic activity, the greater the cytotoxicity. Interestingly,
from this experimental study it was shown that DPD activity and thymidylate synthase
activity were independent variables significantly correleted with 5-FU cytotoxic activity.
Recent studies in human cancer xenografts demonstrated that the efficacy of capecitabine
correlated very well with the ratio of thymidine phosphorylase/DPD (32). The role of
tumoral DPD activity was then evaluated in the clinical setting. For head and neck cancer
patients, DPD activity was detectable in all tumor samples (median tumoral DPD activity
was 60, range 13-193 pmol/min/mg protein) (33). Tumoral DPD activity was not influ-
enced by tumor staging. The patients with a complete response to 5-FU-based induction
chemotherapy, exhibited lower tumoral DPD activities as compared with partial or nonre-
sponding patients (33). In an attempt to reduce the variability due to confounding factors,
including a possible circadian variability for DPD activity, we tested a normalized DPD
value defined as the tumoral:adjacent nontumoral ratio of DPD activity. Interestingly, the
distribution of normalized DPD revealed that complete responders exhibited a signifi-
cantly lower normalized DPD than partial or nonresponding patients (p = 0.03) (33). How-
ever, the tumor:normal tissue ratio is not the same for all tumor types. A recent study of 63
colorectal tumors found a median tumor:normal ratio of 0.76 (34). Although a subset of
patients did have up to three times higher tumor DPD, the majority of patients had highest
DPD in adjacent normal tissue. Although resistance to 5-FU is multifactorial, it can be
considered that tumoral DPD activity may be a determining factor for 5-FU responsive-
ness in a subset of cancer patients. These data provide further pharmacological rationale
for the use of DPD-specific inhibitors.

7. DPD INHIBITORS

There were recently four agents under development that interacted with DPD activity
(Table 1); 5 ethynyluracil was the only one that is a DPD inactivitor (irreversible inhibition)
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Table 1
5-FU Oral Prodrugs Under Clinical Evaluation that Contain a DPD Inhibitor
Compound Chemical name Effect on DPD
Eniluracil (Glaxo-Wellcome) 5-Ethynyluracil Inactivor
UFT (Orzel®), Bristol-Myers Squibb, Uracil + tegafur Inhibitor
contains UFT plus leucovorin)
S1 (Bristol-Myers Squibb) 5-Chloro-2, 4 dihydropyridine + Inhibitor
tegafur + potassium oxonate
BOF-A2 (Emitefur®, Otsuka America 1-Ethoxymethyl-5-fluorouracil + Inhibitor
Pharmaceutical) 3-cyano- 2,6-dihydropyrimidine

while the three others act as DPD inhibitors (competitive inhibition). Details on the clinical
development on these compounds will be given in other chapters in this book. We will insist
on the main characteristics of these DPD inhibitors. With 5-ethynyluracil pretreatment, the
biovailability of 5-FU becomes complete and thus renal clearance becomes the main source
of drug elimination with significant correlations having been shown between 5-FU clearance
and creatinine clearance (35). A consequence could be that dosage reductions would need to
be made in patients with reduced renal function who are candidates for 5-ethynyluracil and
5-FU combined treatment. Competitive inhibitors of DPD activity are also part of the new
products UFT, S;, and BOF-A,. UFT contains uracil and tegafur in a 4:1 ratio and S,
includes 5-chloro-2,4-dihydropyrimidine (CDHP) in combination with tegafur and potas-
sium oxonate. BOF-A; is an oral prodrug of 5-FU and 3-cyano-2,6-dihydropyrimidine
(CNDP). CNDP is a much stronger DPD inhibitor compared to uracil. When uracil, CDHP
or CNDP compete with 5-FU for the uracil binding site on the DPD protein, more 5-FU can
be activated through the anabolic pathway. The consequence of competive inhibition is that
the effects of this inhibition are rapidly reversible; in comparison, a single dose of 5-ethyny-
luracil maintains a complete DPD inhibition for several days (36). A striking feature of the
DPD inhibitor clinical studies is the very low incidence of hand/foot syndrome. In compari-
son, capecitabine, another 5-FU oral prodrug that does not contain a DPD inhibitor, induces
a relatively high frequence of more or less severe hand/foot toxicity (37). It is thought that
the presence of 5-FU related hand/foot syndrome can be due to the production of 5-FU
catabolites that are absent when a DPD inhibitor is associated to the 5-FU oral prodrug. One
of the major critical points for the clinical use of DPD inhibitors is to define the dose of DPD
inhibitor so as to permit a significant inhibition of DPD activity to take place in the organism
but to also keep a basal level of DPD activity in normal cells (intestinal, hematological) to
maintain a minimal level of 5-FU detoxification through DPD activity.

REFERENCES

1. Lamont EB, Schilsky RL. The oral fluoropyrimidines in cancer chemotherapy. Clin Cancer Res
1999;5:2289-2296.

2. Sobrero A, Kerr D, Glimelius B, et al. New directions in the treatment of colorectal cancer: a look to the
future. Eur J Cancer 2000;36:559-566.

3. Diasio RB, Harris BE. Clinical Pharmacology of 5-fluorouracil. Clin Pharmacokin 1989;16:215-237.

4. Milano G, Mc Leod HL. Can dihydropyrimidine dehydrogenase impact 5-fluorouracil-based treatment? Eur
J Cancer 2000;36:37-42.

5. Naguib FNM, El Kouni MH, Cha S. Enzymes of uracil catabolism in normal and neoplastic human tissues.
Cancer Res 1985;45:5402-5412.



Dihydroprimidine Dehydrogenase 35

6.

7.

8.

10.

11.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Chazal M, Etienne MC, Renée N, Bourgeon A, Richelme H, Milano G. Link between dihydropyrimidine
dehydrogenase activity in peripheral blood mononuclear cells and liver. Clin Cancer Res 1996;2:507-510.
Stephan F, Etienne MC, Wallays C, Milano G, Clergue F. Depressed hepatic dihydropyrimidine dehydroge-
nase activity and fluorouracil related toxicities. J Med 1995;99:685-688.

Harris BE, Song R, Soong SJ, Diasio RB. Relationship between dihydropyrimidine dehydrogenase activity
and plasma 5-fluorouracil levels with evidence for circadian variation of enzyme activity and plasma drug
levels in cancer patients receiving 5-fluorouracil by protracted continuous infusion. Cancer Res
1990;50:197-201.

. Fleming R, Milano G, Thyss A, et al. Correlation between dihydropyrimidine dehydrogenase activity in

peripheral mononuclear cells and systemic clearance of fluorouracil in cancer patients. Cancer Res
1992;52:2899-2902.

Etienne MC, Chatelut E, Pivot X, et al. Covariables influencing 5-fluorouracil clearance during continuous
venous infusion. A NONMEM analysis. Eur J Cancer 1998;34:92-97.

McLeod HL, Sludden J, Hardy SC, Lock RE, Hawksworth GM, Cassidy J. Autoregulation of 5-fluorouracil
metabolism. Eur J Cancer 1998;34:1623-1627.

. Lu Z, Zhang R, Diasio RB. Dihydropyrimidine dehydrogenase activity in human peripheral blood mononu-

clear cells and liver: population characteristics, newly identified patients and clinical implication in 5-fluo-
rouracil chemotherapy. Cancer Res 1993;53:5433-5438.

Ridge SA, Sludden J, Wei X, et al. Dihydropyrimidine dehydrogenase pharmacogenetics in patients with col-
orectal cancer. Br J Cancer 1998;77:497-500.

Etienne MC, Lagrange JL, Dassonville O, et al. Population study of dihydropyrimidine dehydrogenase in
cancer patients. J Clin Oncol 1994;12:2248-2253.

. Milano G, Etienne MC, Thyss A, et al. Influence of sex and age on fluorouracil clearance. J Clin Oncol

1992;10:1171-1175.

Milano G, Etienne MC, Pierrefite V, Barberi-Heyob M, Deporte-Fety R, Renée N. Dihydropyrimidine dehy-
drogenase deficiency and fluorouracil-related toxicity. Br J Cancer 1999;79:627-630.

Van Kuilenburg ABP, Van Lenthe H, Blom MJ, Mul EPJ, Van Gernip AH. Profound variation in dihydropy-
rimidine dehydrogenase activity in human blood cells: major implications for the detection of partly deficient
patients. Brit J Cancer 1999;79:620-626.

Gamelin E, Boisdron-Celle M, Guerin-Meyer V, et al. Correlation between uracil and dihydrouracil plasma
ratio, fluorouracil (5-FU) pharmacokinetic parameters, and tolerance in patients with advanced colorectal
cancer: a potential interest for predicting 5-FU toxicity and determining optimal 5-FU dosage. J Clin Oncol
1999;17:1105-1110.

. Harris BE, Song R, He YS, Soong SJ, Diasio RB. Circadian rhythm of rat liver dihydropyrimidine dehydro-

genase. Possible relevance to fluoropyrimidine chemotherapy. Biochem Pharmacol 1988;37:4759-4762.
Petit E, Milano G, Levi F, Thyss A, Bailleul F, Schneider M. Circadian rhythm-varying plasma concentration
of 5-fluourouracil during a five-day continuous venous infusion at a constant rate in cancer patients. Cancer
Res 1988;48:1676—-1679.

Nowakowska-Dulawa E. Circadian rhythm of 5-fluorouracil and pharmacokinetics and tolerance. Chronobi-
ologia 1990;17:27-30.

Tuchman M, Von Roemeling R, Lanning RM, Sothern R, Hrushesky WJM. Sources of variability of dihy-
dropyrimidine dehydrogenase activity in human blood mononuclear cells. (In Reinberg A., Smolensky M.,
Lebrecque G., eds.) 1998. Annual Review of Chronopharmacology. Oxford, Perganom Press, pp. 399-402.
Grem JL, Yee LK, Venzon DJ, Takimoto CH, Allegra CJ. Inter-and intraindividual variation in dihydropyrim-
idine dehydrogenase activity in peripheral blood mononuclear cells. Cancer Chemother Pharmacol
1997;40:117-125.

Yokota H, Fernandez-Salguero P, Furuya H, et al. cDNA cloning and chromosome mapping of human dihy-
dropyrimidine dehydrogenase, an enzyme associated with 5-fluorouracil toxicity and congenital thymine
uraciluria. J Biol Chem 1994;269:23192-23196.

Johnson MR, Wang K, Tillmanns S, Albin N, Diasio RB. Structural organization of the human Dihydropy-
rimidine Dehydrogenase gene. Cancer Res 1997;57:1660-1663.

Wei X, Elizondo G, Sapone A, et al. Characterization of the human dihydropyrimidine dehydrogenase gene:
gene structure and genetic polymorphism. Genomics 1998;51:391-400.

Collie-Duguid ESR, Etienne MC, Milano G, Mc Leod HL. Known variant DPYD alleles do not explain DPD
deficiency in cancer patients. Pharmacogenetics 2000;10:217-223.

Van Kuilenburg ABP, Vreken P, Beex LVAM, et al. Heterozygosity for a point mutation in a invariant splice
donor site of dihydropyrimidine dehydrogenase and severe 5-fluorouracil related toxicity. Eur J Cancer
1997;33:2258-2264.



36

Milano

29.

30.

31.

32.

33.

34.

35.

36.

37.

Johnson MR, Hageboutros A, Wang K, High L, Smith JB, Diasio RB. Life-threatening toxicity in a dihy-
dropyrimidine dehydrogenase deficient patient after treatment with topical 5-fluorouracil. Clin Cancer Res
1999;5:2006-2011.

Kouwaki M, Hamafima N, Sumi S, et al. Identification of novel mutations in the dihydropyrimidine dehydro-
genase gene in a Japanese patient with 5-fluorouracil toxicity. Clin Cancer Res 1998;4:2999-3004.

Beck A, Etienne MC, Cheradame S, et al. A role for dihydropyrimidine dehydrogenase and thymidylate syn-
thase in tumor sensitivity to fluorouracil. Eur J Cancer 1994;30:1517-1522.

Ishikawa T, Sekiguchi F, Fukase Y, Sawada N, Ishitsuka H. Positive correlation between the efficacy of
capecitabine and doxifluridine and the ratio of thymidine phosphorylase to dihydropyrimidine dehydrogenase
activities in tumors in human cancer xenografts. Cancer Res 1998;58:685-690.

Etienne MC, Cheradame S, Fischel JL, Formento P, Dassonville O, Renée N, Schneider M, Thyss A, Demard
F, Milano G. Response to fluorouracil therapy in cancer patients: the role of tumoral dihydropyrimidine dehy-
drogenase activity. J Clin Oncol 1995;13:1663-1670.

McLeod HL, Sludden J, Murray GI, et al. Characterization of dihydropyrimidine dehydrogenase in human
colorectal tumors. Brit J Cancer 1998;77:461-465.

Baker SD, Khor SP, Adjei AA, et al. Pharmacokinetic, oral bioavailability, and safety study of fluorouracil in
patients treated with 776C85, an inactivator of dihydroprimidine dehydrogenase. J Clin Oncol
1996;14:3085-3096.

Schilsky RL, Hohneker J, Ratain MJ, et al. Phase I clinical and pharmacologic study of eniluracil plus fluo-
rouracil in patients with advanced cancer. J Clin Oncol 1998;16:1450-1457.

Van Custen E, Findlay M, Osterwalder B, et al. Capecitabine, an oral fluoropyrimidine carbamate with sub-
stantial activity in advanced colorectal cancer: results of a randomized phase II study. J Clin Oncol
2000;18:1337-1345.



3 Biochemical Bases of the

5-Fluorouracil-Folinic Acid

Interaction and of its Limitations
A Retrospective Analysis

Richard G. Moran, PhD

CONTENTS

SUMMARY

THE FLUOROPYRIMIDINES

THE TS-DIRECTED AND RNA-DIRECTED EFFECTS OF THE
FLUOROPYRIMIDINES

THE FLUOROPYRIMIDINE-REDUCED FOLATE SYNERGISM IN TISSUE
CULTURE CELLS AND ITS RELATIONSHIP TO CLINICAL
EFFECTIVENESS OF THE COMBINATION

PHARMACOLOGY OF THE 5-FU/CF COMBINATION

SCHEDULING OF 5-FU AND FoOLINIC ACID FOR OPTIMAL THERAPEUTIC
SYNERGISM

BIOCHEMISTRY OF TS AND OF ENHANCEMENT OF THE INHIBITION OF TS
IN MAMMALIAN CELLS BY REDUCED FOLATES

METABOLIC ACCUMULATION OF DUMP IN TS-INHIBITED CELLS

ACCUMULATION OF TS IN FLUOROPYRIMIDINE-INHIBITED TUMOR CELLS

FOLATE POLYGLUTAMATES IN TUMORS AND OPTIMAL LEVELS OF
REDUCED FOLATES FOR 5-FU ENHANCEMENT

RELATIONSHIP BETWEEN FOLINIC ACID-INDUCED ENHANCEMENT OF
5-FU AND INTRACELLULAR POOLS OF TETRAHYDROFOLATES

LENGTH OF TIME THAT TS MUST BE INHIBITED TO YIELD EFFICIENT CELL
KILL

INHIBITION OF T'S BY THE COMBINATION OF 5-FU AND FOLINIC ACID

ASSESSMENT OF TUMOR LEVELS OF MRINA ENCODING TS

REFERENCES

1. SUMMARY

The sensitivity of many, but not all, human carcinoma cell lines to 5-fluorouracil (5-
FU) is substantially increased by exposure of cells to 0.3-10 uM concentrations of
reduced folates. The synergism is due to an enhanced kinetic trapping of thymidylate syn-
thase (TS) in an inactive ternary complex, which, although covalent, is in dynamic equi-
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librium with unbound, active enzyme. Several factors interact to prevent or reverse com-
plete inhibition of TS by fluoropyrimidines. Yet, cellular TS must be maintained com-
pletely inactive for a length of time equivalent to one cell generation before any appreciable
cell kill ensues. Successful blockade for longer periods yields extensive commitment to
cell death, and antitumor kill has been faithfully mirrored by the duration of complete inhibi-
tion of TS in those few studies that allow assessment of the time course of enzyme inhibition.
In spite of the potency of 5-FU as an inhibitor of TS, maintenance of such a prolonged com-
plete blockade of tumor TS is quite difficult under clinical conditions. These counterintu-
itive concepts are borne out by abundant preclinical information, and may lie behind the
limited clinical activity of the drug. However, the current literature would support the
conclusions that the therapeutic objective of fluoropyrimidine therapy is a sustained com-
plete inhibition of TS for periods of 48 h or more, that such inhibition should permit sub-
stantial therapeutic effects against human colon carcinomas, and that this objective is
probably seldom met.

2. THE FLUOROPYRIMIDINES

The initial discovery by Heidelberger and his colleagues (/) that pyrimidines substituted
at the 5-position with fluorine had remarkable and broad spectrum activity against trans-
planted rodent tumors led to four decades of sustained effort to improve that activity and to
apply it to human neoplastic diseases. Hundreds of structural analogs and blocked deriva-
tives of the parent drugs were synthesized and tested as inhibitors of tumor cell growth and
of the development of tumors in vivo from tumor inocula. The antitumor and toxic mecha-
nisms of the three lead compounds, 5-fluorouracil (5-FU), 5-fluoro-2’-deoxyuridine (FUdR),
and 5-fluorouridine (FUR) have been studied in substantial detail, and the therapeutic activ-
ity of the several hundred derivatives of 5-FU have been examined. Thousands of basic bio-
chemical and molecular studies have been published that sought to explain the growth
inhibitory and cytotoxic effects of these compounds. And, as the final step in this escalating
series, several million patients with gastrointestinal (GI) cancers have been treated with 5-
FU. For 40 yr, the clinical activity of 5-FU against carcinoma of the colon and rectum and
carcinoma of the stomach has been the benchmark against which the activity of all com-
pounds and combinations tested against these diseases has been measured.

All in all, the discovery of 5-FU and the systematic exploitation of the effects of this com-
pound and its close relatives has been one of the most doggedly pursued areas within the
field of cancer research. This experience represents the prototypical approach needed to
break the barriers preventing the effective treatment of human carcinomas. And yet, 50 yr
after the publication of the activity of 5-FU against experimental tumors, there is still debate
over the events precipitated by the fluoropyrimidines. More disturbing is the fact that, after
40 yr of clinical use, 5-FU has not yet been displaced by another drug more active against GI
cancers. 5-FU remains in use because of the lack of a better substitute. Hence, the onus is on
the field to understand exactly what the limitations of 5-FU are due to under clinical circum-
stances and to minimize their effects on therapy as much as humanly possible.

The purposes of this chapter are to furnish a basic biochemical framework with which to
place into perspective the other chapters in this volume. Along the way, it is the author’s pur-
pose to discuss the points of confusion and disagreement within this substantial literature in
the hope that these will spark work that leads to a thorough understanding of this fascinating
and important drug.
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3. THE TS-DIRECTED AND RNA-DIRECTED EFFECTS
OF THE FLUOROPYRIMIDINES

Early studies by Heidelberger and his students and colleagues unraveled the anabolism
and catabolism of 5-FU, FUdR, and FUR; these studies have been summarized in several
reviews (see, for instance, refs 2 and 3). It became clear early on that these drugs followed
the metabolic pathways that were in place to metabolize uracil and its nucleosides and
nucleotides (reviewed in ref. 3). Several points became evident from those earlier meta-
bolic studies:

1. The incorporation of 5-FU into RNA was a striking aspect of the biochemistry of the drug, and
several of the therapeutic strategems that enhanced the activity of 5-FU against animal tumors
also increased incorporation of 5-FU into RNA. Thus, scheduling of a dose of methotrexate
before 5-FU resulted in increased cellular phosphoribosyl pyriphosphate (PRPP), and hence,
synthesis of FUMP (4). Similar mechanisms occurred with coadministration of inhibitors of
de novo pyrimidine synthesis (5). Incorporation of 5-FU into various species of RNA is per-
haps most remarkable in that it has broad, often nonspecific, but usually minor effects,
although the net sum of these effects appears involved in the overall activity of 5-FU on mam-
malian tumor cells (3).

2. The incorporation of 5-FU into DNA did not appear to contribute to the cytotoxicity of the
drug. Incorporation of 5-FU into DNA was measurable, but barely so, and it was often con-
fused with the more frequent event of metabolic dehalogenation of nucleotides of 5-FU fol-
lowed by incorporation of these metabolites into DNA (6,7). Destruction of FQUTP by cellular
dUTPase and removal of any incorporated 5-FU from DNA by DNA-uracil glycosylase appear
to be very efficient and redundant protective mechanisms (8,9).

3. The potency of FAUMP as an inhibitor of TS was impressive (see below), but the cellular lev-
els of FAUMP derived from 5-FU itself were always much lower than those of cellular FU
ribonucleotides. In addition, any strategy which increased incorporation of 5-FU into RNA
also increased the concentration of and residency of FAUMP.

Prior to the introduction of the combinations of 5-FU and reduced folates, the critical
experiment was performed in which the mechanism of 5-FU and its derivatives was tested by
challenging growth-inhibited cells with either thymidine, as a means of bypassing inhibition
of de novo thymidylate synthesis, or uridine, as a means of competitively preventing 5-FU
from being metabolized to ribonucleotides and, thence, incorporation into RNA. (The initial
studies that used this experimental design are reported in refs. /0 and 71, subsequent studies
reviewed in ref. 3.) In some cell lines, thymidine shifted the dose-response curve of 5-FU to
a small degree but uridine was without effect; in other cell lines uridine shifted the curve
some and thymidine was without effect. In no cell line ever studied did one of these end
products prevent the cytotoxicity of 5-FU, but rather any protective effect of uridine or
thymidine was manifested only by a shift in the dose-response curve. In contrast, thymidine
dramatically altered the sensitivity of most cell lines to FUdR, but uridine was without
effect. Although many investigators chose to ignore these experiments, the inescapable con-
clusion was that neither incorporation of 5-FU into RNA nor the inhibition of TS were suffi-
cient, taken individually, to explain the growth inhibitory and cytotoxic effects of 5-FU;
years of searching for yet a third mechanism underlying these results did not yield results.
On the other hand, FUdR appeared to act as an almost pure inhibitor of TS in many cell
lines. Perhaps one of the most inexplicable aspects of the pharmacology of the fluoropyrim-
idines is that FUdR is much more potent than 5-FU in cell culture, with typical ICsgs for the
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two compounds of 5 x 10719 and 1 x 107 M, respectively, but 5-FU is substantially more
potent than FUdR in vivo.

4. THE FLUOROPYRIMIDINE-REDUCED FOLATE SYNERGISM
IN TISSUE CULTURE CELLS AND ITS RELATIONSHIP
TO CLINICAL EFFECTIVENESS OF THE COMBINATION

In a classic paper published in PNAS in 1978 (/2), Ullman and his colleagues demon-
strated that inclusion of higher levels of (6-R,S)5-formyltetrahydrofolate (leucovorin, citro-
vorin factor, CF, folinic acid) in tissue culture medium enhanced the growth inhibitory
activity of FUdR against a line of mouse leukemia cells, the L1210 cell. The effect resulted
in a threefold shift in the concentration of drug needed to half-maximally inhibit the growth
of L1210 cells, a reasonably small effect, but one which ultimately resulted in clinical trials
of the combination of 5-FU and folinic acid in several adult human epithelial tumors. Sev-
eral other studies followed up on that seminal paper, and this result initially appeared to be
general. Perhaps the most important of these studies were the very careful and insightful
experiments of Hakala and her colleagues (73,14). This group studied the mechanism of 5-
FU by itself and in combination with reduced folates in a series of mouse tumor cell lines
and in a battery of human carcinoma cell lines in culture. They drew the conclusion that the
growth inhibitory effects of 5-FU on the mouse cell lines were primarily due to effects on
TS, based on the ability of exogenous thymidine to prevent growth inhibition, a pivotal
expectation for any drug active against TS. On the other hand, the effects of 5-FU on the
human lines studied were not prevented by concurrent inclusion of thymidine, and appeared
to best correlate with the incorporation of 5-FU into RNA. However, for any of the human
cell lines studied, addition of folinic acid to the medium changed the site of action of 5-FU
to inhibition of TS, again, as judged by reversibility of the growth inhibition by thymidine in
the medium. Inclusion of high levels of folinic acid in the medium of the mouse tumor cells
studied intensified the growth inhibition observed, and the site of the enhanced growth
inhibitory activity of 5-FU for mouse tumor cells remained T'S.

In retrospect, it is amazing that clinical trials of this combination resulted from the initial
observation of a threefold shift in the growth-inhibitory potency of FUdR in L1210 cells, a
model tumor cell of questionable relevance to human GI tumors, together with the related
studies by Hakala and her colleagues at Roswell Park on established epithelial tumor cells in
tissue culture. Nevertheless, clinical trials of the combination were initiated and the initial
reports (15—17) on these trials were very encouraging; it appeared that a major change in the
effectiveness of this old drug against human cancers had been realized. At first, it seemed
hard to rationalize that enhanced clinical activity of 5-FU was attending a combination that
only careful experimentation in vitro could demonstrate as superior to 5-FU itself.

The change in potency of FUdR originally reported by Ullman et al. was easily repro-
ducible (18), in spite of its modest magnitude (threefold). Interestingly, the potentiation of
the growth-inhibitory potency of 5-FU against the L1210 cells was even more modest (/8)
(Fig. 1A). However, when the viability of L1210 cells treated with 5-FU or the combination
of 5-FU and folinic acid was examined using the ability of treated cells to produce progeny
in a clonigenic assay, as an index of true cytotoxicity, it appeared that the growth-inhibition
assays performed underestimated the magnitude of the potentiation produced by the combi-
nation (/8) (Fig. 1B,C). A concentration of 5-FU that was barely cytotoxic would result in
several logs of tumor cell kill in the presence of folinic acid. Subsequent studies on the
WIdR human colon carcinoma cell line confirmed this conclusion (79), and suggested that
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Fig. 1. Enhancement of the growth inhibition and the cytotoxicity of 5-FU to mouse leukemic cells by
folinic acid. (A) The growth inhibition of 5-FU for mouse L1210 leukemic cells is increased in the presence
of 10 uM folinic acid. Cultures of L1210 cells were exposed to the indicated concentrations of 5-FU in the
presence (filled circles) or absence (open circles) of folinic acid starting with an initial culture density of 2 x
10* cells/mL. After 72 h, the culture densities were determined. In other experiments, L1210 cells were
exposed to 5-FU in the presence or absence of 10 uM 5-FU for 72 h, then were plated into soft agarose in
the absence of drugs, and the number of colonies formed after an additional 10 d incubation were deter-
mined. (B) Cells were incubated with 0.3 uM 5-FU with or without folinic acid, and the viability of 200,
2000, or 20,000 cells was determined. It can be seen that the number of colonies formed from 200 cells
treated with 5-FU alone was greater than the number of colonies formed from 20,000 cells treated with 5-
FU plus folinic acid. (C) depicts the viability of cells treated with varying concentrations of 5-FU in the
presence (filled squares) or absence (open squares) of 10 uM folinic acid. (The data were adapted from ref
18 with the permission of Cancer Research.)
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Fig. 2. Enhancement of the cytotoxicity of 5-FU to human WiDr colon carcinoma cells by folinic acid.
WiDr cells were plated at 250-25,000 cells per 60 mm dish, and treated with 5-FU at the indicated concen-
trations starting 24 h after plating for a total of 72 h of drug exposure in the presence (filled squares) or
absence (open squares) of 10 uM folinic acid. Colonies formed were determined after fixing and staining
the dishes 3-3.5 wk later. (The data were adapted from ref. /9 with permission of Cancer Research.)

the ability of 5-FU to kill tumor cells was substantially increased at the levels of drug that
were clinically achievable (Fig. 2). However, it should be noted from the data of Figs. 1C
and 2 that the synergy seen with the combination of 5-FU and folinic acid is only a shift in a
dose-log cell kill curve, that is, if higher concentrations of 5-FU are clinically achievable, the
same level of cell kill would be seen with 5-FU alone. So, the judgment of whether the com-
bination of 5-FU and folinic acid made sense, clinically, would rely on a decision of what
portion of the dose-response curve is in play during clinical use of 5-FU: if the achievable
dose of drug is giving an insufficient exposure for efficient tumor cell kill, then an enhanced
clinical response would be expected from the coadministration of folinic acid. If, on the
other hand, one is currently working on the higher end of the fluoropyrimidine dose scale
seen in Figs. 1C and 2, then one should not expect any therapeutic enhancement of the
effects of 5-FU by coadministration of reduced folates.
The cell culture studies above raised several questions:

1. To what degree is the clinical activity of 5-FU enhanced by coadministration of folinic acid?
This key question has been answered only by extensive large-scale clinical trials and is the
subject of much continuing debate. It is safe to say, however, that the clinical effectiveness of
the combination of 5-FU and folinic acid is not yet sufficient to provide major increases in
mean survival time of populations of patients treated with the 5-FU/folinic acid combination
compared to populations treated with 5-FU alone, although numerous cases of complete
responses of colonic carcinoma have been documented with the combination which would not
be expected with 5-FU alone. Most clinical studies have concluded that the combination offers
better clinical results than 5-FU administered on intermittent schedules. This is discussed at
length in chapters 13 and 14 of this volume.



Basis of 5-FU/Folinate 43

. Exactly what is folinic acid doing to enhance the effects of 5-FU against TS?

. Would other folates offer the same potentiation as does folinic acid?

. How much folinic acid is required for the effect?

. Can the combination be further enhanced by manipulation of factors related to the mechanism

of the synergy?

. Is the extent of the 5-FU/folinic acid synergy dependent on the length of exposure to 5-FU or

folinic acid?

7. How general is the antitumor synergy seen in cell culture? Is it safe to assume that the effects
of 5-FU against all colonic carcinomas would be enhanced by folinic acid? If this is not the
case, what factor or factors would determine the applicability of the combination, and could
individual human tumors be tested in advance of therapy for effectiveness of 5-FU/folinic
acid?

8. For tumors that are refractory to the combination, what is the mechanism of the resistance?

DA W N
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The literature that deals with these and related aspects of the treatment of human carcino-
mas with the combination of 5-FU and folinic acid represents an impressive body of bio-
chemical, pharmacological, and clinical experimentation. With apologies to the investigators
whose contributions I inadequately cover in this summary, I have attempted to mold the core
of this literature into a coherent view of the biochemistry of the 5-FU—folinic acid combina-
tion. The review attempted here does not extend to the biochemical and molecular events
downstream whereby inhibition of TS initiates apoptosis, but this central area is addressed
by Dr. Houghton in Chapter 6.

5. PHARMACOLOGY OF THE 5-FU/CF COMBINATION

There has been a heavy reliance on cell culture experiments to understand the therapeutic
and pharmacologic aspects of the 5-FU-reduced folate interaction as a result of an important
species difference between man and mouse, which compromised the interpretation of mouse
studies. The level of thymidine circulating in mouse serum (= 1.5-3 pM) would easily pre-
vent the effects of FUdR against cultured cells, whereas the thymidine concentration in
human plasma (= 0.15 pM) has been commonly thought to be too low to bypass the effect of
inhibition of TS (20-23). Hence, it was not surprising that a therapeutic effect of FU plus
reduced folates has not been observed in some mouse studies in vivo, and has been observed
to be rather weak in others. However, when human tumor cells deficient in thymidine kinase
(which would, consequently, be incapable of salvage of circulating thymidine) were studied
as xenografts in immune deficient mice, a strong synergy was seen with the 5-FU/folinic
acid combination (23) (Fig. 3). The magnitude of this effect is of concern: If the common
assumption that the level of thymidine in human serum is without effect on the cytotoxicity
of 5-FU/folinic acid is incorrect, then the reason for the therapeutic failure of many patients
treated with this regimen has been obvious for some time but has been ignored.

A very practical set of questions came to the fore related to how little or how much folate
was necessary and sufficient to elicit the synergy seen between 5-FU and folinic acid. Initial
studies (13,14) performed by Hakala’s laboratory demonstrated that much higher levels of
folinic acid (10 uM) were required to promote the 5-FU/folinic acid synergism than to pro-
mote cell growth. This level set a target for the clinical trials, and promoted the development
of the “high CF” or Roswell Park regimen, in which (6-R,S)-5-formyltetrahydrofolate is
given at 400-550 mg/m?2 (16). Subsequent studies on other cell lines in culture suggested
that there were some cell line to cell line differences in how much extracellular reduced
folate was required for optimal stimulation of the effects of 5-FU. Concentrations of 0.3 uM
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Fig. 3. The chemotherapeutic effectiveness of 5-fluorouracil is enhanced by folinic acid in xenografts of
human colon carcinoma which cannot salvage serum thymidine but not in xenografts capable of thymidine
salvage. Immune deficient mice were innoculated with the HxGC3 colon carcinoma (left panel) or a subline
of HxGC3 selected in culture for deficiency of thymidine kinase (right panel). Groups of HxGC3 tumor-
bearing mice were treated with control (open circles), three courses of 5-FU (filled circles); or FU plus 500
mg/m? folinic acid (triangles). Mice bearing the HxGC3/cITK-c3 tumor were treated with control (open cir-
cles), 5-FU (filled triangles), or 5-FU plus 50 (filled circles), 500 (open triangles), or 800 mg/m?2 folinic acid
(open squares). (This figure was reproduced from Houghton et al. (23) with the permission of Dr. Houghton
and Cancer Chemotherapy and Pharmacology. It clearly demonstrates that folinic acid substantially
increases the activity of 5-FU against human colon carcinoma cells in vivo if plasma thymidine is not avail-
able for salvage.)

folinic acid were sufficient to maximally enhance the effects of 5-FU on either the growth
inhibition or the cytotoxicity of 5-FU to L1210 cells (/8). Optimal cytotoxicity of 5-FU was
attained only with the use of 3—10 uM folinic acid for the WIdR colonic carcinoma cell (/9)
or the Hep-2 carcinoma cell (13,14). In a very extensive French study of the response of
multiple human carcinoma cell lines to the 5-FU/folinic acid combination, Beck et al. (24)
reported that there was substantial variation in the concentration of folinic acid required to
maximally enhance 5-FU. For 9 out of 17 cell lines, maximal synergy was observed at con-
centrations of folinic acid less than or equal to 5 uM, whereas three other cell lines required
10-200 uM folinic acid for optimal effect. In the remaining five cell lines, little or no syn-
ergy was observed at any reasonable concentration of folinic acid.

Faced with the substantial cost and availability problems caused by the perceived need to
administer very high levels of folinic acid to patients, a large-scale clinical trial was per-
formed by the Mayo group, which pitted high dose folinic acid against a much lower dose
(20 mg/m?). This trial (25) made the surprising observation that there was no detectable
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advantage to the high-dose folinate schedule, and this was confirmed in more extensive stud-
ies by this group (26). This set the stage for further trials that compared the use of 20 mg/m?
folinic acid with high dose leucovorin. Some large Phase III studies confirmed the superior-
ity of high-dose leucovorin over the lower-dosage leucovorin introduced by the Mayo group
(27). On the other hand, a multifaceted SWOG study concluded that there was no difference
in therapeutic effect of low- or high-dose folinic acid regimens in combination with 5-FU
(28). The extensive clinical literature on this combination and the effect of dosage regimens
and schedules on clinical outcome and toxicities has been reviewed (29) and is discussed at
length elsewhere in this volume.

6. SCHEDULING OF 5-FU AND FOLINIC ACID
FOR OPTIMAL THERAPEUTIC SYNERGISM

In Chapter 8 of this monograph, Dr. Sobrero discusses the issue of how much of a change
in thereapeutic synergism results from differences in the schedule of administration of either
the 5-FU or the folinic acid components of the combination. Therapeutic synergism relates
not only to the effects on tumor but also the interaction of the two agents in normal, toxicity-
limiting stem cells, and hence, can only be definitively described in vivo. However, the
effects of lengths of exposure to 5-FU or folinic acid on the cytotoxicity of the combination
to tumor cells can and have been described on cells in culture (/9). The results were some-
what predictable, and somewhat surprising:

1. Short-term exposure to 5-FU, at any dose, resulted in minimal synergism with folinic acid, no
matter how high the concentration of the latter, nor how long of an exposure to folinic acid.

2. The longer the exposure to 5-FU, the greater the degree of enhancement of cytotoxicity to 5-
FU by folinic acid (Fig. 4).

3. Ataconstant length of exposure to 5-FU, the longer the exposure to folinic acid, the higher the
cytotoxicity. This implies that extended continuous infusions of 5-FU plus folinic acid up to
the limits of toxicity would yield a high therapeutic synergism. This may reflect the require-
ment for extended inhibition of thymidylate synthase for cell kill.

One of the most informative studies to date was performed by the Dutch group who stud-
ied the complete time course of TS after a maximally tolerated single dose of 5-FU and com-
pared it with the effectiveness of equimolar and equitoxic doses of FUdR. In that study (30),
Van Laar and his colleagues found that maximally tolerated doses of intermittent FUdR were
far superior to 5-FU in the treatment of the murine colon-26 transplanted tumor, and that the
duration of TS inhibition explained this therapeutic superiority (see below).

7. BIOCHEMISTRY OF TS AND OF ENHANCEMENT OF THE INHIBITION
OF TS IN MAMMALIAN CELLS BY REDUCED FOLATES

There are five aspects of the biochemistry of TS relevant to the enhancement of the effec-
tiveness of 5-FU by high levels of exogenous reduced folates:

. The characteristics of the active sites of TS.

. The binding order of the TS reaction.

. The mechanism of binding of FAUMP to TS.

. The results of inhibition of TS on deoxypyrimidine pools.

. The reversibility of the TS-FdUMP-methylenetetrahydrofolate binding reaction.

DN W=

Each of these is discussed briefly.
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Fig. 4. The 5-FU/folinic acid synergy becomes more exaggerated with longer exposures to 5-FU. Cells were
exposed to concentrations of 5-FU that killed 75-95% of exposed WiDr cells in the absence of folinic acid, and
the survival of this cell line was compared to that observed with the same concentrations of 5-FU in the presence
of 10 puM folinic acid. The enhancement plotted is the ratio of the survival of cells treated with 5-FU divided by
the survival of cells treated with the combination. (Reprinted from ref. 19 with permission of Cancer Research.)

Thymidylate synthase is a dimer of identical monomers each of which carries a catalyti-
cally active site. The monomeric molecular weight is 32-37,000 Daltons depending on
species, but a comparison of mammalian enzymes reveals a very tightly conserved primary
structure (31). Each of the two subunits of mammalian TS donates a short peptide to the
active site on the other monomer and two arginines on this peptide are involved in substrate
binding sufficiently important to be conserved from bacteria to human (32,33). Two very ele-
gant studies have demonstrated that one subunit can be active on a dimer in which the other
is inactivated either genetically (34) or chemically (35) but even then, the two monomers
both contribute to the active site. Another aspect of the TS reaction that has complicated the
field is the clear crosstalk between the two active sites (36—38). In order to explain the beau-
tiful complexities of this enzyme, it has been proposed that only one active site of mam-
malian TS can be active at any given time, but that the enzyme uses each active site in
alternative catalytic cycles (37,38). Although aspects of this proposal remain conjectural, the
binding of FAUMP to the two active sites appears to be nonequivalent. An examination of
the binding of FAUMP to pure human TS at low temperature (7°C) demonstrated that the
first binding event to dimeric enzyme is rapid, but the rate of binding of FAUMP to the sec-
ond active site of dimeric TS occurs much more slowly (39). Although the rate of binding of
FAUMP to the two sites differed 1000-fold, the rate of dissociation from the two sites were
equivalent. These differences have not been observed at higher temperatures, and certainly
not at physiological temperature, but it constitutes direct evidence for nonequivalence in
FdUMP binding events at the two subunits. Several other studies have also indicated such a
nonequivalence.

Mammalian TS follows an ordered sequential mechanism (Fig. 5) with deoxyuridylate
binding to an active site first, followed by the folate cosubstrate (3,37,40,41). An ordered
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FAUMP  cofactor cofactor FAUMP
E E-FAUMP (E-FAUMP-cofactor) E-FdUMP E

Fig. 5. Mammalian thymidylate synthase follows an ordered sequential order of binding of substrates/ligands.

sequential binding order is usually interpreted to mean either that the bound first substrate
forms part of the binding surface for the second substrate or that the binding of the first sub-
strate induces a conformational change in the protein that induces the formation of the bind-
ing site for the second substrate. Either mechanism has the effect that the second substrate
(5, 10-methylene tetrahydrofolate) cannot bind to TS in a catalytically productive manner
without prior binding of dUMP. Likewise, FAUMP binds to TS first, followed by binding of
folate cosubstrate (Fig. 5), and the noncovalently bound ternary complex is thought to then
rapidly proceed to a tightly bound complex followed by formation of covalent bonds
between the active site cysteine and the 6-position of FAUMP, and the 5-position of FAUMP
and the exocyclic methylene group of the folate cofactor. In the course of a detailed and
careful analysis of the kinetics of these binding events, Danenberg and his colleagues
(3,37,42) came to two crucial conclusions:

1. The observed rate of formation of a ternary complex among TS, folate, and FAUMP was a
hyperbolic function of the concentration of folate cosubstrate, that is

ron,obs = ;1{;3(folate) } {;2 + ;3(folate) }-1

where kj, k, and k3 were the kinetic constants determining the rate of formation of a
enzyme—dUMP binary complex, the rate of addition of folate cofactor to the enzyme—-dUMP
binary complex, and the rate of dissociation of the enzyme—dUMP binary complex, respectively
(Fig.5). In other words, the rate of formation of ternary complex was constant at high folate cofac-
tor concentration, but was potentially quite a bit lower at low cofactor concentrations.

2. On the other hand, the observed rate of dissociation of the ternary complex was inversely
related to the concentration of folate cofactor, and, at very high concentrations of folate cofac-
tor, dissociation would be very slow indeed. This presumably did not reflect a slower dissocia-
tion of FAUMP from the enzyme—FdUMP binary complex, but rather the reformation of
ternary complex in the presence of higher 5,10-methylenetetrahydrofolate after initial forma-
tion of binary complex from ternary complex.

Hence, the effective strength of binding of a noncovalent ternary complex was dramati-
cally dependent on the concentration of 5,10-methylenetetrahydrofolate available at the sur-
face of TS. The noncovalent ternary complex then rapidly formed covalent bonds, and the
covalently bound ternary complex would have more opportunity for formation and less
chance of productive dissociation at higher concentrations of folate cofactor. This, then, rep-
resents a kinetic trapping mechanism at the heart of the 5-FU—folinic acid combination.

The question comes up: Does the covalently bound ternary complex of TS, FAUMP, and
5,10-methylenetetrahydrofolate ever dissociate on a time scale of practical significance to 5-
FU chemotherapy? The answer is rather astounding: TS trapped in a covalently bound
ternary complex in intact mouse leukemic cells, in the presence of folate pools adequate for
maximal cell growth rates, dissociated back to free enzyme with a half-time of two h (Fig. 6)
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Fig. 6. Stabilization of ternary complex by folinic acid in vivo. Mouse L1210 leukemia cells were exposed
to 0.7 nM FUdR in the presence (filled circles) or absence (open circles) of 10 uM folinic acid for 12 h. The
cells were washed and resuspended in 10 uM unlabeled FUdR for the indicated times, the cells were har-
vested and sonicated, and cellular protein was subjected to electrophoresis on SDS-PAGE gels. The gel was
impregnated with beta-ray enhancer, dried, and subjected to autoradiography. The only labeled band on the
gels was at the position of the monomer of thymidylate synthase (A). The data of panel A were quantitated,
corrected for the content of protein per cell, and plotted as a function of time in B. (Reprinted from ref. 43
with the permission of the Journal of Biological Chemistry.)

(43)! On the other hand, when these same cells were exposed to exogenous 5-formyltetrahy-
drofolate, at concentrations that optimally stimulated cell kill by 5-FU, the rate of dissocia-
tion of the covalent ternary complex was unmeasurable (> 35 h) (43). Hence, the addition of
folinic acid to 5-FU converts 5-FU to what it originally was thought to be, namely, a pseudo-
irreversible, titrating inhibitor of TS. How can one comprehend such a rapid reversal of
covalent bonds in the ternary FAUMP-TS-methylenetetrahydrofolate complex that is ini-
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tially formed in 5-FU exposed cells? The potency of the inhibition of TS by FAUMP is the
result of the enzymatically catalyzed formation of covalent bonds by TS. By microscopic
reversibility, it is clear that TS also catalyzes the breakage of the same covalent bonds that tie
the complex together.

The remarkable decrease in the rate of turnover of the covalently bound ternary complex
in cells in which the 5, 10-methylenetetrahydrofolate pools was expanded, as demonstrated
in vivo in Fig. 6 appears to be somewhat at odds with prior data on pure human TS studied in
vitro. Danenberg (37,42) had first demonstrated that the effective rate at which complexes of
purified human TS, FAUMP, and 5,10-methylenetetrahydrofolate dissociate to native
enzyme could be slowed substantially in the presence of 5,10-methylenetetrahydrofolate,
and that the rate of dissociation became negligible at infinite free 5,10-methylenetetrahydro-
folate. In both that study and the extensions of their work by Radparvar et al. (44), concen-
trations of 5, 10-methylenetetrahydrofolate in excess of 1000 uM were required to stabilize
complex as much as is seen in Fig. 6. However, Radparvar et al. (44) demonstrated that long
chain poly-y-glutamate derivatives of 5, 10-methylenetetrahydrofolate were much more
potent at trapping human TS in inhibited ternary complexes than was 5,10-methylenete-
trahydrofolate monoglutamate, and that results (43) such as seen in Fig. 6 were compatible
with intracellular concentrations of long-chain methylenetetrahydrofolate polyglutamate
concentrations on the range of 5-10 uM. The concentration of 5,10-methylenetetrahydrofo-
late polyglutamates in the experiment of Fig. 6 was on this range (43). Hence, the data of
Fig. 6 indicate that exposure of tumor cells to 5-formyltetrahydrofolate results in the kinetic
trapping of TS by an expanded pool of long-chain 5,10-methylenetetrahydrofolate polyglu-
tamates. The experiments of Milano and his colleagues (see below) draw attention to the cel-
lular folate polyglutamate pool in primary human colon and head and neck tumors as a
central variable determining the response of individual tumors to 5-FU.

8. METABOLIC ACCUMULATION OF dUMP IN TS-INHIBITED CELLS

The enzymatically catalyzed dissociation of the FAUMP-TS—cofactor ternary complex
becomes even more significant because of the accumulation of dUMP in FU-treated cancer
cells. Early studies demonstrated that dUMP is present in rather low concentrations, even in
S-phase cells, and that these steady-state dUMP concentrations are in the range of the K, for
dUMP with human TS, 3 uM (reviewed in ref. 3). However, the binding constant for dUMP
to human TS was determined to be about 0.36 uM (42), implying that dUMP would interfere
with initial binding of FAUMP even at micromolar concentrations of dUMP. This is consis-
tent with the fact that concentrations of dUMP as low as 1 UM decreased the rate of binding
of FAUMP to isolated human TS (42). In some, but not all, tumor cells, blockage of TS
results in the accumulation of dUMP often to millimolar concentrations, that is, to concen-
trations that are 3000 times the Ky for dUMP binding to TS (45—47). In the face of such an
expanded dUMP pool, any initially inhibited TS, upon dissociation of the ternary complex,
would be protected from inactivation of FAUMP, due to competition of FAUMP and dUMP
for binding to free TS; the binding constants for these two nucleotides for free TS for the ini-
tial formation of a binary complex appears to be equivalent. The effects of high dUMP and
low 5,10-methylenetetrahydrofolate have been shown to have a multiplicative effect on the
binding of FAUMP to TS (42).

In vitro, the rate of inactivation of pure human TS by FAUMP is dramatically slowed in
the presence of dUMP concentrations; for instance, 50 uM dUMP slowed the binding of
FAdUMP to enzyme by 140-fold (42). At the millimolar dUMP concentration seen to accu-
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Fig. 7. Expansion of the cellular dUMP pool in human Hep-2 hepatoma (open circles) and mouse S-180
sarcoma (filled circles) cells following treatment with 5-FU. Cultures were treated with 5-FU for the first
three hours of the period shown, and dUMP was measured with time thereafter. (Reproduced from Berger
and Hakala (ref. 46) with the permission of Molecular Pharmacology and Dr Berger.) The accumulation of
dUMP is strikingly different in different cell types.

mulate in CEM cells after 5-FU (45), any newly synthesized TS or active enzyme dissociat-
ing from ternary complex would be protected from all but extemely high concentrations of
FAdUMP. The technologies available for measurement of dUMP in small samples are a prob-
lem. One of the most widely used assays is one we developed based on the enzymatic con-
version of dUMP to C!'4 thymidylate using 5,10-!4CH,-tetrahydrofolate (45). Although this
technique is very cumbersome, it has been used quite extensively by Spears and his col-
leagues to estimate dUMP in biopsy material of primary human tumors and hepatic metas-
tases (48-50). In an exhaustive set of technically and tactically challenging clinical
experiments (49), this group analyzed biopsy specimens of more than 50 breast, colon, gas-
tric, and pancreatic carcinomas and a moderate number of normal tissue samples at times
ranging from 75 to 150 min after a single dose of 5-FU at 500 mg/m?2. The concentration of
dUMP in the tumors ranged from 20 to 50 uM. However, the level of dUMP in cellular ele-
ments of normal human bone marrow aspirates rose to > 1.5 mM 80 min after exposure to 5-
FU (49). Hence, the dUMP concentrations in tumor tissue in this study were at low to
moderate levels, although certainly enough to slow the binding of FAUMP to TS, whereas
the level of dUMP in bone marrow was high enough to preclude binding of FAUMP to TS.
The timing of such biopsy samples is important and affects interpretation of these experi-
ments. Thus, the level of dUMP in a human leukemia cell in culture did not rise until TS was
substantially inhibited, which took about 4 h (45). Likewise, studies by Berger and Hakala
(46) demonstrated striking accumulation of dUMP in Hep-2 carcinoma cells after a 3-h
treatment with either 5-FU alone or in combination with folinic acid. In the latter study by
these investigators, dUMP pools accumulated progressively up to as much as 0.8 mM over
several hours, then decreased progressively over 24 h back to control levels (Fig. 7). That is,
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the accumulation of dUMP is time dependent, even when marked, and probably will not
occur until TS is substantially inhibited.

Perhaps one of the central questions in this area is why some mammalian cells respond to
5-FU treatment with a dramatic increase in dUMP and others do not (46,47). The studies of
Spears and his colleagues (48-50) suggested that dUMP does not accumulate at short times
after 5-FU treatment in human tumors under clinical conditions, even though such an
increase may or may not have occurred later in the time course after bolus drug. Yet, Spears
et al. observed millimolar concentrations of dUMP in human bone marrow cells from indi-
viduals treated with 5-FU (49). With the advantages of cell culture to work with, some stud-
ies have demonstrated dUMP accumulation behind a TS block (45—47); there were orders of
magnitude increases of dUMP in Hep-2 cells, but not in S-180 cells (47) (Fig.7). However,
the distinct possibility exists that the reason why dUMP did not accumulate in primary
human carcinomas studied under clinical circumstances is that the inhibition of TS was
insufficient to cause buildup of substrate.

In other relevant studies, Calvert and his colleagues (57) noted that deoyxyuridine accu-
mulated in the serum of patients treated with doses of folate-based TS inhibitors, indicating
that inhibition of TS results in accumulation of dUMP with subsequent seepage of deoxyuri-
dine into the general circulation. The tissue of origin of the deoxyuridine in these clinical
study is not known, but the effect is striking.

9. ACCUMULATION OF TS IN FLUOROPYRIMIDINE-INHIBITED
TUMOR CELLS

It has been known for decades that, following inhibition of the growth of mammalian cells
by any inhibitor of TS, cells undergo the process of “unbalanced growth” whereby the cellu-
lar content of RNA and protein expands, but, since DNA synthesis is blocked, division does
not occur (52,53). This also occurs after treatment of tumor cells with fluoropyrimidines and
is somewhat more pronounced in the presence of folinic acid (43) (Fig. 8). Interestingly, the
total cellular content of TS increases to an extent which substantially surpasses the accumu-
lation of bulk protein after inhibition of TS by fluoropyrimidines (Fig. 8). The interpretation
of this accumulation of enzyme is controversial. Early studies by Washtien (54), which have
been somewhat ignored in favor of more molecular explanations, clearly demonstrated that
the stability to proteolysis of TS bound in a ternary complex is greatly increased and, as a
result, total cellular TS would be expected to accumulate. This has been more recently con-
firmed in an elegant series of experiments (55) which concluded that stabilization against
proteolysis was sufficient to explain the accumulation of enzyme in fluoropyrimidine-inhib-
ited tumor cells. However, the interpretation of this effect may be more complex. Chu and
his colleagues (56) have offered an alternative explanation based on their finding that recom-
binant TS can bind to its own cognate mRNA, and that this binding is disrupted by binding
of either FAUMP or folate-based inhibitors to the active site of TS. This group has mapped
the binding site for mRNA to the protein and that of protein to TS mRNA (56-58). The bind-
ing of enzyme to its mRNA is a very attractive mechanism, which has been termed “transla-
tional detainment” and has been widely accepted as the mechanism explaining the
accumulation of TS in 5-FU-inhibited tumor cells. This area has been discussed in detail by
Chu in Chapter 4 of this book. There is evidence that this binding of TS to its cognate mRNA
is the mechanism reponsible for the cell cycle oscillations in the level of TS (59). This accu-
mulation of enzyme, whether it is in a protease-stabilized inactive state or as a result of an
increased rate of translation from preexisting mRNA, is an important factor in the recovery
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Fig. 8. Accumulation of TS in L1210 cells treated with FudR with or without folinic acid. Cultures of mouse
L1210 cells were treated with 0.7 nM FUdR with (filled symbols) or without (open symbols) 10 uM folinic
acid. With time after initiation of drug exposure, total levels of TS per cell (FAUMP-bound plus unbound)
(squares) was measured, as was total cellular protein (circles). The total cellular content of TS per cell
increased more than the protein content per cell, but the latter also increased after inhibition of cell growth
with FudR. (Adapted from ref 43.)

of active TS following 5-FU treatment, given that such inhibition is reversible (see above)
and marginal under human therapeutic conditions (see below).

The literature on levels of TS in tumors in vivo supports the concept that TS accumulates
under clinically relevant circumstances and this accumulation may confound therapy. The
treatment of murine tumors in vivo with fluoropyrimidines resulted in higher levels of total
TS (free plus FAUMP bound) and, as FAUMP decreased in the tumors, free enzyme was pre-
sent in excess over that originally present in the tumors (60). Likewise, a few studies that
have addressed this factor in clinical specimens have reported higher TS levels after treat-
ment than before (60).

10. FOLATE POLYGLUTAMATES IN TUMORS AND OPTIMAL LEVELS
OF REDUCED FOLATES FOR 5-FU ENHANCEMENT

Virtually all of the intracellular pool of folate cofactors exist as poly-y-glutamate deriva-
tives, and the normal endogenous substrate used by TS in mammalian tumor cells and nor-
mal stem cells is 5,10-methylenetetrahydropteroyl-pentaglutamate and -hexaglutamates. The
chain length of the polyglutamate side chain of the folate cosubstrate available to intracellu-
lar TS will change depending on the level of folates available in the mileau in which the
tumor cell or normal stem cell finds itself, and the level of folylpolyglutamate synthetase.
There appears to be some hysteresis in this system, that is, the chain length of available
folate cofactors in the cell depends on the concentration of exogenous folates at the moment
and the level to which it has been exposed over the most recent period of perhaps 10-200 h,
depending on the mitotic activity of the cell.

Folylpolyglutamate synthetase (FPGS) is present both in the mitochondrial compartment
and in the cytosol in all tissues that express this enzyme (63,64). The ratio of enzyme content
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in these two compartments is usually between 2:1 and 1:2. In human tissues, the same
species of FPGS is expressed in liver and all dividing tissues, including those tumors that
have been studied to date (65). The same enzyme adds each of the glutamic acid residues to
substrates, although some substrates are only promoted to diglutamates, and others rapidly
progress to long chain polyglutamates without accumulation of diglutamates (66). In mouse,
a different enzyme is made in liver and kidney than in normal or malignant dividing tissues
(67,68).

Early studies emphasized that FPGS was present at very low levels in even enzyme-rich
tissues (69), and FPGS is certainly present at much lower catalytic capacities than TS or
methenyltetrahydrofolate synthetase in any tumor studied to date (70). However, reasonable
amounts of FPGS protein are, in fact, present in almost all tumor cells, but the human
enzyme has a very low turnover number (approx 0.5 s ~1) (65,71). It is very interesting to
note that cells in culture can survive and, in fact, grow at optimal rates, on levels of FPGS
that are only 2—3% of those found in continuous cell lines (72—74). In order for any effects to
be seen on the intracellular folate pool or cell growth, FPGS levels must be less than 1-2%
of normal levels (72-74). At low cellular levels of FPGS, the distribution of folates favors
higher polyglutamate chain length. The folate polyglutamate chain length is a biphasic func-
tion of extracellular folate concentration. As extracellular folate concentration increases, the
total folate pool increases but the intracellular folate polyglutamate chain length shifts to
shorter lengths. This appears to be a characteristic of FPGS itself, given that the
phenomenon can be replicated with isolated pure FPGS. Hence, if too high a level of
5-formyltetrahydrofolate is used in combination with 5-FU, the cellular content of
5,10-methylenetetrahydrofolate will shift to shorter polyglutamate chain length (75). One
could reason that this effect might result in less effective trapping of FAUMP in ternary com-
plex, but there is little reason to be concerned: The effectiveness of polyglutamate forms of
5,10-methelenetetrahydrofolate of chain lengths from 3-6 have been shown to be almost
equivalent (44).

Most of the preclinical and clinical studies on the 5S-FU—folinic acid combination have uti-
lized the mixture of diastereomers of 5-formyltetrahydrofolate about carbon 6 that results
from the chemical synthesis of folinic acid. When administered to animals, the naturally
occurring diastereomer of 5-formyltetrahydrofolate [(6-S)-5-formyltetrahydrofolate] is more
rapidly cleared from the plasma than is (6-R)-5-formyltetrahydrofolate, so that the unnatural
isomer can reach a substantial molar excess in plasma (76,77). Although it is commonly
thought that only the natural diastereomer has biological activity, there have been concerns
that the (6-R) diastereomer could interfere with the biological effects of the (6-S)-diastere-
omer at high concentrations. However, studies by Zhang and Rustum (78) have carefully
shown that (6-S)-5-formyltetrahydrofolate enhances the activity of 5-FU at exactly twice the
potency of (6-R,S)-5-formyltetrahydrofolate in cell culture assays, and that (6-R)-5-formyl-
tetrahydrofolate does not interfere with the enhancement of 5-FU caused by (6-S)-5-formyl-
tetrahydrofolate even at a 100-fold molar excess. Several other studies support this
conclusion. Hence, although both diastereomers have been shown to bind to the carrier
responsible for transport of reduced folates through the plasma membrane of mammalian
cells (79), it would appear that the 6-R-diastereomer of folinic acid is, by and large, an inert
material. In spite of these facts, it remains the case that some of the best clinical results
reported with the 5-FU-reduced folate combination were obtained in trials which administer
the pure (6-S) diastereomer of 5-formyltetrahydrofolate (80,81), so the question of superior-
ity of the single diastereomer in combination with 5-FU viv-a-vis the mixture of diastere-
omers in humans may ultimately need to be resolved by large randomized clinical trials.



54 Moran

However, later perspective randomized clinical trials have not shown a therapeutic advan-
tage of FU combined with single diastereomer 5-formyltetrahydrofolate compared with FU
plus the mixture of diastereomers (82).

Preclinical studies demonstrated that 5-methyltetrahydrofolate was as effective as 5-
formyltetrahydrofolate at enhancing the growth inhibitory activity of limiting doses of 5-FU
(83,84). This was a very important observation, for (6-S)-5-formyltetrahydrofolate adminis-
tered to man is rapidly converted to (6-S)-5-methyltetrahydrofolate (76,77), which is present
at micromolar concentrations in human serum for extended periods after bolus dosage or
continuous infusions of folinic acid. The chemical lability of 5-methyltetrahydrofolate is
well known, and the decomposition of this compound has been shown to be much faster in
oxygenated solutions, such as cell culture medium (85). In addition, mammalian cells
require the activity of the Bj;-dependent 5-methyltetrahydrofolate homocysteine methyl-
transferase (methionine synthase) to convert 5-methyltetrahydrofolate to the cofactor for TS
(84). The need for transcobalamin II to allow transport of B}, into cells has caused some
confusion in the literature on the utility of 5-methyltetrahydrofolate to enhance the activity
of 5-FU. Of course, these problems are artifacts of cell culture and do not apply to in vivo
use of such combinations. Presumably, the lability of 5-methyltetrahydrofolate to oxidation
is circumvented by protein binding in human plasma.

As a result of demand for large amounts of folinic acid for clinical studies, methods for
the large-scale preparation of individual diastereomers of 5-formyltetrahydrofolate were
improved dramatically by the Swiss pharmaceutical group SAPEC, and very high purity
5,10-methylenetetrahydrofolate also became available as an offshoot of this substantial
chemical effort. This compound is a Shiff base adduct of tetrahydrofolate and formaldehyde
and had never been widely available as a stable chemical entity before SAPEC’s consider-
able accomplishments in this area. Subsequent studies made it clear that single isomer
(6-S)5-formyltetrahydrofolate can act as an effective substitute for the mixture of (6-R,S)di-
astereomers, that is, for folinic acid. Indeed, 5,10-methylenetetrahydrofolate itself could
serve as an exogenous source of an expanded intracellular pool of 5,10-methylenetetrahy-
drofolate polyglutamates (86), although the sensitivity of 5,10-methylenetetrahydrofolate to
dissociation into formaldehyde and tetrahydrofolate and the chemical instability of the latter
made 5,10-methylenetetrahydrofolate a source of an expanded pool of intracellular cofactor
of questionable value. Other studies (87) used the stable form folic acid to expand the pools
of 5,10-methylenetetrahydrofolate derivatives available to TS. The use of folic acid as a
exogenous source of folates would require the activity of hepatic and cellular dihydrofolate
reductase for production of tetrahydrofolate available to tumor cells, and older literature had
shown (88) that systemic dihydrofolate reductase can be saturated by pharmacological doses
of folic acid, potentially resulting in inefficient production of reduced folates at high doses.

11. RELATIONSHIP BETWEEN FOLINIC ACID-INDUCED ENHANCEMENT
OF 5-FU AND INTRACELLULAR POOLS OF TETRAHYDROFOLATES

Early studies by Hougthon et al. (89) found that the intracellular pool of methylenete-
trahydrofolate in a series of human colon carcinoma xenographs was suboptimal for maxi-
mal formation and stabilization of the ternary complex in these tumors. This group
subsequently measured the content of tetrahydrofolate and 5,10-methylenetetrahydrofolate
in these tumors after the administration of increasing doses of folinic acid to the mice
(90,91). In these studies, there were large differences among the tumors in how much the
pool could be expanded with administered folinic acid, and also the pool size of these
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Fig. 9. Relationship of 5-FU enhancement by folinic acid and intracellular folate cofactor pools. Mouse
L1210 cells were exposed to the indicated concentrations of folinic acid in the presence of 0.32 uM 5-FU
for 72 h, and the cells were harvested and assayed for 5,10-methylenetetrahydrofolate (polyglutamate)
pools. Another aliquot of each culture was plated in soft agarose to determine cell viability by colony for-
mation. (Taken from ref. 43 with the permission of the Journal of Biological Chemistry.)

tetrahydrofolates in tumors from animals not administered exogenous folinic acid varied
from 0.5 to 3 uM. However, in animals treated with 100-300 mg/m? folinic acid, the pool of
these reduced folates was from 2.2 to 10 uM (89-91). Treatment of tumor-bearing mice with
increasing doses of folinic acid caused a decrease in the mean chain length of the side chain
of the tetrahydrofolates, similarly to that seen in cell culture. The authors did not see any
relationship between the size or expansion of the tetrahydrofolate pool and the level of tumor
cell FPGS; however, the level of FPGS in these tumors ranged from high to very high.

An early study from our laboratory (43) demonstrated that the dependence of the 5-
FU/folinic acid combination on folinic acid concentration was directly related to the ability
of each concentration of folinic acid to expand the pool of 5,10-methylenetetrahydrofolate
and tetrahydrofolate available as substrate for TS (Fig. 9). Thus, exactly the same range of
folinic acid concentrations that expanded the intracellular pool of 5,10-methylenetetrahydro-
folate, presumably present as polyglutamates, enhanced the cytotoxic effects of exposure to
5-FU. A critical set of studies by Milano and his colleagues (92,93) found that the concentra-
tion of intracellular cofactors for TS needed to enhance the efficacy of 5-FU in a series of
cell lines was in the range of 8—40 pmol/mg protein, a range of only five-fold. whereas the
extracellular range of folinic acid concentrations to stimulate 5-FU activity in this same
group of cell lines was much wider (0.7-108 uM, a 150-fold range). This is a very important
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observation, and it suggests that the concentration dependence for stimulation of 5-FU by
folinic acid reflects differences among cell types in the metabolism of extracellular 5-
formyltetrahydrofolate to 5,10-methylenetetrahydrofolate or the ability of cells to accumu-
late folates in this form in the steady state. Making reasonable assumptions from the method
of preparation of cell extracts in these papers (92), it appears that the concentrations required
to stimulate binding to FAUMP to TS in these cells were about 0.8 to 4 pmol/mg tissue or
1-5 uM in cell water. The data for L1210 cells (Fig. 9) suggest an intracellular concentration
of tetrahydrofolate and 5,10-methylenetetrahydrofolate polyglutamates of about 5-10 uM
would maximally enhance 5-FU cytotoxicity (43). Interestingly, the experiments of Cher-
adame et al. (92) demonstrated that the enhancement of 5-FU by folinic acid was maximal
under conditions that expanded the tetrahydrofolate plus 5,10-methylelene tetrahydrolfolate
pool to 3—-6 UM, yet expansion of these pools to equivalent or higher levels in the CALS51
cell was without effect on the growth-inhibitory efficacy of 5-FU. This potentially central
observation has yet to be explained.

Cheradame et al. (93,94) also measured the level of tetrahydrofolate plus 5,10-methylelene
tetrahydrofolate in a series of 50 primary head and neck tumors, 16 colon carcinomas, and
30 biopsies of colon cancer metastatic to the liver. The levels of these critical cofactors were
below those that enhance binding to FAUMP to TS in most of the head and neck and colon
carcinomas (calculated from their data to have mean values of (approx 0.5-0.6 pmol/mg tis-
sue), but were higher in liver metastases (approx 1.8 pmol/mg tissue). Preclinical studies had
demonstrated that extreme deficiency of FPGS results in frank resistance to 5-FU with or
without folinic acid (95,96). As a result, the French group (93,94) studied the link between
sensitivity to 5-FU, tumor tetrahydrofolate pool size and FPGS level in a series of human
colon and head and neck carcinoma biopsies. Their results suggested that head and neck
tumors with a low tetrahydrofolate pools were not likely to respond to regimens containing
5-FU (without folinic acid), while those patients that responded tended to have higher
tetrahydrofolate pools in tumor tissue. The FPGS levels in liver metastasis samples from
individuals with colon cancer that responded to 5-FU plus folinic acid were significantly
higher than in patients who did not respond to this treatment. This agrees with the prior
experiments from this group (92) that showed a direct relationship between the level of
FPGS and the sensitivity to 5-FU plus folinic acid in a series of eighteen human carcinoma
cell lines. Overall, the data emerging from these critical clinical and preclinical studies
(92-96) support the concept that the level of 5,10-methylenetetrahydrofolate (polygluta-
mates) available in human carcinomas is too low to allow maximal stabilization of the inhib-
ited TS complex without supplementation by folinic acid treatment, and that the level of
FPGS in a tumor is a factor in the ability of that tumor to respond to 5-FU/folinic acid.

12. LENGTH OF TIME THAT TS MUST BE INHIBITED
TO YIELD EFFICIENT CELL KILL

The question has been debated with little solution as to how long TS must be inhibited in
order to irreversibly initiate cell kill. Given the multiple mechanisms possible for 5-FU, the
timing of inhibition of TS by this agent needed for induction of cytotoxicity could always be
debated, with little hope of a definitive answer. However, two test systems have yielded the
answer: Cell lines genetically modified to be deficient in TS (97,98) and cell lines inhibited
by the pure TS inhibitor tomudex (D-1694, ralitrexid) (99). For both of these model systems,
tumor cells will grow quite normally with genetically or pharmacologically deleted TS in the
presence of exogenous thymidine, but thymine-less conditions will be induced rapidly after
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Fig. 10. Length of inhibition of thymidylate synthase required for efficient cell kill of WiDr cells. Human
WiDr colon carcinoma cells were plated out at 300-250,000 cells per dish and treated with 1 uM tomudex
(D-1694), a folate antimetabolite specifically inhibitory to TS. After the indicated time periods, the drug
was removed and fresh medium added every 3 d for 3.5 wk on some of the cultures (open squares). For
other cultures (filled squares), thymidine (5.6 uM) was added to the cultures during drug exposure, and in
all culture medium changes after drug removal. For the third group of cultures (half-filled squares), thymi-
dine was added to the medium after drug exposure but not during drug exposure. Thus, the open symbols
show the time course of drug toxicity, including accumulation of drug polyglutamates in the cells. The filled
symbols show the complete reversibility of tomudex effects by thymidine, direct evidence of the specificity
of this drug only for TS. The half-filled symbols demonstrate the time course with which blockage of
thymidylate synthase leads to irreversible commitment to cell death. (This figure was adapted from ref. 99
with the permission of Cancer Research.)

removal of thymidine from the medium. Given that the cellular pool of thymidine
nucleotides in cells grown on thymidine is not higher than 10 uM, a cell will consume the
preexisting pool of thymidine nucleotides during the first 0.5% of S-phase, or in about 3
min. By maintaining cells in the continuous presence of drug under clonogenic conditions,
then removing the culture medium and changing to medium containing thymidine but no
drug, one can determine how long TS must be inhibited to induce irreversible commitment
to cell death (99). As shown in Fig. 10, complete inhibition of TS can be maintained in the
human WiDr colon carcinoma cell (a p5S3 null cell line), for 24 h (equivalent to one cell gen-
eration time for the WiDr cell) without cytotoxicity; with longer inhibition of this pathway,
commitment to cell death proceeds exponentially and with a very steep slope. The cell cycle
traverse time for the WiDr cell is about 24 h. Hence, we conclude that the therapeutic objec-
tive of treatment of tumors with TS inhibitors should be to maintain complete inhibition for
>> 24 h. If tumor TS is completely inhibited after treatment of patients with 5-FU % folinic
acid for periods of one cell generation time (for stem cells of many human tumors, one could
take 24 h as an estimate of the fastest reasonable cell cycle time) or less, it is to be expected
that no cell kill would result. Longer periods of complete suppression of TS would be very
effective in inducing irreversible commitment to cell death (99). Very similar conclusions
could be drawn from prior literature on the survival of cell lines deficient in TS when thymi-
dine is withdrawn from the medium (97,98, 100).
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This is a somewhat surprising conclusion. Clearly, lesser degrees of inhibition of TS
would be met with much lower success in forcing cells to commit to death. Hence, we are
faced with the question: How often does therapy with 5-FU with or without folinic acid
result in complete enzyme inhibition, and how often is that inhibition maintained for
extended periods of time in human colon carcinomas?

13. INHIBITION OF TS BY THE COMBINATION
OF 5-FU AND FOLINIC ACID

The net effect of exposure of tumors to fluoropyrimidines on the availability of enzymati-
cally active TS has been studied in cells in culture, in mice, and in humans being treated with
5-FU. Several assays are available which measure either true catalytic rates in tumor extracts
(101), or the number of open TS active sites in extracts (by titration with 3H-FAUMP) (45) or
that estimate catalytic rates in intact cells (102). The first two of these assays are sensitive
enough for and appropriate for assays in patient biopsies or experimental animals and have
been modified in the process of application to tissues. The 3H-FAUMP binding assay has
been modified to allow estimation of both free TS active sites and FdAUMP-bound active sites
(60,103). However, the inhibition of TS by fluoropyrimidines with or without reduced
folates under therapeutic conditions has remained a challenging exercise, and a surprisingly
small amount of information is available. Much of the difficulty is based on the characteris-
tics of the assay procedures and on the ethical and practical considerations in estimating TS
in primary human tumor tissue. Thus, catalytic assays sufficiently sensitive for such experi-
ments rely on conversion of 3H-dUMP to *H-H,O and are, hence, susceptible to isotope dilu-
tion by tissue dUMP. FAUMP titration experiments must also deal with dilution of isotope
by tissue FAUMP and with the surprisingly rapid release of FAUMP bound to TS during
assay and subsequent exchange with H-FAUMP during labeling incubations (60). This lat-
ter effect can and has caused difficulty in accurately estimating the therapeutically critical
level of uninhibited TS in the presence of enzyme bound to FAUMP, namely the difference
between zero and 20% residual enzyme activity. Finally, the level of TS in clinical samples
of colon carcinoma is quite low, reducing signal to the levels comparable to a few times
background in many if not most tumor biopsies. Thus, compared with the experimental
tumor and tumor cells studied which have TS levels of 20—-150 pmol of FdAUMP binding sites
per gram wet weight (60), a series of 123 advanced human colon, stomach, and pancreatic
tumor biopsies were reported to have a range clustering about 2—-6 pmol enzyme per gram
wet weight and 13 breast carcinoma biopsies has TS levels on the same range (103,104).
Comparing these numbers with the level of TS shown to allow rapid recovery of L1210 cells
(Fig. 11) after FUdR treatment (approx 4 pmol/g of FAUMP binding sites; see below), one
sees that TS in these tumors is, in fact, quite low and can be viewed as close to limiting to GI
tumor cell growth. Of course, the interpretation of biochemical assays on tissue biopsies is
plagued with concerns about heterogeneity, so that all of this active enzyme might be in 10%
of the cells in a specimen, which would put the level of TS to be as high in a subset of
expressing cells in a tumor as in the most rapidly growing experimental tumor. Tumor
immunohistochemistry would not agree with this concept, and would suggest that the large
fraction of cells in a GI tumor express the TS found by bulk enzyme assays.

Spears and his colleagues followed the level of free TS in a series of colon tumors of the
mouse that differed in sensitivity to 5-FU as a function of time after a bolus dose of drug
(60). Only one of the four tumors responded to 5-FU, and that response was somewhat lim-
ited (a 58% increase in life span after four doses of 5-FU). That tumor showed complete
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Fig. 11. Rapid recovery of TS in L1210 cells treated continuously with FudR. Cultures of mouse L1210
cells were exposed to 0.7 nM FudR alone (open triangles) or combined with 10 pM folinic acid for the indi-
cated periods of time, culture density was measured using a Coulter counter, and cellular TS activity was
quantitated using a catalytic assay that measured the release of tritium from the 5-position of dUMP. Con-
trol cultures were exposed to folinic acid (filled circles) or an equivalent amount of phosphate-buffered
saline. Note that cell growth resumed in FudR-treated cells after 3-5% of the enzyme activity had reap-
peared in the cells, in spite of the continued presence of FudR. The presence of folinic acid suppressed the
reappearance of active enzyme and proportionally extended the period of cell growth inhibition. (Modified
from ref. 43 with the permission of the Journal of Biological Chemistry.)

inhibition of TS after a single test dose of drug, which was maintained for 6 h, followed by
recovery of free enzyme. The three insensitive colon tumors showed inhibition of TS, but
inhibition was not complete nor was it sustained. This in vivo experiment, then, reinforces
the concept that a complete and sustained depletion of TS activity is required for therapeutic
effect. Some aspects of the augmentation of inhibition of cellular TS by folinic acid in
human (95) or mouse (43) leukemia cells in culture after exposure to FudR bear directly on
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this point. At high concentrations of FUdR, enzyme was completely inhibited whether or not
folinic acid was present. At lower concentrations, a very interesting pattern emerged (Fig
11). Cells exposed to FUdR alone were initially prevented from further growth, but rapid
growth resumed after 6 h (43,95). In contrast, for the same concentration of FUdR, in the
presence of folinic acid, growth inhibition was maintained longer, and when growth
resumed, the rate of growth was stunted. TS levels mirrored the tumor cell growth: In FUdR
alone (43), enzyme was completely inhibited for about 6 h, then progressively recovered,
while in cells treated with FUdR and folinic acid, enzyme levels were held at zero for 10—12
h, and recovered only slowly thereafter. Perhaps the most important aspect of this study,
however, was the observation that cell growth recovered to control rates in FUdR-treated
cells at a time when only about 5% of control enzyme was uninhibited. Although this frac-
tion will clearly depend upon how much enzyme is present in a tumor cell population to
begin with, it suggests that measurement of tumor enzyme levels must be carefully inter-
preted, since tumors do not care about percentages but rather grow or die depending only on
whether sufficient enzyme is active to allow TMP synthesis. Thus, the only pertinent para-
meter for assessing the biochemical effect of 5-FU against TMP synthesis is the absolute
amount of active enzyme left in dividing tumor stem cells after 5-FU therapy.

A related study from Peters’ group (/05) nicely explained the therapeutic activity of max-
imally tolerated doses of 5-FU and FUdR in terms of the time course of inhibition of TS. In
that study, treatment with either 5-FU or FUdR at high bolus doses depressed tumor TS and
held it depressed for extended periods of time, but the antitumor effect of FUdR was far
superior to that of 5-FU. There were several other quite striking effects demonstrated by this
very complete study:

1. Residual TS was found by both a catalytic assay, run over 30 min, and an FAUMP binding
assay, run over 60 min; the residual activity was 10% and 20-30% of control in these two
assays, which were performed on the same extracts. Viewed for the perspective of the charac-
teristics of these assays, this technique-dependent, residual, apparently uninhibited, TS is
almost certainly artifact due to dissociation of ternary complex during experimental proce-
dures. Unfortunately, this serves to underscore the fact that reliable determination of complete
enzyme inhibition is still technically challenging in vivo under even well-controlled and exe-
cuted preclinical conditions. The judicious interpretation of these results is that TS was, in
fact, completely inhibited for extended periods in these tumors.

2. The difference between a good therapeutic fluoropyrimidine exposure and one of marginal
therapeutic effect was complete and prolonged TS inhibition: 5-FU treatment completely sup-
pressed TS at early times as well as FUdR, but allowed recovery of TS after 3 d, whereas
FUdR completely suppressed enzyme for 7 d.

3. The level of FAUMP in the tumors was only slightly more than stoichiometric with the level of
TS active sites after 5-FU, yet TS was either completely inhibited after treatment or was very
close to completely inhibited. The level of FAUMP immediately after FUdR was in 2.5 molar
excess over the level of TS active sites, yet the level of inhibition of TS was not meaningfully
more than after 5-FU, where FAUMP was only slightly more than stoichiometric with binding
sites. Hence, FAUMP was a very effective enzyme inhibitor in this tumor.

4. FAUMP rapidly disappeared from tumor cytosols in both cases. The peak levels of FAUMP in
tumor in these and other studies suggests that the binding of this metabolite to newly synthe-
sized TS is probably involved in the rate of dissapearance of free FAUMP from the tumor.

Hence, the reason that TS remained suppressed in FUdR-treated tumors longer than in 5-
FU-treated tumors was not apparent in this study, which applied current biochemical tech-
niques available for TS and FAUMP in the meticulous manner consistent with preclinical
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experiments. Perhaps dUMP and methylene tetrahydrofolate determinations might have
allowed an understanding of the mechanism of recovery of enzyme activity, perhaps it would
not have.

Although such studies are much more difficult to design and execute on clinical samples,
the results of a few studies are available. Spears, Gustavsson, and Frosing biopsied multiple
individual hepatic and peritoneal metastases of a colon carcinoma as a function of time dur-
ing a 2 h surgical procedure (106). A single dose of 5-FU at 500 mg/m? reduced the level of
FdUMP-titratable TS in these biopsies from 2-3.5 pmol/g to levels below 0.5 pmol/g within
1 h in the face of excess FAUMP in some of the metastases, but there was evidence that inhi-
bition was not maintained following loss of adequate FAUMP in the tumors. In a one-of-a-
kind study (49), Spears et al. measured the parameters of FAUMP inhibition of TS in
biopsies of more than 20 human tumors, chiefly GI malignancies, 1-3 h after a single dose of
500 mg/m? 5-FU. Single biopsies were taken from each patient, but composite time courses
of tumor levels of FAUMP, dUMP, and free and inhibited TS were deduced. As had been
seen in animal tumors, substantial levels of FAUMP formed very quickly, peaking before 30
min after 5-FU treatment, but FAUMP was rapidly lost, reaching levels near or equivalent to
enzyme levels within about 3 h. Free TS dropped after drug dosage, reaching a nadir of
about 25% of uninhibited levels after 1.5-2 h. dUMP levels hovered around 25 uM for sev-
eral hours after drug. At face value, the results of this study (49,104) said that free TS coex-
isted with excess FAUMP for the length of the observation time possible, and the level of
active enzyme remaining might not be consistent with cytotoxic effects of the 5-FU dose.
From preclinical experience, it appears that the key to interpretation of these critical clinical
experiments is whether the residual enzyme levels found were real or artifacts, and, in either
case, why they are found.

Hence, the conclusion that appears to be correct is that FAUMP in tumor cells rises to a
peak within about 0.5—4 h after exposure to 5-FU, but was usually not maintained long after
bolus administration of drug to animals or patients, and the level of residual active TS follow-
ing dosage and the difficulty supressing enzyme activity may not be consistent with a thera-
peutic effect. However, assessment of the absolute levels of residual active enzyme in colon
carcinoma biopsies certainly pushes the limit of existing technique, and the approx 25% of
pretreatment enzyme seeen in the clinical experiments in the face of adequate FAUMP might
represent either analytical artifact or intrinsic limitations of therapy with 5-FU.

14. ASSESSMENT OF TUMOR LEVELS OF MRNA ENCODING TS

In view of the substantial difficulties of following the biochemical pharmacology of inhi-
bition of TS in human carcinomas under clinical conditions, alternative parameters predic-
tive of the responsiveness of individual tumors have been widely sought. A very informative
parameters that is of current interest is the relative level of mRNA encoding TS. Although a
surrogate measure for TS itself, reverse transcription-polymerase chain reaction (RT-PCR)
analysis of TS mRNA has proven to be a technically approachable, robust, and useful tech-
nique (/07). Following the initial suggestion from Spears and his colleagues that individuals
with low TS were more likely to have a therapeutic response to tolerated doses of 5-FU than
individuals with high TS content, TS expression studies demonstrated this correlation quite
convincingly for metastatic colon carcinoma and for carcinoma of the stomach (/08,109).
The technique has now been widely applied (110—113), and the details of correlations of RT-
PCR data to clinical response is described in detail by Danenberg, by Leichman, and by
Lenz and their colleagues.
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1. INTRODUCTION

Thymidylate synthase (TS) is a folate-dependent enzyme that catalyzes the reductive
methylation of 2’-deoxyuridine-5’-monophosphate (AUMP) by the reduced folate 5,10-meth-
ylenetetrahydrofolate (CH,THF) to thymidylate (d{TMP) and dihydrofolate (Fig. 1) (1,2).
Once synthesized, dTMP is then further metabolized intracellularly to the dTTP triphosphate
form, an essential precursor for DNA synthesis. Although dTMP can be formed through the
salvage pathway catalyzed by thymidine kinase, the TS-catalyzed reaction provides for the
sole intracellular de novo source of dTMP. Given its central role in DNA biosynthesis, and
given that inhibition of this reaction results in immediate cessation of cellular proliferation
and growth, TS represents an important target for cancer chemotherapy (3,4).

There are several lines of evidence that provide additional support to the view that TS is
an important chemotherapeutic target. The first comes from in vitro, in vivo, and clinical
studies that show a strong association between the level of expression of TS enzyme activity
and TS protein and fluoropyrimidine sensitivity (5—7). It is well established that neoplastic
cell lines and tumors expressing higher levels of TS are relatively more resistant to the cyto-
toxic and antitumor effects of the fluoropyrimidines and antifolate analogs targeting TS.
Second, there is a strong correlation between the level of inhibition of TS enzyme activity
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Fig. 1. The TS-catalyzed reaction.

within patient tumor specimens following treatment with 5-FU and eventual clinical
response to 5-FU-based chemotherapy (8,9). Third, the improved response rates observed
when 5-FU is combined with the reduced folate leucovorin (LV) as compared to single-agent
5-FU provide support to the cell-free studies which showed that TS enzyme inhibition was
optimally maintained in the presence of increasing concentrations of the reduced folate
CH,THF (10-15). Finally, clinical trials with the antifolate analog ZD1694, a specific
inhibitor of TS, have shown good activity against advanced colorectal cancer with response
rates in the range of 25-30%. These responses are comparable to those observed with the
combination of 5-FU and LV, and, for this reason, ZD1694 has been approved for use as
first-line therapy for metastatic colorectal cancer in several countries in Europe, Asia, Aus-
tralia, and Canada (16-18).

2. GENE AMPLIFICATION

Gene amplification is a well-characterized mechanism for increased gene expression, and
its role in mediating drug resistance has been well established. Schimke et al. were the first
to identify amplification of the dihydrofolate reductase (DHFR) gene in Chinese hamster
ovary cells made resistant to the antifolate analog methotrexate (MTX) (/9). There is now
growing evidence that the process of DHFR gene amplification with resultant overexpres-
sion of the DHFR protein may have clinical relevance (20—-22). With regard to TS, amplifica-
tion of the TS gene has been observed in various experimental model systems including
human cancer cell lines such as hepatoma HEp-2, colon cancer H630, and breast cancer
MCF-7, and murine cancer cell lines, including breast FM3A, and leukemic L1210 after
treatment with the fluoropyrimidines 5-fluorouracil (5-FU) and 5-fluoro-2’-deoxyuridine
(FdUrd) or with the TS inhibitor antifolate compounds CB3717 and ZD1694 (23-26). In each
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of these preclinical studies, a strong association between the level of TS expression and rela-
tive fluoropyrimidine and/or antifolate sensitivity was observed. Thus, malignant cell lines
and tumors expressing higher levels of TS protein are more resistant to the cytotoxic effects
of these agents.

Although TS gene amplification is well documented in various in vitro and in vivo model
systems, to date there remains little direct evidence to link this process with the development
of clinical drug resistance. Clark et al. (27) reported a 4- to 6-fold increased level in the TS
gene copy number in a tumor sample obtained from a patient with progressive colon cancer
relative to other tumor specimens following treatment with 5-FU and LV chemotherapy.
However, a pretreatment biopsy sample was not obtained to determine the baseline tumor TS
gene copy number. Gorlick et al. (28) observed low-level amplification of TS gene copy
number (two to three copies) in 4 of 7 pulmonary metastases and 2 of 12 hepatic metastases.
This level of amplification was detected in tumor samples from patients who had received
prior 5-FU treatment as well as from patients who had received no prior therapy. Since treat-
ment outcome was not included in this study, a correlation between TS gene amplification
and response rate could not be made. Moreover, TS gene amplification was determined by
comparing the TS gene copy number in the tumor tissue relative to that expressed in the
peripheral blood of healthy volunteers. Thus, a comparison of the TS gene copy number
expressed in either the original tumor tissue prior to therapy or to that in corresponding nor-
mal lung and/or liver tissue was not performed. For this reason, the determined TS gene
copy number may not accurately reflect the effect of drug treatment on the final expression
of TS. Taken together, these clinical studies provide, at best, only suggestive evidence that
the process of TS gene amplification may play a role in the development of clinical resis-
tance following fluoropyrimidine therapy.

3. TRANSCRIPTIONAL REGULATION

The majority of the initial studies on the regulation of expression of TS focused on cell-
cycle-directed events. TS enzyme activity increases maximally at the G1/S-phase boundary
of the cell cycle in eukaryotic cells (29). In quiescent cells, the levels of TS mRNA and TS
protein are present at relatively low levels. However, when resting cells are stimulated to
proliferate upon addition of serum, both TS mRNA and TS protein levels increase by more
than 10- to 20-fold as cells progress from the G1- to S-phase (30,31). These initial findings
suggested that the expression of TS as it relates to growth stimulation and the cell cycle may
be regulated, in part, at the transcriptional level.

The essential cis-acting regulatory elements that control expression of TS at the transcrip-
tional level have been characterized for both the murine and human TS gene. The promoters
are G-C rich with bidirectional activity but both lack a TATA box as well as a transcriptional
initiator element. A sequence located between —104 and —75 relative to the AUG start codon
within the 5’-flanking region of the mouse gene is sufficient for promoter activity (32).
Extensive analysis of this region identified several elements that were critical for promoter
activity: an Sp1l binding site and two potential binding sites for members of the Ets family of
transcription factors (33). With regard to the human gene, the essential promoter region
(EPR) is located between —161 to —141 relative to the AUG start codon (34). Analysis of this
region, which has high homology to the mouse sequence, revealed similar promoter ele-
ments: an Spl binding site and an Ets element. However, an additional Sp1 binding site was
identified 15 nt upstream of the human EPR (35). Of interest, this site acts as a negative reg-
ulatory sequence (NRS). Mutation of this sequence resulted in a 70% increase in TS pro-
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moter activity. A second NRS has been identified and is located between nts —212 to —202 in
the human TS gene. Using a standard CAT assay, Takeishi et al. (35) reported a 2.5-fold
increase in promoter activity following mutation of four bases in this sequence. The role of
these NRS elements in determining the expression of human TS at the transcriptional level
remains to be more fully elucidated. These negative regulatory sequences have yet to be
identified in the mouse gene.

The CACCC motif, located at —228 to —221 in the 5" flanking region of the human TS
gene and upstream of the NRS, is another important regulatory element (3/). This motif
appears to have a positive effect on TS promoter activity since mutation of nucleotides
within this element reduced promoter activity to 65% of that of the wild-type sequence (35).
Although the murine TS genes contain a CACCC box 160 nt upstream of the Spl binding
element, its effect on TS expression remains to be characterized.

Several other binding elements have recently been identified that are critical for S-phase
expression of TS. Putative E2F binding sites are present upstream of the EPR in the mouse
TS gene and downstream of the human EPR (34). The E2F consensus sequence has been
implicated as playing an important role in regulating the expression of several essential S-
phase-specific genes such as thymidine kinase, ribonucleotide reductase, dihydrofolate
reductase, and DNA polymerase-o. (36). However, deletion of the E2F element did not affect
mouse TS promoter activity nor did it inhibit growth-regulated expression of mouse TS (37).
Furthermore, cotransfection experiments revealed that overexpression of the mouse E2F1
gene was not sufficient to increase transcription from the TS promoter (38). These findings
suggest that the expression of mouse TS may not be directly controlled by E2F transcription
factors. With regard to the human gene, inactivation of the E2F motif (TTCCC) at position
—125 resulted in a 50-75% increase in promoter activity. In contrast, inactivation of a weaker
E2F motif (TTCCG) at position —115 resulted in a slight decrease in promoter activity.
Mutations in both E2F sites resulted in only a slight increase in promoter activity compared
to the wild-type sequence, suggesting that the E2F motif represents a relatively weak nega-
tive sequence for S-phase regulation of TS in human cells. There is recent evidence to sug-
gest a different role for E2F in TS expression. Overexpression of E2F-1 in human
fibrosarcoma HT-1080 cells resulted in high levels of TS protein (39). Moreover, analysis of
clinical tumor samples revealed a close correlation between levels of mRNA expression of
E2F-1 and TS suggesting a possible role for E2F-1 in the upregulation of TS (40,41). How-
ever, additional studies are required to further characterize the specific effect of the E2F tran-
scription factor on the expression of human TS.

In addition to E2F, the LSF transcription factor plays a key role in S-phase regulation of
both the mouse and human TS gene (42). The ability of LSF to stimulate gene expression
from the SV40 major late promoter suggested a potential role for LSF in cell growth control
(43). One of the binding motifs for LSF in the TS gene overlaps with the essential promoter
region containing the Ets and Spl binding elements. Other LSF sites are located within
introns 1 and 5 and upstream of the mouse EPR (—160 to —142). Powell et al. (42) deter-
mined that mutation of the mouse LSF binding sites inhibits G1/S phase induction of TS
mRNA derived from a transfected TS minigene. They also showed that expression of a dom-
inant-negative LSF, which bound to and inactivated endogenous LSF, prevented an increase
in levels of TS protein during serum stimulation resulting in programmed cell death in both
mouse and human cell lines. The process of programmed cell death was prevented upon
addition of thymidine to the growth medium or by cotransfection of the TS gene driven by a
heterologous promoter. Thus, LSF appears to be critical for progression of cells through S-
phase by controlling the expression of the TS gene.
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While the 5” flanking region of the TS gene contains sequences that are important for S-
phase-specific expression, these elements, alone, do not appear to be sufficient for regulation
of the TS gene during the cell cycle (33). Constructs consisting of the 5’ flanking region of
TS linked to reporter genes were expressed at a constant level throughout the cell cycle.
Thus, regions downstream of the AUG start site must be critical for S-phase regulation.
Johnson and coworkers confirmed that S-phase expression of the mouse TS gene was not
dependent on a single intron as introns 1, 2, 5, or 6 were capable of inducing growth-regu-
lated expression from TS minigene constructs (44). Deletion of nearly all of the interior of
the intron did not effect S-phase expression. However, mutation of the splice donor and
acceptor sites resulted in constant TS expression during growth stimulation. These results
suggest that S-phase expression of mouse TS requires some form of communication
between the 5" flanking promoter region and the exon/intron splicing machinery. Since, the
transcription rate of TS does not change significantly during growth stimulation (37,45),
effective expression of TS during S-phase might be because of some unknown S-phase spe-
cific regulatory factor that binds to the promoter region of the unspliced transcript and stim-
ulates splicing. In contrast, the inclusion of intron 1, but not intron 2, was necessary for
growth-stimulated expression of the human TS gene (46). Deletion analysis revealed that the
5" end of intron 1 contains two positive and one negative regulatory sequences (47). Further
studies are needed to investigate the potential role of the donor/acceptor splice sites of the
introns in regulating the expression of human TS.

In addition to cell-cycle-related events, chronic exposure of malignant cells to various
anticancer agents can result in increased expression of TS that is controlled at the transcrip-
tional level. Work by Scanlon et al. (48) demonstrated that selection of human ovarian can-
cer cells in cisplatin led to the development of cross-resistance to 5-FU. They found that
cisplatin-resistant cells expressed 3- to 4-fold higher levels of TS when compared to wild-
type parental cells. Moreover, the increased level of expression of TS was not associated
with TS gene amplification but rather was the direct result of an increased transcriptional
rate. A series of adriamycin-resistant human breast cancer MCF-7 and human colon cancer
DLD-1 cells were established by Chu et al. (49) to investigate the process of multidrug resis-
tance, and characterization of these cell lines revealed that they were cross-resistant to the
fluoropyrimidines, 5-FU and FdUrd. Of note, these resistant cell lines had not previously
been exposed to either of these compounds. Further evaluation revealed that the develop-
ment of fluoropyrimidine resistance was associated with an increased expression of TS pro-
tein. The increased expression of TS was not the result of gene amplification but was caused
by enhanced transcription of the TS gene. Although the precise molecular mechanism(s) by
which this process occurs remains to be characterized, these two studies suggest that the
ability to increase the expression of TS in response to chronic exposure to cytotoxic agents
other than fluoropyrimidine may serve as an important adaptive response mechanism for
malignant cells to circumvent the effects of various cytotoxic stress and, thereby, maintain
cellular synthetic function.

4. TRANSLATIONAL REGULATION

The potential for translational regulation of TS was first proposed by Belfort et al. (50)
upon cloning and characterization of the structural features of the Escherichia coli TS thyA
gene. Kisliuk and colleagues (5/,52) then made the interesting observation that the TS pro-
tein isolated from a MTX-resistant Streptococcus faecium species was bound to a poly-G
tetraribonucleotide sequence. Although the precise nature of this RNA—protein interaction
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was not further characterized, this finding suggested that the short RNA sequence might, in
some way, alter TS enzyme activity. An alternative possibility was that this sequence might
be part of a longer RNA sequence with an intrinsic regulatory function. In their initial char-
acterization of the human TS cDNA sequence, Takeishi et al. (53) also suggested the poten-
tial for translational control. They identified three tandem repeat sequences in the
5’-untranslated region, and secondary structure analysis predicted for three interconvertible
stem-loop structures. Kaneda et al. (54) extended this work to show that deletion of any one
of these tandem repeat sequences significantly altered the translational efficiency of TS
mRNA in vivo. These findings suggested that these tandem repeat sequences regulate the
translation of TS mRNA, perhaps through their interaction with other cellular proteins
and/or cofactors.

Several groups have described rapid increases in TS enzyme levels in various in vitro, in
vivo, and clinical experimental model systems following short-term exposure to the fluo-
ropyrimidines (8,9,55,56). Although the underlying mechanism(s) for the enhanced
expression of TS in response to 5-FU was not well characterized in these initial studies,
several possibilities were proposed including increased transcription of TS-specific
sequences, enhanced stability of TS mRNA, increased efficiency of TS mRNA translation,
and enhanced stability of TS protein. Because this observation represented a potentially
important mechanism for the rapid development of resistance to 5-FU chemotherapy in the
clinical setting, significant research efforts have focused on elucidating the critical bio-
chemical and molecular events that control the 5-FU-mediated acute induction of TS.
Studies by Keyomarsi and Pardee (57) showed that treatment of human breast cancer
MCEF-7 cells with the folate-based quinazoline analog ZD1694 (Tomudex, raltitrexed)
resulted in a 10- to 40-fold increase in TS enzyme levels with no associated change in TS
mRNA levels. The presence of cycloheximide, a protein synthesis inhibitor, blocked the
elevation in TS enzyme levels following exposure to ZD1694, providing suggestive evi-
dence that a translational regulatory event was involved. Using a human colon cancer H630
cell line as a model system, studies from our own lab have shown that the increase in both
TS enzyme activity and TS protein expression that arises in response to exposure to 5-FU
was not associated with a corresponding change in the level of TS mRNA expression
(58,59). Although the majority of the increased level of TS was in the form of protein com-
plexed with the 5-FU metabolite FAUMP, there was also an approx 30-45% increase in
free levels of TS protein (23). Thus, the induction of TS protein in response to 5-FU expo-
sure allowed free TS to remain at levels 40% above baseline, so that thymidylate and DNA
biosynthesis could be maintained in the face of a cytotoxic stress such as 5-FU. Further
work revealed that the increase in TS protein expression was the direct result of new syn-
thesis of TS protein as opposed to alterations in protein stability. In addition, repression of
the 5-FU-mediated induction of TS by y-IFN, at nongrowth inhibitory drug concentrations,
was associated with a nearly 20-fold increase in the cytotoxic effects of 5-FU. Of note, the
negative effect of y-IFN on TS expression was controlled at the translational level. Thus,
this study provided the first direct evidence for the role of translational regulation in an
intact biological system and suggested that this regulatory process has biological rele-
vance. Taken together, these findings suggested that the ability to regulate the expression
of TS at the translational level may represent:

1. An important mechanism by which normal cellular synthetic function can be tightly regulated.

2. A critical protective mechanism for the rapid development of cellular resistance is response
to exposure to a cytotoxic stress such as 5-FU or ZD1694 so as to maintain cellular synthetic
function.
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Fig. 2. Model of TS translational autoregulation.

5. TRANSLATIONAL AUTOREGULATION

Because the expression of TS during the cell cycle and in response to exposure to cyto-
toxic agents is controlled, in part, by a translational regulatory event, an extensive series of
studies were performed to more carefully elucidate the regulation of TS mRNA translation.
The current working model for the translational autoregulatory control of TS and the interac-
tion between TS protein and its own TS mRNA is presented in Fig. 2. Two different
sequences have been identified on TS mRNA that bind with high affinity, on the order of 1-2
nM, to TS (60-62). The first site is located within the first 188 nucleotides and includes the
translational start site. Because many of the earlier studies identified the 5’-untranslated
region (5’-UTR) as playing a key role in mediating the repression of translation initiation of
a number of other genes (63-65), significant efforts were initially placed on defining the 5’-
upstream binding site on TS mRNA. A Zuker RNA fold analysis predicted that this particu-
lar sequence could adopt a stable stem-loop secondary structure with the translational AUG
start site contained within the loop aspect. A series of mutant and deletion RNA sequences
subsequently confirmed that such a structure was indeed important for RNA binding and that
the hexanucleotide GCCAUG sequence contained within the loop aspect of this putative
stem-loop structure was critical for RNA recognition (61,62).

The second site is contained within a 200-nt sequence corresponding to nts 434 to 634 in
the protein-coding region of TS mRNA. This cis-acting element is sufficient to confer the
property of translational regulation onto a heterologous luciferase reporter gene and requires
the presence of an intact TS protein for its biological effect. Further studies using a series of
in vitro RNA gel mobility shift and in vivo transfection experiments have localized this ele-
ment to a 70 nt sequence corresponding to nts 480 and 550 of TS mRNA (66). Although this
sequence can function independently of the 5’-upstream cis-acting element in vivo, the pres-
ence of both this RNA sequence and the 5’-upstream element is required in order for human
TS protein to exhibit its full range of translational autoregulatory activity.
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One issue raised by these findings relates to how binding of TS to a cis-acting element
in the protein-coding region of TS mRNA results in translational repression. In order for
such events to occur, some type of interaction between the 5” end of the mRNA and the
protein-coding region must take place. Several groups have identified sequences within the
protein-coding region and the 3’-UTR as being critical for the translational control of vari-
ous genes (67—70). Although the specific molecular mechanism(s) by which the process of
translational repression occurs remains to be determined, there is growing evidence to sug-
gest that sequences in both the protein-coding region and in the 3’-UTR play a key role in
controlling the process of translational initiation. Sophisticated molecular modeling stud-
ies will be required, however, to more precisely characterize the molecular events mediat-
ing this complex process.

Careful sequence analysis has yet to reveal a consensus nucleotide sequence within the
5’-upstream and the protein-coding region binding sites. However, one potential drawback
to such a “consensus” approach is that many of the RNA binding proteins characterized, to
date, seem to recognize a combination of sequence and structure (7/,72). Thus, identifica-
tion of a consensus RNA binding site by simple sequence analysis may be inadequate. A pre-
liminary analysis using the Zuker RNA fold algorithm predicts for the existence of stable
secondary structures in the TS434-634 and TS480-550 sequences. However, these structures
appear to be somewhat different from the one predicted for the cis-acting element located
within the 5’-upstream binding site. Studies are now in progress to perform a more-detailed
analysis of the sequence and/or structural determinants required for binding of TS protein to
its respective cis-acting elements. This work should provide critical insight into the essential
elements required for RNA recognition by TS protein and enhance our understanding of the
specific molecular events mediating the translational regulation of TS.

Significant efforts have been placed on defining the essential molecular factors that deter-
mine RNA-protein interactions. The R17 bacteriophage coat protein (73—75) and aminoa-
cyl-tRNA synthetase (76,77) represent two particularly well-studied examples of RNA
binding proteins. In an elegant series of experiments, Starzyk et al. (77) conclusively demon-
strated that the C-6 position of uridine 8 in aminoacyl-tRNA was subject to direct nucle-
ophilic attack by a cysteine sulfhydryl group within the aminoacyl-tRNA synthase protein.
This interaction resulted in formation of a transient covalent bond, referred to as the Michael
adduct. Subsequent studies revealed that the interaction between the R17 replicase protein
and its target mRNA was also mediated by a cysteine sulthydryl group (75).

Both TS catalytic activity and TS enzyme—ternary complex formation with FdAUMP and 5,
10-methylenetetrahydrofolate require the highly conserved cysteine sulfhydryl positioned in
the nucleotide active site of TS to be in a fully reduced state (2,3,78,79). During the catalytic
reaction, the C-6 on the uracil ring of dUMP undergoes nucleophilic attack by the active site
cysteine to form a Michael adduct. Since Michael addition of a protein nucleophile repre-
sents the critical step in the TS enzyme-catalyzed reaction and since this process appears to
be essential in mediating RNA—protein interactions, the potential role of the redox state in
determining the interaction between TS protein and its target TS mRNA was examined.
Studies from our laboratory have shown that the RNA binding activity of human recombi-
nant TS is markedly sensitive to the presence of reducing agents and requires the presence of
at least one free sulfhydryl group (80). In the presence of either 2-mercaptoethanol (2-ME)
or dithiothreitol, the RNA binding activity of TS was significantly enhanced. In contrast,
treatment of TS with an oxidizing agent such as diamide inhibited RNA binding in a dose-
dependent manner. This inhibitory effect was readily reversible in that the simultaneous
presence of a reducing agent such as 2-ME fully restored RNA binding activity. In addition,
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the catalytic activity of this human TS protein was significantly enhanced in the presence of
2-ME, a finding that initially suggested the potential for a single common redox site on TS to
simultaneously control RNA binding and catalysis by switching TS from inactive to active
forms. A detailed mathematical analysis revealed that the reduced form of TS involved in the
processes of RNA binding and enzyme catalysis was not mediated by a single common
redox site. This model suggested that the process of RNA binding was complex, potentially
involving multiple redox sites on the protein. Although the precise mechanism(s) by which
the cysteine sulthydryl group(s) on TS mediates RNA binding remains to be more precisely
defined, several possibilities exist to explain its central role. They include:

1. Direct formation of a covalent Michael adduct between the active site sulthydryl and the C-6
position of a uracil ring on TS mRNA.

2. Occupation of the active site cysteine alters RNA binding via a steric hindrance mechanism.

3. The cysteine sulfhydryl groups in their maximally reduced state maintain TS protein in a cer-
tain conformation that allows for optimal RNA binding elsewhere on the protein.

In addition to the redox state of TS, the state of occupancy of the protein appears to play an
important role as a determinant of RNA binding. Specifically, when TS is ligand-free, maxi-
mal RNA binding activity is maintained, thereby resulting in complete translational repression
of TS mRNA. In contrast, when TS is bound by either of its physiologic substrates dUMP or
5,10-methylenetetrahydrofolate or bound by the 5-FU nucleotide metabolite FAUMP, TS is no
longer able to bind to its target mRNA. The end result of this decreased RNA binding activity
is to relieve translational repression, a process that leads to increased synthesis of new TS pro-
tein (80). Such a condition would exist in cells exposed to direct inhibitor compounds of TS,
whether it be nucleotide analogs such as 5-FU or to antifolate analogs such as ZD1694. Thus,
this model can be used to explain the acute induction of TS that arises in response to exposure
to 5-FU and antifolate analogs. Moreover, it offers a novel mechanism for the development of
acute drug resistance to compounds that specifically target TS.

To begin to define the domain(s) on TS involved in RNA binding, the ability of various
mutant TS proteins to form an RNP complex with human TS mRNA was investigated. For
this initial series of experiments, mutant E. coli TS proteins were used given their ready
availability, the relative difficulty in expressing and purifying mutant human recombinant
TS proteins, and the fact that TS is one of the most highly conserved proteins identified to
date. Binding studies have shown that proteins with point mutations in the nucleotide-bind-
ing region retained RNA binding activity with the sole exception of the C146S mutant (87).
In contrast, proteins with point mutations in the folate-binding region were completely
devoid of RNA binding activity (81). These initial experiments suggest that the active site
cysteine sulfhydryl and the folate-binding site may represent domains on TS required for
RNA binding. It is noteworthy that each of the nucleotide site mutant TS proteins expressed
little to no enzymatic activity. This observation confirms that the functions of RNA binding
and enzyme catalysis are not controlled by a single common site on TS. At this time, the
specific mechanism(s) by which the cysteine sulfhydryl and the folate-binding region medi-
ate RNA binding remains to be determined. It is possible that these regions either form a
direct covalent bond with their target RNA or that they maintain the protein in a particular
conformation that then allows for optimal RNA binding. Although definitive analysis of the
specific RNA binding domain(s) on TS awaits the results of molecular modeling studies
such as X-ray crystallography and/or NMR spectroscopy of the TS RNA-TS protein com-
plex, studies are now in progress to identify the critical amino acid residues on TS that are
directly involved in RNA binding.
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TS represents the first eukaryotic gene whose expression is governed by a translational
autoregulatory process. However, such a mechanism has been shown to play an important
role in the regulation of various bacteriophage (82—-85) and E. coli proteins (86—88). Since
TS is a highly conserved protein, one issue to address was whether the process of transla-
tional autoregulation observed in the human system was, in fact, conserved in evolution.
Given the ready availability of both wild-type and mutant E. coli recombinant TS proteins,
the bacterial E. coli TS system was selected for further study. Using the RNA gel mobility
shift assay, a specific interaction between recombinant E. coli TS protein and its own E. coli
TS mRNA was observed (81). A series of RNA gel shift competition experiments identified
at least three different binding sites in the protein-coding region of E. coli TS mRNA with
the affinity of E. coli TS for each of these sites being approximately the same as that
observed for the full-length E. coli TS mRNA (relative binding affinity, 1 nM) (81). Prelimi-
nary analysis of these binding sites has, thus far, failed to identify a consensus sequence
and/or secondary structure. In addition, no apparent consensus has been detected upon com-
parison of the binding sites on E. coli TS mRNA with those identified on human TS mRNA.
However, definitive studies including direct RNA sequencing experiments are required
before definitive conclusions can be made regarding the presence of a consensus nucleotide
sequence and/or secondary structure.

An extensive analysis has shown that the interaction between E. coli TS protein and its
own TS mRNA results in translational repression. This observation suggests that the synthe-
sis of E. coli TS is indeed controlled by a translational autoregulatory event identical to that
described for human TS. At the present time, it remains unclear as to how binding of E. coli
TS to RNA sequences in the protein-coding region actually leads to translational repression.
Of note, a cis-acting element was also identified in the coding region of the human TS
mRNA. As in the case of the human system, it is conceivable that formation of this
RNA-protein complex might interfere with either binding of the translational initiation
machinery or with ribosomal scanning. For such an event to occur, this would suggest that
some type of interaction between the 5-end and the RNA sequences within the protein-cod-
ing region must take place. Further studies are needed to more fully characterize the under-
lying molecular events for this process. Nonetheless, the fact that TS translational
autoregulation is conserved in evolution provides strong evidence that this mechanism repre-
sents a fundamental regulatory process underlying the expression of TS.

6. POSTTRANSLATIONAL REGULATION

There is now growing evidence to suggest that posttranslational mechanisms are involved
in controlling the expression of TS. Maley et al. were the first to investigate the induction of
TS, along with several other enzymes involved in DNA synthesis including deoxycytidylate
deaminase and thymidine kinase, in regenerating rat liver cells. They observed that the
induction of TS was not inhibited by the addition of either actinomycin-D or puromycin,
agents that disrupt the processes of transcription and translation, respectively. These findings
suggested that a posttranslational mechanism was mediating the expression of TS in these
cells (89). Subsequent studies in rats following partial hepatectomy demonstrated that
intraperitoneal injections of methotrexate (MTX) gave rise to the rapid induction of TS
enzyme activity (90). In follow-up studies, Maley et al. (97) investigated the effect of MTX
on TS expression in cultured parenchymal cells isolated from regenerating rat liver cells as
well as from rats who were treated intraperitoneally with MTX. In both cases, they observed
that exposure to MTX resulted in an approx 5-fold higher level of TS enzyme activity than in
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control untreated cells. They subsequently measured TS enzyme activity at various time
points following exposure to MTX. In both rat hepatic parenchymal cells as well as in the
remaining hepatic tissue in rats following partial hepatectomy, TS enzyme activity was
maintained for up to 48 h with prior exposure to MTX in marked contrast to untreated con-
trols in which TS activity decreased by more than 50% within 18—24 h. This dramatic effect
of MTX on TS enzyme activity was not affected by the presence of transcriptional or trans-
lational inhibitors, a finding that implicated the process of enzyme stabilization as a mecha-
nism for the increased levels of TS enzyme activity.

Using the human colon cancer HCT-15 cell line as their model system, Berger et al. (92)
observed a 2- to 3-fold increase in TS enzyme levels following treatment with the fluoropy-
rimidine analog FdUrd for 24 h. RNase protection assay revealed the levels of TS mRNA to
be unchanged with drug treatment. A polysome analysis was subsequently performed and
showed that the polysome profiles in drug-treated and control, untreated, cells were identical
with nearly all of the TS mRNA sedimenting with the higher-molecular-weight polysomes.
This finding suggested that the translational efficiency of TS mRNA was not altered with
FdUrd treatment. To provide further support to these findings, they then went on to use a
FdUrd-resistant subline HCT-15/200, which was established by chronic exposure of the par-
ent HCT-15 cells to FdUrd. Treatment of HCT-15/200 cells with 200 nM FdUrd for 24 h
resulted in a 10- to 15-fold induction of TS enzyme activity with no change in TS mRNA
levels. Polysome analysis revealed that the TS mRNA in drug-treated cells was primarily
associated with higher-molecular-weight polysomes, on the order of 4—7 ribosomes/mRNA.
The polysome distribution pattern was identical in both treated and control cells. These find-
ings suggested that the expression of TS in both parent HCT-15 and TS-overexpressing,
HCT-15/200 cells in response to treatment with FdUrd was controlled at the posttransla-
tional level. In support of the role of enzyme stabilization as a possible mechanism for the
induction of TS, protein half-life studies were performed which revealed that the half-life of
TS protein in HCT-15 parent cells was 7.3 h in the absence of drug treatment and 25 h in the
presence of FdUrd treatment. In HCT-15/200 cells, the half-life of TS protein was 2.3 h in
untreated cells and increased by nearly 9-fold to 18 h following treatment with FdUrd. Thus,
stabilization of protein appeared to be the primary mechanism underlying the induction of
TS in both HCT15 and HCT15/200 cells following treatment with FdUrd (92).

Further evidence for posttranslational regulation of TS comes from the work of Key-
omarsi and Pardee (/7), who investigated the differential expression of TS protein and TS
mRNA levels in human breast cancer MCF-7 cells in response to lovastatin treatment.
Lovastatin synchronized the cells in the G| phase of the cell cycle, and synchrony was fol-
lowed for several cycles. During the first three cell cycles, the levels of TS protein were
induced by up to 10-fold during the S phase and returned to baseline during the subsequent
G phases. During the first G| phase, the levels of TS mRNA were barely detectable. How-
ever, they increased markedly by 10-fold upon entry into the S-phase and remained at rela-
tively high levels during the next few cycles. Thus, although TS protein expression varied
with the cell cycle, TS mRNA expression remained at a constant level following the initial
lag in the first G| phase. Given the differential levels of expression of TS protein and TS
mRNA, it was initially concluded that the regulation of TS during the cell cycle was mainly
due to a translational mechanism. However, the dramatic decrease, by nearly 10-fold, in the
levels of TS protein, as determined by the radioenzymatic FAUMP binding assay, also sug-
gested the possibility of altered stability of the enzyme as a relevant regulatory mechanism.
Since the half-life of TS protein in normal mammary epithelial cells was determined to be on
the order of 12 h, the fact that the level of TS protein was reduced by 50% in a time frame of
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5-6 h suggests that enhanced degradation of the protein may also play a role in the discor-
dant expression of TS protein and TS mRNA in MCF-7 cells during the cell cycle.

Jackman et al. (93) recently investigated the effect of the third generation antifolate TS
inhibitor compound ZD9331 on TS expression. Using the human lymphoblastoid W1L2 cell
line, they observed that levels of TS protein were maximally induced 10-fold following
treatment with 1 pM ZD9331 for 24 h. To determine the duration of induction following
drug removal, cells were treated with 1 uM ZD9331 for 24 h and then resuspended in drug-
free media. The levels of TS protein were then determined at various time points thereafter.
Although the expression of TS was induced 10-fold following exposure to ZD9331, these
levels decreased approx 25% within 4 h of drug removal. By 12 h after removal of ZD9331,
TS expression decreased to a level, approx 4-fold less, than that present in control, untreated,
cells and remained at this reduced level for up to 24 h. While the half-life of TS protein was
not specifically measured in this series of experiments, the fact that the levels of TS were
reduced to below pretreatment values within a period of 12 h suggests a process of enhanced
degradation of the protein.

Finally, recent findings by Schmitz et al. (94) provide further evidence that the expression
of TS is regulated, at least in part, at the posttranslational level. They investigated the effect
of an antisense RNA oligoribonucleotide (ORN) targeted to the 5" upstream cis-acting ele-
ment on TS mRNA, on expression of TS protein in the human colon cancer RKO cell line.
The antisense ORN repressed TS protein expression in a dose- and time- dependent fashion.
In order to determine the effect of the antisense ORN on protein stability, half-life experi-
ments were performed by treating the RKO cells with the antisense ORN for 6 h prior to
incubation with 35S methionine. Although the labeling studies following the antisense treat-
ment did not suggest an effect of the antisense RNA on the half-life of TS protein, the West-
ern blot analysis revealed a marked 60% decrease in levels of TS protein during the 6-h
antisense treatment. Based on the calculated half-life of the protein (14 h), the decrease in
TS protein levels during this time frame should be, at most, only 20-25%. Thus, the
observed reduction in TS expression was significantly greater than predicted, suggesting that
an effect of the antisense ORN on stability of the TS protein could not be ruled out. The
effect on protein stability appears to occur during antisense treatment, since decreased
expression of TS protein at later time points does not appear to be due to enhanced protein
degradation based on the determined half-life of TS. Since TS is an RNA binding protein, it
is conceivable that TS binds directly to the antisense ORN itself or to the TS mRNA:ORN
complex resulting in activation of a protein degradation pathway. Taken together, these
experiments suggest that the antisense ORN controls the expression of TS at the posttran-
scriptional level, most likely through a combination of translational arrest of TS mRNA and
posttranslational processes that may involve enhanced degradation of TS protein.

7. CONCLUSIONS

TS plays an essential role in the biosynthesis of key precursors required for DNA biosyn-
thesis. The ability to increase the expression of TS in response to growth stimuli and/or
exposure to cytotoxic stresses either on an acute or chronic basis serves as an important
adaptive response mechanism that allows for normal synthetic function to be maintained. It
is now well established that regulation at the level of gene amplification, transcription, trans-
lation, and posttranslation are all involved in regulating the expression of TS with regard to
cell-cycle-directed events, growth proliferation, and in response to exposure to cytotoxic
agents. Moreover, there is growing evidence that the regulatory events involved in the
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expression of TS are complex and may not be restricted to only one specific control mecha-
nism. It is quite possible that the precise control of TS expression requires multiple levels of
regulation acting in close concert with one another. The specific cellular and/or cytotoxic
stress, the timing of exposure to a particular cytotoxic agent, as well as the dose of a given
cytotoxic compound may be especially relevant issues that must be taken into account. Cer-
tainly, an enhanced understanding of each of these basic control mechanisms should offer
new insights as to how the expression of TS is regulated. Moreover, these molecular-based
studies may provide rationale for the design and development of novel therapeutic
approaches that are directly targeted against TS.

ACKNOWLEDGMENTS

The authors wish to thank the members of our laboratory, both past and present, for the
dedicated research efforts and contributions to this work. This work was supported by grants
from the National Cancer Institute (CA16359 and CA75712 to E.C.) and from the Depart-
ment of Veterans Affairs (VA Merit Review Award to E.C.).

REFERENCES

1. Santi DV, Danenberg PV. Folates in pyrimidine nucleotide biosynthesis. In Folate and Pteridines. (Blakely,
R.L., Benkovic, S.J., eds.) Wiley, New York, 1984; 345-398.

2. Carreras C, Santi DV. The catalytic mechanism and structure of thymidylate synthase. Annu Rev Biochem
1995; 64:721-762.

3. Danenberg PV. Thymidylate synthase: a target enzyme in cancer chemotherapy. Biochem Biophys Acta 1977,
473:73-79.

4. Hardy LW, Finer-Moore JS, Montfort WR, Jones MO, Santi DV. Stroud RM. Atomic structure of thymidylate
synthase: target for rational drug design. Science 1987; 235:448-455.

5. Johnston PG, Liang CM, Henry S, Chabner BA, Allegra CJ. Production and characterization of monoclonal
antibodies that localize thymidylate synthase in the cytoplasm of human cells and tissu. Cancer Res 1991;
51:6668-6676.

6. Leichman L, Danenberg K, Baranda J, et al. Quantitation of intratumoral thymidylate synthase expression
predicts for disseminated colorectal cancer response and resistance to protracted-infusion fluorouracil and
weekly leucovorin. J Clin Oncol 1997; 10:3223-3230.

7. Lenz HJ, Hayashi K, Salonga D, et al. p53 mutations and thymidylate synthase messenger RNA levels in dis-
seminated colorectal cancer: an analysis of response and survival. Clin Cancer Res 1998; 4:1243-1250.

8. Swain SM, Lippman MC, Egan EF, Drake JC, Steinberg SM, Allegra CJ. 5-Fluorouracil and high-dose leu-
covorin in prevsiouly treated patients with metastatic breast cancer. J Clin Oncol 1989; 7:890-899.

9. Van der Wilt CL, Pinedo HM, Smit K, Peters GJ. Elevation of thymidylate synthase following 5-fluorouracil
treatment is prevented by the addition of leucovorin in murin colon tumors. J Clin Oncol 1994;
12:2035-2042.

10. Santi DV, McHenry CS, Sommer H. Mechanism of interaction of thymidylate synthetase with 5-fluo-
rodeoxyuridylate. Biochemistry 1974; 13:471-480.

11. Keyomarsi K, Moran RG. Folinic acid augmentation of the effects of fluoropyrimidines on murine and
human leukemic cells. Cancer Res 1988; 46:5229-5235.

12. Erlichman C, Fine S, Wong A, Elhakim T. A randomized trial of fluorouracil and folinic acid in patients with
metastatic colorectal carcinoma. J Clin Oncol 1988; 6:469-475.

13. Poon MA, O’Conell MJ, Moertel CG, et al. Biochemical modulation of fluorouracil: evidence of a significant
improvement of survival and quality of life in patients with advanced colorectal carcinoma. J Clin Oncol
1989; 10:1407-1418.

14. Advanced colorectal cancer meta-analysis project. Modulation of fluororuacil by leucovorin in patients with
advanced colorectal cancer: evidence in terms of response rate. J Clin Oncol 1992; 10:896-903.

15. Rustum YM, Harstrick A, Cao S, et al. Thymidylate synthase inhibitors in cancer therapy: direct and indirect
inhibitors. J Clin Oncol 1997; 15:389-400.

16. Cunningham D, Zalcberg JR, Rath U, et al. Tomudex Colorectal Cancer Study Group. Tomudex (ZD1694):
results of a randomized trial in advanced colorectal cancer demonstrate efficacy and reduced mucositis and
leucopenia. Eur J Cancer 1995; 12:1945-1954.



80

Schmitz et al.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zalcberg JR, Cunningham D, van Cutsem E, et al. ZD1694: a novel thymidylate synthase inhibitor with sub-
stantial activity in the treatment of patients with advanced colorectal cancer. J Clin Oncol 1996; 14:716-721.
Cocconi G, Cunninghman D, van Cutsem E, et al. Open, randomized, multicenter trial of raltitrexed versus
fluorouracil plus high-dose leucovorin in patients with advanced colorectal cancer. J Clin Oncol 1998;
16:2943-2952.

. Alt FW, Kellems RE, Bertino JR, Schimke RT. Selective multiplication of dihydrofolate reductase genes in

methotrexate-resistant variants of cultured mouse cells. J Biol Chem 1998; 253:1357-1370.

Trent JM, Buick RN, Olson S, et al. Cytologic evidence for gene amplification in methotrexate-resistant cells
obtained from a patient with ovarian adenocarcinoma. J Clin Oncol 1984; 2:8-16.

Horns RC, Jr Dower WJ, Schimke RT. Gene amplification in a leukemic patient treated with methotrexate. J
Clin Oncol 1984; 2:2-17.

Carman MD, Schornagel JH, Rivest RS, et al. Resistance to methotrexate due to gene amplification in a
patient with acute leukemia. J Clin Oncol 1984; 2:16-23.

Danenberg, KD Danenberg, PV. Activity of thymidylate synthetase and its inhibition by 5-fluorouracil in highly
enzyme-overproducing cells resistant to 10-propargyl-5,8-dideazafolate. Mol Pharmacol 1989; 36:219-223.
Berger SH, Jenh CH, Johnson LF, Berger FG. Thymidylate synthase overproduction and gene amplification
in fluorodeoxyuridine-resistant human cells. Mol Pharmacol 1985; 28:461-467.

Copur MS, Aiba K, Drake JC, Allegra CJ, Chu E. Thymidylate synthase gene amplification in human colon
cancer cells resistant to 5-fluorouracil. Biochem Pharm 1995; 49:1419-1426.

Drake JC, Allegra CJ, Moran RG, Johnston PG. Resistance to Tomudex (ZD1694) is multifactorial in human
breast and colon carcinoma cell lines. Biochem Pharm 1996; 51:1349-1355.

Clark JL, Berger SH, Mittleman A, Berger F. Thymidylate synthase gene amplification in a colon tumor resis-
tant to fluoropyrimidine chemotherapy. Cancer Treat Rep 1987; 71:261-265.

Gorlick R, Metzger R, Danenberg KD, et al. Higher levels of thymidylate synthase gene expression are
observed in pulmonary as compared with hepatic metastases of colorectal adenocarcinoma. J. Clin Oncol
1998; 16:1465-1469.

Conrad AH. TS activity in cultured mammalian cells. J Biol Chem 1971; 246:1318-1323.

Navalgund LG, Rossana C, Muench AL, Johnson LF. Cell cycle regulation of thymidylate synthetase gene
expression in cultured mouse fibroblasts. J Biol Chem 1980; 255:7386-7390.

Ayusawa D, Shimizu K, Koyama H, Kaneda S, Takeishi K, Seno T. Cell-cycle-directed regulation of
thymidylate synthase messenger RNA in human diploid fibrolbasts stimulated to proliferate. J Mol Biol 1986;
190:559-567.

Geng Y Johnson LF. Lack of an initiator element is responsible for multiple transcriptional initiation sites of
the TATA-less mouse thymidylate synthase promoter. Mol Cell Biol 1993; 13:4894-4903.

Li D, Osborn K, Johnson LF. The 5’-flanking region of the mouse TS gene is necessary but no sufficient for
normal regulation in growth stimulated cells. Mol Cell Biol 1991; 11:1023-1029.

Dong S, Lester L, Johnson LE. Transcriptional control elements and complex initiation pattern of the TATA-
less bidirectional human thymidylate synthase promoter. J Cell Biochem 2000; 77:50-64.

Horie N, Takeishi K. Identification of functional elements in the promoter region of the human gene for
thymidylate synthase and nuclear factors that regulate the expression of the gene. J Biol Chem 1997,
272:18375-18361.

Farnham PJ, Slansky JE, Kollmar, R. The role of E2F in the mammalian cell cycle. Biochem Biophys Acta
Rev Cancer 1993; 1155:125-131.

Ash J, Ke Y, Korb M, Johnson LF. Regulation of mouse thymidylate synthase gene expression in growth-
stimulated cells: upstream S phase control elements are indistinguishable from the essential promoter ele-
ments. Nucleic Acids Res 1995; 23:4649-4656.

Li Y, Slansky JE, Myers DJ, Drinkwater NR, Kaelin WG, Farnhan PJ. Cloning, chromosomal location, and
characterization of mouse E2F1. Mol Cell Biol 1994; 14:1861-1869.

Banerjee D, Schnieders B, Fu JZ, Adhikari D, Zhao SC, Bertino JR. Role of E2F-1 in chemosensitivity. Can-
cer Res 1998; 58:4292-4296.

Banerjee D, Gorlick R, Liefshitz A, et al. Levels of E2F1 expression are higher in lung metastasis of colon
cancer as compared with hepatic metastasis and correlate with levels of thymidylate synthase. Cancer Res
2000; 60:2365-2367.

Kasahara M, Takahashi Y, Nagata T, et al. Thymidylate synthase expression correlates closely with E2F1
expression in colon cancer. Clin Cancer Res 2000; 6:2707-2711.

Powell C, Rudge TL, Zhu Q, Johnson LF, Hansen U. Inhibition of the mammalian transcription factor LSF
induces S-phase-dependent apoptosis by downregulating thymidylate synthase expression. EMBO J 2000;
19:4664-4675.



Expression of Thymidylate Synthase 81

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kim CH Heath C, Bertuch A, Hansen U. Specific stimulation of simian virus 40 late transcription in vitro by
a cellular factor binding the simian virus 40 21-base-pair repeat promoter element. Proc Natl Acad Sci USA
1987; 84:6025-6029.

Ke Y, Ash J, Johnson LF. Splicing signals are required for S-phase regulation of the mouse thymidylate syn-
thase gene. Mol Cell Biol 1996; 16:376-383.

Jenh CH Geyer PK, Johnson LF, Control of thymidylate synthase mRNA content and gene transcription in on
overproducing mouse cell line. Mol Cell Biol 1985; 5:2527-2532.

Kaneda S, Horie N, Takeishi K, Takayanagi A, Seno T, Ayusawa D. Regulatory sequences clustered at the 5
end of the first intron of the human thymidylate synthase gene function in cooperation with the promoter
region. Somat. Cell Mol Genet 1992; 18:409-415.

Takayanagi A, Kaneda S, Ayusawa D, Seno T. Intron 1 and the 5’-flanking region of the human thymidylate
synthase gene as a regulatory determinant of growth-dependent expression. Nucleic Acids Res 1992;
20:4021-4025.

Scanlon KJ, Kashani-Sabet M. Elevated expression of thymidylate synthase cycle genes in cisplatin-resistant
human ovarian carcinoma A2780 cells. Proc Natl Acad Sci USA 1988; 85:650—653.

Chu E, Drake JC, Koeller DM, et al. Induction of thymidylate synthase associated with multidrug resistance
in human breast and colon cancer cell lines. Mol Pharmacol 1991; 39:136-143.

Belfort M, Maley G, Pedersen-Lane J. Maley F. Primary structure of the Escherichia coli thyA gene and its
thymidylate synthase product. Proc Natl Acad Sci USA 1983; 80:4914-4918.

Rao KN, Kisliuk RL. Association of RNA with thymidylate synthase from methotrexate-resistant Streptococ-
cus faecium. Proc Natl Acad Sci USA 1983; 80:916-920.

Thorndike J, Kisliuk RL. Identification of poly G bound to thymidylate snythase. Biochem Biophys Res Com-
mun 1986; 139:461-465.

Takeishi K, Kaneda S, Ayusawa D, Shimizu K, Gotoh O, Seno T. Nucleotide sequence of a functional cDNA
for human thymidylate synthase. Nucleic Acids Res 1985; 13:2035-2043.

Kaneda S, Takeishi K, Ayusawa D, Shimuzu K, Seno T. Altman S. Role in translation of a triple tandemly
repeated sequence in the 5’ untranslated region of human thymidylate synthase mRNA. Nucleic Acids Res
1987; 15:1259-1270.

Spears CP, Shahinian AH, Moran RG, et al. In vivo kinetics of thymidylate synthase inhibition in 5-fluo-
roruacil-sensitive and-resistant murine colon adenocarcinoma. Cancer Res 1982; 42:450-456.

Washtein WL. Increased levels of thymidylate synthetase in cells exposed to 5-fluorouracil. Mol Pharmacol
1984; 25:171-177.

Keyomarsi K, Samet J, Molnar G. Pardee AB. The thymidylate synthase inhibitor, ICI D1694, overcomes
translational detainment of the enzyme. J Biol Chem 1993; 268:15142-15149.

Chu E, Zinn S, Boarman D. Allegra CJ. Interaction of gamma interferon and 5-fluorouracil in the H630
human colon carcinoma cell line. Cancer Res 1990; 50:5834-5840.

Chu E, Koeller DM, Johnson PG, Zinn S, Allegra CJ. Regulation of thymidylate synthase in human colon
cancer cells treated with 5-fluorouracil and interferon-gamma. Mol Pharmacol 1993; 43:527-533.

Chu E, Koeller DM, Casey JL, et al. Autoregulation of human thymidylate synthase messenger RNA transla-
tion by thymidylate synthase. Proc. Natl. Acad. Sci. USA 1991; 88:8977-8981.

Chu E, Voeller DM, Koeller DM, et al. Identification of an RNA binding site for human thymidylate synthase.
Proc Natl Acad Sci USA 1993; 90:517-521.

Chu E, Allegra CJ. The role of thymidylate synthase as an RNA binding protein. Bioessays 1996;
18:191-198.

Klausner RD, Harford JB. Cis-trans models for post-transcriptional gene regulation. Science 1989;
246:870-872.

Kozak M. Structural features in eukaryotic mRNAs that modulate the initiation of translation. J Biol Chem
1991; 266:19867-19870.

McCarthy JEG, Kollmus H. Cytoplasmic mRNA-protein interactions in eukaryotic gene expression. Trends
Biochem Sci 1995; 20:191-197.

Lin X, Parsels LA, Voller DM, et al. Characterization of a cis-acting regulatory element in the protein coding
region of thymidylate synthase mRNA. Nucleic Acids Res 2000; 28:1381-1389.

Jackson RJ, Standard N. Do the poly (A) tail and 3" untranslated region control mRNA translation? Cell
1990; 62:15-24.

Gallie DR. The cap and poly (A) tail function synergistically to regulate mRNA translational efficiency.
Genes Dev 1991, 5:2108-2116.

Jackson RJ, Cytoplasmic regulation of MRNA function: the importance of the 3" untranslated region. Cell
1993; 74:9-14.



82

Schmitz et al.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

Ostareck-Lederer AD, Ostareck DH, Standard N, Thiele BJ. Translation of 15-lipoxygenase mRNA is inhib-
ited by a protein that binds to a repeated sequence in the 3’ untranslated region. EMBO J 1994,
13:1476-1481.

Uhlenbeck OC, Wu H-N, Sampson JR. Recognition of RNA by proteins. In Molecular Biology of RNA,
1987; pp. 285-294. Academic Press, New York.

Henderson BR, Menotti E, Bonnard C, Kiihn, LC. Optimal sequence and structure of iron-responsive ele-
ments. J Biol Chem 1994; 269:17481-17489.

Carey J. Uhlenbeck IC. Kinetic and thermodynamic characterization of the R17 coat protein-ribonucleic acid
interaction. Biochemistry 1983; 22:2610-2615.

Carey J, Cameron V, de Haseth PL, Uhlenbeck OC. Sequence-specific interaction of R17 coat protein with its
ribonucleic acid binding site. Biochemistry 1983; 22:2601-2610.

Romaniuk PJ, Uhlenbeck OC. Nucleoside and nucleotide inactivation of the R-17 coat protein: evidence for
the transient covalent RNA-protein bond. Biochemistry 1985; 24:4239-4244.

Koontz SW, Schimmel PR. Aminoacyl-tRNA synthetase-catalyzed cleavage of the glycosidic bond of 5-halo-
genated uridines. J Biol Chem 1979; 254:12277-12280.

Starzyk RM, Koontz SW, Schimmel P. A covalent adduct between the uracil ring and the active site of an
aminoacyl tRNA synthetase. Nature 1982; 298:136-140.

Leary RP, Beaudette N, Kisliuk RL. Interaction of deoxyuridylate with thymidylate synthetase. J Biol Chem
1975; 250:4864-4968.

Plese PC, Dunlap RB. Sulthydryl group modification of thymidylate synthetase and its effect on activity and
ternary complex formation. J Biol Chem 1977; 252:6139-6144.

Chu E, Voeller DM, Morrison PF, et al. The effect of reducing reagents on binding of thymidylate synthase
protein to thymidylate synthase messenger RNA. J Biol Chem 1994; 69:20289-20293.

Voeller DM, Changchein, L-M, Maley GF, et al. Characterization of a specific interaction between
Escherichia coli thymidylate synthase and Escherichia coli thymidylate synthase mRNA. Nucleic Acids Res
1995; 23:869-875.

Bernardi A, Spahr P-F. Nucleotide sequence at the binding site for coat protein on RNA of bacteriophage
R17. Proc Natl Acad Sci USA 1972; 69:3033-3037.

Trimble RB, Maley F. Level of specific prereplicative mRNA’s during bacteriophage T4 regA-, 43- and T4
43- infection of Escherichia coli B1. Virology 1976; 17:538-549.

Winter RB, Morrissey L, Gauss P, Godl L, Hsu T, Karam J. Bacteriophage T4 regA protein binds to mRNAs
and prevents translation initiation. Proc Natl Acad Sci USA 1987; 94:7822-7826.

Andrake M, Guild N, Hsu T, Gold L, Tuerk C, Karam J. DNA polymerase of bacteriophage T4 is an autoge-
nous translational repressor. Proc Natl Acad Sci USA 1988; 85:7942-7946.

Gold L. Posttranscriptional regulatory mechanisms in Escherichia coli. Ann Rev Biochem 1988; 57:199-233.
Wu H, Wower I, Zimmermann RA. Mutagenesis of ribosomal protein S8 from Escherichia coli: expression,
stability, and RNA-binding properties of S8 mutants. Biochemistry 1993; 32:4761-4768.

Spedding G, Draper DE. Allosteric mechanism for translational repression in the Escherichia coli alpha
operon. Proc Natl Acad Sci USA 1993; 90:4399-4403.

Maley GF, Lorenson MG, Maley F. Inhibitors of protein synthesis: effect on the levels of deoxycytidylate
deaminase, thymidylate synthetase, and thymidine kinase in regenerating rat liver. Biochem Biophys Res
Comm 1965; 18:364-370.

Labow R Maley GF, Maley F. The effect of methotrexate on enzyme induced following partial hepatectomy.
Cancer Res 1969; 29:366-372.

Bonney RJ, Maley F. Effect of methotrexate on thymidylate synthetase in cultured parenchymal cells isolated
from regenerating rat liver. Cancer Res 1975; 35:1950-1956.

Kitchens ME, Forshoefel AM, Rafique Z, Spencer HT, Berger FG. Ligand-mediated induction of thymidylate
synthase occurs by enzyme stabilization. J. Biol. Chem. 1999; 274:12544—12547.

Welsh SJ, Titley J, Brunton L, et al. Comparison of thymidylate synthase (TS) protein up-regulation after
exposure to TS inhibitors in normal and tumor cell lines and tissues. Clin. Cancer Res. 2000; 6:2538-2546.
Schmitz JC, Yu D, Agrawal S, Chu E. Effect of 2’-O-methyl antisense ORNs on expression of thymidylate
synthase in human colon cancer RKO cells. Nucleic Acids Res. 2001; 29:415-422.



5 Regulation of Thymidylate Synthase

Gene Expression and Drug Response

Posttranscriptional Regulation and Cell
Population Density

Bruce J. Dolnick, PhD

CONTENTS

INTRODUCTION

TS As AN ENZYME OF CELL PROLIFERATION:S-PHASE OR GROWTH
SPECIFIC?

EXPRESSION OF THE TS GENE: CONSTITUTIVE OR REGULATED?

POSTTRANSCRIPTIONAL REGULATION OF TS

THE RTS GENE AND REGULATION OF TS

REGULATION OF TS (BY r'TS) AND DRUG RESPONSE

REFERENCES

1. INTRODUCTION

Thymidylate synthase (TS) is a major target for anticancer drug action. Understanding of
the mode of regulating TS expression is of great importance to developing strategies to
reducing TS levels and activity, and inhibiting the enzyme with paramount efficacy. Over
the years investigations of TS levels have alternatively produced evidence supporting the
contributions of transcriptional or posttranscriptional regulation, as well as evidence for cell
cycle phase-specific or phase-independent mechanisms in regulating TS levels. Most of the
literature in this area concludes that TS is a cell cycle, S-phase-specific enzyme. However,
as will be discussed, the data frequently rely on biological models that utilize questionable,
although widely accepted, assumptions of biological validity. These models may not always
be appropriate for generating generalized conclusions of the mechanism for regulationg TS
levels. This chapter presents and overview of the key data concerning the regulation of TS
gene expression with the perspective that much of the prevailing view that TS is an S-phase
enzyme is incorrect. The iconoclastic view of the regulation of TS discussed in this chapter
has its origins in the investigations of the rTS gene, a gene that overlaps the 3’-end of the
TS gene and codes for an RNA that is partially complementary (antisense) to the TS
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mRNA and pre-mRNA and two proteins that may be responsible for controlling a large
fraction of TS gene expression at the posttranscriptional through effects on TS pre-mRNA
and protein stability.

2. TS AS AN ENZYME OF CELL PROLIFERATION:S-PHASE
OR GROWTH SPECIFIC:

TS function is required for the de novo synthesis of thymidine, a precursor for DNA
biosynthesis. Because of this fact, it is expected that TS would be associated with cell pro-
liferation, as proliferating cells need to synthesize DNA and require DNA precursors
(deoxyribonucleoside triphosphates). All investigations involving the characterization of
TS activity in cells, both in vivo and in cell culture, have found increased TS levels and TS
enzyme activity in actively dividing cell, compared with cells in stasis (/,2). A discrepancy
arises when cultured cells are studied. This discrepancy is the cell cycle dependence or
independence of TS expression depending on whether cells are arrested for growth prior
to examination.

When cells are growth arrested by serum starvation, by nutrient depletion or by exposure
to cytotoxic and cytostatic agents and then allowed to reenter the proliferating state, eleva-
tions in TS protein and enzyme activity are invariably associated with the onset of S-phase
(2-6). However, in stark contrast to these results, when TS levels or activity are assayed in
cells from different phases of the cell cycle when cells have not been subjected to various
means of cell cycle arrest followed by release, TS or TS mRNA levels do not vary with S-
phase (7-10). The results obtained with each model are at strict odds mechanistically and
have fairly wide ranging implications. To conclude that the studies performed with growth-
arrested cells are an accurate reflection of the regulation of TS requires that and assumption
be made that the arrest of cells has no meaningful effect upon the cell cycle and pattern of
expression of TS. On the other hand, to conclude that the studies performed with cells that
have not been perturbed are an accurate reflection of how TS is regulated requires no
assumptions. Despite the requirement that fundamental assumptions be made that the means
to achieve cell cycle arrest do not impinge upon the behavior of gene expression in cells fol-
lowing release from a cell cycle block, the cell cycle S-phase-specific model predominates
overwhelmingly in the literature view of TS regulation.

Since quiescent cells in vivo can reenter the cell cycle (as in the case of wound healing
recruitment of tumor cells following debulking, or even organ regeneration), it is clear that
models that employ nutrient deprivation or other means to impose synchronization are likely
to be an accurate representation of many in vivo situations for simulating TS regulation. In
the case of cells that are growing and are not recovering from some form of imposed growth
arrest, however (as in the case of unperturbed tumor growth or normal cell replicative
events), it is likely that the proliferation-dependent S-phase-independent model is likely to
be more applicable. A combination of the two models may be most appropriate when con-
sidering the behavior of TS in the tumors of patients undergoing therapy, where the growth
fraction of the tumor and number of cells in the quiescent phase (Gp) may change in
response to therapy. Based upon the difference in the cell culture models, the proliferation-
dependent, S-phase-independent mechanism is more likely to be an accurate reflection of
how TS is regulated the majority of the time in tumor cells when the cell cycle composition
of a cell population is in a relatively steady-state distribution, with the S-phase-dependent
behavior likely to be restricted to circumstances shortly after quiescent cells have reentered
the cell cycle.
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3. EXPRESSION OF THE TS GENE: CONSTITUTIVE OR REGULATED?

Studies of TS expression in cells synchronized by arrest methods where TS is an S-phase
enzyme imply TS is regulated by control mechanisms associated with S-phase. The mam-
malian TS genes sequenced to date show that for the most part the 5’-flanking regions are
highly conserved and contain binding sites for Ets, Sp1, E2F, and LSF transcription factors.
It has been shown that enhanced E2F expression can upregulate TS gene expression, leading
to interpretations that the gene is regulated by E2F (711,12). Despite these reports, the
involvement of E2F in the transcription of the TS gene was never verified by direct transcrip-
tional analyses. One of the most significant observations is that made by Ayusawa et al., who
investigated the expression of the human TS gene in diploid fibroblasts (8). The results of
these studies demonstrated that the rate of TS gene transcription was constant during the cell
cycle transition, although TS and TS mRNA levels increased with S-phase, leading to the
conclusion that regulation of the human TS gene is posttranscriptional. Recent studies using
transient transfection assays demonstrate that deletion of the E2F motifs have no effect upon
TS promoter activity, casting doubt on the role of E2F in the cell cycle regulation of TS (13).
The association between E2F and TS gene expression may be more closely related to the
role of E2F in the transition of cells from quiescence to a proliferative state, which would
correlate with an increase in S-phase cells but suggests the relationship is one that is circum-
stantial and not controlled by transcription (/4). On the other hand, the connection between
cell cycle regulation and TS gene expression is affected by the presence or absence of
introns in TS minigenes, with the presence of spliceable introns being a requisite to demon-
strate cell cycle regulation (15-17). The requirement for spliceable introns to enact some
form of regulation on the expression of the TS gene is intriguing and indicates that a portion
(if not most) of the regulation of TS gene expression is posttranscriptional. These data, taken
together, provide evidence that the TS gene is likely to be transcriptionally turned on most of
the time and that fluctuations in the levels of TS mRNA and TS protein are controlled by
other cell growth related mechanisms (vide infra). These mechanisms are also likely to be
cell cycle independent to a degree, but depending on how cell cycle related studies are per-
formed may lead to the interpretation that regulation of TS is cell cycle related when it is not.

4. POSTTRANSCRIPTIONAL REGULATION OF TS

The evidence that the TS gene is regulated posttranscriptionally comes from transcrip-
tional studies that demonstrated alterations in the rates of transcription are insufficient to
explain changes in the levels of TS mRNA and protein, the need for spliceable introns for S-
modulation of the translation of TS mRNA by TS protein. There are three major sites for the
posttranscriptional regulation of TS levels. These are TS RNA (pre-mRNA and mRNA) pro-
cessing and stability, protein stability, and TS mRNA translation. Regulation of TS protein
levels by autoregulation of TS mRNA translation has been discussed in detail by E. Chu. The
role of pre-mRNA processing and stability and TS mRNA stability in regulating TS protein
levels have not been extensively described, but are affected by the rTS gene through the pro-
duction of a naturally occurring antisense RNA to TS pre-mRNA (/8-20). The rTS gene is
colocalized with the TS gene on chromosome 18 and is transcribed convergently with the TS
gene such that one of the r'TS gene transcripts (rTSa RNA) forms an extensive complemen-
tary (antisense) RNA to TS pre-mRNA (2/-24). This naturally occurring antisense RNA is
responsible for regulating the levels of TS pre-mRNA, and consequently, TS mRNA in cells
through an novel RNA editing mechanism. The rTS gene also encodes proteins that appear
to play a role in the regulation of TS protein levels. Although both of these mechanisms for
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the regulation of TS mRNA and TS protein levels. are related by the role of the rTS gene in
providing active antisense RNA and protein components that function in both distinct and
complementary pathways, the regulation of the rTS gene itself appears to be controlled not
by cell cycle, but by cell population density.

5. THE rTS GENE AND REGULATION OF TS

The relation of TS to TS in manifested by both rTSo RNA and the two rTS proteins
(rTSo and rTSP). Evidence for the effects of rTS upon TS is experimental but the effects
may be easier to understand in light of what is known of the organization and expression of
the r'TS gene. The rTS gene is comprised of 17 exons and 16 introns (24). Transcription of
the gene leads to the generation of RNA transcripts of which are alternatively spliced to gen-
erate either rTSo. RNAs (mRNA and other nuclear species) as well as rTSB mRNA. Both
rTSa and B mRNAS utilize 16 of the 17 exons present in the rTS gene, with the o transcripts
lacking exon 3 and the P transcripts lacking exon 17. The rTSo. RNAs are antisense to TS
RNAs because they incorporate exon 17 at the 3’-ends. In addition, most of the rTSot RNA is
not spliced to mRNA but remains as higher-molecular-weight species retained by the
nucleus, in great excess to TS pre-mRNA. The rTS} RNAs do not contain exon 17 and as a
result do not have an antisense RNA component, but do code for most of the rTS protein pro-
duced in vivo. Exon 17 of the rTS gene is complementary to 521 bases of the TS pre-mRNA,
and this comprises the extent of complementarity between rTSot mRNA and TS pre-mRNA.
However, since most of rTSa RNA is nuclear, the rTSa pre-mRNA is also likely to provide
for a source of TS pre-mRNA:rTSa RNA duplexes. In this case the extent of complementar-
ity consists of 973 bases due to the additional contribution of rTS intron 16 that is spliced
out during the maturation of rTS pre-mRNA.

Amplification of the region of TS pre-mRNA (by RT-PCR using gene specific primers)
from exon 7 that is complementary to rTSo. mRNA and sequencing of this region demon-
strates that editing (adenosine to inosine) occurs at five sites (Fig. 1). We have developed a
method to quantitate TS pre-mRNA and editing of TS pre-mRNA using DNA dendrimer
probes complementary to the region of TS pre-mRNA with the 5’-most editing site (25).
Examination of the levels of TS pre-mRNA and the extent of TS pre-mRNA editing as func-
tion of cell population density demonstrate that the amount of editing (for H630 cells) corre-
lates with the decrease in TS pre-mRNA levels and TS mRNA levels (Fig. 2). As
demonstrated in Fig. 2, the level of unedited TS pre-mRNA decreases approx 90% by the
time the cells have reached a population density of 103 cells/cm2, 24 h after plating. Under
these conditions, changes in the fraction of the cells in S-phase are not observed until the cell
population density increases above 2 X 105 cells/cm? (unpublished results). In the experi-
ment shown, TS mRNA also declines, subsequent to the decrease in TS pre-mRNA,
although in other experiments the decline in TS mRNA was found not to be quite as exten-
sive over this 24-h period. It has also been demonstrated by Chu that rTSo. RNA levels cor-
relate inversely with TS mRNA levels in Hep2 cells during asynchronous cells growth and
that transient transfection of Hep2 cells with inducible rTSot mRNA can effect downregula-
tion of TS mRNA and protein (/8,19). Taken together the data suggest that rTSa RNA inter-
acts with TS pre-mRNA, or possibly TS mRNA, in transfected cells and causes the
degradation of TS RNA species, subsequent to editing of the TS pre-mRNA. Since rTSa
RNA is always present in excess to TS pre-mRNA in the nucleus, rTSa RNA:TS pre-mRNA
duplex formation, presumed to be an essential step to trigger TS pre-mRNA degradation is
either a regulated process, or the enzymes that recognize these duplexes must be regulated
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rTS gene

TSgene | 1117

Fig. 1. Overlap of the rTS and TS genes and sites of RNA editing. The cartoon shows the relation of the
r'TS and TS genes in the region of overlap. The degrees of overlap with the TS mRNA (521 bp) and the TS
pre-mRNA (973 bp) are shown. The overlapping lengths are based upon the sequence data obtained for the
rTS gene, and differ from that published elsewhere (24,37). TS pre-mRNA editing sites are indicated by
arrows. Exons are indicated by boxes, with protein coding regions shaded.
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Fig. 2. Cell-population-dependent editing and downregulation of TS RNAs. H630 cells were seeded at dif-
ferent population densities and extracted for RNA after 24 h. TS pre-mRNAs (edited and unedited) were
detected by 32P-DNA dendrimer probes and quantitated by comparison with standard RNAs. TS mRNA and
GAPDH mRNA were detected using antisense 32P-RNA probes. Signal strength was determined using a
phosphor imager. Panels: A, TS pre-mRNA; B, Edited TS pre-mRNA; C, TS mRNA; D, GAPDH mRNA.
Panels A-D show results for 10 pg RNA from two experiments (left- and right-hand columns) where H630
cells were plated at different population densities and extracted for RNA after 24 h. Cell population densi-
ties increase from the top to bottom in each panel. A graphic presentation of the data is shown in the three
graphs on the right. Top graph, TS pre-mRNA (circles) and edited TS pre-mRNA (triangles). Center graph,
percent edited TS pre-mRNA. Bottom graph, TS mRNA. GAPDH is not shown but was blotted as a control
for mRNA loading. The closed and open symbols represent experiments 1 and 2, respectively.



88 Dolnick

themselves. It is known that at least some of the ADAR (adenosine deaminases that act on
RNA) that are responsible for editing of double-stranded RNA are regulated by factors such
as interferon (26,27). The activation of the processes responsible for the degradation of TS
pre-mRNA as a function of cell population density suggests there may be either a cell-to-cell
contact function responsible for the phenomenon or that the accumulation of a signal mole-
cule or molecules in the cell culture medium is responsible for activating the degradation of
TS pre-mRNA.

Expression of the rTS proteins increases with cell population density (going from mid-log
to late-log/plateau phase), as TS protein levels drop, suggesting an inverse relationship
between rTS protein expression and TS protein levels during asynchronous cell growth (23).
As previously reported, the only exception to this observation was found in KB cells, where
rTSP protein levels did not change as cells progressed from mid-log to plateau phase and TS
protein levels were also found not to change (23). Thus, there is a good correlation between
growth-related expression of rTS and regulation of TS levels, downregulation of TS
observed with growth to high cell population densities when rTSP is upregulated, and no
downregulation of TS when rTSP is not upregulated. Although the two rTS mRNAs differ at
their 3’-ends such that rTSa is antisense to TS RNA but rTSf mRNA is not, they also differ
in their protein coding regions, owing to the inclusion of exon 3 in the rTSB mRNA but not
in r'TSo. mRNA. This alternative splicing leads to the production of two proteins that are
identical for most of their carboxy region but differ in their amino region sequences.

The rTS proteins are members of the enolase superfamily of proteins (28,29). Members of
this family catalyze the abstraction of protons from the o-carbons of carboxylic acids, and cat-
alyze a wide variety of reactions. Examples of members of this family include lactonizing
enzymes and racemases. One member, RspA, is an Escherichia coli protein that has a pattern
of expression in bacteria similar to that of TS in cultured human cells, showing elevated lev-
els of expression as cultures reach high population densities (30). This protein has been found
to interfere with quorum sensing functions in other bacterial cells. The significance of this is
related to the quorum sensing phenomenon, a widespread mechanism of regulating biological
function in Gram negative bacterial cells as a function of cell population density (31,32). In
quorum sensing, bacteria continually synthesize and release into the bacterial milieu signaling
molecules that regulate a wide variety of biological functions. As the bacterial population
increases, so does the concentration of signaling molecules. Once the population reaches a
significant density, the concentration of the signaling molecules reaches the level where spe-
cific receptors become activated, triggering quorum sensing responses. The activation of a
quorum sensing pathway depends on the amount of signaling molecule in the environment rel-
ative to the binding affinity for its cognate receptor. Different bacterial species utilize different
signaling molecules and one species may also use multiple variants of the same type of signal-
ing molecule to regulate multiple genes. In bacteria the biologic responses are varied and
include synthesis of virulence factors, bioluminescence, and ion transport.

Cultured cell lines that overproduce rTS proteins (e.g., H630-1, K562 B1A) grow slower
than their cognate cell lines (i.e., H630, K562) that do not overproduce rTS and reach the
plateau phase at lower cell population densities. These cell lines are also altered in their abil-
ity to regulate TS with cell growth (33,34). These studies suggest that r'TS protein expression
is related to alternations in TS activity and altered cell growth rates. This conclusion is tem-
pered by the nature of the biological system in which these results were obtained. In the
drug-resistant cell lines studied, other genetic changes aside from increased rTS have been
shown to occur (35,36). Transfection experiments have not been overly helpful in resolving
this issue because of the extreme growth suppressive nature of transfected rTS gene products
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observed in mammalian cells, yeast, and even bacteria. However, recent results support a
hypothesis that rTS proteins serve as the equivalent of quorum sensing enzymes in human
cells. Cell culture medium from cells that overproduce rTS can effect the downregulation of
TS protein in other cells, compared with medium obtained from cells that do not overproduce
rTS. In addition, cell culture media from cells that overproduce rTS can elicit a response
using a recombinant quorum sensing bioassay (Dolnick, unpublished results), suggesting that
r'TS overproduction is associated with the production of a signaling molecule or molecules
present in cell culture medium similar to the molecules produced by Gram negative bacteria.
Current ongoing studies to define the pathway for the synthesis of these signaling molecules
and to examine analogs of these molecules as bioactive reagents further support the role of
r'TS proteins as the enzymes responsible for their synthesis. If this turns out to be the case,
one possible reason for the cell cycle dependency of TS in synchronized cells (synchronized
by nutritional or inhibitor mediated methods) vs cell cycle independency in asynchronously
growing cells may be related to the technical requirement to change cell culture media after
cell synchronization. Adding fresh medium would reduce the amount of the rTS-generated
signal molecules from the cellular milieu (although not eliminate them entirely), downregu-
lating their negative effects on TS pre-mRNA stability, and allowing for new TS synthesis to
coincide with proliferation. This would have the effect of TS appearing to be an S-phase
enzyme as cells are recruited back into the proliferative state and enter S-phase. The same
effect would then occur subsequent to each change of cell culture medium.

6. REGULATION OF TS (BY rTS) AND DRUG RESPONSE

The best evidence that rTS may play a role in drug response involving TS comes from the
demonstration that rTS protein expression is elevated in a cell line that was made resistant to
methotrexate, not a specific TS inhibitor (33,35). The significance of this is that the elevation
of rTSP in this cell line occurred independently of amplification of the TS gene and coin-
cided with the downregulation of TS (35). Although developed to be resistant to methotrex-
ate, this cell line, has twofold decreased levels of TS (33,35). Although the K562 B1A cell
line has increased sensitivity to the TS inhibitor fluorodeoxyuridine (ICsgs: 2.7 X 10-8 M for
K562, 6.7 x 10 M for K562 B1A after 120 h), it has greatly increased resistance to some
other specific TS inhibitors such as Tomudex® (ICsgs: 2.4 X 10~ M for K562, 2.4 x 10° M
for K562 B1A after 120 h). Thus, a cell line that is resistant to methotrexate due to elevations
in the level of dihydrofolate reductase, but also has elevated levels of rTSP has altered sensi-
tivity to TS inhibitors as well. These changes in drug sensitivity cannot be explained by the
levels of TS and suggest that other changes, such as the elevated levels of TS are involved.

As has been stated previously, cell lines that overproduce rTS[ have an altered ability to reg-
ulate TS activity with cell growth (23,33). In addition, transfection of cells that can induce
rTSa, and the antisense RNA portion of rTSo exhibit downregulation of TS mRNA and protein
(19). Tt is clear that altering expression of the r'T'S gene products will alter the level and activity
of TS and therefore cellular sensitivity to TS inhibitors. The importance of rTS to tumor
response in vivo and the detailed mechanisms by which the TS proteins and antisense RNA
affect TS levels and functions are currently the topic of ongoing and future investigations.
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1. INTRODUCTION

5-Fluorouracil (5-FU) was the first fluoropyrimidine to be synthesized in 1957 by Heidel-
berger and colleagues, by replacement of a fluorine atom in the place of hydrogen at the C-5
position of the pyrimidine ring (/). Since then, compounds of this class have received exten-
sive preclinical and clinical development. Fluoropyrimidines currently remain some of the
most widely employed antineoplastic agents with activity against breast, gastrointestinal,
and head and neck cancers. Their use in cancer therapy continues to progress with the identi-
fication of new modulators that enhance their cytotoxic activity (interferon-y [IFN]-y; 2),
with the exploration of new orally active compounds that are currently in clinical trial (tega-
fur, capecitabine, S1; reviewed in refs. 3-5), and with new antifolate inhibitors of thymidy-
late synthase (TS; ZD1694 [Ralitrexed, Tomudex], ZD9331, LY231514, AG337 [Thymitaq],
GW1843U89, reviewed in refs. 6 and 7). The antineoplastic activity of 5-FU has been
enhanced by biochemical modulation that increases the metabolism of the agent. These
modulators include L-phosphonacety-L-aspartate (PALA;8), inhibitors of dihydrofolate
reductase (methotrexate [MTX]; 9,10; trimetrexate [TMQ]; /1), and inhibitors of the 5-FU
degradative enzyme dihydropyrimidine dehydrogenase (5-chlorodihydropyridine [tegafur],
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5-ethynyluracil; reviewed in refs. 3-5). Interferon-a has also increased the cytotoxic activity
of 5-FU by influencing thymidine kinase activity (/2), and, in particular, by enhancing 5-
FU-induced DNA damage (13). 5-FU continues to be the standard agent and mainstay in the
treatment of advanced colorectal cancer in combination with the reduced folate, leucovorin
(LV), which has proven the most effective modulator in enhancing the therapeutic selectivity
of 5-FU (14,15). Thus advancing therapeutic strategies for the treatment of colorectal cancer
will build upon the activity obtained with 5-FU/LV combinations.

More recently it has been demonstrated that genes downstream of thymineless stress-
induced or 5-FU-induced DNA damage can determine the sensitivity of cancer cells to this
agent, including E2F-1 (16,17), Bcl-2 family members (/8-27), and oncogenic K-Ras
(22,23). However, more extensive studies have demonstrated that thymineless stress-induced
apoptosis may be induced by signaling via the Fas (CD95/APO-1) death receptor (2,24), and
5-FU cytotoxicity may also be influenced by the status of the p53 tumor suppressor gene
(25-27). This chapter discusses how, in addition to biochemical modulation, the cytotoxic
action of 5-FU may be enhanced in malignant cells by modulation of gene expression. Fur-
thermore, the review will focus on how modulation of the Fas death receptor and the func-
tional status of p53 may impact the therapeutic application of 5-FU in the treatment of
human malignancies with an emphasis on colorectal cancer.

2. MECHANISM OF 5-FU ACTION

Following entry within the cell, 5-FU is extensively metabolized. The active metabolite 5-
fluorodeoxyuridylate (FAUMP) binds to the enzyme TS in a covalent ternary complex with
the reduced folate cofator 5,10-methylenetetrahydrofolate (CH,-H4PteGlu) thereby inhibit-
ing enzyme function and the synthesis of deoxythymidine triphosphate (dTTP) de novo (Fig.
1). The stability of the ternary complex, degree and duration of TS inhibition, and the cyto-
toxic action of 5-FU are enhanced when the folate is polyglutamylated, and when 5-FU is
combined with LV to elevate the pool of CH,-H4PteGlu and its polyglutamylated derivatives
(reviewed in refs. 3,4 and 28). Thymineless stress or 5-FU/LV treatment induces an imbal-
ance in the pools of dTTP and deoxyadenosine triphosphate (dATP) where dTTP is depleted
and dATP is significantly elevated, a process which precedes inhibition of DNA synthesis,
DNA damage, and the induction of apoptosis in human colon carcinoma cells (29). In other
systems, the misincorporation of FAUTP or dUTP into DNA may also contribute to the
induction of DNA damage (28). In TS~ colon carcinoma cells apoptosis is signaled via the
Fas death receptor after dThd deprivation (24), and in other colon carcinoma cell lines (2) or
in other cell types (30,31), a Fas-dependent component has been demonstrated following 5-
FU treatment both in vitro (2,30) and in vivo (31). The Fas dependency of FUra-induced
cytotoxicity depends upon the induction of DNA damage but is independent of the status of
p53 (2). However, the induction of apoptosis by 5-FU is acute in the presence of wtp53, or
delayed if p53 is mutated (25). 5-FU treatment also upregulates Fas expression in the pres-
ence of wtp53 (25). The improved response rates observed clinically when 5-FU is com-
bined with LV (74,15) and the relationship between high TS expression and resistance to
5-FU-based therapy (32-34), strongly suggest that this mechanism of 5-FU-induced cyto-
toxicity is critical in clinical therapy with 5-FU.

Alternatively following metabolism to ribonucleotides, fluoridine triphosphate (FUTP)
is incorporated into both nuclear and cytoplasmic RNA species, resulting in alterations in
the secondary structure of RNA and in protein synthesis. The effect of 5-FU incorporation
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Fig. 1. Metabolism and mechanism of 5-FU action.

may be related to pre-RNA processing resulting in aberrant transcriptional and posttran-
scriptional processing, which may lead to the cytotoxic effect of 5-FU (reviewed in ref.
28). RNA-directed 5-FU cytotoxicity has been demonstrated in cultured cells including
some colon carcinoma cell lines (2,35). Furthermore, evidence suggests that this is the
mechanism by which 5-FU toxicity is induced in normal gastrointestinal tissues (27,36),
where the toxic action of 5-FU is reversible in mice following administration of uridine
(Urd) but not dThd, and is also pS3-dependent (27). The importance of the anti-TS effects
of 5-FU in the therapeutic response of human cancers, and the RNA-directed mechanism
of 5-FU-induced toxicity in normal gastrointestinal tissues thus provides a rationale for the
selective action of 5-FU/LV in the treatment of human cancers, in particular those of
epithelial origin.

3. Fas SIGNALING IN THYMINELESS DEATH

Fas, a type I integral membrane protein, belongs to the tumor necrosis factor receptor
(TNFR) superfamily and expresses an intracellular death domain (DD) required for rapid
signaling from the receptor. Following ligation of the natural ligand, Fas ligand (FasL), or
agonistic anti-Fas antibodies to Fas, an apoptotic signal is induced (37). Fas and FasL are
known regulators of apoptosis in cells of the immune system including activation-induced
cell death (38) and apoptosis induced by cytotoxic T cells (39). Fas is expressed in tissues
that posses a high rate of cell turnover including epithelial tissues (40), and has demon-
strated functional activity in cell lines derived from a variety of different histiotypes
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Fig. 2. Fas-dependent cytotoxicity following thymineless stress in TS~ colon carcinoma cells.

(reviewed in ref. 47) including colon carcinomas (2,42,43) and breast carcinomas (45).
Studies conducted in normal human colonic epithelium (42) demonstrated constitutive
expression of Fas in every cell, suggesting that the Fas system may be involved in the regu-
lation of normal cell turnover, in colonic tissue homeostasis, and in the regulation of apop-
tosis. The first study to demonstrate that the Fas death receptor was involved in regulating
apoptosis following the induction of thymineless stress was conducted in thymidylate syn-
thase-deficient (TS™) colon carcinoma cells with high Fas expression (24; Fig. 2). The TS~
clone of wt GCs/c1 cells deficient in TS mRNA and protein committed to cell death follow-
ing dThd deprivation thereby allowing examination of events downstream of dTTP deple-
tion in an unambiguous manner. Following dThd deprivation in TS~ cells clonogenic
survival was reduced to 50% in 3 d, and to 5% by 5 d, with the onset of apoptosis occurring
at 24 h (Fig. 2; 29). However complete protection from thymineless death was obtained fol-
lowing exposure to the NOK-1 MoAb that binds FasL and inhibits Fas/FasL interactions,
even at 5 d, when survival would be anticipated to be minimal. The kinetics of loss in
clonogenic survival following dThd deprivation correlated with the upregulated expression
of FasL (24), and a close correlation existed between loss in clonogenic survival, expres-
sion of FasL, and the induction of apoptosis (45). In contrast TS~ clones selected for resis-
tance to the cytolytic anti-Fas MoAb CH-11 and hence to Fas-mediated apoptosis, were
cross resistant to apoptosis induced by thymineless stress where clonogenic survival was
maintained (45), providing further confirmation of the involvement of Fas in this mecha-
nism of cell death. The requirement of Fas in thymineless stress-induced apoptosis in TS~
cells appeared unique to this form of cell death. A similar Fas dependency for the induction
of apoptosis by topotecan, VP-16, or doxorubicin could not be demonstrated in these cells.
In this study drug-induced loss in clonogenic survival could not be blocked in the presence
of NOK-1, and did not correlate with FasL expression. Furthermore, the Fas-resistant TS~
clones were not cross resistant to these DNA damaging agents in contrast to the effects of
dThd deprivation.
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4. DETERMINANTS OF FAS-MEDIATED APOPTOSIS
IN HUMAN COLON CARCINOMA CELL LINES

For Fas-dependent apoptosis to occur, all components of the Fas signaling pathway must
be present. Following ligation and subsequent trimerization of the receptor, several proteins
bind to the intracellular death domain of Fas to form the death-inducing signaling complex
(DISC). The adaptor protein FADD is recruited to Fas via the DD (46,47), followed by
recruitment of procaspase-8 (a FADD-homologous ICE/CED-3-like protease) via the
respective death effector domains (DED; 48—60). Following release of active caspase-8 from
the DISC, downstream effector caspases are activated. Recently small accelerator for death
signaling (SADS) has been identified, is involved in accelerating FADD-dependent cell
death, and may be downregulated in certain colon carcinomas (51).

Modification of any one component of the Fas signaling pathway by mutation or reduced
expression, or elevated expression of proteins that are inhibitory at various steps in the path-
way, may reduce or eliminate Fas-mediated apoptosis. Mutations in the death domain of Fas
(52), expression of soluble Fas (sFas; 53), or reduced receptor expression, may prevent Fas-
induced apoptosis, and reduced expression of Fas has been identified in certain colon carci-
nomas (42). Cells must also express sufficient levels of all components of the DISC to
induce apoptosis. Inhibitory factors that may be expressed include:

1. FAP-1 (A Fas-associated phosphatase, which associates with the negative regulatory domain
of Fas; 54,55).

2. DcR3, a soluble Fas decoy receptor, which binds FasL but cannot transmit an apoptotic signal
(56).

3. c-FLIP (long [cFLIP] and short [cFLIPs] forms), which is recruited to the DISC and inhibits
caspase-8 activation (57,58).

4. High Bcl-2 expression which can inhibit Fas signaling, and has correlated with decreased anti-
Fas sensitivity in colorectal carcinomas (59) and their derived cell lines (24,60).

In a series of 10 human colon carcinoma cell lines, four were sensitive to the anti-Fas Ab
CH-11, and six were resistant (6/). In nine lines expressing Fas PCR-sequencing indicated
the death domains to be of wt sequence. Downstream of Fas, expression of FADD, procas-
pase-8, sFas, FAP-1, Bcl-2 (61), and DcR3, c-FLIP, and SADS (unpublished) demonstrated
no correlation between levels of expression and sensitivity to anti-Fas. However, levels of
the Fas antigen varied by > 1,000-fold, and correlated with the sensitivity of the lines to CH-
11. Fas expression is relatively high in TS~ cells (29), whereas Fas-mediated apoptosis may
be limited in other colon carcinoma cell lines because of reduced expression of Fas, but may
be elevated following treatment with the cytokine recombinant human IFN-y (29,43,61). In
HT?29 cells, four-fold elevation in Fas expression in the presence of IFN-y (100 IU/mL non-
cytotoxic) caused a synergistic effect when combined with CH-11 (50-200 ng/mL noncyto-
toxic) in a clonogenic assay (< 10% survival; 2). These studies demonstrated the significance
of Fas expression in colon carcinomas, that this could be modulated to sensitize these cells
to apoptotic mechanisms, and that this may be an important target to explore in the modula-
tion of Fas-dependent and chemotherapy-induced apoptosis.

5. FAS SIGNALING AS A DETERMINANT OF THE MECHANISM
OF 5-FU ACTION

There are now several published studies that demonstrate the importance of the Fas sig-
naling pathway in the induction of apoptosis and cytotoxicity in the mechanism of 5-FU
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action. Tillman et al. (2) investigated whether a Fas-dependent component existed in 5-
FU/LV-induced cytotoxicity of human colon carcinoma cells, and whether this may be
potentiated by IFN-y-induced elevation in Fas expression. In HT29 the cytotoxic action of 5-
FU/LV was inhibited by dThd and also in part by NOK-1 + NOK-2 MoAbs that prevent
Fas/FasL interactions. 5-FU/LV-induced cytotoxicity was significantly potentiated by IFN-y
(which was reversed by dThd), reversed by exposure to NOK-1 + NOK-2 Abs, and corre-
lated with a fourfold induction of Fas expression in the presence of IFN-y and significant ele-
vation in expression of FasL. Using six additional human colon carcinoma cell lines,
5-FU/LV-induced cytotoxicity was dThd-dependent in GCs/cl, VRCs/c1, RKO, and Caco2,
but not in HCT8 or HCT116 (Fig. 3; 2). Like HT29 cells, this cytotoxicity was potentiated
by IFN-y in GCs/cl, VRCs/cl, and RKO, but not in Caco2 that failed to express Fas, nor in
HCTS8 and HCT116, where no dThd-dependent 5-FU-induced cytotoxicity was demon-
strated. This study demonstrated a Fas-dependent component, potentiated by IFN-y, existed
in 5-FU/LV-induced cytotoxicity, but required 5-FU/LV-induced DNA damage for IFN-y-
induced potentiation to occur (Fig. 3). The Fas dependency of 5-FU/LV-induced cytotoxicity
was independent of p53 since HT29 and VRCs/c1 expressed mp53.

Subsequently, Eichhorst et al. (30) demonstrated the importance of Fas in the mechanism
of 5-FU-induced apoptosis of HepG2 hepatocellular carcinoma cells. In this study 5-FU
treatment led to a significant increase in apoptosis determined 12-24 h after 5-FU adminis-
tration in HepG2 cells in culture, that could be inhibited substantially by NOK-1 or the
Fas—Fc chimeric fusion protein that also blocks Fas/FasL interactions. Apoptosis correlated
temporally with upregulated expression of FasL, similar to the studies conducted in
thymineless death of TS~ colon carcinoma cells. In a second study conducted in vivo, Eich-
horst et al. (3/) demonstrated that 5-FU induced apoptosis in mouse thymocytes via activa-
tion of the Fas system. Mice received an intraperitoneal injection of 5-FU, and 18 h later
apoptotic cell death peaked in thymocytes, where total organ weight and cell number
decreased by 40%, correlating with upregulated expression of FasL. Apoptosis was partially
inhibited using neutralizing anti-Fas antibodies, not obtained in Ipr mice with impaired Fas
signaling due to a mutation in Fas. Therefore 5-FU-induced, Fas-dependent apoptosis can
occur in diverse cell types, and under both in vitro and in vivo conditions.

6. TRANSCRIPTIONAL REGULATION OF FASL IN THYMINELESS DEATH

The response of cells to cytotoxic stress and DNA damage depend on the cell type, and
the type and extent of DNA damage. In addition to the activation of p53, there have been
reports in a variety of different systems that activation of other transcription factors includ-
ing NF-xB (62,63) and AP-1 (62,64) are involved in the induction of apoptosis following
drug-induced DNA damage. KB elements are found in promoter regions of genes that are
crucial for acute or immune phase responses, including FasL (62). AP-1 is a sequence-spe-
cific transcriptional activator composed of members of the Jun and Fos families (reviewed in
65), and is activated via the JNK/SAPK signaling pathway. An AP-1 binding domain has
also been identified in the promoter region of FasL (62).

The importance of the transcriptional regulation of FasL in thymineless death of TS~
colon carcinoma cells and in 5-FU/LV-treated cells were initially reported by Harwood et al.
(66). In transient transfection assays with reporter constructs, both NF-xB and AP-1 were
activated in TS~ colon cells deprived of dThd (Fig. 4), with confirmation by EMSA analysis.
A human FasL reporter construct, hFasLPR, was also activated following dThd deprivation
that was not obtained when mutations were introduced into the binding sites for either
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NF-xB or AP-1 in the FasL promoter. Transient transfection of IkBoM or DN-MEKK that
block the activation of NF-xB and AP-1, respectively, inhibited the activation of hFasLPR,
and in stable transformants expressing IkBoM or DN-MEKK, enhanced clonogenic survival
and delayed appearance of FasL following dThd deprivation. Furthermore, both NF-kB and
AP-1 were activated following treatment of colon carcinoma cells with 5-FU/LV, which cor-
related with upregulated expression of FasL in these cells. Subsequently, the MEKK1/JNKK
pathway and an AP-1 element in the FasL. promoter were found to be required for 5-FU-
induced upregulation of FasL in hepatoma cells (30), thereby establishing this transcription
factor as more generally applicable in the regulation of FasL in response to 5-FU.

7. ROLE OF P53 IN THE MECHANISM OF 5-FU ACTION

The relationship between apoptosis, pS3, and the sensitivity of cancer cells to chemother-
apeutic agents has been the subject of considerable debate (reviewed in ref. 67). The rela-
tionship between wtp53 and induction of apoptosis following DNA damage has been well
established, particularly in oncogenically transformed normal cells, which appear to have a
lower threshold for apoptosis induction following drug treatment, as well as in tissues of
lymphoid origin (68). Loss of wtp53 function is considered the most common genetic abnor-
mality in human cancers, and a major predictor of failure to respond to chemotherapy. How-
ever, for nonhematologic malignancies, this relationship is not clear (67). Furthermore,
increasing evidence indicates that p53 status may determine the threshold and kinetics of
drug-induced apoptosis but not overall survival in a treated-cell population (67). For 5-FU
there is evidence that the presence of a functional wtp53 gene enhances the sensitivity of
cultured cell lines to this agent (25,69), that sensitization occurs following both DNA-
directed (25) and RNA-directed (25,69) 5-FU cytotoxicity, that the status of the pS3 gene
determines the kinetics of 5-FU-induced apoptosis but not the overall survival of the popula-
tion (25), and that RNA-directed 5-FU toxicity in mice is also pS3 dependent (27).

In both mouse embryonic and NIH-3T3 fibroblasts with a wtp53 gene, 5-FU induced
DNA strand breaks resulting in increased p53 levels by activation of p5S3-DNA binding
(70,71). Enhanced 5-FU cytotoxicity in the presence of a wtp53 gene has been demonstrated
in human colon carcinoma cell lines (25,69) and in HL-60 cells (72). However, there are few
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studies conducted in vitro in which cell lines have been cultured in the presence of dialyzed
serum under dThd-free conditions, such that the anti-TS and hence DNA damaging effects
of 5-FU may be analyzed. In the study by Petak et al. (25) under dThd-free conditions, acute
apoptosis was induced in human colon carcinoma cell lines expressing wtp53 (RKO, HCTS,
HCT116), independent of the mechanism of 5-FU action (RKO, DNA-directed; HCTS,
HCT116, RNA-directed; Fig. 3), whereas in HT29 and VRCs/cl that expressed mp53, apop-
tosis was delayed. Of the cell lines that underwent 5-FU/LV-induced DNA damage, RKO
was the most sensitive to 5-FU with an ICs for loss in clonogenic survival 10-fold lower
than for HT29 or VRCs/cl. Transduction of HT29 cells with Ad-wtp53 sensitized the cells to
5-FU/LV-induced and DNA damage-induced apoptosis.

Yang et al. (69) transfected an exogenous wtp53 allele under the control of the regulate-
able lac repressor into SW480 cells (mp53), which were cultured in nondialyzed serum-con-
taining medium. Under these conditions of RNA-directed 5-FU cytotoxicity, SW480 cells
were also sensitized to 5-FU when wtp53 was induced by isopropyl-B-thiogalactopyrani-
side. Furthermore, reduced apoptosis was observed following RNA-directed 5-FU cytotoxic-
ity in p53 null (-/-) human colon carcinoma cells (73). In vivo studies have also
demonstrated the importance of wtp53 in 5-FU-induced toxicity of murine gastrointestinal
tissues (27). Administration of 5-FU to mice induced an acute pS3-dependent apoptosis in
the crypts of both the small intestine and midcolon, which was significantly reduced in tis-
sues from p53 null mice. Therefore acute apoptosis induced by both DNA- and RNA-
directed 5-FU cytotoxicity is dependent on wtp53, the presence of mp53 delayed the onset
of apoptosis but did not change the outcome of 5-FU treatment, acute apoptosis could be
induced by 5-FU in cells expressing mp53 alleles following transfection of wtp53, and p53-
dependent effects can be demonstrated in vivo.

There have been several reports demonstrating that transfection of a wtp53 gene into
mammalian cells elevates the expression of the Fas death receptor (74-77), and sensitizes
the cells to Fas-mediated apoptosis (75,77). P53-mediated cytotoxicity has correlated with
p53-mediated Fas induction (75). Furthermore, adenoviral transfer of Fas to MCF-7 cells
that were resistant to the transduction of Ad-wtp53 was not toxic alone, but sensitized cells
to p53-mediated apoptosis (75). Additional data demonstrate that in human vascular smooth
muscle cells, pS3 activation increased Fas expression at the cell surface by transport from the
Golgi complex, and that disruption of this complex blocked both p53-induced surface Fas
expression and apoptosis (78). These findings suggest that Fas induction may be a rate-limit-
ing step in p53-mediated apoptosis. Data derived in HT29 demonstrated that transduction of
Ad-wtp53, which elevated Fas expression, was not cytotoxic when administered alone.
However, when combined with 5-FU/LV that induced DNA damage, apoptosis increased
significantly as the moi of Ad-wtp53 was increased (25). Since > 75% of colon carcinomas
have deleted or mutated p53 alleles (79) and = 50% demonstrate reduced Fas expression
(42), this supports a model of tumor progression whereby tumors lose either p53 or Fas
functional activity in the reduction of apoptosis-inducing mechanisms.

Clinically there are limited data available regarding the relationship between the status of
the p53 tumor suppressor gene and response to 5-FU-containing regimens. A correlation was
found between p53 gene status as a predictor of response to 5-FU-based therapy in treatment
of squamous cell carcinomas of the head and neck (80,81) and in gastric carcinomas (82). In
colon cancer p53 status has correlated with Dukes’ staging and therefore prognosis (83). In
patients with advanced hepatic metastases, pS3 overexpression appears to be a dominant pre-
dictor of survival (84). One study suggested that in stage III colorectal cancer patients, p53
overexpression predicted for lack of benefit from adjuvant 5-FU plus levamisole (25),
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although results from other studies in advanced colorectal cancer have suggested that p53
status may not be a good predictor of response to 5-FU (86,87), and hence this relationship
remains unclear.

8. CONCLUSIONS

It is evident that 5-FU/LV-containing regimens must be built upon for the improvement of
response rates and survival in the treatment of epithelial cancers, in particular colon cancer. As
an alternative strategy to biochemical modulation, a promising approach is to effectively mod-
ulate the expression of specific genes that determine the degree of apoptosis and cytotoxicity
induced by 5-FU/LV. In colon cancer cells the available evidence suggests that signaling of
apoptosis and cell death via the Fas death receptor may be unique to the mechanism of action
of 5-FU/LV and may not be a pathway utilized by other cytotoxic agents. Fas is reduced in
expression in = 50% of colon cancers and IFN-y induces the expression of Fas in human colon
carcinoma cell lines. This effect of IFN-y is dependent on 5-FU/LV-induced DNA damage,
independent of the status of the p53 tumor suppressor gene (mutated in high frequency in
colon cancers), and sensitizes the cells to Fas-mediated, 5-FU/LV-induced cytotoxicity.
Because IFN-y does not sensitize cells demonstrating RNA-mediated 5-FU cytotoxicity
(which occurs in normal gastrointestinal tissues), IFN-y has the potential to yield a selective
therapeutic approach in combination with 5-FU/LV for the treatment of colon carcinomas. In
those colon carcinomas that express wtp53, the approach to sensitize tumors to Fas-mediated
apoptosis by upregulating the expression of Fas, may be further enhanced from the effect of 5-
FU/LV in elevating Fas expression in a p53-dependent manner. To test this therapeutic strategy
a Phase I trial is nearing completion (88), and given the poor prognosis of patients with unre-
sectable colon cancer, it will be of importance to determine whether the 5-FU/LV/IFN-y
approach will translate into improved therapy for this disease.
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