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The metabolism and efficacy of 5-fluorouracil (FUra) and other fluorinated pyrimidine (FP) derivatives have been intensively
investigated for over fifty years. FUra and its antimetabolites can be incorporated at RNA- and DNA-levels, with RNA level
incorporation provoking toxic responses in human normal tissue, and DNA-level antimetabolite formation and incorporation
believed primarily responsible for tumour-selective responses. Attempts to direct FUra into DNA-level antimetabolites, based on
mechanism-of-action studies, have led to gradual improvements in tumour therapy. These include the use of leukovorin to
stabilize the inhibitory thymidylate synthase-5-fluoro-2′-deoxyuridine 5′ monophoshate (FdUMP)-5,10-methylene tetrahydro-
folate (5,10-CH2FH4) trimeric complex. FUra incorporated into DNA also contributes to antitumour activity in preclinical and
clinical studies. This review examines our current state of knowledge regarding the mechanistic aspects of FUra:Gua lesion
detection by DNA mismatch repair (MMR) machinery that ultimately results in lethality. MMR-dependent direct cell death
signalling or futile cycle responses will be discussed. As 10–30% of sporadic colon and endometrial tumours display MMR
defects as a result of human MutL homologue-1 (hMLH1) promoter hypermethylation, we discuss the use and manipulation
of the hypomethylating agent, 5-fluorodeoxycytidine (FdCyd), and our ability to manipulate its metabolism using the cytidine
or deoxycytidylate (dCMP) deaminase inhibitors, tetrahydrouridine or deoxytetrahydrouridine, respectively, as a method for
re-expression of hMLH1 and re-sensitization of tumours to FP therapy.
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The fluorinated pyrimidines (FPs) and their
metabolism to DNA-level antimetabolites

5-Fluorouracil (FUra) was developed in 1957 as a potential
drug for the treatment of advanced cancers (Heidelberger
et al., 1983). Investigation of its antimetabolites resulted in
the development of an entire class of fluorinated pyrimidines
(FPs). This class of drugs, driven by the work of Dr. Charles
Heidelberger (Heidelberger et al., 1983) among many others,
represented the first ‘mechanistically designed’ drugs for the
treatment of cancer. As enhanced utilization of uracil (Ura) as
a precursor of DNA pyrimidines was observed in a series of
transplantable tumours, an antimetabolite that resembled
uracil was devised. A fluorine atom was substituted for hydro-
gen at the 5-position of Ura, creating FUra. As theorized, the
resulting carbon-fluorine bond was far stronger than the
carbon-hydrogen bond, and was insensitive to thymidylate
synthase (TS) cleavage following the formation of the TS-5-
fluoro-2′-deoxyuridine 5′-monophosphate (FdUMP)-5,10-
methylene tetrahydrofolate (5,10-CH2FH4) trimeric inhibitory
complex. Because FUra had significant antitumour activity,
many related nucleosides were synthesized. One derivative,
5-fluoro-2′-deoxyuridine (FdUrd), also showed considerable
antitumour activity. In fact, FdUrd appeared more cytotoxic
than FUra in many cancer cell lines in vitro (Willmore and
Durkacz, 1993). Moreover, FPs remain the drugs of choice for
the treatment of advanced colorectal cancer (Johnston et al.,
1996; Sobrero et al., 1997; van Laar et al., 1998). FUra and
FdUrd are inactive per se and must be metabolized to nucle-
otide forms to be cytotoxic (reviewed in Santi, 1980; Heidel-
berger et al., 1983; Boothman et al., 1989); salient features of
this activation pathway are discussed below and demon-
strated in Figure 1. Another FP-related antimetabolite,
5-fluoro-2′-deoxycytidine (FdCyd) received much less atten-
tion and was simultaneously developed by Greer et al.,
(Mekras et al., 1984). This fluorodeoxycytidine derivative
depends on tumour-selective deamination for activation to
FdU-related antimetabolites (Boothman et al., 1985; 1987a,b).
Importantly, the metabolism of deoxycytidine, and therefore
5-fluorodeoxycytidine antimetabolites, can be manipulated
for improved cancer-selective uptake and anabolism using
specific cytidine and dCMP deaminase inhibitors, tetrahy-
drouridine (H4Urd) and deoxytetrahydrouridine (dH4Urd)
respectively (Boothman et al., 1985; 1987a,b; 1989). Its use for
the treatment of well-defined sporadic MMR-deficient cancers
will be discussed below.

FUra and FdUrd can be converted to common mono-, di-,
and tri-phosphate metabolites (Figure 1). FUra may be
converted to FdUrd by enzymatic sugar (deoxyribose-1-
phosphate) exchange via thymidine phosphorylase (TP). Like-
wise, TP can convert FdUrd to FUra, depending on the
intracellular availability of ribo- or deoxyribo-nucleotide
donor pools.

In general, there are three major determinants of the cellu-
lar response to FPs. FP exposure can lead to RNA-directed
cytotoxicity via incorporation of 5-fluorouridine-5′-
triphosphate (FUTP) into RNAs. FUra is converted to FUMP by
pyrimidine phosphoribosyl transferase (or converted to fluo-
rouridine (FUrd) by uridine phosphorylase, then to FUMP
by uridine kinase), which can then be converted to
5-fluorouridine 5′-diphosphate (FUDP) and ultimately, FUTP.
FUTP is an excellent substrate for RNA polymerase, and its
incorporation can: (i) interfere with mRNA metabolism and
expression (van Laar et al., 1996; 1998); (ii) inhibit rRNA
maturation (Dolnick and Pink, 1983; 1985); (iii) interfere with
tRNA function (Parker and Cheng, 1990); and (iv) possibly
lead to the production of a non-functional RNA primer
(Spiegelman et al., 1980a,b). Unfortunately, none of these
enzymes are typically elevated in tumour compared with
normal tissue. Therefore, such metabolism of FUra derivatives
to RNA level antimetabolites leads to normal tissue cytotoxic
complications, and not the more desirable efficacious antitu-
mour activity.

Fluorinated pyrimidine exposure can also cause DNA-
directed cytotoxicity via incorporation into DNA, and forma-
tion of antimetabolites at this level elicits potent antitumour
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Figure 1 Metabolism of 5-fluorouracil (FUra) to DNA- and RNA-
level metabolites. Developed in the late 1950s and studied intensively
over the next 40 years, FUra is still a key chemotherapeutic agent
used in the treatment of colon cancer, as well as in adjuvant therapies
for a variety of other cancers. Upon entering the cell, FUra is
rapidly converted to both 5-fluorouridine (FUrd) and 5-fluoro-
2’deoxyuridine (FdUrd) antimetabolites by phosphorylases that add
on deoxyribose or ribose units, depending on available substrate
ribo- or deoxyribo-nucleosides. Once formed, FUrd or FdUrd are
phosphorylated by uridine or thymidine kinases (UK or TK), respec-
tively, to retain the antimetabolites in the cell. Basically, all of the
FP-antimetabolites are better substrates than the normal metabolites
for each enzymatic step. In general, metabolism of FUra to RNA-level
antimetabolites (level 1) leads to less antitumour activity and more
general toxicity to normal tissue, as the levels of enzymes that
metabolize these RNA-level antimetabolites are not elevated in
tumour versus normal tissue. In contrast, enzymes [e.g. thymidine
kinase (TK) and thymidylate synthase (TS)] that metabolize DNA-level
FUra antimetabolites are elevated in tumour above normal tissue
(levels 2, 3). The contribution of FdUrd incorporated into DNA to
antitumour activity has been misunderstood and greatly under-
estimated. Enzyme abbreviations: UP, uridine phosphorylase; UK,
uridine kinase; RNAP, RNA polymerase; rR, ribonucleotide reductase;
DNAP, DNA polymerase; TP, thymidine phosphorylase; OPRT, orotic
acid phosphoribosyl transferase. Adapted from Meyers et al. (2003).
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activity. In cell culture, FdUrd at low doses (100–10 000 nM)
is primarily metabolized by thymidine kinase (TK) to FdUMP,
resulting in DNA-directed cytotoxicity with little or no RNA-
directed effects (Parker and Cheng, 1990; Parker and Marinus,
1992). FdUrd can also be converted to FUrd or FUra by TP
(Willmore and Durkacz, 1993), causing effects on RNA
metabolism (Figure 1). In many cell lines, very high doses
(100–1000 nM) of FdU must be given before significant levels
of FUrd in DNA are noted (Boothman et al., 1985). FUDP can
be converted to 5-fluoro-2′-deoxyuridine 5′-diphosphate
(FdUDP) by ribonucleotide reductase (rR), which can then
be converted to 5-fluoro-2′-deoxyuridine 5′-triphosphate
(FdUTP), a substrate for DNA polymerases-alpha and -beta.
Most importantly, incorporation of FdUTP into DNA can
result in nucleotide mis-incorporation during replication
(Aebersold, 1979). The more traditional form of DNA-directed
cytotoxicity in response to FUra exposure is mediated by
inhibition of thmidylate synthase (TS), brought on by accu-
mulated FdUMP pools. TS can normally catalyse conversion
of dUMP to dTMP, involving transfer of a methyl group
from 5, 10-methylene tetrahydrofolate (5,10-CH2FH4) to the
number five carbon of uracil (Ura). FdUrd can be converted by
TK to FdUMP. FdUMP then forms an inhibitory ternary
complex with TS and tetrahydrofolate because of the inability
of TS to break the carbon-fluorine bond of FdUMP. Inhibition
of TS ultimately results in decreased intracellular dTTP pools
and subsequent inhibition of DNA synthesis (Santi, 1980).
dNTP pool imbalance can have profound effects on the accu-
racy of DNA replication, and pool imbalances can greatly
increase mutation rates (Caradonna and Cheng, 1980;
Hopkins and Goodman, 1980; Ingraham et al., 1980; Prem
veer Reddy and Pardee, 1980; veer Reddy and Pardee, 1982;
Das et al., 1983; Newman and Miller, 1983). Pool imbalances
have been demonstrated to cause infrequent, but potent, for-
mation of FUra:Gua mismatched nucleotides (Meyers et al.,
2005). The action of MMR mediates cytotoxicity following
recognition of FUra:Gua lesions in several mutually exclusive
ways. First, MMR detects FdU in DNA causing its exclusion
and stalling replication forks because of the extensive excision
repair patch. Second, MMR is required to detect increased
mutations caused by pool imbalances resulting from FdUMP-
mediated TS inhibition. As a result, MMR stimulates cell cycle
checkpoint responses by two proposed pathways: (i) futile
cycling, which seems unlikely for a number of reason
(discussed below); or (ii) direct signalling via c-Abl/p73a/
GADD45a activation, which we have recently implicated in
both cell cycle checkpoint and apoptotic responses (Li et al.,
2008; Wagner et al., 2008).

Repair pathways known to detect and resolve
FUra-induced DNA lesions

There are several instances when uracil (Ura) can be incorpo-
rated into genomic DNA, which is highly mutagenic. In
response, several DNA repair systems have evolved in mam-
malian cells for the successful elimination of this moiety.
Uracil moieties can form in DNA by either direct incorpora-
tion of dUTP during DNA synthesis (Friedberg et al., 2006 ) or

through deamination of cytosine, whose rate has been esti-
mated at 6.9 ¥ 10-8 deaminated moieties per day in double
strand DNA (Lindahl and Nyberg, 1974; Shapiro, 1981). A
third mechanism for incorporation of Ura into genomic DNA
is the action of the activation-induced cytosine deaminase
(CD), that can also directly introduce Ura within genomic
DNA, but under normal circumstances this is limited to
mature B-cells that have been stimulated to undergo the
process of class switch recombination or somatic hypermuta-
tion (Rada et al., 2002; Imai et al., 2003).

Deamination of cytosine moieties in DNA by chemical or
enzymatic activity leads to the formation of Ura:Gua mis-
pairs, while direct incorporation of uracil into DNA leads to
Ura:Ade pairs. Both lesions are extremely mutagenic. Uracil
incorporated into DNA as Ura:Ade is mainly removed by the
action of DNA glycosylases [e.g. uracil-DNA-glycosylases
(UDGs)] that activate base excision repair (BER) pathways
(Krokan et al., 2002). The major UDGs are UNG1, which is
mitochondrial (Otterlei et al., 1998) and UNG2 and SMUG1,
which are nuclear (Haug et al., 1998). These enzymes cleave
and release Ura from genomic DNA, resulting in apyrimidinic
(AP) base damage that, in turn, initiates BER responses.

Activation of AP endonuclease (APE) as a downstream BER
response causes a DNA strand break consisting of a 3′-OH
group and a 5′-deoxyribose phosphate (5′-dRP) group. 5′-dRP
lyase removes the 5′-dRP group and leaves a 5′-phosphate.
This is then followed by DNA polymerase activity to fill in the
1–2 base pair gap within the DNA. DNA polymerase b (Polb)
can also perform both removal of the 5′-dRP group and gap
filling functions. Once synthesis has been completed, DNA
ligase seals the nicks left in DNA. Until recently, BER-
mediated DNA repair was believed to be the only mechanism
by which Ura incorporated into DNA was removed (Krokan
et al., 2002).

The enzymes responsible for preventing FP incorporation
into DNA are those, that under normal condition, prevent
Ura incorporation into DNA (Caradonna and Cheng, 1980;
Ingraham et al., 1980). Both FdUTP and dUTP are substrates
for alpha- and beta-DNA polymerases. dUTPase, which
dephosphorylates dUTP to dUMP thereby lowering available
nuclear dUTP pools (which are normally very low relative to
dTTP), also acts on FdUTP formed from FUra exposure
(Figure 1). Like most enzymes, dUTPase has a higher affinity
for, and can better utilize, FdUTP compared with dUTP. Never-
theless, both Ura and FUra moieties have been detected in the
DNA of cells exposed to FPs (Boothman et al., 1985; 1987a,b;
1989; Nio et al., 1991). UDGs recognize both FUra and Ura in
DNA, and its activity results in AP sites in DNA. AP sites are,
in turn, recognized by APE (Sancar, 1995), which produces
a strand scission at the site. Nucleases, including flap-
endonuclease 1 (FEN1), recognize these strand scissions, and
DNA polymerase (usually Polb) fills the gap, which is followed
by strand resealing by DNA ligase. FUra itself has been
reported to competitively inhibit UDG (Wurzer et al., 1994).
Aside from UDG, the only other BER enzyme that may rec-
ognize FUra moieties in DNA is the MBD4 glycosylase, which
has been reported to interact with human MutL homologue-1
(hMLH1) (Bellacosa et al., 1999). The exact pathway(s) impor-
tant for the repair of FUra moieties is (are) most likely depen-
dent on repair capacity, DNA synthesis status, cell cycle
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regulation, appropriate balanced deoxyribonucleotide and
ribonucleotide pools, as well as other possible tumour
microenvironment factors. The contribution of MMR in
detecting FUra moieties in DNA, and the resulting cytotoxic
responses of exposed cells are described below.

Treatment of mammalian cells with FPs can lead to dNTP
pool imbalances. Decreases in dTTP pools because of FdUMP
inhibition of TS removes negative feedback inhibition on rR
and TK that result in greater levels of FdUTP, which then leads
to elevated incorporation of FUra into DNA. Additionally, TS
inhibition will cause a build-up of both dUTP and FdUTP
pools and eventually exhaust dUTPase. As dUTP and FdUTP
accumulate and dTTP levels fall, dUTP and FdUTP pools
replace dTTP as substrates for DNA polymerase, resulting in
ever-increasing levels of FdUTP or dUTP incorporated into
DNA. Given these metabolic changes, it has been puzzling
why such low levels of FUra moieties in DNA have been
detected in most cancer cells after FP exposure.

DNA mismatch repair and DNA damage signalling

Primary tumours and tumour cell lines containing MMR
defects are resistant to a wide variety of commonly used
therapeutic agents (see review: Irving and Hall, 2001). These
include methylating agents [Temozolomide™; procabazine;
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG); N-methyl-
N-nitrosourea (MNU)], antimetabolites (6-thioguanine; mer-
captopurine), platinum compounds (cisplatin; carboplatin)
and perhaps Topoisomerase II inhibitors that have additional
effects on cellular redox reactions (doxorubicin; epirubicin).
In the last several years, it has become apparent that the drug
resistance in MMR-deficient cells was tied to reduced or
absent damage-induced G2 arrest and ultimately cell death
responses (e.g. apoptosis) (Meyers et al., 1997; Davis et al.,
1998; Gong et al., 1999; Hickman and Samson, 1999; Zhang
et al., 1999).

Initiation of cellular responses to DNA damage caused by FP
exposure requires DNA damage sensors (DS), adaptors/
mediators (AM), as well as amplification responses involving
MMR-dependent c-Abl responses (Gong et al., 1999; Wagner
et al., 2008), or MMR-independent PI-3-like kinases (PIKKs).
For simplicity, only G2 arrest and apoptotic responses will be
considered here, as these appear to be the primary cellular
responses to FP damage. A MMR-independent DS/AM/PIKK
complex appears to activate at least two pathways that lead to
G2 arrest by cascade phosphorylation of p53 mediated by
Chk1. Activation of Chk1, by phosphorylation, leads to the
regulation of the Cdc25C phosphatase, by protein modifica-
tion. During a normal cell cycle, Cdc25C dephosphorylates
Cdc2, prior to entry into G2. Thus, inactivation of
Cdc25C results in a de facto G2 arrest. Conversely, the
phosphorylation-activation of p53 leads to significant
up-regulation of 14-3-3s that, in turn, sequesters Cdc2/
cyclinB leading to G2 arrest. These responses can be stimu-
lated in MMR-deficient cells only by high doses of FPs and the
responses are more delayed (at least in response to alkylation
damage) than are MMR-dependent responses (Wagner et al.,
2008).

In MMR-competent cells, another more potent and rapid G2

arrest and apoptotic stimulatory pathway is activated. These

responses are seen at >10-fold less doses of FPs or alkylating
agents in MMR-competent cells, compared with MMR-
independent responses that are noted only after high doses of
damaging agents. MMR-dependent sensing of alkylation or FP
damage stimulates the activation of c-Abl kinase, which can
be suppressed by Gleevec™ or by specific siRNA-c-Abl knock-
down (Wagner et al., 2008). These ‘immediate-early’ (i.e., in
minutes) G2 arrest responses provide the cellular framework
for the MMR signalling pathway. MMR-dependent persistent
DNA lesion damage recognition, processing and signalling
leads to combined ‘early’ (h) and ‘late’ (h/days) responses that
may result in premature senescence, necrosis, or apoptotic
cell death. MMR-dependent apoptosis is mediated by induc-
tion and stimulated levels of GADD45a and p73a, but not by
p53 (Meyers et al., 2001; 2003; 2005; Li et al., 2008). MMR-
dependent apoptosis and G2 arrest were p53-independent, as
loss of p53 because of E6 expression, somatic knockout, or
stable siRNA-p53 knockdown had no affect on apoptotic
responses in MMR-dependent cell death (Li et al., 2008). Inter-
estingly, our studies were able to separate MMR-dependent
signalling of G2 arrest from apoptotic responses, as siRNA-
specific p73a knockdown resulted in loss of apoptosis but not
G2 arrest. In contrast, specific knockdown of c-Abl or
GADD45a prevented both apoptosis and G2 arrest responses.
Loss of p53 in these cells did not affect MMR-dependent
responses (Li et al., 2008; Wagner et al., 2008).

Two opposing models have been proposed to account for
the MMR-dependent G2 arrest and apoptosis: (i) futile cycling
of repair; and (ii) direct MMR-dependent signalling. ‘Futile
cycling’ of repair, was originally proposed to explain a similar
MMR-dependent cell death effect in bacteria that contained
a dam, DNA adenine methylase, mutation (Karran and
Marinus, 1982; Fram et al., 1985). In the absence of Dam
methylation, the MutH-dependent incision that initiates
MMR may occur on either DNA strand on either side of the
lesion. Some of these incision events were proposed to lead to
bidirectional degradation towards the lesion. This unregu-
lated degradation could then lead to DNA double-strand
breaks (DSBs). Multiple DSBs induced by multiple MMR reac-
tions were proposed to result in genetic catastrophe and cell
death. As DSBs are a well-known cause of G2 arrest and p53-
induced apoptosis in mammalian cells (Kastan et al., 1991),
such a mechanism seemed plausible in mammalian cells
(Davis et al., 1998). However, there appears to be multiple
problems in adapting MMR-dependent ‘futile cycling’ mecha-
nism to mammalian systems, among them the apparent lack
of any requirement for p53 (for review see: Meyers et al., 2003;
Wang and Edelmann, 2006).

The ‘direct signalling’ model was originally proposed (Davis
et al., 1998; Fishel, 1999; 2001) to explain the MMR-
dependent activation of G2 arrest and apoptosis, an apoptotic
pathway that later appeared to include c-Abl (Gong et al.,
1999), as well as the rapid induction of apoptosis following
over-expression of MMR genes (Zhang et al., 1999). More
recent evidence suggests that a subset of the MMR proteins
(i.e. hMSH2, hMSH6, hMLH1 and hPMS2) serve as sensors of
DNA damage (Wang and Edelmann, 2006). For example,
Hsieh and colleagues (Yoshioka et al., 2006) have demon-
strated that hMSH2-hMSH6 and hMLH1-hPMS2 bound to
a methylation-damaged O6-MeG/T mismatched DNA
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specifically interact with ataxia telangiectasia-and-rad3-related
(ATR)-ATRIP (a PIKK family member) and Chk1. These studies
suggested the ATR/Chk1 pathway in at least part of the
‘immediate early’ G2 arrest. However, most recently, our group
found that MMR-dependent G2 arrest responses triggered by
MNNG are dependent on a hMLH1/c-Abl/GADD45a signal-
ling pathway, and that ataxia telangiectasia mutated (ATM)/
Chk2, as well as ATR/Chk1, was clearly not involved in the
MMR-dependent G2 arrest responses in response to alkylation
(Wagner et al., 2008) or FP damage (Meyers et al., 2001; 2003).
The activation of apoptosis following persistent DNA damage
was induced by hMLH1/c-Abl/p73a/GADD45a retrograde-
signalling pathway, where ATM and p53 were not involved (Li
et al., 2008). We also noted that MMR triggers apoptosis in
response to MNNG-induced DNA lesions, which along with
long-term survival, was completely abrogated by the c-Abl
kinase inhibitor, STI571 (Gleevec™). As a result, our data
strongly suggest that Gleevec™ may be ill-suited in conjunc-
tion with temozolomide or cisplatin, or other clinically used
alkylating agents, for efficacious cancer therapy in tumours
that are proficient in the MMR pathway (Li et al., 2008).

Remarkably, the introduction of the Msh2 (G674A) or Msh6
(T1217D) mutation into mice resulted in an absence of MMR
activity but normal damage-induced apoptosis (Lin et al.,
2004; Yang et al., 2004). Thus, dissociation of MMR-
dependent multiple excision tracts required for ‘futile cycling’
from a damage-induced apoptotic response would appear to
significantly reduce the likelihood of the ‘futile cycling’
mechanism. These functional dissociation mutations are
located in separate, but proximal, highly conserved ATP/ADP
processing domains of the Msh2-Msh6 heterodimer.

The mechanics of DNA mismatch repair and
lesion recognition

Much of our understanding of MMR arose from studies using
E. coli (Modrich, 1989; Modrich, 1997). E. coli MMR corrects
polymerase mis-incorporation errors by promoting a ‘long
patch’, DNA excision reaction that is genetically dependent
on MutS, MutL, MutH and MutU (UvrD) gene products. The
MutSLH pathway both increases the fidelity of DNA replica-
tion (Rydberg, 1978), as well as acts on recombination
intermediates containing mispaired bases (Wildenberg and
Meselson, 1975; Wagner and Meselson, 1976; Fishel and
Kolodner, 1983; Fishel et al., 1986). Strand discrimination for
error-free post-replication MMR relies on transient under-
methylation of the adenine nucleotide within a GATC DAM
sequence. E. coli MMR has been reconstituted in vitro and
requires MutS, MutL, MutH and UvrD (helicase II) proteins
along with DNA polymerase III holoenzyme, DNA ligase,
single-stranded DNA binding protein (SSB) and one of four
single-stranded DNA exonucleases (Exo I, Exo VII, RecJ or
ExoX); (Lu et al., 1983; Su and Modrich, 1986; Lahue et al.,
1987; 1989; Welsh et al., 1987; Grilley et al., 1989; Cooper
et al., 1993).

The MutS homodimer has long been known to bind mis-
matched DNA (Su and Modrich, 1986). In the presence of the
MutL homodimer and ATP, the MutS protein footprints

around a mismatch (Grilley et al., 1989) and a MutH-
dependent endonuclease activity at a hemi-methylated GATC
site was enhanced (Welsh et al., 1987). The MutH endonu-
clease scission was found to direct unwinding and degrada-
tion of the unmethylated DNA strand by the coordinated
action of Helicase II (UvrD) and one of four single-stranded
DNA (ssDNA) exonucleases (RecJ, ExoI, ExoVII, ExoX)
(Matson, 1986; Viswanathan and Lovett, 1998; Yamaguchi
et al., 1998). Depending on the relative location of the MutH
endonuclease in-scission to the mismatch, the resulting exci-
sion gap may occur 5′→3′ or 3′→5′ but invariably traverses
only the interval between a Dam-site (nick) to just past the
mismatch (Figure 2) (Cooper et al., 1993; Grilley et al., 1993).
Re-synthesis of the single-stranded gap may be performed by
the Pol III holoenzyme (Lahue et al., 1989) or virtually any
other polymerase.

Conserved genes and function

The complete human MMR reaction has been reconstituted
using cellular extracts (Glazer et al., 1987; Holmes et al., 1990;
Thomas et al., 1991) and purified proteins (Genschel and
Modrich, 2003; Zhang et al., 2005). As with bacteria, the mis-
match recognition requires MutS homologues (MSH) (Drum-
mond et al., 1995; Genschel et al., 1998). Single-nucleotide
and small insertion mismatches are recognized by the
hMSH2-hMSH6 heterodimer, while insertion/deletion loop-
type (IDL) mismatched DNA lesions are recognized by the
hMSH2-hMSH3 heterodimer (Acharya et al., 1996; Palombo
et al., 1996). Although their detailed role(s) remain enigmatic,
the MutL homologue (MLH/PMS) heterodimers function
downstream of MSH recognition. Some studies suggest that
the hMLH1-hPMS2 and hMLH1-hMLH3 heterodimers may
substitute for one another during MMR – although the effi-
ciency of this substitution is controversial (Li and Modrich,
1995; Raschle et al., 1999). Importantly, the mismatched DNA

Figure 2 Minimal mismatch repair uniquely requires MutS homo-
logue(s) (MSH), MutL homologue(s) (MLH/PMS) and an Exonuclease
(Exo). E. coli (gram-negative enteric bacteria) MMR (red) uniquely
requires a hemi-methylated Dam site (-CH3), the MutH endonu-
clease, and the MutU (UvrD) helicase. The excision tract (250–
1000 bp) extends uniquely from the strand scission to just past the
DNA mismatch lesion.
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substrate must contain a pre-introduced single-stranded scis-
sion (nick), either 5′- or 3′- of the DNA mismatch. Nuclease
activity appears to be accomplished by a combination of a
5′-exonuclease (ExoI) and an intrinsic ssDNA endonuclease
activity found in some MLH family members (Kadyrov et al.,
2006). The minimal 5′→3′ and 3′→5′ excision reaction
requires hMSH2-hMSH6 (or hMSH2-hMSH3), hMLH1-
hPMS2, ExoI, RPA, PCNA, and RFC (Kadyrov et al., 2006).
Re-synthesis of the single-stranded gap requires Pold, and
ligase I, and may be modestly enhanced with HMGB1 (Zhang
et al., 2005).

Models for MMR

A detailed biophysical mechanism for MMR remains contro-
versial and incomplete. Modrich and colleagues have pro-
posed a Hydrolysis-Dependent Translocation Motor Model
(Figure 3I). It posits the assembly of a MutS-MutL complex at
the mismatch (Figure 3IA and IB) (Modrich, 1989; Modrich
and Lahue, 1996), which then uses ATP-hydrolysis to motor
bi-directionally creating a looped structure (Figure 3IC) (Allen
et al., 1997). This DNA tracking process was envisioned to link
MutS mismatch recognition to the MutH endonuclease inci-
sion, as well as to provide the necessary directionality for
subsequent loading of Helicase II (UvrD) and one of the
ssDNA exonucleases (Figure 3ID). However, not all predic-
tions arising from this model agree with the genetic or bio-
chemical data (Gradia et al., 1997; 1999; 2000; Fishel, 1998;
1999; Guerrette et al., 1998; 1999; Schmutte et al., 1998;
Wilson et al., 1999; Berardini et al., 2000; Schmutte et al.,
2001; Mazurek et al., 2002).

Our work with human MSH proteins led to the Molecular
Switch Model [Figure 3II; for review see: (Berardini et al.,
2000)]. It is based on the observation that mismatched DNA
stimulated the exchange bound ADP for ATP (ADP→ATP
exchange) by the human MSH proteins (hMSH2-hMSH6 or
hMSH2-hMSH3 (Figure 3IIA) (Gradia et al., 1997; Wilson
et al., 1999). ATP binding resulted in the formation of a MSH
sliding clamp capable of hydrolysis-independent diffusion/
tracking for several thousand nucleotides along the adjoining
DNA backbone (Gradia et al., 1999). Iterative loading of mul-
tiple sliding clamps was suggested to provide a ‘threshold
signal’ that distinguished the mismatch region and provided
a ‘gradient’ of MSH proteins that proffered a directionality
along the DNA duplex surrounding the mismatch site
(Figure 3IIB) (Gradia et al., 1999; Heinen et al., 2002). ATP
hydrolysis only occurred when the human MSH proteins dis-
sociated from the DNA ends (Gradia et al., 1999); a rare con-
dition in normal cells. These observations accounted for the
low ATPase activity (Haber and Walker, 1991; Gradia et al.,
1997; Gradia et al., 2000; Hess et al., 2002) and identified
ADP→ATP exchange at the mismatch site as the rate-limiting
step. The process appeared remarkably similar to the control
of G protein molecular switches by GDP→GTP exchange
(Sprang, 1997). Although their exact role in MMR remains
enigmatic, it appeared that the MLH/PMS proteins formed a
stable ternary complex with ATP-bound MSH sliding clamps
(Figure 3IIB) (Acharya et al., 2003). The MSH-MLH/PMS
ternary complex was shown to interact with downstream

MMR components, such as MutH (Figure 3IIC), MutU (UvrD)
helicase (not shown), or a ssDNA end (Figure 3IID). Incre-
mental rearward diffusion, made irreversible by endo- or exo-
nuclease digestion, was proposed to create a dynamic and
redundant process as multiple MSH-MLH/PMS sliding clamps
‘hand-off’ the excision reaction until it covers the mismatch
(Figure 3IIE). At that point no further sliding clamps may be
loaded and the minimal MMR reaction is complete. In this
model, ATP hydrolysis is only required to recycle MSH sliding
clamps. These studies led to a modification of the Motor
Model by Modrich and colleagues; although it still required
ATP hydrolysis to move the MSH protein along the DNA
(Blackwell et al., 1998).

A third mechanism, the Transactivation Model, arose from
bacterial MutS, MutL, and MutH structures (Ban and Yang,
1998; Ban et al., 1999; Lamers et al., 2000; Obmolova et al.,
2000). However, recent experiments have shown that physi-
cally blocking the intervening region between the mismatch
and Dam site results in a near complete impairment of MMR
(Pluciennik and Modrich, 2007). These observations appear to
rule-out this and any similar ‘trans’ models in favour of ‘cis’
models similar to those considered above (Kolodner et al.,
2007).

Recognition of mismatches and lesions by
MSH proteins

MutS homologue proteins recognize a plethora of DNA mis-
matches, lesions and structures. This is unusual compared
with glycosylases, which often have overlapping recognition
with MSH proteins but are highly lesion specific. Compari-
son(s) of numerous mispair-bound MSH structures appear
remarkably similar (Lamers et al., 2000; Obmolova et al., 2000;
Natrajan et al., 2003; Warren et al., 2007). An important con-
sequence of mismatch recognition by MSH proteins is the
insertion of a highly conserved phenylalanine residue 3′ of the
mismatch (Lamers et al., 2000; Obmolova et al., 2000). Using
nearest neighbor sequence contexts as a model, we recently
found that poorly recognized mismatches display an increased
stability of base pairs 3′ to the mismatch (Mazurek et al., 2009).
This observation suggests that on at least one strand surround-
ing a poorly recognized mismatch, the interrogation by MSH
proteins may be significantly more difficult. NOE data also
suggests that well-recognized mismatches have increased
localized dynamic flexibility (Mazurek et al., 2009). Together,
these observations suggest that MSH proteins do not recognize
the mismatch or lesion but instead recognize the flexibility of
the DNA that is induced by the mismatch or lesion. These
results have several important implications when considering
DNA metabolites that might be useful in provoking the MMR
damage signalling response for efficacy in cancer therapeutics.

Role of MMR in FP responses and antitumour
activity: a historical perspective

The MMR pathway recognizes all eight single nucleotide
mismatches, as well as small insertion/deletion loop-type

MMR-dependent 5-fluorouracil cytotoxicity
684 LS Li et al

British Journal of Pharmacology (2009) 158 679–692



mismatches. The majority of mismatched nucleotides arise as
a result of polymerase mis-incorporation errors. As FPs (espe-
cially thymidine analogs) could also be incorporated into
DNA across from Gua as a result of deoxynucleotide pool
imbalances (e.g. after FUra or FdUrd exposures) and/or
because of transition state alterations (e.g. BrdUrd), we inves-
tigated the role of MMR in cellular responses to FUra and

FdUrd (Meyers et al., 2001). Our group was the first to report
that MMR cells were resistant to FUra and FdUrd in an
abstract submitted in 1996 (Meyers et al., 1996). We demon-
strated that hMLH1-deficient HCT116 colon cancer cells were
20-fold more resistant to FUra (continuous treatment for
72 h) and 17-fold more resistant to FdUrd in clonogenic
survival assays compared with genetically matched

Figure 3 Models for Mismatch Repair. See text for description.
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hMLH1-proficient HCT116 3-6 cells. Likewise, murine MLH1-
deficient CT-5 cells were threefold more resistant to a 2-h
pulse of FdUrd than their MLH1-proficient ME-10 counter-
parts. Synchronized MMR-proficient HCT116 3-6 cells treated
with low doses of FPs had a twofold greater G2 cell cycle arrest
response compared with MMR-deficient HCT116 cells. Asyn-
chronous ME-10 cells demonstrated a fourfold greater G2

arrest after FdUrd treatment compared with CT-5 cells. G2 cell
cycle arrest was not a result of mitotic arrest, but rather a true
G2 arrest as indicated by elevated cyclin B1 levels and a lack of
staining with mitotic protein monoclonal antibody 2.
Although p53 levels were induced in FdUrd-treated HCT116
3-6 cells, cell death and G2 arrest responses were not depen-
dent on the function of this tumour suppressor. FdUrd-
mediated cytotoxicity was caused by DNA-directed and not
RNA-directed effects, as administration of excess dThyd (and
not Urd) prevented cytotoxicity, cell cycle arrest and DSB
formation. hMLH1-dependent responses to FP treatment
were, therefore, predicted to have clinical relevance for the
use of DNA-directed FPs in the treatment of tumours with
MMR deficiencies.

Clinical data suggest that patients with
MMR-deficient cancers do not benefit from
FP therapies

Around 10~15% of sporadic colorectal cancers exhibit mis-
match repair deficiencies because of hypermethylation of
hMLH1 (Li et al., 2003; Ribic et al., 2003; Jover et al., 2009).
FUra has been used in cancer chemotherapy for more than 40
years, and remains the standard of care as an adjuvant che-
motherapeutic regimen for the treatment of colorectal
cancer. Early studies reported that stages II and III colorectal
cancer patients had improved overall survival from FUra
adjuvant chemotherapy regardless of MSI status (Elsaleh
et al., 2000; Hemminki et al., 2000; Watanabe et al., 2001).
However, these studies did not take into account patients
with MMR deficiencies that did not receive adjuvant chemo-
therapy. These considerations decreased the accuracy of the
study, as intrinsic overall survival of MMR-deficient colorec-
tal cancer patients related to better prognosis than MMR
competent patients. The other study from Elsaleh et al.
(2000) was limited by non-randomized sample selection.
Recently, both retrospective and prospective studies have
demonstrated that colorectal cancer patients with MMR defi-
ciencies do not receive significant benefit from FUra-based
adjuvant chemotherapy (Ribic et al., 2003; Carethers et al.,
2004; Jover et al., 2006; 2009). The Ribic et al.’s investigation
(Ribic et al., 2003), a retrospective study based on large
sample size and appropriate control groups, demonstrated
that patients with stages II and III colon cancer benefited
from FUra-based adjuvant chemotherapy only when their
tumours were MMR-competent. Patients in the same study
with tumours resulting from the lack of MMR activity, in
contrast, received no benefit from FUra adjuvant therapies
(Ribic et al., 2003). The most recent prospective studies
further confirmed the retrospective reports suggesting that
adjuvant FUra-based chemotherapy may not be useful in

stages II and III microsatellite-instable colorectal cancers
(Jover et al., 2006; Jover et al., 2009). These clinical data
further confirmed our previous findings that MMR-deficient
cell lines were less responsive than MMR stable cell lines to
FUra treatments (Meyers et al., 2001; 2005).

MSH2-deficient cells were resistant to FdUrd, but
not Tomudex™

We examined human colon cancer cells deficient in hMLH1
expression, as well as both human and mouse cell lines defi-
cient in MSH2 for resistance/sensitivity to FUra, FdUrd or
Tomudex™, a non-pyrimidine TS inhibitor. Whereas FdUrd
has two major DNA-directed mechanisms of cell killing (i.e.
DNA incorporation and inhibition of TS), Tomudex™ specifi-
cally inhibits TS. Thus, treatment with Tomudex allowed us
to discriminate the relative contributions of DNA incorpora-
tion versus TS inhibition in MMR-dependent, FdUrd-
mediated cell killing. When corrected for differential TS levels
(the isogenic cells used were not different in TS activities)
near identical dose-response survival curves for HCT116
versus HCT116 3-6 cells were noted in response to Tomudex,
suggesting that incorporation of FUra into DNA accounted
for the differential survival noted between these cells (Meyers
et al., 2005).

MSH2- cells have reduced G2 arrest after FdUrd
or FUra

Restoring hMLH1 expression in HCT116 cells caused signifi-
cantly more prolonged G2 arrest in response to 6-TG or FdUrd,
as we reported (Davis et al., 1998; Meyers et al., 2001). A
similar response was noted when examining MSH2-/- and
MSH2+/+ murine embryonic stem (ES) cells (Meyers et al.,
2005). For example, transient and prolonged G2 arrest
responses occurred at drug concentrations (e.g. 1.5 nM FdUrd
in MSH2- ES cells) that caused no significant loss of survival.
Similar to MLH1-deficient cells, MSH2-deficient cells showed
an abrogated G2 arrest response to FdUrd or FUra treatments.
Thus, G2 arrest in response to FP exposure also relied on an
intact MMR system and was not merely dependent on MLH1
expression. As noted above, no differences in G2 arrest
responses were noted after Tomudex™ exposure in isogenic
cell lines expressing or lacking MLH1 or MSH2. Thymidine
(dThyd) depletion in both cell systems as a consequence of
the inhibition of TS activity, S-phase arrest independent of
MMR status was found (Meyers et al., 2005) as described
(Orlandi et al., 1999; Yin et al., 1999).

In its role in post-replicative DNA repair, MMR detects DNA
mispairs/lesions in the context of a newly synthesized DNA
strand. It identifies the incorrect base in a mispair (placed
there by a DNA polymerase error) because of its presence in
the daughter strand (Karran, 2001). FdUrd, formed after FUra
exposure, relies on DNA replication for its incorporation into
DNA, whereby this pyrimidine analog is incorporated (as the
base FU) across from Ade or Gua. We examined the cell cycle
arrest responses of HCT116 (hMLH1-, MMR-) and HCT116 3-6
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(hMLH1+, MMR+) cells within the first cell cycle after treat-
ment. While both cell lines responded with a strong G2 arrest
by 20 h after FdUrd addition, only MMR+ HCT116 3-6 cells
responded with a prolonged G2 arrest caused by MMR-
dependent proof-reading. Identical G2 arrest responses were
noted in the first cell division in MSH2+ cells, whereas MSH2

-

cells did not arrest.

hMSH2-hMSH6 recognizes FUra:Gua lesions

To assess the ability of MMR to directly recognize FP-induced
lesions in DNA, we tested the ability of purified hMSH2-
hMSH6 or hMSH2-hMSH3 heterodimers to recognize FP
lesions (specifically FU base-paired with Ade or Gua) using
41-mer oligonucleotide substrates. MMR activities using these
DNA substrates were assessed by ATPase activities (Mazurek
et al., 2002). A Thy:Gua base pair (as a positive control), but
not a Thy:Ade base pair (as a negative control), was able to
activate the ATPase (i.e. the ATPase velocity) of hMSH2-
hMSH6. Interestingly, FUra:Gua and Ura:Gua, but not
FUra:Ade or Ura:Ade base pairs, were able to activate MMR
activity. Importantly, MMR was not capable of recognizing
the dThyd analogs, Ura or FUra, when directly base-paired
with Ade. Instead, MMR only detected FUra or Ura when
mispaired with Gua. Ade is the expected base-pairing partner
for the dThyd/Urd analogs, Ura and FUra. We also examined
the ability of hMSH2-hMSH3 complexes to recognize various
FUra or Ura substrates. The hMSH2-hMSH3 complex is pri-
marily responsible for recognizing small insertion and dele-
tion loops in DNA (Fishel, 1999). MMR ATPase activity from
the hMSH2-hMSH3 complex was observed with the positive
control (the Cyt-Ade loop), but not the negative control
(Thy:Ade). As expected, neither FUra:Ade nor FUra:Gua were
substrates for MMR and, therefore, did not activate the ATPase
of the hMSH2-hMSH3 complex.

MMR-deficient cells incorporated higher FUra
levels in their DNA

To determine if MMR status influenced the overall amount of
radio-labeled FP incorporated into DNA, MMR-deficient and
MMR-proficient cells, lacking either MLH1 (HCT116) or MSH2
(ES), were treated with various doses of FdUrd spiked with 20
to 50 mCi·mL-1 [3H]FdUrd for 3 days, and genomic DNA puri-
fied and assayed for antimetabolite-related, incorporated
radioactivity (Meyers et al., 2005). DNA of MLH1-deficient
HCT116 or MSH2-/- ES cells treated with 2.5 mM FdUrd con-
tained 2.6- and 2.3-fold greater incorporated radioactive
FdUrd, respectively, than their MMR-competent counterparts.
Addition of excess dThyd, but not Urd, prevented incorpora-
tion of FdUrd into DNA, consistent with the ability of dThyd
to rescue FdUrd-induced toxicity in these cells, as previously
reported for MMR+ cells (Meyers et al., 2001).

FdUrd-treated MMR- cells selectively incorporated
low, but significant levels of FUra:Gua in DNA

As the hMSH2-hMSH6 heterodimer selectively recognized
FUra:Gua lesions, we examined the frequency of these mis-

match bases in the DNA of FdUrd- or FUra-treated HCT116
cells relative to FUra:Ade base pairs. To distinguish FUra:Ade
from FUra:Gua radiolabeled lesions, specific BER enzymes were
used. UDG removes Ura and FUra from DNA regardless of their
base pairing partners; it can recognize Ura:Ade, FUra:Ade,
Ura:Gua, and FUra:Gua, as well as other base pairings (Krokan
et al., 2000; Meyers et al., 2003). In contrast, MBD4 (also
known as methyl-CpG-binding endonuclease I) only recog-
nizes Ura:Gua or FUra:Gua, but not Ura:Ade or FUra:Ade, in
DNA (Petronzelli et al., 2000; Meyers et al., 2003). Indeed, UDG
recognized both FUra:Ade and FUra:Gua in the same 41-mer
oligomer substrates, indicated by the generation of a cleavage
product following hot alkali treatment. In contrast, MBD4
only recognized DNA substrates containing FUra:Gua lesions.
In fact, MBD4 recognized FUra:Gua regardless of Cyt methy-
lation status (methylation in human DNA occurs on Cyt in a
CpG context). This was interesting as MBD4 was once thought
to be the human homologue of the bacterial MutH endonu-
clease (Bellacosa et al., 1999; Bellacosa, 2001) that allowed
MMR to direct repair to the newly synthesized strand based on
its methylation status. In bacteria, the daughter strand (which
of course would contain the newly incorporated incorrect
base) is transiently unmethylated at Ade in a d(GATC) context
immediately following replication (Modrich, 1991).

Using UDG and MBD4, MMR-deficient and -proficient cells
were analysed for FUra base-pair incorporation analyses.
HCT116 and HCT116 3-6 cells were incubated with [3H]FdUrd
for 3–10 days and genomic DNA isolated (Meyers et al., 2005).
DNA was then treated with UDG or MBD4 (both of which
detect Urd or FUrd in DNA and release the free bases, Ura or
FUra respectively) to investigate total FUra incorporation
compared with FUra incorporated into FUra:Gua lesions.
Whereas levels of FUra incorporated across from Gua (as
determined by the amount of [3H] released following MBD4
treatment) were equivalent in MMR- HCT116 cells compared
with MMR+ HCT116 3-6 cells after 3 days of treatment, there
was threefold more FUra:Gua in HCT116 DNA at day 10. This
incorporation difference correlated well with lethality, where
a difference in cell survival was noted only following longer
(i.e. 10 day) exposures to FdUrd (Meyers et al., 2001). In addi-
tion, the fact that the amount of [3H] released from DNA after
UDG treatment was only modestly higher (in three of four
instances) than that released after MBD4 treatment indicates
that at least half of the FUra in DNA was paired with Gua. To
rule out the possibility that MBD4 levels may be different
between MMR- and MMR+ cells, levels of MBD4 protein were
examined and found equivalent in HCT116 and HCT116 3-6
cells, as well as in the other cell systems used.

Can FPs be used to treat MSI+, hMLH1-

sporadic cancers?

Given that many colon and ovarian cancers are microsatellite
instable due to the lack of hMLH1expression caused by hyper-
methylation of the hMLH1 promoter, is there any hope of
treating these cancers using FPs? Recently, one FP, 5-fluoro-
2′-deoxycytidine (FdCyd), has been shown to be a hypom-
ethylating agent when incorporated into the DNA of exposed
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cells (Smith et al., 1992; Chuang et al., 2005). The fluorine
group in the 5-position of FdCyd resists methylation because
of its carbon-fluorine bond. Indeed, exposing cells to FdCyd
alters the methylation pattern of exposed cells (Chuang et al.,
2005).

Importantly, prior research from our laboratories has shown
that the metabolism of FdCyd can be manipulated to: (i)
protect FdCyd from deamination using the dCMP and/or
cytidine deaminase inhibitors, deoxytetrahydrouridine
(dH4Urd) or tetrahydrouridine (H4Urd) respectively (Booth-
man et al., 1985; 1987a; 1987b) (Figure 4); and (ii) direct
FdCyd to dramatically increase (~20-fold) incorporation into
the DNA of cells co-treated with dH4Urd, which results in the
simultaneous inhibition of both cytidine deaminase (as
dH4Urd) and dCMP deaminaase (as dH4UMP) (Figure 4).
Indeed, we have recently demonstrated that hMLH1- RKO6
cells, which are normally resistant to FdUrd alone, become
sensitive to FdCyd (Figure 5) through the re-expression of
hMLH1 (not shown). A dramatic increase in G2 arrest
responses were noted when RKO6 cells were exposed to
FdCyd. In contrast, RKO6 cells were completely resistant to
FdUrd (Figure 5). Recently, Beumer et al. (2006; 2008) have
extended our prior mouse data (Boothman et al., 1987a,b) by
examining pharmacokinetics, metabolism, oral bioavailabil-
ity, and cytotoxic metabolites of FdCyd in mice and patients.
As we previously demonstrated, potential toxic metabolites
generated by CD were avoided by combing FdCyd in treat-
ment with 3,4,5,6-tetrahydrouridine (H4Urd). Accompanying
plasma 5-FU and FdUrd concentrations were <10% of these

Figure 4 Potential use of 5-fluoro-2′-deoxycytidine (FdCyd) for treatment of hMLH1-, MMR-deficient sporadic cancers. FdCyd, which is not
a substrate for RNA-level metabolism (e.g. dThyd or Urd phosphorylases), can be manipulated for increased incorporation into DNA by using
the dCyd or dCMP deaminase (CD or dCMPD respectively) inhibitors, tetrahydrouridine (H4Urd) or deoxytetrahydrouridine (dH4Urd)
respectively. Once incorporated, FdCyd can lead to hypomethylation of DNA and re-expression of hMLH1 in MSI+ sporadic cancers that are
genetically wild-type for hMLH1, but lack hMLH1 expression because of hypermethylation of its promoter, as described by Veigl et al., 1998.
Adapted from Meyers et al. (2003). hMLH1, human MutL homologue-1.

Figure 5 Sensitization of MSI+, hMLH1- RKO6 cells using FdCyd.
RKO6 cells are wild-type for the hMLH1 gene, yet are MSI+, and lack
expression of hMLH1 protein because of hypermethylation of its
promoter. RKO6 cells were synchronized by low serum medium and
released by re-plating into 10% fetal calf serum-containing medium.
Cells were then mock-treated (untreated cells) or exposed to 1 mM
FdUrd or FdCyd for 62 h, past the p53 checkpoint as described
(Meyers et al., 2001; 2005). Cells were then monitored for cell cycle
checkpoint responses and changes in the G2 cell population were
graphed over time (h) after release. Note that FdCyd treatment
caused G2 arrest with corresponding hMLH1 expression (not shown).
Dashed line, mock-treated synchronized cells; Open squares, FdUrd
(1.0 mM, 4 h); Closed circles, FdCyd (1.0 mM, 4 h). Western blotting
demonstrated hMLH1 expression and hPMS2 stabilization after
FdCyd, but not after FdUrd, exposures. hMLH1, human MutL
homologue-1.
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observed after therapeutic infusions of 5-FU or FdUrd, while
FdCyd levels were well above those required for the inhibition
of methylation in vitro. (Beumer et al., 2006; 2008).

We propose that FdCyd exposures can be used to cause the
re-expression of hMLH1, and thereby, convert resistant hyper-
methylated hMLH1- colon or ovarian cancer cells to sensitive
cells that re-express functional hMLH1, and therefore MMR.
This is particularly true for colon cancer cells that have
elevated levels of dCyd kinase, whereby dH4Urd [that can
inhibit both CD and deoxycytidylate deaminase (dCMPD),
Figure 4)] can be effectively used to channel FdCyd into DNA
(Boothman et al., 1985). After approximately 2–4 days or
several cell divisions, reversal of cytidine and dCMP deami-
nase inhibition (by removal of the reversible inhibitor,
dH4Urd) followed by continuous exposure with FdCyd would
allow its incorporation into DNA, hypomethlyation of the
hMLH1 promoter, stimulated re-expression of hMLH1 protein
and restored MMR activity. Restoration of functional MMR
would, in turn, result in increased sensitivity of cells to FPs.
Once dH4Urd is removed, the accumulated pools of FdCyd
and FdCMP then would be converted by deamination to
FdUrd and FdUMP by CD and dCMPD (which are also
elevated in colon cancers), resulting in enhanced incorpora-
tion of FdUrd into DNA and formation of elevated levels of
FdUMP (Figure 4). Re-expression of hMLH1 then would
increase sensitivity of cells to the now converted FdUrd that
incorporates into DNA because of elevated levels of dThyd
kinase (TK). Thus, instead of trying to expose cells to aza-
cytidine, a typical hypomethylating agent used to re-express
genes for increased sensitivity (Compere and Palmiter, 1981),
with FUra or FdUrd, one agent (FdCyd) can be used for
hMLH1 re-expression and enhanced drug sensitivity of oth-
erwise resistant cells.

Conclusion

Our studies have revealed that DNA mismatch repair (MMR),
whose activities greatly affect the sensitivities of cells exposed
to FPs. Understanding the mechanisms by which MMR medi-
ates lethality to FPs has revealed several targets that could be
exploited for enhanced sensitivity of cancer cells (particularly
colon and endometrial cancers that more commonly have
MMR deficiencies) to FPs. For example, our studies strongly
suggest that c-Abl inhibitors, such as Gleevec™, should not be
used in conjunction with regimen that use cisplatin or Temo-
zolomide™ for the treatment of MMR proficient cells. Over-
coming hypomethylation of hMLH1 is one example, as noted
above. Other mechanisms include the signalling mechanisms
that arise after FUra:Gua moieties are detected and responded
to by MMR. Although incorporation of FUra:Gua moieties are
formed rarely, unlike FUra:Ade lesions that are mutagenic,
FUra:Gua (simulating G:T mismatches) become lethal in one
cell division by MMR recognition and signalling. Although
increased DSBs in FdUrd-treated, MMR-competent cells were
noted (Meyers et al., 2001), it is clear that MMR-directed sig-
nalling, through the c-Abl/p73a/GADD45a pathway of G2

arrest and apoptosis, plays a critical role in lethality responses
to FPs. Thus, activating the c-Abl kinase pathway indepen-
dent of MMR function in cells devoid of this repair capacity

might allow given therapies to overcome this particular resis-
tance mechanism to FPs.
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