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a b s t r a c t

The synthesis of thymidylate (TMP) occupies a convergence of two critical metabolic

pathways: folate metabolism and pyrimidine biosynthesis. Thymidylate is formed from

deoxyuridylate (dUMP) using N5,N10-methylene tetrahydrofolate. The metabolic relation-

ship between dUMP, TMP, and folate has been the subject of cancer research from preven-

tion to chemotherapy. Thymidylate stress is induced by nutritional deficiency of folic acid,

defects in folate metabolism, and by antifolate and fluoropyrimidine chemotherapeutics.

Both classes of chemotherapeutics remain mainstay treatments against solid tumors.

Because of the close relationship between dUMP and TMP, thymidylate stress is associated

with increased incorporation of uracil into DNA. Genomic uracil is removed by uracil DNA

glycosylases of base excision repair (BER). Unfortunately, BER is apparently problematic

during thymidylate stress. Because BER requires a DNA resynthesis step, elevated dUTP

causes reintroduction of genomic uracil. BER strand break intermediates are clastogenic if

not repaired. Thus, BER during thymidylate stress appears to cause genome instability, yet

might also contribute to the mechanism of action for antifolates and fluoropyrimidines.

However, the precise roles of BER and its components during thymidylate stress remain

unclear. In particular, links between BER and downstream events remain poorly defined,

including damage signaling pathways and homologous recombination (HR). Evidence is

growing that HR responds to persistent BER strand break intermediates and DNA damage

signaling pathways mediate cross talk between BER and HR. Examination of crosstalk

among BER, HR, and damage signaling may shed light on decades of investigation and

provide insight for development of novel chemopreventive and chemotherapeutic

approaches.
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Fig. 2 – Simplified schematic of dUMP and TMP metabolism

leading to DNA synthesis. Enzymes are in italics. TS,

thymidylate synthase; TK, thymidine kinase; TMPK,

thymidylate kinase, dUTPase, dUTP nucleotidohydrolase.

RNR, ribonucleotide reductase; dCMP-DA, dCMP

deaminase. TS is the de novo source of TMP, while TK

provides a salvage route to TMP and dUMP. dUTPase

prevents dUTP accumulation. Raltitrexed and pemetrexed

are folate analogs that interfere with binding of N5,N10-

Methylene tetrahydrofolate to TS. Fluorodeoxyuridylate

(FdUMP) binds in the nucleotide binding pocket and forms

an irreversible ternary complex.
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1. Introduction

Thymidylate (TMP) is derived from a unique reaction,

representing the convergence of two critical metabolic path-

ways: the one-carbon donor pathway of folate metabolism

and the de novo pyrimidine biosynthetic pathway (Fig. 1). The

reaction is catalyzed by the enzyme thymidylate synthase

(TS), which converts deoxyuridylate (dUMP) to TMP using

the folate co-substrate, 5,10-methylenetetrahydrofolate

(CH2H4PteGlu), as both carbon donor and reductant. Because

TMP synthesis requires a folate derivative and is also required

for DNA synthesis, TS is a focal point for research in cancer

prevention and treatment. First, nutritional deficiency of folic

acid or defects in folate metabolism is potentially pro-

carcinogenic [1]. Second, TS is an important target in the

treatment of cancer, especially gastrointestinal cancers [2].

TMP is converted through the actions of thymidylate kinase

and nucleoside diphosphate kinases to TTP (Fig. 2), a substrate

for DNA polymerases involved in replication and repair [3].

Thus, reduced TMP synthesis resulting from dietary insuffi-

ciency, mutation in genes encoding key biosynthetic enzymes,

or chemotherapeutic inhibition causes depletion of TTP,

which is cytotoxic in all prokaryotic and eukaryotic organisms

examined as opposed to being cytostatic [4]. Although the

phenomena of thymineless stress (TLS) and thymineless

death (TLD) have been investigated for nearly 50 years,

consensus on the critical mechanism(s) underlying the stress

response has been difficult to achieve. Moreover, redundancy

is observed in TMP synthesis, presumably to reduce the risk of

TMP depletion (Fig. 2). TMP is formed from thymidine by

thymidine kinase (TK) isoforms located in the cytoplasm (TK1)

and mitochondria (TK2) [5]. The salvage pathway provides

protection from folate deficiency; however, it is presumed to
Fig. 1 – Simplified schematic of folate metabolism focused

on the synthesis and utilization of N5,N10-methylene

tetrahydrofolate. N5,N10-Methylene tetrahydrofolate can

be utilized as the methyl donor and reductant in TMP

synthesis, the methyl donor for the conversion of

homocysteine to methionine, and the eventual formyl

donor for de novo purine synthesis. Enzymes are in italics.

MTHFR, methylene-THF reductase; SHMT, serine

hydroxymethyl transferase; TS, thymidylate synthase;

MTHFD, methylene-THF dehydrogenase; SAM, S-adenosyl

methionine; Met, methionine; H-Cys, homocysteine; THF,

tetrahydrofolate; DHF, dihdyrofolate.
contribute to resistance to chemotherapeutic regimens target-

ing TS. It is well accepted that TLS and TLD are capable of

inducing DNA damage, and that DNA double strand breaks

(DSBs), in particular, are associated with cell death. However,

the precise source or sources of the DSBs as a result of direct

and indirect effects on replication, repair, and damage

signaling responses remain obscure and are the focus of this

review.

1.1. Folate deficiency and carcinogenesis

The pro-carcinogenic effects of folic acid deficiency are

thought to be due in part to the induction of TLS and

associated DNA damage. Low plasma levels of folate lead to a

decrease in intracellular levels of tetrahydrofolates, particu-

larly CH2H4PteGlu, which is not only a substrate for TS but also

for methylenetetrahydrofolate reductase (MTHFR) and methy-

lenetetrahydrofolate dehydrogenase (MTHFD) (Fig. 1). The

partitioning of CH2H4PteGlu among three critical pathways

leading to TMP, purine, and methionine biosynthesis is likely

to limit TMP synthesis under conditions of low dietary intake

of folate. Pathways leading to DNA synthesis and methylation

are postulated to be perturbed by folate deficiency. DNA strand

breakage associated with uracil misincorporation has been

reported after exposure of cultivated mammalian tumor cells

and human lymphocytes to folate concentrations sub-optimal

for growth and in tissues from rodents maintained on low

folate diets [1].

Increased uracil in DNA is observed under conditions of TLS

(Fig. 2). In humans, a significant inverse correlation was

reported between uracil misincorporation in lymphocyte DNA

and red blood cell folate [6]. Folate supplementation resulted
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in a decrease in uracil incorporation in DNA, and genomic

uracil was reported to serve as a marker of folate status.

However, no significant correlations were observed between

folate status and DNA strand breakage or global DNA

methylation. In studies of genomic alterations associated

with folate deficiency, an increase in strand breaks in exons 5–

8 of the p53 gene has been reported in the colons of rodents on

folate-deficient diets [7]. In recent studies, strand breaks in the

p53 gene were detected in human lymphocytes cultivated in

vitro in low folate media. Interestingly, p53 protein levels were

significantly elevated in cells cultivated in low folate [8]. These

studies provide a possible link between folate deficiency and

carcinogenesis.

Studies of folate deficiency have also focused on interac-

tions between genotype and pathological processes. An

interaction between low dietary folate and the MTHFR gene

has been reported in a murine model [9]. Mice heterozygous

for a null MTHFR allele and maintained on low dietary folate

exhibited an increase in immunostaining for the phosphory-

lated form of histone H2AX, g-H2AX. DSBs are known to

induce g-H2AX, although it is less clear during deoxynucleo-

tide deprivation whether stalled replication forks can induce

g-H2AX directly or must first collapse. In addition, MTHFR+/�

mice on low dietary folate exhibited decreased expression of

polo-like kinase 1 and cell division cycle 25C (CDC25C), genes

that are involved in G2/M cell checkpoint control. The activity

of MTHFR in heterozygous mice was reported to be similar to

that of humans homozygous for the MTHFR C677T allele.

MTHFR C677T encodes an enzyme that exhibits reduced

catalytic activity (reviewed in [10]). A number of pathological

states are associated with MTHFR C677T homozygosity (and

even heterozygosity), including neural tube defects, coronary

artery disease, and cancer [10]. The relative contributions of

reduction in TMP synthesis and other effects associated with

folate deficiency, including DNA hypomethylation, to these

pathologies remain unclear.

1.2. Chemotherapeutic induction of TLS

Two classes of drugs in clinical use are mechanism-based

inhibitors of TS. The pro-drugs, 5-fluorouracil (5-FU) and

capecitabine, are converted intracellularly to 5-fluorodeox-

yuridylate, an analog of dUMP. Pemetrexed and raltitrexed

(RTX) are analogs of CH2H4PteGlu. Upon binding to TS,

inhibitory complexes are formed that are catalytically inac-

tive, resulting in depletion of TMP.

Loss of TS function leads not only to a decrease in TMP

formation but also an increase in substrates, with dUMP

accumulating to high levels (Fig. 2). Expansion of dUMP pools

after exposure to TS inhibitors has been reported in tumors in

vivo and in cultured cells [3]. In studies of human and murine

tumor cells, steady-state levels of dUMP in unstressed cells

were 5–10 mM; however, after exposure of cells to 5-FU, dUMP

levels increased approximately 100-fold within 3 h [11]. The

elevation in dUMP occurring after inhibition of TS may be

exacerbated by TTP depletion. TTP exerts feedback inhibition

on the synthesis of three enzymes involved in dUMP

biosynthesis: ribonucleotide reductase, deoxycytidylate dea-

minase, and TK (Fig. 2) [12]. dUMP is also formed from dUTP by

the action of dUTP nucleotidohydrolase (dUTPase), which has
nuclear and mitochondrial isoforms. In unstressed cells,

dUTPase plays an important role in preventing dUTP from

incorporation into DNA and in provision of substrate for TS

[13]. In concert, the actions of TS and dUTPase are expected to

favor high TTP/dUTP. In mutant strains of E. coli with reduced

dUTPase activity, DNA fragmentation and an increase in

recombination were observed [14]. Under conditions of

elevated dUMP (and dUTP) pools associated with folate

deficiency or TS inhibition, the activity of dUTPase is likely

to be overwhelmed. Since dUTP is an excellent substrate for

DNA polymerases, elevation in dUTP in concert with TTP

depletion leads to an increase in the incorporation of dUTP

into DNA. Elevation in dUTP resulted in DNA fragmentation in

mammalian cells even under conditions [deoxyuridine + HAT

(hypoxanthine, amethopterin, thymidine)] that generate

intracellular ratios of dUTP:TTP of approximately 1 [15]. The

data demonstrate that DNA damage occurs upon elevation of

dUTP even without TTP depletion and highlight the impor-

tance of dUMP accumulation in the genotoxic actions of TLS.

TLS is associated with not only increased uracil in DNA but

also an imbalance in nucleotide pools. In studies in murine

tumor cells utilizing both genetic (TS-defective mutants that

are thymidine auxotrophs) or pharmacological approaches (TS

inhibitors) to induce TLS, nucleotide pool analysis indicated

that dATP pools increase and dGTP pools decrease in cells

undergoing TLS [16]. The TS inhibitor 5-fluoro-20-deoxyuridine

(FdUrd) induced cytotoxicity associated with DSBs and also

appeared to activate an endonuclease [16]. The investigators

postulated that nucleotide pool imbalance induces DSBs via

endonuclease activation, although it was not shown whether

the endonuclease activity was repair or apoptotic. A number of

investigations have addressed the association of TLD and DNA

fragmentation patterns. TLD in either TS-deficient FM3A cells

starved of thymidine or FM3A cells exposed to FdUrd led to the

formation of DNA fragments 50–200 kb in length [17]. Pulse-

labeling studies indicated that strand breaks occurred at

newly replicating sites. DNA fragmentation patterns asso-

ciated with TLD in human colon tumor cell lines were reported

to vary [18]. Exposure of three human colon tumor cell lines to

FdUrd or CB3717 (folate-based TS inhibitor) resulted in the

formation of fragments that are either discrete (50–200 kb) or

heterogeneous (50 kb to 1–5 Mb) in size. Independent of

fragmentation pattern, drug cytotoxicity correlated with

extent of DNA fragmentation. More recently, a similar pattern

(50–200 kb) of fragmentation was seen in murine embryonic

fibroblasts (MEFs) treated with RTX, although caspase induc-

tion and PARP cleavage was also seen, suggesting that

apoptosis had been induced [19]. In a TS-deficient human

colon tumor cell line deprived of thymidine, DNA fragments

that are oligonucleosomal in size were observed, a pattern

consistent with apoptosis [20]. No accumulation of dUTP was

observed after thymidine deprivation and elevation of dATP

pools and decline of TTP pools were associated with

cytotoxicity. In a subsequent investigation, a dose-dependent

and time-dependent accumulation of DNA strand breaks was

observed after a brief (2 h) exposure to the antifolate RTX; no

evidence for nucleosomal ladder formation was obtained

during the duration of strand break analysis [21]. Clearly,

interpretation of the data is hindered by a lack of knowledge

concerning the source of the strand breaks leading to DNA



Fig. 3 – Simplified schematic of base excision repair during

TLS. In the first step of BER, UDG activity catalyzes uracil

release and produces an abasic site in DNA. AP

endonuclease produces a nick 50 to the abasic site. The dRP

lyase activity of pol b creates a 50-phosphate and

polymerase activity fills the one nucleotide gap in short-

patch BER. DNA ligase seals the nick. During TLS,

insufficient TS activity decreases TTP and increases dUTP,

overwhelming dUTPase and driving genomic uracil

incorporation.
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fragmentation: activation of DNA repair and/or recombination

pathways in response to uracil misincorporation and/or

nucleotide pool imbalance or downstream damage response

signaling pathways that activate apoptotic pathways.

Studies examining the role of dUTPase in the cytotoxicity of

TS inhibitors suggest that dUTP incorporation plays an

important role in TLD. TS inhibition after exposure to FdUrd

was similar in two human colon tumor cell lines, yet they

differed in cytotoxic response [22]. The relative resistance was

associated with a>4-fold higher activity of dUTPase, resulting

in a significantly lower accumulation of dUTP. In subsequent

studies, transfection of the more sensitive cell line with an

expression construct encoding dUTPase from E. coli resulted in

protection from FdUrd-mediated DNA fragmentation and

cytotoxicity [23]. Down-regulation of dUTPase by siRNA in

human cancer cell lines resulted in elevation in dUTP after

inhibition of TS by FdUrd. In two of three cell lines studied,

elevation in dUTP was associated with an increase in DSBs and

hypersensitivity to FdUrd. In the third cell line, dUTP pool

elevation had no significant effect on either DNA damage or

chemosensitivity [24]. The relevance of dUTP incorporation in

TLD has been addressed in short- and long-term cytotoxicity

studies. In two cell lines that differed significantly in

accumulation of dUTP, cells with higher levels of dUTP were

more sensitive to short-term exposure to ZD9331 (folate-based

TS inhibitor); however, these cells were less sensitive to

ZD9331 as determined by a long-term viability assay [25]. This

suggests that dUTP misincorporation causes DNA damage

that leads to growth inhibition, but that cell death results from

additional events such as dNTP pool perturbations.

Collectively, DNA damage in the form of DSBs is commonly

seen following TLS caused by folic acid deficiency or by

chemotherapeutic inhibition of TS, and in the latter case is

associated with cell death. Among the potential sources of

DNA damage, uracil misincorporation into DNA and its

removal by base excision repair (BER) has been the most

commonly presumed source. It is interesting to note that

under folic acid deficiency, BER would exert a pro-carcinogenic

influence, while BER activity during chemotherapeutic TS

inhibition would be antiproliferative to cancer cells. BER is

discussed in greater detail in the next section.
2. Base excision repair and uracil DNA
glycosylases

2.1. Genomic uracil and UDG-initiated BER

There are two sources of genomic uracil, namely hydrolytic

deamination of cytosine and incorporation of dUMP during

replication [26]. Base excision repair is the only pathway

known to remove genomic uracil in mammalian cells [27]. BER

is initiated by DNA glycosylases that cleave the glycosidic

bond to release incorrect or damaged bases. Briefly, the

subsequent enzymatic steps of BER are: (1) abasic site

(apurinic/apyrimidinic, AP) endonuclease activity that pro-

duces a strand break with a 30-OH and 50-deoxyribosepho-

sphate (50-dRP) group; (2) dRP lyase to remove the 50-dRP group

and produce a free 50-phosphate; (3) polymerase activity for

DNA resynthesis; and (4) ligase to seal the nick (Fig. 3).
There are four known genetic loci in humans that encode

for proteins capable of removing uracil [26]. Note that the

abbreviation UDG (uracil DNA glycosylase) refers to the

biochemical activity of one or more enzymes, whereas the

abbreviations below refer to specific loci and polypeptides.

Biochemical characterization of the four human enzymes

suggests specialized roles [27]. The UNG genetic locus encodes

mitochondrial (UNG1) and nuclear (UNG2) isoforms [27]. UNG2

appears to account for the bulk of cellular UDG activity [27].

The primary role of UNG2 seems to be counteracting uracil

misincorporation during replication [28,29]. Ung�/� mice are

viable but develop later onset B-lymphomas [30]. Interestingly,

a model of somatic hypermutation promoted by enzymatic

deamination of cytosines in DNA via activation-induced

deaminase (AID) involves UNG-induced BER [30]. A second

UDG named SMUG1 excises a broader range of damaged

pyrimidines not excised by UNG [27]. SMUG1 deficient mice

have not yet been reported. UNG and SMUG1 do not show an

opposing base preference and can remove U from single

stranded DNA. In contrast to UNG and SMUG1, MBD4 (Methyl

Binding Domain protein 4, also known as MED1) and thymine

DNA glycosylase (TDG) specifically recognize substrates

mispaired with guanine in double stranded DNA [27]. MBD4

has a preference for removing uracil or thymine in the CpG
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sequence context, thus suggesting that MBD4 prevents

mutagenesis at sites of promoter methylation [31–33].

Mbd4�/� mice are viable, but show a 2–3-fold increased

mutation frequency at CpG sites, and the absence of MBD4

accelerates the intestinal tumor predisposition of the ApcMin/+

mice [32,33]. Mutations in the MBD4 gene have also been

reported in human colorectal cancers with high microsatellite

instability (MSI-H) [34,35], cancers most commonly associated

with defects in mismatch repair (MMR). TDG removes other

damaged pyrimidines in addition to uracil, most notably 3,N4-

ethenocytosine [36]. Interestingly, Tdg�/� mice are informally

reported to be embryonic lethal and deficient cell lines have

not yet been described [36]. Collectively, these observations

suggest that UNG2 is the primary UDG that removes U

incorporated during replication and MBD4 specializes in

preventing mutagenesis at CpG sequences, while TDG and

SMUG1 can remove other types of damaged pyrimidines in

addition to genomic uracil. The precise biological roles of the

four DNA glycosylases and their contribution towards or

against mammalian carcinogenesis have yet to be fully

elucidated.

2.2. UDG-initiated BER during TLS

Uracil excision and the DNA resynthesis step of BER become

problematic during folate deficiency or chemotherapeutic

inhibition of TS (Fig. 3). The lack of TTP and elevation in dUTP

cause the reintroduction of genomic uracil. Thus, continued

UDG activity and uracil incorporation during repair synthesis

would create a ‘futile cycling’ of BER (Fig. 3). In contrast to base

damage that predominantly causes point mutations, BER

strand break intermediates are clastogenic and in most cases

are more toxic than the initial damaged base [37]. A simple

prediction from the futile cycling model is that limiting UDG

activity would reduce BER intermediates from accumulating

and reduce clastogenic events. The biological implications

from this model are that UDG activity would be pro-

carcinogenic to normal cells during folate deficiency, but

exhibit anti-tumor activity during treatment with TS inhibi-

tors. What is the evidence for BER as a procarcinogenic process

during folate deficiency? Although a few studies have

determined genomic uracil and strand breaks during folate

deficiency, there is surprisingly little evidence directly

implicating specific UDGs in mammalian cell models. Ames

and co-workers found that genomic uracil incorporation and

DNA strand breaks appeared to directly associate with folate

deficiency [38,39]. Other studies noted an association between

genome instability as measured by the comet assay and folate

deficiency [40,41]. Collectively, there is reasonable evidence

that folate deficiency is associated with genomic uracil and

genome instability, but the mechanistic details and precise

links between BER and clastogenesis are not well understood.

Does BER futile cycling contribute to cell death in cancer

cells treated with TS inhibitors? The indirect inference is yes,

although most of these anti-metabolites have multiple

mechanisms of action. The extent to which UDG-initiated

BER directly contributes to cancer cell death caused by

chemotherapeutic antifolates and fluoropyrimidines remains

controversial despite decades of clinical use [42,43]. 5-FU

metabolites have additional mechanisms of action, notably
incorporation into nucleic acids. Incorporation into DNA has

received attention more recently as a mechanism of cell killing

for 5-FU. 5-FU in DNA can be recognized by the SMUG1, TDG,

and MBD4 DNA glycosylases in addition to mismatch repair

[42,44–46], but will not be discussed in detail here. Increasing

dUTP via manipulation of dUTPase activity pools during TS

inhibition sensitized some, but not all, cell types examined,

which indirectly suggests that uracil incorporation and BER

futile cycling occurs [23–25,47,48]. In all of the above-cited

studies, the amount of uracil incorporated into DNA was not

directly measured and BER status was not evaluated. A

number of studies directly examining BER proficient and

deficient cells have not provided consistent evidence that BER

futile cycling occurs or contributes to the toxicity of TS

inhibitors [19,42,43,49–52]. For example, there was no differ-

ence in RTX, FdUrd, or 5-FU toxicity in cells inhibited for UNG

activity compared to UNG proficient cells, despite an accu-

mulation of genomic uracil in the UNG inhibited cells [51]. RTX

and FdUrd treatment induced g-H2AX independent of UNG

activity, which suggests that collapsed replication forks might

be the source of DSBs [51]. This and other studies suggest that

UNG activity does not play a role [49,52], yet it has also been

proposed that FdUrd can cause the premature degradation of

UNG2 in some cancer cell lines [43]. In short, the role of UDGs

in contributing to cell killing caused by TS inhibitors remains

enigmatic.

2.3. Downstream BER events

DNA polymerase b (Pol b) is a central component of BER in that

it performs two enzymatic functions, namely DNA polymer-

ase and 50-dRP lyase (Fig. 3). The 50-dRP group results from AP

endonuclease activity and must be removed to create ligatable

30-OH and 50-phosphate ends. Importantly, the 50-dRP lyase

activity of Pol b, not polymerase activity, is required to protect

against toxicity caused by DNA damaging agents [37].

Initiating BER in the absence of Pol b leads to negative

consequences including sister chromatid exchanges (SCEs)

and apoptosis [37]. Folate deficiency has been examined in Pol

b+/� mice [53]. The conclusion was that combining folate

deficiency and Pol b haploinsufficiency increased unrepaired

BER intermediates [53]. The authors were surprised to find that

Pol b was not upregulated as a result of folate deficiency, when

the prediction was that increased genomic uracil might

upregulate BER in response to DNA damage. Interestingly,

upregulation of UNG activity in liver tissue of folate deficient

animals was reported while downstream BER activity (APE1

and Pol b) remained unchanged [53]. The upregulation of UDG

activity would create a BER imbalance in the absence of APE1

and Pol b upregulation, thus resulting in clastogenic events.

The mechanism by which UDG activity was increased in this

model was not examined nor were genomic uracil and

markers of chromosomal instability measured. Several stu-

dies have examined the influence of BER components in S.

cerevisiae in response to antifolates or 5-FU [54–56]. Eliminating

UDG activity conferred resistance to short but not prolonged

TLS in S. cerevisiae [54,56]. S. cerevisiae lacks SMUG1, MBD4, and

TDG homologues [26], which potentially limit the applicability

of the observations to mammalian cells. The absence of APN1,

the major AP endonuclease in S. cerevisiae, leads to heightened



Fig. 4 – Simplified schematic of the links between TLS and

homologous recombination repair. DNA double strand

breaks generated from persistent BER strand break

intermediates and/or stalled/collapsed replication forks

are thought to be processed by HR. The simplified

biochemical steps necessary for HR include search for

homology, strand invasion, DNA synthesis, and an

endonuclease to resolve the Holliday junction. The

outcome of HR could potentially be detectable as a

crossover event resulting in sister chromatid exchanges or

gene conversion events. If left unrepaired, double strand

breaks lead to non-viable cells or chromosomal

rearrangements detectable as translocations in a

population of surviving cells.
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sensitivity to 5-FU or antifolates [54,55]. In a variation from

what occurs in mammalian cells, S. cerevisiae lack a paralog of

Pol b, which removes the 50-dRP group caused by AP

endonuclease activity. Instead, S. cerevisiae seem to rely on

RAD27 to remove the 50-dRP as part of the displaced strand,

analogous to FEN1-dependent long-patch BER in mammalian

cells [26]. It is intriguing to note that a rad27 null strain was

markedly resistant to 5-FU [55], which is analogous to the

finding that Pol b deficient MEFs were resistant to TS inhibitors

[50].

There is another paradox of the futile cycling hypothesis

during TLS. Although it is known that dUTPase activity can

vary greatly among cell lines and in tumor biopsies, no studies

have directly demonstrated that increased UDG-initiated BER

or increased genomic uracil occurs as a consequence of

decreased dUTPase activity. There is something more complex

and frankly not well understood about having too much uracil

in DNA. A minimum amount of dUTPase activity is required

for viability of all living cells. The nonviability of dUTPase

deficient strains of E. coli and S. cerevisiae even in the absence of

UDG activity suggest that excessive genomic uracil cannot be

tolerated [57,58]. To our knowledge, there have been no

systematic examinations of whether the tolerance of genomic

uracil occurs as part of an adaptation in any mammalian cell

culture model during tumorigenesis. In summary, the direct

role of UDG-initiated BER remains vague. The myriad cell types

such as cancer cells and MEFs used in the above mentioned

studies invoke the usual caveats, yet the lack of consensus

also emphasizes several issues that require further explora-

tion. First, other sources of damage such as collapsed

replication forks can potentially be contributing to cell death

independent of BER activity. Second, the connections among

BER, DNA damage signaling pathways, homologous recombi-

nation (HR), and cell death pathways in mammalian cells

remain poorly understood. Epistatic analyses in E. coli and S.

cerevisiae have demonstrated that HR responds to unresolved

BER intermediates created by DNA glycosylase-mediated

removal of alkylated bases [37]. If UDG-initiated BER is invoked

under conditions of TLS, do BER strand break intermediates

invoke HR? Third, it is known that altered S-phase progression

occurs in cancer cells, and that defects in S-phase kinase

signaling affects sensitivity to TS inhibitors [59–61]. Defects in

DNA damage signaling checkpoint and HR status may be an

underlying modulator of the contribution of BER, and these

processes are discussed in the next section.
3. Homologous recombination and DNA
damage signaling responses

3.1. HR and DSBs formed during TLS

It has been suggested that DSBs and chromosome rearrange-

ments are likely the main cause of TLD [4]. Although the

mechanistic details that connect TLS, genomic instability, and

cell death are poorly understood, there is suggestive evidence

that HR is playing a role (Fig. 4). Sister chromatid exchanges

are thought to represent homologous recombination events

because they are reciprocal exchanges of DNA between sister

chromatids that occur during replication. Importantly, mam-
malian cells treated with the antifolate methotrexate had

increased SCEs [62]. The antifolate RTX, which is specific for

TS, also induced SCEs [19]. Suggestive evidence supporting a

role for recombinational repair in TLS was also reported in

FM3A mouse cells [63]. DSBs are repaired by two primary

pathways: non-homologous end joining (NHEJ), an error prone

pathway, or homologous recombination, an error free path-

way. In mammalian cells, NHEJ is generally thought to be

responsible for resolving DSBs during the G1 phase of the cell

cycle, while HR is responsible for resolving DSBs during S and

G2 phases [64]. Investigations examining the role of NHEJ in

TLS have not been reported, although the evidence that TLS

occurs in S-phase and that SCEs occur suggests that HR is more

likely involved. To repair a broken DNA molecule by HR, the

site of the break is processed into 30 overhanging ends, and a

complex of proteins polymerizes along the single stranded

DNA forming a nucleoprotein filament. This complex directs

strand invasion of a homologous stretch of DNA within the

sister chromatid that serves as a replication template, and an

endonuclease resolves the Holliday junction. Key proteins

involved in HR are RecA/RAD51, RAD51-related proteins and

members of the RAD52 epistasis group including MRE11,

RAD50, and NBS1 (Xrs2 in S. cerevisiae) [65].
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It has been known for half a century that E. coli cells are

sensitive to TLS and later investigations determined that the

cells accumulate single-strand and double-strand DNA

breaks. However, structures of the breaks resulting from

TLS and how recombination proteins repair them remain

unresolved. Nakayama et al. investigated break formation in E.

coli DNA using pulsed field gel electrophoresis [66]. Large

restriction fragments were observed in thymine-starved cells,

which were primarily associated with replication origins.

Electron microscopy analysis showed that these structures

contain single-stranded tails, gaps and branchings consistent

with single- and double-strand break accumulation. Further-

more, the break formation was dependent upon the E. coliRecA

protein consistent with HR pathways being involved in the

processing of resulting breaks [66]. Further investigations are

required to elucidate whether futile repair cycling occurs with

regards to leading versus lagging strand synthesis and

whether breaks induced by TLS differ from DNA replication

breaks caused by other DNA damaging agents.

In baker’s yeast, S. cerevisiae, RAD50, RAD55 and RAD57 are

involved in the HR repair pathway in addition to RAD51 and

RAD52 [65]. Like RecA, the RAD51 protein forms nucleoprotein

filaments along DNA and mediates strand exchange between

homologous DNA molecules. In yeast, starvation for thymine

nucleotides was lethal and recombinogenic [67]. Absence of

RAD51 resulted in increased sensitivity to TLD and further

increased genetic recombination frequencies, which corre-

lated with DNA strand breaks as measured by sucrose gradient

analysis. The increased sensitivity to antifolate-induced TLD

of yeast strains deficient in RAD52, RAD54, and RAD57 provide

further support for involvement of HR. Additionally, RAD50,

which acts upstream of the RAD51/RAD52 pathway, was

necessary for normal levels of recombination and resistance

to TLS. In contrast, mutants defective in nucleotide excision

repair (RAD3) or error-prone repair (RAD6, 18) were more

resistant to antifolate-induced TLD [67]. The authors conclude

that DSBs are among the lethal lesions induced by TLS.

As mentioned above, RAD51/RecA is a key HR protein

involved in the strand invasion step. Vertebrates possess seven

members of the RAD51/RecA family of HR proteins (RAD51,

RAD51B, RAD51C, RAD51D, DMC1, XRCC2, and XRCC3), infer-

ring more complex coordination of HR than in yeast and E. coli.

Interaction of the RAD51 protein with the human breast cancer

susceptibility proteins BRCA1 and BRCA2 was also a key finding

suggesting a link between DSB repair defects with human

cancer formation and progression [68,69]. RAD51 protein

complexes are visualized by immunofluorescence as distinct

nuclear foci during replication, and the frequency and intensity

of foci substantially increase upon exposure to DNA damaging

agents. RAD51 foci fail to form in cell lines deficient for each of

the RAD51 paralogs, suggesting they are involved in recruiting

RAD51tothe damaged DNA. It is interesting tonote thatdamage

foci appearing in response to S-phase stress include known HR

proteins as well as prominent S-phase checkpoint proteins,

discussed in the next section.

3.2. DNA damage signaling during TLS

There are intriguing links among HR proteins and S-phase

checkpoint signaling pathways that respond to DNA damage
and stalled replication forks [70]. The ATM and ATR kinases

are central players that provide an early response to DNA

damage and replication stress. Evidence suggests that ATR is

activated in response to multiple types of replication stress,

whereas the ATM response is specific for double strand breaks

[70]. Mutations in the ATM and ATR genes are responsible for

ataxia telangiectasia (AT) and seckel syndrome, respectively.

The downstream cascade includes the CHK1 and CHK2

signaling kinases among targets that number in the hundreds

[71]. The MRN complex consists of the HR-associated proteins

MRE11, RAD50, and NBS1. Mutations in MRE11 and NBS1 are

responsible for an AT-like disorder and Nijmegan breakage

syndrome, respectively. One classic phenotype associated

with the above syndromes is elevated spontaneous clastogen-

esis. The MRN complex appears to act both up and down

stream of ATR signaling via interactions with replication

protein A (RPA) [72]. Recruitment of the MRN complex then

stimulates RAD51 loading onto DNA facilitated by RPA, RAD52,

and BRCA2 to initiate homology searching [73].

CHK1 has received attention as a chemotherapeutic target

of UCN-01 [74]. It has been shown that CHK1 is required for HR

[75] and that deficiency in CHK1 (or inhibition with UCN-01)

leads to increased initiation of replication, ATR activation, and

strand breaks [76]. Thus, it is hypothesized that CHK1 serves to

regulate S-phase progression and HR initiation in response to

collapsed replication forks. UCN-01 can heighten cellular

sensitivity to 5-FU [77]. Also, TS inhibitors induce CHK1

phosphorylation [59] and CHK1 deficiency sensitizes cells to 5-

FU [60,61]. CHK1 is thought to be phosphorylated by ATR in

response to replication stress, and ATR hypomorphic cells are

also sensitive to 5-FU [78]. Collectively, the results suggest that

ATR and CHK1-dependent S-phase checkpoint responses

influence cell survival following TLS induced by chemother-

apy.
4. Conclusions and future directions

It is well accepted that TLS induces DNA damage, but

elucidating the precise causes of DNA damage is hindered

by a lack of knowledge concerning the source of the strand

breaks observed. UDG-initiated BER, stalled/collapsed replica-

tion forks, and initiation of HR in response to BER inter-

mediates or collapsed replication forks are each plausible and

non-exclusive mechanisms of DSB formation during TLS.

When directly examined across a number of models, UDG-

initiated BER only appears to contribute to cell death

transiently or during TLS of shorter duration. One possibility

is that BER’s role is overshadowed by more profound or

prolonged effects associated with TTP deprivation and dNTP

pool imbalance. Yet the clinical relevance might remain when

conditions of dietary insufficiency, polymorphic difference in

metabolism, or heterogeneity of tumor cell exposure to

chemotherapeutics in vivo provide varying degrees of TLS. It

is interesting to note that with TLS induced by dietary or

metabolic insufficiency of folate, BER would seemingly be pro-

carcinogenic, while BER activity during chemotherapeutic TS

inhibition would be antiproliferative to cancer cells. In a

similar vein, HR could act as a pro-survival or pro-apoptotic

process depending on the context. For example, HR protects
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against exogenous DNA damaging agents that are known to

induce DSBs. However, one plausible hypothesis implicating

HR as deleterious during TLS would be the demand for

deoxynucleotides that the resynthesis step of HR impose,

which can stretch up to thousands of nucleotides in

comparison to the 1–5 nucleotides required to complete

BER. Invoking HR during nucleotide pool imbalance would

appear to be deleterious, yet may be the only means by which

stalled and/or collapsed replication forks might recover. In

either scenario, the S-phase checkpoint signaling processes

that regulate S-phase arrest and invocation of HR certainly

would be expected to influence cell death decisions during

TLS.

BER and HR do not act in isolation, but are intricately

orchestrated in the crowded confines of the nucleus during

replication. The precise links between BER and HR in

mammalian cells remain largely unexplained. S-phase check-

point signaling pathways can influence cell survival in

response to TLS, thus implicating these responses in facil-

itating the coordination of BER and HR. Defects in DNA damage

signaling checkpoints and HR status are likely an underlying

modulator of the contribution of BER during TLS. Of course,

cancer cells have multiple and as yet incompletely understood

defects in signaling pathways. Further studies in this regard

should shed better light on the downstream consequences for

carcinogenesis and chemotherapy associated with TLS.
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