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ARTICLE INFO ABSTRACT

Keywords: The cellular response to alkylation damage is complex, involving multiple DNA repair pathways and checkpoint
MGMT_ proteins, depending on the DNA lesion, the cell type, and the cellular proliferation state. The repair of and
Alkylation response to O-alkylation damage, primarily O%-methylguaine DNA adducts (0%-mG), is the purview of O°-
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methylguanine-DNA methyltransferase (MGMT). Alternatively, this lesion, if left un-repaired, induces
replication-dependent formation of the 0°-mG:T mis-pair and recognition of this mis-pair by the post-replication
mismatch DNA repair pathway (MMR). Two models have been suggested to account for MMR and 0%-mG DNA
lesion dependent formation of DNA double-strand breaks (DSBs) and the resulting cytotoxicity — futile cycling
and direct DNA damage signaling. While there have been hints at crosstalk between the MMR and base excision
repair (BER) pathways, clear mechanistic evidence for such pathway coordination in the formation of DSBs has
remained elusive. However, using a novel protein capture approach, Fuchs and colleagues have demonstrated
that DSBs result from an encounter between MMR-induced gaps initiated at alkylation induced O®-mG:C sites and
BER-induced nicks at nearby N-alkylation adducts in the opposite strand. The accidental encounter between
these two repair events is causal in the formation of DSBs and the resulting cellular response, documenting a
third model to account for 0®-mG induced cell death in non-replicating cells. This graphical review highlights the
details of this Repair Accident model, as compared to current models, and we discuss potential strategies to
improve clinical use of alkylating agents such as temozolomide, that can be inferred from the Repair Accident
model.

1. Introduction

The cellular response to and the repair of DNA damage induced by
alkylating agents is complex, involving at least three DNA repair path-
ways: direct repair, base excision repair (BER) and mismatch repair
(MMR). Specifically, this includes direct repair of the O%-methylguaine
(0%-mG) lesion by 0®-methylguanine-DNA methyltransferase (MGMT),
direct repair of 1-methyladenine (1-mA) and 3-methylcytosine (3-mC)
lesions by ALKBH proteins and BER of the remaining lesions such as N3-
methyladenine (N3-mA) and N7-methylguanine (N7-mG) [1-3].
Although not directly cytotoxic, the 0%mG lesion induces cellular
toxicity in response to MMR recognition and processing [4,5]. An active
MMR pathway is required for cytotoxicity of the 0°-mG lesion [6], with
the mechanism of cell death characterized by two complementary

Abbreviations: MGMT, O6-methylguanine-DNA methyltransferase.

models (Fig. 1). However, questions regarding 0®-mG induced cell death
have remained unanswered, including the observation that cytotoxicity
of the 0%-mG/C or O®-mG/T base pair is associated with DNA strand
breaks [7] or nicks suggested to result from BER intermediates (abasic
sites) [8]. While the mechanisms of the individual repair pathways have
been characterized in detail, there has been continued debate regarding
pathway crosstalk in response to alkylation damage [3]. The model
proposed by Fuchs et al. [9] adds a further dimension to the debate,
promoting essential BER/MMR pathway functional interaction in the
cellular response to and repair of the 0°-mG lesion, with emphasis on the
pathways involved in the response in non-replicating cells.
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2. MMR mediated response to alkylation damage - futile cycling
or direct signaling

Genomic DNA is subject to base alkylation resulting from both
endogenous and exogenous sources. These include cellular metabolic
products (endogenous) and environmental or exogenous genotoxins
such as nitroso-compounds and chemotherapeutic agents [1,3]. Temo-
zolomide (TMZ) is the predominant mono-functional DNA alkylating
agent used in the treatment of glioma, among other cancers. This orally
administered, bioavailable chemotherapeutic rapidly breaks down to
yield the active metabolite MTIC [5-(3-methyl-1-triazeno)
imidazole-4-carboxamide]. MTIC then spontaneously breaks down to
the methyl diazonium ion, which methylates DNA in the N7 position of
guanine (N7-mG), the N3 position of adenine (N3-mA), and the 0° atom
of guanine (0%-mG) as well as minor fractions at the N1 position of
adenine (1-mA) and the N3 position of cytosine (3-mC). Cellular
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protection from TMZ and other alkylating agents requires at least three
DNA repair processes, including BER, MMR and direct reversal repair
proteins such as MGMT [10] and the ALKBH proteins [2,3] (Fig. 1).
While the 0%-mG lesion is a minor fraction of the TMZ-induced lesions, it
is the most cytotoxic and mutagenic. High expression of MGMT blocks
alkylating agent induced cell death by directly reverting 0°-mG to G.
Conversely, cells are highly sensitive to alkylating agents upon loss of
MGMT expression [7,11]. Thus, to improve cancer therapy, numerous
strategies to limit 0%-mG repair, by depleting or inhibiting MGMT, have
been developed [11].

The 0%-mG lesion, when not repaired by the direct reversal protein
MGMT, is stable. During replication, predominantly thymine and, to a
lesser extent, cytosine are inserted opposite the 0%-mG lesion. As both of
these insertion events evade proofreading, insertion of T is highly
mutagenic [12]. Thus, while the lesion itself is not inherently cytotoxic,
0%-mG induced cell death depends on replication dependent formation

Fig. 1. Classic models of the cellular response
to alkylation damage. Alkylating agents such as
temozolomide induce a spectrum of adducts/
lesions, requiring several DNA repair pathways
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of the 0%-mG:T mis-pair and recognition of this mis-pair or mismatch by
the post-replication mismatch DNA repair (MMR) pathway (Fig. 1). The
mis-pair is recognized by the MSH2/MSH6 heterodimer (the MutSa
complex) that in turn recruits the MLH1/PMS2 heterodimer (the MutLa
complex). At this juncture, two complementary models have been pro-
posed to explain the resulting onset of apoptosis. As shown (Fig. 1, left),
recognition of the mismatch leads to MMR-induced exonuclease activity
and the formation of a large DNA gap, followed by MMR-induced DNA
synthesis. During gap-filing, T is again inserted opposite 0%-mG [12],
thus forming again the O®mG:T mismatch which re-initiates
MutSa/MutLa recognition and repair, leading to repeated (futile) cy-
cles of mismatch recognition-DNA excision-DNA synthesis [5,13]. In a
crucial observation made 40 years ago, Karran and Marinus [14],
recognized that owing to their location in the parental strand, 0®-mG
lesions are not removed during the multiple MMR-mediated repair at-
tempts. This unique feature distinguishes 0%-mG lesions from base an-
alogs such as 2-AP and BrdU which both reside in the daughter strand
and are thus efficiently repaired by MMR. Repeated rounds of excision
and re-synthesis will eventually lead to the collapse of the replication
fork, ATR/CHK]1 signaling and the onset of apoptosis [1,3,15].

However, an elegant study by Hsieh and colleagues proposed a direct
signaling model (Fig. 1, right). Here, the 0®-mG:T mis-pair is recognized
and bound by the MutSa and MutLa complexes that in turn recruit the
DNA damage response proteins ATR, ATRIP and TopBP1 to initiate DNA
damage response (DDR) checkpoint activation [16,17]. Subsequently, it
was found that MutSa directly interacts with ATR, TopBP1, and Chk1l
while MutLa interacts with TopBP1 [18]. This DDR checkpoint triggers
the onset of cell cycle arrest and apoptosis. While signaling in response
to the 0®-mG:T mismatch in cancer cells requires two rounds of repli-
cation, normal stem cells show the same MMR-dependent signaling in
the first S-phase [19]. Overall, these two models (Fig. 1) of 0%mG
induced cell death are consistent with the early observations of several
groups documenting the requirement for the MMR pathway [6], the
absence of MGMT [10] and a correlation with DNA strand breaks [7] for
the onset of 0°-mG induced cell death.

3. DNA repair accident model

The clinically important alkylating agent TMZ is regarded as the
first-line therapy, combined with surgery and radiation, for the treat-
ment of glioblastoma, while its mechanism of action leading to cytotoxic
effects is still under debate. As defined above, TMZ mainly induces a
spectrum of DNA lesions, including N7-mG (70-75%), N3-mA (8-12%),
and 0%mG (8-9%). These damaged DNA bases trigger activation of
several DNA repair systems, including BER for N7-mG and N3-mA and
MGMT or MMR for the 0%-mG lesion. It has long been held that the
cytotoxic effect of TMZ depends on a DNA damage response signal or a
lethal by-product of 0%-mG-induced MMR processing following DNA
replication (direct signaling or the futile cycle models, Fig. 1). In addi-
tion to processing by the MMR pathway, BER intermediates have also
been proposed to contribute to the cytotoxic effects of TMZ [8,20,21].
Further, it has been suggested that DSBs leading to cytotoxicity might be
produced by crosstalk between BER and MMR [22] or accumulation of
BER intermediates in addition to the 0%-mG lesion [8].

Since glioblastoma tumors are composed of a large fraction of non-
dividing, quiescent, cells [23], it was deemed essential to investigate
the mode-of-action of TMZ in resting cells. To address this issue, we
utilized a newly developed approach aimed at capturing nucleoprotein
complexes from nuclear extracts (termed IDAP; Isolation of DNA Asso-
ciated Proteins), an approach that turned out to be efficient and versatile
[24,25]. Briefly, the core aspect of the IDAP methodology centers
around the capture of a DNA-fragment-of-interest on a magnetic bead: a
specific oligonucleotide (TFO probe) forms a triple helix with a cognate
dsDNA sequence while the other extremity of the TFO probe carries a
biotin moiety that interacts with a streptavidin-conjugated magnetic
bead. To implement the IDAP approach, we incubated plasmid DNA
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(damaged by MNU, a TMZ mimic), under non-replicating conditions,
with protein extracts of Xenopus laevis eggs. Many proteins, specifically
recruited by the presence of MNU-induced DNA damage, were captured
by the probe, and identified by mass spectrometry (MS) analysis. Of
particular interest, the core MMR proteins were highly enriched.
Through subsequent biochemical assays, it was revealed that both MMR
and BER proteins are active on MNU-treated DNA. We found that con-
current BER and MMR processes on the same DNA molecule could
accidentally lead to DSB formation when repair intermediates of BER
and MMR encounter each other, an event we will refer to as a “Repair
Accident” (RA) (Fig. 2) [9]. Future studies should therefore be consid-
ered that would further evaluate the role of BER proteins in this model.
This may be achieved by probing the impact of BER defects (loss of
expression for example of APE1, PARP1 or other BER proteins) or BER
inhibition in resting cells and evaluating the contribution of the RA
model in the formation of DSBs. Overall, we propose that DSB’s gener-
ated via concurrent BER, and MMR processing represents an additional
mechanism for TMZ-induced cytotoxicity in non-dividing or quiescent
cells.

4. Discussion/Summary

Over the last 20 years, numerous investigations have concluded that
the cellular toxicity of SN1 alkylating agents is due to the minor 0®-mG
adduct with an obligatory involvement of the MMR pathway. In all these
studies, the target for MMR is not O®-mG per se but the O°-mG:T mis-
pair or mismatch that forms during replication; this mismatch was
suggested either to trigger multiple MMR repair attempts (futile pro-
cessing) or to act as a checkpoint signal (direct signaling) (Fig. 1).

The prevailing models for the cellular response to alkylation damage
such as that induced by TMZ (futile cycling and direct DNA damage
signaling) have been extensively tested in numerous cellular and animal
models that highlight the requirement for cell replication as a prereq-
uisite for apoptotic signaling [5]. However, there has been continued
debate and evaluation of the mechanisms that connect MMR pathway
proteins and activity to apoptosis. Neither model can explain all the
observations, suggestive of a missing piece to the puzzle. Further,
different cell types appear to respond with modified mechanisms of
response. For example, while most cell types show a requirement for two
rounds of replication for activation of the ‘futile cycle’ model [5], colon
cancer stem cells activate the signal in an MMR-dependent manner in
the first cell cycle [19]. Conversely, the direct signaling model has been
supported both in cellular models [17] and in animal models, as
reviewed in [5]. However, in both cases, a role for replication is essential
and therefore highlights aspects of alkylation-induced cell death that
cannot be explained for non-dividing or quiescent cells. There have been
numerous suggestions of crosstalk between MMR and BER in the
response to alkylating agents [20,22]. For example, it was shown that
the protein ASCIZ rapidly forms MLH1-dependent foci in response to
methyl methane sulfonate (MMS) treatment. It was suggested that
alkylation induced ASCIZ foci is dependent on activity of the BER
pathway but does not depend on DNA replication or the formation of
DSBs [21]. Further analysis would be required to determine if this
signaling model via ASCIZ is related to the ‘Repair Accident’ model we
highlight herein and below.

In arecent study, Fuchs et.al. propose that TMZ treatment can lead to
DSB’s in the absence of replication by virtue of an accidental encounter
between an MMR event initiated at an 0®-mG:C base pair and a nearby
BER intermediate from processing of an N-alkylation site (Repair Acci-
dent (RA) model) (Fig. 2). In contrast to the previous models that can be
qualified as late events, since they involve replication and cell cycle(s),
induction of DSBs within the framework of the RA model occurs soon
after TMZ exposure and represents an early response.

During glioblastoma treatment, a dose of TMZ is delivered daily,
concomitantly with a radiotherapy session, for 6 weeks (for a recent
review, see [26]). In this context, triggering DSBs by TMZ treatment in
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Fig. 2. Repair Accident (RA) model. When temozolomide
(TMZ) reacts with DNA it produces a variety of adducts
among which the N-alkyl adducts, N7-mG and N3-mA,
represent > 80% of all alkylation events. Importantly,

G 0O°mG  8-9% of the lesions induced by TMZ include O°-mG. O-
(G N7-mc alkylation adducts are a hallmark of SN1 alkylating agents.
A The BER pathway acts at N-alkyl adducts, while the core
N3-mA MMR proteins recognize 0°-mG:C base pairs. In TMZ
N1-mA  treated DNA, initiation of MMR involves recognition by

MutSa of the 0°-mG:C base pair. MMR-mediated gap for-
mation starts at a nick made by MutLa or at a nick pro-
duced by BER during repair of a nearby N-alkylation
adduct. In contrast to MMR at the replication fork, lack of
an instruction signal makes it equally likely that the initi-
ating nick is in either strand. In any case, Exol-mediated
strand degradation or helicase unwinding proceeds to-
wards the initiating O®-mG:C lesion. With an average MMR
excision track length of several hundred bases, the acci-
dental occurrence of another nicked BER intermediate in
the opposite strand will give rise to a DSB. We suggest
naming such a circumstance a “Repair Accident” [9].

Encounter of BER and
MMR-Repair Intermediates

Double Strand Break

Apoptosis

non-dividing cells via the RA mechanism might be highly effective since
most cells in a glioblastoma tumor are not proliferating and not subject
to the effects of most chemotherapeutic agents [23]. Extrapolation of
our experimental data to the concentration of TMZ achieved in serum
following a single dose suggests that about 10 DSBs/cell can form via the
Repair Accident model each day, a number comparable to the DSBs
induced by 0.5-1 Gy of ionizing radiation (IR). In addition, it was
empirically established that treatment (TMZ plus radiotherapy) exhibits
supra-additive cytotoxicity as long as TMZ administration precedes
radiotherapy [27]. Our data may provide some rationale for this
observation. Indeed, the single-strand DNA (ssDNA) gaps, that are
formed at early time points during MMR processing at 0%-mG:C sites
(Fig. 2), constitute preferential targets for IR-induced single-strand
breaks (SSBs), leading to DSBs. Such events provide a plausible expla-
nation for the observed supra-additivity when TMZ precedes IR.
Potential improvements for the clinical use of TMZ might be
considered based on the Repair Accident model. In this model, DSBs are
formed as a consequence of concomitant processing of lesions by pro-
teins of both the MMR and BER pathways. Processing of 0®-mG:C sites
by MMR entails the formation of ssDNA gaps that are several hundred

bases in length; these gaps are either produced by the action of an
exonuclease (Exol) or via helicase unwinding. If these excision tracks
encounter a BER intermediate (nicks or abasic sites), then a DSB will
likely occur (Fig. 2). Slowing down or inhibiting the latter steps of BER,
i.e., the steps that occur between incision and ligation, will potentially
increase DSB occurrence. Thus, inhibitors of the downstream BER pro-
teins Polf, PARP1, PARP2 and DNA ligase III, or defects in expression of
XRCC1, would increase the half-life of strand discontinuities and
consequently promote DSB formation in resting cells via this model. Our
work may also suggest that, in addition to brain tumors, TMZ could be
instrumental in the treatment of any cancer with a high index of non-
dividing cells. The RA model, a proposed third mechanism of DSB
generation by alkylating agents such as TMZ, is unique from the pre-
vailing models (futile cycling and direct DNA damage signaling) since
the RA model would preclude the requirement for replication/cell cycle
dependence for cytotoxicity.
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