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ABSTRACT: The cellular outcomes of chemical exposure are as much
about the cellular response to the chemical as it is an ef fect of the
chemical. We are growing in our understanding of the genotoxic
interaction between chemistry and biology. For example, recent data has
revealed the biological basis for mutation induction curves for a
methylating chemical, which has been shown to be dependent on the
repair capacity of the cells. However, this is just one end point in the
toxicity pathway from chemical exposure to cell death. Much remains to
be known in order for us to predict how cells will respond to a certain
dose. Methylating agents, a subset of alkylating agents, are of particular
interest, because of the variety of adverse genetic end points that can
result, not only at increasing doses, but also over time. For instance,
methylating agents are mutagenic, their potency, for this end point, is
determined by the cellular repair capacity of an enzyme called methylguanine DNA-methyltransferase (MGMT) and its ability to
repair the induceed methyl adducts. However, methyl adducts can become clastogenic. Erroneous biological processing will convert
mutagenic adducts to clastogenic events in the form of double strand breaks (DSBs). How the cell responds to DSBs is via a cascade
of protein kinases, which is called the DNA damage response (DDR), which will determine if the damage is repaired effectively, via
homologous recombination, or with errors, via nonhomologous end joining, or whether the cell dies via apoptosis or enters
senescence. The fate of cells may be determined by the extent of damage and the resulting strength of DDR signaling. Therefore,
thresholds of damage may exist that determine cell fate. Such thresholds would be dependent on each of the repair and response
mechanisms that these methyl adducts stimulate. The molecular mechanism of how methyl adducts kill cells is still to be fully
resolved. If we are able to quantify each of these thresholds of damage for a given cell, then we can ascertain, of the many adducts
that are induced, what proportion of them are mutagenic, what proportion are clastogenic, and how many of these clastogenic events
are toxic. This review examines the possibility of dose and damage thresholds for methylating agents, from the perspective of the
underlying evolutionary mechanisms that may be accountable.
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■ INTRODUCTION
The underlying biology of the cell will ultimately determine the
effect of chemical exposure.1 At each potential end point, along
the pathway from exposure to cell death, the underlying biology
of the cell will influence its sensitivity and, therefore, the dose at
which the end point occurs. The first potential threshold will be
the dose required to cause an increase in adducts. This will be
influenced by several aspects of cell biology, including
polymorphisms in metabolic enzymes that dictate how much
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of the administered chemical is potentially DNA-reactive.2

Another factor affecting this adduct threshold will be efflux
transportation and detoxification mechanisms that will need to
be overcome.3 Upon DNA reaction, the threshold of DNA
repair will limit the mutagenic potency of an adduct and this
mechanism has supportive data, particularly for alkylating
agents, namely, the methylating agent N-methyl-N-nitrosourea
(MNU) and the ethylating agent ethylmethanesulfonate
(EMS).4,5 This Review is an exploration into the thresholds of
DNA damage and repair of methylating agents, in particular, and
speculates on further thresholds in cytotoxicity.

■ METHYLATING AGENTS
Methylating agents are a chemical class of genotoxicant that add
methyl groups to nucleophilic sites in the DNA.6 Members of
this chemical class are diverse in chemical structure, reactivity,
and source, whether that may be dietary, industrial, medical, or
environmental. Each chemical produces a defined adduct
spectra, which resembles a synonymous signature of damage,
and therefore produces a characteristic mutational signature.7

The methylating agent class can be further stratified based on
their chemistry, molecular structure adduct spectra, and,
therefore, their genotoxic and cytotoxic potency. This means
that one methylating agent can be representative of many
similarly acting methylating agents. Temozolomide (TMZ) is
one such methylating agent; it is used in glioblastoma
chemotherapy.8 More specifically, TMZ is an SN1-type
methylating agent, which also describes similarly acting agents
such as N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) and
MNU. Both of these are typically confined to laboratory use,
whereas other SN1-type methylating agents, such as procarba-
zine and imidazole carboxamide, also known as dacarbazine
(DTIC), are used in the clinic as effective chemotherapies
against advanced cancer, such as melanoma, soft tissue sarcoma,
and Hodgkin’s disease/Hodgkin’s lymphoma. Methylating
agents have been well-studied and are currently well-used.
However, if we have truly mastered their chemistry and
completely understand the response of different types of treated
cells, we would be able to eliminate cancer cells without inducing
secondary, therapy-related acute myeloid leukemia.9 The
biological relevance of methylating agent treatment, regardless
of whether the cell will die, continue to propagate but with
mutations, or survive with their genome untouched or pristinely
repaired can be predicted. This would be important not only in
assessing risk of exposure to a certain dose, but also in tailoring
chemotherapy dose to be effective and not to induce secondary
genotoxicity events. Methylating agents induce the smallest alkyl
adduct (CH3). The situation is far more complex for alkyl
adducts that are any bulkier than methyl adducts, even those
with only onemethylene (−CH2) group (i.e., ethyl [−CH2CH3]
adducts). Therefore, this review will only focus on methylating
agents. Suffice to say that nonlinear dose thresholds have been
identified for ethylating agents. Most overwhelmingly, com-
pared to other SN1-type ethylating agents, nonlinearity has been
found for EMS, which is an SN2-type ethylating agent.10−12

Furthermore, the threshold was shown to have a biological basis
in DNA repair.4 It is possible that the genotoxic and cytotoxic
potential of bulkier alkyl adducts (including those that have
longer alkyl chains and side chains) are under the same
biological constraints (i.e., detoxification13 and DNA repair
mechanisms14,15) as simpler alkyl adducts and agents. However,
perhaps due to the paucity of data pertaining to the biochemistry
and cellular response at low doses of bulkier alkyl adducts, it is

difficult to draw firmer conclusions. A few studies have pointed
to some potential points of biochemical difference (background
levels and persistence16) between methyl adducts and bulkier
adducts. For example, in one study, the background levels (and,
therefore, the cellular tolerance [discussed later]) of 7-
methylguanine (7-MeG; also referred to as N7-MeG in the
literature) were much lower than 7-(2-hydroxyethyl)-guanine in
the lymphocytes of the vast majority of the 34 individuals
studied.17 Whereas, an indirect comparison over two studies18,19

showed the background levels of 7-MeG to be much higher than
that of 7-ethylguanine (7-EtG). It is important not to
extrapolate, because the biological threats that ethyl vs. methyl
and larger vs. smaller adducts pose may differ significantly.

■ SN1-TYPE ADDUCT SPECTRA
SN1-type methylating agents, such as TMZ, directly damage the
DNA by reacting with oxygen and nitrogen nucleophiles,
forming adducts such as 3-methyladenine (3-MeA, known to be
referred to as N3-MeA in the literature), 7-MeG and O6-
methylguanine (O6-MeG) to a large extent, compared to other
types of methylating agents, such as methylmethanesulfonate
(MMS), an SN2-type methylating agent. MMS has a weaker
affinity forO6 guanine and produce far fewerO6-MeG adducts as
a result.20 The higher reactivity with exocyclic oxygen of guanine
by SN1-type methylating agents is the reason for their increased
mutagenic potency, compared to SN2-type methylating agents.7

The complete adduct spectra of SN1-type methylating agents
has been compiled elsewhere.21 Some of these adducts have
been extensively studied, and their potential adverse effects on
the replicating polymerase, and the resulting biological impact of
such damage has been resolved. This work will focus on two of
the best studied methyl adducts 7-MeG and O6-MeG, but 3-
MeA cannot be ignored. In many respects, 3-MeA is subject to
the same repair processes as 7-MeG21 and possibly O6-MeG,22

discussed later. However, 3-MeA also represents distinct methyl
adduct biochemistry and may involve alternative, translesion
processing.23

■ METHYLATING AGENT AND DNA REACTION
In the chemical exposure to biological effect journey, quantifying
the levels of DNA adducts is an important biomarker of
exposure.24−26 Increasing evidence suggests that DNA methyl
adducts have an exposure threshold.27,28 However, the bio-
logical mechanisms are yet to be evidenced. The use of sensitive
and specific analytical techniques, such as ultraperformance
liquid chromatography−tandem mass spectrometry (UPLC-
MS/MS),28 will be crucial in further studies. However, the
timing of the analysis post-exposure will be critical, not to
confuse an exposure threshold with DNA repair.

■ THE REPAIR OF METHYL ADDUCTS
Each methyl adduct is a substrate for specialized repair.
Generally, methyl adducts are substrates for excision repair
mechanisms, that find, excise, and replace the damaged
nucleotides. The adduct 7-MeG involves the action of base
excision repair (BER), which is initiated by an adduct-specific
glycosylase: N-methylpurine DNA glycosylase (MPG), also
known as 3-alkyladenine DNA glycosylase (AAG). O6-MeG is
subject to direct repair by methylguanine methyltransferase
(MGMT), which simply removes the methyl group, restoring
guanine.29,30 The adduct is also a substrate for mismatch
excision repair (MMR). Direct repair is absolute; it simply
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removes the damage. Excision repair, on the other hand, causes
additional damage during the repair procedure, either inten-
tionally, as in the case of BER, or as a consequence of erroneous
processing, as is the possible case in MMR. MMR is able to
restore the DNA, through an excision pathway that recognizes
the misaligned hydrogen bonds between O6-MeG and its
opposite base. However, the involvement of MMR has been
shown to affect the replisome into stalling, with the potential to
collapse into DSBs.29,31 This has been attributed to the
appearance of MMR-dependent single-stranded gaps in the
DNA in successive cell cycles.31,32 The DNA damage response
(DDR) will then be initiated. One would imagine that it is in
response to the strand breaks, but data suggests MMR directly
activates the DDR.33−35 The involvement of DDR signaling will
be discussed later.

■ 7MEG-ENDOGENOUS AND EXOGENOUS LEVELS
7-MeG is, by far, the most abundant methyl adduct induced as
part of the adduct spectra.20 This adduct is naturally present at
very high levels, as measured in rat liver,36 and it was thought
that exogenous exposure to a methylating agent would add only
a negligible amount of 7-MeG, compared to the pre-existing,
natural levels. This led to the assumption that 7-MeG is
innocuous. 7-MeG and also 3-MeA have been said to be
susceptible to spontaneous depurination, but under physio-
logical conditions, the process is incredibly slow37 and,
therefore, unlikely to pose a significant toxic effect. However,
7-MeG and 3-MeA are labile to more rapid depurination
through enzymatic catalysis38 by an initiating BER glycosylase,
which, in this case, is MPG.39 In 2014, a revealing paper showed
that the depurination of 7-MeG converts 7-MeG to a
polymerase-blocking event leading to the stalling and eventual
collapse of the replication forks into recombinogenic and toxic
DSBs. This was shown to be entirely dependent on the presence
of MPG.40 As previously stated, MPG is also able to operate on
3-MeA and, therefore, 3-MeA may also be involved here.
Distinguishing the effects between 7-MeG and 3-MeA adducts
would be difficult in this instance. With this evidence, it suggests
that the level of the initiating glycosylase determines the
clastogenic potency of 7-MeG (and also 3-MeA), as opposed to
the adducts themselves. This explains how such a high level can
naturally exist, if only a proportion of all the 7-MeG adducts in
the genome become depurinated at any one time. The 7-MeG
level must be set by a flux of newly induced damage, MPG-
mediated depurination, and successful completion by BER.
Stimuli that influence the level of depurination may then
influence cellular tolerance to this adduct. Upon high levels of
exogenous exposure, there is an imbalance in this flux. The
increase in 7-MeG does not pose a problem in itself, but the
basal level of glycosylase creates more sites of depurination than
the downstream BER enzymes can repair. Thus, increased levels
of 7-MeG, at increasing exogenous doses, creates an increased
burden of repair intermediates, which saturate the downstream
BER enzymes, and lead to genomic instability in the form of
DSBs (chromosome breaks), as an effect of glycosylase-BER
uncoupling. Of course, the downstream BER enzymes will also
have the burden of damage from other glycosylases, such as
those that respond to oxidative lesions, i.e., OGG1 alias
MUTYH,41 which may also be a factor in this decoupling.
The possibility exists that the activity of the MPG glycosylase

determines how many more 7-MeG adducts a cell can tolerate,
and perhaps it is the ratio of active glycosylase enzymes to
downstreamBER enzymes that dictates cellular resistance to this

adduct. Indeed, an experimentally induced imbalance of this
MPG:BER ratio increased genomic instability.42−45 In this
instance, it is reasonable to conclude that perhaps the threshold
of resistance against 7-MeG is set by the basal and synchronized
level of MPG and BER enzymes. Indeed, MPG was shown to act
as the defense against DSBs, measured via micronuclei (acting as
a proxy for unrepaired DSBs) in AHH-1 cells at low doses of the
SN2-type methylating agent, MMS.4

■ O6-MEG; SUCCESSFUL REPAIR, POINT
MUTATIONS, OR DNA BREAKS?

The biological response and effect to methyl adducts is perhaps
best known for O6-MeG, although there are still some
ambiguities. The adduction of exocyclic oxygen places a
miscoding potential on guanine, which accounts for the high
level of guanine to adenine transitions observed following
exposure to SN1-type methylating agents.46,47 The involvement
of MGMThas been shown to defend against themutagenicity of
MNU in vitro5 and also in vivo against azoxymethane (AOM),
another SN1-type methylating agent.48 The same outcome
would be expected for an end point measuring clastogenicity, as
MGMT would effectively preclude O6-MeG-induced DSBs,
although this has not been substantiated. Similarly, whether
MMR is involved in low-dose protection has not yet been
resolved. One would anticipate that its involvement in genotoxic
end points may be difficult to resolve, given its propensity to
induce further damage, in the form of DSBs, akin to the situation
of imbalanced BER and 7-MeG. It could be hypothesized that
higher levels of MMR enzymes could promote clastogenicity of
even low doses of SN1-type methylating agents.

■ THE ADVERSE POTENTIAL OF 3-MEA: THE
INFLUENCE OF TLS

This adduct is mutagenic and clastogenic in very similar respects
to both 7-MeG andO6-MeG, as eluded to previously. One could
therefore anticipate that an amount of 3-MeA adducts would
pose the same genotoxic potential as the same amounts of 7-
MeG and O6-MeG in a DNA repair competent cell. However,
the involvement of translesion synthesis (TLS) over this adduct,
in addition to TLS over any subsequentMPG-catalyzed apurinic
site,49 one would imagine that this adduct would pose the same
or even a higher mutagenic potential, but a lower clastogenic
potential than both 7-MeG and O6-MeG, respectively. It is
reasonable to postulate that TLS would, therefore, have different
protective effects at low doses, depending on the genotoxic end
point being measured. How many adducts/apurinic sites
resubject to TLS is unknown. On this note, the relative toxicities
of each adduct would be dependent on the proficiencies of each
adduct-specific DNA repair mechanism, which would dictate the
likelihood of presenting with a clastogenic lesion and potentially
toxic lesion, such as a DSB. Of course, the toxic potential of a
DSB will also have a biological basis and will be dependent on
the cellular response to this specific insult. This will also dictate
the effect of exposure to methylating chemicals.

■ THRESHOLD LEVELS OF DSBS AND DNA DAMAGE
SIGNALING

As with the adducts, DSBs can also be repaired, although their
repair is via complex recombination mechanismshomologous
recombination (HR) and nonhomologous end-joining
(NHEJ)and involves the activation of the DDR.50−53 Much
like MGMT,MMR,MPG, and BER, for example, the role of HR
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and NHEJ is as a barrier against mutation; however, for these
processes, the mutation is the result of adduct clastogenicity
(i.e., DSBs).54 Therefore, one would expect a threshold level of
methylating agent in order to saturate the recombination
processes and result in a clastogenic threshold, possibly
observed as structural chromosomal aberrations or unrepaired
DSBs. Such genotoxic end points have not yet been investigated
in the context of thresholds. One can anticipate the effects of HR
and NHEJ on the genotoxicity, and even the cytotoxicity, of a
methylating agent more confidently than the effects of DDR
signaling. The DDR is a multienzyme pathway composed of
ataxia-telangiectasia (ATM), ATM and Rad3-related (ATR),
checkpoint one and two (Chk1 and Chk2), and p53, among
many others. The effect is the orchestrated control of cell cycle
checkpoints and recombinational repair that leads to cell
survival. However, under certain conditions, that remain to be
fully defined, the DDR, and the proteins within it (for example,
p53)55 elicit cell death.56 This may be the biochemical link
between DNA damage and cell death.57 The DDR pathway can
be activated by MNNG-induced DSBs.58 Intriguingly, the
cellular outcome was shown to be dependent on dose and time.
In the study, the DDR displayed distinct signaling dynamics,
which is a phenomenon that my research group is interested in
investigating. The question exists: at what point (dose and time)
do the DSBs become toxic, and is this dependent on DDR
signaling dynamics? A recent study59 has highlighted the
importance of the DDR in survival against DSBs. The study
provides evidence of the role of ATM in the survival of mouse
embryonic stem cells by promoting the repair of DSBs via HR
and circumventing the need for NHEJ, which produced toxic
chromosome fusions.59 It is unknown how these fusions killed
the cells and whether pro-repair functions of ATM and HR can
become saturated at increasing doses (an increasing demands
for DSB repair), leading to an accumulation of these fusions. Of
course, the pro-survival functions of the DDR are well-known.60

However, the DDR also has an apoptotic branch of the cascade
that leads to cell death.61 The possibility that a given level of
DSBs (i.e., a damage threshold within the DDR) is needed to
activate the pro-death branch of the cascade62−64 and turn off
repair is under investigation. The activation of the pro-death
branch of the cascade may be a contributory factor, together
with functional levels of the featured classical repair path-
ways,65−67 in determining cell sensitivity to the clastogenicity of
the adducts and the subsequent toxicity of the DSBs. This
warrants further investigation, particularly in the context of
cancer cell sensitization.

■ CONCLUDING REMARKS
The pathway of genotoxicity from drug exposure to adverse end
point requires as much thought with regard to chemistry as it
does of the biology of the cell. Our understanding of the
chemical interaction of genotoxicants with cellular components,
not just the DNA, coupled with the analytical methods
employed to measure such interactions, has been incredibly
revealing. It has led us to the point that we can say the dose is the
genotoxic and cytotoxic poison, or not, and why. This depend, of
course, on the biology of the cell. We should now be moving
towards a position to be able to predict if a dose will be a poison,
and in what way (mutagen, clastogen, toxicant) for a given cell
type. The relationships of dose and end point are quantifiable.
So, for a given biological system, we would be able to predict
how many molecules are needed to saturate detoxification
mechanisms, how many adducts will be repaired, how many will

be mutagenic, and how many adducts are cytotoxic. This
requires an understanding of the biological functions of the cell,
enzyme polymorphisms for example, which will determine
repair efficiencies or detoxification capabilities. In an era of
personalized medicine and pharmacogenomics, this is person-
alized genotoxicity and cytotoxicity.

■ THE START OF SOMETHING SPECIAL
It started with a very casual conversation. I was approaching the
end of my final year of undergraduate studies in Genetics andDr.
George Johnson said “what about a Ph.D.?” There was an
opening in his working group, which was part of the DNA
damage group, together with Professors Shareen Doak and
Gareth Jenkins, at Swansea University. I learned so much about
teamwork and sharing ideas from these incredible people and
from being in such a collegiate, supportive environment.
At the time I joined, George was fairly recently out of his Ph.D.

and a new principal investigator. I believe I had amore rewarding
and fruitful experience as a result. He was personally supportive
and gave me numerous professional opportunities. One being an
introduction to Professor Bernd Kaina at UKEMS, held in
Swansea in 2012. This shaped the next two years of my life, post-
Ph.D. I had the incredible opportunity of working in Germany,
in Professor Kaina’s Institut für Toxikologie in Mainz. Professor
Kaina and DrWynand Roos, a group leader there, are masters of
the intricacies of chemical exposure and repair dynamics.
Despite all that they had discovered, their thirst for more was
incredible. There’s always more to find out. At this point, I
would like to mention some of those contemporary giants in this
field, those whose shoulders I stand upon. Although not direct
mentors of mine, Professors Leona D. Samson, Thomas G.
Hofmann, Stephen P Jackson, Jiri Bartek, Penny Jeggo, and
Geoff Margison continue to have an influence on my research
through their insightful and groundbreaking publications.
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