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Sciences, Massachusetts Institute of Technology, Cambridge MA 02139

Abstract

In a multicellular organism, somatic mutations represent a permanent record of the past chemical
and biochemical perturbations experienced by a cell in its local microenvironment. Akin to a
perpetual recording device, with every replication, genomic DNA accumulates mutations in
patterns that reflect: i) the sequence context-dependent formation of DNA damage, due to
environmental or endogenous reactive species, including spontaneous processes; ii) the activity of
DNA repair pathways, which, depending on the type of lesion, can erase, ignore or exacerbate the
mutagenic consequences of that DNA damage; and iii) the choice of replication machinery that
synthesizes the nascent genomic copy. These three factors result in a richly contoured sequence
context-dependent mutational spectrum that, from appearances, is distinct for most individual
forms of DNA damage. Such a mutagenic legacy, if appropriately decoded can reveal the local
history of genome-altering events such as chemical or pathogen exposures, metabolic stress, and
inflammation, which in turn can provide an indication of the underlying causes and mechanisms of
genetic disease. Modern tools have positioned us to develop a deep mechanistic understanding of
the cellular factors and pathways that modulate a mutational process and, in turn, provide
opportunities for better diagnostic and prognostic biomarkers, better exposure risk assessment and
even actionable therapeutic targets. The goal of this Perspective is to present a bottom-up, lesion-
centric framework of mutagenesis that integrates the contributions of lesion replication, lesion
repair and lesion formation to explain the complex mutational spectra that emerge in the genome
following exposure to mutagens. The mutational spectra of the well-studied hepatocarcinogen
aflatoxin B4 are showcased here as specific examples, but the implications are meant to be
generalizable.
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1. Introduction

Mutagenesis is a fundamental biological process in which the heritable information encoded
in genomic DNA is irrevocably altered. A double-edged sword, mutagenesis enables
beneficial events, such as evolution of species[1], diversification of antibody repertoires in
immune cells [2] and rapid clearance of viral pathogens [3], while at the same time being
deleterious by driving carcinogenesis [4], (premature) aging [5], and neurodegenerative [6]
and autoimmune diseases [7].

Mutagenesis-induced genomic changes, which can range from single nucleotide (point
mutations) to large scale, complex rearrangements of genetic material (chromosomal
rearrangements) are driven by a myriad of extrinsic and intrinsic factors that in most cases
chemically modify DNA. Examples of exogenous mutagenic agents include radiation (UV
light and ionizing radiation), alkylating agents from either naturally occurring (N-nitroso
compounds) or man-made (chemotherapeutics) sources, mycotoxins (e.g., aflatoxin B;) and
polyaromatic hydrocarbons (e.g., benzo[a]pyrene). Examples of endogenous mutagenic
agents include reactive oxygen, nitrogen and halogen species and their secondary damage
products (e.g., reactive aldehydes formed by lipid peroxidation), and dysregulated enzymatic
processes (e.g., APOBEC deaminases). Additionally, deficiencies in DNA repair pathways
due to genetic defects (loss of function), epigenetic inactivation (hypermethylation of a
promoter) or metabolic disruption such as lack of necessary enzymatic co-factors (e.g., lack
of a-ketoglutarate for AlkB-class demethylases [8]) or building blocks (e.g., imbalanced [9]
or contaminated [10] nucleotide pool) are also strong contributors to mutagenesis by
potentiating the effects of DNA damage.

The diversity of factors that contribute to mutagenesis creates a challenge toward
interpreting complex end-stage mutational patterns associated with disease. This Perspective
lays out a unifying mechanistic framework that could explain the biochemical mechanisms
underlying mutagenesis in almost all cases. The deep mechanistic understanding of a
mutational process in turn can provide translational opportunities for predicting and
modulating mutagenic outcomes.

2. A mechanistic analysis of mutational processes

The sequence of biochemical events that introduces a specific mutational pattern in DNA is
defined as a mutational process [11,12]. In terms of mechanism, the most general description
of a mutational process involves three distinct steps: 1) DNA lesion formation; 2) DNA
repair avoidance; 3) DNA lesion replication (Fig. 1).

In the majority of cases, the process of mutagenesis begins with the formation of a DNA
lesion. Such a process includes the chemical modification of DNA by extrinsic and intrinsic
factors, as enumerated in the introduction, but also spontaneous reactions (e.g., non-
enzymatic deamination, oxidation, depurination) that modify the chemical structure of DNA
or DNA bases, as well as aberrant enzymatic reactions on DNA (e.g., enzymatic
deaminations, overactive glycosylases, etc.). Even the electronic fluctuations intrinsic to the
chemical structures of the DNA bases such as tautomerism can be included in this analysis;
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by virtue of their ability to alter base-pairing preferences, minor tautomers of the natural
bases, for example, can be considered as very-transient DNA lesions [13-15]. Lastly,
another way by which DNA accumulates mutagenic lesions is the incorporation of
chemically modified nucleotides during DNA replication or via DNA repair pathways that
involve DNA synthesis (Fig. 1, left panel).

Most DNA lesions, however, do not lead to mutations, owing to the successful activity of
DNA repair pathways. In many ways, DNA repair acts as the lynchpin protecting the
integrity of genetic information, because it controls the type and amount of DNA lesions that
still remain at the moment of DNA replication. Accordingly, a mutational process may
reflect either the absence of a lesion-specific DNA repair pathway (e.g., a genetic defect), or
the ability of a lesion to evade repair. Repair evasion, in turn, can occur in several different
ways:

i Lesion overload. When the lesion formation rate exceeds the rate of repair, a
number of lesions will remain unrepaired at the time replication happens [16].
This case typically occurs in the wake of a massive, acute exposure to a DNA
damaging agent as might happen after DNA-damaging chemotherapy. Stochastic
fluctuations in the levels of repair enzymes can also lead to situations where
slowly repaired lesions might be missed (e.g., repair of deaminated 5-
methylcytosine (5mC) by the TDG or MBD4 glycosylases [17]).

ii. Repair-resistant/Stealthy lesions. Certain types of DNA modifications do not
significantly disrupt the tertiary DNA structure, rendering them essentially
invisible to DNA repair surveillance [18], and therefore they are repaired very
slowly if at all. Such modifications typically persist until they are encountered by
transcriptional or replication complexes. Owing to their planar structure, which
allows DNA intercalation, certain adducts formed by benzo[a]pyrene (B[a]P)
[18,19], aflatoxin By (AFB1) [20,21] or aristolochic acid (AA) [22] are examples
of lesions that evade repair and persist in the genome, as evidenced by their
unusually long half-lives in tissues [23-25].

iii. Toxic lesions. Unlike stealthy lesions, these adducts disrupt the structure of DNA
in a manner that leads to toxicity and replication stress. Such lesions include
those formed by certain bulky alkylating agents and crosslinking agents (e.g.,
UV light, cisplatin, and reactive aldehydes).

The final step in a mutational process is DNA replication, which converts a DNA lesion that
has escaped repair into a heritable base change. Here, the identity of the replication
machinery is responsible for shaping the mutational outcome. Many lesions are too bulky to
be accommaodated by the native replicative polymerases; instead, translesion synthesis
polymerases (e.g., Y-family bypass polymerases) are recruited to the replication fork, and
these polymerases are sometimes intrinsically error-prone. In many cases, an extension
polymerase (e.g., pol zeta) is required to extend from a mispaired DNA lesion, before the
normal DNA replication can resume.

When examining the distribution of point mutations that accumulate in the genome, it has
long been appreciated that not all bases mutate with the same frequency [26-28]. Rather, all
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known genomes, sequenced after mutagenic insults, feature a collection of hot-spots (bases
that are more prone to mutate than average) and cold-spots (bases that are less prone to
mutate than average) [27-33]. Many factors contribute to the uneven distribution of
mutations; chromatin accessibility (open vs closed chromatin) [34], transcriptional status
(transcribed vs non-transcribed strands) [35], replication status (early vs late replicating
genes) [35], coding status (regulatory elements vs gene bodies) [36], all shape the
distribution of mutations at a genomic scale. But at a local scale, when all other factors are
the same, the differential mutational frequencies are primarily driven by sequence context
[37-40]. Owing to their slightly different physico-chemical and biochemical properties (e.g.,
size, charge, stacking propensity and hydrogen bonding ability), the DNA bases immediately
preceding (at the 5" position) and immediately following (at the 3") of a point mutation
influence all the three steps of a mutational process: sequence context influences the
reactivity of a given nucleobase with a chemical agent, it modulates the efficiency with
which the lesion is recognized and repaired; and it shapes the fidelity with which a lesion is
replicated by a polymerase.

a. Sequence-dependent lesion formation

One of the major contributing factors to sequence-dependent mutagenesis is the propensity
of a lesion to form in a given sequence context. When enzymatic processes are involved,
such reactions typically are sequence specific. To give two examples, APOBEC enzymes
responsible for generating certain deaminated cytosines have strong sequence specificity for
the TpCpN sequence context [41,42] and hydrolytic deamination of m5C follows the
sequence specificity of m5C formation by DNA methyl transferases, the NpCpG sequence
context [43].

DNA lesions formed by large and planar reactive species (such as those derived from
environmental mutagens like AFB1, AA, B[a]P, etc.) usually involve a DNA intercalation
step before covalent attachment. This mechanism of interaction prior to chemical reaction
could therefore explain the preference of these agents to mutate certain sequence contexts
over others [20,21,44].

b. Sequence-dependent lesion repair

Every DNA repair pathway has a certain sequence-dependent bias. For example, the rate
with which DNA glycosylases can splay a damaged base outside the DNA helix is likely
dependent on the adjacent bases and their ability to base-stack with the lesion and/or to
stabilize the repair complex [45]. A similar argument can be made for mismatch repair
(MMR) [46,47] and for nucleotide excision repair (NER) [48-50], where the lesion
identification step may be influenced by the sequence context around the lesion. The activity
of direct reversal DNA repair enzymes is also affected by sequence context. A study done in
living cells by Delaney et al., (2001) showed that the activities of bacterial CP-methyl-
guanine demethylases Ogt and Ada are both sequence-context dependent and distinct from
one another [37].

Additionally, lesion repair is generally responsible for the mutational asymmetry between
DNA strands (strand bias); the template strand in the actively transcribed regions benefits
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from transcription coupled repair (TC-NER) and therefore contains fewer lesions and
consequently fewer mutations than the non-transcribed strand [51].

c. Polymerase- and sequence-dependent lesion replication

The identity of the polymerase replicating across a DNA lesion is a key determinant of the
fidelity-outcome of the replication event. Many lesions require specialized polymerases in
order to be replicated, such as Y-family bypass polymerases. While as a class, bypass
polymerases are more error prone than the replicative polymerases, they can help bypass
certain lesions in an error-free manner. For example, the bulky benzo[a]pyrene diolepoxide-
derived guanine adduct is faithfully bypassed by pol kappa [52]; most of the mutations
introduced by this adduct seem to occur when the bypass is performed by pol eta [53]. By
contrast, UV-light induced pyrimidine dimers are bypassed error-free by pol eta [54], while
other Y-family polymerases, pol kappa and pol iota, are more likely to introduce errors when
bypassing the same lesions [55]. Additionally, auxiliary polymerases (e.g., pol zeta) are
required to extend from the mismatch introduced by a DNA lesion, as is the case with
aristolochic acid-adenine adducts [56]; in this case, the Y-family polymerases do not seem to
contribute to the formation of the mismatch [56].

Regardless of the polymerase involved, the fidelity of replication is also sequence-context
dependent; the bases immediately adjacent to the lesion [57,58] as well as more distant bases
[40] influence the outcome of the replication.

d. Reconstruction of a mutational spectrum from sequence-dependent mechanistic factors

Mathematically, one could envision each of the aforementioned three factors as an
independent contributor to the mutational spectrum characteristic of a mutational process;
therefore, the sequence-context frequencies of a given type of point mutation can be viewed
as the direct product (appropriately normalized) of the sequence-dependent frequencies of
lesion formation, lesion repair avoidance and lesion mutagenic bypass (Fig. 2). As detailed
in the next section, the classification of point mutations as a function of trinucleotide
sequence context enabled the construction of mutational spectra characteristic of a single
mutagen/carcinogen or characteristic of a defined mutational process. Therefore, in practice,
the model outlined in Figure 2 may be most useful in teasing out the sequence-dependent
contributions of lesion formation, lesion repair or lesion mutagenic bypass—mechanistic
aspects difficult to measure directly—to an already known mutational spectrum or one easily
accessed experimentally.

While complex, understanding the molecular mechanisms underpinning mutational
processes is key to measure accurately the mutagenic impact of known environmental agents
and establish the genetic and metabolic risk factors that shape the mutagenic properties of
those agents. Such knowledge can then translate into biomarkers and diagnostic tools, based
on mutagenesis measurements, as well as intervention points that can modulate the risk and
progression of mutational diseases (e.g., cancer, autoimmune diseases, neurodegeneration
and aging).
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3. Mutational signatures of human cancer

As the poster disease of mutagenesis gone awry, cancer and the carcinogenic process have
remained for decades largely intractable from the mutational mechanisms point of view due
to the complexity of the risk factors, and the sheer size of genomic space under analysis. The
analysis of inherited or acquired driver mutations in oncogenes and tumor suppressor genes
was generally insufficient to identify operative mutational processes and define causative
factors of mutagenesis.

The advent of deep sequencing enabled a significant leap in understanding the distribution
and diversity of mutations that accumulate in mammalian genomes, and in particular in the
cancer genome. Tumor sequencing efforts quickly led to the construction of massive
databases (e.g., COSMIC, TCGA) that contained the complete list of point mutations
accumulated in a cancer genome. Recently, data mining algorithms (e.g., non-negative
matrix factorization), pouring over these data, were able, for the first time to extract distinct
mathematical patterns of mutational distributions that ostensibly corresponded to
biochemically distinct mutational processes [11,12]. When evaluating primarily substitution
mutations, the three-nucleotide sequence context emerged as a variable that allowed workers
to start distinguishing among the many mutational processes that generate the same type of
point mutation. Introduction of additional biological insights, such as the strand bias of
certain mutations in transcribed regions, or the correlation of a particular spectrum with a
type of cancer led to further refinements of these patterns of mutations, which are called
mutational signatures [11,12,59,60].

There are currently at least 30 mathematically-derived mutational signatures that have been
extracted from data encompassing tens of thousands of individual tumor exomes and
genomes, from over 40 cancer types. Linear combinations of these patterns can be used, in
principle, to reconstruct the mutational spectrum of any sequenced tumor (or tissue with a
genetic disease), and thus provide insight on the explicit mutational processes (i.e.,
biochemical events) that have shaped the development of that malignancy [11,12].

For the purposes of this Perspective, we are making a distinction between mutational
signatures, which are at origin mathematical constructs deconvoluted from complex samples
using statistical models and simulations, and mutational spectra characteristic of a mutagen,
which denote the experimentally observed collections of point mutations in a specific
sample exposed to the mutagen. A mutational spectrum recorded under comparable
experimental conditions is highly reproducible (see the analysis of the AFB1 mutational
spectra below (Fig. 3); also Fig. S3 in Chawanthayatham et al. [61]). By contrast, the output
of the mathematical deconvolution of large data sets is highly dependent not only on the
choice of algorithm but also on the size, diversity and quality of the data. To illustrate this
point, the initial large scale study to identify recurring patterns of mutations in human
cancers (i.e., mutational signatures) found only 5 signatures [60]. The next iteration,
operating on a much larger dataset, found about 21 [59]. The collection of signatures
increased again to 30 when more data were considered and a more targeted analysis was
performed on a larger cohort of sequenced liver tumors [62]. Importantly, with each
iteration, some early signatures resolved into multiple, separate ones or became more refined
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in the process. Yet another even larger dataset is in the works that will expand the number of
mutational signatures even further (see the Perspective by David Phillips).

Nevertheless, the top-down approach, relying primarily on mathematical deconvolution of
large datasets, has yielded a number of impressive results. The mutational signatures of
several prevalent environmental carcinogens were identified: UV light (signature 7) [59],
B[a]P (signature 4) [59], AA (signature 22) [11,63,64] and AFB1 (signature 24) [62]. These
signatures were subsequently reproduced in simpler cell culture systems (signatures 4, 7,
and 22) [65] and in both cell culture and animal models (signature 24) [61,66,67],
engendering confidence in the causal link between mutagen exposure and the resulting
mutational spectrum. Additionally, for each of these agents, the biochemical steps that lead
to mutations, from the types of DNA lesions induced to the modulatory effects of DNA
repair and replication, are generally well understood, making them excellent candidates to
showcase the general molecular mechanism of mutagenesis outlined in the previous section.
One other mutational signature (signature 11) is strongly associated with the brain cancer
drug temozolomide treatment [11,59], and the observed dominant mutations (GC>AT)
reflect the properties of the most likely mutagenic DNA adduct generated by the agent
(O6mG). However, efforts to reproduce this signature in simpler, cell culture systems have
not been successful yet (see the Perspective by David Philips).

Another subset of the identified mutational signatures strongly correlates with deficiencies
in various aspects of DNA repair. Signature 3 reflects deficient DNA double-strand break
repair by homologous recombination, usually due to loss of function of the BRCAL or
BRCAZ2 proteins [11,59]. Signatures 6, 15, 20, 26 all correlate with defective MMR [11].
Signature 10 reflects the activity of an exonuclease-deficient (error-prone) pol epsilon, one
of the major replicative polymerases [59,68]. Signature 18 seems to reflect the absence of
the MUTYH glycosylase, the key enzyme responsible for preventing the mutagenesis of 8-
oxoguanine, a prevalent DNA oxidation damage [69,70]; however, a subsequent study
suggested that signature 18 may be specific only to certain cancers, and proposed an
additional signature (albeit very reminiscent of signature 18) to reflect MUTYH deficiency
and 8-oxoguanine mutagenesis [71]. The new pattern was referred as signature 36 [71], and
it is yet to be added to the curated list of signatures on the COSMIC site (https://
cancer.sanger.ac.uk/cosmic/signatures). Finally, signature 30 has been recently associated
with a defective NTHL1 glycosylase [72].

Each of the signatures above likely reflects a collection of mutational processes, initiated by
several different DNA lesions that are the primary substrates of each of the repair pathways
indicated. Related to this subset of signatures is signature 1, commonly thought to reflect the
deamination of 5mC in CpG islands. As the deamination product—a T~G mismatch—is a
substrate for both BER (via the TDG or MBD4 glycosylases) and MMR, the appearance of
these mutations can be interpreted as a deficient or incomplete repair process. The other
highly prevalent signature (signature 5) has been suggested to reflect, in part, a deficiency in
the NER pathway, and in particular, a defect in the core protein ERCC2 [73,74].

The remaining mutational signatures have poorly characterized etiologies, reflecting
potentially complex mechanisms. One signature worth mentioning here is signature 16,
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which has been strongly associated with chronic alcohol exposure [62,75,76]; however,
neither the operative DNA lesions nor the modulating repair processes are currently known
for this signature.

4. Aflatoxin B; — a potent hepatocarcinogen

The discussion above lays out the intellectually appealing view that the mutational spectra of
mutagens/carcinogens, either experimentally-determined or mathematically derived from
large datasets, feature a finer substructure that reflects the explicit biochemical contributions
of lesion formation, repair and bypass. A further deconvolution of a mutational spectrum
into its mechanistic components (Fig. 2) would allow molecular explanations for the
correlative metadata and other biological insights that often accompany mutational spectra/
signatures (e.g., genetic background, strand bias, characteristics of the cellular
microenvironment, etc.), and provide deeper insight into the molecular origins of
carcinogenesis. This Perspective closes using a recent example from the literature — AFB1,
which provides a richly detailed mutational spectrum ripe for deconvolution.

The mycotoxin AFB1 is a human liver carcinogen associated with more than 700,000
primary hepatocellular carcinoma (HCC) deaths worldwide each year [77-81]. Aflatoxin is
carcinogenic alone, but its potency is amplified at least 60-fold by concurrent hepatitis B
viral infection [82,83]. Both fungal contamination of crops and viral hepatitis are endemic
factors in the developing world (specifically, sub-Saharan Africa, Central and South
America, Southeast Asia), making HCC one of the leading cause of cancer death in the high
risk areas [80]. Additionally, recent studies have shown that early life exposures to the toxin,
including in utero exposures, come with an amplified risk [84,85], while exposure during
pregnhancy can magnify the deleterious consequences of the toxin for the mother [86].

Despite decades of research on AFBL, there is still an unmet medical need for timely
detection of aflatoxin-induced HCC and effective therapeutic strategies. To address these
challenges, most recent work in this area has focused on characterizing and detecting early
the mutational processes that underlie AFB1-induced carcinogenesis [61,66,67].

a. Mutational spectra of AFB1 in vivo

The association between aflatoxin exposure and HCC has been long established, but the
mutational signature of aflatoxin in human HCC emerged only a few years ago. The initial
large scale study that enumerated a majority of mutational signatures [59] found many
signatures operating in liver cancer, suggesting that HCC in humans has diverse etiologies.
In an attempt to stratify the disease, an enlarged dataset was developed that led to a
mutational signature (signature 24) that likely reflects, based on tumor sample metadata,
exposure to AFB1 [62]. Figure 3E shows a version of signature 24 replotted such that the
triplet sequence contexts depict the mutations at purines (rather than pyrimidines);
additionally, the data are normalized to the triplet frequencies characteristic of the human
genome (calculated using the SomaticSignatures package [87] applied on the GRCh38
human reference genome), thus reflecting the mutational distribution when all triplets occur
with equal probability. Such plotting captures better the underlying mechanistic elements of
the mutational spectra, such as the propensity to generate more DNA damage, avoid repair
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and/or lead to misreplication in a particular sequence context. Signature 24 is dominated by
G—T transversions, which are characteristic of the AFB1 adducts [88-92]. A follow-up
study further examined the presence of signature 24 in more samples, as well as some time-
dependent changes of the proportion of these mutations during the carcinogenic process
[75].

Efforts to demonstrate a direct causal link between AFB1 exposure and emergence of
mutational signature 24 in tissues followed. In one study [67], the group of Steven Rozen
exposed a human liver cell line (HepG2) to AFBL1 in cell culture. Several surviving cells
were expanded clonally and subjected to whole-genome sequencing [67]. In a parallel
experiment, male mice were exposed to a single large dose of AFBL1 in the first week of life;
a year and a half later, all mice developed liver tumors, which were collected and subjected
to whole-genome sequencing [67]. Typical mutational spectra from these two experiments
are reproduced in Figure 3, panels D and F, once again, replotted from the perspective of the
mutations at purines, and normalized for triplet frequency occurrence.

Our laboratory has been interested in evaluating the mutagenic imprint of AFB1 in vivo at a
time point close to the exposure period, and long before the carcinogenic process is set in
motion [61,66]. Accordingly, a transgenic mouse model (similar to the one used in the study
above) was exposed to a single dose of AFBL1 in the first week of life. Previous work had
shown that this exposure protocol induces liver cancer in 100% of the male mice by 72
weeks of life. We, however, sacrificed a cohort of treated mice at 10 weeks, a time point at
which the treated livers are indistinguishable from controls, and extracted the DNA to look
for a possible early-onset mutagenic imprint of AFB1. Given the heterogeneity of the
mutations and their relative rarity in the exposed tissues, standard next-generation
sequencing techniques would have not been sensitive enough to detect the AFB1-induced
mutations at this early time point. Thus, we turned to an ultra-high fidelity sequencing
technique, denoted duplex consensus sequencing (DupSeq), developed by our collaborator,
Lawrence A. Loeb [93-95]. This technique is at least three orders of magnitude more
sensitive than traditional next-gen sequencing, affording accurate detection of mutations as
infrequent as 1 in 107108 bases. The resulting mutational spectrum of AFB1 in 10 week old
livers, denoted A-10, is shown in Figure 3. In a separate experimental arm, the mice were
raised until 72 weeks, at which point they had all developed liver tumors. We isolated the
normal hepatocytes surrounding the tumors, as well as the tumors themselves, and analyzed
both samples by DupSeq [61,66], yielding the spectra A-72H (hepatocytes at 72 weeks post
AFB1 exposure) and A-72T (tumors) (Fig. 3).

Of note is that the tumor spectrum is visibly more complex than the tumor spectrum reported
by Huang and co-workers [67]. The difference is likely due to the sequencing technology
used. The whole-genome sequencing performed by Huang et al. primarily captures clonal
mutations that are present in a large number of tumor cells; accordingly, such mutations
must have occurred early in tumorigenesis, and thus they closely reflect AFB1-induced
mutations (Fig. 3). By contrast, owing to the high fidelity of DupSeq and the ability to
analyze a heterogenous population of cells directly, A-72T captures the mutations that have
occurred during the most recent replication cycles. Such mutations contribute to the tumor
heterogeneity and are likely contributed by mutational processes other than those provoked
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by mutagenic replication of the initial AFB1 adducts. Accordingly, the contribution of the
AFB1 mutational process (i.e., the A-10 spectrum) is diminished, accounting for only ~30%
of mutations in A-72T [61]. This phenomenon of dilution of the mutations generated by
older mutational processes by more recent mutations characteristic of other mutational
processes has also been observed in human tumors. A careful analysis of tumor cell lineage
and clonality revealed that in certain human HCCs, an initiating mutational spectrum
induced by AFBL1 is essentially drowned out by subsequent mutational processes that drive
the later stages of carcinogenesis [75].

There are remarkable similarities among all the mutational spectra (with the exception of
A-72T) directly recorded following exposure to AFB1 and human mutational signature 24
(cosine similarity 0.9 or greater)(Fig. 3). The salient features—the dominant G—T
transversions concentrated in the CGC and CGG sequence contexts, and a small proportion
of G—A transitions primarily in the CGN contexts—are evident across all spectra.
Additionally, the different experimental conditions used to generate the different the
mutational spectra in Figure 3 provide additional insight into the mutational process
characteristic of AFB1 exposure. The spectrum obtained from liver cell culture suggests that
AFB1 mutagenic imprint does not require extrinsic factors, such as inputs/stimuli from
immune cells; the metabolic activation of the toxin by P450 cytochromes is sufficient to
induce the characteristic DNA damage and subsequently mutations. The A-10 mouse
spectrum teaches us that the AFB1 mutational spectrum takes hold in the mouse liver within
the first 10 weeks of life. Furthermore, the AFB1 mutational spectrum is persistent, as
evidenced by both A-72H hepatocytes spectrum at 72 weeks and the mouse tumor spectrum
in the Huang et al study, which largely reflects the early, clonal mutational events. Finally,
the similarity between mouse spectra and human Signature 24 indicates that the mouse
model is an excellent approximation of the consequences of human exposure to AFB1, at
least from the point of view of the exposure spectrum, which presumably recapitulates
AFB1 metabolic activation, formation of DNA lesions, and the contributions of repair
pathways and mutagenic replicative bypass acting on the AFBZ1-induced lesions.

b. Contribution of lesion formation to the AFB1 mutational spectrum

The mutational process of AFB1 is summarized in Figure 4. The mycotoxin is readily
absorbed in the gut and reaches the liver through the portal circulation. Inside hepatocytes,
AFB1 is bio-activated by several Phase | metabolic enzymes (cytochrome P450s) to the
highly reactive species, the exo-AFB1-8,9-epoxide. The epoxide is stable enough to diffuse
into the nucleus and, owing to its planar structure, intercalates in genomic DNA [96,97].
This interaction lines up the epoxide to react by an SN, mechanism with N7 atom of
guanine, forming the initial DNA damage product, the AFB1-N7-guanine (AFB1-N7-Gua)
adduct [98]. Over time, the adduct may lead to an abasic site through depurination; or it can
react with water to form two very chemically and biologically stable formamidopyrimidine
(FAPY) adducts: FAPY | (or FAPY minor), which corresponds to the B-anomer of the
deoxyribose, and FAPY Il (or FAPY major), which corresponds to the a-anomer. The
AFB1-N7-Gua and FAPY | DNA adducts are mutagenic; when replicated, they mispair
primarily with adenine, leading to G—T transversions [88-92], but they also generate a
small amount of G—A transitions [88-92]. The FAPY Il adduct is strong block to
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replication [90]. The AFBL epoxide can also react, to a small extent, with adenine,
generating the N7 adduct.

All AFB1-epoxide interactions with DNA, from intercalation through DNA adduct
formation, are known to be strongly influenced by the sequence context [20,96,97,99-107].
A careful, systematic study by Edward Loechler investigated the propensity of the AFB1-
epoxide to form adducts in vitro when the target guanine is present in a large variety of
pentanucleotide sequence contexts [106]. The data highlighted the vastly different
reactivities of the AFB1-epoxide in various sequence contexts, indicating that the formation
spectrum of AFB1 adducts is rugged. Several patterns emerged, such as the reaction
preference for contexts with at least two adjacent guanines [106].

c. Contribution of lesion repair to the AFB1 mutational spectrum

DNA repair pathways considerably shape the mutagenic outcomes of the DNA adducts
induced by AFB1. Of particular note is the observation that the most mutagenically
consequential AFB1 adduct, AFB1-FAPY minor, is only partially repaired, perhaps owing to
its property to cause minimal disruption of DNA structure. Supportive of this conclusion are
studies that have measured the persistence of this adduct in the livers of animals acutely
exposed to a high dose of AFB1 [24,108,109]. The primary repair pathway that can remove
the AFB1-FAPY adducts is NER [109,110]. Also in support of this repair modality is the
observed strong mutational strand bias present in transcribed genomic regions (in signature
24 [11,62] and in the AFB1-induced spectra in cells and animals [67]), which is
characteristic of a lesion processed by TC-NER [51]. Base excision repair (BER) likely
complements NER for repair of AFBL1 lesions, as evidenced in a recent study showing the
involvement of NEIL1 endonuclease in modulating the toxic and mutagenic effects of AFB1
exposure; these recent studies suggest that NEIL1 and BER play a role in the repair of
AFB1-FAPY adducts [111].

d. Contribution of lesion mutagenic bypass to AFB1 mutational spectrum

The identity of the polymerase that introduces the adenine opposite the AFB1 adducts, and
thus responsible for the mutagenic effects of the toxin varies with the type of adduct. The
AFB1-N7-Gua (Fig. 4) adduct is replicated in an error-free manner by both the mammalian
replicative polymerase pol delta and the mismatch extension polymerase pol zeta [91]. The
characteristic mutations induced by the AFB1-N7-Gua adduct (~86% G—T, ~12% G—A)
manifest primarily when replicated by TLS polymerases, such as pol kappa and to a lesser
extent pol eta [91]. This result is consistent with earlier work in which the site specific
AFB1 adduct was replicated in SOS-induced bacteria [88]; however, the lower mutation
frequency observed in bacteria suggests that bacterial TLS polymerases are more efficient at
error-free bypass of the adduct than mammalian ones. The involvement of bypass
polymerases is also consistent with the geometry of the mispairing, which requires the
adducted guanine to rotate to a sy conformation [112]. Naturally, Y-family polymerases
featuring larger active sites can better accommodate such molecular gymnastics.

The other, much longer-lived AFB1 adduct, AFB1-FAPY 1, is treated quite differently by the
replication machinery. Although both adducts intercalate in the DNA on the 5" face of the
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modified guanine [96,97], and they both induce predominantly G—T mutations (AFB1-
FAPY | generates ~90% G—T, ~8% G—A), the responsible polymerases seem to be
different. Unlike the AFB1-N7-Gua adduct, the AFB1-FAPY I is a replication block for
replicative polymerases (such as pol delta) [92], and thus it requires TLS. However, Y-family
polymerases, pol kappa, eta and iota, were shown to be inefficient at replicating past the
FAPY adduct [92], although in vitro, pol kappa was able to catalyze the mutagenic
mispairing with A. Instead, the main polymerase responsible for the mutagenic bypass of the
AFB1-FAPY | was found to be the B family polymerase pol zeta [92]. Pol zeta introduced
both the incorrect A opposite the lesion and extended several bases from the mismatch [92].
Such involvement of pol zeta in TLS has been observed for other lesions. The bulky adenine
adduct generate by AA also requires pol zeta for mutagenic bypass, while the Y-family
polymerases have only a very minor contribution [56].

6. Perspective and Conclusion

Mutational spectra of mutagens are mechanistically informative biomarkers of exposure, and
accordingly have powerful medical applications. Understanding the biochemical and genetic
mechanisms underlying a mutagenic event can lead to disease prevention and early
detection. In this vein, the appearance of an early onset biomarker mutation associated with
AFBL1 carcinogenesis, one that appears long before the tumor becomes clinically relevant
[61,66], could give an opportunity for surgical intervention at a time at which tumors are
treatable. Hence, mechanistic studies on the factors that mold mutational spectra uncover
fingerprints that can eventually be used for early detection of tumors caused by specific
genotoxic agents. Such medically relevant early warning systems will arise from further
study of the sequence-dependent contributions of formation, repair and replication of DNA
damage.
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Fig. 1. The mechanistic components behind a mutagenic process
Almost all mutations can be traced back to a sequence of events in which first, the DNA is

chemically altered by reactive species generating a DNA lesion (L1, L2, L3, etc.; left panel).
Several sources of reactive species are depicted: exogenous chemicals, such as aflatoxin B1
and inflammatory mediators (paths 1a and 3); inflammation and associated processes that
generate endogenous reactive species (reactive oxygen, nitrogen and halogen species; path
1b), as well as secondary reactive products (path 2; lipid oxidation-derived aldehydes);
endogenous enzymes that directly modify DNA bases (APOBEC family deaminases). One
additional pathway that leads to DNA lesions is the incorporation of a damaged nucleotide,
generated by some of the same reactive species above (path 4). Most lesions are typically
detected and repaired by the DNA repair pathways, before they get a chance to be replicated
(middle panel). Finally, during replication, the DNA lesion may miscode, leading to a
mismatch. In a subsequent replication, or during an attempt at mismatch repair, this
mismatch will lead to a point mutation (right panel).
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Fig. 2. A mathematical model of the fundamental elementsunderlying a mutational spectrum
The context-specific mutational probability associated with a mutational process (i.e.,

mutational spectrum) can be reconstructed from context-specific lesion formation, lesion
repair and lesion mutagenic bypass probabilities, in a given genetic background. For each
sequence context i, the mutational probability ms; reflects the product of the probabilities
that the lesion forms in that sequence context (pP;), the lesion persists (i.e., avoids repair) in
that sequence context (p i), and the lesion miscodes (i.e., introduces a mutation) in that
sequence context (p™;).
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Fig. 3. Mutational spectra of aflatoxin By
Spectra shown in panels A, B and C are from Chawanthayatham et al., 2017, where a single

dose of AFB1 was given to male mice in the first week of life. At 10 weeks, the mutations in
their livers were enumerated using duplex consensus sequencing (spectrum A-10). At 72
weeks, the tumor cells were separated from the surrounding liver hepatocytes and analyzed
separately, yielding spectra A-72T (tumor) and A-72H (hepatocyte fraction). Spectra shown
in panels D and F were derived from Huang et al. 2017. Male mice exposed early in life to a
single AFB1 dose were raised until tumors developed, which were then analyzed using
whole genome sequencing (Panel D). HepG2 cells were exposed to AFB1 in cell culture,
and then subjected to Whole Genome Sequencing (Panel F). Panel E shows human signature
24, as reported by Schulze et al. 2015, and on the COSMIC website. The x axis denotes
triplet contexts for point mutations from the standpoint of purine-originated mutations; the
order of triplets, however, is the same as the one shown in other published studies reporting
mutational signatures. All spectra were normalized to reflect point mutation frequencies
when trinucleotide oligomers occur with equal probabilities.
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The structure of aflatoxin B, and the DNA lesions induced by the metabolically-generated
AFB1-ex0-8,9-epoxide: AFB1-N7-G, AFB1-FAPY-I (FAPY minor), and AFB1-FAPY-I1I

(FAPY major).
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