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Abstract

Chronic dietary exposure to aflatoxin B; (AFB1), concomitant with hepatitis B infection is
associated with a significant increased risk for hepatocellular carcinomas (HCCs) in people living
in Southeast Asia and sub-Saharan Africa. Human exposures to AFB; occur through the
consumption of foods that are contaminated with pervasive molds, including Aspergillus flavus.
Even though dietary exposures to aflatoxins constitute the second largest global environmental risk
factor for cancer development, there are still significant questions concerning the molecular
mechanisms driving carcinogenesis and what factors may modulate an individual’s risk for HCC.
The objective of this review is to summarize key discoveries that established the association of
chronic inflammation (most commonly associated with hepatitis B viral (HBV) infection) and
environmental exposures to aflatoxin with increased HCC risk. Special emphasis will be given to
recent investigations that have: 1) refined the aflatoxin-associated mutagenic signature, 2)
expanded the DNA repair mechanisms that limit mutagenesis via adduct removal prior to
replication-induced mutagenesis, 3) implicated a specific DNA polymerase in the error-prone
bypass and resulting mutagenesis, and 4) identified human polymorphic variants that may
modulate individual susceptibility to aflatoxin-induced cancers. Collectively, these investigations
revealed that specific sequence contexts are differentially resistant against, or prone to, aflatoxin-
induced mutagenesis and that these associations are remarkably similar between in vitro and in
vivo analyses. These recent investigations also established DNA polymerase C as the major
polymerase that confers the G to T transversion signature. Additionally, although the nucleotide
excision repair (NER) pathway has been previously shown to repair aflatoxin-induced DNA
adducts, recent murine data demonstrated that NEIL1-initiated base excision repair was
significantly more important than NER relative to the removal of the highly mutagenic AFB1-
Fapy-dG adducts. These data suggest that inactivating polymorphic variants of NEIL1 could be a
potential driver of HCCs in aflatoxin-exposed populations.
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1. Introduction

1.1. Discovery and acute toxicities

Aflatoxins are a group of closely-related chemical structures that are produced by fungal
strains of Aspergillus flavus and Aspergillus paraciticus (reviewed in [1,2]). The discovery
of the biological importance of aflatoxins dates to the late 1950s and early 1960s when they
were identified as the causative agent(s) associated with large numbers of poultry (turkey
poults, ducklings, and chicks) deaths described as “turkey X syndrome. The source of this
acutely-toxic exposure was identified as A. flavus contaminated peanut meal [3-5]. These
investigations were corroborated using A. flavus-contaminated nut extracts to induce liver
toxicity in ducklings and liver cancer in rats. Acute toxicities from ingestion of foods
contaminated with A. flavus or A. paraciticus are not limited to these species, but include
humans in which outbreaks of acute aflatoxicosis are documented, with symptoms including
vomiting, abdominal pain, pulmonary edema, fatty liver, liver necrosis and potential death
(reviewed in [1]). These geographically-localized outbreaks have been documented in India,
Kenya, and Malaysia in which fungal-contaminated corn was the common source of the
acute toxicity and deaths. However, corn is not the only food stuff that can routinely be
contaminated with these molds but includes peanuts, milo, sorghum, copra, and rice [2].
Overall, the world-wide burden of aflatoxin exposure was previously estimated to affect ~5
billion people (reviewed in [6]) and this estimate is likely to underestimate current
population exposures. However, systematic efforts to reduce aflatoxin exposures in China
through food policy reforms to minimize maize and maximize rice consumption have greatly
reduced primary liver cancers and biomarkers of aflatoxin exposure [7,8]. The reductions in
HCCs are also the manifestation of comprehensive efforts toward universal vaccination
against hepatitis B virus (HBV) in China [7,9].

1.2. Biomarkers of exposure

Although the severity of symptoms associated with acute aflatoxicosis highlights the short-
term dangers associated with ingestion of foods contaminated with these molds, the scope of
the adverse human health effects from routine consumption of foods contaminated with sub-
acute levels of aflatoxins affects orders of magnitude more humans than compared to those
who experience acute disease. To understand these relationships, it was necessary to develop
aflatoxin-associated biomarkers of human exposure, geographic mapping of aflatoxin-
producing molds and other potential contributing etiological factors such as chronic
inflammation due to hepatitis B and C viral (HBV and HCV) infections and alcohol
consumption with liver disease and HCCs.

To establish biomarkers of exposure, it was necessary to determine the structures of the
aflatoxins that are produced by various strains of these molds, understand the bioactivation
and detoxification pathways, characterize a subset of biologically relevant macromolecules
modified by activated aflatoxins, and develop ultra-high sensitivity assays to quantitate these
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modified end-product macromolecules. The core structure of the four aflatoxins produced by
A. flavus is a substituted coumarin, linked to a dihydrofuran moiety and are designated
AFB1, AFB,, AFG1, and AFG,. The “B” abbreviation designates structures with a blue
fluorescence, while the “G” denotes green fluorescence. The toxigenic strains of A. flavus
produce AFB1, the most common and abundant form of aflatoxin and has the greatest
carcinogenic potential (reviewed in [1,2]). Thus, AFB1 has been the most extensively
studied of these molecules in terms of metabolic pathways, biomarkers of exposure,
mutagenic and carcinogenic analyses.

As ingested, AFB1 is not reactive with other cellular macromolecules such as DNA, RNA or
proteins. In the liver, AFB1 undergoes either hydroxylation to molecules that are not
associated with carcinogenesis or oxidation at the 8, 9 position to form both the exo- and
endo- epoxides that have significant biological impacts (reviewed in [10]). The liver
cytochrome P450 that is predominantly responsible for this bioactivation is CYP3A4 [11],
with potential contributions from CYP3A5 [11,12], CYP3 A7 and CYP1A2 (predominantly
extra-hepatic).

The cellular environment to process the AFB4 8,9 exo-epoxide is critical for determining
subsequent biological impacts of aflatoxin exposures. Detoxification pathways primarily
involve conjugation via reaction with glutathione S-transferases and potential contributions
of microsomal epoxide hydrolase (reviewed in [13,14]). It is the knowledge of the
bioactivation and detoxification pathways that has identified strategies for the design of
chemoprevention trials to reduce or prevent aflatoxin-associated HCCs. Specifically, the
upregulation of detoxification pathways has been the subject of intensive investigations since
efforts to tip the balance toward inactivation of the aflatoxin epoxide is strongly anticipated
to decrease DNA lesion burden and subsequent mutagenic and carcinogenic outcomes [15—
17]. The fundamental design of dietary interventions (such as routine consumption of
sulforaphane via broccoli or broccoli sprouts) in aflatoxin-associated HCC is based on
transcriptional upregulation through Keap1-Nrf2-ARE signaling (reviewed by [1,18]). The
molecular basis for this intervention is based on the binding of sulforaphane with Keap1,
which in turn disrupts poly ubiquitinated-mediated proteasomal degradation of Nrf2.
Maintaining elevated levels of Nrf2 allows for enhanced transcription of Nrf2 target genes
that confer cytoprotective responses and suppress carcinogenesis.

In utero exposures - biological significance

The balance between inactivation of the aflatoxin epoxides as glutathione conjugates and
formation of DNA adducts is also a critical issue for /n utero exposures. Due to the
pervasiveness of aflatoxin exposures in many portions of the world, it is of critical
importance to understand the potential for adverse effects on fetal development and long-
term susceptibility to early onset HCCs. Smith et al have reviewed 10 human and 17 animal
cross-sectional studies regarding aflatoxin exposures and adverse birth outcomes and anemia
[19]. In humans, a fetal form of CYP3 A4 can be found within 2 months of conception and
thus, following maternal ingestion of aflatoxin and transplacental transport, the developing
fetus has the potential to activate aflatoxins to the 8,9 epoxide. This bioactivation, coupled
with reduced levels of /n utero glutathione-S-transferases, could significantly increase the
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fetal burden of DNA adducts. These human investigations are consistent with in utero
investigations in mice in which AFB; metabolism favors increased DNA damage during
fetal development [20]. These increased DNA adduct levels in mice during fetal exposures
also translated to increased mutagenesis in 10-week-old animals, in which mutation
frequencies in mice exposed to aflatoxin /n utero were up to 20-fold higher than the adult
[21]. These data highlight and reinforce the need to minimize human exposures, especially
during pregnancy.

1.4. HBYV infection as the primary driver of HCCs - the role of chronic inflammation

Numerous epidemiologic studies have established overwhelming evidence correlating
increased risk of developing HCC with chronic HBV infection and this risk ratio has been
reported to range from 6- to ~100-fold in carriers vs non-infected [22]. Further, the
probability of developing HCCs is well correlated with the relative stage of the disease.
These conclusions are strongly reinforced in a recent study that reports a 25-year prospective
analysis of HBV infection and HCC in Qidong, China [23]. This study followed a total of
approximately two thousand individuals with either positive or negative hepatitis B surface
antigen (HBsAg). The ratio of HCC incidence was 12.3 in BHsAg positive versus negative
populations and this ratio increased to 28.1 when comparisons were made between
individuals who were both HBsAg positive and hepatitis B e antigen (HBeAg) positive
relative to negative controls.

In addition to the relative extent of HBV-induced disease progression being a predictor of
HCC onset, mutations in the HBV DNA genome are also known to modulate HCC risk
ratios. Previously, a double mutation in the HBV basal core promoter (A1762T/G1764A)
was found to be associated with increased risk in HCC formation (reviewed in [24]).
Although the above-mentioned 25-year retrospective cohort did not confirm that this double-
mutation was sufficient to produce statistically significant associations with HCC
development, addition of mutations at positions 1766 and 1768 significantly elevated risk
ratios, under-scoring the importance of DNA variants in HBV-associated disease.

The combined effects of HBV infection and aflatoxin exposures on the risk for developing
HCCs has been rigorously documented in HCC patients and control populations in southern
China [25]. In this study, biomarkers of HBV, aflatoxin and oxidative stress (as measured by
AFBj-albumin adducts and protein carbonyl content) were significantly higher in HCC
patients relative to age, gender, and HBV serotype-matched groups. These data suggest a
strong correlation between HBV infection and oxidative stress in combination with aflatoxin
exposures. Further stratification of HCC patients in Guangxi, China relative to HBV status
and aflatoxin exposure revealed that there are regions of chromosomal alterations (both gain
and loss), effecting copy numbers of oncogenes, tumor suppressor genes and genes
associated with drug metabolism and detoxification pathways. [26]. This study also reported
strong correlations of aflatoxin-associated HCCs and elevated levels of aldo-keto reductase
family 1 member BIO (AKR1BIO), an enzyme frequently over-expressed in many solid
tumors; however, the mechanism underlying this relationship has not yet been elucidated. In
addition to establishing the interrelationships of HBV infection and oxidative stress in HCC
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causation, similar correlations have been established for the role and dose response of
aflatoxin exposure for increased risk of cirrhosis and cirrhotic HCC [27].

2. AFB; DNA adducts

Following ingestion and activation by liver microsomal enzymes, the intermediate AFB1-
epoxide intercalates in duplex DNA on the 5” side of guanine and can form a covalently-
bound adduct at N7 guanine, yielding the #rans-8,9-dihydro-8-(N7-guanyl)-9-hydroxy-
aflatoxin B4 adduct, (AFB1-N7-dG) (Fig. 1A) [28-30]. Kinetic analyses of the formation
and disappearance of AFB1-DNA adducts revealed that about 20% of the initial,
quantitatively abundant, cationic AFB1-N7-dG lesions are converted to the ring-opened
trans-8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxy
aflatoxin B; (AFB;-Fapy-dG) adduct (Fig. 1B) within 24 h after a single dose, while the
remainder of the N7 adducts underwent spontaneous depurination. Thus, the AFB1-Fapy-dG
adducts become the dominant DNA damage detected in cellular DNA 72 h post exposure,
comprising up to 80% of all known AFB;-induced lesions [31]. Recent investigations have
significantly improved measurements of aflatoxin-induced base adducts, including AFB1-
N7-Gua and both diastereomers of AFB-Fapy-Gua using liquid chromatography-tandem
mass spectrometry [32]. Assay optimization was conducted on DNAs derived from mouse
livers in which mice had been treated with AFB; in DMSO or DMSO controls. These
analyses also revealed a significant aflatoxin-mediated accumulation of (5’R)- and
(5”S)-8,5’-cyclo-2"-deoxyadenosines, thus reinforcing the potential for aflatoxin exposures
to increase oxidatively-induced DNA damage.

The chemical stability of the AFB1-Fapy-dG adduct is consistent with the long half-lives of
many ring-fragmented purines. The persistence of the AFB1-Fapy-dG adduct in cells can be
at least partially attributed to its intercalation into duplex DNA as detected by NMR and
consequent stabilization of the DNA as measured by increased melting temperature [33].
The AFB;-Fapy-dG adduct is in a chemical equilibrium between a and p deoxyribose
anomers [34], with the p-anomer favored in duplex DNA and the a-anomer favored in
SSDNA.

3. Mutagenic potential of AFB; DNA adducts

3.1.

Prokaryotic mutagenesis

A variety of experimental designs have been utilized in bacterial systems to evaluate the
mutagenic potential of metabolically activated AFB; [35-37]. Mutation frequencies and
spectra were established for both the AFB1-N7-dG adduct and the AFB1-Fapy-dG structural
mixture [37] and estimates of replication blockage were inferred from viral progeny yields.
Using site-specifically modified DNAs that were engineered into a single-stranded M13mp7
shuttle vector and replicated in SOS-induced Escherichia coli, it was determined that the
AFB1-N7-dG adduct was weakly mutagenic (4%), while the mutagenic potential of AFB1-
Fapy-dG adducts was 32%. The mutation spectra were dominated by G to T transversions,
highly consistent with the mutation spectra found in tumors associated with aflatoxin
exposures. The yield of replicated M13mp7 progeny showed that the single-stranded shuttle
vectors containing the AFB1-N7-dG adduct was ~100-fold higher than the comparable Fapy
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adduct. Bypass of the AFB-Fapy-dG containing vectors was highly dependent on the
inducible expression of the UmuCD complex, DNA polymerase V.

3.2. Eukaryotic mutagenesis

Molecular epidemiological studies have revealed a prevalent mutation hot spot at codon 249
in TP53 (AGG to AGT) yielding a coding change of R249S in “50% of HCCs in regions of
the world with high HBV infection and aflatoxin exposures [38—40]. Strikingly, this specific
mutation is not abundant in other cancers or in portions of the world with minimal aflatoxin
exposures [41-45]. Further stratification of HBV-associated HCCs with regard to aflatoxin
risk revealed that this specific G to T transversion was strongly associated with aflatoxin
exposure [43,45]. Consistent with these data, when cultures of mouse embryo fibroblasts
(MEFs) that were harboring multiple copies of a mutation reporter gene, the ¢// transgene,
and were treated with activated AFB4, G to T transversions dominated the mutation spectra,
with two of the reporting sequence contexts being identical to the 249 codon of TP53 [46].
Similarly, data derived from using a rat /ac/transgenic model with aflatoxin exposure
showed an ~20-fold increase in mutation frequency that was dominated by Gto T
transversions [47]. However, in addition to G to T transversions, significant increases in G to
A transitions were reported using a double-stranded shuttle vector, pS189, that had been
reacted with the activated aflatoxin epoxide [48]. These data also demonstrated that there
was not a one-to-one correspondence between the level of adducts at a specific site and the
mutation frequencies and that NER repair-deficient cells were more mutation prone.

In addition to these random non-targeted mutagenesis studies, the mutagenic potential of the
site-specific N7 cationic AFB4 and AFB1-Fapy-dG adducts have also been determined by
engineering these adducts into oligodeoxynucleotides and introducing them into single-
stranded pMS2 DNA [49]. Following replication of both control and modified DNASs in
COS-7 cells, and subsequent evaluation of mutagenic replication, these data showed that the
cationic AFB1-N7-dG adduct had an overall mutation frequency of 45% with > 80% of these
mutations being G to T [50]. The mutation spectra for AFB1-Fapy-dG were 86% G to T, 8%
G to A, and the remaining 6% a mixture of G to C and single nucleotide deletions [49]. The
mutation frequency associated with replication bypass of the AFB1-Fapy-dG adduct was
exceptionally high (> 97%); to the best of our knowledge, this mutation frequency is the
highest of any known carcinogen.

4. Translesion synthesis of aflatoxin DNA adducts

In addition to elucidating the mutation spectra and frequencies for the N7-AFB4-dG and
AFB1-Fapy-dG adducts, studies were also conducted to assess which DNA polymerases
might be able to catalyze translesion DNA synthesis past these adducts [49,50]. Since the
shuttle vector data had shown that N7-AFB4-dG adduct was accurately by-passed in > 50%
of replication events in sSDNA, it was important to ascertain which polymerase(s) had the
capacity to incorporate and extend a dC opposite the lesion. Although DNA adducts as large
as aflatoxin were anticipated to be complete blocks to replicative polymerases, DNA
polymerase delta (pol &) was able to replicate past the N7-cationic species, albeit at greatly
reduced efficiencies [50]. This bypass was dominated by error-free incorporation of dC.
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Further analyses using DNA polymerase zeta, kappa, eta, and iota (pol ¢, pol «, pol 1, pol v,
respectively) were conducted. DNA pol C preferentially incorporated the correct dC opposite
the lesion with less efficient insertions of dA, dG and dT. Pol x displayed no preferential
incorporation of any of the dNTPS, while pol n preferentially incorporated dA and dG. Pol 1
preferentially incorporated dC and dT. pol C and pol « preferentially extended a correct dC
opposite the adduct, while pol n and pol x extended both matched and mismatched primers.
Overall, these data suggest that pol C, pol v, and replicative polymerases such as pol 6 could
be responsible for error-free bypass and extension of N7-AFB1-dG adducts, while pol x and
pol n may be sufficient to generate the G to T and G to A mutations.

In contrast to the complex picture of incorporation and extension past the N7-AFB1-dG
adduct, studies examining replication of DNAs containing a site-specific AFB-Fapy-dG
adduct showed that pol G was likely the only polymerase that could conduct translesion
DNA synthesis [49]. In accord with the mutagenesis data from /n vitro cell culture, animal
models, and human tumors, pol C preferentially incorporated dA opposite the ring-opened
aflatoxin adduct and would only extend from a mismatched dA. These data suggested that
there may be an exclusive role for pol ¢ in bypass of the AFB;-Fapy-dG adduct.

Based on the biochemical data identifying a predominant/unique role for pol G in replication
past AFB1-Fapy adducts, it was hypothesized that cells deficient in this polymerase would
be very sensitive to the cytotoxic effects of exposure to aflatoxin. To test this hypothesis,
isogenic pol C-deficient (Rev3L™""), -proficient (Rev3L*"), and human Rev3L
complemented (Rev3L™'~ + hRev3L) mouse embryonic fibroblasts [51-56] were treated
with AFB; that had been activated with rat liver microsomes [57]. These SV40 TAg-
immortalized cells were assayed for growth inhibition by measuring ATP levels or cell death
measured by annexin V staining after AFB treatment (Fig. 2A, B). In a dose-dependent
manner, the Rev3L™~ MEFS were significantly more sensitive to aflatoxin challenge than
either Rev3L*~ or Rev3L™~ + hRev3L.

To gain insights into whether growth inhibition occurred rapidly as a result of AFBq-induced
DNA adducts or was driven by residual adduct-induced replication collapse, cells were
exposed to activated AFB; and analyzed after 18 h by flow cytometry using annexin V with
propidium iodide dual staining. Consistent with a model that the differential sensitivity of
Rev3L™!~ and Rev3L*~ cells to aflatoxin treatment requires subsequent rounds of DNA
replication, both cells displayed no significant differences in annexin V staining post AFB;
exposure. These data suggested that growth inhibition may manifest following subsequent
replication, accumulation of DNA damage, and alteration of cell cycle checkpoint control.

This prediction was experimentally tested and substantiated by treating pol C-proficient and
deficient cells with activated AFB1 and using flow cytometry to measure arrest at specific
cell cycle stages [57]. In comparison to Rev3L*~ cells, Rev3L™~ MEFS showed a
significant change in cell cycle distribution 24 h post treatment with Rev3L ™~ cells
accumulating in late S and G2/M phases. At the dose of AFB; used, no change in cell cycle
profile was detected in Rev3L*!~ cells. Further, using BrdU pulse labeling for 1 h prior to
AFB; treatment and subsequent release, Rev3L*'~ cells showed no G2/M arrest, while
Rev3L™"~ cells exhibited increased populations of cells in late S and G2/M. These data
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suggested that sites of unrepaired AFB1-Fapy-dG lesions could create gaps in the
completion of replication which upon further DNA synthesis could induce double-stranded
DNA breaks.

To determine whether AFB; treated Rev3L~/~ MEFS accumulated increased numbers of
dsDNA breaks relative to Rev3L*'~ cells, levels of y-H2AX foci were determined over 72 h
post exposure [57]. While the number of -y-H2AX positive cells in Rev3L*~ MEFS peaked
at 24 h and returned to initial levels by 72 h (Fig. 3A, B), Rev3L™/~ MEFS contained high
basal levels of -y-H2AX and were never able to resolve the AFB1-induced increases in -y-
H2AX foci over 72 h. Consistent with these data, pol  deficient cells displayed increased
levels of micronuclei and multi-nucleated cells relative to the pol C -proficient counterparts
(Fig. 3C-F, respectively).

Given these results, it was anticipated that mitotic catastrophe, as defined by the premature
entry of severely damaged cells from G2 into metaphase, could be the mechanism of
induced cell death. Although Rev3L~"~ cells have increased spontaneous chromosomal
instability, chromosome gaps and breaks [51,55] when treated with activated AFB,, Rev3L
== cells showed significantly increased radials and breaks (Fig. 3G and H, respectively).
Overall, for murine models these data reveal a unique role for pol G in the bypass of AFB;-
induced DNA adducts, suggesting that no other polymerases can efficiently substitute in
these incorporation and extension translesion synthesis steps.

5. Signature 24- the aflatoxin signature

The identification of mutagenic signatures that are associated with specific environmental or
chemotherapeutic exposures represents a major milestone in understanding the etiology of
human cancers, with The Cancer Genome Atlas serving as a repository of these data. Even
though prior investigations had correlated dietary aflatoxin exposures with G to T mutations
in p53 [38,39], exome sequencing analyses of a total of 243 human HCCs revealed a
distinctive aflatoxin (and HBV) signature assigned Signature 24 [58]. This designation was
based on liver tumors and control non-tumor liver tissue that had been surgically resected
from patients in three European countries in which the tumors were associated with
cirrhosis, fibrosis, or non-fibrotic livers with risk factors including alcohol intake, HCV, non-
alcoholic steatohepatitis concomitant with metabolic syndrome, HBV and hemochromatosis.
Hierarchical cluster analysis revealed a total of 6 individual mutational signatures that were
significantly associated with demographic, etiologic, and molecular characteristics. Their
analyses revealed that one of these molecular signature groups had a high rate of Gto T (C
to A) transversions and that all patients within this cluster were migrants who were born in
subtropical African countries and infected with HBV. These data formed the basis of
defining an aflatoxin-specific signature, designated Signature 24.

Recent independent investigations have discovered that specific DNA sequence contexts
greatly influence the final mutation signature (see recent review by [59]). Even though
Signature 24 is defined as predominantly G to T transversions, with ~10% G to A
transitions, the first conclusive evidence that not all trinucleotide sequence contexts
involving dG were equally susceptible to mutation, was generated in the laboratory of Dr.
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John Essigmann [60]. Utilizing the gpt AB6C3 F1 mouse model, newborn mice were treated
with AFB1, livers harvested at 10 and 72 weeks, and got DNA isolated and analyzed by Next
Generation sequencing. The depth of the sequencing allowed for the discovery that at 10
weeks post-AFB; treatment, among the sequence contexts with at least one G, mutagenic
hot spots were predominantly at CGC and to a lesser degree CGG. Equally notable in their
data were sequence contexts that appeared to be refractory to mutation. Although there was
a dominant Signature 24 at 10 weeks in the liver, comparable analyses at 72 weeks showed
that while non-tumor liver tissues maintained a strong AFB; signature, sequence analyses of
tumor DNAs revealed a significant dilution of the AFB1 signature presumably reflecting
oxidative stress.

Shortly after this study was published, Dr. Steve Rozen’s group using cell culture lines,
HepaRG and HepG2, and two mouse models, wild type (WT) C57BI6 and transgenic mice
expressing HBsAg also reported distinct expanded signatures, with hot spots primarily
detected at TGC, AGC, and TGG sites [61]. Their analyses included examination of whether
mutations were in the transcribed versus non-transcribed stands with mutations
preferentially found in the non-transcribed strand. These studies also showed a significant
decrease in mutagenesis near the 5" end of actively transcribed genes and increased
mutagenesis in late replicating genomic regions. These data suggest a significant influence
of transcription-coupled repair in limiting mutagenesis.

Having established commonalities in /in vitro and /n vivo mutation signatures, they
integrated these results with recent genomic sequencing of HCC tumors from patients in
Qidong China [62] and publicly accessible mutation spectra from individuals with HCCs
and probable aflatoxin exposure. Using principle component analyses they were able to
further extend the aflatoxin-induced mutation signature.

Collectively, these data demonstrate that all sequence contexts are not equally susceptible to
AFB;-induced mutagenesis. Theoretically, there are several mechanisms that could
significantly influence the final observed sequence context-dependent hot and cold spots.
The following factors could contribute to developing a mechanistic understanding: 1)
sequence context effects on the initial formation of N7-AFB1-dG, 2) sequence context
effects on the relative proportion of abasic site formation versus ring-opening of the AFB;-
Fapy-dG adduct, 3) structural conformation differences in varying sequence contexts, 4)
differences in rates and efficiencies of either nucleotide excision repair (NER) or base
excision repair (BER), and 5) differential fidelity of polymerase C (or other replicative or
translesion synthesis polymerases) in the bypass of AFB1. Ongoing investigations will be
required to establish the relative contribution of these factors to the mutation signature.

6. Nucleotide excision repair of aflatoxin-induced DNA adducts

As with bulky adducts, such as those created through covalent binding of polycyclic
aromatic hydrocarbons, and significant helix distorting modifications, including UV-induced
cyclobutane pyrimidine dimers and pyrimidine-pyrimidone 6—4 photoproducts, the AFB;-
induced adducts are subject to repair by NER. This was initially described by the Essigmann
group using site-specifically modified oligodeoxynucleotides engineered into vectors for
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replication in £. coli [63]. These data revealed an essential role for NER in the repair of both
adducts, even in the absence of an SOS-induced state. These data confirmed previous studies
in which the purified and reconstituted UvrABC complex bound and incised DNAs
containing either of the AFB; adducts with similar efficiencies [64].

Consistent with the data generated in prokaryotic systems, both AFB;-induced adducts are
repaired by NER in mammalian cells. The involvement of NER in the removal AFB;-N7-dG
in human cells is evident since more adducts accumulate in NER-deficient xeroderma
pigmentosum group A (XPA) cells relative to NER-proficient fibroblasts 48 h post treatment
[65]. The conclusions were corroborated using nuclear extracts of rat or mouse livers in in
vitro incision and repair synthesis assays on plasmids containing AFB1-N7-dG adducts [66].
In addition, XPA™~ mice are somewhat more susceptible to HCC formation relative to WT
mice following a single neonatal challenge with AFB4 [67]. As mentioned above, there was
also a strong mutagenic strand bias in both cells (HepG2 and HepaRG) and mouse or human
tumors that had been exposed to AFB4 in which the non-transcribed strand was far more
likely to contain mutations than the transcribed strand [61]. Their data also demonstrated
that this mutagenic strand bias was closely related to the relative transcriptional activity of
individual genes and the relative 5" and 3" position. Collectively, these data suggest a role
for transcription-coupled NER in limiting mutagenesis.

Additionally, a crucial role for human NER in protection from aflatoxin-induced HCCs has
been discovered through molecular epidemiological analyses of individuals carrying
polymorphisms in either the XPC or XPD genes [68,69]. Both studies revealed dramatic
increases in odds ratios for HCC formation in homozygous variants (Lys751GlIn in XPD and
Lys939GIn in XPC), with long duration and high concentration AFB4 exposures. However,
only modest increases were observed in individuals heterozygous for these alleles. Based on
analyses of transcriptional strand bias mutagenesis in murine and human tumors, it can be
inferred that NER transcription-coupled repair is operative in limiting mutations (58-61).

7. Base excision repair of AFB1-Fapy-dG adducts

Although there are convincing data that confirm DNA repair of AFB1-N7-dG and AFB;-
Fapy-dG adducts occurs via the NER pathway [63,65], data establishing a role for BER in
prokaryotes have been in-conclusive [63,70]. Prior prokaryotic studies from the Essigmann
laboratory had demonstrated an exclusive role for NER in aflatoxin adduct repair. These
investigations were conducted in BER-proficient cells. However, Chetsanga and Frenette
reported that the formamidopyrimidine DNA glycosylase, FPG, incised DNAs containing
aflatoxin adducts [70]. Although activity against AFB1-Fapy-dG adducts could fall within
the FPG substrate range that includes 8-oxo-dG, Fapy-dG and Fapy-dA, our laboratories
using site-specifically modified oligodeoxynucleotides have been unsuccessful in
reproducing these findings (unpublished data).

7.1. NEIL1 incision of DNAs containing an AFB1-Fapy-dG adduct

Even though our data for £. co/i BER repair of aflatoxin adducts was negative, the
possibility for such a role for BER in higher organisms has only recently been addressed. In
this regard, the NEIL1 DNA glycosylase is predominately responsible for the initiation of
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BER for a variety of Fapy adducts by catalyzing glycosyl bond scission to release the
modified base and subsequently cleaving the phosphodiester backbone via combined p- and
B,6-elimination reactions [71-75]. Based on these observations, we initially investigated
whether NEIL1 could incise DNA containing a site-specific AFB1-Fapy-dG lesion [76].
Duplex DNAs (24-mer) containing either an AFB1-Fapy-dG at position 12 or a known
NEIL1 substrate thymine glycol (Tg), were constructed and incubated under single turnover
kinetic conditions with excess NEIL1, since the release of NEIL1 from its products is known
to be rate-limiting [71,77]. The product formation followed a single exponential rise with an
observed excision rate constant of 0.17 + 0.03 (average + SD) min~1 (Fig. 4) [76]. This rate
constant is consistent with those previously reported for NEIL1 excision of 5-
hydroxycytosine, 5-hydroxyuracil, and Tg (0.24, 0.14, and 1.3 min~1, respectively) [78]. In
excellent agreement with the prior literature, the observed rate constant for NEIL1-mediated
incision of Tg was 1.35 + 0.13 (average + SD) min~1.

7.2. Increased AFB;-Fapy-dG adduct accumulation in Neil1™~ mouse livers relative to WT

mice

The observed efficiency of NEIL1 catalyzed release of the AFB1-Fapy-dG adducts was
unanticipated, since the base modification stabilizes the melting temperature of a 12-mer
duplex DNA by 15 °C [33,34]. This adduct also represents the largest DNA base
modification reported as a substrate for any DNA glycosylase. To extend the in vitro
biochemical analyses to an in vivo repair assay, newborn WT and Aei/Z~/~ mice [79,80],
were injected with AFB [76]. It was hypothesized that levels of AFB1-Fapy-dG would be
significantly lower in WT versus NVei/Z~/~ mice since the WT mice could repair these
adducts via both the NER and BER pathways, while the Nei/I~"~ mice would only repair
this lesion via NER. Further, we hypothesized that the levels of cationic AFB1-N7-dG
adducts would not show difference between the two genotypes since NEIL1 does not
recognize this lesion.

Newborn WT and Nei/1™'~ mice (<7 days old) were IP injected with AFB, livers harvested
at 6 and 48 h post injection and DNA was extracted and analyzed by mass spectrometry. At
the 6 h time point, both genotypes had approximately equal levels of the AFB{-N7-dG and
AFB;-Fapy-dG adducts (Fig. 5) [76]. As anticipated, at the 48 h time point, the levels of
AFB1-N7-dG were significantly decreased in both genotypes, with these decreases
attributable to a combination of spontaneous depurination, repair by NER, and conversion to
the AFB1-Fapy-dG adduct. In contrast to the levels of AFB1-N7-dG, there was a significant
difference in the amount of AFB;-Fapy-dG adducts in WT versus Nei/Z~/~ mice (38.2 and
104.5 pmol/mg DNA, p = 0.039, respectively). These data implicate NEIL1 as a major
contributor to initiation of repair of this lesion.

7.3. Neill™~ mice develop significantly higher frequencies of AFB;-induced HCCs relative

to WT mice

Since both the biochemical and in vivo adduct accumulation data suggested that NEIL1-

initiated BER may contribute to the overall repair of the stable AFB1-Fapy-dG adduct, it was
hypothesized that NVei/Z~/~ mice would be more susceptible to AFB;-induced carcinogenesis
relative to WT C57BI6J mice. WT and Nei/Z1~/~ newborn pups were challenged with a single
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IP injection of AFBq at 1.0 or 7.5 mg/kg in DMSO, with DMSO alone being used as a
control. At 15 months post exposure, all mice were euthanized and examined for
macroscopic tumors of the liver. All livers were fixed and prepared for serial sectioning and
staining to determine tumor number and size [76]. No tumors were detected in any of the
DMSO-injected controls. Consistent with prior literature [81], female mice of both
genotypes were highly resistant to liver tumor induction, with only 2 out of 32 Nei/17~
females developing tumors, while no tumors were observed in any WT females. All the
following analyses are restricted to male mice. Based on glypican and reticulin stains, all
tumors were classified as carcinomas. Liver cancers were observed in both the Nei/Z~/~ and
WT males, albeit at greatly different frequencies and size distributions at both doses (Fig.
6A). For NeilZ~~ mice, the risk ratio of developing at least one tumor was calculated to be
3.15-fold greater than the corresponding risk of tumor development for WT mice (95% CI:
1.15-18.17; p=0.020). It is interesting to note that the effect due to dose (7.5 mg/kg AFB;
versus 1.0 mg/kg AFB1) was comparable in size (risk ratio = 3.09; 95% CI: 1.57-7.06, p =
0.001) relative to the increase in tumor risk associated with genotype (Fig. 6B). The mean
number of tumors per NVei/Z/~ mouse versus WT was estimated to be 4.76-fold greater
(95% CI: 1.36-30.03; p=0.012). Similarly, the associated effect due to dose was
comparable in the NVei/Z~~ mice, with the mean number of tumors at 7.5 versus 1 mg/kg
AFB; calculated to be 4.14 (95% CI: 1.77-10.56, p = 0.001) [76].

Since these data demonstrated that NEIL1-initiated repair contributed significantly to the
reduction in AFB;-induced HCCs in mice, analyses were performed to compare these data
with a previous investigation that examined HCC formation in NER-deficient (X24™/~) mice
following AFB; challenges [67]. Based on the reported numbers of mice with at least one
tumor (Tables 111-V [67];), the risk ratios (XPA™~ versus WT) were estimated to be 2.43-
fold for DMSO vehicle alone, (p= 0.333), 1.53-fold at 0.6 mg/kg AFB;) (p= 0.130) and
1.08-fold at 1.5 mg/kg AFBy; (p= 0.669). The overall common risk ratio (adjusted for dose)
was estimated to be 1.24 (95% ClI: 0.91-1.79, p= 0.174) (Fig. 6C). Since Nei/I~/~ mice had
a 3.15-fold increased susceptibility, the 1.24-fold increase in the NER-deficient background
suggests that NEIL 1-initiated BER is more protective than NER.

8. Polymorphic variants of NEIL1

To explore whether the findings of increased susceptibility to aflatoxin-induced HCCs in
Neil1-deficient mice could be extrapolated to increased tumor susceptibility in humans, it is
necessary to determine if human polymorphic variants of NEIL1 have altered catalytic
activities [82]. Initial biochemical studies characterized variants that were identified in
individuals of Western European decent (S82C, G83D, C136R, and D252 N) with respect to
glycosylase, p-elimination and &-elimination activities. Using AP site-containing DNAS,
WT, S82C and D252 N displayed qualitatively similar reactions, generating the expected
B,6-cleavage. However, although G83D incised AP DNA, the product was limited to the -
elimination reaction. Nicking activity of C136R was significantly reduced relative to any of
the other enzymes and, like G83D, showed an uncoupling of the B, &-elimination steps.

To characterize the overall substrate specificity of the WT human NEIL1 and its variants,
GC/MS and LC/MS were used to assay release of damaged bases, using DNA samples that

DNA Repair (Amst). Author manuscript; available in PMC 2020 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCullough and Lloyd Page 13

had been previously exposed to ionizing radiation in N,O-saturated buffered aqueous
solution. Efficient excision of FapyAde and FapyGua from DNA by WT, S82C, and D252 N
NEIL1 proteins was observed, while G83D and C136R exhibited no activity for any of these
substrates. Collectively, these data suggested that two of the four polymorphic variants of
NEIL1 representing individuals of European descent have severely diminished or abolished
activities.

Although for many proteins, functional heterozygosity is frequently considered to be
phenotypically neutral, the laboratory of Dr. Joann Sweasy (Yale University) has recently
shown that expression of the G83D variant of NEIL1 induces an oncogenic phenotype in
MCF10 A immortal human breast epithelial cells [83]. Expression of this variant in the
presence of WT protein induced replication stress, genomic instability, and cellular
transformation through a mechanism postulated to involve the masking of NEIL1 substrate
DNA adducts at replication forks. These data suggest that repair of aflatoxin- and ROS-
induced DNA damage could be blocked by catalytically-compromised, but correctly folded
variants of NEIL1 that are capable of binding to specific DNA adducts. Additionally, we
have previously demonstrated a significant phenotype in Nei/I*'~ mice that showed
intermediate (relative to WT and knockout) manifestations of the metabolic syndrome,
including obesity, fatty liver disease, and elevated circulating leptin levels [79]. These data
have significant implications for human health linking ANVE/L 1 functional heterozygosity
with increased susceptibility to AFB4-associated HCCs.

We have also carried out systematic analyses of publicly-available sequence data bases for
NEIL 1 variant allele frequencies including: 1) 1000 Genome, 2) EXAC that contains
~100,000 alleles, and 3) gnomAD (extension of the EXAC data base) which contains >
300,000 alleles that are distributed worldwide and contain ethnic and geographical details.
Analyses of the gnomAD database for the previously characterized NVE/L I variants (S82C,
G83D, C136R, and D252N) showed that none of these variants were represented in
populations of Eastern Asia or sub-Saharan Africa. In Eastern Asia, a total of 29 missense
variants in the exomes of NVE/L1 were identified, with 3 of these, A51V, P68H, and G245R,
present at > 0.1% frequencies. Supplementing these data, analyses of 1000 Genomes
revealed 6 NVE/L1 missense variants, with P68H and G245R enriched in some populations.
Although P68H is the most abundant variant when considering all Eastern Asia, the
frequency varies considerably with ethnicities throughout the region, with the Kinh in Ho
Chi Minh City, Vietnam at 4%. These analyses are further reinforced by a recent publication
by Zhang et al. [62] in which exome sequencing or whole genome sequencing were carried
out on 49 HCC patients from Qidong County, known for extremely high AFB exposures.
The somatic mutation pattern in tumor tissues was dominated by an aflatoxin mutation
signature (G to T transversions in specific sequence contexts). Analyses of the exons in
NEIL 1 revealed that even though this was a very small cohort, all 3 common Eastern-Asian
variants (A51V, P68H, and G245R) were identified in the Qidong cohort. Ongoing
biochemical characterization of these, and additional variants, found in sub-Saharan Africa
will be important in understanding if there is a role for NEIL1-inititated BER in limiting
aflatoxin-initiated HCC formation.
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9. Perspectives & conclusions

HCCs represent one of the deadliest forms of human cancer, thus providing robust
justification for investigations i) to understand the fundamental drivers of this disease, ii) to
effectively limit or eradicate risk factors, and iii) to design therapeutic interventions that
further suppress the deleterious effects of toxicant exposures. The decades of basic and
applied research into the origins of elevated HCC risks in geographically restricted portions
of the world have led to a fundamental understanding of the basic drivers of these cancers:
HBYV infection and prolonged consumption of foods contaminated with molds producing
aflatoxins. This review is grounded in a fundamental understanding of aflatoxin-induced
carcinogenesis developed from multitudes of prior work and has focused on recent key
discoveries of genes that modulate mutagenesis and subsequent carcinogenesis (summarized
in Fig. 7). Based on these discoveries, proactive therapeutically-effective strategies are being
implemented in major susceptible human populations with widespread vaccination against
HBYV, diversification of staple dietary foods from corn to rice, and more rigorous oversight
of storage conditions of harvested grains and nuts.

However, beyond these primary drivers of HCCs, there are likely to be additional
confounders to predict human susceptibility, including additional toxicant exposures,
immune status and genetic variation. The genetic variants that are likely to deleteriously
effect susceptibility would include genes in bioactivation, and detoxification pathways and
genes in the DNA damage response pathways. Although some progress has been made in a
subset of these genes, ongoing discoveries such as a potential involvement of the human
BER pathway as initiated by NEIL1 should be considered further, especially since many of
the common variants of AE/L 1 lead to reduced or no catalytic activity. If such correlations
are established that predict increased susceptibility, the presence of these variants could
significantly increase an individual’s risk for early-onset disease.
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A. paracitus Aspergillus paracitus

AFB1 aflatoxin B4

AFB2 aflatoxin B,

AFG1 aflatoxin G;

AFG2 aflatoxin G,

AFB1-Fapy-dG trans-89-dihydro-8-(2,6-diamino-4-oxo-3,4-
dihydropyrimid-5-yl-formamido)-9-hydroxy aflatoxin B4

AFB1-N7-dG trans-89-dihydro-8-(N7-guanyl)-9-hydroxy-aflatoxin B
adduct

AP abasic site

CYP cytochrome p450

ds double-stranded

Fapy A 46-diamino-5-formamidopyrimidine

Fapy G 26-diamno-4-hydroxy-5-formamidopyrimidine

HBsAg hepatitis B surface antigen

HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

MEF mouse embryo fibroblasts

NMR nuclear magnetic resonance

ss single-stranded

WT wild type
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Fig. 1. DNA Adduct Structures.
(A) Structure of the AFB1-N7-dG adduct. (B) Structure of the AFB;-Fapy-dG adduct.

[Reproduced from [76] Fig. 1].
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Fig. 2. Mammalian pol C protects against AFB1-induced cytotoxicity.
(A) Growth inhibition in Rev3L*!~ (circles), Rev3L™'~ (squares), and Rev3L™~ +hRev3L

(triangles) MEFs was determined 48 h after AFB; treatment by measuring cellular ATP. (B)
Quantification of total cell death (Annexin V+/PI-, Annexin V-/P1 + and Annexin V+/PI+) in
Rev3L*"~ (black bars) and Rev3L™~ (gray bars) MEFs following AFB; treatment. Data
represent mean + SEM from three independent experiments. * £< 0.05 by unpaired two-
tailed #test with unequal variances. [Reproduced from [57], Fig. 1, Panels A and B].
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Fig. 3. Genome instability generated by AFB1 exposures in pol C-deficient cells.
(A) DSB formation was assessed by measuring the accumulation and resolution of y-H2AX

foci in response to 200 nM AFB; +S9 for 1.5 h. Representative images of y-H2AX foci in
Rev3L*!~ (top) and Rev3L™"~ (bottom) cells at 72 h post-exposure. (B) Quantification of Y-
H2AX foci over time in response to AFB; exposure. (C—F) Genome instability in interphase
cells was assessed by micronuclei formation and the appearance of multinucleated cells.
Representative images (C) and quantification (D) of micronuclei. Representative images (E)
and quantification (F) of multinucleated cells. (G-H) Following a 1.5 h AFB; exposure,
genome instability in metaphase cells was assessed by chromosome breakage analyses after
48 h recovery. Quantification of chromatid breaks (G) and chromosomal radials (H)
reflecting aberrant DNA repair. Data represent the mean + SEM from three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired two-tailed t-test with
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unequal variances. The p-values above bars are comparing treated and untreated cells; p-
values between bars are comparing between cell lines. n/s = not significant. Black bars =
Rev3L*'~; Gray bars = Rev3L™~. [Reproduced from [57], Fig. 3].

DNA Repair (Amst). Author manuscript; available in PMC 2020 January 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

McCullough and Lloyd

Page 25

5" =ACCACTACTATXATTCATAACAAC~3"
3" -TGGTGATGATACTAAGTATTGTTG-5’

Time, min:

Substrate>

Product _

Time, min:

Substrate=

Product _

X=AFB1-Fapy-dG
0051152 3 4 5 7510 15 30 60

I ———

X=Tg
0051152 3 4 5 751015 3060

Fig. 4. NEIL1-catalyzed incision of DNA containing an AFB1-Fapy-dG adduct.
32p_|abeled oligodeoxynucleotides (20 nM) containing either AFB;-Fapy-dG in fully duplex

DNA (A) or Tg in fully duplex DNA (B) were incubated with hNEIL1 (230 nM). The
aliquots were removed at the indicated times, and following separation by gel-
electrophoresis, DNA was visualized using a phosphor screen and Personal Molecular
Imager™ System (Bio-Rad). The representative gel images are shown. [Reproduced from

[76], Fig. 2].
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Student t-test P values
AFB1-N7-dG WT

1 6 h vs 48 h: 0.00014

1 AFB1-N7-dG Neil 1
| 6 hvs 48 h: 0.048

1 48 h AFB1-N7-dG

WT vs Neil1/-: 0.046

48 h AFB1-Fapy-dG
WT vs Neil1/-: 0.039

Fig. 5. Levels of AFB1-induced DNA adducts in liver DNA from of WT and Neil1-/- mice
following AFB1 IP injection.

Neil1™= and control WT mice (6 day old pups) were injected with 10 mM AFB; in DMSO
at a dose of 3.5 mg/kg. Livers were harvested at 6 and 48 h post-injection, immediately
frozen in liquid nitrogen, and DNA isolated for AFB; adduct analysis. Following acid
hydrolysis, internal 1°Ns-guanine-derived standards were added to permit quantitative
analysis by isotope dilution mass spectrometry for both AFB1-N7-dG and AFB;-Fapy-dG.
Adducts were separated by ultra-performance liquid-chromatography mass spectrometry.
The protonated parent ion of the AFB1-N7-dG adduct (/m/z480.1) was selected and
subjected to collision-induced fragmentation producing a //z 152 product ion that was
monitored to quantify adduct levels. The AFB4-Fapy-dG adduct was measured by selection
of the m/z498 parent ion and monitoring the collision-induced product ion m/z452.29.
[Reproduced from [76], Fig. 2].
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Fig. 6. AFB1-induced carcinogenesis in Neil1-/- and XPA-/- mice.
(A) The individual diameter of liver tumors observed in AFB;-injected WT and Neif/17~

mice. Relative AFB;-induced tumor risk analysis in (B) Nei/I”~ mice, with data illustrated

by blue and red symbols representing AFB; doses of 1.0 and 7.5 mg/kg respectively and (C)
XPA~I~ mice, with data illustrated by green, blue and red symbols representing AFB; doses
of 0, 0.6 and 1.5 mg/kg, respectively. [Reproduced from [76], Fig. 4].
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Fig. 7. Key Steps in Modulating Aflatoxin B; Mutagenesis and Carcinogenesis.
Following ingestion of foods that are contaminated with Aspergillus flavus, hepatic

metabolism shuttles AFB; into pathways that are either biologically harmless (Inactivation
Pathways) or biologically activated as the 8,9 exc-epoxide for subsequent reaction at N7-
guanine. Although the product of this reaction, the N7- AFB1-dG adduct is relatively short
lived, it can be repaired by NER, undergo depurination with repair completed via BER,
replicated by an error-prone mechanism yielding “50% G to T transversions, or hydrolyzed
to the long-lived AFB1-Fapy-dG adduct. This adduct is subject to repair via NER, replicated
in a highly error-prone mechanism by DNA polymerase C, yielding "/90% G to T
transversions and 7% G to A transitions, or repaired via BER initiated by NEIL1.
Catalytically-inactive, but accurately folded, polymorphic variants of NEIL1 are
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hypothesized to interfere with normal repair and thus, lead to increased numbers of
unrepaired sites that contribute to overall genetic instability. It is this combination of
decreased repair, error-prone replication, and hepatitis B infection and chronic inflammation
that leads to increased risk of HCC formation.
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