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Global distribution of hepatocellular carcinomas (HCCs) is dominated
by its incidence in developing countries, accounting for >700,000 es-
timated deaths per year, with dietary exposures to aflatoxin (AFB,)
and subsequent DNA adduct formation being a significant driver.
Genetic variants that increase individual susceptibility to AFB,-induced
HCCs are poorly understood. Herein, it is shown that the DNA base
excision repair (BER) enzyme, DNA glycosylase NEIL1, efficiently rec-
ognizes and excises the highly mutagenic imidazole ring-opened
AFB,;-deoxyguanosine adduct (AFB;-Fapy-dG). Consistent with this
in vitro result, newborn mice injected with AFB; show significant
increases in the levels of AFB,-Fapy-dG in Neil1~~ vs. wild-type liver
DNA. Further, Neil7™~ mice are highly susceptible to AFB,-induced
HCCs relative to WT controls, with both the frequency and average
size of hepatocellular carcinomas being elevated in Neil1™~. The mag-
nitude of this effect in Neil7™~ mice is greater than that previously
measured in Xeroderma pigmentosum complementation group A
(XPA) mice that are deficient in nucleotide excision repair (NER). Given
that several human polymorphic variants of NEIL1 are catalytically
inactive for their DNA glycosylase activity, these deficiencies may in-
crease susceptibility to AFB,-associated HCCs.
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Liver cancers pose an international public health concern as
the second leading cause of cancer-related deaths worldwide,
with >700,000 estimated deaths per year (1-3). This mortality
approaches its annual incidence throughout the world, highlight-
ing the need for development of effective treatments and early
diagnostic tools. HCCs represent the major histological subtype
among liver cancers. The global distribution of HCCs is domi-
nated by its incidence in developing countries, especially in eastern
Asia and Africa, where two major chronic etiological factors drive
this disease: (i) routine dietary exposures to grains and nuts that
are contaminated with molds, Aspergillus flavus and Aspergillus
parasiticus, which produce aflatoxins, and (if) extremely high rates
of hepatitis B (HBV) and C viral infections. In geographical re-
gions of China where aflatoxin contamination of human food
products is highest, there is a large shift in not only the age of
onset of HCCs, but also in the incidence rate. Within Qidong, a
significant number of HCCs occur in males beginning in their early
20s, with the frequency of HCCs peaking between the ages of
40 and 50 (4). These data are in contrast to HCC frequencies in
portions of China, such as Beijing, where aflatoxin exposures are
minimal. The kinetics of HCC formation in aflatoxin-affected
areas are similar to that observed in early onset breast and ovar-
ian cancers in women who are carriers (heterozygotic) for inacti-
vating mutations in BRCALI or 2.

www.pnas.org/cgi/doi/10.1073/pnas.1620932114

Although there are several different aflatoxin structures, AFB;
has been demonstrated to be the most potent hepatocarcinogen (5,
6). Following ingestion and activation by liver microsomal enzymes,
the intermediate AFB; epoxide can form a covalently bound ad-
duct at N7 guanine in DNA, AFB;-N7-dG (Fig. 14) (7-9). Kinetic
analyses of the formation and disappearance of AFB;-DNA ad-
ducts revealed that ~20% of the initial, quantitatively abundant,
cationic AFB;-N7-dG lesions converts to the ring-opened frans-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. These adducts become the dominant DNA
damage detected in cellular DNA 72 h postexposure, comprising
up to 80% of all known AFB;-induced lesions (10). The AFB;-
Fapy-dG adduct can exist in two interconvertible anomeric forms, o
and f, that differ by orientation of the glycosyl bond relative to the
deoxyribose (11). Although the o and p anomers equilibrate at an
approximately equal ratio in single-stranded environments, the f
form is strongly favored in duplex DNA where it intercalates within
DNA (12) (Fig. 1C). Previously, we demonstrated that in primate
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Fig. 1. DNA adduct structures and repair of the AFB;-Fapy-dG adduct by NEIL1. (A) Structure of the AFB;-N7-dG adduct. (B) Structure of the AFB;-Fapy-dG
adduct. (C) NMR solution structure of the AFB;-Fapy-dG adduct in a 5'-TXA-3’ sequence context where X is the AFB;-Fapy-dG adduct (12). (D-F) hNEIL1-
catalyzed incision of lesion-containing DNA under single-turnover conditions. The 32P-labeled oligodeoxynucleotides (20 nM) containing AFB,-Fapy-dG either
in fully duplex DNA (D) or a bubble structure (E) or Tg in fully duplex DNA (F) 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. The product formation was plotted as a function of time, and the ks values were obtained from the best fit

of the data to a single exponential equation using KaleidaGraph software.

cells, the AFB;-Fapy-dG adduct is more mutagenic than AFB;-N7-
dG with mutation frequencies measured at 97% and 32%, respec-
tively; the mutagenic spectrum for each was dominated by G-to-T
transversions (13-15). Between the two anomers of AFB;-Fapy-dG,
the « species was a severe block to replication, whereas the p species
was implicated as a major contributor to mutagenesis (15). The
spectra of mutations induced by AFB;-dG adducts correlate with
the mutation signature observed in genomes of AFB;-associated
HCCs (16, 17), thus underscoring a causal link between these le-
sions and genetic alterations associated with these cancers.

The chemical stability of the AFB;-Fapy-dG adduct is consis-
tent with the long half-lives of many ring-fragmented purines, and
the persistence of the AFB;-Fapy-dG adduct in cells can be at
least partially attributed to its intercalation into duplex DNA as
detected by NMR (Fig. 1C) and consequent stabilization of the
DNA as measured by increased melting temperature (12). As with
many bulky DNA adducts, DNA repair of both AFB;-N7-dG and
AFB,-Fapy-dG occurs via the NER pathway in Escherichia coli
(18). The involvement of NER in the removal of AFB;-N7-dG in
human cells is also evident because more adducts accumulate in
NER-deficient XPA cells relative to NER-proficient fibroblasts
48 h posttreatment (19). In addition, XPA ™~ mice are somewhat
more susceptible to induction of HCC relative to WT mice
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following a single neonatal challenge with AFB, (20). A potential
role of the base excision repair (BER) pathway in removal of the
AFB;-Fapy-dG lesion has previously been investigated. Chetsanga
and Frenette (21) presented data suggesting that the E. coli for-
mamidopyrimidine DNA glycosylase (Fpg) could incise a portion
of the imidazole ring-opened guanines from DNAs that had been
previously treated with aflatoxin. This activity could be inhibited
using an Fpg inhibitor, suggesting an Fpg-catalyzed reaction.
However, studies using E. coli cells deficient in Fpg did not sup-
port a role for this enzyme in aflatoxin adduct repair (18). A role
for BER in the repair of AFB;-Fapy-dG in human cells has not
been previously investigated. The human DNA glycosylase that is
predominately responsible for the initiation of BER of Fapy ad-
ducts is hNEIL1, with substrates including the secondary oxidation
products of 8-0x0G, Fapy-dA, Fapy-dG, methyl-Fapy-dG, and a
subset of oxidized pyrimidines (22-30). In addition, this enzyme
exhibits distinct structural preference for repairing lesions that
are located within DNA bubble structures, modeling DNA in-
termediates formed during transcription and replication (29).
Therefore, based on the broad substrate range of NEIL1, it was
hypothesized that repair of AFB;-Fapy-dG could be initiated by
NEILL1 as the first step of the BER pathway.

Vartanian et al.
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Results

NEIL1 Incision of DNA Containing a Site-Specific AFB;-Fapy-dG Adduct. A
site-specifically modified oligodeoxynucleotide (24 mer) was con-
structed with the adduct positioned at nucleotide position 12. Be-
cause the release of NEIL1 from its products is rate-limiting,
conditions of single turnover kinetics were used, with NEILI in
excess relative to the DNA substrate. The DNA substrates were
either fully duplex or a 5-nucleotide single-stranded bubble struc-
ture (Fig. 1 D and E, respectively); DNA adducts in bubble
structures have been identified as preferred substrates for NEIL1
(29). The product formation followed a single exponential rise with
observed excision rate constants of 0.17 + 0.03 and 0.32 + 0.03
(average + SD) min~', respectively (Fig. 1 D and E and Fig. S1).
Although the AFB,-Fapy-dG—containing duplex DNA was com-
pletely cleaved by NEIL1 (Fig. 1D), ~40% of adducts in a bubble
structure appeared to be resistant to cleavage (Fig. 1E). This ob-
servation suggests that only the § anomer is a substrate for NEILI.
Although these rate constants are close to previously reported rate
constants for NEIL1 excision at 5-hydroxycytosine, 5-hydroxyuracil,
and thymine glycol (Tg) (0.24, 0.14, and 1.3 min™, respectively) (28,
30), we also confirmed these correlations by measuring incision ki-
netics on a duplex DNA containing a site-specific Tg adduct (Fig. 1F
and Fig. S1). In excellent agreement with the prior literature, the
observed rate constant for NEIL1-mediated incision of the Tg sub-
strate was 1.35 + 0.13 (average + SD) min™".

Increased AFB;-Fapy-dG Adduct Accumulation in Livers from Neil1~/~
Relative to WT Mice. The high efficiency with which NEIL1 cata-
lyzed the release of the AFB;-Fapy-dG adducts was unanticipated
because the base modification stabilizes the melting temperature
of a 12-mer duplex DNA by 15 °C (12), and this increase would
make the modified nucleotide resistant to extrahelical flipping as a
prerequisite of glycosyl bond scission. Sterically, this adduct also
represents the largest DNA base modification reported as a sub-
strate for any DNA glycosylase. To extend the in vitro biochemical
analyses to an in vivo repair assay, DNA adduct levels were
measured in the livers of newborn WT and Neil1™~ mice (31, 32).
We hypothesized that levels of AFB;-Fapy-dG would be signifi-
cantly lower in WT vs. Neill”'~ mice because the WT mice could
repair these adducts via both the NER and BER pathways,
whereas the Neill 7'~ mice would only repair this lesion via NER.

Newborn WT and Neill 7'~ mice (~6 d old) were i.p. injected
with ~3.5 mg/kg AFB; in DMSO. Livers were harvested at
6 and 48 h postinjection 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. 2). At 48-h, the levels of AFB{-N7-dG
were significantly decreased in both genotypes, with these de-
creases attributable to a combination of spontaneous depu-
rination, repair by NER, and conversion to the AFB;-Fapy-dG
adduct. As anticipated from the hypothesis that NEIL1 would sig-
nificantly contribute to the repair of AFB;-Fapy-dG adducts, there
was a significant difference in the amount of these adducts at 48 h in
WT vs. Neill 7~ mice (38.2 vs. 104.5 pmol/mg DNA, P = 0.039, re-
spectively). These data implicate NEIL1 as a major contributor to
repair of this lesion.

Neil1~'~ Mice Develop AFB;-Induced HCCs at Significantly Higher
Frequencies Relative to WT Mice. Because both the biochemical
and in vivo adduct accumulation data showed that NEILI-
initiated BER can contribute to the overall repair of the muta-
genic AFB;-Fapy-dG adduct, it was hypothesized that Neill™~
mice would be more susceptible to AFB;-induced carcinogenesis
relative to WT C57Bl6] mice. Newborn pups (<7 d old) from
matings of Neill 7~ x Neill 7~ and C57BI6/J x C57BI6/J (Neill*'*)
were challenged with a single i.p. injection of AFB, in DMSO at
1.0 or 7.5 mg/kg. Injections of DMSO alone were used as the
control. All mice were immediately returned to their litters and
monitored daily for adverse health effects. No injection-associated
lethality was observed for either the DMSO controls or the
1.0 mg/kg AFB; doses; for mice challenged with 7.5 mg/kg AFB;,
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Fig. 2. Levels of AFB;-induced DNA adducts in liver DNA from WT and
Neil1™"~ mice following AFB; i.p. injection. Neil7™~ and control WT mice
(6-d-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 postinjection, and AFB;-induced DNA
adducts were measured.

there was significant lethality observed for both genotypes, with a
greater toxicity observed in WT relative to Neill ™~ (Fig. S2).
Although the mechanism underlying the decreased lethality in
knockout mice is not known, the deficiency in BER-initiated re-
pair may reduce the number of DNA strand breaks in affected
tissues, with a concomitant decrease in apoptosis, but at the ex-
pense of increased mutagenesis.

At 15 mo postexposure, 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. No tumors were detected in any of the DMSO-
injected controls. Consistent with prior literature (33), female
mice were highly resistant to liver tumor induction; specifically,
only 2 of 32 Neill”~ females developed tumors, whereas no tu-
mors were observed in any WT females. The mechanistic basis for
this strong gender effect is not known, but does not appear to be
associated with differences in the number of mutations generated
in male vs. female mice, even at 10 wk postexposure (34). All
remaining analyses are restricted to tumors developing in male
mice, and the quantitation of these is given below. Representative
H&E and glypican stains of both small (~2 mm) and large
(>12 mm) tumors are shown in Fig. 3. Based on glypican and
reticulin stains, all tumors were classified as carcinomas. During
routine analyses of H&E-stained slides, it was observed that there
were frequent pockets of lymphoid cell infiltration as an indication
of significant inflammation. To distinguish these sites from lym-
phoid tumors, liver sections were stained with antibodies against
CD3 and CD20 (Fig. S3). Analyses of these data revealed that all
lymphoid aggregates were complex mixtures of T and B cells, in-
dicating that these were likely to be regions of the liver that were
undergoing significant tissue injury. Further evaluation of serial
H&E sections through tumor-bearing tissues allowed for the
maximum diameter to be measured, with the size of each tumor
shown (Fig. 44). Liver cancers were observed in both the Neill 7~
and WT males, albeit at greatly different frequencies and size
distributions at both doses (Fig. 44 and Table 1). For Neill”~
mice, the risk ratio of developing at least one tumor was calculated
to be 3.15-fold greater than the corresponding risk of tumor de-
velopment for WT mice (95% CI: 1.15-18.17; P = 0.020; Fig. 4B).
It is interesting to note that the effect due to dose (7.5 mg/kg AFB,
vs. 1.0 mg/kg AFB,) 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. The mean number of tumors per Neill 7~
mouse vs. WT was estimated to be 4.76-fold greater (95% CI:
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Fig. 3. Representative AFB;-induced HCCs in Neil1™~ mice. (A) Represen-
tative images of H&E-stained tumors. (Scale bars: Left, 1 mm; Right, 100 pm.)
(B). Representative images of serial sections of HCCs and peripheral tissues
stained with H&E (Left) and glypican (Right). (Scale bars: 100 pm.)

1.36-30.03; P = 0.012). Similarly, the associated effect due to
dose was comparable in the Neill '~ mice, with the mean num-
ber of tumors at 7.5 vs. 1 mg/kg AFB; calculated to be 4.14 (95%
CI: 1.77-10.56, P = 0.001). Due to the large number of animals
with no tumors (diameter of 0 mm) and the somewhat irregular
distribution of diameters for those with tumors, a permutation
test was used to assess whether the observed allocation of tumor
diameters in WT vs. Neill~~ mice for both doses was likely the
result of chance (statistical analyses presented in Materials and
Methods). These data suggested that observed differences in the
distribution of tumor size between WT and Neill 7'~ mice could
not be attributed to chance (permutation P = 0.0286), but with
no evidence to suggest systematic differences due to dose (per-
mutation P = 0.1692) or the interaction between genotype and
dose (permutation P = 0.2534). Even though there was a strong
dependence on both dose and genotype for the frequencies of
tumors, the lack of either a dose or genotype effect on the size of
the tumor was anticipated because tumor induction is an extremely
rare event relative to the total number of cells exposed to AFB;.

NEIL1 Deficiency Confers Increased AFB;-Mediated HCC Formation
Relative to XPA-Deficient Mice. Because these data demonstrated
that NEILl-initiated repair contributed significantly to the re-
duction in AFB;-induced HCCs in mice, we sought to compare
these data with a previous investiﬁation that examined HCC for-
mation in NER-deficient (XPA™") mice following AFB; chal-
lenges (20). In contrast to our study in which all mice were
extensively backcrossed into the C57BL/6 background, the XPA~-

4210 | www.pnas.org/cgi/doi/10.1073/pnas.1620932114
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Fig. 4. AFB;-induced carcinogenesis in Neil1™"= and XPA™" mice. (A) The in-
dividual diameter of liver tumors observed in AFB;-injected WT and Neil1~"~
mice. Relative AFBq-induced tumor risk analysis in (B) Neil1™~ mice, with data
illustrated by blue and red symbols representing AFB; doses of 1.0 and
7.5 mg/kg respectively, and (C) XPA™~ mice, with data illustrated by green,
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respectively.
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Table 1. Tumor frequency in AFB;-challenged male mice

Dose, mg/kg Genotype n Proportion with at least one tumor Mean number of tumors per mouse

1.0 wT 13 0.0770.079 (0.014, 0.224) 0.0770.08s (0.013, 0.318)
Neil1== 24 0.2500.249 (0.112, 0.437) 0.458¢ 447 (0.180, 0.831)

7.5 wT 4 0.2500 244 (0.042, 0.646) 0.2500 36> (0.057, 1.260)
Neil1== 13 0.769¢.770 (0.509, 0.937) 1.6921 724 (0.984, 2.855)

Subscribed values are the estimates from a model based on main effects of dosage and genotype; confidence intervals

(95% coverage) are given in parentheses.

carcinogenesis study used mice that had been backcrossed
10 times into inbred C3H/HeN mice, and we recognize that these
strain differences could lead to differences i in the magnitude of
tumor formation. Further, due to the XPA™~ background, these
mice developed high levels of spontaneous liver tumors, such that
at 16 mo of age, with no exogenous challenges, 79% of these mice
developed liver cancers, with 57% being classified as HCCs. Given
this high background at 16 mo of age, the AFB, carcinogenesis
study was carried out for only 11 mo, and these data revealed that
a single dose of AFB; at 0, 0.6, and 1.5 mg/kg into 7-d-old mice
resulted in 14, 50, and 38% HCCs, respectively. Based on the
reported numbers of mice with at least one tumor (tables III-V in
ref. 20), the overall common risk ratio (adjusted for dose) was
estimated to be 1.24 (95% CI: 0.91-1.79, P = 0.174; Fig. 3C).
Relative to the current study investigating the risk ratio associated
with the Neill '~ genotype in Wthh the risk ratio was 3.15, the
effect of the NER deficiency in XPA™~ mice was con51derably less.

Discussion

The constellation of events that contribute to an individual de-
veloping early onset HCC is multifactorial, with potential contri-
butions from the following: (i) the robustness of DNA repair to
complete removal of stable aflatoxin-induced DNA adducts before
replication; (i7) the mutagenic burden sustained by cells in the
target tissues; (iii) the balance of bioactivation and detoxication
pathways; (iv) the extent of in utero and dietary aflatoxin exposures;
(v) other dietary and lifestyle choices (i.e., alcohol consumption and
smoking that promote inflammation); and (vi) the specific strain of
HBYV with which the individual is infected, such that infection with
HBV carrying the 1762/1764* double mutation significantly in-
creases susceptibility vs. infection with the more common strain of
HBV. Genetic polymorphisms that tip the balance in favor of
compromised vs. efficient DNA repair, bioactivation over de-
toxication, and the specifics of the HBV strain will increase the
odds ratio for early onset disease (35, 36). However, despite more
than 50 years of aflatoxin research, the specific genetic variants that
influence or drive this early onset disease have not been elucidated.

To better understand the genetic landscape that could modulate
individual sensitivities to dietary aflatoxin exposures, it is critical to
know the biochemical pathways that contribute to the repair of the
AFB;-Fapy-dG adduct. Herein, we have presented three sets of
data, all implicating NEIL1-initiated BER as a significant modu-
lator of AFB;-induced carcinogenesis. First, we have shown the
ability of NEIL1 to catalyze the release of the AFB;-Fapy-dG
adduct from synthetlc oligodeoxynucleotides. Second, we dem-
onstrated that Neill ™~ mice accumulate approximately threefold
more AFB;-Fapy-dG adducts relatlve to WT. Third, data were
presented showmg that Neill 7~ mice were con51derably more
susceptible to AFB;-induced HCCs. Overall, these data suggest
that the majority of repair of AFBl—Fapy-dG adducts may be
catalyzed by NEIL1-initiated BER. If these mouse carcinogenesis
studies can be extrapolated to the human populations exposed to
various aflatoxins, then deficiencies in the enzymatic activities of
NEIL1 may reduce the efficiency of repair of these highly muta-
genic adducts. In this regard, others and we have previously
carried out biochemical characterization of several NEILI poly-
morphic variants (37, 38). When expressed as purified proteins,
two of the variants, G83D and C136R, showed little to no
DNA glycosylase activity. We hypothesize that humans who are
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heterozygous for a glycosylase-defective form of NEIL1 or possess
mutations that effect (i) the stabilization or localization of the
enzyme; (ii) the protein domains responsible for other important
protein—protein interactions such as PARP1, XRCC1, hnRNP-U,
and the 9-1-1 complex (reviewed in ref. 39) or (iii) regulation of
transcription/translation processes may be at an elevated risk for
increased steady-state levels of AFB;-Fapy-dG adducts; this in
turn would affect mutation load and the potential loss of hetero-
zygosity in NEILI by a secondary mutagenic event. These data
could be used in early diagnosis/disease prevention strategies.

Materials and Methods

Materials. The following materials and reagents were purchased: T4
polynucleotide kinase and BSA (New England BioLabs); [y—32P]ATP (PerkinElmer Life
Sciences); Micro Bio-Spin 6 column (Bio-Rad); all other chemicals were from Sigma-
Aldrich or Fisher Scientific. hANEIL1 was purified as previously described (37) and the
total concentration of the protein was determined by the Bradford assay, using
BSA as the standard. Aflatoxin By was purchased from Sigma Aldrich; it was dis-
solved in DMSO and used immediately after preparation. Aflatoxin B, is a very
potent carcinogen and thus great care should be exercised to avoid personnel
exposure. Further, the crystalline material presents an inhalation hazard.

DNA Substrate Preparation. The AFB;-Fapy-dG containing oligodeoxynucleo-
tide was synthesized as previously described (40). The nonadducted and Tg-
containing oligodeoxynucleotides were obtained from Integrated DNA Tech-
nologies, Inc. The adducted oligodeoxynucleotide was labeled at the 5
terminus using [y->PJATP and T4 polynucleotide kinase and annealed to the
complementary strand at molar ratio of 1:1.2 by heating the mixture at 90 °C
for 2 min and gradual cooling to room temperature.

DNA Glycosylase Assays. To evaluate the glycosylase activity of hNEIL1, the rate
constants were measured under single-turnover conditions. Reactions were ini-
tiated by the addition of 230 nM active enzyme into a total volume of 80 pL in the
presence of 20 mM Tris-HCl, pH 7.4, 100 mM KCl, and 100 pg/mL BSA and in-
cubated at 37 °C with a final DNA concentration of 20 nM. The aliquots (5 uL)
were removed in the course of reactions, and following addition of equal vol-
ume of 0.5 N NaOH, incubated at 90 °C for 5 min. By converting the newly
formed abasic sites into DNA strand breaks, the treatment with NaOH allowed
for the measurement of the rates of glycosylase activity separately from the lyase
activity. DNA was denatured by addition of 20 pL of solution containing 95%
formamide, 20 mM EDTA, 0.02% xylene cyanol, and 0.02% bromophenol blue
followed by incubation at 90 °C for 2 min, and resolved by electrophoresis in a
20% denaturing polyacrylamide gel containing 8 M urea in Tris-borate-EDTA
buffer. The reaction products were visualized using Personal Molecular Imager
System (Bio-Rad). The product [P] was quantified from a phosphor screen image
by the Quantity One Software (Bio-Rad) and plotted as a function of time (t)
using KaleidaGraph software. The first-order rate constant (kops) and extrapo-
lated maximal product (Ao) were obtained from the best fit of the data to
equation [P]; = Ao[1 — exp(kopst)]. Control reactions without enzyme were per-
formed under identical conditions showing ~5% of a nonenzymatic cleavage
that was not affected by the duration of incubation in the reaction buffer at
37 °C. The extension of incubation with NaOH up to 20 min also did not change
the level of this cleavage. Thus, the AFB;-Fapy-dG-modified oligodeoxynucleo-
tides were stable under used experimental conditions.

Animals. Construction and characterization of NeilT knockout mice was pre-
viously described (31, 32). The Neil1 genotype has been backcrossed >15 gen-
erations onto a C57BI/6) background. Control mating pairs of WT C57BI6/J were
obtained from Jackson Laboratories. All animal protocols were preapproved
through the Oregon Health & Science University Institutional Animal Care and
Use Committee and monitored by the Department of Comparative Medicine.
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Measurement of AFB;-Induced DNA Adducts in Liver of Exposed Mice. Separate
mating of Neil7™~ and control WT mice were set up, and 6-d-old pups were in-
jected with freshly reconstituted 10 mM AFB, in DMSO. The pups were weighed,
i.p. injected with AFB; at a dose of 3.5 mg/kg, and returned to their original cages.
The livers were harvested at 6 and 48 h postinjection and immediately frozen in
liquid nitrogen. DNA for AFB; adduct measurement was isolated using the pre-
viously described method (10). AFB;-induced DNA adducts were hydrolyzed by
treatment with 0.1 N HCl at 95 °C for 15 min, and following hydrolysis, internal '
Ns-guanine-derived standards were added to permit quantitative analysis by
isotope dilution mass spectrometry for both AFB;-N7-dG and AFB;-Fapy-dG. Ad-
ducts were separated by ultra-performance liquid-chromatography mass spec-
trometry. The protonated parent ion of the AFB;-N7-Gua adduct (m/z 480.1) was
selected and subjected to collision-induced fragmentation producing a miz
152 product ion that was monitored to quantify adduct levels. The AFB;-Fapy-Gua
adduct was measured by selection of the m/z 498 parent ion and monitoring the
collision-induced product ion m/z 452.29 (41).

Mouse Carcinogenesis. The pups were obtained as described above and, at <7 d
of age, injected with AFB, in DMSO at a dose of either 1.0 or 7.5 mg/kg. DMSO
alone was used as a vehicle control. Postinjection, pups were immediately
returned to the litter and weaned at 21 d of age. Litters were monitored on a
daily basis for mortality. At weaning, genders were determined and pups were
group housed up to five per box. Both males and females were routinely
monitored for developmental abnormalities and changes in weight throughout
the 15-mo study. Any mouse that either experienced weight loss of >15% or
ceased grooming or became severely lethargic was euthanized before death.
For the remaining majority of mice, these were euthanized at 15 mo of age and
the livers and lungs and associated tissues examined for morphological changes,
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including tumors. Harvested tissues were fixed in aqueous buffered zinc for-
malin [4% (wt/vol) formaldehyde and 600 ppm zinc], and after 2 d transferred
into 70% (volivol) ethanol. Tissues were paraffin embedded and sections cut for
H&E staining. Selected tissues were also analyzed by immunohistochemistry,
including detection of glypican (Abcam) and reticulin (American MasterTech)
for tumor classification and CD3 (Spring Bioscience) and CD20 (Invitrogen/Life
Technologies) for lymphoid aggregate analyses.

Statistical Analyses. Survival curves for WT and Neil7™~ pups were produced
using Kaplan—Meier estimates, with censoring of survival times beyond 30 d.
Curves were compared using both the Peto-Peto test, which places more
weight/influence on the earlier part of the survival curves, and the log-rank test
that treats all data equally, making it susceptible to large differences at the end
of the curves. The proportion of surviving pups, as well as the proportion of
mice that develop at least one tumor, were compared using log-binomial re-
gression, and the number of tumors was estimated and tested using a negative
binomial model with constant dispersion. Due to the limited sample sizes,
likelihood ratio tests (instead of asymptotic Wald tests) were used to determine
significance for each of the above models (log binomial or negative binomial)
and confidence intervals were constructed by inverting the test. Tumor di-
ameter was compared between genotypes and doses using analysis of variance,
with P values determined through 5,000 random permutations of the data.
Analyses were conducted using Stata (ver. 13.1; StataCorp) and R (R Core Team).
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