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Abstract

Aflatoxin B1 (AFB1) is a major risk factor for hepatocellular carcinoma (HCC) in humans. However,
mice, the major animal model for the study of AFB1 carcinogenesis, are resistant, due to high
constitutive expression, in the mouse liver, of glutathione S-transferase A3 subunit (MGSTAZ3) that
is lacking in humans. Our objective was to establish a mouse model for AFB1 toxicity could be used
to study mechanisms of toxicity that are relevant for human disease, i.e., an mGSTA3 knockout (KO)
mouse that responds to toxicants such as AFB1 in a manner similar to humans. Exons 3-6 of the
mGSTAS3 were replaced with a neomycin cassette by homologous recombination. Southern blotting,
RT-PCR, Western blotting, and measurement of AFB1-N’-DNA adduct formation were used to
evaluate the mGSTA3 KO mice. The KO mice have deletion of exons 3-6 of the mGSTA3 gene, as
expected, as well as a lack of mMGSTA3 expression at the mRNA and protein levels. Three hours after
injection of 5 mg/kg AFB1, mGSTA3 KO mice have more than 100-fold more AFB1-N’-DNA
adducts in their livers than do similarly treated wild-type (WT) mice. In addition, the mGSTA3 KO
mice die of massive hepatic necrosis, at AFB1 doses that have minimal toxic effects in WT mice.
We conclude that mGSTA3 KO mice are sensitive to the acute cytotoxic and genotoxic effects of
AFB1, confirming the crucial role of GSTA3 subunit in protection of normal mice against AFB1
toxicity. We propose the mGSTA3 KO mouse as a useful model with which to study the interplay
of risk factors leading to HCC development in humans, as well as for testing of additional possible
functions of mMGSTAS.
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INTRODUCTION

We report the development of a mouse model for testing of relationship of the sensitivity of
aflatoxin (AFB1) carcinogenesis to the level of a glutathionine S-transferase (GST) subunit
MGSTA3. AFB1 is metabolized by the P450 enzyme system to active epoxide intermediates,
which bind to DNA and induce carcinogenic mutations. These epoxides are detoxified by GST
to inactive forms, and are then degraded. There are significant differences in sensitivity to acute
(adduct formation, cytotoxic damage) and chronic (carcinogenic) effects of AFB1 among
species (Croy and Wogan, 1981; Degen and Neumann, 1981; Gorelick, 1990; Hayes et al.,
1992; Hengstler et al., 1999; O’Brien et al., 1983; Wong and Hsieh, 1980). Thus, humans, rats,
and trout are very sensitive to low doses of AFB1, whereas adult mice are resistant (Akao et
al., 1971). Adult mice can tolerate high doses of AFB1 (up to 60 mg/kg) without manifesting
toxic or carcinogenic effects (Wogan, 1969). However, mice are prone to AFBL1 toxicity if the
toxin is administered during the first week after birth, with males being significantly more
sensitive than females (Ueno et al., 1991; Vesselinovitch at., 1972). In addition, the
susceptibility to AFB1 increases in adult mice if hepatocyte proliferation is stimulated, such
as following partial hepatectomy or CCls-induced injury (Arora, 1981; Shupe and Sell,
2004), or during chronic regenerative hyperplasia (Ghebranious and Sell, 1998; Sell et al.,
1991). The enhanced sensitivity to AFB1 hepatocarcinogenicity in newborn mice and in adult
mice after liver injury is closely related to a lower level of GST activity in the liver, as compared
to the hepatic activity in normal adult mice (Sell, 2003).

The resistance of adult mice to AFB1 has been suggested to be due to constitutive expression
in mouse liver of the A3 subunit of GST (MGSTAZ3; also known as Yc¢ or Yag), which exhibits
high catalytic activity toward AFB1 (Buetler and Eaton, 1992; Hayes et al., 1992; McDonagh
etal. 1999). In support of this suggestion are the findings that mMGSTAS3 confers protection
against 8,9-epoxide when transfected into hamster cells (Fields et al., 1999) and that
substitution of the five critical mMGSTA3 amino acid residues into the rat GSTAS3 sequence
increases the conjugation activity over 200-fold (van Ness et al., 1998). A 25,700 Da protein,
mGSTAS accounts for about 35% in male mice, and 47% in female mice, of all GST subunits
(Mitchell et al., 1997). Besides AFB1, mGSTAS3 appears to have narrow substrate specificity,
and is largely unresponsive to drugs (Hayes and Pulford, 1995). However, it may have a
function in an antioxidant defense mechanism (Hayes et al., 2000; McWalter et al., 2004; Yang
et al., 2002), an idea which is further supported by its possession of a functional antioxidant
response element (ARE) within its promoter. Nrf2 transcription factor binds to this promoter
and, at least in part, controls its expression (Jowsey et al., 2003).

In order to test the hypothesis that mGSTAZ3 is critical for protecting mice from AFBL1 toxicity,
we have generated an mGSTA3 knockout (KO) mouse. Following a single AFBL1 injection,
the KO mice show more than a 100-fold increase in AFB1-N’-DNA adduct levels in their
livers, relative to the levels in wild-type (WT) control mice. Thus, the KO mice show levels
of adducts similar to those of AFB1-sensitive newborn mice. We propose the mGSTA3 KO
mouse as a pre-clinical model with which we can more accurately study the interplay of risk
factors contributing to development of HCC in humans.

METHODS

Targeting vector

For preparation of the targeting vector used to generate the mGSTA3—/— mice, GSTA3 BAC
clone RP23-80N7 (Invitrogen, Carlshad, CA) was grown and DNA extracted and purified using
“NucleoBond BAC Maxi Kit”, according to the manufacturer (BD Biosciences Clontech, Palo
Alto, CA). Primers specific to mGSTAS3 exon 4 and exon 5 (forward primer: 5” - GGA GTT
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CAA CCA GGG CAA TA - 3’; reverse primer: 5° — GGC GGA TCT GGA GAT AAT GA -
3”) were used to PCR amplify this region, and the resulting amplicon sequenced to confirm
that the purified BAC DNA was mGSTA3. The purified BAC DNA was then digested with
Bglll and Spel in separate reactions to generate 2-kb and 6.7-kb fragments, respectively; these
DNA fragments were excised and gel purified. The 6.7-kb fragment was ligated into the
EmbryoMax ESTV-Neo targeting vector (Specialty Media, Phillipsburg, NJ). This vector
contains a floxed neomycin resistance selection marker. Subsequent screening and sequencing
identified a clone with the proper GST fragment in the correct orientation. The 2-kb fragment
was then inserted upstream of this and correct insertion and orientation again confirmed by
sequencing. We then proceeded to produce a null mGSTA3 by homologous recombination, as
described in the results.

Breeding of mMGSTA3 KO mice

The mGSTA3 KO mice, generated as described in the results section, have been bred with
C57BI/6J WT mice (Jackson Laboratory, Bar Harbor, ME) and maintained on a C57
background. Routinely, homozygous mGSTA3KO males are bred with mGSTA3 homozygous
KO females so that all offspring are expected to be KO mice. For some purposes, KO mice are
bred to WT mice, or heterozygous (+/—) mice are mated together. For all offspring, we use
PCR screening of the genomic DNA that involves three separate reactions: exon 4 and exon 5
(present only in the WT mice) and Neo (present only in the KO mice). The accuracy of the
screens is 100%, since the results of the reactions are always consistent with the expected
distribution of the WT and KO mGSTAS3 gene.

Measurements

Animal care

RESULTS

The activity of total hepatic GSTs was measured on liver homogenates, with DCNB as a
substrate, by the method of Habig et al. (1974). The AFB1-DNA adducts were measured by
liquid chromatography —electrospray ionization tandem mass spectrometry (LC-ESI/MS/MS).
This triple-quadrupole mass spectrometry (Thermo-FinniganTSQ mass spectrometer, coupled
to a Thermo-Finnigan Surveyor Plus HPLC and autoinjector (ThermoElectron, San Jose, CA)
was coupled with the use of a stable isotope-labeled internal standard (AFB1-N7-15Ns-Gua)
as described by Egner et al. (2006).

All animals were treated in accordance with the protocol approved by the Wadsworth Center
Institutional Animal Care and Use Committee. Mice were housed in the Animal Facility at the
Wadsworth Center and maintained on a 12/12 h light/dark cycle. They were fed “Prolab RMH
3500” lab-chow (PMI Nutrition, Brentwood, MO) and had unlimited access to water.

Generation of mGSTA3 knockout mice

Mice lacking mMGSTA3 were generated by replacement of exons 3-6 of the mGSTA3 gene
with a neomycin resistance cassette (Neo) (Fig. 1a). The Neo fragment of approximately 4 kb
was flanked in the targeting vector on the left arm with a 2-kb genomic fragment cut from
intron 2 with Bglll enzyme, and on the right arm with a 6.7-kb Spel genomic fragment that
includes exon 7 and surrounding intronic regions. Homologous recombination with the
targeting vector was then used to generate the KO mice (produced by Dr Kerri Kluetzman,
Transgenic and Gene Knockout Core facility, Wadsworth Center, NY State Department of
Health, Albany, NY). These were then analyzed to determine the success of the knockout
procedure.
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Genomic DNA from two KO and two WT (control) mice was digested with Ndel and Spel in
separate reactions, Southern blotted, and then probed with the 2-kb Bgl2 (left arm) fragment
depicted in Figure 1a. As predicted, the Ndel digestion produced a 7.1-kb fragment in the
mMGSTA3 KO mice and a 6.2-kb fragment in the WT mice, whereas the Spel digestion
produced a 3.7-kb band in the KO mice and a 8.0-kb band in WT (Fig. 1b). GSTA3 mRNA
and protein expression in tissues was also compared between KO and WT. For mRNA, total
RNA was extracted from liver, kidney and brain, and RT-PCR carried out using primers
specific for mGSTA3 (Jowsey et al., 2003). As shown in Figure 1c, expression of GSTA3
mRNA was observed in liver and kidney, but not brain, in the WT mice. However, no
expression was observed for any tissue in any of the KO mice (4 WT and 4 KO). We also
carried out GSTAS3 protein analysis on liver tissue homogenates (from 4 mGSTA3 KO and 4
WT control mice, with 2 males and 2 females per group). Western blotting, using anti-mouse
specific MGSTA3 antibodies (obtained from Dr. John Hayes, University of Dundee, Dundee,
Scotland), revealed, as expected, that livers from KO mice do not express mGSTA3 protein
(Fig. 1d) whereas expression in WT livers is strong. Thus, our KO mice exhibit appropriate
gene alterations and do not express mGSTAS3.

General characterization of mMGSTA3 KO mice

Both the KO and hemizygous (+/—) mGSTA3 mice, males and females, appear normal, without
any visible health problems and, thus so far, they show a normal life span. Both males and
females are fertile and produce normal-sized litters (6-8 pups, on average). They have now
been bred back onto the C57BI/6J strain for five generations. By microscopic examination no
obvious differences between WT and KO organs (liver, lungs, kidney, heart, Gl tract, brain,
and spleen) were seen.

Determination of AFB1-N’-DNA adducts and total GST activity. Given that mMGSTA3
mediated glutathione conjugation is the primary detoxification pathway for activated AFB1
metabolites, and that the high levels of mMGSTA3 in the mouse are the major - if not the only
- reason why adult mice are resistant to the toxic and carcinogenic effects of AFB1, our primary
goal was to evaluate whether deletion of the gene (and protein) would render the mice sensitive
to AFBL1 treatment. Mice (5 mGSTA3 KO and 5 WT, 6 months of age, all males) were injected
with a single dose of 5 mg/kg AFB1, dissolved in DMSO, in a volume of 100 ul/30 g of mouse
weight, and euthanized 3 h later. Results revealed a striking difference in the levels of AFB1-
N’-guanine adducts, with AFB1-treated mGSTA3 KO mice displaying more than a 100-fold
more adducts than did their WT counterparts (312.7 vs. 2.79 pmol/mg DNA) (Fig. 2a). One of
the WT mice, for undetermined reasons, had aberrant levels of adducts above 1 pmol/mg; if
that mouse is excluded, the difference in adduct levels between mGSTA KO and WT increases
to more than 300-fold. The individual values were: WT mice: 0.92, 0.44, 0.92,0.21 and 11.4
pmol/mg DNA; mGSTA3 KO mice: 289.66, 436.40, 254.62, 298.92 and 283.94 pmol/mg
DNA. This finding, that an adult mouse can be sensitive to the acute effects of AFB1, and
respond similarly to rats when exposed to it, has never been described before. We anticipate
that the mGSTA3 KO mice will also become sensitive to the long-term, carcinogenic effects
of AFBL1, and will develop liver lesions and tumors over time. Thus, we are confident that we
have created a true GSTA3 knockout mouse that shows a dramatic phenotype when it is
exposed to AFBL1 as an adult. This knockout provides a mouse model in which to study the
interplay of AFB1 and other risk factors in the development of liver tumors.

Total GST activity in both KO and WT liver extracts (5 mice in each group) was also assessed.
No differences were observed, even though the mGSTA3 subunit accounts for about a third of
all GST subunits in male mouse liver (Fig. 2b). These results suggest the operation of a
redundant compensatory response by other GST forms. Such compensatory increases have
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been seen in existing GST knockout mouse models (Engle et al., 2004;Fernandez- Canon et
al., 2002).

Acute toxicity of AFB1 in mGSTA3 KO mice

Following 5 mg/kg AFB1 injection, all KO mice tested, 3 males and 3 females, died within 17
h due to massive liver necrosis, whereas WT mice survived. At 3 h after AFB1 administration,
some areas of the livers of the KO mice showed loss of hepatocyte cell borders, and pyknotic
nuclei (Fig. 3b) in contrast to normal liver(Fig. 3a). At this time, the mid-zonal hepatocytes of
the WT mice had slightly vacuolated cytoplasm, but cell membranes and nuclei are intact. At
17 h after AFB1 injection in the mGSTA3 KO mouse, extensive liver necrosis and
hemorrhaging are evident in the mid- and central zones, with involvement of 50-80% of the
liver, and loss of the central vein (Fig. 3d). All WT mice appeared healthy and unaffected at
this time; histologically, they showed fat accumulation in the distal liver cord, but not in the
pericentral- or mid- zones (Fig. 3c).

DISCUSSION

Hepatocellular carcinoma (HCC) is listed by the American Cancer Society (ACS, 2009) as the
6t highest in causing death in men and 9t highest in women in the United States, and its
incidence has shown a slow but steady increase since 1970. HCC is the is the 51 or 6! most
common cancer worldwide, with number of cases (626,000) closely resembling the number of
deaths (598,000), making it the 3 (after lung and stomach) leading cause of cancer-related
death (Bartlett et al., 2008; Gomaa et al., 2008). Most cases occur in Asia and sub-Saharan
Africa. In these regions, high incidence has been associated with contamination of foodstuffs,
stored grains, water, and soil with aflatoxin mycotoxins, as well as with chronic hepatitis B
infection. Aflatoxin B1 (AFB1) is the most potent member of the aflatoxin group. It has been
suspected as a major risk factor for HCC since the 1960s, when its carcinogen potency was
described in several animal species (Busby, 1984; Eaton and Groopman, 1994; Wogan,
1969; Wogan, 1992). The increase in HCC in the US over the last 40 years is thought to be
related to the two main risk factors, chronic hepatitis and AFB1 exposure.

AFBL1 requires metabolic activation by cytochrome P450 enzymes, to produce its toxic and
carcinogenic effects. Among several oxidative metabolites that are produced, the most
important is AFB1-8,9-exo-epoxide (AFBO), which is AFB1’s ultimate carcinogenic product
(Bushy, 1984). This electrophilic epoxide reacts with nucleophilic centers in the DNA and
proteins, forming a covalently bound aflatoxin-N’-guanine (AFB1-N7-Gua) DNA adduct
(Essigman et al., 1977). AFB1-DNA adduction is believed to be the source of point mutations
that initiate AFB1-induced hepatocarcinogenesis (Bailey et al., 1996). However, cells have an
important protective mechanism that can detoxify the AFB1-8,9-epoxide; this mechanism
involves conjugation of the epoxide functional group to glutathione (GSH), catalyzed by
glutathione S-transferase (GST), with the subsequent excretion of the water-soluble AFB1-
GSH conjugate in the bile and urine (Moss et al., 1985). The balance between the rate of
AFB1-8,9-epoxide production and the rate of inactivation by GST-conjugation determine the
susceptibility of the individual and species to AFB1 carcinogenesis (Eaton and Gallagher,
1994). Although not examined yet in the mGSTA3 mice, in our previous studies of AFB1
metabolism we found no evidence for variances in metabolic activation or glutathione levels
to explain differences in susceptibility of adult, neonatal or adult partially hepactectomized
mice to AFB1 hepatocarcinogenicity (Shupe and Sell, 2004). In addition, although there may
be differences in CYP levels between WT and mGSTA3KO mice, the finding of high adduct
formation in the KO mice after AFB1 administration (Fig 2a) indicates that bioactivation is
intact in the KO mice.
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Due to their high levels of mMGSTAS3 expression, adult WT mice are resistant to the AFB1-
induced DNA lesions and liver tumor development. Thus, for its effects to be studied, AFB1
must be injected into mice shortly after birth (Vesselinovitch et al., 1972). In contrast, we find
that, following the disruption of the functional mMGSTA3 gene, adult mice are sensitive to the
acute genotoxic effects of AFB1 treatment. The high levels of AFB1-DNA adducts that we
observed in mGSTA3 KO mice confer a dramatic phenotype. We expect that these mice will
also become sensitive to the long-term, carcinogenic effects of AFB1, and will develop liver
lesions and tumors over time more like AFB1-sensitive species such as rat. We are confident
that the mGSTA3 KO mouse can serve as an animal model of AFB1 toxicity, one that is more
relevant for the study of this ubiquitous carcinogen than are isolated liver cells in vitro. Long-
term experiments are currently under way in our laboratory, to explore the interplay of AFB1
with other risk factors (chronic hepatic injury and p53 mutation) in the development of HCC.
The mGSTA3 KO mice will be crossbred with other genetically modified mice, in an extension
of our already published findings (Ghebranious and Sell, 1994; Sell, 2003).

The mGSTA3 KO mice can also provide confirmation of and valuable insights into other
proposed metabolic functions of the mGSTA3 enzyme, other than the known detoxification of
AFB1. GSTA3, along with several other GST subunits, may play a significant role in cellular
defense against reactive oxidative stress and damage (Hayes and McLellan, 1999). For
example, another catalytic activity that is highly specific for mGSTA3 is the reduction of
cumene hydroperoxide (CuOOH) (Hayes and Pulford, 1995); the enzyme also reduces
endogenously produced phospholipid hydoxyperoxides (Yang et al., 2002). Mouse GSTA3
can additionally be induced following treatment of either isolated cells or entire mice with a
cytoprotecive agents, such as a synthetic phenolic antioxidant (butylated hydroxytoluene
[BHT], butylated hydroxyanisole [BHA] or ethoxyquin) or a natural antioxidant, extracted
from broccoli seeds (the isothyocyanates) (Hayes et al., 2000; McWalter et al., 2004).

Further strengthening mGSTA3’s role in antioxidant defense is the finding that promoter
regions of the gene that encodes it (as well as the genes encoding mGSTA4, mGSTP1,
mGSTZ1, mGSTM1 and mGSTM2) contain functional antioxidant response element (ARE)
to which transcription factor Nrf2 binds, following induction with any of various antioxidants
(Hayesetal., 2000; Hayes et al., 2005; Jowsey et al., 2003a; McWalter et al., 2004). A reduction
in the level of mMGSTAS3 (about 40%) was observed in male mice that lack Nrf2 (Nrf2 KO
mice), under basal conditions, or when administered an antioxidant rich (BHA) diet or a
dithiolethione chemopreventive agent (Chanas et al., 2002; Kwak et al., 2001). Furthermore,
when treated with AFB1, Nrf2 KO mice accumulate several-fold more AFB1-DNA adducts
than do WT mice (Kwak et al., 2001). Clearly, these data necessitate further examination of
the antioxidant role of the mGSTAS3 and the enzyme’s activation and control by the Keapl/
Nrf2/ARE transcriptional pathway. Similarly, the generation and use of the mGSTA4 KO
mouse have provided significant information on the protective actions of that subunit against
lipid peroxidation products (Dwivedi et al., 2006; Engle et al., 2004).

A finding of undetermined significance is that the mGSTAS3 subunit is markedly induced during
adipocyte differentiation, specifically by the transcriptional action of pro-adipogenic
prostaglandin, PGJ, (Jowsey et al., 2003b). Study of the mGSTA3 KO mouse will allow us to
analyze this effect in more detail, and evaluate its physiological importance.

To date, six KO mouse models entailing the knockout of different GST subunits have been
reported: mMGSTA4, mGSTM1, mHSTO1, mGSTP1/2, mGSTS1 and mGSTZ1 (reviewed by
Board, 2007). The addition of the mGSTA3 KO mouse model can provide a significant insight
of this subunit’s functions, principally the one related to AFB1 detoxification and liver cancer
development, and also a possible role in cellular antioxidant protection.
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ABBREVIATIONS

AFB1 aflatoxin B1

DMSO dimethyl sulfoxide

HCC hepatocellular carcinoma

KO knockout

LC-ESI/MS/MS liquid chromatography/electrospray ionization tandem mass
spectrometry

MGSTA3 mouse glutathione S-transferase A3 subunit

WT wild-type
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Figure 1. Generation and characterization of mGSTA3 knock-out (KO) mouse

A. Scheme of MGSTAS3 gene deletion. The targeting vector containing a neomycin resistance
cassette is shown, along with restriction enzymes on the left and right arms used to generate it
from genomic DNA. B. Detection of mGSTA3 DNA by Southern blotting on two mGSTA3
KO and two WT DNA samples isolated from liver. The DNA was digested with either Ndel
or Spel and probed with the 2-kb Bgl2 fragment. C. Determination of mGSTA3 MRNA by
RT-PCR in liver, kidney, and brain of four mGSTA3 KO and four WT mice. D. Determination
of mMGSTAS protein by Western blotting using anti-mGSTAS3 specific antibodies, in livers of
four mGSTA3 KO and four WT mice. B, C, and D show the absence of targeted DNA and
lack of mMGSTA3 mRNA and protein expression for the KO mice.
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Figure 2. Body weights, AFB1-DNA adducts and total GST activity

A. Determination of AFB1-N’-DNA adducts in livers of mGSTA3 KO and WT mice, by liquid
chromatography-mass spectrometry. Male mice (five/group) were injected with 5 mg/kg AFB1
in DMSO and their livers collected 3 h later. KO mice have more than 100-fold more DNA
adducts than WT mice. B. No differences were found in the levels of total GST activity between
MGSTA3 KO and WT mice (five/group).
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Figure 3. Effect of AFB1 on liver histology for wild-type (WT) and mGSTA3 knock-out (KO) mice
A. untreated male WT mouse; B. mGSTA3 male KO mouse, 3 h after AFB1 administration;
some loss of hepatocyte cell borders is evident, as is some nuclear pyknosis. C. WT mouse,
17 h after AFB1 administration; fat accumulation in hepatocytes is seen in the distal cord, with
the exception of immediate layer of cells around the central vein. D. KO mouse, 17 h after
AFB1 administration; extensive hemorrhaging and necrosis are evident, with involvement of
up to 80% of the liver. All figures are shown at 200x final magnification. p, portal vein; c,
central vein.
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