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Abstract
The studies described in this thesis investigated the relationship between DNA
repair mechanisms, aflatoxin B1 (AFB1)-induced DNA damage and carcinogenesis.
Mice deficient in 8-oxoguanine glycosylase (OGG1, the rate-limiting enzyme in repair of
oxidized guanine), mice heterozygous for OGG1, and wild type mice, were exposed to a
single tumourigenic dose (50 mg/kg) of AFB1. Neither ogg1 genotype nor AFB1
treatment affected levels of oxidized guanine in lung or liver 2 h post-treatment. ogg1
(-/-) mice had increased susceptibility to AFB1 toxicity, as reflected by increased
mortality within one week of AFB1 exposure. AFB1 treatment did not significantly
increase lung or liver tumourigenesis compared to DMSO controls. No difference was
observed between ogg1 genotypes, although a non-significant trend towards AFB1treated ogg1 (-/-) mice being more susceptible to tumourigenicity was apparent. Overall,
deletion of ogg1 did not significantly affect AFB1-induced DNA damage or
tumourigenicity, suggesting that oxidized guanine may not be a major contributor to
AFB1-induced tumourigenesis.

The effects of AFB1 on DNA repair were assessed in p53 (a protein implicated in
regulation of DNA repair) wild type and heterozygous mice. p53 (+/+) mice treated with
0, 0.2 or 1.0 ppm AFB1 for 26 weeks had increased nucleotide excision repair (NER)
activities in lung and liver compared to control, which may represent an adaptive
response to AFB1-derived DNA adducts. In p53 (+/-) mice, the AFB1-induced increase
in NER was significantly attenuated, suggesting that loss of one allele of p53 limits the
ability of NER to up-regulate in response to AFB1-induced DNA damage.
ii

Twenty-six week exposure to AFB1 did not affect base excision repair (BER) in
p53 (+/+) mouse lung or liver compared to control. BER was significantly decreased in
livers from mice exposed to 1.0 ppm AFB1 compared to those exposed to 0.2 ppm AFB1,
a result that was not due to liver cell death or to altered levels of OGG1 protein. In lungs
and livers of p53 (+/-) mice, BER activity was unchanged by AFB1. As such, the
difference in BER response between 0.2 ppm and 1.0 ppm AFB1 treatment seen in the
p53 (+/+) mice appears to be p53 dependent.

Keywords: aflatoxin B1, oxidative DNA damage, base excision repair, 8-oxoguanine
glycosylase 1, nucleotide excision repair, p53, carcinogenesis
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Chapter 1
Introduction
1.1 Statement of the Research Problem
Cancer is a worldwide problem that has plagued humans for millennia, with the
earliest description of cancer dating to approximately 3000 BC (American Cancer
Society, 2013). Environmental factors are primarily responsible for an estimated 70 to
90% of all human cancers, and for over 80% of all cancer deaths in industrialized nations
(Luch 2005; WCRF and AICR 1997). Chemical contamination of the food chain,
occupational environment, our bodies, and waste products are believed to contribute to a
variety of cancers (Pitot and Dragan 1996). One category of environmental contaminants
that contributes to the incidence of cancer is aflatoxins.
Aflatoxins are produced by species of Aspergillus, moulds that grow in warm and
humid conditions on grains, oilseeds and spices. Aflatoxins are common food
contaminants in Southeast Asia and Africa, but contamination also occurs in the
Southeastern United States, so aflatoxin exposure is not just a problem in the developing
world. Aflatoxin B1 (AFB1) is the most prevalent and carcinogenic of the aflatoxins
(Donnelly et al. 1996a; Wogan 1973). Exposure limits to AFB1 have been established;
however, these limits are not tightly regulated around the world, resulting in actual
exposure to AFB1 often exceeding the recommended limits (IARC 1985; Williams et al.
2004). As such, approximately 4.5 billion people living in developing countries are
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exposed chronically to large, uncontrolled amounts of AFB1 (Williams et al. 2004).
Exposure to AFB1 occurs via ingestion or inhalation, and, along with hepatitis-B virus
(HBV) infection, AFB1 exposure is one of the most common causes of
hepatocarcinogenesis in developing countries (Massey et al. 2000). Furthermore,
epidemiological evidence suggests that AFB1 can also cause lung cancer (Dvorackova et
al. 1981; Harrison and Garner 1991).
It is important to understand the mechanisms of carcinogenicity of AFB1 in order
to develop novel prevention strategies or effective cancer treatments. Once in the body,
AFB1 is bioactivated into a highly reactive DNA-binding species that can form bulky
DNA adducts (Eaton et al. 1994). If these DNA adducts persist, they can lead to
mutations in key genes that may cause liver or lung cancer. AFB1 can also induce
oxidative stress and subsequent oxidative DNA damage (Barraud et al. 2001; Shen et al.
1995), which can potentially cause mutations that can lead to cancer. The human body
has numerous mechanisms to repair damaged DNA. Two mechanisms that are involved
in the repair of damage induced by AFB1 are nucleotide excision repair (NER), which
repairs bulky DNA helix distorting lesions, and base excision repair (BER), which repairs
oxidative DNA damage (Christmann et al. 2003; Takahashi et al. 2002). Evidence exists
that a mechanism by which AFB1 induces cancer may be through modulation of DNA
repair pathways (Bedard et al. 2005).
The tumour suppressor gene p53 is the most frequently mutated gene in human
tumours (Hollstein et al. 1991). Moreover, greater than 50% of liver tumours from high
2

AFB1-endemic areas have a p53 mutation (McGlynn et al. 2003). Gene products of p53
regulate cellular processes including cycle arrest, apoptosis and DNA repair
(Aboussekhra et al. 1995). In fact, functional p53 is required for efficient NER and BER
(Chang et al. 2008; Smith and Seo 2002).
This thesis investigated the importance of oxidative DNA damage in AFB1induced tumourigenesis, as well as the effects of chronic exposure to AFB1 and p53
status on NER and BER.

1.2 Chemical Carcinogenesis
It is estimated that environmental factors are primarily responsible for 70 to 90%
of all human cancers, and for over 80% of all cancer deaths in industrialized nations
(Luch 2005; WCRF and AICR 1997). Chemical contamination of the food chain,
occupational environment, and waste products, as well as changes to lifestyle practices,
are believed to contribute to a variety of cancers (Pitot and Dragan 1996). In general,
cancer is characterized by the loss of regulatory mechanisms that manage homeostasis
and normal growth of cells, resulting in out-of-control cell growth. Transformation of a
healthy cell into a cancerous one is dependent on the accumulation of a number of
genetic (changes directly to the DNA) and epigenetic (changes in gene expression caused
by mechanisms that do not involve the DNA sequence) changes. Six essential alterations
in cell function are considered the hallmarks of cancer: up-regulation of growth signals,
insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless replication
potential, sustained blood vessel development (ie. angiogenesis), and tissue invasion and
3

metastasis (Hanahan and Weinberg 2000). One popular model for the process of
carcinogenesis consists of three main steps: initiation, promotion, and progression (Solt
and Farber 1976).
During initiation, mutations are induced by an exogenous or endogenous
carcinogen, conferring the potential for neoplastic growth. The resulting initiated cells
are difficult to detect as their phenotype and histology are similar to normal cells. In the
absence of effective DNA repair, these genetic alterations become permanently fixed
after one round of DNA replication, causing them to be propagated from cell to cell
during normal tissue growth and development. As such, the initiated cell will continue to
propagate unless the cell is eliminated. Not all initiated cells become malignant, as the
genetic change must be in a specific target gene that allows the cell to grow and
reproduce autonomously, independent of the control of surrounding normal cells (WCRF
and AICR 1997).
The second stage of carcinogenesis, promotion, is considered to be reversible and
consists of changes in gene expression and cell proliferation, transforming the initiated
cell into a discernible population of cancer cells (Klaunig and Kamendulis 2004; WCRF
and AICR 1997). Tumour promoters do not interact directly with DNA or have
appreciable carcinogenic activity on their own, but induce changes in gene expression
which control cell growth. Therefore, they greatly enhance tumour development when
administered in conjunction with a carcinogen. Promotion agents include hormones,
drugs or drug metabolites that bind to surface, cytoplasmic or nuclear receptors of the
4

initiated cell and induce changes in transcription that alter gene expression (Pitot et al.
1981). In general, genes that promote growth and differentiation are up-regulated, while
genes that promote programmed cell death (apoptosis) are down-regulated (Luch 2005).
The last stage, progression, is irreversible and involves increased growth and
expansion of the population of initiated and promoted cancer cells. The cells undergo a
karyotypic change, which is characterized by aneuploidy and chromosomal instability
that can be observed by light microscopy (Pitot et al. 1981). The loss of genetic integrity
results in increased growth rate, increased invasiveness, and changes in biochemical and
morphological characteristics that drive formation of the primary tumour. Growth of a
malignant tumour destroys the normal tissue surrounding it, increases blood vessel
formation to supply nutrients to multiplying cancer cells (i.e. angiogenesis) and may
eventually spread to distant tissues, known as metastasis. Metastasis involves the
detachment of cancer cells from the primary tumour into the bloodstream or lymphatic
circulation and the colonization of other organs, forming secondary tumour masses
(WCRF and AICR 1997). The mechanism of metastasis is not well understood.
However, detachment of metastatic cells from the primary tumour is not a random
process, and the cells are already adapted for growth at new body sites.
1.2.1 Liver Cancer
Globally, liver cancer is the fifth and seventh most commonly occurring cancer in
men and women respectively, and is the third greatest cause of cancer mortality (El-Serag
2012). In 2013 it is estimated that 2100 Canadians will be diagnosed with liver cancer
5

and 1000 Canadians will die from it (Canadian Cancer Society, 2013). However, almost
85% of liver cancer cases occur in developing countries (El-Serag 2012). In general,
liver cancer can be classified as hepatocellular carcinoma (HCC), cancer that originates
in hepatocytes, or cholangiocarcinoma, cancer that originates in the small bile ducts
(Canadian Liver Foundation, 2013). Other forms of liver cancer exist, such as
angiosarcoma and hepatoblastoma; however, these are very rare. The most common
form of liver cancer is HCC (El-Serag 2012). Several risk factors are associated with the
development of HCC (environmental exposure, alcohol, diabetes), but approximately
80% of HCC cases are associated with chronic hepatitis B virus (HBV) or hepatitis C
virus infections (El-Serag 2012). If HCC is diagnosed at an early stage, curative
treatments such as surgery or transplantation can be employed, resulting in the 5-year
survival being about 50-75% (Giunchedi et al. 2013). However, the majority of HCCs
(70%) are not diagnosed until they have progressed to late stages, for which the cure rate
ranges from 0-10% (Giunchedi et al. 2013). Clinically, HCC treatment approaches
depend on stage at diagnosis and on access to treatment regimens, but in general,
treatment involves surgical interventions, radiation and chemotherapy (Giunchedi et al.
2013).
1.2.1.1 Molecular Alterations in Human Liver Cancer
Multiple gene alterations have been implicated in the development of HCC.
Typically, HCC develops with the activation of proto-oncogenes and inactivation of
tumour suppressor genes by genetic and epigenetic mechanisms. Proto-oncogenes are
6

highly conserved genes that code for proteins involved in several processes including
regulation of gene expression and growth signal transduction (Rodenhuis and Slebos
1990). Proto-oncogenes have the potential for conversion into active oncogenes, which
are mutated and/or over-expressed versions of the normal proto-oncogenes. The active
oncogene can induce or promote uncontrolled cell growth, thus leading to cancer. An
example of a family of oncogenes commonly mutated in human cancers is ras. The ras
gene products (ie. H-ras, K-ras and N-ras) are 21 kDa proteins (p21) that are involved in
signal transduction pathways in many cell types and bind guanine nucleotides with high
affinity (Anderson et al. 1992). The most frequent mechanism for ras activation is a
point mutation in codon 12, 13, or 61, which leads to an amino acid substitution in the
encoded protein, ultimately resulting in the loss of GTPase activity and thus continuous
transduction of inappropriate growth signal (Rodenhuis and Slebos 1990). Although
point mutations in ras are common in human cancers, they are rare events in HCC
(Challen et al. 1992). However, H-ras is over expressed in HCC, and H-ras expression
has been associated with recurrence and extra-hepatic metastasis of human HCC (Newell
et al. 2009; Tang et al. 1998).
The p53 tumour suppressor gene is the most frequently mutated gene in human
tumours (Hollstein et al. 1991; Nigro et al. 1989). It exists as a single copy on the short
arm of chromosome 17 of the human genome and on chromosome 11 of the mouse
genome (Tam et al. 1999). Gene products of the p53 tumour suppressor gene regulate
cellular processes such as cell cycle arrest, apoptosis and DNA repair (Aboussekhra et al.
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1995). The primary role of p53 in tumour suppression has been attributed to its function
as a transcription factor, regulating expression of over 100 different cellular genes, but
protein-protein interactions may also play a role (Chang et al. 2008). Mutations of p53
are frequently observed in HCC (Hsu et al. 1991). The predominant p53 mutations in
HCC cases from patients living in high HCC risk areas are G:C to T:A single base
substitutions, which tend to cluster at codon 249 of the gene (Bressac et al. 1991). The
occurrence of p53 single base substitutions and allele losses in tumours from patients that
lived in high HCC incidence areas is more than 50% (Hsu et al. 1991).
1.2.1.2 Modelling Liver Cancer in the Mouse
HCC is the most commonly diagnosed form of human liver cancer. Due to the
physiologic, molecular and genetic similarities to humans, the mouse is a good
experimental system for studying HCC (Bakiri and Wagner 2013). Mice are also ideal
because of their short lifespan, breeding capacity and various options offered by genetic
engineering (Bakiri and Wagner 2013). A universal epidemiologic characteristic of HCC
is that males are 2 to 5 times more likely to develop HCC than females (Nordenstedt et
al. 2010). Importantly, most mouse models for HCC also harbour a clear male
predominance to the development of HCC (Bakiri and Wagner 2013). Moreover, studies
comparing the molecular profiles of human and mouse HCC revealed extensive overlaps
at the gene expression level (Bakiri and Wagner 2013). In fact, mouse tumour signatures
can be attributed to specific subclasses of human HCC and predict patient clinical
outcome (Coulouarn et al. 2008; Ivanovska et al. 2011; Lee et al. 2004).
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While the mouse is a great model for studying HCC, limitations do exist. Inbred
strains of mice vary substantially in their susceptibility to spontaneous liver tumours
(Peychal et al. 2009). In addition, while H-ras point mutations are not common in human
HCC, mutations at H-ras codon 61 are the most common mutations observed in mouse
liver tumours, appearing in 56% of spontaneous B6C3F1 liver tumours (Maronpot et al.
1995). The frequency of H-ras point mutation is mouse strain-specific and is the result of
selective breeding for liver tumour-sensitive mouse strains (Parsons et al. 2002).
Due to the variability in HCC susceptibility, efforts were made to develop better
mouse models, where tumours would develop more frequently and rapidly (Bakiri and
Wagner 2013). Several transgenic mice were generated by targeting known protooncogenes or tumour suppressor genes. The first mouse model where HCC was observed
after indirectly targeting tumour suppressor genes was the SV40 T transgenic mouse,
which simulates loss of p53 and the retinoblastoma protein (Bakiri and Wagner 2013).
Since mice lack the p53 codon 249 hotspot that is commonly mutated in human HCC,
transgenic mice have been developed to more accurately model the role of p53 mutation
in human HCC (Ghebranious et al. 1995; Tong et al. 2006). Conventional transgenic
mouse models suffer from limitations such as early tumour onset and a broad pattern of
transgene expression that may not accurately reflect the pathogenesis of human HCC;
however, they have been valuable in understanding the disease (Bakiri and Wagner
2013).
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1.2.2 Lung Cancer
Worldwide, as well as in Canada, lung cancer is the greatest cause of cancer
mortality (Canadian Cancer Soceity, 2013; World Health Organization, 2013). Lung
cancer is the 2nd most commonly diagnosed cancer in Canada and in 2013 it is estimated
that 25 500 Canadians will be diagnosed with lung cancer and 20 200 Canadians will die
from it (Canadian Cancer Soceity, 2013). Most patients in the early stages of lung cancer
are asymptomatic. Therefore, once diagnosed, the 5-year prognosis of lung cancer is
poor, with only 14 to 20% of patients surviving (Canadian Cancer Society, 2013; Sachs
and Fiore 2003).
The single greatest risk factor for the development of lung cancer is smoking
(Sachs and Fiore 2003), which involves an association between carcinogen exposure and
host genetic susceptibility, as fewer than 20% of smokers develop lung cancer (Smith and
Glynn 2000). Occupational exposure to aluminum byproducts, arsenic, chromium, nickel
compounds, and coke oven emissions, as well as dietary and genetic factors also
contribute to lung cancer development (Sachs and Fiore 2003; Smith and Glynn 2000).
Lung cancer has heterogeneous tumour biology compared to other common
cancers such as breast, colon and prostate (Borczuk et al. 2003). In general, lung cancer
can be divided into two broad pathological classifications: small cell lung cancer (SCLC),
which accounts for about 20% of diagnosed cases; and non-small cell lung cancer
(NSCLC), which accounts for the other 80% of diagnosed cases (Sachs and Fiore 2003).
Other rare tumour types include carcinoids, carcinosarcomas, pulmonary blastomas, and
giant and spindle cell carcinomas (Corrin and Nicholson 2006; Schottenfeld and Searle
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2005). SCLC is derived from neoplastically transformed neuroendocrine cells and is
characterized by early spread and rapid growth (Malkinson 1998). SCLC is often treated
by chemotherapy rather than surgical intervention and has an approximate survival rate of
5% over five years (Sachs and Fiore 2003). NSCLC is derived from transformed
epithelial cells and is characterized by slow growth and local and regional tissue invasion
prior to widespread metastasis. Clinically, NSCLC generally responds only modestly to
chemotherapy but in its early stages may be curable with surgical resection (Sachs and
Fiore 2003). NSCLC can be further divided into adenocarcinoma (40% of NSCLC
cases), squamous cell carcinoma (30%) and large cell undifferentiated carcinoma (10%)
(Schottenfeld and Searle 2005). Development of SCLC and squamous cell carcinoma is
most commonly attributed to cigarette use. Adenocarcinoma occurrence has increased
over the last couple of decades, a trend hypothesized to be due to increased particle
deposits in the lungs of smokers from taking larger puffs and retaining smoke longer to
compensate for the lower nicotine yield of low tar filter cigarettes, but adenocarcinoma is
also the most common subtype associated with non-smokers (Janssen-Heijnen et al.
2001; Sachs and Fiore 2003).
1.2.2.1 Molecular Alterations in Human Lung Cancer
Human lung cancer is thought to involve between 10 and 20 mutations, most of
which are alterations in proto-oncogenes or tumour suppressor genes (Weintraub 1996).
Approximately 30-50% of human lung adenocarcinomas have a K-ras mutation in codon
12, 13, or 61, while these mutations are rare in other forms of lung cancer (Malkinson
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1992; Siegfried et al. 1997). In addition, p53 is mutated in over two thirds of lung
cancers (Massion and Carbone 2003). Transversion (exchange of a purine for a
pyrimidine) of guanine to thymine (G to T) is the most prevalent p53 mutation, occurring
predominantly on the non-transcribed DNA strand (Greenblatt et al. 1994). In human
lung adenocarcinoma, K-ras and p53 mutations occur very early in tumour formation,
and have been detected in all stages of lung cancer (Li et al. 1994). Mutations in K-ras
and p53 are homogeneously distributed throughout the tumour and metastases, indicating
that the mutation was acquired prior to clonal expansion (Li et al. 1994).
1.2.2.2 Modelling Lung Cancer in the Mouse
Adenocarcinoma has become the most commonly diagnosed form of human lung
cancer in both smokers and non-smokers in many parts of the world (Malkinson 1998).
While many experimental animals such as rats, hamsters, and dogs develop squamous
cell carcinoma as well as adenocarcinoma, mice almost invariably develop
adenocarcinoma (Malkinson 1992; Meuwissen and Berns 2005). Developmental stages
of both human and mouse lung adenocarcinoma are thought to be equivalent, progressing
from hyperplasia to adenoma to carcinoma in situ to metastatic carcinoma (Malkinson
1998). The genetic homology between human and mouse and the ease of genetic
manipulation in mice (Malkinson 1992; Meuwissen and Berns 2005) makes the mouse
model an invaluable tool in the study of human lung cancer. However, mouse strains
vary substantially with respect to susceptibility to lung tumour formation, with 100%
spontaneous incidence of tumours in the A/J mouse strain, to strains which develop no or
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few tumours, even following intentional carcinogen exposure (C57Bl6 mouse strain)
(Malkinson 1992). Nonetheless, chemically and transgenically-induced primary lung
tumours in mice are similar to human adenocarcinoma in terms of morphological,
molecular and biochemical changes during tumour progression (Benfield et al. 1998;
Malkinson 1992).
Similar to human lung adenocarcinoma, K-ras is the most frequently observed
mutation in chemically-induced mouse lung tumours. Greater than 90% of spontaneous
and chemically-induced mouse lung tumours contain K-ras mutations (Stanley 1995);
however, the few lung tumours that are induced in resistant strains are less likely to have
K-ras mutations (Devereux et al. 1993). The mutated codons of K-ras 12, 13 and 61,
found in chemically-induced mouse lung tumours are the same as those in human
adenocarcinoma (Malkinson 1992). Mice, like humans, appear to follow the same
initiation/promotion/progression model of lung cancer (Malkinson 1992) and therefore
correlations between these two species can be made at several stages of disease
development. At least 14 different sites on the murine genome, termed pulmonary
adenoma susceptibility, pulmonary adenoma resistance, and susceptibility to cancer sites,
regulate lung tumour susceptibility. In fact, several of the pulmonary adenoma
susceptibility loci have been mapped to oncogenes and tumour suppressor genes and
sensitivity between strains of mice can be attributed to these loci (Lemon et al. 2003).
Loss of p53 is more commonly observed in human adenocarcinoma than in mouse
lung adenocarcinoma (Malkinson 1998). p53 mutation in AFB1-induced mouse lung
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tumours is a late event (Tam et al. 1999), occurring heterogeneously within discrete parts
of the tumour, suggesting that loss of p53 function is not due to direct carcinogen action
but rather to subsequent genomic instability acquired during tumour development (Li et
al. 1994). Late events in both human and mouse lung tumours involve inactivation of
tumour suppressor genes either by CpG island methylation or by mutations (Wakamatsu
et al. 2007). One way in which mice and humans differ is that malignant
adenocarcinoma rarely metastasizes in mouse models, and mice usually die from
respiratory distress caused by carcinoma masses in the lung, while the cause of death in
human adenocarcinoma patients is usually related to complications of metastasis
(Malkinson 1998).

1.3 Aflatoxins
1.3.1 Occurrence and Sources of Aflatoxins
Aflatoxins were first discovered in the early 1960s, when an outbreak of
hepatotoxic disease in turkeys and other poultry (known as turkey X disease) garnered
the attention of many laboratories (Asplin and Carnaghan 1961; Loosmore and
Marksman 1961). It was discovered that turkey X disease was due to consumption of
peanut meal contaminated with a mycotoxin produced by some strains of Aspergillus
flavus, A. parasiticus, and A. nomius (Asao et al. 1963). This group of mycotoxins
became known as aflatoxins (Wogan 1973). Specifically, A. flavus and A. parasiticus are
capable of producing aflatoxins B1, B2, G1, G2, and M1 (Wilson and Payne 1994), which
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contaminate agricultural products such as peanuts, corn, and cereal grains that are in
warm and humid conditions (Busby and Wogan 1984; Eaton et al. 1994).
Aflatoxin contamination occurs by colonization of the fungus on susceptible
crops, or may arise during harvesting, drying, storage or processing. Aflatoxin is
considered an unavoidable food contaminant, and approximately 4.5 billion people living
in developing countries are chronically exposed to large, uncontrolled amounts of
aflatoxins (Williams et al. 2004). Contamination of food is endemic in many parts of
Southeast Asia and Africa, but also occurs in the southeastern United States, indicating
that aflatoxin contamination is also a problem in developed countries (Cullen and
Newberne 1994; IARC 1985). Due to Canada’s more temperate climate, contamination
of indigenous crops is of much less concern than contamination of foodstuffs imported
from warmer tropical and subtropical regions; however, AFB1 contamination of
Canadian-grown cereals and corn has been reported (Charmley and Trenholm 2000).
Exposure limits of AFB1 vary from country to country, but in Canada and the United
States, AFB1 levels generally have to be below 0.02 ppm for human consumption and
below 0.3 ppm for cattle feed (IARC 1985; Williams et al. 2004). However, actual
exposure levels are often many times higher than the regulatory limits, with developing
countries that produce crops commonly contaminated with AFB1 often being exposed to
levels of AFB1 in the range of 1 ppm – 2.5 ppm/day (Williams et al. 2004).
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1.3.2 Carcinogenicity of Aflatoxin B1 (AFB1)
In addition to the hepatotoxic nature of aflatoxins, they are also potent
carcinogens, with aflatoxin B1 (AFB1) being the most prevalent, mutagenic and
carcinogenic of the aflatoxins (Wogan 1973). As such, AFB1 has been classified as
Group 1 (i.e. agents that are carcinogenic to humans) by the International Agency for
Research on Cancer (IARC, 1993). Exposure to AFB1 is via inhalation and ingestion,
with the toxin reaching tissues either directly or by the circulatory system (Donnelly et al.
1996a). Acute exposure to high levels of AFB1 is rare but may result in death due to
aflatoxicosis associated with liver necrosis (Gursoy-Yuzugullu et al. 2011; Ubagai et al.
2008). Chronic exposure to low levels of AFB1 is very common and while not
immediately lethal, it can induce immunosuppression (Ubagai et al. 2008) as well as
carcinogenesis in the liver and potentially the lung (Bennett and Klich 2003; GursoyYuzugullu et al. 2011; Massey et al. 2000). AFB1 is considered to be a complete
carcinogen, possessing activity as both an initiator and a promoter (Massey et al. 1995).
1.3.3 AFB1–Induced Cancers
Dietary exposure to aflatoxins is an important contributor to the high incidence of
HCC, specifically in Asia and sub-Saharan Africa, where almost 85% of the cases occur
(Wu and Santella 2012). It is thought that exposures to AFB1 and HBV infection are the
most common etiological risk factors associated with the high HCC incidence in
developing countries (Anthony 2001). In general, areas where AFB1 exposure is an
environmental problem are also areas that have a high prevalence of chronic HBV
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infection (El-Serag 2012). Synergism exists between AFB1 and HBV, as people are sixty
times more likely to develop HCC when they have been exposed to AFB1 and have HBV,
compared to three times and seven times more likely to develop HCC when just exposed
to AFB1 or have HBV respectively (Ross et al. 1992; Williams et al. 2004). The
mechanism by which this synergism between AFB1 and HBV occurs is unknown;
however, two theories have been proposed. During infection, HBV may decrease DNA
repair and make cells more permissive to the formation of mutations (Jia et al. 1999). In
addition, during the development of chronic HBV infection, inflammatory stress may
enhance AFB1 metabolism and DNA damage, which would increase mutagenesis
(Chemin et al. 1999). Recent results suggest that AFB1 and HBV do not cooperate to
increase DNA damage, at least in vitro (Lereau et al. 2012). However, it is unknown
what occurs in the context of chronic HBV infection accompanied by sustained AFB1
exposure, warranting further studies of this interaction.
While the principal target for AFB1 is the liver, evidence indicates that exposure
to AFB1 is also linked to pulmonary cancer in humans and in experimental animals
(Guindon et al. 2007b; Hayes et al. 1984; Massey et al. 1995; Wieder et al. 1968). In a
group of Dutch peanut-processing workers exposed to AFB1-laden dusts, the mortality
for respiratory cancer was significantly higher than in a similar group of unexposed
workers (Hayes et al. 1984). In addition, individuals with lung cancer and known
exposure to A. flavus-contaminated dust had measurable levels of AFB1 and derived
metabolites in their lung tumours (Dvorackova et al. 1981). Finally, patients who
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suffered fatal hepatotoxicity due to consumption of contaminated foodstuffs had AFB1DNA adducts in their lung tissues (Harrison and Garner 1991), suggesting that the lung
can be a target of AFB1 by dietary exposure in addition to inhalation. AFB1 also induces
lung tumour formation in laboratory animals (Donnelly et al. 1996a; Guindon et al.
2007b; Wieder et al. 1968).
1.3.4 Gene Mutations Associated with AFB1
AFB1-induced point mutations at specific “hot spots” of the K-ras gene that result
in protein activation occur in AFB1-induced mouse lung tumourigenesis and rat
hepatocarcinogenesis (Donnelly et al. 1996a). In fact, it has been suggested that K-ras
activation is an early, critical event in AFB1-induced pulmonary carcinogenesis in AC3F1
mice (Donnelly et al. 1996a). Previous research has led to the definition of a K-ras
mutation pattern that is associated with AFB1-exposure in mouse lung tumours that
includes predominantly G to T transversion mutations in codons 12 and 13, and a lack of
mutations in codon 61 (Donnelly et al. 1996a; Guindon et al. 2007b). In addition, due to
helical distortion resulting from the AFB1 adduct, a proportion of AFB1-induced DNA
mutations occur 5’ to the modified guanine (Bailey et al. 1996).
With respect to p53, epidemiologic studies have suggested a strong relationship
between human AFB1 exposure, altered expression of many p53-target genes, and
induction of mutations, principally a signature mutation on p53, known as the p53 codon
249 hotspot (Josse et al. 2012). This mutation results in an amino acid change from
arginine to serine, which inhibits p53 transcription and apoptosis, thereby enhancing cell
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growth (Staib et al. 2003; Tong et al. 2006). The characteristic genetic change associated
with AFB1, a G to T transversion, affects the p53 gene in > 50% of the tumours from
AFB1-endemic areas (McGlynn et al. 2003; Ming et al. 2002). Interestingly, no
mutations in the tumour suppressor gene p53 codon 249 have been observed in
hepatocellular carcinomas (HCCs) in non-AFB1-contaminated regions (Ubagai et al.
2008). The nucleotide sequence of human p53 is different from that of other species, and
the p53 codon 249 hotspot found in humans is not found in mice (Tong et al. 2006). In
fact, evidence suggests that p53 mutation is a relatively late event in AFB1-induced
mouse lung tumours (Tam et al. 1999).
1.3.5 Biotransformation of AFB1
AFB1 is biotransformed in vivo, producing metabolites, some of which are
capable of reacting with cellular macromolecules (Figure 1.1) (Eaton et al. 1994). AFB1
is bioactivated by epoxidation of the terminal furan ring double bond, generating the
highly reactive metabolite AFB1-8,9-exo-epoxide, which can alkylate nucleic acids and
proteins (Crespi et al. 1991; Eaton et al. 1994; Essigmann et al. 1982), and the very
weakly mutagenic AFB1-endo-epoxide (Iyer et al. 1994). The primary enzymes
responsible for the activation of AFB1 in human liver are CYP1A2 and CYP3A4
(Aoyama et al. 1990; Crespi et al. 1991). As such, modulation of these two enzyme
activities through exogenous inducers or inhibitors or via genetic differences could be
important determinants of individual susceptibility to AFB1-induced
hepatocarcinogenesis (Gross-Steinmeyer and Eaton 2012).
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Figure 1.1 Pathways of AFB1 biotransformation (modified from Eaton et al., 1994).
Primary enzymes involved in AFB1 bioactivation to AFB1-exo-epoxide and subsequent
detoxification are indicated. GSH, reduced glutathione; CYP, cytochrome P450; LPO,
lipoxygenase; PHS, prostaglandin H synthase; GST, glutathione-S-transferase.
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In the lung, prostaglandin H synthase (PHS) and lipoxygenase (LPO) mediated
AFB1 bioactivation occurs (Massey et al. 2000). In fact, in certain experimental systems,
such as human lung microsomes and isolated lung cells, AFB1 bioactivation by PHS and
LPO may be more important than P450-catalyzed bioactivation (Donnelly et al. 1996b).
In addition, CYP2A13 is able to bioactivate AFB1 in bronchial epithelial cells (Yang et
al. 2012). Hydroxylated metabolites of AFB1 include AFM1, AFQ1, AFP1, and AFB2a
(Massey et al. 1995). AFB1 can also be converted to aflatoxicol (Figure 1.1), but this is a
reversible process, making aflatoxicol a reservoir for AFB1 rather than a bioactivation or
detoxification product (Eaton et al. 1994).
1.3.6 Detoxification of AFB1-exo-epoxide
Two pathways for detoxifying AFB1-exo-epoxide exist: glutathione conjugation,
and epoxide hydrolysis (Massey et al. 1995). The major pathway of detoxification is
glutathione conjugation, which is catalyzed by the polymorphic glutathione Stransferases (GSTs) (Neal and Green 1983). In vitro studies with human hepatocytes
have suggested that GSTM1 is critical in AFB1 conjugation in humans (McGlynn et al.
2003). Interestingly, in humans, the polymorphic mu-class enzyme hGSTM1-1 is absent
in ~50% of individuals (Board 1981; Strange 1993), but it also has the highest activity
towards AFB1-exo-epoxide (Gopalan et al. 1992; Johnson et al. 1997; Raney et al. 1992).
However, the importance of this polymorphism in AFB1 carcinogenicity has not been
clearly established (Massey et al. 1995).
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AFQ1, AFP1 and AFB2a are not highly mutagenic and are considered to be
detoxification products of AFB1 (Gurtoo et al. 1978). AFM1 is found in milk and urine
and is less toxic than AFB1, but is also a potent carcinogen. Similar to AFB1, AFM1 can
form endo- and exo-epoxides, of which AFM1-exo-epoxide can bind to DNA, forming
AFM1-N7-guanine. AFM1 has a carcinogenicity potential of one tenth of that of AFB1epoxide (Eaton and Gallagher 1994).
1.3.7 Species Susceptibility to AFB1
AFB1 exposure affects numerous species besides humans; however, the
susceptibility of species to the carcinogenic and other toxic effects of AFB1 varies. Rats,
ducks and trout are very sensitive to low doses of AFB1 and are susceptible to AFB1induced hepatocarcinogenesis, whereas adult mice, monkeys and hamsters are fairly
resistant (Sell et al. 1998; Wogan 1973; Wong and Hsieh 1980). Results indicate that
species susceptibility to the acute and carcinogenic effects of AFB1 is closely related to
the rate and extent of tissue penetration, distribution, metabolism and elimination, as the
levels of free plasma AFB1 in mouse, rat and monkey correlate directly with their relative
susceptibility to the carcinogenic effect of AFB1 (Wong and Hsieh 1980).
The resistance of adult mice to AFB1-induced hepatocarcinogenesis has been
suggested to be due to constitutive expression in mouse liver of the A3 subunit of
glutathione-S-transferase (GST), which is involved in the detoxification of AFB1
(discussed above in section 1.3.6) and exhibits high catalytic activity toward bioactivated
AFB1 (Hayes et al. 1992; McDonagh et al. 1999). mGSTA3 knockout mice are sensitive
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to acute AFB1 cytotoxicity and genotoxicity, confirming the crucial role of GSTA3
subunit in protection of normal mice against AFB1 toxicity (Ilic et al. 2010). Although
mice are resistant to AFB1-induced hepatocarcinogenesis, they are susceptible to
pulmonary tumourigenesis (Donnelly and Massey 1999; Guindon et al. 2007b).
1.3.8 AFB1-Induced DNA Damage
1.3.8.1 AFB1 Alkylation
Although AFB1-exo-epoxide has a half-life of just 1 s in aqueous buffer, it can
react with a high concentration of DNA, forming AFB1-DNA adducts with a yield of
about 98% (Johnson and Guengerich 1997). In contrast, AFB1-endo-epoxide does not
react with a high concentration of DNA, as its reactivity with DNA is at least 1000-fold
less than that of the exo isomer (Iyer et al. 1994), and no AFB1-endo-epoxide derived
DNA adducts are formed in vitro (Iyer et al. 1994). AFB1-exo-epoxide binds primarily to
the N7 position of guanine forming 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB1, also
known as the AFB1-N7-Gua adduct (Figure 1.2) (Garner et al. 1972). AFB1-N7-Gua can
hydrolyze spontaneously to the more chemically stable and biologically persistent
formamidopyrimidine (FAPY) adduct, can undergo depurination resulting in an apurinic
site in DNA, or can release AFB1-8,9-dihydrodiol, restoring guanine (Bedard and Massey
2006; Hertzog et al. 1982) (Figure 1.2). AFB1-FAPY exists in equilibrium between two
rotameric forms, AFB1-FAPY major, whose structure is known (Mao et al. 1998), and
AFB1-FAPY minor, the proposed structure of which is shown in Figure 1.2 (Alekseyev et
al. 2004; Bedard and Massey 2006).
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Figure 1.2 Reaction of AFB1-exo-epoxide with DNA and the resulting AFB1-induced
DNA adducts that can lead to carcinogenesis.
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The apparent half-life for loss of AFB1-N7-Gua is a short 7.5 h in rat liver, with ~
20% conversion to AFB1-FAPY following 24 h in vivo treatment with AFB1 (Croy and
Wogan 1981). Originally, it was thought that the loss of AFB1-N7-Gua was attributed to
the spontaneous reactions mentioned above, but further studies demonstrated the
importance of NER (discussed in section 1.4.2.1) in the removal of AFB1-DNA damage
(Levy et al. 1992; Takahashi et al. 2002). AFB1-FAPY adducts on the other hand are
stable, accumulate for several days, and remain detectable for several weeks in rat liver
(Croy and Wogan 1981; Smela et al. 2002). Presumably, the persistent AFB1-FAPY
adduct is present for more than one round of DNA replication, implying that it may be
important in tumour initiation, since a transversion mutation may occur as a consequence
of mis-pairing at the time of DNA replication (Wang and Groopman 1999). This
hypothesis is supported by the observation that AFB1-FAPY accumulates in rat liver in
vivo following administration of repeated doses of AFB1, using a dosing procedure
shown to produce a high incidence of HCC (Croy and Wogan 1981). As such, AFB1FAPY may play a major role in the induction of the types of mutations observed in
human hepatocellular carcinoma (Smela et al. 2002). However, in chronic, in vivo
studies, the extent of initial DNA adduct formation often correlates better with ultimate
tumour formation than does the level of persistent adducts (Bailey 1994). Therefore, the
relative importance of AFB1-N7-Gua versus FAPY adducts in the development of
tumours in animals exposed to aflatoxin is uncertain (Eaton and Gallagher 1994).
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The most frequently observed mutation induced by AFB1 is the G to T
transversion (Smela et al. 2001). Both AFB1-N7-Gua and AFB1-FAPY induce
predominantly G to T transversions, with AFB1-FAPY having a G to T mutation
frequency six times greater than that observed for AFB1-N7-Gua (Smela et al. 2002).
Most of the mutations caused by AFB1-epoxide-derived adducts are targeted at the site of
the lesion. However, a proportion also occurs at the base 5’ to the modified lesions and
sometimes several bases away (Courtemanche and Anderson 1999; Smela et al. 2002).
This phenomenon has also been observed for adducts induced by benzo[a]pyrene and UV
light, supporting the observation that mutational hotspots do not always correspond with
hotspots for adduct formation (Smela et al. 2001). In contrast, apurinic sites only give
rise to mutations at the site of damage. Additional research is needed to clearly
determine the importance of apurinic sites in AFB1-induced mutagenicity.
1.3.8.2 AFB1-Induced Oxidative DNA Damage
While it is widely accepted that AFB1-exo-epoxide can bind to DNA forming
AFB1-N7-Gua and AFB1-FAPY adducts leading to gene mutations and subsequent
cancer, it is also known that gene mutations can be induced by oxidative stress and
resulting oxidative DNA damage (Nakabeppu et al. 2006; Valko et al. 2006). Oxidative
DNA damage is considered one of the most important aspects of oxidative stress. Of the
DNA bases, guanine is usually the most easily oxidized, as it has the lowest oxidation
potential (Klungland and Bjelland 2007). As a result, the most abundant and investigated
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pro-mutagenic lesion is 8-hydroxy-2’-deoxyguanosine (8-OHdG) (Klungland and
Bjelland 2007; Nakabeppu et al. 2006; Tsuzuki et al. 2007).
8-OHdG is formed by the reaction of a hydroxyl radical with the C-8 position of
guanine residues in DNA (Figure 1.3) (Halliwell and Gutteridge 1999; Kelly et al. 1998;
Salles et al. 1995b). The presence of 8-OHdG lesions causes DNA repair proteins to
mis-incorporate nucleotides during DNA replication, often leading to G to T transversion
mutations (Shen et al. 1995). Specifically, when 8-OHdG is paired with adenine, it is
able to mimick thymine functionally by adopting the syn conformation around the Nglycosidic bond, establishing the primary structural basis for 8-OHdG mutagenicity
resulting in G to T transversions (Wang et al. 1998). In vitro studies have demonstrated
that replicative and repair polymerases cause different frequencies of incorporation of
cytosine and adenine across from 8-OHdG (Bjelland and Seeberg 2003), making the
chance of error variable based on the polymerase. In vivo experiments with E. coli and
various mammalian systems demonstrated that 8-OHdG primarily induces G to T
transversions at a frequency of 0.5 – 5.0 % at the site of lesions, which is consistent with
the frequency of mispairing with adenine (Bjelland and Seeberg 2003; Cheng et al.
1992). Evidence exists for 8-OHdG mispairing with other bases such as thymine,
depending on both the sequence context and the cell type; however the occurrence is to a
much less degree (Bjelland and Seeberg 2003). 8-OHdG is commonly used as a
biomarker of oxidative stress and a potential biomarker of carcinogenesis as it is
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Figure 1.3 Formation of 8-OHdG (modified from Kelly et al., 1998). 8-OHdG, 8hydroxy-2’-deoxyguanosine.
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relatively easily formed, is mutagenic and carcinogenic and can be measured by a variety
of methods (Valko et al. 2006).
AFB1-induced reactive oxygen species and subsequent oxidative DNA damage
have been demonstrated in both animal models of AFB1 toxicity and in humans (Peng et
al. 2007; Shen et al. 1995). More specifically, AFB1 induced 8-OHdG formation in rat
(Shen et al. 1995; Wang and Groopman 1999; Yarborough et al. 1996) and duck
(Barraud et al. 2001) liver following in vivo treatment, as well as in mouse lung (Guindon
2008). As well, time and dose dependent increases in 8-OHdG are reported in rat
hepatic DNA following a single intraperitoneal (ip) injection of AFB1 (Shen et al. 1995).
AFB1 has also been shown to induce reactive oxygen species formation in nonciliated
bronchiolar epithelial (Clara) cells and alveolar type II cells (Guindon et al. 2007a).
AFB1 excretion in urine was associated with 8-OHdG levels in both urine and
peripheral leukocytes of adolescents from an area of high risk for HCC in China (Peng et
al. 2007). In addition, dose-response relationships exist between urinary 8-OHdG levels
and urinary AFB1 metabolite levels (Wu et al. 2007). Based on these previous studies,
oxidative stress may be an important contributing mechanism in AFB1 carcinogenicity.
Moreover, it is possible that AFB1-induced formation of reactive oxygen species, leading
to 8-OHdG formation, can result in the same mutation pattern as DNA alkylation,
contributing to tumourigenesis (Guindon et al. 2007a).

1.4 DNA Repair
1.4.1 DNA Repair Mechanisms
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DNA is continuously exposed to damaging agents, both from endogenous
metabolic processes and from exogenous sources such as chemical carcinogens and
ultraviolet light. The consequences arising from DNA damage are due to the interference
of DNA lesions with replication and transcription, and the induction of mutations
(Massion and Carbone 2003; van Hoffen et al. 2003). The cellular DNA adduct load is
determined by a balance between the formation of adducts and their repair (Wang et al.
1998) and therefore repair processes play a critical role in determining the consequences
of DNA damage. To cope with the multiple types of DNA damage the body encounters,
multiple repair mechanisms exist. These repair mechanisms include mismatch repair,
NER, BER, direct damage reversal and DNA double-strand break repair (Christmann et
al. 2003).
1.4.2 Nucleotide Excision Repair (NER)
NER has the ability to remove a wide variety of DNA adducts induced by both
environmental and endogenous sources (de Laat et al. 1999), as it recognizes lesions that
disturb the double helix conformation, such as those induced by UV light and chemicals
that give rise to bulky DNA adducts and DNA cross-links (Hoogervorst et al. 2004).
Although more than 40 proteins are involved in NER, the process consists of two main
steps: (a) the incision reaction, including damage recognition, asymmetric incision of the
lesion-containing DNA strand on both sides of the lesion, and excision of the damaged
oligonucleotide; and (b) gap filling by DNA polymerization and ligation (Costa et al.
2003).
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NER is subdivided into two distinct pathways: global genome repair (GGR),
which repairs lesions over the bulk genome and is thought to be largely transcriptionindependent (Christmann et al. 2003); and transcription-coupled repair (TCR), which
removes transcription-blocking lesions present in transcribed DNA strands (Hanawalt
2002). In GGR, damage recognition is the rate-limiting step (Balajee and Bohr 2000).
Additionally, the rate of DNA repair strongly depends on the helix distorting properties
of the lesion and on the local chromatin structure and proteins bound to DNA (Hanawalt
2002). DNA lesions that appreciably distort the DNA helix and significantly disrupt base
pairing are removed quicker than less distorting lesions. For instance, the rate of DNA
repair is different with structurally different types of UV-light induced lesions (Balajee
and Bohr 2000; Christmann et al. 2003). In addition to base pairing disruption, DNA
unwinding, bending and flexibility may all contribute to the amount of thermodynamic
destabilization induced by DNA damage, and thermodynamic destabilization is the key
parameter that determines the tendency of a lesion to be repaired by NER (Gillet and
Scharer 2006). For example, lesions that cause unwinding of a few DNA bases around
the damaged site are good substrates for GGR (Hoeijmakers 2001; van Hoffen et al.
2003), as this favours DNA bending, which facilitates further DNA unwinding by
enzymes involved in NER.
DNA lesions that arrest RNA polymerase on the transcribed strand of active genes
are repaired by TCR. The structure of the DNA lesion is less important for damage
recognition in TCR compared to GGR, as the rate of TCR of structurally unrelated
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lesions is very similar (van Hoffen et al. 2003). In general, TCR is faster than GGR (Frit
et al. 1998), with DNA damage in actively transcribed genes being repaired much more
efficiently by NER than DNA damage in the genome overall (van et al. 2001).
GGR and TCR utilize a common set of proteins for the incision/excision and
DNA resynthesis steps, but they differ with regard to DNA damage recognition (van et
al. 2001) (Figure 1.4). In GGR, the XPC-HR23B complex screens the genome for
damage on the basis of disrupted base-pairing. XPC is necessary for damage recognition
and the early stages of repair protein recruitment, whereas HR23B substantially
stimulates the reaction and stabilizes XPC by inhibiting its polyubiquitination and
degradation (Gillet and Scharer 2006). Also exclusive to GGR is the damaged DNA
binding protein (DDB), which is a heterodimer comprised of two polypeptides, DDB1
(a.k.a. p127) and DDB2 (a.k.a. p48), each of which belong to the XPE complementation
group (Christmann et al. 2003). DDB recognizes lesions that are mildly helix distorting,
bind to the lesion and subsequently recruit XPC-HR23B to the lesion (Hwang et al. 1999;
Wakasugi et al. 2002). Therefore, DDB may be important in vivo in identifying lesions
that are poorly recognized by XPC-HR23B (Costa et al. 2003).
Alternatively, TCR is initiated when a DNA lesion blocks the elongating RNA
polymerase II (RNAPII) complex. In the early stages of TCR, the proteins Cocayne’s
syndrome (CS) A and CSB are required, but their exact functions are unknown (Costa et
al. 2003). It is thought that RNAPII interacts directly with CSB but not CSA
(Christmann et al. 2003) and this interaction releases the stalled RNAPII from the
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Figure 1.4 Simplified depiction of two subpathways of NER, global genome repair and

transcription-coupled repair (modified from Bedard and Massey, 2006). XP, xeroderma
pigmentosum; DDB1 and DDB2, damaged DNA binding proteins; CSA and CSB,
Cockayne’s syndrome proteins A and B; RNAPII, RNA polymerase II; RPA, replication
protein A; PCNA, proliferating cell nuclear antigen; Polδ and Polε, DNA polymerases.
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damaged DNA. It has also been observed that CSA- and CSB-dependent
hyperphosphorylation (inactivation) and ubiquitination of RNAPII occurs at the stalled
transcription forks, which may facilitate its displacement and degradation by proteolysis
(Christmann et al. 2003; Svejstrup 2002).
After detection of the DNA lesion, both GGR and TCR use the same repair
proteins to perform the remaining steps required to repair the damaged DNA. First, the
TFIIH complex is recruited to the DNA lesion by protein-protein interactions
(Christmann et al. 2003; Gillet and Scharer 2006). TFIIH is a ten-subunit complex that is
composed of a core complex (XPB, XPD, p62, p52, p44, p32 and p8/TTDA) and a
cyclin-dependent kinase-activating complex. The core complex of TFIIH supports NER,
while both the core complex and the cyclin-dependent kinase-activating complex of
TFIIH participate in basal transcription (Coin et al. 2006; Dubaele et al. 2003). At the
site of DNA damage, the ATP-dependent helicases XPB and XPD are responsible for 3’
to 5’ and 5’ to 3’ DNA unwinding, respectively, allowing entry of subsequent NER
proteins. It is thought that XPB and XPD also contribute to damage verification (Gillet
and Scharer 2006). Once an open complex in the DNA is formed as a result of TFIIH
activity, RPA, XPA and XPG are recruited.
RPA recognizes the locally unwound single-stranded DNA regions induced by
DNA damage and binds to the non-damaged strand of the opened DNA, allowing
accurate positioning of the endonucleases XPG and ERCC1-XPF (Gillet and Scharer
2006). The specificity of RPA for damaged DNA is enhanced by XPA, which probes the
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distorted DNA, confirming the existence of the DNA lesion indirectly (Gillet and Scharer
2006). XPA acts as a core structural protein, interacting with DNA as well as RPA,
TFIIH, and XPF-ERCC1 (Gillet and Scharer 2006; Li et al. 1998). XPG is thought to be
recruited by interactions with TFIIH, and its main role is to perform the 3’-incision of the
DNA lesion as well as to stabilize the open complex (Gillet and Scharer 2006; Habraken
et al. 1994). XPA then recruits the XPF-ERCC1 complex, which is responsible for the
5’-incision of the damaged DNA (Gillet and Scharer 2006; Sijbers et al. 1996). The
incisions by XPG and XPF-ERCC1 do not occur simultaneously, with the 5’ incision by
XPF-ERCC1 following the 3’ incision by XPG (Mu et al. 1996), as outlined above.
Following the dual incisions, which occur at defined positions flanking the DNA damage,
the damaged oligonucleotide (24-32 nucleotides long) is excised (Gillet and Scharer
2006). Next, repair synthesis and ligation occur. Repair synthesis requires the
polymerase processivity factor proliferating cell nuclear antigen (PCNA), the PCNAdependent DNA polymerases (DNA polymerase δ or ε) and RPA (Gillet and Scharer
2006). RPA is thought to be involved in coordinating repair synthesis, as it remains
bound to the single-stranded DNA intermediate following dual incision and recruits
PCNA to the incised site. PCNA regulates repair patch size by association and
dissociation from the DNA polymerases. Once the DNA gap is filled by DNA
polymerase δ or ε, the gap is sealed by DNA ligase I (Aboussekhra et al. 1995; Araujo et
al. 2000; Mu et al. 1995).
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NER within eukaryotic cells is more complex than explained thus far, as DNA is
organized into chromatin structures called nucleosomes (DNA coiled around a histone
core) and further condensed into chromosomes. Before DNA damage can be detected
and NER can occur, the chromatin must be remodelled so the DNA can be temporarily
displaced from the nucleosome. Chromatin remodelling can occur by two major
mechanisms; post-translational modification of histones (i.e. histone acetylation) or ATPdependent chromatin remodelling (Gillet and Scharer 2006). GGR is dependent on these
processes for chromatin accessibility and efficient damage recognition (Tijsterman et al.
1999), while TCR coincides with the transcription process, when chromatin is readily
accessible (Rubbi and Milner 2003).
Defects in NER usually have deleterious effects, with the prototypical syndrome
being Xeroderma Pigmentosum (XP) (de Boer and Hoeijmakers 2000). XP is an
autosomal recessive disorder and patients who have XP have a >1000-fold increased risk
of developing skin tumours, primarily at sun-exposed sites of their body due to deficient
repair of UV-induced DNA damage (van and Kraemer 1999). Seven complementation
groups, XPA though XPG, which correspond to defects in the corresponding gene
products of XPA-XPG genes, have been described (Salles et al. 1995a) and defects in
these genes manifest as defective GGR or in some cases both defective GGR and
defective TCR. Additionally, some polymorphisms in XP genes have been shown to
decrease repair activity and increase risk for many cancer types.
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Mutations repaired by GGR are a better predictive marker for carcinogen-induced
tumourigenesis than mutations in actively transcribed genes, which suggests that GGR
plays a more important role in carcinogenesis than does TCR (Balajee and Bohr 2000).
GGR has been reproduced in an in vitro biochemical assay in which repair activity of
cell-free nuclear protein extracts prepared from either cells or whole tissue is measured
by the extent of DNA repair synthesis in damaged plasmid DNA (Wood et al. 1988;
Wood et al. 1995). Using this assay, it has not only been found that defective repair
occurs in extracts from cells from individuals with XP (Aboussekhra et al. 1995; Wood et
al. 1988), but also that the NER on plasmid DNA resembles genomic repair in vivo
(Salles et al. 1995a).
1.4.2.1 NER and AFB1
The importance of NER in the removal of AFB1-induced DNA damage is well
established (Levy et al. 1992; Takahashi et al. 2002). XPA null knockout mice, which
are completely deficient in NER activity, are more susceptible to AFB1-induced liver
cancer than are wild type mice, demonstrating that NER is important for protection
against AFB1-induced carcinogenesis (Takahashi et al. 2002). In addition, a higher
mutation frequency was observed in XPA-deficient human fibroblasts than in normal
fibroblasts during replication of a transfected AFB1 modified shuttle vector (Levy et al.
1992). In E. coli, NER is responsible for the repair of both AFB1-N7-Gua and AFB1FAPY adducts (Bedard and Massey 2006). In mammals, NER is important in protection
against AFB1-induced carcinogenesis as the main repair mechanism for the AFB1-N737

Gua adduct (Bedard and Massey 2006). Enzymatic removal of AFB1-FAPY occurs by
NER in mammals as well (Alekseyev et al. 2004). However, AFB1-FAPY is repaired
less efficiently by mammalian NER than is AFB1-N7-Gua, a difference attributed to
AFB1-FAPY being less distortive to DNA architecture than is AFB1-N7-Gua, making
AFB1-FAPY relatively resistant to repair (Smela et al. 2002). Whether AFB1-FAPY
major and minor are repaired by NER with different efficiencies is unknown (Bedard et
al. 2005). Rat liver has lower NER activity than mouse liver, which correlates with the
species difference in susceptibility to AFB1-induced hepatocarcinogenesis (Bedard et al.
2005). In addition, an acute, tumourigenic dose of AFB1 increased NER in mouse liver
and decreased NER in mouse lung, which correlated with mouse organ susceptibility to
AFB1 (Bedard et al. 2005). As such, it has been suggested that the susceptibility of
mouse lung relative to liver to AFB1 carcinogenicity is in part attributable to: (a) lung
having lower DNA repair activity than liver; (b) inhibition of repair in lung by AFB1; and
(c) induction of repair in liver by AFB1 (Bedard et al. 2005).
1.4.2.2 p53 and NER
With respect to NER, p53 mainly contributes to the efficiency of the slow
repairing GGR subpathway (Wang et al. 2003). This is evidenced by the fact that
homozygous p53 mutant cells that have decreased p53 function are deficient in GGR
following UV-C irradiation, but are capable of TCR (Adimoolam and Ford 2003; Smith
et al. 1995). It has also been shown that loss or disruption of p53 function results in a
significant decrease in repair of DNA damage in the overall genome and in the non38

transcribed DNA strand (Wang et al. 2003). Specifically, repair of UV-induced adducts
was significantly reduced in both p53-null and p53-mutant Li-Fraumani syndrome cell
lines (Zhu et al. 2000). It is thought that p53 contributes to the efficiency of GGR by
inducing chromatin decondensation prior to lesion detection, as well as having a role in
regulating GGR (Rubbi and Milner 2003).
Regulation of GGR by p53 appears to be confined to the lesion recognition step
(Adimoolam and Ford 2003) and plays a role in assembling NER factors (Wang et al.
2003), although exactly where and how p53 affects NER is unclear. Some evidence
points to a transcriptional regulatory role for p53 in NER, mediating expression of GGRspecific damage recognition genes DDB2 and XPC (Adimoolam and Ford 2003; Wang et
al. 2003). This is supported by the expression of p48, a subunit of DDB, which is both
p53-dependent and a modulator of GGR (Hwang et al. 1999). In addition, the p53
protein itself, as well as the transcriptional function of p53, are required for UV-induced
XPA nuclear import (Li et al. 2011). Evidence also supports p53 facilitating NER
directly through protein-protein interactions with XPB and XPD, as deletion of a portion
of the C-terminus of p53 resulted in failure to recruit XPB and XPD when repairing UVinduced DNA adducts (Chang et al. 2008; Leveillard et al. 1996; Wang et al. 1995).
Finally, p53 has also been shown to bind to damaged DNA itself (Jayaraman and Prives
1995). Interestingly, DNA damage responses appear to be mechanistically different
between cells possessing wild type p53 versus a p53deficiency (Li et al. 2011),
highlighting that some overlap and compensatory actions occur in NER.
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p53 is important for NER of DNA adducts, including those due to the tobacco
carcinogen metabolites benzo(a)pyrene diol-epoxide and benzo(g)chrysene diol-epoxide
(Lloyd and Hanawalt 2000; Wani et al. 2000) as well as UV-induced pyrimidine dimers
(Adimoolam and Ford 2003; Smith et al. 1995; Wang et al. 2003; Zhu et al. 2000). The
involvement of p53 in NER of AFB1-adducts, however, has not been investigated.
1.4.3 Base Excision Repair
Base excision repair (BER) is responsible for removing damaged DNA bases,
with the main lesions being oxidized bases. Oxidized bases can arise spontaneously
within a cell, due to normal oxidative cellular processes, during inflammatory responses,
or from exposure to exogenous agents, including ionizing radiation and long-wave UV
light (Christmann et al. 2003). BER also repairs DNA alkylation induced by endogenous
alkylating species and exogenous carcinogens such as nitrosamines (Christmann et al.
2003). Various anticancer drugs (ie. dacarbazine and temozolomide) cause alkylation
lesions repaired by BER (Christmann et al. 2003). The major oxidized purine, 8-OxoG,
is highly mutagenic because of mispairing with adenine that can give rise to
apurinic/apyrimidinic (AP) sites, which are among the most frequent (>104 formed per
day per cell; (Lindahl 1990)) and potent lethal (Loeb 1985) lesions.
BER has three main steps: recognition and excision of the damaged DNA bases,
insertion of one or more nucleotides and ligation (Figure 1.5). BER is initiated by DNA
glycosylases that recognize and excise damaged or incorrect bases by hydrolyzing the Nglycosidic bonds (Christmann et al. 2003; Fortini and Dogliotti 2007). DNA
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Figure 1.5 Mechanisms of BER; short patch and long patch repair (modified from
Christmann et al., 2003). AP, apurinic/apyrimidinic; 5’dRP, 5’-deoxyribose-5-phosphate;
Polβ, Polδ/ε, DNA polymerases; LigI, LigIII, DNA ligases; XRCC1, X-ray repair
complementing defective repair in Chinese hamsters cells 1; RF-C, replication factor C;
Fen1, flap endonuclease 1; PCNA, proliferating cell nuclear antigen.
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glycosylases are categorized as either type I or type II. Type I glycosylases remove
modified bases, leaving an AP site in DNA that is cleaved by the major 5’ AP
endonuclease, APE1, leaving a 5’-deoxyribose-5-phosphate (5’dRP) terminus (Fortini
and Dogliotti 2007). On the other hand, type II glycosylases remove the base and
subsequently cleave the AP site themselves by an endogenous 3’-endonuclease activity,
giving rise to a single-strand break (e.g. 8-oxoguanine DNA glycosylase, OGG1)
(Christmann et al. 2003). The specific glycosylase used is determined by their different
substrate specificities (Christmann et al. 2003).
The BER process then undergoes one of two pathways: short-patch repair, during
which a single base is inserted, or long-patch repair, wherein two to ten bases are
inserted. In short-patch repair, once a 5’dRP terminus is formed, DNA polymerase beta
(Polβ) is able to catalyze the release of the 5’-dRP residue due to its lyase activity,
producing a single nucleotide gap (Fortini and Dogliotti 2007; Matsumoto and Kim 1995;
Prasad et al. 1998). Polβ then fills the gap by inserting a single nucleotide (Dianov et al.
1992; Fortini and Dogliotti 2007; Sobol et al. 2000) and the repair patch is ligated by the
DNA ligase III- X-ray repair cross complementing 1 (XRCC1) protein complex (Fortini
and Dogliotti 2007; Kubota et al. 1996). The scaffold protein XRCC1 is able to stabilize
and modify the activity of several repair proteins, including APE1 and Polβ, in addition
to DNA ligase III (Caldecott 2003; Kubota et al. 1996; Vidal et al. 2001a).
In long-patch BER, Polβ likely inserts the first nucleotide at reduced AP sites
(Dianov et al. 1992; Klungland and Lindahl 1997; Podlutsky et al. 2001a) but then Polβ
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is unable to release the 5’-dRP residue (due to the AP site being oxidized or reduced)
(Nakamura et al. 2000) and therefore Polβ must dissociate from the damaged DNA to
allow further processing (Frosina et al. 1996). Following dissociation of Polβ from the
DNA strand, further DNA synthesis is accomplished by Polε or Polδ, together with
proliferating cell nuclear antigen (PCNA), which acts as a sliding clamp for Polε or Polδ
(Stucki et al. 1998). Replication factor (RF)-C is required to load PCNA onto the DNA
and RF-C is complexed with flap endonuclease-1 (FEN-1), which is a structure specific
nuclease that excises the 5’dRP residue. PCNA also interacts with FEN-1 and can
facilitate the excision step (Klungland and Lindahl 1997; Pascucci et al. 1999). The final
result is a repair patch of up to 10 nucleotides long. The DNA is then sealed by DNA
ligase I, which interacts with PCNA and Polβ (Fan et al. 2004; Prasad et al. 1996; Sleeth
et al. 2004).
BER is a highly coordinated process regulated by protein-protein interactions,
indicating that the local concentration of BER components is likely to have a large impact
on the efficiency and sub-pathway selection for repair of a specific damaged site (Fortini
and Dogliotti 2007). Indeed, when an inhibitor of PCNA (i.e. p21) was added to Polβ
wild type cell extracts, the frequency of short-patch BER increased, supporting the idea
that local concentration of PCNA plays a key role in the decision between short patch and
long patch repair (Fortini and Dogliotti 2007). Another hypothesis is that the cells are
provided a BER pathway for resting DNA and another one for replicating DNA, which
would guarantee the control of genetic integrity in the replication products (Fortini and
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Dogliotti 2007). The localization at replication foci of Polβ and DNA ligase I strongly
suggest that repair of lesions persisting or induced at replication forks (replication
associated repair) would proceed via long patch repair (Fortini and Dogliotti 2007). In
addition, NTH1 and OGG1 are active in pre-replicative cell stages (Fortini and Dogliotti
2007). Overall, factors that affect the switch between short patch and long patch repair
seem to include both the type of lesion, local concentration of BER components, and the
cell state (e.g. cell cycle phase) (Fortini and Dogliotti 2007).
An APE1-independent BER pathway has also been described, where
endonuclease VIII (Nei)-like proteins, NEIL1 and NEIL2, cleave DNA at the AP site
following base excision leaving a 3’phosphate that is then removed by polynucleotide
kinase (PNK) (Wiederhold et al. 2004). XRCC1 has also been shown to interact with
PNK (Whitehouse et al. 2001). The human DNA glycosyslases NEIL1 and NEIL2
exhibit preference for excising lesions from a DNA bubble (Dou et al. 2003), indicating
that they are preferentially involved in BER of lesions in DNA bubbles generated during
replication and/or transcription.
So far, the targeted disruption of any DNA glycosylase in the murine genome,
such as ANPG, OGG1, UNG and NTH1, has produced either absent or mild phenotype,
likely due to the broad and partially overlapping substrate specificity of the different
DNA glycosylases, as well as to the presence of efficient back-up repair pathways
(Fortini and Dogliotti 2007). However, knockdown of BER genes involved in the steps
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following base removal (i.e. APE1, Polβ, XRCC1) leads to severe phenotypes and
embryonic lethality (Friedberg and Meira 2006).
1.4.3.1 BER and AFB1
As discussed in section 1.3.8.2, AFB1 can cause 8’OHdG lesions, which are
repaired by BER. Removal of 8-OHdG occurs mainly via short-patch repair, with 25%
of lesions repaired by long-patch repair (Dianov et al. 1998). The DNA glycosylase used
in the repair of 8’OHdG is often the type II glycosylase OGG1 (Dianov et al. 1998;
Fortini et al. 1999). However, several reports (Hill et al. 2001; Vidal et al. 2001b)
indicate that OGG1 functions solely as a glycosylase, at least in vitro, during the
processing of 8-OHdG. Following base excision, OGG1 remains tightly bound to the AP
product and is displaced by APE1 which then incises the abasic site (Fortini and Dogliotti
2007). If this occurs in vivo, OGG1 would operate like a type I glycosylase. The repair
of 8-OHdG is a tightly coordinated process, where the repair intermediates are never left
unattended, decreasing the likelihood of strand displacement reactions (Fortini and
Dogliotti 2007).
Previous studies have investigated the effect of AFB1 on BER activity. Acute
exposure of mice to a single tumourigenic dose of AFB1 caused a significant increase in
BER in the lung, which was likely an adaptive response to oxidative stress, and no effect
in the liver (Guindon 2008). In fact, the increase in BER in the lung was correlated with
an increase in 8-OHdG and OGG1 levels in AFB1 treated lungs (Guindon 2008). These
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results indicate that acute, high dose treatment of mice with AFB1 produces oxidative
DNA damage, which may be an important mechanism in its carcinogenicity.
Mice deficient in ogg1 have been developed in order to study the importance of
OGG1 and 8-OHdG in oxidative stress-induced mutagenesis (Klungland et al. 1999;
Larsen et al. 2006). About 1.5 years after birth, ogg1 homozygous knockout mice
spontaneously develop lung tumours, which coincide with increased 8-OHdG levels in
their genomes (Sakumi et al. 2003). When exposed to the pro-oxidant dimethylarsinic
acid, ogg1-deficient mice develop a greater number of lung tumours than wild type mice
(Kinoshita et al. 2007). In addition, ogg1 gene deficiency enhanced lung carcinogenesis
initiated by the tobacco specific nitrosamino 4-(methylnitroasmino)-1-(3-pyridyl)-1butanone in female, but not male mice (Igarashi et al. 2009). Finally, chronic ultraviolet
(UV) B irradiation of ogg1 knockout mice resulted in skin cancer development (Kunisada
et al. 2005). The effect ogg1 deficiency has on AFB1 carcinogenicity has yet to be
investigated.
1.4.3.2 p53 and BER
Studies have indicated that the tumour suppressor gene p53 has a role in BER.
Investigators have noted a deficiency in BER in p53 mutant cells, although the
mechanism for this effect remains unclear (Offer et al. 1999; Smith and Seo 2002). It has
been suggested that p53 potentially acts through protein-protein interactions with BER
proteins (Adimoolam and Ford 2003). Evidence suggests that p53 stimulates BER in
vitro by direct interaction with the glycosylase that is responsible for removing the
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damage, APE, as well as by stabilizing the binding of Polβ to the damaged DNA strand
(Zhou et al. 2001). Whether transcriptional activation by p53 is involved in the
regulation of BER is not clear (Christmann et al. 2003), although it has been shown that
mutated p53 lacking transcription activity is even more effective in stimulating BER than
wild type p53 (Offer et al. 1999).
As mentioned in section 1.4.3, BER can also repair certain DNA alkylations, and
p53 has also been suggested to be involved with those activities. Specifically, DNA
alkylation induced by methylmethane sulfonate was efficiently repaired by BER in cells
expressing wt p53, whereas p53-deficient cells displayed slower repair, which was
hypothesized to be based on the expression of Polβ, which in turn was significantly lower
in the p53-deficient cells (Smith and Seo 2002).

Alternatively, treatment of mice with

the oxidative agent 2-nitropropane induces expression of p53 and Polβ, which enhances
BER activity (Cabelof et al. 2002). The involvement of p53 in BER of AFB1-induced
oxidative DNA damage has not been investigated.

1.5 Research Hypotheses and Objectives
Despite the fact that the carcinogenicity of AFB1 has been well known for several
decades, exposure to AFB1 laden dusts and contaminated food is still a common
occurrence, especially in developing countries. As such, further research into the
mechanisms by which AFB1 causes liver and lung cancer are needed. By understanding
how AFB1 induces cancer, improved prevention methods and better treatment strategies
may be developed. Traditionally, it has been thought that biotransformation of AFB1 to
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the reactive epoxide, alkylation of DNA, and subsequent mutation is the main mechanism
of AFB1-induced carcinogenesis. However, it is known that AFB1 can also induce
oxidative DNA damage, specifically 8-OHdG lesions that can also result in the same Kras mutation pattern that results from DNA alkylation (Figure 1.6). While evidence
exists for both DNA alkylation and oxidative DNA damage as mechanisms of AFB1induced carcinogenesis, it is unclear if one mechanism is more important than the other.
Hence, whether specifically inhibiting BER will increase AFB1-induced carcinogenesis
has not been investigated.
Previous research has determined that acute high dose exposure to AFB1 causes
an increase in NER in mouse liver and a decrease in NER in mouse lung, which
correlates with tumour susceptibility in those organs. In addition, acute high dose
exposure to AFB1 had no effect on BER in mouse liver, but increased BER in mouse
lung. Typical human exposure to AFB1, however, is chronic exposure to low doses, a
dosing protocol which has not yet been employed in an animal model to investigate
alterations in DNA repair. Previous research led to the development of the following
hypotheses, which were tested by addressing the specific objectives listed below.

Hypothesis 1: Mice with compromised ability to repair oxidized DNA have increased
sensitivity to AFB1-induced oxidative DNA damage and tumourigenesis.
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Figure 1.6 Proposed mechanisms of AFB1-induced carcinogenicity. AFB1, aflatoxin B1;

CYPs, cytochrome P450; PHS, prostaglandin H synthase; LOX, lipoxygenase; 8-OHdG,
8-hydroxy-2-deoxyguanosine.
49

Objective 1a: To determine the effects of acute exposure to AFB1 on the levels of
oxidative DNA damage in ogg1 homozygous knockout, heterozygous knockout and wild
type mice.
Objective 1b: To determine the susceptibility of ogg1 homozygous knockout, ogg1
heterozygous knockout and wild type mice to AFB1-induced tumourigenesis.

Hypothesis 2: Chronic exposure of mice to low levels of AFB1 alters DNA repair
activity in lung and liver.
Objective 2a: To determine the effects of chronic exposure to low levels of AFB1 on
nucleotide excision repair.
Objective 2b: To determine the effects of chronic exposure to low levels of AFB1 on base
excision repair.

Hypothesis 3: AFB1-mediated alterations in DNA repair are attenuated in heterozygous
p53 knockout mice.
Objective 3a: To assess the impact of loss of one allele of p53 on nucleotide excision
repair after chronic exposure to AFB1.
Objective 3b: To assess the impact of loss of one allele of p53 on base excision repair
after chronic exposure to AFB1.
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Chapter 2
The Effects of Deletion of 8-Oxoguanine Glycosylase on Aflatoxin B1Induced Oxidative DNA Damage and Tumourigenesis
2.1 Introduction
Aflatoxin B1 (AFB1) is a known human liver carcinogen and potential human lung
carcinogen. Produced by species of Aspergillus, AFB1 contaminates food crops in humid
and hot conditions. One mechanism by which AFB1 can induce cancer is by
biotransformation into a reactive epoxide that readily binds to guanine residues in DNA,
forming DNA adducts that if left unrepaired can cause mutations that may lead to cancer
(Garner et al. 1972; Hertzog et al. 1982). However, AFB1 has also been shown to cause
oxidative DNA damage, which could potentially result in the same mutations caused by
AFB1 alkylation, also leading to cancer (Nakabeppu et al. 2006; Valko et al. 2006).
8-Hydroxy-2-deoxyguanosine (8-OHdG) is produced by the attack of the
hydroxyl radical (● OH ) on C-8 of guanine, and is one of the most highly mutagenic
DNA lesions (Boiteux and Radicella 2000; David et al. 2007). In vivo treatment with
AFB1 causes an increase in 8-OHdG lesions in mouse lung (Guindon et al. 2007a;
Guindon 2008). These 8-OHdG lesions can cause G to T tranversions and G to A
transitions (Wang et al. 1998), mutations that are consistent with the K-ras mutations
found in AFB1-induced mouse lung tumours (Donnelly et al. 1996a; Guindon et al.
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2007b).

Moreover, it has been suggested that K-ras activation is an early, critical event

in AFB1-induced pulmonary carcinogenesis in the mouse (Donnelly et al. 1996a).
Oxidative DNA damage is repaired primarily by base excision repair (BER).
BER handles the largest number of cytotoxic and mutagenic base lesions (Christmann et
al. 2003; Wang et al. 1998), and is the main mechanism for the removal of DNA lesions
that cause minor helix distortions, such as 8-OHdG damage (Hazra et al. 2007;
Slupphaug et al. 2003). 8-Oxoguanine glycosylase (OGG1) is the rate limiting enzyme
in the BER pathway that specifically excises 8-OHdG lesions (Boiteux and Radicella
2000). Interestingly, acute exposure to a tumourigenic dose of AFB1 increases BER
activity in mouse lung, which corresponds with an increase in 8-OHdG levels and an
increase in OGG1 protein levels (Guindon 2008). As such, AFB1-induced oxidative
DNA damage may be an important contributing process in AFB1-induced carcinogenesis.
Mice deficient in ogg1 have been developed and allow for the ability to determine the
consequences of 8-OHdG lesions specifically.
To date, the role of oxidative DNA damage in AFB1-induced tumourigenesis has
not been directly assessed. In the present study, we investigated the impact of deletion of
just one or both ogg1 alleles on oxidative DNA damage and tumourigenesis following a
single tumourigenic dose of AFB1.

2.2 Materials and Methods
2.2.1 Materials

52

Chemicals were obtained as follows: AFB1, 8-OHdG, alkaline phosphatase,
nuclease P1 from Sigma (St. Louis, MO); Ultra-free-MC 10,000 nominal molecular
weight limit (NMWL) filter units from Millipore (Bedford, MA); 10% neutral buffered
formalin and histology cassettes from Fisher Scientific (Toronto, ON). All other
chemicals were reagent grade and were obtained from common commercial suppliers.
2.2.2 Animal Maintenance and Genotyping
Mice deficient in the ogg1 gene on a J129/C57Bl/6 genetic background were
generated as described (Klungland et al. 1999). ogg1 knockout mice were kindly
provided by Dr. Christi A. Walter at the University of Texas Health Science Center at
San Antonio (San Antonio, TX) and maintained in the Queen’s University animal
facility. The genotype of each mouse was determined by isolating DNA from a small
portion of each mouse’s tail at weaning, using a Qiagen DNeasy Blood and Tissue kit
(Toronto, ON) and a polymerase chain reaction (PCR) based analysis was performed
using a Qiagen multiplex PCR kit (Toronto ON) and the following primers (ACGT, Inc.
Wheeling, IL): A combination of the primer pair 5’-ACTGCATCTGCTTAATGGCC-3’
(ogg1 sense) and 5’-CGAAGGTCAGCACTGAACAG-3’ (ogg1 antisense) identified the
wild-type allele as a 500 bp fragment, whereas the primer pair 5’CTGAATGAACTGCAGGACGA-3’ (neo sense) and 5’CTCTTCGTCCAGATCATCCT-3’ (neo antisense) identified the neomycin-resistance
gene at 300 bp which served as a control gene. The PCR conditions were 95oC for 15:00
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min, (94oC for 0:30 min, 58oC for 1:30 min, 72oC for 1:30 min) repeated 30 times, 72oC
for 10:00 min and 15oC until sample retrieval.
All animal experiments described below were conducted in accordance with
institutional guidelines.
2.2.3 Measurement of Oxidative DNA Damage
Female mice with homozygous deficiency of the ogg1 gene (-/-) or a
heterozygous deficiency (+/-) and wild type mice (+/+) aged 7-10 weeks were housed
with a 12-hour light/dark cycle and provided food and water ad libitum. Mice were
treated with either 50 mg/kg AFB1, which results in pulmonary tumourigenesis in AC3F1
mice and A/J mice (Donnelly et al. 1996a; Guindon et al. 2007b) or with 40 µl DMSO
intraperitoneally. One hundred minutes post AFB1 dosing, mice were given heparin
intraperitoneally (1.12 mg/mouse in 0.1 mL sterile saline) to aid in tissue perfusion. Two
hours post AFB1 treatment mice were killed by cervical dislocation. Lungs and livers
were perfused with Tris-EDTA (pH 7.9), excised and stored at -80oC until DNA
isolation.
DNA was isolated from lung and liver using a Wako DNA TIS Extractor kit
(WAKO Chemicals USA, Richmond, VA), according to the manufacturer’s
recommendations with minor additions: 0.1 mM desferoxamine mesylate (DFO) was
added to the lysis solution, enzyme reaction solution and TE buffer, whereas 0.3 mM
DFO was added to the sodium hydroxide solution. DFO is an iron-chelating agent that
prevents the Fenton reaction and subsequent production of hydroxyl radicals that could
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artifactually oxidize DNA during sample preparation (Ravanat 2005). Concentration and
purity of DNA were determined by spectrophotometry.
DNA was digested using nuclease P1 and alkaline phosphatase enzyme,
according to the method by Lan et al. with minor modifications (Lan et al. 2000).
Briefly, 10 µL of 0.5 M sodium acetate (pH 5.1) and 1 µL of 1 M MgCl2 were added to
each sample of 100 µl of 0.15 mg/mL DNA. To denature genomic DNA, samples were
heated at 100oC for 5 min, then cooled on ice for 5 min. One µL of nuclease P1 enzyme
(Sigma N8630) was then added and the DNA samples were incubated for 1 h at 37oC.
Solution pH was adjusted to 7.8 by adding 1.25 µL of 1 M Tris (pH 10.5). Ten µL of 0.1
U/µl porcine alkaline phosphatase was added to each sample. Samples were then further
incubated for 1 h at 37oC. Enzymes were precipitated by adding 2 µl of 5.8 M acetic
acid, then samples were transferred to 10,000 NMWL filter units and centrifuged (12 000
x g for 20 min at 4oC), separating digested nucleosides from enzymes.
The concentration of oxidized guanine in digested liver and lung DNA was
determined by comparing with known standards using a commercially available DNA
Oxidative Damage EIA kit (Cayman Chemical, Ann Arbor, MI). The antibody supplied
with the DNA oxidative Damage EIA kit does not differentiate between 8-hydroxy-2deoxyguanosine (8-OHdG), 8-hydroxyguanosine and 8-hydroxyguanine, so the assay
product will be referred to as oxidized guanine. However, the majority of oxidized
guanine is in the form of 8-OHdG and reliability of the assay was confirmed using
purified 8-OHdG.
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2.2.4 Lung Tumour Induction and Diagnosis
Fifty female mice with homozygous deficiency of the ogg1 gene (-/-), 50 female
mice with heterozygous deficiency (+/-) and 50 female wildtype mice (+/+), aged 7-10
weeks old at time of treatment, were housed with a 12-hour light/dark cycle and provided
food and water ad libitum. Mice were treated with either 50 mg/kg AFB1 or with 40 µl
DMSO intraperitoneally. Mice that developed skin ulcerations or prolonged seizures, as
well as mice losing > 15% of pre-study body weights, were humanely euthanized prior to
study end. All remaining mice were euthanized after 75 weeks. Mice were killed by CO2
inhalation and suspected individual lung and liver masses ≥1 mm in diameter were
counted, measured, and excised with the aid of a dissecting microscope. A portion of
each mass was frozen in liquid nitrogen and stored at -80oC, and the remainder was fixed
in 10% neutral buffered formalin. The liver and the remainder of the lungs were also
excised, with a portion of each liver and the left lobe of each lung being fixed in 10%
neutral buffered formalin, and the remainder of the organs frozen in liquid nitrogen prior
to storage at -80oC. Diagnosis of formalin-fixed, paraffin-embedded sections stained
with hematoxylin and eosin was carried out by a pathologist (PVT) blinded as to animal
treatment and genotype.
2.2.5 K-ras Mutation Analysis
DNA was isolated from frozen lung tumours with a Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Toronto ON), according to the manufacturer’s recommendations.
Exon 1 of K-ras, which contains codons 12 and 13, and Exon 2 of K-ras, which includes
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codon 61, were amplified by polymerase chain reaction (PCR). All of the
oligonucleotide primers used in PCR reactions have been described previously (Donnelly
et al. 1996a).
A portion of the PCR products were analyzed on a 3% agarose gel to confirm
PCR product size. The remaining PCR products were purified using a PCR Purification
Kit (Qiagen, Toronto ON), according to the manufacturer’s instructions. The purified
PCR products were sequenced by the TCAG Sequencing Facility (Toronto, ON) using
the forward primers for K-ras exon 1 and K-ras exon 2.
2.2.6 Data Analysis
Results are expressed as mean ± S.D. for each experimental group. To assess
differences in oxidative DNA damage, a 2-way ANOVA followed by a Bonferonni posthoc test was used. To assess weight changes, an unpaired t-test was used when
comparing two groups and a 1-way ANOVA followed by a Student Newman Keuls post
hoc was employed when comparing 3 groups or more. Tumour multiplicity was analyzed
using a Mann-Whitney U-test and genotype effects were compared using a 2-way
ANOVA with a Bonferroni post-hoc test. For survival and tumour incidence with respect
to time analyses, a Log-Rank (Mantel-Cox) test was used. Differences in the numbers of
mice with lung or liver tumours and the frequencies of K-ras mutations in lung tumours
between DMSO and AFB1-treated mice were analyzed using Fisher’s exact test. In all
cases, analysis was performed using Prism software (version 5.00), with statistical
significance defined as p < 0.05.
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2.3 Results
2.3.1 Oxidative DNA Damage
Levels of oxidized guanine 2 h post DMSO treatment did not differ between ogg1
genotypes in lung or liver, (p > 0.05, Figure 2.1). In addition, 50 mg/kg of AFB1 did not
increase the concentration of oxidative DNA damage compared to vehicle control 2 h
post treatment, regardless of ogg1 genotype or tissue (p > 0.05, Figure 2.1).
2.3.2 Health Status of Mice in Tumour Study
All mice treated with AFB1 had significant weight loss 5 days post-treatment,
whereas weights of control animals were unaffected (Figure 2.2A). The amount of
AFB1-induced weight loss did not differ between ogg1 genotypes (Figure 2.2B). In
addition, 9 of 36 ogg1 (-/-) mice treated with AFB1 were removed from the study within
the first week post-treatment due to signs of dehydration and sluggishness. This only
occurred in AFB1-treated ogg1 (-/-) mice. As such, ogg1 (-/-) mice treated with AFB1
were given sterile saline subcutaneously on days 3, 5, 7, 9 and 11 post-treatment. Once
this fluid regimen was started, all ogg1 (-/-) mice survived treatment.
Following the initial weight loss five days post-treatment, both treated and control
mice gained weight throughout the study. When the data for all genotypes were
combined, AFB1-treated mice weighed significantly less than control mice for the first 24
weeks, but caught up to the control mice in the last 51 weeks (Figure 2.3A). The number
of time points that treated mice weighed less than control mice varied for different
genotypes. AFB1 treated ogg1 (+/+) mice weighed less than the ogg1 (+/+) controls at
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Figure 2.1 Concentration of oxidized guanine in control and AFB1-treated mouse liver
and lung in ogg1 wild type, heterozygous and null mice. No significant differences were
observed in oxidized guanine concentrations across ogg1 genotype or due to AFB1
treatment, p > 0.05 (2-way ANOVA followed by Bonferonni post hoc test, n=4).
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Figure 2.2 Weight loss five days post treatment. A) Weight change in all mice treated
with DMSO or AFB1, * significantly different from DMSO control, p < 0.05 (unpaired ttest). B) Comparative weight loss between AFB1-treated ogg1 (+/+), (+/-) and (-/-) mice,
p > 0.05 (1-way ANOVA with a Newman Keuls post hoc test).
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Figure 2.3 Weights of mice throughout tumour study. Comparison of weights of all
control and all treated mice (A). Comparing weights of control and treated: ogg1 (+/+)
mice (B); ogg1 (+/-) mice (C); and ogg1 (-/-) mice (D). Error bars have been removed
from graphs B-D for clarity. * significantly different from control at that time point (p <
0.05, unpaired t-test).
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one time point, AFB1 treated ogg1 (+/-) mice weighed less than controls of the same
genotype at five time points, and the AFB1 treated ogg1 (-/-) mice weighed significantly
less than the ogg1 (-/-) control mice at eight time points, indicating a genotype specific
treatment-effect for weight (Figure 2.3B-D). ogg1 (+/-) mice also tended to have greater
variability in weight than mice with the other ogg1 genotypes. No difference in weight
was observed between the three ogg1 genotypes in control mice (p > 0.05), or the three
ogg1 genotypes in treated mice (p > 0.05), emphasizing that genotype itself did not have
an effect on mouse weight (Figure 2.4).
Over the course of the entire study, survival was not different between control and
AFB1 treated mice, regardless of whether the different ogg1 genotypes are considered or
not (Figures 2.5). In addition, genotype did not affect mouse survival, as all three ogg1
genotypes had equivalent survival when treated with DMSO, or when treated with AFB1
(Figure 2.6).
2.3.3 Tumour Induction
At the completion of the study, a total of 30 lung masses and 10 liver masses ≥ 1
mm in diameter were excised. More lung and liver masses were observed in AFB1
treated animals versus the DMSO controls, but this was not significant (Table 2.1). It
appeared that lung mass multiplicity was greater in the AFB1 treated mice versus
controls, with 0.29 ± 1.08 lung masses/mouse and 0.06 ± 0.29 lung masses/mouse
respectively, but this was not significant (p = 0.08; Figure 2.7A). Lung mass multiplicity
was also not different between treated and control when comparing just ogg1 (+/+) mice
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Figure 2.4 Comparison of mouse weights between ogg1 genotypes in: A) DMSO treated
mice; and B) AFB1 treated mice. Error bars have been removed from graphs for clarity.
No significant differences in weight were observed (p > 0.05, 1-way ANOVA with
Newman Keuls post hoc test).
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Figure 2.5 Overall survival, expressed as the percentage of mice surviving in a week in:
A) all mice; B) ogg1 (+/+) mice; C) ogg1 (+/-) mice; and D) ogg1 (-/-) mice. No
significant differences in survival were observed (p > 0.05, Mantel-Cox test).
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Figure 2.6 Comparison of overall survival between ogg1 genotypes in: A) DMSO
treated mice; and B) AFB1 treated mice. No significant differences in survival were
observed (p > 0.05, Mantel-Cox test).
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Table 2.1 Summary of the number of lung and liver masses and tumours in control and AFB1-treated mice a

ogg1

No. of

Total No.

No. of

Total No.

No. of

Total No.

No. of

Total No.

Genotype

Mice with

of Lung

Mice with

of Lung

Mice with

of Liver

Mice with

of Liver

Lung

Masses b

Lung

Tumours b

Liver

Masses b

Liver

Tumours b

Treatment

Masses d
DMSO

AFB1 c

Masses

Tumours e

Tumours

Wild type

3/25 (12)

4

1/25 (4)

1

0/25 (0)

0

0/25 (0)

0

Heterozygous

0/25 (0)

0

0/25 (0)

0

1/25 (4)

1

0/25 (0)

0

Null

0/25 (0)

0

0/25 (0)

0

0/25 (0)

0

0/25 (0)

0

All

3/75 (4)

4

1/75 (1)

1

1/75 (1)

1

0/75 (0)

0

Wild type

3/25 (12)

12

2/25 (8)

10

1/25 (4)

3

1/25 (4)

3

Heterozygous

2/25 (8)

6

1/25 (4)

5

2/25 (8)

4

2/25 (8)

4

Null

4/27 (19)

4

2/27 (7)

2

1/27 (4)

2

1/27 (4)

2

All

9/77 (12)

22

5/77 (6)

17

4/77 (5)

9

4/77 (5)

9

a

Numbers in parentheses are percentages
Numbers represent the total number of lung or liver masses or tumours per group of mice
c
No difference in the number of mice with lung or liver masses or tumours between AFB1 and DMSO, Fisher’s exact test, p > 0.05
d
Masses refers to foci of hyperplasia, inflammation, adenoma, adenocarcinoma or hepatocellular carcinoma
e
Tumours refers to adenoma, adenocarcinoma or hepatocellular carcinoma
b
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Figure 2.7 Lung mass multiplicity following in vivo treatment with AFB1 in: A), all
genotypes combined; and B) ogg1 (+/+) mice (p > 0.05, Mann-Whitney U-test).
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(Figure 2.7B). Low numbers of lung masses precluded analysis within ogg1 (+/-) and
ogg1 (-/-) mice.
Overall, a trend towards AFB1-treated mice developing lung masses earlier than
control mice was apparent, but fell short of significance (p = 0.08, Figure 2.8A). No
significant differences were observed between AFB1 treated and control mice within each
genotype individually (Figure 2.8B-D). Of all of the control mice, only control ogg1
(+/+) mice developed lung masses (Figure 2.9A). When comparing ogg1 genotypes
within AFB1 treated mice only, no difference in time of lung mass development was
observed (Figure 2.9B).
At the completion of the study, suspect lung masses from 12 mice were evaluated
microscopically (three DMSO treated mice and nine AFB1 treated mice). Of the suspect
lung masses from DMSO treated mice, those from two of the mice consisted of foci of
alveolar hyperplasia or inflammation, and that from the other mouse was a pulmonary
adenoma. Of the suspect lung masses from AFB1 treated mice, those from four of the
mice were inflammatory foci, those from three of the mice were adenomas, and masses
from two of the mice were osteosarcomas (from an ogg1 (+/+) mouse and from an ogg1
(+/-) mouse). No osteosarcomas were observed in lung masses from DMSO treated
mice. Representative photomicrographs are shown in Figure 2.10. Five livers were also
evaluated microscopically (one from a DMSO treated mouse and four from AFB1 treated
mice). The liver from the DMSO treated mouse had localized angiectasis surrounded by
hepatocytes undergoing marked fatty degeneration. The liver masses from AFB1 treated
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Figure 2.8 Lung mass incidence with respect to time in: A) all ogg1 genotypes
combined; B) ogg1 (+/+) mice; C) ogg1 (+/-) mice; and D) ogg1 (-/-) mice (p > 0.05,
Mantel-Cox test).
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Figure 2.9 Comparison of lung mass incidence between ogg1 genotypes in: A) DMSO
treated mice; and B) AFB1 treated mice. * significantly different from ogg1 (+/-) and
ogg1 (-/-) mice (p < 0.05, Mantel-Cox test).
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Figure 2.10 Representative photomicrographs of lungs: A) normal (x100); B)
inflammation (x100); C) hyperplasia (x400); D) adenoma (x400); E) osteosarcoma (x40);
and F) osteosarcoma (x400).
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mice were uniformly complex and often mixed tumours were present. All four livers
from AFB1 treated mice had hepatocellular adenomas, and one also had hepatocellular
carcinoma (from ogg1 (+/+) mouse). Other microscopic findings in livers from these
animals included altered cellular foci, scattered hepatocyte atypia, and bile ductule
proliferation. Representative photomicrographs are shown in Figure 2.11.
2.3.4 K-ras Mutation Analysis in Lung Masses
Of the 30 lung masses excised, 18 were available for K-ras mutation analysis. Kras mutations were observed in 3 of the 4 lung masses from DMSO treated mice and in 3
of the 14 lung masses from AFB1 treated mice (Table 2.2). There was no statistical
difference between the number of K-ras mutations observed in control and treated mice.

2.4 Discussion
Previous studies have indicated that AFB1 can induce oxidative DNA damage,
specifically 8-OHdG lesions, both in animal models and in humans (Guindon 2008; Peng
et al. 2007). Additionally, acute exposure to a tumourigenic dose of AFB1 causes an
increase in BER in the lung, which is correlated with an increase in OGG1 protein levels
(Guindon 2008). Since adult mice develop lung tumours following exposure to AFB1,
oxidative DNA damage, specifically 8-OHdG lesions, may be a contributing factor in
AFB1-induced tmourigenesis. To test this hypothesis, we employed a mouse model
deficient in OGG1, the rate-limiting enzyme in the removal of 8-OHdG lesions.
It was determined that in DMSO treated mice, the levels of oxidized guanine did
not differ between ogg1 genotypes, suggesting that partial or complete knockout of ogg1
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Figure 2.11 Representative photomicrographs of livers: A) normal (x200); B)
generalized fatty degeneration of hepatocytes (x20); C) bile duct proliferation (x100); D)
scattered hepatocyte atypia (x400); E) adenoma (x400); and F) hepatocellular carcinoma
(x100). Arrow is pointing towards an acinar pattern (little nest of malignant cells).
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Table 2.2
Summary of K-ras mutations in AFB1-induced and spontaneous ogg1 mouse lung masses a

Treatment

ogg1

No. of

Codon 12

Codon 61

Genotype

masses with

(normal = GGT)

(normal = CAA) e

K-ras

DMSO

AFB1 c

mutations b

GAT

CGA

CTA

CAC

Wild type

3/3

1

1

1

0

Heterozygous

0/1

0

0

0

0

Null

0/0

0

0

0

0

All

3/4

1

1

1

0

Wild type

2/8

0

0

0

2*

Heterozygous

0/3

0

0

0

0

Null

1/3

0

1*

0

0

All

3/14

0

1

0

2

* Potential mutation, band was faint
a
No mutations were found in K-ras codon 13
b
Of masses analyzed for K-ras mutations (not all masses were available to analyze)
c
No difference in number of K-ras mutations between AFB1 and DMSO, Fisher’s exact
test, p > 0.05
d
Too few masses to statistically compare mutation pattern in specific K-ras codons
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did not result in increased levels of 8-OHdG in lung or liver, which has been observed
previously (Risom et al. 2007). The number of oxidative DNA lesions in ogg1 knockout
mice increases with age (Osterod et al. 2001). Therefore, a difference in oxidized
guanine levels between ogg1 genotypes perhaps would have been observed with older
mice. AFB1 treatment also did not affect the levels of oxidized guanine in lung or liver
tissues 2 h post treatment. These results contrast with previous studies that have shown
that 8-OHdG levels increased 2 h post-treatment with the same dose of AFB1 (Guindon et
al. 2007a; Guindon 2008). It is possible that the increase in 8-OHdG in the current study
occurred at an earlier or later time point than the 2 h time point measured, occurred only
within specific lung cell types, or occurred in tissues other than the lung or liver. It is
also possible that the hybrid mice employed are less sensitive to production of 8-OHdG
lesions than mouse strains previously utilized.
Based on previous tumourigenesis studies employing AFB1, a single
intraperitoneal dose of 50 mg/kg AFB1 to adult mice causes exclusively lung tumours,
with up to 100% incidence in susceptible strains (Donnelly et al. 1996a; Guindon et al.
2007b). The initial weight loss observed in all mice after AFB1 treatment, regardless of
genotype, and the mortality in the ogg1 (-/-) mice that occurred within one week of AFB1
treatment were unexpected results. Previous studies of AFB1-induced tumourigenesis in
A/J and CD-1 mice did not report these effects of AFB1 (Donnelly et al. 1996a; Guindon
et al. 2007b). The specificity of early AFB1 induced mortality for ogg1 (-/-) mice (Figure
2.4) suggests that OGG1 plays an important role in protecting tissues from damage
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induced by AFB1 exposure. Since OGG1 repairs 8-OHdG lesions, it is likely that
increased oxidative DNA damage was at least partly responsible for the increased
mortality in ogg1 (-/-) mice. As ogg1 (-/-) mice showed signs of dehydration, and
administration of sterile saline to the ogg1 (-/-) mice alleviated the toxicity associated
with AFB1 exposure, perhaps the gastrointestinal tract had increased oxidative DNA
damage and water absorption was impaired. An alternative possibility is that the ogg1
(-/-) mice drank less water than ogg1 (+/-) or ogg1 (+/+) mice, a behavior that is
controlled by the hypothalamus. Due to the unanticipated and late-occurring
dehydration, coupled with the necessity to hydrate the animals parenterally, assessment
of fluid intake was not possible. However, OGG1 is expressed and active in the
hypothalamus of rats (Verjat et al. 2000), allowing for the possibility that oxidative DNA
damage was significantly increased in the hypothalamus of AFB1-treated ogg1 (-/-) mice,
which could cause alterations in the expression of genes that regulate water consumption.
A final possibility could be AFB1-induced oxidative DNA damage in the kidney, an
organ known to regulate fluid volume in the body.
During the remainder of the study, overall survival was not affected by either
treatment or ogg1 genotype, and although initially AFB1-treated mice weighed less than
DMSO treated mice, this effect was lost as the study progressed, indicating a transient
toxicity of AFB1. It was interesting, however, to note that AFB1 treated ogg1 (-/-) and
ogg1 (+/-) mice weighed less than their genotype controls at more time points than did
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the AFB1 treated ogg1 (+/+) mice. This result suggests that without both OGG1 alleles,
the mice were perhaps slower to recover from damage caused by AFB1.
Overall, tumour incidence was much lower in the present study than in previous
AFB1-induced tumourigenesis studies. One possibility for this outcome is that mouse
strains tend to have differential susceptibility to AFB1-induced tumourigenesis (McGlynn
et al. 2003). The hybrid mice used in the current study have not been used in an AFB1
tumourigenesis study before; however, it is apparent that these particular mice are less
susceptible to AFB1-induced tumourigenesis than strains and hybrids previously
employed. In the present study, mice treated with AFB1 did not develop more liver and
lung masses than mice treated with DMSO. Mice treated with AFB1 also did not develop
lung masses significantly earlier than mice treated with DMSO. When considering the
genotypes individually, no significant effects were observed between treated and control
mice, which was most likely due to the low numbers of lung and liver masses.
Investigating the effects of AFB1-induced tumourigenesis in a double knockout mouse
model that targets more than one protein in BER may provide a clearer picture of the role
of BER in AFB1-induced cancers.
To our knowledge, this is the first time liver tumours have been observed in an
AFB1-induced tumourigenesis study in adult mice. Adult mice are generally not
susceptible to AFB1-induced hepatocarcinogenicity, a phenomenon attributed to
constitutive expression in mouse liver of the A3 subunit of glutathione S-transferases,
which exhibits high catalytic activity for detoxifying AFB1 (Buetler and Eaton 1992;
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Hayes et al. 1992; McDonagh et al. 1999; Wong and Hsieh 1980). As liver tumours
were observed in all three ogg1 genotypes, this result was not due to deletion of ogg1, but
more likely a mouse strain effect. In the few liver tumours that were excised from AFB1treated mice, many interesting pathologies were found. Notable was the presence of
hepatocellular carcinoma, which is generally what humans develop after chronic
exposure to AFB1 (Busby and Wogan 1984; Eaton and Gallagher 1994). The lung
masses analyzed histologically were also varied and interesting. It was surprising to see
that two of the AFB1 treated mice had multiple osteosarcomas in their lungs. It is
probable that these tumours were metastastic lesions, but it is impossible to determine
this definitively without bone marrow, which was not collected.
Results of the K-ras mutation analysis were consistent with the masses in DMSO
treated mice being spontaneous, as anticipated. In addition, lung masses from AFB1
treated mice did not have the characteristic K-ras mutations in codon 12 that are
associated with AFB1-induced lung tumours (Donnelly and Massey 1999; Guindon et al.
2007b). Therefore, the lung masses observed were either spontaneously-derived, or
especially in the case of the osteosarcomas, could potentially have been metastatic
lesions.
Inactivating mutations in the OGG1 gene have been documented in a small
number of sporadic human lung, kidney, and gastric tumours (Chevillard et al. 1998;
Shinmura et al. 1998). In the present study, ogg1 genotype did not appear to have a
significant effect on AFB1-induced tumourigenesis, although due to low numbers of lung
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and liver masses, a definitive conclusion cannot be made. The apparent lack of effect
could be due to the possibility that 8-OHdG lesions are not major contributors to AFB1induced carcinogenesis. Another possibility is that a genotype-specific effect to the
susceptibility of AFB1 tumourigenesis was not observed due to the particular hybrid mice
employed, as mouse strains vary in their susceptibility to AFB1-induced effects. Finally,
the lack of effect could potentially indicate that even without OGG1, adaptive processes
were able to compensate for any increase in 8-OHdG lesions. For example, in the
absence of OGG1, transcription-coupled NER can contribute to protecting the cell from
8-OHdG residues (Cunningham 1997).
In conclusion, mice with compromised ability to repair oxidized DNA did not
have increased sensitivity to AFB1-induced oxidative DNA damage and tumourigenesis,
suggesting that oxidative DNA damage may not be a major contributing process in
AFB1-induced tumourigenicity. AFB1 did not significantly increase the incidence of lung
and liver masses compared to control mice. In addition, ogg1 status did not have a
significant effect on AFB1-induced tumourigenesis, but deletion of one or both alleles of
ogg1 did increase susceptibility to other toxic effects of AFB1.
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Chapter 3
Up-Regulation of Nucleotide Excision Repair in Mouse Lung and Liver
Following Chronic Exposure to Aflatoxin B1 and its Depedence on p53
Genotype
(Submitted for publication to Toxicology and Applied Pharmacology)

3.1 Introduction
Aflatoxin B1 (AFB1) is produced by Aspergillus species, moulds that grow on
grains, oilseeds and spices. AFB1 is considered an unavoidable food contaminant, and
approximately 4.5 billion people living in developing countries are chronically exposed
to large, uncontrolled amounts of AFB1 (Williams et al. 2004). Exposure to AFB1 is via
inhalation and ingestion (Eaton et al. 1994; Massey et al. 1995), it is an established liver
carcinogen and epidemiological evidence suggests that the lung is a target as well
(Dvorackova et al. 1981; Harrison and Garner 1991; Hayes et al. 1984).
AFB1 is bioactivated in vivo by cytochrome P450s, prostaglandin H synthase or
lipoxygenases into the highly reactive metabolite AFB1-8,9-exo-epoxide (Eaton et al.
1994; Essigmann et al. 1982). This reactive intermediate can bind to DNA, preferentially
forming the AFB1-N7-Guanine (Gua) adduct that can spontaneously hydrolyze to form
AFB1-formamidopyrimidine (FAPY) adducts (Garner et al. 1972; Hertzog et al. 1982).
Both of these AFB1-adducts damage DNA, which can result in mutations in key genes
that may lead to liver or lung cancer.
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AFB1-derived adducts are repaired predominantly by nucleotide excision repair
(NER), which repairs DNA helix-distorting lesions that interfere with base-pairing
(Takahashi et al. 2002). NER is a complex process involving more than 40 proteins and
has three main steps: recognition of DNA damage; removal of the damaged strand; and
resynthesis and ligation of DNA (Costa et al. 2003). In vivo, NER consists of two
pathways, global genome repair and transcription couple repair. The in vitro assay
commonly employed and used in this study mimics in vivo global genome repair (Salles
et al. 1995a). Therefore, in this paper, NER refers to global NER. Our previous studies
have shown that acute exposure of CD-1 mice to a single tumorigenic dose of AFB1
causes an increase in DNA repair in the liver, which is correlated with an absence of liver
tumors, and a decrease in DNA repair in the lung, which is correlated with the
development of lung tumors (Bedard et al. 2005). Based on these results, alteration of
DNA repair may be a major contributing process in AFB1-induced cancers and a
determinant of susceptibility to this mycotoxin.
p53 is a tumor suppressor gene implicated in both AFB1 carcinogenesis and the
regulation of global NER (Adimoolam and Ford 2003). Previous studies have
demonstrated that p53 interacts with multiple proteins involved with DNA damage
recognition in NER (Chang et al. 2008; Wang et al. 2003). In addition, functional p53 is
required for efficient NER, in that loss or disruption of the p53 gene decreases the rate of
NER (Zhu et al. 2000).
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To date, no studies have investigated DNA repair in mice after chronic exposure
to low doses of AFB1, which is more reflective of human exposure than is acute large
dose AFB1 treatment. The aims of this study were to determine if chronic exposure of
mice to low levels of AFB1 alters NER in lung and liver and to determine if such
alterations are altered in p53 deficient mice.

3.2 Materials and Methods
3.2.1 Animal Treatments
Male heterozygous p53 knockout mice (p53 (+/-), B6.129-Trp53tm1BrdN5, Taconic
Labs, Hudson NY) and their wild type controls (p53 (+/+)) aged 7-9 weeks were housed
in filtered Isotek glove box units with a 12-h light/dark cycle and provided water ad
libitum. p53 (+/+) and p53 (+/-) mice were randomly assigned to AFB1 dose groups, for
a total of 16 p53 (+/+) and 16 p53 (+/-) mice per group. No significant difference
between mean starting body weight of p53 (+/+) and p53 (+/-) mice was observed (p53
(+/+) = 27.3 ± 2.6 g; p53 (+/-) = 30.3 ± 3.1 g). Mice were exposed to 0, 0.2 or 1.0 ppm
AFB1 (Sigma-Aldrich, St. Louis MO) in AIN 93M semi-purified diet (Dyets Inc.,
Bethlehem, PA, USA) for 26 weeks. All changes of diet, bedding and water, and all
animal manipulations were conducted in the filtered Isotek glove box units. Objects
entering and leaving the filtered Isotek glove box units were treated with 2% sodium
hypochlorite for a minimum of 20 minutes to deactivate AFB1. The body weights of all
mice were recorded weekly. At the end of 26 weeks, mice were exsanguinated by
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cardiac puncture under isoflurane anesthesia (Baxter Corporation, Mississauga, ON,
Canada), lungs were perfused with 10mM Tris/1mM EDTA (pH 7.9) and lungs and livers
were excised, finely chopped, frozen in liquid nitrogen and stored at -80oC until extract
preparation.
3.2.2 Preparation and Analysis of AFB1-Adducted Plasmid DNA
AFB1-8,9-exo-epoxide was prepared previously (Bedard et al. 2005). Briefly,
AFB1 was oxidized by dimethyldioxirane and recrystallized from 1:2 (v/v)
acetone/dichloromethane. The AFB1-8,9-exo-epoxide was characterized by 1H-nuclear
magnetic resonance (400 MHz, Bruker Instruments), stored under nitrogen at -20oC, and
dissolved in anhydrous acetone prior to use.
A 2961 bp plasmid derived from pBluescript SK+ (Stratagene, La Jolla, CA) was
grown in E. coli DH5α in 2x Yeast extract and Tryptone (YT) broth and isolated using a
Qiagen Plasmid Giga Kit (Qiagen, Valencia, CA). AFB1-N7-Gua and AFB1-FAPY
adducted plasmid DNA were prepared as described (Oleykowski et al. 1993) with a
minor change; AFB1-adducted plasmid DNA was purified by sodium acetate/isopropanol
precipitation rather than by chloroform extraction. Acid hydrolysates of the adducted
DNA were subjected to isocratic reversed phase high-performance liquid
chromatography (LCDB18 C18 column, 250 x 4.6 mm, Supelco, St. Louis, MO) as
previously described (Groopman et al. 1981). AFB1-DNA adducts were detected at 365
nm using a Waters Lambda-Max LC spectrophotometer (Model 481).
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Treatment of AFB1-N7-Gua adducted plasmid DNA with sodium hydroxide
resulted in the complete conversion of AFB1-N7-Gua to the two forms of AFB1-FAPY
(Alekseyev et al. 2004; Smela et al. 2002), with 85% being AFB1-FAPY major and 15%
being AFB1-FAPY minor (Figure 3.1). Undamaged, as well as damaged plasmids were
subjected to electrophoresis on a 1% agarose gel to confirm integrity of the plasmid (<5%
nicking).
3.2.3 Preparation of Cell-Free Whole Tissue Nuclear Protein Extracts
Each nuclear protein extract was prepared from ~ 1.5 to 1.8 g of perfused liver or
lung tissue pooled from four mice (n=1). Tissue pieces frozen in liquid nitrogen were
pulverized to a fine powder with a mortar and pestle. Cell-free tissue nuclear protein
extracts active in DNA repair synthesis were prepared as described (Wood et al. 1988;
Wood et al. 1995) with the following modifications: (a) hypotonic lysis of tissue was
done for 30 minutes under gentle rotation; (b) dialysis was done against three changes of
200 mL (per Slide-A-Lyzer cassette, Thermo Fisher Scientific, Nepean, ON) of buffer for
18 hours, and changed after 1 and 15 hours of dialysis. Protein contents of extracts were
determined by the method of Lowry et al. (Lowry et al. 1951). Extracts from lung and
liver typically contained 6 and 22 mg protein, respectively. Extracts were snap-frozen in
liquid nitrogen and stored at –80°C.
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Figure 3.1 Structures of AFB1-N7-Gua, AFB1-FAPY major and the proposed structure
for AFB1-FAPY minor, along with representative chromatograms of each adduct.
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3.2.4 DNA Repair Synthesis Assay
The repair synthesis assay was performed as described (Bedard et al. 2005;
Brown and Massey 2009; Wood et al. 1988; Wood et al. 1995). Briefly, each 50 µL
reaction mixture contained 400 ng of either AFB1-N7-Gua adducted plasmid DNA,
AFB1-FAPY adducted plasmid DNA or undamaged plasmid DNA, 5.0 mM MgCl2, 40
mM HEPES-KOH (pH 7.8), 0.4 mM EDTA , 0.5 mM dithiothreitol, 2.0 mM ATP, 20
µM of each dGTP, dCTP and dTTP, 4.0 µM dATP, 100 mM KCl, 2.5 µg creatine
phosphokinase, 23 mM phosphocreatine, 18 µg bovine serum albumin (nuclease-free,
Sigma-Aldrich, Oakville, ON), 100 µg (liver) or 84-100 µg (lung) tissue protein extract
and 7.1 µCi [α32P] dATP (Perkin Elmer, Boston, MA). Samples were incubated for 3 h
at 30oC. Reactions were terminated by adding EDTA (final concentration of 20 mM).
Following incubation with 7.0 mg/mL RNase (37oC for 10 min) and 350 µg/mL
proteinase K with 0.5% SDS (65oC for 30 min), plasmid DNA was purified by extraction
with phenol/chloroform/isoamyl alcohol (25:24:1; v/v/v) and precipitated with 100% ice
cold ethanol. Plasmid DNA was pelleted by centrifugation at 13 200 rpm for 20 minutes,
washed with 80% ethanol and re-centrifuged for 10 minutes. Plasmid DNA was then
dried and linearized with 1 unit of EcoR1 (New England Biolabs, Beverly, MA).
Plasmids were electrophoresed on a 1% agarose gel with 0.5 µg/mL ethidium bromide
and with 40 mM Tris base/40mM acetic acid/1mM EDTA as the buffer. The repair
synthesis assay was performed in duplicate for each nuclear protein extract. To
determine damage-specific repair activity, radioisotope incorporation into undamaged
86

DNA was subtracted from repair synthesis activity calculated with either AFB1-N7-Gua
or AFB1-FAPY damaged plasmid DNA.
Plasmid DNA recovery was normalized by densitometry of the photograph of the
UV-illuminated ethidium bromide gel (ChemImage 4000, Alpha Innotech Corporation,
San Leandro, CA). The extent of [α32P] dATP incorporation was determined by
phosphor imaging (Cyclone Plus Phosphor Imager, Perkin Elmer, Boston, MA) of the
dried gel.
3.2.5 Data Analysis
Data are expressed as mean ± S.D. for each experimental group. For repair
experiments, n=4 refers to four individual extracts that were assayed independently for
each treatment group, with each extract being derived from tissues from four different
mice (i.e. 16 mice total). In addition, each extract was tested in duplicate, with the mean
from the duplicate used as the repair value. To assess differences in NER values between
treatment groups within mouse genotype a 1-way analysis of variance (ANOVA) was
performed, followed by a Student Newman-Keuls post-hoc test or a trend analysis posthoc test. To assess differences in AFB1-mediated alterations between mouse genotypes, a
2-way ANOVA followed by a Bonferroni post-hoc was used. In all cases, analysis was
performed using Prism software (version 5.00) and statistical significance was defined as
p < 0.05.
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3.3 Results
3.3.1 Health Status of Mice
At the completion of the study, all mice appeared healthy. No morbidity or
mortality was observed due to treatment in either genotype. Body weight gain was
unaffected by treatment. At the completion of the study no differences in total body
weights or liver weights were observed between treatment groups or genotypes (Table
3.1). No hepatic lesions were observed due to AFB1 treatment. Two liver adenomas were
observed (one in a control p53 (+/+) mouse and one in a control p53 (+/-) mouse), which
is consistent with spontaneous incidence of liver lesions observed in previous studies
(Donehower et al. 1992; Storer et al. 2001). No gross lung lesions were observed, but
since all lung tissue was dedicated to NER assays, they were not assessed histologically.
3.3.2 Characterization of AFB1-N7-Gua and AFB1-FAPY Adducted Plasmid DNA
Substrates for NER
Recovered solid AFB1-8,9-exo-epoxide had a ratio of 25:1 exo/endo as
determined by 1H-nuclear magnetic resonance using the integration for H-8 of the AFB18,9-epoxide (Raney et al. 1992) (Figure 3.2). Upon reaction of AFB1-exo-epoxide with
isolated plasmid DNA, AFB1-N7-Gua represented 95% of formed adducts. Preparation
of plasmids with 10 adducts per plasmid was accomplished by adjusting the
concentration of AFB1-8,9-exo-epoxide incubated with plasmid DNA. The identities and
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Table 3.1 Mouse total body and liver weights at completion of study
Genotype

Treatment

Mean Total Body

Liver to Body Weight Ratio

(AFB1 ppm)

Weight (g ± S.D.)*

(% of total body weight ±
S.D.)#

p53 (+/+)

p53 (+/-)

0

46.4 ± 4.1

5.8 ± 0.7

0.2

46.4 ± 4.1

5.9 ± 0.9

1.0

46.3 ± 3.8

5.7 ± 0.9

0

45.2 ± 4.4

5.8 ± 1.2

0.2

45.6 ± 3.3

6.0 ± 0.6

1.0

45.1 ± 2.7

5.8 ± 0.5

* No significant differences (2-way ANOVA, p > 0.0
# No significant differences (2-way ANOVA p > 0.05)
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Figure 3.2 1H NMR spectrum (400 MHz) of AFB1-exo-epoxide in d6-acetone. The
above spectrum matches the published spectral data for AFB1-exo-epoxide (Baertschi et
al. 1988). Peaks represent individual protons and are labelled according to the numbered
structure of aflatoxin B1-8,9-exo-epoxide. The purity of AFB1-exo-epoxide was
determined by taking the exo:endo ratio of the integration for H8.

90

relative quantities of the adducts were confirmed using HPLC with ultraviolet detection
(Figure 3.1).
Under the conditions used for the repair assay (see above), the repair of AFB1-N7Gua and AFB1-FAPY adducted plasmids was linearly correlated with the duration of the
repair synthesis reaction for both liver (Figure 3.3) and lung (Figure 3.4) nuclear protein
extracts (1-4 h, r2 = 0.97 – 0.99). Three hours was determined to be optimal for the repair
synthesis reaction, and was within the linear range.
3.3.3 NER Activity
No significant differences in repair of AFB1-N7-Gua adducted plasmid or AFB1FAPY adducted plasmid were observed in either liver or lung extracts from untreated p53
(+/+) versus p53 (+/-) mice (Figure 3.5).
Repair of AFB1-N7-Gua adducts was 224% greater than control in liver extracts
from p53 (+/+) mice fed 0.2 ppm AFB1, while 1.0 ppm AFB1 appeared to increase NER,
but the effect was not significant (trend analysis p = 0.07; Figure 3.6A). Repair of AFB1FAPY adducts was not altered in liver extracts from p53 (+/+) mice fed either
concentration of AFB1 (Figure 3.6A). Repair of AFB1-N7-Gua adducts was 124% and
96% greater than control in lung extracts from p53 (+/+) mice fed 0.2 ppm or 1.0 ppm
AFB1 respectively (p<0.05) (Figure 3.6B). Repair of AFB1-FAPY adducts was not
altered in lung extracts from p53 (+/+) mice fed either concentration of AFB1 (Figure
3.6B).
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Figure 3.3 Linear correlation of liver extracts with respect to length of incubation time
and repair of: (A) AFB1-N7-Gua adducted plasmid; or (B) AFB1-FAPY adducted
plasmid. Results are presented as mean ± S.D. for repair of three different liver extracts.
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Figure 3.4 Linear correlation of lung extracts with respect to length of incubation time
and repair of: (A) AFB1-N7-Gua adducted plasmid; or (B) AFB1-FAPY adducted
plasmid. Results are presented as the mean ± S.D. for repair of two different lung
extracts.

93

Figure 3.5 Comparison of NER activities of tissue extracts from untreated p53 (+/+) and
p53 (+/-) mice. Results are presented as the mean ± S.D. (p > 0.05, unpaired t-test; n=4).
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Figure 3.6 Effects of chronic in vivo treatment with AFB1 on in vitro NER activity of
p53 (+/+) mouse liver (A) and lung (B) extracts. Results are presented as the mean ±
S.D. * significantly different from control, p ≤ 0.05 (1-way ANOVA with a Newman
Keuls post hoc test; n=3).
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In liver extracts from p53 (+/-) mice, repair of AFB1-N7-Gua and AFB1-FAPY
adducts was not altered compared to control (Figure 3.7A). Repair of AFB1-N7-Gua
was only 45% greater than control in lung extracts from p53 (+/-) mice fed 0.2 ppm AFB1
(p<0.05), and repair of AFB1-N7-Gua adducts was not altered in lung extracts from p53
(+/-) mice fed 1.0 ppm AFB1 (Figure 3.7B). A biphasic effect was observed in p53 (+/-)
mice, as repair of AFB1-N7-Gua adducts was significantly greater in extracts from lungs
of mice exposed to 0.2 ppm AFB1 than in extracts from lungs of mice exposed to 1.0 ppm
AFB1 (Figure 3.7B). AFB1 did not alter repair of AFB1-FAPY adducts in p53 (+/-) lung
extracts (Figure 3.7B).
3.3.4 Comparison of AFB1-Mediated Alterations in NER in Extracts from p53 (+/+)
and p53 (+/-) mice
Damage-specific repair values for each mouse genotype were made relative to the
0 ppm AFB1 control and plotted on the same graph in order to directly compare AFB1mediated changes in NER based on genotype. In liver extracts from mice fed 0.2 ppm
AFB1, the AFB1-mediated increase in repair of AFB1-N7-Gua adducts were significantly
attenuated in extracts from p53 (+/-) mice compared to liver extracts from p53 (+/+)
(Figure 3.8A). An apparent trend towards attenuation in AFB1-mediated alterations in
repair of AFB1-N7-Gua adducts in liver extracts from p53 (+/-) mice also occurred after
exposure to 1.0 ppm AFB1, but this effect was not statistically significant (p > 0.05,
Figure 3.8A). AFB1-mediated induction in repair of AFB1-N7-Gua was significantly
attenuated in lung extracts from p53 (+/-) mice fed both 0.2 ppm and 1.0 ppm AFB1
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Figure 3.7 The effects of chronic in vivo treatment with AFB1 on in vitro NER activity of
p53 (+/-) mouse liver (A) and lung (B) extracts. Results are presented as the mean ± S.D.
* significantly different from control, # significantly different from 1.0 ppm AFB1
treatment group, p ≤ 0.05 (1-way ANOVA with a Newman Keuls post hoc test; n=4).
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Figure 3.8 Comparison of AFB1-mediated alterations in NER of AFB1-N7-Gua (A) and
AFB1-FAPY (B) adducted plasmid using p53 (+/+) and p53 (+/-) mouse liver, relative to
control. Results are presented as the mean ± S.D. * significantly different from p53
(+/+) repair value, p ≤ 0.05 (2-way ANOVA with a Bonferroni post hoc test).
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(Figure 3.9A). Regardless of p53 genotype, repair of AFB1-FAPY adducts was not
affected by chronic AFB1 treatment in either liver or lung extracts (Figure 3.8B & 3.9B).

3.4 Discussion
Previous studies investigating the effects of AFB1 on DNA repair mechanisms
have employed a single acute tumorigenic dose of AFB1. However, chronic exposure to
low dose AFB1 is more reflective of human exposure. This study is the first to
investigate the effects of chronic low dose exposure of AFB1 on DNA repair activity.
Moreover, the doses of AFB1 investigated in this study fall well within the range of what
people living in AFB1-contaminated areas can be exposed to on a daily basis (Williams et
al. 2004).
AFB1 is highly hepatocarcinogenic and evidence exists indicating that exposure to
AFB1 is also linked to pulmonary cancer in humans and in experimental animals,
including mice (Guindon et al. 2007b; Hayes et al. 1984; Massey et al. 1995; Wieder et
al. 1968). Once formed, AFB1-exo-epoxide binds to DNA, forming AFB1-N7-Gua
adducts that spontaneously hydrolyze to form AFB1-FAPY adducts (Garner et al. 1972;
Hertzog et al. 1982). If left unrepaired, these adducts may lead to mutations, specifically
K-ras mutations, that can lead to lung or liver cancer (Massey et al. 2000).
The increases in repair of AFB1-N7-Gua adducted plasmid observed in lung and
liver tissues from the p53 (+/+) mice presumably reflect an adaptive response to DNA
damage. Interestingly in the liver, an increase in AFB1-N7-Gua repair was observed at
the 0.2 ppm AFB1 exposure level, but not at the 1.0 ppm AFB1 exposure level. One
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Figure 3.9 Comparison of AFB1-mediated alterations in NER of AFB1-N7-Gua (A) and
AFB1-FAPY (B) adducted plasmid using p53 (+/+) and p53 (+/-) mouse lung, relative to
control. Results are presented as the mean ± S.D. * significantly different from p53
(+/+) repair value, # significantly different between AFB1 doses, p ≤ 0.05 (2-way
ANOVA with a Bonferroni post hoc test).
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explanation for this biphasic response to AFB1 is that the higher dose of AFB1 caused
inhibition or down-regulation of the enzymes responsible for AFB1 bioactivation to
AFB1-exo-epoxide, and subsequently less DNA damage. Lower levels of DNA adducts
could be insufficient to trigger an adaptive increase in NER. Another possibility could be
that the damage induced by the higher concentration of AFB1 interfered with processes
involved in NER up-regulation, leaving the DNA damaged. This phenomenon has been
shown previously in an in vitro repair assay, where a plasmid with too many AFB1
adducts resulted in a decrease in repair in mouse lung extracts (Bedard et al. 2005). A
final possibility could be that AFB1 directly affected the repair proteins, resulting in a
muted response to DNA damage.
The failure of chronic low dose dietary AFB1 exposure to alter repair of AFB1FAPY damage also was seen with a high single intraperitoneal AFB1 dose (Bedard et al.
2005). While evidence suggests that enzymatic removal of AFB1-FAPY occurs by NER
(Alekseyev et al. 2004), AFB1-FAPY is less distortive to DNA architecture than is AFB1N7-Gua, making AFB1-FAPY relatively resistant to repair (Smela et al. 2002). AFB1N7-Gua adducts are relatively short-lived, but AFB1-FAPY adducts are stable, they can
accumulate for several days and they remain detectable in rat liver for several weeks after
AFB1 exposure (Croy and Wogan 1981; Smela et al. 2002), emphasizing the importance
of repairing AFB1-N7-Gua adducts before they spontaneously convert to AFB1-FAPY
adducts. In contrast to the results found by Bedard et al. (2005), basal repair of AFB1FAPY adducted plasmid was higher than repair of AFB1-N7-Gua adducted plasmid.
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However, differences exist between the two studies, including mouse strains, genders
employed, and AFB1 dosing protocols. It is possible that differences in repair of AFB1FAPY adducts contribute to strain and gender differences in susceptibility to AFB1induced carcinogenesis (McGlynn et al. 2003; Woo et al. 2011).
The attenuation of AFB1-mediated alterations in NER in p53 (+/-) mice compared
to p53 (+/+) mice, suggests that p53 (+/-) mice have a reduced capacity to increase NER
in response to DNA damage. This result has even greater implications considering that
the basal levels of NER in both lung and liver do not differ between wild type and p53
heterozygous mice. Although basal function of NER is normal with one allele of p53,
our results suggest that, when challenged with AFB1, tissues have a reduced ability to upregulate NER to compensate for the increased DNA damage. Hence, loss of one p53
allele could increase AFB1-induced DNA damage.
p53 is known to regulate global genome repair (GGR) (Wang et al. 2003), the
NER pathway that the assay in this study replicates. The exact mechanism by which p53
impacts NER, however, is still unclear. p53 has been found to be important for NERmediated repair of other DNA adducts, including the tobacco carcinogens benzo(a)pyrene
diol-epoxide and benzo(g)chrysene diol-epoxide (Lloyd and Hanawalt 2000; Lloyd and
Hanawalt 2002; Wani et al. 2000) as well as adducts induced by UV-C irradiation
(Adimoolam and Ford 2003; Smela et al. 2001). Regulation of GGR by p53 appears to
be confined to the lesion recognition step, primarily through transcriptional control of
XPC and DDB2 expression (Adimoolam and Ford 2003). XPC is necessary for damage
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recognition and early stages of repair protein recruitment, while DDB2 recognizes lesions
that are mildly helix distorting and is thought to be important for identifying lesions
poorly recognized by XPC (Gillet and Scharer 2006; Hwang et al. 1999; Wakasugi et al.
2002). However, there also is evidence that p53 can bind directly to NER proteins such
as the ATP-dependent helicases XPB and XPD, which are responsible for DNA
unwinding and may also contribute to damage verification (Gillet and Scharer 2006;
Leveillard et al. 1996; Wang et al. 1995). p53 may also bind to damaged DNA itself
(Jayaraman and Prives 1995).
In conclusion, chronic low dose dietary exposure of mice to AFB1 resulted in an
elevation of NER activity in p53 (+/+) mice and this effect was lost or attenuated in p53
(+/-) mice. The results from this in vitro study indicate that loss of just one allele of p53
can affect NER, which is essential for repairing bulky, helix distorting DNA adducts that
can cause mutations if not repaired.
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Chapter 4
Examination of the Impact of Chronic Aflatoxin B1 Exposure and p53
Genotype on Base Excision Repair in Mouse Lung and Liver
4.1 Introduction
Aflatoxin B1 (AFB1) is produced by species of Aspergillus, moulds that grow on
various crops in warm and humid conditions (Massey et al. 2000). AFB1 is an
established liver carcinogen and epidemiological evidence suggests that the lung is a
target as well (Dvorackova et al. 1981; Harrison and Garner 1991; Hayes et al. 1984).
Exposure to AFB1 can occur both through inhalation and ingestion, with the toxin
reaching target tissues either directly or via the circulatory system (Eaton et al. 1994).
Following inhalation or ingestion, AFB1 is biotransformed into the highly reactive AFB18,9-exo-epoxide, which binds preferentially to the N7 position of guanine residues in
DNA, forming the AFB1-N7-Gua adduct that can hydrolyze spontaneously to a
formamidopyrimidine adduct (Eaton et al. 1994; Essigmann et al. 1982; Garner et al.
1972; Hertzog et al. 1982). Both of these AFB1-adducts damage DNA, which can result
in mutations that may lead to liver or lung cancer (Smela et al. 2002).
It is also known that mutations and subsequent cancer can be induced by
oxidative stress and resulting oxidative DNA damage (Nakabeppu et al. 2006; Valko et
al. 2006). Although less studied than DNA adduction by AFB1 metabolites, AFB1induced oxidative DNA damage has been demonstrated in both animal models and in
humans (Barraud et al. 2001; Guindon et al. 2007a; Shen et al. 1995). Oxidative DNA
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damage is often measured by the amount of 8-hydroxy-2’-deoxyguanosine (8-OHdG)
present in the DNA. This modified base is produced by the attack of •OH on C-8 of
guanine and is one of the most abundant and highly mutagenic DNA lesions (David et al.
2007). The process responsible for repairing 8-OHdG lesions is base excision repair
(BER) (Tsuzuki et al. 2007).
BER removes DNA-damaged bases, with the main lesions being oxidized bases
that have arisen either spontaneously within a cell or from exposure to exogenous agents
(Christmann et al. 2003; Wang et al. 1998). BER has three main steps: recognition and
excision of the damaged DNA bases, insertion of one or more nucleotides, and ligation.
One of the enzymes that can excise 8-OHdG from DNA is 8-oxoguanine glycosylase
(OGG1) (Boiteux and Radicella 2000). A previous study showed that acute exposure of
female A/J mice to a single tumourigenic dose of AFB1 caused a significant increase in
BER activity and a corresponding increase in OGG1 levels in mouse lung extracts
(Guindon 2008). This result suggests that BER was up-regulated in response to oxidative
DNA damage produced by AFB1, indicating that AFB1-induced oxidative stress may be
an important mechanism in the carcinogenicity of AFB1.
p53 is a tumour suppressor gene implicated in the regulation of BER.
Investigators have reported a deficiency in BER in p53 mutant cells, although the
mechanism for this effect remains unclear (Offer et al. 1999; Smith and Seo 2002). It has
been suggested that p53 may also play a more direct role in BER, potentially acting
through protein-protein interactions with BER specific proteins, including polymerase β
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(Adimoolam and Ford 2003). Previously, we found that heterozygous p53 knockout
mice have an attenuated increase in nucleotide excision repair after chronic exposure to
AFB1 compared to p53 wild type mice (Chapter 3). Based on this demonstrated impact
of p53 status on NER after AFB1 exposure, as well as on evidence for a role for p53 in
BER, we hypothesized that p53 status would affect BER activity in response to chronic
AFB1 exposure.
To our knowledge, this study is the first to investigate BER after chronic exposure
to low dose AFB1, which is more reflective of typical human exposure compared to
previous studies with acute high dose exposure. The aims of this study were to determine
if chronic exposure of mice to AFB1 alters BER in lung and liver and to determine if
partial deletion of p53 affects BER activity.

4.2 Materials and Methods
4.2.1 Animal Treatments
Male heterozygous p53 knockout mice (B6.129-Trp53tm1BrdN5, Taconic Labs,
Hudson NY) and their wild type controls aged 7-9 weeks were housed in filtered Isotek
glove box units with a 12-h light/dark cycle, and were provided water ad libitum. Mice
were exposed to 0, 0.2 or 1.0 ppm AFB1 (Sigma-Aldrich, St. Louis MO) in AIN 93M
semi-purified diet (Dyets Inc., Bethlehem, PA, USA) for 26 weeks. All changes of diet,
bedding and water, and all animal manipulations, were conducted in the filtered Isotek
glove box units. Objects entering and leaving the filtered Isotek glove box units were
treated with 2% sodium hypochlorite for a minimum of 20 minutes to deactivate AFB1.
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At the end of 26 weeks, mice were exsanguinated by cardiac puncture under isoflurane
anesthesia (Baxter Corporation, Mississauga, ON, Canada), lungs were perfused with
10mM Tris/1mM EDTA (pH 7.9) and lungs and livers were excised, finely chopped,
frozen in liquid nitrogen prior to storage at -80oC until extract preparation.
4.2.2 Preparation and Analysis of 8-OHdG Damaged Plasmid DNA
A 2961 bp plasmid derived from pBluescript SK+ (Stratagene, La Jolla, CA) was
grown in E. coli DH5α in 2x Yeast extract and Tryptone (YT) broth and isolated using a
Qiagen Plasmid Giga Kit (Qiagen, Valencia, CA). 8-OHdG damaged plasmid was
prepared as previously described (Sattler et al. 2000), with a few modifications. Briefly,
50 µL of 400 µg/mL plasmid was placed on a parafilm-covered Petri dish on ice. In the
dark, 50 µL of 10 µM methylene blue was added to the plasmid and exposed to white
light from a 100 W tungsten light bulb at a distance of 10 cm for 5 minutes. When
irradiated with white light, methylene blue generates singlet oxygen that specifically
reacts with guanine residues resulting in 8-OHdG lesions (Floyd et al. 1989; Schneider et
al. 1990). Immediately after light exposure, 200 µL of irradiated DNA was precipitated
using 20 µL of 5M NaCl and 300 µL of 100% ethanol. DNA was washed once with 500
µL of 80% ethanol, dried down and re-suspended in TE buffer (pH 8.0).
The extent of 8-OHdG damage on the plasmid was measured by HPLC with
multichannel electrochemical detection (ESA Inc., Chelmsford, MA) (Figure 4.1).
Components were separated on a Waters S-3 4.6 x 150 mm column with 0.1% methanol /
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Figure 4.1 Representative chromatograms for 8-OHdG and 2’dG levels in damaged
plasmids. Obtained via isocratice reversed phase high-performance liquid
chromatography. 2’dG was detected at 875 mV and 8-OHdG adducts were detected at
250 mV using a multichannel electrochemical detector (ESA Inc., Chelmsford, MA).
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99.9 % (v/v) 50 mM phosphate buffer (pH 5.5) at a flow rate of 1.0 mL/min. The
electrochemical detector channels were set at 0, 250, 475 and 875 mV.
4.2.3 Preparation of Cell-Free Whole Tissue Nuclear Protein Extracts
Nuclear protein extracts from 1.5 to 1.8 g of perfused tissue were prepared from
livers or lungs pooled from four mice. Tissue pieces frozen in liquid nitrogen were
pulverized to a fine powder by hand with a mortar and pestle. Cell-free tissue nuclear
protein extracts active in DNA repair synthesis were prepared as described (Wood et al.
1988; Wood et al. 1995) with the following modifications: (a) hypotonic lysis of tissue
was done for 30 min under gentle rotation; and (b) dialysis was done against three
changes of 200 mL (per Slide-A-Lyzer cassette, Thermo Fisher Scientific, Nepean, ON)
of buffer for 18 hours, and changed after 1 and 15 hours of dialysis. Protein contents of
extracts were determined by the method of Lowry et al. (Lowry et al. 1951). Extracts
from lung and liver typically contained 6 and 22 mg protein, respectively. Extracts were
snap-frozen in liquid nitrogen and stored at –80°C.
4.2.4 DNA Repair Synthesis Assay
The repair synthesis assay was performed as described (Bedard et al. 2005; Wood
et al. 1995). Briefly, each 50 µL reaction mixture contained 400 ng of either 8-OHdG
damaged plasmid DNA or undamaged plasmid DNA, 5.0 mM MgCl2, 40 mM HEPESKOH (pH 7.8), 0.4 mM EDTA, 0.5 mM dithiotreitol, 2.0 mM ATP, 20 µM of each
dATP, dCTP and dTTP, 4.0 µM dGTP, 100 mM KCl, 2.5 µg creatine phosphokinase, 23
mM phosphocreatine, 18 µg bovine serum albumin (nuclease-free, Sigma-Aldrich,
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Oakville, ON), 25 µg (liver) or 10 µg (lung) tissue protein extract and 7.1 µCi [α32P]
dGTP (Perkin Elmer, Boston, MA). Samples were incubated for 3 h at 30oC. Reactions
were terminated by adding EDTA (final concentration of 20 mM). Following incubation
with 7.0 mg/mL RNase (37oC for 10 min) and 350 µg/mL proteinase K with 0.5% SDS
(65oC for 30 min), plasmid DNA was purified by extraction with
phenol/chloroform/isoamyl alcohol (25:24:1; v/v/v), precipitated with 100% ice cold
ethanol, washed with 80% ethanol, dried and linearized with 1 unit of EcoR1 (New
England Biolabs, Beverly, MA). Plasmids were electrophoresed on a 1% agarose gel
with 0.5 µg/mL ethidium bromide and with 40 mM Tris base/40 mM acetic acid/1 mM
EDTA as the buffer. The repair synthesis assay was performed in duplicate for each
nuclear protein extract and results are presented as the mean ± S.D. To determine
damage-specific repair activity, radioisotope incorporation into undamaged DNA was
subtracted from repair synthesis activity calculated with 8-OHdG damaged plasmid
DNA.
Plasmid DNA recovery was normalized by densitometry of the photograph of the
UV-illuminated ethidium bromide gel (ChemImage 4000, Alpha Innotech Corporation,
San Leandro, CA). The extent of [α32P] dGTP incorporation was determined by
phosphor imaging (Cyclone Plus Phosphor Imager, Perkin Elmer, Boston, MA) of the
dried gel.
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4.2.5 OGG1 and Plasma Alanine Aminotransferase (ALT) Levels
The concentration of OGG1 present in lung and liver nuclear protein extracts
from p53 (+/+) and p53 (+/-) mice was measured using an ELISA kit specific for mouse
OGG1, as per the manufacturer’s instructions (Mybiosource, San Diego, CA, USA).
Whole blood was collected in EDTA and centrifuged at 800 x g for 10 min at 4oC.
Plasma was collected and frozen at -80oC until analyses. Alanine aminotransferase
(ALT) activity in plasma was measured using a Horiba ABX Pentra 400 clinical
chemistry analyser (Horiba Medical, Irvine, CA) and the Horiba ALT CP 250T reagent
kit (Fisher Scientific, Ottawa, ON).
4.2.6 Data Analysis
Data are expressed as mean ± S.D. for each experimental group. To assess
differences between treatment groups within a mouse genotype, a 1-way analysis of
variance (ANOVA) was performed, followed by Student Newman-Keuls post-hoc test.
Analysis was performed using Prism software (version 5.00) and statistical significance
was defined as p < 0.05.

4.3 Results
4.3.1 Health Status of Mice
At the completion of the study, all mice appeared healthy and no morbidity or
mortality was observed due to treatment in either genotype. Treatment did not affect
body weight gain. No gross lung lesions were observed, but since all lung tissue was
dedicated to BER assays, they were not assessed histologically. No hepatic lesions were
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observed due to AFB1 treatment. Two liver adenomas were observed (one in a control
p53 (+/+) mouse and one in a control p53 (+/-) mouse), which is consistent with the
incidence of spontaneous liver lesions observed in previous studies (Donehower et al.
1992; Storer et al. 2001).
4.3.2 Characterization of 8-OHdG Damaged Plasmid DNA Substrate for BER
Photo-activated methylene blue was used to induce 8-OHdG lesions in
pBluescript SK+ plasmid. Plasmid damaged with 5 µM methylene blue had ~ 6 times
more repair activity than undamaged plasmid in repair reactions containing lung or liver
extracts.
Under the conditions used for the repair assay (see methods), the repair of 8OHdG adducted plasmid was linearly correlated with respect to length of first incubation
time with either liver or lung nuclear protein extracts up to 4 h (Gupta 2011).
4.3.3 BER Activity
No significant differences in repair of 8-OHdG damaged plasmid were observed
in either liver or lung extracts from untreated p53 (+/+) versus p53 (+/-) mice (Figure
4.2).
Repair of 8-OHdG lesions was 65% lower in liver extracts from p53 (+/+) mice
fed 1.0 ppm AFB1 compared to that from p53 (+/+) mice fed 0.2 ppm AFB1 (Figure
4.3A), but was not significantly different from control (p = 0.14). Liver extracts from
p53 (+/+) mice treated with 0.2 ppm AFB1 did not have significantly elevated repair
activity compared to control. Repair of 8-OHdG lesions by liver extracts of p53 (+/-)
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Figure 4.2 Comparison of BER activities in tissue extracts from untreated p53 (+/+) and
p53 (+/-) mice. Results are presented as the mean ± S.D., p > 0.05 (Unpaired t-test; n=4).
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Figure 4.3 Effects of chronic in vivo treatment with AFB1 on in vitro BER activity of p53
(+/+) (A) and p53 (+/-) (B) mouse tissue extracts. Results are presented as the mean ±
S.D. * significantly different from 0.2 ppm AFB1 exposure group, p ≤ 0.05 (1-way
ANOVA with Student Newman Keuls post hoc test; n=4).
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mice and lung extracts from p53 (+/+) mice was not affected by AFB1 exposure (Figure
4.3A & B).
4.3.4 Liver and Lung OGG1 Levels and Plasma ALT Activities
Levels of OGG1 in liver nuclear protein extracts from p53 (+/+) and p53 (+/-)
mice were not different from control after chronic exposure to either 0.2 ppm or 1.0 ppm
AFB1 (Figure 4.4A). In addition, OGG1 levels in lung nuclear protein extracts from p53
(+/+) and p53 (+/-) mice exposed to 0.2 ppm or 1.0 ppm AFB1 did not differ compared to
control (Figure 4.4B).
No difference was observed in plasma ALT activities from p53 (+/+) mice or p53
(+/-) mice exposed to 0.2 ppm or 1.0 ppm AFB1 compared to control (Table 4.1).

4.4 Discussion
Chronic exposure to low levels of AFB1 is very common (Gursoy-Yuzugullu et
al. 2011). The principal target organ of AFB1 is the liver, but there is also evidence
linking lung cancer and AFB1 exposure in both humans and experimental animals
(Guindon et al. 2007b; Hayes et al. 1984; Massey et al. 1995; Wieder et al. 1968). The
main mechanism studied with regard to AFB1-induced carcinogenesis is alkylation by
AFB1 reactive metabolites. However, oxidative stress and resulting oxidative DNA
damage can also cause gene mutations and subsequent cancer, indicating a potential
mechanism of AFB1-induced carcinogenesis. This study was the first to investigate BER
after chronic exposure to low dose AFB1, in an exposure route similar to humans. The
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Figure 4.4 OGG1 immunoreactive protein levels in nuclear protein extracts from mouse
liver (A) and lung (B). Results are presented as the mean ± S.D. (1-way ANOVA with
Student Newman Keuls post hoc test; n=4).
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Table 4.1 Mouse plasma ALT activities
Genotype

p53 (+/+)

p53 (+/-)

Treatment

Plasma ALT

(AFB1 ppm)

(mean ± S.D.)*

0

242 ± 145

0.2

253 ± 142

1.0

206 ± 112

0

290 ± 257

0.2

267 ± 125

1.0

222 ± 90.6

* No significant effects of AFB1 treatment within each mouse genotype (1-way ANOVA,
p > 0.05).
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DNA repair assay used in the current study, involving plasmid containing 8-OHdG
lesions, provides an accurate representation of BER activity (Chen et al. 2002).
In a previous study, intra-peritoneal exposure to a single tumourigenic dose of
AFB1 increased BER by approximately 87% in mouse lung extracts two hours post
treatment and no difference in BER was seen in liver extracts (Guindon 2008). These
results are in contrast to the present study, where chronic low dose exposure to AFB1 did
not alter BER in either liver or lung of wild type mice compared to control. However,
differences exist between the earlier study described above and the current study,
specifically with regard to mouse strain, mouse gender, exposure route, and dose of
AFB1. It is possible that the doses of AFB1 did cause oxidative DNA damage, but that
the levels were low enough to be handled by basal BER. Another possibility is the
potential activation of compensatory DNA repair or other adaptation mechanisms to deal
with increased oxidative stress (Kinoshita et al. 2007). The body is bombarded with
oxidative stress on a daily basis, both from endogenous and exogenous sources; therefore
the body has multiple repair mechanisms to deal with increased oxidative stress. For
example, in the absence of OGG1, transcription-coupled NER is able to contribute to
protecting the cell from increased 8-OHdG levels (Cunningham 1997).
An interesting finding of the present study is that liver extracts from wild-type
mice fed 1.0 ppm AFB1 had lowered BER compared to those from mice fed 0.2 ppm
AFB1, but not compared to those from control mice. Examination of the repair data
(Figure 4.3) suggests a slight non-significant trend towards increased BER at 0.2 ppm
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AFB1 relative to control, which would be consistent with a compensatory up-regulation
of BER in response to low-dose AFB1. At the higher 1.0 ppm AFB1 dose, a drop in
hepatic repair activity was observed which was only significant compared to the slightly
elevated activity associated with 0.2 ppm AFB1. One possible explanation for the
decrease in BER could be hepatic cytotoxicity of the higher AFB1 dose, resulting in
reduced levels of repair proteins. However, the lack of effect of AFB1 on plasma ALT
levels, a common biomarker for liver damage, suggests no overt hepatotoxicity. A
second possibility is that OGG1, the rate-limiting enzyme primarily responsible for
removing 8-OHdG lesions from DNA (Allinson et al. 2004; Boiteux and Radicella 2000;
Paz-Elizur et al. 2007), was decreased in the 1.0 ppm AFB1 exposure group compared to
the 0.2 ppm AFB1 exposure group. However, levels of OGG1 protein in both lung and
liver tissues were not different between treatment groups. Nonetheless, it is possible that
the activity of OGG1 was inhibited in the 1.0 ppm AFB1 treatment group, either directly
by AFB1 or perhaps by AFB1-exo-epoxide alkylating OGG1.
Studies have indicated that p53 has a role in BER, as a deficiency in BER has
been noted in p53 mutant cells (Offer et al. 1999; Smith and Seo 2002). However, the
mechanism for this effect remains unclear. p53 may play a more direct role in BER,
potentially acting through protein-protein interactions with BER specific factors
(Adimoolam and Ford 2003). For instance, evidence indicates that p53 stimulates BER
in vitro by direct interaction with the glycosylase that is responsible for removing the
damage, APE, and by stabilizing Polβ binding to the damaged DNA strand (Zhou et al.
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2001). It is also possible that transcription activation by p53 is involved in the regulation
of BER (Christmann et al. 2003). In the current study, the effects on BER after chronic
exposure to AFB1 were not altered in p53 heterozygous mice compared to control.
However, it is important to note that the effect between 0.2 ppm and 1.0 ppm AFB1
exposure seen in liver extracts from p53 wild type mice was not observed in the
heterozygous p53 mice, indicating that BER activity may have been affected by partial
deletion of p53.
In conclusion, chronic exposure to low dose AFB1 did not significantly affect
BER activity compared to control. However, a decrease in repair activity was observed
between the 0.2 ppm and 1.0 ppm AFB1 treatment groups in p53 (+/+) livers, an effect
that was lost in the p53 (+/-) livers. In a previous study using the same dosing protocol,
the opposite effect was seen on nucleotide excision repair with AFB1 and p53, in that
AFB1 treatment caused an increase in global nucleotide excision repair in p53 (+/+)
tissues, and this effect was attenuated in p53 (+/-) tissues (Chapter 3). The exact
mechanism by which AFB1 and p53 interact to regulate repair activities remains to be
elucidated.
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Chapter 5
Discussion
5.1 General Discussion
Exposure to AFB1 is very prevalent and AFB1-induced carcinogenicity is a major
problem in Southeast Asia, Africa and the southeastern United States (Williams et al.
2004). As such, a need for better understanding of the mechanisms of AFB1-induced
carcinogenesis exists. The studies outlined in this thesis were aimed at investigating the
relationship between DNA repair mechanisms, AFB1-induced DNA damage and
carcinogenesis. AFB1 is classified as an established human carcinogen (IARC 1985).
Although AFB1 is recognized as a hepatic carcinogen both in experimental animals and
in humans, evidence also exists for this mycotoxin as a pulmonary carcinogen
(Dvorackova et al. 1981; Harrison and Garner 1991). Currently, there are two major
hypotheses regarding how AFB1 causes tumourigenesis. First, it is known that AFB1 can
be bioactivated in vivo into a highly reactive epoxide. This epoxide readily binds to
guanine residues in DNA, forming bulky DNA adducts that can result in mutations if not
repaired by NER. Another potential mechanism by which AFB1 induces cancer is by
causing oxidative DNA damage, which if not repaired by BER, can also lead to
mutations. Understanding the processes by which AFB1 induces cancer will potentially
lead to novel prevention strategies and better therapeutic treatments.
Following a single exposure to a tumourigenic dose of AFB1, an increase was
seen in 8-OHdG levels, in BER and in OGG1 protein levels in mouse lung, suggesting
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that oxidative DNA damage may be an important contributor to AFB1-induced
carcinogenesis (Guindon 2008). However, the specific role of 8-OHdG lesions in AFB1induced cancer had not been investigated. By employing a mouse model deficient in
OGG1, the rate-limiting enzyme in excision of 8-OHdG lesions, this question was
addressed. It was shown that neither ogg1 genotype nor AFB1 treatment affected levels
of oxidized guanine in mouse lung or liver 2 h post-treatment (Chapter 2), which
contrasted with previous studies demonstrating an increase in 8-OHdG in mouse lung
following AFB1 administration. Regardless, the effect of deletion of ogg1 on AFB1induced tumourigenesis still warranted investigation. Interestingly, ogg1 (-/-) mice had
increased susceptibility to the toxicity of AFB1 (Chapter 2). AFB1 treatment did not
significantly increase tumour multiplicity nor cause mice to develop tumours earlier
compared to DMSO controls. However, ogg1 genotype did not significantly affect these
parameters, although a non-significant trend towards ogg1 (-/-) mice being more
susceptible to tumourigenicity was apparent. Overall, deletion of ogg1 did not
significantly alter AFB1-induced DNA damage or carcinogenicity, indicating that perhaps
8-OHdG lesions do not play a large role in initiating AFB1-induced cancer.
Previous results demonstrated an increase in NER in mouse liver and a decrease
in NER in mouse lung following exposure to a single tumourigenic dose of AFB1, which
was correlated with tissue susceptibility to AFB1-induced carcinogenesis (Bedard et al.
2005). In addition, an increase in BER in mouse lung occurred after exposure to a single
tumourigenic dose of AFB1 (Guindon 2008). These results indicate that modulation of
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DNA repair may be important contributing factors in AFB1-induced cancer. The tumour
suppressor gene p53 has been implicated in regulating both NER and BER. p53 interacts
with multiple proteins involved in NER and functional p53 is required for efficient NER
(Chang et al. 2008; Wang et al. 2003; Zhu et al. 2000). In addition, p53 mutant cells
have a deficiency in BER (Offer et al. 1999; Smith and Seo 2002). The exact mechanism
by which p53 regulates NER and BER remains to be elucidated, and whether the repair of
AFB1 induced DNA damage is affected by p53 status was unknown prior to the current
investigation. Previous studies examining the effects of AFB1 on DNA repair have
employed a single dose of AFB1 that is known to cause tumourigenesis. However,
typical human exposure to AFB1 is to low doses over a long period of time. Examining
the effects of AFB1 on DNA repair following a dosing protocol that more accurately
reflects typical human exposure in p53 wild type (+/+) and heterozygous (+/-) mice was
described in Chapters 3 and 4. The results demonstrated that following chronic exposure
to low dose AFB1, NER is up-regulated in lung and liver from p53 (+/+) mice (Chapter
3). Interestingly, in p53 (+/-) mice, the increase in NER seen in p53 (+/+) mice is
significantly attenuated (Chapter 3). The up-regulation of NER seen may represent an
adaptive response to AFB1-induced DNA adducts. This response was diminished in p53
(+/-) mice, indicating that loss of one allele of p53 limits the ability of NER to be upregulated in response to AFB1-induced DNA damage.
In contrast to the NER results, chronic exposure to low doses of AFB1 did not
affect BER in p53 (+/+) mouse lung or liver compared to control (Chapter 4). However,
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BER was significantly decreased in livers from mice exposed to 1.0 ppm AFB1 compared
to those exposed to 0.2 ppm AFB1. It was determined that this decrease in BER was not
due to liver cell death or to increased levels of OGG1 protein (Chapter 4). In p53 (+/-)
mice, BER was unchanged in mouse lung and liver, regardless of treatment. As such, the
effect between 0.2 ppm and 1.0 ppm AFB1 treatment seen in the p53 (+/+) mice appears
to be p53 dependent, suggesting that at the highest dose of AFB1, p53 may be promoting
cell death by initiating pro-apoptotic processes or by inhibiting BER activity through
interaction with BER specific proteins.

5.2 Future Directions
5.2.1 Increased Susceptibility of ogg1 (-/-) Mice to Toxicity of AFB1
In Chapter 2, acute exposure to a tumourigenic dose of AFB1 caused increased
mortality in ogg1 (-/-) mice, which was not due to increased oxidative DNA damage in
lung or liver. As such, the mechanism by which AFB1 increased mortality in ogg1 (-/-)
mice is unknown at this time. Since OGG1 repairs 8-OHdG lesions, it is likely that
increased oxidative DNA damage was at least partly responsible for the increased
mortality. As ogg1 (-/-) mice showed signs of dehydration, and since administering
fluids to the ogg1 (-/-) mice alleviated the toxicity associated with AFB1 exposure, a
candidate tissue to examine for oxidative DNA damage would be the gastrointestinal
tract. An alternative possibility could be that the ogg1 (-/-) mice drank less water than
ogg1 (+/-) or ogg1 (+/+) mice. The hypothalamus controls drinking behavior and there is
evidence of OGG1 expression and activity in the hypothalamus of rats (Verjat et al.
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2000). It has also been demonstrated that OGG1 activity is highest in brain and testes of
ogg1 (+/+) mice compared to other tissues, including liver and lung (Klungland et al.
1999). Perhaps then, oxidative DNA damage was significantly increased in the
hypothalamus of AFB1-treated ogg1 (-/-) mice, which could cause alterations in the
expression of genes that regulate water consumption. Determining the mechanism by
which ogg1 (-/-) mice are more susceptible to toxicity of AFB1 will help elucidate the
role OGG1 plays in protecting against chemical insult.
5.2.2 AFB1-Induced Liver Tumours in Mice
At the completion of the AFB1-induced tumourigenesis study described in
Chapter 2, a few liver tumours were present. To our knowledge, this is the first time liver
tumours have been observed in an AFB1-induced carcinogenesis study in adult mice.
Adult mice are generally not susceptible to AFB1-induced hepatocarcinogenicity, a
phenomenon attributed to constitutive expression in mouse liver of the A3 subunit of
glutathione S-transferases, which exhibits high catalytic activity for detoxifying AFB1
(Buetler and Eaton 1992; Hayes et al. 1992; McDonagh et al. 1999; Wong and Hsieh
1980). As liver tumours were observed in all three ogg1 genotypes, this result was not
due to deletion of ogg1, but more likely a mouse strain effect. One possible explanation
for the development of AFB1-induced liver tumours could be that the levels or the
activity of GSTA3 is lower in the ogg1 mice compared to other mouse strains. This
would result in a decrease in detoxification of AFB1-exo-epoxide, allowing for more of
the reactive intermediate to interact with liver DNA. Another possibility is that the
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cytochrome P450s responsible for bioactivating AFB1 could have increased levels or
increased catalytic activity. This would also result in increased amounts of AFB1-exoepoxide in the liver tissue, which could cause an increase in DNA damage that may lead
to cancer. Determining why the ogg1 mice are susceptible to AFB1-induced liver
tumours would provide insight into the mechanism of AFB1-induced liver tumours.
5.2.3 Increased NER Activity in p53 (+/+) Lung and Liver Following Chronic AFB1
Exposure
It Chapter 3, it was demonstrated that NER was increased in both lung and liver
of p53 (+/+) mice treated with AFB1. The mechanism by which NER was up-regulated is
unknown. The damage recognition step in global NER is rate-limiting (Balajee and Bohr
2000). One potential mechanism by which NER can be up-regulated is by increasing
recognition of the DNA lesions. This can be accomplished by either increasing the
protein amount or increasing the protein activity. NER proteins of high priority to
examine would be the damage recognition proteins involved in global NER, such as
XPC, DDB1 and DDB2 (Christmann et al. 2003). Determining the protein amounts and
activity levels of specific NER proteins could reveal the mechanism by which chronic
exposure to AFB1 increases NER.
5.2.4 Attenuation of AFB1-Mediated Increase in NER in p53 (+/-) Mice
The results from Chapter 3 show that the adaptive increase in NER to chronic
AFB1 exposure seen in p53 (+/+) mice was attenuated in p53 (+/-) mice. The mechanism
for this result remains to be elucidated. p53 has been implicated in NER in a number of
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ways. Some evidence indicates a transcriptional regulatory role for p53 in NER,
modulating expression of GGR-specific damage recognition genes DDB2 and XPC
(Adimoolam and Ford 2003; Wang et al. 2003). Evidence also supports p53 facilitating
NER directly through protein-protein interactions with the ATP-dependent helicases XPB
and XPD (Chang et al. 2008; Leveillard et al. 1996). Finally, p53 binds directly to
damaged DNA (Jayaraman and Prives 1995). Results from mechanistic studies on how
NER proteins are altered to increase repair activity in AFB1-treated p53 (+/+) mice
(section 5.2.3) will provide a basis for these experiments. Determining whether just one
or all of the above interactions occur(s) would help elucidate how p53 is involved in the
DNA repair response to AFB1.
5.2.5 Decreased BER Activity in Liver from p53 (+/+) Mice Treated with 1.0 ppm
AFB1 Compared to 0.2 ppm AFB1
In Chapter 4, it was demonstrated that chronic exposure to AFB1 caused a
decrease in BER activity in liver extracts from mice treated with 1.0 ppm AFB1 when
compared to liver extracts from mice treated with 0.2 ppm AFB1. It was also determined
that this effect was not due to liver cell death or increased levels of OGG1 protein. It is
possible that the activity of OGG1 was inhibited in the 1.0 ppm AFB1 treatment group,
either directly by AFB1 or perhaps by AFB1-exo-epoxide alkylating OGG1. It would be
beneficial to determine the activity of OGG1 in these extracts to assess whether the
decrease in BER was due to decreased OGG1 activity or due to another mechanism. If
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OGG1 activity is decreased, then mass spectrometry can be used to determine if AFB1 or
one of the metabolites of AFB1 is alkylated to OGG1.
5.2.6 Alterations in DNA Repair Activity and AFB1-Induced Tumour Susceptibility
Unfortunately, it was not possible to determine whether alterations in DNA repair
activity in the present studies correlated with tumour susceptibility, as mice treated with
low doses of AFB1 for 6 months did not develop tumours during the time course of the
experiment. As such, it would be of benefit to determine whether alterations in DNA
repair directly correlate with tumour susceptibility to AFB1. This can be accomplished
by employing an animal model that is more susceptible to AFB1-induced carcinogenesis
than the models employed in this thesis. It is known that mouse genetic background
affects p53 tumourigenicity (Harvey et al. 1993).

Perhaps then, low dose, chronic AFB1

exposure on a different background strain of mice, or a strain of mice more susceptible to
AFB1-induced pulmonary carcinogenesis (e.g. A/J mice) or in a species more susceptible
to AFB1 hepatocarcinogenicity (e.g. rat) would result in a high incidence of lung and/or
liver tumours. In addition, there exists a human p53 knock-in (Hupki) mouse model, in
which exons 4-9 of mouse p53 were replaced by human p53 exons in the germ-line,
producing a hybrid p53 protein that is functional (Tong et al. 2006). It has been
demonstrated that these mice are more susceptible to AFB1-induced hepatocellular
carcinoma than wild-type mice 80 weeks post AFB1 injection (Tong et al. 2006).
Another possibility would be to use mice that selectively knockout proteins involved in
NER. The Xpa/p53 (+/-) double knockout mouse model may be a potential candidate, as
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it develops tumours earlier with higher incidence compared to either model alone (van et
al. 2001).
To date, the two main approaches that have been proposed to inhibit AFB1induced carcinogenesis are inhibiting the bioactivation of AFB1 into the reactive AFB1exo-epoxide, or enhancing detoxification of AFB1-exo-epoxide. For instance, phloretin, a
flavonoid found in apples, strawberries and pears, has been shown to inhibit CYP1A2
and CYP3A4, and to induce GST activity, and has shown some potential for being
effective against AFB1 (Gao et al. 2012). In addition, 48 h pre-treatment of primary
cultures of human hepatocytes with sulforaphane, an extract from cruciferous vegetables
such as broccoli, decreased AFB1-DNA adduct levels, which correlated with
transcriptional repression of genes involved in AFB1 bioactivation (CYP3A4 and
CYP1A2) (Gross-Steinmeyer et al. 2010). However, to date, no single agent has been
able to prevent AFB1-induced carcinogenesis.
If inhibition of DNA repair is associated with tumour induction, then modulation
of DNA repair processes may be another approach to protecting against AFB1-induced
cancer. The goal would be to try to find an agent that can increase the activity of NER
and/or BER. One potential agent that has shown promise as a DNA repair inducer thus
far is sulforaphane. However, further studies are required to determine if sulforaphane
does modulate DNA repair, and whether it can inhibit AFB1-induced carcinogenesis. If
sulforaphane can inhibit AFB1-induced carcinogenesis, it will most likely be due to a
combination of mechanisms, including alteration of biotransformation enzymes and
129

potentially alteration of DNA repair activities. Alternatively, if p53 is required for
efficient NER, then perhaps increasing p53 activity would enhance NER and prevent
AFB1-induced damage.
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