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Abstract 

Benzene is a ubiquitous environmental pollutant and a known human leukemogen. Early-

life exposure to environmental carcinogens, including benzene, may lead to genomic instability in 

the fetus, ultimately leading to an increased risk for the development of childhood cancers 

including leukemia.  It is possible that exposure to benzene results in DNA damage that may 

either be left unrepaired or be repaired erroneously causing genotoxicity.  

The first objective of this study was to determine if exposure of fetal hematopoietic cells 

to p-benzoquinone, a known toxic metabolite of benzene, increased DNA recombination in the 

pKZ1 model of mutagenesis. A significant increase in recombination was observed following 

exposure to 25 µM and 50 µM p-benzoquinone for 2, 4, 8, and 24 hours. A significant increase in 

recombination was also observed following exposure to 25 µM p-benzoquinone  for 30 min, 45 

min, and 1 hour, but not 15 min as compared to vehicle alone.  

Secondly, this study determined if exposure of fetal hematopoietic cells to p-

benzoquinone resulted in DNA damage using γ-H2A.X as a marker for DNA double strand 

breaks and 8-hydroxy-2’-deoxyguanosine as a marker of oxidative DNA damage. A significant 

increase in γ-H2A.X foci formation was observed following exposure to 25 µM p-benzoquinone 

for 30 min, 45 min and one hour. Exposure of fetal hematopoietic cells to 25 µM p-benzoquinone 

did not significantly increase oxidative DNA damage at any of the examined time points.  

The third objective of this study was to determine whether or not reactive oxygen species 

were involved in the observed increase in DNA damage and recombination. Exposure to 25 µM 

p-benzoquinone for 15 min and 30 min, but not 45 min or one hour, led to an increase in reactive 

oxygen species production as measured by 5-(and-6)-chloromethyl-2-7-

dichlorodihydrofluorescein diacetate fluorescence. Additionally, pretreatment with 400 U/mL 

PEG-catalase, an antioxidative enzyme, attenuated the increases in both DNA recombination and 
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DNA double strand breaks as compared to treatment with p-benzoquinone alone. These studies 

indicate that p-benzoquinone is able to induce DNA damage and recombination in fetal 

hematopoieitic cells and that reactive oxygen species and oxidative stress may be important in the 

mechanism of toxicity.   
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Chapter 1 

Introduction 

 

1.1 HEMATOPOIESIS AND LEUKEMIA 

 

1.1.1  Normal hematopoiesis 

Hematopoiesis involves the progressive differentiation of self-renewing progenitor cells 

to give rise to fully functional, mature blood cells. In the adult human, hematopoiesis occurs 

within the bone marrow as seen in figure 1.1 (Passegué et al., 2003; Smith, 2003). Proliferation of 

hematopoietic stem cells (HSCs) involves a division that gives rise to two daughter cells. While 

one daughter cell remains a self-renewing HSC, the other will differentiate into a committed 

progenitor cell of either the myeloid or lymphoid lineage (Ogawa, 1993). These progenitor cells 

undergo progressive differentiation and continually divide to give rise to terminal blood cells. 

Myeloid progenitor cells differentiate to give rise to erythrocytes, platelets, and myeloid white 

blood cells including basophils, eosinophils, monocytes, and neutrophils that will participate in 

innate immunity. Lymphoid progenitor cells give rise to mature T- and B- cells that are involved 

in cell-mediated immunity and antibody production respectively. While most hematopoietic 

events occur within the bone marrow of the adult human, T- and B-cells will undergo further 

maturation within secondary lymphoid organs, namely the thymus and the spleen (Metcalf, 

2007). 

1.1.2 Developmental hematopoiesis 

The development of the hematopoietic system is highly conserved in mammals and 

involves the migration of highly proliferative HSCs from different organs coupled with a 

progressive change in cell population (Ottersbach et al., 2010).   Two main types of  
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Figure 1.1 Normal hematopoiesis.  

HSC: hematopoietic stem cell; MPP: multipotent progenitor; CMP: common myeloid progenitor; 
CLP: common lymphoid progenitor; CFU: colony forming unit; BFU: blast forming unit, G: 
granulocyte; M: monocyte; MK: megakaryocyte; E: erythrocyte; Ba: basophil; Eo: eosinophil. 
Modified from Badham, 2010.  
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hematopoiesis are evident during embryonic development; primitive and definitive (Yoder, 2002). 

Primitive hematopoiesis supplies the embryo with highly proliferative erythrocytes that are 

transiently nucleated and ideal for the delivery of oxygen in the embryonic environment. In 

contrast to primitive hematopoiesis, definitive hematopoiesis leads to the development of cells 

that will continue to produce all blood-cell types throughout the life of the organism.  Embryonic 

hematopoiesis occurs in multiple tissues throughout the body including the yolk sac, the aorta-

gonad mesonephros region (AGM), the fetal liver, and spleen (Dzierzak et al., 1998).  As the 

organism matures, the site of hematopoiesis changes until it reaches the bone marrow where it 

will remain throughout the life of the organism.  

The complexity of developmental hematopoiesis can be studied in the mouse embryo, as 

the process is very similar to that seen in the developing human. The earliest site of murine 

hematopoiesis is the extra-embryonic yolk sac where aggregates of primitive hematopoietic cells 

known as “blood islands” can be seen by gestational day (GD) 7.5 (Auerbach et al., 1996). A 

functional circulatory system is established between the embryo and the extra-embryonic yolk sac 

on gestational 8-8.5 allowing for the migration of an increasing number of primitive 

hematopoietic cells (McGrath et al., 2003). On GD 9, definitive erythroid and HSCs can be seen 

in the yolk sac and are able to migrate into the developing embryo.  Within the embryo, definitive 

hematopoietic cells can be detected in the dorsal aorta on GD 10 and in the AGM region on GD 

10-11 (Dzierzak, 2005). By GD 11, HSC activity can be detected within the fetal liver, which 

becomes the primary site of hematopoiesis for the remainder of gestation.  HSCs continue to 

circulate and can be detected in secondary sites of hematopoietic development and differentiation, 

including the spleen and thymus (GD 14.5), as well as in the bone marrow (GD 17), which will 
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become the primary site of hematopoiesis 4-5 days post-natally and for the remainder of the 

organism’s life (Yoder, 2002; Dzierzak and Medyinsky, 1996). 

Similarly to the murine model, human embryonic hematopoiesis originates in the yolk-

sac where “blood islands” can be seen as early as GD 15 (Tavian and Peault, 2005). HSC activity 

can be detected within the embryo between 4-6 weeks post-conception and HSCs are first 

detected within the developing aorta. During week 5, definitive HSCs begin to colonize the liver, 

which will remain the main site of hematopoiesis through the first half of gestation. By 

gestational week 20, HSC activity can no longer be detected within the fetal liver and the bone 

marrow has become the primary, and final, site of hematopoiesis (Dzierzak, 2005).  

Developmental hematopoiesis is a complex and tightly controlled process. The 

progressive nature of hematopoiesis as well as certain characteristics of fetal hematopoietic cells, 

including faster rates of cell cycling and increased susceptibility to agents that have the ability to 

induce chromosomal breaks and aberrations as compared to the susceptibility of adult bone 

marrow, increases the potential for disruptive events to cause deleterious and long-term adverse 

effects.  

1.1.3 Leukemais 

 Leukemias are a group of cancers originating in the bone marrow and involving the 

abnormal proliferation of a population of white blood cells. Leukemias can be either chronic or 

acute depending on the rate of blood cell proliferation and may involve cells of the myeloid 

(myelogenous) or lymphoid (lymphoblastic) lineage (Passegué et al., 2003).  Acute leukemias 

involve the rapid proliferation of immature blood cells leading to a disruption in the formation of 

mature, healthy white blood cells through the overcrowding of the bone marrow. In some cases, 

these abnormal cells may over-crowd the bone marrow to the point at which they are released into 

circulation and may populate other organs. Acute leukemias progress rapidly and, therefore, 
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require immediate treatment.  Chronic leukemias involve the over-proliferation of more mature 

progenitor cells. The progression of chronic leukemias is much slower and symptoms are delayed 

as compared to acute leukemias. The disease may take months or years to reach the point where 

treatment is necessary. Using the above criteria, four main types of leukemia can be identified: 

acute myelogenous leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myelogenous 

leukemia, and chronic lymphoblastic leukemia.  Leukemias may be further categorized depending 

on morphology, involved chromosomal abnormalities, as well as etiology (Harris et al., 1997; 

Steliarova-Foucher et al., 2005).  

 

1.1.4 Childhood leukemia 

 Although rare, childhood cancers remain the second leading cause of death in children 

following accidental death and are the leading cause of childhood mortality due to disease 

(Raaschou-Nielsen and Reynolds, 2006). In Canada, between the years of 2001 and 2005, 

childhood cancers were diagnosed in 4, 181 children between the ages of 0 and 14 years. 

Childhood leukemias accounted for 32% of diagnosed cases during this time, followed by central 

nervous system cancers (20%) and lymphomas (12%) (Canadian Cancer Society, 2009).  Novel 

treatment strategies and improved detection have increased the 5-year survival rate for childhood 

leukemias approximately 50% from those reported in 1975. Despite this fact, approximately one 

third of deaths associated with childhood cancers are due to some form of leukemia (American 

Cancer Society, 2008). Unfortunately, the etiology of many cases of childhood leukemia remains 

unknown with approximately 10% of cases attributed to known risk factors including exposure to 

ionizing radiation and certain pharmaceuticals, and congenital disorders including Down 

syndrome and neurofibromatosis (Belson et al., 2007). Recent evidence suggests that genetic 

alterations acquired in utero may be involved in the initiation of various forms of childhood 
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cancers (Wiemels et al., 2002). These early life alterations may be a result of exposure to certain 

environmental pollutants and carcinogens including benzene (Maia et al., 2004) and represent a 

possible mechanism through which childhood cancers are initiated.  

 

1.2 BENZENE 

 

1.2.1 Human exposure to benzene 

Benzene is a widely used industrial solvent and ubiquitous pollutant. Primary sources of 

environmental benzene include car exhaust, cigarette smoke, and industrial emissions (Schupp et 

al., 2006; Duarte-Davidson et al., 2001). Occupational exposure occurs mainly in industries using 

benzene as a petrochemical solvent including rubber and shoe industries as well as in individuals 

working in the oil, shipping, and auto-repair industries (Fishbein, 1984). Benzene is a volatile 

liquid and is, therefore, introduced to the body primarily though inhalation. Due to the ubiquitous 

nature of benzene as well as its route of exposure, large populations have the potential to be 

exposed to benzene either occupationally or environmentally.  As benzene is a known human 

carcinogen and is toxic at high levels, various organizations have implemented benzene-exposure 

limits throughout North America and Europe.  The Canadian Occupational Health and Safety Act 

limits exposure to 0.5 ppm, or 0.5 particles of benzene per 106 air particles, for an 8-hour 

workday for a 40-hour work week (Ministry of Labor of Ontario, 2004) with the United States 

Occupational Health and Safety Administration allowing a total exposure of 1 ppm for similar 

work hours (US Department of Labor, 2006). As occupational standards have been implemented 

with regards to benzene exposure, concerns are now centered on the potential for toxicity 
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following chronic, low-dose exposure to benzene, both in an occupational and environmental 

setting.  

Environmental levels of benzene are monitored yearly by the Analysis and Air Quality 

Division of the Environmental Protection Service, Environment Canada and this data has shown 

higher levels of benzene in areas near industrial sources or roadways.  From 1995-1997, rural 

settings displayed mean benzene concentrations between 0.3 to 0.8 µg/m3 (0.09 ppb-0.25 ppb) in 

contrast to levels seen near roadways or industrial sites that reached peak mean concentrations of 

13.1 µg/m3 (4.1 ppb). Benzene concentrations in suburban/urban areas ranged from 1.0 to 3.5 

µg/m3 (0.3-1.1 ppb) (Dann, 1999).  

The largest source of non-occupational exposure to benzene is through cigarette smoke. 

Benzene is inhaled at doses of 16-75 µg/ cigarette (Brunnemann et al., 1989) and blood levels of 

benzene have been shown to be significantly higher in smokers vs. non-smokers and to be 

directly proportional to the number of cigarettes smoked by the individual (Brugnone et al., 

1992).  

 

1.2.2 Toxicity associated with benzene 

Benzene is associated with a number of toxicities in humans and has both acute and 

chronic effects that have been reproduced in laboratory animals (Snyder, 2000). Acutely, benzene 

is a neurotoxicant and causes symptoms at exposures above 250 ppm  (Brief et al., 1980). These 

symptoms include headache, nausea, dizziness, respiratory depression and, in extreme cases, can 

lead to coma and death due to respiratory depression and cardiac arrhythmias (Duarte – Davidson 

et al., 2001). Chronic exposure to benzene has been associated with a number of hematological 

disorders including bone marrow depression leading to anemia, immune deficiencies, as well as 
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an increased risk for the development of various forms of leukemia (Reviewed in Goldstein, 

2010; Ahmad 2007).  

 

1.2.3 Benzene and leukemia  

Benzene has been classified as Group I known human carcinogen by the International 

Agency for Research on Cancer (Golding and Watson, 1999) based on numerous epidemiological 

studies conducted worldwide, implicating chronic benzene exposure with various forms of 

leukemia. Exposure to benzene is most strongly associated with an increased risk for the 

development of AML, though exposure has also been linked to an increase in ALL, acute 

lymphocytic leukemia, acute erythrocytic leukemia, multiple myeloma, chronic lymphocytic 

leukemia, and various lymphomas (Infante, 2006; Vianna and Polan, 1979; Hayes et al., 1997).  

Studies examining cases of leukemia in Turkish shoe factory workers exposed to an average daily 

dose between 210 and 650 ppm found the incidence of leukemia in exposed workers to be 

significantly higher than that seen in the general population. Twenty-six cases of leukemia were 

seen in 28,500 workers over a 6 year period as compared to the incidence of leukemia in the 

general population which is estimated to be 6 in 100,000 (Aksoy et al., 1974). Hematotoxicity as 

a result of exposure to benzene at levels lower than the current occupational limit has also been 

observed as altered bone marrow status and a decrease in the number of circulating blood cells 

(Lan et al., 2004). 

 In humans, environmental exposure to benzene has also been linked to a higher risk of 

developing leukemia, although these studies are conflicting and difficult to conduct. Studies have 

demonstrated a positive association between the incidence of leukemia and gasoline consumption 

per square kilometer (Swaen and Slangen, 1995), automobile ownership (Wolff, 1992), traffic 

density (Nordlinder and Jaryholm, 1997), and cigarette smoking (McLaughlin et al., 1989). While 
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these studies indicate a positive association between benzene exposure and leukemia, it is 

important to note that various chemicals and environmental pollutants are present in gasoline 

exhaust, industrial emissions, and cigarette smoke that may be contributing to leukemogenesis. 

1.2.4 Benzene and childhood leukemia 

 Benzene has been shown to cross the human placenta and lead to concentrations within 

the cord blood that are equal to or greater than that seen in maternal blood (Kuna and Kapp, 

1981).  Studies conducted in laboratory animals have demonstrated that an in utero exposure to 

benzene can cause a number of teratogenic effects including decreased body weight, delayed 

bone ossification, and brain defects in rodents (Kuna and Kapp, 1981; Ungvary and Tatrai, 1985; 

and Lo Pumo et al., 2006). A study conducted within our laboratory reported an increase in 

micronuclei formation (a measure of DNA damage) in GD 16 fetal livers following a daily in 

utero dose of 200 or 400 mg/kg benzene from GD 7-15 (Lau et al., 2009). This increase in 

micronuclei formation was shown to persist in the bone marrow of post-natal day 9 pups when 

exposed to 400 mg/kg benzene suggesting that genotoxicity caused by an in utero exposure to 

benzene may have long-term deleterious effects (Lau et al., 2009). In utero exposure of lab 

animals to benzene has also been found to lead to abnormal bone marrow composition (Keller and 

Snyder, 1988) and has recently been linked with increased hepatic and hematopoietic tumors in 

CD-1 mice exposed in utero and followed for one year post-natally (Badham et al., 2010). 

 Epidemiological studies have been inconclusive with some indicating a positive 

association between maternal exposure to benzene and an increased risk of leukemia development 

in offspring, and some indicating no relationship between these factors. A study conducted in 

1977 examining maternal occupational exposure to benzene was the first to identify chromosomal 

abnormalities including an increased number of sister chromatid exchanges and chromatid breaks 

in the offspring of these women (Funes-Cravioto et al., 1977). Subsequent studies have reported 
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an increased incidence of AML and ALL in the offspring of mothers living in close proximity to 

areas of high traffic volume (Savitz and Feingold, 1989), car repair stations, gasoline stations 

(Steffen et al., 2004), and industrial plants releasing organic compounds including benzene during 

pregnancy (Knox, 2005).  Multiple studies have also indicated no correlation between benzene 

exposure and an increased incidence of leukemia in exposed offspring.  Again, difficulties exist 

when conducting epidemiological studies of this nature as air pollution resulting from car exhaust 

contains a number of known carcinogenic compounds making it difficult to assess the relative 

level of benzene exposure and to separate benzene exposure from exposure to the other 

compounds present.  In addition, complications also exist due to the rarity of leukemia as well as 

the latency between an in utero exposure and the development of leukemia adding to the cost and 

difficulty of conducting these types of studies.  

 

1.3 POTENTIAL MECHANISMS OF BENZENE-INDUCED TOXICITY 

 

1.3.1 The metabolism of benzene 

The metabolism of benzene is known to be essential for benzene to exert its toxicity and 

is illustrated in figure 1.2 (Snyder, 2000). Following exposure, benzene rapidly diffuses into the 

lungs and is absorbed into the bloodstream. Benzene then travels to the liver where it undergoes 

epoxidation mediated primarily by the cytochrome P450 enzyme CYP 2E1. Benzene oxide can 

undergo a number of metabolic reactions from this point forward, including spontaneous 

rearrangement to form phenol or detoxification via glutathione conjugation. Phenol can then 

undergo metabolism via CYP 2E1 (Eastmond et al., 1987), CYP 2B1 (Gut et al., 1996), 

myeloperoxidase (MPO) (Schattenberg et al., 1994), and microsomal epoxide hydrolase (mEH) 

(Snyder et al., 1993) to  
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Figure 1.2. Overview of benzene metabolism.  

Benzene must be bioactivated in order for it to exert its toxic effects. Benzene is primarily 
metabolized in the liver but undergoes secondary metabolism in target organs, including the bone 
marrow, to yield toxic metabolites. Modified from Kim et al., 2005.  
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produce a number of metabolic products including t,t-muconic acid, hydroquinone and catechol. 

These metabolic intermediates can be transported in the blood stream and deposited in the bone 

marrow where they can undergo further metabolism by MPO. MPO metabolism of benzene 

metabolites yields 1,4-benzoquinone (BQ) and 1,2-benzoquinone, both of which have been linked 

to benzene’s toxicity (Smith, 1996; Ross, 2000). Specifically, BQ has been shown to be a more 

potent inducer of sister chromatid exchanges and oxidative damage as compared to other toxic 

metabolites of benzene (Ross, 2000). Hydroquinone and t,t-muconic acid have been shown to be 

the most abundant metabolites found in the liver and bone marrow following exposure (Turteltaub 

and Mani, 2003), though polyphenolic and quinone metabolites including BQ, catechol, and 

hydroquinone have been proposed to be the most toxic (Smith, 1996; Ross, 2000).  Metabolites 

have been shown to accumulate within the bone marrow to a greater extent than seen in the liver 

(Creek et al., 1997) and may act synergistically to cause bone marrow toxicity (Atkinson, 2009). 

Numerous detoxification pathways exist to increase the water solubility of benzene and its 

metabolites. Glutathione (GSH) conjugation, sulfation, and glucuronide conjugation have all been 

shown to increase urinary excretion of benzene metabolites including phenol, catechol, and 

hydroquinone (Schrenk and Bock, 1990; Schrenk et al, 1996).   

 

1.3.2 Benzene metabolism and toxicity 

As indicated above, the exact pathway through which benzene metabolites target the 

bone marrow is unknown however, it is known that primary metabolism is necessary for benzene 

to exert its toxicity. Studies examining the co-administration of toluene, a competitive inhibitor of 

benzene metabolism (Andrews et al., 1977), as well as those using a partially-hepatectomized rat 

model (Sammett et al., 1979) demonstrated attenuation of benzene-induced toxicity following 

treatment. Conversely, studies co-administering alcohol, a potent inducer of one of the major 
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enzymes responsible for the metabolism of benzene, reported an decrease in bone marrow 

cellularity and an increase in anemia and other hematopoietic disorders related to benzene 

toxicity (Baarson et al., 1982). A study examining benzene toxicity in CYP 2E1 knockout mice 

showed a decrease in the amount of benzene metabolites formed following exposure as well as a 

decrease in benzene-associated genotoxicity and hematotoxicity as compared to wild type mice 

(Valentine et al., 1996). CYP 2E1 polymorphisms in the human population have also been linked 

with an increased risk of developing childhood leukemia, presenting a potential role for benzene 

and it’s metabolism in leukemogenesis (Kranjinovic et al., 2002). Polymorphisms in other 

benzene metabolizing enzymes as well as the enzymes necessary for the detoxification of 

benzene metabolites have also been identified and may play a role in susceptibility to benzene’s 

toxicity (Wan et al., 2002; Kim et al., 2007). 

 

1.3.3 Reactive oxygen species and oxidative stress 

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), the hydroxyl 

radical (OH-) and the superoxide anion radical (O2•
-), are endogenous molecules produced during 

cellular metabolism as well as during normal immune activation.  ROS may also be produced 

through the metabolism and redox cycling of exogenous chemicals as well as via external sources 

including ionizing radiation (Klaunig et al., 2010). These small, reactive molecules have been 

shown to be important in numerous cell-signaling pathways through the modulation of redox-

sensitive proteins (Hancock et al., 2001). The reactive nature of these species leads to the 

possibility that excess amounts of ROS may contribute to pathogenesis through the deregulation 

of redox-sensitive signaling pathways. In addition, ROS-mediated toxicity may occur through 

oxidative damage to macromolecules including lipid membranes, proteins, and DNA (Wells et 

al., 2009).   Increased levels of ROS have also been associated with increased apoptosis following 
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irreversible cellular injury. If apoptosis is inappropriately regulated or inhibited, cellular injury 

may persist and result in a carcinogenic lesion (Halliwell, 2002). 

Due to the potential of oxidative damage and aberrant ROS-mediated signaling, cells 

have evolved mechanisms involved in the detoxification of ROS including the antioxidative 

enzymes catalase, superoxide dismutase and glutathione reductase. While these enzymes are 

capable of detoxifying homeostatic levels of ROS, it is possible that such mechanisms may 

become non-functional or saturated due to an increase in ROS production within the cell (Klaunig 

et al., 2010; Hancock et al., 2001). When the level of ROS production within the cell overwhelms 

the antioxidative machinery available to that cell, a state of oxidative stress exists. Oxidative 

stress has been associated with an increase in oxidative damage to a number of macromolecular 

structures and has been associated with a number of disease states including various neurological 

diseases (Halliwell, 2002), teratogenesis (Wells et al., 2005), and the initiation and promotion of 

carcinogenesis (Halliwell, 2002; Klaunig et al., 2010). Evidence also suggests a role for ROS and 

oxidative stress in the in utero initiation of cancer.   A study conducted by Chen et al in 2009 

demonstrated a decrease in spontaneous tumorigenesis in p53 knockout mice exposed in utero to 

low doses of the antioxidant vitamin E suggesting a possible role for fetal oxidative stress in some 

postnatal cancers (Chen, et al., 2009).  

 

1.3.4 The role of oxidative stress in carcinogenesis 

Given that ROS are able to produce DNA single or double-strand breaks (DSBs), base 

modifications, and DNA cross-links through direct DNA oxidation (Klaunig and Kamendulis, 

2004), ROS have been implicated in carcinogenesis. As mentioned above, ROS also have the 

ability to alter redox-sensitive cell signaling pathways that are often involved in cellular growth 

and differentiation. Alteration of these pathways may result in the enhancement of cell death via 
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apoptosis as well as the stimulation of cellular proliferation (Burdon, 1995; Slater et al., 1995). 

These alterations may allow for altered cell growth regulation, potentially leading to the 

promotion of carcinogenesis. Similarly, there is evidence suggesting that ROS may be involved in 

cell proliferation and tumor promotion during the early stages of cancer development (Cerutti, 

1985). Alterations in cell growth pathways and the induction of mutagenic oxidative DNA 

damage are mechanisms through which xenobiotics that induce ROS production, including 

benzene, cause lasting DNA damage potentially leading to carcinogenesis. 

 

1.3.5 Benzene and reactive oxygen species 

Several in vitro and in vivo studies have implicated metabolite-generated ROS in 

benzene’s toxicity through the direct measurement of ROS and oxidative stress markers as well as 

through the use of antioxidative enzymes. In vitro studies have indicated that various metabolites 

of benzene have the ability to increase ROS production in a number of cell lines.  Chicken HD3 

cells exposed to BQ, hydroquinone or catechol displayed a decrease in the glutathione: 

glutathione disulfide (GSH:GSSG) ratio, an indication of oxidative stress, as well as an increase 

in ROS as measured by 5-(and-6)-chloromethyl-2-7-dichlorodihydrofluorescein diacetate 

(DCFDA) fluorescence (Wan and Winn, 2007).  These studies also demonstrated that BQ 

treatment led to greater amounts of oxidative stress as compared to treatment with other 

metabolites. Other studies have shown the protective effects of antioxidants against benzene 

toxicity, including a reduction in benzene metabolite-induced aberrant DNA recombination 

following catalase pretreatment (Winn, 2003). Several in vivo studies have shown an increase in 

ROS, as well as an increase in oxidative DNA damage, following benzene exposure in both 

humans (Buthbumrung et al., 2008) and laboratory animals (Kolachana et al., 1993 and Tuo et al., 

1999).   
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Evidence for the role of ROS formation following in utero exposure to benzene has also 

been obtained. A study conducted by Badham et al in 2010 demonstrated an increase in ROS in 

fetal livers 2 hours post injection of a 200 mg/kg maternal dose of benzene (Badham et al., 2010). 

Other studies have shown markers of oxidative stress including a reduced GSH: GSSG ratio and 

the increased expression of redox sensitive transcription factors in mouse embryos following 

maternal exposure to benzene (Wan and Winn, 2008). 

The precise mechanism through which benzene induces ROS production is unknown. 

Previous studies indicated an ability of both hydroquinone and BQ to redox-cycle, leading to an 

increase in the production of the superoxide anion, though subsequent studies highlighted the 

inability of this reaction to occur at physiological pH levels (Boersma et al., 1994).  A study 

conducted by Stoyanovsky et al. indicated a potential for the involvement of GSH or protein thiol 

groups in the production of ROS following benzene exposure. A proposed mechanism for 

phenoxyl radical initiated GSH oxidation and the subsequent generation of superoxide anion 

molecules can be seen in figure 1.3A  (Stoyanovsky et al., 1995). Another possible mechanism 

for the involvement of GSH conjugation in ROS production involves the redox cycling of the 

BQ-GSH conjugate 1,2,4-trihydroxy-5-glutathionyl benzene (TGB). This redox cycling produces 

superoxide anion radicals as well as a hydroxysemiquinone radical that contributes to the 

propagation of TGB formation (figure 1.3B) (Brunmark and Cadenas, 1988; Rao, 1996).  It has 

also been suggested that benzene and its metabolites are able to induce ROS production and 

oxidative stress within the cell following an iron-dependent mechanism. Hydroquinone, catechol, 

and 1,2,4-benzene triol have the ability to increase iron release from ferritin leading to the 

deregulation of iron homeostasis potentially leading to oxidative stress within the cell (Reif, 1992 

and Agrawal et al., 2001). 
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Figure 1.3 Potential mechanism of ROS formation due to the redox cycling of benzene 
metabolites. 

A: Redox cycling of phenoxyl radical following myeloperoxidase (MPO) metabolism. B: 1. 
Formation of BQ glutathione conjugate (TGB). 2. Redox cycling of TGB leading to the 
production of superoxide anion radicals. Modified from Badham, 2009. 
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1.3.6 Benzene-induced genotoxicity  
Exposure to benzene has been associated with numerous forms of genotoxic damage 

including chromosomal aberrations, sister chromatid exchanges, DNA-protein cross-links, and 

DNA single and DSBs both in vitro (Piesova and Sivikova, 2003; Abernethy et al., 2004; Chen et 

al., 2008) and in laboratory animals (Tice et al., 1980; Major et al., 1994; Zhang et al., 1998; 

Schoenfeld and Witz, 1999; Wetmore et al., 2008).  Transgenic models including the 

standardized lambda/lacI (Big Blue) mouse have indicated that exposure to benzene is able to 

significantly increase lacI mutations in the spleen and bone marrow (Provost et al., 1996). In 

addition, exposure to 40 and 100 ppb benzene for 22 hr daily for 6 weeks was found to cause a 

significant increase in mutation frequency in spleen lymphocytes, suggesting a potential for 

genotoxicity in benzene-induced hematotoxicity (Ward et al., 1992). In vitro studies in both 

bacterial and mammalian cells have been less conclusive (Garner, 1985), with some studies 

showing benzene metabolite-induced mutagenesis (Rossman et al., 1989; Sommers and Schiestl, 

2006; Xie et al., 2005) and others indicating negative results for benzene metabolite-induced 

mutagenesis (Robinson and Nair, 1992; Shimizu et al., 1983; McCann et al., 1975). 

Human studies have shown an increased incidence of chromosomal aberrations, but not 

sister chromatid exchanges, in the peripheral leukocytes of workers exposed to 10-150 ppm 

benzene for periods between 1 and 25 years as compared to those seen in the general population 

(Tough et al., 1970; Sarto et al., 1984).  Another study demonstrated benzene exposure can 

increase the incidence of sister chromatid exchanges in exposed gasoline-station workers (Celi 

and Akbas, 2005).  Chromosomal aberrations following benzene-exposure may provide a relevant 

pathway through which benzene induces leukemogenesis, as studies have correlated increased 

mortality from hematological cancers including AML with the presence of chromosomal 

aberrations in peripheral blood cells (Hagmar et al., 1994).  
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1.4 DNA DOUBLE-STRAND BREAKS AND RECOMBINATION IN CHILDHOOD 

LEUKEMIA 

 

1.4.1 DNA DSBs and repair 

DNA DSBs are the most toxic form of DNA lesions as they can lead to chromosomal 

aberrations if the damage is not repaired. DSBs can be initiated by normal replication processes 

or as a result of genotoxic insult from sources including ionizing radiation, topoisomerase II 

inhibitors (Anderson and Berger, 1994), or ROS (Cadet et al., 2003). Repair of DSBs occurs 

through one of two mechanisms: homologous recombination or non-homologous end joining 

(NHEJ). Homologous recombination is responsible for the repair of the majority of DSBs induced 

through normal replication, and involves the use of a homologous template to repair the damaged 

strand of DNA (Helleday, 2010). NHEJ (figure 1.4) is the predominant mechanism of DSB repair 

following direct DNA damage in mammalian cells and involves a much different process. In 

NHEJ, a homologous template is not available for repair and the genome must rely on the random 

incorporation of nucleotides within the damaged region of DNA following limited processing of 

the DNA strand ends. NHEJ is a rapid, but error prone, process and increased NHEJ activity has 

been associated with increases in somatic intrachromosomal recombination and chromosomal 

mutations including inversions and deletions (Hooker et al., 2004).  Errors in DSB repair leading 

to chromosomal aberrations may lead to the altered expression of a number of important 

regulatory genes including tumor suppressor genes and proto-oncogenes (Lengauer, 2001).  

Chromosomal aberrations are associated with multiple forms of cancer, including leukemia, 

supporting a possible role for recombination and erroneous DNA repair in the initiation or 

promotion of benzene-induced leukemogenesis (Richardson and Jasin, 2000).  
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Figure 1.4 A simplified schematic of NHEJ.  

NHEJ is a DNA repair process that is thought to be responsible for the majority of DNA DSB 
repairs (Burma et al., 2006). NHEJ is a rapid but error prone process that repairs DNA DSBs 
when no homologous template is available. As seen above, DNA DSBs are recognized by NHEJ 
proteins that incorporate random nucleotides following minimal processing of the DSB. 
Following incorporation of nucleotides, Ligase IV is able to re-ligate the DNA and the break is 
repaired. Modified from Takeda and Dynan, 2001. 
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1.4.2 Chromosomal translocations and leukemia 

 
Childhood leukemias are considered to be biologically and clinically variable, with 

distinctive chromosomal aberrations and age-incidence patterns (Greaves, 2005). The main 

subtypes seen under the general forms of ALL and AML have been shown to involve a large 

number of genetic alterations as characterized by chromosomal hyperploidy or translocations 

(Greaves and Wiemels, 2003). Chromosomal translocations are often deleterious to the cell and 

may arise through the erroneous repair of multiple DSBs mediated via NHEJ (Richardson and 

Jasin, 2000 and Gollin, 2007). Altered chromosomal composition may result in the juxtaposition 

of genes that are normally physically and functionally separate. This can, in turn, result in the 

deregulation of gene expression and may combine a powerful or constitutively active 

enhancer/promoter sequence with an oncogene leading to increased expression of that gene 

(Greaves and Wiemels, 2003).  Chromosomal translocations also have the potential to cause in-

frame fusion genes leading to hybrid proteins with altered functions (Zhang and Rowley, 2006). 

These chromosome translocations are commonly selectively associated with distinct subtypes of 

the disease and may provide information on etiology for these subtypes as well as providing 

guidance for proper treatment. Leukemias differ from other common childhood cancers as they 

commonly exhibit chromosomal aberrations that are stable and accompanied by minimal 

concurrent genetic abnormalities (Rowley, 1998). Other forms of childhood cancers have inter-

cellularly diverse karyotypes indicating chromosomal instability (Lengauer, 2001). It is thought 

that this difference may be indicative of a single early “hit”, as opposed to an underlying genetic 

instability, causing the chromosomal abnormalities seen in childhood leukemia.  The single “hit” 

hypothesis, combined with evidence showing that benzene is able to cross the placenta and alter 
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biochemical events in the fetus that can persist post-natally, may provide a possible timeline for 

benzene-induced carcinogenesis leading to childhood leukemia.  

 

1.5 RESEARCH HYPOTHESIS AND OBJECTIVES 

 

The etiology of the majority of childhood leukemias remains unknown, however recent evidence 

has suggested that in utero initiation of carcinogenesis via early life exposure to environmental 

carcinogens may be possible. Benzene is a ubiquitous environmental pollutant and known human 

hematotoxicant and leukemogen, though the mechanism through which benzene induces 

hematotoxicity remains unknown. Genotoxic insult following exposure to benzene may be a 

mechanism through which benzene is able to induce carcinogenesis within the fetus. We propose 

that exposure of fetal hematopoietic cells to BQ, a toxic metabolite of benzene, induces ROS 

production leading to downstream genotoxicity. The induction of DNA double-strand breaks 

followed by either a lack of DNA repair or erroneous DNA repair may contribute to 

chromosomal aberrations including translocations, which are commonly seen in the peripheral 

blood cells of patients with childhood leukemia. ROS mediated DNA damage and alteration of 

cell signaling pathways may provide a mechanism through which benzene and other 

environmental carcinogens are able to induce carcinogenesis in utero.  

1.5.1 Hypothesis 

Exposure to BQ leads to ROS-mediated DNA double strand breaks and recombination in fetal 

hematopoietic cells (Figure 1.5).  
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Figure 1.5 Hypothesized mechanism of benzene toxicity following metabolic activation.  

 

Benzene needs to be bioactivated in order for it to exert its toxic effects. We hypothesize that the 
toxic benzene metabolite, p-benzoquinone, induces ROS production in fetal hematopoietic cells 
leading to a state of oxidative stress. Oxidative stress within the cell has the ability to induce 
DNA damage including DNA DSBs and oxidative DNA damage through a number of 
mechanisms. DNA DSBs can be left unrepaired or may be repaired erroneously to lead to 
chromosomal aberrations and mutagenic events that may lead to malignant transformations.  
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1.5.2 Objectives 

 Objective 1: To determine if exposure to BQ increases DNA recombination in fetal 

hematopoietic cells.  

 Objective 2: To determine if exposure to BQ causes DNA damage, including DNA 

double strand breaks and DNA oxidation, in fetal hematopoietic cells.  

 Objective 3: To determine if exposure to BQ induces ROS production in fetal 

hematopoietic cells and if antioxidant pre-treatment is able to attenuate BQ induced toxicities in 

fetal hematopoietic cells.  
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Chapter 2 

Materials and Methods 

2.1 ANIMALS AND BREEDING  

 

2.1.1 C57Bl/6N mice 

C57Bl/6N mice (Taconic Farms, United States) were purchased at 6-8 weeks of age and 

were housed in a temperature-controlled room on a 12 hour light: dark cycle. Mice were fed 

standard rodent chow (Purina Rodent Chow, Ralston Purina International, Strathroy, Canada) and 

given tap water ad libitum. Mice were allowed to acclimate for one week prior to breeding. 

Housing and breeding practices were conducted in accordance with guidelines set forth by the 

Canadian Council on Animal Care and approved by the Queen’s University Animal Care 

Committee.  

 

2.1.2 pKZ1 transgenic mice 

To allow for the examination of intrachromosomal recombination, pKZ1 mating pairs 

were generously donated by Dr. Pamela Sykes of Flinder’s University, Australia. The pKZ1 

mouse model contains fifteen repeats of a reporter gene construct that allows for the sensitive 

detection of somatic intrachromosomal recombination as caused by mutagenic agents (Sykes et 

al., 2006 and Matsuoka et al 1991).  It is also considered a surrogate measure of NHEJ activity as 

NHEJ enzymes facilitate inversion of the gene construct (Sykes and Morley, 2006). The pKZ1 

transgene (figure  2.1) contains an E.coli lacZ (β-galactosidase) gene in an inverse orientation 

with respect to a chicken β-actin enhancer promoter sequence.  This sequence is then flanked by 

V(D)J recombination signal sequences that will facilitate recombination following genetic 
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damage. The orientation of the lacZ gene prevents the production of a functional gene product 

and no staining is detected. Upon the induction of a DNA double strand break in the vicinity of a 

transgenic sequence, NHEJ recognize the flanking recombination signal sequences and induce 

somatic intrachromosomal recombination allowing for the inversion of the lacZ gene. The 

inversion of the gene places it in the correct orientation with respect to the enhancer/promoter 

complex and a functional protein (β-galactosidase) is produced.  β-galactosidase can be detected 

using the chromogenic substrate stain X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) where 

positive staining indicates a recombination event.  

 

2.1.3 pKZ1 genotyping  

Genotyping was conducted at 21 days of age for breeding pKZ1 mice and at the time of 

sacrifice for experimental mice. Tail snips were taken from breeding pKZ1 mice and sheared with 

surgical scissors in preparation for DNA extraction. DNA extraction was performed using the 

Qiagen DNeasyTM Tissue Kit (Qiagen Inc., Missisauga, ON, CAN) and DNA content was 

determined using spectrophotometry. PCR was used to detect the presence of the transgene to 

indicate trangene positive mice.  PCR reagents were purchased from Promega (Madison, WI, 

USA) with the exception of primers, which were purchased from Invitrogen (Carlsbad, CA, 

USA). A PCR reaction buffer containing 2 µL of 5x Go Taq Flexi Buffer, 0.8µL of 25 mM 

MgCl2, 0.3 µL of 10 mM dNTP, 0.06 µL of primer ZR1675 (5’-

ATGAAAGCTGGCTACAGGAAGGCC-3’), 0.06 µL of primer ZR1970 (5’-

GGCAACATGGAAATCGCTGATTTG-3’), 2µL of nuclease-free H2O, and 0.6 µL of Flexi 

GoTaq were added to a PCR vial containing 100 ng of DNA from each sample. Samples were 

then cycled at 94°C for 3 minutes, then 30 cycles of a sequence of 94°C for 1 minute, 63.1°C for  
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Figure 2.1 Schematic of the pKZ1 reporter construct.  

The pKZ1 mouse contains 15 repeats of the above construct to allow for the detection of somatic 
intrachromosomal recombination.  The construct contains an E. coli lacZ gene in a reverse 
orientation with respect to a chicken β-actin enhancer/promoter (EP) complex.  Following a DNA 
recombination event, the lacZ gene is reoriented via the V(D)J recombination signals Vκ21c and Jκ5 
and is now in the correct transcriptional orientation with respect to the EP complex. A functional 
gene product can be detected using the substrate stain X-gal. Modified from Sykes et al, 2006.  
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1 minute, 72°C for 1 minute. Finally, samples were incubated at 72°C for 7 minutes. PCR 

products underwent gel electrophoresis on a 1% agarose gel prepared using 1xTAE buffer with 

3% ethidium bromide (ICN Biomedicals, Aurora, OH, USA). Visualization of the gel under a UV 

light allowed for the detection of samples containing the pKZ1 transgene. Experimental day 14 

fetuses underwent similar genotyping at the time of sacrifice. Fetal rumps were collected at GD 

14 and DNA was extracted and analyzed as above.  

 

2.1.4 Breeding 

Both pKZ1 and C57Bl/6N mice were bred at a ratio of 3 females to 1 male overnight. 

The presence of a vaginal plug the following morning indicated gestational day 1. Heterozygous 

transgenic pKZ1 mice were bred to non-transgenic C57Bl/6N mice to give approximately 50% 

transgenic offspring. Dams were sacrificed on gestational day 14 and fetal livers were collected 

as the liver is the main site of hematopoiesis in the mouse at this time. Cells that are cultured from 

the GD 14 liver are primarily fetal hematopoietice cells with little to no markers of hepatic 

cellularity.  

 

 

2.2 CELL CULTURE  

 

Dams were sacrificed by cervical dislocation on gestational day 14. Fetuses were 

removed and livers extracted using sterile techniques. A single liver-cell suspension was obtained 

using a 21-gauge needle. Cells were cultured in 15 cm culture dishes and maintained in 

supplemented Iscove’s Modified Dulbecco’s Medium (IMDM; Sigma-Alrdich, St. Louis, MI, 
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USA) containing 10% fetal bovine serum and 1% penicillin/streptomycin (Thermo Scientific 

HyClone, Logan, UT, USA). Cells were incubated at 37°C in 5% CO2.  

 

 

2.3 RECOMBINATION 

 

2.3.1 Treatment and sample preparation 

 Fetal pKZ1 livers were plated at a density of 1x106 cells/well in a 6 well plate. Twenty-

four hours after plating, cells were treated with 5, 10, 25, or 50 µM BQ or control (media alone) 

for 2, 4, 8, or 24 hours. Following exposure, cells were trypsinized and smeared on silane-treated 

glass slides (Sigma-Aldrich, St. Louis, MI, USA). Cells were fixed with 0.25% gluteraldehyde 

(Sigma-Aldrich, St. Louis, MI, USA) for 7 minutes in preparation for staining.  

 

2.3.2 Catalase pre-treatment  

 To examine the role of ROS in recombination, cells were cultured as above with the 

exception of the addition of 400 U/mL of polyethylene glycol (PEG)-catalase (Sigma-Aldrich, St. 

Louis, MI, USA) immediately after plating. Cells were incubated with PEG-catalase, PBS (the 

vehicle for PEG-catalase), or media alone for twenty-four hours before treatment.  

 

2.3.3 Staining 

 The recombination assay was adapted from Sykes et al. (1998).  All reagents were 

obtained from Sigma-Aldrich (St. Louis, MI, USA) unless otherwise specified. X-gal stain (5-

bromo-4-chloro-3-indolyl-β-D-galactoside; Invitrogen, Carlsbad, CA, USA) was prepared in 0.1 
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M phosphate buffer, 5 µM potassium ferricyanide, 5 µM potassium ferrocyanide, 2mM MgCl2, 

and 1 mg/mL X-gal in DMSO. Following fixing with 0.25% gluteraldehyde, samples were 

covered in X-gal stain and incubated overnight at 37°C in the dark. Slides were then 

counterstained with 0.25% aqueous neutral red solution followed by dehydration with 100% 

ethanol and two washes with xylene (Sigma-Aldrich, St. Louis, USA).  Slides were mounted with 

glass coverslips using DPX Mountant (Electron Microscopy Sciences, Hatfield, United States). 

Light microscopy using a Leica DM II at a magnification of 20x was used to detect the presence 

of X-gal positive staining indicating a recombination event. Slides were randomized by the 

laboratory technician to allow for blinding of the study with respect to treatment group.  

Recombination frequency was then calculated by dividing the number of recombination events by 

the total number of cells plated.  

 

2.4 γ-H2A.X DNA DOUBLE STRAND BREAK IMMUNOCYTOCHEMISTRY 

 

2.4.1 Treatment and preparation  

 C57Bl/6N fetal liver cell cultures were plated at a concentration of 3x104 cells per well 

on circular microscope coverslips in a 24 well plate. Twenty-four hours after plating, cells were 

treated with 5, 10, 25, or 50 µM BQ for 2, 4, 8, or 24 hours. Treatment with media alone was 

used as a negative control. Following exposure to BQ, cells were fixed with 50% methanol/50% 

acetone and permeabilized with 0.2% Triton-X100 (Sigma-Aldrich, St. Louis, USA) in PBS. 

Following permeabilization, cells were blocked with 5% normal goat serum for one hour at room 

temperature. Coverslips were incubated overnight at 4°C with an 1:1000 dilution of an anti-γ-

H2A.X primary antibody (Abcam, Inc. Cambridge, MA, USA) followed by a one hour incubation 
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with goat anti-rabbit Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, 

CA, USA) for one hour.  Cells were incubated with the fluorescent counterstain DAPI (4’,6-

diamidino-2-phenylindole; Invitrogen, Carlsbad, USA) for 3 minutes to allow for visualization of 

the nuclei of the cells.  Cover slips were washed with PBS and mounted to microscope slides 

using Aquamount (Polysciences, Inc. Warrington, PA, USA).  Flourescent microscopy using a 

Leica DM 4000 B microscope was conducted and images were taken using a Leica DCF 350X 

camera. Images were analyzed using Image-Pro Plus software (version 5.0).    

 

2.5  DNA OXIDATION  

 

2.5.1 Treatment and preparation 

 C57Bl/6N fetal liver cells were plated at a concentration of 1x106 cells per well in a 6 

well plate. Twenty-four hours following plating, cells were treated with 25 µM BQ for 15, 30, 45 

min or 1 hour. After exposure, DNA was isolated using the Qiagen DNeasyTM Tissue Kit 

(Qiagen Inc., Missisauga, ON). Samples were then digested into single nucleosides following the 

protocol of Huang et al., 2001. Nuclease P1 and alkaline phosphatase were used to digest DNA 

into single nucleotides and the digest was filtered through a Millipore Ultra-free MC 10,000 

nominal molecular weight filter unit (Millipore, Billerica, MA, USA).  

 

2.5.2 8-0H-2’-dG detection 

 The concentration of 8-OH-2’-dG in digested samples was compared to known standards 

using a commercially available 8-OH-2’-dG EIA kit (Cayman Chemical, Ann Arbor, MI).   
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2.5.3 DNA oxidation with PEG-catalase pretreatment  

 To examine the role of ROS in DNA oxidation, cells were cultured as above with the 

exception of the addition of 400 U/mL of PEG-catalase immediately after plating. Cells were 

incubated with PEG-catalase, PBS (the vehicle for PEG-catalase), or media alone for twenty-four 

hours before treatment.  

2.6 REACTIVE OXYGEN SPECIES 

   

2.6.1 Treatment and preparation  

C57Bl/6N fetal liver cells were plated at a density of 3x106 cells per well in a 6-well 

culture plate (Corning Incorporated, Corning, NY).  Four hours after plating, cells were incubated 

with the oxidation-sensitive fluorescent dye 5-(and-6)-chloromethyl-2-7-

dichlorodihydrofluorescein diacetate (DCFDA; Invitrogen, Carlsbad, CA) for one hour in the 

dark. Interaction of ROS with DCFDA results in the production of fluorescent 

dichlorofluorescein derivatives that can be detected by flow cytometry. Following incubation 

with DCFDA, cells were treated with 25 µM BQ for 15, 30, 45 min and 1hour. Following 

treatment, cells were trypsinized and samples were washed three times with PBS. Cells were then 

suspended in 500 µL PBS containing 5 µg/ml propidium iodide (PI) to assess cell survival. 

Fluorescent intensitites of both PI and the dichlorofluorescien derivative (DCF) were analyzed 

using flow cytometry to determine percent increase in fluorescence as compared to treatment with 

media alone as a control. H2O2 treatment was used as a positive control. 
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2.6.2 ROS studies following pretreatment with PEG-Catalase 

For ROS production assays using the anti-oxidative enzyme polyethylene glycol 

conjugated (PEG)-catalase, the above methods were repeated but these studies also included a 24-

hour incubation with PEG-catalase. 400 U/ml of PEG-catalase was added at the time of plating 

and cells were incubated for 24 hours followed by exposure to BQ. Treatments with PEG-catalase 

alone as well as PBS, the vehicle for PEG-catalase, alone were used as negative controls.  

 

 

2.7 STATISTICAL ANALYSIS 

 

 Statistical analysis was performed using GraphPad Prism software (version 4.0).  For all 

studies, a two-way analysis of variance (ANOVA) was used to analyze the effect of both 

treatment and time on BQ-mediated toxicity. A two-way ANOVA was also used to examine the 

effect of PEG-catalase treatment on toxicity vs. treatment with BQ alone. In each case, a 

Bonferroni post-hoc test was used to compare values between each treatment group.  Statistical 

significance in all cases was designated if p < 0.05.  

 

 

 



 

 34 

Chapter 3 

Results 

 

3.1 RECOMBINATION FREQUENCY  

 

 Recombination was detected in both the pKZ1 brain (used as a positive control for 

staining; figure 3.1 A), as well as in fetal hematopoietic cells exposed to BQ (figure 3.1 b). 

Preliminary studies indicated a significant increase in recombination frequency in fetal 

hematopoietic cells following exposure to 25 µM and 50 µM BQ for 2, 4, 8, and 24 hours (figure 

3.2 A). Further studies examined the effect of 25 µM BQ on recombination frequency in fetal 

hematopoietic cells and showed a significant increase in recombination 30 min, 45 min, and 1 hr, 

but not 15 min, following BQ treatment as compared to vehicle alone (figure 3.2 B).  A 

statistically significant difference was also seen between time points within the BQ treatment 

group with differences seen between all time points except between recombination frequency at 

45 min and one-hour post treatment.  

 

3.2 γ-H2A.X FOCI FORMATION 

 To examine the ability of BQ to induce DNA DSBs in fetal hematopoietic cells, γ-H2A.X 

formation was assayed following exposure to 25 µM BQ at 15 min, 30 min, 45 min, and 1 hr 

following treatment. Exposure of fetal hematopoietic cells to 25 µM BQ led to a significant 

increase in γ-H2A.X foci formation 30 min, 45 min, and one hour following treatment (figure 3.3 

A and B).  Analysis also indicated a time dependent effect as a significant difference between the  
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  A) 

 

  B) 

 

Figure 3.1 Recombination as seen in the pKZ1 brain and in pKZ1 fetal hematopoietic cells.  

The pKZ1 transgenic mouse contains a reporter construct to allow for the detection of somatic 
intrachromosomal recombination events. Cells that have undergone DNA damage resulting in 
recombination will produce a functional gene product that can be detect using X-gal staining 
techniques. A) The high level of spontaneous recombination within the brain of the transgenic 
mouse allows for the use of brain slices as positive controls for staining. B) pKZ1 fetal 
hematopoietic cells following treatment with 25 µM BQ. Cells that have undergone 
recombination are identified by blue staining as indicated by the arrows. 
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Figure 3.2 Recombination frequency as seen in pKZ1 fetal hematopoietic cells following 
treatment with increasing concentrations of BQ for increasing time points.  
 
A) Fetal hematopoietic cells were exposed to 0, 5, 10, 25, or 50 µM BQ for 2, 4, 8, or 24 hours 
and recombination frequency was assessed. A statistically significant increase in recombination 
frequency was observed following treatment with 25 and 50 µM BQ across all time points. No 
statistical difference between time points for the 25 and 50 µM treatment groups was observed. 
(*** p>0.001).  
B) Recombination frequency following treatment of fetal hematopoietic cells with 25 µM BQ for 
15, 30, 45 min and 1 hr. A statistically significant increase in recombination was observed 
following 30 min, 45 min, and 1hr of treatment. A statistical difference was also observed 
between BQ treatment groups with recombination frequency statistically higher for 45 min and 1 
hr time points as compared to that seen at 15 min and 30 min (** p > 0.01, *** p > 0.001). 
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A) 

B) 

 

Figure 3.3 BQ induced DNA DSBs as measured by γ-H2A.X foci formation.  

A) Fetal hematopoietic cells exposed to 0µM or 25µM BQ for 45 min. Green foci indicate areas 
of H2A.X phosphorylation with one γ-H2A.X foci corresponding with one DNA DSB.  
 
B) Fetal hematopoietic cells exposed to 25 µM BQ and assayed for γ-H2A.X formation. A 
significant increase in the average number of foci was seen following 30 min, 45 min, and 1 hr of 
treatment (* p < 0.05, ** p < 0.01). A significant time effect was seen between the 25 µM BQ 
treatment groups at 15 min and 45 min post treatment, with cells at the 45 min time point 
showing a significant increase in the average number of foci observed as compared to those at the 
45 min time point. (* p < 0.05).  
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average number of γ-H2A.X foci was observed at the 15 min time point as compared to the 45 

min time point. No other time dependent differences were indicated.  

 

3.3 OXIDATIVE DNA DAMAGE 

 

To examine whether or not the observed increase in DNA DSBs following treatment with 

BQ was associated with oxidative DNA damage, fetal hematopoietic cells were treated with 25 

µM BQ and assayed for the oxidative DNA damage product 8-OH-2’-dG. Exposure to 25 µM BQ 

did not result in a statistically significant increase in the concentration of 8-OH-2’-dG as 

compared to vehicle controls at any of the examined time-points (figure 3.4).  

 

3.4 ROS STUDIES 

 

3.4.1 ROS detection by flow cytometry  

 To verify that exposure of fetal hematopoietic cells to BQ leads to an increase in ROS 

that correlates with the time course of events as seen above, cells were assayed for ROS 

production following treatment using a DCFDA fluorescence assay.  A significant increase in the 

production of ROS was observed following treatment with 25 µM BQ for 15 min and 30 min but 

not at the 45 min and one-hour time points (figure 3.5 A). Analysis also indicated a time-

dependent effect with ROS levels being significantly higher at 15 min and 30 min following 

treatment as compared to levels seen at both the 45 min and one-hour time points. The ability of 

pretreatment with the antioxidative enzyme PEG-catalase to attenuate increases in ROS 

production following BQ was also examined. Pretreatment with 400 U/mL PEG-catalase was  
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Figure 3.4 8-OH-2’-dG concentration in fetal hematopoietic cells exposed to 25 µM BQ. 

 
Fetal hematopoietic cells were exposed to 25 µM BQ and assayed for oxidative DNA damage as 
indicated by an increase in the concentration of the DNA oxidative product 8-OH-2’-dG. No 
significant increases were observed in 8-OH-2’-dG concentrations across any time point as 
compared to vehicle controls.  
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Figure 3.5 BQ-mediated ROS production.  

 
A) ROS levels as measured by DCFDA fluorescence in fetal hematopoietic cells exposed to 25 
µM BQ for 15 min, 30 min, 45 min, or 1 hr. A significant increase in intracellular ROS levels was 
observed following treatment with 25 µM BQ at both the 15 min and 30 min time points (* p < 
0.05, ** p < 0.01, *** p < 0.001).  
B) ROS levels following PEG-catalase pretreatment in fetal hematopoietic cells exposed to 25 
µM BQ for 15 min, 30 min, 45 min, or 1 hr. A significant increase in intracellular ROS 
production was observed at both the 15 min and 30 min time points with no significant increase 
observed following 45 min or 1 hr of treatment with 25 µM BQ (*** p < 0.001). Pretreatment 
with 400 U/mL PEG-catalase (CAT) caused a significant decrease in ROS levels as compared to 
BQ treatment alone at all time points. No significant difference between PEG-catalase treatment 
alone and the vehicle control was observed.  
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able to significantly decrease intracellular ROS levels as compared to treatment with 25 µM BQ 

alone (figure 3.5 B).  

 

3.4.2 PEG-catalase pretreatment  

 To further assess the role of ROS in BQ-mediated genotoxicity, the above studies were 

conducting following a 24-hour pretreatment with the antioxidative enzyme PEG-catalase. 

Pretreatment with 400 U/mL PEG-catalase was able to significantly attenuate observed increases 

in recombination at all time points following treatment with 25 µM BQ (figure 3.6). A 

statistically significant decrease across all time points following PEG-catalase pretreatment as 

compared to treatment with 25 µM BQ alone was also observed for γ-H2A.X foci formation 

(figure 3.7). As no statistically significant increase in oxidative DNA damage was observed, 

pretreatment with PEG-catalase did not statistically alter the data generated from that assay 

(figure 3.8).  
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Figure 3.6 The effect of PEG-catalase pretreatment on BQ-induced DNA recombination. 

 
To assess for the role of ROS in DNA recombination, fetal hematopoietic cells were pretreated 
with 400 U/mL PEG-catalase (CAT) followed by treatment with 25 µM BQ for 15 min, 30 min, 
45 min, or 1 hr. A significant increase in recombination was observed at 30 min, 45 min, and 1 hr 
following treatment with BQ alone (** p < 0.01, *** p < 0.001). Pretreatment with PEG-catalase 
significantly reduced DNA recombination in BQ-treated cells at all time points.  
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Figure 3.7 The effect of PEG-catalase pretreatment on BQ-mediated DNA DSBs.  

 
To assess the role of ROS in the induction of DNA DSBs in BQ-treated fetal hematopoietic cells, 
the average number of γ-H2A.X foci was analyzed following PEG-catalase (CAT) pretreatment. 
A significant increase in foci formation was observed following treatment with 25 µM BQ for 30 
min, 45 min, and one hour (* p < 0.05, ** p < 0.01). Pretreatment with 400 U/mL PEG-catalase 
was able to significantly decrease the average number of foci observed as compared to treatment 
with BQ alone.  
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Figure 3. 8 The effect of PEG-catalase pretreatment on BQ-mediated DNA oxidation.  

 
To assess the role of ROS on BQ-induced oxidative DNA damage, 8-OH-2’-dG concentrations 
were measured following PEG-catalase (CAT) pretreatment and treatment with 25 µM BQ alone. 
No significant increases in DNA oxidation were observed following treatment with 25 µM BQ. 
Pretreatment with PEG-catalase had no significant effect of the level of DNA oxidation with no 
significant differences observed between PEG-catalase treatment and both vehicle controls and 
BQ treatment groups.  
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Chapter 4   

General Discussion 

4.1 GENERAL DISCUSSION 

 

Benzene is a ubiquitous environmental pollutant and known human hematotoxicant and 

leukemogen. Recent evidence suggests that genetic alterations acquired in utero, perhaps due to 

early life exposure to environmental carcinogens such as benzene, may be involved in the 

initiation of various forms of childhood cancers (Wiemels et al., 2002).  In order to elucidate the 

potential role of benzene in the in utero initiation of carcinogenesis leading to childhood 

leukemia, this study investigate the role of ROS in the induction of DNA damage and 

recombination. Hematopoietic tissues from GD 14 mouse fetuses were cultured and exposed to 

BQ, a known toxic metabolite of benzene. Cells were then assessed for γ-H2A.X formation as an 

indicator of DNA DSBs, 8-OH-2’-dG concentrations as a measure of DNA oxidative damage, 

recombination frequency in a transgenic model, and ROS production via the DCFCA 

fluorescence assay.  

 Although the mechanism through which benzene induces toxicity is unknown, it is 

proposed that ROS and oxidative stress may play an important role (Kolachanan et al., 1993; 

Subrahmanyam et al., 1991; Buthbumrung et al., 2008; Winn, 2003; Wan and Winn, 2007). 

Oxidative stress can lead to the induction of DNA DSBs through either the direct oxidation of 

DNA (Imlay and Linn, 1988), or the alteration of cell signaling pathways that may alter DNA 

repair (Boldogh et al., 2003). DNA double strand breaks are repaired via two main pathways, HR 

and NHEJ. NHEJ is an efficient but error prone process and is to be the predominant mechanism 

of DNA DSB repair (Kim et al., 2005; Burma, 2006).  Increases in NHEJ activity have been 
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associated with increases in somatic intrachromosomal recombination as well as chromosomal 

inversions and deletions (Hooker et al., 2004). Erroneous DNA repair following ROS-induced 

DNA DSBs may be a possible mechanism through which BQ is able to induce chromosomal 

aberrations that are seen in relatively high frequency in childhood leukemias (Rowley, 1998). 

Furthermore, a study conducted by Chiou et al. in 2007 showed an increase in the mRNA of 

proteins involved in NHEJ above normal levels in cases of pediatric ALL, indicating a potential 

role for DNA DSBs and NHEJ repair in childhood leukemias (Chiou et al., 2007).  Genomic 

instability as a result of erroneous repair following DNA damage has the potential to persist into 

adulthood and may represent a possible mechanism through which an in utero exposure to 

benzene initiates carcinogenesis.  

 The first objective of this study was to examine the ability of BQ to induce recombination 

in fetal hematopoietic cells as seen in a transgenic mouse model of somatic intrachromosomal 

recombinaton. An increase in intrachromosomal recombination has been linked to chromosomal 

translocation and deletions both of which are associated with acute myeloid leukemia and have 

been observed in adult humans following exposure to benzene (Smith et al., 1998; Zhang et al., 

1998). BQ exposure has been linked to an increase in intrachromosomal recombination as 

measured by the Saccharomyces cerevisiae DEL recombination assay examining recombination 

as a result of nucleotide deletion (Sommers and Schiestl, 2006), leading to a potential role for 

BQ-induced recombination in the toxicity of benzene.  BQ has also been shown to induce sister 

chromatid exchanges in vivo, and the relative potency of BQ to induce sister chromatid exchanges 

as compared to other closed-ring metabolites was found to be similar to that found in 

recombinational studies.  In the present study, somatic intrachromosomal recombination was 

measured using the pKZ1 transgenic mouse model. The pKZ1 mouse model has been described 

in multiple papers (Sykes et al., 1998; Sykes, et al., 1999; Matsuoka et al., 1991), and has been 
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identified as a sensitive model of mutagenesis as well as a surrogate measure for NHEJ activity 

(Hooker et al., 2004).  

The current study shows a significant and time-dependent increase in recombination that 

is attenuated following pretreatment with an antioxidative enzyme. Although levels of 

recombination observed within this study were lower than those observed following treatment 

with other known mutagens, it should be noted that the assay is a site-specific recombination 

assay and, as such, is a conservative measure of recombinational repair. It may also be due to the 

relatively short exposure time as compared to other studies. DNA damage induced by BQ may be 

repaired via another mechanism or may involve alteration of DNA repair pathways as opposed to 

the direct damage of DNA. BQ has been shown to be a potent inducer of HR in an in vitro model 

(Winn, 2003), suggesting the possibility that BQ-mediated DNA damage may also induce HR 

repair pathways. It is possible that no single mechanism of DNA repair leading to erroneous 

repair of DNA DSBs is responsible for benzene’s genotoxicity and that the two repair 

mechanisms may act in synergy to lead to genomic instability following exposure. It is becoming 

increasingly evident that a very low population of leukemic stem cells is necessary to propagate 

the disease (Reya et al., 2001; Kavalerchik et al., 2008), providing the possibility that a relatively 

few numbers of recombination events may be biologically relevant to disease initiation and 

progression. The “single hit” hypothesis, as well as the fact that childhood leukemia is a relatively 

rare event, suggests that the level of recombination as seen in our study may be biologically 

relevant.  

To determine whether or not the above BQ-mediated increased recombination frequency 

was associated with an increase in DNA damage, fetal hematopoietic cells were exposed to BQ 

and assayed for γ-H2A.X foci, a marker of DNA DSBs, and for 8-OH-2’-dG concentrations as a 

marker of DNA oxidation. H2A.X becomes rapidly phosphorylated, within minutes, at serine 139 
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to γ-H2A.X following the induction of a DNA DSB (Rogakou et al, 1998, Pandita and 

Richardson, 2009). Due to the rapid amplification of H2AX phosphorylation and the 1:1 ratio of 

H2AX foci to DNA DSBs, γ-H2A.x antibodies are widely used to detect the presence of DSBs 

following treatment with genotoxic agents (Sedelnikova et al., 2002). Studies have indicated a 

role for phosphorylated H2AX in the recruitment of repair and signaling proteins to the site of 

DNA damage and have suggested that the phosphorylation event may be essential to the repair of 

DSBs (Ward et al., 2001; Burma et al., 2001). Metabolites of benzene have been shown to induce 

DNA DSBs in human lymphocytes and peripheral mononuclear cells with BQ being the most 

potent inducer of DSBs of the metabolites examined (Andreoli et al, 1997; Yager et al., 1990) 

and BQ has also been shown to increase γ-H2A.X levels in the HL-60 cell line (Ishihama et al., 

2008).  In the present study, γ-H2A.X in the nucleus of fetal hematopoietic cells was examined as 

discrete foci with each foci indicating the presence of one DNA DSB following BQ exposure. A 

significant increase in the number of γ-H2A.X foci was observed following treatment with 25 µM 

BQ. The results indicate that BQ is able to induce DNA DSBs rapidly, as the average number of 

γ-H2A.X foci was seen following 45 min of treatment with 25 µM BQ. These results are 

consistent with other studies that indicate the ability of BQ to induce DNA and chromosomal 

breaks via both the Comet (Chen et al., 2008) and the miconucleus assay (Wetmore et al., 2008; 

Chen et al., 1994). BQ is also a known topoisomerase II inhibitor (Hutt and Kalf, 1996; Eastmond 

et al., 2005) that allows for the stabilization of DNA DSBs thereby increasing the number of 

DNA DSBs within the cell at any given time. Previous studies in our laboratory examining the 

effect of an in utero exposure to benzene on γ-H2A.X formation in GD 16 and post-natal day 9 

mice indicated no increase in γ-H2A.X levels as measured by Western blotting techniques (Lau et 

al., 2009). It is possible that the increase in γ-H2A.X foci seen within this study is a product of 

the direct exposure of cells to BQ but may also be due to the increased sensitivity of γ-H2A.X 
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immunocytochemistry as compared to immunoblotting techniques. It is also important to note 

that the current study examined much shorter time points than the previous study conducted in 

our lab and it is possible that the short time frame may have allowed for the detection of DSBs 

that would have been repaired by later time points. Further investigation concerning fetal 

metabolism of benzene and the pharmacokinetics of BQ within the fetus are required to elucidate 

the direct role of BQ in an in utero system of benzene toxicity.  

Previous studies have shown that BQ has the ability to increase ROS production through 

the redox-cycling of its glutathione conjugate at physiological pH (Stoyanovsky et al., 1995; 

Agrawal et al., 2001).  ROS, in excess of antioxidant capabilities, have multiple deleterious 

actions on the cell and have the potential to lead to DNA damage including DSBs (Imlay and 

Linn, 1988). To determine the role of ROS in BQ toxicity, fetal hematopoietic cells were treated 

with the antioxidative enzyme catalase 24 hours prior to exposure to 25 µM BQ. Following 

treatment, cells were assessed for recombination, γ-H2A.X formation, and oxidative DNA 

damage.  In both the recombination and γ-H2A.X studies, pretreatment with PEG-catalase was 

able to significantly decrease BQ-mediated recombination and DNA DSBs as compared to 

treatment with BQ alone. The positive effect of PEG-catalase against BQ-mediated genotoxicity 

coupled with studies indicating that BQ has the ability to increase intracellular ROS within 15 

minutes of treatment, suggests a possible role for ROS in BQ-mediated toxicity. To determine 

whether or not ROS toxicity occurs through a mechanism of oxidative DNA damage leading to 

DNA DSBs, the current study examined the ability of 25 µM BQ to increase levels of the DNA 

oxidative product, 8-OH-2’-dG within the cell. Although many oxidized bases exist, 8-OH-2’-dG 

is the most commonly studied and has the potential to cause base transversions that are 

commonly seen in mutated oncogenes and tumor suppressor genes (Hussain and Haris, 1998). 

However, in the current study, treatment of fetal hematopoietic cells with 25 µM BQ did not 
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significantly increase the concentration of 8-OH-2’-dG at any time point investigated. Other 

studies, however, have indicated that BQ, as well as benzene and other metabolites of benzene, 

are able to induce DNA oxidation both in vitro and in vivo (Buthbumrung et al., 2008; 

Subrahmanyam et al., 1991). Due to the large variability seen within our data, it is possible that a 

significant increase in 8-OH-2’-dG concentrations may be detected using a greater number of 

samples.  It is also possible that ROS generated following BQ exposure are mediating 

genotoxicity through alternate pathways.  

 In addition to causing macromolecular damage, ROS, especially H2O2, have been shown 

to alter cell-signaling pathways that may be important in cell growth and the maintenance of 

genomic stability (Revewed in Hansen, 2006).  The inability of BQ to induce oxidative DNA 

damage in this study suggests that ROS may be acting on these signaling pathways. ROS have the 

ability to increase the expression of the tumor suppressor gene, p53 (Desaint et al., 2004). This 

increased expression has implications in both DNA repair and apoptosis, as p53 is responsible for 

preventing the proliferation of cells with damaged genomes through the enhancement of both 

DNA repair and apoptosis (D’Autreaux and Toledano, 2007).  p53 also has the ability to localize 

to areas of DNA DSBs and promote repair via a number of pathways (Al Rashid et al., 2005). 

This increase in repair may be partially responsible for the increase in recombination as observed 

in this study.  

 The short-lived increase in ROS may also indicate a different mechanism for ROS-

mediated damage as seen in the current study as compared to other studies in which BQ-treated 

cells were assayed for ROS levels at a 24 hour time point.  Previous studies conducted in our 

laboratory showed an increase in ROS in the HD-3 chicken erythrocyte cell line following BQ 

treatment at 24 hours but not at one-hour post treatment (Badham et al, 2009). The rapid increase 

in ROS as observed in the current study coupled with a secondary increase at 24 hours as seen in 
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the study conducted by Badham in 2009 suggest that the cell may be able to make a recovery 

from the increase in ROS as observed in this study. It is also important to consider that individual 

cell lines may react differently to direct exposure to BQ. The current study examined a primary 

culture of fetal hematopoietic cells whereas the previous study examined an established cell line 

of chicken origin. The differing responses of the two model systems to BQ exposure may be due 

to species and cell differences and further studies in other cell lines should be conducted. A 

number of studies have indicated that upregulation of intracellular antioxidant enzymes occurs 

following the induction of oxidative-stress and that this may be a protective effect (Nie et al., 

2005; Kitani et al., 1999; Sasazuki, et al., 2004).  Togther these data suggest that BQ-mediated 

toxicity involves multiple stages that vary depending on exposure time and the model system 

used. Further studies examining the short-lived effects of BQ on genotoxicity should be 

conducted to elucidate the time course of BQ’s toxicity. This becomes increasingly important in 

childhood leukemia as it is proposed that only a small population of hematopoietic cells need to 

be altered to lead to the eventual development of leukemia (Reya et al., 2001).  

 It is important to note the concentration of BQ used in this study was much higher than 

levels of BQ observed in humans exposed to benzene both occupationally and environmentally. 

The dose was, however, consistent with those used throughout the literature in in vitro assays 

examining the genotoxicity of BQ (Winn, 2003; Ishiama, 2008). While the use of this dose is not 

ideal, it may be necessary within the scope of in vitro studies to use higher than normal doses of 

genotoxic agents including BQ. This is particularily true when examining the toxicity of BQ and 

its potential role in the initiation of leukemogenesis as childhood leukemia is an extremely rare 

disease with an incidence rate of approximately 4.9/100,000 children (Canadian Cancer Society, 

2009). Without drastically increasing the sample size, it would be impossible to capture such a 
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rare event. By increasing the dose administered to the cells, it is possible to detect mechanisms of 

toxicity that would otherwise be missed due to a relatively low occurrence rate.  

 

 

4.2 FUTURE STUDIES 

 Both gender and strain differences have been noted in benzene toxicity and need to be 

examined in further detail. A recent study conducted by Badham et al., showed a leukemic 

outcome in mice after one year following in utero exposure to benzene (Badham et al., 2010). 

Interestingly, a carcinogenic outcome was only observed in CD-1 mice, while none was observed 

in C56Bl/6N mice. In addition, female CD-1 mice had a significant increase in hematopoietic 

tumors whereas males had a significant increase in liver tumors. These differences suggest that 

differing metabolism of benzene occurred in these two animal strains following in utero 

exposure.  

 Strain differences become increasingly important in the review of previous studies 

conducted in pKZ1 mice. Past studies in our laboratory examining recombination in the pKZ1 

mouse model have not been able to establish a significant increase in recombination following in 

utero exposure to benzene (Lau et al., 2009). It is possible that metabolic deficiencies in this 

strain may be responsible for the decreased toxicity observed as the pKZ1 mouse was developed 

using C57Bl/6N mice. The current study removed metabolic considerations as it examined the 

direct effects of the benzene metabolite, BQ. The apparent resistance of the C57Bl/6N mouse line 

to benzene bioactivation may hinder future in vivo studies using the pKZ1 mouse model when 

examining benzene toxicity. Given that the CD-1 mouse strain appears to be more susceptible to 

benzene toxicity, future studies could evaluate the toxicity of benzene in backcrosses of the 

transgenic mouse with CD-1 wild-type mice.  
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 Future studies should not only involve the investigation of similar genotoxicity 

parameters in vivo in laboratory animals, but could also examine benzene toxicity in human cell 

cultures to determine the capacity of these cells to be altered by exposure to benzene. Human 

peripheral lymphocytes or bone marrow cells could be exposed to benzene and its metabolites to 

determine the effect of this exposure on parameters of genotoxicity similar to those examined in 

the current study. Understanding the capacity of benzene and its metabolites to cause DNA 

damage and oxidative stress within these cell lines is important in determining the potential of 

these compounds to alter cellular function in humans. A full understanding of the metabolism of 

benzene should also be established, as the relative importance of various toxic metabolites may 

be dependent on the amount produced following exposure to environmental levels of benzene. 

 

4.3 CONCLUSIONS 

 The current study demonstrates a potential role for BQ-induced ROS production in the 

initiation of DNA damage and recombination in primary cultures of murine fetal hematopoietic 

cells. Treatment of fetal hematopoietic cells with BQ was able to rapidly increase ROS 

production, followed by a statistically significant increase in both γ-H2A.X foci and DNA 

recombination. The involvement of ROS in BQ-induced DNA damage and recombination was 

further investigated using PEG-catalase pretreatment as a method of blocking ROS-induced 

damage. PEG-catalase pretreatment was able to attenuate increases in ROS production as well as 

DNA damage and DNA recombination. Although oxidative DNA damage was not observed 

following BQ exposure, it is possible that ROS may be involved in the alteration of redox-

sensitive cell signaling pathways that are associated with DNA repair. Additional studies are 

needed to further elucidate the role of ROS in this sequence of events and a further analysis of 

BQ-mediated DNA oxidation is warranted. Future studies examining other potential pathways of 
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DNA damage and repair are necessary in both in vitro and in vivo models to fully examine the 

role of ROS in BQ-mediated genotoxicity. It is hoped that further investigations will elucidate the 

role of benzene-, and benzene metabolite-, induced genotoxicity in the etiology of childhood 

leukemias, providing evidence for environmental carcinogens in the in utero initiation of cancer.  

 

4.4 SIGNIFICANCE 

While rare, childhood cancers represent the leading cause of death due to disease in 

children ages 0-14, with leukemia representing 32% of newly diagnosed cases of childhood 

cancers in Canada (Canadian Cancer Society). While numerous risk factors have been identified, 

they account for approximately 9% of all diagnosed cases of childhood leukemia, meaning that 

the majority of childhood leukemias stem from unknown etiologies (Belson et al., 2007). 

Epidemiological studies have suggested a possible role for benzene in the in utero initiation of 

leukemia with exposed offspring experiencing an increased risk for the development of various 

forms of leukemia. Understanding the ability of benzene to induce genomic instability that 

persists post-natally would provide a mechanism through which benzene, and other 

environmental carcinogens, is able to initiate carcinogenesis in the fetus.  
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