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Abstract 

In utero exposure to benzene, a known environmental contaminant, is associated with 

increased risk of childhood leukemia. We have previously shown that in utero benzene exposure 

can alter the redox sensitive transcription factor NF-κB, which is up-regulated in leukemia. We 

hypothesize that this is through benzene-induced reactive oxygen species (ROS) production 

interfering with the signalling pathway involving NF-κB, p38-MAPK and c-Myb.  The objectives 

were to determine if ROS and p38-MAPK mediate benzoquinone (BQ) induced changes in NF-

κB activity, and if downstream targets of NF-κB are altered after BQ exposure.  HD3 chicken 

erythroblast cells were transfected with either a c-Myb or an NF-κB luciferase linked reporter 

plasmid and exposed to 25 µM BQ for 2-24 hours. C-Myb and NF-κB activities were determined 

using luciferase transcription factor activity assays, Western blotting was conducted to assess 

changes in protein levels in non-transfected cells, immunofluorescence was used to determine 

nuclear translocation of NF-κB and the presence of ROS was determined via DCFDA assays. A 

TaqMan qRT-PCR kit was used to assess mRNA changes of c-myc and bcl-2, two targets of NF-

κB.   NF-κB activity was significantly increased following 16 and 24 hours of BQ exposure in 

HD3 cells.  DCFDA assays and pre-treatment with antioxidants indicated that BQ-mediated ROS 

production was responsible for increased NF-κB activity.  Immunofluorescence and Western 

blotting indicated that NF-κB translocates into the nucleus after BQ exposure.  P38-MAPK was 

activated through a ROS dependent pathway after 8-24 hours of BQ exposure, and pre-treatment 

with the p38-MAPK inhibitor, SB203580, attenuated BQ-mediated increased NF-κB activity, 

partially due to increased IκB-α protein expression.  At this point, the chosen downstream targets 

were not significantly different compared to control.  Future studies should continue to evaluate 

the role of p38-MAPK in this pathway as well as look at epigenetic changes in key signalling 

proteins.  Evaluating the effects of toxicant exposure on cell signalling pathways is vital for 

understanding mechanisms of xenobiotic-induced toxicity. 
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Chapter 1 

Introduction 

1.1 HEMATOPOEISIS AND LEUKEMIA 

1.1.1 Normal Hematopoiesis 

Hematopoiesis is described as the progressive differentiation of self-renewing progenitor 

cells to mature, functional blood cells.  In adult humans, hematopoiesis occurs in the bone 

marrow starting with the division of a hematopoietic stem cell (HSC) (Fig. 1.1) (1).  HSC are 

self-renewing, therefore after division one cell will remain a HSC, whereas the other will commit 

to a specific lineage, either myeloid or lymphoid.  Once the cell has committed to a lineage, it 

undergoes progressive differentiation until it has reached a terminal, mature cell type (2).  The 

myeloid progenitor cells differentiate to produce erythrocytes, platelets and the myeloid white 

blood cells involved in innate immunity (basophils, eosinophils, monocytes and neutrophils).  

The lymphoid progenitor cells give rise to T-cells and B cells, which are involved in adaptive 

immunity.  T-cells are involved in the cell-meditated immune response whereas B-cells are 

responsible for antibody production. The final maturation of these cells occurs in lymphoid 

organs, specifically the thymus and spleen respectively (3). 

1.1.2 Developmental Hematopoiesis 

There are two types of hematopoiesis that occur during embryonic development, primitive 

and definitive.  The purpose of primitive hematopoiesis is to supply the embryo with nucleated 
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Figure 1.1: Schematic of hematopoiesis. MPP: multipotential progenitor; CMP: common 
myeloid progenitor; CLP: common lymphoid progenitor; BFU: blast-forming unit; CFU: colony-
forming unit; E: erythrocyte; M: megakaryocyte; Bas: basophil; Eosin: eosinophil; GM: 
granulocyte, monocyte (1-3). 
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erythrocytes to facilitate oxygen delivery.   These cells are first detected in the yolk sac beginning 

on gestational day (GD) 7.5 and ending with the onset of definitive hematopoiesis.  Definitive 

hematopoiesis begins in the yolk sac at GD 8.25 continues throughout life, and leads to the 

development of cells that continue to produce all blood cells.  As maturation occurs, the site of 

hematopoiesis shifts between multiple tissues, beginning in the yolk-sac, and progressing to the 

aorta-gonad mesonephros region (AGM), the placenta, the fetal liver, spleen and finally the bone 

marrow where it remains throughout life (4, 5).    

 Human developmental hematopoiesis is similar to the process seen in the developing 

mouse embryo, making the mouse a good model for studying the complicated process of 

developmental hematopoiesis (6).  In the mouse, the earliest site of developmental hematopoiesis 

is the extra-embryonic yolk sac, where at GD 7.5, aggregates of primitive hematopoietic cells 

(known as ‘blood islands’) are detected (7).  At GD 8-8.5, a functional circulatory system allows 

for the migration of the primitive hematopoietic cells from the yolk sac and embryo, and by GD 9 

definitive erythroid and hematopoietic stem cells are seen in the yolk sac as well as in the embryo 

(8).  By GD 10, self-renewing HSC can be detected within the dorsal aorta and the AGM (9).    

HSC are also detected at this time (GD 10.5-11) in the placenta and placental HSC activity 

increases rapidly up to GD 12.5-13.5.   After this point, placental HSC activity begins to decline 

as fetal liver hematopoiesis increases (10).  Hematopoiesis is first detected in the liver on GD 11, 

and is now the primary organ for hematopoiesis for the rest of gestation (6).  It is hypothesized 

that since the placenta is upstream of the liver in fetal circulation, it is a major contributor of 

HSCs seeding the liver (10).  As the hematopoietic cells circulate, activity can also be detected in 

other tissues, such as the spleen and thymus (GD 14.5), as well as in the bone marrow (GD 17).  
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The bone marrow becomes the primary site of hematopoiesis for the duration of the organism’s 

life 4-5 days post-natally (6, 11). 

As hematopoiesis is highly conserved in mammals, human hematopoiesis follows a 

similar time sequence as the mouse.  Human embryonic hematopoiesis originates in the yolk-sac 

where blood islands can be detected as early as GD 15 (12).  The first HSC activity is detected 

within the aorta between gestational weeks 4-6 post-conception (9).  HSC are detected in the 

placenta between weeks 3 and 6, and but the presence of HSC is diminished by 7 weeks (13).  As 

in the mouse model, this decline in placental HSC is seen at the same time as an increase in liver 

hematopoiesis.  Definitive HSC colonize the liver by week 5, and hematopoiesis is maintained in 

the liver until week 20, at this point HSC activity is no longer detected in the liver.  

Hematopoiesis begins to occur in the bone marrow by gestational week 11 and by mid-gestation, 

it is the primary hematopoietic organ, and is the only hematopoietic organ after birth (Fig. 1.2) 

(9).      

Throughout developmental hematopoiesis, there are various changes in cell signalling 

pathways and expression of transcription factors (14).  Therefore, alterations in cell signalling, 

gene expression and activity that occur during development could have lasting effects in life.   

1.1.3 Leukemias 

 Leukemias are cancers of the blood system that are characterized by the uncontrolled 

proliferation of a group of white blood cells.  They originate in the bone marrow and can be 

classified by their rate of proliferation, either acute or chronic, as well as by their progenitor cell 

type, myeloid or lymphoid (16).  In acute leukemias, there is rapid proliferation of immature 

blood cells in the bone marrow, resulting in decreased production of mature, healthy blood cells.  
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Figure 1.2 Locations of hematopoiesis throughout gestation in the human and mouse 
embryo. P: primitive; D: definitive; YS: yolk-sac; AGM: aorta-gonad mesonephros; PL: 
placenta; FL: fetal liver; SP: spleen; BM: bone marrow.  (Figure developed from Sugiyama 
et al., 2006. (15)) 
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Due to the overcrowding of the bone marrow, leukemic cells can spread to other organs and as 

this subset of leukemia progresses rapidly, it is considered to be more detrimental and must be 

treated quickly.  Chronic leukemias are slower growing and involve the proliferation of more 

mature cells.  Myelogenous leukemias involve the myeloid lineage, with the progenitor cells 

affected being colony forming unit (CFU)-granulocyte, monocyte (GM), CFU-granulocyte (G) or 

CFU-monocyte (M).   Lymphoblastic leukemias most often involve the B-cell lineage.  Based on 

the rate of proliferation and cell type there are four main groups of leukemias: acute myelogenous 

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

chronic lymphoblastic leukemia (CLL) (17).    

1.1.4 Childhood Leukemias 

 Although childhood cancers account for less than 1% of all cancer diagnoses in Canada, 

cancer remains the leading cause of disease-related deaths in children (ages 1-14).  Close to 850 

children (0-14 years of age) are diagnosed and 135 die from cancer each year in Canada.    

Leukemias are the most commonly diagnosed cancer in children, accounting for approximately 

33% of new diagnoses and 27% of deaths (18).  

At this point only 10% of childhood leukemia cases have a known etiology (19).  Risk 

factors include exposure to ionizing radiation, exposure to certain pharmaceuticals, genetics as 

well as congenital disorders such as Down’s Syndrome (20, 21).  It is now believed that changes 

occurring in utero may be contributing to the onset of childhood cancer, and that these changes 

may be occurring due to the exposure to environmental toxicants, such as the chemical benzene 

(21).  
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1.1.5 Human Exposure to Benzene 

 Benzene, a known carcinogen, is a widely used industrial and petrochemical solvent.  

Chronic, environmental exposure to benzene can occur through sources such as car exhaust, 

cigarette smoke and industrial emissions (22, 23).  Occupational, higher level, exposure occurs 

where benzene is used as a solvent in industries such as rubber and shoe manufacturing, as well 

as in the oil, shipping and auto repair industries (24).  Due to the known carcinogenicity of 

benzene, various measures have been implemented to limit benzene exposure limits throughout 

North America and Europe. For example, in Ontario, the maximum occupational exposure to 

benzene is an average of 0.5 ppm/hour (based on time weighted average of 8 hour work day/40 

hour work week) (25).      

In Canada, the National Air Pollution Surveillance (NAPS) network has monitored 

concentrations of benzene in ambient air since 1989.  In 2003, it was found that the concentration 

of benzene at eighteen urban sites had decreased by 65% between 1990 and 2002, to 

approximately 2 µg/m3 (625 ppt).  In general, rural sites are found to have lower concentrations of 

benzene, at around 0.5 µg/m3 (156 ppt)  (26)  whereas air samples taken near industrial sites can 

reach peak mean concentrations of 13.1 µg/m3 (4.1 ppb) (27). 

 Although urban and rural residence can impact the amount of benzene a person is 

exposed to, the largest non-occupational source of benzene exposure is cigarette smoke.   Blood 

benzene levels of non-smokers is approximately 176 ng/L, previous smokers have blood benzene 

concentrations around 211 ng/L and current smokers have concentrations around 365 ng/L (28).  

The inhaled dose of benzene from one cigarette has been reported to be between 6-73 µg (29), 

and blood benzene levels are directly proportional to the number of cigarettes smoked, as each 

cigarette can raise blood benzene levels by 12 ng/L (28).    
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1.1.6 Toxicity Associated with Benzene 

Exposure to benzene has been associated with a wide variety of toxicities.  Acute, high 

dose exposure is often related to poor working conditions or accidents, and produces neurotoxic 

symptoms, which normally subside once exposure ends.  Inhalation of 250-500 ppm benzene can 

lead to dizziness, headache and nausea. As benzene concentrations increase, symptoms of 

exposure include euphoria, giddiness, respiratory depression, with extreme exposure leading to 

coma and death due to cardiac failure (23).   

 Chronic exposure to benzene is associated with a variety of hematological disorders such 

as aplastic anemia, myeloproliferative disorders and most detrimentally, leukemia, with AML 

being the most common (30-34).  

1.1.7 Benzene and Leukemia 

 It has been widely accepted that benzene is carcinogenic, and it has been classified as a 

human carcinogen by the International Agency for Research on Cancer (35).  Specifically, 

benzene exposure leads to leukemia, and there have been multiple epidemiological studies 

looking at occupational exposure to benzene in industries including shoe–making, petrochemical, 

coke production and rubber manufacturing that have supported this (36-39).  For example, it was 

shown that in Turkish shoe workers exposed to daily doses of benzene ranging from 210 and 650 

ppm, there was an increased number of leukemia cases (26 cases in 28, 500 workers) compared to 

the general population (6 in 100,000) (31) .  Although the amount of benzene that these workers 

were exposed to was higher than current occupational limits, hematotoxicity has been observed in 

Chinese shoe workers exposed to less than 0.5 ppm benzene (current occupational limit) (40).    

Further, it has been shown that men working in the Australian petroleum industry have an 
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increased risk of lympho-hematopoietic cancers due to benzene exposure.  In this study, the 

benzene levels that were reported were also lower than other previous studies (0.8-1.6 ppm), 

additionally, there was no apparent risk threshold (41).  

 Chronic environmental exposure to benzene has also been linked with a higher risk of 

leukemia.  Studies looking at gasoline consumption per square kilometer  (42) proximity to traffic 

dense areas (43), as well as automobile ownership (44), all found a positive association with 

leukemia incidence.  It has also been shown that cigarette smoking is associated with an increased 

incidence of AML, and in general, the risk for AML is 2-3 times higher in smokers than non-

smokers (45-47).  

 The link between benzene exposure and carcinogenesis has also been demonstrated in 

multiple animal studies.  For example, Snyder et al. showed that C57Bl/6J and AKR mice 

exposed to inhaled benzene had an increase in hematopoietic neoplasms as well as increased bone 

marrow hyperplasia (48). Toxicity after benzene exposure has also been demonstrated in rats, but 

rats have since been shown to be less susceptible to benzene’s toxicity than mice (49, 50).  Other 

studies have demonstrated that benzene exposure in animals also leads to other hematopoietic 

disturbances such as decreased hematocrit, lowered total hemoglobin as well as decreased blood 

cell counts including B and T cells (51-55). Benzene is also known to target other organs in 

laboratory animals, with studies finding carcinomas of the Zymbal glans, oral cavity, nasal cavity, 

skin stomach, mammary glands, lungs and liver (56-59). Within mice, it has been demonstrated 

that male mice are more susceptible to benzene toxicity than females, giving rise to the 

hypothesis that genetics may play a role in susceptibility to xenobiotics such as benzene (60, 61).   
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1.1.8 Benzene and Childhood Leukemia 

It has been shown that benzene can cross the human placenta as it has been detected in 

cord blood at concentrations equal to or higher than maternal blood concentrations (62).  A study 

from 1977, which examined maternal occupational exposure to benzene, was the first to suggest 

that in utero exposure to benzene may lead to leukemic events in offspring.  This study found that 

in utero benzene exposure increased the frequency of chromatid breaks and sister chromatid 

exchange in children (63).  There have been multiple studies that have reported an increased 

incidence of AML and ALL in offspring of mothers who live in close proximity to high traffic 

volume (64), car repair stations, gasoline stations (65, 66), and industrial plants releasing volatile 

organic compounds such as benzene (67).  It is important to note that while these studies have 

found positive correlations, other studies have found no correlation between both occupational 

and environmental maternal exposure to benzene and leukemic outcomes in offspring (68-71).  

The relationship between maternal smoking and risk of childhood leukemia also remains 

inconclusive.  Several studies have observed a positive effect of maternal smoking during 

pregnancy on risk of ALL (72), AML (73-75) and lymphomas (76, 77), but other studies have 

found no association (78-80).  Recently, it was discovered that benzene, along with other 

chemicals, had contaminated the water at the U.S. Marine Corps Base Camp Lejeune.  Currently, 

there are ongoing studies being conducted by the Agency for Toxic Substance and Disease 

(ATSDR), but at this point, out of 12,600 children born to mothers who were pregnant between 

the years of 1968-1985, there were 106 cases of childhood cancers and birth defects (81).  

Studies conducted in animal models have also demonstrated that in utero exposure to 

benzene can lead to fetal changes.  A previous study conducted in our laboratory found an 

increase in micronuclei formation (a measure of DNA damage) in fetal liver tissue of GD 16 pups 
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that were exposed daily (GD 7-15) to an in utero dose of benzene (either 200 or 400 mg/kg).  

Further, this study showed that pups exposed to 400 mg/kg benzene in utero had increased 

micronuclei formation in the bone marrow on post-natal day (PND) 9.  This demonstrates that 

changes occurring in utero due to the exposure to benzene, may persist long term (82).  Most 

notably, a study from our laboratory demonstrated that CD-1 mice exposed to benzene in utero, 

had significantly more hepatic and hematopoietic tumours than control treated animals one year 

after birth (83).  Using the same dose (200 mg/kg), we have also shown that various signalling 

proteins are altered in fetal liver tissue after benzene exposure (to be discussed later)  (84) .       

1.2 POTENTIAL MECHANISMS OF BENZENE INDUCED TOXICITY 

1.2.1 The Metabolism of Benzene 

 For benzene to exert its toxic effects, it must be first metabolized to various reactive 

intermediates (Fig. 1.3).  Metabolism of benzene occurs primarily in the liver by cytochrome 

p450 (CYP) 2E1, where it undergoes epoxidation to form benzene oxide (85).  Benzene oxide can 

either establish equilibrium with oxepin, or be further metabolized through four different 

pathways to form the following metabolites: benzene dihydrodiol, mercapturic acid, 

muconaldehyde or phenol. Benzene dihydrodiol is formed through the metabolism of benzene 

oxide by epoxide hydrolase.  Epoxide hydrolase adds water to the epoxide converting benzene 

oxide to benzene dihydrodiol.  This can be further oxidized by dihydrodiol dehydrogenase to 

form catechol.  The second pathway that yields mecapturic acid, involves the conjugation of 

benzene oxide with glutathione.  In the third pathway, the benzene oxide ring can be opened to 

form muconaldehyde.  Finally, Phenol is formed through non-enzymatic rearrangement.  Phenol  
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Figure 1.3. Metabolism of benzene.  Benzene must be first metabolized to exert its toxic effect.  
Primary metabolism of benzene occurs in the liver (86). 
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can then undergo hydroxylation to hydroquinone, catechol and 1,2,4-benzenetriol.  These 

metabolites can be transported in the blood stream to the bone marrow where both hydroquinone 

and catechol can be further metabolized by myeloperoxidases (MPO) present in the bone marrow 

to produce 1,4-benzoquinone (BQ) and 1,2-benzoquinone respectively.  Through the action of 

NAD(P)H dehydrogenase (quinone 1) (NQO1), these benzoquinones can be metabolized back to 

hydroquinone and catechol.  Excretion occurs via glutathione s-transferase (GST) conjugation, 

glucuronide conjugation and sulfation, which further metabolizes phenol, hydroquinone and 

catechol to water-soluble compounds that are easily excreted in the urine. It is not fully known 

why benzene targets the bone marrow over the liver where the majority of metabolism occurs.   

One hypothesis is that the reducing environment of the liver maintains the hepatic phenolic 

metabolites in their reduced state.  They can then be transported by the blood to the oxidative 

environment of the bone marrow and as mentioned above, be metabolized into the more toxic 

benzoquinones by myeloperoxidases (86, 87). 

1.2.2 Benzene Metabolism and Toxicity 

Although the exact reasoning why benzene exposure leads to hematotoxicity is not clear, 

it is accepted that benzene must undergo phase I metabolism to exert its toxic effects.  One of the 

early experiments to indicate that hepatic metabolism is essential in benzene toxicity 

demonstrated that a partial hepatectomy in rats reduced the levels of benzene metabolites in the 

urine and protected the rats from benzene-induced hematotoxicity (88). Another study 

demonstrated that, when co-exposed to toluene, an inhibitor of benzene metabolism, mice had 

reduced genotoxicity compared to animals exposed to benzene only (89, 90).   On the other hand, 

it has also been shown that mice co-exposed to benzene and ethanol (known the alter the activity 
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of CYP enzymes), have heightened hematotoxicity (91, 92).  The role of CYP 2E1 was 

demonstrated by using a CYP 2E1 knockout mouse model.  When exposed to benzene these mice 

displayed decreased genotoxicity and hematotoxicity compared to wild type counterparts (93).  A 

CYP 2E1 polymorphism that leads to increased CYP activity has been associated with a higher 

incidence of childhood leukemia, showing a potential role for benzene and it’s metabolism in 

human leukemogenesis (94).  Various other studies looking at polymorphisms in humans of 

different metabolizing (MPO) and detoxifying enzymes (NQO1, GST) have also demonstrated 

altered benzene metabolism and toxicity (27, 95, 96). 

1.2.3 Reactive Oxygen Species and Oxidative Stress 

 Reactive oxygen species (ROS) including the superoxide anion radical (O2
 -), hydrogen 

peroxide (H2O2) and the hydroxyl radical (HO), are endogenous molecules that are products of 

normal cellular metabolism and contribute to normal cellular signalling pathways (97).   

Metabolism (redox cycling) of exogenous compounds can also lead to the production of ROS.  

ROS are detoxified by glutathione or the antioxidants catalase and superoxide dismutase (SOD).  

If there is an increase in ROS production and if mechanisms of detoxification become saturated 

or non functional, oxidative stress can occur (98).  Oxidative stress has been associated with a 

number of disease states including Alzheimer’s disease (99), teratogenesis (100), and 

carcinogenesis (101), including in utero initiation of cancer (102).  Oxidative stress may be 

leading to the onset of these diseases either through damage to cellular macromolecules or by 

altering redox sensitive signalling pathways (103).  Due to cellular damage, an increase in ROS is 

associated with increased apoptosis.  However, if apoptosis is deregulated, the damaged cellular 

DNA may lead to a carcinogenic lesion (104).  
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1.2.4 The Role of Oxidative Stress in Carcinogenesis 

 At the DNA level, ROS can cause single strand breaks, double strand breaks, base 

modifications and DNA cross-links.  If this damage persists, it can result in alterations in 

transcription, replication errors, genomic instability and altered cell signal transduction, all of 

which are observed in carcinogenesis (105).  Additionally, ROS have been shown to play a role in 

redox sensitive cell signalling pathways that lead to both proliferation and apoptosis, and 

therefore deregulation of these pathways may lead to aberrant cell growth, possibly leading to 

carcinogenesis (106, 107).  Furthermore, these alterations could be due to the activation of 

transcription factors.  The most significant effect of ROS on signalling pathways has been 

observed in the nuclear factor-kappa beta (NF-κB) and activator protein 1 (AP-1)/mitogen-

activated protein (MAP) pathways (108).  Both of these pathways are involve in the regulation of 

cellular proliferation, differentiation and apoptosis of hematopoietic stem cells (109, 110).  

Thus, increased ROS is one mechanism through which xenobiotics, such as benzene, may 

be able to exert their carcinogenic effects, as the alterations in cell signalling pathways and 

increased DNA damage may have lasting effects long after the exposure has ceased.   

1.2.5 Benzene and Reactive Oxygen Species 

 There are a number of studies that indicate than benzene toxicity may be mediated by 

metabolite-generated ROS.   There have been multiple in vitro studies that have demonstrated 

that exposure to metabolites of benzene can lead to the production of ROS in several cell types.  

Studies looking at HL-60 (human promyelocytic leukemic) cells exposed to phenol, 

hydroquinone or 1,2,4-benzenetriol demonstrate increased ROS and oxidative DNA damage in 

exposed cells compared to non-exposed controls (111, 112).  In chicken erythroblast HD3 cells 
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exposed to BQ, hydroquinone or catechol increased ROS was measured by 5-(and-6)-

chloromethyl-2-7 dichlorodihydrofluorescein diacetate (DCFDA) fluorescence.   In addition, a 

decreased glutathione: glutathione disulfide (GSH:GSSG) ratio, an indicator of oxidative stress, 

was also observed (113).  This study demonstrated that the metabolite BQ led to greater amount 

of oxidative stress than the other metabolites, further supporting that BQ is one of benzene’s most 

toxic metabolites.  In a study that used cultured fetal liver hematopoietic stem cells from C57Bl/6 

mice, it was also demonstrated that BQ led to an increase in ROS measured by DCFDA, but this 

was demonstrated using a lower concentration of BQ (25 µM) (114).  Supporting a role of ROS in 

benzene induced DNA damage, pre-treatment with the antioxidant catalase reduced metabolite-

induced aberrant DNA recombination, a mechanism of DNA strand break repair (114, 115).  The 

ability of benzene to produce ROS in humans (116), and laboratory animals (111, 117), has also 

been demonstrated.  There is also evidence that in utero exposure to benzene can increase ROS in 

fetal tissues.  One study demonstrated that 2 hours after a 200 mg/kg maternal dose of benzene, 

there is an increase in ROS in fetal livers (118), and another study has demonstrated a reduced 

GSH:GSSG ratio after both 4 and 24 hours of treatment (119).  There is also evidence that in 

utero exposure to benzene can alter various redox-sensitive signalling pathways in fetal tissue, 

which will be discussed in detail in the next section (84).  

 The mechanism through which benzene metabolism leads to an increase in ROS has not 

been fully elucidated.  It was previously thought that redox cycling of hydroquinone and BQ was 

responsible, but it has been shown that this reaction cannot proceed at physiological pH (120).  

One potential mechanism involves GSH or protein thiol groups in the production of ROS after 

benzene exposure.  MPO can catalyze the oxidation of phenol due to the formation of a phenoxyl 

radical.  This phenoxyl radical can then oxidize GSH leading to the production of a thiyl radical.  
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The thiyl radical regenerates phenol allowing the cycle to continue.  When the thiyl radical 

interacts with another thiol molecule, the products are disulfide and superoxide anion radicals 

(121).  It has also been shown that GSH-hydroquinone conjugates can also increase ROS 

formation.  A reaction between BQ and hydroquinone generates 2,3-epoxy-p-benzoquinone, 

which is able to conjugate to GSH forming 1,2,4-trihydroxy-5-glutationyl benzene (TGB).  TGB 

can auto-oxidize to form a hydroxysemiquinone radical and superoxide anion radical.  The 

hydroxysemiquinone radical can disproportionate (simultaneous reduction and oxidation) to yield 

TGB, which continues to redox cycle (Fig. 1.4) (122, 123).  It has also been proposed that 

benzene and its metabolites increase ROS production in the cell through an iron dependent  

mechanism.  This is due to the fact that hydroquinone, catechol and 1,2,4-benzene triol are able to 

increase iron release from ferritin.  This leads to the deregulation of iron homeostasis, which can 

lead to oxidative stress (124, 125).  

1.2.6 Genotoxicity 

Exposure to benzene has been shown to cause genotoxic damage.  This damage includes 

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

and double strand DNA breaks both in vitro (114, 126, 127), and in vivo (128-132).  For example, 

a recent study from our laboratory has demonstrated that cultured fetal liver hematopoietic stem 

cells exposed to BQ have a significantly increased frequency of DNA recombination and γ-

H2A.X (measure of DNA double strand breaks) compared to non-exposed cells, and this was 

attenuated by pre-treatment with catalase (114).  Genotoxic damage after benzene exposure also 

occurs in humans.  Increased sister chromatid exchange has been demonstrated in petrol-station  
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Figure 1.4.  Proposed mechanism of benzene-induced ROS formation through redox cycling 
of metabolites. A. Redox cycling of phenoxyl radical.  B.  1. Formation of the hydroquinone-
glutathione conjugate (1,2,4-trihydroxy-5-glutationyl benzene).  2.  Redox cycling of 
hydroquinone-glutathione conjugate.  GSH: glutathione; MPO: myeloperoxidase.  (Modified 
from Badham, 2010)  (137) .   
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workers (133).  Another study has shown an increase in chromosomal aberrations in peripheral 

leukocytes of workers exposed to 10-150 ppm benzene (1-25 years) compared to the general 

population (134, 135).  Chromosomal aberrations may link benzene exposure with leukemias, 

including AML, as there have been studies that have correlated increased mortality with the 

presence of chromosomal aberrations in peripheral blood cells (136). 

1.2.7 Altered Protein Signalling 

In utero benzene and metabolite exposure has been previously shown to alter multiple 

redox sensitive signalling pathways that are involved in the regulation of hematopoiesis such as c-

Myb/Pim-1 (119), NF- κB (84, 118), p38-mitogen activated protein kinase (p38-MAPK) (84)  

and ERK/AP-1 (138, 139).  These pathways are critical for embryonic hematopoietic 

development, and if deregulated may have detrimental outcomes which materialize later in life.   

1.2.7.1 C-Myb 

C-Myb is a 78 kDa transcription factor that is required for the regulation of 

differentiation, cell proliferation and apoptosis of a variety of cells (140).  C-myb was first 

identified as a homologue of the viral v-myb oncogenes that are encoded by the avian 

myeloblastosis virus and the E26 avian retroviruses (141).  The c-Myb protein is highly expressed 

in immature human, murine and avian hematopoietic cells, but as cells begin to terminally 

differentiate, c-Myb expression decreases (142, 143).  Ectopic expression of c-Myb in 

hematopoietic murine cells and avian monomyelocyte precursors, maintains the cells in a 

proliferative and undifferentiated state (144-147).  The developmental expression of c-Myb in 

humans is not known, but c-myb mRNA is first detected in the liver of the mouse starting at GD 

10.5 and can also be detected in the thymus (148).  
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 Functional c-Myb is essential for hematopoiesis, as c-Myb deficient knock-out mice die 

in utero due to reduced production of mature blood cells (149). Another study, using a 

conditional knock-out mouse model, demonstrated that a disrupted c-myb gene depletes the HSC 

pool and impairs adult hematopoiesis in the bone marrow (150). Mice that are heterozygous for 

functional c-myb have been shown to be hypersensitive to bone marrow damage due to exposure 

to ionizing radiation and the chemotherapeutic agent 5-fluorouracil (151).  In vitro studies where 

c-Myb activity is inhibited have also shown decreased cellular proliferation and survival (152, 

153).  Combined, the data have led to the hypothesis that c-myb plays an essential role in 

hematopoiesis.      

Previous studies from our laboratory have demonstrated that exposure to benzene and its 

metabolites can alter c-Myb protein expression and activity in both in vitro and murine animal 

studies (113, 119, 154).     

1.2.7.1.1 C-Myb and Leukemia 

 Amplification, translocation as well as duplications of c-myb have been associated with 

AML and ALL (155-158).  Alternative splicing of c-myb has been detected in primary leukemia 

samples, and with some versions producing protein products with higher than normal 

transcriptional activity (159).  The importance of varied c-Myb expression and activity has also 

been demonstrated clinically, as patients with AML who have higher levels of c-Myb were less 

likely to respond to therapy as well as more likely to experience leukemia relapse (160).  

1.2.7.1.2 Protein Structure 

The functional domains of the c-Myb protein are highly conserved among various 

species.  There are three domains, a DNA binding domain near its N-terminus, a central trans-
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activation domain and a C-terminal negative regulatory domain (161).  The DNA binding domain 

contains three imperfect repeats of approximately 52 amino acids (R1, R2, R3).  R1 is 

hypothesized to contribute to the stability of the c-Myb/DNA complex, whereas R2 and R3 are 

responsible to sequence specific DNA binding (162).  R1 has been shown to be deleted in 

oncogenic versions of c-Myb, and this is believed to be the cause of c-Myb deregulation in avian 

myeloblastosis.  Further, the Cys43 located in the R2 region can be oxidized leading to altered 

DNA binding activity (163).  Although the DNA binding domain provides the sequences required 

for DNA binding, it is unable to activate transcription on its own (Fig. 1.5)  (161, 164, 165).   

 The transactivation domain (amino acids 241-325) (161) is required for interactions with 

co-activators of c-Myb, such as CREB (cAMP response element-binding protein)-Binding 

Protein (CBP) (166).  It also contains multiple sumoylation sites that in part regulate the activity 

of c-Myb (167, 168).  The negative regulatory domain (amino acids 326-500), contains a leucine 

zipper motif (169) and an EVES domain (170).  Deletion of the negative regulatory domain 

results in a 10-fold increase of Myb-induced transcription activation (161, 165, 171) suggesting 

that deletion of this region may result in elevated activity and subsequent carcinogenic events.  

Point mutations of key residues in the leucine zipper motif increases both the transcription 

activation and transforming activity of murine Myb (172) and the EVES motif is hypothesized to 

regulate c-Myb activity via intra- and intermolecular interactions (170).   

1.2.7.1.3 Regulation 

 There are various mechanisms through which c-Myb can be regulated.  The 

promoter of c-myb is GC rich, suggesting that it transcription of c-myb may be regulated by 

methylation.  Transcription of c-myb can also be regulated through interactions with proteins.  
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GATA-1, a protein involved in hematopoiesis, can repress c-myb transcription when bound to the 

two GATA-1 binding sites found in the c-myb promoter (173).  Protein-protein associations can 

also regulate the transcriptional activity of c-Myb.  CBP (CREB-binding protein) is a co-activator 

of c-Myb.  It directly binds to the region containing the transcriptional activation domain of c-

Myb in a phosphorylation-independent manner.  The expression of antisense RNA of CBP 

represses c-Myb-induced transcriptional activation (166).  The transcriptional co-activators p100, 

Pim-1 and AT-binding transcription factor-1 (ATBF1) can also alter the activity of c-Myb (Fig. 

1.5) (170, 174, 175).  

c-Myb activity is also regulated through post-translational modifications. c-Myb is 

acetylated at the carboxyl-terminal conserved domain by histone acetyltransferase p300 both in 

vitro and in vivo at 3 lysine residues, K471, K480 and K485.  The acetylation of c-Myb in vitro 

increases the DNA binding activity and it has been shown that these 3 lysine residues are 

important for this increase in activity (176).  Pim-1, a serine/threonine protein kinase, is known to 

be a co-activator of c-Myb and it has been suggested that Pim-1 regulates the transcriptional 

activity of c-Myb by direct phosphorylation of the DNA binding domain (177).  Previous results 

from our laboratory have previously demonstrated that HD3 cells transfected with a Pim-1 

plasmid have increased c-Myb activity after benzene metabolite exposure compared to 

untransfected and exposed cells, supporting a role for Pim-1 in benzene-induced c-Myb activity 

(154).  

 Finally, c-Myb can also self regulate.  The negative regulatory C-terminal region can 

interact with the N terminal DNA binding domain of the protein to inhibit c-Myb transcriptional 

activity (170, 178).    
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Figure 1.5. C-Myb protein structure.  Protein structure of c-Myb with common co-activators 
required for transcriptional activation.  ATBF1: AT-binding transcription factor-1; CBP: CREB 
binding protein (161, 162, 166, 170, 174, 175).   
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1.2.7.1.4 Downstream Targets 

c-Myb is thought to regulate the transcription of a variety of downstream target genes. 

The potential targets of c-Myb that have been identified include hsp70, mim-1, c-myb, c-myc, 

top2a, bcl-2, bcl-Xl, COX-2 and c-kit (179-186).   

1.2.7.2 NF-κB 

NF-κB is a ubiquitously expressed redox sensitive transcription factor, that regulates the 

expression of genes that are involved in cell survival, differentiation, inflammation and growth 

(187, 188).  However, inappropriately activated NF-κB can lead to excessive inflammation, 

prolonged survival of damaged cells and evasion of apoptosis which may allow oncogeneic 

transformation (189, 190).  Our lab has also previously shown that in utero exposure to benzene, 

leads to alterations in the signalling pathway leading to NF-κB activation, and that these changes 

are due to the presence of ROS (84). 

1.2.7.2.1 Protein Structure 

The active, DNA binding subunits of NF-κB are dimeric protein complexes from the Rel 

protein family.  These proteins all contain a conserved sequence known as the Rel homology 

domain (RHD).  The RHD is approximately 300 amino acids in length, and there is an 

approximate 35-60% homology in this region within this family of proteins (191).  This RHD is 

important for the ability of these proteins to bind DNA, dimerization within this family of 

proteins as well as interactions with the inhibitory protein kappa beta (IκB) (see below).  The NF-

κB/Rel protein family includes: p50/p105 (NFκB1), p52/p100 (NFκB2), c-Rel, v-Rel, Rel A 

(p65) and Rel B (192).  Each Rel protein is encoded by a unique gene.  The genes nfκb1 and 

nfκb2, encode large cytoplasmic proteins (p105 and p100 respectively) which undergo proteolysis 
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to form the smaller DNA binding subunits p50 and p52 that contain the RHD.  The proteins that 

are encoded by the c-rel, rela and relb contain a C-terminal transcriptional transactivation domain 

in addition to the RHD, making them the transcriptionally active subunits (193). The NF-κB 

proteins bind to the DNA targets (κB sites) as either homodimers or heterodimers, but to promote 

transcription, the C-terminal domain must be present on one of the dimers.  The most common 

dimer present in most cells in the p50-RelA (p65), as is often referred to as ‘NF-κB’ (Fig. 1.6) 

(193). 

1.2.7.2.2 NF-κB and Hematopoiesis 

Most of the genes encoding the various subunits of NF-κB have been disrupted in mice 

leading to a variety of phenotypes.  For example, in mice rela -/- is embryonic lethal due to 

severe liver apoptosis (194). Furthermore c-rel -/-, relb -/- and nfκb1 -/- animals all have 

decreased immune function (195, 196).  A recent study determined a role of the NF-κB p65 

subunit in HSC fate. It was found that deletion of the p65 subunit led to a severe decrease in HSC 

function, as well as decreased progenitor cells in the bone marrow.  Between this observation as 

well as altered expression of genes involved in hematopoiesis, it was hypothesized that p65 is 

required for maintenance of the HSC pool (197).    

1.2.7.2.3 Activation and Regulation 

 There are two main pathways through which NF-κB can be activated.  The canonical 

(common) pathway is induced by most physiological stimuli such as: tumor necrosis factor 

receptor (TNFR), interleukin 1 (IL-1) receptor (IL-1R) and oxidative stress (198, 199).  The non-

canonical pathway is induced by certain TNF family cytokines such as CD40 and B-cell 

activating factor (BAFF)  (199) .    
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Figure 1.6. General NF-κB protein structure.  The two main classes of the NF-κB family of 
proteins, the p50/p52, which do not possess transactivation potential and the RelA, Rel B and c-
Rel family.  Both the DNA-binding sequence and the dimerization sequence (to either IκB or 
other NF-κB proteins) are found within the Rel-homology domain (RHD).  Once uncovered the 
nuclear localization sequence (N) allows for NF-κB to be shuttled into the nucleus (191-193).    
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The activity of NF-κB subunits is tightly regulated through the binding to IκB-α or NF-

κB precursors with inhibitory protein sequences (p100).  Under resting conditions, this binding to 

inhibitory protein sequences sequesters NF-κB in the cytoplasm, in general, the p65-p50 dimer is 

bound to IκB-α (canonical) and the RelB subunit is bound to p100 (non-canonical).  When there 

is a physiological stimulus which activates the canonical pathway, IκB-α is phosphorylated by 

IκB kinase beta (IKK-β) and NEMO (NF-κB essential modulator).  IKK-β is a kinase complex 

that specifically phosphorylates the Ser residues (32, 36) in the destruction box of IκB kinase 

alpha (IκB-α) (200-204) and NEMO is a co-activator that is critical for the activation of IKK-β 

(204).  This phosphorylation of IκB-α results in phosphorylation-induced polyubiquitination and 

proteosomal degradation of IκB-α (189).  This results in the ability of the p65 heterodimer to 

translocate into the nucleus, recognize specific κB site for their target genes and induce 

transcriptional activation (Fig. 1.7) (205). 

In the non-canonical pathway IKKα plays a critical role.  IKK-α activation by nuclear-

factor-κB inducing kinase (NIK) leads to the phosphorylation (by IKK-α) and proteosomal 

processing of p100, allowing the newly formed p52-RelB heterodimer to translocate into the 

nucleus and activate transcription of target genes (Fig. 1.7) (206).   

The p65 subunit of NF-κB has been shown to be activated by ROS through the classical, 

IKK dependent pathway (207), although the exact mechanism through which IKK is activated by 

ROS is not clear and can vary by cell type (105, 198). Previous studies have shown that NF-κB 

activation by various stimuli can be blocked by the use of antioxidants (208, 209).  Interestingly, 

it appears that NF-κB activation is only observed following exposure to H2O2 or butylperoxide, 

but not superoxide or hydroxyl radicals (210).  This was further supported in an experiment that  
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Figure 1.7. Canonical and non-canonical activation of NF-κB.  The canonical pathway 
(showing the most common dimer, p65/p50) is demonstrated on the left, and the non-canonical 
pathway is demonstrated on the right.  Both pathways lead to the translocation of NF-κB subunits 
into the nucleus.  IκB: inhibitory protein κB; IKK: IκB kinase; NEMO: NF-κB essential 
modulator; NIK: nuclear-factor- κB inducing kinase (189, 200-206).   
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demonstrated the NF-κB activity was increased in cells that overexpressed superoxide dismutase 

but decreased in cells that overexpressed catalase (211). 

Although the primary mechanism through which NF-κB is regulated is through nuclear 

translocation, the ability through which NF-κB can recruit the transcriptional apparatus and 

increase target gene expression is assisted by additional modifications of the p50/p65 protein 

complex (192). 

There is evidence that deacetylation and acetylation events are implicated in the 

regulation of the transcriptional activities of NF-κB.  NF-κB dependent transcription requires 

association with multiple transcriptional co-activators that posess histone acetyl transferase 

(HAT) activity such as CBP, p300, p300/CBP associated factor (P/CAF) and steroid receptor co-

activator (SRC-1) (212, 213).  This has been confirmed by experiments that demonstrated 

decreased NF-κB activity in the presence of the histone deacetylase inhibitor (HDACi), 

trichostatin A (TSA) (214).  Specifically, the acetylation on different lysines on p65 and p50 

regulate various functions of NF-κB including transcriptional activation, DNA binding affinity 

and IκBα assembly (215, 216).  It is also thought that NF-κB transcriptional activity may be 

enhanced through phosphorylation of the p65 subunit.  The p65 subunit has been previously been 

shown to be phosphorylated in both the C-terminal transactivation domain and the RHD (217).  

Casein kinase II (CKII), IKK, PKAc, MSK1, p38-MAPK, Pim-1 have all been shown to increase 

p65 phosphorylation (217-222).  MSK1 is a nuclear kinase that is activated by ERK and p38-

MAPK.  P38-MAPK, which will be discussed in the next section, has also been hypothesized to 

phosphorylate NF-κB p65 (221).  Pim-1 is of interest as our laboratory has previously shown that 

in utero exposure to benzene increases Pim-1 protein expression in fetal liver tissue (119).   

However, the relationship between Pim-1 and NF-κB has not been fully elucidated.  It has been 
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hypothesized that NF-κB is phosphorylated by Pim-1 (222), but it has also been shown that NF-

κB may up-regulate Pim-1 activity (223).  Another study reported that Pim-1 overexpression 

decreased NF-κB reporter activity, but had no effect on DNA binding (224).  Thus the exact 

relationship between Pim-1 and NF-κB is still undetermined. 

 More recently sumoylation has been shown to play a role in regulating NF-κB 

transcriptional activity.  IκB-α was the first NF-κB protein that was found to be modified by 

sumoylation (225).  SUMO (small ubiquitin-like modifier) modified IκB-α has been shown to be 

more resistant to degradation, thereby decreasing NF-κB activation (226).  The p65 subunit has 

also been demonstrated to undergo sumoylation, and this modification also leads to a decrease in 

NF-κB activity (227, 228). 

Finally, to terminate p65/NF-κB activation, nuclear p65 is tagged for ubiquitination and 

further proteolysis, halting the subunit’s transcriptional activity (229).   

1.2.7.2.4  NF-κB and leukemia 

NF-κB has been linked to carcinogenesis due to its role in inflammation, differentiation 

and cell growth (105).  There have been multiple studies that have linked altered NF-κB activity 

and expression and leukemia.  For example, v-rel, the viral homologue of c-rel, is a highly 

oncogenic viral protein that leads to aggressive leukemias and lymphomas in chickens (230).   

Chromosomal rearrangements or deletions of the NF- κB2 locus have been linked with B and T-

cell lymphomas as well as multiple myelomas (231-233).  Loss of function mutations in IκB-α 

have also been observed, which again leads to the increased activity of NF-κB (234, 235).  In a 

study looking at NF-κB expression and DNA binding in acute myeloid leukemia, it was found 

that 47% of patients had constitutively active NF-κB (236).  Although the link between NF-κB 
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overexpression in leukemia and patient outcome has yet to be made, increased NF-κB localization 

in prostate cancer tissues has been correlated with poor prognostic outcome (237). 

1.2.7.2.5 Downstream Targets 

NF-κB binding sites, termed κB binding sites have the same consensus sequence, 

5’GGGRNNYYCC3’ (R is a purine and Y is a pyrimidine)  (238, 239).  NF-κB regulates a wide 

variety of downstream targets, including those involved in cell transformation, survival, apoptosis 

and angiogenesis (240).   

 The targets of interest in this thesis are c-myc, bcl-2 and c-myb.  C-myc is a known target 

of the ‘classical’ NF-κB (241).  The oncogene c-myc is a transcription factor, that has been shown 

to be deregulated in multiple cancers and can be used as an indicator of poor prognosis.  Bcl-2 is 

an anti-apoptotic gene that is regulated by NF-κB (242) and has been shown to be increased in 

patients with AML (236).  Finally, NF-κB is known to trans-activate c-myb (243), which as 

indicated earlier is increased in leukemia and increased following benzene exposure.  

1.2.7.3 p38-MAPK 

 The mitogen-activated protein kinases (MAPK) are involved in signalling cascades that 

regulate critical biological activities, ranging from cell survival to cell death.  There are three 

major groups of MAPKs: the p38-MAPK group, the extracellular signal-regulated kinase (ERK) 

group and lastly the c-Jun NH2-ternimal kinase (JNK) group (244).  Due to its role in activating 

NF-κB (245, 246) the MAPK of interest in this thesis is p38-MAPK.  Furthermore, we have 

demonstrated that there is increased expression of the phosphorylated (active) form of p38-

MAPK in fetal liver tissues 2 hours following in utero benzene exposure, which interestingly 

occurs at the same time point that the decreased in IκB-α was observed (84).  
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The role of p38-MAPK in leukemia has not been well described, and although studies 

demonstrating constitutive activation in acute leukemias have not been conducted, p38-MAPK 

remains a target for drug therapy.   

1.2.7.3.1 Activation and Regulation 

 Sequential phosphorylation leads to the activation of p38-MAPK by external signals.  

This cascade begins with the activation of the MAPK kinase kinases (MAP3K).  There are 

multiple MAP3K proteins associated with p38-MAPK activation and they include: ASK1 

(apoptosis signal-regulating kinase 1), TAO (thousand and one amino acid) and MLK3 (mixed 

lineage kinase 3)  (247) .  These MAP3K activate (through phosphorylation) MAP2Ks (MAPK 

kinases) (specifically MKK3/6), these then stimulate p38-MAPK activity through the 

phosphorylation of a conserved tripeptide motif on the p38-MAPK (Fig. 1.8) (248) .  The 

activated p38-MAPK can then activate downstream targets such as NF-κB.  Pharmacological 

inhibition (SB203580, a potent p38-MAPK inhibitor) and siRNA inhibition of p38-MAPK blocks 

NF-κB transcriptional activity increases (220, 221, 245, 246), however the exact mechanism 

through which p38-MAPK activates NF-κB has not been fully elucidated.  One study has 

proposed that p38-MAPK directly phosphorylates the p65 subunit, increasing its trans-activating 

potential (220, 221).  It has also been proposed that p38-MAPK targets proteins upstream of the 

p65 subunit.  P38-MAPK has also been shown to have a direct effect on the increase of IκB-α 

phosphorylation and degradation (245).  Another study found that blocking p38-MAPK activity 

led to an increase in IκB-α staining, which was hypothesized to have a downstream negative 

effect on NF-κB translocation and activation (249).  Finally, in C2Cl2 myoblasts, p38-MAPK 

inhibition significantly augmented IκB-α degradation and NF-κB binding activity (246).   
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Figure 1.8. Pathway leading to p38-MAPK activation.  Through sequential phosphorylation, 
ROS are able to activate p38-MAPK.  Activated p38-MAPK can then further activate 
downstream targets.  TAO: thousand and one amino acid; ASK1: apoptosis signal-regulating 
kinase 1; MLK3: mixed lineage kinase 3; p38-MAPK: mitogen activated protein kinase; MAP3K: 
MAPK kinase kinase; MAP2K: MAPK kinase; MKK: MAPK kinase (248).  
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P38-MAPK activation has been linked with the presence of ROS and oxidative stress.   Singlet 

oxygen, H2O2, nitric oxide and peroxynitrite have all been shown to activate p38 MAPK (250-

253).  In cells that overexpressed Cu/Zn-SOD and/or catalase, it was found that EGF- induced 

phosphorylation of p38-MAPK was attenuated in vascular smooth muscle cells (VSMC)  (254) .  

P38-MAPK is known to upregulate endogenous antioxidants (SOD-1, SOD-2, Catalase), which 

has led researchers to believe that p38-MAPK may have a pro-survival role in the presence of 

H2O2, which is supported by studies demonstrating that blocking p38-MAPK leads to increased 

accumulation of ROS and apoptosis (255, 256).  Due to the importance of these signalling 

proteins in hematopoiesis, as well as the previous work showing alterations in these molecules in 

utero benzene exposure, further investigation of these pathways is warranted to help us to better 

understand the mechanism through which in utero exposure to benzene can lead to leukemia later 

in life.    

1.3 RESEARCH HYPOTHESIS AND OBJECTIVES 

1.3.1 Hypothesis 

The overall hypothesis for this thesis is that in vitro exposure to benzene’s toxic metabolite, 

BQ, alters cellular signalling via increased ROS.  Specifically, we hypothesize that exposure to 

BQ increases NF-κB signalling, through increased activity measured with luciferase assays and 

decreased IκB-α protein expression, and that expression of downstream targets (c-Myb, c-myc, 

bcl-2) is increased.  Further we hypothesize that p38-MAPK and Pim-1 act upstream of NF-κB to 

increase signalling and activity after BQ exposure.   

1.3.2 Objectives 
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Objective 1:  To determine whether BQ exposure leads to increased ROS production and 

subsequent increases in c-Myb and NF-κB activities in HD3 cells. 

Objective 2:  To elucidate the role of IκB-α, p38-MAPK and Pim-1, in BQ-induced increases in 

NF-κB activity.  

Objective 3: To determine if mRNA of known targets of NF-κB is increased following BQ 

exposure.   
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Chapter 2 

Materials and Methods 

2.1 Materials 

 All tissue culture media reagents were obtained from Life Technologies (Burlington, 

ON), with the exception of bovine serum albumin (Fisher Scientific Ltd., Ottawa, ON).  Dual 

luciferase kits were obtained from Promega Corp. (Madison, WI.).  BQ was purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO) and was at least 99.9% pure.   

2.2 Cell Culture 

 Chicken erythroblast HD3 cells were kindly obtained from Dr. Scott A. Ness 

(Department of Molecular Genetics and Microbiology, University of New Mexico, NM, USA).  

Cells were maintained at 37C°/5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 

(containing L-glutamine) supplemented with 4% fetal bovine serum, 4% fetal calf serum, 2% 

chicken serum, 1.0 mM HEPES, 0.1 mM sodium pyruvate, 0.01 mM MEM non-essential amino 

acids and 10 U/mL penicillin-streptomycin. 

2.3 Metabolite Exposure 

 BQ was dissolved in phosphate buffered saline (PBS) just prior to use.  All experiments 

were performed in dark conditions.  This concentration was determined based on previous results 

that showed that 25 µM BQ was able increase ROS detected by DCFDA assays (114).       
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2.4 Pre-treatments 

To examine the role of ROS in cellular signalling, HD3 cells were exposed to 100 U/ml 

polyethylene-glycol conjugated SOD (PEG-SOD) (Sigma-Aldrich Chemical Co., St. Louis, MO) 

1 hour prior to the addition of BQe or 400 U/ml polyethylene-glycol conjugated catalase (PEG-

CAT) (Sigma-Aldrich Chemical Co., St. Louis, MO) 8-12 hours prior to the addition of BQ.  To 

evaluate the role of p38-MAPK, SB203580 (EMD-Millipore, Gibbstown, NJ), a potent inhibitor 

of p38-MAPK, was incubated with cells for 2 hours prior to BQ exposure at a final concentration 

of 10 µM.  This concentration was determined based on previous studies (257).  SB203580 was 

dissolved in vehicle (PBS), and stored in aliquots at -20 °C. 

2.5 ROS detection 

 HD3 chicken erythroblasts were plated in 24-well plates at a density of 1.5 x 106 cells per 

well in 500 µL of full growth media, and allowed to incubate overnight.  1 hour prior to BQ 

exposure, cells were exposed to 10 µM 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) 

(Life Technologies, Burlington, ON) dissolved in dimethyl sulfoxide (DMSO).  Cells were then 

exposed to 25 µM benzoquinone for 2, 4, 6, 12 or 24 hours.  Cells were then trypsinized, washed 

three times with PBS, and resuspended in 5 mg/ml propidium iodide (PI) (Sigma-Aldrich 

Chemical Co., St. Louis, MO) in PBS.  Samples were analyzed using flow cytometry (excitation 

wavelengths of 505 nm, 536 nm; emission wavelengths of 535 nm, 617 nm) for DCFDA and PI 

respectively.  PI was used to exclude apoptotic and necrotic cells from analysis.  DCFDA results 

are reported as DCFDA fluorescence intensity in PI negative cells.   
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2.6 Transfections 

 HD3 cells were seeded in 24-well plates at a concentration of 1 x 106 cells per well in 500 

µL of full growth media and allowed to incubate overnight.  Plasmids containing the response 

element of NF-κB (Promega Madison, WI) or c-Myb (Signosis, Sunnyvale, CA) were 

commercially purchased.  The plasmid expressing Pim-1 was kindly obtained from Scott A. Ness.  

In total, 0.55 µg of DNA, 2 µL of Lipofectamine ™ and 200 µL of Opti-MEM™ (Life 

Technologies) were used per well.  DNA content included 0.5 µg of either reporter plasmid and 

50 ng of thymidine kinase promoter linked to renilla luciferase vector (pRL-TK; Promega 

Madison, WI).  The pRL-TK plasmid was co-transfected into each well to control for transfection 

efficiency.  In experiments using Pim-1, 0.6 µg of DNA was transfected into cells.  This included 

0.5 µg NF-κB luciferase linked reporter plasmid, 50 ng of pRL-TK and either 50 ng Pim-1 or 50 

ng pGEM empty vector (Promega, Madison, WI) to attain equal amounts of DNA.   

 Cells were then exposed to either vehicle, PBS, or BQ (25 µM) for 2-24 hours.  After 

exposure, cells were washed with 1 x 1 ml PBS and lysed with 0.1 ml of 1 x passive lysis buffer  

(PLB) (Promega, Madison, WI). Dual luciferase activities of 20 µL of cell lysate were measure 

using the Dual Luciferase Kit (Promega, Madison, WI) and a Lumat LB 9507 Variable Injector 

Luminometer (Berthold Technologies GmbH & Co., Germany).  Results are reported as the mean 

of at least 3 independent experiments performed in triplicate.  As day to day differences in 

transfection efficiencies can occur, relative luciferase values were further normalized to the 

relative light units of vehicle exposed cells.   
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2.7 Immunoblotting 

 4 x 106 cells were seeded in 3 mL of complete media in 6-well plates.  Fourty-eight hours 

after seeding, the media was replaced and cells were exposed to 25 µM of benzoquinone for 2, 4, 

8 or 24 hours.  If required, cells were pre-treated as described above.  Cells were then washed 

with 2 mL of PBS and collected by cell scraping.  For whole cell preparation, cells from each 

well were resuspended in 200 µL of buffer containing 50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 

0.2% w/v NP-40, 1.0 mM EDTA, protease and phosphatase inhibitors.  Protein concentrations 

were measured using the Bio-Rad Laboratories’ Bradford Protein Assay (Mississauga, ON) and 

an Ultrospec 3100 Pro scanning spectrophotometer (Biochrom Ltd., UK).  30 µg of prepared 

sample was then separated by SDS-PAGE in a 12% polyacrylamide gel, and transferred to a 

polyvinyldiene difluoride (PVDF) carrier membrane (Millipore Co., Bedford, MA).   

 After transfer, membranes were blocked with 5% milk (w/v) Tris-buffered saline 

containing Tween 20 (TBS-T) (25 mM Tris-HCl, 140 mM NaCl, 2 mM KCl, 0.05% (v/v) Tween 

20) for 1 hour at room temperature.  Membranes were then washed with TBS-T and incubated 

overnight at 4°C, with rabbit monoclonal IgG antibody specific for Thr180/Tyr182 

phosphorylated forms of p38-MAPK or for IκBα (Cell Signaling Technology, Danvers, MA).  

The antibody was diluted to a final concentration of 1:1000 in 5% (w/v) bovine serum albumin 

(BSA) in TBS-T.  The membrane was then washed with TBS-T and incubated in horseradish 

peroxidase conjugated anti-rabbit IgG secondary antibody (1:8,000 and 1:5,000 phospho-p38-

MAPK and IκBα respectively) (GE Biosciences Corp., Baie d’Urfe, QC) in 5% milk TBS-T.  The 

membrane was washed with TBS-T and developed using the Immobilon Western 

Chemiluminescence detection system (Millipore Co., Bedform, MA.) or Western Lightning Plus 
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ECL (Perkin Elmer, Waltham, MA) (phospho-p38-MAPK and IκBα respectively) and Kodak X-

OMAT imaging film.   

 To control for loading differences in protein, the membrane was incubated with stripping 

solution (0.015 w/v glycine, 0.001% w/v sodium dodecyl sulfate (SDS), 0.1% v/v Tween 20, pH 

2.2) for 2 washes, 8 minutes each.  This was followed by washing with both PBS and TBS-T and 

blocking for 1 hour at room temperature with a 5% milk (w/v) TBS-T solution.  Membranes were 

then incubated with rabbit polyclonal antibody specific for total p38-MAPK or α-tubulin 

overnight at 4°C (1:1000, Cell Signaling Technology, Danvers, MA).  This was then followed 

with washing with TBS-T and incubation in horseradish peroxidase conjugated anti-rabbit 

secondary antibody for 1 hour at room temperature (1:5,000, 5% milk TBS-T.)  The membrane 

was then washed with TBS-T and developed with the Western Lightning Plus ECL (Perkin 

Elmer, Waltham, MA).   

2.8 Densitometry 

Immunoblot bands were quantified by scanning blots and measuring their relative optical 

density (ROD) using ImageJ software (258).  ROD measurements of phosphorylated-p38-MAPK 

and IκBα were normalized to total p38-MAPK and α-tubulin respectively.   

2.9 Immunofluorescence 

1.5 X 106 cells were seeded on poly-L-lysine coated circular coverslips in 500 µL of 

complete media 24 hours prior to exposure.  Cells were then exposed to either vehicle, PBS or 25 

µM BQ for 2, 6 or 24 hours.  Following BQ exposure, cells were fixed and permeabilized with 

acetone.  Following permeabilization, coverslips were washed with ice-cold PBS, and cells were 

blocked for 30 minutes with 10% normal goat serum.  Coverslips were incubated overnight at 
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4°C with a 1:250 dilution of a rabbit polyclonal anti-NF-κB p65 primary antibody (Abcam, Inc. 

Cambridge, MA) followed by a 1 hour incubation with a 1:500 dilution of goat anti-rabbit Alexa 

Fluor 488®-conjugated antibody (Abcam, Inc. Cambridge, MA).  This and all subsequent steps 

were carried out in dark conditions.  Cells were then incubated with the fluorescent counterstain 

DAPI (462 nM) (4’,6-diamidino-2-phenylindole;  Life Technologies, Burlington, ON) for 3 

minutes to allow for visualization of the nuclei of the cells.  Coverslips were washed with PBS 

and mounted to microscope slides using Permount mounting media (Fisher Scientific, Ottawa, 

ON).  Fluorescent microscopy using a Quorum WaveFX-X1 spinning disk confocal system 

(Quorum Technologies Inc., Guelph, ON) was conducted with illumination provided  by five 

laser emission lines (405nm,440nm,491nm,568nm,633nm) from a Borealis Synapse merge 

module (Spectral Applied Research, Richmond Hill, On).  Images were captured using a 

Hamamatsu EM-CCD camera through a Yokogawa (field illumination corrected to <4% 

variation) CSU-X1 spinning disk head and two Ludl six position filter wheels with ms adjuacent 

speeds fitted with various emission filters.  Data acquisition and analysis was performed using 

Metamorph imaging software.            

2.10 Quantitative real-time PCR (qRT-PCR) 

 4 x 106 cells were seeded in 3 mL of complete media in 6-well plates 24 hours prior to 

exposure.  Cells were then exposed to either vehicle, PBS or 25 µM BQ for 24 hours.  A total of 2 

million cells were collected, re-suspended in 60 µL of RNALater (Sigma Aldrich Chemical Co., 

St. Louis, MO) and stored at -20°C until analyzed.  RNA was isolated using the Aurum Total 

RNA Mini Kit (Bio-Rad, Hercules, CA).  To assess RNA integrity, 1 µg of RNA was prepared 

with 1X volume 2X RNA Loading Dye (Fisher Scientific, Ottawa, ON) and separated on a 1% 
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agarose denaturing formaldehyde gel in MOPS (3-(N-morpholino)propanesulfonic acid) buffer at 

80V for 1 hour.  1 µg of RNA was then converted to cDNA using the High Capacity cDNA 

Reverse Transcription Kit (with RNAse Inhibitor) (Life Technologies, Burlington, ON).  Samples 

were converted using the Techne Thermocycler (Burlington, NJ) following Applied Biosystems 

Manual (10 min at 25°C, 120 min at 37°C, 5 sec at 87°C).  Quantitative real-time PCR (qRT-

PCR) reactions were carried out using specific TaqMan® gene expression probes for chicken c-

myc (Gg03355516_m1, FAM) and bcl-2 (Gg03349196_m1, FAM).  Chicken gapdh 

(Gg03346990_g1, FAM) was used as an internal housekeeping control (all probes from Life 

Technologies, Burlington, ON).  Reactions were performed using the TaqMan® Gene Expression 

MasterMix (Life Technologies, Burlington, ON).  An efficiency curve was run for each probe, 

and all were found to be within the manufacturer’s guidelines for efficiency (90-110% efficient).  

10 ng of cDNA was loaded in each well and plates were run on a BioRad C100 ThermoCycler 

(Hercules, California) and quantified using BioRad CFX Manager (Hercules, California).  The 

real-time protocol was that of Life Technologies (2 min at 50°C, 10 min at 95°C and cycling: 15 

sec at 95°C and 1 min at 60°C, for 39 more times).  Relative quantitation was then calculated 

using the delta-delta Ct method. 

2.11 Cytotoxicity 

 1.5 x 106 cells were seeded in 500 µL complete growth media in 24-well plates 24 hours 

prior to BQ exposure.  Cells were exposed to 25 µM of BQ or PBS for 24 hours.  Cells were then 

trypsinized, washed three times with PBS, and resuspended in 5 mg/ml PI (Sigma-Aldrich 

Chemical Co., St. Louis, MO) in PBS.  Samples were analyzed using flow cytometry (excitation 
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wavelengths of 536 nm; emission wavelength 617 nm).  Results are reported as a percentage of PI 

negative cells.   

2.12 Data analysis 

Results were analyzed using a computerized statistical program (GraphPad Prism 4.0).  

DCFDA, transfection and immunoblot studies were compared using a two-way analysis of 

variance and a Bonferroni Post Test, with the exception of the concentration course, which was 

analyzed using a 1-way ANOVA and a Dunnett’s post-test.  qRT-PCR data was analyzed using a 

student’s t-test.  All error bars represent the standard error of the mean (SEM).  A level of 

significance of p<0.05 was used for all analyses.   
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Chapter 3 

Results 

3.1 Exposure to 25 µM BQ increases intracellular ROS in HD3 cells 

The presence of ROS was detected in HD3 cells by measuring DCFDA fluorescence.  

DCFDA is a lipophilic dye that is able to enter the cell and is oxidized by ROS to fluorescent 

compound (259).  Apoptotic and necrotic cells were excluded from analysis through the addition 

of PI.  Exposure to 25 µM BQ significantly increased DCFDA fluorescence after both 2 (p<0.05) 

and 6 (p<0.05) hours of exposure (Fig. 3.1).  The cells exposed to BQ for 12 and 24 hours did not 

show a significant change in ROS levels.    

3.2 Exposure to 25 µM BQ exposure does not alter c-Myb activity in HD3 cells 

To assess c-Myb activity after BQ exposure, cells were transfected with a c-Myb 

responsive luciferase linked reporter plasmid.  Exposure to 25 µM BQ did not significantly alter 

c-Myb activity at any time points tested (Fig. 3.2).   

3.3 25 µM BQ exposure increases NF-κB activity in HD3 cells. 

To assess NF-κB activity after BQ exposure, cells were transfected with a NF-κB 

responsive luciferase linked reporter plasmid.  Exposure to 25 µM BQ significantly increased NF-

κB activity relative to control after both 16 (p<0.05) and 24 (p<0.05) hours of exposure (Fig. 3.3).  

BQ exposure did not significantly alter NF-κB activity compared to control at any other time 

point.     
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Figure 3.1: Flow cytometric analysis of DCFDA fluorescence intensity demonstrates that 
exposure to BQ (0, 25 µM) increases ROS.  Results are expressed as a ratio of relative 
fluorescence intensity of unexposed controls.  PI was used to exclude dead and necrotic cells 
from analysis.  Each data point represents the mean of three independent experiments performed 
in triplicate (n = 3) (+SEM).  Values that are significantly different than control are flagged with 
an asterisk (*) (p<0.05).  BQ: Benzoquinone; DCFDA: 2’,7’-dichlorodihydrofluorescein 
diacetate; PI: propidium iodide.   
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Figure 3.2.  Exposure to 25 µM BQ does not alter c-Myb activity.  Results are expressed as a 
ratio of relative light units (firefly/renilla) of unexposed controls.  Each data point represents the 
mean of three independent experiments performed in triplicate (n = 3) (+SEM).  BQ: 
Benzoquinone. 
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Figure 3.3.  Exposure to BQ significantly increases NF-κB activity after both 16 and 24 
hours of exposure.  Results are expressed as a ratio of relative light units (firefly/renilla) of 
unexposed controls.  Each data point represents the mean of three independent experiments 
performed in triplicate (n = 3) (+SEM).  Values that are significantly different than control are 
flagged with an asterisk (*) (p<0.05).  BQ: Benzoquinone. 
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3.4  15 µM of BQ also increases NF-κB activity in HD3 cells 

To determine the threshold concentration of BQ that alters NF-κB activity, we exposed 

cells to either vehicle (PBS), 5, 15 or 25 µM of BQ for 16 and 24 hours.  After 16 hours of 

exposure, both 15 µM (p<0.05) and 25 µM (p<0.05) significantly increased NF-κB activity (Fig. 

3.4, A).  After 24 hours only exposure to 25 µM (p<0.05) BQ increased NF-κB activity (Fig. 3.4 

B). 

3.5 Exposure to 25 µM BQ decreases IκB-α expression in HD3 cells 

After both 4 and 24 hours of 25 µM BQ exposure, IκB-α protein expression was 

significantly decreased compared to control treated cells (p<0.05) (Fig. 3.5).  BQ exposure did 

not significantly decrease IκB-α expression at any other time points.   

3.6 Immunofluorescence imaging demonstrates p65 nuclear translocation after 24 

hours of 25 µM BQ exposure in HD3 cells 

Immunofluorescence was employed to analyze nuclear translocation of the p65 subunit of 

NF-κB after benzoquinone exposure.  We observed positive staining for the p65 subunit in the 

nucleus after 24 hours of BQ exposure (Fig. 3.6).     

3.7 Pre-treatment with catalase, but not superoxide dismutase, is able to attenuate 

NF-κB activity increases due to BQ exposure in HD3 cells 

To examine the role of ROS in the observed increases in NF-κB activity; transfected cells 

were pre-treated with one of two antioxidants, PEG-SOD or PEG-CAT.  After both 16 and 24 

hours of 25 µM BQ exposure, 8 hours of 400 U/mL PEG-CAT pre-treatment was able to  
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Figure 3.4. The effect of BQ concentration on NF-κB activity following A.  16 hours or B. 24 
hours of exposure.  Results are expressed as a ratio of relative luciferase values of unexposed 
controls.  Each data point represents the mean of three independent experiments performed in 
triplicate (n = 3) (+SEM).  Values that are significantly different than control are flagged with an 
asterisk (*) (p<0.05). 
  

A 

B 

16 hours 

24 hours 



 

 

 

 

50 

   
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.5.  The effect of BQ exposure on degradation of IκB-α.  Upper portion demonstrates 
representative Western blots at each time point assayed.  IκB-α was normalized to α-tubulin.  In 
the graph, each data point represents the mean of three independent experiments performed in 
triplicate (n = 3) (+SEM).  Values that are significantly different than control are flagged with an 
asterisk (*) (p<0.05).  BQ: Benzoquinone. 
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Figure 3.6.  Immunofluorescence imaging of p65 nuclear translocation after BQ exposure.  
Above are representative images of a minimum of 3 images from 3 separate experiments (n=3).  
Nuclei are stained with DAPI (blue) and p65 is stained with AlexaFluor 488® secondary 
antibody (green).  Red arrow indicates the presence of p65 in the nucleus analyzed by viewing the 
orthogonal planes.  BQ: benzoquinone; DAPI: 4’,6-diamidino-2-phenylindole.
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attenuate the observed BQ induced increases in NF-κB activity (p<0.05) (Fig. 3.7 A, B).  After 16 

hours of exposure, 1 hour pre-treatment with 100 U/mL PEG-SOD did not attenuate the observed 

NF-κB activity increases as NF-κB activity was still significantly increased (p<0.05) in this 

treatment group (Fig. 3.7 A).  After 24 hours of exposure, pre-treatment with PEG-SOD was able 

to have a partially protective effect.  Activity compared to control in this treatment group was 

significantly increased (p<0.05) but it was significantly lower than the activity increases observed 

in the cells exposed to BQ only (p<0.05) (Fig. 3.7 B).  These concentrations and pre-treatment 

times were determined based on previous studies conducted in our laboratory (113, 114).    

3.8 Exposure to 25 µM BQ increases phosphorylated p38-MAPK protein expression  

After both 8 and 24 hours of 25 µM BQ exposure, a significant increase of phosphorylated 

(active) p38-MAPK protein expression was observed compared to control treated cells (p<0.05) 

(Fig. 3.8).  BQ exposure did not significantly increase p38-MAPK protein phosphorylation 

compared to control at any other time points. 

3.9 Pre-treatment with catalase prevents BQ induced phosphorylation of p38-

MAPK 

To examine the role of ROS in the observed increases of phosphorylated (active) p38-

MAPK protein expression, cells were pre-treated with the antioxidant, PEG-CAT.  After 8 hours 

of 25 µM BQ exposure, 12 hours of 400 U/mL PEG-CAT pre-treatment was able to attenuate the 
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Figure 3.7.  The role of ROS in BQ induced increases of NF-κB activity after A. 16 hours or 
B. 24 hours of BQ exposure.  Results are expressed as a ratio of relative luciferase values of 
unexposed controls.  Each data point represents the mean of three independent experiments 
performed in triplicate (n = 3) (+SEM).  Values that are significantly different than control are 
flagged with an asterisk (*) (p<0.05).  BQ: Benzoquinone; SOD: polyethylene glycol conjugated 
superoxide dismutase (100 U/mL); CAT: polyethylene glycol conjugated catalase (400 U/mL).   

A 

16 hours 

24 hours 

B 



 

 

 

 

54 

   
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.8.  The effect of BQ exposure on activation (phosphorylation) of p38-MAPK.  
Upper portion demonstrates representative Western blots at each time point assayed.  
Phosphorylated p38-MAPK was normalized to total p38-MAPK.  In the graph, each data point 
represents the mean of three independent experiments performed in triplicate (n = 3) (+SEM).  
Values that are significantly different than control are flagged with an asterisk (*) (p<0.05).  BQ: 
Benzoquinone. 
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Figure 3.9.  The role of ROS in BQ induced increases of phosphorylated p38-MAPK protein 
expression following 8 hours of BQ exposure.  Upper portion demonstrates representative 
Western blots.  Phosphorylated p38-MAPK was normalized to total p38-MAPK.  In the graph, 
each data point represents the mean of three independent experiments performed in triplicate (n = 
3) (+SEM).  Values that are significantly different are flagged with an asterisk (*) (p<0.05).  BQ: 
Benzoquinone; CAT: polyethylene-glycol conjugated catalase.   
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observed BQ induced increased in phosphorylated p38-MAPK protein expression (p<0.05) (Fig. 

3.9).       

3.10 Pre-treatment with the p38-MAPK inhibitor SB203580 attenuates the BQ-

induced increases in NF-κB activity after exposure to 25 µM BQ for 24 hours 

To examine the role of p38-MAPK in the observed NF-κB increases, transfected cells were 

pre-treated for 2 hours with SB203580 (10 µM), an inhibitor of p38-MAPK.  After 16 hours of 

BQ exposure, cells that were pre-treated with SB203580 had significantly increased NF-κB 

activity, but this increase was significantly different from that in cells treated with BQ alone.  

After 24 hours of 25 µM BQ exposure, cells that were pre-treated with the inhibitor, SB203580, 

did not have significantly increased NF-κB activity as compared to control (Fig. 3.10).    

3.11 The inhibition of BQ mediated NF-κB activity increases after pre-treatment 

with the p38-MAPK inhibitor, SB203580 is partially due to increased IκB-α 

expression   

To examine the role of p38-MAPK in the observed decreases of IκB-α protein expression, 

cells were pre-treated with the inhibitor of p38-MAPK, SB203580.  In this experiment, although 

IκB-α expression was decreased after 25 µM BQ exposure, this decrease was not significant (p =  

0.08) (Fig. 3.11).  In cells pre-treated with the p38-MAPK inhibitor, the trend shows that IκB-α 

protein expression is increased regardless of treatment group, however this increase was not 

significant when compared to cells with no pre-treatment (p = 0.06).   
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Figure 3.10. Role of p38-MAPK in BQ induced NF-κB activity increases after A. 16 hours 
or B. 24 hours of BQ exposure.  Results are expressed as a ratio of relative luciferase values of 
unexposed controls.  Each data point represents the mean of three independent experiments 
performed in triplicate (n = 3) (+SEM).  Values that are significantly different than control are 
flagged with an asterisk (*) (p<0.05).  BQ: Benzoquinone; SB203580 (10 µM): Inhibitor of p38-
MAPK.   
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Figure 3.11.  The role of p38-MAPK in BQ induced decreases of IκB-α protein expression 
following 4 hours of BQ exposure.  Upper portion demonstrates representative Western blots.  
IκB-α was normalized to α-tubulin.  In the graph, each data point represents the mean of three 
independent experiments performed in triplicate (n = 3) (+SEM).  Values that are significantly 
different are flagged with an asterisk (*) (p<0.05).  BQ: Benzoquinone; SB203580: inhibitor of 
p38-MAPK, 10 µM.  
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3.12 Transfection of a Pim-1 plasmid does not alter BQ induced NF-κB activity 

increases compared to cells with endogenously expressed Pim-1  

To assess the role of Pim-1 in the BQ induced NF-κB increases, a plasmid expressing 

Pim-1 was transfected into cells along with the NF-κB luciferase linked plasmid.  To ensure equal 

quantities of DNA was transfected into each well, pGEM was transfected into cells with 

endogenous Pim-1. After 16 and 24 hours, exposure to 25 µM BQ significantly increased NF-κB 

activity in both pGEM (p<0.05) and Pim-1 (p<0.05) transfected cells (Fig. 3.12).  There was no 

significant difference between BQ exposed cells with either endogenous or overexpressed Pim-1. 

3.13 qRT-PCR demonstrates that exposure to 25 µM BQ does not alter c-myc or bcl-

2 mRNA expression.   

mRNA expression of two downstream target of NF-κB were analyzed using qRT-PCR. 

There was no significant change in expression of either c-myc or bcl-2 after 24 hours of exposure 

to 25 µM BQ (Fig. 3.13).   

3.14 25 µM BQ does not significantly increase cytotoxicity after 24 hours of 

exposure 

Exposure to 25 µM BQ for 24 hours did not lead to a significant increase in cytotoxicity 

measured by PI fluorescence compared to PBS exposed cells (Fig. 3.14). 

 

 

 

 

 



 

 

 

 

60 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12.  The effect of Pim-1 overexpression in BQ induced NF-κB activity increases. 
Along with the NF-κB luciferase linked reporter plasmid cells were either transfected with an 
empty vector, pGEM (endogenous Pim-1 levels) or a Pim-1 expressing plasmid.   Results are 
expressed as a ratio of relative luciferase values of unexposed controls.  Each data point 
represents the mean of three independent experiments performed in triplicate (n = 3) (+SEM).  
Values that are significantly different than control are flagged with an asterisk (*) (p<0.05).  BQ: 
benzoquinone. 
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Figure 3.13. qRT-PCR analysis of mRNA expression of two downstream targets of NF-κB 
following 24 hours of BQ exposure.  mRNA expression of c-myc is displayed in panel A, and 
mRNA expression of bcl-2 is displayed in panel B.  Data was normalized to the housekeeping 
gene, GAPDH, and further displayed as values relative to control.  Each data point represents the 
mean of 4 independent experiments performed in triplicate (n = 4) (+SEM).    
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Figure 3.14.  BQ induced cytotoxicity.  Cells were stained with PI to determine cytotoxicity, by 
excluding apoptotic and necrotic cells.  Values are displayed as a percentage of cells that were 
negative for PI staining.  Each data point is a mean of 3 independent experiments performed in 
triplicate (n = 3) (+SEM).   
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Chapter 4 

Discussion 

4.1 General discussion 

It is thought that only about 10% of childhood cancer diagnoses have a known etiology, 

leading to the hypothesis that in utero exposure to carcinogens may contribute to the large 

number of diagnoses with no known cause (19, 21).  Benzene is a known leukemogen, and it is 

thought that in utero exposure to benzene may play a role in the increased incidence of childhood 

leukemia.  Previous work from our laboratory has demonstrated that benzene is an in utero 

carcinogen in an animal model, and can alter cell signalling in murine fetal tissue (83, 84, 119).  

The aim of this thesis was to integrate the observed changes in ROS, NF-κB, c-Myb, p38-MAPK 

and Pim-1 signalling after in utero benzene exposure, to develop a potential pathway through 

which benzene may be increasing carcinogenic outcomes later in life.    

To elucidate a potential signalling pathway through which benzene exposure may lead to 

increased carcinogenic outcomes after in utero exposure, the HD3 chicken erythroblast cell line 

was exposed to BQ, a known toxic metabolite of benzene.  Cells were then assessed for DCFDA 

fluorescence as a measure of ROS formation, luciferase activity as a measure of altered 

transcription factor activity and fluorescent staining to assess nuclear translocation.  Alterations in 

protein expression were analyzed using Western blotting and alterations in target gene mRNA 

expression were analyzed using qRT-PCR. 

Although the exact mechanism through which benzene induces its toxicity has not been  

fully elucidated, it is proposed that it may be through a ROS dependent mechanism (84, 113, 114, 

121, 125).  It is known that ROS can alter cellular signalling (97, 260) therefore, the overall 
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hypothesis of this study was that the alterations in cell signalling proteins after benzene and 

metabolite exposure are occurring through a ROS dependent mechanism.  The secondary 

hypothesis of this thesis, was that the previously observed alterations in signalling proteins (c-

MYB, NF-κB, IκB-α, p38-MAPK and Pim-1) occurring after in utero exposure to benzene are 

sequentially linked.     

Using the HD3 chicken erythroblast cell to test these hypotheses, it was first found that 

exposure to 25 µM BQ significantly increased ROS production after both 2 and 6 hours of 

exposure.  This is consistent with previous studies in our laboratory looking at ROS production in 

fetal liver cells after exposure 25 µM BQ (114), where both studies demonstrated a relatively 

rapid, transient increase in ROS following BQ exposure.  Previous studies have demonstrated that 

the presence of oxidative stress can upregulate intracellular antioxidant enzymes, which may help 

explain the short-lived presence of ROS in this study (261-263).  Other studies from our 

laboratory using multiple cell lines, have demonstrated that exposure to 50 µM BQ increases the 

production of ROS only after longer exposure periods (113, 264).  Together, these data clearly 

indicate that BQ can induce ROS production.  

Next, to assess transcription factor activity, luciferase linked reporter plasmids for the 

two transcription factors of interest, c-Myb and NF-κB, were transiently transfected into HD3 

cells.  Previous studies from our laboratory have demonstrated that 50 µM of BQ significantly 

increases c-Myb activity in the HD3 cell line after 24 hours of exposure (113).   c-Myb is a 

known target of NF-κB, and has previously been shown to be altered following in utero exposure 

to benzene in mice.  An original objective of this thesis was to determine if the observed increases 

in c-Myb activity after in vitro BQ exposure were occurring through an NF-κB dependent 

pathway.   In the present study, cells were exposed to 25 µM BQ for 2-24 hours.  After 24 hours 
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of exposure, no significant increase in c-Myb activity was observed, thus we hypothesize that at 

lower concentrations of BQ NF-κB does not increase c-Myb within the time-frame analyzed.  

Therefore longer time-points are necessary to link any effects of NF-κB signalling on c-Myb.  

Due to the transient nature of these transfections, examining activity at later time points was not 

possible.  A solution to this would be to stably transfect this cell line with this plasmid, which 

would allow for a long-term study.   

Using an NF-κB linked luciferase reporter plasmid, we demonstrated that NF-κB activity 

is significantly increased after 25 µM BQ exposure and that this increase is due to the presence of 

ROS and is occurring through a p38-MAPK dependent pathway.  NF-κB is a target of interest 

due to its role in regulating the transcription of >150 genes which encode various cytokines, 

chemokines, cell adhesion molecules and growth factors as well as genes that promote 

proliferation and survival (265).  As NF-κB regulated genes are associated with cell survival and 

proliferation, NF-κB has been implicated in leukemogenesis (266, 267).  Due to its vital role in 

the regulation of hematopoiesis, it may be a potential pathway through which benzene leads to 

leukemia.     

To determine if concentrations lower than 25 µM could significantly increase NF-κB 

activity, we also exposed cells to either 5 or 15 µM BQ.  We found that 15 µM can also 

significantly increase NF-κB activity but only after 16 hours of exposure.  This may be due to the 

fact that these cells may be able to recover faster after lower concentration BQ exposure thereby 

detoxifying BQ and the ROS associated with exposure.  However, this would have to be 

confirmed with further ROS studies.      

To confirm the observed luciferase results, we also used Western blotting to probe for 

IκB-α.  In non-stimulated cells, IκB-α maintains NF-κB in the cytoplasm, but when stimulated, 
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IκB-α is tagged for degradation, allowing NF-κB to enter the nucleus and regulate the 

transcription of downstream targets.  In our study we demonstrated that after 4 and 24 hours of 

BQ exposure, IκB-α is significantly decreased, indicating that there is increased translocation of 

NF-κB into the nucleus.  While we anticipate a similar decrease at 8 hours, statistically this was 

not observed, although we suspect that a greater sample size would confirm a decrease. 

Lastly, we employed immunofluorescence to observe the nuclear translocation of the p65 

subunit of NF-κB following BQ exposure. When looking at the orthogonal planes, we observed 

nuclear translocation after 24 hours of exposure, although this was not directly quantified. 

Although the number of cells with p65 in the nucleus is relatively low, the low number of cells in 

the field of view decreases the statistical power of this analysis.   

To confirm if the observed increases in NF-κB activity were dependent on BQ-induced 

increases in ROS, we pre-treated cells with one of two antioxidants, either PEG-SOD or PEG-

CAT.  Consistent with the literature, we demonstrated that pre-treatment with antioxidants was 

able to attenuate NF-κB activity increases (208, 209) and specifically, pre-treatment with PEG-

CAT was able to completely attenuate the BQ mediated increases in NF-κB activity (211).  This 

differential pre-treatment effect demonstrates that increases in NF-κB activity due to ROS is 

specifically due to the H2O2 radical and not the superoxide radical. PEG-SOD detoxifies the 

superoxide radical to produce H2O2, whereas catalase detoxifies H2O2 to water and oxygen.  What 

we can conclude from these studies is that ROS dependent increases in NF–κB activity are 

mainly due to the presence of H2O2, and the superoxide radical plays an indirect role, as a source 

of H2O2.  This is supported by a study looking at cell lines that have stable over expression of 

either catalase or SOD.  Cells that overexpressed catalase were deficient in NF-κB activation after 
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TNF-α exposure, but cells that stably overexpressed SOD had increased NF-κB activation, due to 

increased presence of H2O2  (211).   

The hypothesis that ROS plays a role in IκB-α degradation after benzene exposure was 

also shown in previous in utero data published from our laboratory.  This previous study 

demonstrated that IκB-α expression in murine GD14 fetal liver tissues is decreased after benzene 

exposure and that pre-treatment with catalase is able to attenuate the observed decreases (118)         

Previous studies have demonstrated that p38-MAPK may play a role in the NF-κB 

signalling cascade (245, 246).  An objective of this thesis was to determine if p38-MAPK is 

activated after BQ exposure in HD3 cells, and if this activation was leading to the observed NF-

κB activity increases after BQ exposure.  What we observed was that BQ significantly increases 

phosphorylated p38-MAPK expression after both 8 and 24 hours of exposure.  This is consistent 

with data previously published from our laboratory, which demonstrated that in utero exposure to 

benzene increases phosphorylated p38-MAPK in murine fetal liver tissue (268).  To determine if 

the BQ mediated increases of activated p38-MAPK were dependent on ROS, cells were pre-

treated with PEG-CAT.  Pre-treatment with PEG-CAT was able to attenuate the BQ mediated 

increases in phosphorylated p38-MAPK protein expression after 8 hours of BQ exposure, which 

supports the hypothesis that phosphorylation of p38-MAPK after BQ exposure is occurring 

through a ROS dependent pathway.  This conforms with what has been previously published in 

the literature (254, 269-271).  Specifically, in two studies looking at p38-MAPK phosphorylation 

in vascular smooth muscle cells (VSMC), it was found that angiotensin II and epidermal growth 

factor (EGF) induced oxidative stress increased p38-MAPK phosphorylation, and that cells that 

were stably transfected with human catalase blocked the rise in oxidative stress, and with that, the 

phosphorylation of p38-MAPK (254, 270).     
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Our current study demonstrated that p38-MAPK is a required signalling protein for the 

observed NF-κB activity increases following BQ exposure.  This was determined by pre-treating 

cells with a pharmacological inhibitor of p38-MAPK, SB203580.  This inhibitor, which blocks 

the catalytic site of p38-MAPK but not phosphorylation, has been used throughout the literature 

to elucidate the role of p38-MAPK (272).  After 24 hours of BQ exposure, pre-treatment with the 

inhibitor was able to fully attenuate the observed NF-κB activity increases.  After 16 hours of 

exposue, pre-treatment with the inhibitor was only able to partially attenuate the observed 

increases.  The differential effects at each time point may help to give insight to the length of time 

p38-MAPK activation is required for NF-κB signalling.  If p38-MAPK was acting on the NF-κB 

pathway early on, we would have expected that at both 16 and 24 hours NF-κB activity would be 

back to baseline in cells pre-treated with the chemical inhibitor.  As we have demonstrated that 

significant activation of p38-MAPK occurs starting at 8 hours of BQ exposure, it may be that 

another signalling protein could also be playing a role earlier on in the pathway.   

To elucidate the mechanism through which p38-MAPK activation after BQ exposure 

increases NF-κB activity, we used Western blotting to probe for IκB-α after pre-treatment with 

SB203580.  Cells were exposed to BQ for 4 hours after pre-treatment with SB203580.  Although 

p38-MAPK activation was not significantly different after 4 hours of BQ exposure, we 

hypothesized that the observed increase were beginning to be biologically significant.  Blots 

demonstrated that IκB-α expression was increased after SB203580 exposure, regardless of 

treatment, however this was not significant when compared to cells that had not been pre-treated.  

The observed trend is consistent with the literature, where it has been shown that p38-MAPK 

activation leads to IκB-α degradation, and blocking p38-MAPK leads to an increase of both IκB-

α protein and mRNA expression and stability (245, 246, 249, 273).         
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Ideally, our study would have examined the effect of BQ exposure, and pharmacological 

inhibition of p38-MAPK on phosphorylation of the p65 subunit.  It has been previously shown 

that p38-MAPK activation is linked with p65 phosphorylation, which increases its transactivation 

potential (220, 221, 274).  The chicken p65 subunit only shares a 55% homology with that of 

human and mouse (275) and at this point, the exact phosphorylation sites on the chicken p65 

subunit have not been fully mapped.  It is known however, that serine 536, located in the 

transactivation domain, is phosphorylated in all 3 species, but due to the lack of homology of 

amino acids located around this site, a suitable antibody raised to the phosphorylated form is not 

available (218).  Further, due to the low protein found in these cells, commercially available total 

phosphoprotein extraction kits were unable to attain enough total phosphorylated protein to 

analyze by Western blotting.  The advantage of using total phosphoprotein extraction kits, is that 

one is not limited to the phosphorylation site defined by the antibody.  Future studies should 

examine the phosphorylation of the p65 subunit after benzene and BQ exposure in mouse tissue 

where phosphorylation sites have been well documented.      

Pim-1, a serine-threonine kinase, has also been shown to be involved in the NF-κB 

signalling cascade. Our laboratory has demonstrated that in utero benzene exposure in mice 

increases phosphorylated, activated Pim-1 expression in fetal liver tissues (276).  As previous 

studies have demonstrated that Pim-1 modulates c-Myb activity through phosphorylation, Pim-1 

was a protein of interest that may link increased NF-κB activity with increased c-Myb activation 

after benzene exposure.  In the present study HD3 cells were co-transfected with an NF-κB 

luciferase linked reporter vector and a plasmid expressing Pim-1.  The exact mechanism through 

which Pim-1 acts on the NF-κB signalling cascade is inconsistent throughout the literature.  It has 

been shown that Pim-1 phosphorylates the p65 subunit, preventing degradation by ubiquitin-
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mediated proteolysis.  In this study, it was demonstrated that depletion of Pim-1, decreases p65 

phosphorylation as well as hinders transactivation of p65 target genes (222).  Therefore, we 

hypothesized that Pim-1 was activating NF-κB through phosphorylation of the p65 subunit, but 

we found that there was no significant difference in NF-κB activity between cells that expressed 

an empty vector or those that overexpressed Pim-1.  As we have previously demonstrated that this 

transfection protocol increases Pim-1 expression in these cells by 400-fold (154), it could be that 

NF-κB is acting upstream of Pim-1.  This hypothesis is supported by a study looking at signalling 

in B cells where it was found that CD40 signalling increases pim-1 mRNA as well as increases 

both Pim-1 protein expression and kinase activity.  When cells were treated with BAY11-7082, a 

chemical inhibitor of NF-κB, or transfected to express a superrepressor form of IκB-α, it was 

found that increases in Pim-1 protein levels after CD40 signalling were blocked (223).  Therefore 

future studies should examine the effect of chemical inhibitors of NF-κB on downstream targets 

such as Pim-1 and c-Myb.        

Two other targets of NF-κB that were of interest were c-myc and bcl-2.  C-Myc is an 

oncogenic transcription factor that plays an essential role in cell growth and differentiation (277, 

278) and is frequently activated in leukemia (279, 280).  Bcl-2 is an anti-apoptotic protein (281) 

that is also often upregulated in leukemia (282, 283) Both proteins are known targets of NF-κB 

(242, 284) and are known to cooperate together to promote proliferation(285) Therefore to 

complete the last objective of this thesis, we looked at mRNA expression of both genes. 

After 24 hours of BQ exposure, the trend demonstrated that c-myc expression was 

increased but this increase was not found to be significant.  Interestingly, bcl-2 expression did not 

change at all from control.  This data may confirm the hypothesis that it is the p65/canonical 

pathway of NF-κB that is activated by ROS and BQ, rather than the Rel-B/non-canonical 
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pathway.  This is supported in the literature, where it has been shown that c-myc is regulated by 

the p65/canonical pathway (241)and bcl-2 is regulated by the Rel-B/non-canonical pathway (286, 

287).  However, it has also been shown that bcl-2 can activate NF-κB through increasing 

degradation of IκB-α which may indicate that earlier time points may need to be analyzed to 

determine if BQ has any effect on bcl-2 expression (288).  Although we did not observe a 

significant difference in expression in either target gene, these are many other targets of NF-κB 

that may have been affected to a greater degree than the chosen targets.      

Although the concentration of BQ used in this study did not cause a significant amount of 

cytotoxicity, it is much higher than the levels of BQ observed in humans exposed to benzene 

from both occupational and environmental exposure.  However this concentration is consistent 

with studies previously published in the literature (114, 289).  It is often necessary to use a higher 

than normal concentration in in vitro studies to establish mechanisms of toxicity.  Although 

leukemia is one of the most commonly diagnosed cancers in children, the incidence rate within 

the general population is extremely low at approximately 4.9/100,000 children (18).  Therefore, 

without drastically increasing the sample size, it would be nearly impossible to show such a rare 

event.  By increasing the concentration, we are able to study alterations in cell signalling 

pathways, which may ultimately mediate benzene toxicities that could have been missed with 

lower concentrations.   

4.2 Future Studies 

 As mentioned above, future studies should examine the exact role of p38-MAPK in the 

NF-κB signalling pathway.  Given that it is hypothesized that p38-MAPK phosphorylates the p65 

subunit of NF-κB to increases its transactivation potential, this may explain the decrease in NF-
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κB activity after BQ exposure when p38-MAPK activity is blocked.  This was not possible to 

determine in the present study due to the lack of tested antibodies that are raised to react with 

chicken.  Future studies should also continue looking at p65 translocation, and whether 

translocation is dependent on p38-MAPK activity.  This again will give a better understanding of 

where p38-MAPK is targeting the pathway.   

Due to the previous interest in Pim-1 and c-Myb in our laboratory, future studies should 

continue to examine the role in which NF-κB plays in these signalling pathways.  Chemical 

inhibition of NF-κB and downstream analysis of these proteins would allow us to do that. 

 Further studies could also examine the lasting effects benzene has on signalling pathways 

after in utero benzene exposure.  A study conducted in 2007 linked low level benzene exposure 

with epigenetic changes (290).  A potential study would be to look at methylation and acetylation 

patterns of various genes associated with leukemia and NF-κB activation.  

4.3 Conclusions 

 Summarized in Fig. 4.1, the present study demonstrates that exposure to BQ alters 

various signalling proteins, and that in part these alterations are linked and dependent on ROS 

formation.  BQ exposure leads to an increase in ROS production followed by a significant 

increase in NF-κB activity and a corresponding decrease in IκB-α protein expression.  Further, it 

was demonstrated, that p38-MAPK activation following BQ exposure also occurs in a ROS 

dependent mechanism, and that p38-MAPK activation is required for altered NF-κB signalling. 

Additional studies are needed to elucidate the exact mechanism through which p38-MAPK is 

required for NF-κB signalling, although we have provided a potential mechanism with increased  
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Figure 4.1. Summary of research findings.  This thesis research has demonstrated that exposure 
to 25 µM BQ increases ROS generation in HD3 cells.  This thesis also demonstrated that NF-κB 
activity as well as phosphorylation of p38-MAPK was increased after BQ exposure, and that 
these increases were dependent on ROS formation.  We demonstrated that NF-κB activity 
increases are also dependent on p38-MAPK activation.  IκB-α was also demonstrated to be 
decreased, and may be a protein in the NF-κB signalling pathway that p38-MAPK alters.  Future 
studies should examine phosphorylation of the NF-κB p65 subunit and how p38-MAPK 
influences it.  Lastly, although we did not see a significant difference in three known targets of 
NF-κB, we hypothesize that other targets may be affected.  In conclusion we have demonstrated a 
potential signalling pathway through which exposure to benzene may be increasing in utero 
initiated leukemias.    
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IκB-α expression after pharmacological inhibition of p38-MAPK.  Although it appears that Pim-1 

does not act upstream of NF-κB, we still hypothesize that they may be connected, and that NF-κB  

may be in fact acting upstream of Pim-1 activation.  Finally, although we did not observe 

statistically significant differences in the gene expression and activity of downstream targets, it 

still aided us in determining which NF-κB pathway is activated after BQ exposure, but further 

studies are warranted to confirm this differential activation. 

4.4 Significance 

 Although childhood cancers are rare, they are the leading cause of death due to disease in 

Canada.  Leukemia is one of the most common cancers diagnosed in children, and approximately 

90% have no known cause, (19, 21) .  Exposure to benzene, a known leukemogen, is thought to 

play a role in in utero initiated leukemogenesis.  Although in general the risk of leukemia is rare, 

and levels of benzene in the environment are relatively low, the recent discovery that benzene has 

contaminated water systems at the U.S. Marine Corps Base Camp Lejeune, coupled with an 

increased incidence of childhood cancer in children born on the base (81), highlights the 

continued importance of understanding the mechanism through which in utero exposure to 

benzene initiates leukemogenesis. 
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