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ABSTRACT 

 Mitochondria serve as the major source of reactive oxygen species (ROS) 

production in cells resulting in antioxidant systems and cell signaling pathways that 

are unique to mitochondria.  Thioredoxin-2 (Trx-2) is the mitochondrial member of 

the thioredoxin superfamily, and acts specifically to reduce the mitochondrial 

peroxidase, peroxiredoxin-3.  It has been proposed that Trx-2 associates with 

cytochrome c, which functions in mitochondrial respiration and apoptosis.  

Homozygous Trx-2 deletion in mice is embryonic lethal and it is hypothesized here 

that Trx-2 lethality is caused by loss of mitochondrial function and oxidative stress.  

Results of experiments investigating mitochondrial integrity, cell viability, and ROS 

levels in Trx-2(-/-) mouse embryonic fibroblasts (MEFs), and results from Trx-2 

siRNA MEFs, are similar to findings of knockouts in previously reported proteins 

that function in mitochondrial respiration and support the involvement of Trx-2 in 

this process.  Mitochondrial ROS have also been implicated as major secondary 

messengers in cell signaling.  Results reported here using cancer cells and cancer 

cells depleted of mitochondrial DNA, which consequently produce few ROS, have 

indicated that mitochondrial ROS produced in hypoxia are necessary for HRE and 

ARE activation, and are fundamental in the activation of SP-1 during 

reoxygenation.  However, mitochondrial ROS are not required for HIF-1α protein 

expression in hypoxia, indicating a unique relationship between HIF-1α, hypoxia, 

and mitochondrial ROS.  
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CHAPTER 1 

 

Introduction 

 

Mitochondria and reactive oxygen species 

 Mitochondria are found in all eukaryotic cells and play a critical role in the 

generation of energy.  Each mitochondrion is made up of an outer membrane, which 

is permeable to molecules less than 10,000 Daltons, and an inner membrane that is 

considerably less permeable and projects inward into the mitochondrial matrix, 

forming folds known as cristae (Alberts et al., 1994).  The cristae house proteins 

that form the respiratory complexes, referred to as the electron transport chain 

(ETC), and are responsible for the synthesis of adenosine triphosphate (ATP), the 

energy molecule of cells (Alberts et al., 1994; Cooper et al., 1994).  The other 

regions of the mitochondria are the intermembrane space that contains enzymes 

involved in nucleotide synthesis, and the gel-like matrix, that contains a high 

concentration of enzymes, ions, and organic molecules, as well as the DNA of the 

mitochondrial genome and the components necessary for synthesizing its own 

proteins (Cann et al., 1987; Alberts et al., 1994). 

 During oxidative phosphorylation, mitochondria are able to generate 32 to 

34 molecules of ATP.  To do this, electrons are systematically passed through the 
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ETC, beginning when electrons derived during glycolysis, in the form of NADH 

and FADH2, are transferred to complex I (NADH dehydrogenase) in the inner 

membrane (Cooper et al., 1994; Morgan-Hughes et al., 1991).  This complex is 

responsible for catalyzing the transfer of electrons to coenzyme Q (ubiquinone) that 

carries the electrons to complex III, which subsequently shuttles them to 

cytochrome c, a peripheral protein bound to the outer face of the inner membrane 

(Cooper et al., 1994; Morgan-Hughes et al., 1991; Alberts et al., 1994).  The 

electrons are received at complex IV (cytochrome oxidase), where 4 electrons are 

transferred to O2, forming H2O in the process (Thannickal et al., 2000).  Complex II 

(succinate dehydrogenase) mediates the transfer of electrons from succinate to 

coenzyme Q and utilizes FADH2. As electrons are passed through each complex, 

protons are transferred from the matrix to the intermembrane space, generating an 

electrical potential and a proton gradient across the inner membrane (Cooper et al.,

1994; Thannickal et al., 2000).  Excess protons in the intermembrane space are 

transported back across to the matrix down their concentration gradient through 

ATP synthase (Complex V) (Thannickal et al., 2000).  The stored energy from the 

proton gradient is used to drive the synthesis of ATP molecules.  Once ATP is 

formed, it is then transported out of the matrix and into the cytosol in exchange for 

a molecule of ADP entering into the mitochondrion (Alberts et al., 1994; McKee et 

al., 1999). 

 The passage of each electron pair through the ETC also results in the 

production of reactive oxygen species (ROS).  An intrinsic function of proteins such 

as cytochrome c oxidase is that they are able to reduce reactive intermediates that 
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become trapped within their active sites (McKee et al., 1999).  The reactive 

molecule is held onto until all 4 electrons are passed to oxygen (McKee et al.,

1999).  Occasionally, the reactive intermediates can leak out of the active site 

before they are completely reduced, resulting in the formation of ROS.  Superoxide, 

O2.-, is generally the first ROS formed in this situation and can act as a nucleophile, 

oxidizing agent, or reducing agent, under specific circumstances (McKee et al.,

1999).  A highly reactive molecule, O2.- has a very short half life and a brief 

diffusion distance estimated to be only a few nanometers.  It is common for O2.- 

molecules to react with themselves to produce O2 and H2O2. Hydrogen peroxide is 

not considered a radical because it does not have any unpaired electrons and its 

limited reactivity allows it to cross membranes, such as the mitochondrial 

membrane, becoming widely dispersed within the cytoplasm (McKee et al., 1999).   

If H2O2 reacts with Fe2+ or other transition metals, it will result in the 

formation of a highly reactive hydroxyl radical, .OH (McKee et al., 1999).  

Hydroxyl radicals have very short diffusion distances because of their high degree 

of reactivity, and they are especially dangerous to the cell because they can initiate 

an autocatalytic radical reaction whereby a hydrogen atom is extracted from an 

unsaturated fatty acid, resulting in a lipid radical (Freeman et al., 1982).  The lipid 

radical reacts with O2 to form a peroxyl radical that extracts a hydrogen atom from 

another lipid molecule.  Lipid peroxidation can culminate in the production of an 

aldehyde and a radical cleavage reaction creating a new radical product that is able 

to react with a nearby molecule (McKee et al., 1999).   
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When a molecule of oxygen is in an excitable state, whereby an unpaired 

electron is shifted to a higher orbital, it becomes singlet oxygen, 1O2. Singlet 

oxygen can be formed from the reaction of O2.- + 2H+ to form H2O2 + 1O2 or from 

the breakdown of peroxides into an alcohol and 1O2. Although 1O2 is not 

considered a radical, it is a more reactive oxidant than the hydroxyl radical (Figure 

1.1).    

Interestingly, in a hypoxic environment (3-1% O2), cells produce higher 

levels of ROS even though they are not using aerobic respiration (Narayanan et al.,

2005; Chandel et al., 1998; Schroedl et al., 2002; Gonzalez et al., 2002).  In 

addition to the multiple proteins that constitute complexes I through IV of the ETC, 

they also contain clusters of iron-sulfur (Fe-S) proteins that are responsible for one 

electron transfers, and continuously cycle between Fe2+ reduced and Fe3+ oxidized 

states (McKee et al., 1999).  Complex IV also utilizes copper in addition to Fe-S 

clusters for the transition of electrons, shuffling between Cu+ and Cu2+ in the 

process of donating electrons to molecular oxygen (McKee et al., 1999).  In 

hypoxia, when cells rely on glycolysis for energy, it is possible that the Fe-S 

clusters in the ETC, as well as other redox capable proteins, such as cytochrome c, 

use free electrons from unused NADH, normally reserved for aerobic respiration, 

and cause significant increases in redox cycling, releasing electrons that can then 

react with other molecules, ultimately resulting in increased levels of ROS.    

The mitochondrion, while serving as the main source of ROS production in 

the cell, is not the only source.  Xenobiotic metabolism, respiratory burst in white 

blood cells, and electron leak from the endoplasmic reticulum, as well as 
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Figure 1.1  Major radical formation from complexes I and III in the ETC in the 

inner mitochondrial membrane.  O2.- radicals released to the matrix and the 

intermembrane space can react with themselves or with protons to form additional 

ROS.   
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environmental sources of ROS that include radiation, cigarette smoke, and ozone 

are a few examples (McKee et al., 1999). 

 

Mitochondrial antioxidant enzyme systems 

 Several different antioxidant pathways exist within the mitochondria to deal 

with excess levels of ROS that are produced from normal respiratory processes.  

These include manganese superoxide dismutase (MnSOD), which converts 

superoxide anions to hydrogen peroxide, as well as glutathione peroxidase (GPx), 

peroxiredoxin enzymes that are capable of reducing hydrogen peroxide to water, 

and catalase (Esposito et al., 2000; Hirai et al., 2004; Chae et al., 1999).  Two 

others, thioredoxin-2 (Trx-2) and glutaredoxin-2 (Grx-2) that act as thiol-disulfide 

oxidoreductases are localized to the mitochondria and are members of the 

thioredoxin superfamily.   

Other members of the thioredoxin superfamily include cytosolic 

thioredoxin-1 (Trx-1), spermatozoan localized SpTrx, thioredoxin-like (p32TrxL), 

transmembrane thioredoxin-like (TMX), and glutaredoxin-1 (Grx-1) enzymes (Lee 

et al., 1998; Miranda-Vizuete et al., 2000; Holmgren et al., 1995).  The 

ubiquitously expressed thioredoxin superfamily of enzymes is characterized by a 

thioredoxin-fold within the protein as well as a Cys-X-X-Cys active site (Beer et 

al., 2004; Holmgren et al., 1989).  Among the specific targets of Trx-1 are 

ribonucleotide reductase, PDI, p53, NF-κB, AP-1, and peroxiredoxins (Chae et al.,

1999; Nordberg et al., 2001).  Trx-1 has also been reported to inhibit apoptosis 

when it is in reduced state through its specific binding to apoptosis signal regulating 
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kinase-1 (ASK-1), implicating that Trx-1 can also act in an oncogenic fashion 

(Nordberg et al., 2001; Saitoh et al., 1998).  In addition, knockout of Trx-1 in mice 

is lethal and blastocysts die by ED 3, which is a characteristic of proto-oncogenes 

(Matsui et al., 1996).  Extracellular forms of Trx act as cytokines by recruiting 

lymphocytes and inducing their proliferation, as well as having the ability to induce 

proliferation of tumor cells and inducing cellular effects similar to autocrine growth 

factors (Nakamura et al., 1992; Schenk et al., 1996; Biguet et al., 1994;; Yodoi et 

al., 1991; Wakasugi et al., 1990).    

 The mitochondrial Trx-2 pathway is defined by subsequent steps of 

reductions beginning with NADPH, thioredoxin reductase-2 (TrxR-2), Trx-2, 

peroxiredoxin-3 (Prdx-3), and concluding in the reduction of hydrogen peroxide to 

water (Figure 1.2) (Spyrou et al., 1997; Miranda-Vizuete et al., 2000; Chae et al.,

1994; Chae et al., 1999).  The Grx-2 antioxidant pathway is similar in that NADPH, 

glutathione (GSH), or glutathione reductase (GR) are capable of reducing Grx-2, 

which then reduces mixed protein disulfides (Nordberg et al., 2001).  Each of these 

mitochondrial antioxidant enzymes is nuclear encoded and contains a mitochondrial 

leader sequence that is cleaved off during import into the mitochondria.  

Overexpression of Trx-2 protects cells against apoptosis through increased 

mitochondrial membrane potential, increased scavenging of H2O2 and prevention of 

mitochondrial damage (Chen et al., 2002, Damdimopolous et al., 2002).  Cells that 

overexpress Trx-2 are significantly more sensitive to treatment with rotenone, a 

complex I inhibitor, which was reversed by treatment with oligomycin, suggesting 

that Trx-2 can effect ATP synthase activity (Damdimopoulos et al., 2002).  
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Decreased expression of Trx-2 has recently been reported to lead to decreased Bcl-

xL protein expression and hypothesized to influence mitochondrial outer membrane 

permeability (Wang et al., 2006).  When Trx-2 is completely knocked out in mice, 

it is lethal and knockout embryos do not survive past embryonic day (ED) 10.5, 

displaying caspase-3 activation throughout the whole embryo, massive apoptosis, 

and exencephaly (Nonn et al., 2003a).  The timing of lethality in Trx-2(-/-) embryos 

coincides with a movement from glycolysis to the start of oxidative phosphorylation 

and the generation of ROS in mouse development. 

The selenoprotein TrxR enzymes are also ubiquitously expressed and both 

the cytosolic TrxR-1 and the mitochondrial TrxR-2 share the same active site, Cys-

Val-Asn-Val-Gly-Cys (Zhong et al., 2000; Nordberg et al., 1998).  TrxR-1 and 

TrxR-2 reduce cytochrome c, ubiquinone, ascorbic acid, and lipoic acid, in addition 

to their respective Trx family members (May et al., 1997; Nordberg et al., 2001;

Bjornstedt et al., 1995).  Knockout of TrxR-2 results in embryonic death by day 13 

of development and fibroblasts isolated from knockout embryos are highly sensitive 

to oxidative stress, and TrxR-2 has been shown to play a pivotal role in heart 

function (Conrad et al., 2004). 

 

The mitochondria and oxidative stress 

 All ROS possess the potential to harm living cells if they are produced in 

significant amounts.  While antioxidant defense mechanisms can minimize ROS 

levels, if these defenses become overwhelmed, DNA breakage, protein 

modification, and lipid membrane destruction may occur.  In humans, the 
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Figure 1.2  Mitochondrial thioredoxin antioxidant pathway.  Electrons from 

NADPH or NADH can serve as initial electron donors for TrxR-2, which reduces 

Trx-2, Prdx-3, and H2O2 to H2O. 
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mitochondrial genome consists of 16,559 bp and 37 genes, including 22 tRNA 

genes, 2 ribosomal RNA genes, and 13 polypeptides that are responsible for 

encoding the components of the ETC (Sharma et al., 2005; Mandavilli et al., 2002).  

Following an oxidative insult, it has been shown that mitochondrial DNA (mtDNA) 

incurs 3 to 10-fold more damage than nuclear DNA, and has a mutation rate that is 

10 times higher than nuclear DNA (Yakes et al., 1997; Salazar et al., 1997; Sharma 

et al., 2005).  The reason behind the increased sensitivity of mtDNA is explained by 

the lack of protection from histones, inadequate repair systems, and constant 

exposure to damaging oxygen radicals, which may explain why so many copies, 

103-104 per cell, are present at birth (Miyazono et al., 2002; Sharma et al., 2005).  

As cells age, the likelihood of mtDNA becoming damaged or mutating becomes 

greatly increased, and oxidative stress and mtDNA mutations have been associated 

with aging, neurologic, and metabolic disorders (Wallace et al., 1992; Gerbitz et al.,

1995; Armstrong et al., 2000).  A few examples of the type of damage sustained by 

mtDNA include pyrimidine dimer formation, oxidation of purines, DNA cleavage, 

and DNA-protein cross-links (Nordberg et al., 2001). 

Different ROS protein modifications can occur in mitochondria, including 

cysteine oxidation, formation of intracellular disulfide linkages, protein 

dimerization, dityrosine formation, and metal catalyzed oxidation (Thannickal et 

al., 2000; Barrett et al., 1999; Christman et al., 1995; Hirota et al., 1999; Lando et 

al., 2000; Liu et al., 2000; Saitoh et al., 1998; Iwai et al., 1998).  Each of these can 

result in protein or enzyme inactivation or denaturation, significantly effecting the 

ability of the cell to utilize signaling pathways.  The amino acids within proteins 
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that are most sensitive to oxidative stress are sulfur or selenium containing residues 

(Nordberg et al., 2001).  Lipids are highly susceptible to ROS-inflicted damage 

because they contain double bonds, making them electron dense and open to attack 

by oxygen radicals.  Peroxidation is the most common modification to lipids as a 

result of oxidative damage, and can induce cycling of peroxyl radicals that is 

extremely damaging to membranes of the mitochondria and the plasma membrane 

of the cell (Ylä-Herttuala et al., 1999; Nordberg et al., 2001).  

 

ROS and cell signaling pathways 

Physiological levels of ROS within the cell play an important role in cell 

signaling and the ability of ROS to diffuse from the mitochondria into the 

cytoplasm infers that mitochondrially-produced ROS can influence these signaling 

pathways.  ROS can influence transcription factor activity through pathways such 

as the phosphoinositol-3 kinase (PI3K) pathway, which subsequently effects 

mTOR, S6K1, 4E-BP1, and ultimately mRNA translation of downstream targets, an 

example of which is hypoxia-inducible factor-1α (HIF-1α) (Thannickal et al.,

2000).  While it is not known how ROS mediate cell signaling in all instances, it 

has been shown in E. coli that H2O2 activates the transcription factor OxyR by 

catalyzing the formation of a disulfide bond, permitting the induction of antioxidant 

gene expression (Aslund et al., 1999; Choi et al., 2001).  Another pathway effected 

by ROS is activation of the antioxidant response element (ARE), which is found in 

the promoter of many antioxidant and detoxification genes that function to maintain 

the reducing environment within the cell (Alam et al., 2003; Rushmore et al.,
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1991).  Activation of ARE containing genes occurs when nuclear factor erythroid 2-

related factor 2 (Nrf-2) is released from the redox sensitive regulatory protein, 

Keap-1, in response to increased levels of ROS (Ishii et al., 2004; Qiang et al.,

2004; Lee et al., 2003; Thimmulappa et al., 2002; Kang et al., 2004).  Nrf-2 moves 

from the cytoplasm into the nucleus, where it heterodimerizes with a small Maf 

family protein, such as MafF, MafG, or MafK, and binds to genes with consensus 

ARE sequences, thereby increasing their expression (Igarashi et al., 1994; Itoh et 

al., 2003; Thimmulapa et al., 2002; Kwak et al., 2003; Li et al., 2002).  This 

provides the cell with the ability to scavenge excess oxygen radicals and prevent 

oxidative damage that could lead to cell death (Figure 1.3) (Lee et al., 2005).   

In general, it is thought that ROS bind to and cause activation of various 

receptors from G-coupled protein receptors to receptor tyrosine-kinases and 

receptor serine/threonine kinases (Barrett et al., 1999; Lee et al., 1998; Ohba et al.,

1994; Griendling et al., 1994; Lee et al., 1996; Ushio-Fukai et al., 1998).  The idea 

that ROS can regulate cell signaling has become widely accepted, however, the 

concept that ROS can target particular proteins or protein moieties is less clear.  

There appear to be two separate mechanisms of ROS action that influence cell 

signaling, including changes in whole cell redox state and oxidative modification of 

proteins (Thannickal et al., 2000).  Several examples of direct redox regulated 

transcription factors and signaling molecules exist, including NF-κB, activator 

protein-1 (AP-1), apoptosis signal regulating kinase-1 (ASK-1), redox factor-1 

(Ref-1), p53, the glucocorticoid receptor, and polyomavirus enhancer binding 

protein-2/core binding factor (PEBP-2/CBF) (Hirota et al., 1997; Hirota et al.,
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1999; Liu et al., 2000; Makino et al., 1999; Pearson et al., 1998; Akamatsu et al.,

1997).  In many instances, cell signaling activated by ROS leads to upregulation of 

antioxidant or detoxification gene expression, but ROS can also heavily influence 

signaling pathways in the progression of tumor development and can be considered 

carcinogenic (Dalton et al., 1999; Timblin et al., 1998). 

 

The role of the mitochondria in apoptosis 

 Outside of oxidative phosphorylation, the other role of mitochondria is in 

the regulation of apoptosis with cytochrome c being the critical molecule.  

Cytochrome c, while playing a fundamental role in the transfer of electrons in the 

ETC, can also be released from the mitochondrial membrane upon stimuli from 

cytoplasmic apoptotic signaling molecules (Esposito et al., 2000).  Apoptosis 

differs from the necrotic mechanism of cell death in that it is a controlled 

mechanism where cells shrink, instead of swell, and nuclear and cytoplasmic 

materials condense and dissipate into fragments that are phagocytosed by 

neighboring cells (Wyllie et al., 1997).  Multiple events within the mitochondria 

itself may lead to cytochrome c release and apoptosis.  Examples include calcium 

accumulation, loss of mitochondrial membrane potential, and excess production of 

ROS.  Cytochrome c release causes loss of ATP synthesis and production of O2.-,

pushing the cell towards necrosis.  However, once cytochrome c is in the cytosol, it 

initiates the caspase cascade by binding to the adaptor protein, Apaf-1, and along 

with ATP, causes activation of the effector caspase, procaspase-9, by cleaving it 

into caspase-9 (Figure 1.4) (Hengartner et al., 2000).   
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the nucleus.  IκB, when inhibited by ROS, releases NF-κB, resulting in increased 

expression of inflammatory genes.  AP-1 is effected by ROS in a similar fashion 

(Ameyar et al., 2003). 

Nucleus 

[ Nrf-2 ] 
Keap-1 

ROS 

Nrf-2/maf Antioxidant & 
Detoxification 
genes 

ARE



33

Caspase-9 activates caspase-3, which results in the activation of molecules 

responsible for the systematic fragmentation of DNA and disassembly of the cell 

(Nicholson et al., 1997). 

Cytochrome c release is ultimately regulated by the Bcl-2 family, which 

contains both pro- and anti-apoptotic members (Hengartner et al., 2000).  Examples 

of members that favor apoptosis are Bax, Bak, and Bid, while inhibitors of 

apoptosis include Bcl-2 and Bcl-xL (Reed et al., 1998; Hengartner et al., 2000).  

Crosstalk between the death receptor pathway and the mitochondrial release of 

cytochrome c is possible, but uncommon. This occurs when Bid becomes truncated 

by activated caspase-8 and subsequently signals for cytochrome c release.  The 

influence of Bcl-2 family members on the induction of apoptosis appears to depend 

on the relative amount of pro- versus anti-apoptotic members present, mainly 

controlled by the dimerization of Bcl-2 or Bcl-xL with Bax and Bak (Reed et al.,

1998). 

 Another factor controlling mitochondrial-mediated apoptosis is the 

mitochondrial permeability transition pore (MPTP), which causes a sudden increase 

in the permeability of the inner mitochondrial membrane in response to excess 

calcium, decreased mitochondrial membrane potential, or oxidative stress 

(Lemasters et al., 1998; Kroemer et al., 1998).  In the case of excess ROS levels, 

the binding of cyclophilin D to the inner mitochondrial membrane protein, ANT, 

causes formation of the MPTP and the insuing influx of protons, molecules up to 

1500 Da in size, and water, results in mitochondrial swelling (Lemasters et al.,

1998; Raha et al., 2001).      
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Figure 1.4 Mitochondrial apoptosis can be initiated either through death receptor 

and caspase-8 activation leading to Bid truncation, or through Bax/Bak activation.  

Both pathways lead to cytochrome c release from the inner mitochondrial 

membrane.  Cyt C = cytochrome c; IMM = inner mitochondrial membrane; OMM = 

outer mitochondrial membrane.  
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Besides the release of cytochrome c, other proteins released from the 

mitochondria are apoptosis inducing factor (AIF) and Smac/DIABLO.  

Smac/DIABLO acts to provide a mechanism to ensure that apoptosis occurs by 

blocking the inhibitors of apoptosis (IAP's), which exist in the cytoplasm and are 

thought to block random signals for apoptosis from basal caspase activation 

(Hengartner et al., 2000). 

 

Diseases associated with mitochondria 

In recent years, the importance of proper mitochondrial function, the 

damaging effects of reactive oxygen species (ROS), and the role that these two 

elements play in human diseases has become increasingly emphasized.  Aging, 

obesity, type-II diabetes, Parkinson’s, Alzheimer’s, rheumatoid arthritis, cancer, 

and metabolic syndrome X comprise an abbreviated list of the afflictions that can 

result from mitochondrial dysfunction and pathological production of ROS (Kelley 

et al., 2002; Ohira et al., 1987).  At the basis of many of these diseases is the 

progressive deterioration of mitochondrial function.  Aged tissues often show high 

levels of oxidative damage to proteins, lipids, and DNA, which are often the 

underlying causes of age-related diseases such as rheumatoid arthritis, Parkinson’s, 

and Alzheimer’s, as well as contributing to the aging process itself (Merry et al.,

2004). 

Properly functioning mitochondria have the ability to switch between lipid 

and carbohydrate fuel sources easily, and a defining characteristic of metabolic 

syndrome often seen in obese and/or diabetic individuals is a decrease in 
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mitochondrial size and content within their muscles, which results in a reduced 

ability to switch between fuel sources (Kelley et al., 2002; Storlien et al., 2004).  

This often causes high blood glucose levels, inability of muscle cells to effectively 

switch from a fasting state to a fed state, resulting in fatigue, and impairment of 

fatty acid storage, which can lead to high triglyceride levels in the blood (Storlien et 

al., 2004).  In addition to these distinct manifestations of mitochondrial dysfunction, 

the impact of inactivity on mitochondrial content within a cell can also result in 

pathological effects of ROS due to inefficient transport of electrons in the 

mitochondrial inner membrane during cellular respiration, resulting in the loss of 

electrons during this process (Brookes et al., 2005; Turrens et al., 1997; Bejma et 

al., 1999). 

Increased production of ROS in the mitochondria, along with metabolic 

signaling involving tricarboxylic acid cycle (TCA) metabolites, can result in 

mutations in mitochondrial tumor suppressor genes, such as succinate 

dehydrogenase (SDHD), which can lead to tumor formation (Gottlieb et al., 2005).  

Mutations in SDHD are linked to phaeochromocytoma and paranganglioma, and the 

proposed mechanism of carcinogenesis is through induction of HIF-1α in normoxia 

by mutant SDHD (Selak et al., 2005).  The accumulation of succinate in the 

mitochondria was shown to communicate with and inhibit prolyl hydroxylase 

(PHD) in the cytosol (Selak et al., 2005).  HIF-1α is normally degraded in normoxia 

by binding of PHD and subsequent signaling for ubiquitin-mediated degradation, 

and inhibition of PHD leads to HIF-1α stabilization and induction of genes that are 

normally only expressed in hypoxia (Semenza et al., 1999; Ivan et al., 2001;
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Jaakola et al., 2001).  Gene targets of HIF-1α play a large role in tumorigenesis, 

especially vascular endothelial growth factor (VEGF), which permits angiogenesis.  

Other mutations to mitochondrial tumor suppressor genes have been identified, 

including mutations to three of the four SDHD subunits, and fumarate hydratase 

(FH), which has also been shown to induce HIF-1α in normoxia (Gottlieb et al.,

2005).  It has also been shown that mutations in SDHD lead to increased levels of 

ROS that in turn can inhibit PHD, thereby activating HIF-1α (Gottlieb et al., 2005).     

Mitochondrial DNA mutations can also lead to a large number of diseases related to 

metabolism and neuromuscular function, as well as cancer through decreased 

apoptosis and insensitivity of tumor cells to death signals (Table 1.1) (Wallace et 

al., 1995; Brandon et al., 2004; Albayrak et al., 2003).  In general, the inhibition of 

apoptosis can be permissive for the survival and ongoing division of cells that have 

failed to repair DNA double-strand breaks, experience telomere dysfunction or are 

in an abnormal polyploid state (Zhivotovsky et al., 2004).  However, when cells no 

longer die, as in the case of SDHD mutants, they accumulate and form a tumor 

mass.  Cancer cells generally have multiple mutations, developed gradually over 

time that can result in an inhibition of apoptosis, which is accompanied by a 

mutation that increases cell proliferation (Eastman et al., 1999; Zhivotovsky et al.,

2004).  Decreased sensitivity to treatment-induced tumor cell death is a major 

reason for the failure of anticancer chemotherapy (Zhivotovsky et al., 2004). 
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mt Gene Protein Encoded (kDa) Localization in ETC Conditions Associated with 
Mutations 

MTND1 NADH dehydrogenase subunit 1 
(24 kDa) 

Complex I Parkinson’s, Type-2 diabetes, 
Cardiomyopathy, Optic neuropathy, 
Alzheimer’s 

MTND2 NADH dehydrogenase subunit 2 
(25 kDa) 

Complex I Alzheimer’s, Oral cancer, Elevated 
plasma lipid levels 

MTND3 NADH dehydrogenase subunit 3  
(6 kDa) 

Complex I Leigh syndrome 

MTND4L NADH dehydrogenase subunit 4L 
(3.5 kDa) 

Complex I Unknown 

MTND4 NADH dehydrogenase subunit 4 
(39, 36 kDa) 

Complex I Optic neuropathy, Leigh syndrome

MTND5 NADH dehydrogenase subunit 5 
(51 kDa) 

Complex I Cholera 

MTND6 NADH dehydrogenase subunit 6 
(?? kDa) 

Complex I Optic neuropathy, Dystonia, MELAS 
syndrome 

MTCYB Cytochrome b (29 kDa) Complex III Exercise intolerance, Myoglobinuria, 
Myopathy, Cardiomyopathy, Aging, 
Optic neuropathy, Parkinson’s, 
MELAS, Mitochondrial 
encephalomyopathy, Ovarian 
carcinoma, Longevity, KSS, limb 
weakness 

MTCO1 Cytochrome c oxidase subunit 1 
(45 kDa) 

Complex IV Alzheimer’s, Myopathy, 
Encephalomyopathy, MELAS, 
Parkinson’s, Rabdomyolysis, Prostate 
Cancer, Sideroblastic anemia, 
Epilepsy, Colon cancer 

MTCO2 Cytochrome c oxidase subunit 2 
(20 kDa) 

Complex IV Myopathy 

MTCO3 Cytochrome c oxidase subunit 3 
(18 kDa) 

Complex IV Optic neuropathy, Myopathy 

MTATP6 ATP synthase F0 subunit 6         
(16 kDa) 

Complex V Leigh syndrome, Optic neuropathy, 
Kearns-Sayre syndrome, NARP 

MTAPT8 ATP synthase F0 subunit 8        
(4.5 kDa) 

Complex V Leigh syndrome, NARP, Lactic 
acidosis 

Table 1.1 Mitochondrial genes and human diseases associated with inactivating or 

activity enhancing mutations (Wallace et al., 1995; Brandon et al., 2004).  mt = 

mitochondrial. 
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Hypothesis 

 This research tested the hypothesis that loss of mitochondrial Trx-2 

results in loss of mitochondrial integrity and increased oxidative stress.  It has 

been shown that Trx-2(-/-) embryos die at ED 9.5 in development and survive only 

in hypoxia, however the underlying reason for this remains unclear.  While Trx-2 

has been proposed to associate with cytochrome c in either protection against 

apoptosis or as a reducing agent in the ETC, the relationship between these two 

proteins has not been established.  Investigation into the role of Trx-2 in protecting 

the mitochondrial against oxidative stress and apoptosis are the basis for this 

dissertation research.   

 

Specific Aims 

 

1. To investigate mitochondria of Trx-2(-/-) mouse embryonic fibroblasts 

and of wild-type mouse fibroblasts transfected with Trx-2 siRNA. 

Goal 1: The first goal of this specific aim was to determine whether 

mitochondria from Trx-2(-/-) mouse embryonic fibroblasts (MEFs) reflected signs 

of mitochondrial damage in normoxia versus hypoxia.  To do this, MEFs from 9.5 

dpc Trx-2(-/-) embryos were isolated and plated in 24-well tissue culture plates and 

maintained in hypoxia.  Following adherence to cell culture plates, Trx-2(-/-), (-/+), 

and (+/+) MEFs were either kept in hypoxia or placed in normoxia for 4 hours and 

then collected for transmission electron microscopy (EM) studies. The results 

indicated severe loss of mitochondrial integrity in Trx-2(-/-) MEFs after only 4 
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hours of exposure to normoxia versus appearing undamaged in hypoxia.  Wild-type 

and Trx-2(-/+) MEFs showed no evidence of mitochondrial stress in either 

normoxia or hypoxia.   

 Goal 2:  The second goal of this specific aim was to determine whether 

wild-type MEFs transfected with Trx-2 siRNA incurred similar mitochondrial 

damage in normoxia as that observed in Trx-2(-/-) MEFs.  To do this, wild-type 

MEFs were isolated from Trx-2(+/+) embryos, maintained in normoxia, transfected 

with Trx-2 siRNA, and forty-eight hours following transfection were placed in 

either hypoxia for 16 hours, or maintained in normoxia and then collected for EM 

studies.  siTrx-2 MEFs maintained in normoxia showed only minor mitochondrial 

damage while siTrx-2 MEFs placed in hypoxia reflected severe mitochondrial 

damage, similar to that seen in normoxic Trx-2(-/-) MEFs.  Control scrambled 

siRNA MEFs showed no signs of damage to mitochondria in either normoxia or 

hypoxia.  These results indicate that Trx-2 siRNA MEFs are more sensitive to 

hypoxia than normoxia.   

 

2.  To investigate the effects of Trx-2 deficiency on oxidative stress in normoxia 

and hypoxia. 

 The goals of this specific aim were to measure viability of siTrx-2 MEFs in 

normoxia and hypoxia and to determine whether loss of Trx-2 caused apoptotic 

death.  In addition, ROS levels and ARE activation were investigated in siTrx-2 

MEFs as determinants of oxidative stress.    
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 Goal 1:  To investigate viability of wild-type MEFs transfected with Trx-2 

siRNA, trypan blue staining was used following incubation of cells in normoxia or 

hypoxia.  siTrx-2 MEFs showed decreased viability in normoxia compared to 

controls.  However, a significantly larger decrease in viability was measured 

following exposure of these cells to hypoxia for 16 hours, supporting what was 

observed in the previous EM studies of mitochondria in hypoxic Trx-2 siRNA 

MEFs.  Cleaved caspase-3 immunofluorescence determined that Trx-2 siRNA 

MEFs die through an apoptotic mechanism. 

 Goal 2: Levels of ROS in Trx-2 siRNA MEFs were determined following 

incubation in normoxia or hypoxia using the chemiluminescent compound, 

lucigenin, which is specific for O2.- radicals.  In normoxia, Trx-2 siRNA MEFs 

showed a slight increase in ROS production while transfected MEFs incubated in 

hypoxia showed a significantly greater increase.  To determine whether these 

observed increases in ROS had global cellular effects, ARE activation was 

measured using a dual-luciferase reporter assay.  MEFs were co-transfected with 

Trx-2 siRNA and ARE DNA in combination with renilla and 48 hours following 

transfection were incubated in normoxia or hypoxia for an additional 16 hours.  In 

normoxia, Trx-2 siRNA MEFs showed activation of the ARE, however, ARE 

activity was significantly greater in hypoxia, indicating that Trx-2 siRNA MEFs 

incur greater oxidative stress in hypoxia, consistent with EM analysis, viability 

measurement, and ROS production observed in hypoxia in these cells. 
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3.  To investigate the role of ROS in hypoxia. 

 The goal of the third specific aim was to understand the role of increased 

ROS production in hypoxia.  Using cells depleted of mitochondrial DNA, 

transcription factor activation was determined.  Specifically, HIF-1/HRE and Nrf-

2/ARE activity were investigated in A549 lung adenocarcinoma and their 

mitochondrial DNA-depleted counterparts, ρ0-A549 cells.  Studies of ROS 

production and transcription factor activation were carried out in normoxia and 

hypoxia, and additional squamous cell carcinoma (SCC) cell lines, COLO-16, ρ0-

COLO-16, SRB-12, and ρ0-SRB-12, were used to compare to A549 and ρ0-A549 

cells.   

 Goal 1: Initial observations indicated that A549 parent cells grew more 

quickly than ρ0-A549 cells, prompting growth studies in order to achieve proper cell 

plating for future experiments.  Once growth rates were determined, A549 and ρ0-

A549 cells were incubated in normoxia or hypoxia and lucigenin 

chemiluminescence was used to measure ROS levels.  Hypoxic A549 cells showed 

significant increases in ROS production compared to normoxic A549 cells, while 

ρ0-A549 cells showed very little ROS production in either environment.  These 

results confirmed that ρ0-A549 cells are deficient in mitochondrial respiration since 

the ETC in mitochondria is responsible for the majority of O2.- radicals produced in 

cells (Muller et al., 2004; Miller et al., 1996).   

 Goal 2: A549 and ρ0-A549 cells were investigated for Nrf-2/ARE 

activation in both normoxia and hypoxia.  Loss of Nrf-2/ARE activity was observed 
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in normoxic and hypoxic ρ0-A549 cells, indicating that mitochondrial ROS may 

play a significant role in ARE activation.  In addition, HIF-1/HRE activity, which is 

normally only induced in hypoxia, was measured in all parent and ρ0 cell lines, and 

it was found that in all ρ0 cells, there was a significant loss of HIF-1/HRE activity in 

hypoxia.  To investigate whether mitochondrial ROS destabilization of HIF-1α

protein under hypoxia was the underlying reason for loss of HIF-1/HRE activity, 

Western blot analysis was used to measure HIF-1α protein expression in normoxia 

and hypoxia in A549, ρ0-A549, COLO-16, and ρ0-COLO-16 cells.  At the same 

time, the effect of whole cell ROS on HIF-1α protein stabilization in hypoxia was 

also examined in both cells lines and cell types using N-acetyl-L-cysteine (NAC), 

which acts as a global scavenger of ROS.  It was discovered that HIF-1α protein is 

expressed in hypoxia in both parent and ρ0 cells, despite the loss of HIF-1/HRE 

activity in ρ0 cells in hypoxia.  Treatment of all cells with NAC in hypoxia resulted 

in HIF-1α protein destabilization, indicating that whole cell ROS, not mitochondrial 

ROS, are necessary for HIF-1α protein stabilization in hypoxia.  Overall, these 

results support a role for mitochondrial ROS in the activation of Nrf-2/ARE and 

HIF-1/HRE under hypoxia, but that cytoplasmic ROS are more important for HIF-

1α protein expression in hypoxia. 
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CHAPTER 2 

 

Experimental Procedures 

 

Chemicals and reagents 

 All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, 

MO) unless noted otherwise.  A549 and ρ0-A549 non small cell lung cancer cells, 

chosen because of their previously reported use in ROS studies (Schroedl et al.,

2002), were characterized and provided by David W. Kamp, MD, Professor of 

Medicine, Northwestern University Feinberg School of Medicine, Division of 

Pulmonary and Critical Care Medicine, Chicago, Illinois.  COLO-16, ρ0-COLO-16, 

SRB-12, and ρ0-SRB-12 cells were characterized and provided by Dr. Reuben 

Lotan, MS, University of Texas, MD Anderson Cancer Center, Department of 

Thoracic/Head and Neck Medical Oncology.   

 

Antibodies 

 Anti-Trx-2, TrxR-2, Grx-2, and Prdx-3 rabbit polyclonal antibodies were 

generated previously in the Powis lab (Nonn et al., 2003a).  Anti-HIF-1α mouse 

monoclonal was purchased from BD Transduction Laboratories (San Diego, CA).   
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Statistical Analysis 

 All statistics were performed using Microsoft Office Excel.  Data and 

parameters were set for each analysis and the appropriate statistical macro functions 

were utilized to perform calculations.  Standard deviation was measured to 

determine the extent to which values were dispersed from the mean.  A paired two-

sample student’s t-test was used to determine whether two treatment groups were 

statistically different by generating a pooled variance, which is an accumulated 

measure of the spread of data about the mean.  This indicates whether the calculated 

mean and standard deviation actually deviate from the real mean and standard 

deviation.  T-test values below p < 0.05 were considered to be statistically 

significant. 
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In Vitro Techniques 

 

Cell culture 

 All media was purchased from HyClone (Logan, UT).  A549 and ρ0-A549 

cells were cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM), 

10% FBS (Invitrogen, Carlsbad, CA), 100x pen/strep, 250mcg/ml ampB.  Added to 

ρ0-A549 media was 25mMol HEPES, 100µg/ml sodium pyruvate, 50µg/ml uridine, 

and 5µg/ml ethidium bromide.  COLO-16 and SRB-12 parent cells were maintained 

in Keratinocyte SFM media supplemented with 25mg bovine pituitary extract and 

2.5µg hEGF (Invitrogen, Carlsbad, CA).  ρ0-COLO-16 and ρ0-SRB-12 cells were 

cultured in DMEM, 10% FBS, 25mMol HEPES, 100µg/ml sodium pyruvate, 

50µg/ml uridine, and 5µg/ml ethidium bromide.  All cells were washed twice with 

phosphate-buffered saline (PBS) before trypsinizing, seeded at an average ratio of 

1:2, maintained at 370C and 5% CO2, and media on all rho cells was changed every 

other day.  For experimental procedures in hypoxia, a BioTrace INVIVO2 400 

hypoxia chamber (Biotrace International Inc., Cincinnati, OH) was utilized and 

reoxygenation was avoided by culturing and collecting cells in the hypoxic 

environment when necessary.  HT-29 colon cancer cells were grown in McCoy’s 

media containing 10% FBS (Invitrogen, Carlsbad, CA) and SKBR3 breast cancer 
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cells were maintained in DMEM and 10% FBS.  Wild-type mouse embryonic 

fibroblasts (MEFs) previously isolated from Trx-2 mice and frozen down at -800C

were thawed and cultured in T-25 flasks coated with porcine gelatin and maintained 

in DMEM containing 20% FBS, 100x pen/strep, 1mM sodium pyruvate, and 

50µg/ml uridine.   

 

Growth studies 

 A549 and ρ0-A549 cells were counted and plated in triplicate in 6-well 

plates at   1 x 104 cells per well on Day 0.  Cells were covered with media, placed in 

either normoxia or hypoxia, and were allowed to adhere and grow on Day 1.  On 

Day 2 one plate of each cell type was counted, and since cells were plated in 

triplicate for each day, three wells of each cell type in normoxia and hypoxia were 

trypsinized, stained with trypan blue, and counted using a hemocytometer.  Cell 

numbers were averaged for each day and the study was carried out over seven days.   

 

ROS measurement in A549 and ρ0-A549 cells  

A549 and ρ0-A549 cells were seeded at 1.25 x 105 in 6-well plates and 

incubated in either normoxia or hypoxia for 16 hours.  Cells were then incubated 

with 250µM lucigenin in 1mMol HEPES and chemiluminescence was measured 

using a Zylux Femtomaster FB12 tube luminometer (Zylux Corp., Maryville, TN).  

Data are normalized to cell number. 
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DCF fluorescence 

 Cells were seeded onto slides and allowed to adhere for 1 hour in either 

normoxia or hypoxia.  One slide was treated with 100 µM TBHP for 30-60 minutes.  

Mitotracker Red (Invitrogen, Molecular Probes, Carlsbad, CA) was added at a 

concentration of 500 nM and cells were incubated for an additional 30 minutes.  

Cells were washed with 1x PBS and 25 µM DCF was added to cells following the 

Image-IT kit protocol (Invitrogen, Molecular Probes, Carlsbad, CA).  Cells were 

incubated for 30 minutes in the dark in the presence of DCF and 1 µl Hoechst 

33342 was added for the last 10 minutes of incubation.  Cells were washed with 1x 

PBS and coverslips were applied using Vectashield Hardmount (Vector Labs, 

Burlingame, CA).  Slides were kept in the dark and DCF acquisition lasted 

approximately one minute to avoid auto-fluorescence.   

 

Dual-luciferase assays for wild-type and rho cells 

A549, ρ0-A549, COLO-16, ρ0-COLO-16, SRB-12, and ρ0-SRB-12 cells 

were seeded at 1.25 x 105 in 6-well plates and co-transfected with HRE, ARE, or 

control DNA in combination with renilla.  Renilla is used to control for transfection 

efficiency.  Twenty-four hours following transfection of cells, media volume was 

adjusted, and after a total of forty-eight hours following transfection, cells were 

placed in either normoxia or hypoxia for 16 hours.  Cells were lysed using Passive 

Lysis Buffer (Promega, San Luis Obispo, CA).  Luciferase activity was measured 

following the Promega Dual-Luciferase Assay protocol (Promega, San Luis Obispo, 
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CA) and samples were read using a Zylux Femtomaster FB12 tube luminometer 

(Zylux Corp., Maryville, TN). 

 

HIF-1αWestern blot analysis 

A549, ρ0-A549, COLO-16, and ρ0-COLO-16 cells were seeded in T-75 

flasks and allowed to adhere for twenty-four hours in normoxia.  Cells were either 

left untreated or were treated with 2mM N-acetyl-L-cysteine (NAC), or co-treated 

with NAC and MG-132, and placed in either normoxia or hypoxia for an additional 

16 hours.  Cells were then washed in ice-cold PBS, and nuclear and cytoplasmic 

lysates were collected using a NE-PER Nuclear and Cytoplasmic Extraction Kit 

(Pierce Biotechnology, Rockford, IL).  Protease inhibitors (Pierce Biotechnology, 

Rockford, IL) were added to the necessary CERII and NER kit reagents (Pierce 

Biotechnology, Rockford, IL) to prevent protease degradation of protein lysates.  

Protein was quantified using BioRad Protein Reagent (BioRad Laboratories, Inc., 

Hercules, CA), and proteins were separated by SDS-PAGE electrophoresis and 

transferred to a PVDF membrane (NEN, Boston, MA).  The membrane was then 

incubated with anti-HIF-1α mouse monoclonal antibody overnight at 40C, followed 

by horseradish peroxidase-conjugated anti-mouse secondary antibody, 1 hour at 

room temperature.  Western Lightening chemiluminescence (NEN, Boston, MA) 

and autoradiography were used to visualize results. 
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siRNA transfection 

 Wild-type MEFs, HT-29, SKBR3, A549, and ρ0-A549 cells were transfected 

with either a general scrambled siRNA (siScr), Trx-2 specific siRNA (siTrx-2), 

Prdx-3 specific siRNA (siPrdx-3), or co-transfected with siTrx-2/siPrdx-2, or siTrx-

2/siGrx-2 (Dharmacon, Lafayette, CO).  Briefly, 250µls of 2µM siRNA was added 

to an equal volume of serum-free media and incubated for 5 minutes at room 

temperature.  DharmaFECT reagent #1 in serum-free media was added to the 

siRNA solution.  Transfection reagent and siRNA were incubated together for 20 

minutes and then added to 4mls growth medium.  Cells, seeded at 3.4 x 105 cells per 

T-25 flask or 1 x 105 per 6-well plate, were incubated for 24 hours and then medium 

removed and replaced with the transfection reagent and siRNA solution in growth 

medium.  The final concentration of siRNA was 100nM. 

 

Reverse-transcription PCR 

Seventy-two hours following siRNA transfection, total RNA was collected 

from cells using Trizol Reagent (Invitrogen, Carlsbad, CA).  50ng of RNA from 

each sample were used for RT-PCR analysis, which was performed on an ABI 

Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA).  

Primer/probes for human or mouse Trx-2, Prdx-3, Grx-2, TrxR-2, and MnSOD 

were purchased from Applied Biosystems pre-designed primer/probe kits (Foster 

City, CA). 
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Trx-2, Prdx-3, TrxR-2, and Grx-2 Western blot analysis 

Seventy-two hours following siRNA transfection, cells were washed in ice-

cold PBS and resuspended and incubated in ice for 20 minutes in Cell Disruption 

buffer (Ambion, Austin, TX) containing protease inhibitors.  Membranes were 

cleared by centrifugation and protein quantified using BioRad Protein Reagent 

(BioRad Laboratories, Inc., Hercules, CA).  Proteins were separated by SDS-PAGE 

electrophoresis and transferred to a PVDF membrane (NEN, Boston, MA).  The 

membrane was then incubated with anti-Trx-2 rabbit polyclonal antibody, Prdx-3 

rabbit polyclonal antibody, TrxR-2 rabbit polyclonal (Nonn et al., 2003a), Grx-2 

rabbit polyclonal antibody, or Actin goat polyclonal overnight at 40C, followed by 

horseradish peroxidase-conjugated anti-rabbit secondary antibody, 30 minutes at 

room temperature.  Western Lightening chemiluminescence (NEN, Boston, MA) 

and autoradiography were used to visualize results. 

 

Electron microscopy cell preparation for siRNA MEFs 

Wild-type MEFs were seeded in a T-25 flask and transfected with Trx-2 

siRNA.  After 48 hours, cells were either placed under hypoxia or normoxia at 370C

for 4 hours.  Media was decanted, cells were washed with cold PBS, and fixed for 

20 minutes at room temperature in 3% glutaraldehyde in 0.1M cacodylate buffer 

added in equal volume to PBS.  Cells were then scraped out of the culture flask, 

pelleted, and resuspended in 1ml of fixative solution. 
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siRNA MEFs reactive oxygen species measurement 

Wild-type MEFs were seeded at 1 x 105 in 6-well plates and transfected with 

either control siScr or siTrx-2 siRNA.  Forty-eight hours following transfection, 

siScr and siTrx-2 MEFs were incubated in either normoxia or hypoxia for 16 hours.  

MEFs were then incubated with 250µM lucigenin (Sigma, St. Louis, MO) in 

1mMol HEPES and chemiluminescence was measured using a Zylux Femtomaster 

FB12 tube luminometer (Zylux Corp., Maryville, TN).  Data were normalized to 

cell number. 

 

Dual-luciferase assay for siRNA cells 

Wild-type MEFs, A549, or ρ0-A549 cells were seeded in 6-well plates and 

co-transfected with siScr or siTrx-2 and ARE or control DNA in combination with 

renilla.  Forty-eight hours following transfection MEFs were placed in either 

normoxia or hypoxia for 16 hours.  Cells were lysed using Passive Lysis Buffer 

(Promega, San Luis Obispo, CA).  Luciferase activity was measured following the 

Promega Dual-Luciferase Assay protocol (Promega, San Luis Obispo, CA) using a 

Zylux Femtomaster FB12 tube luminometer (Zylux Corp., Maryville, TN). 

 

Cell cycle analysis for siRNA cells 

 Cells were seeded at 1.25 x 105 cells per well in a 6-well plate and 

transfected with siRNA.  Forty-eight hours following transfection, cells were 

trypsinized, counted, and pelleted at 3,000 x g at 40C in PBS.  PBS was aspirated 

off and cells were resuspended in 70% ice-cold ethanol to fix and permeabilized 
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cells, and incubated for at least two hours.  Cells were the pelleted, ethanol was 

decanted, and cells were resuspended in PBS and pelleted.  Cells were then 

resuspended in 1 ml of propidium iodide (PI) solution (0.1% Triton-X 100 in PBS, 

2 mg DNase-free RNase A, and 1 mg/ml PI) and incubated for thirty minutes before 

being taken for flow cytometric analysis at the Arizona Cancer Center.   
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In Vivo Techniques 

 

Trx-2 knockout mouse generation 

Trx-2 knockout mice were generated as previously reported (Nonn et al.,

2003a).  Briefly, founder mice were generated by Lexicon Genetics (Lexicon 

Genetics, The Woodlands, TX).  A retroviral vector, created by cloning into a pGen 

vector and packaging by GP-E86 cells, was introduced to embryonic stem cells 

through retroviral infection, which were then injected into C57BL/6 blastocysts and 

implanted in pseudopregnant females (Nonn et al., 2003a).   

 

DNA isolation and genotyping 

To maintain a Trx-2(-/+) mouse population for breeding, mice were tail 

tipped and ear tagged by 3 weeks of age.  DNA was isolated using the Qiagen 

DNeasy kit (Qiagen, Valencia, CA.) and two PCR reactions were performed.  The 

first reaction was carried out using a forward primer within the LTR2 insertion (5’-

AAATGGCGTTACTTAAGCTAGCTTGC-3’) and a reverse primer in 

chromosome 15, downstream of the insertion (5’-

GGCATGCAATAGGAAGTCACAC-3’).  In the second reaction, the forward 

primer was in chromosome 15 upstream of the insertion (5’-
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CCTTCTAACTTAACGTCTATTCAGT-3’) and a reverse primer in chromosome 

15 downstream from the insertion (5’-GGCATGCAATAGGAAGTCACAC-3’).   

 

MEF isolation 

Female and male heterozygous mice were bred and pregnant females were 

sacrificed using halothane at ED 9.5.  Uteri were dissected from pregnant mice and 

embryos were dissected out under a stereoscopic microscope.  The embryos were 

incubated in 0.05% trypsin for twenty minutes at 370C, with pipeting at five minute 

intervals to separate cells.  Cells were then washed twice in phosphate buffered 

saline (PBS) plated in parallel 24-well plates and incubated in high glucose DMEM 

containing 20% FBS, 100x pen/strep, 1mM sodium pyruvate, and 50µg/ml uridine.  

Twenty-four hours following dissection and adherence to cell culture plates, one 

plate was used for isolation of DNA from the mouse embryonic fibroblasts (MEFs).  

PCR analysis was performed to determine the genotype of each embryo dissected. 

 

Electron microscopy cell preparation 

Cells were seeded at 3 x 106 in a T-25 flask.  After 24 hours, cells were 

either placed under 1% O2 (hypoxia) using a Biotrace INVIVO2 400 hypoxia 

chamber (Biotrace International Inc., Cincinnati, OH) or in 21% O2 (normoxia) at 

370C for 4 hours.  Media was decanted, cells were washed with cold PBS, and fixed 

for 20 minutes at room temperature in 3% glutaraldehyde in 0.1M cacodylate buffer 

added in equal volume to PBS.  Cells were then scraped out of the culture flask, 

pelleted, and resuspended in 1ml of fixative solution. 
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Cytochrome c Immunofluorescence 

 MEFs were seeded onto BD Cell-Tak (BD Biosciences, San Jose, CA) 

coated slides, covered with warm media, and incubated for one hour at 370C and 

5% CO2. Thirty minutes into the incubation period, 500 nM Mitotracker Red 

(Invitrogen, Molecular Probes, Carlsbad, CA) was added, and the incubation was 

continued for the remaining thirty minutes to allow time for the cells to take up the 

mitochondrial dye.  Media was pipetted off and 16% formaldehyde was added and 

cells were fixed for twenty minutes at room temperature.  Slides were washed with 

1xPBS and cells were permeabilized for twenty minutes using a solution of 0.1% 

TritonX-100, PBS, and 200mM glycine, followed by three more washes in 1xPBS.  

Slides were then incubated in 5% normal goat serum (NGS) for thirty minutes, and 

incubated with anti-holo-cytochrome c (Trevigen, Gaithersburg, MD).  Slides were 

washed, blocked with 5% NGS, and incubated with chicken anti-mouse 488 and 

DAPI nuclear stain for thirty minutes.  Slides were washed and a coverslip was 

applied using Vectashield Hardmount (Vector Labs, Burlingame, CA). 
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CHAPTER 3 

 

Investigation of the role of mitochondrial thioredoxin-2 in mitochondrial 

integrity, oxidative stress, and antioxidant response element activation 

 

Introduction 

 

Mitochondria contain multiple antioxidant enzymes that remove excess 

levels of reactive oxygen species (ROS) produced by the electron transport chain 

(ETC) during normal respiratory processes (Boveris et al., 1973).  Thioredoxin-2 

(Trx-2) and glutaredoxin-2 (Grx-2) are mitochondrial thiol-disulfide 

oxidoreductases that are members of the thioredoxin superfamily characterized by a 

thioredoxin-fold structural motif and a Cys-X-X-Cys redox active site (Beer et al.,

2004; Holmgren et al., 1989).   

 The Trx-2 antioxidant pathway uses NADPH as the initial electron donor for 

mitochondrial thioredoxin reductase-2 (TrxR-2) which reduces oxidized Trx-2.  

Trx-2 then reduces peroxiredoxin-3 (Prdx-3) which reduces H2O2 to water (Spyrou 

et al., 1997; Miranda-Vizuete et al., 1997; Chae et al., 1994; Chae et al., 1999).  

Overexpression of Trx-2 protects cells against apoptosis through increased 
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mitochondrial membrane potential, increased scavenging of H2O2 and prevention of 

mitochondrial damage (Chen et al., 2002; Damdimopolous et al., 2002).  Cells that 

overexpress Trx-2 are significantly more sensitive to treatment with rotenone, a 

complex I inhibitor of the electron transport chain (ETC), which was reversed by 

treatment with oligomycin, suggesting that Trx-2 can effect ATP synthase activity 

(Damdimopoulos et al., 2002). 

Decreased expression of Trx-2 has recently been reported to lead to 

decreased Bcl-xL protein expression and hypothesized to influence mitochondrial 

outer membrane permeability (Wang et al., 2006).  When Trx-2 is completely 

knocked out in mice, it is lethal and knockout embryos do not survive past 

embryonic day (ED) 10.5, displaying caspase-3 activation throughout the whole 

embryo, massive apoptosis, and exencephaly (Nonn et al., 2003a).  The timing of 

lethality in Trx-2(-/-) embryos coincides with a movement from glycolysis to the 

start of oxidative phosphorylation and the generation of ROS in mouse 

development.   

 Cells respond to oxidative stress by activation of the antioxidant response 

element (ARE) which is found in the promoter regions of many antioxidant and 

detoxification genes that function to maintain the reducing environment within the 

cell (Alam et al., 2003; Rushmore et al., 1991).  Genes containing an ARE are 

activated when the nuclear factor erythroid 2-related factor 2 (Nrf-2) is released 

from binding in the cytoplasm to the regulatory protein, Keap-1 (Ishii et al., 2004;

Qiang et al., 2004; Lee et al., 2003; Thimmulapa et al., 2002; Kang et al., 2004).  

Nrf-2 then translocates into the nucleus to increase expression of antioxidant genes 
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(Itoh K et al., 2003; Thimmulapa et al., 2002; Kwak et al., 2003; Lee et al., 2002).  

This provides the cell with the ability to scavenge the excess ROS and to prevent 

cell death.  A relationship between mitochondrial ROS and ARE activation has not 

yet been established, however, it seems a likely mechanism for mitochondrial 

protection against ROS-inflicted damage. 

 In order to investigate the mechanism by which Trx-2 influences 

mitochondrial function and protection against oxidative stress, we have studied Trx-

2(-/-) embryos and wild-type mouse embryonic fibroblasts (MEFs) transfected with 

Trx-2 siRNA.  Electron microscopy demonstrates that Trx-2 is required to maintain 

mitochondrial integrity in vivo and in vitro. Loss of Trx-2 leads to accumulation of 

ROS and ARE activation in MEFs, especially when these cells are cultured in 

hypoxia. 
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Results 

 

Mitochondrial damage in Trx-2(-/-) MEFs and in siTrx-2 MEFs 

The recovery of ED 9.5 embryos resulting from the cross of Trx-2(+/-) mice 

was 32% for Trx-2(+/+) embryos and 9% for Trx-2(-/-) embryos, suggesting that 

there was significant loss of these embryos prior to ED 9.5 (Table 1).  Trx-2(+/-) 

and Trx-2(+/+) MEFs survived and proliferated in normoxia and hypoxia (1% 

oxygen).  Trx-2(-/-) MEFs derived from Trx-2(-/-) embryos did not survive in 

normoxia, but survived, although did not proliferate, when isolated and cultured in 

hypoxia (Nonn et al., 2003a).  Electron microscopy (EM) analysis of the Trx-2(+/+) 

MEFs showed normal mitochondrial structure in hypoxia and normoxia (Figure 

3.1, B and D).  Trx-2(-/-) MEFs had normal mitochondria under hypoxia and 

extensive mitochondrial destruction after only 4 hours of exposure to normoxia 

(Figure 3.1, A and C).  Mitochondrial structure was severely compromised under 

hypoxia in wild-type MEFs transfected with Trx-2 siRNA while mitochondria in 

control siScr MEFs appeared normal in hypoxia (Figure 3.1, E and F).  Under 

normoxic cell culture conditions, siTrx-2 MEFs showed minor mitochondrial 

protein aggregation and siScr MEFs appeared normal (Figure 3.1, G and H).  Both 

in vivo and in vitro, the mitochondrial destruction observed was characterized by 

the loss of cristae, the inner folds of the mitochondria that house many of the  



61

 

Table 3.1 Trx-2 Embryo Recovery from Trx-2(-/+) Crossing 

 # of 9.5dpc embryos Fraction total 

embryos 

Percent total 

embryos 

Trx-2 (+/+) 164 0.325 32.5 

Trx-2 (+/-) 296 0.587 58.7 

Trx-2 (-/-) 44 0.087 8.7 

Table 3.1  Genotypes of Trx-2 (+/+), (+/-), and (-/-) embryos represented as 

number, fraction, and percent of total embryos recovered after a cross between a 

Trx-2(-/+) female and a Trx-2(-/+) male.  Data collected from 68 Trx-2(-/+) crosses. 
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Figure 3.1 Electron microscopy of Trx-2 MEFs and siTrx-2 MEFs.  (A) Trx-

2(+/+) MEFs under hypoxia and (C) after 4 hr exposure to normoxia.  (B) Trx-2(-/-) 

MEFs under hypoxia and (D) Trx-2(-/-) MEFs exposed to normoxia for 4 hrs.  (E) 

siScr MEFs mitochondria appear normal under hypoxia, and (G) normoxia.  (F) 

siTrx-2 MEFs under hypoxia, and (H) after 4 hr exposure to normoxia.  Arrows 

indicate typical mitochondria in each cell type.  Black bars equivalent to 0.5µm.   
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Figure 3.2 Trx-2(-/-) MEFs express cytochrome c.  Left panel shows Mitotracker 

Red staining.  Right panel shows cytochrome c staining.  Bottom panel shows 

merge of Mitotracker Red and cytochrome c. 

 Mitotracker Red   Cytochrome c 

 Merge 
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proteins involved in cellular respiration, and also by protein aggregates and calcium 

deposits in the mitochondrial matrix.  The results demonstrate that Trx-2(-/-) 

lethality could be caused by a loss of mitochondrial integrity.  This type of 

mitochondrial disorganization is associated with respiratory chain dysfunction in 

coenzyme-Q (coq7/clk-1) deficient C. elegans, mitochondrial transcription factor A 

(Tfam) deficient mice, cybrid cytochrome c oxidase mutants, and a human case of 

mitochondrial encephalomyopathy, suggesting that Trx-2 deficiency is 

morphologically consistent with respiratory dysfunction (Nakai et al., 2001; 

Larsson et al., 1998; Nakada et al., 2001; Perez-Atayde et al., 1998).   

 

Trx-2(-/-) embryos have cytochrome c 

 Since Trx-2 has been associated with cytochrome c, the presence of 

cytochrome c in Trx-2(-/-) embryos was investigated.  For these experiments, cells 

were incubated with Mitotracker Red, an anti-cytochrome c antibody, and a 

fluorescent secondary antibody.  The data show that Trx-2(-/-) MEFs express 

cytochrome c in hypoxia, and that it is localized to the mitochondria (Figure 3.2).  

These results indicate that loss of Trx-2 in mouse embryos does not alter 

cytochrome c expression and that redox mechanisms may be what drive the 

suspected relationship between Trx-2 and cytochrome c.     
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Knockdown of Trx-2 using siRNA 

Obtaining sufficient Trx-2(-/-) MEFs was difficult due to the small numbers 

of knockout embryos recovered, which is a common characteristic in knockouts of 

functionally important mitochondrial proteins (Nakai et al., 2001; Copin et al.,

2000; Ho et al., 2004; Conrad et al., 2004).  In order to facilitate investigation into 

the role of Trx-2, wild-type MEFs were transiently transfected with siTrx-2 siRNA.  

Trx-2 mRNA expression was decreased to 12.4%, p<0.001, of control values 72 

hours following transient siTrx-2 transfection (Figure 3.3A).  TrxR-2 and Prdx-3 

expression in the siTrx-2 transfected MEFs was not significantly different from 

wild type MEFs (Figure 3.3A).  Trx-2 protein expression was also decreased in 

siTrx-2 MEFs while TrxR-2 and Prdx-3 protein expression was unchanged (Figure 

3.3B).  The impact of decreased Trx-2 expression on apoptosis has been shown to 

be related to decreased cell survival, cytochrome c release and apoptosis 

(Damdimopoulos et al., 2002; Wang et al., 2006).  Apoptosis measured by cleaved 

caspase-3 confirmed apoptosis in siTrx-2 MEFs, but no detectable apoptosis in 

wild-type or siScr MEFs (Figures 3.4A, 3.4B, and 3.4C).  To measure the effect of 

Trx-2 siRNA on cell viability, cells were stained with trypan blue and counted 

following 48 hour siRNA transfection and an additional 16 hour exposure to 

normoxia or hypoxia.  This is the first time that the influence of hypoxia on cell 

survival in the loss of Trx-2 expression has been reported.  siTrx-2 MEFs exposed 

to normoxia demonstrated a 170% increase (p<0.05) in the number of non-viable 

cells at 72 hours following transfection with Trx-2 siRNA, compared to siScr and 

wild-type MEFs (Figure 3.4D).  When Trx-2 siRNA treated MEFs were introduced  



67

0

50

100

150

200

250

Pe
rc

en
tC

on
tro

lm
RN

A
Ex

pr
es

sio
nA. 

 

B. 
 

Figure 3.3 Mitochondrial antioxidant expression in Trx-2 siRNA MEFs.  Bars 

normalized to hydroxymethylbilane synthase (HMBS).  (A) Real-time RT-PCR 

analysis of Trx-2, TrxR-2, and Prdx-3.  N=3 experiments; control vs. siTrx-2: *p< 

0.001.  (B) Western blot analysis of Trx-2, TrxR-2, and Prdx-3 protein expression 

in siTrx-2 MEFs.  Actin represents loading control. 
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Figure 3.4 Immunofluorescence of cleaved caspase-3 and trypan blue viability of 

siTrx-2 MEFs.  (A) Cleaved caspase-3 staining in wild-type MEFs following 16 

hour exposure to normoxia, (B) siScr MEFs, (C) siTrx-2 MEFs.  (D)  Trypan blue 

staining of wild-type, siScr, and siTrx-2 MEFs following 16 hour exposure to 

normoxia or hypoxia.  N=3 experiments; normoxic wild-type vs. normoxic siTrx-2: 

*p<0.05; hypoxic wild-type vs. hypoxic siTrx-2: **p<0.001. 

 WT siScr         siTrx-2        WT           siScr          siTrx-2 

*

**
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to hypoxia following transfection, there was a 380% increase (p<0.001) in the 

number of non-viable cells compared to controls (Figure 3.4D).  It is likely that the 

residual amount of Trx-2 remaining in Trx-2 siRNA MEFs following transfection 

provides enough antioxidant protection to permit survival of these cells both in 

normoxia and hypoxia.   

 

ROS levels and ARE activity in siTrx-2 cells 

Inhibiting Trx-2 expression in MEFs indicated that oxidative stress plays a 

large role in causing mitochondrial damage and reducing cell viability, especially in 

hypoxia.  When superoxide levels were measured in Trx-2 siRNA MEFs, a 51% 

increase (p<0.05) was observed in normoxia and an 88% increase (p<0.001) was 

observed in hypoxia (Figure 3.5).  There was no significant increase in ROS 

formation by either normoxia or hypoxia in wild-type or wild-type MEFs treated 

with scrambled siRNA.  These results are indicative of the antioxidant role of Trx-2 

and were expected as increased ROS levels in the presence of decreased Trx-2 have 

been well established (Damdimopoulos et al., 2002; Wang et al., 2006).  Hypoxia 

appears to play a significant role in decreasing viability of siTrx-2 MEFs, 

presumably through the resulting increase in ROS levels.  Oxidative stress can have 

a significant impact on cell signaling pathways in the cytosol and the relationship 

between decreased Trx-2 expression and nuclear antioxidant signaling has not yet 

been established (Barrett et al., 1999; Lee et al., 1998; Ohba et al., 1994;

Griendling et al., 1994; Lee et al., 1996; Ushio-Fukai et al., 1998; Thannickal et al.,

2000).  To investigate the effect of Trx-2 deficiency on nuclear antioxidant 
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signaling, a dual luciferase activity assay was used to measure ARE activity in Trx-

2 siRNA MEFs.  Wild-type and siScr treated MEFs showed no change in ARE 

activity in hypoxia compared to normoxia, but Trx-2 siRNA treated MEFs showed 

a 235% increase (p<0.001) in ARE activity in normoxia and 475% increase 

(p<0.001) in activity in hypoxia (Figure 3.6A).  To isolate mitochondrial ROS as 

the reason for increased ARE activation in siTrx-2 MEFs, we compared Trx-2 

siRNA transfected A549 cells to their mitochondrial DNA-depleted counterparts, 

termed ρ0-A549 cells, also transfected with Trx-2 siRNA.  The genes encoded by 

mitochondrial DNA compose several complexes of the electron transport chain, 

which is responsible for the majority of ROS generated within the cell during 

cellular respiration (Boveris et al., 1973).  The ρ0-A549 cell line that we used was 

created by deliberate treatment with doses of ethidium bromide below nuclear DNA 

toxicity levels, and has been previously reported as producing minimal levels of 

ROS (Panduri et al., 2005).  ARE activity in Trx-2 siRNA transfected A549 lung 

cancer cells was increased 34% (p<0.001) in normoxia and 170% (p<0.001) in 

hypoxia compared to A549 scrambled siRNA control cells (Figure 3.6B). 

In contrast, Trx-2 siRNA transfected ρ0-A549 cells showed no significant 

ARE activity in either normoxia or hypoxia compared to A549 Trx-2 siRNA 

transfected cells.  These results identify mitochondrial ROS as the contributing 

factor to activation of the ARE and indicate that loss of Trx-2 can potentially 

influence the expression of other mitochondrial antioxidants. 
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Figure 3.5 Lucigenin chemiluminescence of siTrx-2 MEFs.  Bars normalized to 

percent of normoxic wild-type MEFs.  N=3 experiments; normoxic siScr vs. 

normoxic siTrx-2: * p<0.001; normoxic siTrx-2 vs. hypoxic siTrx-2: ** p<0.05. 
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Figure 3.6 Nrf-2/ARE luciferase activity in Trx-2 siRNA MEFs, A549, and ρ0-

A549 cells.  (A)  Percent ARE activity in siTrx-2 MEFs.  Bars normalized to 

normoxic wild-type MEFs.  N=3 experiments; normoxic siScr vs. normoxic siTrx-

2: * p<0.05; normoxic siTrx-2 vs. hypoxic siTrx-2: ** p<0.001.  (B)  Percent Nrf-

2/ARE Luciferase activity in siTrx-2 A549 and siTrx-2 ρ0-A549 cells.  Bars 

normalized to normoxic siScr A549 cells.  N=3 experiments; normoxic siScr A549 

vs. normoxic siTrx-2 A549: *p<0.05; hypoxic siScr A549 vs. hypoxic siTrx-2 

A549: **p<0.001.  White bars = A549, Black bars = ρ0-A549.   

 B. 

siScr         +            -            +            -            +            -           +            -  
 
siTrx-2      -           +            -            +             -           +           -            + 
 
Hypoxia    -            -            -             -            +           +           +           +          

*

**



74

 

Discussion 

 

Trx-2 has been hypothesized to associate with cytochrome c, which plays a 

vital role in electron transport and apoptosis in the mitochondria (Wang et al., 2006,

Damdimopoulos et al., 2002, Nalvarte et al., 2004).  However, it has been shown in 

vitro that Trx-2 is unable to directly reduce cytochrome c while TrxR-2 does 

possess this ability, and can do so using either NADH or NADPH (Nalvarte et al.,

2004).  Additionally, overexpression of TrxR-2 results in resistance to inhibitors of 

complex III in the ETC (Nalvarte et al., 2004).  Complex III transfers electrons 

from cytochrome b to cytochrome c, which is responsible for carrying electrons to 

cytochrome c oxidase (CcO).  In the event that cytochrome c becomes irreversibly 

oxidized, electrons will not be transferred to CcO for their eventual transfer to 

molecular oxygen, thereby disrupting cellular respiration.  Our lab has previously 

reported that Trx-2(-/-) embryos do not express TrxR-2 protein, and we propose that 

this leads to an irreversible oxidation of cytochrome c, rendering complex III in 

Trx-2(-/-) embryos non-functional (Figure 3.7) (Nonn et al., 2003a; Nalvarte et al.,

2004).  When Trx-2(-/-) embryos are required to switch to oxidative 

phosphorylation during development, in combination with the introduction of 

oxidative stresses, such as exposure to hyperoxia in the placenta (Kingdom et al.,

1997), the embryos can no longer survive since they cannot respire or protect 



75

themselves against oxidative stress.  This complex III dysfunction can explain the 

differences observed between Trx-2(-/-) embryos and Trx-2 siRNA transfected 

MEFs.  Mitochondria of MEFs isolated from Trx-2(-/-) embryos cultured in 

hypoxia did not show signs of oxidative stress.  This could be due to either 

irreversible oxidation of cytochrome c or incomplete formation of complex III, both 

of which may significantly reduce the potential for hypoxia-induced redox cycling 

and ROS production, similar to mitochondrial DNA-depleted cells that do not 

contain a functional ETC (Miller et al., 1996; Panduri et al., 2005).  When Trx-2(-/-

) MEFs were placed in normoxia, they were unable to survive because they 

experienced a similar situation to the switch to oxidative phosphorylation in 

embryonic development.  Overall, the most influential factor effecting survival of 

MEFs from Trx-2(-/-) embryos in normoxia is exposure to oxidative stress.  

Mitochondria of Trx-2 siRNA transfected MEFs cultured in hypoxia showed 

increased sensitivity to oxidative stress because of increased ROS production in 

hypoxia in these cells.  The potential for complex III redox cycling was probably 

closer to wild-type in Trx-2 siRNA MEFs because they expressed TrxR-2 mRNA 

and protein.  However, without the antioxidant defense of Trx-2, these cells were 

still sensitive to oxidative stress and reflected this in electron microscopy analysis.  

In normoxia, fewer ROS were produced in Trx-2 siRNA MEFs compared to 

hypoxia, viability improved, and mitochondrial damage was minor.  Residual Trx-2 

following transfection with siRNA is probably responsible for protecting cells from 

ROS-inflicted death and TrxR-2 expression likely plays a large role in the ability of  
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Figure 3.7 Role of Trx-2 in mitochondrial respiration and antioxidant defense.  

TrxR-2 is responsible for direct reduction of cytochrome c and reduction of Trx-2.  

Loss of TrxR-2 expression in Trx-2(-/-) embryos leads to loss of cellular respiration 

in addition to the primary loss of Trx-2, which results in lethal oxidative stress.  

CcO = cytochrome c oxidase.   
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Trx-2 siRNA MEFs to proliferate since cells utilizing oxidative phosphorylation 

grow more rapidly than anaerobic cells.  In Trx-2(-/+) mice, which survived and 

were phenotypically similar to wild-type mice, TrxR-2 protein was reduced to half 

of wild-type levels while TrxR-2 mRNA expression was the same as wild-type 

(Nonn et al., 2003a).  This provides further evidence that TrxR-2 expression in Trx-

2(-/-) embryos plays a significant role in permitting complex III functionality and 

ability of MEFs and embryos to grow. 

To strengthen the case for a role of Trx-2 in mitochondrial respiration, the 

type of early embryonic lethality and exencephaly observed in Trx-2(-/-) embryos 

was typical of lethal knockouts and mutants of proteins involved in mitochondrial 

respiration (Nakai et al., 2001; Larsson et al., 1998; Nakada et al., 2001; Perez-

Atayde et al., 1998).  The mitochondrial damage observed in Trx-2-deficient MEFs 

was similar to mitochondrial disorganization associated with respiratory chain 

dysfunction, suggesting that Trx-2 deficiency is morphologically consistent with 

respiratory dysfunction (Nakai et al., 2001; Larsson et al., 1998; Nakada et al.,

2001; Perez-Atayde et al., 1998).   

When siTrx-2 MEFs were cultured under hypoxia, significantly increased 

ROS levels and ARE activation were observed.  In addition, siTrx-2 MEFs 

demonstrated severe mitochondrial degradation in hypoxia.  These results indicate 

that cells with decreased Trx-2 expression, but normal TrxR-2 expression, are more 

susceptible to the oxidative environment created in hypoxia than wild-type MEFs.  

Following transfection of A549 and ρ0-A549 cells with Trx-2 siRNA and 

subsequent exposure to 16 hour hypoxia, we were able to determine that 
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mitochondrial ROS are necessary for ARE activation in Trx-2 deficiency and that 

ARE activation in our siTrx-2 cells is much greater in hypoxia than normoxia.  To 

our knowledge, this is the first time that evidence for a potential relationship 

between mitochondrial Trx-2 and ARE activation has been identified. 
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CHAPTER 4 

 

Investigation of Trx-2 deficiency, mitochondrial antioxidant compensation, 

and reactive oxygen species production 

 

Introduction 

 

Loss of Trx-2 resulted in increased ROS production and antioxidant 

response element activation (ARE) in both normoxia and hypoxia in wild-type 

mouse fibroblasts transfected with Trx-2 siRNA.  It is well understood that a 

mechanism by which cells adapt to high levels of ROS is through activation of the 

ARE.  Genes containing an ARE consensus sequence, 5’-TGACNNNGC-3’, 

become activated when the transcription factor, Nrf-2, is released from Keap-1 in 

the cytoplasm (Ishii et al., 2004; Qiang et al., 2004; Lee et al., 2003; Thimmulapa 

et al., 2002; Kang et al., 2004).  The ARE sequence is found in the promoter of 

antioxidant and detoxification genes, such as NAD(P)H: quinone oxidoreductase-1, 

aldose reductase, glutathione S-transferase, catalase-1, and heme oxygenase-1, 

which act to maintain the reducing environment within the cell (Alam et al., 2003;

Rushmore et al., 1991; Lee et al., 2003; Nishinaka et al., 2005).  In addition, growth 
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factors, such as fibroblast growth factor-13, signaling molecules, such as protein 

kinase-C β, and receptor and channel proteins, such as chloride channels, also 

contain consensus ARE sequences and have been shown to be induced by Nrf-2 in 

microarray studies (Lee et al., 2003).  In response to increased levels of ROS, 

Keap-1 releases Nrf-2, allowing it to translocate into the nucleus, providing the cell 

with the ability to scavenge excess oxygen radicals (Itoh et al., 2003; Thimmulapa 

et al., 2002; Kwak et al., 2003; Lee et al., 2002).  In the process of tumor 

development, the expression of antioxidants within the cell may become increased 

in an effort for the tumor to avoid potentially lethal levels of oxidative stress (Soini 

et al., 2006; Wang et al., 2005).  Since Nrf-2 binds to and induces antioxidant 

genes, it has been identified as a novel chemotherapeutic target (Lee et al., 2005). 

 The Trx-2 pathway in the mitochondria removes excess ROS produced by 

oxidative phosphorylation, however, there are multiple antioxidants within the 

mitochondria (Beer et al., 2004; Holmgren et al., 1989).  The mitochondrial 

antioxidant, Grx-2, also a member of the thioredoxin superfamily, acts to reduce 

protein disulfides, and uses NADPH, glutathione (GSH), or glutathione reductase 

(GR) as reducing equivalents (Beer et al., 2004).  When oxidative stress occurs in 

the mitochondria, GSH becomes oxidized to GSSH, and protein thiols form mixed 

disulfides with GSH, which can be displaced by an adjacent thiol in the protein, 

resulting in the formation of an intraprotein disulfide (Beer et al., 2004).  GR, Trx-

2, and Grx-2 are able to reduce these protein disulfides once the GSH/GSSH ratio in 

the mitochondria has been reestablished by GR (Beer et al., 2004; Spyrou et al.,

1997; Lundberg et al., 2001).  Grx-2 also acts specifically to deglutathionylate 
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mitochondrial membrane proteins, such as complex I of the ETC in the inner 

mitochondrial membrane, and has been suggested to play an important role in 

responding to changes in the mitochondrial GSH pool that may prevent or lead to 

apoptosis (Johansson et al., 2004; Ricci et al., 2004; Beer et al., 2004). 

 Several mitochondrial antioxidants possess ARE sequences, including Grx-

2, Prdx-3, and TrxR-2 (unpublished data from Tate, W. and Baker, A., Arizona 

Cancer Center, University of Arizona).  TrxR-2 and Prdx-3 are central members of 

the mitochondrial Trx-2 antioxidant pathway and are fundamental in the reduction 

of cytochrome c and in removal of H2O2, respectively (Chae et al., 1999; Nalvarte 

et al., 2005).  Prdx-3, a member of the peroxiredoxin family, is localized to the 

mitochondria by a mitochondrial leader sequence and in addition to reducing H2O2,

is able to reduce peroxynitrite (Watabe et al., 1997).  Prdx-3 has a highly conserved 

active site containing two cysteines, as well as a canonical E box 930bp upstream of 

exon 1 that has identified Prdx-3 as a target for c-Myc, a transcription factor that 

plays a role in many cellular functions, especially cell-cycle progression and 

apoptosis (Wonsey et al., 2002).   

Using Trx-2 siRNA and Prdx-3 siRNA in HT-29 colon cancer cells, 

mitochondrial antioxidant compensation was investigated.  It was found in both 

Trx-2 siRNA and Prdx-3 siRNA cells that Grx-2 mRNA and protein expression 

were significantly increased.  Immunofluorescence studies also detected increased 

levels of ROS in Trx-2 siRNA HT-29 cells.  Oxidative stress is linked to cell cycle 

arrest, apoptosis, and cell death, however, Trx-2 siRNA cells showed no significant 

changes in accumulation of cells in various stages of the cell cycle (Klein et al.,
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2003).  When Trx-2 and Prdx-3 siRNA were co-transfected into HT-29 cells, a G1 

to G2 block was observed in addition to increased expression of Grx-2 mRNA, 

indicating that decreased expression of multiple mitochondrial antioxidants may not 

be overcome by compensation of other antioxidants.   
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Results 

 

Mitochondrial antioxidant compensation 

 Expression of mitochondrial antioxidants was measured following Trx-2 

siRNA transfection of HT-29 colon cancer cells.  Trx-2 mRNA levels were 

significantly decreased to 26.8% (p < 0.001) of hydroxymethylbilane synthase 

(HMBS) control (Figure 4.1 A).  In addition, mRNA expression of Prdx-3 

following Trx-2 siRNA transfection was increased to 173.7% (p < 0.001) of control 

and Grx-2 mRNA expression was increased to 313.1% (p < 0.001) of control.  

Expression of TrxR-2 and MnSOD were not effected by knockdown of Trx-2.  

Western blot analysis demonstrated that Trx-2 protein levels were decreased and 

that Prdx-3 and Grx-2 protein levels were increased following transfection of cells 

using Trx-2 siRNA (Figure 4.1B).  Mitochondrial antioxidant expression was also 

studied following transfection of HT-29 cells with Prdx-3 siRNA.  Prdx-3 siRNA 

levels were significantly decreased to 12.2% (p<0.001) of HMBS control and Grx-2 

mRNA expression was increased to 202.8% (p<0.001) of control (Figure 4.2 A).  

Prdx-3 protein levels were decreased 48 hours following Prdx-3 siRNA transfection 

while Grx-2 protein expression was increased (Figure 4.2 B).  These results are 

similar to those found in Trx-2 siRNA transfected cells in that Grx-2 mRNA and 

protein expression were increased following knockdown of Trx-2 or Prdx-3,  
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Figure 4.1 (A) Mitochondrial antioxidant mRNA expression in Trx-2 siRNA HT-

29 cells.  Bars normalized to hydroxymethylbilane synthase (HMBS). N=3 

experiments.   * p < 0.001.  (B) Western blot analysis of Trx-2 siRNA HT-29 cells. 
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Figure 4.2 (A) Mitochondrial antioxidant mRNA expression in Prdx-3 siRNA HT-

29 cells.  Bars normalized to hydroxymethylbilane synthase (HMBS). N=3 

experiments.  * and **p < 0.001.  (B) Western blot analysis of Prdx-3 siRNA HT-

29 cells. 
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indicating a compensatory response among mitochondrial antioxidants.  The 

presence of an ARE consensus sequence in the promoter of Grx-2, as well as Prdx-3 

(Tate, W. and Baker, A.), which were both increased in Trx-2 siRNA cells, suggests 

that increased ARE activity observed previously in Trx-2 siRNA cells may serve to 

increase expression of ARE-containing mitochondrial antioxidants in order to 

protect against oxidative stress (Figure 4.3).  The compensatory response by Grx-2 

in Trx-2 or Prdx-3 deficient cells was also observed when HT-29 cells were co-

transfected with siRNA towards Trx-2 and Prdx-3.  Grx-2 mRNA was increased to 

210.2% (p<0.001) of control when Trx-2 was decreased to 23.4% (p<0.001), and 

Prdx-3 was also decreased to 13.0% (p<0.001) of control (Figure 4.4).   

 

ROS levels and cell cycle analysis of Trx-2 siRNA cells 

 It is understood that Trx-2 protects against oxidative stress (Chen et al.,

2002; Damdimopolous et al., 2002).  To determine ROS levels in Trx-2 siRNA HT-

29 cells, cells were imaged using a sensitive dichloroflourescin (DCF) probe.  

Images showed that Trx-2 siRNA cells had greater fluorescence than scramble 

control siRNA cells 48 hours following transfection (Figure 4.5).  Since oxidative 

stress can result in cell cycle arrest, the effects on cell cycle of loss of Trx-2, Prdx-

3, and Trx-2/Prdx-3 together were studied (Klein et al., 2003).  Neither Trx-2 

siRNA nor Prdx-3 siRNA cells showed significant changes in cell accumulation in 

G1, G2, or S phase compared to control (Figure 4.6 A and B).  However, when 

Trx-2 and Prdx-3 siRNA were co-transfected into HT-29 cells, cells accumulated in  
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Figure 4.3 Putative ARE sequences in promoters of Prdx-3 and Grx-2.  (A) Coding 

region and untranslated regions (UTR) of Prdx-3.  Putative ARE sequence in 

promoter TGCTCTGTCA.  (B) Coding region and UTR of Grx-2.  Putative ARE 

sequence in promoter region TGCTGAGTCA.  White boxes represent coding 

regions and black boxes represent 5’ and 3’ UTR. 
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Figure 4.4 Mitochondrial antioxidant mRNA expression in Trx-2/Prdx-3 co-

siRNA HT-29 cells.  Bars normalized to hydroxymethylbilane synthase (HMBS). 

N=3 experiments.  * p < 0.001. 
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Figure 4.5 Immunofluorescence in Trx-2 siRNA HT-29 cells.  DCF detection of 

ROS in normoxic cells. 
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G1 and few cells were identified in G2, indicating that the transition from G1 to G2 

in these cells was blocked (Figure 4.7). 

 

Mitochondrial antioxidant expression in Trx-2/Grx-2 co-siRNA cells 

 Repeated compensation by Grx-2 in Trx-2 and Prdx-3 siRNA transfected 

cells indicated that mitochondrial antioxidants are able to respond to increased ROS 

levels that result from decreased expression of mitochondrial antioxidants in the 

Trx-2 pathway.  Using siRNA targeted to Grx-2, in combination with Trx-2 siRNA, 

HT-29 cells were investigated for mitochondrial antioxidant expression.  In Trx-

2/Grx-2 co-siRNA transfected HT-29 cells, Trx-2 mRNA was decreased to 25.8% 

(p<0.001) of control and Grx-2 mRNA was decreased to 44.2% (p<0.05) of control 

in HT-29 cells (Figure 4.8 A).  Forty-eight hours following transfection, MnSOD 

mRNA expression was increased to 148.1% (p<0.05) of control.  Interestingly, 

MnSOD was not changed in Trx-2 or Prdx-3 siRNA HT-29 cells, nor has a putative 

ARE sequence been identified in the promoter of MnSOD.  When SKBR3 breast 

cancer cells were co-transfected with Trx-2 and Grx-2 siRNA, MnSOD mRNA 

expression was increased to 150.2% (p<0.05) of control (Figure 4.8 B).  While the 

increases in MnSOD mRNA are modest in comparison to observed increases in 

Grx-2 mRNA in Trx-2 and Prdx-3 siRNA cells, the increase does represent an 

additional response of mitochondrial antioxidants to increases in oxidative stress 

that may not involve ARE activation in the nucleus.   
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Figure 4.6 Cell cycle analysis of siRNA transfected HT-29 cells by flow 

cytometry.  (A) Trx-2 siRNA G1, G2, and S phase.  (B) Prdx-3 siRNA G1, G2, and 

S phase. 

 A. 

 B.



92

co-siTrx-2/
Prdx-3  siScr co-siTrx-2/ 

Prdx-3  siScr

co-siTrx-2/Prdx-3  siScr 

0
10
20
30
40
50
60
70

Pe
rc

en
tC

ell
sG

1

0
2
4
6
8

10
12
14

Pe
rc

en
tC

ell
sG

2

0

10

20

30

40

50

Pe
rc

en
tC

ell
sS

Figure 4.7 Flow cytometry cell cycle analysis of Trx-2/Prdx-3 co-siRNA 

transfected HT-29 cells.   
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Figure 4.8 Mitochondrial antioxidant mRNA expression in Trx-2/Grx-2 co-siRNA 

in (A) HT-29 cells and (B) SKBR3 cells.  Bars normalized to hydroxymethylbilane 

synthase (HMBS). N=3 experiments.  * p < 0.001, ** p<0.05. 
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Discussion 

 

Based on previous observations that ARE activity is increased in Trx-2 

siRNA transfected mouse fibroblasts, compensatory mitochondrial antioxidant 

response was investigated.  When Trx-2 was decreased, Prdx-3 and Grx-2 mRNA 

and protein levels were increased, indicating that mitochondrial antioxidants can 

compensate for one another.  Loss of Trx-2 in mice is lethal because knockout 

embryos are overwhelmed by oxidative stress and also lack TrxR-2, which is 

responsible for cytochrome c reduction in the ETC.  This may result in the inability 

of Trx-2(-/-) embryos and isolated MEFs to respire, thereby slowing growth and 

proliferation due to lack of ATP production (Nalvarte et al., 2004; Nonn et al.,

2003a).  Trx-2 siRNA HT-29 cells had increased ROS levels compared to control 

siRNA cells and observation of Trx-2 siRNA cells indicated that growth and 

proliferation were similar to control siRNA cells.  These results highlight a possible 

compensatory mechanism that cells, especially cancer cells, may use in order to 

optimize survival and reduce damage from dangerously high levels of ROS created 

during tumor formation.  Cell cycle experiments showed that Trx-2 siRNA cells had 

no significant changes in cell distribution throughout the phases of the cell cycle 

compared to control siRNA.  However, Trx-2/Prdx-3 co-siRNA cells showed a  
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Figure 4.9 Mechanism of increased mitochondrial antioxidant expression through 

activation of the ARE by release of Nrf-2 from the cytoplasm.  
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block at G2, indicating the loss of two mitochondrial antioxidants, despite Grx-2 

compensation, may be enough to force cell cycle arrest.   

When Trx-2 expression is decreased and ROS levels elevate, the increase in 

ROS may trigger Keap-1 to release Nrf-2, which then translocates to the nucleus 

and binds to ARE sequences in the promoters of Prdx-3 and Grx-2 (Figure 4.9).  It 

appears that Grx-2 plays a more important role than the other mitochondrial 

antioxidants studied due to the exceptionally high levels of induction observed.  

Since Grx-2 reduces protein thiols in the mitochondria, it is able to keep proper 

protein structure and function in check in an oxidative environment that can 

potentially hinder cellular respiration and energy production (Beer et al., 2004).  

When Grx-2 was knocked down alongside Trx-2 in an effort to determine whether 

ARE-containing Trx-2 pathway members would compensate, an increase in 

MnSOD was observed instead.  As stated before, MnSOD does not contain an 

ARE, nor did it increase when Trx-2 or Prdx-3 were knocked down.  This indicates 

that mitochondria are able to respond to oxidative stress in multiple ways, and do 

not rely solely on activation of ARE-containing antioxidants.   

 Further studies showing a physical relationship between Nrf-2 and Prdx-3 or 

Grx-2 are necessary to confirm that it is ARE activation that results in increased 

expression of these mitochondrial antioxidants.  Investigation into the mechanism 

by which MnSOD expression was increased may lead to discovery of a novel 

transcription factor that is able to respond to oxidative stress and drive 

mitochondrial antioxidant expression.  MnSOD normally reduces superoxide anions 

to H2O2, and loss of Grx-2, which is responsible for maintaining protein thiol 
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reduction in complex I of the ETC, indicates that cells may be entering a terminal 

phase during oxidative stress, during which failure of the ETC occurs.  This would 

result in high levels of superoxide production, which likely drives MnSOD 

expression in the mitochondria. 
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CHAPTER 5 

 

Mitochondrial ROS mediate HIF-1α and Nrf-2 transcription factor activation 

in hypoxia 

 

Introduction 

 

Mitochondria are the main source for energy production within the cell.  

Electron leakage occurs as electrons are systematically passed between the 

complexes of the mitochondrial electron transport chain (ETC) leading to the 

formation of reactive oxygen species (ROS) including singlet oxygen, superoxide 

anion radical, hydroxyl radical and H2O2 (Kirkinezos et al., 2001).  Complexes I 

and III of the ETC contribute the majority of superoxide production in the cell 

under normal conditions (Barja et al., 1999; Li et al., 1998; Turren et al., 1985; 

Muller et al., 2004).  When ROS formation is increased, for example in disease or 

inflammation, cells respond to the increased oxidative stress through the activation 

of various cellular stress responses (Surh et al., 2005).  Under conditions of 

hypoxia, such as occur during tumor development (Semenza et al., 2000) the 

mitochondria, paradoxically, produce higher levels of ROS than under normal 
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cellular oxygen levels (Chandel et al., 1998; Schroedl et al., 2002; Gonzalez et al.,

2002). The mechanism for the hypoxia-induced increase in ROS is not known with 

certainty.  Complexes I through IV of the ETC contain a cluster of iron-sulfur (Fe-

S) proteins that cycle between the Fe2+ and Fe3+ states.  It has been suggested that in 

hypoxia, when cells are relying on glycolysis for energy, that the Fe-S clusters in 

the ETC use electrons from unused NADH and this causes an increases in redox 

cycling, ultimately resulting in increased levels of ROS (Liochev et al., 1996).   

Excess ROS lead to activation of the antioxidant response element (ARE) 

which is found in the promoter of many antioxidant and detoxification genes (Alam 

et al., 2003; Rushmore et al., 1991).  ARE activation occurs when nuclear factor 

erythroid 2-related factor 2 (Nrf-2) is released from binding by increased levels of 

ROS to the regulatory cytoplasmic protein Keap-1 (Ishii et al., 2004; Qiang et al.,

2004; Lee et al., 2003; Thimmulapa et al., 2002; Kang et al., 2004).  Nrf2 then 

moves into the nucleus where it binds to ARE sequences (Itoh et al., 2003;

Thimmulapa et al., 2002; Kwak et al., 2003; Li et al., 2002) leading to the increased 

expression of antioxidant genes that include NAD(P)H: quinone oxidoreductase-1, 

aldose reductase, glutathione S-transferase, catalase-1, and heme oxygenase-1, 

which act to maintain the reducing environment within the cell (Alam et al., 2003;

Rushmore et al., 1991; Lee et al., 2003; Nishinaka et al., 2004).  In addition, growth 

factors such as fibroblast growth factor-13, signaling molecules, such as protein 

kinase-C β, and receptor and channel proteins, such as chloride channels, also 

contain consensus ARE sequences and have been shown to be induced by Nrf-2 

(Lee et al., 2003).  However, the influence of mitochondrially-produced ROS on 
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ARE activity and its implications in hypoxia and cancer have not been clearly 

identified. 

Under conditions of hypoxia, cells adapt by increasing HIF-1α activity, 

which results in the activation of genes that permit survival in hypoxia (Semenza et 

al., 1999).  Stabilization of HIF-1α occurs in hypoxia because its degradation is 

mediated through an oxygen-dependent degradation domain (ODD) (Hirota et al.,

2005).  In the presence of oxygen, proline residues in the ODD become 

hydroxylated by prolyl hydroxylase-2, leading to HIF-1α binding to von-Hippal-

Lindau (pVHL) ubiquitin ligase, thereby targeting HIF-1α for ubiquitin-mediated 

degradation (Hirota et al., 2005).  The role of mitochondrial ROS in HIF-1α

activation and stabilization is controversial.  It has been shown that mitochondrial 

ROS are required for HIF-1α activity (Schroedl et al., 2002; Sanjuán-Pla et al.,

2005), and to date, no data has been presented that refutes this.  However, 

mitochondrial ROS have also been implicated in the stabilization of HIF-1α in 

hypoxia (Schroedl et al., 2002; Sanjuán-Pla et al., 2005), and this has been 

countered by evidence that HIF-1α stabilization depends on the presence of non-

mitochondrial ROS and that mitochondrial ROS do not play a role in this process 

(Park et al., 2003; Doege et al., 2005).  This concept is supported by studies 

showing that HIF-1α protein is lost when cells are treated with N-acetyl-L-cysteine 

or diphenyleneiodonine (DPI) (Park et al., 2003), and that inhibition of 

mitochondrial electron transport still leads to detectable levels of HIF-1α protein 

(Doege et al., 2005).   
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In the present study adenocarcinoma and sarcoma cells that have undergone 

mitochondrial-DNA depletion were compared with their parental cells line for ROS 

formation, ARE and HRE activity, and HIF-1α levels in hypoxia.  The results 

suggest that mitochondrial ROS increase HIF-1α activation by a mechanism that 

does not involve an increase in HIF-1α protein levels.  In contrast, non-

mitochondrial mechanisms appear to play a role in HIF-1α protein expression in 

hypoxia.   
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Results 

 

Growth Characterization of A549 and ρ0-A549 cells 

The results of the growth studies showed that ρo-A549 cells grow more 

slowly than the parental A549 cells in normoxia and that in hypoxia, growth rates 

are equivalent between A549 and ρo-A549 cells (Figure 5.1).  Normally, A549 cells 

are cultured in media lacking sodium pyruvate and uridine, which is critical for cell 

growth of ρo-A549 cells and when A549 cells were grown in similar supplemented 

media, the growth rates between A549 and ρo-A549 cells didn’t change in hypoxia 

(Figure 5.2).  In normoxia, supplemented A549 cell growth rate was dramatically 

increased compared to when these cells were cultured in their normal media, which 

lacks sodium pyruvate and uridine. 

 

ROS levels in ρ0-A549 cells compared to A549 cells 

ROS formation by A549 and ρo-A549 cells was measured using lucigenin, a  

relatively specific probe for superoxide radical formation (Li et al., 1995), which 

are the most abundantly produced radicals by the ETC in mitochondria (Muller et 

al., 2004; Jezek et al., 2005).  Following exposure to normoxia or hypoxia for 16 

hours, A549 cells showed a 47.7% increase (p<0.001) in ROS levels in hypoxia 

compared to normoxia (Figure 5.3).  ρo-A549 cells, which had 49.1% (p<0.001) 

less ROS formation than parental A549 cells in normoxia, showed an increase of 
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10.8 % (p<0.001) in ROS formation in hypoxia, which was still 30.1% less than the 

ROS formation by aerobic parental A549 cells.  Since ROS production, especially 

superoxide production (Muller et al., 2004), is directly related to the functionality of 

the ETC (Jezek et al., 2005), these results confirm the loss of mitochondrial DNA 

and ETC function in ρo-A549 cells.  Immunofluorescence using dichlorofluorescein 

(DCF) also demonstrated that ROS levels in A549 cells in normoxia are greater 

than those in ρo-A549 cells (Figure 5.4). 

 

HRE and ARE activity in Rho cells 

The conflicting reports of the role of mitochondrial ROS in HIF-1"

stabilization and nuclear HIF-1α activity in hypoxia prompted investigation into 

whether our ρo-A549 cells had altered HIF-1/HRE activity under hypoxia.  HRE 

activity in A549 cells was increased by 454.6% (p<0.001) in hypoxia compared to 

normoxic A549 cells (Figure 5.5A).  There was a marked reduction in HRE activity 

in ρo-A549 cells, which was decreased to 28.3% (p<0.001) of wild type A549 HRE 

activity in normoxia, and to 5% (p<0.001) in hypoxia.   

 Similar changes were found in mitochondrial depleted squamous cell 

carcinoma cells. COLO-16 cells incubated in hypoxia had an increase in HRE 

activity of 991.4% (p<0.001) compared to normoxic COLO-16 cells, while ρo-

COLO-16 showed a decrease of 33.6% (p<0.05) in HRE activity in normoxia and a 

289.5% increase (p<0.05) in hypoxia compared to normoxic COLO-16 cells 

(Figure 5.5B).  SRB-12 cells had an increase of 973.5% (p<0.001) increase in HRE 

activity of in hypoxia compared to normoxic SRB-12 cells (Figure 5.5C).  A 
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decrease of 55.5% (p<0.05) in HRE activity in normoxic ρo-SRB-12 cells compared 

to normoxic SRB-12 cells, and an increase of 209.1% (p<0.05) in HRE activity in 

hypoxic ρo-SRB-12 cells was also observed. 

 In addition, nuclear Nrf-2/ARE activity was measured in ρo-A549 cells in 

hypoxia to determine whether mitochondrial ROS influenced this pathway as well.  

ARE activity in hypoxic A549 cells was increased 64.9% (p<0.05) compared to 

normoxic A549 cells, while ARE activity in hypoxic ρo-A549 cells was decreased 

to 61.9% (p<0.05) of normoxic A549 cells (Figure 5.6).    

 

HIF-1αWestern blot analysis 

Previous reports showing a loss of HIF-1α activity in rho cells, also found 

that this loss in activity correlated with the loss of HIF-1α expression in hypoxia in 

these cells, inferring that mitochondrial ROS exert their effects on HIF-1α

transcription and translation (Chandel et al., 1998; Schroedl et al., 2002).  In 

contrast, it has also been reported that during aberrant HIF-1α expression in 

normoxic gastric cancer cells, HIF-1α expression is blocked by inhibitors of non-

mitochondrial ROS, while inhibition of the mitochondrial ETC had no effect on 

HIF-1α expression (Park et al., 2003).  In ρo-A549 and ρo-COLO-16 cells exposed 

to hypoxia, HIF-1α protein was expressed, despite the loss of HIF-1/HRE activity in 

these cells (Figure 5.7A and B).   

In addition, treatment with 2 mM NAC in hypoxia completely blocked HIF-

1" expression in A549, ρo-A549, COLO-16, and ρo-COLO-16 cells.  These results 

strongly show that mitochondrial ROS are not required for expression of HIF-1α
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under hypoxia, and instead, indicate that non-mitochondrial mechanisms play a 

greater role in the regulation of HIF-1α.

MG-132, a proteasomal inhibitor, was used in addition to NAC to determine 

whether mitochondrial ROS effected the proteasomal degradation of HIF-1α.

When A549 and ρo-A549 cells were co-treated with 10µM MG-132 and 2mM 

NAC, HIF-1α protein expression was not re-established, indicating that ROS do not 

effect HIF-1α expression or degradation (Figure 5.8).    

 

Mitochondrial ROS mediate activity of SP-1 during reoxygenation 

 The observation that HIF-1α and Nrf-2 activity were mediated by 

mitochondrial ROS led to the investigation of whether a similar effect would be 

observed on stimulatory protein-1 (SP-1) transcription factor activity.  It has been 

reported that SP-1 is redox sensitive and is activated during reoxygenation (Kunz et 

al., 2002).  An SP-1 luciferase reporter was transfected into either A549, or ρo-

A549 cells, and luciferase activity was measured.  There was no induction of SP-1 

activity in A549 or ρo-A549 cells in hypoxia (Figure 5.9).  However, upon 

reoxygenation, SP-1 activity was significantly increased in A549 cells at 10, 15, and 

30 minutes, finally dropping to baseline activity after 60 minutes of reoxygenation.  

In contrast, ρo-A549 cells showed no induction of SP-1 activity during 

reoxygenation, indicating that mitochondrial ROS play a fundamental role in 

mediating SP-1 activity in this process. 
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Figure 5.1 Growth study of A549 and ρ0-A549 cells in normoxia and hypoxia.  

Values are the mean of 3 experiments and bars are SD; * p<0.001.  N: normoxia, H: 

hypoxia. 
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Figure 5.2  Growth study of A549 cells with supplemented media (sodium pyruvate 

and uridine) versus ρ0-A549 cells, normoxia and hypoxia.  Values are the mean of 3 

experiments and bars are SD; * p<0.001.  A549+: A549 cells in supplemented 

media, N: normoxia, H: hypoxia. 
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Figure 5.3 Effect of hypoxia on ROS formation by A549 and ρo-A549 cells.  ROS 

formation was measured as described using lucigenin chemiluminescence.  Values 

are the mean of 3 experiments and bars are SD; * p < 0.001 compared to normoxic 

parental cell, ** p < 0.05 compared to hypoxic parental cell.  Re-O2 = 15 minute 

reoxygenation.   
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Figure 5.4 Immunofluorescence of ROS in A549 and ρo-A549 cells in normoxia 

using the fluorescent probe, DCF.  Top panels are DCF, middle panels are Hoechst 

33342, and bottom panels are DCF-Hoechst merge.  Hoechst 33342 nuclear stain 

was used to identify cells in the field of view.  Magnification = 100x 

ρ0 A549 A549 
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Figure 5.5 Luciferase activity of HRE reporter in A549, ρo-A549, COLO-16, ρo-

COLO-16, SRB-12, and ρo-SRB-12 cells in normoxia and hypoxia.  Values are the 

mean of 3 experiments and bars are SD.  (A) * p<0.001 for A549 normoxia vs. 

A549 hypoxia.  (B)  * p<0.001 for COLO-16 normoxia vs. COLO-16 hypoxia.  (C) 

* p<0.001 for SRB-12 normoxia vs. SRB-12 hypoxia.    
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Figure 5.6 Luciferase activity of ARE reporter in A549 and ρo-A549 cells, 

normoxia and hypoxia.  Values are the mean of 3 experiments and bars are SD; * p 

< 0.05 for A549 normoxia compared to A549 hypoxia or ρo-A549 hypoxia and 

A549 hypoxia compared to A549 15 minute reoxygenation.  
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Figure 5.7 Western blot analysis of A549, ρo-A549, COLO-16, and ρo-COLO-16 

cells following treatment with 2mM NAC and 16 hour incubation in normoxia or 

hypoxia.  Nuclear lysate (20µg), Lamin A/C used as loading control. 
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Figure 5.8 Western blot analysis of A549 and ρo-A549 cells following co-

treatment with 2mM NAC and 10µM MG-132 and 16 hour incubation in normoxia 

or hypoxia.  (A) Nuclear lysate (20µg) A549 cells.  (B) Nuclear lysate (20µg) ρo-

A549 cells. 
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Figure 5.9  SP-1 luciferase activity reporter in A549 and ρo-A549 cells, normoxia, 

hypoxia, and following 5, 10, 15, 30, and 60 minute reoxygenation time points.  

Values are the mean of 3 experiments and bars are SD; * p<0.001 for A549 

normoxia vs. A549 10 and 15 minute reoxygenation; **p<0.05 for A549 normoxia 

vs. A549 30 minute reoxygenation. 
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Discussion 

 

Mitochondrial-DNA deficient ρo-A549 non small cell lung cancer cells 

showed decreased ROS formation compared to the parental cells and did not show 

an increase in ROS formation when exposed to hypoxia. This confirms previous 

findings with ρo cells (Miller et al., 1996; Schroedl et al., 2002; Panduri et al.,

2005).  The mechanism for the increase in mitochondrial ROS by hypoxia in the 

parental cells is not known with certainty but may involve increased redox cycling 

of Fe-S clusters in the ETC using excess NADH from glycolysis (Liochev et al.,

1996). 

Hypoxia induced an increase in HIF-1α transactivation in wild type A549, 

COLO-16 and SRB-12 cells but not in ρo-A549, ρo-COLO16 or ρo-SRB-12 cells. 

However, the ρo-A549 and ρo-COLO16 cells retained a similar hypoxia induced 

increase in the HIF-1α protein levels to their wild type parental cells.  Thus, the 

decrease in hypoxia induced HIF-1α transactivation in mitochondrial DNA depleted 

ρo cells was not because of decreased HIF-1α but due to a different mechanism.  

One possible explanation involves regulation of HIF-1α transactivation by factor 

inhibiting HIF (FIH).  FIH is an asparaginyl β-hydroxylase in the 2-oxoglutarate 

and Fe(II)-dependent dioxygenase superfamily, and is responsible for hydroxylation 

of Asn-803 in the carboxy terminus of HIF-1α (Lancaster et al., 2004).  

Hydroxylation of HIF-1α by FIH permits dimerization of HIF-1α with HIF-1β in 
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the cytoplasm and subsequent translocation of this dimer into the nucleus.  The 

dimer then binds to the HRE in the promoters of hypoxia-induced genes.  However, 

hydroxylation of Asn-803 on HIF-1α by FIH blocks association with the 

transcriptional co-activator, p300, resulting in the loss of HIF-1α transactivating 

activity (Lancaster et al., 2004). 

A working hypothesis is that FIH hydroxylation of HIF-1α, which is 

normally blocked in hypoxia, occurs in hypoxic ρo cells due to the loss of 

mitochondrial ROS.  The presence of mitochondrial ROS, which are increased in 

hypoxia, may be required to block hydroxylation by FIH.  One way to determine 

whether FIH levels are altered in ρo cells is to measure mRNA and protein 

expression of FIH in normoxia and hypoxia and compare this to FIH expression in 

parental cells.  Secondly, knockdown of FIH using siRNA in ρo cells followed by 

measurement of HRE activity would indicate whether the relationship between FIH 

and HIF-1α is altered in hypoxic ρo cells.  HRE activity reestablished in siFIH ρo

cells would lead to the conclusion that loss of mitochondrial DNA results in loss of 

HIF-1α transactivating activity due to aberrant FIH hydroxylation of HIF-1α in 

hypoxia in these cells.  It should be noted that while all ρo cells showed a loss of 

HRE activity in hypoxia, both ρo-COLO-16 and ρo-SRB-12 cells had significantly 

greater activity in hypoxia compared to ρo-A549 cells, indicating that mitochondrial 

ROS are not the sole factor regulating HIF-1α activity in hypoxia. 

The finding that hypoxia induced HIF-1α levels were not decreased in the ρo

cells is in contrast to other reports that have shown that mitochondrial ROS are 

required for activity and stabilization of HIF-1α in hypoxia (Schroedl et al., 2002; 
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Sanjuán-Pla et al., 2005).  However, our data do support previous studies showing 

that non-mitochondrial ROS are vital for HIF-1α protein expression and that 

mitochondrial ROS do not play a role in this process (Doege et al., 2005; Park et 

al., 2003).  The lack of ROS in ρo cells failed to prevent HIF-1α protein 

accumulation in hypoxia, and instead, we found that N-acetyl-L-cysteine (NAC), a 

non-mitochondrial scavenger of ROS (Sadowska et al., 2006), prevented the 

hypoxia induced HIF-1α protein expression in both parent and ρo-A549 cells, as 

well as parent and ρo-COLO-16 cells.  The results suggest that during hypoxia an 

increase in non-mitochondrial ROS is necessary for HIF-1α expression.  Previous 

studies have also shown that NAC treatment prevents accumulation of HIF-1α,

although the precise mechanism remains unclear (Shatrov et al., 2003; Quintero et 

al., 2006).  One possible explanation is that NAC not only functions as an ROS 

scavenger, but also as a selective inhibitor of tumor necrosis factor (TNF) by 

blocking TNF binding to its receptor (Hayakawa et al., 2003).  It is known that 

TNF-α induces HIF-1α expression in order to promote inflammation and survival 

pathways (Jung et al., 2003; Zhou et al., 2003).  The loss of HIF-1α expression in 

both parental and ρo cells treated with NAC may not be a result of ROS scavenging, 

especially since ROS levels are very low in the ρo cells to begin with, but may 

actually be the result of inhibition of cell signaling pathways by NAC that lead to 

HIF-1α expression. 

The increase in mitochondrial ROS induced by hypoxia was associated with 

an increase in nuclear ARE activity measured by a reporter construct and was 

absent in the ρo cells.  This suggests that the ROS must pass from the mitochondria 
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to the cytoplasm in order for it to release Nrf-2 from binding to its cytoplasmic 

inhibitor Keap-1 prior to Nrf-2’s movement into the nucleus where it binds with 

other transcription factors to the ARE in the promoter region of antioxidant genes 

(Ishii, et al., 2004; Qiang et al., 2004; Lee et al., 2003; Thimmulapa et al., 2002;

Kang et al., 2004).  The most likely ROS to do this is H2O2 which is the most stable 

ROS and has been shown to diffuse across cellular membranes (Thannickal et al.,

2000).  Additionally, the loss of SP-1 activity during reoxygenation in ρo-A549 

cells indicates that mitochondrial ROS influence the activity of multiple 

transcription factors, many of which have likely not yet been discovered to be redox 

regulated. 

In summary we have shown using mitochondrial DNA depleted ρo cells that 

do not form mitochondrial ROS that mitochondrial ROS increases HIF-1α

activation by a mechanism that does not involve an increase in HIF-1α protein 

levels.  In contrast, non-mitochondrial cell signaling appears to play a role in HIF-

1α protein expression in hypoxia.   
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CHAPTER 6 

 

Summary and conclusions 

 

While this dissertation research was being carried out, few reports on the 

role of Trx-2 in the mitochondria were published.  The association of 

overexpression of Trx-2 with protection against apoptosis was clearly established, 

however it wasn’t known whether this was the result of the antioxidant functions of 

Trx-2 or whether Trx-2 played another role in the mitochondria (Nonn et al., 2003b;

Tanaka et al., 2002).  It was clear that Trx-2 played a vital role in providing 

tolerance to hypoxia, both in the brain and in cancer cells (Nonn et al., 2003b; 

Samoilov et al., 2002), and it was known at the start of this research that loss of 

Trx-2 is embryonic lethal, causing exencephaly and apoptosis in the whole embryo 

in mice (Nonn L et al., 2003a).  The impact of this knockout model at the cellular 

level, however, had not been investigated.  From the observations in the whole 

embryo, it was hypothesized that loss of Trx-2 results in loss of mitochondrial 

integrity and oxidative stress.  The data presented in this dissertation supports this 

hypothesis and points to a possible link for communication between the 

mitochondria and the nucleus when a high degree of oxidative stress is experienced 

in the mitochondria. 
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 It is also well known that mitochondria produce the majority of ROS in the 

cellular environment, and it has been reported that ROS production by mitochondria 

is increased by hypoxia (Narayanan et al., 2005; Chandel et al., 1998; Schroedl et 

al., 2002; Gonzalez et al., 2002).  Currently, there is no explanation for this 

counter-intuitive increase in ROS during low availability of oxygen.  The increase 

in mitochondrial ROS in hypoxia appears to play a significant role in HIF-1α

activation and protein expression, however this is controversial and there have been 

several conflicting reports (Chandel et al., 1998; Sanjuan-Pla et al., 2005; Schroedl 

et al., 2002; Doege et al., 2005).  The hypothesis that increased mitochondrial ROS 

are important for HRE and ARE activation in hypoxia was developed in order to 

obtain a clearer understanding of the function of mitochondrial ROS on 

transcription factors that respond to hypoxic or oxidative stress.  The results 

presented in this dissertation support this hypothesis in that hypoxic mitochondrial 

ROS are necessary for activation of the HRE and ARE, however, the data also show 

that mitochondrial ROS do not effect HIF-1α protein expression. 

 

Loss of Trx-2 summary 

 Results presented in this dissertation show that MEFs from Trx-2(-/-) mice 

were viable only under hypoxia and did not proliferate. Electron microscopy 

showed extensive mitochondrial degradation in Trx-2(-/-) MEFs following 

exposure to normoxia.  Wild-type MEFs transfected with siRNA specific for Trx-2 

served as a model to recapitulate the effects of Trx-2 knockout.  Using this model, 

we demonstrate that in normoxia, siTrx-2 MEFs have minor mitochondrial damage, 
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a small decrease in viability, an increase in ROS levels, and increased ARE activity.  

Each of these factors was significantly increased when siTrx-2 MEFs were cultured 

in hypoxia.  Knockout of Trx-2 compared to findings of knockouts in previously 

reported proteins that function in mitochondrial respiration are similar and support 

the involvement of Trx-2 in this process. 

 The hypothesized association of Trx-2 with cytochrome c has yet to be 

definitively proven, and the data presented here cannot directly show such a 

relationship.  However, our data strengthens the case for involvement of the 

mitochondrial thioredoxin pathway in cellular respiration.  A previous report stated 

that Trx-2 is unable to directly reduce cytochrome c, while TrxR-2 is capable of 

catalyzing this reaction on the inner mitochondrial membrane (Nalvarte et al.,

2004).  Cytochrome c plays a vital role in transferring electrons to cytochrome c 

oxidase (CcO) and irreversible oxidation of cytochrome c prevents electron transfer 

to CcO, blocking cellular respiration.  Dysfunction of complex III may explain why 

our in vivo Trx-2 knockout model differed from our in vitro Trx-2 siRNA model.  

Mitochondria of MEFs isolated from Trx-2(-/-) embryos cultured in hypoxia 

showed no signs of oxidative stress, which may be a result of irreversible 

cytochrome c oxidation or incomplete formation of complex III.  Both of these 

processes would significantly reduce the potential for hypoxia-induced redox 

cycling and ROS production.  Death of MEFs from Trx-2(-/-) embryos in normoxia 

appeared to be a result of exposure to oxidative stress.  These cells did not survive 

in normoxia due to their sudden exposure to air, which permits ROS formation 

elsewhere in the cell, outside of electron shuttling through the ETC.   
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Increased sensitivity to oxidative stress in mitochondria of Trx-2 siRNA 

transfected MEFs cultured in hypoxia occurred because ROS production is 

increased in hypoxia in these cells.  In hypoxia, siTrx-2 MEFs demonstrated severe 

mitochondrial degradation in hypoxia, and indicated that cells with decreased Trx-2 

expression, but normal TrxR-2 expression, are more sensitive to the oxidative 

environment created in hypoxia than wild-type MEFs.  Trx-2 siRNA transfected 

A549 and ρ0-A549 cells exposed to hypoxia led to the conclusion that 

mitochondrial ROS are necessary for ARE activation in Trx-2 deficiency, and that 

hypoxia has a much greater effect on ARE activation than normoxia.  Redox 

cycling of complex III, which may play a large role in hypoxic ROS production 

(Jezek et al., 2005), was likely intact in Trx-2 siRNA MEFs since they expressed 

TrxR-2 mRNA and protein.  These cells remained sensitive to oxidative stress, 

however, because they lacked the antioxidant defense provided by Trx-2.  

Early embryonic lethality and exencephaly observed in Trx-2(-/-) embryos 

is typical of lethal knockouts and mutants of proteins involved in mitochondrial 

respiration (Nakai et al., 2001; Larsson et al., 1998; Nakada et al., 2001; Perez-

Atayde et al., 1998).  Mitochondrial disorganization is associated with respiratory 

chain dysfunction, and our data indicate that Trx-2 deficiency is morphologically 

consistent with respiratory dysfunction (Nakai et al., 2001; Larsson et al., 1998;

Nakada et al., 2001; Perez-Atayde et al., 1998).   
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Mitochondrial antioxidant compensation summary 

 The presented data also indicate that Trx-2 deficiency leads to increased 

expression of other mitochondrial antioxidant enzymes and highlights a potential 

mechanism involving ROS and ARE activation.  Decreased expression of Trx-2 led 

to increases in mRNA and protein levels of Prdx-3 and Grx-2, both of which play a 

large role in maintaining a reduced environment within the mitochondria.  The 

number of reports citing ROS as second messengers in cell signaling pathways have 

been steadily increasing, and have demonstrated the impact of ROS on cell 

proliferation and survival (Li et al., 2006; Park et al., 2006; Ohtsu et al., 2005;

Mattiasson et al., 2004).  Our previous data showing increased ARE activity in Trx-

2 siRNA transfected MEFs and A549 cells taken together with our data showing 

increased ROS in Trx-2 siRNA cells and increased Prdx-3 and Grx-2 expression, 

led to the conclusion that mitochondrial ROS act as signaling molecules to increase 

expression of antioxidant genes in the mitochondria.  Unpublished data has shown 

that both Prdx-3 and Grx-2 contain ARE consensus sequences in their promoters 

lending further support to our proposed mechanism for mitochondrial antioxidant 

compensation (Tate, W., Baker, A., AZCC). 

 Knockdown of Grx-2 and Trx-2 at the same time led to an increase in 

MnSOD expression.  Since MnSOD does not contain an ARE, and did not increase 

when Trx-2 or Prdx-3 were knocked down, this result indicates that mitochondria 

are able to respond to oxidative stress in multiple ways, and do not rely only on 

activation of ARE-containing antioxidants.  Overall, it appears that in Trx-2 and 

Prdx-3 siRNA cells, Grx-2 has the highest level of induction which may be 
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significant for mitochondria because an important function of Grx-2 in the 

mitochondria is to keep proper protein structure and function in check in an 

oxidative environment that can potentially hinder cellular respiration and energy 

production.  

 

Mitochondrial ROS and transcription factor activation summary 

 The results show that mitochondrial ROS are necessary for HRE and ARE 

activity in hypoxia, as well as SP-1 transcription factor activation during 

reoxygenation.  The hypothesis that increased mitochondrial ROS under hypoxia 

are necessary for Nrf-2/ARE and HIF-1/HRE activity was supported by the work 

shown here using mitochondrial-DNA deficient cells.  This work also demonstrates 

that mitochondrial ROS are necessary for SP-1 transcription factor activation during 

reoxygenation.  In addition, non-mitochondrial ROS are necessary for HIF-1α

protein expression, indicating that mitochondrial ROS effect activity of these 

transcription factors not through influences on transcriptional activity, but likely 

through a direct oxidative modification in the active site of these proteins. 

 Investigation into the production of ROS in normoxia versus hypoxia and in 

parental A549 cells versus ρ0-A549 cells determined that superoxide production is 

much lower in cells lacking mitochondrial DNA.  In addition, superoxide levels 

were significantly higher in hypoxia rather than normoxia in the parental A549 

cells, which agrees with previous reports that ROS are increased in hypoxia 

(Chandel et al., 1998; Schroedl et al., 2002; Gonzalez et al., 2002).  In other 

reports, increased ROS levels in hypoxia have been associated with an altered 
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GSH/GSSH ratio, DNA damage, and apoptosis.  These consequences of oxidative 

stress observed in the mitochondria in hypoxia indicate that the detected increases 

in ROS are real and not the result of non-specific ROS detection dyes or reagents.  

No mechanism has been established for the paradoxical increase in ROS levels in 

hypoxia.  A possible explanation may involve the iron-sulfur (Fe-S) proteins in 

complexes I through IV of the ETC that are responsible for one electron transfers, 

and continuously cycle between Fe2+ reduced and Fe3+ oxidized states.  Complex IV 

also utilizes copper in addition to Fe-S clusters for the transition of electrons, 

shuffling between Cu+ and Cu2+ in the process of donating electrons to molecular 

oxygen.  It is possible that in hypoxia, when cells rely on glycolysis for energy, that 

the Fe-S clusters in the ETC use free electrons from unused NADH and cause 

significant increases in redox cycling, releasing electrons that can then react with 

other molecules, ultimately resulting in increased levels of ROS.  However, it is 

widely reported that rho cells produce far fewer ROS than wild-type cells, 

presumably because of the ablation of aerobic respiration (Miller et al., 1996;

Schroedl et al., 2002; Hail et al., 2005).  In these cells, excess iron, instead of redox 

cycling, may be directed towards other cellular activities, one of which could 

include inhibiting the activity of iron-requiring PHD enzymes (Sanjuan-Pla et al.,

2005; Salnikow et al., 2004; Vengellur et al., 2005).  

 While all rho cells showed a loss of HRE activity in hypoxia, both ρ0-

COLO-16 and ρ0-SRB-12 cells had significantly greater activity in hypoxia 

compared to ρ0-A549 cells, indicating that mitochondrial ROS are not the sole 

factor regulating HIF-1α in hypoxia.  However, it is possible that mitochondrial 
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ROS exert a direct effect by binding to redox sensitive moieties in HIF-1α that 

results in an increase in its transcriptional activity, which may be more apparent in 

certain cancer cell types.  One possibility is direct modification of FIH by increased 

levels of mitochondrial ROS that block its ability to hydroxylate HIF-1α, thereby 

leading to increased transactivation activity of HIF-1α in hypoxia.   

 

Future Directions 

 It has been proposed in this dissertation that Trx-2 knockout in mice is lethal 

due to the lack of TrxR-2 expression, which is responsible for reduction of 

cytochrome c.  In order to find out whether this is the case, wild-type MEFs could 

be transfected with both siTrx-2 and siRNA targeted to TrxR-2, and electron 

microscopy studies of control and co-transfected cells in hypoxia and normoxia 

could be performed.  If mitochondria of co-siTrx-2/siTrxR-2 MEFs appeared 

normal in hypoxia, while in normoxia, experienced a loss of mitochondrial 

integrity, then it could be concluded that the phenotype of mitochondria in Trx-2 (-

/-) MEFs in normoxia is a result of loss of TrxR-2. 

Additionally, the redox state of cytochrome c in normoxia and hypoxia from 

MEFs of Trx-2(-/-) embryos, Trx-2 siRNA MEFs, and co-siTrx-2/TrxR-2 MEFs 

should be investigated.  This can be done by adding a mitochondrial extract from 

cells to NAD(P)H and cytochrome c, and measuring cytochrome c reduction 

spectrophotometrically at 550 nm (Nalvarte et al., 2004).  Additionally, the catalytic 

activity of cytochrome c oxidase (CcO) could be measured in normoxia and 

hypoxia in Trx-2(-/-) MEFs and Trx-2 siRNA MEFs.  Oxygen consumption of cells 
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can be measured in the absence or presence of N,N,N1,N1-tetramethyl-p-

phenylenediamine (TMPD), which acts as an electron donor for the reduction of 

cytochrome c (Chandel et al., 1997).  Changes in oxygen consumption in the 

presence of TMPD reflect CcO activity.  If Trx-2(-/-) MEFs lack CcO activity in the 

absence of TMPD and show CcO activity in the presence of TMPD, then it can be 

concluded that cytochrome c is not being reduced in these cells, leading to 

inhibition of cellular respiration. 

 To support the hypothesis that mitochondrial ROS stimulate increased 

expression of mitochondrial antioxidants through ARE activation, further studies 

showing a physical relationship between Nrf-2 and Prdx-3 or Grx-2 are necessary.  

Chromatin immunoprecipitation would be an effective way to demonstrate Nrf-2 

binding to the DNA in promoter regions of Prdx-3 or Grx-2.  Investigation into the 

mechanism by which MnSOD expression was increased in Trx-2/Grx-2 siRNA 

cells could also be pursued.   

Further investigation into the role of increased mitochondrial ROS 

production in hypoxia is needed to elucidate the mechanism by which 

mitochondrial ROS mediate HIF-1α activity.  The next step is to measure the 

expression levels of FIH in normoxia and hypoxia in ρo cells and then to treat these 

cells with siFIH and measure HRE activity to determine whether HRE activity can 

be reestablished when these cells are depleted of FIH.  It is possible that FIH is 

directly modified by increased levels of mitochondrial ROS in hypoxia that block 

its ability to hydroxylate HIF-1α, thereby leading to increased transactivation 

activity of HIF-1α in hypoxia.  In our experimental system using ρo cells, it is 
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necessary to determine whether loss of HIF-1α transactivating activity is an effect 

of loss of mitochondrial ROS or whether it is due to the loss of mitochondrial DNA.  

To do this, parental cells could be treated with an oxidizing agent to see whether 

loss of FIH hydroxylation, measured as an increase in HRE activity, is a result of 

increased ROS in hypoxia.  If HRE activity is not increased following exposure to 

increased ROS levels, then it can be concluded that mitochondrial ROS are not 

responsible for loss of HRE activity in hypoxic ρo cells.  Instead, loss of HRE 

activity in these cells could be attributed to long-term treatment with ethidium 

bromide and loss of mitochondrial DNA.  

Loss of mitochondrial DNA may have a larger impact on cells than what is 

currently realized and may be contributing to the conflicting results of experiments 

using rho cells that are reported in the literature.  Also, because ethidium bromide 

treatment depletes all mitochondrial DNA, the effects observed on HIF-1α may not 

be a direct result of mitochondrial ROS produced by the components of the ETC, 

and may instead be an effect of the loss of another process exclusive to functioning 

mitochondria.  To study this, each complex of the ETC could be individually 

blocked using specific inhibitors, such as antimycin A or rotenone, and then HIF-1α

activity and protein expression could be measured to see whether they correlate 

with the results presented in this dissertation.   

 Additionally, it is also important to further investigate the effects of 

mitochondrial ROS on Nrf-2 protein expression in normoxia and hypoxia.  It would 

be interesting if Nrf-2 protein expression was unaffected in rho cells, even though 

Nrf-2/ARE activity was lost in these cells.  This would be a similar situation to 
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what was observed with HIF-1α activity versus its protein expression in rho cells 

and would further support the hypothesis that mitochondrial ROS effect 

transcription factor activity by direct redox modification.    
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