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The hypothesis upon which this research is based is that the mitochondrial thioredoxin-2 

system, which consists of mitochondrial thioredoxin-2 (Trx-2), mitochondrial thioredoxin 

reductase (TrxR-2) and mitochondrial thioredoxin peroxidase (Prdx-3), protects cells 

against apoptosis and regulates cell growth via mitochondrial redox homeostasis. Trx-2 

mRNA was found expressed in a panel of cancer cell lines and Trx-2 protein is localized 

exclusively to the mitochondria. An alternate splice form of Trx-2 lacking exon 2 was 

identified that does not yield protein. Forced overexpression of Trx-2 in cell lines by 

using constitutive and inducible promoter systems increased mRNA levels, but did not 

yield an increase in Trx-2 protein. The role of Trx-2 in mammalian development was 

examined by generating a mouse deficient in Trx-2. Massive apoptosis, exencephaly and 

early embryonic lethality was seen in the Trx-2{-/-) homozygous embryos. Trx-2{-l-) 

embryonic fibroblasts were not viable under normal growth conditions, but could be 

rescued with maintenance in hypoxia. Trx-2{-/-) cells were also lacking mature 

cytochrome c, implicating Trx-2 in cytochrome c biogenesis. The Trx-2 (+/-) 

heterozygous mice, which appear normal, had an increased sensitivity to some forms of 

oxidative toxicity (eg.acute doxorubicin) compared to the wild-type mice. To investigate 

the role of Prdx-3, WEHI7.2 cells with overexpression of Prdx-3 were generated by 

stable transfection. Overexpression of Prdx-3 inhibited cell proliferation, reduced 

cellular hydrogen peroxide levels and altered the mitochondrial membrane potential. 

Prdx-3 overexpression protected the cell from various drug-induced and hypoxia-induced 

apoptosis. Prdx-3 protein degradation was decreased during hypoxia, leading to a longer 



half-life under hypoxic conditions. Additionally, Prdx-3 protein levels were increased 

a RCC4 cells expressing wild-type VHL compared to RCC4 cells with mutant VHL. 
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CHAPTER 1 

Introduction 

Mitochondrial Reactive Oxygen Species 

The mitochondria are an important site for the production of cellular reactive 

oxygen species (ROS). The mitochondrial electron transport chains (ETC) consume 

oxygen to form cellular energy in the form of adenosine tri-phosphate (ATP) by oxidative 

phosphorylation. The ETC consists of five complexes, which transfer electrons to a final 

acceptor of molecular oxygen and pump protons across the inner mitochondrial 

membrane to form a gradient (Wallace et al, 1992). This process of oxidative 

phosphorylation utilizes 90% of the oxygen taken up by the cell, and from this, between 

0.4 and 5% of the consumed oxygen is released in the mitochondria as ROS (Boveris et 

al, 1988, Mandavilli et al, 2002). The ROS generated by the mitochondria include 

hydrogen peroxide (H2O2), superoxide (02")> singlet oxygen (O") and hydroxyl radical 

(HO"). H2O2 is the least reactive of the ROS, but may be the most biologically 

important intracellular regulator because it can diffuse out of the mitochondria and have 

cytoplasmic effects (Melov et al, 2000). 

Low levels of ROS, particularly H2O2, are important for regulating physiological 

processes such as receptor-mediated cell signaling pathways, normal cell proliferation 

and activation of transcription factors (Simon et al, 2000, Huang et al, 1996). H2O2 has 

been shown to be transiently increased within in the cell in response to growth factor 

induced kinase signaling and has been suggested to be an important intracellular 
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messenger during this process (Rhee 2000). It has been proposed that H2O2 inhibits 

phosphatase function by cysteine oxidation, which allows kinase signaling cascades to 

occur (Rhee 2000). 

Mitochondrial Regulation of Apoptosis 

Mitochondrial ROS also regulate a form of non-necrotic cell death termed 

apoptosis. Apoptosis was first documented by Kerr, Wyllie and Currie in the 1970s as a 

self-induced and energy consuming form of cell death, which kills the cell without 

eliciting an immune response from the host (Wyllie et ai, 1972). Apoptotic cells evade 

the immune system because their cell membranes are not compromised as the cells die 

and they maintain their intracellular contents (Krammer et ai, 1999). Apoptotic cells 

also display a specific morphology, which involves condensation and fragmentation of 

the nuclear DNA (Kerr et al, 1972). Apoptosis has a critical role in many physiological 

processes including development, the functioning of the immune system and nervous 

system and in cancer (Krammer et al., 1999, Vaux et al., 1999). Apoptosis can be 

initiated by multiple mechanisms including death receptor mediated pathways, growth 

factor withdrawal, UV- or y-irradiation and chemotherapeutic agents. The mitochondrial 

release of pro-apoptotic proteins is central in most of these apoptotic pathways and 

mitochondrial involvement is usually the "point of no return" during apoptosis. 

The pro-apoptotic factors released from the mitochondria include cytochrome C, 

apoptosis inducing factor (AIF), and SMAC/Diablo (Zoratti et al., 1995, Liu et al., 1996 

and Susin et al, 1996). These factors are released through a non-selective 
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transmembrane mitochondrial pore (Figure 1.1). There are two potential mechanisms 

leading to the opening of this pore. One mechanism is that the pore is made by members 

of the Bcl-2 family of proteins, which positively and negatively regulate apoptosis 

through the specific mitochondrial release of pro-apoptotic proteins (Korsmeyer et al., 

2000). The pro-apoptotic Bcl-2 family member, BAX, is recruited to the mitochondria 

from the cytoplasm during apoptosis (Martinou and Green 2001). Once recruited to the 

outer mitochondrial membrane, BAX and BAK oligimerize to form a transmembrane 

pore, which allows mitochondrial contents to be released into the cytoplasm (Fleury et 

al, 2002). Acute increases in ROS are associated and often necessary for the recruitment 

of BAX and BAK to the mitochondria (Fleury et al., 2002). Anti-apoptotic members of 

the Bcl-2 family, including Bcl-2 and BcIxl, inhibit apoptosis by binding BAX and BAK 

preventing their oligimerization. A second mechanism involves the formation of the 

mitochondrial permeability transition pore (MPTP), which collapses the mitochondrial 

membrane potential (A^) and non-specifically releases the pro-apoptotic proteins 

(Madesh and Hajnoszky, 2001). The MPTP is formed by an outer membrane protein 

(VDAC) and an inner membrane protein (ANT), which come together to release the 

contents of the mitochondria (Raha and Robinson 2001). Opening of the MPTP is 

dependent upon the binding of cyclophilin D to ANT and this association in sensitive to 

mitochondria ROS (Raha and Robinson 2001). Recent reports suggest that both of the 

mechanisms may be operative and that B AX/BAK are required for the opening of a pore 

formed by ANT and VDAC (Waterhouse et al, 2002). 



The pro-apoptotic factors released from the mitochondria during the apoptotic 

cascade, cytochrome C, SMAC/Diablo, AIF, have different functions in the death of the 

cell (Figure 1.1). Cytochrome C is a vital part of complex IV in the ETC and under 

normal cell function is embedded in the inner mitochondrial membrane. Once released 

into the cytoplasm during apoptosis, cytochrome C forms a complex with APAF-1 and 

caspase-9 to initiate the execution stage of apoptosis by activating procaspase-3 and 

nucleases (Waterhouse et ai, 2002). AIF acts as an oxidoreductase during normal 

mitochondrial function, but once it is released from the mitochondria it rapidly 

translocates into the nucleus and causes DNA condensation and fragmentation (Cande et 

al, 2002; Lipton and Bossy-Wetzel, 2002). Smac/Diablo (second mitochondrial derived 

activator of caspases / direct lAP binding protein with low pi) has no known function 

during normal cell growth (Verhagen and Vaux 2002). As the name implies, 

Smac/Diablo directly binds and inhibits lAP (inhibitor of apoptosis) (Verhagen and Vaux 

2002). lAP blocks caspase-9 activation by cytochrome C and without inhibition by 

Smac/Diablo prevents apoptosis (Verhagen etal, 2001). 

Apoptosis and Disease 

Disregulation of the apoptotic pathway has been shown to be a part of many 

disease states, particularly autoimmune diseases and cancer. For example, an increase in 

thyroid cell apoptosis causes autoimmune thyroid disease because of an overexpression 

of death receptor ligand (Tsatsoulis 2002). Caspase inhibiting agents are currently being 

developed to slow the development of these autoimmune diseases (Roth 2001). 
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Figure 1.1 Cartoon showing the mitochondrial regulation of apoptosis. Diagram of the 

mitochondrial matrix (MM), inner mitochondrial membrane (IMM), inner membrane 

space (IMS), and outer mitochondrial membrane (OMM). 



Conversely, resistance to apoptotic stimuli is a hallmark of cancer and is responsible for 

cancer drug resistance (Johnstone et al, 2002). In cancer there is usually a disruption of 

the intrinsic apoptotic pathway either by loss of pro-apoptotic tumor suppressor proteins 

or by increased expression of anti-apoptotic oncogenes (Johnstone et al, 2002). These 

defects in apoptosis signaling allow the survival and proliferation of damaged cells, 

which would normally die by apoptosis. It is these damaged cells which can continue to 

proliferate to form a tumor. The goal of chemotherapeutic agents is to circumvent the 

cancer cells resistance to apoptosis and kill the cancer cell (Johnstone et al, 2002). 

Oxidative damage to Mitochondrial DNA and Disease 

As described above, acute increases in mitochondrial ROS cause cell death, but 

chronic exposure to low levels of mitochondrial ROS damages the cell without killing it 

(Figure 1.2). The mitochondria contain their own DNA (mtDNA), which is distinct from 

nuclear DNA. The mitochondrial genome contains 22 tRNA genes, 2 ribosomal RNA 

genes and 13 genes, which encode proteins for the electron transport chain; subunits of 

complex I, complex III, complex IV and ATP synthase (complex V) (Mandavilli et al, 

2002). The remaining subunits for complexes I, III, and IV are encoded in the nucleus 

and complex II is entirely nuclear encoded (Mandavilli et al, 2002). Permanent 

oxidative damage accumulates in mtDNA with age and oxidant exposure, due to poor 

recognition of DNA damage and inadequate repair within the mitochondria (Berdanier 

and Everts, 2001). Mitochondrial oxidative damage can lead to deletions and/or 
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Mitochondrial ROS 

ilROS tROS ttROS 
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Figure 1.2 Biological effects of mitochondrial ROS. Low levels of ROS are necessary 

or normal cell function and proliferation. Chronic exposure to increased ROS causes 

mtDNA damage, which leads to aging and various diseases. The cumulative damage to 

mtDNA can sometimes cause apoptosis. Acute exposure to very high levels of ROS 

signals the cell to undergo apoptosis. 



mutations within the mtDNA genome, which can have pathological consequences 

(Mandavilli et al, 2002). If the mtDNA damage is very severe, it will induce apoptosis, 

but cells can usually tolerate the damage (Berdanier and Everts, 2001). 

ROS-induced oxidative damage to the mtDNA has been implicated in aging and 

the pathology of a number of degenerative diseases and cancer (Van Remmen and 

Richardson, 2001; Bandy et al, 1990; Berdanier and Everts, 2001). The myocardium of 

the heart is particularly sensitive to mtDNA damage because it depends heavily on 

oxidative metabolism by the mitochondria (DiMauro and Hirano, 1998). MtDNA 

damage accumulates in the myocardium due to increased mitochondrial ROS that occur 

with episodes ischemia/reperfusion (Ferrari et al, 1996). In the brain, deficiencies in the 

components of the mitochondrial electron transport chain caused by damaged mtDNA 

leads to the destruction of the dopaminergic neurons, which causes Parkinson's disease 

(Ebadi et al, 2001). In addition, oxidative mtDNA damage has been observed in a wide 

variety of tumors, but it is still unclear whether this contributes to the carcinogenesis 

process or is a simply a reflection of underlying nuclear DNA instability (Penta et al, 

2001; Durham et al, 2003). 

Mitochondrial Antioxidant Proteins 

The mitochondria contain antioxidant defenses that protect against ROS induced 

damage. These defenses include thioredoxin-2 (Spyrou et al, 1997), peroxiredoxin-3 

(Prdx3, TrxPx2, AOPl, MER5, SP-22)(Chae et al, 1994a, 1994b), manganese 

superoxide dismutase (MnSOD, SOD-2) (Li et al, 1995), mitochondrial glutaredoxin 



(Grx2a) (Gladyshev et al., 2001), glutathione/phospholipid hydroperoxide glutathione 

peroxidase (GSH/PHGPX, GPX4) (Knopp et al., 1999) and catalase (Radi et al., 1991). 

The thioredoxin-2 system, Grx2a and SOD-2 are mitochondrial specific proteins whereas 

GSH/PHGPX and catalase are present in other parts of the cell. (Miranda-Vizuete et al., 

2000, Li etai, 1995, Gladyshev etal, 2001, Knopp etal, 1999, Radi etai, 1991). 

GPX4, catalase and Prdx3 are peroxidases that convert H2O2 to water. Much of the H2O2 

formed in the mitochondrial is a result of SOD-2, which dismutates two superoxide 

radicals into H2O2 and O2. 

Mitochondrial Thioredoxin-2 System 

The Trx-2 system includes Trx-2, mitochondrial thioredoxin reductase (TrxR-2), 

and mitochondrial peroxiredoxin-3 (Prdx-3) (Spyrou et al, 1997, Miranda-Vizuete et al., 

1999, Chae et al, 1994a, Chae et al, 1994b)(Figure 1.3). Trx-2 is a member of the 

thioredoxin (Trx) family of small redox proteins that contain a conserved active site 

(Spyrou et al, 1997). The active-sites cysteines of Trxs function to maintain protein 

thiols in a reduced state by becoming oxidized themselves. TrxR-2 is a 

selenoflavoprotein, which regenerates Trx-2 by reducing the oxidized active site 

cysteines (Miranda-Vizuete et al, 1999). Prdx-3 is a mitochondrial thioredoxin 

peroxidase, which utilizes Trx-2 as an electron donor for the reduction of hydrogen 

peroxide (Chae et al, 1999). Trx-2, TrxR-2 and Prdx-3 are encoded in the nuclear 

genome and contain a mitochondrial leader sequence (MLS), which is cleaved off after 

import of the protein into the mitochondria. The mitochondrial Trx-2 system is 
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Figure 1.2 Mitochondrial thioredoxin system. The active site of thioredxoni-2 is 

reduced by the selenoflavoprotein thioredoxin reductase-2. Reduced thioredoxin-2 

an electron donor to the mtiochondrial peroxidase peroxiredoxin-3. 



ubiquitously expressed, but it is found at the highest levels in the metabolically active 

tissues of the heart, brain and liver (Spyrou et al, 1997, Miranda-Vizuete et al, 1999, 

Chae et al, 1999). 

Thioredoxin Family and Mitochondrial Thioredoxin-2 

Trx-2 is a member of the thioredoxin family, which includes the cytosolic 

thioredoxin (Trx-1), thioredoxin-like protein (p32TrxL), transmembrane thioredoxin-like 

protein (TMX), sperm-specific thioredoxin (SpTrx) and the glutaredoxins (Lee et al, 

1998, Matsu et al, 2001, Miranda-Vizuete et al, 2001, Holmgren et al, 1995). Of the 

thioredoxin family members Trx-2 and Trx-1 are the most similar (40%) and contain the 

same active site of -Trp-Cys-Gly-Pro-Cys-Lys (Spyrou et al, 1997). The cellular 

functions of Trx-1 have been extensively studied. Found within the cytoplasm, nucleus 

and secreted by cells, Trx-1 participates in essential intracellular processes of protein 

repair, protein disulfide reduction, as a cofactor, molecular chaparone, transcription factor 

regulator, growth factor and as an antioxidant (Hirota et al, 2002). In addition, Trx-1 has 

been shown to be involved in the pathophysiologic processes of HIV, reperfusion injury, 

Alzheimer's disease, immune dysfunction, cancer and cancer drug resistance (Hirota et 

al, 2002). At the time this thesis research was begun, the cellular functions of the 

mitochondrial Trx-2 were unknown. 
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Peroxiredoxin Family of Peroxidases and Cancer 

In addition to proposed mitochondrial antioxidant function of Trx-2 itself, Trx-2 

acts a cofactor for the antioxidant mitochondrial peroxidase, Prdx-3. Prdx-3 is the 

mitochondrial member of the peroxiredoxin family. The peroxiredoxin (Prdx) family of 

enzymes require a thiol antioxidant to reduce H2O2 (Chae et al, 1999). There are six 

known mammalian Prdxs. Prdxsl- 4 contain two conserved cysteine residues whereas 

Prdx5 and 6 contain only one of the cysteine residues (Kang et al, 1998,Lim et al, 1994, 

Kim et al, 1988). Prdxsl - 4 have high amino acid sequence homology (60-80%) but 

lower homology to PrdxsS and 6 (20%). Prdxs 1-4 belong to the thioredoxin peroxidase 

subfamily and require thioredoxins as the electron donor to remove H2O2, whereas 

Prdxs5-6 can utilize other cellular reductants, such as glutathione, as their electron donor 

(Fisher 1999, Singh 1998). Prdxl, 2 and 6 are cytosolic and nuclear (Kinnula et al, 

2002, Mizusawa et al, 2001, Oberly et al, 2001, Kang et al, 1998). Prdx3 contains a 

mitochondrial localization sequence and is found exclusively in the mitochondrion and 

uses mitochondrial thioredoxin-2 (Trx-2) as the electron donor for its peroxidase activity 

(Watabe et al, 1997). Prdx4 has an N- terminal secretion signal sequence and is found in 

the endoplasmic reticulum and the extracellular space (Okado-Matsumoto et al, 2000). 

Prdx5 is expressed as a long form that is associated with the mitochondria, a short form 

that is found with the peroxisomes (Seo et al, 2000), and a nuclear localization has also 

been reported (Kinnula et al, 2002). Prdx expression has been reported to be increased in 

several human cancers. Increased levels of Prdxl are found in oral cancer (Yanagawa et 

al, 2000), in follicular but not papillary thyroid cancer (Yanagawa et al, 1999) and in 



breast cancer (Noh et ai, 2001). Prdxl and Prdx3 expression is increased in lung cancer 

(Chang et al, 2001). Increased expression of all Prdxs has been found in human 

mesotheliomas (Kinnula et al, 2002). 

Mitochondrial Peroxiredoxin-3 

Prdx-3 (MER5, SP-22, AOP-1) was originally cloned out of murine 

erythroleukemia cells as a housekeeping gene (Yamamoto et al, 1989). Further studies 

showed Prdx-3 to be localized to the mitochondria and that it was dependent upon 

mitochondrial thioredoxin-2 (Trx-2) as the electron donor for its peroxidase activity 

(Watabe et al., 1997). Prdx-3 expression has been shown to be induced by oxidants in 

the cardiovascular system and is thought to play a crucial role in the antioxidant defense 

system within the mitochondria (Araki et al, 1999). Clinical evidence has suggested that 

some of the Prdxs, including Prdx-3, may enhance carcinogenesis and their 

overexpression has been demonstrated in mesotheliomas and breast cancer (Kinnula et 

al, 2002, Noh et al, 2001). 

Hypothesis 

This research tested the hypothesis that the mitochondrial Trx-2 system 

plays a role in the regulation of cell growth and apoptosis. Because of its subcellular 

localization, the mitochondrial Trx-2 system has the potential to alter the redox state of 

the mitochondria and therefore may affect processes dependent upon mitochondrial ROS. 



To dissect the physiological role of the mitochondrial Trx-2 system, the 

components of the system were addressed individually. Any functionsof the 

mitochondrial thioredoxin reductase, TrxR-2, other than reducing Trx-2, were not studied 

in this dissertation project. 

Specific Aims 

1. To investigate the role of Trx-2 in cell growth and apoptosis 

The goals of this specific aim were to 1) examine Trx-2 expression in various cell 

lines, 2) to investigate the effects of Trx-2 overexpression in cell lines, and 3) to 

investigate the consequences of knocking out Trx-2 expression. 

Goal 1: Using a rabbit polyclonal antibody to Trx-2, Trx-2 was shown to be 

localized exclusively to the mitochondria by immunoflourescence of whole cells and 

Western blotting of subcellular fractions. Northern blot analysis showed Trx-2 mRNA 

expressed in human colon (colo320, HT-29, KM-12, SW-340), lung (A549), breast 

(MCF-7), and lymphoma (Jurkat) cancer cells. Unexpectedly, an alternately spliced form 

of Trx-2 lacking exon 2, which does not yield protein, was discovered. 

Goal 2: Attempts at forced overexpression of Trx-2 by constitutive and inducible 

promoter systems increased Trx-2 mRNA levels, but did not yield overexpression of the 

Trx-2 protein. These results suggest a tight regulation of Trx-2 protein expression 

possibly through an RNA modification occuring on the ectopic Trx-2 RNA to prevent the 

translation of the protein. Recently published Trx-2 overexpression studies by other 



researchers have shown that Trx-2 prevents apoptosis and increases the mitochondrial 

membrane potential, A*F (Chen et al, 2002, Tanaka et al, 2002). 

Goal 3: The effects of Trx-2 deficiency in mammalian development was 

addressed by generating a mouse deficient in Trx-2. Massive apoptosis, exencephaly 

and early embryonic lethality was seen in the Trx-2(-/-) homozygous embryos. 

Embryonic fibroblasts cultured from the Trx-2(-l-) homozygous embryos were not viable 

under normal culture conditions, but could be rescued by maintenance in hypoxia. 

Interesting, the Trx-2{-/-) did not have any cytochrome c protein expression, which 

suggests the biological function of Trx-2 in cytochrome c biogenesis. 

The Trx-2{+/-) heterozygous mice appear grossly normal but do have an increased 

sensitivity to acute doxorubicin toxicity compared to the wild-type mice. The Trx-2{+/-) 

did not have an increased sensitivity to paraquat, a lung toxin, suggesting that Trx-2 may 

not play a protective role in the lung. 

2. To investigate the role of mitochondrial Prdx-3 in cell growth and apoptosis 

To examine the antioxidant role of Prdx-3, cells were generated with stable 

overexpression of Prdx-3. We have found that increased Prdx-3 protected WEHI7.2 

mouse thymoma cells from apoptosis caused by hydrogen peroxide, t-

butylhydroperoxide, and imexon (a mitochondrial active anti-cancer drug), but not by 

dexamethasone. Prdx-3 overexpressing cells were also resistant to the increase in 

hydrogen peroxide and apoptosis caused by hypoxia. Additionally, Prdx-3 

overexpression altered the mitochondrial membrane potential, reduced endogenous 
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cellular hydrogen peroxide levels, and caused significant growth retardation. The Prdx-3 

over-expressing cells also displayed altered response to growth factor stimulation, which 

may be the cause of the growth retardation. 

Further investigation into the role of Prdx-3 in the cellular response to hypoxia 

showed that Prdx-3 protein levels were increased but that mRNA expression was 

unchanged. The half-life of Prdx-3 protein was shown to be significantly longer in 

hypoxic conditions. 
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CHAPTER 2 

Experimental Procedures 

Chemicals and Reagents 

All chemicals and reagents were supplied by Sigma-Aldrich, St. Louis MO, unless 

otherwise stated. Imexon and imexon-resistant 8226 cells were provided by Dr. Robert Dorr 

from the University of Arizona, Arizona Cancer Center. RCC4 cells were provided by Dr. 

Peter Ratcliffe from Welcome Trust Center for Human Genetics, Oxford UK.. 

Antibodies 

Primary antibodies used were anti-Trx-2, TrxR-2 or Prdx-3 rabbit polyclonal antisera 

(generated in the Powis lab, see in vivo techniques), anti- MnSOD monoclonal antibody 

(Upstate, Lake Placid, NY), anti-bovine catalase rabbit polyclonal antibody (Rockland, 

Gilbertsville, PA), cytochrome c rabbit polyclonal antibody (Santa Cruz Biotechnologies, 

Santa Cruz, CA), anti-HIFla rabbit polyclonal antibody (gift from Dr. Robert Abraham, 

Burnham Institute, San Diego, CA), anti-VHL rabbit polyclonal antibody (Santa Cruz 

Biotechnologies, Santa Cruz, CA). 
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In Vitro Techiniques 

Cell Culture 

Colo320 (colon cancer), HT-29 (colon cancer), KM-12 (colon cancer), SW-480 

(colon cancer), A549 (lung cancer), MCF-7 (colon cancer), Jurkat (lymphoma), NIH-3T3 

(immortalized mouse embryonic fibroblast) and WEHI7.2 (mouse thymoma) cells were 

obtained from American Type Culture Collection. ECR-3T3 cells were obtained from 

Stratagene (San Francisco, CA). Cells were grown at 37° C in 5% CO2 in either Dubecco 

modified eagle medium (DMEM) or RPMI (MediaTech CellGro, Herndon VA) with 10% 

fetal bovine serum. In hypoxia experiments, 15 mM HEPES (pH 7.4) was added to the 

DMEM for both the test and control cells. Hypoxic conditions were set at 1% O2, which was 

regulated by a Reming Bioinstruments chamber and oxygen regulator (Redfield NY). 

Trx-2 cloning and Transfection 

Trx-2 was cloned out of human cDNA by polymerase chain reaction (Trx-2 fwd; 5'-

CTCGAGGCCGCCATGGCTCAGCGACTTCTTCTGAGG-3', Trx-2 rev: 5'-

GCGGCCGCTCAGCCAATCAGCTTCTTCAGGAAGG-3') for ligation into pCMV-Tag4a 

(Stratagene) at the Xhol site. Serb-2 mutant Trx-2 was generated by ligating two separate 

PCR products. One product mutated the 5' region and the other the 3' region. A overhang 

was designed into the primers to allow the ligation. The PCR product of Trx-2 fwd (see 

above) and mut Trx-2 rev(5'-GGCCCCAGGATCTTGGAGGGTCCAGCCACTGTGC 

GTGG-3') was ligated with the product of mut Trx-2 fwd (5'-
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CCACGCACGGGTCTGGACCCTCCAAGATCCTGGGGCC-3') and Trx-2 rev (see 

above). The pCMV-Tag4a vector provided constant expression of Trx-2 and was used for 

stable transfection into NIH-3T3 and WEHI7.2 mouse cells. NIH-3T3 cells were transfected 

by LipoTAXI (Stratagene) and clonally selected in 200 fXg/ml G418. WEHI7.2 cells were 

transfected by electroporation (400mV, 250 Fa) and soft agar clones selected in 1.2 mg/mi 

G418. 

Trx-2 was cloned out of human cDNA by polymerase chain reaction (Trx-2 fwd 

EAMl 104A: 5'-GATCAGCAGAAGAGGCCGCCATGGCTCAGCGACTTCTTCTGAGG-

3', Trx-2 rev Eamll04A: 5'-GAACCAGAAGAGGCCAATCAGCTTCTTCAG-3') for 

ligation into pEGSH (Stratagene) at the Eamll04A site. The pEGSH vector was used for 

ponasterone-inducible expression of Trx-2 in the ECR-3T3 cells (NIH-3T3 stably transfected 

with pERV for inducible system). ECR-3T3 cells were transfected by LipoTAXI 

(Stratagene) and clonally selected in 200 |a.g/ml hygromycin and 100 |J-g/ml zeocin. 

Prdx-3 cloning and Transfection 

Prdx-3 was cloned out of human cDNA by polymerase chain reaction (primers: 5'-

GATCGCGGCCGCATGGCGCTGCTGTAGGAC-3' ,5' -GATCGAATTCCTACTGATT 

TAACCTTCTGAAAGT-3'). The PGR product and pCMV-script vector (Stratagene,) were 

digested with EcoRI/Notl and ligated overnight at 14°C. Ligation and orientation were 

verified by sequence analysis. Empty vector or vector containing Prdx-3 were transfected 

into WEHI7.2 cells by electroporation. Once control cells were unviable, individual soft agar 

clones were selected with and maintained in 1.2 mg/ml G418. 
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Measurement of Apoptosis 

Cells (12.5x10^) were dosed with drug for described times and conditions. Cells were 

collected and washed with phosphate buffered saline. Cells were resuspended in calcium 

buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCli) containing Annexin-V-

Fluos (Boehringer Mannheim, Roche Applied Science, Indianapolis IN) and 50 mg/ml 

propidium iodide (Molecular Probes, Eugene OR). Cells were analyzed on a FACScan 

(Becton Dickinson, Franklin Lakes NJ) using 488 nm excitation by an argon laser and a 515 

nm bandpass filter for fluorescein detection and a filter >560nm for PI detection. 

Cell Cycle Analysis 

Cells (12.5x10^) were pelleted and washed with phosphate-buffered saline. Ice-cold 

ethanol was added and the cells were incubated on ice. Cells were pelleted and rehydrated in 

phosphate-buffer. Cells were pelleted and resuspended in buffer (100 mM Tris-HCl, pH 7.4, 

150 mM NaCl, 1 mM CaCb, 0.5 mM MgCla, 0.1% NP-40) containing 3 mM propidium 

iodide (Molecular Probes). Cell cycle was analyzed on a FACScan using 488 nm excitation 

by an argon laser and a filter >560nm for PI detection. 

Hydrogen Peroxide Detection 

Cellular hydrogen peroxide- Cellular H2O2 was measured by a modification of the 

method of Eposti et al (47). Cells (10"^ -10^) were incubated in DMEM without phenol red 

(MediaTech CellGro, Herndon VA) containing 5 [aM 5-(and-6)-chloromethyl-2',7'-
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dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) (Molecular Probes, 

Eugene OR) for 30 minutes at 37°C. 

Mitochondrial hydrogen peroxide - Purified mitochondria (0.5 mg/ml) were diluted 

in phosphate buffered saline containing 1 |j,M CM-H2DCFDA and 1 unit.ml horseradish 

peroxidase and plated onto a 96-well clear bottom/black walled plate. Succinate was added 

to a final concentration of 10 mM and samples were shook at room temperature for 30 

minutes. 

Dichlorohydrofluorescein levels in cells were measured on a Gemini XS microplate 

spectroflourometer (Molecular Devices, Sunnyvale CA) using 488 nm excitation and a 520 

nm emission for detection. H2O2 levels were quantitated by comparison to a standard curve 

generated using dichlorohydrofluorescein (DCF)(Molecular Probes, Eugene OR). 

Mitochondrial Membrane Potential 

This procedure is identical to that described for cellular hydrogen peroxide 

detection except that cells were incubated in phenol red-free media containing 20 nM 

tetramethylrhodamine methyl ester (TMRM) (Molecular Probes) for 30 minutes at 37°C. 

Cells were analyzed on a flow cytometer using 488 nm excitation and a 515 nm bandpass 

filter for TMRM detection. 

ELISA Immunoreactivity Assay 

Culture plates (96-well) were coated with 5 ng of recombinant purified Trx-1, Trx-2 

and MBP-Trx-2 proteins. Plates were washed two times with phosphate buffered saline 
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(PBS). Rabbit Trx-2 polyclonal antiserum was incubated on the plates at various dilutions in 

PBS for 1 hour at room temperature. Plates were washed five times with PBS. Secondary 

anti-rabbit antibody conjugated to horseradish peroxidase was incubated on the plates for 30 

minutes at room temperature. Plates were washed five times with PBS. Results were 

visualized by spectrophotometric absorbance at 290 nm after 10 minutes incubation with 

ABT at room temperature. 

Western Blot Analysis 

Cells were washed once in ice-cold PBS then resuspended in ice-cold lysis buffer 

(0.5 % Nonidet P-40, 0.5 % Na-deoxycholate, 50 mM NaCl, 1 mM EDTA, 1 mM 

NaVOs, 50 mM HEPES, pH 7.5, 1 mM PMSF). Lysates was incubated on ice for 20 

minutes, with vortexing every 5 minutes. Lysates were cleared by centrifugation at 

10,000 X g, 15 min, 4°C. Protein was quantified using BioRad Protein Reagent. Protein 

samples (10-50 |J,g) were loaded onto a 10% NuPAGE gel (Invitrogen). The proteins 

were separated by electrophoresis and then transferred to PVDF membrane (NEN, 

Boston MA). Primary antibodies used in Western blotting included anti-Trx-2, TrxR-2 or 

Prdx-3 rabbit polyclonal antisera, anti- MnSOD monoclonal antibody (Upstate, Lake 

Placid NY), anti-bovine catalase rabbit polyclonal antibody (Rockland, Gilbertsvill PA), 

anti-HIFla. Secondary antibodies conjugated to horseradish peroxidase included anti-

rabbit, anti-mouse or anti-goat secondary antibody. The results were visualized by 

Western Lightening chemiluminescence (NEN, Boston MA) followed by auto

radiography. 
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RNA Purification and Northern Blot Analysis 

Total RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad CA) and the 

PowerGen 35 homogenizer. Poly-A RNA was purified from 500 |i.g total RNA using 

Oligotex beads (Qiagen, Valencia CA). Poly-A RNA (2 |ag) was separated by 

electrophoresis on a 1.2 % agarose gel and RNA transferred to nitrocellulose (Osmonics) for 

Northern Blot analysis. cDNA probes were radiolabeled with ^^P-a-dCTP (NEN, Boston 

MA) using the Random Prime Labeling Kit (Invitrogen, Carlsbad CA). Blots were 

hybridized with radiolabeled probes overnight at 42°C in UltraHyb Buffer (Ambion, Austin 

TX ). Non-specific probe was removed by a series of washes. Northern blots were 

visualized by auto-radiography and a Molecular Dynamics Phosphorlmager (Amersham 

Biosciences, Piscataway NJ) and quantified by Image Quant software. 

Mitochondrial Thioredoxin Peroxidase Activity 

Mitochondria isolation: Cells were harvested and washed once with ice-cold 

phosphate buffered saline, pH 7.4, then resuspended and incubated in a hypotonic buffer (10 

mM Tris, 10 mM NaCl, 3 mM MgCl2, 1 mM EDTA, 1 mM EOTA) for 30 minutes on ice. 

Cells were lysed by 15 strokes with a tight-fitting dounce homogenizer then nuclei and 

unbroken cells were pelleted by centrifugation for 15 minutes at 600 xg and 4° C. The 

supernatant was transferred to a fresh tube and mitochondria pelleted by centrifugation for 20 

minutes at 12000 x g and 4° C. Mitochondria were resuspended in lysis buffer (100 mM tris-

HCl, pH 7.4/0.1 % Triton x-100). Mitochondria were broken by sonification for 15 seconds 



and membranes removed by centrifugation at 12,000 x g for 15 min, 4° C. Mitochondrial 

protein was quantified using BioRad Protein Reagent (BioRad, Hercules CA ). 

Peroxidase assay: Mitochondrial proteins (100 |Xg) and lysis buffer containing 0.25 mM 

NADPH, recombinant ATrx-2 (Trx-2 minus MLS), purified placental TrxRl (46) and cleared 

mitochondrial lysate (100 ng) was added and equilibrated at room temperature. The reaction 

was initiated with 1 mM H2O2 and oxidation of NADPH measured at 339 nm for 3 min. 

Pulse-Chase 

WEHI7.2 cells were either in normoxia or pre-equilibrated in hypoxia for 2 hours in 

DMEM/10 % FBS/15 mM HEPES. Media was removed and the cells were washed twice in 

PBS. Media lacking cystiene and methionine was added and eels were incubated for 30 

minutes in either normoxic or hypoxic growth conditions. Labeling media containing 

TRANS ^^S-LABEL (200 i^Ci/ml)(ICN Biomendicals Inc, Irvine, CA), was added and 

incubated for 1 hour. Labeling media was removed and cells were washed twice in PBS. 

Complete media (DMEM/10 % FBS/15 mM HEPES) was added to chase the label. Cells 

were collected at specified time points for immunoprecipitation. 

Immunoprecipitation 

Cells were incubated in ice cold lysis buffer (0.5 % Nonidet P-40, 0.5 % Na-

deoxycholate, 50 mM NaCl, 1 mM EDTA, 1 mM NaVOa, 50 mM HEPES, pH 7.5, 1 mM 

PMSF) for 30 minutes on ice with vortexing every 10 minutes. Insoluble membranes were 

pelleted at 12,000 x g for 15 min, 4° C. Supernatant was collected and protein content 



determined. 300 |j,g of protein was brought to a final volume of 300 |j,l in IP buffer (25 mM 

potassium phosphate/100 mM KCl, pH 7.4). Protein was cleared of non-specific interactions 

with 25 10,1 of presoaked Protein-A sepharose, rotating at 4° C for 1 hour. Beads were pelleted 

at 2000 X g for 5 min, 4° C. Supernatant was removed and added to fresh Protein-A 

sepharose beads. Polyclonal Prdx-3 antibody (20 |^1) was added to the mixture and the tubes 

were rotated overnight at 4° C. Beads were pelleted at 2000 x g for 5 min, 4° C. Beads were 

washed 3 times with IP buffer by vortexing for 5 seconds followed by pelleting the beads. 

NuPage sample buffer was added to the beads and protein was denatured for 10 minutes at 

72° C. Beads were pelleted and the sample was run on a 10 % NuPage gel. Gel was dried 

and the results visualized and quatified with the Phospholmager. 
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In Vivo Techniques 

Antibody Generation 

Trx-2 was cloned out of human cDNA by PGR (primers:) and ligated into pMAL 

prokaryotic expression vector (New England Biolabs, Beverly MA) at the Xhol site. 

This construct resulted in a Trx-2 fusion to maltose binding protein (MBP). Recombinant 

Trx-2/MBP was expressed in E.coli, purified by a amylose column and injected into 8 

week old male New Zealand rabbits (Jackson Labs, Bar Harbor ME) to generate 

polyclonal antisera. Rabbit polyclonal antisera to a unique peptide sequence from 

ATrxR-2 and to a unique peptide sequence from Prdx-3 (SPAASKEYFQKVNQ) (Alpha 

Diagnostic, San Antonio TX) were generated in a similar manner. Antibodies were not 

purified, antisera was used directly for all experiments. These polyclonal antibodies to 

Trx-2, TrxR-2 and Prdx-3 all cross-reacted with the mouse proteins. 

Generation of Trx-2 {+!-) Heterozygous Mice 

Founder mice were created by Lexicon Genetics (The Woodlands TX) and 

developed by gene trapping using random insertional mutagenesis with retroviral vector 

VICTR24 as described by Zambrowicz et al 1998. VICTR24 was generated by cloning a 

sequence acquisition component and a mutagenic component into the pGen sup-

expression vector, then packaging by GP+E86 cells. The acquisition component consists 

of phosphoglycerate kinase-1 promoter fused to the neomycin resistance gene followed 

by a synthetic consensus splice donor sequence (PGK-neo-SD) and the mutagenic 



component is a splice acceptor sequence fused to a colorometric marker followed by a 

polyadenylation sequence (SA-bgeo-pA). Embryonic stem cells were retrovirally 

infected with VICTR24 and clonally selected. The presence of only one gene copy of the 

mutational insertion was verified by quality control and the sequence of the trapped gene 

was obtained for each clone by rapid amplification of cDNA ends (3' RACE). The mouse 

Trx-2 cDNA sequence was used to screen the Lexicon OmniBank library database of 

disrupted genes (http://www.lexgen.com). Clone OST69169, in which the mutational 

insertion is 301 bp upstream of Trx-2 exon 1, was utilized to prevent transcription of Trx-

2. The embryonic stem cells were injected into C57BL/6 blastocysts and implanted into 

psuedopregnant females. Chimeric pups were bred to generate heterozygous offspring. 

Genotyping of Trx-2{+l-) Mice and Embryos 

Mice were maintained on NIH-31 modified irradiated rat and mouse chow 

(Harlan Techlad, Indianapolis IN) and bottled water ad libitum. Mice were tail tipped 

and ear tagged at 3 weeks. DNA was extracted by DNeasy kit (Qiagen, Valencia CA). 

For genotyping of formalin-fixed and paraffin-embedded embryos, embryonic tissue was 

scraped from unstained sections and deparaffinized prior to DNA extraction with the 

DNeasy kit. Genotyping was done using two polymerase chain reactions (PGR). One 

PCR reaction for the insert was performed using a 5' primer within the LTR2 insertion 

(5'-AAATGGCGTTACTTAAGCTAGCTTGC-3') and a 3' primer in chromosome 15 

downstream of the insertion (5'-GGCATGCAATAGGAAGTCACAC-3'). A second 

PCR reaction was performed using a 5' primer in chromosome 15 upstream of the 

http://www.lexgen.com
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insertion (5'-CCTTCTAACTTAACGTCTATTCAGT-3') and 3' primer in the 

chromosome 15 downstream of the insertion (5'- GGCATGCAATAGGAAGTCACAC -

3'). To aid in primer design, the LTR2 5' and Chromosome 15 flanking sequences were 

provided by Lexicon Genetics. PGR products were visualized by agarose gel 

electrophoresis and staining with ethidium bromide. 

Timed Pregnancies 

Female heterozygous mice, 6-10 weeks of age, were bred to heterozygous males. 

Pregnant females were sacrificed by cervical dislocation 12.5, 10.5, 9.5 and 8.5 days after 

the day of observing a vaginal plug. Uterus and embryos were removed for genotyping 

and immunohistochemistry. 

Mouse Embryonic Fibroblasts 

9.5 dpc MEFS: Embryos from a heterozygous mating were collected at 9.5 dpc. 

Embryos were dissected from deciduum and individually incubated in trypsin for 5 min at 

37° C. Cells were pipetted up and down, followed by 2 washes with PBS. Small samples 

were reserved for DNA preparation and genotyping. Cells were plated on porcine gelatin in 

MEF media (high glucose Dubecco's modified Eagle media supplemented with FBS (20 %), 

L-glutamine (2 |J,M), sodium pyruvate (1 mM), uridine (50 |Xg/ml), penicillin (50 lU/ml), 

streptomycin sulfate (50 |J.g/ml). Fibroblasts were either cultured in normal cell culture 

conditions (5 % CO2, -20 % O2) or low oxygen (1 % O2). For fibroblasts cultured under low 

oxygen all reagents and media were equilibrated to low oxygen and buffered with 10 mM 



HEPES, pH 7.4 prior to use. Hypoxic conditions were set at 1% O2, which was regulated by 

a Reming Bioinstruments chamber and oxygen regulator (Redfield NY). 

14 dpc MEFs: Embryos from a heterozygous mating were collected at 14 dpc. The 

head, liver and heart was removed from each embryo and discarded. The remaining embryo 

was minced and incubated in trypsin for 10 min at 37° C, with vortexing every 2 minutes. 

The liberated embryonic cells were collected by carefully pipetting off the supernatant. Cells 

were pelleted at 500 x g for 2 min at room temperature and washed once with 37° C PBS. 

Cells were resuspended and maintained in MEF media. 

Liver Mitochondria Isolation 

Hepatic mitochondria were isolated by a modification of the method of 

Bustamante et al, 1977. Briefly, mice were sacrificed by carbon dioxide asphyxiation 

and their livers removed. The livers were minced on ice followed by homogenization 

with a teflon pestle for 6 strokes in ice-cold MSH buffer (250 mM mannitol, 75 mM 

sucrose, 5 mM HEPES, pH 7.4) with 1 mM EDTA. The homogenates were immediately 

centrifuged at 600 x g, 10 minutes, 4° C, the supernatant transferred to a pre-chilled tube 

and centrifuged 6800 x g, 15 minutes, 4° C. The pellet was resuspended in ice-cold 

MSH Buffer and centrifuged at 600 x g, 10 minutes, 4° C. The supernatant was 

centrifuged at 6800 x g, 15 minutes, 4° C and the mitochondrial pellet resuspended in 

MSH buffer for electrophoresis and Western blot analysis (100 |i.g). Protein was 

quantified using the BioRad Protein Reagent (BioRad, Hercules CA ). 



Western Blot Analysis of Mouse tissues 

Heterozygous and wild-type mice 6-10 weeks of age were sacrificed by cervical 

dislocation. Brain, liver, heart, lung and kidney tissue was excised and placed into ice-

cold lysis buffer (0.5 % Nonidet P-40, 0.5 % Na-deoxycholate, 50 mM NaCl, 1 mM 

EDTA, 1 mM NaVOs, 50 mM HEPES, pH 7.5, 1 mM PMSF). Tissue samples were 

homogenized on ice with a PowerGen 35 (Fisher Scientific, Pittsburgh PA). The tissue 

lysates were snap frozen in a dry-ice ethanol bath and then thawed on ice. Lysates were 

cleared by centrifugation at 10,000 x g, 15 min, 4°C. Protein was quantified using 

BioRad Protein Reagent. Cleared tissue lysate (20 |ig) was loaded onto a 10% NuPAGE 

gel (Invitrogen, Carlsbad CA). The proteins were separated by electrophoresis and then 

transferred to PVDF membrane (NEN, Boston MA). Antibodies used in Western blotting 

were anti-Trx-2, TrxR-2 or Prdx-3 rabbit polyclonal antisera, anti-human MnSOD 

monoclonal antibody (Upstate, Lake Placid NY) and anti-bovine catalase rabbit 

polyclonal antibody (Rockland, Gilbertsvill PA) followed by horseradish peroxidase 

conjugated anti-rabbit or anti-mouse secondary antibody. The results were visualized by 

Western Lightening chemiluminescence (NEN, Boston MA) followed by auto

radiography. 

Immunohistochemistry 

Embryos or other tissues were fixed in 4% formaldehyde in phosphate-buffered 

saline for 24 hours prior to being routinely processed and embedded in paraffin. Tissues 

were serially sectioned at 4 |im and deparaffinized through xylene and graded alcohols 



prior to blocking. Sections were incubated with mouse anti-caspase3 (Trevigen, 

Gaithersburg MD) for 32 minutes at 42°C on a Ventana ES (Ventana Medical Systems, 

Tucson AZ) automated slide stainer and visualized with the Basic DAB Detection Kit 

(Ventana Medical Systems). Stained slides were dehydrated through graded alcohols and 

xylene prior to coverslipping. Certain sections were stained with a modified Harris' 

hematoxylin and eosin as morphological references. 

Acute Doxorubicin Toxicity in Trx-2{+l-) mice 

Wild-type and Trx-2 (+/-) mice 7-12 weeks of age were dosed with either sterile 

saline or doxorubicin hydrochloride (20 mg/kg) i.p. with 4 mice in each treatment group. 

Mice were euthanized by halothane inhalation 4 days post injection. Blood samples and 

heart tissue was collected. 

Acute Paraquat Toxicity in Trx-2 {+!-) mice 

Wild-type and Trx-2 {+!-) mice 7-12 weeks of age were dosed with either sterile 

saline or paraquat (50 mg/kg) i.p. with 4 mice in each treatment group. Mice were 

euthanized by pentobarbital (50 mg/kg) 24 hours post injection. Blood samples and lungs 

were collected. 



Serum Creatine Kinase 

Blood was incubated at room temperature for 2 hours and centrifuged and 3000 x 

g for 15 minutes. Serum was removed and creatine kinase levels were analyzed using a 

blah blah kit. 

Lipid Peroxidation 

A portion of the heart (-20 mg) was prepared as a 30 % homogenate in ice-cold 

phosphate buffered saline. To prevent sample oxidation, 0.5 M butylated hydroxytoluene 

in acetonitrile was added. Homogenate was cleared by centrifugation at 3000 x g, 4°C 

for 10 minutes. A colorimetric assay for malondialdehyde was performed using 

BIOXYTECH® LPO-586™ kit (OxwResearch, Portland OR) and the manufacturer's 

protocol. Results were compared to a standard curve of malondialdehyde. 

Cellular Reduced Glutathione 

Fresh tissue homogenate was prepared in manufacture's lysis buffer for 

measurement of reduced glutathione (GSH), Kit #APT250 (Chemicon, Temecula CA). 

100 |Xg of homogenate was used for the assay per manufacture's protocol. Results were 

compared to a standard curve of GSH. 
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CHAPTER 3 

Investigation of Thioredoxin-2 expression and Exogenous 

Overexpression of Thioredoxin-2 

INTRODUCTION 

Thioredoxin-2 (Trx-2) was cloned in 1997 and was shown to contain a 

thioredoxin active site (W-C-G-P-C) and mitochondrial localization sequence (MLS) 

(Spyrou et al, 1997). Trx-2 had been shown to be ubiquitously expressed in a panel 

normal tissues, but its expression in cancer cell lines had not been examined (Spyrou et 

al, 1997). 

A highly specific rabbit polyclonal antibody to Trx-2 was generated. 

Immunofluorescence and Western blots of subcellular fractionation, using the Trx-2 

antisera, verified the mitochondrial localization of Trx-2. Examination of Trx-2 mRNA 

in a panel of cancer cells lines, showed uniform expression. Unexpectedly, an 

alternatively spliced form of Trx-2 mRNA was identified and sequence analysis showed 

that it was lacking exon 2. However, the Trx-2 splice variant does not appear to be made 

into functional protein since we could not detected the truncated form of the protein using 

polyclonal antibody. 

Although it creates an artificial situation, forced overexpression of a gene is a 

useful tool to examine its role in cell function. In the case of the cytoplasmic thioredoxin 
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(Trx-l), overexpression studies were very useful and predictive of its function in 

increasing cell proliferation and decreasing apoptosis (Gallegos et al, 1996; Baker et al, 

1997). Interestingly, when the cysteines in the active site of Trx-l were mutated to 

serines, the resulting protein (Serb) behaves as a dominant negative in cultured 

mammalian cells. Overexpression of Serb reversed the transformed phenotyped of 

human breast cancer cells as well as reduced cell growth and enhanced apoptosis in 

mouse thymoma cells (Gallegos et al, 1996; Baker et al., 1997). 

To elucidate a cellular function for Trx-2 we chose to clone it into a mammalian 

expression vector to force increased expression in mammalian cells. A mutant form of 

Trx-2 with the active site cysteine mutated to serines was generated and transfected into 

mammalian cells too. Unfortunately, increased protein expression of Trx-2 and Serb-2 

was not achieved by stable transfection with a constitutive promoter. The exogenous 

Trx-2 and Serb-2 mRNA was present, but did not yield increased protein. Use of an 

inducible expression system did not overcome the expression difficulties. 
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RESULTS 

Generation and Characterization of polyclonal rabbit antibody to TRX-2 

A highly specific rabbit polyclonal antibody was generated to full-length 

recombinant human Trx-2 protein fused with the maltose binding protein (MBP) (Figure 

3.1A). The MBP fusion to Trx-2 was performed to aid in purification of the recombinant 

protein and to increase the antigenicity (New England Biolabs, Bevery MA). The rabbit 

serum collected 6 weeks after injection with 100 )ig MBP-Trx-2 was specific to Trx-2 

and did not react with Trx-1 in ELISA assay and by western blotting (Figure 3.1B and 

C). 

Mitochondrial localization of Trx-2 

Mitochondrial localization of Trx-2 was studied by immunoflourescence and 

cellular sub fractionation. Overlay of whole cell immunoflourescence staining with the 

rabbit polyclonal antibody to Trx-2 and MitoTracker Red as a mitochondrial marker, 

showed identical cellular localization patterns (Figure 3.2A). The exclusive 

mitochondrial localization of Trx-2 was further shown by Western blot analysis of 

cellular subfractionation of human 8226 myeloma cells into cytosol, mitochondria and 

nuclei, using cytochrome c as a mitochondrial marker (Figure 3.2B). Myeloma cells 

were used because they are grown in suspension, which provides easier separation of 

nuclei and mitochondria. 
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Figure 3.1 Generation of rabbit polyclonal antibody to Trx-2. A, MBP fusion 

construct used to generate antigen. B, ELISA showing specific reactivity of rabbit 

polyclonal antiserum (aTrx-2)with Trx-2 and MBP-Trx-2, not Trx-1. C, Western 

blot showing specificity of aTrx-2 to ATrx-2 (mature protein lacking MLS), MBP-

Trx-2 and not Trx-1 and selectivity to react with Trx-2 in purified mitochondria. 
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Figure 3.2. Localization of Trx-2 to the mitochondria. Immunofluorescence of 

Hela cervical cancer cells with Mitotracker Red, A, Trx-2 antisera, B, and overlay, 

C. Western blot for Trx-2 and cytochrome-c in the cytosolic, mitochondrial and 

nuclear fractions of 8226 lymphoma cells. 
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Expression of Trx-2 in cancer cell lines 

Northern blot analysis showed Trx-2 mRNA expression in all of the cancer cell 

lines examined (Figure 3.3). An additional band smaller (size) than the reported 1.3 kb 

band for Trx-2 was repeatedly observed on the Northern blots. 

Identification of an alternatively spliced Trx-2 RNA 

Characterization of the smaller Trx-2 RNA was further examined by PGR 

analysis using primers 5' and 3' to the Trx-2 cDNA sequence. When total RNA was 

utilized for reverse transcription and the subsequent cDNA was PGR amplied, the smaller 

product (-300 bp) as well as the expected full length product (-530 bp) was seen (Figure 

3.4A). When cloned Trx-2 cDNA was used as a PGR template, only one band at 530 bp 

was observed (Figure 3.4B). This shows that the smaller Trx-2 RNA is not a PGR 

artifact and is an alternate splice form of Trx-2 RNA. Oligo(dT) primers were used for 

the reverse transcription reaction from the RNA, so the smaller splice form does contain a 

poly-A tail. When the TRX-2 protein from whole cell lysates as well as the purified 

mitochondrial fraction is visualized by Western blotting with a polyclonal antibody, there 

was only one protein at -14 kDa (Figure 3.4C). The alternate splice form of Trx-2 must 

not translate into protein or the protein is degraded. Sequence analysis of this splice form 

showed that it is lacking exon 2 (Figure 3.5). Trx-2 contains three exons, with the active 

site being coded within the second exon. 
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Figure 3.3 Trx-2 mRNA expression in cancer cell lines. Trx-2 mRNA is expressed 

in a various cancer cell lines including colon (colo320, HT-29, KM-12, SW-480), 

lung (A549), breast (MCF-7), and lymphoma (Jurkat). 
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Figure 3.4 Two splice forms of Trx-2. A, Northern blot analysis of 2 )ig mRNA 

with Trx-2 cDNA probe. B, PGR analysis of 1: Trx-2 cloned cDNA, 2: mock, 3 and 

4: total RNA reverse transcript cDNA. C, Western blot analysis of 1: total cell lysate 

and 2: mitochondrial fraction of cells. 
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Figure 3.5 Sequence of alternative splice form of Trx-2. Region deleted is exon 2. 
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Ectopic overexpression of Trx-2 in mammalian cells 

Mouse Trx-2 was cloned into pCMV-Tag4a to provide constant expression of a 

FLAG epitope tagged protein. A redox inactive form of Trx-2, the active site cysteines 

mutated to serine (Serb-2), was generated and cloned into pCMV-Tag4a. The constructs 

were made with and without a STOP codon before the FLAG epitope. These pCMV-

Trx-2 constructs were stably transfected into mouse NIH-3T3 and WEHI7.2 cells. NIH-

3T3 cells are immortalized mouse embryonic fibroblast and WEHI7.2 cells are mouse 

thymoma cells. Expression of the exogenous Trx-2 and vector were verified by RT-PCR 

analysis of total RNA (Figure 3.6). Although many clones expressed the ectopic Trx-2 

RNA, no expression of the protein was not detected by the Trx-2 polyclonal antibody or 

the FLAG antibody (data not shown). None of the clones exhibited a pronounced 

phenotypc. 

In an attempt to overcome the tight regulation of Trx-2 an inducible expression 

system was used. The mouse Trx-2 and Serb-2 cDNAs were cloned into the pEGSH 

vector. The pEGSH vector works in conjuction with the pERV vector to control the 

transcription of the cloned cDNA. The pERV vector codes for the ecdysone receptor 

which binds to the promoter sites on pEGSH. Upon treatment with ecdysone or 

ponasterone A, the receptors come off of the promoter and allow transcription to occur. 

The pEGSH constructs were transfected into the ECR-3T3 cell line. ECR-3T3 cells are 

NIH-3T3 cells, which are stably expressing the pERV construct. Expression of the 

exogenous Trx-2 was verified in many clones by RT-PCR analysis of total RNA (Figure 

3.7). Western blot analysis of Trx-2 expression with and without ponasterone-A did not 



Figure 3.6 Stable transfection of WEHI7.2 cells with pCMV-Trx-2. RT-PCR 

analysis of stably selected WEHI7.2 clones containing exogenous Trx-2, band A, or 

empty vector, band B. 
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Figure 3.7 Stable transfection of ECR-3T3 cells with pEGSH-Trx-2. RT-PCR 

analysis of stably selected WEHI7.2 clones containing exogenous Trx-2 in an 

inducible vector, (-) and (+) ponasterone. Top band is Trx-2 and bottom band is 18S. 



show any changes in the protein expression (data not shown). Further investigation of 

the RNA expression, by Northern blot, showed an increase in the ectopic RNA (Figure 

3.8). However, this RNA was not the appropriate size for the pEGSH-Trx-2 constructs. 

The pEGSH-Serb-2 constructs showed induction of correct size RNA upon ponasterone-

A treatment, but very little protein was expressed and there was not a phenotype. 
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Figure 3.8 Northern blot of stably transfect ECR-3T3 cells. Northern blot analysis of 

stably selected ECR-3T3 clones containing exogenous Trx-2 in an inducible vector, 

(-) and (+) ponasterone. The human cell line HT-29 was used a a positive control for 

hTrx-2 at 1.3 and 1.1 kb. The ectopic RNA should be 3.1 kb, as seen in the hSerb-2 

transfected cells. In the hTrx-2 transfected cells the RNA is smaller at 2.4 kb.Top 

band is 18S. 
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DISCUSSION 

The immunofluorescence and subcellular fractionation results show that Trx-2 is 

exclusively localized to the mitochondria. Northern blotting of mRNA showed that Trx-

2 was expressed in a variety of cell lines. A second Trx-2 reactive band was observed on 

the Northern blots and thought to be an alternatively spliced form of Trx-2 mRNA. 

The observation of a putative splice variant of Trx-2 on the Northern blots was 

unexpected and further investigated. The RT-PCR analysis also showed the presence of 

splice form and it was not a PGR artifact. Sequence analysis of the Trx-2 splice variant 

showed that it lacked exon 2, which encodes the thioredoxin active site. Interestingly, a 

similar splice variant has been observed in the cytoplasmic Trx-1 (Berggren and Powis, 

2001). The alternatively spliced form of Trx-1 is lacking exons 2 and 3, which encodes 

the active site, and its expression is associated with decreased expression of the normal 

Trx-1 mRNA in cancer cell lines (Berggren and Powis, 2001). It is unknown why 

neither the Trx-2 nor the Trx-1 splice variants yield a stable protein product (Berggren 

and Powis, 2001). The functions of the Trx splice variants has not been extensively 

studied and their role in the cell is still unclear. Because the alternatively spliced Trxs are 

not made into functional proteins, one can hypothesize that they could act to negatively 

regulate the protein expression. Future studies, which include in vitro 

transcription/translation and pulse chase experiments, could help to elucidate the role of 

the splice variant. 



Although the attempts at Trx-2 overexpression in cell lines were not successful, 

these results suggest a tight regulation of Trx-2 protein expression and even indicate that 

RNA modification can occur on the ectopic Trx-2 RNA to prevent the translation of the 

protein. Other researchers were able to show a cellular protective phenotype with only a 

small overepression of Trx-2 (1.2 fold and 2 fold respectively) in cell culture (Chen et al, 

2002, Tanaka et al, 2002). These results showed that Trx-2 overexpression protected 

cells against t-butylhydroperoxide and etoposide-induced apoptosis and increased the 

mitochondrial membrane potential (A*F)(Chen et al, 2002, Tanaka et al, 2002). The fact 

that other labs were only able to achieve very low levels of ectopic Trx-2 protein 

expression further shows the very tight regulation of the protein and that too much Trx-2 

is likely to be lethal to the cell. The other labs were probably able to overexpress Trx-2 

because they used different cell lines. 

In summary these results showed that Trx-2 is exclusively localized to the 

mitochondria, identified a novel splice variant of Trx-2 and suggested very tight 

regulation of Trx-2 protein expression. 
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CHAPTER 4 

Absence of Mitochondrial Thioredoxin-2 causes Early Embryonic 

Lethality and Fibroblasts lacking Thioredoxin-2 are not viable 

INTRODUCTION 

During mammalian development, cell proliferation and apoptosis are crucial 

cellular processes. Any changes in the cell's ability to replicate or induce apoptosis, will 

cause abnormalities in the developing embryo. For this reason, mouse knockout models 

are useful tools to elucidate the role of a novel protein in these processes. 

Previous studies have shown that when the gene for cytoplasmic thioredoxin-1 

(Trx-1) is knocked out in mice, the blastocysts die prior to uterine implantation at 

approximately 3 days after conception (Matsui et al, 1996). When these blastocystes are 

cultured, the homozygotes do not replicate and quickly become apoptotic. These 

findings, and others, lead to the conclusions that Trx-1 is required for growth factor 

signaling and to prevent apoptosis. Interestingly, heterozygous mice deficient in Trx-1 

do not have a gross phenotype. 

When the gene for manganese superoxide dismutase (SOD-2), a mitochondrial 

antioxidant protein, is knocked out, the embryos survive to birth and the neonates 

appeared normal. However, after 5 days out of the womb the SOD-2 homozygous 



knockouts start to display dilated cardiac myopathy, neurological dysfunction and all die 

by day 10 (Li et al, 1995). The heterozygous SOD-2 mice, like the Trx-1 mice, do not 

have an obvious phenotype. 

To examine the role of mitochondrial thioredoxin-2 (Trx-2) in mammalian 

development a mouse deficient is Trx-2 was generated. The Trx-2{+l-) heterozygous 

mice appeared normal even though they displayed decreased levels of Trx-2, whereas 

early embryonic lethality was seen in the Trx-2{-l-) homozygous embryos. Furthermore, 

embryonic fibroblasts cultured from Trx-2{-/-) homozygous embryos were not viable 

under normal growth conditions, but could be rescued by maintenance in hypoxia. In 

addition, Trx-2{-/-) do not express cytochrome c protein. 
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RESULTS 

Embryonic Lethality of Trx2-deficient mice 

Trx-2 is encoded by a single nuclear gene on mouse chromosome 15 (Miranda-

Vizuete et al, 1997). Disruption of Trx-2 transcription was achieved by the retroviral 

insertion of a gene-trap 301 bp upstream of exon 1 (Figure 4.1A). A single copy of the 

insertion was verified in the embryonic stem cells prior to microinjection. Genotyping of 

the offspring was performed using two polymerase chain reactions (PGR) (Figure 4.1B). 

One PGR reaction for the insert used a 5' primer within the LTR2 insertion and a 3' 

primer in chromosome 15 downstream of the insertion. A second PGR reaction used a 5' 

primer in chromosome 15 upstream of the insertion and 3' primer in the chromosome 15 

downstream of the insertion. The insertion did not cause an externally discernible 

phenotype in the heterozygous Trx-2 (+/-) mice, whereas the homozygous Trx-2(-l-) mice 

did not survive to birth (Table 4.1). 

To determine the timing of the lethality during embryogenesis, embryos were 

harvested from heterozygous matings at 12.5, 10.5, 9.5 and 8.5 days post coitus (dpc). 

The embryos were analyzed by PGR genotyping to determine the presence of mice 

deficient in Trx-2 (Table 4.1). At 12.5 dpc embryos at various stages of resorption were 

observed and no surviving embryos were genotyped as homozygous Trx-2(-/-). 

Homozygous Trx-2{-/-) embryos were observed in the 8.5, 9.5 and 10.5 dpc pregnant 

mice. At 8.5 dpc the embryos had no features that distinguish their genotype and they all 
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Figure 4.1 Disruption of mouse Trx-2. A, The three exons of the Trx-2 locus 

with the arrow indicating location of active site cysteines (not drawn to scale). 

Retroviral insertion of LTR-SA-BGEO-pA-PGK-neo-SD-LTR2 (hatched boxes) 

351 bp upstream of exon 1 and location of genotyping PCR primers A and B. B, 

genotyping of mouse DNA by PCR; Wild-type mice (Trx-2(+/+)) show no product 

for PCR reaction "A" and are positive for PCR reaction "B", heterozygous mice 

(Trx-2(+/-)) are positive for both PCR reactions and homozygous mice (Trx-2(-/-)) 

are positive for PCR reaction "A". The top bands are the specific PCR products and 

the bottom bands present in all lanes are primer dimer. 
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Genotype 
Resorbing 

DNA Source Total (+/+) (+/-) (-/-) Embryos 

3-week pup 127 42 81 0 n/a 

12.5 dpc 24 7 9 0 8 

10.5 dpc 33 8 13 2 10 

9.5 dpc 32 10 15 5 2 

8.5 dpc 6 2 3 1 0 

9.5 dpc MEFs 20 4 11 5̂  ̂ n/a 

® Trx-2 (-/-) MEF's were not viable. 

Table 4.1 Genotypes of the offspring of heterozygous matings. 
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appeared normal regardless of genotype (data not shown). By 9.5 dpc the Trx-2{-l-) 

embryos displayed an open anterior neural tube when observed by microscopy of 

hematoxylin/eosin stained sections (Figure 4.2A and B). These embryos with the defect 

showed normal closure of the posterior neural tube and the other embryonic features 

appeared normal except for the distortion caused by the open anterior neural tube. 

Staining of the 9.5 dpc embryos for apoptotic cells with anti-cleaved caspase-3 antibody 

showed an increase in apoptotic cells in the homozygous Trx-2{-l-) embryos compared to 

neighboring wild-type or heteorzygous embryos (Figure 4.2C and D). In the apoptotic 

cascade, pro-caspase-3 is cleaved after the mitochondrial cytochrome c release, thus the 

presence of cleaved caspase-3 was used as a marker for apoptosis (Susin et ai, 1996). At 

10.5 dpc we observed that surviving Trx-2{-/-) embryos had an open anterior neural tube 

and was smaller than its wild-type and Trx-2(+/-) littermates (Figure 4.2E and F). Anti-

caspase-3 staining of the 10.5 dpc embryos showed massive apoptosis in the Trx-2(-/-) 

embryo, whereas very few caspase-3 positive cells were detected in the wild-type or Trx-

2(+/-) embryos (Figure 4.2G and H). Western blot analysis of 9.5 dpc embryos showed 

that Trx-2(-/-) embryos did not have any detectable Trx-2 protein and that Trx-2(+l-) 

embryos had reduced Trx-2 protein expression (Figure 4.3) 

Mouse embryonic fibroblasts lacking Trx-2 are not viable and do not have 

Cytochrome c protein 

To further investigate the Trx-2{-l-) phenotype, embryonic fibroblasts were 

cultured from 9.5 dpc embryos. Approximately 25 % of the 
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Figure 4.2 Anterior neural tube defect and increased apoptosis in homozygous 

Trx-2{-l-) mice at 9.5 and 10.5 days post coitus (representative embryos and 

images). Aberrant anterior neural tube closure in Trx-2{-l-) embryo, indicated by 

arrows, compared to the wild-type embryo by hemotoxylin/eosin staining of 

paraffin embedded embryos at 9.5 dpc (A,B) and 10.5 dpc (E,F); images at same 

magnification of 20X. C,D, increased anti-cleaved caspase 3 positive cells Trx-2(-

/-) embryos compared to the wild-type embryos by immunohistochemical staining 

of paraffin embedded 9.5 dpc embryos (adjacent slices of same embryos in A,B); 

images at lOOX. G,H, massive apoptosis in 10.5 dpc Trx-2(-l-) embryos compared 

to the wild-type embryos as seen by anti-caspase 3 staining of paraffin embedded 

(adjacent slices of same embryos in E,F); images at 20X. Heavy staining in the 

uterine tissue is not specific to cleaved caspase 3 and is due to endogenous mouse 

IgG interactions with the secondary antibody. 
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Figure 4.3 Trx-2 protein expression in 9.5 dpc embryos. Loss of Trx-2 protein 

Trx-2{-/-) embryos. Western blot analysis of Trx-2 protein in 30 |ig tissue 

homogenate from 9.5 dpc embryos, with Lamin A as a loading control. 



embryos did not produce any viable fibroblasts by 24 hours after plating and these were 

all genotyped as homozygous Trx-2{-l-) (Figure 4.4A and B) (Table 4.1). Embryonic 

mitochondria do not mature and utilize oxidative phosphorylation for energy production 

until 9 dpc and prior to 9 dpc embryonic cells are dependent on anaerobic metabolism 

(Shepard et al, 1998; Tanimura and Shepard, 1970). Prior to 9 dpc embryonic cells are 

dependent on anaerobic metabolism. To prevent the cells from generating ROS by 

aerobic respiration, the cells were cultured in 1 % oxygen to force the use of anaerobic 

metabolism. Trx-2(-l-) cells were able to be successfully grown when directly cultured in 

1 % oxygen (Figure 4.4C and D). 

To further examine the cause for the lethality of Trx-2{-l-) cells, cytochrome c 

expression was examined by Western blot. Cytochrome c is an integral part of the 

electron transport chain as well as a potent regulator of apoptosis. We found that Trx-2{-

/-) cells do not express any cytochrome c (Figure 4.5A). 

Heterozygous mice have reduced protein expression of Trx2 

A decrease in Trx-2 mRNA, measured by Northern Blot analysis of liver mRNA, 

was observed in weaned heterozygous Trx-2{+l-) mice compared to the wild-type mice 

Trx-2{+l+) (Figure 4.6A). Additionally, a decrease in Trx-2 protein levels, measured by 

Western Blot analysis, was seen in brain, liver, heart, lung, and kidney homogenates from 

heterozygous Trx-2{+l') mice (Figure 4.6A). 

The Trx-2 +/- mice are fertile and appear normal as of 8 months of age. To 

examine whether the decrease of Trx-2 protein expression in the heterozygous mice 
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Normoxia 

Figure 4.4 Mouse embryonic fibroblasts lacking Trx-2 are not viable in normal 

culture conditions, but can be rescued by growth in hypoxia. Phase contrast images 

of MEFs from 9.5 dpc embryos A and B, Trx-2i+l-), C and D, Trx-2i-l-). A and C, 

normoxic conditions, B and C, hypoxic conditions. 
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Figure 4.5 Cytochrome C expression in mouse embryonic fibroblasts. 
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Figure 4.6 A decrease of Trx-2 transcript/Trx-2 protein in heterozygous mice and 

loss of Trx-2 protein in homozygous mutants. A, Trx-2 expression by northern blot 

analysis of Wild type and heterozygous mice trx-2{+/-) on 3 |ig of liver mRNA 

probed with Trx-2 and GAPDH cDNA. B, Trx-2 protein expression in the brain, 

liver, heart, lung and kidney of Wild-type Trx-2{+/+) and heterozygous mice Trx-

2(+/-) by Western blot of 30 |ig of tissue homogenate probed with a-TRX-2 rabbit 

polyclonal antibody. 



altered expression of other mitochondrial antioxidant proteins, Western Blot analysis was 

performed on Trx-2{+l+) and Trx-2{+l-) liver mitochondrial lysates. Trx-2 and TrxR-2 

protein expression was greatly reduced in the Trx-2{+l-) mice, while Prdx-3, MnSOD and 

catalase levels remained unchanged (Figure 4.7A). Total cellular glutathione levels were 

not significantly different between wild-type and Trx-2{+/-) mice (Figure 4.7B). The 

decrease in TrxR-2 protein expression was further investigated by examining gene 

expression. Northern blot analysis revealed that TrxR-2 mRNA levels were not affected 

in the Trx-2{+/-) mice, so that the regulation leading to the reduction of TrxR-2 protein 

must occur post-transcriptionally (Figure 4.8A). Western blot analysis of 9.5 dpc 

embryos showed that Trx-2{-/-) embryos did not have any detectable TrxR-2 protein 

(Figure 4,8B). It could be that any excess TrxR-2, which is not being utilized to reduce 

Trx-2, is degraded by mitochondrial proteases. 
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Figure 4.7 Effects of decreased Trx-2 protein expression on the mitochondrial 

thioredoxin system, MnSOD, catalase and glutathione. A, Western blot analysis of 

20 jig liver mitochondrial lysates from Trx-2(+l+) and (+/-) mice; the same blot was 

stripped and re-probed with antibodies to TRX-2 (14 kDa), TRXR-2 (56 kDa), 

PRDX-3 (22 kDa), MnSOD (24 kDa), and catalase(65 kDa). B, total cellular 

glutathione in liver homogenate from Trx-2(+l+) and (+/-) mice. 
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Figure 4.8 Trx-2 protein deficiency causes a decrease in mitochondrial thioredoxin 

reductase-2 protein expression, but not mRNA expression. A, Western blot analysis 

of TrxR-2 protein in 30 |lg tissue homogenate from 9.5 dpc Trx-2{+/+), (+/-), and (-

A) embryos. B, TrxR-2 gene expression in Trx-2(+/+) and (+/-) mice analyzed by 

Northern blot with TrxR-2 and GAPDH cDNA. 
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DISCUSSION 

The results of the study show that complete Trx-2 deficiency in the homozygous 

Trx-2{-l-) mouse is lethal early in mouse embryonic development at approximately 10.5 

dpc, Theiler stage 15/16 (Kaufman 1999). The Trx-2{-l-) embryos displayed an open 

anterior neural tube at 9.5 and 10.5 dpc, and this is presumed to be the cause of their 

death and resorption. Other developmental processes occurring during this stage of 

embryogenesis such as enlargement of the primitive heart, septum formation and limb 

bud development (Kaufman 1999) were apparently unaffected by the Trx-2 deficiency. 

Once closed, the anterior neural tube develops rapidly into the brain (Theiler 1972). An 

open anterior neural tube, exencephaly, is a common neural tube defect (NTD) found in a 

large variety of embryonic lethal mouse knockouts (Juriloff and Harris 1999). The high 

prevelance of NTDs in mouse knockouts is probably not due to a defect specific of the 

neural tube closure mechanism but is reflective of a moribund embryo (Juriloff and Harris 

1999). 

The 9.5 and 10.5 dpc Trx-2 (-/-) embryos showed increased apoptosis when 

stained for cleaved caspase-3. It was not clear whether this increase in apoptosis was the 

cause of the embryo's death prior to resorption, or the beginning stages of the resorption 

process itself. Trx-2 has previously been reported to be essential for cell viability in 

vitro, with apoptosis occurring in the Trx-2 deficient cells (Tanaka et al, 2002). This in 

vitro finding does not appear to carry over to the Trx-2 knockout mouse because the Trx-

2(-/-) embryos developed normally until day 9.5 without undergoing global apoptosis. In 



the developing rat embryo, it is known that at 10-12 dpc the mitochondria mature rapidly 

and begin to utilize the Krebs cycle and oxidative phosphorylation (Shepard et al, 1998; 

Tanimura and Shepard, 1970). Although the rat and mouse have slightly different 

gestation times, 21 days and 19 days respectively, the embryonic developmental stages 

are almost identical with the rat being approximately 1 day behind the mouse (Kaufman 

1999). As the mitochondria begin to utilize oxygen at this point in embryogenesis, they 

would also begin to produce mitochondrial ROS. The most likely explanation for the 

normal appearance of Trx-2{-l-) embryos until 9.5 dpc is that mitochondrial ROS 

production is minimal prior to this stage of embryogenesis. 

The lack of viability of the Trx-2(-/-) embryonic fibroblasts shows the necessity of 

Trx-2 in normal respiring cells and corroborates the results of inducible Trx-2 knockout 

studies done by Tanaka et al. When Trx-2 knockout was induced in chicken B-cell line 

DT 40, the cells died by apoptosis (Tanaka et al., 2002). Our embryonic fibroblasts can 

be rescued by maintenance in hypoxia, which suggests and essential role for Trx-2 in 

respiring cells. In would be interesting to test if Tanaka's inducible Trx-2 knockout cells 

could also be rescued by hypoxia. 

The lack of cytochrome c in the Trx-2(-/-) cells may be the key in understanding 

the biological role of Trx-2. Eukaryotic, prokaryotic and plant apocytochrome c contains 

two critical cysteine residues, which must be in the reduced state in order for heme to 

bind and form the holocytochrome c (Kranz et al, 1998). The prokaryotic and plant 

cytochrome c biogenesis pathways have been well studied and thioredoxin functions to 

reduce apocytochrome c in those systems (Thony-Meyer, 2002; Kranz et al, 1998) 
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Figure 4.9 Cytochrome c biogenesis in prokaryotes, plants and eukaryotes. In 

System I, HclX is a thioredoxin family protein. In System II, ResA is a thioredoxin 

family protein. Possible role of Trx-2 in mammalian cytochrome c biogenesis. 
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(Figure 4.9). The thiol reducing protein involved in mammalian cytochrome c 

biogenesis has not been identified, but mitochondrial Trx-2 would appear to be the likely 

candidate. Holocytochrome c becomes a vital part of complex IV in the electron 

transport chain (ETC). It is very well understood that cytochrome c is a regulator of the 

apoptotic cascade and is released from the mitochondria to the cytoplasm of dying cells. 

Studies have shown that cytochrome c knockout embryos die at approximately 9.5 dpc, 

similarly to the Trx-2{-l-) embryos (Li et al, 2000). Interestingly, although the embryos 

die, embryonic fibroblasts cultured from the cytochrome c knockout embryos are resistant 

to apoptotic stimuli (Li et al, 2000). I have not determined whether the cytochrome c 

deficiency in Trx-2 is the cause for the embryonic lethality or just alters the apoptotic 

signaling. An apparent caveat to this hypothesis is that the Trx-2{-l-) embryos display 

activated caspase-3 (Figure 4.2D and H), which is considered to be down stream of 

cytochrome c release. Recent reports have shown that release of the lAP inhibitor 

Smac/Diablo can be sufficient to cause caspase activation even in the absence of 

cytochrome c release (Abrams, unpublished results, Keystone symposia presentation, 

2003). This is due to the presence of a small percentage of active caspases in the healthy 

cell, which are kept in check by lAP (Abrams). Relieving this inhibition with 

Smac/Diablo has been sufficient to cause apoptosis in some cell systems, but needs to be 

further explored in the Trx-2{-l-) cells. 

Another possible role for Trx-2 could be to reduce the regulatory cytokine 

residues on the adenine nucleotide transporter (ANT) (Figure 4.10). ANT is part of the 

membrane permeability transition pore (MPTP) and allows the pore to open when critical 
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cysteine residues become oxidized (McStay et al, 2002; Constantini et al, 2000). A 

deficiency in Trx-2 could cause ANT to become oxidized and initiate apoptosis by 

collapsing the mitochondrial membrane potential, leading to the embryonic lethality. A 

relationship between Trx-2 and ANT has not been shown by these experiments and is 

only suggested as an alternative hypothesis to the function for Trx-2 in the cell. 

The heterozygous Trx-2{+l-) mice, at least up to 8 months of age, do not have a 

gross phenotype and do not display upregulation of other mitochondrial antioxidant 

proteins or glutathione. The absence of a discernible phenotype in heterozygous Trx-

2(+/-) mice with a lethal phenotype in homozygous Trx-2{-l-) mice is similar to findings 

reported with Sod-2 knockout mice (Li et al, 1995). Although heterozygous Sod-2{+l-) 

do not have a gross phenotype, they have increased sensitivity to mitochondrial toxins, 

ionizing radiation and oxygen toxicity, as well as age related mitochondrial deficiencies 

(Andreassen et al, 2001; Epperly et al, 2000; Asikainen et al, 2001; Kokoszka et al, 

2001). Since the Sod-2(+l-) phenotypes were only observed under stressed conditions 

and the Trx-2{+l-) mice do not have a discernable phenotype, this suggests that 

mitochondrial antioxidants may be present in excess in non-mutant mice under normal 

conditions. 

When the levels of other mitochondrial antioxidant proteins were examined, the 

expression of TrxR-2 was the only protein that was affected by the decrease in Trx-2. 

The heterozygous Trx-2(+l-) mice have decreased TrxR-2 protein, but did not show an 

alteration in gene transcription of TrxR-2. The mechanism leading to this decrease in 

TrxR-2 protein in response to the decrease in Trx-2 is unknown, but it appears to occur 
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post-transcriptionally. Other members of the selenoprotein family, of which TrxR-2 is a 

member, have been previously been shown to be regulated post-transcriptionally by 

incorporation of selenium (Hadly and Sunde 2001). 

In conclusion, Trx-2 is required for the viability of developing mouse embryos 

and cultured embryonic fibroblasts, whereas a hetero-deficiency in Trx-2 does not cause 

an apparent phenotype. The requirement for Trx-2 may be due to its regulation of 

cytochrome c biogenesis or membrane permeability. 
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CHAPTER 5 

Mice Deficient in Mitochondrial Thioredoxin-2 display Increased 

Sensitivity to Acute Doxorubicin but not to Acute Paraquat Toxicity 

INTRODUCTION 

Doxorubicin (DOX) is an anthrocycline antibiotic that is widely used as an 

antineoplastic agent in the treatment of many leukemias, lymphomas and solid tumors. 

Although DOX is a valuable chemotherapeutic agent, it has a dose limiting cardiotoxicity 

(Von Hoff et al, 1979; Buzdar et al, 1985; Ferrans 1978). The mechanism behind the 

cardiotoxicity of DOX is not fully understood. One of the reported mechanisms of 

toxicity is a result of a direct interaction of DOX with nuclear and mitochondrial DNA 

(Skladanowski and Konopa 1994; Serrano et al, 1999). Another proposed mechanism of 

toxicity is that DOX is metabolized into a semiquinone free radical, which cycles to 

generate reactive oxygen species (ROS) (Adderly and Fitzgerald 1999). 

It has been shown that cellular antioxidant proteins play a protective role in acute 

and chronic DOX toxicity. Heterozygous Trx-1{+I-) mice deficient in cytoplasmic Trx-1 

have increased sensitivity to acute and chronic DOX treatments (Shoiji et al, 2002). 

Transgenic studies in mice have shown other antioxidant proteins, such as catalase and 

metallothionine are protective against DOX toxicity (Kang et al, 1997; Kang et al, 

1996). 



Paraquat (PQ) is a commonly used and is responsible for a large number of deaths 

each year as a result of accidental or intentional injestion. The acute toxicity of PQ is 

caused by the generation of reactive oxygen species (ROS) in mammals and it results in 

fatal injury to the lungs (Clark 1966). More specifically, it has been shown PQ-induced 

ROS are generated on the outer surface of the mitochondria and cause mitochondrial 

injury (Hiraiera/., 1992). 

Since, thioredoxin-2 (Trx-2) is a mitochondrial redox protein it may be involved 

in protecting against ROS toxicity caused by DOX or PQ. To further investigate any 

protective effect of Trx-2 in DOX and PQ toxicity we have utilized mice and embryonic 

fibroblasts that are deficient in Trx-2. These heterozygous Trx-2{+l-) mice reproduce 

normally and do not have an observable phenotype despite having decreased levels of 

Trx-2 protein (Nonn et al, 2002). Our results show that heterozygous mice had 

significantly more toxicity in response to acute DOX exposure than Trx-2{+/+), wild-

type, littermates, but there was not an increased sensitivity to acute PQ exposure. 
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RESULTS 

Trx-2 heterozygous mice have increased sensitivity to acute doxorubicin toxicity 

To examine the effects of acute DOX toxicity, Trx-2{+l+) and Trx-2{-\-l-) mice 

were dosed with either saline or 20 mg/kg of DOX ip, then euthanized 4 days post 

injection. The saline treated mice, Trx-2{+l+) and Trx-2{+l-) mice, displayed no change 

in body weight. All of the DOX treated mice had significant weight loss by 4 days after 

the treatment. The Trx-2{+l-) displayed significantly more weight loss, with 11.9 ± 3.5 % 

loss of their body weight, than the Trx-2{+l+) mice, with 4.7 ± 0.3 % (p< 0.05)(Figure 

5.1A). The Trx-2{+l-) mice also had a significantly higher increase in their heart to body 

weight ratio than the Trx-2i+l+) mice (Figure 5.1B). Serum levels of creatinine kinase 

(CK) were also used as a measure of cardiotoxicity. The Trx-2(+l-) mice displayed 

higher levels of CK after the DOX treatment than the Trx-2{+/+) mice (Figure 5.2). 

Lipid peroxidation levels, malondialdehyde and 4-hydroxyalkenols, in the myocardium 

were determined, but there was no change in any of the animals between the saline and 

DOX treatments (Table 5.1). 

Trx-2 heterozygous mice do not have an increased sensitivity to acute paraquat 

toxicity 

To examine the effects of acute PQ toxicity, mice were dosed with either saline or 

50 mg/kg of PQ ip, then sacrificed with pentobarbital 24 hours post injection. Toxicity 

endpoints were lung/body weight ratio, lung histology, lipid peroxidation, levels of 

angiotensin converting enzyme (ACE) and cellular reduced glutathione (GSH). There 
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Figure 5.1 Body weight and heart/body weight ratio changes after acute DOX 

treatment. Trx-2(+/+) mice represented by shaded bars and Trx-2{+l-) mice 

represented by hatched bars. A, body weight changes represented as percent of 

pre-treatment body weight. B, the ratio of the heart and pre-treatment body 

weight. Represented as average of 4 animals in each group, error bars are SD, 

*p>0.02 compared to saline control. 



2500 

2000 

^ 1500 

O 
g 1000 
3 
g> 500 

SALINE 

• (+/+) 
m (+/-) 

DOX 

Figure 5.2 Serum creatinine kinase levels after acute DOX treatment. Trx-

2(+/+) mice represented by shaded bars and rrx-2(+/-) mice represented by 

hatched bars. Represented as average of 4 animals in each group, error bars 

SD, *p>0.02 compared to saline control. 
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Table 5.1. Acute Doxorubicin Toxicity Summary 

Saline Doxorubicin 

Parameter (+/+) (+/-) (+/+) (+/-) 

Creatine 

Kinase 547.2 ±468.5 701.9 ±40.9 1104.9 ±271.1 1807.5 ±249.5* 

Lipid 

Peroxidation 1.18 ±0,85 1.78 ±1.12 1.26 ±0.52 1.88 ±0.40 

% Weight 
Change 0.028 ±0.038 0.020+0.016 -0.047 ±0.003* -0.119 ±0.035** 

Heart/Body 
weight 0.0045 ±0.0005 0.004 ±0.0005 0.0044 ±0.0004 0.0054 ±0.0005* 
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was not a significant difference between the wild-type and heterozygous mice in any of 

the toxicity parameters examined. The lung/body weight ratio, histology (data not 

shown), lipid peroxidation levels and ACE levels did not show any toxicity as a result of 

the PQ treatment (Figure 5.3A-C). Reduced GSH levels were significantly decreased 

after PQ treatment, but there was not a difference between the wild-type and 

heterozygous animals (Figure 5.4). 
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Figure 5.3 Lung/body weight ratio, lipid peroxidation and ACE levels after 

acute PQ treatment. A, ratio of lung/body, B, lung lipid peroxidation measured 

by malondialdehyde and 4-hydroxyalkenol levels, and C, ACE levels in the lung 

of rrx-2(+/+) and Trx-2{+l-) mice after saline or PQ treatment. Represented as 

average of 4 animals in each group, error bars are SD. 
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Figure 5.4 Cellular reduced GSH levels in the lung after acute PQ treatment. 

.Trx-2(+/+) and Trx-2{+/-) mice mice after saline or PQ treatment. Represented 
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DISCUSSION 

Although these results are preliminary and incomplete, they suggest that 

mitochondrial Trx-2 may be involved in protecting tissues from DOX, but not PQ acute 

toxicity. 

The drastic loss of body weight in the Trx-2{+/-) mice after DOX treatment is 

indicative of increased sensitivity to DOX. The changes in serum CK also support the 

increased sensitivity of the Trx-2(+l-) mice. Although CK can be used as a measure of 

cardiotoxicity, it is not specifically released from cardiac tissue. CK is found in skeletal 

muscle as well and the increase in CK seen in the Trx-2(+/-) mice could be a result of the 

wasting. Whether the toxicity is cardiac or due to another organ has not been determined. 

DOX, and other anthracyclines, have been shown to have toxic effects in the liver and 

kidney as well as the heart (Bertani et al, 1982; Llesuy and Arnaiz 1990). More 

experiments need to be done to determine which of these organs is being sensitized to 

DOX by the decrease in Trx-2. 

There are several shortcomings to these experiments that need to be addressed. 

Acute DOX toxicity is difficult to measure because the toxicity parameters have not 

changed very much with the acute dose and differences are small. Perhaps a study of 

chronic DOX would be more useful in determining whether or not Trx-2(+/-) mice are 

more sensitive. Chronic DOX studies result in drastic dilated cardiomyopathy and 

alterations in heart functions, both of which can easily be measured and the differences 

are marked. For the PQ experiments, I'm not convinced that toxic levels were achieved. 
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Only one of the parameters, reduced GSH, showed any changes. Perhaps these mice will 

require a higher dose of PQ to reach toxic levels. Also, the time course of 24 hours may 

have been too short for these mice and longer time points may be necessary for the 

toxicity to manifest. 
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CHAPTER 6 

Mitochondrial Peroxiredoxin-3 Inhibits Cell Proliferation and Protects 

Against Drug-induced Apoptosis in Thymocytes 

INTRODUCTION 

The mitochondria are an important site for the production of cellular reactive 

oxygen species (ROS). Low levels of H2O2 are important to regulating physiological 

processes such as receptor-mediated cell signaling pathways, normal cell proliferation 

and transcriptional activation (Simon et al, 2000; Huang et ai, 1996). Blocking the 

accumulation of H2O2 by the addition of exogenous catalase has demonstrated the 

necessity of H2O2 by completely blocking PDGF-induced mitogen activated kinase 

(MAPK) activation (Sudraresan et al, 1995). Additionally, treatment of cells with 

exogenous H2O2 mimics growth factor induced signaling by inducing MAPK activation 

(Irani a/., 1997). 

To examine the antioxidant role of Prdx-3, cell clones in WEHI7.2 mouse 

thymoma cells with stable overexpression of Prdx-3 have been produced. This work 

shows that Prdx-3 overexpression alters the mitochondrial membrane potential, reduces 

endogenous cellular H2O2 levels and causes growth retardation. Further investigation 

into the slower growth showed that Prdx-3 cells have decreased basal activated MAP 

kinase ERKl/2 and display hyper-activation of ERKl/2 in response to growth factor 
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stimulation. Additionally, increased Prdx-3 protects cells from apoptosis caused by 

hydrogen peroxide and t-butylhydroperoxide, but not by dexamethasone. Prdx-3 

protected cells against cell killing, apoptosis and cellular hydrogen peroxide increases 

induced by the mitochondrial toxic anti-cancer drug, imexon. Correlatively, an imexon 

resistant cell line displayed an increase in Prdx-3 protein and mRNA. 
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RESULTS 

Prdx-3 Expressing WEHI7.2 Cells 

Prdx-3 was cloned into pCMV-script and stably transfected into WEHI7.2 cells 

by electroporation. WEHI7.2 mouse thymoma cells were used for transfection because 

of their well characterized responsiveness to apoptotic stimuli (Briehl et al, 2000; 

Freemermen et al, 2000; Briehl et al, 1995). Measurement of Prd-x3 gene expression 

in transfected WEHI7.2 cells by Northern Blot showed many clones with overexpression 

of Prdx-3 mRNA ranging from 5-8.7 fold (Figure 6.1A). A medium (clone 10) and high 

Prdx3 expressing clone (clone 32), as well as empty vector transfected cells were used for 

subsequent experiments. Prdx3-10 and Prdx-3-32 showed Prdx-3 protein overexpression 

of 1.6 and 2.1 fold respectively by Western Blot analysis (Figure 6,1B) and cellular 

subfractionation confirmed that the Prdx-3 was restricted to the mitochondrial fraction 

(data not shown). There was a significant increase in the peroxidase activity within the 

mitochondrial fraction of the Prdx-3 transfected cells compared to the vector alone cells 

(Figure 6.1C). Cellular H2O2 levels showed a small, but significant decrease in the Prdx-

3 overexpressing cells (Figure 6.2A). Measurement of the mitochondrial membrane 

potential (A^) also showed a small significant decrease in the Prdx3 overexpressing cells 

(Figure 6.2B). The expression of mitochondrial Trx2, TrxR2 and other mitochondrial 

antioxidant proteins superoxide dismutase-2 (SOD-2) and catalase showed no change by 

Western Blot analysis (Figure 6.2C). 
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Figure 6.1 Stable transfection with Prdx-3 specifically within the 

mitochondria is shown by overexpression of Prdx-3 mRNA, protein and 

mitochondrial thioredoxin peroxidase activity in WEHI7.2 cells. A, Northern 

Blot analysis on 2 )Xg mRNA from empty vector or Prdx3 transfected cells, 

GAPDH probe was used as a loading control. Values are the level of fold 

overexpression. B, Western Blot analysis of Prdx3 protein in 20 |Xg cell lysate 

from WEHI7.2/neo, Prdx-3-10 and Prdx-3-32 cells, actin was used as a 

loading control. C, Thioredoxin peroxidase activity of the mitochondria from 

WEHI7.2/neo, Prdx-3-10 and Prdx-3-32 cells. Values are the mean of 3 

determinations and bars are SD.* p< 0.05 to WEHI7.2/neo. D, Western blot of 

cytosolic (C) and mitochondrial (M) fractions of WEHI7.2/neo, Prdx-3-10 and 

Prdx-3-32 cells, verifies Prdx-3 expression is mitochondrial. 
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Figure 6.2 Mitochondrial redox status of Prdx-3 overexpressing WEHI7.2 cells. 

A, CM-H2DCFDA fluorescence measurement of cellular hydrogen peroxide levels 

in the Prdx-3 overexpressing cells compared to empty vector WEHI7.2/neo cells, 

(mean values of 3 determinations, bars are SD) B, Tetramethylrhodamine methyl 

ester measurement of the A4^ in the Prdx-3 overexpressing cells, (mean values of 3 

determinations, bars are SD) * p< 0.05, **p<0.01 compared to WEHI7.2/neo 

cells.. C, Levels of other mitochondrial antioxidant proteins in empty vector and 

Prdx-3 transfected cells. 10 |a.g mitochondrial lysate was probed by Western 

blotting for Prdx-3, thioredoxin-2 (Trx-2), thioredoxin reductase-2 (TrxR-2), Mn 

superoxide dismutase (MnSOD) and catalase. 
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Prdx-3 decreases Cell Proliferation and alters ERK signaling 

Cell proliferation was significantly decreased in the Prdx-3 overexpressing cells 

compared to the vector control cells with doubling times of 17.4 and 18.4 hours 

compared tol5 hours for the empty vector transfected cells (both p<0.01) (Figure 6.3A). 

Cell cycle analysis showed that there was no change in the fraction of cells in each phase 

of the cell cycle (Figure 6.3B) and no change in basal rates of apoptosis (Figure 6.3C). 

Since hydrogen peroxide has been shown to be an intracellular signaling 

molecule essential for growth factor signaling, we further investigated the slow growth 

by looking at mitogen activated kinase ERK 1/2, which is a down stream target of the 

mitogen activated kinase cascade. Western blot analysis of the cells showed decreased 

levels of phosporlylated mitogen activated kinase ERKl/2 in the Prdx-3 overexpressing 

clones (Figure 6.4A). Unexpectedly, a robust hyper-phosphorylation of ERKl/2 was 

observed in the Prdx3 overexpressing clones in response to 20 minutes serum stimulation 

after serum starvation for 24 hours (Figure 6.4B). When tyrphostin AG1478 was used to 

inhibit cell growth signaling upstream of ERK at the membrane receptor, the hyper-

phosphorylation of ERKl/2 was attenuated in response to serum stimulation (Figure 

6.4C). Similarly, when cells were stimulated with H2O2, a similar hyper-phosporylation 

of ERKl/2 was observed (Figure 6.5A). Different to the results with the serum 

stimulation, use of tyrphostin AG1478 did not attenuate the hyper-phosphorylation of 

ERKl/2 (Figure 6.5B). 
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Figure 6.3 Prdx3 overexpression retards cell proliferation without alteration in 

cell cycle or apoptosis. A, growth curves of ( • ) WEHI7.2/neo empty vector, ( • 

) Prdx-3-10 and , ( A ) Prdx-3-32 cells, (representative of 3 separate 

experiments with 3 measurements at each time point, bars are SD) **p<0.01 

compared to empty vector transfected cells. B, Percent of cells in each phase of 

the cell cycle measured by propidium iodide staining of fixed cells and analyzed 

by FACScan. Filled bars are WEHI7.2/neo empty vector transfected cells, 

shaded bars are Prdx-3-10 cells and open bars are Prdx-3-32 cells. C, Percent of 

apoptotic cells measured by annexin V/propidium iodide staining and FACScan 

of WEHI7.2/neo, Prdx-3-10 and Prdx-3-32 cells. 
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Figure 6.4 Overexpression of Prdx-3 reduces basal levels of phospo-ERKl/2, but 

enhances serum stimulation of phospo-ERKl/2 and serum stimulation is attenuated 

with AG1478. Western blots of total and phospho-ERKl/2 in vector and Prdx-3 

transfected cells under basal conditions, A, after serum stimulation with 25 and 50 

% serum, B, and after 50 % serum stimulation with pretreatment of AG 1478, C. 
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Figure 6.5 Overexpression of Prdx-3 enhances HjOj stimulation of phospo-

ERKl/2 and serum stimulation is attenuated with AG1478. Western blots of total 

and phospho-ERKl/2 in vector and Prdx-3 transfected cells after stimulation with 

500 jlM H2O2 , A, and after stimulation with 500 ilM H2O2 with pretreatment of 

AG1478,B. 



I l l  

Prdx-3 Protection Against Apoptosis 

Prdx-3 overexpressing WEHI7.2 cells were protected against cell killing by 

hydrogen peroxide, t-butylhydroperoxide (t-BHP), imexon a mitochondria damaging 

drug that increases mitochondrial H2O2 (Dorakova et al, 2001), but not by 

dexamethasone (Table 6.1). The increased cell survival was associated with a decreased 

apoptosis in the Prdx-3 transfected cells after exposure to hydrogen peroxide and t-

butylhydroperoxide (Figure 6.6A and B). As well, PrdxB overexpressing clones 

displayed decreased apoptosis and significantly attenuated cellular with H2O2 levels after 

24 hr exposure to imexon compared to empty vector WEHI7.2 cells (Figure 6.7A and 

B). 

To further investigate Prdx-3 role in protection against imexon toxicity, Prdx-3 

levels were examined in an imexon resistant cell line. Wild-type and imexon resistant 

8226 multiple myeloma cells were acquired from Dr. Robert Dorr at the Arizona Cancer 

Center. Compared to control sensitive cells, 8226 muliple myeloma cells which had 

become resistant to imexon, displayed a 3 fold increase in Prdx-3 mRNA and protein 

(Figure 6.8A and B). 
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Table 6.1 IC50 values acquired from 48 hour cytotoxicity curves 

Drug 

IC50 values (|JM) 

Drug Vector Prdx-3-10 Prdx-3-32 

hydrogen peroxide 60.28 ±11.1 172.23 ±8.4** 230.75 ±32.3** 

t-butylhydroperoxide 23.2 ± 0.7 30.92 ± 0.2** 35.79 ± 0.7** 

imexon 92.32 ±6.59 136.82 ±1.8** 135.47 ±6.6** 

dexamethasone 0.022 ±0.004 0.024 ±0.004 0.025 ±0.004 

**p<0.001 
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Figure 6.6 Overexpression of Prdx-3 protects against apoptosis induced by 

hydrogen peroxide and t-butyl hydrogen peroxide. Apoptosis was measured by 

annexin V/propidium iodide staining after 24 hr exposure of WEHI7.2/neo, Prdx-3-

10 and Prdx-3-32 cells to A, 300 |j,M H2O2; B, 50 ^iM t-butylhydroperoxide; and 

C, 150 jj,M imexon. D, Exposure to 150 |a,M imexon (open bars) increased cellular 

hydrogen peroxide levels measured by CM-H2DCFDA compared to control (filled 

bars). Mean values of 3 determinations, bars are SD. *p< 0.05 compared to 

WEHI7.2/neo cells. 
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Figure 6.7 Overexpression of Prdx-3 protects against apoptosis, hydrogen peroxide 

generation induced by the anti-cancer agent imexon. A, Apoptosis was measured 

by annexin V/propidium iodide staining after 24 hr exposure of WEHI7.2/neo, 

Prdx-3-10 and Prdx-3-32 cells to 150 imexon. B, Exposure to 150 |^M imexon 

(open bars) increases cellular hydrogen peroxide levels measured by CM-

HjDCFDA compared to control (filled bars). Mean values of 3 determinations, bars 

are SD. *p< 0.05 compared to WEHI7.2/neo cells. 
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Figure 6.8 Imexon resistant 8226 cells overexpress Prcix-3 protein and mRNA 

compared to normal cells. A, Western blot of Prdx-3 expression in normal 8226 

human multiple myeloma cells and 8226 cells resistant to 10 mg/ml imexon (8226-

I), actin as loading control. B, Prdx-3 mRNA expression in 8226 and 8226-1 cells 

measured by Northern blot with GAPDH as loading control. 



116 

DISCUSSION 

Hydrogen peroxide is involved in the regulation of cell proliferation and survival 

by its role as an essential intracellular signaling molecule for a variety of growth factors 

and cytokines (Sundaresan et al, 1995; Simon et al, 1998; Rao and Berk 1992;Bae et 

al, 1999; Bae et al, 1997; Brown et al, 2000). Because of the requirement for hydrogen 

peroxide in normal cell function, it is difficult to overexpress antioxidant proteins at very 

high levels (Gallegos et al, 1996; Briehl etal, 2000). We observed a tight regulation of 

the antioxidant protein Prdx-3 expression with a maximum 2-fold increase in protein 

expression. 

Interestingly, even though localized only to the mitochondria, Prdx-3 was able to 

significantly decrease the cellular H2O2 levels, which led to a decrease in ERK signaling 

and ultimately slowed the growth rate. Cells with stable or transient overexpression of 

catalase, a potent peroxidase, also have a decreased rate of cell proliferation (Briehl et al., 

2000; Zanetti et al, 2002). Since HiOacan diffuse through membranes, in our stably 

transfected cells, the mitochondrial Prdx-3 can equilibrate and the H2O2 levels during 

normal growth. The decrease in observed in the Prdx-3 overexpressing cells is 

probably reflective of the slower growth rate, although a direct relationship has not been 

established. In the catalase overexpressing cells the was not measured, but it would 

be interesting to determine whether or not there was an alteration in A^. This would 

determine if the decrease in A^ observed in the Prdx-3 cells was a result of slower 

growth or an effect of Prdx-3 directly. 
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The robust hyper-activation of ERKl/2 we observed in the Prdx-3 

overexpressing cells after H2O2 or serum stimulation was unexpected and shows the 

complexity of signaling pathways. We speculate that this is a starvation effect and the 

hyper-response occurs because the decrease in cellular H2O2 caused by Prdx-3 puts the 

cell in a state of increased sensitivity to mitogen/hydrogen peroxide signaling. In other 

words, because these cells are stably transfected with the peroxidase, their mitogen 

activated kinase signaling is reduced, causing an increase in sensitivity of the kinase 

cascade to stimuli. Since Prdx-3 is in the mitochondria, it is also possible that the 

cytoplasmic burst of H2O2 did not have time to diffuse to the mitochondria to be reduced. 

Again, it would be useful to perform these experiments with the catalase overexpressing 

cells to determine if the hyper-phophorylation of ERKl/2 observed in the Prdx-3 cells 

was a result of decreased cellular H2O2 or an effect of Prdx-3 being mitochondrial and not 

having access to the burst of cytoplasmic H2O2. In accordance with H2O2 acting as a 

intracellular messenger, downstream of the growth factor receptor activation, tyrphostin 

AG1478 attenuated the hyper-phosphorylation of ERKl/2 in response to serum 

stimulation but not after H2O2 stimulation (Figure 6.9). 

Whereas low levels of hydrogen peroxide are essential for cell growth, excessive 

levels of hydrogen peroxide are toxic to the cell and can lead to apoptosis (Takeyama et 

al, 2002). Prdx-3 overexpression is able to scavange the excess H2O2 and protect cells 

from H2O2, t-BHP and imexon induced apoptosis. H2O2 and t-BHP both increase cellular 

ROS and have mitochondrial involvement leading to apoptosis (Takeyama et al, 2002). 

However, Prdx-3 does not prevent apoptosis induced by all agents, as demonstrated by t 
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Figure 6.9 Diagram of H2O2 effects on growth factor signaling pathway. Protein 

tyrosine phosphatases (PTPs) and protein serine-threonine phosphatases (PPs) 

inhibit the kinase cascade. H2O2 inhibits the PTPs and PPs by oxidizing active site 

cysteines, allowing the kinase cascade leading to cell proliferation to occur. 



119 

the unaltered sensitivity of the Prdx-3 overexpressing clones to dexamethasone. Imexon 

is an anti-cancer agent that is a mitochondrial toxin (Dvorakova et al, 2002). Prdx-3 

overexpression suppressed imexon-induced apoptosis and H2O2, which supports the 

proposed mitochondrial mediated toxicity of imexon. The mitochondrial involvement 

was further enforced by the observation that cells resistant to imexon indeed overexpress 

Prdx-3. 

The results of the study suggest that mitochondrial Prdx-3 is an important 

regulator of H2O2 in the cell. At low physiological levels of H2O2 formation, Prdx-3 

attenuates the growth stimulating effects of H202by altering mitogen signaling. At higher 

levels of H2O2 formation, as caused by some drugs, Prdx-3 protects cells against 

apoptosis. 
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CHAPTER 7 

Mitochondrial Peroxiredoxin-3 Protein is stabilized in hypoxia and 

prevents hypoxia- induced apoptosis 

INTRODUCTION 

Cellular hypoxia occurs when the blood supply to the cells is insufficient to 

maintain the oxygen tension. Maintained hypoxia and hypoxic episodes are involved in 

the pathophysiology of many diseases including ischemic heart disease, stroke, cancer, 

chronic lung disease and congestive heart failure (Semenza et al, 2000). The pathology 

of these diseases is caused, in part, by either inadequate adaptation to hypoxia or the 

ability to adapt to the hypoxia (Semenza et al, 2000). In the heart, ischemia caused by 

fully or partially blocked arteries causes the myocardial cells to become hypoxic and die 

(Semenza et al, 2000). Unlike the myocardium, cancer cells do not necessarily die when 

they become hypoxic and have adapted to be able to survive in low oxygen conditions. 

In cancer, there are hypoxic areas in solid tumors, which outstrip their blood supply as 

they grow and become hypoxic (Harrison et al, 2002; Guppy 2002). It is the hypoxic 

areas of tumors which are difficult to treat with chemotherapy because they lack a good 

blood supply to deliver the cytotoxic anti-cancer agents (Harrison et al, 2002). In 

addition, the hypoxic tumors are not responsive to radiation therapy because of the low 

oxygen, which mediates radiation toxicity (Harrison et al, 2002). 
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Hypoxia-inducible factor la (HIFla) is a transcription factor, which is 

ubiquinated and degraded in normal oxygen conditions by binding with the tumor 

suppressor von Hippel Lindau (VHL) (Seta et ai, 2002) (Figure 7.1). VHL binds HIFl a 

when HIFla is hydroxylated by prolyl hydroxylase in normoxic conditions (Seta et ai, 

2002). When oxygen levels fall below 5 %, prolyl hydroxylase does not hydroxylate 

HIFla, therefore VHL does not bind and the HIFla protein becomes stabilized so it can 

activate gene transcription (Seta et ai, 2002). 

It has been proposed that mitochondrial derived ROS act as a messenger to 

mediate the cells response to hypoxia (Gonzalez et al, 2002). Mitochondrial ROS have 

been shown to increase proportionately to the level of hypoxia (Chandel and Schumacker 

2000). Mitochondrial ROS, in many situations, are required for the stablization of HIFla 

(Chandel et ai, 1999). 

Mitochondrial peroxiredoxin-3 (Prdx-3) is a thioredoxin peroxidase, which has 

been shown to be upregulated after ischemia in the heart (Araki et ai, 1999) and in some 

solid cancers (Kinnula et ai, 2002, Noh et ai, 2001). Prdx-3 gene expression has been 

shown to be controlled by the c-myc transcription factor and the use of Prdx-3 antisense 

showed that Prdx-3 expression is required for c-myc induced transformation of rat-1 cells 

(Wosley et al, 2002). 

Prdx-3 role in protection against hypoxia induced cell death was investigated and 

revealed that Prdx-3 protein levels were increased by hypoxia. Prdx-3 mRNA levels 

remained unchanged during hypoxia and stablization of Prdx-3 protein was observed 

during hypoxia. Surprisingly, RCC4 cells containing mutant VHL and consititive high 
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Figure 7.1 Cartoon of VHL control of HIFla protein degradation in normoxic and 

hypoxic conditions. 



levels of HIFa protein did not show a decrease in Prdx-3 protein. Therefore, Prdx-3 

does not appear to be a HIFa regulated gene, but may be regulated by VHL. 

Furthermore, exogenous overexpression of Prdx-3 protected cells against hypoxia-

induced apoptosis and reactive oxygen species generation. 
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RESULTS 

Stablization of Prdx-3 protein during hypoxia 

When WEHI7.2 mouse thymoma cells were exposed to 1% O2 for a 16 hours. 

Western blot analysis showed increased Prdx3 protein as early as the 2 hour time point 

(Figure 7.2). Since Prdx-3 gene expression has been shown to be induced by c-Myc 

transcription factor, levels of c-Myc in WEHI7.2 cells after hypoxia exposure were 

analyzed. Western blotting showed no change in c-myc protein expression (Figure 7.2). 

Prdx-3 mRNA levels were examined by Northern blot and did not show an increase in 

Prdx-3 gene expression due to hypoxia, but rather a small decrease (Figure 7.3). To 

study the degradation of Prdx-3, cyclohexamide was used to block protein synthesis. 

WEHI7.2 cells were placed in 1% Oifor 2 hours before treatment with 200 |ig/ml 

cyclohexamide and collected 0, 0.5, 1, 2 and 4 hours after treatment. Samples were 

prepared from the cycloheximide treated normoxic and hypoxic cells based on cell 

number, not by protein quantification. Analysis of Prdx-3 protein by Western blot 

showed a stabilization of the protein during hypoxia in WEHI7.2 cells (Figure 7.4A). 

Pulse-chase experiments with labeled protein verified that the half-life of Prdx-3 was 

increased more than 2-fold under hypoxic conditions, from approximately 3.7 hrs to 10 

hrs (Figure 7.4B). The pulse-chase cannot be done at later time points in the WEHI7.2 

cells because they lose substantial viability after 10 hours in hypoxia. These results 

suggest that the regulation of Prdx-3 levels is occurring post-transclationally. 
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Figure 7.2 Prdx-3 and HIFl a protein expression is increased in hypoxia, whereas 

c-myc and actin evels were unchanged. Western blotting of 30 jxg cell lysate for 

Prdx-3, actin, HIFl a, and c-myc. 
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Figure 7.3 Prdx-3 mRNA decreases with duration of hypoxia (1 % O2). WEHI7.2 

mRNA (2 |ig) was analyzed by Northern blotting with Prdx-3, GAPDH and 

Histone 3.3 cDNA probes. GAPDH is positive control for hypoxia. Quantification 

is average of 3 separate experiments and bars are SD. 
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Figure 7A Prdx-3 protein is stablized during hypoxia (1 % O2) in WEHI7.2 cells. A, 

Prdx-3 protein levels analyzed by Western blot after 200 lig/ml cyclohexamide treatment 

for 0, 0.5, 1,2, and 4 hours. B, Prdx-3 protein levels analyzed by 30 min pulse of 

^^S-met followed by chase with cold met and immunoprecipitation at 0, 2, 4, 6 and 

8 hours (average of 2 separate experiments, error bars are SD). 
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Increased Prdx-3 protein and protein stability in RCC4+VHL cells 

To examine a possible link between Prdx-3 expression and HIFla, we utilized a 

cell line with constitutive levels of HIFla under aerobic conditions. RCC4 is a renal cell 

carcinoma cell line, which contains a mutant inactive form of VHL. Since VHL normally 

binds HIFla to target it for degradation, the RCC4 cells have constitutive levels of 

HIFla in normoxic conditions. We used empty vector transfected as well as wild-type 

VHL transfected RCC4 cell lines (Maxwell et ai, 1999). Unexpectedly, western 

blotting for Prdx-3 in the RCC4 and RCC4+VHL cells revealed that there was greatly 

increased Prdx-3 in the RCC4-I-VHL cells (Figure 7.5A). To study the degradation of 

Prdx-3, cycloheximide was used to halt protein synthesis and Western blot showed a 

robust stabilization of the protein in RCC4 + VHL cells (Figure 7.5B). These results 

suggest an unexpected Prdx-3 stabilizing function of VHL. I verified the RCC4 and 

RCC4-(-VHL cell lines HIFla activity levels by transient transfection with a HIFla 

promoter luciferase reporter construct. Because Prdx-3 is a known c-Myc target gene, 

the c-Myc activity levels were also examined using a c-Myc promoter luciferase reporter 

construct. The luciferase activity showed that RCC4 and RCC4+VHL cells have similar 

c-Myc activity whereas RCC4s have 10-fold higher HIFla activity levels than the 

RCC4-I-VHLS (Figure 7.5C). These results show that the robust overexpression of Prdx-

3 protein seen in the RCC4-t-VHLs is probably not due to enhanced gene expression by c-

Myc or HIFla. Interestingly, when the WEHI7.2 mitochondria were isolated, VHL 

protein was seen in both the cell lysate and the mitochondrial fraction (Figure 7.6). 
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Figure 7.5 Prdx-3 protein is stablized in RCC4 renal cell carcinoma cell line with 

wild-type VHL. A, Prdx-3 protein levels in RCC4 cells (contain mutant VHL) and 

RCC4 + VHL (wild-type VHL transfected), analyzed by Western blot with actin as 

loading control. B, Prdx-3 protein levels analyzed by Western blot after 

cyclohexamide treatment for 0, 0.5, 1,2, and 4 hours. C, RCC4 and RCC4 + VHL 

have similar c-myc activity, whereas RCC4 have 10-fold higher HIFla activity 

than RCC4 + VHL as measured by transiant transfection with luciferase reporter 

constructs. 
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Overexpression of Prdx-3 protects cells against hypoxia-induced apoptosis 

To test if the hypoxia increase in Prdx-3 protein is protective for the cells we used 

WEHI7.2 cells that stably overexpress Prdx-3. Prdx-3 overexpressing WEHI7.2 cells 

were protected against hypoxia induced apoptosis with only 12 to 15% of the cells being 

apoptotic by 16 hr compared to 50% in the empty vector transfected cells (p< 0.01 in 

both cases) (Figure 1.1 K). A time course in hypoxia showed that the Prdx-3 

overexpressing cells were protected up to 24 hours, but then became apoptotic like the 

empty vector transfected WEHI7.2 (Figure 7.7B). Prdx-3 overexpression completely 

prevented the hypoxia-induced increase in hydrogen peroxide at the 16 hour time point, 

but was not examined during the time course (Figure 7.7C). 
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Figure 7.6 VHL protein is present in the cell lysate and mitochondria of WEHI7.2 

cells. 
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Figure 7.7 Prdx-3 overexpressing cells are protected against hypoxia-induced 

apoptosis and hydrogen peroxide formation. Apoptosis measured by annexin 

V/propidium iodide staining and FACScan of from WEHI7.2/neo, Prdx-3-10 and 

Prdx-3-32 cells grown in air or 1% O2 for 16 hrs, A, and for 0-24 hrs, B. C, CM-

H2DCFDA fluorescence measurement of cellular H2O2 levels in the Prdx-3 

overexpressing cells compared to empty vector WEHI7.2/neo cells before and after 

16 hours at 1 % O2 In both A and B values are mean of 3 determinations and bars 

are SD. ** p<0.01 compared to hypoxia exposed WEHI7.2/neo cells. 
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DISCUSSION 

Human solid tumors frequently show regions of hypoxia as the growing tumor 

outstrips its blood supply (Richard et al, 1999). Understanding the cellular adaptations 

to hypoxia has become a primary goal in treating cancer. This is because the more 

hypoxic a tumor is, the more it tends to be metastatic, resistant to chemotherapy and 

radiation and overall have a poorer prognosis than well-oxygenated tumors (Hockel et 

al, 1993; Hockel era/., 1996; Vaupel er a/., 1998) 

During hypoxia, most genes are down regulated at the mRNA and protein 

translation is reduced (Koumenis et al, 2002). Proteins which maintain their translation 

during hypoxia, such as HIFla, have been shown to contain internal ribosome entry 

sites (IRES) in the 5' untranslated region (UTR) (Holcik et al, 2000). The presence of 

IRES elements allows important survival proteins to be translated although overall 

protein synthesis has been reduced. We have shown a stabilization of Prdx-3 during 

hypoxia, but have not examined whether or not the protein is still actively translated. 

The time course shows that Prdx-3 is still up at 16 hours, more than the half-life of 10 

hours, so it is probably still being translated. The fact that Prdx-3 protein is increased 

during hypoxia shows its importance in the hypoxic response and suggests that it may 

contain an IRES in its 5' UTR. Whether Prdx-3 protein is increased due to solely the 

increase in stability or whether there is also an increase in protein translation has not 

been determined. The mechanism causing the decrease in Prdx-3 degradation is still 

unknown, but VHL may play a role. 
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Mutations in VHL are found in von Hippel-Lindau disease, which causes adult 

renal tumors, as well as in sporadic clear-cell renal cancers (Latif et al, 1993; Gnarra et 

al, 1994). However, the cellular mechanisms by which VHL acts a tumor suppressor 

are relatively unknown. VHL's most prominent role in cell function is as a substrate 

recognition molecule for E3 ubiquitin ligase, which binds HIFla and leads to its 

degradation during hypoxia (Ivan and Kaelin Jr. 2001) (Figure 7.1). However, VHL 

has many other proposed roles in the cell. VHL has been shown to bind and stabilize 

two of the regulatory subunits of the trimeric complex which is required for transcription 

elongation, elongins B and C (Duan et al., 1995). VHL has also been shown to bind 

and stabilize a novel protein, Jade-1 (Zhau et al, 2002). Deciphering the functions of 

VHL is further complicated by its subcellular localization. VHL has been found in the 

cytoplasm, nucleus, mitochondria and endoplasmic reticulum (Los et al., 1996; Lee et 

al, 1996; Shiao et al, 2000; Schoenfeld et al, 2001). Since VHL is present in the 

mitochondria and is capable protein stabilization, it could be functioning to stabilize 

Prdx-3. Whether or not VHL is present in the mitochondria under normal conditions is 

not clear, but we did see VHL present in the mitochondrial fraction of the WEHI7.2 

cells. Perhaps when VHL dissociates from HIFla during hypoxia it can bind Prdx-3 

and stabilize it either by direct interaction or via other molecules (Figure 7.8). 

The cells that were used are the RCC4 cells, which contain mutant VHL, and 

RCC4-t-VHL cells, which are the parental line transfected with wild-type VHL. The 

only difference in the cells is the VHL transfection, but the cells clearly behave 

differently and grow at different rates. It could be that increase in Prdx-3 protein 
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Figure 7.8, Hypothetical mechanism for VHL stabilization of Prdx-3 during hypothesis 
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seen in the RCC4 + VHL cells is not a due to a direct interaction with VHL, but maybe 

an indirect effect as a result of the other cellular changes in the RCC4+VHL cells. 

When hydrogen peroxide levels were increased by exposure of the cells to 

hypoxia, the Prdx-3 overexpressing cells were protected against apoptosis. Previous 

studies have shown that Prdx-3 overexpression protects against hydrogen peroxide 

induced cytotoxic agents, but the protection was not as robust as that seen during 

hypoxia. During hypoxia the ROS are specifically generated in the mitochondria by the 

disruption of oxidative phosphorylation. This may explain why mitochondrial Prdx-3 

offers greater protection against apoptosis caused by hypoxia then various drugs where 

the effects may also be cytoplasmic. 

Because Prdx-3 is overexpressed in some human cancers and it may protect 

growing tumors against hypoxia-induced apoptosis due to increased H2O2 production. 

Prdx-3 may also afford protection against radiation, as some of the other peroxiredoxin 

family members do. 
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CHAPTER 8 

Summary and Conclusions 

At the start of this dissertation research, mitochondrial thioredoxin-2 (Trx-2) had 

just been cloned and the complete mitochondrial thioredoxin system identified. The 

cytoplasmic thioredoxin-1 system had been very well studied and it was known that Trx-

1 acted as a proto-oncogene in cancer cells by increasing cell proliferation and decreasing 

apoptosis. This thesis investigated the hypothesis that the mitochondria! Trx-2 system 

plays a role in regulating cell growth and apoptosis via regulation of mitochondrial redox 

status. The data presented in this thesis does not disprove this hypothesis, and shows 

intriguing roles for Trx-2 and Prdx-3 in not only inhibiting apoptosis, but also in 

regulating cell proliferation. 

Trx-2 Summary 

The results have shown that the small thiol reducing protein Trx-2 is localized to 

the mitochondria and have identified a splice variant of Trx-2 mRNA. The sequence of 

the RNA splice variant showed that it was lacking exon 2, which contains the thioredoxin 

active site. The molecular effects of the splice form are yet to be identified, but because 

the alternatively spliced RNA is not made into protein, it could function to negatively 

regulate protein expression. Further studies need to be done to examine the expression of 

this RNA spice form as it correlates to Trx-2 protein levels in various tissues or 

pathological samples. 
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It has been shown that Trx-2 is not easily overexpressed in cell lines. Other 

groups were able to overexpress Trx-2 protein, but they did use different cell lines than 

we did, which may have made a difference. In addition, the overexpression phenotypes 

were actually quite subtle, reflective of the low levels of overexpression. 

Damdimopoulos et al showed with only a two fold overexpression of Trx-2 there was a 

marked increase in the mitochondrial membrane potential (Damdimopoulos et ai, 2002). 

As far as a function for Trx-2 in protection against apoptosis, the results are less straight 

forward. Damdimopoulos et al showed that the Trx-2 overexpressing cells were 

protected against etoposide-induced apoptosis, but were actually more sensitive to the 

mitochondrial toxin, rotenone (Damdimopoulos et al, 2002). Chen et al showed that 

Trx-2 overexpressing cells were resistant to t-butylhydroperoxide-induced apoptosis 

(Chen et al, 2002). These results strongly indicate a role of Trx-2 in regulating 

mitochondria-mediated apoptosis, but more studies are needed to identify molecular 

mechanisms. 

My study with the Trx-2{-l-) embryos was the first published in this field and 

demonstrated that Trx-2 is required for viability of embryos and cultured fibroblasts. This 

year Tanaka et al also showed that inducible Trx-2 knockout B-cells died via apoptosis 

when Trx-2 protein levels dropped. The Trx-2{-/-) embryos revealed an intriguing 

possible role of Trx-2 in regulating cytochrome c biogenesis. Interestingly, Tanaka et al 

observed an interaction between cytochrome c and Trx-2 and they postulated that Trx-2 

is a regulator of cytochrome c release. Although Trx-2 could be acting as a general ROS 

scavanger, I do not believe this is the case, rather that Trx-2 is regulating cytochrome c 
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biogenesis and that this is probably why cells and embryos lacking Trx-2 are not viable. 

More studies are needed to investigate the molecular mechanisms by which Trx-2 and 

cytochrome c interact, if indeed they do at all. Additionally, I do not think ANT can be 

ignored, and any possible role for Trx-2 in regulating the oxidation of ANT thiols needs 

to be explored. 

Prdx-3 Summary 

Trx-2 provides electrons for another member of the thioredoxin system, the 

mitochondrial Prdx-3. My results show that Prdx-3 has the ability to regulate cell 

proliferation and inhibit drug-induced and hypoxia-induced apoptosis when 

overexpressed. My data indicates that the protection by Prdx-3 appears to be in a 

hydrogen peroxide dependent manner, but more studies need to be done to determine if 

that is exclusively the case. 

My data showed an intriguing protective role for Prdx-3 during a cellular hypoxic 

response. Prdx-3 protein is stabilized during hypoxia and overexpression of Prdx-3 

robustly protected cells against hypoxia-induced apoptosis. My studies did not elucidate 

the precise mechanism of increased Prdx-3 stability, but indicate a potential role for 

VHL. There is little known about the mitochondrial protein degradation system, but it 

does not utilize ubiquitin like the cytoplasmic proteosome. Further investigation into the 

turnover of Prdx-3 by the mitochondrial protein degradation system needs to done. 

Although Trx-2 is required to Prdx-3 peroxidase activity, they each have very 

different roles in the mitochondria since Trx-2 is thiol-reducing protein and Prdx-3 is a 
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peroxidase. My data using the Prdx-3 overexpressing cells has shown Prdx-3 protects 

cells against drug and hypoxia-induced apoptosis. The protection by the Prdx-3 

overexpressing cells is 2-3 times that published for the Trx-2 overexpressing cells, 

indicating the two proteins have different roles in regulating apoptosis and that Trx-2 is 

more than just a cofactor for Prdx-3. 

Future Directions 

Since Trx-2 likely is a mediator of apoptosis, future studies need to quanititate 

Trx-2 protein levels and/or mutations in various disease states. Trx-2 expression may be 

decreased in degenerative diseases and aging tissue. In these degenerative diseases and 

in aging, oxidative damage to the mitochondria and mitochondrial dysfunction is often a 

hallmark of the pathology, and decreased expression of Trx-2 could contribute to this. 

Conversely, Trx-2 may be overexpressed in diseases such as cancer. Cancer cells are 

selected by their ability to evade apoptosis and Trx-2 overexpression could function to 

protect cancer cells. If increased Trx-2 proves to be linked to cancer, it would be a likely 

candidate for pharmacological inhibition. There are currently potent inhibitors of the 

cytoplasmic Trx-1, which are in clinical trials and these inhibitors could also inhibit 

mitochondrial Trx-2. 

As with Trx-2, future studies need to examine Prdx-3 protein levels and/or 

mutations in pathological samples. Since Prdx-3 is a peroxidase and it is overexpressed 

in some cancers, it may be part of the process of carcinogenesis. Studies by Wonsey et 

al showed that Prdx-3 is a c-Myc target gene, which further implicates Prdx-3 in the 
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carcinogenesis process (Wonsey et al, 2002). c-Myc is a powerful oncogene which is 

found to be overexpressed in many cancers. Further studies need to be done on patient 

samples to determine how consistantly increased Prdx-3 is associated with increased c-

Myc, 

Prdx-1 and Prdx-2 have been shown to be increased by ionizing radiation and 

overexpression of Prdx-1 protects against radiation-induced apoptosis. Similarly to the 

other peroxiredoxin family members, Prdx-3 may be involved in radiation-induced 

apoptosis and any protection by Prdx-3 needs to be further investigated. Prdx-3 levels 

need to be examined before and after ionizing radiation to determine if its expression is 

altered. It would also be interesting to analyze Prdx-3 expression in tumor samples from 

radiation sensitive and radiation resistant cancers. The peroxiredoxins as a family are an 

attractive target for pharmacological inhibition in the treatment of cancer because 

inhibition of the peroxiredoxins could be paired with radiation therapy to cancer cell 

killing. 

Conclusions 

The data presented in this thesis is prominent part of the growing body of 

published findings on the mitochondrial thioredoxin system field. There were two papers 

published in this field prior to 1997 and there is now more than 20 papers. As a whole, 

these published findings show anti-apoptotic functions of the mitochondrial thioredoxin-2 

system which support my hypothesis and correlate with this dissertation research. Our 

understanding of the mitochondrial thioredoxin-2 system and the roles of its members. 
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Trx-2 and Prdx-3, has grown tremendously in the past few years, but it is still very 

limited and there are many more experiments to done. 
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