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ABSTRACT 

The modulation of the antioxidant defense during dexamethasone-induced 

apoptosis in WEHI7.2 cells mouse lymphoid cells was studied. When treated with 

dexamethasone, antioxidant defense transcripts including catalase, MnSOD, CuZnSOD, 

DT-diaphorase, GPX and thioredoxin exhibited a progressive decrease over 24 hours (h) 

in apoptosis-sensitive wild-type WEHI7.2 and apoptosis-resistant bcl-2 transfected 

(W.Hbl2) cells. Catalase activity was maintained and total SOD and DT-diaphorase 

activity showed smaller decreases following dexamethasone treatment of bcl-2 transfected 

cells. Treatment of wild-type and bcl-2 transfected WEHI7.2 cells with a catalase 

inhibitor, amino-triazole, was not sufBcient to induce apoptosis. Antioxidants, including 

bovine liver catalase, bovine erythrocyte CuZnSOD, sodium selenite and Trolox, a water 

soluble vitamin E analogue, as well as hypoxia, inhibited dexamethasone-induced 

apoptosis. Transfection of the WEHI7.2 cells with catalase and thioredoxin resulted in a 

significant level of protection against dexamethasone-induced apoptosis. Thioredoxin-

transfected cells were also protected from apoptosis induced by staurosporine, N-acetyl-

sphingosine, etoposide and thapsigargin. When inoculated into severe combined 

inununodeficient {said) mice the trx transfected cells formed tumors that showed increased 

growth compared to wild-type as well as bcl-2 transfected WEHI7.2 cells. The trx and 

bcl-2 transfected cell tumors both showed less spontaneous apoptosis than tumors formed 

by the wild-type cells. Unlike tumors formed by the wild-type and bcl-2 transfected 
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WEHI7.2 ceils, trx transfected cell tumors did not show growth inhibition upon treatment 

with dexamethasone- These results suggest that modulation of the antioxidant defense 

may play a role in dexamethasone-induced apoptosis and that BcI-2 may prevent apoptosis 

by maintaining the level of critical antioxidant defense mechanisms including cataiase. In 

addition, the thioredoxin study suggests that increased thioredoxin expression may result 

in a increased tumor growth through inhibition of spontaneous apoptosis and a decrease in 

the sensitivity of the tumor to drug-induced apoptosis. 
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CHAFFER ONE 

INTRODUCTION 

Apoptosis 

Introduction 

Apoptosis is a physiological form of cell death first described by Kerr and Wylie in 

1972 (Kerr et al., 1972). Apoptosis is the process by which organisms remove unwanted 

cells in a controlled manner in response to specific stimuli (Arends and Wylie, 1991). 

Apoptosis, unlike the other major form of cell death, necrosis, appears to occur via a 

specific, universal, biochemical "program" of events. Therefore, another common term 

used to refer to apoptosis is programmed ceil death. Apoptosis plays a key role in the 

tissue development, homeostasis, and disease surveillance. Apoptosis protects against 

carcinogenesis by removing cells with damaged or mutant DNA, and thus prevents the 

proliferation of malignant clones. Thus, understanding the mechanisms by which 

apoptosis occurs offers one avenue to developing therapeutic strategies for many diseases 

including cancer. 

Induction of Apoptosis 

A wide variety of both physical and chemical stimuli can induce apoptosis. Some 

cellular insults that induce apoptosis include absence of survival factors, and insufficient or 

unbalanced growth stimulation. The cellular targets of the chemical inducers of apoptosis 
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include the cell sur&ce, the cytosoL, the cytoskeletoa, the nucleus, and the intracellular 

signaling pathways (Wertz et al., 1996). Some of the more common in vitro inducers of 

apoptosis include tumor necrosis factor alpha (TNF-a), Ca^* ionophores such as A23187 

and thapsigargin, inhibitors of protein synthesis including actinomycin-D, agents such as 

cytochalasins which perturb the cytoskeleton, DNA damaging agents such as S-

fluorouracil, and etoposide, glucocorticoids such as dexamethasone (Dex), or gamma 

irradiation, and protein kinase inhibitors such as staurosporine (for a review see Sen, 

1992). Many chemical agents which have traditionally been thought to induce necrosis 

have been shown to induce apoptosis when lower concentrations or shorter exposure 

times to drug are used. Thus, it appears that an apoptotic threshold exists beyond which a 

cell looses the ability to respond in a controlled manner and therefore is forced to die by 

necrosis rather than apoptosis. Although many different stimuli can induce the apoptotic 

process, cells undergoing apoptosis share most of the same morphological and 

biochemical features. 

Biochemical and Morphological Characteristics of Apoptosis Verses Necrosis 

The term apoptosis describes a distinct cellular morphology. After the apoptotic 

process has been initiated in a cell, it begins to lose contact with its neighbors and detaches 

from its substratum, and the chromatin condenses forming crescent-like caps on the 

nuclear periphery. Nuclear breakdown, compaction of organelles with endoplasmic 

reticulum dilation, clumping of ribosomal particles, cytoskeletal filament aggregation and 

cytoplasmic volume reduction occurs. There is also loss of specialized surface structures. 
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such as microvilli and Junctional structures. Next, membrane blebbing and eventual 

fragmentation of the cell into apoptotic bodies occurs (Kerr et al., 1972; reviewed in Uren 

et al., 1996). Endogenous endonuciease activation results in the production of domain 

sized large (50-300 kilobase) DNA fragments (Brown et al., 1993) followed by cleavage 

of chromosomal DNA by a Ca^'/Mg^*-dependent endonuciease, yielding oligomers that 

are multiples of about 180 base pairs in length. This intemucleosomai cleavage of DNA 

has been considered to be one of the major biochemical hallmarks of apoptosis. However, 

it should be noted that DNA fragmentation is not required for all forms of apoptosis 

(Schulze-Osthoff et al., 1994). Finally, a family of proteases termed caspases are 

activated which cleave key cellular substrates such as poly (ADP-ribose) polymerase 

(PARP), and lamins. These caspases are thought to be activated by the translocataion of 

reduced cytochrome c from the mitochondria to the cytoplasm (Liu et al, 1996). 

Apoptosis characteristically afifects single cells and is not accompanied by an inflammatory 

reaction. Surrounding cells and phagocjtes usually engulf and degrade the apoptotic 

bodies, leaving the tissue architeaure undisturbed. Apoptosis is rapid, often completed in 

only 4-9 hours but not all cells will be undergoing apoptosis at any one time. It has been 

calculated that in a tissue undergoing 50% involution in 3 days by steady-state apoptosis, 

at any single time point, only 9% of the cells will be undergoing apoptosis (Arends and 

Wylie, 1991). 

The classical form of cell death, necrosis, differs from apoptosis in that it is not 

nearly as well controlled. Necrosis occurs when the cell is suddenly confronted with 

extreme non-physiological conditions and loses control of ion-flux. It is characterized by 
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cell swelling, formation of microvesicles and breakage of the plasma membrane, which 

allows leakage of the cytoplasm into the intercellular space. Changes occur early to the 

organelles such as swelling and dilation of the mitochondria. Loss of plasma membrane 

integrity and staining by vital dyes is an early, rather than a late event as in apoptosis. 

Apoptosis occurs in single cells asynchronously in contrast to necrosis which 

characteristically occurs in large populations of contiguous cells simultaneously (Pritchard 

and Watson, 1996). Necrosis is often associated with damage to the surrounding tissue 

due to initiation of an inflammatory response. 

Genes Involved In Apoptosis 

Apoptosis occurs in diverse processes and cell types. The consistent microscopic 

and ultrastructural changes associated with apoptosis, and the apparent need for timely, 

precise regulation of cell death suggest a fundamentally uniform mechanism. Several 

models have been proposed which describe steps in the apoptotic pathway. The steps 

include the induction, signal transduction, regulation, and execution phases. The extent of 

genetic control over each of these processes is still being investigated. A model of 

apoptosis in which gene regulation has been shown to be necessary is steroid-hormone 

mediated apoptosis (Miesfeld 1990). However, a study with anucleated cells suggest that 

apoptosis may not always require altered gene expression (Jacobson et al., 1994). This 

study introduced the idea that in some cases all of the factors necessary for the apoptotic 

process may be contained within the cytoplasm of cells. Although the factors regulating 

the apoptotic mechanism are still not fiilly understood, several genes have been identified 
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which appear to participate in the apoptotic process. A growing list of oncogenes such as 

bcl-2, ntyc, ras, rqf, and tumor suppresser genes such as p53 have been found to regulate 

apoptosis in some models. In addition, genes are starting to be identified involved with 

the "executioner phase" of apoptosis including genes encoding for the family of cysteine 

proteases termed caspases. Studying how these genes are involved in apoptosis should 

lead to a better understanding of the apoptotic process. 

p53 

The p53 tumor suppressor gene provides an excellent example of how important 

the apoptotic process is in the prevention of cancer, and in cancer treatment. p53 acts as 

"the guardian of the genome" (Lane, 1992) by blocking the division of cells that have 

sustained DNA damage by mediating induction of Wafl, or by triggering cell death by 

apoptosis (Lane, 1993). p53 is a nuclear phosphoprotein and a transcription factor 

capable of both rroris-activating and repressing transcription. How p53 functions to 

mediate apoptosis is not well understood, but it is thought to be separate from its effects 

on cell cycle arrest. Inactivation of p53 by various mutations is one of the most common 

molecular steps in the development of cancer (Hollstein et al., 1991). Experimental 

evidence to support this comes from a study of p53 null mice which showed an 

accelerated rate of development of neoplasia as compared to mice with wild-type p53 

(Donehower et al., 1992). Lack of p53-mediated apoptosis appears to lead to the 

propagation of genetically damaged cells. 
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In addition to a decrease in apoptosis, mutant p53 may also provide some growth 

advantage, and drug resistance to the cell. In vivo studies have shown that tumors which 

develop from oncogenically transformed, p53-/- fibroblasts grow faster and show less 

apoptosis as compared to p53+/+ fibroblasts (Lowe et al., 1994). Studies in vitro have 

demonstrated that many transformed cells will undergo apoptosis when treated with 

chemotherapeutic drugs or radiation, but that transformed cells lacking functional p53 do 

not undergo apoptosis with similar treatments (Lowe et al., 1993). So, in addition to 

allowing cells with damaged DNA to replicate, mutant p53 also results in faster growing 

tumors which are resistant to some types of chemotherapy. 

Ras 

Another gene which may impact the susceptibility of transformed cells to 

anticancer agents through an effect on apoptosis is ras. ras genes encode a family of small 

guanine-nucleotide-binding proteins involved in signal transduction (for a review see 

Pastor et al., 1995). Mutations in Ras proteins result in the protein being constitutively 

present in the GTP-bound, active, state (Barbacid, 1987; Saez et al., 1994). The activated 

N-ros has been shown to significantly contribute to the chemoresistance of human 

melanoma both in vitro and in vivo by blocking apoptosis (Jansen et al., 1997). 

Overexpression of activated Harvey-ray can inhibit drug and ultra violet (UV) radiation 

induced apoptosis of rat fibroblasts (Femandes et al., 1996). However, other researchers 

have shown that transfection of a murine fibroblast cells with an activated form of the 
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Harvey ras confers sensitivity to apoptosis by a variety of agents (Fernandez et ai., 1995). 

Therefore it appears that the role of the ras genes in apoptosis needs further study. 

Myc 

myc is a proto-oncogene which encodes a short lived, nuclear phosphoprotein that 

has sequence specific DNA binding ability in association with the heterologous protein 

partner. Max. This Myc/Max complex functions as a transcription factor. Expression of 

Myc is important for cell proliferation and it is also involved in apoptosis. Myc is a 

transcriptional activator of p53, and will induce apoptosis that is p53 dependent (Askew et 

al., 1991). Induction of apoptosis is dependent on the association of Myc with Max 

(Green et ai, 1994) and is suppressed by BcI-2 (Bissonnette et al., 1992). Myc, like p53 

is not required for ail forms of apoptosis such as apoptosis induced by glucocorticoids 

(Warner et al., 1991). The cellular decision to proliferate or die in response to Myc 

overexpression appears to be influenced by other signals or other survival stimuli. It has 

been proposed that cells expressing myc can only survive when there are appropriate levels 

of cell type specific survival factors present which can specifically inhibit apoptosis (Evan 

etai, 1994). 

Bcl-2 Protein Family 

Bcl-2 is a protein which has been shown to inhibit apoptosis and extend survival in 

a variety of settings (for an exhaustive review see White 1996). The C elegans anti-cell 

death gene, cecl-9 (Hengartner and Horvitz, 1994) is homologous to the mammalian anti-
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apoptosis gene bcl-2. BcI-2 is a 25 BCDa integral membrane protein which was originally 

isolated at the site of translocations frequently observed in follicular B-cell lymphoma 

(Tsujumoto et al., 1984; Cleary et al., 1986). Chromosomal translocations move the bcl-

2 gene from its normal location of chromosome 18 into juxtaposition with the 

immunoglobulin (Ig) heavy-chain gene locus on chromosome 14, placing it under the 

influence of powerful transcriptional enhancers associated with the Ig locus. This 

translocation causes dysregulation of the expression of bcl-2 primarily at the 

transcriptional level. Folicular lymphoma is thought to be caused by the increased 

expression of Bcl-2 and the corresponding loss of the ability of cells to undergo 

apoptosis. Transgenic mice over-expressing bcl-2 under transcriptional regulation of the 

Ig heavy chain enhancer develop benign lymphomas that eventually progresses to high 

grade malignant disease, usually when myc rearrangement occurs (McDonnell and 

Korsmeyer, 1991). This study suggests that bcl-2 provides a survival advantage to cells in 

vivo, but that an additional change is necessary for tumor growth. Bcl-2 gene 

overexpression has been reported in variable percentages in a wide variety of human 

cancers including colon, gastric, prostate, neuroblastomas, and non-small cell lung 

cancers. 

The overexpression of the Bcl-2 protein has been demonstrated to block apoptosis 

in vitro triggered by a wide variety of drugs which have markedly diverse mechanism of 

actions including dexamethasone, etoposide. 5-fluorouracil. and cisplatin (Miyashita and 

Reed, 1992; Lam et al., 1994). The protective effect of Bcl-2 in such diverse systems 
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supports the idea of a common pathway of apoptosis and suggests that Bcl-2 may be a 

regulator of this pathway (for a review see Reed et al.^ 1996). 

Several bcl-2 homoiogues and bcl-2 interacting proteins have been identified. 

Some of these act like bcl-2 to protect against apoptosis, whereas others act to promote 

cell death. At present, six manmialian homologs of Bcl-2 have been reported, including 

Bax, Bcl-X (short Bcl-X-S and long Bcl-X-L forms), Mcl-l, Al, Bad, and Bak (Oltvai et 

al., 1993; Boisee/a/., 1993; Kozopase/a/., 1993; Line/a/., 1993; Yange/a/., 1995; 

Chittenden er a/., 1995; Kieferefa/., 1995; Farrow era/., 1995). Bax, Bcl-X-S, and 

Bad, and Bak proteins function as promoters of cell death. Conversely, the Bcl-X-L, 

Mcl-l and Al proteins appear to be suppressors of cell death like BcI-2. Protein-protein 

interactions and a balance in the levels of the two classes of bcl-2 family members most 

likely influence the decision of a cell either to live or die. Regions of homology among the 

Bcl-2 family of proteins have been identified, BHl and BH2,and BH3 (Bcl-2 homology 

regions 1, 2 and 3) which mediate these protein-protein interactions (Rao and White, 

1997). The complexity of the interactions among the Bcl-2 family proteins provide 

multiple levels of regulation of the apoptotic process. 

Bcl-2 is an intracellular and membrane bound protein which has been reported to 

be localized to the inner mitochondrial membrane (Hockenbery et al., 1990), endoplasmic 

reticulum, nuclear envelope, and outer nutochondrial membrane (Lithgow et al., 1994). 

Although much research effort has been focused on understanding how Bcl-2 blocks 

apoptosis, its mechanism is still unclear. Bcl-2 has been proposed to block apoptosis by 

regulating Ca^" fluxes through the endoplasmic reticulum (Lametal., 1994) and to block 
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nucleo-cytoplasmic traflScking of cell cycle-regulatory proteins, including p53, cdc2 and 

CDK2 (Meikrantz et al., 1994). It has also been shown to prevent the redistribution of 

plasma membrane phosphatidylserine (Martin et al., 1995). Jacobson et al. (1993) has 

shown that bcl-2 can protect cells from apoptosis even when the cells lack mitochondrial 

DNA and therefore do not have a functional respiratory chain. Jacobson etal. (1994) 

also reported that Bcl-2 protects against apoptosis even in the absence of a nucleus, 

suggesting that Bcl-2 is controlling a cytoplasmic regulator of apoptosis. Hockenbery et 

al. (1993) reported that Bcl-2 has no effect on oxidative phosphorylation or intracellular 

peroxide formation, although it inhibited the lipid peroxidation seen in dexamethasone-

treated T cell hybridoma cells. Kane etal. (1993) reported that Bcl-2 inhibited the 

generation of reactive oxygen species (ROS) in a neural cell line treated with glutathione 

(GSH) synthesis inhibitors. These two studies suggest that one possibility for how Bcl-2 

fiinaions is through controlling the redox state of the cell, possibly by acting as an 

antioxidant. However, studies by Jacobson et al. (1994, 1995) show that bcl-2 is able to 

block apoptosis caused by agents that are thought not to act by an oxidant mechanism or 

caused by hypoxia. Overall, it is unclear which of these effects are primary actions of the 

Bcl-2 protein and which are secondary to other aaions of Bcl-2. 

Raf 

The Raf family of protein serine/threonine kinases are critical elements of signal 

transduction cascades controlling growth, differentiation, and cell survival (Daum et al., 

1994). A novel cascade has recently been identified in which Raf functions to suppress 
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apoptosis (Wang et ai, 1996). BcI-2 targets Raf to the outer mitochondrial membrane 

where it phosphorylates BAD. There is evidence that Raf is a critical effector kinase of 

bcl-2 and BAG-2 has been identified as a Raf kinase - interacting protein that may 

contribute to Raf activation in this environment (Wang et al., 1997). 

Caspases 

A family of cysteine proteases termed caspases have emerged as catalysts of the 

"execution" phase of apoptosis. The mammalian protease interieukin-ip converting 

enzyme (ICE) is homologous to the ced -3 gene which encodes a cysteine protease which 

is absolutely required for programmed cell death in the nematode C. elegam (Ellis and 

Horvitz, 1986). ICE was the first mammalian homolog to ced-3 discovered. ICE was 

named for its ability to cleave the cytokine precursor pro-interieukin-13 (IL-IP) (Cerretti 

et al., 1992; Thomberry et al., 1992). ICE has a number of mammalian homologues and 

isoforms, with CPP32/apopain/yama being the most closely related to ced 3. The other 

known family members of the ICE/CED-3-enzyme superfamily include: ICErelll (ICH-2, 

TX, Mih-1), ICH-l (Nedd-2), ICEreim (TY), MCH-2, MCH-3, MCH-4, CMH-1, CMH-

2, CMH-3. All members of the ICE family cysteine proteases cleave substrates at an 

aspartic acid residue in the P1 position relative to a tetrapeptide cleavage site (Bump et 

al., 1995). However, different family members have different specificities which correlate 

with the putative residue at the p4 position of the consensus cleavage site (Bump et ai., 

1995). 
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There is a growing amount of evidence to indicate that the caspases, such as ICE 

and CPP32 control the apoptotic pathway to cell death. The overexpression of ICE 

proteases is able to trigger apoptosis (Miura et al., 1993), and ICE protease inhibitors can 

prevent apoptosis in a variety of systems. The overexpression of ICE or CPP32 in Sf9 

insect cells results in apoptosis (Femandes-AInemri era/., 1994). The ICE substrate 

inhibitor Z-Val-AIa-Asp-choromethylketone protects against methylprednisolone or 

etoposide induced apoptosis in rat thymocytes (Zhivotovsky et al., 1995). Another ICE-

like protease inhibitor benzyloxycarbonyl-val'myl-alaninyl-aspartyl fluoromethyl ketone 

protected against dexamethasone, etoposide, and thapsigargin induced apoptosis in 

thymocytes (Feamhead et al., 1995). In addition, a number of proteins such as PAR?, 

Rel B, retinoblastoma protein, topoisomerase I, and lamin B1 have been reported to 

become degraded in association with the onset of apoptosis, providing evidence for the 

activation of one or more proteases during apoptosis (for a review see Zhivotovsky et al., 

1996). The cleavage of PARP has been shown to be catalyzed by CPP32 (Tewari et al., 

1995; Femandes-AInemri e/a/., 1995). PARP is an enzyme involved in DNA repair and 

genome surveillance for maintaining integrity during cellular stress. The cleavage of 

PARP is one of the first detected events associated with apoptosis. In vivo evidence that 

ICE is playing a role in apoptosis comes from a study showing that thymocytes from ICE 

knockout mice are resistant to killing by ligation of CD95 (Kuida et al., 1995). However, 

it should be noted that the ICE knockout mice have a relatively normal phenotype (Li et 

al., 1995), indicating that other caspases in addition to ICE play an important role in 

apoptosis in vivo. Although ICE has been the most extensively studied caspase, CPP32 
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appears to play a wider role in apoptosis than ICE, especially in cell lines of lymphocytic 

origin where the CPP32 transcript is highly expressed. 

ICE is initially translated as an inactive 45 kilodalton (KDa) proenzyme, which is 

then cleaved at particular aspartate residues to form plO and p20 chains (Miller etaL, 

1993). These cleaved chains then self-associate to form an active tetrameric protease, 

comprised of two p 10 and two p20 molecules (Wilson et al., 1994; Walker et al., 1994). 

The other caspases are formed by a similar process. There is evidence to suggest that 

these proteases regulate their own activity by processing themselves and each other 

(Tweari et al., 1995). The many ICE homologs have overlapping tissue distribution which 

indicates redundancy in the system and several possible levels of control. 

Bcl-2 overexpression has been shown to block the activation of CPP32 in U935 

monocytes treated with TNF-a (Monney et al., 1996). However, the inhibitory efiFect of 

Bcl-2 on CPP32 activation may be due to Bcl-2's ability to block cytochrome c 

translocation from mitochondria, which subsequently prevents protease activation (Yang 

et al., 1997 and Kluck et al., 1997). No physical interaction between Bcl-2 and CPP32 

has been found. Therefore, Bcl-2 appears to be acting upstream of the cysteine proteases 

as a regulator of the apoptotic pathway, and the cysteine proteases appear to be part of 

the effector pathway of apoptosis. 
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Oxidative Status 

Introduction 

It has been proposed by many researchers that one underlying mechanism of 

apoptosis applicable to most cell types involves a change in oxidative status of the cell. 

One hypothesis is that physiologic ceil death can be expected when oxidative stress is 

greater than the ability of maintenance functions within a cell to cope with the stress 

(Payne era/., 1995; Buttkeand Sandstromera/., 1994; Briehl era/., 1995). Alternatively, 

an increase in (ROS) may constitute an intracellular signal that can lead to apoptosis. 

Oxidant stress occurs in cells when there is an imbalance between the rate of generation of 

oxidizing species and the rate of removal of oxidizing species (Cerutti, 1985). Oxidizing 

species are unstable, partially reduced forms of oxygen. They are generated continuously 

in respiring cells, with the primary source being the mitochondrial electron transport 

system. (Chance er a/., 1979). Other sources include stimulated phagocytic cells, non-

phagocytic cells being promoted, generation during metabolism of xenobiotics, induction 

of pro-oxidant enzymes including xanthine oxidase, quinone semiquinone redox cycling 

agents, ischemia/reperfusion, inhibition of antioxidants, ionizing radiation, and some 

pollutants, pesticides, and drugs (Reed, 1995). Single electron reduction of O^ 

successively generates the superoxide anion radical (Oi"), hydrogen peroxide (H2O2) and 

the hydroxyl radical (HO*). If endogenously formed H2O2 is not detoxified to H2O, 

formation of the HO* by a metal (iron)-catalyzed Haber Weiss or Fenton reaction can 

occur (Pryor, 1986). The HO* can also be formed via exposure to radiation (von Sonntag, 
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1988, reaction of HOCI with 02* * (Candeias et al., 1993), and possibly during the 

decomposition of ONOO'(Beckman ef a/., 1994; van der Vliet ef a/., 1994). 

Antioxidant Defenses 

Physiological mediators of oxidative stress can work either by modulating oxidant 

formation or cellular defenses against oxidizing species. Antioxidant defense enzymes 

include copper-zinc superoxide dismutase (CuZnSOD), and manganese superoxide 

dismutase (MnSOD), which are localized to the cytoplasm and mitochondria, respectively, 

and which convert the superoxide anion radical to H2O2; and catalase and glutathione 

peroxidase (GPX), which reduce H2O2 to water (Forman and Fisher, 1981). Catalase is 

localized primarily to peroxisomes in liver, but is more dispersed in other tissues. 

Glutathione peroxidase is a selenium-dependent enzyme with several isoforms. The 

classic form of glutathione peroxidase is localized in the cytoplasm and phospholipid-

hydroperoxide glutathione peroxidase is also found in the cytosol, but has affinity for lipid 

membranes. DT-diaphorase (NAD(P)H;quinone (acceptor) oxidoreductase) catalyzes the 

two electron reduction of quinones and other oxidizing species and may also afford 

protection against oxidant stress (Li and Jaiswal, 1992). It may also maintain coenzyme 

Q, a component of the electron transport chain, in its reduced state (Beyer, 1994). DT-

diaphorase is found in the cytoplasm. There are no enzymatic defenses against the highly 

reactive HO* radical. Protection against this species depends on controlling the levels of 

O2', H2O2 and Fe^*, from which it forms (Borg, 1993). 
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The glutathione redox cycle is an enzyme-coupled system, constituting one of the 

most important cellular defenses against oxidative stress (Meister and Anderson, 1983; 

Reed, 1990). It consists of GSH, GPX and glutathione reductase. Glutathione is a 

tripeptide of y-glutamylcysteinylglycine, which is found in the intracellular environment in 

millimolar concentrations (for a review see Reed, 1990). Overall, the GSH content of 

various organs and tissues represents at least 90% of the total non-protein, low molecular 

weight thiols. Reduced GSH scavenges radical species and plays a role in maintaining 

reduced pools of vitamins C and E (Kosower and Kosower, 1978; Winkler et al., 1994). 

GSH works as a scavenger by enzymatic and chemical mechanisms to convert 

electrophilic centers to thioether bonds and acts as a substrate in the GPX-mediated 

metabolism of hydroperoxides to the corresponding alcohols. GSH is maintained in a 

redox couple with GSSG within the cell and is regenerated by GSH reductase, a cytosolic 

NADPH-dependent enzyme. 

Thioredoxin (Trx) is a I2-KDa redox protein that is a substrate for the NADPH-

dependent flavoenzyme thioredoxin reductase (Holmgren, 1985). It is known to be 

present in many prokaryotes and eukaryotes and appears to be truly ubiquitous in all living 

cells. It is characterized by an active site sequence -Trp-Cys-Gly-Pro-Cys-Lys- which is 

conserved throughout evolution. The two cysteine residues provide the sulfhydryl groups 

involved in Trx-dependent reducing activity. Trx has been reported to be localized to both 

the cytoplasm and /or the nucleus (Fujii et al.^ 1991). Recently a second mammalian 

thoredoxin has been described named Trx2. This is a I8.2-BCDa protein localized in the 
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mitochondria. It is reported to be more resistant to oxidation than Trxl (Spyrou etal., 

1997). 

Nonenzymatic antioxidant defenses include metallothioneins (MTs), P-carotene, 

vitamin E, and ascorbic acid. MTs are cysteine-rich, metal-binding proteins found in most 

organisms (Ebadi and Iversen, 1994). MT acts as a free radical scavenger (Thomailey and 

Vasak, 1985) and may also sequester iron, thus preventing its participation in free radical 

reactions (Brookens et al., 1995). Vitamin E, and ascorbic acid (Di Mascio et ai., 1991) 

are antioxidants which scavenge ROS within their respective companments in the cell. 

Vitamin E and P-carotene are lipid soluble and function primarily as chain terminators of 

lipid peroxidation. Ascorbic acid is present in the aqueous phase of cells and tissue. 

Cellular Eflfects of Oxidative Stress 

ROS can initiate lipid peroxidation (Horton and Fairhurst, 1985) which can cause 

extensive damage to subcellular organelles and biomembranes, and has been linked with 

enzyme inactivation. In addition, ROS can cause DNA strand breaks and mutations 

(Halliwell and Aruoma, 1991). All of these are potentially lethal events for a cell. 

Oxidative stress has been implicated in numerous pathologies including inflammation, 

carcinogenesis, ischemia/reperfiision. aging, and atherosclerosis. 

Redox Sensitive Molecules 

It should be emphasized however, that small shifts in intracellular redox state can 

act as intracellular signaling events and are therefore not harmful to the cell, but necessary 
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for normal functioning. The primary consequence of intracellular redox signaling is a 

change in the oxidation state of cysteine residues of key proteins, which can modulate 

events such as DNA synthesis, enzyme activation, selective gene expression, and 

regulation of the cell cycle (Powis et al.^ 1996). Nitric oxide functions in cell 

communication in the brain, arteries, immune system, liver, pancreas, lungs, and uterus 

(for a review see Fukuto and Chaudhuri, 1995). Superoxide has been implicated as a 

mediator of Ras-induced cell cycle progression independent of mitogen-activated protein 

kinase (MAPK) and c-Jun N-terminal kinase in NIH 3T3 fibroblasts (Irani et al., 1997). 

Hydrogen peroxide and reactive oxygen species are reported to induce proto-oncogene 

expression and replicative DNA synthesis (Rao and Berk, 1992) and c-fos mRNA 

expression via phospholipase A2-dependent activation of protein kinase C in smooth 

muscle cells (Rao et al., 1993). Hydrogen peroxide has also been shown to be involved in 

the signaling pathway of platelet-derived growth factor (Finkel et al., 1995). Other 

examples of redox regulated proteins include ribonucleotide reductase (Laurent et al., 

1964), the glucocorticoid receptor (Grippo etal., 1983), the interferon-y receptor 

(Fountoulakis, 1992), the insulin receptor complex (Cotgreave et al., 1994), the nuclear 

factor kappa B (NF-kB) transcription factor (Meyer et al., 1993), the AP-1 transcription 

factor (Abate et al., 1990), MAPK, and the p53 tumor suppressor protein (Hainaut and 

Milner, 1993). 

One of the redox sensitive proteins which has recently been shown to be important 

in apoptosis is the transcription factor NF-kB. Activation of NFkB is able to prevent 
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1996). The NF-kB protein complex also activates transcription of protective genes 

involved in inflammation and infection in response to a variety of stimuli including TNF-a 

and HiOz- The signals from these stimuli appear to converge on a common pathway, 

along which the inactive multiprotein complex NF-tcB - IkB is converted to its active form 

by the release of the inhibitory protein IicB. The active NF-kB complex is translocated 

into the nucleus where it binds to DNA and induces gene expression. ROS can act as 

second messengers between various stimuli and NF-kB, however the mechanism of NF-

icB activation by ROS is not known (for a review see Sen and Packer, 1996). Inhibition of 

Ras with dominant negative mutant Ras or a Ras famesyltransferase inhibitor blocks the 

activation of NF-icB by H2O2. suggesting that NF-kB is downstream of Ras activation 

(Lander ef a/., 1995). 

The p53 protein has also been shown to be regulated by changes in redox state. In 

in vitro studies oxidation disrupts wild-type p53 conformation and inhibits DNA binding. 

Conversely, reduction favors folding of p53 into the wild-type form and restores DNA 

binding (Hainaut and Milner, 1993). The cysteine residues located in conserved regions 2, 

3, 4, and 5 of p53 appear to be involved in binding metal ions, thus stabilizing the wild-

type conformation. Therefore, maintaining a reduced cellular environment appears to be 

important in maintaining p53's ability to induce apoptosis in response to DNA damage. A 

more recent study has suggested that p53 acts to regulate the intracellular redox state and 
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induces apoptosis by a pathway that is dependent on ROS production (Johnson et al., 

1996). 

The transcription factor AP-1 is also redox sensitive. AP-1 is composed of the jun 

and fos gene products, which form homodimeric (Jun/Jun) or heterodimeric (Jun/Fos) 

complexes- DNA binding of the Fos-Jun homodimer (AP-l) is increased by the reduction 

of a single conserved cysteine in the DNA-binding domain of each of the proteins (Abate 

et al., 1990; Walker et al., 1993). Mutant Fos and Jun proteins where this cysteine 

residue is replaced by serine show constituitive DNA binding. These results suggest that 

escape from redox control may enhance transforming activity. 

Although the fiinaion of many proteins have been shown to be regulated by thiol 

modification in vitro, the relevance of thiol modification in vivo remains to be determined. 

Evidence For A Role of ROS in Apoptosis 

Experimental Evidence 

There have been several studies which suggest that a change in redox state of the 

cell may be involved in the mechanism of apoptosis. Many agents which induce apoptosis 

also induce formation of ROS such as radiation (Chang et al., 1992), H2O2 which is 

converted to ROS (Lennon et al., 1991), and quinones (Jacobson and Raflt 1995). 

Additionally, antioxidants have been shown to prevent apoptosis in a variety of cell culture 

models. TNF-a induced apoptosis can be inhibited by thioredoxin, a small molecular 

weight protein which can reduce thiols (Matsuda et al., 1991) or by N-acetyl cysteine 
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(NAC) (Chang et ai, 1992), a thiol antioxidant and GSH precursor. N-(2-

mercaptoethyl)-l,3-propanediamine, which blocks membrane peroxidation can block 

apoptosis of thymocytes in response to glucocorticoids, calcium ionophores and gamma 

irradiation (Ramakrishnan et al., 1992). Hypoxia (Jacobson and Rafl^ 1995) also inhibits 

apoptosis induced by reactive oxygen species. Moreover, apoptosis induced by agents 

that are not direct oxidants (TNF-<x, glucocorticoids, and thapsigargin) is assodated with 

oxygen radical production and depletion of intracellular antioxidants such as reduced 

glutathione (Zamzani et al., 1995; Torres-Roca et al., 1995; Briehl et al., 1995). As 

mentioned earlier, Bcl-2 , which prevents apoptosis in diverse systems and has also been 

shown to block oxidative damage (Hockenbery et al., 1993 and Kane et al., 1993). bcl-2-

knockout mice develop two potentially redox-related injuries: polycystic kidney disease 

and hair hypopigmentation (Korsmeyer et al., 1994). A decrease in antioxidant enzymes 

and GSH has been reported to accompany apoptosis (Slater et al., 1995, Briehl et al., 

1995). As mentioned earlier, p53 appears to generate ROS which aa as second 

messengers to mediate apoptosis (Johnson et al., 1996). All of these findings are 

consistent with an increase in ROS or a modulation of the redox state within the cell 

during apoptosis. 

Disease States 

Evidence based on different pathologies also suggests that oxidative stress, or 

changes in redox status may result in apoptosis. For example, amyotropic lateral sclerosis 

(ALS), a slow, progressive degeneration of motor neurons, is associated with increased 
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levels of apoptosis which is thought to be due to a mutation in the gene on chromosome 

21 encoding for CuZnSOD. Individuals who are heterozygous for the mutated CuZnSOD 

gene have SOD enzyme levels that are less than half the normal values (Rosen et al., 1993; 

Rothstein e/a/., 1994). 

The development of the Down Syndrome (DS) brain is associated with decreased 

neuronal number and abnormal neuronal diflferentiation, thought to be caused by 

apoptosis. Adults with DS develop Alzheimer's disease. Degeneration of DS neurons is 

prevented by treatment with free-radical scavengers or catalase suggesting that DS 

neurons have a defect in the metabolism of reactive oxygen species that causes neuronal 

apoptosis (Busciglio and Yankner, 1995). 

Human immunodeficiency virus (HTV) infection leads to CD4+ T-cell death via 

apoptosis. Infected cells have decreased levels of thiols including GSH and lower levels of 

anti-oxidant enzymes. Flow cytometry studies demonstrate the specific progressive loss of 

a subset of HIV-infected CD4+ and CD8+ cells having a high GSH content (Staal et al., 

1992). There is evidence that the expression of the tat gene may be responsible for 

lowering levels of GSH and MnSOD within HIV-infected cells, allowing a state of 

oxidative stress to occur (Flores et al., 1993). This would suggest that an imbalance in 

the oxidative status of an infected cell favors the progression of AIDS. 

Steroid-Induced Apoptosis as a Model System 

Hormone-dependent apoptosis has been reported in a variety of systems: in 

adrenal cortex following withdrawal of adrenocorticotropic hormone (Wyllie et al., 1973 
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a,b), in the prostate in absence of testosterone (Kerr and SearL, 1973), in the regressing 

corpora lutea (O'Shea, Hay and Cran, 1978), in the endometrium (Hopwood and Levison, 

1976; Sandow et al., 1979), and in the breast epithelium (Ferguson and Anderson, 1981 

a,b). A classic model system used to study apoptosis is glucocorticoid induced apoptosis 

in mouse thymocytes. Glucocorticoid-induced apoptosis of thymocytes is specifically 

mediated by the glucocorticoid receptor (GR). Cells with mutant glucocorticoid receptors 

are resistant to dexamethasone-induced apoptosis (Distelhorst, 1988). Although the 

requirement for GR during glucocorticoid-induced apoptosis is well accepted, the 

mechanism by which GR triggers apoptosis remains unclear. The GR is located 

intracelluiarly and once activated by the binding of ligand, the receptor-ligand complex 

migrates to the nucleus where it binds to the enhancer sequences known as glucocorticoid 

receptor enhancer (GRE) which then regulates apoptosis by either activating or repressing 

the expression of critical genes. Cyclohexamide, an inhibitor of protein translation, has 

been shown to delay dexamethasone-induced apoptosis of thymocytes (Compton and 

Cidlowski, 1986) and thymoma cell lines (Carron-Leslie and Cidlowski, 1994; Hughes and 

Cidlowski, 1994) indicating that protein synthesis may be required to induce apoptosis in 

this model system. 

Many studies suggest that steroid induced apoptosis in thymocytes is a good 

model in which to study the effect of oxidation state on apoptosis. In studies using 2B4 

cells, a murine T cell hybridoma, dexamethasone treatment resulted in lipid peroxidation, 

one sign of oxidative stress, before the classic signs of apoptosis were detectable 

(Hockenbery et al., 1993). Another in vitro model system for steroid hormone-induced 
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mouse after X-ray irradiation (Harris et al., 1975; Danielson and Stallcup, 1984). When 

treated with the synthetic glucocorticoid dexamethasone, this cell line shows the classic 

morphological and biochemical hallmarks of apoptosis including DNA laddering (Briehl et 

aL, 1995). Work by Briehl et al. suggests that oxidative stress could be mediating 

apoptosis in this system via the down-regulation of the antioxidant defense. This study 

reported that during dexamethasone-induced apoptosis in the WEHI7.2 cells, transcript 

levels for catalase, MnSOD, CuZnSOD, DT-diaphorase and thioredoxin fall within 8 h of 

the addition of dexamethasone and that these changes are followed by an increase in the 

levels of GST mu class isoenzyme and a drop in intracellular GSH levels. 

Research Problems to be Addressed 

There is extensive evidence to indicate that oxidative stress and or a change in redox 

state within the ceil plays a role in some forms of apoptosis. Some of this evidence indicates 

that it is a decrease in intracellular antioxidants that allows this change in redox state to occur 

(Briehl et al., 1995). Decreasing the cellular antioxidant defense should make the cell 

vulnerable to endogenously-generated oxidants. A more oxidized cell environment could 

signal the necessary events for the apoptotic process, or merely be a result of the apoptodc 

process. This dissertation investigates the modulation of the antioxidant defense in WEHI7.2 

cells treated with dexamethasone and the eSect of this modulation on the apoptotic process. 
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The hypothesis to be tested is that the downregulation of the antioxidant 

defense is a necessary component in the mechanism of dexamethasone induced-

apoptosis in WEHI7.2 lymphoid ceils. In an attempt to answer this question, first a 

comparison will be made of the wild-type WEHI7.2 cells and bcl-2 transfected, apoptosis 

resistant, W.Hbl2 cells (Lam et al., 1994) to address whether the changes in the 

antioxidant defense transcript levels and enzyme activities occur in both cell lines. 

Secondly, the effect of modulating the redox environment of the wild-type WEHI7.2 cells 

using antioxidants and hypoxia will be presented. Finally, the ability of overexpression of 

selected antioxidants, including catalase and thioredoxin, to inhibit apoptosis will be 

discussed. 

Signiflcance and Implications 

Studying the modulation of antioxidant defenses during apoptosis should 

contribute to the understanding of the mechanism of apoptosis. Understanding the 

mechanism of apoptosis may lead to the ability to pharmacologically control apoptosis 

which could have far reaching therapeutic consequences. Once the role of redox 

regulation in apoptosis is understood, new genetic and pharmacological therapies can be 

directed at regulating the redox environment to enhance or decrease the susceptibility of 

individual cell types to undergo apoptosis. One distinct advantage to understanding how 

antioxidants can control the pathway of apoptosis is that many agents already exist that 

can help regulate the redox state of the cell. For example N-acetylcysteine, ebselen. 

Vitamin E, Vitamin C, selenium, buthionine sulfoxamine, and dithiocarbamates pyrrolidine 



dithiocarbamate, diethidithiocarbamate and dimethyldithiocarbamate already have some 

clinical use. In addition, several new compounds which effect the redox state of the cell 

are being tested, such as the alkyl 2-imidazolyl disulfides which have been shown to be 

competitive inhibitors of thioredoxin and irreversible inhibitors of thioredoxin reductase. 

These disulfide compounds have been found to inhibit the growth of a number of cancer 

cells in culture, and to have antitumor activity against MCF-7 breast cancer and HL-60 

leukemia human tumor xenograft in scid mice (Powis ei al., 1996). Thus, understanding 

how modulation of the antioxidant defense effects the apoptotic threshold may lead to new 

strategies for therapeutic intervention in a variety of diseases, including cancer. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Chemicals 

All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) unless 

otherwise indicated. 

Plasmids 

Plasmids used to prepare cDNAs of human catalase, MnSOD and CuZnSOD were 

obtained from Dr. Peter Cerutti and Dr. Paul Amstad. Rat liver catalase cDNA was obtained 

from Melissa Williams. The rat glutathione-S-transferase, P-actin, and p35, and pmmCAT 

plasmids were obtained from Dr. Roger Miesfeld. The DT-diaphorase plasmid was obtained 

from Dr. Gerald Forest. The human Trx plasmid was obtained from Pam Gasdaska. The 

plasmid used to prepare mouse GPX cDNA was obtained from Dr. C. Roland Wolf-

Ceil Culture 

The WEHI7.2 parental cell line (Harris et al., 1973) and a bcl-2 transfected clone, 

W.Hbl2 (Lam etal., 1994) were obtained from Dr. Roger Miesfeld (University of Arizona, 

Tucson). The endogenous level of Bcl-2 message in wild-type WEHI7.2 cells is <10% of that 

in the W.Hb 12 cells (Lam et al., 1994). All cell lines utilized were tested regularly to be 

mycoplasma-free using a mycoplasma ELIS A kit from Boehringer Mannheim, Indianapolis, 



46 

IN. Cells were grown in Ehilbecco's Modified Eagle Medium (DMEM) (Gibco, Grand Island, 

NY) Oow glucose) supplemented with 10% calf bovine serum (Hyclone Laboratories, Logan, 

UT). Stock cell cultures were kept in log phase growth, 0.05 to I x 10® ceils/ml, at 37°C in a 

humidified incubator with 6% CCh- Vehicle alone or drugs were added to cell cultures at 

densities in the range of 1 to 5 x 10^ cells/ml. 

Apoptosis Assays 

ELISA 

Histone-assodated DNA fi-agments were deteaed using a Cell Death Detection 

ELISA kit (Boehringer Mannheim) that measures the enrichment of mono- and oligo-

nucleosomes in the cytoplasmic fiaction of lysed cells G^eist et al., 1994) by use a histone 

specific antibody. Quantitative values were calculated as the ratio of absorbance with drug-

treated cells to vehicle-treated control cells (1 nM dexamethasone or 0.01% ethanol). Results 

are expressed as relative nuclear enrichment values. 

Alkaline Elution 

As a second method, single strand DNA breaks were measured by alkaline elution as 

described by Kohn etaL, 1981. Briefly, cells in logarithmic growth were treated with 0.1 

|iCi/ml of [2-'^C]thymidine ((55 mci/mmol) purchased fi-om Research Products International 

Corporation, Mount Prospect, IL) for 48 h befijre treating with I nM dexamethasone for up to 
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48 h. Cells (10®) were loaded onto 2.0 nM polyvinylchloride filters and washed twice with ice 

cold phosphate-buffered saline (PBS; 136 mMNaCl, 2.7 mMKCI, 1.5 nTMKH2P04, 8.1 mM 

Na2HP04, pH 7.4). The cells were immediately lysed (and were protected fi-om UV light) with 

5 ml of 2% SDS in 0.1 M glycine bufier, pH 10,20 mM EDTA and 0.5 mg/ml proteinase K 

(Rsher, Pittsburgh, PA). Elution was performed at a flow rate of 1 ml/min over 15 h using a 

solution of 1% SDS and 20 mM EDTA (buffered with 40% tetrapropyl ammonium hydroxide 

to pH 12.1). Fractions, 2.5 ml, were collected by suction of the elution fluid through the filter 

for 15 hours. These flections were mixed with 7.5 ml of scintillation fluid and radioactivity 

measured by scintillation counting. Quantitative results were expressed as radiation-

equivalents as described by Kohne/a/., 1981. 

Flow Cytometry of 7-AAD Stained Cells 

Flow cytometry was used as a third way to measure apoptosis (Philpott et al., 1996). 

Cells were grown under standard tissue culture condition, with or without apoptosis-inducing 

drugs. A sample of the cells were removed and incubated with 20 jxg/ml of 7-amino-

actinomydn D (7-AAD) (Boehringer Mannheim) for 30 min at 4° C before being sorted by 

flow cytommetry. Three regions of the scattergrams were defined as Rl, R2, R3 representing 

live non-apoptotic, early apoptotic, and late apoptotic cells. Relative apoptosis was determined 

by dividing regions (R2+R3)/R1 and normalizing to each control. Results are expressed as 

relative percent apoptosis. 
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Cell Viabilily 

Cumulative ceQ number was used as another measure of apoptosis in catalase-

transfected ceils. Because catalase-transfected cells quickly stop overexpressing catalase after 

removal of G418, ceils were grown in 200 ng/ml G418 for one week and then removed from 

drug for 24 h before treating with vehicle alone (0.01% ethanoO or 1 dexamethasone. 

Samples of the culture were removed and cell number determined by trypan blue exclusiotu 

Dead ceils were assumed to have undergone dexamethasone-induced apoptosis. 

Morphology 

Lastly, the criteria used for the morphologic identification of apoptotic cells included 

condensation and margination of the chromatin with the formation of crescents, cell shrinkage, 

increased staining, nuclear fragmentation, cytoplasmic vacuolization and apoptotic body 

formation. 

Northern Blots 

Isolation of WEHI7.2 cell total RNA was done using CsCl gradients or with TRIzol 

reagent (Gibco Life Technologies Corp, Gathersburg, MD) as described by Briehl etai, 1995 

and Powis et al., 1996, respectively. RNA was quantitated using a spectrophotometer. 

Northem blots were prepared by running 10 |ag RNA per lane on a formaldehyde agarose gel. 

RNA was transferred to Duralon (Stratagene, La Jolla, CA) and UV linked using a Stratalinker 

(Stratagene). Probes were made by random labeling of purified, cloned cDNA fi'agments using 
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a DNA labeling kit (Gibco BRL). Unincorporated nucleotides were removed using NucTrap 

push columns (Stratagene). Blots were prehybridized with 0.5 M sodium phosphate, pH 7.2, 

10 mM EDTA, 7% SDS and 1% bovine serum albumin (BS A) for a minimum of 1 h at 65°C. 

Probes were added to an activity of 10® cpm/ml and incubated at 65°C for at least 16 h. Blots 

were washed twice with 300 mM NaCl, 30 mM sodium citrate, pH 7.0, for 5 min at room 

temperature and twice in 250 mM sodium phosphate buffer, pH 7.2, 1 mM EDTA and 2% 

SDS at 65°C for 10 min. Blots were stripped and reprobed with 3-actin cDNA for 

normalization of loading and transfer. Transcript levels were quantified using a 

phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

Western Blots 

Cells were coUeaed by centrifugation for 10 min at 300 X g, washed once in PBS and 

lysates prepared in Tris-Sucrose buffer, 10 mM Tris-HCl pH 7.5, 0.25 M sucrose, I mM 

EDTA 0.5 mM dl-dithiothreitol (DTT) and 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 

and 1% Triton X-100. Samples were incubated for 30 min at 4°C and then centrifuged at 

3,000 X g for 15 min. Protein content of the supernatant was determined using the method of 

Peterson (1977), with bovine serum albumin (BSA) as the standard. Samples (50 ng protein) 

were then subjected to electrophoresis through a 7.5% SDS polyacrylamide gel, followed by 

transfer onto nitrocellulose. The membrane was incubated in TBS-T (20mM Tris, 0.5M NaCl, 

0.1% Tween) for 10 min, then blocked in TBS-T, 3% BSA for 30 min. Polyclonal catalase 

antibody or GST polyclonal antibody was diluted 1:2000 in TBS-T with 3% BSA and 

incubated with the membrane for I hour. The membranes were rinsed with distilled water 



three times before adding anti-rabbit horseradish peroxidase conjugated antibody (Boehringer 

Manheim), dOuted 1:20C)0 in TBST, 3% BS A. The membrane was incubated with the 

secondary antibody for 1.5 hours. The membrane was then rinsed twice with distilled water, 

and then incubated with TBS-T, 3% BSA for 10 min, then washed twice with distilled water. 

The ECL-system fixjm Amersham, or the Renaissance Western Blot Chemfluminescence 

Reagent from NEN Life Science Products (Boston, MA) was used for detection. Blots were 

quandtated using densitometry. 

Enzyme Assays 

After drug treatment, cells were washed twice with cold PBS. To measure total SOD 

activity (MnSOD + CuZnSOD) cells were centrifiiged at 800 x g for 5 min at 4°C and the 

pellet was resuspended in 100 mM triethanolamine-diethanolamine buffer, pH 7.4. The pellet 

was homogenized with 10 strokes a teflon homogenizer, sonicated for 10 seconds (s) using a 

microtip probe (Heat Systems, Farmington, CT) and then homogenized again with 6 strokes. 

The lysates were centiiiuged at 105,000 x g for I h at 4°C and the supernatant fractions passed 

through Sephadex G25 spin columns (Pharmacia, Piscatway, NJ). SOD activity was measured 

by a spectrophotometric method based on the inhibition of superoxide-dependent NADH 

oxidation as described by Paoletti et aL, (1986). For measurement of catalase and DT-

diaphorase activities, cells were washed in PBS and resuspended in 10 mM Tris-HCl, pH 7.5, 

0.25 M sucrose, 1 mM EDTA, 0.5 mM DTT and 0.1 mM PMSF. Triton X-100 was added to 

a final concentration of 1% and the samples were incubated for 30 min at 4°C. After 

centrifiigation at 3,000 x g for 15 min, the supernatant fractions were assayed for enzyme 
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activity. Cataiase activity was measured as the decrease in the absorbance of HzOa at 240 nm 

as described by Lu et aL (1993). DT-diaphorase activity was measured as the NADPH-

dependent reduction of dichlorophenoiindophenoi at 600 nm that was inhibited by SO 

dicumaroi. For the measurement of GPX activity, ceils were washed twice with PBS and 

resuspended in 0.25 M sucrose, 5 mM HEPES buffer, pH 7.4, I mM EDTA, and sonicated for 

90 s at 4°C- Cell lysaies were centrifiiged at 16,500 x g for 15 min at 4°C. The supernatant 

fractions were then centrifiiged at 105,000 x g for 20 min at 4°C, and the cytosolic 

supematants were assayed immediately for GPX activity as described by Paglia and Valentine 

(1967). All enzyme activities were normalized to protein content, determined by the method of 

Peterson (1977) with BSA as the standard. 

Immunoprecipitation of Cataiase 

Wild-type WEHI7.2 cells were grown in cystine deficient DMEM medium (Gibco 

Bri.) for 16 h before adding 0.23 mCi of trans labeled methionine, cysteine (ICN) per ml of 

culture media. Alternatively, cells were grown in standard culture media and ^^S trans labeled 

methionine, cysteine (0.5mCi/ml culture media) added. The culture was then treated with 1 

jiM dexamethasone and samples collected at 0, 12.36, or 48 h. Cells were collected by 

centrifiigation at 400 x g, washed once in cold PBS and then lysed in high salt buffer (500mM 

NaCL, 1% NP-40, SOmM Tris (pH 8.0), ImM PMSF. 40 |ig/ml leuopeptin, 40 jig/ml 

aprotinin). Anti-catalase polyclonal antibody (made in a rabbit) was then added (40 |il/ml 

lysate) and incubated I h on ice, with constant shaking. Then 80 nL of protein A beads (10% 
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voi/voi in lysis buf^) were added and incubated I h at 4° with constant shaking. Beads were 

collected at 10,000 x g for 15 sec at 4''C. The beads were then washed 10 x with lysis buffer. 

Beads were heated to 85°C in 2x SDS sample buffer for S minutes before supemates were run 

on an SDS polyacrylamide gel. 

Degradation of Catalase in the Presence of Cell Lysates 

lodination of Catalase 

Bovine liver catalase was iodinated using lodo-beads from Pierce, Rockford, IL. 

'^^al (lOOmCi/ml) was obtained from ICN Pharmaceutical, Inc., Irvine, California. Two 

beads were washed using I ml of 0.25M phosphate buffer, pH 7.4. Beads were then added to a 

4 |jM/ml '^I phosphate buffered (0.25M) solution, pH 7.4 and incubated for 5 min at room 

temperature. 75 |ig of catalase in phosphate buffer was added and incubated for 15 min. The 

reaction volume was separated from the iodo-beads to terminate lodination using a Centricon-

100 spin column (Amicon). 

Degradation Reactions With '^I Catalase 

Wild-type and W.Hbl2 -transfeaed cells treated with I nM dexamethasone for 0, 24, 

or 36 h were lysed with a hi^ salt buffer containing 500 mM NaCl, l%NP-40, 50 mM Tris 

(pH 8.0), and I mM PMSF. Protein concentration was measured using the method described 

by Peterson (1977). Iodinated catalase (2 ^ig) was incubated with 100 \ig of cell lysates for 2, 
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4, or 8 h at 37°C before being nm on a 7.5% SDS polyacrylanude gel. Gels were dried on 

filter paper and visualized using audoradiography. Quantitation was done using densitometry. 

Catalase Cleavage Assay 

Cells were grown in 0 or 1 dexamethasone for 24 h. Cell extracts were prepared 

as described by Chow et al., 1995. Briefly, cells were washed twice with cold PBS and then 

resuspended in S-buflfer (50 mM NaCl, 2 mM MgCl2,40 mM P-glycerophosphate, 5 mM 

EGTA, 10 mM HEPES (pH 7.0), 1 mM PMSF, 50 |ig/ml pepstatin A (Boehringer 

Mannheim), 100 jig Leupeptin, 50 jig Aprotinin). Cells were lysed with 4 freeze-thaw cycles 

and then centrifuged at 20,000 x g for 15 min. The supematants were centrifuged at 120,000 x 

g for 30 min. Protein content of the supematants Avas then determined using the method 

described by Peterson (1977). Extracts were stored at -80°C. 

^'S-methionine-labled p35 and catalase substrates were generated by in vitro translation 

using T7 RNA polymerase and TNT reticulocyte lysate (Promega, Madison, Wl). Reactions 

were run according to the supplied protocol with I.O ng of plasmid DNA. methionine was 

obtained from Amersham. The catalase plasmid used was obtained by subcloning the rat liver 

catalase plasmid from Melissa Williams into the bluescript KS+ plasmid mto the multiple 

cloning site. This construrt was sequenced according to the method described in (Gasdaska et 

al, 1996) to confirm orientation. The p35 plasmid was obtained from Roger Miesfield 

(University of Arizona) (described in Clem and Miller, 1994). In vitro generated proteins were 

used directly in protease assay reactions without purification. Radiolabeled proteins were then 



incubated with 10 |ig of cell lysate at 30° for l.S hours. Reactions were stopped with 2x SDS 

running dye (0. IM Tris, 24% glycerol, 8% SDS, 0.2M DTT, 0.02% Coomassie blue G-250) 

and placed in a boiling water bath for 3 mins. Samples were then run on a 10% polyacryiamide 

gel and visualized and quantitated using phosphor imager analysis. 

AminoTriazoie Study 

WEHI7.2 and W.Hbl2 cells were treated for 38 h with 5mM amino-triazole or I jiM 

dexamethasone and then washed four times with coid PBS. Apoptosis was measured using the 

Cell Death Detection ELISA. Cataiase activity was measured as previously described. 

Antioxidant Studies 

WEHI7.2 cells were treated for 36 h with vehicle (0.01% ethanol), l^iM 

dexamethasone, or 1 |iM dexamethasone plus 2 |iM human recombinant thioredoxin; 4.5 U/ml 

bovine erythrocyte glutathione peroxidase: 75. 150. or 300 U/ml bovine liver cataiase; 300 

U/ml bovine erythrocyte CuZnSOD; or lOmM Trolox (Aldrich Chemical Co., Milwaukee, 

MI). Some cells were maintained in 50. 100, or 200 nM sodium selenite-supplemented media 

for 9 days before adding 1 mM dexamethasone. Apoptosis was measured using the Cell Death 

Detection ELISA. 
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Catalase Loading Experiment 

WEHI7.2 ceils were grown in 0, 30, or 300 U/ml bovine liver catalase for 24 h. Cells 

were washed four times in cold PBS before measuring catalase activity as previously described. 

Hypoxia Studies 

Hypoxic conditions were achieved by flushing flasks containing cells in medium 

buffered with 25 mM HEPES, pH 7.4, for 3 h at 37°C with humidified N2 that was purged of 

O2 using a Supelpure-Oz trap (Supelco Inc., Bellefonte, PA). Vehicle (0.01% ethanol or I nM 

dexamethasone was added to the tissue culture flasks which were then sealed for the remainder 

of the study. Apoptosis was measured using the Cell Death Detection ELIS A Because plastic 

flasks were used, a total depletion of the oxygen tension could not be obtained. Actual oxygen 

tension was not measured due to a lack of the proper equipment. 

Stable Transfections 

Human wild-type Trx cDNA was prepared as previously described, cloned into the 

Notl site of the pDC304neo mammalian transfeaion vector (Gallegos et ai, 1996) and rat 

liver catalase cDNA cloned into the Notl, Kpnl site of pBK-CMV (Furuta et al., 1986) were 

transfected by electroporation into mouse WEHI7.2 cells. Electroporation was done using a 

Gibco BRL cell electroporator set at 800 capacitance and 275 volts. Cells were rinsed twice in 

cold HBS (21 mM Hepes, 135 mM NaCl, 5 mM KCl, 0.7 mM Na2HP04, and 6 mM glucose, 

pH 7.05), resuspended in HBS plus 50 |ig plasmid. After electroporation cells were kept at 

room temperature for 10 minutes before placing in growth media. The cells were maintained at 
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culture densities of O.OS to 1 x 10^ ceils/ml in DMEM containing 10% fetal bovine serum under 

6% CO2 at 37° and 800 ^g/mi G418 sulfate. Cell colonies were isolated by cloning in soft 

agarose and/or limiting dilution and then maintained in 200 ^g/ml G418 sul&te. 

Transient Transfections 

To measure functional levels of glucocorticoid receptors the pmmCAT plasmid 

(Rundlett et cd., 1992) was transiently transfected into wild-type, W.Hbl2, Trx5, Trx6 and 

Cat38-transf^ed cells. Transfections were done using DoTap reagent from Boehringer 

Mannheim. Transfections were conducted according to manu&ctures suggested protocol. 

Cells were seeded at 3 x 10^ cells/ml with a final concentration of 1 |ig DNA and 6 |ig DoTap 

per ml of cells. Cells were grown for 22 h beftjre being treated with I [iM dexamethasone. 

After 24 h of dexamethasone cells were assayed for chloramaphenicol acetyltransferase (CAT) 

using a CAT ELISA fi'om Boehringer Mannheim. CAT ELISAs were performed accordng to 

manufactures instructions. 

Immunofluorescence 

Preparation of Cells for Immunofluorescence 

Cells were spun onto #1 coverslips (0.13-0.17 mm in thickness; Baxter Healthcare 

Corp.) using a Shandon Cytospin 3. Cells were cushioned using 1 drop of 20% BSA and spun 

3 mins at 300 x g. After air drying for 10 minutes, the cells were fixed with 4% methaonol-fi-ee 
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formaldehyde (Ted Pella, Inc.) for 20 mirt at R.T. After a 15 mirt wash in PBS, the ceils on 

coverslips were permeabilized with 100% methanol at -20°C. The coverslips were stored in 

the freezer prior to immunostaining. 

Immunofluorescence Staining 

Cells were allowed to come to room temperature and blocked with 1% BSA in PBS. 

This was followed by 1:10 dilution of goat serum in PBS before reacting for I h with a 1:100 

dilution of immunoaf5nity purified rabbit anti-human Trx polyclonal antibody. After washing 

with PBS the cover slips were exposed to 1:100 dilution of goat anti-rabbit biotinyiated IgG 

(Vector Laboratories) for I hr, washed with PBS, exposed to 1:50 dilution of fluorescein 

streptavidin fluorochrome and again washed with PBS. Coverslips were mounted on a glass 

slide using one drop of a water-soluble mounting medium containing an and-fade agent 

(DAKO Corp.). Cells were examined using Leica TCS-4D laser scanning confocal microscope 

with an excitation wavelength of488 nm. 

Cellular Localization of Thioredoxin 

Cells were first stained with the polyclonal anti-thioredoxin antibody and goat anti-

rabbit biotinyiated secondary antibody as described above. The flurochrome used for the 

visualization of thioredoxin in this procedure was Cy5 (indoicarbocyanine) streptavidin. This 

was followed by Ribonuclease A (100 ng/ml) digestion for 1 h at R.T. The cells were then 

reacted with 25 nM YOYO-1 iodide (Molecular Probes, Inc.) for 10 minutes. YOYO-1 is 

excited using the 488 nm line of the argon laser and emits light predominantly in the green but 
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also in the red regions of the light spectrum. Cy5, however, emits in the far red, making the 

co-localization of both DNA and thioredoxin feasible with no spectral overlap. 

Blocking Experiments 

To determine the level of background staining, three sets of coverslips were prepared 

from each cell line as described above, with the exception that none of the cells received any 

primaiy antibody. One set of cells were exposed to goat anti-rabbit biotinylated secondary 

antibody and to fluorescein streptavidin and were examined at an excitation wavelength of 488 

nm. The second set of cells were stained with secondary antibody and Cy5 streptavidin. This 

staining was followed by ribonudease A digestion as described above and then examined at an 

exdtation wavelength of647 nm. The last set of cells were stained with secondary antibody, 

RNA digested using Ribonudease A, and cells exposed to 25 nM YOYO-1 iodide as described 

above. These coverslips were examined at an exdtation wavelength of488 nm. No 

background staining was detected for any of these controls. 

Measurement of Relative Fluorescence Intensity Values 

The wild-type, neo, TrxS and Trx6 cell lines were stained for thioredoxin at the same 

time. The cells were scanned using the 647 nm line of the krypton laser of the Leica LSCM. 

The laser power and the voltage on the photomultiplier tube (PMT) were adjusted on the wild-

type control cells in order to obtain a baseline intensity level. A cluster of cells was randomly 

chosen using a 40 X oil objective lens. A digital image of the brightest plane through the 

cluster of cells was obtained using a line averaging of 32 to minimize the electronic noise from 
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the PMT- The other 3 cell lines were then scanned while maintaming the same laser power, 

PMT voltage and line averaging settings. The images were then transferred to and analyzed by 

Sigma Scan software. The images were reduced to a size that was 0.13 X the original image. 

The cursor was placed over each cell and a grey level intensity value from 0 to 255 was 

obtained for a total of 20 cells per image. The mean grey level intensity ± S.E.M. was 

calculated for each image. 

In vivo Tumor Growth 

Tumor formation by transfected WEHI7.2 cells was studied by injecting 2x10^ cells 

in 0.1 ml matrigel subqutaneously into the flanks of groups of 20 female scid mice. Tumor 

volume was measured with calipers and nuce euthanized when the tumor volume exceeded 2 

cm^. Nine days after tumor cell injection 10 mice from each group were injected 

intraperataneally with I mg/kg/day dexamethasone in 10% ethanol in 0.9% NaCl. Control 

mice were injected with vehicle alone. On day 14 three mice from each group were euthanized 

with CO2, the tumors excised and immediately fixed in glutaraldehyde. 

Preparation ofTissue For Brightfield Examination 

The glutaradehyde fixed tissue was post-fixed in osmium tetroxide, dehydrated in 

graded series of alcohols and embedded in epoxy resin. One micron thick sections were 

prepared and stained with toluidine blue for brightfield examination. 



60 

Statistical Analysis 

For all studies except 7-AAD apoptosis assays, means were compared using Student's 

t-test The difference between two means was considered statistically significant if the p-value 

was <0.05 using n-I degrees of fi'eedom. For the 7-AAD flow cytometry studies, statistical 

analysis was by linear regression with indicator values for drugs and cells using the Stata 

statistical package (Stat Corp., College Station, TX). 
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CHAPTER THREE 

RESULTS 

Quantitation of Apoptosis 

Three methods based on DNA fragmentation were used to quantify apoptosis; an 

alkaline elution assay for DNA single strand breaks; a commerdally available immunoassay for 

histone-associated DNA fr^ments; and a flow cytometry method using 7-AAD. Apoptosis 

was also assessed by direct light microscopic examination. Apoptosis was induced in 

WEHI7.2 mouse lymphoid cells by adding I |iM dexamethasone, which is a concentration of 

drug which saturates all of the glucocorticoid receptors and produces maximal apoptosis in 

these cells by 36 to 48 h. (Lam et al., 1995). By 48 h greater than 80% of the cells are dead as 

assessed by trypan blue exclusion or flow cytometry (personal observation). Using an ELISA 

specific for histone-assodated DNA fragments, a three fold increase in DNA damage indicative 

of apoptosis was first seen at 24 h, and was maximal with a ten fold increase at 48 h of 

dexamethasone treatment (Figure I). Alkaline elution of DNA single strand breaks showed a 

5.8 fold increase in single strand breaks at 24 h and a II .2 fold increase at 48 h of 

dexamethasone treatment (Figure 2). Flow cytometry of cells stained with 7-AAD showed a 

similar time course of DNA damage, with a 19.2 fold increase in relative DNA staining after 48 

h of dexamethasone treatment. W.Hb 12 cells, which stably express Bcl-2, showed no signs of 

apoptosis as late as 48 hours after dexamethasone treatment by any of the methods tested. In 

most subsequent studies we elected to utilize the ELISA assay because of its ease of use. 
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Figure 1 Apoptosis Measured by Cell Death Detection ELISA. Measurement of histone-

associated DNA fragments in WEHI7.2 lymphoid cells ( •) and bcl-2 transfected W.HB 12 

cells (treated with vehicle (0.01% ethanol) (time 0) or 1 jiM decamethasone (for the times 

indicated). Each ELISA was conducted in duplicate and repeated three times with similar 

results. 
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Figure! Apoptosis Measured by Alkaline Elution. Measurement of DNA single strand 

breaks in WEHI7.2 lymphoid cells (•) and bcI-2 transfected W.HB 12 cells (treated with 

vehicle (0.01% ethanoi) (time 0 h) or 1 jiM dexamethasone (for the times indicated). (Values 

are representative of three experiments and bars represent standard deviation for 15 

determinations). 
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However, all of the methods we tested based on DNA fragmentation appear to be better 

approaches for quantitating apoptosis in the WEHI7.2 ceils than morphology. 

Antioxidant Enzyme Gene Expression 

In previous studies with WEHI7.2 cells the transcript levels of a number of antioxidant 

en^ones including catalase, thioredoxin, MnSOD, CuZnSOD, and DT-diaphorase were seen 

to decrease within 8 h of dexamethasone treatment (Briehl et al., 1995). DNA fragmentation 

and laddering occurs only after 24 h of dexamethasone treatment so this change in antioxidant 

gene expression was interpreted as an early, apoptosis-assodated event. In order to determine 

whether there was a link between these changes and apoptosis, we studied the eflfea of the 

anti-apoptotic oncogene Bcl-2. Northern blot hybridization analyses were used to determine 

whether Bcl-2 overexpression prevented the changes in antioxidant enzyme gene expression in 

WEHI7.2 cells following dexamethasone treatment. At 24 h after dexamethasone treatment of 

wild-type and bcl-2 transfected cells, catalase transcripts were 52.6% and 51.9% relative to 

control values, respectively (Figure 3). MnSOD transcript levels remained higher in bcl-2 -

transfected cells, with levels compared to untreated of 29.3 % in wild-type and 52.4% in bcl-2 

transfected cells after 24 h of dexamethasone (Figure 4). CuZnSOD transcript levels 

decreased slightly more in bcl-2 transfected cells after 24 h of dexamethasone treatment as 

compared to wild-type cells, with transcript levels being 64.3% and 52.9% of control values in 

wild-type and bcl-2 cells respeaively (Figure 5). GPX transcript levels declined by 56.0% 

and 73.9% in wild-type and bcl-2 transfected cells respectively with 24 h of dexamethasone 
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Figure 3 Northern Blot Hybridization Analysis of Catalase. Analyses of total RNA extracted 

from WEHI7.2 and bcl-2 transfeaed W.Hbl2 cells treated with I ^iM dexamethasone for 0, 

12. or 24 h. A) Representative blots probed with labeled cDNA to catalase and |3-actiiL 

B) Percent mRNA relative to non-dexamethasone treated cells and normalized to P-actin for 

wild-type (Q) and bcl-2 transacted cells (Quantitation was done by phosphorimage 

analysis. Values are typical of 2 experiments. 
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Figure 4 Northern Blot Hybridization Analysis of MnSOD. Analysis of total RNA extracted 

from WEHI7.2 and bcl-2 transfected W.Hb 12 cells treated with 1 jiM dexamethasone for 0. 

12, or 24 h. A) Representative blots probed with labeled cDNA to MnSOD and P-actin. 

B) Percent mRNA relative to non-dexamethasone treated cells and normalized to P-actin for 

wild-type (•) and bcl-2 transfected ceils ( Quantitation was done by phosphorimage 

analysis. Values are typical of 2 experiments. 
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Figures Northern Blot Hybridization Analysis of CuZnSOD. Analysis of total RNA 

extracted from WEHI7.2 and 6c/-2 transfected W.Hbl2 cells treated with 1 nM 

dexamethasone for 0, 12, or 24 h. A) Representative blots probed with labeled cDNA to 

CuZnSOD and 3-actin. B) Percent mRNA relative to non-dexamethasone treated cells and 

normalized to P-actin for wild-type (•) and 6c/-2 transfected ceils ( Quantitation was 

done by phosphorimage analysis. Values are typical of 2 experiments. 



68 

WEffl7.2 Wilbl2 

Dex(h) 0 12 24 0 12 24 

GPX 

P-actin 

B 

C 
o cj 

o 
> 

100 

75 

5 50 CQ 

§ 25 cj 
has 
U 
a. ! 1 1 

i i 
i i 

0 12 24 
time (h) 

Figure 6 Northern Blot Hybridization Analysis of GPX. Analysis of total RNA extracted 

from WEHI7.2 and bcl-2 trans^ed W.Hb 12 cells treated with 1 nM dexamethasone for 0, 

12, or 24 h. A) Representative blots probed with "̂ P labeled cDNA to GPX andP-actin. B) 

Percent mRNA relative to non-dexamethasone treated cells and normalized to P-actin for wild-

type (•) and bcl-2 transacted cells (Quantitation was done by phosphorimage analysis. 

Values are typical of 2 experiments. 
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exposure (Figure 6). Thioredoxin transcript levels remained higher in ^/-2 trans&cted cells 

than wild-type ceUs. After 24 h of dexamethasone, Trx transcript levels were 32.9% of control 

values for the wild-Q'pe cells and 53.9% of control values for the Ac/-2 transfected cells 

(Figure 7). After a 12 h exposure to dexamethasone, DT-diaphorase transcript levels showed 

a surprising increase to 139.0 % of control values in wild-type cells. However, by 24 h of 

dexamethasone exposure transcript levels dropped to 12.0% and 20.9% of control in wild-type 

and 6c/-2 transfected cells, respectively (Figure 8). Another putative antioxidartt protein is 

metallothionein. Neither wild-type WEHI7.2 nor W.Hb 12 cells expressed detectable levels of 

mRNA for metallothionein (Dr. John Lazo, personal communication). The decrease in 

antioxidant enzyme mRNA levels in response to dexamethasone does not appear to be a 

generalized decrease in transcription, since levels of 3-actin, histone H3, glyceraldehyde 3-

phosphate dehydrogenase and cathepsin D mRNAs did not decrease (results not shown) and 

the levels of glutathione-S-transferase mu mRNA actually increased in both wUd-type and bcl-2 

transfected cells (Figure 9). 

Antioxidant Enzyme Activity 

Antioxidant enzyme activity was measured to see if activity correlated to the decrease 

in transcript levels. Total superoxide dismutase activity (contributed by MnSOD and CuZn-

SOD) 48 h after dexamethasone treatment was decreased (± SE) by 77.1% ±3.0 and 52.2% ± 

4.5% (p<0.05) in wild-type WEHI7.2 and W.HB 12 cells, respectively (Figure 10). At the 

same time, DT-diaphorase activity was decreased by 81.3% ±8.0% and 61.9% ± 3.0% 
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Figure 7 Northern Blot Hybridization Analysis of Trx. Analysis of total RNA extracted from 

WEHI7.2 and bcl-2 transfected W.Hbl2 cells treated with 1 ^iM dexamethasone for 0. 12. or 

24 h. A) Representative blots probed with labeled cDNA to Trx and P-actin. B) Percent 

mRNA relative to non-dexamethasone treated cells and normalized to 3-actin for wild-type (•) 

and bcl-2 transfected cells (Quantitation was done by phosphorimage analysis. Values are 

typical of 2 experiments. 
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Figure 8 Northern Blot Hybridization Analysis of DT-diaphorase. Analysis of total RNA 

extracted from WEHI7.2 and bcl-2 transfected W.Hbl2 cells treated with I 

dexamethasone for 0. 12. or 24 h. A) Representative blots probed with labeled cDNA to 

DT-diaphorase and P-actin. B) Percent mRNA relative to non-dexamethasone treated cells 

and normalized to P-actin for wild-type (Q) and bcl-2 transfected cells ( Quantitation was 

done by phosphorimage analysis. Values are typical of 2 experiments. 
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Figure 9 Northern Blot Hybridization Analysis of GST mu. Analysis of total RNA extraaed 

from WEHI7.2 and bcl-2 transfected W.Hbl2 cells treated with I dexamethasone for 0. 

12, or 24 h. A) Representative blots probed with labeled cDNA to GST and p-actin. B) 

Percent mRNA relative to non-dexamethasone treated ceUs and normalized to p-actin for wild-

type (•) and bcl-2 transfected cells (Quantitation was done by phosphorimage analysis. 

Values are typical of 2 experiments. 
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Figure 10 Total SOD Activity. Activity in cell lysates from WEHI7.2 (•) and bcl-2 

transfected W.Hb 12 cells (H) after treatment with 1 nM dexamethasone for 0, 24, 36 and 48 

h. Values are the mean of 2 experiments done in quadruplicate and bars represent S£. 
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(p<0.05) in wfld-type WEHI7.2 and W.HB 12 cells, respectively (Figure II). Dexamethasone 

treatment of the WEHI7.2 cells resulted in a 58.5% ± 2.4% decrease in catalase engine 

activity at 48 h (Figure 12), compared to non treated cells, but no significant decrease in 

catalase activity was seen in the bcl-2 transfeaed cells. GPX activity was not detectable in 

either cell type, under normal tissue culture condidons, using an assay with a lower Hmit of 

detectability of 1.0 nmol/min/mg (results not shown). GPX is a selenoprotein, so the lack of 

GPX activity could be attributed to the low levels of Se normally present in the tissue culture 

media (fetal calf serum has <0.1 jiM Se, while in human serum Se is around 2 (iM) (Nelson et 

al., 1995). Our studies show that antioxidant transcript levels do not accurately reflect the 

relative level of antioxidant enzyme activity in the W.Hbl2 cells treated with dexamethasone. 

Catalase Protein Levek 

Catalase transcript levels declined to similar levels in the wild-type and bcl-2 

transfected cells treated with dexamethasone. In contrast, catalase activity was selectively 

maintained in bcl-2 transfeaed cells treated with dexamethasone as compared to wild-type 

cells where activity dropped significantly. To see if catalase activity correlated with catalase 

protein. Western blot analysis was conducted (Figure 13). Catalase protein in the wild-type 

cells decreased in a time-dependent fashion, with a decrease to 72% after 24 h of 

dexamethasone treatment and 59% of control values after 36 h of dexamethasone treatment. 

In the W.Hb 12 cells catalase protein did not decrease after dexamethasone exposure, but 

actually increased slightly with a 126% increase relative to control after 24 h and 134% after 36 
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Figure II DT-diaphorase Activity. Activity in cell lysates from WEHI7.2 (•) and bcl-2 

transfected W.Hb 12 cells (B) after treatment with I |iM dexamethasone for 0,24, 36 and 48 

h. Values are the mean of two experiments performed in quadruplicate and bars represent S.E. 
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Figure 12 Catalase Activity. Activity in cell lysates from WEHI7.2 (•) and bcl-2 transfected 

W.Hbl2 cells (H) after treatment with 1 |iM dexamethasone for 0, 12,24, 36 and 48 h. 

Values are the mean of three experiments done in triplicate and bars represent S.E. 
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62 KDa 

relative l.O 0.72 0.59 l.O 1.26 1.34 
intensity 

Figure 13 Western Blot Hybridization Analysis of Catalase. Protein levels of catalase in wild-

type WEHI7.2 and bcl-2 transfected W.Hb 12 cells treated with 0, 24,36 h of I nM 

dexamethasone. Bovine liver catalase (Cat) was used as a standard marker. Results were 

quantitated using densitometry. Results represent one experiment. 
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h of dexamethasone treatment. To confirm that the decrease in catalase protein was not just a 

result of loss of all proteins due to apoptosis, GST protein levels were measured using Western 

Blot Analysis. GST protein levels increased fi'om undetectable levels with no dexamethasone 

treatment to detectable levels at 24 h and by 36 h was twice the 24 h value in both wild-type 

and bcl-2 transfected cells (Figure 14). However. GST protein returned to 24 h levels after 48 

h of dexamethasone treatment in the wfld-type cells, but continued to increase in the bcl-2 

transfected cells. Therefore, it appears that the decrease in catalase protein is a specific, 

regulated event not associated with a loss of all proteins due to apoptosis. 

Degradation of ^ Catalase 

During apoptosis a cascade of cysteine proteases temied caspases are activated at a 

step downstream of where Bcl-2 fimcdons to block apoptosis (Martin and Green, 1995). 

Therefore, Bcl-2 overexpression is able to prevent the degradation of important proteins 

necessary for cell survival. Because Bcl-2 over-expression in the WEH17.2 cells appears to 

maintain the activity of several antioxidant en^nnes, we wanted to test whether BcI-2 was 

aaing to prevent the degradation of these enzymes, particularly catalase. This could explain 

the maintenance of catalase activity in the face of decreased catalase transcript levels after 

dexamethasone in bcl-2 transfected cells. To investigate the stability of the catalase protein in 

the WEHI7.2 and W.HbI2 cells treated with dexamethasone we initially used pulse chase 

experiments with '̂S cysteine/methionine. However, growing cells in low enough 

concentrations of cystine to get suflBcient labelling induced apoptosis. Therefore, an alternative 

approach - looking at catalase degradation - was taken. Bovine liver catalase was iodinated 
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Figure 14 Western Blot Hybridization Analysis of GST. Protein levels of GST in wild-type 

WEHI7.2 and bcl-2 transfected W.Hb 12 cells treated with 0. 24.36, and 48h of I |iM 

dexamethasone. Results were quantitated using densitometry. Results represent one 

experiment. 
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and then incubated with cell extracts prepared from wild-type and bcl-2 transfeaed ceUs 

treated with vehicle (0.01% ethanol) or I |iM dexamethasone for 0 or 36 h. Various amounts 

of cell extracts and incubation times were tested (Figure 15). These found no difference in the 

degradation of the catalase protein in the wild-type and bcl-2 transfected ceils, however, it is 

possible that this assay is just not sensitive enough to see a difference. 

Determining Whether Catalase is a Substrate for the Caspase Proteases 

Because no difference in catalase degradation was observed using iodinated catalase. 

another more sensitive, more specific method utilizing ""'S methionine in vitro translated rat 

liver catalase was performed. Cell extracts were prepared from wild-type and bcl-2 transfected 

cells treated with vehicle (0.01% ethanol) or 24 h of dexamethasone. Cell extracts were 

incubated in the presence of methionine labeled catalase, or with methionine p35, a 

known substrate for CPP32, one of the caspase proteases activated during apoptosis in the 

WEHI7.2 cells (Askew et al., 1997). In vitro cleavage of p35 by caspase family proteases has 

been shown to produce two specific products with molecular weights of 25 KDa and 10 KDa 

(Xue and Horvitz, 1995; Bump et al., 1995). After a 1.5 h incubation with the cell extracts, 

there was no measureable degradation of the catalase protein (Figure 16), indicating that 

catalase is not a substrate for the caspases. The control experiment, performed to ensure that 

the caspases were activated in the cell extracts used, showed that 80% of the p35 was cleaved 

in the reaction with the extraa prepared from wild-type cells treated with 24 h of 

dexamethasone as measured by the disappearance of the 35 KDa band. The control reactions 
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Dex (h) 

relative 
intensity 

WEHI7.2 W.Hbl2 

0 36 0 36 
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Figure 15 Degradation of Catalase. Cell extracts from wild-type WEHI7.2 or bcl-2 

transfected W.Hbl2 cells treated with 0 or 36 h of vehicle (0.01% ethanol) or 1 nM 

dexamethasone were incubated with catalase. Results are typical of three experiments. 
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WEffl7.2 W.Hb 12 

Dex (h) Control 0 24 0 24 

Cataiase 

relative intensity l.O 1.1 1.0 1.0 0.9 

p35 

relative intensity 1.0 1.0 0.2 1.0 0.9 

Figure 16 Cataiase Cleavage Assay. Cleavage of in vitro translated ^^S-methionine cataiase or 

^^S-methionine p35 protein by the CPP32 caspase protease in the presence of cell lysates from 

wild-type WEHI7.2 and bcl-2 transfeaed W.Hb 12 ceils treated with vehicle (0.01% ethanol) 

or 1 |iM dexamethasone. Control is protein incubated with lysis buffer. Results are typical of 

three experiments. 
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with 6c/-2-transfected cell extracts incubated with p35 showed no degradation of the p35, 

indicating that the caspase proteases had not been activated in these cells. The lack of cataiase 

degradation seen in these experiments indicates that inhibition of the caspase proteases is not 

responsible for the maintained cataiase levels in the W.Hb 12 cells, and that the mechanism 

responsible for the maintained cataiase and other antioxidant enzyme levels in bcl-2 transfected 

cells will require further study. 

Cataiase Inhibition 

Bcl-2 over-expression resulted in maintained cataiase activity and protein levels. One 

possibility is that maintained cataiase activity is necessary to prevent apoptosis. To explore this 

possibility, cataiase was inhibited using a chemical inhibitor in both the wild-type and W.Hbl2 

cells to see if loss of cataiase activity would result in apoptosis. Treatment of the WEHI7.2 

and W.Hb 12 cells for 38 h with 5 mM amino-triazole, an irreversible cataiase inhibitor (Darr 

and Fridovich, 1986), resulted in a 91.0% ± 3.4% (S.E.) (p<0.05) inhibition of cataiase activity 

(Figure 17). However, no increase in apoptosis was observed in either cell line (Figure 18). 

These results suggests that a decrease in cataiase activity alone is not sufficient to cause 

apoptosis. An unexplained observation is that when combined with dexamethasone treatment 

for 38 h, amino-triazole was markedly less effective at inhibiting cataiase activity. 
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Figure 17 Catalase Activity in Amino-Triazole Treated Cells. Wild-type WEHI7.2 (•) and 

6c/-2 transfected W.Hb 12 (cells were treated with 5mM amino-triazole (AT), a catalase 

inhibitor and/ or I dexamethasone for 38 h. Values are the mean of two experiments 

performed in triplicate and bars represent S.E. 
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Figure 18 Apoptosis in Amino-Triazoie Treated Cells. Measurement of histone-associated 

DNA fragments using an ELISA in wild-type WEHI7.2 (O) and bcI-2 transfected W.Hbl2 

(cells after treatment with 5mM amino-triazole (AT), a catalase inhibitor and/or i 

dexamethasone for 3 8 h. Values are the mean of two experiments performed in triplicate and 

bars represent S.E. 



Lnhibition of Apoptosis by Addition of Exogenous Catalase 

Because the levels of catalase activity showed the most dramatic difference between 

the bcl-2 trans&cted and wOd-type cells treated with dexamethasone, we wanted to determine 

whether addition of catalase to wild-type cells would be sufficient to inhibit apoptosis. Bovine 

liver catalase was added to ceils in culture which were then treated with I ^M dexamethasone. 

Addition of catalase inhibited apoptosis in a dose-dependent manner (Figure 19). Addition of 

300 U/ml bovine liver catalase showed maximum protection, with a 68.1% inhibition of 

dexamethasone induced apoptosis. Because catalase is normally located in the cell within 

peroxisomes, it is interesting that addition of exogenous catalase to the cell culture media had 

an eSect on apoptosis. 

Catalase Loading Experiments 

To address whether catalase was causing this effea by entering the cell and changing 

the intracellular redox state, or was just changing the redox environment of the media, catalase 

loading experiments were conducted (Figure 20). Cells were incubated with bovine liver 

catalase for 24 h and then catalase activity was measured in cell lysates. There was no increase 

in catalase activity in cell lysates prepared from these ceils, indicating catalase did not enter the 

cell. It is possible that the protective effea of catalase was due to modulation of the level of 

H2O2 in the cell culture medium. Another possibility is that the protection against 

dexamethasone-induced apoptosis was afforded by one of the chemical preservatives used in 

the bovine liver catalase prepared by Sigma Chem. Co. 
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Figure 19 Exogenous Catalase Dose Response. Measurement of apoptosis in wild-type 

WEHI7.2 cells after treatment with I |iM d&camethasone for 36 h in the presence of 0,75. 

150, or 300 U/ml of bovine liver catalase. Apoptosis was measured as histone-associated 

DNA fragments using an ELIS A. Values are the mean of two experiments performed in 

triplicate and the bars are S.E. (* indicates p<0.05 compared to dexamethasone-treated cells. 



Figure 20 CataJase Loading Experiment. Measurement of catalase activity in wild-type 

WEHI7.2 cells incubated with 0. 30, or 300 U/ml bovine liver catalase for 24 h. Results are 

the mean of two experiments performed in triplicate. 
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Protection by Antioxidants 

To fuither explore the role of antioxidant modulation on dexamethasone-induced 

apoptosis of WEHI7.2 cells, the protective effect of other antioxidants on apoptosis was tested 

(Figure 21). Trolox. a water soluble vitamin £ analog, protected against apoptosis by 54.5% 

and bovine erythrocyte CuZnSOD protected by 28.3%. Bovine erythrocyte GPX and humaa 

recombinant thioredoxin had no protective effea. This lack of eflfea could be attributed to 

poor penetration into the cells, or instability of the enzymes under tissue culture conditions. 

Pretreatment of WEHI7.2 cells for nine days with 100 nM sodium selenite produced a 48.2% 

decrease in apoptosis following dexamethasone treatment. Sodium selenite treatment also 

caused an increase in GPX activity from undetectable to 39.3± 5.3 nmol NADPH/min/mg 

protein (S£.) by 9 days of treatment. Therefore, the protective effect of Se could be due to 

the sodium selenite itself a metabolite of sodium selenite, or an increased level of a 

selenoprotein such as GPX or thioredoxin reductase. Higher levels of Se showed no protective 

effect and actually significantly (p<0.05) increased the level of apoptosis induced by 48 h of 

dexamethasone treatment (Figure 22). 

Short term (<4 h) incubations with the antioxidants N-acetyl-cysteine and pyrrolidine 

dithiocarbamate have been reported to block apoptosis in some systems (Wolfe et al., 1994). 

The long-term treatment (>24 h) of WEHI7.2 cells with comparable concentrations used in the 

literature of these antioxidants resulted in appredable cytotoxicity. Thus, these antioxidants 

could not be used to study protection against dexamethasone-induced apoptosis in the 

\VEHI7.2 system. 
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Figure 21 Antioxidant Inhibition of Apoptosis. WEHI7.2 ceils were treated for 36 h with 

vehicle (0.01% ethanoi), 1 nM dexamethasone or I nM dexamethasone plus 2 mM human 

recombinant thioredoxin; 4.5 U/ml bovine erythrocyte glutathione peroxidase: 300 U/ml bovine 

liver catalase; 300 U/ml bovine erythrocyte CuZnSOD: or lOmM Troiox. Some cells were 

grown in 100 nM sodium selenite-supplemented media for 9 days before adding I nM 

dexamethasone. Apoptosis was measured as histone associated DNA fiagments using an 

ELIS A. Values are representative of the mean of at least two experiments performed in 

triplicate and bars represent S.E. (* indicates that p<0.05 compared to dexamethasone-treated 

cells). 
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Figure 22 Apoptosis in Selenium-Treated Cells. Measurement of apoptosis in wUd-type 

WEHI7.2 cells treated with vehicle (0.01% ethanol) or I |jM dexamethasone and 0, 50, 100. 

or 200 nM sodium selenite. Apoptosis was measured as histone-associated DNA fiagments 

measured by an ELIS A. Values are the mean of two experiments performed in quadruplicate 

and bars represent S.E. (* indicates p<0.05 compared to dexamethasone alone treated cells). 
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Protection By Hypoxia 

The addition of antioxidants prevents apoptosis b the WEHI7.2 ceils, presumably by 

decreasing the generation of reactive oxygen spedes. To determine whether ojtygen is 

necessaiy for apoptosis to occur in this model, cells were grown under hypoxic conditions. 

When oxygen was removed prior to dexamethasone addition and anaerobic conditions 

maintained during treatment of WEHI7.2 cells, apoptosis was almost completely abolished. 

Nucleosomal enrichment fectors after 38 h were 4.94 % ± 0.17 and 1.43 % ± 0.06 (± S.D., P 

< 0.01), under euoxic and hypoxic conditions, respectively. Hypoxia for this length of time, 

itself; had no effect on apoptosis with a nucleosomal enrichment fector of 1.35 % ± 0.04 

compared to 1.35 % ± 0.02 (p >0.05) in euoxic cells (Figure 23). These results suggest that 

oxygen species are necessary for dexamethasone-induced apoptosis to occur in the WEHI7.2 

cells. 

The Effect of Catalase Overexpression on Apoptosis 

To determine whether cells overexpressing antioxidant enzymes are resistant to 

apoptosis induced by dexamethasone, WEHI7.2 cells were transfected with pBK-CMV 

plasmid which expresses rat liver catalase. Catalase was chosen because addition of exogenous 

catalase afforded the most significant protection against apoptosis of any of the antioxidants 

tested. Clones were screened for catalase activity using a spectrophotometric method and for 

protein by Western Blot Analysis (Figure 24). RNA message was not measured because we 

had previously found that catalase message levels do not correspond with levels of active 
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Figure 23 Apoptosis Under Hypoxic Conditions. Measurement of apoptosis in wild-type 

WEHI7.2 cells treated with vehicle (0.01% ethanol) (• ) or I dexamethasone (•) grown 

under standard oxygen concentrations, or under hypoxic conditions. Apoptosis was measured 

as histone-associated DNA fragments using an ELISA. Values are representative of two 

experiments performed in triplicate and bars represent S.E. 
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Figure 24 Western Blot Hybridization Analysis ofCatalase-Transfected CeUs. Protein 

expression in Neo and catalase transfeaed Cat2, and Cat 38 WEHI7.2 cells. Values represent 

one experiment. 
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enzyme. Multiple clones were screened and two clones with a maximal increase in cat^laiM 

activity were chosen to further characterize, Cat2 and Cat38. Cat 2 had an increase in cataiase 

activity of 1.45 fold and a 1.8 fold increase in protein as compared to endogenous levels of 

mouse cataiase. Cat38 had an increase of 1.5 fold in activity and 2.0 fold increase in cataiase 

protein. Before measuring apoptosis, cells were taken out of selection media for three days. 

The Cat2 clone lost a significant amount of cataiase activity after removal from selection 

media. Therefore only the Cat38 ceUs were tested for protection against dexamethasone-

induced apoptosis. Mock transfected (Neo) and Cat38 cells were treated with vehicle (0.01% 

ethanol) or with 1 ^M dexamethasone and apoptosis tested using two different methods. First 

cell viability was measured at 0,24, 36,42 and 48 h (work done by Dr. Margaret Tome, 

University of Arizona) (Figure 25) Cat 38 cells showed a significant level of protection from 

dexamethasone-induced apoptosis and an increase in cell viability as compared to Neo cells 

treated with dexamethasone for 36,42, and 48 h (p<0.05). As a second method an ELISA 

was employed to quantitate DNA damage induced by dexamethasone. Using this method 

Cat38 cells showed a 2.18±0.35 (p<0.05) fold protection from dexamethasone-induced 

apoptosis compared to Neo transfected cells (Figure 26). To verify that the resistance to 

dexamethasone was not due to loss of functional glucocorticoid receptors (GR), cells were 

transiently transfected with the pmmCAT glucocorticoid-response element-CAT reporter 

plasmid. Cat38 cells showed the same response to dexamethasone as wild-type and Neo 

transfeaed cells, indicating that they have the same levels of funaional GR receptors. These 

studies show that overexpression of the antioxidant enzyme cataiase can significantly protect 

WEHI7.2 cells from dexamethasone-induced apoptosis. 
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Figure 25 Cell Viability in Catalase-Transfected Cells. Cell viability for mock transfected 

Neo cells treated with vehicle (0.01% ethanol) (•) or I dexamethasone (O) and catalase-

transfected Cat38 ceils treated with vehicle (0.01% ethanol) (•) or I nM d&camethasone (V). 

Values represent two experiments perfonned in quadruplicate and bars represent S.D. 
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Figure 26 Apoptosis in Cataiase-Transfected Cells. Measurement of histone-assodated DNA 

fragments in mock-transfeaed Neo cells and catalase-transfected Cat38 cells treated with 

vehicle (0.01% ethanoi) (•) or 1 dexamethasone (Bars represent standard deviation. 

(* represents p<0.05 relative to Neo cells treated with dexamethasone.) 
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Overezpression of Thioredoxin in WEHI7.2 Cells 

In order to further study the effects of antioxidant over-expression on apoptosis, 

WEH17.2 cells were stably transfected with human trx cDNA in the pDC304neo manunalian 

transfecdon vector. Trx was chosen to study because it has been shown to be ovK^-expressed 

in many human cancers (Bergrenn, 1995). Examination of multiple clones yielded a maximal 

increase in Trx mRNA of 1.8 fold compared to endogenous levels of mouse Trx mRNA 

(Figure 27). The two clones chosen to study were Trx5 and Trx6. WEHI7.2 ceQs contain 

very low endogenous levels of thioredoxin, so thioredoxin protein could not be determined by 

Western blot analysis. Therefore, confocal microscopy of immunofluorescentiy stained cells 

was utilized to detennine whether message levels were representative of protein levels. As 

determined by immunofiuorescent staining and confocal microscopy the trx transfected cells 

showed increased levels of Trx (Figure 28). The relative fluorescence intensity of wild-type 

WEHI7.2 cells (±S.E., n=20) was 1.00 ±0.05, ofTrx5 cells 2.15 ±0.14 (p <0.001 compared 

to wild-type) and ofTrx6 cells 1.87 ± 0.11 (p<0.001 compared to wild-type). 

Localization of Thioredoxin 

Trx-like fluorescent staining was observed in the nucleus as well as the cytoplasm of 

cells (Figure 29). A comparison was made of the amount of staining in the nucleus verses the 

cytoplasm for each of the cell types by randomly measuring mean grey level values in each 

compartment (Table 1). In the wild-type cells 60.1 ± 5.1% of the fluorescent staining was in 

the nucleus, in the Trx5 cells it was 59.8 ± 2.5%, and in the Trx6 cells it was 36.1 ± 1.8%. 
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Figure 27 Northern Blot Hybridization Analysis of />a:-Transfected Cells. Analysis of total 

RNA extracted from: vvild-typeWEHI7.2 cells; from pDc304neo vector-alone transfected 

WEHI7.2 cells (Neo); and from the ^nr-transfected WEHI7.2 clones Trx5 and Trx6. A ftiU 

length ["^PJ-labelled trx cDNA probe was used for hybridization. The upper band is 

transfected human Trx mRNA and the lower band mouse Trx mRNA. Blot is representative 

of two experiments. 
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Rgure 28 Tnc Over-Expression in ffx-Transfected Cells. Fluorescence inununohistochemicai 

staining of Trx in ceils using immunoaffinity purified rabbit anti-human Tnc polyclonal 

antibody, biotinylated goat anti-rabbit IgG fluorescein streptavidin and laser scanning confocai 

microscopy. Results are representative of one experiment performed in triplicate. 
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Figure 29 Trx Co-Localization. Fluorescence imunohistochemical staining of Trx using Cy5-

streptavidin fluorochrome (red) and YOYO-1 to counterstain nuclear DNA (green) showing 

that Trx is present in the cytoplasm and the nucleus. Results are representative of one 

experiment performed in triplicate. 
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Table 1 Relative Nuclear and Cytoplasmic Thioredoxiii-Like Staining 

Cell line Mean Grey Level Values ± S£J^ 

Nucleus Cytoplasm 

Wild-type 91.12 i 8.03 60.60 ±3.86 

Neo 104.76 ±3.67 48.35 ±5.10 

TpcS 170.64 ±7.17 114.69 ±9.61 

Trx6 86.10 ±4.37 152.72 ±6.01 

Wild-type WEHI7.2 ceils, pDC304neo vector-alone tansfected WEHI7.2 cells, and Trx5 and 

Trx6 /wc-transfected WEHI7.2 cells were stained with polyclonal thioredoxin antibody and then 

reacted with YOYO-1 iodide which stains nuclear regions. The secondary antibody was Cy5 

(indoicarbocyanine) streptavidin for thioredoxin which emits in the far red, and YOYO-1 emits 

in the green. Co-localization of both DNA and thioredoxin was then achieved using confocal 

microscopy and relative intensity values were obtained. Images were analyzed using Sigma 

Scan software to determine nuclear and cytoplasmic staining intensity. Results were obtained 

by quantitating three separate slides (looking at up to 90 total cells) for each cell line. 
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Effect of Thioredoxin Over-Expression on Apoptosis 

Compared to wOd-type or vector-alone transfected cells the trx transfected WEHI7.2 

cells are resistant to apoptosis induced by I loM dexamethasone as measured by histone-

associated DNA fragmentation (Cell Death ELIS A) (Figure 30) or by flow cytometry (Figure 

31). Trx has been reported to be necessary for assembly of the glucocorticoid receptor (Grippo 

etal., 1983), but Makino etal., 1996 recently reported that Trx over-expression can increase 

GR responsiveness. To determine the effect of Trx-over-expression and or clonal selection on 

glucocorticoid receptor activity, a glucocorticoid receptor/chloramphenicol acetyltransferase 

reporter plasmid was transiently transfected into Trx5, Trx6, Neo, W.Hb 12 and wild-type cells 

(passage 6, obtained from Dr. Roger Miesfield). GR function was determined by treating ceils 

for 24 h with I (iM dexamethasone and measuring CAT protein. There was no significant 

difference in the amount of CAT protein measured (triplicate transfections of each cell line was 

done to control for differences in transfection eflSciency). This assay measures functional GR, 

as compared to other techniques such as northern blot hybridization analysis which only 

measures transcript levels, or aflBnity labeling which does not measure fijnaionality. Trx5, 

Trx6 and Neo cell Unes appear to have the same basal level of fiinctional glucocorticoid 

receptors as early passage wild-type cells. 

Thioredoxin Confers Resistance to Other Apoptosis-Inducing Agents 

The effect of trx transfection on other agents known to induce apoptosis was also 
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Figure 30 Apoptosis in/>T-Transfected Ceils. Apoptosis measured by an ELIS A for histone-

associated DNA fragments, expressed as relative nucleosomai enrichment. The cells are; wild-

type WEHI7.2 cells (wild); pDC304 neo vector-alone transf̂ ed WEHI7.2 (Neo); bcl-2 

transfected WEHI7.2 (W.Hb 12); and Trx5 and Trx6 trx transfected WEHI7.2 ceUs. Tlie cells 

were treated with 0.01% ethanol vehicle (•) or I pM dexamethasone ([]) and apoptosis 

measured 24 h later. Values are the mean of three experiments performed in triplicate and bars 

are S.E. (* is p<0.05 compared to Neo control.) 
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Figure 31 Flow Cytometry of /rx-Transfeaed Cells. Apoptosis measured by flow cytometry 

showing typical results. Regions Rl, R2, and R3 of the scanergrams are live non-apoptotic, 

early apoptotic, and late apoptotic cells, respectively. A. pDC304neo vector-alone transfected 

control cells; B, pDC304neo veaor-alone transfeaed cells treated for 48 h with I jiM 

dexamethasone; C, Trx6 trx transfeaed WEHI7.2 cells; and D. Trx6 cells treated for 48 h 

with 1 nM dexamethasone. Results are representative of two experiments performed in 

triplicate. 
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Studied (Table 2). Compared to veaor-alone transfected cells, trx transacted cells were 

resistant to apoptosis induced by staurosporine, a general kinase inhibitor (Kondo era/., 1995), 

thapsigargin, which blocks the uptake of intracellular Ca^ resulting in an increase in 

intracellular free Ca^ concentration (Lam et cd., 1994), etoposide, a topoisomerase inhibitor 

(Onishi et cd., 1993), and N-acetyl sphingosine, a cell-permeant sphingosine analogue 

(Pushkareva et cd., 1995). W.Hbl2 cells had a similar pattern of protection as did the trx-

transfected cells. 

In vivo Tumor Growth of W.Hbl2 Cells and Ox-Over-Expressing WEH17^ Cells 

To determine whether ffx-over-expression would also inhibit apoptosis in vivo, and 

possibly result in increased tumor formation. Wild-type, W.Hbl2, Trx5, and Trx6 cell lines 

were injected s.q. into scid mice and tumor size was measured. W.Hb 12 (3c/-2-transfected) 

cells formed fester growing tumors than those formed by wild-type WEHI7.2 cells. To test 

whether dexamethasone, an agent known to induce apoptosis in cultured WEHI7.2 cells would 

cause growth inhibition in the WEHI7.2 tumors, mice were treated with high doses of 

dexamethasone starting on day 10 of the study. The bcl-2 transferted cell tumors showed 

growth inhibition with 1 mg/ml/kg dexamethasone treatment, as did wild-type cell tumors. The 

tumors from /rr-transfeaed WEHI7.2 cells grew more rapidly than either the wild-type or bcl-

2 transfeaed cell tumors, and exhibited no growth inhibition by dexamethasone treatment 
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Table 2 Effect of trx and bcU2 Transfection on Apoptosis Induced bv Different Agents. 

Relative Apoptosis 

Neo Trx5 Trx6 W.Hbl2 

Dexamethasone 19.2 ±0.6 4.4±0.7* 7.7±1.2* 0.7±0.0» 

Staurosporine 58.3±9.8 5.3±0.0* 9.9dbl.l* 4.8±0.7» 

N-Acetyl sphingosine 58.8±7.I II.1±9.8* 22.6±4.5» 5.5±1.3» 

Etoposide 162.5±12.1 6.0±0.6* 20.9±4.I* 4.5±0.7» 

Thapsigargin 4.3±0.9 2.3±1.8* I.8±1.2* 0.9±0.6* 

pDC304neo vector-alone transfected WEHI7.2 cells (Neo); bcl-2 transfected WEHI7.2 cells 

(W.Hbl2); and Trx5 and Trx6 irr-transfected WEHI7.2 cells were treated with 1 nM 

dexamethasone for 48 h, 100 n|iM staurosporine for 21 h, 60 N-acetyl-sphingosine for 42 

h, 1 nM etoposide for 15 h, or 50 nM thapsigargin for 24 h. The times were determined to be 

optimum for detecting apoptosis with each agent. Apoptosis was measured by flow cytometry 

as in Figure 31. Relative apoptosis is expressed as ratio of the sum of regions R2 and R3 

(early and late apoptotic cells respectively) divided by region R1 (live non-apoptotic cells), 

normalized to the ratio for vehicle treated vector-alone transacted cells. Values are the mean 

of 2 experiments performed in tnplicate ± S.E. Statistical analysis was by linear regression 

with indicator values for drugs and cells using the Stata statistical package (Stat Corp., College 

Station. TX). (* Shows p <0.05 compared to vector-alone transfected control cells.) 



(Figure 32). One micron sections of epoxy-embedded tumor samples taken on day 14 of the 

study from the scid mice were examined using brightfield microscopy (Figure 33). In some of 

the tumor samples consisting of wfld-type ceils, fields of apoptotic cells were seen adjacent to 

field of viable cells; in other tumor samples of wOd-type cells, apoptotic cells were admixed 

with viable-appearing cells. This spontaneous apoptosis had the classic appearance of 

apoptotic cells, which showed condensed and marginated chromatin, some in the form of 

crescents, and a dense cytoplasm accompanied by vacuolization. On the other hand, cells 

transfected with bcl-2 or thioredoxin showed minimal apoptosis scattered throughout the 

tumor mass, and did not show the extensive apoptosis seen in some areas of the tumors formed 

by wild-type cells. Dexamethasone treatment did not increase the extent of apoptosis in any of 

the sampled tumor specimens. Areas of necrosis were seen in both transfected and non-

transfected tumors, and were usually found adjacent to fields of viable-appearing tumor cells, 

or in the case of the wild-type cells, adjacent to areas that show extensive apoptosis or next to 

viable-appearing cells. 

An interesting observation in the slides of the tumors formed by the /n:-transfected and 

bcl-2 cells was the appearance of dark body or mummy cells. The features of dark cells are 

different fi-om those of apoptosis or necrosis. They lack segregation of compacted chromatin, 

and instead of rounding-up and budding-off vesicles the condensed cells become squeezed-out 

amongst adjacent cells (Johannisson 1968). This distinct form of cell death has been described 

in Hodgkin's Disease (Benharroch et aL, 1996). The significance of this type of death is stiU 

unknown. 
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Figure 32 Tumor Formation In Vivo. Tumor formation in scid mice by (O, •) wild-type 

WEffl7.2 ceUs; (V,V) bcl-2 transfected WEHI7.2 (W.Hbl2) ceUs; and (•, •) Trx6 trx 

transfected WEHI7.2 ceils. Twenty mice were injected s.c. with 2 x 10^ ceils and 0.1 mi 

matrigel into the flank. Tumor size was measured every 3 to 4 days with calipers and tumor 

volumes calculated. Nine days after tumor cell injection half the mice were injected s.c. into the 

opposite flank with 1 mg/kg/day dexamethasone (0,V,n) or with vehicle alone (#,•,•). 

Mice were euthanized at the first measurement that tumor volume exceeded 2 cm". Values are 

the mean of 10 mice in each group and bars are Similar results to the Trx6 cells were 

obtained with Trx5 cells. 
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Figure 33 Apoptosis In Vivo. One micron sections of epoxy-embedded tumor samples taken 

at day 14 stained with toluidine blue O examined by brightfieid microscopy. Spontaneous 

apoptosis in A, wild-type WEHI7.2 tumor. Less spontaneous apoptosis in B, Trx6 C, Trx5 

D, W.Hbl2 tumors. 
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CEIAPTERFOUR 

DISCUSSION 

Introduction 

Changes in cellular redox status during apoptosis have been reported in several model 

systems. Whether or not oxidative changes are a critical part of the apoptotic process in all 

systems is still controversial. However, modulation of the antioxidant defense appears to be an 

important component of dexamethasone-induced apoptosis in WEHI7.2 cells. Briehl etal., 

1995 were the first to report a down regulation of primary antioxidant defense genes during 

dexamethasone-induced apoptosis. Here, we show that that these changes are followed by a 

drop in the respeaive enzyme activities. We also compare the changes in the antioxidant 

defenses in apoptosis-sensitive wild-type and apoptosis-resistant bcl-2 transfected cells to test 

whether these changes also occur in apoptosis-resistant cells. These studies demonstrate that 

antioxidant enzyme activity remairvs higher in the ceils expressing bcl-2, especially catalase, 

which is maintained at control levels. Further evidence to support a role for modulation of the 

antioxidant defense during dexamethasone-induced apoptosis comes fi-om the studies where 

over-expression of antioxidant genes including thioredoxin and catalase protects the WEHI7.2 

cells fi'om dexamethasone-induced apoptosis. 
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Interpretation of Results 

\feasuring Apoptosis Induced by Dexamethasone 

Dexamethasone treatment of WEHI7.2 mouse lymphoid ceils is known to cause DNA 

laddering, charaaerisdc of apoptosis, within 24 h of the addition of hormone (Briehl et al., 

1995; Lametcd., 1994). Alkaline elution of DNA strand breaks, histone associated DNA 

fragments measured by a commerdally available ELIS A and flow cytometry using 7-AAD 

stained cells showed a similar time course of DNA damage as DNA laddering. DNA damage 

was chosen as a routine measure of apoptosis rather than morphology because apoptosis in 

WEHI7.2 cells occurs rather quickly once the program is initiated. Because the WEHI7.2 cells 

die so quickly, it is common to find only a smaU percentage of the ceUs at any one "stage" of 

apoptosis. Therefore, DNA damage and culture viability appear to be the most representative 

measures of dexamethasone-induced apoptosis in the WEHI7.2 cells. 

Time Course of Dexamethasone-induced Apoptosis 

After treating ceils with I dexamethasone the first easily observable increase in 

DNA damage appears at 24 h and increases up to 48 h as measured by ELISA or by DNA 

laddering (Briehl et al., 1995). By 48 h greater than 80% of the cells are dead as assessed by 

trypan blue exclusion (personal observation) or flow cytometry. The optimal time to measure 

the morphological appearance of apoptosis in WEHI7.2 cells is 32 h after dexamethasone 

treatment (personal communication. Dr. Margaret Tome, University of Arizona). 
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Changes in Antioxidant Defense Transcript Levels 

Briehl etal. (1995) reported an eariy decline in transcript levels for different antioxidant 

defense enzymes including catalase, MnSOD, CuZnSOD, thioredoxin, and DT-diaphorase, and 

GPX in WEHI7.2 cells treated with dexamethasone to induce apoptosis. We wanted to 

elucidate whether this decrease in antioxidant transcript levels also occurred in apoptosis-

resistant, bcl-2 transfected cells. Bcl-2 is able to block or delay apoptosis at what is thought to 

be a late step in the apoptotic process, but its mechanism is still not fiilly understood. We 

found that transcript levels declined by similar amounts in both cell lines when treated with 

dexamethasone, indicating that a decline in transcript levels is not, in itself sufficient for 

apoptosis. These results also suggest that Bcl-2 is exerting its effects at a point downstream of 

changes in transcription of antioxidant defense enzymes. 

Changes in Antioxidant Defense Enzyme Activity 

Enzyme activities of catalase, total SOD, and DT-diaphorase were measured in wild-

type and bcl-2 transfeaed cells to see if they follow the same pattem of decline as the transcript 

levels. In the wild-type WEHI7.2 antioxidant enzyme activities decreased as eariy as 12 h after 

dexamethasone treatment and preceded apoptosis, which is first seen at 24 h and is maximal at 

36 to 48 h. However, in the W.Hb 12 cells there was no decline in catalase activity and less of a 

decline in the SOD and DT-diaphorase activity than seen in the wild-type cells. Western blot 

analysis was used to confirm that catalase protein as well as activity remained at control levels 

in the W.Hb 12 cells treated with dexamethasone. Briehl etal. (1995) reported a small but 



significant decrease in glutathione content to 80% of the control value in WEHI7.2 cells 

treated with 1 |iM dexamethasone for 24 h. Other researchers have reported that BcI-2 

increases or maintains GSH levels after dexamethasone treatment (Hockenbery ei al., 1993) 

Based on these observations, it appears that apoptosis could be modulated by the decrease in 

antioxidant enzymes and that Bcl-2 may be blocking apoptosis by maintaining levels of 

antioxidant enzyme activity, particularly catalase. 

GST Increases During Dexamethasone Treatment 

Some researchers have argued that there is a general decline of all proteins during 

apoptosis. However, the decline in antioxidant transcript and activity levels in WEHI7.2 cells 

appears to a specific, very controlled event not assodated with a general decline in all transcript 

and protein levels. Evidence from Briehl et al. (1995) supports the idea of a controlled 

modulation of antioxidant defenses. These researchers reported a 21 fold increase in GST mu 

protein after 24 h of dexamethasone in WEHI7.2 cells, and a 2 fold increase in GST activity. 

We saw a similar increase in GST mu protein in both wild-type and W.Hbl2 cells after 

dexamethasone-treatment. GST may be upregulated in WEHI7.2 cells in an attempt to 

maintain a balanced redox state in the cell, which is compromised by the downregulation of 

other antioxidant defenses. This appears to occur at a very early step b the apoptotic process. 

Modulating of the antioxidant defenses during apoptosis therefore appears to involve both 

downregulation and upregulation of specific enzymes and proteins. 
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Investigation of Catalase Stability 

WEHI7.2 ceils overexpresstng bcl-2 appear to be maintaining levels of antioxidants, 

particulariy catalase, by a post-transcriptional mechanism. To investigate the possibility that 

Bcl-2 is causing a stabilization of the catalase protein, immunoprecipitanon assays were 

conducted in combination with a pulse-chase experiments to compare the rate of degradation 

and half-life of the catalase protein in the wild-type and W.Hb 12 cells. This technique was not 

successful in answering whether Bcl-2 was stabilizing the catalase protein because growing the 

WEHI7.2 cells in cystine deficient media caused the cells to undergo apoptosis and the addition 

of non-labeled methionine/cysteine to cells in normal culmre media too low a specific activity 

to see in incorporation of the radiolabeled amino acids. Cystine deficient media has been 

reported to cause apoptosis in other lymphocyte cell lines (Buttke and Sandstrom, 1994). 

The normal half-life of catalase is about 40 h (Personal communication, Dr. Larry Oberiey, 

University of Iowa) which could partially explain the failure to label. 

Investigation of Catalase Degradation 

One of the last stages in the apoptotic process is degradation of proteins needed for cell 

survival including lamins and PARP by caspase proteases (White 1996). Bcl-2 functions at a 

step upstream of the activation of these proteases, and thus blocks the degradation of these 

proteins. We wanted to determine if Bcl-2 overexpression was blocking the degradation of 

catalase in a similar manner. To answer this question we looked at the degradation of 

bovine liver catalase and in vitro translated "'S-methionine catalase. No selective degradation 

of '̂ I catalase or translated ̂ ^S-methionine labeled catalase was observed in wild-type vs bcl-2 
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ceil lysates prepared from ceils treated with dexamethasone. To ensure that the caspase 

proteases were activated in the cell extracts from wild-type cells, but not the 6c/-2-transfeaed 

cells, the baculovirus ^^S-methionine p35 protein was used as a substrate. p35 is both a 

substrate for and inhibitor of the CED-3 protease (Xue and Horvitz, 1995). It has also been 

shown to be a substrate for CPP32. CPP32 cleaves p35 into 10 BCDa and 25 KDa products, 

with the cleavage site being between amino add residues aspartate 87 and glycine 88. ^^S-

methionine labeled p35 was degraded when incubated with lysates from the wild-type cells 

treated with dexamethasone, but no degradation was present in the control samples including 

the W.Hb 12 lysates treated with dexamethasone or in the vehicle-treated wild-type or W.Hb 12 

samples. These results confirmed that the caspase proteases were activated in the ceU lysates 

incubated with the catalase protein. Because no catalase degradation was seen in any of the 

samples it appears that catalase is not a substrate for the caspase proteases (or at least not a 

sensitive substrate), which suggests that Bcl-2 is not blocking catalase degradation via 

inhibition of the caspase proteases. Therefore, it remains to be elucidated how Bcl-2 is able to 

maintain levels of antioxidant activity in the W.Hb 12 cells. 

Depletion of Catalase Does Not Cause Apoptosis 

If Bcl-2 is protecting against apoptosis by maintaining selected antioxidant enzymes, 

we reasoned that depletion of catalase in bcl-2 transfected cells should be sufBcient to induce at 

least a low level of apoptosis. Amino-triazole was used to inhibit endogenous levels of 

catalase, but no increase in spontaneous apoptosis was observed in either the wild-type or bcl-2 

transfected cells. Since inhibiting catalase with amino-triazole did not cause apoptosis, the loss 
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of catalase activity, alone, appears not to be suffident to induce apoptosis. Because the cell has 

so many different antioxidant defense mechanisms, it is probable that the loss of catalase is 

compensated for by the presence of other antioxidants. In studies by Kane et aL, 1993 over-

expression of Bcl-2 was shown to correlate with increased basal concentration of GSH, but 

depletion of GSH was not suffident to induce apoptosis. However, in the same study, 

depletion of catalase by amino-triazole combined with depletion of GSH corresponded with 

control cells dying more quickly than cells only depleted of GSH. This study supports the idea 

that depletion of only one of the cellular antioxidant defenses may not be sufRdent to induce 

apoptosis in Bcl-2 overexpressing cells. 

Exogenously Added Catalase Proteas Against Apoptosis 

Additional evidence that apoptosis may be mediated through modulation of antioxidant 

defenses is the finding that bovine liver catalase added to cell culture media blocks 

dexamethasone-induced apoptosis. We did not see an increase in catalase activity in cell lysates 

prepared fi-om cells incubated with exogenously added catalase. Therefore, it seems possible 

that catalase does not enter the WEHI7.2 cells, but exerts its effects on the media. Sandstrom 

and Buttke (1993) reported the isolation of a protein fi-om the conditioned medium of human 

CCRF-CEM T-cells that protects the cells against apoptosis in serum-fi-ee medium. The 

protein was identified as catalase. They also found that addition of human erythrocyte or 

bovine liver catalase to the medium afforded CCRF-CEM cells proteaion against apoptosis. 

Although the activity of catalase is normally associated with its intracellular location within 

peroxisomes, it appears that extracellular catalase is able to block apoptosis in lymphoid cells. 
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Protection Against Apoptosis by Other Antioxidants 

In addition to catalase, other antioxidants such as CuZnSOD, Troiox, a water soluble 

vitamin E analog, and selenium which has antioxidant properties, added to the culture medium 

protects WEHI7.2 ceQs against dexamethasone-induced apoptosis. The protective effects of 

sodium selenite could be due to its own antioxidant properties or to the increased levels of 

GPX which are observed after selenium treatment. It has been reported that transfection of 

murine FL5.12 cells with GPX but not MnSOD. cDNA will protect these cells against 

apoptosis triggered by IL-3 withdrawal. Others have found that added Trx will protect U937 

human lymphoma cells against apoptosis induced by TNF-alpha. However, we saw no 

protection of apoptosis in WEHI7.2 cells when Trx or GPX was added to the culture media. 

The difference may be due to the cell lines studied, the inability of the enzymes to enter the cell, 

or the long term stability of these antioxidants in the cell culture environment. 

An Increase in Apoptosis Caused by Selected Antioxidants 

The dithiocarbamate pyrrolidine dithiocarbamate (PDTC) has been widely used in 

studies of the redox regulation of apoptosis (Nobel et ai, 1995; Wolfe et al., 1994; Bessho et 

oL, 1994). PDTC has been reported to inhibit apoptosis in some models and induce apoptosis 

in others. PDTC added to the cell culture media caused apoptosis in WEHI7.2 cells after long-

term incubation (>36 h). These seemingly contradictory findings can be explained by the fact 

that PDTC is known to exert both pro and antioxidant effects in cell-fi-ee and biological 

systen^s. Both reduced and oxidized forms of dithiocarbamates will chelate external metals and 
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in doing so form higWy lipophilic complexes that act as ionophores, carrying the chelated metal 

across the cell membrane. Rat thymocytes show an 8-fold elevation of intracellular copper in 

the presence of 20 [xM PDTC and 2% FCS (Nobel et al., 1995). Thus, PDTC may actually 

enhance oxidative damage in some cases which may explain the increase in apoptosis seen with 

PDTC treatment in the WEHI7.2 cells. 

Hypoxia Protects Against Apoptosis 

The modulation of the primary antioxidant defense genes during dexamethasone-

induced apoptosis in the WEHI7.2 cells suggests a role for ROS. If reactive oxygen species 

are indeed necessary for the apoptotic process to proceed in the WEHI7.2 cells treated with 

dexamethasone, no apoptosis should be able to occur under hypoxic conditions. We found that 

WEHI7.2 cells exposed to dexamethasone under hypoxic conditions were almost completely 

protected against apoptosis. A report by Muschel et ai (1995) claims to have found no 

protective effect by hypoxia i^ainst dexamethascne-induced apoptosis in the related WEHI7.1 

clone. However, the study has several unusual features that make the results difficult to 

interpret. First, the level of apoptosis induced by dexamethasone in the WEHI7.1 cells was 

low, only 3 fold at 24 h and involved only 5.5% of the total cell number. Second, the cells 

were grown at very high density which may be why the hypoxic treatment itself was toxic 

causing over half the cells to exhibit apoptosis. Our results using WEHI7.2 cells, where 

dexamethasone-induced apoptosis involves the majority of the cells (Lam et ai, 1994), and 

hypoxic treatment was not toxic clearly suggest that oxygen species may be involved in 

dexamethasone-induced apoptosis in WEHI7.2 cells. 



Catalase Over-Expression Protects Against Apoptosis 

Addition of catalase to cell culture media inhibited apoptosis, apparently by modulating 

the extracellular redox environment- To examine how an increase in intracellular catalase 

would effea dexamethasone-induced apoptosis, wild-type WEHI7.2 cells were stably 

transfected with rat liver catalase. Catalase over-expression afforded significant protection 

against apoptosis induced by dexamethasone, but the effect on apoptosis caused by other 

agents has yet to be tested. Catalase over-expression resulted in a slightly slower growth of the 

cells under normal tissue culture conditions. Although over 40 clones were examined for 

catalase over-expression, only a 2 fold maximal increase in protein level was obtained. Higher 

levels of catalase expression have been reported to be lethal (Amstad et al., 1991). These 

results suggest that a certain level of H2O2 is necessary for cell survival in the WEHI7.2 cells 

which emphasizes the importance of a well balanced and controlled cellular redox status. 

Thioredoxin Overexpression Protects Against Apoptosis 

Briehl et al., (1995) reported that trx transcript levels decrease during dexamethasone-

induced apoptosis in the WEHI7.2 cells. We have found that />x-transcript levels in W.HbI2 

cells are slightly higher than wild-type transcript levels with 24 h of dexamethasone treatment. 

We were not able to determine if Trx aaivity and protein followed transcript levels due to the 

very low constituitive levels of Trx in the WEHI7.2 cells Oevels of Trx are below detection 

limits using a spectrophotometric assay for Trx aaivity or Western Blot Analysis to measure 

protein). To determine the effect of Trx-overexpression on dexamethasone-induced apoptosis. 



WEHI7.2 cells were transfected with human trx. Only a 1.8 fold overexpression of trx was 

achieved, although several clones were tested. This is similar to the experience of others who 

have transfected trx into NIH-3T3, MCF-7, and HT-29 cell lines (personal communication 

with Dr. Garth Powis, University of Arizona). It seems likely that higher levels of trx-over-

expression may be lethal to cells. A 1.8 fold over-expression of trx resulted in a significant 

decrease in levels of apoptosis induced by 24 h of dexamethasone treatment. Exogenously 

added human Trx has been reported to inhibit apoptosis induced by TNF-a in U937 human 

lymphoma cells (Matsuda et al., 1991). However, we found that exogenously added human 

Trx did not protect WEHI7.2 cells against apoptosis induced by dexamethasone. TNF-a and 

dexamethasone are thought to trigger apoptosis by different signaling pathways. It may also be 

that exogenous Trx is not taken up by WEHI7.2 cells. It has been shown that other tumor cells 

take up Trx poorly, if at all (Gasdaska et ai, 1995). 

A Similar Pattern of Protection in the and bcl-2 Transfected Cells 

WEHI7.2 cells transfected with the bcl-2 proto-oncogene showed a similar pattern of 

protection against apoptosis induced by the dexamethasone, etoposide, N-acetyl-sphingosine, 

staurosporine, and thapsigargin as did the trx transfected cells. These agents all cause 

apoptosis by different mechanisms. Although the mechanisms by which Trx and Bcl-2 inhibit 

apoptosis remains to be established, their similar pattern of anti-apoptotic activity suggests that 

they may act at a similar step in the apoptotic process 



Efifect of irx and bcl-2 Over-Expression in vivo 

High levels ofBd-2 have been found in a wide variety of human cancers (Reed etal., 

1996). While transfection with bcl-2 is known to confer resistance to apoptosis induced by 

anticancer drugs and radiation, the effects of bcl-2 expression on tumor growth are less clear. 

To examine the effect of over-expression of bcl-2 and trx in vivo, scid mice were injected with 

wild-type, W.HbI2, Trx5, and Trx6 cells and tumor growth measured. Our studies show that 

bcl-2 transfected cells form faster growing tumors than those formed wild-type WEHI7.2 cells. 

This may be due to a reduction in the rate of spontaneous apoptosis observed in the bcl-2 

transfected cell tumors compared to the wild-type tumors. Paradoxically, the bcl-2 transfected 

cell tumors still showed growth inhibition by high dose dexamethasone treatment, as did wild-

type cell tumors. The tumors from the trx trarisfected WEHI7.2 cells, on the other hand, grew 

more rapidly than either the wild-type or bcl-2 transfected cell tumors, showed fewer apoptotic 

cells, and exhibited no growth inhibition by dexamethasone treatment. There was no evidence 

for increased apoptosis caused by dexamethasone treatment of wild-type, bcl-2, or trx-

transfected cell tumors. It is possible that dexamethasone does not inhibit tumor growth in 

vivo by a mechanism that involves increasing the rate of apoptosis. The other possibility is that 

the apoptotic cells had already been phagocytosed or cleared by the time the tumor samples 

were taken. To further investigate whether dexamethasone treatment is decreasing tumor 

formation in vivo, cell tumors treated with dexamethasone should be sampled and examined for 

apoptosis at a variety of tumor volumes. 

In addition to apoptosis and necrosis, another form of cell death was observed in the 

Trx and bcl-2 tumors - dark body death. This is a form of cell death morphologically distinct 



from apoptosis or necrosis (Johannison, 1967). It is interesting to note that this form of death 

was not observed in the wfld-type tumors. It is possible that trx and bcl-2 overexpression alters 

the cells ability to die by apoptosis so they are forced to die by other mechanisms, including 

daric body death. 

Trx Localization 

During immunohistochemicai analysis of the cells for Trx, we noticed that Trx-like 

staining was present in the nucleus and the cytoplasm. This finding confirms an earlier 

immunohistochemicai study using conventional light microscopy of cervical tumor cells that 

reported cytoplasmic, nuclear, or cytoplasmic and nuclear localization of Trx ( Fujii et al., 

1991). This is an important observation because Trx is known to be able to directly reduce 

redox-regulated nuclear transcription factors such as AP-1 (Fos/Jun heterodimer) in vitro 

(Abate et al., 1990). Tpc has also been shown to inhibit NF-tcB activation in the cytoplasm and 

stimulate NF-tcB DNA binding in the nucleus of cells (Mathews et al., 1992). If Trx can enter 

the nucleus it may not need other nuclear redox factors such as Ref-l/HAPl, as has been 

suggested (Abate et al., 1990). Therefore, it is possible that Trx is inhibiting apoptosis by the 

modulation of transcription Actors. 
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Modulation of the Antioxidant Defense as an Important Factor in Apoptosis 

Maintaining A Controlled Redox Environment 

Our observations of decreased antioxidant enzyme gene transcription and decreased 

cytoplasmic antioxidant defense fits the hypothesis that dexamethasone-induced apoptosis 

requires an initial nuclear gene transcription step, followed by an extra-nuclear step, involving 

oxidative signaling leading to apoptosis. This modulation of the antioxidant defense would 

then allow the oxidative signaling to occur in a very controlled manner. Such a controlled 

system also fits with the observation that although oxidation of thiols will induce the death 

program at certain stages in the process, many of the important enzymes involved in apoptosis 

are dependent on reduced thiols for catalytic activity, such as the &nily of caspase cysteine 

proteases (Miura et al., 1993; Nicholson et al., 1995) and enzymes involved in DNA 

degradation (Cain et ai, 1995). Therefore, modulating the antioxidant defense via gene 

transcription may allow the cell to maintain the correa balance of reduced and oxidized thiols 

and the level of ROS needed for the cell to undergo apoptosis. It should be noted however, 

that some researchers feel that thiol oxidation is neither suflBciently selective or sensitive 

enough as a mechanism of redox regulation. The significance of thiol oxidation in apoptosis in 

vivo has yet to be proven. 
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Redox Signaling in Dexamethasone-Induced Apoptosis 

The ROS involved in initiating or functioning in the signaling cascades involved in 

dexamethasone-induced apoptosis have not been identified. It would seem however, that H2C)2 

which is converted to a ROS, may play an important role in these processes since catalase 

added to the media, or over-expressed in cells is able to block apoptosis. Catalase catalyses the 

conversion of H2C)2 to oxygen and water. H2O2 is feirly stable and has been shown to be able 

to fi^ly difiiise across cell membranes. While it cannot react with membranes directly, it has 

the potential for inflicting great cellular damage and the ability to act as a signaling molecule. 

Studies by Hockenbery (1993) show that both wild-type and bcl-2 transfected 2B4 murine T 

cell hybridomas endogenously produce ROS as measured by the fluorescent probe 5,6 

carboxy-2',6'-dichlorofluorescin-diacetate (DCFH-DA). The formation of these peroxides 

increased 10 -fold over 4 h afler initial loading of DCFH-DA. Dexamethasone treatment did 

not substantially alter the time course or the quantity of this ongoing peroxide production. 

However, if dexamethasone is causing a decrease in the antioxidant defense within the cell, the 

increase in peroxide formation coupled with the ceils decreased ability to detoxify the peroxides 

could allow for the oxidation of signaling molecules within the cell initiating the apoptotic 

process. 

The Effect of Redox Status on Cell Proliferation and Apoptosis 

The redox status of the cell is thought to alter the apoptotic threshold and affect cell 

proliferation. One hypothesis suggests that a reduced cellular environment discourages cell 

proliferation, while mild oxidative stress encourages proliferation, at least in certain cell types 
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(fibroblasts, activated lytnphoQrtes, and transformed cells) (McCord, 1997). Under higher 

levels of oxidative stress, the cellular response is the induction of apoptosis, and at very high 

levels of oxidative stress cells undergo necrosis (McCord, 1997). Our results fit with this 

hypothesis. First, the decrease antioxidant en^mie activity observed in the WEEn7.2 cells after 

dexamethasone treatment correlated with the induction of apoptosis. Secondly, antioxidants 

and hypoxia could prevent or delay apoptosis and removing cystine fi'om culture media 

increased the spontaneous level of apoptosis. Lastly, overexpressing catalase in ceOs slowed 

ceil growth, indicating that a very reduced cellular environment can discourage ceil 

proliferation. Therefore, redox status appears to be an important determinant in how the 

WEHI7.2 cells respond to many different signals, including, but not limited to apoptosis. 

Modulation of the Antioxidant Defense In Tumor Formation 

Over-Expression of Antioxidant Enzymes Can Increase Tumor Formation 

The formation of tumors has been associated with an increased resistance to apoptosis 

(Bedi et al. \ 1995; McDonnell et cd., 1995) and it has been generally accepted that antioxidants 

inhibit the carcinogenic process (Huang et al., 1992; Kozombo et al., 1983; BCato et al., 1983). 

In feet, many chemopreventative agents are antioxidants (Watenberg, 1985; Kahl, 1991; 

Kensler and Helzlsouer, 1995). It seems contradictory then, that an increase in an antioxidant 

defense genes cause inhibition of apoptosis and an increase in tumor formation. Nonetheless, 

many researchers have reported that antioxidants block apoptosis and that the overexpression 

of antioxidants can cause an increase in tumor formation. For example, Lu et aL, 1997 
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reported that transgenic mice with over-expressed antioxidant eiu^es GPX or GPX and 

CuZnSOD were more sensitive to the 7, l2-dimethyiben2[a]anthracene: 12-0-

tetradecanoyiphorbol-13-acetate two-stage skin tumorigenesis than the non-transgenic mice, 

and the papillomas in GPX or GPX + CuZnSOD-transgenic mice had a higher proliferation 

rate and a higher risk potential to malignancy than that in non-transgenic trace. It is possible 

that ceils with increased activity of antioxidant enzymes or proteins are resistant to activated 

neutrophil-mediated cytotoxicity and apoptosis. In ceils already containing genetic mutations, 

or cells exposed to transforming agents which do not work via oxidation, an increase in 

antioxidant defenses could ultimately lead to malignancy via an escape from the immune system 

and failure to die by apoptosis. 

Thoredoxin is Over-Expressed in Many Human Cancers 

The intracellular oxidation/redox status is a critical regulator of cytokines and growth 

factor signal transduction pathways through modulating the activity of protein kinases, 

phosphatases (Monteir et al., 1996), transcription factors and proto-oncogenes (Sen et al., 

1996). The redox protein thioredoxin appears to play an important role in controlling cancer 

cell growth through regulation of DNA synthesis and transcription &aor activity. Trx is also 

secreted by cells and acts as a growth factor for both normal and cancer cells (Powis et al., 

1994; Oblong et al., 1994) by increasing the response of the cells to endogenously produced 

growth factors (Gasdaska et al., 1995). Trx mRNA has been found to be elevated in almost 

half of the human primary lung and colon tumors examined, compared to normal tissue 

(Gasdaska et at., 1994; Berggren et al., 1996). Other studies have found increased Trx in 
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human neoplastic cervical squamous epithelium cells and hepatocellular carcinoma (Fujii et al., 

1991; Kawahara etal., 1996). Human breast cancer ceUs transfected with a dominant 

negative, redox-inactive mutant Trx show reduced anchorage independent growth in vitro and 

an almost complete inhibition of tumor formation in vivo (Gallegos et al., 1996). Our studies 

showed a significant inaease in tumor formation in WEHI7.2 tumors overexpressing trx, 

combined with a decrease in the level of spontaneous apoptosis. Preliminary 

immunohistochemical studies in our laboratory have shown that in normal human colon Trx is 

found in the dividing crypt cells while in primary colon cancer thioredoxin is over-expressed 

exclusively by the cancer cells. It remains to be seen what role Tpc plays in tumorigenesis. 

However, it appears that it is involved in controlling rates of cell proliferation and apoptosis. 

Future Studies 

Measuring Oxidative Stress in the WEHI7.2 Cells Treated With Dexamethasone 

Although there is considerable evidence for modulation of the redox environment of 

WEHI7.2 cells during dexamethasone-induced apoptosis, no studies have yet confirmed that 

there is an increase in the formation of ROS, or H2O2 due to the decrease in antioxidant 

defenses. Measuring the formation of H2O2 would be of particular interest since catalase has 

such a pronounced ability to inhibit apoptosis induced by dexamethasone. One approach to do 

this would entail using a fluorescent probe. Due to the decrease in antioxidant defenses, it is 

possible that there is an inaease in oxidative damage in the WEHI7.2 cells treated with 
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dexamethasone. Therefore, an alternative approach would be to measure lipid peroxidation, 

DNA oxidation, or other endpoints of oxidative stress. 

Bcl-2's Function in Maintenance of the Antioxidant Defense 

The protective effect of BcI-2 appears to be at a late step in the cell death pathway. 

BcI-2 over-expression had no marked effect on preventing dexamethasone induced declines in 

transcript levels for antioxidant defense enzymes. We observed downregulation of some 

antioxidant enzyme activities in 6c/-2-transfeaed W.Hbl2 cells in response to dexamethasone,. 

Most notably we found that bcl-2 expression stabilizes catalase activity over 48 h of 

dexamethasone treatment, despite Ming transcript levels. The ability of Bcl-2 to stabilize 

antioxidant activity, espedally catalase should be investigated in other model systems to see if 

this is a generalized function of Bcl-2. The mechaiusm by which Bcl-2 prevents the loss of 

catalase protein should also be further studied. Possible approaches may be to look at the co-

localization of catalase and BcI-2 proteins. This could be done using immunohistochemical 

staining of cells combined with confocal microscopy. 

Further Charaaerization of Catalase-Transfected Cells 

Catalase over-expression has been shown here to block dexamethasone-induced 

apoptosis. It would be informative to see if catalase over-expression also blocks apoptosis 

induced by other agents. The ability of catalase-transfeaed cells to block apoptosis in vivo, 

and if over-expression of catalase causes an increase in tumor formation should also be tested. 

Determining where in the apoptotic process catalase blocks apoptosis should be addressed. 
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One step would be to see if catalase over-expression blocks release of cytochrome c and / or 

activation of the caspase proteases. Similar studies should be done in /rr-transfected cells. 

Inhibition of Catalase Using The Anti-Sense Approach 

Amino-triazole inhibition of catalase aaivity was not suflSdent to induce apoptosis in 

wild-type or bcl-2 transfected cells. However, the question of whether dexamethasone could 

induce apoptosis in catalase-deficient W.Hb 12 cells could not be addressed using amino-

triazole due to a drug interaction between dexamethasone and amino-triazole which decreased 

amino-triazole's ability to inhibit catalase activity. An alternative approach to answer this 

question would be to use anti-sense catalase to inhibit catalase activity in the bcl-2 transfected 

cells. After inhibition of catalase, the WEHI7.2 cells could be treated with dexamethasone to 

see if apoptosis is still blocked. 

Thioredoxin-Redox Inactive Mutant Clones 

Our studies showed a significant increase in tumor formation in tumors over-expressing 

trx. Further studies should be conducted to see if cells expressing the redox-inactive mutant trx 

form tumors with inhibited growth. Cells transfected with the redox-inactive mutant trx should 

also be tested for their ability to undergo apoptosis induced by dexamethasone. These studies 

should help elucidate whether Trx is blocking apoptosis via a redox mechanism. 

Dark Body Death 



Tumors from both bcl~2 and />x-over-€xpressing cells showed a uncommon type of cell 

death, dark body death. The significance of tiiis finding is not known, but should be 

investigated further. It is possible that if the apoptotic program is unable to be executed, this is 

an alternative form of cell death in vivo. Understanding how dark body death is regulated may 

provide a key to the process of carcinogenesis. 

NF-kB Activation in inr-Transfected WEHI7.2 Cells 

The mechanism of how Trx is able to block apoptosis in the WEHI7.2 cells has not 

been addressed here. One mechanism which should be investigated is whether Tnc is 

increasing NF-kB activation and thereby inhibiting apoptosis. Recent evidence indicates that 

NF-kB is able to inhibit or delay TNF-a induced apoptosis (Van Antwerp et al., 1996). 

Several studies have shown that thioredoxin is able to regulate NF-kB activation (Schenk et 

al., 1994) and DNA binding (Mathews e/a/., 1992). Preliminary results indicate that 

WEHI7.2 cells transfeaed with trx show higher endogenous levels of NF-kB than mock 

transfected cells as determined by gel shift assays (personal communication. Dr. Alex 

Freemerman, University of Arizona). To determine whether it is the increase in NF-kB activity 

which is protecting the cells from dexamethasone-induced apoptosis, a NF-kB super-repressor 

to block NF-kB activation could be utilized. 
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SUMMARY 

• After dexamethasone treatment there is a decrease in antioxidant defense transcript levels in 

apoptosis-sensitive WEHI7.2 wild-type cells and in apoptosis-resistant bcl-2 trans&cted 

(W.Hbl2) cells before the first signs of apoptosis are observed. 

® Antioxidant defense engine activity also decreases during dexamethasone-induced 

apoptosis in wild-type WEHI7.2 cells, but is selectively maintained in apoptosis-resistant 

bcl-2 transfected (W.Hbl2) cells, espedally catalase activity. 

• Addition of exogenous antioxidants blocks dexamethasone-induced apoptosis in WEHI7.2 

cells, espedally catalase. 

• WEHI7.2 cells grown under hypoxic conditions are resistant to dexamethasone-induced 

apoptosis. 

• Over-expression of catalase in WEHI7.2 cells blocks dexamethasone-induced apoptosis (in 

vitro). 

• Over-expression of thioredoxin in WEHI7.2 cells blocks dexamethasone, etoposide, 

staurosporine, N-acetyl-sphingosine, and thapsigargin-induced apoptosis (/w vitro). 

® Over-expression of thioredoxin in WEHI7.2 cells results in increased tumor formation and 

a decrease in spontaneous apoptosis iti vtvo. 
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