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ABSTRACT
This work describes an investigation into potential mechanisms by which both the
non-steroidal anti-inflammatory drugs (NSAIDs) and the redox protein thioredoxin (Trx)
may modulate sensitivity to apoptosis in colon carcinoma via the transcription factor NFkB.
NSAIDs are chemopreventive against colon cancer. NSAIDs appear to inhibit tumor
growth by a mechanism distinct from cyclooxygenase inhibition. All NSAIDs tested
induced apoptosis in HT-29 colon cells at concentrations near their respective anti
proliferative IC50 concentrations. In a search for potential apoptotic mechanisms of the
NSAIDs, indomethacin was found to decrease intracellular concentrations of
diacylglycerol (DAG) in both FBS and TGFa -stimulated cells. This decrease did not
derive firom inhibition of either phospholipase D or phosphatidylinositol-specific
phospholipase C. Thus, the specific mechanism by which indomethacin decreases DAG
levels remains undefined.
Signaling via the DAG/ protein kinase C (PKC) pathway regulates both growth and
apoptosis. DAG stimulates PKC, which in turn, indirectly stimulates the transcription
factor NF-tcB. Activation of NF-KB protects cells from apoptosis. Ibuprofen was
observed to inhibit NF-icB activity only at high concentrations, while aspirin and
indomethacin did not inhibit NF-KB.
Human Trx redox-regulates transcription factors that affect cell growth, including
NF-KB. At low concentrations of FBS, stable overexpression of wildtype Trx (wTrx) in
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HT-29 cells resulted in faster anchorage-independent growth compared to control, while
the growth of clones overexpressing a redox inactive mutant Trx (mTrx) was inhibited.
Stable overexpression of wTrx increases the sensitivity of HT-29 cells to both
constitutive and etoposide-induced apoptosis. Overexpression of wTrx also inhibits
constitutive NF-kB activity, while mTrx overexpression stimulates NF-kB However, the
Trx-mediated increase in apoptotic sensitivity is not linked to Trx-mediated inhibition of
constitutive NF-JCB activity.
During cell differentiation, Trx exclusion from the nucleus is associated with both cell
differentiation and increased sensitivity to apoptosis. However, Trx is localized to both
the cytoplasm and nucleus in many primary tumors, and is associated with both increased
growth rate and resistance to apoptosis. In HT-29 colon cells, Trx is localized exclusively
in the cytoplasm. This may alter the ability of Trx to redox-regulate cenain transcription
factors, thereby increasing the apoptotic sensitivity of cells.
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CHAPTER 1
BACKGROUND / LITERATURE REVIEW

Part 1: Introduction
Apoptosis — An Introduction
Apoptosis is a form of controlled cell death. Although the phenomenon of apoptosis
was originally described nearly a quarter century ago, it has only been in recent years that
the importance of this physiological process has become fully recognized (Kerr et al.,
1972). In fact, the vast majority of current knowledge about apoptotic processes has
accumulated during the last decadc (Hale et al., 1996). Under normal circumstances, the
process of apoptosis is thought to protect an organism by mediating the specific
elimination of cells which are either unneeded or genetically damaged (Schwartz et al,
1993, Hockenbery et al., 1990). However, aberrant regulation of apoptosis is now
recognized to play a significant role in the pathogenesis of a variety of diseases
(Thompson, 1995). Diseases associated with an inappropriate increase in the rate of
apoptosis include HIV infection, neurodegenerative disorders (e.g., Alzheimer's and
Parkinson's disease), and myelodysplastic syndromes such as aplastic anemia.
Conversely, many diseases also exist which are associated with a inhibition of the
apoptotic process, including auto-immune disorders (e.g., lupus erythematosus), viral
infections, and cancer (Thompson, 1995). A loss of the ability to undergo apoptosis is
associated with the progression of many cancers, (McDonnell et al., 1995, Hoffman et
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ai, 1994) including cancer of the colon (Hauge et al., 1995, Bedi et ai, 1995) In fact, it
has been suggested that loss of the ability to undergo apoptosis may even be a requisite
event in the progression phase of cancer (McDonnell et al., 1995). Thus, acquiring a
better understanding of how apoptosis is regulated may allow restoration of the
apoptotic response in order to prevent, or even reverse, the development of colon
tumors.

The Process of Apoptosis
There are many differences which distinguish the process of apoptosis from necrosis,
the other major form of cell death. Necrosis involves a general loss of cellular
homeostasis due to an overwhelming cytotoxic insult. The end result is a total loss of cell
membrane integrity, allowing the cellular contents to leak into the extracellular space.
Many times necrosis occurs simultaneously in large numbers of cells exposed to a
cytotoxic agent. In contrast to necrosis, apoptosis is a tightly controlled cellular process
which results in the self-deletion of specific cells with a minimum of damage to
surrounding tissues. Morphological changes usually observed during apoptosis include
overall cell shrinkage, condensation of the chromatin, nuclear envelope degradation,
endonucleosomal cleavage of DNA, and membrane blebbing (Kerr et ai, 1972).
Eventually, the cytoplasm is divided into apoptotic bodies that are engulfed by
phagocytic cells, usually without any loss of cellular contents into the surrounding space
(Kerr etal, 1972). As mentioned, the process of apoptosis is many times associated with
the specific cleavage of DNA into fragments which are multiples of 180 base pairs

(Arends et ai, 1991). These fragments are viewed on an agarose gel as a "DNA ladder"
pattern, and have been utilized to identify particular instances of cell death as apoptosis.
However, apoptosis sometimes occurs in the absence of DNA cleavage (Schulze-Ostoff
et ai, 1994). In addition, DNA fi-agmentation has been associated with cellular necrosis
as well as apoptosis (Fuduka et ai, 1993, Collins et ai, 1992). Therefore, visual analysis
of morphology is still used as the primary method for establishing whether a particular
signal induces death via apoptosis.
Apoptosis can be induced as a consequence of numerous signals received from the
surrounding envirormient, including radiation, cytokines/hormones (or the lack thereof),
and oxidative stress (Hale et ai, 1996). These inputs are interpreted via a multitude of
intracellular signaling pathways that are still incompletely characterized. However, it
appears that these various apoptotic signaling inputs converge on a central "cell death"
signaling pathway. If a particular apoptotic stimulus is strong enough, the death program
is irreversibly activated, and apoptosis ensues.

Cellular Redox State and the Control of Apoptosis
It has been increasingly recognized in recent years that the cellular redox state
modulates both intracellular signaling and apoptosis. The production of an oxidative
signal has been suggested to play a role in signaling activation of the apoptotic program
(reviewed by Payne et ai, 1995). A common characteristic of many apoptotic stimuli is
an ability to induce oxidative stress that could serve as an intracellular signal. Included in
this group of stimuli are ionizing irradiation, the cytokine TNFa, and the

chemotherapeutic drug etoposide (Gorman et aL. 1997). Alternatively, it has been
proposed that an increase in oxidative stress may also induce apoptosis if the stress is
greater than the ability of the cell to repair the damage (Briehl ei aL, 1995, Payne et aL,
1995)
Conversely, antioxidants appear to inhibit the apoptotic process. The anti-oxidant
properties of the redox-protein thioredoxin have been implicated in the protection of
lymphocytes from apoptosis (Matsuda et aL, 1991). Other anti-oxidants, including Nacetyl cysteine ( a GSH precursor) and N-(2-mercaptoethyl)-l,3-propanediamine (blocks
peroxidation of membranes) can prevent apoptosis in lymphocytes induced by various
stimuli (Ramakrishnan et aL, 1992). In addition, hypoxia has also been demonstrated to
prevent apoptosis by preventing the formation of oxygen radicals (Jacobson et al.,
1995).

Regulation of the Apoptotic Process
The sensitivity of a particular cell to apoptotic stimuli is determined by both its
tissue type and state of differentiation (Williams et al., 199?) Each cell type contains
distinct signaling pathways for controlling both cell growth and apoptosis. Adding yet
another layer of complexity, a high degree of "cross-talk" appears to exist between these
growth and apoptosis signaling pathways, with several key molecules apparently
involved in both (e.g. protein kinase C, ceramide, c-myc protein, and p53 protein) (Hale
et aL, 1996). As a result, elucidating the pathway by which a particular agent induces
apoptosis can be quite complex. Thus, a majority of what is currently known about

apoptotic induction involves the regulation of the central "death" program onto which
these many inputs converge. The results presented here have involved studies into
known regulators of the apoptotic program, Bcl-2 and the transcription factor NF-icB.

Bcl-2 as a Regulator of Apoptosis
One area of apoptotic regulation which has been studied extensively is the Bcl-2
oncoprotein, and its ability to regulate the central "death" program. Knowledge about
the Bcl-2 family of proteins has expanded rapidly over the last few years, and this family
is now known to include both negative and positive regulators of cell death Bcl-2 was
first found to be overexpressed in B-cell lymphomas (Tsujumoto el ai, 1984, Cleary et
ai, 1986), and has been shown to act as an oncogene by preventing the induction of
apoptosis (Vaux et ai, 1988, Hockenberry et ai, 1990). The exact mechanism by which
Bcl-2 inhibits apotosis remains unclear, although several hypotheses have been proposed.
First, Bcl-2 has been proposed to act as an anti-o.xidant to protect cells from the
induction of apoptosis. This role is supported by reports showing the localization of Bcl2 to the mitochondria, a major source of intracellular oxidative stress (Hockenberry et
ai, 1993, Korsmeyer et ai, 1993). However, this anti-oxidant function has been called
into question by results which show that Bcl-2 can protect against apoptosis under
hypoxic conditions, and in the absence of mitochondria (Jacobson et ai. 1995, Shimizu
et ai. 1995). Bcl-2 also localizes to the nucleus during mitosis and associates with DNA
(Lu et ai, 1994). However, Bcl-2 protects cells from apoptosis even in enucleated cells
(Schulze-Osthoff et ai, 1994), suggesting that this function may also be dispensable for

24

apoptotic protection. Bci-2 has also been shown to bind other, pro-apoptotic members
of the Bcl-2 family, such as Bax, which prevents the induction of the apoptotic program
(Korsmeyer et ai, 1993). Finally, Bcl-2 co-precipitates with Raf-1, and thus may be
involved in the Ras/Raf-1 signaling pathway to prevent apoptosis fWang et al., 1996)

NF-KB: A Modulator of Cell Proliferation and Apoptosis
Much research has focused on the role that transcription factors, such as NF-KJB,
may play in the regulation of apoptosis. The signaling pathways which converge on NFKB are complex and are still being elucidated. However, the picture that is developing
suggests that NF-KB promotes growth stimulation and may be also be activated as a
protective cellular response to toxic insult. Several recent papers have shown that
specific inhibition of NF-KB activity results in increased sensitivity to apoptosis induced
by TNFa, the chemotherapeutic drug daunorubicin, and ionizing radiation (Liu et ai,
1996, Wang et ai, 1996, Van Antwerp et ai, 1996, Beg et ai. 1996). NT-JCB has also
been implicated in promoting cell growth by increasing the transcription of genes for
cellular adhesion proteins, cytokines, and the proto-oncoproteins c-myc and H-ras
(Miyamoto e/a/.. 1995).

The NF-KB/ Re I Family of Transcriptional Activators
NF-tcB is a member of the Rel family of transcriptional activators (Thanos et al., 1995).
It is most commonly comprised of a heterodimer of subunit proteins derived from two

distinct gene subfamilies: the NF-tcB genes (or p50), and the Rel genes (or p65) In the
unstim.ulated cell, NF-KB is usually retained in the cytoplasm as either, 1) a heterotrimer
of a Rel (p65) subunit and a NF-KB (p50) subunit complexed with an inhibitory I-KB
protein, or, 2) a heterodimer of a Rel protein (p65) with an unprocessed precursor of
p50 (pl05) (Thanos et ai, 1995). The formation of this inhibitory complex obscures the
nuclear localization signal of the p65 and p50 subunits. Appropriate cellular stimulation
results in specific phosphorylation of I-KB on serines 32 and 36 (Traenckner et al.,
1995). I-KB is then specifically ubiquitinated, followed by either targeted degradation of
I-KB or proteolytic processing of pi 05 into the mature p50 (Palombella et ai, 1994,
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Chen et ai, 1995) Once IJCB has been dissociated/ degraded, the active heterodimer of
p65 and p50 are free to translocate to the nucleus and regulate transcription by binding
to KB response elements (see figure 1) (Miyamoto et ai, 1995).

Protein Kinase C: A Growth Stimulator and an Apoptosis Inhibitor
DAG is a second messenger molecule which is produced from the cleavage of
specific membrane phospholipids by several phospholipases (Nishizuka et ai. 1995)
Upon mitogenic stimulation of a cell, a bi-phasic peak of DAG is produced over time
(Billah et ai, 1993). The initial peak is relatively short-lived (approximately 60 seconds)
and derives from the activity of phosphatidylinositol-specific Phospholipase C (PI-PLC),
while a second peak of DAG is produced via Phospholipase D (PLD) activity and can be
sustained for several hours (Figure 2) (Billah et ai, 1993, Bocckino et a/., 1985,
Berridge et ai, 1984). It has also been suggested that a phosphatidylcholine-specific
PLC may play a role in the production of DAG in stimulated cells. This type of enzyme
activity has been partially isolated from both dog myocardium and bull seminal plasma
(Wolf et ai, 1985. Sheikhnejad et ai. 1986) At present, however, the role that a PCPLC may play in the sustained production of DAG in stimulated cells is still unclear, and
evidence is lacking which would indicate a primary role for this enzyme in the extended
production of DAG after mitogenic stimulation (Figure 2).
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Figure 2: Intracellular diacylglycerol (DAG) derives from the cleavage of phospholipids
by both Phospholipases C (PI-PLC, PC-PLC) and Phospholipase D (PC-PLD). DAG, in
turn, stimulates the activity of Protein Kinase C (PKC), which leads to increases in both
cellular proliferation and protection from apoptosis.
Legend: Ptdlns = phosphatidylinositol, PtdCho = phosphatidylcholine, IP3 = inositol
triphosphate, PtdOH = phosphatidic acid, Cho = choline, Pcho = phosphocholine

The phospholipids phosphatidylcholine and phosphatidylinositol both contain a DAG
moiety, and differ mainly in the structure of their respective polar headgroups (Figure 3).
PLD and PI-PLC cleave DAG-based phospholipids at different sites, which results in
either immediate formation of DAG via PLC-mediated cleavage, or phosphatidic acid
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(PtdOH) formation via PLD-mediated cleavage (Figure 3). PtdOH can then be rapidly
converted to DAG via the activity of a PtdOH phosphohydrolase (Brindley et al., 19).

Phospholipase C

Diacylglycerol Mofety

Phospbolipase D

o
•

P — O —^ Polar Headgroop

Phospholipid
PhosphatidylinositoI-4,5-bisphosphate

Headgroup

O

opoi
OPO;
c

CH,
Phosphatidylcholine

I
CH3

Figure 3: The chemical structure of the phospholipids phosphatidylinositol and
phosphatidylcholine. The primary difference between these phospholipids is the polar
headgroup. The phospholipases C and D differ in their site of phospholipid cleavage, as
indicated, (adapted from Liscovitch et ai, 1992).

Once produced in the cell, DAG activates the DAG-sensitive isoforms of protein
kinase C (PKC) as a part of an intracellular signaling cascade that leads to cellular
proliferation (Nishizuka et al., 1995). The mechanisms by which PKC stimulates growth
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are not yet completely defined, but are known to phosphorylate the proto-oncoprotein
Rafl (Kolch etai, 1993). Rail is a kinase which initiates the mitogen-activated protein
kinase (MAPK) cascade, leading to cell growth (Sharma et ai, 1996).
Both DAG and synthetic activators of PKC have also been shown to protect cells
against apoptosis, (Jarvis et ai, 1994a, Jarvis ei ai, 1994b, Haimovitz-Friedman et al.,
1994) while specific inhibition of PKC sensitizes HL-60 leukemia cells to apoptosis.
(Jarvis et al., 1994c) These effects of DAG may be explained by the ability of PKC to
indirectly stimulate NF-KB activity. PKC can directly phosphorylate I-icB in vitro,
although this does not lead to activation (Shirakawa et ai, 1989, Ghosh et ai, 1990).
Instead, it appears that PKC indirectly stimulates NF-KB in vivo via the stimulation of a
specific I-KB serine kinase. Recently, the discovery and characterization of one or more
of these I-KB kinases has been reported (Chen et al., 1996, DiDonato et ai, 1997,
Schouten

a/., 1997).

Part 2: Significance and Focus of the Proposed Research
A Role for NF-KB in Colon Cancer'!'
We decided to investigate the role that of NF-tcB plays in the regulation of both
growth and apoptosis in a model of colon cancer. We investigated how potential
modulators of NF-tcB activity could affect both cell growth and apoptosis. First, we
examined potential mechanisms by which the non-steroidal anti-inflammatory agents
(NSAIDs) may exert their chemopreventive effects on colon cancer, including inhibition
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of NF-KB activity Next, we examined the effects which stable overexpression of either
the redox protein thioredoxin (wTrx) or a redox-inaaive mutant of thioredoxin (mTrx)
would have on NF-KB activity, cell growth, and apoptosis.

Colon Cancer: A Significant Problem in Western Society
Colorectal cancer is a common cancer in Western society, and is the second leading
cause of cancer deaths among Americans (American Cancer Society, 1990). In 1992,
fourteen percent of all newly diagnosed cancers were colorectal in origin (National
Cancer Institute, Canada, 1992). For an average American, this translates into more than
a six percent chance of developing colon cancer during his or her lifetime (American
Cancer Society, 1990). The survival rates from colon cancer have not significantly
increased over the past 20 years, despite many changes in the way this disease is
medically treated. (Giardiello et al., 1993) Therefore, the research focus in this area has
changed to the potential chemoprevention of colon cancer by the chronic administration
of agents which have few, if any, side-effects

Part 2.1: NSAlDs as Chemopreventive Agents Against Colon Cancer
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely prescribed for the
treatment of inflammatory diseases. It is estimated that approximately 14% of Americans
are treated with an NSAID at any given time (Clive et ai, 1984). In recent years, it has
been found that NSAIDs are also effective for the chemoprevention of colon cancer in
both animals and humans. A variety of studies using rodents have shown that the

NSAJDs indomethacin, piroxicam, sulindac and aspirin inhibit both the incidence and
growth rate of chemically-induced colon tumors (Pollard el ai, 1980, Kudo et ai, 1980,
Reddy et ai, 1987, Rao et ai, 1991, 1995, Giardello et al., 1995) In humans, controlled
clinical trials have shown that the NSAID sulindac can induce significant regression of
the adenomatous polyps seen in familial adenomatous polyposis (Giardiello et ai, 1993,
Nugent et ai, 1993). Several epidemiological studies in humans have also reported a
significant protective effect against colon cancer for those individuals who chronically
consume NSAJDs (primarily aspirin) (Rosenburg et al., 1991, Kune et al., 1988, Thun et
ai, 1991, Giovannucci e/a/., 1994, Muscat e/a/., 1994, Suhe/a/., 1993). These studies
found that colon cancer risk decreased with more fi-equent aspirin consumption,
however, the largest benefit was obtained by those who consumed aspirin regularly (four
or more times per week). The average cancer risk odds ratio derived from these studies
was approximately 0.50, corresponding to a fifty percent reduction in colon cancer risk
due to regular aspirin use.

The Chemopreventive Mechanism of the NSAIDs
The mechanism by which the NSAJDs act as chemopreventive agents is not clearly
defined. Until recently, the chemopreventive activity of the NSAIDs was assumed to
derive from their ability to inhibit cyclooxygenases I and II. Approximately 86% of
colorectal adenocarcinomas were observed to have increased mRNA transcript levels for
the cyclooxygenase 2 (COX-2) gene as compared to matched, normal mucosa (Eberhart
et al., 1992). In addition, approximately 50% of excised colorectal tumors were shown

to produce increased levels of the prostaglandin PGE2 (Eberhart et ai, 1992, Rigas et
ai, 1993), which been associated with proliferation of intestinal epithelium in rats
(Uribe et ai, 1992). The NSAIDs also indirectly stimulate immune function via the
inhibition of prostaglandin production, and it has been suggested that they may restore
tumor recognition and elimination in this manner (Kelloff et ai, 1990).
Other theories propose that the chemopreventive mechanism of the NSAIDs may
involve their ability to inhibit the enzymes phosphodiesterase and cyclic adenosine
monophosphate kinase (Earnest et ai, 1992). Both of these enzymes are thought to be
important in tumor initiation and progression.

Chemopreventive Mechanism Of NSAIDs Is Not Linked to Inhibition of COX
A large body of evidence now suggests that the main anti-proliferative mechanism of
the NSAJDs is unrelated to their activity as inhibitors of either COX I or 11 (Hixson et
ai, 1994, Carter e/a/., 1989, Hanif

a/.. 1996, Bortuzzo

a/., 1996, McCracken

ai, 1996). It was recognized as early as 1980 that the anti-proliferative potency of
NSAIDs does not correlate with their potency as inhibitors of the cyclooxvgenases (De
Mello et ai, 1980). For example, the NSAID sulindac sulfone (a metabolite of sulindac)
has no COX inhibitory activity at all, yet is a potent chemopreventive agent against colon
tumors (Alberts et ai, 1995). In addition, a recent study utilizing enantiomers of the
NSAID flurbiprofen showed that only the 'S' enantiomer was an inhibitor of COX, yet
the 'R' enantiomer was better at inhibiting the proliferation of rat colonocytes
(McCracken et ai, 1996). It has also been shown that supplementation of established

34

colon carcinoma cell lines with endogenously produced ecosanoids (such as PGE2,
PGF2a, and PGI2) does not protea these cells from the anti-proliferative effects of
either suHndac sulfide or piroxicam (Hanif et al., 1996).

Aspirin as a Modulator of Diacylglycerol Levels
In light of the evidence against inhibition of COX as an anti-proliferative mechanism,
alternative explanations have been sought to explain the chemopreventive activity of the
NSAJDs. Bomalaski et al., (1987) showed that treatment of stimulated promonocytes
with aspirin causes a decrease in the long-term peak concentration of DAG associated
with cell proliferation. One effect of DAG is to signal the activation of NF-KB via PKC
NF-icB, in turn, protects cells from apoptosis under cenain circumstances Thus, we
formed a hypothesis that the chemopreventive effect of the NSAJDs may be related to
their ability to decrease intracellular levels of DAG. This, in turn, could lead to 1)
reduced DAG-induced proliferation, and 2) reduced NF-KB activity resulting in an
increased sensitivity to apoptosis. This investigation also included a search for potential
mechanisms by which NSAIDs could decrease DAG levels in stimulated cells

Part 2.2: Thioredoxin — An Introduction
The second part of this investigation focused on the ability of the redox protein Trx
to regulate NF-icB activity in colon carcinoma and to relate any effects to possible
changes in apoptotic sensitivity. Human thioredoxin (Trx) is an 11.5 kD redox protein
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which is specifically reduced by the enzyme Thioredoxin Reductase (TR) (Holmgren et
al., 1976). The TR/Trx system is highly conserved among both prokaryotic and
eukaryotic organisms (Powis et al., 1995) TR-mediated reduction of Trx uses NADPH
as a co-factor. NADPH first donates an electron to the FAD prosthetic group of TR.
The reduced TR then binds Trx and transfers the electron to a disulfide bond present on
the external surface of Trx, resulting in two reduced sulfhydryls. The overall reaction
proceeds as follows:

TR
Trx-Si + NADPH + H"

Trx-(SH)2 + NADP"

Reduced Trx, in turn, donates an electron from its active site sulfhydryls to disulfide
bonds on the surface of specific target proteins, as follows:

Trx-(SH)2 + protein-Sz

Trx-Sz -t-protein-(SH)2

Trx is localized to both the cytoplasm and nucleus in T-lymphocytes (Baker et ai,
1997). To a lesser extent, Trx is also bound to the cell membrane (Dean et ai, 1994,
Wollman et al., 1997) Cellular expression of Tnc appears to be ubiquitous. Analysis of
the DNA promoter region for the Trx gene reveals cis regulatory elements compatible
with constitutive expression of Tnc, as well as inducible expression by both cytokines
(e.g. 11-6), interferons, and retinol (Kaghad et ai, 1994, An et ai, 1992) Indeed,
stimulation of MCF-7 breast cells by addition of FBS to the growth media stimulates Trx
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mRNA expression (Berggren et al., 1996). Expression of Trx is also induced in response
to oxidative stress induced by either hydrogen peroxide or ultraviolet radiation (Sachi ei
al., 1995, Gauntt etal, 1994). Interestingly, this induction occurs via a novel promoter
sequence, which is not specific for any currently identified transcription factor (Taniguchi
et ai, 1996). Finally, Trx expression in MCF-7 breast cells is induced by hypoxic
conditions via an undefined mechanism (Berggren et al., 1996).
A second form of Trx has been recently cloned and characterized in rats (Spyrou et
ai, 1997). This novel Trx (Trx2) is slightly larger (18.2 kD) than classical Trx and is
localized to the mitochondria (Spyrou et al., 1997). Trx2 is reduced by TR with equal
efficiency to Trx, and is more resistant to oxidation. A physiological role for Trx2 has
yet to be defined. However. Trx expression in the mitochondria increases in response to
oxidative stress (Gauntt et ai, 1994), which suggests that both Trx and Trx2 may
protect against the ox>'gen radicals produced as a by-product of normal cellular
respiration.

Trx Regulates Intracellular Enzymes
Trx is a redox-regulator of an ever-increasing number of both intracellular and
extracellular targets. One of the first physiological activities attributed to Trx was its
ability to reduce/activate the enzyme ribonucleotide reductase (RR) (Laurent et al,
1964). RR catalyzes the first unique step in DNA synthesis, and is therefore critical for
cell proliferation. (Laurent et al., 1964). Trx does not appear to be required for
activation of RR in yeast, although the inhibition of TR by anti-tumor quinones in
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mammalian cells does lead to a partial inhibition of RR activity (Muller et al.. 1991, Mau
etal., 1992). However, glutathione and the redox protein glutaredoxin are also involved
in activating RR (Holmgren et al., 1990). Regardless, the discovery that Trx is a
physiological stimulator of RR, even in part, was the first indication that Trx may play a
role in regulating cellular proliferation.
Trx also regulates phospho-disulfide isomerase (PDI), an enzyme essential for cell
viability (Farquahar et al., 1991). Both TR and Trx appear to act in concert with PDI in
regulating proper protein folding in the endoplasmic reticulum (Edman et al.. 1992,
Lundstrom

1990)

Trx Acts as a Growth Factor
The growth factor properties of Trx were first identified in leukemia cells and
initially labeled Adult T-Cell Leukemia Derived Factor (Tagaya et al. 1988) Trx was
subsequently found to be actively secreted fi'om cells via a novel leaderless secretory
pathway and to then act extracellularly as an autocrine growth factor (Ericson et al.,
1992, Rubartelli et al., 1992, 1995). In addition to lymphoc\tes, Trx stimulates the
growth of a variety of established cell lines when added to growth media, including
fibroblast, hepatocyte, breast, and colon cell lines (Berggren et al., 1996, Nakamura et
al., 1992, Powis et ai, 1994) Trx has also been observed to increase the potency of the
growth factors II-1 (Wakasugi et al., 1990), 11-2 (Yodoi et ai., 1991), 11-4 (Darr et al.,
1986), and 11-6 (Ifversen et ai, 1993). This activity has been termed "voitacrine" (fi'om
the Greek "to help") rather than "autocrine", since Trx does not act to induce growth via
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specific binding to any cell surface receptor (Gasdaska ei ai, 1995) Instead, it appears
that Trx may increase growth factor potency by specifically reducing either growth
factors or their receptors, since: 1) a redox-inactive mutant of Trx is ineffective in
stimulating growth and oxidation, and 2) oxidation of wildtype Trx inhibits its activity as
a growth factor (Oblong et ai, 1994, Gasdaska et al., 1995). A specific example of this
type of activity has been observed for Trx-mediated reduction of both the interferon y
and 11-2 receptors (Fountoulakis et ai, 1992, Tagaya et ai, 1989)

Trx Acts as an Anti-oxidant
In certain instances, Trx may act as an extracellular antioxidant to protect cells. Trx
is actively secreted ft"om U251 astrocytoma cells in response to treatment with 100 pAl
hydrogen peroxide (Hori et ai, 1994). Secretion of Trx was observed to protect these
cells against death, while addition of Trx to the growth media (0.1-IO ^ig/mi) also
protected cells in a dose-dependent manner The Tp<-mediated protection required the
redox-activity of Trx, as a redox-inactive mutant of Trx had no effect on cell survival.
Similar results have been reported for F-2 endothelial cells, where addition of
extracellular Trx was found to protect these cells fi'om lysis induced by either activated
neutrophils or H2O2 (Nakamura et ai, 1994). Addition of Trx to the growth media has
also been shown to protect lymphoid cells fi-om apoptosis induced by GSH depletion
(Iwatae/a/., 1997).
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Trx may aJso protect cells intracellularly via an anti-oxidant mechanism. In addition
to an ability to reduce thiol groups, a role for Trx in detoxification of oxygen radicals is
supported by reports showing both that Trx expression increases and becomes
increasingly localized to the mitochondria (a major source of ox\gen radicals) during
oxidative stress (Sachi et ai, 1995, Gauntt el ai, 1994). Trx has also been reported to
play a role in free radical reduction in epidermal cells (Schallreuter et ai. 1986). The
mechanism by which Trx reduces free radicals may involve its role within a multicomponent NADPH-dependent alkyl hydroperoxide reductase system (Netto et ai,
1996). This system involves thioredoxin reductase, Trx, and the 25 icD peroxidoxin
enzyme (also icnown as thiol-specific antioxidant enzyme). Since an increase in
intracellular oxidative stress many times accompanies the induction of apoptosis (Lennon
et ai, 1991), it is possible that Trx may act to protect cells from death, at least in part,
via its anti-oxidant properties.

Trx Elxpression is Increased in Primary Tumors
Trx overexpression has been associated with tumor development in a variety of
tissues. Fujii et al. (1991) found increased Trx protein levels in 77% of cervical
neoplasias (n = 79), but saw no detectable expression of Trx in matched samples of
normal cervical tissue (n = 27). In similar studies, 85% (n = 20) of human hepatocellular
carcinomas and 80% (n = 10) of primary gastric carcinomas showed increased
expression of Trx protein (Kawahara et ai, 1996, Grogan et al., 1997). Increased Trx
mRNA expression has also been detected in 80% (n = 10) of primary lung tumors and
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50% (n = 10) of primary colon tumors (as compared to matched, normal tissue) (P
Gasdaska et ai, 1994, Berggren ei ai, 1996). The high percentage of primary tumors
found to express increased levels of Trx mRNA and/or protein suggest that Trx may play
an important role in tumor development.

Trx Redox-Regulates Transcription Factors
In recent years, it has been recognized that changes in the redox state of certain
transcription factors can affect the affinity of these factors for their specific DNA
response elements. A redox-mediated activation mechanism has been identified for
number of transcription factors (Wu et ai, 1996). Within this group, Trx modulates the
DNA binding activity of several transcription factors, including the glucocorticoid and
Ah receptors, NF-Y, AP-l (via Ref-1 protein), BZLFl, TFIIIC, HSF-I, filF-l, and NFicB (Grippo et ai, 1983, Ireland et ai, 1995, Nakshatri et ai, 1996, Bannister et ai,
1991, CromJish

1989, Jacquier-Sarlin e/a/.. 1996, Huang e/a/., 1996, Matthews

et ai, 1992). Thus, it appears that Trx plays an important role in regulating gene
expression, including the factor NF-KB, which is thought to play a role in protecting cells
firom apoptosis. As a portion of the research presented here, the ability of Trx to regulate
NF-KB activity was investigated as a potential mechanisn by which Trx modulates
sensitivity to apoptosis.
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Trx Redox Regulates the Transcription Factor NF-KB
Activation of the transcription factor NF-KB is stimulated by a variety of cytokines,
viruses, and mitogens (Verma et ai, 1995). A common signaling mediator of these
various stimuli appears to be the production of an intracellular oxidative signal (Figure I)
(Verma et al.. 1995). This signal stimulates the specific phosphorylation of the inhibitory
I-KB protein, leading to I-KB degradation and translocation of active NF-KB dimer to the
nucleus (Traenckner er a/.. 1995, Palombella e/a/., 1994, Chen e/a/., 1995). NF-KB
activity in whole cells has been artificially stimulated by addition of various oxidizing
agents, including oxidized glutathione (Gaiter et al., 1994), hydrogen peroxide (Schreck
et al., 1991), and buthionine sulfoxamine (Menon et al., 1993) Conversely, NF-KB
activity in whole cells is inhibited by the addition of either synthetic or physiological
reducing agents, such as pyrrolidine dithiocarbamate (Schreck et al., 1992), Macetyl
cysteine (Meyer et al., 1993, Menon et al., 1993), dithiothreitol, reduced glutathione
(Gaiter et al., 1994), and Trx (Schenk et al., 1994). However, transient overexpression
of Trx in cells has also been reported to sometimes constitutively stimulate NF-KB
activity (Hayashi t?/a/., 1993, Meyer t?/a/., 1993, Schenk t;/a/., 1994, Sent;/a/., 1996).
To better understand the role of NF-KB in a model of colon cancer, we investigated the
ability of Trx to modulate NF-KB, growth, and apoptosis in the HT-29 colon cell line.

42

Part 3. Purpose/ General Hypothesis:

In summary, the object of this dissertation work was to investigate potential
mechanisms by which both the NSAIDs and the redox protein thioredoxin (Trx) may
modulate apoptosis in colon carcinoma, including inhibition of the transcription factor
NF-KB.

Growth
Stimulation

[DAG]

NSAIDs

PKC

GROWTH KJZJ

NF-KB

IAPQPTOSIS

Trx

Figure 3: Proposed hypothesis for the effects of the NSAIDs and Trx on NF-KB activity
in HT-29 colon carcinoma cells.

General Hypothesis: NF-KB is an integral regulator of apoptosis which can be
modulated by both the NSAJD drugs and the redox protein, thioredoxin.

Specific Aim I: Investigate the ability of NSAIDs to induce apoptosis in HT-29 cells.
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Specific Aim 2: Investigate potential mechanisms by which the NSAJDs may act to
increase apoptosis in HT-29 colon cells.
a) Ability to decrease the intracellular DAG concentration in stimulated cells.
b) Inhibition of phospholipase D and/or phosphatidylinositol-specific
phospholipase C.
c) Inhibition of the transcription factor NF-icB.

Specific Aim 3: Investigate the ability of both wild-type thioredoxin (Trx) and a redoxinactive mutant of Trx to affect both NF-KB activity and rates of apoptosis in HT-29
colon cells.
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CHAPTER 2
METHODS AND MATERIALS
Part 1: Methods
Tissue Culture Procedures
HT-29 colon carcinoma cells were obtained from the American Tissue Type Culture
Collection. Cells were maintained in RPMI growth media supplemented with 10% fetal
bovine serum (FBS) plus 100 units/ml penicillin and 100 ng/ml streptomycin and grown
at 37°C, 6% CO2, and 95% humidity. Cells were passaged when cells were sub-confluent
by washing once with phosphate-buffered saline (PBS), followed by addition of enough
0.25% trypsin solution (in PBS) to cover the cells. Excess trypsin solution was aspirated,
and the cells detached after several minutes by lightly tapping the flask. All cell lines
were tested bi-monthly to assure the absence of mycoplasma contamination using a
Mycoplasma Detection Assay (Boehringer Mannheim, Indianapolis, IN.)

Measurement of Cellular Diacylglycerol
Principle:
The procedure used was an adaptation of previously developed methods (Preiss,
Bligh). Levels of intracellular diacylglycerol (DAG) in HT-29 cells were measured after
mitogenic stimulation either in the presence (or absence) of NSAIDs in order to
determine whether these drugs affect intracellular levels of DAG in mitogenically
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stimulated cells Cell lysates were extracted to isolate the lipid fraction (containing
DAG). An aliquot of this fraction was then combined with a bacterial kinase which
specifically phosphorylates DAG in the presence of

form radiolabeled

phosphatidic acid (PtdOH). Radiolabeled PtdOH was then isolated by thin-layer
chromatography and quantitated by phosphoimagery.
Procedure
Cells were plated at 1.25 x 10^ cells per dish in 100 mm petri dishes. To each dish
was added 10 mis. of RPMI media containing 10% FBS, 100 units/mJ penicillin, and
100 |ig/ml streptomycin. Each data point was performed in quadruplicate. Cells were
allowed to attach for 48 hours, then quiescence was induced by gently washing cells
once with divalent cation-free phosphate-buffered saline (PBS), followed by the addition
of 5 mJs. of RPMI media plus 0.1% FBS. Cells were either pre-incubated with drug
during quiescence, or drug was added at the time of mitogenic stimulation. Both
indomethacin and sulindac sulfide were dissolved in a solution of 85% DMSO and 15%
ethanol such that the final concentration of these solvents in the assay was 0 85% DMSO
and 0 15% ethanol. Positive control plates contained the same final solvent concentration
as drug-treated plates. Cells were stimulated by addition of either 30% fetal bovine
serum or 100 nM TGFa, followed by incubation at 37°C for 2 hours, or 1.5 hours,
respectively. Incubations were stopped by gently washing the cells twice with 5 mis of
ice-cold PBS (to remove extracellular DAG), followed by addition of 1.5 mis ice-cold
PBS, scraping the cells loose, and transferring the cell suspension to a 13 ml
polypropylene test tube (Sarstedt Inc., Newton, NC). Cells were lysed for twenty
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seconds using an ultrasonic microtip probe on a cell sonicator (Heat Systems Inc ,
Farmingdale, NY). Immediately following vortexing, 800 ^il aliquots of lysate were
transferred to new 13 ml. tubes.
Extraction was performed by first adding 3 mis of a chloroform/methanol (1 2)
mixture to each tube The tubes were vortexed, then 1ml of IM NaCl and 1ml of
chloroform were added to separate the phases. A 100 nl aliquot of the chloroform phase
was transferred to a new 13 ml tube, and lyophilized at room temperature Aliquots were
either analyzed immediately for DAG content, or stored at -20°C overnight prior to
quantitation
.Aliquots were re-suspended in 20 pil of a solution containing 7 5% octyl-P-Dglucopyxanoside, 5 mM cardiolipin, and 1 mM diethylenetriamine-pentaacetic acid
(DETAPAC) DAG Kinase in a solution of 10 mNl imidazole, 1 mM DETAPAC. pH
6.6, was diluted 1:1 in a solution of O.OIM imidazole/HCl, 1 mM DETAPAC, pH 6 6
Four-tenths of one unit of DAG kinase activity was added per reaction in a total volume
of 20 ^ii. The diluted enzyme was combined with an assay buffer containing 100 mM
imidazole/HCl (pH6.6). 0 IM NaCl, 25 mM MgCh. 2 mM EGT.A. and 2 mM fi-esh
dithiothreitol. A solution containing 5 mM adenosine triphosphate (ATP), 100 mM
imidazole/HCl, and 1 mM DETAPAC was combined with

such that 1 |iCi

of labeled ATP was added per reaction in a total volume of 10 |j,l (0 .1 mCi/ml). The
enzymatic reaction was stopped after 30 minutes by addition of 20 ^il 1% perchloric acid
and 450 |j.l of a chloroform/methanol (1:2) nnixture After vigorous vortexing, 150 |al of
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1% perchloric acid and 150 pil of chloroform were added to separate the phases. Samples
were centrifijged at 3000 x g and the aqueous phase was removed. One ml of 1%
perchloric acid was added to all samples, followed by vigorous vortexing. The samples
were centrifliged as before, and the aqueous phase removed and discarded. This
extraction step was repeated a third time, and 90 pil aliquots were removed from the
chloroform phase. Aliquots were lyophilized at room temperature, reconstituted in 40 |al
of chloroform/methanol (95:5), and applied to a LK6D silica thin layer chromatography
plate (Whatman International Ltd., Maidstone, England). The developing solvent used
was chloroform/methanol/glacial acetic acid (52:12:4). Quantitation of radiolabeled
phosphatidic acid was by phosphoimagery on a Model 425E Phosphoimager (Molecular
Dynamics, Sunnyvale, CA)

Partial Purification of Human Placental Phospholipase D
Fresh human placenta was obtained (within 1-4 hours, post-partum) from University
Medical Center, University of Arizona, Tucson, AZ. Tissue was homogenized with an
equal volume of homogenization buffer (50 mM Tris HCI, 1 mM EDT.A, I mM
phenylmethylsulfonylfluoride, pH 7 2), and a microsomal fraction isolated by
centriftjgation at 400 x g for 10 min., followed by re-centriftjgation at 10,500 x g for 60
minutes. The pellet was re-suspended in homogenization buffer containing 1% Triton X100 and loaded onto an affinity chromatography column consisting of choline covalently
bound to cyanogen bromide-activated Sepharose. The column was washed and the
bound PLD activity eluted from the column using choline. The fractions were dialyzed
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and the active fraction(s) identified using the in vitro choline release assay (described
below).

In Vitro Phospholipase D Assay
Principle:
This assay provided a quick in vitro method for assessing phospholipase D (PLD)
activity Artificial liposomes were created which contained radiolabeled
phosphatidylcholine (PtdCho) phospholipid. Partially purified human placental PLD was
mixed with the liposomal substrate, resulting in specific cleavage of the radiolabeled
PtdCho and the release of water soluble, radiolabeled choline. This choline was collected
fi-om the supernatant of each reaction and quantified by scintillation spectroscopy.
Procedure:
Phosphatidylcholine (PtdCho) L-a-dipalmitoyl [choline-methyl-^H], was purified
before each experiment by extracting once with chloroform:H20:methanol (33:24:20),
discarding the aqueous phase, and drying the organic phase under N2. The [3H]-labeled
PtdCho was then combined with unlabeled PtdCho in a 1:11 molar ratio. 1 |j.Ci per
reaction of this substrate mix was then combined with 25 jil per reaction of 100 mM
mono [tris(hydroxymethyl)-aminomethane] (Trizma*") maleate and sonicated for 20
minutes at 55°C in a sonicating water bath to form artificial liposomes.
To each reaction was added; 25 |il of artificial liposomes/substrate mixture, 2 jil of a
SOX stock of NSAID (dissolved in DMSO), and 73 |il of partially purified human
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placental PLD This mixture was vortexed and incubated for 1 hour at 37°C in a water
bath. In certain instances, drug was combined with PLD and allowed to pre-incubate for
45 min in a 37°C water bath prior to addition of ["^H ] PtdCho substrate. Reactions
were stopped with 100 |j.l of 10% bovine serum albumin to bind unreacted [3H] PtdCho,
followed by vortexing and placing on ice for 10 min. Five hundred /il of 25%
trichloroacetic acid was then added to precipitate proteins, followed by vortexing and
placing on ice for another 15 minutes. Reactions were centrifliged at 18,000 x g for 30
minutes One hundred and fifty |il aliquots of each supernatant were assayed for free
[^H]-labeIed choline by liquid scintillation counting on a Beckman LS 6000TA model
scintillation spectrometer (Beckman Inc., Palo AJto, CA). Duplicate reactions were
performed for each drug concentration and duplicate scintillation counts were performed
for each reaction.

Cellular Phospholipase D Activity Assay:
Principle:
This assay was used to measure PLD activity in whole HT-29 colon carcinoma cells
This involved growing HT-29 colon carcinoma cells in the presence of radiolabeled
choline, which became incorporated as PtdCho into cell membranes. Upon mitogenic
stimulation of cells with either tumor growth factor alpha (TGFa) or FBS, this PtdCho
was cleaved by PLD, producing radiolabeled choline. The free choline was then purified
by thin-layer chromatography and quantitated by phosphoimagery.
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Procedure:
HT-29 colon carcinoma cells were plated on 24-well plates at a concentration of 1 8
X 10^ cells per well. After 24 hours in RMPI containing 10% FBS, quiescence was
induced by replacing the media with choline free, minimal essential media (MEM)
containing 0.75% FBS, 10 mM glucose and 1.5 iiCi of [methyl-'"*€] choline. Cells were
incubated for 48 hours at 37°C, 5% CO2, to allow the labeled choline to become
incorporated into cellular membranes as phosphatidylcholine (PtdCho). Each well was
then washed once with 500 |jl of phosphate-buffered saline (PBS) (pH 7.2) for 10
minutes at 37°C. This was followed by washing once with 500

per well of PBS

containing 10 mM glucose and 1% BSA (TBG), and then incubating for 15 minutes at
37°C. Finally, cells were washed once with 500 |j.l of PBG and the plate incubated for 30
minutes. Next, 600 |il of choline-free MEM (containing 0.75% FBS, 10 mM glucose,
and 2.5 |ig per ml insulin) was added to each well NSAID was added and pre-incubated
as described in results. Cells were then stimulated by the addition of 10% FBS for a
period of 1 hour The reaction was stopped by addition of 500 jil of ice-cold methanol to
each well, followed by placing the cells on ice for 10 minutes Cell debris was detached
with a rubber policeman and transferred to a 3 ml polypropylene tube, followed by a 500
jil wash of cold methanol. Each sample was extracted with 1ml of chloroform for 1 hour
at 4°C. Phases were resolved by the addition of 300 |il of distilled water. Samples were
then centrifliged at 3000 X g for 15 minutes at 4°C. A 350 jil aliquot of the aqueous
phase of each sample was transferred into a 1.5 ml microflige tube and lyophilized at
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room temperature. Samples were reconstituted in 35 |il of distilled water and applied to
LK6D thin-layer silica chromatography plates. The development solvent used consisted
of chloroform: methanol: water: glacial acetic acid (70:30:4:2). Liberated labeled choline
remained at the origin and was quantitated by phosphoimager analysis (Molecular
Dynamics, Palo Alto, CA). These results were normalized for the amount of radioactivity
in each sample by counting duplicate 100 |j.l aliquots from the organic phase of each
extraction on a scintillation spectrometer and dividing the total amount of free choline in
each sample (obtained by phosphoimagery) by the average of these organic phase counts.

Cellular Phosphatidylinositol-specific Phospholipase C Activity Assay
Principle:
This assay involves radio-labeling cells with
incorporated into cellular membranes as

myo-inositol which becomes

phosphatidylinositol tri-phosphate. PI-PLC

activity is then stimulated with platelet-derived growth factor (PDGF) and causes free
radio-labeled inositol to be released into the cviosol. This PI-PLC activity can be
quantitated by immediate lysis the cells, collecting the cytosol, separating aliquots of
cytosol by high performance liquid chromatography (HPLC), and quantitating the
amount of free, radio-labeled inositol on a radio chromatography detector .
Procedure
Swiss-3T3 fibroblasts were obtained from the ATCC. Cells were plated at 8.0 x 10®
cells/well in 35mm2 petri dishes in 2 mis. of Dulbecco's Modified Eagle Media (DMEM)
containing 10 % FBS. After 24 hours of growth at 37°C, 95 % hunudity and 6 % CO2,

the growth media was changed to inositol-free DMEM + 0.5 % FBS + 5|iCi of inositol,
myo-[l,2-''H(N)]. Cells were incubated for another 24 hours to both induce quiescence
and allow the incorporation of the inositol into cellular membranes as
phosphatidylinositol (Ptdlns). Cells were washed twice with 1ml of PBS containing 1.0
mg/mJ of fatty-acid free BSA. New inositol-free DMEM + 0.5 % FBS was added to the
cells. Drug was added (as indicated) and incubated with the cells for the time specified.
Ten mM of LiCl was then added to each plate (to inhibit phosphatases) and incubated for
30 minutes prior to stimulation. PI-PLC activity was stimulated by addition of 200 ng/ml
of PDGF for 15 minutes. Reactions were stopped by addition of 1 ml of ice-cold 10 %
perchloric acid. Each cell lysate was then transferred to a 1.5 ml polypropylene
microflige tube. The pH of each sample was neutralized by addition of approximately
1 IO|al of 12.5 M KOH and pH was confirmed with pH paper Tubes were then
centrifliged at 12,000 x g for 3 minutes. The supernatant was fractionated by HPLC
using a 5 cm. Sax Column (Whatman, Inc) and 100 |il of sample per injection.
Radiolabeled free inositol (indicating relative PI-PLC activity) was detected using a
Radiomatic™ radio chromatography detector (Packard, Inc., Meriden. CT)

Measurement of Apoptosis by ELISA
Principle:
Apoptosis is many times associated with the activation of a DNA endonuclease
which cleaves only between nucleosomes (Hale et ai, 1996). This results in the

formation of nucleosomal DNA fragments which exist as multiples of 180 base pairs
(Arends et ai, 1991). The Cell Death Detection ELISA'"'"''^ assay (BoehringerMannheim, Indianapolis, IN) measures the relative abundance of these nucleosomal
fragments in a given cell sample. If an agent induces apoptosis in a particular cell line
that is accompanied by this specific cleavage of DNA, then the relative quantity of
nucleosomal DNA pieces in a sample of that cell line indicate the relative amount of
apoptosis occurring in that sample.
The Cell Death Detection ELISA'''*''^ assay (Boehringer-Mannheim Inc.,
Indianapolis, IN) was used as one method to quantify apoptosis in the HT-29/Trx
transfectants As adapted from the method of Liest, et. al. (1994), samples of cell lysates
containing nucleosomal DNA fragments were combined with two different antibodies: an
anti-histone Ab covalently linked to biotin, and an anti-DNA Ab covalently linked to a
peroxidase enzyme. The mixture of antibodies and nucleosomal DNA was applied to a
streptavidin-coated 96-well plate, which specifically bound the nucleosomal DNA and
antibody complex The spectrophotometric absorbance of metabolized peroxidase
substrate indicated the relative amount of apoptosis.
Procedure:
Cells were plated at 4 0 x lO' cells per 60 mm. plate and allowed to attach for 36-48
hours. Cells were harvested by trypsinization, and 1 x lO' cells of each sample were
aliquoted into microflige tubes. Cells were sedimented by centrifligation for 10 minutes
at 2,500 RPM. Media was aspirated and replaced with 1 mJ. of lysis buffer (supplied with
assay), followed by incubation at room temperature for 30 minutes. The resulting lysates

were then centrifuged at 2,000 RPM for 10 minutes. Twenty |il of cell lysate from each
sample was aliquoted (in duplicate) into a 96-well plate coated with streptavidin. A
mixture of an anti-histone antibody (conjugated to biotin) and an anti-DNA antibody
(conjugated to a peroxidase enzyme) were then added to each well in a volume of 80 nl.
The plate was placed on an orbital shaker at 300 RPM for 2 hours at room temperature.
After washing the plate 3 X with incubation buffer, 100 [il of peroxidase substrate
(ABTS*, or 2,2'-Azino-di[3-ethylbenzthiazolin-sulfonat]) was added to each well and
the relative amount of peroxidase activity in each well (corresponding to relative
apoptosis) was determined on a plate reader at 405 nm. Where applicable, a nucleosomal
enrichment factor was determined by dividing the average of absorbance values obtained
for treated cells by the average absorbance value obtained for untreated control cells.

Morphological Assessment of Apoptosis
Apoptotic cells were identified using the criteria established by Kerr et ai, (1972)
cell shrinkage, condensation and margination of the chromatin,

cytoplasmic

vacuole

formation, and increased cellular staining. Visual analysis of apoptotic morphology is still
considered the "gold standard" for unequivocally establishing cell death by apoptosis
Morphology of apoptotic cells was assessed by depositing 1x10' cells from each
sample onto a slide using a low speed Cytospin 3™ centrifuge (Shandon Inc., Pittsburgh,
PA) One drop of 20% bovine serum albumin was added to each slide prior to
centrifugation to protect cells from damage due to centrifugal force. Cells were

centrifijged at 600 RPM for 2 minutes and then allowed to air-dry Cells were stained
using the Diff-Quik® staining kit (Dade Diagnostics of P R. Inc., Aguada, Puerto Rico)
Slides were first submersed in the supplied fixative solution for 1 minute, followed by
submersion in dye solution I for 2 minutes and solution II for 10 seconds.

Measurement of Apopiosis by Flow Cytometry
Cells undergoing apoptosis have an increased permeability to the fluorescent DNA
binding compound 7-amino actinomycin D (7-AAD). This property, along with the
increased size of apoptotic cells, allows a flow cytometer to assess the percentage of
apoptotic cells in a given cell population.
According to the method of Philpott et ai, (1996), cells were harvested, washed
with PBS, then reconstituted at a concentration of 1 X 10^ per ml in PBS containing 5
|ig/ml of 7-AAD. Cells were incubated for 30 minutes at 4°C protected from light, then
analyzed by flow cytometry. The resulting cell scattergrams were divided into three
regions: R1 represented viable, non-apoptotic cells, R2 represented apoptotic cells, and
R3 represented late apoptotic and dead cells Results were expressed as the average of
the ratio R3 + R2 / R1 for each sample. This correction was made to control for samples
in which the three regions did not comprise 100% of the cells

Creation of a Redox-Inactive Mutant Human Thioredoxin
A cDNA coding for a redox-inactive mutant of human Trx (cysteines 32 and 35
mutated to serines) had previously been created (Oblong et al., 1994). cDNAs for both
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this Trx mutant and wildtype Trx were cloned into the mammalian expression vector
pDC304neo (Figure 5b. page 60), and proper insertion was confirmed by Sanger
dideoxy-sequencing.

Stable Transfection of Thioredoxin into HT-29 Colon Carcinoma Cells
HT-29 cells were stably transfected using DOTAP transfection reagent (BoehringerMannheim). HT-29 colon carcinoma ceils were plated onto 100 mm. tissue culture
dishes at 1 x 10® cells per plate and allowed to attach for 24 hours. Five ^g of
pDC304neo expression vector (expressing either the wTrx or c32s/c35s mutant Trx
cDNA) was aliquoted into a sterile 5 ml. polystyrene tube and brought to 50 fil total
volume with 20 mM HEPES buffer (pH 7.4, sterile). DOTAP transfection reagent was
diluted 1:3 33 with 20 mM HEPES (e.g., 30 |il DOTAP diluted to 100 ^1 total) and
lOOpl of diluted DOTAP was added to each tube containing DNA and incubated at
room temperature for 15 minutes. Five mJs. of RPMI media (10% FBS. no antibiotics)
was added to each tube containing DOTAP/DNA mix and mixed well Media was then
aspirated from cells and replaced with this mixture. After incubating for 24 hours, media
containing DOTAP was aspirated. The cells were washed once with PBS, and media
then replaced with 10 mis. of RPMI media (10% FBS, no antibiotics). Cells were
allowed to recover for 24 hours, then selected by growing cells in media containing 200
U/ml Geneticin® brand G418 antibiotic (Gibco BRL). Individual clones were selected by
wetting 3 mm sterile filter paper squares in 0.25% trypsin and placing them over
individual monoclonal colonies. Detached cells were transferred to 12 well plates and

57

grown into monoclonal populations. The level of Trx overexpression in selected clones
was quantitated by Northern Blot.

Quantitation of Trx Overexpression by Northern Blot
Principle:
The level of Trx mRNA overexpression in stable transfectants was assessed by: 1)
isolating total RNA from cells, 2) separating the RNA on a denaturing agarose gel, 3)
transferring the separated RNA to a nylon membrane, 4) annealing a radiolabeled DNA
probe (specific for Trx) to the membrane bound RNA, and 5) measuring the relative
amount of annealed radiolabeled probe by exposing the membrane to film and then
quantitating the relative density of exposed spots on the film (corresponding to the
relative amount of Trx mRNA in each cell line).
Procedure:
I) RNA Isolation:
Total RNA was isolated from cells using TRIzol™ reagent (Gibco BRL,
Gaithersburg, MD). Approximately 2.5 x 10^ cells fi-om isolated clones overexpressing
Trx mRNA were trypsinized and transferred to 13 ml. polypropylene tubes. Cells were
centrifuged for 5 minutes at 250 x g and washed once with 10 mis. PBS. After recentrifligation, the cells were re-suspended in 3 mis of TRIzol™, mixed thoroughly by
pipetting, and incubated for five minutes at room temperature. Six hundred |i,l of
chloroform was added to each tube, followed by 15 second of vigorous shaking (by
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hand). Samples were allowed to sit for 3 minutes, and then centrifuged at 10,000 RPM in
a microfuge for 15 minutes at 4°C. The upper aqueous phase was transferred to a new
13 ml. tube and 1 5 mis. of isopropyl alcohol added. Tubes were allowed to sit for 10
minutes, and then Were re-centrifliged at 10,000 RPM for 10 minutes at 4°C. The
supernatant was decanted, the pellet was washed with 4 mis. of 75% ethanol, and then
re-centrifiiged at 10,000 RPM in a microfuge for 5 minutes at 4°C. Each tube was
inverted and allovved to dry for 10 minutes at 37°C. The RNA pellet was reconstituted in
sterile, double distilled water treated with DEPC (diethyl pyrocarbonate). RNA
concentration and Purity was determined spectrophotometrically by absorbance at 260
and 280 nm., and RNA concentration adjusted to 1.25 pg per ml.
2) RNA Electrophoresis and Transfer:
.^1 equipment Was pre-rinsed with RNase-Away (Molecular Bio-Products Inc , San
Diego, CA). A denaturing 1% agarose/ 1% formaldehyde gel (180 mis total volume) was
prepared using DEPC-treated water, MOPS (3-[N-morpholino]propanesulforuc acid)
buffer, and HPLC-grade formaldehyde. Fourteen ^g of total RNA was combined with 38
(il of a "pre-mis" consisting of IX MOPS, 6.5% formaldehyde, and 50% formamide.
Double distilled water was then added to a total volume of 50pl. Samples were
incubated at 60°C for 10 minutes immediately prior to loading on the gel. Ten |il of RNA
loading buffer was then added to each sample (consisting of: ImM EDTA, pH 8, 0.25%
bromophenol blue, 0.25% Xylene Cyanol, and 50% Glycerol in DEPC water) and
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samples were loaded The gel was immersed in IX MOPS buffer and run at 100 volts for
approximately 165 minutes on a Probe Tech"" 2 System (Oncor Inc., Gaithersburg, MD)
The gel was immersed in several changes of ddHjO until the formaldehyde was
completely removed (no detectable odor). The gel was then equilibrated for ten minutes
in 20X SSC buffer (3 M sodium chloride, 3.3 M sodium citrate, pH 7.0). The RNA was
transferred to Duralon-UV™ membrane (Stratagene, La Jolla, CA) using an absorbent
vertical wicking apparatus and 20X SSC. After transfer, the RNA was immediately
cross-linked to the damp membrane by exposure to UV light in a Stratalinker* 1800
(Stratagene).
3) Probing the Blot With Trx cDNA:
The Duralon™ membrane (with cross-linked RNA) was pre-hybridized by first
placing it in a heat-sealed plastic bag with 25 n:Us of hybridization buffer (comprised of
500 mM NaP04, pH7.2, lOmM EDTA, 1% BSA, and 7% SDS) and then placing the bag
into a Red Roller^ II hybridization oven (Hoefer Scientific Instruments Inc., San
Francisco, CA) at 65°C for 3 hours.
Radiolabeled probe was prepared using a full length human wildtype Trx cDNA
(Oblong el al., 1994) and the Radprime™ DNA Labeling Kit ((jibco BRL, Gaithersburg,
MD). Twenty five ng. of Trx cDNA was diluted to 21 |j.l with sterile, ddHjO and then
denatured by placing in a boiling water bath for five minutes. The DNA was quickly
cooled on ice (to prevent re-armealing), and 0.5 micromoles of dATP, dGTP, and dTTP
nucleotides and an aliquot of random DNA primers were added (supplied with kit). Five
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Hl of [a-"p]—labeled dCTP (3000 Cl'mmol, 10 |iCi/|J.l) was added, followed by 1 |il of
Klenow fragment (2.5 U/|il, supplied). This labeling reaction was incubated at 37°C in a
heat block for 20 minutes Immediately prior to use, the radiolabeled probe was
denatured for five minutes in a boiling water bath, then quenched on ice. The probe was
combined with 100|il of 65°C hybridization buffer, and quickly added to 10 mis. of
65°C hybridization buffer in a heat-sealable plastic bag along with the pre-hybridized
Duralon"* membrane. The plastic bag was sealed, placed back into a roller bottle, and
hybridized overnight at 65°C. The membrane was washed twice with 2X SSC (at 65°C)
for 1 minute, and then washed for five minute intervals \vith 30 mis. of high stringency
phosphate buffer (40mM NaP04, pH 7.2, 1% SDS, 1 ntiM EDTA) until the background
radioactivity of the blot was less than 1500 CPM (as measured by Geiger counter). The
membrane was sealed in plastic wrap and exposed to film (Kodak X-OMAT^-AR,
Eastman Kodak Co.. Rochester, NY) for several hours in an autoradiography cassette.
Quantitation of overexpression was performed both by phosphoimagery
(Phosphoimager 425E, Molecular Dynamics, Sunnyvale, CA) and by densitometry
(Eagle Eye 11. Stratagene, La Jolla, CA) of an autoradiogram.

Immunoflitorescenl Analysis of Trx Overexpression in HT-29 Cells
Cells were grown on #1 coverslips in 100 mm petri dishes to approximately 40%
confluency. Cells were air-dried for 10 minutes, then fixed for 20 minutes in 4% of
methanol-free formaldehyde (Ted-Pella, Inc.) The fixed cells were washed for 15
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minutes in PBS, then permeabiized in 100% methanol at -20°C. Coverslips were stored
at -20°C.
Stored coverslips were thawed, then blocked with a solution containing streptavidin
(at the same concentration as the Cy 5 streptavidin fluorochrome) and biotin. After
blocicing, the coverslips were incubated for one hour with a 1:100 dilution of
immunoaffinity-purified rabbit anti-human Trx polyclonal antibody. The coverslips were
washed in PBS, incubated for one hour with a 1:100 dilution of goat anti-rabbit
biotinylated IgG (Vector Laboratories), then washed again in PBS. Visualization of Trx
in the far red region of the spectrum was achieved by incubation with a 1:50 dilution of
indoicarbocyanine (Cy5) streptavidin fluorochrome, followed by another wash in PBS.
Cells were then incubated with 100 [ig/ml of Ribonuclease A for 1 hr at room
temperature. Cells were incubated with 25 nM YOYO-1 iodide (Molecular Probes, Inc.)
for ten minutes in order to visualize the DNA as green when excited at 488 nm. This
procedure allowed intracellular co-localization of Trx protein and DNA with no spectral
overlap. Finally, coverslips were mounted on glass slides using one drop of a watersoluble mounting medium containing an anti-fade agent (DAKO, Inc.). Cells were
examined using a Leica TCS-4D laser scanning confocal microscope.

Measurement of NF-KB Transcriptional Activity
Principle:
An NF-icB reporter construct was utilized which contains two NF-icB response
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elements and a thymidylate kinase promoter immediately upstream from a
chloramphenicol acetyltransferase (CAT) gene (see figure 5).
The NF-KB reporter construct was transiently transfected into cells, and the resulting
expression of CAT enzyme was quantified using a CAT-ELISA kit (BoehringerMannheim. CAT enzyme (from a cell lysate) was bound to a 96-well plate to which an
anti-CAT Ab had been attached. A second anti-CAT Ab was then added which was, in
turn, covalently linked to digoxigenin protein. Finally, an anti-digoxigenin Ab was added
which was, in turn, covalently linked to a peroxidase enzyme. A peroxidase substrate
was added which produced a colored product when metabolized. The relative
absorbance of this colored product (as measured on a spectrophotometer) indicated the
relative amount of NF-KB activity.
Procedure:
1) Transient Transfection of NF-KB Reporter Construct;
HT-29 colon carcinoma cells were plated onto 60 mm. tissue culture dishes at 4 x 10^
cells per plate and allowed to attach for 24 hours. Variations in transfection efficiency
were normalized by performing duplicate transfections for each group, then averaging
triplicate NF-KB activity determinations for each transfection (six values total). A
separate 5 mJ polystyrene tube was used for each transfection to minimize variations in
transfection efficiency caused by variation in the incubation time of DNA with
transfection reagent. Five |ig of reporter construct pNTFicB-CAT was aliquoted into each
tube and brought to 50 |il total volume with 20 mM HEPES buffer (pH 7.4, sterile).
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Enough DOTAP for all reactions (30 |il DOTAP Transfection Agent per transfection)
was aliquoted into one tube and diluted 1 ;3.33 with 20 mM HEPES (e.g., 30 jil DOTAP
diluted to 100 ^1 total). lOO^il of diluted DOTAP was added to each tube containing
DNA and incubated at room temperature for 15 minutes. Five mJs. of RPMI media
(10% FBS, no antibiotics) was added to each tube containing DOTAP/DNA mix and
mixed well. Media was then aspirated from cells and replaced with this mixture. After
incubating for 24 hours, media containing DOTAP was aspirated. The cells were washed
once with PBS, and media then replaced with 5 mis. of RPNtl media (10% FBS, no
antibiotics). Cells were allowed to recover for 18 hours, then treated with drug (if
indicated).
2) Cell Lysis and Protein Quantitation:
Media was aspirated from cells followed by three washes with chilled PBS. One mi. of
lysis buffer (supplied with CAT-ELISA) was applied to each plate and incubated for 30
minutes at room temperature. Lysates were transferred to 1.5 ml microfijge tubes and
spun in a microfijge at 15,000 RPM for 10 min at 4°C. 750 |il of the lysate was then
transferred to a separate microfuge tube and quick frozen in a dry ice and ethanol bath.
The remainder of the lysate was stored at 4°C for use in protein concentration assays. A
Peterson protein assay was used for the quantitation of protein concentrations.
Immediately prior to conducting the assay, the portion of the lysate saved for protein
assay was again centrifijged to re-sediment cell debris. The final protein concentration
value derived for each sample was the average of triplicate determinations.
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A. NF-KB Reporter Construct
KB Response
^

Elements

AGCrr GGGACTTTCqGCT GGGACTTTCCT
ACCCTGAAAGG CG/^ CCCTGAAAGGAGATC

TK Promoter

CAT gene

SV40 Polyadenylation
Sequence

B. Trx Expression Construct
SV40
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CM\'
romoter

Trx cDNA (330 bp)
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Figure 5: A). NF-KB activity reporter construct. Duplicate NF-JCB response elements
were inserted upstream from a CAT gene. B). Trx mammalian expression construct. Trx
was constitutively expressed in HT-29 cells under the control of the SV40 and CMV

promoters. Stable transfection was achieved via selection to neomycin resistance.
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3) Quantitation of CAT Expression by ELISA:
All antibodies and buffers used in this assay were supplied with the CAT-ELISA kit.
Lysates were thawed and kept on ice while normalizing protein concentrations to 250 tig
per ml. Two hundred iJ.1 of each lysate was aliquoted into the ELISA plate in triplicate,
and the plate was incubated for 90 minutes at 37°C. The plate was washed 5X with
220jj,l of wash buffer, followed by the addition of 200 {j.1 of diluted anti-CAT antibody
(conjugated to digoxigenin) to each well. After incubation for 90 minutes at 37°C, the
plate was washed (as described above) and 200 )il of an anti-digoxigenin antibody
(conjugated to a peroxidase enzyme) was added to each well. The plate was again
incubated for 90 minutes at 37°C, and the plate washed as before. 200 jj.1 of peroxidase
substrate (ABTS®, or 2,2'-A2ino-di[3-ethylben2thiazolin-sulfonat]) was added to each
well and the relative amount of peroxidase activity in each well (corresponding to
relative NP-icB activity) was determined on a Molecular Dynamics 96-well plate reader
at 405 nm.

Ouantificaiion of Cell Growth in vitro:
HT-29 colon carcinoma cells (stably overexpressing either wTrx or mTrx) were
plated at 3 X lO'* cells per well in 12-well tissue culture plates. Two mis. of RPMI
growth media (with 10% FBS, no antibiotics) was added per well and cell growth was
measured over four days. Quantitation of cell number was performed by trypsinization
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and counting three 500 [il aliquots of each cell suspension on an automated cell counter
(Coulter Electronics Inc., Hialeah, FL).

Quantification of Cell Colony Formation in Soft Agar
Principle:
This assay was used to determine if the stable overexpression of either wildtype or
mutant Trx affected the ability of HT-29 cells to undergo anchorage independent
growth. This type of growth results in cell colony formation in soft agar, which can then
be quantitated using an automated image analysis system .
Procedure.
A bottle of 1.5% agar was melted by heating in a microwave, then was cooled to
55°C in a water bath. RPMI media (containing 10% FBS) was warmed in a 37°C water
bath. The liquefied 1 5% agar solution was diluted 13 and 250iil aliquoted into each
well of a 24 well plate and allowed to solidify.
HT-29/Trx transfected cells were trypsinized and counted on a hemocytometer.
Twelve thousand cells of each transfected cell line were diluted to 2.4 mis. with 37°C
wanned RPMI media, then 600 |il of 1.5% agar (maintained at 55°C) was added. Two
hundred and fifty |J.l of this mix was immediately aliquoted per well into eight wells of a
24 well plate (final concentration = 100 cells per well). The next day, 500^1 of RPMI
media (with 10% FBS) was added to all wells. Cells were grown for approx. 4-5 days at
37°C, 6% CO2, and 95% humidity. Five hundred |il of a Img/mJ solution of INT (-2-[p-
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Iodophenyl-3-p-nitrophenyl]-5-phenylterazolium chloride hydrate) stain was then added
to cells 48 hours before counting colony number either on an Omnicon* 3600 Image
Analysis System (Dynatech Labs Inc., Chantilly, VA ). Alternatively, colony formation
was assessed visually and photographs were taken (Figure 20).

Quantification of Cell Growth in vivo
Mice selectively bred to possess severe combined immuno-deficiency disorder {scid)
were utilized in these studies to prevent immune rejection of injected tumor cells. These
mice were obtained from the Animal Resources scid mouse colony at the University of
Arizona. Six male mice were used per experimental group, and each mouse was injected
sub-cutaneously with 1x10® cells into the rear flank. Once tumors became detectable,
tumor size was measured approximately every four days with calipers. Tumor volume
was calculated as follows;

Tumor Volume = A" x B/2

where A = smallest diameter measurement
B = largest diameter measurement

Cell-Cycle Analysis
Principle:
Cell-cycle analysis was performed to assess whether overexpressing either mTrx or
wTrx in HT-29 cells affected the percentage of cells undergoing proliferation at any
given time.
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Procedure:
Cells were plated on 60 mm diameter tissue culture dishes and grown for three days
in media supplemented with either 5% or 10% FBS. The cells were harvested before
reaching confluency, then harvested. Krishan buffer (containing propidium iodide) was
added to a concentration of 1 x 10*^ cells per ml and cells were incubated overnight at
4°C. in the dark. Flow cytometry of 10,000 cells was performed, and cells were scored
as being in one of three groups according to relative size and fluorescence; 1) DNA
synthesis phase (S phase), 2) pre-mitosis and mitosis phase (G2/M phase), or 3) nondividing phase (G1 phase).

Western Blot Analysis of BCL-2 and Box Proteins
Principle:
The relative level of both Bax and BCL-2 proteins expressed in HT-29 cells were
assessed by Western Blot, a procedure which involves: 1) isolating cell lysates, 2)
separating proteins on a polyacrylamide gel, 3) transferring proteins to a membrane, 4)
incubating the membrane with a monoclonal antibody specific for the target protein,
and, 5) visualizing the protein using a secondary antibody linked to a horseradish
peroxidase enzyme.
Procedure:
1) Cell lysate preparation;
Approximately 3x10^ cells of each Trx-transfected line were harvested by
trypsinization (refer to tissue culture procedures), washed twice with PBS, and
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reconstituted in 500 |a,l of a lysis buffer containing 10 mM Tris HCl (pH 7 .6), 100 mM
NaCl, 1 mM EDTA, 1 mg per ml aprotinin, I mM PMSF, and 0.5% NP40 detergent.
Cells were mixed by pipetting ten times, and then incubated on ice for 15 minutes.
Lysates were centrifliged at 15,000 RPM for 15 minutes in a microfuge. The resulting
supernatant was transferred to a new microfuge tube, and assayed for protein
concentration using a protein assay (Peterson et ai, 1977).
2) Gel Electrophoresis and Transfer;
A 1.5 mm thick, 15% polyacrylamide gel was utilized. A lower gel stock solution
was prepared which contained 1.5 M Tris base and 0.4% SDS (pH 8 8). The gel was
then prepared by combining 7.5 mis. of lower gel stock solution, 15 mis. of a solution of
30% acrylamide and 0.8% bis-acrylamide, 7.4 mis. of water, 100 ^1 of 10% APS, and 70
|il TEMED. This mixture was stirred, and then immediately poured into the gel mold
using a 10 ml pipette and covered with a solution of isobutanol (saturated with lower gel
stock solution). After 15 minutes, or immediately prior to pouring the stacking gel, the
isobutanol was rinsed out with ddH20. The upper stacking gel was prepared by
combining 2.5 mis of a stock solution containing 500 mM Tris base and 0.4% SDS (pH
6.8) with 1 ml of acrylamide solution (see above), 6.5 mis. of ddH20, 300 )il of APS, and
10 |j,l of TEMED. This mixture was immediately poured into the gel mold using a
pasteur pipette, and a gel comb was inserted. After solidifying, the comb was removed
and wells were washed out with ddH20. The vertical slab gel apparatus was assembled
(Hoefer Scientific Instruments Inc., San Francisco, CA) and sufficient running buffer

if
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(0.25 M Tris HCl, 1.92 M Glycine, and 1% SDS) was added to both the upper and
lower chambers. Either 100 |j.g of cell lysate protein, or 15 |i.l of pre-stained low
molecular weight protein standards (Gibco BRL, Gaithersburg, MD) were loaded into
each well. The gel was run at 30 mA for 2 hours. Proteins on the gel were transferred to
Poly-Screen*' PVDF membrane (New England Nuclear, Boston, MA) using a Bio-Rad*
Transblot Cell (Bio-Rad, Hercules, CA). The Transblot Cell was filled with a transfer
buffer containing 10 mM sodium bicarbonate, 3 mM sodium carbonate, and 20%
methanol. The PVDF membrane was prepared for use by first wetting it in 95% ethanol
for 2 minutes, followed by rinsing in ddHiO and soaking in transfer buffer for 15 minutes.
The gel was transferred overnight at approximately 9 mA (17 volts)
3) Immuno-detection of BCL-2 and Bax Protein;
The PVDF membrane was dried to help adhere proteins. It was then re-wetted in
70% ethanol for 3 minutes, followed by 3 quick rinses in ddH20. All washes were
performed at low RPM on an orbital shaker. The membrane was washed 3 times for i 0
minutes in IX TBST (20 miM Tris-HCI, 0 5 M NaCl, pH 7 5, 0.1% Tween-20), and then
was blocked overnight in TBST + 3% BSA. The membrane was rinsed quickly with
TBST, followed by three 10 minute washes in TBST. For immuno-detection of Bax, the
membrane was incubated with a 1:50 dilution of a rabbit polyclonal Bax Ab (Ab-1,
Calbiochem-Novabiochem Co., San Diego, CA), while for immuno-detection of BCL-2,
a 1:100 dilution of a rabbit polyclonal BCL-2 Ab (Ab-2, Calbiochem-Novabiochem Co.,
San Diego, CA) was used. The membrane was incubated with primary antibody for 75
minutes in a solution of TBST + 3% BSA. The membrane was then washed quickly 3
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times with ddH20, followed by six 10 minute washes in TBST. The membrane was
incubated for 1 hour with a 1:8000 dilution of a HRP-linked anti-rabbit secondary
(Amersham Life Science Inc., Arlington Heights, EL) in a solution of TBST plus 3%
BSA. This was followed by nine washes of 10 minutes each in TBST.
Detection was performed using the Renaissance chennluminescent detection system
(DuPont-New England Nuclear, Boston, MA). An equal amount of each of the two kit
reagents was mixed and incubated with the membrane for one minute. The membrane
was then sealed in plastic wrap, exposed to DuPont Reflection™ brand film for six
minutes, and developed

Statistical Analysis
The unpaired two-way Student's t-test was used to assess statistical significance for
all studies described, except the measurement of apoptosis by morphology. For ail t-test,
a significant difference was defined as a p value < 0.05, while a highly significant
difference was defined as a p value < 0.01, using n-1 degrees offi"eedom. Apoptosis by
morphology was assessed by the Biometry shared resource of the .Vizona Cancer
Center. A one way analysis of variance was performed (a < 0.05) to test for a difference
between cell lines. If there was a significant difference, Dunnett's test of multiple
comparisons was done to determine which cell lines significantly differed from control.
The analysis was performed separately for the treated and untreated cell lines. Since
percent apoptosis is not normally distributed, all analyses were done using the following

transformation 2*arcsin(sqrt(proportion)).

Part 2: Materials

Sulindac derivatives were obtained from Cell Pathways (Denver, CO). Indomethacin,
cardiolipin, n-octyl-P-D-glucopyranoside, imidazole, DETAPAC, dithiothreitol, EGTA,
DEPC, Trizma*' maleate, PMSF, and unlabeled PtdCho were obtained from Sigma
Chemical Co. (St. Louis, MO). NaCl and Tween-20 were from EM Science (Gibbstown,
NJ). Chloroform, MgCl2, and glacial acetic acid were from Mallinckrodt Chemical Co.
(Paris, KY). Diacylglycerol kinase, Bax antibody (Ab-1, Cat. # PC-66), and BCL-2
antibody (Ab-2, Cat, # PC-68) were from Calbiochem-Novabiochem Co. (San Diego,
CA) [y-^^pj^xp and glycine were from ICN Pharmaceuticals Inc. (Costa Mesa, CA).
LK6D thin layer chromatography plates and heavy filter paper were from Whatman
International Ltd. (Maidstone, England). Radiolabeled phosphatidylcholine L-adipalmitoyl [choline-methyl-^H], choline chloride [methy-'^'C], and inositol, myo-[l,2^H(N)] were obtained from American Radiolabeled Chemicals (St. Louis, MO) with
specific activities of 85, 55, and 50 Ci per mmol, respectively. Radiolabeled dCTP [a^^P] was obtained from Amersham Life Science (Arlington Heights, IL) Bovine serum
albumin, ammonium persulfate (APS), N,N,N',N'--Tetramethyl—ethylenediamine
(TEMED), and 30% acrylamide, 0.8% bis-acrylamide solution were fronr. Boehringer
Mannheim (Indianapolis, IN). FBS was from Gemini Bio-products (Calabasas, CA).
Penicillin, streptomycin, and G418 were from Gibco BRL (Cjaithersburg, MD).
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CHAPTER 3
RESULTS

Quantification of Apc^tosis
Induction of apoptosis is often associated with a specific inter-nucleosomal cleavage
of DNA (Hale et al., 1996). For the work described here a commercially available
ELISA assay (Boehringer Maimheim, Indianapolis, IN) specific for these histoneassociated DNA fi^gments was utilized as the primary method to quantify apoptosis. The
results obtained using this method have been shown to correlate well with other
commonly used methods for quantifying apoptosis, including flow cytometry of 7amino-actinomydn D (7-AAD) stained cells, alkaline elution of DNA Segments, and
visual analysis of cell morphology (Baker etcd., 1996). The main advantages of this
ELIS A versus other methods are that results are obtained more quickly and low levels of
apoptosis can be reproducibly detected with good precision (see Methods for details on
the principle of each apoptosis assay utilized). However, since low molecular weight
DNA fi'agments are sometimes associated with the process of cell necrosis as well as
apoptosis (Fuduka et al., 1993, Collins etal., 1992), the results presented here that were
obtained using the apoptosis ELIS A were always confirmed by other established
methods, including flow cytometry of 7-AAD stained cells and microscopic analysis of
morphology.
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Part 1: An Investigation into the Chemopreventive Mechanism of the NSAlDs.

Induction of Apoptosis by NSAIDs
Our investigation initially focused on the hypothesis that the non-steroidal anti
inflammatory drugs (NSAIDs) induce apoptosis in colon carcinoma cells, and that this
may be a mechanism by which these drugs act as chemopreventive agents against colon
cancer. The HT-29 colon adenocarcinoma cell line was utilized for these studies. This
cell line has been characterized as a rapidly-growing, moderately-well differentiated,
intermediate adenocarcinoma (Trainer et al., 1988), which expresses a mutant pS3 tumor
suppresser and constitutively expresses c-myc protein (Forgue-Lafitte et al, 1989).
Preliminary dose-response experiments were first performed to determine a
concentration for each NSAID that would induce approximately 10-15% cell death after
24 hours of treatment. This concentration of each NSAID was used in the subsequent
apoptosis assay. HT-29 colon carcinoma cells were grown in petri dishes to
approximately 60% confluency, then incubated for 24 hours with one of several
NSAIDs, including; sulindac sulfide, ibuprofen, aspirin, salicylic acid, and indomethacin.
Using an ELISA assay specific for histone-associated DNA fiiigments, all of the NSAIDs
tested were observed to induce apoptosis in the HT-29 cells (Figure 6). Untreated HT29 cells have been previously shown to exhibit a low level of constitutive apoptosis,
which is associated with DNA fi-agmentation (Hauge et al., 1993). This constitutive rate '
of apoptosis is presented as the untreated control in both Figures 6 and 8. Although
dose-response curves were not performed for each drug, the NSAID metabolite sulindac
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Figure 6: Apoptosis induced by several NSAIDs in HT-29 colon carcinoma cells. Cells
were treated with drug for 24 hours, followed by measurement of apoptosis by EUSA.
Etoposide is a chemotherapeutic drug known to induce apoptosis (Onishi), and was used
as a positive control. Each measurement was the average of duplicate determinations of
triplicate drug treatments (n = 6). An asterisk indicates a significant difference fi'om
untreated control by unpaired t-test (p value < 0.05). Error bars represent standard error.
Results represent four separate experiments.

76
sulfide appeared to be the most potent inducer of apoptosis among the NSAlDs tested.
The potency of sulindac sulfide was found to be approximately five-fold less than the
drug used as positive control, the topoisomerase n inhibitor etoposide (Figure 6).
Analysis of cell morphology confirmed that induction of apoptosis (rather than necrosis)
was the primary mechanism of cell death induced by these drugs (Figure 7).
While investigating the induction of apoptosis in HT-29 ceUs, we separately
quantified the relative amount of apoptosis occurring in floating cells which had detached
fi-om the tissue culture plate. A much higher rate of ^)optosis was observed in cells
collected fi'om the media relative to cells which were still attached to the culture plate
(Figure 8). To insure all future assays of apoptosis were as accurate as possible, all
subsequent experiments which measured apoptosis in HT-29 cells included both
detached cells collected fi'om the growth media, as weU as those cells still attached to the
tissue culture plate.

Indomethacin Decreases DAG Levels in Stimulated Cells
To investigate a potential mechanism by which the NSAIDs may induce apoptosis,
we examined the ability of certain NSAIDs to decrease levels of the second messenger
diacylglycerol (DAG) in mitogenically-stimulated cells. The intracellular concentration of
DAG increases in response to mitogenic stimulation and signals both cell growth and
protection fi'om apoptosis (Nishizukae/<3/., 1995, Jarvise/a/., 1994a, Jarvise/o/.,
1994b, Jarvis eta!., 1994c, Haimovitz-Friedman etaL, 1994). Treatment ofU937
promonocytes with aspirin has been reported to cause a decrease in the levels of

Figure 7:Morphology of NSAID-induced apoptosis. HT-29 cells were centrifuged onto
microscope slides at 800 RPM, followed by staining with the Diff-Quilc" kit. Microscopic
examination (400X) of untreated HT-29 cells (Figure 7A) reveals few cells exhibiting an
apoptotic morphology (indicated by black circles). Treatment for 24 hours with either
1 mM ibuprofen (Figure 7B) or 250 |j.M sulindac sulfide (Figure 7C) increases the
percentage of cells undergoing apoptosis.
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Figure 8: Apoptosis induced by various NSAIDs in HT-29 colon carcinoma cells as
measured by apoptosis ELISA. For each drug treatment, apoptosis was measured in both
1x10^ attached cells (light gray bars) and 1x10^ floating cells collected from the media
(black bars). Etoposide was used as a positive control. Each bar represents the average
of triplicate determinations of duplicate drug treatments (n=6). Error bars represent
standard error. An asterisk indicates a significant difference from untreated control by
unpaired t-test (p-value < 0.05). Results are representative of three separate experiments.
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diacylglycerol (DAG) produced in fetal bovine senim-stiinulated cells (Bomalaski et al.,
9

1986). We sought to extend these observations to determine whether NSAIDs can
decrease DAG levels in mitogenicaUy-stimulated cells as a potential pro-apoptotic and
anti-proliferative mechanism.
Stimulation of HT-29 cells with either 100 ng/ml TGFa for 7S minutes or 30% fetal
bovine serum (FBS) for 120 minutes produced a time-dependent increase in the
concentration of intracellular DAG (Figure 9a, 9b). Cells were incubated with either
indomethacin or the NSAID metabolite, sulindac sulfide, for five hours before
stimulation. The elevated level of DAG produced by either FBS or TGFa-mediated
stimulation was decreased in a dose-dependent manner by the NSAID indomethacin with
an estimated ICso of 35|iM (Figure 10). However, treatment with sulindac sulfide for five
hours at concentrations ranging fi'om 30 |iM to 120

did not have a significant effect

on TGFa-stimulated DAG levels (Figure 11).

NSAIDs Inhibit Phospholipase D in vitro
In an eflfort to discover the potential mechanism by which indomethacin, aspirin, and
possibly other NSAIDs decrease DAG levels in stimulated cells, phosphatidylcholinespecific phospholipase D (PC-PLD) was investigated as a potential target of inhibition.
PC-PLC is known to play a significant role in DAG production in mitogenically
stimulated cells (Boarder) and, therefore, provided a suitable potmtial target for the
NSAIDs. An in vitro PLD activity assay was developed by first partially purifying PC-
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Figure 9: Time-dependent increase in DAG levels in HT-29 colon carcinoma cells.
Quiescence was induced by incubating cells with media containing 0.5% FBS, which
decreased DAG levels to the low picomolar range. Subsequent stimulation with 100
ng/ml TGFa (Figure 9a) produced a time-dependent increase in intracellular DAG
concentrations which peaked at approximately 75 minutes. Stimulation with 30% FBS
(Figure 9b) produced a time-dependent increase in DAG which peaked at approximately
120 minutes. Each data point represents the average of either triplicate (Figure 9a) or
duplicate (Figure 9b) determinations. Error bars (Figure 9a) represent standard error.
Resuks represent one experiment for each stimulus.
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Figure 10: Stimulated DAG levels in HT-29 cells are decreased by treatment with the
NSAID indomethacin. A dose-dependent decrease was observed for DAG levels
stimulated by either 100 ng/ml TGFa for 75 minutes (Figure 10a), or 30% FBS for 120
minutes (Figure 10b). Each bar represents the average of quadruplicate determinations.
An asterisk indicates a significant inhibition (as compared to positive control) by
unpaired t-test with a p value < 0.05. Results are representative of two separate
experiments for each stimulus tested.
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Figure 11: Stimulated DAG levels in HT-29 cells are not decreased by treatment with
the NSAID sulindac sulfide. Cells were pre-incubated with drug for 3 hours, then
stimulated with 100 ng/ml TGFa for 75 minutes. Each bar represents the average of four
separate determinations. Error bars represent standard error. Results are representative
of two separate experiments.
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PUD from human placenta and incubating it at 37°C with a substrate which consisted of
tris maleate liposomes containing [^H]-labeled phosphatidylcholine. Using this in vitro
assay, a significant dose-dependent inhibition of PC-PLD activity was observed for the
NSAIDs sulindac sulfide (IC5o= 660 ^iM), sulindac sulfone (ICfo= 4.9 mM),
indomethacin (IC}o= 6,7 mM), and phenylbutazone (ICjo^ 9mM) (Figure I2a).
Interestingly, the potency of this inhibition was increased 2-4 fold upon pre-incubation of
each NSAID with PC-PLD at 37®C for 45 minutes prior to addition of substrate (Figure
12b). After pre-incubation, the ICjo values obtained for sulindac sulfide, sulindac sulfone,
and indomethacin were 125 )iM, 2.9 mM, and 1.4 mM, resp>ectively.

NSAIDs Do Not Inhibit PC-PLD Activity in HT-29 Cells
To assess whether the ability of NSAIDs to inhibit PC-PLD activity would extend to
a whole cell system, a whole cell PC-PLD activity assay was developed utilizing HT-29
colon carcinoma cells. These cells were exposed to ["C]-labeled choline for 48 hours,
which became incorporated into cell membranes as radiolabeled PtdCho. The cells were
then washed extensively (refer to Methods) to remove non-incorporated labeled choline,
and 30% FBS was added to the media for 120 minutes. This stimulation caused a
significant increase in ['^C]-labeled choline release, indicative of increased PC-PLD
activity. The NSAIDs indomethacin and sulindac sulfide were used in this assay due to
their reported high potency as anti-proliferative agents against the HT-29 ceU line
(Hixson et al,, 1994). Cells were pre-incubated with the drug for 5 hours prior to
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Figure 12: NSAIDs inhibit Phospholipase D activity in vitro. PLD inhibition was
observed at millimolar concentrations for several NSAIDs (Figure 12a). This inhibition
was greatly potentiated by pre-incubating the drugs with PLD enzyme for 45 minutes at
37°C (Figure 12b). Each data point represents the average of duplicate determinations.
Each figure represents the results of one experiment.
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stimulation with 30 % FBS, since pre-incubation increased the potency of these drugs in

vitro (refer to Figure 12b). However, neither indomethacin nor sulindac sulfide was
observed to significantly inhibit PLD activity in whole HT-29 cells at concentrations near
their reported anti-proliferative ICsot of 66 |iM and 64 |iM, respectively (Figure 13). In
feet, at higher, more toxic concentrations 0-e., 200 pM) sulindac sulfide actually
increased PC-PLD activity. However, 200 nM of sulindac sulfide is more than three
times the anti-proliferative ICso for this drug. Therefore, the apparent stimulation of PLD
at this higher concentration may have been an indirect protective response by the cells to
the overwhelming toxic insult.

Indomethacin Does Not Inhibit PI-PLC Activity
Phosphatidylinositol-specific phospholipase C (PI-PLC) is involved in the initial
production of DAG which lasts approximately two minutes after mitogenic stimulation
(Liscovitch et ai, 1992). Therefore, the ability of NSAID drugs to inhibit PI-PLC
activity was also tested as a potential mechanism for decreasing DAG levels in
mitogenically stimulated cells. Swiss-3T3 fibroblasts were grown in the presence of [^H]
myo-inositol for 48 hours in DMEM media supplemented with 0.5% FBS. The
radiolabeled inositol was incorporated into cellular membranes as the phospholipid
phosphatidylinositol. During the last five hours of this radiolabeling process,
indomethacin was added at concentrations of either 50 ^iM or 100 ^iM (anti-proliferative
ICM = 66 ^M). Cells were then stimulated with 100 ng/ml PDGF for 15 minutes, and the
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Figure 13: Neither indomethacin nor sulindac sulfide inhibit Phospholipase D in HT-29
colon carcinoma cells. PLD activity was measured in a whole cell assay. Cells were preincubated with drug for five hours prior to stimulation with 30% FBS for 2 hours. Each
data point represents the average of quadruplicate determinations. Error bars represent
standard error. Results are representative of two separate experiments.
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formation of radiolabeled inositol triphosphate (indicative of PI-PLC activity) was
measured by HPLC assay. Results showed no significant inhibition of PI-PLC when
incubated with indomethacin (Figure 14).

NSAID-h4e<Uated Inhibition of NF-tS
NF-tcB has recently been shown to protect cells from the induction of apoptosis by
various stimuli (Liu et ai, 1996, Wang et ai, 1996, Van Antwerp et ai, 1996, Beg et

al, 1996). NF-KB activity has also been reported to be inhibited by the NSAIDs salicylic
acid and aspirin (Kopp et al., 1994, Pierce et al., 1996). We investigated the possibility
that NSAIDs sensitize cells to apoptosis via the inhibition of NF-KB by comparing the
potency of several NSAIDs as inhibitors of NF-KB with their corresponding potency as
anti-proliferative agents. Cells were treated with the NSAIDs ibuprofen, aspirin, and
indomethacin at concentrations which had been observed to induced a significant level of
apoptosis (refer to figure 6). Both aspirin and ibuprofen were used due to their ability to
induce apoptosis wdth little relative necrosis (Piazza et al., 1996) while indomethacin was
chosen due to its high anti-proliferative potency against HT-29 ceils (Hixson et al,
1994). Cells were treated with drug for 24 hours, and the effect on NF-KB activity was
quantitated using a DNA reporter construct specific for NF-KB activity. Transient
transfection of the reporter construct allowed quantification of NF-ICB activity by observing the relative production of chloramphenicol acetyltransferase (CAT) reporter
protein (see methods). CAT protein concentration was measured using an ELISA kit
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Figure 14; PDGF-stimulated PI-PLC activity in the presence of indomethacin.
Formation of radiolabeled inositol triphosphate in Swiss 3T3 fibroblasts as quantified by
HPLC. Each bar represents the average of three separate determinations. Error bars
represent standard error. Results represent one experiment.
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specific for CAT. Using this system, Ibuprofen was observed to slightly inhibit
constitutive NF-KB activity in HT-29 cells at a concentration of 1.25 mM, while neither
aspirin nor indomethacin had a significant inhibitory effect, even at concentrations of 7
mM and 1.25 mM, respectively (Figure 15). Several drugs were used in an attempt to
stimulate NF-KB activity in the HT-29 cells, including 25 ng/ml tumor necrosis factor a
(TNFa) for 24 hours, 100 nM phorbol myristate acetate (PMA) for 4 hours, 50 ^M
etoposide for 24 hours, and 1 fiM of recombinant human thioredoxin, (Trx) for 24
hours. However, none of these treatments induced a significant NF-KB response in the
HT-29 cells. Thus, the ability of the NSAIDs to inhibit stimulated NF-KB activity was
not performed using this system.

Summary of NSAIDs Results
A variety of NSAIDs induce apoptosis in HT-29 colon ceUs at concentrations which
approximate the chemopreventive potency of these drugs (Hixson et ai, 1994), which
suggests that apoptotic induction may be the primary chemopreventive mechanism of the
NSAIDs. The NSAID indomethacin decreases intracellular concentrations of
diacylglycerol (DAG) in both senmi-stimulated and TGFa-stimulated cells, and this may
contribute to the chemopreventive activity of this drug. However, the ability of
indomethacin to decrease stimulated intracellular DAG levels does not appear to derive
fi-om an ability to specifically inhibit either PLD or PI-PLC. Thus, the specific mechanism
by which this drug decreases DAG levels remains undetermined. In addition, inhibition of
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Figure 15: Inhibition of NF-KB activity by NSAIDs in HT-29 cells. Quantitation of
chloramphenicol acetyltransferase (CAT) production from an NF-KB reporter construct
using an ELISA specific for CAT protein. Each bar represents the average of triplicate
determinations form duplicate drug treatments (n=6). An asterisk indicates a significant
difiference from untreated cells by unpaired t-test with a p value <0.05. Results represent
one experiment.

91
NF-KB activity by NSAIDs is not likely to contribute to the chemopreventive mechanism

of these drugs.

Part 2: Thioredoxin-Mediated Regulation of NF-KB: A Potential Link to Both
Apoptosis and CeU Growth

Introduction

The redox protein thioredoxin (Trx) regulates NF-icB activity differently depending
upon the cell line examined (Hayashi et al., 1993, Schenk et ai, 1994, Meyer et al.,
1993). Since NF-KB is a regulator of sensitivity to apoptosis, we investigated the
regulation of NF-KB by Trx in an attempt to correlate any Trx-induced changes in NFKB activity with potential changes in the sensitivity of cells to apoptosis. For these
studies, HT-29 colon cells were used which stably overexpress either wildtype Trx
(wTrx) or a redox-inactive mutant of Trx (mTrx).

Creation and Characterization of Trx-Overexpressing HT-29 Clones

Stably transfected HT-29 colon carcinoma cell lines were created which
overexpressed either wTnc or mTrx. Twenty-four clones were screened by Northern blot
l^ridization analysis for overexpression of Tix mRNA. Selected clones showed
overexpression of Trx mRNA at 145-230% of normal expression levels (Figure 16).
These levels of Trx overexpression were comparable to those which have been achieved
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Figure 16: Northern blot analysis of HT-29 cells stably transfected with a mammalian
expression plasmid containing either a wildtype Trx (wTrx) or redox-inactive mutant Trx
(mTrx) cDNA insert. The transfected Trx DNA construct produced a larger transcript than
the endogenous Trx gene, which was absent from the mock-transfected HT-29/neo control.
Relative overexpression of Trx was calculated by determining (for each selected clone) the
ratio of transfected Trx transcript versus levels of endogenous Trx mRNA. Results of these
calculations are shown in the table above. Results are representative of two separate
experiments.
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in other established cell lines (Baker et al, 1997b, Gallegos et ai. 1996). Trx protein
overexpression was confirmed by immunostaining ceUs with a polyclonal antibody
specific for Trx, followed by imaging the cells using confocal microscopy (Figure 17).
Trx overexpression in each clone was assessed by measuring relative immuno>
fluorescence. The control sample was treated in identical manner to the other samples,
except that cells were incubated with pre-immune serum rather than Trx-specific
antibody. Very little background fluorescence was detected in this control, indicating
very little non-specific binding by the fluorochrome-conjugated

secondary antibody

(Figure 17).

Growth Characterization of HT-29 Cells OverexpressingEither mTrx or wTrx

Stable overexpression of wTrx has been shown to increase the rate of colony growth
in soft agar for MCF-7 breast carcinoma, and also to increase the growth of WEHI 7.2
T-cells as tumors in vivo (Gallegos et al., 1996, Baker et al, 1997b). Therefore, we
quantified the growth characteristics of the HT-29 cells overexpressing either mTrx or
wTrx versus a vector alone control (HT-29 neo) to see if Trx overexpression would
affect the growth of colon cells.
First, the growth of HT-29 cells overexpressing either wTrx or mTrx versus vector
alone control cells was quantified on plastic by plating 1 x lO' ceUs on 60mm petri dishes
and growing the cells in media supplemented with 10% FBS. Total cell number was
counted each day, for four days. No significant differences in growth rate on plastic were
observed for the Trx-overexpressing cells versus the vector alone control (Figure 18).
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Figure 17: Quantitation of Tnc protein overexpression by confocal microscopy in HT-29
cells overexpressing either wTrx or mTrx. Cells were immuno-stained with a polyclonal
antibody specific for Trx. Cross-sectional confocal images were obtained for each clone
through both the brightest visible plane (shown above) and also through the cell mid-plane
(a nuclear cross-section). Quantification of fluorescent intensity was performed using the
Image-Pro Plus program. The relative overexpression values in the table above represent
the combined average fluorescence values obtained from both sets of images. The control
was stained with pre-immune serum.
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Figure 18: Growth in vitro of HT-29 cells overexpressing either wildtype Trx (wTrx)
or a redox inactive mutant Trx (mTrx). Cells were plated at 3 xIO^ ceils per well in 12well plates. Cell number was quantified each day for four days using an automated cell
counter. Each data point represents the mean of triplicate determinations. Error bars
represent standard error. Results are representative of two separate experiments.
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We also quantified the ability of the wTrx and mTrx transfectants to form colonies in
soft agar to see if Trx overexpression altered the ability of the HT-29 cells to undergo
anchorage-independent growth. No significant diflferences in colony formation (size or
fi-equency) were observed when cells were grown in 10 % FBS (Figure 19). However, a
significant increase was observed in both the fi'equency and size of colonies formed by
clones overexpressing wTrx when cells were grown under reduced FBS concentrations
of 2 % and 5 % (Figure 20). Conversely, cells overexpressing mTrx formed significantly
fewer colonies than the vector alone control under reduced serum conditions, and these
colonies were smaller than the colonies formed by either vector alone cells or wTrx
overexpressing cells (Figure 20). These findings are similar to the growth effects
observed in Trx-overexpressing MCF-7 breast carcinoma cells, except that growth
differences in the MCF-7_cells were apparent even in 10% FBS.
The growth characteristics of cells overexpressing either wTrx or mTrx were also
assessed in vivo. 1x10* cells of each wTrx or mTrx-overexpressing clone were injected
sub-cutaneously into a rear flank of six severe combined immuno-deficiency (scid) mice,
and the growth of tumors was measured every 3-4 days for approximately three weeks.
No significant differences were observed in the growth rate of any of the Trxtransfectants versus vector alone control cells (Figure 21). However, in two separate
studies, the growth rate of the wTrx 7 clone approached sgnificance by t-test (p value =
0.07) as growing at a fiister rate than the vector alone control. Unfortunately, the growth
of the wTrx overexpressing tumors could not be assessed much further than three weeks
as the tumors formed by both wTrx clones appeared to d^rade prematurely (ie..
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Figure 19: Soft agar colony formation in the presence of 10% FBS. HT-29 cells stably
overexpressing either wTrx or mTrx were grown in 0.3% agar for seven days. Colony
number was quantitated on an automated colony counter. Each bar represents the
average of sbc separate determinations. Error bars represent standard error. An asterisk
indicates a significant difference fi'om untreated cells by unpaired t-test (p value < 0.05).
Results represent one experiment.
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Figure 20: Colony formation in soft agar by HT-29 cells overexpressing either mTrx or
wTrx Cells were grown at FBS concentrations of 1%. 2%, and 5% and colony growth
was visually assessed after ten days.
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Figure 21: Growth in vivo of HT-29 colon cells overexpressing either wTrx or mTrx.
Six scid mice were injected sub-cutaneously with 1 x lO' cells from each cell line and
timior volume was measured every 3-4 days for approximately three weeks. Each data
point represents the average tumor volume from six mice. Error bars represent standard
error. Results are representative of two separate experiments.
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breaking through the skin and producing exudate) relative to the other groups in two
separate experiments, necessitating sacrifice of these animals earlier than expected due to
an inability to accurately measure tumor size. Normally, HT-29 tumors grow in vivo to
an approximate volume of 1.5-1.75 cm' before sacrifice is necessary, yet the wTrxoverexpressing HT-29 tumors consistently began to degrade at approximately 1 cm' (or
less) in volume. This increased rate of tumor degradation may result from the increased
sensitivity of wTrx-overexpressing clones to constitutive apoptosis (described below).
Cells in the center of solid tumors are exposed to extreme stresses including hypoxia and
lack of nutrients due to poor blood supply (Kinzler el ai, 1996). Thus, an increased
sensitivity of wTrx-overexpressing clones to apoptosis may have allowed cells in the
centers of these tumors to die more rapidly, resulting in susceptibility to premature
degredation and lysis.
Lastly, cell-cycle analysis was performed to assess whether overexpressing either
mTrx or wTrx in HT-29 cells affected the percentage of cells undergoing proliferation at
any given time (Figure 22). Cells were plated on 60 mm diameter tissue culture dishes
and grown for three days in media supplemented with either 5% or 10% FBS. Flow
cytometry of 10,000 cells was performed. The results showed no agnificant change in
proliferation due to overexpression of either wTrx or mTrx when compared to the vector
alone control (Figure 22). These results correlate with the results obtained for the
growth of these clones in vitro, where no significant difference in growth was observed.
Unfortunately, it was not feasible to perform cell-cycle analysis on ceils grown in soft
agar, where an increased growth rate was observed in wTrx-overexpressing cells.
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Figure 22: Cell-cycle analysis of HT-29 cells overexpressing either wTrx or mTrx. Cells
were grown on plastic for three days in media containing either 10% FBS (Figure 22A)
or 5% FBS (Figure 22B). Ceils were then stained overnight in Krishan bufifer (containing
propidium iodide) prior to cell-cycle analysis by flow cytometry. Each bar represents the
average of triplicate cell samples taken from separate plates. Error bars represent
standard error. Results represent one experiment for each FBS concentration.
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Trx Regulates NF-KB Activity in HT-29 Cells

Trx has been shown to regulate NF-KB activity in several cell lines, and NF-KB has
been shown to protect cells from apoptosis. The constitutive level of NF-KB activity was
assessed in HT-29 cells overexpressing either mTrx or wTrx. In order to quantify NF-KB
activity, mTrx or wTrx-overexpressing clones were transiently transfected with either the
reporter construct pNF-KB-CAT, or the negative control plasmid pBL-CAT. This
reporter construct contains dual NF-KB response elements upstream from a gene coding
for CAT protein. Upon transient transfection of the reporter construct total CAT protein
expression corresponds to relative NF-KB activity, and was measured using a CAT
protein-specific ELISA kit. In HT-29 cells overexpressing wTrx, constitutive NF-KB
activity was reduced to 58% and 19%, respectively, as compared to the vector alone
control. In cells overexpressing mTrx, NF-KB activity was constitutively increased to
331% .'md 221%, respectively, as compared to the vector alone control (Figure 23).

Trx Overe^qjression Alters Sensitivity to Constitutive Apoptosis

Stable overexpression of Trx in WEHI 7.2 cells has recently been reported to
increase the resistance these cells to apoptosis induced by a variety of agents (Baker et
al., 1997b). We investigated whether overexpression of either mTrx or wTrx affected

the constitutive rate of apoptosis in HT-29 cells. To assess (^ptosis, we initially utilized
an ELISA specific for histone-associated DNA fragments. In contrast to previous
findings for Trx overexpression in WEHI 7.2 cells (Baker et cd., 1997b), the
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Figure 23: Constitutive NF-KB activity in HT-29 cells stably overexpressing either wTrx
or mTrx. Chloramphenicol acetyltransferase (CAT) production from an NF-KB reporter
construct as quantified by an ELISA specific for CAT protein. Each bar represents
duplicate determinations from triplicate plates (n=6). Error bars represent standard error.
An asterisk indicates a significant difiference from vector alone control by t-test with a p
value < 0.05. Results are representative of five separate experiments.
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overexpression of wTrx in HT-29 ceUs was observed to increase the constitutive level of
apoptosis in four separate ELIS A experiments, as compared to either vector alone
control or mTrx overexpressing cells (Figure 24). The increased apoptotic sensitivity of
the wTrx S clone was also confirmed by microscopic analysis of apoptotic morphology
(Figure 25). Cells fi'om each clone were visually examined at 1000 X magnification and
scored as having either normal (viable) or apoptotic morphology. For each cell line, four
counts were performed of approximately 2S0 cells each.. Although a smaller significant
increase in constitutive apoptosis had been detected four times in the wTrx 7 clone using
the apoptosis ELISA, this increase was not confirmed by either flow cytometry of 7amino actinomycin D>stained cells or by microscopic assessment of morphology.
However, these two methods are not likely to be as sensitive at quantitating the small
differences in constitutive apoptotic sensitivity which we consistently observed using the
apoptosis ELISA.

Trx Overexpression Alters Sensitivity to Drug-Induced Apoptosis
The effect of Trx overexpression on the sensitivity of cells to drug-induced apoptosis
was also assessed. Preliminary dose-response experiments were performed for both the
chemotherap^tic drug etoposide, and the cytokine TNFo, to determine a concentration
of each drug which would induce a less than maximal apoptotic response after 24 hours
of incubation (Figure 26). It was determined that lO^M etopoade and 2ng/ml TNFa for
24 hours were the optimal concentrations to use in subsequent experiments. Treatment
of cells with etoposide for 24 hours caused a significant increase in cell size and

105

HT-29
neo

HT-29 HT-29 HT-29
mTriT mTrx 10 wTrxS

HT-29
wTrx7

Figure 24: Constitutive levels of apoptosis in HT-29 cells overexpressing either wTrx or
mTrx as measured by apoptosis ELISA. Relative level of histone-associated DNA
fragments as determined by duplicate determinations from triplicate plates (n=6). Error
bars represent standard error. An asterisk indicates a significant difiference from vectoralone control by t-test with a p value <.02. Results are representative of four separate
experiments.
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Figure 25: Constitutive levels of apoptosis in HT-29 cells overexpressing either wTnc or
mTrx as measured by microscopic analysis of morphology. Cells were treated with drug
for 24 hours, then spun onto coverslips and stained. Cells were examined at 1000 X
magnification and scored as exhibiting either normal or apoptotic morphology. Each bar
represents the average of four separate determinations of approximately 250 cells each.
Error bars represent standard error. An asterisk indicates a significant difference fi'om
vector alone control by one-way ANOVA analysis (a < 0.05). Results represent the
average percent apoptosis fi'om two separate experiments.
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Figure 26; Dose-response curves for drug-induced apoptosis in HT-29 cells. Increasing
concentrations of either the apoptosis-inducing cytokine tumor necrosis factor a (TNFa)
(Figure 26A) or the chemotherapeutic drug etoposide (Figure 26B) were incubated with
HT-29 cells for 24 hours. Relative apoptosis was then measured using an ELISA which
detects histone-associated DNA fragments. Each data point represents the average of
either triplicate (Figure 26A) or duplicate (Figure 26B) determinations. Error bars (Figure
26A) represent standard error. Results represent one experiment for each stimulus.
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increased the percentage of cells which displayed the classic apoptotic morphology (e.g.
condensed chromatin, membrane blebbing, and cell shrinkage) (Figure 27).
In separate experiments, Trx overexpressing HT-29 cells were incubated with either
etoposide or TNFa for 24 hours, and the relative level of induced apoptosis in each
clone was quantified. Drug-induced apoptosis was measured as the amount of apoptosis
induced over and above the constitutive level of apoptosis measured for each cell line.
Since the wTrx-overexpressing clones had a higher level of constitutive apoptosis, more
baseline apoptosis was subtracted fi'om the total drug-induced apoptosis measured in
these wTrx-overexpressing clones. Even so, HT-29 cells overexpressing wTrx were
found to be more sensitive to apoptosis induced by 10

etoposide as compared to

vector alone control cells (Figure 28). These results were confirmed by flow cytometry
of 7-amino actinomycin D (7-AAD) stained cells (Figure 29). The results clearly show an
increased sensitivity of wTrx-overexpressing cells to etoposide-induced apoptosis. The
increased sensitivity of wTrx-overexpressing clones to etoposide-induced apoptosis was
also confirmed by microscopic assessment of apoptotic morphology (Figure 30). This
method also confirmed an increased sensitivity of the wTrx-overexpressing clones to
etoposide-induced apoptosis.
In order to assess whether the increased sensitivity of wTrx cells to etoposideinduced apoptosis could be related to a corresponding reduction in total cell number, an
etoposide-induced cytotoxicity assay was performed. Cells fi'om each Tixoverexpressing clone were plated at a density of 2 X 10^ cells per 60 mm plate, and
allowed to attach for twenty four hours. Cells were then either left untreated or treated
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Figure 27: Morphology of etoposide-induced apoptosis in HT-29 cells. Microscopic
examination (400 X) of untreated HT-29 cells (Figure 27A) reveals that only a small
percentage of these cells typically exhibit an apoptotic morphology (indicated by black
circles). Treatment of HT-29 cells with 10 |iM etoposide for 24 hours (Figure 27B) causes
significant enlargement of the cells, with an increased percentage of these cells exhibiting
apoptotic morphology.
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Figure 28: Apoptosis induced by etoposide in HT-29 cells overexpressing either wTrx
or mTrx as measured by ELISA. Cells were treated with IG^iM etoposide for 24 hours
prior to measurement of relative levels of histone-associated DNA fragments. Each bar
represents duplicate determinations of triplicate drug treatments (n=6). Error bars
represent standard error. A double asterisk indicates a highly significant difference from
vector alone control by unpaired t-test (p value < 0.01). Results are representative of
three separate experiments.
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Figure 29: Apoptosis induced by etoposide in HT-29 cells overexpressing either wTrx
or mTrx as measured by flow cytometry. Cells were treated with drug for 24 hours, then
stained with 7-amino-actinomycin D for 30 minutes prior to measurement of relative
apoptosis. Each bar represents the mean of the ratio (r2+r3)/rl calculated for triplicate
sample scattergrams. Error bars represent standard error. A single asterisk indicates a
significant difference from vector alone control by unpaired t-test with a p value < 0.05,
while a double asterisk represents a significant difference with a p value <0.01. Results
represent one experiment.
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Figure 30: Apoptosis induced by etoposide in HT-29 cells overexpressing either wTrx
or mTrx as measured by microscopic analysis of morphology. Cells were treated with
drug for 24 hours, then spun onto coverslips and stained. Each bar represents the
average of four separate determinations of approximately 250 cells each. Error bars
represent standard error. An asterisk indicates a significant difference fi'om vector alone
control by one-way ANOVA analysis (a < 0.05). Results represent the average percent
apoptosis fi-om two separate experiments.
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with 10

etoposide, and cell number was counted at both 24 and 48 hours of

incubation. Unexpectedly, no significant reduction in overall cell number was observed
for the wTrx-overexpressing cells versus the vector alone control (Figure 31).
Considering that the increased sensitivity of wTrx cells to etoposide-induced apoptosis
was confirmed by three separate methodologies, this result implies that the observed
increased sensitivity to apoptosis observed may not be large enough to result in an easily
observable change in overall cell number during etoposide treatment.
The relative sensitivity of the HT-29/Trx cells to apoptosis induced by tumor
necrosis factor a (TNFa) was also assessed (Figure 32). Apoptosis was induced by
treatment with 2 ng/ml TNFa for 24 hours, then measured by apoptosis ELISA. Once
again, drug-induced apoptosis was measured as the amount of apoptosis induced over
and above the constitutive level of apoptosis measured for each cell line. In contrast to
the results obtained using etoposide, no difference in sensitivity to TNFa-induced
apoptosis was observed among any of the Trx-overexpressing cells.

The Potential Link Between Trx-Mediated Inhibition of NF-KB Activity and Increases in
Apoptosis

Overexpression of wTrx in HT-29 cells was observed to inhibit NF-KB activity while
simultaneously increasing the sensitivity of these cells to both constitutive and etoposideinduced apoptosis. Since NF-KB protects cells fi-om apoptosis induced by a variety of
stimuli, we investigated whether a direct association existed between the Trx-mediated
inhibition of NF-KB and the increased apoptotic sensitivity of these cells. An expression
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Figure 31: Etoposide-induced cytotoxicity in HT-29 cells overexpressing either wTrx or
mTrx. Cells were plated at 2.5 X lO' cells per 60 mm plate and allowed to attach for 24
hours. An initial measurement of cell number was performed at time zero, followed by
treatment with 10

etoposide and measurement of total cell number at both 24 and 48

hours. Error bars represent standard error. Results represent one experiment.
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Figure 32: Apoptosis induced by TNFa in HT-29 cells stably overexpressing either
wTrx or mTrx by ELISA. CeUs were treated with 2 ng/ml TNFa for 24 hours prior to
measurement of relative histone-associated DNA fragments. Each bar represents the
average of duplicate determinations of triplicate drug treatments (n=6). A double asterisk
indicates a significant difference from vector alone control (for untreated cells) by
unpaired t-test (p value < 0.01). Results represent one experiment.
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plasmid was utilized which induces the constitutive expression of a dominant negative IicBa protein. This I-icBa mutant contains conservative serine to alanine mutations at
positions 32 and 36, which effectively prevented the specific serine phosphorylation of IKBa known to initiate its ubiquitination and subsequent degradation. The presence of a
non-degradable I-KBa protein effectively prevented the nuclear translocation and
activation of NF-KB.
The I-KBa expression plasmid and the NF-KB reporter construct were transiently
co-transfected into both vector alone control HT-29 cells and transfected clones which
overexpressed rnTrx, in order to inhibit the constitutive NF-KB activity present in these
cells. Relative apoptosis in these cells was then measured by apoptosis ELISA and
compared to the increased level of apoptosis observed in the wTrx-transfected cells
(where NF-KB activity is already constitutively inhibited by wTrx overexpression)
(Figure 33). A similar experiment was performed to examine whether mutant I-KBamediated suppression of the increased constitutive NF-KB activity present in mTrx
overexpressing clones would increase the sensitivity of these clones to etoposide-induced
apoptosis (Figure 33). In both of these experiments, an approximate 90% suppression of
constitutive NF-KB activity in both the vector alone and mTrx-overexpressing clones did
not increase the sensitivity of these clones to either constitutive or etoposide-induced
apoptosis, and their sensitivity to apoptosis remained less than that observed in the
wTrx-overexpressing cells.
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Figure 33: Inhibition of Trx-stimulated constitutive NF-KB activity does not increase the
sensitivity of HT-29 cells to either constitutive or etoposide-induced apoptosis. Both
mock-transfected and mTrx-overexpressing clones were transfected with an expression
vector for I-KBOM protein, resulting in a significant inhibition of constitutive NF-KB
activity (Figure 33a). Both constitutive and drug-induced apoptosis were then measured
by apoptosis ELISA (Figure 33b). Each bar represents the average of duplicate
determinations of triplicate plates (n=6). Error bars are standard error. A double asterisk

denotes a difference from control by unpaired t-test (p value < 0.01). Results represent
one experiment.
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Trx-mediated Increases in Apoptosis and Altered Expression of Either Bcl-2 or Bax

Bci-2 is a mitochondrial protein which protects cells from apoptosis (White ei al,
1996). Expression of the gene for Bcl-2 is known to be regulated by several transcription
Actors, including AP-1 (induced decrease), the estrogen receptor (induced increase), and
pS3 (induced decrease). (Miyashita et al., 1994) Bax is a member of the Bcl-2 protein
family which positively regulates apoptosis, and its expression is also regulated by
transcription factors, such as p53 (induced increase), (Oltvai et al., 1993, Miyashita et
al., 1995). To investigate whether Trx overexpression altered apoptotic sensitivity in

HT-29 cells by eitho* decreasing Bcl-2 expression or increasing Bax expression. Western
blots were performed for both Bcl-2 and Bax proteins in HT-29 colon (Figure 34) and
MCF-7 breast cells (Figure 35) overexpressing either wTrx or mTrx. Overexpression of
either wTrx or mTrx was not observed to significantly alter the expression level of either
Bcl-2 or Bax proteins in these cell lines.

Sub-cellular Localization of Trx in Both Primary Tumors and Established Cell Lines

Trx has been recently reported to localize to both the nucleus and cytoplasm of
WEHI 7.2 T lymphocytes (Baker et al., 1997b). Trx is also localized to both the nucleus
and cytoplasm of cells in a large percentage of primary tumors (Figure 36) (Grogan,
submitted). In contrast to these results, we observed that Trx localization in HT-29 cells
is restricted to the cytoplasm (Figure 36). This restriction of Trx to the cytoplasm of HT29 ceUs was also confirmed by performing a Western blot for Trx on isolated nuclei fi'om
vector alone HT-29 cells (HT-29neo) and one clone which overexpressed either mTrx or
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Figure 34; Western Blot analysis of Bax and BCL-2 protein expression in HT-29 cells
overexpressing either wTrx or mTrx. Blots were probed with antibodies specific for
either BCL-2 protein (Figure 34a) or Bax protein (Figure 34b). Results represent one
experiment for each protein.
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Figure 35; Western Blot analysis of BCL-2 and Bax protein expression in MCF-7 cells
overexpressing either wTrx or mTrx. Blots were probed with antibodies specific for
either BCL-2 protein (Figure 35a) or Bax protein (Figure 35b). Results represent one
experiment for each protein.
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Figure 36 (following page): Localization of Trx in both primary tumors and established
cell lines. Trx expression in a cross section of primary gastric carcinoma (Figure 36A and
B) was assessed by inmiunostaining with: 1) a polyclonal Trx-specific Ab, 2) a biotinlinked secondary Ab, and finally, 3) an avidin-linked peroxidase. Trx overexpression is
clearly indicated (dark brown staining) in gastric tumor tissue (Figure 36A, point 1), but
is not associated with adjacent normal tissue (Figure 36A, point 2) (Grogan et ai,
submitted). A higher magnification of this same gastric carcinoma (Figure 36B) shown
Trx localization to both the nuclei and cytoplasm of tumor cells (dark brown staining),
but no Trx expression in adjacent normal tissue (Grogan et cd., submitted). Figures 36C
and D show immuno-fluorescent staining of Trx as viewed by confocal microscopy. Trx
was immunostained with Cy5 fluorochrome and appears red, while DNA was
immunostained with YOYO-1 fluorochrome and appears green. WEHI 7.2 mouse
thymocytes (Figure 36C) show localization of Trx in both the cytoplasm (immunostained
red) and nucleus (nuclear Trx appears yellow due to overlap with green inmumostaining
of DNA) of these cells (Baker et ai, 1997). However, our results show that in HT-29
cells (Figure 36D) Trx is localized only to the cytoplasm.
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wTrx (Figure 37). As a control to assure the purity of nuclear fractions, the exclusively
cytosolic biotin-dependent carboxylases (78-80 kD) were detected by cutting the blot in
half and incubating the upper half with avidin-Iinked horseradish peroxidase (Figure 37).
In addition to detecting Trx protein, a cross-reacting protein was detected by the Trx
antibody exdusively in the nuclear fractions of clones ova-expressing either wTrx or
mTrx (Figure 37). This protein had an apparent molecular weight of IS.5 kD, which is
ngnificantly different from the previously identified 18.2 kD Trx2 protein or the 48 kD
nucleoredoxin (Spyrou et al., 1997, Kurooka et aL, 1997). The significance of this
cross-reacting protein may be assessed once monodonal antibodies specific for Trx are
available.

Directed Nuclear Localization of Trx
We hypothesized that the exclusion of Trx from the nucleus may alter the effects of
Trx on both growth and sensitivity to apoptosis. To investigate this hypothesis, a hybrid
Trx cDNA was created ^^ch expresses wTrx, along with a nuclear localization signal
sequence attached to the caiboxyl-terminus of the protein (P. Gasdaska, personal
communication). This cDNA has been stably overeq>ressed in several cdl lines,
including NIH-3T3 fibroblasts. Preliminary results indicate that stable overe>q)resaon of
this nuclear-localized Trx in NIH-3T3 cdls confers a transformed phenotype,
dramatically increasing both the growth rate and the formation of tumor fod when
grown on plastic (A. Gall^os, personal communication). Tumor fbd fiarmation is an
indicator of transformatioa that is not normally observed in NIH-3T3 fibroblasts.
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Figure 37: Western analysis of intracellular Trx localization in HT-29 colon carcinoma
cells. Both nuclear and cytosolic fractions were isolated from both mock-transfected
HT-29 cells and lines overexpressing either mTrx or wTrx. Fifty fig of protein from each
fraction was electrophoresed in adjacent lanes. Detection of Trx protein (12 kD) was
performed using a polyclonal antibody to Trx. As a control to assure the purity of the
nuclear fractions, the presence of the cytosolic biotin-dependent carboxylases (78-80 kD)
was detected by incubating the upper half of the blot with avidin-linked horseradish
peroxidase.
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Summary of Results For Trx Regulation of Both NF-KB and Apoptosis

The results presented here indicate that overexpression of Trx in HT-29 colon
carcinoma cells affects both NF-KB activity and the sensitivity of HT-29 cells to both
constitutive and drug-induced apoptosis. The results of this work are summarized in the
table below, along with results showing what is currently known about how Trx affects
both apoptosis and NF-KB activity in both MCF-7 breast cells and WEHI 7.2 T
lymphocytes.

WEHI 7.2 1 MCF-7 | irr-29
CeO Growth
• plastic
• colony formation
• OT vm> tumor
Apoptosis
• constitutive
• drug-induced
NF-KB Activity
• constitutive
activity
Thioredoxin
• nuclear
localization

WEHI 7.2 1 MCF-7 |~Ifr-29

+
++
NE

NE

NE

NE

-H-

—

—

NE

—

NE

—

NE
NE

+
+

NE
NE

NE
NE

+

+

—

—

+

++
—

+

—

—

Legend: NE = no efifecL + = increase. ++ = large increase. - = decrease. — = larpe decreaae

Table 1: Stable overexpression of other wTix or mTrx produces cell Iine-dq)endent
eflfects on cdl growth, apoptosis and constitutive NF-KB activity. WEHI 7.2 results
taken from Baker et aL, (1996) and also Dr. Alex Freemennan, (personal
communication). Some MCF-7 results were reported in Gall^os et aL, (1996).
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Several into'esting comparisons and contrasts are apparent in the above data. First,
we can see that overexpression of wTrx induces colony formation in soft agar for HT-29
colon cells, which correlates with results obtained using MCF-7 breast ceUs (Gallegos et
aJ., 1996). Differences in colony formation were observed in both of these cell types for
clones overe)q)ressing either wTix or mTrx, although growth differences were only
apparent in HT-29 cells when grown imder reduced senmi conditions. However, Trx
stimulates constitutive NF-icB activity in MCF-7 cells ^«^e inhibiting NF-KB in HT-29
cells. This is interesting, considering that NF-KB has been shown to both increase growth
and protect cells from apoptosis.
The table also reveals dramatic differences in the ability of Trx to r^;ulate NF-KB
activity in different cell lines. Trx overexpression constitutively stimulates NF-KB activity
in WEHI 7.2 T lymphocytes (Dr. A.J. Freemerman, ur^ublished results^ and Trx is
localized to both the nucleus and cytoplasm of this cell line (Baker et al, 1997b).
However, the results presented here show that wTrx overexpression in HT-29 colon
cells constitutively inhibits NF-KB, and Trx is localized to only to the cytoplasm of these
cells.
Lastly, we see that stably overexpressed wTrx in WEHI 7.2 T-lymphocytes protects
cells from apoptosis induced by several different agmts (Baker et aL, 1997b). In
contrast, results presented here show that wTrx overexpressicm in HT-29 cdls results in
an increased sensitivity of these cdls to both constitutive and induced apopto^. The
directed localization of Trx to the nucleus of NIH-3T3 cells has been found to confer a
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transformed phenotype on these cells, suggesting that cell line-dependent localization of
Trx may be largdy responsible for the differences in both growth and apoptosis observed
in Trx-overe3q)ressing cell lines.

128

CHAPTER 4
DISCUSSION

Part 1: An Investigation into the Chemopreventive Mechanism of the iNSAFDs

Part 1 A: Analysis of Results
NSAID-Induced Apoptosis as a Potential Chemopreventive Mechanism
The initial investigation tested the hypothesis that a primary chemopreventive
mechanism of the NSAIDs on colon carcinoma cells is the induction of apoptosis. The
NSAIDs sulindac sulfide, ibuprofen, aspirin, salicylic acid, and indomethacin were
observed to induce apoptosis in HT-29 colon carcinoma cells at concentrations which
approximate their respective ICso concentrations as c>'tostatic anti-proliferative agents
(Figure 6) (Hixson et al.. 1994). Similar results have been recently reported for the
sulfide and sulfone metabolites of sulindac (Piazza et al.. 1995). These two drugs were
also reported to inhibit the cell cycle, but only under specific circumstances, and they did
not appear to induce differentiation. Other recent work has suggested that certain
NSAIDs may inhibit progression through the cell-cycle by reducing the levels of the celldivision kinases p34cdc2 and p33cdk2, although the data suggest that any inhibition
observed is minimal (Shiff et ai, 1996). It was also reported that the NSAIDs
indomethacin, naproxen, and piroxicam also induce apoptosis, but not aspirin. In
contrast, we found that aspirin does indeed induce apoptosis at concentrations of several
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mM, with little concurrent necrosis. This concentration of aspirin, although high, is likely
to be pharmacologically relevant. Aspirin serum concentrations of 1-2 mM are required
for an anti-inflammatory effect and, thus, effective concentrations of aspirin may be even
higher in the gastrointestinal tract (^ainsford et ai. 1984). Another recent report tested
the ability of several drugs with chemopreventive properties, including sulindac, to
prevent azoxymethane-induced colon cancer in rats. This study found that the increase in
apoptotic index produced by chronic administration of these drugs correlated well with
their potency and chemopreventive agents (Samaha et al., 1997) Therefore, it appears
that induction of apoptosis may be the primary mechanism by which the NSAIDs act as
chemopreventive agents.

Decreased Intracellular DAG Levels as a Potential Anti-proliferative Mechanism
We investigated the mechanisms by which the NSAID drugs may act intracellularly to
induce apoptosis. As previously mentioned, cell signaling via the DAG pathway
stimulates the "conventional" (PKCc) and "new" (PKCn) subfamilies of PKC.
Overstimulation of the PKCc and PKCn subfamilies may sometimes result in apoptosis.
but usually, stimulation of these enzymes with DAG seems to protect cells from
apoptosis (Haimovitz-Friedman e/a/., 1994, Jarvis

a/., 1994a, Jarvis e/a/., 1994b).

Alternatively, down-regulation of PKC due to prolonged exposure to phorbol ester
abrogates this protection from apoptosis (Jarvis et ai, 1994c)
Treatment of U937 pro-monocytes with aspirin has been reported to cause a decrease
in diacylglycerol (DAG) levels in mitogenically stimulated promonocytes (Bomlaski et
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al.. 1986). We investigated this observation fijrther by examining the ability of NSAIDs
to reduce stimulated intracellular DAG concentrations in HT-29 colon carcinoma cells.
The NSAIDs indomethacin and sulindac sulfide were used for this work for two reasons
First, a large panel of NSAIDs have been tested for their relative anti-proliferative
potency against HT-29 colon carcinoma cells (Hixson ei al., 1994). Sulindac sulfide and
indomethacin were reported to be the most potent anti-proliferative drugs of this group.
In addition, our preliminary apoptosis experiments demonstrated the ability of both of
these drugs to induce apoptosis in HT-29 cells.
In studies which examined the ability of NSAIDs to decrease stimulated intracellular
DAG levels, cellular stimulation was achieved with either fetal bovine serum (FBS) or
tumor growth factor a (TGFa) (Figure 9) FBS-mediated stimulation of DAG levels is
the result of cumulative signals from various growth factors present in the serum. This
stimulation activates both PI-PLC and PLD, and multiple stimulatory pathways are likely
to be involved. The mechanism by which TGFa stimulates DAG levels via the activation
of both PI-PLC and PLD is more clearly defined. TGFa binds to and activates the
epidermal growth factor receptor, which is a tyrosine kinase. Activation of this receptor
results in recruitment and activation of PI-PLCy, resulting in DAG production via
cleavage of phosphatidylinositol (reviewed by Natarajan et al., 1996) This DAG
stimulates activation of the conventional and new subfamilies of PKC, which in turn
stimulate PLD via the Arf family of G-proteins (Houle et al., 1996). PLD then
characteristically produces a long-lasting peak of DAG (derived from the cleavage of
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phosphatidylcholine) which may positively feedback on PKC to continue the activation of
PLD (Billah et ai, 1993). At the time points used in our DAG studies (120 minutes for
FBS stimulation and 75 minutes for TGFa stimulation), the major contributor to the
pool of DAG in stimulated cells was likely to be PLD (Nishizuka et ai, 1995, Exton et
al., 1997). Indomethacin was observed to decrease DAG levels (in a dose-dependent
manner) which were increased in response to cellular stimulation with either FBS or
TGFa. It appeared that the ability of indomethacin to decrease DAG levels extended only
to the increased intracellular DAG concentrations which followed cellular stimulation.
The portion of the DAG pool which was present in unstimulated cells did not appear to
be affected by indomethacin, which suggests that the constitutive production of DAG in
unstimulated cells derives from an indomethacin-insensitive pathway. Thus, constitutively
production of DAG and stimulation-induced production of DAG may derive from
separate pathways.
It is interesting to note that the NSAJD metabolite suiindac sulfide did not
significantly decrease DAG levels in HT-29 cells. Thus, we see that while both aspirin
and indomethacin have the ability to decrease stimulated DAG levels, this ability is not a
universal property of all NSAJDs.

NSAID-Mediated Inhibition of PLD as a Potential Anti-proliferative Mechanism
Since we observed the ability of indomethacin to decrease stimulated DAG levels at
time-points which would suggest the primary involvement of PLD in DAG production,
an in vitro assay was developed to examine the ability of the NSAIDs to inhibit PLD
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activity. Several NSAIDs were found to inhibit PLD activity in vitro (Figure 12a), and
the potency of this inhibition was enhanced significantly by pre-incubation of the partially
purified PLD enzyme with drug (Figure 12b). It is unknown why pre-incubation
increased the potency of inhibition. However, we can speculate that during pre
incubation, NSAIDs may have associated more stably with the partially purified PLD
enzyme. During pre-incubation, the enzyme was suspended in a low concentration of a
mild detergent (Triton X-100). Addition of the Tris-maleate liposomes may have altered
access to those portions of the PLD enzyme which normally become inserted into the
lipid bi-layer. Thus, during the pre-incubation period, the relatively hydrophilic NSAID
may have had access to bind to regions of the PLD enzyme (perhaps even the active site)
which would otherwise become inserted into the lipid bi-layer immediately following
addition of the liposomes containing substrate. Alternatively, the NSAIDs may have
gained exclusive access to the active site of PLD during pre-incubation, allowing it to
more stably associate with this region of the enzyme without having to first compete for
binding by displacing phospholipid substrate Further characterization of this inhibition
will require the elucidation of a three-dimensional structural model for human PLD
enzyme(s). The recent cloning of a gene encoding a human PLD enzyme identified as
PLDl, should facilitate this process. (Hammond el al., 1995)

NSAIDs Do Not Inhibit PLD in HT-29 Colon Carcinoma Cells
The two NSAIDs with the highest reported anti-proliferative potency against HT-29
cells were used to determine if the ability of NSAIDs to inhibit PLD activity would

extend to a whole cell model (Figure 13). However, neither indomethacin or sulindac
sulfide were found to inhibit PLD activity in HT-29 cells at concentrations which were as
much as twice their reported anti-proliferative

IC50

concentrations of 66 jxM and 64

respectively. A variety of effects could potentially explain this lack of inhibition. We can
speculate, for example, that the loss of a key regulatory protein (such as the ARP Gprotein ) during the purification process may have improved the ability of NSAIDs to
associate with PLD in vitro, and thereby inhibit the enzyme in a manner which would
otherwise not be possible. Alternatively, the presence of low amounts of detergent in the

in vitro assay mix may have allowed the NSAIDs to associate with PLD in a manner not
possible under physiological conditions Finally, in the whole cell assay these drugs were
first required to enter the cell before gaining access to the PLD enzyme. It is possible that
restricted uptake of these drugs may have resulted in a reduced concentration of drug
available to inhibit PLD.

NSAID-Mediated PI-PLC Inhibition as a Potential Anti-proliferative Mechanism
Since PLD activity was not inhibited in whole cells by two NSAIDs with potent
anti-proliferative

IC50 concentrations,

the next logical step in attempting to explain how

indomethacin decreases DAG levels was to investigate the ability of indomethacin to
inhibit PI-PLC activity. Swiss-3T3 cells were utilized for this assay because: 1) a
significant induction of PI-PLC activity could not be achieved in HT-29 cells using a
variety of potential agonists (including FBS, vasopressin, bombesin, and EOF) and, 2) an
assay for PI-PLC activity had already been established in our laboratory utilizing PDGF-
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stimulated Swiss-3T3 cells. No significant inhibition of PI-PLC was observed in these
fibroblasts due to indomethacin treatment. However, recent work has shown that
azoxymethane-induced colon tumors in rats exhibited increased levels of PI-PLC (as
compared to normal tissue) and that chronic treatment of rats with the NSAID inhibited
this PI-PLC activity by 32-51% (Rao et ai. 1995). Thus, part of the ability of
indomethacin to decrease DAG levels may be due to a tissue-specific inhibition of PIPLC that was not observable in the Swiss-3T3 fibroblasts. Alternatively, the isoform of
PI-PLC which is selectively activated by PDGF stimulation (PI-PLCy) in the Swiss-3T3
cells may not be inhibited by NSAIDs, while other forms (PI-PLCP and PI-PLC5) may be
sensitive to inhibition, but were not tested in our experiments

NSAID-MediatedInhibition of NF-KB as a Potential Anti-proliferative Mechanism
We observed that ibuprofen inhibited constitutive NF-tcB activity in HT-29 cells by
approximately 50®/o at a concentration of 1.25 mM. However, this concentration is more
than twice the anti-proliferative ICjo of 520|j.M reported for ibuprofen in the HT-29 cell
line (Hixson et ai, 1994). In addition, no inhibition of NP-KB was observed for aspirin,
even at a dosage of 7 mM. This concentration is more than four times the reported anti
proliferative ICso of 1867 | J M for aspirin in HT-29 cells (Hixon et al., 1994).
The NSAIDs sodium salicylate and aspirin have both been previously shown to
indirectly inhibit activation of the transcription factor NF-KB measured using a reporter
construct (Kopp et ai, 1994). These drugs appear to inhibit the specific phosphorylation
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of the protein I-icB (an NP-KB inhibitory protein) by an unknown mechanism (Pierce ei

al., 1996). This inhibition prevents the targeted proteolysis of I-KB, which in turn
prevents the translocation of NF-KB to the nucleus to regulate transcription However,
Kopp et aL, (1994) reported a lack of NF-KB inhibition by indomethacin in Jurkat T cells.
The results presented here confirm these results in HT-29 cells.
It is possible that the NSAJDs may inhibit 1-icB phosphorylation via an anti-oxidant
mechanism. An oxidative signal appears to mediate the stimulation of NF-KB activity by
many compounds (Figure 1) (Miyamoto etal., 1995). Constitutive activation of
cyclooxygenases contributes to increases in intracellular oxidative stress as a byproduct
of their enzymatic activity. Thus, NS AID-mediated inhibition of cyclooxygenases may
lead to a more reduced intracellular environment This, in turn, may inhibit the production
of an oxidative signal sufficient to induce both I-icB phosphorylation and subsequent
activation of NF-KB.
This hypothesis, however, is not supported by the fact that indomethacin does not
inhibit NF-KB activity, even though it is a potent inhibitor of cyclooxygenases (Hixson et

al., 1994). This suggests that another anti-oxidant mechanism must exist that is distinct
from cyclooxygenase inhibition. It has been proposed that salicylates may act directly as
free radical scavengers at high concentrations by inactivating hydroxyl anions (Sagone ei

aL, 1994). Although the results presented here did not observe any significant inhibition
of constitutive NF-KB activity using high concentrations of the salicylate aspirin, another
study found a dose-dependent inhibition of PMA-stimulated NF-KB activity by both
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salicylic acid and aspirin (Kopp el al., 1994). Thus, a direct anti-oxidant activity seems to
be the most likely mechanism by which certain NSAJDs (especially the salicylates) inhibit
NF-KB.
Although the activation of constitutive NF-KB activity may not require an oxidative
signal (Frankenberger et al, 1994) the inability of the NSAIDs tested to inhibit NF-KB
activity at concentrations approaching their chemopreventive potency suggests that
inhibition of NF-KB is not a mechanism by which the NSAID drugs increase rates of
apoptosis in HT-29 cells.

Part IB: Conclusions/ Future Directions for Investigating the Chemopreventive
Mechanism of the NSAIDs:
The results presented here suggest that the primary chemopreventive mechanism of
the NSAID drugs may reside in their ability to induce apoptosis. Our studies also suggest
that the chemopreventive effects of cenain NS.AJDs (such as aspirin and indomethacin)
may be, at least in part, due to an ability to decrease stimulated DAG levels However,
the inability of the potent anti-proliferative drug sulindac sulfide to decrease stimulated
DAG levels suggests that this is not likely to be a major chemopreventive mechanism of
the NSAIDs. Although both PI-PLC and PLD were tested as potential inhibitory targets,
the specific mechanism by which indomethacin decreases both FBS and TGFa-stimulated
DAG levels remains unknown. However, the complexity of lipid signaling suggests that
many enzymes remain uncharacterized which could be potential inhibitory targets for

indomethacin. For example, it lias been suggested that a phosphatidylchoiine-specific
PLC (PC-PLC) enzyme may play a role in stimulated DAG productiun (refer to figure 3)
Although PC-PLC enzyme activity has been partially purified from mammalian tissues
(Wolf et ai, 1985, Sheikhnejad et al., 1986), the significance of a PC-PLC enzyme in
lipid signaling or growth stimulation remains unclear. Certainly, a better understanding of
this area would facilitate the investigation into the specific cellular target(s) affected by
indomethacin.
The results presented here also indicate that NSAJD-mediated inhibition of the
transcription factor NF -icB (thereby sensitizing cells to apoptosis) is not the primary
chemopreventive mechanism of the NSAIDs. However, it is noted that our studies
focused on the inhibition of constitutive NF-KB activity, as a suitable stimulator of NF-

KB activity in this system could not be found.

Part 2: The Regulation of NF-KB, Apoptosis, and Cell Growth by Trx.

Introduction
The mechanism(s) by which Trx regulates both cell growth and sensitivity to
apoptosis appear to be complex, and are not completely characterized. To date, Trx has
been found to have multiple activities, including effects; 1) as a redox-regulator of
transcription factors, including NF-KB , 2) as a redox-regulator of intracellular enzymes,
3) as an autocrine growth factor, and 4) as an anti-oxidant It seems likely that Trx may
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act simultaneously via many, or all of these pathways to regulate both cell growth and
apoptosis.
The present discussion will examine each of the known activities of Trx as a potential
mechanism for the observed effects of Trx overexpression in the HT-29 system.
Especially important to this discussion will be the possible implications of cell-line
dependent changes in Trx localization (Figure 36), and how this may affect the ability of
Trx to redox-regulate transcription factors. The accumulated data for Trx obtained fi-om
the study of both established cell lines and primary tumors suggests that Trx is an integral
regulator of both growth and apoptosis, which may itself be differentially regulated in
undifferentiated versus differentiated cells.

Part 2A: Procedural Considerations/ Analysis of the System Utilized
In order to properly interpret the effects of Trx overexpression in HT-29 cells, it is
important to consider both the methodology used to quantify' the level of Trx
overexpression, and the effects which this overexpression may have on the redox-state of
the intracellular Trx pool

Quantifying Overexpression of Trx
Overexpression of Trx mRNA in HT-29 clones was assessed by Northern blot and
found to range from 145% to 230% of normal expression levels (Figure 16). These levels
are comparable to those which have been obtained in other systems (Baker et al., 1997b,
Gallegos et al., 1996, Berggren et al., 1996, Nakamura et al., 1992). Isolated clones
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which overexpress the redox-inactive mTrx have a higher average level of Trx
overexpression than clones which overexpress wTrx (K Sherrill and A Gallegos,
unpublished observations). This implies that an overexpression of wTrx which is greater
than approximately twice normal levels may be toxic to cells, thereby preventing the
isolation of clones with higher Trx levels.
Overexpression of Trx protein in isolated HT-29 clones was assessed by confocal
microscopy (Figure 17). This technique has also been used to assess the stable
overexpression of Trx in WEHI 7 2 mouse thymocvies (Baker e/ uL, 1997b) The
relatively small increase in Trx expression observed in cells stably overexpressing Trx
(approximately two-fold) is hard to measure accurately using Western blotting
methodology. Thus, using confocal microscopy to quantitate immuno-fluorescently
stained Trx provides a more sensitive and accurate means of measuring Trx protein
overexpression in this system

The Poter.tial Altered Redox-State of the Trx Pool in Trx-overexpressing Cells
When considering the results obtained in a system where intracellular expression of
Trx protein is artificially augmented, it must be remembered that TR levels remain
constant. Many primary colorectal tumors have been found to express increased levels of
both Trx and TR mRNA, although Trx mRNA was increased to a larger extent (3- to
100-fold) than TR mRNA (2-fold) (Berggren et ai. 1996). It is not known if increasing
intracellular Trx levels without simultaneously increasing TR levels results in an overall
change in the redox-state of the Trx pool. Although TR is the rate-limiting enzyme in the
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reduction of Trx (Navarro et ai, 1991), the transfer of electrons from TR to Trx is very
rapid reaction (Navarro et ai, 1991). Thus, moderate increases in intracellular Trx due to
stable overexpression may not significantly alter the overall percentage of reduced
intracellular Trx.

Part 2B: Analysis of Trx-Mediated Effects:

Trx as a Redox-Regiilator of Transcription Factors
The effects of Trx on transcription appear to be complex and differ dramatically
between cell lines. The results presented here suggest that the ability of Trx to redoxregulate transcription may be altered by differentiation-induced changes in Trx
localization. These findings may help to interpret how Trx overexpression produces quite
different effects on both growth and apoptosis in different cell lines For example, the
effects of Trx overexpression in the HT-29 system are quite different to those which have
been observed after Trx overexpression in VVEHI 7 2 thymocyte cells. Trx
overexpression in HT-29 cells causes only a modest increase in anchorage-independent
growth in vitro, while significantly increasing the sensitivity of HT-29 cells to both
constitutive and drug-induced apoptosis. Conversely, Trx overexpression in WEHI 7 2
cells is associated with dramatic increases in both cellular proliferation in vivo and
resistance to apoptosis (Baker et ai, 1997b). These differing results may be at least partly
explained by differences in Trx localization in these two cell lines. Trx is localized to both
the cytoplasm and nucleus of WEHI 7.2 cells, whereas HT-29 cells restrict the
localization of Trx to the cytoplasm (Figure 36). As will be discussed in greater detail
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below, this cell-line dependent difference in Trx localization may significantly alter the
effects of Trx on transcription factors, thereby altering both growth and sensitivity to
apoptosis. First, however, it is important to consider how the subcellular localization of
Trx changes during the process of cell differentiation in the gastrointestinal tract, and the
potential physiological significance of this phenomenon.

Expression of Trx Changes During GI Tract Differentiation
The mucosal lining of both the stomach and intestines undergoes a constant renewal
process, whereby most of the epithelial cells are replaced every 6-7 days (Carethers.
1996). This renewal process involves the constant proliferation of stem cells at the base
of tissue involutions known as crypts. Cell proliferation is associated with the lower 5060% of the crypts, while the upper portion is associated with quiescence and terminal
differentiation (Scheppach et al., 1995). A complete cycle of epithelial renewal involves
the production of new, de-differentiated cells at the base of the cr> pi These cells then
migrate up the crypt, where they stop proliferating and become progressively more
differentiated. Finally, as they reach the top of the crypt, they undergo apoptosis and are
released into the intestinal lumen.
The expression of Trx changes during the course of differentiation in gastric mucosa
(Grogan et al., submitted). Immuno-localization of Trx in cross-sections of normal
gastric mucosa clearly show a strong expression of Trx in the stem cells at the base of the
gastric crypts. Trx is localized to both the nucleus and cytoplasm of these stem cells
(Grogan et al., submitted). However, as these cells begin to differentiate and migrate up
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the crypt, Trx becomes excluded from the nucleus, and is localized only to the cytoplasm
Finally, as the cells reach the top half of the crypt, they cease to divide and loose
detectable Trx expression.
In colon tissue, cell migration towards the top of the a colon crypt is associated with
an increased sensitivity to induced apoptosis (Pritchard et ai, 1996). Several fatty acids,
including sodium butyrate, are known to stimulate the growth of proliferating stem cells
at the base of colonic crypts, while inducing apoptosis in the more differentiated cells in
the upper half of the crypt (Sheppach et ai, 1995). Sodium butyrate is a potently induces
apoptosis in HT-29 cells, suggesting a state of differentiation which parallels those cells
found in the upper half of the crypt (Heerdt et ai, 1994). If the differentiation process in
colon epithelium parallels that observed in gastric mucosa, then increased apoptotic
sensitivity is associated with both Trx exclusion from the nucleus as well as decreased
overall expression of Trx. This hypothesis is supponed by the following observations: 1)
HT-29 cells exclude Trx localization from the nucleus and are susceptible to butyrateinduced apoptosis, 2) localization of Trx in both the nucleus and cytoplasm of primary
gastric tumors is associated with increases in both proliferation and resistance to
apoptosis (Grogan), and 3) recent results from Dr. Powis' laboratory indicate that the
directed localization of Trx to the nucleus of NTH-3T3 cells confers a transformed
phenotype.
It is not known how the entry of Trx into the nucleus is regulated. Trx is a small (12
kD) protein which does not contain a nuclear localization peptide sequence (P. Gasdaska,

et ai, 1994). In addition, analysis using the yeast two-hybrid system has revealed no
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stably associating Trx binding proteins which could potentially "anchor" Trx in the
cytoplasm (S. Cocharan, personal communication). However, the cDNA libraries used to
perform this research were produced from both liver and placenta, and it is not known if
these tissues exclude Trx localization from the nucleus. This may be an important
consideration, as a Trx binding protein may only be expressed in cells where Trx is
isolated to the cytoplasm.

Cell Line-Dependent Regulation of MF-KB Activity by Trx
Transiently transfected Trx has been reported to either inhibit or stimulate the activity
of NF-KB in established cell lines depending upon the cell line in which Trx was
overexpressed (see Table 2) (Hayashi et al., 1993, Meyer et al., 1993, Schenk et al.,
1994, Sen et al., 1996). Our results add to this list by showing that stable overexpression
of Trx in HT-29 cells inhibits constitutive NF-»cB by approximately 40 to 80% (Figure
23).

Cos-7
Jurkat
He La
L6 myotubes

5-foId stimulation
13-foId stimulation
20-30-fold inhibition
stimulation

Hayashi et. al., 1993
Meyer et. al., 1993
Schenk e/. al., 1994
Sen et. al., 1996

Table 2: Reported effects of transient Trx overexpression on NF-KB activity.

This cell line-dependent difference in Trx-mediated regulation of NF-KB may involve
a dual-level control mechanism of Trx over NF-JCB. It has been suggested that Trx may
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inhibit activation of NF-KB in the cytoplasm, yet stimulate NTF-icB binding to DNA in the
nucleus (Figure 38) (Gaiter et ai, 1994, Flohe et al., 1997). The cytoplasmic inhibition of

NF-KB activation may derive from the anti-oxidant activity of Trx, as other anti-oxidants
also inhibit NF-»cB activation (Shreck et al.. 1991 and 1992. Menon et ai. 1993, Gaiter

et ai. 1994, Schenk t;/a/.. 1994, Meyer e/a/.. 1993) Our results show that the
overexpression of a redox-inactive mutant Trx in HT-29 cells stimulates constitutive NT-

tcB relative to control cells (Figure 23). This suggests that Trx normally exerts a negative
influences on NF-KB activation in the cytoplasm.
However, Trx appears to positively influence activated NF-KB in the nucleus. Trx
directly reduces a specific cysteine residue in the p50 subunit of the transcription factor

NF-KB i// vitro (Matthews et ai. 1992), thereby stimulating the binding of NF-KB to its
DNA response element. This reduction of p50 may stimulate NF-KB either by increasing
the affinity of the NT-KB dimer for DNA, or perhaps by preventing the formation of
inhibitory p50 homodimers
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Figure 38: Potential scheme for Trx-mediated regulation of NF-KB (Gaiter, Flohe)
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(Matthews et al., 1992). Two important observations suggest a physiological role for the
Trx-mediated reduction of NF-KB . First, Trx has recently been reported to localize to the
nucleus of WEHI 7.2 cells (Baker et al., 1997b). In addition, Trx is approximately 500
times more potent at restoring the w vitro DNA -binding activity of oxidized NF-KB than
either of the non-physiological reductants 2-mercaptoethanol or DTT (Hayashi et al.,
1993). Considering that Trx expression appears to be progressively restricted from the
nucleus during the process of cellular differentiation, the ability of Trx to redox-regulate
transcription factors (such as NF-KB ) may be significantly altered in differentiated cells.

Trx-Mediated Transcriptional Regulation in HT-29 Cells
Exclusion of Trx from the nucleus during differentiation may prevent Trx from
stimulating the DNA -binding of NF-KB. AS a consequence, the ability of Trx to inhibit
the activation of NF-KB in the cytoplasm may predominate in these cells, resulting in an
overall suppression of NF-KB activity A similar scenario may explain the constitutive
inhibition of NF-KB due to Trx-overexpression in HT-29 cells Since the activation of

NT-KB is associated with grov^ih and resistance to apoptosis, the exclusion of Trx from
the nucleus may both inhibit cell growth and increase sensitivity to apoptosis. This
hypothesis is supported by the observations that; 1) Trx is present in the nucleus of
WEHI 7.2 lymphocytes (Figure 36) (Baker et al, 1997b), and also stimulates constitutive

NF-KB activity in this line (A. Freemerman, personal communication), 2) Trx is isolated
to the cytoplasm of HT-29 colon cells (Figure 36), and overexpression of wTrx inhibits
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NF-KB in this cell line (Figure 23), 3) localization of Trx to the nucleus of primary gastric
tumors is highly associated with both increased cell proliferation and decreased
apoptosis. and 4) targeted localization of Tnc in the nucleus of N1H-3T3 fibroblasts
dramatically increases the ability of these cells to form tumor foci when grown on plastic
(A. Gallegos, personal communication)

Trx-mediated NF-KB Inhibition and Increased Constitutive Apoptosis: A Potential Link
The HT-29 cell line has been characterized as a rapidly growing, moderately-well
differentiated, adenocarcinoma (Trainer). This cell line expresses a mutant p53 tumor
suppresser, and constitutively expresses c-myc (Fourge-Lafitte et al., 1989). HT-29 cells
undergo a relatively low rate of constitutive apoptosis of between 1 and 3% These
apoptotic cells are released into the media and demonstrate a clear inter-nucleosomal
cleavage pattern, viewed as a DNA "ladder" on agarose gels (Hauge et al., 1995). More
than 80% of cells released into the media can be scored as apoptotic, indicating that this
is the primary mechanism of constitutive cell death in this line (Hauge et al., 1995).
Results presented here suggest that the constitutive level of apoptosis in HT-29 cells
was increased in clones overexpressing Trx (Figure 24 and 25). Constitutive NP-icB
activity in these clones was significantly decreased (Figure 23). As NF-KB activity has
been shown to protect cells from apoptosis, we investigated the possibility that the
increased sensitivity to apoptosis exhibited by the wTrx-overexpressing clones was linked
to the ability of Trx to inhibit constitutive NF-KB activity. A dominant-negative I-KBa

ii
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was used to inhibit constitutive NF-KB activity by approximately 90°-i) in both control
HT-29 cells and HT-29 cell overexpressing mTrx (Figure 33), but no resulting increase
was observed in the sensitivity of these cells to either constitutive or etoposide-induced
apoptosis. This suggests that Trx-mediated modulation of constitutive NT-KB activity
may not be responsible for the distinct effects on apoptosis which Trx overexpression
causes in WEHI 7.2 cells versus HT-29 cells.
We were unable to investigate the relative sensitivity of the HT-29/Trx clones to
apoptosis induced by a compound that simultaneously elicited a protective NF-KB
response, as an inducer of apoptosis was not identified for this system which could
simultaneously induce an NF-KB response. This prevented an examination into the
question of whether Trx overexpression would inhibit induced NF-KB activity in addition
to constitutive activity.
It is important to recognize that the constitutive NF-KB activity which was detected
in these experiments may have a distinct subunit composition from the induced NF-KB
activity in these cells. The subunit composition of constitutive NT-KB activity has been
shown both to change during the multi-stage differentiation of B -cells, and to be different
from induced NF-KB activity. Embryonic B -lymphocyte cells have been shown to
constitutively express the p50/c-rel dimer, while mature B cells also constitutiveiy express
the p50/ RelB dimer (Liou et ai, 19). Finally, plasma cells (end-stage B-cell
differentiation) constitutively express only the p52/RelB dimer (Liou et ai, 1994). In
contrast, the inducible form of NF-KB in B -cells was found to be the p50/p65 dimer
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(Baeuerle et al.. 1988). Thus, it appears to be possible that: 1) Trx may have distinct
effects on constitutive versus induced NF-KB activities, and 2) the constitutive and
induced NF-icB activities are likely to regulate distinct subsets of genes that differ in their
ability to protect against apoptosis. Clearly, this area must be investigated fUnher.
The results presented here suggest that Trx-dependent inhibition of constitutive NF-

KB activity is not linked to the Trx-dependent increase in sensitivity to apoptosis.
However, the number of transcription factors known to be redox-reguiated by Trx is
rapidly increasing, and some (if not a majority), of these factors are likely be involved in
mediating either cell growth or apoptosis. Thus, the ability of Trx to enter the nucleus
may allow induction of growth and protection from apoptosis via transcriptional
regulation. The recent results which show that directed nuclear overexpression of Trx
confers a transformed phenotype (A. Gallegos, personal communication) suggest that this
hypothesis is correct.

Trx as a Regulator of Essential Intracellular Enzymes
Trx has been shown to be imponant in the specific redox-regulation of several
en2ymes thought to be important for cell growth, including ribonucleotide reductase and
phospho-disulfide isomerase. However, while Trx supports the activity of these proteins
which are required for viability, the effect of Trx-overexpression on the activity of these
enzymes is not known and may not increase the rate of cellular proliferation. Although it
cannot be conclusively ruled out, it seems likely that Trx-mediated stimulation of these
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enzymes was not primarily responsible for the changes induced by Trx overexpression in
the HT-29 system.

Trx as an Anti-oxidarU in the Regulation of Both Cell Growth and Apoptosis
An intracellular role for Trx in detoxification of oxygen radicals is supported by
reports showing that in response to oxidative stress, intracellular Trx expression is both
stimulated (Sachi et ai, 1995), and becomes increasingly localized to the mitochondria (a
major source of oxygen radicals) (Gauntt et al., 1994) In addition, Trx has been reported
to play a role in free radical reduction in epidermal cells (Schallreuter et ai, 1986). The
mechanism by which Trx detoxifies free radicals may involve its role within a multicomponent NADPH-dependent alkyl hydroperoxide reductase system (Netto et ai,
1996). This system involves thioredoxin reductase, Trx, and the 25 kD peroxidoxin
enzyme (also known as thiol-specific anti-oxidant protein). An overall reduction of the
intracellular environment has been proposed to both inhibit cellular proliferation and alter
sensitivity to apoptosis (McCord et al., 1997). In addition, overexpression of the anti
oxidant enzyme catalase has been found to inhibit the growth rate of WEHI 7 2 cells in
culture (Baker, 1997a).
There are several ways that increased anti-oxidant effects of overexpressed Trx may
inhibit growth and/or increase sensitivity to apoptosis. First, Trx may inhibit the
activation of protective transcription factors which require an oxidative signal for
activation, thereby increasing the sensitivity of cells to apoptosis. An example of this type
of factor would be NF-KB, a transcription factor known to protect cells from apoptosis

151

(Liu et ai, 1996, Wang et ai, 1996, Van Antwerp et ai, 1996, Beg et ai, 1996).
Overexpression of Trx may also inhibit PKC activity A mild hydrogen peroxide-induced
oxidative stress stimulates Ca'*-dependent PKC activity (Gopalakrishna ei ai. 1989), in a
manner which is additive with phorbol ester-mediated stimulation (Kiss et al., 1994).
Small increases in oxidative stress also increase the PLD-mediated cleavage of PtdCho,
which can lead to increased proliferation (Natarajan et al., 1993, Kiss et al., 1994) An
oxidative signal is also thought to stimulate the proto-oncoprotein ras (Lander et al.,
1997). Finally, many enzymes involved in the apoptotic process require a relatively
reduced environment for proper function, and this may be facilitated by the
overexpression of Trx. Included in this group are the caspases (Miura et ai, 1993,
Nicholson et ai, 1995), and DNA endonucleases which induce the DNA "'laddering"
often associated with apoptotic induction (Cain et al., 1995).
Clearly, many potential targets exist which could result in Trx-mediated increases in
sensitivity to apoptosis. Even so, is not understood how the exclusion of Trx from the
nucleus of cells would alter its ability to act as a general anti-oxidant, resulting in both
decreased growth stimulation, and increased apoptosis This area must be investigated
further, but currently suggests that the intracellular localization of Trx and how this
affects Trx-mediated regulation of transcription may be more imponant than the activity
of Trx as an anti-oxidant.
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Trx as a Growth Factor in the Regulation of Cell Growth
Trx is actively secreted by cells, and acts extracellularly to stimulate cell growth by
increasing the potency of growth factors. However, an increased intracellular expression
of Trx does not necessarily translate to an increased rate of Trx secretion from cells. The
rates of Trx secretion measured in six different established cell lines indicate that no
correlation exists between the rate of Trx secretion and its intracellular concentration
(Berggren et ai, 1996). This would suggest that stable overexpression of Trx in cells
may not necessarily increase the rate of Trx secretion into the growth media. If true, then
differences in the growth of Trx-overexpressing HT-29 cells would depend solely on the
intracellular effects of Trx. However, transient overexpression of Trx in COS-7 cells
increases their rate of Trx secretion (Rubartelli et ai, 1995), suggesting that increased
Trx secretion in the HT29/Trx clones may contribute to their relatively increased growth
rate in low concentrations of FBS
It is important to note that exogenously added Trx does not flinher stimulate cell
growth in the presence of 10% FBS; it does so only when cells are grown in FBS
concentrations 5% or less (Gasdaska et al., 1995) Likewise, overexpression of Trx in the
HT-29 system only increases the relative anchorage-independent growth rate of HT-29
cells at FBS concentrations of 5% or less (Figures 19 and 20). This indicates that Trx
may indeed be secreted into the media at a higher rate by Trx-overexpressing HT-29
cells, but that the growth-inducing effect of this secretion is only apparent at low
concentrations of FBS. Growth stimulation due to increased Trx secretion may be more
apparent in soft agar than on plastic because the secreted Trx likely does not diffuse away
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as quickly from a colony which is encapsulated by gelatin. The best way to address the
question of increased Trx secretion and growth factor activity due to Trx overexpression
would be to directly examine the Trx secretion rate in the HT-29/Trx cells.
The effect of Trx on growth at low concentrations of FBS probably does not
contribute significantly to the increased sensitivity to apoptosis of Trx-overexpressing
HT-29 clones grown on plastic. For all apoptosis assays, cells were grown on plastic
supplemented with 10% FBS (rather than 5% or less), preventing excess secreted Trx
from further stimulating growth. No significant increase in the proliferation of wTrxoverexpressing clones was observed under these high serum conditions versus vector
alone control, as measured by either cell number (Figure 18), or cell-cycle analysis
(Figure 22).
In contrast, results in wTrx-overexpressing MCF-7 cells showed that an increased
growth rate in soft agar is observed even in the presence of 10°/o FBS This implies that
Trx overexpression in the MCF -7 cells must stimulate growth by a mechanism(s) other
than acting as a growth factor, since secreted Trx should not further stimulate the growth
of cells growing in 10% FBS (Gasdaska el ai, 1995). It is not flilly understood how Trx
overexpression differently affects the growth properties of MCF -7 and HT-29 cells in soft
agar. However, Trx overexpression stimulates constitutive NF-tcB activity several-fold in

MCF-7 cells (personal observations, data not showti), while inhibiting constitutive NF-KB
activity in HT-29 cells (Figure 23). Since NF-KB has been shown to both stimulate
growth and protect cells from apoptosis, constitutive NF-KB activation in the MCF -7/Trx
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may give these cells a slight growth advantage over HT-29/Trx cells. This observed
difference in NF-KB regulation also re-emphasizes that the effects of Trx overexpression
must always be interpreted in the context of the surrounding cellular environment

Trx Overey:pression and Sensitivity to Drug-Induced Apopiosis
Two agents were utilized to induce apoptosis in the HT-29 system: the
chemotherapeutic topoisomerase II inhibitor etoposide, and the cytokine TNFa. We
observed an increased sensitivity of Trx-overexpressing HT-29 cells to etoposide-induced
apoptosis, which was confirmed by three different methods (Figures 28, 29, 30)
However, no relative decrease in total cell number (as compared to control) was
observed for these Trx-overexpressing cells after 24 hours of etoposide treatment (Figure
31). As no differences in proliferation on plastic were detected by cell cycle analysis
(Figure 22), it may be that the increased sensitivity of the Trx-overexpressing cells to
apoptosis m.ay not be large enough to easily observe in a cytotoxicity assay.
In order to better interpret these results showing increased apoptotic sensitivity due
to Trx-overexpression, we must consider the apoptotic mechanism(s) of etoposide. The
direct mechanism of etoposide action is the irreversible inhibition of the enzyme
topoisomerase II, which results in double DNA strand breaks (Jaxel et al., 1988). Cells
respond to this damage via the induction of genes associated vvath growth arrest, DNA
repair, or apoptosis (Smith et al., 1996). Repair of DNA damage induced by etoposide is
associated with increased activity of poIy-ADP-ribosyl-polymerase (PARP)
(Schraufsatter et al, 1986), which may facilitate DNA repair both by maintaining the
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chromatin an "uncoiled" state (De Murcia et al., 1988), and by inhibiting endonucleases
(Tanaka et ai, 1984). The activation of PARP is associated with a depletion of
intracellular NAD+ (Schraufsatter et ai, 1986), which can lead to increases in
intracellular oxidative stress (reviewed by Payne et ai. 1995). However. PAJU^-/thymocytes display no difference in sensitivity to etoposide-induced apoptosis as
compared to control (Leist etai, 1997). Regardless of the involvement of PARP in the
induction of oxidative stress, etoposide treatment of HL-60 cells is followed by a rapid
increase in intracellular levels of hydrogen peroxide (Gorman et ai. 1997). In this study,
addition of extracellular catalase to the media protected cells from only low
concentrations of drug. Etoposide treatment of HeLa cells also leads to stimulation of
cyclin A-dependent kinase activity, decreased c-myc expression, and decreased tyrosine
phosphorylation (Lock et ai, 1997). Finally, etoposide treatment of mouse L cells has
been associated with decreases in the expression of c-fos, c-jun, and c-myc (Sachi et ai,
1995)
It is evident that etoposide-induced apoptosis is associated with increases in oxidative
stress, as well as altered gene expression. It has been suggested that increased Trx
activity as an intracellular anti-oxidant is primarily responsible for the protective effect of
Trx overexpression against drug-induced apoptosis in WEHI 7 2 cells (Baker et ai,
1997b). Indeed, other anti-oxidants also protect the WEHI 7.2 cells against drug-induced
apoptosis. However, in light of our results concerning Trx localization, it appears that the
ability of Trx to redox-regulate transcription may predominate over its activity as a
general anti-oxidant. The primary anti-apoptotic effect of Trx overexpression in WEHI

s
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7.2 cells may actually be due to its ability to enter the nucleus and redox-regulate the
transcription of genes associated with growth and protection from apoptosis. In the HT29 system, overexpression of Trx solely in the cytoplasm may suppress the activation of
cytopiasmically-anchored transcription factors in a similar manner to the Trx-mediated
inhibition of NF-tcB activity. To fiirther characterize the mechanism by which Trx
overexpression increases the sensitivity of HT-29 cells to apoptosis, the relative
significance of Trx both as an intracellular anti-oxidant and as a regulator of transcription
must be further investigated.

Part 2C: Conclusions/ Future Directions
In summary, it appears that Trx may regulate both cell growth and apoptosis by: 1)
redox-regulating transcription factors, 2) acting as an anti-oxidant, 3) acting as a growth
factor, and 4) regulating intracellular enzymes. It seems possible that some of the effects
of Trx may antagonize each other in a given cell system. For example, increased anti
oxidant and growth factor effects due to Trx overexpression which is isolated to the
cytoplasm may accommodate increased proliferation in the HT-29 system, while
exclusion of Trx from the nucleus may simultaneously signal decreased growth (and
perhaps increased differentiation). The sum of these opposing effects may be a system
where the overall growth rate does not significantly change due to Trx overexpression,
but the sensitivity to induced apoptosis increases. Conversely, when Trx is localized to
both the nucleus and cytoplasm (as in WEFII 7.2 thymocytes), it may stimulate growth

via all of the above-described mechanisms. The sum of these additive effects may be a
system which both rapidly proliferates and is resistant to apoptosis
Exclusion of Trx from the nucleus both during cell differentiation and in primary
tumors (Grogan etai, submitted) is associated with increased sensitivity to apoptosis
Thus, it may be that cell-dependent differences in the ability of Trx to regulate
transcription factor activity may also be primarily responsible for modulating sensitivity to
apoptosis. The transformed phenotype conferred on NIH-3T3 fibroblasts when Trx is
overexpressed in the nucleus suggests that modulation of transcription factor activity may
be the primary mechanism by which Trx regulates cell growth. However, conclusive
evidence of how Trx regulates both growth and apoptosis will require further
investigation.

Future Directions;

I) Examine Trx-overexpression and Induced NF-KB Activity- in HT-29 Cells
The results presented here (Figure 32) indicate that the ability of Trx to modulate
constitutive activity of the transcription factor NT-KB is not integrally related to the
ability of Trx to modulate apoptosis in this system. However, these studies did not
characterize the ability of Trx to inhibit stimulated NF-JCB activity, or examine a possible
link between this inhibition and sensitivity to apoptosis. In order to fully characterize the
eff^ects of Trx-overexpression on NF-<B in the HT-29 system, a suitable stimulator of

NF-KB activity must be found. One candidate cytokine which was not tested is
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transforming growth factor pi. This cytokine is known to play a role in stimulating both
cell differentiation and death in colon epithelium (Hagije et ai. 1995) Alternatively, fatty
acids (such as sodium butyrate) are potent inducers of apoptosis in colon tissue, and may
induce a protective NF-KB response while inducing apoptosis in the HT-29 cell line.

2) Examine the Effects of Nuclear Trx Expression on Both Growth and Apoptosis
Having characterized a cell system where the expression of Trx is excluded fi-om the
nucleus provides a unique opportunity to observe how directed expression of Trx in the
nucleus will affect both the growth and sensitivity of these cells to apoptosis. As
described, a nuclear localization signal has already been added to the Trx cDNA sequence
and an expression plasmid containing this hybrid cDNA has been stably overexpressed in
HT-29 cells. The growth characteristics of these cells have yet to be characterized,
however, preliminary results obtained in NTH- 3T3 fibroblasts suggests that directed Trxoverexpression in the nucleus confers a fijlly-transformed phenotype

3) Examine the Effect of Nuclear Trx Expression on Transcription Factor Activity
Trx redox-regulates the activity of an rapidly-increasing number of transcription
factors. If directed nuclear expression of Trx significantly alters the growth properties of
cells, then the ability of Trx to redox-regulate transcription may also be affected. It would
be interesting to examine these potential changes, using reporter constructs for different
transcription factors known to be regulated by Trx. The results of these studies could be
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important to fully understanding the role that Trx plays in both tumors and differentiated
cells.

4) Investigate the Existence of Potential Trx Binding Proteins:
As Trx is a small (12 kD) protein, it is unlikely that its entry into the nucleus would
be regulated by the nuclear pore apparatus. Thus, it seems possible that a Trx binding
protein may exist in cells which restricts Trx localization to the cytoplasm (such as HT-29
cells). The yeast two-hybrid system could be used to identify possible binding partners for
Trx in such cells. If such a protein exists, the potential for the gene therapy of tumors
could be enormous.

1

Part 3: Overall Summary of the Work/ Conclusions:

Growth
Stimulation

^

.

|_
•

NSAIDS

J[GROWTHKim NF-kB

IAPOPTQSIS]

^T^
Trx
Figure 39: Diagram of General Hypothesis, revised to incorporate results Some
NSAIDs decrease DAG levels, via an unidentified mechanism Some NSAIDs inhibit
NF- K B at high concentrations, but this inhibition is not related to the ability of
NSAIDs to induce apoptosis. Finally, Trx inhibits constitutive NF -K B activity in HT29 cells, but this inhibition is not related to Trx-mediated increases in sensitivity to
apoptosis. The role of induced NF-tcB activity in protection from apoptosis was not
assessed in this system.

•

Many NSAIDs (including sulindac sulfide, indomethacin, aspirin, salicylic acid, and
ibuprofen) induce apoptosis in HT-29 colon cells at concentrations which
approximate their respective anti-proliferative ICsoS. Thus, this may be the primary
chemopreventive mechanism of these drugs.
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•

The NSAID indomethacin decreases intracellular concentrations of diacylglyceroi
(DAG) in both serum-stimulated and TGFa-stimulated cells, thereby providing a
possible mechanism by which this drug may inhibit cell growth.

•

Indomethacin-mediated decreases in stimulated intracellular DAG levels does not
derive from a specific inhibition of either PLD or Pl-PLC Thus, the specific
mechanism by which this drug decreases DAG levels remains undefined

•

Some NSAIDs inhibit constitutive NF-KB at high concentrations, but this inhibition is
not related to the ability of NSAIDs to induce apoptosis

•

Stable overexpression of wildtype Trx (wTrx) increases sensitivity to both
constitutive and etoposide-induced apoptosis in HT-29 colon cells However, this
increase in apoptotic sensitivity is not related to Trx-mediated inhibition of
constitutive NF-KB activity.

•

Trx may have distinct effects on both apoptosis and the transcription factor NF-icB
depending on its ability to localize to the cell nucleus.
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•

In contrast to MCF-7 breast cells, stable overexpression of wildtype Trx (wTrx) in
HT-29 colon cells change the observed growth rate of these cells in soft agar only
when grown in media containing 5% (or less) FBS This may be at least partly due to,
1) the opposing effects of Trx on NF- K B in these two systems, 2) possible differences
in Trx localization in these two systems, or 3) both of these findings

•

In contrast to WEHI 7.2 thymocytes, stable overexpression of wildtype Trx (wTpc)
in HT-29 colon cells does not significantly alter the rate of tumor growth m vivo. This
may be at least partly due to, 1) the opposing effects of Trx on NF- K B in these two
systems, 2) the differences in Trx localization in these two systems, or 3) both of
these findings.

163

APPENDIX A: LIST OF ABBREVIATIONS
Ab
APS
ATP
C
CAT
COX-1
COX-2
DAG
dCTP
ddHzO
DEPC
DETAPAC
DMSO
DNA
DTT
EDTA
ELISA
FAD
FBS
g
HCl
HRP
kD
mA
MEM
mg
ml
mraol
mM
M
mTrx
NaCl
ng
NSAID
PBS
PC-PLD
PC-PLC
PI-PLC
PLC
PLD

antibody
ammonium persulfate
adenine triphosphate
centigrade
chloramphenicol acetyltransferase
cyclooxygenase 1
cyclooxygenase 2
diacylglycerol
deoxycytidine triphosphate
double-distilled water
diethyl pyrocaibonate
diethylenetriamine-pentaacetic acid
dimethyl sulfoxide
deoxyribonucleic acid
dithioethreitol
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
flavin adenine dinucleotide
fetal bovine serum
gravity
hydrogen chloride
horseradish peroxidase
kilodaltons
milliamps
minimal essential media
milligram
milliliter
millimol
millimolar
molar
redox-inactive mutant of Trx
sodium chloride
nanogram
non-steroidal anti-inflammatory drug
phosphate buffered saline
phosphatidylcholine-specific phospholipase D
phosphatidylcholine-specific phospholipase C
phosphatidylinositol-specific phospholipase C
phospholipase C
phospholipase D
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PMSF
PVDF
PtdCho
Ptdlns
PtdOH
RPM
SCID
SDS
SE
TBST
TEMED
TGFa
TNFa
Trx
Trx2
RNA
U
|iCi
Hi
wTrx

phenylmethylsulfonylfluoride
polyvinyiidene difluoride
phosphatidylcholine
phosphaddyiinositol
phosphatidic acid
revolutions per minute
severe combined immuno-deficiency
sodium dodecyl sulfate
standard error
Tris buffered saline with Tween-20 detergent
N.NjN*,N' —Tetramethyl—ethylenediamine
tumor growth factor alpha
tumor necrosis faaor alpha
thioredoxin
thioredoxin 2 (18.2 kD isoform of Trx localized to mitochondria)
ribonucleic acid
units
microcurie
microgram
microliter
wildtype thioredoxin
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