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2,3,5-tris-(Glutathion-S-yl)hydroquinone (TGHQ) is present in the bone marrow
of rats and mice co-treated with hydroquinone and phenol, that are hematotoxic
metabolites of benzene.

TGHQ is also hematotoxic in rats and induces DNA damage,

growth arrest, and apoptosis in human promyelocytic leukemia (HL-60) cells.
However, the mechanisms by which TGHQ induces apoptosis are unclear, and were the
focus of this dissertation.

TGHQ stimulated the rapid formation of reactive oxygen

species (ROS) in HL-60 cells and caused the oxidation of thioredoxin but not of
glutathione.

Co-treatment of HL-60 cells with catalase or the antioxidant N-

acetylcysteine, completely blocked TGHQ-induced apoptosis, implicating a causative
role for ROS in HL-60 cell death.

Western blot analysis revealed the activation of

initiator caspase-9 and effector caspase-3.

Levels of the anti-apoptotic Bcl-2 protein

remained constant during TGHQ-induced apoptosis of HL-60 cells, but Bcl-2 S70
phosphorylation decreased.

In contrast, changes in the subcellular localization of the
vi

pro-apoptotic molecule Bax were observed, with a rapid increase in the ratio of cytosolic
to mitochondrial Bax. The dephosphorylation of Bcl-2 pS70 and Bax translocation into
the mitochondria occur concomitant with cytochrome c and Smac release, in the absence
of a disruption of mitochondrial inner membrane potential (∆ψm).

Thus, the opening of

the mitochondrial membrane permeability transition pore and ∆ψm appears to play only a
minor role in the release of cytochrome c and Smac. Taken together, we conclude that
TGHQ facilitates ROS production, alters the post-translational modification of Bcl-2 and
sub-cellular localization of Bax, culminating in the release of cytochrome c and Smac,
and caspase activation. Calyculin A, a PP1/PP2A inhibitor, delayed the translocation of
Bax to the mitochondria and enhanced the phosphorylation of Bcl-2 and Bad, leading to a
delay in the release of cytochrome c and Smac into the cytosol during TGHQ-induced
apoptosis of HL-60 cells.

Subsequently the cleavage of initiator caspase-9 and the

processing of effector caspase-3 were both delayed, resulting in a concomitant delay in
the activation of caspase-3.

These data reveal that calyculin A protects cells from

TGHQ-induced apoptosis via a pre-mitochondrial-mediated effect. Finally, calyculin A
inhibits TGHQ-induced DNA fragmentation and phosphatidylserine externalization,
implicating

that

these

key

signatures

phosphorylation/dephosphorylation events.
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CHAPTER 1: INTRODUCTION

1.1. GENERAL COMMENTS
Humans are exposed to all kinds of chemicals, many of which can be toxic either
directly, or bio-transformation to reactive metabolites. Understanding the metabolism
of xenobiotics and how metabolite processing contributes to toxicity is a prerequisite to
design strategies that can circumvent such toxicities. Specifically, as a toxicologist, it is
meaningful not only to identify the metabolites which are toxic but also to understand the
mechanisms by which these reactive metabolites induce toxicity.

Recent studies have

focused on the elucidation of mechanisms of toxicity using advanced technologies,
including molecular techniques.

This approach can assist toxicologists to address many

basic biological questions and provide the opportunity to discover important answers.
Apoptosis is an active form of cell death and tightly regulated by programmed
cell death machinery. Apoptosis is very important to remove potentially harmful cells
as well as to maintain the cellular homeostasis.

Either insufficient or excessive

apoptosis, as a result of the loss of regulation of apoptosis, can lead to human diseases
such as neoplastic diseases and neurodegenerative disorders.

Many researchers are

therefore focusing on the elucidation of apoptotic mechanisms to discover molecular
targets for therapeutic intervention.
death both in vitro and in vivo.

Many chemicals produce toxicity by inducing cell

Therefore, an understanding of apoptotic mechanisms

not only assists in identifying potential new therapeutic targets for human diseases, but
also prevents chemical-induced toxicities.

1

1.2. BENZENE, HYDROQUINONE AND QUINONE-THIOETHERS
1-2-1. Benzene
Benzene is an aromatic hydrocarbon, a colorless liquid with a sweet odor. In the
chemical and pharmaceutical industries benzene is used to produce lubricants, waxes,
inks, paints, plastics, dyes, detergents and pesticides.

Benzene is also used as a

chemical intermediate during the synthesis of other molecules.

Thus, benzene ranks in

the top 20 chemicals for production volume and industrial workers who handle benzene
may be exposed to the high levels of benzene.

Benzene is not only widely used in

industry, but also a natural component of gasoline, cigarette smoke, fire and motor
vehicle exhaust.

Therefore, smokers, motorists, and others, are exposed to relatively

high concentrations of benzene (ATSDR, 1997).
Since benzene is lipophilic and it readily crosses the blood-brain barrier,
consequently acute inhalation exposure to benzene can cause drowsiness, dizziness,
headaches, and unconsciousness in humans.

However, the major target of benzene-

mediated toxicity and carcinogenicity due to long term exposure is the hematopoietic
system.

Aplastic anemia and myelodysplastic syndrome (MDS) are examples of

benzene-mediated hematotoxicities (Golding and Watson, 1999; Snyder and Kocsis,
1975).

Benzene-mediated MDS eventually progresses to acute myelogenous leukemia

(AML, acute non-lymphocytic leukemia) (CONCAWE, 1996; Powers, 1989; Rinsky et
al., 1981; Williams, 1990; Yin et al., 1987).

Evidence for the carcinogenicity of

benzene in humans is based on extensive epidemiological data and benzene is classified
by the IARC as a Group 1 human carcinogen.
benzene causes leukemia is unknown.

However, the mechanism by which

It is known that benzene must be bioactivated to

mediate these hematopoietic toxicities (Golding and Watson, 1999; Snyder and Hedli,
1996; Snyder and Kalf, 1994).
2

Benzene is metabolized mainly by cytochrome P450 (predominantly CYP450
2E1) in the liver (Guengerich et al., 1991; Gut et al., 1996).

As a result, phenolic

metabolites, such as hydroquinone (HQ), catechol and benzenetriol, and non-aromatic
metabolites including muconaldehydes, and quinone-thioethers, such as 2-(glutathion-Syl)hydroquinone [2-(GSyl)HQ], bis-(glutathion-S-yl)hydroquinones [bis-(GSyl)HQ] and
2,3,5-tris-(glutathion-S-yl)hydroquinone [TGHQ] are formed (Bratton et al., 1997;
Golding and Watson, 1999; Gut et al., 1996; Hill et al., 1993).
summarized in Figure 1.1.

Benzene metabolism is

The first step in benzene metabolism is the formation of

phenol by CYP450 2E1, either through direct hydroxylation of the benzene ring or
through the formation of the intermediate epoxide, benzene oxide (Hanzlik et al., 1984;
Jerina and Daly, 1974).

Benzene oxide can undergo nucleophilic addition with

glutathione (GSH) to form 2-(glutathion-S-yl)phenol which is subsequently metabolized
to its corresponding mercapturic acid in the kidney (Sabourin et al., 1988). Phenol is
further metabolized by CYP450 2E1 to HQ, catechol and 1,2,4-benzenetriol (Sawata et
al., 1985).

Benzene is also metabolized to the reactive diene aldehyde, t,t-

muconaldehyde through various ring-opening reactions from benzene oxepin, an
intermediate in equilibrium with benzene oxide. From this metabolite, t,t-muconic acid
and 6-hydroxy-2,4-t,t-hexadienoic acid can be formed (Kline et al., 1993; Snyder et al.,
1993).

Although the liver is the major organ which metabolizes benzene, it is not the

target organ for benzene-mediated toxicity.
the primary organ of toxicity.

As mentioned above, the bone marrow is

The phenolic metabolites produced in the liver may be

transported through the blood and converted into quinones and semiquinones in the bone
marrow resulting in toxicity (this will be discussed in more detail later) (Irons and
Stillman, 1996; Stillman et al., 1997; Stillman et al., 1999). However, the biochemical

3

and molecular basis underlying why bone marrow is the target organ for benzene is
unclear (Bolton et al., 2000; Twerdok et al., 1992).
Since

no

single

metabolite

of

benzene

reproduces

benzene-mediated

hematotoxicity in vivo, the potential synergistic effects of the phenolic metabolites
(phenol, HQ, catechol), which are known to accumulate in bone marrow, has become an
established model for benzene-mediated hematotoxicity (Eastmond et al., 1987; Rickert
et al., 1979; Tunek et al., 1981). The combination of HQ and phenol decreases total
bone marrow cellularity in mice, [59Fe] incorporation into reticulocytes, and increases the
formation of micronuclei in polychromatic erythrocytes (Chen and Eastmond, 1995;
Eastmond et al., 1987; Snyder et al., 1989).

The increased availability of phenol and

HQ for peroxidases in bone marrow following the depletion of uridine diphosphate
glucuronic acid and phophoadenosine phosphosulfate in the liver, may couple to initiate
redox cycling and lead to the formation of 1,4-benzosemiquinone and 1,4-benzoquinone
(1,4-BQ), both of which are reactive intermediates. In addition, free phenol and HQ
may conjugate GSH, leading to HQ-GSH conjugates which can undergo redox cycling
(Irons, 1985; Monks and Lau, 1992; Monks and Lau, 1997; Smith, 1985).

4

OH

SG
Benzene
by CYP4502E1

O
O

2-(GSyl)phenol

O

O

HOH2C

OHC

OHC

OH
o-Benzoquinone
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FIGURE 1.1. Metabolism of benzene.
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1-2-2. Hydroquinone (HQ)
HQ, a metabolite of benzene, exists naturally in certain fruits and vegetables such
as coffee beans and teas, and is used in many industries. HQ is also used in medicines
for its antibacterial, antifungal and antiparasitic characteristics, and in diet supplements as
an antioxidant (Thompson, 1997).

HQ is also used as a food preservative, as a skin-

lightening agent in cosmetics and as a reducing agent in black-and white photographic
developing solutions (IARC 1999).

HQ is also present at significant levels in cigarette

smoke (110 to 300 µg per cigarette).

Thus, humans are exposed to HQ naturally as well

as occupationally.

Although HQ does not accumulate in the environment due to rapid

degradation, acute exposure to HQ at high levels causes nausea, vomiting, dyspnea,
erosion of the gastric mucosa, edema of internal organs, cyanosis, convulsions, and
collapse (IPCS 1996). HQ is also a skin irritant in humans (IPCS 1996), chronic human
exposure to HQ causing eye injuries and skin irritation.

Although there is no report for

the carcinogenic effects of HQ in humans, increased skin and renal cell tumor incidence
occurs in rats and mice (Kari et al., 1992; Shibata et al., 1991).
Due to the ability to transfer electrons from one substrate to another, HQ can
undergo redox cycling, leading to various toxicities. The one electron oxidation of HQ
results in the formation of a semiquinone radical and superoxide anion (O2•-).

The

semiquinone can be either further oxidized to 1,4-benzoquinone (1,4-BQ), generating
another O2•- or reduced back to HQ, consuming NADPH (Burczynski et al., 1998; Monks
et al., 1992). O2•- subsequently converts to hydrogen peroxide (H2O2) by spontaneous or
enzyme-driven dismutation.

Additionally, hydroxyl radical (OH•) can be generated via

a reaction with Fe2+ and H2O2. These three active molecules (O2•-, H2O2, OH•) are called
reactive oxygen species (ROS).
prostaglandin

H

synthase,

and

A variety of enzymes, including CYP450,
myeloperoxidase,
6

can

oxidize

HQ

to

1,4-

benzosemiquinone and 1,4-BQ (Hill et al., 1993; Lau and Monks, 1987; Subrahmanyam
et al., 1990).

1,4-BQ can also undergo either a one electron or two electron reduction by

CYP450 reductase or NADPH:quinone oxidoreductase (DT-diaphorase) to form the
semiquinone or HQ, respectively.
The major metabolites of HQ found in the urine are the glucuronide and sulfate
conjugates (Divincenzo et al., 1984).

However, HQ can also undergo GSH conjugation

by sequential oxidation of HQ and nucleophilic addition of GSH to form GSHconjugated HQ.

2-(GSyl)HQ, bis-(GSyl)HQs, TGHQ, and a mercapturic acid conjugate

(N-acetyl-[L-cystein-S-yl]-HQ) were identified in the bile, liver, blood and urine of rats
(Hill et al., 1993; Nerland and Pierce, 1990; Scott and Lunte, 1993). The formation of
mercapturic acid conjugates results from the further metabolism of GSH-conjugates via
the mercapturic acid pathway.

Although GSH conjugation of reactive electrophiles

generally represents a detoxication pathway, some quinone-GSH conjugates and
metabolites arising from the mercapturic acid pathway, exhibit low redox potentials,
increasing the ability to generate ROS, and increasing their biological reactivity, such as
covalent binding to macromolecules, which may contribute to the target organ toxicity
(Monks and Lau, 1994) (Figure. 1.2).

Specially, some polyphenolic-GSH conjugates

are nephrotoxic and neurotoxic in animal models (Bai et al., 2001; Bolton et al., 2000;
Butterworth et al., 1998; Monks et al., 1988; Monks et al., 2004). These will be further
discussed in the following section.
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1-2-3. Quinone-Thioether-Mediated Toxicities
As noted above, quinone-GSH conjugation can increase the ability of the parent
quinone to redox cycle and alkylate cellular macromolecules such as DNA and proteins,
resulting in increased toxicities. Several examples of such quinone-thioether-mediated
toxicities are discussed in the following sections.

1-2-3-1. Hematotoxicity
A number of HQ-thioethers were identified in the bone marrow of rats and mice
which were exposed to a combination of HQ/phenol or benzene (Bratton et al., 1997).
Two of these metabolites, 2,6-bis(glutathion-S-yl)hydroquinone (50 µmol/kg, iv) and
TGHQ (17 µmol/kg, iv), reproduce benzene erythrotoxicity in vivo as evidenced by
significant decreases in the level of

59

Fe incorporation into developing reticulocytes

(Bratton et al., 1997). Since dysregulation of apoptosis is important in the development
and progression of hematopoietic disorders, it has been suggested that benzene reduces
the number of myeloid stem cells in the bone marrow by the inappropriate activation of
apoptotic signaling pathways. However, very little is known about the role of apoptosis
in benzene-mediated hematotoxicity.

TGHQ induces apoptosis in human promyelocytic

leukemia (HL-60) cells (Bratton et al., 2000). Prior to the onset of apoptosis, TGHQ
depletes intracellular free GSH in a ROS-independent manner.

Decreases in GSH levels

may activate several signaling pathways (Liu and Hannun, 1997; Wilhelm et al., 1997).
In particular, the ceramide signaling pathways may be particularly involved in TGHQinduced apoptosis, since sphingomyelin turnover is stimulated in response to TGHQ
(Bratton et al., 2000).

Ceramide analogues (C2-, C6-, and C8 ceramides) induce

apoptosis in hematopoietic cells (Mizushima et al., 1996; Quillet-Mary et al., 1997), and
the neutral, magnesium-dependent sphingomyelinases that catalyze endogenous ceramide
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formation are inhibited by intracellular GSH in vitro (Liu and Hannun, 1997; Wilhelm et
al., 1997). Ceramide can activate caspase-3, which cleaves several cellular proteins,
including poly-ADP ribose polymerase (PARP), leading to cell death (Mizushima et al.,
1996).

Ceramide also activates several phosphatases, including a ceramide-activated

protein phosphatase (CAPP), which also facilitates the apoptotic process (Dobrowsky and
Hannun, 1992; Ruvolo et al., 1999). TGHQ stimulates sphingomyelin turnover and
increases cellular ceramide concentrations, leading to apoptotic cell death in HL-60 cells
(Bratton et al., 2000). However, the precise mechanisms by which TGHQ induces
apoptosis of HL-60 cells remain unclear, and this dissertation focuses on the elucidation
of mechanisms involved in TGHQ-induced apoptosis of HL-60 cells.

1-2-3-2. Nephrotoxicity
GSH conjugates of various polyphenols are nephrotoxic in Sprague Dawley and
Fischer-344 rats (Bolton et al., 2000; Monks and Lau, 1997; Monks and Lau, 1998;
Monks et al., 1985), and TGHQ is nephrocarcinogenic in the Eker rat model (Lau et al.,
2001). The nephrotoxicity of quinone-thioethers is believed to result from the relatively
high activities of γ-glutamyl transpeptidase (γ-GT) and dipeptidases in the brush border
membrane of kidney proximal tubule epithelial cells.

These two enzymes are involved

in the metabolism of polyphenolic GSH conjugates and couples to the cellular uptake of
the corresponding polyphenolic-cysteine conjugates via the L-amino acid transport
system (Bolton et al., 2000; Monks and Lau, 1997).
The first example of polyphenolic GSH conjugate-induced nephrotoxicity was the
identification of 2-bromo-bis(glutathion-S-yl)hydroquinone as a nephrotoxic metabolite
of bromobenzene (Monks et al., 1985).

2-Bromo-bis(glutathion-S-yl)hydroquinone

produces renal toxicity characterized by loss of brush border membrane integrity,
10

margination of heterochromatin, DNA fragmentation, loss of cellular contents and renal
cell necrosis (Rivera et al., 1994a; Rivera et al., 1994b).

Our laboratory utilizes an in

vitro cell model system, the LLC-PK1 cell line, to study the mechanism of polyphenolic
GSH conjugate-induced nephrotoxicity.

LLC-PK1 cells are porcine renal proximal

tubule epithelial cells and have relatively high expression of γ-GT.

Cell cycle arrest

induced by 2-bromo-bis(glutathion-S-yl)hydroquinone in LLC-PK1 cells is accompanied
by an increase in gadd153 mRNA a growth arrest gene responsive to DNA damaging
agents (Jeong et al., 1997a; Jeong et al., 1997b). Gadd153 induction by 2-bromobis(glutathion-S-yl)hydroquinone may be a consequence of the direct inhibition of DNA
synthesis as a result of quinone-thioether mediated inhibition of DNA synthetic enzymes,
in particular ribonucleotide reductase levels.

In addition, histone mRNA decreases upon

α-bromo-bis(glutathion-S-yl)hydroquinone treatment (Jeong et al., 1997b; Jeong et al.,
1996), preventing chromatin remodeling and cell growth.
Both HQ and TGHQ induce nephrotoxicity and sustained regenerative cellular
proliferation in the S3 region of the proximal tubule in Fischer 344 rats (Peters et al.,
1997).

The administration of TGHQ significantly increases blood urea nitrogen levels,

the urinary excretion of glucose, and urinary enzyme leakage, including γ-GT and
alkaline phosphatase (ALP).

Tubular necrosis is also observed in the S3 region of

Fischer 344 rats (Peters et al., 1997).

TGHQ induces DNA damage in the kidney of

Eker rats, as determined by the formation of 8-oxo-deoxyguanosine, an oxidized
nucleotide (Habib et al., 2003). DNA damage is found to be specifically localized
within the outer stripe of the outer medulla (OSOM), within the S3 region of proximal
tubule epithelial cells. These cells are most sensitive to TGHQ (Monks and Lau, 1998).
Our laboratory has therefore been intensively studying the mechanism of TGHQ-induced
cell death in LLC-PK1 cells.

In contrast to the apoptotic cell death of HL-60 cells,
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TGHQ induces oncotic cell death of LLC-PK1 cells (Dong et al., 2004; Ramachandiran
et al., 2002; Tikoo et al., 2001).

TGHQ-induced oncotic cell death is associated with the

ability to generate ROS and is accompanied by histone H3 phosphorylation (Tikoo et al.,
2001).

Additionally, TGHQ induces the phosphorylation and activation of all three

subfamilies of the mitogen activated protein kinases (MAPKs), extracellular signalregulated protein kinase (ERK), c-Jun N-terminal kinase/stress-activated protein kinase
(JNK/SAPK), and p38 MAPK (Ramachandiran et al., 2002).

TGHQ also induces

epidermal growth factor receptor (EGFR) phosphorylation at multiple tyrosine residues,
leading to EGFR-dependent ERK activation, whereas p38 MAPK activation is
independent of EGFR activation (Dong et al., 2004).

Pharmacological inhibitors of the

ERK (PD98059) and p38 MAPK (SB202190) pathways, but not JNK (SP600125),
attenuate TGHQ-induced histone H3 phosphorylation and oncotic cell death in LLC-PK1
cells (Dong et al., 2004; Ramachandiran et al., 2002), indicating both ERK and p38
MAPK are associated with TGHQ-induced histone-H3 phosphorylation and oncotic cell
death.

Histone H3 phosphorylation induced by TGHQ is accompanied by an increase in

chromatin condensation, and is modulated by poly(ADP)ribosylation.

Histone H3

phosphorylation induced by DNA damage and growth arrest-inducing agents likely
mediates premature chromatin condensation, resulting in cell death.
TGHQ increases the incidence of atypical tubules and hyperplasia in Eker rats in
a 4-month tumor bioassay, and renal cell carcinoma and tumor formation by 10 months
(Lau et al., 2001).

Loss of heterozygosity (LOH) of the Tsc-2 tumor suppressor gene

was observed in renal tumors, as well as in the toxic tubular dysplasias (Lau et al., 2001).
The Tsc-2 gene, which encodes tuberin, is a tumor suppressor gene, and tuberin is in
some way involved in limiting tumor development.

Tuberin expression is lost after

long-term TGHQ administration, and this correlates with increases in ERK activity
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within the OSOM of Eker rats at 4 months, and in TGHQ-induced tumors (Yoon et al.,
2002).

LOH at the Tsc-2 gene locus and loss of tuberin expression is accompanied by

many other abnormalities, including increases in ERK and B-Raf activities in quinolthioether-transformed rat renal epithelial (QT-RRE) cells (Patel et al., 2003; Yoon et al.,
2001).

The transformed cells also test positive in tumorigenicity assays using athymic

nude mice to confirm their malignancy (Patel et al., 2003).

Therefore, sustained

hyperplasia with regenerative cellular proliferation and genetic alterations all contribute
to TGHQ-mediated nephrotoxicity and nephrocarcinogenicity (Lau et al., 1996; Yoon et
al., 2002; Yoon et al., 2001).

1-2-3-3. Neurotoxicity
Another target of quinone-thioether metabolites appears to be the serotoergic
neurotransmitter system.

3,4-(±)-Methylenedioxyamphetamine (MDA) and 3,4-(±)-

Methylenedioxymethamphetamine (MDMA, “ecstasy”) are ring-substituted amphetamine
derivatives that exhibit both stimulant and hallucinogenic properties (Commins et al.,
1987; Ricaurte et al., 1985).

MDA and MDMA are recreational drugs popular in both

the United States and Europe, and the abuse of these two drugs results in many adverse
side effects, including convulsions, hyperthermia, and acute liver and renal failure (Henry
et al., 1992).

Neurotoxicity induced by MDA or MDMA in animal models is

manifested as selective alterations in serotonergic nerve terminal structure and function.
Such alterations include the acute release of 5-hydroxytryptamine (5-HT) and subsequent
prolonged depletions in the levels of 5-HT, and inhibition of tryptophan hydroxylase
(O'Hearn et al., 1988; Ricaurte et al., 1985; Stone et al., 1989; Stone et al., 1987). The
chronic use of MDMA in humans can lead to brain damage which may be manifest as an
impairement in memory, associated with significant reductions in 5-HT transporter levels
13

and in 5-HT activity (Bolla et al., 1998; McCann et al., 1999; McCann et al., 1998).
Systemic metabolism of MDA and MDMA is required for mediating these neurotoxic
effects (Gollamudi et al., 1989; Paris and Cunningham, 1992; Schmidt and Taylor, 1988).
α-Methyldopamine (MeDA) is produced via the CYP450-mediated demethylenation of
MDA, and undergoes sequential oxidation and addition of GSH to form 5-bis(glutathionS-yl)-α-MeDA and 2,5-bis(glutathion-S-yl)-α-MeDA. 2,5-bis(glutathion-S-yl)-α-MeDA
mimics the effects of MDA and MDMA with respect to decreases in 5-HT in the brain
and neurobehavior, indicating the quinone-thioether metabolites of MDA and MDMA
play a role in MDA/MDMA-mediated neurotoxicity (Bai et al., 1999; Miller et al., 1997).

1.3. REDOX REGULATION OF CELLULAR FUNCTION
1-3-1. Reactive Oxygen Species (ROS)
Reactive oxygen species (ROS) are chemically reactive molecules derived from
oxygen and include the superoxide anion (O2•-), hydrogen peroxide (H2O2), and the
hydroxyl radical (OH•) (Betteridge, 2000; Fridovich, 1999). ROS are generated during
normal cellular metabolism or by exposing cells to certain chemical agents such as HQ
and 1,4-BQ.

The leakage of electrons onto O2 from the electron transport chain

produces O2•-, especially in the electron-rich aerobic environment in the vicinity of the
respiratory chain within the inner mitochondrial membrane. In addition to electron
transport, phagocytic cells such as neutrophils and macrophages have a unique O2•-–
producing system (NADPH oxidase enzyme system) refered to as the respiratory burst,
that is activated during active phagocytosis (Nakamura et al., 1997).
O2•- plays a crucial role in the killing of several bacterial species.
enzymes

include

lipoxygenase

and

cyclooxygenase
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In this process the

Other O2•--producing

(Kontos

et

al.,

1985).

Enzymatically or non-enzymatically produced O2•- can dismutate to H2O2., which can
readily penetrate the plasma membrane, in contrast to O2•- which lacks the ability to
penetrate lipid membranes.

H2O2 is not a radical but probably the source of more highly

reactive oxygen species, such as OH• which is generated from H2O2 in the presence of
transition metals Fe2+/Cu+ in the Fenton reaction (Figure 1.3A).

O2•- also plays an

important role in supporting the Fenton reaction by recycling the metal ions (Figure
1.3B).

The sum of these two reactions represents the Haber-Weiss reaction (Figure

1.3C).

Transition metals thus play an important role in the formation of OH• (Halliwell,

1987; Halliwell, 1999), which can initiate a chain of oxidizing reactions in various target
molecules, inducing lipid peroxidation, DNA damage and protein oxidation.
OH• may be directly responsible for most of the oxidative damage in vivo.
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Therefore,

(A) Fenton reaction
H2O2 + Cu+/Fe2+ → OH• + OH- + Cu2+/Fe3+
(B) Recycling the metal ions by O2•Cu2+/Fe3+ + O2•- → Cu+/Fe2+ + O2
(C) The Haber-Weiss reaction

--- sum of (1) and (2) reactions

H2O2 + O2•- → OH• + OH- + O2

Figure 1.3. The formation of hydroxyl radical through the Harber-Weiss reaction.
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1-3-2. Antioxidant Systems
To protect themselves from the harmful effects of oxygen, cells have developed
defense mechanisms against ROS (Nordberg and Arner, 2001; Ueda et al., 2002).
Intracellular antioxidant systems consist of primary and secondary defence systems.
The primary defence systems scavenge ROS before they can damage intracellular targets
and comprise antioxidant enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), peroxiredoxin (Prx - thioredoxin peroxidase) and catalase. There are
four different forms of SOD, Mn-SOD, Cu/Zn-SOD, Ni-SOD and extracellular SOD.
All four SOD enzymes convert O2•- to H2O2 (Figure 1.4).

The primary defence

mechanisms against H2O2 are catalase and GPx which decompose H2O2 into water
(Figure 1.4). Catalase is predominantly located in peroxisomes in mammalian cells and
is one of the most efficient enzymes (Lledias et al., 1998; Michiels et al., 1994).
Components of the secondary antioxidant system function to regulate the intracellular
redox status as well as other ROS scavengers.

GSH and the thioredoxin (TRX) systems

participate in the secondary cellular ROS defence and are described in Figure 1.5. The
GSH systems consist of GSH, GPx, glutaredoxin (Grx) and GSH reductase (GR) (Curtin
et al., 2002).

GPx catalyzes the reduction of H2O2 and other peroxides with the

concomitant conversion of GSH to its oxidized disulfide form (GSSG). GSSG is then
reduced back to GSH by GR. The ability of cells to regenerate GSH is an important
factor in the efficiency of that cell to manage oxidative stress.

TRX systems include the

two antioxidant oxidoreductase enzymes TRX and TRX reductase (TrxR) (Nordberg and
Arner, 2001). Reduced TRX is a general protein disulfide reductant and TrxR catalyzes
the reduction of the active site disulfide in TRX using NADPH as a cofactor to provide
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(1) Dismutation of superoxide anion to hydrogen peroxide by SOD
O2•- + O2•- + 2H+

SOD
→

H2O2

(2) Dismutation of hydrogen peroxide into water by catalase
2H2O2

catalase
→

2H2O + O2

Figure 1.4. The actions of antioxidant enzymes, SOD and catalase.
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Figure 1.5. The secondary antioxidant systems, GSH and TRX systems.
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Substrate[ox]

reducing equivalents. The TRX system is discussed in more detail in the following
section.
Oxidative stress occurs when intracellular antioxidant systems can no longer
handle the excessive production of ROS, which subsequently causes loss of cell function,
and ultimately cell death (Nakamura et al., 1997; Nordberg and Arner, 2001). Evidence
suggests that ROS may function as important cell signaling molecules either by the direct
oxidation of other proteins, particularly on cysteine residues, or by indirect regulation of
the reversible redox modifiers, GSH and TRX (Carmody and Cotter, 2001; Davis et al.,
2001; Finkel, 2000; Finkel and Holbrook, 2000; Simon et al., 2000; Xu et al., 2002).
This will be discussed in the following section.

1-3-3. The Thioredoxin System and Redox Regulation of Intracellular Signaling
1-3-3-1. Thioredoxin System
TRX was first described as a small redox protein containing a redox-active dithiol
in the active site (Laurent et al., 1964).

The active site -Trp–Cys-Gly-Pro-Cys-Lys

motif is highly conserved between species and two cysteine residues (Cys32 and Cys35)
in the active site are responsible for its reducing activity (Hirota et al., 2002; Nishiyama
et al., 2001).

TRX exists in several forms, TRX1, TRX2 and 32 kDa thioredoxin-like

cytosolic protein (p32TRXL) (Hirota et al., 2002; Lee et al., 1998a; Miranda-Vizuete et
al., 1998; Spyrou et al., 1997).

TRX1 is a 12 kDa protein that exists primarily in the

cytosol but it is also found in the nucleus. TRX1 contains three additional cysteines
residues, Cys62, Cys69 and Cys73 except TRX1 from bacteria.

The oxidation of the

Cys62-Cys69 motif inhibits reduction of the active site disulfide by TrxR, suggesting a
conformational change in TRX1 via oxidation of Cys62-Cys69 alters interactions of
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TRX1 with TrxR, but may also inhibit interactions with other proteins (Watson et al.,
2003; Watson et al., 2004).

The C-terminal Cys73 residue is involved in TRX1 dimer

formation and may have unique biological properties (Holmgren, 1985).
present in mitochondria.

TRX2 is

TRX2 is synthesized as 18 kDa precursor protein that has a 60

amino acid N-terminal mitochondrial localization sequence (Spyrou et al., 1997), which
is cleaved upon import into mitochondria, where TRX2 resides as a 12.2 kDa protein.
TRX2 lacks the three extra cysteines residues which are found in TRX1. The third form
of TRX is a TRX-like molecule (p32TRXL), which although it contains the conserved
TRX active site, it appears not to be reduced by TrxR (Lee et al., 1998a).

p32TRXL is

highly homologous to TRX1 and is also found in the cytoplasm but it is much larger (289
amino acids) and its function is not fully discovered.
TrxR is a widely distributed flavoprotein that contains a conserved –Cys-ValAsn-Val-Gly-Cys- redox catalytic site (Arscott et al., 1997; Luthman and Holmgren,
1982; Mustacich and Powis, 2000; Williams et al., 2000). TrxR catalyzes the NADPHdependent reduction of TRX and of other endogenous and exogenous compounds
(Mustacich and Powis, 2000).

There are currently two confirmed forms of mammalian

TrxRs (Gasdaska et al., 1999; Gasdaska et al., 1995; Luthman and Holmgren, 1982).
TrxR1 is present in cytosol whereas TrxR2 is found in mitochondria.

1-3-3-2. Redox Regulation of Intracellular Signaling
Cellular redox status is regulated by the TRX system in combination with the
GSH system (Holmgren, 1989).

Emerging evidence suggests that changes in cellular

redox state participate in downstream signal transduction, indicating ROS function as
important cell signaling molecules.
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Reducing conditions are very important in regulating the DNA binding activities
of many transcription factors, such as AP-1 and NF-κB (Abate et al., 1990; Hirota et al.,
1997; Hirota et al., 1999).

The binding of AP-1 to a 12-O-tetradecanoylphorbol 13

acetate (TPA) responsive element (TRE) on DNA is enhanced by reducing conditions
(Abate et al., 1990).

In addition, the mutation of a cysteine residue in the DNA binding

domain of Jun and Fos in AP-1 results in the loss of redox control of AP-1 activity. In
particular, the transcriptional activity of AP-1 is regulated by a direct association between
TRX-1 and Ref-1 (redox factor-1) (Hirota et al., 1997; Xanthoudakis and Curran, 1992).
In addition to AP-1, the DNA binding activity of NF-κB is regulated by the redox state of
the cysteine residue (Cys62) in the DNA binding domain of the p50 subunit in NF-κB
(Matthews et al., 1992).

The direct binding between reduced TRX and the DNA

binding domain of NF-κB was illustrated using an in vitro cross-linking assay and
nuclear magnetic resonance (NMR) (Qin et al., 1995).

However, overexpression of

TRX inhibits the nuclear translocation and transactivation of NF-κB (Meyer et al., 1993).
The role of TRX in the transactivation of NF-κB was further investigated by using a
vector which expresses the nuclear targeting TRX, and revealed that the transactivation
of NF-κB requires two step redox regulation, the cytosolic oxidizing and nuclear
reducing conditions (Hirota et al., 1999).
The activity of protein tyrosine phosphatases (PTPs) is also regulated by cellular
redox status (Chiarugi and Cirri, 2003; Finkel, 2000; Nakamura et al., 1997; Rhee et al.,
2000; Tonks et al., 1988), and also influences src family protein tyrosine kinase (PTK)
activity.

All members of the PTP family possess a reactive cysteine in their active site

and oxidative stress can reversibly inactivate PTP activity. The suggested mechanism
for the transient inactivation of PTP involves oxidation of the reactive cysteine to form a
sulfenic ion. In the sulfenic ion form, the enzymatic activity of PTP is significantly
22

reduced.

The sulfenic ion form can subsequently undergo two different reactions. The

oxidized reactive cysteine in the sulfenic ion form is capable of interacting with cellular
GSH to form a protein mixed disulfide.

This mixed disulfide can be reduced by cellular

enzymes such as TRX or Grx to restore the original molecules.

In contrast, continued

high levels of oxidative stress lead to irreversible oxidation of the sulfenic to the sulfinic
ion (Finkel, 2000).

This putative mechanism is illustrated in Figure 1.6 and it can be

generalized to the regulation of the activity of enzymes possessing reactive cysteine
residues in their catalytic site.

Emerging evidence shows that ligand-stimulated ROS

production may be sufficient to regulate the activity of certain proteins.

The

phosphatase activity of PTP-1B following EGF stimulation is temporarily inactivated,
which corresponds to the burst of ROS production (Lee et al., 1998b).

In addition,

analysis of the PTP-1B reactive cysteine moiety following EGF stimulation shows a
transient glutathiolation of PTP-1B at the peak of ROS generation (Barrett et al., 1999a;
Barrett et al., 1999b).
Finally, TRX has interactions with a variety of cellular proteins.

Saito et al.

reported the interaction of TRX with apoptosis signal-regulated kinase 1 (ASK1) (Saitoh
et al., 1998), with TRX identified in a screening to find a regulator of ASK1 using the
yeast two hybrid screen system.

ASK1 is a member of the family of MAPK kinase

kinases (MAPKKKs) that activate both the JNK/SAPK and p38 MAPK pathways, and
induces apoptosis, especially in neuronal cells (Chang et al., 1998; Hashimoto et al.,
1999; Ichijo et al., 1997).

Reduced TRX functions as an endogenous inhibitor of ASK1

by binding to the N-terminal region of ASK1.
the constitutive activation of ASK1.

Deletion of this region of ASK1 causes

The oxidized form of TRX dissociates from ASK1

and no longer inhibits ASK1 activity (Gotoh and Cooper, 1998; Saitoh et al., 1998).
Dissociated ASK1 dimerizes and is autophosphorylated, leading to the activation of the
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JNK/p38 MAPK apoptosis signaling pathway.
ASK1 in vitro and in vivo.

TRX inhibits the kinase activity of

Overexpression of TRX suppresses ASK1-dependent

apoptosis in ASK-inducible MvILu cells.
endogenous negative regulator of ASK1.

These data suggest that TRX is an
Additional TRX binding proteins include

p40Phox and vitamin D3 up-regulated protein (VDUP1) (Chen and DeLuca, 1994;
Nishiyama et al., 1999a; Nishiyama et al., 1999b). Down-regulation of the reducing
activity and protein expression of TRX was observed in VDUP1 overexpressing cells.
Overexpression of VDUP1 also induces increases in apoptosis and decreases in
proliferation in response to TNF-α or H2O2 (Junn et al., 2000).

Inhibition of the

interaction of TRX with ASK1 and TRX-dependent suppression of the JNK activity also
occurs in VDUP1 overexpressed cells (Junn et al., 2000). VDUP1 can bind only to
reduced TRX and the region of 155 to 225 amino acids in VDUP1 is critical for the
interaction with TRX (Nishiyama et al., 1999a; Yamanaka et al., 2000). However, the
biological functions of these proteins are not well-known and require investigation to
complete our understanding of redox regulation of intracellular signaling.
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Figure 1.6. Proposed pathway illustrating how PTP is regulated by the cellular redox
status.
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1.4. APOPTOSIS
1-4-1. Overview
Apoptosis, programmed cell death, represents an evolutionarily conserved, and
energy-dependent form of cell death (Danial and Korsmeyer, 2004; Kerr et al., 1972;
Lockshin and Williams, 1965; Steller, 1995). Apoptosis is normally used to eliminate
unnecessary cells, including excess (redundant), damaged or infected cells through our
life (Kerr et al., 1972; Thompson, 1995).

Apoptosis removes excess cells during

embryonic development for successful organogenesis and the crafting of complex
multicellular tissues, such as sculpting of the nervous system and removal of interdigital
webs from fetal limbs (Steller, 1995).

In adults, apoptosis regresses lactating breast

tissue following weening and to regulate ovarian follicle atresia (Kaipia and Hsueh, 1997;
O'Shea et al., 1978; Walker et al., 1989).

Apoptosis also plays a crucial role in

maintaining the immune system by deleting self-activated T cells in the thymus and
selecting B cells during the immune response (Liu et al., 1989; Smith et al., 1989).

In

addition, apoptosis is triggered to remove damaged or infected cells to prevent further
tissue damage (Kerr et al., 1994; Thompson, 1995).
Apoptosis is important for normal development, for maintenance of tissue
homeostasis and for an effective immune system.

Therefore, it is not surprising that

both excessive and insufficient apoptosis contributes to numerous pathological conditions
including neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease,
autoimmune disorders, hematological disorders and several forms of cancer (Cory and
Adams, 2002; Cory et al., 2003; Hanahan and Weinberg, 2000; Soengas et al., 2001;
Thompson, 1995; Yuan and Yankner, 2000).

Many toxic chemicals, including

chemotherapeutic agents and radiation, induce apoptosis in vivo and in vitro (Thompson,
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1995).

Most chemotherapeutic agents kill cancer cells through the activation of

apoptosis signaling pathways. Therefore, a complete understanding of apoptosis may
identify the molecular targets for cancer treatment as well as other human diseases related
to inappropriate apoptosis.

Benzene is also believed to induce aplastic anemia by

inducing excessive apoptosis in progenitor cell population within the bone marrow.
Thus, understanding of mechanisms by which benzene/benzene metabolites induce
apoptosis will assist in understanding benzene-mediated toxicity.

1-4-1-1. Morphological Features
Cells undergoing apoptosis display several characteristic morphological changes
in cell structure (Schwartzman and Cidlowski, 1993; Takahashi and Earnshaw, 1996).
Early in apoptosis, cells round up, losing contact with their neighbors. Apoptotic cells
lose cytoplasmic volume, resulting in cell shrinkage (Kerr et al., 1972; Morris et al.,
1984).

In the cytoplasm, the endoplasmic reticulum dilates and the cisternae swell to

form vesicles and vacuoles whereas chromatin condenses and aggregates into dense
compact masses in the nucleus.

In the plasma membrane, cell junctions disintegrate and

the plasma membrane becomes convoluted, eventually blebbing.

Subsequently, the

entire cell breaks up into pieces, called apoptotic bodies, which contain intact organelles
and fragmented DNA (Kerr et al., 1972; Ly et al., 2003).

Some modifications in the

plasma membrane occur, including loss of sialic acid and membrane phospholipid
asymmetry, enabling phagocytic cells to recognize and engulf apoptotic bodies rapidly
under physiological conditions (Fadok et al., 1992; Falasca et al., 1996; Savill and Fadok,
2000; Savill et al., 1993).

This last step is very important in that the phagocytic

clearance ensures an inflammatory response does not occur around apoptotic cells in
tissues.
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1-4-1-2. Biochemical Features
Although various external stresses, including radiation, DNA damaging agents,
TNF-α, and Fas ligand, initiate apoptosis, the dying cells share the same morphological
features as those described above (Thompson, 1995).

In addition to physical changes,

apoptotic cells are characterized by several biochemical features.

1-4-1-2-1. Caspase Activation
The majority of apoptotic characteristics are related to the activation of a family
of intracellular cysteine proteases, known as caspases.

The activation of caspases is

regarded as the execution step in apoptosis and irreversible (Bratton and Cohen, 2001;
Cohen, 1997a; Thornberry and Lazebnik, 1998).

Therefore, understanding mechanisms

and pathways to caspase activation is essential for apoptosis research and for the
development of therapeutic tools for apoptosis-related diseases.

Caspase activation in

mammals likely occurs through one of two fundamental pathways, the death receptormediated, or cytochrome c-initiated pathways (Jiang and Wang, 2004).

The death

receptor-mediated pathway, also referred to as the extrinsic pathway, is triggered by the
tumor necrosis factor (TNF) superfamily of proteins, including TNF-α, Fas/CD95/Apo1
ligand and Apo2 ligand/TRAIL.

These death ligands recognize and interact with their

cell surface death receptors, such as TNFR1/p55, Fas/CD95/Apo1, and Apo2 (Ashkenazi,
2002; Ashkenazi and Dixit, 1998; Jiang and Wang, 2004; Wang, 2001). The activation
of these receptors recruits Fas-associated death domain (FADD) and/or TNFR-associated
death domain (TRADD), and pro-caspase-8 or pro-caspase 10 via protein-protein
domain-dependent interactions, which include death domain (DD) and the death effector
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domain (DED), resulting in the formation of the death-inducing signaling complex
(DISC), which subsequently activates caspase-8 and caspase-10 (Figure 1.7).

In

contrast, various stresses, including toxicants, induce apoptosis via the cytochrome cinitiated pathway, also called the intrinsic pathway.

Cytochrome c, released from

mitochondria, assists in the assembly of the apoptosome, in combination with the
recruitment of pro-caspase-9, Apaf-1 and dATP/ATP, culminating in caspase-9 activation
(Adams, 2003; Jiang and Wang, 2004; Li et al., 1997; Rodriguez and Lazebnik, 1999;
Wang, 2001).

Caspase-8 and caspase-9 are refered to as initiator caspases.

Interestingly, active caspase-8 cleaves the Bcl-2 family protein, Bid (p22) and produces a
truncated protein, tBid (p15). tBid translocates to the mitochondria and stimulates the
release of cytochrome c,

linking the death receptor pathway to the activation of

caspase-9 (Gross et al., 1999b; Li et al., 1998; Luo et al., 1998).

These two signaling

pathways activate effector caspases, such as caspase-3, -6 and -7, all of which cleave
biologically important proteins, additional details of which are discussed in the following
section.
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Figure 1.7. Extrinsic death receptor pathway.
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1-4-1-2-2. DNA Fragmentation
Another biochemical feature of apoptotic cells is chromosomal DNA degradation,
recognized as a DNA ladder on conventional agarose gel electrophoresis (Arends et al.,
1990; Nagata et al., 2003; Wyllie, 1998; Wyllie, 1980).

The process for DNA

degradation during apoptosis requires two sequential steps involving several enzymes.
Initially, genomic DNA is cleaved into large-scale DNA fragments, around 50-300 kb,
which possibly reflects the structure of chromatin loops and hexameric loop structures
known as rosettes (Filipski et al., 1990; Oberhammer et al., 1993; Sun and Cohen, 1994;
Walker et al., 1994; Zhivotovsky et al., 1994).

Although topoisomerase II (cleaves

double strand DNA) was proposed as a candidate endonuclease responsible for largescale DNA fragmentation during apoptosis, evidence now indicates that topoisomerase II
is unlikely to fulfill this function (Beere et al., 1995; Beere et al., 1996). Topoisomerase
II can mediate excision of chromosomal DNA loops (Lagarkova et al., 1995; Li et al.,
1999), and this is probably that the preferred sequence of the cleavage sites for DNA
fragmentation are A/T-rich regions, as found in the nuclear scaffold region (Khodarev et
al., 2000; Laemmli et al., 1992; Lagarkova et al., 1995; Luderus et al., 1994). Recently
apoptosis-inducing factor (AIF) was identified, cloned, and shown to cause large-scale
DNA degradation in vitro (Susin et al., 1999).

AIF is a mitochondrial intermembrane

flavoprotein of relative molecular weight 57 kDa, with NADH oxidase activity (Klein et
al., 2002; Miramar et al., 2001; Susin et al., 1999).

Upon the induction of apoptosis,

AIF translocates from mitochondria to the cytosol, and subsequently to the nucleus
(Daugas et al., 2000). Within the nucleus, AIF acts directly on chromosomal DNA, in
cooperation with a second mitochondrial protein, endonuclease G (Endo G), resulting in
large-scale DNA fragmentation (Cande et al., 2002; Lu et al., 2003; Saelens et al., 2004).
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This high-molecular weight DNA fragmentation is followed by internucleosomal
cleavage that generates small DNA fragments (mono- and oligonucleosomal DNA
fragments), consisting of multimers of about 180 bp, approximately the size of DNA
within a nucleosome (Walker and Sikorska, 1997; Wyllie, 1980).

Several

endonucleases, such as DNase I, DNase II, cyclophilins and DNase γ, have been
proposed to be responsible for this internucleasomal cleavage, but none of them appears
to fulfill the criteria for the apoptotic DNase (Barry and Eastman, 1993; Montague et al.,
1997; Peitsch et al., 1993; Polzar et al., 1993; Polzar et al., 1994; Shiokawa et al., 1997;
Shiokawa and Tanuma, 1998).

In contrast, caspases have been identified as effectors of

apoptosis and DNA fragmentation as well as of the morphological changes that occur
downstream of caspase activity (Enari et al., 1995a; Enari et al., 1995b; Janicke et al.,
1998; Martin et al., 1995; Nicholson et al., 1995).

The caspase-activated DNase

(CAD)/DNA fragmentation factor (DFF), which is activated by caspase-3/7 and causes
oligonucleosomal DNA degradation was independently identified by two groups (Enari et
al., 1998; Liu et al., 1997; Mukae et al., 1998).

CAD/DFF40 is normally maintained in

the inactive state in association with its inhibitor, ICAD/DFF45 (Sakahira et al., 1998;
Sakahira et al., 1999). ICAD/DFF45 contains two caspase-3 recognition sites (Asp117
and Asp224) and is cleaved by active caspase-3 and caspase-7, following which it can no
longer inhibit the endonuclease activity of CAD/DFF40 (Enari et al., 1998; Liu et al.,
1997; Sakahira et al., 1998).

CAD/DFF40 must function in the nucleus to degrade

chromosomal DNA, and CAD/DFF40 from human, mouse, rat and zebrafish contains a
typical nuclear localization signal (NLS) at the C-terminal.

However, the precise

localization of CAD/DFF40 and ICAD/DFF45 is contradictory and remains to be
clarified (Enari et al., 1998; Lechardeur et al., 2000; Nagata et al., 2003; Nagata et al.,
2002; Samejima and Earnshaw, 1998; Xerri et al., 2000).
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1-4-1-2-3. Phosphatidylserine Externalization
Under normal conditions, plasma membrane phospholipids of cells are distributed
asymmetrically across the lipid bilayer (Chap et al., 1977; Op den Kamp, 1979;
Zachowski et al., 1986).

Three enzymes contribute to the maintenance of phospholipid

asymmetry in the cell membrane (Bevers et al., 1999).

The ATP-dependent

aminophospholipid translocase (APTL) transports phosphatidylserine (PS) and
phosphatidylethanolamine from the outer leaflet to the inner leaflet of the plasma
membrane, against the concentration gradient dependent (Connor and Schroit, 1987;
Daleke and Huestis, 1985; Seigneuret and Devaux, 1984; Zwaal and Schroit, 1997).
Phospholipid scramblase, a Ca2+-dependent enzyme, catalyzes both the inward and
outward movement of lipids (Dekkers et al., 1998; Zhou et al., 1997; Zwaal and Schroit,
1997). Finally, the floppase is an-ATP dependent enzyme that catalyzes the outward
movement of lipids, such as phosphatidylcholine.
Apoptotic cells often lose membrane phospholipid asymmetry, resulting in PS
externalization, which assists phagocytic cells to recognize apoptotic cells and to engulf
apoptotic bodies rapidly, without an accompanying inflammatory response (Savill and
Fadok, 2000).

PS appears to be externalized as a result of decreases in APTL activity

and by increases in phospholipid scramblase activity during apoptosis (Das et al., 2003;
Williamson and Schlegal, 2002; Middelkoop et al., 1988; Verhoven et al., 1999). In
addition, caspases seem to be involved, in part, in PS externalization. For example,
VAD-CMK (general caspase inhibitor) or DEVD-FMK (caspase 3 inhibitor) block PS
externalization triggered by anti-Fas or TNF-α (Martin et al., 1996; Vanags et al., 1996),
whereas mitochondrial inhibitors, antimycin A and oligomycin, inhibit PS externalization
and phagocytic recognition of THP.1 cells without the inhibition of caspase-3 activity
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(Zhuang et al., 1998). Caspases also influence the activities of APTL and phospholipids
scramblase, controlling PS externalization. However, the precise mechanisms by which
PS is externalized during apoptosis remain to be discovered.

1-4-2. Caspases
Caspases are Cysteine-ASPartic acid proteASEs.

All known caspases have an

active site cysteine, and cleave substrates at Asp-Xxx bonds (Alnemri et al., 1996;
Hengartner, 2000; Shi, 2002; Thornberry and Lazebnik, 1998; Thornberry et al., 1997).
Actually, caspases recognize at least four amino acids sequence (tetrapetide recognition
motif), named P4-P3-P2-P1 and cleave after the C-terminal residue (P1), usually Asp.
Interestingly, the preferred P3 residue is Glu for all mammalian caspases examined (Shi,
2002; Thornberry et al., 1997).

Caspase-2, -3 and -7 preferentially cleave at the motif

DEXD↓, caspase-6, -8, and -9 target the motif (I/V/L)EXD↓, and caspase-1, 4-, and -5
cleave the motif WEHD↓ (Thornberry et al., 1997).
Caspases are highly conserved through our evolution, and are found from
nematodes to humans (Budihardjo et al., 1999; Cikala et al., 1999; Earnshaw et al.,
1999).

Caspases were initially implicated in apoptosis following the discovery that

CED-3 protein required for cell death in the nematode Caenorhabditis elegans, was
related to the mammalian interleukin-1β-converting enzyme (ICE or caspase-1)
(Thornberry et al., 1992; Yuan et al., 1993). Although the first mammalian caspase,
caspase-1 does not have an obvious role in apoptosis, it was identified as an important
regulator of the inflammatory response.

At least fourteen distinct mammalian caspases

have been identified so far, at least 8 of which play critical roles during apoptosis (Figure
1.8) (Budihardjo et al., 1999; Earnshaw et al., 1999; Fesik and Shi, 2001; Salvesen and
Dixit, 1997; Thornberry and Lazebnik, 1998). The different caspases share similarities
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in amino acid sequence, structure, and substrate specificity (Nicholson and Thornberry,
1997).
All caspases are produced as zymogens (pro-caspases) which are catalytically
inactive.

Zymogens (30 to 50 kDa) contain three domains: an NH2-terminal domain, a

large subunit (~20 kDa), and a small subunit (~10 kDa).

Caspases can be activated in

response to apoptotic stimuli via cleavage of the zymogens between the various domains,
catalyzed by either other caspases or via autocleavage and subsequent association of the
large and small subunits to form a heterodimer (Shi, 2002; Thornberry and Lazebnik,
1998).
Caspases involved in apoptosis are generally classified into two groups, the
initiator caspases and effector caspases. Initiator caspases, including caspase-2, -8, -9
and -10, are responsible for cleaving and activating other effector caspases.

Effector

caspases, including caspase-3, -6, and -7 cleave a broad spectrum of cellular target
proteins, including specific structural and regulatory proteins, ultimately leading to cell
death (Cohen, 1997a; Thornberry and Lazebnik, 1998).

Most morphological and

biochemical changes that occur during apoptosis result from the activation of effector
caspases. The activation of an effector caspase involves specific intra-chain cleavage of
the pro-caspase, which is mediated by a specific initiator caspase.

As a result of the

intra-chain cleavage, the catalytic activity of the effector caspase is enhanced
significantly (Shiozaki and Shi, 2004).
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Figure 1.8. Schematic diagram of the mammalian caspases. The effector and initiator
caspases are labeled in red and orange colors respectively. The cleavage
sites are represented by arrows. The position of the first activation
cleavage (between the large and small subunits) is highlighted with a large
arrow.
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Initiator caspases are characterized by an extended N-terminal prodomain (> 90
amino acids) and are capable of autocatalytic intra-chain cleavage that has a modest
effect on catalytic activity compared with the effector caspases (Shiozaki and Shi, 2004;
Srinivasula et al., 2001; Stennicke et al., 1999). For example, fully processed caspase-9
is marginally active, similar to unprocessed caspase-9.

However, the activity of

caspase-9 (both processed and unprocessed) associated with the apoptosome dramatically
increases upto 2000 fold (Bratton et al., 2001; Rodriguez and Lazebnik, 1999; Srinivasula
et al., 2001).

Two models have been proposed to explain how initiator caspases are

activated (Shi, 2004; Shiozaki and Shi, 2004).

The induced-proximity model, first

proposed in 1998, suggests that the initiator caspases auto-process themselves when
brought into close proximity with each other (Salvesen and Dixit, 1999).

The

proximity-induced dimerization model suggests that the initiator caspases are activated
upon dimerization, which is facilitated by the oligomeric complexes, apoptotsome and
DISC for caspase-9 and caspase-8, respectively (Boatright et al., 2003; Boatright and
Salvesen, 2003). However, the accuracy of these two models requires additional
investigation.
The identification of caspase targets and the elucidation of the consequences of
proteolytic cleavage are the keys to understanding the molecular mechanism of apoptosis.
More than 500 proteins have been identified as substrates of caspases (Degterev et al.,
2003; Fischer et al., 2003; Stroh and Schulze-Osthoff, 1998), and new substrates are
continuously being found (Table 1.1).

The known substrates of caspases are generally

categorized into a few functional groups, including cytoskeletal and structural proteins,
cell-cycle and replication components, proteins involved in signal transduction,
transcription and translation-regulatory proteins, and proteins involved in DNA repair.
Since the cleavage of substrates by caspases leads to either gain or loss of function,
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Table 1.1. Example of substrates for effector caspases
Cytoskeletal and structural proteins
Fodrin
Actin
Lamins
β-catenin
Gelsolin
Gas2
Cell cycle and replication
Topoisomerase-1
MDM2/HDM2
Retinoblastoma protein (Rb)
NuMA
DNA cleavage and repair
Poly(ADP-ribose) polymerase (PARP)
DNA-dependent protein kinase (DNA-PK)
Inhibitor of caspase-activated DNase (ICAD/DFF45)
Signal transduction
Protein kinase Cδ, θ
MEKK-1
P21-activated kinase (PAK2)
Focal adhesion kinase
Protein phosphatase 2A (PP2A)
Ras GAP
Others
Pro-caspases
Bcl-2
Bcl-xL
Bid
Hsp90
APC protein
Calpastatin
Atrophin-1
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the consequences of caspase-mediated substrate cleavages include i) disassembly of
cellular structures, ii) a halt of cell cycle progression, iii) cell detachment, iv) marking of
the apoptotic cells for engulfment by phagocytes and v) disabling of DNA repair systems.
For example, the nuclear structural protein, lamin B is cleaved predominantly by caspase6, leading to the disassembly of the nuclear envelope and eventually in nuclear collapse
(Rao et al., 1996).
Since the activation of caspases represents the final execution step in apoptosis
and is irreversible, caspases are highly regulated. First of all, all caspases are produced
as catalytically inactive zymogens (as discussed earlier).

Specifially, effector caspases

must be cleaved by initiator caspases to be activated following an apoptotic stimulus.
Second, the activation of caspases is controlled by transcriptional level and posttranslational modification such as phosphorylation (Earnshaw et al., 1999).

Some

studies have indicated that mRNA of pro-caspase-3 are elevated in mouse neurons in
vitro and mouse brain in vivo after apptosis-promoting insults (Chen et al., 1998). The
survival pathway kinase, Akt, inhibits caspase-9 processing via phosphorylation at
Ser196 (Cardone et al., 1998; Fujita et al., 1999). The ERK MAPK pathway also
inhibits caspase-9 activity by direct phosphorylation at Thr125 in vitro (Allan et al.,
2003).

Phosphorylation of caspase-9 at Thr125 is sufficient to inhibit caspase-9

processing and subsequent activation of caspase-3.

Third, active caspases can be

ubiquitinated and degradated by the proteasome (Huang et al., 2000; Suzuki et al.,
2001b).

Finally, the enzymatic activities of caspases are inhibited by the inhibitor of

apoptosis (IAP) family proteins, such as XIAP (X-linked inhibitor of apoptosis protein),
NAIP (neuronal apoptotic inhibitory protein), survivin, c-IAP1 (cellular inhibitor of
apoptosis protein 1), c-IAP2 and ML-IAP/Livin (Ashhab et al., 2001; Deveraux and
Reed, 1999; Hay, 2000; Liston et al., 2003; Schimmer, 2004; Suzuki et al., 2001a; Vucic
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et al., 2000).
their activities.

IAPs target the initiator caspase-9, effector caspase-3 and -7 and inhibit
The first IAPs were identified in baculoviruses based on their ability to

suppress apoptosis in infected host cells, and to antagonize cell death by inhibiting the
activities of mature caspases (Clem, 2001).

The IAPs are characterized by one or more

70-80 amino acid baculoviral IAP repeat (BIR) domains.

XIAP, c-IAP1, and c-IAP2

contain three BIR domains and each BIR domain exhibits distinct function.

These three

IAPs inhibit active caspase-9 through the BIR3 domain, and also block the activities of
caspase-3 and -7 through the linker region between the BIR1 and BIR2 domains
(Deveraux et al., 1999; Fesik and Shi, 2001; Shi, 2001; Shi, 2002). XIAP is the most
potent of the IAPs with respect to inhibition of caspase-9, -3 and -7.
caspase-9 is subject to binding and subsequent inhibition by IAPs.

Only processed

The BIR3 domain of

XIAP binds to the N-terminus of the small subunit of caspase-9 which is exposed after
proteolytic cleavage (Srinivasula et al., 2001). The linker region of XIAP binds to the
active site of partially processed caspsase 3 (p20/p12), and inhibits autocatalytic cleavage
of the prodomain and fully mature p17/p12 form (Bratton and Cohen, 2003; Sun et al.,
2002).

XIAP-mediated caspase inhibition is relieved by Smac (second mitochondria-

derived activator of caspase)/DIABLO (direct IAP-binding protein with low PI) which is
released from the intermembrane space of mitochondria into the cytosol (Chai et al.,
2000; Du et al., 2000; Shi, 2002; Srinivasula et al., 2000; Srinivasula et al., 2001;
Verhagen et al., 2000).

The relationship between caspases, XIAPs and Smac is

described in Figure 1.9.
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inactive

1-4-3. Bcl-2 Family Proteins
The critical role of mitochondria in mammalian apoptosis has been firmly
established since they are actively involved in the execution step of apoptosis by
regulating the release of at least three proteins, cytochrome c, AIF and Smac (Green and
Kroemer, 1998; Green and Kroemer, 2004; Matsuyama and Reed, 2000; Wang, 2001).
Cytochrome c assists in the assembly of the apoptosome, which initiates the caspase
activation cascade in the intrinsic pathway of apoptosis (Wang, 2001). AIF translocates
to the nucleus and cleaves chromosomal DNA, producing large scale DNA fragments
(Nagata et al., 2003). Smac inhibits the X-linked inhibitor of apoptosis protein (XIAP)
which otherwise binds to caspases and prevents caspase activation (Shi, 2002; Srinivasula
et al., 2001).
By regulating mitochondrial function, the Bcl-2 family members are key players
in stress/toxicant-induced apoptosis.

The first identified gene of this family was the Bcl-

2 proto-oncogene which is abnormally expressed following a t(14;18) chromosome
translocation in human follicular B-cell lymphomas (Bakhshi et al., 1985; Cleary and
Sklar, 1985; Tsujimoto et al., 1985). Bcl-2 expression did not promote cell proliferation
but blocked cell death following multiple physiological and pathological stimuli, unlike
other oncogenes at that time, effectively establishing a new class of oncogenes
(Korsmeyer, 1992; McDonnell et al., 1989; Vaux et al., 1988).
At least 20 mammalian Bcl-2 family proteins have been identified to date and all
Bcl-2 family members contain at least one of four, Bcl-2 homology (BH) domains,
designated BH1, BH2, BH3 and BH4 (Adams and Cory, 2001; Chao and Korsmeyer,
1998; Danial and Korsmeyer, 2004; Gross et al., 1999a; Strasser et al., 2000). Bcl-2
family proteins can form homo- and heterodimers with one another via the BH domains,
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which regulates their activity (Chittenden et al., 1995; Oltvai et al., 1993; Sedlak et al.,
1995; Yin et al., 1994).

Most Bcl-2 family members, except Bad, Bid, Al, Noxa and

Puma, possess a hydrophobic C-terminus which can function as a membrane anchor,
targeting proteins for insertion into cellular membranes (Nguyen et al., 1993).
However, the cellular distribution of Bcl-2 family members depends not only on the
availability of C-terminal membrane anchors, but also the interactions with other Bcl-2
proteins (Adams and Cory, 1998; Adams and Cory, 2001). The Bcl-2 family members
can be classified into three subfamilies, depending on which of the conserved domains
are present, and on their ability to either promote or antagonize apoptosis (Figure 1.10).
The anti-apoptotic Bcl-2 family proteins include Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and
A1 (Boise et al., 1993; Choi et al., 1995; Gibson et al., 1996; Kozopas et al., 1993).
Among these, Bcl-2, Bcl-xL and Bcl-w possess all BH domains (BH1- BH4), whereas
Mcl-1 and A1 possess only BH1-BH3 and BH1-BH2 domains respectively.

Bcl-2

resides exclusively in the outer membranes of mitochondria, endoplasmic reticulum and
nuclear envelope (Hockenbery et al., 1990; Krajewski and Razin, 1993)
The multidomain pro-apoptotic Bcl-2 family members include Bax, Bak and
Bok/Mtd.

They all possess BH1-BH3 domains.

The pro-apoptotic Bcl-2 family

proteins appear to require an activation step to expose the hydrophobic face of their BH3
domain before they can interact with anti-apoptotic Bcl-2 family members, such as Bcl-2
and Bcl-xL.

Cells deficient in the multidomain pro-apoptotic molecules Bax and Bak,

are resistant to all tested intrinsic death pathway stimuli (Lindsten et al., 2000; Wei et al.,
2001).

Bax is usually present as a monomer in the cytosol or loosely attached to

mitochondrial membrane in viable cells, whereas Bak resides as a monomer at the
mitochondria (Hsu et al., 1997).

Upon receipt of a death signal, Bax is activated and

inserted into the mitochondrial outer membrane as homooligomerized multimers, and
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Bak also undergoes an allosteric conformational activation (Danial and Korsmeyer, 2004;
Suzuki et al., 2000).
The BH3-only Bcl-2 family members contain only BH3 domains, and Bad, Bid,
Bik, Puma, Hrk, Bmf and Noxa belong to this subfamily. The BH3-only proteins are
potent inducers of apoptosis, and appear to trigger apoptosis by heterodimerizing with
anti-apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-xL (O'Connor et al., 1998;
Wang et al., 1996; Yu et al., 2001).

Puma (p53-upregulated modulator of apoptosis)

and Noxa play a role in p53-mediated apoptosis (Nakano and Vousden, 2001; Oda et al.,
2000; Yu et al., 2003). Mouse Noxa contains two BH3 domains, whereas human Noxa
contains only one BH3 domain (Oda et al., 2000).

Once truncated by caspase-8, tBid

translocates to mitochondria and leads to cytochrome c release, resulting in cell death
(Inohara et al., 1997; Wang et al., 1996; Zha et al., 1997), whereas most BH3-only
members induce apoptosis by inhibiting the protective effects of anti-apoptotic Bcl-2
proteins.
The pro- or anti-apoptotic activities of the Bcl-2 family members are regulated not
only at the transcriptional level, but also at the post-translational level, including
phosphorylation, cleavage, translocation, and dimerization (Gross et al., 1999a). The
BH3-only proteins, Noxa and Puma are good examples of the transcriptional level of
control. The expression of Noxa and Puma increases following DNA damage in a p53mediated pathway (Nakano and Vousden, 2001; Oda et al., 2000; Yu et al., 2001). The
activation of pro-apoptotic Bax represents an example of regulation by translocation and
dimerization in the activation of Bcl-2 family members.

The BH3-only family member,

Bim, also translocates to the mitochondria upon certain apoptotic stimuli.

Bim is

localized to the microtubule-associated dynein motor complex through an association
with the LC8 dynein light chain. Upon death stimuli, Bim dissociates from the motor
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complex, and translocates to the mitochondria, along with LC8 (Puthalakath et al., 1999).
Bim is thought to interact with anti-apoptotic Bcl-2 and antagonize its activity. As
noted earlier, the BH3-only protein Bid is activated by caspase-8 mediated cleavage at its
N-terminus, and translocates to the mitochondria, resulting in the release of cytochrome
c.

The Bcl-2 family protein regulated by phosphorylation is the BH3-only member,

Bad.

The BH3 domain of Bad appears to be essential for the interaction with Bcl-2/Bcl-

xL, and only non-phosphorylated Bad is capable of binding to Bcl-xL (Kelekar et al.,
1997; Ottilie et al., 1997; Zha et al., 1997). Cell survival signals, such as IL-3, activate
the Akt survival signaling pathway, resulting in phosphorylation of Bad at Ser112 and
Ser136 (Zha et al., 1996).

In addition, growth factors, such as platelet-derived growth

factor and epidermal growh factor, activate protein kinase A and phosphorylates Bad at
Ser155 both in vitro and in vivo (Zhou et al., 2000).

Phosphorylated Bad is

subsequently sequestered by 14-3-3 and can no longer interact with Bcl-2/Bcl-xL (Datta
et al., 2000; Zha et al., 1996; Zhou et al., 2000).

Bcl-2 is also phosphorylated in vivo,

and this has an effect on the anti-apoptotic activity of Bcl-2. This will be discussed
later.
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Figure 1.10. Summary of Bcl-2 family members (mammalian), anti-apoptotic, proapoptotic and BH3-only groups. Bcl-2 homology domains (BH1-BH4) are
denoted as is the hydrophobic C-terminus (TM).
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1-5. PHOSPHATASES
Reversible protein phosphorylation plays an important role in regulating protein
function, including protein-protein interactions, modulation of the cell cycle, and
apoptosis (Hunter, 2000; Klumpp and Krieglstein, 2002). Although phosphatases play
an equally important role as protein kinases in regulating protein phosphorylation, their
significance was uncertain until phosphatase substrates were identified (Busino et al.,
2004; Ducruet et al., 2004). A considerable amount of evidence now indicates that
phosphatases play a crucial role in signal transduction and apoptotic signaling pathways
(Busino et al., 2004; Ducruet et al., 2004; Farooq and Zhou, 2004; Groenendyk et al.,
2004; Liu and Hofmann, 2004; Munton et al., 2004).

An estimated 600 protein kinases

and 200 protein phosphatases are encoded by the human genome.

Because a

phosphatase catalytic subunit generally associates with a combination of several
regulatory subunits, the total number of functional phosphatase holoenzymes appears to
equal that of the protein kinases.

Phosphatases are categorized into three classes, based

on substrate specificity (Camps et al., 2000; Janssens and Goris, 2001; Shibasaki et al.,
2002; Virshup, 2000), the protein tyrosine phosphatases (PTPs), the dual-specificity
protein phosphatases (DSPs), and the Ser/Thr phosphatases (PPs).

1-5-1. Protein Tyrosine Phosphatases (PTPs)
The PTPs dephosphorylate tyrosine residues of target proteins, RTKs, and
negatively regulate RTKs downstream signaling, including cell proliferation, cell
motility, and actin reorganization (Ostman and Bohmer, 2001).

Recent studies have

demonstrated that the activity of PTPs is regulated by cellular redox status as discussed in
the previous section (1-3-3-2) (Finkel, 2000; Rhee et al., 2000; Tonks et al., 1988).
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Although PTPs can interact with more than one RTK, several levels of specificity
appear to determine PTP regulation of RTKs, including cell and tissue-specific
expression

of

PTPs

and

RTKs,

substrate

specificity

through

site-selective

dephosphorylation of RTK by PTPs, and different sensitivities of PTPs to ROS-mediated
inactivation (Chiarugi and Cirri, 2003).

For example, SHP2 preferentially

dephosphorylates PDGF-R at Tyr771, Tyr751 and Tyr750 (Graness et al., 2000) whereas
density-enhanced phosphatase-1 (DEP-1) selectively dephosphorylates PDGF-R at
Tyr763, Tyr771 and Tyr778 (Kovalenko et al., 2000).

1-5-2. Dual-Specificity Phosphatases (DSPs)
The dual-specificity protein phosphatases (DSPs) dephosphorylate protein
tyrosine and threonine residues within MAPKs (Camps et al., 2000).

The first identified

mammalian DSP is CL100/3CH143, which is induced rapidly after exposure to growth
factors, heat shock, or oxidative stress (Charles et al., 1992; Emslie et al., 1994; Keyse
and Emslie, 1992; Noguchi et al., 1993).

3CH143 was renamed MAP kinase

phosphatase-1 (MKP-1), since the specificity of 3CH143 for inactivation of MAP kinases
was suggested (Sun et al., 1993). Since the initial cloning of the CL100/MKP-1 gene,
eight additional mammalian DSP genes have been identified and characterized.

These

include hVH-2/MKP-2 (Ishibashi et al., 1994; Kwak and Dixon, 1995), MKP-3/PYST1
(Groom et al., 1996; Mourey et al., 1996; Muda et al., 1996a), MKP-4 (Muda et al.,
1997), MKP-5 (Tanoue et al., 1999), hVH3/B23 (Ishibashi et al., 1994; Kwak and Dixon,
1995), hVH-5 (Martell et al., 1995), B59 (Groom et al., 1996; Muda et al., 1996a; Shin et
al., 1997), and PAC1 (Rohan et al., 1993; Ward et al., 1994).
phosphatases are strictly expressed in subsets of tissue types.

Some of these

For example, PAC1 is

enriched in hematopoietic cells, whereas hVH-5 is predominantly expressed in brain,
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heart, and skeletal muscle (Martell et al., 1995; Rohan et al., 1993). DSPs exhibit the
specificity for inactivating different MAP kinases.

PAC1 and MKP-3/PYST1

completely inactivate ERK but not JNK/SAPK or p38 MAPK (Chu et al., 1996; Groom
et al., 1996; Muda et al., 1996b)

1-5-3. Ser/ Thr Phosphatases (PPs)
In eukaryotic cells, more than 98% of all protein phosphorylation occurs on Ser
and Thr residues and the Ser/Thr phosphatases (PPs) are the ones which dephosphorylate
these residues.
relative

PPs are divided into two major sub-classes, PP1 and PP2, based on their

insensitivity

to

endogenous

inhibitors,

and

on

specific

biochemical

characteristics. PP1 preferentially dephosphorylates the β subunit of phosphorylase
kinase, and its activity is inhibited by two heat-stable cytosolic proteins, inhibitor-1 (I-1)
and inhibitor-2 (I-2).

In contrast, the PP2 family dephosphorylates the α subunit of

phosphorylase kinase, and this family is not blocked by I-1 or I-2. The PP2 family is
further divided into three subtypes, PP2A, PP2B, and PP2C, according to their
requirement for divalent cations for enzymatic activity. PP2A can be active in the
absence of any specific divalent cation whereas PP2B (calcineurin) requires
Ca2+/calmodulin, and PP2C requires Mg2+.

Additional studies have revealed that the

primary amino acid sequences of PP1, PP2A and PP2B are related whereas PP2C is
structurally different (Cohen, 1997b; Mumby and Walter, 1993; Walter and Mumby,
1993).

Thus, based on the similarity of the primary amino acid sequences, PPs are

categorized into two gene families. PP1, PP2A and PP2B

are expressed from the

phosphoprotein phosphatase (PPP) gene family, whereas PP2C is produced from the
Mg2+-dependent protein phosphatase (PPM) gene family (Cohen, 1997b; Honkanen and
Golden, 2002).

Recently, PP4, PP5, PP6 and PP7 were cloned and shown to belong to
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the PPP gene family (Cohen, 1997b).

Among the three classes of phosphatases, the PPs

are the ones which exhibit anti- or pro-apoptotic activity (Kong et al., 2004; Liao and
Hung, 2004; Plummer et al., 2004; Somervaille et al., 2001; Zhou et al., 2004).
The PP1, 35-38 kDa, is one of the most conserved eukaryotic proteins. The PP1
catalytic subunit (PP1c) can form complexes with more than 50 regulatory subunits
through a short conserved binding motif – the RVxF motif. The formation of these
complexes appears to convert PP1c into many different forms, leading to distinct
substrate specificities, restricted subcellular locations (targeting), and differential
regulation (Cohen, 2002; Garcia et al., 2003; Hubbard and Cohen, 1993).
Categorization of established or putative mammalian regulatory subunits of PP1c is
illustrated in Table 1.2.

PP1 is actively involved in various physiological functions,

such as cell division and meiosis, cell cycle arrest and apoptosis, metabolism, protein
synthesis, and actin reorganization (Ceulemans and Bollen, 2004).

Protein kinases of

the Aurora family have multiple mitotic substrates, such as histone H3, and emerging
evidence suggests that PP1 dephosphorylates these substrates and reverses Aurora’s
action (Murnion et al., 2001; Nigg, 2001). Retinoblastoma protein (Rb) is a late-mitotic
substrate of PP1, and is activated upon PP1 dephosphorylation (Nelson et al., 1997).
PP1 not only activates Rb at the M/G1 transition, but also it is implicated in Rb-mediated
cell cycle arrest (Berndt et al., 1997).

Recently PP1c was identified as a Ras-activated

Bad phosphatase that dephosphorylates Bad on Ser112 and Ser136 (Ayllon et al., 2000).
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Table 1.2. Regulatory subunits of PP1 in mammals
Regulatory subunit
Endoplasmic reticulum targeting
Ribosomal inhibitor of PP1
(RIPP1)
Growth arrest and DNA
Damage protein (GADD34)
L5 ribosomal protein
Plasma membrane and
cytoskeleton targeting
Neurabin I
A-kinase anchoring protein 220
(AKAP220)
BH-protocadherin-c
Nuclear membrane targeting
AKAP 149
Centrosome targeting
AKAP 350
NIMA related protein kinase 2
(Nek2)
Mitochondrial targeting
Bcl-2
Glycogen targeting
GM
GL
R5 (protein targeting to
glycogen)
R6
Myosin/actin targeting
M110 (myosin phosphatase
targeting subunit)
MYPT2
p85
Spliceosomal/RNA targeting
NIPP1
(nuclear inhibitor of PP1)
p99
Inhibitors or chaperones
I-1
I-2
Grp78
I1PP2A
I2PP2A
DARPP-32

Physiological function regulated References

Protein synthesis?
Protein synthesis

(Beullens et al., 1996;
Novoa et al., 2001)
(Hirano et al., 1995)

Protein synthesis?

Neurite outgrowth
Co-ordination of PKA and PP1 signaling
Neuronal cell-cell interaction?
Nuclear envelope reassembly
Centrosomal function?
Centrosome separation
Apoptosis? (dephosphorylation of Bad)
Glycogen metabolism
Glycogen metabolism

(McAvoy et al., 1999;
Schillace et al., 2001;
Yoshida et al., 1999)
(Steen et al., 2000)
(Ayllon et al., 2000;
Helps et al., 2000;
Takahashi et al., 1999)
(Ayllon et al., 2000)
(Armstrong et al., 1997;
Doherty et al., 1995;
Moorhead et al., 1995;
Stralfors et al., 1985)

Glycogen metabolism
Glycogen metabolism?
Smooth muscle relaxtion
Skeletal muscle contraction
Actin cytoskeleton?
Pre-mRNA splicing

(Alessi et al., 1992;
Fujioka et al., 1998;
Tan et al., 2001)
(Kreivi et al., 1997;
Van Eynde et al., 1995)

RNA processing or transport?
Inhibition of PP1c
Molecular chaperone, inhibition of PP1c
Molecular chaperone?
Stimulation of PP1c
and inhibition of PP2A?
Inhibition of PP1c
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(Chun et al., 1994;
Hemmings et al., 1984;
Huang and Glinsmann,
1976; Katayose et al.,
2000)

The PP2A family members also play important roles in cell cycle regulation, cell
morphology, specific signal transduction, and apoptosis (Janssens and Goris, 2001). A
role of PP2A in the Wnt signaling pathway is suggested (Gotz et al., 1998; Gotz et al.,
2000; Hsu et al., 1999; Janssens and Goris, 2001; Kikuchi, 2000).

In the absence of

Wnt, β-catenin resides at the plasma membrane in association with E-cadherin and
PP2Acα, and in the cytoplasm it forms a complex with axin, APC, GSK-3β and PP2Acβ.
Within the cytoplasmic complex, GSK-3β is constitutively active and believed to
phosphorylate β-catenin, APC and axin. The phosphorylation causes ubiquitination and
degradation of β-catenin (in this case, the associated PP2A may not be sufficiently active
to counteract GSK-3β-mediated phosphorylations). However, as Wnt ligand binds to its
receptor Frizzled, GSK-3β activity is blocked, resulting in unphophorylated axin, APC
and β-catenin. In this case, PP2A appears to maintain the unphosphorylation status by
dephosphorylating axin, APC and β-catenin.

Unphosphorylated axin is degraded and β-

catenin is dissociated from the complex.

Subsequently β-catenin translocates to the

nucleus, initiating the transcriptional activation of specific target genes. A role of PP2A
in apoptosis is proposed based upon its ability to dephosphorylate Bcl-2 (Ruvolo et al.,
1999; Ruvolo et al., 2001).

The second messenger ceramide activates mitochondrial

PP2A and dephosphorylates Bcl-2 at Ser70, preventing its anti-apoptotic activity.

In

addition, apoptosis is linked to the activity of PP2A, since active caspase-3 cleaves the
regulatory subunit of PP2A, leading to activation of PP2A (Santoro et al., 1998).
PP2B is a calcium/calmodulin-dependent phosphatase, and is ubiquitously
distributed in various mammalian tissues.

PP2B is a sensitive target for inhibition by

superoxide anion, as a result of oxidative damage to the Fe-Zn active center of PP2B
(Shibasaki et al., 2002; Sommer et al., 2002).
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PP2B when activated by calcium, induces

apoptosis in hippocampal neurons through dephosphorylation of Bad (Shibasaki and
McKeon, 1995; Wang et al., 1999).
PP2C is a monomeric protein with a molecular weight of around 43-48 kDa
(Cohen, 1989; Wera and Hemmings, 1995).

Although PP2C activity increases during

apoptosis triggered by unsaturated fatty acids in neuronal cells, whether PP2C directly
regulates kinases or their downstream targets still remains unknown (Klumpp et al.,
2002).

Compared to PP1, PP2A and PP2B, little is known about PP4, PP5, PP6 and

PP7 and these phosphatases deserve additional investigation.

1-6. DISSERTATION AIMS
Benzene must be metabolized and bioactivated to mediate its hematotoxic effects,
such as aplastic anemia and AML.

Several hydroquinone-thioether metabolites of

benzene, in particular TGHQ, reproduce benzene-mediated hematotoxicity in vivo, and
induce apoptosis in human promyelocytic leukemia (HL-60) cells, which express the
CD34 molecule.

CD34+ human bone marrow progenitor cells are believed to be targets

of benzene-mediated toxicity.

Since benzene may reduce the number of myeloid stem

cells in the bone marrow by the inappropriate activation of apoptotic signaling pathways,
TGHQ-exposed HL-60 cells provide a good model system to investigate benzene
metabolite-mediated hematoxicity, such as inappropriate apoptosis.
TGHQ likely induces toxicity by either the generation of reactive oxygen species
(ROS) and/or via the covalent binding of reactive metabolites to critical tissue
macromolecules.

The first aim of this dissertation was to identify the mechanism of

TGHQ-mediated apoptosis. Although previous work has shown that TGHQ depletes
cellular GSH levels, and stimulates sphingomyelin turnover prior to the onset of
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apoptosis, the precise mechanisms by which TGHQ induces apoptosis have not been
fully elucidated.

Therefore, the second aim of this dissertation was to elucidate the

mechanisms of apoptosis triggered by TGHQ to examine the hypothesis that TGHQ
induces apoptosis through cytochrome c-initiated pathway.
ROS are involved in the pathogenesis of many human diseases, including
cardiovascular diseases, and play an important in the toxicities induced by various
chemical exposures.

In particular, ROS appear to function as signaling molecules

during apoptosis. Identifying cellular constituents that are influenced by ROS during
apoptosis is essential for a better understanding of the toxicology of ROS and for
regulating abnormal apoptosis. If ROS generation is an essential element in TGHQinduced apoptosis, TGHQ exposed HL-60 cells provide a model system not only for a
better understanding of hydroquinone-thioether metabolite-mediated toxicity, but also for
assisting the identification of cellular targets of ROS induced apoptosis.
Cellular phosphorylation status determines the activity of many proteins, and is
thus important in the regulation of various cellular processes.

Phosphorylation of

proteins is regulated by the cooperation of two classes of enzymes, kinases and
phosphatases.

Although most research has focused on an understanding of protein

kinases, including the identification of substrates of kinases and their mechanisms of
activation, a considerable amount of evidence indicates that phosphatases play an equally
important role in apoptosis and signal transduction. In particular, Ser/Thr phosphatases
represent a major class of phosphatases, and there are contradictory reports whether these
phosphatases initiate or inhibit apoptosis (Chatfield and Eastman, 2004; Domina et al.,
2004; Ju et al., 2000; Kiguchi et al., 1994; Morana et al., 1996; Parameswaran et al.,
2004; Wolf and Eastman, 1999; Yan et al., 1997). Some Ser/Thr phosphatase inhibitors
induce apoptosis, whereas three inhibitors of Ser/Thr phosphatases 1 and 2A, okadaic
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acid, calyculin A, and cantharidin block apoptosis induced by staurosporine and
etoposide in leukemia cell lines (Ganju and Eastman, 2002).

Therefore, the last aim for

this dissertation was to determine the role of Ser/Thr phosphatases in apoptotic signaling,
and particularly during TGHQ-induced apoptosis of HL-60 cells.
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CHAPTER 2: MATERIALS AND METHODS
2-1. MATERIALS
2-1-1.Chemicals
1,4-Benzoquinone was purchased from Fluka Chemika (Buchs SG, Switzerland).
2,3,5-tris-(glutathion-S-yl)hydroquinone [TGHQ] was synthesized and purified according
to

previously

published

Tetramethylrhodaminemethylester

methodology
(TMRM),

(Lau

et

al.,

1988).

5-(and-6)-carboxy-2’,7’-

dichlorodihydrofluorescein diacetate (Carboxy-H2DCFDA), and anti-cytochrome oxidase
subunit IV (CytOX IV) antibodies were purchased from Molecular Probes (Eugene, OR).
Calyculin A was obtained from A.G. Scientific, Inc (San Diego, CA).
and MG132 were purchased from Calbiochem (San Diego, CA).

Cyclosporin A

Propidium iodide,

RNase, etoposide, digitonin, catalase, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), okadaic acid, Triton X-100, NP-40, GSH, and all other compounds were
purchased from Sigma Chemical Co. (St. Louis, MO). All solvents, including ethanol,
were obtained from Fischer Scientific (Houston, TX).

Caspase 9 activity assay kits

were obtained from Oncogene (San Diego, CA). Protease inhibitor cocktail tablets were
purchased from Roche (Mannheim, Germany). Annexin V FITC kits were a product of
Beckman-Coulter (Miami, FL).
(Carlsbad, CA).

RPMI 1640 media were purchased from Invitrogen

Nitrocellulose (Trans-Blot® Transfer Medium, 0.45 um or 0.2 um),

PVDF membranes and laemmli sample buffer were obtained from Bio-Rad Laboratories
(Hercules, CA), and ECL western blot detection kits were purchased from Amersham
Life Science (Cleveland, OH).

Anti-Bax, anti-phospho-Bcl-2 (Ser70), anti-phospho-

Bcl-2 (Thr56), anti-phospho-Bad (Ser112), anti-Bad, anti-Bid, anti-PARP, anti-caspase 8,
56

anti-cleaved caspase-9 and anti-caspase-3 antibodies were purchased from Cell Signaling
Technology (Beverly, MA).

Anti-caspase-9 antibody was obtained from Chemicon

International (Temecula, CA).

Anti-HPK 1, anti-lamin B, and anti-Bcl-2 antibodies

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Anti-XIAP, anti-

Smac and anti-cytochrome c antibodies were purchased from PharMingen (Palo Alto,
CA).

Anti-GAPDH and anti-actin antibodies were products of Ambion (Austin, TX)

and Oncogene (San Diego, CA) respectively. Anti-TRX1 antibodies were purchased
from PharMingen (Palo Alto, CA) and American Diagnotica (Greenwich, CT). Fostriecin
was a kind gift of Dr. John Regan (Univ. Arizona) and was a product of the N.I.H.

2-1-2. Cell Line
Human promyelocytic leukemia (HL-60; passage 20 - 40) cells were obtained
from the American Type Culture Collection (Rockville, MD) and were used for all in
vitro cell culture experiments.

2-2. METHODS
2-2-1. Synthesis and Purification of 2,3,5-Tris-(Glutathion-S-yl) Hydroquinone
2,3,5-tris-(Glutathion-S-yl)hydroquinone [TGHQ] was synthesized and purified
according to established methodology (Lau et al., 1988). An aqueous solution of 167
mM GSH (50 ml) was added dropwise to a solution of 167 mM 1,4-benzoquinone (50
ml) in water.

The reaction mixture was stirred at room temperature (RT) for 2 h.

Residual 1,4-benzoquinone and hydroquinone (HQ) were removed from the reaction
mixture with 3 volumes of ethyl acetate.
ice/acetone and lyophilized.

The reaction mixture was frozen in dry

The resulting light green powders were dissolved in 1%
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acetic acid in water (100 mg/ml) and filtered through a 0.2 µm syringe filter.

Aliquots

(150 µl) of the filtrate were injected onto a 5 µm Beckman ODS-3 reverse phase semipreparative column (10 mm x 25 cm) to purify the TGHQ. The eluted solution, water
containing 1% acetic acid and 10% methanol, was collected at a flow rate of 3 ml/min
and the fractions containing TGHQ were lyophilized.

The purity of TGHQ was

consistently 98-99%, as determined by HPLC.

2-2-2. Cell Line and Culture Conditions
HL-60 cells were maintained in RPMI 1640 medium (Gibco BRL, Grand Island,
NY) containing 20% fetal bovine serum (FBS) in a 37°C, 5% CO2 regulated incubator.
Cells were routinely cultured at a density of 1.0 × 106 cells/mL.

Immediately prior to all

experiments, cells were washed and resuspended in RPMI 1640 containing 25 mM
HEPES and 10% FBS.

2-2-3. Application of Flow Cytometry
2-2-3-1. Annexin V-FITC/Propidium Iodide Apoptosis Assay.
Apoptotic cells were determined according to the manufacturer’s protocol using
an annexin V FITC kit and an EPICS XL-MCL or FC 500 (Coulter, Miami, FL) flow
cytometer.

2-2-3-2. ROS Measurement Using Carboxy-H2DCFDA by Flow Cytometry.
HL-60

cells

were

loaded

with

20

µM

5-(and-6)-carboxy-2’,7’-

dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) for 30 min.

After TGHQ

(200 µM) treatment, cells were pelleted, washed and resuspended in PBS. 5-(and-6)58

carboxy-2’,7’-dichlorofluorescein (carboxy-DCF) fluorescence was determined on an
EPICS XL-MCL flow cytometer, with excitation at 495 nm and emission at 525 nm.

2-2-3-3. Measurement of Mitochondrial Inner Transmembrane Potential (∆Ψm) by
Flow Cytometry.
HL-60 cells were treated with TGHQ (200 µM) and collected at varous time
points. Cells were resuspended in 500 µl of PBS and labeled with TMRM (final
concentration 150 nM). As a positive control, aliquots of cells were stained in the
presence of 100 µM CCCP.
returned to ice.

Cells were subsequently incubated at 37ºC for 30 min and

Fluorescence was determined on an EPICS XL-MCL flow cytometer,

with excitation at 495 nm and emission at 575 nm.

2-2-3-4. Monitoring Cellular TRX by Flow Cytometry
HL-60 cells were treated with TGHQ (200 µM) with or without catalase (100 U)
for various times (1, 4 and 8 h) and collected. Intracellular TRX levels were monitored
according to the manufacturer’s protocol using Intraprep reagents kit and a BeckmanCoulter FC 500 flow cytometer.

2-2-3-5. Propidium Iodide Staining for Apoptotic DNA.
Following the incubation of HL-60 cells with compounds of interest for varying
periods of time, HL-60 cells were collected by centrifugation at 1000 g for 3 min.

Cells

were then washed with cold PBS, resuspended in 70% EtOH and incubated at 4ºC
overnight.

Cells were subsequently centrifuged at 1000 g for 3 min at 4ºC and

resuspended in 1 mL of staining solution [400 µg of propidium iodide and 5 mg of RNase
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in 10 mL of PBS]. Cells were incubated at 37ºC for 30 min and analyzed by flow
cytometry.

2-2-4. Preparation of Cellular Extracts.
2-2-4-1. Preparation of Nuclear and Cytosolic Extracts.
Following treatment of cells with TGHQ, nuclear and cytosolic extracts were
prepared as described (Read et al., 1994) with slight modifications.

Cells were

harvested, washed with cold PBS and suspended in 100 µl of buffer A [10 mM HEPES
(pH 8.0), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 200 mM sucrose,
0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM Na3VO4, 10 mM sodium
glycerophosphate, 50 mM NaF, 5 mM sodium pyrophosphate and 0.5% Nonidet P-40]
with protease inhibitors.

Suspended cells were incubated for 5 min at 4°C.

The lysed

cells were microcentrifuged at 16000 g for 15 sec at 4°C. The supernatants (cytosolic
fraction) were saved and the pellet (nuclear fraction) was rinsed once in buffer A.

The

nuclear extracts were resuspended in 40 µl of buffer B [20 mM HEPES (pH 7.9), 1.5 mM
MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM PMSF, 1 mM DTT, 1 mM Na3VO4, 10
mM sodium glycerophosphate, 50 mM NaF, 5 mM sodium pyrophosphate] with protease
inhibitors.

The nuclear extracts were incubated at 4°C for 30 min and then

microcentrifuged at 16000 g for 10 min.

The resulting supernatants were diluted 1:1

with buffer C [20 mM HEPES (pH 7.9), 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 1
mM DTT and 0.5 mM PMSF] containing protease inhibitors.

The cytosolic extracts

were clarified by microcentrifugation at 14000 g for 30 min.

Protein concentrations

were determined by the modified Lowry method (Biorad protein assay, Bio-Rad).

60

2-2-4-2. Preparation of Mitochondria-Enriched and Cytosolic Fractions.
The mitochondria-enriched and cytosolic extracts were obtained as described
(Ganju and Eastman, 2002) with slight modifications.

Briefly, 6 x 106 cells were

incubated in ice cold lysis buffer [75 mM NaCl, 1 mM NaH2PO4, 8 mM Na2HPO4, 250
mM sucrose, 1 mM Na3VO4, 10 mM sodium glycerophosphate, 50 mM NaF, 5 mM
sodium pyrophosphate and protease inhibitors] with 26.25 µg digitonin in 100 µl on ice
for 20 min followed by centrifugation at 12500 rpm for 1 min.

The supernatants were

saved as the cytosolic fraction and the pellet (mitochondria-enriched fraction) was
resuspended in the same volume of lysis buffer without digitonin.

The pellet was

solubilized by sonication for 10 sec at 4°C and stored as the mitochondria-enriched
fraction.

2-2-4-3. Preparation of Total Cell Extracts.
RIPA buffer [10 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.1% SDS,
0.5% deoxycholate, 1% Nonidet P-40 containing 0.5 mM PMSF, 1 mM Na3VO4, 10 mM
sodium glycerophosphate, 50 mM NaF, 5 mM sodium pyrophosphate and protease
inhibitors] was used to obtain total cell extracts.

The cells were incubated for 30 min at

4°C in RIPA buffer followed by centrifugation for 20 min at 14000 g.

The supernatants

were used as total cell extracts.

2-2-4-4. Preparation of Cytosolic Extracts for Western Blot Analysis of Caspase
Protein Levels.
Chaps cell extract buffer from Cell Signaling [50 mM Pipes/HCl (pH 6.5), 2 mM
EDTA, 0.1% Chaps, 20 µg/ml leupeptin, 10 µg/ml pepstatin A, 10 µg/ml aprotinin, 5 mM
DTT, 1 mM PMSF] was used to prepare cytosolic extracts.
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Cells were collected and

resuspended in an equal volume of buffer.

Resuspended cells were frozen and thawed

three times, and centrifuged at 14000 g for 20 min.

The supernatants were collected for

the cytosolic extracts.

2-2-5. Western Blotting.
Extracts were mixed with sample buffer (Laemmli sample buffer, Bio-Rad) and
then heated for 5 min at 100°C and loaded onto 10% or 12% SDS-polyacrylamide gels.
After electroblotting onto PVDF membranes, blots were blocked for 1 h with 5% non-fat
milk powder in TBS-T solution (25 mM Trsi-HCl (pH 7.6), 0.2 M NaCl and 0.1% v/v
Tween 20) at room temperature. Membranes were incubated with the antibodies of
interest overnight at 4°C unless stated otherwise.

After washing four times in TBS-T

for 5 min, membranes were incubated with horseradish-conjugated secondary antibodies.
Bound antibodies were detected using enhanced chemiluminescence (ECL kit,
Amersham, Arlington Heights, IL).

2-2-6. Caspase-9 Activity.
HL-60 cells were treated with 200 µM TGHQ for each period time (0, 0.25, 0.5, 1
and 2 h) and collected by centrifugation at 1000 g for 3 min. Cells were washed twice
with PBS, resuspended with extraction buffer [50 mM Tris, 150 mM NaCl, 0.5 mM
EDTA and 0.5% Nonidet P-40], and incubated on ice for 10 min.
obtained by centrifugation at 1000 g for 5 min.
according to the manufacturer’s instructions.
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The cell lysates were

Caspase-9 activity was measured

2-2-7. Derivatization of TRX and Redox Western Blot Analysis.
Following treatment of cells with TGHQ, cellular TRX was derivatized as
described (Watson and Jones, 2003) with slight modifications. Iodoacetic acid (IAA) is
used to introduce a negative charge into each free thiol of proteins.

Briefly, cell pellets

were suspended in guanidine-Tris solution (6 M guanidine-HCl, 50 mM Tris, pH 8.3, 3
mM EDTA, 0.5% Triton-X100) containing 50 mM IAA and incubated at 37°C for 30
min in the dark.

Excess IAA was removed by MicroSpin G-25 columns according to

the manufacturer’s instructions (Amersham-Pharmacia, Piscataway, NJ).

The redox

state of TRX 1 was determined by electrophoresis under native conditions, based on the
different charged forms of TRX 1.

Derivatized proteins were mixed with 5X native

sample buffer and loaded onto 15% native polyacrylamide gels.

After electroblotting

onto nitrocellulose membranes, blots were blocked for 1 h with 5% non-fat milk powder
in TBS-T solution at RT.
overnight at 4°C.

Membranes were incubated with anti-TRX 1 antibodies

After washing four times in TBS-T for 5 min, membranes were

incubated with horseradish-conjugated anti-goat antibodies.

Bound antibodies were

detected using enhanced chemiluminescence (ECL kit, Amersham, Arlington Heights,
IL).

2-2-8. 2-Dimensional –Western Analysis
HL-60 cells (3 × 106 cells) were treated, washed with PBS, resuspended in 100 µl
of modified RIPA buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.5% Triton X-100 and 10 mM DTT.

The cells were

subjected to cycles of freezing and thawing three times, followed by sonication three
times for 15 sec.

Cell lysates were then centrifuged at 14000 g for 15 min at 4°C.

After protein concentrations were determined, proteins (100 µg) were treated with DNase
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and RNase for 30 min at 4°C to remove DNA and RNA.
precipitation was conducted at -20°C.

Overnight acetone

The protein pellet (50 µg) was resuspended in

185 µl of rehydration buffer [8 M urea, 100 mM DTT, 4% Chaps, 0.2% w/v biolytes and
0.01% of bromophenol blue], and incubated at room temperature for 1 h for complete
protein solubilization. The protein mixture was then centrifuged at 14000 g for 30 min
at ambient temperature, and the supernatant was loaded onto an 11 cm focusing try. 2D
SDS-PAGE was performed using a Bio-Rad PROTEIN IEF Cell (Hercules, CA).

A

pre-cast IPG dry strip (pH 3-10) was layered onto the protein mixture with the gel side
down, and covered with mineral oil. After rehydration for 12 h at 50 V, the focusing
was carried out automatically with the following program: 250 V for 15 min, from 250 V
to 5000 V for 2.5 h, and a final focusing step at 8000 V for 55000VH. Focused IPG
strips were equilibrated in 5 ml of equilibration solution [150 mM Tris-HCl (pH 8.8), 6
M urea, 30% v/v glycerol, 2% SDS with 2.5% DTT added for the first 10 min and 2%
idoacetamide added for the last 10 min]. SDS-PAGE was carried out using a pre-cast
Criterion 12.5% gel in a Criterion Cell at 20 V for 10 min and then at 200 V for 45 – 55
min.

After electroblotting onto PVDF membranes, the western blot analysis was

conducted.

2-2-9. Oligonucleotide Microarray
Total RNA (80 µg) from TGHQ treated and control HL-60 cells was isolated
using the Qiagen RNeasy Midi kit (Qiagen Inc., Valencia, CA).

Total RNA from two

groups (control and treated) was fluorescently tagged with Cy3 or Cy5-labeled dCTP in a
first strand cDNA reaction using the Micromax Direct cDNA Microarray System (NEN
Life Sciences, Boston, MA) following the manufacturer's protocols [control group was
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labeled with Cy3 (green fluorescence) and treated group with Cy5 (red fluorescence)].
The labeled cDNA probes were co-hybridized to the 20K human microarray chip.

2-2-10. Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was reversed transcribed using the Superscript IITM kit (Invitrogen
Life Technologies) according to manufacturer’s instructions.

The reaction mixture (20

µl) contained 20 µg total RNA, 20 pmol oligo (dT)12-18 primer, 4 µl of 5 x reaction buffer,
5 mM DTT, 0.5 mM each dNTP mix, 1 unit/µl RNase inhibitor, and 200 units
Superscript IITM reverse transcriptase.

The resulting cDNA (5 µl) was amplified by

PCR in the Biometra T gradient thermocycler (Scimtrics Inc.) programmed to cycle at
94ºC for 30 sec, 53ºC for 45 sec, 72ºC for 1.5 min, followed by incubation at 72ºC for 10
min.

Amplification was performed in a 50 µl reaction containing 5 µl of 10 x high

fidelity PCR buffer, 10 mM dNTP mixture, 50 mM MgSO4, 0.2 µM each of amplication
primers (forward and reverse), 2 units of Taq High Fidelity DNA polymerase.

The

sequences of the PCR primer pairs that were used for RT-PCR were as follows: GAPDH
;

5’-CAAAATGGTGAAGGTCGGTGTGAAC-3’

(forward)

and

5’-

ATGTTAGTGGGGTCTCGCTCCTGGAA-3’

(reverse),

VDUP1;

5’-

ATGGTGATGTTCAAGAAGATCAAG-3’

(forward)

and

5’-

CTCAGGGGCATACATAAAGA-3’ (reverse).

Control RT-PCR reactions with

GAPDH were performed. The PCR products were electrophoresed on a 1% agarose gel
containing ethidium bromide and the images were captured by Scion Image.
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2-2-10. Statistical Analysis.
Data are presented as the means ± standard deviation (SD).

Statistical

significance was determined by analysis of variance (ANOVA) followed by Tukey’s post
hoc comparison using SPSS statistics program.
to be significant.
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P values less than 0.05 were considered

CHAPTER 3: 2,3,5-TRIS(GLUTATHION-S-YL)HYDROQUINONE
(TGHQ)-MEDIATED APOPTOSIS IS PRECEDED BY
MITOCHONDRIAL CYTOCHROME C RELEASE WITHOUT
DISRUPTION OF THE MITOCHONDRIAL MEMBRANE
POTENTIAL

3-1. INTRODUCTION AND RATIONALE
The balance between cell death and cell proliferation is key to maintaining normal
biological tissue function, especially in proliferating tissues, such as bone marrow.
When cell proliferation predominates, it can contribute to the development of neoplastic
diseases. In contrast, when apoptosis predominates degenerative diseases and
hematological disorders may ensue (Cory and Adams, 2002; Cory et al., 2003; Hanahan
and Weinberg, 2000; Soengas et al., 2001; Thompson, 1995; Yuan and Yankner, 2000).
Apoptosis, programmed cell death, is triggered by two major cell death signaling
pathways, death receptor-mediated and cytochrome c-initiated signaling pathways (Jiang
and Wang, 2004; Wang, 2001).

These two distinct cell death pathways activate initiator

caspases, caspase-8 and caspase-9 respectively, and subsequently activate effector
caspases, such as caspase-3 and caspase-7. The death receptor-mediated pathway can
also cause the release of cytochrome c from the mitochondria, a process mediated by
tBid, and which enhances the activation of effector caspases. The activation of caspases
is irreversible and executives cell death, resulting from cleavage of biologically important
proteins, including PARP and lamins.

Therefore, abnormalities in cell death control can

occur at several levels, including death receptors, their ligands, release of cytochrome c,
and activation of caspases.
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Quinone-thioethers are benzene metabolites and have been identified in the bone
marrow of rats and mice exposed to a combination of HQ and phenol, or benzene
(Bratton et al., 1997). In particular, TGHQ causes hematotoxicity in rats and induces
apoptosis in HL-60 cells (Bratton et al., 1997; 2000).

Prior to the onset of apoptosis,

TGHQ depletes cellular GSH levels and stimulates sphingomyelin turnover leading to
increases in ceramide levels (Bratton et al., 2000).

However the mechanisms by which

TGHQ induces apoptosis have not been fully elucidated.

TGHQ likely induces toxicity

by either the generation of ROS and/or via the covalent binding of reactive metabolites to
critical tissue macromolecules (Bratton et al., 1997).

Therefore, in this Chapter, I

intended further to investigate the mechanism by which TGHQ induces apoptosis in HL60 cells.

Our laboratory has previously reported that quinol-thioether concentrations in

bone marrow of rats exposed to hematotoxic doses of HQ/phenol reach 200 µM (Bratton
et al., 1997), and previous mechanism-based experiments were performed using 200 µM
TGHQ (Bratton et al., 2000). For this dissertation, I chose 200 µM TGHQ to provide
consistency with prior experiments.
In general, the anti-apoptotic Bcl-2 family members, such as Bcl-2, Bcl-xL and
Bcl-w, are integrated into the mitochondrial membrane where they function to antagonize
apoptosis. The pro-apoptotic Bcl-2 family members, such as Bad and Bax, are localized
in the cytosol.

In response to death signals the pro-apoptotic proteins can be up-

regulated, undergo a conformational change, and/or translocate into mitochondrial
membranes where they interact with, and antagonize the anti-apoptotic members.
survival signals can also influence the Bcl-2 family of proteins.

Cell

For example, IL-3

activates the Akt survival signaling pathway, resulting in phosphorylation of the proapoptotic protein Bad.

The phosphorylated Bad subsequently binds to, and is

sequestered by 14-3-3 protein, leading to the inhibition of Bad-induced cell death
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(Datta et al., 2000; Zha et al., 1996; Zhou et al., 2000).

The Bcl-2 family members also

play an important role in the cytochrome c-initiated apoptosis pathway by regulating
mitochondrial function, since mitochondria contain apoptotic molecules, such as
cytochrome c, AIF and Smac (Green and Kroemer, 1998; Green and Kroemer, 2004;
Matsuyama and Reed, 2000; Wang, 2001).

Cytochrome c is released from

mitochondria upon various death signals, and is essential for the activation of initiator
caspase-9.

Several hypotheses have been suggested to explain the mechanisms by

which cytochrome c is released from mitochondria. (Bratton and Cohen, 2001;
Hengartner, 2000; Ly et al., 2003). One possible mechanism involves changes in the
permeability transition (PT) pore in which a loss in ∆ψm occurs.

The PT pore is

believed to consist of the mitochondrial outer membrane voltage-dependent anion
channel (VDAC), the inner membrane adenine nucleotide translocase (ANT), and the
mitochondrial benzodiazepine receptor.

ANT is associated with cyclophilin D.

According to this mechanism, the apoptosis inducing agent causes an opening of the PT
pore, the dissipation of ∆ψm, and the subsequent release of cytochrome c.

An

alternative hypothesis suggests that Bcl-2 family members may form a channel through
which cytochrome c and other molecules can escape from mitochondria, and many
studies support this hypothesis.

Recently, Bax was found to translocate, oligomerize

and form a protein-permeable pore (Antonsson et al., 2000; Arends et al., 1990; De
Giorgi et al., 2002; Gross et al., 1998). In addition, Bax may form a Bax/VDAC hybrid
channel to release cytochrome c (Shimizu et al., 1999).

In Chapter 3, I investigated

which of these pathways contributes to TGHQ-induced apoptosis of HL-60 cells.
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3-2. RESULTS
3-2-1. TGHQ catalyzes ROS generation in HL-60 cells.
TGHQ induces apoptosis in HL-60 cells in a time-dependent manner (Figure
3.1A).

Although during TGHQ-induced apoptosis of HL-60 cells cellular GSH levels

decrease significantly, these decreases are independent of ROS generation (Bratton et al.,
2000).

To determine whether TGHQ does in fact redox cycle and facilitate ROS

formation in HL-60 cells (Monks et al., 1992), we determined ROS production using
carboxy-H2DCFDA, which is converted to green fluorescent carboxy-DCF via oxidation.
The rapid production of ROS occurred immediately following the exposure of HL-60
cells to TGHQ, reaching maximal levels 30 min after exposure (Figure 3.1B). The
generation of ROS continued for at least 1 h, followed by a slight decline. Pretreatment
of HL-60 cells with N-acetylcysteine (NAC), a precursor of GSH and an antioxidant,
blocked TGHQ-induced apoptosis as well as ROS generation (Figure 3.1C).

Consistent

with previous findings, catalase prevented TGHQ-induced apoptosis (Bratton et al.,
2000), and also reduced TGHQ-induced ROS formation (Figure 3.1D).
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Figure 3.1. TGHQ-induced apoptosis is ROS dependent. A. TGHQ induces apoptosis
in HL-60 cells. The percentage of apoptotic cells was determined as
described in Materials and Methods. B. After 200 µM TGHQ treatment,
the cells were collected and resuspended with PBS at each time point.
Carboxy-DCF fluorescence was measured in an EPICS XL-MCL flow
cytometer with excitation (495 nm) and emission (525 nm). C. (i) HL-60
cells were pretreated with 5 mM NAC for 2 h and then exposed to 200 µM
TGHQ for 8 h. The percentage of apoptotic cells was determined as
described in Materials and Methods. (ii) After pretreatment with NAC for
2 h, cells were exposed to TGHQ for 30 min and carboxy-DCF fluorescence
was measured as described in Materials and Methods. The blue and red
lines represent control and TGHQ treated cells respectively. The black and
green lines represent cells treated with NAC alone or cells co-treated with
NAC and TGHQ respectively. D. (i) HL-60 cells were co-treated with
catalase 100 U and TGHQ (200 µM) for 8 h. (ii) After co-treatment with
catalase and TGHQ, carboxy-DCF fluorescence was measured as described
in Materials and Methods. The blue and red lines represent control and
TGHQ treated cells respectively. The black line represents cells co-treated
with TGHQ and catalase. Each value represents mean ± S.D. (* *
represent statistically significant difference from control at p < 0.01,
Tukey’s post hoc). All data presented represent at least three separate
experiments.
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3-2-2. Initiator caspase-9 and effector caspase-3 are cleaved into their active forms
and activated prior to the onset of apoptosis.
We subsequently examined the activation of caspases in HL-60 cells undergoing
TGHQ-induced apoptosis.

Western blot analysis of HL-60 cell cytosol revealed the

complete disappearance of pro-caspase-9 (46 kDa) (Figure 3.2A) concomitant with the
appearance of cleaved caspase-9 (35 kDa) (Figure 3.2B), cytochrome c and Smac release
from mitochondria (Figure 3.3) and two cleaved forms of caspase-3 (20, 17 kDa) (Figure.
3.4).

We reprobed the western blots with cytochrome oxygenase subunit IV (CytOX

IV) and GAPDH to evaluate the level of enrichment of the various subcellular fractions.
CytOX IV is used for mitochondrial fractionation marker and GAPDH is for cytosholic
fraction marker.

Concomitant with the appearance of the cleaved active form of

caspase-9, increases in caspase-9 activity were detected at 1.5 h (Figure 3.2C). The
appearance of the two cleaved forms of caspase-3 is consistent with increased caspase-3
activity reported earlier (Bratton et al., 2000).

The nuclear structural protein lamin

B, in addition to PARP and hematopoietic progenitor kinase 1 (HPK 1), are cleaved
by active caspase-3 at 2 h (Figure 3.5).

In addition, caspase-8, an initiator caspase in

the death receptor-mediated signaling pathway appears to be a substrate of active effector
caspase during TGHQ-induced apoptosis (Figure 3.6A).

The intermediate cleaved

forms (41 and 43 kDa) of pro-caspase-8 appear at 2 h and reach maximum levels by 4h,
followed by the appearance of the final cleaved product (18 kDa) at 4 h.

XIAP and the

BH-3-only Bcl-2 family member, Bid are also cleaved by effector caspases by 4 and 2 h
respectively (Figure 3.5D, 3.6B).
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Figure 3.2. Caspase activation occurs between 1 and 2 h after TGHQ treatment. HL-60
cells were treated with 200 µM TGHQ and collected at each time point.
The cytosolic and mitochondria-enriched fractions were prepared and
western blot analyses were performed as described in Materials and
Methods. Panels A and B show pro-caspase-9 and cleaved caspase-9
protein levels in cytosolic extract respectively and panel C represents the
activity of caspase-9 (and perhaps also caspase-3), which was measured
according to the manufacturer’s protocol (* * represents statistically
significant difference from control [0 hr time point] at p < 0.01 with Tukey’s
post hoc). The western blot is illustrative of experiments repeated on at
least three separate occasions.
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Figure 3.3. TGHQ induces the release of cytochrome c and Smac from mitochondria into
cytosol. HL-60 cells were treated with TGHQ (200 µM) for various times
(0, 0.25, 0.5, 1, 2, 4, 6, 8 h) and collected. The cytosolic and
mitochondrial-enriched fractions were obtained as described in Materials
and Methods. Western blot analyses were performed using the cytosolic
and mitochondrial-enriched fractions. A. Primary antibody against
cytochrome c (cyt c) was incubated at 4ºC for 1.5 h. The upper panel
shows mitochondrial cyt c and the lower panel indicates cyt c release from
mitochondria to cytosol. B. Western blot analyses were conducted against
Smac, and the blots were stripped and reprobed with cytochrome oxygenase
subunit IV (CytOX IV) and glyceraldehydes-3-phosphate dehydrogenase
(GAPDH).
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Figure 3.4. Caspase-3 is activated in TGHQ-treated HL-60 cells. HL-60 cells were
treated with 200 µM TGHQ and collected at each time point. The
cytosolic extracts were prepared and western blot analyses were performed
against caspase-3 as described in Materials and Methods. Pro-caspase-3
and cleaved caspase-3 were identified.
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Figure 3.5. Lamin B, HPK1, PARP, and XIAP are cleaved by active effector caspase(s)
in TGHQ-treated HL-60 cells. Cells were exposed to TGHQ (200 µM)
and collected at each designated time point. The nuclear (A) and total cell
extracts (B, C, and D) were prepared and western blot analysis was
performed as described in Materials and Methods. Panels illustrate lamin
B (A), HPK1 (B), PARP (C), and XIAP (D).
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Figure 3.6. Cleaved caspase-8 and Bid are present in TGHQ-treated HL-60 cells. HL60 cells were treated with 200 µM TGHQ and collected at each time point.
The cytosolic extracts and total cell extracts were prepared and western blot
analyses were performed as described in Materials and Methods.

78

3-2-3. The mitochondrial inner transmembrane potential (∆ψm) is maintained
subsequent to caspase-9 activation.
Disruption of the ∆ψm may contribute to the release of cytochrome c from
mitochondria, initiating the cascade of events that result in caspase activation during
stress-induced apoptosis (Halestrap et al., 2002; Wang, 2001). However, cytochrome c
release may occur independent of a disruption in ∆ψm, suggesting that other pathways
can regulate mitochondrial cytochrome c release (Bossy-Wetzel et al., 1998; Bratton and
Cohen, 2001; Ly et al., 2003; Marzo et al., 1998).

To examine whether a disruption of

∆ψm is required for the release of cytochrome c in TGHQ-induced apoptosis of HL-60
cells, we measured ∆ψm with the cationic fluorochrome, TMRM, which accumulates in
the mitochondrial matrix driven by the membrane potential of mitochondria.

Carbonyl

cyanide m-chlorophenylhydrazone (CCCP) was used as positive control for disruption of
∆ψm.

The ∆ψm remained intact for at least 2 h following exposure of HL-60 cells to

TGHQ and was only marginally affected at 4 hrs (Figure 3.7).

To further examine the

role of the ∆ψm and PT pore in TGHQ-induced apoptosis of HL-60 cells, cells were
treated with cyclosporine A, which binds to cyclophilin D and inhibits the opening of the
PT pore.

Cyclosporin A had only a modest effect on TGHQ-induced apoptosis (Figure

3.8), suggesting that disruption of the ∆ψm and the PT pore play only a minor role in
TGHQ-induced apoptosis.
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Figure 3.7. TGHQ has little effect on the mitochondrial inner membrane potential
(ψ∆m). HL-60 cells were treated with 200 µM TGHQ and collected at
each time point. Cells were resuspended with PBS and labeled with
TMRM. Aliquots of cells were labeled with TMRM in the presence of 100
µM CCCP as a positive control. The cells were then incubated at 37°C for
30 min and returned on ice. Fluorescence was determined on an EPICS
XL-MCL flow cytometer, with excitation (495 nm) and emission (575 nm).
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Figure 3.8. Cyclosporin A partially prevents TGHQ-induced HL-60 cell apoptosis.
Cells were pretreated with 2.5 µM of cyclosporin A for 30 min and exposed
to 200 µM TGHQ. After 8 h, the percentage of apoptotic cells was
determined as described in Materials and Methods. The white bar
represents the control group and the black bar represents the TGHQ treated
group. Bars with either vertical lines or horizontal lines represent either
cyclosporin A alone or cyclosporin A in combination with TGHQ,
respectively. Each value represents the mean ± S.D. (* indicates
statistically significant difference from control at p < 0.01 and + represents
statistically significant difference between TGHQ treated and
TGHQ/cyclosporine A co-treated groups at p < 0.05 with Tukey’s post hoc).
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3-2-4. TGHQ treatment induces dephosphorylation of the anti-apoptotic Bcl-2
protein.

Because TGHQ-induced cytochrome c release from mitochondria occurs in the
absence of a change in ∆ψm, alternative pathways for mitochondrial cytochrome c release
were investigated. The Bcl-2 family proteins are key players in stress/toxicant-mediated
apoptosis via their ability to regulate mitochondrial function. Since the functions of
Bcl-2 proteins are regulated at both the transcriptional and post-translational level (Gross
et al., 1999a), we examined anti-apoptotic Bcl-2 protein from both these perspectives.
In response to TGHQ treatment, total Bcl-2 protein levels remained constant.

In

contrast, phosphorylated S70 Bcl-2 decreased 1h after TGHQ treatment, suggesting that
TGHQ inhibits the anti-apoptotic function of Bcl-2 at the post-translational level and not
at the transcriptional level (Figure 3.9).

3-2-5. Pro-apoptotic Bax is up-regulated and translocates to mitochondria during
TGHQ-induces apoptosis.

The pro-apoptotic Bax molecule translocates and homo-dimerizes in the
mitochondrial membrane thereby promoting apoptosis by disrupting mitochondrial
function (Gross et al., 1999a). Western blot analysis revealed that cytosolic Bax protein
increases and reaches maximum levels 30 min after exposure of HL-60 cells to TGHQ,
followed by a decrease in cytosolic Bax, concomitant with increases in mitochondrial
Bax (Figure 3.10). Mitochondrial Bax translocation and inhibition of anti-apoptotic
Bcl-2 function by dephosphorylation at Ser 70 likely combine to facilitate cytochrome c
and Smac release from mitochondria by 2 h (Figure 3.3).
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Figure 3.9. TGHQ promotes the dephosphorylation of Bcl-2 at S70. HL-60 cells were
exposed to 200 µM TGHQ for varying periods of time. Total cell extracts
were subsequently prepared, and western blot analysis was performed
against Bcl-2 and phosphorylated S70 Bcl-2, as described in Materials and
Methods. The western blot is illustrative of data obtained from two
separate experiments.
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Figure 3.10. TGHQ induces the translocation of the pro-apoptotic protein Bax to
mitochondria. HL-60 cells were exposed to 200 µM TGHQ for varying
periods of time. The cytosolic and mitochondria-enriched fractions were
subsequently prepared and western blot analysis was performed as described
in Materials and Methods. Panels A and B represent cytosolic and
mitochondrial Bax protein levels, respectively. Panel C shows the ratio of
cytosolic Bax/mitochondrial Bax. Each value represents the mean ± S.D.
(* * denote cases where the data are significantly different from control [0
hr time point], at p < 0.01, and * at p < 0.05 with Tukey’s post hoc).
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3-3. DISCUSSION

TGHQ, one of several benzene metabolites, generates ROS and induces apoptosis
in HL-60 cells (Figure 3.1).

The mechanism by which TGHQ-catalyzed ROS

generation engages apoptosis in HL-60 cells is unclear. However, both catalase and
NAC prevent TGHQ induced apoptosis, indicating ROS play an essential role in TGHQmediated toxicity.
Initiator caspase-9 and effector caspase-3 are both activated in HL-60 cells
exposed to TGHQ (Figure 3.2, 3.4-6), since we detected the cleaved form of caspase-9
and -3 by western blot analyses. For the measurement of caspase-9 activity, we used the
fluorogenic and selective substrate of caspase-9, LEHD.

However, although this

substrate should be selective for caspase-9, we cannot rule out the possibility that a
portion of the enzyme activity measured is attributable to caspase-3 activity, since the
concentration of caspase-3 is in cells three times higher than that of caspase-9. Caspase
activation represents the “irreversible” or execution stage of apoptosis, since caspasemediated proteolysis of target proteins is irreversible, unlike other post-translational
modifications such as phosphorylation (Thornberry and Lazebnik, 1998).

Many

proteins required for the maintenance of cell structure and function are substrates of
active effector caspases. The substrates of caspases are illustrated in Table 1.1 and
further discussed on pg. 37. During TGHQ-induced apoptosis of HL-60 cells, lamin B,
a nuclear structural protein, is cleaved by active effector caspases, which presumably
leads to the disruption of nuclear architecture and nuclear collapse (Figure 3.5A). Since
lamin B is reported to be cleaved predominantly by caspase-6, we can assume that
caspase-6 is activated in TGHQ-treated HL-60 cells. PARP catalyzes the transfer of
ADP-ribose polymers to nuclear proteins and is activated by DNA strand breaks. PARP
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was one of the first substrates found to be cleaved by caspases during apoptosis (Tewari
et al., 1995), and is also cleaved during TGHQ-induced apoptosis of HL-60 cells (Figure
3.5C). In addition, HPK 1, which is predominantly expressed in hematopoietic tissue, is
also a substrate for active caspase-3 (Figure 3.5B). This finding is consistent with the
report that intact HPK 1 and its caspase-3 cleaved form may support apoptosis of T
lymphocytes (Schulze-Luehrmann et al., 2002). In particular, the caspase-3-cleaved C
terminal of HPK 1 blocks IκB-α degradation, inhibiting the anti-apoptotic function of
NF-κB. The enzymatic activities of caspases are inhibited by the inhibitor of apoptosis
(IAP) family proteins, such as XIAP, c-IAP1, c-IAP2 and ML-IAP/Livin (Ashhab et al.,
2001; Deveraux and Reed, 1999; Hay, 2000; Vucic et al., 2000). IAP-mediated caspase
inhibition is relieved by Smac/DIABLO, which is released from the intermembrane space
of mitochondria into the cytosol (Chai et al., 2000; Du et al., 2000; Shi, 2002; Srinivasula
et al., 2000; Verhagen et al., 2000; Verhagen and Vaux, 2002.). During TGHQ-induced
apoptosis, Smac is released from the mitochondria along with cytochrome c (Figure 3.3)
and appears to block XIAP-mediated caspase inhibition. In addition, activate effector
caspases cleave XIAP (Figure 3.5D).

Caspase-8, an initiator caspase in the death

receptor-mediated signaling pathway, is also a substrate of active effector caspase during
TGHQ-induced apoptosis (Figure 3.6A), although the significance of this remains
unclear. We assume that caspase-6 might be activated during TGHQ-induced apoptosis
since we observed lamin B cleavage (Figure 3.5A). In addition, caspase-6 can cleave
caspase-8 directly. Thus, it is possible that activated caspase-6 directly cleaves caspase8 during TGHQ-induced apoptosis of HL-60 cells (Cowling and Downward, 2002).
Another possibility is that active caspase-3 acts upstream of caspase-8. It has recently
been suggested that caspase-3 and caspase-8 are associated with the Fas-associated death
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domain in lipid rafts, and that caspase-3 is required for complete caspase-8 activation
during Fas-mediated cell death (Aouad et al., 2004).
Mitochondria play an important role during stress/toxicant-induced apoptosis
(Green and Reed, 1998; Wang, 2001), since mitochondria contain many apoptosis
stimulating elements, including cytochrome c and Smac. In most cases of toxicantinduced apoptosis, cytochrome c is required for caspase-9 activation, and Bcl-2 family
members participate in the regulation of mitochondrial function, and the subsequent
release of cytochrome c. Cytochrome c may be released from mitochondria into cytosol
in several ways (Bratton and Cohen, 2001; Hengartner, 2000; Ly et al., 2003). In
TGHQ-treated HL-60 cells, cytochrome c is released from mitochondria 2 h after TGHQ
treatment (Figure 3.3), a time at which the ∆ψm is still maintained (Figure 3.7). In
addition, pretreatment of HL-60 cells with cyclosporine A has little effect on TGHQinduced apoptosis (Figure 3.8), indicating that the loss of ∆ψm and the opening of the
PT pore play a minor role in cytochrome c release during TGHQ-induced apoptosis of
HL-60 cells. HL-60 cells exposed to TGHQ up-regulate the pro-apoptotic Bax protein,
which subsequently translocates to mitochondria (Figure 3.9). Moreover, TGHQ
promotes the dephosphorylation of the anti-apoptotic S70 Bcl-2 protein (Figure 3.8),
suggesting that the redistribution of cytochrome c from the mitochondria to the cytosol
during TGHQ-induced apoptosis of HL-60 cells may result not from the opening of PT
pore but via the formation of a conducting channel.
Debate remains over whether phosphorylation of Bcl-2 enhances or inhibits its
anti-apoptotic function (Deng et al., 2004; Haldar et al., 1998; Ruvolo et al., 2001;
Yamamoto et al., 1999). Phosphorylation of Bcl-2 at Ser70 correlates with increases in
cell survival in chemotherapeutic drug-induced apoptosis (Ito et al., 1997; May et al.,
1994).

In contrast, paclitaxel induces Bcl-2 phosphorylation and causes cell death
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(Haldar et al., 1998; Haldar et al., 1996). Phosphorylation sites within Bcl-2 have been
identified at Ser70, Ser87 and Thr69, and these phosphorylations have been suggested to
inactivate Bcl-2 (Yamamoto et al., 1999). However, even in experiments in which a
series of serine/threonine (S/T) →glutamate/alanine (E/A) mutants were created to mimic
or abrogate phosphorylation, the phosphorylation status of Bcl-2 has different effects on
paclitaxel-induced apoptosis in different cell types. Such differences may be due to
differences in cell types and in the initiating apoptotic insult.

The role of the

phosphorylation status of Bcl-2 must therefore be assessed in a control-specific fashion.
In TGHQ treated HL-60 cells, dephosphorylation of S70 Bcl-2 may block Bcl-2 antiapoptotic function and contribute to the apoptotic process. In TGHQ treated cells, GSH
depletion induces sphingomyelin turnover and increases ceramide concentrations
(Bratton et al., 2000). Ceramide activates mitochondrial PP2A, which dephosphorylates
Bcl-2, leading to apoptosis (Ruvolo et al., 1999; 2001). Collectively, TGHQ treatment
may

increase

cellular

ceramide,

which

subsequently

activates

PP2A

and

dephosphorylates anti-apoptotic Bcl-2 protein, which in association with translocated Bax
contributes to the release of cytochrome c and Smac from mitochondria into the cytosol.
In conclusion TGHQ-induced apoptosis of HL-60 cells requires the generation of
ROS, and cellular GSH concentration decreases concomitant with an increase in
ceramide. Although the signaling pathway(s) activation by ROS in HL-60 cells remain
unclear, based upon our own preliminary data and data in the literature, it is possible that
ceramide-mediated activation of PP2A may promote the dephosphorylation of Bcl-2,
which in combination with Bax, can then support mitochondrial cytochrome c release and
activation of the caspase cascade, leading to the cleavages of various substrates (Figure
3.11). However, experiments that more directly address this hypothesis need to be
conducted before such a pathway can be confirmed or ruled out.
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Figure 3.11. Schematic illustration of the model of TGHQ-induced apoptosis in HL-60
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anti-apoptotic activity. In addition, Bax translocates to mitochondria
where it oligomerizes and forms a channel facilitating cytochrome c release.
Cytosolic cytochrome c subsequently assists in initiating the activation of
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CHAPTER 4: CALYCULIN A, A PP1/PP2A INHIBITOR, DELAYS
TGHQ-INDUCED APOPTOTIC SIGNALING.

4-1. INTRODUCTION AND RATIONALE

Protein function is regulated at several levels, including transcriptional,
translational, and post-translational levels, the first two of which control total amount of
proteins.

In contrast, post-translational modifications such as phosphorylation,

ubiquination, acetylation and methylation, influence the activity and degradation of
proteins. These modifications not only modulate the activities of proteins but also cause
conformational changes to various cellular structures. For example, histones which are
components of nucleosomes, can be phosphorylated, acetylated, methylated or ADPribosylated at their N-terminal tails, leading to chromatin remodeling (Jump et al., 1979;
Levinger and Varshavsky, 1982; Mahadevan et al., 1991; Nowak and Corces, 2004; Rea
et al., 2000). Acetylation and methylation of lysine and arginine residues in histone H3
and H4 are considered to control gene expression, whereas histone H3 phosphorylation is
coupled to chromosome condensation during mitosis and meiosis, or may act as a
transcriptional co-activator (Fischle et al., 2003; Nowak and Corces, 2004; Sassone-Corsi
et al., 1999; Thomson et al., 1999)
The phosphorylation of proteins is considered a major post-translation
modification, and considerable research has focused on protein kinases.

However,

phosphorylation is reversible, and phosphatases are thus equally important in the
regulation of protein phosphorylation. It has recently been shown that phosphatases
play a crucial role in signal transduction and apoptotic signaling pathways (Busino et al.,
2004; Ducruet et al., 2004; Farooq and Zhou, 2004; Groenendyk et al., 2004; Liu and
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Hofmann, 2004; Munton et al., 2004). Among the three classes of phosphatases, protein
tyrosine phosphatase (PTP), dual-specificity phosphatases (DSPs) and Ser/Thr
phosphatases (PPs) (Camps et al., 2000; Janssens and Goris, 2001; Shibasaki et al., 2002;
Virshup, 2000), the PPs have been reported to exhibit anti- or pro-apoptotic activity
(Kong et al., 2004; Liao and Hung, 2004; Plummer et al., 2004; Somervaille et al., 2001;
Zhou et al., 2004). For example, glycogen synthase kinase-3β (GSK-3β) is activated
following dephosphorylation by PP2A, leading to the activation of caspase-3 during
endoplasmic reticulum stress-induced apoptosis (Song et al., 2002; Stoica et al., 2003).
Therefore, in Chapter 4 I focused on the role of PPs in TGHQ-induced apoptosis of HL60 cells.

In particular, I was interested in PP1/PP2A for the following reasons.

Among PPs, PP2B is known to be inactivated by oxidative stress (Barrett et al., 1999a;
Barrett et al., 1999b; Chiarugi and Cirri, 2003; Finkel, 2000; Shibasaki et al., 2002;
Sommer et al., 2002) and ROS play a key role in TGHQ-induced apoptosis as shown in
Chapter 3, our interest of PPs narrowed down to PP1, PP2A and PP2C. The effect of
PP1/PP2A inhibitors is contradictory, since they may induce or prevent apoptosis in
response to apoptotic insults (Boe et al., 1991; Chatfield and Eastman, 2004; Domina et
al., 2004; Ju et al., 2000; Kiguchi et al., 1994; Morana et al., 1996; Parameswaran et al.,
2004; Wolf and Eastman, 1999; Yan et al., 1997). Thus, I wished to determine the
effect of PP1/PP2A inhibition on TGHQ-induced apoptosis.
Several PPs inhibitors are available, including okadaic acid (OA), calyculin A,
tautomycin, cantharidin and fostriecin (Honkanen and Golden, 2002). OA, a polyether
fatty acid produced by marine dinoflagellates, acts as a potent inhibitor of the purified
catalytic subunits of PP1 and PP2A, with an Ki 0.2 nM for PP2A and Ki 2 nM for PP1
(Bialojan and Takai, 1988; Cohen et al., 1990). Calyculin A is also a potent inhibitor of
PP1 (Ki 0.4 nM) and PP2A (Ki 0.25 nM) (Ishihara et al., 1989; Matsunaga et al., 1997).
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These two agents are commonly used as PP1/PP2A inhibitors. In contrast, fostriecin is
a more specific inhibitor of PP2A (Ki 1.5 – 3.2 nM) compared to the inhibition of PP1
(Ki 48 -131 µM) (Walsh et al., 1997), and I therefore utilized all three inhibitors for PP1
and /or PP2A to examine the role of PP1/PP2A in TGHQ-induced apoptosis of HL-60
cells.

4-2. RESULTS
4-2-1. Calyculin A and OA, PP1/PP2A inhibitors, prevent TGHQ-induced apoptosis.

There are contradictory reports on whether PPs inhibitors induce or prevent
apoptosis (Harmala-Brasken et al., 2003; Ko et al., 2000; Morana et al., 1996; Yan et al.,
1997). Therefore, I examined the effect of OA and calyculin A, PP1/PP2A inhibitors,
on TGHQ-induced apoptosis of HL-60 cells.

Apoptosis was determined using an

annexin V/PI staining method, which detects cells expressing externalized PS. HL-60
cells were treated with TGHQ alone, various concentrations of calyculin A (5, 10, 20
nM) or various concentrations of OA (0.2, 0.5, 1 µM), and a combination of TGHQ and
calyclulin A or OA for 8h. OA and Calyculin A significantly prevented TGHQ-induced
apoptosis of HL-60 cells, indicating that dephosphorylation plays an important role
during TGHQ-induced apoptosis (Figure 4.1.). Since 20 nM calyculin A produced the
most protective effect against TGHQ-induced apoptosis, I selected 20 nM of calyculin A
for further experiments.
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Figure 4.1. OA and Calyculin A, PP1/PP2A inhibitors, protect HL-60 cells from TGHQinduced apoptosis. A. Cells were co-treated with various concentrations of
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determined in described in Materials and Methods.
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4-2-2. Fostriecin, which selectively inhibits PP2A, did not show any protection
against TGHQ-induced apoptosis.

To determine which phosphatase is responsible for apoptotic signaling, we
examined the effect of fostriecin, which is known to selectively inhibit PP2A, on TGHQinduced apoptosis in HL-60 cells. At lower concentrations (10 and 20 µM) fostriecin
did not have any effects in terms of apoptosis, whereas 40 µM fostriecin initiated
apoptosis in HL-60 cells, without any protection againt TGHQ-induced apoptosis (Figure
4.2).
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Figure 4.2. Fostriecin, a PP2A inhibitor, did not prevent TGHQ-induced apoptosis of
HL-60 cells. Cells were pretreated with various concentration of fostriecin
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percentage of apoptotic cells was determined as described in Materials and
Methods.
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4-2-3. Calyculin A delays Bax translocation into mitochondria and enhances the
phosphorylation of Bcl-2 and Bad.

To determine which apoptotic step is inhibited by calyculin A, we initially
investigated the Bcl-2 family proteins since we have already shown (Chapter 3) that
TGHQ induces dephosphorylation of anti-apoptotic Bcl-2, and that Bax translocates to
mitochondria to form a protein-permeable mitochondrial pore during TGHQ-induced
apoptosis of HL-60 cells.

Western blot analysis using cytosolic fractions revealed that

Bax translocation induced by TGHQ treatment is transiently inhibited by calyculin A at 2
h with subsequent translocation being delayed by 4 h (Figure 4.3A). Calyculin A
enhanced the phosphorylation of Bcl-2 at Ser70 and Thr56 in HL-60 cells exposed to a
combination of TGHQ and calyculin A (Figure. 4.3B). In addition, the phosphorylation
of pro-apoptotic Bad at Ser112 increased in response to calyculin A (Figure. 4.3C).

4-2-4. Mitochondrial cytochrome c and Smac release, and caspase activation, are all
delayed in HL-60 cells exposed to a combination of calyculin A and TGHQ.

Bcl-2 family members participate in the regulation of mitochondrial function and
consequently in the release of cytochrome c and Smac. Consistent with the delay in Bax
translocation into the mitochondria, and increases in the phosphorylation of Bcl-2 and
Bad, TGHQ-induced release of cytochrome c and Smac is delayed by 4 h in cells cotreated with calyculin A and TGHQ (Figure. 4.4A). Since cytochrome c is an essential
element to activate initiator caspase-9, which subsequently activates effector caspases,
and since the TGHQ-induced release of both cytochrome c and Smac from mitochondria
are delayed in HL-60 cells exposed to calyculin A and TGHQ, we examined the effect of
calyculin A on caspase processing by western blot analysis.

As expected, the

appearance of cleaved caspase-9 was delayed in calyculin A-treated cells, resulting in a
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delay in the cleavage of caspase-3 (Figure. 4.4B).

We also indirectly determined

caspase-3 activity by conducting western blot analysis on the caspase-3 substrates, XIAP
and PARP.

Western blot analysis revealed that PARP cleavage by caspase-3 is

transiently inhibited at 2 h, and caspase activation appears to be delayed by 4 h in
response to calyculin A. Consistent with these findings, TGHQ-induced XIAP cleavage
is also inhibited at 4 h by calyculin A (Figure 4.4C).

4-2-5. Calyculin A causes a gel mobility shift of caspase-3.

We observed a slight but consistent difference in the mobility of caspase-3 in
calyculin A-treated cells (Figure 4.4B). Thus, we subsequently performed western blot
analysis against caspase-3 using a 10% bis-tris gel to magnify the difference in mobility.
Calyculin A significantly induced a mobility shift in caspase-3 (Figure 4.5A).

To

confirm the mobility change of caspase-3, we conducted 2D-western blot analysis for
caspase-3, which revealed that there is one spot (red circle) which has a lower pH and
higher molecular weight than caspase-3 (blue circle) in calyculin A-treated cells. We
assume this spot is possibly a phosphorylated form of caspase-3 (Figure 4.5B). In
addition, many spots (in red rectangle) appeared around the molecular weights of cleaved
caspase-3 in calyculin A-treated sample. We also suggest that these represent modified,
specifically phosphorylated cleaved forms of caspase-3.
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Figure 4.3. Bax translocation induced by TGHQ is delayed in HL-60 cells exposed to a
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4-2-6. Calyculin A delays TGHQ-induced apoptosis of HL-60 cells, but at later timepoints calyculin A itself induces apoptosis.

Since calyculin A delays apoptotic signaling during TGHQ-induced apoptosis, we
examined the long term effect of calyculin A on TGHQ-induced apoptosis by PS
externalization.

Calyculin A significantly prevented TGHQ-induced apoptosis, as

measured by PS externalization, for at least 8 h after exposure, but calyculin A itself
subsequently induced apoptosis in HL-60 cells following more than 12 h exposure
(Figure 4.6A, B).

To confirm that calyculin A also induces caspase-dependent

apoptosis, we examined the cleavage of pro-caspase-9 and pro-caspase-3.

Caspase

cleavage occurred prior to PS externalization in calyculin A treated cells (Figure 4.6C).

4-2-7. Calyculin A blocks PS externalization induced by other apoptotic agents.

To determine whether calyculin A prevents PS externalization induced by other
apoptotic insults, we measured PS externalization in HL-60 cells exposed to either
TGHQ, etoposide (DNA damaging agent) or MG132 (proteosome inhibitor) by flow
cytometry in the presence and absence of calyculin A. Calyculin A completely blocked
the ability of each apoptotic agent to induce PS externalization (Figure 4.7).
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4-2-8. DNA fragmentation induced by TGHQ is also blocked by calyculin A.

We subsequently examined the effect of calyculin A on another characteristic
feature of apoptosis, DNA fragmentation.

PI staining was used to measure DNA

content by flow cytometry. Calyculin A prevented DNA fragmentation in HL-60 cells
exposed to a combination of TGHQ and calyculin A following 4 h of treatment.
However, calyculin A itself induced large scale-DNA fragmentation after 8 h exposure
compared to the smaller scale DNA degradation induced by TGHQ (Figure 4.8).

4-2-9. Calyculin A blocks TGHQ-mediated ICAD/DFF45 cleavage.

Several enzymes cleave DNA (Nagata et al., 2003; Samejima et al., 2001; Susin
et al., 1999).

CAD/DFF40 produces small DNA fragments whereas AIF, which is

released from the mitochondria during apoptosis, is responsible for large scale chromatin
fragmentation. CAD/DFF40 is normally maintained in the inactive state in association
with its inhibitor, ICAD/DFF45.

Upon cleavage of ICAD/DFF45 by caspase-3 or-7,

CAD/DFF40 becomes active. Since calyculin A blocked TGHQ-mediated small DNA
fragmentation, we assumed calyculin A blocks the activation of CAD/DFF40. We,
therefore examined the the cleavage of ICAD/DFF45 by western blot analysis. TGHQ
induced ICAD/DFF45 cleavage at 2 h after treatment and calyculin A blocked TGHQmediated ICAD/DFF45 cleavage till 4 h (Figure 4.9).
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Figure 4.9. TGHQ-mediated ICAD/DFF45 cleavage is blocked by calyculin A. HL60 cells were treated with a combination of Cal A (20 nM) and TGHQ (200
µM) for various times (0, 1, 2, 4 h) and collected. The total cell lysates
were obtained and western blot analysis was performed against cleaved
ICAD/DFF45 as described in Materials and Methods.
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4-3 DISCUSSION

PPs play a pivotal role in apoptotic cell death (Garcia et al., 2003; Klumpp and
Krieglstein, 2002).

I have now investigated the role of PP1/PP2A, major PPs, in

TGHQ-induced apoptosis of HL-60 cells. OA and calyculin A, PP1/PP2A inhibitors,
significantly blocked TGHQ-induced apoptosis based on the index of PS externalization
(Figure 4.1).

These data imply that PP1/PP2A plays an important role in TGHQ-

induced apoptosis. Fostriecin did not prevent TGHQ-induced apoptosis of HL-60 cells
(Figure 4.2), indicating PP1 is more likely responsible for delaying apoptotic signaling
pathway.
TGHQ induces apoptosis in HL-60 cells via a mitochondrial-mediated pathway in
which cytochrome c and Smac are released from the mitochondria into the cytosol
initiating activation of the caspase cascade, resulting in the cleavage of cellular proteins
(Chapter 3). I subsequently examined which apoptotic step was inhibited by PP1/PP2A
inhibitors. Calyculin A delays Bax translocation into the mitochondria, and increases
the phosphorylation of Bcl-2 and Bad, leading to a delay in the release of cytochrome c
and Smac (Figure 4.3, 4A. B). Even though debate remains about whether or not
phosphorylation of Bcl-2 enhances or inhibits its anti-apoptotic function (Deng et al.,
2004; Haldar et al., 1998; Ruvolo et al., 1999; Ruvolo et al., 2001; Yamamoto et al.,
1999), dephosphorylation of Bcl-2, specifically at S70, blocks its anti-apoptotic activity,
and contributes to the apoptotic process in TGHQ treated HL-60 cells (Chapter 3).
Thus, increases in the phosphorylation of Bcl-2 at Ser70 caused by calyculin A appear to
augment its anti-apoptotic activity and to protect HL-60 cells from TGHQ-induced
apoptosis.

Although TGHQ does not have any apparent effect on Thr56

phosphorylation of Bcl-2, increases in phosphorylation of Bcl-2 at Thr56 also appear to
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contribute to the protective effect of calyculin A. In addition, phosphorylation of Bad at
Ser112 in response to calyculin A may result in Bad sequestration by 14-3-3, resulting in
inhibition of the pro-apoptotic function of Bad. Robust increases in the phosphorylation
of Bcl-2 and Bad seem to influence the ability of each antibody to detect total Bcl-2 and
Bad protein, leading to weak signals for the total forms of each protein upon western blot
analysis in calyculin A-treated cells. Several PP1 or PP2A inhibitors prevent apoptosis
induced by anisomycin or staurosporine, and the phosphorylation of certain proteins in
the apoptotic cascade may prevent Bax activation and consequent translocation (Ganju
and Eastman, 2002; Morana et al., 1996; Wolf and Eastman, 1999). Although the direct
relationship between Bax activation and phosphorylation of Bax is not yet established,
GSK-3β phosphorylates Bax at Ser163 in an in vitro kinase assay, and promotes Bax
translocation during neuronal apoptosis (Linseman et al., 2004). The activity of GSK3β is also regulated by phosphorylation, phosphorylated (inactive) GSK-3β being
activated by dephosphorylation.

It is therefore possible that phosphatase inhibitors

prevent apoptosis by blocking the dephosphorylation of GSK-3β, resulting in the
inhibition of Bax activation.
Consistent with the delay in the release of cytochrome c and Smac, the cleavage
of caspase-9 and caspase-3 is delayed, leading delays in the activation of caspase-3
(Figure 4.4C, 5). These data clearly indicate that calyculin A protects HL-60 cells from
TGHQ-induced apoptosis via a pre-mitochondrial-mediated effect. In addition to the
delay of caspase-3 processing, we also observed a slight change in the mobility of
caspase-3 in calyculin A-treated cells in both the 1-D and 2D western blot analyses
(Figure 4.5).

We presume this mobility shift results from a post-translational

modification, specifically phosphorylation of caspase-3. Although there is at this time
no evidence for caspase-3 phosphorylation, the phosphorylation of caspase-9 at Thr125 in
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vitro by ERK inhibits caspase-9 processing and subsequent activity (Allan et al., 2003).

We infer and suggest from our data that a phosphorylated form of caspase-3 may exist
and that phosphorylation may modulate caspase-3 processing and activity. This area
should be investigated and clarified in the future.
Calyculin A did not completely block TGHQ-induced apoptotic signaling in HL60 cells. Rather, calyculin A itself induced HL-60 cell apoptosis but at a much later
time point than that induced by TGHQ, as measured by PS externalization and the
cleavage of caspases (Figure 4.6). However it is important to note that the kinetics of
these events is significantly different. The activation of caspases is delayed for around 2
h by calyculin A, whereas PS externalization is delayed for more than 8 h (Figure 4.5),
suggesting that phosphatases are actively involved in regulating PS externalization during
apoptosis. This observation was confirmed by examining the effects of calyculin A on
apoptotic agent-induced PS externalization (Figure 4.7).

Calyculin A significantly

blocked PS externalization induced by several apoptotic agents, indicating that calyculin
A interferes with the enzymes responsible for PS externalization during apoptosis.
During apoptosis, PS appears to be externalized as a result of the decreases in APTL
activity and by increases in phospholipid scramblase activity (Middelkoop et al., 1988;
Verhoven et al., 1999). Our data suggest that PS externalization is somehow controlled
by the phosphorylation of specific proteins, possibly including APTL and phospholipid
scramblase.

With respect to phospholipid scramblase, however, its activity is increased

by protein kinase Cδ mediated phosphorylation (Frasch et al., 2000). However, a direct
relationship between the level of phospholipids scramblase expression and the ability to
expose PS during apoptosis was not demonstrated (Fadeel et al., 1999). Therefore, we
assume that APTL is mainly invovled in PS externalization, and its activity is controlled
by phosphorylation status. It is noteworthy that the activity of APTL is enhanced by
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phosphorylation, and during apoptosis, phosphatases are activated which dephosphorylate
APTL, and inhibit APTL activity, leading to PS externalization.

However in the

presence of calyculin A, the phosphorylation of APTL is presumably enhanced and
maintains APTL in the active state, and the of PS asymmetry (Figure 4.10).
Another characteristic of apoptotic cell death is DNA fragmentation.

DNA

degradation triggered by TGHQ occurs at 4 h, and reaches a maximum by 8 h.
Although calyculin A blocks TGHQ-induced DNA fragmentation at 4 h, by 8 h calyculin
A also induces its own characteristic pattern of DNA fragmentation (Figure 4.8). Thus,
calyculin A induces DNA fragmentation at a later time than TGHQ, and the pattern of
DNA fragmentation was also different from that of TGHQ, in that only large scale DNA
fragmentation occurred in calyculin A treated HL-60 cells. Consistent with this, the
cleavage of ICAD/DFF45 occurred at 2 h in response to TGHQ, and calyculin A delayed
TGHQ-induced ICAD/DFF45 cleavage until 4 h (Figure 4.9).

We therefore assume that

calyculin A blocks small DNA fragmentation via the inhibition of CAD/DFF40
activation, implying that the cleavage process of ICAD/DFF45 is inhibited by calyculin
A-mediated phosphorylation.

Phosphorylation of ICAD/DFF45 may cause a steric

hindrance to active effector caspase and denying access the cleavage site.
In conclusion, calyculin A exhibits a pre-mitochondrial effect by inhibiting Bax
translocation, and increases the phosphorylation of Bcl-2 and Bad, the combination of
which leads to a delay in the TGHQ-mediated release of cytochrome c and Smac. In
addition, calyculin A may block CAD/DFF40-induced small DNA fragmentation and
maintain the inward orientation of PS (Figure 4.11).

These data imply that PS

externalization and the activation of CAD/DFF40 are regulated by phosphorylation.

113

PS
by apoptotic insult

cell membrane
phospholipid
scramblase

PS

phospholipid
scramblase

inactive phosphatase

active phsphoatase

APTL

APTL

(inactive)

(active) P
by apoptotic insult
in the presence of calyculin A

phospholipid
scramblase PS

inactive phosphatase

APTL
(active) P

Figure 4.10. Proposed model explaining how calyculin A might inhibit PS
externalization. In normal cells, APTL is phosphorylated, and active,
thereby maintaining PS asymmetry. In response to an apoptotic insult, a
phosphatase is activated and dephosphorylates APTL, inhibiting APTL.
This contributes to subsequent PS externalization. However, in the
presence of calyculin A, the phosphatase is inhibited and APTL remains
active, resulting in the inward orientation of PS.
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Figure 4.11. Proposed model explaining how calyculin A delays apoptotic signaling.
Initially, Cal A exhibits a pre-mitochondrial effect by inhibiting Bax
translocation and increasing the phosphorylation of Bcl-2 and Bad, the
combination of which leads to a delay in the release of cytochrome c and
smac. Subsequently, Cal A blocks CAD/DFF40-induced small DNA
fragmentation. Finally, Cal A blocks PS externalization, by interfering
with enzymes that modulate PS externalization.
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CHAPTER 5: THIOREDOXIN (TRX) AND TGHQ-INDUCED
APOPTOSIS IN HL-60 CELLS.

5-1. INTRODUCTION

ROS are byproducts of normal cellular metabolism and are normally
removed/scavenged by cellular antioxidant systems. The primary antioxidant systems
scavenge ROS thereby preventing damage to intracellular targets by ROS, and comprise
antioxidants enzymes, such as SOD, peroxiredoxin and catalase.

The secondary

antioxidant systems, the GSH and TRX systems, function to regulate the intracellular
redox status as well as behaving as ROS scavengers.

However, when the cellular

antioxidant systems can no longer handle the excessive generation of ROS caused by
either abnormal conditions or exposure of cells to ROS generating chemicals, cell
damage or cell death can ensue. Emerging evidence suggests that ROS may function as
important cell signaling molecules (Carmody and Cotter, 2001; Finkel, 2000; Meng et al.,
2002; Xu et al., 2002) supported by findings that GSH and TRX behave as reversible
redox modifiers of proteins (Nakamura et al., 1997; Nishiyama et al., 2001).
ROS play a causative role in TGHQ-induced apoptosis of HL-60 cells. Thus,
during TGHQ-induced apoptosis of HL-60 cells, ROS generation occurs, with
concomitant deceases in cellular GSH (Bratton et al., 2000). However, although cotreatment of HL-60 cells with catalase protects against TGHQ-induced apoptosis, it does
not prevent depletions in cellular GSH, implying that other cellular thiols contribute to
the regulation of cellular redox status during TGHQ-induced apoptosis. In this chapter,
therefore, I have investigated whether other cellular thiol pools, specifically TRX,
modulate TGHQ-induced apoptosis.
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Although the intracellular concentration of TRX is much lower than that of GSH
(present in millimolar concentration), the importance of TRX cannot be overlooked.
TRX is involved in various biological functions, including the redox regulation of
transcription factors, such as NF-κB and AP-1, and regulation of apoptosis through
inhibition of ASK1 (discussed in 1-3-3-2). In addition to ASK1, TRX interacts with
p40phox, a cytosolic component of phagocyte oxidase and VDUP1 (TBP-2) (Nishiyama
et al., 1999a; 1999b). The biological functions of these proteins have not been wellstudied and knowledge of these functions would assist in a better understanding of TRX.
Since TRX has various effects on many biological processes, and is distributed in the
cytoplasm, nucleus, mitochondria and plasma, we can assume that there are unknown
TRX interacting proteins remaining to be revealed.

5-2. RESULTS
5-2-1. TGHQ not only decreases total TRX1 levels but also oxidizes TRX1 in HL60cells.

TGHQ catalyzes ROS generation in HL-60 cells (Chapter 3) concomitant with
significant decreases in cellular GSH levels (Bratton et al., 2000). Since GSH and TRX
represent the two major cellular free thiol systems, we determined whether TRX
participates in TGHQ-induced apoptosis. The function of TRX depends on both the
total cellular concentration of TRX and the cellular redox status.

We therefore

examined levels of TRX1 by western blot analysis, and the redox state of TRX1 by redox
western blot analysis after TRX1 was derivatized with IAA. IAA introduces negative
charges into free cysteine residues in TRX1 and permits the separation of different redox
states of TRX1 based on differential charges upon redox western blot analysis. Western
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blot analysis revealed that TGHQ decreased total TRX1 levels in HL-60 cells
immediately after TGHQ exposure (Figure 5.1A). TRX1 was also oxidized as early as
30 min after TGHQ treatment (Figure 5.1B).

5-2-2. Catalase prevents TGHQ-induced oxidation of TRX as well as decreases in
HL-60 TRX levels.

Catalase treatment completely protects against TGHQ-induced apoptosis of HL60 cells, but does not prevent depletions in intracellular GSH levels. Since TRX1 levels
decreased and oxidized in response to TGHQ treatment, we investigated whether catalase
treatment blocks TGHQ-induced changes in TRX1. Flow cytometric analysis revealed
that catalase treatment prevented decreases in TRX1 levels induced by TGHQ (Figure
5.2A). In addition, the redox western blot analysis showed that catalase completely
prohibited the oxidation of TRX (Figure 5.2B).
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Figure 5.1. TRX1 levels decrease and become oxidized in response to TGHQ. A. Cells
were exposed to TGHQ for various times and collected. Total cell lysates
were obtained and western blot analysis was performed as described in
Materials and Methods. B. Following treatment of cells with TGHQ,
cellular TRX was derivatized and redox western blot analysis was
conducted as described in Materials and Methods.
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Figure 5.2. Catalase prevents the decreases in the levels and oxidation states of TRX1 in
response to TGHQ. A. Cells were exposed to TGHQ alone or a
combination of TGHQ and catalase for various times (1, 4 and 8 h) and
collected. Intracellular proteins were labeled with anti-TRX1 antibodies
and analyzed by flow cytometry as described in Materials and Methods.
B. Following treatment of cells with catalase and TGHQ, cellular TRX was
derivatized and redox western blot analysis was conducted as described in
Materials and Methods.
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5-2-3. mRNA of VDUP1 is up-regulated.

To examine changes in gene expression in response to TGHQ, a 20K human
genome oligonucleotide microarray hybridization was performed. Changes in many
genes were observed. Representative genes, including several genes which code for
DNA binding proteins or transcriptional regulators, were summerized (Table 5.1).
VDUP1 gene expression increased by 2 fold, and catalase gene expression decreased by 2
fold in response to 1 h TGHQ treatment.

We validated the increases in mRNA of

VDUP1 using reverse transcription (RT)-PCR (Figure 5.3).
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Table 5.1. Representative genes the expression of which are altered in response to TGHQ
Fold

Gene

Function

2.2

VDUP1

TRX binding protein

2.4

DDIT3

Transcriptional factor

2.5

BMP2

Transforming growth factor-beta (TGFB) superfamily

2.8

EGR3

Transcriptional regulation

2.2

LRMP

Hematocyte development

2.2

MCP

Receptor activity

2.2

CAT

Catalase activity

2.3

PHKB

Calmodulin binding

2.3

LIPA

Carboxylic ester hydrolase activity

2.4

SSRP1

DNA binding

2.5

PABPC1 Poly(A) binding

2.5

SON

DNA binding

2.6

EIF4G2

Translation initiation factor activity

2.6

DEK

DNA, RNA, GTP binding

2.7

RBBP4

Chromatin remodeling and transcriptional repression

3.4

TRA1

Calcium binding

5.4

TTK

Protein Ser/Thr kinase activity

Upregulated

Downregulated
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Figure 5.3. Validation of the up-regulation of VDUP1 by RT-PCR. Following
treatment of cells with TGHQ for 1 h, total RNA was prepared as described
in Materials and Methods. Total RNA was reverse transcribed using
Superscript IITM reverse transcriptase. The transcribed product was used
for PCR amplication. PCR products were electrophoresed on a 1% agarose
gel.
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5.3. DISCUSSION

TGHQ facilitates ROS generation in HL-60 cells and ROS play a key role in
TGHQ-induced apoptosis (Chapter 3). As expected, cellular GSH levels decrease in
response to TGHQ but these decreases are ROS-independent (Bratton et al., 2000). In
this chapter, therefore, we investigated whether an other cellular free thiol pool, TRX,
modulates TGHQ-induced apoptosis.
TGHQ not only decreases total TRX1 levels but also oxidizes TRX1 in HL-60
cells (Figure 5.1). In addition, oligonucleotide microarray and RT-PCR data showed
that the VDUP1 gene, which codes for the TRX-binding protein 2 (TBP-2), was
upregulated in response to TGHQ (Table 5.1 and Figure 5.3). VDUP1 was isolated and
identified as a TRX binding protein by the yeast two-hybrid system (Chen and DeLuca,
1994; Junn et al., 2000; Nishiyama et al., 1999a; Yamanaka et al., 2000).

Once

VDUP1/TBP-2 binds to reduced TRX, it acts as an endogenous negative regulator of
TRX.

During TGHQ-induced apoptosis, oxidative stress appears to modulate TRX

function, with subsequent influences on TRX-regulated transcription factors, and
consequently increases in VDUP1/TBP-2 mRNA.

Increased VDUP1/TBP-2 likely

binds to reduced TRX and inhibits TRX activity.
In addition to the VDUP1 gene, the expression of many genes is altered in
response to TGHQ (Table 5.1). Some of these changes, such as the up-regulation of
BMP2, may be linked to the development of leukemia in individuals exposed to benzene
chronically. However, this area of research requires further investigation. In addition,
since the profiles of gene expression are dependent on time, we need to examine changes
in gene expression at multiple time points after TGHQ exposure.
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Interestingly, in contrast to decreases in GSH levels in response to TGHQ in the
presence of catalase, the decrease and oxidation of TRX1 is prevented by co-treatment of
HL-60 cells with catalase (Figure 5.2), suggesting that modulation of TRX1 function
plays an important role in TGHQ-induced apoptosis of HL-60 cells. The importance of
TRX function has recently been emphasized since TRX not only serves to control ROS
levels, but functions to reversibly redox modifying a number of proteins. As discussed
earlier (Section 1-3-3-2), the activities of several transcription factors, PTP and ASK1 are
regulated by TRX. In particular, TRX1 can protect cells from apoptosis not only by
inhibiting ASK1 activation in a redox-dependent manner but also by promoting the
ubiquitination and degradation of ASK1 (Gotoh and Cooper, 1998; Liu and Min, 2002;
Saitoh et al., 1998). Overexpression of wild-type TRX induces ASK ubiquitination and
subsequent degradation in endothelial cells whereas TRX does not induce ubiquitination
and degradation of a mutant ASK1 lacking the N-terminal TRX-binding domain (Liu and
Min, 2002). However, the mechanisms by which the TRX-ASK1 interaction triggers
ASK1 ubiquitination and degradation need to be investigated. During TGHQ-induced
apoptosis, it is possible that ROS generated by TGHQ oxidize TRX1, somehow
facilitating the degradation of TRX1, and inhibit TRX activity via increases in
VDUP1/TBP-2, resulting in the loss of control of ASK1 activity. However, TRX has
various effects on many biological processes and is distributed in the cytoplasm, nucleus,
mitochondria and plasma, suggesting that there are as yet undiscovered TRX interacting
proteins which control TRX function, or vice versa.

Exploration of these TRX

interacting proteins will lead to a better understanding of the biological functions of TRX.

125

CHAPTER 6: CONCLUDING REMARKS
Knowledge of the molecular mechanisms that regulate apoptosis can provide
insight into the many diseases which arise as a consequence of aberrant cell-death.
Characterizing proteins that participate in apoptosis and unraveling their mechanism of
action may assist in identifying new therapeutic targets in diseases in which apoptosis
becomes mis-regulated.

Benzene is a well-characterized hematotoxicant, and

metabolites of benzene are believed to mediate its hematotoxic effects (Golding and
Watson, 1999). Hematological disorders can also result from an imbalance between cell
death and cell proliferation. Benzene may therefore reduce myeloid stem cells in the
bone marrow by inappropriate activation of apoptotic signaling pathways. Since TGHQ
reproduces benzene-mediated hematotoxicity in vivo, and induces apoptosis in HL-60
cells, we used TGHQ-treated HL-60 cells as a model system to investigate the signaling
pathways of benzene metabolite-mediated apoptosis.
Previous studies in our laboratory showed that TGHQ depletes intracellular GSH
in a ROS-independent manner prior to the onset of apoptosis (Bratton et al., 2000).
TGHQ stimulates sphingomyelin turnover and increases cellular ceramide concentrations
leading to apoptotic cell death in HL-60 cells. However, the precise mechanism by
which TGHQ induces apoptosis of HL-60 cells remained unclear, and studies described
in this thesis therefore focused on the elucidation of mechanisms involved in TGHQinduced apoptosis of HL-60 cells.
TGHQ rapidly facilitates ROS generation and the production of ROS reaches
maximal levels 30 min after exposure (Chapter 3).

Catalase completely prevents

TGHQ-induced apoptosis, and NAC, a precursor of GSH and an antioxidant, also blocks
TGHQ-induced apoptosis of HL-60 cells. In addition, catalase and NAC completely
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reduce TGHQ-catalyzed ROS generation, indicating that ROS play an essential role in
TGHQ-mediated apoptosis of HL-60 cells. In NAC pretreated HL-60 cells it is possible
that following oxidation of TGHQ it undergoes conjugation with NAC.

This

scavenging of the quinone form of TGHQ may decrease its ability to generate ROS and
to cause toxicity.

Although catalase completely protects HL-60 cells from TGHQ-

induced apoptosis, catalase does not prevent decreases in GSH levels (Bratton et al.,
2000), suggesting other cellular thiol pools play an important role in TGHQ-induced
apoptosis. In Chapter 5 I showed that TGHQ decreased and oxidized TRX1, prohibiting
TRX1 function in HL-60 cells.

In contrast to the inability of catalase to prevent

decreases in GSH, catalase completely prevented TGHQ-induced TRX alterations in HL60 cells. TRX can protect cells not only by functioning as an antioxidant but also by
inhibiting ASK1 activation. These data suggest that TRX plays an important role during
TGHQ-induced apoptosis of HL-60 cells, and this could be confirmed by overexpressing
cellular TRX levels and then examining the response of HL-60 cells to TGHQ.

The

gene encoding VDUP1 is upregulated in response to TGHQ in HL-60 cells. Since
overexpression of VDUP1 inhibits TRX function and induces increases in apoptosis in
response to TNF-α or H2O2 (Junn et al., 2000), TGHQ-mediated increases in VDUP1
may also contribute to apoptotic signaling by inhibiting TRX activity.
During TGHQ-induced apoptosis, the activation of both initiator caspase-9 and
effector caspase-3 was observed. As noted in Chapter 3, it is possible that the assay
utilized to detect increases in caspase-9 activity might also detect increases in caspase-3
activity.

More rigorous experiments are therefore required to selectively measure

caspase-9 activity. For example, we could use a caspase-3 specific inhibitor during the
assasy of caspase-9 activity. This will eliminate interference by caspase-3 and provide a
more accurate measure of caspase-9 activity. Cleavage of several substrates of active
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effector caspases, including the nuclear structural protein lamin B, caspase-8, Bid and
XIAP was also demonstrated.

The cleavage of initiator caspase-8 appears to be

downstream of effector caspases during TGHQ-induced apoptosis of HL-60 cells. It is
possible that either caspase-6 directly cleaves caspase-8, or that caspase-3 acts upstream
of caspase-8, since caspase-3 is recruited to lipid rafts, and modulates caspase-8 activity
during Fas-mediated cell death (Aouad et al, 2004).

However, the death receptor-

mediated apoptosis pathway is unlikely to initiate apoptosis in HL-60 cells in response to
TGHQ since unpublished data from our laboratory revealed that (i) TNF-α levels slightly
decrease in response to TGHQ and (ii) no changes in the expression of genes involved in
death receptor-mediated apoptosis were observed in response to TGHQ (in Chapter 5).
However, TGHQ increases cellular ceramide concentrations (Bratton et al., 2000) and
ceramide is a component of lipid raft domains, and functions to stabilize these domains
(Grassme et al., 2003; London and London, 2004; Scheel-Toellner et al., 2004).
Increased cellular ceramide levels may increase the ceramide content of lipid rafts and
trigger the recruitment of caspase-3 and caspase-8 in response to TGHQ. Thus, the
translocation of caspase-3 and caspase-8 to lipid rafts should be examined in future
studies. In addition, a more rigorous temporal examination by western blot analysis is
necessary to reveal the precise order of caspase activation during TGHQ-induced
apoptosis.
The release of cytochrome c from the mitochondria into the cytosol occurred
without a disruption in the ∆ψm. In addition, cyclosporine A had only a modest effect
on TGHQ-induced apoptosis. Concentrations of cyclosporine A (between 2.5 and 10
µM) demonstrated a similar protective effect on TGHQ-induced apoptosis (data not
shown). We conclude that disruption of the ∆ψm and the PT pore play a minor role in
the release of cytochrome c during TGHQ-induced apoptosis of HL-60 cells. However,
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although we examined the effects of increasing concentrations of cyclosporin A on the
PT pore, we do not know whether cyclosporine A actually inhibits the opening of the PT
pore in respone to TGHQ.

We thus need to use a positive control, such as

staurosporine, to open the PT pore and then subsequently examine the effect of
cyclosporin A.
Since the Bcl-2 family proteins are key players in stress/toxicant-mediated
apoptosis via their ability to regulate mitochondrial function, we determined the role of
Bcl-2

family

proteins

in

TGHQ-induced

apoptosis.

TGHQ

promotes

the

dephosphorylation of the anti-apoptotic Bcl-2 protein at Ser70. In addition, HL-60 cells
exposed to TGHQ up-regulate the pro-apoptotic Bax protein, which is subsequently
translocated to mitochondria. The release of cytochrome c from the mitochondria to the
cytosol during TGHQ-induced apoptosis of HL-60 cells appears to result from formation
of a conducting channel consisting of pro-apoptotic Bax. To confirm the formation of
Bax oligomers in response to TGHQ it will be necessary to perform a cross-linking assay
coupled with immunoprecipitation. We could also use conformational specific anti-Bax
antibodies to examine the activation of Bax in response to TGHQ.

Direct experiments

to determine whether the dephosphorylation of Bcl-2 at Ser70 inhibits its anti-apoptotic
activity are also required. This could be achieved by using a series of serine/threonine
(S/T)→glutamate/alanine (E/A) mutants to mimic or abrogate the phosphorylation of
Bcl-2.
Post-translational modifications contribute to the regulation of protein function,
and phosphorylation of proteins is considered a major post-translational modification
(Klumpp and Krieglstein, 2002).

Since phosphatases play a crucial role in signal

transduction and apoptotic signaling pathways, the aim of Chapter 4 was to determine the
role of phosphatases in TGHQ-induced apoptosis of HL-60 cells. OA and calyculin A,
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PP1 and PP2A inhibitors, significantly prevented TGHQ-induced apoptosis of HL-60
cells, indicating that phosphorylation/dephosphorylation plays an important role in
TGHQ-induced apoptosis. A selective PP2A inhibitor, fostriecin, failed to protect HL60 cells from TGHQ-induced apoptosis, suggesting that PP1 is more likely the
phosphatase involved in the apoptotic signaling pathway, and this finding will be the
driving force for future studies. For example, we could examine the effect of PP1
overexpression in HL-60 cells. In addition, siRNA can be used to determine whether
PP1 is essential in apoptosis signaling. Calyculin A delays Bax translocation into the
mitochondria, and enhances the phosphorylation of anti-apoptotic Bcl-2 and proapoptotic Bad. A conformational change in Bax appears to be required to expose its Cterminal transmembrane and BH3 domains.

This conformational change may be

triggered by phosphorylation of critical amino acid residues of Bax, a rise in intracellular
pH, or binding to molecules such as Bid (Eskes et al., 2000; Ghatan et al., 2000; Khaled
et al., 1999; Petros et al., 2004). We infer that Bax translocation is in some way
regulated by phosphorylation of specific proteins, although we do not yet know the
precise relationship between Bax activation and its phosphorylation. There are many
natural Bax inhibitors, including Ku70, humanin, Hsp70 and 14-3-3 that have been
shown to prevent Bax translocation to the mitochondria (Gotoh et al., 2004; Guo et al.,
2003; Mao et al., 2004; Sawada et al., 2003; Tsuruta et al., 2004), suggesting that there
are multiple signaling pathways that can activate Bax in response to various apoptotic
insults. Since Bax translocation ultimately occurred in calyculin A treated cells, we
expect that calyculin A triggers Bax activation via a different signaling pathway from that
of TGHQ.

Understanding the mechanisms by which Bax is activated could provide

molecular targets for the therapeutic manipulation of apoptosis-related diseases.
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During calyculin A-delayed apoptotic signaling, a mobility shift of pro-caspase-3
was observed upon both the 1-D and 2-D western blot analyses. It is possible that this
mobility shift represents phosphorylation of caspase-3. It would therefore be important
to determine whether phosphorylated forms of caspase-3 exist or not. In this respect,
immunoprecipitation techniques could be used, coupled to mass spectrometry to pull
down caspase-3 and to identify the structure of modified forms of caspase-3.
Alternatively, immunoprecipitation using radio-labeled cell lyates coupled with western
blot analysis could be used to determine the presence or absence of phosphorylated forms
of caspase-3.

If phosphorylation of caspase-3 occurs, the role of caspase-3

phosphorylation with respect to the processing and/or activity of caspase-3 would
subsequently require investigation.

Serine/threonine(S/T)→glutamate/alanine(E/A)

mutants of caspase-3 could be constructed to mimic or abrogate phosphorylation.
Overexpression of these mutants will assist in determining the effects of caspase-3
phosphorylation.
PS externalization was also significantly delayed in HL-60 cells exposed to a
combination of both calyculin A and TGHQ.

Moreover, calyculin A blocked other

apoptotic agent-mediated PS externalization, indicating that phosphatases are actively
involved in regulating PS externalization during apoptosis.

Perhaps, the activity of

APTL is controlled by phosphorylation. We therefore hypothesize that the activity of
APTL is enhanced by phosphorylation, and APTL is dephosphorylated and inactivated by
active phosphatases during apoptosis. Future studies in our laboratory will examine this
hypothesis.

Initially, APTL activity will be assayed.

The activity of APTL upon

apoptotic insult, alone or in a combination of calyculin A and an apoptosis-induced agent,
will be investigated. As yet there are no anti-APTL antibodies available, and the gene
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for APTL has yet to be cloned. Research in this area is therefore difficult, but would
result in the generation of novel information.
Calyculin A blocks TGHQ-induced small-scale DNA fragmentation but calyculin
A also induces large-scale DNA fragmentation. Confirmation that calyculin A only
induces large-scale DNA fragmentation could be achieved by pulse-field gel
electrophoresis. Calyculin A prevents the cleavage of ICAD/DFF45 and the subsequent
activation of CAD/DFF40, although effector caspases are activated. It is possible that
phosphorylation of ICAD/DFF45 triggers a conformational change and effector caspases
do not recognize the cleavage site in phosphorylated ICAD/DFF45, maintaining
CAD/DFF40 in the inactive state.

Future studies will require the identification of

phosphorylated ICAD/DFF45. Immunoprecipitation coupled to mass spectrometry or
western blot analysis could be used to detect phosphorylated ICAD/DFF45. In addition,
an in vitro system consisting of active effector caspase, and wild type ICAD/DFF45 or
mutated ICAD/DFF45 (S→E) could be used to determine the efficiency of caspases to
cleave ICAD/DFF45 or phosphorylated ICAD/DFF45.
To reveal apoptosis-related genes that participate in the response to TGHQ (1 hr
exposure) we screened changes in gene expression in HL-60 cells by microarray
technology. Increases in the expression of several genes, including BMP-2 and VDUP1
were observed, both of which may contribute to benzene-mediated leukemogenesis. A
functional examination of these genes along with validation by both RT-PCR and western
blot analysis would constitute a future research project in our laboratory.
In summary TGHQ-mediated apoptosis requires the generation of ROS. The
subsequent interaction of ROS with cellular free thiols, in particular TRX appears to be
an important component of this response. TGHQ-induced apoptosis is preceded by
mitochondrial cytochrome c and Smac release in the absence of a disruption in the ∆ψm.
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Translocation of Bax and dephosphorylation of Bcl-2 assist in the release of cytochrome
c and Smac, although direct experiments are required to prove Bax translocation and

dephosphorhylation of Bcl-2 directly contribute to cytochrome c release. Calyculin A
delays apoptotic signaling during TGHQ-induced apoptosis via a pre-mitochondrial
effect, including inhibition of Bax translocation and by increases in Bcl-2 and Bad
phosphorhylation.

Calyculin A prevents PS externalization and small-scale DNA

fragmentations, implying PS externalization and activation of CAD/DFF40 are regulated
by phosphorylation.
Overall, this dissertation contains research findings that contribute to our
understanding of benzene metabolite and ROS-mediated apoptosis. I hope that these
findings will assist in identifying potential therapeutic targets that can be manipulated for
therapeutic benefit. In addition, my research findings on the role of phosphatases in
apoptosis identify new areas for research, including the identification and cloning of the
APTL enzyme, and the mechanism of CAD/DFF40 activation.

The discovery of

phosphorylated forms of ICAD/DFF45 and the function of this modification could also
have important implications for the regulation of apoptosis.
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